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Chapter I 
Introduction 

"Hydrocarbon pollution in marine ecosystems and 

microbial response(s) to and interactions 

with the hydrocarbons" 



1. Marine ecosystems, their inherent microbial communities and their role in 

Productivity 

Our planet Earth is often called "the water planet", since 71% of the planet's surface is covered 

by ocean The ocean wrapping the globe is divided into four major regions: the Atlantic Ocean, 

the Pacific Ocean, the Indian Ocean and the Arctic Ocean (the waters around Antarctica are often 

considered to be a separate, fifth ocean as well) (1,2). 

Beneath the world's oceans lie rugged mountains, active volcanoes, vast plateaus and trenches as 

deep as 11,000M (the Mariana Trench). Around most continents are shallow seas that cover 

gently sloping areas called continental shelves. These reach depths of about 650 feet (200 m). 

The continental shelves end at the steeper continental slopes, which lead down to the deepest 

parts of the ocean. Beyond the continental slope is the abyssal region, comprising of plains, long 

mountains ranges called ocean ridges, isolated mountains called seamounts, and ocean trenches. 

In the centers of some ocean ridges are long rift valleys, where earthquakes and volcanic 

eruptions are common. Some volcanoes that rise from the ridges appear above the surface as 

islands. Other mountain ranges are made up of extinct volcanoes. Figure 1 shows the main 

features found on the ocean floor (1,2). 

The marine environment is the largest part of the biosphere, with about 97-98% of all the water 

on earth. Around 75% of the ocean is below 1000 M depth and the deepest part of the oceans is 

about 11,000 M deep and at a pressure of about 1000 atmospheres (1 atmosphere increase in 

pressure for each 10 M in depth) (1, 2). 



Shelf Open ocean 
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Fig.1: Main features of the Ocean/sea floor (1,2) 

Composition of seawater: The composition of seawater is approximately 36 parts per thousand 

of salts and their composition isC3) 

Element Percentage 

Na++  3.94 

Mg++  3.7 

Ca++  1.2 

K+  1.1 
. 	Sr++  0.04 	. 

HBO3 0.07 

Ci 55.2 

• SO42-  7.7 

Br-  0.19 

CO 3  and HCO3 (mainly HCO3) 0.35 



Nitrogen and phosphorus are present along with almost every other element in sufficient quantity 

for biological activity(3). The 
CO2  4—> HCO 3-  <---> CO3 	 excess base 	pH is in the range 6.5-8.3 with 

I 	

c--.......4. 
(e.g. Nal 

an average, which is slightly 
Ca" 

 

/

\ 	above pH 7.0. pH values rarely 

113603  + Na' 	have an effect on availability of 
$ 	 ions and elements except for the 

CaCO, - <------ 31-I .  + NaBO3  
(precipitate) 	 CO3" and HCO 3 -  system, which 

Carbon dioxide and borate buffer system 	 is inherently self-balancing 

(Fig.2) (3). 

Fig.2. The CO3 and HCO3 system C3) 

Dissolved Gases: Carbon dioxide input is the most important gaseous exchange. The total carbon 

dioxide content of the atmosphere is about 600 billion tons. There is at least 1.00 times this in 

seawater, present as carbon dioxide and carbonate and bicarbonate ions. Both carbon dioxide and 

bicarbonate ions are utilized by plants for growth. The availability of the two species depends on 

the pH of the seawater. The equilibrium between carbon dioxide, carbonate and bicarbonate 

(Fig.2) is in favor of bicarbonate at pH levels near neutrality but at pH 9.4 carbonate is present in 

large quantities and is precipitated as carbonate by the calcium ions in sea water (3). 

Large Scale Oceanic Currents: Controlled by such factors as the rotation of the earth, sunlight 

heating surface layers of the ocean, wind and land masses, very large scale currents are present in 

the ocean. There is a global circulation of ocean waters. In many cases, the deeper currents move 

in different directions from surface currents and there are "upwellings" of deeper currents that 

recirculate nutrients to the sut'face layers, which influence the quality and quantity of marine life. 

(1, 2, 3) 

Temperature: The temperature is usually in the range 2-40 °C. The growth of marine bacteria is 

usually optimum at 18 °C. A higher temperature (30 °C for 30 min) often inhibits growth. Most of 

the ocean is at the lower temperature range (around 2 °C). In the different currents at different 

depths, there are often sharp and clear differences in temperature (1, 2) 



Pressure: Pressure increases at the rate of 1 atmosphere for every 10m-depth increase. In the 

deepest parts of the ocean (10,000 m), the pressure can exceed 1000 atmospheres (1) 

Characteristics of Marine life 

Oceans are home to an incredible diversity of life. Since availability of sunlight is the most 

important factor influencing marine life, the ocean is divided into five broad zones according to 

how far down sunlight penetrates (1, 2): 

Sunlight Zone 	0 m 	the epipelagic, or sunlit zone: the top layer of the ocean 
	 200m where enough sunlight penetrates for plants to carry on 

1,000m photosynthesis. 

the mesopelagic, or twilight zone: a dim zone where some 

light penetrates, but not enough for plants to grow. 

the bathypelagic, or midnight zone: the deep ocean layer 

4,000m where no light penetrates. 

the abyssal zone: the pitch-black bottom layer of the ocean 

with near to freezing temperature and very high pressure. 

— 6,000m 
the hadal zone: the waters found in the ocean's deepest 

trenches. 
4 

- 	- 
Fig.3: Vertical zonation of oceans (1, 2) 

Plants are found only in the sunlit zone where there is enough 

light for photosynthesis; animal life can be found at all depths 

of the oceans though their numbers are greater near the 

surface where food is plentiful. However, over 90 percent of 

all species dwell on the ocean bottom. Fig. 3 shows the 

different ocean zones, from the warm sunlit waters of the 

surface to the cold dark depths of a trench. 
11,000m , 

4- 



Marine Microbial life: Microbes were the only form of life for the first 2-3 billion years of 

planetary and biological evolution and most of the earth's biodiversity is microbial in nature. 

They originated in the oceans and have assembled there into complex consortia with enormous 

metabolic capability. DNA sequence analysis of samples from deep-sea sediments and the water 

column has revealed an incredible microbial genetic complexity that is only a fraction of the 

diversity of marine microorganisms. The marine environment provides numerous and diverse 

habitats for microorganisms, ranging from relatively productive estuarine and coastal systems to 

the oligotrophic open ocean. Within any of these environments, a number of habitats can he 

distinguished (4). These habitats in turn provide a wide variety of environmental conditions 

depending on oxygen, carbon sources, inorganic nutrients, light, temperature and other physico-

chemical parameters. 

Marine microbiology was born in the late 19th century. Oceanic explorations such as the 

Challenger expedition during the era 1855-1890, laid the foundation for subsequent 

microbiological studies of the ocean (5, 6). Initial work studied the survival of waterborne 

pathogens in seawater, the nitrogen cycle and luminescent bacteria. The latter resulted in 

numerous reports on the physiology of bioluminescent bacteria, which led to the study of the 

mechanisms of light production by these organisms, their physiology, nutrition, and their 

symbiotic association with various marine fishes and invertebrate species (7). The Galathea 

expedition (8) was among initial efforts to critically explore microbial aspects of the deep sea 

and the nature of marine psychrophilic bacteria. Reports on the effects of hydrostatic pressure on 

marine microorganisms Pioneered research in microbial aspects of the deep 'sea (9). The 

importance of obligate psychrophiles was demonstrated, introducing such significant concepts as 

"starvation—survival" and "feast or famine", which have served as descriptors of microbial 

activities under oligotrophic conditions (10). There have been studies on the effect of pressure 

and on the mechanisms by which pressure can regulate genetic expression; other works dealt 

with nutrient conditions in the deep sea and with the versatility of microbial responses to 

pressure (11). 

Contemporary complex communities of diverse Bacteria, Archaea, and Protista account for more 

than 98 percent of oceanic biomass and catalyse all of the chemical reactions within the 

biogeochemical cycles. Macroscopic life and planetary habitability completely depend upon 

5. 



these chemical reactions. Half of the world's oxygen supply is produced by marine microbes, 

which have adapted to specific salt concentrations, temperature, pressure and nutrient 

(oligotrophic) conditions through a variety of biochemical and physiological mechanisms. 

Oligotrophic environments are defined by a low nutrient flux of a fraction of a milligram of 

carbon per liter per day (13) and by low absolute concentrations of nutrients (10). Around one-

third of the world's oceans may be considered oligotrophic. Oligotrophic environments are 

generally found in the open sea, while eutrophic regions are typical for coastal areas. Beyond 

these general principles, upwelling eutrophic waters may also be encountered within oligotrophic 

zones. 

Despite oligotrophic conditions in the marine waters, microbial numbers persist in the order of 

0.5-5 x 10' cells/ ml (14) and are inhibited by high organic matter concentrations. As a result, 

marine microorganisms contribute a large proportion of the world's biosphere in terms of carbon, 

nitrogen and phosphorus (15). Furthermore, of the three largest microbial habitats (seawater, soil, 

and sediment/soil subsurface), the rates of cellular activity and turnover are highest in the open 

ocean (14). In this oligotrophic environment, prokaryotes play an essential role in regulating the 

accumulation, export, remineralization and transformation of the world's largest pool of organic 

carbon (16). Marine bacteria also dominate in terms of biomass. As a result, the open ocean is 

composed primarily of a microbial food web where prokaryotes represent the most important 

biological component. 

Many marine bacteria have an absolute requirement for sodium, potassium and magnesium ions, 

while some also require chloride ions and ferric iron (4). Since the organic matter in the ocean is 

produced in the top 100-300m, and over 80% of this material is metabolized before it•sinks 

below the photic zone, there is little organic material reaching the bottom water layers. Any 

remaining residual organic materials are usually metabolized in the topmost sediment layers. 

(15). The low organic matter concentration in the deeper levels of the ocean has exerted a 

selective pressure on most deep ocean bacteria to evolve to exist on such low levels. Many are 

also psychrotrophic (grow at low temperature 0°C and also above 20 °C) or psychrophilic (grow 

at 0°C-20°C) due to the prevailing selection pressure for organisms surviving and growing at the 

normal low ocean temperatures. 

6 



Currently, marine microbiology is seen as an integral part of global marine science, with vast 

biological implications unrecognized in earlier years. The decade 1975-1986 saw major review 

articles on subjects such as biofilms, the role of bacteria in marine food webs, bacterial ecology 

of the deep sea, psychrophilic bacteria, the concept of starvation survival, and bacterial biomass 

and marine productivity (17). In this era, major developments occurred in analysis of estuarine 

and salt marsh ecosystems, especially anaerobic mineralization of organic matter via sulfate, 

nitrate and iron reduction processes as well as studies of methanogenesis. Advances in both 

instrumentation and methodology allowed more accurate detailed sampling of entire water 

columns. New technology, such as the use of rRNA sequencing (18) to identify marine bacteria, 

provided significant information on the phylogeny of marine taxa, especially those of the 

ecologically important Vibrionaceae group. Development of immunofluorescent/epifluorescent 

techniques has introduced sensitive detection systems, especially to elucidate human pathogens 

in coastal environments (19). 

Gradually, research shifted from studies of microbial distribution and population density to 

considerations of biogeochemical roles of marine bacteria, including bacterial biomass, energy 

flow and mineral cycling. Besides, a broad range of techniques employing radioactive precursors 

has facilitated the determination of microbial activity and biomass production. Significant 

information obtained on marine bacteria in various planktonic communities has contributed to 

establish major ecological paradigms such as the `.`microbial loop" (20). With the discovery of 

deep-sea thermal vents, microbial symbiosis has received increasing attention (21). Systems such 

as nitrogen-fixing bacteria in'boring mollusks, photosynthetic organisms in corals, and sulfur-

oxidizing bacteria in hydrothermal-vent organisms, have shown the widespread occurrence of 

marine symbiosis. Pioneering efforts have contributed to our understanding of deep-sea 

microbiology, especially the discovery of chemoautotrophic bacterial populations at deep-sea 

vents in symbiotic associations with the giant hydrothermal-vent tubeworm, Riftia pachyptila 

(21). This, and other significant deep-sea work, has revealed the presence of obligate 

pychrophiles able to actively metabolize under extreme pressures. It has been possible also to 

understand the mechanisms by which marine bacteria survive in an oligotrophic ocean; those 

mechanisms include using high-affinity substrate capture (4, 10). The importance of adsorptive 

surfaces in microbially mediated processes has been demonstrated. There is now an appreciation 

of the role of aquatic microorganisms in biogeochemical cycles along with the recognition that 

7 



patchiness and physical and chemical gradients are of great importance in marine microbial 

ecology. Micro-scale nutrient patches have been reported in mixtures of bacterial isolates 

consisting of a protozoan, its prey, and chemotrophic bacteria (22). . Many ecologically 

significant microbial symbioses, commensalisms, and consortia have been described. Significant 

diversification in marine microbiology has occurred; the field has moved far beyond its roots in 

classical bacteriology, and now it comprises the study of many groups of autotrophic and 

heterotrophic microorganisms, including protozoa and microalgae. The discovery of 

cyanobacteria and their role in primary production has changed the understanding of the oceans 

and food web processes. Cyanobacteria such as Trichodesmium are nitrogen fixers playing a 

major role in the marine nitrogen cycle, especially in nitrogen-limited oligotrophic waters (23). 

Recognition of this tremendous diversity of forms and functions, has led to ecological studies 

now focusing on "systems" approaches (24). 

Marine microbiology and foodwebs: Bacteria in aquatic systems are no longer seen as 

decomposers and nutrient regenerators, but also play roles in the uptake of growth-limiting 

nutrients, with high conversion efficiencies (25). This has resulted in the re-evaluation of 

bacteria as biological mechanisms for recycling energy and material lost to the detrital food 

chain back into the classical food chain, now referred to as a "food web" (26). The term 

"strategy" has been used to document microbial activity in oligotrophic waters and stressed 

environments (4). The study of a broad range of grazing phagotrophic protozoa has incorporated 

these concepts into models of energy and nutrient flow in aquatic communities (27). Size-

selective grazing by heterotrophic nanoflagellates is a critical aspect of the microbil loop. 

Factors such as prey selection, mixotrophy and viral infection of bacteria all play a role in this 

process involving carbon flow and recycling (regeneration) of essential mineral nutrients. Food 

chains are now recognized as complex food webs, in which the "microbial loop" plays a major 

role. A variety of microbial groups, nutritional diversity and different energy sources in a 

community structure characterize microbial loops, as well as linkages or couplings between 

organisms and feeding types (28). Bacteria can use diluted concentrations of energy (dissolved 

organic matter) and reconvert this into biomass for upper trophic levels, where it serves as food 

for grazing invertebrates known as bacteriovores. 
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Marine viruses: The presence of large concentrations of viruses in marine ecosystems has been 

established (29). A technique such as flow cytometry has facilitated virus detection and 

discrimination between wide ranges of different viruses (30). Marine bacteriophages are dynamic 

components of microbial food webs and are now included in models of carbon transfer within 

the microbial loop. Virus-like particles are extremely abundant in oligotrophic waters with viral 

infection being higher in nutrient-rich environments (31). Factors involve viral lysis of bacterial 

cells with consequences for nutrient and energy cycling, control of species diversity and 

exchange of genetic material among bacteria in marine environments (32). Potential impact on 

dissemination of the cholera toxin has been noted (31). Mortality of microorganisms due to viral 

infection has significant implications in both nutrient and energy cycling. Reports of virus 

concentrations in aquatic environments of 2.5 x. 10 8  virus particles per ml suggest that viral 

infection could be significant in the ecological control of planktonic microorganisms (32). It is 

estimated that as much as 10-20% of marine bacteria is lysed daily with 2-3% of primary 

production lost through viral activity (33). 

Deep-sea microbiology: The discovery of deep-sea hydrothermal vents in 1977 is a major event 

in the history of oceanography and marine microbiology (21). In unique life systems, H 2S is used 

as a prime energy source for chemoautotrophic bacterial production. The discovery of symbiotic 

or mutualistic associations between such bacteria and giant tube worms (Riftia) have led to a 

better understanding of microbial diversity and the unique physiological breadth of 

extremophilic organisms. Increasing focus is placed on the isolation and study of extremophiles 

(and their production of biologically-active compounds) from deep-sea environments (21). 

Large pressure differences lead to different microorganisms being present at different depths in 

the ocean. Some, the barophiles, can be moderate (growing best at 400 atm but still able to grow' 

at 1 atm) or extreme (growing only at higher pressures). Yet other bacteria are barotolerant 

(growing best at lower pressures, but able to tolerate up to 400 atmospheres in some cases). The 

very high pressures found at sea depths affect many different biochemical and biological 

processes. Many marine bacteria in the deeper regions of oceans are adapted to these high 

pressures (barophilic) and cannot tolerate lower hydrostatic pressures. These pressures are high 

enough to affect biochemical reactions due to size differences in the reactants and products; most 

non-barophilic marine bacteria show an increase in biochemical reaction rates at pressures 
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around 100 atmospheres, but show a decrease in these rates as the pressures increase above 100 

atmospheres (11). 

Although most research has been in the near-shore and estuarine marine environments, there is 

increasing interest in the offshore and pelagic ocean. If we consider the fact that the true offshore 

is where the ocean depth > 1000 m, then 62% of the Earth's surface is in the pelagic and deep-

sea region. In terms of volume, this is about 98% of the world's oceans (1, 2). Although 

microorganisms are involved in most of the geochemical cycling in the oceans (2, 15), little is 

known of the activities at this depth. 

Conditions influencing microbial life in marine ecosystems: In marine ecosystems, N, P and 

Fe are the nutrient factors, limiting microbial cell numbers/abundance, which, in terms of density 

is lower compared to freshwater, but collective numbers very high (4, 16). The pelagic marine 

environment (which is the largest environment on Earth) is inhabited by planktonic (free 

swimming) microorganisms (4). The environmental changes (temperature, light etc.) take place 

generally on a large spatial scale (1). In the benthic marine environment, the sediment surface 

offers surfaces for attachment and a variety of niches with environmental changes taking place 

on a small spatial scale (2). 

Oxic and anoxic conditions: Ocean waters are usually well mixed and oxic. In environments 

such as sedimentary and the bottom of stratified water bodies (strong salinity gradient, 

halocline), oxygen consumption exceeds diffusion. The Black Sea (below 100-240 m depth) and 

the anoxic basins in Baltic Sea are classic examples for anoxic water bodies (34, 35). 

The microbial component of ocean waters is dominated by plankton of various sizes, viz., • 

femtoplankton 0.02-0.2 [tm (viruses), picoplankton 0.2-2 [tm (cyanobacteria, other bacteria, 

Prochlorococcus), nanoplankton 2-20 µm (diatoms, dinoflagellates, coccolithophorids), 

microplankton 20-200 [tm (diatoms, dinoflagellates), mesoplankton 0.2-20 mm (copepods). 

Function-wise, plankton are sorted as, primary producers (phytoplankton), grazers (zooplankton) 

and heterotrophic bacteria (4, 17). 
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production is mediated by 

photosynthesis, which is limited by 
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(N, P, Fe) (4, 25). 

Fig.4: Photosynthesis on the ocean surface (4) 

In the (men ocean, the phytoplankton (primary producers) biomass is dominated by organisms 

below 3 p.m in size (picophytoplankton). The picophytoplankton is usually composed of two 

genera of prokaryotes (Prochlorococcus and Synechococcus) and eukaryotic algae. In coastal 

areas, tidal flats, and sediment surfaces, which have a higher nutrient concentration, larger 

phytoplankton species are dominant (4, 25, 26). 

In water bodies, photosynthesis takes place in the upper layers (photic zone). Decaying matter 

sinks into lower layers and to the benthos/sediment surface. Once surface waters are depleted of 

nutrients, mixing is necessary to provide nutrients. Coastal zones (shelves, estuaries, shallower 

areas) have generally a higher primary production than surrounding deep-sea areas because of a 

higher extent of mixing of surface waters with deeper nutrient rich layers and benthic waters (1, 

2, 4, 17). 

While the physical mechanisms for 'providing mixing in estuaries and tidal flats is provided'by 

the tides, river runoff, and wind action, in the continental shelf region, internal waves (from tidal 

forces), upwelling (wind driven) enable mixing. Much of the biological productivity in the 

oceans is offset by the loss of photosynthetic cells through sinking and viral invasions. This is 

often accompanied by the release of organic material (Dissolved Organic Matter, or, DOM). 

Fecal pellets and dead and decaying larger organisms form the other sources of DOM, which can 

be utilized by heterotrophic bacteria to produce biomass (secondary or heterotrophic production). 

Flagellates can graze bacteria and thus DOM is returned into the food chain (20) 

Estuaries cover a total area of .10 6  km` around the world, which is — 0.3% of the world ocean 

and 4% of the world shelf. Estuarine regions are usually characterised by a high nutrient input 



Phagotrophic food chains; 
Protozoa, zooplankton 

.ight 

DOC I 

1 
Microbial l0Op 

Fig. 5b 0-0 

from river water, often enhanced by pollution (the dynamics of nutrient input are also dependent 

on the tidal influence), a gradual transition from freshwater to seawater, accompanied by changes 

in other parameters (nutrients, pH, oxygenation). Such complex dynamics often give rise to 

severe physical stress for microorganisms in estuaries (2). 

Microbial loop: Not all DOM is returned into food chain. 40-90% is converted/respired to CO2. 

Microbial loop: 
Nutrient, supply for phytoplankton. 

Fig. 5a C&c) 
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The heterotrophic production from DOM constitutes 5-30% of the primary production. 10-50% 

of the primary production enters the microbial loop via DOM. Heterotrophic bacteria in the 

pelagic marine environment have to cope with oligotrophic (low/depleted nutrient) conditions. 

Thus marine pelagic bacteria are small, 0.03-0.4gm and rely on highly efficient nutrient uptake 

system. Besides, in contrast to zooplankton, bacteria have to 'digest' organic matter outside the 

cell and take single compounds/monomers into the cell. The digestion of DOM is mediated via 

release of hydrolytic enzymes to the surrounding of the cell (15). 

Spatial distribution of bacteria occurs in the form of single cells or aggregates; 10-20% live 

attached to particles. Bacterial cell numbers decrease with increasing depth and decreasing with 
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increasing distance to coast. Thus, the average number of bacteria in surface waters (cells/m1) is 

as follows: estuaries 10 6  - 107, shelves 1-3 x 10 6, open ocean 104  - 106. Heterotrophic 

bacterioplankton is mostly comprised of motile forms, with a - and y -proteobacteria, Cytophaga-

Flavobacterium group and Planctomycetes forming the dominating groups. Archaea are also 

present, in increasing proportion with depth (4, 17). In the last couple of years, advances in 

molecular techniques have helped give rise to a unanimous conclusion that cultivated 

microorganisms represent only a small fraction of naturally occurring microbial diversity. 

The Nitrogen cycle in marine ecosystems: The nitrogen (N) cycle is composed of multiple 

transformations of nitrogenous compounds, catalyzed primarily by microbes (Fig. 6). The N 

cycle controls the availability of nitrogenous nutrients and biological productivity in marine 

systems (36) and thus is linked to the fixation of atmospheric carbon dioxide and export of 

carbon from the ocean's surface (37). Human activities are influencing the N cycle even in the 

oceans (38), and some of the nitrogenous gaseous products of microbial metabolism are 

greenhouse gases that are potentially involved in controlling Earth's climate. 

Microbial communities in shallow marine sediments play a key role in the oxidation of complex 

organic compounds and regeneration of nutrients essential for sustaining primary production in 

the overlying water column (39-42). The fundamental significance and interdependence of these 

processes is well exemplified by the biogeochemical cycling of carbon and nitrogen. Since these 

elements are key constituents of all living matter, the impact of carbon and nitrogen availability 

on primary production and mineralisati eon of organic matter has been the subject of intensive 

study (43-45). From a biogeochemical viewpoint, the two cycles share many common features, 

including the dominance of specialised groups of microorganisms, which carry out specific 

transformations, the regulation of these processes by oxygen and the prevailing redox regime. 

These cycles are inextricably linked, and the complex interactions that exist between them are 

important for the meaningful understanding of individual transformations. This is well illustrated 

by nitrogen transformations such as heterotrophic nitrogen fixation and denitrification that are 

functionally dependent upon the availability of oxidisable carbon sources (46-48). 



Shallow coastal sediments are important 

sites for the mineralisation of organic 

matter (49,50) principally by bacteria and 

the resulting gradients of nutrients result in 

their release to the overlying water column 

or adsorption and burial in deeper sediment 

layers. In shallow water coastal 

ecosystems, the remineralisation of nitrogen 
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mediated by the heterotrophic activity of the 

microbiota and the larger macrofauna plays an important role in supporting primary production 

(51-54). The driving force for benthic nitrogen cycling is the degradation of organic matter 

deposited at the sediment surface or excreted by the roots and rhizomes of rooted macrophytes 

(55-57). The major factors controlling the concentrations of inorganic nitrogen species, 

principally NO3  and NI-14  , in the water column of shallow coastal marine ecosystems (depth 0.5-

50 m) are inputs arising from fluvial discharges and those resulting from exchange across the 

sediment-water interface. Benthic nutrient exchange (benthic flux) is largely determined by the 

rate of detritus sedimentation and decomposition and the rate at which nutrients are transported 

to or from the overlying water by diffusion and infauna bioturbation (58). 
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Fig. 8: Diagrams of classical and 
present views of the N cycle in the 
surface waters of oligotrophic oceans. 
The composition of the dissolved N 
pool is shown with approximate 
relative concentrations of inorganic 
and organic constituents indicated by 
the size of the box. Dashed lines 
indicate transformations and 
processes included in the newer view 
of nitrogen cycling. (A) Some 
phytoplankton use simple organic 
compounds as a source of nitrogen. 
(B) There are multiple species of 
phytoplankton (cyanobacteria) in the 
open ocean that fix N2. (C) Bacteria 
can compete for nitrate and 
ammonium. (D) Bacteria can excrete 
urea and can also be a source of high-
molecular-weight DON. (E). Some 
oceanic bacterioplankton appear to fix 
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Dissolved nitrogen 

microorganisms are unable to completely degrade the labile components before burial or reworking to 

depth by the benthic infauna. Aerobic respiration which takes place in the surface sediment layers 

(typically 0-5 mm depth), results in a rapid depletion of oxygen and alternative electron acceptors if 

present, such as nitrate, manganese and ferric oxides, sulfate and carbon dioxide are then sequentially 

used as oxidants (59, 60). Under these conditions, mineralisation proceeds via a sequence of metabolic 

steps involving coupled fermentation and anaerobic respiration processes, each of which completes a 

partial oxidation of the organic matter. The result is a spatial and/or temporal succession as successive 

thermodynamically favorable electron acceptors are sequentially depleted by the indigenous microflora. 

The net effect is that a well-defined vertical biogeochemical zonation develops within the sediment except 

where macrofauna burrows allow lateral diffusion of electron acceptors from well-irrigated burrow water 

(61). Thus nitrogen in marine sediments is subject .to a complex array of regulatory mechanisms 

involving both physico-chemical and biological factors. The complexity of the cycle is demonstrated in 

Fig. 7, which shows that nitrogen undergoes a series of oxidation/reduction reactions and change in 

valence states. These transformations are mediated by a metabolically diverse range of autotrophic and 

heterotrophic microorganisms and are strongly influenced by the prevailing physicochemical conditions. 
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2. Halophilic eubacteria in marine, ecosystems 

Eubacterial halophiles are a unique class of organisms that have adapted to a range of 

salinities and include photosynthetic, lithotrophic, photosynthetic and heterotrophic 

bacteria, such as the photosynthetic green algae, cyanobacteria and green and purple 
k bacteria, sulfur oxidizing bacteria, anaerobic fermentative, homoacetogenic, sulfate- 

reducing bacteria, Gram-negative and Gram-positive heterotrophic bacteria. 

Cyanobacteria: Cyanobacteria are bacterial prokaryotes that are characterized by the 

presence of chlorophyll a and phycobilin pigments and carry out oxygenic 

photosynthesis. They dominate the planktonic biomass (besides forming microbial mats 

in many hypersaline lakes)(62). The top brown layer of microbial mats contains a 

common unicellular cyanobacterial species, Aphanothece halophytica (63, 64). It can 

grow over a wide range of salt concentrations, from 2-5 mol/L NaC1, and lyses in 

distilled water. It uses glycine betaine as the major compatible solute, which it can take 

up from the medium or synthesize from choline. A. halophytica and similar unicellular 

cyanobacteria such as Dactylococcopsis salina, have been described from the Great Salt 

Lake, Dead Sea, Solar Lake and artificial solar ponds (63, 64). 

A variety of filamentous cyanobacteria, such as Oscillatoria neglecta, 0. 

limnetica, 0. salina and Phormidium amitiguum, have also been described that develop 

in the green second layer of mats in hypersaline lakes (63). These are more moderate 

halophiles, usually growing optimally at 1-2.5 mol/L NaC1, and form heterocysts that fix 

nitrogen. Another common species in the same family is Microcoleus chthonoplastes. 

Other phototrophic bacteria: Phototrophic bacteria occur beneath the cyanobacterial 

layers in anaerobic but lighted zones in hypersaline microbial mats (64). They usually 

grow anaerobically by anoxygenic photosynthesis, although many also have the capacity 

to grow aerobically as heterotrophs. They can use reduced sulfur (hydrogen sulfide, 

elemental sulfur), organic compounds or hydrogen as electron donors (64-66). They 

include green and purple sulfur and non-sulfur bacteria that are characterized by 
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bacteriochlorophyll pigments. The green sulfur bacteria, such as the slight to moderately 

halophilic (Chlorobium limicola and C. phaeobacteriales, deposit elemental sulfur 

granules outside their cells and are capable of nitrogen fixation. Chlorobium limicola can 

take up glycine betaine from the environment and synthesize trehalose for use as an 

osmolyte. The moderately halophilic, filamentous green non-sulfur bacteria such as 

Chloroflexus aurautiacus are also slightly thermophilic. Halophilic purple sulfur bacteria 

which deposit sulfur granules inside cells, include mainly moderate halophiles,. e.g. 

Chromatium glycolicum, which grows photoorganotrophically using glycolate and 

glycerol, C. violescens and C. salexigens., synthesize N-acetylglutaminylglutamine 

amide as a minor component of their compatible solute and use sucrose and glycine 

betaine from their environment. The moderate halophiles Thiocapsa roseoparsarcina and 

T. halophila from Guerrero Negro both synthesize sucrose and take up glycine betaine 

from the environment. T. halophila also synthesizes glycine betaine and N-

acetylglutaminylglutamine amide for osmoprotection. The moderately halophilic purple 

nonsulfur bacterium Rhodospirillum salexigens from evaporated seawater pools and R. 

salinarum from a saltern both use glycine betaine, and R. salexigens also uses ectoine as 

an osmolyte. The purple sulfur bacteria, Ectothiorhodospira sp., dominate alkaline soda 

lakes in Egypt and Central Africa. The moderate halophile E.marismortui is a strict 

anaerobe and uses carboxamines as compatible solutes and uses the osmolyte N-a-

carbamoyl-l-glutamine- 1 -amide. The extreme halophile E. halochloris, was the first 

bacterium shown to synthesize and accumulate ectoine, a cyclic amino acid, which it uses 

along with glycine betaine and trehalose as compatible solutes (63-66). 

Sulfur-oxidizing bacteria: Below the cyanobacteria and the phototrophic bacteria in 

microbial mats, halophilic, filamentous, carbon dioxide- fixing bacteria oxidize hydrogen 

sulfide (and elemental sulfur) to sulfate. Examples include the filamentous Achromatium volutans 

and Bacillus leptiformis from Solar Lake, Beggiatoa alba from Guerrero Negro. A 

unicellular halophilic, chemoautotrophic sulfur-oxidizing bacterium, Thiobacillus 

halophilus, from a hypersaline western Australian lake, has also been described (65, 66). 
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Anaerobic bacteria and archaea: A large variety of facultative and strictly anaerobic 

bacteria and archaea inhabit the bottom layers of microbial mat communities and 

sediment in hypersaline lakes (68). These include fermentative bacteria, homoacetogenic 

bacteria, sulfate-reducing bacteria and methanogenic archaea. Fermentative anaerobic 

bacteria that grow at saturated NaCl concentrations have been described. One example is 

Haloanaerobacter chitinovorans, isolated from a saltem, which is capable of fermenting 

chitin contained in brine shrimp and brine flies (68). Other more moderate halophilic 

isolates are H. saccharolytica, which ferments carbohydrates, Halobacterioides 

acetoethylicus, from an oil well, and Halocella cellulolytica, which ferments 

carbohydrates including cellulose. Sporohalobacter lorretii and S. marismortui are 

sporogenous and ferment carbohydrates. Several homoacetogens, strict anaerobes that 

produce acetate from oxidation of sugars or amines, have been described. For example, 

H.saccharolytica ferments carbohydrates and N-acetylglucosamine and can grow at a 

wide range of NaC1 concentrations. Acetohalobiurn arabaticum, which grows from 1- 4.5 

mol/L NaCl, grows on glycine betaine and trimethylamine. A. arabaticum, isolated from 

Lake Sivash, also has the ability to reduce carbon dioxide to acetate and is a likely 

competitor of sulfate-reducing bacteria for hydrogen. Sulfate-reducing bacteria use 

sulfate as the terminal electron acceptor, although many can also utilize other sulfur 

compounds, nitrate, and filmarate. They differ in their ability to oxidize different 

compounds, though most use low-molecular weight organic species such as lactate, 

pyruvate, ethanol and volatile fatty acids or hydrogen as electron donors. A few can use 

carbon dioxide as the sole carbon source. Although many slightly halophilic sulfate 

reducers have been isolated, mostly from marine environments, relatively few that can 

survive at an extremely high salinity have been cultured. Desulfovibrio halophilus, from 

Solar Lake, is a moderately halophilic sulfate-reducer that has been described. These can 

grow at up to 4 mol/L NaC1, but only relatively slowly. The osmoregulation of sulfate-

reducing bacteria has not been studied extensively; preliminary indications are that they 

do not synthesize compatible solutes but accumulate salts internally (67, 68). 

Methanogenic halophiles generally use methylotropic substrates rather than 

carbon dioxide, acetate and hydrogen, and are strict anaerobic archaea. Several, mostly 



moderate halophilic, methanogens have been identified, including Methanohalophilus 

halophilus from a microbial mat, M muhii from the Great Salt Lake, and M 

portucalensis from a saltern. The slight halophile Methanosalsus zhilinac is also an 

alkaliphile and a slight thermophile. The extremely halophilic methanogen, 

Methanohalobium evestigatum, with an NaC1 optimum of 4.5 mol/L, is also a 

thermophile with a temperature optimum of 50°C. Methanogenesis has also been reported 

from deep-sea brine pools in the Gulf of Mexico that contain moderately high salinity. 

Methanogens use b-amino acids (b-glutamine, N-e-acetyl-b-lysine) as compatible solutes 

and also play an important role in the anaerobic degradation of glycine betaine in their 

environments. Their intracellular salt concentration is somewhat higher than that of most 

bacteria, about 0.6 mol/L KC1, but is significantly lower than for the halophilic archaea 

(halobacteria) (69). 

Aerobic and facultative anaerobic gram-negative bacteria: Many moderately 

halophilic, heterotrophic gram-negative bacteria belonging to the Halomonas and 

Chromohalobacter genera have been described. Other genera with halophilic 

representatives include Salinovibrio, Arhodomonas, Dichotomicrobium, Pseudomonas, 

Flavobacterium, Alcaligenes, Alteromonas, Acinetobacter and Spirochaeta. Most of these 

are heterotrophs, and include Chromohalobacter marismortui from the Dead Sea, capable 

of nitrate reduction; Pseudomonas beijerinckii from salted beans preserved in brine and 

P. halophila from the Great Salt Lake (69, 70). Several Halomonas species are capable of 

nitrate reduction, including H elongata, isolated from a solar saltern, and H 

halodenitrificans, isolated from meat-curing brines, H. eurihalina, isolated from saline 

soil, which produces an extracellular polysaccharide, H. halodurans, from estuarine 

waters, which is capable of degrading aromatic compounds, H. halophila, from saline 

soil, H. panteleriense, from alkaline saline soil, which grows at a pH optimum of 9, H. 

salina, from saline soil and H. subglaciescola, from beneath the ice of Organic Lake in 

Antarctica. These organisms use primarily glycine betaine and ectoine as the compatible 

solutes. 

Among spirochaetes, the moderate halophile Spirochaeta halophila, is a 

chemolithotroph capable of iron and manganese oxidization. The flavobacteria 



Flavobacterium gondwanese and F. salegens, are psychrotolerant halophiles isolated 

from Antarctican lakes (69, 70). 

Gram-positive bacteria: This group includes moderately halophilic species of the 

genera Halobacillus, Bacillus, Marinococcus, Salinococcus, Nesterenkonia, and 

Tetragenococcus. They include cocci such as Nesterenkonia halobia, isolated from 

salterns, which produce yellow-red carotenoid pigments; Tetragenococcus halophilus, 

from fermented soy sauces and squid liver sauce, and from brine for curing anchovies, 

which are capable of lactic acid fermentation; and several Salinococcus species from 

salterns. Other examples include B. diposauri, from the nasal cavity of a desert iguana; B. 

halodenitrificans, from a solar saltern in southern France. Halobacillus litoralis and H. 

trueperi are found in the Great Salt Lake. Sporosarcina halophila is an endospore-

forming bacterium, from which the compatible solute N-e-acetyl-lysine was originally 

isolated. Many of these organisms use proline, ectoine or N-acetylated diamino acids, 

which they are capable of synthesizing, as a compatible solute. Actinomycetes from saline 

soils include Actinopolyspora halophila, which grows best at moderate NaC1 

concentrations and is one of the few heterotrophic bacteria that can synthesize the 

compatible solute glycine betaine, and Norcardopsis halophila, which uses a hydro)6, 

 derivative of ectoine and b-glutamate as compatible solutes (69, 70). 



