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Chapter 1: Introduction

Marine salterns abound the estuarine zones of Goa, and occupy a low-lying area of
18,000 hectares i.e. about 0.5% of the total area of Goa (3715 sq. km.).They form an
important ecological asset and economic resource of the coastal villages. These salterns
are traditional man-made seasonal ponds consisting of a series of linked pans where
gradients of salinity occur due to evaporation of seawater. Salinity in these ponds ranges
from 10 to 350 psu during the salt-producing season (Kerkar & Loka Bharathi, 2007).
Solar salt production in Goa has been a traditional village industry practiced for the past
1,500 years by a few communities (Sequeira, 2009). The salt producing season is
normally during January to May, the non-monsoon months. The favourable climatic

conditions of Goa make salt production a lucrative business during summer.

Goa’s Mandovi and Zuari estuaries are rich in mangroves and salterns as they provide
easy access to feed these salterns with sea water. Since these estuaries are situated in the
vicinity of thickly populated areas, they experience pollution from anthropogenic
activities i.e. an influx of iron ore due to transport by barges; insecticides and pesticides

from agriculture and from disposal of industrial and domestic wastes (Latha, 2004).

Seawater from the Mandovi estuary enters the creek of the Ribandar saltern, through a
sluice gate during high tide and water from the creek is drained out into the estuary
during low tide. The water that enters the saltern heats up and evaporates in the sun,
forming a frothy layer at saturation. Brine gets concentrated sequentially along with all
the other constituents in seawater in the crystallizer pond. Metals in the estuaries are
normally in low concentrations; however on entry into the salterns they get concentrated
and in turn amplified along with the brine (Pereira et al., 2013). Considering the expanse
of the salterns in the Mandovi estuary, metal concentrations and accumulation is therefore
of major concern. Marine salterns act as a buffer zone between land and water and thus
end up as a sink for all entering pollutants. Sediments entrap the metals depending on its
grain size. Trace metals regain entry into the water column with the seasonal changes in
environmental conditions. Thus the sediment acts as an adsorbent, capable of keeping the
metal concentrations in water and the biota above the background levels long after the

input of metal is stopped (Cundy & Croudace, 1995; Gagnon & Fisher, 1997).
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The measurement of trace element concentrations and distribution in the adjacent
hypersaline salterns is therefore important for detecting metal contamination. Since Goa
is an important mineral producing area, with its economy mainly dependent on iron ore
mining and export, mining activities in this region perhaps influence the biological and
geochemical conditions of the river waters to a considerable extent and in turn the water
and sediments of the marine salterns. Thus the metal tolerant bacterial population from

the saltern ecosystem becomes particularly interesting.

Marine salterns impose a selective pressure on the residing microorganisms, which are
adapted to live in fluctuating conditions of pH, temperature, salinity and metals.
Organisms in the salterns generally gain entry via estuarine waters which feed the salterns
during the high tide. These organisms which were once exposed to low metal
concentrations and low salinities in the estuary are conditioned to adapt to high metal
concentrations and high salinities in the salterns. Continuous exposure of these organisms
to heavy metals results in emergence of strains that acclimatize to the high concentrations
of metals and develop resistance (Pereira et al., 2012). The impact of these modified
organisms being released in the riverine system at the end of the salt making season and

at the onset of the monsoons is intriguing and is of concern.

In Goa, studies on the salterns have mainly focused on the microbial biodiversity, with
limited studies on metal tolerance in bacteria and fungi (Kerkar, 2005; Khandavilli et al.,
1999; Nayak et al.,, 2012). Studies on quantification of metal tolerant bacteria and their
mechanisms of metal tolerance are still in their infancy. Metal tolerance of hyper saline
heterotrophic bacteria is as yet unexplored though these bacteria are known to inhabit and
dominate marine salterns (Kerkar, 2004). Thus heterotrophic bacteria from these hyper-

saline environments could be ideal for mitigating problems with metal contamination.

From the literature reviewed, this study is the first of its kind wherein an attempt is made
to isolate and characterize hypersaline heterotrophic bacteria from marine salterns which
are metal tolerant. Further, this study also investigates mechanisms of metal tolerance of
these bacteria with an aim to establish a baseline data of potential bioremediating

heterotrophic bacteria from marine salterns.
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Aim and objectives of the present study

The aim of the present study was to understand the influence of high concentrations of
metals on heterotrophic bacteria from marine salterns and the specific mechanisms

involved in tolerating heavy metals.
This study was conducted with the following objectives:

e To quantify the abundance of metal tolerant heterotrophic bacteria in a
hypersaline environment.
e To study the mechanisms of bacterial metal tolerance.

e To identify the dominant metal tolerant heterotrophic bacteria.

Significance of the study

Microorganisms play a major role in bioremediation or biotransformation processes of
toxic elements, converting them to less toxic or non-toxic forms. Determining the
tolerance potential of microorganisms against high concentrations of toxic metals will
assist in the selection of suitable species for bioremediation and biotransformation
(Trevors et al., 1985). Halophilic and halotolerant microorganisms are suitable candidates
for these processes as they have exceptional properties, that is, high concentrations of
anions and cations which are necessary for their growth (Ventosa et al,, 1998a). Hence
they are not only naturally tolerant to some elements that are toxic to other
microorganisms, but they also have a requirement for these elements (Amoozegar et al.,
2005). Metal-resistant microorganisms may be useful as indicators of potential toxicity to
other forms of life; and are important in studies of mechanisms and determinants of
genetic transfer of metal-resistance. So far, very little information is available on the
tolerance mechanisms of heavy metals in bacteria adapted to live in hypersaline habitats.
However, such information is desirable as some of these metal-resistant bacteria might be
useful as bioindicators in saline aquatic polluted environments or as biological
detoxicants. Industrial processes frequently use salts and release brine effluents into the
environment. The isolation and study of hypersaline metal-resistant microorganisms
might provide useful information about the ecological role played by these bacteria in

heavy metal transformations in such hypersaline environments.
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2.1. Marine salterns

Extreme environments are referred to as hostile, forbidding or punishing environments,
created by some extreme physical or chemical conditions such as high temperature, pH,
pressure, salt concentration; extensive solar radiations; harmful heavy metals/toxic
compounds; low temperature, pH, nutrient concentration and water availability.
Hypersaline environments have salinities far more than the normal seawater. They
generally originate as a result of evaporation of seawater. Hypersaline environments can
be classified into:

1) Thalassohaline i.e. those that arise from seawater and hence contain sodium
chloride as the predominant salt. These hypersaline ecosystems show a great variability in
ionic composition, total salt concentration and pH, like The Great Salt Lake Assal (East
Africa), where Na' and CI” which are the predominant ions in solution are 105.4 and 181
g I respectively.

2) Athalassohaline i.e. those in which the ionic composition differs greatly from that of
seawater; potassium, magnesium or sodium being the dominant ions. Some examples of
these are the Dead Sea, the alkaline soda lakes of Egypt (e.g. Wadi Natrun), the soda
lakes of Antarctica, and Big Soda Lake and Mono Lake in California, where the

dominant anion is carbonate (Rodriguez-Valera, 1988; Javor, 1989; Grant, 1990).

“Marine salterns” are artificial, extremely thalassohaline environments consisting of a
discontinuous salinity gradient, which are commercially operated for producing salt.
They are extreme hypersaline environments containing salt concentrations in excess of
sea water (3.5% total dissolved salt) and derived from the evaporation of sea water. Solar
salterns are mostly located on or near the seashore, and seawater is directed into the
initial or inlet pan. These salterns consist of a series of inter-linked enclosures with a
discontinuously increasing salinity gradient, due to the evaporation of seawater. Salinities
here vary from 4 to 350 psu. Besides the obvious high salt content in the salterns, the
other stress conditions also include high temperature and heavy solar radiations. At salt
concentrations around 8-10%, the calcium salts begin to precipitate, forming gypsum
layers in the pans. Finally, at 40% total salts, the brine is transferred into the crystallizers,
where sodium chloride precipitates, leaving an overlying layer of water with high

potassium and magnesium salts. Chloride is the major anion in salterns.
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Marine salterns are found worldwide. Different marine salterns have been studied
throughout the world, including salterns in Alveiro, Portugal (Rodrigues et al., 2011);
Camargue, France (Wieland ef al, 2005); Austria, (Denner et al., 1994); Megalon
saltworks, Greece (Dolapsakis, 2005); Margherita di Savoia and Sicily Italy (Lopalco et
al., 2004) ; Wieliczka, Poland (Grant et al., 1998); Alicante, Mallorca and Santa Pola,
Spain (Oren & Rodriguez- Valera, 2001; Ventosa et al., 1982; Papke et al., 2003);
Mexico (Sabet et al., 2009) Guerrero Negro, Mexico (Vogel et al., 2009; Boyd et al.,
2009); Newark, California (Litchfield et al., 2000a); Cabo Rojo, Puerto Rico (Casillas-
Martinez et al., 2005); Pichilemu, Chile (Lizama et al., 2001); Australia (Burns et al.,
2007); Eilat, Israel (Sorensen et al., 2004; Bardavid & Oren, 2008); Ezzemoul sabkha,
Algeria (Kharroub et al., 2006); Alexandria, Egypt (Ghozlan et al., 2006); Sfax, Tunisia
(Baati et al., 2010; Trigui, 2011) Aegean region, Turkey (Ceylan, 2011); Taean-Gun,
South Korea (Yeon et al., 2005); Tachibana Bay, Japan (Sako et al, 1996);
Chigu, Taiwan (Wang et al., 2008); Weihai, China (Chen et a/., 2010); Dampier, Australia
(Sammy, 1983) and Tamil Nadu (Jayappriyan et al., 2010); Gujarat, India (Dave &
Dessai, 2006).

In India there are about 10,000 salt-production sites. Major saline sites studied in India
are Sambhar salt lake, Rajasthan; coastal regions of Gujarat, Tamil Nadu, Maharashtra,
Andhra Pradesh, Karnataka, Orissa, West Bengal and Goa. Major findings have been
reported from marine salterns near Bhavnagar, Gujarat (Dave & Desai, 2006); the
saltpans located in Vedaranyam, Thondi and Tuticorin, Tamil Nadu in the Palk Strait
region of Bay of Bengal (Vijayakumar et al., 2007) and solar salterns in Kelambakkam,
Marakanam and Vedaranyam, Tamil Nadu (Manikandan et al., 2009) and mainly have

focused on the microbial diversity.

2.1.1. Salterns in Goa

Goa with its network of backwaters exposed to hot, humid winds and high temperatures
during summer has always shown favourable conditions for the development of salterns
that use renewable solar energy to produce salt. It also has a privileged geographical
locale for salt production. Solar salt production in Goa has been an important activity

throughout its history. Salt served as an important trade commodity playing an important
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role in the economy of Goa. The salt produced in the Goan salterns was considered to be
of superior quality and was exported to Burma, Thailand and other Asian countries
(Pinto, 1990). In 1855 Goa dominated Asian market as regards to the salt export. Salt
production was started mainly in the coastal villages. In 1964 - 65 Goa had about 200 salt
pans along its 105 km coastline in 13 villages of four talukas of Pernem, Bardez, Tiswadi
and Salcete, which produced around 25,000 metric tonnes of salt annually and by 2002,
the number came down to around 16. However, the numbers of salt producing villages
has been drastically dwindling and have reduced to 9 and currently the total area under
salt production has reduced from 18,000 hectares to only about 2,978 hectares (Panigrahy
et al., 2009). As a proof of the value and importance of salt, it may be enough to recall
that at certain eras and in certain cultures, salt was used as a currency (The word “Salary”
originated from the Latin word “salaries”, meaning an extra allowance to buy salts in
payment for a service). Today, salt is used locally for domestic consumption, as a
fertilizer, soil conditioner, termite repellent, fermenting agent for salting green mangoes

in pickles, in ice plants and for curing dry fish.

Goan salterns have been explored for biofilm-associated indole acetic acid producing
bacteria from the salterns at Nerul and Curca, by Kerkar et al., (2012); Mercury and lead
tolerance in hypersaline sulfate-reducing bacteria from the saltpans of Goa by Harithsa et
al., (2002); Carotenoid pigments of haloarchaeal cultures exposed to aniline from the
estuarine salt pans of Goa, India by Raghavan & Furtado, (2005). The Plankton
community of the hypersaline salterns has also been reported by Modassir & Ansari
(2011); Culturable halophilic Archaea at the initial and crystallization stages of salt
production in a natural solar saltern has been documented by Mani et al., in 2012;
Isolation and salt tolerance of halophilic fungi from mangroves and solar salterns has also
been reported by Nayak et al., (2012). A comparative analysis of halophilic bacteria from
solar salterns has been carried out by Surve et al., (2012); Reviews on community solar
salt production; sulphate reducing activity at salt saturation in the saltern and metal
tolerance of extremely halophilic bacteria isolated from estuaries has also been reported
by Mani et al., (2012); Kerkar, (2004); Kerkar & Loka Bharathi, (2007, 2011) and
Khandivalli et al., in 1999 respectively.
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2.1.2. Ribandar salterns

The Ribandar Salterns are man-made systems which mark the borders between tidal flats
and human habitats; they straddle the line between nature and culture. They are located
on the banks of the river Mandovi, skirted by mangrove vegetation in the adjoining
marshy area. These salterns cover an area of about 12,329.12 m” and lie between the city
of Panaji and the important pilgrimage town of Old Goa. Goa spans the West Coast and
experiences a tropical monsoon climate with heavy monsoons averaging around 300 cm
and temperatures of 30-36°C in summer and 20-28°C in winter. The Ribandar salterns are
located 9 feet above sea level and experience strong coastal winds during summer
facilitating the evaporation of water in salterns. They are surrounded by raised mud
embankments. These embankments help in containing the sea water within the saltern.
The sluice gate at the inlet regulates the inflow of water from the Mandovi estuary (Mani
et al., 2012). From here the water flows by gravity to new condenser pans. The seawater
is allowed to evaporate sequentially so that the brine becomes more and more
concentrated with respect to total salts and NaCl. At 8-10% concentration, salts begin to
precipitate. Salt crystals are sprinkled in the last tank to initiate and catalyze the
crystallization process. As the salt concentration approaches 40%, the brine is allowed to
pass into the crystallizers where the salt is subsequently harvested. The fresh salt is
allowed to dry naturally forming heaps on the bunds. Salt curing in the salterns takes
place during February-May and crude salt is extracted during summer. As the pre-
monsoon and post monsoon seasons are the main periods for salt processing, the salterns
remain closed within the bunds periodically, after the sea water enters, till the salt is
harvested. During the monsoons however, the sluice gates are raised and sea water is let
in. The salinity decreases and the system remains open and flooded for four to five
months. At this time, fish/ shrimps are bred in these fields. The manual restructuring of
the saltern is accompanied by stirring, cleaning and removal of biofilm debris which is
mostly carried out in the months of August and December.

Because of the increasing salinity, salterns have very restricted biology. The Ribandar
solar salterns are periodically refreshed by rain unlike salt deposits that are permanently
salt-saturated. Therefore bacteria in these salterns have an added advantage of being

adapted to grow at low as well as high salt concentrations.
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2.2. Bacteria in marine salterns

Until the 1900’s, the general impression about salterns was that they were essentially
sterile environments. However, it is now seen that marine salterns are extreme
environments that act as a niche for organisms which thrive over a range of extreme
salinities, temperatures, pH, nutrient concentrations, oxygen availability, water activity
and solar radiation. Kellerman & Smith (1916), Browne (1922) and Clayton & Gibbs
(1927) successfully cultured bacteria from brines as well as solar salt clearly indicating
that this environment is a fruitful source of a phylogenetically diverse range of organisms
including heterotrophic and methanogenic Archaea, autotrophic and heterotrophic
Bacteria and heterotrophic Eukaryotes. Marine salterns are the domain of halotolerant
and halophilic microbes, characterized by a combination of elevated ionic and osmotic
strengths. Depending on their requirement for salt, these microbes are classified by

Kushner, (1978); Nieto et al., (1989) and Oren, (2006) as follows:-

Category Optimum salt requirement Examples
(M)
Non .
- <0.2 Most freshwater bacteria
halophilic
Slioht Demequina aestuarii (Yi et al., 2007),
halo ghilic 0.2-0.5 Shewanella gaetbuli (Yoon et al.,
p 2004)
Saccharomonospora saliphila
Moderate 0.5-2.5 (Dastager et al., 2008), Salinivibrio
halophilic .
costicola

Borderline Streptomyces tritolerans (Syed et al.,

extreme 1.5-4.0 2007), Halorhodospira halophila
halophilic ’ P P

Extreme 2.5-5.2 Actinopolyspora halophila (Kokare et
halophilic e al., 2004), Halobacterium salinarum

Non halophile which can
tolerate salt; if the growth
Halotolerant | range exceeds above 2.5M salt, Staphylococcus aureus
it may be considered
extremely halotolerant

Table 1: Classification of halophiles based on salt requirement.
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Litchfield et al., (2000b) have described the NaCl-dominated salterns to be inhabited by a
rich variety of microorganisms wherein each pond has a characteristic flora adapted to the
prevailing salt concentration, ranging from seawater to NaCl saturation. They also
emphasized that though reports on the biology of solar saltern systems from various parts
of the world suggest a high degree of similarity in the microbiology, some differences
may be prevalent due to the changes in incident radiation, temperature, nutrient
availability, residence time in the ponds, etc. Some predominant aerobic and facultatively
anaerobic Gram-negative bacterial species isolated from different parts of the world
include Salinivibrio, Arhodomonas, Dichotomicrobium, Pseudomonas, Flavobacterium,
Alcaligenes, Alteromonas, Acinetobacter and Spirochaeta (Ventosa et al., 1998a; Kerkar,
2005). Amongst the Flavobacteria, F. gondwanese and F. salegens are psychrotolerant

halophiles isolated from Antarctic lakes.

Among the Gram—positive bacteria, the prominent genera are Halobacillus, Bacillus,
Marinococcus, Salinococcus, Nesterenkonia and Tetragenococcus. Moderately halophilic
Archaea are represented by a few methanogenic species like Methylophaga natronica sp.

nov (Ventosa et al., 1998a) isolated from soda lake of the Southern Transbaikal region.

Many moderately halophilic, heterotrophic Gram-negative bacteria belonging to
Halobacteriaceae have been isolated from various saline habitats.  Halobacillus
karajensis sp. nov., shows optimal growth at 10 % (w/v) NaCl. Actinomycetes from
saline soils include Actinopolyspora halophila which grows best at moderate NaCl
concentrations and is one of the few heterotrophic bacteria which synthesizes glycine-
betaine to adapt to this environment. Norcardopsis halophila uses a hydroxyderivative of
ectoine and beta glutamate as compatible solutes (Ventosa et al., 1998a, b). A novel
obligately anaerobic, Gram-negative, haloalkaliphilic spirochaete, Spirochaeta americana
sp. nov. was isolated from hypersaline Mono Lake in California, USA that could grow at
37°C, 3% NaCl (w/v) and a pH of 9.5. Similarly, a new group of obligate
chemolithoautotrophic, sulfur-oxidizing haloalkaliphilic bacteria belonging to the vy

subdivision of the Proteobacteria; under the new genera, Thialkalimicrobium spp.,
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Thialkalivibrio spp. and Thioalkalispira have been isolated. These organisms appear to
play a crucial role in the natural sulfur cycle in saline alkaline environments. Many
Halomonas and Chromohalobacter genera have been reported. Several Halomonas sp.
are capable of nitrate reduction and also can produce an extracellular polysaccharide
including H. elongata isolated from a solar saltern. H. eurihalina, H. salina and H.
halophila have been isolated from saline soil, H. panteleriense from alkaline saline soil
which grows at a pH optimum of 9; and H. subglaciescola, from beneath the ice of an
organic lake in Antarctica. (DasSarma & Arora, 2001). Another organism isolated from a
subterranean brine of an oil field and capable of nitrate reduction is Arhodomonas aqueoli
(Kerkar, 2005). Chromohalobacter marismortui capable of nitrate reduction has also
been reported from the Dead Sea. Until 1989, there were no Gram-positive moderately
halophilic rods recognized as valid species. In 1996, Spring et al., isolated two new
species of moderately halophilic Gram-positive heterotrophic bacteria strains i.e.
Halobacillus litoralis and Halobacillus trueperi from hypersaline sediments of the Great
Salt Lake in Utah, which were motile, spore-forming, strictly aerobic rods. Similarly a
study of a large number of Gram-positive moderate halophilic rods capable of producing
endospores was described which includes the species designated as Bacillus salexigens.
Another haloalkaliphilic Gram-positive bacterium, Bacillus saliphilus sp. nov., was
isolated from algal mats from a mineral pool located in Malvizza in the Campania region
(southern Italy). This strain optimally grew at 37° C and at pH 9 and was able to tolerate
NaCl up to 25 %. Other examples include B. diposauri from the nasal cavity of a dessert
iguana; B. haloalkaliphilus, from Wadi Natrun; and B. denitrificans from a solar saltern

in Southern France.

Some of the Gram-positive cocci currently recognized as valid species are Marinococcus
albus and Marinococcus halophilus (Hao et al., 1984), Salinicoccus roseus (Ventosa et
al., 1990), Salinicoccus hispanicus (Ventosa et al., 1992), Nesterenkonia halobia
(Stackebrandt et al., 1995), Halobacillus halophilus (Spring et al., 1996) and
Tetragenococcus muriaticus (Satomi, 1997). Sporosarcina halophila an endospore-
forming bacterium was the first reported microbe from which the compatible solute N-
acetyl-lysine was isolated (DasSarma & Arora, 2001). Marinococcus halophilus was

found to be the predominant coccus found in most hypersaline environments studied
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(Ventosa et al., 1983). Ventosa et al., (1998b) have isolated six strains from saltern ponds
that show phenotypic and genotypic characteristics similar to Nesterenkonia halobia
which produce yellow-red carotenoid pigments; (formerly Micrococcus halobius), a

Gram-positive coccus. Most of these hypersaline bacteria are heterotrophs.

