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                     Solar salterns are characterized as an artificial extreme environment with a 

characteristic of high salt concentration created for human benefits.  Such man-made 

hypersaline environments are widely found along the coastal areas which are used for 

natural salt production.  In Goa, solar salterns are widely distributed around the estuarine 

zones covering 18000 hectares area (Pereira 2013). Saltern areas are held below the low tide 

level to allow the water to flow through gravity in to the saltern through the creek. These 

salterns comprise of a series of interlinked ponds with a salinity gradient ranging from 10 to 

350 psu due to evaporation of sea water. In the saltpan ecosystem, a variation in prokaryotic 

diversity along the salinity gradient and a decrease in microbial species richness were found 

with increase in salinity in the pond. Therefore, the highest salinity ponds exhibit dominance 

of few phylotypes (Dillon et al., 2013). The dominant phylotypes represent a large variety of 

halotolerant and halophilic microbes which develop throughout the salinity gradient of the 

ponds. Salterns and salt lakes have been reported to harbor high number of taxonomically 

diverse halophilic microorganisms, which differ in salt requirement and metabolic 

capabilities. Their inhabitants make these unique ecosystems fascinating to study. Very little 

is known about the processes occurring in the saltpans and their importance to adjacent 

ecosystems. Salterns are the sites where different ions, including metals, become 

concentrated and halophilic bacteria evolve, suppressing the less halophilic and halotolerant 

forms. 

                 Goa is richly endowed with industrial minerals like iron ore, manganese ore, 

bauxite lime stone and dolomite.  Besides, the iron ore beneficiation plants situated on the 

river bank, discharge effluents directly into the estuary. The Mandovi River is the main 

route used for transportation of iron ore from mines located upstream (Kerkar, 2003). The 

Ribandar saltern of Goa, India, situated along side of the Mandovi River experiences a 
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higher iron concentration in its environment due to comparatively elevated iron 

concentration of the incoming estuarine water. Earlier studies have demonstrated that the 

mangrove and saltpan ecosystems present alongside of the Mandovi estuary are affected 

with high iron concentration (Attri, 2011; Kerkar, 2004) and the organisms present in these 

environments are expected to develop various strategies to deal with iron for their survival.  

Ribandar solar salterns are thalassohaline, series of linked multi-pond systems demarcated 

as primary pond, secondary pond, tertiary pond and finally ends with crystallizer pond with 

a discontinuous salinity gradient. Saline water of the Mandovi River enters in to the saltern 

via the sluice gate, initially into the primary pond, followed by secondary pond, and Tertiary 

pond, and finally into the crystallizer pond. Pre-monsoon and post-monsoon seasons are the 

salt making time and during these salt producing seasons, salinity in these ponds ranges 

from 20 to 300 psu. Primary pond salinity ranged from 20 to 45 whereas the crystallizer 

pond salinity level varied from 150 to 300 psu throughout the day. Due to this contrasting 

salinity between primary and crystallizer pond, these sites were explored for the microbial 

diversity. 

Sulphate Reducing Bacteria (SRB) 

                      Sulphur is the 10th most abundant element that exists on the earth crust and 

plays an essential role in living organisms and biological processes. Sulphur is mainly found 

as pyrite, gypsum, sulphates and oxides in rocks, soil, rivers and seas.  Due to its various 

oxidation states (from -2 to +6) it possesses complex biogeochemical cycles. In nature, it is 

abundantly found as sulfides and sulfhydroxy as (-2) oxidation state, elemental sulfur as (0) 

oxidation state and sulfate as (+6) oxidation state.  For biological use the sulphur compounds 

are reduced either by Assimilatory pathway or Dissimilatory pathway, and depending on the 
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end product of the reaction are either incorporated into the cell or excreted out into the 

environment.  In dissimilatory metabolism, the sulphate is reduced to sulphide as shown in 

the equation: 

2 CH₂O +SO₄-2 → 2 HCO3
-1 + H₂S   (Berher 1947) 

Certain Bacteria and Archaea can utilize sulfur compounds and are known as 

sulfidogenic bacteria. They play a key role in the sulfur cycle as they can reduce sulfate, 

thiosulfate and elemental sulfur to sulfide. Among sulfidogenic bacteria, dissimilatory 

process of sulphate reduction is mostly carried out by certain anaerobic bacteria which have 

the ability to use sulphate as their terminal electron acceptor and are called sulphate 

reducing bacteria (SRB).  SRB are wide spread in anaerobic habitats viz: sediments and 

water columns where they reduce sulphate to sulphide and degrade organic compound 

during its growth. Common habitats of SRB are marine estuarine salt marshes sediment and 

also saline and hypersaline ponds and lakes due to availability of high sulphate content 

(Kerkar, 2003).  Their occurrence had been reported from various habitats such as sediment, 

anoxic water, soil, biofilm, human intestine, hydrothermal vents and also the cold 

environment of the Arctic & Antartica (Bowman, 2003; Ye et al., 2009; Dunker, 2010; 

Kerkar and Lokabharathi 2011). The dsr gene which encodes dissimilatory sulfite reductase 

enzyme of dissimilatory sulfate reduction is exclusively present in the SRB and used as a 

molecular marker for SRB detection and identification (Ben-dov etal 2009).   

 SRB can grow on high molecular weight fatty acids, aromatic compounds such as 

phenol (Postgate, 1984; widdle, 1988), petroleum based products such as alkanes, toluene, 

benzene and aromatic hydrocarbon (Kerkar 2003).  SRB play a pivotal role in various 

biogeochemical cycles such as nitrogen, phosphorus and sulphur. They recycle the organic 

matter that enters the aquatic ecosystem and account for ~50% of the total organic carbon 
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deoxidization in marine sediments (Jorgensen 1982).  The ubiquity of SRB and their 

proneness to generate large quantities of H2S lead to a variety of impressive industrial, 

economic, and ecological effects (Azzam et al., 2012).  They play important roles in 

bioremediation, waste water treatment and fuel production due to their ability to degrade 

organic contaminants (Zhon 2014).  The H₂S produced by SRB can precipitate metals from 

solution in the form of insoluble metal sulfide and successfully used for removal of iron, 

manganese, and zinc from the sediment (Web et al 1998). 

Nanoparticles and Nanobiotechnology 

Nanoparticles are defined by International organization for standardization (ISO) as 

the object that has all the three dimensions in the range of 1 to 100 nanometers (nm).  At 

nanoscale dimensions, materials have different properties as compared to their bulk 

counterparts. Nanoparticles may have better magnetic, catalytic, electronic and optical 

properties depending on their shape, size and composition (Mukherjee et al., 2002). 

“Nanobiotechnology” is a multi-disciplinary field derived from the experimental use of 

these nanoparticles in biological systems (Penn et al., 2003, Salata, 2004), including the 

sciences of biology, biochemistry, engineering, chemistry, physics and metallurgy. The field 

of nanobiotechnology encompasses the use of various nanoparticles and nanowires of 

various compositions, in conjunction with biomolecules, to demystify many biological 

processes (Riddin et al., 2009).  Chemical (Chou et al., 2005) and physical methods (Lin 

and Yang, 2006) for synthesizing metallic nanoparticles employ harmful chemicals such as 

sodium borohydride, sodium citrate dihydrate which are possibly hazardous to the natural 

settings and organic functions and are also costly (Dubey et al., 2010). In contrast 

bioinspired synthesis of these particles are characterized by ambient experimental conditions 
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of temperature, pH and pressure (Li et al., 2011), and prove to be a cost effective 

environmental alternative to chemical and physical methods.  

Iron nanoparticles 

 Iron is the most essential element for all the forms of life and plays an important role 

in many metabolic processes (Abbaspour et al., 2014). Iron in its nanometric size (<100nm) 

exhibits different characteristics from its micro scale counterpart. The unique magnetic and 

catalytic properties of iron nanoparticles enable it for multipurpose applications in 

electronics, biomedicals, environmental remediation and various industrial applications 

(Zhou et al., 2016).  Iron nanoparticles have been successfully used for drug and gene 

delivery (Faraji et al, 2009, McBain et al, 2008), magnetic resonance imaging (MRI; Bulte 

et al, 2004, Schlorf et al, 2011), tissue repair, cell separation (Gupta and Gupta, 2005a), 

diagnostics (Yen et al., 2013) and diagnosis of cancer (Vigor et al, 2010).  Nano form of 

iron has been used extensively for ground water remediation and disinfection of waste water 

(Diao and Yao 2009) and to clean up polluted waters, soils and sediments (Kirschling et al. 

2010). Recent studies have reported the antimicrobial activity of nano iron inducing 

oxidative stress, morphological variation, cytotoxic effect and also have a bactericidal effect 

on various pathoges (Prema and Selvarani 2012; Auffan et al. 2008).  Hence, there is a great 

interest in fabricating iron based nanomaterials. Many unicellular as well as multicellular 

living forms like algae, insects, mollusks, fish, birds and even humans (Bharde et al., 2005) 

synthesize iron nanoparticles.  However, biological synthesis of iron nanoparticle has been 

extensively studied with microorganisms. 
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Hypothesis /Aims and Objectives of present study: 

Microbial research from hypersaline saltern ecosystem has mainly focused on halophilic 

aerobic micro flora and their unique biomolecules while anaerobes remained less explored. 

Therefore, the aim of this thesis was to study the diversity of culturable sulphate reducing 

bacteria present in Ribandar saltern. These SRB of Ribandar saltpans are expected to adapt 

to a different strategy to deal with the incoming ionic iron through estuarine water. Thus, 

these SRB would be the ideal organisms to be assessed for their potentials in synthesizing 

iron-nanoparticles. The toxic effect of iron nanoparticles on other organisms is also 

detrimental for sustainability of the saltpan ecosystem.  The present study was conducted 

with following objectives:  

 To quantify the comparative abundance of sulphate reducing bacteria in primary 
pond and crystallizer pond 

 To identify the SRB population at cellular and molecular level and delineate the 
phylogeny of hypersaline SRB in salterns. 

 To elucidate the role of SRB as a synthesizer of iron nanoparticles. 

 To assess the effects of iron nanoparticles. 

The present work enlightens the culturable diversity of SRB in two contrasting ecosystems 

present within a single saltern. It also establishes the role of SRB in the biosynthesis of iron 

based nanoparticles and its effect on other organisms. Additionally the possible application 

of SRB synthesized nanoparticles and the effect of iron nanoparticle on SRB has been 

evaluated.  
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2.1. Hypersaline environment and solar salterns  

Hypersaline environments are extreme ecosystems where along with high salt 

concentrations, other factors such as pH, ionic composition, temperature, low nutrient 

availability, solar radiations   (Olliver et al. 1994) make it a challenging habitat thus limiting 

biodiversity. These extreme environments offer tough situations and test the adaptability of 

the organisms, offering a great scientific interest for possible biotechnological applications.  

Hypersaline environments are abundantly present worldwide in the form of inland lakes 

(soda lake, mono lake, great salt lake), hypersaline springs, salt flats, ancient salt deposits, 

salt marshes and solar salterns (Kerkar and Das 2017; Pandit 2012). Based on their origin, 

hypersaline environments are divided into (1) athalassohaline, if it arose from non-seawater 

sources (dominated by magnesium, potassium, sodium and boron) and (2) thalassohaline, 

arising from sea water thus dominated with sodium chloride (Kerkar, 2003). Typical 

examples of athalassohaline hypersaline environments are Great salt lake, Dead sea 

(Satyanarayana et al., 2005) or some cold hypersaline lakes of Antarctica (Williams et al., 

2014) and thalassohaline hypersaline environment includes solar salterns, tide pools, brine 

springs, playas and salt mine drainage waters. Hypersaline habitats are dominated by 

Haloarchea (Boutaiba et al., 2012), halotolerant and halophilic bacteria. Halophiles are 

further categorized depending upon their salinity requirements. When optimal growth is 

observed between 3% and 15% of salt they are regarded as moderate halophiles and when it 

is above 15% as extreme halophiles (Kushner and Kamekura 1988). Hypersaline ecosystems 

have been excellent models for studying extreme microbes and microbial diversity.  In the 

past decade diversity studies on hypersaline ecosystem are emerging with a scientific 

interest for obtaining novel isolates with potential biotechnological application (Mani et al 

2015, Pandit 2014).   
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Among hypersaline environments, very limited studies have been reported from solar 

salterns. Salterns are man-made extreme environments with hypersaline conditions, exhibit 

low prokaryotic diversity as compared to other environments and harbor several halophilic 

and halotolerant microorganisms (Satyanarayana et al., 2005). Despite the high salinity 

condition, the environment also experiences a fluctuation in its biogeochemical conditions 

throughout the day. Solar salterns nurture a variety of halophilic and halotolerant bacteria 

throughout its salt gradient ponds. The first pond or the primary pond where water enters to 

the system, the bacteria are slightly halophilic. In the successive ponds the bacteria were 

moderately halophilic due to the moderate salinity of the pond environment. The last pond 

where salt crystals were formed is called crystallizer pond and its salinity ranges from 30-

40%; which is inhabited by extremely halophilic organisms. In such environments, 

anaerobes are the dominant group reported (Kerkar and Das, 2017). Most of the extreme 

halophilic anaerobes were reported from hypersaline environments. The sediment of solar 

saltern is anoxic and rich in sulfide in all the ponds. In such anoxic hypersaline 

environments, sulfate reduction is an important process involved in carbon and sulfur cycles 

2.2. Sulphate reduction and biological H2S production 

Sulfur is an essential nutrient for all life forms. The metabolism of organic sulfur 

compounds is a key component of the sulfur cycle.  To cover the need of this element, 

certain plants, fungi, and bacteria convert the inorganic sulfate into sulfide. Before the sulfur 

can be assimilated into biosynthetic pathways, it needs to be reduced to hydrogen sulfide.  

Most organisms utilize sulfate to reduce it to H2S intracellularly to incorporate sulfur into 

the S containing amino acids like cysteine which then gets incorporated in to proteins 

(Killham, 1994, Brüser et. al., 2000). The reduction of sulfate to sulfide becomes necessary 

in the absence of external reduced sulfur compounds and microbes carryout 2 different 
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pathways for sulfate reduction. The pathway of assimilatory sulfate reduction is a pathway 

which plays an important role in the synthesis of organic sulfur compounds by contributing 

the necessary sulfur to the cell. It is regulated in such a way that under normal conditions, 

release of sulfide from the cells does not take place (Zehnder and Zinder, 1980). The 

sulphate assimilation pathway was first resolved in the enteric bacteria Escherichia coli and 

Salmonella typhimurium using mutants auxotrophic for different sulphur compounds (Jones-

Mortimer,1968 and Kredich, 1971). Since then, a number of bacterial strains have been 

identified to produce H2S in the assimilatory process. Many Archaeal and Bacterial 

members use sulphur in the energy yielding reactions through a metabolic pathway of 

dissimilatory sulfur metabolism. These dissimilatory processes occur in strictly anaerobic 

environments where the sulfur or sulfate acts as the terminal electron acceptor in the 

electron transport system where H2S is released in large amounts as the end product.  The 

reduction of sulphate to hydrogen sulphide is an eight-electron reduction reaction as follows;   

                                SO4
2- + 8 e- + 8 H+ <====> H2S + 2 H2O + 2 OH-  

The reaction proceeds through a number of intermediate stages. The stable sulphate ion is 

first activated by the enzyme adenosine tri phosphate (ATP)-sulphurylase to give adenosine 

phosphor sulphate (APS). In dissimilatory sulphate reduction, the sulphate in APS is then 

reduced to sulphite releasing adenosine mono phosphate (AMP). In assimilatory reduction 

another phosphate is added to APS to form phosphoadenosine phosphosulphate (PAPS). 

Only then is the sulphate reduced. Sulphite is the first product of sulphate reduction in both 

the cases (Madigan et al., 1997).  Dissimilatory sulfate-reducing prokaryotes are a 

heterogeneous group of Bacteria which include members of the phyla Proteobacteria 

(Beeder et. al., 1995), Nitrospirae (Henry et. al., 1994), Firmicutes (Daumas et. al., 1988), 

and Archaea consisting the phylum Archaeoglobi (Dahl and Truper, 2001). All members are 
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characterized by their ability to use sulfate as a terminal electron acceptor during anaerobic 

respiration. 

 

Figure 1: Schematic representation of Assimilative and Dissimilative sulphate reduction 

2.3. Sulphate reducing bacteria 

Sulphate-reducing bacteria (SRB) are members of the delta sub-division of Proteobacteria. 

They are strict anaerobes and their permanent habitats include estuarine, marine and salt 

marsh sediments, saline and hyper saline ponds and lakes due to high and an almost 

inexhaustible supply of sulphate. SRB comprise a mixed group of morphologically and 

nutritionally diverse, strictly anaerobic bacteria that use sulphate as the terminal electron 

acceptor. SRB oxidize a range of compounds including organic acids, fatty acids, alcohols, 

and H2 as carbon and electron donor sources. A significant aspect of SRB metabolism is the 
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production of hydrogen sulphide, a strong reducing agent, capable of inhibiting the growth 

of both anaerobic and aerobic microorganisms (Gibson, 1990). The high environmental 

sulphide concentrations produced by SRB lead to the precipitation of most of the metal ions 

present, as their metal sulphide. The role of sulphate reducing bacteria contributes up to 50% 

of organic material degradation in coastal marine sediments (Jorgensen,1982) and also their 

involvement in anaerobic turnover of certain metals make them important to be used for 

detoxifying metal contamination. 

 The genera of SRB are generally defined in terms of their morphology rather than 

physiology. The majority of SRB are reported to stain Gram-negative with Desulfovibrio 

being the most encountered genus, and Desulfotomaculum being the sole Gram-positive 

genus.  However Gram-staining behavior of SRB is diagnostically unreliable (Boopathy et 

al., 1998a; Zehnder, 1988). Although morphologically diverse, SRB are considered to be 

physiologically unified. Currently, eighteen genera of dissimilatory SRB are known, and 

these have been placed into two broad physiological subgroups. The first group contains 

genera such as Desulfovibrio, Desulfomonas, Desulfotomaculum and Desulfobulbus, that 

can use lactate, pyruvate, ethanol or certain fatty acids as carbon and energy sources. The 

second group includes genera such as Desulfobacter, Desulfococcus, Desulfosarcina and 

Desulfonema that specialize in the oxidation of fatty acids, particularly acetate (Madigan et 

al., 1997). Sulphate reducing bacteria (SRB) are more often found in systems with fouling 

problems. The two most common species of these bacteria are Desulfovibrio desulfuricans 

and Desulfotomaculum nigrificans. SRB obtain their energy from the anaerobic reduction of 

sulfates. Even small amounts of oils and grease will provide nutrients for SRB growth. 

Stagnant water and low flow conditions will also increase the chance of growth. SRB are 

considered as an agent of corrosion because they produce hydrogenase enzyme, which 
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enables it to use elemental hydrogen generated at the cathodic site to reduce sulfate to 

hydrogen sulfide. The electrolytic corrosion of iron by this process is very rapid and unlike 

ordinary rusting, is not self-limiting. SRB are capable of degrading complex substrates with 

long chain and aromatic hydrocarbons (Muyzer and Stams2008). 

2.3.1. SRB distribution 

SRB are widespread in nature and are mainly found in sulphate-rich anoxic habitats such as 

soil, marine and fresh waters and sediments as well as in the oxic-anoxic interfaces of all 

these biotopes and in the gut of many animals, including humans. Members of SRB have 

been successfully isolated from extreme barophilic, thermophilic, psychrophilic and 

halophilic environments (Odom and Singleton, 1993). They have been identified as 

responsible for the bio-geo-chemical nutrient cycles, biocorrosion, food spoilage etc.  SRB 

have been detected or isolated from marine sediments (Boschker et al. 1998; Ravenschlag et 

al. 2000; Mussmann et al. 2005; Webster et al. 2006), hydrothermal vents (Jeanthon et al. 

2002), hydrocarbon seeps (Knittel et al. 2003; Kniemeyer et al. 2007) and mud volcanoes 

(Stadnitskaia et al. 2005), and are abundantly present in hypersaline microbial mats, even at 

saturating oxygen concentrations (Rissati et al. 1994; Minz et al. 1999). They have been 

detected in habitats with extreme pH values, such as acid mine drainage sites (Sen, 2001) 

and in soda lakes (Geets et al. 2006). SRB have been detected and isolated from oil fields 

(Nilsen et al. 1996), as well as from the deep sub-surface (Kovacik, 2006). They are also 

present in freshwater sediments (Sass et al. 1998), in the rhizosphere of plants (Hines et al. 

1999; Bahr et al. 2005), in aquifers and in engineered systems, such as anaerobic waste-

water treatment plants (Ramsing et al. 1993; Wawer et al. 1997; Oude et al. 1994; Dar et al. 

2005). In the littoral sediment of Lake Constance, a fresh water environment, there is 
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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). 

2.3.2. Diversity of SRB 

Microbial diversity study is of significance for understanding the community structure and 

dynamics of the environment.  To provide quantitative information on microbial abundance, 

taxonomy and microbial characterization, culture dependent and culture independent 

methods are employed. Culture-dependent techniques require isolation, purification, and 

characterization of microorganisms (ZoBell, 1946).The major limitation of culture-based 

techniques is that >99% of the microorganisms are not cultivable by standard culturing 

techniques (Hugenholtz 2002). Culture‐independent methods for microbial diversity involve 

genetic and genomic approaches (Nichols, 2007). Woese (1987) identified 16S rRNA gene 

as a marker molecule for assessing microbial diversity. PCR targeting the 16S rRNA gene 

has been used extensively to study prokaryote diversity and for prediction of phylogenetic 

relationships (Pace 1996, 1997, 1999). The diversity of SRB in marine sediments has been 

investigated by clone libraries of the 16S rRNA gene (Devereux and Mundfrom, 1994; 

Bowman and McCuaig, 2003; Purdy et al. 2003a; Guan et al. 2012) or through detection of 

functional gene marker of SRB viz; dsr gene, encoding the dissimilatory sulphite reductase 

(Wagner et al. 1998; Guan et al. 2012), or apr gene , encoding dissimilatory adenosine‑5′-

phosphosulfate reductase (Meyer et al. 2007) found in all sulphate reducers responsible for 

catalyzing sulphite to sulphide . Cloning or denaturing gradient gel electrophoresis (DGGE) 

of PCR amplified 16S rRNA gene (Dhillon et al. 2003; Dar et al. 2005), dsr (Minz et al. 

1999; Geets et al. 2006; Dar et al. 2007) or apr (Meyer et al. 2007) gene fragments have 

been used to determine the diversity of SRB in many different habitats.  DNA microarray, 
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the SRP-PhyloChip (Loy et al. 2002) has been used to detect SRB in natural samples, such 

as acidic soils (Loy et al. 2004). Quantitative real-time PCR is a highly sensitive technique 

that can be used to quantify the number of SRB, and has been used to determine the number 

of SRB in rice field soils (Stubner, 2002; 2004), soda lakes (Foti et al. 2007) and industrial 

waste water (Ben-Dov et al. 2007). Moreover, this technique can also be used to study the 

expression of functional genes, such as dsr gene (Neretin et al. 2003). Another technique 

that can be used to quantify the number of SRB is fluorescence in situ hybridization (FISH), 

which also allows their spatial distribution to be visualized (Dar et al. 2007). Many different 

probes have been developed to target the rRNA of different taxonomic groups of SRB (Stahl 

et al. 2007). Mussmann et al. (2005) used a combination of FISH with catalyzed reporter 

deposition (CARD–FISH) to study the vertical distribution of SRB in intertidal mud-flat 

samples. Wan et al. (2010) developed a biosensor using vancomycin functionalized 

magnetic nanoparticle for detection of marine pathogenic SRB.  Sorokin et al. (2013) 

reported two novel SRB, Desulfonatronum alkalitolerans and Sulfurospirillum 

alkalitolerans from Thiopaq bioreactor. Sham et al. (2013) reported the presence of SRB in 

hydrothermal spring of Furnas valley of Azores through 16S rRNA gene based 

Metagenomics, DGGE and FISH techniques. SRB are also detected from thoraco-abdominal 

pus of humans (Loubinoux et al. 2013). Recently microbiologists have developed a new 

technique called capillary electrophoresis rRNA single-stranded conformation 

polymorphism (CE rRNA SSCP), which can characterize low diversity of microbial 

community (Nai et al. 2012). Pimenov et al (2012) reported SRB diversity from a sulfide 

rich cold spring, Ust’-Kachka of Russia.  Besaury et al (2013) reported SRB abundance and 

copper tolerant SRB strain from highly copper contaminated Chilean marine sediment.  Dar 

et al (2005) used nested PCR-DGGE strategy for SRB detection from industrial bioreactors. 
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Taketani et al (2010) studied SRB diversity in mangrove sediment of Cardaso island of 

Brazil using PCR couples DGGE analysis. Hooper et al. (2010) applied RT-PCR method to 

detect SRB from Dry wall of China. Kondo et al (2006) studied the abundance and diversity 

of SRB in lake Suigestsu, a meromectic lake in Japan. SRB diversity based of 16S rRNA 

gene and dsr AB gene was investigated in petroleum hydrocarbon contaminated aquifers 

(Kleikemper et al. 2002), Great salt lake Utah (Kjeldsen et al. 2006) even in Lake Fryxell of 

Antarctica (Karr et al. 2005). Cheng et al. (2001) reported SRB diversity in uranium mill 

tailing sites. SRB was also reported from barium sulphate mines situated in Andhra Pradesh, 

India (Babu et al. 2014). 