3. Haloarchaea, the components of Archaea, the third domain of life 

The curtain raiser: In the late 1970s, the revelations of Woese and coworkers that 

life consisted not of two [namely eubacteria and eukaryotes (71-73)], but three 

distinct groups of organisms (74a-b, 75), viz., the eukaryotes and two kinds of 

prokaryotes, the eubacteria and the archaebacteria, represented a major milestone in 

not only microbiology, but biology as well. Subsequently, in 1990, Woese et al. (81) 

proposed the replacement of the bipartite view of life with a new tripartite scheme 

based on three kingdoms or domains: the Bacteria (eubacteria), Archaea 

(archaebacteria) and Eucarya (eukaryotes) (Fig. 9).C6,13) 

Such a revision had its roots in the evidence of rRNA phylogenies, which 

indicated that the archaebacteria deserved a taxonomic status as that of eukaryotes and 

eubacteria. Despite the addition of a large number of new species since then, the 

existence of three major groups or clades of organisms is consistent throughout rRNA 

phylogenies (82-85). Since then, the first complete genome from an archaebacterium 

(76) has been sequenced with several more soon to follow (77-79). However, the 

three-domain classification has been strongly argued against, by three notable groups 

(86-88). 

The subdivisions of Archaea: According to rRNA trees, there are two groups within 

the Archaea: the kingdoms Crenarchaeota and Euiyarchaeota (81). 

The kingdom Crenarchaeota consists of hyperthermophiles or 

thermoacidophiles (including genera such as Sulfolobus, Desulfurococcus, 

Pyrodictium, Thermoproteus and Thermofilurn). The kingdom Ewyarchaeota covers 

a broader ecological range, including the hyperthermophiles (Pyrococcus, 

Thermococcus), methanogens (Methanosarcina), halophiles (Halobacterium, 

Haloferax), and even thermophilic methanogens (Methanothermus, 

Methanobacteriurn, Methanococcus). Recent PCR (Polymerase Chain Reaction) 

amplifications of rRNA sequences from water and sediment samples have revealed a 

range of new archaeal species belonging to either kingdom living in mesophilic 

environments such as temperate marine coastal waters, the Antarctic Ocean, 

freshwater lakes, and even marine sponges (89-93); for instance, new archaeal rRNA 
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sequences have been detected that branch either deeply within the Crenarchaeota or 

just below the Crenarchaeota-Euiyarchaeota divergence (94, 95). These organisms 

have been tentatively assigned to a third kingdom, the Korarchaeota (Fig. 9). 

Archaea have some unique characteristics as well as unique combinations of 

characteristics once thought to be exclusive to either the bacteria or eukaryotes (96-

99). For example, haloarchaea and methanogens possess eukaryotic-like transcription 

and translation machinery, and, like some bacteria, a cell wall S-layer composed of a 

glycoproteina-ScD 

Some characteristics unique to Archaea include isopranyl ether lipids, the absence of 

acyl ester lipids and fatty acid synthetase, modified tRNA molecules, a split in one of 

the RNA polymerase subunits, a specific range of antibiotic sensitivities (97, 98, 99) 

and unique structures of membranes (101- 103). 

Archaeal lipids: Archaeal lipids differ from those of bacteria and eukaryotes in four 

significant ways. 

(i) Archaea have ether linkages established between glycerol and hydrocarbon chains 

while bacteria and eukaryotes have ester linkages. 

(ii) Archaea have highly methyl branched isopranyl chains, while hydrocarbons in 

bacteria and eukaryotes are predominantly straight-chain fatty acyl chains. 

(iii) Archaeal glycerol -ethers contain 2,3-sn-glycerol, which differs from the -1 ,2-sn-

glycerols found in the two other domains. 

(iv) Some lipids in archaea are tetraethers for which ester lipids have no comparable 

structures (101). 

Some archaeal lipid biosynthetic enzymes are also different. The methanogen 

Methanobacterium thermoautotrophicum has a bifunctional prenyltransferase that 

provides precursors to both squalene and isoprenoid glyceryl lipids, whereas bacteria 



and eukaryotes use separate enzymes for the synthesis of these short-chain molecules 

(104, 105). 

Metabolic uniqueness: Archaeal species possess metabolic regimes, significantly 

different from those of the Bacteria and eukaryotes (106-108, 109). For example, 

while both ATP-dependent and pyrophosphate-dependent phosphofructokinases can 

occur in bacteria and eukaryotes, archaea possess either ADP-dependent or 

pyrophosphate-linked kinases. Hexokinase is ATP dependent in bacteria, eukaryotes, 

and Thermoproteus but ADP-linked in the thermophile Pyrococcus (110). A pyruvate 

dehydrogenase multienzyme complex in bacteria and eukaryotes catalyzes the 

conversion of pyruvate to acetate, whereas archaea and some anaerobic eukaryotes 

(Entamoeba, Giardia, and Trichomonas) use pyruvate: ferredoxin oxidoreductase 

(106,109). Dihydrolipoamide dehydrogenase, a component of the pyruvate 

dehydrogenase complex (whose function is unclear), has been detected in halophilic 

archaea (111). 

CW 

CM 

CPL 

SL 

CM 

CPL 

Fig. 10: Comparative illustration of an eubacterial cell surface(L) and that of an 

archaeon (R); CW — Cell Wall; SL — S-layer; CM - Cell Membrane; CPL —

Cytoplasm O.") 



Archaeal membranes: Archaeal lipids lack fatty acids and are composed of 

repeating units of the hydrocarbon molecule isoprene. Archaeal lipids form either 

bilayers (phytanyl side chains are not bonded together), or monolayers (phytanyl side 

chains from each glycerol molecule are covalently bonded together biphytanyl). 

While archaeol (phytanylglycerol diether) is found in most methanogens and 

halophiles, caldarchaeol (biphytanylglycerol tetraether) is found in hyperthermophilic 

Archaea. 

Membrane lipids of archaea consist of two isoprenoid-branched, hydrocarbon 

side chains bound to the glycerol phosphate backbone in ether linkages (112, 113). In 

some cases, the side chains of diether lipids are linked head-to-head to form tetraether 

lipids (114). These span the membrane creating a monolayer, which contrasts the 

typical bilayer membrane form (115). Tetraethers are found in most of the cell 

membranes of thermoacidophiles and in varying ratios with diethers in methanogens 

(116-118). Halophiles possess only diethers (119) (Fig. 11a,b). The major salient 

differences between archaea, eubacteria and eukarya are given in Table.1 

Ecological distribution of Archaea: The phenotypically diverse group of Archaea 

was once thought to be limited to "extreme" habitats/environments (142), including 

those at high temperature, high salinity, and extremes of pH and in strictly anaerobic 

niches that permit methanogenesis, but recent ecological studies based on the 

comparison of 16S rRNA genes have revealed the ubiquitous occurrence of novel, 

uncultivated archaeal groups as common inhabitants of temperate and polar seas (124, 

91, 131, 133, 92, 140), freshwater lake sediments (127, 132, 138), and terrestrial soils 

(120, 129, 134). 

Crenarchaeal phylotypes have been found among marine picoplankton (91, 

124) in the gut of a deep-sea holothurian (133), in freshwater sediments (132, 138), in 

soil (129, 142), in deep subsurface sediments, in continental shelf anoxic sediments 

(134), and in moderate temperature (15 -30°C) hydrothermal vent microbial mats. Of 

these newly detected archaeal groups, the most frequently encountered are closely 

affiliated with the Crenarchaeota (141, 80, 81), a kingdom once thought to consist 

solely of thermophilic microorganisms. 



Cell 

organization 

Bacteria Archaea Eukarya 

Prokaryotic Prokaryotic Eukaryoti( 

Metabolic 

diversity 

very wide; almost entire 

metabolic diversity of living 

world 

more narrow metabolic 

diversity than bacteria 

but still very wide; 

some unique metabolic 

capabilities (e.g., 

met hanogenesis; 

halobacterial purple . 

membrane) 

narrow metaboli 

Transcriptional 

apparatus 

>simple= RNA polymerase 

complex 

more complex RNA 

polymerase (8-12 

subunits) 

complex RI\ 

polymerasi 

Translational 

apparatus 

>bacterial= 70S ribosomes 70S; but rRNA and 

ribosomal proteins 

more similar to 

eukaryotes 

Eukaryoti c 8 

ribosomes 

Motility 	and 

chemotaxis 

Bacterial flagella and 

chemotaxis system 

unique flagella; genes 

for bacterial 

chemotaxis 

eukaryotic micro 

based mot ili 1 

eukaryotic sig 

transductioi 

Cell 	wall 

structure 

Peptidoglycan based' 

• 

various types; some 

analogous to 

peptidoglycan cell 

walls 

(Methanobacteria) 

various types; 

similarity to prok 

cell walls 

Membrane lipid 

structure 

lipid bilayer composed of 

fatty acids ester-linked to 

glycerol 

lipid monolayer (C40) 

or bilayer composed of 

ether-linked isoprenoid 

lipids 

lipid bilayer comp 

fatty acids ester-li 

glycerol, stabiliz 

isoprenoid lip 

Table. 1 : Comparative features of Eubacteria. Archaea and Eukarya ( 

range 

A 

OS 

tubule 

nal 

 no - - - 

ryotic 

osed 

ked to 

ed by 

i ds 

00) 

s A 



Reproduction 

genetics 

Predominantly asexual 1' redominantly asexual ost (perhaps all) sexual 

t some life cycle stage 

Chromosome 

Organization 

single 	circular; 	histone-lik- 

proteins 

Ingle 	circular; 	tru 

istones 

ultiple linear; histones 

Genome size 0.7 - 9 Mbp 1.6 - 8 Mbp — 12 Mbp - 10,000 Mbp 

Gene 

organization 

Polycistronic operons; 

transcription coupled to 

translation 

polycistronic operons; 

transcription coupled 

to translation 

monocistronic genes; 

transcription separated 

from translation 

DNA replication Bacterial genes for eukaryotic 

replication origin and 

DNA polymerase 

eukaryotic 

Chromosome 

partitioning 

Bacterial genes for bacterial and 

eukaryotic components 

eukaryotic (mitosis) 

._ 	. 
Cell 	division 

cytokinesis 

FtsZ septal ring; many other 

components 

ome (euryarchaeotes 

ave FtsZ ring and 

•ther components; 

renarchaeotes have no 

*dentifiable bacterial 

or eukaryotic) 

omponents 

microtubule and actin 

based cytoskeleton 

Nucleus Absent Absent Present 	I 

Nucleoid Present Present Absent 

Endospore 

formation 

Occurs Absent Absent 

Table. 1 (Contd) : Comparative features of Eubacteria, Archaea and Eukarya Cloop 



Min 

Lipid monolayer Lipid bilayer 

Membrane protein —\ 

Q t  0 O) :•.) 0 

Biphytanyl 

Ester (Bacteria) 

0 

H2O 	R 	Ether (Archaea) 

H2o —6—o— R 

HC -0-C -R 	HC -0 -C -R 
0 	 0 

H2C - 0-  P 	H2C -0 - P - O- 

0- 

 

Linid monolayer 

Fig. 11(a) : Illustrations of lipids and membrane structures in archaea C 1007  

a A 



Phytanol 

CH2-0 

CH — 0 

CH2— OH 

A normal lipid 

Glycerol 	Ester bond 

CH 0 2—— C 

0 

CH —0— C 

Stearic acid 

CH2— OH 

Phytanylglycerol diether 

Dibiphytanyldiglycerol tetraether 

Tetraether with bipentacyclic 	biphytanyl chains 

Fig. 11(b) : Archaeal and non-archaeal linids (130) 



Peptidoglycan or Murein (Bacteria) 

0 

HC—CH3  

C=0 

c<—CH—C
/7 

 NH 0 
 /7 

I L-Alanine 

0 	 NH 

Lysozyme-
sensitive 
bond Peptide 	 

cross-links 

Pseudomurein contains Al-acetyl-
u•talosatnIn uronic acid, 

Pseudopeptidoglycan (Archaea) 
Pseudomurein 	Lysozyme-insensitive 

	

11-1.3 	11.1,3 

(11.01 1 	o  

\ 
k' 1 1 	 01 	 0 — 

— 0 
011 

H 

D•GIcNAc 	L-NAcTaINUA 

flu - 1`!i) 
{7 

L-Ab 

Lys 4- Liu 	acids, ... 
: c 7  f  y .4 Camino 

L•  

',au 1.-Lv5+i-Giu 
{ 7 	} 

L-Ab 	L.Afa 

i.-61-/whIlli, 

 / 

C—CH 	
/ ...and 13-1,3-1Inked sugars. 

rCH2—CH—COOH / 
NH2  N H I 	//. 0 	

II I 

o-Glutamic acid 
/ 

I 	
I 

1.1 	X,II.A4 

HOOC—C —CH2—CH2—CHrC I-I — C 	 i I 1 i U  \II ,1 ii  

IA 	

II 
I 

I 	 I 
Meso-diamino- 	NH o_Nanine 	 off  H")  H L 0- , 	1 - . 1\,..0  pimelic acid  

H3C—CH 7 CCOH 	 —0 ----' MIK 	I:1 fp 1 

	

L-NAcTaINLIA 	D-GlcNAc 

Fig. 12: Peptidoglycan as the contrasting feature of eubacterial 
cell wall as compared to archaeal cell wall C 1-00D 



In the wake of the widespread occurrence of members of Archaea, 

archaebacterial lipids have turned out to be potentially useful biogeochemical tracers. 

Acyclic and cyclic ether lipids have been detected in a wide variety of marine 

sediment samples (121, 122, 125, 103; 135, 136). Since archaebacterial lipids are 

more resistant to degradation and turnover than the ester-linked lipids of bacteria and 

eucarya (124, 126, 137), the presence of archaeal tetraethers as "molecular fossils" in 

ancient sediments and petroleum deposits is proof of their widespread occurence. 

Archaea in marine ecosystems: Even though methanogens were considered to be the 

major archaeal components of the marine microbial diversity,. the presence of 

euryarchaeal phylotypes (164) in continental shelf sediments, and the identification of 

archaeal ether lipids in marine sediments that differs from those commonly 

synthesized by methanogens (149), is supportive of the hypothesis that Archaea other 

than methanogens are important members of the microbial community in marine 

sediments. Considering the relative stability of ether lipids, and the abundance of 

nonthermophilic crenarchaeotes in marine habitats, it is believed that planktonic 

archaea (89, 90, 91, 149, 150) may well contribute to carbon deposition in the sea in 

part through production, sedimentation, and accumulation of their biphytanyl tetrather 

lipids in marine sediments. Besides, marine psychrophilic type archaeal members 

have been found to be closely related to uncultivated freshwater mesophilic archaea 

and terrestrial archaeal members (133, 151, 152) 

Much of the organic input into the oceanic sediments (which make up more 

than 50% of the earth's surface) is recycled by the benthic microbial communities 

(143). Although several recent studies have characterized microbial communities 

involved in carbon and sulfur cycling in coastal benthic environments (144-148), little 

is known of microbial populations in deep-sea sediments, particularly with respect to 

Archaea, whose population structure, global distribution, and possible contribution to 

organic turnover in deep-sea sediments are virtually unknown. 
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Haloarchaea 

Halophiles - a general description: Halophiles are salt-loving organisms that were 

thought to inhabit hypersaline environments and can be loosely classified as slightly, 

moderately or extremely halophilic, depending on their requirement for NaCl. They 

include mainly prokaryotic and eukaryotic microorganisms with the capacity to 

balance the osmotic pressure of the environment and resist the denaturing effects of 

salts. Halophiles are found distributed all over the world in hypersaline environments, 

many in natural hypersaline brines in arid, coastal, and even deepsea locations, as well 

as in artificial salterns used to mine salts from the sea (69, 70). • 

Halophilicity and Osmotic Protection: Extreme halophiles are distinguished by 

their requirement of hypersaline conditions for growth. Halophiles may be classified 

according to their salt requirement: slight halophiles grow optimally at 0.2-0.85 

mol/L (2-5%) NaCl; moderate halophiles grow optimally at 0.85-3.4 mol/L (5-20%) 

NaCl; extreme halophiles grow optimally above 3.4-5.1 mol/L (20-30%) NaCl. 

Nonhalophiles grow optimally at less than 0.2 mol/L NaC1 (70).• Halotolerant 

organisms can grow both in high salinity and in the absence of high concentrations of 

salts. Many halophiles and halotolerant microorganisms grow over a wide range of 

salt concentrations with requirement or tolerance for salts depending on 

environmental and nutritional factors.C6a- 

High osmolarity in hypersaline conditions can be deleterious to cells due to 

loss of water to the external medium to achieve osmotic equilibrium. To prevent such 

a loss, halophiles accumulate high solutki concentrations within the cytoplasm (154). 

The maintenance of the cell volume depends on the isoosmotic balance with the 

medium This is taken care of by the accumulation of compatible solutes or osmolytes 

such as amino acids and polyols, e.g. glycine betaine, ectoine, sucrose, trehalose and 

glycerol, which do not disrupt metabolic processes and have no net charge at 

physiological pH. Haloarchaea accumulate KC1 equal to the external concentration of 

NaCl. While halotolerant yeasts and green algae accumulate polyols, many halophilic 

and halotolerant bacteria accumulate glycine betaine and ectoine (70). Compatible 
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solute accumulation may occur by biosynthesis, de novo or from storage material, or 

by uptake from the medium. 

Hypersaline Environments: Hypersaline environments are generally defined as 

those containing salt concentrations, greater than that of sea water (3.5% total 

dissolved salts)(198). Many hypersaline bodies derived from the evaporation of sea 

water, are called thalassic. Diverse microbial life exists in thalassic brine from marine 

salinity up to about 3-3.5 mol/L NaCI, at which point only a few extreme ha1ophiles 

can grow, e.g. Halobacterium, Dunaliella, and a few bacterial species.C.33 

Athalassic waters are those in which the salts are of nonmarine proportion; for 

example the concentration of sea water leads to precipitation of NaCI, leaving a high 

concentration of potassium and magnesium salts. This point marks the upper limit of 

resistance of all biological forms. The two largest and best-studied hypersaline lakes 

are, the large (3900km 2) and shallow (10m) Great Salt Lake, in the western United 

States (containing salts that are close in relative proportion to sea water), and the 

smaller (800 km2) and deeper (340m) Dead Sea, in the Middle East (with a very high 

concentration of magnesium salts). Both the lakes are close to neutral pH though the 

Great Salt Lake is slightly alkaline while the Dead Sea is slightly acidic. The 

compositions of these lakes are fairly constant, although recent human activities have 

affected the chemistry and biology of both (155). 

Many small evaporation ponds or `sabkhas' are found in coastal areas, where 

sea water penetrates through seepage or via.narrow inlets from the sea. Examples are 

the Solar Lake, Gavish Sabkha and Ras Muhammad Pool near the Red Sea coast, 

Guerrero Negro on the Baja California coast, Lake Sivash near the Black Sea, and 

Sharks Bay in western Australia. Hypersaline evaporation ponds have also been found 

in Antarctica (e.g. Deep Lake, Organic Lake and Lake Suribati) (70), several of which 

are stratified with respect to salinity. A number of alkaline hypersaline soda brines 

also exist, including the Wadi Natrun lakes of Egypt, Lake Magadi in Kenya, the 

Sambhar Lake of Gujarat, India and the Great Basin lakes of the western United 

States (Mono Lake, Owens lake, Searles Lake and Big Soda Lake), several of which 
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are intermittently dry. Soda brines lack magnesium and calcium divalent cations 

because of their low solubility at alkaline pH (70). Many smaller hypersaline pools, 

such as estuarine saltpans are dynamic environments, experiencing significant 

seasonal variations in size, salinity and temperature. In addition to natural hypersaline 

lakes, numerous artificial solar salterns have been constructed for the production of 

sea salts (Fig. 13) — ex. the salt pans of the estuarine network system in Goa, India 

(439). These usually consist of a series of shallow evaporation ponds connected by 

pipes and canals. As evaporation occurs, brine is directed into ponds with 

progressively greater salinities until sequential precipitation of calcium carbonate, 

calcium sulfate (gypsum) and NaC1 (halite) occurs. 

Hypersaline environments also occur in subterranean evaporite deposits and 

deep-sea basins created by the evaporation and flooding of ancient seas. Deep-sea 

brines are relatively stable as a result of their higher density and have been found in 

the Red Sea and Gulf of Mexico (156). Preliminary studies have suggested that 

microbial activity occurs in some deep-sea hypersaline basins and viable 

microorganisms may be recoverable from brine inclusions in ancient salt deposits 

over 100 million years old (201). 

A common phenomenon in hypersaline environments is the production of 

gradients of salinity owing to the evaporation of sea water. This process leads to 

sequential blooms of diverse microbial.species adapted to ranges of salinity. As brine 

is concentrated from 1 mol/L NaC1 to about 3.5 mol/L, dense algal populations are 

supported, on which brine shrimp and larvae of brine flies feed. Protozoa are also 

found, as are yeasts and other fungi. Microbial mats, containing predominantly 

photosynthetic unicellular and filamentous cyanobacteria, and purple and green sulfur 

and non-sulfur bacteria, cover the bottom of many hypersaline ponds. In the anoxic 

zones of the mats and in the sediment below, a variety of sulfur-oxidizing, sulfate-

reducing, homoacetogenic, methanogenic and heterotrophic bacteria and archaea 

occur. From about 3.4mol/L NaC1 to saturation ( 5.2 mol/L NaC1), red-orange 

haloarchaea dominate the brine pools and other microbial activity ceases 

considerably. 
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Fig. 13: Halobacterial bloom in a solar saltern leading to reddening of the brine.( 197) 

Fig. 14: Potassium gradient in haloarchaea maintained by the combination of an 
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High saline waters originate either by seawater condensation (thalassohaline) 

or by evaporation of inland surface water (athalassohaline). The salt composition of 

thalassohaline waters resembles that of seawater with NaC1 as the main constituent. 

Microflora have been found in all types of saline waters, indicating that 

halophilic microorganisms tolerate and adapt to different stressors like high pH or 

extreme temperatures. Cold salt lakes, like the well-studied Organic Lake in the east 

Antarctic Vestfold region, are thought to perhaps resemble the extraterrestrial 

environments on the Jovian moon Europa (175). Eukaryotic algae of the genus 

Dunaliella and procaryotes, including, moderately halophilic chemoheterotrophic 

Bacteria and many strains belonging to genera including Halomonas and 

Flavobacterium ate found in this ecosystem, some of which display a broad salt 

tolerance from 0.5 to 20% and are able to grow at temperatures below 0 °C. 

Haloarchaea have been suggested to be the prevailing types of viable 

halophilic microorganisms in rock salt environments (157-172, 199). To some extent, 

their prevalence may be due to the methods of enrichment, which favor selection of 

mainly aerobic, neutrophilic, heterotrophic and reasonably fast growing halophiles. 

Extremely halophilic bacteria of mostly white or yellowish appearance were 

recovered from brine pools, brine injection fluids, and only rarely from rock salt 

(168). Norton et al. (171) classified isolates from two British salt mines of Permian 

and Triassic age as Haloarcula and Halobacterium species on the basis of polar lipid 

composition. Their strain was later identified as a close relative of Halobacterium 

(now Halorubrum) saccharovorum byv analysis of its 16S rRNA sequence (174), 

whole cell protein composition and presence of•a typical ATPase (173). Halococcus 

salifodinae was isolated from Permian rock salt in Austria and was described as a 

novel species (172). 

Examples of well-adapted and widely distributed extremely halophilic 

microorganisms include the archaeal Halobacterium sp. The extremely halophilic 

archaea, in particular, are well adapted to saturating NaC1 concentrations and have a 

number of novel molecular characteristics, such as enzymes that function in saturated 
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salts, purple membrane that allows phototrophic growth, sensory rhodopsins that 

mediate the phototactic response, and gas vesicles that promote cell flotation. 

Haloarchaeal adaptatiOn to hypersaline conditions — a big piece of the archaean 

jigsaw? : 

The earliest prokaryotic fossils in ancient stromatolites more than 3.5 billion years old 

are very similar in appearance to the microbial mats found in modem hypersaline 

ponds. This and the likelihood of concentration of brines during prebiotic evolution, is 

at the root of the postulate that, adaptation to salts may have been among the earliest 

evolutionary inventions (181). 

Studies on molecular mechanisms of adaptation to hypersaline conditions have 

shown that some haloarcheal DNA sequences adopt a left-handed Z-DNA 

conformation, but any biological role of this unusual structure is unknown. 

These extreme halophiles grow best at the highest salinities (3.4-5 mol/L 

NaC1), forming dense blooms (up to 10 8  cells/ml), and resulting in the red color of 

many brines (Fig.13). Common species of halobacteria are rod-, cocci- or disc-

shaped, although triangular and even square-shaped species exist. Many are 

pleiomorphic, especially when the ionic conditions of the media are altered, and most 

lyse below 1-1.5 mol/L NaCl. Haloarchaea (also called halophilic archaea) are 

classified under the family Halobacteriaceae , Ten genera have been reported, 

Halobacterium, Haloarcula, Halococcus, Haloferax, Halorubrum, Halobaculum, 

Natronobacterium, Natronococcus, Natrialba, Natromonas, and an eleventh genus, 

Haloterrigena. Several closely related Halobacterium strains (originally designated 

H halobium, H salinarium, and H cutirubrum) isolated in the mid-twentieth century 

from salted fish and meat from northern Europe and N.America were the first to be 

studied. These are amino acid-utilizing facultative aerobes requiring a number of 

growth factors and elevated temperatures (38-45 °C) for optimal growth and have 

distinctive features such as gas vesicles, purple membrane and red-orange 

carotenoids. Many have the ability to grow in the absence of oxygen via dissimilatory 

nitrate reduction and denitrification, fermentation of different sugars, breakdown of 
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arginine, and use of light energy mediated by retinal pigments. Several more species 

oxidize carbohydrates, e.g. Haloarcula marismortui, Haloarcula vallismortis, and 

Haloferax volcanii (from the Dead Sea), Haloferax mediterranei and Halorubrum 

saccharovorum (from salterns)(200) and Halorubrum lacusprofundi, a 

psychrotolerant species (from Deep Lake, Antarctica). A modified Entner—Doudoroff 

pathway, oxidizes glucose and the pyruvate resulting is further oxidized by pyruvate 

oxidoreductase and the tricarboxylic acid cycle. Several strains are capable of growth 

on single carbon sources such as sugars, glycerol and acetate. 

Some halobacterial species growing in alkaline lakes are alkaliphilic and 

others are acid-tolerant. Natronobacterium pharaonis from Wadi Natrun, and 

Natronococcus occultus from Lake Magadi, have pH optima in the range 9.5-10 and 

do not grow below pH 8.5. Slight acidophiles, such as Haloferax volcanii and H 

mediterranei, grow at pH values as low as 4.5. The intracellular salt concentration of 

haloarchaea is extremely high and usually organic compatible solutes are not 

accumulated in the extreme halophiles. Potassium ions accumulate internally up to 5 

mol/L concentration. The content of sodium ions is often in the molar range, although 

the ratio of cytoplasmic potassium to sodium is high. The potassium gradient is 

maintained by the combination of an electrogenic sodium ion/proton antiporter and a 

potassium ion uniporter (Fig.14) Amino acid uptake is carried out by a sodium 

ion/amino acid symporter. 

Haloarchaeal proteins are either, salt resistant or require salts for activity and 

contain an excess ratio of acidic to basic amino acids (a requirement for activity at 

high salinity), similar to halophilic eubacterial proteins. Surface negative charges aid 

in the solvation of halophilic proteins, and prevent the denaturation, aggregation and 

precipitation that usually result when nonhalophilic proteins are exposed to high salt 

concentrations. The structure of one enzyme of halobacteria, malate dehydrogenase, 

has been determined by X-ray crystallography (176). 

A unique feature of haloarchaea is the purple membrane, specialized regions 

of the cell membrane that contain a two-dimensional crystalline lattice of a 

chromoprotein, bacteriorhodopsin. Bacteriorhodopsin contains a protein moiety 

"AA 



(bacterioop .:1)) and a covalently bound chromophore (retinal) and acts as a light-

dependent transmembrane proton pump (177) (Fig.15). The membrane potential 

generated is used to drive ATP synthesis and support a period of phototrophic growth. 

Bacteriorhodopsin, which is induced by low oxygen tension and high light intensity, 

often covers more than 50% of the cell surface. 

Haloarchaea produce large quantities of red-orange carotenoids, which 

stimulate an active photorepair system for repair of thymine dimers resulting from 

ultraviolet radiation. The most abundant carotenoids are C-50 bacterioruberins; 

• smaller amounts of biosynthetic intermediates such. as 13-carotene and lycopene are 

also present. Retinal is produced by oxidative (requiring molecular oxygen) cleavage 

of 13-carotene. Several retinal proteins, in addition to bacteriorhodopsin, are also 

produced by haloarchaea, including halorhodopsin (an inwardly directed light-driven 

chloride pump), and two sensory rhodopsins (mediating the phototactic response, i.e., 

swimming towards green light and away from blue and ultraviolet light) (178). 

Haloarchaea produce gas vesicles (buoyant hollow proteinaceous structures 

surrounding a gas-filled space), like many aquatic bacteria (179). The function of the 

haloarchaeal gas vesicles in concentrated brines (with poor solubility of molecular 

oxygen, especially at high temperatures), is to enable the cells to float to the more 

oxygenated surface layers and to increase the availability of light for purple 

membrane-mediated photophosphorylation. }Taloarchaeal mutants (formed as a result 

of recombinational events promoted by transposable insertion sequences) lacking in 

purple membrane, gas vesicles or carotenoids occur spontaneously at high frequency. 

Haloarchaea also contain large dynamic plasmids, which are reservoirs of 

transposable insertion sequences. 

Some haloarchaeal strains also produce bacteriocin-like compounds 

(halocins), which are active against other strains; this aspect of the ecology of this 

group of organisms vis-a-vis competitive survival of haloarchaea in presence of too 

little nutrient support, has not been investigated (442) 
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Biotechnology: Halophiles can survive and flourish in environments that limit the 

growth of most other organisms. Hypersaline environments are ubiquitous and they 

are spreading as a result of irrigation and other uses of fresh water. Many natural 

geological formations, such as petroleum reserves, are associated with hypersaline 

brines. Many industrial processes also use salts and frequently release brine effluent 

into the environment. Current commercial uses of halophiles include fermentation of 

soy and fish sauces, 0-carotene production, aquaculture, and yet their great potential 

for biotechnology (180) needs further exploration. The large variety of stable and 

unique halophilic enzymes (including many hydrolytic enzymes such as DNAases, 

lipases, amylases, gelatinases and proteases) compete effectively with salts for 

hydration, a property that may result in resistance to other low-water-activity 

environments, such as in the presence of organic solvents, indicating that halophiles 

could be useful for bioremediation of contaminated hypersaline brine. Novel 

halophilic biomolecules may also be used for specialized applications, e.g. 

bacteriorhodopsin for biocomputing, gas vesicles for bioengineering floating particles, 

pigments for food colouring, and compatible solutes as stress protectants (180). 

As a result of natural and man-made global changes, hypersaline environments 

are on the increase. Moreover, hypersaline environments may easily be created by the 

concentration of seawater in and environments, 

These facts, together with the occurrence of novel and stable biomolecules in 

halophiles, suggest that these organisms will prove even more valuable in the future. 

The archaeal cytoplasmic membrane contains unusual lipids, which are made 

up from CI.' isoprenoid units (as for the side chains of ubiquinone) rather than CI.  units 

as in normal fatty acids. Moreover, the isoprenoid chains are attached to glycerol by 

ether linkages instead of esters (102). The major components are the diphytanyl ether 

analogs of phosphatidyl glycerol (4%) phosphatidyl glycerol phosphate (65%), 

phosphatidyl glycerol sulfate (4%), and a 3-sugar glycolipid sulfate (25%) (113). 

The phytane chain has 20 carbon atoms with four branches (3,7,11,15- 

tetramethyl hexadecyl). Neutral lipids make up around 10% of the lipids and include 

squalene and its derivatives (C30), menaquinone-8, carotenoids (C40), 



bacterioruberins (C50 analogs of carotenoids) and diphytanyl-glycerol - all isoprenoid 

derivatives. Isoprenoid lipid chains of 40-50 carbon atoms can stretch across the 

whole membrane (113). Bacterioruberin has hydroxyl groups on the inside and the 

outside of the membrane (Fig: 16). 

Some haloarchaea contain a vestigial fatty acid synthetase, which is strongly 

inhibited by high NaC1 concentrations; in contrast, the mevalonate pathway for 

isoprenoid synthesis is dependent on high salt concentrations (4M) (102). 

Surface Glycoprotein: Haloarchaea lack peptidoglycan; their shape is maintained by 

an outer layer of structural protein, a glycoprotein (a protein with attached sugar 

residues) (441). If the salt concentration drops much below 4M, haloarcheal cells lose 

shape (due to disintegration of the glycoprotein envelope) and lyse. 

The glycoprotein of H salinarium is 200,000 daltons, contains about 10% 

carbohydrate and is extremely acidic. It comprises about 50% of the envelope proteins 

(there are about 15-20 proteins in the envelope). One N-linked oligosaccharide and 

36-38 0-linked di/trisaccharides are found, all clustered in a region of the protein of 

55,000 MW, resembling eukaryotic surface glycoproteins (441). 

Ionic Relationships: Haloarchaea live in approximately 4M NaC1 containing much 

lower amounts of K+, Mg2+ etc. They accumulated K+ inside and keep the Na+ 

outside. The PMF (Protonmotive force) of haloarchaea is mostly used for ion 

pumping. Na+ is pumped out by proton antiport, which uses 2H+ per Na+ (energy is 

provided both by the charge gradient and the pH gradient components of the proton 

motive force). K+ is accumulated to replace the Na+ and its uptake is driven by the 

charge gradient. Ca2+ is expelled by antiport, in exchange for 2Na+. The resulting ion 

gradients (4M NaC1 outside, 4M KC1 inside) are extremely large and contain a lot of 

energy and are used in transport of nutrients. Amino acid uptake by haloarchaea is 

driven by the Na+ gradient and the charge gradient (443). 



Sources of the Proton Motive Force: Two mechanisms exist in the cytoplasmic 

membrane to generate the proton motive force in haloarchaea: respiration and 

photosynthesis. 

The red membrane is the site of respiration, which is colored by carotenoids 

and other pigments. The respiratory chain contains b and c cytochromes, and 

cytochrome oxidase and is salt dependent. Three pairs of protons are ejected per 

oxygen atom reduced i.e. there are three coupling sites. Light absorbed by the purple 

membrane can inhibit respiration. The purple membrane is the site of photosynthesis. 

Haloarchaea do not perform true photosynthesis. They obtain_ energy from light but 

they do not use light to generate reducing power and they cannot fix carbon dioxide. 

Haloarchaea are heterotrophic and need a source of organic food. The extra energy 

they obtain from light is mostly used to maintain their ionic composition. Patches of 

purple membrane form in the light especially if the oxygen level is low. Protons are 

pumped out by operation of the purple membrane just as in the case of the respiratory 

chain. The purple membrane contains 25% lipids and 75% protein all of which is 

bacteriorhodopsin, which is arranged in groups of 3 molecules surrounded by lipid 

and with a few lipid molecules in the hole in the center of the trimer. The presence of 

arginine plays an important role in the functioning of the purple membrane (440). 

Under anaerobic conditions, in the presence of arginine, light-driven ATP synthesis is 

suppressed, and an arginine dihydrolase gets coupled to energy production. Under 

fluctuating oxygen concentrations in saline environments, the ability to grow under 

'reduced or anaerobic conditions may offer an ecological advantage. 

Halorhodopsin: Halorhodopsin is also found in the purple membrane of some 

haloarchaea. It contains the same retinal pigment as bacteriorhodopsin and absorbs 

light, which it converts to an ion gradient. However instead of pumping protons out, 

like bacteriorhodopsin, it pumps chloride ions inwards. Since chloride ions have a 

negative charge, moving chloride inwards is equivalent in terms of energy to moving 

a proton outwards. ThusAalorhodopsin generates a chloride ion gradient, which also 

supplies energy (177). 



A brief note on eukaryotic halophiles 

Multicellular eukaryotes: Few eukaryotes tolerate hypersaline conditions and the 

highest salinity at which any vertebrates have been observed (e.g. Tilapia sp) is about 

1 mol/L NaCl. A variety of obligate and facultative halophytic plants, e.g. Atriplex 

halimus (182) and Mesembryanthemum crystallinum (183), can survive in moderately 

high saline soils. There are also some invertebrates that can survive in hypersaline 

environments; examples are rotifers (Brachionus angularis and Keratella quadrata), 

tubellarian worms (Macrostomum sp.), copepods (Nitocra lacustris and Robertsonia 

salsa), ostracods (Cypridis torosa, Paracyprideinae spp., Diacypris compacta, and 

Reticypris herbsti (184). 

Insects (brine flies Ephydra hians and E. gracillis) (185), brine shrimp 

(Artemia franciscana) (186) and related species, and birds such as the pink flamingo 

are also found in some hypersaline environments. 

Algae: Dense populations of obligately aerobic, photosynthetic, unicellular eukaryotic 

green algae occur at moderately high salinities (1-3.5 mol/L NaC1); they produce 

large quantities of orange-colored p-carotene at high salinities. Green algae of the 

genus Dunaliella, ex., Dunaliella salina, D. parva, and D. viridis, are ubiquitous and 

are the main source of food for brine shrimps and the larvae of brine flies. Most 

species of green algae are moderate halophiles, with only a few extremely halophilic 

sikcies, e.g. D. salina and Asteromonas gracilis, which 'can grow even in saturated 

NaCl. Algae predominantly use polyols as compatible solutes. In D. salina, glycerol is 

synthesized in response to osmotic stress (187). 