2.2.1. Hypersaline heterotrophic bacteria

Generally, in a normal environment, heterotrophs are dominant since organic carbon is
more and carbon dioxide is also converted to organic carbon by autotrophs, which again
is recycled by heterotrophs. However in a hypersaline environment, chemosynthetic
metabolism may become dominant, since H, NHis, H,S, S, are some of the major
substances present. Therefore, there would be competition between chemosynthetic
organisms and heterotrophs for survival. Under these circumstances the study of

heterotrophic bacteria gains more importance.

CH,0 + 0, ->CO; + H,0

CHy0 + NO3 ->CQ7 + Ny NH4" + 0p->NOs' Nitrification
CH,0 + MnO;-> COp + Mn?*  Mn2* + 03 -> MnO, Manganese oxidation
CH;0 + FeQyH -> CO; + Fe2*  Fe2* + 0, -> FeQoH Iron oxidation
CHy0 + 8042 ->COp + HoS  HyS + 07 -> 5042 Sulfate oxidation

SEDIMENT DEPTH

Y CHy0 +CHy0-> CH4+ CO;  CHyq+COp->CO;  Methane oxidation

Figure 1: The relative importance of the various heterotrophic degradation

pathways in typical marine sediments.

Marine heterotrophy is a process by which autotrophically synthesised organic
compounds are transformed and respired. Heterotrophic bacterial decay of organic matter
releases iron, manganese, cobalt and other micronutrients. Thus, cycling of all the bio-
essential elements is intricately linked to the heterotrophic bacterial processes in the
environment. This very basic functional characteristic of decomposition by heterotrophic

bacteria is of considerable ecological and economic importance in pollution clean-up.
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Native heterotrophic microflora are capable of bioremediating a variety of environmental
pollutants such as petroleum hydrocarbons, xenobiotics, synthetic plastics, heavy metals

and untreated sewage out-fall that can be a disastrous to coastal environments.

Several metal-resistant bacteria such as Flavobacterium, Alcaligenes spp., Moraxella,
Pseudomonas, Flavobacterium, Vibrio, Xanthomonas, Micrococcus, Aeromonas and
Acinetobacter have been identified. Amongst the Spirochaetes, the moderate halophile,
Spirochaeta halophila found in Solar Lake, is a chemolithotroph capable of iron and
manganese oxidation. They are not only naturally tolerant to some elements that are toxic

to other microorganisms, but also they have a requirement for these elements.

2.3. Metals and bacteria

2.3.1. Sources of metals in the marine ecosystem

Heavy metals are those elements with a molecular weight greater than 53, a density
greater than 6 g cm ™, and an atomic number greater than 20. They occur naturally in
rocks and soils, but concentrations are frequently elevated as a result of pollution.
Elevated concentration of heavy metals are introduced into the environment through
metalliferous mining, metal smelting, activities of metallurgical industries, waste
disposal, corrosion of metals in use, agriculture, and petroleum exploration, among
others. Al-Masri et al., (2002) and Bonnevie et al., (1994) have reported specific local
sources such as discharge from smelters (Cu, Pb, Ni), metal based industries (e.g. Zn, Cr
and Cd from electroplating), paint and dye formulators (Cd, Cr, Cu, Pb, Hg, Se and Zn),
petroleum refineries (As, Pb), as well as effluents from chemical manufacturing plants as

leading causes of metal accumulation in sediments.

According to Ross, (1994) the anthropogenic sources of metal contamination can be
divided into five main groups: (1) metalliferous mining and smelting (arsenic, cadmium,
lead and mercury) (Zouboulis et al., 2004); (2) industry (arsenic, cadmium, chromium,
cobalt, copper, mercury, nickel, zinc); (3) atmospheric deposition (arsenic, cadmium,
chromium, copper, lead, mercury, uranium); (4) agriculture (arsenic, cadmium, copper,
lead, selenium, uranium, zinc); and (5) waste disposal (arsenic, cadmium, chromium,
copper, lead, mercury, zinc). The discharge of effluents containing heavy metals mount
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pressure on the ecosystem and consequently cause health hazards to plants, animals,
aquatic life and humans (Pazirandeh et al., 1998). Upon surface contamination, the toxic
metals are transported to groundwater and/or bioaccumulated (Stephen et al, 1999).
Sediments can incorporate and accumulate many metals added to a body of natural water.
The favorable physico-chemical conditions of the sediment can remobilize and release

the metals to the water column.

2.3.2. Sources of metals in the Ribandar solar saltern

Goa has nine rivers, most of them forming estuaries. Mandovi - Zuari are the major
tropical estuarine systems that have their origin in the Western Ghats and meet the
Arabian Sea on the west coast, meandering through a distance of about 50 km
downstream. They constitute the lifeline of Goa’s economy mainly because they support
occupations like fishing round the year, as well as offer recreation and excellent
waterways - an efficient means for transport of passengers and goods (de Souza, 1999).
Ferro-manganese ore transport is particularly high during the non-monsoon period. About
two-thirds of the mining activities for Fe-Mn ores in Goa are located in the Mandovi
basin (Pathak et al., 1988). Detailed studies on the pollution aspects of this estuary have
been conducted by several researchers (Kamat & Sankaranarayanan, 1975; Zingde ef al.,
1976; Alagarsamy, 2006; Krishnan et al, 2007). About 90% of Goa’s mineral ore is
transported through these estuaries from stacking points situated upstream to Mormugao
port where it is loaded onto transshippers for export. 90% of ferromanganese ores are
transported through these estuaries in barges (Nair et al., 2003). An Fe ore beneficiation
plant situated on the western bank of the Mandovi estuary uses river water to wash the
iron ore, and discharges the waste water directly into the estuary. Besides spill over of ore
also occurs during loading operations. While the mining operations are suspended during
monsoons, the runoff over mining areas which ultimately ends in the Mandovi and Zuari
estuaries becomes a significant source of iron and manganese in the estuaries during this
season (de Souza, 1999). Qasim & Sengupta, (1981) have implicated mining, coupled
with other activities such as dumping of untreated industrial and domestic wastes and
release of industrial effluents in the rivers for causing unabated pollution. Since it is this
same Mandovi estuary which feeds the Ribandar saltern, pollutants gaining entry into the

saltern could also contaminate the salt produced in the salterns.
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Salterns under the influence of metal pollution are habitats where one would encounter
halophilic microorganisms able to survive not only under one extremity i.e. of salt stress
but also under metal stress. The number of salterns in Goa is decreasing due to reclaiming
land for tourism, housing, roads, railways and aquaculture (Mani et al., 2012). Further,
pollution from barges and anchored casinos, monsoon runoff from mining areas, and
industrial effluents in estuarine waters is putting a heavy stress on the metal tolerant
halophilic microorganisms. Marine salterns are sites where sea water with effluent
constituents including metals, get magnified and the dominant halophilic bacteria evolve,

suppressing the less halophilic and halotolerant forms.

2.3.3. Metal-microbe interactions
2.3.3.1. Interaction of metals with life processes of microbes

Microbes encounter metals and metalloids of various types in their surrounding
environments and therefore it is not surprising that they interact with them altering their
physical and chemical state, sometimes to their benefit, at other times to their detriment

(Ehrlich, 1997).

At relatively low concentrations some heavy metals including iron, manganese, copper,
zinc, nickel, and cobalt are deemed essential metals for biological function (Ji & Silver,
1995). These metals serve as vital cofactors for metallo-proteins and enzymes. Trace
metals are required for such metabolic processes as photosynthesis, carbon fixation,
nutrient assimilation, and respiration (Morel et al, 1991). Finally, metals are also
required in redox processes, they provide structural stability (Hughes & Poole, 1989;
Poole & Gadd, 1989; Ji & Silver, 1995), they help in maintaining the intracellular
osmotic pressure eg. K (Bruins et al., 2000) and are also required as electron acceptors

in anaerobic respiration and electron donors in energy production (Doelman ef al., 1994).

Heavy metals with no known biological functions, such as aluminum, arsenic, lead, and
mercury are classified as non-essential metals (Bruins et al, 2000). Toxicity of
nonessential metals occurs through the displacement of essential metals from their native

binding sites or through ligand interactions (Nies, 1999; Bruins ef al., 2000). Hg”", Cd*
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and Ag”" are known to bind to -SH groups, and thus inhibit the activity of sensitive

enzymes (Nies, 1999).

At high concentrations, most metals form unspecific complex compounds which lead to
toxic effects in all forms of life, including microbes, humans and animals. Even
important trace elements like zinc or nickel and especially copper are toxic at high
concentrations. Heavy metals generally exert an inhibitory action on microorganisms by
blocking essential functional groups, displacing essential metal ions or modifying the
active conformations of biological molecules, interfering with oxidative phosphorylation
and osmotic balance (Poole & Gadd, 1989; Bruins et al., 2000; Doelman ef al., 1994). In
Gram-negative bacteria, metal cations bind to glutathione. This results in the formation of
bisglutathione complexes which interact with molecular oxygen to form bisglutathione,
the metal cation, and hydrogen peroxide (Kachur et al., 1998). As the reduction of
bisglutathione back to glutathione requires NADPH, heavy-metal cations can cause
considerable oxidative stress on the free thiol groups of proteins (Stohs & Bagchi, 1995;
Turner et al., 1998, 1999). Metals may also induce hydroxyl and superoxide radicals in
bacteria via reduction or Fenton-type reactions (Stohs & Bagchi, 1995). In addition, at
high levels, both essential and non-essential heavy metal ions can damage cell
membranes. Preliminary evidence suggests that some heavy-metalloid oxyanions may
exert toxicity by destroying the proton-motive force of cell membranes (Lohmeier-Vogel
et al., 2004) thereby disrupting cellular functions. Also, toxicity can occur as a result of
alterations in the conformational structure of the nucleic acids and proteins (Bruins et al.,
2000). Displacement of metals from proteins with similar reactivity may alter biological
activity of the target molecule (Schiitzendiibel & Polle, 2002). The interaction between
metal ions and amino acids is sufficient to alter the entire structure, and therefore

function, of an enzyme. Metal cofactors affect the folding patterns of enzymes.

Several studies have reported that an excess of metals adversely affect the growth,
morphology, and biochemical activities of microorganisms (Doelman et al., 1994; Hiroki,
1994; Staezecka & Bednatz, 1993), resulting in decreased soil respiration (Doelman &
Haanstra, 1984), decreasing biomass and diversity (Aoyama & Nagumo, 1997; Brookes
& McGrath, 1984; Kuperman & Carreiro, 1997) more so in metal contaminated soils

compared to uncontaminated soils. Also, many studies have shown that metal
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contamination causes a shift within the soil microbial community from sensitive to less

sensitive microbes (Baéth, 1989; Roane & Kellogg, 1996).

Most metal ions need to gain entry into the bacterial cell in order to have physiological or
toxic effect (Nies, 1999). Many divalent metal cations (e.g. Mn?*, Fe*', Co*', Ni**, cu**
and Zn®") have similar properties with respect to the periodic table. Thus to be able to
differentiate between structurally very similar metal ions, the microbial uptake systems
have to be tightly controlled. Thus, a fine-tuned system for metal acquisition, storage, and
export is critical for most biological activities. Some metals are essential at the
appropriate concentrations, but may become toxic beyond these levels. Sodium,
potassium, and calcium are abundantly available in the environment and can be found at
relatively high concentrations in biological systems. In some environments, however, the
reduced availability of metals that function as trace elements, such as zinc, iron,
manganese, cobalt, and copper, has led to the selection of efficient uptake mechanisms by
organisms that must compete for them in their particular niche. Nevertheless, both
categories of metals are essential to the basic environment for multiple biochemical
processes and homeostatic balance. Overall toxic effects of heavy metals to soil
microorganisms depend on their bioavailability. Although heavy metal bioavailability is
mainly dependent on the soil properties (pH and organic matter), bacteria can also
directly influence the solubility of heavy metals by altering their chemical properties.
Microorganisms use chromosomally encoded fast and unspecific uptake systems driven
by a chemiosmotic gradient across the cytoplasmic membrane. Even though
microorganisms have specific uptake systems, high concentrations of nonessential metals
may be transported into the cell by a constitutively expressed unspecific system. This

“open gate” is the one reason why metal ions are toxic to microorganisms (Nies, 1999).

Another type of uptake system used has high substrate specificity, but is slower, and
often uses ATP hydrolysis as the energy source (Nies & Silver, 1995). As opposed to
constitutively expressed unspecific uptake systems, ATP-dependent uptake systems are
inducible. All bacteria appear to have high-affinity, high-specificity Mn®" transport
systems (Silver & Jasper, 1977; Silver & Lusk, 1987). The manganese transport system is
the primary pathway for Cd*" uptake for the Gram-positive microorganisms

Staphylococcus aureus (Weiss et al., 1978) and Bacillus subtilis (Laddaga et al., 1985).
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The transport of another divalent cation, Ni**, by highly specific transport systems (quite
separate from Ni*" transport via the Mg transport systems) has been reported for several
Prokaryotes, both Eubacteria and Archaebacteria (Hausinger, 1987). These transport
systems occur in bacteria with enzymes which have specific nickel requirements (such as
urease, hydrogenase, and carbon monoxide dehydrogenase) and with cofactors involved
in methanogenesis. Among the bacteria with high-affinity nickel transport systems, that
for Alcaligenes eutrophus was the first reported (Tabillion & Kaltwasser, 1977).
However, there have been limited studies on the regulation of transport of Co?", since
transport of these divalent cations other than by a broad specificity Mg2+ transport system

has not been properly demonstrated in bacteria.

Once inside the cell, the toxicity of heavy metal ions may occur through the displacement
of essential metals from their native binding sites or through ligand interactions (Nies,
1999; Bruins et al., 2000). Since high concentrations of heavy metal ions within the
microbial cells are very toxic, microorganisms have been forced to develop metal-ion
homeostasis factors or metal-resistance determinants (Nies & Silver, 1995; Bruins et al.,
2000). These resistance determinants encode proteins, which play a role in detoxification
mechanisms for the survival of microorganisms in heavy-metal contaminated

environments.

2.3.3.2. Effect of microbes on metals

Because metal ions cannot be degraded, microbes have evolved mechanisms to
immobilize, mobilize or transform heavy metals. Microorganisms can mobilize metals
and radionuclides through autotrophic and heterotrophic leaching, chelation by microbial
metabolites and siderophores, and methylation which can result in volatilization.
Conversely, immobilization can result from sorption to cell components or exopolymers,
transport into cells and intracellular sequestration or precipitation as insoluble organic
and inorganic compounds, e.g. oxalates, sulphides or phosphates (Gadd & White, 1993).
In bioremediation, solubilization provides a route for removal from solid matrices such as
soils, sediments, dumps and industrial waste. Alternatively, immobilization processes
may enable metals to be transformed in-situ into insoluble and chemically inert forms and

are also particularly applicable to removing metals from mobile aqueous phases.
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Microbes may also oxidize or reduce metals. Through oxidation of iron, sulfur,
manganese and arsenic, microbes can obtain energy (Tebo et al, 1997; Santini et al.,
2000). Reduction of metals can occur through dissimilatory reduction where
microorganisms utilize metals as a terminal electron acceptor for anaerobic respiration.
Oxyanions of arsenic (Stolz & Oremland, 1999), chromium (Quilntana et al, 2001),
selenium (Stolz & Oremland, 1999) and uranium (Tebo & Obraztsova, 1998) can be used
in microbial anaerobic respiration as terminal electron acceptors. In addition,
microorganisms may possess reduction mechanisms that are not coupled to respiration,
but instead are thought to impart metal resistance. Aerobic and anaerobic reduction of
Cr(VI) to Cr(Ill) (Quilntana et al, 2001; Nkhalambayausi-Chirwa & Wang, 2001);
reduction of Se(VI) to elemental selenium (Lloyd et al., 2001); reduction of U(VI) to
U(IV) (Francis, 1998); and reduction of Hg(II) to Hg(0) (Wagner-Débler et al., 2000) are
widespread detoxification mechanisms among microorganisms. Microbial methylation
plays an important role in the biogeochemical cycle of metals, because methylated
compounds are often volatile. Mercury [Hg(II)] can be biomethylated by a number of
different bacterial species (e.g. Pseudomonas sp., Escherichia sp., Bacillus sp. and
Clostridium sp.) to gaseous methylmercury (Pan-Hou & Imura, 1982; Pongratz &
Heumann, 1999), which is the most toxic and most readily accumulated form of mercury
(Nikunen et al., 1990). Also, biomethylation of arsenic to gaseous arsines (Gao & Burau,
1997); selenium to volatile dimethyl selenide (Martens & Suarez, 1999; Dungan &
Frankenberger, 2000); and lead to dimethyl lead (Pongratz & Heumann, 1999) has been
reported in various soil environments. In addition to redox-conversions and methylation
reactions, acidophilic iron- and sulphur oxidizing bacteria are able to leach high
concentrations of arsenic, cadmium, copper, cobalt, nickel and zinc from contaminated
soils (White er al, 1997; Groudev et al., 2001). On the other hand, metals can be
precipitated as insoluble sulfides indirectly by the metabolic activity of sulfate-reducing
bacteria (White et al, 1997; Lloyd & Lovley, 2001). Sulfate-reducing bacteria are
anaerobic heterotrophs capable of utilizing a range of organic substrates with SO,* as the
terminal electron acceptor. In summary, microbiological processes can either solubilize
metals, thereby increasing their bioavailability and potential toxicity, or immobilize them

and thereby reduce the bioavailability of metals.
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Table 2: Summary of microbiological processes by which metals can be solubilized

or immobilized (Gadd, 2010).

Such an investigation of microbial impact on the fate of minerals and geologically
significant compounds of mining areas would lead to a better understanding of
biogeochemical cycles and may also be exploited in bioremediation of metal

contaminated soils.

2.4. Metal tolerance in bacteria

'Metal tolerance' has been defined as the ability of an organism to survive metal toxicity
by means of intrinsic properties and/or environmental modification of toxicity by Gadd,
(1992a). On the other hand ' resistance' has been defined by Mehra & Winge, (1991) as
the ability of an organism to survive metal toxicity by means of a mechanism produced
in direct response to the metal species concerned, e.g. synthesis of metallothioneins or y-
glutamyl peptides. However, terms such as ' resistance' and ' tolerance' are used rather
loosely and often interchangeably in literature and are generally based on the ability of a

microorganism to grow on a certain metal concentration in laboratory media (Trevors et
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al.,1986; Gadd, 1992a). Gadd, (1992a) suggested using the term "resistance" when it is
possible to characterize a specific mechanism of bacterial detoxification for a metal.
Therefore, the term tolerance seems more appropriate to refer to the ability of a bacterial
strain to grow in the presence of high concentrations of a metal, in all cases in which the

mechanism of this process has not been investigated.

Investigation of adaptive response commonly involves study of phenotypic changes.
However a more basic understanding of the adaptation is achieved if the molecular
mechanisms were understood. Some of the recently used approaches include the use of
molecular techniques such as PCR, DNA-DNA hybridization and RFLP. These
techniques are quicker and more sensitive than the traditional methods and can be aimed
precisely at a particular genetic determinant, thus providing a useful means of
investigating bacterial response to environmental stress and the molecular mechanisms of

adaptation.

2.4.1. Mechanisms of tolerance

Metal contamination is an extreme environment (created by humans) to which microbes
are known to respond. Because heavy metals are increasingly found in microbial habitats
due to natural and environmental processes, survival of microbes in the presence of toxic
metals mainly depends on intrinsic biochemical and structural properties such as
possession of impermeable pigmented cell walls, extracellular polysaccharide and
metabolite excretion, especially where this leads to detoxification of the metal species by,
e.g. binding or precipitation (Gadd, 1990b), physiological and/or genetic adaptation,
including morphological changes, and environmental modification of metal speciation,

availability and toxicity.

In the case of many metals, resistance and homeostasis involves a combination of two or
three of the basic mechanisms. In general the mechanisms can be summarized as -
1) use of permeability barriers such as cell walls and extracellular polysaccharides,
2) efflux pumps, 3) intracellular accumulation, 4) extracellular precipitation as oxalates,
phosphates, sulfides, oxides and carbonates, 5) enzymatic oxidation and reduction and 6)

methylation and demethylation (Brierley, 1990; Nies, 1999; Gadd, 2007).
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One way to prevent heavy metals from entering the bacterial cell is by decreasing the
production of membrane channel proteins (Rouch et al., 1995a). It is also possible for the
metal-binding sites in the membrane and periplasm to be saturated with non-toxic metals
(Mergeay, 1991). A third possibility is the formation of permeability barrier, which binds

and prevents metals from reaching the surface of the cell (Scott & Palmer, 1990).

Permeability barriers include cell walls and extracellular polysaccharides. Gram-negative
bacteria possess lipopolysaccharides and phospholipids in their cell walls, with
phosphoryl groups as the most abundant electronegative sites available for metal binding
(Coughlin et al., 1983; Ferris, 1989). Gram-positive bacterial cell walls possess teichoic
acids and peptidoglycan, providing carboxyl and phosphoryl groups that are potential
sites for metal binding (Doyle, 1989). Many microorganisms produce EPS (often
containing proteins) that strongly binds metals. Interactions between EPS and metal ions
are generally considered a direct consequence of negatively charged functional groups on
the exopolymer. These include pyruvyl, phosphoryl, hydroxyl, succinyl, and uronyl

groups.

