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When one adult meets another at a party, they often 

get to know each other by asking the question, 

"What do you do?" Translated, this question asks 

how you earn a living. When a microbiologist meets 

a newly isolated bacterium for the first time, the 

initial question is the similar. "What does it do?" By 

this the scientist is asking how that bacterium 

makes a living energetically, that is, what it will 

transform in its environment in order to generate 

more for itself. Bacteria do this a little more directly 

than humans, taking what they can from their 

environment without the intermediacy of money. 



Chapter I  

Extreme 
Environments 



Extreme Environments  

Microorganisms occupy almost every, conceivable habitat on earth, most of 

these being moderate environments like neutral pH, temperatures between 20-40°C, 

pressure of 1 atm and an adequate concentration of nutrients, salt and moisture 

(Horikoshi 1991). The most concentrated and widespread occurrences of organisms 

are generally observed in these "moderate" environments. 

It has also been known that there are extreme environments on earth which 

were thought to prevent the existence of life. In these habitats, environmental 

conditions such as pH, temperature and salinity concentrations are extremely high or 

low. Extreme environments are populated by groups of organisms that are specifically 

adapted to these particular conditions and are capable of surviving in these 

"extreme" environments. These organisms which thrive in extreme environments are 

called "Extremophiles" (Krahe et al 1996, Madigan et al 1997). 

Extremophiles are capable of surviving in extreme of temperatures 

Thermophiles — surviving at high temperature and Psychrophiles — surviving at low 

temperatures., high pressure (Barophiles), high pH (Alkaliphiles), low pH 

(Acidophiles), high salt concentrations (Halophiles), low nutrient conditions 

. (Oligotrophs), extremely dry conditions (Xerophiles), in presence of heavy metals 

(metal-tolerant organisms) and high levels of organic solvents (organic solvent 

tolerant organisms). 

Extremophiles have developed special adaptations to survive in extreme 

conditions which include novel mechanisms of energy transductions, regulation of 

intracellular environment and metabolism, maintenance of structure and functioning 

of membranes and enzymes. 
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- High temperature 
Thermal vents and hot 
springs may go hand in 
hand with chemical 
extremes 

Obsidian Pool, 
Yellowstone National Park 
Hydrothermal Vents 

Psyehrophiles 

Low temperature 
Arctic and Antarctic 
1/2 of Earth's surface is oceans 
between 10C & 40C 
Deep sea —10C to 40C 
Most rely on photosynthesis 

71- 	 - 

Thermophiles 

Dangerous microbes 
blhe.airulnAline.sderests 
hemedixmodarrintbelhallssolvnly 
lionWeInbanevarld.lhisatlact. 
anunsilntrabwidnukessulturkadd. 
, ,ApirentoSera101,...k. 

Acidophiles 

pH 0-1 of waters 
at Iron Mountain 

Alkaliphile 

Alkaline 
Soda lakes in Africa and 
western U.S. 
e.g. Mono Lake 
alkaline soda lake, pH 9 
salinity 8% 

Halophiles 
- Highly Salty 

Natural salt lakes and 
manmade pools 

- Sometimes occurs with 
extreme alkalinity 

- solar salterns, Owens Lake, 
Great Salt Lake 
coastal splash zones,Dead Sea 

I 
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Most interesting practical applications so far 
- Many industrial processes involve high heat 

45°C (113F) is a problem for most enzymes 
-:First Eztremophile found 30 years ago . 

Thermophiles Psychrophiles 

- Efficient enzymes to work in the cold 
- Enzymes to work on foods that need to be 

refrigerated 

- Perfumes - most 
don't tolerate high 
temperatures 

- Cold-wash 
detergents 

. 
li Many possible.:applicaons using 

halophiles are 1)6'4 explored such as: 

increasing crude oil extraction 

- genetiCally engineering halophilic 
enzyme encoding DNA into crops 
to alloW.for salt tolerance 

- treatmenfof waste water 

Acidophiles 

- Enzymes used to increase 
efficiency of animal feeds 

- enzymes help animals 
extract nutrients from 
feed 

>> more efficient and 
less expensive 

Alkaliphiles 

"Stonewashed" pants 

- Alkaliphilic enzymes soften fabric and 
release some of the dyes, giving worn 
look and feel 

Detergents 
- Enzymes to dissolve proteins or fats 
- Alkaliphilic enzymes can work with 

detergents 

Extreme Environments 
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The enzymes and various endogenous compounds produced by all 

extremophiles have various application in industry as seen in the table below. 

EXTREMOPHILIC 
GROUP 

Thews Thesophiles SO-110T 

■ ENZYMES, 
(ENDOGENOUS 
I COMPOUNDS 

Amylases 
Xylanases 
Proteases 

APPLICATIONS PRODUCTS 

Glucose, fructose for sweetness 
Paper bleaching 
Amino acid production from 
keratins, food processing, baking, 
brewing, 
detergents, biosensors, 

DNA bioremediation 
polymerases/Taq 
polymerase 

genetic engineering PC,ft, 
sequencing 

I 

flalophiles 3-20% salt rAntibiotics Pharmaceuticals 
Carotene Food coloring 
Glycerol Pharmaceuticals 
Compatible solutes Pharmaceuticals 
Membranes Surfactants for Pharmaceuticals 

• 
Psychrophiles 5-2T 

I Enzymes 

.1 Neutral proteas 

Waste treatment peptide synthesis, 
enhanced oil recove from wells 
Cheese maturation, dairy 

Proteases production 
Amylases 
Lipases 
Polyunsaturated Detergent for cold water washes 
fatty acids Pharmaceuticals 
Ice-protein, 
w-3 Fatty acids 

I 
Artificial snow, 
Production of Dleta 	supplements 

Alkaliphiles p11 >9.0 Proteases 
Amylases  
Upases Detergents 
Cellulose 103 
Cyclodextrins Stabilization of volatile substances 
Antibiotics Pharmaceuticals 
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1.1 Alkaliphiles : 

Alkaliphiles are defined as a diverse group of organisms that thrive in 

highly alkaline environments with optimum pH for growth being 9 or above. The 

term alkaliphiles denoteS alca - Arabic soda ash, phile - loving. Based on the pH 

preference, alkaliphiles can be classified into two broad categories. 

a) Alkalitolerant organisms that show optimal growth in the pH range of 7.0- 

9.0 but grow above pH 9.5. 

b) Alkaliphilic organisms that show optimal growth between pH 10.0 and 

12.0. These organisms can further be subdivided into 

i) Facultative alkaliphiles: which show optimal growth at pH 10.0 

or above but can grow well in neutral pH range and 

ii) Obligate alkaliphiles: which show optimal growth above pH 10.0 

but do not grow below pH 9.0 (Krulwich and Guffanti 1989). 

The key difference between these two groups of alkaliphiles is in the 

membrane lipids. The fatty acid composition of the phospholipids in membranes of 

facultative alkaliphiles appears to have greater membrane integrity at near neutral pH 

values than the more unsaturated, highly branched fatty acids in membranes of 

obligate alkaliphiles (Clejan et al 1986). In order to more clearly distinguish between 

alkaliphiles and the more abundant alkaline — tolerant prokaryotes, the characteristic 

feature is the growth at high pH and an inability to grow well at near — neutral pH 

values such as 6.5 (Horikoshi, 1998). The lower pH limit and pattern of growth over 

a broad pH range also depends upon the particular growth substrate (Gilmour and 

Krulwich 1997, Krulwich et al 1997) and on strain differences that are not understood 
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(Guffanti et al 1986). The optimal pH. value of 9.5 is chosen for growth of . 

alkaliphiles as it is approximately the upper limit of cytoplasmic pH range that is 

compatible with the growth of bacteria studied till date (Sturr et at 1994, Krulwich et 

al 1998). Among these bacteria that meet this criterion, the term facultative 

alkaliphile has been applied to species and strains that are able to grow between pH 

6.5 — 7.5, whereas alkaliphiles that cannot grow in that range are termed obligate 

alkaliphiles. 

In the present work "Alkaliphiles" were isolated from mangrove 

ecosystems of Goa (West Coast of India), namely Ribandar, Banastari, St.Cruz, 

Merces and Panjim. (Fig 1.1 &1.2) 

1.2 Mangrove Ecosystem : 

Mangrove is one of the specialized ecosystems of the tropical areas. It is 

nutritionally rich due to the continuous shedding of foliage which gets decomposed to 

form detrital matter. The microbial flora of the mangrove ecosystems plays a 

significant role in the formation of detritus. These organisms though have continuous 

nutrients are affected by tidal variations, salinity and by anthropogenic substances 

added through run offs from the terrestrial ecosystems, such as excess of fertilizers, 

pesticides and by the activities of industries such as mining, shipbuilding etc. The 

interaction of microbial flora with such anthropogenic substances has resulted in the 

proliferation of physiologically diverse microflora in marine ecosystems. Among 

these are also the bacteria which have the ability to degrade hydrocarbons and 
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xenobiotics. This ecosystem is also found to develop specialized niches having 

specific conditions such as high pH, increase in salinity, high nutrients eg. Nitrogen 

and Phosphorus ( Robertson 1992). 

1.3 Aim and Scope of the work : 

Study of microbial degradation of aromatic compounds at alkaline pH is 

important in natural ecosystems where the fate and toxicity of these contaminants is 

unknown, but the existence of such microorganisms would support functioning of the 

carbon cycle. Use of these microorganisms in removal of aromatic compounds from 

alkaline and/or industrial wastewater will support the environmental concern of 

industries and environmentalists. 

Although much is known about the degradation of aromatic compounds at 

neutral pH, relatively very little information is available about such 

biotransformations occurring at an alkaline pH, more so with alkaliphiles. 

The present work was therefore undertaken to study the alkaliphiles from 

mangrove ecosystems of Goa with respect to biodiversity, buffering capacities and 

their ability to biodegrade aromatic compounds under alkaline conditions. 

8 
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Fig 1.1: Map of Goa showing the sampling sites 
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(a) Merces 	 (b) Santacruz 

(c) Panjim 

(e) Ribandar 	 (d) Banastari 

Fig 1.2 Mangrove ecosystems chosen as sampling sites 
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2.A.1 History of Alkaliphiles : 

Koki Horikoshi, a leading investigator of alkaliphiles, was the first to 

initiate broad-based studies of these bacteria, starting in the late 1960's. The earliest 

reports of bonafide alkaliphiles in alkaline environments dealt with Nitrosomonas and 

Nitrobacter species and Streptococcus faecalis (Meek and Lipman 1922, Downie and . 

Cruickshank, 1928). Later Bacillus pasteurii which grows well at pH 11.0 was 

reported (Gibson, 1934) and Bacillus alcalophilus which grows well at pH 8.6 to 11 

was also reported (Veddar, 1934). In the early 1960's, Takahara and colleagues 

(Takahara et al 1961; Takahara and Tanabe 1960,1962) demonstrated the dependence 

of indigo dye reduction on sufficient alkalinity and improved the fermentation process 

by adding alkaliphilic Bacillus sp. S-8, which they had isolated from an indigo ball, 

during the process at high pH. Over the yers, Horikoshi and colleagues (Horikoshi, 

1996) as well as other laboratories (e.g. van der Laan et al,1991; Ito et a1,1998) 

advanced this tradition of optimizing processes that utilized alkaliphiles or their 

products while also making contributions to the taxonomy and broader 

characterization of this group of organisms. 

The diversity of alkaliphiles was subsequently extended by the work of 

Grant and colleagues (Tindall et al, 1984; Grant et al, 1990, 1999; Jones et al, 1998), 

Zhilina and Zavarzin (1994) and others who enumerated and identified the bacteria 

and archaea that thrived in natural selective environments such as the highly alkaline 

soda lakes in Africa and Asia. The number of known alkaliphiles and their diversity 

has vastly increased as a result of such systematic investigations. These studies also 

extended the earlier finding of Kurono and Horikoshi (1973), Horikoshi (1991) that 

- 12 - 
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alkaliphiles require and thrive in the presence of added Nat, by showing that many. 

categories of alkaliphiles are haloalkaliphiles. 

The energetic processes of alkaliphiles were studied by Krulwich and co-

workers related to the chemiosmotic view of energy-coupling in bacteria and 

eukaryotic membrane systems (Mitchell, 1961). Studies included the issue of how 

aerobic alkaliphilic bacteria, that extrude protons during respiration can achieve --- as 

initially presumed and subsequently shown to be necessary --- net acidification of the 

cytoplasm relative to the outside (Krulwich, 1995). As also noted by Garland (1977), 

there was the further dilemma of an alkaliphile that had successfully achieved such a 

"reversed pH gradient" from the point of view of the effect this would have in 

reducing the chemiosmotic gradients (acid and positive out), i.e. it would be 

anticipated that this reduction in energetic driving force could create a problem with 

respect to how alkaliphiles would transport solutes, energize flagellar rotation, and 

synthesize ATP. Perhaps some alkaliphiles are able to generate compensatory 

electrical potentials across the membrane or use Na +  as a coupling ion. This area of 

study became and remains an active area of investigation in several laboratories 

(Krulwich and Guffanti 1983, 1989; Krulwich and Ivey 1990; Krulwich et al 1998; 

Hirota and Imae 1983; Sugiyama et al 1985; Koyama et al 1986; Koyama and 

Nosoh 1995; Aono and Ohtani 1990; Hamamoto et al 1994). 

More recently, investigations of the basis for the pH stability and optimum 

for many alkaliphilic enzymes have drawn upon 3-dimensional crystal structures 

(Sobek et al 1990, 1992; van der Laan et al 1992; Martin et al 1997; Shirai et al 1997) 

and properties that can be modeled or deduced from molecular characterizations 
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(Teplyakov et al 1992; van der Laan et al 1996; Kobayashi et al 1999). The - 

physiology and bioenergetic properties of alkaliphiles are also enhanced by modern 

molecular biological techniques as well as proteome and genomic insights. Numerous 

alkaliphile genes have been sequenced; physical maps have been presented for three 

of them (Southerland et al 1993; Park et al 1994; Gronstad et al 1998; Takami et al 

1999b) and there is a current project to sequence the genome of an alkaliphilic 

Bacillus, Bacillus halodurans C-125 (Takami et al 1999c). By consensus, there has 

been a shift in nomenclature from the use of the term "alkalophily" to use of the term 

"alkaliphily" over the past decade. The more etymologically correct preservation of 

the "alkali" word root has now become conventional. 

2.A.2 Distribution and Biodiversity of alkaliphiles : 

Alkaliphilic prokaryotes are found in natural, industrial and man-made 

enrichments such as neutral and acidic soils. The most stable naturally occurring 

alkaline environments are caused by a combination of geological, geographical and 

climatic conditions such as eutrophic soda (Na2CO3) lakes, soda deserts and alkaline 

ground waters (Grant et al 1990). 

Biodiversity 

Taxonomic groups 

The enormous taxonomic diversity of extreme alkaliphiles is evident, and 

it is further reflected in the diversity of characteristics. Alkaliphilic cyanobacteria are 

among the primary photosynthetic organisms that produce oxygen; such organisms 
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include Spirulina, Cyanospira, Synechococcus and Chroococcus. Anoxygenic 

phototrophic bacteria, such as Ectothiorhodospira, that uses reduced sulfur 

compounds participate in the primary production via photosynthesis and are also part 

of the sulfur oxidizing limb of the sulfur cycle of soda lakes. The sulfur cycle also 

includes aerobic sulfur oxidizing organisms (Sorokin et at 1996) and anaerobic sulfate 

reducing organisms such as Spirochaetes and Desulfonatronovibrio (Zhilina et al 

1996a, 1997). 

Bacillus species are among the most commonly found aerobic, eubacterial 

alkaliphiles both in soda lakes and in less selective environments (Horikoshi and 

Akiba, 1982; Krulwich and Guffanti, 1983; Guffanti et al 1980,1986; Takami et al 

1999a). B. alcalophilus and associated strains were mainly found in mud at the 

shoreline or dry regions of soda soil in which the organisms are subjected to 

fluctuating water levels with concomitant fluctuations in pH and salt levels; many of 

these strains require only low concentrations of Na +  for growth. The somewhat 

diverse "group 7" bacilli, related to Bacillus clarkii (Nielsen et at 1994, 1995), are 

thought to be more prevalent in sediments and waters that are subject to less 

variability and these alkaliphiles typically exhibit higher requirements for Na +  for 

growth (Jones et al 1998). The molecular physiological studies of Natdependent pH 

homeostasis in alkaliphiles are consistent with such differences among strains 

(Krulwich et at 1982; Garcia et al 1983), and are beginning to identify respiratory 

chain components, transporters and cell surface molecules that may be of particular 

importance to organisms that face transitions or fluctuations in the extremophile 

context (Hicks et al 1991; Ito et al 1997b). 
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Some of the most intensely studied alkaliphilic Bacillus strains, e.g. 

Bacillus C-125 (Aono, 1995) and Bacillus firmus OF4 (Guffanti et al 1986) were 

initially characterized before the extensive matrix of both physiological and molecular 

biological criteria. In fact, their proposed species, Bacillus lentus and Bacillus firmus, 

respectively, were not represented among the major alkaliphile clusters (Fritze 1990; 

Nielsen et al 1994, 1995). It was apparent that more precise placement of well-studied 

strains would facilitate correlations among alkaliphilic strains and their environmental 

patterns. Therefore, recent work has been conducted including further biochemical 

tests as well as 16S rDNA sequencing. This has resulted in proposals for 

reclassification of Bacillus C-125 from a probable Bacillus lentus strain to Bacillus 

halodurans C-125 (Takami and Horikoshi 1999) and Bacillus firmus OF4 to Bacillus 

pseudofirmus OF4 . 

Clostridium strains as well as other diverse anaerobes are well-represented 

in the prokaryotes of soda lakes (Table 2.1 ), but detailed studies or major applications 

of anaerobic, eubacterial alkaliphiles currently lag behind the more extensive 

studies of aerobic alkaliphiles: Perhaps the best studied thus far is the first described 

alkaliphilic anaerobe, a facultatively anaerobic strain that was subsequently classified 

as a new genus and species, Amphibacillus xylanus (Nimura et al 1987, 1989). This 

interesting alkaliphile evokes possible shared themes with B. pasteurii, in as much as 

its optimal growth depends upon the presence of high concentrations of ammonium. 

Major groups of at least moderately thermophilic alkaliphiles began to emerge during 

the past decade including novel obligately alkaliphilic Clostridium species isolated 

from sewage (Li et al 1993, 1994; Wiegel 1998), an asporogenous, Gram-positive 

ammonifying anaerobe from soda lake deposits named Tindallia ntagadii (Kevbrin 
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et al 1998), another xylan-degrading anaerobic alkalithermophile designated as 

strain LB3A (Prowe et al 1996; Sunna et al 1997) and an actinomycete, 

Thertnoactinomyces sp. HS682 (Tsuchiya et al 1992) among others. Stetter and 

colleagues have even described a hyperthermophilic, alkaliphilic archaeon, 

Thermococcus alcallphilus (Keller et al 1995), completely laying to rest the notion of 

incompatibility of thermophily and alkaliphily. Conversely, Kimura and Horikoshi 

(1989,1990) have studied an alkalopsychrotrophic Micrococcus that produced an 

amylase whose properties might have been useful in food- processing situations. 
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Table 2.1 : Taxonomic groups containing prokaryotes 

isolated from, soda lakes. 

Eubacteria 

Cyanobacteria 

Chroococcales 

Oscillatoriales 

Spirulina spp. 

Firmicutes (gram-positive bacteria) 

Actinomycetes (high G+C gram-positive bacteria) 

Actinomycetales 

Micrococcaceae 

Nocardiform actinomycetes 

Streptomyces 

Low G+C gram-positive bacteria 

Bacillaceae 

Clostridiaceae 

Haloanaerobiales 

Proteobacteria 

Beta subdivision? 

Delta subdivision 

Gamma subdivision 

Ectothiorhodospira 

Halomonadaceae 

Pseudomonas 
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Spirochaetales 

Spirochaetaceae 

Spirochaeta 

Thermotogales 

Thermopallium 

Thermopallium natronophilum 

Archaea 

Euryarchaeota 

Halobacteriales 

Halobacteriaceae 

Halorubrum 

Halorubrum (Natronobacterium Vacuolatum) 

Natrialba 

Natrialba (Natronobacterium) magadii 

Natronobacterium 

Natronobacterium gregoryi 

Unclassified Natronobacterium spp. 

Natronococcus 

Natronococcus amylolyticus 

Natronococcus occultus 

Unclassified Natronococcus spp. 

Natronomonas 

Natronomonas (Natronobacterium) pharaonis 

Methanomicrobiales 

Methanosarcinaceae 

Methanohalophilus 

Methanohalophilus oregonensis 

Methanohalophilus zhilinaeae 

Methanohalophilus sp. Z-7936 
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2.A.3 Alkaliphily and Buffering capacity : 

A comparison of the cytoplasmic buffering capacity of Bacillus species 

that grow in vastly different pH ranges indicated that alkaliphiles, grown on non-

fermentable carbon sources, had high cytoplasmic buffering capacities at alkaline pH 

relative to the buffering capacity at loWer pH values (Krulwich et al 1985a). In a 

recent study, Rius and Loren (1998) reported comparative values for the cytoplasmic 

buffering capacity of B. alcalophilus grown on both fermentative and non-

fermentative carbon sources. These investigators used a method in which the decay of 

an acid pulse (Maloney, 1979) was used to determine both cytoplasmic buffering 

capacity and membrane fl conductance, thereby avoiding problems associated with 

permeabilizing cells. In media with either non-fermentative carbon sources or 

fermentative carbon sources, the cytoplasmic buffering capacity of B. alcalophilus 

was much higher in pH 10.5-grown than in pH 8.5-grown cells. Strikingly, the 

alkaliphile cells had vastly lower cytoplasmic buftering capacity when grown on 

malate-carbonate media than the same organism, or than Staphylococcus aureus or B. 

subtilis, grown in the media that contained fermentative carbon sources (Rius and 

Loren, 1998). Since the former media support a more alkaline optimum for the growth 

pH, there is probably no direct relationship between overall cytoplasmic buffering 

capacity and the capacity to grow at the upper reaches of pH. On the other hand, it is 

quite possible that specific compounds play particular roles in connection with 

alkaliphily. For example, several studies have focused on a shift in the ratio of major 

polyamine compounds such that spermidine predominates heavily at very alkaline pH 

values (Chen and Cheng, 1988; Hamana et al 1989). 
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Hamana et al 1989 detected the presence of 3 polyamines putrescine, 

spermidine and spermine. Spermidine was the major polyamine in alkaliphilic 

Bacilli and no spermine was detected. Thus, the physiological function may be, that 

the cell membrane of alkaliphiles is stabilized by spermidine, which is a more basic 

compound than spermine. The elevation of cytoplasmic buffering capacity at highly 

alkaline pH therefore has an important role in alkaliphily. A similar mechanism of 

pH regulation has also been observed in acidophiles (Guffanti and Hou 1987, 

Zychlinsky and Martin 1983). 

2.A.4 Why alkaliphiles generally grow poorly or fail to grow at near 

neutral pH? 

There are several indications that the alkaliphiles that have the very 

highest upper edge for growth and/or highest pH optimum for growth may also be 

those that are obligate alkaliphiles and cannot grow at pH values much below 9 or 9.5. 

This has not yet, however, been rigorously examined in carefully pH-controlled 

continuous culture conditions. However, in batch cultures, for example, Dunkley et al 

1991 noted that an obligate alkaliphile "out-competed" a closely related facultative 

alkaliphile at pH 10.5. The putative inverse relationship between maximally effective 

alkaliphily and the ability to thrive at conventional pH values can be conceptualized 

as relating to adaptations that foster growth at the extreme but are directly adverse at 

lower pH values ("inverse adaptiveness"). Alternatively, the adaptation to high pH 

may not be directly injurious at lower pH values but constitute an energy cost that 

compromises growth ("irrelevant cost"). Or, growth at near-neutral pH may elicit 
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essentially a "stress response" among those alkaliphiles that are maximally adapted to 

optimal growth at highly alkaline pH; some of the consequent shut-down, that is then 

manifest as a poorer growth rate, could be seen as a stress adaptation ("neutral pH as 

stress"). Possible examples of each of these may be found in connection with the cell 

surface. An example of the "inverse adaptiveness" scenario would be the hypothesis 

(Clejan et al 1986, 1988; Dunkley et al 1991) that obligate alkaliphilic Bacillus 

strains have a content of bulky branched chain and unsaturated fatty acids that is 

adaptive for growth at the upper edges of their pH range but which renders the 

membrane unstable at neutral pH. A possible example of the "irrelevant cost" 

hypothesis is the finding that the deletion of the S-layer gene from B. pseudofirmus 

OF4 reduces the growth rate modestly, in correlation with a moderate compromise of 

pH homeostasis, at pH 10.5 but increases the growth rate at pH 7.5 (Gilmour et al 

2000). A possible example of the "neutral pH as stress" scenario is the finding of 

autolysin activation in B. halodurans C-125 at the low end of its pH range for growth 

(Aono and Sanada 1994). 

2.A.5 Industrial Applications of Alkaliphiles : 

Enzymes 

Horikoshi (1991, 1996) has surveyed the applications of alkaliphiles in 

industrial processes, and Ito et al 1998 have reviewed the alkaliphile enzymes that 

have been specifically applied to use in laundry and dishwashing detergents. The 

alkaline pH of laundry mixes has made this application a major one for alkaliphile 

hydrolases, especially those that are also thermotolerant. This fostered the rapid 
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growth of information about alkaliphile proteases, in particular, but also of numerous 

additional hydrolases, including lipases, cellulases and pullulanases. Proteases are the 

most commonly used enzymes in detergents and have the largest segment obtained 

from alkaliphilic microorganisms especially alkaliphilic Bacillus sp.(Grant and 

Horikoshi 1989, Grant et al 1990, Horikoshi 1996,1999 , Giesecke et al 1991, 

Kobayashi et al 1995,Takarni et al 1989).Alkaline proteases have also been used in 

dehairing processes in the leather industries where dehairing is carried out at pH 

values between 8.0 and 10.0 (Horikoshi 1999).There are additional uses for each of 

these enzymes, e.g. proteases in the degradation of gelatin-containing X-ray films for 

silver recapture (Fujiwara et al 1991 ).Pullulanases and amylases have also had 

applications in other settings, e.g. the food industry . Alkaliphilic amylases and 

pullulanases have been isolated from numerous alkaliphiles, even including a 

haloalkaliphilic amylase from Natronococcus (Kobayashi et al 1994). Amylases are 

the most widely exploited enzymes which are used in various industries like food, 

detergents, textile, paper, fine chemicals, pharmaceuticals and fermentation. 

Amylases which are detergent additives at high pH remove starch based stains and 

work synergistically with proteases to dissolve protein-starch combinations in food 

stains (Grant et al 1990).Alkaline amylases have been isolated from Bacillus species 

(Boyer and Ingle 1972, Horikoshi 1991). Many alkaliphilic strains have been reported 

to produce alkaline amylase (Boyer et al 1973, Hartman et al 1995 and Igarashi et al 

1988). Environmental concerns have created pressure to minimize the chlorine-

intense processes used to bleach alkali-treated wood pulp. This, in turn, has 

encouraged the search for thermostable, alkaline xylanases that could substitute for 

the chemical process. Numerous xylanases have been characterized from alkaliphil es 
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some of which were produced as exoenzymes and had desirable properties vis a vis 

the bleaching process, e.g. no cellulase activity (Nakamura et al 1993, 1994; Blanco 

et al 1995). Recent xylanase-producing alkaliphilic or alkalitolerant prokaryotes have 

been isolated from geothermal enrichments (Dimitrov et al 1997; Lopez et al 1998; 

Sunna et al 1997). Pectinases have been isolated from alkaliphiles and evaluated for 

use in fruit and vegetable processing industries, including the degradation of pectin 

from waste-waters from such industries; some efficacy of these enzymes has been 

reported for these uses as well as for the retting process involved in production of 

Japanese paper (Horikoshi, 1991). Recently, a pectate lyase, designated Pel-7, was 

purified from alkaliphilic Bacillus sp. strain KSM-P7 and characterized as a 

thermostable, highly alkaline enzyme (Kobayashi et al 1999). CGTases 

(cyclomaltodextrin glucanotransferases) produce cyclodextrins, which are 

homogenous cyclic oligosaccharides, from starch. The application of CGTases from 

alkaliphiles has been an important application of alkaliphile enzymes (Horikoshi 

1991). 

Antibiotic Production and Bioremediation 

Many conventional antibiotics are unstable at very alkaline pH values, but 

it is nonetheless possible that the alkaliphiles themselves, e.g. alkaliphilic Bacillus or 

actinomycetes, will produce alkali-stable antimicrobials. Among the published reports 

of such work are compounds isolated from alkaliphilic soil isolates (Sato et al 1980; 

Tsujibo et al 1988). It might be of particular interest to examine whether antibiotic 

compounds are produced by soda lake organisms whose environment is more 

consistently and extremely alkaline. Since there is a high biological productivity , 
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there may well be competitive advantage to the capacity to produce antibiotics, and 

those antibiotics might have novel features of interest. 

As noted by Hsieh et al 1998 in connection with Staphylococcus aureus 

mutants that lack a major multidrug efflux pump, even wild type cells will exhibit a 

15 to 60 fold increase in sensitivity to antimicrobials at an alkaline pH that favors 

accumulation of cations and weak bases. Thus alkaliphiles are particularly susceptible 

to inhibition by toxic cations and weak bases and might offer a way to detect small 

quantities of such antibiotic substances in impure test samples, unless the organisms 

are equipped with correspondingly high activity multi drug efflux protection. The 

completion of the Bacillus halodurans C-125 sequence may clarify whether the latter 

adaptation is likely. Paavilainen and colleagues (1994, 1995) have studied the   

dynamics of growth-induced changes in the medium pH and organic acid production 

by different alkaliphilic Bacillus species and have begun to characterize properties 

associated with alkaliphile catabolic patterns. When the sequence of the B. 

halodurans C-125 genome is complete it may well provide clues for 

biotransfonnative and/or bioremediation capacities that will be of interest. Some 

heavy metal resistance determinants have, for example, been identified in alkaliphilic 

B. pseudofirmus OF4 (Ivey et al 1992) and Kimura et al 1994 used a newly isolated 

alkaliphilic Bacillus to achieve conversions of the hydroxyl groups of cholic acid, in 

various combinations, to the keto derivatives at high yield. 
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Conclusion : 

Extremely alkaliphilic bacteria probably were part of an ancient group of 

prokaryotes, for which there is fossil evidence, that evolved in natural enrichments. 

An enormous diversity exists among alkaliphiles, thus there may be a corresponding 

diversity in the alkaline adaptations both in the current soda lakes alkaliphiles and in 

the widespread alkaliphiles that may now be found even in apparently non-selective 

ecosystems. Much of the exploitation of a considerable industrial potential as well as 

most of the studies of fundamental physiological adaptations have focused on 

alkaliphilic Bacillus species. There is a current trend of inclusion of haloalkaliphilic 

archaea and different anaerobic alkaliphiles in these efforts. Much has been learned 

about the major features of pH homeostasis, motility, membrane transport, cell 

structure, protein adaptation to high pH, and oxidative phosphorylation; but each 

finding has also opened new and interesting questions for which novel ecological, 

molecular, structural and biophysical approaches will provide the basis for new 

understanding and applications for alkaliphilic prokaryotes. 

Alkaliphilic bacteria have been extensively studied with regard to their 

biotechnologically relevant extracellular enzymes (Grant et al 1990, Horikoshi 1996) 

and as model organisms to solve bioenergetic problems (Krulwich and Guffanti 1992 

, Krulwich 1995). However very little information is known about their capabilities 

for degrading aromatic compounds. It was therefore envisaged to review the 

degradative studies performed on aromatic compounds under neutral as well as 

alkaline conditions. 
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2.B.1 Biodegradation : 

Hydrocarbons are often classified as biodegradable, persistent or 

recalcitrant depending on their behavior in the environment. Biodegradation is the 

biological transformation of an organic compound either by a single reaction or an 

extensive chemical change with multiple reactions (Blackburn and Hafker 1993, Liu.  

and Suflita 1993). Mineralisation is a term parallel to biodegradation referring to 

complete degradation to the end products of CO 2  , water and other inorganic 

compounds (Leslie 1985). 

Hydrocarbons are grouped as aromatic and aliphatic and further aromatic 

compounds are divided into monocyclic and polycyclic. These hydrocarbons, either 

monocyclic or polycyclie are widely used industrially as solvents and are also found 

in fuels derived from petroleum. Although much of the attention has been focused on 

these industrial chemicals, some aromatic hydrocarbons may be found in the 

environment as products of biosynthesis e.g. carotenoids (Ragoff 1961) or produced 

by bacteria and plants (Harrison et al 1975) 

The monocyclic aromatic substances such as benzoate, toluene and phenol 

etc are more easily attacked then polycyclic aromatic hydrocarbons such as 

naphthalene, anthracene or substituted aromatics e.g. chlorinated biphenyls etc. 

I) incidence of aromatic compounds : 

The evergrowing list of chemical contaminants released into the 

environment on a large scale includes numerous aromatic compounds such as 

petroleum hydrocarbons, halogenated and nitroaromatic compounds, phthalate esters 
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etc. These compounds enter the environment through various paths as components of 

fertilizers, herbicides, pesticides, fungicides, insecticides, detergents, pharmaceuticals, 

synthetic organic xenobiotic chemicals etc. The concentration of a contaminant in the 

ecosystem depends on 

a) the amount present and the rate at which the compound is released. 

b) its stability in the environment under both aerobic and anaerobic 

conditions. 

c) the extent of its dilution in the environment. 

d) the mobility of the compound in a particular environment and its rate 

of biological or non-biological degradation (Harayama 1997, Ellis 

2000, Janssen et al 2001). 

II) Microbial Transformation of aromatic hydrocarbons : 

The hazardous effect of aromatic hydrocarbons necessitates a check on the 

concentration of these substances in the environment. The control measures involves 

the degradation of these substances by microorganisms present in the environment 

which are capable of degrading aromatic compounds (Rogoff 1961, Cerniglia 1984, 

Butter and Mason 1997). 

Degradation may occur either during the process of utilization of the 

hydrocarbon as carbon source or as a co-metabolic transformation by 

microorganisms. When the organism utilizes the hydrocarbon as a carbon or energy 

source during its growth, the original compound is largely incorporated into the cell 

mass or is released as carbon-dioxide.Environmental parameters may influence 

degradation and play an important role. 
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There are certain environmental factors which lead to recalcitrance, like 

limited aeration, water insufficiency, pH, extreme temperature, deficiency of critical 

nutrient elements, presence in low concentration and structural complexity etc. In case 

of chlorinated compounds some microorganisms are unable to clear the C-Cl bonds 

from the aromatic nucleus which hinders its biodegradation. The product formed may 

not be further degraded because of the lack of required enzymes in the same organism 

or the toxicity of the products which may thus get accumulated until some other 

organism acts on it. A phenomenon wherein a microorganism may transform a given 

compound to its related alternate products without utilizing it as a carbon or energy 

source is termed as co-metabolism or cooxidation. (Perry 1979). The microbial 

transformation of pesticides, antibiotics etc. is brought about by co-metabolism 

(Ballag 1974). In the environment for such a degradation to occur, it is important that 

the following three conditions are available : 

1) a capable organism must be present 

2) an opportunity must exist for requisite enzymes to be synthesized and 

3) environmental conditions must be sufficiently suited for the 

enzymatically catalysed reaction to proceed at a significant rate. 

Several attempts have been made to study the degradation of benzene and 

substituted benzenes like benzoate, toluene, halobenzoate, nitrobenzoates etc. Genes 

coding for enzymes for the degradation of aromatic compounds may be present either 

on the plasmid or on the chromosome (Caskey and Sprenkle, 1988). 

Microorgansims with the ability to degrade a wide variety of compounds 

like benzene, phenol, naphthalene, atrazine, nitroaromatics biphenyls, polychlorinated 
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biphenyls (PCB's) and chlorobenzoates have been isolated and characterized 

(Sangodkar et al 1989, Dickel et al 1993). Although simple aromatic compounds are 

biodegradable by a variety of degradative pathways, their halogenated counterparts 

are more resistant to bacterial attacks and often necessitate the evolution of novel 

pathways (Chakraborty 1982, Engasser et al 1990). 

Biotransformations of organic pollutants in the natural environment has 

been extensively studied to understand microbial ecology, physiology and evolution 

for their potential in bioremediation (Lal et al 1986, Fewson 1988, Sangodkar et al 

1989, Chaudhary and Chapalamadugu 1991, Van der Meer et al 1992, Deo et al 1994, 

Kumar et al 1996, Jot-Iri et al 1999, Janssen et al 2001, Bouwer and Zehnder 1993, 

Chen et al 1999, Johan et al 2001, Mishra et al 2001, Watanabe 2001). 

Microorganisms degrading the various aromatic compounds under neutral conditions 

are shown in Table 2.2. 
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Table 2.2 : Microorganisms involved in the degradation of various aromatic compounds 

Aromatic compound Application 
Microorganisms involved in 

degradation 
Reference 

Various xenobiotics 
Rhodococci, Pseudomonas Larkin et al 1999 

Herbicides, Pesticides, Fertiliser 
Pseudomonas Poelarands et a! 2000 

o-, m - p- Cresols 

Pseudomonas putida Chapman 1972 

Pseudomonas alcaligenes Poh et al 1980 

Alcaligenes eutrophus Johnson et al 1971 

Xylenol 
Pseudomonas putida Chapman 1972 

Pseudomonas alcaligenus Poh et al 1980 

Benzoate Bacteriocide, Fungicide 

Williams and Murray 1974 
Pseudomonas putida mt -2 

Nakazawa and Yokoto 1973 

Pseudomonas aeuroginosa Kataeva and Golovleva 1990 

Pseudomonas putida NC1B 10015 
Sala-Trepat et al 1972 

Sala-Trepat and Evans 1971 

Nitrophenols 
Starting material in manufacture of 

pharmaceuticals, pesticides, explosives 
Arthrobacter sp. Zylstra et al 2000 

Chlorinated ethylenes Industrial solvents Pseudomonas stutzeri OX Ryoo et al 2000, 2001 

Trichloroethylene 
Tetrachloroethylene 
(Monochlorinated & 

Nonchlorinated aromatic 
Compounds 

Polyaromatics Hydrocarbons found in 
petroleum 

Geobacter Kazumi et al 1995 

Triclosan (5-chloro-2-2,4 
dichlorophenoxy) phenol 

Antimicrobial agent used in a wide range 
of consumer products like soaps, 

toothpastes, handcreams and plastics 
Pseud , monas Hay et al 2000 

Atrazine 
Herbicide for control of broad leaf and 

grassy weeds 
Pseudomonas sp. ADP 

De Souza et al 1998 

Wackett et al 2002 

Phenols and their derivatives 

• 

Used for manufactuer in synthetic 
organic compounds used mostly in 

agricultural fertilisers 

Thauera aromatica Whiteley et al 2000 

Pseudomonas Feist and Hegeman 1969 

Pseudomonas putida MTCC Bandhopodhyay et al 1999 

Alcaligenes eutrophus Hughes et al 1984 

Halomonas campisalis  Alva, V. and Peyton, B. 2003 

Acinetobacter Abd -El Haleem et al 2003 

Nonyl phenol Sphinogomonas sphinobium 
Tanghe et al 1999 

 
Ushiba et al 2003 

Quinoline(2,3- 
dibenzopyridine) 

Heteroaromatic Pseudomonas putida 86 Griese et al 2006 

Mecoprop 12-(2-methyl-4- 
chlorophenoxy) propionic 

acid' 
Herbicide 

Alcaligenes 

Ralstonia sp. CS2 
Smejkal et al 2001 

2,4-d ichlorophenoxyacetic 
acid 

Alcaligenes Clement et al 1995 

3-chlorobenzoate Ralstonia sp Clement et al 2001 

Naphthalene 
Used in fungicides, pesticides, 

detergents, dyes, moth balls, motor fuel 
and resins. 

