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"The sulphate reducing bacteria are a bizarre group of microbes and yet impinge on our 

Ives in a variety of subtle and occasionally blatant ways. Despite theirfascinating 

qualities they have been a somewhat neg lected backwater of microbiological research: 

smelly, awkward to grow, intractable to isolate and count, but revealing intriguing 

novelties of biochemistry and physiology to those persistent enough to stickwith 

them" 

Postgate 1978 
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Chapter 1 

INTRODUCTION 



Sulphur as an essential component of the biosphere and as a part of the 

chemical structure of living beings, has been existing on the surface of this 

planet for millions of years. It has subsisted predominantly in an oxidized form: 

as sulphates in soils, rocks, rivers and seas and as oxides of sulphur, a minor 

component of the atmosphere. 

To mobilize the sulphur for biological use, it has to be reduced. Thus 

biological reduction of sulphate came to be recognized as one of the pivotal 

processes on which life on this planet evolved. Green plants, fungi, yeast and 

many species of bacteria use sulphate ion as their sole source of the biological 

element S° . They reduce the sulphate ion, bringing the sulphur atom from fully 

oxidized form to fully reduced state. When the end products of such a reaction 

are assimilated or incorporated into the cell it is designated as 'assimilative 

metabolism'. In contrast if the end products are not assimilated but excreted 

into the environment, the process is called 'dissimilative metabolism'. In such 

reactions the sulphate is stoichiometrically reduced to sulphide, according to the 

equation: 2CH2O+SO4 2—)2HCO3 1 +H2S (Berner, 1974). 

Dissimilatory sulphate reduction is carried out by a diverse group of 

strictly anaerobic bacteria that share the ability to use the sulphate as a terminal 

electron acceptor in the oxidation of organic matter. These classes of microbes 

are conventionally referred to as sulphate reducing bacteria (SRB). The 

dissimilatory sulphate reducing bacteria' are ubiquitous and particularly active in 

ecosystems that are high in sulphate and are probably one of the oldest forms 

of bacterial life on earth. Their activities have been traced back to more than 

three billion years by sulphur isotope fractionation in minerals and rocks 

(Peck, 1966). 
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Anaerobic respiration with sulphate is a central component of the global 

sulphur cycle and is exhibited exclusively by prokaryotes (Rabus et al, 2000). 

Sulphate reducing prokaryotes (SRP's) are thus of major numerical and 

functional importance in many ecosystems including marine sediments 

(Devereux and Mundform, 1994; Llobet-Brossa et al, 1998; Knoblauch et al, 

1999) and cyanobacterial mats (Rissatti et al, 1994; Teske et al, 1998; Minz et 

al, 1999). One of the critical processes governing the composition of the 

oceans and the redox balance at the earth surface is the bacterial sulphate 

reducing activity (SRA) (Westrich and Berner, 1984). 

SRB are considered to be the foci of the complex anaerobic ecology 

within sediments. SRB utilize the sulphate as a terminal electron acceptor, 

reducing it to hydrogen sulphide during growth. Electron donors may be 

hydrogen or low molecular weight organic acids such as lactate or acetate, 

which are also utilized as carbon sources. Some species of SRB are 

nutritionally more versatile with the capacity to grow on higher molecular weight 

fatty acids or simple aromatic compounds such as benzoate or phenol, 

(Postgate, 1984; Widdel, 1988) including petroleum based products like alkanes 

(So and Yang, 1999), toluene (Beller et al, 1992; Edwards et al, 1992), benzene 

(Edwards and Grbic-Gallic, 1992) and polyaromatic hydrocarbons (Flybridge et 

al, 1993). 

It is also reported that in the anoxic salt marsh sediments, methylated 

volatile sulphur compounds like methyl mercaptan (MSH) and dimethyl sulphide 

(DMS) appears to be linked to sulphate reduction. Desulfovibrio acrylius DSM 

10141 was found to have dimethylsulfoniopropionate (DMSP) lyase activity 

(Marc et al, 1996). Such bacteria may therefore be considered as part of a 

2 



consortium of organisms that mineralize organic matter under anaerobic 

conditions (Gibson, 1990). This process is also seen in fresh waters, as some 

pure strains of thermophilic sulphate reducers have been seen to utilize MSH 

and / or DMS (Tanimoto and Bak, 1994). These bacteria metabolise low 

molecular weight organic compounds, produced as end products of aerobic or 

fermentative halophilic organisms. They generate hydrogen sulphide and 

cause the precipitation of metals from solution as an insoluble metal sulphide, a 

chemical reaction where greater volumes of H2S produced results in greater 

quantities of metal precipitated. SRB have been used successfully for the 

removal of iron, manganese and zinc from the sediments (Webb et al 1998). 

SRB are pivotal in the global cycling of carbon, nitrogen, phosphorus and 

sulphur and are important ecologically in the re-cycling of the organic matter 

that enters aquatic ecosystems. They account for as much as 50% of the total 

organic carbon oxidized in marine sediments (Jorgensen, 1982). Mineralization 

of organic matter by SRB are particularly important in the sulphur cycle where 

the production of hydrogen sulphide facilitates the growth of other groups of 

chemotrophic and phototrophic bacteria that participate in sulphur cycling 

processes (Macfarlane and Gibson, 1991). SRB are identified as a group with 

considerable economic and scientific potential mainly due to their destructive 

role e.g. the corrosion of pipes and pumps and the spoiling of coal, oil and gas. 

This has provided a major stimulus to research on these bacteria in recent 

years. 

SRB are commonly encountered in marine, estuarine and terrestrial 

habitats. Permanent habitats of sulphate reducing bacteria are estuarine, 

marine and salt marsh sediments, also those of saline and hypersaline areas 
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and ponds and lakes because of the high and almost inexhaustible supply of 

sulphate. The occurrence of SRB has also been reported from non-saline 

environments (Skyring et al, 1977). Occurrences of this group have been 

reported from sediments, anoxic waters, soils, biofilms, intestinal contents, 

(Postgate, 1984; Widdel, 1988) and recently in hydrothermal vent sites (Dhillon 

et al, 2003). Psychrophilic SRB have also been isolated from two permanently 

cold Fjords of the Arctic island, Spitsbergen (Sahm et al, 1999 a). Although 

considered as obligate anaerobes, recent observations of sulphate reduction 

occurring in the oxic layers of microbial mats have extended the ecological 

range of the SRB even further (Canfield and Des Marais, 1991; Frund and 

Cohen, 1992). 

The SRB constitute a physiological and ecological assemblage of 

morphologically very different types of anaerobic bacteria (Le Gall and 

Postgate, 1973). They include both Gram positive and Gram-negative strains. 

SRB are known to be members of the delta-proteobacteria, however candidates 

for novel SRB are not necessarily limited to this group (Dhillon et al, 2003). 

Certain sulphate-reducing bacteria can fix nitrogen, but this property is not 

uniformly distributed across the group. Species of Desulfovibrio and 

Desulfobacter are known to fix nitrogen. The strictly anaerobic life style and 

slow growth rate of SRB however make it difficult to isolate and identify them. 

Solar salterns are generally located on or near the seashore. They are 

man-made systems where the evaporating seawater is directed into the initial or 

inlet pan. From here the water flows either through gravity or by pumping to 

new condenser ponds. the brine becomes more and more concentrated with 

respect to total salts and sodium chloride. At total salt concentrations around 
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8 -10%, the calcium salt begins to precipitate, forming gypsum layers in the 

pans until the majority of calcium has been removed. Finally, as the percentage 

of total salt approaches 40%, the brine is passed into the crystallizers. Here the 

sodium chloride precipitates, leaving an overlying layer of water high in 

potassium and magnesium and still containing some sodium and calcium salts. 

The major anion throughout the saltern is chloride. The process results in the 

sequential precipitation of calcium compounds CaSO4, CaCO3 and NaCI. 

In the first pond, most bacteria are slightly halophilic whereas in the 

intermediary ponds where the seawater concentrates to a salinity of 10 - 20% 

NaCI, most of the bacteria are moderately halophilic. The last ponds are 

inhabited by extremely halophilic organisms including aerobic members of the 

Archeabacteria (Zeikus, 1983) from the genera Halobacterium, 

Natronobacterium, Haloferax, Haloarcula, in addition to several species 

belonging to Bacteria and Eubacteria. The dynamics of salinity and ion 

composition in marine salterns imply a versatile micro-flora, which adapt to salt 

stress from halotolerant to extreme halophily. 

These hypersaline ecosystems are generally inhabited by a limited 

variety of life forms like Tilapia, algae like Dunaliella salina, the brine shrimp 

Artemia salina, brine flies and bacteria belonging to Halobacteriaceae, 

Haloanaerobiaceae, methanogens, sulphate reducing bacteria and 

cyanobacteria. 

A large variety of halophilic and halotolerant bacteria develop throughout 

the entire gradient concentration of salt ponds. Thus the level of survival, 

resistance and mutability is faced by bacteria thriving in such biota (011ivier et 

al, 1994). 
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Systematic attempts to isolate: and characterize salt tolerating and salt 

requiring bacteria from different habitats and the application of 16 S r-RNA 

sequencing, to elucidate the phylogenetic position have led to the recognition of 

many a new genera and species (Ventosa et al 1998 a). 

The present work focuses on the saltpans of Goa, India, which are 

located in Khazan (salty-marshy) lands. Such areas are normally held below the 

low tide level, to allow water to flow through gravity from the creek. Seawater 

from the Mandovi estuary enters the creek through a sluice gate at high tide. 

During low tide, water from the creek is drained out into the estuary. Feed 

water to the saltpan is taken from the creek. However, during the month of 

December water is drained out from the submerged fields (agor) sometimes 

with the help of a pump. Saltpans are surrounded by tandhs' on all 4 sides to 

prevent siltation and to regulate the flow of water (Kamat, 1977). The water 

flows from the first bed into the second bed and ultimately to the crystallizer 

pan. Meanwhile the natural process of evaporation goes on forming a white 

upper layer called froth. To speed up the crystallization process, the pan is 

then sprinkled 2 to 3 times with salt. In the peak salt manufacturing season, 

salt is harvested every day and collected in mounds on the crossing bandh 

(Plate I & II). 

Most of our present knowledge of the ecological role of sulphate 

reduction has been obtained from studies of sulphate reduction as a process. 

Further detailed studies have clearly documented the importance of 

dissimilatory sulphate reduction and the sulphur cycle for the mineralization of 

organic matter in sulphate rich marine ecosystems (Jorgensen, 1977; Skyring, 

1987). Moreover spatial and temporal variability or the influence of temperature 
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B: CHARGING OF SALTPANS WITH SEAWATER 



A: HARVESTING OF THE SALT 

B: SALT STORED ON THE BANDH 

PLATE II 



or electron donor concentrations on the rates of sulphate reduction has been 

described for marine sediments. Whereas many studies have dealt with 

ecological and eco-physiological aspects of sulphate reduction in hypersaline 

photosynthetic microbial mats, relatively few studies have been concerned with 

sulphate reducing activity in hypersaline sediments where active sulphate 

reduction has been demonstrated at salinities up to 24-30% w/v NaCI (Klug et 

al, 1985). 

However, it has been proved that enrichment and isolation of SRB at 

extremely high salinities is difficult as reflected in the resultant low viable counts 

during the enumeration of SRB in synthetic media with conventional methods. 

Up to now, microbial researches in this area has focused on the aerobic, 

halophilic microflora and relatively little work has been reported on the 

anaerobic halophiles or their breakdown of organic matter under anaerobic 

Conditions. Research in hypersaline habitats like saltpans appears promising 

from the microbiological, phylogenetic and biotechnological points of view. 

Although SRB are present in the various ponds of the salterns, very few 

have been isolated and identified. In spite of this field being very active, the 

role of SRB in the ecology of the saltpans is yet to be clearly elucidated. 
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The objectives of the present investigation were to: 

1. To quantify the variation in the abundance of culturable SRB in the 

saltpans of Goa. 

2. To quantify the sulphate reducing activity (SRA) in this environment 

and to investigate the effects of changes in salinity and electron 

donor concentrations in SRA. 

3. To delineate the taxonomical affinities of SRB through classical and 

molecular methods. 

4. To estimate their contribution to the flux of carbon from these 

systems through their sulphate reducing activity. 

5. To understand their participation in the flux of radiatively important 

gases like Dimethyl sulphide (DMS). 

6. To examine the contribution of specific hypersaline SRB in heavy 

metal detoxification. 

The present work is the first composite information on the studies of SRB in 

the ecology of the saltpans of Goa. Suffice it to say, that with an attempt 

towards a systematic approach, the saltpan ecosystem is a tip of an iceberg 

that shall in future continue to add to the taxonomic aspects of SRB, some 

novel ecotypes from the saltpans of Goa. Additionally it will also help us to 

establish the role of the SRB in the salt marsh ecosystem. 
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Chapter 2 

REVIEW OF LITERATURE 



2A. Hypersaline Environments: 

Hypersaline environments are referred to as extreme 

environments as they are hostile, forbidding or punishing habitats, where life 

is on the edge. These habitats are created by some physical and / or 

chemical extremes where higher organisms don't exist or flourish. They are 

of two primary types i.e. (1) Athalassohaline that arose from non-seawater 

sources dominated by potassium, magnesium, or sodium and are frequently 

the sources of potash, magnesium metal, soda, and even borax, if waters 

are high in boron (011ivier et al, 1994) and (2) Thalassohaline i.e. those that 

arose from seawater and hence the dominant salt is sodium chloride. The 

pH is either near to neutral or slightly alkaline. The typical thalassohaline 

hypersaline environments are the inland salt lakes, marine salterns like the 

Great Salt Lake Utah (Oren, 1993), Assal (East Africa), salt mine drainage 

waters, playas, natural coastal splash zones, tide pools, brine springs from 

underground salt deposits and solar salterns. 

Among these hypersaline environments, studies on the solar 

salterns are very much limited inspite of being found worldwide. They are 

usually fed by brine springs containing 5% sodium chloride where solar and 

wind powers evaporate the water thereby producing salt. The general 

impression about salterns was that they were essentially sterile environments. 

Fish are not observed much beyond 4-5% salt. However, large populations of 

birds are known to visit salterns frequently (Litchfield et al, 2002). In 1837 

Payen had shown Artemia (brine shrimp) to survive, grow and reproduce in 

brines. Even with the discovery of algal species, Dunaliella saline (Teodoresco, 

1905), there was considerable questioning about the existence of other forms of 
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life, especially the microscopic ones in salterns and finally the dispute was 

settled when Pierce (1914), Kellerman and Smith (1916), Browne (1922) and 

Clayton and Gibbs (1927) all successfully cultured bacteria from brines as well 

as the solar salterns. The organic matter that originates from the dead cells 

and metabolites of halophilic organisms are also known to contribute to the 

input of organic matter in these hypersaline systems (Renaud and Roger, 

1981). A wide range of substrates are available in hypersaline environments for 

micro-organisms, especially the bacteria to metabolise and grow. The ability of 

these micro-organisms to adapt to these hostile environments has intrigued 

generations of microbiologists. For instance, the isolation of halophiles from 

salterns of La Mala, Spain depends on the salt concentration (Anton et al, 

2001), whereas in the non-graduated solar saltpans enumeration was 

independent of salinity (Ramos Cormenzana, 1993). Hence the use of a 

general medium for enumeration is not possible. 

2.2. Hypersaline Micro-organisms: 

Hypersaline habitats are the domain of both halotolerant and 

halophilic microbes. The classification of micro-organisms according to their 

requirement for and tolerance to salt are to a large extent arbitary, as it is a 

continuum of lower, optimal and maximal salt concentrations for growth 

(Oren, 2002). The halotolerant bacteria do not require NaCI for growth but can 

tolerate even up to a concentration of above 15% w/v (2.5 M). On the other 

hand halophiles require NaCI for growth and can be classified into 3 groups 

based on their response to NaCI (011ivier et al, 1994): 

i. 	slight halophiles (2-5% NaCI; 0.34 to 0.85 M) (Mathrani et al, 1987), 
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ii. moderate halophiles (5 - 20% NaCI; 0.85 to 3.4 M) (Kushner and 

Kamekura, 1988) and 

iii. The extreme halophiles (20 - 30% NaCI; 3.4 to 5.1 M). 

Borderline extreme halophiles require at least 12 ` )/0 w/v salt (Kushner, 1978). 

These groups of bacteria spread over a large number of phylogenetic sub-

groups (Ventosa et al, 1998 a). They belong to members of the family 

Halobacteriaceae. In general it may be stated that most halophiles within the 

domain Bacteria are moderate rather than extreme halophiles. However, few 

types resemble the archael halophiles of the family Halobacteriaceae in their 

salt requirements and tolerance. Notable examples are photosynthetic purple 

bacteria of the genus Halorhodospira (gamma-Proteobacteria), the 

actinomycete, Actinopolyspora halophila and the recently discovered 

Candidatus Salinibacter (Anton et al, 2000; Anton et al, 2001). The red 

colourations of such lakes are due to the C-50 carotenoid pigments (alpha-

bacterioruberin and derivatives), found in large concentrations in the 

membranes of most members of this family (Oren, 1994; Litchfield et at 2000). 

It is also true that many species may not even be culturable. For example, in 

the crystalliser ponds of solar salterns of Egypt, the uncultured bacteria 

constituted 5 - 25% of the total prokaryotic community (Anton et at 2000) and 

they are affiliated to the Cytophaga - Flavobacterium - Bacteriodes phylum. 

In general, most of the studies have been restricted to aerobic 

halophiles inspite of the fact that halophiles are distributed in both aerobic and 

anaerobic branches (Oren, 2001; Rainey et at 1995). The Dead Sea, 

hypersaline soda lakes such as Lake Magadi, Kenya and saltern crystallizer 

ponds are dominated by aerobic halophilic bacteria of the order Halobacteriales 
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and family Halobacteriaceae. There is even an anaerobic order belonging to 

the Haloanaerobiaceae and the Halobacteroidaceae known to consist solely of 

halophilic anaerobic micro-organisms (Oren, 2001; Rainey et al 1995). Limited 

studies on anaerobes are essentially because of the slow progress in the 

development of methodology for enumeration as they are very fastidious 

organisms. 

2.3. Sulphate Reducing Bacteria: 

2.3.1. Enumeration Techniques: 

Sulphate Reducing Bacteria (SRB) are not only significant in 

numbers but also in their activity in marine environments (Devereux and 

Mundfrom, 1994; Knoblauch et al, 1999; Llobet-Brossa et al, 1998). Recently 

lot of attention has been drawn to study the anaerobic group of SRB, which live 

in high salt concentration as they pose quite fascinating problems in their own 

rights (Kushner 1978). As in the case of aerobic bacteria, SRB populations in 

natural samples were also underestimated by a factor of 10 3  to 104  (Sahm et al, 

1999). The reason for this low yield is attributed to the non-culturability of 

natural SRB. It has also been observed that it is often difficult to enrich and 

isolate SRB from extremely high saline environments. In order to increase the 

retrieval counts; improvisation of the traditional shake agar method has also 

been attempted (Jorgensen et al, 1979). Pfennig et al (1981) amended the 

method by adding low molecular fatty acids to the medium. A variety of defined 

substrates were used to meet specific substrate preferences of different groups 

of SRB. Few researchers (Vester and Ingvorsen, 1998; Parkes et al 1995) 

adopted two methods simultaneously to quantify SRB. Bak and .Pfennig (1991) 
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used enrichment and enumeration techniques to investigate the viable 

population of SRB in littoral sediments of Lake Constance (German-Swiss 

border). Interestingly the most probable number (MPN) method yielded higher 

numbers in few studies (Jorgensen and Bak, 1991; Vester and Ingvorsen, 

1998). The latter authors described the development and evaluation of a 

greatly improved MPN technique for enumeration of SRB in environmental 

samples. They have used natural media and a radiotracer for this purpose. 

Their results demonstrate that the use of natural media results in significant 

improvements in estimates of true numbers of SRB in environmental samples. 

With the use of the newly developed tracer MPN technique the densities of SRB 

estimated ranged from 2.2 x 10 7  to 6.7 x 108  cells.cm-3  (Brandt et al, 2001). 

Llobet-Brossa et al (2002) state that MPN in agar shakes yielded numbers of 

CFU somewhat higher than those observed with MPN in liquid media. Even 

MPN methods have been shown to give under-estimates of the true number of 

target groups due to factors such as clumping and attachment of cells to 

particles. Enumeration of SRB by cultivation independent methods based on 

the quantification of SRB rRNA or rDNA could provide an attractive alternative 

to MPN technique. Application of fluorescence in situ hybridization (FISH) 

yields higher number of bacteria (Llobet-Brossa et al, 2002). This technique 

yielded 108  cells as compared to MPN which yielded 107 . Genus and group 

specific hybridization probes for environmental studies of SRB were evaluated 

by quantification and by hybridization of membrane-immobilized by rRNA with 

oligonucleotide probes (Devereux et al, 1992). Cell numbers calculated by 

converting the relative contribution of SRB rRNA to the percentage of DAPI 

stained cells indicated a population size of SRB in the order of 10 8  cells.cm -3  
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(Sahm et al, 1999). Immuno assay detection system (enzyme adenosine 5' 

prime phosphosulphate (APS) reductase that is common to all strains of SRB 

has also been tried out (Jain, 1995). Raskin et al (1996) have used molecular 

measures in combination with microelectrodes to measure the distribution and 

activity of SRB in anaerobic biofilms. However, these methods may also suffer 

from certain disadvantages linked to reproducibility, oligonucleotide probes 

specificity, and uncertainties concerning genome size, genome copy number or 

rRNA content per bacterium (Edgcomb et al, 1999; Sahm et al, 1999). 

Therefore it would be worthwhile exploring the sulphate reducing bacterial 

community using a multi-method approach (Llobet-Brossa et al, 2002). 

2.3.2. Abundance and influencing factors: 

In the marine environment, sulphate-reducing bacteria occur in the 

anoxic sediment or in the bottom anoxic waters of stratified lagoons. Sulphate 

reducing bacteria have been reported to occur in shallow waters and sediments 

of many hypersaline environments (Jorgensen et al, 1979; Oren, 1988). They 

form an important component of this ecosystem as they are an important 

metabolic link between heterotrophic and photosynthetic bacteria (Loka 

Bharathi and Chandramohan, 1990). 

Studies of their distribution in terms of numbers have been carried out by 

various authors using different methods. The abundance varies from 10 3  to 108 

 m1-1  or cm-3 . These numbers are comparable to other marine ecosystems such 

as the intertidal mud flat of German Wadden Sea (Llobet-Brossa et al, 2002), 

bottom sediments of Gulf of Gdan'sk (Mudryk, 2000) or the water column and 

surface sediments of the Black Sea (Albert et al 1995) and coastal waters and 
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sediments (Parkes et al, 1993). In the Great Salt Lake of Utah (USA) high 

density of SRB ranging from 2.2 x 10 7  to 6.7 x 108  cells cm-3  was reported using 

tracer MPN —technique. The SRB within the surface layers of hypersaline 

cyanobacterial mat of solar lake (Sinai, Egypt) were found to be between 10 6 

 and 107  m1 -1  and this was much higher than that observed in deeper anaerobic 

layers (Teske et al, 1998). The diurnal variation in the micro-gradients of 02, 

H2S and Eh in the benthic cyanobacterial mats were found to be the limiting 

factors for the distribution of SRB. Minz et al (1999 a) studied the distribution 

and abundance of SRB of a hypersaline cynobacterial mat from salterns of La 

Mala near Granada, Spain and reported a preferential location of SRB in the 

region defined by oxygen chemocline. 

Though SRB are known to be strict anaerobes, it is now emerging that 

they can also tolerate oxygen. They are recognized as strict anaerobes 

although metabolic activity in the presence of oxygen has been reported by 

Frund and Cohen (1992). Various SRB are aerotolerant to some degree 

(Cypionka et al, 1985; Fukui and Takii 1990; Hardy and Hamilton, 1981) and 

even after prolonged exposure to oxygen many species can resume anoxic 

growth. Most of them were found to contain superoxide dismutase and even in 

some cases catalase has also been detected (Abdollahi and Wimpenny, 1990; 

Hardy and Hamilton, 1981). Little is known about the enzymes involved in 

oxygen consumption in SRB. However, NADH oxidase activities have been 

observed in some SRB like Desulfuvibrio gigas and D. desulfuricans strains 

(Chen et al, 1993). In the microbial mats of hypersaline ponds of Salins-de-

Giraud (France) the abundance of SRB as estimated by MPN method was in 

order of 104  and it decreased slowly with depth (Caumette et al 1994). The 

15 



population was less in winter compared to summer. During winter, light and 

photosynthesis were restricted to the uppermost 1mm (Jorgensen et al, 1979). 

Similar observations have been reported for other mats found in marine 

environments (Bauld 1984; Mir et al, 1991) as well as hypersaline environment 

(Jorgensen and Des Marais, 1986; Gerdes et al, 1985; Giani et al, 1989). 

Albrechtsen and Winding (1992) also reported that sediment texture also 

influences the total number of bacteria and their potential for mineralization 

increases with higher content of clay and silt and decreases with higher content 

of sand. Particle surfaces are important habitats for sedimentary bacteria 

including SRB. Organic carbon concentrations in these sediments increased 

with the decrease in grain size until the fine silt fraction and it decreased in the 

clay fraction. 

Sulphate reducers inhabiting salterns have versatile physiology as 

hypersaline ecosystems show a great variability in ionic composition, total salt 

concentration and pH. Though solar saltern systems are generally assumed to 

support similar microbial communities, the whole community pigments and lipid 

profiles of two solar salterns located in Newark, California, USA and Eliat, Israel 

for a five year period showed that the microbial communities therein differed as 

a function of salt concentration as monitored by the lipid patterns. The Israel 

saltern had an oligotrophic water source and also considerably warmer and 

drier climate (Oren and Rodriguez-Valera, 2001; Litchfield et al 2000). There 

seems to be also geographic differences, as the microbial communities from 

California and Israel were found to be significantly different inspite of the 

similarity in the salt content. These differences are ascribed to the types of 

lipids, chlorophyll content and bacterioruberin content. Hence in the microbial 
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community, part of the differences may be accounted for seasonal fluctuations 

i.e. cooler climate and higher rainfall in California and also nutrient enriched 

source of water (Litchfield et al, 2000). Banat et al (1981) showed the evidence 

for the co-existence of two distinct functional groups of SRB in the salt marsh 

sediments of Colne point. 

2.3.3. Taxonomy: 

Bergey's manual of systematic bacteriology, (1984) has described 

dissimilatory sulphate reducing bacteria as bacteria capable of dissimilatory 

sulphate reduction and use of sulphite, thio-sulphate or other oxidized sulphur 

compounds as electron acceptors. Limitations in methodologies of pure culture 

isolation and biochemical identification have impaired environmental studies of 

diversity and abundance of SRB, as is the case with many anaerobes. SRB 

have been particularly refractory to isolation and characterization. In the past, 

selective enrichment media led to the recognition of nutritional versatility among 

SRB and to a better approximation of their population densities in the 

environment (Bak and Widdel, 1986). 16S rRNA-based phylogenetic studies 

have led to the taxonomic revision of several SRB species. Both physiological 

and molecular studies, therefore underscore the need for improved detection, 

enumeration and identification of SRB within environmental samples and 

among laboratory cultures (Devereux et al, 1992). 

Sulphate reducing bacteria mostly belong to the delta sub-division of 

proteobacteria under the domain Bacteria. However, these groups have also 

been identified under the division Euryarchaeota. Consequently, SRB are now 

referred to as SRPs (sulphate reducing prokaryotes). More than 130 species of 
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SRPs have been described so far, and they comprise a phylogenetically diverse 

assemblage of organisms consisting of members of at least four bacterial phyla 

and one archeal phylum (Devereux et al, 1989; Devereux et al, 1990 and 

Stackebrandt et al, 1995). The five phyla are (i) Euryarcheota from 

domain Archea: (ii) Firmicute, (iii) Nitrospyra, fiv) Thermodesulfobacteria, and 

(v) Proteobacteria from the domain Bacteria. The polyphyletic affiliations of 

SRPs and the fact that several SRPs are closely related to micro-organisms 

which cannot perform anaerobic sulphate reduction for energy generation, 

hamper cultivation-independent detection of these organisms by established 

16S rRNA-based methods, because different PCR primer sets or probes would 

be required to target all members of this microbial guild (Loy et al, 2002). 

However, most of the sulphate reducers isolated are slightly halophilic and have 

been allocated to all the five phyla. The Prominent genera: Desulfovibrio, 

Desulfobacter, Desulfococcus, Desulfosarcina, Desulfobacterium and 

Desulfonema are found to grow at optimal salinities in the range of 1 - 4% NaCI. 

Few moderately halophilic SRB have been isolated from different kinds 

of hypersaline environments including marine salterns. Caumette et al (1991) 

isolated a halophilic SRB from Solar Lake (Sinai), Desulfovibrio halophilus 

which could tolerate upto 18% NaCI concentration. Another halophilic SRB, 

Desulfovibrio salexigens, which does not grow at concentrations higher than 

12% NaCI has been reported by Postgate and Campbell (1966). Desulfovibrio 

retbaense, a moderate halophile was also isolated from Retba Lake in Senegal 

by 011ivier et al (1991). Extremely halophilic SRB however have not either been 

isolated or reported so far from hypersaline environments. The most abundant 

genus in the hypersaline mats of Solar Lake (Sinai, Egypt) was Desulfonema 

18 



sp., followed by the family, Desulfobacteriaceae (Minz et al, 1999). Recently a 

new species, Desufovibrio oxyclinae (Krekeler et al, 1997) was reported. This 

strain was a close relative of Desulfovibrio halophilus by 16S rDNA sequencing. 

Loy et at (2002) have developed an oligonucleotide micro-array consisting of 

132, 16 S rRNA gene-targeted oligonucleotide probes (18-mers) having 

hierarchical and parallel specificity for the cultivation-independent detection of 

all known lineages of sulphate reducing prokaryotes (SRP-Phylochip). The 

application of SRP-Phylochip has been evaluated with 41 suitable pure cultures 

of SRPs using samples from the chemocline of a hypersaline cyanobacterial 

mat from Solar Lake (Sinai - Egypt), indicating the occurrence of Desulfonema 

sp. and Desulfomonile sp. like SRPs in the chemocline of the mat. 

2.3.4. Sulphate Reducing Activity (SRA): 

Most of our present knowledge of the ecological role of sulphate 

reduction has been obtained from studies of sulphate reduction as a process. 

Bacterial sulphate reduction is of great ecological and biogeochemical 

importance in anoxic hypersaline sediments (Oren, 1988; Skyring, 1987; 011ivier 

et al, 1994) and in hypersaline microbial mats (Canfield and Des Marais 1993; 

Caumette et al, 1994). Canfield and Des Marais (1991) measured SRA in 

hypersaline bacterial mats from Baja California, Mexico and reported that SRA 

occurred consistently within the well oxygenated photosynthetic zones of mats. 

In fact some of the highest SRA reported in literature have been measured in 

hypersaline microbial mats with salinities upto 15 - 21% w/v NaCI (Teske et al, 

1998). High Sulphate reduction in hypersaline cyanobacterial mats are driven 

by cyanobacterial photosynthetic production in situ (Cohen 1984). 
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Diurnal cycles of sulphate reduction were examined in a cyanobacterial mats 

from an experimental hypersaline pond with a salinity of 75±5 psu. Interestingly 

significant activity of sulphate reducing bacteria was detected under aerobic 

conditions during the daytime. The capability of aerobic respiration was also 

detected in Desulfovibrio vulgaris, Desulfovibrio sulfodismutans, Desulfovibrio 

autotrophicum, Desulfobulbus propionicus and Desulfococcus multivorans 

(Dilling and Cypionka, 1990). While many studies have dealt with ecological 

and ecophysiological aspects of sulphate reduction in hypersaline microbial 

mats, relatively few studies have been conducted with in aphotic sediments 

(Klug et al, 1985; Zeikus, 1983). Parkes et al (1993) studied the sulphate 

reducing activity in sediments from two Sea Lochs (Etive and Eil) and an 

estuarine site (Tay) in Scotland. Seawater slurries exhibited a high potential for 

microbial sulphate reduction (averaged 2.03 and 0.33 nM.S -2 .cm -3 .hr-1  for the 

sand and silt-clay soils respectively) in Sapelo island in Georgia (Christian et al, 

1983). SRA rate varied from 200 to 17000 nM.cm -3 .day-1  in Mediterranean 

saltern, Salins de Giraud, France (Caumette et al, 1994) and the activity was 

highest in upper 20 mm of the sediment core. The zone of most intense 

sulphate reduction was restricted to the upper 3 cm. SRA were highest in 

summer and lowest just after the spring thaw. In the littoral sediment of Lake 

Constance, a fresh water environment showed the evidence for the co-

existence of two distinct functional groups of SRB in the salt marsh sediments 

of Colne point (Bak and Pfenning, 1991; Banat et al, 1981). Oxidation of 

acetate was inhibited by the addition of fluoroacetate and also by the addition of 

molybdate, an inhibitor of SRB, which had an effect on the acetate turnover in 

the marine sediment. Sulphide was not recovered quantitatively in the 
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presence of molybdate but on addition of strong reducing agents like titanium 

chloride before acidification of the sediment, sulphide could be recovered. The 

reduction of sulphate to sulphide by SRB in the sediment was partially inhibited 

by addition of fluoroacetate but completely inhibited by molybdate (Ventosa et 

al 1998). This was interpreted as the sample contained two functional groups 

of SRB — one group oxidizing acetate and another probably oxidizing hydrogen. 

Brandt et al (2001) measured the SRA in surface sediments and slurries from 

three sites in the Great Salt Lake (Utah, USA) using radiolabled 35  S-sulphate. 

High SRA was measured at two sites which were in the moderately hypersaline 

southern arm of the lake where as significantly lower rates were measured in 

the extremely hypersaline northern arm of the lake. This suggested that high 

densities of slightly to moderately halophilic and extremely halotolerant SRB 

were responsible for the high rates of sulphate reduction measured in Great 

Salt Lake sediments. Howarth and Teal (1979) measured SRA for two years in 

the peat of a salt marsh in New England by a radiotracer technique. Rates 

were high throughout, from the surface to more than 20cm depth. High rates 

were attributed to (i) the high organic inputs of organic substrates from Spartina 

sp. (2) unlimited availability of sulphate (3) non-toxic levels of sulphide 

concentrations and (4) stable pyrite which is a major end product of sulphate 

reduction. 

Studies conducted so far have have shown that the rate of activity 

depends on a number of factors. SRA in Mediteranean saltern, Salins de 

Giraud, (France) was very high in the summer and was temperature dependent 

rather than on salinity (Caumette et al, 1994). At salinities above 15%, sulphate 

reduction got reduced significantly, particularly in the upper 20 mm of the 

21 



sediment. No evidence of oxidation of Volatile Fatty Acids (VFA) such as 

acetate by SRB has been reported at high salinities indicating that ambient 

strains are mainly incomplete oxidizers. This process favours the accumulation 

of acetate in sediments (Oren, 1988) suggesting that salinity may have a role in 

limiting the utilization of VFA. Increasing the levels of NaCI to 30% resulted in 

an unusual level of acetate in the sediments i.e. up to 800 AM. This shows that 

complete oxidation of organic matter is drastically reduced by high salt 

concentration. Moreover spatial and temporal variability or the influence of 

temperature or electron donor concentrations on the rates of sulphate reduction 

has been investigated for marine sediments. At constant temperature, the rates 

of sulphate reduction in oxygenated mats during daytime were similar to the 

rates in anoxic mats at night time. Thus during a 24 hour cycle, variation in light 

and 02 had little effect on rates of sulphate reduction in these mats (Canfield 

and Des Marais, 1991). Rates of sulphate reduction in marine sediments show 

a large variation mainly due to the changes in the amount and biological lability 

of organic matter undergoing decomposition (Goldhaber and Kaplan, 1974). 