In microbes without a permeability barrier, or when the barrier fails, a mechanism must
be in place to export metals from the cytoplasm. These active transport systems involve
energy-dependent, membrane-bound, efflux pumps that can be encoded by either
chromosomal- or plasmid-borne genes carried by the resistant bacteria (Ramanathan et
al., 1997; Bruins et al., 2000). The expression of the resistance genes is tightly regulated
and induced by the presence of specific metals in the cellular environment (Ramanathan
et al, 1997). The intensified existence of these genes on plasmids instead of
chromosomes could be because of the selective advantage of being mobilized to other
cells (and perhaps to other species) and also to save the cell the burden of carrying genes
that are only occasionally needed, since the ions that plasmid-based transport systems
efflux are generally not essential. However in a metal enriched environment, genes for
metal tolerance would be continuously required and therefore may be incorporated in the
chromosome itself by horizontal gene transfer.

An active extrusion (efflux) of the heavy metal from the microbial cell may be brought

about by members of the resistance-nodulation-cell division (RND) protein family; cation
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diffusion facilitators (CDF family) and P-type ATPases. There are numerous examples of
active transport. Some of these include the ars operon for exporting arsenic from E. coli,
the cad system for exporting cadmium from Staphylococcus aureus, and the cop operon
for removing excess copper from Enterococcus hirae (Tsutomu & Kobayashi, 1998;

Silver & Phung, 1996).
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Figure 2: General mechanisms adapted by Bacteria, Eukaryotes, and Archaea for

metal resistance. (Srivastava & Kowshik, 2013)

Microbes that lack a specific active transport system for removing toxic metals may be
able to sequester heavy metals either inside or outside of the cell. Intracellular
sequestration occurs when cytoplasmic molecules are produced in response to metal
stress. The sequestering molecules bind the free metal ions, preventing them from
interacting with vital cell structures. The two most common molecules used for
intracellular sequestration are metallothioneins and cysteine-rich proteins (Rouch ez al.,
1995; Silver & Phung, 1996). Examples of molecules used for extracellular sequestration
are glutathione and ionic phosphate, which can cause metals to form insoluble complexes

(Murata et al., 1985; McEntee ef al., 1986).
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Another method for preventing metal toxicity is the production of excess target proteins
so that there is an insufficient amount of metal to bind to all of the cellular molecules
(Bruins et al., 2000). Mutations may occur that alter metal-binding sites of proteins
without rendering the enzyme inactive. Some metals can be converted to a less toxic form
through enzyme detoxification. Where microbial reduction of a metal to a lower redox
state occurs, mobility and toxicity may be decreased for several elements (Lloyd &
Lovley, 2001; Lloyd et al., 2003; Wall & Krumholz, 2006), e.g. U(VI) to U(IV) and
Cr(VI) to Cr(IIT) (Phillips et al., 1995; Smith & Gadd, 2000). Ferric iron, Fe(III), can be
enzymically reduced to ferrous iron, Fe(Il), with a suitable electron donor such as H,S or
formate, or other secondary metabolites. (Schroder et al., 2003). Many Fe(IIl) reducers
are heterotrophs and in some anaerobic environments such Fe(IIl) respiration may be a
more important mechanism of carbon source decomposition than sulfate reduction
(Ehrlich & Newman, 2009). Some bacteria can oxidize ferrous iron enzymically with the
generation of energy, e.g. acidophiles such as Acidithiobacillus ferrooxidans,
Leptospirillum ferrooxidans, Sulfolobus spp., Acidianus brierleyi and Sulfobacillus
thermosulfidooxidans. Fe (II) can also be oxidized non-enzymically by microbes and Fe
(III) precipitation may also occur by destruction of ferric iron chelates. Naturally
occurring microbially produced metal chelators that may solubilize Fe(Ill) include
oxalate, citrate, humic acids and tannins. Mercuric ion, Hg2+, can be enzymically reduced
to metallic mercury by bacteria and fungi, which serves as a resistance and detoxification
mechanism as Hg0 is volatile (Gadd, 1993; Lloyd et al., 2003; Barkay & Wagner-Dobler,
2005). One or more of these resistance mechanisms allows microorganisms to function in

metal contaminated environments (Gadd & Griffiths, 1978; Gadd, 1990b, 1992b).

2.4.2. Factors influencing metal tolerance

The physico-chemical properties of a given environment, or growth medium, determine
metal speciation and therefore availability and toxicity. Metal toxicity may be reduced by
factors such as pH, Eh, the presence of other anions and cations. Decreased biological
availability of metals may also be due to the presence of particulate and soluble organic

matter and clay minerals (Gadd & Griffiths, 1978).
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pH:

At high pH (alkaline), metals tend to form insoluble metal mineral phosphates,
carbonates, hydroxides and oxides, whereas at low pH (acidic) they tend to be found as
free ionic species or as soluble organometals and are more bioavailable (Sandrin et al.,
2007; Twiss et al., 2001; Rensing & Maier, 2003; Naidu et al., 1997). At acidic pH, more
protons (H+) are available due to which H' may compete with metal ions to saturate
cellular metal-binding sites and therefore reduce potential interactions of metals with
cells. Also, metals are less likely to form insoluble precipitates with phosphates when the
pH of the system is lowered because much of the phosphate has been protonated (Huges

& Poole, 1991).

Under basic conditions, metal ions can replace protons to form other species, such as
hydroxo-metal complexes. The pH values at which hydroxylated species form varies
between different metals with different hydroxylated forms possessing differing toxicities
(Collins & Stotzky, 1989). In some cases the hydroxo-metal complexes formed with
cadmium, nickel, and zinc are soluble, while those formed with chromium and iron are
insoluble. A small change in pH can decrease metal solubility and bioavailability by

several orders of magnitude.

Oxidation-reduction potential (Eh):

Eh may affect heavy metal availability as well as speciation and therefore the toxicity. In
a reducing environment (negative Eh), insoluble metal sulphides may form which exhibit
little or no toxicity. Under oxidizing conditions (positive Eh), metals are more likely to
exist in their free ionic form and exhibit increased water solubility and bioavailability.

The Eh may also affect speciation.

Metal Speciation:

Metal speciation and the resulting bioavailability rather than total metal concentration
determines the overall physiological and toxic effect of a metal on biological systems
(Traina & Laperche, 1999; Huges & Poole, 1991; Morrison et al., 1989). The most
important controlling factors defining metal speciation at a particular point in space and
time are: pH; composition and amount of organic matter; clay minerals; the presence and

nature of Fe/Mn/ Al oxides and hydroxides; redox potential; concentrations of salts and
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complexing agents; anion and cation content of the soil/sediment solution. However,
depending on the specific contaminant and site conditions, precipitation may play a large
role in governing aqueous metal concentrations, particularly in anaerobic sediment
environments where high concentrations of sulfide can result in the precipitation of metal

sulfides.

Variation in soil composition:

Organic matter content has a strong influence on cation exchange capacity, buffering
capacity as well as on the retention of heavy metals. Thus, metals present in organic soils
contaminated with a combination of heavy metals are less mobile and less bioavailable
than metals present in mineral soils (Balasoiu et al., 2001). In addition to contamination,
the degree of heavy metals retained in sediments is also affected by sediment
characteristics in particular, type and grain size (Vertacnik et al, 1995). It has been
shown that large amounts of heavy metals are bound in the fine-grained fraction (<64
mm) of the sediment, mainly because of its high surface area-to-grain size ratio and
humic substance content (Horowitz & Elrick, 1987; Moore et al., 1989). Metals in this
fine- grained fraction are more likely to be biologically available than those in the bulk

sediments (Bryan & Langston, 1992; Everaart & Fischer, 1992).

Time :

Time is also an important factor that needs to be considered when interpreting short-term
toxicity studies and when making predictions concerning possible long-term effects of
heavy metals in the soil environment. Tom-Petersen et al., (2004) observed a time-

dependent reduction in total Cu in soil water extracts during a 220 day incubation.

Biomass concentration:

The concentration of biomass in solution is known to influence specific uptake. For
lower values of biomass concentrations, an increase in the specific uptake was observed
by Fourest & Roux, (1992) and Gadd et al., (1988). Gadd et al., (1988) suggested that an
increase in biomass concentration leads to interference among the binding sites. Fourest

& Roux, (1992) invalidated this hypothesis by attributing the decrease in specific uptake
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to a shortage of metal concentration in the solution, which is a factor to be taken into

consideration in any application of microbial biomass as a bio-sorbent.

2.5. Biotechnological applications of metal tolerant bacteria

The removal of toxic metals from contaminated environments has been practiced for
several decades. Chemical approaches are available for metal remediation, but are often
expensive to apply and lack the specificity required to treat target metals against a
background of competing ions. In addition, such approaches are not applicable to cost-
effective remediation of large-scale subsurface contamination in-situ. Biological
approaches, on the other hand, offer the potential for the highly selective removal of toxic
metals coupled with considerable operational flexibility; they can be used both in-situ and
ex-situ in a range of bioreactor configurations. Many such processes utilise
microorganisms that have key roles in the biogeochemical cycling of toxic metals and
radionuclides. Advances in understanding the roles of microorganisms in such processes,
together with the ability to fine-tune their activities using the tools of molecular biology,

has led to the development of novel or improved metal bioremediation processes.

The microbial processes for bioremediation of toxic metals and radionuclides from waste
streams may employ living cells, nonliving biomass, or biopolymers as biosorbents
(Gadd, 1992a; Macaski & Dean, 1990; Volesky & Holan, 1995). Nickel tolerant bacteria
isolated from highly polluted domestic and industrial waste and contaminated lakes have
been used for bioremediation of these environments (Joho et al., 1995). One such strain
Alcaligenes eutrophus KT04 was isolated from waste water treatment plant of Gottingen
Germany. A thermophilic Streptomyces species capable of Mercury reduction has been
reported. Mercury-resistance genes have also been found in Pseudomonas and in many
other bacteria like Ralstonia eutropha (formally Alcaligenes eutrophus CH34). In the
marine realm, the genera Alteromonas, Vibrio, Pseudomonas and Flavobacterium have
been shown to possess binding sites for thorium (Hirose & Tanoue, 2001) and sorption of
Pb, Cu, Ni and Zn to several strains of aquatic species has been demonstrated (Cervantes
& Gutierrez-Corona, 1994; Salehizadeh & Shojaosadati, 2003; Savvaidis et al., 2003).
Hussain et al., (2004) have reported the biosorption of heavy metals from waste water

using Pseudomonas sp. The uptake of Cd by marine and aquatic bacteria is well
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demonstrated (Borrok & Fein, 2004), as well as the uptake of and development of
resistance to Hg in coastal bacterial communities (Ramaiah & De, 2003). The presence of
Mn on spores of Bacillus subtilis that were suspended in natural seawater has also been
demonstrated (Rosson & Nealson, 1982). Several microorganisms, including different
species of Bacillus, Pseudomonas, Achromobacter, and Alcaligenes, were able to oxidize
As’™ to As’" in neutral or slightly alkaline environments (Barett et al, 1993). The
bacterial oxidation of ferrous iron is an important mechanism in the removal of iron from
acidic waters (Kleinmann & Hedin, 1989). Some heterotrophic bacteria resistant to Hg
are able to reduce this ion to Hg" by means of the enzyme mercuric reductase. The Hg” is
then volatilized from solution. Such bacteria have been used under continuous-flow
conditions to remove mercury from contaminated sewage (Gadd & White, 1993).
Microbial reduction of U(VI) to U(IV) has been proposed as a bioremediation strategy for
uranium-contaminated groundwaters (Lovley et al, 1991; Lovley, 1995; Lloyd et al.,
2003). Harithsa et al, (2002) have studied the heavy metal tolerance and response in
terms of growth of SRB using HgCl, and Pb(NOj), and have demonstrated their
bioremediation potential. A multimetal-resistant organism, Pseudomonas stutzeri RS34,
was used by Srivastava et al., (2005) as a bioindicator, to indicate the presence of Cu**

and Co*" in solution as well as in an industrial effluent.

The ability of siderophores to complex with metals apart from iron, allows the application
of siderophores in medicine, reprocessing of nuclear fuel, bioremediation of metal-

contaminated sites and treatment of industrial wastes (Renshaw et al., 2002).

Knowledge about how metal-resistance mechanisms work and how the genes coding for
them are regulated have application in the construction of biosensors (Tauriainen et al.,

1998)

Metal micro-/nano-particles, with appropriate chemical modification, have applications
as new ceramic—metal (cermet) or organic—metal (orgmet) composites or structured
materials for a variety of applications in metal and radionuclide bioremediation,
antimicrobial treatments (e.g. nano-silver), solar energy and electrical battery
applications, and microelectronics (Dameron et al., 1989; Klaus-Joerger et al., 2001).

Because of their high specific surface area and high catalytic properties, biogenic metal
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products also offer potential for sorption and degradation of organic contaminants, as
well as a variety of other applications, e.g. electricity generation in fuel cells, novel
catalysts and sensors. Biogenic Mn oxides can sequester metals such as Pb, Zn, Co, Ni,
As and Cr and also oxidize certain organic pollutants (Hennebel ef al., 2009). Microbial
reduction of silver is of interest because of the antimicrobial properties of this metal.
Applications of nanosilver particles include their use as antimicrobial agents, catalysts in
chemical synthesis, biosensors and electrodes (Hennebel et al., 2009). Identification of
the specific genetic responses to gold has potential for the development of bioexploration

and bioprocessing techniques (Reith ez al., 2009; Southam et al., 2009).
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3.1. Study Area

The solar saltern in the present study is located in Ribandar in the Mandovi-Zuari

estuarine system of Goa, on the West coast of peninsular India.
3.1.1. Location and Description of the Ribandar saltern

This study site is located at 15 ° 30.166 N and 73 ° 51.245 E and occupies a total area of
12,329.12 m? adjacent to the Mandovi river (Fig. 3). The geographical position of the site
was determined with the help of Global Positioning System (GPS) (Magellan GPS NAV
5000TM, USA). The saltern is under the influence of semi-diurnal tides and the
surrounding marshy land is dominated by maritime mangrove vegetation mainly
represented by Rhizophora mucronata, Rhizophora mangal, Avicennia germinans,
Avicennia officinalis and Laguncularia racemosa. Few trees of Bruguiera gymnorrhiza,
Sonneratia alba, Kandelia rheedei, Excoecaria agallocha are also present along with
shrubs of Acanthus ilicifolius and Bruguiera parviflora. These mangroves along with
marsh grasses like Spartina sp. stabilize the shoreline and provide reinforcements for the
embankment surrounding the salterns especially during flooding in the monsoons. This
saltern is a part of the area reclaimed for the production of salt and salt-tolerant varieties
of rice ever since the Patto bridge was built to connect Panaji city in Tiswadi Taluka to
the main land at Ribandar during the Portuguese rule (Kerkar, 2004). This site attains
additional scientific importance in providing a most variable ecosystem for biodiversity
of micro-organisms that are likely to be affected by silting of iron ore over the years

besides being fringed by dynamic mangrove flora and fauna.
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A combination of factors such as favourable climatic conditions for evaporation and easy
accessibility to the sea greatly favours salt production in Goa. Goa experiences a tropical
monsoon climate with hot summers followed by a long monsoon from June to
September. The average annual rainfall during monsoons is 330 cm. The climate is
generally hot and humid, fluctuating from a minimum of 20°C in December to 42°C in
May. Goa has nine rivers, most of them forming estuaries, the major rivers being
Mandovi and Zuari. These rivers experience high tidal influx and therefore the salinity
varies during monsoon and non -monsoon. The Mandovi estuary (length ~50 km, area
~29 km?, average depth ~4 m), which feeds the Ribandar saltern is a tidal estuary fed by
two main tributaries the Mhadei and Khandepar rivers, originating in the Sahyadri Hills
of the Western Ghats meandering through a distance of about 50 km downstream before
finally meeting the Arabian Sea on the west. Mandovi and Zuari, their rivulets and the
canal of Cumbarjua together constitute a network which is extensively used for fluvial
transport of iron ore through barges for over 5 decades. The iron ore is loaded on to the
barges at loading sites on the banks of the rivulets of the main rivers before being finally
exported at the Mormugao Harbour on the Arabian Sea. The main rivers and their
tributaries allow substantial fishing activity through mechanized boats or traditional
rampons. A number of floating casinos also operate in the Mandovi estuary since 2009.
The estuary is also frequently being used as a dumping site for domestic and industrial

wastes.

3.2. Sampling Period
Sampling was carried out during the entire salt manufacturing season (Plate 1) i.e. during
all the five months from January-May 2008 and in the months of November 2007 and

August 2008, being representative months of the non salt-making season (Plate 2).

3.2.1. Collection of samples

Sediment cores (0-5 and 5-10 cm) were collected in replicates from the saltern using a
1.5-inch diameter and 15 cm long graduated PVC hand held corer. The corers were
sealed at both ends with sterile core caps to prevent direct contact with air and transported
to the laboratory in an icebox for further physico-chemical and microbiological analysis.

In the laboratory, sub samples were taken at 0-5 cm and 5-10 cm intervals, by carefully
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sectioning the core with a sterile blade in a laminar air flow. The sediment samples were
collected in sterile polyethylene bags and were stored at 4°C until further investigations.

Overlying water samples were also collected in sterile plastic bottles. All collections were

carried out in the morning between 6.30 and 9 a.m. during low tide.

Plate 2: Ribandar saltern during non salt-making season.
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3.3. Measurement of physico-chemical parameters

The physico-chemical parameters of the saltern were monitored every month during low
tide during the salt-making season and during the representative non salt-making months.
The hydrological parameters considered for the overlying water from the saltern were
temperature, salinity, pH, dissolved oxygen, sulphates, sulphides, nitrates, nitrites,
ammonium and phosphates. The sediment geochemistry was analysed by temperature,
Eh, pH, total organic carbon (TOC), total organic nitrogen (TON) and sulphides
measurements. Sediment pore water was collected by centrifugation and analyzed for
salinity, nitrites, nitrates, ammonium, phosphates and sulphates. Sediment granulometry
was studied by determining the percentage of sand, silt and clay. Concentrations of heavy

metals were measured both from the saltern sediment as well as water.

3.3.1 Hydrological parameters

3.3.1.1. Temperature

Water temperature was measured to a precision of 0.1°C using a field thermometer (76
mm immersion, ZEAL, England).

3.3.1.2. Salinity

Salinity was measured using a hand held refractometer (S/Mill-E, ATAGO Co. Ltd.,
Japan) calibrated to zero with distilled water. Whenever salinity was above 100 psu, the

sample was diluted with distilled water (1:5) and subsequently analysed.

3.3.1.3. pH

pH was measured using a digital pH meter (Thermo Orion model 420A, USA) after
calibrating it with the standard buffers of pH 4, 7 and 9.2 respectively.

3.3.1.4. Dissolved Oxygen (DO)

The dissolved oxygen concentration in the water samples was estimated using Winkler’s
titrimetric method (Carpenter, 1965). Water samples were collected in 125 ml acid
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washed (10% HCI) glass stoppered bottles taking care not to trap any bubbles during
collection and fixed immediately with 1 ml each of Winkler’s A & B (Composition in
Appendix 1). The reagents were added at the collection site; mixed and the precipitate
was allowed to settle. The sample was acidified with 1 ml of (10 N) sulphuric acid and
then titrated in the laboratory with 0.01 N sodium thiosulphate using starch as indicator.
The procedure was standardized using 0.01 N potassium iodate. The concentration of

dissolved oxygen was expressed as ml per litre of water.

3.3.1.5. Nitrite (NO»)

Nitrite was measured by the method described by Bendschneider and Robinson, (1952).
In this method, nitrite reacts with sulphanilamide in an acid solution (pH <2) and the
resulting diazo-compound reacts with N- (1-naphthyl)-1- ethylenediamine to form a
highly coloured azo-dye. The optical density was measured at 543 nm using a
spectrophotometer (S205PC-Analytic Jena AG Germany). (Precision: +£0.01 uM).
(Standard used was NaNO;).

3.3.1.6. Nitrate (NO3)

The method of Schell, (1978) was employed for measuring nitrate. Nitrate-Nitrogen
(NO3-N) was analyzed by reducing it quantitatively to nitrite by passing through a
column containing cadmium filings coated with metallic copper (copper sulfate). Nitrite
thus produced was then determined by diazotizing with sulfanilamide and coupling with
N-(1-naphthyl) ethylenediamine to form highly colored azo dye, which was measured
spectrophotometrically at wave length 543 nm, using a spectrophotometer (S205PC-
Analytic Jena AG Germany). (Precision: £0.1 pM). (Standard used was KNOs3).

3.3.1.7. Ammonium (NH4")

In the method employed here (Koroleff, 1969) dissolved ammonia reacts with
hypochlorite at basic pH to form a monochloramine and in the presence of phenol, forms
indophenol blue colour. The reaction was catalysed by sodium nitroprusside and required
six hours for colour development at 28+2°C. Distilled water was used as a blank. Samples

were analyzed every time with freshly prepared reagents. The optical density was
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measured at 630 nm using a spectrophotometer (S205PC-Analytic Jena AG Germany).
(Precision: £0.05 pM). (Standard used was NH4Cl).

3.3.1.8. Phosphate (PO4*)

Phosphate was measured according to Murphey & Riley, (1962) by allowing the water to
react with a composite reagent containing ammonium molybdate tetrahydrate, sulfuric
acid, ascorbic acid and potassium antimony-tartrate solution. The resulting complex was
reduced to give a blue solution, which was measured spectrophotometerically at a

wavelength of 885 nm (S205PC-Analytic Jena AG Germany). (Standard: KH,PO,).