Ralstonia sp 
Fuenmayor et al 1998 

Zhou et al 2001 

Aniline & p-chloroaniline 
Production of polyurethanes, rubber, azo 

dyes drugs, photographic chemicals 
varnishes and pesticides 

Moraxella sp. strain G Zeyer et al 1985 

Commamonas testosteroni Boon et al 2001 

Pseudomonas putida Fukumori and Saint 1997 

Pseudomonas acidovorans Loidl et al 1990 
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III) Pathways of biotransformation / Degradation of aromatic compounds : 

Aromatic compounds are ubiquitous growth substrates for 

microorganisms. Like some aliphatic compounds, aromatic compounds have a 

chemical inertness which makes them difficult substrates. Microorganisms utilize 

these compounds by dissimilating them in a step-wise manner. Aerobic organisms 

introduce a hydroxyl group in the aromatic ring using molecular oxygen as obligatory 

cosubstrate (Harwood et al 1999). The position where the group is incorporated 

decides the type of intermediate formed such as catechol, protocatechuate or 

gentisate. The three central intermediates formed from various aromatic compounds 

can be seen in the Fig. 2.1 (Stanier and Ornston 1973, Bayley and Barbour 1984, 

Gibson and Subramanian 1984, Chapman 1972). The hydroxyl group is introduced 

either in ortho or para position. In the case of compounds such as resorcinol, gallic 

acid etc. wherein two hydroxyl groups are already present, a third hydroxyl group 
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must be either present or introduced into the ring before cleavage (Bayley and 

Barbour 1984, Groseclose and Ribbon 1981, Philip and Schink, 1998). 

IV) Enzymatic Reactions : 

The initial step in the microbial metabolism of the benzene nucleus 

involves incorporation of molecular oxygen into the substrate. 

a) Aerobic degradation is dependent on the presence of molecular 

oxygen (Fig.2.2a) and is catabolised by enzymes that have evolved for the 

catabolism of natural substrates and exhibit low specificities. Oxygenases 

are group of enzymes which catalyse the incorporation of molecular 

oxygen into various organic and inorganic substrates. (Hayaishi, 1966) 

Depending upon the type of enzyme catalyzing the reaction either one or 

two oxygen atoms are inserted into the molecule via an electrophilic attack 

on an unsubstituted carbon atom (Janssen et al 2001). For the sake of 

convenience, oxygenases are classified into two groups :- 

1. Monooxygenase — catalyses the addition of a single atom of 

oxygen per molecule of substrate eg. Tyrosinase enzyme on 

substrate tyrosine 

2. Dioxygenase — catalyses the addition of two atoms of 

molecular oxygen per molecule of substrate eg. catechol 1,2 

dioxygenase & catechol 2,3 dioxygenase on substrate catechol. 

The enzymes that bring about introduction of the hydroxyl 

group are the hydroxylases. Hydroxylases belong to the monooxygenase 
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group of enzymes that incorporate only one atom while the other atom is 

reduced to water. Coenzymes NADH 2  and FADH2  serve as electron 

donors. These enzymes do not require heavy metals for activity. Oxygen 

is activated on reaction with reduced coenzymes and then reacts with 

substrate to yield monooxygenated product (Hayaishi 1966). It is not clear 

whether a unique oxygenase system is induced for initiation and cleavage 

of aromatic compounds. 

Fig 2.2a : Main Principle of aerobic degradation of aromatic 
Compounds growth associated processes 
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Studies on mineralization of PAH show that more than one oxygenase 

system exists in individual species of bacteria (Bauer and Capone 1988) eg. 

monophenol monooxygenase (Mayer and Hazel 1979), p-hydroxy benzoate 

hydroxylase (Hosokawa and Stanier 1966) The ability of the microorganisms to 

degrade a range of structurally related compounds by the same metabolic pathway 

may be attributed to the formation of enzymes with broad substrate specificities to the 

synthesis of isofunctional enzymes or both (Hughes et al 1984). 

Benzoate is the most studied monocyclic aromatic compound. The aerobic 

degradation of benzoate follows various routes in microorganisms. Most of the 

bacteria aerobically degrade benzoate initially to catechol which then follows the 

ortho or meta mode of ring cleavage and is catalysed by the dioxygenase enzymes as 

mentioned later in modes of ring cleavage. 

b) Anaerobic degradation proceeds via reductive dehalogenation wherein 

an electron transfer to the halogenated compound results in the 

replacement of a halogen with a hydrogen atom (Janssen et al 2001). 

Increasing numbers of bacteria that utilize aromatic compounds in the 

absence of oxygen have been studied. These include most major 

metabolic types of anaerobic heterotrophs and acetogenic bacteria (Gibson 

& Harwood 2002). Anaerobic degradation of benzoate is depicted in Fig 

2.2b. 
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V) Modes of ring cleavage : 

Cleavage of the aromatic ring is a key reaction in the oxidation of 

aromatic compounds. Dioxygenases capable of cleaving the aromatic ring occur 

widely in bacteria but differ in their mode of aromatic ring cleavage, specific 

inductions and substrate specificity (Kataeva et al 1990, Ornston, 1971). Certain 

bacteria of the genus Pseudomonas synthesise several aromatic ring-cleaving 

enzymes that enable them to oxidize various aromatic compounds for example, 

Pseudomonas aeuroginosa 2x which grows on a wide set of aromatic substrates 

including p-xylene synthesizes four dioxygenases namely pyrocatechase (EC 1.13 

11.1, Catechol 1,2 dioxygenase), metapyrocatechase I and 2 (EC 1.13 11.2, Catechol 

2,3 dioxygenase) and protocatechuate 3,4 dioxygenase (Kataeva et al 1990). 

The usual prerequisite for the oxidative cleavage of the aromatic ring by 

the action of dioxygenases where 0 2  is used as a substrate is that the ring contains two 

hydroxyl groups that are either ortho or para to one another. A third hydroxyl group 

must either be present or be introduced before ring cleavage can occur (Bayley and 

Barbour 1984). 

There are three distinct modes of ring cleavage 

a) Ortho-ring cleavage — cleavage of the band between adjacent carbon 

atoms that carry hydroxyl groups is known as "Ortho" or "intradiol" 

cleavage and the pathway by which the product of such cleavage is 

metabolized is known as the ortho or 13-ketoadipate pathway (Fig 2.3). 

This kind of cleavage is brought about by catechol 1,2 dioxygenase. 

Catechol 1,2 dioxygenase (catechol: oxygen 1,2-oxidoreductase EC 
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1.13 11.1, pyrocatechase) is an enzyme catalyzing the cleavage of the 

aromatic ring of catechol to cis, cis muconic acid with the consumption 

of 1 mole of oxygen has been studied. (Kojima et al 1967, Nakazawa 

et al 1963, Nakazawa et al 1969). 

The enzymes of this group 1,2-dioxygenases are referred to 

as red enzymes since the purified enzyme preparations are red in 

colour. These contain iron in trivalent state at the active centre. Due 

to the high spin state of this ferric ion, these enzymes show a sharp 

electron spin resonance (ESR) signal (Hayaishi 1966, Ngui et al 1990, 

Nakazawa 1969). Reducing agents readily inactivate the ortho-

pathway enzymes whereas oxidizing agents are inactive towards them. 

So also, o-phenanthraline and 2-2' bipyridyl have no action on these 

enzymes. Trivalent iron chelator, Tiron, can readily inactivate the red 

enzymes. The trivalent iron present at the active centre of the red 

enzymes, binds to the substrate and oxygen. Iron gets reduced 

transiently upon binding. Oxygen and substrate then react to give the 

product and iron is released (Hayaishi 1966). 

b) Meta-ring cleavage - In the second mode of cleavage of the benzene 

nucleus, attack occurs between two carbon atoms, only one of which 

carries a hydroxyl group, the other carbon atom being either 

unsubstituted or substituted with other than a hydroxyl group (Fig. 2.3) 

.This kind of cleavage is known as "Meta" or extradiol cleavage. In 

this case, the hydroxyl groups may be either ortho or para to one 
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another and the enzymes catalyzing such cleavages are designated as 

catechol 2,3 dioxygenases. Catechol 2,3 dioxygenase (catechol: 

oxygen 2,3-oxido reductase, EC 1.13 11.2, metapyrocatechase), an 

enzyme -catalyzing the cleavage of the aromatic ring of catechol to 2- 

hydroxymuconic semialdehyde (HMS) has been extensively studied. 

(Dagley and Stephen 1959, Nakazawa et al 1969, Nozaki 1970). This 

enzyme catalyses the critical ring-cleaving step in the biodegradation 

pathways of many complex aromatic compounds. This enzyme has 

been reported in various microorganisms for catechol and cleaves the 

band between carbon atoms 2 and 3 to yield the stoichiometric quantity 

of 2-hydroxymuconic semialdehyde (Dagley and Gibson 1965, 

Ribbons 1970, Sala-Trepat et al 1972 and Evans 1971, Hayaishi 1966). 

Iron in divalent form is present at the active centre of these 

enzymes, which belong to the colourless group of enzymes. Fe +2 

 chelators such as o-phenanthroline, 2,2' bipyridyl, nitrilotriacetate, 

EDTA act as inhibitors. These enzymes are resistant to reducing 

agents and are inactivated by oxidizing agents such as hydrogen 

peroxide and ferricyanide (Hayaishi 1966). Fe +2  ions at the active 

centre react with oxygen to form perferryl ion complex. Substrate 

molecule binds with this to form tertiary complex of iron, oxygen and 

catechol. Oxygen and catechol are activated and react to form 

catechol-peroxide. Ferrous ion is released which then binds to the 

oxygen molecule again. Catechol-peroxide undergoes intra-molecular 

rearrangement to form 2-hydroxymuconic semi aldehyde (HMS). 
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c) Gentisate Pathway — This is the third mode of aromatic ring cleavage 

seen in compounds having the hydroxyl groups para to one another as 

in gentisic acid (2,5-dihydroxy benzonic acid). Oxidative cleavage is 

catalysed by gentisate 1,2 dioxygenase and the subsequent pathway is 

the gentisate pathway. The site of cleavage of the aromatic ring by 

ortho and meta dioxygenases is specific for each type of enzyme so 

that they form relevant cleavage product (Nakazawa et al 1969). 

Gentisate 1,2 dioxygenase is heat stable and inhibited by o-

phenanthroline and 2,2' bipyridyl like the colourless enzymes 

(Crawford et al 1975). Gentisate formed from a number of aromatic 

compounds is cleaved by this pathway (Fig.2.3) (Harpel and Lipscomb 

1990, Poh and Bayley 1980). 
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Benzoate ring cleavage is thus a central core for degradation of substituted 

and polycyclic aromatic compounds. Such ring cleavage could occur either by the 

meta or ortho pathways. Oxygenative cleavage of catechol is then followed by a 

series of reactions leading to the formation of succinate and acetyl coenzyme A in 

case of ortho-pathway and to acetaldehyde and pyruvate if the meta - pathway is 

followed (Nakazawa and Yokota 1973, Hou et al 1977). 

VI) Aromatic amino acids : 

The mainly known aromatic amino acids are tyrosine, phenylalanine and 

tryptophan. Epinephrine, norepinephrine, dopamine and serotonin are hormones / 

neurotransmitters derived from these amino acids. Epinephrine activates muscle 

adenylate cyclase thereby stimulating glycogen breakdown, deficiency in dopamine 

production causes Parkinson's disease and serotonin causes smooth muscle 

contraction. Phenylalanine is hydroxylated to tyrosine and tyrosine is further 

hydroxylated to 3,4 dihydroxphenylalanine (L-DOPA). L-DOP A is later 

decarboxylated to dopamine. Tryptophan undergoes hydroxylation and subsequent 

decarboxylation in the presence of enzyme tryptophan decarboxylase to form the 

neurotransmitter serotonin which causes smooth muscle contraction (Voet and Voet 

1990). Tryptophan is also metabolized by tryptophan 2,3 dioxygenase to form 

intermediates like 3-hydroxyantluanilate, 2-amino-3-carboxymuconate,quinolate and 

finally to the product acetoacctate (Voet and Voet 1990). 

Tyrosine is a non-essential or sometimes called semi-essential amino acid 

produced from phenylalanine. It is a constituent of aminosugars and aminolipids. It 

is known to increase the suppressant effects of phenyl propanolamin.e, ephedrene and 
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amphetamine and helps reduce body fat. It is the precursor of L-DOPA, dopamine, 

norepinephrine and epinephrine, all of which are known neurotransmitters. 

Biodegradation of Tyrosine — Tyrosine enters the mainstream pathways vital for the 

cells routine functioning. Besides this it can also enter side pathways wherein the 

products produced may not be very harmful to the cell under normal conditions. Such 

a pathway is termed as the melanogenesis pathway. Here tyrosine is first converted 

to 3,4 dihydroxy phenylalanine (DOPA) and then dopaquinone, intermediate 

metabolites in the production of melanin via the enzyme tyrosinase. Tyrosinase is 

fairly ubiquitous and was previously called monophenol monooxygenase. It is also 

known as phenolase, monophenol oxidase and as cresolase. Tyrosinase is a copper 

containing monooxygenase catalyzing both o-hydroxylation of rnonophenols and the 

oxidation of o-diphenols to o-quinones (Lerch 1987). 

Monophenol + 02 -) o-quinone + H2O 

2 o-diphenol + 02 --> 2 o-quinone + 2H20 

It has been reported that the active site of the enzyme contains a pair of 

antiferromagnetically coupled Cu +2  ions (Makino et al 1974). Its number in the 

standard enzyme nomenclature is (EC 1.14.18.1). Tyrosinase catalyses the first 

reactions of the melanogenesis pathway. Tyrosine is first ortho-hydroxylated to L-

dihydroxyphenylalanine (DOPA) [Cresolase activity]. L-dihydroxyphenylalanine is 

oxidized to dopaquinone [Catecholase activity] , which undergoes further non-

enzymatic oxidation and polymerization yielding melanin. (Trias et al 1989, Kelley 

et al 1990). 
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Tyrosine + V2 02 -› DOPA (cresolase activity) 

2DOPA + 02 4 2 Dopaquinone + 2H20 (catecholase activity) 

Dopaquinone 4 Leukodopachrome 

Leukodopachrome + Dopaquinone 4 Dopachrome + DOPA 

The summary reaction for tyrosinase activity is : 

DOPA + 02 4 Dopachrome. 

The oxidation of tyrosine is preceded by a short lag which can be 

eliminated by the addition of a trace of DOPA. The oxidation of DOPA goes rapidly 

without a detectable lag. Dopaquinone is converted to dopachrome through 

spontaneous autooxidation and finally to dihydroxyindole or dihydroxyindole-2-

carboxylic acid (DHICA) to form eumelanin (brown-black pigment). 

The hydroxylation of tyrosine to 3,4-dihydroxyphenylalanine (DOPA) can 

also be catalysed by enzyme tyrosine hydroxylase [EC 1.14.16.2], however there are 

major differences between the two enzymes : 

(1) They can be easily distinguished on the basis of their cofactor 

requirements : Tyrosinase requires DOPA, the product of the initial 

reaction to act as a cofactor for the reaction, while tyrosine 

hydroxylase requires a tetrahydroprotein as cofactor, neither enzyme 

can utilise the other cofactor, they are extremely specific (Hearing 

1987, Pomerantz 1966). 

(2) Tyrosinase is a copper containing enzyme while tyrosine hydroxylase 

contains iron and thus they can be distinguished on the basis of 

inhibitors specific for either of those metals (Hearing 1987). 
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VII) Products of aromatic degradation : 

During the biodegradation of aromatic compounds, a number of products 

are formed either as byproducts or intermediates. 

a) Quinones :- Aromatic compounds which have two hydroxyl groups oriented 

either ortho or para can easily be oxidized to ketone-like compounds called quinones 

(O'Leary 1976). Quinones are non-aromatic conjugated cyclo-hexadienones 

(Goodwin 1979, Pine 1987). Variety of quinones exist and are found in bacteria, 

fungi and higher plants. Four types of quinones are described : benzoquinones, 

naphthoquinones, anthraquinones and isoprenoid quinones. Some naturally occurring 

quinones & their properties are mentioned in Fig. 2.4. 

Isoprenoid quinones are found in plants and are of two types; ubiquinones 

and plastiquinones. A characteristic feature of quinones is the reversible reduction 

wherein colourless quinols formed can be reoxidised by shaking in air (Goodwin 

1979). This reduction is carried out by reducing agents like alkaline sodium-

dithionite, sodium-borohydride and zinc (Goodwin 1979, Tornabene et al 1969, St. 

Berger and Ricker 1974).Benzoquinones and naphthoquinones turn colourless or 

yellow-brown on reduction whereas anthraquinone gives a red colour with sodium-

dithionite (Goodwin 1979). Hydroxyquinones with alkali produces deep red to violet 

colour having characteristic wavelength maxima and this can be taken as an indicator 

for quinone (Goodwin 1979, St. Berger and Ricker 1974). Presence of quinone can 

also be detected by reduction of a second leuco compound such as leuco-methylene 

blue which turns blue on oxidation in the presence of oxygen. A number of reactions 

with amines giving coloured compounds are used for identification of quinones 

(Finley 1974). UV-visible spectrum with number and position of absorption bands 
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indicate the complexity of the structure and class of quinone. Infra-red spectra can 

also be used for structure determination though the V. value alone may not be 

enough. p-benzoquinone shows bands at 1640 and 1700cm-I  while o-benzoquinone 

shows bands at 1640-1690 and 1600cm -1  (Goodwin 1979, Finley 1974). Evans (1947) 

first reported the oxidation of phenol giving rise to ortho-benzoquinone. The quinone 

was trapped and identified as dianilino-o-benzoquinone. 
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b) Melanins — This is the black pigment often encountered in microbial systems. 

Apart from imparting intense pigmentation, which in certain cases is of taxanomic 

value, melanins play a role in increasing resistance of fungi towards lytic enzymes, 

detoxification of polyphenolics in root nodules, detoxification mechanism for 

pathogen Cryptococcus neoformans creating anaerobic conditions in nitrogen fixing 

cultures and protecting cells due to antioxidant, antiradical and superoxide scavenging 

properties. (Mayer and Hazel 1979, Banulescu 2000, Margalith 1992, Djordjevic et al 

1987, Sadasivan and Neyra 1987, Shivprasad and Page 1989, Barnett and Hageman 

1983, Kuo and Alexander 1967, Buchanan and Murphy 1998). Melanin pigments 

occur widely in plants and animals and often in bacteria (Mason et al 1953).There are 

four basic kinds of melanins (Margalith 1992, Shivprasad and Page 1989, Barnett and 

Hageman 1983). The pathway for melanin formation is shown in Fig 2.5 

1) Eumelanin :- It is a black to brown insoluble material, consisting of 

highly polymeric cross-linked structures of several hundred 

monomeric units. It is seen in mushrooms, potatoes and in the hair and 

irides of mammals (Novellino 2000). The two types of eumelanin 

known are Eumelanin monomer, dihydroxy indole (PHI) and 

Eumelanin monomer, dihydroxy indole carboxylic acid (PHICA). 

2) Phaeomelanin :- It is a yellow to reddish brown alkali soluble 

material and is found in the hair and feathers of fowls, encysted forms 

of certain strains of Azospirillum brasilene, black spot of potato, 

human hair, squid ink etc. (Sadasivan and. Neyra 1987, Stevens et al 

1998, Nicolaus et al 1964). 
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3) Neuromelanin 	DOPA is too hydrophilic to cross the blood-brain 

barrier so it is converted to L-DOPA which is hydrophobic and thus 

crosses the blood-brain barrier, where it is reconverted to DOPA. This 

is then oxidatively converted to neuromelanin. Neuromelanins can act 

as chain-breaking antioxidants (Smythies 1996, D'Ischia and Prota 

1997). 

4) Allomelanin :- It is formed from nitrogen free precursors such as 

acetate, catechol-1,8-dihydroxynaphthalene etc. No tyrosine is 

involved in the synthesis of this pigment. The pathway for 

allomelanin formation is known as the polyketide biosynthetic 

pathway. Allomelanin is seen in watermelon seeds and in the 

filamentous fungus Alternaria alternata (Nicolaus et al 1964, Kimura 

1993). 

As mentioned earlier although appreciable data is available on the 

degradation of aromatic compounds at neutral pH conditions, very little data is 

available to support such biodegradation under alkaline pH conditions. Removal of 

aromatic compounds from alkaline or industrial waste water is an environmental 

concern for the industry. In addition, aromatics may be accumulating in soda-lakes 

and unique natural systems where the fate and toxicity of these contaminants is 

unknown. 

However bacteria isolated from naturally occurring alkaline environments 

and degrading xenobiotics have rarely been described. One of the few available 

reports is on degradation of 4-chlorobenzoate by a facultatively alkaliphilic 
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Arthrobacter sp. strain SB8 (Shimao et al 1989). The bacterium dehalogenated 4- 

chlorobenzoate in the initial stages of degradation and metabolized it via 4- 

hydroxybenzoate and protocatechuate. The substrate concentration tolerated by this 

bacterium was as high as 150mM. New alkalitrophic strains including Rhodococcus 

sp., Dietzia sp. and Alcaligenes sp. which could degrade aromatic compounds such as 

biphenyls and PCB's have been isolated and characterized (Maeda et al 1998). The 

degradation of 2,4 D (dichlorophenoxyacetic acid) by haloalkaliphilic bacteria has 

been reported (Maltseva 1996).Phenol degradation at pH 10 by bacteria isolated from 

a 2.6 g/lNaC1 soda lake has been reported (Kanekar et al 1999). 

To determine the feasibility of aromatic compound biodegradation in 

saline and alkaline conditions, the effect of pH and salinity on the biodegradation of 

phenol as a model aromatic waste compound by the haloalkalophilic bacterium 

Halomonas campisalis was examined. Phenol was degraded as a source of carbon 

and energy at pH 8-11 and 0-150 g / 1 NaCl. Metabolic intermediates catechol, cis, 

cis-muconate , muconolactone were identified, thus indicating that phenol was 

degraded by the 1:1-ketoadipate metabolic pathway. These results indicate that it may 

be feasible to use haloalkaliphiles for the treatment of aromatics present in alkaline 

systems. This is the first report on phenol and catechol biodegradation under 

combined saline and alkaline conditions. (Alva and Peyton, 2003). Yumoto et al 

2003 have reported a halotolerant obligate alkaliphile Bacillus krulwichiae 

sp.nov.capable of utilizing benzoate and m- hydroxybenzoate .Prior to this report, the 

degradation of 2,4 D by an alkaliphilic, moderately halophilic soda lake isolate 

Halomonas sp.EF-43 has been reported (Kleinsteuber et al 2001). 

373 
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Conclusion: 

The microbial degradation of aromatic compounds is important not only 

for the industrial applications of the respective enzymes involved, but also for 

studying structural, functional and genetic aspects of aromatic compound oxygenases 

.However there is little information concerning aromatic compound oxygenases 

isolated from them. Isolation of aromatic compound degrading alkaliphiles might 

enable the acquisition of new information not only on the taxonomy, physiology and 

enzymology of alkaliphiles, but also on aromatic compound oxygenases. 
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Alkaliphilic bacteria from mangrove ecosystems of Goa. 

Alkaline environments are typical extreme environments which include 

naturally occurring soda lakes, deserts, soils and artificially occurring industrial 

derived waters. Microorganisms that occupy extreme pH environments have resulted 

in the definition of an unusual group termed alkaliphiles. The major goal of microbial 

ecology is to understand microbial diversity in natural habitats .Therefore knowledge 

of both microorganisms and habitats is essential. There are two kinds of naturally 

ocurring stable alkaline environments in the world. First, high Ca 2+  environments 

(ground waters bearing high CaOH) and second low Ca 2+  environments (soda lakes 

and deserts dominated by CaCO3) (Horikoshi, 1991). Soda lakes and soda deserts 

represent the most stable , naturally occurring alkaline environments found world 

wide. These environments are characterized by high concentrations of Na2CO 3 . 

Diverse industrial activities including food processing (KOH mediated removal of 

potato skins), cement manufacture (or casting), alkaline electroplating, leather 

tanning, paper and board manufacture , indigo fermentation, rayon manufacture and 

herbicide manufacture generate anthropogenic sources of alkaline type environments 

(Gee et al 1980, Takahara and Tanabe 1962 , Ulukanli and Digrak 2002). 

This chapter discusses the enumeration and isolation of alkaliphiles in 

mangrove ecosystems of Goa and their characterization with respect to enzyme 

activities, organic solvent tolerance, adherence to hydrocarbons and capability to 

grow on aromatic compounds as substrates in synthetic or non-synthetic medium. 
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3.1 Materials and Methods : 

3.1.1 Collection and analysis of samples : 

Sediment and water samples were collected from mangrove ecosystems at 

Merces, St. Cruz, Ribandar, Banastari and Panaji, Goa. (Fig. 1.1 and 1.2) pH of the 

various samples was tested using the pH paper on the site of collection and using 

LABINDIA pH analyzer (PHAM) in the laboratory. Salinity of the samples was 

determined using the method proposed by Trivedy 1998 (Appendix A.8). 

3.1.2 Enumeration of Neutrophiles, Alkaliphiles, Haloalkaliphiles and 
Halophiles : 

A. Diluent: Samples were serially diluted in 

(i) Sterile sea-water — for isolation of neutrophiles and halophiles 

(ii) Carbonate-bicarbonate buffer pH 10.0 (Appendix B.2.iv) 

— for isolation of alkalophiles and haloalkalophiles 

B. Media: Neutrophiles were isolated on nutrient agar (pH 7.0) for isolation of 

alkalophiles three different media were used.(Appendix A.2 and A.3) 

(i) Polypeptone Yeast extract glucose agar (PPYG (A) pH 10.5) 

(ii) Horikoshi-I 

(iii) Horikoshi-II 

Haloalkalophiles were isolated on medium with high pH (10.5) and high 

salt concentration (25%) PPYG (H) (Appendix A.5). 

Halophiles were isolated on NTYE (NaCl-Tryptone Yeast extract Agar) 

(pH 7) (Appendix A.6). 
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Soil sediments were suspended in sea-water at the ratio of 1:10 and 

incubated on the Orbitek shaker for 1 h at 150 rpm, the suspension was allowed to 

settle and 0.1 ml of supernatant used for plating or preparation of dilution. For viable 

count on NA, water samples and sediment supernatants were diluted serially tenfold 

in sea water. Viable count of alkaliphiles, haloalkaliphiles and halophiles was 

determined by plating out water samples and sediment supernatant directly without 

any dilution on the respective media plates. The plates were incubated for 24-48 hrs at 

room temperature for neutrophiles, halophiles and alkalophiles and for 7 days for 

haloalkalophiles. Colonies formed were counted and the total viable count was 

determined. 

3.1.3 Screening of alkaliphiles for pH preference : 

Predominant isolates from PPYG agar pH 10.5 were replica plated on four sets of 

PPYG agar plates of pH 7, 8.5, 10.5 and 12 to obtain obligate alkaliphiles. The 

plates were incubated for 48 h at room temperature and the isolates growing only 

at pH 10.5 and 12 were selected. 

3.1.4 Purification and maintenance of the isolates : 

The obligate alkalophilic isolates were subcultured successively on PPYG 

medium (pH 10.5) to obtain pure cultures and maintained on PPYG agar slants, 

sealed with parafilm and preserved at 4°C. The isolates were periodically checked 

for purity and subcultured every 15 days and stored at 4°C. 
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3.1.5 Growth profile of the selected obligate alkaliphiles : 

Pure colonies of the obligate alkalophilic isolates were incubated in 

conical flasks containing 25ml PPYG broth (pH 10.5) on rotary shaker at room 

temperature for 24h. 5% of this culture broth was then added as inoculum into side-

arm flaks containing 25m1 PPYG broth (pH 10.5) and incubated on the Orbitek shaker 

at 150 rpm at room temperature. Absorbance was read at 600nm immediately after 

inoculation of the culture and growth was observed after every 2h interval on the 

Elico colorimeter till the cultures entered the stationary phase of growth. 

Alkalophilic microorganisms produce a large number of enzymes and 

secondary metabolites which are potentially useful in industries. The potential of this 

group of organisms is also depicted in degradation of aromatic compounds and 

bioremediation. Further the use of organic solvents in the removal of toxic pollutants 

from natural ecosystems and biotransformation has also aroused a great deal of 

interest. The present work was therefore directed to study a few enzymes produced 

by the isolates obtained and their capability to degrade aromatic compounds. tolerate 

various organic solvents and adhere to hydrocarbons. 

3.1.6 Studies on the enzyme profiles of the isolates : 

The enzyme activities of the obligate alkaliphilic isolates from PPYG agar 

pH 10.5 were determined qualitatively by spot inoculating on PPY media (PPYG 

medium without glucose) with the specific growth. substrate. PPY media was 

supplemented with starch to check amylase activity, skimmed milk/casein for 

protease, carboxymethyl cellulose (CMC) for cellulase and tributyrin for lipase 

activity (Appendix A.4). Amylase activity was determined by flooding the plates with 
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1% iodine and cellulase activity i.e. breakdown of carboxymethyl cellulose was 

detected by flooding the plates with 1% (w/v) aqueous solution of 

hexadecyltrimethylammonium bromide (Gee et al 1980). Proteolytic and lipolytic 

activities were observed directly as zones of clearance around the colonies on specific 

medium. 

3.1.7 Screening of alkaliphiles for growth on aromatic compounds : 

The selected obligate alkaliphiles were screened for the growth on 

aromatic compounds by supplementing Mineral Salt Medium (MSM), pH 10.5 

(Appendix A.1) with 0.1% benzoate, 0.2% tyrosine, 0.1% aniline, other phenolic 

compounds such as phenol, phenylalanine, cresol, resorcinol, quinol and p-

chloroaniline in 0.05% concentration. Plates were incubated for 5-7 days and the 

growth was checked after every 24 h interval. 

3.1.8 Screening for organic solvent tolerant alkaliphilic isolates : 

Alkaliphilic isolates were replica plated on PPYG agar pH 10.5 and the 

plates were overlaid with organic solvents such as benzene, toluene, hexane, butanol 

and chloroform and incubated at room temperature for 24h. Growth of the isolates in 

presence of organic solvents was observed after 24h for a period of 7 days. 
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3.1.9 Bacterial Adherence to Hydrocarbon Test (BATH Assay) : 

The capacity of the alkaliphilic bacteria to adhere to hydrocarbons was 

determined by performing the BATH (Bacterial Adherence to Hydrocarbon) assay, 

used to determine the relative hydrophobicity of cells (Sweet et al 1987, Rosenberg et 

al 1999). 

For each of the alkaliphilic isolate to be tested, 3m1 of cells grown for 24h 

in PPYG medium ,centrifuged and suspended in saline was added to each of the two 

15mm diameter glass test tube, representing one test and one control. In addition, a 

test and a control were prepared on the suspending medium alone as 

spectrophotometer blanks. To each test suspension 0.6m1 of benzene/ 

xylene/hexadecane was added. The test was done for all the 28 alkaliphilic bacteria 

using benzene, xylene and hexadecane as hydrocarbons. The test and control were 

kept for a while for equilibrium, then vortexed on a cyclomixer (REMI) for 30S and 

kept for 30min to allow the immiscible organic and aqueous phase to separate. The 

lower aqueous layer was carefully removed using Pasteur pipettes and transferred to a 

clean test tube. Any contaminating organic molecule that may have been carried on 

the pipette or bound to the bacteria was removed by bubbling air through the 3m1 of 

suspension for 1 min. Absorbance (A4 50) was measured as before, followed by vortex 

mixing for 5s to disrupt and resuspend any aggregate that may have formed. Finally 

the absorbance of the aqueous phase of test suspension (with organic layer) (At) 

compared with control cell suspension (w/o organic layer) (A0) were calculated as 

fraction of adherence by the formula : (At-A0)/A0 

BATH value was calculated as percentage of decrease in turbidity using the 

following equation: [ (A 1 -A„)/A0  ] x 100 . 
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3.1.10 Scanning Electron Microscopy (SEM) : 

Specimen Preparation Methods from SEM, JEOL application note. 

The culture was centrifuged at 5000 rpm for 5 min and the supernatant discarded. The 

pellet was dispersed in 0.05M phosphate buffer (pH 7) and smeared onto the stub. 

Smear on the stub was fixed in 2m1 of 2.5% glutaraldehyde fixative (pH 7.2-7.4), 

overnight at R.T. The stub was placed in 0.05M phosphate buffer and then in 30% 

acetone. It was allowed to stand for 10 min. The dehydration procedure was repeated 

likewise with 50%, 70% and 90% acetone for 10 min, each and finally in 100% 

acetone for 30 min. The stub was then put in the critical point drying device wherein 

the acetone gets replaced by liquid carbon dioxide at high pressure . This was 

evaporated by raising the temperature to 45°C and liquid carbon-dioxide gets 

converted to gaseous carbon-dioxide and escapes . The process takes 1 h. The stub 

was placed on the sputter coater (spi-module) specimen holder, after drying. The 

position of the stage was set such that the specimen was approximately 50mm from 

the bottom of the sputter head. After sputtering the specimen with 10-15nm thin film 

of gold, the stub was placed onto the electron microscope sample chamber and 

observed with JEOL- 5800 LV SEM. 

3.2 Results and Discussions : 

3.2.1 Distribution and total viable count of alkalophiles : 

Samples collected from mangrove ecosystems were plated on various 

media for isolation of neutrophiles, halophiles and haloalkalophiles. Polypeptone 

yeast extract glucose agar pH 10.5 provided a more luxuriant growth of alkaliphilic 
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bacteria than Horikoshi I and II. It is well documented that Na +  is crucial for the 

growth of most alkaliphiles (Krulwich 2001). The high Na +  ion content of PPYG 

perhaps contributed to the growth of obligate alkaliphiles, PPYG medium pH 10.5 

was hence selected as the specific medium for further studies. It has been reported 

that Na÷  ions are essential for maintenance of the cytoplasmic pH which remains 1-2 

units below external pH (Horikoshi 1991). Unlike pH homeostasis in non 

alkalophiles which can be coupled to Na +  efflux, pH homeostasis in the aerobic 

extreme .alkaliphiles is exclusively coupled to Na +  (perhaps to avoid detrimental 

reductions in the cytoplasmic K +). Thus alkaliphiles capacity for Na +  extrusion may 

have to be protected for this crucial function under conditions other than Na +  stress. 

In fact, routes that make cytoplasmic Na +  available i.e. complete the Na +  cycle are 

necessary for pH. homeostasis independent of other functions to which they relate 

(Krulwich et al 2001). All the samples were found to yield the presence of alkaliphilic 

bacteria and gave high counts' on PPYG agar (Table 3.1). Counts ranging from 1000 

to 679 x 10 5  cfu/m1 were obtained on N.A (neutrophilic count) and 10 to 4120 cfu/ml 

on PPYG agar (alkalophilic count). It has been reported in literature that the ratio of 

alkaliphiles to neutrophiles found in the soil is about 1:10 to 1:100 (Horikoshi 1991). 

It has also been reported that alkaliphilic microorganisms coexist with neutrophilic 

microorganisms as well as occupy specific econiches in nature (Grant et al 1990) It 

was noted that the sediment samples had a higher count on N.A. as compared to water 

samples, the highest count was obtained from the Panjim mangrove ecosystem. This 

sample showed a. count of 679 x 10 5 cfu/ml on N.A and a count of 1240 cfu/ml on 

PPYG ,indicating the presence of both neutrophilic and alkalitolerant bacteria. The 

Ribandar mangrove sediment sample yielded the highest alkaliphilic count of 
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4120 cfu/ml, while the Banastari mangrove sediment yielded a count of 2060 cfu/ml 

(Table 3.1). The sediment samples collected also showed a satisfactory count of 

haloalkalophilic bacteria (Table 3.1) but no counts for halophiles were obtained. The 

water samples also showed low counts with absolutely no growth of haloalkaliphiles 

and halophiles. Banastari water sample showed highest count of 5770 cfu/ml on N.A. 

followed by the Panjim mangrove water sample with 2420 cfu/ml. The alkaliphilic 

count was highest in the water sample obtained from the Merces mangrove ecosystem 

which yielded a count of 70 cfu/ml (Table 3.2). However the Banastari mangrove 

water sample showed a count of only 10 cfu/ml on PPYG. 

The pH of the samples obtained during the present study ranged from 7.79 

to 8.2 while the salinity of the water samples ranged from 1.12 to 1.45 (Table 3.3 ). 
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Table 3.1 : Total viable count of sediment samples 
obtained from mangrove ecosystems 

Sediment I 
samples 

NA, PPYG (A) PPYG (H) 

TVC x 105  TVC TVC 

Merces 80.5 580 N.G 

St. Cruz 68.61 1020 510 

Panjim 679.6 1240 10 

Banastari 4.13 2060 50 

Ribandar 210.33 4120 40 

Table 3.2 : Total viable count of water samples 
obtained from mangrove ecosystems 

Water 
samples 

NA PPYG (A) PPYG (H) 

TVC TVC TVC 

Merces 1050 70 N.G 
St. Cruz 1000 30 N.G 
Panjim 2420 20 N.G 

Banastari 5770 10 N.G 

Ribandar 1670 40 N.G 

PPYG (A) - PolypetoneYeast extract Glucose Agar 

PPYG (H) - PolypetoneYeast extract Glucose Agar + 25% salt 

N.G. - No Growth 

Table 3.3 : pH and salinity of samples collected from mangroves 

Sampling 
Stations 

Sam ples pH 
Salinity 

(%) 

Merces 
Water 7.92 1.35 

Sediment 8.11 -- 

St.Cruz 
Water 7.79 1.12 

Sediment 7.93 -- 

Panjim 
Water 7.82 1.35 

Sediment 8.07 -- 

Ribandar 
Water 7.92 1.45 

Sediment 8.2 -- 

Banastari 
Water 8 1.32 

Sediment 8 -- 
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3.2.2 Growth of the isolates on media with different pH : 

The predominant isolates obtained on PPYG agar were purified and 

maintained. 141 predominant isolates were obtained which were further screened for 

selection of obligate alkaliphiles. These 141 isolates were plated on PPYG agar of pH 

6, 8.5, 10.5 and 12. The isolates growing only at and above pH 10.5 were selected as 

obligate alkaliphiles (Table 3.4). 28 obligately alkaliphilic isolates were obtained from 

141 predominant isolates, the remaining 113 isolates were considered to be facultative 

(Table 3.4). It has been reported that these facultative alkaliphiles exhibit optimal 

growth at pH 10.0 but can grow well in the neutral pH range also (Krulwich and 

Guffanti, 1989) while the obligate alkaliphiles exhibit optimal growth above pH 10.0 

but do not grow below pH 9.0. 