Ethanol was the only carbon source to enhance this activity while both ethanol 

and lactate enhanced this activity in permanently reduced zones (Frund and 

Cohen, 1992). Population of SRB and the in situ rates of sulphate reduction 

(Parkes et al, 1993) showed that addition of acetate, lactate, propionate, 

butyrate and hydrogen (20 mM) resulted in a stimulation of the sulphate 

reducing activity in sediments from two Sea Lochs (Etive and Eil) and an 

estuarine site (Tay) in Scotland. Pore water composition sensitively mirrors the 

biogeochemical processes in the sediments. Bak and Pfennig (1991) studied 

the pore water concentrations of SO4 -2  and NO3 1  and depth determination of 
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FeS and FeS2 and organically bound S in relation to the intensity of 

dissimilatory microbial sulphate reduction in the littoral sediment of Lake 

Constance, a fresh water environment. Fukui and Takii (1994) studied the 

kinetics of sulphate respiration by free-living and particle associated SRB with 

solid particles like anion exchange resin and FeS precipitation. The rates of 

sulphide production by resin and FeS — associated cells were 2 - 3% and 

19 - 56% of that by free-living ones respectively, under sulphate and lactate-rich 

conditions. On the other hand under sulphate poor (< 50 .1.NA) and lactate rich 

conditions, the rate by FeS associated cells was higher than that by the free 

living ones. Under lactate poor and sulphate rich conditions, the rate by FeS 

associated cells was similar to that by free-living ones. These results suggest 

that FeS associated SRB are more active than the free-living environments 

such as fresh water sediments, ones under sulphate poor conditions. 

2.4. Role Sulphate Reducing Bacteria: 

2.4.1. Carbon Flux: 

Beside its role in the sulphur turn over, sulphate reducing bacteria 

contribute significantly to the carbon flow of the ecosystem as mineralization of 

organic matter by SRB is considered the terminal process in the oxidation of 

organic matter in estuarine and benthic environments (Jorgensen, 1982). 

Numerous detailed studies have clearly documented the importance of 

dissimilatory sulphate reduction and the sulphur cycle for mineralization of 

organic matter in sulphate rich marine ecosystems (Jorgensen, 1977; Skyring. 

1987). 
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More than 50% of-the-anaerobic oxidations of organic matter (Zostera 

marine leaves) were catalysed by SRB. The carbon turnover varies from a very 

low to a high rate, which may depend on the geographical location, quality and 

quantity of organic matter and sulphate reducing activity. In the microbial mat of 

the Mediterranean salterns (France), the Carbon turnover was 0.8 g. C. CM3.y-1  

(Caumette et al 1994) and in the microbial mats of solar lake ( Sinai) —50 mg. 

C. CM-3 .Y1  was processed through the sulphate reduction process 

(Jorgensen , 1983 ). In a salt marsh peat it was 1008 g. C. cm -3 .y-1 

 (Howarth and Teal 1979). Westrich and Berner (1984) showed that the organic 

matter in seawater undergoes decomposition via first order kinetics termed as 

'G model' and could be divided into decomposable fractions of considerably 

different reactivity and a non-metabolizable fraction. This planktonic material 

was added to anoxic sediments of Long Island Sound and the rate of sulphate 

reduction was measured which was found to be in direct proportion to the 

amount of planktonic carbon added. This provided a direct confirmation of the 

first order decomposition or 'G model' for marine sediments and proved that in 

situ rate of sulphate reduction was organic matter limited. 

2.4.2. Dimethyl sulphopropionate (DMSP) Metabolism: 

Of late sulphate reducing bacteria have been recognized to play a key 

role in the cycling of DMSP and methylated sulphur compounds into mainly 

DMS as it plays an important role in the global warming (Charlson et al, 1987). 

DMS is the major organic sulphur compound, which is discharged from the 

biological environment due to either cleaving or demethylation of DMSP. The 

methylated sulphur compounds emissions from the natural terrestrial 
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environments are thought to be a very small amount compared to that of 

coastal areas. However, Tanimoto and Bak (1994) have reported that mainly 

sulphate reducers were responsible for the degradation of MSH and DMS in a 

thermophilic fresh water environment. Van den Berg et al (1998) studied the 

DMS emission from a microbial mat. DMSP break down was found to be 

dependent on the functional group composition of the mat, the physiological 

characteristics of these groups and the eco-physiological conditions. 

(oxic/anoxic and light/dark - both vary in a diel cycle). Kiene (1988) carried out 

simple flux experiments with small intact sediment cores with anoxic sediment 

slurries prepared from Spartina salt marsh soils showed that DMS was emitted 

from marsh surface. These results reveal that DMS was readily metabolized by 

microbes in marsh sediments and that this metabolism may be responsible for 

reducing emission of DMS from the marsh surface. Three strains of 

thermophilic sulphate reducers, which probably belonged to genus 

Desulfotomaculum were isolated in pure culture. All strains used sulphate, 

sulfite or thiosulfate as electron acceptors, but only one strain used nitrate. 

DMS and MSH were oxidized to carbon dioxide and sulphide with either 

sulphate or nitrate as the electron acceptor. Sulphate was stoichiometrically 

reduced to sulphide. Van der Maarel et al (1996) have isolated an enzyme that 

cleaves the algal osmolyte DMSP to DMS and acrylate and was purified almost 

400 fold from the marine sulphate and acrylate reducing bacterium 

Desulfovibrio acrylicus DSM 10141. DMSP lyase activity was induced by 

acrylate and DMSP. DMSP was the only substrate of the enzyme and 

dimethylsulfoniobutyrate was found to be the most potent inhibitor. Further 

more no major research as the measurement of anaerobic microbial activity in 
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DMS or MSH sinks has been conducted and no sulphate reducers have been 

isolated inspite of many observations regarding DMS sinks. 

2.5. Applications of Sulphate Reducing Bacteria: 

Like all microbes SRB mediate processes that are both advantageous 

and disadvantageous. SRB have been known to be extensively responsible for 

both anodic and cathodic corrosion of iron and steel (Cragnoliono and 

Tuovinen, 1989). They have also been implicated in the souring of crude oil in 

offshore oil wells (Loka Bharathi et al 1997). However, their usefulness can out 

do their nuisance factor. The use of non-biodegradable materials including 

heavy metals in industry is increasing. They influence micro-organism by 

affecting their growth, morphology or biochemical activities in concentrations as 

low as 5 - 10 ppm. They tend to accumulate in sediments in complex 

formations (Appanna and St. Pierre, 1997). The tolerance of SRB to 

environmental stress factors and their ability to carry out toxic metal reduction at 

near neutral pH may provide an advantage over traditional remediation 

methods where conditions are often required to be very acidic, inorder for the 

metal reduction and removal to take place. SRB have not only being used 

singly as pure cultures for bioremediatory measures but also in mixed consortia. 

Thus: 

1. 	Biological sulphate reduction improves water quality by precipitating 

metals in cohtaminated waters or increasing the pH of the Water due to 

hydronium ion consumption in the process of sulphate reduction and production 

of bicarbonate from the oxidation or organic compounds (Zalulski et al, 2000). 
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2. 	Sulphate reducing bacteria can be used in a technology to remove 

metals. The sulphide, which can interact with many toxic metals to precipitate 

as insoluble metal sulphides (Lovley and Coates, 1997; White and Gaad, 1997, 

1998 a, b) and this serves as a basis for several bioremedial treatment methods 

(White et al, 1997; 1998). Sulphate reducing bacterial biofilms have been used 

for the treatment of chromium-containing waste before discharging into the 

environment, thus minimizing environmental hazard (Smith & Gaad, 2000). In 

another instance Fortin et al (1994) have isolated a strain of Desulfotomaculum 

sp. which can precipitate nickel as nickel sulphide or iron-nickel sulphide. In 

response to high concentration of nickel, the isolate increases its metal 

resistance through the production of a group of poly-peptide that binds nickel. 

SRB can equally be effective in reducing, the toxicity of heavy metals like lead 

and mercury. Haritsa et al (2002) suggest that hypersaline SRB could be more 

tolerant to heavy metals than mesohaline counterparts and could therefore be 

more effectively used for precipitating these metals in bioremediatory 

measures. Further, Kerkar et al (2003) have demonstrated the presence of 

extra chromosomal elements in mercury tolerant SRB which could probably be 

implicated in mercury tolerance. However, SRB have also been shown to 

increase toxicity of mercury by being principle methylators in anoxic estuarine 

sediments; but this methalation activity is fully expressed only when sulphate is 

limiting and fermentable organic substrates are available (Compeau and 

Bartha, 1985). White and Gaad (1996) have studied the effect of mixed SRB 

cultures for bio-precipitation of toxic metals. 

3. Sulphate respiring bacteria have also been used for metal removal from 

natural and constructed wetland to treat acid mine drainage 
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(Webb et al, 1998). These consortia displayed significant differences in 

sulphide generation and rate of iron, manganese and zinc metal removal from 

solution. 

4. Besides the detoxification of metals SRB can also degrade other 

compounds like benzene. Other mono-aromatic hydrocarbons such as 

toluelene and xylene are known to be degraded under sulphate reducing 

conditions (Lovley et al, 1995; Beller et al, 1992 a, b; Edwards and Grbic-Galic, 

1992; Flybridge et al, 1993). Edwards et al (1992) have shown anaerobic 

degradation of toluene and xylene by aquifer micro-organisms under sulphate 

reducing conditions. 	Rabus et al (1993) have isolated a new species 

Desulfotobacula toluolica which can completely oxidize toluene under strictly 

anoxic conditions. Sulphate reducing consortia have been successfully used 

for reductive dechlorination of halogenated phenols (Haggblom, 1998). 

5. Exopolysacharides produced by SRB have shown to be modified by the 

presence of carbon steel, which may increase its metal binding capacity 

(Zinkevich et al, 1996). 
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Chapter 3 

MATERIAL AND METHODS 



3.1. Study area: 

The preliminary study areas were restricted to crystallizer pans of 

Arpora, Ribandar and Siridao that lie in the Tropical Mandovi-Zuari estuarine 

system of Goa, (West coast of India) (Fig. 1A). The geographical positions of 

the three sites were fixed using a Global Positioning System (GPS) 

(12 XL Personal Navigator, Taiwan). 

3.1.1. Location and description of the saltpans: 

	

3.1.1.1. 	Arpora saltpan: 

The Arpora saltpan covers a total area of 12,557.67 m 2  and the sampling 

site was at 15°  34.94 N and 73°  45.712 E. It is about 2 km off the coast and is 

situated in Baga estuary (Bardez Taluka). This site is also influenced by a 

Mandovi — tributary during the monsoon season. The saltpan is in the midst of 

rice fields that are devoid of any marshy vegetation around and has human 

habitations. 

	

3.1.1.2. 	Siridao Saltpan: 

The total area is 13,489.191 m 2  and the sampling site was at 15 °  26.4 60 

N and 73°  52.069 E. This saltpan is situated in a relatively marshy area in 

Tiswadi Taluka. It is under the influence of Zuari River and about 50 meters 

away from human habitation. The site is about 100 m to the east of Panjim - 

Margao Highway (NH — 17) in Siridao. 

	

3.1.1.3. 	Ribandar saltpan: 

The Ribandar saltpan forms the major site of our detailed investigation 

and the collection site is located at 15 ° 30.166 N and 73 ° 51.245 E. The total 
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15 ° 30.166 N 
0 73°51.245 E 

Ribandar sampling site 

Figure 1. 	Map showing the location of the three salt pans. 

The layout of the salt pan at Ribandar. 



area of this saltpan is 12,329.12 m 2  and is situated along the Mandovi river 

(Plate III). This area is under the influence of semi-diurnal tides and the 

surrounding marshy land supports a rich mangrove vegetation, dominated by 3 

species, i.e. Rhizophora mangle, Avicennia germinans and Laguncularia 

racemosa along with marsh grasses like Spartina sp. This saltpan is a part of 

the area reclaimed for the production of salt and salt-tolerant varieties of rice 

ever since the Patto bridge was built to connect Panaji city in Ilhas Taluka to the 

main land at Ribandar during the Portuguese rule (— 200 years). This site gains 

additional scientific importance in providing a most variable ecosystem for 

biodiversity that is known to be affected by silting of iron ore over the years. 

All the above sites are subject to heavy annual rains (125 cm) during 

monsoons. Mandovi and Zuari are the two main rivers of Goa that have their 

origin in the Western Ghats and flow into the Arabian Sea on the west coast, 

meandering through a distance of about 50 km downstream. A number of small 

rivulets along the course, join the main channels of these rivers that are 

interconnected by man-made Cumbarjua Canal. This network of rivers and 

canals is extensively used for transport of iron ore to the Marmugao harbour 

through barges for over 5 decades. They also serve as a site for substantial 

fishing activity through mechanized boats and traditional rampons. Apparently 

they also serve as dumping sites for domestic and industrial wastes. 

3.1.2. Sampling period 

Preliminary sampling was restricted to peak salt production season in 

February 2000 at Arpora, Ribandar and Siridao. The saltpan at Ribandar was 

selected for detailed study. Monthly samples were collected for a period of one 

30 



Aerial View Of Ribandar Salt Pans 



year i.e. September 2000 to August 2001 (Fig. 1B) so as to cover all the three 

seasons — Pre-monsoon (February to May), Monsoon (June to September) and 

Post-monsoon (October to January). 

3.2. Collection of samples: 

Sediment cores (15 cm) along with overlying water were collected in 

triplicates using a 1.5 inch diameter, graduated PVC pipe. The cores were 

sealed at both ends with sterile core caps to prevent direct contact with air and 

transported to the laboratory in an icebox for further physico-chemical and 

microbiological analysis. Water samples were collected in sterile glass bottles. 

All collections were carried out at a fixed time i.e. 10: 30 a.m. regardless of the 

tide. 

3.3. Measurement of physico-chemical parameters: 

The physico-chemical parameters analyzed for the overlying waters were 

temperature, salinity, density, pH, dissolved oxygen, sulphate, sulphide and 

trace metals. In the case of sediments analyses were restricted to 

concentration of sulphide, grain size, Eh, moisture content, total organic carbon 

and trace metals. Pore water was also collected by centrifugation and analyzed 

for salinity, density, and sulphate. 

3.3.1. Temperature: 

Temperature was measured with a field thermometer (76 mm immersion, 

ZEAL, England). 
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3.3.2. Salinity and density: 

Salinity and density were measured using a hand refractometer (S/Mill-E, 

ATAGO Co. Ltd., Japan) calibrated to zero with distilled water. Whenever 

salinity was above 100 psu, the sample was diluted with distilled water (1:5) 

before being recorded. A counter check on salinity by Strickland and Parson 

(1972) was carried out in the laboratory. This method consists of titrating the 

halide ions in water with standard AgNO3 solution using potassium chromate as 

indicator. When an excess of Ag +  ions are present, silver chromate is formed 

and the end point is indicated by a faint red colour in the solution, which persists 

for at least 30 seconds. For the purpose of analysis, 10 ml of seawater sample 

was pipetted out into a 250 ml conical flask and about 20 ml of distilled water 

was added to be followed by 6 drops of potassium chromate indicator. The 

contents were mixed and titrated against standard silver nitrate solution. When 

AgNO3 solution is run down from the burette, a white precipitate begins to form 

and the solution turns yellow. The first signs of colour change appear when the 

solution becomes dull red and disappears on shaking. From this point onwards 

AgNO3 solution is added drop-wise, stirring well every time. This procedure is 

repeated till the end point is reached, when the entire solution becomes dull red 

or dirty orange in colour, which persists for at least 30 seconds. 

3.3.3. Hydrogen ion concentration (pH): 

pH was measured using a digital pH meter (Thermo Orion model 420 A, 

USA) after calibration with standard buffers. 
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3.3.4. Dissolved Oxygen (DO): 

The dissolved oxygen concentration in the water samples was estimated 

using Winkler's titrimetric method (Carpenter, 1965). Water samples were 

collected in 125 ml acid washed (10% HCI) glass stoppered bottles and fixed 

immediately with 1 ml each of Winkler's A & B (Composition in Appendix 1). 

The samples were mixed and the precipitate was allowed to settle. 

The sample was acidified with 1 ml of (10 N) sulphuric acid and then 

titrated in the laboratory with 0.01 N sodium thiosulphate using starch as 

indicator. The procedure was standardized using 0.01 N potassium iodate. 

The concentration of dissolved oxygen was expressed as ml per litre (Grasshoff 

et al, 1983). 

3.3.5. Redox potential (Eh): 

Combination redox electrode (Orion Research) was used to check the 

redox potential of sediment cores. The procedure followed was essentially one 

as described in Orion Instruction Manual. The sealed anoxic graduated core 

was opened and immediately the redox was checked by introducing the 

electrode at specific distances marked in the core i.e. at 0-2, 2-5 and 5-10 cm. 

In the case of water Eh was calculated from dissolved oxygen concentration 

using factors given by Richards (1969). 

The redox electrode was calibrated with standards of solution A and 

solution B (Composition in Appendix1). 

Solution A was transferred to a beaker and redox electrode placed in the 

solution, once the reading stabilized, the potential was verified to be around 

192 ± 2 mV. 
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The electrode was rinsed and the measurements were repeated with 

solution B and verified to be around 258 ± 5 mV (i.e. approximately 66 mV 

greater than A). 

3.3.6. Moisture content: 

The moisture content of the sediment was estimated by taking 1 gm 

each of wet sediment and drying it overnight at 90 °C in the oven. The 

difference in weight of dry and wet sample gave the moisture content and was 

expressed as percentage (%) per gm of the sediment. 

3.3.7. Total Organic Carbon (TOC): 

TOC was estimated by titrimetry according to the method of Allen et al 

(1976) that involves complete wet oxidation of organic matter in the sample with 

chromic acid. Sediment samples were dried overnight at 70 °C in an oven. It 

was ground to a fine powder using a mortar and pestle. 0.5 gm of the sediment 

sample was weighed and 25 ml of acid dichromate was added to the sediment 

in a conical flask and incubated in a water bath at 60 °C for one hour. 100 ml of 

distilled water was added and titrated against ferrous ammonium sulphate 

(Mohr's salt) using diphenylamine as the indicator (0.5 ml or 15 drops). The 

end point is the change in colour from dark blue to green. A blank was run 

without sediment. The total organic carbon was expressed as percentage. 

Glucose was used as a standard. 

3.3.8. Sulphate (SO 4): 

The sulphate content was estimated by turbidometry (Clesceri et al, 

1998). Water (1 ml/2 ml) was transferred into screw-capped tubes and acidified 
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to pH 1 with 4 N HCI. The acidified samples were neutralized stepwise using 

10 N, 1N and 0.1 N NaOH so as to bring the pH to 5, 6 and finally to 7 

respectively. The volume was brought up to 25 ml with distilled water. 

Conditioning solution (1.25 ml) was added agitating continuously with a 

magnetic rod. 2 ml of BaCl2 (30%) was added, stirring continuously for 1 

minute. The sulphate ions are precipitated in such a manner that uniform size 

crystals of barium sulphate are produced. The optical density was measured at 

365 nm against a blank in a spectrophotometer (Milton Roy Spectronic — 1201). 

For each set of estimations, a standard with ammonium sulphate [(NH4)2SO4] 

was included (composition in Appendix1). 

3.3.9. Sulphide (S -2 ): 

Water (1m1) or sediment (approx 1 gm) was fixed in 10 ml of 2% zinc 

acetate in screw capped sterile test tubes for determining the sulphide 

concentration (Pachmayr, 1960, as cited by Schlegel et al, 1964). These 

contents were transferred into volumetric flask to which 5 ml dimethyl-para-

phenylenediamine sulphate (DMPD) was added, followed by 0.5 ml of iron III 

ammonium sulphate (FAS), mixed and allowed to stand for 10 minutes. The 

volume was made upto 50 ml with distilled water. The sulphide ion reacts with 

N, N-dimethylphenylenediamine.and produces a methylene blue colour, which 

is spectrophotometrically measured at 670 nm against a blank. The amount of 

sulphide present in the sample was calculated from the standard curve of 

Na2S.9H20 (Appendix 1). 
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3.4. Analyses of Major and Trace Metals: 

3.4.1. Analysis of saltpan water: 

Saltpan water was pre-concentrated and the suspended matter was 

filtered and digested to carry out the analyses of major and trace metals. 

Pre-concentration was carried out by the solvent extraction procedure 

based on ammonium pyrrolidine di-thio carbonate and methyl isobutyl ketone 

as outlined in the APDC — MIBK extraction procedure (Brooks et al, 1967). 

The combined nitric acid (25 ml) phase which was collected was stored 

in polyvinyl bottles at 4 °C and analyzed using Inductively Coupled Plasma - 

Atomic Emission Spectroscopy (Liberty AX sequential ICP — AES analyzer, 

Australia), using the appropriate standards Merck (0.5 and 1 ppm). The 

digestion of insolubles was carried out in a Microwave Accelerated Reaction 

Sediment digestion System (XP — 1500, MARS — 5 U.S.A.). A millipore filter 

paper (Cellulose acetate) was used as a control. Filter papers were weighed 

accurately on a Mettler Analytical Balance (Precisa — .125 ASACS, Swiss 

Control). 
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The water sample was processed as follows: 
Sample was acidified (400 ml, pH 2 with 2N HNO3 )  

Filtered through weighed membrane filter (0.45 II) 

Pre-concentration of filtrate 	 Digestion of suspended matter 
pH adjusted to 4.5 using liquid ammonia 	Millipore filter dried at 60 °C 

in an oven overnight 

contents transferred to a 	 filter paper placed in Teflon 
separating funnel (500 ml) 	 digestion bombs 

added 10 ml APDC + 15 ml MIBK 	 added 5 ml HF and 2 ml HNO3 
and closed 

shaked vigorously (2 min) and allowed 
to stand (30 min) 	 digested at 220 °C ,175 psi 

for 20 minutes in MARS 
aqueous layer 3 times extracted 
and organic fraction pooled 	 added 1 ml 6 N HCI and 

volume made up to 25 ml with 
added 10 ml 4 N HNO3 (twice) 	 deionized water 

shaked and acid fraction collected 
Analyzed by ICP AES analyzer 

Analyzed by ICP AES analyzer 

3.4.2. Digestion and Analyses of sediments: 

Sediment samples from different depths were analyzed for major and 

trace metals using a modified method of Loring and Rantala (1977). 

Sediment was dried at 60 °C for 3 days and then powdered 

1 gm of sediment transferred to Teflon vessel (P.T.F.E., 
polytetrafluoroethylene) 

added 5 ml of HF acid on a hot plate set at 150 °C for open digestion in a 
hood and allowed to evaporate 

added 5 ml HF again and digestion continued till contents dried 

cooled and added 1 ml perchloric acid 
.j. 

added 3 ml conc. HNO3 (twice) 

once fumes escaped, added 1 drop of HCI 

added 5 ml of deionized water and heated at 50 60 for 2 mints 
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volume made up to 25 ml with deionized water 
and stored at 4 °C 

analyzed by ICP — AES 

Analyses of Hg: 

Concentration of Hg in water as well as in sediments was estimated 

using cold vapour Atomic Absorption Spectrometer using HG 300 Hydride 

generator with GBC 902 using Hg hollow cathode lamp. 

3.5. Grain size analysis: 

The quantity of each fraction of sand, silt and clay in the sediments at 

three depths were determined using 'Wet sieving' method for sand and the 

'Pipette method' for silt and clay analyses (Day, 1965; Carver, 1971). 

Sediment (5 gm) dried and powdered 

Transferred to 100 ml beaker 

Soaked in 25 ml d/w overnight 
and decanted 

Added 10 ml of dispersant (10% sodium hexametaphosphate) 

Mixed and incubated overnight 

Oxidized with 10% H202 (5 ml) 
1 

Filtered through No. 240 sieve (65 pi) 

+ 240 fraction washed and weighed 	 - 240 fraction washed 
and transferred to 1000 ml 

Sand content calculated 	 cylinder 
1 

Volume made up to 1000 ml with d/w 
1 

Stirred vigorously for 20 seconds 
Temperature of slurry recorded 
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Time counted after stirring ceased • 
Samples withdrawn at required time 
from 10 cm depth with 20 ml pipette 

Withdrawals made at different time 
intervals (Pipette withdrawal chart) 

4,  
Dispensed (25m1) in 50 ml beakers, 
washed and oven-dried 

Cooled in dessicator, weighed and 
particle size noted • 
Grain sizes calculated in percentage 
weight 

Time table for Pipette Withdrawal: 

Diameter of Particle (mm) < .625 < .031 < .016 < .008 < .004 < .002 < .0005 

Depth of Withdrawal (cm) 10 10 10 10 5 5 3 

Time of Withdrawal seconds min'isec" min'/sec" min7sec" min'isec" hour:/min' hourlmin 

Temperature (Celsius) 

20 29 1' 55" 7' 40" 30' 40" 61" 19" 4: 05' 37: 21' 

21 28 1' 52" 7' 29" 29' 56" 59' 50" 4: 00' 

22 27 1' 50" 7' 18" 29' 13" 58' 22" 3: 54' 

23 27 1' 47" 7' 08" 28' 34" 57' 05" 3: 48' 

24 26 1' 45" 6' 58" 27' 52" 55' 41" 3: 43' 33: 56' 

25 25 1' 42' 6' 48" 2T 14" 54' 25" 3: 38' 

26 25 1' 40" 6' 39" 26' 38" 53' 12" 3: 33' 

27 24 1' 38" 6' 31" 26' 02" 52' 02" 3: 28' 

28 24 1' 35" 6' 22" 25' 28" 50' 52" 3: 24' 31: 00' 

29 23 1' 33" 6' 13" 24' 53" 49' 42" 3: 10' 

30 23 1' 31" 6' 06" 24' 22" 48' 42" 3: 05' 

3.6. Fatty acids: 

For fatty acid analysis 10 gm of sediment samples from 0-2, 2-5 and 5-

10 cm cores were weighed. The sediment sample was made into slurry by 

adding 20 ml of distilled water followed by the addition 15 ml of chloroform. The 

organic layer was collected after centrifugation at 9000 rpm for 15 minutes. A 

total volume of 45 ml of the pooled chloroform (3 extractions) was dried over 

anhydrous sodium sulphate. The solvent was removed under reduced pressure 
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at 30 °C using a Rota vapor (Heidolph). 	The residue was dissolved in 

deuterated chloroform. The sample along with TMS (Tetramethylsilane) as 

internal standard, was analyzed by 1  H NMR on a Bruker Avance AMX 300 

spectrophotometer with a spectral width of 16 8. Appropriate resolution 

enhancement was applied to optimize the separation of signals. 

Although the use of total lipid extracts implied overlaps of certain 

individual lipid spectra, even the simple NMR procedure described here, rapidly 

and qualitatively yielded information not only on low molecular weight acids but 

also on the lipids. Although there is considerable overlaps of resonances from 

lipids compounds, most of the lipids have structure specific resonances or set of 

resonances which enables their identification and verification. 

3.7. Bacteriological studies: 

3.7.1. Total Bacterial Counts (TC): 

The total number of bacteria was estimated by acridine orange direct 

count method (Hobbie et al, 1977). 

Five ml of water sample and 2 ml of sediment slurry at 10 -2  dilution were 

preserved with formaldehyde (2% final concentration). Water sample (300 1.1.1) 

and 200 µl of each sediment samples was stained with 0.22 pim filtered acridine 

orange (final concentration 0.01% w/v) for 5 minutes and then filtered on to 

black stained Nucleopore filter with a pore size of 0.22 pirn. Samples were 

counted with Epifluorescence microscope (Olympus — BH series) using 515- 

barrier filter. Over ten fields were counted for each sample so that the total 

count was >300. 
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Orange (active) and green (inactive) cells were enumerated separately. 

Total number of bacteria was expressed per ml for water and per gm of 

sediment on dry weight basis. 

Bacterial carbon was estimated using a conversion factor of 20 fg carbon 

per cell (Lee and Fuhrman, 1987). 

3.7.2. Retrievable counts (colony forming units - CFU): 

	

3.7.2.1. 	Total Heterotrophic counts: 

Aerobic and anaerobic heterotrophic bacteria were enumerated as 

follows: The medium used for enumeration was nutrient agar, prepared in sea 

water and supplemented with NaCI to a final concentration of 10%. 0.1 ml of 

water samples and sediment samples (10 -2 , 10 -3  and 10 -4  dilution) were spread-

plated for aerobic counts, incubated for 4 days and CFU were counted. 

Anaerobic counts were carried out in agar shake using the same medium as 

used in aerobic tests but supplemented with 0.03% sodium thio-glycolate and 

enumerated after 6 days of incubation in the dark. All plates and tubes were 

incubated at room temperate (28 ± 2 °C). 

	

3.7.2.2. 	Sulphate Reducing Bacteria (SRB): 

The agar shake tube method involves exclusion of part of the oxygen 

from the medium and is affected by growing the organisms inside the culture 

medium, this being semi-solid media. Here growth is similar as in a shake 

culture in a tube. The media used for isolation, enrichment and enumeration of 

SRB was a modification of Hatchikian's medium, (1972). It was prepared in 

seawater, supplemented with additional 6.2% NaCI to give a final concentration 

of approximately 10%. 
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For the enumeration of colony forming units, (CFU) water (10 ml) and 

sediments (ca 10 gm) were serially diluted in autoclaved sea water blanks upto 

10-6  dilution. 2, 3 and 5 ml of undiluted pan water and 2.5 ml of diluted 

sediment at 10 -3 , 10-4  and 10-5  were inoculated into screw capped test tubes 

containing SRB media with solid media additions (Appendix 1) which was 

supplemented with one of the substrates viz. sodium lactate (0.75% v/v), 

sodium acetate (0.2% w/v), sodium propionate (0.07% w/v), sodium butyrate 

(0.08% w/v), sodium benzoate (0.05% w/v), palmitic acid (0.05% w/v), sodium 

pyruvate (0.02% w/v) or Zobell media (1 gm%). The tubes were tilted gently 

once or twice to help mixing and then allowed to solidify in a cold water bath. 

The tubes were later sealed with sterile paraffin oil/ paraffin wax (2:1) mixture. 

Resulting colony forming units were counted 15-20 days after incubation at 

room temperature (28 ± 2 °C) in the dark until the number of black colonies 

showed no further increase. The colony numbers were expressed as averages 

of duplicate tubes at countable dilutions. 

0.1 ml of the above dilutions were also spread-plated on the same solid media 

and incubated anaerobically in a gas-pak (Hi-media) and the counts were 

recorded after a black coloration was observed in the plates. 

3.7.2.3. 	Sulphide oxidizing bacteria: 

Aerobic TDLO: 

Aerobic Thiobacillus denitrificans like organisms (TDLO - ae) were 

enumerated by spread plate method in Lieske's media supplemented with 6.2% 

NaCI (Appendix 1). Undiluted water (0.1 ml) and 0.1 ml of le, 10-4 and 10-5 

 dilutions of sediment were used as inocula for aerobic counts. 
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Anaerobic TDLO: 

Anaerobic TDLO (TDLO - an) were enumerated with 2.5 ml of undiluted 

water and 10-3 , 10-4  and 10-5 . Dilutions of sediments were inoculated in tubes 

containing the same medium supplemented with sodium thioglycolate (0.03% 

final concentration) and topped with paraffin-wax mixture. 

The above plates and tubes were incubated for 8 - 10 days at 28±2 °C 

and the colony forming units were counted using an illuminated colony counter. 

3.8. Sulphate reducing activity (SRA): 

3.8.1. Spectrophotometric method: 

The SRB medium supplemented with 1 mM final cocktail (Appendix 1) of 

5 carbon sources (viz. acetate, lactate, benzoate, butyrate and formate) was 

distributed (each of 0.2 M final concentration) into screw capped tubes after 

addition of 2.5 ml of Na2S (5%) and 5 ml of acidified 0.04% of FeSO4  (Appendix 

1). The tubes were stored for 3-4 days before used for checking the 

maintenance of anaerobic condition and contamination. The tubes were 

• inoculated with 1 ml of undiluted salt pan water sample and 0.5 ml of sediment 

samples at 10-2  dilution and incubated at room temperature. 

SRA was estimated after 7, 14, 21, 28 and sometimes 35 days by fixing 

1 ml of the incubated liquid media in 10 ml of 2% zinc acetate. SRA was 

calculated based on the amount of peak sulphide produced and expressed as 

p.g.m1"'.d -1  for water and mg.g -l .d -1  for sediments. 
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3.8.2. 35S isotope method: 

3.8.2.1. 85 and 330 psu unammended: 

Intact cores collected with PVC corers from 2 different salinities (85 and 

330 psu) were purged with oxygen free nitrogen gas and sealed. 

Mini-cores from the above intact core were prepared corresponding to 3 

depths (0-2, 2-5 and 5-10 cm) by removing the luer tips from plastic disposable 

syringes (2 ml). 10 pi (i.e. 74 K Bq) of 35SO4-2  (sodium sulphate) from BARC, 

Mumbai was injected along the length of the 2 cm sub-core to distribute the 

label evenly and the activity was arrested at the end of 24 and 48 hours. 

Triplicate mini-cores from 0-2 cm were incubated anaerobically in gas 

tight bags containing nitrogen gas for four different incubation times for 12, 24, 

48 and 60 hours for 85 psu cores and 4, 8, 12 and 16 days for 330 psu cores 

using 10 Ill of 35SO42  for each mini-core. 

3.8.2.2. 330 psu amended: 

Mini-cores (1 cm 3) from 0-2 cm of 330 psu intact cores were used for 

amended sediment studies. 

10 mM concentrations of one of the following substrates: acetate, 

formate, butyrate, lactate or benzoate was mixed in 5 different glass vials using 

autoclaved sea water to give a total slurry of 2 ml. 10 pi (74 K Bq) radiolabled 

substrate was injected into each vial and incubated (after purging with N2) for 

48 hours at room temperature (28 -I 2 °C) in the dark. 
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3.8.2.3. Distillation, trapping and assay of reduced 35S end products: 

Radiotracer assay in sediments was carried out using single step 

chromium reduction assay (King, 2001) as shown in the schematic diagram. 

Here the reduction of non-sulphate 35S sulphur and distillation of 35S 

sulphides was carried out in 3-necked round-bottom boiling flasks (250 ml) [C] 

heated on a mantle [E]. The flask was connected [A] to a condenser [B] 

through which cooling water flowed [G]. The condenser outlet was connected 

with a Teflon tubing (0.3 cm outer diameter) [H], that connected a series of 

traps (3 glass vials) [I] on a stand [J, K, L]. The glass vials were capped with 

butyl rubber stoppers sealed with aluminium caps. One neck of the flask had a 

gas inlet [F] to control a flow of nitrogen (30 ml.min -1 ) into the boiling flask. The 

unused port [D] was sealed with a ground glass plug that could be opened to 

introduce samples and chromous chloride. 

1. 	The distillation glassware was assembled with a flow of cooling 

water and the vial traps were positioned with a solution of 5 ml of 

5% zinc acetate. 
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2. A flow of nitrogen (30-50 ml.min-1) for 10-15 minutes was 

established to pre-flush the system. 

3. The sub-core (2 cm 3) with the radiolabel sulphides was added and 

gently swirled in the round bottom flask containing 5 ml of 5% zinc 

acetate. 

4. Chromous chloride (10 ml) (Appendix 1) was added through the 

open side port fitting while gassing with nitrogen. The mixture 

was boiled for 1 hour. 

5. The heat was reduced after terminating the boiling step and the 

vial traps were removed while maintaining the flow of nitrogen 

(starting with the last trap in a series). 

6. The glass vials were removed and pooled together (total 15 ml). 

7. Scintillation vials with 1 ml of sample plus 5 ml of cocktail W (SRL 

03200117, SISCO Research Lab., Bombay) in triplicates 

were incubated for 24 hours for stabilization. 

8. Perkin Elmer Wallac 1409 DSA liquid scintillation counter was 

used for analyses. 

9. Sub-samples of chromous chloride sediment slurries (100 1.1,1) for 

estimating the unreduced 35S-sulphate were also fixed in 5 ml of 

the cocktail and analyzed. 