3.3.1.9. Sulphide (S)

Water (Iml) or sediment (approx 1 gm) was fixed in 9 ml of 2% zinc acetate in screw
capped sterile test tubes (Pachmayr, 1960). These contents were transferred into
volumetric flask to which 5 ml dimethyl-para-phenylenediamine sulphate (DMPD) was
added, followed by 0.5 ml of iron (III) ammonium sulphate (FAS), mixed and incubated
for 10 minutes. The volume was made upto 50 ml with distilled water. The sulphide ion
reacts with N, N-dimethylphenylenediamine and produces a methylene blue colour,
which was spectrophotometrically measured at 670 nm against a blank (S205PC-Analytic
Jena AG Germany). The amount of sulphide present in the sample was calculated from

the standard curve of Na,S.9H,O.

3.3.1.10. Sulphate (SO4)

The sulphate content was estimated by turbidometry (Clesceri et al., 1998). Water (1ml
and 2 ml) was transferred into screw cap tubes and acidified to pH 1with 4 N HCl. The
acidified samples were neutralized stepwise using 10 N, IN and 0.1 N NaOH so as to
bring the pH to 5, 6 and finally to 7 respectively. The volume was brought up to 25 ml
with distilled water. Conditioning solution (1.25 ml) was added agitating continuously
with a magnetic rod. 2 ml of BaCl, (30%) was added, stirring continuously for 1 minute.
The sulphate ions were precipitated in such a manner that uniform size crystals of barium
sulphate were produced. The optical density was measured at 365 nm against a blank in a

spectrophotometer (S205PC-Analytic Jena AG Germany). For each set of estimations, a
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standard with ammonium sulfate [(NH4)>,SO4] was prepared (Composition in Appendix

1.

3.3.2. Sediment geochemistry
3.3.2.1. Temperature

Temperature was determined as described at 3.3.1.1. However the temperature probe was

inserted in the sediment core at two different depths.

3.3.2.2. pH

pH was determined as described 3.3.1.3. by inserting the electrode at two different
depths.

3.3.2.3. Eh

Combination redox electrode (Thermo Orion model 420A, USA) was used to check the
redox potential. The procedure followed was essentially one as described in Orion
Instruction Manual. The sealed anoxic graduated core was opened and immediately the
redox was checked by introducing the electrode at specific distances marked in the core
i.e. at 0-5 and 5-10 cm. The redox electrode was calibrated with standards of solution A
and solution B (Composition in Appendix1). Solution A was transferred to a beaker and
redox electrode placed in the solution, once the reading stabilized, and the potential was
verified to be around 192 + 2 mV. The electrode was rinsed and the measurements were
repeated with solution B and verified to be around 258 + 5 mV (i.e. approximately 66 mV
greater than A). The sealed anoxic graduated core was opened and the redox potential
was checked immediately by introducing the electrode at specific points in the core i.e. 0-

5 and 5-10 cm as described in Orion instruction manual.

3.3.2.4. Sulphide (S)

Sediment (approx 1 gm) was fixed in 10 ml of 2% zinc acetate in screw capped sterile
test tubes for determining the sulphide concentration (Pachmayr, 1960). These contents
were transferred into a volumetric flask to which 5 ml dimethyl-para-phenylenediamine

sulphate (DMPD) was added, followed by 0.5 ml of iron (III) ammonium sulphate (FAS),
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mixed and allowed to stand for 10 minutes. The volume was made upto 50 ml with
distilled water. The sulphide ion reacts with N, N-dimethylphenylenediamine and
produces a methylene blue colour, which was spectrophotometrically measured at 670
nm against a blank (S205PC-Analytic Jena AG Germany). The amount of sulphide
present in the sample was calculated from the standard curve of Na,S.9H,0 after filtering

the reaction mixture and weighing the dried sediment.

3.3.2.5. Total organic carbon (TOC)

In the soil substantial amount of carbon is present in the inorganic form. To determine
carbon and nitrogen present in organic form, carbonates have to be removed from the
soil. Carbonates were thus removed by adding an aqueous-acid solution to soil samples.
The sediments used to estimate organic carbon and nitrogen content were dried at
60(+2)°C for 48 h. Samples were homogenized manually with mortar and pestle. The
powdered, sieved sample (1 g) was treated with 20 ml of 2N HCI (added slowly), mixed
and kept for settling down. The supernatant was decanted and the same procedure was
repeated. Now 20ml milliQ water was added for washing out the added HCI. The
washing was repeated thrice. The carbonates are released as CO, through the following
chemical reaction.
CaCOs + 2HCI — CO; + CaCl, + H,O
After the acid treatment, the samples were dried and analyzed for carbon on an Elemental
Analyser Thermo Finnigan Flash EA 1112 with L-cystine as a standard. Precision of
analyses was checked against NIST 1941b.

3.3.2.6. Total organic nitrogen (TON)

The sediments used to estimate organic nitrogen content were dried at 60(+2)°C for 48 h.
Samples were homogenized manually with mortar and pestle. Once homogenization was
complete, a small aliquot (1 g) was taken in a beaker. To this aliquot 20 ml of 2N HCI
was added and observed for effervescence. The procedure was repeated till no
effervescence was seen and allowed to settle overnight. The supernatant was discarded
and sediment was washed with 20 ml milli-Q water and dried in an oven, ground with a

mortar and pestle and used for analyses. The samples were analyzed using an Elemental
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Analyzer (Thermo Finningan, Flash EA1112) with L-cystine as a standard. Precision of
analyses was checked against NIST 1941b.

3.3.3. Sediment pore water chemistry
3.3.3.1. Pore water extraction

Extraction of interstitial water is usually done with pressure—operated squeezes or
centrifugation. In the first method, the sediment core is crushed mechanically under high
pressure to expel the water (Manheim, 1966; Kriukov & Manheim, 1982; Zimmermann
et al., 1978; Bender et al., 1987; Nath et al., 1988). Alternatively the pressure is
generated by passing an inert gas through the core that displaces the pore water (Reeburg,
1967). In the centrifugation method, the sediment core is placed in a tube and centrifuged
at high speed to expel the pore water, which then is siphoned off. High vacuum suction
has also been used to recover pore waters (Manheim, 1966). An advantage of these
methods is that since the sections of the core are well defined, it would be possible to

obtain profiles of distribution of elements.

Pore water in this study was collected by centrifugation method. After sectioning the
cores at 2 cm interval, each fraction was made into slurry with a known volume of saline
and then loaded separately into centrifuge tubes. The tubes were spun at low R.P.M
(5000) at 4°C for 10 minutes (REMI Cooling Centrifuge). The water was then carefully
siphoned out into a pre-cleaned 100 ml polyethylene bottle and allowed to stand for 15
minutes in cold conditions in order to sediment out the coarse particles. Further, the
diluted pore water was filtered on GF/F and then subsequently filtered on 0.22 p
membrane filter. The filtrate was stored in cold (~4°C) until further analysis. By spinning
at low temperature and R.P.M. it was ensured that minimal disturbance was caused to the
organisms, which on lysis could change the pore water chemistry. The advantage of using
this technique was that it enhanced the possibility of profiling without compromising

much on changes arising during the handling.

3.3.3.2. - 3.3.3.7. Salinity, nitrite, nitrate, ammonium, phosphate and sulphate

These parameters were determined as described earlier in section 3.3.1.2., 3.3.1.5,,
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3.3.1.6., 3.3.1.7., 3.3.1.8. and 3.3.1.9. respectively for analyses of water except that
correction for sediment pore water was applied during calculation.
3.3.4. Sediment granulometry
3.3.4.1. Grain Size analysis (sand, silt and clay)
The quantity of each fraction of sand, silt and clay in the sediments at three depths were
determined using ‘Wet sieving’ method for sand and the ‘Pipette method’ for silt and clay
analyses (Day, 1965 and Carver, 1971).
Sediment (5 gm) dried and powered
Transferred to 100 ml beaker
Soaked in 25 ml d/w overnight and decanted
Added 10 ml of dispersant (10‘%) sodium hexametaphosphate)
Mixed and incuiated overnight
Oxidized with 11% H,0; (5 ml)
Filtered through No. 240 seive (65 )

+240 fraction washed and weighed  -240 fraction washed and transferred to1000
¢ ml cylinder

Sand content calculated Volume made up to 1000 ml with d/w

Stirred vigorously for 20 seconds
Temperaturi of slurry recorded

Time counted after stirring ceased

Samples withdrawn at required time
from 10 cm depth with 20 ml pipette

Withdrawals made at different time
intervals (pipette withdrawal chart)

Dispensed (25 ml) in 50 ml beakers
washed and oven-dried)
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Cooled in desiccators, weighed, and

particle size noted

Grain sizes calculated in percentage
weight.

The particle size was noted based on the pipette withdrawal as given below (Table 3) and

the grain size was calculated in terms of percentage of sand, silt and clay.

Diameter of Particle (mm) < .625 <.031 <.016 <.008 <.004 < .,002 < .,0005
Depth of Withdrawal (cm) 10 10 10 10 5 5 3
Time of Withdrawal seconds | min'/sec” | min'lsec” | min'/sec” | min‘/sec"” |hour:/min'| hour/min
Temperature (Celsius) -

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

21 28 1'52" 729" 29' 58" 59' 50" 4: 00

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

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

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

25 25 1' 42" 6' 48" 27 14" 54' 25" 3:38'

26 25 1' 40" 6' 39" 26' 38" 5312 3:33

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

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

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

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

Table 3: Time table for pipette withdrawal.

3.3.5. Analyses of Major and Trace Metals

3.3.5.1. Metal analyses of saltern water

Saltern water was pre-concentrated by the solvent extraction procedure based on

Ammonium Pyrrolidine Di-thio Carbonate and Methyl Isobutyl Ketone (APDC — MIBK

extraction procedure, Brooks et al., 1967).

The water sample was processed as follows:
250 ml of acidified sample was taken (pH 2 with 2N HNO3)

!

pH adjusted to 4.5 using liquid ammonia

!

contents transferred to a separating funnel (500 ml)

!

1.25 ml APDC + 2.5 ml MIBK were added
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shaken vigorously (2 min), allowed to stand (30 min)

!

upper organic layer was kept in a separate bottle

!

lower aqueous layer was extracted 3 times as above
and the organic fractions pooled

!
2.5 ml of 4 N HNO; was added to the pooled fractions,

shaken for 5 mins and the acid fraction collected (thrice) and used for analysis.

!
Analyzed by AAS (GBC 932 AA model)

3.3.5.2. Digestion and Analyses of sediments

Sediment samples were analyzed for major and trace metals as described by Balaram et
al., (1995). The sediment digestion was carried out in a sealed Teflon vessel (digestion
bombs). Powdered dried sediment (0.2 g) was transferred into a Teflon (P.T.F.E.,
polytetrafluoroethylene) vessel and digested with a solution (10 ml) of concentrated HF,
HNO;3, and HC1Oy in a ratio of 7:3:1. The above mixture was then dried on a hot plate in
a fume hood chamber. The residue was further treated with 5 ml of acid mixture.
Subsequently 2 ml of concentrated HCIl was added followed by 10 ml of HNO;. The
residue was warmed and transferred to a clean, dry flask to make a final volume of 50 ml
with double distilled water. The concentrations of metals (Fe, Mn, Ni, Co, Zn, Pb, Cd
and Hg) in digested sediments were analyzed with an atomic absorption
spectrophotometer (AAS; GBC 932 AA model) equipped with deuterium background
corrections. Blank corrections were applied wherever necessary and the accuracy was
tested using standard reference material MAG-1 (United Geological Survey) and GR-1
(Green River sediment). All the acids used were procured from Merck. Concentrations
of metals were expressed in ppm, except Iron and Manganese were expressed in
percentage. Sediment quality assessment was carried out using various indices such as

geoaccumulation index, contamination factor and pollution load index.

Geoaccumulation index
The geoaccumulation index (Ig.,) formulated by Miiller, (1969) was used to determine the
intensity of metal contamination. Although I,., was originally devised for use with global

standard shale values as background metal levels, Rubio ef al., (2000) have shown
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the use of regional background values to give more appropriate results. In this study, I,
has been calculated using background values (B,) for median metal concentrations
recorded from the saltern sediments during the monsoon season. A comparison between

the saltmaking and the non salt-making season was therefore made.

Geoaccumulation index can be expressed as:
Leeo=l0gs (Ci/1.5 By).
Where C,=measured concentration of metal ‘n’ in the sediment
B,=the background values for the metal ‘n’.
The Factor 1.5 is a value intended to offset potential oscillations in background data

resulting from lithological variations.

Contamination factor
The level of contamination of soil by metal is expressed in terms of a contamination
factor (CF) calculated as:

CF=C,Sample/C,Background.
Where CF=contamination factor, C,,Sample=metal concentration in polluted sediments
and C,,Background=background value of the metal under consideration.
A contamination factor CF<1 refers to low contamination; 1<CF<3 means moderate
contamination; 3<CF<6 indicates considerable contamination and CF>6 indicates very

high contamination.

Pollution load index
The site was evaluated for the extent of metal pollution by employing the method based
on the pollution load index (PLI) developed by Thomilson et al., (1980), as follows:

PLI= (CF1xCF2xCF3x...xCFn) '
In the above equation, 7 is the number of metals studied (eight in this study) and CF is the
contamination factor calculated as described above.
The PLI provides simple but comparative means for assessing a site quality, where a
value of PLI<1 denotes perfection; PLI=1 presents that only baseline levels of pollutants
are present and PLI>1 would indicate deterioration of site quality (Thomilson et al.,

1980).
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3.4. Bacteriological parameters

3.4.1. Total Bacterial Counts (TC)

Sediment cores were brought to the laboratory and sectioned at 5 cm intervals up to a
depth of 10 cm aseptically. The sediment subsamples were serially diluted to 10™ with
sterile saltern water, while water samples were diluted to 10", Samples were fixed
immediately with buffered formalin for total bacterial counts. Bacterial abundance was
determined by acridine orange direct count (AODC) method (Hobbie et al., 1977).
Sediment dilutions (2 ml) preserved with 2% (final concentration) buffered formalin were
stained with acridine orange (Hi-Media, Mumbai) (final concentration 0.01% w/v) for
five minutes and then filtered on to black stained nucleopore filter with a pore size of
0.22 pm. Samples were counted with Olympus (BH series) epifluorescence microscope,
using a 515 nm barrier filter and at least 10 fields of >30 bacteria per field were counted.
Bacterial abundance was expressed as numbers per g wet weight of the sediment or
counts per ml of water. Orange (active) and green (inactive) cells were enumerated

separately.

Note: Calculation of calibration factor
At 100X, 1 square = 2/3 division of stage micrometer (1 division = 0.01 mm)
Hence area of square = (2/3 x 0.01)2
=4.44x 10° mm’

Filtration area = nr?
=22/7x52
=78.57 mm’
Calibration factor ~ = Filtration area/ area of square

=78.57/4.44 x 107
=1.77x 10°

3.4.2. Retrievable counts of metal tolerant bacteria

Sediment core was sectioned at 5 cm intervals in sterile conditions to obtain

representative samples at 0-5 and 5-10 cm. Sub-samples of ca. 5 g wet weight sediment
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were sampled using sterile syringe cores. The sub samples were transferred to 45 ml of
full strength sterile seawater (10" dilution). Serial dilutions of the sediment samples were
carried out in autoclaved seawater to yield dilutions from 10" to 10°. The media for the
isolation of metal tolerant heterotrophic bacteria was prepared using 25% nutrient broth +
2% agar and amended with different metals at concentrations of both 200 and 400 ppm
for Fe, Mn, Ni, Co, Pb;100 and 50 ppm for Zn, Cd, and 50 and 25 ppm for Hg . A
concentration of 100% nutrient broth corresponds to 13 g nutrient broth (Hi Media
Laboratories Pvt. Ltd., Bombay, India) per 1000 ml seawater. Analytical grades of metal
salts (FeSO4 6H,0, MnCl,; NiCl, CoCl,, Pb(NO3),, ZnCl,, CdCl, and HgCl,) were used
to prepare 1000 ppm stock solutions. Except for Fe where a sulphate salt was used and Pb
where a nitrate salt was used, the rest were all metal chloride salts (Merck). All metal
stocks were filter sterilized through a 0.2 p membrane filter. For sediment samples about
100 pL each from10™, 10™ and 10 dilution was spread plated onto the metal amended
media, whereas for water samples 102, 10 and10™ dilutions were used. Bacterial counts
in the form of colony forming units (CFU) formed on the medium were recorded upto a
15-day incubation period at 28(£1)°C. Bacterial colonies were enumerated and expressed

as CFU per g wet weight of sediment or CFU per ml of water.

For the purpose of defining metal resistance, those isolates that grew in the presence of 1
mM (~ 250 ppm) each of Fe, Mn, Ni, Co, Pb, Zn, Cd, and 0.1 mM (~25 ppm) Hg were

considered to be resistant (Nieto et al., 1987).

3.4.3. Purification and preservation of metal tolerant bacteria

Colonies with different morphological appearance were selected from these culture plates
and purified by further sub-culturing on the same media with the same metal amendment.

All the cultures were stored in nutrient agar butts with mineral oil overlaying.

3.4.4. Primary screening for multimetal tolerance at 15 psu and 200 psu
salinity

For primary screening, each metal stock solution was filter-sterilized and added to 25%
nutrient broth + 2% agar medium to a final concentrations of 500 ppm of Fe, Mn, Ni, Co,

Pb; 100 ppm of Zn and Cd; and 50 ppm Hgat 15 psu as well as at 200 psu and plates
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were poured for determination of tolerance of the metal ions for each isolate. Lower
orders were chosen for Zn, Cd and Hg as these metals have a greater inhibitory effect as
compared to other metals (Nair ef al., 1992). Also under certain circumstances, a lower
concentration of the metal tends to have a stimulatory effect (Loka Bharathi et al., 1990).
The spot inoculation method was used since this is an accepted approach that has been
used in many reported studies (Mergeay et al., 1985; Siddiqui, 1989; Schlegel et al.,
1991; Liesegang et al., 1993; Taghavi et al., 1997). Each of the cultures was spotted onto
metal salt-containing nutrient agar plates. In this way 15 cultures per plate could be
conveniently tested. Duplicate plates were prepared for each metal concentration and then
they were incubated at 28+2°C. Each plate was checked for growth at 2 days intervals for
at least one week and positives were recorded by the appearance of colonies on the plate

surface.

3.4.5. Secondary screening for multimetal tolerance at 15 and 200 psu salinity

Secondary screening was carried out similar to primary screening except that higher
metal concentrations were used. [solates tolerating upto 500 ppm of Fe, Mn, Ni, Co, Pb;
100 ppm of Zn and Cd; and 50 ppm Hg were subjected to higher concentration of metal
to check for tolerance. The concentrations used were 800 ppm of Fe, Mn, Ni, Co, Pb; 200
ppm of Zn and Cd; and 100 ppm Hg at 15 psu as well as at 200 psu respectively.

3.4.6. Criteria for selection of isolates for further study

Isolates (50) which showed consistent growth even after repeated subculturing, salinity
tolerance and multi metal tolerance following secondary screening, were selected for
further studies. However, 3 isolates were selected for final studies based on Kushner’s,
(1978) classification as follows:

1. A slight halophile — (1-3 % salt)

il. A moderate halophile —(3-15 % salt)

iil. A borderline extreme halophile — (9-23 % salt)
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3.5. Identification of the dominant metal tolerant heterotrophic bacteria
3.5.1. 16S rRNA gene sequencing
3.5.1.1. Isolation of genomic DNA

The dominant metal tolerant isolates (50 in number) were classified based on
phylogenetic analysis of their 16S rRNA gene sequences. Genomic DNA was isolated
from single colonies on quarter strength nutrient agar plates using bacterial genomic
DNA prep kit (Chromous Biotech RKT11/12). In brief, the culture was suspended in 500
ul of saline, vortexed for a few seconds and centrifuged at 15,000 rpm for 2 mins.
Supernatant was discarded and 750 ul of 1X suspension buffer was added to the pellet.
Pellet was dislodged by vortexing. 5 pl of RNase solution was added and kept at 65°C for
15 mins. 1 ml of lysis buffer was added and vortexed for 1 min. Further it was incubated
at 65°C for 15mins, followed by centrifugation at 15,000g for 2 mins at 28+2°C. The
clear supernatant was decanted into two 2 ml fresh vials (900 pl each) and pellet was
discarded. Ice cold isopropanol (900 pl) was added, mixed well and centrifuged at
15,000¢g for 15 mins at 28+2°C .The supernatant was discarded, and 1ml of 70% ethanol
was added to the pellet and centrifuged at 15,000g for 15 mins at 28+2°C. The
supernatant was discarded andlml of 70% ethanol was again added to the pellet and
centrifuged at 15,000g for 15 mins at 28+2°C. The pellet was dried at 60°C for 2-3 mins.
50 ul of glass d/w was added to each of the vials and the DNA was resuspended by
placing the vials at 65°C for 15mins.

3.5.1.2. PCR

The DNA as extracted above from single colonies was amplified by PCR (CFX 96,
Realtime system) using oligodeoxynucleotide primers designed to anneal to conserved
regions of the bacterial 16S rDNA. The 16S rRNA gene was amplified using the
universal bacterial 16S forward primer 5-
CCGAATTCGTCGACAACAGAGTTTGATCCTGGCTCAG-3’ and 16S reverse primer
5’-CCGGGATCCAAGCTTACGGCTACCTTGTTACGACTT-3".