3.2.3 Growth profiles of the selected 28 isolates : 

The growth profiles of these 28 obligately alkaliphilic isolates were 

studied in PPYG medium with glucose as the carbon source and it was observed that 

isolates A-1 a, A-3b, A-20, A-27, A-30, A-37, A-64 showed no lag phase while the 

exponential phase continued upto 16-20 h for most of the cultures at room 

temperature and the isolates reached the stationary phase within 24-36 h of growth 

(Fig.3.1 ). Cultures A-lb, A-20, A-43, A-59a, A-102, A-118 and A-129 showed a 

short lag phase of about 4-8h while cultures A-3a, A-5, A-52, A-55, A-59b; A-61, A-

62, A-66, A-77, A-86 and A-131 showed a long lag phase of 12h with the exponential 

phase of 28h followed by the stationary phase ( Fig.3.1). Cultures A-61 and A-62 had 

the longest lag phase of 20h followed by an exponential phase which continued upto 

30h ( Fig.3.1). Studies done earlier have confirmed that organisms with high pH 

optima have specific growth rates at that pH (Gee et at 1980). The variations in pH in 
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PPYG medium and the intracellular pH of the isolates was monitored. It was 

interesting to note that the extracellular pH decreased during the growth of the isolates 

in PPYG medium (decrease from initial pH of 10.5 to 10 / 9.5). 

It has been reported in literature that alkaliphilic bacteria when inoculated 

in medium of pH 10.5 and incubated grow vigorously by changing the pH of the 

medium, finally attaining a pH value of about 9.5. When inoculated at pH 12 and 

incubated, alkaliphiles grow slowly and change the pH of the medium to pH 10.0. It 

has also been reported that in acidic conditions, alkaliphiles can increase the pH of the 

medium to about 9.0 at which point they show almost the same rate of growth as that 

at pH 10.5 (Horikoshi, 1991). 

During this study the intracellular pH determined by the pH 

measurement of broken cell lysate was found to be 1-2 units less than the extracellular 

pH (Table 3.5 ). This was performed using a simple technique for determining the 

intracellular pH (Horikoshi, 1991). Complex techniques such as the distribution of 

weak bases and use of the pH sensitive fluorescent probes have also been reported 

(Aono et al 1997, Cook et at 1996). Interestingly the change in internal pH shown, 

ranging from 7.8 to 8.3 from external pH of 9.5 to 10.0, indicates a reduction of 1.2 

- 2 units by all the isolates obtained during this study as mentioned earlier. 

Active and passive mechanisms enabling alkaliphiles to adapt to extreme 

pH conditions have been reported. Alkaliphiles during growth maintain the alkalinity 

of the medium as well as their cytoplasmic (internal) pH, 1-2 pH units lower than the 

external pH has been reported (Guffanti and Hicks 1991, Horikoshi 1991). This 

significant capability of alkaliphiles to maintain the pH optima for their growth is 

based on their buffering capacities. It was therefore of interest to study the buffering 

capacities of these isolates. 
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Table 3.4 : pH preference of the isolates obtained from mangrove 

Sr. pH 

No. 6 8.5 10.5 12 

1 - + + 

2 + + + + 

3 - + + 
4 - + - 

5 - + + 

6 - + + 

7 + + + + 

8 + + + _ 

9 - - - 

10 - + + + 

11 - + + - 

12 + + + - 

13 .. + - 

14 - + + - 

15 - + - 

16 + + + + 

17 - + + + 

18 - + - 

19 _ + + + 

20 - + + 

21 + + + 

22 - + - 

23 - + - 

24 - + + + 

25 - + + + 

26 + + + + 

27 - - + + 

28 + + + + 

29 - - + - 

30 - - + + 

31 - + + - 

32 - + + + 

33 - + - 

34 - + + - 

35 + + + - 

36 + + + + 

37 - - + + 

38 + + + - 

39 + + + - 

40 + + + 

41 - + + + 

42 + + + - 

43 - + + 

44 _ - + - 

45 + + + 

46 - + + 4 

47 + + + + 

Sr. pH 
No. 

8.5 10.5 12 

48 + + - 

49 + + + + 

50 + + + + 

51 + + + + 

52 _ + + 

53 - + - 

54 - - + - 

55 - - + + 

56 - - + - 

57 - + - 
58 - + + + 

59 - - + + 

60 - - + - 

61 - - + + 

62 - - + + 

63 + + + - 

64 - - + + 

65 - - + + 

66 - - + + 

67 - + + 

68 + + - 

69 + + + 

70 + + + 

71 + + + 

72 + - 

73 + - 

74 + + 

75 + + + 

76 + + - 

77 + + 

78 _ + + 

79 + + + 

80 - + - 

81 + + 

82 + + + - 

83 + + + 

84 + + + 

85 + + + 

86 _ + + 

87 + + - 

88 + + + + 

89 + •+ - 

90 - + + - 

91 + + + 

92 + + + - 

93 + + + - 

94 + + - 

Sr. pH 
No. 

6 8.5 10.5 12 

95 + + + - 

96 + + + - 

97 + + + - 

98 + + + - 

99 + + + - 

100 + + + - 

101 + + + - 

102 - + + 

103 - + + - 

104 - + + - 

,105 + + - - 

106 + + + - 

107 + + + - 

108 + + + - 

109 + + + - 

110 + + + + 

111 + + + 

112 + + + - 

113 - - + - 
114 - + - 

115 - + - 

116 - + - 

117 - + - 

118 - - -4- + 

119 + + + - 

120 - 4 - 

121 - + - 

122 + + + - 

123 - - + - 

124 + + + - 

125 + + + - 

126 + + + + 

127 + + + - 

128 + + + - 

129 - - + + 

130 - _ + - 

131 - + 	- + 

132 - + + + 

133 + + + 

134 + + + - 

135 + + + - 

136 + + + 

137 - + + 

138 - - + 

139 - + 

140 - + 

141 + + + 

Key : + Growth seen, - no growth seen. 
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Fig. 3.1 : Growth Profiles of alkaliphiles in PPYG 
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Table 3.5 : Extracellular and intracellular pH of the 
cultures in PPYG 

Culture Extra cellular pH Intracellular pH 

A-1 a 9.5 7.8 

A-1 b 9.8 8.1 

A-3a 9.5 8.0 

A-3b 9.8 8.2 

A-5 9.5 8.0 

.A-6 9.5 7.9 

A-20 9.5 8.0 

A-27 9.5 8.1 

A-30 9.8 8.2 

A-37 9.5 8.3 

A-43 9.5 8.0 

A-52 10.0 8.0 

A-55 10.0 8.1 

A-59a 9.5 7.9 

A-59b 9.8 7.8 

A-61 9.5 7.8 

A-62 9.5 8.0 

A-64 9.5 7.9 

A-65 9.8 8.0 

A-66 9.5 8.0 

A-67a 9.5 7.9 

A-67b 9.5 8.0 

A-77 9.8 8.1 

A-86 9.5 8.2 

A-102 9.5 7.9 

A-118 9.8 8.0 

A-129 9.5 8.1 

A-131 9.5 8.2 
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3.2.4 Enzyme activities : 

The wide distribution of alkaliphilic microorganisms in the mangrove 

samples collected indicate that these microorganisms may play a role in 

biodeterioration of organic matter in their ecosystem. These isolates (28) were hence 

screened for enzyme activity with relation to the degradation of natural organic 

macromolecules. The enzyme activity studies depicted the presence of active 

extracellular enzymes at high pH. Presence of lipase was shown by all the isolates, 

protease was found in 50% of the total isolates with amylase being exhibited by only 

39%. However none of the isolates showed the activity of cellulase (Table 3.6 ). It is 

also interesting to note that many of the isolates showed the activity of more than one 

enzyme active at high pH (Fig.3.2) and 25% showed the activity of all three enzymes, 

amylase, protease and lipase (Table 3.6 ) (Fig.3.2 ). 

A wide range of enzymes have been isolated from alkaliphiles and find 

applications in industrial processes eg. Alkaline protease isolated from alkaliphilic 

thermophile Bacillus sp. strain B-18 is used in the detergent industry, dehairing 

process in leather industry and in degradation of gelatin containing X-ray films for 

silver recapture (Horikoshi 1996, Fujiwara et al 1991). Takami et al have isolated an 

alkaline protease from thermophilic alkalophilic Bacillus sp. strain H-101, proteases 

produced by other microorganisms have also been reported (Bockle et al 1995, Cheng 

et al 1995, Giesecke et al 1991, Kobayashi et al 1995). 

Alkaline lipase production by gram negative Pseudomonas has been 

reported by Watanabe et al 1997 and alkaline lipase production by several other 

bacteria has also been reported. (Bhushan et al 1999;  Lesuisse et al 1993, Wang et al 
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1995). Ito et al 1989 have isolated an alkaline cellulase from alkaliphilic Bacillus 

strains which is used as a laundry detergent additive. Reports on alkaline cellulase by 

other co-workers include da Silva et al 1993, Fukumori et al 1985 and 1987. The 

production of alkaline amylase by Bacillus sp. has been reported by Horikoshi 1991, 

Boyer and Ingle 1972, 1973, Hartman et al 1995, Hayaishi et al 1988, Igarashi et al 

1998. 
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Table 3.6 : Hydrolytic enzymes produced by alkaliphiles 

No. 

Enzymes nzymes 
 

amylase protease cellulase lipase 

Ala + + - + 

Alb + + - + 

A3a _ + - + 

A3b _ + - + 

A5 - - - + 

A6 _ + - + 

A20 + + 

A27 + - - + 

A30 _ + + 

A37 _ + • 	_ + 

A43 _ _ _ + 

A52 _ _ + 

A55 _ + + 

A59a _ _ _ + 

A59b _ _ + 

A61 _ _ + 

A62 _ _ + 

A64 + _ _ + 

A65 + - + 

A66 _ + 

A67a + + + 

A67b + + - + 

A77 _ _ _ 

A86 - - - + 

A102 + + + 

A118 _ + _ 

Al29 + + _ + 

A131 + _ _ + 

Key : - no growth; + fresh growth; ++ good growth; +++ luxuriant growth 
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3.2.5 Growth of alkaliphiles on aromatic compounds : 

Mangrove ecosystem has a diverse source of organic matter coming not 

only from estuarine waters but also from terrestrial runoffs. Such terrestrial runoffs 

carry with them the organic pollutants be of anthropogenic origins basically 

comprising of compounds containing aromatic rings such as oils, pesticides, 

herbicides etc. The presence of alkaliphiles in such ecosystems reflects the ability of 

these organisms to grow in the presence of diverse organic molecules. In the present 

study the predominant isolates were therefore screened for their ability to grow on 

aromatic compounds. Twenty eight alkaliphilic isolates were screened for aromatic 

compound degradation wherein they were grown in Mineral Salt Medium (MSM) 

with aromatic compounds such as benzoate, tyrosine, phenylalanine, phenol, cresol, 

resorcinol, quinol, aniline and parachloroaniline (PCA). All these isolates grew 

luxuriantly when supplemented with benzoate, phenol, tyrosine and phenylalanine as 

sole source of carbon (Table 3.7), whereas a few isolates exhibited the capability of 

utilizing aniline, cresol and other phenolic compounds such as resorcinol and quinol 

(Table 3.7). The cultures however could tolerate up to 0.05 % phenol and did not 

show a very luxuriant growth in phenol at pH 10.5 indicating the toxic nature of 

phenol. The growth of the culture in phenol could have been inhibited probably due 

to both, the high toxicity of phenol as well as the high pH stress. The cultures grow in 

phenol with no coloration in the medium. It is possible that the coloured 

intermediates were formed in quantities too small to be accumulated and detected 

visually. However, none of the isolates grew when supplemented with 

parachloroaniline as sole source of carbon (Table 3.7). One of the few available 
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reports on the degradation of aromatic compounds by alkaliphiles is on the 

degradation of 4-chlorobenzoate by a facultatively alkaliphilic Arthrobacter sp. strain 

SB8 which dehalogenates 4-chlorobenzoate and metabolises it via 4-hydroxybenzoate 

and protocatechuate (Shimao et al 1989). Biodegradation of phenol by the 

haloalkalophilic bacterium Halomonas campisalis has been examined (Alva and 

Peyton 2003). Phenol was degraded as sole source of carbon and energy at pH 8-11 

and 0-150g/L NaC1 by the 0-ketoadipate metabolic pathway. Phenol degradation at 

pH 10 by bacteria from a 2.6g/L NaC1 soda lake (Kanekar et al 1999) and expression 

of the 2, 4 dichlorophenoxyacetic acid (2,4-D) in an alkaliphilic, moderately 

halophilic soda lake isolate , Halomonas sp. EF - 43 has also been reported 

(Kleinstuber et al 2001). Interestingly, a majority of the isolates tested during this 

study were also capable of growing not only on simple aromatic rings but also on 

substituted aromatic compounds. 
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Table 3.7 : Growth of alkaliphiles on aromatic compounds 

Aromatics c Con . 
(%) 

Ala Alb A3a A3b A5 A6 A20 A27 A30 A37 A43 A52 A55 A59a 

Benzoate 0.1 +++ +++ +++ +++ +++ +++ +++ +++ + ++ +++ +++ +++ +++ 

Tyrosine 0.1 +++ +++ +++ +++ +++ +++ +++ +++ ++ +++ +++ +++ +++ +++ 

Phe. Ala. 0.1 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ 

Phenol 0.05 - - ++ - - ++ ++ - - - - - ++ - 

Cresol 0.1 + - + + - - - + - - + - + - 

Resorcinol 0.1 + - - - - - - - ++ - - + 

Quinol 0.1 + + - - + + - - - - + + - - 

Aniline 0.1 + + + - + + + + + + + + + + 

PCA 0.2 - - - - - - - - - - 

Aromatics 
C 

(%
on)c . 

 
A59b A61 A62 A64 A65 A66 A67a A67b A77 A86 A102 A118 Al29 A131 

Benzoate 0.1 +++ +++ +++ +++ ++ + +++ +++ + ++ ++ +++ +++ ++ 

Tyrosine 0.1 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ 

Phe.Ala . 0.1 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ 

Phenol 0.05 ++ ++ - - - - ++ ++ - ++ 

Cresol 0. i - + I 	+ + - + - + + + - - + - 

- + - Resorcinol 

 

+ _ _ - + - - - - 

Quinol 0.1 + - - + - - - + + - - + 

Aniline 0.1 - 
	. 

- ++ ++ - - + + - - 

PCA - - - - - - - - - - - 

PCA - parachloroaniline 
	 Key : - no growth; + fresh growth; ++ good growth; +++ luxuriant growth 
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3.2.6 Organic Solvent Tolerance : 

The capabilities of the isolates obtained during this study to grow on 

aromatic compounds suggest utility of such isolates in biodegradation and 

bioremediations. The biotransformations in recent times have been found to be 

effective in biphasic systems based on aqueous and organic phases. Such a system to 

be active needs to have isolates which can grow in the presence of solvents (Sardessai 

2002). Therefore the alkaliphilic isolates were screened to detect their tolerance to 

various organic solvents. . 

Solvent toxicity is graded based on the log P values, where P is the 

partition coefficient of a solvent in equimolar mixture of octanol and water. The 

greater the polarity of the solvent, the lower the log P values, the greater the toxicity, 

because the more polar solvents partition into the aqueous phase to a greater extent 

and from there penetrate into and accumulate in the lipophilic cell membranes of 

bacteria causing lethal damage (de Bont, 1998). 

In the present study on the plate media overlaid with benzene (log P=2.0), 

chloroform (log P=2.0) and butanol (log P=0.8), many of the isolates grew after 

incubation for 24h at room temperature and the formation and size of colonies 

however was different. Many isolates tolerated benzene and chloroform and the 

colony size was bigger, whereas very few isolates could tolerate butanol (Table 3.8), 

forming colonies of smaller size. All the alkaliphilic isolates (28) were seen to grow 

in the presence of organic solvents with log P value more than 2.0 (Table 3. 8) eg. 

toluene (log P=2.5) and n-hexane (log P=3.5). 
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This ability of the strains of Pseudomonas sp. showing highest organic 

solvent tolerance (Inoue and Horikoshi, 1989) came as a surprise as it had been 

known for a long time that toluene and other solvents such as benzene or octanol were 

very toxic to microorganisms. The initial observation was confirmed for some other 

strains of P. putida and for other representatives of the genus Pseudomonas. 

Furthermore, solvent tolerance has been found in the strains of Gram positive bacteria 

Bacillus and Rhodococci. 

Preliminary screening of these isolates showed that most of them are Grain 

positive showing tolerance to the organic solvents. Cell surface hydrophobicity could 

play an important role in the organic solvent tolerance systems of microorganisms 

(Kobayashi et al 1999). The cell surface hydrophobicity of these isolates was 

therefore also determined using the Bacteria Adherence to Hydrocarbon (BATH) 

Assay. 

-78- 



  

 

III AlkaliphiUc 

 

Table 3.8 : Growth of alkaliphiles on PPYG overlaid with solvent 

Culture 
Growth on PPYG with solvents 

Toluene n-Hexane Butanol Chloroform Benzene 

A-la ++ +++ + ++ ++ 

A-lb ++ +++ ++ ++ 

A-3a ++ ++ - ++ ++ 

A-3b ++ ++ - ++ ++ 

A-5 ++ ++ - ++ ++ 

A-6 ++ ++ - - ++ 

A-20 ++ ++ - ++ ++ 

A-27 ++ ++ - ++ ++ 

A-30 ++ ++ - ++ ++ 

A-37 ++ ++ - ++ ++ 

A-43 ++ ++ + ++ ++ 

A-52 ++ ++ - ++ ++ 

A-55 ++ ++ - ++ ++ 

A-59a ++ ++ - - - 

A-59b ++ ++ - - ++' 

A-61 ++ ++ + - - 

A-62 ++ ++ - + ++ 

A-64 ++ ++ - - ++ 

A-65 ++ ++ - - - 

A-66 + ++ - + + 

A-67a + ++ + ++ ++ 

A-67b + ++ - ++ ++ 

A-77 + ++ - - - 

A-86 + ++ - - 

A-102 + ++ - - 

A-118 ++ ++ - - ++ 

A-129 ++ ++ - - ++ 

A-131 ++ ++ + ++ ++ 

Key : - no growth, + fresh growth, ++ good growth, +++ luxuriant growth 
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3.2.7 BATH assay : 

The BATH assay measures the partitioning of cells between aqueous and 

hydrophobic phases (Rosenberg et al 1980). The significance of the test has been to 

assess the hydrophobic nature of the cell surfaces. The evaluation has therefore been 

termed in different ways for e.g. Fraction of Adherence (FA), Percent Adherence 

(PA) and Hydrophobic Index (HI) of the cells. The isolates were subjected to 

adherence test to check their adhering capacity (Table 3.9). It was seen from Table 

3.9 that the isolate A 131 showed a maximum BATH value of 56.6% to hexadecane, 

50% to benzene and 53.3% to xylene. Cultures A-5 and A-6 showed no adherence to 

hydrocarbon hexadecane and showed very low values with benzene and xylene 

(Table 3. 9). 

Al-Tahhan et al 2000, observed that rhamnolipid plays an important role 

in the cell surface hydrophobicity and variation in hydrophobicity is reported to occur 

during growth phases. A higher attachment of hydrocarbon grown cells to insoluble 

substrates may result in enhanced degradation of hydrocarbons if uptake requires 

physical contact between the cells and hydrocarbon droplets (Bouchez-Naftali et al 

1999). One of the mechanisms to increase solvent tolerance as found in Ecoli and 

Pseudomonas strains are to decrease cell surface hydrophobicity, so that solvent 

molecules cannot adhere to the cells (Aono and Kobayashi 1997). Solvent tolerant 

bacteria bring about subtle changes in the chemical composition of the cell surface by 

changing the type and amount of certain proteins, carbohydrates or lipids, which 

decreases the cell surface hydrophobicity, during such cases producing emulsifying 

substances (Sardessai 2002). It appears that these isolates may also be producing 
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emulsifiers giving oil in water type of emulsion. Majority of the isolates during this 

study which showed pronounced ability to grow on aromatic compounds also showed 

significant adherence to these solvents. Such isolates could therefore be used for 

biotransformations or bioremediations in biphasic systems. 

3.2.8 Scanning Electron Micrograph of A-131. grown in PPYG: 

The scanning electron micrograph of A-131 grown in PPYG is shown in Fig.3.5. 

Fig 3.5 : Scanning Electron Micrograph of 

A-131 cells grown in PPYG 
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Conclusion : 

This chapter has described twenty eight obligately alkaliphilic bacteria 

which were isolated from the mangrove ecosystems of Goa, west coast of India. 

These bacteria required specific growth medium i.e. PPYG (Polypeptone Yeast 

extract Glucose) medium, pH 10.5 for growth. The growth pattern of these 

alkaliphiles in specific medium were studied. Extracellular hydrolytic enzymes 

amylase, protease and cellulase were present in the obligate alkaliphiles. Lipase 

activity however, was not seen. The obligate alkaliphiles also exhibited capability of 

growing on aromatic compounds benzoate, phenol, tyrosine, phenylalanine while 

some exhibited growth on other phenolic compounds such as cresol, resorcinol and 

quinol. All the alkaliphilic isolates grew in the presence of organic solvents toluene 

and n-hexane and a few in presence of benzene and chloroform. The BATH assay 

studies indicated that the culture A-131 showed maximum adherence to heXadecane, 

benzene and xylene. The significant capability of alkaliphiles to maintain the pH 

optima for their growth is based on their buffering capacity. It was therefore of 

interest to study the buffering capacity of these isolates and further identify them, the 

results of which are discussed in the following chapter. 
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IV 

Studies on buffering capacities and identification of the 
alkaliphilic isolates  

Buffering capacity is the amount of acid or alkali required to bring about 

change in pH by one unit and is expressed in terms of nanomoles of Off ions 

consumed per mg of cell protein per unit change in pH (Krulwich, 1985). Alkaliphilic 

bacteria growing at extreme pH values are exposed to the problem of pH homeostasis. 

This homeostatic mechanism is the difference between cytoplasmic buffering capacity 

of whole cells and that of the internal cytoplasm. Detailed study of whole cells and 

cells treated with Triton X-100 would give an ipsight on the capacity of the isolates to 

resist change in the pH. Alkaliphiles surviving at high pH values have a high 

buffering capacity due to the presence of polyamines (spermine, spermidine and 

putrescine), acidic polymers such as galacturonic acid and glutamic acid in the cell-

wall (Hamana et al 1989). Such components are found to be specific to the isolates 

belonging to different genera. Alkaliphiles during growth maintain the alkalinity of 

the medium as well as their cytoplasmic (internal) pH, 1-2 pH units lower than the 

external pH has been reported (Guffanti and Hicks 1991, Horikoshi 1991). This 

significant capability of alkaliphiles to maintain the pH optima for their growth is 

based on their buffering capacities (Fig. 4.1) 

The identification of the isolates was studied using an approach which included 

biochemical, chemotaxonomical and molecular characterisation. 
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Fig 4.1 : Schematic representation of cytoplasmic pH regulation 
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This chapter discusses the buffering capacities of the cultures grown in 

PPYG and of A-131 grown in benzoate and tyrosine and biochemical, 

chemotaxonomic and molecular characteristics of the isolates. 
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4.1. Materials and Methods : 

4.1.1 Determination of buffering capacities : 

Buffering capacities were determined using the method proposed by 

(Guffanti and Hou 1987, Krulwich et al 1985, Zychlinsky and Martin 1983). Pure 

bacterial isolates grown in PPYG broth at 150rpm were harvested by centrifugation at 

10,000 rpm for 15 min in their logarithmic phase of growth. They were then washed 

twice with and resuspended in 200mM KCl solution (Appendix C.4). lml of cell 

suspension in 200mM KC1 solution containing lml of 0.1N NaOH was mixed and 

centrifuged. 0.5m1 of the supernatant was diluted with equal volume of distilled water 

and used for protein estimation by Folin-Lowry method using bovine serum albumin 

as standard. Standard graph of protein is given in Appendix D. 

Volume of cell suspension corresponding to 5mg of cell protein was taken for 

titration against 0.05M KOH (Appendix C.4). The cell suspension was taken in a 

glass beaker and titrated using 10 !IL aliquots of 0.05 M KOH KOH and the pH 

change was noted using a calibrated pH analyser Labindia. The whole cell buffering 

capacity (Bo) was measured as nanomoles of hydroxyl ions consumed to change one 

pH unit per mg of protein (Appendix C.3). 

Buffering capacity is expressed in terms of nanomoles of 01-1" ions 

consumed per mg of cell protein per unit change in pH. 

B, - Whole cell buffering capacity 

Bt  - Permeabilised cell buffering capacity 

B, - Cytoplasmic cell buffering capacity 

Bi = Bo-Bt 
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Bo  and Bt  are determined experimentally for every small addition of base (10 1.1.L /50 

nanomoles of OH-  ions) in which pH change is approximately 0.1 pH unit or more. 

4.1.2 Permeabilisation of cells using Triton X-100 : 

Volume of cell suspension corresponding to 5mg protein was treated with 

10m1 of 10% Triton X-100 (prepared in 200mM KC1) (Appendix C.4). The contents 

were mixed and allowed to stand for 5 minutes and centrifuged. The supernatant 

(extract) was stored in tubes and used for chemical analysis of cell components. The 

pellet obtained was washed and resuspended in 200mM KC1 and titrated against 

0.05M KOH (10 IA aliquots) till the pH changed by 1 unit. The treated cell buffering 

capacity (B t) was measured and the internal or cytoplasmic buffering capacity (BO 

was determined using the formula: 

Bi=Bo-Bt 

The permeabilisation extracts (supernatant portion) obtained after Triton X-100 

treatment were analysed for presence of proteins by Folin-Lowry method and 

presence of sugars by DNSA method.As a comparative standard, the buffering 

capacity of neutrophilic gram negative culture Pseudomonas and gram positive 

Bacillus grown in PPYG broth pH 7 was determined. Cells were harvested, 

suspended in 200mM KC1 and buffering capacity of the intact cell was studied by 

titration against 0.05 M KOH solution. 

Isolate A-131 was grown in MSM broth containing 0.3% benzoate (pH 

10.5) and in. MSM broth with 0.2% tyrosine (pH 10.5). The cells were harvested in 
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the logarithmic phase of growth and the buffering capacity studies were carried out in 

the same manner as mentioned above. Gram negative Pseudomonas was grown in 

MSM broth (pH 7) containing 0.3% benzoate and in MSM broth with 0.2% tyrosine 

(pH 7). The cells were harvested in the logarithmic phase of growth and the buffering 

capacity studies were carried out by titrating the whole cells and treated cells against 

0.05M KOH. 

4.2 Cultural, morphological, biochemical, chemotaxonomic and 

molecular characterization of the alkaliphilic isolates : 

4.2.1 Cultural and morphological studies: 

Cultural characteristics of the isolates were observed on PPYG agar plates 

incubated for 48h. Cultures were stained for gram character, presence of endospores 

and metachromatic granules [Appendix B.1 (iii)]. Motility was observed using the 

hanging drop technique. 

4.2.2 Biochemical tests: 

The isolates were identified with reference to the tests described in 

Bergeys' manual of Systematic Bacteriology and by Gee et al 1980. All the media 

used for identification were supplemented with 1% Na 2CO3 to raise the pH of the 

media to 10.5 (Appendix C.1) (Gee et at 1980). Fermentation of carbohydrates and 

Hugh Leifson's test were checked using o-cresol red as the indicator. Standard 

methods were used for catalase, oxidase, nitrate reduction, citrate utilization, gelatin, 

starch and casein hydrolysis and growth in sodium chloride. 
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4.2.3 Chemotaxonomic analysis: 

Chemotaxonomic analysis for cell-wall amino acid and sugars, quinones, 

mycolic acids were performed using the method proposed by Goodfellow and 

Minnikin, 1985. 

(a) Analysis of cell-wall by alkali-treatment method : 

400 mg wet weight of cells were dispersed in 4m1 of 600mM 

KOH in a glass bottle sealed with polypropylene cap. The suspension 

was autoclaved at 1 atmosphere for 5 mins and then cooled 

suspension was diluted to 20m1 with 2M HC1. The content was 

centrifuged at 5000 rpm for 20 mins. The deposit was then washed 

twice with 10m1 of distilled water and decanted. Cell deposit was 

resuspended in lml of 10M HC1, divided equally between 2 clean 

glass bottles and analysed for the presence of amino acids and sugars. 

(i) Amino acid analysis : 

The portion for amino acid analysis was diluted with twice 

its own volume of 6 iriM HC1 and hydrolysed at 100°C 

overnight. Hydrolysate was evaporated to dryness over boiling 

water bath. Residue was taken up in 0.05m1 of 10% (v/v) 

isopropan.ol and stored at — 8°C for further use. The hydrolysate 

was applied. on paper chromatograms and the spots were 

subjected to two dimensional ascending chromatogram on 

Whatman filter paper no. 1 . 

The first solvent system n-butanol: acetic acid: water 

(60:15:25 v/v) was run for 20h at 20°C. After drying, the 
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chromatogram was further run in the second dimension for 16h 

at 20°C using as solvent phenol H 2O (4:1 w/v) with 1m1 of 

NI-140H per 200m1 solvent. After drying the chromatogram 

was sprayed with 0.2% (w/v) ninhydrin in acetone and heated 

at 100°C for 2 mins to locate the amino acid spots. A reference 

amino acid was prepared by dissolving diaminopimelic acid in 

10% isopropanol. 

(ii) Sugar analysis : 

The portion to be used for sugar analysis was diluted with 

twice its own volume of 6mM HC1 and hydrolysed at 100°C for 

2.5h. Hydrolysate was evaporated to dryness in vaccum over 

silica gel in dessicator with a small dish containing NaOH.. 

2.5v1 aliquots was applied to Whatman filter paper no. 1. and 

run in upper phase of diphasic solvent system n-butanol : water 

: pyridine : toluene (5:3:3:4 v/v) and run for 36h at 20°C. The 

spots were located by spraying the chromatogram with a 

visualizing agent (Appendix B.4) and heating at 100°C for 2 

min. To facilitate identification, sugars arabinose, fructose, 

galactose, glucosamine, glucose, mannose, rhamnose, ribose 

and xylose were run as references. 
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(b) Detection of mycolic acids : 

Mycolic acids were detected by the method proposed by 

(Goodfellow and Minnikins 1985). 50mg of dried bacterial cells 

were taken in a suitable glass reaction vessel and 3m1 of methanol: 

toluene: conc. sulphuric acid (30:15:1) was added. This was kept at 

75°C in oven/heating block (16-18 h) and cooled. 2m1 of light 

petroleum (b.p 60-80°C) was added to the mixture and centrifuged at 

2000rpm for 10mins. The upper layer was pipetted out into a column 

and eluent was collected in a small vial. The reaction mixture is 

extracted with a further lml portion of light petroleum and upper 

layer is added to the column. The pipette used in transferring reaction 

mixture was washed with lml diethyl ether and the eluents were 

evaporated in a stream of nitrogen at about 40°C (column: small 

column of ammonium hydrogen carbonate is prepared in a cotton 

wool plugged Pasteur pipette and pre-washed with 2m1 diethyl ether). 

Methanolysate residues were dissolved in light petroleum (60°-80°C). 

10m1 of each extract is spotted onto silica gel and run in solvent 

system containing light petroleum (60°-80°C): acetone/95:5). The 

blue green mycolic acid spots were visualized by spraying the plates 

with 10 % ethanolic solution of dodecamolybdophosphoric acid and 

then heating the plates at 120°C for 15mins. 
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(c) Detection of menaquinones : 

Menaquinones were detected by the method proposed by 

(Goodfellow and Minnikins 1985). 50mg of dry bacterial cells were 

taken and 3m1 of methanol, 5m1 of toluene and 0.1m1 concentration 

sulphuric acid was added in a capped tube. The contents were mixed 

thoroughly and methanolysis was allowed to proceed for 12-16h at 

50°C (oven). The reaction mixture was cooled at room temperature 

and 2.5ml of hexane was added and the mixture was shaken and 

allowed to settle (2 layers). Samples from the upper layer were 

collected and spotted on TLC plates. The chromatogram was 

developed in hexane: diethyl ether (85: 15). The plates were sprayed 

with 10% ethanolic solution of phosphomolybdic acid at 150°C until 

bluish spots appeared against a light green background. 

Menaquinones and ubiquinones: The band of quinones obtained was 

scraped from the plate and mixed with 1m1 CHC1 3  and eluted through 

a sintered glass filter with chloroform. The purified quinones were 

evaporated to dryness under a stream of nitrogen gas. 

Chromatographic analysis : 

i) Reverse phase, partitioning, TLC for menaquinones : Samples in 

acetone were spotted on reverse phase thin layer plates (10cm x 

10cm). Reverse phase TLC plates were prepared by dipping the 

activated normal silica gel G plates into a solution of ether: paraffin 

(90:10). The plates were dried , samples spotted and were developed 

in a mixture of acetone: water (99:1). 
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ii) Argenation (Ag+) modified TLC of menaquinones: The 

menaquinone mixture was spotted on silver impregnated TLC plates. 

Silica gel is impregnated with silver ions to achieve separation of 

menaquinone components. Layers (20cm x 20cm) were prepared 

from a slurry of silica gel G containing AgNO3 (ie. slurry is prepared 

from a 5% aqueous AgNO3 solution).Plates were allowed to dry and 

activated at 100°C for 30mins and were developed in non polar 

solvent mixture hexane: acetone (85:15). Menaquinones were 

revealed as blue spots on a yellow background by spraying with 10% 

dodecamolybdophosphoric acid in ethanol and heating at 140°C for 

15 min. 

Rf  of Menaquinones --> 0.8 

Rf  of Ubiquinones -+ 0.3 - 0.4 

4.2.4 Phylogenetic analysis : 

A) Extraction of DNA from cells: 

The DNA extraction was carried out using the method proposed by 

(Marmur 1961). The cultures were inoculated in PPYG broth pH 10.5 and incubated 

at room temperature for 24k Cells from lml broth (OD = 1.0) were centrifuged at 

5,000 rpm for 5 mins in an eppendorf tube. lml of saline-EDTA was added and the 

mixture vortexed, centrifuged at 5,000Xg for 5mins. The pellet obtained was treated 

with 250111 saline-EDTA and 20111 lysozyme (15mg/m1). The mixture was incubated 

at 37°C for 1 h after which 40[11 of Buffer A (Appendix E.3) was added. The mixture 

- 93 - 



IV 

was incubated at 55°C for 10min and then cooled on ice, to this 2500 phenol (Tris-

buffered pH 7.4) was added. The eppendorf tube was shaken by inversion and 

centrifuged at 10,000 X g at 4°C for 5 min. Aqueous layer obtained after 

centrifugation was collected in a fresh eppendorf tube and equal amount of phenol: 

chloroform: isoamyl alcohol (25:24:1) was added. The mixture was shaken by 

inversion, centrifuged at 10,000 rpm for 5 min and the aqueous phase collected to 

which 1/10 volume of sodium acetate and two volumes of absolute ethanol was 

added. The mixture was incubated at -20°C overnight, centrifuged at 10,000 rpm for 

15 mins. Pellet obtained was dissolved in minimum amount of TE buffer and the 

DNA extracted was confirmed by checking absorbance and also visualized by agarose 

gel electrophoresis. 

For checking absorbance, the DNA pellet obtained was dissolved in 300111 

TE buffer. 5111 sample was diluted with 995111 of water and the O.D. was taken at 

260nm. OD was also taken at 280 nm to check for protein and the total amount of 

DNA in volume of 3000 (mg) was calculated as: 

Total amount of DNA in 	= 50[11 x O.D. at 260 nun x 300 

volume of 300111 (mg) 	Amt. of sample taken 

B) Agarose Gel Electrophoresis of genomic DNA: 

Agarose gel 0.8% (w/v) was prepared in 1 X-TAE buffer (pH 8.0) 

(Appendix E.2) by heating in -a microwave oven for 2 min. The platform for 

electrophoresis was sealed on open sides with leucoplast. To molten agarose (50m1), 

5R1 of ethidium bromide (10mg/m1) (Appendix E.2) was added to a final 
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concentration of approximately 4 µg/ml in molten agarose, poured into the platform to 

a thickness of 0.5 cm and allowed to set at room temperature. After setting, the comb 

and leucoplast were carefully removed. The gel slab was placed in the electrophoretic 

chamber and 1X TAE buffer was poured into the chamber till the gel was just below 

the buffer.DNA sample (10111) was mixed with 2u1 of tracking dye and added in the 

sample slots of the agarose gel using micropipette. 

The lid of the electrophoretic chamber was closed. The electrodes were 

connected to the power supply by means of connecting wires. The voltage was 

adjusted to 72V and the electrophoresis was carried out at constant voltage for 2h. 

(Meyers et al 1976, Sambrook et al 1989). 

After electrophoresis the gel was observed on a UV-photodyne 

transilluminator and the DNA was visualized. The extracted DNA was amplified 

using the Polymerase Chain Reaction. 

C) Polymerase Chain Reaction (PCR) : 

Polymerase Chain Reaction was performed using the method proposed by 

( Jones and Bartlet 1990 ). Universal primers (oligonucleotide) for 16s rRNA genes 

were synthesized from International DNA technology USA. Two PCR primers were 

used to amplify approximately 1,300 by of a consensus 16s rRNA gene primers. PCR 

reactions were performed using a Gene Amplification thermal cycler. PCR 

amplifications of I6srRNA was performed according to Expand Tm long template 

PCR system (Boehringer Mannheim protocol). The following universal primers were 

used for PCR amplification of 16s rRNA (Marchesi et al 1998). 
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Forward primers 63f CAG GCC TAA CAC ATG CAA GTC —3') 

Reverse primers 1387r (5'- GGG CGG TGT GTA CAA GGC —3') 

i) PCR-I : Thermal cycling parameters for PCR (16s rDNA gene amplification) 

The reaction mixture consisted of the assay buffer, 5111 of 10X Taq 

polymerase with magnesium chloride, 411 of dNTP mixture solution, lid 

of DNA template, 1µl each of forward and reverse primers (250 1.tg/111) and 

0.5-1 td of Taq DNA polymerase (3 units / Id) (denaturation). The 

solutions were mixed gently. This mixture was layered with 500 of 

mineral oil and incubated at 55°C for 1 min (annealing) and then at 72°C 

for 2min (extension).This process of denaturation, annealing and extension 

was repeated at 72°C for 10 min  (extension) and later at 37°C for lOsecs. 

After the reaction was over the reaction mixture was removed from the 

thermocycler and 10}d of the aqueous layer was run in 1% agarose gel for 

1-2h at 100 volts, stained with ethidium bromide and visualized under UV 

light. 

Further sequencing of the DNA was carried out at BARC (Bhaba Atomic 

Research Centre) as mentioned below. 

ii) Preparation of templates for cycle sequencing: 

I vol. chloroform-isoamyl alcohol mixture (24:1) was added to the PCR 

amplified ds DNA fragment in the reaction mixture. This was vortexed 

thoroughly and centrifuged at 12,000X g for 10 min. The aqueous layer 

was collected without causing any contamination with chloroform. The 

tubes were left slightly open at 37°C until small of chloroform disappears. 

To 10µl of the template, 2p1 of Exo-1 and 20 of SAP was added. This 
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mixture was vortexed and centrifuged at 8,000 X g. This was then 

incubated at 37°C for 15 min and 85°C for 15 min. The DNA was 

estimated and suitable amount was taken for sequencing. 

iii) PCR-II: Thermal cycling parameters for cycle sequencing: 

The mixture consisted of 100 of RR-mix, DNA template, Taq DNA 

polymerase, primers, assay buffer, dNTP and ddNTP. This mixture was 

incubated at 96°C for 10 sec, at 55°C for 10 sec and later at 60°C for 10 

sec. This was repeated for 25 cycles and held at 4°C. 