Protozoa: A large variety of protozoa, which are cell wall-less chemoheterotrophic 

protists that ingest algae and bacteria, occur in some hypersaline environments (ex., 

the moderate halophile Fabrea salina from a west Australian lake and Porodon 

utahensis from the Great Salt Lake) (188). 

Fungi: Debaromyces hansenii is a halotolerant yeast, isolated from sea water, that can 

grow aerobically up to salinities of 4.5 mol/L NaC1 and produces glycerol as a 

compatible solute during the logarithmic phase and arabitol in the stationary phase 
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(189). A saprophytic hyphomycete, Cladosporium glycolicum, grows on submerged 

wood panels at a salinity exceeding 4.5 mol/L NaC1 in the Great Salt Lake. Halophilic 

fungi, e.g. Polypaecilum piste and Basipetospora halophila, have also been isolated 

from salted fish. 

Viruses: Not much is known about viruses that are obligately halophilic in nature — a 

brief report (190) indicates the possible role of viruses in the decline of halophilic 

archaeal communities in the hypersaline environs of the Dead Sea. 

Uncultivated Phylotypes: PCR (Polymerase Chain Reaction) amplification of 

diagnostic molecules, such as the 16S rRNA genes, and subsequent sequencing of 

cloned products obviates culturing of microorganisms and has permitted the detection 

of novel and unexpected phylogenetic groups, e.g., in ocean samples (89, 191). DNA 

sequences derived from about 60 cloned PCR products indicated the presence of five 

clusters of distinct phylotypes and the presence of several uncultivated novel 

haloarchaeal taxa (192). 

Long-Term Survival of Haloarchaea in ancient rocks/deposits: Starvation 

responses of several bacterial genera have been studied in vitro., including 

miniaturization of cells, protein degradation, reduction in endogenous respiration rate, 

and others (10, 193, 200). No similar studies have yet been made with haloarchaea. 

• 	 4 

Halophilic isolates from rock salt are believed to be the remnants of 

populations, which inhabited the ancient brines and were included in salt crystals 

upon evaporation (201). Entrapment of haloarchaea in fluid inclusions was 

demonstrated in vitro., when salt crystals with embedded Archaea were produced 

(194), and from which viable haloarchaea could be cultivated after at least 6 months. 

Other suggested possibilities for the longevity of haloarchaea include the 

formation of resting stages or cyst-like structures, as described for extremely 

haloarchaea from soil (Halobacterium distributum and Natronomonas (formerly 

Natronobacterium pharaonic) (195, 196). 
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Antibiotics and Archaea: Antibiotics with specific activities are powerful tools for 

physiological, genetic, biochemical, and evolutionary studies. Antibiotics may block 

metabolic pathways, membrane transport, or macromolecular synthesis by 

interference with the function of essential high and low molecular weight compounds. 

Antibiotics are therefore, important tools for elucidating biochemical and genetic 

mechanisms in the cell (203). First attempts to establish comparative surveys of the 

antibiotic sensitivity of members of the other two kingdoms (205-207) have shown 

that the methanogens and halophiles tested are sensitive to a much smaller number of 

antibiotics than are the eubacteria. They are also not sensitive to cycloheximide, a 

typical inhibitor of eukaryotic cells, thus dndicating that antibiotics may lack many of 

the target sites present in the eubacteria or the eukaryotes. Lack of susceptibility to an 

antibiotic may be caused by the impermeability of the cell envelope or the 

cytoplasmic membrane, by the lack of a respective intake system, or by the ability of 

the organism to inactivate the antibiotic. 

Cell envelopes of the various archael groups lack the common cell wall polymer, such 

as the eubacterial murein (peptidoglycan) (204), common target for any group of 

antibiotics. Thus, antibiotics that interfere with the synthesis of muramic acid 

(fosfomycin; 208), of the UDP-MurNAc-pentapeptide precursor of murein (D-

cycloserine, vancomycin), or the cross-linking reaction (Penicillin, cephalosporin, 

nocardicin A), generally do not inhibit archaebacteria. 

Bacitracin, the best known inhibitor of the lipid cycle of murein biosynthesis, prevents 

the dephosphorylation of isoprenoyl pyrophosphate to the respective monophosphate, 

an essential reaction in the biosynthesis of murein (209) and inhibits.the attachment of 

the sugars to the glycoprotein due to the assembly of the oligosaccharide units on 

polyisoprenoid carrier lipids. Bacitracin inhibits methanogens containing 

pseudomurein (whose biosynthesis may involve lipid intermediates), and also M 

vannielli and the halophiles, lacking pseudomurein. Bacitracin is suggested to act on 

archaebacteria "through inhibition of dephosphorylation of the isoprenoyl 

pyrophosphate precursor of this organism's diether lipids" as pointed out by Basinger 

and Oliver (210). 



Of the antibiotics that prevent the incorporation of the lipid-bound precursor into the 

glycan strands, gardimycin (211) inhibits the methanogens and halophiles, whereas 

enduracin (212) and nisin (213) inhibit only the pseudomurein-containing 

methanogens. 

Flavomycin, which also reported to prevent the formation of glycan stands of murein 

(214, 215), does not inhibit archaebacteria. High levels of flavomycin (5.0 mg/liter) 

do not inhibit methanogens (216) (with the exception of Methanobacterium bryantii 

and Halobacterium halobium). The sensitivity of H halobium toward flavomycin, 

was reported by Mescher and Strominger as well (217). Halobacterium halobium and 

H cutirbrum are highly susceptible to rifampicin (with a MIC of 4µg/ml) in vivo 

(218, 207). This strong inhibitor effect has been suggested to be due to the 

interference of rifampicin, with the integrity of the cytoplasmic membrane causing 

rapid-lysis at a concentration of 100 µg/ml and slow lysis at 10µg/m1 (219). 

Thus antibiotics inhibit archaebacteria by different mechanisms. They may interfere 

with different lipid-bound precursors of various carbohydrate-containing polymers 

(pseudomurein, heteropolysaccharides, glycoprotein) or with the biosynthesis of 

isoprenoid diether lipids, typical of archaebacteria (114). 
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4. Hydrocarbons in marine/coastal ecosystems 

4.1. Impact of hydrocarbons on marine ecosystems 

The Big Picture: Anthropogenic impact on the aquatic environment encompasses the 

cumulative manifestation of all kinds of human activity which causes obvious and/or 

hidden disturbances in the natural structure and functions of aquatic biotic communities, 

anomalies in their habitats, changes in the hydrology and geomorphology of water bodies 

(diminishing their fisheries and recreational value) and other negative effects of 

ecological, economic. / socio-economic nature. This definition is based on the extent of 

anthropogenic impact on the hydrosphere, which is illustrated by the fact that more than 

70% of the world's human population resides within 100 km of the coast (38, 220). The 

phenomena that accompany these processes range from changes in temperature regime 

and radioactive background, discharges of toxic effluents and inflow of nutrients, 

irretrievable water consumption to destruction of entire shorelines (220, 221). 

Many pure inland activities also lead to the ecological changes- in the marine 

environment, affecting the ecology of estuaries, bays, coastal waters. , and sometimes of 

entire seas (224). Over 80% of all marine pollution comes from land-based activities and 

many pollutants are deposited in estuaries and coastal waters, and, the pollutants enter 

marine food chains, building up their concentrations until they reach toxic levels; 

examples of activities include dam construction, removal of river water for irrigation, 

cutting of forests, use of chemicals in agriculture, atmospheric emissions from factories 

and automobiles, sewage discharges into lakes and rivers (222, 223, 224) and many other 

activities that take place hundreds and thousands of kilometers away from the seashore. 



All of these activities affect (usually directly and hazardously) the continental 

shelf ecology (220), since, for centuries, the coastal and continental shelf zones have been 

the center of various human activities. At present, the anthropogenic disturbances of the 

shelf zone, found on a global scale, have reached critical limits, a consequence of rapid 

economic growth and shortsighted environmental policy. Thus, deterioration of coastal 

ecosystems appears to be accelerating (225-228), while there is a paucity of knowledge 

on how complex aquatic communities (including microbial) are being altered in structure 

and function (222). 

Perhaps the most important feature of the global marine pollution scenario is the 

increase in the frequency of major incidents leading to large-scale marine pollution in the 

developing countries of the southern hemisphere in recent times, as compared to a decade 

ago, when large-scale pollution was restricted mainly to the oceans of the north, where 

the main industrial centers and pollution sources are concentrated. 

Pollutant input into the marine environment: Among all the diversity of human 

activities and 'sources of pollution, there can be distinguished three' main ways that 

pollutants enter the marine environment: 

•direct dischdrge of effluents and solid wastes into the seas and oceans (industrial 

discharge, municipal waste discharge, coastal sewage, and others); (229) 

• land 	runoff 	into 	the 	coastal 	zone, 	mainly 	with 	rivers; 
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*atmospheric fallout of pollutants transferred by the air mass onto the seas' 

surface. 

A number of pollutants (metals, nitrates, phosphates, oil and other hydrocarbons), which 

make this task even more complicated, are distributed in the marine environment in the 

background of natural biogeochemical cycles of the same substances. There are 

numerous examples when extremely high concentrations of oil and gas hydrocarbons, 

heavy metals, radionuclides, nutrients, and suspended substances are not connected with 

human activity at all. It can happen as a result of such natural processes as volcanic 

activity; oil and gas seepage on the bottom; splits and breaks of the earth's crust; mud 

flows; river floodings; and many others (224). The main pollution impact undoubtedly 

falls on the shelf zones of the coastal areas. 

Sources, types, composition, and degree of hazards of pollution components: Marine 

pollution components can be classified in different ways, depending on their 

composition, toxicity, persistence, sources, volumes, and so on. The most widespread 

pollutants inchide chlorinated hydrocarbons, heavy metals, nutrients, oil hydrocarbons, 

surface-active substances, and artificial radionuclides. These substances form the so-

called background contamination that exists at present in any place in the hydrosphere. 

Depending on the type of impact on the water organisms, communities, and 

ecosystems, the pollutants can be grouped in the following order of increasing hazard: 

*substances causing mechanical impacts (suspensions, films, solid wastes) that 

damage the respiratory organs, digestive system, and receptive ability; 



•substances provoking eutrophic effects (e.g., mineral compounds of nitrogen and 

phosphorus, and organic substances) (230, 231) that cause mass rapid growth of 

phytoplankton and disturbances of the balance, structure, and functions of the 

water ecosystems; 

• substances with saprogenic properties (sewage with a high content of easily 

decomposing organic matter) that cause oxygen deficiency followed by mass 

mortality of water organisms, and appearance of specific microphlora; 

•substances causing toxic effects (e.g., heavy metals, chlorinated hydrocarbons, 

dioxins, benzenes and furans) that damage the physiological processes and 

functions of reproduction, feeding, and respiration; 

•substances with mutagenic properties (e.g., benzo(a)pyrene and other polycyclic 

aromatic compounds, biphenyls, radionuclides) that cause carcinogenic, 

mutagenic, and teratogenic effects. 

Some of these pollutants (especially chlorinated hydrocarbons) cause toxic and 

mutagenic effects (232). Others (decomposing organic substances) lead to eutrophic and 

saprogenic effects (230). Oil and oil products are a group of pollutants that have complex 

and diverse composition and various impacts on living organisms - from physical and 

physicochemical damage to carcinogenic effects. The hazardous impact of different 

pollutants, depends on factors such as the volumes of their input into the environment, the 
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patterns of their behavior and distribution in the water ecosystems, their ability to 

accumulate in living organisms, the stability of their composition, and related properties. 

Two distinctive features of the general picture of contaminants distribution in the 

marine environment have been repeatedly registered. The first is their localization at the 

water-atmosphere and water-bottom sediment boundaries. Practically everywhere and for 

all trace components (primarily for oil hydrocarbons), their concentrations are 

considerably (usually hundreds and thousands of times) higher in the surface microlayer 

of water and in the upper layer of bottom sediments. These boundaries provide the 

biotopes for several marine communities. 

The second is the existence of elevated levels of contaminants in the zones of high 

bioproductivity. These zones include the water layer up to 100 m from the water surface 

(photic layer) and boundaries of natural environments (water-atmosphere and water-

bottom sediment, as previously mentioned) as well as enclosed seas, estuaries, coastal 

and shelf waters. In particular, in shelf and coastal zones, which take only 10% of the 

world's ocean surface and less than 3% of its volume, the most intense processes of 

bioproduction, including the self-reproduction of the main living resources of the sea, 

take place. The mainlrnaijoe anthropogenic impact is also concentrated here. 

Contaminated sediment is a source of ecological impacts in marine and freshwater 

systems throughout the world. In many areas, dredging or removal of sediments 

contaminated with nutrients, metals, oxygen-demanding substances, and persistent toxic 

organic chemicals has been employed as a form of environmental remediation. 

The number and diversity of pollution components is growing as well. The 

contaminants with global distribution are combined here with hundreds and thousands of 
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ingredients of local and regional distribution, most of which are not included in the 

sphere of chemical-analytical control and monitoring. The knowledge of their existence 

in the water environment usually comes to light from various signs of environmental 

trouble, such as, the decline of abundance and various pathologies among fish and other 

organisms, degradation of coastal ecosystems, fouled beaches, unusual algal blooms, etc. 

Thus, the knowledge of the fate and effects of natural xenobiotics on biota is 

important in relation to evolutionary and ecological processes, whereas the same for 

contaminants is critical for pollution monitoring 

Eutrophication of surface waters and hypoxia in bottom waters represent a major 

recurring event/component of pollution in coastal areas, leading to very large depletions 

of marine life in the affected regions. Reports of hypoxic events and eutrophication 

around the world have been increasing since the mid 1960s and have resulted in mortality 

of bottom-dwelling life in dozens of marine ecosystems and have stressed fisheries 

worldwide (228). Some algal blooms can alter the function of coastal ecosystems or, 

potentially, threaten human health. Anthropogenic nutrient loading from sources such as 

agriculture, fossil fuel emissions, and climate events is believed to be related to, the 

global increase in the frequency, size, and duration of certain algal blooms (233-235). 

Effects of anthropogenic inputs on nitrogen cycling: Highly productive littoral 

ecosystems such as salt marshes, estuaries and inshore coastal waters have in recent years 

been subject to increased anthropogenic inputs of nitrogen arising from such diverse 

sources as fertiliser run-off, sewage discharges and aquaculture. The net effect of these 

elevated nitrogen inputs is to stimulate excessive primary production (236, 237), 
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especially in areas such as shallow embayments, where tidal flushing is limited (238-

240). In general, increased nitrogen loadings (hypernutrification) accompanied by 

excessive phytoplankton growth (eutrophication) result in a sharp decline in the rooted 

plant communities due to decreased water transparency and build up of epiphytes (241-

245). Such aquatic systems frequently progress to systems dominated by opportunistic, 

free floating macroalgae belonging to the orders Ulvales or Cladophorales (chlorophyta) 

and cyanobacterial blooms (238, 245) leading to high rates of production in the rest of the 

biological food web in these ecosystems (237, 246). The increased sedimentary 

deposition of the pool of particulate matter thus produced intensifies microbial 

decomposition activity (237, 247). Consequently, oxygen demand in the sediment is high 

and may lead to a temporary disappearance of dissolved oxygen in the overlying water 

column with the concomitant release of toxic sulfide (238-240). This phenomenon known 

as dystrophic crisis causes mass mortality of the benthic macrofauna and fish stocks in 

enclosed lagoons (ex. southern Mediterranean) (237, 239, 240, 244). Increased nutrient 

loadings to shallow marine environments and the accompanying stimulation of primary 

production profoundly affect benthic metabolism and nitrogen mineralisation ftrocesses. 

The progressive decline in seagrass meadows and their replacement by phytoplankton 

and opportunistic macroalgae such as Ulva not only increases the total quantity of 

organic matter produced in these ecosystems but also its composition (248, 238, 249). 

The replacement of seagrass meadows by macroalgae changes the timing and rate of 

detritus production and decomposition. Floating macro algae physically stratify the 

overlying water column (254), by separating the water column into two layers, the upper 

one well oxygenated or even super-saturated and the lower one anoxic and highly 



reduced (244, 259). This results in a rapid release of organic matter to the sediment and 

overlying water and the concomitant onset of anoxia (and hypoxia). In the absence of 

oxygen, organic carbon oxidation is coupled to sulfate reduction. Whilst nitrogen could 

be the growth-limiting nutrient in these systems, which annually receive substantial 

nitrogen inputs from anthropogenic sources, the bulk of it is sequestered in algal biomass 

and therefore unavailable. 

In more hydrodynamic marine environments such as estuaries and adjoining 

coastal regions, which receive considerable nitrogen inputs from fertiliser run-off and 

sewage discharges from the adjacent land areas, denitrification has been proposed as a 

'natural control' of eutrophication (255). However, nutrient mass balance data are only 

available for a limited number of estuaries (256, 257). Hence, it is difficult to assess the 

role of denitrification in mitigating the effects of increased anthropogenic nitrogen loads 

into coastal marine environments. 

Crude Oil as a major polluting component: Crude oil and its components are the most 

prominent and importafit organic pollutants in marine environments (446) add it is 

estimated that worldwide, 1.7-8.8 x 10° tons of petroleum hydrocarbons impact marine 

waters and estuaries annually (260). 

Black tar-like oil is sometimes washed onto beaches and mainly comes from 

tankers (262). In 1992 alone, more than 4 million tonnes of oil were released into the 

world's oceans. It has been found that only 2 per cent of hydrocarbon pollution finding its 

way into the sea each year comes from tanker accidents; 11% comes from natural sources 

- tar sands and oil seeps, 13 per cent comes from the atmosphere, 24 per cent from all 
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forms of transport, and 50 per cent comes down drains and rivers to the sea from cities 

and industries (449). 

Marine oil spills from tanker vessels have been occurring more frequently in the 

past two decades, causing huge and devastating impacts on coastal ecosystems (263, 

449). 72 % of oil pollution caused by shipping is estimated to be deliberate and illegal; 

only 28 % is caused by tanker accidents. Over 100,000 tonnes of oil is dumped in the 

North Sea by ships (445); in 1992, there were 611 incidents of oil pollution in UK coastal 

waters alone. Major oil spillages caused by human error, have been a frequent occurrence 

during the last 20 years (263). In 1967, the Torrey Canyon spilled out 106,000 tonnes of 

oil onto rocks and beaches on both side of the English Channel, affecting British 

guillemots and razorbills, and wiping out the population of puffins on the Sept Isles in 

France (267). In 1978, The Amoco Cadiz wreck released 223,000 tonnes of oil into the 

sea, killing thousands of migrating seabirds when they landed on the oily waters, and 

ruining many French oyster fisheries and beaches (263). In 1989, the Exxon Valdez 

spilled 37 million litres of oil forming a slick covering 6,700 square kilometers, causing 

the death of thousands bf animals, including 350,000 sea otters (264), in Prince 'William 

Sound, Alaska. In February 1996, the Sea Empress spilled around 70,000 tonnes of crude 

oil off the Pembrokeshire coast in Wales; between January 1971 and June 1979, 36,000 

birds were found dead around the British coast alone as a result of oiling. Riverine and 

estuarine currents make spills and slicks particularly difficult to contain and quickly carry 

the oil to shorelines, marshes, and flats where they do their worst damage. In the confines 

of an estuary, even relatively small oil spills can wipe out whole populations of certain 

organisms, thus upsetting the food chain there for years to come (263). 



Hydrocarbons occur naturally in aquatic systems: Complex distributions of 

hydrocarbons occur naturally in most aquatic sediments. Total concentrations can range 

from a few parts per million in non-polluted intertidal and oceanic areas. Some 

hydrocarbons are also produced from biological transformation of functionalised lipids 

(derived from marine biota) present in the sediment. Long-chain alkanes typical of plant 

waxes can be important constituents, even in marine sediments far from the coast. These 

distributions display a strong predominance of odd chain lengths, whereas n-alkane 

distributions in oils usually show little or no predominance of either odd or even chain 

lengths (261). 

Composition of crude Oil: Crude oil is a complex mixture made up of hundreds of 

compounds, and these compounds are classified into four groups, namely, saturates, 

aromatics, resins, and asphaltenes (268). Aromatics are the second most abundant 

hydrocarbons in crude oil. Benzene, naphthalene, and phenanthrene and their 

alkylsubstituted derivatives represent typical aromatics (269). Of these, the light 

hydrocarbons, which are used to make petrol and aviation fuel are the most toxic. In 

warm conditions, these usually evaporate quite quickly; in cold seas, however, the 

process of evaporation can be very slow. 
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Estimated Worldwide Input of Petroleum Hydrocarbons 
to the Sea (metric million tons per year) 

Source 

Transportation 

Total 

Tanker operations 0.158 
Tanker accidents 0.121 
Bilge and fuel oil 0.252 
Dry docking 0.004 
Nontanker accidents 0.020 

0.555 
Fixed installations 

Coastal refineries 0.10 
Offshons production 0.05 
Marine terminals 0.03 

0.180 
Other sources 

Municipal wastes 0.70 
Indust vial wastes 0.20 
Urban runoff 0.12 
River runoff 0.04 

0.30 Atmospheric fallout 
Ocean dumping 002 

1.380 

Natural input* 0.250 

Total 2.365 

Table.3 0-60 
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Fate and behavior of oil in the marine environment (Fig. 19a,b): Complex processes 

of oil transformation in the marine environment begin from the first seconds of oil's 

contact with seawater, the progression, duration, and result of which depend on the 

properties and composition of the oil itself, parameters of the actual oil spill, •  and 

environmental conditions. The main characteristics of oil transformations are their 

dynamism, especially at the first stages, and the close interaction of physical, chemical, 

and biological mechanisms of dispersion and degradation of oil components up to their 

complete disappearance as original substances. 
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Physical transport: The distribution of oil spilled on the sea surface occurs under the 

influence of gravitation forces, controlled by oil viscosity and the surface tension of 

water. Ten minutes after a spill of 1 ton of oil, the oil disperses over a radius of 50 m, 

forming a slick 10-mm thick, which gets thinner (less than 1 mm) as oil continues to 

spread, covering an area of up to 12 km 2  (444). During the first several days after the 

spill, a considerable part of oil transforms into the gaseous phase. Besides volatile 

components, the slick rapidly loses water-soluble hydrocarbons. The more viscous 

fractions slow down the slick spreading. Further changes take place under the combined 

impact of meteorological and hydrological .factors and depend mainly on -the power and 

direction of wind, waves, and currents. While the slick thins, especially after the critical 

thickness of about 0.1 mm, it disintegrates into separate fragments that spread over larger 

and more distant areas. Active turbulence speed up the dispersion of the slick and its 

fragments. A considerable part of oil disperses in the water as fine droplets that can be 

transported over large distances away from the place of the spill. 

Dissolution: Most low molecular weight aliphatic and aromatic components of crude oil 

are water-soluble to a certain degree. Polar compounds formed as a result of oxidation of 

some oil fractions in the marine environment also dissolve in seawater. Compared with 

evaporation, dissolution takes more time. Hydrodynamic and physicochemical conditions 

in the surface waters strongly affect the rate of the process. 

Emulsification!: Oil emulsification in the marine environment depends, first of all, on oil 

composition and the turbulence of the water mass. The most stable emulsions such as 
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water-in-oil contain from 30% to 80% water. They usually appear in the zones of spills of 

heavy oils with an increased content of nonvolatile fractions (especially asphaltenes). 

They can exist in the marine environment for over 100 days in the form of peculiar 

"chocolate mousses", the stability of which usually increases with decreasing 

temperature. The reverse emulsions, such as oil-in-water (droplets of oil suspended in 

water), are much less stable because surface-tension forces quickly decrease the 

dispersion of oil. This process can be slowed with the help of emulsifiers - surface-active 

substances with strong hydrophilic properties used to eliminate oil spills. Emulsifiers help 

to stabilize oil emulsions and promote dispersing oil to form microscopic (invisible) 

droplets. 

'Oxidation and destruction:: Chemical transformations of oil on the water surface and in 

the water column begin a day after the oil enters the marine environment and are 

oxidative in nature, often involving photochemical reactions under the influence of 

ultraviolet waves of the solar spectrum. The final products of oxidation (hydroperoxides; 

phenols, carboxylic acids, ketones, 'aldehydes, and others) usually have increased water 

solubility and toxicity. The reactions of photooxidation, photolysis in particular, initiate 

the polymerization and decomposition of the most complex molecules in oil composition. 

This increases the oil's viscosity and promotes the formation of solid oil aggregates (270, 

271) 

Sedimentation: Some of the oil (up to 10-30%) is adsorbed on the suspended material and 

deposited to the bottom. This mainly happens in the narrow coastal zone and shallow 
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waters where particulates are abundant and water is subjected to intense mixing. In 

deeper areas remote from the shore, sedimentation of oil (except for the heavy fractions) 

is an extremely slow process. Simultaneously, plankton filtrators and other organisms 

absorb the emulsified oil. They sediment it to the bottom with their metabolites and 

remainders. The suspended forms of oil and its components undergo intense chemical 

and biological (microbial in particular) decomposition in the water column. However, 

when the suspended oil reaches the sea bottom, the decomposition rate of the oil abruptly 

drops. The oxidation processes slow down, especially under anaerobic conditions in the 

bottom -  environment. The -heavy oil fractions accumulated inside the sediments can -be - 

preserved for many months and even years. 

Microbial degradation.: The fate of most petroleum substances in the marine environment 

is ultimately defined by their transformation and degradation due to microbial activity. 

About a hundred known species of bacteria and fungi are able to use oil components to 

sustain their growth and metabolism. In oil polluted areas, their proportions amount to 1-

10% of the, total abundance of heterotrophic bacterial communities (272). Biochemical 

processes of oil degradation with microorganism participation include several types of 

enzyme reactions based on oxygenases, dehydrogenases, and hydrolases. These cause 

aromatic and aliphatic hydrooxidation, oxidative deamination, hydrolysis, and other 

biochemical transformations of the original oil substances and the intermediate products 

of their degradation. The degree and rates of hydrocarbon biodegradation depend, first of 

all, upon the structure of their molecules. The paraffin compounds (alkanes) biodegrade 

faster than aromatic and naphthenic substances. With increasing complexity of molecular 



structure (increasing the number of carbon atoms and degree of chain branching) as well 

as with increasing molecular weight, the rate of microbial decomposition usually 

decreases. Besides, this rate depends on the physical state of the oil, including the degree 

of its dispersion. The most important environmental factors that influence hydrocarbon 

biodegradation include temperature, concentration of nutrients and oxygen, and, of 

course, species composition and abundance of oil-degrading microorganisms. It is also 

well documented that petroleum hydrocarbons persist in coastal sediments even though 

large populations of hydrocarbon-degrading bacteria exist within these sediments (273, 

274, 275). These complex and interconnected factors influencing biodegradation and the 

variability of oil composition make interpreting and comparing available data about the 

rates and scale of oil biodegradation in the marine environment extremely difficult. 

Aggregation .: Oil aggregates in the form of petroleum lumps, tar balls, or pelagic tar can 

be found in the open and coastal waters as well as on the beaches. They derive from 

crude oil after the evaporation and dissolution of its relatively light fractions, 

emulsification of oil residuals, and chemical and microbial transformation. The' chemical 

composition of oil aggregates is rather changeable; most often, its base includes 

asphaltenes (up to 50%) and high molecular weight compounds of the heavy fractions of 

the oil (275). 

Oil aggregates look like light gray, brown, dark brown, or black sticky lumps with an 

uneven shape and vary from 1 mm to 10 cm in size (rarely reaching up to 50 cm). Their 

surface serves as a substrate for developing bacteria, unicellular algae, and other 
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microorganisms. Oil aggregates can exist from a month to a year in the enclosed seas 

and up to several years in the open ocean. They complete their cycle by slowly degrading 

in the water column, on the shore (if they are washed there by currents), or on the sea 

bottom (if they lose their floating ability) (275). 

Self-purification: As a result of the processes previously discussed, oil in the marine 

environment rapidly loses its original properties disintegrating into hydrocarbon 

fractions, which have different chemical composition and structure and exist in different 

migratiOnal forms. They undergo radical transformations that slow after reaching 

thermodynamic equilibrium with the environmental parameters. Their content gradually 

drops as a result of dispersion and degradation. Eventually, the original and intermediate 

compounds disappear, and carbon dioxide and water form. Such self-purification of the 

marine environment happens in water ecosystems if, the toxic load does not exceed 

threshold limits (275). 



Some commonly occurring aromatic pollutants and their fate in the 

environment 

Aniline(s): Aniline or aminobenzene is an organic chemical compound, a primary amine 

(consisting of a benzene ring and an amino group), is a colorless to brown oily liquid 

with an aromatic, pungent odor, at room temperature. It is used in the manufacturing of 

resins, varnishes, perfumes, printing inks, cloth marking inks, paint removers, 

photographic chemicals, explosives, herbicides, fungicides, rigid polyurethanes, optical 

whitening agents, shoe blacks, as a solvent, and chemical intermediate for rubber 

processing, accelerators, corrosion inhibitors, dyes, pigments, speciality resins, 

cyclohexylamine, hydroquinine, pesticides (such as alachlor), pharmaceuticals (such as 

sulfonamides), 4-anilinophenol, methylenediisocyanate, artificial sweeteners, isocyanate, 

and as a catalyst and stabilizer in the synthesis of hydrogen (306). 

Aniline is colorless when pure, and colorless with a bluish fluorescence 

when freshly distilled, darkens when exposed to air and light. It is miscible with alcohol, 

benzene, carbon tetrachloride, acetone, lipids, vegetable oils, essential oils, chloroform 

and other organic solvents. It is soluble in diluted hydrochloric acid. It combines with 

acids to form salts, and dissolves alkali or alkaline earth metals with the evolution of 

hydrogen and formation of anilides. It is incompatible with oxidizers, albumin, toluene 

diisocyanate, acids, alkalies, and solutions of iron, zinc, and aluminum. It is easily 

oxidized to complex self-condensation dyes known as aniline blacks, and easily acylated 

and alkylated. Its boiling point is 184-186°C; its melting point is -6.3 °C (306) and its 

formula is C6H7N 

Aniline and its derivatives are toxic, recalcitrant compounds, considered 

important environmental pollutants (307). In aquatic environments, the major way to 

remove aniline is through biodegradation (308, 309)t  

Their microbial metabolism results in acylation (427, 438, 436). 

dimerisation/polymerization (azo, azoxy and phenoxazine products) (425), and nitro 
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• 

products (oxidation of aniline to phenylhydroxylamine nitrosobenzene, or nitrobenzene) 

(426,427), besides complete degradation. Physicochemical processes, such as 

evaporation, autoxidation(430, 431), photooxidation (429, 435), and chemical binding 

reactions (424), also decide their fate. Several microbial cultures have been found to be 

capable of growing on aniline (313, 432) and 4-chloroaniline (436, 437). 

The first step of the aerobic degradation pathway is oxidative deamination, 

which results in the formation of catechol (311), which is then further degraded by an 

ortho-cleavage pathway (309, 310) or a meta-cleavage pathway (310). 

Chlorinated benzene(s): Intensive use of chlorinated benzenes as solvents in chemical 

reactions and to dissolve materials, such as oils, waxes, resins, greases, odorizers and 

rubber, in the production of herbicides and pesticides, and as intermediates in the 

synthesis of various pesticides and dyes, has led to their widespread release into the 

environment (314). They are highly toxic compounds that cause a wide variety of effects 

ranging from immunological disorders to adverse effects on the liver, kidney, thyroid, 

and lung, sometimes accompanied by porphyria (315, 316) to higher organisms. When 

released into water, they may biodegrade but can also readily be adsorbed to sediment 

and persist for decades (314). 

Biodegradation of monochlorobenzene and dichlorobenzenes (DCBs) by 

aerobic and anaerobic eubacteria4  has been known previously (317, 318) (Fig.3), but 

there is no information on archaeal degradation of chlorobenzenes. Most investigations 

have addressed mainly gram .negative bacteria, Pseudomonas and Alcaligenes sp. (323, 

437), or gram positive bacteria Rhodococcus sp, mycobacteria, nocardioform 

actinomycetes, and streptomycete groups (438) 

The fungal strain Phanerochaete chrysosporium extensively degraded and 

mineralized chlorobenzene and o-, m-, and p-dichlorobenzenes (318). In recent years, 

numerous studies on the aerobic bacterial degradation of chlorobenzenes have been 

performed (319, 320, 321, 322, 323, 324, 325, 326, 327, 328, 329), which identified new 
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bacterial strains capable of degrading such persistent and recalcitrant compounds as 

carbon and energy sources, or at least of attacking by cometabolism (330, 331, 332), 

though many pollutants still resist microbial degradation and detoxification (333, 334). 

Most of the key enzymes of the degradative pathways as well as the corresponding genes 

and their regulatory elements have been investigated in detail (335-338). These studies 

clearly demonstrated that degradation of chlorobenzenes is initiated by a constitutively 

expressed (chloro-) benzene dioxygenase and a dihydrodiol dehydrogenase forming 

chlorocatechols which then are degraded by an inducible chlorocatechol pathway (324) to 

Krebs cycle intermediates (325). Studies on the degradation of all haloaromatics 

mineralized via chlorocatechols revealed that effective degradation proceeded only 

through those chlorocatechols with a free carbon at position 4 or 5 of the aromatic ring. 

Pure cultures of Pseudomonas (340, 344) and Alcaligenes species (342, 343) 

with long generation times of 5 to 15 h, which use dichlorobenzenes (DCBs) as the sole 

source of carbon and energy, are known. It has been proposed that Pseudomonas (340, 

344) and Alcaligenes (339), species attack DCBs by a dioxygenase and that after 

rearomatization, the resulting chlorocatechols are degraded via the modified ortho 

pathway. A number of multicomponent dioxygenases catalyzing the NADH-dependent 

introduction of two adjacent hydroxyl groups on aromatic or haloaromatic rings have 

been purified (341). Only with Pseudomonas JS 100 growing on 1,2-DCB could an initial 

dioxygenase activity be demonstrated in cell extracts (340) 

Nitroaromatic compounds (NAC) are pollutants resulting from numerous 

industrial and agricultural activities. They are toxic to various organisms (345, 346), 

often resistant to complete biodegradation (347, 348) and they tend to accumulate in the 

environment. Although some bacteria were found in the last two decades that mineralize 

NAC (349, 350; 351; 352; 348), most microorganisms are only able to reduce the nitro 

group to an amino group (353, 354, 351) via nitroso and hydroxylamino functions. This 

reduction proceeds both aerobically and anaerobically and can also be abiotic (355). With 

the exception of a very few microorganisms, including some strains able to use a NAC as 

sole source of nitrogen (356, 357) and a consortium (358), the resulting aminoaromatic 
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compound (AAC) is not further degraded (359-361)(Fig. 2 

Both oxidative pathways that result in the release of nitrite from the 

aromatic ring (363, 364, 365, 366, 367, 368, 369) and reductive pathways that liberate 

ammonia (370, 362) have been reported for degradation of nitroaromatic compounds. 

Various monooxygenase and dioxygenase enzymes can attack nitrobenzene (371), but the 

attack leads to dead-end products in the systems studied and the nitro group remains 

bound to the ring. 

Polycyclic aromatic hydrocarbons (PAH), also known as polynuclear aromatic 

hydrocarbons or polyarenes, constituting a large class of organic compounds. They are 

formed and released into the environment through natural and man-made sources. Natural 

sources include volcanoes and forest fire, while the man-made sources come from wood 

burning, automobile exhaust, industrial power generators, incinerators, production of coal 

tar, coke, asphalt and petroleum, incomplete combustion of coal, oil, gas, garbage, 

tobacco and charbroiled meat. Polycyclic aromatic heterocyclic analogs containing one or 

more nitrogen, oxygen or sulfur atoms are also present in substantial quantities in coal tar 

and petroleum residues produced during the refining process. In the atmosphere, they are 

principally generated from anthropogenic sources such as combustion of fossil fuels, 

wood or forest burning, refuse burning and coal tar (372, 373). Deposition of PAH in 

surface and ground waters can take place from a variety of sources such as airborne PAH, 

municipal wastewater discharge, effluents from wood treatment plants and other 

industries, oil spills and petroleum pressing. Accumulation of PAH in soils is believed to 

result from atmospheric deposition after long-range transport. The concentration of PAH 

found in soil around urban and industrialized 'areas are sometimes up to two orders of 

magnitude higher than those in less-developed areas (derived from forest fires and 

airborne pollution). Once released into the environment, PAH can partition between air, 

water, soil or sediments (374-383). 

These ubiquitous environmental contaminants found in significant levels in 

our drinking water, food and the air we breath are taken up by plants and marine/fish, 

and find their way into the food chain and be consumed by human population. Although 

significant concentration of PAH have been detected in many common foods, leafy plants 
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such as lettuce, spinach, tea and tobacco show the highest levels of these polyarenes (384, 

385) as a result of atmospheric contamination. High levels of PAH found in smoked 

meat, fish and charbroiled meats are suspected to increase the risk of cancer. 

Epidemiological studies have shown a correlation between increased mortality in humans 

developing lung cancer and exposure to coke-oven emissions, roofing-tar emissions and 

cigarette smoke (all of which contain benzo[a]pyrene, benz[a]anthracene, 

benzo[b]fluoranthene, dibenz[a,h]anthracene and chrysene as well as other potentially 

carcinogenic PAH). 

The metabolic activation and mechanism of carcinogenesis of PAH has been 

surveyed by Harvey (385). Seventeen different PAH compounds have been classified by 

the Environmental Protection Agency (EPA)(386) as priority pollutants, based on 

toxicity, greater chance of human exposure and frequent presence at hazardous sites. In 

the environment, PAH can undergo chemical and photochemical transformation to other 

products that may or may not be biologically more inert than the parent compound. The 

fate of PAH in the environment depends to a large degree on the media they are exposed 

to. Thus, their transformation (with and without light) rate in air; water and soil may vary 

as each media impacts the physical properties of PAH differently. 