All the kits and chemicals/enzymes used were from Bangalore Genei, India.

PCR reaction was setup as follows:

Genomic DNA (~50 ng): 1.0 pl
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Taq Buffer A (10X): 2.5 ul

dNTP mix (10 mM each) : 0.5 ul

Forward Primer (10 pmole/ pul): 1.0 pl

Reverse Primer (10 pmole/ pl): 1.0 pl

Taq DNA polymerase enzyme: 1U

Sterile distilled water: to make up the volume to 25 pl

Reactions were carried out with 5 min initial denaturation at 94°C followed by 35 cycles
of 94°C for 1 min; 55°C for 45 sec and 72°C for 1.30 min. A final extension was carried

out at 72°C for 10 min.

3.5.1.2.1. Purification of PCR products
The amplified product was purified on QIA quick PCR Purification Kit (QIAGEN) as
recommended by the manufacturer. The purity of the DNA (A260/280) was verified

using nanophotometer (Implen GmbH).

3.5.1.2.2. Agarose gel electrophoresis

The PCR purified product was separated electrophoretically on 1% agarose gel along
with StepUp™ 500 bp DNA ladder.

3.5.1.2.3. Sequencing and analysis

Approximately 1.5 kb fragment was bidirectionally sequenced using the forward, reverse
and an internal primer (Bangalore Genei, India). The products were analyzed on a DNA
sequencer. Each sequence was compared with the sequence of strains belonging to the
same phylogenetic group obtained from the GenBank database and from a BLAST search
of the National Centre for Biotechnology Information (NCBI).

3.5.2. Classical Taxonomy

The metal tolerant bacteria (50) were identified upto the genus level. Standard protocols
were followed for the identification. Classical taxonomy was carried out on the basis of

morphological, physiological and biochemical characteristics as described in Bergey’s
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Manual of Systematic Bacteriology (Williams & Wilkins, 1984; 1986; 1989 a & b) and
the scheme of Oliver & Smith, (1982).

3.5.2.1. Cell size

Bacterial morphology was discerned from Gram stained cell preparations. Cell sizes were
estimated as per Fuhrman, (1981) from epifluorescence preparations by measuring the
shortest and longest axis of the bacterium with an ocular micrometer. The bacteria were
classified either as cocci or rods. Rod shaped cells were treated as cylinders and cocci as

spheres.

3.5.2.2. Gram staining

The Gram staining of cultures was performed as discussed by Hans Christian Gram,

(1884).

3.5.2.3. Spore staining

Spore staining was performed as per standard protocols using Schaeffer & Fultons,
(1933) spore stain method. Visualization of the spores was achieved using LM-52-3001
Lynx microscope after staining with 7.6% malachite green (in distilled H,O) and

counterstaining with 0.5% safranin.

3.5.2.4. Motility

Hanging drop preparation was used to ascertain motility according to Collins & Lyne,
(1985).

3.5.2.5. Pigmentation

Each of the metal tolerant cultures was spotted onto metal salt-containing nutrient agar
plates. Duplicate plates were prepared for each metal tested and the plates were incubated
at 28+2°C. Each plate was checked for pigmented colonies after 7 days intervals for upto
two weeks and positives were recorded. The same media without metal was used as

control.
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3.5.2.6. Growth at varying temperatures

All the isolates were checked for their ability to grow at 25°C, 30°C, 40°C and 55°C on
25% NA at 35 psu by spot inoculation method.

3.5.2.7. Growth at varying salt concentrations

The isolates were screened for salinity tolerance by spotting on 25% NA with 5, 20, 50,
100 and 200 psu and incubating at 28+2°C.

3.5.2.8. Growth at varying pH
All the isolates were checked for growth at pH 5.5, 7.4 and 8.5 on 25% NA at 35 psu by

spot inoculation method and incubated at 28+2°C.

3.5.2.9. Catalase test
24 hr old growth of culture from NA slant was taken and 2ml of 3% hydrogen peroxide
(6% w/v HyO, LR, sd fine) was added. The slant was observed for production of

effervescence.

3.5.2.10. Oxidase test

An aqueous solution of 1% tetra methyl-p-phenylenediamine was freshly prepared.
Sterile filter paper strips 1 cm x 2.2 cm were soaked with the above solution. A loopful
of the culture was smeared on the moistened paper. A positive test was indicated by a

purple blue coloration within 30 seconds.

3.5.2.11. Hugh Leifson’s test for Oxidation Fermentation (O/F Test)

This test is performed to check whether glucose utilized in bacteria is in the presence of
oxygen (i.e. oxidatively or aerobically) or in its absence (i.e. fermentatively or
anaerobically). A bacterium able to ferment glucose must be able to oxidize it. But the
reverse may not be true. If glucose is utilized either way, acid is produced changing the

colour from purple (due to bromocresol purple used in media) to yellow by lowering pH

(Holt et al., 1994 ). Hugh - Leifson’s Glucose Broth (HLGB) with glucose and
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bromocresol purple as the main components was prepared and the pH adjusted to 7.4.
The test culture was inoculated by stabbing with a loop. One set of tubes was overlayed
with sterile paraffin to maintain anaerobic conditions while the other set was incubated
without paraffin for 24 hours. A change in colour from purple to yellow in both tubes
indicates fermentative metabolism. A colour change only in the tubes without paraffin

indicates oxidative metabolism.

3.5.3. Biochemical tests

Other biochemical tests performed on the cultures included Indole test, Methyl red test,
Voges Proskaeur test, citrate utilization test, sugar fermentation test, urease, starch,
gelatin, casein and lipid hydrolysis and H,S production by standard protocols described
by Collins & Lyne, (1984).

3.5.4. Carbohydrate utilization test

The candidate cultures i.e. isolate 5.34, 3.53 and 3./3 were tested for utilization of
carbohydrates using KB009 HiCarbohydrate™ Kit (Part A, B and C) as per the
manufacturer’s instructions (HiMedia Laboratories Pvt. Limited, India). The tests are
based on the principle of pH change and substrate utilization. The test involves change of
colour of the medium containing individual carbohydrates from red to yellow due to acid
production if the test is positive. Medium remains red in colour if the test is negative. A
single colony was inoculated in 10 mL of 25% nutrient broth at 20 psu and grown for 6-8
h. From this flask, 50 uL. was inoculated into each well of the strip. The strip was then
incubated overnight at 37°C and results were recorded after 16-24 h as per the chart

provided with the strip.

3.5.5. Fatty Acid Methyl Ester (FAME) Analysis

The candidate cultures i.e. isolate 5.34, 3.53 and 3.13 were streaked on 25% NA plates
of the respective salinity and incubated at 28+1°C for 24 h and used for extraction.
Harvesting:

Colonies were harvested from the most dilute quadrant exhibiting confluent growth along

the streaking axis by gently scraping the surface of the culture medium with a sterile 4
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mm inoculating loop. The loop with the cells was inserted into a clean dry 13 mm x 100
mm screw cap culture tube; the cells were wiped off the loop and onto the lower inner
surface of the culture tube within 10 mm of the bottom of the culture tube. The loop was
removed and sterilized.

Saponification:

Reagent 1, the methanolic base, was pipetted (1.0+0.1 mL) into each of the culture tubes.
Each tube was tightly sealed with a clean Teflon lined screw cap and vortexed for 5-10
seconds. The sample tubes were then placed into boiling or circulating water bath at 95-
100°C. After five minutes the tubes were removed from the boiling water, cooled slightly
and vortexed for 5-10 seconds. They were then returned to the water bath. The tubes were
checked for leakage, as evidenced by the presence of bubbles rising in the tube. The caps
of leaking tubes were retightened (if bubbling continued, the sample was cooled to RT
and then transferred to a new culture tube). The heating of tubes in the water bath was
continued for an additional 25 minutes. After a total of 30 minutes of saponification in
the water bath, the tubes were removed and placed in a pan of cold tap water to cool.
Methylation:

Each tube was uncapped, and 2.0+0.1 mL of Reagent 2, the methylation reagent, was
added to each tube. The tube was then tightly capped and vortexed for 5-10 seconds.
Because of an excess of reagents, granular precipitate (salt) may form. In such a case the
tube was heated in an 80+1°C water bath for 10+1 min, removed and quickly cooled to
RT by placing it in a tray of cold tap water. The tubes were shaken to speed the cooling
process.

Extraction:

Each tube was uncapped and 1.25+0.1 mL of Reagent 3, the extraction solvent, was
added to each tube. The tubes were tightly sealed and placed in a laboratory rotator and
gently mixed end over end for 10 minutes. Each tube was uncapped and using a clean
Pasteur pipette for each sample the aqueous (lower) phase was removed and discarded.
Base wash:

Reagent 4 (3.0+0.1 mL), the base wash, was added to each tube. The tubes were tightly
capped and gently rotated end over end for 5 minutes. Brief centrifugation (three minutes

at 2000 rpm) was done to clarify the interface between the phases in case an emulsion
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was present. Alternatively a few drops of a saturated ACS grade NaCl/water solution
were added to the tube to aid in breaking the emulsion. The tube was held vertically and
rotated rapidly between the palms of the hands for a few minutes, and the phases allowed
to settle.

Transfer of extract to sample vial:

The sampler vials were labeled for identification. Each tube was uncapped and using a
clean Pasteur pipette for each sample, about 2/3 of the organic (upper) phase from the
tube was transferred to a clean GC sample vial. Care was taken not to transfer any of the
aqueous (lower) phase into the auto sampler vial. The sampler vial was tightly sealed
with a cap.

Analysis by gas chromatography:

The sample (2 pL) was injected into the column (25 mm silica capillary) using an
automatic sampler. The oven temperature was increased from 170 to 310°C in each run at
5°C per minute. Each fatty acid present in the extract is sensitive to a particular
temperature. When temperature is increased, the fatty acids get volatilized at a particular
retention time and will burn in FID (Flame Ionization Detector). FID detected each of the
fatty acids as a signal and transferred to the CHEMSTATION software (software which
controls all the GC paramaters Agilent GC 6950). The CHEMSTATION visualizes the
raw data as a chromatogram. The raw data was then transferred to software SHERLOCK
for matching the fatty acid profile of the unknown organism using the standard Microbial
Identification (Sasser, 1990; Pendergrass & Jensen, 1997). The fatty acid profiles
generated were compared against an in built Sherlock TSBA Library version 3.9 (MIDI
Inc., DE, USA). A similarity index of >60% was used for clustering of isolates at species

level. Details of all reagents are given in Appendix 1.

3.6. Studies on metal tolerance
3.6.1. Determination of the effect of metal on bacterial growth

Toxicity of the selected metals to the candidate cultures i.e. isolate 5.34, 3.53 and 3.13
was determined using 0.01, 0.1, 1 and 5 mM concentration of Co, Ni and Mn along with
controls lacking added metal. Several 96 well sterile polystyrene microplates

(polystyrene, sterile, non treated, round bottom with lid) were used in this study as
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growth vessels. Sterile 25% nutrient broth was amended with each heavy metal and
inoculated with exponentially growing cultures (24 h old, optical density of ~1.2 at 600
nm) of bacterial isolates prepared in the same medium. Medium without metal but with
the bacterial inoculum (biotic) and medium with metal but without bacteria (abiotic)
served as controls. All the experiments were conducted in triplicate. Microplates were
then closed with their lids with condensation rings and sealed using additional laboratory
film (Parafilm® M). The test microplates were incubated at 28°C. Bacterial growth was
subjected to shaking just prior to measuring optical density at 600 nm. OD was noted till
the stationary phase was attained using the Microplate Reader (Synergy 2 Bio-Tek). For
correlating OD to cell counts, cell counts of the inoculum were carried out in a Neubauer
cell-counting chamber and observed with a bright field microscope (BX51 Olympus
microscope) under 400-X magnification and the counts were expressed as counts per ml
of sample.

Another set of microplates was also maintained to monitor the effect of temperature,
salinity and pH on growth. Percentage stimulation in growth was calculated as

% stimulation = [(T-C)/(C)]*100

where T=cell counts in metal amended media (Test) and C= cell counts in metal

unamended media (Control).

3.6.2. Effect of metal on bacterial respiration

(Triphenyl tetrazolium chloride (T.T.C.) experiment)

The three bacterial isolates viz. isolate 5.34, 3.53 and 3./3 were grown on media
supplemented with 10 pM, 100 pM, 1 mM and 5 mM amendments of Co*", Ni*" and
Mn?" respectively in order to determine bacterial growth and respiration in the presence
of added metal. Inoculum was prepared by harvesting exponentially growing cells from
metal supplemented 25% nutrient agar plates into physiological saline. The cell
suspension was centrifuged at 6000 rpm for 15 minutes at 10°C and the pellet was
washed twice with sterile saline and resuspended by vortexing. The optical density of the
final cell suspension was measured at 600 nm using a microplate reader (Synergy 2,
BioTek) and adjusted to a uniform cell density (O.D. of ~1.3 at 600 nm). The inoculum

size was calculated by direct cell counts in a Neubauer cell-counting chamber at 400-X
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magnification with a bright field microscope (BX51 Olympus microscope). The
experiment was carried out in 25% Nutrient broth containing filter sterilized triphenyl
tetrazolium chloride (TTC) at a final concentration of 0.025%. Controls for each metal
concentration were also included to correct for chemical oxidation and loss of metal due
to adsorption. The experimental tubes were incubated at 28+2°C in the dark. Samples (1
ml) were removed immediately after inoculation and at 2 day intervals for determining
the total count and after 10 days of incubation for determining the respiring cell count.
During the incubation period, respiring cells convert TTC to triphenyl formazan that
gives a deep pinkish appearance (Lenhard, 1956). The total count and the number of
respiring cells (red) was determined after segregation of cell aggregates by sonication at
15 Hz for 3s. The reduction of TTC is a result of electrons passing from the substrate
(metal) through the enzymatic machinery of the cell and ultimately onto TTC. The
formazan in experimental tubes was determined and the values were corrected for the 0
day absorbance at the end of the experiment. The OD values for formazan in culture were
converted to mg ml™ formazan using the equation for the line of best fit derived from a
standard curve of formazan (Hi Media) prepared in methanol. The experimental readings

were corrected for control to estimate the rate of respiration.

3.6.3. Effect of metal on substrate utilization
(BIOLOG)

The BIOLOG system was used to determine the effect of metal amendments on the
ability of the candidate cultures i.e. isolate 5.34, 3.53 and 3./3 respectively to utilize
various substrates. A BIOLOG assay involves inoculating microbial cultures into
microplates that contain 95 sole C-sources in addition to a “tetrazolium violet dye”. The
utilization of any C-source by the bacteria results in the respiration-dependent reduction
of the dye and purple-color formation that can be quantified and monitored over time.
Negative wells remain colorless, as does the reference well with no carbon source. For
the BIOLOG assay a two day old culture of isolate 5.34, 3.53 and 3.13 grown at 28 + 2°C
on 25% nutrient agar plates supplemented with 1 mM Co”", Ni*" and Mn®" at 20, 100 and
200 psu salinity respectively were harvested with sterile physiological saline (0.85%).

The suspension was washed five to six times by centrifuging at 6000 rpm for 10 min at
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10°C with subsequent vortexing each time. This was necessary to exclude any nutrients
coming from the agar plates, which could otherwise result in a false positive test. Almost
the same turbidity (~0.133+0.014 at OD 595 nm) was maintained for all the three
isolates. The cell suspension was then divided in two sets, one amended with the
respective metal at | mM concentration and the other unamended. Isolates 5.34 and 3.53
were inoculated in GP2 plates, while isolate 3./3 was inoculated in GN2, with 150 pl of
cell suspension. Separate plates were used for inoculation of sample with metal-amended
and unamended suspensions. Incubation was done at 28+2°C. Absorbance was measured
at 0 day on a microplate reader (Synergy 2, BioTek) at 595 nm and thereafter at every 24-
h intervals for a period of 5 days. Average well color development was computed and the
values were normalized for each substrate (Garland & Mills, 1994). Wells that showed
the highest normalized value (compared to that of the previous day) were assumed to

have the substrate that was most preferentially utilized during that particular period.

3.6.4. Effect of metal on antibiotic sensitivity

The Kirby-Bauer disk diffusion method (Bauer, 1966) was employed for determining
antibiotic susceptibility of the candidate cultures i.e. isolate 5.34, 3.53 and 3.13. The
strains were inoculated into 5 ml of Nutrient broth and incubated overnight at 37°C.
These pure broth cultures (0.1 ml having 0.5 OD at A620; 1 cm cuvette) were then
swabbed on 20 ml of Mueller Hinton agar plates (Hi Media Laboratories Pvt. Ltd. India)
each without metal amendment. The antibiotic disks were placed on each plate keeping a
safe distance from one another and plates incubated at 37°C for 24 hrs. The antibiotics
used were penicillin-G (10 units), kanamycin (30 pg/disc), neomycin (30 pg/disc),
gentamycin (10 pg/disc), novobiocin (30 pg/disc), streptomycin (10 pg/disc), ampicillin
(10 pg/disc), tetracycline (30 pg/disc), erythromycin (15 pg/disc), chloramphenicol (10
pg/disc), vancomycin (10 pg/disc), polymyxin (10 pg/disc). To determine the effect of
heavy metal, 0.1 ml of bacterial culture having 0.5 OD (A620; 1 cm cuvette) was spread
aseptically on Mueller Hinton agar plates, supplemented with ImM Co”", Ni*" and Mn*"
respectively. Bacterial growth was observed during 24-48 h at 28°C. Zone of inhibition

and the colony diameter was measured in mm and inhibition was calculated.
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3.6.5. Effect of metal on enzyme production

The candidate cultures i.e. isolate 5.34, 3.53 and 3.13 were tested for amylase, gelatinase,
lipase, and protease activity following the protocol described by Smibert & Krieg, (1981).
Isolates were spotted on nutrient agar medium containing different substrates, and the
enzyme production profile was measured as the function of the ability of individual
microorganisms to produce clearing zones. To determine the effect of heavy metal, the
media was amended with 1mM Co”", Ni*" and Mn*" respectively and then spotted with
the candidate cultures. The enzyme production profile was measured as the ability of

individual microorganisms to produce clearing zones.

3.7. Studies of the mechanisms of metal tolerance

3.7.1. Cellular analyses
3.7.1.1. Light microscopy

Wet mounts of bacterial cells were made using acid cleaned glass slides and coverslips.
Bacterial morphology and cell aggregation were observed at 600-X magnification and

photographed with a digital camera.

3.7.1.2. S.EM.-E.D.S.

Scanning Electron Microscopy was carried out for isolates 5.34, 3.53 and 3.713 with Co™,
Ni** and Mn*" amendments. The bacterial cells grown in the presence & absence of 1
mM Co”", Ni*" and Mn*" respectively were harvested by centrifugation at 8000 rpm for
10 min at 4° C after 5 days of incubation. The cell pellet was suspended in 0.85% saline
and a drop was placed on small pieces of coverslip and air dried. The samples were then
sequentially dehydrated in 20, 50, 75 and 90% concentration of acetone for 15 minutes
each, before, finally dehydrating them in 100% acetone for 30 minutes. The samples
were stored in 100% acetone until they were processed for CPD (Critical point drying)
and sputter coated on a spi sputter coater with gold for 30 seconds. The cells were

examined under a JEOL- JSM 5800 LV SEM.
Energy Dispersive X-ray spectrometry (EDS) was carried out on JEOL JSM-5800 at an
accelerating voltage of 20 kV on a small portion of intact cells from the above cultures to
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examine the chemical nature of the metal immobilized by the isolates and in control

samples.

3.7.1.3. EPS staining

The candidate cultures i.e. isolate 5.34, 3.53 and 3./3 grown with and without metal
amendments of ImM Co”", Ni*" and Mn®" respectively were smeared on a slide; air dried
and then hydrated with distilled water. The slide was then flooded with 10 pl of 0.1 %
alcian blue dye in acetic acid having pH 2.5 for 5 min. Dye was washed with running

water; slides were dried and observed under oil immersion microscope (Decho, 1993).

3.7.1.4. Test for siderophores

The chrome azurol sulfonate (CAS) universal assay (Schwyn & Neilands, 1987) was used
since it is comprehensive, exceptionally responsive, and most convenient. The chrome
azurol sulfonate assay agar was used with and without metal amendments. The isolate
5.34, 3.53 and 3.13 grown with and without metal amendments of ImM Co®", Ni*" and
Mn?" respectively were spot inoculated onto the blue agar and incubated at 37 °C for 24
hours. The results were interpreted based on the color change due to transfer of the ferric
ion from its intense blue complex to the siderophore. The sizes of yellow orange haloes

around the growth indicated total siderophore activity.