4.3 Results and Discussions : 

4.3.1 Buffering capacity : 

A typical alkaliphile which grows at an external pH of 10.5 or above does 

not allow its cytoplasmic pH to exceed a value of 9.5 even if the external pH is raised 

(Horikoshi 1991). Reports have indicated that there are certain protective 

mechanisms which enable adaptation at high pH such as modifications of components 

of the cell-wall and cell-membrane (Aono 1983, 1984, 1985) a high cell-wall negative 

charge (Aono 1995), specific fatty acids such as teichuronopeptide, teichuronic acid 

(Aono 1993), protein rich in acidic amino acids and high concentrations of 

cytochromes a, b and c (Gilmour 1996, Gilmour et al 2000, Krulwich 1985, 1988, 

Lewis 1982 and Horikoshi 1991). Such mechanisms confer the ability in the 

organisms to control the change in external pH which is denoted as its "buffering 

capacity". 
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In this study, .the cytoplasmic buffering capacities of the 28 obligately 

alkaliphilic isolates and two neutrophilic isolates were determined. This study also 

included the buffering capacity studies of the selected culture A-131 grown in MSM 

medium with benzoate and tyrosine as sole source of carbon. The culture A-131 is an 

obligate alkaliphile and grows on benzoate as well as tyrosine at high pH. It was 

interesting to note that the amount of 0.05M KOH required by the alkaliphilic isolates 

ranged from 230 to 1330111 for change of 1pH unit (Table 4.1, Fig 4.2). 

Cells permeabilised with Triton X-100 were found to lose their buffering 

capacity with the KOH requirement substantially dropping down between the range of 

80 to 660 p,1 (Table 4.1, Fig.4.2) Triton X-100 is a non-ionic detergent which 

specifically and selectively solubilises proteins of the cytoplasmic membrane leaving 

the cell-wall totally undisturbed (Schnaitman 1971). The difference between buffering 

capacities of whole cells (Bo) and cells permeabilised with Triton X-100 (Bt) is 

interpreted as internal cytoplasmic buffering capacity (Bi) which is expected to be a 

very high and stable value for alkaliphilic cultures (Guffanti et al 1985). Control 

titrations done with 200mM KC1 indicate that its tendency to affect changes in pH is 

negligible; hence KC1 is an ideal suspension medium for these studies. The whole 

cell buffering capacity of the gram negative neutrophile Pseudomonas which was 

done as a comparative standard showed the lowest of the values obtained in this study 

(150 nmoles of OH" ions/mg protein/ pH unit comparing with the high whole cell 

buffering capacity of A-66 (13,300 nmoles of OH -  ions/mg protein/ pH unit) (Table 

4.1, Fig 4.2, 4.3). 
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Table 4.1 : Buffering capacities of alkaliphilic isolates from mangrove ecosystems v/s neutrophiles 

Cultures 
pH 

preferences 

Whole cells Triton X-100 treated cells Decrease in 
OH'ion 

consumption 
after 

Buffering 
nmoles/mg 

capacity 
prot/pH unit 

Treated cells 
(Bt) 

Cytoplasmic buffering 
capacity Bi = B0-Bt 

Ai of 0.05M KOH 
consumed to bring pH 
change of 1 unit (ml) 

nmoles of 
OH- ions 

Al of 0.05M KOH 
consumed to bring pH 

change of 1 unit 

nmoles of 
OH- ions 

treatment 

 whole cells 
(B0) 

Pseudo Neutrophile 15 750 11 550 200 150 110 40 
Bacillus 50 2500 20 1000 1500 500 200 300 

A11 

sa
N

d
HeN

ie ale6
N

0
 

 

470 23500 320 16000 7500 4700 3200 1500 
A1b 260 13000 110 5500 7500 2600 1100 1500 

430 21500 340 17000 4500 4300 3400 900 
440 22000 210 10500 11500 4400 2100 2300 
830 41500 250 12500 29000 8300 2500 5800 
800 40000 200 10000 30000 8000 2000 6000 

A20 350 17500 160 8000 9500 3500 1600 1900 
970 48500 330 16500 32000 9700 3300 6400 

I 640 32000 200 10000 22000 6400 2000 4400 
460 23000 280 14000 9000 4600 2800 1800 
950 47500 210 10500 37000 9500 2100 7400 
1050 52500 200 10000 42500 10500 2000 8500 
620 31000 190 9500 21500 6200 1900 4300 
700 35000 160 8000 27000 7000 1600 5400 

A59b 980 49000 230 11500 37500 9800 2300 7500 
A61 600 30000 120 6000 24000 6000 1200 4800 
A62 830 41500 230 11500 30000 8300 2300 6000 
A64 820 41000 230 11500 29500 8200 2300 5900 
A65 240 12000 120 6000 6000 2400 1200 1200 
A66 1330 66500 660 33000 33500 13300 6600 6700 
A67a 1000 50000 80 4000 46000 10000 800 9200 
A67b 900 45000 90 4500 40500 9000 900 8100 
A77 1080 54000 250 12500 41500 10800 2500 8300 
A86 200 10000 90 4500 5500 2000 900 1100 

A118 680 34000 140 7000 27000 6800 1400 5400 
Al29 700 35000 150 7500 27500 7000 1500 5500 
A131 650 32500 170 8500 24000 6500 1700 4800 

A131-ben 160 8000 60 3000 5000 1600 600 1000 
A131 -t r 100 5000 40 2000 3000 1000 400 600 
Ps-ben 

Neutrophile 
20 1000 10 500 500 200 100 100 

F's-tyr 30 1500 10 500 1000 300 100 200 
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Fig 4.2 Cytoplasmic buffering capacity of the alkaliphilic isolates 
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This means that 5mg of Pseudornonas cells suspended in KC1 shows • a 

drastic increase in pH of 1 unit after consumption of only 750 nmoles of OFF ions 

while.the obligate alkaliphile A-66 requires 66,500 nmoles of OH" ions to bring about 

the same change in pH (Table 4.1). The lowest value of whole cell buffering capacity 

obtained for obligate alkaliphile was with culture A-65 which was 2400 nmoles of 

OFF ions/mg protein/ pH unit. It was also interesting to note that culture A-66 which 

had the highest Bo value also had a highest value of Bt which was 6,600 nmoles of 

OFF ions/mg protein/ pH unit (Table 4.1). However Bt values obtained for all the 

isolates were comparatively much lower than the Bo values (Table 4.1). The highest 

cytoplasmic buffering capacity however was shown by cultures A-67a with a value of 

9,200 nmoles/mg protein/pH unit followed by A-52 with a value of 8,500 nmoles / mg 

protein / pH unit and A-77 which had a value of 8,300 nmoles of 01-1 -  ions / mg 

protein / pH unit followed by 8,100 nmoles by A-67b, much higher than that of the 

neutrophile Bacillus which had a cytoplasmic buffering capacity of 300 nmoles / mg 

protein / pH unit (Table 4.1 , Fig. 4.2 ,4.3 ).There are several general notions about 

the buffering capacity of the bacterial cells that emerge from this study, some of 

which are confirmatory of earlier work by others . Bi as well as whole cell buffering 

capacities of the bacteria vary markedly between one species and another (Krulwich 

et al 1985). It was interesting to note that amongst the species of Bacillus the Bi value 

ranged between 900-9200 nmoles / mg protein / pH unit (Table 4.1) whereas the Bo 

whereas the Bo values ranged from 2000-10,500 nmoles / mg protein / pH unit. The 

most dramatic finding with respect to Bacillus species that grow at pH 10.5 was the 

observation of significantly higher Bi values at high external pH values than in any of 

the other neutrophilic species of Bacillus including Bacillus subtilis which showed an 
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internal buffering capacity of 300 nmoles / mg protein / pH unit (Table 4.1),It would 

be of interest to examine whether there are particularly high levels of basic proteins or 

polyamines or both in the alkaliphilic cells. It is important to note that whatever the 

nature of the buffering compounds at alkaline pH, they do not protect the alkaliphile 

when the capacity for active maintenance of the transmembrane pH gradient is 

compromised (Krulwich 1985). Corynebacterium (A-77) in this study exhibited a 

high cytoplasmic buffering capacity of 8,300 nmoles / mg protein / pH unit followed 

by Corynebacterium (A-66) with 6700 nmoles / mg protein / pH unit whereas 

Corynebacterium (A-la and A-65) showed a low cytoplasmic buffering capacity of 

1500 and 1200 nrnoles / mg protein / pH unit respectively also supporting the data 

confirmed earlier that Bi values differ within species. Actinomycetes (A-5 and A-6) 

showed a cytoplasmic buffering capacity of 5,800 and 6000 nmoles / mg protein / pH 

unit while Micrococcus sp. (A-43 and A-52) exhibited Bi values of 7400 and 8500 

nmoles / mg protein / pH unit respectively (Table 4.1). 

Flavobacterium culture A-131 had an cytoplasmic buffering capacity of 

4,800 nmoles / mg protein / pH unit when grown in PPYG medium of pH 10.5. The 

same culture showed an internal buffering capacity of 1000 nmoles / mg protein / pH 

unit when grown in 0.3% benzoate and 600 nmoles / mg protein / pH unit when 

grown in 0.2% tyrosine. This indicates that media composition has a tremendous 

effect on the overall buffering capacity of the culture. Similar results indicating the 

role of media composition on buffering capacity have been reported (Borkar 2002). It 

has been reported that when alkaliphilic Bacillus species is grown on maiate as carbon 

source, they are able to tolerate high pH values (Horikoshi, 1991) as compared to 

thoSe grown on simpler carbon sources. These results indicate that while the overall 
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buffering capacities of the alkaliphiles in the alkaline range of pH arc high, there may 

be many variations from culture to culture based on the pH preference and the media 

composition. It has been postulated that the elevation of the cytoplasmic buffering 

capacity at highly alkaline pH has an important role in alkaliphily (Krulwich et al 

1985). Acid base titrations are a powerful technique to study protonation and 

deprotonation of functional groups and widely used to characterize mineral surfaces 

and also applied to study the acid base properties of bacterial cell-walls . However the 

interpretation of acid base titrations of live cells is not straight forward because 

processes other than protonation and deprotonation of functional groups control the 

acid base activity of living cells. In a study using suspensions of live cells of Gram 

negative Shewanella , hysteresis of the titration curves was attributed to the 

occurrence of irreversible processes most likely related to cellular metabolism and 

possibly to destabilization of the cell-wall (Claessens et al 2004). In order to 

distinguish the buffering capacities associated with functional groups in the cell wall 

from that resulting from metabolic processes , the base or acid consumption of live 

and dead cells of Gram negative Shewanella was measured as a function of time in a 

pH stat system. Under neutral pH (pH 7) to basic (pH 8-10) conditions , base 

neutralization by live bacteria was clearly due to respiratory activity. At pH 4 

however proton neutralisation ceased due to cell death (Claessens et at 2006). 

Analysis of the extracts of triton treated cell extracts of all the alkaliphilic 

isolates revealed the presence of proteins and some amount of sugars in some of the 

isolates (Table 4.2). A consistent feature of the permeabilisation treatment is a 

proininent decrease in buffering capacity values of all the tested cultures 'thus 
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indicating that certain components crucial in maintaining the property of 

alkalophilicity are removed on permeabilisation (Table 4.2). Proteins on account of 

their ability to exist in Zwitterionic state are the best known buffering molecules and 

measurements for buffering capacity are done in terms of OH' ions / mg protein / pH 

unit (Krulwich et al 1985). Spectral data also indicates that there is a distinct increase 

in cytochrome contents on growth at high pH (Lewis et al 1982, Guffanti et al 1986). 

As the buffering capacities show a drastic reduction after treatment with Triton X-

100, it is possible that the proteins which are leached out constitute an important 

protective barrier which maintain overall internal stability of the cell in high pH 

environments. It has also been observed that the protoplasts of the alkalophilic 

Bacillus strains lose their stability against alkaline environments suggesting the role 

of cell envelope in protection against alkaline environments (Horikoshi, 1991). 
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Table 4.2 : Detection of proteins and sugars in permeabilised / Triton 
treated cell extracts 

Cultures Proteins Sugars 

A-la ++ - 

A-1b ++ + 

A-3a ++4. - 

A-3b +4. - 

A-5 ++ - 

A-6 +.4. + 

A-20 +++ - 

A-27 ++ - 

A-30 ++ 

A-37 +++ - 

A-43 ++ - 

A-52 ++ 

A-55 ++ - 

A-59a ++ - 

A-59b ++ + 

A-61 ++ 

A-62 ++ - 

A-64 ++ - 

A-65 +++ - 

A-66 ++ + 

A-67a ++ 

A-67b ++ - 

A-77 ++ - 

A-86 ++ - 

A-102 ++ + 

A-118 ++ + 

A-129 ++ - 

A-131 ++ - 

A-131 ben and tyr ++ - 

Pseudomonas + + 

Bacillus + - 
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4.3.2 Identification of the alkaliphilic isolates : 

The identification of the obligate alkaliphilic isolates was based on 

cultural, morphological, biochemical and phylogenetic characterization. The isolates 

showed different cultural and morphological features (Table 4.3, 4.4, 4.5, 4.6) e.g. 

sporulating rods, cocci and pleomorphic forms, with a majority being Gram positive. 

All the cultures were catalase and oxidase positive. It has been reported that the 

alkaliphilic property is maintained in the cultures by various molecular and 

biochemical adaptation mechanisms like increased content of cytochrome resulting in 

oxidase activity (Aono et al 1996, Davidson et al 1988, Gilmour and Krulwich 1996). 

Based on the cultural, morphological and biochemical characterization the 

isolates were identified upto the genus level. Among the 28 isolates, 98% were Gram 

positive A majority of alkaliphiles reported in literature are Gram positive organisms, 

indicating that they are better adapted to survival at high pH (Horikoshi 1991). Only a 

single Gram negative culture identified as Flavobacterium was obtained during the 

study. 54% of the alkaliphilic isolates identified during this study belonged to the 

genus Bacillus followed by Corynebacteria (21%), Micrococcus (7%) and 

Actinomyces (7%). Alkaliphiles belonging to these genera have been reported earlier 

(Horikoshi 1991, Krulwich and Guffanti 1989). The trait of alkaliphily is widespread 

among genus Bacillus (Horikoshi 1991). The most extremely alkalophilic life forms 

are prokaryotes and are usually non-marine, aerobic Bacillus species exhibiting pH 

optima that are in the range of pH 10 to pH 12 for growth on non-fermentable carbon 

sources or complex media (Horikoshi and Akiba 1982, Krulwich and Guffanti 

1989b).The known diversity of this genus has increased in the recent years and many 

strains isolated till date are shown as B. alcaliphilus, B.agaradherens, B.clarkii , 
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B.gibsoni , B.halmophilus 	B.halodurans, B.horikoshi , B.pseudoalcaliphilus 

(Ulukanli and Digrak 2002). Extreme alkaliphilic eubacteria are known to be 

members of Gram positive group belonging to genera such as Bacillus (Aono et al 

1993, Bhushan and Hoondal 1998, Boyer and Ingle 1972, Dimitrov et al 1997), 

Micrococcus (Akiba and Horikoshi 1976, Kimura and Horikoshi 1991), 

Staphylococcus (Gupta et al 1998), Streptomyces (Garg et al 1998), Actinomyces 

(Tsuchiya et al 1991), Clostridium (Cook et al 1996), Arthrobacter (Horikoshi, 1991). 

Reports are also available on Gram negative alkaliphiles belonging to the genera like 

Flavobacterium (Souza et al 1974) and Pseudomonas (Kanekar et al 1999, Horikoshi 

1991). During this study only one culture A-131 was found to be belonging to genus 

Flavobacterium. Further it was noted that four of the cultures namely A- lb, A-20, A-

27 and A-30 are mesophilic, obligate aerobic alkaliphiles showing growth only at 

high pH and in the presence of NaC1 ranging from 2% to 5%. Based on the characters 

as mentioned in Table 4.3 , these cultures were identified as Bacillus alcalophilus. 
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Table 4.3 : Cultural, morphological and biochemical characteristics of alkaliphilic isolates 

Culture 

No. 

Morphological characterization & Gram 

character 
HL Motility Oxidase Catalase 

Acid from 
Sugar 

fermentation NO, 

reduction 

Degradation of .Utilisation of NaCI (%) Temperature ('C) 
Identified as 

Glu Lac Ara Man Xyl Starch Gelatin Casein Citrate 
Na 

PropIo.  
2 5 7 10 37 45 55 65 

Alb 
lmm,cream,transluscent, flat,border  

raised,Gram +ve bacilli 
Aerobic ++ ++ + - + + - + + + - + + + - - + - - B. alcalophilus 

A3a 
lmm,cream,opaque,circular, 

flat,Gram +ve bacilli 

Fac. 

Anaerobic 
+ ++ ++ - - + + - . + + - - + + + - B. laterosporus 

A3b 
2mm,Cream,opaque, circular, Gram 

+ve bacilli 
Aerobic + + + - - - - - + - + _ + + - - + + + - Bacillus sp. 

A5 
2-3mm,cream,transluscent, flat, Gram 

+ve bacilli 
Aerobic + + + + - N.D N.D N.D N.D N.D N.D N.D + - - - - - - - - - Actinomyces sp 

A6 
2mm,cream,transluscent, flat, 

spreading, Gram +ve bacilli 

Fac. 
Anaerobic 

+ + + + - N.D N.D N.D N.D N.D N.D N.D + - - - - - - - - - Actinomyces sp 

A20 
4mm,Cream,transluscent, circular, 

flat, Gram +ve bacilli 
Aerobic ++ ++ + _ + + + - + + . _ + + - - + + + - B. alcalophilus 

A27 
2mm,Cream,transluscent, circular, 

(looks nucleated), Gram +ve bacilli 
Aerobic + ++ ++ + _ + + + . + + + . - B. alcalophilus 

A30 
2mm,light yellow,transluscent, flat, 

spreading, Gram +ve rods 
Aerobic + ++ ++ + . + + + + + . . - B. alcalophilus 

A37 
2-3mm,light yellow,transluscent, flat,• 

spreading, Gram +ve bacilli 

Fac. 

Anaerobic 
+ + + +++ . + + + - + + + - + + - . + + B. alcalophilus 

A55 
3mm,white,circular,opaque,flat,looks 

nuc.leated,mucoid,G+ve bacilli. 
Aerobic + + + - + + + _ + + + + - B. alcalophilus 

A59a 
3-4mm,white, circular, opaque, flat, G 

+ve bacilli 
Aerobic + + - . _ _ + + + + + + + + - Bacillus sp. 

A59b 
4mm, white, circular, opaque, flat, G 

+ve bacilli 
Aerobic + + + + - + - + . _ + . + + + + + _ Bacillus sp. 

A61 
2mm,white,opaque, flat, spreading, 

Gram +ve bacilli 
Aerobic + + + + _ - - + + + - - + + + - B. schlegelii 

A62 
2mm,white,opaque, flat, spreading, 

Gram +ve bacilli 
Aerobic ++ ++ - - - + _ - . + + + + + + + + B. schlegelii 

A64 
lmm,off-white,transluscent, low 
convex,circular,Gram +ve bacilli 

Aerobic + - + + + + + + - + + - - + + + + B. stearothermophilus 

A67b 
2mm, peach,transluscent centre with 

opaue border, border raised, Gram 
Aerobic + ++ ++ - + + - + + + + + + + + + B. stearothermophilus 

A86 
convex,circular,Gram +ve bacilli 

Aerobic + ++ + 
1mm,white,transluscent, low  +++ _ _ _ + . . + + + + + _ - + + + + B. brevis 

A118 
2mm,cream,transluscent irregular 

margin, Gram +ve bacilli 
Aerobic + + + - - - N.D N.D N.D N.D N.D N.D N.D N.D unidentified 

Al29 
margin, Gram +ve bacilli 

Aerobic + + + 
2mm,cream,transluscent irregular 

 
- - - - + - N.D N.D N.D N.D N.D N.D N.D N.D unidentified 

A131 
1mm, yellow,transluscent ,slightly 

raised, circular, Gram -ye short rods 
Aerobic - + + + - - - + + + - N.D N.D N.D N.D N.D N.D N.D N.D Flavobacterium 

4- 
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Table 4.4 : Additional identification tests for the isolate A-131 

Culture No. A131 

Biochemical tests 

Phosphatase + 

Cellulase 

Lipase + 

Acid production from 

Fructose + 

Glycerol + 

Maltose + 

Trehalose + 

Adonitol 

Dulcitol - 

Inositol 

Sorbitol - 

Resistance to antibiotics 

Streptomycin + 

Ampicillin + 

Gentamicin + 

Kanamycin + 

Polymyxin B + 
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Table 4.5 : Biochemical characterisation for Corynebacterium sp. 

No. 
Morphological 

characterization & 
Gram character 

HL Motility Oxidase Catalase 
Acid from Sugar fermentation 

Tyrosine 
decompostn. 

Casein 
digestion 

NO3  reduction Remarks 

Glu Lac Ara Mannitol Xyl Rham Fruc Mannose Galactose Sucrose Salicin Starch Esculin Gelatin Urease 

A66 
2MM,while,circular,o 
paquesaised, G+ve 

bacilli 

Fac. 
Anaerobic + 

+ ++ + - + - - + + - + + - - - - - - - - 

Cotynebacteril 
minutissimur 

A65 

3mm, circular, entire 
margin, 

opaque.orange, 

G+ve bacilli 

Aerobic + + ++ + - - - - + minutissimur  - - - - - - - 
Corynebacterh 

 

A77 
2.5 mm. circular, 
white, opaque. 

raised, G+ve bacilli 

Fac. 
Anaerobic 

+ + ++ + - - - + + - + + 

_ 

- - - 
I 

- - 
Corynebacterii 

mycetoides 

A102 

2.5 mm, circular, 
white, transluscent, 

butyrous, Give 

bacilli 

Fac. 
Anaerobic 

+ + + +++ + _ - - - + + - + + + - + 	. - + 
Corynebacteril 

kutscheri 
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Table 4.6 : Biochemical characterisation for Micrococcus sp. 

Culture No. A43 A52 

Major pigment Cream-white Cream-white 

Gram Character Gm +ve cocci Gm +ve cocci 

Aerobic acid from  

Glucose - - 

Glycerol - - 

Esculin hydrolysis - - 

Arginine dihydrolase - - 

Nitrate to nitrite - - 

Growth at 37°C + + 

Growth on PPYG with 7.5% salt + + 

Growth on PPYG agar with 10% 
salt - - 

Growth on  

Citrate agar + + 

Motility + - 	+ 

Gelatin hydrolysis + + 

Oxidase + + 
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A-43 and A-52 were identified to be belonging to the genus Micrococcus 

(Table 4.6) whereas A-5 and A-6 belonged to the Actinomyces group (Table 4.3). A 

majority of obligate alkaliphiles discovered to date belong to Bacillus sp. e.g. 

Bacillus alcalophilus and Bacillus firmus RAB (Horikoshi 1991, Krulwich and 

Guffanti 1989). Further identification of Gram positive organisms during the study 

was based on chemotaxonomic tools which differed in different genera (Goodfellow 

and Minnikin 1985) i.e. cell-wall components, menaquinones and mycolic acids. The 

cell-wall components composed of mainly sugars and amino acids. Studies of the cell 

surface components of the isolates A-la, A-65, A-66, A-67a, and A-77 revealed the 

presence of the amino acid diaminopimelic acid and sugars like arabinose and 

galactose. Menaquinones and mycolic acids were also present. Metachromatic 

granules were present in some of the isolates (Table 4.7). Based on the Bergey's 

Manual of Systematic Bacteriology the organisms were identified as 

Corynebacterium (Horikoshi 1991). The DNA sequencing results obtained during 

phylogenetic analysis of the cultures supported most of the data obtained from 

biochemical characterization (Table 4.8) (Fig. 4.4). 

The 16s rRNA results were obtained for 17 of the alkaliphilic cultures. These were 

submitted to BLAST analysis and compared with the normal identification carried out 

at the laboratory using biochemical and chemotaxonomic analysis. Out of these 17 

cultures , 9 cultures were identified as isolates belonging to Bacillus by BLAST 

analysis which was comparable to that identified by routine biochemical tests . Out of 

the remaining data 6 cultures were given as unidentified. However the biochemical 

tests indicated them to be either Corynebacterium or Bacillus and the Gram negative 

culture identified as Flavobacterium A-131 could not be confirmed using the 16s 
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rRNA data as shown by the BLAST analysis (Table 4.8).This culture has been 

deposited at the National Chemical Laboratory, Pune and has been given the 

accession number NCIM 5243. It was interesting to note that most of the cultures 

were confirmed to belong to the genus Bacillus by the 16s rRNA results as has been 

reported in literature(Horikoshi 1991). 
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Table 4.7 : Chemotaxonomic analysis of the 8 alkaliphilic isolates 

Culture 
No. 

Heat treatment 
for 0 min 

Heat treatment 
for 5 min 

Heat treatment 
for 15 min 

Heat treatment 
for 30 min 

Mycolic Acids 

Sugars 
Metachromatic 

Granules 
Identified as 

Growth in Growth in Growth in Growth in 
Inference details 

Plate Broth Plate Broth Plate Broth Plate Broth 

Al b + +++ + +++ + +++ ++ 
Methyl esters 

of non-hydroxylated 
fatty acids 

Rf >0.6 
Ara/Gal 
absent 

Absent Bacillus alkalophilus A67a + +++ + +++ + +++ - - 

A67b + +++ + +++ + +++ - ++ 

A77 + +++ + +++ - - - - 
Methyl esters of 
Mycolic Acids 

present 
Rf 0.2-0.5 

Ara/Gal 
present 

Present Corynebacterium A66 + +++ + +++ - - - - 

A102 + +44. + +++ + +++ - - 

A86 1 + +++ + +++ + +++ - ++ Methyl esters 
of non-hydroxylated 

fatty acids 
Rf >0.6 

Ara/Gal 
absent 

Absent Bacillus 

A62 + +++ + +++ +++ - ++ 

A65 + +++ + +++ - - - - absent 
no spots 

seen 
Ara/Gal 
present 

Present Corynebacterium 

Key 

No growth 

Slight growth 
++ 	Good growth 

Excellent +++ 
growth 

Cult no. A65, A66 AND A77 do not tolerate heat treatment for more than 5 mins indicating that they do not possess heat resistant endospores. 
Cult no. A102, tolerates heat treatment till 15 mins but no growth is seen if the culture is treated for 30 mins. 
Cult no.A66, A77 and A102 possess mycolic acids. 
Cult no. A65, A66, A77 and A102 possess Arabinose as well as galactose in their cell walls. They also possess metachromatic granules. 
All the above characteristics indicate that culture numbers A65, A66, A77 and A102 belong to the genus Corynebacterium. 
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Table 4.8: Identification of the 17 alkaliphilic isolates done at BARC and GU lab 

Isolate 
No. 

Source BARC Blast analysis 
Identified at 

BARC Goa Univ. Lab 

A 20 • Ribandar mangrove sediment Bacillus sp.169 Bacillus sp. Bacillus alkalophilus 

A27 Ribandar mangrove sediment Bacillus clausii Bacillus sp. Bacillus alkalophilus 

A30 Ribandar mangrove sediment Bacillus horikoshi Bacillus sp. Bacillus alkalophilus 

A37 Panjim mangrove sediment Bacillus horikoshi Bacillus sp. Bacillus alkalophilus 

A55 Banastari mangrove sediment Bacillus sp N-1 Bacillus sp N-2 Unidentified Bacillus alkalophilus 

A59 Banastari mangrove sediment Bacillus sp.SD521 Bacillus sp. Bacillus schleglii 

A61 Banastari mangrove sediment Bacillus sp.N-1 Bacillus sp. Bacillus sp. 

A62 Banastari mangrove sediment Enterococcuc faecalis Enterococcus faecalis Bacillus sp. 

A64 Banastari mangrove sediment Bacillus sp.169 Bacillus sp. Bacillus stearothermophilus 

A66 Banastari mangrove sediment Bacillus sp.N-1 Unidentified Corynebacterium 

A67 Banastari mangrove sediment Bacillus sp.169 Unidentified Bacillus stearothermophilus 

A77 Ribandar mangrove sediment Bacillus sp.169 Bacillus sp. Corynebacterium 

A86 Ribandar mangrove sediment Unidentified Hailear Unidentified Bacillus brevis 

A102 Ribandar mangrove sediment Bacillus clarkii Unidentified Corynebacterium 

A118 Ribandar mangrove sediment Unidentified Hailear Unidentified Unidentified 

Al29 Ribandar mangrove sediment Bacillus sp 2b-2 Bacillus sp 2b-3 Bacillus sp 2b-2 Unidentified 

A131 Ribandar mangrove sediment 
Uncultured bacteriumQ2- 

28C8 
Uncultured bacteriumQ2-29 Unidentified Flavobacterium 
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Fig 4.4 : Sequences of 17 alkaliphiles compiled 

(A20) 

GCGTGCCTAATACATGCAAGTCGAGCGGACAGAAGGGAGCTTGCTCCTGGAA 
GTCAGCGGCGGAC GGGTGAGTA AC ACGTGGGCAACCTGC CCTGTAGACTGGG 
AT AACATC GAGAAATCGGTGCTAATACCGGATAATCGAAGAAAC CGCATGGT 
T TC MGT AAA AGAT GGC TCC GCICT A TC ACTAC GGGATGGGCCCGCGGC GC A 
TTAGCTAGTTGGTGQGGTAGAGGCTCACCAAGGCGACGATGCGTAGCCGACC 
TGAG AGGGT.G ATCGGCC ACA C TGGGAC IG A GA C ACGGCCCAGACTCC T AC G G 
GAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAAC 
GCCGCGTGAGTGATGAAGGTTITCGGATCGT AAAGCTCTGTTGTTAGGGA AG 
AACAAGTGCCATTC AAATAGGGTGGCACCTTTGACGGTACCTAACCAGAA AG 
CCACNGCTAACTACGTGCCAGCAGCCGCGGTAATACCTAGGTGGCAAGCGTT 

(A2?) 

AG ATAATCCCTTTCTCCAcCTGQAGA GAGGGTG AA AGATGGCTTCGGCTATC 
ACTA AGGGATGGGCCCGCGGCG C ATT AGCTAGTTGGT AAGGT AACGGCTT AC 
C AAGG CAA CGATGCGT AGCCGAC CIG AGAGGGTGATCGGCC ACACT GGGA C 
TGAGACACGGCCCAGACTCCTACGGG AGGC AGCAGTAGGGAATCTTCCGC A A 
TGGACGAA AGTCTGACGGAGCAACGCCGCGTGAGTGAGGA AGGCCTTCGGG 
TCGTA A AGCTCTGTTGTGAGGGAAGAAGCGGTACCGTTCGA ATAGGGC GGT A 
CCrTGAc GGT AC cm A CC AG AA A GCC AC GGCT AA CT AC GTGCC AGC AGCC GC 
G GTAA 17ACGT A GGIGGC AAGCGTTGTC CGGAATT ATTGGGCGT AAAGC G CGC 
GC AGGCGGCTTCTT AAGTCTGATGTG AAATCTC GGGGCTC A ACCCCGAGCGG 
CC ATTGG A AACIGGGGAGCTTG AGTGC AGA AGAGGAG AGTGGAATTCCACGT 
GT 

(A-30) 

TTTGGACTTCGCTGTCCCGCCTGCCT A ATACATGCAAGTCGAGCGGATCTTTC 
A A A AGCTTGCTIFIGG A AGATC AGCGG CGG ACGGGTG AGT A AC A CGIGGGC A 
AEC T GCC TGT G AG ACT GGGAT A A Cl" GG AAAC C GGA GC T A AT ACC GG ATA 
A T A T A A GG A ACCICCIGGTTCTTI 'T G A A AG ATGGTTTCGGCT A TC ACTC A C 
AGA TGGGC CC GC GGC GC AT TAG cr AGTTGGT GAGGTAA C GG CT C AC C AAGGC 
GACGATG CGT AGC CG ACCT GAG A GGGTGA TccGcc AC ACTG.  GG A CrIGA G AC 
A CGGC CC AGA CTCCT ACGG GAGGC AGCAGT AGGGA ATCTTCC AC A ATGGACG 
A A AGTCTG AT GOAGC A ACGCCGCG FG AGCGATG A AGG cc-r-cc.GG GTCGT A A A 

AGGG AA GAAC AAGT GC GA GA C317A A.C'E'GGIC.CiCAcerr G AC G 
GTAccrAACCAGA A AGCCA cGGcrAACrAccrcccAcc AGCCCGCGGT A AT 
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(A37) 

GGATAATA TAAGGAACCTCCTGGTTCITTATTGAAAAATGGTTTCGGCT.ATCA 
CTCACAGATGGGCCCGCGGCGCATTAGCTAGTIGGTGAGGTAACGGCTCACC 
AAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACT 
GAGACACCxCiCCCAGACTCCTACGGGAGGCAGCAGT AGGGAATCTTCCaCAAT 
GGACGAAAGTCTGATGGAGCAACGCCGCGTGAGCGATGAAGQCCTTCGGGTC 
GIAAAGC-rcrGITG-TTAGGGAAGAAC AAGT GCGA GA G TAACTGC TCGCACC T 
TG ACGGrTACCTAACC AGAAAGCCACGGCTAAC TACGTGCCAGCAGCCGCGGT 
AATACGT AGGTGGC AA.GCGTTGTCC GGAATT ATTGGGCGT A.AAGCGCGC GC A 
GGTGGTCCTTTAAGTICIGATGTGAAAGCC CACGGCTCAACCGTGGAGGGTCA 
TTGGAAACTGGGGGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCA AGTGT 
A 

(A$ ) 

GGATAATTCTIGAGATICNNATGGTCCCNTTTIAA A AAAATGCrCTCCGGGCTA 
TCACT ACGGGGATGGGCCCGCGGCGCATTAGCTAGTTGGTGAGGT A AcGocr 
C ACC:  AAGGC G AC G ATGCGT AGC C G ACC TG AGAGGGTG ATC GGCC AC A CT GG 
GACTGAGACACGGCCCAGACTCCT AC GGGA GGC AGC AGT AGGG AATCTT CCG 
C A ATGGA CGAA AGICTGACGGA GC A A CGC C GC OT GA GTGAT GA ACiGGT TT C G 
GCTCGT AAAGCTCTGTTGTTAGGGAAGAACAAGTACCGTTCGAATAGGGCGG 

ACCTTGACGGT ACCTAACC AGA AAGCC ACGGCTA AC' f ACGTGC-C A GC A GCC 
GCGGTA AT ACGT AGG rGGcAAGcGTT GT CCGGA ATT AT TGGGCGrAA AGC GC 
GCGCA GGCGGTCTITT A AGTCTGA TGTGA AA GCCCCCGGC7C A A CCGGGGA G 
GGTCAT17GGAAACTGGGA GACTTGA GTAC AG A A GA GGA G AGTGGAAT ICC A 

(A59) 

• GGAATAATATATAGCCCCCCGTGGIACTATATTAA AA GIGGGITT CGGC AA 
C ACTT AC AGA.' l'GGC4CCCGC GGC GC ATTA GCTA GTTGGT GAGGT A ACGGCTC A 
CC AAGGCAACGATGCGTA CCCGAC CT GA G AGGGI . GtvrcGGCCAC A.CAT G G GA 
CTGAGACACGGCCCAGACTCCTACCiGGAGGCAGCAGT A GGGAATCTTCCAC A 
AT GGAC GAAAGTCTG AT GG A GCA.A C GC C GCGTG AGC GA'I 'G A A GGC crr C GG 
G T C GTAAAG rcT GTT GTIAGG GAAG AAC A A GT GC GA GAGT A A CT GCT CGCA 
C CTTGAC GGTAC C TA A CC AGAAAGC C AC G GC -f A A CI A.0 GT GC C A GC AG CC GC 
G GTAAT AC GT AGGT GGC AAGC GTT CiTC CCiGA A TT AT T GGGc G TAAAGC GC GC 
GCAGGCGGT C: 'I' 1: A ACT CT G AT GT GA A A GCCCAC GGC:f C AA CC GT G GA GGG 
TC ATT. GGA AAC I GGGAGAC TGAGTGC A G AA GA GGA G AGTGGA A" FT ccAcGr 
GT 
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(A61) 

AACGCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGGACTGATTAAGA.GCT 
TGCTCTTATGACGTEACrCGCJCGGACGGGTGAGTAACACGTGGGCAACCTGCC 
CTGTAGATCGGGATAACACCGAGAAATCGGTGCTAATACCCxGGTAACATCTG 
AGATCACATGATCTTAGGTTAAAAGATGG C TN CGGCTATCACTACAGGATGG 
GCCCGCGGCGCATTAGCT.AGTTGGTAAGGTAA.TGGCTTACCAAGGCGACGAT 
GCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCC 
CA.GACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCCrCA.ATGGACGAAAGTC 
TGACGGAGCAACGCCGCGTGAGTGATGAAGGGTTTCGGCTCGTAAAGCTCTG 
TTGTTAGGGA.AGAACAAGTACCGTTCNAAT A.GGGCGGTACCTTGACGGTACC 
TAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCCGCGGTAATACGTAG 

(A62) 

GGCATAACAGTTTATCCC GC ATGGC AT AAGAGTGAAAGGC GCTTTCGGGTGT 
C GCTGAT GGATGGACCCGCGGTGCAT A.GCT AGTTGGTGAGGTAA CGGCTCA 
CC AAGGCC ACAATGC ATAGC CGACCT G AGAGGGT G ATCGGCCAC ACTGGGAT 
TGAGACACGGCCC AGACTCCT ACGGG.A G GC AGC AGT AGGGAATCTTCGGC A 
ATG GACGAAAGTC TG ACCGAGC A ACG CC GC GTG AGTGAAGAAGGISTrf CGGA 
TC GT A A A ACTCTGTT GTT AGAGA AG AA C AAGG ACGTT AGTA.ACTP A AC GTC C 
CCTGACGGT ATCTAACCAGAAAGCCACGGCT AACTACGTGCCAGCAGCCGCG 
GT AA T ACGTAGGTGGC AAGCGTTGTCCGGATTT AT T GGGCGT AA AGCGAGCG 
CAGGCGGTTTCTT AAGTCTGATGTGAA AGCCCCCGGCTCA ACCGGGGAGGGT 
C ATTGG AAACTGGGAGA CTTGAGTGC AGAA GAGGAGAGTGGAAT TCC A TGT G 
T 

(A64) 

C GCCNTGTAGACTGGGAT A AC ATCNAG A AA A TCGGGTGGCT A AT A CCGGA AT 
A AT C GAAGAACCCGC ATGGITTC TTTur AAAGA T GGCTC CC GGCTATCACTA 
CGGA TG GGCCCGC GGCGC AT ANGCT AGTTGGTGGGGT AGG CTC AACC A AG 
GC A.AC G AT GCGT AGC C GAC C TGA G AGG GT GAT CGGC C A C ACT G G GAT TAAG 
A C A CGGC C C AGA CTCCT A CGGG A GG C AGC A GT A GGGA A TC'ETCCGCAATGGA 
C G AA AGTC1-  G A CCiGA GC AA C GC C GCCi T G A GT GAT GAA GGTT TT CG GAT CGT A 
A A GCTC TGITGITAGGG AA G A AC A A GTGC C ATFC. A A ATA GGGTGGC ACCTTG 
A CGGTAC CTAACCA GA AA GCC A CGGCT A AC T ACGTGCC AGCA GCCGCGGTAA 

ACCFA GGTGGC A ACCGTTGTCCGGA ATT ITGGGCGT A AAGCGCGCGC A CIG. 
CGG -1-  C T AAG T CIGA."17G IG A A ACATC GGGGC -FC.A.AC CCCGAGA.GGTC 
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(A66 ) 

TTTGAATTTCNCTTGGNTCTGGCCNNTGCATGCTAGTGCCAACGGACTGATTA. 
AGAGCTTGCTCTTATGACGTTAGCGGCGGACGGGTGAGTAACACGTGGGCAA 
CCTGCCCTGTAGATCGGGATAGCACCGAGAAATCGGTGCTAATACCGGG'TAA 
TATCTGAGATCACATGATCTTAGGTTAAAAGATGGCTCCGGCTATCACTACAG 
GATGGGCCCGCGGCTCATT AGCTAGTTGGTAAGGTAATGGCTTACCAAGGCG 
ACGATGCGTAGCCGACCTGACAGGGTGATCGGCCACACTGGGACTGAGAC.AC 
GGCCCATACTCCTACGGGAGGCAGCA.ATANGGAATCTTCCCAATGGACGAAA 
GTCTGACTGAGCAACGCCGCGTGAGTGATGAAAGGTTTCCGCTCGTAAAGCT 
•CTGTTGTTAGGG AAGAACAAGTATCGTTCGAATATGGCGGTACCTTGACGGT 
ACCTAACCATAAAGCCCGGCTAACTACGTGCCANCAGCCCGCGGTAATAC 

(A67) 

TCCCTGGCGGCGTGCCTAATACATGCAAGTCGAGCGGACAGAAGGGAGCTTG 
C'TV C T GG AA GT C AGC GCTCGG ACGGOT G A.GT AAC ACGTGGGCAA C CTGCC CT G 
TAGACTGGGATAACATCGAGAAATCGGTGCTAATACCGGATAATCGAAGAAA 
CCGC ATGGITTCTTTGT AAA AGATGGCTCCGGCT ATC ACT ACGGGATGGCCC C 
CCGCCCCTTAACTTATTTGNTG<3GTTAAAGGTTAACCAAGGCACCANTCCTTA 
CCCAACNTAAAAGGGTNATCGNCCACCCTGGAACTGAGACACGGCCC.ANACT . 

CCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGG 
AGC AACGC CGC GTGAGTGATGAAGGTTTTCGGATCGT AAAGCTCTGTTGTT A 
GGGAAGAACAAGTG-CCATTCA_AATAGGGTGGC ACCTTGACGGTCCTAACC AG 
A AA GCCCGGGT AACT ACNT GCCANC A GCCCGC GGTAAT ACTT AGGT GGC A 

(A77) 

TTTG A A TA CCCTTGC GGC GTGCCT AATACATGCAAGTCGA GCGGA C A GA AGG 
GAGCTTGCTCCTGGAAGTCAGCGGCCTGACGGGTGA.GTA.ACACGTGGGC AACC 
TGCCCTGTAGACTGGGATAACATCGAGAA ATCGGTGCT AATACCGGATAATC 
GAAGA A A CC GC ATGGTTTCTTTGTA AAA GATCxGCTCCGGC TATC A C T ACGGG 
A T GGGCC CGCGCTCGCATT ANC:FA GTTGC; T GGGGT AG A GGCTC ACC A A GGCGA 
CGATGC GT A GCCGACCTGA GA GGGTO AT CGGCC A C ACTGGG ACTCi AG A C AC 
GGCCC AN A CTCCTACGGGAG GC A GC A GT A GGGA AT CTTCCGC AAT GGA CG A 
AAGTCTG AC GGA GC A.A CGCC GCGTGA GTG ATo AA GGTITTCGGAT CGT AA A G 
CTCTGTTGTTAGGGA AGA ACA AGTGC CA TTCA AAT AgGGTGGCACCTTGACG 
GrccrA A CCAGAAAGCCACgGCT AACTACGTGCCACAGCCCGCGGT A AT ACT 
TA 

(A86) 

`ETTAATGCCTTCN N N'.17GCCN A.A C A.T GCA AGT CGA GCGC AGGA A GC AT C AC 
GATcrcruCGG AGTGAA TGATGTGG A A TGAGCGGCGGACGGGTGAGT AAC A C 
GFGGCICAACCTGCCCTGGAG ACTGGGAT A ACTTCGGGAA.ACCGAAGCT A Al& 
CC GGAT A.ATC AAAGGAAC C G CATGGTTC C C TTGT AAAAGTTGGGTTT T AC C TA • 
AC A C TAC A GG ATGOCi C CCGC GGC GC ATTA GCTAGTTGGTAAG GT A A GGC'ET 
AC CAAGGCGA CTATGCGTA GCC GACCT GATAGCiGTGATC GG CCAC AC TGGG.A. 
CTGAG.AC A C G GCCCAGACTCCIACGGGAGGCAGCAAT AGGGAATC AT C C GC 
AAT CK3GC G AAA GCCTGA C GurGc AAT GC CGC GT GAAC GATGA A GGTC TC'GG 
ATc GTAAAOTTCTGTfATGAGGGAA GAAC AA CiTG C CGC ACGA AT AGA CC GGC 
AccrTGAc GGTCCTIC GA GAAACCCC GGC AA CTACGT GCC AN C AGCC C CG G 
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TTTTGGCTCTGGCCCTTGC ACTGCACGTCC AGCGC AAGA A AC ATGC TGA TGCT 
TTCGGGGTGATGNCTGTGGAATGAGCGGC GGCCAGGTGAGTAACAC ATGGGC 
TACCTGCCTTNNGGGACTGTGAT AACT CCNGAAA CTGGGGC TAAT AC C GGAT 
GACCAGAATAACCGCATGGTTCTGCTGTAAANGAATGGACTTTTCCTAACAC 
T GTGAC ATGGGC CC TCTCGCGC ATTCCTATTTGGTGA CxGT AACGGTTTC C A AT 
GCGACAATGCCTAACCGACCTGTATGAGGGTGATCGGCTCAC A cTG GAACTG 
ATAC AC GGTCCAGACTC CTACGGGAGGCAGCAGTTGCGA ATC AT C CGC A ATG 
GGCGAAAGCCTGACGGTGCAACGCCGCGTGAACGATGAAAGTCTTCGGATTG 
TAA AGTT CTGTTGTC A GGG AAGAA C A CGT GCCGGTC G A AC A GGGCGGC A CC T 
TGACGGTCCTGACCANAAAGCCCCGGCTAACTACGTGCCATCAGCCCGCG 

(A] 18) 

TTTGANTACCCTTGCGACTGCcTCATACATGCAAGTCCiAGCGCAGGAAGCAC 
GACC AAT CCCTTCGGGGTGA GGACGTGTG GAATGAG C GGCGGA CGGGTG A G't 
AA C ACGT GGGCA ACCTACCTGC AAGACTGGGA AAC TC CG GG A AACCGGGG 
CTA ATA CCGGATAATCCTTTTGATCGCATGAGA GAGAGGT AA A AGGCGGC TT 
TTA GCTGTC ACTTGC AGA TGGGCCCGC GGC GCATTAGC T A GTTG GTGAGGT A 
ACGGCTC ACC AAGGCGACGATGCGTAGCCGACCT G A G AGGGT GATCGGCC A 
CACTGGGACTGAGACACCA3CCCAGACTCCT ACGGGA GGCAGCAGT AC3G G A A 
TCTTCCGC AATGGACGAAA GTCTGACGGA GC AACGCCGCGTGAACGA AGA A 
GGTTTICGGATCGTA AAGTTCTGTTGTTAGGGA AGA AC ACGT A CCGITCA A AT 
AGGGCGGTACCTTGACGGTCCTAACG AG AAA GCCCCGGCTA A CTA CTTGCC A 
GC A 

(A 1 29) 

CTTGC GGCGTGCCTA AT AC A TGCAAGTCGAC3CGG A C TGA TGGGA GC TT G cr 
C CTGAGGTTAGCGGCGGACGGGTGAGTAACACGTGGGCAACCTGCC.  I'M' A A G 
AC TGGGATA A.CTCCGGGA A A CCGGGGCT A A TACC GG AT AACCCGTT CC A CC T 
C ATGGTGGA.GCGGTA AA AGA TGGCCTTTGGC A -ICA crr A C A GA TCX-_;GC:CCG 
C C3G CGC A TTACrCTAGTTGGTA AGGTA A C GGC TT A CC A AGGCGACGA GC GTA 
GCC:CIACC TGAGAGGGTGATCGGCCACAC TGGGACTG AGAC A CGGCCC AGAC 
'1CCTACGGGAGGCAGCAGT A GGG A ATCTTCC GC A AT G G A CG A A A GT C T G AC G 
GAG C A.A CGCCGC GTGA GTGATGA AG-Gym GG,A."Ef C G AA A G GrCI T GT T 
AGGGAAGAACAAGTC3CCGT T TGAATAAGGCGGCAC C11: GA CGGTA C C TA ACC 
AG AAAGCCACGGCTAA,CTA C GTGCCACAGCCGCGGT AAT ACGTA.GGT GGC A 
AG 

(A131) 
Cs(T: crcTc,CGCGCCNC AAC.ACATGC AA GTC GAACGATGAA CC CGGAGC TT GC 

T CC GGCGGATTAGTGGCGAACGGGTGAGTTAACACGTGAGTAAC CTGCCCT TG 
. ACTCTCrGGATAAGCGTTGGAAACGACGTCTAATACCGGATACGAGCTGGGAC 
CGC ATG GTCACTAGCTGGAAAGAATTTCGGTC AA GGA TGGA CTC GC GGC CT A. 
TCAGTTAGTTGGTGAGGTAACGGCTCACCAAGACGACGACGGGTAGCCGGCC 
'FGAGAGGGTGACCGGCCACACTGGGACTGAGAC ACGCxCC CAGACTC C TAC G 
G GAG G CAGC AGTGGGGCA C AATGGGCGAAA GCC TGATGCA CiCAAC GCC GCG 
TGA GGGACGACGC3CCTTCGGGTTGTAAACCTCT TTTAGC A GGG AAGA A GCGA. 
AAGT GA CGQTACCTGCAGAAAA.AGCA CC C GGCTAACT AC GTGCC AGC ACTCCC 
GC GGTAAT ACGTAGGGTGCA AGCCGTTGTCCGGAATT ATTGGQCGTA A AGAG 
CT 
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Conclusion : 

The cytoplasmic buffering capacities of the obligate alkaliphiles were 

much higher as compared to the buffering capacity of the neutrophiles indicating that 

elevation of the cytoplasmic buffering capacity at highly alkaline pH plays an 

important role in alkaliphily. The alkaliphilic isolates were also identified based on 

cultural, morphological, biochemical., chem.otaxonomic and phylogenetic analysis and 

it was concluded that 54% of the alkaliphiles belong to the genus Bacillus, 21% 

belong to Cotynebacteriuni, 7% were Micrococcus and 7% belong to Actinomyces. 

Only one culture belonged to the genus Flavobacterium. Amongst all the isolates A-

131 was found to be a potent utiliser of aromatic compounds giving coloured 

intermediates. Interestingly this culture was found to be Flavobacterium with a. 

buffering capacity of 4,800 nmoles / mg protein / pH unit in normal PPYG medium. 

The buffering capacity is also retained by the culture during its growth on benzoate 

and tyrosine. This culture has been deposited at the National Chemical Laboratory, 

Pune and has been given the accession number NCIM 5243. It has been noted that so 

far there are not many reports on the degradation of aromatic compounds by 

alkaliphiles. It was of interest therefore to study the biodegradation of benzoate and 

tyrosine by this unique gram negative alkaliphilic bacterium which we feel is the first 

observation of such an organism utilizing aromatic compounds. The normal aromatic 

pathways are reported in neutral Flavobacterium. The aim was therefore to 

understand the biodegradative mechanism in alkaliphilic Flavobacterium A-131. The 

following chapter describes the studies carried out on this aspect. 
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Biodegradation of aromatic compounds by alkaliphilic  

bacteria  
Alkaline environments are colonized by a variety of bacterial populations 

which play a role in the chemical breakdown of organic compounds (Horikoshi 1999). 

In recent years, attention has been given to the biodegradation of aromatic compounds 

which are the ultimate basic units formed from the biodegradation of complex 

molecules either natural or anthropogenic. Studies have been carried out to understand 

the biochemical pathways of biodegradation of various aromatic compounds by 

bacteria at neutral pH, however very few reports are available on the complete 

degradation pathways under alkaline conditions, more so by using obligate 

alkaliphilic bacteria. 

The preceding chapter has confirmed the presence of alkaliphilic bacteria 

in mangrove ecosystems which have shown the ability to grow on benzoate and 

tyrosine. Such organisms are of interest in understanding the biochemical pathways 

involved in the degradation of aromatic compounds. This chapter describes selection 

of the potent alkaliphilic cultures and studies on biodegradation of simple aromatic 

compounds such as benzoate and tyrosine. 

Materials and Methods: 

5.1 Screening of the alkaliphilic isolates on different concentrations of benzoate 

and tyrosine: 

Obligately alkaliphilic cultures (28) isolated from mangroves 

(Chapter 3) were inoculated in Mineral salt medium (liquid) with pH 10.5 (Appendix 
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A.1) containing sodium benzoate and tyrosine individually as the sole source of 

carbon in various concentrations and incubated on the rotary shaker at room 

temperature. Mineral medium with aromatic compounds without the culture were also 

maintained as controls. Growth of the cultures was monitored for increase in turbidity 

after 24-48 h of incubation and the optimum concentration of the substrate was 

determined. 

5.1.1 Response of A-131 to benzoate at varied temperature and aeration: 

The response of A-131 in MSM containing 0.3% benzoate pH 10.5 was 

observed at different temperatures i.e. 4°C, 28°C, 37°C and 45°C and at 75, 150 and 

200 rpm on the Orbitek shaker. The growth and colour of the medium was monitored 

visually after 24 h of incubation. 

5.1.2 Response of A-131 to various aromatic compounds : 

Culture A-131 was grown in MSM pH 10.5 containing 0.3% benzoate, 

0.05% phenol, 0.2% tyrosine, 0.1% each of tryptophan, DOPA, phenylalanine, p-

hy droxy benzoate, protocatechuate, catechol, salicylate and 0.05% each of resorcinol, 

toluene, pyrogallol, tannic acid, phthalic acid, 13-naphthol and p-chloroaniline. The 

culture flasks were incubated at room temperature for 24 - 48h and the growth and the 

colour of the medium was noted visually. 

5.2 Rothera's test : 

Ring cleavage of aromatic substrate was studied by the modified Rothera's 

test (Offlow and Zolg, 1974). The cells of the cultures grown in Mineral Medium 
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(Appendix A.1) with sodium benzoate were centrifuged at 6000 rpm for 20 min at 

4°C. Pellets were washed twice and resuspended in 0.05M phosphate buffer pH 9.5 

(Appendix B.2) to give an absorbance of 4.0 at 540 nm. To 2m1 cell suspension, 

0.5m1 of toluene and 3m1 of 10mM catechol were added and the formation of yellow 

colour after 3 min was noted. In the absence of yellow colour, the mixture was further 

incubated on shaker for 12h and lg of ammonium sulphate was added and mixed 

well. 5 drops of freshly prepared 1% of sodium nitroprusside solution was then added 

followed by 0.5m1 of liquor ammonia, added slowly along the side of the tube, the 

colour change if formed was recorded. 

5.3 Growth of A-131 in various concentrations of benzoate and tyrosine: 

Culture A-131 grown for 24h in presence of benzoate (0.3%) and tyrosine 

(0.1 %) was used as inoculum. 5% inoculum was added in each of the flasks 

containing MSM (20m1, pH 10.5) with 0.1%, 0.3%, 0.6%, 0.8%, 1% benzoate and 

0.1%, 0.2%, 0.3%, 0.5 %, 0.8 %, 1% tyrosine and incubated on the rotary shaker at 

150 rpm at room temperature. Growth was monitored after every 2h interval and 

measured on Elico colorimeter at 600nm (filter no. 60). Controls were maintained 

with MSM broth containing the same concentrations of benzoate and tyrosine without 

culture. Zero hour reading was taken just after inoculation of the culture against the 

respective control. 

During the growth, the culture supernatants were collected after every 2h intervals to 

detect the transformation products formed during growth. 
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5.4 Isolation and analysis of transformation products: 

5.4.1 Extraction of transformation products during growth on benzoate and 

tyrosine : 

a) Ether extract: 

The culture supernatant (5 ml) was subjected to extraction twice with 5m1 diethyl 

ether each time. The organic layer was then pooled and concentrated by evaporation 

to obtain the un-acidified ether extract. 

b) Acid-ether extract: 

The aqueous phase was then acidified with 6N HC1 to pH 2 and extracted twice with 

diethyl ether. The organic layer was then pooled and concentrated by evaporation to 

obtain the acidified ether extract. Both the acidified and un-acidified ether extract 

were analysed by TLC. 

c) Analytical techniques for identification of transformation products: 

(i) UV-visible spectrophotometry: UV-visible scans of the culture supernatants 

and other extracted samples were taken using UV-1601 Shimadzu 

spectrophotometer. 

(i) Thin Layer Chromatography: TLC plates were prepared as mentioned in 

Appendix E.3a. Various solvent systems (Appendix E.3a) were used for 

separation of transformation products from the ether extracts on TLC and the 

Rf of the compounds was noted. 
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5.5 Qualitative and quantitative tests for detection of transformation products 

during growth of A-131 on: 

(a) Benzoate: 

(i) Detection of catechol 

Lead-acetate solution, 0.3m1 of (20% v/v) was added to lml of culture 

supernatant. Presence of catechol gave a white precipitate which was 

centrifuged at 1000 rpm and the wet weight was noted (Clarke et al 1975). 

(ii) Colorimetric estimation of catechol 

1 ml of 10% sodium-molybdate solution was added to lml of culture 

supernatant, followed by addition of 0.5 ml of 0.5N HCl and 1 ml of 0.5% 

sodium nitrite solution. Presence of catechol gave a yellow colour to the 

solution and addition of 1 ml of 0.5N NaOH formed cherry-red colour (Evans, 

1947). Absorbance was read at 5 1 Onm on Shimadzu UV-1601 

spectrophotometer to quantify the catechol formed during growth. Standard 

curve is given in Appendix Fig. D.2. 

The formation of catechol during benzoate metabolism was estimated by the 

above tests and the HMS levels were detected spectrophotometrically. 

(iii) Detection of quinones 

The red culture supernatant formed at 16h of growth of A-131 in 0.3 % 

benzoate was subjected to qualitative tests for detection of quinones such as 

change in pH by addition of acid/alkali, addition of reducing agents like 

sodium dithionite and sodium borohydride and the change in colour was 

noted. The procedure as mentioned in Appendix E.3b is followed (Finley, 

1974). 
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(b) Tyrosine : 

(i) Detection of DOPA 

The depletion of tyrosine and the production of the first transformation product 

DOPA was estimated as described in AppendixE.3c using Arnow's method. The 

standard curves for estimation of tyrosine and DOPA are given in Appendix E.3c. 

(ii) Detection of the dopa quinone and melanin pigment 

The cell free suspension of 16h culture A-131 grown in 0.2% tyrosine was 

checked for the presence of dopaquinone using spot tests as the method described 

by Finley 1974 (Appendix E.3c). The detection of black pigment was checked in 

culture broth grown for more than 24h as per the method described by Kelley et al 

1990 (Appendix E.3c). 

5.6 Derivatisation of quinone using aniline: 

The procedure for derivatisation of quinone with aniline was determined 

by Evans in 1974. 1% aniline was added to the culture pellet of A-131 to which a 

solution containing 25mM catechol or 0.5% DL-DOPA was added. The reaction 

mixture was incubated on the shaker at 150 rpm for 3h. The precipitate formed at the 

end of the incubation period was filtered and the residue dissolved in diethyl-ether. 

Ether was allowed to evaporate and the dried sample was re-extracted in petroleum 

ether (40°-60°C). The extract was dried to powder and weighed. A cell free control 

was similarly maintained and extracted in ether. 

IR spectrum of the derivatives obtained was taken on FTIR 8101A 

Shimadzu-Fourier transform infra-red spectrophotometer. 
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5.7 Enzyme assay of catechol 2, 3 dioxygenase and tyrosinase : 

(a) Preparation of cells: 

The cells of A-131 grown in 0.3% benzoate and 0.2% tyrosine respectively at pH 

10.5 for 24h at 150 rpm at room temperature were pelleted by centrifugation at 6000 

rpm for 10 min. The pellet was suspended in phosphate buffer (0.05M, pH 9.5) 

[Appendix B.2 (i)], vortexed, and again centrifuged. The washed pellet was 

resuspended in the same buffer to an absorbance of 4 at 540nm and used for enzyme 

assays. 

b) Preparation of cell-free extract (cfe): 

Cell pellet of culture A-131 grown in benzoate and tyrosine was suspended in 

phosphate buffer pH 9.5 containing 10% acetone to an absorbance of 4.0. The cells 

were sonicated under cold conditions at 150 mA for 5min with pulses of 30 sec in 

between. The suspension was centrifuged at 16,000 rpm for 1 h at 4°C and the 

supernatant was used for enzyme assays (Feist and Hegeman 1969, Ghadi and 

Sangodkar, 1994). 

(c) Catechol 2, 3-dioxygenase assay: 

The reaction mixture of the assay was taken in a 3m1 silica cuvette and consisted of 

2.7m1 of 0.05M phosphate buffer (pH 9.5) with 100111 of cells or cfe and catechol 

(final concentration of 10mM). The increase in absorbance at 375nm was monitored. 

Specific activity of the enzyme was calculated and expressed as units (u) / mg protein. 

Enzyme unit increase/decrease in absorbance per min or activity per min (Kataeva 

and Golovleva, 1990). Enzyme assays were also performed on cells of A-131 grown 

in • 0.1% of glucose, tyrosine and protocatechuate at pH 10.5. The protein 
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concentration of the enzyme was determined by the Folin-Lowry method (Lowry 

1951). For the standard curve of protein, refer to Appendix D.1. 

(d) Tyrosinase Assay: 

A-131 grown in MSM supplemented with 0.2% tyrosine for 24h was pelleted and 

resuspended in 0.05M phosphate buffer (pH 9.5) to get an absorbance of 4 at 540 nm. 

(i) Assay of hydroxylase activity: 

The assay based on the reaction of L-DOPA resulting from the enzymatic 

oxidation of L-tyrosine was determined at 280nm (Marumo and Waite 1986). The 

reaction mixture in a total volume of 5m1 contained 50mM Tris-HC1 pH 8.5, 0.5mM 

L-tyrosine, 0.5 [IM L-DOPA, 2m1 enzyme solution and 0.5mM acorbic acid. The 

mixture was incubated at 42 °C with constant stirring and aeration for 8h. At various 

times, 0.5 ml of the mixture was withdrawn and diluted with 2m1 of distilled water. 

The reaction was stopped by adding lml of 1N HC1 and the optical density at 280nm 

was measured. 

(ii) Assay of L-DOPA oxidase activity: 

Substrate solution was prepared with DL-DOPA (0.8 mg / ml) in the same 

buffer as above. Briefly, the reaction mixture contained 2.9 ml of substrate solution 

taken in a 3m1 cuvette, incubated for 5 min at 30°C, followed by addition of 100 µl of 

cell suspension or cfe. Enzyme activity was determined spectrophotometrically 

monitoring at 475 run, the appearance of the dopachrome product of the reaction 

(Hearing 1987). The change in absorbance was read at 475nm. The assay was 
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carried out with culture grown in MSM with benzoate (0. 3%), protocatechuate 

(0.1%) and glucose (0.2%) medium. 

5.8 Determination of Km for enzyme catechol 2, 3 dioxygenase: 

Km of the enzyme was determined using the cell free extract of A-131. The enzyme 

assay for 2, 3 dioxygenase was performed using various concentrations of the 

substrate, catechol, ranging from 0.020 mg/ml to 0.90 mg/ml. These were diluted to 

2.9m1 with 0.2M phosphate buffer pH 9.5. 0.1m1 of cfe was added. The absorbance at 

375nm was noted for 3 min (William and Murray, 1974). Kinetic parameters were 

determined using the Line-Weaver Burke plot method. The enzyme concentration 

used for the initial rate studies was 50ug/ml. The protein concentration of the enzyme 

was determined by the Folin-Lowry method (Lowry 1951). 

5.9 Optimization of factors affecting tyrosinase activity: 

Optimization of factors affecting the tyrosinase activity of A-131 was done 

by carrying out the enzyme assay. The enzyme activity was determined under 

varying conditions of pH (6-12), temperature (20-60°C), reaction time (0-50 mins) 

and substrate (DOPA) concentration (0.2-1.6 mg/ml). 

One unit of activity is defined as the amount of enzyme which catalyses 

the oxidation of 1 iamole of L-DOPA per min at 30°C. Specific activity is expressed 

as enzyme units per milligram of protein. 
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5.10 Substrate Specificity of 2, 3 dioxygenase and tyrosinase: 

The catechol 2, 3 dioxygenase and tyrosinase enzymes were checked for 

substrate specificity by using various aromatic compounds as substrates and 

conducting the enzyme assay. The enzyme specific activity was determined. The 

colour of the reaction mixture was noted visually. 

5.11 Determination of the inducible nature of the 2, 3 dioxygenase and 

tyrosinase enzymes of A-131: 

The nature of the enzyme, whether inducible or constitutive, was 

determined. Culture A-131 was initially grown in MSM medium pH 10.5 with 

glucose as the carbon source. 5% of the inoculum was inoculated in culture flasks 

with MSM broth containing 0.3% benzoate (pH 10.5) and MSM broth containing 

0.2% tyrosine (pH 10.5), respectively. The flasks were incubated at room temperature 

under shaker conditions at 150 rpm, and the growth of the culture A-131 was 

monitored after every 2h intervals. Controls were maintained without inoculating the 

culture. 

5.12 Whole cell Protein profile : 

Sample preparation for whole cell protein profile 

A-131 was grown in PPYG, benzoate and tyrosine respectively. Cell pellet 

obtained from 25m1 of culture broth was resuspended to an optical density of 

4.0 at 540nm. 100[1.1 of cells were treated with. 50111 of sample buffer 

(Appendix E.1 ) and 100111 of cells were used for protein estimation by Folin-

Lowry's method. Cells with sample buffer were boiled for 10 min in a boiling 

water-bath. 30111 of loading dye solution was added to the treated sample prior 
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to electrophoresis. Preparation of gels and staining procedures are described in 

detail in Appendix E.1. 

For details on methods of purification, molecular weight determination and effect of 

chelating agents on enzymes catechol 2,3 dioxygenase and lyrosinase refer to 

Appendix F 
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Results and Discussion: 

The alkaliphilic bacteria obtained from mangrove water and sediment 

samples exhibited aromatic degradation (Table 3.7, Chapter III). It was therefore 

envisaged to study the biodegradation of aromatic compounds like benzoate and 

tyrosine by alkaliphilic microorganisms, characterize the various intermediates 

formed during the biodegradation, and study the activity of the oxygenases enzymes 

at high pH values. 

5.1 Screening of the alkaliphilic isolates on different concentrations of benzoate 

and tyrosine: 

The optimum concentrations of benzoate and tyrosine for growth of the 

obligate alkaliphilic isolates were determined. It was noted that the alkaliphilic 

isolates could grow upto a concentration of 0.7% benzoate and 1% tyrosine (Table 5.1 

and 5.2). The mangrove ecosystems seem to have rendered the isolates with an 

adaptability to degrade and withstand toxic levels of aromatic compounds. Amongst 

the isolates the culture A-131 exhibited excellent growth in the MSM broth at pH 10.5 

with benzoate and tyrosine as sole source of carbon, forming coloured intermediates. 

The growth was accompanied by the formation of a yellow-coloured compound 

during metabolism of benzoate, and a pink-coloured intermediate which later turned 

black during metabolism in tyrosine (Table 5.1 and 5.2). 

This gram negative Flavobacterium culture A-131 was therefore selected 

for further studies since it also showed an ability to degrade a wide range of aromatic 

compounds, as seen in the earlier chapter (Table 3.7). The optimum concentrations of 

benzoate and tyrosine for the culture A-131 were 0.3% and 0.2%, respectively. 
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Degradation of tyrosine is known to occur by the production of tyrosinase, 

a copper containing monooxygenase. Reports have shown extensive studies with 

Gram positive bacteria, however limited work has been done with Gram negative 

bacteria (Kong et al 2000). Kong et al have reported a thermophilic tyrosinase from a 

Gram negative culture. In view of this, the culture Flavobacterium A-131 is a novel 

isolate from the mangrove ecosystem showing growth and metabolism of aromatic 

compounds only at high / alkaline pH . 

The scanning electron micrographs of cells of A-131 grown in 0.3% 

benzoate and 0.2% tyrosine (Fig 5.1) did not exhibit a distinct difference as compared 

to the micrograph of cells grown in PPYG (Fig 3.5, Chapter 3), indicating that the 

cells of A-131 are well adapted to utilise benzoate and tyrosine as the sole source of 

carbon. 
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Table 5.1: Growth of isolates on different concentrations of benzoate 

Isolate Benzoate concentrations (%) 

No. 0.1 0.3 0.7 1.0 

Ala ++ ++ + - 

Al b 4+ 44- + - 

A3a ++ ++ + - 

A3b ++ ++ + - 

A5 ++ ++ + - 

A6 ++ ++ + - 

A20 + ++ + - 

A27 + ++ + - 

A30 + +4 + 

A37 + ++ + - . 

A43 + +4 + - 

A52 ++ ++ + - 

A55 4-+ ++ - 

A59a ++ ++ + - 

A59b ++ +4- + - 

A61 + +4 + - 

A62 +4 +4- + - 

A64 ++ +4- + - 

A65 ++ 4-4- + - 

A66 ++ +4 + - 

A67a + ++ + - 

A67b + ++ + - 

A77 + ++ + - 

A86 + ++ + - 

A102 ++ ++ + - 

A118 ++ +4 + - 

Al29 + + + - 

A131 ++ ++++* ++ - 

* yellow colouration 

Key: + degree of growth 

- no growth 
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Table 5.2: Growth of isolates on different concentrations of tyrosine 

Isolate Tyrosine concentrations (%) 

No. 
0.05 0.1 0.2 0.3 0.5 1.0 2.0 

Ala + + ++ + + + - 

Al b + + ++ + + + - 

A3a + + ++ + + + - 

A3b + + ++ + + + - 

A5 + + ++ + + + - 

A6 + + ++ + + + _ 

A20 + + ++ + + + - 

A27 + + ++ + + + - 

A30 + + ++ + + + - 

A37 + + ++ + + + - 

A43 + + ++ + + + - 

A52 +. + ++ + + + - 

A55 + + ++ + + + - 

A59a + + ++ + + + - 

A59b + + ++ + + + - 

A61 + + ++ + + + - 

A62 + + ++ + + + - 

A64 + + ++ + + + - 

A65 + + ++ + + - 

A66 + + ++ + + + - 

A67a + + ++ + + + - 
I 

A67b + + ++ + + + - 

A77 + + ++ + + + - 

A86 + + ++ + + + - 

A102 + + ++ + + + - 

A118 + + ++ + + + - 

Al29 + + ++ + + + - 

A131 + + ++++* ++ ++ ++ - 

* Black colouration 

Key: + degree of growth . 

- no growth 
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(a)  

(b)

 Fig 5.1: Scanning Electron Micrographs of 

(a) A - 131 cells grown in MSM with 0.3% benzoate 

(b) A- 13I cells grown in MSM with 0.2% tyrosine 
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5.1.1 Response of A-131 to benzoate at varied temperature and aeration: 

The results of the effect of varying conditions on the growth parameters 

are depicted in Table 5.3. The culture A-131 grown in MSM with 0.3% benzoate 

pH10.5 at 150 rpm and 28 °C showed very good growth and yellow coloration. At 

37°C, the culture showed less growth than at 28°C and the growth medium was seen 

to turn light orange in colour after 24h of growth. The culture however showed very 

slow growth at 45°C with no coloration of the medium, thus a temperature of 28°C 

was concluded to be the optimal temperature for growth as well as colour formation 

(Table 5.3 ). 

Under static incubation conditions, the culture showed very little growth 

and the colour of the medium was yellow. After 24h the colour turned dark yellow 

and was retained in the medium. At 75 rpm, good growth was observed and yellow 

colour of HMS was formed in 16h which turned orangish-red later. An increased 

agitation of 150 and 200 rpm showed good growth of the culture which was 

accompanied by the formation of yellow colour in 8h and orangish-red colouration 

during 16h of growth .(Fig.5.2). Similar results have been obtained with 

Pseudomonas putida P2d culture growing at neutral pH (Parulekar 2001).This culture 

however has been reported to form a viscous mass at lower temperatures but behaves 

normally at room temperature and exhibits scanty growth at 45 °C. Agitation at 75 

rpm, 150 rpm and 200 rpm showed yellow coloration due to HMS formation which 

turned orangish-red later (Parulekar 2001). 
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Table 5.3: Effect of varying temperature and aeration on the growth 
and colour formation of A-131 in 0.3% benzoate 

Temp Growth Colour of medium 

4 °C - No colour 

28 °C +++ Yellow 

37 °C ++ Light orange 

45 °C + No colour 

RPM Growth Colour of medium 

Static + Yellow 

75 + Yellow 

150 +++ Light orange 

200 +++ Red 

Key: 
+ degree of growth 
- no growth 

- 143 - 



Fig 5.2: Effect of aeration on the growth of isolate A-131 grown in 
MSM with 0.3% benzoate 

144 



 

Biodegradation 

 

5.1.2 Response of A-131 to various aromatic compounds: 

The growth of A-131 in the presence of various aromatic compounds was 

checked in liquid MSM of pH 10.5. Growth was checked visually as increase in 

turbidity and colour formation in the medium. 

A-131 grew in the presence of a wide range of aromatic compounds (Table 

5.4). Upon growth, different colours, that is white, yellow, pink, orange-red, brown 

and black, were observed in the media. 

No growth was seen in the presence of p-chloroaniline (PCA) wherein the 

medium remained colourless. Poor growth was seen in the presence of 

p-hydroxybenzoate, toluene, pyrogallol, tannic acid, and (3-naphthol, with colour 

formation (Table 5.4). In case of resorcinol however, the brown colour of the 

substrate was retained in the medium. The culture showed excellent growth in 

benzoate, tyrosine, tryptophan, phenylalanine and catechol as sole carbon sources 

with subsequent formation of colours (Table 5.4). In the presence of DOPA, however, 

the medium turned black and the growth of the culture was not obtained. Scanty 

growth of the culture in aromatic compounds like toluene, pyrogallol, tannic acid, (3-

naphthol, and failure of the culture to grow in p-chloroaniline may be due to the 

toxicity of these compounds as well as high pI-I stress or the inability of the culture to 

utilize these compounds. These results confirm that Flavobacterium A-131 utilizes 

various aromatic compounds at pH 10.5, and growth is also accompanied by 

formation of coloured intermediates in the culture broth. 

Flavobacterium sp. isolated from soil (ATCC 39723) has been reported to 

mineralize pentachlorophenol (PCP) and other polyhalophenols at neutral pH 

(Crawford and Man 1985, Martinson et a! 1986, O'Reilly and Crawford i 989).This 
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Flavobacterium sp. has also been reported to degrade bromoxynil (3,5-dibromo-4- 

hydroxybenzonitrile) which is a selective, contact, pre-emergence herbicide used on a 

variety of crops. Flavobacterium degraded bromoxynil to 2, 6 bromoxynil to 2,6 

dibrornohydroquinone which was further mineralized . The cyanide produced during 

bromoxynil metabolism was inhibitory to the Flavobacterium sp. Whole cells 

degraded PCP more rapidly than bromoxynil. (Topp et al 1992). 

These reports confirm that Flavobacterium is capable of utilizing an array 

of aromatic compounds under neutral conditions and the present study with 

Flavobacterium A-131 concentrates on growth of A-131 on aromatic compounds 

under alkaline conditions. 
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Table 5.4: Growth and colour formation by A-131 in presence 
of various aromatic compounds 

Substrate Growth Colour of medium 

Benzoate +++ Yellow to orange red 

Phenol + White 

Tyrosine +++ pink to brown to black 

Tryptophan ++ white to cream 

DOPA 

Growth could not 
be observed as 
medium turned 

black 

Phenylalanine ++,+ white to cream 

p-Hydroxybenzoate + white 

Protocatechuic 
acid 

++ white 

Catechol +++ yellow to black 

Salicyclate ++ white 

Resorcinol + brown * 

Toluene + white 

Pyrogallol + brownish red 

Tannic acid + brown 

Phthalic acid + white 

13-naphthol + white 

p-Chloroaniline - - 

+ degree of growth; - no growth/no change in colour 
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The mode of ring cleavage present in the obligately alkaliphilic isolates 

(28) to metabolise benzoate was determined by the Rothera's test. Most of the 

cultures showed the presence of meta ring cleavage (Table 5.5) denoted by the 

formation of yellow colour in reaction mixture within 3 min. Presence of ortho ring 

cleavage was detected by the purple ring formation. Benzoate, catechol and 

protocatechuate are generally metabolized via the ortho pathway while phenol, cresol 

and polycyclic hydrocarbons are reported to be metabolized via the meta pathway 

under neutral pH conditions (Bayley and Barbour 1984, Gibson and Subramanian 

1984, and Feist and Hegeman 1969). However there are reports available on the meta 

cleavage pathway for benzoate degradation. (Harayama et al 1987, Keil 1990, 

Parsek et al 1992, Reddy et al 1976, Ampe et al 1997). 

Flavobacterium A-131 grown in presence of benzoate as sole source of 

carbon showed presence of only the meta-ring cleavage pathway with catechol as 

substrate using the modified Rothera's test. 

Interestingly, this novel culture showed distinct growth on benzoate and 

tyrosine with formation of typical coloured intermediates during the growth on 

benzoate and tyrosine at alkaline pH. It was therefore of interest to study the detailed 

metabolism of each of these substrates by Flavobacterium A-131. 
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Table 5.5: Mode of aromatic ring cleavage in the 
isolates grown on benzoate 

Culture 

Benzoate 

Ortho Meta 

A-la - + 

A-1b - + 

A-3a - + 

A-3b + - 

A-5 - + 

A-6 - + 

A-20 - + 

A-27 - + 

A-30 - + 

A-37 - 

A-43 + 

A-52 - + 

A-55 - + 

A-59a + - 

A-59b + - 

A-61 + - 

A-62 + - 

A-64 + - 

A-65 + - 

A-66 - 

A-67a + 

A-67b - + 

A-77 - + 

A-86 - + 

A-102 - + 

A-118 - + 

A-129 - + 

A-131 - 

Key: 

Ortho +ve: Purple ring formation 

Meta +ve: Yellow colour formation. 
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5.2 Degradation of benzoate: 

5.2.1 Growth of A-131 in varying concentrations of benzoate: 

Growth curve of A-131 in varying concentrations of benzoate is depicted 

in Fig. 5.3. Culture A-131 grew in the presence of 0.1% benzoate with a significant 

lag phase, attaining maximum absorbance of 0.5 after 10h of growth. A pale yellow 

colour appeared after 6h of growth which deepened to dark-yellow after further 

incubation to 24h. With higher Concentrations of benzoate at 0.3%, cells grew well 

without any lag phase attaining maximum good growth within 16h. The colour of the 

medium changed to dark yellow within 8h and changed further to orangish-red within 

24h. With higher concentrations of 0.6 % benzoate, the cells showed an increasing 

lag phase of 12h which was followed by steady growth and maximum absorbance 

having reached after 24h with formation of yellow colour after 24h incubation. The 

colour change from yellow to orange-red occurred only in 0.3% and 0.6% benzoate 

concentrations. The culture however failed to grow in 1% benzoate. It was observed 

that the cells showed a fast rapid growth at 0.1-0.3 % benzoate. At higher 

concentrations however the cells grew but after an extended lag phase (Fig 5.3). 

The yellow colour formed at 0.1% benzoate is retained through the 

incubation period of 48h at higher concentration of 0.3 % and above, the medium 

initially became yellow and then turned orangish-red in colour on further incubation. 