The lipophilic nature of PAH enables them to penetrate cellular membranes 

in tissues where they can remain indefinitely. As PAH are metabolized in the tissues by 

enzymes, they become more water soluble and thus excretable from the body. 

Metabolism of alternant PAII differs from nonalternant PAH. Benzo[a]pyrene, an 

alternant PAH, is metabolized by cytochrome P-450 to several arene oxides that may 

rearrange spontaneously to phenols (further oxidized to quinines), dihydrodiols or react 

covalently with glutathione via a reaction catalyzed by cytosolic glutathione- S-

transferase (389). The phenols, dihydrodiols and quinones can all be conjugated to 

glucuronides and sulfate esters. The quinones can also form glutathione conjugates (388, 

389). Nonalternant PAH on the other hand do not appear to exert their genotoxic effect 

through the metabolite formation of dihydrodiol epoxides (390). 



Transformation and degradation of PAH in air, water and soil 

The PAH released into the atmosphere [undergo photochemical oxidation (391)] are 

normally present in the gaseous phase or sorbed to particulates, where they can be 

transformed to diones, nitro and dinitro derivatives and sulfonic acids, respectively (392), 

while photochemical oxidation results in quinones, phenols and dihydrodiols (393-402), 

some of which are mutagenic (403). Singlet oxygen-derived photochemical products of a 

number of PAH (e.g. acenaphthylene, anthracene, 1-methoxynaphthalene, phenanthrene, 

tetracene, fluoranthene,benz[a]anthracene, chrysene and benzo[a]pyrene) adsorbed on 

particulates have been reported (396, 397, 399-401, 404) to be mutagenic due to the 

reactive species (singlet oxygen). 

In general, owing to their poor aqueous solubility, PAH tend to sorb onto 

particles and stay suspended or settle down to the bottom of an aquifer and do not 

volatilize appreciably (405). Photooxidation (407), chemical oxidation and 

biodegradation processes are among the most important pathways for transformation of 

some PAH in water (406). The most common products of photodegradation are 

peroxides, quinones and diones (408-412). Degradation of PAH in water can also be 

achieved chemically using chlorination (413, 414) methods. Metabolism of some small 

ring PAH to the corresponding cis- and trans-dihydrodiols, respectively by microbes 

under aerobic conditions has been reported (407). Algae can convert benzo[a]pyrene to 

peroxides, dihydrodiols and oxides (415, 416). Complete deg1adation of acenaphthene 

and acenaphthylene in groundwater samples by microorganisms has also been reported 

(417). 

The PAH adsorbed on soil can undergo degradation by microorganisms 

and/or chemical, photochemical oxidation. Sorption of PAH to particulates and organic 

matter present in soil could limit the degree of biotransformation (418, 419). In low pH 

soils, fungi population is dominant over that of bacteria. cis-dihydrodiols constitute one 

of the metabolites formed by some PAH exposed to bacteria (420); formation of cis-

dihydrodiol proceeds via a dioxetane intermediate. Fungi and mammalian systems, on the 

other hand, convert PAH to trans-dihydrodiols through an arene oxide intermediate (421). 
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4.2. Microbial communities as agents mediating the fate 

of hydrocarbons in marine ecosystems 

The role of microorganisms in maintaining steady-state concentrations of environmental 

chemicals is well established and these activities constitute the basis for the cycle of 

carbon in nature. Microbes have been exposed for millions of years to aromatic 

hydrocarbons, the predominant source being the pyrolysis of organic materials such as 

the amorphous polymer lignin. Forest fires and anthropogenic combustion of fossil fuels 

also deliver hydrocarbons into the atmosphere. Hydrocarbons in the environment are 

biodegraded primarily by bacteria and fungi. 

Although ubiquitous in terrestrial (276, 277) and aquatic (278-280) ecosystems, the 

fraction of the total heterotrophic community represented by the hydrocarbon-utilizing 

bacteria and fungi is highly variable, with reported frequencies ranging from 6% (281) to 

82% (282) for soil fungi, 0.13% (281) to 50% (282) for soil bacteria and 0.003% (283) to 

100% (279) for marine bacteria. Individual organisms can metabolize only a limited 

range of hydrocarbon substrates (284) so that assemblages of mixed populations with 

overall broad enzymatic capacities arc required to degrade complex mixtures of 

hydrocarbons such as crude oil in soil (285), freshwater (286), and marine (287, 288, 

300) environments. 

The ability to degrade and/or utilize hydrocarbon substrates is exhibited by a wide variety 

of bacterial and fungal genera. Floodgate (288) lists 25 genera of hydrocarbon degrading 

bacteria and 27 genera of hydrocarbon-degrading fungi which have been isolated from 

the marine environment; a similar compilation by Bossert and Bartha (285) for soil 

isolates includes 22 genera of bacteria and 31 genera of fungi. Based on the number of 

published reports, the most important hydrocarbon-degrading bacteria in both marine and 

soil environments are Achromobacter, Acinetobacter, Alcaligenes, Arthrobacter, 

Bacillus, Flavobacterium, Nocardia and Pseudomonas spp. and the Coryneforms; the 

importance of hydrocarbon-degrading strains of the salt requiring Vibrio spp. is limited to 

the marine environment. Austin et a/.(289), in a numerical taxonomy study of petroleum- 



degrading bacteria from Chesapeake Bay water and sediment, found that Pseudomonas, 

Micrococcus and Nocardia sp., members of the family Enterobacteriaceae, 

actinomycetes, and coryneforms made up 95% of the isolates. Among the fungi, 

Aureobasidium, Candida, Rhodotorula, and Sporobolomyces sp. are the most common 

marine isolates and Trichoderma and Mortierella sp. are the most common soil isolates. 

Hydrocarbon-degrading Aspergillus and Penicillium sp. have been frequently isolated 

from both environments. Based on the work of Kirk and Gordon (290), the truly marine, 

beach-adapted genera Corollospora, Derzthyphiella, Lulworthia and Varicosporina 

should be added to the list. 

The marine environment provides numerous and diverse habitats for microorganisms, 

ranging from relatively productive estuarine and coastal systems to the oligotrophic open 

ocean. Within any of these environments, a number of habitats can he distinguished 

(299). These habitats in turn provide a wide variety of environmental conditions 

depending on oxygen, carbon sources, inorganic nutrients, light, temperature and other 

physico-chemical parameters. Autochthonous marine bacteria in their natural 

environments are not in a strict sense stressed. Considered moderately halophilic, they 

have adapted to specific salt concentrations, temperature, pressure and nutrient conditions 

through a variety of biochemical and physiological mechanisms. Even in the open ocean 

where dissolved organic-carbon concentrations are extremely low there is a large 

metabolically active population of free-living bacteria (4). 

However, every form of marine habitat has been influenced by anthropogenic activity 

(219), as has been detailed in the•previous section. Besides the stress from anthropogenic • 

discharges, marine systems are also subject to nutrient and fresh water stress, stress from 

introduction of allochthonous microorganisms and heat stress from discharge of cooling 

waters. Dry fall and rainfall contribute atmospheric pollutants. It is not therefore 

surprising that measurable concentrations of most environmental contaminants can be 

found in marine and estuarine sediments and surface films, particularly near large urban 

centers. For example, petroleum hydrocarbons, polychlorinated biphenyls (PCBs), 

pesticides, Fe, Cu. Ni, Pb, Al, Mn, V, Zn, Cd, Cr, Ag, Se, Hg and have all been found 



enriched in surface micro layers (301). 

Microorganisms have a wide range of responses to environmental stress. Changes at the 

population level include selection for more resistant species with a concomitant change in 

overall diversity. At the level of the single cell, a wide range of adaptive mechanisms is 

available. The success of an adaptive strategy depends on habitat; for example, 

association with particulate organic carbon, surfaces or sediments conveys a level of 

protection that may result in tolerance of higher concentrations of a toxic contaminant. 

Morita (10) describes starvation-survival as the normal mode of most bacteria in the 

ocean. Referred to as ultramicrobacteria, these starved cells have undergone 

morphological changes. Research by Hood et al. (302) describes the process of starvation 

for Vibrio cholerae. After seven days starvation 88.7 % carbohydrates and 99.8% of the 

total lipids had disappeared, and protein, DNA and RNA concentrations all declined. By 

thirty days, cell volume had decreased by 90% amongst a number of other morphological 

changes. Under conditions of starvation, Vibrio cholerae was also reported by these 

authors to survive without energy in reduced salinity artificial seawater for five years 

without a population decrease. 

Atlas et al..(303) examined diversity of both marine and freshwater microbial populations 

exposed to chemical stressors - crude oil, leaded gasoline, and the herbicide 2,4,5- 

trichlorophenoxyacetic acid (2,4.5-T). Based on culture techniques. These authors 

concluded that taxonomic diversities of microbial communities exposed to chemical 

pollutants were lower than in undisturbed reference communities. 

They also found that dominant populations had enhanced physiological tolerances and 

substrate utilization capabilities. For example, these authors exposed marine microbial 

communities from arctic coastal seawater in flow-through laboratory chambers to Prudoe 

Bay Crude Oil. Dominant organisms demonstrated increased nutritional versatility for 

hydrocarbons and carboxylic acids, directly related to metabolism of petroleum 

hydrocarbons. 
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Degradation of PCBs provides an excellent example of microbial adaptation to a 

xenobiotic chemical: the key enzyme for biphenyl degradation is the 2,3- 

dihydroxybiphenyl dioxygenase, first purified from two Pseudomonas  strains (304). 

Microbial responses to stress in marine environments reflect the tremendous range of 

adaptive capabilities at the microbial level. 

Besides, in the marine environment, bacteria are generally considered to represent the 

predominant hydrocarbon-degrading element of the microbial community. Floodgate 

(288) suggested that fungi were relatively minor components of the marine microflora, 

increasing in numbers in nearshore regions (291, 292) the intertidal zone (290, 293) and 

salt marshes and mangrove areas (291). Fungi have also been reported to be important 

inhabitants of specialized niches such as submerged wood (290), the surface film of 

water, decomposing algae and the surface of tar balls (291). Few studies, though, have 

directly compared the degrees of hydrocarbon degradation accomplished by bacteria and 

fungi in the marine environment. Walker and Colwell (294) reported that Chesapeake 

Bay bacteria accounted for all of the utilization of model petroleum at 0-5°C; whereas, at 

10°C, yeasts, but not filamentous fungi contributed to the utilization of the petroleum. A 

hydrocarbon-degrading fungus, Cladosporium resinae was responsible for 20 to 40% of 

the degradation of petroleum when added to the inoculum. Kasai et a/.(305) reported that 

Cycloclasticus sp. were primary degraders of aromatic hydrocarbons in a marine 

environment. Ahearn and Meyers (291) found that populations of yeasts increased in oil-

contaminated estuarine sediments over a 4-monlh period, but declined in open-ocean 

waters despite the presence of oil. Ahearn and Crow (295) observed relatively small 

numbers of yeasts associated with crude oil after the Amoco Cadize spill in the North 

Sea. 

Although, several factors, viz., temperature, oxygen, nutrients, salinity, pressure, and p1-1 

influence microbial activity with respect to hydrocarbon mineralization, an account on 

salinity which is most relevant to this work, is presented here. 

There are few published studies that deal with effects of salinity on the microbial 
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degradation of hydrocarbons. Shiaris (296) reported a generally positive correlation 

between salinity and rates of mineralization of phenanthrene and naphthalene in estuarine 

sediments. Kerr and Capone (297) observed a relationship between the naphthalene 

mineralization rate and salinity in sediments of the Hudson river that was dependent upon 

the ambient salinity regime, with estuarine sites exhibiting a lack of inhibition of 

mineralization over a wider range of salinities than was the case for the less saline 

upstream site. In a study of hypersaline salt evaporation ponds, Ward and Brock (298) 

showed that rates of hydrocarbon metabolism decreased with increasing salinity in the 

range 3.3 to 28.4% and attributed the results to a general reduction in microbial metabolic 

rates. Further details with respect to hydrocarbons in hypersaline environments will be 

given in the next section. 



4.3.Haloarchaea and halophilic eubacteria and hydrocarbon 

environmental pollutants (xenobiotics) in the marine environment 

Hypersaline environments and pollution: Several oil-polluted ecosystems are 

characterized by moderate, high or extreme salinities (e.g., estuaries, beaches, salt 

marshes, inland lakes, rock pools. etc). Each year, billions of gallons of waste waters 

containing high concentrations of salt (> 3.5% w\v) and waste organics are generated by 

industry; large volumes of oily wastewater are generated during the production, transport, 

and refining of crude oil. Produced waters, as they are known, display a wide range of 

salinities from almost fresh water to approximately three times that of seawater (452, 

453). 

High salinities or wide salinity ranges make oil pollution difficult to treat using 

conventional bioremediation methods, since the range of salinity of many environments 

disrupts cell membranes, denatures enzymes, and results in desiccating osmotic forces 

that are lethal to many conventional waste treatment microorganisms (454, 455). Many 

petroleum reserves are associated with brine deposits (462). Consequently, the oil and 

drilling fluids from production wells at such sites often contain large quantities of salt. 

Spillage of both oil and brine at the wellheads can lead to a double environmental insult 

caused by recalcitrant petroleum constituents and high salinity. Salt marshes are 

occasionally impacted by crude oil skills (477). 

In general, extreme habitats possess sufficient indigenous hydrocarbon degraders able to 

adapt and respond rapidly to the contamination. Archaea have been detected in several 

oil-containing environments, such as petroleum reservoirs (447), underground crude oil 

storage cavities (448), and hydrocarbon-polluted aquifers (449). However, the conditions 

in these environments were either extreme (high temperature) or strictly anaerobic. The 

most recent reports on the effect of pollution on the archaeal community in a non-

extreme, aerobic ecosystem was that of heavy-metal-contaminated soils (450) and that of 

a beach with oil contaminated sediments (451). Both studies revealed that there was a 
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decrease in archaeal numbers with increasing contamination levels, as well as differences 

in the structures of the communities. 

Few reports concern prokaryotes that can degrade aromatic compounds and/or petroleum 

products at moderate or high salinity. Diaz et al (456) found that the biodegradation of 

crude oil was greatest at lower salinities and decreased at salinities over twice that of 

normal seawater. However, degradation was found to be significant even at NaC1 

concentrations of upto 100 g Ward and Brock (457) found that the rates of 

hydrocarbon metabolism decreased with increasing levels of salinity (33-284 g L -1 

 salinity); enrichment cultures from the Great Salt Lake were not able to grow on mineral 

oil and to mineralize hexadecane in the presence of salt concentrations above 20% w/v. 

In another report, Mille et.al..(458) noted that the amount of oil degraded initially 

increased as the salt concentration increased to a level of 0.4 mol L -1  (23.3 g L-1 ) of NaCl 

and thereafter decreased with increasing salt concentration. The inhibitory effect of 

salinity at concentrations above 2.4% w/v NaC1 was found to be greater for the 

biodegradation of aromatic and polar fractions than of the saturated fraction of petroleum 

hydrocarbons. A halophilic bacterium, Marinobacter hydrocarbonoclasticus, was 

isolated from sediments in the Mediterranean Sea, and shown to degrade a variety of 

aliphatic and aromatic hydrocarbons (461). Despite these reports, little is known about 

microbial degradation of petroleum constituents, and in particular aromatic hydrocarbons, 

in the presence of high salt concentrations (460a, 460b). There is evidence that 

appreciable numbers of diverse bacteria may be associated with oil brines (459), but the 

ability of such halotolerant or halophilic microbes to degrade aromatic compounds has 

not been well studied. A halo tolerant streptomycete isolated from an oil field in Russia 

was capable of degrading raw petroleum in solutions containing up to 10% NaC1 (462). 

Another report describes an unidentified halophile isolated from the Great Salt Lake, 

USA, that efficiently degraded phenol as part of a biofilm in a sequencing batch reactor 

in the presence of 15% NaC1 (463). Studies of a large number of halophilic bacteria 

isolated from salterns in Spain indicated that only a small subset of the isolates could 

grow on benzoate. An extremely halophilic archaeon isolated from a salt marsh in France 



can partially degrade some alkanes and polycyclic aromatic hydrocarbons (459). 

Furthermor,recent work done on oil fields in Russia revealed the presence of halophilic 

Archaea that appear to carry out the degradation of the crude oil (470). In general, it is 

thought that the combined effects of high salinity and hydrocarbons are antagonistic to 

microorganisms. One study that examined the effects of hypersaline conditions on the 

biodegradation of hydrocarbons in the Great Salt l.ake found an inverse relationship 

between the ambient salt concentration and the ability of the community to utilize 

hydrocarbons (457). There was little or no transformation or utilization of a complex 

mixture of hydrocarbons at or above 20% salinity. Furthermore, enrichments (or mineral 

oil-oxidizing microorganisms were successful up to, but not above 17% salinity. 

Streptomyces albaxialis (471), and an n-alkane (C10-C30)-degrading member of the 

Halobacterium group (470) are two more examples of microbial strains degrading 

hydrocarbons at higher salinities. 

Results of experiments on hypersaline lagoons (464) and evaporation ponds (465) 

indicated that heterotrophic activity was greater at lower salinity. Geochemical evidence 

of microbial weathering of hydrocarbons in a Canadian oil field also correlated with 

decreasing salinity of associated formation waters (466). The reduction of metabolic rate 

by high salt content of natural hypersaline environments may have significant effects on 

the cycling of organic compounds in such environments. Specific classes of compounds 

such as hydrocarbons, the metabolism of which may be entirely' prevented by extreme 

salinity, may be unusually abundant in hypersaline lake sediments (467). 

As of now, eubacteria are more promising degraders than archaea as they have a much 

greater metabolic diversity. Their intracellular salt concentration is low, and their 

enzymes involved in biodegradation may be conventional (i.e. not salt-requiring) 

enzymes similar to those of non-halophiles (459). The use of microorganisms able to 

degrade organic wastes in the presence of salt could prevent costly dilution to lower the 

salinity, or the removal of salt by reverse osmosis, ion exchange or electrodialysis before 

biological treatment. 
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An attempt to extend the capacity of efficient hydrocarbon degraders for biodegradation 

in saline environments was made by subcloning and expressing the E. coli pro U (an 

important osmoregulatory locus) operon into each member of a consortium consisting of 

four Pseudomonas strains (472). The transformed organisms could grow in the presence 

of 6% w/v NaC1, and the expression of the salt tolerance phenotype did not hamper 

hydrocarbon degradative capability. Biodegradation studies with a model petroleum 

mixture (500 ppm) showed that n-alkanes (C12, C15, C16) had already diminished within.  

24 h at pH 7 and 4% w/v NaCl; and only phenanthrene, dibenzothiophene and pristane 

remained after 120 h. However, the ability of such constructed microorganisms to survive 

under in situ conditions has yet to be demonstrated. 

Effect of salinity on bioremediation of soils: An inhibitory effect of artificial salinity on 

mineralization of motor oil (50 g kg-1 soil) has been reported (473). Soils were fertilized 

with inorganic N and P, and amended with NaC1 (0.4, 1.2, 2% w/w). After 80 days at 

25°C, the highest salt concentration (the conductivity of the soil water corresponded to 

that of an oilfield brine and was nearly four times that of seawater) considerably inhibited 

oil mineralization (44% inhibition in clay loam, 20% inhibition in sandy clay loam). 

Mineralization of both hexadecane and the PAH phenanthrene significantly increased 

when fertilized with nutrients (nitrogen and phosphorus). In microcosm laboratory 

studies (700 g crude oil kg-
-J.  
 soil), PAHs and alkanes degraded simultaneously. Low 

intrinsic degradation rates (0-3.9% day-1) of the alkane component (C11-C14), but high 

degradation rates (8-16%) of the PAH fraction (naphthalene and phenanthrene) were 

observed (474, 475). N addition enhanced degradation of total PAHs and alkanes >C20, 

while naturally present P was found to be sufficient. In another study, P significantly 

increased bioremediation of artificially weathered crude oil, applied at 4,620 kg oil ha-

in sediments from salt marsh near Texas (476). 

In another study, artificially weathered crude oil was applied to sods of marsh (soil and 

intact vegetation) at a dose of 2 1 m-2 (2 mm oil thickness). The effect of three widely 

used bioremediation agents, a slow release NPK fertilizer, a microbial inoculation 

product and a soil oxidant, was investigated under controlled greenhouse conditions over 
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4 months (477). Inorganic nutrient addition was most effective; it significantly enhanced 

marsh plant growth, soil microbial populations, and oil biodegradation rate. 

An aerobic, upflow submerged biofilter, coupled with a trickling filter, was evaluated as a 

means to treat emulsified diesel fuel under saline conditions (2% w/v NaC1) (478). The 

microbial inoculum (tolerant to NaC1 up to 4% w/v), immobilized on randomly packed 

plastic media particles could effectively remove more than 90% of the hydrocarbons. 

Less than 7% of the diesel fuel fed to the biofilter was volatilized, as a result of a better 

partitioning of the diesel fuel in the water phase accomplished by emulsification. VOCs 

were captured and effectively degraded in the trickling filter (68% removal in 10 s). The 

use of a chemical dispersant also enhanced the bioavailability of naphthalene from crude 

oil by the euryhaline microalga Isochgysis galbana (479). 

A biofilm of unidentified halophiles, isolated from the Great Salt Lake, readily developed 

on the tubing surface of a bioreactor and could remove more than 99% of phenol 

(average influent 0.1-0.13 g L I, effluent less than 0.1 mg L ) from a synthetic waste 

brine containing 15% w/v NaC1 (454) resulting in a stable high-quality effluent, despite 

fluctuations in influent phenol concentrations. The biofilm was stable even when changes 

in salt concentration (5, 10, and 15%) were imposed. Hinteregger and Streichsbier (1997) 

(463) 'reported that a moderately halophilic Halomonas sp. could be used for the 

biotreatment of a model saline phenolic wastev3ater (similar to wastewaters in oil 

industry). This strain fully degraded 0.1 g phenol as the sole carbon and energy source 

within 13 h in the presence of 1-14% w/v NaCl. Phenol degradation at NaC1 

concentrations at or below 5% w/v was accompanied by the accumulation of an 

intermediate of the ortho-cleavage pathway, identified as cis, cis-muconic acid. The 

amount of this compound, which is a potentially useful raw material for new functional 

resins, pharmaceuticals and agrochemicals, could be raised 6-fold by increasing the 

phenol concentration from 0.1 to 0.6 g t. Two phenol-degraders, Candida tropicalis 

and Alcaligenes faecalis, were isolated from pristine Amazonian rain forest soil (480). C. 

tropicalis tolerated higher concentrations of phenol and salt and a wider pH range (3-9) 

than A. faecalis (pH 7-9). The yeast degraded 1.6 g phenol in the presence of 15% salt 



within 148 h, and the bacterium utilized 1.13 g phenol in the presence of 5.6% salt within 

200 h. 

Polycyclic aromatic hydrocarbons: There is an inverse relationship between salinity 

and solubility of PAHs (468). The increase in sorption of aromatic hydrocarbons (i.e. the 

decrease of the aqueous solubility) with an increase in salinity, as studied with pyrene in 

various sediment types, is a result of salting-out effects occurring in both the solution and 

solid (sediment organic matter) phases. The organic matter may also be salted out, 

becoming a better solvent for the sorbed hydrophobic aromatic molecules (469). Most 

investigations on hydrocarbon biodegradation under extreme conditions have 

concentrated on petroleum hydrocarbon components. Comparatively little is known about 

the metabolism of PAHs, halogenated or nitrated compounds. An unidentified halophilic 

archaeon degraded PAHs (acenaphtene, phenanthrene, anthracene; 500 mg 1-1) as well as 

saturated hydrocarbons (C 14, C 16, C18, C21, pristane) in a medium prepared with 

natural hypersaline water from a salt marsh (21% w/v NaC1). No growth on hydrocarbons 

occurred below 11% w/v NaC1 (481). Four bacterial strains, belonging to the genera 

Micrococcus, Pseudomonas and Alcaligenes and tolerating 7.5% w/v NaC1, could grow 

on 0.1% naphthalene and anthracene (482). 

Halogenated hydrocarbons: Halophiles such as the methane-assimilating 

Methylomicrobium sp. 'capable of oxidizing halogenated hydrocarbons, such as*TCE, in 

aqueous medium with 2-6% w/v salt, have been patented for the inexpensive and 

efficient bioremediation of contaminated seawater (483). Halophilic archaea, e.g. 

Halobacterium sp. (DSM 11147), are subjected to a patented selection process that 

consists of microbial adaptation to high concentrations (up to 1 mM) of various 

halogenated, aliphatic or aromatic hydrocarbons (484). Biodegradation can be performed 

in aqueous or organic media at a temperature between 20 and 60°C. 

Haloanaerobes: Halophilic anaerobes have been reported from oil—water injection filters 

(485). The first haloanaerobe from oil brines to be characterized (486), grew optimally at 

2.5% but did not grow above 10% NaCl. Five moderate halophiles isolated from the 

88 



hypersaline brines (487a, b) produced acids, solvents, and gases from carbohydrates, 

which are interesting metabolites for potential microbial enhancement of oil recovery 

(MEOR). Characterized haloanaerobes isolated from oil field brines mainly belong to the 

genus Haloanaerobium, order Haloanaerobiales, and these include H. acetoethylicum 

(formerly named Halobacteroides acetoethylicus) (485, 488, 489), 'H. congolense' (490) 

and H salsugo (487c), which are heterotrophic moderate halophiles with optimal growth 

with 10% NaCl. A free-living moderately halophilic spirochete, 'Spirochaeta 

smaragdinae' , was isolated from an African offshore oil field in the Congo (491a) from 

the deep subsurface. From the same oil field, a dominant, slightly halophilic vibrioid, 

designated Dethiosulfovibrio peptidovorans, was isolated (491b). 

In contrast, little is known about the metabolism of aromatic compounds by 

microorganisms within the domain Archaea. This is despite growing evidence that the 

Archaea are a very diverse group, the members of which inhabit a broad range of 

environmental niches (90, 91, 93, 95, 120, 132, 153) and are intimately involved in many 

important and poorly understood biogeochemical processes (492). Aromatic degradation 

pathways in the Archaea are of considerable interest in evolutionary terms. Also, it has 

been suggested that biodegradative enzymes from Archaea (and other extremophilic 

microorganisms) may be exploited to remove pollutants from industrial effluents or as 

novel biocatalysts (493, 494, 495). To date, aerobic metabolism of a limited range of 

aromatic compounds has been demonstrated in a single haloarchaeal isolate from the 

nutritionally versatile genus Haloferax (496, 497, 498). Haloferax sp. strain D1227 

metabolizes benzoic acid (BA), 3-hydroxybenzoic acid (3HBA), 3-phenylpropionic acid, 

and cinnamic acid via a gentisate pathway. The only ring cleavage dioxygenase enzyme 

described in any archaeon to date (gentisate 1,2-dioxygenase [GDO]) has been purified, 

and the encoding gene has been cloned from this strain (497). Another novel haloarchaeal 

strain, Haloarcula sp. strain Dl, was reported to grow aerobically on 4-hydroxybenzoic 

acid (4HBA) as a sole carbon and energy source and is the first member of the domain 

Archaea reported to do so (499). 
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4.4. Status of crude oil and hydrocarbon pollution in the continental shelf 

region off the West Coast of India and the estuarine regions of Goa 

The continental shelf of western India is wide off the river mouths, becoming narrower 

south-eastwards, narrowest on the SW margin and showing a number of characteristic 

physiographic features. This shelf region has been a constant recipient of sediments over 

a geological history (500). 

The shelf width is variable along the western margin of India 
	

(501, 

502, 503) 

1_,ocation Width of shelf (km) 

(Saurashtra ' 70-110 

Tarapur 345  

1\4umbai 1260-300 

1Ratn
agi ri 100-130 

Goa 60-185 

Bhatkal 110 

Cochin 60  

The shelf having an area(504) of about 310, 000 km 2, is divided into two units: the inner 

and outer shelf (505-507). The inner shelf is smooth or even with gently sloping 

topography (gradient 1:800). This even topography occurs down to 55-60m depth in the 

north and narrows down to 25m depth off Cochin. 
\ 

The surficial sediments
i
!of the western continental shelf and slope of India can be 

divided into terrigenous,' biogenic and chemogenic sediments. Terrigenous sediments 

mostly occur as sands (including heavy minerals) in the nearshore (up to 10-12 m water 

depth) followed by a zone of silty clays on the inner shelf between Saurashtra and 

Quilon. Relict sandy sediments carpet the outer shelf and are predominantly biogenic 

between Saurashtra and Mangalore and admixture of abundant terrigenous and biogenic 

constituents between Mangalore and Quilon The amount and type of organic matter in 

marine sediments reflect the supply and preservation of organic materials from marine 

and terrestrial sources. 
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A characteristic feature on the West Coast of India is the occurrence of the sediment 

zone along the inner continental shelf from Saurashtra to Cochin. The sediments are silty 

clays and this zone is widest on the continental shelf off Narmada and Tapti and narrows 

down to the south. It is 40km wide off Saurashtra, 175km off Tarapur, 80km off Mumbai, 

40km off Ratnagiri, 45km off Goa and Bhatkal and 25km off Cochin. This zone extends 

upto 60m water depth off the major rivers and narrows down to 25m in the south-western 

part. The organic carbon content, ranges from 1-4% (508) and is the lower than the world 

average (2.5%) for nearshore sediments. Organic carbon (OC) content in the inner shelf 

sediments (509) along the west coast of India ranges from 1 to 4% and is associated with 

clayey sediments. High C/N ratios indicate that it is mainly of terrestrial nature. 

Moreover, the Goan coastline is in the vicinity of international oil tanker routes. A 

cyclonic storm hit the Goa coast on 5 June 1994. Consequently, an Ore Carrier 'M V Sea 

Transporter', carrying about 1000 tons of fuel oil drifted from the outer anchorage area of 

Marmugao harbour and grounded on a rock a few meters from the beach at Sinquerim, 

North Goa. On 13 June 1994, Goa Coast Guard began flushing out oil from the ship. On 

2 July1994 a crack developed on the starboard side of the ship due to rough weather. The 

crack slowly widened leading to spillage of fuel oil from the ship. Oil spread rapidly in 

water and on the beach due to strong gusty winds. Maximum oil was deposited at 

Sinquerim because of its vicinity to the spillage site. The spillage was small (2 ton) as 

compared to large oil tanker spillage. Nonetheless, a part of the spilled oil was stranded at 

Sinquerim beach which was subsequently cleaned manually within 48 h of the spillage 

(510). 

The overall surface water traffic in the form of barges, trawlers, passenger ferries, 

has increased 10-20 fold in the last one and half decade and several fuel stations have 

been installed throughout Goa, thereby increasing the incidences and risks of petroleum 

contamination (Fig. 24). 

Besides this occurrence, very high accumulations of hydrogen sulphide (H2S) and nitrous 

oxide (N20) in open coastal waters have been reported along the West Coast of India. 

Increased N20 production is probably caused by the addition of anthropogenic nitrate and 

its subsequent denitrification, which is favored by hypoxic conditions (511). Offshore oil 

rig installations along the West Coast of India also lead to oil slicks (Fig. 25a,b) 
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(Left) Fig. 24. The Mandovi-Zuari estuarine network of Goa 

(Right) Fig. 25 a & b: Offshore waters in the continental shelf region off 

the West Coast of India, showing thick crude oil slick 



Aims and Objectives 

Marine ecosystems are characterised by complex dynamics and encompass coastal areas 

from river basins and estuaries to the seaward boundaries of continental shelves. Within 

these margins, most of the global ocean pollution, overexploitation and coastal habitat 

alteration occur. The evaluation of response of the native species inhabiting marine 

ecosystems and their interaction with pollutants is recorded extensively for eubacterial 

communities mostly in the marine environments of the North and South Americas, 

Australia, Africa and Europe. There is no information along these lines with regard to 

microbial communities pertaining to haloarchaea, that belong to the third kingdom 

Archaea, more specifically from the Indian subcontinent. 

The major aims and objectives of this work are: 

	

(i) 
	

to investigate the presence /occurrence of extreme halophiles in sediments of the 

continental shelf region off the West Coast of India and the estuarine region of 

Goa 

	

. (ii) 	to characterise such haloarchaeal isolates on the basis of their biochemical, 

physiological features and to screen them and the estuarine haloarchaeal isolate 
(4-39) 

GUSF (MTCC 3265), 0 	 , for their response to hydrocarbon stress, 

or, degrade crude oil and constituent hydrocarbons, in terms of growth, 

pigmentation, formation of transformation products and expression of cellular 

proteins and plasmids. 
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CHAPTER II 
Methodology 

"Investigation of the occurrence of extreme halophiles 
in marine sediments and the response of the 

haloarchaeal isolates to hydrocarbon pollutants" 



2.1. 'Sampling of sediments and quantitation of halophiles' 

Sediment collection from the estuarine region of Goa and continental shelf 

sediments off the West Coast of India 

Sediments were collected during the pre-monsoon seasons of 1999 and 2001, 

between March and April, from five stations of the Oil and Natural Gas Commission 

(ONGC, Govt. of India), namely, Panna (PPA), Mukta (MAA), Tapti (TPP) and 

Bombay High (B 121), located in the continental shelf region, off the Mid-West Coast 

of India between Goa, Mumbai and Gujarat, while on cruises on board the research 

vessel Sagar Paschimi (Dept. of Ocean Development [DOD], Govt. of India), hired 

by the IPSEM (Institute for Petroleum Safety and Environment Management, Betul, 

Goa, India), for the ONGC. The average distance of sampling sites was 40-100 miles 

from the shore, at an average depth of 21-75 m; five to ten sites per station were 

demarcated for the sediment sample collection (Fig. 26), in the vicinity of the offshore 

oil rig installations of the ONGC. Sediment samples from each site were collected 

using a Vee Wan grab, immediately wrapped in aluminium foil, stored at —70 °C and 

transported to the laboratory. Three more sediment samples one each from the 

Talpona estuary, the Palolem Beach in South Goa, and an oil-contaminated plume 

from the vicinity of the oil storage facility of Indian Oil Limited 004 Vasco, were 

collected (Fig. 24). 



Station 
Name & No 

Latitude Longitude baring Depth 
(metres) 

Panna-PPA 
PPA-1 19'19.071N 72'01.658E 150 44 
PPA-2 19'19.508N 72'01.505E 150 43 
PPA-3 19'19.782N 72'01.432E 150 43 
PPA-4 19'20.173N 72'01.374E 60 45 
PPA-5 19'20.362N 72'01.617E 60 43 
PPA-6 19'20.582N 72'01.920E 60 41 
PPA-7 19'20.863N 72'00.441E 30 40 
PPA-8 19'20.550N 72'00.870E 330 41 
PPA-9 19'20.200N 72'00.818E 330 42 
PPA-10 19'19.899N 72'00.924E 240 42 
PPA-11 19'19.775N 72'00.676E 240 42 
Mukta-MAA 
MAA-R 19'21.304N 71'47.304E 270 59 
MAA-1 19'21.800N 71'51.450E 270 58 
MAA-2 19'21.200N 71'50.800E 270 	. 56 
MAA-3 19'21.290N 71'50.400E 270 56 
MAA-4 	' 19'20.543N 71'50.281E 360 58 
MAA-5 19'20.139N 71'50.444E 360 58 
Tapti -TPP 
TPP-R 20'33.540N 72'02.060E 360 24 
TPP-1 20'34.915N 72'02.060E 360 24 
TPP-2 20'35.610N 72'02.330E 360 22 
TPP-3 20'35.821N 72'02.287E 360 22 
TPP-4 20'36.258N 72'02.598E 270 22 
TPP-5 20'36.247N 72'02.790E 270 21 
TPP-6 20'35.973N 72'03.312E 270 21 
TPP-7 20'36.178N 72'00.978E 90 21 

Bombay 
High-B121 
B121 North-N 

19'02.718N 71'32.501E 121 73 

B121East-E 19'01.700N 71'33.000E 211 72 
B121South-S 19'00.810N 71'32.560E 301 73 
B121-R 18'59.568N 71'32.744E 301 74 

Fig 26.: Sampling stations in continental shelf region between 
Goa and Gujarat; (i)Tapt(TPP)-1, (ii)Mukta(MAA-2, 
(iii)Panna(PPA)-3,(iv)BombayHigh(B121)-4; Sampling 

pattern followed at each station shown at " k" - "R" refers 

to a central reference point and refers to the sampling sites, 
viz., 1, 2, 3...10, 11 354) 

INDIA 
X 

2 -Daman 
4 3  tMumbai 
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Quantitation of archaea by MPN (Most Probable Number) estimation 

Portions of each sediment sample from the continental shelf region, amounting to 5 g 

was suspended, separately in 100 ml of sterile 25% NaC1 solution, mixed vigorously, 

allowed to stand for 30min. The overlaying sediment-free suspension was estimated 

for haloarchaeal counts by the MPN method. The MPN method, conventionally used 

for estimating coliform counts (512), was modified to specifically enumerate 

haloarchaea by using NTYE medium. The MPN enumeration. for each 

sample was carried out separately using a total of 15 tubes, out of which the first 5 

tubes contained 5 ml of double strength NTYE medium, while each of the remaining 

10 tubes contained 5 ml of single strength NTYE medium. Each of the first 5 tubes 

containing 5 ml of double strength NTYE medium was inoculated with 5m1 of the 

inoculum (i.e., the sediment- free suspension mentioned above); each of one set of 5 

tubes containing 5 ml of single strength NTYE medium was inoculated with 0.5ml of 

the inoculum and each of the remaining 5 tubes were inoculated with 0.05m1 of the 

inoculum. All the tubes, however, had 25% of NaCl to ensure selective growth of 

.,haloarchaea (extreme halophiles). pH indicator was not used in the medium; hence 

only the changes in turbidity within each set of tubes was monitored visually; the 

MPN deduction was done as per McCrady's table (513) and back-calculated to obtain 

the MPN of haloarchaea per gram sediment (MPN/g). 
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2.2. 'Isolation, purification and characterisation of haloarchaea.' 