2.3.3. Sulphate Reducing Activity 

In marine ecosystems, sulphate reduction has been reported to be the most active process 

involved in organic matter turnover (Kasten and Jorgensen 2000). In mangrove sediments, it 

accounts for up to 100% of total sediment metabolism.  The sulphate reduction is governed 

by biotic and abiotic factors. Among biological factors bacterial sulphate reduction is of 

great ecological importance in hypersaline sediment (Skyrink 1987, Olliver 1994). In 

literature, some of the higher SRA has been measured in hypersaline microbial mats at 15-

20% salinity. Caumette et al. (1994) reported that the SRA rate varied from 200-17000 

nM.cm-3.day-1 in Mediterianean saltern. Brandt et al. (2001) measured the SRA from the 

sediments of Great salt lake (Utah, USA) using radio labeled ( 35S ) sulphate.  The zone of 

most intense sulphate reduction was restricted to the upper 3 cm of sediments.  Howarth and 

Teal (1979) measured SRA for two years in the peat of a salt marsh in New England by a 

radiotracer technique and reported the rates were high throughout, from the surface to more 

than 20cm depth. Studies conducted so far have shown that the rate of activity depends on a 

number of factors such as temperature, pH, ionic composition, microbial diversity. Besides 
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their 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). 

2.4. Nanoparticles 

Nanoparticles are the objects which have all 3 dimensions within the nano-scale, 

approximately around 1-100 nanometer. Objects at nano dimension exhibit properties that 

are different from their bulk counterpart or individual atom (McQuillan 

2010).Nanomaterials have attracted great attention for their unique, superior, and 

dispensable properties that can be distinguished from conventional macroscopic materials. 

Their discrete property arises especially from their higher surface to volume ratios and 

increased percentage of surface atoms increasing the reactive surface area.  Nano-objects 

may have a greater catalytic activity, higher toxicity and different electrical and optical 

characteristics which can be exploited for novel applications where the properties of the 

atomic or bulk material are unsuitable. For example, bulk gold has a shiny surface, in 

contrast spherical gold nanoparticles efficiently absorb visible wavelengths with a size and 

shape dependent excitation of the particle plasmons, and may appear dark red to purple in 

color. Nanoparticles are important class of materials in the development of novel devices 

that will enable applications in many areas, such as the physical, biological, biomedical and 

pharmaceutical (Sigel 1993; Suryanarayana 1995; Gleiter 2000; Lee, Yeo and Jeong 2003).  

Currently, metal-based nanoparticles are among the most highly produced nanoparticles for 

their multitude applications include catalysis, sensors, environmental remediation, and 
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personal care products (Kumar 2006) and their possible applications will continue to grow. 

The attachment of biomolecules such as antibodies, peptides, proteins and even DNA onto 

nanoparticles, extend their already exceptional versatility (Vinogradov et al., 2002).  A 

multitude of possible applications of inorganic nanoparticles exist, including single-electron 

transistors (Bolotin et al., 2004), fuel cells (Wazsozuk et al., 2001), fluorescent labelling of 

biological components (Ravnic et al., 2007), DNA/RNA detection via binding of 

DNA/RNA specific probes (Thaxton et al., 2005), as well as potential uses in biomedical 

diagnostic devices (Jain, 2005), biosensors (Guo et al., 2007), nanocomputers )Mandal et 

al., 2005) and drug and gene transport systems (Panyam & Labhasetwar, 2003). Bacterially 

produced FeS nanoparticles have served as an adsorbent for a wide range of heavy metals 

and known to play a critical role in environmental decontamination (Watson et al., 2000, 

2001).   Nanotechnology has the potential to also improve the environment by detecting, 

preventing, and removing pollutants such as arsenic and chromium (Yunus et al., 2012). 

Medicinal sciences are investigating the use of nanotechonology to improve medical 

diagnosis and treatments (Bennett and Schuubiers 2005; Howard and Kjems 2007; Andersen 

and others 2009). Also, there is potential power of application of nanotechnology in  many 

aspects of food industry such as food safety, disease treatment, delivery methods, new tools 

for molecular and cellular biology, new materials for pathogen detection, protection of the 

environment (Weiss, Takhistov, and Clements 2006) nanosensor and nanotracer fields in the 

food industry (Moraru and others 2003; Jin and others 2009). However, there is no definitive 

understanding of the risks posed by the release of these nanomaterials into human and 

environmental systems.  
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2.4.1. Biosynthesis of Nanoparticles 

There are several methods employed for nanoparticles synthesis, which are grouped in three 

categories: physical, chemical and biological. The methods using gas or solid phase and high 

energy treatments such as high energy ball milling, spray pyrolysis or flow injection are 

categorized as physical methods of nanoparticle synthesis. Methods involving solutions and 

temperature such as co-precipitation, sol-gel or solid state synthesis are considered chemical 

methods of nanoparticle synthesis. In case of biological synthesis it involves either bio-

organisms or biomolecules derived from the organisms.  The synthesis of nanoparticles by 

biological systems is characterized by processes that occur at close to ambient temperatures, 

pressures and at neutral pH (Balasoiu et al., 2010). These are considered as an advantageous 

approach over physical and chemical-synthesis processes requiring stringent reaction 

conditions, using toxic chemicals, high energy requirements and often low yield.  A wide 

variety of nanoparticles have been found to be produced by both prokaryotic and eukaryotic 

organisms including bacteria, fungi, actinomycetes and yeasts (Ahmad et al., 2003; 

Mukherjee et al., 2003; Sastry et al., 2003). This bioreduction of metal particles is expected 

to occur via an active or passive process, a combination of the two, or through the active 

interaction of unique reductase enzymes with certain quinones and their derivatives (Palomo 

and Filice 2016). In both cases, the process is hypothesized to be part of an organism’s 

enzymatic survival mechanism, as a buildup of metal-ions within a biological system could 

prove to be toxic (Durán et al., 2005; Ibrahim et al., 2001). Recently, a variety of synthesis 

approaches have been developed to produce high quality nanoparticles (Hassanjani et al., 

2011), nano-ovals (Zhong and Cao, 2010), nanobelts (Fan et al., 2011)  nanorings (Gotić et 

al., 2011) or other nanostructures. 
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Metal oxide and metal sulphide nanostructures are mainly prepared by chemical 

process in stringent conditions unlike the biological synthesis taking place in ambient 

experimental conditions. Biological production of metal nanoparticles using metal-reducing 

bacteria is a relatively advantageous method and all the steps are carried out by adhering to 

the Green Chemistry approach, utilizing standard nontoxic aqueous solutions and growth 

media. The use of bacteria to produce nanoparticles of various metals such as Au, Ag, Cu, 

Fe, Ti and Zr has  been reported earlier (Edmundson et al., 2014). The Actinobacter sp. has 

been shown to be capable of extracellularly synthesizing iron based magnetic nanoparticles, 

namely maghemite (γ-Fe2O3) and greigite (Fe3S4) under ambient conditions depending on 

the nature of the precursors used. SRB have received a large amount of attention for metal 

nanoparticle biosynthesis as they can reduce Ur, Fe, Cr, Mg, Au and Te to nanoparticle 

form(Lovely et al., 1993; Lloydet al., 1998,1999; Chardin et al., 2002; Lengke& Southam, 

2006).Desulfovibrio sp. have been most studied SRB, particularly Desulfovibrio vulgaris 

and Desulfovibrio desulfuricans, and shown to be able to reduce Pt and Pd into 

nanoparticles and accumulate them on their outer cell surface. SRB can sequester metals in 

the form of nanoparticles in anoxic water by producing reactive H2S (Moreau et al., 2007). 

Magnetospirillum magnetotacticum can synthesize intracellular iron oxide (Fe3O4) 

nanoparticles enclosed with lipid bi-layer and some protein forming magnetosomes. Many 

microorganisms are known to produce nanoparticles with properties similar to chemically-

synthesized materials, while exercising strict control over size, shape and composition of the 

particles.  

2.5. Iron nanoparticles 

Iron is an essential transition metal and plays an important role in many metabolic processes.  

Iron is the fourth most abundant element on the earth’s crust and commonly found in 
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minerals and iron oxide form.  Iron biominerals are represented by iron sulfides and iron 

oxides, and were linked to the sulfate reduction by bacteria & Archaea in the sediments. Iron 

exists in the environment dominantly in two valence states; the relatively water-soluble 

ferrous iron and highly water-insoluble ferric iron. Zero-valent iron (Fe0) is also found under 

some specific environmental and geological conditions (e.g. in some mafic and ultramafic 

rocks, and in meteorites, Read, 1970).  At nanoscale, iron and iron oxides exhibit especial 

magnetic properties induced by surface and finite-size effects. In case of nano-iron due to 

reduced size, the numbers of magnetic domains are reduced to keep the minimum internal 

energy in contrast to their bulk counterpart (Aparicio 2013). Because of the possibility to 

manipulate the magnetic properties of nano-iron, they are useful in many practical 

applications. Nano-iron is gaining high commercial value due to its multipurpose application 

in catalysis, magnetism, electronics, biomedicals, environmental remediation and various 

industrial applications.   

2.5.1. Characterization of iron nanoparticle 

Iron nanoparticles are characterized for its size and shape using Transmission electron 

microscopy (TEM) (Hong et al. 2008), scanning electron microscopy (SEM) and Atomic 

force microscopy (AFM). Structural characterization using XRD performed with Cu Kα 

radiation source generated at 40 kV and 30 mA.(Nan Wang et al. 2010). Particle size 

distribution was measured by dynamic laser scattering analyzer (DLS) (ZHAO Yuanbi et al. 

2008). The magnetic density of ferromagnet was measured by Gauss/Tesla-Meters (ZHAO 

Yuanbi et al. 2008). Magnetite content determination or composition determination done by 

using atomic inductively coupled plasma atomic emission spectrometer (ICP-AES) (Misara 

Hamoudeh et al. 2007) or Energy dispersive X-ray spectroscopy (EDS).  Magnetic property 

is determined using vibrating sample magnetometer (VSM) (Lian-ying Zhang et al., 2010).  
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BET method (the Brunauer–Emmett–Teller isotherm) was used to determine specific 

surface area of the nanoparticle based on determining the extent of nitrogen adsorption on a 

given surface. 

2.5.2. Application of iron nanoparticle 

The attractive physical and chemical properties of iron based nanoparticles make it 

compatible, efficient, cost-effective and environment friendly for various applications (Friedrich et 

al., 1998; Dimitrov, 2006; Dastjerdi and Montazer, 2010; Wang et al. 2012; Zhang, 2003). 

Nanoscale zero-valent iron (nZVI) has been used increasingly over the last decade to clean 

up polluted waters, soils and sediments (Kirschling et al., 2010). Nano form of iron has been 

used extensively for ground water remediation and disinfection of waste water (Diao et al., 

2009). One attractive potential approach is the modification of iron nanoparticles, based on 

the fact that iron oxide nanoparticles could react with different functional groups. 

Magnetism is a unique physical property that independently helps in water purification by 

influencing the physical properties of contaminants in water. Adsorption procedure 

combined with magnetic separation has therefore been used extensively in water treatment 

and environmental cleanup (Ambashta and Sillanpää, 2010). Fe2O3 nanoparticles were 

successfully used to purify water from various metal ions like aluminum (Al+3), arsenic 

(As+3), cadmium (Cd+2), cobalt (Co+2), copper (Cu+2), nickel (Ni+2). Iron oxide nanoparticle 

loaded with various polymers have successfully been used to remove heavy metals from 

water and sediment (Perham et al., 2012; Feng et al., 2012; Chou and Lien 2010; Cundy et 

al., 2008). Their wide use in environmental applications makes them ideal nanoparticle for 

in-depth research.  
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2.5.2.1. Anti bacterial effect of Iron nanoparticle 

Recent studies have reported the antimicrobial activity of nano iron with cytotoxic effect on 

Escherichia coli showing that when  bio-available iron is in excess, it might induce 

oxidative stress resulting in a mutant bacterium with morphological variations (Auffan et al., 

2008) and also bactericidal impact on various  pathogenic bacteria (Prema et al., 2012). 

Release of nanomaterials to soil systems can have a negative impact on the beneficial 

bacteria and thus increases the possibility of affecting biogeochemical cycles like nitrogen 

or sulphur cycles (Shahrokh et al., 2014). Zero-valent iron (ZVI), magnetite, and maghemite 

were used to study their toxicity to E. coli as well as a mutant strain of E. coli devoid of 

superoxide dismutase activity and it was observed that toxicity increased with concentration 

for ZVI and magnetite, while maghemite showed no toxicity (Auffan et al. 2008). Higher 

toxicity was observed in the mutant E. coli, suggesting superoxide dismutase helped 

decrease the effect of iron nanoparticles. So far there are only a few published studies on 

cytotoxicity of Fe3O4 nanoparticles to bacteria. 

2.5.2.2 Toxicity of Iron nanoparticle 

Iron nanoparticles generate hydroxyl radicals which may damage the biological systems 

through the Fenton reaction (Singh et al. 2010). Several studies have evaluated the toxicity 

of iron oxide nanoparticles to eukaryotic cells. Although dextran-coated Fe3O4 has minimal 

in vivo toxicity in rats and humans (Akbarzadeh et al., 2012), magnetite exhibits low 

neurotoxicity to rodent neurons (Wang et al. 2009) and causes a decrease in mitochondrial 

function in BRL 3A rat liver cells (Hussain et al., 2005). Maghemite (Fe2O3), which is 

considered less redox reactive than Fe3O4, has the highest toxicity to human mesothelioma 

cells (Mahmoudiet al. 2011). Several studies reported that nano iron induces interference in 

hatching, tissue damage and morphological abnormalities in zebra fish embryos (Praveen 
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Kumar et al., 2014). Fe2O3 nanoparticles in the aquatic environment at lower concentration 

are known to affect hematological, biochemical, ionoregulatory and enzymological 

parameters in Indian major carp (Zhu et al., 2012). Water borne nano-iron induced oxidative 

damage and histological changes in Medaka (Oryzia slatipes) (Li et al., 2009). However, 

very few studies have investigated the ecotoxicity of iron NPs, particularly in aquatic 

systems (Garcíaet al. 2011; Zhu et al., 2012).  Advances in nanoparticle synthesis enable the 

precise control of surface active sites by manufacturing monodisperse and shape controlled 

iron oxide nanoparticles (Bautista et al., 2005; Li and Somorjai, 2010) for desired 

applications. 

2.6. Ribandar Saltern of Goa: a potential site for the current study  

Goa being the smallest state of the country with 0.37 million hectares area containing 7 

estuaries (Coastal zone of india ISRO, 2012) is rich in mangrove vegetations and salterns. 

Since these estuaries are situated in thickly populated areas they experience anthropogenic 

pollution. Marine salterns in these estuarine zones occupy 18,000 hectares area (Periera 

2013) contributing to ecological assets and an economical resource for the coastal villages. 

These salt pans act as a niche for extremophilic organisms which thrive over a range of 

salinities, temperatures, pH, nutrient concentrations, oxygen availability, water activity and 

solar radiation.  Besides other functions, these extremophilic bacteria play a key role in 

regulating the concentrations of metals in the salt produced. Coastal areas are sites of 

discharge and accumulation of a range of environmental contaminants due to urbanization 

and industrialization, which include mining, agriculture, and waste disposal (Tabak et al., 

2005; Ross, 1994) and elevates metal concentrations in estuaries (Kumar et al., 2010) and 

salt crystallizer ponds (Pereira et al., 2013).  Microorganisms play critical roles in the major 

biogeochemical cycles on Earth and also are responsible for modification, degradation and 
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detoxification of pollutants contributing for natural attenuation of the environment. They 

carry out various biological and chemical processes like bioleaching, bioremediation, 

bioaccumulation, biodegradation and sometimes nanoparticle production to deal with 

detoxification of pollutants (Mohanpuria et al 2008).  Thus, it is important to understand the 

types of organisms present in a particular ecosystem, the role they play in the functioning of 

that system, and to estimate the effects that human activities are exerting on the microbial 

diversity and dynamics (Panizzon et al., 2015). The Mandovi estuary of Goa faces a threat 

of anthropogenic pollution; consequently the salt pans fed by the estuary would get affected. 

The Ribandar  saltern, which is fed by the Mandovi estuarine water and in turn is exposed to 

an influx of metal effluents from the ferro-manganese ore mining activities, barge traffic and 

sewage disposal. The quality of water and sediment affects all the living organisms in this 

diverse and complex region. A high iron concentration (1.25mg/L) has been detected in the 

estuarine water of Mandovi River near the Ribandar area (Goa state pollution control board, 

annual report 2015-16). Attri et al (2011) demonstrated that, in the mangrove ecosystem 

adjacent to Ribandar saltern, ambient iron concentration regulates the sulfate reducing 

activity by influencing SRB. Organisms like Bacteria, Archaea and Eukarya are known to 

inhabit and influence the salt pan water and thus quality of the salt produced. Ribandar 

saltern is inhabitated with diverse group of moderately halophilic, halotolerant and 

hypersaline bacteria. In the Ribandar salt pans of Goa, due to continuous exposure of heavy 

metals, there is an emergence of metal tolerant bacterial strains (Pereira 2013). It was seen 

that these tolerant bacteria employed specific and multiple mechanisms for detoxification of 

metals. These metals were thus removed from the overlying water of the salt pans and were 

found to accumulate in the sediment.  During the last decade studies on microbial 

community in the Ribandar saltern reported metal tolerance and various biotechnologically 
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important biomolecules production from saltern microbes. Ballav et al (2015) reported 

hypersaline Actinobacterial diversity in Ribandar saltern and studied for production of 

antibacterial metabolites. Halophilic Archaea from Ribandar saltern has been reported to 

synthesize silver nanoparticle (Shrivastava et al, 2013).Cyclic studies on sulfate reducing 

activity have been reported from Ribandar saltern (Kerkar and Lokabharathi 2007). Goan 

salterns have been investigated for indole acetic acid producing bacteria (Kerkar et al, 

2002); mercury and lead tolerant hypersaline SRB (Harithsa et al., 2002), halophilic fungi 

(Nayak et al., 2012). Surve et al., (2012) carried out a comparative analysis on halophilic 

bacteria from solar salterns. Reviews on sulphate reducing activity at salt saturation and 

metal tolerant bacterial diversity in saltern have been reported from Ribandar saltern (Mani 

et al. 2002; Kerkar & Lokabharathi 2007). Seasonal changes in SRA in Ribandar saltern 

have been reported by Kerkar and Lokabharathi (2011). Metal microbe interaction in 

Ribandar saltern has been investigated by Pereira et al (2012). 
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3.1. Sampling Site: 

3.1.1. Location & description of Ribandar saltpan 

The Ribandar saltpan covers a total area of 12,329.12 m2 alongside of Mandovi river (Figure 

2) near the Panji city. The saltpan is influenced with semi-diurnal tidal cycle, responsible for 

water entry into the saltpan through sluice gates.  Ribandar saltpan is surrounded with 

marshy lands with mangrove vegetations representing Rhizophora mucronata, Rhizophora 

mangal, Avicennia germinans, Laguncularia racemosa. This saltpan is a part of the area 

reclaimed for production of salt, salt tolerant rice varieties and hatching of fishes in 

monsoon. The site has 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.  

The Mandovi River is extensively used for transport of iron ore through barges to 

Marmugao harbour. Therefore, the site is affected by a significantly high iron concentration. 

The easy accessibility to the Arabian sea and favourable climatic condition for evaporation 

favours salt production in Goa (Pereira 2013). A tropical monsoon climate in Goa with hot 

and humid conditions experiences a temperature fluctuation from a minimum 20⁰C in 

December to   33⁰C in May accompanied with an annual rain fall of 250cm. 

3.1.2. Sampling locations 

Solar salterns are man-made ecosystems where the sea water enters a series of ponds 

regulated through a sluice gate.  The ponds are thus characterized as primary, secondary, 

tertiary and crystallizer ponds which sequentially exhibit increasing levels of salinity. 

Natural salt is finally harvested from the crystallizer pond after evaporation of the 

impounded water.  The present study has been carried out in a solar saltern situated in 

Ribandar fed by the estuarine water of Mandovi River. The geographic position of the 

saltpan was fixed using a Gramin global positioning system (GPS).  
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Figure 2: Image showing the location of the study site Ribandar saltern, Goa, India. 
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In the sampling site at Ribandar saltpan Goa, India, the first sample was collected 

from the primary pond (32feet 15°29' 54"N 73°50' 44.6"E), (Figure 3) which is subsequently 

connected to the crystallizer pond(32feet 15°29' 54"N 73°50' 41.2"E) where the second 

sample was thereafter collected (Figure 4).  These two contrasting sites (based on salinity) of 

Ribandar saltpan nurture diverse group of halophilic and halotolerant microorganisms.  The 

investigations were restricted to the primary pond and crystallizer pond of the saltpan. 

3.2. Sampling Period: 

The sampling period was restricted to only salt making seasons ie, the pre-monsoon (Feb-

May) and post-monsoon season (Oct- Jan) during the year 2012-2013. Sediment and water 

samples were collected from the primary pond and crystallizer pond. 

3.3. Sample Collection: 

The water & sediment samples were collected from different ponds situated at 32feet 15°29' 

54"N 73°50' 44.6"E (primary pond) and 32feet 15°29' 54"N 73°50' 41.2"E (crystallizer 

pond) of the Ribandar saltpan.  The overlying water samples were collected in sterile 

nalgene bottles and sediment cores (0-10 cm) were collected using 15 cm long and 1.5 inch 

diameter graduated PVC corers. Samples were collected in triplicates. Upon collectionboth 

the ends of the cores were sealed with sterile core caps to avoid direct air contact and 

transported in ice cold condition in ice box to the laboratory for further analysis.  In the 

laboratory each core was sub sampled at 0-2 cm,2-5 cm and 5-10 cm depth with a sterile 

blade in the laminar air flow. Samples were taken from the center of the sediment core to 

avoid contamination and processed immediately. 
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Figure 3: Primary pond of Ribandar saltern showing the sampling location  

 

 

Figure 4: Crystallizer pond of Ribandar showing sampling location 
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3.4. Measurement of Physico-chemical Parameters 

The saltern water physico-chemical parameters (temperature, pH, salinity and density) were 

measured onsite. The parameters measured in the laboratory for the overlying saltpan water 

were Eh, dissolved oxygen, sulphate, sulphide. In case of sediments, pore water was 

collected by slow centrifugation (5000 rpm) and analyzed for sulfate, sulfide and salinity. 

Temperature, Eh, pH, moisture content and sulphide were measured directly from the 

sediment. 

3.4.1. Temperature: 

Water and sediments temperatures were measured using a field thermometer (76 mm 

immersion, ZEAL, England). 

3.4.2. pH: 

pH of water and sediment were measured using a digital pH meter (Thermo Orion model 

420 A, USA) after calibrating it with the standard buffers of pH 4,7 and 10.01 respectively. 

3.4.3. Salinity: 

Salinity was measured with a portable refractometer (S/Mill-E, ATAGO Co.Ltd, Japan) 

calibrated to zero with distilled water. Salinity above 100 psu was measured by diluting the 

sample with distilled water (1:5) before measurement. 

 3.4.4. Moisture content: 

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

and dried overnight at 90⁰C in the oven and the difference in the weight was expressed as the 

moisture content measured in percentage (%). 
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3.4.5. Redox potential (Eh): 

The redox potential of the sediment cores was measured using combination redox electrode 

(Orion Research cat No.967800). The sediment cores were opened and the redox potential 

was checked immediately by introducing the electrode at specific points in the core i.e 0-2, 

2-5 and 5-10 cm. The redox electrode was calibrated prior to sample measurement with 

standards of solution A and solution B (composition in Appendix) as per Orion Manual. 

Solution A redox potential reading was stabilized around 192 ± 2 mV and solution B 

measurements were stabilized around 258 ± 5mV. A difference of approximately 66 mV 

between solution B and solution A verified electrode calibration. 

3.4.6. Dissolved Oxygen (DO) 

The dissolved oxygen (DO) concentration in the water samples was estimated using 

Winkler’s titrimetric method (Carpenter. 1965). Water samples were collected in 125 ml 

acid washed  (10% HCl) glass stopper bottles and fixed immediately with 1ml each of  

Winkler’s A & B (composition in Appendix).  The collected samples were mixed and the 

precipitate was allowed to settle. The sample was acidified with 1 ml of (10 N) sulfuric acid 

and then titrated in the laboratory with 0.01 N sodium thiosulfate using starch as the 

indicator.  The procedure was standardized using potassium iodate. The concentration of DO 

was expressed as mg per liter 

3.4.7. Total Dissolved Solid (TDS), Resistivity and Conductivity 

The total dissolved solid (TDS) Resistivity and Conductivity of the water samples were 

measured in the laboratory by using EUTECH CyberScan PCD 650 multiparameter. 
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3.4.8. Pore –water extraction: 

Interstitial water was extracted by centrifugation. In this method, the sediment cores were 

sectioned at 0-2, 2-5 and 5-10 cm interval, loaded separately into centrifuge tubes. The tubes 

were spun at 5000 rpm at 4⁰C for 10 minutes using a REMI cooling centrifuge. The water 

was then carefully siphoned out into a pre-cleaned 100ml polyethylene bottle. Further, the 

pore water was filtered with a 0.22µ membrane filter. The filtrate was analyzed for sulfate, 

sulfide and salinity.  

3.4.9. Sulphate: 

The sulphate content in the water and pore-water samples was estimated by turbidometry 

methods (Clesceri et al. 1998). Water sample (1ml and 2ml) were transferred into screw cap 

tubes and acidified to pH 1 with 4 N HCl. The acidified water samples were neutralized 

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

respectively. The volume was made up to 25 ml with distilled water. Conditioning solution 

(1.25 ml) was added agitating continuously with a magnetic stirrer. BaCl2 (30%) solution (2 

ml) was added, stirring continuously for 1 minute. The sulphate ions are precipited in such a 

manner that it produced uniform sized barium sulphate crystals. The optical density was 

recorded at 365 nm against the blank in a UV-Visible spectrophotometer (Milton Roy 

spectronic -1201) after 10 minutes of incubation. For each set of estimations, a standard of 

ammonium sulphate (40 mg/L) was included (composition in Appendix ). 