The sulphate reduction rate was calculated using the formula: 

(H2  35s/35s04-2) x  x IDF/T dpm 

Where IDF = isotopic discrimination factor was taken as 1.06 

T = incubation time and expressed as m.g.g -1 .d -1  of sediment. 
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3.9. Identification: 

3.9.1. Isolation: 

Pure cultures of SRB were obtained by isolating colonies from highest 

dilutions. The colonies were then subjected to serial dilutions with agar media, 

incubated and well-isolated CFU were picked and maintained in liquid medium 

of the same composition. Precautions were taken to grow the SRB under low 

and non-detectable levels of oxygen by bubbling nitrogen gas whenever 

necessary. SRB, in large volumes were cultured in 125 ml reagent bottles. For 

smaller volumes and pure culture maintenance, 15 ml screw capped test tubes 

(SD - fine) lined with teflon or 8 ml serum vials with butyl rubber stoppers and 

aluminium caps were used. 

3.9.2. Classical Taxonomy: 

The pure SRB isolates were identified upto the genus level. 

Identification was done based on morphological, physiological and biochemical 

characteristics as outlined in Bergey's Manual of Systematic Bacteriology 

(1984, 1986; 1989) and The Prokaryotes (1991). 

3.9.2.1. Cell size: 

Bacterial morphology was discerned from gram stained cell preparations. 

Cell volumes were estimated as per Fuhrman (1982) frorn epifluorescence 

preparations by measuring the shortest and longest axes of the bacterium with 

an ocular micrometer. The bacteria were classified either as cocci or rods. Rod 

shaped cells were treated as cylinders and cocci as spheres. 
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3.9.2.2. Calculation of bacterial size from photograph: 

The SRB were observed and photographed using an Olympus 

Microscope (BX60, Japan) and the bacterial size was calculated as follows: 

1. Calculation of factor F: 

F = 127/35 = 3.6 

Where 127 mm= length of photograph 

and 35 mm = length of the negative. 

2. Calculation of magnification: 

3.6 x 330 = 1188 

Where 3.6 = factor 

3.3 = (photo eyepiece magnification) 

and 100 = oil immersion objective 

330 = 3.3 (photo eye piece optical) x 100 

3. Calculation of bar size: 

10,000/1188 = 8.5 µ if size of bar is 1 cm) 

Where 10,000 µ = size of 1 cm bar and 1188 is the 

calculated magnification. 

Therefore bar (1 cm) = 8.5 j..L 

4. Calculation of bacterial size: 

Measure the size of the bacterium in mm =X 

Therefore X/10 mm x 8.5 p, = size of bacterium (p) 

3.9.3. Sporulation: 

The Gram stained slides were observed under oil immersion under 100X 

using an Olympus BX 60 microscope for the presence of spores. 

3.9.4. Motility 

Hanging drop preparation was used to ascertain motility. 
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3.9.5. Temperature: 

All the isolates were checked for growth at 4 °C, room temperature (28 ± 

2 °C) and 37 °C. 

3.9.6. NaCI concentrations: 

SRB isolates (0.2 ml) were inoculated in liquid media prepared by adding 

0, 2, 4, 6, 8, 10, 12 and 14% NaCI. The growth, sulphide produced, pH of the 

media and bacterial counts were monitored for a period of 10 days. Cultures 

tolerating 14% NaCI were further inoculated into SRB media containing 16, 18, 

20, 22, 24, 26, 28 and 30% NaCI to check the higher level of NaCI tolerance. 

3.9.7. Cytochrome identification: 

To check the presence of cytochrome a, b and c, spectra of air oxidized 

and sulphide reduced suspension (1-2 drops of saturated solution of Na2S) of 

whole cells were determined using a scanning UV-visible spectrophotometer, 

(UV-1601 Shimadzu). Scanning was carried out from 500 nm to 700 nm. The 

culture supernatant with Na2S was used as a blank (Postgate, 1979). 

3.9.8. Desulfoviridin test: 

A dense suspension of cells from liquid culture was treated with 1 to 2 

drops of 2 M NaOH and was examined for fluorescence with a 

spectrofluorimeter (Shimadzu RF5300). The excitation was fixed at 365 nm 

and emission was scanned from 400 to 900 nm (Postgate, 1979). 
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3.9.9. Pyruvate Utilization: 

Screw capped tubes with Hatchikians media supplemented with 0.22% 

of sodium pyruvate with and without FeSO4. 7H20 (0.04%) were inoculated 

with 0.2 ml of SRB liquid culture and incubated for 10 days. The sulphide 

produced, growth (OD at 480 nm) and counts per ml (using a haemocytometer) 

were estimated. 

3.10. Other tests for hypersaline isolates: 

3.10.1. Catalase test: 

One drop of SRB liquid culture (0.1 ml) was exposed to air for 30 

minutes. One drop of 3% hydrogen peroxide was added and the slide was 

observed for the production of bubbles after 5 minutes either macroscopically or 

with a low-power microscope. 

3.10.2. Oxidase test: 

An aqueous solution of 1% tetra methyl-p-phenylenediamine was freshly 

prepared. Sterile filter paper strips (1 x 2.2 cm) were soaked with the above 

solution. The tube with the SRB culture was vortexed and 0.1 ml of the culture 

suspension was smeared on the moistened paper. A positive test was 

indicated by a purple blue coloration within 30 seconds. 

3.10.3. NADH oxidase: 

The NADH oxidase activity of the SRB extracts were assayed 

spectrophotometrically at 340 nm by following the rate of aerobic 

disappearance of NADH. 
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SRB culture suspension (5 day old) was sonicated with an ultrasonicator 

(Vibra cell) with a continuous pulse for 90 seconds. The suspension was 

centrifuged using an Eltek Research Centrifuge TC 4100 D USA. 

To 1 ml of this supernatant 500 [AM of Tris HCI (buffer, pH 7.0) and 

10 p.M NADH were added. The final volume was made upto 2 ml. 

The blank cuvette contained the above mixture without NADH. 

Absorbance was measured at 340 nm in a spectrophotometer (Milton 

Roy Spectronic 1201). A decrease in the OD indicated the presence of the 

NADH oxidase enzyme (O'Brien and Morris, 1971). 

3.10.4. Carbohydrate Utilization: 

Utilization of various carbohydrates, viz: glucose, adonitol, lactose, 

arabinose and sorbitol was checked by inoculating the SRB liquid cultures in Hi-

media KB002 strips. However, glucose utilization test was carried out 

separately. 

3.10.4.1. Glucose utilization: 

19 SRB isolates were individually inoculated in liquid SRB media 

containing 0.2 ml 1% glucose. The tubes were incubated for 10 days and 

growth, sulphide produced and counts per ml were estimated. 

3.10.5. Aerobic growth: 

Hypersaline SRB isolates were streaked on freshly prepared agar plates 

and incubated aerobically in SRB medium supplemented with solid media 

additions poured in small petri plates (Appendix 1). A loopful of culture 

suspension was streaked onto these agar plates, in duplicates. The plates 
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were incubated aerobically for 4 days. Colonies thus grown aerobically were re 

-inoculated into liquid media to check their growth and sulphate reducing 

activity. The purity of the cultures was confirmed by Gram staining. 

3.10.6. Substrate utilization: 

Hypersaline SRB isolates were checked for growth on substrates other 

than the one they were isolated from. 

Substrate utilization was tested in hypersaline SRB liquid media with the 

following substrates in respective concentrations: 

Sodium acetate (0.2% w/v), propionate (0.07% w/v), butyrate (0.08% 

w/v), benzoate (0.05% w/v), sodium pyruvate (0.22% w/v), formate (0.01% w/v), 

palmitate (0.05% w/v), ethanol (1% v/v), sodium lactate (0.6% w/v). Pyruvate 

utilization was also tested in fermentative medium without sulphate. Growth, 

sulphide production, cell counts and pH of the final media after 10 days of 

incubation were noted. Growth was measured at OD 480 nm in a 

spectrophotometer (Milton Roy Spectronic-1201). Cell counts were made using 

a haemocytometer (Roham, silver lined). 

3.10.7. Growth in nitrogen free media: 

The nitrogen fixing potential of mesohaline and hypersaline SRB isolates 

was checked in nitrogen free SRB media for 3 consecutive sub-culturing. 

Growth was compared with the control at OD at 480 nm :  cell counts and 

sulphide production was noted. 



3.10.8. Biochemical tests: 

Hi- Assorted biochemical test kit (KB002) which is a combination of 12 . 

 tests for gram negative rods was used. The substrates existent in the kits are: 

citrate, lysine, ornithine, urea, tryptophane, nitrate, thiosulphate, glucose, 

adonitol, lactose, arabinose and sorbitol. The colour changes of the media in 

the strip were recorded. 

SRB colonies in anaerobic media were used as the initial inoculum to 

reconstitute the various dehydrated media in micro-tubes under aerobic 

conditions. The strips were then placed in an anaerobic jar with a gas 

(hydrogen and CO2) generating sachet (Hi-media) and incubated anaerobically 

with a control strip inoculated only with the SRB media. The anaerobic jar was 

incubated horizontally for 4-5 days at room temperature (28±2 00) in the dark 

before recording results. 

3.10.9. Gelatin Hydrolysis: 

Hatchikian's medium supplemented with 12% gelatin was inoculated with 

1 ml of the SRB culture and incubated for 30 days. The test was recorded 

positive only when a portion of the media was liquefied and confirmed when it 

failed to solidify even after refrigeration. 

3.11. Scanning Electron Microscopy (SEM): 

Glass pieces (1 cm) were cut from a glass slide and the bacterial 

suspension was uniformly spread on these pieces and air-dried. The samples 

were then sequentially dehydrated in 20, 50, 75 and 90% concentration of 

acetone for 15 minutes each, before, finally dehydrating them in 100% acetone 

for 30 minutes. The samples were stored in 100% acetone until they were 
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processed for CPD (Critical point drying) and sputter coated (with gold) for 30 

seconds. They were then stored until observation in a SEM (EDS, JSM-5800 

LV, Oxford; ISIS EDS Analytical System, Tokyo, Japan). 

3.12. Isolation of DNA, PCR and sequencing of hypersaline 

isolates: 

3.12.1. Isolation of DNA: 

Bacterial cells were washed in PBS twice and then re-suspended in TE 

buffer (0.1M Tris, 10mM EDTA). Cells were lysed by freeze thawed cycle at -70 

°C and 100 °C. 0.5 to 1 microlitre crude lysate was used for PCR. 

3.12.2. PCR: 

Two universal primers 16F27N, 5'CCA GAG TTT GAT CMT GGC TCA G 

3' and 16R25XP, 5'TTC TGC AGT CTA GAA GGA GGT GWT CCA GCC 3' 

were used to amplify 1.5 Kb of complete 16S r RNA gene. Reactions were 

carried out in a thermocycler (MJR) with 2 min initial denaturation at 94 °C 

followed by 35 cycles of 94 °C for 1 min; 55 °C for 1 min and 72°  C and for 2 

min. A final extension was carried out at 72 °C for 10 min. 

3.12.3. Purification of PCR product for sequencing: 

The PCR product was mixed with 0.6 volumes of PEG-NaCI solution 

(20% PEG 6000, 2.5M NaCI) and incubated for 10 min at 37 ° C. The precipitate 

was collected by centrifugation for 30 min at 13,500 rpm. The pellet was 

washed twice with 70% ethyl alcohol and vacuum dried. Then the pellet was 

re-suspended in sterile double glass distilled water at a concentration 

of > 0.1 pM. 
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3.12.4. Sequencing & analysis: 

The purified product was directly sequenced using Big Dye terminator kit 

[ABI-Perkin Elmer, USA]. The sequencing reaction was run on ABI-PRISM 310 

automated sequencer. A partial sequencing was done using the primer 

16R343, 5' ACT GCT GCC TCC CGT A 3'. 

The analysis of partial 16S rRNA gene sequence was done at NCB! 

server. [http//:www.ncbi.nlm.nih.gov/BLAST]. 

3.13. DMSP utilization: 

3.13.1. Selection of isolates: 

Six hypersaline isolates viz: Ac3, Bz2, B4, L4, F8 and Prf II which can 

grow on media with either acetate, benzoate, butyrate, lactate, formate or 

propionate as the carbon source were grown for 10 days at room temperature 

(28 ± 2 °C) and incubated in the dark. 

3.13.2. Experiments with DMSP: 

Laboratory experiments were conducted: 

a. to check the utilization of DMSP (Research Plus, Inc., USA) as a 

carbon source in plain seawater media incubated for 5 hours. 

b. To asses the growth in SRB media with DMSP as the carbon source 

incubated for 48 hours. 

Clean dry amber colored glass vials of 10 ml capacity with butyl rubber 

stoppers with Teflon coating were used to avoid absorption of DMS by the 

stoppers which is formed when DMSP is degraded by the SRB. DMS was 

quantified by a headspace sampling method using gas tight vials, which 
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contained the liquid phase (with or without added DMSP) and the headspace 

(air). DMS, which accumulated in the aqueous phase and transferred by 

molecular diffusion into the headspace of the vial was analyzed by gas 

Chromatography. 

The experimental details are as follows: 

Additions Experiment 

1 

Controls 

2 3 

Seawater 
(ml) 

SRB Culture 
(ml) 

3 mM DMSP 

5 

0.5 

100 

5 5 

0.5 
(heat killed) 

100 

5 

100 

The vials were purged with N2 gas, stoppered and sealed with aluminium 

caps and incubated for 5 hours. The experiment was carried out in duplicates. 

Similarly, to study the growth of the isolates on DMSP, Hatchikian's 

medium A was used instead of seawater in the control vial as well as 

experimental vials and the incubation time was 48 hours. 2 ml of 40% zinc 

acetate was added to stop the reaction and the vials were kept aside for GC 

analyses. 

3.13.3. GC analyses: 

70 III of each vial was transferred to GC glass vials (2 ml capacity) and 

280 0 of 5 M NaOH was added, stoppered, immediately, closed tightly and 

mixed. Duplicates were prepared for each of the volumes. The vials were 

equilibrated for 10 minutes at 55 °C. 100 111 of the headspace was sampled 

using an air- tight microliter syringe (Hamilton). Measurements were done on a 
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Chemito 8810 (Toshiba) Gas Chromatograph equipped with flame ionization 

detector. The oven, injection port and detection temperatures were 65 °C, 115 

°C and 125 °C respectively. Nitrogen was used as the carrier gas with a flow 

rate of 20 ml.minute -1 . 

The area of the peak was recorded. Cell numbers of each culture were 

calculated before and after the incubation time using a haemocytometer. 

3.14. Metal tolerance: 

3.14.1.Tolerance of SRB using mercuric chloride and lead nitrate: 

The tubes containing three hypersaline SRB viz: Fl, Bz4  and F14 were 

inoculated with 500 ill of cell suspension and incubated in triplicate sets in the 

dark at R. T. 28 ± 2 °C for 10-12 days with either 3% HgC12 or 5% Pb(NO3)2 to 

give a final concentration of 50, 100 and 200 ppm and 100, 200 and 500 ppm 

respectively. Inoculation was carried out in triplicates and controls for each 

metal salt and inoculum were maintained throughout. Growth and respiration 

were monitored. 

3.14.2. Enrichment technique: 

Salt pan sediment (50 gm) was inoculated into 75 ml of liquid SRB media 

contained in 125 ml reagent bottles with 1% sodium acetate and 1% sodium 

lactate as the substrates. The reagent bottles enriched with 0, 100, 200 and 

500 ppm of HgC12 (Hi-media) were incubated for a period of 3 months. 

SRB were isolated from these enrichments as described previously using 

five different carbon sources viz: formate, acetate, lactate, butyrate and 

57 



benzoate in semi-solid media. Mercury tolerance from 0-500 ppm was 

monitored by observing growth and respiration in the individual cultures. 

3.14.3. Metal toxicity studies using HgCl 2 : 

The experiments were conducted in screw cap test tubes (15 ml 

capacity). The media was prepared to include only one carbon source and 

individually inoculated with 19 hyper saline isolates. The medium was 

supplemented with various amounts of HgCl2 so as to get a final concentration 

of 10, 20, 50, 100, 200, 300, 400 and 500 ppm. 0.2 ml of the SRB culture 

suspension was used as inoculum. The controls were without HgCl2. Tests 

were always carried out in duplicates and incubated for 20 days in the dark. 

Once the incubation period was over, growth was monitored by 

turbidometry method and increase in sulphide content was noted. The tubes 

were vortexed just before measuring absorption at 480 nm. Correction was 

done for the precipitate in the media. The results were expressed as 

percentage stimulation and inhibition. 

3.15. Plasmid isolation: 

Nineteen SRB isolates were screened for plasmids by alkaline detergent 

method proposed by Dillon et al (1985) as follows: 

(All chemicals and reagent compositions are given in Appendix -1) 

1. 	All cultures were grown in Hatchikian's media supplemented with the 

respective carbon source and 200 ppm of HgCl2, incubated at 28 ± 2 

°C for 10 days in the dark. 
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2. Eppendorf tubes with 0.4 ml of the cell suspension were centrifuged 

at 10,000 rpm at 28 ± 2 C in a centrifuge for 10 minutes. The 

supernatant was discarded. 

3. TE buffer (1 ml) was added to the above and centrifuged for 2 

minutes at 4 °C at full speed in a microfuge (Genei, ,  Bangalore) and 

supernatant was removed. 

4. Cells were re-suspended in 25 .1.1 of TE buffer and vortexed 

vigorously. 

5. Lysis buffer, 400 0 (TE buffer at pH 12.45 with 1.5% SDS), and 100 

d of lysozyme (20 mg.m1 -1 ) were added. 

6. The suspension was mixed by inverting the tube 5-6 times and 

allowed to stand for 30 minutes at 28 ± 2 °C. 

7. The mixture was neutralized by adding 150 d of 3 M sodium acetate 

(pH 4.8) and mixed by inverting the tubes. 

8. Diethyl pyrocarbonate (3 p,I) was added to inhibit the nucleases. 

9. The suspension was then placed on ice for 1 hour to complete 

precipitation of high molecular weight complexes and centrifuged for 

15 minutes at full speed. 

10. The supernatant was pipetted out into a clean eppendorf tube and 2 

volumes of cold ethanol was added, mixed and stored at -20 °C for 2 

hours. 

11. DNA was pelleted by centrifuging at full speed for 10 minutes at 

4 °C. 

12. Ethanol was poured off, the tube was inverted and air-dried. 
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13. T.E. buffer (50 pi) with DNase free RNase (20 vg.m1 -1 ) was added 

and mixed. 

14. The sample (12 IA with 3111 of 6 X gel loading dye was vortexed. 

15. A horizontally submerged 0.8% agarose gel with ethidium bromide 

(2 JAI in 40 ml agarose) was prepared and loaded with the above 

sample using a 500 by ladder (Genei, Bangalore) as a marker. 

16. Electrophoresis was carried out at 40 V for 3 hours. 

17. The gel pattern was visualized on UV (254 nm) transilluminator. 

(Mighty Bright, Hoefer Scientific instruments, San Francisco). 
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Chapter 4 

RESULTS 



4.1. Physico-chemical Parameters: 

4.1.1. Temperature: 

The temperature of the water of Ribandar saltpan fluctuated 

between 25 °C in the months of December and January to 36 °C during 

month of May. During the monsoon and post-monsoon seasons the 

average values were 29 and 26.2 °C respectively (Fig. 2 A and B). A 

high average value of 32.25 °C was observed in the pre-monsoon 

months. There was a highly significant monthly fluctuation of in the 

temperature (> 0.1%). Season wise the significance was reduced to a 

5% level difference (Table 1). 

4.1.2. Salinity: 

Salinity was the most widely varying parameter during the study 

period in this area. The average salinity of water was 56.3 psu with high 

monthly variations. This variation was significant at a 0.1% level 

(Table1). Season-wise the highest salinity was recorded during the pre-

monsoon (123.75 psu), showing significant variation (Fig 3 A and B, 

Table 1). 

Pore water of the sediment registered a lower salinity than that of 

the overlying water. At 0-2 cm, 2-5 cm and 5-10 cm, the average 

monthly salinity was 41.94, 25.95, and 31.83 psu respectively. During 

the pre-monsoon period the salinity varied from 36.7 to 104.4 p§u in 0-2 

cm sediment, whereas in the deeper layer it was lower than surficial 

layers. The monsoon season showed yet another different trend where 

the highest salinity of 25 psu was recorded at 0-2 cm as compared to 
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Fig. 2: Monthly (A) and Seasonal (B) variations in the water temperature. 



Table 1 : Analysis of variance (ANOVA) of different parameters measured in the 
overlying water 

Variables water d.f. F-value F-critical P-value 
Temperature Between months 11 70.428 *** 2.72 3.70E-09 

Between seasons 2 4.96 * 4.26 0.035 

Salinity Between months 11 16976 *** 2.72 2.20E-23 
Between seasons 2 19.6 *** 4.26 0.00052 

Density Between months 11 587.4 *** 2.71 1.30E-14 
Between seasons 2 13.89 *** 4.26 0.00177 

Hydrogen ion Between months 11 79.07 *** 2.72 1.90E-09 
concentration Between seasons 2 2.17 4.20 0.17 

Dissolved oxygen Between months 11 756.9 *** 2.71 2.80E-15 
Between seasons 2 4.01 4.26 0.0569 

Redox potential Between months 11 3004 *** 2.71 7.20E-19 
Between seasons 2 4.09 4.26 0.054 

Sulphate Between months 11 65535 *** 2.94 0.001 
Between seasons 2 19.56 *** 4.26 0.00053 

Sulphide Between months 11 1117.37 *** 2.72 2.70E-16 
Between seasons 2 1.04 4.26 0.391 

d.f.= degree of freedom (n-1), *= significant at 5% level. **= significant at 1% 
level. ***= significant at .?. 0.1% level. F-value higher than F-critical value denotes 
statistically significant variation between treatments. 
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overlying water and deeper sediments where the salinity was around 10 

and 21 psu respectively. This trend is altered during the post-monsoon 

season when water and sediments from 5-10 cm depth recorded a 

salinity of around 35 psu which was higher than the values recorded in 

the deeper layers (26 — 28 psu) (Fig. 4 A and B). 

Analysis of variance showed that there was a 0.1% significant 

variation between the months and a 5% significant variation between the 

seasons. However, the 5-10 cm core section only showed a monthly 

variation at 0.1% level (Table 2). 

4.1.3. Density: 

The density of the water varied from 1.003 to 1.21 annually and it 

showed a strong relationship with the salinity (Fig. 3 A). Monthly 

variation was significant at 0.1% level. The seasonal variation in density 

showed that during the pre-monsoon the highest density was 1.135, 

followed by the post-monsoon and the monsoon season with a density of 

1.026 and 1.007 respectively (Fig. 3 C). 

The density of the pore water varied from 1.002 to 1.12. The 0-2 

cm sediment pore water had the maximum density followed by that of 2-

5 and 5-10 cm cores. The observed values for these were 1.12, 1.06 and 

1.06 respectively (Fig. 5 A). There was a monthly variation at 0-2 and 2-

5 cm depth at a 0.1% level (Table 2). Seasonally, the density of the pore 

water exhibited a similar trend as the overlying water with maximum 

value of 1.07 in the pre-monsoon season (Fig. 5 B). A Seasonal 

variation was observed only at 2-5 cm and was significant at 5% level. 
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Fig. 4: Monthly (A) and seasonal (B) variation of salinity in pore water at different 
sediment depths. 



Table 2: Analysis of variance (ANOVA) of different significant parameters 
measured in the 0-10 cm sediment core. 

Variables Core Sediment di F-value F critical P-value 
Eh 0-2 cm Between months 11 3932.0 *** 2.717 0.00 

Between seasons 2 0.84 4.256 0.46 
2-5 cm Between months 11 1109*** 2.717 0.00 

Between seasons 2 0.2679*** 4.256 0.77 
5-10 cm Between months 11 2853.8*** 2.717 0.00 

Between seasons 2 0.11 4.256 0.90 
TOC 0-2 cm Between months 11 4323.4*** 2.717 0.00 

Between seasons 2 0.14 4.256 0.87 
2-5 cm Between months 11 1545.4*** 2.717 0.00 

Between seasons 2 0.53 4.256 0.60 
5-10 cm Between months 11 2787.6*** 2.717 0.00 

Between seasons 2 0.21 4.256 0.82 
Salinity 0-2 cm Between months 11 236495"* 2.717 0.00 

Between seasons 2 4.6801* 4.256 0.04 
2-5 cm Between months 11 118.61*** 2.717 0.00 

Between seasons 2 4.523* 4.256 0.04 
5-10 cm Between months 11 66799.08*** 2.717 0.00 

Between seasons 2 1.35 4.256 0.31 
Density 0-2 cm Between months 11 26.0276*** 2.717 0.00 

Between seasons 2 2.37 4.256 0.15 
2-5 cm Between months 11 9.75502*** 2.717 0.00 

Between seasons 2 5.1575* 4.256 0.03 
5-10 cm Between months 11 2.34 2.717 0.08 

Between seasons 2 1.34 4.256 0.31 
Sulphate 0-2 cm Between months 11 77090*** 2.717 0.00 

Between seasons 2 4.6784* 4.256 0.04 
2-5 cm Between months 11 2100.39*** 2.717 0.00 

Between seasons 2 4.5188* 4.256 0.04 
5-10 cm Between months 11 943.033*** 2.717 0.00 

Between seasons 2 1.70 4.256 0.24 
Sulphide 0-2 cm Between months 11 2799.9*** 2.717 0.00 

Between seasons 2 1.41 4.256 0.29 
2-5 cm Between months 11 4.13E+09*** 2.717 0.00 

Between seasons 2 1.11 4.256 0.37 
5-10 cm Between months 11 9120.79*** 2.717 0.00 

Between seasons 2 1.46 4.256 0.28 

d.f.= degree of freedom (n-1), *= significant at ?_ 5% level. **= significant at 1% 
level ***= significant at 0.1% level. F-value higher than F-critical value denotes 
statistically significant variation between treatments. 
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4.1.4. pH: 

The pH values of the overlying water varied from a minimum of 

7.38 in October to a maximum of 9.03 in July and September. The 

variation in the pH was discernable within the season and between the 

seasons (Table 1). Pre-monsoon season was relatively the most 

alkaline period as compared to the other two seasons (Fig. 6 A and B). 

4.1.5. Dissolved Oxygen: 

The dissolved oxygen in the overlying water varied from very low 

values of 0.05 m1.1 -1  in the month of October to 3.83 in month of June 

(Fig. 7 A). The seasonal pattern of distribution of oxygen was quite 

distinct and showed a relatively higher monsoon value than that of the 

non-monsoon seasons. Between the two non-monsoon seasons, pre-

monsoon values were lower amounting to only 0.4 m1.1 -1  and the post 

monsoon value was 1.31 m1.1 -1  on an average (Fig 7 B). Significant 

variation was noted in the monthly data (Table 1). 

4.1.6. Eh: 

The calculated redox potential for water from oxygen values 

varied from the most reducing condition of -76.4 (October) to +267.9 mV 

(in June). Eh of the overlying water was measured only in the sediment 

sample. Thus while most oxidizing conditions prevailed during the 

monsoon, in the pre-monsoon the waters turned most reducing (Fig. 7 A 

and C). 

Eh values in the sediments were generally negative. The Eh at 0-

2 cm was -136 mV being less than the value -123.8 mV, recorded at 
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2-5 cm. The most reducing condition was recorded at 5-10 cm with a 

value of -162.6 mV (Fig. 8 A and B). There was monthly variation in the 

Eh values irrespective of the depth of the core (Table 2). Like the 

overlying water, the sediments became most reducing during the pre-

monsoon season. 

4.1.7. Total Organic Carbon: 

The total organic carbon content was measured only in the 

sediments. The monthly values of total organic carbon were highly 

variable ranging from a 0.6 to 5.52% at 0-2 cm, 0.48 to 5.76% at 2-5 cm 

and 0.46 to 5.64% at 5-10 cm depth. An exceptionally high 

concentration of organic carbon was observed in the month of July at all 

the three depths sampled (Fig. 9 A). The top layer and the bottom layer, 

.showed a relatively higher concentration of organic carbon compared to 

the intermediate section of the core. However, there was no drastic 

decrease in the organic carbon concentration in relation to depth in these 

salt pans throughout the year. Although the TOC varied monthly, no 

seasonal variation was observed (Table 2). 

Seasonally, the organic carbon concentration reached maximum 

values during the monsoon season in all the sediment layers except 2-5 

cm where a peak of 2.34% was recorded during the post monsoon 

(Fig. 9 B). 
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4.1.8. Sulphate: 

The sulphate concentration in water varied from 0.135 g.I -1  in 

August to 12.65 in the month of May (Fig. 10 A and B). The 

sulphate concentration showed a significant variation both monthly as 

well as seasonally at a 0.1% level (Table 1). 

In the pore water, the sulphate concentration ranged from 

0.19 mg.I -1  in the month of September to 7.6 mg.I -1  in the month of 

February. At 0-2 cm depth, the changes in the sulphate concentration 

followed the trend of the overlying water i.e. the pre-monsoon values 

were much higher than those of the monsoon or post monsoon. At 2-5 

cm, the variation was from values as low as 0.48 mg.1 -1  in the month of 

August to 4.18 mg.I -1  in the month of April. In deeper sediments, the 

variation in the sulphate concentrations did not follow the pattern or trend 

seen in water or shallow sediments. 

The fluctuation within the season was more marked than the 

spatial variation in the core depths. The sulphate concentrations ranged 

from 0.26 mg.I -1  in August to 7.62 in February. Depth wise, the highest 

variation was observed in the surface sediments (Fig. 11 A and B). 

The pore water sulphate varied significantly between the months 

irrespective of the depth at a 0.1% level. However seasonally, the 

variation was significant at a 5% level from 0-5 cm (Table 2). 
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4.1.9. Sulphide: 

Though soluble sulphide is a highly volatile and unstable ion in the 

seawater and is rarely detected, in this study, attempts were made to 

measure this parameter. There was monthly variation in the level of 

sulphide in the water (Table 1). It varied from 0.047 mg.1 .1  to 12.69 mg.1-1 

 (Fig. 10 A and C). Seasonally, the sulphide concentration in water was 

high during the post-monsoon season with a value of 3.6 mg.1 -1 . 

The distribution of sulphide in the sediments at different depths is 

shown in Figures 12 A and B. The concentration varied from 0.007 to 

39.42 gg.g -1  at 0-2 cm with a highest value of 105.8 vise in month of 

February whereas at 2-5 cm depth, it varied from 0.054 to26.19 

However, at this depth' an unusually high value of 207.7 .1.g.g -1was 

recorded. Monthly variation in sulphide was in the upper (0-2 cm) and 

deeper section (5-10 cm) of the core (Table 2). 

Seasonally, the sulphide concentrations were highest in the pre-

monsoon season followed by the monsoon and post-monsoon season, 

with the highest concentration of 62.09 Lig.g -1  at 2-5 cm sections during 

the pre-monsoon season. 

4.2. Trace Elements: 

Water and sediments: 

The data presented in Figure 13 A gives the concentration of metals in 

dissolved form and Figure 13 B shows the concentration of metals in the 

particulate matter in the saltpan water. 
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Out of the 11 essential metals, the concentrations of only 8 metals Ca, 

Co, Cu, Fe, Mg, Mn, Ni and Zn were estimated from the salt pan water as well 

as sediments. 

Out of 9 non-essential metals only 3 were estimated viz. Al, Cd and Pb. 

Among the heavy metals found in seawater (viz. Pb, Fe, Cu, Cd, Mn, Sb, Zn, 

Ni, and Co), all were detected except Hg and Sb. As regards to Fe, Mn and Pb 

values, quite high levels were observed in dissolved as well as particulate 

matters in the saltpan water and the values were 172.5, 321 and 127.7 ppb and 

2.7 x 106, 8.82 x 105  and 2.9 x 10 5  ppm respectively. The composition of the 

metals in the saltpan water shows that the dissolved fraction is concentrated in 

Mg and Mn followed by Fe. In the suspended fraction, the level of Fe was more 

than half the concentration of Mn (2750 ppm). Among the heavy metals, Ni and 

Pb were predominant in the suspended fraction. Cd was barely detectable and 

Hg was below detection limits. 

Obviously the values in suspended matter are quite high and the 

chances of contamination of some cannot be ruled out. Mercury in water and 

sediments was found to be present in very low concentrations and could not be 

detected in all the samples analysed. Though Hg was not detectable, Pb, Zn, 

Fe, Al and Ti showed higher concentrations in the sediments. In the sediments, 

the predominant ion was Fe and AI, followed by Ca and Mg. The other 

prominent representation was by Ti and Sr. Here too the concentrations of 

heavy metals like Cd and Hg were below detection levels. However, the 

concentration of Pb was 5.2 ppm. 

The concentration of most of the metals estimated in the sediments 

exhibited a gradual increase with depth (Fig. 14). However, when compared to 
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the concentration of elements associated with particulate matter in the brine, 

the concentration of lead was nearly the same. The other metals gave varying 

results when compared to Fe and Mn, which were less than that of particulate 

elements. An examination of the concentrations of heavy metals in seawater, 

brine and sea salt shows that the concentration increases several fold in the 

salt crystals (Table 3). The concentration of Pb in seawater is 0.03 ppb. It 

becomes 20,000 ppb in the POC in brine and 23,000 in the crystallized salt. 

Cobalt increases 90,000 times in POC and 3,20,000 times in salt. 

The concentration of chromium in sea water is 0.05 ppb and increases to 

68 x 103  ppb in brine particulate elements and to 18 x 10 4  ppb in salt crystals. 

Likewise other metals also increase several folds. 

4.3. Gimin Size Analyses: 

Observations on sand grain analyses were restricted only to the three 

seasonal periods. The distribution of sand, silt and clay during the pre-

monsoon shows that 0-2 cm is dominated by silt at 45%; 2-5 cm by sand (46%) 

and clay (45%) and sand (49%) at 5-10 cm depth. The clay and silt fraction 

thus amounts to 85% at 0-2 cm, 54% at 2-5 cm and 50% at 5-10 cm (Fig. 15 A). 

During the monsoon, the sediment was dominated by the sand fraction 

amounting to about 61% whereas clay contributed to 26% in the surface. In the 

2-5 cm layer, the sand silt and clay were almost in equal proportions. However, 

at 5-10 cm the sand fradtion was dominant followed by clay and silt (Fig. 15 B). 

The post-monsoon trend was however quite different from the pre-

monsoon and monsoon season (Fig. 15 C). The sand fraction decreased to 

only 4% in the top layer, whereas the silt fraction dominated in all the three 
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Table 3: Dissolved and particulate metal concentrations (ppb) 
in water and salt crystals. 

Metals Saltpan water 
(Dissolved) 

Saltpan water 
(Particulate) 

Salt 
Crystals 

Mg 13.50 x 105  16.0 x 106  14.0 x 106  

AI 10.00 18.7 x 106  44.0 x 106  

Ti 1.00 10.0 x 105 62.0 x 105 

V 2.00 3.7 x 104  1.3 x 105  

Cr 0.05 6.8 x 104  1.8 x 105  

Mn 2.00 1.6 x 106 6.4 x 105  

Fe 10.00 1.8 x 106 59.0 x 106 

Co 0.10 9.0 x 103  3.2 x 104  

Ni 2.00 2.6 x 104  6.6 x 104  

Cu 3.00 4.0 x 104 5.0 x 104  

Zn 10.00 1.8 x 105  6.7 x 105  

Sr 7.7 x 103  9.4 x 104 13.3 x 104 

Ba 30.00 1.31 x 105  9.5 x 105  

Pb 0.03 2.0 x 104  2.3 x 104  
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Fig. 15: Sand Grain Analysis Pre-monsoon (A), Monsoon (B) and Post-monsoon ( C ) 



depths. The percentage clay was however constant amounting to only 3% in all 

the three depths. 

4.4. Fatty Acids: 

Qualitative NMR analyses of lipid extracts of marine sediment pore water 

samples were carried out and the results are given in Figurel6. The number of 

fatty acids increased with depth, i.e. the number of fatty acids at 5-10 cm (5) 

were more than that observed at 0-2 cm (4). 

