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1.1. Microbial life in extreme environments 

Microbial life can be found in extreme conditions such as salinity, temperature, pH, and 

nutrient conditions. Hypersaline environments consists of environments with extreme 

conditions due to the presence of high salinity, high and low temperatures, low oxygen 

conditions and high pH values. The most widely distributed organisms in these 

environments are bacteria and archaea (Thomas et al., 2012). Organisms dominant in 

these hypersaline environments are the salt-loving halophiles. They include mainly 

prokaryotic and eukaryotic microorganisms with the capacity to resist the denaturing 

effects of salts and by balancing the osmotic pressure of the environment. Among the 

halophilic microorganisms, there are a variety of heterotrophic and methanogenic 

archaea; photosynthetic, lithotrophic, and heterotrophic bacteria; and photosynthetic and 

heterotrophic eukaryotes (Karan et al., 2012). Archaea constitute the predominant 

microorganisms inhabiting hypersaline environments as they possess haloadaptation 

mechanisms which help them grow and survive in such hypersaline conditions 

(Ventosa, 1988). 

 

1.2. Archaea 

The term archaea is an Ancient Greek word, meaning “ancient things”. Archaea are 

ubiquitous and abundant members of the marine plankton. Once thought of as rare 

organisms found in exotic extremes of temperature, pressure, or salinity, archaea are 

now known in nearly every marine environment. Carl Woese in 1977, gave the three 

domain system for classification which comprised of Archaea, Bacteria and Eukarya 

(Woese and Fox, 1977). He discovered a new group of organisms named Archaea 

which differed greatly from bacteria due to vast differences in their genetic makeup. 

Despite outward appearances however, Archaea are more closely biochemically related 

to the Eukarya than to the Eubacteria (Bullock, 2000). This classification was based on 

the 16S rRNA and 18S rRNA molecules as shown in Fig. 1.1 (Woese and Fox, 1977). 

Archaea are considered as most primitive group of microorganisms since archaea is 

known to have diverged earliest from the common ancestors. Initially archaea were 

known as extremophiles that would inhabit hot springs and salt lakes. Then later at the 

end of the 20
th

 century, it was found that Archaea were widely distributed in nature  
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Fig. 1.1 Universal phylogenetic tree of life given by Olsen and Woese, 1993. 

which included habitats with less extremes like soils and ocean environment (DeLong, 

1998). However, majority of the archaea are highly adapted to extreme environments 

such as temperature, pH, salinity, etc. and are referred to as thermophiles, halophiles 

and methanogens. Extreme environments are known to be one of the most suitable 

niches for extremophilic microorganisms, of which archaea is reported worldwide from 

hypersaline, thermal springs and cold environments. Archaea contributes upto 20% of 

the Earth’s biomass since they thrive in broad range of habitats and forms a major part 

of global ecosystems (DeLong and Pace, 2001). Hypersaline habitats are extreme 

environments that are dominated by haloarchaea which require a minimum of 1.5 M 

NaCl for growth (Oren, 2008). According to Kushner (Kushner, 1978), species 

belonging to Halobacteriaceae are true extreme halophiles, however, in addition to these 

true extreme halophiles it also contains some species which can grow in low salinity for 

example, Haloferax sulfurifontis (Elshahed et al., 2004), Haladaptatus paucihalophilus 

(Savage et al., 2007) and Halosarcina pallida (Savage et al., 2008). Some of the 

haloarchaeal species isolated from hypersaline environments include Haloarcula, 

Halobacterium, Halococcus, Haloferax, Halolamina, Haloplanus, Halorubrum, 

Halostagnicola , Haloterrigena, Natrinema, Natronoarchaeum and Natronorubrum 

(DeLong and Pace, 2001; Savage et al., 2007; Savage et al., 2008; Oren, 2008; Yadav et 

al., 2015; Saxena et al., 2016; Gaba, et al., 2017).  

Common 

ancestor 
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Cultivated archaea are highly diverse with respect to their physiological characteristics 

which include strict chemolithoautotrophs, gaining energy by sulfur, nitrate, carbonate 

and oxygen respiration, obligate heterotrophs, mesophiles, hyperthermophiles, obligate 

aerobes and strict anaerobes inhabiting fresh water organisms and hypersalinic life 

forms (Huber and Stetter, 1999; Stetter, 1999) of which few are even reported to be 

living inside the cytoplasm of eukaryotes (Preston et al., 1996; Bruggen et al., 1986). 

 

1.2.1. Phylogenetic characterization of haloarchaea 

Based on the 16S rRNA gene analysis, Archaea are ubiquitous and have been grouped 

in different phyla namely Euryarchaeota, Crenarchaeota, Nanoarchaeota and 

Korarchaeota (Fig. 1.2). Of these, Kingdom Crenarchaeota and Euryarchaeota are the 

two major groups. Kingdom Korarchaeota is the third kingdom which branches off 

close to the root (Grant and Larsen, 1989). Nanoarchaeota is the fourth kingdom which 

is recently been discovered in 2002 (Hohn et a.l, 2002). 

 

1.2.1.1. Crenarchaeota 

The Kingdom Crenarchaeota contains organisms inhabiting very hot and very cold 

environments. Most of them are hyperthermophiles which have been isolated from the 

geothermally heated soils or wastes containing elemental sulphur and sulphides. In 

contrast to the hyperthermophiles, cold loving crenarchaeotes have also been identified 

from many non thermal environments. 

Crenarchaeota are globally distributed constituting a considerable proportion of 

prokaryotic biomass in the terrestrial and mesophilic marine environments. Initially 

crenarchaeota were discovered in the marine picoplankton (Fuhrman, 1992 and 

DeLong, 1992), later on the 16S rRNA gene surveys recovered crenarchaeal sequences 

from all the major moderate environments including the grassland, forest, alpine soils 

(Bintrim et al., 1997; Buckley et al., 1998; Nicol et al., 2005), freshwater habitats 

(Jurgens et al., 2000), tissues and digestive tracts of terrestrial and aquatic animals 

(Preston et al., 1996; Van Der Maarel et al., 1998; Friedrich et al., 2001). Marine 

crenarchaeotes thrive even in frigid waters, such as those of the Antarctic. These 

organisms are planktonic and occur in significant numbers (~104/ml) for waters that are 

both nutrient poor and very cold (Madigan et al., 2008). Crenarchaeotes have also been 

found in marine waters with the help of fluorescent phylogenetic probes.  
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Fig. 1.2 Scheme showing the 3 domains and four phyla; Euryarchaeota Crenarchaeota, 

Nanoarchaeota and Korarchaeota (Woese et al., 1990). 

 

1.2.1.2. Euryarchaeota 

The Kingdom Euryarchaeota includes halophiles, methanogens, hyperthermophiles and 

thermophilic methanogens. Extremely halophilic archaea also known as haloarchaea are 

a diverse group of prokaryotes inhabiting highly saline environments, such as solar 

salterns, salt lakes which are commonly referred to as hypersaline environments 

(Madigan et al., 2008). Halophilic archaea require high salt concentrations for growth, 

in some cases near saturation. Methanogens are obligate anaerobes. These organisms 

thrive in anaerobic environments including marine and fresh-water sediments, bogs and 

deep soils, intestinal tracts of animals, and sewage treatment facilities. Extremely 

halophilic archaea are a diverse group of prokaryotes that inhabit highly saline 

environments, such as solar salt evaporation ponds and natural salt lakes, or artificial 

saline habitats, such as the surfaces of heavily salted foods like certain fish and meats.  

 

1.2.1.3. Korarcheota 

The Korarchaeota were originally discovered form 16S rRNA gene sampling of an iron- 

and sulphur-rich Yellow Stone hot spring, Obsidian Pool (Auchtung et al., 2006) 

Korarchaeota a Kingdom of hyperthermophilic Aarchaea that branches close to the 

archaeal root, and for this reason their biological properties may reveal interesting 

feature of ancient organisms. Although cultures of representatives of this group have 
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now been obtained, little is yet known about them except that they are obvious hyper 

thermophiles growing optimally at 85°C (Madigan et al., 2008). 

 

1.2.1.4. Nanaoarcheota 

Nanoarchaeota has been recently discovered as a group of Archaea currently having 

only one representative, Nanoarchaeum equitans. Nanoarchaeum equitans is a species 

of tiny microbe discovered in 2002 in a hydrothermal vent off the coast of Iceland. It is 

a thermophile growing in temperatures approaching boiling. Nanoarchaeum appears to 

be an obligatory symbiont on the archaeon Ignicoccus (Hohn et al., 2002). Its cells are 

only 400 nm in diameter making it the next smallest known living organism, excepting 

possibly nanobacteria and nanobes.  

1.2.2. Haloarchaea 

Haloarchaea or extremely halophilic archaea belong to the kingdom Euryarchaeota and 

phylum halobacteriaceae. They are salt-loving organisms which grow optimally at high 

salt concentrations of 2.5M - 5.2M NaCl (Oren, 1993). Halobacteria are 

microorganisms which belong to archaeal lineage and are known to be well adapted to 

environments with high salinities. They grow optimally in media containing 15-20% 

NaCl, and can grow at higher salt concentrations upto saturation levels (Kushner and 

Kamekura, 1988; Rodriguez-Valera, 1988). 

Haloarchaea inhabit NaCl saturated environments and are isolated from Salt Lake 

(Amoozegar et al., 2014), Dead Sea (Arahal et al., 1996), salt mine (Yildiz et al., 2012 

& Zhang et al., 2013), marine solar salterns (Cui and Qiu, 2014) and salt marshes 

(Munsun et al., 1997). They are also found to inhabit the crude solar salts (Moschetti et 

al., 2006). They are chemoorganotrophic using amino acids or carbohydrates as carbon 

source. Most haloarchaea are orange and red pigmented since they contain isoprenoid-

derivative pigments which are located in their membranes (Oren and Rodriguez-Valera, 

2001). Morphology of haloarchaeal cell are diverse and observed as simple forms, such 

as rods, cocci or disks, or as unusual forms, such as triangles, squares or the 

pleomorphs, mostly when cultured at higher temperatures or the lower NaCl 

concentration.  

Haloarchaeal cells do not contain peptidoglycan (Kandler and Konig, 1993), rather their 

cells are surrounded by a layer which forms quasi crystalline structures (Cheong et al., 

1993, Michel et al., 1980). They also lack a periplasmic space since the glycoprotein 
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layer is firmly attached to the plasma membrane (Baumeister and Lembcke, 1992). In 

compensation of the high salt concentrations present in their environment, haloarchaea 

accumulate up to 5M KCl. 

Halobacteria can be distinguished from other extremely halophilic prokaryotes by 

presence of ether linked phosphoglycerides which are unique for archaea (Ross et al., 

1985). Glycolipids and phosphoglycerides are the taxonomic markers of halophilic 

archaea as given by Kamekura (Kamekura, 1993). These glycolipids of halophilic 

archaea are derived from a basic diglycosyl diether, mannosyl glucosyl-diphytanyl 

glycerol ether (DGD-1), by substituting the sugar or sulphate groups of mannose residue 

at the 3 or 6 positions. 

Significance of ether lipids in haloarchaea (Robb et al., 1995): 

1) They impart stability to microorganisms over a wide range of temperature and 

oxidative degradation. 

2) They ensure liquid crystalline state of the halophilic membrane lipids at all ambient 

temperature (-40ºC to +40ºC) 

3) sn-1 configuration of the core glycerol diether imparts resistance to attack by 

phospholipases of other organisms. 

4) S-TGA-1 (sulphated triglycosylarchaeol-1) along with PGP-Me participates in proton 

conductance pathways to drive ATP synthesis. 

5) A negative charge surface density is imparted to the haloarchaeal cell membrane due 

to acidic lipids. This high negative charge is shielded by the high Na+ ion concentration 

(4 M) thus preventing disruption  of lipid bilayers due to negative charge repulsion. 

 

In India, haloarchaea has been isolated from coastal regions of Goa (Bragança and 

Furtado, 2009), salt pans of Goa (Mani et al., 2012), west coast of India (Kanekar et al., 

2015), salt pan of Tamil Nadu (Karthikeyan et al., 2013), salt pan in Mulund in Mumbai 

(Pathak and Sardar, 2012), Great Rann of Kutch, Gujarat (Thomas et al., 2012 & Yadav 

et al., 2015). Till date there are more than 50 genera belonging to the family 

Halobacteriaceae including more than 213 species (Oren 2014, Lui et al., 2015).  

 

The classification of Kushner and Kamekura (Kushner and Kamekura, 1988) is based 

on the optimal concentration for growth which defines the various categories of 

halophilic microorganisms. These categories include (i) extreme halophiles which grow 

optimally at 15–30 % (2.5–5.2 M) NaCl; (ii) moderate halophiles which grow optimally 
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at 3–15 % (0.5–2.5 M) NaCl; (iii) slight halophiles which show optimum growth at 1–3 

% (0.2–0.5 M) NaCl; non-halophiles which grow optimally at less than 1 % (0.2 M) 

NaCl; and (iv) halotolerant micro-organisms which are non-halophiles showing the 

ability to tolerate high NaCl concentrations (Kushner and Kamekura, 1988). 

 

1.3. Haloarchaeal habitats 

1.3.1. Solar salterns 

Solar salterns are extreme hypersaline environments that are five to ten times saltier 

than seawater (150-300 g L
-1

 salt concentration) and typically contain high numbers of 

halophiles adapted to tolerate such extreme hypersalinity (Sabet et al., 2009). They are 

widely known to inhabit haloarchaea. There have been many investigations of the 

archaeal, bacterial, and eukaryal inhabitants in these environments using both culture 

and culture-independent techniques (Benlloch et al., 2001; Casamayor et al., 2002; 

Spear et al., 2003; Rossello-Mora et al., 2008; Cui et al., 2010). 

 

1.3.2. Mangroves 

Mangrove ecosystems are widely distributed along estuaries in tropical and subtropical 

regions which serve as breeding and growing zones for many oceanic organisms 

(Holguin et al., 2001). A mangrove is a shrub or small tree that grows in 

coastal saline or brackish water. Mangroves are salt-tolerant trees, also 

called halophytes, and are adapted to life in harsh coastal conditions (Krauss and Ball, 

2013). They contain a complex salt filtration system and complex root system to cope 

with salt water immersion and wave action. They are adapted to the low 

oxygen conditions of waterlogged mud. Mangrove forest is a highly productive niche 

known to support the detritus-based food web (Yan et al., 2006, Abbu and Lyimo, 

2009). In tropical mangroves, the turnover rates are high for organic matters and 

nutrient cycling between ocean and terrestrial habitats which makes it the most 

productive ecosystem in the world (Abbu and Lyimo, 2009). The high primary 

productivity of mangroves signifies a high demand for nutrients which are essential for 

plant growth which is achieved by nutrient trapping, uptake, and recycling in mangrove 

ecosystem (Holguin et al., 2001). The microbial communities residing in the mangroves 

are diverse and play an important role in the transformation of nutrients in environment. 

https://en.wikipedia.org/wiki/Saline_water
https://en.wikipedia.org/wiki/Brackish_water
https://en.wikipedia.org/wiki/Halophyte
https://en.wikipedia.org/wiki/Root
https://en.wikipedia.org/wiki/Hypoxia_(environmental)
https://en.wikipedia.org/wiki/Hypoxia_(environmental)
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The importance of bacteria and fungi in biogeochemical cycles in such ecosystem is 

well established, however our knowledge of archaea is limited (Yan et al., 2006). 

 

1.3.3. Marine invertebrates 

In marine environments, the sessile organisms like sponges are considered to be habitat-

forming species (Bell, 2008) which causes a high impact on the community 

organization and its dynamics (Airoldi et al., 1998). Sponges are marine invertebrates 

belonging to the phylum Porifera which means pore-forming. They are multicellular 

organisms that have bodies full of pores and channels allowing water to circulate 

through them during the filter feeding process (Leys and Kahn, 2018). Sponges lack 

nervous system and the digestive system. Hence they rely on maintaining a constant 

water flow through their bodies in order to obtain food and oxygen and remove waste 

materials.  Sponges are ubiquitously distributed in the aquatic ecosystems (Wulff, 2006) 

and serve as hosts to many organisms (Turon et al., 2000). The size and shape of the 

sponge affects the number and abundance of the associated organisms (Frith, 1976; 

Koukouras et al., 1996; Hultgrenand Duffy, 2011).  The intertidal rocky region of 

Anjuna is known to inhabit sponges (Thakur, 2017). This region consists of a large 

number of primary producers in the vicinity of the sponges which could contribute as a 

source of cellulose and hemicelluloses since plant cell wall is primarily made up of 

cellulose and hemicelluloses. Microorganisms inhabiting these sponges could be good 

candidates for production of cellulases and xylanases. This would be interesting since 

thus far haloarchaea with ability to produce cellulase and xylanase had not been 

reported till this study. 

 

1.3.4. Dead Sea 

The Dead Sea is a well-known salt lake that is located in the western part of Jordan, 

Israel. It is a natural lake with extreme geophysicochemical characteristics due to which 

it serves as a unique habitat for extremophilic microorganisms. The Dead Sea surface is 

also considered as the Earth’s lowest elevation on land which is known to be more than 

420m below sea level (Avriel et al., 2011). With respect to its salinity, the Dead Sea is 

characterized by extreme salinity, ranging to about 34%, which is approximately 10 

times higher than the salinity of oceans (Bodaker et al., 2010). Its salinity is so high that 

it was historically considered to be sterile. Nevertheless, large number of halophilic 

https://en.wikipedia.org/wiki/Phylum
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microorganisms have been isolated from the Dead Sea, majority of which are extremely 

halophilic archaea (Oren, 1988; Oren, 1993). Moreover, studies show that the salinity in 

the Dead Sea will increase in the upcoming years due to increase in evaporation rates 

and low regional precipitation. All such conditions serve as habitat for extremophiles 

with a unique microbial ecology. 

 

1.4. Enzymes 

In nature, the microorganisms have vast potentials wherein they produce an array of 

enzymes, which are commercially exploited over   the   years (Jayani et al, 2005, 

Amoozegar et al, 2017). Enzymes are proteins with specific catalytic functions 

produced by all living cells. They are catalysts which are effective in small 

concentrations, remain unchanged after the reaction and do not affect the position of 

equilibrium of a reversible reaction. They play a major role in increasing the speed to 

achieve equilibrium (Truppo, 2017). 

 

1.4.1. Halophilic enzymes 

Halophilic enzymes are described with respect to the halophily of the organism from 

which they are isolated or from its salt concentrations required for the enzyme activity 

or stability (Madern et al, 2000). Halophiles belonging to the domain Archaea serve as 

the main source of halophilic extremozymes (Eichler, 2001; Dalmaso et al., 2015). 

Halophilic microorganisms from hypersaline environments such as the Dead Sea and 

saltern evaporation ponds have been studied (Baliga et al., 2004; Anton et al., 2020). 

The potential of these halophiles to produce enzymes which are extremozymes has been 

previously reviewed (Mevarech et al., 2000; Madern et al., 2000; Amoozegar et al., 

2017). 

 

1.4.2. Enzyme Classification 

Enzymes have been classified into six major groups based on the type of reactions 

catalysed by them. Within each group, there are sub groups which specify the type of 

reaction catalysed by them. The six major classes of enzymes (Webb, 1992) are as 

follows: 
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1.4.2.1.   Oxidoreductases  

They catalyze the oxidation-reduction reactions wherein the electrons are transferred. 

These electrons are mostly in the form of hydrogen atoms or the hydride ions. When 

hydrogen atom is the donor, the enzymes are referred to as dehydrogenases, whereas if 

oxygen is the electron donor then they are refered to as oxidases. 

1.4.2.2. Transferases  

They catalyze the transfer of a group from one compound to the other. The transfer 

occurs between the donor and the acceptor. Mostly, the donor here is the cofactor which 

is charged with the group to be transferred. Example is the enzyme hexokinase which is 

used in glycolysis.  

1.4.2.3. Hydrolases  

Hydrolytic enzyme or hydrolases are enzymes that catalyze the transfer of specified 

chemical moieties from the substrate molecules to the acceptor water molecules. In 

some rare cases, hydroxyl compounds serve as alternative acceptors, however under 

most circumstances the end-result of action of the enzyme is simple hydrolysis of the 

substrate into two or more smaller compounds (Wilfred Niels Arnold, 1987). Systematic 

names of hydrolases are formed as "substrate hydrolase." However, common names are 

typically in the form "substratease." For example, a nuclease is a hydrolase that 

cleaves nucleic acids. Hydrolases are classified as EC3 in the EC (Enzyme 

Commission) number classification of enzymes. Hydrolases are further classified into 

several subclasses, based on the bonds they act upon: 

 EC 3.1: ester bonds 

 EC 3.2: sugars  

 EC 3.3: ether bonds 

 EC 3.4: peptide bonds  

 EC 3.5: carbon-nitrogen bonds, other than peptide bonds 

 EC 3.6 acid anhydrides 

 EC 3.7 carbon-carbon bonds 

 EC 3.8 halide bonds 

 EC 3.9: phosphorus-nitrogen bonds 

http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Enzyme_substrate
http://en.wikipedia.org/wiki/Nuclease
http://en.wikipedia.org/wiki/Nucleic_acid
http://en.wikipedia.org/wiki/Category:EC_3.1
http://en.wikipedia.org/wiki/Ester
http://en.wikipedia.org/wiki/Category:EC_3.2
http://en.wikipedia.org/wiki/Category:EC_3.3
http://en.wikipedia.org/wiki/Ether
http://en.wikipedia.org/wiki/Category:EC_3.4
http://en.wikipedia.org/wiki/Peptide_bond
http://en.wikipedia.org/wiki/Category:EC_3.5
http://en.wikipedia.org/wiki/Carbon-nitrogen_bond
http://en.wikipedia.org/wiki/Category:EC_3.6
http://en.wikipedia.org/wiki/Acid_anhydride
http://en.wikipedia.org/wiki/Category:EC_3.7
http://en.wikipedia.org/wiki/Carbon-carbon_bond
http://en.wikipedia.org/wiki/Category:EC_3.8
http://en.wikipedia.org/wiki/Halide
http://en.wikipedia.org/wiki/Category:EC_3.9
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 EC 3.10: sulphur-nitrogen bonds 

 EC 3.11: carbon-phosphorus bonds 

 EC 3.12: sulfur-sulfur bonds 

 EC 3.13: carbon-sulfur bonds 

These hydrolytic enzymes constitute a major class of enzymes that are widely 

distributed in nature among bacteria to higher eukaryotes. Hydrolytic enzymes obtained 

from halophiles possess unique structural features and catalytic power which enables 

them to sustain the metabolic and physiological processes under high salt conditions 

(Sumit et al., 2012). The halotolerance of these enzymes which have been derived from 

the halophilic bacteria are exploited wherever enzymes function under in the presence 

of various organic solvents as well as extremes including salinity and temperature 

(Ventosa and Nieto, 1995). 

1.4.2.4.   Lyases  

They catalyze the reactions wherein there is a break in the double bonds due to addition 

of functional groups or the reverse wherein there is formation of double bonds due to 

removal of the functional groups. Example is fructose bisphosphate aldolase which is 

used in converting fructose 1,6-bisphospate to Glyceraldehyde-3-phosphate and 

Dihydroxyacetone phosphate by breaking the C-C bond. 

 

1.4.2.5. Isomerases 

They catalyze the reactions which produce isomeric forms by the transfer of functional 

groups. They bring about structural changes in the compound. The interconversions are 

carried out by an intramolecular oxidoreduction wherein one molecule serves as both 

the hydrogen acceptor as well as the hydrogen donor, hence there is no oxidised product 

formed. The lack of an oxidized product is the reason for the enzyme to fall under this 

classification. The subclasses under this group are based on the type of isomerisation. 

Example is phosphoglucose isomerase which converts glucose 6-phosphate to fructose 

6-phosphate. 

 

1.4.2.6. Ligases 

They catalyse the bond formation between two compounds by using the energy that is 

derived from the cleavage of a pyrophosphate bond such as that found in ATP. 

http://en.wikipedia.org/wiki/Category:EC_3.10
http://en.wikipedia.org/wiki/Category:EC_3.11
http://en.wikipedia.org/wiki/Organophosphate
http://en.wikipedia.org/wiki/Category:EC_3.12
http://en.wikipedia.org/wiki/Category:EC_3.13
http://en.wikipedia.org/wiki/Organosulfur_compounds
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1.4.3. Intracellular or extracellular enzymes 

Enzymes can be extracellular (exoenzyme) or intracellular (endoenzyme). 

An exoenzyme is an enzyme that is secreted by a cell and functions outside that cell. 

Exoenzymes are produced by both prokaryotes and eukaryotes and have been shown to 

be a crucial component of many biological processes. They are often soluble in water, 

so they can be readily extracted from the culture medium and purified (Table 1.1). Most 

often these enzymes are involved in the breakdown of larger macromolecules. 

Bacteria and  fungi produce exoenzymes to digest nutrients in their environment, and 

these organisms can be used to conduct laboratory  assays to identify the presence and 

function of such exoenzymes (Roberts, 2013).  

Table 1.1 Differences between intracellular and extracellular enzymes. 

 

Different classes of microbial exoenzymes have been used by humans since pre-

historic times for such diverse purposes as food production, biofuels, textile 

production  and in the paper industry (Reitner and Theil, 2011). Another important role 

that microbial exoenzymes serve is in the natural ecology and bioremediation of 

terrestrial and marine environments (Amosti et al., 2011). An endoenzyme, 

or intracellular enzyme, is an enzyme that functions within the cell in which it was 

produced. Unlike extracellular enzyme, to obtain the intracellular enzymes, the cells 

Sr. No. Intracellular enzymes Extracellular enzymes 

1 Difficult to isolate Easier to isolate 

2 Cells have to be broken apart to 

release them 

No need to break cells – secreted in 

large amounts into medium 

surrounding cells 

3 Have to be separated out from cell 

debris and a mixture of many 

enzymes and other chemicals 

Often secreted on their own or with a 

few other enzymes 

4 Often stable only in environment 

inside intact cell 

More stable as compared to 

intracellular enzymes 

5 Purification / downstreaming 

processing is difficult/expensive 

Purification / downstreaming 

processing is easier/cheaper 

http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Cell_(biology)
http://en.wikipedia.org/wiki/Extracellular
http://en.wikipedia.org/wiki/Biological_processes
http://en.wikipedia.org/wiki/Macromolecules
http://en.wikipedia.org/wiki/Bacteria
http://en.wikipedia.org/wiki/Fungi
http://en.wikipedia.org/wiki/Digest
http://en.wikipedia.org/wiki/Nutrients
http://en.wikipedia.org/wiki/Environment_(biophysical)
http://en.wikipedia.org/wiki/Assays
http://en.wikipedia.org/wiki/Microorganism
http://en.wikipedia.org/wiki/Prehistory
http://en.wikipedia.org/wiki/Prehistory
http://en.wikipedia.org/wiki/Food_processing
http://en.wikipedia.org/wiki/Biofuel
http://en.wikipedia.org/wiki/Textile_manufacturing
http://en.wikipedia.org/wiki/Textile_manufacturing
http://en.wikipedia.org/wiki/Pulp_and_paper_industry
http://en.wikipedia.org/wiki/Bioremediation
http://en.wikipedia.org/wiki/Ecoregion#terrestrial
http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Intracellular
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need to be broke open. The mixture is then centrifuged from where we obtain the 

intracellular enzymes.Extracellular halophilic enzymes such as cellulases, xylanases and 

amylases have diverse potential use in various areas such as in food industry, 

biomedical sciences, feed additives, and chemical industries (Rao et al., 1998; Kulkarni 

et al., 1999; Pandey et al., 1999, 2000). 

 

1.5. Plant cell wall 

The plant cell wall is a complex architecture which is made up of cellulose, 

hemicelluloses and lignin (Pérez et al., 2002) (Fig. 1.3). The major constituent of 

hemicelluloses is xylan which acts as a natural source of energy and nutrients for the 

microorganisms.  

 

1.5.1. Cellulose 

Natural cellulose is considered to be a renewable biomass resource. Cellulose, the major 

chemical component of the fiber wall, is a homopolysaccharide composed entirely of D-

glucose linked together by β-1,4-glycosidic bonds with degree of polymerization 

ranging from 1,000 in bleached kraft pulps to 10,000 in native wood (Schmidt 2006). 

Each glucose unit is rotated 180
o
 relative to the adjacent one and the smallest repetitive 

unit of cellulose is cellobiose, two glucose units. Cellulose is a linear structure that has a 

strong tendency to form intra- or intermolecular hydrogen bonds resulting in the 

formation of cellulose microfibrils which promote aggregation into crystalline, high 

order regions (Kondo, 1998). The arrangement of cellulose and microfibrils in plant cell 

wall is shown in Fig. 1.4. The regions within microfibrils with less order are termed 

amorphous. The arrangement of crystalline and amorphous cellulose results in 

interesting properties of stiffness and rigidity on one hand and flexibility on the other 

hand (Kalia et al., 2011). Moreover, the structure of cellulose with its hydrogen bond 

makes it insoluble in most solvents and is partly responsible for the resistance of 

cellulose against microbial degradation (Jorgensen et al., 2003). Cellulases bring about 

the breakdown of cellulose molecules into monosaccharides like β-glucose or shorter 

polysaccharides and oligosaccharides. The enzymes involved in the degradation of 

celluloses and hemicelluloses belong predominantly to the hydrolases which cleave the 

glycosidic bonds by hydrolysis. A cellulases system hydrolysing cellulose consists of  

the     following     enzymes:    cellobiohydrolases     (exoglucanases,   EC  3. 2. 1. 91),  
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Fig 1.3 Structural organization of cellulose in plant cell wall. (Source : Biological and 

Environmental Research of U.S., Department of Energy, Office of Science 

science.energy.gov/ber) 

 

endoglucanases (EC 3.2.1.4) and β-glucosidase (EC 3.2.1.21) (Ravindran et al., 2018). 

The cellobiohydrolase and endoglucanase work synergistically by hydrolyzing 1,4-β-D-

glycosidic linkages in cellulose, cello-oligomers and other β-D-glucans releasing 

cellobiose from the non-reducing ends, which are then degraded by β-glucosidase to 

glucose units (Lynd et al., 2002).An important example of cellulose is the one produced 

mainly by the symbiotic bacteria present in the ruminating chambers of the herbivores, 

which aids them to digest the cellulose from their vegetable diet (Florkin and Lozet, 

1949). Other organisms reported to produce cellulases are termites (Afzal et al., 2019).  

 

1.5.1.1. Cellulases 

Cellulases are a group of enzymes that are responsible for cellulose degradation in 

nature. Main producers of cellulases are microorganisms like bacteria and fungi (Lynd 

et al., 2002), however it is also produced by organisms like insects, molluscs and 

nematodes (Watanabe & Tokuda, 2001). Cellulose is one of the most abundant organic 

molecule found on earth which comprises of the major structural component of the 

http://en.wikipedia.org/wiki/Symbiotic
http://en.wikipedia.org/wiki/Ruminant
http://en.wikipedia.org/wiki/Herbivore
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plants and the algal cell walls. Cellulose is also known to be produced by some animals 

which include tunicates, and several bacteria (Islam and Roy, 2018; Inoue et al., 2019). 

The crystalline structure (Fig. 1.5) comprises of hydrogen bonds and Van der Waals 

forces, while the amorphous structure alters this ordered arrangement by formation of 

twists and torsions (Ogawa, 2020). 

  

 

 

 

 

 

Fig 1.4.   Arrangement of fibrils, microfibrils and cellulose in plant cell wall 

(Fröhlichová et al., 2014) 

Cellulose is an abundant renewable energy source which is naturally present in the 

environment (De Vries and Visser, 2001; Cosgrove, 2005). Hence, the use of cellulosic 

waste to generate energy is potentially of great importance. Interest in cellulase and 

other cellulolytic enzymes has grown considerably during recent years, largely because 

the use of these enzymes is expanded to increase substantially, as cellulases are used to 

hydrolyze pretreated cellulosic materials to sugars, which can in turn be fermented to 

such commodities as bioethanol and bio-based products. 

 

1.5.1.2. Mode of action of cellulases 

1.5.1.2.1. Endoglucanases 

The first enzyme involved in the process is endoglucanases (Fig. 1.6) which randomly 

cleaves the internal linkages which are present at the amorphous regions of the cellulose 

fibre thereby resulting in formation of new reducing and non reducing ends, which is 

then followed by the action of cellobiohydrolases. The molecular weight of 

endoglucanases range from 22 to 45 kDa and are monomeric enzymes (Van Dyk et al., 
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2010; Mansfield et al, 1998; Javed et al., 2009). In general, the endoglucanases are 

usually not glycosylated; however, sometimes they are known to have relatively low 

amounts of carbohydrate (ranging from 1 to 12%) (Kubicek et al., 1987). Hydrolyses of 

cellulose also requires the enzyme β-glucosidases (EC 3.2.1.21), which is responsible 

for the hydrolyses of cellobiose, thereby resulting in the release of two molecules of 

glucose which serve as a carbon source that can be easily metabolized. Endoglucanase 

activity is assayed by using substrates such as carboxymethylcellulose-Na (CMC-Na), a 

soluble amorphous cellulose form which serves as an excellent substrate for 

endocellulases (Kaur et al., 2007; Karlsson et al., 2002). 

 

       

 

 

 

 

 

 

 

 

 

Fig. 1.5 Crystalline and amorphous structure of cellulose (Quiroz-Castañeda and Folch-

Mallol, 2013) 

 

1.5.1.2.2. Exoglucanases 

These are also known as cellobiohydrolases, which catalyse the successive hydrolysis of 

the residues present at the reducing and the non-reducing ends of the cellulose, resulting 

in the release of cellobiose molecules as their main product (Kruus et al, 1995; Yu and 

Li, 2015). These enzymes account for approximately 40 to 70% of the entire cellulase 

system and brings about the hydrolysis of the crystalline cellulose (Morais et al., 2012; 
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Ahmed et al., 2009). They have molecular weights ranging from 50 to 65 kDa and are 

monomeric proteins (Srivastava et al., 2014; Larriba et al., 1995). Crystalline cellulose 

also called as avicel is the main form of cellulose present in most plant cell walls and 

serve as good substrates for the exoglucanase activity assay, since they have a low 

degree of polymerization and a relatively low accessibility. However, there are some 

endoglucanases which can release a considerable amount of reducing sugars from 

Avicel (Li et al., 2012). 

 

1.5.1.2.3. β-glucosidases 

The β-D-glucosidases bring about the hydrolysis of soluble cellobiose and other 

cellodextrins, with a degree of polymerization up to 6 in order to produce glucose in its 

aqueous phase, thereby eliminating the cellobiose inhibition. The molecular weights of 

such enzymes range from 35 to 640kDa. The β-D-glucosidase activities can be assayed 

by using cellobiose as the substrate which is not hydrolysed by endoglucanases nor 

exoglucanases (Verma et al., 2013; Liew et al., 2018). Generally, aerobic cellulose-

degrading microorganisms secrete individual enzyme components (free-enzyme 

system), that act synergistically on cellulose. In contrast to aerobic microorganisms, 

anaerobic cellulolytic bacteria generally produce a complexed multi-enzyme aggregate 

system called a cellulosome, which protrudes from the bacterial cell wall (Lynd et al., 

2002). All known cellulosomes contain a large polypeptide (cohesin) which contains a 

cellulose-binding module and serves as an anchoring protein for the catalytic domains 

of cellulases and hemicellulases. The cellulosome of the anaerobic bacterium 

Clostridium thermocellum is the most studied complexed cellulase system (Bayer et al., 

2007).  

The complete degradation of cellulase is very difficult and only a few microorganisms 

are known to degrade the plant cell wall by hydrolysing cellulose. Amongst these, the 

anaerobic and aerobic genera belonging to the Domain Bacteria and fungi belonging to 

the Domain Eukarya are included. The degradation of plant cell walls by 

microorganisms involves two types of systems. In one type, the microorganisms 

produce a set of free enzymes which act synergistically and degrade the plant cell walls 

while in the second type, the degradative enzymes produced by the microorganisms are 

organized into cellulosome which is very effective in degrading the plant cell walls 

(Chandel and Da Silva, 2013). 



Chapter I 

18 
 

Need for novel enzymes with respect to applications in industries additionally require 

improved features in order to tolerate extreme conditions such as temperature, pH and 

salinity. So microorganisms living in such extreme conditions are considered as a 

source of such extremozymes with potential applications in biotechnology. Such 

microorganisms are referred to as extremozymes. Amongst these extremophiles, 

alkaliphilic, thermophylic and halophilic microorganisms have the potential to yield 

valuable products which can be used in biotechnological industries (Margesin and 

Schinner, 2001). Examples of such enzymes are the alkaliphilic polymer-degrading 

enzymes including proteases, cellulases and lipases, which are most frequently isolated 

from Bacillus or other related species (Rees et al., 2003). Such lipases and cellulases are 

not only important in washing detergents, but also find wide range of applications in the 

paper pulp, food, leather or waste treatment industries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.6 Three types of reaction catalyzed by cellulases: a) Breakage of non covalent 

interactions present in the amorphous structure of cellulose (endocellulase); b) 

Hydrolysis of chain ends to break the polymer into smaller sugars (exocellulase); c) 

Hydrolysis of disaccharides and tertrasaccharides into glucose (endocellulase) 

(Thiyagarajan and Hari, 2014). 

 

1.5.1.3. Reported applications of cellulases 

Application of microbial cellulases are given in Table 1.2. 
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1.5.1.3.1. Paper and Pulp Industry 

Cellulases are widely used in pulp and paper industry (Mai et al., 2004). It finds 

application in the biomechanical pulping of the woody raw material which results in 

improvement in the hand-sheet strength properties of paper (Singh et al., 2007; Bhat, 

2000). Cellulases help in improving the drainage of paper mills by removing some peel 

off fibrils from the fiber surface and by dissolving colloidal substances, which often 

results in severe drainage problems in paper mills. In this view, the use of cellulases has 

considerably improvemed in the overall performance of the paper mills (Kantelinen et 

al., 1995). 

1.5.1.3.2. Bioethanol industry 

The most popular application of cellulases is in the production of biofuel wherein 

cellulases are used in the enzymatic saccharification of lignocellulosic materials which 

include sugarcane bagasse, corncob, rice straw and saw dust (Sukumaran et al., 2005; 

Kuhad et al., 2010; Gupta et al., 2011). The cost of enzymatic hydrolysis is considered 

to be low as compared to acid and alkaline hydrolysis since enzyme hydrolysis is 

mostly conducted at mild conditions (Chander et al., 2010; Gupta et al., 2011). 

1.5.1.3.3. Textile industry 

Cellulases are widely used in the processing of wet textile, which ultimately improves 

its appearance (Hebeish and Ibrahim, 2007; Karmakar and Ray, 2011). Cellulases find 

application in the biostoning of jeans and in biopolishing of cotton fabric wherein the 

cellulases break off the tiny fiber ends from the yarn surface thereby resulting in 

loosening of the dye easily which is otherwise usually removed by the mechanical 

abrasions during the wash cycle (Singh et al., 2007; Uhlig, 1998). 

1.5.1.3.4. Food processing industry  

Cellulases help in macerating the fruit pulp, improving their extraction and clarification 

thereby increasing the yield of fruit juice (Minussi et al., 2002; De Carvalho et al., 

2008). Cellulases along with pectinases help to improve cloud stability, texture and 

decrease the viscosity of purees from tropical fruits (Sukumaran et al, 2005). 

1.5.2. Hemicellulose 

Next to cellulose, hemicellulose is the second most abundant renewable polysaccharide 

in nature, produced at a rate of 10
10

 tons per year (Biely 1985; Wilkie 1983). 

Hemicelluloses are complex heterogeneous polysaccharides made up of different 

monomeric residues, such as D-xylose, D-glucose, D-arabinose, D-mannose and D-
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glucuronic acid. Hemicelluloses have a lower degree of polymerization, compared to 

cellulose since they have side chains that can be acetylated and are essentially 

amorphous. They are classified based on the monomeric sugar which is present in the 

backbone of the polymer, e.g. mannan (β-1,4-linked mannose) or xylan (β-1,4-linked 

xylose) hemicelluloses. The main chain of glucose and mannose residues are usually 

connected with β-(1,4) bond while the side chain is attached to main chain via α-(1,6) 

bonds in galactoglucomannan (Yang et al, 2007).  

 

Table 1.2 Application of cellulases in different industries 

Industry Application 

Agriculture Enhanced seed germination; generation of plant and fungal 

protoplasts; improved plant root system; enhanced plant growth and 

flowering; improved soil quality 

Detergents Better cleaning action without damaging the cloth fibers; improved 

brightness and dirt removal from cloth; removes rough protuberances 

from cotton fabrics 

Fermentation Enhances the malting, mashing and improves the color extraction of 

grapes; improves aroma of wines; enhances the quality of beer; 

improved clarification, filtration and stability of wine  

Food Improved yields in protein and starch extraction, enhances the release 

of antioxidants from pomace of fruits and vegetables; improves the 

yield of starch and protein extraction; improved extraction of colour of 

fruits and vegetables, clarification of fruit juices; improved texture of 

bakery products; controls the bitterness of citrus fruits 

Pulp and paper 

industry 

Pulp bleaching; biomechanical pulping; improved draining; enzymatic 

deinking; improved fiber brightness, strength properties, improves the 

drainage in paper mills; production of paper towels 

Textile In biostoning of jeans; improves fabrics quality; softens garments; 

removes excess dye from fabrics and restores colour brightness 

Others Improves extraction of carotenoids; improves oxidation and colour 

stability of carotenoids; improves quality of olive oil; reduces the risk 

of biomass waste 
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1.5.3. Xylan 

Xylan is the major component of the hemicellulose of plant cell walls and constitutes up 

to 35% of the total dry weight of higher plants (Reilly 1981). Xylan being the most 

important of the hemicelluloses, is usually a heteropolymer which is composed of a 

backbone of 1,4-linked β-D-xylopyranose residues and branches of L-arabinofuranose, 

and 4-O-methyl-D-glucuronic acid. The degree of branching depends on the source of 

plant material (Biely 1985; Poutanen and Puls 1988), and the xylans are often acetylated 

(Biely 1985). Xylan is one of the most abundant noncellulosic polysaccharide which is 

present in both the hardwoods as well as in the annual plants. It accounts for about 20–

35% of the total dry weight of the tropical plant biomass. In temperate softwoods, 

xylans are less abundant, which comprises of approximately only 8% of its total dry 

weight. Xylan is present mainly in secondary cell wall of plants and forms an interphase 

between the lignin and other the other polysaccharides present. It is likely known that 

xylan molecules link covalently with the lignin phenolic residues and interact with the 

polysaccharides present which include pectin and glucan (Teleman, 2009).  

 

1.5.3.1.Xylanases 

Xylanases are glycosidases which catalyzes the endohydrolysis of the ß-1, 4-glycosidic 

bonds present in xylan (Collins et al, 2005). First reported in 1955 (Preece and Hobkrik, 

1955) they were originally termed pentosanases, and were recognized by the 

International Union of Biochemistry and Molecular Biology (IUBMB) in 1961 when 

they were assigned the enzyme code EC 3.2.1.8. Their official name is endo-1, 4-β -

xylanase, but commonly used synonymous terms include xylanase, endoxylanase, β -1, 

4-D-xylan-xylanohydrolase, endo-1, 4-β-D-xylanase, β-1, 4-xylanase and β-xylanase. 

Biodegradation of xylan is a complex process that requires the synergistic action of 

several enzymes. A typical xylan degrading enzyme system is composed of ß-1, 4-

endoxylanase, ß-xylosidase, α-glucuronidase, α-L-arabinofuranosidase, acetyl xylan 

esterase and phenolic acid esterase (Beg et al, 2001). Production of multiple xylanases 

is a strategy that a microorganism uses for complete hydrolysis of xylan. The xylan 

backbone is hydrolyzed by the enzymes endo-1,4-β-xylanase to form the products 

oligomers, xylobiose and xylose (Fig. 1.7). Although the total breakdown of xylan 

requires the cooperative action of many enzymes (endo-β-1,4- xylanase, β-D-

xylopyranosidase, α-L-arabinofuranosidase, acetyl xylan esterase, α-D-glucuronidase), 

out of all these, the key enzyme is endo-β-1,4-xylanase since it cleaves internal 
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glycosidic bond of the polysaccharide (Biely et al, 1997). The complex structure of 

xylan needs different enzymes for its complete hydrolysis. Endo-1, 4-ß- xylanases (1, 4-

ß-D-xylanxylanohydrolase, E.C.3.2.1.8) depolymerise xylan by the random hydrolysis 

of xylan backbone and 1, 4-ß-D-xylosidases (1,4-ß-D-xylan xylohydrolase 

E.C.3.2.1.37) split off small oligosaccharides (Sungurtas et al, 2004). The side groups 

present in xylan are liberated by α -L-arabinofuranosidase, α –D-glucuronidase, 

galactosidase and acetyl xylan esterase.  