3.4.10. Sulphide: 

Water (1 ml) and sediment (1 gm) was fixed in 10 ml of 2% zinc acetate in sterile screw 

capped test tubes for determining the sulphide concentration (Pachmayr, 1960, as cited by 

Kerkar 2003). These contents were transferred into a volumetric flask, followed by addition 
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of 5 ml N,N-dimethyl-phenylenediamine sulphate (DMPD) and 0.5ml of Fe(III) ammonium 

sulphate (FAS), mixed well and allowed to stand for 10 minutes for reaction to take place 

(Appendix). The volume was made up to 50 ml with distilled water. Sulphide ions reacts 

with N,N-dimethyl-phenylenediamine and produces a methylene blue colour, which is 

spectrophometerically measured at 670 nm against a blank. The amount of sulphide present 

in the sample was calculated from the standard curve of Na₂S.9H₂O. 

3.5. Bacteriological studies: 

3.5.1. Total bacterial Counts (TC): 

The water samples were fixed with formaldehyde for enumeration of total bacterial count 

through AODC method (Hobbie et al, 1977).  Sediment cores were brought to the laboratory 

and sectioned at 0-2, 2-5 and 5-10 cm intervals aseptically. The subsamples were serially 

diluted to 10-2 dilutions and 2ml of samples were fixed immediately with formaldehyde 

(2%) for total bacterial counts. Water samples 300µl and 200µl sediment dilution sample 

were stained with filtered acridine orange (final concentration 0.01% w/v) for 5minutes and 

then filtered on to 0.22µm pore size black stained nucleopore filter paper. Samples were 

counted with Olympus epifluroscenes microscope, using a 515 nm barrier filter and at least 

10 fields of >30 bacteria per field were counted. Orange (active) and green (inactive) cells 

were enumerated separately. Bacterial abundance was expressed as numbers of bacteria per 

ml for water samples and numbers of bacteria per gram wet weight for the sediment.  

3.5.2. Culturable Heterotrophic counts: 

Aerobic heterotrophic count: Nutrient agar media prepared in sterile sea water 

supplemented with NaCl to a final concentration of 10% was used for enumeration of 
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aerobic heterotrophic count. 100µl of water samples and sediment samples (10-2, 10-3 and 

10-4 dilution) were spread plated and incubated at room temperature (28±2⁰C) for 4 days.  

Anaerobic heterotrophic count:  Anaerobic counts were carried out by agar shake method 

using nutrient agar media supplemented with 0.03% sodium thioglycolate, incubated at 

room temperature for 6 days in the dark. Bacterial colonies in the form of colony forming 

units (CFU) formed on the medium were enumerated and expressed as CFU per ml for water 

sample and CFU per gram for sediment samples. 

3.5.3. Sulphate Reducing Bacteria: 

3.5.3.1. Agar shake method: 

The agar shake tube method involves exclusion of part of oxygen from the medium and is 

affected by growing the organisms inside the culture medium, this being semi solid media. 

Here Hatchikian’s medium (1972) prepared in sea water supplemented with 6.2% NaCl was 

used for isolation, enrichment and enumeration of SRB. For the enumeration of CFU saltpan 

water (10 ml) and sediment (10gm) were serially diluted in autoclaved sea water up to 10-6 

dilution. 2.5 ml from 10-2, 10-3, 10-4 and 10-5 dilution were inoculated into screw cap test 

tubes containing modified Hatchikian’s agar media (Appendix), which was supplemented 

with one of the substrates either sodium lactate (0.75% v/v) or sodium acetate (0.2%w/v) . 

After gently tilting the tube up-side down 1-2 times, the tubes were placed in cold water and 

solidified agar tubes were overlaid with a sterile paraffin oil / paraffin wax (2:1) mixture to 

prevent entry of air. Black colony forming units were counted within 14-21 days of 

incubation at room temperature (28±2⁰C) in the dark until the number showed no further 

increase. The colony numbers were expressed as CFU per ml of water and CFU per gm wet 

weight of sediment. Assays were carried out in triplicates and averages ± SD were 

expressed. 
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3.5.4. Identification of SRB isolates 

3.5.4.1. Isolation of SRB: 

Pure cultures of SRB were obtained by isolating colonies from highest agar dilutions. The 

purified cultures were maintained in Hatchikian’s liquid medium prepared in sterile sea 

water. Precautions were taken to grow SRB under low and non-detectable levels of oxygen 

by bubbling nitrogen gas when necessary. SRB, in large volumes were cultured in 125 ml 

reagent bottles.  For smaller volumes and pure culture maintenance, 15 ml screw-cap test 

tubes were used. 

3.5.4.2. Classical Taxonomy: 

The tests for identification of SRB up to the genus level were carried out for 198 pure 

isolates. Standard protocols were followed for SRB identification. Classical taxonomy was 

carried out on the basis of morphological, physiological and biochemical characteristics as 

described in Bergey’s Manual of Systematic Bacteriology 1984, 1986, 1989 and the 

Prokaryotes (1991). 

3.5.4.2.1. Gram staining: 

The gram staining of cultures was performed as discussed by Hans Christian Gram (1884). 

3.5.4.2.2. Cell morphology 

Morphology of SRB cells were visualized with Olympus microscope (BX60, Japan) from 

gram stained cell preparations. 

3.5.4.2.3. Sporulation 

Gram stained slides were observed under 100X magnification using an Olympus BX60 

microscope for the presence of spore. 
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3.5.4.2.4. Motility: 

Hanging drop preparation was used to ascertain motility. 

3.5.4.2.5. Cytochrome identification: 

To check the presence of cytochrome a, b and c, spectra from 500 nm to 700 nm of air 

oxidized and sulfide reduced suspension (1-2 drops of saturated solution of Na₂S) of whole 

cells were taken using a UV-1601 UV –visible spectrophotometer, Shimadzu. Appearance 

of absorption peak at 605, 565 and 505 nm corresponds to cytochrome a, b and c, 

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

3.5.4.2.6. Desulfoviridin test: 

Presence of desulfoviridin pigment in SRB was tested by treating a dense SRB cell 

suspension with 1 to 2 drops of 2M NaOH. Further it was observed under UV light for 

characteristic red fluorescence and the absorbance at 365 nm was measured with a 

spectrofluorimeter, Shimazdu RF5300.  

3.5.4.2.7. Catalase Test: 

One drop of SRB liquid culture (0.1 ml) was removed with a Pasteur pipette on clean dry 

slides and exposed to air for 30 minutes followed by addition of one drop H2O2 (3%) on to 

it. The slide was observed for effervescence/ bubbles formation either macroscopically or 

with a low power microscope. 

3.5.4.2.8. Oxidase Test: 

A sterile filter paper strip of size 1cm x 2.2 cm was soaked with freshly prepared aqueous 

solution of 1% tetra methyl-p- phenylenediamine.  The tube with the SRB culture was 
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vortexed and 0.1 ml of the culture suspension was smeared on the moistened filter paper.  A 

positive test was indicated by a purple blue coloration within 30 seconds. 

3.5.4.2.9. NADH oxidase: 

SRB culture suspension (5ml) was sonicated using an ultrasonicator (vibra cell) with a 

continuous pulse for 90 seconds to release the intracellular contents.  The sonicated 

suspension was centrifuged using an Eltek research centrifuge TC 4100D USA. To 1 ml of 

this supernatant 500µM of the Tris HCL (pH 7.0) and 10µM NADH were added.  Final 

volume was made up to 2ml with miliQ water. Absorbance at 340 nm was measured in a 

Milton Roy Spectronic 1201 spectrophotometer. A decrease in the OD of the mixture 

showed the presence of the enzyme NADH oxidase (O’Brien and Morris, 1971). The above 

mixture without NADH was considered as blank for the experiment. 

3.5.4.2.10. Substrate utilization: 

SRB isolates were checked for growth on different substrates in SRB liquid media. The 

following substrates (final concentration): sodium acetate (0.2 %w/v), propionate (0.07% 

w/v), benzoate (0.05%w/v), sodium pyuvate (0.22 % w/v), formate (0.01% w/v), palmitate 

(0.05% w/v), etanol (1%v/v), sodium lactate (0.6% w/v) were tested for SRB growth. 

Growth was estimated by increase in OD, sulfide production, cell counts and change in pH 

of the final media after 10 days of incubation.  

3.5.4.3 Molecular Characterization of SRB isolates 

3.5.4.3.1.   DNA extraction and PCR amplification 

Genomic DNA was extracted from pureculture of SRB isolates, using Axygen Genomic 

DNA extraction Kit by following the manufacturer’s instructions. For molecular 

characterization the 16S rRNA gene was amplified using universal primer set, Forward 
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primer 27F (5'AGAGTTTGATCCTGGCTCAG3') and reverse primer 1492R   

(5'ACGGCTACCTTACGACTT3') (Lane 1991). The concentration and volume of the 

reaction mixture are as follows:  

1. PCR master mix 25µl,  

2. DNA template 2µl,  

3. Primers (Forward and reverse) 0.5µl each primer,  

4. Nuclease free water 22µl.     

The PCR conditions includes an initial denaturation at 94⁰C for 5min Followed by 

30 cycles with denaturation at 94 ⁰C for 1 minute, annealing at 56⁰C for 1minute and 

extension at 72⁰C for 1 min followed by a final extension at 72⁰C for 7 min. The Purified 

PCR product was sequenced by Sanger’s dideoxynucleotide sequencing method.  

3.5.4.3.2. 16S rRNA gene sequencing and phylogenetic analysis 

Sequencing of the purified PCR products was carried out with ABI 3100 (Applied 

Biosystems, Foster City, USA) sequencer. The partial sequences obtained were assembled 

by using Bioedit software. The assembled sequences were then subjected to BLAST 

sequence similarity search, (Altschul et al. 1990) to identify the nearest taxa. Sequences 

with higher similarity match were retrieved from NCBI (National Centre for Biotechnology 

Information) GenBank repository. These sequences were aligned with the SRB sequence to 

construct phylogenetic tree by using Molecular Evolution Genetics Analysis software 

(MEGA version 6.0). The sequences were aligned by Clustral W parameter and maximum 

likelihood tree was constructed based on Tamura-Nei model with 1000 bootstrap 

replications were carried out to validate internal branches (Tamura and Kumar 2002, Nei 

and Kumar 2000).   
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3.5.4.3.3. Nucleotide sequence submission and Accession number 

The 16S rRNA gene sequences obtained in this study from different SRB genera was 

deposited in NCBI GenBank under the accession numbers KT595699, KX784553, 

KY499467, KY499468, KY499469, KY499470, MG271828, MG271829, MG271830, 

MG271831, MG271832, MG271833.  

3.6. Salinity requirement and tolerance 

The SRB strains from saline environments were generally different from normal 

environment strains in terms of the osmotic fragility (Postgate 1965). All the 198 SRB 

isolates were studied for their salinity tolerance.  SRB isolates were allowed to grow under 

various salinity gradients of 30, 50, 100, 200 and 300psu in liquid Hatchikian’s media and 

incubated for 14 days followed by measurement of increase in sulphide concentration as a 

positive growth indicator. 

3.7. Sulfate reduction rate (SRR) of the isolates: 

Pure cultures were assessed for their SRR by estimating the sulphide content in the SRB 

medium after 7th, 14th and 21st days of incubation.  SRR was estimated by fixing 1ml of 

incubated media in 10 ml of 2% zinc acetate and sulfide was estimated as discussed earlier 

(in section 3.4.10).  The SRR was calculated based on the amount of peak sulphide produced 

per ml and expressed as nanomole.ml-1.d-1. 

3.8. Biosynthesis of Iron nanoparticles using SRB: 

3.8.1. Biosynthesis of Iron Oxide nanoparticle 

For biosynthesis of iron oxide nanoparticles, SRB were grown anaerobically in 100 ml of 

150 psu liquid Hatchikian’s media with 5ml of filter sterilized iron salt solution, prepared 

with ferric chloride and ferrous sulphate in 3:2 molar ratio and purged with nitrogen to make 
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the medium anoxic. The medium was inoculated with 20 ml of SRB culture at a 

concentration of 106 cells.ml-1 and incubated at 30°C anaerobically in static condition. After 

35 days of incubation the bio-transformed products settled at the bottom of the culture 

bottle, which were then collected by centrifugation at 14000rpm for 15min and processed 

for their characterization. 

3.8.2. Biosynthesis of Iron sulfide nanoparticle 

Biosynthesis of iron sulfide nanoparticles was carried out by growing the SRB anaerobically 

in 15ml screw cap tubes containing SRB media (50psu salinity)  with 0.5 M ferrous sulphate 

and incubated at 30°C under static conditions. After 21 days of incubation, the black colored 

precipitate settled at the bottom of the culture tube was collected by centrifugation at 

14000rpm for 15min and processed for its characterization. 

3.8.3. Isolation of Sediment Nanoparticle (SNP)   

Nanoparticles present in the sediment samples were collected using magnetic separation 

technique. Sediment samples were dried in an oven at 60°C for 24 hours and ground to 

powder form using a mortar and pestle.  With the help of a bar magnet, magnetic particles 

were separated from the dried soil and used for characterization. 

3.8.4. Characterization of Nanoparticles 

Nanoparticles were characterized by the following techniques: transmission electron 

microscopy (TEM), x-ray diffraction (XRD), scanning electron microscopy-energy 

dispersive x-ray spectroscopy (SEM-EDS) and Fourier transform infrared spectroscopy 

(FTIR).  
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3.8.4.1. TEM 

Data on morphology of nanoparticles were obtained using an FEI, TECNAI G2 F30, S-

TWIN microscope operating at 300 kV equipped with a GATAN Orius SC1000B CCD 

camera. The nanoparticles were collected by centrifugation and washed thrice with 

deoxygenated milliQ water. The pellet was lyophilized and redispersed in acetone. One drop 

was thinly smeared on a copper grid and allowed to air dry for five minutes and used for 

TEM analysis. 

3.8.4.2. X-ray diffraction (XRD) 

X-ray diffraction pattern of the lyophilized powdered nanoparticle samples was obtained 

using a Rigaku Miniflex II desktop X-ray diffractometer. The measurements were carried 

out in the range of 20-80 degree of 2θ at a resolution of 0.02 degree.  XRD patterns obtained 

were compared with the ICDD (International centre for diffraction data) database.  

3.8.4.3. Scanning Electron Microscopy-Energy dispersive X-ray spectroscopy (SEM-EDS)  

SEM-EDS analysis was performed using a SEM ZEISS Evo18 operated at 15–20 keV, 

equipped with OXFORD INCA 200 Energy Dispersive Spectrometer (EDS) to acquire the 

elemental composition of the nanoparticles.  Morphology of the nanoparticles was also 

captured with SEM analysis. Nanoparticle samples were collected by centrifugation and 

washed thrice with deoxygenated milliQ water. The pellet was lyophilized and redispersed 

in acetone. One drop was thinly smeared on a cover slip and allowed to dry for 5 minute and 

sputter coated with carbon prior to the analysis. 
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3.8.4.4. Fourier transform infrared spectroscopy (FTIR) 

The nanoparticles extracted from SRB were lyophilized and FTIR spectra were recorded on 

a Shimadzu FTIR IR AFFINITY-1. All measurements were carried out in the range of 400 

to 4000 cm-1 at a resolution of 0.4cm-1. 

3.9. Effect of iron nanoparticles on Zebra fish embryo development 

3.9.1. Fish maintenance and egg production 

Adult zebra fish (Danio rerio) were procured from an Aquaculture farm (Margao, Goa), 

sexed and maintained separately as stock in aquaria (fitted with aerators and heaters) at 

28±1ºC with 14:10 hrs (light: dark) photoperiods and acclimatized for a week. Water was 

manually renewed by replacing 50% of the total volume once  every week with fresh water 

and also by refilling the evaporated water every day. Fishes were fed twice daily with live 

brine shrimps (Artemia salina) supplemented with dry shrimp flakes and pellets (Brand et 

al., 2002). When the eggs were needed for studies, 1 male and 2 females were placed in a 

hatching box in the aquaria in the late evening and allowed to breed  overnight. Spawning 

process was triggered in the early morning hrs of the day by switching on the lights which 

lasted around one hr. Viable eggs were collected and rinsed thrice with E3 medium (5 mM 

NaCl, 0.17 mM KCl, 0.33 mM CaCl2 and 0.33 mM MgCl2) prepared as per Brand et al. 

(2002) with pH 7.2–7.3, dissolved oxygen 6.3 mg/L, total hardness 65 mg/L (as CaCO3) and 

temperature 28 ± 1ºC. All the chemicals used were of analytical grade (Sigma-aldrich, 

USA). In order to ensure developmental synchronization at the beginning of exposure, the 

embryos of 3 hours post fertilization (hpf) (blastula stage) were exposed to SRB synthesized 

iron oxide nanoparticles. 
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3.9.2. Exposure to nanoparticles: 

Lyophilized iron oxide nanoparticles were weighed and suspended in E3 culture media to 

prepare stock solution (1 gm/L) and the same solution was used for making different 

dilutions. During the preparation of the diluted solution, the stock solution was continuously 

stirred with a magnetic stirrer to maintain the suspension at as stable a concentration as 

possible. Embryo toxicity tests were designed as per the standard guidelines (OECD, 1998). 

Embryos were transferred to 24 well multi plates (CostarH 24Well Cell Culture Cluster, 

Corning Incorporated, NY, USA) each well containing a single embryo and 2ml of 

nanoparticle suspension. Separate plates were maintained for different concentrations (0.1, 

0.5, 1, 5, 10, 50 and 100 mg/L) of nanoparticle and the experiment was conducted in 

triplicate (i.e. for each concentration three 24 well plates were used). Control plates 

(triplicate) were maintained with embryos in the E3 media only. After every 24 hours the 

nanoparticle suspension was renewed in order to maintain a homogenous concentration.  

3.9.3. Developmental toxicity endpoints 

Mortality, hatching rate, heart rate, malformations and DNA damage of the larvae were 

employed as the toxicological endpoints (Kimmel et al. 1995) for the present study. The 

embryos in the well were directly observed under a stereo microscope connected to a camera 

and the above endpoints were scored at 24, 48, 72, 96 and 120 hpf.  Larvae of 120 hpf were 

positioned on the lateral side, photographed and their body length was measured. The 

frequency of morphological deformities in embryos was calculated as the total number of 

larvae with morphological deformities at 120 hpf divided by the number of alive zebra fish. 

3.9.4. DNA damage (Alkaline Comet assay) 

The genotoxic effect induced by the iron nanoparticle in the early developmental stages of 

zebra fish at the DNA level was evaluated employing the alkaline comet assay as per Singh 
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et al. (1988) with slight modifications. Embryos which showed a minimum of 90% cell 

viability were selected for the comet assay. Mechanical cell isolation, the first step of the 

comet assay, was carried-out as described by Kosmehl et al. (2006) as follows.  

 

Slide preparation: For comet assay conventional glass microscope slides were precoated 

with 1% normal agarose and dried. 25µl of cell suspension was mixed with 0.5% low 

melting agarose at 37⁰C, placed on the precoated slide and immediately covered with a 

cover glass. Slides were then kept at 4⁰C for 5 minutes to allow solidification. Cover glass 

was gently removed and a third layer of agarose (1%) was added and allowed to solidify at 

4⁰C. 

100µl cell suspension mixed with 0.5% low melting agarose for commet assay

Pellet was resuspended in 100µl PBS

Centrifuge at 180g for 7 min at 4⁰C

Pellet was suspended in 1ml PBS

Centrifuge at 200g for 10 min at 4⁰C

Incubation for 30min 

Filtering 1ml Cell suspension through 70µm gauze in a 2ml reaction tube
(containing  1ml 2% w/v collagenase  in PBS)

Macerating  larvae with 2ml PBS in a homogenizer

Rinsing Zebrafish larvae in benzocain solution and water
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Procedure: After solidification the slides were immersed in lysing solution (composition in 

Appendix) for 1 hour to lyse the cells and to permit DNA unfolding. Slide was then removed 

from lysis solution and kept in fresh electrophoresis buffer (Appendix) for 20 minutes to 

allow unwinding of DNA prior to electrophoresis. Electrophoresis was carried out for 20min 

at 25 V. After electrophoresis the slides were kept in neutralizing buffer (composition in 

Appendix) for 5 minutes to remove alkali and detergents. Slides were stained with 25µl of 

ethidium bromide (20µg/ml) and covered with a clean cover slip. Observations were carried 

out using an Olympus epifluoroscenes microscope equipped with excitation filter of 515-

560nm and a barrier filter of 590 nm. The images of DNA migration patterns were captured 

using AMCap 9.2 software. The captured images were analysed by CASP comet assay 

image analysis software.  Two hundred cells were scored from each of the five slides per 

group. All the experimental and control groups were represented in triplicates. The 

percentage of tail DNA content (% tail DNA) the most reliable parameter of comet image 

analysis (Kumaravel and Jha 2006) was measured which reflects the extent of DNA damage 

(Praveen Kumar et al. 2014). 

3.10. Effects of gold nanoparticles (GNP) on SRB strain LS4  

3.10.1 Effect on growth 

The iron nanoparticle producing SRB strain LS4 was incubated in liquid growth media in 

anaerobic screw cap tubes containing different concentrations (0.25, 0.5, 1, 10, 50, 100, 150, 

200, 250, 500 µg/ mL) of gold nanoparticles produced by an Antarctic Bacillus sp. strain 

GL1.3. After inoculation of SRB strain LS4 the samples were incubated at 30⁰C in static 

condition. Growth was monitored by optical density measurement at 480nm using a 

SHIMADZU uvmini1240 uv-vis spectrophotomer and also measured using a 
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haemocytometer by calculating the cell density per ml of the culture on 7th, 14th, 21st and 

28th day of incubation. 

3.10.2. Effect on SRR 

Effects of different concentrations (0.25, 0.5, 1, 10, 50, 100, 150, 200, 250, 500 µg/ mL) of 

gold nanoparticles on the SRR of strain LS4 was simultaneously evaluated with its growth 

on 7th, 14th, 21st and 28th day of incubation. SRR was measured as discussed earlier (in 

section 3.7) and expressed as nanomole.ml-1. day-1. 

3.10.3. Effect on iron nanoparticle production 

The iron nanoparticle producing SRB strain LS4 was also studied for the effect of different 

concentration of GNP on iron nanoparticle (iron oxide and iron sulfide nanoparticles) 

production by strain LS4. 

3.10.4. Determination of minimal inhibitory concentration(MIC) 

The minimum inhibitory concentration (MIC) of GNP was determined by broth 

microdilution method (Zarasvand and Rai 2016). The final concentration of the GNP in the 

wells were 0.25, 0.5, 1, 10, 50, 100, 150, 200, 250, 500 µg/ mL. After 30 days of anaerobic 

incubation in an anaerobic jar with GasPak at 25±2°C, MIC was determined as the lowest 

concentration of GNP added which did not result in blackening of the medium. 

3.11. Immobilization of iron sulfide nanoparticles: 

The nano iron entrapment method (Bezbaruah et al., 2009) was adapted for immobilization 

of SRB synthesized nanoparticles. Deoxygenated MilliQ water was used to prepare 2% 

sodium alginate solution and 3.5% calcium chloride solution. The SRB synthesized 

nanoparticles were mixed gently in sodium alginate solution followed by sonication and 

immediately dropped into calcium chloride solution and Ca-Alginate beads were formed 
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with entrapped nanoparticles. The beads were retained in the deoxygenated CaCl2 solution 

for 12 hour to ensure hardening of the bead. 

3.12. Chromium Remediation study 

3.12.1. Preparation of Cr solutions 

Chromium stock solution (1000ppm) was prepared by dissolving 2.829gram of AR grade 

K2Cr2O7 in 1L MilliQ water. The desired working solutions were prepared by diluting the 

stock solution. The remediation study was conducted with initial concentration of 10, 50, 

100 mg.L-1. Remediation efficiency was studied for bare and entrapped nanoparticles. Cr 

concentrations were analysed by Varians AAS (AA240FS Fast Sequrntial Atomic 

Absorption Spectrophotometer). The percentage of Cr removal was calculated by the 

following equations: 

 

3.12.2. Effect of reaction time 

Remediation efficiency of the nanoparticle was determined at different time intervals (0, 30, 

60, 90, 120, 150, 180,210, 240, 270,300 minutes) with an initial concentration of 50mg/L 

Cr-Solution. Remediation percentage was calculated for bare and entrapped nanoparticles. 

3.12.3. Effect of nanoparticle concentration 

To determine the optimum nanoparticle concentration for maximum Cr remediation, various 

concentration (0.01- 5 g.L-1) of nanoparticle in bare form and bead form were added to an 

initial concentration of 50mg/L of Cr solution with pH7 and allowed to react for 3hours. 

After the time period, the nanoparticles were separated from the solution and the solution 

was analyzed for chromium concentration. 
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3.12.4. Effect of pH 

A known amount of nanoparticle concentration (0.5g) in bare and bead form were added to 

50 mg.L-1 Cr solution of different pH value (pH 3 - pH14). The Cr solution was prepared 

with de-ionized water and pH was adjusted using 0.1M HNO3 and 0.1M NaOH. The pH of 

Cr solution was measured using a Thermo Orion pH electrode. The reaction was allowed for 

3 hours before removing the nanoparticles from the solution followed by Cr concentration 

analysis. 

3.13. Effect of Iron nanoparticle on Iron Corroding Bacteria (ICB) 

The ICB Halanaerobium sp. strain L4 obtained from Ribandar saltpan Goa was allowed to 

grow in Hatchikian’s media with different concentrations (0.1, 0.5, 1, 5, 10, 50 and 100 

mg/L) of iron nanoparticles. The growth was measured by optical density measurement with 

spectrophotometry and sulphide production was estimated by Parchmayer’s method 

(Harithsa et al. 2002) on 7th, 14th and 21st day of incubation.  All the experiments were 

carried out in triplicates.  