The concentrations of these acids were also higher in the deeper 

sediments. The concentration of lactate and acetate is almost negligible in the 

0-2 cm sediment. In the deeper depths from 2-10 cm, the concentration of 

lactate, acetate, propionate and benzoate was higher than that observed at the 

0-2 cm, except the concentration of formate and isobutyrate which have been 

found to be lower than the top sediment (Fig. 16). 

Triglycerides (TG) show its characteristic sn1, 3 downfield and up-field 

portion at a 4.35 and 4.14 and sn2 portions at a 5.25. However, the multiplet at 

a 5.15 corresponds to the sn2 strictly of diglyceride. 

Since the spectra of all the 3 samples 0-2, 2-5 and 5-10 cm exhibits a 

very negligible resonance at a 5.25, it clearly indicates either the absence of 

triglycerides in the mixtures or presence in negligible concentrations as 

compared to diglycerides (evidenced by a left signal at a 5.15). In other words 

diglycerides are more abundant than triglycerides. 

Monoglyceride (MG) resonance at a 3.50 and 4.00 shows 5-10 cm 

sediment sample to be rich in monoglycerides followed by diglycerides (DG) 

and triglycerides (TG ) being negligible. 
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Fig. 16: ID proton NMR spectra of total neutral lipids extracted from the sediments. 1000 scans were obtained by Fourier transformation. TMS 
(tetramethylsilane) was used as the reference chemical shift. 



2-5 cm contained mainly DG as evidenced by resonance at a 4.15, 5.15, 

4.35 with traces of MG. TG was practically absent. 

0-2 cm sediment was equally rich in mono and diglycerides. Hence 

again TG were either absent and if present were just above the noise level 

(0.1%). 

The sharp signal at a 9.94 in all the 3 samples is indicative of aldehyde 

group or acid attached to electron donating group. Signal at a 1.18 and 2.5-5 

shows the presence of isobutyrate. This fatty acid was present in high amounts 

at 0-2 cm and decreased to almost half the concentration with depth. 

The a for lactate is 1.3. It was observed that lactate was low at the 

surface followed by an increase in concentration with depth showing a 

maximum at 5-10 cm. 

Benzoate however was observed at 0-2, 2-5 and 5-10 cm exhibiting a a 

at 7.4, 7.6 and 8.1. Acetate was found to be very negligible at 0-2 cm but 

increased with depth. Acetate concentrations were generally higher than the 

Formate concentrations. The occurrence of acetate was evident by the 

presence of sharp singlets at 2.069 and 2.045. Propionate exhibited a quartet 

at 2.35 in combination with a triplet at 1.13. However, propionate concentration 

was maximum at 0-2 cm and it decreased with depth. Presence of formate was 

evident from a signal at a 8.005 and a 2.09. 

The interrelationship between the all the parameters of the water and 

sediment is given in Appendix III. The relationships obtained were in 

accordance with established values, however the levels of significance were 

higher in the saltpans compared to other aquatic systems. 
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4.5. Comparison with the other two saltpans: 

Comparison of the physio-chemical parameters of the overlying water of 

Ribandar saltpan to the other two sites (Arpora and Siridao), clearly show that 

they were distinctly different (Table 4). In Ribandar, the salinity was very high 

(280 psu), whereas it was only 140 psu in Siridao and 150 psu in Arpora (Table 

4). Similarly the sulphate and sulphide concentrations also showed variation 

between the saltpans. This fact would further justify the choice of Ribander 

saltpan as an ideal site for the type of study in question and also to obtain a 

versatile range of hypersaline isolates. 

4.6. Bacteriological parameters: 

4.6.1. Total Counts: 

Water: 

According to the Acridine orange direct counts (AODC) number of 

bacterial cells in the water ranged from 2.26 x 10 5  to 139 x 105.m1 -1 . (Fig.17A) 

There was a two-order variation in the total number during the entire study 

period. High density was observed in the month of January, April and 

September. Although there was monthly variation, season wise, the abundance 

did not show much variation (Fig. 17B). 

Sediment: 

The bacterial cell numbers ranged from 0.04 x 10 5  to 7.68 x 109.g-1  dry 

sediments.ln general the abundance of bacteria in the top layer was lower than 

the deeper layers of the core (Fig. 18 A). Irrespective of the depth the 

abundance showed considerable monthly variation. However, maximum 

numbers were observed in different months: for instance highest count 
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Table 4: 	Physico-chemical parameters of the three sampling sites in May 1999 

Temp. 
°C 

pH Eh 
mV 

DO 
m1.1 -1  

Salinity 
psu 

Density SO4 
 g.I-1  

S-2 
 mg.F 1  

Arpora 30 8.4 -345.0 0.3 150.0 1.176 10.8 0.232 

Siridao 25 8.0 -80.0 0.2 140.0 1.162 9.9 0.039 

Ribandar 38 8.9 -13.2 0.4 280.0 1.388 19.8 0.186 
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Fig. 17: Acridine orange direct counts (AODC): monthly (A) and seasonal (B) 
distribution in overlying water. 
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(7.68 x 10 9  g -1 ) was noticed in the month of October at 5-10 cm whereas at 2-5 

it was in the month of August (6.22 x 10 9  g -1 ) and 0-2 cm in November 

(3.88 x 109  g -1 ). 

Seasonally, the total AODC counts in sediment showed a considerable 

change unlike that observed in water. Sections 0-2 and 5-10 cm harboured a 

high number in the post monsoon season 2.95 x 109  and 3.63 x 109g -1 

 respectively). However, 2-5 cm core showed a high count (3.56 x 109 .g -1 ) in the 

monsoon season (Fig. 18 B). 

4.6.1.1. Inactive (Green) and Active (Orange) cells: 

Water: 

The water samples showed abundant physiologically inactive cells. In 

the month of March and November the inactive cells were 96% and 93 % of the 

total cells respectively. Generally inactive cell counts were more than 75% of 

the total count throughout the period of sampling except in the month of May, 

July and October, when the active cells dominated the population (80%) (Fig. 

19 A). 

A comparison of seasonal abundance indicated that the inactive cells 

were more abundant than the active ones. Their distribution was 67%, 68% 

and 75% during the pre-monsoon, monsoon and post-monsoon respectively. 

The active cells were more abundant during the pre-monsoon and monsoon 

seasons by 33% and 32% respeptively. The post-monsoon season, however, 

showed a lower count (25%) (Fig. 19 B). 
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Sediment: 

In the sediments the active cells prevailed over the inactive ones, unlike 

what was observed in the over lying water. In the sediments irrespective of the 

depth the active cells were abundant and were more than 80% of the total 

counts. In 0-2 cm higher counts were recorded in January (90%), June (87%) 

and July (84%). The least count of active cells was observed in the month of 

December (136 x 10 7 counts.m1 -1 ), amounting to 5% (Fig. 20 A). In 2- 5 cm core 

higher numbers of active cells were observed in June, August and November 

(Fig. 20 B). In the 5-10 cm core, an exceptionally high number of inactive cells 

(99%) were observed in the month October (Fig. 20 C). 

Seasonally when the average ratios of the active and inactive cells were 

examined, the ratios were found to be 1.2:1 during the pre-monsoon and the 

post-monsoon and 3:1 during the monsoon . In the top sediment layer, the 

physiologically growing active cells were more pre-dominant in the monsoon 

season (83%). Their abundance was only 41 and 63% during the pre and post-

monsoon respectively. At the next section of the core, the abundance of these 

forms were greater than 50% varying from 58% during pre-monsoon and 

monsoon to 67% during the post-monsoon season. Further down at 5-10 cm, 

the abundance of the physiologically active cells was very prominent (90%) 

during the monsoon season. During the non-monsoon seasons their 

abundance was 64% and 35% during the pre and post-monsoon respectively 

(Fig 21 A and B). 
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4.6.1.2. Cell size and Morphology: 

Water: 

Rod like bacteria dominated these saltpans. The sizes ranged from 0.3 

1.1. to 1.2 µ with an average size of 0.91 p (Fig. 22 A). Large sized rods were 

observed frequently and the cocci were seldom observed. Their occurrence 

was noticed during the monsoon period and their density was — 17% of the total 

counts. 

Sediments: 

In sediments their presence ranged from a low 0.01% during pre-

monsoon at 0-2 cm to a maximum of 31% during monsoon at 5-10 cm depth. 

The size of the cocci ranged from 0.15 to 0.3 p,. In water samples the cell sizes 

were bigger than the sediments and, whereas in the sediment the size ranged 

from 0.8 to 0.88 p. -  The 2-5 cm core always exhibited a bigger size of cells 

(Fig. 22 A). 

The seasonal variation of the AODC sizes in water and sediments 

exhibited a common trend with cell sizes being always bigger in the monsoon 

season ranging from 0.9 to 1.3 p. In the pre-monsoon season the cell sizes 

were of 0.64 p in water and ranged from 0.68 at 0-2 cm, 0.9 at 2-5 cm and 0.83 

at 5-10 cm. In the post-monsoon, the cell sizes were always larger than those 

found in the pre-monsoon season in water (0.83 ti) and 0.75 at 0-2 cm. In the 

deeper sediments, the cell sizes were constant with an average size of 0.68 p. 

(Fig. 22 B). 
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4.6.2. SRB Counts: 

The Average SRB population in water estimated using 5 different 

substrates ranged from 0.014 x 10 2  m1-1  in August to 1.54 x 10 2  m1-1  in 

December (Fig 23 A). 

In the case of sediments (0-2 cm), the counts ranged from 

0.097 x 103  g-1  in September to 23.64 x 103  g-1  in November (Fig 23 B). In the 

2-5 cm core the range was from 0.009 x 103  g-1  in the month of May to 

6.07 x 103 g-1  in October (Fig. 23 B). The SRB cell counts ranged from 0.0061 x 

103  g-1  in May to 7.8 x 10 3  g-1  in February in the case of 5-10 cm core 

(Fig. 23 B). 

Seasonally the SRB counts were always higher in the post-monsoon 

season in water as well as the sediments. The monsoon season exhibited the 

least counts. 

In water the counts were 0.16, 0.062 and 0.54 x 10 2  m1-1  during the pre-

monsoon, monsoon and post-monsoon seasons respectively (Fig. 24 A). In the 

sediments, the counts increased by one order with values of 3.17, 0.77 and 

13.5 x 10 3 g-1  in the 0-2 cm core fort the three seasons. 

At 2-5 cm the average counts were found to be 1.8, 0.57 and 

3.48 x 103  g-1 . In the deeper sediments the values were 1.94, 0.49 and 

2.4 x 103  cells.e. The counts were always maximum in the top layers of 

sediment i.e. at 0-2 cm irrespective of the season (Fig. 24 B). 

Different substrates yielded different numbers of SRB. 	In water 

maximum population of SRB was observed for all the 5 substrates in the month 

of December. The minimum population of 0.0018 x 10 2  cfu.m1-1  were observed 

in the month of July when formate was used as the substrate. Butyrate yielded 
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the maximum population (2.08 x 10 2  m1 -1 ) in the month of December. The 

annual yield of these SRB on different substrates was Butyrate > Lactate > 

Formate > Benzoate > Acetate with counts of 2.08, 1.65, 1.4, 1.29, 

1.26 x 102 cfu.m1 -1  respectively (Fig 25). 

Season-wise in water the retrieval was post-monsoon > pre-monsoon > 

monsoon. While butyrate yielded the maximum population in the post-monsoon 

season, acetate was found to be the best substrate in the monsoon and pre-

monsoon periods. The acetate count in the water was 0.256, 0.07 and 0.6 x 

102  cells.m1 1  in the pre-monsoon, monsoon and post-monsoon seasons 

respectively (Fig. 26). 

In sediments annually, maximum yields were obtained on formate from 

0-2 cm, lactate from 2-5 cm and acetate at 5-10 cm with counts of 

50.7 x 103  cfu.m1 -1  in the month of November; 12.2 x 10 3  cfu.g - 'in the month of 

October and 14.3 x 10 3  cfu.g -1  in February respectively. The yield on formate 

was thus almost three times more than on the other substrates 

(Fig. 27 A, B, C). 

Seasonally the post-monsoon season exhibited higher counts in the 

sediments. Season-wise the retrieval was - post-monsoon > pre-monsoon > 

monsoon. 

At 0-2 cm, formate yielded the maximum number of SRB in the post-

monsoon season (22.7 x103  cfu.g -1  followed by acetate, lactate, benzoate and 

butyrate. However benzoate was the highest yielding substrate during the other 

two seasons (Fig. 28 A).At 2-5 cm, butyrate yielded the maximum of 

5.24 x 103  cfu.g -1 , followed by acetate, lactate, formate and benzoate in the 

post-monsoon season. Formate was the preferred substrate during the pre- 
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Fig. 27 A: Monthly variation of SRB counts at 0-2 cm depth of the sediment 
on different substrates. 



Fig. 27 B: Monthly variation of SRB counts at 2-5 cm depth of the sediment 
on different substrates. 



Fig. 27 C: Monthly variation of SRB counts at 5-10 cm depth of sediment 
on different substrates. 



Fig. 28: Seasonal SRB counts in sediments (A) 0-2 (B) 2-5 and ( C ) 5-10 cm depth. 



monsoon season and butyrate during the monsoon (Fig. 28 B). At 5-10 cm, 

lactate yielded the maximum at 4.25 x 10 3  cfu.g-lduring the post monsoon 

followed by formate, butyrate, acetate and benzoate. Irrespective of depth and 

season, acetate yielded high numbers (Fig. 28 C). 

4.6.3. Integrated Counts — in Sediment: 

When the bacterial abundance was integrated for 0-10 cm depth, the 

maximum counts were observed in the month of February 

(54.03 x 103  cfu.cm-2), whereas the minimum counts were observed in the 

month of July (1.34 x 10 3  cfu.cm-2) (Fig. 29 A). 

The average annual counts on different substrates however did not show 

a vast variation in the counts and varied from 13.7 x 10 3  on benzoate to 

21.07 x 103  cfu.cm-2  on acetate. Their abundance on different substrates 

showed that the maximum retrieval was on acetate, followed by lactate, 

formate, butyrate and benzoate (Fig. 29 B). 

However, seasonally the post-monsoon counts on different substrates 

were always higher than the pre-monsoon. The monsoon season showed the 

minimal numbers. The same trends in distribution were observed, i.e. the post-

monsoon abundance was maximum in acetate (41.46 x 10 3  cfu.cm-2). The 

pattern was acetate > formate > butyrate > benzoate > lactate. In the post-

monsoon lactate gave minimum counts of 18.39 x 10 3cfu.cm-2 . 

In the pre-monsoon the pattern was different, benzoate being the 

preferred substrate with counts of 24.35 x 103cfu.cm-2. The trend was benzoate 

> acetate > lactate > formate > butyrate. 
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In the monsoon, the counts decreased by one order and were also 

maximum on benzoate (11.75 x 10 3  cfu.cm-2), the trend being benzoate > 

butyrate > lactate > acetate > formate with minimal counts on formate being 

2.79 x 103  cfu.cm-2  (Fig. 29 C). 

4.6.4. Abundance of other groups of bacteria in salt pans: 

4.6.4.1. Sulphide oxidizing Thiobacillus denitrificans like organisms 

(TDLO): 

The SRB co-exist with the sulphide oxidizing forms and the resulting 

oxidation forms a sulfureta. The sulphur oxidizing forms were enumerated 

under both aerobic and anaerobic conditions. The monthly variations in the 

aerobic TDLO bacteria in water ranged from 0.32 in October to 

22.4 x 102  cfu.m1-1  in May (Fig.30 A). The anaerobic forms were one order less 

in !,their occurrence. Their abundance ranged from 0.04 in August to 

0.72 x 102  cfu.ml-l in February (Fig. 30 A). 

Seasonally, the aerobic TDLO showed a higher count in the pre-

monsoon season, followed by the monsoon and post-monsoon seasons with 

counts of 7.0, 6.09 and 4.3 x 10 2  cfu.m1 -1  respectively (Fig. 30 B). The 

anaerobic TDLO however exhibited a different trend with the pre-monsoon 

having the highest value of 0.72 x 102, followed by the post-monsoon 

(0.43 x 102) and the monsoon season (0.15 x 10 2  cfu.m1-1 ) (Fig. 30 C). 

The aerobic TDLO ranged from 0.1 x 10 3  to 1.1 x ,105 .g -1  in the 

sediments. At 0-2 and 5-10 cm depths, the aerobic TDLO counts increased by 

two orders and by five orders at 2-5 cm in comparison to the overlying water. 

At 0-2 cm the TDLO aerobic counts ranged from 8.45 x 10 5  in May to 
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7.4 x 105  cfu.g -1  in March. The anaerobic TDLO counts at 0-2 cm core ranged 

from 0.002 x 10 5  (July) to 2.24 x 105  cfu.g-1 (March). 

At 2-5 cm the TDLO aerobic counts were four orders higher than that 

seen in the overlying water. At this depth the counts varied from 

1.17 x 10 3  cfu.g -1  (May) to 1.1 x 108  cfu.g-1  (November). The anaerobic TDLO 

counts varied from 0.02 x 10 3  g-1  (June) to 50.8 x 103  g -1  (April). 

In the deeper layers (5-10 cm) the aerobic TDLO counts fluctuated 

widely and it ranged from 0.098 x 10 3  (May) to 4.6 x 106  cfu.g-1  (September). 

However, the anaerobic TDLO numbers were very low at this depth and it 

varied from 0.001 x 10 3  (June) to 41 x 103  g -1  (December) (Fig. 31). 

Seasonally, the variation in the aerobic TDLO numbers was observed 

from five to eight orders. The counts were higher in the post-monsoon season 

at 0-2 and 2-5 cm, and in the monsoon season at 5-10 cm. At 0-2 cm the 

counts (2.1 x 106  g-1 ) during the pre-monsoon were almost similar to that of 

post-monsoon (2.2 x 106  cfu.g-1 ) aerobic counts. However, the monsoon values 

were comparatively very low (7.8 x 10 4  g-1 ). At 2-5 cm the trend was post-

monsoon > monsoon > pre-monsoon with values of 2.8 x 10 7 , 2.4 x 105  and 

7.1 x 104  cfu.g-1  respectively. At 5-10 cm the trend varied where monsoon > 

post-monsoon > pre-monsoon with values of 1.4 x 10 6, 4.39 x 105  and 

2.8 x 104  cfu.g-1  respectively (Fig. 32 A). 

As seen in Figure 32 B, the anaerobic TDLO counts exhibited a different 

trend of abundance as compared to the aerobic counts. The counts were the 

highest at the surface layers (0-2 cm) and they varied seasonally, the pre-

monsoon values (127 x 10 3  cfu.g-1 ), followed by the post-monsoon (61.2 x 10 3 

 cfu.g-1 ) and the least counts in the monsoon season being 17 x 10 3  cfu.e. 
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At 2-5 cm the pre and post-monsoon values were almost the same being 20.8 

and 20.04 x 103  cfu.g-1 . But the monsoon values were less by one order being 

1.2 x 103  cfu.g -1  .At 5-10 cm the trend was post-monsoon (19.2 x 10 3  cfu.g-1) > 

pre-monsoon (10.4 x 10 3  cfu.g-1 ) > monsoon (8.6 x10 3  cfu.g-1 ). 

4.6.4.2. Heterotrophic bacteria: 

The total aerobic heterotrophic bacteria were in the order of 10 2.m1-1  in 

water. The monthly variation in the aerobic heterotrophic counts in water 

ranged from 0.98 x 102  (June) to 54.7 x 10 2  m1-1  (September). Three peaks of 

high values were observed in the month of September, February and 

December. The heterotrophic anaerobic counts exhibited a distinct peak in its 

counts in the month of December (2.7 x 10 2  cfu.m1 -1 ) and the minimal numbers 

(0.01 x 102  cfu.m1 1 ) were observed in the month of March (Fig. 33 A). 

, Seasonally the aerobic counts in water were higher by one order with 

respect to the anaerobic counts (Fig. 33 B and C). The anaerobic heterotrophic 

counts however showed an opposite trend with higher values in the post-

monsoon season (0.76 x 102  cfu.m1 1 ), followed by the monsoon 

(0.19 x 102  cfu.m1 -1 ) and the pre-monsoon seasons (0.03 x 10 2  cfu.m1-1 ). 

In the sediments aerobic forms could be retrieved in higher numbers at 2-5 cm. 

At 0-2 cm the heterotrophic aerobic counts ranged from 1.163 x 10 3  in August 

and 3.6 x 106  cfu.g -1  in the month of December. 

The anaerobic counts were in the same order and the counts ranged 

from 1.0 x 10 3  in April to the highest count of 5.5 x 10 6  g -1  in September. 

At 2-5 cm depth, the anaerobic counts were three orders lower than the 

aerobic counts. 
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The aerobic heterotrophic counts at this depth varied from a very low 

value (1.1 x 10 3  g -1 ) in May to the highest value (2.3 x 10 7  cfu.g -1 ) in November. 

The variation in the anaerobic counts were very low ranging from 1 x 10 3 

 (March) to 21.1 x 103  g -1  (December). 

At 5-10 cm, the aerobic heterotrophic counts ranged from 4.3 x 10 3  to 

4.6 x 106  g -1  in the months of May and September respectively. The anaerobic 

heterotrophic counts however exhibited a significant increase in the maximum 

value i.e. 29.9 x 103  g -1  in December. However, this started declining from the 

month of January (Fig. 34). 

The aerobic heterotrophic counts were maximum in numbers in the post-

monsoon season in the top sediment layers (0-5 cm), whereas the monsoon 

season showed the maximum abundance at 5-10 cm. The pattern of the 

seasonal abundance fluctuated widely in all the three depths and no common 

trend could be seen (Fig 35 A). e.g. 

i. at 0-2 cm the trend was post-monsoon > pre-monsoon > monsoon 

(1823, 357.6 and 14.9 x 10 3  cfu.g -1) . 

ii. at 2-5 cm, the trend was post-monsoon > monsoon > pre-

monsoon (6124, 267.9 and 71.3 x 10 3  cfu.g -1  respectively). 

iii. at 5-10 cm, the trend was monsoon > post-monsoon > pre-

monsoon (1204, 834.6 and 30.7 x 10 3  cfu.g -1  respectively). 

In the case of anaerobic heterotrophic bacteria the counts exhibited a 

very different trend with the maximum abundance of heterotrophic counts in the 

monsoon season at 0-2 cm (1388 x 10 3  cfu.g -1 ). However, the monsoon counts 

decreased with depth being 0.88 and 0.3 x 10 3  cfu.g -1  at 2-5 and 5-10 cm 

respectively. The pre-monsoon counts were only one order with values of 1.6, 
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0.3 and 0.52 x 10 3  cfu.g-1  at 0-2, 2-5 and 5-10 cm respectively. The abundance 

in the post-monsoon season was however almost the same in all the sediment 

depths with counts of 14, 10 and 12 x 10 3  cfu.g -1  at 0-2, 2-5 and 5-10 cm 

respectively (Fig. 35 B). 

4.6.5. Interrelationship: 

Retrievable SRB counts were responsible for bringing out variability in 

absolute bacterial counts. This was observed throughout the study period of 

one year and at all depths. 

Among the different groups of SRB there was considerable 

interrelationship. These interrelationships are shown in Table 5. About 82% 

of the average variability of SRB was due to the variability in butyrate 

degraders in water, and sediments. The abundance of acetate degrading 

bacteria (seems to be controlled by the variation in salinity by about 36% at 

5-10 cm and the abundance of butyrate degraders was influenced by 30% in 

the monsoon season and this influence was significant at a p value of 0.05. 

The other SRB growing on different substrates however did not seem to be 

dictated significantly by salinity. 

The maximum counts were retrieved in the post-monsoon season. 

About 70% of the variation in average SRB can be explained by the variation 

in total heterotrophic counts, 53% by temperature and 38% by the redox 

potential in this season. However, the influence of these physico-chemical 

factors were significant and negatively related. Sulphate concentration is 

closely linked to salinity. The relationship between this parameter and 

abundance in SRB was observed only in the monsoon season and was found 
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Table 5: Significant interrelationships (r values) between Bacterial counts at different depths. 

AODC L F A Bz Bu Av TDLOae TDLOa NAae NAan R 1 R 2 

SRB L w 
0-2cm 0.633 
2-5cm 
5-10cm 
SRB F w 0.717 
0-2cm 0.712 0.871 
2-5cm 0.676 
5-10cm 0.772 
SRB A w 0.633 0.652 
0-2cm 0.679 0.780 0.870 
2-5cm 
5-10cm 0.540 0.654 
SRB Bz w 0.678 0.591 0.751 
0-2cm 
2-5cm 0.909 0.597 
5-10cm 0.746 
SRB Bu 0.799 0.793 0.815 0.787 
0-2cm 0.664 0.589 0.664 
2-5cm 0.654 0.667 
5-10cm 0.610 0.667 0.536 0.837 
AvC w 0.813 0.814 0.925 0.849 0.933 
0-2cm 0.755 0.838 0.859 0.891 0.664 0.819 
2-5cm 0.574 0.623 0.821 0.672 
5-10cm 0.844 0.925 0.740 0.716 0.802 
TOLO ae w . • 
0-2cm 0.579 
2-5cm 0.572 
5-10cm 0.575 
TDLO an w 0.552 
0-2cm 
2-5cm 0.715 
5-10cm 
NA ae w 
0-2cm 0.642 0.568 0.589 0.727 0.682 0.674 
2-5cm 0.530 0.580 0.874 
5-10cm 0.538 0.756 0.631 0.677 0.836 
NA an w 0.572 0.634 
0-2cm 
2-5cm 0.504 0.849 
5-10cm 0.628 0.838 0.674 0.761 0.916 
Ratio 1 w 0.752 0.698 0.756 0.811 0.786 -0.656 
0-2cm -0.656 
2-5cm -0.609 
5-10cm 0.666 
Ratio2 w 0.564 
0-2cm 0.616 0.776 
2-5cm -0.702 0.826 
5-10cm 0.949 

d.f.= degree of freedom = 11, itallics = significant at 5% level, normal font= significant at 1% 
level, bold font= significant at 0.1% level denotes statistically significant variation. 
w=water, AvC=Average counts 



to have a r value of 0.52, which is significant at a p value of 0.05 

(Table 6 and 7 in Appendix III). 

Seasonally the relationship between these groups was more 

pronounced in the pre-monsoon than in the other two seasons (Table 5 in 

Appendix III). In the sediments, the relationship between the groups was 

much more stronger than in the water. The abundance of TDLO was to some 

extent linked to the abundance of heterotrophic aerobic organisms, i.e. the 

relationship between TDLO and heterotrophic aerobic counts at an `r level of 

0.67 to 0.87 has been observed in the sediments from 0-2 to 5-10 cm, nearly 

significant at p value of 0.01. However, this relationship was not significant in 

water. The abundance of TDLO aerobic showed a significant relationship to 

the average SRB at an r level of 0.57, which was observed in the 2-5 cm 

sediment. However, the aerobic TDLO showed a relationship with the formate 

and butyrate degraders and the average counts at an r level of about 0.57. 

The anaerobic TDLO were related to the formate and acetate counts. The 

ratio of average SRB/TDLO {(aerobic + anaerobic)/2}, i.e. ratio 1 showed an r 

value of 0.77, 0.82 and 0.94 with ratio 2, i.e. SRB/NA 

{(aerobic + anaerobic)/2}, thus indicating that about 70% of the variation in 

ratio 2 is responsible for the variation in ratio 1. The relationship between 

aerobic and anaerobic TDLO and sulphide concentration was most often 

negative from 0-10 cm depth, but not significant, indicating the negative 

coupling between these two parameters. 
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4.7. Sulphate Reducing Activity (SRA): 

Sulphate reducing activity (SRA) was measured by different methods 

and the details are given in section 3.8 of materials and methods. The 

methods involve the natural measurements as well as stimulated 

measurements. The latter involve amendments of natural samples with known 

amounts of substrates. The different methods followed in this study are: 

Method 1: 

SRA was calculated from natural samples i.e. without any amendment. 

The increase in sulphide concentrations or decrease in sulphate concentration 

was measured. 

Method 2: 

The method was essentially the same but carried out in fatty acid 

amended samples. 

SRA Based on Method 1: 

On an annual basis, SRA was close to 0.05 i.tg at.sulphide-S ml - 'd" 1  in 

the overlying waters. The seasonal variations are shown in Table 6. The 

activity was higher in the post monsoon season (0.42 lig at. sulphide-S m1 -1 .d -1 ) 

as compared to the other seasons. When activity was estimated based on the 

reduction in levels of sulphate it was observed that the concentration was very 

low reaching almost to non-detectable levels in the non-monsoonal periods. 

This non detectable level may not be due to absence of SRA per se but could 

be due to high turn over of S 2-  to SO4 by the TDLO as their number was high 

during this period (Fig. 32). However, the estimation of S 2-  and SO4  values by 

both the methods were comparable in the monsoon season. 
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Table 6: Seasonal variation of SRA in water and sediments. 

Pre-monoon Monsoon Post-monsoon 
Rise in S-2  Fall in SO4  Rise in S-2  Fall in SO4  Rise in S-2  Fall in 504 

Water 
pg.m1-1 .d -1  0.037 nd 0.013 28 0.420 nd 
Sediment 
14.g-1.e 
0-2 cm 1.560 149.0 0.910 107 0.041 nd 

2-5 cm 0.208 2.6 0.267' nd 0.310 nd 

5-10 cm 0.750 83.6 0.170 90 0.326 42 

nd = fall in sulphate not detected 



In the case of sediments, as expected, the activities were higher than the 

overlying water (Table 6). In general, high activities were observed in the 

surface layers except during the post monsoon period when the deeper layers 

show much higher activities by an order (0.326 	at. sulphide-S ml - 'd -1 ). 

SRA Based on Method 2: 

The activity measured after amendment of the samples (water and 

sediment), with 1mM (final) of fatty acid cocktail indicated a stimulated the 

activity. The activity was minimum in July (0.6 m.g. m1 -1  d -1 ) and maximum in 

February in the overlying waters (Fig 36.A). The activity was highest in the 

pre-monsoon season (Fig 36B). Irrespective of the depth, the monthly activity 

showed similar trends in the sediment (Fig 37). When the activity was depth 

integrated the monthly trend in the activity was the same as that observed at 

discrete depths (Fig 38). 

Salinity was found to enhance the SRA. Maximum activity was observed 

at 80 psu. However, the activity drastically declined at 125 psu and above 

(Fig 39). 

To confirm whether the activity was affected by salinity, tracer 35S 

method was used. The activity was measured at the optimum level of salinity 

(as mentioned earlier close to 80 psu) and at highest salinity observed in the 

salt pan ie at 330psu. The results clearly showed that the activity at 85 psu was 

much higher than at 330 psu. The 0-2cm layer showed the maximum activity 

(Fig 40 A & B) compared to other depths. It should be noted that an activity of 

almost 0.1 l_tg ehr -1  was observed at 330 psu which was much higher than the 

chemical method 0.0t1g. ml  1  hr. . This may be attributed to the higher 

sensitivity of the tracer method. Since the tracer method at 330 psu showed 
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low activity compared to 85 psu, amendment experiments were conducted to 

see whether they could result in enhancement of the activity. Five individual 

substrates (0.2mM) each were tested and the results showed that the activity 

was in fact enhanced but there was no significant difference between the 

different substrates at 24 hr (Fig 41 A). When the period of incubation was 

increased to 48 hrs, there was difference in activity depending on the substrates 

(Fig 41 B). The annual and seasonal variations in the activity are shown in 

Fig. 42 A & B. The gradation of activity was 0-2 cm > 5-10 cm > 2-5 cms. 

Seasonally maximum activity was recorded during pre-monsoon 

(307.71.1g.g -l d -1 ) in the surficial layer. 

4.7.1. Effect of salinity on SRA: 

4.7.1.1. Mesohaline: 

Out of the 94 mesohaline isolates tested for the effect of salinity on their 

activity only three typical responses from each of the five substrates (viz. 

formate, acetate, lactate, butyrate and benzoate) were seen and the results are 

shown in Fig 43 (A to 0). The response of the isolates with reference to the 

different substrates was quite different, irrespective of the NaCI concentration. 

For instance at 3.3 psu the formate isolate (F1*) showed an activity of 

25 x 103  mg at-1 1 -1 . Whereas the acetate isolate (Ac2*) showed an activity of 

3x103  pig at-1 1 -1 . Similarly variation in activity was observed among the formate 

isolates (F1*,F3* and F5*). All the results on different substrates clearly 

showed that, individually each isolate had a salinity range for the SRA with 

optimum activity at a particular NaCI concentration. However the cumulative 
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activity of the isolates on different substrates were comparable to the direct 

measurements with sediments samples. 

4.7.1.2. Hypersaline: 

The hypersaline isolates showed SRA over a wide range of salinity with 

high activities at higher NaCI concentrations. This trend was observed for all 

different substrates tested (Fig 44 A-H). The activity was not parallel to that of 

growth. 

4.7.2. Effect of different substrates on SRA: 

The nineteen hypersaline isolates when tested for their activity and 

growth (Fig. 45 A-J) in different substrates besides the substrate on which they 

were isolated, showed that while some of the substrates stimulated the activity 

others were inhibitory. For example, in the case of formate isolate (F2) lactate 

stimulated SRA whereas acetate, butyrate and benzoate showed an inhibitory 

effect. SRB retrieved on acetate also exhibited a stimulated activity on lactate 

and butyrate. The strain AC8 showed a very high activity on formate, lactate 

and butyrate besides its own substrate, acetate. Benzoate however showed an 

inhibitory effect on the SRA. This study clearly showed that irrespective of 

substrate used, lactate was the best substrate for the optimum activity, in the 

saltpans. 

4.7.3. Effect of nitrogen on SRA: 

The effect of nitrogen salts on the SRA was checked by measuring the 

SRA in nitrogen free media. It was found that out of the nineteen hypersaline 

cultures, eleven of the isolates were able to show SRA in media free of nitrogen 
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Fig. 45: Growth (A) and sulphide production (B) by hypersaline formate oxidizing SRB 
(F1, F2, F4 and F6) on different substrates. 
F=Formate, A= Acetate, L=Lactate, B= Butyrate and Bz=Benzoate. 



Fig. 45: Growth ( C ) and sulphide production (D) by hypersaline acetate oxidizing SRB 
(Act , Ac2, Ac3, Ac4, Ac8 and Ac9) on different substrates. 
F=Formate, A= Acetate, L=Lactate, B= Butyrate and Bz=Benzoate. 



Fig. 45: Growth (E) and sulphide production (F) by hypersaline lactate oxidizing SRB 
(L1, L4 and L5) on different substrates. 
F=Formate, A= Acetate, L=Lactate, B= Butyrate and Bz=Benzoate. 
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Fig. 45: Growth (G) and sulphide production (H) by hypersaline butyrate oxidizing SRB 
(B2, B4 and B5) on different substrates. 
F=Formate, A= Acetate, L=Lactate, B= Butyrate and Bz=Benzoate. 



Fig. 45: Growth (I) and sulphide production (J) by hypersaline benzoate oxidizing SRB 
( Bz3, Bz5 and Bz7) on different substrates. 
F=Formate, A= Acetate, L=Lactate, B= Butyrate and Bz=Benzoate. 



(Fig 46 A and B) Interestingly three of these isolates (Ac2, B5 and Bz5) showed 

much higher activity than the control i.e. media with nitrogen source. 

On further incubation for a longer period of 30 days, only one of the 

cultures showed good SRA (B5) as shown in Fig. 47. 

4.7.4. Effect of metals on SRA: 

Lead: 

In order to study the effect of certain trace elements on the activity of 

hypersaline isolates, Pb was used as its concentration was high in the saltpans. 

Different concentrations of lead (0-500 ppm) at incubation periods 

(7 and 14 days) showed that the response of the isolates in terms of growth and 

activity were different, when grown on formate. One of the representative 

culture (F4) is shown in Figure 48 A and B. 