Isolation and purification of halophilic cultures from the MPN tubes 

All the tubes containing the cultures from sediments from a given station, viz., 

PPA/MAA/BH were pooled together and .then plated/streaked on NTYE agar plates 

incorporated with 1500 IU of penicillin. The resultant growth was routinely sub-cultured 

and streaked to obtain pure cultures 

Isolation of halophiles from crude oil degrading consortia 

The sediments from the estuarine regions were suspended in 25% NaC1 solution as 

above, and 100 ul of the overlaying sediment-free suspension was used to inoculate into 

NSM-CO and (1 %)NSM-CO agar plates. Growth of consortia was observed visually and 

(See Appendix pp. 	for media composition). the cultures were isolated from the same. ( 

Gram staining 

1. An inoculum was taken from each culture using an inoculation loop and put on a 

slide. Since the cultures were taken from their NTYE+agar slants, each culture 

was diluted by adding a drop of 20% saline on the slide and mixing with the loop. 

2. The specimen sample was air-dried by leaving the slides untouched for 24 hrs. 

3. Each sample smear on the slides was treated with 2% acetic acid for 30 seconds 

by submerging each slide separately in a petriplate containing 2% acetic acid 

solution and then removed after 30 seconds and were air-dried. 

4. The basic dye crystal violet was added to the smear and the smears were allowed 

to stain for 1 minute. 

5. The stain was rinsed off with water for a maximum of 5 seconds. 
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6. Iodine solution (1% iodine, 2% potassium iodide in water) was added for 1 

minute. This acts as a mordant and fixes the dye. 

7. Slides were again rinse with water. 

8. 95% ethanol was added times until no more colour appeared to come from the 

sample (this left Gram-positive organisms stained purple and Gram-negative 

organisms unstained). 

9. The slides were rinsed with water. 

10. Safranin was used as a suitable counterstain to stain the gram negative organisms. 

The slides were blotted gently and allowed to dry and then were observed under 

an Olympus Microscope under 100X magnification under oil immersion to 

determine the gram staining nature of the strain(s). 

Scanning electron microscopy 

Sample preparation was carried out as described previously by Sabitini et al (514) 

(with minor modifications. The sample was fixed on a glass coverslip using 3% (vol/vol) 

glutaraldehyde solution overnight. The samples were then dehydrated sequentially for 10 

min each in 30, 50, 70, 90, and 100% acetone, mounted on aluminum stubs, coated with 

20-nm gold-palladium (60:40 [wt/wt]) and examined with a JSM 5800 JEOL scanning 

electron microscope at the National Institute of Oceanography, Dona Paula, Goa. 

Appropriate magnification was used. • 

Studies on utilisation of biochemicals by the isolated cultures 

Isolated and purified cultures were pre-grown on NTYE agar slants for 5 days at 

37T. A lml suspension of each of the isolates was made in sterile NSM. NSM was 

distributed into tubes (3m1 each), sterilised and individual chemicals were added to a final 

concentration of 1%. Each chemical was added to a separate set of tubes, one set for each 

culture. 100g1 of the suspension(s) of individual halophilic isolates was inoculated into 
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the tubes. Growth was observed visually. The biochemicals were chosen as per the 

protocols meant for haloarchaeal identification. To establish the ability of the cultures to 

produce acid from sugars bromothymol blue (BTB) was added as a pI-1 indicator, at a 

concentration of 2% to the tubes containing sugar(s). The change in color from yellow to 

red was recorded as indicative of acid production. 

Test for catalase and oxidase 

(i) Catalase is an enzyme found in most bacteria. It catalyzes the breakdown of hydrogen 

peroxide to release free oxygen. 

2 14202 	> 2 I-120 + 02 

One drop of I-1202 was added to a glass slide with a loopful of growth from each culture 

to be tested. The development of an immediate froth of bubbles was indicative of a 

positive catalase test (515). 

(ii) A positive oxidase reaction reflects the ability of a microorganism to oxidize certain 

aromatic amines, such as tetramethyl-p-phenylene diamine (TPD), producing colored end. 

products. This is due to the activity of cytochrome oxidase (aka., indophenol oxidase) in 

the presence of atmospheric oxygen (515). 

Using a sterile wooden stick, 2 colonies were removed from each culture to be 

tested and smeared on a piece of filter paper. A drop of the spot test (TPD) reagent was 

added to each spot. Cultures with oxidase activity, turn purple within 30 seconds. 

Studies on antibiotic sensitivity of the halophilic isolates 

The isolates were studied for their inherent resistance/sensitivity to different classes 

of antibiotics, viz., inhibitors of cell wall (penicillin, bacitracin), RNA-polymerase 

(Rifampicin), protein biosynthesis (chloramphenicol, kanamycin), membrane 

(valinomycin) and DNA gyrase (novobiocin) (202, 206). NTYE agar plates were made 

with one set of three plates for three concentrations of 15, 30 and 60 1.1,g/m1 of each 

antibiotic used. Anitibiotics were added to the sterile NTYE agar media, mixed 

thoroughly and then poured onto plates. In case of bacitracin, which does not dissolve in 
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media, a 10% stock solution of the same was made in ethanol, which was then used. 

Halophilic isolates were then spot inoculated on the media. Growth was monitored 

visually. The concentration of the antibiotic, at which there was complete absence of 

growth was noted as the Minimum Inhibitory Concentration (MIC) of the antibiotic. 

Processing of cells for lipid extraction 

Total lipids were extracted from harvested cells by the method of Bligh and Dyer (516) 

as modified for extremely halophilic bacteria (517). Polar lipids were separated from the 

non-polar lipids by precipitation of the latter with acetone (517, 518). 

TLC analysis of lipid fraction(s) for identification of phospholipids 

TLC of polar lipids was performed on precoated silica gel G plates in solvent D, for the 

separation of phospholipids and glycolipids. Phospholipids were detected by the spray 

reagent D and charring; phospholipids appear as purple spots (517). 

Processing of cells for extraction of glycerol diether linked lipids (GDEM) using 

methanolysis 

A simple method of distinguishing archaebacterial halophilic taxa from eubacterial 

halophilic taxa, using TLC patterns of glycerol diether moieties (GDEM) from whole-

organism methanolysates (519, 520), was followed to establish the haloarchaeal nature of 

the isolates. All the isolates were'grown ar ambient temperature (28-32°C) in liquid shake 

culture on NTYE medium. Cultures were harvested by centrifugation (7000 rpm) after 4 

days of growth. Dry cells (100mg) were mixed with methanol (3m1), toluene (3m1) and 

conc.H2SO4 (0.1m1) and heated at 50°C for .18h. The long-chain components were 

extracted from this mixture by adding 1.5m1 hexane. 

TLC analysis of GDEMs 

Hexane extracts were chromatographed on silica gel 60F254 (Qualigens) thin-layer glass 

plates (20 x 7 cm) using solvent system A as the developing solvent. Further resolution of 

glycerol diether moieties was achieved by developing the TLC plate in one dimension 

using solvent system B, followed by redevelopment in the same direction using solvent 
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system C. Lipids were revealed by drying the TLC plates after development and (i) 

exposing the same to iodine vapors, and (ii) spraying the TLC plates with spray reagent A 

and heating for 15 min at 150°C. Spots with R f  values of about 0.2 were attributable to 

glycerol diether moieties (GDEM) whereas components having Rf values greater than 0.6 

corresponded to methyl esters of non-hydroxylated fatty acids (FAME) (519, 520). The 

absence of ester-containing lipids in the archaebacterial halophiles was demonstrated by a 

negative reaction with the spray reagents B and C. FAMES stained purple against an 

yellow background. 

Processing of cells for diaminopimelic acid (DAP) 

Cells of individual cultures were harvested after growth in NTYE, taken in test tubes, to 

which 3m1 of 6N HC1 was added. The tubes were then heated on a sandbath, until the 

samples turned colorless (521). 

Paper chromatography for DAP analysis 

Samples were spotted on Whatman chromatography paper and the paper was placed in a 

chamber saturated with system E, after which the paper was airdried and sprayed with 

reagent E, kept in the oven, till spots appeared. Standard DAP was used as control (521). 

Processing of cells for pigment component extraction 

(a) Inoculation 

(i) Individual cultures growing on NTYE + agar slants were inoculated directly into 

NTYE liquid broth and growth was monitored 

(ii) Individual cultures were first grown in NTYE/NGSM and this liquid culture was used 

as inoculum 

(iii) The inoculum was added to liquid broth of NTYE/NGSM so as to give a 

concentration of 0.5% of the media 
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(b) Harvesting of cells 

Cultures were centrifuged at 7500 rpm using a cooling centrifuge (REMI, India), at 4° C, 

for 20 minutes. Pellet was washed twice with 20% NaC1 solution (the pH of 20% solution 

was adjusted to 7 with 1N KOH before use). Cells were resuspended in 20% NaCI 

solution to required absorbances (0.5/1/2) at 600nm and used for further purposes. 

Harvested cells resuspended in 20% NaCI solution were taken in 50m1 glass beakers 

(Borosil) and acetone was added (1:1) and then the cells were subjected to sonication in a 

Labsonic (Braun, USA) sonicator, using a medium-sized probe at 85Hz and a pulse of 6 

seconds, for 5 minutes. The acetone fraction containing the pigments was freed of debris 

and scanned between 190nm and 700nm. 

Quantification of bacterioruberin component of the pigments 

The total bacterioruberin content was calculated using the formulae: 

X = A.y/ (E%1.100), 

where X= bacterioruberin content, A = absorbance, y=pathlength (lcm), E%1 = 

2540 (for bacterioruberin) (522). 

Salt tolerance of isolated cultures 

Cells of halophilic archaea, which require a high concentration of NaC1 in their 

environment to maintain the cell membrane integrity, lyse when subjected to hypotonic 

shock(523). Each of the isolates were inoculated into three sets of tubes containing 

NTYE with OM, 1M, 3M NaCI concentrations, respectively. The growth of the cultures 

were observed visually. 

Besides the isolates were subjected to hypotonic shock by treating them with distilled 

water. A loopful of each culture was taken directly from the NTYE-agar slants into an 

empty test tube — to which lml of plain distilled water was added. The tubes were 
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vortexed for the cells to get suspended and the absorbance was read at 600nm 

immediately. The tubes were then kept on a rotatory shaker for 2 hrs and absorbance of 

the cell suspension was read again at 600nm. The difference in the absorbance was 

interpreted and expressed as percentage of lysis. 
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2.3. 'Screening of the haloarchaeaon GUSF for its 
ability to utilise several hydrocarbons' 

Preliminary screening for hydrocarbon utilisation ability of the isolated halophiles 

(i) Sodium benzoate (a sodium salt of benzoic acid), aniline, nitrobenzene, m-toluate, 

benzyl alcohol, benzaldehyde (aromatics) and eicosane (a straight chain 

hydrocarbon) were used as biochemicals to identify the halophilic cultures 

capable of utilising hydrocarbons as sole sources of carbon. Growth was observed 

visually as change(s) in turbidity. 

(ii) Screening of GUSF for its utlisation of a wide variety of hydrocarbons: GUSF, 

the estuarine halophilic archaeoh.,k(439) was used as a representative haloarchaeal 

strain to screen for utilisation of a wide range of hydrocarbons — crude oil and its 

constituents, viz., petrol, diesel, kerosene etc; derivatives of crude oil components, 

viz., benzene, toluene, xylene (BTX), aniline, nitrobenzene, m-nitroaniline, p-

nitroaniline, 	o-dichlorobenzene, bromobenzene, phenol, 	chlorophenol, 

chloroaniline, hexane, cyclohexane, biphenyl, anthracene, naphthol, eicosane and 

the organic glycerol. Two successive subcultures were done in tubes. Growth was 

observed as change(s) in absorbance at 600nm. 

(iii) Screening of GUSF for its tolerance to a wide range of hydrocarbons: GUSF was 

studied for its tolerance to the hydrocarbons by growing the same in NTYE and 

NGSM (different nutrition conditions/media) with 0.01% of respective 

hydrocarbon — growth was observed visually as change(s) in absorbance at 

600nm. 
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Estimation of the solubility of the four hydrocarbons in NSM (20%) 

Each of the four hydrocarbons, viz., NB, ANI, o-DCB and BIP was added to NSM 

medium' in a 250m1 flask (Borosil), at a concentration ten times its reported aqueous 

solubility; the flasks were shaken at 150rpm (AT) on a rotary shaker to obtain a saturated 

solution. This was filtered through a 0.22 lam membrane filter, to remove undissolved 

globules (in case of ANI, NB and o-DCB) / crystals (in case of BIP). The filtrate thus 

obtained, was monitored for absorbance at respective ,max of individual hydrocarbons 

(235nm for ANT, 28011111 for o-DCB, 268nm for N13 and 246nm Ibr BIP) and the 

dissolved concentration inferred from a standard prepared on the basis of Beer and 

Lambert's law (524). 

Beer—Lambert law (or Beer—Lambert—Bouguer law) 

A= E b c, 

where "A" is absorbance, 

"E"is the molar absorptivity with units of L 	cm -I , 

"b" is the path length,of the sample - that is, the path length of the cuvette in which the 

sample is contained = 1 cm, and, 

"c" is the concentration of the compound in solution, expressed in mol L -I . 
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2.4. 'Studies on the effect of hydrocarbons on haloarchaea' 

2.4.1. Studies on the effect of NB, ANI, BIP and o-DCB on the growth of GUSF (an 

estuarine isolate) in synthetic medium NGSM (containing 0.2% glucose) and that of ANI 

on the offshore isolates GURFP-1 and GURFT-1 in nutrient rich NTYE were done by 

inoculating the cultures, as given in #7100, in NGSM and NTYE with increasing 

concentration(s) of NB, ANI, o-DCB and BIP. A different set of flasks was used for each 

of the four hydrocarbons and the experiment was conducted in duplicate. 

2.4.2. Growth in terms of change/increase in absorbance — A600 

Aliquots were withdrawn every 24 hrs and absorbance was read at 600nm in a UV-Vis 

Spectrophotometer (Shimadzu, Japan). Growth curve was plotted as increase in 

absorbance versus the time 

2.4.3. Growth in terms of change/increase in viable count of colony forming units 

Aliquots from individual flasks were withdrawn every 24 hrs, over a period of ten days, 

and were, monitored for viable count [colony forming units (cfu)] using NGSM/NTYE 

solidified with 1.5% (W/V) agar and appropriate dilutions. Colonies appearing at the end 

of five days of incubation at RT were enumerated. 

2.4.4. The impact of the hydrocarbons on pigmentation of the cultures in NTYE 

and NGSM 

The cultures grown in the presence of hydrocarbons in NTYE and NGSM were processed 

for pigment analysis as given in pages 100-101. 

2.4.5. Studies on the ability of the resting cells of GUSF to decolorise 

triphenylmethane dye ( crystal violet, CV) 

GUSF was grown to log phase in NTYE and harvested and resuspended in 20% saline to 

an absorbance of 2 (600nm, UV-Vis Spectrophotometer, Shimadzu Corporation, Japan) 

and used to study the transformation of crystal violet (CV). 
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The cells suspended in saline were dispensed into separate conical flasks (250m1 

capacity) at 50m1 each. A stock of I % solution of CV was prepared in distilled water, 

from which CV was added to the flasks containing cell suspension, to give final 

concentrations of 30 ppm, 64ppm and 90 ppm. One flask with the cell suspension and 

without CV and flasks with CV added to 20% saline without the cells, served as 

appropriate controls. 

Absorbance of CV (592nm) was measured by 

(i) directly measuring the absorbance of the cell suspension at zero, 24, 48 & 72 

hrs; 

(ii) extracting 2m1 of the reaction mixture with 4m1 of n-butanol at zero and .72 

hrs, and scanning the n-butanol fraction between 700run-I9Orun in a UV-Vis 

Spectrophotometer. Absorbance of the peaks formed was also recorded. The 

absorbance of the extracted residual dye was measured at 592 nm against n-

butanol. For the control, only broth (1 ml) was extracted with n-butanol (2 m1).61-2-) 

The decolorisation was also observed visually. The viability of the cells before and after 

incubation was tested using iodonitrotetrazolium (INT) as an indicator dye. 5m1 of the 

reaction mixture was taken out at zero and 72 hrs of incubation with CV and centrifuged; 

the cell pellet was washed twice with, and, resuspended in 20% saline. 100 1.11 of a 3mM 

stock of INT was added to 2m1 of these cell suspensions at zero and 72hrs and mixed 

thoroughly. The appearance of the pink color was noted as evidence of the viability of the 

cells(5a.5) • 



2.4.6. Spectrophotometric assay for the toxicity of the hydrocarbons using the dye, 

iodonitrotetrazolium (INT) as an indicator. 

GUSF, grown in NTYE, harvested and washed thrice with 20% saline, was resuspended 

in 20% saline to the following optical densities (600nm), viz., 0.5, 1 and 2 in separate 

flasks. For cell suspension of a particular ,A (0.5/ 1/ 2), four sets of tubes were made, 

one for each hydrocarbon. To assay a hydrocarbon, increasing concentrations of 

hydrocarbons were added to the cells, the tubes vigorously vortexed and the mixture was 

incubated at 37 °C for 3hrs, so as to, acclimitise the cells to the hyrocarbon(s)/allow the 

hydrocarbon to exert its toxicity. At the end of three hrs, the tubes were removed . 100 0 

of the INT dye were added to a final concentration of 0.019 mM (3mM stock). The tubes 

were mixed vigorously with a vortex mixer after each addition. The addition of the dye 

did not change the initial absorption. After the dye was added, the reaction mixture was 

incubated at 37°C for 2hrs. After incubation, the reaction mixture of cells, hydrocarbon 

and INT was centrifuged and the formazan was extracted from the pellet with acetone in 

a sonicator. The absorbance of reduced INT was read at 490 nm (525, 526, 527). Values 

were plotted and regression lines were calculated, the slope of the line, the y intercept, 

and the regression coefficient were determined. Y/2 was the absorbance of controls 

(samples with 1 water, no chemical) divided by 2. With this, the equation was solved for 

x, the concentration of toxic chemical resulting in 50% inhibition of reduction of the dye. 

This value is equal to the volume of inhibitory chemical resulting in 50% inhibition of 

reduction of the dye as estimated from the change in the absorbance of the cultqre. This is 

referred to as the 1050 (inhibitory concentration, 50%). From the concentration of the 

toxic chemical and the volume inhibiting the reduction by 50%, the concentration of the 

toxic chemical corresponding to the volume is determined. The regression analysis was 

done using the POLO (Probit and Logit Analysis Software)(62 
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2.4.7. The utilisation of aniline as sole source(s) of nitrogen/carbon by the 

haloarcheal isolates 

(a) Initial studies on all the haloarchaeal isolates : 

Cultures were pre-grown for 3 days at .1 	150rpm, in NTYE [as per the 

methodology given inane 200 	] containing 0.025% (v/v) of aniline 

(unsterilized aniline was added after sterilization of the medium). After the cultures 

reached the log phase, the same were used as inoculum to inoculate into NGSM 

without the NH4C1 component and 0.025% (v/v) aniline as the sole source of 

nitrogen; pH was adjusted to 7 with .  KOH. Pre-sterilized glucose was added to a final 

concentration of 0.2% (w/v), as sole source of carbon (NGSM). Two flasks, one 

without hydrocarbon and the other without the culture/inoculum served as the 

controls. Aliquots from individual flasks were withdrawn only on the first and fourth 

day(s) after inoculation and monitored for growth as given in 4.1.2. The cultures were 

successively sub-cultured twice into NGSM media containing 0.025% aniline as the 

sole source of nitrogen. 

(b) Studies on the three pigmented haloarchaeal isolates, viz., GUSF, GURFP-1 

and GURFT-1 

The three cultures (pregrown in NTYE and 0.01% aniline) were inoculated into 

three different sets of flasks as follows: the first set had aniline and glucose as sole 

sources of nitrogen and carbon respectively (M1); the second set had aniline as the 

source of both carbon and nitrogen(M2); the third set had glucose as source of carbon 

and the media was devoid of any nitrogen (M3). Growth was monitored by the viable 

count method (see 4.1.3) over a period of 10 days. 
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2.5. 'Transformation products of hydrocarbons' 

Cell-free supernatant of cultures growing with, or, without hydrocarbons were 

(i) used directly for catechol estimation, or, 

(ii) extracted with distilled chloroform (1:1, vol/vol), concentrated, and then 

(a) scanned between 700-190nm in a UV-Vis Spectrophotometer (Shimadzu, 

Japan), or 

(b) concentrated and spotted on Silica geIG TLC plates and run with the solvent 

systems 6 or 7 and spots were developed by exposing the air-dried plates to 

iodine vapors, 

(c) run through a Reverse Phase (RP) C18 column in a HPLC 

(Spectrasystem, USA), equipped with a quarternary pump, with a flow rate of 

1 mliminute (using solvent system 3), the eluate was monitored at dual 

wavelengths of 252nm and 280nm for biphenyl, 216nm and 280nm for o-

diehlorobenzene, 246nm and 280nm for nitrobenzene, 230nm and 280nm for 

aniline, with a UV-Vis detector system; 

(d) eluates corresponding to distinct peaks were collected, air dried, dissolved in 

CdC13 for Nuclear. Magnetic Resonance (NMR) analysis 

(e) Eluates were subjected to analysis by 1H NMR spectroscopy 
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Arnows test for catechols: 

Standard curve for catechol was done using a stock of catechol (1mg/m1) in NSM(N-). 

Different dilutions of catechol were made which were treated as follows: the volume of 

catechol sample was made upto lml using NSM(20%). For the test samples, lml of the 

cell free supernatant of the cultured that have grown utilizing aniline as sole source of 

carbon was taken in tubes; one tube with lml of plain NSM(N-) served as blank control. 

To each of these tubes, lml of 0.5M HC1 was added and thoroughly shaken; to this, lml of 

nitrite/molybdate reagent (10g. nitrite + lOg molybdate in 100 ml distilled water) was 

added. Finally, lml of 1M NaOH was added to the above and mixed well - development 

of a pink color denoted the presence of catechol. The pink colored complex was read at 

505nm in a UV-Vis Spectrophotometer(Shimadzu) and the concentration of catechol 

formed was calculated from the standard curve done for catechol (528). 
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2.6. 'Studies on protein profiles of haloarchaea 

grown in presence of hydrocarbons' 

2.6.1.Processing of cells for whole cell protein assay 

(a) Standard curve for proteins using Bovine Serum Albumin (BSA) 

The Folin-Lowry method was used , to estimate proteins (529) . Proteins in whole cells 

were quantitated from the standard curve drawn using BSA 

Procedure: 

(i) 0.4 ml of protein (10-100 mg protein) was taken in a tube 

(ii) 2.0 ml of reagent D was added 

(iii) Left to stand for 10 minutes 

(iv) 0.2 ml of freshly prepared Folin-Ciocalteu reagent added 

(v) Left to stand for 30 minutes 

(vi) Absorbance read at 750 nm 

(b) Whole cell protein sample preparation for SDS-PAGE: 

1001i1 of the cell suspension was taken in an eppendorf tube and mixed with 1:1 (v:v) 100 

of 10% SDS, vortexed vigorously, boiled for 5 minutes in a waterbath. 100µl of 

treatment buffer was added to the above, vortexed again and boiled for 5 minutes in a 

vv aterbath. To this, 40 pi of sample loading buffer was added, vortexed and kept at 4C. 

For composition of the Treatment buffer, see Appendix. pp S§8 

2.6.2. Separation of proteins using SDS-PAGE 

10% SDS-PAGE gels were made as given in appendix and then samples were loaded @ 

60µl per well or 35-40iig per well; the SDS-PAGE was run at 30mA for 3 — 4 hrs, the 

gel removed and flooded with the Coomassie staining solution overnight, then destained 

and photographed Molecular weight markers were purchased from Hi-Media, India. 



2.7. `Plasmid expression in cultures grown in presence of hydrocarbons' 

Processing of cells for plasmid isolation 

(a) Plasmid Mini-Prep 

The Mini-Prep procedure is used to isolate plasmid DNA from bacteria while limiting 

contamination from proteins and genomic DNA(6L9) 

Procedure: . 

(i)Cultures were grown upto the logarithmic phase 

(ii)lml of the culture was poured into 1.5 mL microfuge tubes. 

(iii)Pulse down cells in microcentrifuge on high (14,000 rpm) for 30 seconds. 

(iv)Supernatant was decanted, and cells resuspended in 1004 of ice cold Solution 1. 

Care was taken to resuspend all the cells. 

(v)1004 of freshly made Solution 2 was added. This was mixed by gently inverting 

and rolling the tube to make sure all the bacterial slurry along the sides and cap are 

mixed with solution 2, and incubated on ice until translucent (— 5 minutes). 

(vi)1504 of ice cold Solution 3 was added. Vortexed immediately, incubated on ice — 5 

minutes. 
(For composition of Solutions 2 and 3, see Appendix. pp j.9 

	
)- 

(vii)The above was microcentrifuged at 12,000-14,000 x g for 10 minutes, 

supernatant removed to new microcentrifuge tubes. 

(viii) 1 mL of isopropanol was added to each tube. This was mixed by inverting 

several times: 
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(ix) This mixture was microcentrifuged at 12,000-14,000 x g for 10 minutes, 

supernatant was carefully discarded, and —1mL of 70% Ethanol was added to wash 

pellet and gently mixed by inverting so as not to disturb thd pellet 

(x) Supernatant was poured into ethanol waste container; remaining EtOH was pulsed 

down in a microfuge at 5000 x g for 30 seconds; remaining EtOH was removed with 

a pipette and remnants were allowed to evaporate until pellet is just dry. 

(xi)24 of RNase A (1 Oug/mL) was added to 1 mL of TE buffer. 504, of RNase A 

TE was added to pellet to resuspend, and incubated at 37° for —20 minutes. 

(xii)Separation of plasmids —015% agarose gel was prepared using TEN buffer (see 

appendix) 

Agarose was measured and added to 1X Helling's (TAE) buffer (1% w/v), boiled in an 

Ehrlenmeyer ml flask, cooled to 60-65°C before pouring onto a clean, leveled, plastic 

tray surrounded by masking tape. 1ug/m1 ethidium bromide was added to the gel and the 

comb inserted parallel to the plate's edge, with the bottom of the teeth about 2mm above 

the plate. Air bubbles were removed using a Pasteur pipette. The gel was transferred to 

the electrophoresis chamber. 10-20[1g of DNA was loaded per lane for analytical gels 

(depending on the number of expected bands). The gel was gently overlaid with buffer 

1X Helling's (TAE) buffer and was run at 60 volts for 3hrs. A Fotodyne U.V. trans-

illuminator was used to take photographs of the plasmid gels. 



Chapter III 

Results 

"Occurrence of extreme halophiles in continental shelf 
and estuarine sediments off the West Coast of India and 

the impact of hydrocarbons on the isolated strains." 



`Quantitation of archaea by MPN (Most Probable Number) estimation 

The MPN tubes of different sites within a station, showed varying turbidity. The index of 

turbidity also varied from station to station, corresponding to an average of (MPN/gm) 

1.15 x 102  (PPA), 85(TPP), 1.14 x 10 2  (MAA) and 1.80 x 102  (B121) — indicating growth 

of microorganisms that require/thrive on 25% NaCl - this average count is exclusive of 

the sites PPA-1, 5, 10, 11 and B121N, all of which showed MPN/gm in excess of 5 x 10 2 

 (with an upper limit in excess of 1.4 x 103). Thus, a wide range of MPN/gm, from a count 

of 7, at the site MAA-4, to that of in excess of 5 x 10 2, at PPA-1, 5,10,11 and B121N 

(Fig.27a, b, c), was observed. 

Isolation and purification of halophilic cultures from the MPN tubes 

On further plating on NTYE plates [containing 1500 International Units (IU) of 

penicillin], a total of 13 cultures were obtained from the continental shelf sediments that 

were not only growing at 25% salt concentration, but were resistant to high 
41- 

concentrations of BP. Interestingly, in our study, only two of the cultures one each from 

PPA (GURFP-1) and TPP (GURFT-1) showed the orange-red pigmentation (observed 

visually), characteristic of halophilic archaea; one culture from MAA (GURFM-1) 

showed greenish yellow pigmentation. The rest of the cultures, 5 from PPA (GURFP-2, 

GURFP-3, GURFP-4, GURFI and GURFH-2), 2 from TPP (GURFT-2, 3), 1 from MAA 

(GURFM-1) and 2 from B 121 (GURFBE, GURFBS) stations were not pigmented. 

Isolation of the estuarine halophiles using enrichment media containing 
crude oil (as sole source of carbon) 

A very clear mat of microbial growth could be seen on the plate surface after 8 days of 

inoculation. On further streaking on crude oil plates, two cultures, one from the estuarine 

sediment of Talpona named as GURFTL and one from Palolem beach sand, named as 

GURFPL-1 were obtained. Both the cultures, could grow on crude oil plates with 1% 

NaC1 (Fig.23) and 20% NaC1 (Fig.23). From the sediments of Vasco, Goa, one culture, 

GURFV was isolated. 

'BP - Benzyl penicillin 
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Fig. 27b 	 Fig. 27c 

Most probableprobable number estimation per gm of sediment samples collected from (a), Panna, (b) , Tapti and (c) Mukta and Bombay High stations during premonsoon. 



Fig. 28 : Growth on NSM (20%NaC1) agar 

plates incorporated with crude oil (0.1% w/v) 

Fig. 29 : Growth on NSM (1% NaCI) agar 
plates incorporated with crude oil (0.1% w/v) 



Gram staining and Scanning Electron Microscopy: Seven of the thirteen 

cultures isolated from the continental shelf sediments off the West Coast of India, were 

gram negative rods, while the rest 6 and the 2 from the estuarine sediments were either 

gram positive cocci or coccobacilli (Table 4, Fig.30a-o) 

Biochemical characterisation of isolates 	 : All the 
- 	- 	-- 

halophilic isolates could utilise the sugars, 'viz., galactose, sucrose, trehalose and xylose, 

the sugar alchohol, mannitol, the short-chain organic acids, viz., acetate and citrate., the 

amino acid arginine and the protein casein (Table.5a-b). All of them could breakdown 

starch and gelatin. 80. - 93% of the halophiles /isolates could utilise the sugars, viz., 

arabinose, fructose, glucose, lactose, maltose, rhamnose, ribose, the organic glycerol, the 

sugar alcohols, , ; viz.,, adonitol, inositol, sorbitol, the short-chain organic acid, fumarate, 

and the amino acid asparagine. The cultures, GURFA, GURFTL-1, GURFI, GURFM-2, 

GURFP-1, GURFT-1 and GURFV produced acid with sugars. 

Test for catalase and oxidase: All the cutures tested positive for catalase and 

Cytochrome c oxidase 

Studies on antibiotic sensitivity of the halophilic isolates: All the cultures 

showed good resistance to penicillin (Fig.39), kanamycin, valinomycin and i novobiocin. 

Interestingly, the pigmented isolate GURFT-1 was: inhibited by novobiocin even at 

691.4g/m1 (Table. 6a-b). 

Its 



Name of 
culture 

Gram 
reaction _ 

Type of 
Cells 

Scanning Electron 	Microscopy 
Magnification 
used 

Cell 	.morphology 	- 
size(LM) 

GURFA Gram -ye Rods 14,000X Rods — 1.5 

GURFBE Gram + tn.. Cocci 15,000X Cocci — 0.5 

GURFBS Gram t oe.  Coccobacilli 14,000X Short coccobacilli — 0.5 

GURFPL-1 Gram +ix- Cocci 10,000X Cocci — 0.5 

GURFTL Gram +(›e- Cocci SEM not performed 

GURFH-2 Gram - LA. Rods SEM not performed 

GURFI Gram +0e- Coccobacilli 35,000X Rods —1 

GURFM-1 Gram -1,e- Rods 18,000X Rods —1 

GURFM-2 Gram - L>e- Rods 25,000X Rods - 1.5 

GURFP-1 Gram +ix. Coccobacilli 13,000X Coccobacilli -1 

GURFP-2 Gram - tx- Rods SEM not performed 

GURFT-1 Gram - ise- Rods 22,000X Coccobacilli — 1.2 

GURFT-2 Gram +i,e- Cocci 27,000X Cocci — 0.5 

GURFT-3 Gram - oe_ Rods SEM not performed 

GURFV Gram + ix- Cocci 25,000X Cocci - 0.3 

Table. 4: Gram staining characteristics and morphology of the halophilic isolates 
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Gram staining figures 
	

Electron micrographs 

F g.30(a) - GURFA 

•  
Fig.30(b) - GURFBE 

Fig 30(c) - GURFBS 

Fig. 30(d) - GURFPL-1 

Fig.30: Gram staining and electron micrographs of the isolates 



Electron micrographs 
Gram staining figures 

- 

Fig.30(e) - GURFM-1 

Fiu.30(f) - GURFM-2 

Fig. 30(g)-GURFP-1 

Fig.30: Gram staining and electron micrographs of the isolates 
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Gram staining figures 
	 Electron micrographs 

Fig.30(h) - GURFT-1 

Fig 30(i)-GURFT-2 

Fig.30(j) - GURFT-3 

Fig.30: Gram staining and electron micrographs of the isolates 



Gram staining figures 	 Electron micrographs 

Fig.30(k) -GURFV 

Fie. 30(111-GUSF 

Fie. 30(ml - GURFI 

Fig.30: Gram staining and electron micrographs of the isolates 



Gram staining figures 

Fig.30(n1-GURFH-2 

Fig. 30(o) — GURFPL-1 



Name of the 
isolate 

Arabinose Fructose Galactose Glucose 	' Lactose Maltose Mannose Rhamnose Ribose Sucrose Trehalose 

GURFA + + - + + - + + + 
GURFBE + + + + + + + + + + + 
GURFBS + + + + - + + + + + + 
GURFPL-1 + + + + + + + + + + 
GURFTL - - + + + + + + + + 	. 
GURFH-2 + + + + + + + + + • + 
GURFI + - + + + + + + + + + 
GURFM-1 + - + - - - + - + + 
GURFM-2 + + + + + + + + - + + 
GURFP-1 + + + + + + + + + + + 
GURFT-1 + + + + + + + + + + + 
GURFT-3 + + + + + + + + + + 
GURFT-4 + + + + + + + + - + + 
GURFV + + + + + - + + + + 

Name of the 
isolate 

Xylose Glycerol Starch Adonitol Inositol Mannitol Sorbitol Propanol Acetate Citrate Lactate 

GURFA + + + + + + + + + + - 
GURFBE + + + + + + + + + + 
GURFBS + + + + + + + + + + - 
GURFPL-1 + + + + + + + + + + + 
GURFTL + + + + - + + + + + - 
GURFH-2 + + + - + + + + + + - 
GURFI + + + + + + - + + - 
GURFM-1 - + + - + - + + + - 
GURFM-2 + + + + + + + + + + - 
GURFP-1 + -  + + + + + + + + - 	. 

G'URFT-1 + - + + + + + + + + ' - 
GURFT-3 + + + + + + + + + + - 
GURFT-4 + + + + + + + + + + - 
GURFV + + + + + + + + + + - 

Table. 5(a) : Utilisation of sugars, sugar alcohols, amino acids, prote'ns and other organic compunds by the isolated halophiles 
"+" represents growth and "-" represents absence of growth 



Name of the isolate Fumarate Pyruvate Succinate Butyric acid Hippuric acid Arginine Asparagine Cysteine 
GURFA + - + + + 
GURFBE + + + + + + + 
GURFBS + + - - - + + 
GURFPL-1 + + - + + + + 
GURFTL + + - + + + + - 
GURFH-2 + + - - + + 
GURFI + - - - - + + - 
GURFM-1 + - - - + + - 
GU'RFM-2 + - - - + + 
GURFP-1 + + - + - + + - 
GURFT-1 + + - - + + + - 
GURFT-3 + - - - + + + - 
GURFT-4 + - - - - + + - 
GURFV + - - - - + + 

Name of the isolate Lysine Glycine Casein Gelatin Salicin Tween 20 Tween 80 Sodium benzoate Eicosane 
GURFA + + + + + + + - - 
GURFBE + + + + + + + + + 
GURFBS + - + + - + - - - 
GURFPL-1 - + + + - - + - 
GURFTL + + + + + + + + + 
GURFH-2 - - + + - + - - - 
GURFI - - + + + + - - - 
GURFM-1 + + + + + + + + + 
GURFM-2 + - + + - - - - 
GURFP-1 - + + - + - - + 
GURFT-1 - + + + + + + + + 
GURFT-3 + + + + + + + + + 
GURFT-4 - + + + + + + - + 
GURFV - + + + + + + - + 

Table. 5(b) : Utilisation of sugars sugar alcohols, amino acids, prote'ns and other organic compunds by the isolated halophiles 
"+" represents growth and "-" represents absence of growth 



Concentration of the antibiotic used (pg/m1)—÷ 
Class and name of antibiotic 4, 

Isolates 
GURFA GURFBE GURFBS GURFPL-1 GURFTL GURFH-2 GURFI 

15 30 60 15 30 60 15 30 60 15 30 60 15 30 60 15 30 60 15 30 60 

Cell wall inhibitors 

1.Penicillin 

2.Bacitracin 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ + 

+. + 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

RNA-polymerase inhibitors 

3.Rifampicin + + - + - - + - - - - + + - + + - + + - 

Protein biosynthesis inhibitors 

4.Chloramphenicol 

5.Kanamycin 

+ 

+ 

+ 

+ 

- 

+ 

+ 

+ 

- 

+ 

- 

+ 

+ 

+ 

+ 

+ 

- 

+ 

- 

+ 

- 

+ 

- 

+ 

+ 

+ 

+ 

+ 

- 

+ 

+ 

+ 

+ 

+ 

- 

 + 

+ 

+ 

I
 • 	

+
 

- 

+ 

Membrane inhibitor 

6.Valinomycin + + + + + + + + + + + + + + + + + + + + + 

DNA gyrase inhibitor 

7. Novobiocin + + + + + + + + + + + + + + + - - - + + + 

Table. 6a: Response of the cultures to antibiotics 

"+" no inhibition Of growth; "-" no growth 



Isolates 
GURFM-1 GURFM-2 GURFP-1 GURFT-1 GURFT-2 GURFT-3 GURFV 

Concentration of the antibiotic used (pg/m1)--0. 
Class and name of antibiotic, 

* 

15 30 60 15 
. 