 

 

 

 

 

 

 

 

 

 

Fig. 1.7 Degradation of xylan to xylose by xylanase (Godoy et al, 2018) 

Endo-xylanases are reported to be produced mainly by microorganisms like bacteria and 

fungi. However, there are certain reports regarding their origin from plants and some 

members of higher animals also (Subramaniyan and Prema, 2002). There are lots of 

reports on microbial xylanases starting from 1960, but with an angle of plant pathology 

related problems. Only during 1980‟s, the great impact of xylanases has been 

recognized in the area of biobleaching (Beg et al, 2000; Raghukumar et al, 2004; Walia 

et al, 2017). 

 

1.5.3.2. Reported applications of xylanases 

1.5.3.2.1. Biobleaching of pulp  

Xylan does not form tightly packed structures hence is more accessible to hydrolytic 

enzymes. Consequently, the specific activity of xylanase is 2-3 times greater than the 

hydrolases of other polymers like crystalline cellulose.  In the pulping process, the 

resultant pulp has a characteristic brown colour owing to the presence of residual lignin 

and its derivatives (Perez et al, 2002). In order to obtain white and bright pulp suitable 
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for manufacturing good quality paper, it is necessary to bleach the pulp to remove the 

constituents such as lignin and its degradation products. Biobleaching of pulp is 

reported to be more effective with xylanases than with lignin degrading enzymes 

(Subramaniyan and Prema, 2002). This is because the lignin is cross-linked mostly to 

the hemicelluloses and the hemicellulose is more readily depolymerised than lignin. 

Removal of even a minor portion of hemicellulose is sufficient enough in order to open 

up the polymer, thereby facilitating the removal of residual lignin by using mild 

oxidants. The principal objective of the application of biotechnological methods is the 

achievement of selective hemicellulose removal without degrading cellulose. 

Degradation of cellulose is the major problem associated with conventional pulping 

process, which invariably affects the cellulose fibre, and thus the quality of paper. 

Removal of xylan from the cell wall leads to a decrease in energy demand during 

bleaching. Therefore enzymatic treatments of pulp using xylanases have better 

prospects in terms of lower cost and improved fiber quality. 

 

1.5.3.2.2. Bio- processing of fabrics  

Enzymatic treatment can significantly increase the water absorbing properties of fiber 

by removing complex impurities situated in the primary cell wall (Dhiman et al, 2008). 

The advantage associated with enzymatic treatment is the highly specific action of the 

enzyme. Xylanases specifically act on the hemicellulosic impurities and cause their 

removal. Enzymatic treatment does not cause any strength loss of the fiber. 

 

1.5.3.2.3. Pretreatment of agricultural silage and grain feed 

 Xylanases have been reported to improve its nutritional value. Most of low quality feed 

stuff contains large amounts of incompletely digestible nutrients and energy values. 

Pretreatment of these low-quality feed stuffs with xylanases improve their digestibility 

as it reduces viscosity and increases absorption by breaking down the non- starch 

polysaccharides in high fiber rye and barley based feeds (Kuhad et al, 2011). 

In cereals like barley, arabinoxylans form the major non-starch polysaccharide. The 

arabinoxylanases are partly water soluble due to which they result in a highly viscous 

aqueous solution. This high viscosity of cereal grain water extract might be involved in 

brewing problems and is a negative parameter for the use of cereal grains in animal feed 

(Dornez et al, 2009). A better solution for this problem could be derived from the 

application of xylanases for pretreating the arabinoxylan containing substrates.  



Chapter I 

24 
 

Hydrolysis of xylan by such enzymes release sugars which include xylose, xylobiose 

and xylooligomers. Bioconversion of lignocelluloses to fermentable sugars has the 

possibility to become a small economic prospect. An example is xylitol, which is a five 

carbon sugar and is used as a natural food sweetener (Makinen, 2011). Its recovery from 

the xylan fraction is about 50-60% or 8-15% based on the raw material employed. A 

product of hemicellulosic hydrolysate, 2, 3- butanediol, is a valuable chemical feedstock 

because of its application as a solvent, liquid fuel, and a precursor for many of the 

synthetic polymers and resins. Dehydration of 2, 3- butanediol yields the industrial 

solvent methyl ethyl ketone, which is more suited as a fuel. Another value added 

product obtained from hemicellulose hydrolysate is lactic acid, which is used in food, 

pharmaceutical and cosmetic industries (Panesar and Kaur, 2015). Microorganisms are 

known to be the sources of xylanases, which are known to be produced by diverse 

genera of bacteria, fungi and actinomycetes. Bacillus and filamentous fungi are known 

to secrete large amounts of extracellular xylanases (Kamble and Jadhav, 2012). The last 

decade has seen a wide increase in the field of research on extremozymes which are 

produced by microorganisms isolated from extreme habitats, like hyperthermophiles 

and thermophiles (Kour et al., 2019; Vasudevan and Jayshree 2020). However, recent 

studies have shown that extremozymes which are produced by halophiles are known to 

exhibit some unique characteristics (Fukushima et al. 2005; Haque et al., 2019; 

Waditee-Sirisattha et al., 2016). A variety of microorganisms, including bacteria, 

actinomycetes, yeasts and filamentous fungi have been reported to produce xylanases 

(Dekker and Richards 1976). Although most of the extracellular xylanases studied 

derive from mesophilic bacteria and fungi, psychrophilic fungi (Bradner et al. 1999) as 

well as thermophilic (Chadha et al., 2019; Winterhalter and Liebl 1995) and 

alkalophilic (Polizeli et al., 2005) bacteria producing xylanases have also been 

described.  

 

1.6. Haloenzymes 

Extremophiles refer to microorganisms inhabiting extreme environments with high 

salinity, high temperature, low temperature, highly acidic pH, highly alkaline pH, high 

pressure or low pressure. Since such extremophiles survive at such extreme 

environmental conditions, the enzymes produced by them will also have a potential to 

function in such extreme and harsh conditions which is also verified from reports (Van 

den Burg 2003). Hence extremophiles and their enzymes serve a great potential in 
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biotechnological applications (Herbert, 1992; Averhoff and Muller, 2010). 

Haloenzymes function at high salt concentrations and such enzymes may not require 

purification before use since contaminated proteins  and other biomolecules are mostly 

inactive under such conditions (Van den Burg 2003). Haloenzymes work under low 

water activity (Eichier 2001) and high temperatures (Litchfield, 2011). 

 

1.6.1. Haloarchaeal cellulases and xylanases 

The interest in cellulases has grown in the recent years, since they are able to hydrolyze 

cellulosic materials to sugars, which further can be fermented to commodities, such as 

bioethanol and other bio-based products (Li and Yu, 2012). Although cellulose-

degrading enzymes from halophilic or halotolerant bacteria are well studied, there is 

only limited information concerning haloarchaea as cellulase producers. Since the 

presence of salt reduces the water activity, enzymes from haloarchaea may possess 

organic solvent tolerance (Doukyu and Ogino, 2010). Not much is known on production 

of degradative hydrolytic enzymes in Haloarchaea. Reports of all haloarchaeal 

cellulases and xylanases have been summarized in Table 1.3 and Table 1.4, 

respectively. Cellulases are known to be widespread in fungi and bacteria. The first 

archaeal cellulase (endoglucanase) was reported from the hyperthermophilic archaeon 

P. furiosus (Bauer et al., 1999). Initial reports include only screening of haloarchaeal 

cellulases, the detailed research on quantitative cellulases for the first time was seen in 

Haloarcula wherein whole cells were immobilized for cellulase production in the year 

2012 (Ogan et al, 2012). In the following year 2013, a halostable cellulase was reported 

from Haloarcula sp. LLSG7 with organic solvent tolerance and its application in the 

fermentation of bioethanol fermentation by using agricultural wastes (Li and Yu, 2013). 

Interests in xylanases has increased recently (Wang et al, 2010) since they find wide 

range of applications in biobleacing of paper (Hung et al, 2011), improving bread 

quality (Butt et al, 2008, Elms et al, 2003) and clarifying fruit juices (Beg et al, 2001). 

The first report on hyperthermoarchaeal xylanolytic activity was seen in Thermofilum 

strains (Bragger et al, 1989). This was followed by the production of xylanase by the 

crenarcheote Thermosphaera aggregans sp. which utilized heat-treated xylan and was 

not able to utilize native xylan (Huber et al, 1998). With this, it was believed that 

archaea do not produce true thermostable xylanases, since none of the thermophilic nor 

hyperthermophilic strains were capable of utilizing native xylan as a carbon source 

(Sunna et al, 1997).  
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Table 1.3 Comparative list of reports on cellulase producing strains of halophilic Archaea 

 

 

 

 

 

 

 

 

 

 

 

 

  

Strain Name Source Place NaCl  

Range 

Substrate  Optimum 

NaCl  

Optimum  

Tempt. 

pH References 

 Cellulase 

Haloferax sulfurifontis 

GUMFAZ2 

Haliclona sp. India 0-30% CMC-Na 20% 40 7 Malik and Furtado, 

2019 

Haloarcula vallismortis,   

 

Colorada 

Grande 

 

Argentina 19.5% CMC ND ND ND Nercessian et al., 2015 

Halobacterium piscisalsi Salitral Negro Argentina 19.5% CMC ND ND ND Nercessian, et al., 2015 

Natrinema sp.SSBJUP-1 Lonar Lake India 4-26% CMC 14% 40 9 Patil and Bajekal, 2014 

Haloarcula sp. G10 Yuncheng 

Salt Lake 

China 17.5-

27.5% 

CMC-Na 17.5% 60 9 Li and  Yu, 2013 

Haloarcula sp. LLSG7 Yuncheng 

Salt Lake 

China 17.5-

30% 

CMC-Na 20% 50 8 Li and  Yu, 2013 

Haloarcula 2TK2 Solar saltern 

Tuzkoy Salt 

Mine 

Turkey 0.5M-

4M 

CMC 2.5M 25 7 Ogan  et al., 2012 

Halorubrum, Haloarcula Aran-Bidgol 

lake 

Iran 24% CMC ND ND ND Kakhki et al., 2011 

CMC: Carboxymethyl cellulose; M: Molar; ND: Not documented 



 

 
 

2
7
 

C
h

a
p
ter I 

Table 1.4 Comparative list of reports on xylanase producing strains of halophilic Archaea 

Strain Name Source Place NaCl  

Range 

Substrate  Enzyme Optimum 

NaCl 

Optimum  

Tempt. 

pH References 

  Xylanase 

Hcc. thailandensis 

GUMFAS7 and 

Hbr saccharovorum 

GUMFAS1 

Cinachyrella 

cavernosa 

India 5-30% Beechwood 

Xylan 

Xylanase 20% 37 5 Malik and Furtado,  

2019 

Natrinema sp. Lonar Lake India 12-22% Xylan Xylanase 16% 40 8 Patil and Bajekal, 

2014 

Haloarcula  Aran-Bidgol 

lake 

Iran 24%  Xylan Xylanase ND ND ND Kakhki et al., 2011 

Halorhabdus 

utahensis 

Great Salt Lake, 

Utah 

USA 2.5-

30% 

AZCl-xylan β-xylanase 15% 65 6.5 Wainø and 

Ingvorsen, 2003 

Halorhabdus 

utahensis 

Great Salt Lake, 

Utah 

USA 0.05-

27% 

p-nitrophenyl-b-

D-

xylopyranoside 

β-xylosidase 5% 55 and 

70 

7.6 Wainø and 

Ingvorsen, 2003 

Thermococcus 

zilligii strain AN1  

Geothermal pool New 

Zealand 

ND Oat spelt xylan Xylanase ND ND ND Uhl and Daniel, 

1999 

ND: Not documented, AZCl: Azurin crossed linked xylan 
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Furthermore, production of xylanolytic enzymes by the hyperthermophilic archaeon, 

Pyrodictium abyssi, was briefly reported by Andrade and co-workers (1996). The first 

report on production of an archaeal hemicellulase using native xylan was produced by 

Thermococcus zilligii strain AN1 isolated from a geothermal pool (Uhl and Daniel, 

1999). A detailed study on extracellular β-xylanase and β-xylosidase has been reported 

from the extremely halophilic archaeon Halorhabdus utahensis which was isolated from 

the Great Salt Lake (Waino and Ingvorsen, 2003). In the year 2004, xylanase was 

reported by Sulfolobus solfataricus, which included isolation and characterization of its 

xylanase activity” (Cannio et al., 2004). A paper in January 2014, reported the isolation 

and characterization of a xylanase from a crenarchaeon Natrinema sp. SSBJUP-1 

isolated from Lonar Lake (Patil and Bajekal, 2014). Organic-solvent-tolerant enzymes 

have received a great deal of attention because of several advantages that apply to 

biocatalysis in organic media, such as high solubility of hydrophobic species and 

reduced microbial contamination (Stepankova et al, 2013). Many reports are present on 

the breakdown of cellulose by bacteria and fungi however there is paucity of studies on 

degradation of cellulose and xylan by Haloarchaea. Our work on degradation of Plant 

Polymers by Marine Haloarchaea under high salt concentrations of upto 25% will add 

more knowledge in this field. 

 

1.5. Aim and Scope 

In light to the knowledge mentioned above, the present Ph.D. research submitted to Goa 

University as a Thesis for the evaluation and award of the PhD degree in 

Microbiology was directed at obtaining haloarchaeal isolates inhabiting sponges of the 

intertidal region of Anjuna, along with the haloarchaeal isolates obtained from the 

guides from the Guide’s Haloarchaeal Repository, Department of Microbiology, Goa 

University, with a potential to degrade plant polymers cellulase and xylanase. It was 

also directed towards the optimization for maximum enzyme production, optimization 

for maximum enzyme activity, partial purification, zymographic analysis the isolation 

of the enzyme, applications which include dye decolourization of synthetic textile dye 

waters and degradation of plant litter. The results and observations obtained through this 

study and the conclusions that are derived thereof are recorded as a thesis entitled 

“Degradation of Plant Polymers by Cellulase and Xylanase Haloextremozymes 

from Marine Haloarchaea”. 
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Halophilic Archaea belonging to the order Halobacteriales, family Halobacteriaceae, are 

halophiles which contribute majorly to the microbial biomass present in hypersaline 

environments. Haloarchaea have the ability to compete for water and resist denaturing 

effect of salts by accumulation of KCl equivalent to the external NaCl concentration. 

The plant cell wall is made up of cellulose, hemicelluloses and lignin. Xylan is the most 

abundant hemicellulose present in the plant cell wall and comprises of heterogeneous 

polysaccharide which consists of a backbone of β-1,4-linked xylopyronosyl units. Half 

of these units are linked to acetyl, L-arabinofuranosyl or α-methylglucuronyl residues 

(Biely et al., 1985). The main key enzyme involved in the degradation of xylan is endo-

β-1,4-xylanase (EC 3.2.1.8), which is involved in the cleavage of the internal glycosidic 

bond present in the polysaccharide. Cellulases are a group of enzymes which act 

together to hydrolyze cellulose mainly yielding cellobiose and glucose molecules. The 

cellulases comprise of endoglucanases (E.C. 3.2.1.4), exoglucanases also called 

cellobiohydrolases (E.C. 3.2.1.176, E.C. 3.2.1.91, E.C. 3.2.1.74) and β-glucosidases or 

cellobiases (E.C. 3.2.1.21), according to the position of the hydrolyzed o-glycosidic 

linkage (Watanabe and Tokuda, 2010; Medie et al., 2012; Peralta et al., 2017). These 

enzymes cleave the internal β-1,4-linkages of amorphous regions in cellulose fibres, 

thereby releasing the cellobiosyl unit from the non-reducing end of the cellulose chain 

and releases the glucose unit from cello-oligosaccharides, respectively (Lynd et al., 

2002). Marine sponges are known to be widely distributed from intertidal zones to deep 

ocean habitat which are thousand meters deep (Fusetani et al., 1993). Sponges are 

known as filter feeders, which intake water upto 72,000 times their body volume per 

day. As this water circulates through a series of sponge canals, microorganisms and 

various organic particles present therein are then filtered out. Most of this microbial 

load is processed for its nutrition (Lee et al., 2001), however some escapes this process 

and then establishes in the internal parts of sponge tissue (Turon et al., 2000) thereby 

participatind in the mineralization of the inflowing organic matter. This chapter details 

the studies on (i) isolation of haloarchaea from the samples collected from the intertidal 

rocky region of Anjuna-Goa, Dead sea sediment sample as well as previously isolated 

cultures available at HRDMGU; (ii) Screening of these isolates and cultures for 

cellulase and xylanase production; and (iii) Identification of the potent cellulase and 

xylanase producing haloarchaea. 
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2.1. METHODOLOGY 

2.1.1. Sample collection for isolation of Haloarchaea 

2.1.1.1. The rocky intertidal region at Anjuna, Goa. 

The sampling site selected was the intertidal rocky region of Anjuna-Goa. This region is 

subjected to tidal influx and efflux. During low tide on site, marine invertebrate samples 

like sponges, barnacles and gastropods were collected in sterile polythene bags and 

stored at room temperature, until they were immediately transported to the Haloarchaeal 

repository at the Department of Microbiology, Goa University (HRDMGU) where they 

were processed. The temperature, pH and salinity of the waters were determined at the 

sampling site. In addition to this, the adjacent water samples were also collected in 

sterile sampling bottles. The samples collected from Anjuna were photographed.  

The sponge samples were identified upto genus level based on its phenotypic 

characteristics as given in the manual by Pattanayak, 2013. Once the phenotypic 

characteristics such as the colour, appearance, shape of the sponge and its tissue was 

determined, the sponge was used for isolation of haloarchaea. 

A sediment sample from the Israel side of the Dead Sea was gifted by Mrs. Appolonio 

Fernandes, Goa-India during her Israel tour in 2013, to my guide Prof. Irene Furtado. 

The colour of the sediment and the texture of the soil sample were determined by the 

„feel method‟. We used this sample to isolate haloarchaea with an ability to produce 

cellulase and xylanase.  

 

2.1.1.1.1. Isolation of Haloarchaea from sponge samples 

Once the samples were brought to the laboratory, they were washed with water and then 

a piece of each of the sponge was macerated using a mortar and pestle in 5ml of NaCl 

tryptone yeast extract medium (NTYE) ((g/l) containing crude salt, 250; MgSO4.7H20, 

20; Tryptone, 5; CaCl2.2H2O, 0.2; Yeast Extract, 3 and KCl, 5;); at pH 7 (Velho-Pereira 

and Furtado, 2014; Malik and Furtado, 2019) with an addition of 700U/ml of penicillin. 

This macerate was then inoculated into 250ml Erlenmeyer flasks, each containing 

100ml of sterile NTYE. These flasks were incubated at room temperature for 30 days at 

150 rpm on a rotary shaker. Isolates were obtained by serial dilution plating method, 

wherein 0.1ml of the growth from flask was spread plated on NTYE agar plates 

containing 700U/ml penicillin. Upon spread plating, the plates were incubated at room 
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temperature for 30 days. Distinct colonies appearing on the plates were purified and 

maintained on agar slopes of same media.  

 

2.1.1.1.2. Isolation of Haloarchaea from water sample surrounding the sponges 

The water sample surrounding the sponges, was serially diluted and spread plated onto 

NTYE agar plates with 700U/ml of peniciliin and incubated at room temperature for 30 

days. The distinct colonies which were obtained on the plate were further purified and 

maintained on NTYE agar slopes.  

 

2.1.1.2. Dead Sea sediment sample 

For isolation of cellulase and xylanase producing haloarchaea from the Dead Sea 

sediment sample, direct plating and enrichment technique was used. The medium used 

here was NSM ((g/L) MgSO4.7H20, 20; NaCl, 200; CaCl2.6H2O, 1; NaHCO3, 0.2; 

MgCl2.6H2O, 15; NH4Cl, 2; KCl, 4; 0.005; KH2PO4, 0.5 and FeCl3.6H2O,) pH 7 

(Raghavan and Furtado, 2000) agar containing (i) 0.5% carboxymethylcellulose-Na 

(CMC-Na) and (ii) 0.5% beechwood xylan as substrates for cellulase and xylanase, 

respectively. In direct plating method, one gm of sediment sample was added to 10 ml 

of 20% NaCl solution, appropriate dilutions were prepared and 100 μl of dilutions were 

spread plated on the above mentioned media. In the enrichment technique method, one 

gm of the sediment sample was aseptically transferred to 150ml Erlenmeyer flask 

containing 50ml media and incubated at room temperature (28±2ºC) for up to 10 days. 

Then ten μl aliquots from the flask were spread plated on NSM agar containing the 

respective substrate. Plates were incubated at room temperature (28±2ºC) for 30 days 

until pink pigmented colonies appeared. Colonies obtained were purified by repeated 

subculturing and maintained on NSM agar slopes containing the respective substrate. 

All the isolates obtained were purified by streaking the cultures onto solid media as that 

used for isolation. They were further checked for purity microscopically.  

 

2.1.1.3. Cultures available at the HRDMGU (Haloarchaeal repository, Department of 

Microbiology, Goa University) 

A total of 104 cultures were obtained from the (HRDMGU) which have been previously 

isolated from ribandar salt pans and other salt pans of Goa.  
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Maintenance of cultures  

The cultures obtained were grown on the respective isolation media agar slopes and 

were maintained at room temperature (28±2ºC) and were then subcultured onto the 

respective medium periodically. 

 

2.1.2. Demonstration of production of haloextremozymes cellulase and/or xylanase 

by marine haloarchaeal isolates  

2.1.2.1. Preparation of CMC-Na and Beechwood xylan agar plates for screening 

experiments 

Agar based growth medium was prepared in 2 sets of media, one with NTYE and one 

with NSM, containing 0.5% CMC-Na (w/v) or 0.5% beechwood xylan (w/v) as 

substrates for cellulase and xylanase, respectively which was solidified with 1.2% (w/v) 

agar powder. Media were sterilized by autoclaving at 10 psi for 15min. After 

sterilization, approximately 20ml of medium was poured aseptically in each plate and 

allowed to solidify. 

 

2.1.2.1.1. Haloextremozyme cellulase production by the bionts and isolates 

The cultures obtained were spot inoculated on agar medium containing 0.5%(w/v) 

CMC-Na as substrate for cellulase in NTYE / NSM. These plates were incubated at 

room temperature (28±2ºC) for 21 days followed by staining with 0.1% congo red for 

20 min and destaining with 1M NaCl for 10mins (Wood et al., 1988). The colonies 

showing zone of clearance around it were recorded as positive.  

 

2.1.2.1.2. Haloextremozyme Xylanase production by the bionts and isolates 

The cultures were spot inoculated on the above mentioned plates containing beechwood 

xylan as substrate for xylanase. The plates were incubated at room temperature 

(28±2ºC) for 21 days. The plates were then flooded with 0.1% congo red solution for 20 

min which was followed by destaining for 10mins with 1M NaCl (Wood et al., 1988). 

The colonies showing a zone of clearance around it were recorded as positive.  

 

2.1.2.2. Quantification of haloextremozyme cellulase and xylanase  

The isolates which showed the zone of clearance on the agar plates were further studied 

to quantify the cellulase and xylanase activity during its growth phase. The medium 



Chapter II 

33 
 

used for production of cellulase and xylanase was NSM containing 0.5% CMC-Na and 

beechwood xylan as substrates for cellulase and xylanase, respectively. Here, cells of 

cultures were inoculated into a 250ml Erlenmeyer flask containing 50ml of NSM 

medium with the respective substrate, incubated at 30ºC at 150 rpm. After 72 h, 5% of 

this growth was used as seed culture into a 500 ml Erlenmeyer flask containing 100ml 

sterile medium of the same composition. Every 24 h, aliquots of the culture broth 

obtained were monitored for growth at 600nm using UV-1601, Shimadzu 

spectrophotometer (Kyoto, Japan). Cell free supernatant of each of the culture aliquotes 

was obtained by centrifuging the culture broth at 10,000g at 20 ºC for 10 min and was 

monitored for its enzyme activity (Cannio et al., 2004), residual sugar (Miller et al., 

1960) and extracellular protein (Lowry et al, 1951). All these methods were modified 

by adding 20% NaCl (w/v) to each method. This was done for a total of 8 days, with 24 

hour intervals.  

 

2.1.3. Characterization of haloextremozyme cellulase and xylanase producers  

 

2.1.3.1. Physiological characterization  

Each culture was spot inoculated on NTYE agar plates and incubated at room 

temperature (28±2ºC) for 21 days.  Colony size, shape, margin, texture, colour were 

recorded in the table. 

 

a) Motility 

Individual cells were determined by freshly preparing their mounts and examining them 

by light microscopy. 

 

b) Gram Character 

A loopful of culture was taken and a smear was prepared on a glass slide and fixed for 

1min with 2% acetic acid solution. This was followed by staining the smear for 1min 

using 2% aqueous crystal violet stain. The slide was then washed with water to remove 

the excess stain. The smear was then treated with 1% aqueous Gram‟s iodine for one 

minute followed by rinsing with 70% ethanol. The smear was then treated with 0.5% 

aqueous saffranine for 2 mins, followed by washing with water, air dried and observed 
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under oil immersion objective imaging microscope Olympus BX40 Magnus CH20i 

Microscope (India), 100x magnification (Oren et al., 1997). 

 

c) Cell morphology 

Cells of culture were grown in NTYE for 5 days at 28ºC under shaking conditions. 

Aliquotes from each flask were centrifuged at 10,000g for 10mins, to obtain the pellet. 

This pellet was washed and resuspended in 20% NaCl, to obtain an O.D. of 0.8 at 

600nm. Fifty μl of this cell suspension was mounted on glass coverslips, dried and fixed 

with 2.0% glutaraldehyde in NSM and incubated at 28°C, overnight. The next day, each 

coverslip was exposed serially to 30%, 50%, 70%, and 90% in acetone:water for ten 

minutes each, and then finally to 100% acetone for half an hour and air dried. The 

coverslip was stuck to brass stubs using double sided tape with specimen upwards and 

coated with 15-20 nm gold on SPI-MODULE on Sputter Coater instrument, for 15min 

and viewed under Scanning Electron Microscopy (ZEISS EVO 18 Special Edition).  

 

d) Growth of isolates at various temperatures 

The cells of the culture were inoculated into NTYE liquid medium and each flask was 

incubated at different temperatures of 4ºC, 28 ºC, 37 ºC, 42 ºC,55 ºC,80 ºC, and growth 

was recorded after 7 days. 

 

e) Growth of isolates at different pH 

The cells of the culture were spot inoculated on a set of 8 plates. Each set of plate 

contained NTYE agar medium of varying pH (pH 3, 4, 5, 6, 7, 8, 9, 10) and was 

incubated at 37ºC for 21 days. Growth was recorded after 21 days. 

 

f) NaCl tolerance 

The cells of the culture were spot inoculated on a set of 6 plates. Each set of plate 

contained NTYE agar medium of varying NaCl concentration (0, 5, 10, 15, 20, 25 and 

30% w/v) and was incubated at 37ºC for 21 days. Growth was recorded after 21 days. 

 

2.1.3.2. Biochemical Characterization of the isolates 

All the biochemical tests were performed with a modification, wherein 20% NaCl (w/v) 

was added to the basal medium as given by Raghavan and Furtado, 2005. 
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a) H2S and motility 

Cells of culture were stab inoculated into H2S and motility medium. A lead acetate 

paper strip was inserted at the opening of the test tube and plugged. The tubes were 

incubated at 37ºC for 7 days, Blackening of the lead acetate paper strip was then 

checked. Motility was determined by the growth pattern along the stab line. 

b) Catalase 

Cells of culture were streaked onto NTYE agar slants and incubated at 37ºC for 7 days. 

The cells were then flooded with 3% (v/v) H2O2, and checked for effervescence. 

Presence of effervescence was recorded as positive for catalase. 

c) Sugar fermentation 

A loopful of culture was added to test tubes containing 5ml of peptone medium, 0.1% 

phenol red indicator, 0.5ml of 10% sugars (glucose, sucrose, fructose, maltose, 

mannitol) and inverted durhams tubes. The test tubes were incubated at 37ºC for 7 days 

and observed for colour change and gas production. 

d) Oxidase 

Cells of the culture were added onto a filter paper strip soaked in oxidase reagent (tetra 

methyl paraphenylene). Purple colouration was recorded as positive for oxidase. 

e) Christensen’s urea 

Cells of the culture were inoculated into christensen‟s urea broth medium and incubated 

at 37ºC for 7 days. Pink colouration indicated presence of urease. 

f) Hugh-Leifsons 

Cells of the culture were spot inoculated into two sets of one tube each containing 

Hugh-Leifsons broth medium. This was overlayed with paraffin oil approximately 

10mm thick layer. Tubes were incubated at 37ºC for 7 days, and oserved for colour 

change. 

g) Gelatin 

Cells of culture were inoculated in 5ml of gelatin hydrolysis medium and incubated at 

37ºC for 7 days. 

h) Nitrate 

Cells of the culture were inoculated into nitrate peptone broth and incubated at 37ºC for 

7 days. Upon incubation 3-4 drops of Greiss-Illosway‟s reagent was added. 

i) Triple Sugar Iron (TSI) 

Cells of the culture were streaked on TSI slant as well as stabbed in TSI butt. The tubes 

were incubated at 37ºC for 7 days and observed for growth and colour change. 
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j)  Indole Test 

Cells of the culture were inoculated into peptone medium and incubated at 37ºC for 7 

days. After incubation, xylol was added and mixed thouroughly followed by addition of 

2-3 drops of Kovacs reagent. Pink colour in the xylol layer indicates positive test. 

k) Methyl red and Voges Proskauer 

Cells of culture were inoculated into glucose peptone broth and incubated at 37ºC for 7 

days. The growth was divided into 2 tubes. To one tube we added 3-4 drops of methyl 

red indicator, development of red colour indicated positive test. To the other half, we 

added 4 drops of Kovac‟s reagent and incubated at 37ºC for 4 h. Pink colour indicated 

positive test.   

 

2.1.3.3. Chemotaxonomic characterization of select haloextremozyme producing 

cultures  

a) Pigment characteristics 

Cells of culture were inoculated in NTYE medium followed by incubation for 7days at 

37ºC. This was followed by centrifugation of the culture broth for 10mins at 10,000g. 

The pellet was washed with 20% NaCl. The cellular pigment was extracted in methanol 

using a sonicator (B. Braun Biotech International, U.S.A.) at 0.7 cycles / second. The 

methanolic extract obtained was scanned using UV-VIS spectrophotometer. 

 

b) Response to distilled water 

Cells of culture were inoculated in NTYE medium followed by incubation for 7 days at 

37ºC. This was followed by centrifugation of the culture broth for 10mins at 10,000g. 

The pellet was washed with 20% NaCl, followed by addition of distilled water to make 

the OD to 1.0. Absorbance was taken at 600nm after 30mins and after 24hours of 

incubation at 37ºC. 

 

c) Demonstration of Glycerol Diether Moiety (GDEM) 

Cell pellet of 7 day old cultures grown in NTYE medium was obtained by centrifuging 

the culture broth at 10,000g for 10 mins. To this cell pellet, methanol (3ml), toluene 

(3ml) and concentrated H2SO4 (0.1ml) was added and incubated at 50ºC for 18 hours 

for hydrolysis (Ross et al., 1981). Upon incubation of this mixture, these long chain 
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components were extracted from this mixture by addition of 1.5ml hexane. Hydrolysed 

products were detected by TLC using silica gel H, in solvent system petroleum ether 

(60-80ºC): diethyl ether (85:15 v/v) followed by visualization with 10% 

dodecaphosphomolybdic acid prepared in absolute ethanol. The TLC plates were heated 

at 150ºC for 15 min until spots were visualized (Torreblanca et al., 1986). 

 

d) Detection of Polar Lipids 

Cell pellet of 7 days old culture was suspended in 2ml of 4M NaCl followed by 

extraction with 3.75 ml of chloroform:methanol (1:2 v/v) for 12 hours. The extract 

obtained was collected by centrifugation and the pellet was resuspended in 4.75 ml of 

methanol:chloroform:water (2:1:0.8 v/v) for extraction (Oren and Gurevich, 1993). The 

chloroform layer was collected using a separating funnel and was concentrated at room 

temperature. The concentrated obtained were applied individually to silica gel G plates 

and developed in chloroform:methanol:acetic acid:water (85:22.5:10:4 v/v). Spots of 

lipids were visualized by exposing the TLC plate to iodine vapours. Glycolipids were 

visualized by spraying the developed TLC with 0.5% α-naphthol which was prepared in 

50% methanol-water. This was followed by spraying the TLC with 5% H2SO4 in 

ethanol and heating at 100ºC. For visualizing the phospholipids the developed TLC was 

sprayed with ammonium molybdate-sulphuric acid spray (Dittmer and Lester, 1964). 

 

2.1.3.4. Phylogenetic characterization of the cultures  

a) Isolation of the genomic DNA 

Single colony of each purified culture was grown individually in NTYE broth and 

allowed to grow till an absorbance (A600) of 1. The genomic DNA of each of the isolates 

was obtained by lysing the cells in distilled water followed by heating at 60ºC for 

10mins. This was then centrifuged at 10,000g at 4ºC for 15mins and the supernatant 

containing the genoimic DNA was visualized on a 0.8% agarose gel.  

 

b) PCR cycle and processing 

The genomic DNA obtained was used as a template for amplification of the 16S rRNA 

gene by using archaeal specific primers, A109 (F) 5‟ACGGCTCAGTAACACGT3‟ and 

1510 (R) 5‟GGTTACCTTGTTACGACTT3‟ (Birbir et al., 2007). The PCR reaction 

mixture contained 10X Taq Buffer, 2mM MgCl2, 2 U Taq Polymerase, 10mM of each 

primer, 10mM of dNTP‟s (Sigma), and 1µl of template DNA. The final volume of the 
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reaction was made up to 50µl by using sterile distilled water. The amplification was 

carried out at following conditions: Initial denaturation was done at 94⁰C for 5mins, 

followed by denaturation for 30 seconds at temperature of 94⁰C, this was followed by 

annealing for 40 seconds at 53.5⁰C which was followed by elongation for 60seconds at 

68⁰C (35cycles) and final elongation was done at 68⁰C for 5mins (Mani et al., 2012) 

(BIORAD T100
TM

 Thermal Cycler). After amplification, the PCR product obtained was 

resolved by electrophoresis using 1% agarose gel in 1X TAE buffer. The Gel was then 

stained with ethidium bromide (10mg/ml) and visualized on a gel documentation system 

(Syngene G-BOX,BIORAD).  

 

c) 16S rRNA gene sequence analysis 

These Amplified products were then purified with Q1Aquick PCR purification kit, 

followed by sequencing by using an automated DNA Sequencer (Applied Biosystems). 

The sequence similarity of the isolates was checked by using BLAST (Johnson et al., 

2008). The blastn was accessed via the National Center for Biotechnology Information 

(NCBI) website. In addition to this, the 16S rRNA gene sequences of the closely related 

type strains were retrieved from the GenBank database (Wheeler et al., 2007). The 

multiple sequence alignment was also performed in MEGA 7.0 (Kumar et al., 2016) by 

using CLUSTAL W (Thompson et al, 1994) and then a phylogenetic tree was 

constructed by using the neighbour joining method (Saitou et al., 1987). The 

relationship was assessed by a bootstrap analysis based on 1000 replicates of the 

neighbour joining dataset. 

To reach the best possible generic/species level, taxonomic assignments and select the 

closest phylotype/s to our sequences, we followed a common framework based upon 

similarity/dissimilarity in 16S rRNA homology and phenotypic characteristics. Based 

on this, the isolates were reliably referred to “species” level in cases of  >99 % 16S 

rRNA sequence homology and then to a single nearest described type strain in NCBI 

GenBank database along with its supporting phenotypic characteristics. 

 

2.2. RESULTS 

2.2.1. Sampling Site 

The sampling site in this study as shown in Fig. 2.1 was the rocky intertidal region of 

Anjuna, Goa which serves as a habitat for many sponges and invertebrates. The latitude 
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White Sponge Soft Sponge Fibrous Sponge 

and longitude of this sampling site was 15° 34' 34.986"N and 73° 44' 23.895" E, 

respectively. Temperature was 28ºC, pH 8.06 and salinity was 28.1 ‰. This region is 

also a source of cellulose and hemicellulose since there are a lot of primary producers 

found in and around these areas. Cellulose and hemicellulose form the majority of the 

plant cell wall.  

 

 

 

 

 

 

Fig. 2.1 Geographic location of the sampling site at Anjuna-Goa 

2.2.2. Sample collection 

2.2.2.1. Rocky intertidal region of Anjuna-Goa 

As seen in Fig. 2.2, three sponge samples were collected from the site, which were 

initially designated as white sponge, fibrous sponge and soft sponge based on its 

phenotypic appearance. Barnacle, gastropod, zoanthus, rock and surrounding water 

sample was also collected (Fig. 2.3, Fig. 2.4). The samples collected were photographed 

on site as shown in Fig. 2.2, 2.3 and 2.4.  

 

2.2.2.2. Sediment Sample of Dead Sea 

The Dead Sea, Israel sediment sample was obtained in a sterile polythene bag. The 

sediment appeared moist and blackish in colour with a pH of 7.6. 

 

 

 

 

 

Fig. 2.2 Sponge samples collected from rocky intertidal region of Anjuna-Goa. 
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Gastropod Zoanthus Barnacle 

Water Rock 

 

 

 

 

 

 

 

Fig. 2.3 Marine invertebrates collected from the rocky intertidal region of Anjuna-Goa. 

 

 

 

 

 

 

 

Fig. 2.4 Rock and water sample collected from rocky intertidal region of Anjuna-Goa. 

2.2.3. Isolation of Haloarchaea 

2.2.3.1. Samples collected from Anjuna-Goa 

a)  Sponges 

Three phenotypically distinct types of sponges were collected from the intertidal rocky 

region of Anjuna and were designated as fibrous sponge, white sponge and soft sponge. 

A total of 14 bionts were obtained from the 3 sponges as shown in Table 2.1.  

 

b)  Other invertebrates from the intertidal region of Anjuna, Goa 

Gastropod, zoanthus and barnacle from this intertidal rocky region gave a total of 9 

isolates, 4 from gastropod and 5 from zoanthus as seen in Table 2.2. No haloarchaea 

were obtained from the barnacle sample. 

 

c) Rock and Water Sample 

A small piece of rock and the waters surrounding the sponges gave 3 and 6 isolates, 

respectively as shown in Table 2.3. 
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The cultures obtained from Anjuna are coded as GU-Goa University, M-Malik, F-

Furtado, A-Anjuna, Z-White Sponge, S-soft sponge, T-Zoanthus, B-Barnacle, G-

Gastropod, R-Rock,  F-Fibrous sponge, W-water 

 

Table 2.1 Bionts obtained from sponges collected from intertidal rocky region of 

Anjuna-Goa. 

Sample Number of Haloarchaeal bionts 

Fibrous sponge 3 

White sponge 4 

Soft sponge 7 

Total 14 

 

Table 2.2 Isolates obtained from marine invertebrates collected from intertidal 

rocky region of Anjuna-Goa. 

 

 

 

 

 

Table 2.3 Haloarchaea obtained from rock and water samples collected from 

intertidal rocky region of Anjuna-Goa. 

Sample Number of Isolates  

Rock Sample 3 

Water Sample 6 

Total 9 

 

2.2.3.2. Dead Sea Sediment sample 

Upon using the enrichment technique for isolation of cellulase and xylanase producers, 

only one distinct type of colony on NSM containing 0.5% CMC-Na agar plate was 

observed (Table 2.4). No colonies were obtained on NSM containing 0.5% Beechwood 

xylan. The haloarchaea isolated was designated as GUMF; GU:Goa University, 

M:Malik and F:Furtado. 

Sample Number of Haloarchaeal bionts 

Gastropod 4 

Zoanthus 5 

Barnacle 0 

Total 9 
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Table 2.4 Isolates obtained from the dead sea sediment sample 

Sample Number of haloarchaea on NSM + 0.5% 

CMC-Na beechwood xylan 

Dead Sea Sediment Sample       1           0 

 

All the isolates and bionts obtained were further studied for their colony characteristics 

as indicated in Table 2.5 and 2.6. 

2.2.4. Screening for haloextremozyme cellulase and xylanase 

Cellulases and xylanases are mostly known to be produced extracellularly 

(Shanmughapriya S. et al., 2010). Bionts and cultures obtained were screened for 

production of cellulase and xylanase based on the zone of clearance around the colony 

upon staining for 20mins with 0.1% congo red solution followed by the destaining with 

1M NaCl. The zone of clearance is indicative of consumption of CMC-Na and 

beechwood xylan by the cells for its growth by producing cellulase and xylanase, 

respectively (Fig. 2.5). Screening experiments for cellulase and xylanase were 

performed on 2 media, one on nutrient rich medium and the other on synthetic medium. 

Both these media   contained CMC-Na and beechwood xylan as sources for cellulase 

and xylanase, respectively.  

 

 

 

 

 

 

 

 

 

Fig 2.5 Zone of hydrolysis observed for a) xylanase and b) cellulase 
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Table 2.5 Colony characteristics of bionts 

(GU: Goa University; M: Malik; F: Furtado; A: Anjuna; SS: Fibrous sponge; Z: White sponge; S: Soft sponge) 

 

Source Biont Size Shape Margin Elevation Texture Consistency Pigment Opacity 

 

Fibrous sponge 

GUMFASS1 3mm circular entire concave smooth butyrous red opaque 

GUMFASS2 1mm circular entire concave smooth butyrous pink opaque 

GUMFASS3 pinpoint circular entire concave smooth butyrous pink opaque 

 

White sponge 

(Haliclona sp.) 

GUMFAZ1 1mm irregular irregular concave rough butyrous red opaque 

GUMFAZ2 3mm circular entire flat smooth butyrous pink translucent 

GUMFAZ3 3mm circular entire concave smooth butyrous pink translucent 

GUMFAZ4 3mm circular entire concave smooth butyrous reddish orange translucent 

 

 

Soft sponge 

(Cinachyrella 

cavernosa) 

GUMFAS1 pinpoint circular entire flat smooth mucoid red opaque 

GUMFAS2 pinpoint circular entire flat smooth mucoid red opaque 

GUMFAS3 2mm circular entire flat smooth mucoid red opaque 

GUMFAS4 4mm circular entire flat smooth mucoid pink opaque 

GUMFAS5 pinpoint circular entire concave smooth butyrous red translucent 

GUMFAS6 1mm irregular irregular concave smooth mucoid red translucent 

GUMFAS7 4mm circular entire concave smooth mucoid reddish orange opaque 



 

4
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 Table 2.6 Colony characteristics of isolates  

(GU: Goa University; M: Malik; F: Furtado; A: Anjuna; G: Gastropod; T: Zoanthus W: water) 

Source Isolate Size Shape Margin Elevation Texture Consistency Pigment Opacity 

 

Gastropod 

GUMFAG1 1mm circular entire concave smooth butyrous cream opaque 

GUMFAG2 Pinpoint circular entire flat smooth butyrous red opaque 

GUMFAG3 1mm circular entire concave smooth butyrous pink opaque 

GUMFAG4 1mm circular irregular flat smooth butyrous red opaque 

 

 

Zoanthus 

GUMFAT1 3mm oval irregular concave smooth butyrous red translucent 

GUMFAT2 2mm circular entire concave smooth butyrous red opaque 

GUMFAT3 Pinpoint circular irregular concave smooth butyrous red opaque 

GUMFAT4 2mm circular entire flat smooth butyrous red translucent 

GUMFAT5 pinpoint circular entire flat smooth butyrous red translucent 

 

Rock 

GUMFAR1 pinpoint circular entire raised smooth mucoid red opaque 

GUMFAR2 1mm circular entire raised smooth mucoid cream opaque 

GUMFAR3 2mm irregular irregular flat dry mucoid red opaque 

 

 

Water 

GUMFAW1 4mm circular entire concave smooth mucoid red opaque 

GUMFAW2 pinpoint circular entire flat smooth mucoid red opaque 

GUMFAW3 pinpoint circular entire flat smooth mucoid pink translucent 

GUMFAW4 4mm circular entire flat smooth butyrous red translucent 

GUMFAW5 1mm circular entire flat smooth butyrous red translucent 

GUMFAW6 1mm circular entire concave smooth mucoid red translucent 

Dead Sea Sediment GUMF5 2mm circular entire concave smooth butyrous light pink translucent 
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2.2.4.1. Intertidal region of Anjuna 

 Bionts from sponges 

Out of the 14 bionts obtained, only GUMFAZ2 was positive for haloextremozyme 

cellulase while 2 bionts GUMFAS1 and GUMFAS7 were positive for haloextremozyme 

xylanase. None of these bionts were able to produce both the enzymes.  