There was stimulation in growth and respiration after 14 days of 

incubation indicating that the SRA activity of the hypersaline isolates are 

influenced by trace elements. 

Mercury: 

When the nineteen hypersaline cultures were tested for their activity at 

different concentrations of Hg (0-500ppm), it was found that activity of most of 

the isolates was inhibited. The Figure 49 A-E shows the activity and growth of 

representative isolates obtained from each substrate. Out of the five substrates 

tested it was found that formate and lactate stimulated the activity up to 100 

ppm Hg. Since growth and low activity were observed upto 400ppm Hg, an 

attempt was made to find out if enrichment could enhance the SRA at higher Hg 

concentrations. It was observed that the enriched isolates on acetate showed 
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higher activity than that observed with the non enriched isolates (Fig. 49 B). 

There was stimulation in activity as well as growth at 300 ppm Hg compared to 

the control (Fig. 50). 

4.7.5. Specific Activity: 

The specific activity and cell number of the mesohaline isolates in their 

respective media is shown in Fig. 51 A-C for formate, 52 A-C for acetate, 53 

A-C for lactate, 54 A-C for Butyrate and 55 A-C for Benzoate. Among all the 

substrates tested the acetate utilizers showed the highest specific activity. 

Highest specific activities in these cultures were due to high activity and low 

density of cells. In the case hypersaline isolates the specific activity was higher 

than the mesohaline isolates (Fig 56 A-E). 

4.7.6. Contribution of SRA to decomposition of organic matter: 

4.7.6.1. Monthly: 

The average of the decay constant K has been examined at the end of 7, 

14 and 21 days temporally and spatially. The K values calculated from peak 

SRA remained constantly low, except in September (0-2 cm) and January 

(deeper depths). The K (reaction rate coefficient) values calculated from SRA 

and TOC calculations range from 0.0023-0.05. In January the values were 

almost 10 times higher (Fig. 57). 

The K value calculated from SRA at the end of 14 and 21 days at 0-2 cm 

showed maximum value at the end of 14 days. The trend was similar at 5-10 

cm depth also however at 2-5 cm high activity was observed on the 7 th  day 

(Fig. 58). Figure 59 gives the values for the whole year and shows the trends in 

the changes in the decay constant over the sampling period at different depths. 
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Fig. 53: Sulphide production (A) counts per litre (B) and specific activity ( C) 
by mesohaline SRB isolated on lactate. 
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Fig. 58: Spatial variation of K (reaction rate coefficient) depthwise with time. 
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The 21 st  day value is quite distinct from the 7 th  or 14th  day value with shorter 

periods of incubation and varied from abnormally very low values in September 

at 0-2 cm. In deeper layers the maximum values recorded were 0.177 in June 

at 2-5 cm and 0.16 in February at 5-10 cm. Figure 60 shows the rates of the 

cumulative monthly values of the SRA at different depths. The figure showed a 

cyclic pattern of SRA with depth. 

4.7.6.2. Seasonal: 

Season-wise, the K value was very low during the pre-monsoon and 

monsoon seasons, but was maximum in the post-monsoon at the end of the 7th 

day at 0-2 cm. At 2-5 cm there is not much difference between the seasons, 

except that the pre-monsoon values were very low at the end of the 14th  day. 

,Deeper down at 5-10 cm the trend was reversed at the end of the 21 st  days 

showing a pre-monsoon high K value of 18.2.y -1 . These values declined during 

the next two seasons and the least was recorded during the post-monsoon 

(1.59) (Fig 61). Figure 62 (A-C) shows the rate of organic matter degradation. 

It was found that the rate of degradation showed the rate law of first order. 

4.8. Interrelationship: 

Interrelationship of SRA with physicochemical parameters showed that it 

related significantly to a few of them (Appendix Ill). The significant 

interrelationships of physicochemical parameters to the SRA were restricted 

only to 0-2 cm. Though salinity and density are strongly related, SRA relates 

only to density at an r-value of 0.61 (Fig 63 A). A significant relationship was 

also observed with sulphide concentration at an r-value of 0.63 (Fig 63 B). 

Among the bacteriological parameters TDLO (Anaerobic) showed significant 
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relationship in overlying water and in 2-5 cm of the sediment (Fig. 64 A and B). 

Seasonal observations showed that in pre monsoon season a number of 

physicochemical as well as bacterial counts (Fig 65 A-E) were limiting SRA. In 

the post monsoon period the SRA showed strong relationship with the SRB 

counts, TDLO (aerobic) and aerobic heterotrophic counts (Fig 66 A-C). 

The trends in the changes of the correlation coefficients of 

physicochemical parameters with SRA are different. While TOC, salinity and 

sulphide concentrations were the highest relationships with SRA during the post 

monsoon, salinity, density and sulphate showed the minimum influence by the 

physicochemical parameters in the same season (Fig 67 A and B). 

The trend in the increase in SRA follows the trend in increases in SRB 

i.e. the relationship is positive but the intensity of this relationship is not the 

same in all the seasons. However, increase in trends in these relationships 

(SRB counts on various substrates) is clearly noted from monsoon to post 

monsoon to pre monsoon i.e. the relationship is strongest in the pre monsoon 

season (Fig. 68 A). The relationship between total sulphate reducers, to 

sulphide oxidizers and heterotrophs is presented in Figure 68 B. Here too the 

evolution in relationship proceeds from a weak relationship that intensifies 

towards pre monsoon season. 

4.9. Utilization of DMSP: 

The ability to metabolise DMSP by hypersaline isolates is shown in Figure 69 A 

and B. Of the six isolates it was found that the isolate Ac3 metabolise DMSP at 

0.6 mM hr'. Lactate and formate isolates were poor metabolisers of DMSP. 
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Fig. 64: Significant relationship of SRA with TDLO an in water (A) and 2-5 cm (B). 
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Fig. 69: Utilization of DMSP by SRB (A) and Growth (B) of different SRB on DMSP 
incubated for 2 days (g = growth rate). 
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(B):Phase contrast photomicrograph of Desulfovibtio sp. 

PLATE IV 



(A):Phase contrast photomicrograph of Desulfotomaculum sp. 

(B):Phase contrast photomicrograph of Desulfomonas sp. 

PLATE V 



Table 7: Cytological, pigment and ph 	characteristics of esohaline SRB isolates and their affinity to existing genera. 

Sr. No. Culture Isolated 
on 

Location Cell 
shape 

Size 
pt 

Gram 
Character 

Spores Cyt 
type 

Motility DSV/ 
DSR 

Opt % 
NaCI 

Tolerance 
NaCI % 

Identity 

1 Ac1* Acetate rod + 

(.)  
03  (

..)  C
O

  0
3

  0
3
 	

0
3
 0

3 	
0

3
 (..)  0

3
 	

C
O

 -0
  0

3
 -0

  (0
  0

3
 -0

  0
3
 0

3
 (
0

 01  (0
  0

3
 0

3 

DSR 6.0 0-14 Desulfotomaculum acetooxidans 

2 Ac2* Acetate vibrio DSV 8.0 0-14 Desulfovibrio desulfuricans 

3 Ac3* Acetate ovoid 6.0 3.5-14 Desulforsarcina sp 

4 Ac4* Acetate rods DSR 6.0 0-14 Desulfotomaculum acetooxidans 

5 B1* Butyrate rods DSR 6.0 0-12 Desulfotomaculum acetooxidans 

6 B2* Butyrate single 
ovoid 

6.0 0-12 Desulforsarcina sp 

7 B3* Butyrate rods 8.0 0-12 Desulfovibrio baculatus 
8 B4* Butyrate small 

rods 
DSR 6.0 0-12 Desulfomonas pigra 

9 B5* Butyrate big rods 3.5 0-10 Desulfotomaculum orientis 

10 B6* Butyrate rods 6.0 0-12 Desulfovibrio baculatus 

11 B7" Butyrate ovoid 6.0 0-12 Desulforsarcina variabilis 

12 B8* Butyrate rods 8.0 0-12 Desulfovibrio baculatus 

13 B9* Butyrate rods 8.0 0-14 Desulfobacter postgatei 

14 F1* Formate 9
 

3 rod 

th 8.0 3.5-10 Desulfovibrio baculatus 

15 F2" Formate sphere DSV 8.0 3.5-12 Desulfococus multivorans 

16 F3* Formate sphere DSV 8.0 0-14 Desulfococus multivorans 

17 F4* Formate rod 8.0 0->14 Desulfotomaculum acetooxidans 

18 F5* Formate sphere DSV 10.0 0-14 Desulfococus multivorans 

19 F6* Formate ovoid 10.0 3.5-14 Desulforsarcina variabilis 

20 F7* Formate rod 6.0 0-12 Desulfobacter postgatei 

21 F8* Formate sphere DSV 6.0 0-12 Desulfococus multivorans 

22 F9* Formate vibrio DSV 8.0 3.5-14 Desulfovibrio desulfuricans 

23 F10* Formate rod 6.0 0-14 Desulfovibrio baculatus 

24 F11* Formate sphere DSV 6.0 0-14 Desulfococus multivorans 

25 F12* Formate filament gliding DSR 4.0 0-12 Desulfonema sp 

26 F13* Formate cocci DSV 6.0 3.5-12 Desulfococus multivorans 

27 F14* Formate ovoid 6.0 3.5-14 Desulforsarcina variabilis 

28 F15* Formate cocci DSV 6.0 3.5-12 Desulfococus multivorans 



Contd. 

Sr. No. Culture Isolated 
on 

Location Cell 
shape 

Size 
u 

Gram 
Character 

Spores Cyt 	'Motility 
type I 

DSV/ 
DSR 

Opt % 
NaCI 

Range 
NaCI % 

Identity 

29 F16* Formate 2-5 cm filar 

":5 
+

 ,
 +

+
+

+
+

 
 
,
 ,
 +

+
 -6

) +
 , 	

+
+

+
+

+
+

+
+

 

- 6.0 0-12 Desulfonema sp 
30 NaL1* Lactate 0-2 cm rod - 6.0 3.5-12 Desulfotomaculum orientis 
31 NaL2* Lactate 5-10 cm cocci DSV 3.5 0-8 Desulfococus multivorans 
32 NaL3* Lactate 0-2 cm rod - 10.0 0-12 Desulfotomaculum orientis 
33 NaL5* Lactate 0-2 cm rod - 6.0 0-14 Desulfovibrio baculatus 
34 NaL7* Lactate 0-2 cm rod DSV 8.0 3.5-12 Desulfomonas pigra 
35 NaLa* Lactate 2-5 cm vibri DSV 6.0 3.5-10 Desulfovibrio desulfuricans 
36 NaLb* Lactate 2-5 cm rod DSV 6.0 3.5-8 Desulfotomaculum orientis 
37 NaLc* Lactate 5-10 cm rod DSV 6.0 3.5-8 Desulfomonas pigra 
38 NaLf* Lactate 0-2 cm rod DSV 6.0 3.5-8 Desulfomonas pigra 
39 NaLi* Lactate 0-2 cm rod 8.0 0-12 Desulfovibrio baculatus 
40 NaLk* Lactate 0-2 cm rod - 6.0 0-8 Desulfobacter postgatei 
41 NaLg* Lactate 2-5 cm filament 3 3 DSV 6.0 0-18 Desulfonema limicola 
42 HBz1* Benzoate 0-2 cm rod 3.5 0-8 Desulfovibrio baculatus 
43 HBz2* Benzoate 0-2 cm cocci DSV 8.0 0-14 Desulfococus multivorans 
44 HBz3* Benzoate water cocci DSV 6.0 3.5-14 Desulfococus multivorans 
45 HBz4* Benzoate water rod - 6.0 0-8 Desulfobacterpostgatei 
46 HBz5* Benzoate 5-10 cm rod - 6.0 0-12 Desulfobacter postgatei 
47 HBz6* Benzoate water rod - 6.0 0-12 Desulfotomaculum acetooxidans 
48 HBz7* Benzoate 5-10 cm rod - 6.0 0-14 Desulfobacterpostgatei 
49 HBz8* Benzoate 5-10 cm rod - 8.0 0-14 Desulfobacterpostgatei 
50 HBz9* Benzoate 5-10 cm rod - 3.5 0-12 Desulfobacter postgatei 
51 HBz10* Benzoate 0-2 cm rod DSV 3.5 0-12 Desulfovibrio gigas 
52 Pra* Propionat 2-5 cm lemon- 

shaped 
- 3.5 0-10 Desulfobulbus propionicus 

Contd. 



Contd. 

Sr. No. Culture Isolated Location Cell Size Gram Spores Cyt Motility DSV/ Opt % Range Identity 
on shape Character type DSR NaCI NaCI % 

29 F16* Formate 2-5 cm filament 1mm G- a gliding 6.0 0-12 Desulfonema sp 
30 NaL1* Lactate 0-2 cm rod 4.0 G+ + b 6.0 3.5-12 Desulfotomaculum orientis 
31 NaL2* Lactate 5-10 cm cocci 1.0 G- c DSV 3.5 0-8 Desulfococus multivorans 
32 NaL3* Lactate 0-2 cm rod 4.0 G+ b 10.0 0-12 Desulfotomaculum orientis 
33 NaL5* Lactate 0-2 cm rod 1.3 G- 6.0 0-14 Desulfovibrio baculatus 
34 NaL7* Lactate 0-2 cm rod 2.0 G- c DSV 8.0 3.5-12 Desulfomonas pigra 
35 NaLa* Lactate 2-5 cm vibrio 3.5 G- c DSV 6.0 3.5-10 Desulfovibrio desulfuricans 
36 NaLb* Lactate 2-5 cm rod 4.0 G- a DSV 6.0 3.5-8 Desulfotomaculum orientis 
37 NaLc* Lactate 5-10 cm rod 2.0 G- DSV 6.0 3.5-8 Desulfomonas pigra 
38 NaLf* Lactate 0-2 cm rod 2.0 G- DSV 6.0 3.5-8 Desulfomonas pigra 
39 NaLi* Lactate 0-2 cm rod 1.3 G- c 8.0 0-12 Desulfovibrio baculatus 
40 NaLk* Lactate 0-2 cm rod 1.2 G- c 6.0 0-8 Desulfobacter postgatei 
41 NaLg* Lactate 2-5 cm filament 1 mm G+ c gliding DSV 6.0 0-18 Desulfonema limicola 
42 HBz1* Benzoate 0-2 cm rod 1.3 G- c 3.5 0-8 Desulfovibrio baculatus 
43 HBz2* Benzoate 0-2 cm cocci 1.0 G- DSV 8.0 0-14 Desulfococus multivorans 
44 HBz3* Benzoate water cocci 1.0 G- c DSV 6.0 3.5-14 Desulfococus multivorans 
45 HBz4* Benzoate water rod 1.3 G- c 6.0 0-8 Desulfobacter postgatei 
46 HBz5* Benzoate 5-10 cm rod 1.3 G- 6.0 0-12 Desulfobacter postgatei 
47 HBz6* Benzoate water rod 4.0 G+ c 6.0 0-12 Desulfotomaculum acetooxidans 
48 HBz7* Benzoate 5-10 cm rod 1.3 G- c 6.0 0-14 Desulfobacter postgatei 
49 HBz8* Benzoate 5-10 cm rod 1.3 G- c 8.0 0-14 Desulfobacter postgatei 
50 HBz9* Benzoate 5-10 cm rod 1.3 G- c 3.5 0-12 Desulfobacter postgatei 
51 HBz10* Benzoate 0-2 cm rod 5.0 G- b DSV 3.5 0-12 Desulfovibrio gigas 
52 Pra* Propionat 2-5 cm lemon- 

shaped 
2.0 G- a 3.5 0-10 Desulfobulbus propionicus 

Contd. 



Table 8: Abundance and Distribution of Mesohaline SRB on different substrates. 
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Substrate 
formate 6 1 7 2 0 2 1 0 2 0 0 0 7 
acetate 0 1 0 0 0 1 2 0 0 0 0 0 3 
pyruvate 0 4 0 0 3 0 0 1 1 1 0 0 5 
lactate 1 1 1 2 3 0 0 3 1 0 0 0 7 
palmitate 2 1 0 0 0 1 0 0 0 0 0 0 3 
butyrate 1 0 0 3 1 2 1 0 0 0 0 0 6 
benzoate 5 0 2 1 0 0 1 0 0 0 1 0 5 
propionate 3 0 0 0 0 2 1 1 0 3 0 0 5 
zobell 2 4 1 2 3 1 0 1 0 0 0 1 8 

Total 20 12 11 10 10 9 6 6 4 4 1 1 94 
yo 21.28 12.77 11.70 10.64 10.6 9.57 6.38 6.38 4.26 4.26 1.06 1.06 



(A):Scanning electron micrograph of Desulfobulbus propionicus. 
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(B):Scanning electron micrograph of Desulfococus muffivorans 

PLATE VI 
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Fig. 70: Depthwise distribution of mesohaline (A) and hypersaline (B) SRB genera. 



(A): Scanning electron micrograph of Desulfotomaculum sp: shows lenticulate forms. 

(B): Scanning electron micrograph of Desulfovibrio sp. 

PLATE VII 



Table 9: Cytological, pigment and physiological characteristics of hypersaline SRB isolates and their affinity to existing genera. 

Sr. No Name Isolated Location Cell 
shape 

Size 
i.t 

Gram 
Charac spores 

Cyt 
type 

Motility DSV/ 
DSR 

Opt % 
NaCI 

Range 
NaCI % 

Identity * 

1 AC1 Acetate Water vibrio 0.85 

+
 +

 +
  
+

 +
 
+

 . 
+

 +
 +

 +
 +

 +
  
+

 
•
 +

 +
 +

 + DSV 14 3.5-18 Desulfococcus multivorans 
2 AC2 Acetate 2-5 Cm vibrio 1.70 - DSV 24 3.3-30 Desulfovibrio desulfuricans 
3 AC3 Acetate 2-5 Cm vibrio 0.85 - DSV 14 3.5-16 Desulfovibrio vulgaris 
4 AC4 Acetate 0-2 Cm tiny rods 1.7( - DSV 20 3.3 - 12 Desulfococcus multivorans 
5 AC8 Acetate 2-5 Cm bent rods 4.0( - DSV 22 3.5 - 14 Desulfotomaculum/ 

Desulfomicrobium 
6 AC9 Acetate 5- 10 Cm rods 4.25 - DSV 18 3.5-30 Desulfovibrio salexigens 

-7 BU2 Butyrate 0-2 Cm rods 2.5( - 14 3.5-30 Desulfovibrio halophilus 
8 BU4 Butyrate 2-5 Cm rods 2.00 - DSR 26 3.5-30 Desulfomicrobium sp. 
9 BU5 Butyrate 5-10 Cm thin rods 4.24 

th - as DSV 28 3.5 - 14 Desulfomonas sp. 
10 BZ3 Benzoate Water curved rod 2.50 - DSV 10 3.5 - 16 Desulfovibrio sp. 
11 BZ5 Benzoate 0-2 Cm vibrio 3.50 - DSR 16 3.5 - 10 Desulfovibrio sp. 
12 BZ7 Benzoate 2-5 Cm lenticulate 4.25 - - 16 3.5 - 8 Desulfovibrio sp. 
13 F4 Formate 2-5 Cm rods 3.50 - - 14 3.5 - 28 Desulfomonas sp. 
14 F5 Formate 5-10 Cm tiny rods 2.50 + - 26 3.5-10 Desulfotomaculum sp. 
15 F6 Formate 5-10 Cm bent rods 4.25 - DSV 18 3.5-24 Desulfotomaculum sp. 
16 F8 Formate 2-5 Cm rods 4.00 - - 12 3.5 - 30 Desulfomonas sp. 
17 L1 Lactate 2-5 Cm rods 4.25 - - 22 3.5 - 12 Desulfovibrio sp. 
18 L4 Lactate 0-2 Cm bent rods 4.25 - 16 3.5-30 Desulfotomaculum sp. 
19 L5 Lactate 5-10 Cm tiny rods 2.50 + - 24 6 - 12 Desulfovibrio sp. 

DSV=Desulfoviridin 	* identity not confirmed 
DSR=Desulforubidin 

I 	c 



Table 10: Biochemical Tests for identification of Hypersaline SRB. 

AC1 	AC2 	AC3 AC4 AC8 	AC9 	BU2 BU4 BU5 BZ3 	BZ5 BZ7 F4 F5 F6 F8 L1 L4 L5 
Aerobic Growth + - - - - - - --+ - + - + - - - - - - . 

Gas pak Growth + - + + + + + - - + + 
Substrates utilization/reaction 
Oxidase 
Gelatinase 
Catalase 
NaDH Oxidase 
Formate 
Lactate 
Acetate 
Butyrate 
Benzoate 
Pyruvate minus SO4 
Pyruvate plus SO4 

- - - - - - - - - - - - - - - - - - _ 

- + + - + + - - _ + - - + + + + + - + 
- - - - - - + - - - - - - - - - - - - 
- - - + - - + + . _ 
++ ++ ++ + ++++ ++++ +++ + - ++++ ++++ +++ ++ ++ ++ ++ + + 
+++ +++ ++ + ++++ +++ ++++ +++ ++++ ++++ ++++ +++ +++ +++ +++ +++ ++ +++ ++++ 
+ ++ ++ ++ ++ + + + - ++ ++ + _ _ ++ - - - - 
+++ ++++ ++ ++ ++++ ++ + + ++ - ++ - ++ - + _ _ + + 
+ ++ - + - + + + - ++ ++ + - - - - - - - 
- - - - - - - - - + + + - + - _ + + - 
+ + + + + + + + + + + + + + + + + + 

Hi-test Kit KB002 
Citrate + + + + + + + + - + + + + + - + + + 

Lysine 
Decarboxylation - - - - + - + - - - - - - - + - - - - 
Ornithine 
Decarboxylation - - - - + - ++ _ - - - _ _ _ 
Urea - - - - - - - - - - - - - - - - - - - 
Tryptophane - + - - - + + + - _ - - _ - - - - 
Nitrate reduction - - + + - - - - - + + - + + + + + + + 
Reduction of 
Thiosulphate to H 2S - + - - - ++ - - - - - 

Sugars: 
Glucose ++ - + ++ + - ++ - ++ ++ ++ - + + + - + + + 
Adonitol + + + + + - ++ + ++ + + + + + - + + + 

Lactose + - + + + - ++ + + + 	_+ + + + - + + + 

Arabinose - - + + - + + + + + - + + + ++ + + + 

Sorbitol + - + + + - + + + + + + + + + + + + + 



Table 11: Abundance and Distribution of Hypersaline SRB on different substrates. 
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Substrate 
formate 0 1 0 0 1 1 0 0 0 0 0 1 4 
acetate 1 0 1 0 0 0 2 1 1 0 0 0 5 
lactate 0 0 0 1 0 1 0 1 0 0 0 0 3 
butyrate 0 1 0 0 1 0 0 0 0 0 1 0 3 
benzoate 1 1 0 0 0 0 0 0 0 1 0 0 3 

Total 2 3 1 1 2 2 2 2 1 1 1 1 19 
% 10.52 15.70 5.25 5.25 10.5 10.5 10.50 10.5 5.25 5.25 5.25 5.25 

* only confirmed identity 



A few interesting observations were also made. Three isolates 

(Desulfomicrobium, Desulfovibrio and Desulfococcus) grew aerobically on agar 

plates (upto 2-3 days). But behaved like SRB when transferred to Hatchikian's 

liquid media. Nine isolates seem to be facultative anaerobes and seven of 

them were positive for NADH oxidase. A few of them were also able to utilize 

gelatin. 

The distribution of the six genera based on substrates is given in 

Table 11. Acetate was the most preferred one among five substrates. Five 

different genera were retrieved on this substrate. The number of genera 

retrieved in formate was four. Although 50% of the isolates were identified as 

Desulfovibrio sp, they were retrieved from four different substrates with a 

maximum retrieval on acetate. 

SRB isolated from one medium, were checked on other substrates. 

Most of them generally grew on other the substrates as well albeit at lower 

rates. Similarly the metal tolerance study showed that these isolates were able 

to tolerate higher concentrations of Hg and Pb. This is dealt in detail under the 

SRA section 4.7.4. Of the 19 hypersaline isolates checked for their nitrogen 

fixing ability, one from lactate (L1), one from butyrate (B4) and three from 

benzoate (Bz3, Bz5 and Bz7) were found to exhibit good growth in nitrogen free 

media. 

4.10.2. Molecular Taxonomy: 

All the 19 isolates were processed for phylogenetic affiliations. The 

sequences of the nineteen isolates are given in Table 12. Seven of these could 

be identified up to the species level at 99% homology. Two of them viz. A4 and 
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Table 12: 16 S rDNA identification. 

No Sequence Identification 
_. 

No. of 
seq 

% 
homology 

F1* TTCTGCAGTCTAGAAGGAGGTGTTCCAGCCGCAGGITCCCCTACGGCTACCITGTTTCGACTTCACCCCAGTCATGAACCAC 
ACCGTGGTGATCGCCCTCCGAAGTTAGGCTAACCACTTCTGGTGCAGTCCACTCCCATGGTGTGACGGGCGGTGTGTACAAG 

Halomonas 
elongata 

398 99% 

GCCCGGGAACGTATTCACCGTGCCATTCTGATGCACGATTACTAGCGATTCCGACTTCATGGAGTCGAGTTGCAGACTCCAA 
TCCGGACTGAGGCCGGCTTTCTGGGATTGGCTTCACCTCGCGGCTTCGCAACCCTTTGTACCGGCCATTGTAGCACGTGTGT 
AGCCCTACCCGTAAGGGCCATGATGACTTGACGTCGTCCCCACCTTCCTCCGG 1 1 1 GTCACCGGCAGTCT 

F4 CCAGAGTTTGATCATGGCTCAGATTGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGAGCGGTAACAGGTCCAGCTTGCT 
GGACGCTGACGAGCGGCGGACGGGTGAGTAATGCATAGGAATCTACCCAGTCGTGGGGGATAACCTGGGGAAACCCAgGCT 
ATACCGCATACGTCCTACGGGAGAAAGCGGGGGCTCTTCGGACCTCGCGCGATTGGATGAGCCTATGTCGGATTAGCTGGTT 

Chromohalo- 
bacter 
israelensis 

445 99% 

GGTGGGGTAACGGCTCACCAAGGCGACGATCCGTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCC 
ANACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGG 
CTTTCGGGTTGTAAAGCACTTTCAGTGGGGAAGAA 

F8 GTCGCCTTGGTGATCCGTTACCCCACCAACCAGCTAATCCGACATAGGCTCATCCAATCG 
CGCGAGGTCCGAAGAGCCCCCGC 

Halomonas 
elongata 

278 99% 

TTTCTCCCGTAGGACGTATGCGGTA'ITAGCCTGGGITTCCCCAGGTTATCCCCCACGACTG 
GGTAGATTCCTATGCATTACTCACC 
CGTCCGCCGCTCGTCAGCGTCCAGCAAGCTGGACCTUTTACCGCTCGACTTGCATGTGTTA 
GGCCTGCCGCCAGCGTTCAATCT 
GAGCCATGATCAAACTCTGCCAGAT 

A4 ttGGGCCCGATTCGCATGCTCCCGGCCGCCATGGCGGCCGCGGGAATTCGATTTTCTGCAGTCTAGAA Uncultured 193 97% 
GGAGGTGTTCCAGCCGCAGGTTCCCCTACGGCTACC'TTGTTACGACTTCACCCCAGTCATGAATCACA Pseudomonas 
CCGTGGTAACCGTCCTCCCGAAGGTTANACTANCTACTTCTGGTGCAACCCACTCCC 

B27 GGGCCCGATGTCGCATGCTCCCGGCCGCCATGGCGGCCGCGGGAATTCGATNNTCTGCAGTCTATAAG 
GAGGTGATCCAGCCGCACCTTCCGGTACGGCTACCTTGTATACGACTTGCACCCCTCTTACCAGGACA 

Uncultured 
antarctic soil 

188 94% 

CACNCTTCGGCNTNCGCAGCATGACTTCTGGTACATCCAACTCGATTGGTGT 



No Sequence Identification No. of 
seq 

% 
homology 

Ll CCAGAGTTTGATCATGGCTCAGATTGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGAGCGGTAACAGGTCCAGCTTGCT 
GGACGCTGACGAGCGGCGGACGGGTGAGTAATGCATAGGAATCTGCCCAGTCGTGGGGGATAACCTGGGGAAACCCAGGC1 
ATACCGCATACGTCCTACGGGAGAAAGCGGGGGCTCTTCGGACCTCGCGCGATTGGATGAGCCTATGTCGGATTAGCTGGTT 

Chromohalo- 
bacter 
israelensis 

529 99% 

GGTGGGGTAACGGCTCACCAAGGCGACGATCCGTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCC 
AGACTCCTACGGGAGGCAgCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGG 
CTTTCGGGITGTAAAGCACTTTCAGTGGGGAAGAAgGCTTGTCGGCCAATACCCGGCAAGAGCGACATCACCCACAGAAGAA 	- 

GCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATAC 

B2 T7TCTGCAGTCTAGAAGGAGGTGATCCAGCCGCAGGTTCCCCTACGGCTACCTTGTTACGACTTCACCCCAATTACCAGCCT D. halophilus 494 99% 
TACCGTAgGCGACTGCCTCCTAAAAGGTTAGCCTGCCGACGTCGGGTAAGACCAGCTTTCGTGGTGTGACGGGCGGTGTGTA 
CAAGGCCCGGGAACGTATTCACCCCGGCATGCTGATCCGGGATTACTAGCGATTCCAACTTCATGCAGTCGAGTTGCAGACT 
GCAATCCGGACTGGGACGCACTTTTIGGGATTGGCTTGACCTCACGGCTTAGCTACCCTTTGTATGCGCCATTGTAGTACGT 
GTGTAGCCCTGGACGTAAGGGCCATGATGACTTGACGTCGTCCCCACCTTCCTCCCGGTTAACCCGGGCAGTCTCATTAGAG 
TGCCCACCATTATGTGCTGGCAACTAACAATAGGGGTTGCGCTCGTTGCGGGACTTAACCCAACACCTCACGGCACGAGCTG 
AC 

B4 CGATTCCAGAGTTTGATCCTGGCTCAGATTGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGAGCGGTAACAGGTCCAG 
TTGCTGGACGCTGACGAGCGGCGGACGGGTGAGTAATGCATAGGAATCTACCCAGTCGTGGGGGATAACCTGGGGAAACCC 
GGCTAATACCGCATACGTCCTACGGGAGAAAGCGGGGGCTCTTCGGACCTCGCGCGATTGGATGAGCCTATGTCGGATTAG 

Chromohalo- 
bacter 
israelensis 

648 99% 

TGGTTGGTGGGGTAACGGCTCACCAAGGCGACGATCCGTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACAC 
GGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAA 
GAAGGCTITCGGGTTGTAAAGCACTITCAGTGGGGAAGAAGGCTTGTCGGCCAATACCCGGCAAGAGCGACATCACCCACAG 
AAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGC 
GCGCGTAGGCGGCTTGTCACGCCGGGTGTGAAAGCCCCGGGCTCACCTGGGAACGGCATCCGGACCGGCAGGCT 

B5 GTCGCCTTGGTGATCCGTTACCCCACCAACCAGCTAATCCGACATAGGCTCATCCAATCG 
CGCGAGGTCCGAAGAGCCCCCGC 

Halomonas 
elongata 

278 99% 

i iTCTCCCGTAGGACGTATGCGGTATTAGCCTGGGMCCCCAGGTTATCCCCCACGACTG 
GGTAGATTCCTATGCATTACTCACC 
CGTCCGCCGCTCGTCAGCGTCCAGCAAGCTGGACCTGTTACCGCTCGACTTGCATGTGTTA 
GGCCTGCCGCCAGCGTTCAATCT 
GAGCCATGATCAAACTCTGCCAGAT 



B27 belonged to the uncultured species. Four belonged to Halomonas 

elongate (L1, B5, Fl and F8), two Chromohalobacter israelensis, (B4 and F4), 

and one to D. halophilus (B2). The phylogenetic affiliation of sulphate reducing 

prokaryotes to different phyla are shown in Chart 1, 2 and 3. The hypersaline 

isolates from the present salt pans were distributed in two phyla, the Firmicutes 

(4 species) and the Proteobacteria (delta). In the Delta Proteobacteria they 

were distributed in all the three orders viz. Desulfobacterales (6 species), order 

Syntrophobacterales (one species) and order Desulfovibrionales (6 species). 

4.11. Plasmid: 

Five isolates of the hypersaline (L1, L4, B2, Bz3, and F5) indicated the 

possibility of harbouring extra chromosomal DNA. However, only L1 exhibited 

the 'presence of a plasmid unequivocally. The molecular weight of this plasmid 

was approximately 5 Kb. Attempts were made to restrict the plasmid with Barn 

H1 and Eco R1, but were not successful. The presence of a mega plasmid very 

close to the well was observed in Culture L4, suggesting the presence of a 

megaplasmid (Plate VIII). This isolate also showed very high resistance to Hg. 
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	Firmicutes 

Desulfotomaculum reducens 
—D. ruminis 

D. aeronauticum 
D. putei 
D. nigrificans  

D. thermosapovorans 
— D. thermoacidovorans 

	— D. sapomandans 
— D. gibsoniae 

D. geothermicum 

^ D. australicum 
— D. thermocisternum 
— D. lucrae 
— D. kuznetsovii 
— D. thermoacetoxidans 

D. themobenzoicum 

D. acetooxidans 
D. alkaliphilum 
D. halophilum  

Desulfitobacterium frappieri 
D. hafniense 
D. chlororespirans 
D. halo genens 
D. auripigmentum 
D. orientis 

CThermodesulfovibrio islandicus 
T. yellowstonii 
	 Thermodesufobacterium mobile 
—T. hveragerdense 
—T. commune 
—T hydrogeniphilum 

EUKARYA 

BACTERIA 

	Nitrospira- 

Thermodesulfobacteria 

 

Proteobacteri 

 

—ARCHAE 

   

Archaeoglobus fulgidus 
A. veneticus 
A. lithotrophicus 
A. profundus 

Euryarchaeot 

  

  

   

Chart 1: Phylogenetic affiliations of the sulphate reducing prokaryotes belonging 
to the phylum Firmicutes (family peptococcaceae) phylum Nitrospira, 
phylum Thermodesulfobacteria and phylum Euryarcheota. 

Contd. 



( 1. .o,s, DELTA PROTEOBACTERIA 
Desulfotalea arctica 
	 D. psychrophila 

Desulfobacterium catecholicum 
Desulforhopalus singaporensis 

— D. vacuolatus 
Desulfofustis glycolicus 
Desulfocapsa thiozymogenes 
Desulfocapsa sulfexigens 
Desulfobulbus rhabdoformis 

— D. propionicus  
- D. elongatus 

Desulforhabdus amnigena 
— Syntrophobacter wolinii 

Desulfovigra adipica 
— Desulfacinum infernum 
— D. hyrrothermale 
—Thermodesulforhabclus norvegica 

R 

DE SULFOBAC TERALES 

‘; 	1. 

SYNTROPHOBACTERALES 

	I 
Desulfoarculus baarsii 
Desulfomonile tiedje 
D. limimaris 
Desulfobacca acetoxidans 
Desulfocella halophila 

— Desulfobacter latus 
D. halotolerans  

— D. vibnoformis 
— D. postgatei 
— D. curiatus 
— D. hydrogenophilus 
— Desulfotignum balticum 
- Desulfospira joergensenii 

- Desulfobacula phenolica 
— D. toluolica 
- Desulfobacterium vacuolatum 
— Desulfobacterium niacini 
— D. autotrophicum 
- Desulfofaba gelida 
- Desulfofrigus oceaniense 
	 Desulfofrigus fragile 
— Desulfobortulus sapovorans 
— Desulfobacterium cetonicum 
- Desulfosarcina variabilis  
— Desulfostipes sapovorans 
- Desulfobacterium indolicum 
— D. oleovorans 
- Desulfococcus multivorans 
— Desulfonema ishimotonii 
— D. magnum 
— D. limicola 
— Desulfobacterium anitinl 

Chart 2: Phylogenetic affiliations of the sulphate reducing prokaryotes 
belonging to class Deltaproteobacteria: order Desulfobacterales and 
order Syntrophobacterales. 