30 60 15 30 60 15 30 60 15 30 60 1: 30 60 15 30 60 

Cell wall inhibitors 

1.Penicillin 

2.Bacitracin 

+ 

+ 

• + 

+ 

+ 

+ 

+ 

+ 

+ + 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ + 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

1__ 	

+
 • 

+ 

+ 

RNA-polymerase inhibitor 

3.Rifampicin - - - + + - + + + + + + + - - - - - + - - 

Protein biosynthesis inhibitors 

4.Chloramphenicol 

5.Kanamycin 

- 

+ 

- 

+ 

- 

+ 

+ 

+ 

+ 

+ 

+ 

+ + 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

- 

+ 

- 

+ 

- 

+ 

- 

+ 

+ 

+ 

- 

+ 

- 

+ 

+ 

+ 

+ - 

+ 

Membrane inhibitor 

6.Valinomycin + + + + + + + + + + + + + + + + + + + + + 

DNA gyrase inhibitor  

7. Novobiocin + + + + + + + - - + + + + + + - - - + + + 

Table. 6b: Responie of the cultures to antibiotics 

"+" no inhibition of growth; "-" no growth 



Name of the culture Spots (Rf values) 

GURFA 0.51, 0.61, 0.64, 0.77, 0.83, 0.93 

GURFBE 0.48, 0.64, 0.87, 0.935 

GURFBS 0.45, 0.55, 0.64, 0.74, 0.83, 0.93 

GURFPL-1 0.42,0.64, 0.77, 0.87,0.96 

GURFTL 0.48, 0.58, 0.67, 0.78, 0.87, 0.96 

GURFH-2 0.5,0.59,0.68,0.83,0.96 

GURFI 0.38,0.51,0.61,0.8,0.9,0.935 

GURFM-1 0.96,0.82,0.75,0.58,0.51 

GURFM-2 0.41,0.48,0.58,0.77,0.87,0.935 

GURFP-1 0.56,0.67,0.77,0.90 

GURFT-1 0.55, 0.62, 0.67, 0.96 

GURFT-2 0.96,0.82,0.75,0.58,0.51 

GURFT-3 0.41,0.48, 0.55, 0.58, 0.75, 0.93 

GURFV 0.41,0.48,0.61,0.77,0.9 

GUSF 0.98,0.67, 0.55 

Table.7: Rf values of phospholipids of the isolates (see Fig. 32) 

R1 of 0.48 corresponds to phosphatidylglycerophosphate (PGP) 

R1 of 0.67 corresponds to phosphatidylglycerol (PG) 



Fig.39: Halophilic isolates growing on NTYE e agar plates incorporated with 1500 IU of 
penicillin 

TLC profiles of methanolysates of the isolates 

The patterns obtained by chromatographic analysis of methanolysates of the 

halophilic isolates using solvent system A (see Appendix) are shown in Fig 31. Spots 

with Rf values of 0.2 corresponded to GDEM, whereas components having Rf values 

greater than 0.6 corresponded to methyl esters of non-hydroxylated fatty acids 

(FAME) (519, 520). All the cultures, except GURFM-1, GURFP-2, GURFT-2, 

showed presence of GDEM in the initial control study (Fig.31). The presence of spots 

with Rf values greater than 0.6 observed in a subsequent TLC of the methanolysates 

of isolates could probably be attributed to incomplete hydroxylation of the lipids 

(Fig.3 1 a). Further double development of the TLC plates spotted with methanolysates 

in solvent systems, pet ether: acetone (95:5), toluene: acetone (97:3) and further 

exposure to iodine vapors showed further resolution of GDEMs spots (Rf = 0.57-0.6) 

in case of all the cultures (Fig. 31 b-c). 
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Fig. 31: TLC profiles of methanolysates of isolates after running and 
developing in the first solvent system, pet.ether : ether 

(L-R): 1. E.coli, 2.GURFA, 3.GURFBE, 4.GURFBS, 5.GURFPL-1, 6.GURFTL, 
7.GURFH-2, 8.GURFI, 9.GURFM-1, 10.GURFM-2, 11.GU'RFP-1, 12. GURFP-2, 

13.GURFT-1, 14.GURFT-2, 15.GURFT-3, 16.GURFV, 17. GUSF 
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.Fig. 31a : TLC profiles of methanolysates of isolates after running and 
developing in the first solvent system, pet.ether: ether 

(L-R): GURFA, GURFBE, GURFBS, GURFPL-1, GURFTL, GURFH-2, GURFI, 
GURFM-1, GURFM-2, GURFT-2, GURFT-3, GURFV, GUSF, GURFP-1, GURFT- 

1 

131 



..-1 

  

Fig. 31b: TLC profiles of methanolysates of isolates after running and developing in all 
the three systems. viz.. pet.ether: ether, peth.ether: acetone, 	. r 	- ( 

.koit4,:ene. aceLorte 

(L-R): GUSF, GURFA, GURFBE, GURFBS, GURFPL-1, GURFTL, 
GURFH-2, GURFI, GURFM-2, GURFM-1,-GURFP-1, GURFT-1, 

GURFT-2, GURFT-3, GURFV 
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Fig. 31c : TLC plates of imethanolysates of isolates after development on all the three 
systems. viz.. pet.ether: ether, peth.ether: acetone, - ,I; and treatment 
with the hydroxamate solution 

(L-R): GUSF, GURFA, GURFBE, GURFBS, GURFPL-1, GURFTL, 
GURFH-2, GURFI, GURFM-2, GURFM-1, GURFP-1, GURFT-1, 

GURFT-2, GURFT-3, GURFV 

g 0,40-Ka- 

13+ 



Fig.32: TLC profiles of phospholipids from the isolates- (L-R): GURFA, 

GURFBE, GURFBS, GURFPL-1, GURFTL, GURFH-2, GUSF, GURFM-1, 

GURFT-3, GURFT-1 GURFI, GURFM-2, GURFT-2, GURFP-1, GURFV 

Spot "a" - phosphatidylglycerophosphate (PG) 

Spot "b" - phosphatidylglycerol (PGP) 
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1 	2 3 	4 	5 	6 	7 	8 9 	10 	11 	12 13 14 	15 	16 	17 	18 	19 20 

Fig.33: Paper chromkography profile for detection of DAP from isolates (L-R): 1. GUSF, 2. GURFA, S. GURFM-1, 
4. GURFBE, 5. GURFP1-1, 6. GURFTL, 7. GURFH-2, 8. GURFI, 9. GURFP-1, 10. GURFP-2, 11. DAP control, 12. GURFM-2, 13. 

GURFBS, 14. GURFT-1, 15. GURFT-2, 16.GURFT-3, 17. GURFV, 19. GUSF, 20. DAP control 



Presence/absence of diaminopimelic acid (DAP) in the isolated cultures 

Of all the isolated cultures, only GURFM-2 showed the presence of DAP, confirming its 

eubacterial nature. None of the other cultures, including the non-pigmented isolates 

showed presence of DAP (Fig.33). 

Pigment profiles of the isolated halophiles 

GURFP-1 and GURFT-1 showed the characteristic archaeal pigment peaks 

corresponding to bacterioruberins and lycopene (Fig.34a). The greenish-yellow 

pigmented GURFM-1 showed a single peak corresponding to flexirubin, which has been 

reported for members of Cytophaga(Fig.34b). The remaining cultures did not show any 

pigment peaks, characteristic of haloarchaeal carotenoid components. 
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Fig. 34a: Pigment profile(s) of (a) GUSF, (b) GURFP-1 and (c) GURFT-1 
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Fig.34.b : Pigment profiles of (a) - GUSF; (b) — GURFM-1; (c) — GURFBE; 
(d) — GURFPL; (e) - GURFH-2; (0 - GURFI; (g) - GURFV 
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Salt tolerance of isolated cultures 

The cultures GURFT-1 and GURFP-1 failed to grow at 0% NaCl concentration; the cells 

of both the cultures underwent lysis within a few minutes after exposure to media without 

NaCl (Table.8). The remaining cultures grew well at all concentrations of NaCICToU L .2 

Name of the isolate 0% (NaCI concentration) 	1M 2M 3M 

GURFA + 	 +* + 

GURFBE + 	 +* +*b +* 

GURFBS +* 	 + +* +*b 

GURFPL-1 +* 	 +* +*b +*b 

GURFTL + 	 +* +*b +*b 

GURFH-2 + 	 +* +*b +*b 

GURFI +a 	 + ++ + 

GURFM-1 +* 	 +* +* +*b  

GURFM-2 + 	 + + + 

GURFP-1 - 	 ++ +++* b  + 

GURFP-2 + 	 + + + 

GURFT-1 - 	 ++* +* + 

GURFT-2 + 	 + + + 

GURFT-3 
■ 

+ 	 + + +b 

GURFV + 	 + + +b 

Table.8: Growth of isolates with different concentration(s) of NaCI, viz., 0%, 1 Molar (1M), 

2 Molar (2M), 3 Molar (3M); "+" represents growth and "-" represents absence of growth; 

"*" represents growth as a whole cell mass; "a" represents growth in 

shreds/fragments/clusters; "b" represents film of /slimy growth on the sides of tube(s) when 

tilted 
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Fig.35:Graphical representation of lysis profiles of the halophilic isolates 

All the cultures, except the orange-red pigmented GURFP-1 and GURFT-1 grew well at 

0% NaCI concentration. The pigmented GURFP-1 and GURFT-1 lysed at 0% NaCI; 

however, they did not lyse when doom ai the next higher concentration of 1M NaCI, 

which itself is a very low concentration of 5.6% of NaC1 (w/v). The remaining 13 

cultures grew equally well at all concentrations of NaC1, with growth showing a slight 

decline at NaCI >2M.Cratti • 8) . 

When the cultures grown in different concentrations of NaCI were subjected to hypotonic 

shock, the following were observed. The higher the salt concentration during growth, the 

higher was the lysis percentage of GURFA, GURFM-2 and GURFV under hypotonic 

shock; thus GURFM-2 grown at 3M NaCI, showed 80% lysis when exposed to 0% NaCI 

concentration, was the least resistant/tolerant to hypotonic conditions. The isolates, viz., 

GURFTL, GURFI, GURFM-1 and GURFT-2 showed 15%-20% lysis in water after 

growth at 3M NaC1 concentration; when grown at the lowest OM NaCI concentration and 

then exposed to water, these cultures showed 20%-25% lysisAio • 35) 
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GURFBE, GURFBS,GURFPL-1,GURFH-2, GURFP-land GURFT-1 which grew at 2M-

3M NaCI concentration, showed lysis percentage of just 2%-8% when subjected to 

hypotonic shock. Of these, GURFP-1 and GURFT-1 were typically orange-red 

pigmented. Significantly, except these two pigmented cultures, the rest four, showed 

good growth when inoculated into nutrient rich media with a range of 0M-4M salinities. 

Growth studies 

(a) Preliminary screening for hydrocarbon utilisation ability of the isolated 
halophiles 

(1)60% of the total number of isolates could utilise eicosane, whereas, 47% could utilize 

sodium benzoate as a sole source of carbon (Table 5b). The cultures (viz., GURFBE, 

GURFTL, GURFH-2, GURFM-1, GURFT-1 and GURFT-2) which could utilise both 

eicosane and sodium benzoate, were all found to breakdown/utilise the detergents Tween 

20 & 80 and were able to utilise a wide range of sugars, sugar alcohols, sugar salts and 

amino acids. None of the cultures could utilise m-toluate/benzyl 

alcohol/benzaldehyde/nitrobenzene as sole source of carbon. All of them could utilise 

aniline as sole source of carbon (Table.9). 

GUSF, the estuarine halophilic archaeaon was used as a representative haloarchaeal strain 

to conduct screening for utilisation of a wide range of hydrocarbons (Fig.36) and for its 

tolerance to the wide variety of hydrocarbons during growth in NGSM and NTYE 

(Fig.37). Based on the r6s-ponse of GUSF to these hydrocarbons, and the toxicological 

relevance of the same, aniline(ANI), nitrobenzene (NB), 1,2-dichlorobenzene (o-DCB) 

and biphenyl (BIP) were chosen for further studies. 

(b) Growth studies of the pigmented haloarchaea GUSF, GURFP-1 and GURFT-1 

Each of the three cultures grew optimally in NTYE containing 25% NaCI with a lag of 

one day. The cultures grew exponentially after the first day of inoculation and reached the 

stationary phase by the fourth day. GUSF gave a cfu/ml of 5.3 x 10 10, GURFT-1 5.95 x 
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Culture 
--* GURF 

A 
CURE 
BE 

GURF 
BS 

GURF 
PL-1 

GURF. 
TL 

GURF 
H-2 

GURF 
I 

GURF 
M-1 

GURF 
P-3 

GURF 
P-1 

GURF 
T-1 

GURF 
T-3 

GURF 
T-4 

• 

GURFV GUSF 

Media 

NGSM(20%) + + + + + + + + + + + 

NSM(20%) + aniline + + + + + + + + + + + 

NSM(20%) + nitrobenzene - - - - - - - - - - - - 

NSM(20%) + eicosane - + - - -  - + + + + 

NSM(20%) + Na-benzoate - + . 	- + - _ + - - + + - - + 

NSM(20"/o) + benzaldehyde - - - - - - - - - - - - 

NSM(20%) + benzyl alcohol - - - - 
. 

- - - - - - - - - - 
. 

NSM(20%) + meta-toluate - • - - - - - - - - - - - - 	- - 

NSM(20%) + benzoic acid - - - - - - - - 
_ 

- - 

NSM(20%) + benzene - - - - - - - - - - - - -  

NSM(20%) + toluene - -  - - - - - - - - - - 

NSM(20%) + xylene - - - - - - 
_ 

- - - -  - - - - 

NSM(N-) + aniline + + + + + + + + + + + 

NGSM(N-) + aniline + + + + + + + + + + + + 

NSM(N-) + nitrobenzene - - - - _ _ _ _ _ _ - - - 

NGSM(N-) + nitrobenzene - -  - - - - - - . _ - . - - 

Table.9 : Growth of isolates with/without hydrocarbons — "+' represents growth, "-" represents absence of urrowth 
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1010  and GURFP-1 of 5.76 x 10 10  respectively, at the end of 7days in NTYE (Fig.38). 

The growth rate(s) of the cultures were as follows, 2.42 — GUSF, 2.26 — GURFP-1 and 

2.21 — GURFT-1 (Fig.38a-d). 

(c) Quantification of bacterioruberin component of the pigments 

The total bacterioruberin of each culture grown in NTYE was 0.027 1.1g/g protein for GUSF 

0.0281.1g/g protein for GURFT-1, 0.0061.1g/g for GURFP-1 

Estimating the solubility of the four hydrocarbons in NSM 

Estimation of the solubility of the hydrocarbons in NSM showed that, the solubility of 

these hydrocarbons is lowered by 6.7 times for biphenyl, 542 times for NB, 2.17 times 

for o-DCB and 1.11 times for aniline, as compared to their known aqueous solubilities 

reported by Eastcott et al. 1988. A comparison of the solubilities of each of the 

hydrocarbon in distilled water and NSM (20%) is given in Table 10. 

Compound 	(Reported aqueous (d/w) 	solubilitySolubility in NSM (g/L) 

(g/L)(468) 

Biphenyl 0.02032 0.003 

Nitrobenzene 2.17  0.004 

o-Dichlorobenzene 0.1369 0.06306 

Aniline 36.6 32.92 

Table. 10: Comnarison between aqueous solubility of hydrocarbon(s) in distilled 
water and in NSM 

Effect of different concentrations of aniline on the growth and 

pigmentation of GURFP-1 and GURFT-1 

In presence of upto 0.01% of aniline, growth of GURFP-1 was identical to the culture 

growing without the hydrocarbon. Aniline upto 0.005% had no effect on the onset of 

growth and the subsequent growth phases of GURFT-1 and GURFP-1. Interestingly, the 



growth rate which was lower than the culture growing without hydrocarbon was not affected 

any further with increase in concentration from 0.01% to 0.04% aniline (Fig.38). 

Increasing/loubling concentrations of aniline, however, extended 	stationary phase of 

GURFT-1 by a day and affect cell yields adversely (Fig. 38a-d). 

Presence of aniline at 0.005% - 0.04%, did not affect the growth of GURFP-1 adversely 

and gave a total yield of 5.02 - 5.75 x 10 1° ; the yield of GURFT-1 declined marginally to 

3.64 — 5.75 x 10 1°, as seen in Fig.38d. At a concentration of 0.04% of aniline, the growth 

of GURFT-1 decreased to a cfu/ml yield of 3.64 x 10 1°  as compared to the yield of 5.95 x 

101°  in the absence of aniline. Presence of 0.01% of aniline delayed pigmentation of cells 

by 1 day in case of GURFT-1 and 2 days in case of GURFP-1. 

Acetone extracts of cells of GURFP-1 and GURFT-1 pregrown in NTYE without 

aniline, were orange-red in colour and having peaks at 350, 370, 388, 425, 468, 495, 528, 

596nm in case of GUSF, 342nm, 465nm, 495nm, 528nm in case of GURFT-1 and 

342nm, 465nm, 496nm, 526nm in case of GURFP-1. Peaks with absorption maxima at 

370, 388, 494 and 527nm correspond to those of bacterioruberin (586), at 465nm to 

neurosporene (587), at 468nm to lycopene (587), at 425nm to 13-carotene (594). 

Upto 0.01%, the profiles of pigments formed were identical to those of control (Fig.40a-

b). At concentrations above 0.01%, the cultures did not develop the chkacteristic 

orange-red pigmentation, even after 5-6 days. However, at these concentrations, there 

was significant increase in absorbance at 600nm (Fig.38), which was further confirmable 

in terms of the viable count cfu/ml (Fig.38). An increase in the concentration of aniline 

delays pigmentation, exerts a selective inhibitory effect on the pigmentation at 

concentrations above 0.01%, without affecting the growth of any of the three cultures. 

Above the concentration of 0.01%, the total bacterioruberin is lowered from 0.028 lag/g 

protein to 0.004 .tg/g protein of GURFT-1, from 0.006 .tg/g protein to 0.0045 .tg/g 

protein of GURFP-1. All the peaks in the range 390nm-500nm are completely abolished 
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with a concomitant increase in absorbance at 388, 344, 342nm; besides a broad band 

between 320-360nm, appeared (Fig.40). 

Effect of nitrobenzene, aniline, o-DCB and BIP on the growth of GUSF 
in NTYE and NGSM 

(i) NTYE 

(a)Nitrobenzene 

The growth of GUSF in the presence of nitrobenzene was unaffected from 0.001% 

upto 0.004% in NTYE, with the lag phase extended by a day (Fig.41). At the next 

higher concentration of 0.008%, the lag phase was extended by 2 days. At 

concentrations of 0.016% - 0.25% of NB, the lag phase was extended by 3 days, 

whereas there was no significant effect on the growth, once the cells entered the log 

phase — the growth rate of the culture in the presence of upto 0.25% NB was 

comparable to that of the culture growing without NB. But at the next doubling 

concentration of 0.5%, there was a drastic inhibition of growth , eventhough the lag 

phase was not extended any further. Above 0.5%, NB completely inhibited the 

growth of GUSF upto the highest concentration of 1.3% used. (Fig.41) 

03)1  o- Dichlorobenzene 

) In the presence of o-DCB, upto a concentration of 0.15%, the growth was comparable 

to control with a lag of just one day; at the next doubling concentration of 0.3% 'of o-

DCB, the lag phase was extended by another 4 days — but the growth rate was not 

affected at this concentration. At all concentrations above 0.3%, o-DCB completely 

inhibited the growth of GUSF in NTYE (Fig. 42) 

(c)B iphenyl: 
At concentrations of 0.005%-0.05%, biphenyl did not affect the growth of GUSF. At 

a concentration of 0.1%, biphenyl increased the lag phase by another day, but the 

overall growth was significantly reduced thereafter; at double this concentration , 
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Media Cultures 
GUST GunFr-1 	CURET'- 1 
Bactet iot ninth' concentratioltitg/m1 

NTYE 

NTYE + 0.01% aniline * 

0.027 

0.018 

0.028 

0.004 

0.006 

0.0045 
NTYE + 0.002% nitrobenzene (NB) 0.022 

NTYE + 0.008% NB 0.013 - - 

NTYE + 0.016% NB 0.009 - - 

NTYE + 0.032% NB * 0.007 - - 
NTYE + 0.075% o-dichlorobenzene o-DCB) 0.016 - - 

NTYE + 0.15% o-DCB 0.012 - - 

NTYE + 0.3% o-DCB * 0.01 - - 
NTYE + 0.01% biphenyl (HIP) 0.024 - 

NTYE + 0.025% 1311' 0.015 - - 

NTYE + 0.05% B1P 0.012 - - 

NGSM 0.007 - - 

NGSM + 0.025% aniline * 0.004 - - 

*At higher concentrations , ruberin could not be quantitated 

Table : Bacterioruberin qiiantitation of haloarchaeal cultures, in the presence/ 
absence of aniline/ nitrobenzene/biphenyl/o-dichlorobenzene 
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0.2%, there was a lengthy lag phase of 7 days, followed by a short log phase of 1 day 

(Fig. 43). 

(d).Aniline 
In presence of upto 0.01% of aniline, growth of GUSF was identical to the culture 

growing without the hydrocarbon. Presence of aniline at 0.005% - 0.04%, did not 

affect the growth of GUSF. As seen in FigSc.-cells of GUSF increase in number after 

one day of incubation in NGSM, at RT, 150 rpm. Increase in cell number proceeds at 

the rate of 2.85 and reaches a maximum cell yield (cfulml) of 1.15 x 10 10  by the 4th 

 day and remains unchanged even on the 10th  day. Aniline at all concentrations had no 

effect on the yield of GUSF cells (Fig.38) 

At the lowest concentration of ANI (0.025%) used, increase in the cell numbers 

occurs right from day 1, the rate of increase in cells is negligible upto 6 days, and is 

followed by a sudden 100 fold increase in cells in the next 2 days (Fig.38), resulting 

in a maximum of 1.24 x109. At 0.05% and 0.1% of ANI, increase in cell numbers is 

initiated after 4 days and the total yield is 9.2 and 90 times less than that of GUSF 

growing in absence of ANI. Further, every doubling of concentration of ANI exerted 

a near 10 fold decline in cell numbers corresponding to 1.24 x 10 9  in case of 0.025% 

ANI, 1.28 x 108  in case of 0.05%, 5.13x107  in case of 0.1%, 4.17 x 10 6  in case of 

0.2% ANI. 

(ii) NGSM 

Cells of GUSF increase in number after one day of incubation in NGSM, at RT, 

150 rpm. Increase in cell number proceeds at the rate of 2.85 and reaches a maximum cell 

yield (cfu/ml) of 1.15 x 10 10  by the 4th  day and remains unchanged even on the 10 th  day 

(Fig. 44). 

(a) Aniline 

At the lowest concentration of ANI (0.025%) used, increase in the cell numbers 

occurs right from day 1, the rate of increase in cells is negligible upto 6 days, and is 
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followed by a sudden 100 fold increase in cells in the next 2 days (Fig. 1), resulting in a 

maximum of 1.24 x109. At 0.05% and 0.1% of ANI, increase in cell numbers is initiated 

after 4 days and the total yield is 9.2 and 90 times less than that of GUSF growing in 

absence of ANI. Further, every doubling of concentration of ANI exerted a near 10 fold 

decline in cell numbers corresponding to 1.24 x 10 9  in case of 0.025% ANI, 1.28 x 10 8  in 

case of 0.05%, 5.13x10 7  in case of 0.1%, 4.17 x 106 in case of 0.2% ANI (Fig. 44). 

(b) Biphenyl 

With BIP, the increase in cell number is initiated only after 3 days at 0.025% and 

0.05% with a maximum yield of 1.05 x 109  and 7.27 x 108  by the 6th  day respectively. 

Interestingly, in the presence of 0.025% and 0.05% BIP, the growth occurred at a rate of 

2.65 and 2.75 respectively, being slightly different from that of the culture growing in the 

absence of BIP (Fig 45). 

(c)o-DCB 

At 0.15% and 0.3%, o-DCB delays the increase in no. of cells by 5 and 6 days,,  

respectively (Fig. 4). Interestingly, at 0.3% o-DCB, cell numbers declined by 1.268 times 

at the end of one day; furthermore, cell numbers increase marginally to 1.29 x 10 7  in 9 

days.(Fig.4) 

(d) NB 

In case of 0.04% NB, increase in cell nos.was seen only after day 5, reaching a 

maximum of 7.10 x 10 8  at a rate of 0.805. At the next doubling concentration, cell 

nos. were lowered by 30 times (Fig.44). 

The presence of any one of the four hydrocarbons, right from the day of inoculation 

of GUSF, delays the initiation of increase in cell numbers, affects the rate of increase and 

the total yield of cells with every - _  increase in the concentration of the respective 

hydrocarbon (Fig. 45-48)There was no increase in cell numbers at 0.2% of ANI and BIP, 

0.6% of o-DCB and 0.16% of NB. (Fig.44-47). However, cell number equal to the 

• 
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inoculum can ne recoverea at tnese concentrations of ANI. BIP and o-DCB. even after 10 

days: only in the case of NB. the cell number declined to 2.10 x 10 6. 

Effect of nitrobenzene, aniline, o-DCB and BIP on the pigmentation of 

GUSF in NTYE and NGSM 

(i)NTYE 

(a) Aniline 

The presence of upto 0.01% of aniline, delayed pigmentation of cells by 1 day in 

case of GUSF. Acetone extracts of cells of GUSF pregrown in NTYE without aniline, 

were orange-red in colour and having peaks at 350, 370, 388, 425, 468, 495, 528, 

596nm. Upto 0.01% of aniline, the profiles of pigments formed were identical to those of 

control (Fig.40c). At concentrations above 0.01%, GUSF did not develop the 

characteristic orange-red pigmentation, even after 5-6 days. An increase in the 

concentration of aniline therefore delays pigmentation, exerts a selective inhibitory effect 

on pigmentation at concentrations above 0.01%, without affecting the growth. Above the 

concentration of 0.01%, the total bacterioruberin was lowered from 0.027ggig protein to 

0.018 pg/g protein of GUSF. All the peaks in the range 390nm-500nm are completely 

abolished with a concomitant increase in absorbance at 388, 344, 342nm and the 

appearence of a peak at 590nm in case of GUSF only. The abolishment of the 

bacterioruberin peak was however, accompanied by an increase in the production of 

squalene derivatives with absorbance peaks below 300nm, indicating that at 

concentration above 0.01% pigmentation shifts to squalene production 

(b) Nitrobenzene 

The onset of the culture's orange-red pigmentation as observed visually was 

delayed by one day upto 0.004% of NB and by 2 days at 0.008% of NB. At 

concentrations of NB above 0.032%, there was no visual pigmentation of the culture. 
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The spectral scan of the pigments showed that upto 0.016% of NB, there was a 

consistent increase in the peak at 424nm (which corresponds to (3-carotene); at 0.032% 

there was a sudden increase in this peak. Above 0.032% concentration, however, the 

intensity of the peak at 424nm decreased again. An increase in the concentration of NB 

also effected a progressive increase in the peak at 590nm and a decrease in the peak at 

495nm (corresponding to bacterioruberin) (Fig. 48 a & b) 

Nitobenzene effected a marginal decrease in bacterioruberin from 0.027ug/g of 

protein to 0.022 itig/g of protein at concentrations 0.002%-0.004%; at the next doubling 

concentration of 0.008%, the bacterioruberin content came down by almost half, i.e., to 

0.013 ,g/g. Further increase in the concentration of NB resulted in decrease in 

bacterioruberin if) 0.009,14g/g (at 0.016%) and 0.007pg/g (at 0.032%). Above 0.032% of 

(NB in the culture , the bacterioruberin content was not detectable 

• 

(c) o-dichlorobenzene 

At the lowest concentration of o-DCB,viz., 0.075% used, and the next doubling 

concentration of 0.15%, pigmentation was initiated on the 4 a1  and 5t11  day respectively, 

after inoculation. At and above 0.3% concentration, pigmentation was completely 

absent. With the increase in the concentration of o-DCB, there was a simultaneous 

decline in the bacterioruberin content [0.016Kg (0.075% o-DCB), 0.012/.4g/g (0.15% o-

DCB), 0.01 )4.►g/g (0.3% o-DCB)] and an increase in the peak at 590nm (Fig.49). 

(d) Biphenyl 

Biphenyl delayed the onset of pigmentation by 2 days in the presence of 0.01% 

and 0.025% biphenyl. At the next doubling concentration of 0.05%, biphenyl completely 

inhibited the pigmentation of GUSF. Bacterioruberin production declined from 0.027/ig/g 

to 0.024 J.4g/g, 0.015 Jug/g and 0.012pg/g of whole cell protein in the presence of 0.01%, 

0.025% and 0.05% biphenyl respectively (Fig.50). 
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(ii)NGSM 

The overall bacterioruberin production II GUSF when grown in NGSM itself was much 

lesser (0.007Jig/gm)as compared to the same (0.027,4/gm) when grown in NTYE. 

(a)An iline 

In the presence of 0.025% of aniline, pigmentation was delayed by 1 day, whereas 

at 0.05% it was delayed by 3 days. Aniline severely inhibited the bacterioruberin 

production at 0.025% concentration itself, by reducing it to 0.004,,tg/gm, while above this 

concentration, the bacterioruberin peak was not observed. At 0.05% and 0.1% 

concentrations of aniline, the broad bands between 200-250 and 300-350 increased in 

intensity. At the MIC of 0.2%, there were no peaks at all (Fig.51). 

(b)o-dichlorobenzene 

In the presence of o-DCB, the cells of GUSF failed to produce bacterioruberin 

even at 0.15% (the lowest concentration used), which also delayed the onset of 

pigmentation by 4 days — in order to find out the cutoff concentration at which the ruberin 

peaks are abolished, concentrations lesser than 0.15% were used — 0.025% o-DCB is the 

highest concentration for ruberin production, above which there is no pigmentation. With 

increase in the concentration of o-DCB, there was a distinct increase in the intensity of 

the band 300nm-350nm (Fig.52). 

phen.Y1 
0.025% and 0.05% of biphenyl delayed onset of pigmentation by 1 and 3 days 

respectively, abolished , ruberin peaks at all concentrations. The cutoff biphenyl 

concentration for ruberin inhibition was 0.005% (Fig.53). 
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(b)0.025%, (c)0.05%, (d)0.1% and (e) 0.2% aniline 

A 
b 

190.0 	 400.0 
Wavelength inn) 

Fig.52 : Pigment profile of GUSF grown in NGSM without (a) and with 
(b)0.1%, (c)0.15%, (d)0.2% (e) 0.3%, (f) 0.6% and (g) 1.2% o-DCB 

700.0 600.0 



A 
b 

Fig.53 : Pigment profile of GUSF grown in NGSM without (a) and with 
(b)0.005%, (c)0.01%, (d)0.025% (e) 0.05%, (f)0.1% and (g) 0.2% biphenyl 
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Growth of the halophilic isolates utilising biphenyl, aniline, nitrobenzene and o-

dichlorobenzene as sole source(s) of carbon 

All the isolates could grow on aniline as sole source of carbon. GURFA, GURFH-2, 

GURFI, GURFPL-1, GURFM-2, GURFP-1 and GURFT-1, went ,through a distinct lag 

phase of 2 days after inoculation. The following cultures, viz., GURFA, GURFPL-1, 

GURFM-2, GURFP-1 and GURFT-1 grew exponentially over 2 log cycles, whereas 

GURFH-2, GURFI, GURFBS, GURFT-2 and GURFV showed just 1 log cycle of 

growth. GURFBE, GURFTL, GURFM-1 failed to show distinct increase in cell numbers 

during the log phase (Fig. 55). 

None of the isolates could utilise biphenyl/nitrobenzene/o-DCB as sole source(s) of 

carbon. 
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Growth of the pigmented isolates, GUSF, GURFP-1 and GURFT-1 in NSM(N-) 

with aniline and glucose as sole source of nitrogen and carbon ,respectively 
-- • 

The three haloarchaeal cultures (as well as the remaining isolates) failed to show any 

significant growth in media that contained only glucose but without any nitrogen source 

(Fig.56, 59b) . But in the absence of a conventional source of nitrogen like ammonium 

chloride in the medium, the cultures utilized aniline as the source of nitrogen and grew; 

the three cultures did show a decline in growth by the third subculture (Fig.57). Using the 

Arnows test, the same was detected in all the cultures flasks containing aniline as source 

of nitrogen (Fig.59a,c,d). In successive subcultures, catechol production was comparable 

to that of the first subcultFre, in case of GURFT-1; complete absence of catechol, in case 

of the third subculture of GURFP-1, while no catechol could be detected even in the 

second subculture of GUSF. 

When growth was further monitored in terms of viable counts, the following interesting 

results came up: 

(i)in media, with only glucose as sole source of carbon and without any nitrogen 

source there was no increase in the cell numbers with all the three cultures — but even 

after 8 days of incubation, a viable count (cfu/ml)(VC) of 10 6  in case of GURFP-1 and 

GUSF and a VC of 10' in case of GURFT-1 could be recovered. Only in case of GUSF, a 

sharp decline in the growth was observed after the e day (Fig.60a,b,c). 

(ii) in media, with aniline as source of nitrogen and glucose as source of carbon, there 

was a significant increase in growth from (cfu/ml) 2 x 10 6  to 1 X 108  with a growth rate 

of 3.69 in case of GUSF, from 3 x 10 6  to 1 X 108  with a growth rate of 4.39 in case of 

GURFT-1 and from 8 x 106  to 2 X 108  with a growth rate of 3.68 in case of GURFP-1. 

There was a lag of 2 and 1 day(s) in case of GURFP-1 and GUSF respectively and no 

apparent lag in case of GURFT-1 (Fig.60a,b & c). . 

(iii) in media (with aniline as the only source of both carbon and nitrogen), there was el. 

change in growth yield by 10 times in case of GURFP-1 and GUSF (with growth rates of 

1+1 
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of 0.13 and 0.44 respectively), whereas in case of GURFT-1, there was a maximum 

growth of 9 x 107  cfu/m1 and a growth rate of 3.29. 

Analysis of cell-free supernatant of GUSF grown in NGSM with o-

DCB/aniline/NB/BIP 

TLC: NB and o-DCB did not show any spots with TLC solvent systems A, G and 

H and system F was found to be ideal for all the four hydrocarbons. 

Culture 	& 	growth 

media 

Analytical system 

TLC UV-Vis 

Spectrophotometry 

HPLC NMR 

Rf values 

of spots 

Peaks of extracts of 

cell-free culture 

supernatant of 

culture — 

(A, and Abs) 

Absorption 

wavelength (X) - 

Retention time 

Rt  (min) 

No 

detectable 

signals 

(NS) 

NGSM + 0.05% NB- 

Control 

0.857 

(Fig.61b) 

270nm — 2.46 

(Fig.63) 

270nm - 40.77 

(Fig. 65) 

NS 

. 

NGSM + 0.05% NB 

+GUSF 

0.857 

0.67 

0.35 

(Fig.61b) 

245nm -0.78, 

285nm-0.3 

(Fig.63) 

270nm- 

40.77 

53.33 

58.9 

62.92 

(Fig.65) 

NS 
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grown in NGSM with (a) aniline and (b) nitrobenzene (NB) 
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Table. 11 (contd) 

NGSM + 0.1% o-DCB 

control 

0.9 

(Fig.62b) 

260nm- 0.76, 268nm - 

1, 278nm-0.84, 

240nm-0.34 

(Fig.64) 

280nm - 

38.21 

(Fig. 66) 

216nm- 

(Fig.66) 

38.21  

NS 

NGSM + 0.1% o-DCB 0.9 	. 245nm-0.3, 285nm - 38.21 38.21 NS 

+GUSF 0.83 0.132 42.77 55.878 

0.35 (Fig-64) 46.67 62.692 

0.13 53.58 67.52 

(Fig.62b) 55.00 (Fig.66) 

62.78 

67.54 

(Fig.66) 

NGSM + 0.05% 

aniline control 

0.74 

(Fig.61a) 

290nm-2.1, 

240nm -2.76 

280nm- 

56.75 

230nm- 

56.75 

NS 

(Fig. 63) (Fig.67) (Fig. 67) 

NGSM + 0.05% 

aniline +GUSF 

0.74 

0.68 

290nm -1.56, 

240nm -2.64 

27.00 

43.55 

26.983 

40.293 

NS 

0.43 (Fig. 63) 51.23 43.55 

0.34 58.28 51.282 

0.25 61.89 58.090 

0.14 68.24 61.817 

(Fig.61a) (Fig.67) 68.215 

(Fig.67) 
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Table. 11 (contd) 

Culture & growth 

media 

TLC UV-Vis 

 Spectro-

photmetry 

HPLC NMR 

270nm 252nm246nm 

NGSM + 0.05% BIP 0.83 2,50nm - 1. 48 62.173 - - NS 

Control (Fig. 62a) (Fig.64) (Fig.68) 

NGSM + 0.05% BIP 0.7 250nm-0.72 38.112 - NS 

+GUSF (batch 0.61 (Fig.64) 42.428 

culture) 0.44 52.862 

0.27 58.833 

0.11 62.247 

0.07 66.108 

(Fig. 62a) (Fig.68) 

NGSM + 0.05% BIP + 0.83 250nm, 277nm, 62.580 21.56 NS 

GUSF (grown in 0.71 285nm 70.75 1.568 37.85 

fermenter) 0.60 75.95 25.568 43.27 

0.49 58.378 37.837 49.12 

0.4 56.237 43.282 55.04 

0.18 53.593 49.158 63.91 

37.998 63.912 (Fig. 