3.13. 1. Iron corrosion study 

For the evaluation of iron corrosion, nails of size 15x1 mm were sterilized by exposing to 

99.9% ethanol for 24 h (Bhola et al. 2014). Two conditions were used in this experiment, 

iron nail in presence of iron nanoparticle and in absence of iron nanoparticle in growth 

medium inoculated with 2 ml of ICB strain L4 at a concentration of 106 cells.mL-1 to check 

the effect of iron nanoparticle in inhibiting biocorrosion. The changes occurring in iron nail 

surface was compared to the control (iron nail in growth medium only) after 30 days of 

incubation, and nail’s surface was observed under SEM. 
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4.1. Physico-chemical parameters of the samples: 

 4.1.1. Temperature 

The temperature of water and sediment in Ribandar saltern varied depending on the weather 

condition and time of the day. Water temperature fluctuated between 25-41°C and sediment 

temperature fluctuated between 24-37°C throughout the day (Figure 5).  The sediment 

temperature remained 1-4°C lesser than the water temperature. In the primary pond, 

temperature fluctuated between 26.1 °C to 36.1°C in water and 23.5 °C to 35.0 °C in the 

sediment. In the crystallizer pond it varied between 25 °C to 40.5 °C in water and 24.5 °C to 

37 °C in the sediment. Thus, it can be inferred that high salt concentrations reflect an 

increase in temperature in these salterns. 

4.1.2. pH 

The pH value of the saltern water in both the ponds remained alkaline throughout the day 

which ranged between pH 7.4 - 8.2.  The water in the crystallizer pond was relatively more 

alkaline than the primary pond. The pH value decreased in the sediment as the pore water 

recorded a lower pH value than the surface water (Table 1) 

4.1.3. Salinity 

A contrasting difference in salinity was observed throughout the day between the primary 

and crystallizer ponds of Ribandar saltern. Salinity in the primary pond ranged from 30- 42 

psu but in the crystallizer pond it ranged from 140- 320 psu. Salinity increased steadily as 

the day progressed. The salinity variation in the saltpan water was mainly dependent on the 

weather and salt making process. High salinity values were recorded between 2:30 pm to 

4:00 pm. As the water gains entry in to the ponds, a decrease in salinity was observed after 

4:30pm (Figure 6).   
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Figure 5:  Temperature variation in Primary and Crystallizer ponds of Ribandar saltern 

during the salt making days 

 
Figure 6: Salinity variation in Primary and Crystallizer ponds of Ribandar saltern during the 

salt making days 
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4.1.4. Moisture content 

Moisture content down the core varied from 17% to 53%. The surfacial sediment (0-2cm) 

retained more water content in the sediment of both the ponds and the percent decreased 

down the core. The primary pond moisture content varied from 25% to 53% and in 

crystallizer pond it varied from 17% to 46 %. The mean of sediment moisture content for 

different depth intervals in primary and crystallizer pond are given in Table 1. 

4.1.5. Redox potential (Eh) 

In both the ponds, Eh value decreased down the core (Figure 7). In the Primary pond, Eh 

value ranged from 119±4 to -3.4±7 while in crystallizer pond it ranged from 12.5±4 to -

53.6±5.  The Eh measured in the water was generally positive.  In primary pond a negative 

Eh was recorded at 5-10cm depth (-3.4±7) whereas in the crystallizer pond sediment Eh 

value remained negative which indicates a more reducing environment which favours SRB 

growth. The most reducing condition was recorded for 5-10 cm depth (-53.6±5) of 

crystallizer pond.    

4.1.6. Dissolved oxygen (DO) 

In the primary pond, the DO recorded ranged from 7.07±0.4mg.L-1 to 2.3±0.5mg.L-1 while 

in the crystallizer pond, it was recorded to be 6.4±0.6 mg.L-1 to 0.8±0.3 mg.L-1.  The 

primary pond water contained high DO content  compared to the crystallizer pond. Figure 8 

depicts that in both the ponds, DO value decreases down the core and crystallizer pond 

showed a comparatively lower DO value than the primary pond. The higher DO value was 

recorded for the surface water of both the ponds. There was a significant difference observed 

in DO levels between the two ponds. 
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Figure 7: Redox potential (Eh) ofPrimary and Crystallizer pond samples 

 

 

Figure 8: Dissolved oxygen (D.O.) concentration in Primary and Crystallizer pond samples 
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4.1.7. TDS, Resistivity and Conductivity 

The TDS, resistivity and conductivity of the primary pond and crystallizer pond samples 

were recorded and the mean values are presented in Table 1. It reveals that there is a 

contrasting difference between these parameters in the crystallizer pond and primary pond 

samples.  

4.1.8. Sulphate 

Sulphate concentration decreased with depth and ranged from 13.7±0.3 to 3.1±0.2 mg.L-1 

(Figure 9). In water, the sulphate concentration varied widely between the primary pond 

(7.9±0.4 mg.L-1) and crystallizer pond (12.6±0.3 mg.L-1). Higher sulphate concentrations 

were recorded in the crystallizer pond water.  In pore water the sulphate concentration 

decreased down the depth for both the ponds. In primary pond sediment, the sulphate 

concentration ranged from 4.2±0.4 mg.L-1 to 8.3±0.5 mg.L-1 and in the crystallizer pond, it 

ranged from 3.1±0.2 mg.L-1 to 13.7 ±0.3 mg.L-1.  At 0-2 cms higher sulphate concentration 

was recorded but sulphate concentration of crystallizer pond was significantly higher than 

the primary pond. Down the core, the sulphate concentration decreased and in the 

crystallizer pond, sulphate value was lower than the primary pond at 5-10cm depth.   

4.1.9. Sulphide 

Sulphide concentration increased with depth (ranging from 2.7±0.2 to 12.5±0.4 mg.L-1). 

Low sulfide concentration with nearly same value for primary pond (2.7±0.2 mg.L-1) and 

crystallizer pond (3.5±0.3 mg.L-1) were detected in the water.  In the sediment a remarkable 

difference was observed between primary and crystallizer pond. At 0-2cm depth, highest 

sulphide concentration (12.5±0.4 mg.L-1) was recorded for the crystallizer pond. In the 

primary pond the highest sulphide concentration (7.3±0.2 mg.L-1) was obtained at a depth of 

2-5cms. The sulphide distributions in both the ponds are shown in Figure 10. 
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Parameters 

Primary pond Crystallizer pond 

Water 
Sediment 

Water 
Sediment 

0-2cm 2-5cm 5-10cm 0-2cm 2-5cm 5-10cm 

pH 7.4 7.4 6.2 6.7 8.2 7.9 7.4 7.3 

Conductivity 

(mS) 
3.464 2. 9 1.7  1. 5 91.9 72.1 45. 3 34.7 

TDS  

(in PPM) 
28.8 _ _ _ 330.2 _ _ _ 

Resistivity 

(Ω) 
71.520 94.5  79.2  53.2  871 629  287.4  179.6  

Moisture 

content (%) 
-- 53 41 25 -- 46 33 17 

 

Table 1: Physicochemical parameters of the samples 
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Figure 9: Sulphate concentration in Primary and Crystallizer pond samples 

 

 

Figure 10: Sulphide concentration in Primary and Crystallizer pond samples 
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4.2. Bacterial Abundance 

4.2.1. Total bacterial count 

The total bacterial count in the water and sediment of primary and crystallizer pond are 

presented in Figure 11.  In the water the bacterial numbers of the primary pond (0.9±0.2 x 

1010 cells.ml-1) was one order higher than the crystallizer pond (0.043±0.006 x 1010 cells.ml-

1). In the sediment, sections of 0-2 cm and 2-5 cm harboured a high number of bacteria 

during salt harvesting season. Abundance in the top sediment layer (0-2 cm) was lower than 

its subsequent layer (2-5cm). The 2-5cm section showed higher count for both primary pond 

(1.53±0.5 x1010 cells.g-1) and crystallizer pond (0.32±0.02 cells.g-1). A decrease in the 

bacterial abundance was noted at 5-10 cm depth. 

4.2.2. Culturable Heterotrophic count 

The heterotrophic count in the water of primary pond was found to be of the order 105 but in 

the crystallizer pond water the count was 2 orders lower. Heterotrophic count of primary 

pond sediment was found to be of the order 106 but there was a significant difference in the 

retrievable count of crystallizer pond sediments and was of the order 104 (Figure 12).  In the 

surficial sediment (0-2 cm) the heterotrophic count was higher in both primary pond 

(9.3±0.8 x 105 cells.g-1) and crystallizer pond (1.3±0.3 x 105 cells.g-1). The crystallizer pond 

water showed the lowest heterotrophic count (0.035±0.01 x 105 cells.ml-1).  At 2-5 cm depth 

the counts ranged from 103 to 105.  At 5-10 cm depth the counts ranged between the orders 

of 103 to 105. For crystallizer pond heterotrophic count was 1 order lower than primary pond 

and a higher count was obtained for surfacial (0-2cm) sediment while water had the lowest 

count. 
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Figure 11: Total bacterial count (AODC count) showing the bacterial distribution in the 

water and sediment of Primary and Crystallizer pond of Ribandar saltern 

 

Figure 12: Heterotrophic count showing the bacterial abundance in the water and sediment 

of Primary and Crystallizer pond of Ribandar saltern 

Primary pond Crystallizer pond 

CFUx 105 cells.ml-1/gm-1 CFUx 105 cells.ml-1/gm-1 
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4.2.3. SRB count 

The average SRB population in water and sediment was estimated using 2 different 

substrates at 2 different salinities and varied greatly between primary and crystallizer pond 

population (Figure 13).  SRB count in water of primary pond and crystallizer pond was of 

the order of 103 at 32 psu whereas at 300psu SRB count was of the order 103respectively. At 

300 psu SRB were found in very minimal numbers when acetate was used as a substrate 

however, SRB was found to prefer lactate as a substrate. At 300 psu, the SRB count revealed 

that primary pond SRB failed to grow on acetate and low counts were obtained on lactate. 

However in the crystallizer pond SRB grew on both substrates.  Culturable SRB count on 

both acetate and lactate substrate was higher in primary pond water and surficial sediment 

but among the deeper sediments (2-10cm) the counts were higher for crystallizer pond.  

Acetate users dominated the lactate users in the Ribandar saltern. In the primary pond, 

lactate users dominated the acetate users while in crystallizer pond acetate users were 

dominant. SRB counts were lower in water as compared to the sediment in both the ponds.  

In the primary pond, sediment SRB population was abundant in the 0-5cm while in 

crystallizer pond SRB abundance was comparatively higher depth wise.  In the primary 

pond, hypersaline SRB were detected in water and surfacial (0-2cm) sediment. In the 

crystallizer pond, the hypersaline SRB count was very high as compared to primary pond, in 

both water and sediment depths. 
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Figure 13: SRB count using two substrates (Lactate and Acetate) at two different salinity 

(35 and 300 psu) showing the SRB abundance in the water and sediment of Primary and 

Crystallizer pond of Ribandar saltern. (A) Primary pond SRB count on Lactate substrate (B) 

Crystallizer pond SRB count on Lactate substrate (C) Primary pond SRB count on acetate 

substrate (D) Crystallizer pond SRB count on acetate substrate  

 

B A 

D C 

 SRB count on Lactate (primary pond)  SRB count on Lactate (Crystallizer pond) 

 SRB count on Acetate (primary pond)  SRB count on Acetate(Crystallizer pond) 
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4.2.4. Identification of the isolated SRB 

Pure colonies (199) obtained from agar shake tubes were sub cultured in liquid Hatchikian’s 

media and maintained throughout the study period.  All the 199 SRB isolates retrieved from 

both the ponds were identified by classical taxonomy based on Bergey’s manual. The 

physico-chemical characteristics and their affinity to existing genera of primary pond 

isolates have been listed in Table 2 and crystallizer pond isolates have been listed in Table 3.  

Ten different genera of SRB were retrieved from the water and sediment samples of both the 

ponds.  The dominant SRB genus in Ribandar saltern was Desulfovibrio sp. followed by 

Desulfotomaculum sp. during the study period.  All the retrieved genera are listed in Table 4 

along with their frequencies in each pond.  
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Culture code  HW1 HW 2 HW3 HW8 HW12 HW20 PSA1 PSL2 PSA3 

Origin Water Water water water water water Sediment sediment Sediment 
pond: Primary Primary primary primary primary primary Primary primary Primary 
Isolation on: Acetate Acetate Lactate Lactate Lactate Acetate Lactate Acetate Lactate 
Gram's 
Character 

-ve +ve -ve -ve -ve +ve -ve -ve -ve 

Shape Rods Rods oval vibrio Oval rods Oval rods rods 
Sulfite 
reductase 

- DSR - DSV - DSR - - DSV 

Motility + + + + + + + + + 
Catalase test - - - - - - - - - 
Lactate - + + + + + + - + 
Acetate + + - + - + - + - 
Formate  - - - + - - - - - 
Ethanol - - + + + - + - - 
propionate - - - - - - - - - 
Glucose  `- - - + - - - `- - 
Benzoate + + + - + + + + - 
Oxidase test - - - - - - - - - 
NADH oxidase - + - - - + - - - 
SOD - - - - - - - - - 
Cytochrome C b c c c b c C c 
spores - - - - - - - - - 
Sulfate + + + + + + + + + 
Thiosulfate + + `- + `- + `- + + 
Sulfite + - + + + - + + + 
Biochemical 
Identification 

Desulfosarcina  
Variabilis 

Desulfotomaculum  
acetooxidans  

Desulfobacter  
postgatei 

Desulfovibrio 
desulfuricans 

Desulfobacter  
Postgatei 

Desulfotomaculum  
acetooxidans  

Desulfobacter  
Postgatei 

Desulfosarcina 
 Variabilis 

Desulfomicrobium  
sp. 

Table 2: Physico-chemical characteristics and their affinity to existing SRB genera of Primary pond SRB isolates 
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Culture code PS4 PSA5 PSA8 CSA9 PA-3 PL-1 PS-2 HW11 PSA3 PSL4 

Origin Sediment Sediment sediment sediment sediment sediment sediment water sediment sediment 

pond: Primary Primary primary primary primary primary primary primary primary primary 

Isolation on: Lactate Acetate Lactate lactate Lactate Acetate Acetate Lactate Lactate lactate 

Gram's 
Character 

-ve -ve  -ve -ve -ve -ve - + -ve -ve 

Shape Rods Cocci oval vibrio vibrio rods cocci rods vibrio vibrio 

Sulfite 
reductase 

DSV DSV - DSV DSV - DSV - DSV DSV 

Motility + - + + + + - + + + 

Catalase test - - - - + - - - + - 

Lactate + + + + + - + + + + 

Acetate - + - - - + + - - - 

Formate - + - - + - + - + - 

Ethanol - + + + + - + - + + 

propionate - - - + - - - - - + 

Glucose - - - + + `- - - + + 

Benzoate - - + - - + - - - - 

Oxidase test - - - - - - - - - - 

NADH 
oxidase 

- - - - - - - - - - 

SOD - - - - - - - - - - 

Cytochrome C a c c C c a b c c 

spores - - - - - - - - - - 

Sulfate + + + + + + + + + + 

Thiosulfate + + `- + + + + + + + 

Sulfite + + + + + + + + + + 
Biochemical 

Identification 
Desulfomicrobium 

sp. 
Desulfococcus 
Multivorans 

Desulfobacter 
postgatei 

Desulfovibrio 
vulgaris 

Desulfovibrio 
halophilus 

Desulfosarcina 
Variabilis 

Desulfococcus 
multivorans 

Desulfotomaculum 
orentis 

Desulfovibrio 
halophilus 

Desulfovibrio 
vulgaris 
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Culture code PWA5 CSA8 CSA9 PA-3 p1 p2 p3 p4 p5 p29 

Origin sediment sediment sediment sediment sediment water water sediment water sediment 

pond: primary primary primary primary Primary primary primary primary primary primary 

Isolation on: Acetate Lactate Acetate Lactate Acetate Lactate Lactate Lactate Lactate Lactate 

Gram's 
Character 

-ve -ve -ve -ve + -ve + -ve + -ve 

Shape rods vibrio rods vibrio Rods rods rods Oval rods rods 

Sulfite 
reductase 

- DSV - DSV DSR DSV - - DSR DSV 

Motility + + + + + + + + + + 

Catalase test - + - - - - - - - - 

Lactate - + - + + + + + + + 

Acetate + - + + + - - - + - 

Formate - + - + - - - - - - 

Ethanol - + - + - + - + - + 

propionate - - - - - - - - - - 

Glucose `- + `- + - - - - - - 

Benzoate + - + - + - - + + - 

Oxidase test - - - - - - - - - - 

NADH oxidase - - - - + - - - + - 

SOD - - - - - - - - - - 

Cytochrome c c c c b c b c b c 

spores - - - - - + - - - + 

Sulfate + + + + + + + + + + 

Thiosulfate + + + + + + + `- + + 

Sulfite + + + + - + + + - + 
Biochemical 

Identification 
Desulfosarcina 

Variabilis 
Desulfovibrio 

halophilus 
Desulfosarcina 

Variabilis 
Desulfovibrio 
desulfuricans 

Desulfotomaculum 
acetooxidans 

Desulfovibrio 
giganteus 

Desulfotomaculum 
orentis 

Desulfobacter 
postgatei 

Desulfotomaculum 
acetooxidans 

Desulfovibri
o giganteus 
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Culture code p30 p31 p32 P33 P34 P35 P36 P37 P38 P39 

Origin sediment sediment sediment sediment sediment sediment sediment sediment sediment sediment 

pond: primary primary primary primary primary primary primary primary primary Primary 

Isolation on: Lactate Acetate Acetate lactate Acetate lactate Lactate Lactate Acetate Lactate 

Gram's 
Character 

+ - + -ve + -ve -ve -ve + -ve 

Shape rods cocci rods vibrio Rods vibrio rods Vibrio rods Vibrio 

Sulfite 
reductase 

- DSV DSR DSV DSR DSV DSV DSV DSR DSV 

Motility + - + + + + + + + + 

Catalase test - - - - - - - - - - 

Lactate + + + + + + + + + + 

Acetate - + + - + - - - + - 

Formate - + - - - - - - - - 

Ethanol - + - + - + + + - + 

propionate - - - + - + - + - + 

Glucose - - - + - + - + - + 

Benzoate - - + - + - - - + - 

Oxidase test - - - - - - - - - - 

NADH oxidase - - + - + - - - + - 

SOD - - - - - - - - - - 

Cytochrome b a b c b c c c b c 

spores - - - - - - + - - - 

Sulfate + + + + + + + + + + 

Thiosulfate + + + + + + + + + + 

Sulfite + + - + - + + + - + 

Biochemical 
Identification 

Desulfotomac
ulum orentis 

Desulfococcu
s multivorans 

Desulfotomacul
um 
acetooxidans  

Desulfovibrio 
vulgaris 

Desulfotomaculum 
acetooxidans  

Desulfovibrio 
vulgaris 

Desulfovibrio 
giganteus 

Desulfovibrio 
vulgaris 

Desulfotomaculum 
acetooxidans  

Desulfovibrio 
vulgaris 

 



79 
 

 

Culture code P40 P41 P42 P43 P44 P45 P46 P47 P48 P49 

Origin sediment sediment sediment sediment Sediment Sediment sediment sediment sediment sediment 

pond: primary primary primary primary Primary Primary primary primary primary Primary 

Isolation on: Lactate Acetate Lactate lactate Lactate Acetate lactate Lactate Lactate Lactate 

Gram's 
Character 

-ve - -ve -ve -ve + -ve -ve + -ve 

Shape Oval cocci Oval vibrio Oval Rods vibrio Oval rods Oval 
Sulfite 

reductase 
- DSV - DSV - DSR DSV - - - 

Motility + - + + + + + + + + 

Catalase test - - - - - - - - - - 

Lactate + + + + + + + + + + 

Acetate - + - - - + - - - - 

Formate - + - - - - - - - - 

Ethanol + + + + + - + + - + 

propionate - - - + - - + - - - 

Glucose - - - + - - + - - - 

Benzoate + - + - + + - + - + 

Oxidase test - - - - - - - - - - 

NADH 
oxidase 

- - - - - + - - - - 

SOD - - + - + - - + - + 

Cytochrome c a c c c b c c b c 

spores - - - - - - - - - - 

Sulfate + + + + + + + + + + 

Thiosulfate `- + + + + + + + + + 

Sulfite + + - + - - + - + - 
Biochemical 

Identification 
Desulfobacter 

postgatei 
Desulfococcus 
multivorans 

Desulfobacteriu
m sp. 

Desulfovibrio 
vulgaris 

Desulfobacterium 
sp. 

Desulfotomaculum 
acetooxidans 

Desulfovibrio 
vulgaris 

Desulfobacterium 
sp. 

Desulfotomaculum 
orentis 

Desulfobacterium 
sp. 
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Culture code P50 P51 P52 P53 P54 P55 P56 P57 P58 P59 

Origin sediment sediment sediment sediment sediment Sediment sediment sediment sediment sediment 

pond: Primary primary primary primary primary Primary primary primary primary Primary 

Isolation on: Lactate Lactate Acetate Lactate lactate Lactate Acetate Lactate Acetate Lactate 

Gram's 
Character 

-ve -ve -ve -ve -ve -ve -ve -ve +ve -ve 

Shape Lemon Vibrio vibrio vibrio vibrio Lemon vibrio Rods rods Rods 

Sulfite reductase - DSV DSV DSV DSV - DSV DSV DSR DSV 

Motility + + + + + + + + + + 

Catalase test - - - + - - - - - - 

Lactate + + + + + + + + + + 

Acetate - + + - - - + - + - 

Formate - + + + - - + - - - 

Ethanol + + + + + + + + - + 

propionate + - - - + + - - - - 

Glucose - + + + + - + - - - 

Benzoate - - - - - - - - + - 

Oxidase test - - - - - - - - - - 

NADH oxidase + - - - - + - - + - 

SOD - - - - - - - - - - 

Cytochrome A c c c c a c c b c 

spores - - - - - - - + - + 

Sulfate + + + + + + + + + + 

Thiosulfate + + + + + + + + + + 

Sulfite + + + + + + + + - + 
Biochemical 

Identification 
Desulfobulbus  

propionicus 
Desulfovibrio 
desulfuricans 

Desulfovibrio 
desulfuricans 

Desulfovibrio 
halophilus 

Desulfovibrio 
vulgaris 

Desulfobulbus  
propionicus 

Desulfovibrio 
desulfuricans 

Desulfovibrio 
giganteus 

Desulfotomaculum 
acetooxidans 

Desulfovibrio 
giganteus 
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Culture code P60 P61 P62 P63 P64 P65 P66 P67 P68 P69 

Origin sediment sediment sediment sediment sediment sediment sediment sediment sediment Sediment 

pond: primary primary primary primary primary primary primary primary primary Primary 

Isolation on: Lactate Lactate Lactate Lactate Lactate Acetate Lactate Lactate Lactate Lactate 

Gram's 
Character 

-ve -ve -ve -ve + + -ve + -ve -ve 

Shape oval rods oval rods rods spiral rods Rods vibrio Oval 

Sulfite 
reductase 

- DSV - DSV - DSV DSV - DSV - 

Motility + - + + + + + + + + 

Catalase test - - - - - + - - + - 

Lactate + + + + + + + + + + 

Acetate - - - - - + - - - - 

Formate - - - - - - - - + - 

Ethanol + - + - - - + - + + 

propionate - + - - - - - - - - 

Glucose - - - - - - - - + - 

Benzoate + + + - - + - - - + 

Oxidase test - - - - - - - - - - 

NADH 
oxidase 

- - - - - - - - - - 

SOD - - - - - - - - - + 

Cytochrome c c c c b c c b c c 

spores - - - - - - + - - - 

Sulfate + + + + + + + + + + 

Thiosulfate `- - `- + + + + + + + 

Sulfite + - + + + + + + + - 
Biochemical 

Identification 
Desulfobacter 

postgatei 
Desulfomonas 

pigra 
Desulfobacter 

postgatei 
Desulfomicrobium 

sp. 
Desulfotomaculum 

orentis 
Desulfonema 

Limicola 
Desulfovibrio 

giganteus 
Desulfotomaculum 

orentis 
Desulfovibrio 

halophilus 
Desulfobacterium 

sp. 
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Culture code P70 P71 P72 P73 P74 P75 P76 P77 P78 P79 

Origin Sediment sediment sediment sediment sediment sediment sediment sediment sediment sediment 

pond: Primary Primary primary primary primary primary primary primary primary primary 

Isolation on: Acetate Lactate Lactate Lactate Lactate Acetate Lactate Acetate Lactate Acetate 

Gram's 
Character 

-ve -ve -ve -ve -ve -ve -ve -ve -ve -ve 

Shape Vibrio Oval vibrio rods vibrio vibrio rods vibrio oval Vibrio 

Sulfite 
reductase 

DSV - DSV DSV DSV DSV DSV DSV - DSV 

Motility + + + + + + + + + + 

Catalase test - - - - - - - - - - 

Lactate + + + + + + + + + + 

Acetate + - + - + + - + - + 

Formate + - + - + + - + - + 

Ethanol + + + + + + + + + + 

propionate - - - - - - - - - - 

Glucose + - + - + + - + - + 

Benzoate - + - - - - - - + - 

Oxidase test - - - - - - - - - - 

NADH oxidase - - - - - - - - - - 

SOD - - - - - - - - - - 

Cytochrome C c c c c c c c c c 

spores - - - + - - + - - - 

Sulfate + + + + + + + + + + 

Thiosulfate + `- + + + + + + `- + 

Sulfite + + + + + + + + + + 
Biochemical 

Identification 
Desulfovibrio 
desulfuricans 

Desulfobacter 
postgatei 

Desulfovibrio 
desulfuricans 

Desulfovibrio 
giganteus 

Desulfovibrio 
desulfuricans 

Desulfovibrio 
desulfuricans 

Desulfovibrio 
giganteus 

Desulfovibrio 
desulfuricans 

Desulfobacter 
postgatei 

Desulfovibrio 
desulfuricans 
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Culture code P80 P81 P82 P83 PSL84 P85 P86 P87 P88 P89 P90 

Origin sediment sediment sediment sediment sediment sediment sediment sediment sediment sediment Sediment 

pond: primary primary primary primary primary primary primary primary primary primary Primary 