DESULFOVIBRIONALES Desulfovibrio caledoniensis 
	,r— D. dechlorcetivorans 
— D. profundus 

D. aespoeensis 

r  D. oxyclinae 
L D. halophilus 

	 D. aminophilus 
L D. africanas 

	 D. graciles 
D. longus 

	 D. aestuari 
	 D. senezii 

D. salexigens 
I— D. zosterae 

D. gabonensis 
L D. indonesiensis 

D. bastinil 

D. gigas  
fructosivorans 

—D. alcoholivorans 
	D. burkinens is 
—D. sulfodismutans 

inopinatus 
[ D. intestinalis 

D. fairfieldensis 
	 D. piger 

D. desulfuricans 
D. cuneatus 
D. litoralis 

D. termitidis 
	 D. longreachensis 

D. vulgaris  

[

E

D. vietnamensis 
	D. alaskensis 

D. acrylicus 

Desulfomicrobium hypogeium 
D. norvegicum 
	Desulfobacterium macestii 

Desulfomicrobium saspheronum 
D. baculatus 
D. orale 

"-Desulfonatronovibrio hydrogenovorans 
Desulfohalobiutn retbaense 
Desulfonatronum lacustre 

Chart 3: Phylogenetic affiliations of sulphate reducing prokaryotes belonging to 
the class Deltaproteobacteria: order Desulfovibrionales. 
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Chapter 5 

DISCUSSION 



5.1. SRB Population: 

The sulphate reducing bacteria in the saltpan was structurally and 

functionally dynamic through out the year. The sulphate reducing bacterial 

abundance in overlying waters and sediments were in the order 10 2 -3  MI -1  and 

10 2-5  g -1  respectively. These bacterial numbers are comparable to the earlier 

studies on the mangrove and estuarine systems around Goa (Loka Bharathi et 

al, 1991; Saxena et al 1988). Interestingly, bacterial density was also 

comparable to marine coastal waters and sediments of the temperate regions 

(Hines and Buck, 1972; Nedwell, 1978; Jorgensen 1978). Being the first study 

on Thalassohaline saltpans from tropical area, the results of this study could not 

be compared to other similar tropical systems. Hence the results are discussed 

in the context of hypersaline ecosystems from temperate regions. Most of 

these temperate studies have dealt with ecological and ecophysiological 

aspects of sulfate reduction in hypersaline mats, few studies have been 

concerned with sulfate reduction activity in aphotic hypersaline sediments. 

(Oren 1988; Canfield and Des Marais, 1993; Brandt et al, 2001; Sahm et al, 

1999 a). These authors have reported the abundance of SRB in the sediments 

or microbial mats to range from 10 5  to10 8  cells.cm-3 , which is 2-3 orders higher 

than this study (Brandt et al 1999; Sahm et al, 1999 b). This difference in 

number may either be due to regional differences or techniques used such as 

MPN technique or the probe method. Inspite of the limitation of shake agar 

technique, it, was adopted in this study as (1) this approach helps to decipher 

the 'actual number" of culturable forms instead of the "most probable number" 

which gives a much higher retrieval number in an ecosystem (Jorgensen and 

Bak, 1991) (2) the use of probes for ecological studies allows only a virtual 
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assessment. Further, Rehnstam et al. (1993), contend that even when colony 

counts are low they may include those species that are dominant in an 

ecosystem. This dominant group may be cultured and studied which can help 

to elucidate their physiological basis of adaptation to the hypersaline 

environment. Moreover this gives us a chance to examine the cultures for 

novelty of isolates in lineages or function and preserve them for harnessing the 

biotechnology potential and other applications in future. As it has become a 

dogma that very few marine bacteria are culturable in natural media (Jannasch 

and Jones, 1959; Kogure et al, 1979) the media for hypersaline work were 

amended to improve retrievability by keeping the substrate concentration low 

(1 mM of mixed substrates) and using crystallized salt from saltern. 

The distribution of SRB in this saltpan showed spatial and temporal 

variations with noticeable high numbers in certain months. The abundance of 

SRB was more in the surface than in the deeper layers. Similar high numbers 

were reported in the surface layers of temperate saltpans irrespective of the 

different techniques used by authors (Vester and Ingvorsen, 1998; Llobet-

Brossa, 2002). The presence of this high number at the surface was not 

accompanied by high Eh as compared to the deeper layers of the core. This 

may be because the sulfide produced by SRB gets either biologically or 

chemically oxidized at the surface much faster than at the deeper layers. In the 

deeper layers, sulphide concentration varied from 0.05 to 207.7 pg.g -1  and this 

is double the concentration of the shallower regions. At deeper depth SRB: 

TDLO ratio had the maximum control over the sulphide concentration 

amounting to about 89%. The only exception was seen with the SRB that 

utilize lactate where their number coincided with the highly reducing conditions. 
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The distribution of SRB utilizing different substrates also showed spatial 

variation. Lactate and acetate oxidizing bacteria were the most abundant 

groups present in the saltpan. The lactate degraders were abundant at the 

0-5 cm depth and acetate degraders were more common at the 5-10 cm. The 

depth wise differences in the distribution of different substrate utilizing bacteria 

may be due to the differences in the distribution of the substrates itself. 

Although not as abundant as the lactate oxidizers, acetate oxidizing 

SRB were found throughout the year inspite of the fact that most abundant SRB 

in extremely hypersaline environments are incomplete oxidizers (011ivier et al, 

1994; Oren 1999). However, reports are there on their occurrence as one of 

the two functional groups of SRB in the salt marsh sediments (Banat et al, 

1981). 

5.2 Effect of environmental parameters on SRB population: 

5.2.1 Temperature: 

The saltpans being a shallow region, the influence of temperature on 

SRB would be expected as temperature generally has a positive influence on 

growth and activity of bacteria. Such influence in growth and activity has been 

reported in shallow depths of marine sediments (Westrich & Berner, 1988). 

Fukui and Takii (1989) found that temperature significantly stimulates SRB 

production and intensifies sulphate reduction. However, in this study such 

relationship was not noticed. This may be due to the fact that influence of 

temperature is less in tropical system compared to temperate regions. 
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5.2.2. Salinity: 

In contrast to temperature, there was more variation in salinity in this 

ecosystem due to the constant charging of the ponds with seawater. Salinity 

had a positive influence on the abundance of SRB in this system. This 

influence was not direct but was due to the positive link between sulphate and 

salinity, which was also observed in the saltpan. In water, a strong positive 

relationship was observed between the abundance and salinity. This 

relationship was also observed for the different groups of SRB i.e. (lactate, 

acetate, propionate, butyrate, and benzoate). In the case of the sediment 

samples, this relationship was restricted to different sections of the core 

depending on the month of collection. The abundance of SRB on all the 

substrates was maximum in the month of December when salinity was between 

50 and 80 psu. Hence it is possible that this relationship could either be due to 

some other factors (organic matter, total heterotrophic bacteria and TDLO) or 

the possibility that the retrieval SRB have a preference to a particular range of 

salinity. The latter explanation was strengthened by the high sulfate reducing 

activity observed at this range of salinities. Among the different groups, 

benzoate degraders were the only group that was influenced by salinity. This 

high relationship could be due to enrichment of the sediments with phenolic 

acids and other derivatives that fluxed into the saltpans from the mangrove 

sediments (Karanth et al, 1975) and the flux is high during the monsoon period. 

The variability in the benzoate oxidizers due to salinity was comparatively 

higher during the monsoon (31%) than the post and pre-monsoon periods (14 

and 2.5 % respectively). 
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5.2.3. Sulphide and Sulphate: 

The effect of sulphide concentrations on the abundance of sulphate 

reducing bacteria was more discernable in pre-monsoon compared to the two 

seasons. This may be due to the differential response of the groups of SRB 

except acetate oxidizers to increased sulphate activity (sulphide production) 

due to rise in salinity. At the surface layer the SRB were positively influenced 

by sulphate, suggesting that the oxidation of sulphide proceeds at a rate far 

exceeding its reduction which could be either by TDLO or by SRB themselves 

albeit at a lower rate or both. 

5.2.4. Oxygen: 

Though SRB are known to be strict anaerobes, high numbers have been 

encountered in oxygenated (0.05 to 3.83 m1.1 -1 02.) overlying waters and surface 

sediment layer of the saltpans .Similar observation was reported where 

maximal numbers of detectable SRB were noticed within the upper 3 cm depth 

which accounted for 12.3% of the total cells and that below 3 cm were 

accounted for 1.7% using probe method. It is now emerging that they can also 

tolerate oxygen.There occurrence in oxygenated environment may be due to 

their being aerotolerant to some degree (Cypionka et al 1985; Fukui and Takii 

1990; Hardy and Hamilton, 1981) and even after prolonged exposure to oxygen 

many species can resume anoxic growth. Frund and Cohen (1992) has 

reported metabolic activity of SRB in the presence of oxygen. Most of them 

were found to contain superoxide dismutase and even in some cases catalase 

(Abdollahi and Wimpenny, 1990; Hardy and Hamilton, 1981). Little is known 

about the enzymes involved in oxygen consumption in SRB. However, NADH 
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oxidase activities have been observed in some SRB like D. gigas and 

Desulfuvibrio desulfuricans strains (Chen et al, 1993),In the present study, 5 

isolates grew on aerobic plates, two isolates possessed NaDH oxidase and 

catalase,one isolate had catalase and the other had only NaDH oxidase. Many 

Desulfovibrio sp. have been isolated from oxic regions of microbial mats. Most 

striking observation made by Minz et al (1999 b) that all dissimilatory sulphate 

reductase (DSR) gene sequences in cyanobacterial mats were derived from 

permanently oxic zones or affiliated to clades whose members are closely 

related to Desulfonema - Desulfococus groups which are metabolically versatile 

and.can cause complete oxidation of substrate (Widdel and Bak, 1991). These 

observations are inconsistent with the generally accepted paradigm that 

environmentally available electron acceptors are depleted sequentially 

according to the thermodynamically predicted order of preference. Sometimes, 

in nature such electron acceptors can be used simultaneously because of 

selective advantage through syntrophy or these organisms exist in 

microhabitats and use the available organic carbon and fermentation products. 

5.2.5 Total Organic Carbon (TOC): 

Though the distribution of SRB can be carbon limited no relationship was 

observed between these two parameters because most of the TOC may be 

either non available or recalcitrant. This decreased lability could be due to the 

higher input form organic matter with higher C:N ratio from the mangrove 

environment in the vicinity (De Souza 2000). It is possible that the distribution 

is more dependent on the quality than quantity of the organic matter. High 

salinity reduces solubility and hence bioavailability. Conversely, if there is 
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intermittent reduction in salinity, it would improves solubility of organic carbon 

besides other constituents. Though organic input was high during the 

monsoon, the SRB population was not high during this period but during the 

subsequent post monsoon season, which is more mesohaline than the 

monsoon. If it is taken into consideration that organic matter mainly controls 

SRB, then it is but natural that SRB should respond in high number during the 

monsoon. However, the response was observed in the post monsoon. This 

could be either due to the effect of increased dissolution of organic matter under 

mesohaline conditions or due to the increased availability of low molecular 

weight substrates (acetate, butyrate and propionate) substrates produced by 

the fermentative heterotrophs. Though TOC concentrations increased with 

depth it is perhaps more recalcitrant and therefore less amenable to 

degradation by either heterotrophic bacteria or SRB. 

5.3 Relationship of SRB with other bacterial group: 

Apart from abiotic parameters, the biotic factors like the bacteriological 

parameters also play a role in the distribution and abundance of SRB. The 

number of SRB can also be influenced by the total bacterial population (TC) 

which was responsible for 40 to 50% variation in the SRB population in the 

surface layer of the sediment. This may be because majority of TC are also 

heterotrophs that can compete for some of the common substrates in the 

relatively more dynamic surficial layers. It was noticeable that nearly 75% of the 

total counts were inactive except in the month of May, July and October. 

Generally, it is only a low percentages of bacterial population are active and 

they spurt into activity when there is fresh input of organic load or soon after a 
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grazing pressure when the numbers have fallen below a threshold level. The 

average ratios of the orange and green cells in the overlying water were found 

to be 1:3 during the pre-monsoon, to 1:5 during the post-monsoon and 1:8 

during the monsoon season. Thus with lots of terrestrial and fresh water run 

off, the abundance of non-active forms increased considerably in the monsoon 

period reducing the fraction of the active forms. In the sediments, the active 

cells were at least 1 1/2 to 9 times more than the inactive cells. The disparity 

was lowest at the surface and during the pre-monsoon season and maximum 

during the monsoon at 5-10 cm depth where the ratio of green:orange 

cells is 1:9. 

The numbers retrieved on various substrates have some commonality, 

as seen by the influence of each substrate oxidizers on the average number of 

SRB retrieved. Maximum variability in the average SRB was contributed by the 

acetate degraders (72%), followed by benzoate degraders (60%). The least 

contribution was by the lactate degrading bacteria, i.e. 43% in the pre-monsoon. 

The maximum influence in the average variability in the monsoon was by the 

butyrate oxidizers (81%), followed by acetate oxidizers (77%). In the post-

monsoon season the average bacterial counts showed a maximum variability 

with the formate oxidizers. The heterotrophic anaerobic counts were also seen 

to influence the variation in SRB population significantly by 72%. 

SRB also relate to TDLO which act as sink for the sulphide that SRB 

produce. Though the abundance of TDLO did not show any relationship to SRB 

or heterotrophic bacteria in water, the average count showed an r value of 

0.78, with the SRB/TDLO (aerobic + anaerobic/2) ratio average (thus 

indicating that about 60% of the variation in average SRB counts is responsible 
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for the variation in this ratio. In the sediments, the relationship between the 

groups are much more stronger at 2-5 cm depth. Thus SRB bear a positive 

relationship with the aerobic TDLO and they influence the distribution of SRB 

more strongly than the anaerobic TDLO. The ratio R1 also dictates the 

abundance of R2 in water(r=.82). The coupling between R1 and R2 

(SRB/heterotrophs) is so tight that the changes in one is controlled totally by the 

changes in the other. The relationship also suggests that all heterotrophic 

bacteria may have the sulphide oxidizing capacity i.e. the distribution of these 

mixotrophic TDLOs control the supply of organic substrate and the removal of 

the by-product of sulphate reduction. The relationship between these groups 

are more pronounced in the post-monsoon than in the other 2 seasons. In the 

postmonsoon season about 90% of the variation in TDLO (aerobic) is controlled 

by the variation in aerobic heterotrophs. As TDLO (aerobic) can also be 

facultative anaerobes the relationship between the aerobic and anaerobic forms 

is significant at P= 0.81. It is possible that there is an overlap of 23% in the two 

forms enumerated in this season. The total heterotrophic aerobic counts also 

influence the abundance of anaerobic TDLO to an extent of 68%. These 

relationships were strong during the post-monsoon season. 

5.4 Taxonomy: 

Biochemical and physiological characteristics of isolates show affinities to 

about 12 genera under mesohaline conditions. Such increased variety under 

mesolhaline conditions have been noted earlier in estuarine ecosystems (Loka 

Bharathi et al 1991, Parulekar et al, 1980). Acetate was the most preferred 

substrate. Desulfobacter postgatei was the most dominant species 
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encountered from all the depths irrespective of the substrate used. These SRB 

are thus nutritionally versatile and therefore ecologically competitive. However, 

in hypersaline conditions Desulfovibrio sp was the most dominant genus. Some 

of the SRB from this region could also show aerobic growth. It has been shown 

for the first time that ZoBell's medium could be used for the retrieval of SRB in 

high numbers and kind. The medium being a bit more complex than the 

medium generally used for SRB, it supports a wider number and types of SRB. 

The phylogenetic affiliations obtained by traditional methods have been 

compared with that obtained by molecular method like 16S rRDNA technique. 

Molecular taxonomy have indicated that of the 19 cultures only 9 

rendered themselves for complete sequencing. As some of the isolates could 

be totally new, it is possible that the current probes would not be useful to 

amplify them. Hence, other primers have to be tried to improve their 

amplification; or their 16S rRDNA could be cloned onto suitable vectors for 

amplification. As the presence of SRB extends even to Archea, they are now 

referred to as SRPs (Sulphate Reducing Prokaryotes) and there are more than 

130 species of SRPs (Sulphate Reducing Prokaryotes). (Loy et al 2002). Thus 

SRB now comprise a phylogenetically diverse assemblage of organisms 

consisting of members of at least 4 bacterial phyla and one Archaeal phylum 

(Devereux et al 1989; Devereux et al 1990; Stackebrandt et al, 1995). Hence, 

the polyphyletic affiliations of SRPs and the fact that they are closely related to 

microorganisms which cannot perform anaerobic sulfate reduction for energy 

generation could hamper detection of these organisms by established sets of 

primers. Many different PCR primer sets or probes would be necessary to 
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target all members of microbial guild (Loy et al 2002) and to identify many 

others involved in the process of sulphate reduction. 

Some of the sequences of the hypersaline SRB (e.g. Ac4 and Bz7) have 

been shown to belong to hitherto uncultured species. These could therefore be 

new and await further molecular and phenotypic characterization to indicate 

their exact taxonomic lineages. The identity of hypersaline culture B2 as D. 

halophilus has been established by the traditional and molecular method. The 

other species Halomonas elongate and Chromohalobacter israelensis identified 

do not belong to the sulphate reducing physiological group in the conventional 

sense. Hence it is for the first time that these microorganisms have been 

shown to behave like sulphate reducers. 

SRB are now beginning to emerge as a metabolically flexible group. 

Perhaps there are other substrates used by these microbes under hypersaline 

conditions which could not be checked in this study. Some of the isolates in the 

present study could show aerobic growth. There are earlier reports of SRB 

respiring oxygen (Caumette et al, 1994) and yet others as nitrate respiring 

(Sonne and Ahring, 1999). Surprisingly, more genera are getting increasingly 

identified that can carry out dissimilatory sulfate reduction. Though many of 

these SRPs are affiliated to the delta Proteobacteria, some of them belong to 

Firmicutes, Nitrospira, Themodesulfobacteria and Euryarchaeota phyla. 

(Ventosa et al, 1998 b). 

Microarrays developed for SRP (sulphate reducing prokaryotes) diversity 

finger prints (Loy et al, 2002) could be used in hypersaline salt pans of 

Ribander to actually delineate the broad microbial diversity of bacteria involved 

in dissimilatory suphate reduction. Probing for dissimilatory sulfate reductase 
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gene in hypersaline sediment DNA samples and isolates for example (strain L1 

identified as Halomonas elongate in this study) would compliment the functional 

aspect to the taxonomic details. As dissimilatory sulfate respiration is one of 

the most primitive pathways for energy production; its study under extreme 

environmental conditions, such as salinity, will provide a better understanding of 

how life may have survived and diversified on primitive earth. It may also give 

us clues as to how life may thrive on other planets (Patel et al, 2001). 

5.5. Functional Dynamics - Suphate Reducing Activity (SRA): 

Sulphate reducing activity (SRA) in marine ecosystems, especially the 

coastal regions contributes as much as 50% organic carbon turnover in coastal 

marine sediments (Jorgensen 1982). Sulphate accounts for 70 - 90% of total 

respiration in salt marsh sediments, where total sediment respiration rates are 

2.5 — 5.5 g. cm -2 .day-1 .The role of SRB could also be equally important in the 

hypersaline salt pans of Goa. Sulphate dominates the dissolved electron 

acceptors in marine sediments in concentrations up to 28 mM, which is much 

greater than all others, e.g. 02-NO3  combined (King, 2001). Besides, 

hypersaline environments are high in sulphate (up to 12.6g/1) and low in oxygen 

(minimum value of < 0.5 m1/1). Thus when the 02 level comes down, 

dissimilatory sulphate reduction is more prominant ,especially in anaerobic 

marine sediments. The end products of SRA can contribute to the 02 budgets 

by limiting the availability of 02 for heterotrophs and other higher organisms 

(Jorgensen, 1982; Fenchel, 1998). 

The SRA was measured by different methods and it was possible to 

compare the results obtained by all the methods during the hypersaline period 
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(May) (Table 13 A). SRA measured in fatty acid amended samples could be 

carried out all through the year. Attempts have also been made to measure the 

net increase in suphide or net decrease in sulphate over the months to be able 

to calculate the SRA from natural values. Measurement of SRA using 35S has 

been used to compare the measurement made by other techniques in the pre 

monsoon season when salinity is the highest. 

SRA based on sulphide rise was 0.065 1.1g.g -1 .h-1  for the same month 

(Table 13 A). This was at least two orders lower than the values measured by 

the other two methods. This is because under natural conditions the sulphide 

generated is not confined to the system but is quickly oxidized biologically or 

chemically. Moreover, the gas easily escapes out of the system. Examination 

of SRA values calculated from the fall in level of sulphate also showed very low 

value of 0.0062, even one order lower than the values measured by the 

sulphide rise. Measurement of variation in the natural concentrations of 

sulphide and sulphate shows a hundred fold difference between the sulphide 

formed and the sulphate reduced (Table 13 A). This discrepancy in a 

compound, i.e. chemically stable could only be explained in terms of biological 

oxidation in a natural system which is much faster than the biological reduction. 

The table shows that the trends in the activity measured by all four methods 

decreases with depth. However, the cocktail method gave the highest value. 

There is some congruence in surface measurements but the difference is 

higher in the deeper depths. 

Thus the SRA measured in fatty acid amended media ranged from 0.62 

to 29.6 .ig.m1 - '.day', which is equivalent to 19.4 nM.day -1  to 963.31 nM.day-1 

 (Fig. 36 A) in water. These values are much above the values reported for the 
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Table 13 A: Comparison of SRA in the month of May 
All values are expressed as 	. -1 .hr-1  

I II Ill IV V 

Cocktail 35S 35S S-2  SO4 

90 psu 85 psu 330 psu 175 psu 175 psu 
7th day 14th day 6 Hours 4 Days 

0-2 cm 2.929 4.850 3.713 0.108 0.065 0.0062 
2-5 cm 1.379 4.213 0.721 0.025 0.009 0.0001 
5-10 cm 1.342 1.208 0.200 0.013 0.033 0.0035 

* Method: 
I: SRA determined from cocktail ammended sediments 
II: SRA determined by 35S sulphate reduction at 85 psu 
III: SRA determined by 35S sulphate reduction at 330 psu 
IV: SRA determined from the natural increase in sulphide measured at 

monthly intervals (determined for May) 
V: SRA determined from the natural decrease in sulphate measured at 

monthly intervals (determined for May) 

Table 13 B: Calculated SRA and expressed in different units 

SRA .d -' 
 n.g -14-1 ocg -1 .d-1 Ilg.cm -3 . d-1 1.1m.cm -3 .d-1 n.cm -2 . d-1 ovicm -2 .d-1 

x 106  
lig.m -24 -1 

x 106  
"m 2 .  -1 

0-2 cm 174 5.43 125.5 3.91 
2-5 cm 106.9 3.34 108 3.36 885.8 34.17 32315.12 78.38 
5-10 cm 121.8 3.8 106.2 3.319 

35s 85 psu 
0 -2 cm 89.1 2.79 65.6 2.05 
2-5 cm 17.3 0.54 19.84 0.62 188 5.88 764 23.875 
5 -10 cm 4.8 0.15 13.056 0.4 

35S 330 psu 
0-2 cm 2.6 0.08 1.9104 0.059 
2-5 cm 0.6 0.02 0.688 0.022 6.25 0.2 22.72 0.71 
5-10 cm 0.3 0.01 0.2496 0.0078 



Black Sea, where the reported rates range from 0.08 nM.day -1  to 0.48 nM.day-1 

 (Albert et al, 1994). Numerous reports (Jorgensen, 1977; Cohen et al, 1984; 

Skyring, 1988) have indicated a great variability (0.4 — 3000 pg SO4 -2 .cm-3.d -1 ) 

in the SRR in marine sediments. (Table lif A4-8) 

High rate of SRA have been measured during the pre-monsoon months 

when salinity was high. Since it was the same method and technique used for 

all the three seasons, it is argued that high SRA measured during this period 

may not be due to high number of SRB but due to high specific activity. The 

number of SRB was relatively lower during the pre monsoon season. Brandt et 

al (2001) wonder whether isolates with high degree of halophily and tolerance 

are responsible for the high SRA often measured in hypersaline habitats. They 

also state that electron donors stimulated SRA which suggest that natural 

population of SRB were carbon limited. Lactate stimulated the activity but not 

acetate. There are reports which show that acetate metabolism by SRB is 

inhibited at salinities > 150-200 psu causing acetate to accumulate to high 

levels (Boone et al, 1993; Galinskietal,1982; Gilmour,1990; 011ivier et al, 1994; 

Brandt and Ingvorsen, 1997). This could be the reason why acetate degrading 

SRB are related inversely with SRA in the present study (r=-0.74) at 2-5 cm 

sediment depth (Table 3 in Appendix III). 

SRA measured in fatty acid-cocktail amended sediment was compared 

with the SRA measured by the tracer technique. While the values at 85 psu 

were measurable, those at 330 psu was low. Hence, amending these 

sediments with fatty acids of 10 mM final concentration helped to measure 35S 

SRA within 24 hours. Short incubation periods are recommended to overcome 

the artefacts introduced by long incubation such as auto-oxidation of sulphide. 
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Table 14 A: Sulphate  Reducing Rates: Comparative values 

Reference Year 	Place SRA 

Sorokin 1962 	Black Sea water 242 mM.m-2 .yr-1  

Vaynschleyn 1985 	Black Sea Av 70 mM.m.2.yr-1  

Lien et al 1990 	Black Sea Av 898 mM.m-2 .yr-1  
(50 to 300 m depth) 

Jorgensen et al 1992 	Black Sea 438 mM.rn-2 .yr-1  
0.44 M.m-2 .yr-1  
(water column of Black Sea) 

Trudinger 1992 	North Sea 0.038 mM.rn-2.yr-1  

Albert et al 1995 	Black Sea 500 mM.M-2 .yr i  

Greeff et al 1998 	Gotland Basin 1343±649 mM.rn2.yr-1  
Baltic Sea 1226±146 mM.m-2 .yr-1  

Rysgaard et al 1998 	Arctic Fjord 2336-620 nM.m-2.yr-1  
Young Sound 
NE Greenland 

Strotmann 1999 	Chile Sediments 22.4±2.6 
9.4±0.8 
3102±328 mM.M2.yri  

Webber et al 2001 	Black Sea sediment 1.97 (Shelf) 
shelf - 2000 m deep 1.54 (below chemocline) 

*runt stubi Ribander saltpan 
Cocktail Goa - India 78379 mM.rn2.yr-1  

85 psu 21440 mM.m-2 .yr-1  
330 psu 730 mM.rn2.yr-1  

21.44 M m-2 .yr-1  85 psu 
0.73 M m2.hrl  330 psu 

65.47 nM m2.d.1  85 psu 
1.945 nM rri2 .d-1  330 psu 



Table 14 B: Sulphate Reducing Rates: Comparative values (contd) 

Reference Year 	Place SRA 
Jorgensen & Fenchel 1974 	Limf Fjord 55-135 

surface sediment nM.cm-3.6 1  
Denmark 

Jorgensen 1977 Aarhus Bay 439-1013 
surface littoral sediment nM.cm-3.d-1  
Denmark 

Jorgensen & Cohen 1977 	Solar Lake (Sinai) 
microbial mat 

5400 nM.cm3.d-.1  

Martens & Bemer 1977 	Long Island 0.77 jiM.cm3.d-1  
Sound salt marsh 

Nedwell & Abraham 1978 	Sediment surface of British 
salt marsh 

0.1-0.5 p.M.cm3.d-1  

Howarth & Teal 1979 	Marsh peak 1.4 pM.cm-3.d-1  
England 

Jorgensen 1979 	Solar Lake 5400 nM.m1-1 .d-1  
Sinai - Egypt 

Skyring 1984 	Shark Bay 
surface littoral sediment 

1800 nM.cm3.d-1  

Australia 

Bottcher et al 2000 	Intertidal mudflat 14-225 nm.cm3.d-1  
Dangast site 
German, Wardden sea 
North Sea 

(sent study Ribander salt pan 
Goa - India 

Cocktail peicm-3.d-1  
0-2 cm  3.91 
2-5 cm 3.36 
5-10 cm 3.32 

nM.cm-3 .d-1  
85 psu 28 °C 2050 
0-2 cm 620 
2-5 cm 408 
5-10 cm 
330 psu 29 °C pM.ce11-1 .d-1  
0-2 cm 59.7 
2-5 cm 21.5 
5-10 cm 7.8 



Table 14 B: Sulphate Reducing Rates: Comparative values 

Reference Year Place SRA 

G. W. Skyring 1988 Lake Elisa 44±14 nM.cm-3.d-1  
S. Australia 

Marty et al 1990 Berre Lagoon sediment 
France 

160-400 
nM.cm-3.d-1  

Jorgensen & Bak 1991 Marine sediments of Kattegat 
(Denmark) 

500-3100 
nM.cm-3.d-1  

Canfield & De Marais 1991 Microbial mats 
Baja - California 

2000-10000 
nM.cm-3.d-1 

Visscher et al 1992 surface littoral sediment 567 nm.cm-3 .d-1 

Texel - Netherlands 

Canfield & De Marais 1994 Oxic layer of hypersaline 
cyanobacterial mat 

10000 
nM.m1-1 .d-1  

Guerrero Negro, Mexico 

Caumette et al 1994 Microbial mats in HS 
ponds of mediterranean saltems 

200-8200-17000 
nM.cm-3 .d-1  

Salins-de-Giraud - France 

Parkes et al 1995 Deep marine sediment Without pressure: 
Japan Sea & Peru Margin 54 nM.cm3 .d-1 

With pressure: 
4.9 nM.cm-3.d-1  

Teske et al 1998 Cyanobacterial mats of 
Solar Lake (Sinai, Egypt) 

100-2200 
nM.m1-1 .d-1 

Brandt et al 1999 Great Salt Lake 120 psu - 363±103 nm.cm3.d-1  
Utah 50-60 psu - 6131±835 

270 psu - 32±9 nm.cm-3.d-1  

Li et al 1999 Fresh water sediment 0.5 nm.m1-1 .d-1 

Lake Kizaki - Japan 

Ravenschlag et al 2000 Arctic Sediment 

Schubert et al 2000 Chile Sedimetns 185-250 nM.cm-3.d-1  
47-69 nM.cm3.d-1  
62 nM.cm3.d-1  
430 nM.cm-3.d-1  

Mudryk et al 2000 Sediments - Gulf of 
Gdnask - Baltic Sea 

1.89-31-6 
nm.hr-1 .d-1 



Thus sediments with fatty acids amendments showed an SRA which ranged 

from 0.19 to 0.209 vtg . T1 .1,11 The control without any amendments gave a 

value of 0.17, indicating that the amendment caused an of increase of 19% in 

SRA (Fig. 40 A). Longer incubation periods did not result in any change of the 

value of sulphide generated (Fig. 40 B). Consequently SRA measured at 

0-2 cm at the end of 4 days was only 0.10714.g -1 .h -1  which is much lower than 

the values obtained by short incubation period. Thus SRA measured at the 

end of 4 days showed only 37% of the activity measured at the end of 24 

hours. 

The value measured in fatty acid-cocktail amended samples 

(3190 nM.cm -3 .c1 -1 ) are comparable to the tracer technique (2050 nM.crn -3 .d -1 ) 

The former values were 1.3 times higher than the SRA measured by 35S 

method (85 psu) at least at the surface layers of the sediments. These values 

are 4 orders more than the rates given by Li et al (1999) which was 

0.5 nM.m1- 'day -1 . These authors have reported a seasonal variation with a 

maximum value of 13 nM.m1-1 .day-1 . 

These changes in the rates of sulphate reduction have been linked with 

the sulphate content by Li et al, 1996. They reported highest values after a 

flood and the increased activity was attributed to the stimulation by both 

sulphate and organic carbon in the flood water. In the present study, the 

maximum activity was noted during the pre-monsoon season. Though TOC 

values have not been measured for water, the surface sediments show the 

minimum concentration in the pre-monsoon season. (Fig. 10). Hence the 

reasons attributed to relatively higher activity in the pre-monsoon may not be 

due to TOC or sulphate alone but can be attributed to overall increase in 
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salinity, leading to higher respiration rates. However, the positive influence of 

salinity on SRA was seen only within a limited range (60 to120 psu). 011ivier et 

al (1994) state that, as there is no evidence of oxidation of volatile fatty acids 

(VFA) such as acetate by sulphate reducers at high salinities, the ambient 

strains seem to be incomplete oxidizers, resulting in accumulation of acetate in 

sediments. Oren (1998) suggests that salinity could have a role in limiting the 

decomposition of VFA i.e. increasing salt concentrations up to 30% resulted in 

the unusual accumulation of levels up to 800 mM of acetate. At salinities above 

150 psu sulphate reduction decreases. This threshold is quite above the 

threshold seen in the in the present study. 

SRA ranged from 1.5 to 520.3 pg.g - '.day 1  in the salt pan sediments 

(0-10 cm) which is equivalent to 46.8 nM.g -l .day-1  to 16250 nM.g -'.day'. These 

values are much above those reported for Lake Elisa in South Australia where 

the average values are 55 ± 14 nM.g -1 .day-1 (01livier et al, 1994). The range of 

the activity in the present study on volume basis, i.e. cm -3 .day-1  ranged from 

1.89 1,t.g.cm -3 .day-1  at 5-10 cm in January to 379.8 mg.cm -3 .day-1  at 0-2 cm in 

February. These values in nM cm -3.day-1  are 59 nM cm -3 .day-1  to 11869 nM 

cm -3 .day-1 . This range is much wider and the maximum values are much higher 

than that reported for Great Salt Lake at Utah by (Brandt et al (1999). These 

authors reported values of 363 ± 103 nM.cm -3 .day-1  and 6131 ± 835 

nm.cm-3.day-1  at 120 and 50 — 60 psu respectively (Table 14). Still higher rates 

have been reported by Caumette et al (1994) with values of 8200 nM in 

the hypersaline ponds of Salins-de-Giraud, France. 

The SRA did not show any significant relationship with many of 

environmental parameters in sediments. However, in the overlying waters, the 
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relationship was negative with temperature, pH, DO and also to the abundance 

of aerobic bacteria. 

Though temperature can be a very decisive factor in regulating both 

bacterial numbers and activity, in these hypersaline saltpans, the influence of 

this parameter was rather negligible. This is because the temperature variation 

of 25 — 36 °C was not high enough to bring about changes. The influence 

could be positive in temperate' climates. Bak and Pfennig (1991) showed 

intensive, short and long term variations in the rates of sulphate reduction 

which was consistent with the strong seasonal changes of temperature and 

water level. The sulphate reduction rates were lowest after the spring (300 to 

400 nM.cm -3 .day-1 ) but increased towards summer and reaching a maximum of 

2000 nM.cm -3 .day-1 . Though such marked variation in seasonality is not a 

factor in the tropics, variation in SRA from 3360 nM.cm -3 .day' l  in September to 

7360 nm.cm -3 .day-1  in February has been noticed. Here also the effect of 

temperature was noticed but the influence was only marginal and not by an 

order as noticed in Lake Constance (German-Swiss border) (Bak and Pfennig, 

1991). Moreover no positive influence of temperature on SRA was noticed. 

On the contrary, the effect appeared to be negative but statistically 

insignificant. This may be because of the sampling time which was always 

restricted to 10.30 am when the salt pans are considerably more cooler than 

the noon temperatures. Further increase in temperature may have only a 

marginal, stimulatory or inhibitory influence on the SRA. However, the highest 

activity has been recorded during the pre-monsoon season when the 

temperature was the highest (36 C). 
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SRA did not show any definite trend with changes in salinity over an 

annual cycle though it maintains a positive correlation in water and surface 

sediment (0-2 cm), the relationship is not significant. The variation in SRA in 

water is only 10% due to changes in salinity whereas in 0-2 cm, the variation in 

salinity is responsible for as much as 18% of the variation in SRA. 