The yellow colour formed may be due to the accumulation of a transformation 

product of benzoate metabolism such as HMS (Nozaki 1974, Kojima el al 1961, 

Nakazawa and Yokoto 1973). The orange-red colour was formed in the medium 

during 16 h incubation period in concentrations of 0.3% benzoate and above. The 

higher the concentration of benzoate, deeper the orangish-red colour, although the 

- 150 - 



Biodegradati e  n 

 

period taken for the colour to appear was longer (Fig 5.4). The orangish-red colour 

was consistently present in the medium. On the basis of the above observation, the 

concentration of 0.3% benzoate was selected. The yellow and orange-red products 

formed during the metabolism of benzoate were analysed further. 

As observed in Fig.5.4 and Table 5.1, culture A-131 isolated .from 

mangrove ecosystem could luxuriantly grow in upto 0.7 % sodium benzoate medium. 

Most of the alkaliphilic isolates showed good growth in high concentrations of 

benzoate and could tolerate upto 0.7% benzoate. Sodium benzoate is used as a food 

preservative and is bactericidal at 0.01 to 0.02% concentration and fungicidal at 0.05 

to 0.1% concentration (Silliker et al 1980). Sodium benzoate is known to display 

toxicity against microorganisms (Silliker et al 1980) and is used in limited 

concentration of 4mM-10mM for growth in most of the studies (Hou et al 1977, 

Bayly and Wigmore 1973, Sheridan et al 1998), while A-131 could grow in much 

higher concentrations of upto 49mM (0.7%). Metabolism of benzoate under neutral 

conditions has been studied earlier as mentioned above. Yumoto et al 2003 have 

reported the utilization of benzoate and m-hyroxybenzoate under alkaline conditions 

by the alkaliphilic bacteria Bacillus krulwichiae The intermediates and the final 

product formed during the metabolism however have still not been characterized and 

reported. Another alkaliphilic strain Alcaligenes denitrificans strain A-41 has been 

reported to utilize the compounds like biphenyl, 4• chlorobiphenyl and benzoate as 

sole carbon source for growth. Rhodococcus sp.K.-37 and HA-99 have also been 

reported to utilize biphenyl, 4-chlorobiphenyl, benzoate and 3-hydroxybenzoate, 

phenol and naphthalene under alkaline conditions. But the intermediates or products 

formed during utilization have not been discussed (Maeda et al 1998). 
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The present study with the Flavobacterium A-131 therefore appears to be 

the first report on the characterization of the coloured intermediates formed during the 

metabolism of benzoate under alkaline conditions. 
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Fig 5.3: Growth of isolate A-131 in MSM with benzoate 
as sole source of carbon 
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Fig 5.4: Visual depiction of growth and colour formation 
during benzoate metabolism by A-131 
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Biod gradation 

5.2.2 Characterisation and identification of the biotransformation product of 

benzoate: 

The TLC pattern of ether extracts of unacidified culture supernatants is 

depicted in Fig.5.5 A and B. A distinct spot of Rf value of 0.9 which corresponded 

with standard catechol was seen in 6h and 811 culture supernatants and this product 

was termed as Transformation product I (TPI). The uninoculated medium containing 

benzoate on extraction with ether gave a single spot of Rf value of 0.8 corresponding 

to the standard benzoate. Yellow coloured supernatant of 8h old culture broth showed 

2 spots of Rf value of 0.9 and 0.16 on exposure to iodine vapours (Fig.5.5 (B) ). The 

latter spot before exposure to iodine was yellow in colour and was designated as 

Transformation product II (TP II). The 16 and 24h aliquots showed 2 spots of Rf 

value of 0.02 after exposure to iodine. The spot with Rf value of 0.02 was pink in 

colour before exposure to iodine (Fig.5.5 (B) ) and was termed as Transformation 

product III (TP III). 

UV-visible spectrum of the culture supernatants during growth of A-131 in 

0.3 % benzoate medium was taken. The spectrum of the uninoculated blank showed a 

single peak at 250nm , however inoculated culture aliquot showed a peak at 375mn in 

addition to the peak at 250nm at the 8h of incubation. The peak at 375nm in the 

inoculated culture aliquot shows that the benzoate is being transformed / degraded to 

another compound (Fig 5.6 A and B ). The absorbance of the peak at 375nm 

increased steadily with incubation time with an increase in the intensity of the yellow 

coloration in the medium. Absorbance at this wavelength was maximum between 16-

24h of growth (Fig 5.7 ) when the culture reached the stationary phase. 
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(a) Transformation product I (TPI) . 

Identification of TPI  : Culture grown in 0.3% benzoate medium and 

extracted in ether showed on TLC a distinct spot of Rf 0.9 which turned black in 

colour and was corresponding to standard. catechol. Addition of lead acetate to the 

supernatant gave a white precipitate showing the presence of catechol in the medium 

(Fig.5.8 ). The colorimetric test (Evans 1947) performed on the culture supernatant 

for quantitative estimation of catechol indicated the presence of catechol in the culture 

supernatant. Maximum concentration of catechol (120 mg/L) was seen at 16h of 

growth after which the catechol levels dropped (Fig.5.7). On further incubation a fall 

in the concentration of catechol was seen. The catechol formed in the culture broth 

from benzoate is detected by the white precipitation with lead acetate and black spot 

on TLC of unacidified ether extracts. Catechol has been reported as a central 

intermediate in benzoate metabolisms . It has been reported that aromatic compounds 

like naphthalene, salicyclate, benzene sulfonate and phenol are first converted to 

catechol especially by Pseudomonas and later catechol is metabolized either via ortho 

or meta — cleavage pathway (Nakazawa and Yokota 1973). Formation of catechol 

(100 mg/L) during the metabolism of benzoate by Pseudomonas mendocina P2d has 

been reported under neutral conditions (Parulekar 2001). The Flavobacterium culture 

A-131 used during the present study has shown a concentrations of 120 mg/L of 

catechol under alkaline conditions (Fig.5.7). 
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(b) Transformation product II (TPII) : 

Identification of TP II  : During the metabolism of benzoate by the culture 

A-131, a yellow colour was formed in the medium. A distinct peak at 375nm in the 

UV-visible scan was seen with the appearance of a yellow colour in the medium and 

the absorbance was found to increase with deepening of the colour during growth 

(Fig.5.6 A and B). TP II levels were seen to increase dramatically after 4h of growth. 

The levels were maximum at 16h of growth which was retained upto 24h after which 

TP II levels dropped. The drop in TP II levels may be due to the formation of by 

products such as quinones. The formation of yellow colour coincided with a spot on 

TLC (Fig. 5.5) which was also yellow in colour. TLC patterns of the ether extracts of 

the culture supernatant showed presence of a distinct yellow spot of Rf value of 0.16 

(Fig.5.5). The culture pellet of A-131 suspended in 0.05 M phosphate buffer pH 9.5 

containing 10mM catechol gave yellow colour immediately, which was lost on 

acidification. 

Such a yellow coloured product has also been reported as a product of 

benzoate metabolism by Pseudomonas cultures (Nozaki 1974, Kojima 1961 and 

Yokoto 1973). Nozaki 1974 have reported that catechol at a concentration below 

10mM is converted enzymatically to yellow coloured HMS. The amount of catechol 

formed and the yellow coloured TP II detected during the present study with 

Flavobacteriurn A-131 in 0.3% benzoate is depicted in Fig.5.7. Catechol 

concentration was maximum i.e. 120mg/L during 16h of growth of A-131 in benzoate 

after which the catechol levels dropped. The yellow coloured TP II levels were high 

during 16-24h of growth wherein an absorbance of 3.5 was detected (Fig. 5.7). TP H 

obtained on TLC was further extracted and the UV visible scan of the TP II is shown 
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in Fig 5.6 (C). This was then compared with the standard HMS obtained from 

Pseudomonas mendocina P2d (culture grown for 8h in MSM with 0.3% benzoate pH 

7.0 ) which showed an intensity of 2.2 at 375 nm (Parulekar 2001) and Pseudomonas 

cepacia AC 1100 (culture grown for 8h in MSM with 0.3% benzoate pH 7.0) which 

showed an absorbance of 1.0 at 375 nm(Ghadi and Sangodkar 1994) (Fig 5.6 (D)). 

This confirms that the yellow coloured product obtained from benzoate metabolism 

by Flavobacteriun2 (A-131) is HMS. HMS levels during the 18h of growth of 

Pseudomonas arvilla culture has been reported wherein an absorbance of 0.9 at 375 

nm was detected (Nakazawa and Yokoto 1973). 
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Fig 5.8: Precipitation of catechol in culture supernatants 

4 
	 Supernatants collected at -t* 

different time intervals 

C ---e. Control ( MSM+0.3% benzoate pH 10.5 ) 

- 163 - 



(c) Transformation product III 

Identification of TP III  : The orangish red supernatant formed during the 

metabolism of benzoate during 16 th  h of growth of culture A-131 was tested for the 

presence of quinone (Finley 1974). Decolourisation of the supernatant was observed 

on acidification to pH 2.0 and on addition of alkali, the colour reappeared. Similarly, 

addition of reducing agents such as sodium-dithionite and sodium-borohydride 

decolorized the coloured solution which reappeared on aeration. The colour of the 

supernatant was reduced on addition of hydrogen-peroxide while addition of acidified 

2% potassium-iodide resulted in the formation of a brown colour (Table 5.6). All the 

tests done thus confirmed the orangish red product in the supernatant to be a quinone. 

Reducing agents like sodium dithionite and sodium borohydride reduce the coloured 

quinone to a leuco compound (St. Berger and Ricker 1974). Addition of 2% 

potassium iodide results in brown colouration, due to release of iodine by the quinone. 

(Clarke et al 1975, Mann and Saunders 1990). Quinones are usually known to impart 

varied colours (Goodwin 1979, Pine 1987). The formation of quinone during 

degradation of aromatic compounds has been reported in bacteria as well as fungi 

(Zaborina et al 1998, Benfield et al 1964, Kaiser et al 1996, Kadiyala et al 1998). 

Separation of the quinone from the culture supernatant using solvent extraction was 

unsuccessful. The red colour remained in the medium for 2-3 weeks. The red and 

yellow products got eluted together during extraction and hence purified product was 

not obtained. Experiments carried out with resting cells showed that catechol at 

concentrations of 10-25mM (0.11 %-0.375 %) is converted initially to yellow 

coloured HMS followed by a orangish-red coloured product. This is similar to the 

coloration in MSM growth medium at pH 10.5 with benzoate as substrate. 
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Table 5.6: Qualitative Tests for the detection of the quinonoid 
metabolic product of benzoate 

Sr. No. Tests Observations 

1 Supernatant + 6N HCI (pH 2) Orange -> yellow 

2 (1) + 10N NaOH (pH 12) yellow -> Orange 

3 Supernatant + 2% sodium dithionite Orange -> yellow 

4 (3) + when aerated for 2h yellow -> Orange 

5 
Supernatant + pinch of sodium 

borohydride 
Orange -> yellow 

6 Supernatant + H202 Orange -> yellow 
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Catechol is thus an important intermediate formed from benzoate 

metabolism by Flavobacterium A-131 which gets converted to HMS and 

subsequently forms an orangish red product. 

Presence of 2,2' bipyridyl (2mM) in the growth medium containing 0.3% 

benzoate showed no yellow colour instead the medium turned dark red after 46h of 

growth. UV-visible spectrum of the dark red supernatant showed, two peaks at 375nm 

and 490nm (Fig 5.9). In the presence of 2,2' bipyridyl, a known inhibitor of meta 

cleavage, growth was slow. Bipyridyl being the inhibitor of the ring cleavage, 

catechol formed is apparently prohibited from forming HMS and hence no yellow 

colour is visible however quinone formation continued. This suggests that HMS and 

quinone formation pathways are separate, linked via catechol, the central intermediate 

as reported earlier (Nozaki 1970). 
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5.2.3 Derivatisation of TP III : 

A-131 was grown in 0.3% benzoate, centrifuged and incubated with 

25mM catechol and 1% (v/v) aniline. The reaction mixture yielded 10mg of the 

orange-red precipitate after 2 '/2 h and 30mg after 24h. In contrast, control i.e. 

catechol and aniline incubated without cells gave a negligible amount of precipitate of 

2mg and 6mg after 2 1/2 h and 24 h respectively (Table 5.7 ). The infra-red spectrum 

of the aniline derivative showed stretching between 1600-1650 and 3400-3500 cm"' 

(Fig.5.10) indicating the presence of C=0 and NH groups (Vogel 1978) . This 

confirmed the product to be a aniline derivative of quinone (Evans 1947 and Marr and 

Stone 1961). The formation of p-benzoquinone as intermediates in degradation of 

various aromatic compounds such as p-nitrophenol and 2,4,5-trichlorophenoxyacetic 

acid giving 1,4-benzoquinone and 2, hydroxy-1,4-benzoquinone have been reported 

(Chauhan et al 2000, Spain and Gibson 1991, Zaborina et al 1998, Kadiyala et al 

1998). O-benzoquinone formation however is not as widely reported (Evans 1947, 

Marr and Stone 1961, Benfield et al 1964). The formation of quinones from catechol 

enzymatically as well as chemically has also been described earlier (Weiser et al 

1994, Pine 1987, O'Leary 1976, Issacs 1974, March 1992, Creiegee 1965, Bunton 

1965). From the above observations reported presently we propose catechol to be the 

central metabolite in sodium benzoate biodegradation by Flavobacterium culture A-

131 under alkaline conditions linking two pathways namely the meta-cleavage 

pathway and the quinone formation, both of which operate simultaneously during 

benzoate biodegradation. The proposed pathway for the benzoate metabolism by 

Flavobacterium culture A-131 is shown in Fig. 5.11. 
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Table 5.7: Purified aniline - derivative of quinone obtained 
from catechol with and without A-131 cells. 

Time (hrs) 

Dry Weight of derivative 
mg/100m1 solution 

Test 
(with cells) 

Control 
(without cells) 

2.5 10 2 

24 30 6 
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Fig 5.10: IR spectrum of the aniline derivative of quinone 
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Aqueous catechol solution when exposed to air gives brown and black 

coloration which is attributed to autoxidation of catechol. However the amount of the 

quinone assayed from such a sample is negligibly small. A five-fold more increased 

amount of the quinone derivative was formed in presence of the cells of A-131 (Table 

5.7) thus confirming the role of these alkaliphilic bacterial cells in quinone formation. 

The orangish- red colour formed in the culture broth is retained over several days 

without fading, the quinone is thus not being utilized by the culture confirming that 

the quinone is formed as a by product during benzoate metabolism and is not 

metabolized further by cells of Flavobacterium A-131 unlike other reported quinones 

like p-benzoquinone which is formed as an intermediate during aromatic degradation 

(Chauhan et al 2000, Spain and Gibson 1991, Zaborina et al 1998, Kadiyala and 

Spain 1998, Haigler et al 1999). 

Thus it was observed that growth of A-131 in benzoate was accompanied 

by the formation of colours namely yellow and orange-red. This coloration is 

attributed to the metabolic intermediates/by-products of benzoate released in the 

medium during benzoate degradation. Therefore it was of interest to study the 

enzymes involved in the transformation of benzoate. 

5.2.4 Assay of catechol 2,3 dioxygenase : 

The Rothera's test done for determination of the mode of ring cleavage 

indicated that the meta- ring cleavage pathway was present in the culture A-131 

grown in benzoate as sole carbon source. Therefore the enzyme catechol 2,3 

dioxygenase was assayed using whole cells as well as cell-free extract and their 

specific activities were determined (Table 5.8). Whole cells showed an activity of 
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0.38 U / mg as compared to 1.08 U / mg shown by cfe. The whole cells of the culture - 

grown in glucose, tyrosine and protocatechuate had activities of 0.42 U/mg, 0.28 

U/mg and 0.18 U/mg respectively. The protocatechuate cell free extract however 

showed lower activity of 0.02 U/mg. 

Although no ortho-ring cleavage was seen, the enzyme 1,2 dioxygenase 

activity was also checked.The ortho enzyme, catechol 1,2 dioxygenase though 

functional, its activity was feeble in the cells and this may be the reason for the 

negative ortho ring cleavage result obtained during Rothera's test. Since the activity 

of catechol 2,3 dioxygenase is high the activity of catechol 1,2-dioxygenase may be 

masked by the activity of the meta enzyme. 

The meta pathway enzyme catechol 2,3dioxygenase has been reported to 

cause the meta ring cleavage and form the yellow coloured HMS from catechol 

during the metabolism of benzoate under neutral conditions (Williams and Chapman 

1990 , Feist and Hegeman 1969, Sala-Trepat et al 1972, Murray and Williams 1974, 

Kataeva and Golovleva 1990, Kojima et al 1961, Hayaishi 1966, Nakazawa et al 

1969, Nozaki 1970). The ortho pathway enzyme catechol 1,2-dioxygenase has also 

been reported and causes the ortho ring cleavage to form cis-cis-muconate (Nakazawa 

and Nakazawa 1970, Nakazawa and Yokoto 1973). The ortho pathway enzymes are 

reported to be induced by cis, cis-muconate (Offlow and Zolg 1974, Bayly and 

Dagley 1969). 
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Table 5.8: Specific activities of the enzyme 2,3 dioxygenase 

Enzyme 

Growth Substrate 

Benzoate Protocatechuate Glucose Tyrosine 

Catechol 2,3 dioxygenase (0.38)* / (1.08)" (0.02)* / (0.18)" 0.42 0.28 

Key: 

+ positive 

( ) Specific activity (U/ mg protein) 

* with whole cells, " with cell free extract. 
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5.2.5 Determination of K„, for enzyme Catechol 2,3 Dioxygenase system 

of A-131: 

The experimental data of enzyme activity of 2,3 dioxygenase in the 

presence of various concentrations of catechol is fitted to a Line weaver Burke plot to 

determine the K m  value (Fig.5.12).The K m  of the enzyme catechol 2,3 dioxygenase of 

Flavobacterium A-131 was determined to be 0.8 Reports are available on the 

steady state kinetic measurements carried out on 3-methylcatechol 2,3 dioxygenase 

(from E .coli) and 2,3 dioxygenase (from P. putida ATCC 23973) using substrates : 

catechol , 3-methyl catechol and 4-methylcatechol.Typical saturation behaviour was 

observed in all cases allowing determination of km values . The km values for 

catechol 2,3 dioxygenase with catechol, 3-methylcatechol and 4-methylcatechol were 

2.6, 2.8 and 2.3pM respectively whereas km values for 3-methylcatechol 2,3 

dioxygenase were 0.36,0.35 and 0.30111\4 respectively (Wallis and Chapman 1990). 
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5.2.6 Substrate specificity of 2,3 dioxygenase and tyrosinase : 

The enzyme activities of the 2,3 dioxygenase and tyrosinase produced by 

A-131 was determined using various substrates and the substrate specificity of the 

enzyme was evaluated. It was noted that the specific activity of the enzyme 2,3 

dioxygenase was 0.83 U / mg (Table 5.9), which was maximum when catechol was 

used as the substrate and the reaction mixture turned yellow in colour. Thus the 

catechol 2,3 dioxygenase from Flavobacterium A-131 exhibited high substrate 

specificity towards catechol. The enzyme however showed no activity towards 

substrates like phenol and cresol. 

The substrate range of catechol 2,3 dioxygenase is reported to be relatively 

broad: this enzyme oxidizes 3-methyl, 3-ethyl, 4-methyl and 4-chlorocatechol. In 

contrast however 3-chloro and 4-ethyl catechol are not efficiently oxidized by this 

enzyme (Mishra et al 2001). The di oxygenases from Pseudomonas pseudoalcaligenes 

KF707 showed a very narrow substrate range while the dioxygenase from pWWO 

showed a relaxed substrate range. Seven extra-diol oxygenases from various 

Pseudomonas strains are highly diversified in terms of substrate specificity (Hirose et 

al 1994). 
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Table 5.9 : Substrate specificity of catechol 2,3 dioxygenase 

Substrate 
Specific activity 

(Enzyme units/mg 
protein) 

Colour of reaction 
mixture 

Phenol 0 - 

Cresol 0 - 

Tyrosine 0.12 White 

Cafeic acid 0.1 Brown 

DOPA 0.08 Black 

Benzoate 0.35 Yellow 

Catechol 0.83 Yellow 

2,3,Dihydroxybenzoic acid 0.2 Pale Yellow 

Protocatechuic acid 0.15 Pale Yellow 

Resorcinol 0.01 Colourless 

Tannic acid 0.05 Brown 

Gallic acid 0.08 Light Brown 

- 178 - 



5.2.7 Determination of nature of the enzyme 2,3 dioxygenase : 

It was observed that the growth of the culture grown in glucose and inoculated into 

benzoate and culture from benzoate inoculated into fresh MSM with 0.3% benzoate 

showed a lag phase of 4h after which the culture grew. However the growth rate of 

the culture from benzoate to benzoate was high and the culture reached the stationary 

phase by 18h of growth . The growth of culture grown in glucose and inoculated into 

benzoate however was low (Fig 5.13). Since the culture showed the lag phase of 4h in 

both the sets, it was concluded that the enzyme is constitutive in nature. It can be 

inferred from the above results that Flavobacterium A-131 is well adapted to presence 

of benzoate in alkaline conditions since it exhibits almost the same growth pattern in 

benzoate medium as it does when grown in glucose and inoculated in benzoate. The 

yellow colouration formed by A-131 during growth in benzoate was not observed 

during the growth of the culture in MSM with glucose indicating that the yellow 

colour formed is solely due to production of HMS which is an intermediate in 

benzoate metabolism. Meta enzymes in Pseudomonas putida are reported to be 

constitutive in nature (Wigmore et al 1977). 
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5.2.8 Whole cell Protein Profile : 

The whole cell protein profile of the cells of A-131 grown in PPYG and in 

MSM with 0.3% benzoate and MSM with 0.2% tyrosine was obtained as shown in 

Fig 5.14. It was noted that the bands obtained for cells grown in PPYG were much 

darker as compared to bands shown by benzoate and tyrosine grown cells indicating 

that the protein content was higher in PPYG grown cells as compared to the cells 

grown in benzoate and tyrosine medium, pH 10.5. Most bands of identical molecular 

weights were observed in all the three lanes. Some faint bands which were not 

identical in all the three lanes were also observed. However a clear picture for 

presence of different enzymes could not be obtained using whole cells and hence the 

crude enzyme had to be purified. 

- 181 - 



Fig 5.14: Whole cell protein profile of A-131 grown in PPYG, 
Benzoate & Tyrosine 
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5.2.9 Molecular weight determination : 

Purified catechol 2,3 dioxygenase showed a single band on SDS / PAGE 

and the native molecular weight determined by gel filtration was found to be 120kDa 

(Fig 5.15). The isolation procedure allows purification of the enzyme to >90% 

homogeneity (Table 5.10). As mentioned earlier, the enzyme from Flavobacterium 

A-131 has a molecular weight of 120kDa. The enzyme could be existing as a 

tetramer of identical subunits. This enzyme isolated from Pseudomonas is reported to 

consist of four identical units of 32kDa and contains one catalytically essential Fe(II) 

ion per sub unit (Mishra et al 2001). Reports indicate that catechol 2,3 dioxygenase 

isolated from E. coli has a molecular mass of 120 kDa (Wallis and Chapman 1990). It 

is also reported that Pseudomonas putida has a molecular mass of 140 kDa and 

consists of four identical subunits (Nozaki 1988). It is therefore likely that these 

enzymes have similar quaternary structures. Catechol 2,3 dioxygenases isolated from 

Pseudomonas aeuroginosa 2X have a molecular weight of 134 kDa and 143 kDa 

respectively (Kataeva and Golovlea, 1990). Pseudomonas arvilla ATCC 23973 is 

reported to have a molecular weight of 140 kDa (Nozaki 1970). Catechol 2,3 

dioxygenase degrading substrates 3-methylcatechol and 4-methylcatechol are also 

reported to possess a molecular weight of 140 kDa (Kim and Min 1993, Kojima et al 

1961). These extra-diol ring cleavage dioxygenases seem to form a super family of 

enzymes that catalyse meta-cleavage of catechols. 

(a) Fe II replacement and Oxidation : 

Catechol 2,3 dioxygenase in acetone phosphate buffer can be stored for a 

period of days at 4°C without any marked loss of activity. Treatment of the enzyme 
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with EDTA caused a reversible loss of enzymic activity. Activity was completely 

restored by incubation of the enzyme with excess ferrous sulphate. 

Treatment of the enzyme with oxidants, ferricyanide and H202 also 

resulted in ,a loss of activity. The oxidation with ferricyanide was found to be 

reversible with 60% of the original activity restored by reduction with sodium 

dithionite. Enzyme treated with H202 could not be reactivated at all by addition of 

sodium dithionite. Thus enzyme activity can be removed by treatment with EDTA 

and restored on incubation with ferrous ions, clearly demonstrating that activity is 

dependent on the presence of iron and also that metal removal and replacement is 

fairly easily achieved. Oxidation of the Fe (II) cofactor by ferricyanide also results in 

a loss of enzymic activity. The fact that activity is restored following re-reduction 

indicates that Fe (II) is essential for enzyme function, with the oxidized (Fe III) state 

being inactive. The irreversible loss of activity following treatment of the enzyme 

with H202 suggests that this oxidant has effects other than a simple one electron 

oxidation of the Fe (II) center. Similar results have been obtained for catechol 2,3 

dioxygenase obtained from E.coli (Wallis and Chapman 1990). 
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Table 5.10: Purification of catechol 2,3 dioxygenase of A-131 

Purification 
step 

Total 

p(mg) 
rotein 

Specific activity 
(Enzyme 
units/mg 
protein) 

Recovery 
(%) 

Purification 
(fold) 

Supernatant after 
cell-lysis 

20.9 1.22 100 - 

After (NH 4) 2  SO4 
treatment & 

dialysis 
16.85 1.37 90 1 

After DE-52 ion 
exchange 

4.08 4.35 80 3 

After S-300 gel 
filtration 

0.27 38.15 40 30 
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Fig 5:15: Determination of molecular weight of enzyme 
catechol 2,3 dioxygenase 

kDa 
A: Coomassie blue stained gel 
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5.3 Degradation of tyrosine : 

Biodegradation of tyrosine is normally brought about by a 

monooxygenase, tyrosinase. This enzyme is a copper containing enzyme and a well 

known key enzyme for melanin biosynthesis. It is a bifunctional enzyme which 

catalyses the conversion of tyrosine to DOPA and subsequent oxidation of DOPA to 

dopaquinone. The enzyme has been reported from various sources such as plants, 

animals, fungi, mammals and gram positive bacterial cultures. Only one report is 

available on gram negative organisms producing tyrosinase which is thermophilic in 

nature (Liu et al 2004). The enzyme has found industrial importance due to its 

involvement in the production of compounds such as L-DOPA and coumestrol. 

In the present work, a unique culture was obtained which showed 

consistent growth on tyrosine with the production of intermediates showing different 

levels of pigmentation. Studies on biodegradation of tyrosine were undertaken and 

enzymes involved were assayed. 

5.3.1 Growth pattern of A-131 in varying concentrations of tyrosine : 

On solid media (MSM agar pH 10.5 containing various concentrations of 

tyrosine) a zone of clearance was clearly observed depicting growth (Fig 5.16). In 

liquid media with low concentrations of tyrosine, growth and turbidity varied from 

pink colour within 16h (Fig 5.17a) which deepened to a brown colour at 40h (Fig 

5.17b). Controls in all the cases showed white turbidity due to the insoluble particles 

of the substrate. The absence of such a turbidity in test flasks and clearance of the 

media around the colony on plates confirmed that the culture A-131 utilises tyrosine 

as sole source of carbon forming coloured intermediates. Such clearance in the 
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medium suggest the uptake of the substrate with normal uptake mechanisms. Such 

uptake of insoluble substrates has been reported with partially soluble compounds 

such as a — santonin showing much larger zones of clearance (Sangodkar 1980). 

Similar phenomenon has been also observed in case of sparingly soluble solutes 

(Furtado et al 1988). 

Tyrosine being an aromatic amino acid could either be degraded by the 

normal ortho-meta-pathway or by the production of DOPA to form dopaquinone and 

melanin for which the enzyme involved is the bifunctional enzyme tyrosinase. This 

enzyme catalyses tyrosine to DOPA by cresolase activity and then DOPA to 

dopaquinone by catecholase activity (Lerch 1987). 

The utilisation of tyrosine as a carbon source by this culture A-131 appears 

to be via the meta-pathway, similar to the one shown during growth on benzoate. The 

2,3 dioxygenase activity while growth on tyrosine is seen to be 0.28 U/mg, 10% lower 

than that shown by 2,3 dioxygenase produced during the growth on benzoate. Further 

studies have therefore been concentrated on studying the tyrosinase enzyme produced 

by this culture. In liquid medium the milky white turbidity of tyrosine masked the 

bacterial growth and therefore the growth pattern with increase in turbidity could not 

be demonstrated. Further the formation of the pink and brown-black pigments formed 

during metabolism also interfered in the readings of turbidity. The growth was 

therefore monitored visually. 

Tyrosine thus supported good growth when used as a sole carbon source 

since It is able to enter into the mainstream of metabolic pathways like the Kreb's 

cycle from which it can later undergo gluconeogenesis and form various carbon 

skeletons required by the cell for its functioning (Prescott 1999). 
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Flavobacterium A-131 was noted to tolerate upto 1.5 % tyrosine. During the 

growth of A-131 in tyrosine medium, the estimation of depletion of the substrate and 

formation of the transformation product with increase in the incubation period was 

monitored. 
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Fig 5.16: Demonstration of tyrosinase activity by culture A-131 
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0.05% (C) 0.05% test 0.1% (C) 0. 1% test 

Fig 5.17 (a) : Growth of A-131 in MSM with tyrosine as sole 
source of carbon (16 h incubation) 

- 191 - 



Fig 5.17 (a ) contd 	 
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0.15% 0.2% 0.1% 0.05% 

Test 

0.3% 0.5% 0.8% 

fi -+- 

Fig 5.17 (b) : Growth of A-131 in MSM with tyrosine as sole source of carbon (40 h incubation) 

Controls 
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5.3.2 Tyrosine and DOPA levels during growth of A-131 in varying 

concentrations of tyrosine : 

The tyrosine depletion and DOPA formation were estimated using 

Arnow's method and the amounts were calculated with reference to the standard 

curves (Appendix D.3 ). The tyrosine and DOPA levels at different time intervals 

during growth of A-131 in various concentrations of tyrosine are shown in Fig. 5.18. 

It was noted that as the culture grew in tyrosine, the tyrosine metabolism occurred 

which could be noted due to the significant drop in the level of tyrosine (Fig. 5.18). It 

was also noted that as the tyrosine level decreased, the level of the first 

transformation product DOPA increased. A maximum concentration of 85 mg / L of 

DOPA  was formed at 24h of growth of the culture in 0.2% tyrosine followed by a 

decline and the tyrosine level decreased from 2000mg/L to 40mg/L. Therefore from 

all the above concentrations 0.2% tyrosine concentration was found to be the 

optimum as 0.05% and 0.1% were very low concentrations and 0.5% and higher 

concentrations were too high to support the optimum growth of the culture A-131 in 

terms of visualization of turbidity and rate of development of colour. The 

transformation products of tyrosine metabolism formed during growth of the culture 

in optimum concentration of 0.2% were characterized. 
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5.3.3 Characterization of transformation products of tyrosine metabolism : 

(a) UV-visible spectra of the transformation products 

The UV-visible spectra of the culture supernatant extracted during growth 

of A-131 in 0.2% tyrosine were studied against single strength MSM medium pH 

10.5. The tyrosine concentration in the medium being high, it masked the peaks 

produced by the respective intermediates formed during tyrosine metabolism. Thus 

the scans appeared similar upto 48h of growth even after the pink colour appeared at 

around 18h and brown colour within 40h. Hence the UV-visible spectra of the culture 

supernatant of A-131 was determined using the tyrosine medium as blank (Fig. 5.19). 

The uninoculated tyrosine medium was scanned using single strength MSM as blank, 

which showed 2 peaks at 230 and 270 nm with an intensity of 1.72 and 1.76 

respectively. For the other scans from Oh to 72h interval, the blank used was the 

supernatant of MSM containing 0.2% tyrosine. 

The peak at 270 run which appeared in the blank was also observed at 0 

and 8h. However from 16h onwards a new peak at 245 nm with an intensity of 0.5 

was observed which increased to a maximum intensity of 1.8 by 32h and then 

decreased to 1.5 by 72h (Fig.5.19). 

A peak at 290 nm with an intensity of 0.05 was seen after inoculation of 

the medium which increased upto an intensity of 2.0 at 20h after which a peak at 300 

nm was observed by 32h with an intensity of 2.0 followed by a decrease in intensity 

after further incubation. A peak at 345 nm appeared after inoculation and had 

maximum intensity of 0.7 at 32h after which this peak was not observed. Occurence 

of an additional peak at 490 nm at 16h was observed which then had an intensity of 
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0.23 at 20h and then decreased upto 48h. The presence of the peak coincided with the 

pink colour formation at 16h which turns brown by 48h. 

Thus the two peaks at 245 and 490nm appeared at 16h which coincided 

with pink coloration. Since coloured compounds are known to absorb in the visible 

region (400-700nm), the peak at 490 nm may be due to the coloured compound. 

(b) Detection of products formed by the autoxidation of DL-DOPA using UV-

visible spectrophotometry: 

Freshly prepared solution of 0.1% DL DOPA was dissolved in distilled 

water and incubated at room temperature under shaker conditions at 150 rpm. The 

UV-visible scans of the oxidation products of DL-DOPA were performed at various 

intervals. It was observed that the pink coloration occurred within 2h. This pink 

colour then deepened to a black precipitate within 24h. An additional peak in the 

450-520 nm region was observed (Fig. 5.20). These samples were later acidified and 

extracted in diethyl ether and spotted on TLC. 

In the study of transformation products, the uv-visible spectrophotometry 

and TLC are important tools especially in the case when aromatic compounds are 

used as substrates as they are known to have an absorption maxima in the UV-visible 

region. Tyrosine, an aromatic compound supports the production of coloured 

compounds by alkalophile Flavobacterium A-131. Hence UV-visible 

spectrophotometry and TLC would yield important clues with respect to 

transformation products of tyrosine. During the detection of autoxidation products of 

DL-DOPA at various time intervals, pink colour formation could be visualized within 

two hours. However, this could not be detected by UV-visible spectrophotometry 

probably due to the low concentration. The medium turned black within 24h. 
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(c) Separation of transformation products of tyrosine using TLC : 

The acidified and unacidified diethyl ether extracts of the culture 

supernatant of A-131 grown in 0.2% tyrosine at various time intervals were spotted on 

TLC plates and run in all the three solvent systems as mentioned earlier in Appedix E. 

It was seen that the acidified ether samples showed a better resolution and the solvent 

system of choice was benzene: methanol: glacial acetic acid (45:5:1) since it allowed 

detection of spots which had Rf values higher than those of the standard which was 

not so as in the case of the other two solvent systems. The TLC plates were 

visualized before and after placing in the iodine chamber. Before placing in the 

iodine chamber, the coloured spots were not visible. The . Rf values of standard 

tyrosine and DOPA were 0.18 and 0.12 respectively (Fig. 5.21 and 5.22). 

The spot corresponding with that of standard tyrosine appeared from Oh to 

8h intervals. This revealed that tyrosine is still present in high amounts till the eight 

hour of growth of the culture A-131 in tyrosine. On further incubation however the 

acidified extracts of the supernatant did not show any spots from 16h to 48h 

indicating that the tyrosine amount had depleted. The spot DPI with Rf of 0.12 

corresponded to that of standard DOPA and was seen to be formed at 8h of growth of 

A-131 in 0.2% tyrosine. This spot occurred at 8h sample and lasted upto 48h. Thus 

DOPA was the first product formed during the metabolism of tyrosine by A-131. 

Another spot DPII with Rf 0.21 was present only in the 8h and 16h samples (Fig. 5.21 

and 5.22). The analysis of transformation products by TLC also revealed that the 

occurrence of the pink colour in the supernatant during the growth of culture A-131 in 

tyrosine coincided with the appearance of the base-line spot and was designated as 

DPIII. This spot occurred at 16h and lasted upto 48h (Fig. 5.22). The qualitative tests 
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done for this product confirmed it to be a quinone. The next spot, DPIV of Rf 0.23 

occurred in the 24, 32, 40 and 48h samples and another spot DPV occurred in 32, 

40,48 and 72h samples. This product DPV seems to accumulate in the medium. 

As DL-DOPA is not required for biomass products, DPI, DP11, DPIV and 

DPV can be associated with normal tyrosine metabolism wherein tyrosine is 

channeled through major pathways. The TLC pattern of the acidified diethyl ether 

extracts of 0.1% DL-DOPA dissolved in distilled water at the Oh interval showed a 

spot with Rf 0.12 while from 2h-24h intervals two additional spots of Rf 0.2 and 0.7 

were observed. 

Thus from the above observations it could be confirmed that DPI is 

DOPA, DPIII which is a pink coloured compound could be a quinone probably 

dopaquinone. The quinone was further confirmed by qualitative tests. 

Tyrosinase is reported to be a copper containing monophenol 

monooxygenase which catalyses both o-hydroxylation of monophenols and oxidation 

of diphenols to quinones (Lerch 1987). Tyrosine is first ortho-hydroxylated to DOPA 

by cresolase activity of tyrosinase and DOPA is later oxidized to dopaquinone by the 

catecholase activity. DOPA is then oxidized to dopachrome and finally polymerized 

to the black pigment, melanin (Trias et al 1989 and Kelly et al 1990). The L — 

dopaquinone is oxidized to form melanin which has antioxidant, antiviral activity and 

protective effect against the damage caused by ultraviolet radiation. (Prota and 

Thomas 1976 and Liu et al 2004). 

- 202 - 



Fig 5.21: TLC of acidified diethyl ether extracts of the culture supernatants grown in 0.2% tyrosine 
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Fig 5.22: Metabolic products found in diethyl ether extracts 
of culture broth 
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(d) Qualitative tests for detection of quinones : 

Culture A-131 incubated in 0.2% tyrosine pH10.5 gave pink and later 

black coloration by 24 and 72 h respectively. The pink and black supernatants were 

tested for the presence of quinonoid compounds as per tests given in Table 5.11. 

Addition of acid leads to decolorisation followed by reappearance of colour on 

addition of alkali. Similarly, the colour disappears on addition of reducing agents like 

sodium-dithionite, sodium borohydride and hydrogen peroxide and upon aeration the 

colour reappears. These tests indicate the pink coloured compound to be a quinone. 

After incubation period of 42h, medium turned brown in colour and later black with 

the intensity of the colour increasing with incubation. With higher concentration of 

tyrosine darker colours were formed but the culture took longer to grow. The 

characteristics of the brown/black product synthesized during growth of the culture A-

131 in tyrosine is tabulated in Table 5.12. The black supernatant from the culture 

when diluted with water gave a black coloured particulate precipitate indicating its 

insolubility in water. Addition of 0.1N NaOH led to dissolution of the precipitate. 

All these characteristics of the black product are similar to those reported for melanin 

(Kelley et al 1990). 

Qualitative tests for quinone detection gave positive results indicating its 

presence as one of the transformation products in tyrosine metabolism. A control of 

0.1% DOPA aerated at room temperature gave a similar pink colouration confirming 

the product to be a quinone (Table 5.11). This indicates that the quinone is the 

product of DOPA oxidation. 

Thus from the above spectrophotometric data, TLC and qualitative tests it 

can be concluded that there exists an enzyme which produces DOPA from tyrosine 
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and further oxidizes DOPA to dopaquinone. Many reports are available which 

support the above data (Lerch 1987, Trias et al 1989, Kelly 1990). 