 

 Cultures from marine invertebrates 

Out of the 18 cultures obtained from the marine invertebrates, none of them were 

positive for cellulase, only GUMFAW1 was positive for xylanase. 

 

2.2.4.2. Cultures from HRDMGU 

Upon screening of the 104 cultures obtained from the haloarcheael repository 

(HRDMGU), we obtained 3 cultures GUFF70, GUFF2 and GUFLF3 which were 

positive for cellulase while 2 cultures GUFF2 and GUFLF3 were positive for xylanase 

as shown in Table 2.7 and 2.8. Of these positive cultures, we observed that cultures 

GUFLF3 and GUFF2, showed presence of both the enzymes ie. cellulase as well as 

xylanase, however its zone index for cellulase and xylanase was the least as compared 

to the other cultures which showed presence of either one of the enzymes.  

 

2.2.4.3. Dead Sea Sediment Culture 

The only isolate obtained on CMC-Na agar showed presence of cellulase, with no 

xylanase activity. 

The positive cultures showed presence of zone on NTYE as well as NSM medium 

containing the respective substrate, with the zone index higher in the synthetic medium 

as compared to the nutrient rich medium, thus indicating that the cultures are capable of 

utilizing the substrate as a sole source of carbon, and presence of nutrient rich medium 

either decreases the haloextremozyme activity or decreases the production resulting in a 

lower zone index.  

The zone index for all the cellulase and xylanase producers in both nutrient rich medium 

as well as mineral medium are shown in Table Fig. 2.6 and 2.7.  
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Table 2.7 Haloarchaea producing cellulase 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         Fig. 2.6 Haloarchaea with extremozyme cellulase activity 

 

Table 2.8 Isolates producing xylanase 

 

 

 

 

 

 

 

Culture No. Zone Index for haloextremozyme cellulase 

NTYE medium NSM medium 

GUFF70 4 6 

GUFF2 1.3 5.6 

GUFLF3 3.2 5 

GUMFAZ2 6.3 4.5 

GUMF5 8.0 2.4 

Culture No. Zone Index for Xylanase 

 NTYE medium NSM medium 

GUMFAS7 5.1 8 

GUMFAS1 4.2 6 

GUMFAW1 4.7 5.8 

GUFLF3 1.4 2 

GUFF2 1.7 3 

 

 

: NTYE+ 0.5% CMC-Na 

: NSM+ 0.5% CMC-Na 
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Fig 2.7 Haloarchaea with extremozyme xylanase activity 

When the zone index of the two media was compared, we observed that the zone index 

was higher in the mineral medium which contained the substrate as the sole source of 

carbon as compared to the nutrient rich medium. Hence, the culture was grown in 

mineral medium containing substrate and for haloextremozyme xylanase activity and 

production was monitored 

2.2.5. Selection of potent haloextremozyme cellulase and xylanase producers 

All the above 8 cultures were further studied quantitatively to determine the two best 

cultures, each for cellulase and xylanase activity. The enzyme production and enzyme 

activity of each of the eight cultures with respect to its growth in mineral medium with 

respective substrate is shown in Figure 6. 

2.2.5.1. Cellulase producers 

a. Cellulase by GUMFAZ2 

As seen in Fig 2.8, the culture grew with a log phase and entered into the stationary 

phase at 144h. As the culture grew, the pH started decreasing from 7 to 6.79. Maximum 

activity of 110µg/ml was observed at 96 hours with an extracellular protein of 77µg/ml. 

Maximum reducing sugar of 77µg/ml was observed at 96 hours of growth followed by a 

decrease with increasing time. 
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Fig. 2.8 Production of cellulase by GUMFAZ2 during its growth. 

 

b. Cellulase by GUMF5 

As seen in Fig 2.9, the culture grew with an initial lag phase and reached a maximum 

absorbance of 0.854 at 96h, following which it entered into the stationary phase. There 

was a decrease in pH from pH 7 to pH 6.78. Maximum enzyme activity of 137µg/ml 

was obtained at 96 h.   

 

 

 

 

 

 

 

Fig. 2.9 Production of cellulase by GUMF5 during its growth. 

 

c. Cellulase by GUFF70 

As seen in Fig 2.10, the culture began to grow without a lag phase, entered the log 

phase and finally entered the stationary phase from 144h. As the culture grew, the pH of 

the medium decreased from pH 7 to pH 6.8 from 0 h to 192h. Reducing sugar of 

24µg/ml was observed at 24h, after which it kept increasing with a maximum of 

100µg/ml at 96h. After 96h, there was a drop in the reducing sugar. Maximum 
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extracellular protein of 76 µg/ml was observed at 96 hours followed by a decrease in 

extracellular protein concentration. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.10 Production of cellulase by GUFF70 during its growth. 

 

d. Cellulase by GUFF2  

As seen in Fig 2.11, this culture grew without a lag phase. It reached a maximum 

absorbance of 0.5 at 96 h after which it entered the stationary phase. The pH of the 

medium reduced from pH 7 at 0h to pH 6.77 at 192h. An activity of 65µg/ml was 

observed at 96h with an extracellular protein of 60µg/ml. Residual sugar of 55µg/ml 

was obtained at 96h.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.11 Production of cellulase by GUFF2 during its growth. 
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e. Cellulase by GUFLF3 

As seen in Fig 2.12, this culture grew with a lag phase from 0 to 48h followed by a log 

phase which then entered in the stationary phase from 144 to 192h. A maximum activity 

of 77µg/ml was observed at 96h with an extracellular protein of 75µg/ml. Maximum 

reducing sugar of 76µg/ml was observed at 120h. 

 

 

 

 

 

 

 

 

 

Fig. 2.12 Production of cellulase by GUFLF3 during its growth. 

 

2.2.5.2. Xylanase producers 

a)    Xylanase by GUMFAS1 

As seen in Fig. 2.13, the culture grew without a lag phase and reached a maximum 

absorbance of 0.43 at 144h after which it entered the stationary phase. The pH of the 

medium decreased from pH 7 to pH 6.8. An enzyme activity of 40µg/ml with a protein 

concentration of 20µg/ml was observed at 96h. Maximum reducing sugar of 35µg/ml 

was observed at 144h.    

 

 

 

 

 

 

 

 

Fig. 2.13: Production of xylanase by GUMFAS1 during its growth. 
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b) Xylanase by GUMFAS7 

As seen in Fig. 2.14, GUMFAS7 grew without a lag phase and obtained a maximum 

absorbance of 0.92 at 168h followed by entry into the stationary phase. The pH 

decreased from pH 7 to pH 6.74 from 0h to 192h.  Reducing sugar of 260µg/ml was 

observed at 96h. Maximum enzyme activity of 325µg/ml was observed at 96h with an 

extracellular protein of 220µg/ml.   

 

 

 

 

 

 

 

 

 

Fig. 2.14 Production of xylanase by GUMFAS7 during its growth. 

 

c)  Xylanase by GUMFAW1 

As seen in Fig. 2.15, this culture grew without a lag phase and reached a maximum 

absorbance of 0.85 at 120h followed by its entry into the stationary phase. Maximum 

activity of 160µg/ml was observed at 96h with an extracellular protein of 140µg/ml. 

During growth, the pH decreased from pH 7 to pH 6.8.  Reducing sugar of 140µg/ml 

was observed at 96h. 

 

 

 

 

 

 

 

 

Fig. 2.15 Production of xylanase by GUMFAW1 during its growth. 
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d)  Xylanase by GUFF2 

As seen in Fig. 2.16, the culture grew with a lag from 0h to 24h, followed by log phase 

where it reached a maximum absorbance of 0.45 followed by a stationary phase. The pH 

decreased from pH 7 to pH 6.79 during its growth cycle. Maximum activity of 55µg/ml 

was obtained at 96h with extracellular protein of 76µg/ml. A reducing sugar of 35µg/ml 

was observed at 96h. 

 

 

 

 

 

 

 

 

 

Fig. 2.16 Production of xylanase by GUFF2 during its growth. 

 

e)  Xylanase by GUFLF3 

As seen in Fig. 2.17, the culture grew with an initial lag phase from 0h to 24h, followed 

by log phase where it reached a maximum absorbance of 0.5 at 168h before entering the 

stationary phase. During the growth cycle, the pH reduced from pH 7 to pH 6.79. 

Enzyme activity of 50µg/ml was obtained at 96h with a protein concentration of 

70µg/ml. Maximum reducing sugar of 50µg/ml was obtained at 168h. 

 

 

 

 

 

 

 

 

 

 

Fig 2.17 Production of xylanase by GUFLF3 during its growth. 



Chapter II 

53 
 

 

The two best cultures each for cellulase and xylanase were selected based on the 

specific activity of cellulase and xylanase as mentioned in Fig. 2.18.  

On comparison of all the 8 cultures for its respective enzyme, we selected 2 cultures for 

each enzyme which gave the maximum production and enzyme activity. The cultures 

selected for cellulase were GUMF5 and GUMFAZ2, whereas for xylanase the cultures 

selected were GUMFAS1 and GUMFAS7. These cultures produced either cellulase or 

xylanase and not both. Though the cultures GUFF2 and GUFLF3 produced both the 

enzymes, we did not select them for further studies since the enzyme activity and 

production was very low. Among all the 8 cultures, what we also observed is that the 

pH of the medium decreased as the culture grew.  

Based on the enzyme activity and enzyme production, we obtained GUMF5 and 

GUMFAZ2 as the best producers of cellulase, while GUMFAS1 and GUMFAS7 were 

determined to be the best xylanase producers. These potent isolates were further 

characterized in order to determine its identity. 

 

 

 

 

 

 

Fig. 2.18 Cellulase (A) and xylanase (B) activity (U/mg) of the positive cultures. 

 

2.2.6. Characterization of the select bionts and isolates 

The bionts GUMFAS1, GUMFAS7 and GUMFAZ2, and isolates GUMFAW1 and 

GUMF5 were further characterized as follows: 

 

2.2.6.1. Physiological characterization 

The 4 cultures selected were GUMF5, GUMFAZ2, GUMFAS1 and GUMFAS7. The 

cells of these cultures grew as red to pink pigmented colonies on NTYE agar as shown 

in Fig. 2.19.  

A B 



Chapter II 

54 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.19 Haloarchaeal cells grown on NTYE agar medium. 

 

Upon gram staining the cells of GUMF5, GUMFAZ2, GUMFAS1 and GUMFAS7, the 

cells appeared to be Gram negative pleumorphic, Gram positive cup shaped, Gram 

negative pleumorphic and Gram  negative cocci, respectively as shown in Fig. 2.20. 

                                                                                                      

 

 

 

 

 

 

 

 

                                                                                                   

 

Fig. 2.20 Gram stained photomicrographs of a) GUMF5, b) GUMFAZ2, c) GUMFAS1 

and d) GUMFAS7. 
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The scanning electron micrographs of the cells grown in NTYE followed by coating the 

cells with gold, revealed pleumorphic (rods and cocci), cup shaped, pleumorphic (rods 

and cocci) and cocci for GUMF5, GUMFAZ2, GUMFAS1 and GUMFAS7, 

respectively as shown in Fig. 2.21. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.21 Scanning electron micrographs of gold plated cells pre-grown in NTYE (a) 

GUMF5, (b) GUMFAZ2, (c) GUMFAS1 and (d) GUMFAS7. 

 

We also determined the temperature, pH range and NaCl tolerance of these four 

cultures. This was done in order to know the range for the survival of each of the 

culture. The 4 isolates showed a broad range of temperature, pH and NaCl, shown in 

Table 2.9, 2.10 and 2.11, respectively. 

 

Table 2.9 Growth of isolates on NTYE medium pH 7, incubated at different 

temperatures 

Isolate NTYE, pH 7, Incubation temperature (ºC) 

10 20 30 37 40 50 60 70 80 

GUMF5 - + + ++ +++ + + - - 

GUMFAZ2 - - + ++ +++ + + - - 

GUMFAS1 - - + ++ +++ + + - - 

GUMFAS7 - - + ++ +++ + + - - 

Key: ‘-’ no growth, ‘+’ growth, ‘++’ good growth, ‘+++’ very good growth. 
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Table 2.10 Growth of isolates on NTYE medium, of varying pH  incubated at 40ºC 

Isolate NTYE medium, pH 

3 4 5 6 7 8 9 10  

GUMF5 - - ++ ++ +++ ++ + -  

GUMFAZ2 - - - ++ +++ ++ + -  

GUMFAS1 - - + ++ +++ + + -  

GUMFAS7 - - + ++ +++ ++ + -  

Key: ‘-’ no growth, ‘+’ growth, ‘++’ good growth, ‘+++’ very good growth. 

 

Table 2.11 Growth of isolates on TYE medium, pH 7, incubated at 40ºC with varying 

NaCl concentration (0-30% w/v)  

Isolate TYE medium, NaCl  

0 5 10 15 20 25 30  

GUMF5 - + ++ ++ +++ ++ +  

GUMFAZ2 - + +  ++ +++ ++ +  

GUMFAS1 - + + ++ +++ ++ +  

GUMFAS7 - + + ++ +++ ++ +  

Key: ‘-’ no growth, ‘+’ growth, ‘++’ good growth, ‘+++’ very good growth. 

 

It was observed that all the 4 cultures grew optimally at 40ºC and did not show growth 

at 10ºC. GUMF5 could grow at 20ºC, while the other 3 cultures did not grow at 20ºC, or 

below. They did not grow at high temperatures of 70 and 80ºC, but grew at 60ºC. The 

culture GUMF5 was able to grow at 20ºC. The optimum pH for all the four cultures was 

pH 7. They grew in a wide pH range of 5-9. The optimum NaCl concentration for all the 

four cultures was 20%. None of them grew at 0% NaCl, which compares with the 

known facts that most of the Haloarchaea lyse in Distilled water i.e. at 0% (w/v) NaCl. 

The minimum NaCl concentration for growth of cultures is 5% (w/v). The cultures 

could grow at a high salt concentration of upto 30% (w/v). 

 

2.2.6.2. Biochemical characterization 

The four isolates were differentiated based on their biochemical properties in order to 

obtain their tentative identity as shown in Table 2.12. 
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Table 2.12 Physiological and biochemical characteristics of Haloarchaeal 

isolates/cultures 

Characteristic GUMF5 GUMFAZ2 GUMFAS1 GUMFAS7 

Pigment Light Pink Salmon Pink Red Red 

Growth Temp ⁰C     

Optimum 42⁰C 35-40 ⁰C 42⁰C 42⁰C 

Range 20-55⁰C 15-55 ⁰C 28-50⁰C 28-45⁰C 

Growth in NaCl     

Optimum (M) 3.4 2.6 4.3 3.4 

Concentration Range 

(M) 

0.9-5.2 1.5-5 0.9-5.2 0.9-5.2 

Cell stability (M NaCl) 0.5 0.5 0.5 0.5 

Motility - - + - 

Optimum pH for 

growth 

7 7 7 7 

Hydrolysis of     

Starch + - - - 

Gelatin + + - - 

Tween 80 - + - - 

Casein - - - - 

Anaerobic nitrate 

reduction 

+ - - + 

Oxidase + + + + 

Catalase +  + + 

Indole production - + - - 

H2S production from 

thiosulphate 

- + + - 

Resistance to      

Rifampicin R R R R 

Bacitracin R R R R 

Acid from     

Glucose - + + + 

Sucrose - + + + 

Arabinose - + ND + 

Galactose + + - - 

Xylose + + - + 

Assimilation of     

Lactose - - - + 

L-lysine ND ND - ND 

Maltose + + + ND 

Mannitol - - - + 

Mannose - - + ND 

L-ornithine ND ND - ND 

     (+): Presence; (-): Absence; (R): Resistant; (ND): Not detected 
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 GUMFAZ2  GUMF5  GUMFAS1 

 GUMFAS7 

2.2.6.3. Chemotaxonomic characterization 

a) Pigment analysis 

The cultures produced the peculiar reddish orange to pink pigment when grown in the 

mineral medium containing the respective substrate for cellulase and xylanase producers 

as shown in Fig. 2.22. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.22 Pigmented Haloarchaea GUMF5, GUMFAZ2 grown in liquid NSM 

containing 0.5% CMC-Na and GUMFAS1 and GUMFAS7 in liquid NSM containing 

0.5% Beechwood xylan. 

 

The pigment profile of the methanolic extracts obtained from cell pellets from the above 

flasks gave prominent peaks as shown in Fig. 2.23.  As can be seen in the figure, the 

orange-red methanolic extracts revealed absorption maxima at 385, 452, 520 and 490nm 

which are known to be the characteristic peaks of carotenoid in extremely halophilic 

archaea (Wang et al., 2007).  

 

b) Characterization of lipids 

i) Glycerol diether moieties 

Thin layer chromatographic analysis of the lipids of each of the 4 cultures showed spots 

with an Rf of 0.2 which corresponds to ether-linked lipids as seen in Fig. 2.24. Ether 

linked lipids are characteristic of Archaea and is distinctly different from bacteria since 

bacteria contain ester-linked lipids rather than ether-linked lipids. 
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Fig. 2.23 Pigment scans of methanolic extracts of haloarchaeal isolates (a) GUMF5, (b) 

GUMFAZ2, (c) GUMFAS1, (d) GUMFAS7, grown on NTYE. 

 

ii) Polar lipid analysis 

The Polar lipid composition of the 4 cultures is as shown in Fig. 2.25. The haloarchaea 

GUMF5, GUMFAS1 and GUMFAS7 gave 3 spots each, corresponding to phosphatidyl 

glycerol, phosphatidylglycerol phosphate and PGS: phosphotidyl glycerol sulphate. 

However, we were unable to detect the polar lipids in GUMFAZ2. 
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Fig. 2.24 Thin layer chromatographic analysis of whole organism methanolysates of 

haloarchaea; (a) GUMF5, (b) GUMFAZ2, (c) GUMFAS1, (d) GUMFAS7. Plates 

developed in petroleum ether (b.p. 60 to 80ºC): diethyl ether, 85:15 (v/v), stained with 

10% dodecaphosphomolybdic acid in absolute ethanol. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.25 Thin layer chromatographic analysis of polar lipids extracted from the 

haloarchaeal isolates: a) GUMF5, b) GUMFAZ2, c) GUMFAS1 and d) GUMFAS7. 

TLC developed in chloroform:methanol:acetic acid:water (85:22.5:10:4 v/v) and 

sprayed with ammonium molybdate sulphuric acid spray. PG: phosphatidyl glycerol, 

PGP: phosphatidylglycerol phosphate, PGS: phosphotidyl glycerol sulphate. 
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2.2.6.4. Phylogenetic characterization of the isolates 

a) Isolation of genomic DNA 

The genomic DNA of each of the four isolates were successfully obtained by the 

distilled water lysis method which was detected using 0.8% agarose gel electrophoresis 

as shown in Fig. 2.26. 

 

b) Amplification of 16S rRNA gene of the haloarchaeal isolates  

The DNA obtained above, was further amplified for its 16S rRNA gene by PCR using 

haloarchaeal specific primers. An approximately 1.4 kb product was obtained upon 

visualizing under UV as shown in Fig. 2.27 using a gel documentation system. These 

amplified products were further purified and sequenced. The 16S rRNA gene sequence 

of GUMFAS1, GUMFAS7, GUMF5 and GUMFAZ2 is given in Table 2.13, 2.14, 2.15 

and 2.16, respectively. Phylogenetic tree was constructed as shown in Fig. 2.28.  

Based on the 16S rRNA gene sequencing results, the isolates GUMF5, GUMFAZ2, 

GUMFAS1 and GUMFAS7 showed closest similarity to Halomicroarcula pellucida 

BNERC1 (99.84%), Haloferax sulfurifontis ATCC BAA-897 JCM 12326 (98.71%),  

Halorubrum saccharovorum JCM 8865 (99.05%) and Halococcus thailandensis JCM 

13552 (97.13%), respectively. These results confirmed the results obtained in 

biochemical tests. The isolates GUMF5, GUMFAZ2, GUMFAS1 and GUMFAS7 were 

therefore identified as Halomicroarcula pellucida GUMF5, Haloferax sulfurifontis 

GUMFAZ2, Halorubrum saccharovorum GUMFAS1 and Halococcus thailandensis 

GUMFAS7, respectively. 

 

 

 

 

 

 

 

 

Fig. 2.26 Genomic DNA of a: GUMF5, b: GUMFAZ2, c: GUMFAS1 and d: 

GUMFAS7 run on 0.8% agarose gel electrophoresis and visualized under UV using a 

gel doc. 
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Table 2.13 The 16S ribosomal RNA gene sequence of isolate GUMFAS1 

Culture 16S ribosomal RNA gene, partial sequence Generic 

Identification 

Accession 

Number 

 

 

 

 

 

 

 

 

 

 

GUMFAS1 

ACTGAGGCTAATAGAGCATACCACAATCCAGCTGGAATGAGGATTGTGCCAAACGCTCCGGCGCCGAA

GGATGTGGCTGCGCCGATTAGGTAGACGGTGGGGTAACGGCCCACCGTGCCAATAATCGGTACGGGTC

ATGAGAGTGAGAACCCGGAGACGGAATCTGAGACAAGATTCCGGGCCCTACGGGGCGCAGCAGGCGC

GAAACCTTTACACTGCACGCCAGTGCGATAAGGGAATCCCAAGTGCGCAGGCATAGAGCCTGCGCTTT

TGTACACCGTAGGGAGGTGTACGAATAAGGGCTGGGCAAGACCGGTGCCAGCCGCCGCGGTAATACCG

GCAGCCCGAGTGATGGCCGATCTTATTGGGCCTAAAGCGTCCGTAGCTGGCCGCGCAAGTCCATCGGA

AAATCCACCCGCCCAACGGGTGGGCGTCCGGTGGAAACTGTGTGGCTTGGGACCGGAAGGCGCGACGG

GTACGTCCGGGGTAGGAGTGAAATCCCGTAATCCTGGACGGACCGCCGATGGCGAAAGCACGTCGCGA

GGACGGATCCGACAGTGAGGGACGAAAGCCAGGGTCTCGAACCGGATTAGATACCCGGGTAGTCCTGG

CCGTAAACAATGCCTGCTAGGTGTGGCTCCCGCTACGAGCGGGTGCTGTGCCGTAGGGAAGCCGCTAA

GCAGGCCGCCTGGGAAGTACGTCCGCAAGGATGAAACTTAAAGGAATTGGCGGGGGAGCACTACAAC

CGGAGGAGCCTGCGGTTTAATTGGACTCAACGCCGGACATCTCACCAGCATCGACTGTAGTAATGACG

ACCAGGTTGATGACCTTGTCCGAGCTTCAGAGAGGAGGTGCATGGCCGCCGTCAGCTCGTACCGTGAG

GCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCGCATCCTTACTTGCCAGCAGCACTGCGAAGTGGCT

GGGGACAGTAGGGAGACCGCCGTGGCCAACACGGAGGAAGGAACGGGCAACGGTAGGTCAGTATGCC

CCGAATGTGCTGGGCAACACGCGGGCTACAATGGTCGAGACAAAGGGTTCCAACTCCGAAAGGAGAC

GGTAATCTCAGAAACTCGATCGTAGTTCGGATTGTGGGCTGCAACTCGCCCACATGAAGCTGGATTCGG

TAGTAATCGCGTGTCACAAGCGCGCGGTGAATACGTCCCTGCTCCTTGCACACACCGCCCGTCAAAGCA

CCCGAGTGAGGTCCGGATGAGGCGCGTCCACGCGTCGAATCTG 

 

 

 

 

 

 

 

Halorubrum 

saccharovorum 

GUMFAS1 

 

 

 

 

 

 

 

MG601803 
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Table 2.14 The 16S ribosomal RNA gene sequence of isolate GUMFAS7 

Culture 16S ribosomal RNA gene, partial sequence Generic 

Identification 

Accession 

Number 

 

 

 

 

 

 

 

 

 

 

GUMFAS7 

GAGCCTTCGTAACAGGATCCCTCGGGAACTGAGGCTAATTCCGGATACTGCTTTCATGTTGGAACACAG

AAAGTCGGAAACGGTCCGCCGCCGGAGGACGTGACTGCGGCCGATTAGGTAGACGGTGGGGTAACGG

CCCACCGTGCCGATAATCGGTACGGGTTGTGAGAGCAAGAACCCGGAGACGGTATCTGAGACAAGATA

CCGGGCCCTACGGGGCGCAGCAGGCGCGAAACCTTTACACTGCACGCCAGTGCGATAAGGGGACCCCG

AGTGCGAGGGCATACAGTCCTCGCTTTTCGTGACCGTAAGAAGGTCTCAGAATAAGAGCTGGGCAAGA

CCGGTGCCAGCCGCCGCGGTAATACCGGCAGCTCGAGTGATAGCCACTATTATTGGGCCTAAAGCGTC

CGTAGCCGGCCGAACAGGTCCGTCGGGAAATCCACCCGCTCAACGGGTGGACGTCCGGCGGAAACCAG

TCGGCTTGGGGCCGGGAGACCAGAGAGGTACGTCCGGGGTAGGAGTGAAATCCTGTAATCCTGGACGG

ACCGCCGGTAGCGAAAGCGTCTCTGGAGAACGGACCCGACGGTGAGGGACGAAAGCTTGGGTCTCGA

ACCGGATTAGATACCCGGGTAGTCCAAGCTGTAAACGATGCTCGCTAGGTGTGGCGTTGGCTACGAGC

CAGCGCTGTGCCGTAGGGAAGCCGAGAAGCGAGCCGCCTGGGAAGTACGTCCGCAAGGATGAAACTT

AAAGGAATTGGCGGGGGAGCACTACAACCGGAGGAGCCTGCGGTTTAATTGGACTCAACGCCGGACAT

CTCACCGGCACCGACAGTGTGCAGTGACAGTCAGTCTGATGGGCTTACTTGAGCCACTGAGAGGAGGT

GCATGGCCGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCGCGTCC

CTAATTGCCAGCAGCAGCCTTTGTTGCTGGCTGGGTACATTAGGGAGAACTGCCGTCGCTAAAACGGA

AGAAGGGACGGGCAACCGGTAGTCAGTATGCCCGAATGTTGCCGGGCGAACACGCGGGCTACAATGTC

CGAAAACGTGGGAACGCTACGCGAAAAGGGGACGCTATCTTCTTACCTTCGGTCGTAGTTCGGAATTG

GGGGTGAACCACCGCATGAAGCTGGATTCGTATAATCGATCCGAGATGCCGGGAAATACGTCCGGGAC

ATCTCTGGA 

 

 

 

 

 

 

 

Halococcus 

thailandensis 

GUMFAS7 

 

 

 

 

 

 

 

MG213725 
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Table 2.15 The 16S ribosomal RNA gene sequence of isolate GUMF5 

Culture 16S ribosomal RNA gene, partial sequence Generic 

Identification 

Accession 

Number 

 

 

 

 

 

 

 

 

 

 

GUMF5 

CTGAGGCCAATAGCGGATATCACTCTCAGACTGGAGTGTCGAGAGTGAGAAACGTTCCGGCGCTGTAG

GATGTGGCTGCGGCCGATTAGGTAGATGGTGGGGTAACGGCCCACCATGCCCATAATCGGTACGGGTT

GTGAGAGCAAGAGCCCGGAGACGGAATCTGAGACAAGATTCCGGGCCCTACGGGGCGCAGCAGGCGC

GAAACCTTTACACTGCACGAGAGTGCGATAAGGGGACTCCGAGTGCGAGGGCATATAGTCCTCGCTTT

TCTGTACTGTAGGGAGGTACAGGAACAAGTGCTGGGCAAGACCGGTGCCAGCCGCCGCGGTAATACCG

GCAGCACGAGTGATGGCCGATATTATTGGGCCTAAAGCGTCCGTAGCCGGCCGGGCAAGTCCGTTGGG

AAATCGACGCGCTCAACGCGTCGGCGTCCAGCGGAAACTGTTCGGCTTGGGGCCGGAAGACCTGGGGG

GTACGTCCGGGGTAGGAGTGAAATCCTGTAATCCTGGACGGACCACCAATGGCGAAAGCACCTCAGGA

AGACGGACCCGACGGTGAGGGACGAAAGCTAGGGTCTCGAACCGGATTAGATACCCGGGTAGTCCTAG

CTGTAAACGATGCTCGCTAGGTGTGCCACAGGCTACGAGCCTGTGCTGCGCCCTAGGGAAGCCGAGAA

GCGAGCCGCCTGGGAAGTACGTCTGCAAGGATGAAACTTAAAGGAATTGGCGGGGGAGCACCACAAC

CGGAGGAGCCTGCGGTTTAATTGGACTCAACGCCGGACATCTCACCGGTCCCGACAGTAGTAACGACA

GTCAGCTTGACGAGCTTACTCGAGCTACTGAGAGGAGGTGCATGGCCGCCGTCAGCTCGTACCGTGAG

GCGTCCTGTTAAGTCAGGCAACGAGCGAGACCCGCACTTCTAGTTGCCAGCAATACCCTCGAGGTAGTT

GGGTACACTAGGAGGACTGCCGCTGCTAAAGCGGAGGAAGGAACGGGCAACGGTAGGTCAGTATGCC

CCGAATGGACCGGGCAACACGCGGGCTACAATGGCTGCGACAGTGGGATGCCACGCCGAGAGGCGGA

GCTAATCTCCAAACGCAGTCGTAGTTCGGATTGCGGGCTGAAACTCGCCCGCATGAAGCTGGATTCGGT

AGTAATCGCGTGTCATAAGCGCGCGGTGAATACGTCCCTGCTCCTTGCACACACCGCCCGTCAAAGCAC

CCGAGTGGGGTCCGGATGAGGCCAGCATGCGCTGTCGAATCTGTCCCTATGTCA 
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Table 2.16 The 16S ribosomal RNA gene sequence of isolate GUMFAZ2 

Culture 16S ribosomal RNA gene, partial sequence Generic 

Identification 

Accession 

Number 

 

 

 

 

 

 

 

 

 

 

GUMFAZ2 

AGTCCATTTATTGCCCGATACCTCGGGAACTGAGGCTAATAGTTCATAGGGGAGTCGCGCTGGAAATGC

CGACTCCCCCAAACGCTCCGGCGCCGTAGGATGTGTCTGCGGCCGATTAGGTAGACGGTGGGGTAACG

GCCCACCGTGCCGATAATCGGTACGGGTTGTGAGAGCAAGAGCCCGGAGACGGAATCTGAGACAAGAT

TCCGGGCCCTACGGGGCGCAGCAGGCGCGAAACCTTTACACTGCACGCAAGTGCGATAAGGGGACCCC

AAGTGCGAGGGCATATAGTCCTCGCTTTTCTCGACTGTAAGGCGGTCGTGGAATAAGAGCTGGGCAAG

ACCGGTGCCAGCCGCCGCGGTAATACCGGCAGCTCAAGTGATGACCGATATTATTGGGCCTAAAGCGT

CCGTAGCCGGCCACGAAGGTTCATCGGGAAATCCGCCAGCTCAACTGGCGGGCGTCCGGTGAAAACCA

CGTGGCTTGGGACCGGAAGGCTCGAGGGGTACGTCCGGGGTAGGAGTGAAATCCCGTAATCCTGGACG

GACCACCGATGGCGAAAGCACCTCGAGAAGACGGATCCGACGGTGAGGGACGAAAGCTAGGGTCTCG

AACCGGATTAGATACCCGGGTAGTCCTAGCTGTAAACGATGCTCGCTAGGTGTGACACAGGCTACGAG

CCTGTGTTGTGCCGTAGGGAAGCCGAGAAGCGAGCCGCCTGGGAAGTACGTCCGCAAGGATGAAACTT

AAAGGAATTGGCGGGGGAGCACTACAACCGGAGGAGCCTGCGGTTTAATTGGACTCAACGCCGGACAT

CTCACCAGCTCCGACTACAGTGATGACGATCAAGTTGATGACCTTATCACGACGCTGTAGAGAGGAGG

TGCATGGCCGCCGTCAGCTCGTACCGTGAAGGCGTCCTGTTAAGTCAGGCACGAGCGAGACCCGCACT

TTCTAATTGCCCAGCAGCAGTTTCGACTGGCCTGGGTACCATTAGAAGGACTGCCGCCTGCTAAAGCG 

GAGGAAGGAACGGGCACGCTACGTCAGTATGCCCCGAATGAGCTGGGCTAACACGCGCCTACAATGAT

CGAGACCATTGGGTTGCTATCCTCGAAAGAAAACGCTTATCTTCTAAGCTCGGATCGTAGTTCGATTTG

AGGCCTGAACTCGACCTCATGACCTGATTCGGAGCTATCGAACTCCAATAAAATGCGCTGACATACGCC

TCCTCGGTATC 

 

 

 

 

 

 

 

Haloferax 

sulfurifontis 

GUMFAZ2 

 

 

 

 

 

 

 

MG213726 



Chapter II 

66 
 

 

 

 

 

 

 

 

 

Fig. 2.27 PCR amplified product of the 16S rRNA gene of isolates. Lane L-DNA ladder 

25kb, Lane a: GUMF5, Lane b: GUMFAZ2, Lane c: GUMFAS1 and Lane 4: 

GUMFAS7. 

The sequences were submitted to the NCBI gene bank and accession numbers for each 

of the four isolates were obtained as shown in Table 2.17. 

 

Table 2.17 The 16S rRNA gene sequence analysis 
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Based on the cellulase and xylanase activity of these 4 cultures, we selected 

Halomicroarcula pellucida GUMF5 and Halococcus thailandensis GUMFAS7 for 

further enzyme studies including optimization studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.28 Neighbour joining phylogenetic tree based on 16S rRNA gene sequence 

comparison, showing relationships between the isolates GUMF5, GUMFAZ2, 

GUMFAS1, GUMFAS7 and some members of Haloarchaea. The sequence data used 

were obtained from the GenBank database (accession number in paretheses). Bootstrap 

values were based on 1000 replicates and are shown as percentages at the branch nodes. 

Methanosarcina semesiae strain MD1 was used as an outgroup. 

2.2.7. Phenotypic characterization of sponges 

The white and soft sponge were identified based on its phenotypic characteristics. 

 

2.2.7.1. White sponge 

The sponge appeared to be greenish in colour with a soft body with finger like branches 

which resembled to the sponge Haliclona sp. (Pattanayak J, Mitra S. 2013).    

 



Chapter II 

68 
 

2.2.7.2. Soft sponge 

The soft sponge morphologically appeared as a spherical body with distinct depression 

like a greyish-brown golf ball which resembled Cinachyrella cavernosa. They belong to 

the kingdom Animalia, phylum Porifera, class Demospongiae, order Spirophorida, 

family Tetillidae and the genus Cinachyrella. 

 

2.3. DISCUSSION 

Haloarchaea are salt loving microorganisms known to inhabit hypersaline environments 

(Oren, 1993) as well as marine environments (Cui and Qui, 2014; Munson et al., 1997; 

Malik and Furtado, 2019). Due to this we selected habitats which differed from each 

other with respect to their salinities. We selected the sponges from the intertidal rocky 

region of Anjuna, for isolation of cellulase and xylanase producing haloarchaea, since 

microbial cellulases are known to have synergism with animal cellulases (Florkin and 

Lozet, 1949). Sponges inhabiting these rocky intertidal regions have been reported from 

this area (Dahihande and Thakur, 2017). As we know, marine sponges inhabit areas 

where they are constantly in contact with water and organic matter, there is one 

hypothesis which suggests that sponge associated microorganisms produce hydrolytic 

enzymes in order to convert this organic matter into simple compounds which serve as 

nutrients to the sponge thereby indicating the microbe-sponge symbiotic relationship 

(Santos-Gandelman et al., 2014). This hypothesis is supported by various studies on 

enzyme production by various microorganisms inhabiting the marine sponges. 

Microorganisms belonging to the genus Cytophaga inhabiting the marine sponge 

Halichondria panicea have been reported to produce agarase (Imhoff and Stohr, 2003). 

Amylase and protease has been reported to be produced by bacteria inhabiting the 

marine sponges Axinella sp., Phyllospongia sp., Ircinia sp., Spirastrella sp., Aaptos sp. 

and Azorica sp. (Mohapatra et al., 2003). Some microorganisms are also reported to act 

as endosymbionts producing hydrolytic enzymes like amylase, lipase and protease 

which are associated with the sponges Fasciospongia cavernosa (Kiran et al., 2008, 

Shanmughapriya et al., 2008, Shanmughapriya et al., 2009). Since the intertidal reaches 

of Anjuna are subjected to tidal influx and efflux, such sponges would offer a safe 

habitat for haloarchaea which are affected by high aw, during high tide and also this 

region is rich in particulate agricultural debris and cellulose from dead and decaying 

primary producers which led us to the retrieval of cellulase and xylanase producing 

haloarchaea. Though it was not surprising that we collected sponge of Haliclona sp. and 
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Cinachyrella cavernosa, which were identified as per the manual provided by 

Pattanayak J, Mitra S. 2013, sponges of this and other genera are reported from 

Anjuna‐Goa (Dahihande and Thakur, 2017), however the haloarchaea inhabiting these 

sponges with ability to produce cellulase and xylanase makes this study unique. Such 

enzyme production from microbes inhabiting sponges under in vitro conditions has been 

observed, such as synthesis of alkalophilic amylase by Halobacter MMD047 

(Shanmughapriya et al., 2009), psychrophilic lipase by Pseudomonas sp. (Kiran et al., 

2008), thermotolerant protease by Roseobacter MMD040 and alkaline cellulase by 

Marinobacter MSI032 (Shanmughapriya et al., 2010). Such enzymes obtained from 

these bacteria possess potential application in production of drugs, beverages, textiles 

and in treating contaminated waters (Shanmughapriya et al, 2008).  

Archaea are reported to be dominant in the Dead Sea (Jacob et al., 2017), however 

haloarchaea with the ability to produce cellulase inhabiting the dead sea has not been 

reported earlier. The Dead sea gets its name due to the absence of any macroscopic 

living creatures since the salinity here is 34.8%, it is refered to as an extreme 

environment with water activity of less than 0.67, which is regarded as the lowest ever 

to support life (Oren et al., 2005). Inspite of such extreme conditions, the dead sea 

serves as a habitat for a numerous microorganisms which include unicellular green 

algae (Dunaliella), archaea (Haloferax, Haloarcula, Halobaculum and Halorubrum) 

and bacteria (Halomonas, Chromohalobacter, Salibacillus, Arthrobacter, Kocuria, 

Vibrio, Salinivibrio, Erythrobacter, Bacillus) (Oren 2010 and Jacob 2012). Many of 

these haloarchaea produce hydrolytic enzymes except cellulase. Since, cellulose and 

xylan in the form of plant detritus, present in the waters surrounding the sponge enters 

the sponge along with the microbes during the filter feeding process, it is possible that 

these bionts found their way into the sponge during the filter feeding influx of waters 

and established as symbionts. Its ability to utilize CMC‐Na and beechwood xylan as 

the sole source of carbon in the synthetic medium by producing extracellular cellulase 

and xylanase even at 20% NaCl, makes it a unique microbe as compared to 

Marinobacter sp. isolated from the sponge Dendrilla nigra, which only produced 

cellulase in a nutrient-rich medium containing 2% NaCl (Shanmughapriya et al, 2010). 

Haliclona sp. is reported to harbour several eubacterial genera which include 

Pseudoalteromonas, Halomonas, Psychrobacter, Marinobacter, Pseudovibrio, 

Salegentibacter, Bacillus, Cytophaga, and Streptomyces (Li et al., 2007).  
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Upon screening for cellulase and xylanase we obtained a total of 5 cellulase producers 

and 5 xylanase producers, of which we selected 2 best producers for each of the 

enzymes for further studies. For cellulase, we selected GUMF5 and GUMFAZ2 isolated 

from the dead sea sediment and the sponge Haliclona sp., respectively. While for 

xylanase, we selected GUMFAS1 and GUMFAS7 isolated from the sponge 

Cinachyrella cavernosa. One of the basic characteristic by which archaea differ from 

eubacteria is the presence of ether lipids in archaea rather than the ester lipids in 

eubacteria, which has proven quite useful in the taxonomy of archaea. Thus based on 

this we classified the isolates as archaea due to the presence of ether lipids. The polar 

lipid composition can be used to assign a haloarchaeon to a specific genus by 

visualizing the nature of the glycolipids and phosphotidylglycerosulfate (PGD) (Oren et 

al., 1997). However, we were not successful in obtaining a complete lipid profile of the 

isolates, hence were not able to assign the four archaea to specific genera. Another basic 

characteristic for differentiating archaea from eubacteria is that archaea do not have 

peptidoglycan in their cell wall, which was indicated by their insensitivity to antibiotics 

such as novobiocin and bacitracin which target the peptidoglycan layer thereby 

suggesting their relatedness to archaea. Novobiocin is reported to block the biosynthesis 

of carotenoid (Tomlinson et al., 1986) whereas bacitracin is known to inhibit lipid 

biosynthesis in these organisms (Basinger and Oliver, 1979). Haloarchaea are also 

known to be resistant to Penicillin which also differentiates them from eubacteria 

(Raghavan and Furtado, 2000). Sensitivity of all the four isolates to these antibiotics and 

the presence of carotenoid pigments (Raghavan and Furtado, 2000) revealed their 

haloarchaeal nature. The extremely halophilic nature of the four haloarchaea were also 

evidenced by the ability of the isolates to grow optimally at 20 % (w/v) NaCl with 

significant growth upto 30% (w/v) NaCl,  since halophiles are classified as slightly 

halophilic, moderately halophilic or extremely halophilic, depending on its requirement 

for NaCl (Kushner, 1985).  

Several biochemical tests were performed in order to differentiate the four haloarchaea 

from each other; but we were not able to distinctly differentiate them. However, since 

all the four haloarchaea were positive for the tests catalase and oxidase, they were 

reported to belong to the family Halobacteriaceae which is in agreement to Bergey’s 

Manual of Systematic Bacteriology (Grant and Larsen, 1989). Further, a more accurate 

classification of these haloarchaea was obtained by aligning the sequences of their 16S 

rRNA gene which confirmed the identity of the four haloarchaea. The cellulase 
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producing haloarchaea were identified as Halomicroarcula pellucida GUMF5 and 

Haloferax sulfurifontis GUMFAZ2 isolated from the dead sea and the marine sponge 

Haliclona sp., respectively. Whereas the xylanase producers were identified as 

Halorubrum saccharovorum GUMFAS1 and Halococcus thailandensis GUMFAS7, 

both isolated from the marine sponge Cinachyrella cavernosa. The haloarchaeon 

Halomicroarcula pellucida GUMF5 clearly related to the genus Halomicroarcula 

belonging to the family Halobacteriaceae which was first proposed by Echigo et al., 

2013 to accommodate the species Halomicroarcula pellucida BNERC31, a halophilic 

archaeon isolated from a solar salt sample imported to Japan from France. However it 

was not reported to produce cellulase, thus making our report the first of its kind.  The 

other two known species belonging to this genus are Halomicroarcula limicola (Zhang 

and Cui, 2014) and Halomicroarcula salina (Zhang and Cui, 2015). None of these 

species have been reported to produce cellulase nor have they been isolated from the 

dead sea. Hence, the ability of Halomicroarcula pellucida GUMF5 to degrade cellulose 

and produce copious amount of halocellulase makes it unique. This is also the first 

study reported on haloarchaea from sponges Haliclona sp. and Cinachyrella cavernosa 

with the ability to produce cellulase and xylanase, respectively (Malik and Furtado, 

2019a; Malik and Furtado, 2019b).  