A season wise analyses of the results indicate that the relationship 

between these two parameters increased in negative trend from pre-monsoon 

to post-monsoon passing through a positive relationship during the 

intervening monsoon season. 

This differential relationship of salinity to SRA could mean that the SRA 

is positively related to salinity only up to a level. This level could be around 30-

35 psu beyond which salinity tends to have a negative influence on the SRA. 

The effect could be directly on the SRA or indirectly through the SRB i.e. the 

SRA gets reduced due to reduced number of SRB measured during the pre-

monsoon season or it is because of the higher specific activity per cell of SRB 

in this season. The number of SRB is not as high as that recorded during the 

post-monsoon. 

Though salinity and density are closely related (r= 0.98) in water and 

0-2 cm depth ( r=0.86). SRA relates only to density (r= 0.61). The higher 

concentrations of heavy metals in hypersaline environment induces hyper 

respiratory activity of SRB (Haristha et al 2002) 

SRA is strongly influenced by sulphate concentrations. It is generally 

constant in seawater, however, in hypersaline environments, the concentration 

• varied from 0.135 g.I -1  in August (monsoon) to 12.65 g.I -1  in May (pre-monsoon). 

The corresponding range in the sediment pore water was from 

114 



0.77 mg.1 -1  during monsoon to 7.62 mg.I -1  in February. This variation in the 

sulphate concentrations could be either due to monsoonal effect or due to SRA. 

High SRA in the pre-monsoon could deplete the sulphate concentration in the 

water. This may account for 5% of the variation observed in the sulphate 

concentration in the pre-monsoon. During the monsoon season, the activity 

was responsible for 16% of the variation and it was 10% in the post-monsoon. 

Depth-wise the scenario is different. The relationship is positive in water and 

surface sediment suggesting that the sulphate has an overall positive influence 

on SRA contributing to 10 and 17.6% of the variation in these two regimes. 

Though the relationship is transiently negative in each of the seasons, annually 

the relationship is positive at least in water and surface sediments. This 

suggests that at this depth sulphate seems to control the SRA. 

In the present study only acid volatile sulphides were estimated and 

therefore it is likely that the actual rates of sulphate reduction may possibly be 

underestimated. Studies on pore water sulphate concentration with Ion 

Chromatographic techniques by other research like Hordjik and et al (1985); 

Rudd et al (1986) revealed steep sulphate gradients directly below the sediment 

surface, suggesting that the sulphate turnover is intense in the top few cms. In 

similar manner, Albert et al (1995) state that the sulphate reduction rate in 

sediments of the Black Sea was measurable in the upper 5-10 cm layers. This 

phenomenon of higher SRA being restricted to the surface sediments has also 

been reported for Arctic marine sediments by Ravenschlag et al in (2000). High 

SRA remained in the top sediments up to 6 cm in the Mediterranean salterns 

especiallyduring the summer months (Caumette et al (1994). Likewise, the 

observations made by Rudd et al (1986) in Lake sediments are equally 
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applicable to the present hypersaline sediments where the maximum 

concentration of both sulphate and SRA are also in the same layer . The 

average sulphate concentration measured in the pore water of these three 

layers were 3.06, 1.89 and 2.27 g.I -1  respectively. 

While electron acceptor, sulphate for SRB remains constant in seawater 

and variable in hypersaline sediments, sulphide concentrations are highly 

variable in both the environments. This product of sulphate respiration is highly 

unstable which results in its variability. The sulphide concentration was 

measurable and varied from 0.04 mg.1 -1  in December to 12.69 mg.I -1  in 

November in water. This minimum and maximum levels are confined to the 

same season. While November is characterized by relatively lower number of 

SRB higher SRA and lower salinity (20 psu), December is characterized only by 

higher salinity (56 psu). 

Though SRB were abundant in water and surface layer of 0-2 cm depth, 

the influence of DO is negative (r= -0.27). However, the relationship is not 

statistically significant as the availability of substrates could indirectly 

compensate or even override the negative influence of oxygen. Besides, SRB 

are known to tolerate DO as they are endowed with protective enzymes like 

superoxide dismutase and catalase. Further, microbes can thrive well on 

particles that are anaerobic microniches in aerobic environments. 

Jorgensen and Bak (1991) have emphasized that when SRA is higher at 

the surface than at the sub-oxic or anoxic zones below, the actual SRA could 

be much higher than what is measured and therefore could be underestimated. 

The sharp zonation and restriction of SRA to the upper few cm are different in 

many marine sediments. Sulphate can penetrate much deeper into the 
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sediments and thus the zone of SRA can reach even up to distance of 

10-20 cm or more (Teske et al, 1998; Jorgensen et al, 1990). The relatively 

higher SRA observed at the shallower depths thus appears to be quite 

common in marine environments. 

The oxic conditions in these layers do not seem to inhibit the activity of 

SRB. Pure culture studies with Desulfovibrio sp have demonstrated that 

sulphate reducers are able to survive exposure to dissolved air for hours under 

sulphide free conditions (Cypionka et al, 1985). However, these authors also 

state that oxygen is toxic only if H2S was also present. Under such conditions 

it is still intriguing how SRA can be maximum at the surface where 

paradoxically sulphide or oxygen can co-exist. 

Thus highly oxygenated waters would tend to have a negative influence 

on the SRA. The 02 values were generally low reaching a maximum of 3.83 

m1.1 -1  in the month of June. The average pre-monsoon value was 0.48 m1.1 -1 . It 

is possible that the concentration of 02 was not only reduced by the increase in 

salinity but due to the increased production of sulphide by SRB during this 

season. Besides, it has been shown that the levels of oxygen do not 

completely inhibit SRB and their activity. It has also been a constant 

observation that SRB and their activities are more pronounced in the surface 

waters of the Arabian Sea (Lokabharathi et al, 1990). It is therefore apparent 

that the abundance and activity of these groups are dictated more by the 

availability of DOC rather than being inhibited by the dissolved oxygen. 

SRB and the associated SRA are generally responsible for the decrease 

in redox potential (Eh). This parameter ranged from -136 to -22.6 at 0-2 cm and 

-123.8 to -22.9 at2-5 cm and -162.6 to -18.3 at 5-10 cm. Thus the values were 
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generally negative indicating reducing conditions throughout the annual cycle. 

Though SRA was highest during pre monsoon, Eh was most negative in the 

post-monsoon season. 

As expected the redox potential decreased with depth. The decrease in 

redox potential with depth is neither due to increased SRA or SRB with depth 

but due to decreased oxidation of sulphide in the deeper depths as compared to 

the surface. This trend was maintained throughout the sampling season and it 

is indicative that these sediment layers are comparatively less disturbed by 

bioturbation. Physical effects like salt harvest and inlet of water does not 

greatly affect this trend in the parameter either. 

SRA showed a negative relationship with TOC in water and 0-2 cm layer. 

As there was not marked variability in this parameter, the available organic 

carbon was lower in its quality, maturity and lability. Alternatively, SRB divert 

their energy less to growth and multiplication which explains reduced 

respiratory activity during the post monsoon. 

On the other hand SRA relates positively to AODC (r = 0.57) during post-

monsoon suggesting that whatever SRA was measured during the monsoon 

period, was not totally due to the retrievable fraction of SRB, but also to the 

ones which were not retrieved on the media used in the present study. 

Examination of the relationship between SRB growing on these 

substrates and SRA showed interesting results.. The relationship was positive 

only during the non-monsoon seasons with better relationships during the pre-

monsoon. The benzoate oxidizers were responsible for 47% of the variation and 

formate degraders for 46%. However, butyrate degraders accounted for 43%. 

Thus while benzoate degraders contributed maximum towards the variability of 
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SRA in the pre-monsoon season, during the monsoon season no significant 

relationship was noticed. Besides, all the relationships were negative, 

indicating that the ecological steady state (equilibrium) was disturbed. 

Benzoate degraders always controlled the variation in the SRA to varying 

degrees at different depths. Thus at 0-2 cm, they were responsible for 3% of 

the variation in SRA. At 5-10 cm, they were responsible for 9% of the variation 

though not significant. The other substrate degraders that influenced SRA 

included the acetate oxidizer (r=53%) at 2-5 cm depth. Though acetate 

degraders were abundantly retrieved at 2-5 cm, they did not show any 

significant relationship with SRA. However, the relationship wasintriguingly 

negative at 2-5 cm r=-0.73) suggesting that the abundance of acetate 

degraders meant a general decrease in SRA, i.e. the amount of sulphide 

released is low because of the low molecular weight of the substrate. At this 

depth the other substrate oxidizing SRB also influenced SRA negatively. It is 

probable that this compound is used more as a carbon source and less as an 

energy source. 

SRA measured in cocktail amended sediments was in the range of 0.4 - 

26.8 x 104  mM.m-2y1  (e.g. in the month of May the integrated values was 

78 x 103  mM.m-2y1 ). When this value was compared to the rates measured by 

35S sulphate reduction, it was in the same range in the month of May (869 

mM.m-2  y-1 ). The cocktail technique overestimates this integrated value by a 

factor of 1000 (3 orders). 35S sulphate reduction measured in sediments at 330 

psu salinity was only 0.7 x 103  mM.m-2y 1 . This was 30 times lower than the 

value measured at 85 psu (21.4 x 10 3  mM.m- 2 .y1 ) salinity (Table 14 A). 

119 



The salinity measured by tracer technique clearly shows that the rate 

measured at 330 psu was much lower than at 85 psu. This decrease in activity 

could be explained on the basis of the limits of salinity within which SRA is 

optimal. The present study shows that SRA in water is optimal between a 

salinity of 60 to 120 psu. The sediment tested was at a salinity of 330 psu 

(much beyond the threshold of optimal activity). It also appears that the 

abundance of retrievable SRB is also governed by the salinity factor. Maximum 

SRB were enumerated between 60 and 80 psu. 

Because of this salinity dependent variability in SRB and SRA, specific 

activity per cell of retrievable SRB showed definite trends. The annual variation 

showed (Fig. 39), 3 definite peaks during the 3 different seasons. The pre-

monsoon peak characterized by high activity due to moderately high number of 

SRB, the post-monsoon peak characterized by high specific activity due to high 

(maximum number) SRB and the monsoon peak due to least number of SRB. 

Such a definite trend could not be discerned with the sediments because of the 

high variability within the core of the sediment and between the seasons as the 

distribution of pore water salinity does not follow a definite increase with depth 

which density should dictate. The difference in the number of SRB and SRA in 

the sediment is also erratic. Besides the constant removal of salt during 

harvesting season in the pre-monsoon and post-monsoon seasons complicates 

the distribution pattern of these parameters. This instability in the core is 

reflected in the other parameters also that are linked to salinity distribution. 

However, it was possible to observe definite trends in these parameters from 

the water samples as the water regime was more homogenous than the 

sediment. 
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The relationship between Eh and parameters like sulphide, sulphate and 

SRA, etc. changes dynamically with season. Thus the relationship between 

SRA and Eh evolves from an insignificant value of -0.012 during pre-monsoon 

to a significant value of -0.52 in monsoon to -0.43 in the post-monsoon. This 

counter intuitive relationship between these two parameters thus does not alter 

with the season but only changes in the degree of intensity. Likewise the 

relationship with sulphate is also constantly positive throughout all the seasons, 

but attains a negative r value in the post-monsoon season (r=0.41). 

The strong relationship between SRA and SRB is understandable and 

suggest that the culturable SRB contribute significantly to the measured SRA. 

SRA is also dependent on the bye product of heterotrophic fermentation which 

is responsible for degrading organic matter and releasing volatile fatty acids as 

substrates for SRB. However, the influence is positive only during the pre-

monsoon season. Sulphide oxidizing bacteria influence SRA positively by 

removing the end product of sulphate reduction. It is also possible that under 

highly stressful conditions of high salinity encountered during the pre-monsoon, 

the sulfate reducers become sulphide oxidizers to counter the toxicity of 

sulphide. Such flexibility have been encountered in SRB. Significant 

relationship between SRA and AODC suggests that the non-culturable fraction 

could also contribute significantly during the post-monsoon than the other 

seasons. During the post-monsoon many of the bacteria that have been 

transported from terrestrial run-off would be rendered viable (but still 

unculturable) to contribute to the above SRA. 
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5.5.1. Integrated SRA with time: 

The integrated values with 35S experiment clearly showed increasing 

trends in SRA even after 48 hours in the mesohaline sediments. In the 

hypersaline sediments at 330 psu the peak attainment was slaver reaching a 

peak only at the end of 12 days but declining by the 16 th  day (Fig. 62 A, B, C). 

Increased salinity thus makes the SRA slower as compared to mesohaline 

sediments. It has been shown earlier that optimal SRA is in the salinity range of 

60-110 psu (Fig. 39). 

Maximum sulphate reducing rates were recorded at 0-2 cm, followed by 

5-10 cm. The overall trend lines show a cyclic decrease and increase. A 

decrease towards April, a rise towards June, a decrease towards September, 

with a primary major peak in February and tertiary minor peak in November-

December. The cycle that is discernable is clearly a four months cycle with 

peaks in the months of March-April, June-July and November-December (Fig. 

44). These cycles could be alternating with the sulfide oxidizing cycles thus 

constituting a dynamic sulfureta of the salt pans. 

5.5.2. SRA on Nitrogen free media: 

As SRB are also known to fix atmospheric nitrogen, SRA was measured 

in the absence of added nitrogen source. There have been many approaches 

to study the microbiological aspects of nitrogen fixation either observational or 

experimentation. In this study we have used the experimental approach. The 

ability of the SRB to grow in the absence of added nitrogen source has been 

taken as an indicator of the nitrogen fixing potential of the micro-organisms. 

The cultures have been tested for their ability to grow and respire in the 
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absence of NH4CI and yeast extract. Though there was a decrease in growth 

with one or two subsequent sub-culturing (after 10 days incubation) it was more 

than that of the control's growth and respiration even after three subsequent 

sub-culturing. 

There have been reports where nitrogen fixing potential has been 

evaluated out by inferring the results from the use of metabolic inhibitors. The 

nif H sequences obtained by RTPCR were similar to the nif H sequences of the 

anaerobic micro-organisms (Stepe and Paerl, 2002). Highly productive coastal 

benthic systems such as sea grass rhizosphere exhibit high rates of sulphate 

reduction and nitrogen fixation (Visscher et al, 1992). It is pointed out that the 

labile organic carbon from sea grass roots, fuels, high rates of rhizosphere 

associated microbial activity. Rhizosphere associated nitrogen fixation by 

heterotrophic bacteria can supply up to 50% of the nitrogen requirement for 

photosynthetic growth by sea grasses. It is probable that SRB in the present 

study also harbour nif genes and contribute to the nitrogen economy of the salt 

pan ecosystem. 

5.5.3. SRA and Metals: 

The interaction of bacteria with heavy metals in salt pans is a pertinent 

aspect that needs attention. These systems tend to concentrate metals at very 

high levels. In the present study, concentrations of Pb, Co, Cr, including other 

metals are much higher than those sighted by De Souza et al (2001). 

The hypersaline isolates have higher levels of tolerance for mercury and 

lead compared to the mesohaline isolates (Harithsa et al 2002). Lead was 

found to stimulate growth and respiration in hypersaline isolates on a wider 
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range (0-500 ppm) compared to that reported by Harithsa et al 2002. Substrate 

was found to influence the range of tolerance of hypersaline isolates towards 

mercury, though generally the effect is inhibitory as given by Harithsa et al 

2002. This inhibitory effect might be due to the methyaltion activity of the SRB 

rendering it more toxic (Compeau and Bartha, 1985). 

5.6. Contribution of Sulphate reducing bacteria:. 

5.6.1. Carbon Flux: 

1. Source -Mineralisation (G-model): 

Naturally occurring organic polymers are stated to have vastly different 

susceptibilities to bacterial attack Jorgensen (1977) has stated that on an 

average 2 moles of organic carbon (C) are oxidized for every mole of sulphate 

reduced. Redfields Stoichiometry for organic matter oxidation by sulphate 

reduction C 0r : SO42 = 2.1 (Volkov et al, 1998). Thus based on this relationship 

carbon mineralization has been calculated. The carbon mineralization rate can 

be expressed either as m-2  or m-3 . Comparison of SRR or carbon mineralization 

rate is made difficult by different units of expression by different authors. Hence 

rates have been converted to units of g.C.rn -2 .yr-1  (Table 15 A) and mg.C.cm -

3 .yr-1  (Table 15 B). In the present study the SRR and the C mineralization on an 

aerial basis in cocktail amended sediments showed a range of 543 g c.m-2 .y-1  

to 4188 g c.m-2 .y-1 . These values are much higher than that reported for great 

salt lake at Utah (Brandt et al 1999; Alongi et al, 1999 a, b). The high values 

ought to be accepted with reservation as the measurements have been made 

with amended sediment. However, these values are comparable to those 

obtained by tracer method. 
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Reference Year Place g.Cm-2.y-1  
Deuser 1971 anoxic water column 19.92 

Particulate organic matter 
in Black Sea 

(0.83 mol.m-2.y-1) 

Howarth & Teal 1979 Salt marsh peat 1,008 
Chapelle & Lovley 1990 Sandy Aquifer sediments (3.01 p.g.C.g -1 .y-1 ) 
Karl & Knauer 1991 Black Sea sediment 28.56 

(9.19 mol.m-2 .y-1 ) 
Muramoto 1991 Black Sea sediment 9.336 
Kristensen 1991 Mangrove Forest (0.389 mol.m2.y.1 ) 

(Thailand) 
Albert et al 1995 Black Sea water column 

sediment 
245-438 
(28-50 mmol. S.rn -2 .d-1 ) 
6 (range 1.896-10.08) 
12 (range 11.2-12.7) 

Rysgaard et al 1998 Arctic Coastal Marine 
sediment 

9.2 
(0.383 mmol.S.m. -2 .y-1 ) 

Alongi et al 1999 Shrimp pond of 18.456 
Mekong delta (Vietnam) (769 mmol.S.M2.y-1 ) 

Alongi et al 2001 Mangrove Forest 5.26-148 
(0.6-16.9 mmol.S.m -2 .d-1 ) 

Mott' 2002 Ribander saltpan 
Goa - India 

SRA Cocktail: 
Annual 2424 
Pre-monsoon 3245 
Monsoon 3040 
Post-monsoon 990 
"S: 85 psu: 574 
35S 330 psu: 17.04 

Table 15 A: Carbon Flux Table 

underlined values are calculated 
values in bracket are actual values in text 



Table 15 B: Carbon Flux Table 
Reference Year Place 

	 mg.C.cm 3.y1  

Jorgensen 

Jorgensen & Cohen 

Skyring 

Marty et al 

Canfield & Des Mari. 

Visscher et al 

Caumette et al 

ereseitt—gbdy  
SRA Cocktail: 

1977 Aarhus Bay sediments 
Denmark 

1977 Microbial mats 
Solar Lake (Sinai) 

1984 Littoral sediments 
Australia 

1990 Berre Lagoon 
sediment - France 

1991 Hypersaline microbial mat 
Baja - California 

1992 Marine microbial mat 
Netherlands 

1994 Microbial mats in HS ponds 
of Mediterranean salterns 
Salins de Giraud - France 

2002 Ribander saltpan 
Goa - India 

3.8 — 8.87 

47.3 

15.77 

1.4-3.5 

17.52-87.6 

4.96 

0.0719 

mg.C.cm -3  y-1  
0-2 cm 34.34 
2-5 cm 29.43 
5-10 cm 29.08 
35S: 85 psu: 
0-2 cm 17.95 
2-5 cm 5.43 
5-10 cm 3.57 
35S 330 psu: 
0-2 cm 0.523 
2-5 cm 0.188 
5-10 cm 0.068 



This high values seen in the salt pans can be due to high degradation 

coefficient of the SRB. Westrich and Berner (1984) stressed the importance of 

the amount of amount of organic matter (G) and, the reactivity of decomposable 

organic matter. They explained a simple first order G-model, the material 

denoted as CH2O is assumed to be decomposed at an overall rate directly 

proportional to its own concentration. This can be expressed as dG/dt=-K(G) 

where G is the concentration of metabolizable organic carbon that can be 

decomposed by the sulphate reducing community of micro-organisms. K is the 

first order decay constant for decomposition via sulphate reduction and t is the 

time. Thus G is indicative of the reactivity of the available organic carbon in this 

study. The K values calculated in this study from SRA and TOC ranged from 

0.0023-0.05. The K values remained constantly low reflecting high 

decomposability of matter in these saltpans. 

The unusually high values observed in January and September was due to the 

manual restructuring of the salt pan and accompanying stirring which led to the 

decease of the reactive substrate. Organic matters of marine origin are known 

to be more easily degraded than organic matter of terrestrial origin. This was 

further corroborated with the increased K values seen at deeper layers. The 

decay constant K calculated on a per year basis varied from9.16 — 12. 07 these 

values are comparable to thee reported K value of 14 by Grill and Richards 

(1964) to the range (11 - 26) given by Otsuki and Hanya (1972). The present 

values are much lower than those reported by Westrich and Berner (1984), 

which is around 24.y-1 . When the K values were processed based on the 

seasons, it was observed that the decay constant was 18.2 in the pre monsoon 

as compared to 1.59 during the post monsoon though there was no seasonal 
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difference in the TOC . The degradability of organic matter by SRB is therefore 

> 10 times faster in the post monsoon than in the pre monsoon. Such marked 

difference was not observed in the TOC values. Westrich and Berner (1984) 

proposed that the pool of decomposable sedimentary organic matter is actually 

composed of various groups of compounds that have different reactivities with 

regards to decomposition. Based on this concept seasonal differences in K 

values can be explained by the series of changes . the organic matter undergoes 

once it enters the system during the monsoon season, i.e. ratio between labile 

and non-labile fractions increases. The organic matter generally found in this 

season is sufficiently aged without much of the labile organic matter. Hence the 

microbes would take a longer time to render the more recalcitrant and less 

labile organic matter reactive. Similar inferences have been drawn with particle 

associated bacterial dynamics in the Zuari —Mandovi Estuarine system. The 

particle-associated bacteria were therefore more productive on labile particles 

during the post monsoon and more active- mineralizing on less labile particles 

during pre monsoon (De Souza, 2000). Such sequential decomposition have 

also being noted on short time scale (7 to 21 days). The degradable constant 

K at the end of the 7 th  day is quite distinct from that on the 21 st  day suggesting 

there could be 2 different substrates having degradability values. Hence, as 

Westrich and Berner (1984) have proposed the kinetics of sulphate reduction in 

the saltpans follows a sequential decomposition. 

2. Source — Particulate Carbon —Biomass: 

Using a conversion factor of 10fg C per cell (Fuhrman, 1982) the 

contribution of SRB to the conversion of DOM to POM has been calculated. 

Thus SRB contributes to a conversion of 0.05 41g C M -2y-1 . This could be as 
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high as 0.05 mg if it is assumed as in the case of aerobic bacteria that the 

culturable fraction is at least 1000 th  actual number of SRB in the environment. 

Thus culturable SRB contribute to the POC ranging from 0.05g Cm -2y-1  in the 

pre-monsoon to 0.51 during the monsoon to 2.4 during the postmonsoon. 

However, SRB have a greater role to play in the mineralization and their 

conversion to CO2 in this salt pan. 

3. Sulphide and Sulphate Turnover: 

The turnover time of sulphate ,sulphide and SRB also showed different 

periods. The turnover of sulphate can be long during the monsoon taking about 

173 days. The values during the pre-monsoon only amounts to 45 days during 

the post-monsoon. The turnover times for sulphide is very fast during the pre-

monsoon taking 2-4 days as compared to 22 days during the post-monsoon or 

still longer values of 140 days during the monsoon. Since Sulphate reduction is 

closely linked to sulphide oxidation, turnover time based on the oxidative cycle 

has also been calculated. Here in the oxidative part of the cycle, the differences 

in the turnover of sulphate is quite low. It varies from 16.7 days during the pre-

monsoon to 36.7 days during the post-monsoon. During the monsoon the value 

is only about 22 days. Thus it appears that the oxidation rates are much faster 

than the reducing rates. 
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5.7. DMSP: 

DMSP is an osmolite produced by a variety of marine algae. A number of 

organisms have been shown to cleave DMSP to DMS (Ledyard et al 1993; De 

Souza and Yoch (1995). Of late the role of SRB in DMSP cleavage has gained 

interest as DMS has been observed in a variety of environments. In anaerobic 

environments DMS may be metabolized by methanogenic bacteria and 

sulphate reducing bacteria (Kiene et al, 1986). The metabolism of DMS by 

these hypersaline isolates clearly reflects that they are responsible for the 

breakdown of DMSP, which are present in high concentrations in hypersaline 

environments. Kiene et al (1986) found that the SRA accounted for more than 

90% of metabolism of DMS in anoxic salt marshes of San Fransisco Bay. 

However, DMSP metabolism may probably contribute only to a small fraction of 

the total SRA as the lactate and formate isolates were poor metabolizers of 

DMSP. As the formate and lactate isolates are the dominat groups in this 

saltpan, the net DMSP metabolism by SRB is poor in this saltpan. 

SRB were 	, important in the hypersaline salt pans of Goa. The 

retrievable SRB populations were an important fraction of bacterial community 

and were responsible for as much as 40 - 50% variability in the total bacterial 

population. The strong relationship between SRA and SRB suggests that the 

culturable SRB contribute significantly to the measured SRA. On the whole 

SRA did not show significant relationships with environmental parameters. 

SRA is also dependent on the bye product of heterotrophic fermentation which 

is responsible for degrading organic matter and releasing volatile fatty acids as 

substrates for SRB. Sulphur oxidizing activity is apparently as dominant in these 

sediments as compared to the SRA. This study also reveals the fact that the 

128 



culture based approach can easily be integrated with process based technique 

to understand the diversity of sulphate reducing bacterial populations and 

dynamics of SRA. The finding of sulfate reducing ability in hitherto unreported 

hypersaline bacteria like Halomonas elongata and Chromohalobacter 

israelensisl indicate that this ability could be more widespread than so far 

believed. Besides, wide substrate preference indicates metabolic diversity of 

this group and suggests a more general participation in the flow of carbon and 

electrons in the saltpans. 
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Chapter 6 

SUMMARY 



1. SRB numbers and diversity in the saltpan of Ribandar were higher in 

surficial sediments than in deeper layers or in overlying water. 

2. The abundance and diversity were more under mesohaline than under 

hypersaline conditions. 

3. The intensity of Sulfate Reducing Activity (SRA) and abundance of SRB 

in hypersaline forms were at least one order lower than that observed in 

the mesohaline SRB. 

4. The retrievable SRB counts were an important fraction of bacterial 

community and were responsible for as much as 40 -50% variability in 

the total bacterial population. The culturable minor fraction could 

contribute to an important variability in SRB biomass and sulphate 

reducing activity 

5. Traditional methods of identification showed 	the abundance of 

Desulfobacter postgatei > Desulfovibrio desulfuricans > Desulfococcus 

multivorans under mesohaline conditions and Desulfovibrio halophilus > 

D. desulfuricans > Desulfococcus multivorans under hypersaline 

conditions. 

6. The identity of D. halophilus by 16S rDNA technique conforms to the 

taxonomic affinity established by the conventional method. 

7. The sulphate reducing ability in hypersaline Halomonas elongata and 

Chromohalobacter israelensis has been demonstrated for the first time 

8. The behaviour of SRB and SRA were not identical in space and time, - 

SRB increased with depth as salinity decreased. SRA also increased 

temporally as the salinity increased from monsoon to post-monsoon to 

pre-monsoon. However, maximal SRB were enumerated in samples 
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where salinities ranged between 60 and 80 psu and optimal SRA was 

observed at salinities between 60 to 110 psu. 

9. Kinetics of sulphate reduction in the saltpans follows a sequential 

decomposition. 

10.The decay constant was found to be 18.2 in the pre monsoon as 

compared to 1.59 during the post monsoon season. The degradability of 

organic matter by SRB is therefore > 10 times faster in the post monsoon 

than in the pre monsoon period. 

11.Contribution of SRB to the particulate organic pool amounts to 

0.05mg C M2y-1 ' Their contribution to mineralization is much higher and 

can range from values as low as 543g C m-2y-1 during the post-

monsoon season to as high as 1579 g C m 2y-l during the pre-monsoon 

season. 

12.Thus SRB in the saltpans are relatively more active mineralizers during 

the pre-monsoon season and acting as a source of carbon dioxide; they 

are relatively more active increasing biomass (productive) during the 

monsoon. 

13.SRA in the salt pan is more carbon limited than sulphate limited 

14.Active participation of SRB in the utilization of relatively important 

osmolyte DMSP has been shown for the first time from this ecosystem. 

15. SRB had the ability to grow on a wide range number of substrates with 

preference for formate and lactate. Metabolic diversity of this group 

suggests a more general participation in the flow of carbon and electrons 

in anoxic habitats than earlier thought. 
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16.Sulphur oxidizing activity is as dominant in these sediments as compared 

to the SRA. It is probable that in this stressed hypersaline environment 

the SRA and the sulphide oxidizing activity have equally important 

contributions to make to maintain the homeostasis through the seasons. 

17.The above studies have shown that the culturable fraction could 

contribute to an important variability in bacterial biomass and sulfate 

reducing activity. The SRB and SRA in hypersaline systems resemble 

that of their counterparts in coastal or offshore systems. However, their 

interaction with the environmental and other bacterial parameters may be 

different in intensity and direction. In hypersaline systems like the 

saltpan, the role of SRB role is more important as mineralizers than 

producers. It would be challenging to examine how the dynamics of 

sulfate reduction get affected by some factors like protozoan grazers or 

phages. 
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Chapter 7 

CONCLUSION AND FUTURE SCOPE 



Conclusion: 

On the whole SRA did not show significant relationships with 

environmental parameters. However, in water, the relationship was negative 

with temperature, pH, DO and also the abundance of aerobic bacteria. The 

SRA relationship with aerobic TDLO was very much limited (r = -0.385 only). 

The negative effect on pH is intriguing because increased SRA increases the 

pH value. This negative relationship obtained could be attributed to the indirect 

effect brought about by the abundance of other heterotrophs. However, SRA is 

positively related and shows a significant relationship with the anaerobic TDLO 

at an r-value of 0.663 (p < 0.05). This difference clearly indicates that there 

could be very little overlap in the population of TDLO retrieved under anaerobic 

and aerobic conditions. The positive relationship with anaerobic TDLO 

demonstrates that the utilization of sulphide with these groups of organisms is 

responsible for stimulating increased SRA in the overlying water. High levels of 

sulphide can be toxic even to the organism, which produces it. Hence 

oxidative removal of sulphide by TDLO under anaerobic conditions stimulates 

or triggers increased SRA. In water, the different groups of SRB retrieved on 

different media showed different degrees of relationship though insignificant 

with SRA. Benzoate degraders contributed the most, amounting to about 18% 

of the influence on the variation of SRA. P-Hydroxy benzoic and other phenolic 

acids have been shown to be available in the adjacent mangrove swamps 

(Karanth et al, 1975). The acetate oxidizers contributed only 9% to SRA. Thus 

it appears that the SRA in water is influenced more by the sulphide utilizers 

than by sulphide producers Li (1993) has also made similar observations where 

133 



there is lack of correlation between SRA and sulphate reducing bacterial 

numbers enumerated by the MPN method. 

Sulphur oxidizing activity is apparently as dominant in these sediments 

as compared to the SRA. Here in these salt pans, not only are the anaerobic 

TDLO higher but the rate at which the sulphide gets oxidized to sulphate or the 

rate at which sulphate keeps increasing is more important. Consequently 

sulphur functions as a long term carrier of reducing equivalents and effectively 

links anaerobic mineralization through sulphate reduction to aerobic 

degradation. It is probable that in this stressed hypersaline environment the 

SRA and the sulphide oxidizing activity have equally important contributions to 

make to maintain the homeostasis through the seasons. 

This study also reveals the fact that the culture based approach can 

easily be integrated with process based technique to understand the diversity of 

sulphate reducing bacterial populations and dynamics of SRA. The culturable 

forms could be easily identified by classical and molecular techniques. The 

information on the abundance of culturable forms is useful in an environment 

showing a wide range of bacterial abundance or when the initial study is being 

made. Riemann et al (1978) have shown that such studies could be useful to 

compare the current data with that of the earlier studies. Rehnstam et al (1993) 

contend that even when colony counts are low they may include those species 

that are dominant in an environment. 

The retrievable SRB populations were an important fraction of bacterial 

community and were responsible for as much as 40-50% variability in the total 

bacterial population. The minor culturable fraction could therefore contribute to 

an important variability in bacterial biomass and sulfate reducing activity. The 
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sulfate reducing activity in the sediments act as a source of carbon contributing 

as much as 1579 g C M -2 .Y-1  during the pre-monsoon season. 

The finding of sulfate reducing ability in hitherto unreported hypersaline 

bacteria like Halomonas elongate and Chromohalobacter israelensis indicate 

that this ability could be more widespread than so far believed. Besides, wide 

substrate preference indicates metabolic diversity of this group and suggest a 

more general participation in the flow of carbon and electrons in the saltpans. 

Future scope: 

The unculturable majority have yet to be identified by molecular techniques. 

Integrated studies where molecular approaches are complemented by 

appropriate culture based investigations would assist in obtaining cultures of 

organisms that are truly representative of those important in nature. Besides 

molecular approach , culture based and process based methods can be used. 

As discrepancies caused by techniques in molecular ecology could have their 

limitation, fully integrated approaches could be adopted to have a 

comprehensive overview of the microbial community in complex environmental 

samples (Head et al, 1998). Schulz et al (1996) have rightly pointed out that 

symbiosis of the conventional eco-physiological approach together with 

molecular approach would be the only feasible way to understand the marine 

microbial ecology. 
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APPENDIX 

HATCHIKIAN'S MEDIA 

NH4C1 	 2.0 g 
NaC1 	 62.0 g 
K2HPO4 	 0.2 g 
Yeast Extract 	 1.0 g 
Sea Water 	 1000 ml 
Trace Elements SL4 	 5 ml 
Agar (sloppy media) 	 0.8% 

TRACE ELEMENTS SOLUTION : 	 500 ml 

ZnSO4 . 71120 	 10 mg 
MnC12 . 4H20 	 3 mg 
H3B03 	 30 mg 
CoC12 . 6H20 	 20 mg 
CuC12.2H20 	 1 mg 
NiC12  .61120 	 2 mg 
Na2Mo04 .2H20 	 3 mg 
CaC12.2H20 	 20 mg 
Autoclave 15 minutes 120 °C 

LIQUID MEDIA ADDITIONS: 

FeSO4 .7H20 	20 mg/50 ml distilled water acidified 	with 1 drop of H2SO4 
(1 ml to be added to 200 ml media) 

Na2S.9H20 	 50% stock made in 10 ml test 	tubes 
(0.5 ml to be added to 200 ml of media) 

SOLID MEDIA ADDITIONS: 
FeSO4 	 10% solution 	 1 ml/200 ml 
Na — thioglycollate 0.6 g/10 ml 	 2 m1/200 ml 
0.5 N NaOH 	 0.8 ml/200 ml 

SEALER: 
Wax — paraffin 
	

100 ml melted 
Paraffin oil 
	

200 ml 
(Mix distribute autoclave) 

Na — thioglycollate 	- final concentration 0.03% 
Fe SO4 solution 	 - final concentration 0.05% 
NaOH 	 - 0.5 N 



CARBON SOURCES ADDED: 
STOCKS PREPARED: 

Sodium acetate. 3 H2O 

Propionic acid 

n-Butyric acid 

n-palmitic acid 
Heat to dissolve 

Benzoic acid 

Sodium pyruvate 

Ethanol 

Sodium lactate 

Formate (Formic acid) 

Cocktail (1 mM): 

20 g + 100 ml Distilled water 

7 g + 100 ml Distilled water 

8 g + 100 ml Distilled water 

5 g NaOH + 100 ml Distilled water 

pH 9.0 

pH 9.0 

pH 9.0 

5 g + 100 ml Distilled water 	pH 9.0 

2.2 g/L of media 

1 ml added to 100 ml media 

1 ml added to 100 ml media 

1 ml to 100 ml media pH 9.0 

0.2 mM of 5 of the above substrates 

SHAKE AGAR METHOD: 
SRB were enumerated on modified Hatchikian's medium (Hatchikian 1972, Loka 
Bharathi and Chandramohan, 1985). SRB were quantified using the agar shake 
technique (Pfennig et al. 1981). Here 14 ml screw-capped culture tubes containing 12 
ml medium and inoculum were gently tilted to allow mixing and then allowed to set. A 
sterile mixture of paraffin wax and oil (2:1v/v) was then poured on top to maintain 
anaerobiosis. SRB were enumerated after 10-15 days of incubation at room 
temperature. The numbers are expressed as averages of triplicate tubes. 