Besides dopaquinone, other quinones are also formed (Fieser and Fieser 

1965, Lal et al 1995). DOPA autooxidation and polymerization then converts 

dopaquinone to melanin. During the detection of autooxidation products, the DOPA 

solution incubated at room temperature gave a black colouration within 24h. A similar 

black coloured product was obtained during the growth of A-131 in 0.2% tyrosine 

within 24h of incubation. The qualitative tests done for the black pigment are similar 

to those reported for melanin (Kelley 1990). This black colour due to melanin 

however could not be detected by TLC probably due to its acidic nature which 

compelled it from extraction into diethyl ether extract after acidification. Four types 

of melanin are known as described in the introduction. The melanin formed in the 

medium during this study is black in colour and appears to be eumelanin formed from 

tyrosine (Shivprasad and Page 1989, Kuo and Alexander 1967) as it is a black 

insoluble pigment (Margalith 1992, Novellino 2000). 

The pathway of Tyrosine --> DOPA —> dopaquinone dopachrome --> 

melanin is widely reported in mushrooms, fungi, bacteria and higher organisms 

including man (Mayer and Hazel 1979, Matoda 1979, Margalith 1992, Shivprasad and 

Page 1989, Kuo and Alexander 1967). Melanin plays a number of roles such as in 

protection of fungi from bacterial enzymes, radiation effects in man etc. (Djordjevic 

et at 1987, Sadasivan and Neyra 1987, Shivprasad and Page 1989, Barnett and 

Hegeman 1983, Kuo and Alexander 1967). 
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Tyrosine is also reported to be metabolized by varied pathways such as 

homogentisate, protocatechuate and homoprotocatechuate pathways (Sparnins and 

Chapman 1976, Sparnins et al 1979, Gerhard Gottschalk 1986). 
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Table 5.11: Qualitative tests for the detection of the quinonoid 
metabolic products of tyrosine 

Sr. 
No 

Tests 

Control * Culture supernatant 

(0.1% DOPA) Pink Black 

1 Supernatant + 6N HCI (pH 2) 
Pink -> 

Colourless 
Pink -> 

Colourless 
Black -> 

Colourless 

2 (1) + 10 N NaOH 	(pH 12) 
Colourless -> 

Pink 
Colourless -> 

Pink 
Colourless -> 

Black 

3 
Supernatant + 2% sodium 

dithionite 
Pink -> 

Colourless 
Pink -> 

Colourless 
Black -> 

Colourless 

4 (3) + when aerated for 2h Colourless -> 
Pink 

Colourless -> 
Pink 

Colourless -> 
Black 

5 Supernatant + pinch of 
sodium borohydride 

Pink -> 
Colourless 

Pink -> 
Colourless 

Black -> 
Colourless 

6 Supernatant + H202 Pink -> 
Colourless 

Pink -> 
Colourless 

Black -> 
Colourless 

* control (0.1% DOPA) was incubated at room temperature till the pink colour appeared 
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Table 5.12: Qualitative tests performed on culture supernatant 
for the detection of black pigment 

Test Property 

1. Colour of the supernatant Black 

2. Solubility in water Insoluble 

3. Appearance in water Particulate 

4. Precipitate from (3) + 0.1 N NaOH Dissolution 

5. HCI to (4) Precipitate 

6. Black supernatant + 5mM FeCl 3  Precipitate 

7. Solubility in a) Chloroform Insoluble 

b) Octane Insoluble 

c) Xylene Insoluble 

d) Toluene Insoluble 

e) Propanol Insoluble 

f) Benzene Insoluble 

g) Diphenylether Insoluble 

h) Cyclohexane Insoluble 

i) Ethanol Insoluble 

j) Methanol Partly soluble 

k) Pet.ether Partly soluble 

1) Diethyl ether Soluble 

- 209 - 



5.3.4 Purification and characterization of the aniline derivative of quinone : 

The culture pellet of A-131 treated with 1% aniline and 0.5% DOPA and 

extracted in diethyl ether showed almost a two fold increase in the yield of the 

derivative in diethyl ether extract as compared to control (Table 5.13). This indicates 

that a larger amount of the desired compound was produced by the test and got 

reflected in the ether extract. The infra-red spectrum of the same is shown in Fig. 

5.23. 

From the IR spectrum, it was observed that characteristic stretching at 

1625-1650 cm -I  and 3400-3500 cm-1  indicate presence of C=0 and NH groups 

(Vogel, 1978) respectively and aromatic stretching at 3030 cm -I  was also observed. 

This confirmed the product to be a aniline derivative of a quinonoid compound 

(Evans 1947, Man and Stone 1961). The quinone could possibly be dopaquinone 

since it is the first quinone known to be produced from DL-DOPA. It is seen that in 

case of tyrosine on further incubation a pink colour is formed which continues to 

intensify and finally turns brown and then black. This pink coloration is due to the 

formation of dopaquinone from tyrosine which ultimately gets polymerized to black 

coloured pigment, melanin. Thus A-131 possesses an active tyrosinase enzyme which 

converts tyrosine to dopaquinone via DOPA. This eventually gets further oxidized 

and polymerized into melanin. 
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Table 5.13: Dry Weight of the derivative obtained from quinone 

Time 
(hrs) 

Dry Weight of diethyl ether 
extracted derivative 

Dry weight of Petroleum ether 
extracted derivative 

Test 
(with cells) 

Control 
(without cells) 

Test 
(with cells) 

Control 
(without cells) 

2.5 20.2 9.1 10.2 1.3 
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Fig 5.23 : IR spectrum of the aniline derivative of quinone from tyrosine 
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5.3.5 Tyrosinase Assay : 

Catalytic reactions of tyrosinase are the o-hydroxylation of monophenols 

to catechols, which is referred to as cresolase or monophenolase function and the 

dehydrogenation of catechols to o-quinones designated as catecholase or diphenolase 

function (Lerch 1987). The tyrosinase (oxidase) activity was found to be active in 

whole cells as well as cell free extract grown in tyrosine, benzoate and glucose as sole 

substrates. However the tyrosinase activity was higher with cfe as compared to whole 

cells (Table 5.14). Whole cells showed a low tyrosinase activity of 0.23 U/mg as 

compared to cfe with 0.55 U/mg while an activity of 0.14 and 0.12 U/mg respectively 

was shown by the cells grown in glucose and benzoate (Table 5.14). The tyrosine 

hydroxylase activity was checked in cells as well as cfe and was noted to be higher in 

cfe. The tyrosine hydroxylase activity was 1.99U/mg in cfe and 0.88 in whole cells. 

Thus it was concluded that the tyrosinase enzyme was present in higher amounts in 

the cell free extract. In microorganisms, the tyrosinase from two fungi Agaricus 

bisporus and Neurospora crassa have been investigated most extensively from both 

structural and functional points of view (Strothkamp et al 1976). In bacteria, the 

tyrosinase from Streptomyces glaucesens, Thermomicrobium roseum, Marinomonas 

mediterranae and Sinorhizobium meliloti have been reported (Huber and Lerch 1988, 

Kwang 2000, Castro-Sowiniski 2002, Lopez-Serrano 2002, Trias 1989, Barnett and 

Hegeman 1983). Amongst these only the tyrosinase from Streptomyces glaucesens 

has been characterized. 
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5.3.6 Optimization of factors affecting tyrosinase activity : 

The factors affecting the tyrosinase activity of A-131 were optimized by 

carrying out the enzyme assay. The enzyme was seen to be active at an optimum 

temperature of 30°C where a specific activity of 0.52 U/mg was obtained (Fig. 5.24a). 

Maximum activity of 0.48 U/ mg was observed at pH 9.0 and the lowest activity of 

0.02 U / mg was obtained at pH 6 (Fig. 5.24b ). The optimum substrate concentration 

of 0.8 mg / ml and reaction time of 10 min gave the highest tyrosinase activity of 0.52 

U /mg (Fig.5.24c and 5.24d). The optimum temperature of the thermophilic tyrosinase 

enzyme from Thermomicrobium roseum is reported to be 70 °C and the optimum pH 

at this temperature is 9.5. This enzyme is reported to show less than 50% of its 

maximum activity below 7.5 and above 10.5 (Kong et al 2000). This value is higher 

than the optimum temperature and pH reported for mammalian tyrosinase (hamster 

37°C, pH6.8 and mouse 37 °C, pH 7.4) and plant tyrosinase (pine needle 55 — 60 °C, 

pH 9.0 — 9.5) (Hearing 1987). Enzyme activity of Bacillus thuringiensis tyrosinase is 

reported to increase sharply between pH 8 and 9 and decreased between 9 and 9.5 and 

a temperature of 75 °C is reported to be optimal for this enzyme (Liu et al 2004). The 

optimum pH of tyrosine hydroxylase and polyphenol oxydase from callus cultures of 

Portulaca grandiflora are reported to be active at pH 7 in 100mM K-Pi buffer and 

pH 5 in 100mM citrate buffer respectively (Yamamoto 2001). 
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Table 5.14: Specific activity of the enzyme tyrosinase 

Enzyme 

Growth Substrate 

Benzoate Protocatechuate Glucose Tyrosine 

oxidase 
activity 

(0.12)* / 
(02)#  

-  (0.14)* / (0.23)#  (0.23)* / (0.55)#  

hydroxylase 
activity 

- - - (0.88) *  / (1.99)#  

Key : 

,- negative, 4- positive 

( ) Specific activity (U/ mg protein) 

* with whole cells, #with cell free extract 
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5.3.7 Substrate specificity of tyrosinase : 

The enzyme tyrosinase exhibited highest specific activity of 0.53 U/mg 

when DOPA was used as the substrate. The reaction mixture in this case turned pink 

in colour (Table 5.15). The monophenols such as phenol and cresol failed to oxidise 

in presence of tyrosinase. The tyrosinase enzyme however showed very low activity 

towards cafeic acid, catechol, 2,3 dihydroxybenzoate and protocatechuic acid and the 

activity was almost negligible with substrates resorcinol, tannic acid and gallic acid 

(Table 5.15). 

The tyrosinase enzyme of Flavobacterium A-131 is seen to prefer 

substrates tyrosine and DOPA exhibiting maximum specific activities in their 

presence. It has been concluded from a comparison of various tyrosinases that 

although the enzyme could oxidises a wide range of phenolics, the individual 

enzymes prefer a particular substrate or a certain type of phenolic compound (Mayer 

and Hazel 1979). Bacterial tyrosinases have been reported to be relatively specific for 

tyrosine and DOPA while the fungal and higher plant tyrosinases act on a wide range 

of mono- and o-diphenols (Mayer and Hazel 1979). 

Some tyrosinases which oxidize other monophenols as well as diphenols 

but show no substrate specificity for tyrosine are reported (Mueller et al 1996). 

Tyrosinase isolated from Thermomicrobium roseurn exhibited high substrate 

specificity towards catechol, chlorogenic acid, L-DOPA and pyrogallol (Kong et al 

2000). The heat inducible tyrosinase isolated from Bacillus thuringiensis exhibited 

specificity towards several compounds like L-DOPA, tyrosine, catechol, 4-methyl 

catechol, dopamine, 3-4-dihydroxymandelic acid, hydro quinone, 3 -4- 

dihydroxyphenoxy acetic acid and resorcinol (Liu et at 2004). Although this 

- 218- 



V 

tyrosinase showed low activity towards monohydroxyphenols like tyrosine as well as 

some dihydroxyphenols such as catechol, it catalyzed the hydroxylation of 

monohydroxyphenols and oxidation of dihydroxyphenols. 
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Table 5.15 : Substrate specificity of tyrosinase 

Substrate 
Specific activity 

(Enzyme units/mg 
protein) 

Colour of reaction 
mixture 

Phenol 0 - 

Cresol 0 - 

Tyrosine 0.15 Brown 

Cafeic acid 0.1 Reddish brown 

DOPA 0.53 Pink 

Benzoate 0.1 White 

Catechol 0.07 Light brown 

2,3,Dihydroxybenzoic acid 0.03 Light blue 

Protocatechuic acid 0.009 Pale brown 

Resorcinol 0.001.  Colourless 

Tannic acid 0.08 Light brown 

Gallic acid 0.075 Pale brown 
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V 

5.3.8 Determination of nature of enzyme tyrosinase : 

The culture grown in glucose and inoculated into tyrosine medium and the 

culture grown in tyrosine and inoculated into fresh MSM with 0.2 % tyrosine 

medium, pH 10.5 showed a lag phase of 2h after which the culture grew .The growth 

rate of the culture however was higher when culture grown in 0.1% tyrosine was 

inoculated in to MSM with 0.2% tyrosine and the culture reached the stationary phase 

by 14h (Fig 5.25) and the nature of the enzyme was concluded to be constitutive . 
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Fig 5.25: Determination of the nature of tyrosinase produced by A-131 
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5.3.9 Determination of molecular weight of tyrosinase : 

Comparison of the relative mobility of the enzyme with that of a standard 

protein indicated that the molecular weight of Flavobacterium A-131 tyrosinase was 

approximately 45 kDa by SDS / PAGE (Fig 5.25). This molecular weight is inclusive 

of the 2 g atoms of copper as it is well known that tyrosinase is a copper containing 

enzyme. The details of purification of the enzyme are shown in Table 5.16 . 

Tyrosinase is the most studied catechol oxidase enzyme. It is present in humans, 

mammals, mushrooms and in bacteria and fungi and has multiple forms and 

molecular weights ranging from 14 to 120 kDa (Mayer and Hazel 1979, Hearing 

1987, Makino 1974, Bouchilloux et al 1963, Trias et al 1989, Mueller et al 1996 and 

Liu et al 2004). 

The tyrosinase enzyme isolated from mushroom consisted of four identical 

sub units of 30 kDa, each containing one copper atom while the tyrosinase purified 

from Streptomyces glaucescens and Streptomyces nigrifaciens is reported to have a 

molecular weight of 29 kDa and 18 kDa respectively (Mayer and Hazel 1979). 

Multiplicity of tyrosinases has been reported at several levels on the 

phylogenetic scale. In one case (Neurospora), the molecular weights of the multiple 

enzymes have been shown to vary from 34 to 100 kDa, the lightest enzyme probably 

containing only a single copper atom per molecule (Bouchilloux et al 1963). The 

native enzyme obtained from the mushroom Amanita muscaria is reported to be a 

heterodimer of two subunits of molecular weights of 27 and 30 kDa (Mueller et al 

1996). The molecular weight of the heat stable tyrosinase enzyme isolated from Gram 

negative Thermomicrobium roseum was 43 kDa while the enzyme from a marine 

Gram negative bacterium is reported to be 67 kDa (Kong et al 2000, Kelley 1990). 
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The heat stable tyrosinase enzyme isolated from Bacillus thuringiensis had the lowest 

molecular weight of 14 kDa as compared to all the other tyrosinases which have been 

reported (Liu et al 2004). 

(a) Effect of copper chelating agents on the activity of tyrosinase : 

Tyrosinase isolated from Flavobacterium A-131 is inhibited by a large 

number of copper chelating agents such as azide, cyanide, phenylthiourea, diethyl-

dithiocarbonate, 2-mercaptoethanol and cysteine. The tyrosinase enzyme can be 

stored in 10 mM sodium phosphate, 0.5 M NaC1 pH 9.0 containing 30% glycerol 

(v/v) at 20°C. Under these conditions the enzyme preparation remained stable for a 

period of over six months. 

Treatment of the enzyme by the above mentioned chelating agents resulted 

in a loss of activity. The removal of enzyme activity by chelating agents indicates that 

the tyrosinase activity is dependent on the presence of copper. Tyrosinase has been 

reported to be a copper containing monooxygenase binding two copper ions as 

mentioned earlier. These copper ions are required for the activity of the enzyme. 

Addition of chelating agents could irreversibly inhibit tyrosinase by removing copper 

ions from the enzyme. However higher concentrations of the chelating agent EDTA 

(200 — 400 mM) has been reported to activate the Bacillus thuringiensis tyrosinase 

(Liu et al 2004). This seems to be the first report wherein EDTA reactivates the 

enzyme tyrosinase. 

It has been reported that most of the tyrosinases contain a binuclear copper 

complex at the active site which is responsible for the interaction with phenolic 

substrates and activation of molecular oxygen (Hearing 1987). Depending on the state 
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of copper, three different forms are known : met-, oxy- and deoxy-tyrosinase. The 

met- and oxy- forms contain copper present as Cu(II) form where as the copper in the 

deoxy form is present as Cu(I). Tyrosinase binds molecular oxygen reversibly giving 

rise to oxytyrosinase (Makino et al 1974). In addition to the above mentioned copper 

chelating agents the tyrosinase of Neurospora crassa is strongly inhibited by the 

organic substrate analogs, L-mimosine, benzoic acid and benzhydroxamic acid. The 

enzyme is also inhibited by carbon monoxide as a result of the formation of a Cu(I) 

Co complex with deoxytyrosinase (Lerch 1987). The typical tyrosinase from 

mushroom Amanita muscaria is reported to be inhibited by inhibitors such as 

tropolene, 2-mercapto-benzothiazole and benzoic acid (Mueller et al 1996). 
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Table 5.16 : Purification of tyrosinase 

Step 
Total protein 

(mg) 

Specific 
 

activity 
(units/mg) 

Yield 

Crude extract 0.8 0.46 100 

Dialysis after (NH4)2504 
precipitation 

0.172 1.65 32.6 

CM-Cellulose eluate 0.075 3.05 67.8 

DEAE-Sephadex eluate 0.0177 14.1 52.2 

Hydroxylapatite eluate 0.0024 30.1 42.2 
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Fig 5.26: Determination of molecular weight of enzyme tyrosinase 

A: Coomassie blue stained gel 
kDa 

Lane 	Description 

1 & 2 	Step II and Step IV treated enzyme 

undergoing further purification 

3 	Purified enzyme 

4 	Mol. Wt. marker, rabbit 

Phosphorylase b (96 kDa), bovine 

serum albumin (45 kDa), bovine 

carbonic anhydrase (30 kDa), 

trypsin inhibitor (20.1 kDa), Hen 

eggwhite lysozyme (14.4 kDa). 
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B: Silver stained gel 
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30 
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Conclusion : 

Flavobacterium A-131 grows in sodium benzoate at concentrations as high 

as 0.7% and forms a quinonoid compound that renders the medium orange-red in 

color. The quinone is not further metabolized by the organism. An optimum 

concentration of 0.3% benzoate facilitated excellent growth of Flavobacterium A-

131, which followed the meta- mode of ring cleavage wherein benzoate was 

metabolized to catechol (TPI) and catechol later converted to HMS (TPII). The 

orange —red coloured product formed during growth on benzoate is due to the 

formation of the orange-red compound which was identified to be a quinone by 

qualitative tests. The specific activity of the catechol 2, 3 dioxygenase enzyme was 

determined and the enzyme was found to be more active in cfe as compared to whole 

cells. Substrate specificity studies indicated maximum specific activity of the enzyme 

with substrates catechol and benzoate. 

Tyrosine metabolism studies revealed that 0.2% tyrosine was the optimum 

concentration for the culture wherein a maximum DOPA level of 86mg/m1 was 

attained. The pink and brown colored intermediates formed during the metabolism 

were identified to be dopaquinone and melanin respectively. The tyrosinase activity 

was maximum (oxidase activity — 0.53U/mg and hydroxylase activity — 1.99 U/mg) in 

cfe. The enzyme activity was maximum with substrates DOPA and tyrosine. 
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Flavobacterium A -131 exhibits the following pathways for the 

metabolism of benzoate and tyrosine : 

Catechol 2,3 dioxygenase 

	

(a) Benzoate --+ Catechol 	 ►  HMS(HydroxyMuconicSemialdehyde) 

Benzoquinone 

	

Tyrosinase 	 Tyrosinase 

(b) Tyrosine 	 ►  DOPA 	 ►  Dopaquinone 
(hydroxylase activity) 	 (Oxidase activity) 

polymerisation 

Melanin 

The molecular weight of purified catechol 2,3 dioxygenase and tyrosinase 

were determined to be 120 kDa and 45kDa respectively. It was also confirmed that 

Fe+2  was an important cofactor for catechol 2,3 dioxygenase while copper was for 

tyrosine. 

Flavobacterium A-131 thus shows the presence of two different oxygenases 

(catechol 2,3 dioxygenase and tyrosinase) which at active only at high pH. 
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Summary 



Twenty eight obligate alkaliphilic bacteria were isolated from the 

mangrove ecosystems of Goa, on the west coast of India. These bacteria grew on 

PPYG (Polypeptone Yeast extract Glucose) medium, pH 10.5. These alkaliphiles 

produced extracellular hydrolytic enzymes amylase, protease, cellulase, and lipase 

and also exhibited the capability of growing on an array of aromatic compounds as the 

sole source of carbon. All the alkaliphilic isolates grew luxuriantly in the presence of 

the organic solvents toluene and n-hexane, and a few in the presence of benzene and 

chloroform. 

The cytoplasmic buffering capacities of the obligate alkaliphiles were 

much higher as compared to that of the neutrophiles, indicating that the elevation of 

the cytoplasmic buffering capacity at a higher alkaline pH plays an important role in 

alkaliphily. Buffering capacity studies revealed that the highest cytoplasmic buffering 

capacity was shown by A-67a with a value of 9200 nmoles/mg protein/pH unit 

followed by A-52 with 8,200 nmoles/mg protein/pH unit which was comparatively 

much higher than the neutrophilic Bacillus with 300 mnoles/mg protein/pH unit 

.Flavobacterium A-131 had an internal buffering capacity of 4,800 nmoles/mg 

protein/pH unit when grown in PPYG, 1000 nmoles/mg protein/pH unit when grown 

in benzoate and 600 nrnoles/mg protein/pH unit when grown in tyrosine. The 

buffering capacity studies showed that the medium composition played an important 

role in altering the buffering capacity. 

Identification 	studies 	done 	by 	morphological, 	biochemical, 

chemotaxonomical and phylogenetic analysis revealed that 98% of the cultures are 

Gram positive with 54% of the alkaliphilic cultures belonging to the genus Bacillus, 

21% to Corynebacterium, 7% to Micrococcus, and 7% to Actinomycetes. Only one 
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culture, A-131, was Gram negative, and was identified as belonging to the genus 

Flavobacterium. 

Flavobacteriurn A-131 is a versatile culture having the ability to degrade a 

wide range of aromatic compounds, including monoaromatic, polyaromatic ; 

 chlorinated and nitrocompounds exhibiting the formation of coloured intermediates 

when grown in benzoate and tyrosine as sole source of carbon. It was therefore 

selected to be the most potent culture for aromatic compound degradation. 

Assay of enzymes catechol 2, 3 dioxygenase and tyrosine/catechol oxidase 

revealed that the dissimilation of aromatic compounds was via meta pathway and 

dopa formation. The specific activities of the enzymes catechol 2, 3 dioxygenase and 

tyrosinase were higher in cell-free extract as compared to that in free cells. • Studies 

indicated catechol and benzoate to be specific substrates for catechol 2, 3 

dioxygenase, and tyrosine and DOPA for tyrosinase. The molecular weight studies 

determined the weight of catechol 2, 3 dioxygenase to be 120 kDa and that of 

tyrosinase to be 45 kDa. 

Growth in the presence of benzoate results in the formation of yellow to 

orange-red colouration. Transformation product I (TP I) formed a black spot on TLC 

and white precipitate with lead acetate, which confirmed it to be catechol. 

Transformation product II (TP II) was identified as 2-hydroxymuconic semialdehyde 

(HMS) due to its yellow colour, absorption. peak at 375 nm and comparison with 

HMS formed from the culture Pseudomonas cepacia AC 1100. The red colour 

observed to be formed during growth on benzoate is due to transformation product III 

(TI) III), which was shown to be a quinone by qualitative tests .Benzoate is 
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metabolised via the meta ring cleavage pathway and catechol, HMS and 

benzoquinone are the intermediates products in the degradation of benzoate. 

Growth of Flavobacterium A-131 in the presence of tyrosine shows pink 

to brown to black colouration. The products formed in the culture broth were 

identified on the basis of qualitative tests to be dopaquinone and melanin. However, 

DOPA and melanin are not utilised by the culture, which shows the presence of an 

alternate pathway operating simultaneously for utilisation of tyrosine. 

Flavobacterium A -131 exhibits the following pathways for the 

metabolism of benzoate and tyrosine : 

Catechol 2,3 dioxygenase 

	

(a) Benzoate Catechol 	 ►  HMS(HydroxyMuconicSemialdehyde) 

Benzoquinone 

	

Tyrosinase 	 Tyrosinase 

(b) Tyrosine 	 ►  DOPA 	 ►  Dopaquinone 
(hydroxylase activity) 	 (Oxidase activity) 

polymerisation 

Melanin 

The mangrove ecosystems harbours obligate alkaliphiles which are 

capable of producing a wide range of enzyrries and degrading aromatic compounds. 

The presence of these cultures in the ecosystem indicates that they play an important 

role in the biogeochernical cycles as well as pollution abatement. Search for these 

isolates from these ecosystems using various techniques and media could result in 

isolating highly patent cultures such as the one obtained during this study 

Flavobacterium A-131.The culture has been deposited at the National Chemical 

Laboratory, Pune, with the accession number NCIM 5243. 
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Appendix - A 

Media composition : 

A.1. Mineral medium (MM) (Double Strength) (Mahtani and Mavinkurve 1979): 

a. FeSO4 . 7H20 60 mg, Dissolved in 250m1 d/w 

b. Stock solutions added as follows: 

K2HPO4  (12.6%) 50 ml 

KH2PO4  (18.20%) 10 ml 

NH4NO3  (10%) 10 ml 

MgSO4 (1%) 10 ml 

Na2MoO4.2H20 (0.6%) 0.1 ml 

MnSO4.H20 (0.6%) 0.1 ml 

CaC12.2H20 (0.1%) 7.5 ml 

Add CaC12 drop by drop and stir make volume to 500m1 with d/w. Store 

the medium in amber coloured bottle. Sterilize the medium in pressure cooker for 10 

minutes. Adjust pH of the medium to 10.5 using 10% Na2CO3  solution, sterilized 

separately. 

Benzoate (0.3%)/ Tyrosine (0.2%) broth : 

0.6ml of sterile 10% sodium benzoate or 0.4m1 of sterile 10% tyrosine 

was added to 100 ml of Mineral medium (SS) just before inoculation. 

Benzoate/ Tyrosine Agar : 

50 ml of double-Strength Mineral Medium and 50 ml of d/w containing 3g 

of agar, were sterilized separately. After autoclaving, the contents mixed and required 

amount of sodium benzoate (10%) or tyrosine (10%) was added. pH of the media was 

adjusted to 10.5 using sterile 10% Na2CO3. 
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A.2. Basal media for Alkaliphilic Microorganisms (Horikoshi, 1991) : 

Ingredients 
Horikoshi-I 

g/L 
Horikoshi-II 

g/L 

Glucose 10 - 
Starch - 10 

Poly peptone 5 5 
Yeast extract 5 5 

KH2PO4  1 1 
MgSO4.7H20 0.2 0.2 

Na2CO3 10 10 
Agar 20 20 
d/w - 1000m1 1000m1 

Final pH 10.3 10.3 

A.3. Polypeptone Yeast Extract Glucose Agar (PPYG (A) ) (Gee et a/ 1980) : 

Ingredients g/L 

Peptone 5 

Yeast extract 1.5 

Glucose 

Na2HPO4 .12H20 1.5 

NaC1 1.5 

MgC12 .6H20 0.1 

Na2CO3 5.0 

Agar 15 

Final pH 10.5 

Solutions of glucose and Na2CO3  were sterilised separately as 10% 

solutions and then added to the cold basal molten medium to avoid precipitation of 

salts. 
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A.4. Media used for enzyme activities for Alkaliphiles (Horikoshi 1991) : 

Ingredients g/L Protease Amylase Cellulase Lipase 

Soluble starch - 10 - - 

CMC - - 10 - 

Tributyrin - - - 10 

Skimmed milk or Casein 20 - - - 

Polypeptone - 

Yeast extract - 5 5 5 

KH2PO4 1 1 1 1 

MgSO4.7H20 0.2 0.2 0.2 0.2 

Na2CO3 10 10 10 10 

Agar 20 20 20 20 

d/w 1L 1L 1L 1L 

Final pH 10.5 10.5 10.5 10.5 

10% Na2CO3  and 10% carbon source sterilized separately and added just 

before pouring the medium in plates. 

A.S. Basal medium for Haloalkaliphiles PPYG(H) : 

Ingredients g/L 

Polypeptone 5 

Tryptone 1 

Tri sodium citrate 0.3 

KH2PO4 13.7 

K2HPO4 0.05 

MgSO4 - 

KC1 - 

Na2CO3 5.0 

NaC1 25 

Agar 20 

Final pH 10.5 

25% crude salt was added to the above medium. 
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A.6. Basal medium for Halophiles NTYE (NaC1- Tryptone Yeast Extract Agar 

(Aguair and Furtado 1996) : 

Ingredients g/L 

MgSO4.7H20 20 

KC1 5 

CaC12.2H20 0.2 	, 

Yeast extract 3 

Tryptone 5 

Crude salt 250 

D/w 11_, 

pH was adjusted to 7 using 1M NaOH. 

A.7. Effect of sodium concentration on pH of PPYG medium : 

Conc. of 
Na2CO3(%) 

pH of PPYG medium 

0 7.16 

0.05 8.01 

0.1 8.91 

0.2 9.51 

0.3 9.93 

0.5 10.2 

1 10.5 
--, 

1.5 10.5 

2 10.5 
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A.B. Determination of salinity of the mangrove water samples : 

Standard for obtaining correction factor:  1 gm of NaC1 was dissolved in 

100 ml of deionised water. lml of the above solution was diluted again with 9m1 of 

deionised water to make a total volume of 10m1. To this, 2-3 drops of 8% K2CrO 4 

 was added. This mixture was then titrated against 0.16N AgNO3 and the salinity was 

determined using the formula : 

Salinity (mg/L) 	(ml x N) of AgNO3 x 1000 x 35.5  

ml of sample 

1.7 x 0.16 x 1000 x 35.5  
10 

965.6 mg/L 

965.6 mg x 10 = 9.656 gm/L 

(thin. factor) 	= 0.9656 gms/100m1 

0.9656% 

Correction factor = 1.000 — 0.96 

= 0.04 

50 ml of test solution was taken in a conical flask and 2 ml of K2CrO4 

(8%) was added. The contents were titrated against AgNO3 until a persistent brown 

tinge appeared. 
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Salinity (mg/L) 	= (ml x N) AgNO3 x 1000 x 35.5  
ml of sample 

= 1.9 x 0.16 x 1000 x 35.5  
1 

10792 mg/L 

10.79 gm/L 

1.079% 

1.079 + 0.04 (correction factor) = 1.119 

Salinity 	= 1.12%  

Sample ml of AgNO3 Salinity (%) 

Santa Cruz 1.90 1.12 

Panjim and Merces 2.30 1.35 

Ribandar 2.24 1.45 

Banastari 2.47 1.32 
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Appendix - B 

Composition of stains and buffers and reagents 

B.1. Stains 

(i) Gram stain reagents : 

(a) Crystal violet 

Solution A-2g of crystal violet dissolved on 20m1 ethanol. 

Solution B-0.8g ammonium oxalate dissolved in 80m1 d/w. 

Mixed solution A and B and filtered through Whatman paper No. 1 

(b) Gram's iodine 

Dissolved lg iodine and 2g potassium iodide in 300 ml d/w. Filtered through 

Whatman filter paper No. 1 (diameter = 12.5 cm). 

(c) Safranine 

2.5 g Safranine was dissolved in 10 ml ethanol made the volume to 100m1 

with d/w and filtered through Whatman filter paper No. 1. 

Procedure 

Prepared smear of the organism on a slide and heat fixed it. Flood the 

smear with crystal violet for a min. Washed with tap water and flooded with 

gram's iodine for a min. Washed with tap water and decolorized with 60% 

ethanol prepared in d/w. Counter stained with safranine for 45 seconds. Washed 

with tap water, blot dried with tissue paper and examined under oil immersion. 
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• 
(ii) Endospore staining (Schaeffer and Fulton's method) : 

(a) Malachite green solution: 

Dissolved 5g of malachite green in 100m1 d/w. Filtered through Whatman 

filter paper no.1. 

(b) Safranine: 

Dissolved lg of Safranine in 1 00m1 d/w. Filtered through Whatman filter 

paper no.1. 

Procedure: 

Prepared smear of the organism and heat fixed it. Flooded the smear 

with 5% malachite green solution. Hold the slide over a boiling water bath for 15 

min to allow the penetration of the stain through calcium dipicolinate of spores. 

Washed with tap water and counterstained with safranine for 2min, washed with 

tap water and blot dried with tissue paper and examined under oil immersion 

objective. 

Endospores appeared green with cells colored red. 

(iii) Staining of metachromatic granules (Albert's method) 

(a) Staining Solution T : Albert's stain 

Toluidene blue-0.15g 

Malachite green — 0.2g 

Glacial acetic acid — lml 
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95% ethyl alcohol — 2m1 

D/w-100m1 

(b) Staining Solution II : Albert's iodine 

Iodine- 2g 

KI-3g 

D/w-300 ml 

Procedure : 

Prepared a smear dry in air and fixed by heat. Stain with solution I 

for 5-7 mins. Do not wash out stain and stain with solution II for 2-3 mins. 

Wash, dry and examine vegetative cells stained green and metachromatic granules 

stained dark green. 

B.2 Buffers : 

(i) Phosphate buffer (0.05M) 

(a) Solution A : (0.05M monobasic hydrogen phosphate): 6.0g of NaH 2PO4 

dissolved in 1000m1 d/w. 

(b) Solution B : (0.05M dibasic hydrogen phosphate): 7.i g of NaH2PO4 

dissolved in 1000m1 d/w. 

X ml of A + Y ml of B mixed to obtain buffers of the desired pH 
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X Y pH 

87.7 12.3 6 

39 61 7 

5.3 94.7 8 

2 98 9.5 

(ii) Tris-HC1 buffer (0.05M) 

(a) Solution A : (0.05M Tris): 6.0g of Tris dissolved in 1000m1 d/w. 

(b) Solution B : (0.05M HC1): 4.4m1 of 11.35 N HCl added to 1000m1 d/w. 

70m1 of A and 30m1 of B mixed to obtain buffer of pH 9.0 

(iii) Tris-HC1 buffer (0.1M) 

Add Xml of 0.2 mol/lit HC1 to 50 ml of 0.2 mol/lit 

Tris-base and make volume upto 100m1. 

Xml pH 

43 7.2 

24 8.2 

6 9 

Add 6m1 of 0.2 mol/lit HC1 to 50int of 0.2 rnol/lit. Tris and make volume upto 100 ml. 
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(iv) Carbonate-bicarbonate buffer (0.2 M) 

(a) Solution A : (0.2 M anhydrous sodium carbonate): 21.2g of anhydrous 

sodium carbonate dissolved in 1000m1 d/w 

(b) Solution B : (0.2 M sodium bicarbonate): 16.8g of sodium bicarbonate 

dissolved in 1000m1 d/w 

27.5m1 of A + 22.5m1 of B, diluted to a total volume of 200m1 with d/w to 

obtain buffer of pH 10.0 

Carbonate-bicarbonate buffer (pH10) was sterilized by autoclaving for serial 

dilution technique. 

B.3. Reagents for Arnow's method : 

(i) Mercuric-sulphate reagent 

Mercuric sulphate 15g 

5N Sulphuric acid 

(ii) Nitrite reagent 

10m1 

Sodium nitrite 0.2g. 

d/w 100m1 

(iii) Sodium molybdate reagent 

Sodium-nitrite 	lOg 

Sodium-molybdate 10g 

D/W 	 100m1 
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B.4. Reagents for salinity : 

(i) Silver nitrate 0.02N 

Dissolve 3.4 gms of predried AgNO3 in/litre of distilled water. Store in dark 

glass bottle. 

(ii) Potassium chromate 5% 

5 gms of Potassium chromate in 100m1 of distilled water. 

(iii) Visualising agent for sugars: 

200mM paraanisidine + 100mM phthalic acid in 96% ethanol . 
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Appendix — C 

C.1. Biochemical media used for identification (Gee et a/ 1980 and 

Sneath et a/ 1986) 

(a) Carbohydrate fermentation : 

Media with Durham tube 

Peptone 5.0g 

Beef extract 3.0g 

*Sugar 0.5g 

D/w To make 1L 

0-Cresol red 0.01g 

pH 
10.5 adjusted by 

using 10% Na2CO3 
solution 

* arabinose, glucose, mannitol and xylose 

Autoclaved at 15 psi for 20 minutes. Tubes inoculated and incubated at 

R.T. for 24-48h. Change in color and presence or absence of gas bubble was noted. 

Uninoculated tubes serve as the control. 

(b) Nitrate reduction test : 

Media 

Peptone 5g 

Beef extract 3g 

KNO3 l. g 

d/w Make volume to 1L 
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Nitrate broth is inoculated and incubated at R.T. for 24-48h. After 

incubation, 5 drops of sulfanilic acid and 5 drops of oc-naphthylamine were added. 

Red coloration indicated a positive test while in a negative test, red coloration is 

observed after addition of 5mg of zinc. Uninoculated tubes served as the control. 

(c) Citrate utilization test : 

Simmons citrate agar 

Ammonium dihydrogen phosphate lg 

Diammonium phosphate 1 g 

Sodium chloride 5g 

Magnesium sulphate 2g 

Sodium carbonate lOg 

Agar 20g 

d/w Make volume to 1L 

pH 10.5 

Inoculate Sirnmon's citrate agar slants by means of stab inoculation and 

incubate for 24-48h at R.T. Observe the slants for presence or absence of growth. 

Citrate utilizers were indicated by the presence of growth on the slant. 
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(d) Catalase test : 

Three or four drops of 3% (v/v) hydrogen peroxide were mixed with a 

loopful of culture in a plate. Evolution of gas bubbles caused by liberation of free 

oxygen was indicative of catalase positive organisms. 

(e) Oxidase test : 

A filter paper strip was soaked in Tetramethylparaphenylenediamine 

(TMPD) dye. A loopful of fresh bacterial culture was smeared on the moist filter 

paper. Production of a deep purple colour in 5-10 seconds indicated a positive 

oxidase test. 

(f) Gelatin liquefaction : 

Nutrient Gelatin 

Peptone 5g 

Beef extract 3g 

Gelatin 120g 

d/w To make 1L 

Sodium carbonate lOg 

pH 10.5 

Inoculate tubes and incubate at R.T. for 24-48 h, the tubes were 

refrigerated for 30 min and the medium were observed. Liquid medium after 

refrigeration showed a positive test. 
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(g) Starch hydrolysis : 

Starch agar medium 

Peptone 5g 

Beef extract 3g 

Soluble starch 2g 

Agar 20g 

D/w Make volume to 1L 

Sodium Carbonate lOg 

pH I 	10.5 

Inoculate starch agar plates by spot inoculation. Incubate the plates at R.T. 

for 24-48 h, then flood the plates with Gram's iodine for 1 min and pour off the 

excess stain. Clear zone surrounding the colony indicated a positive test. 

(h) Casein Hydrolysis : 

Inoculate milk agar plates and incubate at R.T. for 24-48 h, then examine 

the plates for the presence or absence of a clear area around the colony. A clear area 

around the bacterial colony indicates a positive proteolytic activity. 