In conclusion, we report the isolation of haloarchaea with an ability to produce 

extracellular cellulase and xylanase from marine invertebrates including marine sponges 

and Dead Sea sediment. Halomicroarcula pellucida GUMF5 and Haloferax 

sulfurifontis GUMFAZ2 isolated from dead sea sediment and the sponge Haliclona sp., 

respectively were selected as the best producers for cellulase; while the best producers 

for xylanase were Halorubrum saccharovorum GUMFAS1 and Halococcus 

thailandensis GUMFAS7, both isolated from the sponge Cinachyrella cavernosa. This 

is the first report on production of cellulase from a haloarchaeon belonging to the genus 

Halomicroarcula, isolated from dead sea sediment and production of cellulase and 

xylanase from haloarchael bionts of marine sponges. 
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Hypersaline ecosystems having salinity ranging at or near saturation are known as 

extreme environments. Various studies on the microbial diversity of this ecosystem 

have shown high microbial density of halophiles belonging to each taxonomic domain: 

Archaea, Eukarya and Bacteria. Hypersaline environments have been reported to inhabit 

microorganism producing extracellular hydrolytic enzymes from moderate halophiles to 

extreme halophiles (Setati, 2010) such as saline deserts, salt lakes, salterns (De Lourdes 

et al., 2013). Cellulose is by far the most abundant organic material on earth and the 

major structural polysaccharide of plant cell wall (Brown RM, 2004). Cellulose is a 

highly recalcitrant substrate for enzymatic degradability due to which its complete 

hydrolysis is restricted to a relatively select but diverse group of microorganisms. Due 

to this, the enzymes capable of degrading cellulose as well as the microorganism 

producing cellulases, play a substantial role in the global carbon cycle. Such 

microorganisms include cellulolytic bacteria (e.g., Clostridium, Bacillus) and fungi 

(e.g., Penicillium, Aspergillus, Trichoderma) to convert insoluble cellulosic substrates 

to soluble sugars, primarily glucose, which is then assimilated by the cell (Bayer et al., 

1998). Xylanases comprise of a wide group of enzymes which catalyse the formation of 

xylose by breaking down hemicellulose. Xylanases are reported to be produced by wide 

range of organisms which include fungi, algae, bacteria, archaea, protozoa, arthropods 

and gastropods (Collins et al., 2005). However, among these, extremophilic bacteria 

and archaea are the preferred source due to their availability and extremophilic nature of 

their enzymes (Ho and Jamila, 2014).Optimization of the constituents of the medium by 

component replacement is one of the widely used methods in order to screen for the 

sources of carbon and nitrogen, while the effect of physico-chemical conditions can be 

studied by using the one-factor-at a time approach. This enhances the study by 

identifying newer components which influence production of the desired product 

(Panda et al., 2007). This chapter focuses on the optimization for maximum production 

and activity of xylanase and cellulase by optimizing the various physico-chemical 

conditions as well and determining the effect of various metal ions and solvents on 

enzyme activity. 

 

3.1. METHODOLOGY 

For the optimization studies of xylanase, based on the enzyme activity and production, 

the 2 cultures selected were Halococcus thailandensis GUMFAS7 and Halorubrum 
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saccharovorum GUMFAS1, while the 2 cultures selected for cellulase were Haloferax 

sulfurifontis GUMFAZ2 and Halomicroarcula pellucida GUMF5.  

 

3.1.1. Cellular localization of enzymes 

In the beginning, we first determined whether the enzymes were produced 

intracellularly or extracellularly or both. In order to determine this, we performed the 

following experiment wherein haloarchaeal cells were inoculated in 20% NSM 

containing 0.5% beechwood xylan or 0.5% CMC-Na as their respective substrate for 

xylanase and cellulase, respectively and incubated at 40⁰C at 150 rpm for 96 hours. The 

culture supernatant was harvested by centrifuging the culture broth at 10,000g, 4 ⁰C for 

10 mins. The extracellular enzyme activity was determined in the culture supernatant, 

while the intracellular enzyme activity was determined from the cell pellet, wherein the 

cells were lysed in distilled water followed by sonication. The cell debris obtained was 

then centrifuged at 10,000g, 4 ⁰C for 10 mins to obtain the supernatant as shown in Fig. 

3.1 This supernatant was then analyzed for enzyme activity, to determine the 

intracellular enzyme activity. Enzyme activity of the culture supernatant and cell lysates 

was also checked using the cup-plate method (Dingle et al., 1953). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Scheme to determine localization of the enzyme 

Once we determined the localization of the enzyme, we further carried out the 

optimization of the media as well as the physico-chemical conditions of the optimized 

media with an aim in obtaining maximum xylanase production along with its activity. 
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3.1.2. Optimization studies for maximum production of cellulase and xylanase 

Various parameters like type of growth medium, composition of individual component 

and its physico-chemical conditions were analyzed for obtaining maximum production 

of xylanase from Halococcus thailandensis GUMFAS7 and Halorubrum 

saccharovorum GUMFAS1. 

 

3.1.2.1. Formulation and selection of medium for maximum production of cellulase 

and xylanase 

Initially, in order to determine the optimum medium for maximum production of 

enzyme, we used 2 sets of media, a nutrient rich medium (NTYE) and the other was a 

NaCl synthetic medium (NSM). To both these media, we added beechwood xylan 

(0.5% w/v) and CMC-Na (0.5% w/v) as the substrates for xylanase and cellulase, 

respectively. Here, haloarchaeal cells were individually inoculated into 500ml 

Erlenmeyer flasks containing 100 ml of each of the medium. Flasks were incubated at 

40ºC, 150 rpm for 7 days. The growth as well as the extracellular protein concentration 

(Lowry et al, 1951), along with the xylanase and cellulase activity (Cannio et al, 2004) 

was determined. Since NSM gave maximum xylanase and cellulase production as 

compared to NTYE, we selected NSM for further optimization studies. 

 

3.1.2.2. Optimization of medium components of the optimum medium 

The composition of each component of NSM was further optimized for maximum 

production of xylanase and cellulase. Here the medium was modified by adding or 

deleting various components from the composition of NSM which included 

modifications in various carbon sources and sugars in order to check their effect on 

production of enzyme. The modifications which were carried out for xylanase and 

cellulase with respect to the media components of NSM are given in Table 3.1 and 

Table 3.2, respectively.  

 

3.1.2.3. Optimization of physico-chemical conditions of the optimized medium 

The physico-chemical conditions of the optimized medium were studied for maximum 

production of xylanase and cellulase by using the ‘one factor at a time’ (OFAT) method.  

Since the optimum medium for production of both the enzymes was found to be NaCl 

synthetic medium, which does not contain any other protein or carbon source rather 
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than their substrate beechwood xylan and CMC-Na, we determined the enzyme 

production by estimating the extracellular protein in the supernatant.  

The various physico-chemical components studied for maximum production of xylanase 

were i) NaCl concentration, ii) pH, iii) Temperature, iv) Type of substrate, v) Substrate 

concentration and vi) Time of enzyme harvest. 

 

3.1.2.3.1. Determination of optimum NaCl concentration 

To begin with, we optimized the NaCl concentration for maximum production of 

enzyme. The culture was grown in the synthetic medium containing varying NaCl 

concentrations of 0-30% with an increment of 5% NaCl. The flasks were then incubated 

at 40ºC at 150 rpm for 96 h. The extracellular protein concentration (Lowry et al., 1951) 

and enzyme activity (Malik and Furtado, 2019) was determined. 

 

3.1.2.3.2. Determination of optimum pH 

Once we obtained the optimum NaCl concentration for maximum production of 

enzyme, NSM was further optimized for different pH of the medium. Here, 100ml of 

20% NSM with varying pH ranging from 3-9 were prepared in individual 500ml 

Erlenmeyer flasks and sterilized. Each flask was then individually inoculated with 

haloarchaeal cells, followed by incubating the flasks at 40ºC, 150 rpm for 96 h. The 

extracellular protein concentration (Lowry et al, 1951) and enzyme activity (Malik and 

Furtado, 2019) was determined. 

 

3.1.2.3.3. Determination of optimum temperature 

Once the optimum pH was determined, we determined the optimum temperature. Here, 

the optimized medium was inoculated with the haloarchaeal cells and incubated at 

different temperatures from 20-60⁰C with an increment of 10⁰C. After 96 hours of 

incubation, the extracellular protein concentration (Lowry et al., 1951) and the enzyme 

activity (Malik and Furtado, 2019) was determined. 

 

3.1.2.3.4. Determination of optimum substrate 

To determine the optimum substrate for xylanase production, the various substrates 

used were beechwood xylan (Himedia) and birchwood xylan (Himedia). Whereas for 

cellulase production, the various substrates used were CMC-Na, Whatman No.1 filter 
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paper and saw dust. The optimized NSM containing these substrates (0.5% w/v) 

individually were inoculated with the xylanase and cellulase producers, respectively and 

incubated at the optimum temperature for 96 hours. Upon incubation, the extracellular 

protein concentration (Lowry et al., 1951) and enzyme activity (Malik and Furtado, 

2019) in presence of each of these substrates were determined. 

 

3.1.2.3.5. Determination of optimum substrate concentration 

Once we determined the optimum substrate, we determined the optimum concentration 

of this substrate which gave maximum production of enzyme. Here, we used the above 

optimized medium with varying concentration of substrate which included 0.1, 0.25, 

0.5, 0.75, 1.0, 1.25, 1.5% (w/v). Individual flasks were inoculated and incubated at 

40⁰C, for 96 hours. The extracellular protein concentration (Lowry et al., 1951) and 

enzyme activity (Malik and Furtado, 2019) was determined. 

 

3.1.2.3.6. Determination of optimum time for enzyme harvest 

Once the above physico-chemical conditions were optimized, we determined the 

optimum time for enzyme harvest. Here, we inoculated haloarchaeal cells into the 

optimum medium and incubated at the optimum conditions. Aliquotes were obtained at 

every 24 hour intervals and respective cell-free enzyme supernatants were analyzed for 

extracellular protein and enzyme activity in order to determine the best time for 

harvesting maximum xylanase and cellulase. 

 

3.1.2.3.7. Determination of inoculum size (%) for maximum production of xylanase 

The optimum inoculums size was determined in terms of percentage (%). Here the 

haloarchaeal culture was grown in 20% NSM+0.5% beechwood xylan and incubated at 

optimum conditions. After 96hr of incubation, this growth was used as an inoculum to 

inoculate fresh optimally sterilized medium. Various inoculum sizes ranging from 0 to 

10%, with 2.5 % increment was done. For 2.5 % inoculum size, 2.5 ml a 96hr old grown 

culture in the optimized medium was added to 97.5ml sterile optimized medium, 

incubated at optimum conditions and then after 96hr incubation, the amount of 

extracellular xylanase produced was determined. Same protocol was used for other 

inoculums sizes. This enabled us to determine the best inculum size (%) to obtain 

maximum production of xylanase. 
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3.1.2.3.8. Determination of agitation (rpm) for maximum production of xylanase 

Here, we determined the optimum agitation (rpm) conditions to obtain maximum 

production of xylanase. Haloarchaeal cells were inoculated into the optimum medium 

and incubated at optimum conditions with different rpm (rotations per minute). The 

rpms used ranged from 0-200 rpm, with an increment of 50 rpm. This was done in order 

to check the effect of agitation on the production of xylanase. After incubation, the 

amount of extracellular xylanase produced under each rpm was obtained, in order to 

determine the optimum agitation (rpm) conditions for maximum production of xylanase. 

 

3.1.3. Optimization studies for maximum activity of enzymes  

Since, optimum conditions required for maximum production of enzyme are not always 

the same as the optimum conditions required for obtaining the maximum enzyme 

activity, we further moved ahead in determining the optimum conditions for maximum 

enzyme activity i.e. we optimized the enzyme assay. This was done by altering the 

physico-chemical conditions including NaCl concentration, pH of buffer, incubation 

temperature, different substrates and varying concentrations of the optimum substrate 

and time of incubation of reaction mixture. Effect of solvents and metal ions on enzyme 

activity was also determined.  

The enzyme assay initially consisted of 250 μL of 0.2% Beechwood xylan or CMC-Na 

in 25 mM Tris-HCl buffer at pH 7.0 and 250 μL of enzyme supernatant and allowed to 

react for 30 min at 37°C (Cannio et al., 2004). The reaction was stopped on ice. The 

amount of reducing sugars released was measured colorimetrically by the DNS method 

(Miller et al, 1981) using xylose and glucose as standards for xylanase and cellulase, 

respectively. One unit of enzyme activity is defined as the amount of enzyme that 

releases 1 μmol of reducing sugar per minute under the above assay conditions.  

The physico-chemical conditions of the enzyme assay were optimized by modifying the 

enzyme assay to obtain maximum enzyme activity. The enzyme was harvested using the 

optimum conditions to obtain maximum enzyme produced. Optimization was carried 

out using the ‘one factor at a time’ (OFAT) method.  

 

3.1.3.1. Effect of NaCl concentration on enzyme activity 

First we determined the effect of NaCl on enzyme activity. In order to determine this, 

we prepared the enzyme buffer in varying concentrations of NaCl, ranging from 0-30% 

(w/v), with an increment of 10% (w/v). The reaction mixture consisted of 250 μL of 
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0.2% CMC-Na in 25 mM Tris-HCl buffer at pH 7.0 containing varying NaCl 

concentrations and 250 μL of enzyme supernatant and allowed to react for 30 min at 

37°C (Cannio et al., 2004). The reaction was stopped on ice and the amount of reducing 

sugars released was measured colorimetrically by the DNS method (Miller et al., 1981) 

using xylose and glucose as standards for xylanase and cellulase, respectively. 

 

3.1.3.2. Effect of pH on the enzyme activity 

We determined the effect of pH on enzyme activity. Here, the enzyme assay was 

performed in 25mM pH buffers ranging in pH from pH 4 to pH 9. The buffers used 

were Citrate buffer for pH 4-6 and Tris-HCl buffer for pH 7-9. The reaction mixture 

was then incubated at 37⁰C for 30mins followed by detection of enzyme activity.  

 

3.1.3.3. Effect of Temperature on enzyme activity 

Based on the above optimized conditions, the reaction mixture of the enzyme assay was 

incubated at varying temperatures from 20-60⁰C with an increment of 10⁰C. After 

incubation of the reaction mixture, the enzyme activity was determined. 

 

3.1.3.4. Effect of different substrates on enzyme activity 

Birchwood Xylan and Beechwood Xylan were used as substrates for xylanase while 

CMC-Na, Whatman No.1 filter paper and saw dust was used as substrate for cellulase. 

By using the above mentioned optimum conditions for maximum enzyme activity, we 

altered the substrate in the reaction mixture. Each reaction consisted of each type of 

substrate. The reaction mixture was incubated and enzyme activity of each substrate 

was determined.  

 

3.1.3.5. Effect of substrate concentration on xylanase activity 

Once we determined the optimum substrate, we determined the optimum concentration 

of this substrate at which maximum enzyme activity is determined. The assay was 

performed taking into consideration all the above optimum conditions. Once we 

determined the optimum substrate concentration, we used this optimized assay for 

further detection of enzyme activity. 
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3.1.3.6. Effect of incubation time on enzyme activity  

Here, we determined the optimum incubation time of the reaction mixture, to obtain 

maximum enzyme activity. The enzyme assay was performed using the above optimum 

conditions and the incubation time of the reaction mixture of the enzyme assay was 

varied from 0 to 60 mins with an increment of 10mins. The time interval at which 

maximum enzyme activity was obtained was determined as the optimum incubation 

time of the reaction mixture. 

3.2. RESULTS 

3.2.1. Cellular localization of enzyme 

Interestingly, it was observed that neither cellulase nor xylanase was produced 

intracellularly by the respective cellulase and xylanase producers; only the cell-free 

supernatants showed enzyme activity. The cell free-supernatants of Halomicroarcula 

pellucida GUMF5 and Haloferax sulfurifontis GUMFAZ2 produced extracellular 

cellulase with an activity of 15.40±0.17 U/ml and 11.62±0.32 U/ml, respectively (Table 

3.1). Xylanase activity of 1.05±0.06U/ml and 1.20±0.08U/ml was produced 

extracellularly by Halorubrum saccharovorum GUMFAS1 and Halococcus 

thailandensis GUMFAS7, respectively (Table 3.1). This indicates that cellulase and 

xylanase was secreted as extracellular enzymes into their respective growth media.  

Table 3.1 Extracellular and intracellular enzyme activities by the Haloarchaeal cultures 

Sr. 

No. 

Sample Cellulase Activity (U/ml) Xylanase Activity (U/ml) 

 Halomicroarcula 

pellucida GUMF5 

Haloferax 

sulfurifontis 

GUMFAZ2 

Halorubrum 

saccharovorum 

GUMFAS1 

Halococcus 

thailandensis 

GUMFAS7 

1  Culture 

Supernatant 

15.40±0.17 U/ml 11.62±0.32 U/ml 1.05 ± 0.06U/ml 1.20 ± 0.08U/ml 

2  Cell lysate   ND ND ND ND 

ND: Not Detected   

3.2.2. Optimization for maximum production of Xylanase 

3.2.2.1. Formulation of medium  

Compared to the two initial media used for production of xylanase, one was a nutrient 

rich medium (NTYE + 0.5% Beechwood xylan) and the second was a mineral medium 
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containing salt (NSM+ 0.5% Beechwood xylan), the later medium i.e. NSM+0.5% 

Beechwood xylan gave a higher production of xylanase as shown in Table 3.2. Based 

on this, the optimum medium selected for maximum production of xylanase by 

Halorubrum saccharovorum GUMFAS1 as well as Halococcus thailandensis 

GUMFAS1 was NSM+0.5% Beechwood xylan. Halorubrum saccharovorum 

GUMFAS1 produced 127±0.69µg/ml of extracellular protein corresponding to a 

xylanase activity of 1.07±0.16U/ml, whereas Halococcus thailandensis GUMFAS7 

produced 135±0.91µg/ml of extracellular protein corresponding to a xylanase activity of 

1.21 ±0.26U/ml.  

 

Table 3.2 Xylanase activity and extracellular protein by Halorubrum saccharovorum 

GUMFAS1 and Halococcus thailandensis GUMFAS7 in nutrient rich medium (NTYE) 

and synthetic medium (NSM). 

 

Here, we determined the extracellular protein as well as its xylanase activity 

simultaneously, since mere determination of extracellular protein without determining 

the xylanase activity does not ensure maximum production of xylanase. Extracellular 

protein other than xylanase can also be detected in the cell free supernatants. Such 

chances are higher in the case of NTYE + 0.5% Beechwood xylan medium since it is a 

protein rich medium, and hence this protein will also be detected in the cell free-

supernatant. This is not the case in NSM+ 0.5% Beechwood xylan, since in this medium 

beechwood xylan is the sole source of carbon, and there is no other protein source in the 

 Halorubrum saccharovorum 

GUMFAS1 

Halococcus thailandensis 

GUMFAS7 

NTYE + BX NSM + BX NTYE + BX NSM + BX 

Extracellular 

protein 

(µg/ml)  

386 ±0.73 127 ±0.69 321 ±0.46  135 ±0.91 

Xylanase 

Activity 

(U/ml)  

0.86 ±0.12 1.07 ±0.16 0.91 ±0.21  1.21 ±0.26 

Specific 

Activity 

(U/µg)  

0.002 0.008 0.003 0.009 
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medium. Here, we also eliminate the interference of protein due to cell lysis is the form 

of cell debris, since we determined the xylanase production along its growth cycle, 

before the cells begin to die. This was done, since if we determine extracellular protein 

in the death phase of the growth cycle, we will obtain a high value of protein which will 

correspond to the intracellular protein of the haloarchaeal cells released due to its 

lysis/death. This is also supported by our earlier observation of localization of enzyme 

as shown in section 3.3.1., where we have shown that the xylanase is only produced 

extracellularly with no intracellular xylanase. So, we concluded NSM + 0.5% 

Beechwood xylan as the optimum medium for maximum production of xylanase. 

 

3.2.2.2. Optimization of components of NSM+0.5% Beechwood xylan medium  

Based on the variations in medium components and concentrations of each medium 

component, we formed a total of 15 media, each differed from the other based on 

presence absence of a medium component or varying concentrations of medium 

components as shown in Table 3.3. 

Table 3.3 Combinations and alterations in components of NSM for maximum 

production of xylanase 
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Xylanase activity as well as its production varied in each of the 15 media mentioned 

above. The production of xylanase by Halorubrum saccharovorum GUMFAS1 and 

Halococcus thailandensis GUMFAS7 was different with respect to the different media 

as shown in Fig. 3.2 and 3.3. This indicates that xylanase from different cultures are not 

the same and behave differently in different media.  

As seen in Fig. 3.2, Halorubrum saccharovorum GUMFAS1 showed maximum 

production of extracellular protein in media 1,2 and 3; however the xylanase activity 

observed was very low. This was observed since media 1, 2 and 3 were nutrient rich 

media, and hence the high value of protein detected extracellularly corresponds to the 

media proteins. Here, low amount of xylanase activity was detected, since the 

haloarchaeal cells prefer to utilize the easily available nutrients from the medium for 

their growth first rather than utilizing beechwood xylan. Here it was also observed that 

xylanase activity did not further increase in media 1,2 and 3, and culture began to enter 

the death phase, thereby indicating that yeast extract and tryptone does not support the 

growth of Halorubrum saccharovorum GUMFAS1 efficiently/effectively. Maximum 

production of xylanase with respect to maximum xylanase activity was observed in 

medium number 6 which was NSM+0.5% beechwood xylan. In this medium, 

beechwood xylan is the sole source of carbon, which supports the observation of the 

highest xylanase activity detected amongst all the other 14 media. In medium 7, there is 

no xylanase activity detected since this medium contained yeast extract as the source of 

carbon and does not contain a substrate for xylanase. This supports the fact that 

xylanases are inducible and not constitutive.  

 

 

 

 

 

 

Fig. 3.2 Extracellular protein and Xylanase activity observed in 15 varying media by 

Halorubrum saccharovorum GUMFAS1. 
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Based on the observations of all 15 media, for maximum production of xylanase by 

Halorubrum saccharovorum GUMFAS1 we concluded that medium number 6, i.e. 

NSM+0.5% beechwood xylan, is the optimum medium for maximum production of 

xylanase. 

As seen in Fig. 3.3, Halococcus thailandensis GUMFAS7, maximum extracellular 

protein was detected in media 1,2 and 3, since it contains tryptone and yeast 

extract/glucose. Here, the culture utilizes these components since they are easily 

assimilable rather than utilizing beechwood xylan thereby resulting in very low 

xylanase activity.  The inducible characteristic of xylanase from Halococcus 

thailandensis GUMFAS7 was observed in medium 7, which did not contain beechwood 

xylan as a result of which it did not show xylanase activity. Based on the maximum 

production of xylanase with respect to maximum xylanase activity, the optimum 

medium selected was medium no.6, i.e NSM+0.5% beechwood xylan. Here, we 

interestingly observed that in medium 12, a relatively higher amount of xylanase 

activity was detected with respect to the amount of xylanase produced. The difference in 

medium composition between medium 6 and medium 12, was the presence of NH4NO3 

in medium 12, whereas it was absent in medium 6. This indicated that though NH4NO3 

did not enhance the production of xylanase, however it enhanced the xylanase activity. 

This observation was further investigated during optimization for maximum xylanase 

activity.  Based on all these observations, the optimum medium for maximum 

production of xylanase by Halococcus saccharolyticus GUMFAS7 was selected as 

NSM+0.5% beechwood xylan. 

 

 

 

 

 

 

Fig. 3.3 Extracellular protein and xylanase activity observed in 15 varying compositions 

of NSM by Halococcus thailandensis GUMFAS7.  
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3.2.2.3. Optimum physico-chemical conditions of NSM+0.5% beechwood xylan 

The various physico-chemical conditions of NSM+0.5% beechwood xylan were 

obtained as shown below  

3.2.2.3.1. Optimum NaCl, pH and temperature for maximum production of 

xylanase 

(a) Effect of NaCl on production of xylanase 

Since, Halorubrum saccharovorum GUMFAS1 and Halococcus thailandensis 

GUMFAS7 require saline conditions of 20% NaCl for its growth (Section Chpt 2, effect 

of NaCl on growth), hence we analyzed the effect of NaCl on the production of 

extracellular xylanase.  

As seen in Fig. 3.4A, we observed that the xylanase production by Halorubrum 

saccharovorum GUMFAS1 varied with an increase in NaCl concentration from 0 to 

30%. Maximum xylanase of 122µg/ml was produced at 20% NaCl concentration 

indicating its optimum NaCl concentration. Least xylanase production of 40µg/ml was 

seen at 0% NaCl concentration. The production of xylanase increased from 40µg/ml to 

122µg/ml as the concentration of NaCl increased from 0 to 20% NaCl, respectively. 

And as the concentration of NaCl increased from 20 to 30%, the production of xylanase 

decreased from 122µg/ml to 102µg/ml.  

As seen in Fig. 3.4B, a similar trend was seen in the case of xylanase produced by 

Halococcus thailandensis GUMFAS7. Least xylanase of 26µg/ml was seen at 0% NaCl 

concentration which increased upto 135µg/ml at 20% NaCl, indicating the optimum 

concentration of NaCl for maximum production of xylanase as 20%. Further increase of 

NaCl from 20% to 30%, resulted in a decrease in production of xylanase from 135µg/ml 

to 117µg/ml.  

 

 

 

 

 

Fig. 3.4 Effect of NaCl on production of xylanase from A: Halorubrum saccharovorum 

GUMFAS1 and B: Halococcus thailandensis GUMFAS7 

A B 
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In comparison to the xylanase produced by the two haloarchaeal cultures Halorubrum 

saccharovorum GUMFAS1 and Halococcus thailandensis GUMFAS7, though the 

optimum NaCl concentration was the same i.e. 20%, the later Halococcus thailandensis 

GUMFAS7 produced a higher amount of xylanase (135µg/ml) as compared to 

Halorubrum saccharovorum GUMFAS1 (122µg/ml). 

(b) Effect of pH on production of xylanase 

The effect of pH on production of xylanase was determined in NSM medium containing 

20% NaCl and 0.5% beechwood xylan. The pH of the medium affected the production 

of xylanase.  

As seen in Fig. 3.5A, maximum production of xylanase of 128µg/ml was observed at 

pH7. However, it was interesting to know that xylanase was produced under acidic as 

well as alkaline conditions; however neutral pH (pH7) was found to be the optimum for 

maximum production of xylanase. We also observed that the production of xylanase 

was low in the acidic conditions as compared to its production in alkaline conditions. 

Lowest production of xylanase under acidic conditions was observed at pH 4 (41µg/ml), 

while the lowest production of xylanase under alkaline conditions was observed at pH 9 

(75µg/ml). As seen in Fig. 3.5B, maximum xylanase of 138µg/ml was observed at pH 

7. Here it was also observed that production of xylanase was higher in the case of 

alkaline conditions as compared to its production under acidic conditions. Under acidic 

conditions, least xylanase of 45µg/ml was produced at pH 4 while under alkaline 

conditions, least xylanase of 100µg/ml was produced at pH 9. 

 

  

 

 

 

 

 

Fig. 3.5 Effect of pH on production of xylanase from A: Halorubrum saccharovorum 

GUMFAS1 and B: Halococcus thailandensis GUMFAS7 

A B 
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Both the haloarchaeal cultures, Halorubrum saccharovorum GUMFAS1 and 

Halococcus thailandensis GUMFAS7 were able to produce xylanase over the wide 

range of pH from pH 4 to pH 9, however the optimum pH for both these cultures were 

pH 7. 

(c) Effect of temperature on production of xylanase 

The optimum temperature for maximum production of xylanase from Halorubrum 

saccharovorum GUMFAS1 and Halococcus thailandensis GUMFAS7 was determined. 

As seen in Fig. 3.6A, 40ºC was found to be the optimum temperature for maximum 

production of xylanase. Xylanase was produced across the temperature ranging from 20 

to 60ºC. As seen in Fig. 3.6B, a similar trend was observed in Halococcus thailandensis 

GUMFAS7, wherein the optimum temperature for maximum production of xylanase 

was 40ºC. The pattern as seen in Fig 6A and 6B, is almost similar, however the amount 

of production for the two cultures differ at a particular temperature with least production 

of xylanase observed at 20ºC. 

 

 

 

 

 

Fig. 3.6 Effect of temperature on production of xylanase from A: Halorubrum 

saccharovorum GUMFAS1 and B: Halococcus thailandensis GUMFAS7 

3.2.2.3.2. Effect of different substrates and substrate concentration on production 

of xylanase 

Production of xylanase with different substrates was analyzed as shown in Fig. 3.7A 

and 3.7B. The two substrates used were beechwood xylan and birchwood xylan, out of 

which the best subsrate for maximum production of xylanase from both Halorubrum 

saccharovorum GUMFAS1 and Halococcus thailandensis GUMFAS7 was found to ne 

beechwood xylan. Halorubrum saccharovorum GUMFAS1 produced a maximum 

xylanase of 129µg/ml whereas Halococcus thailandensis GUMFAS7 produced a 

A B 
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maximum xylanase of 142µg/ml by utilizing beechwood xylan as substrate for 

xylanase. 

Further we determined the optimum concentration of beechwood xylan to obtain 

maximum production of xylan. This enabled us to determine the minimum 

concentration of beechwood xylan required to obtain maximum production of xylanase. 

As seen in Fig. 3.8A and 3.8B, the optimum concentration of beechwood xylan 

required for maximum production of xylanase was found to be 0.5%. Halorubrum 

saccharovorum GUMFAS1 produced 130µg/ml at 0.5% beechwood xylan 

concentration and Halococcus thailandensis GUMFAS7 produced 139µg/ml of 

xylanase at 0.5% concentration of beechwood xylan. 

 

 

 

 

 

 

Fig. 3.7 Effect of substrates on production of xylanase from A: Halorubrum 

saccharovorum GUMFAS1 [p value (t-test) = 0.002, indicating a statistically significant 

difference] and B: Halococcus thailandensis GUMFAS7 [p value (t-test) = 0.003, 

indicating a statistically significant difference] 

 

 

 

 

 

Fig 3.8 Effect of optimum concentration of substrate on production of xylanase from A: 

Halorubrum saccharovorum GUMFAS1 and B: Halococcus thailandensis GUMFAS7 

A B 

A B 
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3.2.2.3.3. Optimum time for maximum harvest of xylanase 

The production of enzyme varies with varying time during its harvest. Here we 

determined the optimum time required for maximum production of xylanase. As seen in 

Fig. 3.9A and 3.9B, the optimum time of enzyme harvest was found to be 96hr for both 

Halorubrum saccharovorum GUMFAS1 as well as Halococcus thailandensis 

GUMFAS7. Before and beyond which the production of xyalanase is low. 

 

 

 

 

 

Fig. 3.9 Production of xylanase with time A: Halorubrum saccharovorum GUMFAS1 

and B: Halococcus thailandensis GUMFAS7 

3.2.2.3.4. Optimum inoculum size and agitation (rpm) for maximum harvest of 

xylanase 

We determined the inoculum size (%) required for maximum production of xylanase 

during sub culturing. As seen in Fig. 3.10A and 3.10B, the optimum inoculum size (%) 

for both was determined to be 5%, wherein xylanase of 130µg/ml and 140µg/ml was 

produced by Halorubrum saccharovorum GUMFAS1 and Halococcus thailandensis 

GUMFAS7, respectively.  

 

 

 

 

 

Fig. 3.10 Production of xylanase with respect to inoculum size (%) A: Halorubrum 

saccharovorum GUMFAS1 and B: Halococcus thailandensis GUMFAS7 

A B 

A B 



Chapter III 

89 

 

As the inoculum size increased from 5 to 10%, the production of xylanase decreased in 

both, Halorubrum saccharovorum GUMFAS1 and Halococcus thailandensis 

GUMFAS7. 

As seen in Fig. 3.11A and B, maximum production of xylanase for both Halorubrum 

saccharovorum GUMFAS1 and Halococcus thailandensis GUMFAS7, was found at 

150rpm. The variation in the values for production of xylanase shows the effect of 

agitation on the production of xylanase. 

 

 

 

 

 

Fig. 3.11 Production of xylanase with respect to agitation (rpm) during its growth A: 

Halorubrum saccharovorum GUMFAS1 and B: Halococcus thailandensis GUMFAS7 

3.2.3. Optimization for maximum production of Cellulase 

3.2.3.1. Formulation of medium  

In production of cellulase, compared to the two media used of which one was nutrient 

rich (NTYE + 0.5% CMC-Na) and the other was a mineral medium (NSM + 0.5% 

CMC-Na), the best medium determined was NSM+0.5% CMC-Na, with a maximum 

cellulase production of 123 ±0.64 µg/ml and 103±0.56 µg/ml, by Halomicroarcula 

pellucida GUMF5 and Haloferax sulfurifontis GUMFAZ2, respectively (Table 3.4). 

This cellulase produced corresponded to an activity of 15.3 ±0.26U/ml and 11.6 

±0.21U/ml by Halomicroarcula pellucida GUMF5 and Haloferax sulfurifontis 

GUMFAZ2, respectively. 

Specific activity in each medium was also determined and found that it was higher in 

NSM as compared to NTYE, for both the haloarchaeal cultures. Halomicroarcula 

pellucida GUMF5 showed a higher specific activity of 0.1243U/µg and Haloferax 

sulfurifontis GUMFAZ2 showed a specific activity of 0.0547U/µg. Since these 

haloarchaeal cultures grow in NSM containing CMC-Na, they utilize CMC-Na as the 

sole source of carbon thereby producing higher amount of cellulase as compared to 

A B 

Agitation (rpm) Agitation (rpm) 



Chapter III 

90 

 

cellulase production in NTYE containing CMC-Na, where CMC-Na is not the sole 

source of carbon and the haloarchaeal cultures prefer the other carbon sources from 

NTYE rather than utilizing CMC-Na, since they are more easily assimilable in 

comparison to CMC-Na. 

Table 3.4 Cellulase activity and extracellular protein by Halomicroarcula pellucida 

GUMF5 and Haloferax sulfurifontis GUMFAZ2 in nutrient rich medium (NTYE) and 

NaCl synthetic medium (NSM). 

 

 Halomicroarcula pellucida 

GUMF5  

Haloferax sulfurifontis 

GUMFAZ2  

NTYE + 

CMC-Na 

NSM + 

CMC-Na 

NTYE + 

CMC-Na 

NSM + 

CMC-Na 

Extracellular 

protein (µg/ml)  

357 ±0.98 123 ±0.64 214 ±0.71 103±0.56 

Cellulase 

Activity (U/ml)  

4.21 ±0.61 15.3 ±0.26 7.69 ±0.37 11.6 ±0.21 

Specific 

Activity (U/µg)  

0.0164 0.1243 0.0172 0.0547 

 

Based on these inferences we selected NSM + 0.5% CMC-Na as the optimum medium 

for maximum production of cellulase. 

 

3.2.3.2. Optimization of components of NSM+0.5% CMC-Na  

We optimized each component of NSM and determined the best medium composition 

to produce maximum cellulase. A total of 15 combinations of NSM were used (Table 

3.5) and the cellulase activity in each were determined  

As seen in Fig. 3.12 and 3.13, we observed varying cellulase activity and production in 

each media combination, indicating that the combination of media components also 

affects the cellulase production and activity.  

As seen in Fig. 3.12, maximum extracellular protein by Halomicroarcula pellucida 

GUMF5 was observed in media 1, 2 and 3. However, this does not indicate cellulase 

produced, since these media are nutrient rich media, and cellulase activity is low, 

indicating that the detected protein majorly consists of the media components and not 

entirely of cellulase. Maximum cellulase produced with respect to maximum cellulase 
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activity was observed in medium no. 6, which corresponds to NSM+0.5% CMC-Na. In 

this medium CMC-Na was the sole source of carbon which is easily accessible by 

Halomicroarcula pellucida GUMF5 indicated by the cellulase activity of 

15.3±0.38U/ml. 

Table 3.5 Combinations and alterations in components of NSM for maximum 

production of cellulase 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12 Extracellular protein and cellulase activity observed in 15 varying media 

compositions by Halomicroarcula pellucida GUMF5. 
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Interestingly, it was also observed that in all media containing yeast extract (Media no. 

1 and 3), the growth of Halomicroarcula pellucida GUMF5 was reduced. This 

resembles with the report by Echigo et al, 2013, which indicates the inhibitory effect of 

yeast extract on Halomicroarcula pellucida BNERC31. Absence of cellulase activity in 

medium no. 7, indicates the inducible nature of cellulase, since medium 7 does not 

contain CMC-Na. Based on the observations of all 15 media, the optimum media 

combination for maximum production of xylanase by Halomicroarcula pellucida 

GUMF5 was found to be medium no.6 which was NSM+0.5% CMC-Na. 

As seen in Fig. 3.13, maximum cellulase activity with respect to the amount of 

extracellular protein produced by Haloferax sulfurifontis GUMFAZ2 was found to be 

medium no. 6 which was NSM+0.5% CMC-Na. Here, CMC-Na served as the sole 

source of carbon which was easily utilized by Haloferax sulfurifontis GUMFAZ2. 

Absence of cellulase activity in medium no. 7 is due to absence of CMC-Na thereby 

indicating the inducible property of cellulase. Based on all these inferences from Fig. 

3.13, the optimum medium for maximum production of cellulase by Haloferax 

sulfurifontis GUMFAZ2 was found to be NSM+0.5% CMC-Na. 

 

 

 

 

 

 

 

Fig. 3.13 Extracellular protein and cellulase activity observed in 15 varying media 

compositions by Haloferax sulfurifontis GUMFAZ2.  

3.2.3.3. Optimum physico-chemical conditions of NSM + 0.5% CMC-Na  

The various physico-chemical conditions of NSM+0.5% CMC-Na were obtained as 

shown below  
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3.2.3.3.1. Optimum NaCl, pH and temperature for maximum production of 

cellulase 

(a) Effect of NaCl on production of cellulase 

We determined the effect of NaCl on production of cellulase since Halomicroarcula 

pellucida GUMF5 and Haloferax sulfurifontis GUMFAZ2 are haloarchaea requiring 

saline conditions of 20% NaCl for growth. As seen in Fig. 3.14A, maximum cellulase 

production of 126µg/ml was seen in Halomicroarcula pellucida GUMF5 at 20% NaCl 

concentration. This haloarchaeaon was able to produce cellulase across the range of 0 to 

30% NaCl concentration. The production of cellulase from 10-30% NaCl showed a 

plateau in the graph profile as seen in Fig. 3.14A. 

As seen in Fig. 3.14B, the optimum NaCl concentration for maximum cellulase 

production of 106µg/ml by Haloferax sulfurifontis GUMFAZ2 was found to be 20%. 

As the concentration of NaCl increased from 20% to 30%, the production of cellulase 

decreased from 106µg/ml to 73µg/ml. 

Amongst the two cellulase producers, Halomicroarcula pellucida GUMF5 (126µg/ml) 

and Haloferax sulfurifontis GUMFAZ2 (106µg/ml), Halomicroarcula produced a 

higher cellulase though the optima of NaCl concentration was the same i.e. 20% NaCl. 

  

 

 

 

 

 

Fig. 3.14 Effect of NaCl on production of cellulase from A: Halomicroarcula pellucida 

GUMF5 and B: Haloferax sulfurifontis GUMFAZ2 

(b) Effect of pH on production of cellulase 

As seen in Fig. 3.15A, optimum pH for maximum production of cellulase by 

Halomicroarcula pellucida GUMF5 was found to be pH 7. However, cellulase was 

produced efficiently along the entire range of pH studied (pH 4 to 9), indicating that 
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cellulase can be produced under acidic as well as alkaline conditions, however neutral 

pH is the optima. 

As seen in Fig. 3.15B, a maximum cellulase of 108µg/ml by Haloferax sulfurifontis 

GUMFAZ2 was found at pH 7. Though cellulase was produced across the entire range 

of pH (pH 4 to 9), low amounts of cellulase of 49µg/ml and 51µg/ml were produced at 

pH 4 and pH 9, respectively.  

 

  

 

 

 

 

 

Fig. 3.15 Effect of pH on production of cellulase from A: Halomicroarcula pellucida 

GUMF5 and B: Haloferax sulfurifontis GUMFAZ2 

(c) Effect of temperature on production of cellulase 

As seen in Fig. 3.16A, Halomicroarcula pellucida GUMF5 produced maximum 

cellulase of 140µg/ml at 40ºC. Least cellulase of 58µg/ml was produced at 20ºC. As the 

temperature increased from 40 to 80ºC, the amount of cellulase decreased from 

140µg/ml to 87µg/ml. For Haloferax sulfurifontis GUMFAZ2, as seen in Fig. 3.16B, 

the optimum temperature for maximum production of cellulase was found to be 40ºC.  

  

 

 

 

 

 

Fig. 3.16 Effect of temperature on production of cellulase from A: Halomicroarcula 

pellucida GUMF5 and B: Haloferax sulfurifontis GUMFAZ2 
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Though the optimas for both the cultures were same, Halomicroarcula pellucida 

GUMF5 produced higher cellulase as compared to Haloferax sulfurifontis GUMFAZ2. 

3.2.3.3.2. Effect of different substrates and substrate concentration on production 

of cellulase 

Cellulase production using different substrates for cellulase was observed as seen in 

Fig. 3.17A and B. Halomicroarcula pellucida GUMF5 and Haloferax sulfurifontis 

GUMFAZ2, showed maximum cellulase production of 148µg/ml and 108µg/ml, 

respectively using the substrate CMC-Na. These haloarchaea were also able to utilize 

Whatman No.1 paper for cellulase production, however to a lesser extent with cellulase 

production of 82µg/ml and 63µg/ml by Halomicroarcula pellucida GUMF5 and 

Haloferax sulfurifontis GUMFAZ2, respectively. Hence the optimum substrate was 

found to be CMC-Na. 

 

 

 

 

 

 

Fig. 3.17 Effect of substrates on production of cellulase from A: Halomicroarcula 

pellucida GUMF5 [p value (t-test)= 0.003, indicating a statistically significant 

difference]  and B: Haloferax sulfurifontis GUMFAZ2 [p value (t-test)= 0.002, 

indicating a statistically significant difference] 

Then, we determined the optimum concentration of CMC-Na for maximum production 

of cellulase by the two haloarchaea. As seen in Fig. 3.18A and B, the optimum 

concentration of CMC-Na for maximum cellulase production by Halomicroarcula 

pellucida GUMF5 and Haloferax sulfurifontis GUMFAZ2 was found to be 0.5% (w/v). 

Beyond 0.5%, the graph began to plateau upto 1.50% (w/v). This indicates that 0.5% 

CMC-Na is the mimimum concentration of CMC-Na required to obtain maximum 

production of cellulase. 
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Fig. 3.18 Effect of optimum concentration of substrate on production of cellulase from 

A: Halomicroarcula pellucida GUMF5 and B: Haloferax sulfurifontis GUMFAZ2 

3.2.3.3.3. Optimum time for maximum harvest of cellulase 

The time of enzyme harvest plays an important role in obtaining maximum production 

of cellulase. As seen in Fig. 3.19A and B, the optimum time of enzyme harvest required 

to obtain maximum production of cellulase by Halomicroarcula pellucida GUMF5 and 

Haloferax sulfurifontis GUMFAZ2 was found to be 96hr. Halomicroarcula pellucida 

GUMF5 produced maximum cellulase of 158µg/ml whereas Haloferax sulfurifontis 

GUMFAZ2 produced maximum cellulase of 110µg/ml at 96hr. 

    

 

 

 

 

 

 

 

Fig. 3.19 Production of cellulase with time A: Halomicroarcula pellucida GUMF5 and 

B: Haloferax sulfurifontis GUMFAZ2 

3.2.3.3.4. Optimum inoculum size and agitation (rpm) for maximum harvest of 

cellulase 

Here, we determined the inoculum size (%) required for maximum production of 

cellulase in order to maintain the production of cellulase during its subculturing. As 
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seen in Fig. 3.20A and B, the optimum inoculum size (%) for both the haloarchaea was 

determined to be 5%, wherein Halomicroarcula pellucida GUMF5 and Haloferax 

sulfurifontis GUMFAZ2 produced cellulase of 158µg/ml and 111µg/ml, respectively. 

As the inoculum size increased from 5 to 10%, the cellulase production decreased. 

 

 

 

 

 

 

 

 

Fig. 3.20 Production of cellulase with respect to inoculum size (%) A: Halomicroarcula 

pellucida GUMF5 and B: Haloferax sulfurifontis GUMFAZ2 

As seen in Fig. 3.21A and B, the optimum agitation (rpm) conditions for maximum 

production of cellulase was found to be 150rpm, below and above which the production 

of cellulase decreased.  

 

 

 

 

 

 

 

Fig. 3.21 Production of cellulase with respect to agitation (rpm) during its growth A: 

Halomicroarcula pellucida GUMF5 and B: Haloferax sulfurifontis GUMFAZ2 

3.2.4. Optimization for maximum enzyme activity 

Here, we optimized the enzyme assay to obtain maximum enzyme activity. 

A B 

A B 

Agitation (rpm) Agitation (rpm) 



Chapter III 

98 

 

3.2.4.1. XYLANASE 

3.2.4.1.1. Effect of NaCl concentration, pH and temperature on the xylanase 

activity 

(a) Effect of NaCl concentration on xylanase activity 

The concentration of NaCl in the enzyme buffer altered the xylanase activity as seen in 

Fig. 3.22A and B. The optimum NaCl concentration for maximum xylanase activity 

from Halorubrum saccharovorum GUMFAS1 (1.07±0.032 U/ml) as well as 

Halococcus saccharolyticus GUMFAS7 (1.24±0.013 U/ml) was found to be 20% (w/v). 

As the concentration of NaCl in the buffer increased from 20 to 30% (w/v), the xylanase 

activity decreased. Xylanase was still active at 30% NaCl with an activity of 0.61±0.013 

U/ml and 0.77±0.09 U/ml by Halorubrum saccharovorum GUMFAS1 and Halococcus 

thailandensis GUMFAS7. 