LIESKE'S MEDIA (TDLO): litre 

NaC1 
	

31 g 
Na2S203 5H20 
	

5 g (do not add when adding Na2S) 
KNO3 	 5g 
NaOH CO3 	 1 g (filter sterilize auto separately) 
NaOH PO4 	 0.2 g 
MgC12 61120 
	

0.1 g 
NH4C1 
	

2g 
CaCl2 61120 
	

10 mg 
FeC13 6H20 
	

10 mg 
Na2S.9H20 (5%) 
	

0.5 ml in 200 ml 

AGAR: 
Plates 	2% 
Tubes 0.8% 



LIESKE'S MEDIA: last minute additions (200 ml): 

2 ml of NaHCO3 (1.5 g/15 ml Distilled water) autoclave separately 

0.05 ml of vitamin solution 	2 drops 

Na2S 9H20 solution of desired ppm just before distribution. 

VITAMIN SOLUTION (1 litre) 
Calcium Pantothenate 	100 mg 
Pyridoxine HCl 	 40 mg 
Thiamine HCl 	 20 mg 
Riboflavin 	 20 mg 
Nicotinamide 	 20 mg 
Biotin 	 0.001 
(Riboflavin makes this solution yellow, add 0.05 ml in 100 ml) 
Filter sterilize 	 (make in 100 ml quantities) 
Use sterile distilled water * 

NUTRIENT AGAR (HIMEDIA, BOMBAY) 
Peptone 	 5.0 g 
Sodium Chloride (from saltpans) 	1.5 g 
Beef extract 	 1.5 g 
Yeast extract 	 1.5 g 
NaCl 	 62.0 g 
Agar 	 15.0 g 
Sea water 	 1000 ml 
pH 	 7.4 

Redox Potential Measurements: 

Solution A: 
Potassium ferrocyanide 4.22g reagent grade K4Fe(CN)6.3H20: 0.1 M 
Potassium ferricyanide 1.65greagent grade K3Fe(CN)6 	0.05M 
Place in volumetric flask .Add about 50m1 d/w and swirl to dissolve solids. Dilute to 
volume with d/w. 

Solution B: 
Potassium ferrocyanide 	 0.01M 	0.42g 
Potassium ferricyanide 	 0.05M 	1.65g 
Potassium fluoride :KF.2H20 	0.36M 	3.39g 
Place in a volumetreic flask. Add about 50m1 d/w and swirl to dissolve solids. Dilute 
the volume with distilled water. 

Transfer solutions to beaker. Place the electrode in the solution and wait until reading 
stabilizes. The potential should be about 192 mV (Solution A); For solution B:256 mV. 
Difference:B-A= 66mV 



Sulphate estimation (Turbitometry): 

Acidify the sample to pH 1 with 4 N HC1. Let it boil for 10 minutes. Place the beaker 
in a water bath at 90 °C (10 — 12 hours), cool, adjust the pH to 7 with concentrated 
NaOH and then 0.5 N NaOH. Make the volume to 150 ml. The sample is ready for 
measurement. In a beaker with magnetic piece add 25 ml of sample and 1.25 ml 
conditioning solution. Agitate continuously and add 2 ml barium chloride. Agitate 
continuously during the addition keeping speed constant (1 minute). Incubate and read 
at end of 10 minutes (wave length 365 nm, glass cuvette). 

Conditioner: 
Dissolve 75 g NaCl in 300 ml d/w to which is added 100 ml of 95% ethanol or 
isopropyl alcohol. To this add 30 ml concentrated HCl and 50 ml of glycerine. Filter 
the solution if turbid. 

Barium chloride solution (BaC12.2H20 Loba Chemie, mol. Wt. 244.28): 30 % 
Standard: 40 mg (NH4)2SO4 in 1 litre d/w. For estimation 10 ml of ammonium sulphate 
+ 15 ml d/w (OD should be approximately 0.215 — 0.220). Standard should be repeated 
every time. 

I. 	SULPHIDE ESTIMATION (PACHMAYR'S METHOD): 
1 ml/lg sample is fixed in 9 ml of 2% Zinc acetate. To this add 5 ml DMPD, swirl once 
and quickly add 0.25 ml FAS. Shake and let stand for 10 minutes. Fill up volumetric 
flask to 50 ml (can be stored at this point for 2 days without loss of colour intensity). 
Make up the volume with d/w to 50 ml. Measure OD at 670 nM in glass cuvette. 

DMPD: 
2 g dimethyl para-phenylene-diamine-sulphate in 1 litre volumetric flask. Add 200 ml 
d/w and then slowly add 200 ml concentrated H2SO4 (sp. wt. 83), place in ice box after 
cooling to room temperature fill up to 1 litre with d/w. 

FAS: 
50 g iron III ammonium sulphate, (NH4) Fe(SO4)2.12H20 in a 500 volumetric flask add 
10 ml concentrated H2SO4 and fill up to 500 ml with d/w. 

Zinc acetate: 
2% w/v zinc acetate in d/w add 1 drop of acetic acid per litre. 

II. CHROMOUS CHLORIDE PREPARATION: 

Immerse 100 — 200 g of zinc metal (granular 20 — 30 mesh size) in a solution of 
mercuric chloride (0.1 M in 10 M HCl) and mix gently. After metal acquires a bright 
metallic sheen, decant and save the mercuric chloride. Wash the zinc with tap water, 
transferring the first 3 rinses to containers for mercuric waste. Minimize exposure of zn 
to the atmosphere during these washes. 
Prepare 2-3 litres of chromic chloride in a large Erlenmeyer flask, transfer the zinc to 
the second flask and add the chromic chloride (1 M in 1 M HCI). Stir until the solution 
turns deep blue from deep green. Do not seal the flask as it evolves a hydrogen. 
Decant the chromous chloride and store in sealed bottle. The solution remains stable for 
several weeks or until it appears blue-green. 



Wash and save the zinc metal. Store submerged under deionized water. 

PREPARATION OF ACETONE FOR SEM 

Concentration 
Acetone% 

Volume 
Acetone(ml) 

Volume 	 Total volume 
Distilled water 	50 ml 

10 5 45 
20 10 40 
50 25 25 
80 40 10 
90 45 5 
95 47.5 2.5 

100 50 0 

prepare in separate reagent bottles 

SEM 

50% Acetone 
60% Acetone 
75% 
90% 
100% 
100% 

15 minutes 

Scanning Electron Microscopy culture in broth: 
Incubate liquid culture in sterile 15 ml vials containing 4 slide (square pieces) for one 
week. 
Remove the medium with the help of Pasteur pipette. Do not shake the vial. 
Dehydrate the culture in 2, 10, 20, 50, 80, 90, 95 and 100% Acetone for 15 minutes 
each and 30 minutes Acetone 100% (twice). 
Continue for CPD (Critical Point Drying). 
Stick the glass pieces on Cu Stubs. 
Coat the stubs with gold for 40 seconds (sputter coating). 

• Remember to always keep the stubs in a dessicator before and after coating. 
• Never shake the culture when in broth 
• Try to complete the entire procedure in one day* 

Pressure used is about 1000 psi serried loaded 

CPD started at 12.15 p.m. finished at 1.30 p.m. 
Attach the small glass pieces onto stubs with double sided tape 

10 millibars vacuum for gold coating for 90 seconds 
Scanning electron microscope EDS JSM — 5800 LV 
Oxford ISIS EDS Analytical system Tokyo Japan 

1 drop of silver paint applied to the part between glass and stub silver paint to 
maintain the continuity of flow of electrons when focussing stub number processed 
sample. 



BUFFER (Stock solution 5X) ELECTROPHORESIS 
Per litre 
Tris base 
Boric acid 
0.5 M EDTA 
pH 
Autoclave before use 
Working concentration 
Gel loading buffer 
Glycerol 
TBC 
Bromophenol blue 

54 g 
27 g 
20 ml 
8 

0.5 X 
3 Ill + 10 ill DNA sample 
50% 
load 0.5 X in well 
1% 12 p.1 of sample 

Chemicals for plasmid isolation: 
TE Buffer: 	 50 mM Tris HCl (pH 8) 
EDTA : 	 20 mM 
Lysis Buffer (freshly prepare, stable for 3 days) 
TE Buffer at pH 12.45 
1.5% SDS (20%) (Reagent grade) 
Dissolve SDS in TE buffer pH 8 adjust pH to 12 with 10 N NaOH to pH 12.45 with 3 N 
NaOH 
Inclusion of 50 mM glucose in SDS facilitates pH adjustments 
3 M sodium acetate pH 4.8 (2.46 g in 10 ml d/w) 

6X gel loading dye 
2 ml of milli Q water + 12.5 mg Bromophenol blue, dissolve and add 1.5 ml 30% 
glycerol in water and make volume to 5 ml using milli Q water. 
Ethidium bromide 1 mg.mrl. 



Sulphide standard curve 
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able 1: Correlation Matrix of water. 

Temp pH Eh DO Sal Den SO 4 S -z  SRA AODC L F A Bz Bu Av TDLO ,,IDLO a, M ae  NA an  R 1 R 2 
emp °C 	1.000 
H 	0.161 

:11 	-0.280 
)0 	-0.157 
a I Voo 	0.621 

)ensity 	0.658 
;04 	0.619 

0.023 
BRA 	-0.163 
40DC 	0.307 
SRB L 	-0.426 
SRB F 	-0.289 
SRB A 	-0.306 
SRB Bz 	-0.388 
SRB Bu 	-0.697 
Av. Count -0.425 
TDLO ae 	0.250 
TDLO an 	0.363 
NA ae 	0.006 
NA an 	-0.526 
Ratio 1 	-0.566 
Ratio2 	-0.368 

1.000 
0.244 
0.240 

-0.062 
-0.019 
-0.062 

-0.201 
-0.331 
0.146 

-0.326 
-0.307 
-0.645 
-0.176 
-0.396 
-0.425 
0.667 

-0.484 
-0.011 
-0.360 
-0.643 
-0.365 

1.000 
0.982 

-0.575 
-0.529 
-0.576 

0.215 
-0.278 
-0.510 
0.062 

-0.364 
-0.211 
0.109 

-0.031 
-0.164 
0.345 

-0.434 
-0.564 
0.369 

-0.298 
0.324 

1.000 
-0.524 
-0.426 
-0.526 

0.188 
-0.385 
-0.484 
-0.037 
-0.484 
-0.280 
-0.005 
-0.172 
-0.276 
0.379 

-0.463 
-0.617 
0.315 

-0.387 
0.272 

1.000 
0.879 
1.000 

-0.214 
0.322 
0.209 

-0.276 
0.150 
0.150 
0.108 

-0.175 
0.044 
0.270 
0.572 
0.162 

-0.358 
-0.221 
-0.079 

1.000 
0.878 

-0.160 
0.105 
0.244 

-0.553 
-0.198 
-0.154 
-0.295 
-0.483 
-0.324 
0.229 
0.302 
0.051 

-0.477 
-0.364 
-0.307 

1.000 

-0.213 
0.323 
0.210 

-0.270 
0.151 
0.158 
0.116 

-0.170 
0.051 
0.269 
0.576 
0.166 

-0.362 
-0.216 
-0.076 

1.000 
0.141 

-0.294 
0.045 
0.045 

-0.020 
-0.059 
-0.077 
-0.081 
-0.395 
0.210 

-0.374 
-0.172 
0.166 
0.282 

1.000 
0.131 
0.171 
0.409 
0.309 
0.430 
0.369 
0.323 

-0.386 
0.664 
0.282 

-0.221 
0.240 
0.052 

1.000 
-0.436 
-0.124 
-0.127 
-0.357 
-0.255 
-0.206 
0.039 
0.136 
0.288 

-0.545 
-0.234 
-0.418 

1.000 
0.717 
0.633 
0.678 
0.799 
0.813 

-0.362 
0.341 
0.341 
0.572 
0.752 
0.399 

1.000 
0.652 
0.591 
0.793 
0.814 

-0.245 
0.481 
0.273 
0.402 
0.698 
0.476 

1.000 
0.751 
0.815 
0.925 

-0.240 
0.552 
0.236 
0.478 
0.756 
0.620 

1.000 
0.787 
0.849 
0.041 
0.440 
0.202 
0.354 
0.469 
0.580 

1.000 
0.933 

-0.240 
0.264 
0.266 
0.634 
0.811 
0.583 

1.000 
-0.192 
0.476 
0.356 
0.536 
0.786 
0.571 

1.000 
-0.337 
-0.326 
0.027 

-0.656 
0.111 

1.000 
0.353 

-0.200 
0.304 
0.131 

1.000 
-0.152 
0.356 

-0.561 

1.000 
0.474 
0.564 

1.000 
0.384 1.000 

n=12 
df = 11 

	

0.05 	0.553 

	

0.01 	0.684 

	

0.001 	0.801 



Table 2: Correlation Matrix of 0-2 cm. 

Eh TOC Sal Den SO 4 S SRA AODC L F A Bz Bu Av TDLO ..TDLO an  NA 8e  NA an  R 1 R 2 
Eh 
TOC 
Sal Yoo 

 Density 
SO4  

S-2  
SRA 
AODC 
SRB L 
SRB F 
SRB A 
SRB Bz 
SRB Bu 
Av. Count 
TDLO ae 
TDLO an 
NA ae 
NA an 
Ratio 1 
Ratio 2 

1.000 
0.152 
0.434 
0.434 
0.434 

0.256 
0.251 
0.178 

-0.063 
0.057 
0.062 
0.104 
0.118 
0.016 
0.106 

-0.027 
0.063 

-0.456 
-0.076 
0.279 

1.000 
-0.061 
-0.061 
-0.061 

-0.195 
-0.240 
0.118 

-0.309 
-0.096 
-0.114 
0.090 
0.388 
0.002 

-0.215 
-0.677 
0.055 

-0.139 
0.228 
0.114 

1.000 
1.000 
1.000 

0.533 
0.423 
0.204 

-0.141 
-0.167 
-0.130 
0.487 

-0.028 
0.043 

-0.108 
0.143 
0.259 

-0.536 
0.092 
0.199 

1.000 
1.000 

0.533 
0.423 
0.204 

-0.141 
-0.167 
-0.130 
0.487 

-0.028 
0.043 

-0.108 
0.143 
0.259 

-0.536 
0.092 
0.199 

1.000 

0.533 
0.423 
0.204 

-0.141 
-0.168 
-0.131 
0.487 

-0.028 
0.043 

-0.108 
0.143 
0.259 

-0.536 
0.092 
0.199 

1.000 
0.633 
0.027 
0.255 
0.193 
0.299 
0.335 

-0.035 
0.301 

-0.314 
0.041 
0.006 

-0.048 
0.527 
0.453 

1.000 
0.083 

-0.010 
0.253 
0.254 
0.191 

-0.101 
0.116 
0.209 
0.121 
0.282 

-0.231 
-0.103 
0.109 

1.000 
0.633 
0.712 
0.679 
0.519 
0.664 
0.755 
0.348 

-0.169 
0.642 

-0.290 
0.295 
0.616 

1.000 
0.871 
0.780 
0.393 
0.463 
0.838 
0.323 
0.166 
0.349 
0.325 
0.378 
0.443 

1.000 
0.870 
0.406 
0.589 
0.859 
0.579 
0.084 
0.568 
0.245 
0.166 
0.354 

1.000 
0.467 
0.664 
0.891 
0.368 
0.034 
0.589 
0.122 
0.395 
0.496 

1.000 
0.535 
0.664 
0.201 

-0.066 
0.540 
0.081 
0.337 
0.224 

1.000 
0.819 
0.388 

-0.033 
0.727 

-0.142 
0.282 
0.290 

1.000 
0.381 
0.080 
0.682 
0.104 
0.442 
0.454 

1.000 
0.531 
0.674 
0.076 

-0.656 
-0.389 

1.000 
0.351 

-0.016 
-0.511 
-0.505 

1.000 
-0.304 
-0.124 
-0.025 

1.000 
0.040 

-0.264 
1.000 
0.776 1.000 

n=12 
df = 11 

0.05 
0.01 

0.001 

0.553 
0.684 
0.801 



Table 3: Correlation Matrix of 2-5 cm. 

Eh TOC Sal Den SO 4 SRA AODC L F A Bz Bu Av rDLO ,,TDLO an  NA se NA an  R 1 R 2 
Eh 
TOC 
Sal O/00 

 Density 
SO4  

S-2  
SRA 
AODC 
SRB L 
SRB F 
SRB A 
SRB Bz 
SRB Bu 
Av. Count 
TDLO ae 
TDLO an 
NA ae 
NA an 
Ratio 1 
Ratio 2 

1.000 
-0.383 
0.097 
0.097 
0.097 

-0.140 
-0.132 
-0.163 
-0.214 
0.146 
0.050 

-0.062 
-0.251 
0.000 
0.163 

-0.179 
0.203 

-0.442 
-0.196 
-0.229 

1.000 
-0.241 
-0.241 
-0.242 

-0.162 
0.172 
0.268 

-0.062 
-0.340 
-0.406 
0.199 
0.158 

-0.201 
0.160 

-0.089 
0.260 
0.181 

-0.346 
-0.507 

1.000 
1.000 
1.000 

0.573 
-0.108 
0.203 
0.002 
0.338 
0.334 
0.002 

-0.058 
0.272 
0.060 
0.477 
0.207 

-0.115 
0.115 
0.029 

1.000 
1.000 

0.573 
-0.108 
0.203 
0.002 
0.338 
0.334 
0.002 

-0.058 
0.272 
0.060 
0.477 
0.207 

-0.115 
0.115 
0.029 

1.000 

0.573 
-0.108 
0.203 
0.002 
0.338 
0.334 
0.002 

-0.057 
0.272 
0.060 
0.477 
0.207 

-0.115 
0.115 
0.029 

1.000 
0.429 
0.093 
0.408 
0.325 
0.026 
0.382 
0.230 
0.282 

-0.228 
0.076 
0.020 
0.062 
0.504 
0.253 

1.000 
0.352 
0.136 

-0.275 
-0.736 
0.210 

-0.201 
-0.435 
-0.457 
-0.700 
-0.326 
-0.226 
0.209 
0.086 

1.000 
0.381 

-0.070 
-0.184 
0.407 

-0.153 
-0.043 
-0.112 
-0.081 
-0.186 
-0.078 
0.096 
0.189 

1.000 
0.676 
0.147 
0.909 
0.654 
0.574 
0.084 

-0.150 
0.080 
0.504 
0.447 
0.296 

1.000 
0.356 
0.597 
0.516 
0.623 
0.194 
0.095 
0.267 
0.302 
0.320 
0.124 

1.000 
-0.022 
0.336 
0.821 
0.474 
0.715 
0.378 
0.164 
0.190 
0.169 

1.000 
0.667 
0.496 
0.236 

-0.277 
0.332 
0.468 
0.206 

-0.058 

1.000 
0.672 
0.528 
0.008 
0.530 
0.849 
0.037 

-0.201 

1.000 
0.572 
0.409 
0.580 
0.347 
0.283 
0.036 

1.000 
0.238 
0.874 
0.440 

-0.609 
-0.702 

1.000 
0.151 
0.077 

-0.008 
0.132 

1.000 
0.287 

-0.448 
-0.777 

1.000 
-0.214 
-0.177 

1.000 
0.826 1.000 

n=12 
df = 11 

0.05 
0.01 

0.001 

0.553 
0.684 
0.801 



Table 4: Correlation Matrix of 5-10 cm. 

Eh TOC Sal Den SO 4 S .1  SRA AODC L F A Bz Bu Av TDLO.TDLO., NAae NA .„ R 1 R 2 
Eh 
TOC 
Sal %o 

 Density 
SO4  

S-2  
SRA 
AODC 
SRB L 
SRB F 
SRB A 
SRB Bz 
SRB Bu 
Av. Count 
TDLO ae 
TDLO an 
NA ae 
NA an 
Ratio 1 
Ratio 2 

1.000 
-0.807 
-0.204 
-0.204 
-0.185 

-0.230 
-0.311 
-0.258 
0.116 
0.000 

-0.085 
0.026 
0.215 

-0.068 
0.093 
0.325 
0.195 

-0.044 
0.301 
0.259 

1.000 
0.265 
0.265 
0.209 

0.157 
0.211 
0.337 

-0.330 
-0.107 
-0.052 
-0.072 
-0.224 
-0.114 
-0.033 
-0.518 
-0.332 
-0.057 
-0.239 
-0.084 

1.000 
1.000 
0.992 

0.369 
0.007 
0.075 
0.093 
0.374 
0.616 
0.174 
0.221 
0.299 
0.033 
0.395 

-0.049 
0.208 
0.529 
0.608 

1.000 
0.992 

0.369 
0.007 
0.075 
0.093 
0.374 
0.616 
0.174 
0.221 
0.299 
0.033 
0.395 

-0.049 
0.208 
0.529 
0.608 

1.000 

0.319 
0.013 
0.057 
0.104 
0.360 
0.630 
0.202 
0.257 
0.311 
0.001 
0.474 

-0.042 
0.211 
0.578 
0.634 

1.000 
0.465 

-0.196 
0.183 
0.130 
0.490 
0.227 
0.067 
0.186 

-0.183 
-0.246 
-0.225 
0.063 

-0.248 
-0.218 

1.000 
0.207 

-0.008 
-0.264 
0.023 
0.310 
0.110 

-0.023 
-0.111 
-0.325 
-0.311 
-0.070 
-0.244 
-0.153 

1.000 
-0.200 
-0.191 
-0.163 
-0.283 
-0.335 
-0.158 
-0.319 
-0.297 
-0.473 
0.019 
0.174 
0.217 

1.000 
0.772 
0.540 
0.746 
0.610 
0.844 
0.370 
0.379 
0.538 
0.628 

-0.230 
-0.284 

1.000 
0.654 
0.541 
0.667 
0.925 
0.575 
0.506 
0.756 
0.838 

-0.031 
-0.044 

1.000 
0.408 
0.536 
0.740 
0.145 
0.420 
0.274 
0.674 
0.045 
0.025 

1.000 
0.837 
0.716 
0.285 
0.270 
0.365 
0.515 

-0.195 
-0.208 

1.000 
0.802 
0.477 
0.456 
0.631 
0.761 

-0.060 
-0.081 

1.000 
0.477 
0.448 
0.677 
0.916 

-0.168 
-0.209 

1.000 
0.169 
0.836 
0.479 

-0.282 
-0.115 

1.000 
0.488 
0.303 
0.666 
0.552 

1.000 
0.656 

-0.160 
-0.164 

1.000 
-0.202 
-0.233 

1.000 
0.949 1.000 

n=12 
df = 11 

0.05 
0.01 

0.001 

0.553 
0.684 
0.801 



Table 5: Correlation Matrix of water and sediments in Pre-monsoon. 

Temp pH Eh DO TOC Sal Den SO 4 S .  SRA AODC L F A Bz Bu Av TDLO alDLO a, NA ae NA an 	R 1 R 2 

Temp °C 1.000 
pH 	0.385 
Eh 	-0.873 
DO 	0.315 
TOC 
Sal % 	0.729 
Density 	0.394 
SO4 	0.729 
S-2 	-0.830 
SRA 	-0.925 
AODC 	0.393 
SRB L 	-0.377 
SRB F 	-0.190 
SRB A 	0.031 
SRB Bz -0.313 
SRB Bu -0.665 
Av. Coun -0.146 
TDLO ae 0.799 
TDLO an -0.231 
NA ae 	-0.467 
NA an 	0.192 
Ratio 1 	-0.667 
Ratio2 	0.499 

1.000 
-0.673 
-0.455 

0.861 
0.495 
0.861 

0.017 
-0.346 
-0.696 
-0.414 
0.179 

-0.748 
-0.076 
-0.554 
-0.482 
0.818 

-0.559 
-0.905 
-0.819 
-0.887 
0.666 

1.000 
-0.277 
-0.485 
0.154 

-0.129 
-0.017 

-0.370 
-0.013 
0.175 

-0.280 
-0.134 
-0.176 
-0.157 
-0.156 
-0.167 
0.061 
0.042 
0.094 

-0.439 
-0.011 
0.013 

1.000 

0.030 
0.492 
0.030 

-0.188 
-0.570 
0.730 

-0.565 
-0.904 
0.120 

-0.807 
-0.489 
-0.382 
0.074 

-0.347 
0.053 
0.550 
0.004 

-0.663 

1.000 
0.056 
0.056 
0.056 

-0.334 
-0.151 
-0.662 
-0.121 
-0.398 
-0.453 
0.063 
0.067 

-0.389 
-0.485 
-0.386 
-0.266 
0.052 
0.091 

-0.137 

1.000 
0.473 
0.770 

-0.078 
-0.156 
-0.017 
0.069 
0.054 

-0.224 
0.160 
0.072 

-0.086 
-0.266 
-0.489 
-0.328 
-0.127 
-0.052 
-0.107 

1.000 
0.906 

0.356 
0.392 
0.352 
0.387 
0.353 
0.140 
0.628 
0.559 
0.485 
0.395 
0.331 
0.414 
0.347 

-0.003 
-0.019 

1.000 

0.234 
0.230 
0.257 
0.352 
0.316 
0.028 
0.571 
0.469 
0.352 
0.179 
0.067 
0.183 
0.210 

-0.017 
-0.038 

1.000 
0.418 
0.339 
0.760 
0.640 
0.458 
0.610 
0.603 
0.593 
0.228 
0.243 
0.397 
0.682 
0.299 
0.180 

1.000 
0.260 
0.609 
0.690 
0.631 
0.696 
0.664 
0.665 
0.638 
0.628 
0.643 
0.740 

-0.170 
-0.050 

1.000 
0.053 
0.341 
0.442 
0.328 
0.358 
0.609 
0.464 
0.509 
0.345 
0.235 

-0.400 
-0.170 

1.000 
0.774 
0.574 
0.746 
0.666 
0.663 
0.140 
0.239 
0.360 
0.759 
0.340 
0.210 

1.000 
0.688 
0.578 
0.531 
0.693 
0.384 
0.402 
0.440 
0.658 

-0.071 
-0.022 

1.000 
0.515 
0.479 
0.855 
0.360 
0.388 
0.461 
0.653 

-0.087 
-0.099 

1.000 
0.969 
0.791 
0.365 
0.433 
0.571 
0.740 
0.086 

-0.011 

1.000 
0.774 
0.403 
0.466 
0.620 
0.694 
0.016 

-0.101 

1.000 
0.529 
0.601 
0.668 
0.649 

-0.101 
-0.109 

1.000 
0.858 
0.808 
0.183 

-0.229 
0.106 

1.000 
0.800 
0.307 

-0.197 
0.082 

1.000 
0.293 
0.019 

-0.040 

1.000 
0.044 1.000 
0.010 C 1.000 

n=16 
df=15 

0.05 0.489 

	

0.01 	0.606 

	

0.001 	0.725 



fable 6: Correlation Matrix of water and sediments in Monsoon. 

Temp pH Eh DO TOC Sal Den SO 4 S -4  SRA AODC L F A Bz Bu Av rmo aymo a, NA „ NA an  R 1 R 2 
ramp °C 
31-1 
Eh 
30 
HOC 
Sal Yoo 

 Density 
SO4  
B.2 

SRA 
AODC 
SRB L 
SRB F 
SRB A 
SRB Bz 
SRB Bu 
Av. Count 
TDLO ae 
TDLO an 
NA ae 
NA an 
Ratio 1 
Ratio2 

1.000 
0.139 

-0.868 
-0.867 

-0.075 
-0.050 
-0.108 

0.275 
0.717 
0.836 
0.461 
0.878 

-0.212 
-0.651 
0.253 
0.154 

-0.957 
0.385 
0.542 

-0.116 
0.659 

-0.428 

1.000 
-0.588 
-0.598 

-0.727 
-0.714 
-0.598 

-0.555 
-0.582 
0.530 

-0.403 
-0.301 
-0.544 
-0.252 
-0.569 
-0.359 
-0.419 
-0.397 
0.859 

-0.925 
-0.068 
-0.920 

1.000 
1.000 

-0.394 
-0.297 
-0.331 
-0.421 

-0.426 
-0.530 
-0.175 
-0.240 
-0.413 
-0.311 
-0.458 
-0.477 
-0.598 
-0.663 
-0.321 
-0.499 
-0.489 
0.262 
0.321 

1.000 

0.327 
0.299 
0.276 

-0.045 
-0.276 
-0.971 
-0.268 
-0.583 
0.329 
0.549 

-0.021 
-0.064 
0.964 

-0.216 
-0.887 
0.591 

-0.587 
0.758 

1.000 
0.235 
0.235 
0.200 

-0.013 
0.244 
0.111 

-0.533 
-0.368 
-0.432 
0.123 

-0.231 
-0.339 
-0.073 
-0.512 
0.131 

-0.333 
-0.196 
-0.164 

1.000 
0.969 
0.976 

0.406 
0.329 
0.017 
0.185 
0.425 
0.399 
0.556 
0.230 
0.418 
0.342 

-0.085 
0.371 
0.074 

-0.036 
0.136 

1.000 
0.971 

0.408 
0.332 
0.018 
0.143 
0.405 
0.346 
0.524 
0.190 
0.376 
0.332 

-0.123 
0.403 
0.043 

-0.062 
0.086 

1.000 

0.440 
0.414 
0.059 
0.218 
0.463 
0.470 
0.656 
0.367 
0.528 
0.429 
0.005 
0.437 
0.167 

-0.030 
0.111 

1.000 
0.432 
0.127 
0.600 
0.518 
0.364 
0.378 
0.191 
0.435 
0.447 

-0.097 
0.270 
0.100 

-0.180 
0.092 

1.000 
0.296 
0.129 

-0.062 
0.076 
0.388 
0.119 
0.153 
0.285 

-0.222 
0.306 
0.009 

-0.258 
-0.091 

1.000 
0.143 

-0.024 
-0.017 
0.396 
0.007 
0.106 

-0.346 
-0.203 
-0.476 
0.172 
0.621 
0.523 

1.000 
0.666 
0.626 
0.368 
0.348 
0.548 
0.262 
0.376 
0.054 
0.134 
0.185 
0.368 

1.000 
0.850 
0.283 
0.614 
0.812 
0.498 
0.333 
0.364 
0.253 
0.206 
0.339 

1.000 
0.390 
0.784 
0.883 
0.499 
0.479 
0.335 
0.279 
0.284 
0.450 

1.000 
0.596 
0.641 
0.403 
0.318 
0.176 
0.509 
0.145 
0.115 

1.000 
0.907 
0.596 
0.625 
0.410 
0.567 
0.189 
0.135 

1.000 
0.691 
0.580 
0.403 
0.596 
0.159 
0.212 

1.000 
0.497 
0.720 
0.553 

-0.594 
-0.453 

1.000 
0.137 
0.684 

-0.033 
-0.151 

1.000 
-0.018 
-0.535 
-0.542 

1.000 
-0.064 
-0.145 

1.000 
0.843 1.000 

n=16 
df=15 

0.05 
0.01 

0.001 

0.489 
0.606 
0.725 



'able 7: Correlation Matrix of water and sediments in Post-monsoon. 

Temp pH Eh DO TOC Sal Den SO 4  S'` SRA AODC L F A Bz Bu Av rDLO 8YDLO a, NAae NA e„ R 1 R 2 

Temp °C 	1.000 
-0.008 

Eh 	0.649 
)0 	0.783 
fOC 
5a1 700 	-0.432 
)ensity 	-0.419 
304 	-0.432 

- 3 2 	 0.996 
SRA 	0.240 
40DC 	-0.242 
SRB L 	-0.228 
SRB F 	-0.630 
SRB A 	-0.903 
SRB Bz 	-0.462 
SRB Bu 	-0.822 
Av. Coon -0.733 
TDLO ae -0.369 
TDLO an 0.839 
NA ae 	-0.732 
NA an 	-0.680 
Ratio 1 	-0.464 
Ratio2 	-0.041 

1.000 
0.669 
0.505 

0.859 
0.866 
0.859 

-0.079 
0.883 
0.171 

-0.106 
0.409 
0.183 
0.648 
0.362 
0.341 
0.932 
0.404 
0.045 
0.075 

-0.692 
0.954 

1.000 
0.978 

-0.282 
0.400 

-0.225 
-0.003 
-0.400 
-0.430 
-0.373 
-0.358 
-0.379 
-0.484 
-0.070 
-0.347 
-0.624 
-0.576 
-0.694 
-0.655 
-0.693 
0.318 
0.410 

1.000 

0.201 
0.214 
0.201 
0.723 
0.499 

-0.442 
0.110 

-0.051 
-0.477 
0.185 

-0.304 
-0.192 
0.187 
0.993 

-0.311 
-0.237 
-0.524 
0.349 

1.000 
0.181 
0.181 
0.179 
0.291 

-0.091 
-0.142 
-0.425 
-0.469 
0.143 

-0.404 
-0.236 
-0.438 
-0.076 
0.257 

-0.134 
0.094 
0.063 
0.099 

1.000 
0.567 
0.832 

-0.262 
-0.406 
-0.217 
-0.313 
-0.140 
0.070 

-0.125 
-0.058 
-0.136 
-0.018 
-0.129 
-0.183 
0.046 
0.070 
0.325 

1.000 
0.922 
0.207 

-0.170 
0.086 
0.009 
0.216 
0.428 
0.017 
0.242 
0.359 
0.515 
0.512 
0.403 
0.588 

-0.319 
-0.100 

1.000 
0.035 

-0.254 
-0.007 
-0.085 
0.130 
0.353 
0.000 
0.185 
0.245 
0.395 
0.334 
0.246 
0.468 

-0.222 
0.039 

1.000 
0.392 
0.369 
0.133 
0.126 
0.581 

-0.106 
0.140 
0.335 
0.363 
0.633 
0.352 
0.402 

-0.256 
-0.168 

1.000 
0.572 
0.319 
0.321 
0.423 
0.331 
0.402 
0.500 
0.529 
0.403 
0.506 
0.422 

-0.404 
-0.327 

1.000 
0.339 
0.331 
0.674 
0.504 
0.584 
0.548 
0.593 
0.428 
0.507 
0.410 

-0.461 
-0.276 

1.000 
0.821 
0.417 
0.790 
0.478 
0.789 
0.432 
0.476 
0.545 
0.457 

-0.251 
-0.413 

1.000 
0.509 
0.720 
0.590 
0.848 
0.585 
0.577 
0.689 
0.597 

-0.127 
-0.202 

1.000 
0.364 
0.532 
0.692 
0.559 
0.572 
0.527 
0.594 

-0.180 
-0.040 

1.000 
0.763 
0.697 
0.459 
0.274 
0.480 
0.385 

-0.263 
-0.269 

1.000 
0.771 
0.662 
0.536 
0.661 
0.700 

-0.266 
-0.190 

1.000 
0.825 
0.812 
0.876 
0.854 

-0.427 
-0.442 

1.000 
0.816 
0.951 
0.882 

-0.755 
-0.631 

1.000 
0.836 
0.883 

-0.482 
-0.435 

1.000 
0.885 

-0.637 
-0.662 

1.000 
-0.498 
-0.437 

1.000 
0.871 1 

n=16 
df=15 

	

0.05 	0.489 

	

0.01 	0.606 

	

0.001 	0.725 
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