(Fig.69) 74.755 69) 

(Fig. 

69) 

Estimation of catechols: 

Standard catechol could be detected upto a concentration of 0.01% (100 pg/m1) 

(Fig.58) and using the Amows test, the same was detected in all the cultures flasks 

containing aniline as source of nitrogen (Fig.59a, c, d). In successive subcultures, 

catechol production was comparable to that of the first subculture, in case of GURFT-

1; complete absence of catechol, in case of the third subculture of GURFP-1, while no 

catechol could be detected even in the second subculture of GUSF. 
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Estimation of whole cell proteins 

Standard curve for proteins using Bovine Serum Albumin (BSA) - BSA could be 

estimated with an accuracy upto 3mg/ml. 

Effect of aniline on the protein turnover of GUSF, GURFP-1 and GURFT-1 in 

NTYE , 

A graphical representation of the comparison of the effect of different concentrations of 

aniline on the cell numbers and protein turnover in each of the three pigmented 

haloarchaea is given in Fig. 70a-c. 

Analysis of whole cell proteins using SDS-PAGE: 

NB induced the expression of a high molecular weight protein (100 Kda) in 

GUSF when the culture was grown in NTYE (Fig.71), but not in NGSM. Other 

hydrocarbons had no effect on GUSF either in NTYE and NGSM. Increasing 

concentrations of aniline did not effect any change in the protein profiles of GURFP-1 

and GURFT-1 in NTYE (Fig.72 and Fig.73). 

Plasmid expression 

Cells of GUSF, GURFP-1, GURFT-1, GURFBE, GURFBS grown in aniline 

showed 12.0Kb-12.3Kb plasmid (Fig.74). 

Toxicity assay using Iodonitrotetrazolium (INT) dye 

GUSF cells could reduce NT to its colored formazan product (readable at 

592nm), in their viable form. An increase in the cell mass/number resulted in a higher 

IC50 value. The IC50 value for aniline showed a steady increase with doubling the 

increase in the cell mass. In the presence of nitrobenzene, the IC50 value doubled 

alongwith the doubling increase in the cell mass/numbers. In the presence of both aniline 

and nitrobenzene, an almost linear relationship beween the IC50 value(s) and the cell 

mass could be observedCTate2..1. 
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Fig.72: SDS-PAGE profile of whole cell proteins of GURFP-1 cells 
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IC so values when cell [C 50 values when cell 

density has an OD = 	density has an OD =1 

so values when cell 

density has an OD = 2 

0.5 

Aniline 0.84 1.11 1.46 

Nitrobenzene 0.53 0.95 1.8 

J 0-Da 0.74 1.4 1.6 

biphenyl 0.7 1.29 1.58 

Table.12: 1050 values for the hydrocarbons 

Decolorisation of the triphenylmethane dye crystal violet 

Cells of the halophilic archaeaon GUSF could decolorise CV completely up to a 

concentration of 6Oppm. The reaction mixtures when observed visually showed a gradual 

decolorisation/ disappearance of the violet color (characteristic of crystal violet) of the 

reaction mixtures. Reaction mixtures with 3Oppm and 6Oppm of CV were found to 

become completely devoid of the CV color and attained the color of the control cells. The 

absorbance of the CV directly from the cell suspension + CV reaction mixture showed a 

steady decline with time, in all the flasks (Fig: 75a, b), which corresponded with the 

visual observation of the dye decolorisation, transformation. The spectral scans of the 

butanol extracts of the reaction mixtures at zero and 72 hrs, showed a decrease in the 

intensity of the peak at 592 nm (corresponding to that of CV) and the appearance of and 

increase in the intensity of a peak at 242nm (Fig.76). 

The cell pellets from the reaction mixtures, showed a violet coloration, which gradually 

decreased in intensity and at the end of 72 hrs, the cell pellets from reaction mixtures 

containing 30 ppm and 6Oppm CV were completely devoid of the violet coloration. The 

supernatants of the reaction mixtures showed either negligible or no coloration at all at 

zero, 24, 48 or 72 hrs. 

The cells were able to reduce INT readily even after 72 hrs of incubation with different 

concentrations of CV. 
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Figure 75(a) : (L-R) — Reaction mixture of cells of GUSF in 20% saline with 30ppm, 
60npm, 90ppm and 120ppm CV at zero hrs 

Figure 75(b) : (L-R) — Reaction mixture of cells of GUSF in 20% saline with 30ppm, 
60ppm, 90ppm and 120ppm CV after 72 hrs 
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Discussion 

Chapter IV: `Haloarchaea from continental 

shelf and estuarine sediments of West Coast of 

India with potential to avert hydrocarbon 

pollution stress' 



4.1. Occurrence of archaea in marine sediment samples for halophiles 

All earlier studies have dealt with heterotrophic eubacteria in marine sediments from 

Indian coastal and offshore sediments. In one study, occurrence of a very high population 

of 107-109/g of heterotrophic eubacteria in marine sediments from the West and South-

East Coast of India, from Dabol-Ratnagiri, to Trivandrum-Tuticorin was reported (530). 

In another study, restricted to offshore and nearby shore sediments off Mangalore Coast 

in South-West Coast of India, marine sediments were found to have a high count of 10 5 

 107/g of halotolerant eubacterial microorganisms (531). The presence of haloarchaea, 

observed in the MPN experiments conducted by us using offshore sediments that are non-

hypersaline, itself is a significant finding for the Indian subcontinent. Of the four offshore 

stations, sampled, viz., PPA, MAA, TPP and B121, the sediment samples from TPP, 

which were, coarse, sandy, showed the lowest average count of 85/g, while those from 

PPA (with 5 of the sampling sites showing identical counts of haloakhaea, in excess of 5 

x 102/g) and B121 (showing the highest average count of 1.80 x 10 2/g) were clayey in 

nature. Clayey sand or clay has been reported to have a higher percentage of organic 

matter and higher count of eubacteria than sandy sediments (531). The higher population 

of heterotrophic eubacteria, encountered with clay and clayey- sand sediments, than with 

fine or coarse sand sediments, has been inferred as a negative relationship of bacterial 

population with particle size and a significant direct relation with organic matter (532). 

Thus, the results of our study folloW the pattern of the negative relationship between 

particle size and haloarchaeal population, similar to that observed for eubacterial 

population in earlier studies (530-532). It may be noted that, in terms of consistency of 

MPN counts, samples from 4 sites (PPA-1, 5, 10, 11) out of the 11 sampling sites of PPA 

station showed consistency of MPN (5 x 10 2/g), while in the case of TPP-station, with 11 

sampling sites, the samples from sites TPP- 1, 2, 3, 6 & 8, showed a consistent low count 

of 26-28/g. On the other hand, in the case of MAA and B121 stations, where sampling 

was restricted to 4-5 sites, counts of no two sites were identical. From this, it is evident 

that, the more the sampling sites, the higher would be the accuracy of the MPN count, 

particularly when MPN studies are carried out for microorganisms in econiches, in which 

they are not expected to thrive/survive. Therefore, the results of our study recommends 



the necessity of sampling of sediments from several sites within a given station for future 

studies on enumeration of microorganisms in econiches, in which they are not expected 

to thrive/survive, and extreme halophiles from marine sediments, in particular, as in this 

case. 

The relatively low average count of 7 to 5 x 10 3  extreme halophiles in offshore 

sediments, observed in our study, in contrast to the very high count of 10 5  — 109  marine 

eubacteria, reported in earlier studies (530, 531), is perhaps illustrative of the severe 

limitations on haloarchaeal distribution in non-hypersaline environments. Nevertheless, 

the presence of haloarchaea in marine sediments (with a salinity level of 3% - 3.5% 

NaCl), is a significant finding that reflects the physiological and ecological complexities 

of halophilic archaea, and furthermore, raises the question pertaining to the survival 

mechanism employed in overcoming adverse hyposaline conditions of such an 

environment. 

The long-held perception that representatives of Archaea are limited to environmental 

extremes changed with the discovery of archaeal 16S rRNA gene sequences in water, 

sediment and soil samples (90, 91, 147). However such novel Archaea have not yet been 

investigated in detail in vitro , , to understand their ecological roles. Halophilic Archaea 

(haloarchaea) are often the typically dominant heterotrophic organisms (70) found in salt 

and soda lakes, salt deposits and salterns. All isolates reported to date are obligate 

extreme halophiles requiring at least a minimum of 9% (w/v) NaC1 for growth (533); but 

most growing best at salt concentrations of between 20% and 26% (w/v) NaC1, and some 

even growing well in saturated salt (>30% w/v NaC1). 

Purdy et al. (534) reported the unexpected discovery of diverse16S rRNA gene sequences 

related to haloarchaea in marsh-top and tidal creek sediments, normally derived from 

hyper saline environments. Even the sporadic reports of isolation of haloarchaea from sea 

water, namely Halococcus sp. (535), have failed to show their ability to grow at low salt 

conditions, even though these isolates remained viable in sea water. It has been suggested 

that evaporation could be producing transient high-salinity conditions or microsites in the 

marsh-surface sediments that would favor the growth of haloarchaea (69). An alternative 
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hypothesis that certain types of haloarchaea can survive and grow at much lower salt 

concentrations than previously supposed has also been suggested (534). 

In the present work, a total of 13 cultures were obtained that were not only growing at 

25% salt concentration, but were resistant to high concentrations of penicillin. Out of this, six, 

viz., GURFP-1, GURFT-1, GURFBE, GURFBS, GURFPL-1 and GURFTL were 

isolated from growth on crude oil incorporated NGSM. 

4.2. Characterisation of halophilic isolates 

Microorganisms classified under Halobacteriaceae, are know to utilise a wide variety of 

sugars (199, 533, 535) and are used to identify biochemical capabilities in this group of 

organisms. In many cases, it has been possible to demonstrate the utilization of sugars 

under aerobic conditions in a variety of taxa (533, 536, 537, 538). The ability of strains to 

utilize carbohydrates and related polyols is of an advantage in an environment where 

such compounds are synthesized and excreted by eubacteria, which may use them as 

compatible solutes (533). 

Less attention has been paid to the utilization of amino acids or carboxylic acids 

as single carbon sources, although the studies have indicated that this is also an important 

feature of many taxa/groups (533). The ability to produce enzymes capable of degrading 

complex molecules, such as proteins, lipid material , and nucleic acids is also 

an important feature of these organisms in an environment where the ability to degrade 

the remains of organisms unable to survive at high salinity provides an additional source 

of carbon, nitrogen, and energy (533, 536). • 
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4.3. Salt tolerance of isolated cultures 

Cells of halophilic archaea, which require a high concentration of NaCl in their 

environment to maintain the cell membrane integrity, lyse when subjected to 

s  hypotonic shock. Besides the isolates were subjected to hypotonic ;  shock by treating  

them with distilled water. 

All the cultures, except the orange-red pigmented GURFP-1 and GURFT-1 

grew well at 0% NaC1 concentration. The pigmented GURFP-1 and GURFT-1 lysed 

at 0% NaC1 confirming their haloarchaeal nature; however, they did not lyse when 

exposed to the next higher concentration of 1M NaCI, which itself is a very low 

concentration of 5.6% of NaC1 (w/v). Amongst haloarchaea, the coccoid strains are 

mostly tolerant to low salt environments. But recently, there have been a few reports 

of noncoccoid types from relatively low salt concentrations and recovery of 

halobacterial 16S rRNA gene clones from low salt environments (129, 147). . The 

tolerance of GURFP-1 (coccobacilli) and GURT-1 (rod shaped cells) to 

concentrations of NaC1 as low as 1M, is suggestive of the ecological diversity of 

halophiles and corroborates these reports. The remaining 12 cultures grew equally 

well at all concentrations of NaC1, with growth showing a slight decline at NaCI >2M. 

Cultures grown in different concentrations of NaC1 were subjected to hypotonic 

shock, by exposing the cells to distilled water - the higher the salt concentration 

during growth, the higher was the lysis percentage of GURFA, GURFM-2 and 

GURFV under hypotnic shock; thus GURFM-2 grown at 3M NaC1, showed 80% 

lysis when exposed to 0% NaC1 concentration, was the least resistant/tolerant to 

hypotonic conditions. The isolates, viz., GURFTL, GURFI, GURFM-1 and GURFT-2 

showed 15%-20% lysis in water after growth at 3M NaC1 concentration; when grown 

at the lowest OM NaCI concentration and then exposed to water, these cultures 

showed 20%-25% lysis. 

GURFBE, GURFBS, GURFPL-1,GURFH-2, GURFP-1 and GURFT-1 which 

grew at 2M-3M NaC1 concentration, showed lysis percentage of just 2%-8% when 

subjected to hypotonic shock, thus indicating their peculiar adaptation to a higher 

concentration of NaC1, after which they could not survive the hypotonic shock. Of 

these, GURFP-1 and GURFT-1 were typically orange-red pigmented. Significantly, 

except these two cultures, the rest showed good growth when inoculated into nutrient 

rich media with a range of OM-4M salinities. Thus it appears that the isolates require 
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high salt concentration to maintain cell integrity but, when given rich nutrient supply, 

as in the case of the nutrient rich media (used for the salt tolerance studies), the cells 

grow even at OM NaC1 concentration. This could be a strong indicator of the complex 

relationship between salt dependence of haloarchaea and nutrient conditions, since in 

their natural habitats, there is a constant fluctuation in nutrient supply. 

Purdy et al. (534) reported the isolation of haloarchaea that can all grow at 

salinities that are lower than the considered minimum for haloarchaea (9% w/v NaC1) 

and that the optimal salinity required for growth was 10% and 20% (w/v), was 

substantially higher than sea water (2.5% w/v NaC1), but was considerably lower than 

that seen with Natrinema pallidum, a typical obligately halophilic haloarchaeon (30% 

w/v NaC1). The isolates, viz., GURFTL, GURFI, GURFT-2, GURFBE, GURFBS, 

GURFPL-1, GURFH-2, owing to their consistency in terms of tolerance/ survival 

over a range of 0%-20% salinity could be referred to as novel non-pigmented 

haloarchaea. 

In the case of the two pigmented halophiles, the stability of the cells at salinity 

> 3% and lysis at salinity < 2%, suggests that, although these isolates are capable of 

growth at salinities found in marine sediments, they prefer higher concentrations of 

salt. The discovery in our study of the occurrence of the three non-pigmented 

halophilic archaea, viz., GURFPL-1, GURFTL and GURFV in the estuarine 

ecosystem of the Goan coastline, with distinctive characteristic features of antibiotic 

resistance, and ability to survive a range of salinities 0%-25%, is strongly suggestive 

of the capacity of haloarchaea to surive and be active in fluctuating salinities typical 

of an estuarine ecosystem and may be important in salt-marsh ecology. Besides, these 

three strains were isolated from three different sites; while GURFV was isolated from 

a site (heavily contaminated with fuel oil) close to a beach, GURFTL and GURFPL-1 

were isolated from the Talpona and the Palolem estuaries. Thus the presence of these 

isolates in three different sites within the relatively small coastline of Goa, indicates 

that these organisms are widespread in such coastal, estuarine environments. The 

obligately halophilic haloarchaea are all aerobic heterotrophs (533), as are the strains 

that described here. Whereas the cell envelopes of the coccoid halobacteria (genera 

Halococcus and Natronococcus) are stable in the absence of salts, those of 

noncoccoid isolates maintain their integrity only in the presence of high 

concentrations of NaC1 or KC1. The surface of the cell envelope of noncoccoid 

species has a hexagonal pattern due to the regular packing of glycoprotein subunits 



which are held together only in the presence of salt. Because of the proteinaceous 

nature of the cell surface, noncoccoid halobacterial cells are susceptible to the attack 

by proteolytic enzymes, thus leading to the lysis of the cells. Upon gradual dilution of 

the growth medium with water, the cells change their shape, through irregular forms 

to spheres, which undergo lysis. The composition of the growth medium, particularly 

Mgt+  influences the integrity of the cells. There are thus reports of noncoccoid 

isolates being relatively stable in seawater (Torreblanca et al, 1986a), which has a 

relatively high Mg2+  concentration, whereas these isolates lyse in NaC1 solutions at 

seawater concentration. Some species of halobacteria are reported as forming 

halocysts and thallus-like structures within a common capsule that may be stable to 

hyposaline conditions (533). There have also been isolations of noncoccoid types 

from relatively low salt environments (174). H morrhuae remains intact at very low 

salt concentrations due to the rigidity of its cell wall. Natronococcus sp also remains 

intact at low salt concentrations though some leakage of the cell contents occurs. 

4.4. Characterisation based on pigment profiles of the isolated cultures 

GURFP-1 and GURFT-1 showed the characteristic archaeal pigment peaks 

corresponding to bacterioruberins and lycopene. The greenish-yellow pigmented 

GURFM-1 showed a single peak corresponding to flexirubin, which has been reported 

for members of Cytophaga. The remaining cultures did not show any pigment peaks, 

characteristic of haloarchaeal carotenoid components. 

The characteristic red bacterioruberins possessed by most naturally occurring 

isolates seem to play a protective role against the strong sunlight where these 

organisms are found. These carotenoid pigments have been shown to protect the cells 

against photooxidative damage (539). Colorless strains are rarely reported, but have 

been isolated from some sites such as beach sands (540). 
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4.5. Characterisation based on presence/absence of Diaminopimelic acid 

Of all the isolates, GURFM-1, showed the presence of DAP, confirming its 

eubacterial nature. Interestingly, none of the other cultures, including the non-

pigmented isolates showed presence of DAP. Based on the presence/absence of 

GDEMs, DAP and growth over a wide range of NaC1 concentration, the non-

pigmented isolates were classified as belonging to non-pigmented archaea, while 

GURFM-1, GURFP-2 and GURFT-2 were classified as halotolerant eubacteria. 

Lawson et al (541) had reported the isolation of two gram-positive, non-motile and 

aerobic bacteria containing DAP, from a water sample of the hypersaline Ekho Lake, 

Antarctica; in that instance, even though the isolates grew well utilising acetate, 

pyruvate, alpha-D-glucose, glutamate and (weakly) citrate, succinate, malate or 

butyrate, hydrolysed gelatin and starch, both the isolates were sensitive to 

chloramphenicol and penicillin G. Besides their maximum salt tolerance was 8%-15% 

NaC1 only. Whereas in the case of the isolate GURFM-1 from marine sediments, in 

spite of the presence of DAP, the cells showed resistance to penicillin, but could also 

tolerate 25% NaC1 — GURFM-1 was not inhibited by penicillin upto a concentration 

of 60µg/ml (the maximum used). Choramphenicol inhibited GURFM-1 at 15µg/ml. 

4.6. Antibiotic resistance 

Beta-lactams have evolved billions of years ago and can block growth of the 

microorganism, which led to the evolution of beta-lactamases and resistant penicillin 

binding proteins. In the last 60 years, the resistant bacteria arose by movement of 

genes from other organisms, from minor genetic changes, and from alteration of the 

regulation of synthesis (542). 
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All the cultures showed good resistance to penicillin, kanamycin, valinomycin and 

novobiocin. Interestingly, the isolate GURFT-1, is a pigmented archaeon (554) and is not 

inhibited by novobiocin even at 60pg/ml. Novobiocin acts specifically on DNA gyrases 

of archaea and is often used to screen haloarchaea (209). Since GURFT-1 is an isolate 

from continental shelf sediments, the resistance of the strain to this is indicative of the 

occurrence of novel archaeal cultures in marine ecosystems. 

The inability of penicillin to act on the halophilic isolates is further indicative of their 

haloarchaeal nature, since archaea lack peptidoglycan, the target of action by penicillin, 

in their cell walls (see Fig.12). Since the strains were all isolated from marine sediments, 

which were separated from the shoreline by a distance, the possibility of lateral transfer 

of resistance genes to the resident microbial communities is also remote and hence the 

resistance to high concentrations (1500 1U) of penicillin could be inferred as only due to 

their archaeal nature. 

4.7. Characterisation based on the presence of diether-linked lipids — 

methanolysis for glycerol moieties of diether-linked lipids 

A simple method of distinguishing archaebacterial halophilic taxa from eubacterial 

halophilic taxa, using TLC patterns of glycerol diether moieties (GDEM) from whole-

organism methanolysates (519), was followed to establish the haloarchaeal nature of the 

isolates. 

The patterns obtained by chromatographic analysis of methanolysates of the 

halophilic isolates using system A are shown in Fig.(31) . The double development of the 

TLC plates spotted with methanolysates in solvent systems, pet ether: acetone (95:5), 

toluene: acetone (97:3) and further exposure to iodine vapors showed the presence of 

GDEM spots (Rf= 0.57-0.6) in case of all the cultures, except GURFM-1, GURFP-2 and 

GURFT-2. Of these, GURFM- I showed the presence of DAP, was highly sensitive to 

most antibiotics used and showed spots with Rf values above 0.7 (when chromatograms 

of the methanolysates were run), corresponding to FAMEs, thus ruling out its 

haloarchaeal nature. 
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Lipid classification under the different groups of Archaea is generally along the 

following lines: diphytanylglycerol diether (archaeol) is the predominant membrane core 

lipid in most methanogens and all extreme halophiles (Euryarchaeota). In contrast, the 

cell membranes of hyperthermophilic archaea (crenarchaeotes) and a few methanogens 

contain caldarchaeol, a dibiphytanyldiglycerol tetraether. Most of the studies 

devoted to ascertaining the nature of ether lipids in marine sediments have reported the 

occurrence of tetraether lipids in suspended particulates and sediments from the Indian 

Ocean, the Cariaco Trench, and the Black Sea (128). However, the majority of the 

samples from these prior studies were derived from anaerobic sediments, and the types of 

archaea present in these samples were not determined. Only the role of methanogens 

(from the Euryachaeaota) giving rise to the ether lipids observed in these predominantly 

anaerobic sediment samples, has often been considered. In contrast, the finding that the 

marine sediments samples which were studied during this work showed occurrence of 

diether linked lipid moieties, belonging to members of haloarchaea (Euryarchaeaota) 

thus, adding another facet to the complexity of ecological distribution of archaea. As of 

now, it is not possible to speculate on the distribution of such halophilic archaea on the 

ocean floor, at least in the continental shelf region, but the results obtained are just 

evidence that halophilic archaea (Euryarchaeaota) could be a prominent part of 

predominant biological source of ether lipids in marine sediments. 

4.8. Characterisation based on phospholipids 

Lipids of all halobacteria examined to date contain phytanyl ether analogs of 

phosphatidyl glycerol and phosphatidyl glycerol phosphate methyl ester. Many strains 

also contain phophatidyl glycerol sulfate. One or more glycolipids and sulfated forms of 

the same, including a sulfated tetraglycosyl diether, triglycosyl diethers and diglycosyl 

diethers, are also reported to occur in halobacteria. Lipids are based on 2,3-di-0- 

phytanyl-sn-glycerol and a sesterterpanyl-phytanyl-sn-glycerol diether. Polar lipids are 

ether-linked derivatives of phosphatidyl glycerol, phosphatidyl glycerophosphate, phos-

phatidyl glycerosulfate, a sulfated diglycosyl diether, and a triglycosyl diether (101, 113, 

123). 
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The presence of phosphatidylglycerophosphate (PGP) in GURFM-2, GURFT-3 

and GURFV and phosphatidylglycerol (PG) in GURFA, GURFBE, GURFBS, GURFPL-

1, GURFTL, GURFH-2, GURFI, GURFP-1, GURFT-1 and GUSF (used as control 

archaeon) confirms their haloarchaeal nature. GURFBE, GURFTL and GURFH-2 

showed the presence of both PG and PGP. GURFA, GURFBS and GURFPL-1 showed 

presence of a lipid with an Rf value similar to that of PGP. Further l spots corresponding to 

lipids/compounds not reported in the literature for haloarchaea were observed (Table.? & Fig.32) 

GURFP-1 and GURFT-1 were both pigmented. Cells of GURFP-1 are coccoid to 

coccobacilli iri morphology and gram positive. Very few coccoid strains classified under 

Haloarchaea are known to lyse under hypotonic conditions whereas cells of GURFP-1 

undergo lysis in the absence of NaCI. Out of the three species described under the genus 

Halococcus, viz., H.morrhuae, H.saccharolyticus and H salifodinae, the first one is 

reported to be unable to utilise glucose as a main source of carbon and growth, while the 

second one does not hydrolyze starch, Tween-80 and does not utilize sugars such as 

ribose, rhamnose, sucrose, xylose, arabinose etc. or benzoate as source(s) of energy. 

GURFP-1 utilises glucose, rhamnose, arabinose, hydrolyzes starch and tween 80, besides 

utilising benzoate. The biochemical features of GURFP-1 match those given for 

H.salifonidinae. Cells of GURT-1 are gram-negative, and rod-shaped, but cannot be 

classified under the genus Halobacterium, since as against the characteristics of strains 

classified under this genus, GURFT-1 utlises a range of sugars, hydrolyzes gelatin and 

starch. The features observed for GURFT-1 makes it most likely to be a member of the 

genus Haloarcula. However, the GURFT-1 showed a very high resistance to novobiocin 

(a maximum concentration of 60 Him( had no effect on the strain)— a feature not 

observed in any other haloarchaeal strain reported so far. Thus, GURFT-1 could belong 

to the class of novel haloarchaeal strains that are being discovered elsewhere. The 

following strains, GURFBE, GURFI, GURFPL-1, GURFT-3 and GURFV were devoid 

of pigments characteristic of haloarchaea, but showed the presence of GDEMs, and grew 

in hypersaline conditions. They were classified under Natronococcus. GURFTL with its 

rod-shaped cells was classified as under Natrialba. GURFA and GURFM-2 were inferred 

to belong to haloarchaea, based on the presence of GDEMs, haloarchaeal phospholipids 

and resistance to penicillin, but could not be classified to genus level. 



GURFM-1, showed presence of DAPs as well; with its characteristic yellow pigment it 

was classified as Flavobacterium sp. 

4.9. Utilisation of hydrocarbons as sole source of carbon by the halophilic isolates 

Two cultures, viz., GURFPL-1 and GURFTL were isolated and purified from the 

crude oil + agar plates. Besides, GURFBE, GURFBS and GURFT-1 isolated from 

offshore sediments were plated on NSM (C0)(20% and 1%) media. All the cultures 

showed very good luxurious matty growth (Fig.!, 2). Since the microorganisms were 

isolated from estuarine and continental shelf regions that have been receiving 

anthropogenic inputs, the growth on crude oil, as sole source of carbon is indicative of 

the hydrocarbonoclastic nature of the resident microbial community. Besides, two types 

of media, one containing 20%, and the other 1% NaC1 were used. At high concentrations 

of salt, metabolic activities are known to be severely inhibited; besides, it is well known 

that hydrocarbon utilization declines with increase in salt concentration. Therefore, the 

growth of microbial strains in crude oil media containing 20% NaC1 and 1% NaC1 

respectively is a distinct indicator of the crude oil metabolic ability of the resident 

halophiles at both low (1%) and high (20%) salt concentrations. 

The halophilic isolates were used for further screening. Screening of the 

halophilic isolates for their ability to utilize a range of hydrocarbons as sole source(s) of 

carbon yielded interesting results. While all of them could utilize eicosane (straight chain 

or SC), sodium benzoate (aromatic, or, AR), ANI (AR), none of them could utilize/grow 

on m-toluate, benzaldehyde, benzyl alcohol or nitrobenzene. 

Microbial metabolism/utilization of m-toluate is the most definitive selection 

criteria to identify/isolate microorganisms with TOL plasmids; the degradative pathway 

mediated by TOL plasmids in bacteria consists of two parts: the classic example is that of 

- an upper pathway that converts toluene and xylenes to their carboxylic acid derivatives 

(543), and a lower pathway that transforms the (substituted) benzoic acids to Krebs cycle 

intermediates (543). The upper pathway is composed of three enzymes, viz., xylene 

monooxygenase, benzyl alcohol dehydrogenase and benzaldehyde dehydrogenase. 



Of the total 14 halophiles screened, it was interesting to note that, none of them 

could grow utilizing benzaldehyde / benzyl alcohol/ m-toluate as a substrate. But when 

sodium benzoate (the sodium salt of benzoic acid) was used, all the cultures could not 

only grow utilizing the same as the carbon source, growth was accompanied by brown 

coloration of the culture media as well. The inability to grow with m-

toluate/benzaldehyde is indicative of the absence of enzymes of the upper pathway, 

whereas, the ability to utilize benzoate is suggestive of possible existence of the lower 

pathway that is known to proceed towards breakdown of benzoic acids to Krebs cycle 

intermediates. This could mean that in coastal ecosystems, such halophiles could be 

playing a role in breakdown and fate of end products of metabolism of hydrocarbons, 

mediated by other species. Besides, the cultures which could utilise both eicosane (SC) 

and Na-benzoate (AR), could also utilise a wide range of sugars, sugar alcohols, amino 

acids, gelatin, starch, and most significantly breakdown and utilise the detergents tween 

20 and tween 80 as sole sources of carbon, thus showing clearly the metabolic 

diversity/versatility. 

It is also well known that H2, CO2, acetate, benzoate, propionate, butyrate, and 

other short-chain organic acids, from C5 to C7, are often found in oil field waters with 

acetate concentration being the highest (544, 545). The availability of organic compounds 

(C2 to C7 organic acids), hydrogen and CO2 in the oil—water interface, have often been 

cited to be the reason for the growth of hydrogenoirophic sulfate reducing bacteria 

requiring acetate as carbon source. 13 of the 15 cultures were isolated from continental 

shelf sediments in the vicinity of the heavily polluted areas of offshore oil rig 

installations. 6 of them (43%) could utilise benzoate, 11 of them (84% of the total 

number of isolates) could utilise both acetate and butyrate, and all the isolates could 

utilise acetate and grow luxuriously. 

Available reports show that the physiological characteristics of some of the 

microbial species isolated from saline oil field waters support the existence of a 

widespread anaerobic biosphere in oil reservoirs (546, 547, 548). But despite these 

reports, the available data and understanding of the microbial ecology of oil fields is still 

largely exclusive of the aerobic bacteria as part of resident microbial communities of oil 

fields. The isolation of aerobic heterotrophs from marine sediments of regions 
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contaminated with crude oil slicks is a significant finding, and it would be relevant to 

look for the diversity of aerobes vis-a-vis anaerobes in such waters. Besides, the aerobic 

cultures that have been isolated could tolerate a wide range of salinity, viz., 0% - 25% 

(NaC1), whereas, the reported sufate reducing bacteria from such saline oil polluted 

waters, have been halotolerant anaerobic species that could tolerate NaC1 in the range of 

0.02% - 17% only. Thus, the role and status of aerobic halophilic microbial communites 

in oil field waters/sediments needs to be investigated further. 

It is difficult at this point of time, to claim that the isolates obtained are 

indegenous to only polluted waters, since similar hydrocarbon utilisation studies were not 

conducted on resident microbial communites from non-polluted continental shelf 

sediments — thus it is not possible to give a comparative discussion between the 

xenobiotic utilisation abilities of aerobic halophiles from polluted waters as against those 

from non-polluted waters. 

All the cultures could utilize ANI but not nitrobenzene as sole source of nitrogen, 

when used in NSM (N-) media. Since ANI could also be utilised by the isolates as a sole 

source of carbon, the fate of nitroaromatic compounds in the sediments from oil polluted 

marine ecosystems, can vary depending on the functional group. The availability of 

nitrogen sources in oil fields has not been extensively studied. Among the thousands of 

organic molecules found in crude oil, several chemical families have been shown to be 

degradable under anaerobic conditions: the degradation of n-alkanes, homocyclic 

aromatic compounds commonly refefred to as BTEX, polycyclic aromatic compounds, 

nitrogen and sulphur heterocyclics (549-552) has been reported to occur under anaerobic 

conditions. Thus fractions of crude oil which are composed of thousands of complex 

hydrocarbons contain heteroatoms of nitrogen, sulphur and oxygen and are an abundant 

potential source of electron donors for anaerobic metabolism (553) 

The utilisation of ANI as sole source of nitrogen by all the isolates is intriguing 

since, it could mean a possible adaptation to utilise nitrogen from heterocyclic 

compounds by aerobic microorganisms in oil polluted ecosystems. 

The dynamics of microbial interactions in coastal ecosystems with respect to 

organic matter turnover are highly complex. Our studies on hydrocarbon degrading 

abilities by resident aerobic heterotrophic halophiles is indicative of adaptation of the 
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same to a wide range of complex organic compounds, even though in two of the sampling 

sites, the existence/persistence of organic contaminants is not reported. Besides, the 

utilisation of such a wide range of compounds, some of which are precursor/end-products 

found in oil-polluted waters, is indicative of biochemical mechanisms acquired due to 

prolonged exposure to complex hydrocarbons 

Response of haloarchaea to pollutant stress 

Tolerance 

The detection of tolerance in a population of organisms inhabiting specific sites to a 

certain pollutant or pollutants is often seen as an indicator or parameter that would be 

useful in streamlining a usually long list of possible causative factors/agents. 

Furthermore, the detection of tolerance by a population or organisms to a compound 

could also be a very useful biological parameter for identifying whether (i) sites around 

former or abandoned disposal sites are indeed contaminated by pollutants or (ii) specific 

sites have a history of contaminant exposure (557). 

Changes in growth dynamics have been considered as a significant parameter to 

determine microbial response to pollutant stress (557-559). In one study on the effect of 

the sulfonylurea herbicidejcinosulfuronjon the growth profiles of aerobic bacteria in vitro, 

it was inferted that only a very high cinosulfuron concentration (100 mg/1) could have 

negative effects (557). In another study, the carcinogenic 1-hydroxypyrene (1-HP) was 

found to affect the viability counts and glucose mineralisation of different eubacterial 

strains (558). Similarly, the impact of o-DCB on soil microbial biomass was studied by 

assaying total vital bacterial counts (559' ); o-DCB, up to concentrations of 50 leg soil 

dry weight had little or no deleterious effects on microbial counts. The metabolic capacity 

of the culturable bacterial community was not altered in the presence of o-DCB. 

Similarly, Ruzycki et al. (560), have used growth response of algae such as .Microcystis, 

Phormidium, Chlorella, Scenedesmus and Chlamydomonas, as a major parameter to 

study the effect of the herbicide hydrothol, while Jorge and Livingston (561), reported the 

effect of an alternating sequence of organic compounds on Burkholderia and 



Xanthobacter strains. The response of river water microbial communities (comprising 

Burkholderia, Pseudomonas, and Alcaligenes) to chemical compounds was monitored by 

Tani et al (562) under laboratory conditions by observing the changes in bacterial 

abundance. 

Understanding the impact/toxicology and the fate of hydrophobic environmental 

pollutants at concentrations that exceed their water solubility is important (563). The 

hydrocarbons used in our study follow the order, AM > NB > o-DCB > BIP in their 

aqueous solubility (468, 564) .The solubility of individual hydrocarbons in NSM (20% 

NaCl) was found to have decreased by 6.7 times for BIP, 542 times for NB, 2.17 times 

for o-DCB and 1.11 times for ANI (Table ').This is in keeping with the reports that 

salinity decreases solubility (565, 566). 

While earlier reports speak of impairment of growth on non-archaeal strains, ours 

is the first report on the effect of different concentrations of ANI, NB and o-DCB 

(derivatives of benzene) on the growth of an extremely halophilic archaeon. 

Of the four hydrocarbons, AM is the most water-soluble hydrocarbon. The range 

of concentrations of ANI used (to a maximum of 0.2%) was very much within the 

solubility levels of ANI (Table.]). Thus, almost all of the ANI used at different 

concentrations should have been accessible to GUSF. Yet, the culture showed a max of 1 

x 1 x 109 cfu, with 0.025%, 0.05% and 0.1% concentrations of ANI. 

Benzene, the most water soluble of aromatic hydrocarbons (468), was found to 

impair succinate supported groWth of a Pseudomonas strain, at a concentration of 0.15% 

(567); similarly, an inhibitory effect of toluene under comparative conditions was 

observed for a strain of Pseudomonas putida (568). While these reports speak of 

impairment of growth on non-archaeal strains, ours is the first report on the effect of 

different concentrations of ANI, NB and o-DCB (derivatives of benzene) on the growth 

of an extremely halophilic archaeon. 

BIP, the least water soluble of the hydrocarbons used, inhibited growth 

completely at 0.2%. PAHs dissolve very slowly in the aqueous phase (569). Growth 

profiles of eubacteria such as Pseudomonas on PAHs like anthracene, naphthalene and 

phenanthrene, have been shown to be dependent on the respective solubilities of these 

hydrocarbons in the media (570), or, on the prolonged exposure to the PAH, as in case of 



BIP (571). Stacki and Alexander (572) reported the dependence of the growth rate of 

Flavobacterium, Pseudomonas and Moraxella species, on the solubilization rate of 

compounds like BIP. 

At this point, it is not known whether the decline in the cfu, is purely due to BIP 

in solution (3pg/ml in NSM), or due to the total BIP available (0.025%/0.05%/0.1% w/v) 

in the growth medium, which is inclusive of the undissolved/crystalline form. It is also 

not clear as to how the growth of GUSF was completely inhibited only at 0.2% BIP, but 

not at lower concentrations, even though, the lowest concentration of BIP used in this 

study far exceeded the solubility of the compound (by 250 times). Wodzinski and 

Bertolini (1972) showed that the toxicity of the PAH naphthalene to a Pseudomonas 

strain did not vary with the increasing amounts of the solid PAH in the medium. As 

against this, increasing concentrations of solid BIP did affect the growth of GUSF (Fig 

Id). Both BIP and o-DCB, at the higher concentrations of each, could be 

inducing/initiating microbial solubilization of the hydrocarbons, thereby increasing the 

concentration of solubilized hydrocarbons in the media to a level above the threshold 

level of tolerance; this possibly takes place in a manner similar to that suggested by 

Thomas et al (574). Moreover, Zilber et al (575) had reported the growth of a marine 

pseudomonad on n-tetracosane by direct interaction of the microorganism with the 

compound. It is possible that the direct, physical cellular contact of GUSF with 

hydrocarbons increases proportionally with the increase in the concentration of the 

hydro-carbon, and, the insoluble portions of BIP and o-DCB, may be directly interacting 

with cells. On the other hand, in presence of o-DCB, the culture showed a consistent cfu 

of 3.5 - 4 x 10g  cfu/ml, indicating that o-DCB did not kill the cells, although inhibiting 

growth. The dormant cells grew normally on transfer to favorable conditions. 