 

 

 

 

 

 

 

 

Fig. 3.22 Effect of NaCl on xylanase activity from A: Halorubrum saccharovorum 

GUMFAS1 and B: Halococcus thailandensis GUMFAS7 

(b) Effect of pH on xylanase activity 

As seen in Fig. 3.23A and B, the pH of the buffer altered the xylanase activity. 

Maximum xylanase activity was obtained at pH 7 for Halorubrum saccharovorum 

GUMFAS1 and pH 5 for Halococcus thailandensis GUMFAS7 with an activity of 

1.073±0.024 U/ml and 1.25±0.033 U/ml, respectively. The enzyme was active across 

the entire range of pH studied (pH 4 to 9). 

(c) Effect of temperature on xylanase activity 

As seen in Fig. 3.24A and B, the optimum temperature for maximum xylanase activity 

by Halorubrum saccharovorum GUMFAS1 and Halococcus thailandensis GUMFAS7 

A B 



Chapter III 

99 

 

was found to be 40ºC. Decrease in xylanase activity was observed as the temperature 

decreased from 40ºC to 20ºC and increased from 40ºC to 60ºC. 

 

 

 

 

 

Fig. 3.23 Effect of pH on xylanase activity from A: Halorubrum saccharovorum 

GUMFAS1 and B: Halococcus thailandensis GUMFAS7 

 

 

 

 

 

 

Fig. 3.24 Effect of temperature on xylanase activity from A: Halorubrum 

saccharovorum GUMFAS1 and B: Halococcus thailandensis GUMFAS7 

3.2.4.1.2. Effect of different substrates and substrate concentration on xylanase 

activity  

Xylanase activity was tested against two substrates of beechwood xylan and birchwood 

xylan. Best substrate among the two was found to be beechwood xylan with a xylanase 

activity of 1.08±0.14 U/ml and 1.26±0.32 U/ml by Halorubrum saccharovorum 

GUMFAS1 and Halococcus thailandensis GUMFAS7, respectively (Fig. 3.25A and B). 

The optimum concentration of beechwood xylan for maximum xylanase activity was 

found to be 0.5% (w/v). As seen in Fig. 3.26A and B, the xylanase activity began to 

remain stable after 0.5% (w/v) concentration, indicating that 0.5% (w/v) is the minimum 

concentration of substrate required for maximum xylanase activity. 
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Fig. 3.25 Effect of different substrates on xylanase activity from A: Halorubrum 

saccharovorum GUMFAS1 and B: Halococcus thailandensis GUMFAS7 [p value (t- 

test)= 0.002, indicating a statistically significant difference] 

 

 

 

 

 

Fig. 3.26 Effect of substrate concentration on xylanase activity from A: Halorubrum 

saccharovorum GUMFAS1 and B: Halococcus thailandensis GUMFAS7 

3.2.4.1.3. Optimum incubation time for maximum xylanase activity 

The time of incubation of the reaction mixture affected the xylanase activity. As can be 

seen in Fig. 3.27A and B, maximum xylanase activity was observed when the 

incubation time of reaction mixture was 30 mins. Halorubrum saccharovorum 

GUMFAS1 showed a xylanase activity of 1.10±0.29 U/ml and Halococcus 

thailandensis GUMFAS7 showed a xylanase activity of 1.27±0.39 U/ml. 

3.2.4.1.4. Optimum molarity of enzyme buffer for maximum xylanase activity 

As seen in Fig. 3.28A and B, we observed that the optimum molarity of enzyme buffer 

for both the haloarchaea was same. The optimum buffer for maximum xylanase activity 

by Halorubrum saccharovorum GUMFAS1 and Halococcus thailandensis GUMFAS7 

was 25mM Tris HCl buffer pH 7 and 25mM Citrate buffer pH 5. 
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Fig. 3.27 Effect of incubation time on xylanase activity from A: Halorubrum 

saccharovorum GUMFAS1 and B: Halococcus thailandensis GUMFAS7 

 

 

 

 

 

 

Fig. 3.28 Effect of molarity of enzyme buffer on xylanase activity from A: Halorubrum 

saccharovorum GUMFAS1 and B: Halococcus thailandensis GUMFAS7 

3.2.4.1.5. Effect of ammonium nitrate on xylanase activity of Halococcus 

thailandensis GUMFAS7 

As observed during the optimization of medium components for maximum production 

of xylanase (Section 3.2.2.2.), we observed that presence of NH4NO3 increased the 

enzyme activity. As seen in Fig. 3.29, various concentrations of ammonium nitrate were 

used (0.01% to 0.08% w/v) as an additive in the enzyme assay reaction mixture. Here, 

we observed that 0.02% (w/v) NH4NO3 gave the maximum xylanase activity of 

1.71±0.035 U/ml. As the concentration of NH4NO3 increased from 0.02% (w/v), the 

xylanase activity began to decrease indicating the inhibitory effect of higher 

concentrations of NH4NO3. The xylanase activity by Halorubrum saccharovorum 

GUMFAS1, was not enhanced by addition of ammonium nitrate, however the xylanase 

activity was highly reduced in the presence of NH4NO3, hence optimization of 
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concentration of NH4NO3 was not carried out for Halorubrum saccharovorum 

GUMFAS1. 

 

 

 

 

 

Fig. 3.29 Effect of NH4NO3 on xylanase activity from Halococcus thailandensis 

GUMFAS7 

Based on all the optimization studies to obtain maximum xylanase activity, the optimum 

enzyme assay for Halorubrum saccharovorum GUMFAS1 and Halococcus 

thailandensis GUMFAS7 is shown in Table 3.6. 

Table 3.6 Optimized condition of enzyme assay for maximum xylanase activity 

 Halorubrum 

saccharovorum 

GUMFAS1 

Halococcus thailandensis 

GUMFAS7 

Incubation time 

of reaction 

mixture  

30 min 30 min 

Substrate (conc.)  Beechwood Xylan (0.5%) Beechwood Xylan (0.5%) 

Temperature  40⁰C 40⁰C 

Buffer  25mM Tris HCl pH 7 0.1M Citrate buffer pH 5 

NaCl 

concentration  

20% 20% 

NH4NO3  - 0.02% 

 

The optimization studies for xylanase activity, enabled us to determine the enzyme 

activity across a wide range of parameters. The xylanase activities before and after 

optimization are shown in Table 3.7.  
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Table 3.7 Comparison of xylanase activity by the two haloarchaea before and after 

optimization. 

[*
1
 p value (t-test)= 0.003, *

2
p value (t-test)= 0.002, indicating a statistically significant 

difference in xylanase activity before and after optimization] 

3.2.4.2. CELLULASE 

3.2.4.2.1. Effect of NaCl concentration, pH and temperature on the cellulase 

activity 

(a) Effect of NaCl concentration on cellulase activity 

Concentration of NaCl in the enzyme buffer affects the cellulase activity. As seen in 

Fig. 3.30A and B, optimum NaCl concentration for maximum cellulase activity was 

found to be 20% (w/v). Halomicroarcula pellucida GUMF5 produced a maximum 

cellulase activity of 17.4±0.32U/ml while Haloferax sulfurifontis GUMFAZ2 produced 

a maximum cellulase activity of 11.2±0.37U/ml. The enzymes were active even in the 

presence of 30% (w/v) NaCl, thereby indicating its activity at high NaCl concentrations. 

  

 

 

 

 

 

Fig. 3.30 Effect of NaCl on cellulase activity from A: Halomicroarcula pellucida 

GUMF5 and B: Haloferax sulfurifontis GUMFAZ2 

 Xylanase Activity (U/ml) 

Before optimization After optimization 

Halorubrum 

saccharovorum 

GUMFAS1
*1

  

1.06 ±0.052 1.10 ±0.29 

Halococcus thailandensis 

GUMFAS7
*2

  

1.21 ±0.043 1.71 ±0.035 
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(b) Effect of pH on cellulase activity 

As seen in Fig. 3.31A and B, the pH of the enzyme buffer affected the cellulase activity 

by the two haloarchaea. Halomicroarcula pellucida GUMF5 and Haloferax sulfurifontis 

GUMFAZ2 produced maximum cellulase activity of 17.5±0.41U/ml and 

11.25±0.29U/ml at pH 7. As the pH of the enzyme buffer decreased from pH 7 to pH 4, 

cellulase activity also decreased. The cellulases were active even upto pH 9, with an 

activity of 12.3±0.24U/ml and 10.1±0.31U/ml by Halomicroarcula pellucida GUMF5 

and Haloferax sulfurifontis GUMFAZ2, respectively. 

 

 

 

 

 

 

Fig. 3.31: Effect of pH on cellulase activity from A: Halomicroarcula pellucida 

GUMF5 and B: Haloferax sulfurifontis GUMFAZ2 

(c) Effect of temperature on cellulase activity 

As seen in Fig. 3.32A and B, the optimum temperature for maximum cellulase activity 

by  

 

 

 

 

 

Fig. 3.32 Effect of temperature on cellulase activity from A: Halomicroarcula pellucida 

GUMF5 and B: Haloferax sulfurifontis GUMFAZ2 
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Halomicroarcula pellucida GUMF5 and Haloferax sulfurifontis GUMFAZ2 was found 

to be 40ºC. Cellulases produced by both these haloarchaea were active over a wide 

range of temperature ranging from 20ºC to 60ºC, however the cellulase activity at each 

temperature varied. 

3.2.4.2.2. Effect of different substrates and substrate concentration on cellulase 

activity 

Cellulase activity varied among the two substrates used. The CMC-Na was found to be 

the best substrate among the two substrates used as shown in Fig. 3.33A and B. 

Halomicroarcula pellucida GUMF5 produced a maximum cellulase of 17.5±0.41 U/ml 

by utilizing CMC-Na as the substrate for cellulase, whereas Haloferax sulfurifontis 

GUMFAZ2 produced maximum cellulase of 11.32±0.21U/ml by utilizing CMC-Na as 

the substrate for cellulase. Though cellulase activity was also observed when Whatman 

No.1 filter paper served as the substrate for cellulase, however the cellulase activity was 

low as compared to CMC-Na, hence CMC-Na was determined as the optimum substrate 

for maximum cellulase activity by both the haloarchaea. 

 

 

 

 

 

Fig. 3.33 Effect of different substrates on cellulase activity from A: Halomicroarcula 

pellucida GUMF5 [p value (t-test) = 0.001 indicating a statistically significant 

difference] and B: Haloferax sulfurifontis GUMFAZ2 [p value (t-test) = 0.001 

indicating a statistically significant difference] 

As seen in Fig. 3.34A and B, the optimum concentration of CMC-Na for maximum 

cellulase activity was found to be 0.5% (w/v). As the concentration of CMC-Na was 

increased from 0.5% (w/v), the cellulase activity began to plateau, indicating that 0.5% 

(w/v) CMC-Na is the minimum concentration of substrate required to obtain maximum 

cellulase activity. 
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Fig. 3.34 Effect of CMC-Na concentration on cellulase activity from A: 

Halomicroarcula pellucida GUMF5 and B: Haloferax sulfurifontis GUMFAZ2 

3.2.4.2.3. Optimum incubation time for maximum cellulase activity 

As seen in Fig. 3.35A and B, the time of incubation of the reaction mixture altered the 

cellulase activity. The optimum time of incubation of the reaction mixture to obtain 

maximum cellulase activity was found to be 30 mins for both the cellulase producing 

haloarchaea. Maximum cellulase activity of 17.85±0.35U/ml and 11.9±0.46U/ml was 

seen by Halomicroarcula pellucida GUMF5 and Haloferax sulfurifontis GUMFAZ2, 

respectively. 

 

 

 

 

 

 

Fig. 3.35 Effect of incubation time on cellulase activity from A: Halomicroarcula 

pellucida GUMF5 and B: Haloferax sulfurifontis GUMFAZ2 

3.2.4.2.4. Optimum molarity of enzyme buffer for maximum cellulase activity 

As seen in Fig. 3.36A and B, we determined the optimum molarity of the enzyme buffer 

in order to obtain maximum cellulase activity. Halomicroarcula pellucida GUMF5 

produced maximum cellulase activity of 17.9±0.25U/ml in 25mM Tris HCl buffer pH 7. 
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As the molarity of the buffer increased from 25mM to 125mM, the cellulase activity 

decreased. Haloferax sulfurifontis GUMFAZ2 produced maximum cellulase activity of 

12.4±0.46U/ml in 100mM Tris HCl buffer pH 7. Hence, though the enzyme buffer was 

same for both the cellulase producing haloarchaea, the molarity of the enzyme buffer to 

obtain maximum cellulase activity by both the cultures was different. 

 

 

  

 

 

 

Fig. 3.36 Effect of molarity of enzyme buffer on cellulase activity from A: 

Halomicroarcula pellucida GUMF5 and B: Haloferax sulfurifontis GUMFAZ2 

Based on all the optimization studies to obtain maximum cellulase activity, the optimum 

enzyme assay for Halomicroarcula pellucida GUMF5 and Haloferax sulfurifontis 

GUMFAZ2 is shown in Table 3.8. The enzyme assays for both the cellulase producing 

haloarchaea differed only in the molarity of the enzyme buffer. 

Table 3.8 Optimized condition of enzyme assay for maximum xylanase activity 

 Halomicroarcula pellucida 

GUMF5 

Haloferax sulfurifontis 

GUMFAZ2 

Incubation time of 

reaction mixture  

30 min 30 min 

Substrate (conc.)  CMC-Na (0.5%) CMC-Na (0.5%) 

Temperature  40⁰C 40⁰C 

Buffer  25mM Tris HCl pH 7 100mM Tris HCl pH 7 

NaCl concentration  20% 20% 
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pellucida GUMF5 and Haloferax sulfurifontis GUMFAZ2 before and after optimization 

are shown in Table 3.8.  

Table 3.8 Comparison of cellulase activity by the two haloarchaea before and after 

optimization. 

 Cellulase Activity (U/ml) 

Before optimization After optimization 

Halomicroarcula pellucida 

GUMF5 *
1
 

17.4 ±0.27 17.9 ±0.35 

Haloferax sulfurifontis 

GUMFAZ2 *
2
 

11.3 ±0.31 12.4 ±0.46 

[*1 p value (t-test)= 0.005, *2p value (t-test)= 0.001, indicating a statistically significant 

difference in cellulase activity before and after optimization] 

3.3. DISCUSSION 

Haloarchaea are extremely halophilic archaea which thrive in environments having 20 

to 30% NaCl concentrations. Enzymes such as cellulases and xylanases produced by 

these are active and stable at extreme conditions such as high salt concentrations of upto 

30% (w/v). There are very few reports on the degradation of plant polymers in 

hypersaline environments by microorganisms, however Elazari-Volcani in 1943 

reported the enrichment of cellulose decomposers from the inoculums of Dead Sea 

(Elazari-Volcani 1943). The ability to degrade cellulose and xylan is uncommon among 

halophiles, however there are reports on some microorganisms inhabiting hypersaline 

environments with the ability to degrade cellulose and xylan (Simankova et al. 1993; 

Wang et al., 2009; Vreeland et al., 1998). Kamekura has reported screening of 160 

eubacterial halophiles for hydrolytic enzymes, but it did not show cellulase and 

xylanase producers (Kamekura, 1986). Cellulase producers were reported by Vreeland 

et al., (1998) isolated from salt mine, though these were not checked for degradation of 

hemicellulose. The extremely halophilic actinomycete Actinopolyspora halophila is 

reported for production of cellulase and hemicellulase (Johnson et al., 1986) which 

produced xylanase activity optimally at 15% (w/v) NaCl, however this xylanase activity 

was not determined at different NaCl concentrations. Another report on xylanase 

production by Thermotoga maritime MSB8, a marine eubacterium produces two 
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xylanases, both of which were optimally active at 0.5 M NaCl and retained 49-65% of 

xylanase activity at 2.0 M NaCl (about 12% w/v) (Winterhalter and Liebl, 1995). 

Simankova et al., (1993) isolated Halocella cellulosilytica from a hypersaline lagoon 

with the ability to produce cellulase at 20% NaCl, but was not able to produce xylanase. 

The first description of xylanase production by archaea was reported from the 

hyperthermophilic archaeon Thermococcus zilligii strain AN1 (Uhl and Daniel 1999), 

which showed β-xylanase and β-xylosidase activities which exhibited halophilic 

characteristics, with reduced activity at low salinity. Extracellular enzymes produced by 

halophiles are usually reported to irreversibly lose their activity at low ionic strength 

(Larsen, 1967; Ryu et al., 1994). Xylanase and cellulase produced in our study was 

active across a wide range of NaCl ranging from 5%-30% NaCl. Cellulase and xylanase 

produced by Halomicroarcula pellucida GUMF5 and Halococcus thailandensis 

GUMFAS7, respectively showed maximum enzyme activity as well as production at 

20% (w/v) NaCl. In addition to this, these enzymes were also active at lower and higher 

NaCl concentrations. Haloarchaeal enzymes require high concentrations of salt for 

enzyme activity and stability, since as the salt concentration becomes less than 1-2 M 

NaCl or KCl, most of the enzyme protein structure unfold thereby losing activity of the 

enzyme (Madern et al., 2000). Such haloarchaeal enzymes are active at high salt 

concentrations since they maintain their osmotic balance by accumulating large amount 

of KCl in their cytoplasm (Lanyi, 1974). Haloarchaeal proteins are unique as they are 

adapted to such high NaCl concentrations which are also reflected in their amino acid 

composition (Lanyi, 1974; Eisenberg 1995; Madern et al. 2000; Mevarech et al., 2000). 

The structural flexibility of haloarchaeal enzymes is retained at high concentrations of 

NaCl since the surface of halophilic proteins is more on the acidic side and they have a 

reduced overall hydrophobicity when compared to enzymes produced by non-halophilic 

microorganisms (Mevarech et al., 2000).  

Studies on xylanases are reported from thermophiles, alkaliphiles and acidophiles, 

however halophilic xylanases have been poorely studied. It has also been earlier 

reported that salinity of culture medium which is used to produce the enzyme strongly 

influences the extracellular enzyme production of halophiles (Karbalaei-Heidari et al, 

2007 and 2009). Since enzyme activity was still retained after incubation with NaCl 

concentration upto 30% (w/v), this indicates the halostable nature of the cellulase under 

high salinity conditions. An exception of the recent reports on cellulase activity with 

extreme halotolerant enzyme upto 20 % NaCl (Li and Yu, 2013; Wang et al., 2009), in 
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addition to our study there is only one report on haloarchaeal cellulase wherein the 

enzyme is stable upto 30% NaCl (w/v) (Li and Yu, 2013). Comparison of these results 

revealed the halophilic nature of the isolates, and the presence of salt to be a prerequisite 

for the haloarchaeal growth as well as enzyme production. Like other members of 

halobacteriaceae, Haloarcula optimally grows at NaCl concentrations of 2-4.5M, 

however requiring atleast 1.5M NaCl for growth and are of potential interest, since 

enzymes produced by them are functional at high NaCl concentrations for example, 

amylase which is produced by Haloarcula sp. is optimally functional at 4.3 M salt at 

50°C (Fukushima, 2005). Optimum time required for maximum production of cellulase 

from Haloarcula 2TK2 was reported to be 7days (Ogan et al., 2012) while in our study 

the optimum time for harvesting maximum amount of cellulase and xylanase was 4 

days.  

The cellulase from Halomicroarcula pellucida GUMF5 and Haloferax sulfurifontis 

GUMFAZ2 was produced by utilizing CMC-Na as sole source of carbon which 

indicates the cellulase to be an endocellulase as indicated by Kang et al., 1995.  A study 

of the salt relationships of the cellulase activities of haloarchaeal isolates from the 

Tuzkoy salt mine, grown in liquid media containing 10%, 15% and 25% NaCl, showed 

that cellulase activity was optimal in 2.5 M NaCl, 25ºC, and pH 7 (Birbir et al., 2004). 

Since all the reports included additional carbon sources for growth, there were doubts 

whether such celllulase producers could utilize cellulose as sole source of carbon and 

energy.  Our study is the first report on production of cellulase from Halomicroarcula 

pellucida GUMF5 on utilization of CMC-Na as the sole source of carbon, without any 

other external carbon source. The cellulase from Halomicroarcula pellucida GUMF5 

had endoglucanase activity since it hydrolyzed CMC-Na and was not able to hydrolyze 

cellobiose. This result is similar to the reports on other cellulases from halophiles 

(Aygan and Arikan, 2008; Zhang et al., 2012). As seen in other organisms, 

Halomicroarcula pellucida GUMF5 and Haloferax sulfurifontis GUMFAZ2 exhibited 

cellulase activity during its exponential phase which plateaued during its stationary 

phase of growth (Li and Yu, 2013). It may be noted that Halomicroarcula pellucida 

GUMF5 and Haloferax sulfurifontis GUMFAZ2 being extremely halophilic also 

retained its stability at ambient pH and temperatures which is similar to the report on 

cellulase from the halophilic bacteria Salinivibrio sp. strain NTU05 (Wang et al., 2009). 

Cellulase has also been reported by immobilizing haloarchaeal cells of Haloarcula 

2TK2 in alginate beads wherein optimum NaCl concentration was 2.5M (Ogan et al., 
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2012). In our study, we also determined cellulase activity from cells of 

Halomicroarcula pellucida GUMF5 immobilized in alginate beads, wherein we found 

that the cellulase activity was drastically low as compared to the cellulase activity in 

free cells. This may be due to the fact that alginate creates diffusional barriers which are 

set up by the gel against the transport of the substrates (D’Souza, 1999).  

The demand to exploit microorganisms for isolating alkaline enzymes has increased 

since the enzymes possess tremendous potential applications in industry (Margesin and 

Schinner, 2001). Since enzymes are very sensitive to pH, determination of the optimal 

pH is essential for production of cellulase and xylanase (Sanghavi et al., 2014). The 

cellulase and xylanase obtained in our study was active across a wide range of pH 

ranging from acidic to neutral to alkaline pH, however the optimum pH found to be pH 

7 which is also reported in the haloarchaeon Haloarcula 2TK2 (Ogan et al., 2012). In 

the present study, beechwood xylan was proven to be the best carbon source for 

production of xylanase without any other external source of sugar like xylose and 

glucose, since addition of glucose and xylose as supplements reduced the enzyme 

activity. This is in contrast to the report by Sanghavi et al., 2014, which shows that 

supplementation of xylose increased the yield of enzyme. The xylanase produced by 

Halorubrum saccharovorum GUMFAS1 and Halococcus thailandensis GUMFAS7 was 

free of cellulase, and such   cellulase-free xylanases are of paramount significance in 

paper bleaching industries as they ensure the protection of the required cellulose fiber 

(Adhyaru et al., 2014; Thomas et al., 2013) while disrupting the plant cell wall structure 

and facilitating lignin removal (Kulkarni et al., 1996).  

Reports on optimization studies of xylanases and cellulases from haloarchaea are rare, 

hence the present study for the first time, signifies the optimum conditions for 

maximum activity and production of cellulase and xylanase from haloarchaea with 

significant relevance in the field of biotechnology since these enzymes are active across 

a wide range of extreme conditions. The significance of the present study is (i) to the 

field of hydrolytic haloenzymes which are much sought for their possible application in 

industrial processes involving high salinity; (ii) it reflects the haloarchaea-sponge 

symbiotic relationship and (iii) their possible involvement in animal nutrition-web 

derived from detrital food web. 

In conclusion, we record this as the first report on production of xylanase‐free cellulase 

by Haloferax sulfurifontis GUMFAZ2 and Halomicroarcula pellucida GUMF5, a 

member of the Haloferax and Halomicroarcula genus respectively. This is also the first 
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report of its kind on the production of cellulase-free xylanase by Halorubrum 

saccharovorum GUMFAS1 and Halococcus thailandensis GUMFAS7 retrieved as 

bionts of Cinachyrella cavernosa. Further, these enzymes being active upto 5M NaCl 

are true haloextremozymes and hence, deserve further investigation. 
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Haloarchaea are characterized as extremophiles since they grow in presence of high 

concentrations of NaCl ranging from around 8% to approximately 36% (Litchfield, 

2011). Due to such living conditions, enzymes produced by haloarchaea have evolved to 

function optimally at extreme conditions such as high temperatures, pH and salinities or 

even in the presence of organic solvents, thereby making them robust biocatalysts 

having potential applications in the harsh industrial processes (Litchfield, 2011). 

Although a large number of microorganisms are reported to degrade cellulose, a few 

produce cellulase in significant quantities (Bailey and Birbir, 1993; Limauro et al., 2001 

and Birbir et al., 2007). A number of bacteria and actinomycetes yield cellulase activity, 

however fungi are reported to be the main cellulase producers (Hall and House, 1994; 

Zhiyou et al., 2005). Methods used for purification of haloarchaeal cellulases and 

xylanases mostly include concentration of the enzyme by ethanol precipitation or 

ultrafiltration followed by gel filtration. However, one step purification method is 

advantageous since too many steps in purification can hinder the enzyme. Haloarchaea 

are known to accumulate KCl at high concentrations in the cytoplasm to maintain the 

conformations of their proteins (Oren, 2008). Halophilic enzymes maintain their 

solubility at high salt concentration since they possess a high negative surface charge of 

carboxyl group which shields the high salt concentration. This chapter details the 

studies carried out on the partial purification of extracellular xylanase and cellulase 

obtained from Halococcus thailandensis GUMFAS7 and Halomicroarcula pellucida 

GUMF5, respectively. It also includes effect of metal ions and organic solvents on the 

enzyme activity, along with enzyme production using agro-waste like sugarcane 

bagasse, orange peels and corn cob. 

  

4.1. METHODOLOGY 

4.1.1. Inoculum Preparation 

The inoculum preparation for enzyme production was done as mentioned in section 

3.2.2. The medium used for cellulase and xylanase production was that optimized in this 

study, NSM ((g/L) MgSO4.7H20, 20; NaCl, 200; KCl, 4; CaCl2.6H2O, 1; NaHCO3, 

MgCl2.6H2O, 15; 0.2; NH4Cl, 2; FeCl3.6H2O, 0.005; KH2PO4, 0.5; pH 7 agar containing 

(i) 0.5% carboxymethylcellulose-Na (CMC-Na) and (ii) 0.5% beechwood xylan as 

substrates for cellulase and xylanase, respectively. The culture was grown in its 

respective medium for 96 h at 40°C under shaking conditions (150 rpm) followed by 
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centrifugation at 10,000 x g for 20 min (4°C) and the culture supernatant was used as a 

source of cellulase or xylanase, respectively. The enzymatic activity of crude enzyme 

preparation was determined (Malik and Furtado, 2019). 

 

4.1.2. Enzyme Purification 

Culture supernatant (500ml) having crude enzyme was concentrated to 250ml by 

passing it through dry Sephadex G20 (Sigma). To this, 100ml of 70% ice cold ethanol 

was added dropwise with constant stirring, with slight modification to the method given 

by Vidyasagar et al., 2006. Enzyme was allowed to precipitate for 2 hours at 4ºC. The 

precipitate was recovered by centrifuging at 10,000g for 20mins at 4ºC, resuspended in 

5ml of 25mM Tris HCl buffer pH 7 (enzyme buffer) containing 20% NaCl followed by 

dialysis against the same buffer overnight at 4°C. The retentate containing enzyme 

obtained after dialysis was applied to a Sephadex G200 (Sigma Aldrich-USA) column 

(2x30cms), equilibrated with 25mM Tris-HCl pH 7 containing 20% NaCl. Fractions of 

1ml were collected with a flow rate of 0.4ml min
-1

 and each of these fractions was 

analyzed for protein content and enzyme activity. The protein content was determined 

spectrophotometrically at 280nm. The activity of each of the fractions was determined 

by using the optimized assay as well as using the agar cup-plate method (Fig. 4.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Layout for partial purification of extracellular xylanase and cellulase 
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In the agar cup plate method, wells were bored in substrate agar containing 20% (w/v) 

NaCl and 0.5% (w/v) of the respective substrate. Aliquotes of 10µl of each of the 

fraction was added to each well, and incubated at 40ºC for 24hrs. After incubation the 

substrate agar was flooded with 0.1% (w/v) congo red for 30 mins and destained with 

1M NaCl. Zone of clearance around the wells indicated enzyme activity. The individual 

fractions with enzyme activity were not pooled. 

 

4.1.3. Polyacrylamide gel electrophoresis 

4.1.3.1. NATIVE-PAGE and Zymographic Analysis 

The active fractions eluted out from the sephadex G200 column were examined by 10% 

Native-Polyacrylamide Gel Electrophoresis (Native-PAGE) (Laemmli, 1970). Here, 

10µl of the active fractions were loaded onto a 10% NATIVE-PAGE, and 

electrophoresed. Electrophoresis was carried out at 100V. Once the run was complete, 

the gel was cut into two halves, each having identical lanes. Of the two halves, one half 

was stained by the silver staining method (Bassam, et al., 1991) to visualize the proteins 

and the remaining half of the gel was separately used for zymographic analysis to detect 

enzyme activity. For zymography, the NATIVE gel was placed on a fine layer of agar-

agar (1% w/v) containing 0.5% (w/v) of substrate and 20% (w/v) NaCl, and incubated 

overnight in a 40ºC incubator. After incubation, the NATIVE gel was removed and the 

substrate agar was stained for 20mins with 0.1% (w/v) congo red, which was followed 

by destaining with 1M NaCl until the visualization of clear bands of enzyme activity 

(Xue X et al., 1999).  

 

4.1.3.2. SDS-PAGE Analysis 

The molecular mass of the enzyme was determined separately by subjecting the enzyme 

to 10% Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) by the 

method of Laemmli, 1970. The molecular weight markers used were a mixture of 

catalase (240kDa), phosphorylase B (97.4kDa), Trypsin Soyabean Inhibitor (20.1kDa) 

and Lactoglobulin (18.4kDa) (Merck Pvt Ltd, Mumbai India). Electrophoresis was 

carried out at 100V. Once the run was complete, the polyacrylamide gel was silver 

stained (Bassam et al., 1991) and molecular mass of the enzyme was determined. 
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4.1.4. Effect of organic solvents and metal ions on enzyme activity 

The effect of metal ions on enzyme activity was determined by incubating 5U of the 

partially purified enzyme along with 10mM concentration of different metal ions such 

as Ca
+2

, Na
+2

, NH
4+

, Fe
+2

, Ag
+
, Mg

+2
, Mn

+2
, K

+
, Cu

+2
 and Zn

+2
; in the form of CaCl2, 

Na2SO4, NH4NO3, FeCl3, AgNO3, MgCl2, MnCl2, KCl, CuSO4 and ZnSO4, respectively 

at 40ºC for 30 mins followed by determining the relative enzyme activity with 

respective untreated controls. 

 For effect of organic solvents, the 5U of the partially purified enzyme was incubated 

along with methanol, acetone, hexane, benzene, acetonitrile, isopropylalcohol, 

ethylacetate, xylene, ethanol and butanol at 50% (v/v) prepared in 25 mM Tris HCl pH 

7 containing 20% NaCl and incubated at  40ºC for 30mins. The relative activity was 

calculated with respect to the control without treatment with metal ions and organic 

solvents. 

 

4.1.5. Stability of enzyme 

We further moved on to determining the stability of the enzyme at different 

temperatures and pH values. 

 

4.1.5.1. Thermal stability of the partially purified enzyme 

The partially purified cellulase (5U) and xylanase obtained from Halomicroarcula 

pellucida GUMF5 and Halococcus thailandensis GUMFAS7, respectively was 

incubated with their optimized enzyme buffer (for cellulase: 25mM Tris HCl pH7 and 

for xylanase: 100mM Tris HCl pH7) containing 20% (w/v) NaCl at different 

temperatures of 4, 20, 30, 40, 50, 60, 70 and 80ºC for 8hr. The enzyme activity was 

determined using substrate containing 20% (w/v) NaCl at intervals of 1 h (Malik and 

Furtado, 2019). The residual activity was expressed as percentage (%) of the initial 

activity. 

 

4.1.5.2. Effect of pH on the stability of partially purified enzyme 

To determine the effect of pH on the stability of the partially purified cellulase and 

xylanase, the enzymes (5U) were incubated with buffers of different pH values (25mM 

Citrate buffer pH 4-6 and 25mM Tris HCl buffer pH 7-9) followed by incubation at 4ºC 

for 32 hours. The residual enzyme activity was determined at every 4 hr intervals under 
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assay conditions (Malik and Furtado, 2019). The initial activity of the enzymes at 

different pH values were considered as 100%. 

4.1.6. Production of cellulase using agro-waste  

We determined the production of cellulase by utilizing agro-waste as a source of 

cellulose in order to reduce the production cost of cellulase. The agro-wastes used were 

sugarcane bagasse, corn cob and orange peels.  

 

4.1.6.1. Treatment of agro-waste 

Agro-wastes including sugarcane bagasse and corn cob were collected from a local juice 

vendor and brought to the lab. This was then washed several times using tap water, 

which was followed by a final wash using distilled water. It was then treated with 0.1N 

NaOH for 1 hour by autoclaving, then filtered and filtrate was washed several times in 

water followed by drying in oven at 100ºC (Fig. 4.2) (Asgher et al., 2013). This dried 

content was then powdered and used as substrate for production of enzyme. 

In addition to sugarcane bagasse and corn cob, orange peels were also used for 

production of cellulase. The orange peels were obtained from a juice vendor. These 

peels were brought to the lab and washed with water and dried in the oven at 80ºC for 

12 hours. These were then powdered and treated with 0.6N NaOH. This step was 

repeated thrice followed by filtration using a muslin cloth. The residue obtained upon 

filtration was then dried in the oven at 80ºC for 4 hours (Naz et al., 2016). The dried 

powder thus obtained was then sieved and used as a substrate for cellulase (Fig. 4.3). 

 

 

 

 

 

 

 

(A)                              (B)                                (C)     (D) 

Fig. 4.2 Agro-waste visual appearance before and after treatment (A) Untreated 

Sugarcane Bagasse, (B) Treated Sugarcane Bagasse, (C) Untreated Corn Cob and (D) 

Treated Corn Cob. 
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Orange peels washed  
and dried in oven 

Grind to a fine powder 

Treated with 0.6 
N NaOH 

Treatment with 0.6N NaOH 
was repeated 

Followed by drying in 
oven 

Filter 

The crude cellulose obtained from agro-wastes was individually used at concentrations 

of 1% (w/v) for production of cellulase. Here, haloarchaeal cells were inoculated into 

20% NSM containing 1% of the substrates which served as the sole source of carbon for 

cellulase. Each flask was then incubated at 40ºC for 8 days. Aliquotes were obtained 

every 24h which were monitored for haloarchaeal growth and cellulase activity as per 

the optimized cellulase assay. We also determined the specific activity of the enzyme at 

96hrs of incubation since this was the optimum time of enzyme harvest. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3 Alkali treatment of orange peels  

 

4.2. RESULTS 

4.2.1. Partial Purification and characterization of cellulase from Halomicroarcula 

pellucida GUMF5 

4.2.1.1. Purification profile of cellulase from Halomicroarcula pellucida GUMF5 

The results of partial purification of cellulase from Halomicroarcula pellucida GUMF5 

is summarized in Table 4.1. We harvested 500ml of crude cellulase which yielded an 

extracellular protein of 84mg with a total cellulase activity of 8850U (105.36U/mg). 

Upon concentration of this crude enzyme with Sephadex G20, we obtained 115.56U/mg 

of cellulase. Further, upon ethanol precipitation of the enzyme, we obtained a specific 

activity of 125.44U/mg with a purification fold of ~1.19. The purity of the enzyme 
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increased by 1.24 fold upon dialysing the ethanol precipitated enzyme, and the retentate 

contained 0.106mg/ml of protein with specific activity of 131.13U/mg.  

 

Table 4.1 Partial purification of extremely halophilic cellulase produced by 

Halomicroarcula pellucida GUMF5 

 

Further subjection of this retentate to a Sephadex G200 column for partially purifying 

the enzyme, the enzyme profile of 25mM Tris HCl buffer pH 7 elutions of this column, 

gave distinct peaks at fraction 42, 45 and 49 with specific activities of 155.71, 151.17 

and 94.33U/mg, respectively. Fig. 4.4 shows the purification profile of cellulase in each 

1ml fractions eluted from Sephadex G20 column, collected during the process of gel 

filtration. A total of 100 fractions of 1ml were collected.  

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 Profile showing cellulase purification by gel filtration chromatography 

 

 

Volume 

(ml) 

Total 

Activity 

(U/ml) 

Total 

Protein 

(mg/ml) 

Specific 

Activity 

(U/mg) 

Purification 

Fold 

Yield 

Crude 500 17.7 0.168 105.36 1 100 

Gel Concentration 

(Sephadex G20) 

250 15.6 0.135 115.56 1.10 88.14 

Ethanol Precipitation 5 14.3 0.114 125.44 1.19 80.80 

Retentate obtained from 

dialysis 

5 13.9 0.106 131.13 1.24 78.53 

Gel Filtration (Sephadex G200) fractions 

Fraction Number 42 1 3.27 0.021 155.71 1.48 18.47 

Fraction Number 45 1 6.5 0.043 151.17 1.44 36.72 

Fraction Number 49 1 2.83 0.03 94.33 0.89 15.99 
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No protein was detected beyond fraction number 50. Protein was detected from fraction  

30-40, however cellulase activity was not detected thus indicating that the protein was 

not cellulase. The active cellulase fractions (42, 45 and 49) were not pooled since the 

peaks were very distinct in each fraction, hence were examined individually.  

 

4.2.1.2. NATIVE PAGE and Zymographic analysis of the partially purified 

cellulase from GUMF5 

Initially, we subjected the retentate to a 10% NATIVE-PAGE which showed three 

bands upon silver staining (Fig.  4.5).  

 

 

 

 

 

 

 

 

 

Fig. 4.5 NATIVE PAGE profile of retentate obtained after dialysis. Lane 1: Silver 

stained gel and Lane 2: Zymogram on 0.5% (w/v) CMC-Na agar 

 

 

Each of these bands gave a clearance on the CMC-Na substrate agar gel, as seen in Fig. 

4.5, and thereby indicated that all three bands were cellulase. Then SDS-PAGE of each 

of the active fractions of sephadex G200 column (Fraction no. 42, 45 and 49) of the 

retentate gave single bands with molecular weights of 240kDa, 40kDa and 17.4kDa, 

respectively as shown in Fig. 4.6a. Further, these individual bands were confirmed to be 

cellulase by performing a zymogram. As seen in Fig. 4.6b, these three fractions 

individually showed clearance indicating their cellulase activity.  This indicates that the 

cellulase from GUMF5 is a multimeric enzyme complex which comprises of three 

cellulases which were successfully separated by using the Sephadex G200 column. The 

partially purified cellulase obtained from Halomicroarcula pellucida GUMF5 was 

referred as XGUMF5 in the further studies. 
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Fig. 4.6 a Silver stained SDS-PAGE profile of fractions eluted from Sephadex G200 

column. Lane M: Marker, Lane 1, 2, 3: fraction number 42, 45 and 49, respectively with 

molecular weight of 240kDa, 40kDa and 17.4kDa, respectively. b Lane 4, 5 and 6 

zymographic profile of fractions 42, 45 and 49, respectively on 0.5% (w/v) CMC-Na 

agar. 

 

4.2.2. Partial Purification and characterization of xylanase from Halococcus 

thailandensis GUMFAS7 

4.2.2.1. Purification profile of xylanase from Halococcus thailandensis GUMFAS7 

The purification profile of xylanase from Halococcus thailandensis GUMFAS7 is 

summarized in Table 4.2. Here we harvested 500ml of crude xylanase with total 

xylanase activity of 535U, which yielded 65mg of extracellular protein. This was then 

concentrated by passing through Sephadex G20 column, wherein we obtained 8.54U/mg 

of xylanase. Upon ethanol precipitation of this concentrated enzyme, we obtained a 

specific xylanase activity of 9.13U/mg with a purification fold of 1.13. Then upon 

further dialysing the ethanol precipitated enzyme, the retentate obtained after dialysis 

showed a purity of 1.21, with xylanase activity of 9.84U/mg. Retentate upon subjection 

to Sephadex G200 column, gave a xylanase activity of 10.1U/mg in fraction number 37. 

As seen in Fig. 4.7, distinct single peak was observed, while the other fractions did not 

show any xylanase activity. 
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Fig. 4.7 Profile showing xylanase purification by gel filtration chromatography 

 

 Table 4.2 Partial purification of extremely halophilic xylanase produced by 

Halococcus thailandensis GUMFAS7 

 

 

 

4.2.2.2. NATIVE PAGE and Zymographic analysis of the partially purified 

xylanase from GUMFAS7 

The 37
th

 fraction eluted from the sephadex G200 column was electrophoresed on a 10% 

NATIVE-PAGE which showed a single band upon silver staining (Fig. 4.8I). 

Zymographic analysis of this band showed clearance on 0.5% (w/v) beechwood xylan  

agar thereby indicating this protein to be xylanase (Fig. 4.8I). SDS-PAGE analysis of 

this protein revealed a single band with molecular weight of 18kDa (Fig. 4.8II).  

 

 

 

Volume 

(ml) 

Total 

Activity 

(U/ml) 

Total 

Protein 

(mg/ml) 

Specific 

Activity 

(U/mg) 

Purification 

Fold 

Yield 

Crude 500 1.07 0.13 8.10 1 100 

Gel Concentration 

(Sephadex G20) 

250 1.03 0.12 8.54 1.10 96.26 

Ethanol Precipitation 5 0.98 0.11 9.13 1.13 91.59 

Retentate obtained from 

dialysis 

5 1.04 0.13 9.84 1.21 97.20 

Gel Filtration (Sephadex 

G200) (Fraction number 37)  

1 1.01 0.10 10.1 1.75 94.40 
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Fig. 4.8. (I) NATIVE PAGE profile of fraction 37. A: Silver staining, B: Zymogram on 

20% NaCl BX agar. (II) Fig : SDS-PAGE profile of partially purified xylanase by 

Halococcus thailandensis GUMFAS7. Lane M: Molecular weight marker and Lane 1: 

Partially purified xylanase.  

4.2.3. Effect of organic solvents and metal ions on enzyme activity 

4.2.3.1. Effect on cellulase activity 

Among all the solvents used, cellulase activity was found to be enhanced by 6% and 

26% by methanol and ethanol, respectively (Table 4.3). While all the other solvents 

showed decrease in activity, the least activity of 8.85U/ml was seen in presence of 

benzene as shown in Table 2. Amongst the metal ions, Ca
2+ 

at 10mM showed the 

maximum increase from 17.7U/ml to 23.30U/ml in the cellulase activity. In addition to 

Ca
+2

, the Na
+
, NH4

+
, Mg

+2
 and Mn

+2
 ions showed a stimulatory effect on enzyme 

activity. Metal ions Fe
2+

, Ag
+
, K

+
, Cu

+2
 and Zn

+2 
showed inhibitory effect on cellulase 

activity, among which maximum inhibitory effect of 34.53% was seen in presence of 

Ag
+
. 

 

4.2.3.2. Effect on xylanase activity 

Amongst the solvents used, methanol, isopropylalcohol and ethanol enhanced the 

xylanase activity by 10, 8 and 12%, respectively (Table 4.3). The other solvents reduced 

the xylanase activity. Xylanase activity was most affected by xylene wherein the 

activity was reduced by 55%. Among all the metal ions used, Ca
2+ 

at 10mM enhanced 

the cellulase activity by 13% followed by   Amongst the metal ions, NH4
+ 

enhanced the 

xylanase activity by 27%, followed by Ca
2+ 

and Mg
+2

 with a 12% and 10%  increase in 
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xylanase activity, respectively. The remaining metal ions reduced the enzyme activity as 

shown in Table 4.3. 

Table 4.3 Effect of organic solvents and metal ions on the cellulase and xylanase 

activity of Halomicroarcula pellucida GUMF5 and Halococcus thailandensis 

GUMFAS7 

4.2.4. Stability of cellulase and xylanase 

4.2.4.1. Thermal Stability of partially purified cellulase and xylanase 

Cellulase obtained from Halomicroarcula pellucida GUMF5 was stable at 4ºC, with no 

loss of activity upto 12 hours (Fig. 4.9a). Cellulase retained 87, 84, 79, 70 and 69% 

Effector (Concentration)  

GUMF5 Residual Cellulase 

Activtiy (%) 

GUMFAS7 Residual 

Xylanase Activity (%) 

Organic solvents  
  

Control  100 100 

Methanol  105.91±0.24 110.71±0.18 

Acetone  74.23±0.22 65.81±0.62 

Hexane  108.27±0.14 84.38±0.49 

Benzene  70.16±0.45 62.13±0.36 

Acetonitrile  76.82±0.40 57.26±0.63 

Isopropylalcohol  116.94±0.45 107.81±0.28 

Ethylacetate  80.18±0.61 63.54±0.17 

Xylene  56.24±0.51 44.82±0.34 

Ethanol  126±0.43 112±0.46 

Butanol  95.38±0.17 80.41±0.37 

Metal ions (10mM)    

CaCl2  131.65±0.18 112.71±0.24 

Na2SO4  113.27±0.36 86.18±0.37 

NH4NO3  107.57±0.23 127.24±0.15 

FeCl3  72.64±0.31 84.57±0.26 

AgNO3  65.48±0.21 54.16±0.45 

MgCl2  120.38±0.46 109±0.53 

MnCl2  124.86±0.16 84.14±0.31 

KCl  83.52±0.27 68.73±0.23 

CuSO4  79.11±0.34 93.27±0.37 

ZnSO4  86.56±0.19 58.19±0.46 

Each value represents the mean ± SD  
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residual activity after incubation for 32 hours at 20, 30, 40, 50 and 60ºC, respectively. 