Isolation on: Acetate Acetate Lactate lactate Lactate Lactate Lactate Acetate Lactate Lactate Lactate 

Gram's 
Character 

- + -ve -ve -ve + -ve -ve -ve -ve -ve 

Shape Cocci spiral vibrio lemon  rods rods oval vibrio oval rods Vibrio 
Sulfite 

reductase 
DSV DSV DSV - DSV - - DSV - DSV DSV 

Motility - + + + - + + + + - + 

Catalase test - + + - - - - - - - + 

Lactate + + + + + + + + + + + 

Acetate + + - - - - - + - - - 

Formate + - + - - - - + - - + 

Ethanol + - + + - - + + + - + 

propionate - - - + + - - - - + - 

Glucose - - + - - - - + - - + 

Benzoate - + - - + - + - + + - 

Oxidase test - - - - - - - - - - - 

NADH 
oxidase 

- - - + - - - - - - - 

SOD - - - - - - - - - - - 

Cytochrome a c c a c b c c c c c 

spores - - - - - - - - - - - 

Sulfate + + + + + + + + + + + 

Thiosulfate + + + + - + `- + `- - + 

Sulfite + + + + - + + + + - + 
Biochemical 

Identification 
Desulfococcus 
multivorans 

Desulfonema 
Limicola 

Desulfovibrio 
halophilus 

Desulfobulbus  
propionicus 

Desulfomonas 
pigra 

Desulfotomaculum 
orentis 

Desulfobacter 
postgatei 

Desulfovibrio 
desulfuricans 

Desulfobacter 
postgatei 

Desulfomonas 
pigra 

Desulfovibrio 
halophilus 
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Culture code P91 P92 P93 P94 P95 P96 P97 

Origin sediment sediment sediment sediment sediment sediment Sediment 

pond: primary primary primary primary primary primary Primary 

Isolation on: Acetate Lactate Lactate Lactate Acetate Lactate Acetate 

Gram's 
Character 

-ve + -ve -ve -ve + + 

Shape vibrio rods oval vibrio vibrio Rods Spiral 

Sulfite reductase DSV - - DSV DSV - DSV 

Motility + + + + + + + 

Catalase test - - - - - - + 

Lactate + + + + + + + 

Acetate + - - + + - + 

Formate + - - + + - - 

Ethanol + - + + + - - 

propionate - - - - - - - 

Glucose + - - + + - - 

Benzoate - - + - - - + 

Oxidase test - - - - - - - 

NADH oxidase - - - - - - - 

SOD - - - - - - - 

Cytochrome C b c c c b c 

spores - - - - - - - 

Sulfate + + + + + + + 

Thiosulfate + + `- + + + + 

Sulfite + + + + + + + 

Biochemical 
Identification 

Desulfovibrio 
desulfuricans 

Desulfotomaculum 
orentis 

Desulfobacter 
postgatei 

Desulfovibrio 
desulfuricans 

Desulfovibrio 
desulfuricans 

Desulfotomaculum 
orentis 

Desulfonema 
Limicola 
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Culture code P98 P99 P100 P101 P102 P103 P104 

Origin sediment sediment sediment sediment sediment Sediment Sediment 

pond: primary primary primary primary primary Primary Primary 

Isolation on: lactate Lactate lactate Lactate Lactate Acetate Lactate 

Gram's Character -ve + -ve -ve -ve -ve -ve 

Shape lemon shape Rods lemon shape vibrio rods Rods Rods 

Sulfite reductase - - - DSV DSV - DSV 

Motility + + + + - + + 

Catalase test - - - + - - - 

Lactate + + + + + - + 

Acetate - - - - - + - 

Formate - - - + - - - 

Ethanol + - + + - - + 

propionate + - + - + - - 

Glucose - - - + - `- - 

Benzoate - - - - + + - 

Oxidase test - - - - - - - 

NADH oxidase + - + - - - - 

SOD - - - - - - - 

Cytochrome A b a c c c c 

spores - - - - - - + 

Sulfate + + + + + + + 

Thiosulfate + + + + - + + 

Sulfite + + + + - + + 

Biochemical 
Identification 

Desulfobulbus  
propionicus 

Desulfotomaculum 
orentis 

Desulfobulbus  
propionicus 

Desulfovibrio 
halophilus 

Desulfomonas 
pigra 

Desulfosarcina 
Variabilis 

Desulfovibrio 
giganteus 
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Table 3: Physico-chemical characteristics and their affinity to existing SRB genera of Crystallizer pond SRB isolates 

Culture code LS4 HW5 HW6 HW7 HW9 HW10 HW13 HW14 
Origin water water water Water water water Water Water 

pond: Crystalizer Crystalizer Crystalizer Crystalizer Crysatllizer crystallizer crystallizer Crystallizer 

Isolation on: Lactate Lactate Lactate Acetate Lactate Lactate Acetate Lactate 

Gram's 
Character 

-ve -ve +ve -ve -ve +ve +ve -ve 

Shape vibroid vibrio spiral Rods oval rods Rods Rods 

Sulfite 
reductase 

DSV DSV DSV - - DSR DSR DSV 

Motility + + + + + + + + 

Catalase test - + + - - - - - 

Lactate + + + - + + + + 

Acetate - - + + - + + - 

Formate + + - - - - - - 

Ethanol + + - - + - - + 

propionate + - - - - - - - 

Glucose + + - `- - - - - 

Benzoate - - + + + + + - 

Oxidase test - - - - - - - - 

NADH oxidase - - - - - + + - 

SOD - - - - - - - - 

Cytochrome C c c c c b b c 

spores - - - - - - - + 

Sulfate + + + + + + + + 

Thiosulfate + + + + `- + + + 

Sulfite + + + + + - - + 

Biochemical 
Identification 

Desulfovibrio 
desulfuricans 

Desulfovibri
o halophilus 

Desulfonema 
Limicola 

Desulfosarcina 
Variabilis 

Desulfobacter 
postgatei 

Desulfotomaculum 
acetooxidans 

Desulfotomaculum 
acetooxidans 

Desulfovibrio 
giganteus 
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Culture code WCA1 WCA2 WCA3 WCA4 WCL4 CSL1 CSA2 CSL3 CSL4 
Origin Water Water water Water water sediment Sediment sediment sediment 

pond: Crystallizer Crystallizer Crystallizer Crystallizer Crystallizer Crystallizer Crystallizer Crystallizer Crystallizer 

Isolation on: Acetate Lactate Acetate Acetate lactate Acetate Lactate Lactate Lactate 

Gram's 
Character 

+ve -ve -ve -ve -ve -ve -ve -ve -ve 

Shape Rods Oval rod Cocci vibrio rod lemon shape vibrio vibrio 

Sulfite 
reductase 

DSR - - DSV DSV - - DSV DSV 

Motility + + + - + + + + + 

Catalase test - - - - - - - + - 

Lactate + + - + + - + + + 

Acetate + - + + - + - - + 

Formate - - - + - - - + + 

Ethanol - + - + + - + + + 

propionate - - - - + - + - - 

Glucose - - `- - + `- - + + 

Benzoate + + + - - + - - - 

Oxidase test - - - - - - - - - 

NADH oxidase + - - - - - + - - 

SOD - + - - - - - - - 

Cytochrome B c c a c c a c c 

spores - - - - - - - - - 

Sulfate + + + + + + + + + 

Thiosulfate + + + + + + + + + 

Sulfite - - + + + + + + + 

Biochemical 
Identification 

Desulfotomaculu
m acetooxidans 

Desulfobacterium 
sp. 

Desulfosarcina 
Variabilis 

Desulfococcus 
multivorans 

Desulfovibrio 
vulgaris 

Desulfosarcina 
Variabilis 

Desulfobulbus  
propionicus 

Desulfovibrio 
halophilus 

Desulfovibrio 
desulfuricans 
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Culture code CSA5 CSA6 CSL7 CW-7 CS-18 CS-8 CW-4 CS-9 
Origin sediment sediment sediment Water sediment sediment water Sediment 

pond: Crystallizer Crystallizer Crystallizer crystallizer crystallizer crystallizer crystallizer Crystallizer 

Isolation on: Acetate Lactate Lactate Lactate Lactate lactate lactate Lactate 

Gram's 
Character 

+ -ve + + -ve -ve + -ve 

Shape Rods rods rods rods rods vibrio rods Rods 

Sulfite 
reductase 

DSR DSV - DSR DSV DSV DSR DSV 

Motility + + + + - + + + 

Catalase test - - - - - - - - 

Lactate + + + + + + + + 

Acetate + - - + - - + - 

Formate - - - - - - - - 

Ethanol - + - - - + - + 

propionate - - - - + + - - 

Glucose - - - - - + - - 

Benzoate + - - + + - + - 

Oxidase test - - - - - - - - 

NADH oxidase + - - + - - + - 

SOD - - - - - - - - 

Cytochrome B c b b c c b c 

spores - + - - - - - + 

Sulfate + + + + + + + + 

Thiosulfate + + + + - + + + 

Sulfite - + + - - + - + 

Biochemical 
Identification 

Desulfotomaculum 
acetooxidans 

Desulfovibrio 
giganteus 

Desulfotomaculum 
orentis 

Desulfotomaculum 
acetooxidans 

Desulfomonas 
pigra 

Desulfovibrio 
vulgaris 

Desulfotomaculum 
acetooxidans 

Desulfovibrio 
giganteus 
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Culture code CS-5 CS-4 WCL4 CSL1 CSA2 CSL3 CSL4 CSA5 CSA6 CSL7 
Origin sediment Sediment water sediment sediment sediment sediment Sediment sediment sediment 

pond: crystallizer crystallizer Crystallizer Crystallizer Crystallizer Crystallizer Crystallizer Crystallizer Crystallizer Crystallizer 

Isolation on: Lactate Lactate Lactate Lactate acetate Acetate Lactate Lactate Acetate Lactate 

Gram's 
Character 

-ve -ve -ve -ve - -ve -ve + -ve -ve 

Shape vibrio vibrio oval rods Cocci rod vibrio Rods rod oval 

Sulfite 
reductase 

DSV DSV - DSV DSV - DSV - - - 

Motility + + + + - + + + + + 

Catalase test + - - - - - + - - - 

Lactate + + + + + - + + - + 

Acetate - + - - + + - - + - 

Formate + + - - + - + - - - 

Ethanol + + + + + - + - - + 

propionate - - - - - - - - - - 

Glucose + + - - - `- + - `- - 

Benzoate - - + - - + - - + + 

Oxidase test - - - - - - - - - - 

NADH oxidase - - - - - - - - - - 

SOD - - - - - - - - - - 

Cytochrome c c `- c a c c b c `- 

spores - - - + - - - - - - 

Sulfate + + + + + + + + + + 

Thiosulfate + + `- + + + + + + `- 

Sulfite + + + + + + + + + + 

Biochemical 
Identification 

Desulfovibrio 
halophilus 

Desulfovibrio 
desulfuricans 

Desulfobacter 
postgatei 

Desulfovibrio 
giganteus 

Desulfococcus 
multivorans 

Desulfosarcina 
Variabilis 

Desulfovibrio 
halophilus 

Desulfotomaculum 
orentis 

Desulfosarcina 
Variabilis 

Desulfobacter 
postgatei 
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Culture code CW-7 CS-18 CS-8 L4 C1 C2 C3 C4 C5 C6 
Origin Water Sediment sediment 

 
sediment sediment water sediment sediment sediment 

pond: crystallizer Crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer 

Isolation on: Lactate Lactate Lactate Lactate Lactate Acetate Lactate Lactate Lactate Lactate 

Gram's 
Character 

-ve -ve -ve -ve - -ve -ve + -ve -ve 

Shape Vibrio Vibrio vibrio rods cocci rod vibrio Rods vibrio vibrio 

Sulfite reductase DSV DSV DSV - DSV - DSV DSR DSV DSV 

Motility + + + + - + + + + + 

Catalase test - + + + - - + - - + 

Lactate + + + + + - + + + + 

Acetate + - - - + + - + + - 

Formate + + + - + - + - + + 

Ethanol + + + - + - + - + + 

propionate - - - - - - - - - - 

Glucose + + + + - `- + - + + 

Benzoate - - - - - + - + - - 

Oxidase test - - - - - - - - - - 

NADH oxidase - - - - - - - + - - 

SOD - - - - - - - - - - 

Cytochrome C c c - a c c b c c 

spores - - - - - - - - - - 

Sulfate + + + + + + + + + + 

Thiosulfate + + + + + + + + + + 

Sulfite + + + + + + + - + + 

Biochemical 
Identification 

Desulfovibrio 
desulfuricans 

Desulfovibrio 
halophilus 

Desulfovibrio 
halophilus 

Halanaerobium 
sp. 

Desulfococcus 
multivorans 

Desulfosarcina 
Variabilis 

Desulfovibrio 
halophilus 

Desulfotomaculum 
acetooxidans 

Desulfovibrio 
desulfuricans 

Desulfovibrio 
halophilus 
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Culture code C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 
Origin water sediment sediment sediment sediment sediment water sediment sediment sediment 

pond: Crystallizer Crystallizer Crystallizer Crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer 

Isolation on: lactate Lactate acetate Lactate lactate Lactate lactate Lactate Lactate Lactate 

Gram's 
Character 

-ve -ve +ve -ve -ve -ve -ve -ve +ve -ve 

Shape ovoid vibrio rods cocci vibrio vibrio ovoid Oval rods vibrio 

Sulfite 
reductase 

- DSV DSR DSV DSV DSV - - DSR DSV 

Motility - + + - + + - + + + 

Catalase test - - - - - - - - - - 

Lactate + + + + + + + + + + 

Acetate + + + + - + + - + + 

Formate - + - + - + - - - + 

Ethanol - + - + + + - + - + 

propionate - - - - + - - - - - 

Glucose + + - - + + + - - + 

Benzoate - - + - - - - + + - 

Oxidase test - - - - - - - - - - 

NADH oxidase - - + - - - - - + - 

SOD - - - - - - - - - - 

Cytochrome a c b a c c a `- b c 

spores - - - - - - - - - - 

Sulfate + + + + + + + + + + 

Thiosulfate + + + + + + + `- + + 

Sulfite + + - + + + + + - + 

Biochemical 
Identification 

Desulfosarcina 
sp. 

Desulfovibrio 
desulfuricans 

Desulfotomaculum 
acetooxidans 

Desulfococcus 
multivorans 

Desulfovibrio 
vulgaris 

Desulfovibrio 
desulfuricans 

Desulfosarcina 
sp. 

Desulfobacter 
postgatei 

Desulfotomaculum 
acetooxidans 

Desulfovibrio 
desulfuricans 
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Culture code C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 
Origin Water sediment sediment sediment sediment sediment water Sediment sediment sediment 

pond: Crystallizer Crystallizer Crystallizer Crystallizer crystallizer crystallizer crystallizer Crystallizer crystallizer crystallizer 

Isolation on: Lactate Lactate lactate Lactate Lactate Lactate lactate Lactate Lactate Lactate 

Gram's 
Character 

+ -ve -ve -ve -ve -ve -ve -ve -ve -ve 

Shape Rods Ovoid vibrio oval rods oval vibrio Oval vibrio ovoid 

Sulfite 
reductase 

- - DSV - DSV - DSV - DSV - 

Motility + - + + + + + + + - 

Catalase test - - - - - - - - - - 

Lactate + + + + + + + + + + 

Acetate - + - - - - - - + + 

Formate - - - - - - - - + - 

Ethanol - - + + + + + + + - 

propionate - - + - - - + - - - 

Glucose - + + - - - + - + + 

Benzoate - - - + - + - + - - 

Oxidase test - - - - - - - - - - 

NADH oxidase - - - - - - - - - - 

SOD - - - - - - - + - - 

Cytochrome B a c `- c `- c c c a 

spores - - - - + - - - - - 

Sulfate + + + + + + + + + + 

Thiosulfate + + + `- + `- + + + + 

Sulfite + + + + + + + - + + 

Biochemical 
Identification 

Desulfotomaculum 
orentis 

Desulfosarcina 
sp. 

Desulfovibrio 
vulgaris 

Desulfobacter 
postgatei 

Desulfovibrio 
giganteus 

Desulfobacter 
postgatei 

Desulfovibrio 
vulgaris 

Desulfobacterium 
sp. 

Desulfovibrio 
desulfuricans 

Desulfosarcina 
sp. 
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Culture code C27 C27 C28 C29 C30 C31 C32 C33 C34 CS35 
Origin Water sediment sediment sediment sediment sediment water sediment sediment sediment 

pond: Crystallizer Crystallizer Crystallizer Crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer 

Isolation on: Lactate Lactate acetate Lactate Lactate lactate lactate Lactate lactate Lactate 

Gram's 
Character 

+ + -ve -ve -ve -ve -ve -ve -ve + 

Shape Rods rods vibrio vibrio ovoid vibrio vibrio vibrio vibrio spiral 

Sulfite reductase - DSR DSV DSV - DSV DSV DSV DSV DSV 

Motility + + + + - + + + + + 

Catalase test - - - - - - - - - + 

Lactate + + + + + + + + + + 

Acetate - + + + + - + + - + 

Formate - - + + - - + + - - 

Ethanol - - + + - + + + + - 

propionate - - - - - + - - + - 

Glucose - - + + + + + + + - 

Benzoate - + - - - - - - - + 

Oxidase test - - - - - - - - - - 

NADH oxidase - + - - - - - - - - 

SOD - - - - - - - - - - 

Cytochrome B b c c a c c c c c 

spores - - - - - - - - - - 

Sulfate + + + + + + + + + + 

Thiosulfate + + + + + + + + + + 

Sulfite + - + + + + + + + + 

Biochemical 
Identification 

Desulfotomaculum 
orentis 

Desulfotomaculum 
acetooxidans 

Desulfovibrio 
desulfuricans 

Desulfovibrio 
desulfuricans 

Desulfosarcina 
sp. 

Desulfovibrio 
vulgaris 

Desulfovibrio 
desulfuricans 

Desulfovibrio 
desulfuricans 

Desulfovibrio 
vulgaris 

Desulfonema 
Limicola 
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Culture code C36 C37 C38 C39 C40 C41 C42 C43 C44 C45 
Origin Water Sediment sediment sediment sediment sediment water sediment sediment sediment 

pond: Crystallizer Crystallizer Crystallizer Crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer 

Isolation on: Lactate Lactate Lactate Lactate Lactate Lactate lactate Lactate Lactate Lactate 

Gram's 
Character 

- -ve -ve -ve + -ve -ve -ve - -ve 

Shape Cocci Oval rods vibrio rods oval ovoid Vibrio cocci oval 

Sulfite reductase DSV - DSV DSV DSR - - DSV DSV - 

Motility - + - + + + - + - + 

Catalase test - - - - - - - - - - 

Lactate + + + + + + + + + + 

Acetate + - - + + - + + + - 

Formate + - - + - - - + + - 

Ethanol + + - + - + - + + + 

propionate - - + - - - - - - - 

Glucose - - - + - - + + - - 

Benzoate - + + - + + - - - + 

Oxidase test - - - - - - - - - - 

NADH oxidase - - - - + - - - - - 

SOD - - - - - - - - - - 

Cytochrome A `- c c b `- a c a `- 

spores - - - - - - - - - - 

Sulfate + + + + + + + + + + 

Thiosulfate + `- - + + `- + + + `- 

Sulfite + + - + - + + + + + 

Biochemical 
Identification 

Desulfococcus 
multivorans 

Desulfobacter 
postgatei 

Desulfomonas 
pigra 

Desulfovibrio 
desulfuricans 

Desulfotomaculum 
acetooxidans 

Desulfobacter 
postgatei 

Desulfosarcina 
sp. 

Desulfovibrio 
desulfuricans 

Desulfococcus 
multivorans 

Desulfobacter 
postgatei 
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Culture code C46 C47 C48 C 49 C50 C51 C52 C53 C54 C55 
Origin Sediment sediment sediment water sediment sediment sediment sediment water Sediment 

pond: Crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer crystallizer Crystallizer 

Isolation on: Lactate Lactate Lactate Lactate Lactate Lactate Lactate Lactate lactate Lactate 

Gram's 
Character 

-ve -ve -ve + -ve -ve -ve -ve -ve -ve 

Shape Oval 
lemon 
shape 

ovoid rods rods rods vibrio Oval 
lemon 
shape 

Vibrio 

Sulfite 
reductase 

- - - - DSV DSV DSV - - DSV 

Motility + + - + + + + + + + 

Catalase test - - - - - - - - - + 

Lactate + + + + + + + + + + 

Acetate - - + - - - + - - - 

Formate - - - - - - + - - + 

Ethanol + + - - + + + + + + 

propionate - + - - - - - - + - 

Glucose - - + - - - + - - + 

Benzoate + - - - - - - + - - 

Oxidase test - - - - - - - - - - 

NADH oxidase - + - - - - - - + - 

SOD + - - - - - - - - - 

Cytochrome C a a b c c c c a c 

spores - - - - + + - - - - 

Sulfate + + + + + + + + + + 

Thiosulfate + + + + + + + `- + + 

Sulfite - + + + + + + + + + 

Biochemical 
Identification 

Desulfobacterium 
sp. 

Desulfobulbus  
propionicus 

Desulfosarcina 
sp. 

Desulfotomaculum 
orentis 

Desulfovibrio 
giganteus 

Desulfovibrio 
giganteus 

Desulfovibrio 
desulfuricans 

Desulfobacter 
postgatei 

Desulfobulbus  
propionicus 

Desulfovibrio 
halophilus 
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Table 4: Distribution of Different genera in Primary and Crystallizer pond of Ribandar 

saltern 

 

 

 

 

 

 

 

 

 

SRB  Genera Primary pond Crystallizer pond Total 

Desulfotomaculum sp. 19 16 35 

Desulfobulbus sp. 5 3 8 

Desulfobacter sp. 13 9 22 

Desulfonema  sp. 2 2 4 

Desulfosarcina  sp. 5 12 17 

Desulfovibrio sp. 47 43 90 

Desulfococcus  sp. 5 6 11 

Desulfomicrobium  sp. 3 0 3 

Desulfobacterium sp. 5 3 8 

Halanaerobium sp. 0 1 1 

Total 104 95 199 
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4.2.5. SEM analysis 

The morphology of few of the SRB isolates was obtained through SEM analysis. Based on 

the SEM images (Figure 14 and 15), these SRB isolates were categorized as short rods, long 

rods, vibrios, vibroids ovals and cocci shaped bacteria representing various SRB genera. 

4.3. Molecular taxonomy 

A total of 29 SRB isolates from both the ponds were processed for their molecular identity.  

The genomic DNA was isolated from the SRB using Axygen Bacterial genomic DNA 

isolation kit by following the manufacturer’s instruction.  The 16S rRNA gene was 

amplified with PCR using universal bacterial primer set (27F and 1492R).  The 1.5 kb 

amplicon obtained (Figure 16) were subjected to sequencing. Both forward and the reverse 

sequences obtained were assembled using BioEdit software. The assembled contig sequence 

was studied for their similarity with existing sequences using BLAST utility.   
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Figure 14: SEM image of selected SRB isolates from the Primary pond  
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Figure 15: SEM images of few selected SRB isolates of the Crystallizer pond 
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Figure 16: Gel image showing amplification of 16S rRNA gene of SRB 
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4.3.1. Phylogenetic analysis for molecular level identification of SRB 

The 16SrRNA gene sequences were used to delineate the evolutionary history of Ribandar 

saltern SRB isolates on Mega 6.0 software tool. By using the neighbour joining method the 

phylogenetic tree was constructed for primary pond SRB isolates (Figure 17) and 

crystallizer pond (Figure 18) SRB isolates. The phylogenetic tree of both the ponds showed 

2 major clades belonging to two different classes, viz. Delta proteobacteria and Clostridia. 

The first clade of delta proteobacteria contained different species of genus Desulfovibrio, 

Desulfococcus, Desulfonema, Desulfosarcina, Desulfobacter, Desulfobacterium, 

Desulfobulbus and Desulfomicrobium. The second clade of clostridium contained 

Desulfotomaculum and Halanaerobium genera.  

4.4. Comparative SRB abundance 

The SRB isolates of Ribandar saltern belonged to 10 different genera, based on their 

biochemical and molecular identification. From the primary pond 9 different SRB genera 

were detected (Figure 19) and from crystallizer pond also 9 different genera were retrieved 

(Figure 20). In the water 9 genera of SRB were detected in the primary pond and only 5 

genera of SRB were detected in crystallizer pond.  The surfacial sediment (0-2 cm) 

contained the maximum number of cultivable SRB (9genera) in both the ponds.  At 2-5 cm 

depth 9 genera of SRB were detected in primary pond and 8 genera were detected in the 

crystallizer pond.  At 5-10 cm depth, both the ponds contained the least numbers of genera.  

From the biochemical and molecular identification of SRB, the dominance of Desulfovibrio 

sp. was found in the Ribandar saltpan followed by Desulfotomaculum sp.  In primary pond 

the genus Halanaerobium was not detected and in crystallizer pond the genus 

Desulfomicrobium was not found because of their optimum salinity requirement.  
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Figure 17: Phylogenetic tree showing relationship among 16S rRNA gene sequence of SRB 

isolates of Primary pond of Ribandar saltern and their closest relatives. 
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Figure 18: Phylogenetic tree showing relationship among 16S rRNA gene sequence of SRB 

isolates of Crystallizer pond Ribandar saltern and their closest relatives. 
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Figure: 19: Depth wise taxonomic distribution of SRB genera in Primary pond  

 

 

Figure 20: Depth wise taxonomic distribution of SRB genera in Crystallizer pond  
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4.5. Biosynthesis of iron nanoparticle by SRB 

Technology based on the use of microbes for the synthesis of nanomaterial is a relatively 

new and a largely unexplored area of research in material synthesis, which has a potential to 

develop, a simple, practical, inexpensive way to produce novel metallic nanoparticles 

possessing unique chemical and physical properties.  Biogenic processes are important in the 

formation of iron oxides in many environments. The current study of producing iron 

nanoparticle was found successful with LS4 isolate and this SRB synthesized nanoparticle 

was characterized with XRD and TEM to determine its size and composition. 