(i) Hugh and Leifson's test : 

Peptone 2g 

NaC1 5g 

K2HPO4  0.3g 

Glucose lOg 

0-cresol red 0.01g 

Sodium carbonate lOg 

D/w Make volume to 1L 

pH 10.5 
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Heat in boiling water bath and cool immediately. Inoculate young culture 

in the medium and dispense into two tubes. The medium of one tube was overlayered 

with sterile liquid paraffin. Growth and color change of the indicator dye was noted 

in the two tubes. Strict aerobes grow only in aerobic conditions. Facultative 

anaerobes grow in both aerobic and anaerobic conditions. The anaerobic organisms 

grow only in anaerobic conditions. 

C.2 Reagents for biochemical tests : 

Reagents for nitrate reduction : 

(a) Solution A (Sulfanilic acid) : 

Sulfanilic acid 	8g 

Acetic acid (5N) 	One part of glacial acetic acid added to 2.5 parts of d/w 

D/w 	 make vol. to 1L 

(b) Solution B (a-naphthylamine) : 

a-naphthylamine 5g 

Acetic acid (5N) 1 L 
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C.3. Solutions for determination of Buffering Capacity (Krulwich et al 1985 , 

Guffanti and Hou 1987 , Zychlinsky and Martin 1983) : 

(a) 200mM KC1 : Dissolved 14.912g of KC1 in 1000m1d/w. (Mol. wt. of KCl = 

74.56) 

(b) 0.05MKOH : Dissolved 2.811g of KOH in 1000m1d/w. (Mol. wt. of KOH 

56.11) 

(c) 10% Triton X-100 : Dissolved 10m1 of Triton X-100 in 90m1 of 200mM KC1 

and mixed well before use. 

Calculation of Buffering Capacity : 

Buffering capacity is expressed in terms of nanomoles of OW ions 

consumed per mg of cell protein per unit change in pH. 

Bo- Whole cell Buffering capacity. 

Bt- Permeabilised cell Buffering capacity. 

Bi- Cytoplasmic Buffering capacity. 

Bi = Bo-Bt 

Bo and Bt are determined. experimentally for every small addition of base 

(10microlitres/ 50 nanomoles of Off ions) in which pH change is approximately 0.1 

p1-1 unit or more. Average value encompassing change in 1pF1 unit, is calculated. Bi is 

determined by calculating decrease in a buffering capacity after pemeabilisation. 
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Eg: 	10microlitres of 0.05 M KOH 
	

500 nanomoles of OH .  

lmicrolitre of 0.05 M KOH 
	

50 nanomoles of 014- 

Thus, if intact cells of Bacillus subtilis consume 100 microlitres of 0.05 M KOH to 

change the pH from 6-11. 

Buffering capacity of whole cells in the range of pH 6-11 is calculated as follows : 

Nanomoles of OH-  consumed = 100x50= 5000 

mg of protein used for titration =5 

Number of pH units =5 

Buffering capacity of whole cells in the range of pH 6-11 of Bacillus subtilis is: 

(5000/5) / 5 = 1000/5 = 200 nmoles of OH"/mg prot/pH unit. 
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Appendix-D 

Chemical Estimations and standard graphs 

D.1 Folin Lowry's method for Proteins (Lowry et al 1951) 

Reagent A : 2% Na2CO3 in 0.1 N NaOH 

Reagent B : 0.5% CuSO4 in 1% potassium sodium tartrate. 

Reagent C : Alkaline Copper solution-Mixed 50m1 of A and lml of B prior to use. 

Reagent D : Folin and Ciocalteau's phenol reagent 

Commercially available reagent diluted with equal volume of d/w on the 

day of use. This reagent is a solution of sodium tungstate and sodium molybdate in 

phosphoric and hydrochloric acids. 

Standard bovine serum albumin : 0.1mg of BSA dissolved in one ml of d/w 

solution 

Procedure : 

To lml of the sample, 5 ml of copper sulphate solution was added and kept 

at room temperature in the dark for 10 minutes. 0.5 ml of Folin and Ciocalteau's 

phenol reagent was then added and kept in the dark for 20 minutes. Absorbance was 

measured at 750 nm against reagent blank and the concentration of the samples 

detemined from standard graph and Factor F calculated using Bovine serum albumin 

as the standard (0-100 p.gms/m1). 
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Standard curve of protein (Bovine Serum Albumin) 
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Standard graph of protein : 

D.2 Colorimetric estimation of catechol : 

D.3 Tyrosine estimation by Arnow's method (Arnow 1937) : 

The tyrosine estimation method is based on Millions' reaction. To lml 

solution, mercuric sulphate reagent [Appendix B.3 (i)] was added. The mixture was 

mixed well and kept in boiling water-bath for 10 min. After cooling the mixture, 1 ml 

nitrite reagent (Appendix B.3 (ii) ) and 1 ml d/w was added to it. The turbid solution 

- 255 - 



Standard Graph of DOPA 
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formed was centrifuged at 6000 rpm for 5 min and the clear red solution read at 540 

nm. Standard graph is shown. 

D.4 DOPA estimation by Arnow's method (Arnow 1937) : 

One ml test solution was acidified with lml 0.5 N HC1 and mixed well. 

To this, lml sodium molybdate reagent [Appendix B.3 (iii)] was added which gives 

yellow colour. Addition of lml of 1N NaOH gave red colour. The solution was 

diluted with lml d/w and read at 540nm. Standard curve is shown. 
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Appendix-E 

E.1. Stock Solution for PAGE and SDS — PAGE : 

Acrylamide-bis-acrylamide solution [Monomer solution]: 

29% acrylamide and 1% (w/v) N,N methylene bis acrylamide was 

dissolved in warm d/w. Checked pH to be 7.0 and stored in dark bottles at 4°C and 

used within 30 days. 

Resolving gel buffer [1.5 M Tris, pH 8.8] : 

Prepared by dissolving 18.615g Tris, in 70 ml d/w water and added 100 

Os of 10% SDS in d/w. The pH of the solution was adjusted to 8.8 using concentrated 

HC1 and the volume was build up to 100m1 with d/w. The solution was stored at 4°C. 

Stacking gel buffer [1.0 M Tris pH 6.8] : 

Prepared by dissolving 12.11g Tris, in 70 ml d/w water and added 50 1.ils 

of 10% SDS in d/w. The pH of the solution was adjusted to 6.8 using concentrated 

HC1 and the volume was build up to 100m1 with d/w. The solution was stored at 4°C. 

Ammonium per sulfate (APS, 10% w/v) : 

Prepared by dissolving 0.1 g of APS in 1.0 ml d/w. The solution was 

prepared afresh each time. 
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Electrophoresis buffer: 

Composition of 1X buffer is as follows : 

Tris 	3.0g 

Glycine 	14.4g 

SDS(10%) 	10m1 

D/w 	to make 1000m1 

pH 	8.4 

Sample buffer : 

Composition of 4X buffer is as follows : 

TriS- HCI ( 1 M pH 6.8) 	0.04m1 

Glycine 	 0.04g 

SDS 	 0.004g 

13-Mercaptoethanol 	 0.004m1 

d/w 	 to make 10m1 

Tracking dye : 

50% sucrose 	10 ml 

Bromophenol blue 10mg 
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Staining Solution : 

Coomassie Brilliant Blue G - 250 solution was prepared by dissolving 0.25g 

Coomassie Brilliant Blue G - 250 in 100m1 of 25% methanol, 10% glacial acetic acid 

and 65% d/w. 

Destaining Solution I : 

Methanol 40m1 

Acetic acid 10m1 

d/w 50m1 

Destaining Solution II : 

Methanol 
	

5m1 

Acetic acid 
	

7m1 

d/w 
	

88ml 
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Preparation of gel monomer : 

The composition of the resolving and stacking gels is as follows : 

Solution Resolving gel (10%) (ml) 
Stacking gel (5%) 

 (ml) 

Monomer 2.5 0.33 

1.5M Tris, pH 8.8 1.875 - 

1.0M Tris, pH 6.8 - 0.625 

10% SDS 0.075 0.025 

10% APS 0.0375 0.025 

D/w 0.003 1.525 

TEMED 0.005 0.005 

(a) Preparation of sample : 

100 tils of cell pellet (containing 100 mg of protein) was mixed with lOpis 

of 25% SDS and boiled for 2 minutes at 100 °C. 50111s of sample buffer was then 

added and boiled for 5 minutes at 100 °C. After cooling, 20 tils of bromothymol blue 

was added and 50p,1s of the samples were loaded in the gel with SDS PAGE 

molecular weight markers (sigma- St.Louis, MO USA). 

(b) Procedure (Laemmli 1970) : 

The PAGE and SDS - PAGE were carried out in a Bangalore Genei 

apparatus. After a pre-run for 10 minutes, 30111s of the samples containing 50ugms of 

proteins along with the standard molecular weight markers were loaded in the gel. 

The electrophoresis was carried out at a constant voltage of 80 V for stacking gel and 
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120 V for resolving gel till tracking dye (Bromothymol blue) reached the bottom of 

the gel. At the end of the run, the gel was stained by Coomassie blue. 

(c) Staining and destaining procedure : 

i) Coomassie blue staining: 

The gel was stained in Coomassie Brilliant Blue G-250 solution Staining 

was carried out overnight; followed by destaining under mild shaking using de 

staining solution I for 3-4 hours and destaining solution II for several hours till the 

protein bands became clearly visible with no background colour. The gels were dried 

and preserved between cellophane sheets . 

i) Silver staining of SDS-PAGE gels (Sparnins and Chapman 1976) : 

(i) Fixative solution 

Ethanol 	 25 ml 

Acetic acid 	10 ml 

D/W 	 100 ml 

(ii) Dithiothreitol (5mg/m1) 

Dithiothreitol 	 0.5 mg 

Double Distilled Water 	100 ml 

(iii) Silver nitrate solution (0.1 %) 

AgNO3 	 0.1 gm 

Double Distilled Water 	100 ml 

(iv) Formaldehyde solution in 3% Na2CO3 

40% Formaldehyde 	0.1 ml 

Na2CO3 	 6 gm 

Double Distilled Water 	200 ml 

NaCO 3  was dissolved in D/W and then formaldehyde was add and mixed. 
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(v) 	2.3M Citric acid 

Citric acid 	 24.15 gm 

Double Distilled Water 	50 ml 

E.2 Solutions for DNA extraction and agarose gel electrophoresis 

(1) 0.5M Tris-HC1 (pH 8) : 

Dissolve 7.88gms of Tris-HCI in 50m1 d/w and adjust pH to 8.0 using 

NaOH. Make up the volume to 100m1 using d/w. 

(2) 0.1M Tris-HC1 (pH 8) : 

Dissolve 1.576gms in 50m1 d/w and adjust pH to 8.0 using NaOH. Make 

up the volume to 100m1 using d/w 

(3) TE buffer : 

10m1 0.1M Tris-HC1 (pH 8) was diluted with 90m1 of distilled water and 

0.0372gms of EDTA was added and pH was adjusted to 8.0. 

(4) Saline-EDTA : 

Disodium EDTA 	- 	 0.1M 

NaC1 	

- 	

0.15M 

Dissolve 3.72gms of EDTA and 0.887 gms of NaC1 in 50m1 of d/w. 

Adjust to pH 8.0 and make up the volume to 1.00m1 using d/w. 
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(5) TES buffer (Buffer A) : 

0.584 gins of NaCI, 0.372 gms of EDTA and 1.0g of SDS in 100m1 Tris-HC1 (0.5M) 

pH 8. 

(6) 70% ethanol : 

70m1 of ethyl alcohol + 30m1 d/w 

(7) Lysozyme (15 mg/ml) : 

15mg lysozyme iml Tris-HC1 (pH 8) vortex and store at 20°C. 

(8) TAE buffer (5X) : 

12.1 gms Tris-base 

2.85m1 glacial acetic acid 	- dissolve in 1000m1 d/w 

5m1 of 0.5M EDTA. Adjust the pH to 8. Make the volume to 500m1 using 

d/w. 
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E.3 Qualitative and quantitative tests for detection of transformation 

products of benzoate and tyrosine metabolism: 

(a) Thin layer chromatography (TLC) : 

The slurry, prepared by mixing 6 to 8 g of Silica gel G (Acme's) in 15 ml 

of distilled water, was poured on glass plates and drawn into thin-layers. The plates 

were dried in air and then activated at 110°C for 30 min. Samples were spotted on the 

activated plates using thin glass capillaries. After drying the spots, plates were 

developed in solvent chambers, saturated overnight. Solvents was allowed to run up 

to 314th  of the plate, the solvent front was marked and coloured spots, if any, were 

noted. The plates were then placed in iodine chamber. Rf value were calculated 

using the formula : 

Rf = 	Distance travelled by solute 
Distance travelled by solvent 

(i) Benzoate : 

Sr. 
No 

Solvent System Ratio 

1 Benzene: methanol: acetic acid 45:10:01 

2 Benzene: methanol 10:45 

3 
Benzene: methanol: ethyl- 

acetate 
40:60:40 

4 Benzene: acetone 90:10:00 

5 Toluene: chloroform: acetone 40:25:35 

6 Hexane: ethyl acetate 85:15:00 

7 Benzene: Chloroform: Xylene 40:40:20 

8 Chloroform: ether 66:33:00 
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(ii) Tyrosine : 

Sr. 
No. 

Solvent System Ratio 

I 1 Benzene: Methanol: ethyl acetate 40:60:40 

2 Chloroform: methanol: water 65:25:04 

3 Benzene: methanol: acetic acid 45:05:01 

(a) Detection of Quinones (Finley 1974) : 

(i) To 5m1 of supernatant, 6N HCl was added. The solution was then made 

alkaline with 10N NaOH and again the colour change was noted. 

(ii) 0.1N NaOH was added drop-wise to 5m1 of the orange- red supernatant and 

the colour change was noted. 

(iii) Sodium-dithionite (2%) was added to the orange-red supernatant, mixed well 

and allowed to stand for 4-6 h. The colour change was noted and the solution 

was kept on shaker to check the effect of aeration. 

(iv) A pinch of sodium-borohydride was added to the orange-red supernatant and 

the colour change was observed. 

(v) 0.5 ml of 2% potassium-iodide on acidification was added to 5 ml of 

supernatant and benzoate agar medium plate was flooded with the same. The 

observations were noted. 
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(c) Detection of black pigment formed during Tyrosine metabolism : 

(i) colour of the supernatant was observed. 

(ii) Solubility and appearance of supernatant in water was noted. 

(iii)To the above 0.1N NaOH was added and the appearance noted. 

(iv) To the above mixture, HC1 was added and the colour noted. 

(v) 5mM FeC13 was added to the black supernatant and the appearance was noted. 

(vi) The solubility of the black pigment was checked in various organic solvents 

such as chloroform, octane, xylene, toluene, propanol, benzene, diphenylether, 

cyclohexane, ethanol, methanol, petroleum ether (40°-60°C) and diethyl ether. 

- 266 - 



APPENDIX - F 

1. Catechol 2, 3 dioxygenase : 

1.1 Purification of enzyme 2, 3 dioxygenase : 

Cells of A-131 were grown in MSM supplemented with 0.3% benzoate. 

Cells (50g) were resuspended in 500m1 of acetone/phosphate buffer (0.05M-

phosphate buffer pH 9.5 containing 10% (v/v) acetone) at 4°C. Lysozyrne (Sigma) 

was added to approximately 0.2mg/m1 and a small amount (1 mg) of DNAase (Sigma) 

was also added. The mixture was incubated on ice for 30min, centrifuged at 15000g 

for 10mins to remove cell-debris. The supernatant was brought to 70% (NH4)2SO4 

saturation and centrifuged at 39,000g for 15 min. The resulting precipitate was 

resuspended in a minimum volume of acetone/phosphate buffer. Insoluble material 

was removed by centrifugation at 39,000g for 15min. The resulting supernatant was 

dialysed against acetone/phosphate buffer overnight at 4°C. Dialysed material was 

loaded on to a DE-52 (Whatman) column (30cm x 3cm) equilibrated with 

acetone/phosphate buffer. The coloumn was then washed with 1 column volume of 

acetone/phosphate buffer. Enzyme was eluted using a linear gradient between 

acetone/phosphate buffer and the same buffer containing 5% (NH4)2 SO4. Fractions 

containing active enzyme were combined and brought to 70% (NI -14)2SO4 saturation. 

After centrifugation at 39,000g for 15 min the resulting precipitate was dissolved in 

acetone/phosphate buffer and concentrated to < 5m1 with an Amicon concentrator. 

Portions (1m1) of this solution were passed through a Sepharose S-300 gel filtration 

column (150cm x 3cm) in acetone/phosphate buffer. Fractions containing active 

enzyme were combined and concentrated to 5m1 using an A.micon concentrator. Fully 
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purified enzyme was then run on SDS polyacrylamide gel with the respective marker 

and the molecular weight was determined. 

1.2 Molecular weight determination : 

Fully purified enzyme was run on SDS-polyacrylamide gel (12% 

acrylamide) with the respective marker and the molecular weight of the enzyme was 

determined. 

1.3 Fell replacement and oxidation : 

Fe (II) was removed from the enzyme (with a contaminant loss of activity 

to less than 5% of the original value) by treatment with EDTA. EDTA (100 fold 

molar excess) was added to a 10-50 [IM enzyme solution, which was then dialysed 

overnight against 0.05 M-phosphate buffer pH 9.0, with no acetone present. 

Reactivation was achieved by addition of ferrous sulphate (10 fold molar excess) was 

added to a 10-5011M enzyme solution, which was then dialysed overnight against, 

0.05 M-phosphate buffer pH 9.0, with no acetone present. Reactivation was achieved 

by addition of ferrous sulphate (10-fold molar excess) to the inactive enzyme which 

was then re-dialysed overnight, this time against acetone/phosphate buffer. 

The oxidation of the Fe (II) cofactor was achieved by titration of an 

enzyme solution (10-50p1\4) with either potassium ferricyanide or H202 until a 

complete loss of activity was achieved. 
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2. Tyrosinase : 

2.1 Purification of tyrosinase : 

(a) Growth of the culture A-131 : 

A-131 was grown in liquid MSM containing 0.2% tyrosine and the pH was 

maintained to 10.5 using Na2CO3. 

(b) Step I — Extraction : 

All the steps mentioned in the purification procedure were carried out at 2-4°. The 

cells of A-131 (200g) were sonicated using acetone and the cell debris was removed 

by centrifugation for 30 min at 14,000g. The supernatant was then collected. 

(c) Step II — Ammonium Sulphate Precipitation : 

To the enzyme extract solid ammonium sulphate was slowly added to give a 60% 

saturated solution. After 2h the suspension was centrifuged for 30 min at 14,000g and 

the supernatant was discarded. The pellet containing the tyrosinase can be stored at — 

20°C for several months without loss of activity. 

(d) Step III — CM-Cellular chromatography : 

The precipitate from step II was suspended in 150m1 distilled water and dialysed 

against 10 litres of 10mM sodium citrate, 1mM sodium benzoate, pH 5.0. The buffer 

was changed twice and the dialysate was centrifuged for 30min at 14,000g. The clear 

supernatant was applied to a 4.0 x 30cm column of CM-cellulose equilibrated with 

10mM sodium citrate, 1mM sodium benzoate, pH 5.0. The brown coloured 
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breakthrough fractions were discarded and tyrosinase activity was eluted in a single 

peak with a linear gradient from 10mM sodium citrate, 1mM sodium benzoate, pH 5.0 

to 0.1M sodium citrate, 0.5M NaC1, 1mM sodium benzoate, pH 5.0 (1 litre buffer 

each). The active fractions were pooled and dialysed against 10 litres of 20mM 

sodium phosphate, pH 9.0 for 6h and dialysed overnight against 10 litres of 20mM 

sodium phosphate, pH 8.0. 

(e) Step IV — DEAE-Sephadex Chromatography : 

The dialysate from step III was applied to a 4.0 x 8.0 cm column of DEAE-Sephadex 

A-50 equilibrated with 20mM sodium phosphate, pH 9.0 to 20mM sodium phosphate, 

0.5M NaC1, pH 9.0 (300m1 of buffer each). Fractions with tyrosinase activity of 200 

units or greater were pooled. 

(f) Step V — Chromatography on hydroxylapatite : 

The pooled fractions from DEAE-Sephadex chromatography were passed over a 4.0 x 

80cm column of Sephadex G-25 coarse equilibrated with 10mM sodium phosphate, 

pH 9.0. The enzyme solution was then applied to a 2.5 x 6.0cm column of 

hydroxylapatite equilibrated in the same buffer. The breakthrough fractions were 

discarded and the tyrosinase activity was eluted with 10mM sodium phosphate, 0.5M 

NaC1 pH 9.0. 

The molecular weight of the purified enzyme was determined using SDS-PAGE using 

the respective markers. 
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2.2 Effect of copper chelating agents on activity of tyrosinase : 

The step-V purified tyrosinase was then used to study the effect of copper chelating 

agents. The activity of the enzyme was checked using chelating agents wherein the 

enzyme was treated with azide, cyanide, phenylthiourea, diethyldithiocarbamate 2- 

mercaptoethanol and cysteine. The chelating agents were added respectively to 10-50 

1.t,M of the enzyme and dialysed overnight separately against 10mM sodium phosphate 

buffer, 0.5M NaCl pH 9.0. 
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Obligate alkaliphilic bacteria (28 strains) were isolated from various estuarine ecosystems of Goa. Most of these strains 
were found to be Gram positive, motile rods, capable of growth in aerobic condition upto pH 12, exhibiting optimum growth 
at pH 10.5. Isolates exhibited high buffering capacity confirming their alkaliphilic nature. Significantly high difference was 
noted in the buffering capacities of the alkaliphiles and the neutrophile indicating their ability to maintain their internal pH. 
The obligate alkaliphile A52 exhibited highest cytoplasmic buffering capacity of 8,500 nanomoles OH" ions/pH unit/mg 
protein. The isolates also showed amylase (39%), protease (50%) and lipase (100%) activity under alkaline conditions. The 
present study depicts that such alkaliphilic bacteria also play an important role in the mineralization of organic matter under 
high pH conditions in natural ecosystems. 

[Key words: Alkaliphiles, mangroves, buffering capacity, enzymes, biodiversity, Goa, bacteria, estuary] 
[IPC Code: Int.CI. 7  A01] 

itroduction 
Microorganisms and the archaea are found in the 

Ktreme conditions of temperatures, pH, pressures, 
ilt and nutrient conditions. Alkaliphiles and 
aloalkaliphiles are one such diverse group of 
aremophilic microorganisms that thrive at very high 
H and salt concentration. Organisms with pH optima 
>r growth in excess of pH 8, usually between 9 and 

pH are defined as alkaliphiles 1 . Obligate 
kaliphiles are incapable of growth at neutral pH. 
lost of the organisms described to date as growing 
ader high alkaline condition are prokaryotes, 
)mprising heterogeneous collection of eubacteria 
ith a few examples of archaebacteria. Alkaliphilic 
:ganisms (particularly prokaryotes) are widely 
istributed and can be found even in -environments 
here overall pH may not be particularly alkaline l . 
Ikaliphiles grow well in pH range of 10-11 and are 
F ecological, industrial and basic bioenergetic 
iterest2 . A typical alkaliphile, which grows at an 
sternal pH of 10.5 or above does not allow its 
(toplasmic pH to exceed a value of pH 9.5 even if 
e external pH is raised 3 . Alkaliphiles exist in a 
ariety of unique environments that are hostile to 
her organisms and perhaps play a significantole in 
()transformation occurring in such environments l '4 '5 . 
everal of these are entirely novel and have unique 
•operties. Genes and genetic manipulations of 
dustrially important enzymes of alkaliphiles have 

tremendous importance6. The marine and 

mangrove ecosystems offer a number of unique 
ecological niches for harboring such microorganisms 
and are reported to be rich in halophiles, alkaliphiles 
and haloalkaliphiles. The diverse organisms and their 
activities, specially their role in nutrient recycling has 
been documented 5 . We report here the isolation of 
obligate alkaliphiles from estuarine ecosystems of 
Goa, buffering capacity and the enzymic potentials of 
these alkaliphilic microorganisms. 

Materials and Methods 
Water and sediment samples were collected from 

various estuarine mangrove rich ecosystems of Goa in 
the area of Ribandar, Banastari, St. Cruz, Panjim, 
Merces during Oct 2000 and July 2002. The sampling 
sites were selected as they harboured rich mangrove 
forests, are affected by tidal fluxes and are water 
logged and also found to have econiches with alkaline 
pH. The media used for isolation, growth and 
maintenance of alkaliphilic bacteria was Polypeptone 
Yeast Extract Glucose (PPYG) Agar 7 . Solutions of 
10% Glucose and 10% Na 2CO3 were sterilized 
separately by autoclaving and the final pH of the 
medium was maintained at pH 10.5. 

Water samples collected from each location were 
diluted ten fold in stabilized natural seawater (sterile) 
and plated on nutrient agar and PPYG (pH 10.5). 
Sediment samples collected from the subtidal regions 
of the estuarine ecosystem were suspended in 
stabilized natural seawater (sterile) at the ratio of I :10 
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I incubated on the Orbitek shaker for 1 hr at 
rpm. The suspension was allowed to settle and 
ml of clear supernatant and the dilutions were 

ead plated on nutrient agar and PPYG (pH 10.5). 
e petri plates were incubated at room temperature 

the colonies that appeared were counted. 
;dominant isolates obtained on PPYG (pH 10.5) 
re selected, purified and maintained on the same 
:dium. Isolates growing on PPYG agar (pH 10.5), 
re replica-plated on PPYG agar with pH 7.0, 8.5, 
.5 and 12.0 to determine their pH tolerance and 
Lain obligate alkaliphiles. These obligate 
:aliphiles (growing only at pH 10.5 and 12.0) were 
ected for further studies. The isolated obligate 
:aliphiles were identified according to their 
wphological and biochemical characteristics based 
Bergey's Manual s . The biochemical media used 
identification was modified based on the alkaline 

nditions required for growth'. 
The ability of the isolates to hydrolyse polymers 
is determined using PPY agar pH 10.5, 
pplemented with starch, casein, tributyrin and 
Ilulose instead of glucose. The cultures were 
eaked on the plates containing the substrates and 
:abated for 48 hrs. The hydrolysis of the substrates 
re detected by using standard methods'. 

Buffering capacities of selected isolates were 
termined by titration using 0.05 M KOH9 ' 1° . 
Attires were grown in PPYG broth, incubated for 

hrs on shaker and the cells harvested by 
ntrifugation at 5000 rpm for 15 mins. The pellets 
ere washed, resuspended in 10 ml of 0.2 M KC1 
lution and the protein content of this cell suspension 
as estimated using Folin Lowry's method". Cell 
spension corresponding to .5 mg of cell protein was 
ken in a beaker and the initial pH of the suspension 
as noted. The pH change at every addition of 10 1..t1 

0.05 M KOH was noted using calibrated pH 
alyser (Labindia). The whole cell buffering capacity 
I 0) was measured as nanomoles of hydroxyl ions 
msumed to change 1 pH unit/mg protein. To 
Aermine the permeabilised cell buffering capacity 
It), cell suspension in 0.2 M KCI corresponding to 
mg of protein was treated with 10 ml of triton 
-100, mixed, allowed to stand for 5 mins and 
tntrifuged. The pellet obtained was washed with 
2 M KCI to remove the permeabilizing agent, 
:suspended in 0.2 M KC1, titrated against 0.05 M 
OH and change in pH noted. The permeabilised cell 
ffering capacity was noted as nanomoles of OH 

ins consumed to change I pH unit/mg protein. The  

cytoplasmic buffering capacity (Bi) was determined 
as a difference of Bo and Bt (Bi = Bo-Bt) m. Buffering 
capacity of a neutrophile was determined for 
comparison. Control titration was performed using the 
gram negative neutrophilic organism Psettdomonas. 

Results and Discussion 
Viable counts of general heterotrophic neutrophilic 
bacterial populations and alkaliphilic bacteria were 
enumerated from five different estuarine locations of 
Goa viz. Ribandar, Banastari, St. Cruz, Panjim and 
Merces (Table 1). The counts were much higher on 
nutrient agar as compared to PPYG medium, 
indicating the existence of neutrophilic and 
alkalotolerant bacteria. It has been reported that the 
ratio of alkaliphiles to neutrophiles 6  found in soil is 
about 1:10 to 1:100. Sediment samples had a higher 
count on nutrient agar as well as on PPYG (pH 10.5), 
as compared to the water samples. Highest counts of 
alkaliphilic bacteria were generally  recorded from the 
Ribandar samples, which gave a viable count of 7x I 0 4 

 cfu/ml. It has been reported that the alkaliphiles 
depend on Na +  ions for maintenance of internal pH'''. 
It is noted that the concentration of Na +  ions is very 
high in PPYG agar, the concentration best suited for 
organisms growing under alkaline conditions. 

Predominant isolates (153) were picked up 
randomly from PPYG agar (pH 10.5) and replica 
plated on the same medium with pH 7.0, 8.5, 10.5 and 
12.0. Isolates (28) growing only at pH 10.5 and 12.0 
were considered to be obligate alkaliphiles and were 
selected for further studies. 

Table I—Total viable count of neutrophilic cC alkaliphilic bacteria 
in samples taken from various mangrove ecosystems of Goa. 

Sediment 
samples 

Oct-2000 
clu/mi (x 102) 

Jul-2001 
cfu/ml (x 102) 

N.A 	PPYG N.A PPYG 

Mcrces 7840 	130 80 
St. Cruz 2100 	140 69 
Panjim 6920 	680 679 
Banastari 5500 	509 4 
Ribandar 7500 	700 210 4 

Water samples cfutml (x 102) cfulinl 
N.A 	PPYG N.A PPYG 

Merces 130 	3 100 
St. Cruz 460 	4 100 
Panjim 410 	2 241 2 
Banastari 520 	4 577 1 
Ribandar 650 	6 295 4 

N.A - Nutrient agar: PPYG - Polypeptone yeast extract glucose 
agar; cfu - colony forming units 	. 
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n the basis of morphological, biochemical and 
dological characteristics, the cultures were 
tified as Bacillus (53%), Corynebacterium (21%), 
rococcus (7%), Actinomyces and Flavobacterium 
)Ie 2). A majority of obligate alkaliphiles obtained 
ng the study were found to be gram positive 

Table 2—Identification status of alkaliphiles  

:ure Culture Tentative 
code identification 

t RiMsXla Corynebacterium 
) RiMsXlb B. alcalophilus 
1 RiMsX3a B. laterosporus 
) RiMsX3b Bacillus sp. 

RiMsX5 Actinomyces sp. 
RiMsX6 Actinomyces sp. 

D RiMsX20 B. alcalophilus 
7 RiMsX27 B. alcalophilus 
0 RiMsX30 B. alcalophilus 
7 PjMsXI B. alcalophilus 
3 BnMsX7 Micrococcus lylae 
2 BnMsX12 Micrococcus lylae 
5 BnMsX15 B. alcalophilus 
9a BnMsX19 Bacillus sp. 
;9b BnMsX19 Bacillus sp. 
)1 BnMsX21 B. schlegelii 
i2 • BnMsX22 B. schlegelii 
i4 BnMsX24 B. stearotherniophilus 
55 BnMsX25 Corynebacterium 
56 BnMsX26 Corynebacterium 
57a BnMsX27a Bacillus sp. 
57b BnMsX27b B. stearotherrnophilus 
77 BnMsX28 Corynebacterium 
B6 RiMsX86 B. brevis 
102 RiMsX102 Corynebacterium 
118 RiMsX118 unidentified 
129 RiMsX129 unidentified 
131 RiMsX131 Flavobacterium 

organisms confirming that they are better adapted to 
high pH as reported earlier 332-14 . 

Cytoplasmic buffering capacities and buffering by 
whole cells was examined in 12 alkaliphilic bacterial 
species. Acid base titrations were conducted on whole 
cells and cell permeabilised with triton X-100. Triton 
X-100 is the non-ionic detergent which specifically 
and selectively solubilises proteins of cytoplasmic 
membrane leaving the cell wall totally undisturbed 9. 

The difference between buffering capacities of 
whole cells (B o) and permeabilised cells (Br) is 
interpreted as internal/cytoplasmic buffering capacity 
(BO, which was found to be very high and stable for 
all the alkaliphiles selected during -  the study 1°. A 
consistent effect of permeabilisation treatment was 
noted to be a decrease in the buffering capacity for all 
tested cultures, indicating that certain components 
required for maintaining the buffering capacity are 
leached out on treatment with triton X-100 9 . 

Controlled titrations done with 0.2 M KCl indicate 
that KCl does not affect the changes in pH and hence 
is an ideal suspension medium for these studies. The 
amount of KOH required to bring about one pH unit 
change for whole cells and permeabilised cells of the 
12 alkaliphilic isolates and a neutrophile was 
recorded. A significant difference was noted in the 
whole cell buffering capacity (B0) of the neutrophile 
and the alkaliphiles. The amount of KOH required for 
the change of one pH unit was 150 nmoles/mg protein 
for the neutrophile while for the alkaliphiles it ranged 
from 2500 nmoles to 13,000 nmoles of OH ions 
(Fig. 1). Maximum whole cell buffering capacity was 
exhibited by the culture Corynebacterium. 
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Fig. 1—Comparison of buffering capacities between the alkaliphilic cultures and the neutrophile. Bo-whole cell buffering capacity; 
Bt - permeabilised cell buffering capacity; Bi - cytoplasmic buffering capacity 
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Fig. 2—Activity of enzymes exhibited by the isolates 
A - Amylase; P - Protease; L - Lipase 

Enzyme activities (Fig. 2) were checked using 
ftarch, skim milk, tributyrin and cellulose in the PPY 
medium as substrate and the production of amylase, 
rotease, lipase and cellulase was noted respectively. 
[t was noted that alkaliphiles producing amylase, 
rotease and lipase were 39%, 50% and 100% 
•espectively as compared to the cellulase production, 
which was however absent. Unique types of enzymes 
lave been isolated from alkaliphiles, which have 
carious industrial applications. It was observed that 
nany of the isolates showed the production of more 
han one enzyme at alkaline pH as reported 15.16 . 

The present study has confirmed the presence of 
[ifferent genera of alkaliphilic organisms in estuarine 
langrove ecosystems. The diversity of enzymes 
roduced by these organisms such as amylase (39 %), 
rotease (50%) and lipase (100%) activity under 
lkaline conditions indicates that such organisms also 
awe a significant role to play in recycling organic 
latter in these ecosystems. 

cknowledgement 
The authors are thankful to the Department of 

iotechnology, New Delhi, for the financial grant to 
wry out this work. 

eferencis 
Grant W D, Mwatha W E & Jones B, Alkaliphiles: Ecology, 
diversity and applications, FEMS Microbiol Rev, 75 (1990) 
255-270. 

2 Guffanti A A, Finkelthal 0, Hicks D B, Falk L, Sidhu A, 
Garro A & Krulwich T A, Isolation and characterization of 
new facultatively alkaliphilic strains of Bacillus sp., 
J Bacteriol, 167 (1986) 766-773. 

3 Horikoshi K, Physiology in: Microorganisms in alkaline 
environments, (Springer Verlag, Kodansha, Tokyo.) 1991, 
pp. 38-50. 

4 Crawford R L, Pathways of 4-hydroxybenzoate degradation 
among the species of Bacillus, J Bacteriol, 127 (1976) 
204-210. 

5 Horikoshi K, Isolation and classification of alkaliphilic 
microorganisms in: Microorganisms in alkaline 
environments, (Springer Verlag Kodansha, Tokyo.) 1991, 
pp. 10-24. 

6 Horikoshi K, Discovering novel bacteria, with an eye to 
biotechnological applications, Curr Op Biotechnol, 6 (1995) 
292-297. 

7 Gee J M, Lund B M, Metacalf G & Peel J L, Properties of a 
new group of alkaliphilic bacteria, J Gen Microbiol, 117 
(1980) 9-17. 

8 Sneath P H A, Mair N S, Sharpe M E & Holt J G, Bergey's 
manual of -manual of systematic bacteriology, Vol. 2, 
(William & Wilkins, Baltimore, U.S.A.), 1986. 

9 Schnaitmen, Solubilisation of cytoplasmic membrane of 
E. coli by Triton X-100, J Bacteriol, 108 (1971) 545-552. 

10 Krulwich T A, Agus R, Schneir M & Guffanti A A, 
Buffering capacity of Bacilli that grow at different pH 
ranges, J Bacteriol, 162 (1985) 768-772. 

11 Lowry 0 H, Rosebrough M J, Farr A L & Randall R J, 
Protein measurement with the Folin-phenol reagent, J Biol 
Chem, 193 (1951) 265-275. 

12 Kitada M, Guffanti A A & Krulwich T A, Bioenergetic 
properties and viability of alkalophilic Bacillus firmus RAB 
as a function of pH and Na+  contents of the incubation 
medium, J Bacteriol, 152 (1982) 1096-1104. 

13 Guffanti A A, Susman P, Blanco R & Krulwich T A, The 
protonmotive force and y-aminoisobutyric acid transport in 
an obligately alkalophilic bacterium, J Biol Chem, 253 
(1978) 708-715. 

14 Gilmour R, Messner P, Guffanti A, Kent R, Schegerl A, 
Kendrich N & Krulwich T A, Two-Dimensional Gel 
electrophoresis analysis of pH-dependent protein expression 
in facultatively alkaliphilic Bacillus psuedoformis OF4 lead 
to characterisation of an S-layer protein with a role in 
alkaliphily, J Bacteriol, 182 (2000) 5969-5981. 

15 Takomi H, Akiba T. & Horikoshi K, Characterisation of an 
alkaline protease from Bacillus sp. No. AHY-1011, Appl 
Microbiol Biotechnol, 33 (1990) 519-523. 

16 Waung Y X, Srivastava C, Shen C & Eang H Y, 
Thermostable alkaline lipase from a newly isolated 
thermophilic Bacillus strain A30-1 (ATCC 53841), 
J Ferment Bioeng, (1995) 433-438. 

0% of cultures 

373 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204
	Page 205
	Page 206
	Page 207
	Page 208
	Page 209
	Page 210
	Page 211
	Page 212
	Page 213
	Page 214
	Page 215
	Page 216
	Page 217
	Page 218
	Page 219
	Page 220
	Page 221
	Page 222
	Page 223
	Page 224
	Page 225
	Page 226
	Page 227
	Page 228
	Page 229
	Page 230
	Page 231
	Page 232
	Page 233
	Page 234
	Page 235
	Page 236
	Page 237
	Page 238
	Page 239
	Page 240
	Page 241
	Page 242
	Page 243
	Page 244
	Page 245
	Page 246
	Page 247
	Page 248
	Page 249
	Page 250
	Page 251
	Page 252
	Page 253
	Page 254
	Page 255
	Page 256
	Page 257
	Page 258
	Page 259
	Page 260
	Page 261
	Page 262
	Page 263
	Page 264
	Page 265
	Page 266
	Page 267
	Page 268
	Page 269
	Page 270
	Page 271
	Page 272
	Page 273
	Page 274
	Page 275
	Page 276
	Page 277
	Page 278
	Page 279
	Page 280
	Page 281
	Page 282
	Page 283
	Page 284
	Page 285
	Page 286
	Page 287
	Page 288
	Page 289
	Page 290
	Page 291
	Page 292
	Page 293
	Page 294
	Page 295
	Page 296
	Page 297
	Page 298
	Page 299
	Page 300
	Page 301
	Page 302
	Page 303
	Page 304
	Page 305
	Page 306
	Page 307
	Page 308
	Page 309
	Page 310
	Page 311
	Page 312
	Page 313
	Page 314
	Page 315
	Page 316
	Page 317
	Page 318
	Page 319
	Page 320
	Page 321
	Page 322
	Page 323
	Page 324
	Page 325
	Page 326
	Page 327
	Page 328
	Page 329
	Page 330
	Page 331
	Page 332
	Page 333
	Page 334
	Page 335
	Page 336
	Page 337
	Page 338