The cellulase activity was reduced by 50% when incubated at 80ºC for 32 hours.  

Xylanase from Halococcus thailandensis GUMFAS7 was stable at 4ºC upto 12 hours, 

beyond which the residual activity decreased upto 89% upon incubation for 32 hours 

(Fig. 4.9b). Xylanase retained 82, 79, 76, 65 and 51% residual activity upon incubation 

for 32 hours at 20, 30, 40, 50 and 60ºC, respectively. At 80ºC, the residual xylanase 

activity began to decline upto 35% after 32 hours of incubation.  

 

 

 

 

 

Fig. 4.9 Thermal Stability of (a) Cellulase from Halomicroarcula pellucida GUMF5 

and (b) Xylanase from Halococcus thailandensis GUMFAS7  

 

4.2.4.2. Effect of pH on stability of enzyme 

As seen in Fig. 4.10 (a), the cellulase obtained from Halomicroarcula pellucida 

GUMF5 was stable at pH 7, upto 20 hours. Cellulase was least stable at pH 4, which 

retained  

 

 

 

 

 

 

Fig. 4.10 Effect of pH on stability of (a) Cellulase from Halomicroarcula pellucida 

GUMF5 and (b) Xylanase from Halococcus thailandensis GUMFAS7  

(a) (b) 

(a) (b) 
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38% cellulase activity at 32 hours. For Halococcus thailandensis GUMFAS7, as seen in 

Fig. 10 (b), the xylanase was most stable at pH 7. Xylanase retained 25, 45, 50, 67 and 

43% residual activity upon incubation for 32 hours at pH 4, 5, 6, 8 and 9 respectively.  

The partially purified xylanase obtained from Halococcus thailandensis GUMFAS7 

was referred as XGUMFAS7 in the further studies. 

4.2.5. Production of cellulase using agro-waste  

Since the amount of cellulase produced as well as its activity was higher as compared to 

xylanase, we studied the production of cellulase using agro-waste in order to reduce its 

production cost. The haloarchaeon Halomicroarcula pellucida GUMF5, grew best in 

sugarcane bagasse as compared to corn cob and orange peels (Fig. 4.11). The variation 

in growth rate in these three substrates shows the substrate specificity of the cellulase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11 Production of cellulase using agro-waste a) Sugarcane bagasse, b) Corn cob 

and c) Orange peels 

 

As we compared the production of cellulase in the presence of sugarcane bagasse, corn 

cob and orange peels, we observed that maximum cellulase activity of 77.2U/mg was 

(a) (b) 

(c) 
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obtained in presence of sugarcane bagasse, followed by 56.2U/mg and 33.6U/mg in 

presence of corn cob and orange peels, respectively (Table 4.4).   

 

Table 4.4: Cellulase activity by utilizing agro-wastes as source of cellulose 

 

 

 

 

 

 

Though these agro-wastes produced cellulase, they were not as high as cellulase of 

105.36U/mg which was obtained by using the commercial cellulose CMC-Na as the 

substrate. However, the production cost could be reduced by utilizing such agro-waste 

which would also play a role in recycling of such wastes.    

 

4.3. DISCUSSION 

Extremophilic microorganisms adapted to live in harsh conditions are important 

producers of extremozymes including cellulase, xylanase, protease and amylase that 

have special mechanisms to maintain their function in drastic environments. As most 

industrial applications are operated in extreme conditions resembling to those of 

extreme environments, extremozymes have a crucial role in biotechnology (S. Elleuche 

et al., 2015; Escuder-Rodríguez et al., 2018). Extreme haloarchaea have a unique 

survival capacity at high salt concentration up to the saturated level (5.5 M). Thus, the 

hydrolytic enzymes produced by haloarchaea are expected to show optimal activity as 

biocatalysts under extreme pH, temperature, ionic strength and limited solubility as 

appeared in industrial biotransformation processes (Delgado-García et al., 2012; 

Schreck and Grunden, 2014; Karray et al., 2018 and Menasria et al, 2017). Very few 

reports exist on microorganisms adapted to hypersaline environments with an ability to 

degrade plant polymers, however Elazari-Volcanii in 1943 reported the enrichment of 

cellulose degraders by using inoculums from the Dead Sea (Elazari-Volcani, 1943). 

In this study, as we compared the xylanases obtained from Halorubrum saccharovorum 

GUMFAS1 and Halococcus thailandensis GUMFAS7, we observed that the xylanase 

from the later i.e. from Halococcus thailandensis GUMFAS7 showed a higher enzyme 

activity along with its production as compared to the other, hence was selected for 

Cellulase substrates Specific Activity (U/mg) 

Sugarcane bagasse  77.2 

Corn cob  56.2 

Orange peels  33.6 

CMC-Na  105.36 
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partial purification studies of the enzyme. Similarly, out of the two cellulase producing 

haloarchaea, Haloferax sulfurifontis GUMFAZ2 and Halomicroarcula pellucida 

GUMF5, the later i.e. Halomicroarcula pellucida GUMF5 was selected for further 

studies on partially purifying the enzyme as it showed higher cellulase activity along 

with its production as compared to Haloferax sulfurifontis GUMFAZ2. The cellulase 

produced by Halomicroarcula pellucida GUMF5 separated out as 3 bands of molecular 

weights 240kDa, 40kDa and 17.4kDa which were visualized by the zymographic 

analysis. Out of the 3 bands, only one cellulase with 40kDa was similar to that of the 

monomeric cellulase (25–67 kDa) which has been reported in numerous investigations 

(Li et al, 2012; Wang et al, 2009; Li and Yu, 2012), while the other two cellulases of 

molecular weight 240kDa and 17.4kDa has not yet been reported from haloarchaea. 

Three bands indicate that the cellulase produced by Halomicroarcula pellucida GUMF5 

is a multicomponent enzyme system, which may be due to the presence of multienzyme 

complexes, cellulosomes contributing to the efficient degradation of the cellulose 

(Bayer et al., 2008). These results were similar to Zhou et al. (Zhou et al., 2008) which 

reported three different endoglucanases from a mutant strain of fungus Trichoderma 

viride T 100-14 by zymographic analysis. A cellulase from haloarchaea has been 

reported with molecular weight 36 kDa (Li and Yu, 2013) by SDS-PAGE, which was 

similar to that of monomeric cellulase (25–67 kDa) reported in numerous investigations 

(Li et al., 2012; Wang et al., 2009; Li and Yu, 2013). Xylanase from Halorubrum 

saccharovorum GUMFAS7 was determined to be 18kDa which is similar to earlier 

reports on xylanases from halophilic archaea. Till date, besides our study, there are only 

a few reports on archaeal xylanases, of these majority xylanases are from thermophilic 

archaea. The first report on hemicellulases from Archaea was indicated by the presence 

of xylanolytic activities in Thermofilum strains and Pyrococcus furiosus (Bragger et al., 

1989; Uhl and Daniel, 1999). Xylanase is also reported from the archaeon in the deep 

sea hyperthermophile Pyrodictium abyssi which is the first study on fermentation 

startergies in order to improve the production and secretion of xylanases in archaea, 

wherein little information on the main features of the enzyme are reported (Carvalho 

Andrade et al., 2001). The only report on purified and partially characterized xylanase is 

from Thermococcus zilligii strain AN1 (Uhl and Daniel, 1999) wherein xylanase was 

obtained in the culture supernatant. This xylanase is unique since it shows an N-

terminal sequence which has no significant homology with any other xylanase reported. 
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Amongst the hyperthermophilic Archaea, the genus Sulfolobus (Brock et al., 1972) has 

been maximally studied with regard to its physiological requirements. 

There are many reports on exploiting microbes for the isolation of alkaliphilic enzymes 

due to their tremendous potentiality in industry. Many researchers all over the world are 

trying to exploit such microbes for isolation of alkaliphilic enzymes due to their 

tremendous potential in industry (Margesin and Schinner, 2001). Organic solvents and 

metal ions enhanced and inhibited cellulase activity. For cellulase, amongst the metal 

ions, Ca
2+ 

at 10mM showed the maximum increase from 17.7U/ml to 23.30U/ml in 

activity of cellulase. This is in accordance or is similar to earlier reports where calcium 

has been reported to enhance cellulase by enhancing its substrate binding ability and 

also stabilizes the catalytic site conformation (Mansfield et al., 1998). In addition to 

Ca
+2

, the Na
+
, NH4

+
, Mg

+2
 and Mn

+2
 ions showed a stimulatory effect on enzyme 

activity. Metal ions Fe
2+

, Ag
+
, K

+
, Cu

+2
 and Zn

+2 
showed inhibitory effect on cellulase 

activity, among which maximum inhibitory effect of 34.53% was seen in presence of 

Ag
+
. Such inhibition by Zn

2+
 is suggested to be associated with the presence of a thiol 

group in the active site of cellulase (Kambourova et al., 2003). Hence, it is possible that 

cellulase, although functional under saline conditions, the active site of cellulase 

possibly harbours thiol groups. The enzymes cellulase and xylanase were more stable in 

polar organic solvents as compared to non-polar organic solvents. There are reports 

wherein they report that there is no relationship between stability of enzymes and the 

polarity of organic solvents which majorly include proteases and lipases (Shafiei et al., 

2011), however reports on stability of cellulases can be most probably dependent on the 

polarity of the solvents, since cellulase stability is reported to increase in the non-polar 

organic solvents (Li et al., 2012; Li and Yu, 2013) which is not similar to the results 

obtained in our study which is not yet reported from any haloarchaea till date. 

Halophilic enzymes tolerant to organic solvent are quite attractive for applications in 

industries including bioremediation of salt marshes polluted with carbohydrates and 

industrial waste waters contaminated with organic solvents (Marhuenda-Egea and 

Bonete, 2002). A marine eubacterium, Thermotoga maritime MSB8, is reported to 

produce two xylanases with optimum activity at 0.5 M NaCl (Winterhalter and Liebl 

1995). Both these enzymes retained 49-65% of the maximum xylanase activity at 2.0 M 

(about 12% w/v) NaCl. An anaerobic eubacterium Hallocella cellulosilytica, isolated 

from a hypersaline lagoon, degraded cellulose at 20% NaCl, with no xylanase activity 

(Oren, 2000). The first report on xylanase production by archaea is by Thermococcus 
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zilligii strain AN1 which is a hyperthermophilic archaeon (Uhl and Daniel 1999), 

however the results were preliminary with no detailed info on production of xylanse. 

The only detailed report other than our reports on haloarchaeal xylanases is the 

production of β-xylanase and β-xylosidase by Halorhabdus utahensis which is an 

extremely halophilic archaeon (Waino and Ingvorsen, 2003). 

Extracellular enzymes from microorganisms belonging to the family Halobacteriaceae 

usually irreversibly lose their activity at low ionic strength (Larsen 1981; Ryu et al. 

1994). This is also seen in amylase obtained from Natronococcus sp. strain Ah- 36 

(Kobayashi et al. 1992) and lipases and proteases from different strains of the genus 

Halobacterium (Gonza´ lez and Gutierrez 1970; Kamekura and Seno 1990; Ryu et al., 

1994). With an exception of extracellular amylase produced by Halobacterium 

halobium regained 90% of its enzyme activity after dialysing the enzyme against 

distilled water followed by subsequent addition of 0.25% NaCl or KCl (Good and 

Hartman 1970). In another study, the xylanase activity was not investigated at different 

concentrations of NaCl, although it was shown that removal of NaCl by dialysis 

resulted in lower xylanase activity, which could not be restored by the addition of NaCl 

(Johnson et al., 1986). The β-xylanase and β-xylosidase activities of Halorhabdus 

utahensis differed from most of the extracellular enzymes produced by extremely 

halophilic archaea by tolerating very low ionic strengths of 0.002% and 0.5% NaCl, 

respectively. Their salt responses exhibited optimum activities at higher salinities and 

retained considerably higher activities at very high NaCl concentrations. The first report 

on halophilic enzymes from an extremely halophilic archaeon which remain active at 

very low NaCl concentrations is the β-xylanase activity of Halorhabdus utahensis 

which retained 50% of the xylanase activity at 27-30% NaCl (Wainø and Ingvorsen, 

2003). The first report on the production of archaeal hemicellulases has been reported 

from Thermococcus zilligii strain AN1 (Uhl and Daniel 1999), however no detailed 

enzyme study has been carried out. 

In conclusion, this study focussed on partial purification of the cellulase and xylanase 

from the extremely halophilic archaea Halomicroarcula pellucida GUMF5 and 

Halococcus thailandensis GUMFAS7, respectively. To the best of our knowledge, till 

date, there is no report stating such detailed characterization of cellulase and xylanase 

produced by haloarchaea making this study the first of its kind thereby adding an incite 

in the applications of extremozymes. 
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Haloenzymes play a vital role in industrial processes since they function at extreme 

conditions of very high salinity, which usually denatures the other non halophilic 

enzymes (DasSarma and DasSarma, 2015). Though there are a lot of enzymes which 

have been identified till date, they fall short to meet the industrial demands (Van den 

Burg, 2003), mainly due to the fact that they are unable to withstand the harsh industrial 

conditions (Irwin and Baird, 2004). Hence, there is a need for haloextremozymes which 

function at harsh conditions such as high NaCl, varying temperature, pH and salinity 

(Haki and Rakshit, 2003). 

As we all know, textile industries are the main contributors of economy in Asia and 

however the effluents released by them are the major pollutants of water bodies, fauna 

and flora (Ahmed et al., 2012). A large amount of textile dye effluents are released into 

the open waters as shown in Fig. 5.1. These effluents contain high concentrations of salt 

ranging between 1000-10,000 mg/L toxic dyes such as congo red, methylene blue and 

malachite green (Tan et al., 2009).  These effluents also contain cellulose and 

hemicelluloses (Kumar et al., 2017).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 Discharge of dye effluents into water bodies without proper treatment 

Various physical and chemical methods are known for the removal of dye, however the 

dye is not removed completely and neither is it economically friendly. Such methods, 

result in the production of a large amount of toxic sludge which is harmful to the 

environment (Anjaneyulu et al., 2005). The conventional biological methods using 

https://www.sciencedirect.com/science/article/pii/S0167701219305275#bb0055
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activated sludge are compatible as microorganisms therein cannot withstand high salt of 

textile effluents (Dodangeh and Garanjig, 2012).  Since haloarchaea have high 

efficiency and compatibility to survive in stressful environments, it gives them an added 

advantage for application in biotechnology. This section describes the application of 

haloarchaeal cellulases and xylanases along with the haloarchaeal cells in the 

decolourization of synthetic textile dye waters. 

 

5.A.1. METHODOLOGY 

The partially purified xylanase obtained from Halococcus thailandensis GUMFAS7 

was referred to as XGUMFAS7, while the partially purified cellulase obtained from 

Halomicroarcula pellucida GUMF5 was referred to as CGUMF5, respectively in the 

further studies. 

5.A.1.1. Clarification of Synthetic textile dye waters 

5.A.1.1.1. Preparation of synthetic textile dye waters  

The synthetic textile dye waters (STDW) were prepared by adding 0.025% (w/v) of the 

individual dyes: methylene blue, malachite green and congo red to 20% NaCl solution 

containing 0.5% (w/v) cotton fibres. Cellulose in the form of cotton fibres was added to 

the synthetic textile dye waters since textile dye effluents contain cotton fibres which 

are released into the effluents during the process of dyeing of clothes. 

 

5.A.1.1.2. Haloarchaeal cultures used for treatment of STDW 

Here, we used the two haloarchaeal cultures, Halococcus thailandensis GUMFAS7 and 

Halomicroarcula pellucida GUMF5 producing cellulase-free xylanase and xylanase-

free cellulase, respectively. In addition to these 2 cultures, we also used the cells of 

Halococcus saccharolyticus GUFF70 and Halorubrum saccharovorum GUMFAS1 

along with the xylanase-free cellulase and cellulase-free xylanase produced by them, 

respectively.  

 

5.A.1.1.3. Haloarchaeal whole cell adsorbent  

Five grams of seven days old, whole cells of each of the 4 cultures, pregrown in 20% 

NaCl Synthetic Medium (NSM) (Raghavan and Furtado, 2000; Raghavan and Furtado, 

2005) supplemented with 0.5% Beechwood Xylan or 0.5% CMC-Na (as per the 

substrate required) were added to different sets of 200 ml of Synthetic textile dye waters 
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having 250 mg/L of methylene blue, malachite green and congo red respectively, in 

20% NaCl solution.  

 

5.A.1.1.4. Haloarchaeal  Enzymes 

Here, 5U each of the partially purified cellulase obtained from Halomicroarcula 

pellucida GUMF5 (12.14 U/mg), partially purified xylanase from Halococcus 

thailandensis GUMFAS7 (5.176 U/mg), the crude cellulase obtained from Halococcus 

saccharolyticus strain GUFF70 (1.64 U/ml) and crude xylanase from Halorubrum 

saccharovorum GUMFAS1 (1.10 U/ml) were used to in order to determine their 

efficiency on clarification of the STDW’s. 

 

5.A.1.1.5. Formulation of Sequential Bioreactor System 

In order to perform this experiment, we devised a simple sequential bioreactor system in 

the laboratory, which comprised of a plastic reused container which was connected to a 

tubing, with a valve to monitor the flow from one container to another as shown in Fig. 

5.2. The STDW’s which were prepared in the laboratory were added to the first 

container which was placed on a magnetic stirrer for mixing. To this was added the 

haloarchaeal cells and enzymes, individually as well as in combination (1:1). Mixing 

was carried out for 96 h after which the stirrer was put off for 24 h, for the sludge to 

settle down. Once the sludge settled, the treated STDW was collected by transferring it 

to the tank by opening the valve attached to the tubing. The schematic diagram of the 

working of the bioreactor is as shown in Fig. 5.3.  

 

 

 

 

 

 

 

 

Fig. 5.2 The simple bioreactor devised in the laboratory for treatment of STDW. 



Chapter V (A) 

134 
 

5.A.1.1.6. Efficiency of dye decolourization 

Here, we checked the efficiency of the enzymes as well as the haloarchaeal cells to 

clarify or treat the STDW’s. The decolourization of dye waters was monitored at λmax of 

664nm, 616nm and 498nm for methylene blue, malachite green and congo red, 

respectively using the UV-Vis spectrophotometer (Shimadzu) and percentage 

decolourization was calculated as follows, 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.3 Schematic representation of treatment of STDW using the devised simple 

bioreactor  

 

5.A.1.1.7. Detection of degradation products of cotton fibers 

The degradation products of the cellulosic cotton fibres in the STDW were checked by 

Thin Layer Chromatography. Five µl of the treated as well untreated STDW’s were 

spotted onto silica plates which were later developed in the solvent system butanol : 

acetic acid : water (60:20:20 v/v). The solvent front was marked and the plates were 

then dried at room temperature followed by spraying with phenol sulphuric acid reagent 

and heating at 100ºC for 10mins (Hong, 2016), or till dark purple spots were obtained. 

The Rf of each spot was calculated and compared to the Rf of standard sugars. 
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5.A.1.2. Dye removal from magazine paper by XGUMFAS7 

The partially purified xylanase obtained from Halococcus thailandensis GUMFAS7 

isolated from the sponge Cinachyrella cavernosa was checked for its biobleaching 

ability.  

 

5.A.1.2.1.Visual test for dye removal 

A coloured paper of 2cm x 1.5cm was treated with 50 µl of the partially purified 

xylanase (2.17 U/ml). This was incubated at 40ºC for 48 hours and change in colour of 

the paper was recorded. The control paper was treated with 50 µl of 20% NaCl.  

 

5.A.1.2.2. Quantitative dye removal from the paper 

Pieces of white bond paper of the size 2cm x 1.5cm were taken and were individually 

subjected to 100 µl of 0.1% methylene blue solution so as to cover the entire paper with 

the dye. This was allowed to dry. For the test, one paper was dipped in a test tube 

containing 450µl of 20% NaCl and 50µl of partially purified XGUMFAS7 (2.17U/ml) 

and allowed to react for 1hour. After one hour the contents from the test tube were 

centrifuged and the supernatant was analyzed spectrophotometrically at 664nm. A 

control tube consisting of methylene blue dyed paper in 500µl of 20% NaCl solution, 

was also monitored under the same conditions.    

 

5.A.2. RESULTS 

5.A.2.1. Clarification of synthetic textile dye waters 

5.A.2.1.1. Dye decolourization by Halomicroarcula pellucida GUMF5 and 

Halococcus thailandensis GUMFAS7 

The haloarchaeal whole cells as well as the enzymes showed the efficiency to 

decolourize the STDW’s. The haloarchaea, Halomicroarcula pellucida GUMF5 and 

Halococcus thailandensis GUMFAS7 showed high efficiency to decolourize the 

STDW’s (Fig. 5.4I and II). As seen in Fig. 5.4I, the whole cells of Halomicroarcula 

pellucida GUMF5 showed a maximum decolourization of 69% of congo red while 

Halococcus thailandensis GUMFAS7 showed a maximum congo red decolourization of 

52%. However, when we mixed both these cells in consortia (1:1), we obtained a 

decolourization of 72%.  
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Fig. 5.4 Removal of methylene blue, malachite green and congo red by: (I)whole cells, 

(A: Halomicroarcula pellucida GUMF5, B: Halococcus thailandensis GUMFAS7, C: 

Mixture of A and B; (II)crude xylanase and/or cellulase. 

 

As compared to the three dyes used, least dye decolourization was observed for 

methylene blue followed by malachite green. A similar trend was observed in case of 

the partially purified cellulase from Halomicroarcula pellucida GUMF5 (CGUMF5) 

and xylanase from Halococcus thailandensis GUMFAS7 (XGUMFAS7) as seen in Fig. 

5.4II. Maximum decolourization of 65% for congo red was observed when applied in a 

combination of CGUMF5 and XGUMFAS7 (1:1). Cellulase showed a distinctly low 

decolourization ability as compared to xylanase.  

 

5.A.2.1.2. Dye decolourization by Halococcus saccharolyticus GUFF70 and 

Halorubrum saccharovorum GUMFAS1 

We also checked the efficiency of whole cells as well as crude enzymes of Halococcus 

saccharolyticus GUFF70 and Halorubrum saccharovorum GUMFAS1 for dye 

decolourization. As seen in Fig. 5.6I, we obtained a maximum of 60% decolourization 

of congo red by using a consortium of the whole cells of GUFF70 and GUMFAS1. As 

seen in Fig. 5.6II, the crude enzyme of GUFF70 (CGUFF70) and GUMFAS1 

(XGUMFAS1) showed a maximum of 41% of congo red decolourization when applied 

in a mixture (1:1). CGUFF70 showed a negligible amount of dye decolourization for 

methylene blue. As seen in Fig. 5.7, cellobiose and glucose was detected in the treated 

STDW’s by thin layer chromatography. Neither glucose nor cellobiose was present in 

the untreated STDW’s. This indicates that the enzymes were still active in the presence 

(I) (II) 
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of dyes. The whole cells survived in the STDW’s which acted upon the cotton fibres 

thereby releasing cellobiose and glucose which was detected by TLC. 

 

 

 

 

 

 

 

 

Fig. 5.6 Removal of methylene blue, malachite green and congo red by: (I) whole cells, 

(A: Halorubrum saccharovorum strain GUMFAS1, B: Halococcus saccharolyticus 

strain GUFF70, C: Mixture of A and B; (II) crude xylanase and/or cellulase. 

 

This shows the efficiency of these haloarchaeal cultures to simultaneously clarify the 

STDW’s along with the degradation of cotton fibres which is detected by glucose and 

cellobiose. 

 

 

 

 

 

 

Fig. 5.7 TLC showing degradation products of cotton textile fibres: A: Untreated 

STDW; B: Treated STDW; C: Glucose Standard and D: Cellobiose Standard. 

 

In view of this, we observed that the two haloarchaea, Halomicroarcula pellucida 

GUMF5 and Halcoccus thailandensis GUMFAS7 were the best candidates for the 

clarification of synthetic textile dye waters. Both these cultures with respect to their 

whole cells as well as the respective enzymes produced by them, showed a great 

potential to sorb the dyes or to clarify STDW’s along with the simultaneous degradation 

of cotton fibres to produce sugars.  

(I) (II) 
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5.A.2.2. Dye removal from magazine paper by XGUMFAS7 

5.A.2.2.1. Visualization of dye decolourization 

In the treated paper we observed a clearance at the site of addition of the enzyme, while 

the paper which was treated with the control did not show any in colour of the paper 

(Fig. 5.8), thereby indicating the dye decolourization property of the partially purified 

xylanase. 

 

 

 

 

 

 

 

Fig. 5.8 Dye decolourization property of partially purified xylanase visualized on paper. 

Control was treated with 20% NaCl while the test was treated with the partially purified 

xylanase. 

 

5.A.2.2.2. Quantitative dye removal from paper 

As seen in Table 5.1, maximum dye was released from the dyed paper in the presence 

of XGUMFAS7, followed by CGUMF5. The dye which is removed from the paper gets 

dissolved in the surrounding reaction mixture which is measured 

spectrophotometrically. The increase in absorbance observed in the test in comparison 

to the control indicates the biobleaching ability of the enzymes CGUMF5 and 

XGUMFAS7.  

Table 5.1 Removal of dye from the dyed paper with the help of enzymes 

 A664nm after 1 hour 

Control 0.142 

CGUMF5 0.268 

XGUMFAS7 0.572 

The cellulase-free xylanase property of the enzyme XGUMFAS7, gives it an added 

advantage in biobleaching of paper or cotton fiber since it will bleach the paper or fiber 

without damaging the cellulose fiber.  
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5.A.3. DISCUSSION 

Large volumes of cellulosic waste which are generated from the households and 

industries are the largest contributors of organic pollution in salt sources (Santos et al., 

2018). In spite the discovery of thousands of enzymes, of which many play a role in the 

biotechnological and industrial applications, the currently known enzymes are still 

insufficient to meet the industrial demands due to the inhibition and instability of these 

enzymes under harsh conditions (Ventosa et al., 2005). As a result of this, the demand 

for extremozymes specifically haloenzymes has increased considerably since 

investigations into the structure–function relationship of halophilic enzymes are of 

scientific interest because of their unique adaptation to environments of low water 

potential (Ventosa and Nieto 1995, Delgado-García et al., 2012). Of the haloenzymes, 

there are extensive studies on moderately halophilic enzymes (Ventosa et al, 2005) 

whereas reports on haloarchaeal enzymes are scarce. Halophilic carbohydrases exhibit 

potential applications in the treatment of wastewater (Biely 1985) and in a variety of 

industrial processes like solvent-based reaction systems which include the production of 

carbohydrates and hydrolysis of polysaccharides under low water potentials (Klibanov, 

1986; Hilhorst et al., 1999).  

Since azo dyes are extensively used in the textile industries, the effluents released from 

such industries are harmful to the environment. Hence there is a need to treat them 

before they are released into the environment. Finding an effective solution to 

decolorize these effluents is of great importance. In this study, we were able to obtain 

65% dye decolourization of synthetic textile dye waters within 4 days by a combination 

of cellulase and xylanase obtained from haloarchaea. We used the dyes methylene blue, 

congo red and malachite green since these are the dyes most commonly studied for dye 

removal from textile dye effluents. Reports exist on use of Halomonas sp. which is a 

halophilic halotolerant bacterium (Asad et al., 2007; Guo et al., 2008) and Halobacillus 

sp. C-22 (Demirci et al., 2011) describing decolourization of azo dyes. Our study is the 

first report on the decolourization of azo dyes by haloarchaea, which was followed by 

the report on Halogeometricum sp. strain A and Haloferax species strain B which 

reported the decolourization of Acid Blue 161 (Kiadehi et al., 2018), wherein they 

achieved a dye decolourization of 60% after 7 days of incubation.  Since reports on dye 

decolourization by haloarchaea are limited, the results obtained in our study have been 

compared to dye decolourization by halophilic bacteria. Maximum decolourization of 

azo dyes by halophilic bacteria has been reported at ambient temperatures (Dafale et al., 



Chapter V (A) 

140 
 

2008; Wang et al., 2009). In our study we have not carried out the study to check the 

effect of temperature on dye decolourization of azo dyes, however since the cellulase 

and xylanase obtained from haloarchaea is active at even above room temperature, these 

haloarchaea along with their enzymes can serve as a potential candidate in 

decolourization of azo dyes at high temperatures. Wang et al., 2009 has reported that 

the negative effect of high temperature on dye decolourization by microorganisms 

occurs since the microbial cells die and their enzymes inactivate at high temperatures. 

Decolourization of Remazol Black B has been reported by the haloarchaea belonging to 

the genera Haloferax, Halococcus, Haloarcula, Halogeometricum and Halorientalis, 

however they have not reported the decolourization of congo red nor methylene blue 

nor malachite green (Kiadehi et al., 2018). Till date there are no reports on 

decolourization of azo dyes by haloarchaeal cellulases and xylanases which makes this 

study significant. Hence this is the first report on the use of haloarchaeal biomass and 

enzymes of Halorubrum saccharovorum strain GUMFAS1 and Halococcus 

saccharolyticus strain GUFF70 for the effective clarification of the synthetic textile dye 

waters and the degradation of cellulose fibres, therein. These valuable characteristics of 

utilizing the whole cells of haloarchaea as well as cellulase and xylanase enzymes 

produced by them, to decolourize such saline synthetic textile dye waters, make them 

potential candidates in the dye-removal processes from textile effluents before they are 

released into the environment. The haloarchaeal ability to decolorize azo dyes in the 

presence of higher salt concentrations as compared to bacteria is an added advantage for 

utilizing haloarchaea for bioremediating industrial effluents containing dyes. Hence, 

efforts need to be made in order to develop a technology to clarify such industrial 

synthetic dye effluents.  
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Agro-wastes are one of the causes of environmental pollution. Recycling of these agro-

wastes will not only minimize the risk of pollution but it can also be used as an energy 

source and food for the future. The use of cheaper carbon source will reduce the overall 

production cost of enzyme and make the process environment friendly and 

economically viable (Fernandes et al., 2009; Brijwani et al., 2010). These 

lignocellulosic substrates can only be utilized by those microorganisms which have the 

capability to produce cellulolytic enzymes. Cellulase is the third most important enzyme 

in the global enzyme market (Ilyas et al., 2013). Large amounts of cellulosic wastes, in 

the range of billions of tons, are produced annually worldwide as residues of 

agricultural activities and industrial food processing (Petre et al., 1999). The increasing 

generation of these wastes needs environmentally sound, cost-effective, and high 

efficient treatment technologies. Vegetable waste is a low lignin (11.6%), high cellulose 

(41.3%) material and has great potential as a lignocelluloses source for biofuel 

production (Thulluri et al., 2013). Vegetable market waste is one of the most potential 

lignocellulosic biomass supplies and generates annually 40 Tg of vegetable waste in 

India. Since a lot of vegetable waste consisting of leafy vegetables is dumped at the 

vegetable markets early morning, we tried to check the efficiency of cellulase to 

degrade this vegetable waste. This section shows the utilization of cellulase and 

xylanase in the degradation of agro-waste including plant litter, wood shavings, saw 

dust, Whatman No.1 filter paper which signifies their contribution in treatment of agro-

waste. 

5.B.1. METHODOLOGY 

5.B.1.1. Ability of CGUMF5 and XGUMFAS7 to degrade agro-waste 

5.B.1.1.1. Collection and preparation of agro-waste  

Seven different types of agro-wastes were used to check the efficiency of CGUMF5 and 

XGUMFAS7 to degrade them. The agro-wastes used for this study were sugarcane 

bagasse, wood shavings, saw dust, plant litter, corn cob, hay and filter paper (Fig. 5.9). 

Sugarcane bagasse was collected from a local juice vendor, wood shavings and saw dust 

from a sawmill, hay from khazan and plant litter was collected from the vicinity of 

ribandar salt pans. Corn cob was obtained from a local corn seller. All these agro-wastes 

were packed in polythene bags, stored at ambient temperatures and used. 
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5.B.1.1.2. Determining the ability to degrade agro-wastes 

Once brought to the laboratory, the agro-wastes were washed with distilled water and 

dried at room temperature. One gram of each of the above mentioned substrates were 

individually added to a set of two conical flasks containing 20ml of 20% NaCl solution. 

One set was treated with cellulase (5 U) and the second set was treated with xylanase (5 

U). Control flasks were also maintained which contained one gram of the respective 

agro-waste and 20ml of 20% NaCl solution. Each flask was incubated at 40⁰C, at 150 

rpm for 30 days. After 30 days, the contents from each flask were filtered and dried at 

room temperature. The dry weight of each of the contents was determined individually 

and the amount of substrate degraded was calculated as follows: 

 

       % degradation = Dry weight of control waste - dry weight of test waste x 100 

                                                              Dry weight of test waste 

 

 

 

 

(a)                    (b)                    (c)                    (d) 

 

 

 

                                     (e)                        (f)                                (g) 

Fig. 5.9 Agro-waste used for degradation studies, a) sugarcane bagasse, b) wood 

shavings, c) saw dust, d) plant litter, e) corn cob, f) hay and g) filter paper. 

5.B.1.1.3. Paperase activity of partially purified halocellulase to efficiently degrade 

Whatman No. 1 filter paper 

Five units of partially purified cellulase in 1ml of enzyme buffer was added onto stripes 

of Whatman No.1 filter paper (1cmx0.5cm) and placed in test tubes. Enzyme was 

allowed to diffuse and react at 40ºC overnight. Identical filter paper stripes were soaked 
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in same buffer and maintained similarly. Test and control filter paper stripes were air 

dried at room temperature and viewed using scanning electron microscope (SEM). 

5.B.1.1.4. Treatment of vegetable waste 

Vegetable waste consisting of a mixture of leafy vegetables was collected from a local 

market vendor, washed and chopped into fine pieces followed by sterilization. This was 

then treated with the partially purified cellulase from Halomicroarcula pellucida 

GUMF5. For treatment, 100 gms of the sterilized waste was added to jars containing 

200 ml crude cellulase (15.6 U/ml). This was then incubated at room temperature for 30 

days. After incubation, the contents from the jar were strained, washed in water, air 

dried and weighed. The degradation % of the waste was also determined using the 

formula: 

 

  % degradation = Weight of waste in control jar - weight of waste in test jar x 100 

                           Weight of waste in test jar 

 

 

A control was also maintained containing 200 ml 20% NaCl solution which was 

incubated under the same conditions as the test. The difference in weight of test and 

control were recorded. 

 

5.B.2. RESULTS 

5.B.2.1. Ability of CGUMF5 and XGUMFAS7 to degrade agro-waste 

 

As seen in the Fig. 5.10, CGUMF5 showed the maximum efficiency of 35.11% 

degradation of filter paper, with the least degradation of 16.49% of wood shavings.  

This shows the applicative prospect of the cellulase produced by Halomicroarcula 

pellucida GUMF5 in treating the agro-waste. Upon treatment of this waste with 

xylanase, we observed a maximum degradation of 27.03% of saw dust and least 

degradation of 2.17% of filter paper. Though both the enzymes showed degradation of 

the agro-waste, cellulase showed a higher rate of degradation as compared to xylanase.  
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Fig. 5.10 Percent degradation of agro-waste by CGUMF5 and XGUMFAS7; SB: 

Sugarcane bagasse; WS: Wood Shavings; SD: Saw dust; PL: Plant Litter; CC: Corn 

cob; H: Hay and FP: Filter Paper 

 

5.B.2.1.1. Effect of CGUMF5 on cellulose fibre of Whatman No.1 

The efficiency of CGUMF5 on Whatman No. 1 filter paper was evident in SEM 

analysis. The degradation of the cellulose fiber by CGUMF5 is clearly seen in Fig. 5.11 

which has exposed open pores and fibers without intra connectivities, unseen in the 

control. 

 

 

 

 

 

 

 

 

 

Fig. 5.11 SEM image of Whatman No. 1 filter paper. Control treated with enzyme 

buffer and test treated with CGUMF5. 

 

5.B.2.2. Treatment of vegetable waste 

Upon treating the vegetable waste with cellulase, we obtained a maximum degradation 

of 39% as shown in Table 5.2. In the control, upto 5% of the vegetable waste was 
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naturally degraded in the presence of 20% (w/v) NaCl which shows that high salt 

concentrations can be used to enhance the biodegradation of vegetable waste.  

 

Table 5.2 Efficiency of crude cellulase to degrade the vegetable waste 

 Weight of vegetable waste (gms) % degradation 

0 day  

(Before treatment) 

30
th

 day  

(After treatment) 

Test Jar 100gm 61gm 39% 

Control Jar 100gm 95gm 5% 

 

5.B.3. DISCUSSION 

Agricultural wastes contain a high cellulosic content easily decomposed by using a 

combination of various physical, chemical and biological processes. They contain 30% 

solid and 70% moisture, of which 65.5% is holocellulose (mixture of cellulose and 

hemicellulose), 21.2% is lignin, 3.5% is ash, 5.6% is hot water-soluble substances and 

4-1% is alcohol-benzene soluble 4- 1% (Moreira et al., 2012). Environmental pollutions 

is a worldwide threat to the public health and has given rise to the industry which is 

responsible for the restoration of the environment. As compared to chemical 

degradation, biological degradation has become a popular alternative for treatment of 

agricultural and industrial waste due to economic and ecological reasons 

(Kadarmoidheen et al., 2011). Such wastes are irresponsibly disposed off thereby 

leading to environmental pollution. Cellulases and xylanases exhibit the property to 

degrade agro-wastes since agro-wastes are basically made up of cellulose and 

hemicelluloses. Since, CGUMF5 and XGUMFAS7 are cellulases and xylanases, 

respectively, which are active at high salt concentrations; they find applications in 

degradation of such wastes at high salt concentrations. At such conditions, the other 

non-halophilic cellulases and xylanases are unable to function, which thereby suggests 

the advantage of CGUMF5 and XGUMFAS7, over non-halophilic celulases and 

xylanases. Haloenzymes are advantageous in this field since it enables us to get rid of 

dumped agro-waste which majorly contributes to the environmental pollution. 

The agricultural waste has gained cultural and economic significance all over the world. 

It serves as a potential source for renewable energy due to their environmentally 

friendly nature, easy availability, low cost and sustainability. Agro-industries produce 



Chapter V (B) 

146 

 

tons of biomass on daily basis, of which only 10% of it is used as alternative raw 

materials for industries like biocomposites, biomedical and automotive component 

(Dungani et al., 2016). Mineralization of agricultural waste involves the degradation of 

the complex molecules present in the agricultural waste into simple molecules which 

then enter the nutrient pool during nutrient recycling. During this process, the size of 

particulate matter reduces as a result of breakdown of the constituent particles by the 

microorganisms in the environment. We determined the decrease in the weight of plant 

litter after 30 days of treatment as compared to the untreated control. We obtained a 

degradation of 32% of plant litter by utilizing the haloarchaeal cellulases and xylanases 

CGUMF5 and XGUMFAS7, respectively. Reports suggest the studies on the 

mycological and the bacterial degradation of plant litter from Rhizophora apiculata 

which showed a similar decrease in the weight of plant litter sample (Raghukumar et al. 

1995). Maximum degradation was seen in filter paper which was also visualized by 

SEM wherein the degradation of the cellulose fibers from the Whatman No. 1 filter 

paper very clearly seen to be destroyed upon treatment with cellulase. The ability of the 

cellulase to degrade upto 39% of the vegetable waste under saline condition, signify the 

potential of this culture in reducing such wastes which otherwise if untreated, 

accumulates in the environment and leads to pollution.  
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Eubacteria and fungi are well known for their role in the biogeochemical cycling as well 

as making available nutrients to plants through fixation and solubilisation. However, the 

role of archaea has not been well studied. Archaea are the most ancient and primitive 

life forms existing on earth which inhabit extreme environments. Studies on the role of 

archaea in the biogeochemical cycling and the sustenance of vegetations under saline 

environmental conditions are rare. The plant growth promoting (PGP) microorganisms 

are known to promote the growth and development of plants by the solubilization of 

phosphorus, zinc; release of plant growth regulators; production of siderophores, HCN 

and secondary metabolites that are antagonistic against the various pathogenic 

microorganisms (Verma et al., 2016; Suman et al., 2016; Kumar et al., 2017). There are 

few reports on archaea as promoters for plant growth which include the role of archaea 

in solubilisation of phosphorous (Yadav et al., 2015), production of siderophores (Dave 

et al., 2006) and production of indole acetic acid (White, 1987). However, the role of 

archaea in promoting the plant growth under saline conditions is yet unexplored. This 

section depicts the role of Halomicroarcula pellucida GUMF5 in promoting growth of 

cowpea and tomato plant under saline conditions. 

 

5.C.1. METHODOLOGY 

5.C.1.1. Effect of Halomicroarcula pellucida GUMF5 on plant growth promotion 

5.C.1.1.1. Determination of seed germination rate of cow pea seeds treated with 

cells of Halomicroarcula pellucida GUMF5 

Cells of haloarchaeal strain, Halomicroarcula pellucida GUMF5 were used in this 

experiment. Firstly, the cowpea seeds (Fig. 5.12) were surface-sterilized with 0.1% 

mercuric chloride for 1 min. The seeds were then washed with sterile distilled water 6 

times, to wash off the mercuric chloride followed by drying the seeds on sterile blotting 

paper. For control (C), twenty seeds were soaked in 20ml of 5% NaCl solution 

overnight whereas for the test (T), twenty seeds were soaked in 20ml of 5% NaCl 

suspension of cells of Halomicroarcula pellucida GUMF5. 

Germination rates were carried out by the paper towel method wherein the sterile seeds 

were placed in sterile petriplates containing sterile blotting paper moistened with sterile 

5% NaCl solution and incubated for 7 days at room temperature as per the day night 

cycle. After incubation, the number of seeds germinated was counted and the seed 

germination (%) was determined using the formula: 
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5.C.1.1.2. Plant growth promotion of cow pea and tomato seeds by cells of 

Halomicroarcula pellucida GUMF5 

For the evaluation of cowpea and tomato seedling growth promotion, the haloarchaeal 

strain Halomicroarcula pellucida GUMF5 was tested in sterile soil. To prepare the pots, 

plastic pot bags with a diameter of 15cm and capacity to hold 1kg soil were surface 

sterilized using UV. For preparation of the sterile soil, khazan soil was autoclaved thrice 

for 20 min at 120°C with a 24 h interval. Khazan soil was selected since it is saline.  

One day before sowing the seeds, each pot was filled with 1kg of sterile soil, moistened 

with 5% NaCl solution and maintained at 60% of its moisture holding capacity. Next 

day, five seeds of the test and control were sowed in each pot labelled as test and 

control, respectively. Pots were incubated (7 days for cowpeas and 30 days for tomato) 

in an open environment to obtain natural day-light and dark conditions. During 

incubation period, the soil in the pots was kept moist by the addition of sterile 5% NaCl 

solution daily.  

 

 

 

 

 

 

 

                                Cowpea seed                                         Tomato Seeds 

Fig. 5.12 Cow pea seeds and tomato seeds used for determining their germination rates 

 

After incubation, the seedlings were removed from the pots and the root length and 

shoot length of each seedling was determined with the help of a ruler. Formation of 

nodules on roots was also recorded. The vigor index (A.A. Abdul Baki and JD 

Anderson, 1973) was determined using the formula: 
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5.C.2. RESULTS 

5.C.2.1. Effect of Halomicroarcula pellucida GUMF5 on seed germination of 

cowpea seeds. 

In the control plate, only 16 cowpea seeds germinated out of a total of 20 seeds, which 

upon calculating we obtained 80% seed germination. The test plate which contained 

seeds soaked in cells of Halomicroarcula pellucida GUMF5, showed a seed 

germination rate of 100% since all 20 seeds germinated.  

5.C.2.2. Effect of Halomicroarcula pellucida GUMF5 on plant growth promotion 

5.C.2.2.1. Plant growth promotion of cowpeas 

As can be seen in Fig. 5.13., in the control, there was 80% seed germination, since out 

of the 5 seeds, only 4 seeds germinated whereas in the test there was 100% seed 

germination wherein all the 5 seeds germinated.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.13 Effect of bioinoculation of cells of GUMF5 on cowpea seedling development. 