4.5.1. Biosynthesis of iron oxide nanoparticle 

When SRB strain LS4 was challenged with ferric chloride and ferrous sulphate in the 

growth media, it started producing a black color precipitate within 7 days of incubation. The 

color of the precipitate intensified to dark black on the 35th day. Based on the literature, the 

black precipitates produced, were expected to be extracellular iron sulfide formed due to 

reactive H2S produced by LS4 and ionic iron present in the media. When characterized, it 

was found to be iron oxide nanoparticles which were not attached to the cells when viewed 

by SEM (Figure 22 A) and seemed to be nano sized particles. The formation of iron oxide 

nanoparticle did not occur in the media with iron salt solution, and formed only in presence 

of strain LS4. 

4.5.1.1. Characterization of SRB strain LS4   

SRB strain LS4 cells were observed as Gram negative, motile vibroid shaped, 0.4 to 0.7 µm 

in length and 0.07 to 0.2 µm in breadth occurring singly (Figure 22 A). This SRB was found 

to utilize lactate, formate, ethanol, propionate, glucose, fumarate and malate as electron 

donor in presence of sulphate. It used sulphate, thiosulfate and sulphite as electron acceptor 
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in presence of lactate as electron donor. Being a hyper saline SRB, strain LS4 could grow in 

a broad salinity range (10- 400psu) with an optimum growth at 150 psu (Figure 21A) while 

in case of pH variation the strain could survive the alkaline pH but not beyond 8.5 but at 

acidic pH, the growth was not observed below pH 6. Growth and sulphate reducing activity 

of strain LS4 was observed between pH 7.6- 8.4 and optimal growth was at pH 7.8 (Figure 

21B).  Beyond pH 9, sulphide concentration dropped to undetectable limits along with a 

drop in cell numbers. Its growth favors alkaline pH and its tolerance to higher salinity of 400 

psu indicates the culture to be halophilic SRB. Cell density reaches a maximum (7.5 x 108 

cells.ml-1) by the 35th day with a doubling time of 90 hours at 150 psu in the medium with 

lactate and sulphate. SRB strain LS4 was found to be slow growing culture as evident from 

slow increase in sulphide concentration over time and also from slow increase in cell 

number (Figure 21C) measured using a haemocytometer. The sulphide production by LS4 

was assessed by measuring dissolved sulphide concentration of the media, which attained a 

maximum value of 24.6 mM by 21st day after which dissolved sulphide concentration 

decreased to 15.39 mM by 45th day.  Phylogeny of 16S rRNA gene sequence (1466 base 

pair) of SRB strain LS4 showed a distinct clade in the genus Desulfovibrio. It had highest 

sequence similarity with Desulfovibrio desulfuricans aestuarii, The consensus phylogenetic 

tree indicated this strain was affiliated with Desulfovibrio genus and family 

Desulfovibrionaceae. Partial characterization and phylogenetic analysis  based on partial 

16S rRNA sequence shows that the stain LS4 belongs to dissimilatory sulfate reducing 

bacteria within the δ-proteobateria and belongs to the genus Desulfovibrio (Figure. 22 B).  
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Figure 21: Physiological characterization of LS4. (A) pH optimization (B) Salinity 

optimization (C) Growth and sulphide production  

A 

B 
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Figure: 22: (A)Electron micrograph of strain LS4 showing its length of cells and are lying 

on a bed of aggregated nanoparticles produced by them (B) Neighbour joining tree derived 

from 16S rRNA gene sequence of SRB strain LS4 showing its phylogenetic position 

A 

B 
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The closest phylogenetic relatives of strain LS4 were from the genus Desulfovibrio, with the 

highest similarity of 96% with Desulfovibrio dsulfuricans aestuarii in BLAST search. The 

16S rRNA gene sequence of the strain LS4 determined in this study was deposited in Gen 

Bank with an accession number: KT595699. 

4.5.1.2. Characterization of the nanoparticles synthesized by SRB 

The XRD pattern obtained from BNP showed strong Bragg’s reflections corresponding to 

the standard peaks of Fe2O3and corresponded with ICDD file no.25-1402 Fe2O3 Maghemite-

Q. X-ray diffractogram (Figure 23 C) contained three prominent peaks that were clearly 

distinguishable. Peaks with 2θ values of 30.28, 35.62 and 63.7 corresponded to crystal 

planes of (2, 0, 6), (1, 1, 9) and (4, 0, 12) of Fe2O3 nanoparticle. Size of crystallite was 

estimated using Scherrer’s formula D= Kλ / βcosθ where K=0.94, λ=wavelength of X-ray, β 

and θ are half width of the maximum intensity peak and half of the Bragg’s angle, 

respectively. Based on XRD results the average crystallite size was calculated (as per 

Debye-Scherrer’s equation) to be 24.88 nm. FTIR analysis of dried BNP (Figure 23: D) 

showed presence of characteristic Fe-O bond vibration of maghemite nanoparticle at 574 

cm-1 on percentage transmittance peak. Figure 23 A represents TEM image of SRB 

synthesized nanoparticles showing cluster of rounded shaped nanoparticles with an average 

diameter of 19 nm. EDS analysis of these BNP (Figure 23 B) showed the elemental 

composition to be iron, oxygen, Na and Cl. The higher proportion of iron and oxygen 

suggests the particle to be iron oxide while traces of Na and Cl indicate the presence of 

media constituent in the dried sample. 
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Figure 23: Characterization of Bacterial nanoparticle (BNP) (A) TEM image of BNP (B) 

EDS of BNP showing its elemental composition (C) XRD pattern of BNP (D) FTIR  

spectrum of BNP 

A 
B 

C 
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4.5.1.3. Isolation and characterization of Sediment nanoparticle 

In the environment, natural iron nanoparticles are ubiquitous. Ribandar saltpan is fed by the 

tidal influx from Mandovi estuarine water containing  metal effluents from the ferro-

manganese ore mining activities, barge traffic and sewage disposal. Thus, the iron gains 

entry into the saltpan ecosystem and gets concentrated during the brine formation. Various 

chemical and biological factors influence the reduction of iron into nanoscale in saltpan 

ecosystem. We could successfully isolate 5.63 mg nanoparticles per gram sediment through 

magnetic separation. The nanoparticles isolated from sediments were also characterized by 

XRD, FTIR, TEM and SEM-EDS (Figure 24). The XRD pattern obtained from SNP (figure 

24:C) also showed strong Bragg’s reflections at 2θ value of 30.08, 35.62 and 63.0 

corresponding to the standard peaks of Fe2O3 maghemite (ICDD file no. 25-1402). 

Approximate crystallite size was calculated as per Debye-Scherrer’s equation to be 23nm, 

which was identical to the XRD result obtained with BNP. FTIR analysis of the SNP (Figure 

24: D) showed presence of characteristic Fe-O bond vibration at wave number 578 cm-1. 

Morphological characterization of SNP was carried out using TEM (Figure 24 A), which 

showed rounded shaped nanostructures with average diameter of 18nm. The EDS analysis of 

SNP (figure 24 B) exhibited peaks of iron and oxygen as the major constituent. Peaks of Si 

and Na may be attributed to the presence of soil components that remain attached to SNP 

after its separation from soil. 
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Figure 24: Characterization of Sediment nanoparticle (SNP) (A) TEM image of SNP (B) 

EDS of SNP showing its elemental composition. (C) XRD pattern of SNP (D) FTIR 

spectrum of SNP 
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4.5.1.4. Effects of iron oxide nanoparticle on Zebra fish embryo 

4.5.1.4.1. Developmental toxicity in Zebra fish 

The nanoparticle exposed zebra fish embryos (Figure 25) showed significant changes in the 

mortality rate and hatching rate when exposed to 0.1-100 mg.L-1 of BNP as compared to the 

control (Figure 26:A) but not at low concentrations of 0.1 and 0.5 mg.L-1.  Embryos showed 

a dose dependent increase in the mortality rate, and a dose dependent decrease in the 

hatching rate. The maximum hatching rate of 93.05 ± 2.40 % was observed in embryos 

exposed to lowest dose (0.1 mg.L-1 of BNP) and the minimum hatching rate of 25 ± 4.16% 

was noted in embryos exposed to highest dose (100 mg.L-1 of BNP).  Further, significant 

decrease of heart rate was observed, from 150 to 120 beats per minute, in BNP exposed 

embryos (Figure: 26 B), except at 0.1 mg.L-1 concentration. 

4.5.1.2. Morphological deformities in fish embryos  

The frequency of morphological deformities in zebra fish larvae ranged from 6% to 62% in 

nanoparticle exposed embryos as compared to the 1.44 % in controls. A significant increase 

in morphological deformities was observed in zebra fish exposed to various concentrations 

(0.1-100 mg.L-1) of iron oxide as compared to the control (Figure 26:C).  Nanoparticle 

exposed embryos developed malformations in the larvae such as pericardial edema, curved 

body, curved tail, curved notochord and curved tail tip of the larvae (Figure 27 B-F). The 

control embryo development appeared to be normal (Figure 27 A) throughout the test 

period. 
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Figure 25: Zebra fish embryo Development (A) Zebrafish embryo at 24 hour post 

fertilization (hpf) (B) 48 hpf (C) at 72 hpf 

A 

B 
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Figure 26:  Effects of Fe2O3 nanoparticle on zebra fish embryo development. The error bars 

represent the standard deviation of three replicates (A)Percentage of mortality and hatching 

rate (Mean ±SD) induced by various concentration of iron oxide at 120 hour post 

fertilization (hpf). (B) Heart rate of zebra fish embryos exposed to various concentrations of 

iron oxide at 120 hpf  (C) Morphological deformities (Mean ±SD) induced by various 

concentration of iron oxide at 120 hpf (D)DNA damage shown as % tail DNA at 120 hpf 

induced by different concentration of iron oxide nanoparticle. 
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Figure 27: Morphological deformities induced by Fe2O3 nanoparticle in Zebra fish larvae: 

(A) Control larvae with normal development (B-F) deformed larvae: (B) Pericardial edema, 

(C) Curved body, (D) Curved notochord, (E) Curved tail and (F) Curved tail tip.  
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4.5.1.3. DNA damage (comet assay):  

DNA breakage was visually detected as the difference in DNA migration (comet type 

migration) pattern. On microscopic visualization, a normal cell with intact DNA was 

observed as shown in Figure: 28 A, but cells with damaged DNA are viewed as comets like 

structures (Figure 28 B). The DNA single strand breaks expressed as the mean % tail DNA 

induced by different concentrations of BNP (0.1-100 mg.L-1) in zebra fish embryo at 120 

hpf, are represented in Figure 26 D. Significant DNA damage was noticed for 0.5-100 mg.L-

1 concentration of iron oxide exposed zebra fish embryos as compared to their controls. 

Interestingly, a dose dependent increase in the mean % tail DNA was observed, with a 

minimum (24.83 ± 0.54 %) at the lowest concentration (0.1 mg.L-1) and the maximum 

(56.52 ± 0.91 %) at the highest dose (100 mg.L-1).  Higher DNA damage value was recorded 

for deformed larvae. Thus, it can be inferred that morphological deformities are linked with 

genotoxic effect of the BNP. 

4.5.1.4. Effects of gold nanoparticle on SRB strain LS4 

The GNP produced by an Antarctic Bacillus strain GL1.3 exhibited antimicrobial activity 

against SRB strain LS4. Figure 29 shows the decrease in cell growth and the sulphate 

reducing activity of the SRB, in the presence of GNP in the growth medium. GNP reduced 

the SRB number from 106 to 103 cells /ml (decreased to 12%) and the sulphate reducing 

activity  was reduced from 0.0246 nM.mL-1.day-1 to 0.0016 nM.mL-1.day-1 (decreased to 

7%). The minimum inhibitory concentration (MIC) of GNP for SRB was estimated as per 

Zarasvand and Rai (2016), which is defined as the lowest concentration at which there is no 

blackening of media. 200µg/ml concentration was detected as the MIC value for the tested 

SRB (Figure 30). 
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Figure 28: Comet assay showingDNA damage in zebra fish embryo (A) shows a cell with 

intact DNA in normal zebra fish embryo (B) shows cells with damaged DNA, observed to 

be comet like structure in zebra fish embryos grown with nanoparticles. 
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Figure 29: Antibacterial activity of GNP with SRB showing effect on growth and sulphide 

production of SRB at different concentration of GNP in the growth media 

 

 

Figure 30: Minimal inhibitory concentration (MIC) study of GNP; column 1:  positive 

control growth (without addition of GNP), column: 2- negative control (only media), 3 to 

12: SRB growth at different concentration of gold nanoparticles 0.25, 0.5, 1, 10, 50, 100, 

150, 200, 250, 500 µg.ml-1 respectively. 
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4.5.2. Biosynthesis of Iron sulfide nanoparticle 

When Strain WCA1 was challenged with 0.5M ferrous sulphate in the growth media, it 

produced black colour precipitate after 7th days of incubation and the precipitated quantity 

increased with prolonged incubation. The black precipitate was formed due to the reaction 

between H2S produced by strain WCA1 and the ionic iron present in the media.  It was 

characterized to be nano sized iron sulphide particles.  These particles were found in 

aggregated form when the nanoparticle cluster was viewed by SEM (Figure 32 A). From the 

EDS analysis, iron and sulphide was found to be present in dominant proportions (Figure 32 

B). The formation of iron sulphide nanoparticle does not occur in the media with iron salt 

solution; it formed only in presence of strain WCA1. 

4.5.2.1. Characterization of SRB strain WCA1 

SRB strain WCA1 were Gram positive, rod shaped cells and size varied from 0.6 to 1.2 µm 

in length and 0.4 to 0.6 µm in width (Figure 31 A). The SRB strain was found to utilize 

acetate, lactate, butyrate and benzoate as an electron donor. It used sulphate and thiosulfate 

as electron acceptor. SRB strain WCA1 could grow on a broad salinity range (10- 300psu) 

with an optimum growth at 50 psu at pH 8. Cell density reached a maximum (1.9 x 108 

cells.ml-1) by the 21st day and dissolved sulphide concentration of the media attained a 

maximum value of 27.5mM by the 21st day and further it decreased to 17.1mM by the 35th 

day. Phylogeny of partial 16S rRNA gene sequence (1189 bases) of SRB strain WCA1 

showed a distinct clade in the genus Desulfotomaculum (Figure 31 B). It had highest 

sequence similarity of 99% in BLAST search with Desulfotomaculum acetoxidans. The 16S 

rRNA gene sequence of the strain WCA1 determined in this study was deposited in Gen 

Bank under accession number: KY499470. 
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Figure 31: Characteristic of SRB strain WCA1 (a) SEM image of SRB strain WCA1 (b) 

Phylogenetic tree based on 16S rRNA gene sequence 

A 
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4.5.2.2. Characterization of iron sulfide nanoparticle 

These particles were found in aggregated form when the nanoparticle cluster was viewed by 

SEM (Figure 32 A).  From the EDS analysis iron and sulphide was found to be present in a 

dominant proportion (Figure 32 B). The formation of iron sulphide nanoparticle does not 

occur in the media with iron salt solution; it formed only in presence of strain WCA1 in the 

media. SEM image of SRB synthesized nanoparticles (Figure 32 A) showed clusters of 

nanoparticles with an average diameter of 21nm. The XRD pattern obtained from the 

nanoparticle is shown in Figure 32 C. The X-ray diffractogram contained eight prominent 

peaks that were clearly distinguishable. Peaks with 2θ values of 28.16, 33.06, 37.6, 41.08, 

46.74, 51.08, 56.54 and 58.96 corresponded to crystal planes of (111), (200), (210), (211), 

(220), (221), (311) and (222) of FeS2 nanoparticle. Based on XRD results, an approximate 

crystallite size was calculated (as per Debye-Scherrer’s equation) to be 21.88 nm.  

4.5.2.3. Immobilization of Iron sulfide nanoparticle 

The FeS2 nanoparticles were successfully entrapped in Ca-alginate beads and had an average 

diameter of 2.6±0.1 (Figure 33).  The beads had a spherical shape and 24±2 beads per mL of 

Na-alginate solution were prepared. The nanoparticle containing beads appeared black in 

colour, while the normal beads were transparent. Upon entrapment the aggregation of 

nanoparticle is limited; this provides a solution for decreasing the property of self-

aggregation in bare nanoparticles and enhances its reactivity. 
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Figure 32: Characterization of iron sulfide nanoparticle (A) SEM image of Iron 

Nanoparticles (B) EDS showing elemental composition (C) XRD pattern showing 

crystallinity of iron nanoparticle 

                     

Figure 33: Entrapment of nanoparticle in Ca-alginate bead (A) Ca-Alginate bead (B) Iron 

nanoparticle entrapped in Ca-Alginate bead 

A B 

C 

B A 
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4.5.2.4. Remediation of Chromium  

Experiments were conducted for remediation of Cr from water using the bare iron 

sulfide nanoparticle and entrapped iron sulfide nanoparticle at 3 initial concentrations of 10, 

50 and 100 mg/L. The bare form reduced the Cr concentrations to 2.4mg/L (76% reduction), 

8.8 mg/L (82.4% reduction) and 14.3 mg/L (85.7% reduction), respectively. The bead form 

reduced the Cr concentration to 0.3mg/L (97.2% reduction), 1.85mg/L (96.3% reduction) 

and 5.4mg/L (94.6%), respectively. The Cr remediation efficiency was found to be higher in 

the bead form of iron sulfide nanoparticle. 

4.5.2.4.1. Effect of contact time 

Cr remediation was studied by varying the contact time of nanoparticles with Cr 

solution (50mg/L) from 0-300 min using 5mg of iron sulfide nanoparticle. The Cr removal 

rate of bare form and the bead form are shown in Figure 34 A. Though the study was carried 

out for 300min, it was observed that with an increase in contact time the adsorption 

increases and attains a maximum adsorption of 80% (with Bare form), and 97% (with bead 

form) by 120minutes (2Hours) and subsequently remains constant.  Figure 34 A shows the 

adsorption till 180 min. 

4.5.2.4.2. Effect of Nanoparticle concentration 

Figure 34 B shows the effect of initial nanoparticle concentration on Cr remediation, 

which was examined by varying the nanoparticle concentration from 0.01–5 g.L-1 in Cr 

water (50mg/L).  The removal efficiency increased from 67% to 89% with increasing bare 

nanoparticle concentration while the immobilized nanoparticle removed 69% to 99% of Cr 

from the water. With an increase in nanoparticle concentration, the Cr removal percentage 

increased due to increase in overall surface area for Cr adsorption.  At 0.5 g.L-1 
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concentration of nanoparticle, Cr removal percentage reached the maximum of 89% for bare 

form and 99% for bead form but beyond this concentration, the remediation percentage 

showed a decreasing trend. Thus, the optimum nanoparticle concentration was found to be 

0.5g.L-1 for both bare and bead form of FeS2 nanoparticles.  The immobilized form had an 

advantage over the bare form as the Cr adsorption was higher and this occurs probably due 

to the increased aggregation of the bare form of nanoparticles, resulting in a less reactive 

surface area being available for adsorption. 

4.5.2.4.3. Effect of pH 

The pH plays a major role in Cr removal as it influences the adsorption of Cr on the 

iron nanoparticle. As depicted in Figure 34 C, the adsorption increases at acidic pH and a 

maximum adsorption of 99.7% was attained at pH4 while beyond pH 10 the adsorption was 

nullified. Thus, it can be inferred that these bio-nanoparticles work better at acidic to neutral 

pH and alkaline pH reduces the adsorption. The beaded form of nanoparticle provides a 

better sorption capacity than the bare form.  
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Figure 34: Cr remediation by the SRB synthesized nanoparticles (A)Effect of contact time  

on Cr remediation (B) Effect of nanoparticle concentration on Cr remediation (c) Effect of 

pH on Cr remediation 

B 
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4.5.3. Characterization of chemically synthesized iron nanoparticles 

The synthesized iron nanoparticles were characterized as crystalline Fe3O4 nanoparticle 

from the XRD pattern (Figure 35 B), with an average diameter of 18 nm measured by TEM 

analysis (Figure 35 A) and made up of Fe and oxygen as detected in EDS analysis (Figure 

35 C). TEM micrograph demonstrated the spherical shape of the nanoparticles ranging over 

10-35 nm in diameter and their aggregation property observed due to dipolar interactions 

arising from magnetic interaction (Lopez et al. 2010). Iron nanoparticles prepared by this 

method have been previously described as amorphous or cubic (Lopez et al. 2010) and its 

diffraction pattern was similar to ICDD file no: 75-0449, Fe3O4, Magnetite particle. From 

the EDS results the elemental composition was found to be iron and oxygen with an atomic 

percentage of 47.53 and 48.24, respectively, confirming the element to be Fe3O4 

nanoparticle 

4.5.3.1. Characterization of Iron corroding bacteria (ICB) 

ICB strain L4 cells were gram negative, motile, rod shaped bacteria with 0.8 - 1.2µm in 

length and 0.4 - 0.7 µm in diameter (Figure 36 A). The phenotypic characteristics of the 

strain L4 (Table 3) showed affinity towards genus Halanaerobium. The strain L4 was found 

to corrode iron nails present in their growth media.  Molecular identification carried out 

from its 16S rRNA gene sequence (1466 base pair) analysis showed a distinct clade in the 

genus Halanaerobium. It had highest sequence similarity of 99% in BLAST search and had 

a bootstrap value of 99 with Halanaerobium acetethylicum strain EIGI (Figure 36 B). The 

16S rRNA gene sequence of the strain L4 was deposited in GenBank under accession 

number: KX784553. It corrodes iron as evident from the iron nail corrosion occurred in the 

growth media only in the presence of strain L4. 
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Figure35: Characterization of chemically synthesized iron nanoparticle (A) X-ray 

diffraction pattern of synthesized Fe3O4 nanopowder (B) TEM image of Fe3O4 nanoparticle 

used in this study. Bar denotes 20nm. (C)EDS result of synthesized Fe3O4 nanoparticle 

showing elemental composition. 
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Figure 36:  Characterization of ICB (A) SEM image of strain L4 (B) Phylogenetic tree of 

Halanaerobium sp. strain L4 cconstructed using the Maximum Likelihood method based on 

the Tamura-Nei model in MEGA6.0 software. 

A 

B 
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4.5.3.2. Effects of iron nanoparticle on ICB 

4.5.3.2.1. Effect on growth 

The growth of ICB, Halanaerobium sp. strain L4, at different concentrations of Fe3O4 

nanoparticle (0.1, 0.5, 1, 5, 10, 50 and 100 mg/L) presented as growth percentage (Figure: 

37) derived from comparing with control (optimum growth of strain L4 in medium with our 

nanoparticle). Irrespective of the nanoparticle concentration, higher growth was measured 

on the 14thday of incubation, which was used for evaluating the growth percentage with 

respect to the control growth. The growth was found to decrease with increasing 

concentrations of Fe3O4 nanoparticle. As illustrated in Figure 37, iron nanoparticle reduced 

the growth to 50% at 1mg/L. The growth curve of Halanaerobium sp. showed a clear 

inhibition of log phase with increasing concentration of nanoparticle with respect to control. 

Gradual shortening of log phase indicates bacteriostatic effect of the iron nanoparticle on 

Halanaerobium sp. strain L4 in a concentration dependent manner. On long term exposure 

of 28 days to Fe3O4 nanoparticle, the cell numbers decreased followed by cell inactivation 

and cell death suggestive of a bactericidal property of the particle probably resulting from a 

disturbance of the electron and ionic transport chains (Auffan et al. 2008; Boudand et 

al.2010) between the intra- and extra-cellular media. The nano-form of Fe doesn’t support 

bacterial growth even though iron is an essential element for strain L4 growth.  

4.5.3.2.2. Effect on Sulphide production 

The concentration dependent growth inhibition of Halanaerobium sp. strain L4 were 

supported with the decreased sulphide production rate (Figure: 37), indicative of a 

simultaneous reduction in respiration of the bacterium. Hydrogen sulphide is the main 

metabolite produced by Halanaerobium sp. which corrodes metals by forming its metal 

sulphide (Boudand et al, 2010; Bhola et al. 2014), thus the nano iron impact on sulphide 
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production has a significant value as it could interfere with biogeochemical cycle of sulphur. 

It was observed that the bacterium could respire with an optimal concentration up to 0.5 

mg/L Fe3O4 nanoparticle resulting in 0.023 nM.ml-1day-1 sulphide production.  At higher 

nanoparticle concentration (> 1mg/L), an inhibition in sulphide production was observed 

and the value reached to 0.0046 nM.ml-1day-1 (11.8%) at 100 mg/L resulting in a gradual 

inactivation of the cells due to the excess of nanoparticle in the medium.  

4.5.3.2.3. Genotoxic effect: 

DNA breakage was visually detected as the difference in DNA migration (comet 

type migration) pattern in the slides. Genotoxic effect on bacteria assessed by comet assay 

showing the normal cell with intact DNA of Halanaerobium sp. (Figure 38 a) and comet 

pattern migration (Figure 38 b)  indicated the DNA damage in the cells of ICB.  DNA 

damage (%tail DNA) induced by different nanoparticle concentration was presented in 

Figure 38 c. It was found to be increasing in a concentration-dependent manner. Lower 

DNA damage was observed at 0.1 mg/L suggesting it as the tolerant nanoparticle 

concentration for the ICB while beyond 0.1 mg/L, the %tail DNA increased from 5% to 

88%. Due to the nano-dimension these particle could easily gain entry in to the cellular 

environment and attack the genetic material of these test organisms, indicating the genotoxic 

effect of the nanoparticles. 
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Figure 37: Effect of Iron nanoparticle on Halanaerobium sp.showing percentage survival 

and sulfide production rate with increase in nanoparticle concentration   

 

Figure 38: Comet assay for bacterial DNA damage (A) Showing intact DNA in normal 

Halanaerobium cell (B) comet structured migration of DNA of Halanaerobium cells grown 

with iron nanoparticle (C) percentage tail DNA with increasing nanoparticle concentration. 