3.7.2. Proteomic analyses
3.7.2.1. SDS-PAGE

Inoculum was prepared by growing 5.34, 3.53 and 3.13 grown in quarter strength nutrient
broth without metal. They were grown at 28+2°C till mid-exponential phase. This culture
was then used as inoculum for the following experiment. Four flasks of 100 ml quarter

strength nutrient broth were set up for each isolate as follows:
1. Media (unamended) + test organism

2. Media (amended with10 pM metal) + test organism

3. Media (amended with 100 uM metal) + test organism

4. Media (amended with 1000 pM metal) + test organism
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The flasks were incubated for a total of six days. Total protein was extracted from 20 ml
of media immediately after inoculation and also on each subsequent day till six days. The
culture was centrifuged at 6000 rpm for 5 min at 4°C. Protein was extracted from the
pellet with 0.1 ml protein extraction buffer (50 mM Tris-HCI [pH 8.0], 5 mM EDTA [pH
8.0], 0.1% Triton-X 100, 0.01% Lysozyme and 1 mM PMSF pH 8.0) by homogenization
on ice for about 10 minutes using a sterile pestle, followed by sonication (Transsonic
Digital S [Elma]) for 15 minutes at 25°C at ultrasound power of 100%. The reaction
mixture was centrifuged at 6000 rpm for 15 min at 4°C. Supernatant was collected in
sterile microfuge tubes and the protein quantitated by Bradford micro assay method using
a Microplate reader (Synergy 2, BioTek) for measuring absorbance. SDS-PAGE analysis
was carried out as per Laemmli, (1970) on a 12% acrylamide gel. Equal amounts of
protein were loaded into each well. Electrophoresis was performed at 50 V for 15 min
and then at 100V until completion. Gels were stained in 0.15% Coomassie Brilliant Blue.
After destaining, gels were photographed in an Alliance 4.7 Gel doc system. Low Range-
SDS-PAGE standards (BIORAD) were used to determine the molecular weights of
proteins. Protein quantity in each band was determined by taking serum albumin (66.2
kDa) as the reference band. Serum albumin was selected as the reference band based on
the comparative closest quantification value obtained by analysis using UVI Band
software (Version 12.14) with the value recommended by manufacturer. The
quantification of the protein was dependent on the intensity of the reference band and the
relative amount of each protein in other lanes calculated by the processing software. Up
or down regulation of proteins (in percentage) was calculated by taking the corresponding

control protein band as the baseline value.

3.7.3. Genomic analyses

The genetic basis for resistance to metals was studied to evaluate not only plasmid-based
genes but also chromosome-based genes with the premise that metal resistance
mechanisms could also be encoded for by genes for specific resistance which are

chromosome-based.
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3.7.3.1. Screening for plasmids

Screening for plasmids was done using two methods namely alkaline lysis and quantum
prep method. Furthur plasmid curing was carried out to ascertain plasmid borne nature of

genes.

3.7.3.1.1. Using alkaline lysis method

Isolates were screened for plasmids by alkaline lysis method proposed by Sambrook et
al., (1989) as follows:

Isolates 5.34, 3.53 and 3.13 were grown in 25% Nutrient broth amended with 400 ppm
Co™", 400 ppm Ni*" and 600 ppm Mn”", respectively for 24 hrs at 28+ 2 °C. The cells of
the early exponential phase (OD 600 of approximately 1.4) were harvested by
centrifugation at 8000 rpm for 10 minutes at 4 °C. The cell pellets were washed twice
with physiological saline. Eppendorf tubes with 0.4 ml of the cell suspension were
centrifuged at 10,000 rpm at 28+2 °C in a centrifuge for 10 minutes. The supernatant was
discarded. TE buffer (I ml) was added to the above and centrifuged for 2 minutes at 4 °C
at full speed in a microfuge (Genei, Bangalore) and supernatant was removed. Cells were
re-suspended in 25 pl of TE buffer and vortexed vigorously. Lysis buffer, 400 ul (TE
buffer at pH 12.45 with 1.5% SDS), and 100 pl of lysozyme (20 mg ml") were
added.The suspension was mixed by inverting the tube 5-6 times and allowed to stand for
30 minutes at 28+2 °C. The mixture was neutralized by adding 150 ul of 3 M sodium
acetate (pH 4.8) and mixed by inverting the tubes. Diethyl pyrocarbonate (3 ul) was
added to inhibit the nucleases. The suspension was then placed on ice for 1 hour for
complete precipitation of high molecular weight complexes and centrifuged for 15
minutes at full speed. The supernatant was pipetted out into a clean eppendorf tube and 2
volumes of cold ethanol was added, mixed and stored at -20 °C for 2 hours. DNA was
pelleted by centrifuging at full speed for 10 minutes at 4 °C. Ethanol was poured off; the
tube was inverted and air-dried. TE buffer (50 pl) with DNase free RNase (20 ug.ml'l)
was added and mixed. The sample (12 pl) with 3 pl of 6 X gel loading dye was vortexed.
A horizontally submerged 1% agarose gel with ethidium bromide (2 pl in 40 ml agarose)
was prepared as per Peacock & Dingman, (1968) and the above sample loaded with a 500

bp ladder (Genei, Bangalore) as a marker. Electrophoresis was carried out at 100 V for 2
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hours. DNA bands were visualized using UV transilluminator at 320 nms. (All chemicals

and reagent compositions are given in Appendix 1).

3.7.3.1.2. Using quantum prep method (BIO-RAD)

Plasmid DNA was isolated from single colonies of 5.34, 3.53 and 3.1/3 grown in 25%
Nutrient broth amended with 400 ppm Co®’, 400 ppm Ni*" and 600 ppm Mn*"
respectively using plasmid mini prep kit (BIO-RAD, Catalogue no. 732-6100). In brief,
the overnight grown culture was centrifuged at 15,000g for 30 seconds at 4°C. The pellet
was washed by resuspending in sterile water and again centrifuged at 15,000g for 5
minutes at 4°C.The supernatant was aspirated, 200 pl of cell resuspension solution was
added and vortexed. To this 250 ul of cell lysis solution was added and gently mixed by
inverting about 10 times (within 5 minutes). The solution should be viscous and slightly
clear if cell lysis has occurred. Further, 250 pl of neutralization solution was added and
gently mixed by inverting about 10 times (within 10 minutes). The mixture was kept for 5
minutes. A visible precipitate should form. It was then centrifuged at 15,000g for 5
minutes at 4°C. A white pellet was obtained and a clear lysate (supernatant) which has
the plasmid. In a 2 ml fresh Eppendorf tube a spin filter was inserted. The quantum prep
matrix was shaken by repeatedly inverting, so as to ensure it is completely suspended.
The cleared lysate (supernatant) was transferred to the spin filter, 200 pl of the
thoroughly suspended matrix was added to it and mixed. The Eppendorf tube with the
spin filter was centrifuged at 15,000g for 30 seconds at 4°C. The spin filter was removed
from the Eppendorf tube, the filtrate discarded and the filter replaced back in the same
tube. 500 pl of was buffer was added and the matrix was washed by centrifuging at
15,000g for 30 seconds at 4°C. This washing step was repeated twice. The spin filter was
removed and the Eppendorf tube discarded. The spin filter was then placed in a 1.5 ml
collection tube. The plasmid DNA was eluted in 100 pl of de-ionized water by
centrifuging at 15,000g for 1 minute at 4°C. The spin filter was discarded and the plasmid
DNA was stored at -10°C.
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3.7.3.1.3. Agarose gel electrophoresis

Agarose gel electrophoresis was carried out according to standard procedure of Sambrook
et al., (1989). Electrophoresis was performed on horizontal 1% agarose gel slab using
TBE buffer. 10ul of sample was loaded and subjected to electrophoresis at 100V for 2
hrs. DNA bands were visualized using UV transilluminator at 320 nms. Standard

supermix DNA ladder (GENEI: 0.5-33.5 Kb) was also run with the sample.

3.7.3.1.4. Plasmid Curing

The protocol followed was in accordance to Mergeay et al., (1985). 25% Nutrient broth
(5 ml) was inoculated with the organism showing a plasmid i.e. isolate 3./3 at 28°C.
After about 7-8 hrs, 0.1 ml of this broth was transferred to a freshly prepared 10 ml
solution of ethidium bromide [made up of 9 ml of 25% Nutrient broth mixed with 1 ml
ethidium bromide (200 pg/ml), autoclaved separately] and incubated at 28°C for 24 hrs .
Appropriate dilutions were plated on NA to obtain about 120 colonies. These colonies
were picked aseptically and transferred on metal infused plates of NA to which the isolate
showed resistance earlier. The colonies which grew on the metal infused plate would be
those which still showed resistance, while those which were cured would fail to grow on

the plate.

3.7.3.2. Screening for metal tolerance genes for specific resistance
3.7.3.2.1. Isolation of bacterial DNA

DNA was isolated from single colonies of isolates 5.34, 3.53 and 3./3 grown with and
without ImM Co”", Ni*" and Mn®" amendments on quarter strength Nutrient agar plates
at the respective salinities, using bacterial genomic DNA prep kit (Chromous Biotech

RKT11/12).

3.7.3.2.2. Oligonucleotide primer synthesis

The following sequences were used for primer designing - czcC and czcD as reported by
Dell'Amico, (2003); nccA (Abdelatey et al., 2011); nikR (van Vliet ef al., 2002), mrdH
and mreA (Haritha et al., 2009), mnxGI (Francis & Tebo, 2002), mnxGU (Dick et al.,
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2006), smt (Naz et al., 2005) and groEL (Hill et a/., 2010). Primer sequences are given in

Table 4.
No Oligo Sequence (5'->3") Volume Tm M.W. GC-
Name for [°c] [g/mol] | Content
100pmol %
/ul
1 | mnxGIF ACGCATGTCTTTCACTATCATGTTCAT 324 60.4 8175 37
2 | mnxGIR AAATAAGTGGTCATGGAAGAACCATGC 440 61.9 8365 40.7
3 | mnxGUf CAGRTGRATRTGCTGGCCGAT 532 60.8 6494 54.8
4 | mnxGBrl RAAIARRTGTRCRTGRAARAA 72 53.8 6553 31
TTTAGATCTTTTACCACCATGGGCGCAGGTC
5 | czecDF ACTCACACGACC 359 >75 13098 51.2
TTTCAGCTGAACATCATACCCTAGTTTCCTC
6 | czcDR TGCAGCAAGCGACTTC 193 74.7 14284 46.8
7 | nccAF ACGCCGGACATCACGAACAAG 341 61.8 6418 57.1
8 | nccAR CCAGCGCACCGAGACTCATCA 391 63.7 6345 61.9
9 | nikR F1337 | TAGAAGAAATTGGCGCGTCA 480 55.3 6190 45
10 | nikR 1339R | TCACGCCCATGTCATAGAA 497 54.5 5756 47.4
11 | mrdHF CCCGGGATGTCGAGCTTCGCTGAACTG 312 71 8292 63
12 | mrdHR AAGCTTAGGCCGATCCAGCCATGGA 380 66.3 7676 56
13 | mreAF CCCGGGATGAGCGATCACGAACACG 457 69.5 7686 64
AAGCTTTAGAGGTACTTAGTGATTTGCTTG
14 | mreAR AA 490 63.1 9908 34.4
15 | czcCF ACATACCTTGGTGCAATTCGA 336 55.9 6405 42.9
16 | czcCR ATGTTTTATGAATCCCGTCTTACC 470 57.6 7268 37.5
17 | smtl GATCGACGTTGCAGAGACAG 487 59.4 6191 55
18 | smt2 GATCGAGGGCGTTTTGATAA 546 55.3 6212 45
19 | groEL F GACGTCGCCGGTGACGGCACCACCAC 309 74.3 7927 73.1
20 | groELR CGACGGTCGCCGAAGCCCGGGGCCTT 478 >75 7974 76.9
Table 4: Primer sequences.
3.7.3.2.3. Amplification reaction
All the kits and chemicals/enzymes used were from Bangalore Genei, India.
PCR mix was setup as follows:
DNA template (~25 ng): 2.0 pul
Taq Buffer A (1X): 5 pl
dNTP mix (200 uM) : 0.4 pul
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MgCl, (1.5 mM): 3 pl

Forward Primer (0.3 pmole/ pul): 1.5 pl

Reverse Primer (0.3 pmole/ pl): 1.5 pl

Taq DNA polymerase enzyme (2 U): 0.4 pul

Sterile distilled water: to make up the volume to 50 pl.

Chapter 3: Materials and Methods

PCR programs used for amplification are given in Table 5.

Gene Cycles | Pre Run | Denaturing | Annealing Elongation Final Final Hold
Temp/ Temp./time | Temp./time Temp./time Extension  [Temp./time
Time Temp./time

95° C/

mnxGI 30 3min 94° C/30 sec | 45° C/30 sec 60° C/1 min 72° C/15 min 4° C/o
95° C/

mnxGU 30 3min 94° C/30 sec | 45° C/30 sec 60° C/1 min 72° C/15 min 4° C/o
95° C/

czcC 35 Smin 94° C/30 sec | 57°C/1 min | 72° C/1.5 min 72° C/3 min 4° C/o
95° C/

czeD 35 Smin 94° C/30 sec | 57°C/1 min | 72° C/1.5 min 72° C/3 min 4° Cloo
95° C/

nccA 35 Smin 94° C/30 sec | 57°C/1 min | 72° C/1.5 min 72° C/3 min 4° C/o
95° C/

nikR 30 3min 95° C/45sec | 62° C/1 min 72° C/2 min 72° C/5 min 4° C/o
95° C/

mrdH 40 60 sec 95° C/20 sec | 56° C/20sec | 68° C/20 sec - 4° C/o
95° C/

mreA 40 60 sec 95° C/20 sec | 56° C/20sec | 68° C/20 sec - 4° C/o
95° C/

smt 35 Smin 94° C/1 min | 56° C/1 min 72° C/1 min 72° C/5 min 4° Clo
95° C/

groEL 40 3 min 94° C/1 min | 37° C/2 min 72° C/5 min 72° C/10 min 4° C/oo

Table 5: PCR programs used for amplification.

3.7.3.2.4. Agarose gel electrophoresis

Agarose gel electrophoresis was carried out according to standard procedure of Sambrook

et al., (1989). Electrophoresis was performed on horizontal 0.8% agarose gel slab using

TBE buffer. The amplified product was quantified using a Nanodrop spectrophotometer

and the samples were equilibrated so as to get a final concentration of 25 ng/ pl. 10 pl of

sample was loaded per well and subjected to electrophoresis at 100 V for 2 hrs. Low
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range and broad range DNA markers (BIORAD) were used. DNA bands were visualized
and photographed in an Alliance 4.7 Gel doc system.

3.7.4. Metal bioremediation experiments

The glassware were washed in 2 N HNO; and rinsed several times with sterile de-ionized
water before use to avoid metal contamination. To quantify immobilization of Co**, Ni*"
and Mn*" by whole cells of strain 5.34, 3.53 and 3.13, the experiment was carried out in
15 ml screw capped test tubes with metal amendments of 10, 100, 1000 and 5000 uM in
25% nutrient broth at a salinity of 20, 100 and 200 psu respectively Controls for each
metal concentration, but without cells were included to correct for chemical oxidation and
loss of metal due to adsorption on glassware. The experimental tubes containing 10 ml
media were inoculated in triplicate to give an initial cell count of 2-4 x 107 cells ml ™.
The tubes were incubated at 2842°C in the dark. Samples (I ml) were removed
immediately after inoculation and after 10 days of incubation for determining the total
count, wet weight of biomass and metal concentration in the liquid phase. Metal
concentration was determined by atomic absorption spectrophotometer (AAS; GBC 932
AA model) equipped with deuterium background corrections. Blank corrections were

applied wherever necessary. All the acids used were procured from Merck.
3.8. Statistical tools

Data obtained was compared using Student’s t-test with 95% significance using SPSS
software (Version 20 for Windows). Mean, Analysis of Variance (ANOVA), and
Correlation coefficient were done using the statistical package of Microsoft Office Excel
2007 and PCA with Tanagra version 1.4.17. Guidelines for interpretation of statistical
data were obtained from Bailey, (2004).
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4.1. Physico-chemical parameters

The physico-chemical parameters of the Ribandar saltern were monitored monthly during
the salt-making season and during the representative months of the non salt-making
season. The parameters measured in the overlying saltern water were temperature,
salinity, Eh, pH, dissolved oxygen, nitrites, nitrates, ammonium, phosphates, sulfates,
sulfides and trace metals. Analysis of the sediment characteristics were restricted to
determination of temperature, pH, Eh, sulfides, total organic carbon (TOC), total organic
nitrogen (TON), grain size and trace metals. Pore water was collected by centrifugation

and analyzed for salinity, nitrites, nitrates, ammonium, phosphates and sulfates.

4.1.1. Hydrological parameters

4.1.1.1. Temperature

It was observed that during the salt making season the saltern water showed a gradual
increase in temperature until the peak salt-making season i.e. the month of April, after
which it dropped (Fig. 4). The lowest temperature recorded was in the non salt-making
season, after the monsoon season, in the month of November (Table 6). During the salt-
making season the temperature ranged between 22.2+1.6 to 32+1.2°C
(Mean=26.6+3.6°C) and during the non salt-making season between 23+1.8°C and
30£1.9°C (Mean=26.5+4.9°C) (Fig. 5). The seasonal variation in temperature was not
significant (t=0.037, df=5, p>0.05) (Appendix 3.1, Table 1).

4.1.1.2. Salinity

Variation in salinity in the water was prominent, ranging from 46+8 to 285+9 during the
salt-making season (Fig. 6); and 10£1 to 2742 during the non salt-making season (Table
6). The highest salinity encountered in the water was in the month of April during the
peak salt-making. However in May there was a sudden drop in salinity to 46+8. The
seasonal average salinity during salt-making season was 201497 and during non salt-
making season it was 19+12 (Fig. 7). The variation in salinity between seasons was

significant (t=2.511, df=5, p<0.1) ata 10 % level (Appendix 3.1, Table 1).
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Table 6: Hydrological parameters during the non salt-making season

(Mean £ SD).

HYDROLOGICAL PARAMETERS OF NSMS

Nov’ 07 Aug’ 08
Temperature (°C) 23 +1 .8 30 £1.9
Salinity (psu) 27 £2 10 +1
pH 8.3 0.3 8.5 £0.2
Eh (mv) 162.7 £37.2 258 +18
Dissolved oxygen (mlL™) 3+04 43 +0.5
Sulphate (g!I™) 0.35 £0.1 0.46 0.2
Sulphide (mg 1) 151 £0.4 3.03 £0.5
Nitrate (um) 0.09 0 0.22 £0.01
Nitrite (uM) 0.24 0.21
Ammonium (um) 8.19 £6.26 5.82 +5.27
Phosphate (um) 1.66 +0.54 6.66 +1.95
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Figure 6: Monthly variation in salinity of saltern water during the salt-making
season.
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4.1.1.3. pH and Eh

In the overlying water, the pH varied between 7.0+0.3 to 8.5+0.2. Surprisingly, the non
salt-making season was relatively the more alkaline period (Table 6) compared to the
salt-making season (Fig. 8). The average pH during the salt-making season was 7.4 and
during the non salt-making season it was 8.4 (Fig. 9 A). The variation in pH between the

salt-making season and non salt-making season was significant at a 5% level (t= -3.555,

df=5, p<0.05) (Appendix 3.1, Table 1).

Eh was minimum in the water during the salt-making season (43.2+4.3 mV) (Fig. 8) and
maximum during the non salt-making season (258.2+18 mV) (Table 6). Seasonal
variation in Eh is shown in Fig. 9 B. The seasonal variation in Eh was statistically

significant at 5% level (t=-4.001, df=5, p<0.05) (Appendix 3.1, Table 1).

4.1.1.4. Dissolved Oxygen

The dissolved oxygen values in the overlying water ranged from a minimum of 1.0£0.2
(Fig. 10) during the salt-making season to a maximum of 4.3+0.5 ml L™ (Table 6) during
the non salt making-season. The seasonal trend of average dissolved oxygen in the saltern
water was 2.1+1 ml L™ during the salt-making season, while it was 3.7+ 1 ml L™ during

the non salt-making season (Fig. 11).

4.1.1.5. Nitrite
Nitrite concentrations during the salt-making season varied between 0.3 to 0.9 uM (Fig.
12). The average concentration in the water during the salt-making season was 0.5+0.3

uM, whereas it was 0.2+0.1 uM during the non salt-making season (Fig. 13).

4.1.1.6. Nitrate
Nitrate levels showed a trend similar to nitrite with values ranging from 0.3 to 2.9 uM
during the salt-making season (Fig. 12). The average value recorded in the salt-making

season was 1.2+1.2 uM while it was 0.7+0.6 pM during the non salt-making season (Fig.
13).
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4.1.1.7. Ammonium

The ammonium levels during the salt-making season varied between 2.8+1.0 to 20.4+1.8
uM (Fig. 12). Even though the average ammonium levels between the two seasons
appeared almost similar during the salt-making season (7.5£0.9 uM) and the non salt-
making season (7+5.8 pM), the salt-making season showed an unusual peak in May (Fig.

13).

4.1.1.8. Phosphate

During the salt-making season, the phosphate concentration varied greatly between
1.5+£0.2 to 20.8+1 pM (Fig. 14). The seasonal average was higher during the salt-making
season at 9.3+8.1 uM, compared to the non salt-making season (mean 3.4+£2.4 pM) (Fig.
15).

4.1.1.9. Sulphate

The sulphate concentration during the salt-making season varied between 0.6+0.2 to
1.1£0.3 g I"' (Fig. 16). The average during the salt-making season was 0.8+0.2 g "' and
during the non salt-making season it was 0.4+0.1 g I (Fig. 17). The seasonal variation in
sulphate was significant with a 5% probability of error (t=2.986, df=5, p<0.05)
(Appendix 3.1, Table 1).

4.1.1.10. Sulphide
The concentration of sulphide in the water during the salt-making season varied from
1.1£0.5 to 6.4£1.9 mg I (Fig. 16). On an average the concentration was 3.2+2 mg I

during the salt-making season and 2.3+1.1mg 1" during the non salt-making season (Fig.
18).