Overall, it is very interesting and significant that the MICs of the relatively more 

soluble ANI was very much within the solubility level of the same, whereas, the MICs of 

the poorly soluble NB, o-DCB and BIP were at concentrations more than the solubility 

range. Further, the finding that, even the flasks that did not show any increase in 

turbidity, showed viable cells, even after 10,days of growth (not shown here) clearly 

shows that the organic compounds used could not kill the cells, but only inhibit the 

growth completely. 
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Increasing amounts of aromatic compounds have been shown to increase duration 

of lag phase, disturb exponential phase and lower growth rates of bacteria (576, 577). 

GUSF adapted to ANI better, despite its higher solubility and hence, in the presence of 

ANI, the culture entered the exponential phase much quicker (2 days), when compared to 

the growth in the presence of NB. In the presence of the poorly soluble o-DCB, the 

extended lag phase of 7-8 days at 0.3%-0.6% may be due to either a solubilization 

process or a physical interaction with the hydrocarbon, causing impairment of growth, as 

discussed earlier. At the concentrations of 0.025%, 0.05% and 0.1%, the toxicity of BIP 

as observed, in the lag phase of 4 days, was the same. 

In case of NB, the reduction in the log phase to 2 days at 0.08% concentration 

strengthens our inference that NB is the most inhibitory of the four hydrocarbons used. 

ANI at concentrations of 0.025%, 0.05% and 0.1% exerted the same inhibition. The 

effect of o-DCB and BIP at concentrations above their respective solubility limits, on the 

log phase, is again strongly suggestive of the possible phenomena of bacterial mediated 

dissolution or simple direct interaction with the solid, without which the inhibition, as 

exhibited by these two hydrocarbons, on the growth, is not possible. The toxicity of BIP 

at a lower concentration, than that of o-DCB, could be due to a possible 

selective/preferential solubilization of the solid BIP as compared to o-DCB, in spite of 

the poorer solubility of BIP as compared to o-DCB. 

The inhibitory effect of NB, despite its poorer solubility than that of ANI could be 

possibly due to the nitro functional group on the benzene ring. Further studies on the 

Quantitative Structure Activity Relationship (QSARs) of such organic pollutants on 

growth of representative species of Archaea like GUSF, will help evaluate the toxicity of 

the same, specific to Archaea. 

In NTYE, the MIC for each of the four hydrocarbons was as follows: 0.5% for 

BIP and ANI (compared to the MIC of 0.2% in NGSM for both hydrocarbons), 1% for 

NB (compared to the 0.16% in NGSM), 1.2% for o-DCB (compared to the 0.6% 

observed in NGSM). Interestingly, the MICs for ANI (the most soluble) and BIP (the 

least soluble) were the same 0.5% in NTYE and 0.2% in NGSM. In nutrient rich media, 

GUSF could tolerate 6.25 times the amount of NB and double the amount of o-DCB that 

it could tolerate in NGSM for growth. 
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Thus, the nutrient supply in the ever-changing dynamics of estuarine regions 

could have a bearing on the tolerance and survival of the resident haloarchaeal 

communities like the haloarchaeon GUSF. 

Unlike most bacteria, Archaea lack a rigid cell wall; the outside surface of the 

cytoplasmic membrane is composed of a glycoprotein layer (578, 579). It is possible that, 

in the case of GUSF, cells undergo structural changes at the surface/membrane level to an 

extent that hampers growth of the cell at concentrations below the MIC levels of 

individual hydrocarbons. In the case of GUSF, in the absence of a rigid cell wall, there 

could be a possible role of the glycoprotein layer enveloping the surface, in interactions 

between the hydrocarbons and the cell surface of GUSF and in ultimately deciding (i) the 

fate of the hydrocarbons after contact with the cell surface, involving the possible 

partitioning of the hydrocarbons into the membranes, (ii) the fate of the cells themselves, 

as a result of (i) above and (iii) finally, the toxicity of a given hydrocarbon. 

Microbial life in hypersaline conditions like what GUSF thrives under, is 

bioenergetically very expensive (580). Moreover, the solubility of a compound is further 

lowered in hypersaline conditions (565, 566); in halophilic estuarine econiches, 

fluctuations in salinity often results in the fluctuations of respective solubilities of the 

hydrocarbons, due to the 'salting out' phenomenon (565). Thus, a combination of these 

factors mentioned above should make the process of solubilization of poorly soluble 

hydrocarbons, a bioenergetically demanding task, in hypersaline conditions. The MIC 

levels of hydrocarbons shown in this study on the growth of GUSF have important 

toxicological relevance, particularly in case of BIP, which at all concentrations was lethal 

to the cells, in terms of observed 36% drop in the cfu. Therefore, from an ecological point 

of view, further understanding of such interactions of hydrocarbons with haloarchaeal 

cultures having glycoprotein layer, membrane as well as the pigment complex, would 

throw more light on key differences between the halophilic archaea and halophilic 

eubacteria and how the former play a role in the energy budget and productivity of 

polluted estuaries. 



Transformation products: 

In estuarine ecosystems, BIP degrading Paenibacillus, Pseudomonas putida NCIB 9816-

4, Comamonas testosteroni GZ42, Sphingomonas sp and Mycobacterium sp have been 

isolated (614). Besides, sufficient reports exist on the degradation of NB, o-DCB, ANI by 

eubacteria (318-323, 348, 360). There is no report yet illustrating the degradation of such 

compounds by haloarchaea, the resident microbial communities in estuarine ecosystems 

(613). 

Our results clearly show that the haloarchaeon GUSF can metabolize BIP, NB, 

ANI and o-DCB into products that were detectable using TLC and HPLC. As of now, the 

structure or the nature of these metabolites is not known, but the ability of the 

haloarchaeon to transform the aromatic hydrocarbons is a significant result. 

Natural ecosystems frequently contain organic chemicals at concentrations that 

exceed their solubility in water. Although many of these compounds are mineralized or 

co metabolized, surprisingly little information is available on the biodegradation of 

insoluble substrates other than aliphatic hydrocarbons and polysaccharides. 

Microorganisms use various mechanisms to metabolize organic substrates present at 

concentrations that exceed their water solubility. The physical state of the insoluble phase 

of a compound, whether it is a liquid or a solid, may affect its degradation. Liquid 

hydrocarbons can be taken up and incorporated into the cell membrane (615), whereas 

the mechanism of utilization of solid substrates is not fully understood. It has been 

suggested that polycyclic aromatic hydrocarbons are only used in the dissolved state. 

Growth of pure cultures of bacteria on naphthalene, phenanthrene, and anthracene was 

fastest, with those solid substrates having the highest water solubilities (615). 



The role of microorganisms in maintaining steady-state concentrations of 

environmental chemicals is well established and these activities constitute the basis for 

the cycle of carbon in nature. The origin of Archaea has been debated in multitudes of 

research articles. Amongst the prokaryotes, Archaea represent a classic example of 

complexities that micorbiologists are facing. The tolerance and the ability to transform 

the four hydrocarbons by GUSF a representative species of estuarine haloarchaea, is 

indicative of (i) the natural acquisition of properties to degrade complex byproducts of 

lignin metabolism like BIP and also (ii) the possible exposure of their natural ecosystems 

to such pollutants. 

Although all three domains of life (Eukarya, Bacteria and Archaea) are present in 

the ocean, Archaea were not thought to play any role in the marine organic carbon 

turnover. Recently Wuchter et al. (616) clearly demonstrated that marine Archaea are 

chemoautotrophs that use dissolved inorganic carbon (DIC). This implies that, as 

opposed to the commonly held view, oceanic primary production does not depend on 

photoautotrophic phytoplankton alone, but on the combined activities of algae, 

cyanobacteria and chemoautotrophic marine Archaea. Such a timely discovery that 

marine Archaea also participate in the transfer of DIC from water column to sediments 

suggests that these organisms might be playing an important role in organic matter 

turnover in marine ecosystems. 

The results obtained in this work on the ability of marine sedimentary halophilic isolates 

(from continental shelf sediments off the West Coast of India) to transform/utilize an 

aromatic compound like ANI further substantiates the role of marine archaea in deciding 

the fate of organic matter in the oceans. This assumes greater significance in the context 

of the ecologically sensitive shelf zone area, specifically, polluted shelf regions such as 



the one off the West Coast of India. Further research on the exact participation of marine 

archaea in the global carbon cycle, would throw more light on this dimension of 

biogeochemistry. 

Pigmentation: 

Members of haloarchaea, containing the C 50-carotenoid namely bacterioruberin, have 

been reported to possess high resistance against the lethal actions of DNA-damaging 

agents including ionizing radiation and ultraviolet light (UV). Carotenoid pigments 

localized at the cell surfaces of eubacteria such as Deinococcus radiodurans, 

D.radiophilus etc and archaebacteria such as Halobacterium salinarium, are known to act 

as antioxidizers for the lipids, proteins and polysaccahrides in the cell surface to the 

oxidative stress caused by ionizing and UV irradiation and thus contribute to the 

radioresistance of such bacteria. (581). For instance, in Halobacterium salinarium, 

bacterioruberin and the highly concentrated salts play protective roles against the lethal 

actions of ionizing radiation, UV, hydrogen peroxide, and mitomycin-C (MMC) (582). 

The colorless mutant of H salinarium deficient in bacterioruberin was more sensitive 

than the red-pigmented wild-type, to all tested DNA-damaging agents except MMC. The 

reduction in the DNA strand-breaks induced by ionizing radiation in the presence of 

either bacterioruberin or concentrated KC1, was presumed to be due to scavenging of free 

radicals. 

Aromatic hydrocarbons are often known to elicit their toxicity by causing 

oxidative stress. The changes observed in the pigment profiles of haloarchaeal cultures in 

response to ANI could be due to a physiological change at the pigment component level 

to counter oxidative stress due to ANI. 

It has earlier been reported that, in Rubrobacter radiotolerans, the pigment 

bacterioruberin plays a major role in mitigating the damaging effect of OH radicals; 

besides, H.salinarium in which bacterioruberin is the major pigment component, has been 

reported to show high resistance to UV radiation and that the colorless mutant of the 

same is more sensitive to ionizing and UV radiation than the red pigmented wild type 

strain (581). 
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Pigment formation in the haloarchaeal cultures used in the study could be the first 

line of defence against the toxicity of the four hydrocarbons used. But in spite of the 

abolishment of bacterioruberin by ANI at concentrations >0.01%, the cells of GUSF, 

GURFP-1 and GURFT-1, continued to grow. In case of NB, o-DCB and BIP, the 

inhibitory effect on pigment formation was evident above concentrations of 0.015%, 

0.6% and 0.025%, respectively. The abolishment of the bacterioruberin peak is 

accompanied by an increase in the production of squalene derivatives. Thus above the 

minimum pigment inhibitory concentration of each hydrocarbon, the haloarchaeal cells 

appear to shift their cellular physiology from the synthesis of bacterioruberin to that of 

squalenes to counter ANI toxicity/stress. In NGSM also, a similar effect of the 

hydrocarbons on the pigmentation of GUSF was observed. However, formation of 

bacteriorhodopsin in the presence of hydrocarbons was more enhanced in NTYE than in 

NGSM. 

Carotenoid pigments of halobaceria trap solar radiation, increasing the ambient 

temperature and evaporation rates in salterns, hastening the deposition of sea salt (583). 

In polluted estuarine ecosystems, aromatic compounds like ANI could be modifying the 

pigment physiology of haloarchaea (like GUSF) to an extent, that they may indirectly be 

influencing the overall ability of the resident cultures to trap solar radiation and hence the 

bioenergetics of such an ecosystem. 

Red pigmented halophiles are well known to possess a very complex mixture of 

cardenoid pigments (584). 

Presence of 0.01% of ANI delayed pigmentation of cells by 1 day in case of 

GUSF and GURFT-1 and 2 days in case of GURFP-1. Delay in pigmentation of cells of 

Halobacterium cutirubrum, Halobacterium halobium, growing in- glycerol, has been 

reported (585). 

The archaeal pigment profiles confirm the C30-C40 haloarchaeal pigments 

characteristic of GURFP-1 and GURFT-1 and those of GUSF corroborate with our earlier 

finding (554). 

Upto 0.01%, the profiles of pigments formed were identical to those of control 

(Fig.3, 4, 5). In the case of GUSF, these results corroborated with our earlier report on the 

tolerance of the culture to crude oil and constituent hydrocarbons (555). At 
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concentrations above 0.01%, all the three cultures did not develop the characteristic 

orange-red pigmentation, even after 5-6 days. However, at these concentrations, there 

was significant increase in absorbance at 600nm suggestive of growth (Fig. 1 a, lb, 1c), 

confirmable in terms of the viable count cfu/ml (Fig.2). An increase in the concentration 

of ANI therefore delays pigmentation, exerts a selective inhibitory effect on pigmentation 

at concentrations above 0.01%, without affecting the growth of any of the three cultures. 

Above the concentration of 0.01%, the total bacterioruberin is lowered from 

0.02714g protein to 0.018 pg/g protein of GUSF, from 0.028 lAgig protein to 0.00414g 

protein of GURFT-1, from 0.00614g protein to 0.00454g protein of GURFP-1. 

All the peaks in the range 390nm-500nm are completely abolished with a 

concomitant increase in absorbance at 388, 344, 342nm and the appearance of a peak at 

590nm in case of GUSF only. The appearance of the broad band between 320-360nm, 

corresponds to phytofluene derivatives (584). This effect is comparable to that of glycerol 

on Halobacterium cutirubrum (585). Higher concentrations of ANI thus induce an 

increased production of phytofluene and related compounds possibly as a stress abating 

response. The peak at 590nm is suggestive of induction of rhodopsin; it is possible that 

ANI lowers oxygen tension in growth media, thereby favoring initiation of molecules 

absorbing at 590nm, known to be induced during growth in sub anoxic conditions (583). 

Haloarchaeal carotenoid pigments, namely bacterioruberin and other accessory 

ones are known to be involved in the membrane energetics (588, 589), besides shielding 

the cells from damage by UV and free radicals (581). Interestingly at concentrations 

>0.01% of ANI, the cells continued to grow, devoid of the bacterioruberin component of 

the pigments. The abolishment of the bacterioruberin peak is however, accompanied by 

an increase in the production of squalene derivatives with absorbance peaks below 

300nm, indicating that at concentration above 0.01%, the haloarchaeal cells shift their 

cellular physiology from the synthesis of bacterioruberin to that of squalenes. 

A delay in the onset of pigmentation would possibly affect membrane 

bioenergetics. Lipophilic compounds such as ANI and benzene are known to increase the 

amount of saturated fatty acids in eubacterial membranes (590, 591). Since haloarchaea 

do not possess fatty acids, increase in phytofluene in the presence of ANI at and above 

0.01% concentration could also be a response mechanism of haloarchaea to ANI. 
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In any branch of toxicology it is important to be able to measure the exposure to a 

toxic agent, the extent of any toxic response, and also to predict the likely response. Tools 

that enable this to be done are called biomarkers. Therefore, in order to assess the health 

risks of exposure to potentially toxic chemicals, biomarkers are essential. Biomarkers 

can be classified into three types, viz., biomarker of exposure, biomarker of response/ 

toxic effect and biomarker of susceptibility. 

In the case of the three haoarchaeal strains used, the loss/impairment of visual 

pigmentation without concomitant effect on the growth makes pigmentation a potential 

biomarker of exposure and of response/toxic effect and thereby making haloarchaeal 

cultures candidates for bioindicators of ANI pollution. 

Utilisation of aniline as a nitrogen and carbon source by halophilic isolates 

The ability of the all the isolates to grow in media without conventional nitrogen source 

and supplemented with AM as source of nitrogen, is indicative of the ability of the same 

to cleave the aromatic ring to acquire the nitrogen required for their growth. 

The two cultures GURFP-1 and GURFT-1 isolated from continental shelf sediments and 

in the vicinity of crude oil exploration stations (554) and GUSF, an estuarine isolate 

which is a native inhabitant of the polluted hypersaline econiche of saltpans (in Goa) 

(439) could utilise ANI readily as a sole source of nitrogen — interestingly the growth 

yield was higher when the cultures were utilising ANI as source of nitrogen than when 

they utilised ANI as source of carbon and nitrogen as well. 

Earlier, Emtiazi et al (592) had reported the utilisation of ANI as the only source of 

nitrogen by fungi in water. To our knowledge there are no studies reported on ANI as 

source of nitrogen with haloarchaea. 

Catechol which is a major transient intermediate in the pathway of ANI metabolism and 

detection of its presence during growth of the archaeal cultures in media with ANI as 

source of nitrogen, elimination from aquatic environments (313); on the other hand, 



catechol is mostly difficult to detect, as it is a notoriously difficult intermediate to isolate 

(593). Hence, the presence of catechol as a transformation product of ANI, in detectable 

amounts/concentrations, is itself interesting. 

ANI was used at a concentration of 1.04 mM :and such high concentrations are not often 

found in marine environments; but in polluted sea waters such as those off the West 

Coast of India, concentrations of aromatic hydrocarbons are expected to be high. Since 

ANI belongs to an important class of (nitroaromatic) compounds, the results of our study 

indicating the utilisation of ANI, is suggestive of the role of halophilic archaea in the 

hierarchy of microbial communities participating in organic contaminant transformations. 

Response to hydrocarbon stress at the protein level 

Response of microbial cultures or cell lines to xenobiotics at the protein level can often 

lead to identification of biomarkers. As an extension of this concept, proteomic analysis, 

which combines two-dimensional electrophoresis (2-DE) and mass spectrometry (MS), is 

an important approach to screen proteins responsive to specific stimuli. For example, 

benzo [a] pyrene (B [a] P), a prototype of polycyclic hydrocarbons (PAHs) and a potent 

procarcinogen generated from the combustion of fossil fuel and cigarette smoke, was 

reported to induce significant changes in 40 proteins (expression of 10 proteins increased 

whereas 11 decreased) in human amnion epithelial cell lines (594). 

The single high molecular weight protein expressed in cells of GUSF exposed to NB, 

growing in NTYE could be a biomarker of toxicity of nitro aromatic compounds, since 

the amine, ANI failed to induce the expression of the same. 

Plasmids: Catabolic plasmids play a certain role in aromatic amine degradation (595, 

596). Plasmid pTDN1 was discovered in a derivative of P. putida mt-2 (ATCC 33015) 

after its adaptation to growth on ANI (596). The adapted strain UCC2 carried a derivative 

of the TOL plasmid pWWO with a deletion of its catabolic region and a novel plasmid, 

pTDN1 . 



H halobium carries a large plasmid, pHH1, which seems to be involved in the genetic 

determination of gas vacuoles and possibly other characteristics of this bacterium (597, 

598). Many distinct features of traditional plasmids have been discovered during the 

analysis of archaeal plasmid sequences. For example, plasmids of Archaea encode genes 

necessary for survival of the host (599). Several strains of halophilic archaea contain 

plasmids that range in size 30 -100 kbp, existing in a relatively low number of copies per 

cell (600-602), in negatively supercoiled state (603). The expression of plasmids in case 

of GUSF, GURFP-1, GURFT-1, GURFBE, GURFBS when exposed to aniline, indicates 

that the ability of these cultures to metabolize aniline is possibly plasmid-mediated. 

Toxicity assay: 

Worldwatch institute estimates that there are 70,000 synthetic chemicals in everyday use, 

with between 500 and 1000 new ones added to the list each year (604). Surrogate testing 

methods are used to estimate the response of an organism or an ecosystem to toxicants. 

The word surrogate is often associated in aquatic toxicology with using an organism to 

estimate in-stream toxicity. As ecosystem toxicity testing is not a reasonable option, 

surrogate organisms are required in this instance. However, surrogates can also be used in 

the more limited sense of the organism — the surrogate substituting for another specific 

organism. This can be accomplished by comparisons and correlations between the 

sensitivities of the two species. Consideration of surrogates for more complex systems 

such as the dynamic marine ecosystems is pertinent; the relationships between 

sensitivities of different organisms in an ecosystem will help define the requirements for 

an ecosystem surrogate. The use of surrogates to estimate toxicity to specific organisms is 

also particularly valuable when data for the target organism are difficult or costly to 

obtain. 

Characteristics of surrogates: The ideal surrogate organism used to assay for toxicity 

should have the following characteristics (605): 

(a) A response predictive of organisms in the natural or man made system to be protected. 



(b) A clear endpoint for the assay. 

(c) Ease of cultivation and assay of the organism, and 

(d) A satisfactory response to all relevant toxicants. 

This is a difficult set of criteria to meet. If one considers an entire ecosystem, the most 

sensitive organism must be protected, and there is usually a wide range of susceptibility 

to a given toxicant by the organisms in any ecosystem. 

The endpoint of the toxicity assay may lie a respiration rate that is 50% of a control. In 

the case of bioluminescent bacteria, it is 50% of the light emission rate. Thus, the range 

of toxicity assayed must include responses above and below the IC50 to allow 

interpolation of the IC50. Endpoints such as motion of the assay organism are much more 

difficult to define. The test organism must he relatively easy to cultivate. Ease, speed, and 

simplicity are desirable attributes of a toxicity assay; in some operations speed is 

essential to allow control measures to be taken to avert disaster. 

The surrogate must have a satisfactory response to all relevant toxicants. Some test 

organisms, such as bacteria, respond better to dissolved toxicants; others, such as 

protozoa, daphnia, or fish, respond to toxicants associated with the particulate phase as 

well as the dissolved phase. For instance, a toxicant with a high octanol-water coefficient 

may be very insoluble and partition strongly fo organic particulates in the water. Thus, 

bacteria or the Microtox assay may not be adversely affected, whereas daphnia or fish 

may be strongly affected. 

Surrogate organisms have been used extensively in drug testing and some areas of 

aquatic toxicology. But their use can be expanded further in environmental engineering. 

Research into the human health effects of toxicants uses surrogate organisms and 

relationships between dose and response to estimate human response. Many aquatic 

toxicology studies have compared sensitivities of different organisms, looking for the 

more sensitive organisms to use as test organisms. The utility of comparisons is limited in 

that the results do not give specific estimates of toxicity. 



The MIC values of ANI, NB, o-DCB and BIP on the growth and the IC50 values for the 

same hydrocarbons on the dye reducing ability of the haloarchaeaon GUSF, makes 

haloarchaea potential surrogate organisms for toxicity testing. It would be of interest to 

compare sensitivities of two related archaeal strains as a case study to determine the 

potential of archaea in general as surrogate organisms. 

Deccilorisation of Crystal violet 

Crystal violet is a triphenylmethane dye that is antimicrobial (606, 607), toxic to 

mammalian cells and mutagenic (608). Crystal violet is used to prevent fungal growth in 

poultry feed (607), as a bacteriostatic agent in medical solutions (609), to treat skin 

infections by Staphylococcus aureus in humans and animals (610) and as fabric and food 

dyes (611). Because of its low cost and extensive use, there are both environmental and 

human health concerns regarding the bioaccumulation of crystal violet. The 

decolorisation/reduction of crystal violet by eubacterial species has been well reported 

(612). 

The resting cells of the halophilic archaeon could decolorise up to a concentration of 

60ppm of the triphenylmethane dye Crystal violet readily, within a span of 72hrs. 

Kurthia.sp, the other potent CV degrader was reported to decolorise 75ppm CV in l4hrs 

(see Table. 13). Even though the decolorisation period taken by cells of GUSF was 72hrs, 

the decolorisation of a high concentration of 60ppm of CV by resting cells of GUSF is a 

significant result, since cultures (other than Kurthia sp.) like Pseudomonas have been 

reported to take 95-120 hrs to decolorise CV at much lower concentrations of 20-30 ppm. 

The mechanism of decolorisation is not very clear but the occurrence and increase in the 

intensity of an extra peak at 242nm with the progressive decrease in the intensity of the 

peak (592nm) for CV, is suggestive of a possible product due to CV transformation by 

the cells. Besides, the cells when pelleted retained the color of the dye upto 48 hrs - and 

subsequently the cells were devoid of the same at 72 hrs - this indicates a possible 

mechanism of adsorption and transformation of the dye by the cells. Thus the cells seem 

to demonstrate an intracellular ability to transform the dye CV. The viability of the cells 



long after their exposure to CV even upto concentrations of 6Oppm and 9Oppm, shows 

that the dye is not toxic to the cells. . 

The results of this study shows yet another dimension of the versatility of archaeal 

biochemistry. The preliminary results of this study on the decolorisation of the toxic dye 

CV, increases the scope of the use of extremely halophilic archaea in the field of 

environmental biotechnology, which if harnessed well, can provide us with cost-

effective means of remediation of effluents with toxic dye effluents. 

Table. 13 

Organism CV concentration (ppm) Decolorisation time (DT) (hrs) 

Pseudomonas pseudomallei * 20.4 120 

Rhodotorula sp* 10 96 

Phaenarochaete 

chrysosporium BKM-F-1767* 

5 6 	
-...., 

Bacillus sp * 0.852 24 

Nocardia gioberula* 0.852 24 

Nocardia corallina* 0.933 1.5 

P.chrysosporium ME446* 5 72 

Coriolus versicolor * • 5 72 

Funalia trogii* 5 72 

Laetiporus sulphureus* 5 72 

Cyathus sp *. 29.38 96 

Phaenarochaete sp. * 5 70 

Kurthia sp. * 75 1 

GUSF (haloarchaeon) 60 72 

* Please see Reference No.612- 



Summary 

Members of haloarchaea usually thought to occur only in hypersaline environments were 

isolated from non-hypersaline marine sediments from continental shelf region off the 

West Coast of India and the estuarine region of Goa, India. A total of sixteen isolates 

were purified and characterised — thirteen of them were classified as strains belonging to 

haloarchaea; two of them were found to possess the typical haloarchaeal carotenoid 

pigments imparting them a pink/red color, while the remaining eleven were colorless. 

Three of the sixteen were classified as halotolerant eubacterial strains. 

An estuarine haloarchaeon namely GUSF was used as a model haloarchaeon to screen a 

range of hydrocarbons (crude oil and its constituent members) for its tolerance level and 

utilization ability. From this list of hydrocarbons used, four, viz., aniline, nitrobenzene, 

biphenyl and o-dichlorobenzene were chosen for further studies. The MIC levels of each 

of these four hydrocarbons on the growth and pigmentation of the haloarchaeon GUSF 

were determined. GUSF did not show any major change in its protein profiles, in 

response to the hydrocarbons, except in case of nitrobenzene, when a high molecular 

weight protein was expressed. 

The toxicity of the four hydrocarbons on GUSF was further assayed using the tetrazolium 

dye (Iodo Nitro Tetrazolium, INT) as the indicator. The results were comparable with 

that of the growth studies. 

GUSF was found to transform each of these hydrocarbons, the metabolites of which 

could be detected using TLC and HPLC. Resting cells of GUSF could also decolorise the 

triphenylmethane dye, Gentian Violet / Crystal Violet (CV) upto a concentration of 

6Oppm. 
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All the halophilic isolates were found to possess the ability to utilize aniline as sole 

source of nitrogen/carbon, which was confirmed by the detection of catechol as a 

product. The three pigmented isolates, viz., GUSF, GURFP-1 and GURFT-1 could utilize 

aniline as sole source of carbon and nitrogen, but absence of nitrogen source hampered 

their growth. Besides, the isolates showed marked variation in their utilization of several 

hydrocarbons. 

Pigmentation of the haloarchaeal isolate GUSF was affected in the presence of any of the 

four hydrocarbons, with marked increase in the absorption maxima of bacteriorhodopsin. 

Aniline exerted its toxic effect on the two pigments haloarchaeal isolates, GURFP-1 and 

GURFT-I by increasing the expression of components with absorption maxima at the 

lower wavelength and hampering the components with absorption maxima at higher 

wavelengths. 



Appendix 

All the chemicals used were from either HiMedia, Qualigens or Merck, India. 

(1) TYE (Tryptone-yeast extract medium) (617): 

Chemical (compound) 	 Amount/weight (g/L of water) 

MgSO4 	 20 

KC1 5 

CaC12 	 0.2 

Tryptone 	 5 

Yeast Extract 	 3 

pH was adjusted to 7, using 1N NaOH. 

250g/L of crude salt was added to TYE to give NTYE (618) 

(2) NSM (618) 

Chemical (compound) 	 Amount/weight (g/L of water) 

NaC1 200 

MgSO4. 6 H2O 20 

KC1 4 

CaC12 1 

MgC12 13 

NH4C1 2 

KH2PO4 0.5 

FeC13.1420 0.005 

pH was adjusted to 7 with 1N KOH 

For NSM(%), instead of 200g/L of NaC1, 10g/L of the same was added to the media 

For NSM(N-), the media was prepared without NH4C1 



Glucose stock • ution: A stock solution of 20% glucose was prepared in distilled water, 

sterilised at forlV mutes and kept under refrigerated conditions (4 °C). Glucose 

was added to NSM(20%) so as to give a final concentration of 0.2% in the medium to 

give NGSM. 

Crude oil powder: 1 gm of crude oil was weighed to which 10m1 of diethyl ether was 

added to make an ethereal solution of crude oil — 10 gms of silica gel powder was added 

to this and mixed to form a fine paste — the ether was allowed to volatile and the 

remaining crude oil powder was used to make NSM (CO) agar plates 

NSM (CO) agar plates:' crude oil powder was added to NSM agar mixture (td give a 

final concentration of 1% of crude oil) and mixed by gently swirling the mixture, and 

then poured on plates. 

3. Stock solutions/reagents for SDS-PAGE (619) 

Monomer Solution 	 (30% T/ 2.7% bis) 

Acrylamide 	 58.4 g 

Bis-acrylamide 	 1.6 g 

Water 	 To 200 ml 

The above was filtered & store @ 4°C in the dark 

(1.5 M Tris-CI, pH 8.8) 	 4X Running (Separating) Gel Buffer 

Tris 	 36.3 g 

Water 	 To 200 ml 

pH was adjusted to 8.8 with HC1 (filtered & 

stored @ 4°C) 

4X Stacking Gel Buffer 	 (0.5 M Tris-Cl, pH 6.8) 

Tris 	 3g 

D/W 	 to 50 ml 

pH was adjusted to 6.8 with conc. HC1 

(filtered & stored @ 4°C) 

JAC 



10 % SDS (Sodium dodecyl sulfate) 

SDS 	 10 g 

D/W 	 to 100 ml 

10% ammonium persulfate 

Ammonium persulfate 

D/W 

(Kept @ 4°C for 10 days) 

0.1 g 

to 1 ml 

 

• 

 

• 

TEMED (N,N,N',N'-Tetramethylethylenediamine) (gel catalyst): used as purchased 

(from BioRad) 

(250 mM Tris, 1.92 M glycine, 0.1% SDS, pH 
10X Running (Tank) Buffer 

8.3) 

Tris 	 15g 

Glycine 	 72 g 

SDS • 	 5g 

to 500 ml 
D/W 

The buffer will range from pH 8.1 to 8.4 depending on the quality of the Iris and the 

glycine. 

Other Solutions: 

2X Sample Buffer 

Tris 	 2.5 ml 	 (0.125 M tris-HC1, pH 6.8) 

SDS 	 4.0 ml 	 (4% SDS) 

Glycerol 	 2.0 ml 	 (20% glycerol) 

B-Mercapto-ethanol(ME) 1.0 ml 	 (10% B-ME) 

D/W 	 to 10 ml 

Molecular weight markers were purchased from Hi-Media, India. 



Coomassie Blue Stain 	 (BioRad) 

Coomassie Blue 	 0.1 % (lg/L) 

Methanol 	 50% 

Acetic Acid 	 10% 

D/W 	 to final volume 

Gel Destain 

Methanol 	 5% 

Acetic Acid 	 10% 

D/W 	 to final volume 

• 

Sample loading buffer (Laemmli loading dye) 3X stock: 

1M Tris-CI (pH 6.8) 2.4 ml 

10% SDS 6 ml 

Glycerol (100%) 3 ml 

B-mercaptoethanol 1.6 ml 

Bromophenol blue 0.006g 

Separating (Running) Gel Composition 

Solutions 5% 6% 7% 7.5% 10% 12.5% 15% 

30% 

cryl 
0.83 ml 1.00 ml 1.17 m1'1.25 ml 1.67 ml 2.08 m : .50 m 

X Buffer 

H2O 2.81 ml 2.64 ml '2.47 ml 2.39 m1 1.97 ml 1.56 ml 1.14 ml 

SDS 50 1.1.1 50 1.1.1 50 iAl 50 iAl 	, 50 1.1.1  50 iAl 50 iAl 

PS 30 1.1.1 30 iAl 30 121 30 1.1.1 30 121 30 1.1.1 30 1.1.1 

TEMED 10µl 10µl 	e10µ1 10µl 	•141 l0µ1 10µl 

10% running gel was made and used 

Stacking Gel Composition 

Solutions 3% 4% 5% 

30% Acryl 0.2 ml 0.27 ml 0.33 ml 
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• APS and TEMED were added just before pouring. 

• After the running gel was poured, the gel was overlaid with water saturated 

butanol 

• Stack gel solution was poured after 2-3hrs 

• A 4% stack for 10% resolving gel was used 

• A seven well-comb was inserted into the stack gel solution after it was poured 

4. Plasmid mini-prep reagents/buffers (619) 

R PA gentc/Snliitions 

Solution I Solution II Solution III 

5 mM sucrose 

10 mM EDTA 

25 mM Tris, pH 8.0 

0.1 M NaOH 

1% (w/v) SDS 	rvolume 

60mL potassium acetate (5M) 

11 5mL Glacial Acetic Acid 

The above were mixed together and the 

was made upto 100mL with d/w, to 

give a final concentration of 3M of potassium 

acetate and 5M of acetic acid 
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20X Hellings  (1M Tris, 0.4 M sodium acetate, 0.04 M EDTA, pH 8.05) 

Chemical For 4 liters For 2 Liters 

Tris 484.4 g 242.2 g 

Sodium Acetate (anhydrous) 131.25 g 65.6 g 

EDTA 59.56 g 27.8 g 

pH was adjusted with glacial acetic acid to 8.05 (try about 60 ml initially, check pH 

and adjust as needed. The volume was made upto to 4 liters (or 2 L) with distilled 

water. 

Ethidium Bromide Stock Solution  (10mM Tris-HC1, 1 mM EDTA, 1 mg/ml ethidium 

bromide) 

For 50 ml: 

0.5 ml 1M Tris-HC1, pH 8.0 

0.1 ml 0.5M EDTA 

1 mg ethidium bromide 

Add ethidium bromide to Tris-HC1, EDTA and about half of the water, and stir 

overnight to dissolve. Volume made upto 50 ml with water and stored in a brown 

bottle at room temperature. 

5. Reagents for the Arnows test (620) 

(i) Catechol stock for standard curve: lmg/m1 in NSM(N-). 

(ii) 0.5 M HC1— 50m1 

(iii) Nitrite molybdate reagent : 10g. Na.nitrite + 10g. Na. Molybdate in 100 ml. 

distilled water 
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(iv) 1N NaOH — 50m1 

6. Solvent system(s) 

(a) for HPLC analysis of metabolites 

The solvents were filtered first by passing through membrane filters with a pore size of 

22microns. A solvent system of acetonitrile : water (70:30) was prepared to which 

trifluoroacetic acid (TFA) was added to the solvent system at a concentration of 6.75mM. 

Standards for individual hydrocarbons were made in HPLC grade methanol, at 0.01% 

concentrations and diluted appropriately while loading on the HPLC column 

(b)TLCs 

(i) 	for GDEMs (519) 

(1) petroleum ether (b.p. 60-80 °C) / diethyl ether (85:15, v/v) — System A (519) 

(2) petroleum ether (b.p. 60-80 °C)/ acetone (95:5, v/v) — System B 

(3) toluene/acetone (97:3, v/v)- system C 

(ii) for phospholipids: chloroform- Me0H — acetic acid - water (85 : 22.5: 10: 4, v/v) -

System D 

(iii) for DAP: Me0H — pyrrfdine —10N. HC1 — water ( 80: 10: 2.5 : 17.5) — System E 

(iv) for hydrocarbons and their metabolites 

(1) chloroform : acetone (11:9) — System F 

(2) benzene : methanol : acetic acid (45.: 10 : 1) — System G 

(3) acetone : petroleum ether (1:3) — System H 

7. Spray reagents for TLCs 

(a) for GDEMs - 10% dodecamolybdophosphoric acid in ethanol — Spray reagent A 

(b) for FAMEs —hydroxamate ester spray reagent (517) — Reagent B 

(c) for FAMES — FeC1 3  spray reagent (517) — Reagent C 
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(d) for phospholipids — ammonium molybdate (NH4)2MoO4  — HC1O4 (517)- Reagent D 

(e) for DAP — 0.1% ninhydrin in acetone — Reagent E (521). 

8. Reagents for estimation of proteins using Folin-Lowry's method (621): 

A. Na2CO3 (2% in 0.1 N NaOH) 

20.0 g Na2CO3 

4.0 g NaOH 

dissolve in 1 L distilled H2O 

B. CuSO4-5H20 (0.5% in 1`)/0 Na — K tartarate 

0.5 g CuSO4-5H20 

1 g Na citrate 

dissolve in 100 ml of distilled H 2O 

C. Folin-phenol reagent 

Folin Ciocalteu 2N dilute 1:1 with distilled H2O 

D. Mix 

1 ml solution B 

• 50 ml solution A 
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