 

A 
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4.5.4. Effect of iron nanoparticle on Biocorrosion induced by Strain L4 

4.5.4.1. Iron corrosion study:  

Our test organism belongs to the sulphide producing group of bacteria that corrodes iron 

evidenced from the experiment showing Halanaerobium sp. strain L4 at normal growth 

conditions corroding iron pins. Figure: 39  illustrates visual inspection of the corrosion 

induced by the Halanaerobium sp., as they grow they produce sulphide in the growth media 

which reacted with the iron pin and black colorations of the pin was observed due to 

production of iron sulphide on the pin surface. In the presence of Fe3O4 nanoparticle (100 

mg/L) Halanaerobium sp. failed to produce sulphide and struggled to survive as evidenced 

from prior experiment, thus the iron pin remained unaffected as compared to the control. 

Further a significant difference in appearance, morphology and structure was observed from 

the SEM images of iron nail surface in absence of nanoparticles (Figure 39 D and F) and in 

presence of nanoparticles (Figure:39 E). SEM micrograph revealed the extent of corrosive 

behaviour of the strain L4 (Figure 5 F) compared to the control (figure 39 D). The control 

and nanoparticle exposed iron nail surfaces were observed to have a smooth surface where 

as the ICB strain L4 exposed nail was observed to be corroded with rough surface. 
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Figure 39: Iron nail corrosion experiment.  (A) control: iron nail in Growth  media (B) Iron nail in 

growth media inoculated with strain L4 (C) Iron nail in growth media inoculated with strain L4 and  

Fe3O4 nanoparticle (D) SEM micrograph of control nail (E) SEM micrograph of nail incubated with 

strain L4 (F) SEM micrograph of the nail incubated with strain L4  in presence of Fe3O4 

nanoparticle. 
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Discussion 
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Marine salterns are man-made ecosystems and represent an extreme environment 

with hypersaline conditions. They are habitats for a large variety of halophilic and 

halotolerant bacteria that develop throughout the entire gradient of salt concentration. Such 

hypersaline environments normally support and favor the growth of halophiles. In the first 

ponds of saltern known as the primary pond, most bacteria are slightly halophilic, whereas 

the last ponds known as crystallizer which normally has the highest salinity (150-330 psu) 

are inhabited by extremely halophilic organisms. Most of the reported extremely halophilic 

anaerobic bacteria have been isolated from anoxic hypersaline environments (Kerkar and 

Das 2017).  

There are different ways in which various metals gain entry in to saltern 

environments. Mining and metal refinery generally generate metal and metal oxides which 

eventually enter the environment through effluent discharge or through wind.   With the 

evaporation of water, metals get concentrated in the salterns and thus the organisms residing 

in such environments are generally exposed to high salinity and high metal concentrations, 

resulting in the evolution of various survival strategies to counterbalance these 

environmental stress conditions. These halophiles can produce various stable and unique 

biomolecules. They also produce many enzymes viz. lipase, amylase, gelatinase, protease 

which may have important applications (Moreno et al. 2009, 2013). Iron enters into the 

saltern by two means: natural processes like wind-blown dusts containing iron, erosion of 

iron ore transported through air or through water into the saltern and human activities of 

dumping and discharging in rivers and estuaries, especially during the transport of ore  

through barges. The water fed into the Ribandar saltern of Goa has high iron content due to 

anthropogenic activities of iron ore barge transport through the Mandovi River. In the 
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saltern, the iron gets concentrated sequentially in different ponds and the bacteria from 

Ribandar saltern generally tolerate high iron concentrations.  

The general microbiology of hypersaline environments has been extensively studied. 

For instance, many studies on the biogeochemistry and community composition of 

hypersaline microbial mats (Baumgartner et al., 2006; Decker et al., 2005; Fourçans et al., 

2004; Sørensen, et al., 2004) and stratified communities within salt crusts (Oren et al., 1995; 

Sørensen, et al., 2004) have been reported. In addition, a number of novel species of 

halophilic SRB have been isolated (Caumette et al., 1991; Krekeler et al., 1997; Ollivier et 

al., 1994) and few studies (Foti et al., 1997; Kerkar 2004, Kjeldsenet al., 2007) have 

explored the nature and activity of the sulphate-reducing microbial community in solar 

salterns. Thus, in this work, we have used culture-dependent and molecular methods to 

identify the coexistence of physiologically-related SRB and their diversity in the Ribandar 

saltern, Goa, India in order to gain an insight on the influence it has on the formation of iron 

based nanoparticles by these SRB. This research also aims at understanding the dynamic 

changes in the structure and function of two contrasting ponds, the primary and crystallizer 

pond, in the saltern. 

5.1. SRB diversity in Ribandar saltern 

5.1.1. Physicochemical parameters 

Temperature is an important environmental variable which may control the 

community structure and the activity of individual organisms in the environment (Attri, 

2011). The saltern water temperature showed a significant positive correlation with the SRB 

population. These observed relationships may be attributed to high SRB abundance in 0-2 

cm. Temperature has a positive influence on the growth and activity of SRB in the saltpan 
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(Kerkar 2004). Both the studied ponds of Ribandar saltern experience a similar pattern of 

temperature fluctuation throughout the day but there is a significant rise in temperature 

which was observed in the crystallizer pond as compared to the primary pond. This implies 

the increased salt concentration in the crystallizer pond which probably attributes to the 

comparative rise in temperature between the two ponds. As temperature influences the SRB 

production and sulphate reduction (Fukui and Takii 1989; Kerkar, 2004; Attri, 2011), the 

observed variation in the distribution of culturable SRB in this study might be related to 

temperature fluctuations.  

SRB prefer an environmental pH of 6-8 (Hao 1996; Attri, 2011) however, several 

studies reported the thriving of SRB in highly alkaline environments viz. Soda lakes (pH 

11)(Foti et al., 2007). The pH recorded in both the ponds suggests the presence of SRB and 

their activity was influential for the observed pH variations at different depths. SRB utilize 

H+ ion for the reduction of sulphate and release H2S, an acidic compound, thus it could 

lower the alkalinity of their niche. A comparatively less alkaline pH was recorded at a depth 

of 0-2 cm, which can be inferred as the higher SRB activity zone in Ribandar saltern. 

Salinity is the key factor governing salt making process in these salinity gradient 

ponds. The present study was carried out during the salt making season with salinities in the 

saltern water ranging from 30psu to 320psu. The most salty and dense water was found in 

the crystallizer ponds and least salty water was found in the primary pond which is 

equivalent to the nearby estuarine water salinity. The contrasting difference in salinity 

supported a different microbial community in these ponds and their adaptability to salinity 

variation. Salinity indirectly has a positive influence on the SRB abundance, due to the 

positive link between the sulphate and salinity in the saltern (Kerkar 2004). During the study 
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period, the salinity in the primary pond was found to be positively correlated with 

conductivity, temperature and heterotrophic count where as in crystallizer pond there was no 

strong correlation observed between salinity and other measured parameters.  

As the surfacial saltern water is in contact and exposed to air, a higher D.O. value 

was recorded in water as compared to the sediment for both the ponds. SRB are known to be 

a strict anaerobic group of microorganisms, however a large number of culturable SRB have 

been encountered from the oxygenated (D.O. ranging from 7.4 to 4.0 mg.L-1) overlying 

saltern water and the surfacial sediment (0-2cm). Similar observations have been obtained in 

earlier reported studies which detected a maximum number of culturable SRB in the upper 

sediment (0-3 cm) of Ribandar saltern (Kerkar 2004). Thus, it has been reported that SRB 

can also tolerate oxygen considerably. 

In the present study, a low sulfate concentration was recorded in the primary pond as 

compared to the crystallizer pond. The influx of the fresh water from the canal in to the 

primary pond causes a decrease in the sulfate concentration in the water and sediment. SRB 

utilize sulphate as a terminal electron acceptor for their metabolism and growth. Thus, 

variation in sulphate concentration will have a detrimental effect on SRB distribution in 

these ponds. In this study the sulfate concentration showed a depth wise decrease for both 

the ponds. This is probably due to the increasing SRB activity in the anaerobic zone down 

the sediment where the SRB consumed the available sulphate for its growth. 

Sulphide is the major product released from energy metabolism of SRB which may 

be toxic to other bacteria because sulphide may react with the functional groups of electron 

carriers, metal ions, different metabolic enzymes and amino acids to induce toxicity (Hao et 

al. 1996). In the current study the sulphide concentration varied widely down the sediments 



140 
 

of the two ponds. The sulfide concentration also signifies the metabolic activity of SRB in 

these contrasting ponds. In the crystallizer pond, the higher sulfide concentration (12.5±0.4 

mg.L-1) was recorded at the surficial 0-2cm depth on the other hand, the primary pond 

showed a higher sulfide concentration (7.3±0.2 mg.L-1) at 0-5cm depth indicating the zone 

of higher SRB activity in these ponds respectively.  In general the sulphide concentration 

was higher in the sediment.    

The variation in different physicochemical parameters down the core reflects a 

different SRB distribution at different depth in Ribandar saltern which suggests that the SRB 

community occupy different niches depthwise and influence the biogeochemistry of these 

niches. Dissimilatory sulfate reduction is an important process responsible for mineralization 

of organic matter in the salt rich environment (Kerkar and Lokabharathi, 2007). The 

diversity and phenotypic characteristics of SRB in such saline environments are largely 

unknown. The culture dependent method used in this study has an uncovered presence of a 

diverse SRB community in the Ribandar saltern and their distribution is mainly related to 

the salinity of the ponds.  The phenotypic data of these cultured SRB isolates represented 

their SRB lineage. All the SRB isolates obtained from their highest dilution are representing 

frequent cultivable strains of SRB community. We found a contrasting difference in the 

composition of SRB abundance in these two ponds of Ribandar saltern. Out of the 199 SRB 

isolates obtained, their physicochemical and sequencing analysis revealed a dominance of 

the Desulfovibrio which has been found in both primary and crystallizer ponds. A similar 

dominance of Desulfovibrio in the Ribandar saltern was earlier reported by Kerkar et al. 

(2004).  The SRB isolates obtained in this study represents a minor fraction of the total SRB 

community in the two contrasting ponds of Ribandar saltern. Earlier studies in Ribandar 

saltern have focused mainly on the crystallizer pond (Kerkar 2004; Pereira 2013) to 
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investigate on the abundance of hypersaline microbes. Our present study reflects the 

adaptability of the SRB to varying salt concentration. Our investigation indicates that the 

Ribandar saltern harbors a diverse assemblage of culturable SRB at different depths of 

primary and crystallizer ponds.  The selective cultivation and 16S rRNA gene targeted 

molecular identification techniques have been used to reveal the characteristics and identity 

of the SRB thriving in these extreme hypersaline (crystallizer pond) and saline (primary 

pond) conditions of Ribandar saltern.  The observed differences correlate with their 

physicochemical characteristics, which would correspond to the difference in the hydrology 

and sediment characteristic at both the study sites. Salinity, temperature, pH and redox 

potential, D.O., sulphate and sulphide vary greatly between two study sites and suggest 

different interpretations can be put forward to describe the adaptability of SRB to the cyclic 

changes. The sampling sites are located adjacent to the Mandovi River and fed by its water 

containing a high concentration of heavy metals, mainly iron. SRB communities reduce the 

dissolved sulfates to sulfides that precipitate iron and heavy metals, which indicate a natural 

bioremediation process which detoxifies the effect of high concentration of metals in the 

salterns. 

5.1.2. SRB assemblage in the Primary pond (Low salinity) 

The primary pond has a low salinity range of 35-50 psu. The bacterial assemblage was a 

reminiscent of those found in brackish coastal lagoons and even in coastal marine and 

mangrove ecosystems (Benlloch et al., 1995b; Attri et al. 2011; Acinas et al., 1999; 

Giovannoni and Rappé, 2000). Marine bacteria have been often shown to be remarkably 

halotolerant (Forsyth et al., 1971), but our approach does not give any indication as to what 

extent such groups are active components of the assemblage. The size of the SRB 



142 
 

community at the primary pond is similar to those measured at nearby mangrove ecosystem 

by Attri (2001) and from soda lakes on the Kulunda Steppe in southeastern Siberia (Foti et 

al., 2007) and is not significantly larger than what has been measured in normal marine 

environment (Teske, et al., 1996). This is in agreement with the abundance reported in 

surface marine waters (Massana et al., 1997; Karner et al., 2001).  

In the primary pond, the retrieved SRB assemblage distribution in the water and 

sediment had a different composition at different depth. The distribution of SRB was 

confined to two different Phyla of the bacteria Domain namely Proteobacteria and 

Firmicutes, clustering within two different classes, Delta proteobacteria and Clostridia. The 

class delta-proteobacteria included 9 different SRB genera viz. Desulfococcus, 

Desulfosarcina, Desulfobacter, Desulfonema, Desulfobacterium, Desulfobulbus, 

Desulfomicrobium, Desulfomonas and Desulfovibrio whereas Desulfotomaculum was the 

only SRB genera belonging to class Clostridia detected from the primary pond. All the 10 

genera were detected in the primary pond water where as in the sediment the SRB diversity 

was lower as compared to water. The distribution patterns of SRB in the waters are 

consistent with the earlier reported findings on marine water (Pudry et al., 2002; Kerkar 

2004) and mangrove water (Attri 2011). Out of the 104 SRB isolated from the primary pond, 

45% belonged to Desulfovibrio group, and a similar dominance has also been reported in 

estuarine environment (Devereux et al. 1996).  Among the retrieved SRB, Desulfococcus, 

Desulfosarcina and Desulfonema are complete oxidizing genera (Kondo et al 2006; Kondo 

and Butani, 2007) belonging to family Desulfobacteraceae. Such group has also been 

recovered from other marine and fresh water environments (Besaury et al., 2013; Korte et al 

2015).  Desulfobulbus propinicus was the only incomplete oxidizer which belonged to 

family Desulfobulbaceae and was isolated from the primary pond. All the retrieved SRB of 
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the primary pond have been reported to grow in marine environments and require NaCl for 

growth whereas Desulfococcus have been isolated from fresh water environments but 

capable of growing in brackish and marine environment (Widdel and Bak 1992). This 

diverse SRB community of primary pond demonstrates the existence of a considerable 

metabolic diversity to adjust itself to the changing environmental factors. 

5.1.3. SRB assemblage in hypersaline (Crystallizer) pond 

The crystallizer pond generally is 10 times higher in its salinity profile as compared to 

primary pond. The 300 psu salinity crystallizer pond exhibited SRB isolates which were 

closely related to previously reported marine isolates of SRB. In the crystallizer pond, the 

affiliation of all the retrieved SRB isolates had a similarity with the primary pond and 

belonged to Phyla Proteobacteria and Firmicutes clustering within two different Classes 

Delta-proteobacteria and Clostridia. The class Delta-proteobacteria included 8 different SRB 

genera such as Desulfococcus, Desulfosarcina, Desulfobacter, Desulfobacterium, 

Desulfonema, Desulfobulbus, Desulfomonas and Desulfovibrio whereas Class Clostridia had 

two genera such as Desulfotomaculum and Halanaerobium. These genera have been 

frequently reported from the crystallizer ponds (Kerkar 2004; Kerkar and Lokabharathi, 

2007). The SRB genus Desulfomicrobium was not retrieved from crystallizer pond which 

indicates its non adaptability to increasing salinity condition. The dominant SRB, however, 

was the Desulfovibrio spp., which was a dominant group in all the previous studies carried 

out in the Ribandar saltern (Kerkar 2004; Kerkar and Lokabharathi, 2007). Predominance of 

Desulfovibrio spp. was also reported from Gek-Gel lake Azerbaijan (Karnachuk et al.2006). 

Japanese Meromectic lake was dominated with Desulfomonas, Desulfosarcina and 

Desulfococcus (Kondo and Butani 2007) In the Epthemeral Tirez lagoon, a high salinity 



144 
 

sulphate rich environment was reported to dominated by members of Desulfobacteraceae 

and Desulfohalobiaceae (Montoya 2011). Sass et al. (1998) reported SRB diversity from the 

Ologotrophic lake of Stechlin in Germany was mostly dominated with Desulfovibrio (70%) 

and Desulfotomaculum (22%).The waters of crystallizer pond retrieved a lesser number of 

SRB genera as compared to the primary pond water and showed a decline in the SRB 

community structure with elevated salinity.  

A significant decrease in the community size in crystallizer pond was attributed to 

the increase in salinity due to salt saturation. In general the community size decreased down 

the sediment core with sub-surface (0-2 cm) maxima in both the ponds. The observed 

decrease was consistent with decrease in sulphate and increase in sulphide concentrations. 

Foti et al., (2007) also observed a decrease in community size with depth. We conclude that 

the microbial consortia in the salterns are well adapted to high salt and are functional under 

optimal conditions. Specific rates increase under stress and SRB have been shown to up-

regulate components of the sulphate reduction pathway as part of their salt stress response 

(Mouné et al., 2003). Although it has been shown that sulphate reduction occurs in-situ at 

extremely high salinities (Foti et al., 2007; Porter et al., 2007), strains isolated from 

hypersaline environments invariably show lower salt tolerance in pure culture and optimum 

growth occurs at salinities much lower than the growth experienced in-situ (Ollivier et al., 

1991). Thus in-situ communities of SRB in hypersaline environments may be living under 

constant salt stress (Brandt et al., 2001). The phylogenetic affiliation of cultured strains 

determined in this study shows a high sequence identity to the earlier reported strains of 

SRB. Foti et al., (2007) and Kjeldsen et al., (2007) noted the presence of large numbers of 

Desulfobacteraceae in hypersaline sediments.  Purdy et al. (2002) reported dominance of 

Desulfobacter, Desulfobulbus and Desulfovibrionaceae in the tidal creek and salt marsh of 
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R.Colne estuary essex UK. Members of the Desulfobacteraceae have been previously 

identified at hypersaline sites (Minz et al., 1999; Sørensen et al., 2004) but at lower 

salinities and as components of a microbial mat. A previous study (Porter et al., 2007) has 

clearly demonstrated that sulphate reduction rates are affected by organic substrate addition 

and changes in salinity and sulphate concentration.  The differential response of SRB groups 

increased sulphate activity due to rise in salinity (Kerkar 2004). Based on the above 

correlations, it appears that these parameters are also major factors affecting the SRB 

community structure. One possible conclusion is that distinct SRB sub-communities which 

have different ranges with respect to halotolerance, sulphate uptake regulation and organic 

substrate utilization are present in the Ribandar saltern. Although there are no clear 

correlations between salinity, sulphate concentration and organic matter reactivity on one 

hand and community size on the other, large community sizes may be indicative of sites 

where the best compromise is reached between the various environmental constraints acting 

on the SRB community. 

5.2. Maghemite nanoparticle formation by SRB strain LS4 

Among SRB, Desulfovibrio sp. is known to produce metal nanoparticles viz: D. 

alaskensis G20 can synthesize Ni, Pd and Pt nanoparticles (Capeness et al. 2015). Cr, Mg, 

Fe, Te and Ur nanoparticle synthesis has also been reported by Desulfovibrio sp. but mostly 

in the form of metal sulphide nanoparticles.  Sakaguchi et al (1993, 2002) reported a 

magnetite (Fe3O4) producing SRB Desulfovibrio magneticus strain RS1, which produces 

intracellular magnetite particles of gregite (Fe3S4) or magnetite (Fe3O4) as magnetosomes.  

This intracellular mechanisms of magnetosome formation in Desulfovibrio magneticus strain 

RS1 (Noguchi et al. 1999, Arakaki eta al. 2008) could have been compared with maghemite 
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formation in strain LS4. But in SEM analysis, maghemite nanoparticles were observed in the 

extracellular environment of strain LS4 suggesting that, even if the maghemite production is 

intracellular, the cells do not retain the nanoparticles but rather release them extracellularly. 

Such a phenomenon has not been reported for any magnetotactic bacteria. As maghemite 

formation in strain LS4 is an extracellular process it cannot be associated with magnetosome 

formation. The total protein present in the supernatant was measured with Qubit protein 

assay kit, revealed that there is an increase in the protein content from 114±3µg mL-1 to 

151±2 µg mL-1in the media when SRB were exposed to iron salts for nanoparticle 

production. This suggests, SRB might be releasing various enzymes in the media for 

governing the bio-reduction process to synthesize nanoparticles.  

5.2.1. Proposed method for Iron oxide nanoparticle formation 

Here we propose probable mechanisms of Fe-Oxide nanoparticle synthesis by Desulfovibrio 

sp. LS4.  SRB employ various enzymes in the bioreduction process to synthesize 

nanoparticles. Riddin et al. (2008) reported two dehydrogenase enzymes viz. cytoplasmic 

dehydrogenase and periplasmic dehydrogenase which are involved in the bio-reductive 

process in forming metal nanoparticles. We propose that in the presence of excess ionic iron 

concentration in the surroundings, strain LS4 could produce Fe-oxide nanoparticles through 

various enzyme catalyzed reactions and contribute towards availability of such nanoparticles 

in the saltpan sediments. The SEM micrographs showed the presence of nanoparticles in the 

extracellular environment which suggests that the production of iron oxide nanoparticles is 

governed by extracellular enzymatic reduction of iron. Reduction of iron is hypothesized to 

occur by the incorporation of iron into the energy production path-ways by the bacteria. 

Reduction of metals in the periplasm of SRB by hydrogenase / cytochromes (Riddin et al. 
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2009, Lovely et al. 1993) has been reported earlier and can be comparable to the mechanism 

of iron oxide nanoparticles formation by strain LS4 under anaerobic conditions. As a SRB, 

strain LS4 also produced H2S; therefore iron sulphide formation is expected in the medium. 

Since we obtained iron oxide nanoparticles it can be assumed that iron sulphide is 

enzymatically oxidized to Fe2O3 nanoparticle, thus, iron sulphide might be serving as a 

precursor molecule in the extracellular mechanism of Fe2O3 nanoparticle synthesis. Presence 

of ferric and ferrous ions might have induced different proteins and enzymes in LS4 which 

transformed ionic iron to iron oxide nanoparticles. Under anaerobic conditions, the direct 

oxidation of iron is restricted, thus synthesis of iron oxide nanoparticle is an enzyme 

governed reduction reaction taking place extracellularly in the media. Presence of ferric ions 

in the media might have induced excretion of specific reductase enzymes to convert ionic 

iron in to Fe2O3 nanoparticles. Li et al (2006) had reported the reduction of iron oxide by 

SRB and stated that in the absence of sulfate, SRB can enzymatically reduce ferric iron with 

cell growth, and in presence of sulphide, the reduction process is enhanced. In magnetotactic 

bacteria, ferric reductase enzyme (Arakaki et al. 2008) was found to be responsible for 

magnetite synthesis. Chistyakova et al (2004) have also reported the production of magnetite 

(Fe3O4) due to microbial sulfate reduction. Timoteo et al (2012) have demonstrated that 

Desulfovibrio vulgaris could oxidize ionic iron using H2O2 as a co-substrate. These reported 

studies provide substantial evidence on extracellular enzymatic reduction and indicate that 

this mechanism could be the basic mechanism of Fe2O3 nanoparticle production by strain 

LS4. 
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 Figure 40: Proposed model for Iron oxide nanoparticle by SRB strain LS4 

The mechanism of nanoparticle produced by strain LS4 needs a further insight on the 

enzymes involved and the molecular mechanism in the synthesis and the role of different 

enzymes produced by LS4. Moreover catalytic properties of the enzymes need to be 

determined. Using bacteria in nanoparticle synthesis could add an advantage in tuning the 

synthesis process by manipulating at the gene level to improve the yield of nanoparticles. 

Elucidating the bioreduction mechanism of iron into iron oxide nanoparticle is essential in 

further unraveling the mechanism of metal oxide nanoparticle formation by bacteria, so that 

we can manipulate its ability to gain control on synthesis process for a beneficial 

biotechnological application. Maghemite NPs produced by Desulfovibrio sp. LS4, requires 

further analysis of their catalytic, structural and magnetic properties for assessing their 

potential applications. In this study we have shown SRB strain LS4 to be capable of 

producing iron oxide nanoparticles probably by extracellular enzymatic reduction 

mechanisms which needs further investigation. 
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5.3. Iron nanoparticles in saltpan sediment 

Iron oxide nanoparticles are known to inhibit growth of various microorganisms. Thus, 

formation of iron nanoparticles by SRB could be a survival strategy for itself and in turn 

creating a hostile environment for other indigenous microorganisms in the surrounding 

niche. The sulphide produced by dissimilatory sulphate reduction is also detrimental to the 

growth of aerobic microorganisms thus increasing sulphide concentration may result in 

anaerobic pockets which are selective for the growth and abundance of anaerobic/ 

facultative bacteria which can tolerate such harsh conditions. Iron oxide nanoparticles are 

known to adsorb heavy metals on their surfaces in aqueous media and thus bring about 

remediation or purification of water (Watson et al. 2000, Cheng et al. 2012, Braunschweiget 

al. 2013). In the salterns, metals get concentrated with the brine. Iron sulphide and iron 

oxide serve as adsorbents of heavy metals which help in removal of the metals from the 

overlying water and results in its accumulation into the sediments. Thus, diminishing the 

toxic effect of heavy metals and creating favorable conditions for microbial growth. 

Probably the native microbes of salterns produce iron oxide and iron sulphide nanoparticles 

to deal with heavy metal toxicity.  Brown et al (1998) have reported the presence of 

different iron species (iron oxide & hydroxides) in the sediment which is related with the 

microbial activity and environmental factors. Various chemical and biological processes 

result in the deposition of iron as nano structures. Thus, obtaining iron oxide nanoparticles 

in the saltpan sediment is obvious but their occurrence in the sediment is governed by 

environmental factors, chemical constituents in that environment and microbial activity. In 

the current study, the maghemite nanoparticle present in the environment of the saltpan 

sediment was synthesized in the laboratory using one of the native SRB strain LS4 obtained 

from that sediment (Figure 41).  
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Figure 41: Schematic presentation showing SRB strain LS4 contributes to iron nanoparticle 

formation in Ribandar saltern sediments 

This explains the microbial contribution for naturally occurring nanoparticles in the 

environment in which they reside. Here we report that SRB strain LS4 contributes to the 

reduction of naturally occurring iron to iron nanoparticles in the sediments of Ribandar 

saltpan of Goa, India (Figure 41). 