C: Seeds soaked in 5% NaCl solution and T: Seeds soaked in haloarchaeal cell 

suspension in 5% NaCl solution. 

 

The vigor index of the control was calculated to be 3590 whereas the vigor index of the 

test was calculated to be 5258. This clearly shows that the haloarchaeaon 

Halomicroarcula pellucida GUMF5 exhibits the property of promoting plant growth of 

cowpea in saline environments thereby serving as a potential candidate in this field. 



Chapter V (C) 

150 

 

5.C.2.2.2. Plant growth promotion of tomato seeds 

 As can be seen in Fig. 5.14, the seed germination rate of the test was 80% whereas that 

of the control was 40%. The vigor index of the test was calculated to be 1400 and that 

of the control was 460. 

 

 

 

 

 

 

 

 

Fig. 5.14 Effect of bioinoculation of cells of GUMF5 on tomato seedling development. 

Control: Tomato seeds soaked in D/W; Test: Tomato seeds soaked in cell suspension in 

5% NaCl.  

 

From this we conclude that, if tomato is grown in the presence of 5% NaCl without the 

haloarchaeal cells, then the plant growth is very slow. However, if the cells are added in 

the presence of 5% NaCl, the growth of the plant flourishes. This indicates that the cells 

of Halomicroarcula pellucida GUMF5 can serve as a good candidate to promote 

growth of plants in saline environments. 

 

5.C.3. DISCUSSION 

Archaea represents a very significant component in the plant microbiome, but their 

function is still unclear (Moissl-Eichinger et al, 2018). Reports on halophilic and 

thermophilic archaea with the ability to promote plant growth are rare (Yadav et al., 

2017). Since archaea are most widely obtained from extreme environments which 

include high salinity and temperatures, they could be used as plant growth promoters for 

promoting the growth of crops in such extreme environments. The use of haloarchaea in 

plant growth promotion determines the stratergy of these microorganisms to cope up 

with the highly saline soils present in these areas (Alori et al., 2020). Archaeal species 

which are obtained in such harsh environments are known to enter a dormant state in 

order to resist stressors which include temperature and dessication. The haloarchaeal 

property to grow plants in saline environments is due to the stressful conditions 

Control 

Test 
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prevailing in such environments which include arid and semi-arid regions. Such 

stressful conditions include low aw, high pH, extreme temperatures and low organic 

matter. Microorganisms specifically archaea known to inhabit these regions possess 

several mechanisms in order to cope with such harsh conditions (Alori et al., 2020). In 

addition to this, the use of chemicals which is a current practice used in agriculture 

results in soil and crop pollution thereby affecting human health and resulting in 

environmental hazards. Hence, there is a need for an alternative, which includes the use 

of microorganisms with plant growth promoting ability which is more sustainable. Till 

date, archaea has not been reported to be pathogenic to plants which suggest that they 

do not harm the plant. Though there are no reports on haloarchaea promoting plant 

growth, there are reports on haloarchaea which exhibit properties which could promote 

plant growth. These include Haloarcula, Halococcus, Halobacterium, Haloterrigena, 

Haloferax, Natrialba, Halolamina, Natrinema, Halosarcina and Natronoarchaeum 

which are reported to produce indole acetic acid, fix nitrogen, produce siderophores and 

solubilize phosphorous (Yadav et al., 2017). Archaea possess ether lipids (Gibson et al., 

2005) in their membranes which are reported to contribute to adapt these microbes to 

the extreme environments (Jain et al., 2014; Odelade and Babalola 2019). In this study 

we obtained a higher vigor index in the presence of the haloarchaeon Halomicroarcula 

pellucida GUMF5 as compared to the control, which indicates that the plant can grow 

prosperously in saline conditions, which otherwise would poorly grow  in the absence 

of these haloarchaeal cells. This is the first report on the haloarchaeon Halomicroarcula 

pellucida GUMF5 on promoting plant growth. Hence, archaea appear to be important 

for both directly and indirectly promoting the growth of crops. In conclusion, we report 

the ability of the haloarchaeon Halomicroarcula pellucida GUMF5 to promote plant 

growth of cowpea and tomato under saline conditions which to our knowledge is the 

first report of this kind. 
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The present thesis entitled “Degradation of Plant Polymers by Cellulase and Xylanase 

Haloextremozymes from Marine Haloarchaea” details in five chapters, wherein the 

research effort is directed at isolating and screening marine haloarchaea for the 

production of haloextremozymes cellulase and xylanase, further optimizing the physico-

chemical conditions for maximum production and activity of the enzyme. This was 

followed by partially purifying the enzymes, followed by characterization of these 

enzymes and checked for applications in various saline conditions.  

Chapter I: “Introduction- Microbial Life in Hypersaline and extreme 

environments” points out the importance of haloarchaeal cultures inhabiting extreme 

conditions such as high salt concentrations upto saturation levels; haloarchaeal 

classification and their various habitats. Enzymes produced by them are extremozymes 

which function at harsh conditions thereby increasing its demand in industries. It 

includes the research on degradation of plant polymers (cellulose and xylan), the 

enzymes invovled in this and their mode of action in order to determine which enzyme 

is acting when. It unveils how globally, studies on haloarchaea are considered as 

frontline topics for research to harness their enzymes, keeping in mind their industrial 

and biotechnological potential in various industries where high salt is a major hindrance 

for the activity of non halophilic enzymes, specifically suggesting the importance of 

haloarchaeal cellulases and xylanases since there are very few reports on haloarchaeal 

cellulases and xylanases. 

Chapter II: “Isolation and screening of haloarchaea for xylanase and cellulase” 

records the isolation of haloarchaea from the samples collected from the intertidal rocky 

region of Anjuna-Goa which included sponge samples, rock, water sample. Isolates 

obtained were screened for the production of cellulase and xylanase. Dead sea sediment 

sample was provided to my guide Prof. Irene Furtado as a souvenir by Mrs. Appollonia 

Fernandes during her tour to Israel, and was used for isolating haloextremozymes 

cellulase and xylanase producers by the enrichment method by utilizing CMC-Na and 

Beechwood xylan as sole source of carbon, respectively. Cultures available at the 

haloarchaeal repository, Department of Microbiology, Goa University were also 

screened for haloextremozymes cellulase and xyalanse. Upon screening of all the 

cultures (total 137 cultures), only 5 cultures each were found to produce cellulase and 

xylanase, respectively. Out of the 5 cultures, 2 cultures each producing maximum 

cellulase and xylanase were identified based on morphological, biochemical, 

chemotaxonomic and 16S rRNA gene analysis. The cellulase producing isolate GUMF5 
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showed a 99.84% similarity to Halomicroarcula pellucida BNERC31 and hence 

identified as Halomicroarcula pellucida GUMF5 and the sequence has been deposited 

in the NCBI gene bank with accession number MH244431. The isolate GUMFAZ2 

producing cellulase showed closest match of 98.71% with Haloferax sulfurifontis JCM 

12326 and hence identified as Haloferax sulfurifontis GUMFAZ2 and the sequence has 

been deposited in the NCBI gene bank with the accession number MG213726. The 

xylanase producing isolate GUMFAS1 showed the closest match of 99.05% with 

Halorubrum saccharovorum JCM 8865, hence identified as Halorubrum 

saccharovorum GUMFAS1, 

The 2 best cellulase producers were identified as Halomicroarcula pellucida GUMF5 

and Haloferax sulfurifontis GUMFAZ2, while the 2 best cultures for xylanase producers 

were identified as Halorubrum saccharovorum GUMFAS1 and Halococcus 

thailandensis GUMFAS7, respectively. These cultures were further used in Chapter 3.    

Chapter III: “Optimization studies for maximum production and activity of 

haloextremozyme xylanase and cellulase” shows the optimization of media, 

composition of each component, physico chemical conditions of the optimized medium 

for obtaining maximum production of enzyme as well as activity. The optimum physico 

chemical conditions for maximum production and activity of cellulase by both the 

cultures was 20%(w/v) NaCl, pH 7, temperature 40⁰C and substrate CMC-Na 

(0.5%w/v). For cellulase, maximum cellulase production of 158±0.31 µg/ml and 

112±0.27µg/ml was obtained by Halomicroarcula pellucida GUMF5 and Haloferax 

sulfurifontis GUMFAZ2, respectively upon optimization, whereas the cellulase activity 

obtained was 17.9±o.35U/ml and 12.4±0.46U/ml, respectively. For xylanase the 

optimum conditions for maximum production and activity of xylanase was 20% (w/v) 

NaCl, pH 7, temperature 40⁰C and substrate was beechwood xylan (0.5% w/v). Upon 

optimization, we obtained a maximum xylanase production of 132±0.15µg/ml and 

140±0.36µg/ml by Halorubrum saccharovorum GUMFAS1 and Halococcus 

thailandensis GUMFAS7, respectively. Maximum xylanase activity of 1.10±0.29 and 

1.71±0.035U/ml were observed by haloarchaea Halorubrum saccharovorum 

GUMFAS1 and Halococcus thailandensis GUMFAS7, respectively.  

Chapter IV: “Isolation, purification and characterization of extracellular 

haloextremozyme Xylanase and Cellulase” records the partial purification of xylanase 

from Halococcus thailandensis GUMFAS7 and cellulase from Halomicroarcula 

pellucida GUMF5 was partially purified by concentrating in Sephadex G20, followed 
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by ethanol precipitation, dialysis and then subjecting it to Sephadex G200 gel filtration. 

The active fractions eluted from the column were subjected to NATIVE-PAGE to 

determine the zymographic analysis while the molecular weight was determined by 

SDS-PAGE. The cellulase obtained from Halomicroarcula pellucida GUMF5 showed 3 

bands for cellulase with molecular weights 240kDa, 40kDa and 17.4kDa. The partially 

purified cellulase had activity of 155.71, 151.17 and 94.33 U/mg for each of the 3 active 

fractions. The molecular weight of xylanase from Halococcus thailandensis GUMFAS7 

was determined to be 18kDa. The partially purified xylanase had an activity of 

9.84U/mg, with a purification fold of 1.21. As we determined the effect of organic 

solvents on the enzymes cellulase and xylanase, we observed that ethanol, methanol and 

isopropylalcohol enhanced the activity of both the enzymes, whereas among the metal 

ions used, Ca
+2

, NH
4+

 and Mg
+2

 enhanced both cellulase as well as xylanase activity. 

We also determined the utilization of agro-wastes like sugarcane baggase, corn cob and 

orange peels for the production of cellulase. 

Chapter V: “Studies for exploring the potential of Haloextremozymes: Cellulase 

and Xylanase” records the application of the cellulase and xylanase obtained in this 

study. The cellulase and xylanase obtained was checked for their efficiency to 

decolourize synthetic textile dye waters. Then we determined the ability of cellulase to 

degrade cellulosic wastes which included saw dust, wood shavings, plant litter and 

whatman No. 1 paper, wherein maximum cellulose degradation was observed in the 

case of whatman No. 1 filter paper. This degradation was visualized by SEM analysis 

wherein clear degradation of the cellulose fiber by the formation of pores was seen. We 

determined the ability of xylanase to biobleach paper which was visualized by a 

clearance on the paper after treating it with xylanase. The cells of Halomicroarcula 

pellucida GUMF5 were checked for their ability to promote plant growth of cow pea 

and tomato, in the presence of 5% (w/v) NaCl, wherein we obtained an enhancement in 

both the plants in presence of these haloarchaeal cells. The vigor index for the test 

cowpea plant was calculated to be 5258 whereas the control was 3590. While the vigor 

index of test tomato plant was 1400 and for the control was 460. This shows that 

haloarchaeal cellulases and xylanases have a wide range of applications in various 

fields. 
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CONCLUSION OF THE PhD. RESEARCH  

The study highlights that 

 Haloarchaea are good candidates for the production of halophilic extremozymes 

like cellulases and xylanases. The enzymes produced by them are active at 

extreme conditions as compared to non-halophilic enzymes, which make them 

the potential candidates at various industrial applications. 

 Our study for the first time reports the production of cellulase (CGUMF5) from 

Halomicroarcula pellucida GUMF5, a genus so far not reported from Dead-Sea-

Israel. This enzyme operates from 5-30% salinity and tolerates metal ions and 

organic solvents, thereby making it a potential biotechnologically relevant 

cellulase. 

  Valuable characteristics of the ability of haloarchaeal whole cells as well as 

their enzymes cellulase and xylanase; make them potential candidates in the 

removal of dye from textile effluents since they decolourize the saline synthetic 

textile dye waters (Malik and Furtado, 2018).  

 We also report the production of cellulase-free xylanase by Halococcus 

thailandensis strain GUMFAS7, retrieved from Cinachyrella cavernosa 

inhabiting the rocky intertidal region of Anjuna. This reflects the symbiotic 

relationship between the microbe and the sponge, wherein haloarchaea digests 

and mineralizes xylan, thus contributing to the carbon cycle of the sponge 

(Malik and Furtado, 2019a).  

 We record the first report on the production of xylanase‐free cellulase by 

Haloferax sulfurifontis GUMFAZ2 retrieved as a biont of Haliclona sp. active 

upto 5M NaCl which is a true halo-extremozyme (Malik and Furtado, 2019b).  
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OUTCOME OF Ph.D. RESEARCH 

1) Publications 

 Malik AD, Furtado IJ. Cellulase‐Free Xylanase by Halococcus thailandensis 

GUMFAS7 and Halorubrum saccharovorum GUMFAS1—Bionts of a Sponge 

Cinachyrella cavernosa. Microbiol 2019;88:212‐9. 

 

 Malik, A., Furtado, I., 2019. Haloferax sulfurifontis GUMFAZ2 producing xylanase‐

free cellulase retrieved from Haliclona sp. inhabiting rocky shore of Anjuna, Goa‐

India. J. Basic Microbiol. 59(7), 692-700. 

 

 Malik, A.D. and Furtado, I.J., Clarification of saline textile dye waters using 

haloarchaeal aerobic sequential bioreactor system, Int. J. Pharm. Bio. Sci., 2018, vol. 

8, pp. 22‒28. 

 

2) First record of Haloarchaea producing cellulases and xylanases from sponges 

Haliclona sp. and Cinachyrella cavernosa, respectively.  

 

3) First record of isolation of Halomicroarcula pellucida GUMF5 from the Dead Sea 

with ability to produce cellulase. 

 

4) Utilization of cellulase and xylanase in the decolourization of synthetic textile dye 

waters. 

 

5) Haloarchaea with ability to promote plant (cowpea and tomato) growth under saline 

conditions. 

 

6) Deposition of 16S rRNA gene sequence in GenBank with accession numbers 

MH244431, MG213726, MG601803, MG213725 
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FUTURE PROSPECTS OF RESEARCH 

1) We successfully isolated haloarchaea with the ability to produce halophilic cellulases 

and xylanases. These isolates could be screened to determine their potential in 

producing various other hydrolytic enzymes, since such halophilic enzymes have a 

wide range of applications in innumerable industries. 

2) These enzymes can be further characterized by sequencing the gene for cellulase and 

xylanase production. These enable in the better understanding of the enzyme and will 

help in comparing archaeal cellulases with that of fungi. 

3) Furthermore, the amino acid sequence of enzyme could be studied in order to 

determine its 3D structure.  

4) Archaeal cellulases could be explored further for their application in biofuel 

production. 

5) The haloarchaeal ability to decolorize dyes in presence of higher salt concentrations 

than bacteria is an added advantage for using haloarchaea in remediating dye 

containing industrial effluents. Therefore, efforts need to be made to develop 

technology to clarify textile dye industrial effluents. 
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RESEARCH PUBLICATIONS 

A) In Journals 

1) Malik, A. D., & Furtado, I. J. (2019). Haloferax sulfurifontis GUMFAZ2 

producing xylanase‐free cellulase retrieved from Haliclona sp. inhabiting rocky 

shore of Anjuna, Goa‐India. Journal of basic microbiology, 59(7), 692-700. 

2) Malik, A. D., & Furtado, I. J. (2019). Cellulase-free xylanase by Halococcus 

thailandensis GUMFAS7 and Halorubrum saccharovorum GUMFAS1—bionts 

of a sponge Cinachyrella cavernosa. Microbiology, 88(2), 212-219. 

3) Malik AD and Furtado IJ. Clarification of saline textile dye waters using 

haloarchaeal aerobic sequential bioreactor system. International Journal of 

Pharmacy and Biological Sciences;2018;8:22-28. 

 

B) Proceedings 

1) A.D. Malik, S. Patil and I.J. Furtado (2015). Degradation of Plant Polymers by 

Marine Haloarchaea retrieved from Econiches of Goa. Proceedings of the State 

level Seminar, Archaea: Microbes of the Third Domain of Life at PES’s Ravi S. 

Naik College of Arts and Science, Farmagudi, Ponda, Goa. 

2) A.D. Malik, S. Patil and I.J. Furtado (2015). Role of Haloarchaea in the 

remediation of oil pollution. Proceedings of the State level Seminar, Archaea: 

Microbes of the Third Domain of Life at PES’s Ravi S. Naik College of Arts and 

Science, Farmagudi, Ponda, Goa. 

 

C) Manuscripts communicated 

1) Malik A. D. & Furtado I. J. (2020). Production of biotechnologically relevant 

haloextremozyme cellulase from Halomicroarcula pellucida GUMF5 

(MH244431) using agro-waste. 

2) Malik A. D. & Furtado I. J. “Cellulases and xylanases from Haloarchaea” is 

being communicated for Enzymes from extreme environment, vol 2. 

3) Malik A. D. & Furtado I. J. “Haloextremozymes from haloarchaea of Goan 

Origin” being communicated as chapter on Haloarchaea of Goan Origin. 
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Research findings presented as 

A. Oral presentations 

 International 

1) A.D. Malik and I.J. Furtado (2018). Clarification of Synthetic Textile Dye 

Waters using Haloarchaeal Aerobic Sequential Bioreactor System. 

International Conference on “Microbial Technology for Better Tomorrow 

(ICMTBT-2018)” held on 17th-19th February 2018 at Dr. D.Y. Patil Arts, 

Commerce & Science College, Pune. 

 State level 

2) A.D. Malik and I.J. Furtado (2015). Degradation of Plant Polymers by Marine 

Haloarchaea retrieved from Econiches of Goa. State Level Seminar “Archaea: 

Microbes of the Third Domain of Life” held on 28th September 2015 at the 

Department of Microbiology, PES’s Ravi S. Naik College of Arts and Science, 

Farmagudi, Ponda, Goa. 

 

A. Poster presentations 

 International 

1) A.D. Malik and I.J. Furtado (2018). Characterization of halophilic cellulase 

from Halomicroarcula pellucida strain GUMF5 isolated from the sediments 

of dead sea. “12th International Congress of Extremophiles 2018”, held on 

16th to 20th September 2018, held at Ischia, Naples, Italy. 

 National 

1)  A.D. Malik and I.J. Furtado (2017). Haloarchaea with Potential to Degrade 

Plant Polymer. “National Conference of Young Researchers 2017 on New 

Frontiers in Life Sciences and Environment”, held on 16th-17th March 2017, 

organized by Faculty of Life Sciences and Environment at Goa University. 

2)  A.D. Malik, S.K. Gaonkar, J.J. Alvares and I.J. Furtado (2017). Haloarchaea of 

Goan Origin as a Source of Biotechnologically Important Archaeal Enzymes. 

National Seminar on “Advances in Sustainable Biotechnology”, held on 27th 
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and 28th January 2017 organized by the Department of Biotechnology, 

St.Xaviers College, Mapusa, Goa. 

 State level 

1)   A.D. Malik, S. Patil and I.J. Furtado (2015). Role of Haloarchaea in the 

remediation of oil pollution. State Level Seminar “Archaea: Microbes of the 

Third Domain of Life” held on 28th September 2015 at the Department of 

Microbiology, PES’s Ravi S. Naik College of Arts and Science, Farmagudi, 

Ponda, Goa. 

 

C) Workshops and Seminars participated 

a) Attended one day seminar on “Advances in Microbiology and Marine Microbiology” 

held on 13
th

 March 2015 at Department of Microbiology, Goa University. 

b) Participated in the Intellectual Property Rights (IPR) awareness Programme 

organized by ASSOCHAM, Goa University and IP office at Goa University, Goa on 

11
th

 December 2018. 

c) Participated in one day seminar cum workshop on “BioTechniques” organized by 

Dept. of Biotechnology, Goa University on 29
th

 November 2018. 

d) Participated in the workshop on “Scientific Manuscript Writing” held on 24th March 

2018 at Department of Biological Sciences, BITS Pilani, K.K. Birla Goa Campus, 

Goa, India. 

e) Participated in one day seminar on “Biosafety and Intellectual Property Rights”, 

organized by the Department of Biotechnology, Goa University on 20th March 2018. 

f) Participated in the Workshop on “Novel Sanitation Approaches and Emerging 

Trends in Wastewater Treatment Technology” held during December 19th-21st, 

2017 at Birla Institute of Technology and Science, Pilani, K.K. Birla Goa Campus, 

Goa. 

g) Attended Seminar on “New Perspectives in Biosciences” heald on 7
th

 December, 

2017 at the Department of Microbiology, Goa University. 

h) Attended National Seminar on “Biopolymers and Biosensors – What’s New? What’s 

Next?” which was held on the 25th of February 2017, by the Department of 

Microbiology, PES’s Ravi S. Naik College of Arts and Science, Farmagudi, Ponda, 
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Goa. 

i) Attended and participated in a UGC sponsored week long short term Course in 

Research Methodology for Science Students organized by Human Resource 

Development Center, Goa University from 28-11-2016 to 3-12-2016. 

j) Water analysis was done of the Treated and Untreated Ballast waters of SEA SCAN 

Maritime Foundation at Vasco Da Gama, Goa. 

k) Participated at the “Three Days Workshop on Molecular Phylogenetics” organized 

by the Department of Zoology, Goa University on 4
th

 to 6
th

 March, 2020. 

l) Volunteered in the Inaugural Conference of Society for Vector Ecology (Indian 

Region) held on 13
th

-16
th

 February at Panjim, Goa. 

m) Participated at the National Seminar on “Recent Trends in Microbial Technology” 

organized by the Department of Botany, Government College Arts, Science and 

Commerce, Quepem-Goa, on 8
th

 to 9
th

 February, 2019. 

n) Attended “Intellectual Property Rights (IPR) Awareness Programme” organized by 

ASSOCHAM, Goa University on 11
th

 December, 2018. 
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I) Reagents and Stains 

a) Folin Lowry’s reagent 

Reagent A: 2g Na2CO3 + 0.4g NaOH in 100ml D/W 

Reagent B: 0.5% CuSO4 solution in 1% Sodium potassium tartarate 

Reagent C: 50ml of A and 1ml of B 

Folin Ciocalteau reagent: Dilute 1:3 with D/W 

 

b) DNSA reagent 

Dissolve 1g of 3,5-dinitrosalicylic acid in 20ml of 2M NaOH. Then add 30g sodium 

potassium tartarate slowly and dilute it to a final volume of 100ml using distilled water. 

Store the reagent in an amber coloured bottle. 

c) Grams Stains 

i) Crystal violet 

Dissolve 20g of crystal violet in 200ml of methylated spirit and 8g of ammonium 

oxalate in 800ml of D/W. Mix both together to make 1000ml. 

 

ii) Gram’s iodine 

Iodine: 10g 

KI: 20g 

Dissolve in D/W to total volume of 1000ml. 

 

iii) 70% alcohol 

Absolute alcohol: 700ml 

D/W: 300ml 

 

iv) Saffranine (0.5%) 

Saffranine: 500mg 

D/W: 100ml 

Grind the stain in motor pestle with 10ml and make total volume to 100ml. 
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d) Ethidium Bromide Stock Solution (10mM Tris-HCl, 1mM EDTA, 1mg/ml 

ethidium bromide) 

For 50ml: 

0.5ml 1M Tris-HCL, pH 8.0 

0.1ml 0.5M EDTA 

1mg Ethidium bromide 

Add ethidium bromide to Tris HCl, EDTA and about half volume of the water, and keep 

it on stirrer overnight to dissolve. Volume made upto 50ml with water and stored in a 

brown bottle at room temperature. 

e) Solvent Systems for TLC’s 

i) for GDEMs- Petroleum ether (b.p. 60-80 °C) / diethyl ether (85:15, v/v) 

ii) for phospholipids- chloroform- methanol - acetic acid - water (85 : 22.5: 10: 4, v/v) 

 

f) Spray reagents for TLC’s 

i) for GDEMs - 10% dodecamolybdophosphoric acid in ethanol 

ii) for phospholipids - ammonium molybdate (NH4)2MoO4— HC1O4 

 

II) Media (All the chemicals used were from either HiMedia or Merck, India) 

1) TYE (Tryptone-yeast extract medium) 

Chemical (compound) Amount/weight (g/L of water) 

MgSO4 20 

KCl 5 

CaCl2 0.2 

Tryptone 5 

Yeast Extract 3 

pH was adjusted to 7, using 1N NaOH 

250g/L of crude salt was added to TYE to give NTYE 
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2) NSM 

Chemical (compound) Amount/weight (g/L of water) 

NaCl 200 

MgSO4.6H2O 20 

KCl 4 

CaCl2 1 

MgCl2 13 

NH4Cl 2 

KH2PO4 0.5 

FeCl3.H2O 0.005 

pH was adjusted to 7 with 1N KOH 

 

III) Reagents for Polyacrylamide Gel Electrophoresis (NATIVE and SDS-PAGE) 

a) Monomer solution (30% T/ 2.7% bis) 

 

Acrylamide 58.4 g 

Bis-acrylamide 1.6 g 

Distilled water To 200ml  

The above solution was filtered and stored at 4ºC in the dark. 

 

 

b) 4X Separating Gel Buffer (1.5M Tris-Cl, pH 8.8) 

Tris 36.3 g 

Distilled water To 200ml 

pH was adjusted to 8.8 with HCl (filtered and stored at 4ºC)  

 

 

c) 4X Stacking Gel Buffer (0.5M Tris-Cl, pH 6.8) 

Tris 3 g 

Distilled water To 200ml 

pH was adjusted to 6.8 with conc. HCl (filtered and stored at 4ºC) 
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d) 10% SDS (Sodium dodecyl sulphate) 

SDS 10 g 

Distilled water To 100ml 

 

e) 10% ammonium persulphate 

Ammonium persulphate 0.1 g 

Distilled water To 1ml 

(Kept at 4 ºC for 10 days) 

f) TEMED (N,N,N’,N’-Tetramethylethylenediamine) (gel catalyst) 

Used as purchased from BioRad 

 

g) 10X Running (Tank Buffer) (250mM Tris, 1.92M glycine, 0.1% SDS, pH 8.3) 

Tris 15 g 

Glycine 72 g 

SDS 5 g 

Distilled water To 500ml 

 

h) 2X Sample buffer 

Tris 15 g (0.125M Tris-HCl, pH 6.8) 

SDS 72 g (4% SDS) 

Glycerol 5 g (20% Glycerol) 

β-mercapto-ethanol To 500ml (10% β-mercapto-ethanol) 

Distilled water   

Molecular weight markers were purchased from Hi-Media, India. 

 

i) Coomassie Blue Stain (BioRad) 

Coomassie Blue 0.1% (1g/L) 

Methanol 50% 

Acetic Acid 10% 

Distilled water To final volume 
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j) Gel Destain 

Methanol 5% 

Acetic acid 10% 

Distilled water To final volume 

 

 

k) Sample loading buffer (Laemmli loading dye) 3X stock: 

1M Tris-Cl (pH 6.8) 2.4ml 

10% SDS 6ml 

Glycerol (100%) 3ml 

β-mercapto-ethanol 1.6ml 

Bromophenol blue 0.006g 

 

IV) Separating Gel Composition for SDS - PAGE 

Solutions 5% 6% 7% 7.5% 10% 12.5% 15% 

30% 

Acrylamide 

monomer 

solution 

 

0.83ml 1.00ml 1.17ml 1.25ml 1.67ml 2.08ml 2.50ml 

4X 

Separating 

gel buffer 

 

1.25ml 1.25ml 1.25ml 1.25ml 1.25ml 1.25ml 1.25ml 

H2O 2.81ml 2.64ml 2.47ml 2.39ml 1.97ml 1.56ml 1.14ml 

SDS 50µl 50µl 50µl 50µl 50µl 50µl 50µl 

APS 30µl 30µl 30µl 30µl 30µl 30µl 30µl 

TEMED 10µl 10µl 10µl 10µl 10µl 10µl 10µl 

10% separating gel was prepared and used. 

For NATIVE-PAGE, SDS was replaced with water 
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(V) Stacking Gel Composition 

Solutions 3% 4% 5% 

30% 

Acrylamide 

monomer 

solution 

 

0.2ml 0.27ml 0.33ml 

4X Stacking 

gel buffer 

 

0.5ml 0.5ml 0.5ml 

H2O 1.26ml 1.19ml 1.13ml 

SDS 20µl 20µl 20µl 

APS 10µl 10µl 10µl 

TEMED 5µl 5µl 5µl 

5% separating gel was prepared and used. 
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1) Standard curve of glucose by DNSA method 

 

 

 

 

 

 

 

 

 

 

 

2) Standard curve of xylose by DNSA method  
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3) Standard curve of Bovine serum albumin by Folin Lowry’s method 
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ABSTRACT  

The presence of high concentration of salts in textile industrial effluent waters is a major hindrance to use of 

conventional activated sludge treatment. Hence, microbial processes functional at high concentration of salts are 

sought for. We devised an aerobic synthetic bioreactor using Halorubrum saccharovorum strain GUMFAS1 

producing cellulase-free xylanase and Halococcus saccharolyticus strain GUFF70 producing xylanase-free 

cellulase, which requires and resist high concentrations of salt. Individual, whole cells of Halorubrum 

saccharovorum and Halococcus saccharolyticus gave a decolourization efficiency of 38%, 45%, 58% and 28%, 30%, 

45% for methylene blue, malachite green and congo red, respectively. Decolourization could be increased to 40%, 

50% and 60% for methylene blue, malachite green and congo red, respectively by using whole cells of both cultures 

in 1:1 (v/v). Spent media containing 16.4 U/ml of crude cellulase and 11.2 U/ml of crude xylanase could also 

decolourize the synthetic textile waters in addition to degrading cellulose and hemicelluloses. The mixture of whole 

cells and crude enzyme supernatants achieved 79% decolourization of mixture of synthetic textile dye waters in 

four days. Conclusively, the process devised by us is the first report on using archaeal microbes for decolourization 

of toxic dyes as well as degradation of cellulose and hemicellulose from saline synthetic textile waters.  

 

KEY WORDS 

Cellulase, Dye, Haloarchaea, Xylanase 

 

INTRODUCTION 

Textile industries are the main contributors of economy 

in Asia and yet their effluents are major pollutants of 

water bodies, fauna and flora [1]. They are the largest 

consumers of synthetic azo dyes with a great variety of 

colours [2,3]. Disposal of azo dyes into the environment 

especially from the textile industry is a major threat to 

human health and environment [4]. Exposure to azo 

dyes including Congo Red, Methylene Blue and 

Malachite green causes carcinogenic toxicity and 

genotoxicity resulting even in birth defects. A high 

incidence of skin irritation, nausea and vomiting and 

bladder cancer is reported among dye workers exposed 

to azo dyes [5]. In addition to dyes, the textile industrial 

effluents contain 15–20% concentration of salt [6,7] and 

fines of cellulose and hemicelluloses [8]. Available 

physical and chemical methods are unable to 

completely remove azo dyes, are not economical and 

also produce large quantities of toxic sludge [9]. The 

conventional biological methods using activated sludge 

are  not compatible, as microorganisms therein cannot 

withstand high salt of textile effluents [10]. 

Studies have shown that halotolerant and halophilic 

bacteria are useful in decolourizing dyes in presence of 

chloride, carbonate and sulphate which are the 

common salts used during the reactive dyeing processes 

http://www.ijpbs.com/
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in a textile industry [11,12,13]. As yet there are no 

reports using Haloarchaeal cultures in clarifying effluent 

waters containing textile dyes.  

In view of this, we used cellulase and xylanase producing 

Halorubrum saccharovorum strain GUMFAS1 and 

Halococcus saccharolyticus strain GUFF70 in a simple 

aerobic sequential bioreactor system to clarify synthetic 

textile waters. Individually and in combination the 

cultures clarified the synthetic textile waters by sorbing 

the dyes and also degraded the cellulose cotton textile 

fibres, therein. 

 

MATERIALS AND METHODS 

Haloarchaeal Cultures 

Two Haloarchaeal cultures, one previously identified as 

Halorubrum saccharovorum strain GUMFAS1 (Accession 

Number: MG601803) and second isolate GUFF70 

isolated from Ribandar salt pans, Goa was used in this 

study. The medium used for isolation was 25% NaCl 

Tryptone Yeast Extract (NTYE) Medium [14] (g/L) (Crude 

salt, 250; MgSO4.7H20, 20; CaCl2.2H2O, 0.2; KCl, 5; 

Tryptone, 5; Yeast Extract, 3), pH 7 and 300 U/ml 

penicillin. Incubated at 28⁰C for 20 days. The isolate was 

maintained on slopes of same medium solidified with 

1% agar. 

Phylogenetic characterization of GUFF70 

Extraction of genomic DNA and its PCR amplification of 

16S rDNA sequencing 

A single colony of the purified culture was inoculated in 

25% NTYE broth medium and allowed to grow. The 

Genomic DNA was extracted by lysing the cells of a 96-

hour old culture broth in sterile distilled water. This 

Genomic DNA was used as a template for the 16S rDNA 

gene amplification using the archaeal specific primers 

A109 (F) 5’ACGGCTCAGTAACACGT3’ and 1510 (R) 

5’GGTTACCTTGTTACGACTT3’ [15]. The PCR reaction 

consisted of 2mM MgCl2, 2 U Taq Polymerase, 10X Taq 

Buffer, 10mM of dNTP’s (Sigma), 10mM of each primer 

and 1µl of the template DNA. The final volume of the 

reaction was made to 50µl using ultra-pure distilled 

water. The PCR amplification was performed according 

to the following conditions; Initial denaturation at 94⁰C 

for 5mins, followed by denaturation at 94⁰C for 30 

seconds, annealing at 53.5⁰C for 40 seconds, elongation 

at 68⁰C for 60 seconds (35 cycles) and final elongation 

at 68⁰C for 5mins [16] (BIORAD T100TM Thermal Cycler). 

After amplification, the PCR product was resolved on a 

1% agarose gel prepared in 1X TAE buffer which was 

stained with ethidium bromide (10 mg/ml) followed by 

visualization on Gel documentation system (Syngene G-

BOX, BIORAD). The amplified products were further 

purified using the Q1Aquick PCR purification kit and 

sequenced using the automated DNA Sequencer 

(Applied Biosystems). Sequence similarity was 

performed using BLAST [17] which was accessed via the 

National Center for Biotechnology Information (NCBI) 

website. Multiple sequence alignment was performed 

with MEGA 7.0 [18] by using CLUSTAL W [19] and a 

phylogenetic tree was constructed using the neighbour 

joining method [20].  

Synthetic textile dye waters (STDW) 

STDW’s were prepared by adding 250 mg/L of 

methylene blue, malachite green and congo red 

individually to 20% NaCl (w/v) solution containing 0.1% 

(w/v) cotton textile fibres.  

Formulation and working of the Sequential Bioreactor 

(SBR) System 

A simple bioreactor was devised as shown in Fig.1. 

Whole cells were added to 500 mL of STDW, stirred 

using magnetic stirrer for 96 hours and then allowed to 

stand (static) at room temperature for 24 hours. The 

clarified waters were separated from the sludge. This 

SBR was studied for its performance using whole cells or 

enzymes or mixture of both.  

Clarification of STDW  

Haloarchaeal whole cell adsorbent  

Seven days old, whole cells of each culture, pregrown in 

20% NaCl Synthetic Medium (NSM) (g/L) MgSO4.7H20, 

20; NaCl, 200; MgCl2.6H2O, 15; CaCl2.6H2O, 1; KCl, 4; 

NaHCO3, 0.2; NH4Cl, 2; FeCl3.6H2O, 0.005; KH2PO4, 0.5; 

pH 7 [21] supplemented with 0.5% Beechwood Xylan or 

0.5% CMC-Na and as mixture of whole cells of the two 

haloarchaea (1:1) were added to different sets of STDW 

of methylene blue, malachite green and congo red 

respectively.  

Haloarchaeal Crude Enzymes 

Spent medium (culture supernatant) of GUFF70 testing 

positive for 16.4 U/ml of crude cellulase and GUMFAS1 

having 11.2 U/ml of crude xylanase, respectively were 

separately added to the individual STDW’s. Extracellular 

cellulase and xylanase activity was determined using 

CMC-Na and Beechwood Xylan, respectively [22].  One 

unit of enzyme activity was defined as the amount of 

enzyme capable of releasing 1µmol of sugar per minute 

under the assay conditions. 

http://www.ijpbs.com/
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To determine the decolourization of STDW by cells as 

well as crude enzymes, the percent decolourization was 

determined by taking absorbance of the treated and 

untreated STDW’s at λmax of the dye (664nm for 

Methylene Blue, 616 nm for Malachite Green, 498nm 

for Congo Red and 600nm for mixed dyes) using the UV-

Vis spectrophotometer (Shimadzu) and percentage 

decolourization was calculated as follows, 

 

% Decolourization = (Initial absorbance - Sample absorbance) x 100 

                 Initial absorbance 

To determine that the decolourization was only by the microbial activity and not due to the variation in parameters 

of light oxidation, abiotic controls were maintained. 

 
Fig.1: Clarification of synthetic textile dye waters using the devised sequential bioreactor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2: Neighbour-joining tree based on 16S rRNA gene sequences showing evolutionary relationship of GUFF70 with 

previously characterized species. Methanosarcina semesiae MD1 was used as the ‘outgroup’. GenBank accession 

numbers of 16S rRNA sequences are given in brackets. Bar length represent 5 base substitutions per 100 

nucleotides. Bootstrap values based on 1000 replicates are shown as percentages at branch nodes.  
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Fig.3: Removal of methylene blue, malachite green and congo red by: (I)whole cells, (A:Halorubrum saccharovorum 

strain GUMFAS1, B:Halococcus saccharolyticus strain GUFF70, C: Mixture of A and B); (II) crude xylanase and/or 

cellulase;               : Methylene Blue,                :Malachite Green;              : Congo Red. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4: (I)Potential of Dye decolourization by mixture of whole cells and crude enzymes on individual dyes and 

mixture of the dyes (MB:Methylene Blue, MG:Malachite Green, CR:Congo Red); (II)TLC showing degradation 

products of cotton textile fibres: A: Untreated STDW; B: Treated STDW; C: Glucose Standard and D: Cellobiose 

Standard. 

 

Detection of degradation products of cotton textile 

fibre 

Degradation products of cotton textile fibres in 

presence of dyes were checked by Thin Layer 

Chromatography (TLC) developed in butanol: acetic 

acid: water (60:20:20 v/v), followed by spraying with 

phenol sulphuric acid and heating at 100⁰C for 10mins 

till dark purple spots appeared [23]. Rf of each spot was 

recorded and compared with standard sugars. 

RESULTS AND DISCUSSION 

Identification of the isolate 

Isolate GUFF70 grew as red pigmented colonies. Cells 

were Gram negative, cocci. Key phenotypic and 

biochemical characteristics of GUFF70 are summarized 

in Table1.

(I) (II) 

(I) 

(II) 
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Table1: Biochemical characterization of GUFF70 for its tentative identification. 

 
Based on biochemical and phylogenetic 

characterization, isolate GUFF70 was referred to family 

Halobacteriaceae, of domain Archaea and as it showed 

maximum similarity of 98% to Halococcus 

saccharolyticus strain JCM 8878, it was identified as 

Halococcus saccharolyticus strain GUFF70 with an 

accession number of MG800829 (Fig.2). The 

culture/isolate GUMFAS1 was previously isolated and 

identified as Halorubrum saccharovorum strain 

GUMFAS1 with accession number MG601803.  

The spent medium of Halorubrum saccharovorum strain 

GUMFAS1 grown with CMC-Na and Halococcus 

saccharolyticus strain GUFF70 grown with Beechwood 

xylan contained cellulase and xylanase, respectively. 

Cellulase and Xylanase activity was 16.4 U/ml and 11.2 

U/ml, respectively. The whole cells or crude enzymes or 

mixture of both effectively clarified the synthetic textile 

dye waters through the sequential bioreactor system. 

Efficiency of decolourization of STDW by Whole Cells 

Interestingly as seen in Fig.3(I), both cultures showed 

maximum dye adsorption in the order of congo red > 

malachite green > methylene blue. Whole cells when 

used in combination of 1:1 gave a better yield of dye 

adsorption of 58%, 45% and 60% of methylene blue, 

malachite green and congo red, respectively as 

compared to individual whole cells. Thus, indicating 

that, a mixture of both cultures enhanced the 

percentage clarification of textile dye waters. 

Efficiency of decolourization of STDW by Crude 

Enzymes 

In the second approach, we used the cell-free spent 

medium containing the crude enzymes. Although 

cellulase activity was higher as compared to xylanase 

activity, the percentage clarification of dye waters was 

lower than with xylanase. In fact, it was just 8% for 

congo red and negligible for methylene blue and 

malachite green. Xylanase on the other hand, gave a 

maximum clarification of 30% for congo red and for 

methylene blue as seen in Fig.3(II).  However, a 

combination of crude cellulase and xylanase showed 

higher clarification of waters containing any one of the 

three dyes. Thus, suggesting that, the mixture of 

enzymes is more effective in achieving a higher 

percentage of clarification. 

http://www.ijpbs.com/
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Efficiency of decolourization of STDW by Combination 

of Cells and Crude Enzymes 

Addition of a combination of whole cells and crude 

enzymes gave a 12%, 17% and 10% increase in 

clarification of dye waters containing methylene blue, 

malachite green and congo red, respectively as seen in 

Fig.4(I). Combination of cells and enzymes also clarified 

79% of dye from waters containing methylene blue, 

malachite green and congo red in the ratio of 1:1:1, 

respectively. This is a significant result as the textile 

industries elute a mixture of these dyes in its effluent 

waters. Additionally, clarification of waters was 

accompanied by the degradation of cellulose fibres to 

cellobiose and glucose as detected by Thin Layer 

Chromatography as seen in Fig.4(II). 

Our study using Haloarchaea showed 79% clarification 

of synthetic textile dye waters, within 4 days. Available 

reports deal with: i) the use of halophilic and 

halotolerant bacteria such as Halomonas sp. [11,24] and 

Halobacillus sp. C-22 [25] describing azo dye 

decolorization. ii) the use of Halogeometricum sp. strain 

A and Haloferax sp. strain B [26] iii) use of bacterial cell 

as adsorbent of azo dyes [27,28,29]. . This is the first 

report on use of biomass and enzymes of Halorubrum 

saccharovorum strain GUMFAS1 and Halococcus 

saccharolyticus strain GUFF70 for effective clarification   

of synthetic textile dye waters and degradation of 

cellulose fibres, therein. 

 

CONCLUSION 

The ability of whole cells of Halorubrum saccharovorum 

strain GUMFAS1 and Halococcus saccharolyticus strain 

GUFF70 conclusively clarify saline synthetic textile dye 

waters through the sequential bioreactor system. The 

azo dye decolourization potential of two haloarchaea 

was explored in this study. Valuable characteristics of 

the ability of whole cells of both as well as cellulase and 

xylanase enzymes produced by them; to decolourize 

saline synthetic textile dye waters make them good 

candidates for dye-removal processes from textile 

effluents. The haloarchaeal ability to decolorize dyes in 

presence of higher salt concentrations than bacteria is 

an added advantage for using haloarchaea in 

remediating dye containing industrial effluents. 

Therefore, efforts need to be made to develop 

technology to clarify textile dye industrial effluents.  
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Cellulase-Free Xylanase by Halococcus thailandensis GUMFAS7 and 
Halorubrum saccharovorum GUMFAS1—Bionts 

of a Sponge Cinachyrella cavernosa1
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Abstract⎯Intertidal sponges, during tidal f lux and filter feeding cycle, often get exposed to an influx of water
of varying salinities containing halophilic microbes and suspended agricultural detritus. Microbes get estab-
lished in the lumen of the host during its filter feeding process and might participate in the degradation of
incoming particulate matter. We successfully isolated two haloarchaeal bionts, strains GUMFAS1 and
GUMFAS7, producing cellulase-free xylanases from one such sponge, identified as Cinachyrella cavernosa
inhabiting the intertidal rocky region of Anjuna, Goa-India. The bionts exhibited 4.791 and 8.714 U/mg of
cellulase-free xylanase activity, respectively. Xylanase from GUMFAS7 (XS7) showed maximum activity at
37°C, pH 5 and 20% NaCl concentration. Zymographic analysis of XS7 revealed a presence of three bands
with xylanase activity of molecular weight 238, 60, and 18 kDa, respectively. The strains were identified by
16S rRNA gene sequencing as Halococcus thailandensis (GUMFAS7) and Halorubrum saccharovorum
(GUMFAS1). The latter was identical to another isolate obtained from the waters surrounding the host.
These findings reflect a unique type of interaction between haloarchaea and sponge. An in-depth study on
this cellulase-free xylanase is underway and expected to be of significance in the field of extremozymes.