4.1.2. Sediment geochemistry
4.1.2.1. Temperature

The average temperature in the saltern sediment during the entire sampling period
irrespective of season was 28.8+4°C at a depth of 0-5 cm and 29.14+4°C at a depth of 5-10

cm. Student t-test did not show significant fluctuation depth wise (Appendix 3.1, Table
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2). During the salt-making season the temperature ranged from 2441.1°C to 35£1.7°C at
a depth of 0-5 cm and was similar at 24.2+0.9 to 35.7+1.4°C at a depth of 5-10 cm (Fig.
19 A and B), whereas during the non salt-making season the temperatures were slightly
lower, with the minimum temperature being 24.4+1°C and the maximum 30.1£0.5°C
at a depth of 0-5 cm; while at 5-10 cm depth the minimum was 24.6+1.7 whereas the
maximum was 30.2+0.9°C (Table 7).

Variations in seasonal average in temperature were not very conspicuous. The average
temperature encountered during the salt-making season was 29.6+3.8°C, whereas in the
non salt-making season it was slightly less at 27.343.3°C (Fig. 20). t-test did not show
significant variation in sediment temperature profiles between seasons when checked

separately for each depth as well as with depth integration (Appendix 3.1, Table 2).

4.1.2.2. pH

The average pH in the saltern sediment appeared to be slightly on the acidic side with a
value of 6.7 at 0-5 cm and 6.5 at 5-10 cm when analysed irrespective of season.During
the salt-making season the pH ranged between 6.4 to 6.5 at a depth of 0-5 cm and 5.7 to
6.6 at a depth of 5-10 cm (Fig. 21 A and B), whereas during the non salt-making season
at a depth of 0-5 cm, the minimum pH recorded was slightly higher at 7 and the
maximum was 7.4; and at 5-10 cm, the minimum pH recorded was 6.7 and the maximum
was 7.2 (Table 7). Variations in pH were discernible between seasons (Fig. 22). At 0-5
cm the seasonal variation was significant at a 1% level (t=-6.487, df=5, p<0.01) and at 5-
10 cm it was at 10% level (t= -2.348, df=5, p<0.1). Depth integrated t-test showed a
seasonal variation in pH significant at 1% (t= -4.379, df=12, p<0.01) (Appendix 3.1,
Table 2).

ANOVA showed a highly significant variation in pH between the sediment and the water
(df=2, F=12.492, p=0.000) (Appendix 3.2, Table 1A). Further the Post Hoc multiple
comparison Bonferroni test, showed that the significance was 0.004 (p<0.01) between 0-5
cm sediment layer and water; and it was 0.001 (p<0.01) between 5-10 cm sediment and

water (Appendix 3.2, Table 1B).
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Figure 19: Variation in temperature of saltern sediment at a depth of (A) 0-5 cm and
(B) 5-10 cm during salt-making season.



Table 7: Sediment geochemistry during the non salt-making season (Mean + SD).

SEDIMENT GEO- CHEMISTRY IN NSMS

Depth
(cm) Nov ‘07 Aug ‘08
Temperature (°C) 0-5 24.4+1 30.1+£0.5
5-10 246+1.7 30.2+0.9
pH 0-5 7+0.1 7.4+0.11
5-10 6.7 £0.04 7.2+0.04
Eh (mv) 0-5 28.1+10.8 72.4+16
5-10 27.9+10.8 45.6 +10.5
TOC (%) 0-5 14+0.4 8.2+0.8
5-10 7+0.6 8.1+1.1
TON (%) 0-5 0.3+0.03 0.4 +0.04
5-10 0.5+0.04 0.4+0.02
Sulphide (ugg™) 0-5 10.2+1.8 13.5+6.3
5-10 16+6.3 16.6 + 0.9
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Figure 20: Seasonal variation in temperature of saltern sediment.
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Figure 21: Variation in pH and Eh of saltern sediment at a depth of (A) 0-5 cm and
(B) 5-10 cm during salt-making season.
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Figure 22: Seasonal variation in pH and Eh of saltern sediment.
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4.1.2.3. Eh

Seasonal variation in Eh is shown in Fig. 22. During the salt-making season the Eh varied
between -10.3+10.2 to 27.4+16 mV at 0-5 cm depth and between -10.842.7 to 27.6+10.6
mV at 5-10 cm (Fig. 21 A and B). Even though the reducing conditions increased slightly
with depth, statistically the variation was not significant (t=0.375, df=12, p=0.714)
(Appendix 3.1, Table 2). During the non salt-making season the minimum Eh recorded
was 28.1£10.8 mV, and the maximum was 72.4+16 mV at a depth of 0-5 cm; and at 5-10
cm the minimum Eh recorded was 27.9+10.8 mV and the maximum was 45.6+10.6 mV
(Table 7).

Eh was minimum in the salt-making season (-29.5+4.7 mV) and maximum during the
non salt-making season (72.4£16.0 mV). Thus the most oxidizing conditions prevailed
during the non salt-making season, while the sediment was most reducing during the salt-
making season (Fig. 22). The seasonal variation was marginally significant at 10% level
for 0-5 cm (t= -2.337, df=5, p<0.1) and 5% for 5-10 cm depth (t= -2.760, df=5, p=0.05)
respectively. However, when the t-test was done on the depth integrated Eh, the

significance increased to 1% (t=-3.323, df=12, p<0.01) (Appendix 3.1, Table 2).

ANOVA showed that irrespective of the season, there was significant variation in Eh
between the sediment and the water (df=2, F=9.789, p=0.001) (Appendix 3.2, Table 1A.
Post Hoc test showed that the significance was 0.005 (p<0.01) between 0-5 cm depth and
water; and 0.003 (p<0.01) between 5-10 cm depth and water (Appendix 3.2, Table 1B).

4.1.2.4. Sulphide

Though soluble sulphide is a highly volatile and unstable ion in the seawater and is rarely
detected, in this study attempts were made to measure this parameter. The distribution of
sulphide in the sediments at different depths is shown in Fig. 23 A and B. The
concentration varied from 10.3+1.8 to 49.8426.3 pg g’ (Mean=29.1+15.3 pg g') at a
depth of 0-5 cm, whereas at 5-10 cm depth it varied from 13.4+2.5 to 48.6+20 pg g'1
(Mean=22.9+11.9 pg g™).

The average sulphide concentration in the sediment during the salt-making season was

30.8+ 13.2 ug g (Fig. 24) whereas during the non salt-making season it was 14.1+ 2.9
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Figure 23: Variation in sulphide concentration in the saltern sediment at a depth of
(A) 0-5 cm and (B) 5-10 cm during salt-making season.
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Figure 24: Seasonal variation in sulphide concentration of saltern sediment.



Chapter 4: Results

ng g'. Seasonal variation in the level of sulphide was significant only at a depth of 0-
Sem (t=2.687, df=5, p<0.05). However, depth integrated t-test showed a seasonal
variation in sulphide significant at 5% (t=2.447, df=12, p<0.05) (Appendix 3.1, Table 2).

ANOVA showed that irrespective of the season, there was a significant difference in
sulphide concentrations between the sediment and the overlying water. The difference
was highly significant between 0-5 cm layer of the sediment and the overlying water

(df=2, F=10.354, p=0.001) (Appendix 3.2, Table 1A and B).

4.1.2.5. Total organic carbon

The total organic carbon was measured only in the sediments. Irrespective of season, the
average TOC was 3.2+2.3% at 0-5 cm and 4.8+2.2% at 5-10 cm. During the salt-making
season the TOC ranged between 2.0+1.0% to 3.3+0.4% at a depth of 0-5 cm and
2.2+0.2% to 5.7£0.7% at a depth of 5-10 cm (Fig. 25 A and B), whereas during the non
salt-making season the minimum TOC recorded was slightly higher at 1.44+0.4% and the
maximum was 8.2+0.8% at a depth of 0-5 cm ;and at 5-10 cm the minimum TOC
recorded was 7.0+0.6% and the maximum was 8.1£1.1% (Table 7). Changes in
concentration of organic carbon showed seasonal variations. Seasonal average values in
total organic carbon were 3.2+1.2% during the salt-making season and 6.1+£3.2% during
the non salt-making season. According to t-test this difference was significant with a 5%

probability of error (t=-2.623, df=12, p<0.05) (Appendix 3.1, Table 2).

4.1.2.6. Total organic nitrogen

The measurements of total organic nitrogen were also restricted to the sediment. During
the salt-making season the TON ranged between 0.1% to 0.2% at a depth of 0-5 cm and
0.1% to 0.4% at a depth of 5-10 cm (Fig. 26 A and B), whereas during the non salt-
making season the minimum TON recorded was slightly higher at 0.3% and the
maximum was 0.4% at a depth of 0-5 cm; and at 5-10 cm the minimum TON recorded
was 0.4% and the maximum was 0.5% (Table 7). Analysis of TON at a depth of 0-5cm
indicated that on an average it was 0.2+0.1%, and at 5-10 cm depth it was 0.3+0.1%.
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Figure 25: Variation in TOC of saltern sediment at a depth of (A) 0-5 cm and (B)
5-10 ¢cm during salt-making season.
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Figure 26: Variation in TON of saltern sediment at a depth of (A) 0-5 cm and (B) 5-
10 cm during salt-making season.
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Season wise analysis showed that the average total organic nitrogen ranged from 0.2%
during the salt-making season to 0.4% during the non salt-making season. These seasonal
variations in TON were statistically significant (t=-5.807, df=5, p<0.01) at1% level at 0-
S5cm depth and it was at a 5% level (t= -2.658, df=5, p<0.05) at 5-10 cm depth. The
significance increased when t-test for depth integrated sediment was computed (t=-4.450,

df=12, p<0.001) (Appendix 3.1, Table 2).Variation in C: N ratio is shown in Fig. 27.

At the beginning of salt-making the C: N ratio was highest at depth of 0-5 cm, whereas at
the end of salt-making it was higher at 5-10 cm.

4. 1.3. Sediment pore water chemistry

4.1.3.1. Salinity

Salinity was the most widely varying parameter during the study period in this area.
Irrespective of season, pore water of the sediment registered a lower salinity than that of
the overlying water. Salinity in the pore water during the salt-making season ranged from
3242 to 148+2 at 0-5 cm depth, while it was 23£1 to 132+3 at a depth of 5-10 cm (Fig.
28). During the non salt-making season the minimum salinity recorded at a depth of 0-5
cm was 10+1 and the maximum was 19+1; and at 5-10 cm the minimum was 10+2 and
the maximum was 13£1 (Table 8). Seasonal variations of salinity showed a well defined
pattern with minimal salinity during the non salt-making season and the salinity gradually
increasing during the salt-making season (Fig. 29). During salt-making season, the
salinity values were higher with an average of 108+45 at 0-5 cm, and 73440 at 5-10 cm.
During the non salt-making season the trend was reversed with the average salinity
dropping to 15+6 in the 0-5cm core section and 1242 in the 5-10 cm core. t-test indicated
a significant seasonal variation in salinity in the 0-5 cm sediment core between the salt-
making season and the non salt-making season which was significant at 5% level
(t=2.762, df=5, p<0.05), while the variation was significantly less at 5-10 cm (t=2.096,
df=5, p<0.1). t-test for depth integrated sediment showed a highly significant seasonal
variation in salinity (t=5.531, df=12, p<0.001) (Appendix 3.1, Table 2).
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Table 8: Sediment pore water chemistry during the non salt-making season

(Mean %= SD).

SEDIMENT PORE WATER CHEMISTRY IN NSMS

Depth Nov '07 Aug '08
Salinity (psu) 0-5 19 +1 10 +0.6
5-10 13 £1.2 10 £1.5
Sulphate (g™ 0-5 1.1+0.3 0.5+0.22
5-10 1.9+£0.07 0.4+0.02
Nitrate (uM) 0-5 0.6 £0.02 1.1 £0.53
5-10 1.3 +0.07 1.6 £0.56
Nitrite (um) 0-5 0.5 +0 0.4 £0.02
5-10 03 +0 0.4 £0.02
Ammonium (uM) 0-5 42.7 +20.9 24.1 £4.25
5-10 91.2 +7.03 47.6 £5.12
Phosphate (uMm) 0-5 12.1 +0.28 12.7 +9.59
5-10 5.2 £0.22 3.3 £1.85
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Figure 28: Variation in salinity of pore water at a depth of (A) 0-5 cm and (B) 5-10
cm during salt-making season.
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Figure 29: Seasonal variation in salinity of pore water.
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4.1.3.2. Nitrite

The distribution of nitrite in the sediments during the salt-making season at different
depths is shown in Fig. 30 A and B. Irrespective of season the average nitrite in the pore
water at 0-5 cm depth was 0.4+0.1 uM and at 5-10 cm depth it was 0.4+0.1 uM. During
the salt-making season the nitrite ranged from 0.2 to 0.4 uM at 0-5 cm depth, while it was
0.3 to 0.5 pM at a depth of 5-10 cm. During the non salt-making season the minimum
nitrite concentration recorded at a depth of 0-5cm was 0.4 pM and the maximum was 0.5
uM; and at 5-10 cm the minimum was 0.3 uM and the maximum was 0.4 uM (Table 8).
Seasonal average nitrite concentration in pore water was 0.3+£0.1 uM in the salt-making

season and 0.4+0.1 uM in the non salt-making season respectively (Fig. 31).

4.1.3.3. Nitrate

The nitrate levels at different depth intervals during the salt-making season are shown in
Fig. 30 A and B. Levels of nitrate in the sediment pore water varied between 0.6 to
3.6£0.2 uM. Irrespective of season the average concentration obtained at 0-5 cm depth
was 1.740.9 pM and at 5-10 cm it was 1.9+0.8 uM. There was no significant variation
between depths. During the salt-making season the nitrate ranged from 0.9 to 3.0 uM at
0-5 cm depth, while it was 1.4 to 3.6 uM at a depth of 5-10 cm. During the non salt-
making season the minimum nitrate concentration recorded at a depth of 0-5 cm was 0.6
UM and the maximum was 1.1 uM; and at 5-10 cm the minimum was 1.3 puM and the

maximum was 1.6 uM (Table 8).

The mean value of nitrate during the salt-making season was 2.1+0.8 uM and 1.1+£0.4 uM
during the non salt-making season (Fig. 31). t-test showed that the seasonal variation
was significant at 5% only at a depth of 0-5 cm (t=2.691, df=5, p<0.05). The depth
integrated average showed a variation between seasons which was significant at 10%

(t=2.105, df=12, p<0.1) (Appendix 3.1, Table 2).

4.1.3.4. Ammonium
Average ammonium concentration in pore water at 0-5 cm was 36.1+12.8 uM, whereas at
5-10 cm it was 54.5£17.9 uM irrespective of season. However during the salt making

season the concentrations varied between 22 to 59 uM at a depth of 0-5 cm and 38 to 64
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Figure 30: Variation in nitrite, nitrate and ammonium of pore water at a depth of
(A) 0-5 cm and (B) 5-10 cm during salt-making season.
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Figure 31: Seasonal variation in nitrite, nitrate and ammonium of pore water.



Chapter 4: Results

at a depth of 5-10 cm (Fig. 30 A and B). An exceptionally high reading of 91.2 pM was
noted at a depth of 5-10 cm during the non salt-making season, just after the monsoons
(Table 8). t-test showed that the variation between depths was significant (t= -2.202,
df=12, p<0.05) (Appendix 3.1, Table 2). A comparison of the ammonium levels during
the salt-making season and non salt-making season showed that the averages were
42.94+12.8 and 51.4+28.4 puM respectively (Fig. 31). ANOVA showed a significant
variation in ammonium between the sediment and the water (df=2, F=22.352, p=0.000)
(Appendix 3.2, Table 1A). Further the Post Hoc multiple comparisons Bonferroni test,
showed that the significance was 0.002 (p<0.01) between 0-5 cm sediment layer and
water; and it was 0.000 (p<0.001) between 5-10 cm sediment and water (Appendix 3.2,
Table 1B).

4.1.3.5. Phosphate

Irrespective of season the sediment pore water phosphate levels varied between 1.6+0.1
and 12.7£9.6 puM. At a depth of 0-5 cm the average value obtained was 6.9+4.5 pM and
at 5-10 cm it was 4.5£2.5 uM. This depthwise variation was not significant statistically.
The variations in phosphate concentration at 0-5 and 5-10 cm during the salt-making
season are shown in Fig. 32 A and B; and during the non salt-making season is given in
Table 8. The mean phosphate concentration recorded in the pore water during the salt-
making season was 4.7£2.8 uM and during the non salt-making season it was 8.3 £4.8
uM (Fig. 33). t-test showed that the seasonal variations in phosphate levels were
significant at a depth of 0-5 cm (t= -3.389, df=5, p<0.05), but not at 5-10 cm (t=0.177,
df=5, p=0.866). The depth integrated average showed a significant seasonal variation (t=
-1.811, df=12, p<0.1) (Appendix 3.1, Table 2).

4.1.3.6. Sulphate

Irrespective of season the average sulphate concentration ranged from 2.2+1.4 g I in the
0-5 cm sediment to 1.6+0.7 g I'' in the 5-10 cm depth. During the salt-making season the
minimum concentration recorded at a depth of 0-5 cm was 1+£0.2 g I"" and the maximum
was 4.1£0.1 g I"'; at 5-10 cm the minimum concentration was 1.3+0.2 g I and the

maximum was 2.2+0.1 g 1" (Fig. 34 A and B). The minimum and maximum values
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Figure 32: Variation in pore water phosphate at a depth of (A) 0-5 cm and (B) 5-10
cm during salt-making season.
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Figure 33: Seasonal variation of phosphate in pore water.
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10 cm during salt-making season.



Chapter 4: Results

obtained during the non salt-making season are given in Table 8. The mean sulphate
concentration recorded during the salt-making season in the pore water was 2.3+1.0 g I
and during the non salt-making season it was 1.0+0.8 g "' (Fig. 35). Seasonal variation in
sulphate level was only evident at a depth of 0-5 cm in the sediment. The variation was
found to be significant at a 5% level. Depth integrated t-test also showed a seasonal
variation in sulphate significant at 5% (t=2.253, df=12, p<0.05) (Appendix 3.1, Table 2).
ANOVA computed for a comparison of the sulphate concentrations between the sediment
and water, irrespective of the season, showed that the variations in sulphate level were
statistically significant between the 0-5 cm depth and water at 5% level. (Appendix 3.2
Table 1A and B).

4.2. Sediment granulometry

4.2.1. Grain size analyses (Sand, silt and clay)

The distribution of sand, silt and clay showed that both 0-5 and 5-10 cm were dominated
by clay at 62 and 54% respectively. The sand fraction amounted to 25 and 31% at 0-5 and
5-10 cm respectively, whereas silt contributed 13 and 15% in both the 0-5 and 5-10 cm
sediment fractions respectively (Fig. 36 A and B).

The seasonal variation in sand, silt and clay was significant at 1%, 5% and 5%
respectively (Appendix 3.1, Table 2). The abundance and distribution of sediment
components revealed that the saltern sediment was clayey in nature, clay percentage
being highest during the salt-making season (Mean= 64+8.9 %, n=30). During the non
salt- making season, there was a shift in the distribution with sand being the dominant
component (mean= 48.4+25.1 %, n=12). The percentage of silt was highest during the
salt-making season at 19.6+0.5 % (mean=16.1+ 1.2%, n=30), while the average

percentage during the non salt-making season was 9.7+6.2 (Fig. 37).
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Figure 35: Seasonal variation of sulphate concentration in pore water.



Sediment depth (0-5 cm)
@Sand %
() BSilt %
> ‘ l ‘ ‘ BClay%
c
(]
o
(V]
o 1
v/
Q/, Fe
5 Mo 4 L
Y
Months
Sediment depth (5-10 cm)
BSand %
o 12% mSilt %
© 0,
..d:.; 60 ‘ B Clay%
o 40
S 20
0
¥/
a9 Ky
6 W,
& A, 4’81,
Months

Figure 36: Variation in sand, silt and clay in the sediment during the salt-making
season at a depth of (A) 0-5 cm and (B) 5-10 cm.
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Chapter 4: Results

4.3. Analyses of major and trace metals
4.3.1. Analyses of saltern water

Monthly variations of Fe, Mn, Ni, Co, Zn, Cd and Pb in the overlying water during the
salt making season are shown in Fig. 38. A common trend noticeable for all the metals

tested was that they displayed higher concentrations in the months of February and April.

The average value for Fe during salt-making season was 5.843 ppm and during non salt-
making season it was 3.5£3.4 ppm, whereas the average value of Mn during the salt-

making season was 1.6 ppm and for non salt-making season it was lower at 1.440.3 ppm.

Ni concentrations recorded were 0.5 + 0.3 ppm for the salt-making season and 0.5 £ 0.6

ppm for the non salt-making season.

The trend, however, was reversed with Co concentration showing a lower seasonal
average of 0.9+0.6 ppm for the salt-making season compared to the non salt-making

season average value of 1.3+1.4 ppm.

Zn concentrations were similar to Co, with a seasonal average of 0.9+0.4 ppm for the

salt-making season and 1.5+1.3 ppm for the non salt-making season respectively.

The saltern water showed low levels of Cd between 0.01 and 0.02 ppm, whereas Hg was

below detection limits in all the samples analysed.

Irrespective of season, the average values recorded in water were 4.6+3.2 ppm Fe;
1.5£0.1 ppm Mn; 0.5+£0.5 ppm Ni; 1.1£1.0 ppm Co; 1.2+0.84 ppm Zn; 0.01+0.01 ppm
Cd and 0.26+0.08 ppm Pb. The order of concentration of metals found in the water was
Fe>Mn>Zn>Co> Ni>Pb>Cd. Analysis of the concentration of metals in the saltern water
showed that it increased several fold in the salt-making season compared to the non salt-
making season. However, statistically this variation in concentration of metals between

seasons was not found to be significant (Appendix 3.1, Table 3A).
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4.3.2. Analyses of saltern sediments

The concentrations of 8 metals- Fe, Mn, Ni, Co, Zn, Pb, Cd and Hg were estimated from
the sediments. The data presented in Fig. 39 shows the variation in concentrations of
metals in the sediment, with depth as well as with season. Student t-test showing

statistical variation in metals between depths and between seasons is given in Appendix

3.1, Table 3B.