5.4. Effects of Maghemite nanoparticle on Zebra fish embryo development 

Very limited information is available on the genotoxicity/developmental toxicity of 

Fe2O3NP in zebrafish (Zhu et al., 2012). The significant toxic effect of nano-iron on the 

mortality rate, hatching rate, heartbeat, DNA and morphology of zebra fish embryo observed 

in the present study indicates the developmental and genotoxic potential of iron oxide in the 

zebra fish embryo. Thus, the zebra fish embryo served as a good model for the assessment 

of the toxic effect of nano particles.  
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5.4.1. Mechanism of toxicity in Zebra fish embryo: 

The present effect of nano-iron mainly depended upon the aggregation and sedimentation of 

NP. Further, the direct adherence/adsorption of nanoparticles could produce a physical effect 

on embryos causing toxicity. Complex combinations of biochemical and biophysical 

mechanisms are reported to be involved in the process of hatching of the zebra fish embryos 

(Inohaya et al., 1997). The chorion is digested by a proteolytic hatching enzyme secreted by 

the hatching gland cells of the embryo. This hatching enzyme is constituted of two 

proteases: choriolysin H and choriolysin L, which belong to the astacin protease family, a 

subfamily of zinc-proteases. Reduction in the hatching rate observed in the present study 

may be due to the delay / anomaly of the hatching enzyme and / or due to the hypoxia 

induced by iron oxide nanoparticle. Moreover, direct adherence/adsorption may also 

interfere with nutrient exchange between the embryos and their environment. The direct 

adherence/adsorption of iron oxide nanoparticle aggregates on the surface may cause 

depletion of oxygen exchange, resulting in hypoxia of embryos on exposure and this has 

been reported to cause delayed hatching and development of embryos (Chenget al., 2007). 

Nanoparticle may also act either directly on the DNA molecules and induce mutations or 

indirectly on water molecules to induce water-derived free radicals (Zhu et al., 2009). These 

free radicals in turn will react with the nearby molecules in a very short time, resulting in the 

breakage of chemical bonds or oxidation of the affected molecules. Further, the significant 

increase of DNA damage and morphological deformities observed in the present study may 

also be due to the release of metal ions from the nanoparticles. A localized high 

concentration of iron NP was observed during aggregation and sedimentation of nano-iron 

indicating the possibility of high levels of free iron ions available in the exposed tissue 

which could lead to an imbalance in homeostasis and result in aberrant cellular responses. 
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The observed variations could also be due to cytotoxicity, DNA damage, oxidative stress, 

epigenetic events and inflammatory processes (Singh et al., 2010). This overall effect may 

result in increased mortality, reduced hatching, decreased heartbeat, increased DNA damage 

and morphological deformities. 

5.5. Effect of Gold nanoparticle on SRB strain LS4 

The morphology and size of the nanoparticle, plays a key role in their functional properties. 

The data on the antimicrobial activity of biosynthesized GNP suggests it to be less toxic to 

SRB strain LS4 but at a certain threshold limit (> 200 mg.mL-1) it can cause toxicity. The 

mechanism of anti-SRB action of GNP could be due to the interaction of GNP with the 

bacterial cell envelopes or affecting the genetic constituents by entering the cell.  GNP has 

antimicrobial activity against various other bacteria viz. Escherchia coli, Staphylococcus 

aureus and Klebsiella pneumonia (Shamaila et al. 2016) but GNP was found to be less 

effective.  In this study, SRB strain LS4 growth decreased with increasing GNP 

concentration. The anti-SRB effect of GNP was due to the nano size of the particle, thus it 

could enter through different biological membranes such as cell wall, which could elevate 

the bactericidal effect (Zhou et al. 2014). The antibacterial effect has also been attributed to 

changes in the membrane potential and a reduction in ATP synthase activity, thus reducing 

metabolic processes (Shamaila et al. 2016). The molecular action could be through 

inhibition in the tRNA binding of the subunit of ribosome, thus collapsing its biological 

mechanism (Cui et al. 2012).  GNP is also known to connect to the surface of microbes 

causing apparent deterioration of the cells (Wang et al. 2017).  GNP creates holes in the cell 

wall resulting in seepage of cell contents leading to death. It can bind to DNA and inhibit its 

transcription (Li et al. 2016). The toxicity of GNP leads to inhibition of growth and activity 
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of SRB, thus interfering in the iron nanoparticle production process of strain LS4 in a dose 

dependent manner.  

5.6. Iron sulfide nanoparticle by strainWCA1 

SRB are the best models for anaerobic metal reduction by forming metal sulphides mostly in 

the form of nanoparticles. SRB are known to synthesize various metal nanoparticle viz. Cd, 

Au, Ni, Pd, Pt in the form of metal sulfides (White and Gadd 1998;Lengke and Southam 

2006; Capnese et al., 2015).  We could successfully isolate a halophilic SRB from the 

Ribandar saltern and it was identified to be a representative of genus Desulfotomaculum. 

Based on its physiological and morphological characteristics along with its 16S rRNA gene 

sequence analysis, the strain WCA1 was found to be closely related to Desulfotomaculum 

acetoxidans. On challenging the SRB with iron, it could sequester it into its nano form by 

producing iron sulfide nanoparticles. The electron microscopic observations of the 

nanoparticle confirmed the nano size with an average diameter of 21 nm. The XRD analysis 

revealed the particle to be crystalline and corresponding to FeS2.  This confirmed that the 

formed nanoparticle is a crystalline FeS2 nanoparticle synthesized by strain WCA1.  SRB 

carryout bioprecipitation of various metals by microbiologically produced sulphide, which 

precipitate them as highly insoluble metal sulfides (White and Gadd 1996, 1998, 2000; 

Labrenz et al., 2000; Utgikar et al., 2002; Watson et al., 2000).Earlier synthesis of various 

metal sulphide nanoparticles by SRB has been reported (Labrenz et al., 2000; Watson et al., 

2000; Yong et al., 2002).SRB can sequester metals in the form of nanoparticles in anoxic 

water by producing reactive H2S (Moreau et al., 2007). 

5.6.1. Cr remediation using iron sulfide nanoparticle produced by strain WCA1  

Ca- alginate bead entrapment is one of the most common method used for immobilization of 

living cells, bacteria, fungi, also a cost effective technique (Kobaslijaet al., 2006; Olivas et 
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al., 2008; Morch et al., 2006; Lu et al. 1996; Arica et al., 2004; Onal et al., 2007; Huang et 

al., 2002).The porosity in the bead allows the solute to diffuse into the bead depending on 

cross linking of Ca-ion and to come in contact with the entrapped materials (Olivas et al., 

2008;Huang et al., 2002).The SRB synthesized FeS2 nanoparticles were successfully 

entrapped in Ca-Alginate beads. This reduces the mobility of iron nanoparticle and their 

self-aggregation. Gel entrapment does not change the characteristics of the nanoparticle, 

thus it could be effectively used in the remediation of contaminants from water. Cr is an 

industrially important metal but possess threat to human health and environment due to its 

toxicity and bioaccumulation properties.  In the present study the iron sulfide nanoparticle 

was used in the uptake of Cr from water with intent to develop an efficient method for 

ground water remediation. 

While assessing the Cr-remediation efficiency of the SRB synthesized FeS2 

nanoparticles, it was observed that the bead form of the nanoparticle had an overall increase 

in remediation than the bare form. The bead form reduced the mobility and limits the 

nanoparticle aggregation within the Ca-alginate. The bare form tends to agglomerate which 

results in decrease in there active surface for Cr adsorption.  From the study it was found 

that 96% -99% of Cr could be removed with ease by the entrapped iron sulfide nanoparticle. 

The Cr removal by the nanoparticle with respect to its contact time showed that the 

adsorption equilibrium was achieved in 2hours of reaction. In the initial 60 minutes the 

metal uptake occurred at a higher rate and later the adsorption rate slowed down and almost 

approached equilibrium.  The increase in Cr removal efficiency from 67% to 99% was 

observed with increased nanoparticle concentration from 0.01 g.L-1 to 0.25g.L-1 but beyond 

this concentration the Cr adsorption decreased. Thus, the optimum nanoparticle 

concentration was 0.25g.L-1. Higher the nanoparticle concentration, more the self-
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aggregation, thereby decreasing the available surface area for Cr adsorption. The optimum 

Cr removal was observed in acidic pH and at alkaline pH the Cr removal efficiency 

decreased due to the presence of higher OH– ions in the reaction mixture. The comparative 

study of bare and bead form of nanoparticle showed the efficiency of bead form is higher 

than the bare form for Cr removal, even though their optimum pH remains the same. These 

bionanoparticles showed promising characteristics in Cr removal, even at pH6-8, it could 

remediate 80-70% of Cr from the solution. This suggests that bio-nanoparticles could be 

ideal candidates for Cr remediation from ground water (pH range 6.5-8.5). There are several 

reports on chromate adsorption on ferric oxide, hematite, magnetite etc (Singh et al., 

2011).The SRB strain WCA1 synthesized nanoparticles had a higher Cr removal capacity of 

99% when its immobilized form was used, even when compared to previously reported 

cases (Singh et al., 2011; Chowdhury and Yanful, 2010 ).As observed in Figure 34, the 

immobilized iron sulfide nanoparticles had a slight advantage over the bare form of iron 

sulfide nanoparticle in Cr removal efficiency approaching 99%.The bead form provides a 

promising tool for Cr remediation from ground water. 

5.7. Effect of magnetite nanoparticles on Iron corroding bacteria (ICB) 

Magnetite (Fe3O4) nanoparticles are naturally present in the environment (Guo and Barnard 

2013). They have various useful applications in small concentrations however, above a 

certain threshold; they possess the potential to produce ecotoxicity, challenging the eco-

friendly nature of the particles. Iron plays a vital role in the growth and metabolic activities 

of bacteria including Halanaerobium sp. but different forms of iron could have different 

impacts on these species. The molecular characterization of the ICB revealed that the strain 

L4 belongs to genus Halanaerobium, which are abundantly found in the bacterial 

community of biocorrosion sites (Rajasekhar et al., 2010; Gales et al., 2013; Liang et al., 
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2016). Exposure to increasing concentrations of iron nanoparticles resulted in a dose 

dependent growth inhibition in Halanaerobium sp. strain L4. The production of sulphide by 

the bacteria declined in presence of Fe3O4 nanoparticle in the growth media, resulting in the 

poor growth of the bacteria.  Since the iron nanoparticles employed, were toxic to ICB in 

inhibiting its growth and sulphide production, they eventually had an anti-corrosion effect. 

Our results suggest that the Fe3O4 nanoparticle toxicity is concentration dependent and 

primarily they induce genomic damage. Fe3O4 nanoparticle was found to be toxic to bacteria 

even at lower concentration of 0.5 mg/L and the toxicity increases in a dose dependent 

manner with a reduction in the sulphide production.  Small particle size improves the 

permeability through cell membrane and influences the bacterial inhibition (Azzam et al. 

2012). As the particle size was 18 nm, it could easily penetrate through the cell membrane 

and may possibly react with various cellular organelles in the cytoplasm or cause damage to 

the DNA of the cell and may interrupt different cellular activities. Previous studies on Fe3O4 

nanoparticles also reported that it has a potential to penetrate the biofilm, may cause loss of 

membrane integrity in bacteria and change cell structure (Darwish etal. 2015). These could 

lead to increase in membrane permeability, leakage of intracellular constituents and 

generation of reactive oxygen species (Darwish etal. 2015). Bacterial response to the 

nanoparticle toxicity was determined by the nature of the particle. 

5.7.1. Mechanism of toxic effect of nano iron on Iron Corroding Bacteria:  

Nano-iron toxicity in bacteria can be explained by various mechanisms, one mechanism is 

oxygenated stress generated by reactive oxygen species, including the radicals (O2
-), 

hydroxyl radicals (-OH), hydrogen peroxide (H2O2), and singlet oxygen (1O2), can cause 

damage to proteins and DNA in bacteria (Barnes et al. 2010; Youssef et al. 2009; Chatterjee 

et al. 2011; Singh et al. 2010).The probable reason is that the particles get adsorbed on the 
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bacterial surface and interfere with the  metabolic processes, as a consequence the growth 

and activity is inhibited. Other mechanisms may involve the disruption of cell membrane 

integrity or disturbance of electron transport chain and ions after the adsorption of 

nanoparticle on the cell wall. He at al. (2011) has reported the cell wall and outer membrane 

damage in E.coli cells by iron oxide nanoparticle.  The mechanisms of toxicity on strain L4 

is comparable to the above mechanisms. 

5.7.2. Effect of nano iron on Biocorrosion 

There is no documentation on economic losses due to MIC but various companies world-

wide  suffer  due to MIC mostly affecting  the pipe lines in almost every related industry like 

Oil, Gas, nuclear power (Zhu et al., 2003) primarily by the anaerobic corrosion caused by 

SRB. Biogenic sulphide is the main cause for MIC. The Halanaerobium sp. has been 

reported to corrode the downstream production facilities such as gathering pipelines and 

storage tanks (Liang et al 2016). We isolated and identified a halophilic ICB 

Halanaerobium sp. strain L4 from saltpan ecosystem. Anaerobic biocorrosion of iron is 

mainly driven by cathodic depolarization mechanism which is driven by removal of 

hydrogen by hydrogenase systems of most anaerobic microorganisms (Parthipan et al., 

2017). In presence of H2S an increase in proton discharge occurs. The hydrogenase enzyme 

may be either directly involved in depolarizing cathodic hydrogen from metal surface or 

may be involved in the synthesis of metabolic end products (H2S) and play a major role in 

anaerobic biocorrosion (Parthipan et al., 2017). MIC process starts with a biofilm 

development on the metal surface (Parthipan et al., 2017). The sulfidogenic activity of the 

strain L4 contributed to the observed corrosion in the iron nail. The release of significant 

H2S content during the growth of strain L4 explains the formation of black ferrous sulphide 

layer on the iron nail.  Biogenic sulphide is the main cause for MIC primarily involving 
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sulfidogenic bacteria. Nano iron could be used as a remedy in preventing corrosion since it 

inhibited the sulphide production and prevented iron pin corrosion. This suggests a 

protective covering of nano iron on the surface prone to corrosion, and may inhibit microbial 

activity around it and thus render protection from MIC.  These Fe3O4 nanoparticles were 

found to be an efficient biocide by inhibiting growth and sulphide production of ICB strain 

L4.  To diminish the corrosive effect of Halanaerobium sp., the efficacy of Fe3O4 

nanoparticle was tested against strain L4. At a lower dose of nanoparticle (0.5 mg/L), the 

growth inhibition was observed. Therefore, Fe3O4 nanoparticle may be considered as an anti-

biocorrosion agent to reduce the sulfidogenic activity of ICB. 
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Summary 

 SRB abundance and diversity in Ribandar saltern was studied during the salt making 

season and observations were recorded from the primary and crystallizer pond. 

 The observed temperature variation was 26⁰C to 37⁰C in the primary pond and 25⁰C 

to 41⁰C in crystallizer pond whereas salinity varied from 30 to 42 psu in primary 

ponds and 150 to 320 psu in crystallizer pond. 

 A total of 199 SRB were isolated from water and sediment samples using acetate (91 

isolates) and lactate (108 isolates) as substrates in Hatchikian’s media at two 

different salinities (30 and 300 psu). 

 Classical taxonomy and 16S rRNA gene sequence analysis of these isolates, grouped 

the SRB into 10 different genera viz. Desulfotomaculum, Desulfovibrio, 

Desulfobulbus, Desulfobacteria, Desulfonema, Desulfosarcina, Desulfococcus, 

Desulfomicrobium, Desulfobacterium, and  Halanaerobium comprising of 

halotolerant & halophilic SRB. 

 Desulfomicrobium was retrieved from the primary and Halanaerobium from the 

crystallizer pond. 

 SRB abundance was of the order of 103 to 104, dominated with a diverse halotolerant 

community in the Primary pond and in the crystallizer pond the halophilic SRB 

abundance was of the order 102to 103. 

 SRB numbers and diversity in the both the ponds of Ribandar saltern were higher in 

surficial sediments than in deeper layers or in overlying water. 

 The abundance and diversity was higher in mesohaline ponds as compared to the 

hypersaline ponds. 



160 
 

 Presence of nanoparticles (Fe2O3) was explored in the saltern sediment and found to 

be 5.63 mg.g-1. 

 The SRB strain LS4 belongs to genus Desulfovibrio, which could biosynthesize 

Fe2O3 nanoparticles extracellularly. 

 Addition of gold nanoparticles in the media inhibited iron nanoparticle production by 

inhibiting its growth and sulphate reducing rate.  

 The biosynthesized Fe2O3 nanoparticles were found to be toxic for the development 

of zebra fish embryo. Presence of Fe2O3 nanoparticles induced deformation in the 

larvae.  

 SRB strain WCA1 (Desulfotomaculum sp.), could biosynthesize FeS2 nanoparticles 

in vitro, which could effectively remediate 99% Cr from the water in its immobilized 

bead form. 

 The sulphate reducing ability in hypersaline Halanaerobium sp. (SRB strain L4) has 

been demonstrated for the first time.  

 Fe3O4 nanoparticles prevented biocorrosion caused due to SRB strain L4 

(Halanaerobium sp.) by inhibiting its growth and reducing the sulfide production 

rate to 11.8%. 
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Conclusion 

The present study on culturable SRB diversity in Ribandar saltern revealed the 

presence of a diverse community of both halotolerant and halophilic SRB belonging to 10 

different genera with a varied distribution pattern in the primary and crystallizer ponds. 

These SRB could sequester the incoming ionic iron into different iron based nanoparticles, 

mostly as iron sulfide nanoparticle but certain SRB could synthesize iron oxide nanoparticle. 

From the results of this study we concluded that the native hypersaline SRB contributes to 

the formation of Fe2O3 nanoparticles in the Ribandar saltern sediment and high 

concentrations of ≥50 mg.L-1 could be a threat for traditional aquaculture. The Ca-alginate 

entrapped FeS2 nanoparticle proved to be an efficient Cr remediator from water. The toxic 

effects of Fe3O4 nanoparticles on the Halanerobium sp. strain L4 suggests that, Fe3O4 

nanoparticles could be used as a nano-anticorrosion compound to prevent biocorrosion 

caused by SRB. 
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Appendix 
 

SRB MEDIA (for 1Litre) 

NH4Cl       2 g 

NaCl       62 g 

K2HPO4      0.2 g 

Yeast Extract      1 g 

Sea Water      1000 ml 

Trace Elements     5 ml 

Agar (for solid media)                  0.8% 

 

TRACE ELEMENTS SOLUTION              for 500 ml 

ZnSO4  7H2O      10 mg 

MnCl2  4H2O       3 mg 

H3BO3       30 mg 

COCl2  6H2O      20 mg 

CUCl2  2H2O      1 mg 

NiCl2   6H2O      2 mg 

Na2MOO4  2H2O     3 mg 

CaCl2   2H2O      20 mg 

Autoclave  15 minutes  120 0C 

 

SEALER: 

Wax – paraffin   100 ml melted 

Paraffin oil       200 ml 

(Mix distribute autoclave) 

 

CARBON SOURCES ADDED: 

STOCKS PREPARED: 

Sodium  acetate. 3 H2O  20 g + 100 ml Distilled water  pH 9.0 

Na lactate    1 ml added to 100 ml media 
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Propionic acid    7 g + 100 ml Distilled water  pH 9.0 

n-Butyric acid    8 g + 100 ml Distilled water  pH 9.0 

n-palmitic acid   5 g NaOH + 100 ml Distilled water  

Heat to dissolve 

Benzoic acid    5 g + 100 ml Distilled water  pH 9.0 

Na- pyruvate    2.2 g/L of media 

Ethanol    1 ml added to 100 ml media 

Formate (Formic acid)  1 ml to 100 ml media   pH 9.0 

 

LIQUID MEDIA ADDITIONS: 

 

FeSO4 . 7H2O  20 mg/50 ml distilled water acidified with 1 drop of H2SO4 

(1 ml to be added to 200 ml media) 

Na2S.9H2O   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 ml/200 ml 

0.5 N  NaOH                 0.8 ml/200 ml    

AGAR SHAKE 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. 

 

NUTRIENT AGAR (HIMEDIA) 

Peptone     5.0 g 
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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 

 

ELECTROPHORESIS BUFFER (Stock solution 5X) 

Per litre 

Tris base     54 g 

Boric acid     27 g 

0.5 M EDTA     20 ml 

pH      8 

Autoclave before use 

Working concentration   0.5 X 

Gel loading buffer    3 l + 10 µl DNA sample 

Glycerol     50% 

TBC      0.5 X    in well load 

Bromophenol blue    1% 12 µl of sample 

 

Redox Potential Measurements: 

Solution A: 

Potassium ferrocyanide 4.22g reagent grade K4Fe(CN)6.3H2O:  0.1M 

Potassium ferricyanide 1.65greagent grade K3Fe(CN)6 :                    0.05M 

Place in volumetric flask .Add about 50ml 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.2H2O               0.36M         3.39g 
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Place in a volumetreic flask.Add about 50ml 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 192mV. (Solution A); For solution B:256 mV. 

Difference:B-A= 66mV   

 

 

Dissolved Oxygen: 

Winkler A: 60 g of potassium (KI) and 30 g potassium hydroxide was dissolved in two 

separate beakers and volume was made up to 100 ml with distilled water (d/w). 

Winkler B: 40 g of manganese chloride (MnCl2. 6H2O) was dissolved in d/w and volume 

was made up to 100 ml in d/w. 

 

Sulfate estimation (turbidometry): 

Acidify the sample to pH 1 with 4N HCl. Let it boil for 10 minutes. Place the beaker in a 

water bath at 90 0C (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: 

Dissolved 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 (BaCl2.2H2O Loba Chemie, mol Wt. 244.28): 30% 

Standard: 40 mg (NH4)2SO4 in 1 liter DW. For estimation 10 ml of ammonium 

sulfate + 15 ml d/w (OD should be approximately 0.215- 0.220). Standard should 

be repeated every time. 

 

Sulfide estimation: 

1 ml of the sample is fixed in 10 ml of 2% Zinc acetate. To this add 5 ml DMPD, 
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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 

color intensity) make up the volume with d/w to 50 ml. Measure OD at 670 nm in 

a glass cuvette). 

DMPD: 

2 g dimethyl para-phenylene-diamine sulfate in 1 liter volumetric flask. Add 200 

ml DW and then slowly add 200 ml concentrated H2SO4 (sp. wt. 83), place in ice 

box after cooling to room temperature fill p to 1 liter with d/w. 

 

FAS: 

50 g iron III ammonium sulfate, (NH4) Fe (SO) 4)2.12H2O in a 500 ml 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. 

 

Comet assay 

Lysis solution: 

NaCl 2.5 M 

EDTA 0.1M 

10mM Trizma base (pH 10) 

1% N-laurylsacrosine 

0.5% Triton X-100 

10% DMSO  

Electrophoresis solution:  

300mM sodium acetate 

100mM Tris-HCl (pH 8.3) 

 

 

Table 1: Correlation matrix between the physicochemical parameters of Primary pond of 

Ribandar saltern. 
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Table 2: Correlation matrix between the physicochemical parameters of Crystallizer pond of 

Ribandar saltern. 

 
 

   

 

ConductivitySRB(acetate)TemperatureHeterotropic countResistivity Salinity pH SRB (lactate) Sulphate DO SulphideTotal count

Conductivity 1

SRB (acetate) -0.55 1

Temperature 0.91 -0.52 1

Heterotypiccount 0.88 0.7 0.95 1

Resistivity 0.38 -0.4 0.66 0.61 1

Salinity 0.64 -0.28 0.67 0.56 0.41 1

pH 0.96 -0.49 0.89 0.85 0.4 0.63 1

SRB (lactate) -0.66 0.51 -0.64 -0.76 -0.25 -0.23 -0.6 1

Sulphate -0.03 -0.51 -0.3 -0.09 -0.47 -0.21 -0.1 -0.14 1

DO -0.12 -0.7 -0.03 0.21 0.23 -0.14 -0.15 -0.25 0.49 1

Sulphide 0.77 -0.92 0.75 0.89 0.46 0.41 0.71 -0.76 0.31 0.51 1

Total count 0.01 0.15 -0.77 -0.59 -0.88 0.27 -0.86 -0.92 0.53 -0.19 -0.05 1

ConductivityH.C. pH SRB (lactate) SRB (acetate) Temperature Eh D.O. Resistivitysalinity sulphatesulphide Total count

Conductivity 1

H.C. 0.14 1

pH 0.63 0.36 1

SRB(lactate) -0.18 -0.54 -0.16 1

SRB (acetate) 0.31 -0.3 0.26 0.46 1

Temperature -0.07 0.73 0.02 -0.29 -0.29 1

Eh -0.14 -0.39 -0.33 0.37 0.29 -0.007 1

D.O. -0.13 0.76 0.17 -0.29 -0.26 0.67 -0.2 1

Resistivity 0.23 -0.58 -0.24 0.09 0.32 -0.58 0.32 -0.54 1

Salinity -0.33 -0.28 -0.19 0.43 0.33 -0.44 -0.18 -0.42 -0.07 1

Sulphate -0.32 -0.75 -0.43 0.29 -0.15 -0.55 -0.02 -0.74 0.17 0.43 1

Sulphide -0.13 -0.93 -0.38 -0.05 -0.79 -0.79 0.47 0.44 0.85 0.85 0.05 1

Total count 0.63 -0.33 0.65 -0.66 0.78 -0.17 -0.71 0.71 0.48 0.93 -0.54 0.79 1
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