Keywords: Cinachyrella cavernosa, haloarchaea, biont, xylanase, extremozymes
DOI: 10.1134/S0026261719020073

Marine sponges are widely distributed from the
intertidal zones to thousands of meters deep in the
ocean habitat (Fusetani et al., 1993). Per day these fil-
ter feeders take up water up to 72,000 times their body
volume. Microorganisms and organic particles present
in the water are filtered out during its circulation
through a series of internal canals. Most of this micro-
bial load is processed for nutrition (Lee et al., 2001).
Those that escape this process, establish themselves in
the internal parts of the sponge (Turon et al., 2000)
and possibly participate in mineralizing the inflowing
organic matter.

Invertebrate sponges, along with primary produc-
ers, inhabit the rocky intertidal region in Anjuna,
Goa-India (Dahihande et al., 2017). These intertidal
sponges are exposed to stressful environmental condi-
tions of low and high water activity (Aw) caused by tidal
f luxes and to an influx of plant and animal debris. A
presence of approximately 160 mg/L of suspended
particulate matter, primarily consisting of carbohy-
drates and humic acid, was reported in the waters of

Anjuna by Dahihande et al. in 2017. The most abun-
dant hemicellulose in plant cell wall is xylan, which
comprises of a heterogeneous polysaccharide consist-
ing of a backbone of β-1,4-linked xylopyronosyl units,
half of which are linked to acetyl, α-methylglucuronyl
or L-arabinofuranosyl residues (Biely et al., 1985).
The key enzyme in degradation of xylan is endo-β-
1,4-xylanase (EC 3.2.1.8), involved in cleaving the
internal glycosidic bond of the polysaccharide.

Velho-Pereira and Furtado (2014) first reported
haloarchaea, in a sponge Fasciospongia cavernosa,
inhabiting coral reef in Mandapam-India. We now
describe the isolation of haloarchaeal bionts from a
yellow sponge Cinachyrella cavernosa inhabiting the
turbid waters of Anjuna -Goa,capable of producing a
cellulase-free xylanase.This finding reflects possible
involvement of haloarchaea in animal nutrition-web.

MATERIALS AND METHODS
Collection of sponge sample. A small portion of a

yellow sponge, inhabiting the intertidal rocky reaches
of Anjuna, Goa-India, at 15.5736° N, 73.7407° E
(Fig. 1a), was collected in a sterile polyethylene zip-1 The article is published in the original.
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lock-bag and processed within four hours. The water
surrounding the sponge was turbid and had particulate
matter, with a temperature of 28°C, salinity 28.1‰
and pH 8.06.

Culturing and isolation of bionts producing xylanase.
Sponge sample was washed with 15% (w/v) NaCl and
macerated using a sterile mortar and pestle. The entire
macerate was inoculated into a 500 mL Erlenmeyer
flask containing 100 mL of 25% NaCl Tryptone Yeast
Extract (NTYE) Medium (Raghavan et al., 2005)
(g/L) (Crude salt, 250; MgSO4 · 7H2O—20; CaCl2 ·
2H2O—0.2; KCl—5; tryptone—5; yeast extract—3) at
pH 7 adjusted by 1 N NaOH with 300 U/mL of peni-
cillin incubated at 28°C. After 20 days, the turbid
homogeneous content from the f lask was serially
diluted and spread plated on the same medium solidi-
fied with 1% agar. The plates were incubated at 37°C
for growth of individual colonies which were purified
and maintained on the same agar slopes.

Demonstration of xylanase activity in isolated
bionts. Each of the culture was spot inoculated on two
different plates as in replica plating, 20% NaCl Syn-

thetic Medium (NSM) (g/L) MgSO4 · 7H2O—20;
NaCl—200; CaCl2 · 6H2O—1; KCl—4; NaHCO3—
0.2; NH4Cl—2; FeCl3 · 6H2O—0.005; KH2PO4—0.5;
pH 7 and and 0.2% Beechwood xylan (NSMBX)
solidified with 1% agar. Plates were incubated at 37°C
and allowed to grow. Colonies on one of the plates
were checked for xylanase production by f looding with
0.1% Congo red for 30 min followed by destaining with
1 M NaCl (Wood et al., 1988).

Production of xylanase by bionts GUMFAS1 and
GUMFAS7. Cultures were inoculated separately into
two Erlenmeyer f lasks, each containing 100 mL of
NSMBX and incubated at 150 rpm at 37°C and peri-
odically monitored for growth at 600 nm using UV
spectrophotometer (UV-1601, Shimadzu) and for the
pH by Eutech pH meter. Extracellular protein and
reducing sugar in the supernatant was determined by
Folin Lowry (Lowry, 1951) and dinitrosalicylic acid
(DNS) (Miller et al., 1960) methods respectively, at
24-hour intervals. The supernatant samples were also
used for the detection of xylose by Thin Layer Chro-
matography.

Fig. 1. (a) Intertidal rocky habitat; (b) Cinachyrella cavernosa; (c) extremozyme potential of bionts (1—cellulase, 2—xylanase).
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Quantification of extracellular xylanase activity
during growth by GUMFAS1 and GUMFAS7. Ali-

quotes of cell-free culture broth was passed through

0.22 μm filter and used as the crude enzyme to mea-

sure the xylanase activity. The assay consisted of

250 μL of 0.2% Beechwood xylan in 25 mM Tris-HCl

buffer prepared in 20% NaCl at pH 7.0 and 250 μL of

crude enzyme solution and allowed to react for 30 min

at 37°C (Cannio et al., 2004). The reaction was

stopped on ice. The amount of reducing sugars

released was measured colorimetrically by the DNS

method using xylose as a standard. One unit of

xylanase activity is defined as the amount of enzyme

that releases 1 μmol of reducing sugar per minute

under the above assay conditions.

Effect of temperature, NaCl and pH on activity of
xylanase from GUMFAS7. Xylanase activity was

assayed at: 20 to 60°C; 0 to 30% NaCl concentration

and pH from 4 to 9, using 25 mM Citrate buffer for

pH 4–6 and 25 mM Tris-HCl buffer for pH 7–9.

Zymographic analysis of crude xylanase. Fifty μL of

crude xylanase having 6.75 μg of protein was loaded

into a 10% Native-PAGE prepared as described by

Laemmli (1970). A mixture of molecular weight

marker (Merck) containing Catalase (240 kDa),

Bovine Serum Albumin (67 kDa), Ovalbumin

(43 kDa), Trypsin Soybean inhibitor (20.1 kDa) and

Lactoglobulin (18.4 kDa) was loaded into a separate

lane in the gel. The gel was electrophoresed at 100 V

for 2 hours.

The gel was cut into 2 halves, each having identical

lanes of crude enzyme. One half was stained with silver

by the method of Bassam, et al. (1991). The other half

was placed over 0.2% Beechwood Xylan agar and

incubated at 37°C for 24 hours. The substrate agar was

examined for zymographic profile by staining with

0.1% Congo red for 30 min, followed by destaining

with 1 M NaCl for 10 min.

Demonstration of production of cellulase by
GUMFAS1 and GUMFAS7. Xylanase positive cul-

tures were also checked for their ability to produce cel-

lulase in NSM agar containing 0.2% of carboxymeth-

ylcellulose sodium (CMC-Na) (Malik and Furtado,

2018) and also for production of cellobiase by replac-

ing CMC-Na with cellobiose as sole source of carbon.

Physiological characterization of strains
GUMFAS1 and GUMFAS7. The growth of each biont

was monitored in NSM medium at different tempera-

tures: 4, 28, 37, 42, 55, 80°C; different NaCl concen-

trations of 0, 5, 10, 15, 20, 25, 30, 35% and pH 3 to 10

(25 mM Citrate buffer pH 3 to 6, 25 mM Tris HCl buf-

fer pH 7 to 9 and 25 mM Carbonate-bicarbonate buf-

fer pH 10).

Phylogenetic characterization of GUMFAS1 and
GUMFAS7: extraction of genomic DNA and 16S
rRNA gene sequencing. A single colony of each of the

two purified cultures was grown separately in NTYE

broth to an A600 of 1 and the genomic DNA was

released by suspending 100 mg of 96-hour old cells in

sterile distilled water and collected at 10000 g which

was used as a template for amplifying the gene for 16S

rRNA using the primers A109 (F) 5'ACGGCTCAG-

TAACACGT3' and 1510 (R) 5'GGTTACCTTGT-

TACGACTT3' (Birbir at al., 2007). The PCR mixture

consisted of 2 mM MgCl2, 10× Taq Buffer, 2 U Taq
Polymerase, 10 mM of dNTP’s (Sigma), 10 mM of

each primer and 1 μL of template DNA. The final vol-

ume of the reaction was made to 50 μL using sterile

distilled water. The amplification was performed at the

following conditions: Initial denaturation temperature

of 94°C for 5 min, followed by denaturationat 94°C for

30 s, annealing at 53.5°C for 40 s, elongation at 68°C

for 60 s (35 cycles) and final elongation at 68°C for

5 min according to Mani et al., 2012 in a BIORAD

T100TM Thermal Cycler. The amplification was

checked by resolving the PCR product in 1% agarose

gel in 1× TAE buffer and viewed on a gel documenta-

tion system (Syngene G-BOX, BIORAD). The ampli-

fied DNA products was purified on Q1Aquick PCR

purification kit (Himedia) and sequenced, using an

automated DNA Sequencer (Applied Biosystems).

Sequence similarity was checked using BLAST (John-

son et al., 2008). Multiple sequence alignment was

performed with MEGA 7.0 (Kumar et al., 2016) by

using CLUSTAL W (Thompson et al., 1994) and a

phylogenetic tree was constructed using the neighbor-

joining method (Saitou et al., 1987).

RESULTS AND DISCUSSION

Retrieval of bionts producing xylanase. The yellow

sponge had a spherical body with uneven arrangement

of golf ball like depressions with grayish-brown

patches (Fig. 1b) resembling those in Cinachyrella
cavernosa, which belongs to kingdom Animalia, phy-

lum Porifera, class Demospongiae, order Spirophorida,

family Tetillidae and genus Cinachyrella. Sponges

belonging to Cinachyrella have been reported from

Anjuna, Goa-India (Dahihande et al., 2017). The

incubation of macerates of Cinachyrella cavernosa in

NTYE liquid medium for 20 days resulted in a homog-

enous creamish to pinkish microbial biomass growth

thus suggesting the association of halophilic microbes

with the sponge tissue and their ability to grow at as

high as 25% concentration of NaCl. Pink and red pig-

mented colonies appeared upon spread plating of the

homogeneous growth from sponge macerate on 25%

NTYE agar, containing 300 U/mL penicillin and
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incubation, at 37°C. High concentration of penicillin

in the growth medium is expected to eliminate

the growth of eubacteria (Tomasz et al., 1979) and

promote the growth of haloarchaea which lack D-ala-

D-ala in their cell wall. Haloarchaea has previously

been reported to be associated with marine sponges of

Mandapam (Velho-Periera et al., 2014). We were able

to retrieve 12 haloarchaeal bionts from the sponge Cin-
achyrella cavernosa. As the sponge habitat waters were

turbid and loaded with particulate matter, we

attempted to isolate bionts with the potential to

degrade xylan. Only two bionts namely GUMFAS1

and GUMFAS7, were capable of utilizing Beechwood

Xylan as a sole source of carbon, in a mineral salt agar

medium containing 20% NaCl (NSM) (Fig. 1c). It is

possible that these bionts were initially attached to

degrading plant materials and found their way into the

sponge during the water influx of its filter-feeding

cycle and established, therein.

To this day, these organisms are the first record of

the existence of xylan-degrading haloarchaea living as

bionts in the tissue of the sponge Cinachyrella cav-
ernosa.

Physiological and morphological characterization of
GUMFAS1 and GUMFAS7. The two bionts were

extremely halophilic and were not able to grow under

1.5 M salt but grew optimally at 2.5 to 4 M NaCl. They

could also grow repeatedly in presence of 700 U/mL

penicillin. The red and pink pigmented colonies of

bionts GUMFAS1 and GUMFAS7 as recorded in

Table 1, were similar in their physiological character-

istics to those of the members of the family Halobacte-
riaceae (Oren et al., 2009).

Molecular and phylogenetic characterization of
GUMFAS1 and GUMFAS7. The haloarchaeal bionts

were identified at the molecular level using the 16S

rRNA gene sequencing and phylogenetic analysis.

Figure 2 shows the phylogenetic relationship of bionts

with previously cultured species inferred by the neigh-

bor-joining method which was determined by using

MEGA 7. The BLAST analysis of the 16S rRNA gene

sequence of the two bionts GUMFAS1 (GenBank

accession number: MG601803) and GUMFAS7

(GenBank accession number: MG213725) showed a

nucleotide identity of 99% with Halorubrum saccharo-
vorum JCM 8865 (NR113484.1) and Halococcus thai-
landensis JCM 13552 (NR113139.1), respectively.

Thus based on 16S rRNA gene sequence similarity,

the bionts GUMFAS1 and GUMFAS7 were identi-

fied as Halorubrum saccharovorum GUMFAS1 and

Halococcus thailandensis GUMFAS7, respectively. It

is noteworthy, that an isolate GUMFAW1 (Fig. 2),

cultured from the waters surrounding the sponge hab-

itat, matched the biont GUMFAS1 in its phylogenetic

characteristics.

Xylanase production by GUMFAS1 and
GUMFAS7. As seen in Figs. 3a, 3b, the production of

0.15 U/mL of extracellular xylanase started at 24 hours

in both bionts and reached a maximum of 1.15

and 1.22 U/mL at 96 hours, for GUMFAS1 and

GUMFAS7, respectively. Simultaneously, the pH

declined from 7 to 6.85. The biont GUMFAS1 grew

exponentially from 72 to 120 hrs and entered the sta-

tionary phase which extended from 144 to 192 hours,

while GUMFAS7 grew without a lag and had an expo-

nential phase which extended from 48 to 120 hours. As

seen in Fig. 3c, xylose was detected in the cell-free fer-

ments of xylan.

Xylanase activity of GUMFAS1 and GUMFAS7

was calculated to be 4.791 and 8.714 U/mg of protein

for GUMFAS1 and GUMFAS7, respectively. Of the

two xylanases, the crude xylanase from GUMFAS7,

hereafter referred to as XS7 was further studied for its

activity at different temperatures, pH and NaCl con-

centration since it showed higher activity as compared

to GUMFAS1.

Table 1. Physiological potentials of dominant haloarchaeal bionts retrieved and purified from sponge Cinachyrella cav-
ernosa inhabiting the intertidal region of Anjuna, Goa

a, b Data obtained from McGenity and Grant, (1995) and Namwong et al.,( 2007).

GUMFAS1

aHalorubrum 
saccharovorum 

JCM 8865

GUMFAS7

bHalococcus 
thailandensis 

JCM 13552

NaCl range (opt.) (%) 15–30 (25) 15–30 (25) 12–30 (20) 12–30 (23)

pH range (opt.) 6–9 (7) 6–9 (7) 6–9 (7) 5.5–9.0 (7.5)

Temp. range (opt.) (°C) 28–50 (42) 28–50 (42) 28–45 (42) 22–47 (40)



216

MICROBIOLOGY  Vol. 88  No. 2  2019

MALIK, FURTADO

Effect of temperature, NaCl concentration, and pH
on the activity of XS7. Maximum enzyme activity was

seen at 37°C and around 40% of activity was retained

between 55–60°C (Fig. 4a). The enzyme was active

over a broad range of pH values, with maximum activ-

ity at pH 5. Activity gradually decreased at pH values

greater than 7, but it still retained around 10% of initial

activity at pH 9 (Fig. 4b). The enzyme was active over

a wide range of salt concentration from 5 to 30%. The

salt concentration of 20% is essential for maximum

enzyme activity, however around 28% of enzyme

activity was still retained at 0% NaCl (Fig. 4c). It also

retained 64% activity at 30% NaCl indicating its facul-

tatively halophilic nature.

Zymographic analysis of XS7. Crude xylanase

revealed three bands of molecular weight 238, 60 and

18 kDa, on silver staining of NATIVE-PAGE gel

(Fig. 5) indicating that it is a multimeric complex.

Xylanase resolving into multiple bands at non-dena-

turing conditions is unknown among extremely halo-

philic archaea. A xylanase resolving by SDS-PAGE

into two bands of approximately 45 and 67 kDa, how-

ever, is reported in Halorhabdus utahensis (Waino

et al., 2003). The xylanase XS7 therefore is unique as

the multimeric nature is evident in Native-PAGE and

hence merits further investigation.

Although the two bionts produced endo-xylanase,

they do not utilize CMC-Na, cellobiose, and glucose

as a sole source of carbon. Growth in CMC-Na con-

taining NTYE also failed to produce cellulase, thus

indicating GUMFAS1 and GUMFAS7 produced a

cellulase-free-xylanase (Fig. 1c). Cellulase-free-

xylanases are of paramount significance in paper

bleaching industries as they ensure the protection of

the required cellulose fiber (Adhyaru et al., 2014; Pan-

dey et al., 2013) while disrupting the plant cell wall

structure and facilitating lignin removal (Kulkarni

et al., 1996).

Our observation of Halorubrum saccharovorum
strain GUMFAS1 and Halococcus thailandensis strain

GUMFAS7 producing xylanases active at 20% is the

second report, the first report being that of the

extremely halophilic archaeon Halorhabdus utahensis
which was isolated from the Great Salt Lake showed

Fig. 2. Neighbor-joining inferred tree based on 16S rRNA gene sequences showing the evolutionary relationship of bionts
GUMFAS1 and GUMFAS7 with previously characterized species of haloarchaea. Methanosarcina semesiae MD1 was used as the
‘outgroup’. GenBank accession numbers of 16S rRNA gene sequences are shown in parentheses. Bar length represents 5 base sub-
stitution per 100 nucleotides. Bootstrap values based on 1000 replicates are shown as percentages at branch nodes.
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maximum β-xylanase and β-xylosidase activities at

0.15–0.43 M and 0.15 M NaCl respectively (Waino

et al., 2003). Uhl and Daniel (1999) have reported

xylanase production by the hyperthermophilic

archaeon Thermococcus zilligii strain AN1. Birbir et al.

(2007) although, reported hydrolytic enzymes like cel-

lulase, amylase, and proteases in haloarchaea from

Tuz Lake, they did not report any xylanases. Cold-

active xylanase active at 15 and 25°C reported from the

fungus Cladosporium sp., although isolated from a

marine Antarctic sponge is not halophilic, it worked in

the absence of salt and is not a cellulase-free xylanase

(Del-Cid et al., 2014) similar is the xylanase produced

by Fungi from a deep-sea sponge Stellata normani
(Batista-Gracia et al., 2017) with a molecular weight

100 kDa, that had an optimum at 0.5 M NaCl and was

inhibited at higher salinity. Though there are reports

on isolation of xylanase producing fungi from a marine

sponge, it is vital to note that none of them, until now,

are from haloarchaea.

In summary, our study conclusively establishes the

production of cellulase-free xylanase by Halococcus

thailandensis strain GUMFAS7 and Halorobrum sac-
charovorum strain GUMFAS1, the two bionts

retrieved from Cinachyrella cavernosa inhabiting the

rocky intertidal region of Anjuna. The ability of these

bionts to break down xylan reflects the microbe-

sponge symbiotic relationship wherein the haloar-

chaea digest and mineralize xylan (which finds its way

into the host sponge during influx), thus contributing

to the carbon cycle of the sponge. The further signifi-

cance is (i) to the field of hydrolytic haloenzymes

which are much sought for their possible application

in industrial processes involving high salinity; (ii) it

reflects the haloarchaea-sponge symbiotic relation-

ship and (iii) their possible involvement in animal

nutrition-web derived from detrital food web.
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Fig. 3. Production of xylanase during growth in NSMBX: (a) GUMFAS1 and (b) GUMFAS7. Designation: (1) A600,
(2) Xylanase activity (U/mL), (3) pH and (4) Protein (μg/mL). (c) Detection of xylose in cell-free ferments of Beechwood Xylan
by GUMFAS1 (1), GUMFAS7 (2) and Standard Xylose (3).
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Abstract

Salt stable cellulases are implicated in detritic food webs of marine invertebrates for

their role in the degradation of cellulosic material. A haloarchaeon, Haloferax

sulfurifontis GUMFAZ2 producing cellulase was successfully isolated from marine

Haliclona sp., a sponge inhabiting the rocky intertidal region of Anjuna, Goa. The

culture produced extracellular xylanase‐free cellulase with a maximum activity of

11.7U/ml, using carboxymethylcellulose‐Na (CMC‐Na), as a sole source of carbon

in 3.5M NaCl containing medium, pH 7 at 40°C and produced cellobiose and

glucose, detectable by thin‐layer chromatography. Nondenaturing polyacrylamide

gel electrophoresis of the crude enzyme, revealed a single protein band of 19.6 kDa

which on zymographic analysis exhibited cellulase activity while corresponding

sodium dodecyl sulfate polyacrylamide gel electrophoresis revealed a molecular

weight of 46 kDa. Unlike conventional cellulases, this enzyme is active in presence

of 5M NaCl and does not have accompanying xylanase activity, hence can be

considered as xylanase‐free cellulase. Such enzymes from haloarchaea offer great

potential for biotechnological application because of their stability at high salinity

and is therefore worth pursuing.
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1 | INTRODUCTION

Cellulose is the most abundant renewable material on
earth [1,2]. In coastal regions, cellulose and hemicelluloses
enter the rivers as monsoon runoffs which may lead to the
risk of environmental pollution [3]. Hence enzymatic
degradation of cellulose is important and is achieved by
the collaborative action of the three enzymes, namely,
endo‐β‐1,4‐glucanase (EC 3.2.1.4) which randomly cleaves
the internal β‐1,4‐linkages of amorphous regions in
cellulose fibers, cellobiohydrolase (EC 3.2.1.91) which
releases the cellobiosyl unit from the nonreducing end of
the cellulose chain, and β‐D‐glucosidase (EC 3.2.1.21)

which releases the glucose unit from cello‐oligosacchar-
ides [4]. Microbial symbionts inhabiting the gut of apple
snail are reported to produce cellulase [5]. Marine sponges
are soft‐bodied, sessile and filter feeding invertebrates
which are ubiquitously distributed in aqueous ecosystems
[6]. They contain symbiotic bacteria and obtain nutrients
via these symbionts [7]. They are also referred to as
detritivores since they mostly eat detritus which include
bits of decomposing plants. We suspected that bacteria
associated with the sponge, like those inhabiting the apple
snail, would possess cellulose degrading ability and now
report the isolation of xylanase‐free cellulase‐producing
sponge biont GUMFAZ2. The identity of the sponge, the
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taxonomic affiliation of GUMFAZ2 and the production of
the extremozyme are detailed.

2 | MATERIALS AND METHODS

2.1 | Site description and sample
collection

At low tides, a piece of sponge was collected from a
sponge attached to the rocky bed in the intertidal region
of Anjuna, Goa‐India (15°34′34.986″N; 73°44′23.895″E).
The sample was stored at 4°C until processed.

2.2 | Isolation of haloarchaeal bionts

A piece of sponge sample was washed with 3% (wt/vol)
NaCl. It was then macerated and transferred to a 500ml
Erlenmeyer flask containing 100ml of NaCl tryptone‐yeast
extract (NTYE) Medium (g/L; crude salt, 250; MgSO4.7H2O,
20; CaCl2.2H2O, 0.2; tryptone, 5; KCl, 5; yeast extract, 3) at
pH 7 [8] with 300U/ml of penicillin. Flask was incubated at
30°C at 150 rpm. After 20 days, aliquotes of growth were
surface plated on NTYE agar containing 300U/ml penicillin
and incubated at 30°C. Colonies appearing after 15 days
were purified and maintained on NTYE agar slopes and
referred as sponge bionts.

2.3 | Preliminary screening for cellulase
producers

Each biont was individually spot inoculated on two sets of
plates. First set of plates contained NTYE agar with 0.5%
carboxymethylcellulose‐Na (CMC‐Na) while the second
set contained NaCl synthetic medium (NSM) (g/L;
MgSO4.7H2O, 20; NaCl, 200; CaCl2.6H2O, 1; MgCl2.6H2O,
15; KCl, 4; NaHCO3, 0.2; NH4Cl, 2; FeCl3.6H2O, 0.005;
KH2PO4, 0.5.; pH 7) and 0.5% CMC‐Na [9] which was
solidified with 1% agar. All plates were incubated at 30°C
for 20 days. The production of cellulase was demonstrated
by staining the agar with 0.1% Congo red for 30min and
then destaining for 10min with 1 N NaCl [10]. Bionts with
a clear zone around the colony were recorded as positive
for cellulase. The biont was also screened for xylanase [10]
using beechwood xylan as sole source of carbon in 20%
NSM to determine if the cellulase was free of xylanase
activity.

2.4 | Localization of cellulase in the
biont GUMFAZ2

The biont, GUMFAZ2 was studied for its ability to
produce extracellular or intracellular cellulase in NSM
containing CMC‐Na as the sole source of carbon.

A 4‐day‐old culture broth was centrifuged at 10,000g at
4°C for 10min. The cell‐free culture supernatant and the
cell pellet was checked for the presence of extracellular or
intracellular cellulase activity, respectively. Intracellular
cellulase activity was detected by lysing cells using
distilled water. Cellulase activity in culture supernatant
and in cell lysates was checked using the cup‐plate
method [11]. Here, 20 µl of cell‐free supernatant and the
cell lysates were added into individual wells or cups
bored in NSM with 0.5% CMC‐Na agar and incubated at
30°C for 24 h. The agar was then stained with 0.1% Congo
red and destained with 1M NaCl [10]. A zone of
clearance around the well indicated cellulase activity.

2.5 | Quantitative assay of cellulase
activity

The cell‐free supernatant was monitored for cellulase
activity by determining the amount of reducing sugars
released from the breakdown of CMC‐Na. The cellulase
activity was determined [12] with a slight modification
wherein the enzyme buffer was prepared in 20% NaCl
and the substrate used was 0.5% CMC‐Na. Here, 250 µl of
crude supernatant was mixed with 250 µl of 0.5% CMC‐
Na which was prepared in 25mM Tris‐HCl buffer
containing 20% NaCl, at pH 7.0 and this mixture was
allowed to react for 30min, at 30°C. Further, the reaction
was stopped on ice [12]. The residual sugar released was
measured by dinitrosalicylic acid (DNS) method at
540 nm [13], using glucose as the standard. One unit of
cellulase activity was referred as the amount of enzyme
capable of releasing 1 µmol of glucose per min under the
assay conditions.

2.6 | Time course of cellulase
production by GUMFAZ2

The cells of biont GUMFAZ2 were inoculated into a
250ml Erlenmeyer flask containing 50ml of NSM with
0.5% CMC‐Na, incubated at 30°C at 150 rpm. After 72 h,
5% of this growth was used as seed culture into a 500ml
Erlenmeyer flask containing 100ml of the same medium.
Every 24 h, aliquotes of culture broth were monitored for
growth at 600 nm using UV‐1601, Shimadzu spectro-
photometer (Shimadzu, Kyoto, Japan). Cell‐free super-
natant of culture aliquote was obtained by centrifuging
the culture broth at 10,000g at 20°C for 10min, which
was monitored for its cellulase activity [12], residual
sugar [13] and extracellular protein [14]. The degradation
products of CMC‐Na were resolved on silica gel 60 F254
thin layer chromatgraphy (TLC) by developing in
butanol:acetic acid:water (60:20:20 vol/vol) and visua-
lized with 5% sulphuric acid in ethanol [15].
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2.7 | Effect of NaCl, temperature, and
pH on the cellulase activity of the crude
enzyme

Effect of NaCl on cellulase activity was determined at
0–30% NaCl concentrations with increment of 5% NaCl.
For optimum temperature, cellulase activity was
determined at different temperatures (20–80°C). To
determine the optimum pH for cellulase activity, the
reaction mixture was adjusted to various pH using the
following buffers prepared in 20% NaCl solution: 0.1 M
Citrate buffer (pH 3.0–6.0), 0.1 M Tris‐HCl buffer (pH
7.0–8.0), and 0.1 M Sodium carbonate‐bicarbonate
buffer (pH 9).

2.8 | Zymographic analysis

For zymographic analysis, the extracellular crude enzyme
sample was loaded in wells of a 10% nondenaturing
polyacrylamide gel (Native‐PAGE) [16]. Electrophoresis
was carried out at 100 V. Once the electrophoresis was
complete, one half of the polyacrylamide gel containing
the crude supernatant was placed on substrate agar
containing 0.5% CMC‐Na, and incubated at 40°C for 24 h.
The polyacrylamide gel was removed and only the
substrate agar was stained with 0.1% Congo red for
20 min, which was followed by destaining with 1M NaCl
for 10 min, until the visualization of clear bands of
enzyme activity [17]. The second half of the gel,
containing the crude supernatant and the molecular
weight marker (Merck Pvt Ltd, Mumbai India) which
included catalase (240 kDa), trypsin soybean inhibitor
(20.1 kDa), and lactoglobulin (18.4 kDa) was silver
stained [18]. The molecular weight of the enzyme was
determined separately by performing a 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS‐
PAGE) [16]. The standard molecular weight markers
used were: bovine serum albumin (67 kDa), ovalbumin
(43 kDa), trypsin soybean (20.1 kDa), and lactoglobulin
(18.4 kDa).

2.9 | Identification of the biont
GUMFAZ2

Morphological and physiological characteristics of the isolate
were studied on modifiedNorberg and Hofstein’s media
supplemented with 20% NaCl [19]. Gram character, motility,
morphology of colony, activities of oxidase, and indole were
checked [20]. Acid production from carbohydrates and
sugars were also determined [21].

The identity of the biont was confirmed by 16S rRNA
gene sequencing. The genomic DNA was extracted by
lysing the cells in distilled water and amplified by

polymerase chain reaction (PCR) using the archaeal‐
specific primers A109 (F) 5′ACGGCTCAGTAACACGT3′
and 1510 (R) 5′GGTTACCTTGTTACGACTT3′ [22]. The
PCR was performed using the Promega Master Mix with
the cycling parameters: initial denaturation at 94°C for
5min; 35 cycles of 94°C for 30 sec, followed by 53.5°C for
40 sec, 68°C for 60 sec; followed by a final extension at
68°C for 5 min [23] (T100™ Thermal Cycler; Bio‐Rad,
Singapore). The sequence was manually edited and
compared to known type‐strains in the National Center
for Biotechnology Information (NCBI) gene nucleotide
database. Sequence similarity was done using BLAST [24]
and a phylogenetic tree was constructed using MEGA 7.0
[25] by the neighbor‐joining method [26]. The sequence
of the biont GUMFAZ2 has been deposited to the
GenBank with the accession number MG213726.

3 | RESULTS

3.1 | Marine sponge habitat

Sponge sample (GUBSAG) was obtained from the rocky
site in the intertidal region in Anjuna. Other inverte-
brates such as zooxanthellae and barnacles, also occupied
the rocks.

3.2 | Identity of sponge

The sponge was black in color, with a soft body having
finger‐like branches with prominent openings. These
phenotypic and morphological characteristics of GUB-
SAG resembled to those of Haliclona sp. [27]. Hence, the
sponge GUBSAG was identified as Haliclona sp., belong-
ing to the Kingdom: Animalia, Phylum: Porifera, Class:
Demospongiae, Order: Haplosclerida, Family: Chalini-
dae, and Genus: Haliclona.

3.3 | Isolation of sponge‐associated
microbes

The tissue homogenate of the sponge GUBSAG, inocu-
lated into NTYE medium containing penicillin, resulted
in reddish to pinkish growth after 20 days and on spread
plating on NTYE agar gave many pink and red colonies
which could be grouped into four morphologically
distinct types. Representatives of each type were
retrieved, purified, maintained on NTYE agar slants at
room temperature and were referred to as sponge bionts.
Of these, only one biont, GUMFAZ2 produced cellulase
when grown with CMC‐Na. Further, although the biont
grew in NSM containing CMC‐Na and beechwood
xylan but the cell‐free culture supernatant showed only
the presence of cellulase, with the absence of xylanase
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[12]. Hence, the cellulase produced by GUMFAZ2 was
xylanase‐free cellulase.

3.4 | Characteristics of
cellulase‐producing biont GUMFAZ2

The biont GUMFAZ2 grew optimally at 3.4 M NaCl and
did not grow under 0.5 M salt concentration. Cells were
Gram‐positive, cup‐shaped, reddish pink in color,
motile, and lysed in distilled water. Suspension of the
cells into methanol extracted the pink pigment with
absorption maxima of 385, 466, 519, and 490 nm. The
16S rRNA gene sequence similarities of the biont to the
relevant sequences were evaluated. The EzTaxon
database showed that the biont GUMFAZ2 belonged
to the family Halobacteriaceae, exhibited 98.71% and
98.70% similarity with the 16S rRNA gene sequence
from Haloferax sulfurifontis strain JCM 12327 and
Haloferax lucentense strain DSM 14919T, respectively,
as also seen in the phylogenetic tree (Figure 1). The
phenotypic and biochemical characteristics of the biont
summarized in Table 1 matched with those of its
reference strains. Hence, the biont GUMFAZ2 was
identified and referred as Haloferax sulfurifontis
GUMFAZ2.

3.5 | Cellular localization of cellulase

Interestingly, no cellulase activity was observed in the
intracellular protein preparations. Only, the cell‐free
culture supernatant showed cellulase activity
(Figure 2), thus indicating that the cellulase enzyme

was secreted as extracellular enzyme into the growth
medium.

3.6 | Time course for the production of
cellulase by GUMFAZ2

As shown in Figure 3, GUMFAZ2 gave a maximum
absorbance of 0.56 within 120 h and had an exponential
phase which extended from 48 to 96 h. The stationary
phase extended from 120 to 192 h. Correspondingly,
there was a steady decline in pH to 6.8 over 96 h. There
was an increase in the extracellular protein from 20 µg/
ml at 24 h to 76 µg/ml at 96 h which reached a
maximum of 100 µg/ml, at 144 h. Increase in growth
of biont was accompanied by the simultaneous increase
in reducing sugars from 22 µg/ml, at 24 h to a
maximum of 80 µg/ml, at 96 h. It showed a maximum
cellulase activity of 11.7 U/ml, at 96 h. Cellobiose and
glucose were detected by TLC in the cell‐free super-
natant (Figure 4).

3.7 | Effect of NaCl concentration,
temperature, and pH on crude cellulase

As shown in Figure 5a–c, the crude cellulase showed an
optimum activity of 11.7U/ml, at 20% NaCl concentration,
pH 7 and 40°C. In all the three physicochemical parameters
checked, the crude cellulase followed a parabolic activity
profile with the least activity of 1.8U/ml, at 0% NaCl
(Figure 5a). A cellulase activity of 4.2U/ml was still retained
at 30% NaCl with an optimum of 11.7U/ml at 40°C. Increase
in temperature from 60°C to 70°C, decreased the activity by

FIGURE 1 Neighbor‐joining phylogenetic tree based on 16S rRNA gene sequence comparison, showing relationships between strain
GUMFAZ2 and some members of Haloarchaea. The sequence data used were obtained from the GenBank database (accession number in
paretheses). Bootstrap values based on 1,000 replicates are shown as percentages at branch nodes. Methanosarcina semesiae strain MD1 was
used as an outgroup
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80% as recorded in Figure 5b. As seen in Figure 5c, the
enzyme is functional at both acidic as well as alkaline pH.

3.8 | Zymographic analysis of crude
cellulase

Silver staining of the NATIVE‐gel of crude enzyme
revealed a single band at approximately 19.6 kDa which
on zymographic analysis revealed a clearance zone due to
CMC‐Na degradation by the enzyme (Figure 6). The
molecular weight of this enzyme by SDS‐PAGE analysis
corresponded to 46 kDa.

4 | DISCUSSION

The study focussed on obtaining haloarchaea producing
extracellular extremozyme‐cellulase from a marine sponge
keeping in mind that microbes are the true cellulase
producers in the invertebrate, apple snail [5]. Microbial
cellulases are suggested to have synergism with animal
cellulases. We strategically, selected (a) the invertebrate
sponge as the food webs of these filter feeders involve
microbes and their metabolic potentials [5]; (b) sponge
from rocky intertidal reaches of Anjuna because these are
subjected to tidal influx and efflux, as they would offer a
safe habitat for haloarchaea which are affected by high Aw,

during high tide and (c) as the region is rich in particulate
agricultural debris and cellulose from dead and decaying
primary producers. It is not surprising that we collected
sponge of Haliclona sp. as sponges of this and other genera
are reported from Anjuna‐Goa [28]. Haliclona sp. is
reported to harbor several eubacterial genera which
include Pseudoalteromonas, Halomonas, Psychrobacter,
Marinobacter, Pseudovibrio, Salegentibacter, Bacillus, Cyto-
phaga, and Streptomyces [29]. For the first time, four
haloarchaeal bionts were retrieved from Haliclona sp.

TABLE 1 Phenotypic characteristics that distinguish
GUMFAZ2 from other Haloferax genera

Characteristics GUMFAZ2

Haloferax
sulfurifontis
strain JCM
12327

Haloferax
lucentense
strain DSM
14919T

Pigment Salmon pink Salmon pink Pink

Growth temp
(°C)

Optimum 35–40 32–37 37

Range 15–55 18–50 10–45
Growth in NaCl

Optimum (M) 2.6 2.1–2.6 4.3

Concentration
range (M)

1.5–5 1.0–5.2 1.8–5.1

Cell stability
(M NaCl)

0.5 0.5M ND

Motility − − +

Optimum pH for
growth

7 6.4‐6.8 7.5

Hydrolysis of

Starch − − −

Gelatin + + −

Tween 80 + + +

Casein − − −

Anaerobic nitrate
reduction

− − −

Oxidase + + +

Indole production + + +

H2S production
from
thiosulphate

+ + +

Resistance to

Rifampicin + + ND

Bacitracin + + ND

Acid from

Glucose + + ND

Maltose + + ND

Sucrose + + −

Arabinose + + +

Galactose + + −

Xylose + + +

Assimilation of

Lactose − − −

L‐Lysine ND ND −

Maltose + + −

Mannitol − − −

Mannose − − −

L‐Ornithine ND ND −

Note. ND: not determined.

FIGURE 2 Extracellular cellulase activity in 50 µl of the
cell‐free supernatant of GUMFAZ2, detected by the agar well
method on 20% NSM+ 0.5% carboxymethylcellulose‐Na agar
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collected by us. It is possible that these bionts may have
inhabited the sponge to survive from the low salinities in
the adjacent waters or had found their way into the sponge
during the filter feeding influx of waters and established as
symbionts. Interestingly out of the four bionts, only
GUMFAZ2 was able to produce xylanase‐free cellulase.
Extracellularly produced cellulase by GUMFAZ2, degrades
the particulate insoluble cellulose debris to soluble
oligosaccharides such as glucose at low consumption of
metabolic energy and also produce other nonhazardous
by‐products of nutritional value [30,31]. This biont was
found to be an extremely halophilic archaeon since it grew
optimally at 3.4M NaCl with no growth below 0.5M NaCl,
resistant to penicillin, lysed in distilled water and revealed
carotenoid pigment which is characteristic of extremely
halophilic archaea [32]. The 16S rRNA gene sequencing of
the biont GUMFAZ2 showed close similarity to Haloferax
sulfurifontis JCM 12327 (98.71%) and Haloferax lucentense
strain DSM 14919T (98.70%). Growth of biont GUMFAZ2
was positive for gelatin, sucrose, galactose, and maltose
which distinguished it from Haloferax lucentense and
hence identified it as Haloferax sulfurifontis GUMFAZ2.
To our knowledge, haloarchaea capable of cellulose
degradation from the sponge Haliclona sp. has never been
reported. The only sponge biont reported to produce
cellulase is Marinobacter sp. from the sponge Dendrilla
nigra obtained from the peninsular coast of India [33].
However, in our earlier study, we reported Halococcus
saccharolyticus strain GUFF70 isolated from a salt pan in
Goa, with the ability to degrade cellulose [9]. Cellulose in
the form of plant detritus, present in the waters
surrounding the sponge enters the sponge along with the
microbes during the filter feeding process. Its ability to

FIGURE 3 Production and activity of cellulase during the growth of GUMFAZ2 in NSM containing 20% NaCl and 0.5%
carboxymethylcellulose‐Na. Residual sugar and pH change with respect to growth is also shown. : Protein (µg/ml); : A600nm; :
cellulase activity; : pH; and x: Reducing sugar (µg/ml)

FIGURE 4 Degradation products of CMC‐Na:
carboxymethylcellulose‐Na: (1) Cellobiose standard, (2) Glucose
standard, (3) 0 h culture supernatant, (4) 24 h culture supernatant,
(5) 48 h culture supernatant, (6) 72 h culture supernatant and (7)
96 h culture supernatant; (─): Solvent front; (‐‐‐‐): Line of spotting
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utilize CMC‐Na as the sole source of carbon in the
synthetic medium by producing extracellular cellulase
even at 20% NaCl, makes it a unique microbe as compared
to the sponge biont Marinobacter sp. which only produced
cellulase in a nutrient‐rich medium containing 2% NaCl
[33]. The inability of the biont to produce xylanase along

with cellulase in a medium containing substrates for both
the enzymes is clearly indicative of xylanase‐free cellulase
production. Further, the detection of cellobiose between
24 and 48 h with concomitant detection of glucose from 48
to 96 h, we understand that the degradation of CMC‐Na to
glucose by Haloferax sulfurifontis GUMFAZ2 is through

FIGURE 5 Effects of (a) NaCl concentration, (b) temperature and (c) pH on cellulase activity

FIGURE 6 (a) Native‐PAGE 10%. Lane 1: molecular weight marker. Lane 2: crude supernatant. Lane 3: CMCase activity, showing one
band with molecular mass of 19.6 kDa. Lane 4: Grayscale image of Lane 3. (b) SDS‐PAGE profile of the crude cellulase, Lane 1: molecular
weight marker. Lane 2: crude supernatant. CMC: carboxymethylcellulose; Native‐PAGE: nondenaturing polyacrylamide gel; SDS‐PAGE:
sodium dodecyl sulfate polyacrylamide gel electrophoresis
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cellobiohydrolase and β‐glucosidase. The enzyme, as well
as the process, is highly significant since none of the
earlier reports on haloarchaeal cellulases have demon-
strated the presence of cellobiohydrolase. Cellulase was
active over a wide range of pH (3–9), NaCl concentration
(0–5M), temperature (20–80°C); with an optimum activity
of 11.7 U/ml at 3.5M NaCl concentration, pH 7 and
temperature 40°C. This broad range of cellulase activity
makes it a significantly desirable candidate in industrial
applications, particularly as known eubacterial cellulases
are incapable of breaking down cellulose at such high salt
concentrations. This is in addition to our earlier reported
dye decolorization and degradation of cellulose fibers from
highly saline effluents by Halococcus saccharolyticus
GUFF70 [9].

The Native‐PAGE and zymographic analysis of
crude xylanase‐free cellulase from GUMFAZ2, revealed
a single band of 19.6 kDa whose molecular weight was
46 kDa by SDS‐PAGE. A cellulase of molecular weight
of 20 kDa has been reported from Haloarcula sp.
LLSG7 [34]. Besides this, another four haloarchaeal
cellulases have been reported from the genera Haloar-
cula. These include Haloarcula sp. G10 [35], Haloar-
cula sp. 2TK2 [36] and Haloarcula vallismortis [37].
Cellulase has also been reported from Halobacterium
piscis [37]. None of these cellulases, however, were
active at 5 M NaCl, whereas the cellulase from
GUMFAZ2 gave an activity of 4.5 U/ml. Haloarchaea
producing cellulases are rare and thus far not reported
from Haloferax sulfurifontis hence, is the first culture
belonging to Haloferax genera producing cellulase
which is xylanase free.

In conclusion, we record that this is the first report on
the production of xylanase‐free cellulase by Haloferax
sulfurifontis GUMFAZ2, a member of the Haloferax
genera retrieved as a biont of Haliclona sp. Further, the
cellulase being active upto 5M NaCl is a true halo‐
extremozyme similar to other halo‐extremozymes re-
ported [38,39] and hence, deserves further investigation.
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