Irrespective of season, at a depth of 0-5 cm the values of Fe ranged from 15.2 to 32.3 %
(mean 23.8+6.5 %) and at a depth of 5-10 cm it was between 14.5 to 39.3 % (mean
23.5+8.2 %) respectively. No significant variation in the concentration of Fe was
discernible between depths. However when a seasonal analysis was carried out, the depth
integrated average concentration of Fe during the salt-making season was 26.3+6.7 %,
whereas it was much lower during the non salt-making season (Mean=17.2+2.7 %). A

significant seasonal variation was evident at a 5% level (t=2.565, df=12, p<0.05).

A similar trend was observed with Mn, with values in the sediment ranging from 0.6 to
1.1 % (mean=0.8+0.2 %) at a depth of 0-5cm and 0.4 to 1% (mean=0.84+0.2 %) at a depth
of 5-10 cm irrespective of season. Seasonal analysis revealed that the depth integrated
average concentration of Mn during the salt-making season was 0.8+0.2 %. However the
concentration was lower during the non salt-making season (Mean=0.6+0.2 %).
Statistically, the seasonal variation was significant at a 5% level (t=2.601, df=12,

p<0.05).

In the sediment, Ni concentration obtained at 0-5 cm depth was between 19.6 to 60.3 ppm
(Mean=41.7+14.2 ppm) and at 5-10 cm it was between 253 to 64.4 ppm
(Mean=46.8+13.2 ppm). Seasonal analysis of the concentration of Ni in the sediment
during the salt-making season showed an average of 51+8.3 ppm whereas during the non
salt-making season it was 27.5£7.3 ppm. t-test for depth integrated sediment showed a
significant seasonal variation at a 0.1% level (t=4.896, df=12, p<0.001) , which was seen
both at a depth of 0-5 cm (t=3.731, df = 5, p <0.05) as well as at 5-10 cm (t=3.054, df=5,
p<0.05).
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An analysis of the depth wise concentration of Co, showed that at 0-5 cm depth it varied
between 21 to 38.7 ppm (Mean=30.9+5.4 ppm) and at 5-10 cm it was between 21 to 53.3
ppm (Mean=35.7£13.7 ppm). The seasonal average Co concentrations obtained in the
sediment during salt-making season and non salt-making season were 35.2+10.6 ppm and
24.848.9 ppm respectively. The salt-making season showed a slightly higher value
compared to the non salt-making season. However, statistically the variation was not

found to be significant.

A depth wise analysis of Pb concentration at 0-5 cm depth showed a variation between
0.8 to 3 ppm (Mean=2.1+£0.7 ppm) and at 5-10 cm it was between 1.1 to 3.7 ppm
(Mean=2.6+0.9 ppm). Depth integrated average of Pb varied between 2.6+0.7 ppm and
1.7+1 ppm during the salt-making season and non salt-making season respectively.

Statistically, it was significant at a 10% level (t=1.847, df=12, p<0.1).

Zn concentrations obtained at 0-5cm were between 27.3 and 97.3 ppm (Mean=57.4+27.3
ppm) and at 5-10 cm between 31 to 83.3 ppm (Mean=57.4+22.1 ppm). Seasonal analysis
of Zn concentrations revealed that the mean during salt-making season was 62.8+23.6
ppm, whereas during the non salt-making season the mean was 44.1+£21.6 ppm. Seasonal
variation was visible only in the 0-5 cm layer of the sediment (t=2.660, df=5, p<0.05).
Depth integrated average values did not show any seasonal variation (t=1.368, df=12,

p=0.196).

Cd levels in the sediment at both the depths were steady between 0.04 to 0.07 ppm
irrespective of the season. Therefore neither was there any notable variation between

depths nor between seasons.

Concentration of metals in the sediment exhibited a decreasing trend in the order
Fe>Mn>Zn>Ni>Co>Pb>Cd>Hg irrespective of the season. An overview of the mean
depth integrated metal concentrations in the sediment, for both the seasons showed
17.2+2. 8 to 26.3+6.7 % Fe; 0.6+0.2 to 0.9+0.2 % Mn; 27.6+7.3 to 51+8.3 ppm Ni;
28.4+8.9 to 35.2+10.6 ppm Co; 44.0+£21.6 to 62.8+23.6 ppm Zn; 0.06+0.01 ppm Cd,
1.7£1.0 to 2.6+0.7 ppm Pb and below detection limit Hg.
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4.3.3. Sediment quality assessment

The sediment quality of the saltern was assessed using various indices such as

geoaccumulation index, contamination factor and pollution load index.

Geoaccumulation index (I,,):

L,e, for all the metals under study in the salt-making season (with metal values from the
non salt-making season as background values) were computed based on Miiller, (1979)
for both the seasons. The background values (B,) used for computing I, for each metal
at a depth of 0-5 and 5-10 cm, respectively, were 15.2 and 14.5 % for Fe, 0.6 and 0.4 %
for Mn, 19.6 and 25.3 ppm for Ni, 21 ppm for Co at both depths, 28.5 and 76 ppm for Zn,
0.073 and 0.055 ppm for Cd and 0.78 and 1.11 ppm for Pb. With respect to the I,
classifications (Table 9), it could be inferred that in most of the cases the sediments fell in
the ‘uncontaminated to moderately contaminated’ category. The sediment at 0—5 cm
interval was moderately contaminated by Pb, while it was ‘uncontaminated to moderately
contaminated’ with Fe, Ni, Co and Zn. There was no contamination with Mn and Cd (Fig.
40A). At 5-10 cm, the impact of Fe, Mn, Ni, Co and Pb resulted in the sediments being
classified as ‘uncontaminated to moderately contaminated’, while they were

uncontaminated with Cd and Zn (Fig. 40B).

Contamination factor and pollution load index:

A detailed account of the contamination factor for each metal is given in Table 10. The
contamination factor was greater than one for Fe, Mn, Ni, Co, Zn and Pb during the salt-
making season, indicative of ‘moderate contamination’ while there was very low
contamination with Cd. A similar situation was encountered in the non salt-making
season except for Zn which was found to have no contamination effect. It could also be
observed that, in general, though the magnitude of contamination factor decreased, the

contamination factor of Pb increased considerably.

The pollution index in the saltern varied from 1.1 to 1.6 (Fig. 41).
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Table 9:1,,, classification.

I,,., value I,,, class Designation of soil quality

>5 6 Extremely contaminated

4-5 5 Strongly to extremely contaminated

3-4 4 Strongly contaminated

2-3 3 Moderately to strongly contaminated

1-2 2 Moderately contaminated

0-1 1 Uncontaminated to moderately contaminated
0 0 Uncontaminated
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Figure 40: I ,., values in the sediment at a depth of (A) 0-5 ¢cm and (B) 5-10 cm.



Table 10: Seasonal variation in the contamination factor of sediment for various

metals
Metals Salt- making season Non salt- making season
Fe 1.8 1.2
Mn 1.9 13
Ni 2.3 1.2
Co 1.7 1.1
Zn 13 0.8
Cd 0.9 0.9
Pb 2.7 1.9
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Figure 41

: Seasonal variation in pollution load index
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4.4. Bacteriological parameters
4.4.1. Total bacterial counts
A) Total bacterial counts in sediment:

Irrespective of season, the total cell count obtained by AODC method ranged from 10 ®~
cells g'. Average counts obtained in the upper layers of the sediment (0-5 cm) ranged
between 3.1 x 10® (during non salt-making season) to 8.3 x 10° cells g wet weight of
sediment (during salt-making season) (mean=4 x 10° cells g"), while at 5-10 cm it varied
between 2.8 t0 8.5 x 10°cells g (mean=5 x 10”cells g™') (Fig. 42 A and B). Statistically,

no significant variation was seen between depths.

Seasonal analysis showed that the average counts during salt-making season were 44 x
10® cells g wet weight of sediment, which was 5% less than the non salt-making season
(mean= 49 x 10® cells g wet weight of sediment) (Fig. 43). t-test showed no significant

variation between seasons (Appendix 3.1, Table 4A).

B) Total bacterial counts in water:

The highest total bacterial count was obtained during the non salt-making season (Fig. 44
A and B). Compared to the salt-making season (73.4 x 10°cells ml™"), the counts in the
overlying water during the non salt-making season were 1 order higher (mean=14.2 x 10°
cells ml™) (Fig. 45). However no significant seasonal variation was obtained (Appendix

3.1, Table 4B).
4.4.1.1. Inactive (Green) and Active (Orange) cells

A) Inactive and active cells in sediment:

In the sediment the inactive cells prevailed over the active ones. In the sediments at the
shallower depth of 0-5 cm, the inactive cells were abundant irrespective of the season and
formed 70% of the total count, whereas the active cells constituted the remaining 30%. In
5-10 cm core the abundance of active cells increased to 43%, while the inactive cells

accounted for 57% of the total count (Fig. 46 A and B). Fig. 47 shows seasonal variation.
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Figure 42: Monthly variation in AODC at a depth of 0-5 and 5-10 cm during the (A)
salt-making season and (B) non salt-making season.
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Figure 43: Seasonal variation in AODC in the sediment during the salt-making season
and non salt-making season at a depth of 0-5 cm and 5-10 cm.
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Figure 44: Monthly variation in AODC in water during the (A) salt-making season
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Figure 46: Monthly variation in percentage of active and inactive cells at a depth of
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Seasonally, the physiologically growing active cells were more predominant in the non
salt-making season (78%) in the lower depths (5-10 cm), whereas the top sediment layers

(0-5 cm) showed an abundance of active cells (36%) during the salt-making season.

B) Inactive and active cells in water:

The water samples showed abundant physiologically inactive cell. At the end of the salt-
making season the inactive cells were 94% of the total cells respectively. Generally
inactive cells were more than 50% of the total count throughout the sampling period. The
active cells were dominant at the beginning of the salt-making season (49%). However,
the percentage of active cells was generally quite low, ranging between 6 to 53% (Fig.

48).

A comparison of seasonal abundance indicated that the inactive cells were more abundant
than the active ones. The distribution of inactive cells was 66% during the salt-making
season and 54% during the non salt-making season, whereas the distribution of active
cells was 34% and 46% during the salt-making season and non salt-making season

respectively (Fig. 49).

4.4.1.2. Cell size and morphology
A) Bacterial cell size and morphology in sediment:

Rod shaped bacteria were dominant in the saltern. Irrespective of the depth the size of
bacteria varied from 0.6 to 3.6 p. At both the depths the active cells were slightly larger
in size than the inactive cells (Fig. 50 A and B). Depth wise, the percentage of rod shaped
bacilli was highest (74%) at 0-5 cm depth, whereas shorter rods were more (66%) at 5-10
cm depth during the peak salt-making season (Fig. 51 A and B).

B) Bacterial cell size and morphology in water:

The sizes ranged from 0.6 p to 4.8 p with an average size of 1.68 p for the active cells
and 0.84 p for the inactive cells (Fig. 52 A). In the water too rod like bacteria dominated
these salterns (Fig. 52 B). Large sized rods were observed frequently and cocci were

seldom observed. Highest percentage of short rods (83%) was obtained in the saltern
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Figure 49: Seasonal variation in percentage of active and inactive cells in water
during the (A) salt-making season and (B) non salt-making season.



0-5 cm depth A 5-10 cm depth B
4 Active O—Inactive o= Active O—Inactive
4 - 4 -
* & <&
z ¥ . 23]
N2 8 2-
5 N
= N T =,/ @ o o
3 3 o o o O
0 0
0 N $ )
2> ) 4 Q 2 <> Y N L
S < 3 \a 2\ W QQ é’b VQ @'b*
Months Months

Figure 50: Variation in size of cells in the sediment at a depth of (A) 0-5 cm and (B)

5-10 cm during the salt-making season.
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water during the salt-making season, whereas during the non salt-making season there

was a dominance of long rods (66%).

4.4.2. Retrievable counts of metal tolerant bacteria

Preliminary isolation of metal tolerant bacteria from sediment and water samples on
media amended with Fe, Mn, Ni, Co and Pb (at 200 and 400 ppm metal concentrations)
and Zn , Cd (100 and 50 ppm), Hg (50 and 25ppm) yielded 293 isolates.

A) Metal tolerant bacteria in sediment:
Monthly variations in retrievable counts of metal-tolerant bacteria during the salt-making
season at a depth of 0-5 and 5-10 cm on various metal amended media are shown in Fig.

53 A and B and Fig. 54 A and B; and the seasonal variations are shown in Fig. 55.

Depth wise analysis showed that with 200 ppm Fe amendment, the count of Fe-tolerant
bacteria was highest (10’ CFU g sediment) at a depth of 0—5 c¢m during non salt-making
season, while at 5-10 cm depth the counts were less by one order. A similar trend was
also observed with 400 ppm Fe amendment but the count was less by an order at both 0-5
cm and 5-10 cm depth (10° and 10° CFU g ' sediment respectively), compared to the
counts obtained with 200 ppm . However, in the salt making season the retrievable count
of Fe tolerant bacteria at 200 ppm was one order lower at a depth of 0-5 cm compared to
same amendment and depth during the non salt-making season. At 5-10 cm depth the
counts were similar during both the seasons irrespective of the amendments. The
variations in counts were significant at a 5% level, at a depth of 0-5 cm with 400 ppm Fe

amendments (t=-3.964, df=5, p<0.05).

At 0-5 and 5-10 cm, irrespective of the amendments and the season, the counts of Mn-
tolerant bacteria were mostly in the order of 10° and 10° CFU g_1 sediment respectively,
with the exception that Mn tolerant bacteria were not detected with 400 ppm amendment

in the non salt-making season.

The counts of Ni-tolerant bacteria on 400 ppm amendment in salt- making season in both
the depths were uniform (10° CFU g™' sediment). However, the counts were higher by

three orders on 200 ppm amendment (10° CFU g' sediment) in the depth interval of 5—
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Figure 53: Monthly variation in the retrievable counts of metal tolerant bacteria in
the sediment during the salt-making season at a depth of (A) 0-5 cm and
(B) 5- 10 cm, on media amended with Fe, Mn, Ni, Co, Pb (200 ppm) and
Zn, Cd (50 ppm).
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Figure 54: Monthly variation in the retrievable counts of metal tolerant bacteria in
the sediment during the salt-making season at a depth of (A) 0-5 cm and
(B) 5- 10 cm, on media amended with Fe, Mn, Ni, Co, Pb (400 ppm) and
Zn, Cd (100 ppm).
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Figure 55: Seasonal variation in the retrievable counts of sediment metal tolerant
bacteria at a depth of 0-5 and 5-10 cm with various metal amendments.
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10 cm. In non salt-making season at both the depth intervals, the counts of Ni-tolerant
bacteria at 400 ppm were lower by an order compared to 200 ppm (~10" CFU g

sediment).

The counts of Co-tolerant bacteria during both non salt-making season and salt-making
season at 200 ppm were in the order of 10° CFU g ' sediment. Though Co-tolerant
bacteria were not detected at 400 ppm in non saltmaking season, during salt-making
season they occurred as 10° CFU g ' sediment. The seasonal variations in count were not

highly significant (t=-1.950, df=12, p<0.1) (Appendix 3.1, Table 4A).

During non salt-making season, the counts of Pb-tolerant bacteria on both 200 and 400
ppm were in the order of 10° CFU g sediment; however, in the salt-making season, it
ranged from 10" CFU g' sediment, with higher counts observed at 5-10 ¢m in both the
concentrations tested. With 200 ppm and 400 ppm amendments, seasonal variations in

counts were evident at a 10% and 5% level respectively.

The counts of Zn- and Cd tolerant bacteria ranged from 10*~ CFU g ' sediment. Growth
of Zn- and Cd-tolerant bacteria was observed only on 50 ppm amendments and mostly
restricted to salt-making season. Therefore, seasonal variations in Zn and Cd tolerant

bacteria were observed at 5 % level (Appendix 3.1, Table 4A).

In general, during the salt-making season the maximum count (3.09 x 10’ CFU g ' ) was
that of Fe tolerant bacteria retrieved with 200 ppm Fe amendment from a depth of 0-5
cm in the sediment, whereas the Ni tolerant bacteria (8 x 10® CFU g_l) dominated at 5-10
cm depth.

With 400 ppm metal amendment Mn tolerant bacteria (1.01 x 10’ CFU g™') were most
retrievable from the sediments at a depth of 0-5 cm, whereas from 5-10 cm maximum

number of Pb tolerant bacteria (5 x 10’ CFU g ") could be obtained.

B) Metal tolerant bacteria in water:

Monthly variations in retrievable counts of metal-tolerant bacteria obtained from saltern
water during the salt-making season on various metal amended media are shown in Fig.

56 and the seasonal variation is shown in Fig. 57. In the saltern water, the count of Fe-
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Figure 56: Monthly variation in the retrievable counts obtained from water during
the salt-making season, (A) on media amended with Fe, Mn, Ni, Co, Pb
(200 ppm) and Zn, Cd (50 ppm); and (B) on media amended with Fe, Mn,
Ni, Co, Pb (400 ppm) and Zn, Cd (100 ppm) respectively.
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Figure 57: Seasonal variation in the retrievable counts of metal tolerant bacteria
from water with various metal amendments.
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tolerant bacteria was highest (10° CFU ml™") with 200 ppm Fe amendment, during the
salt-making season, while the counts were less by one order during the non salt-making
season. A similar trend was also observed with 400 ppm Fe amendment with the count
being less by an order (10° CFU ml™") in the non salt-making season compared to the salt

making season.

Mn tolerant bacteria were detected in the water only in the saltmaking season and were
not detected in the non saltmaking season. Irrespective of the amendments, the counts of

Mn-tolerant bacteria were mostly in the order of 10* CFU ml ™.

A similar trend was seen with both the Ni and Co tolerant bacteria, wherein they were
detected in the water only in the saltmaking season and not in the non salt-making season.
The counts of Ni-tolerant bacteria on media amended with 200 ppm Ni were 10° CFU
ml ™" in salt- making season. However, the counts were lesser by two orders with 400 ppm
amendment. Co-tolerant bacteria could be retrieved only with 200 ppm amendment (10*

CFU ml™") and that too only during the salt-making season.

During the salt-making season, the counts of Pb-tolerant bacteria on 200ppm Pb amended
media were in the order of 10° CFU ml™'; however on 400 ppm it was two orders less at
10° CFU ml™". In the non salt-making season Pb-tolerant bacteria in the order of 10* CFU

ml ™" were obtained only with 400 ppm amendment.

The counts of Zn- and Cd tolerant bacteria were similar at 10° CFU ml™'. Growth of Zn-
and Cd-tolerant bacteria was observed only on 50 ppm amendments and mostly restricted
to salt-making season. In general, the variation in metal tolerant bacterial counts between

seasons was not found to be statistically significant (Appendix 3.1, Table 4B)

Thus, while Fe, Mn and Ni amendments supported maximum yield of metal tolerant
bacteria in the sediments, it was Fe, Mn and Pb amendments showed maximum counts in

water.
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4.5. Isolation and Screening of metal tolerant bacteria

4.5.1. Primary screening for multimetal tolerance at 15 psu and 200 psu

A total of 293 isolates were retrieved from sediment & water. Primary grouping of the
293 isolates was performed in an attempt to find similar strains that may have been
isolated several times. Based on morphological similarities and colony characteristics,
similar isolates grouped together and 127 isolates were finalized for further screening.
These 127 isolates were screened at a low salinity of 15 psu as well as at a high salinity of
200 psu on 500 ppm of Fe, Mn, Ni, Co, Pb, and 100 ppm of Zn, Cd and 50 ppm Hg. At
15 psu a great proportion of the isolates were sensitive to mercury (82%), cadmium
(80%) and zinc (58%). On the other hand, 82% were resistant to iron, manganese and
lead; 79% to nickel and 49% to cobalt respectively. The order of tolerance therefore was

Fe=Mn=Pb>Ni>Co>Zn>Cd>Hg.

Out of the 127 isolates screened, 98 isolates (77%) showed multimetal tolerance at 15 psu
as well as 200 psu salinity. Multi-metal tolerance to a minimum of 5 metals was seen
with almost all the isolates tested at 15 psu and 4 metals at 200 psu. Screening for
multimetal tolerance at 15 psu salinity revealed that 20% of Fe and Mn isolates, 18% of
Co isolates and 11% Ni isolates showed tolerance to at least 5 metals, with some showing
tolerance to even 6 and 7 metals. (Fig. 58 A). The order of multimetal tolerance for
bacteria at 15 psu salinity therefore was Fe isolates=Mn isolates > Co isolates> Ni

isolates> Cd 1solates > Pb isolates.

At a high salinity of 200 psu, when screened on 500 ppm of Fe, Mn, Ni, Co, Pb; 100 ppm
of Zn, Cd and 50 ppm Hg, it was seen that a great proportion of the isolates were
sensitive to mercury (100%), zinc (100%) and cadmium (84%). On the other hand, 74%
were resistant to manganese, 64% to nickel, 63% to iron, 58% to lead and 46% to cobalt
respectively (Fig. 58 B). Therefore the order of tolerance to individual metals was
Mn>Ni>Fe>Pb>Co>Cd>Zn=Hg. 36% of Co isolates, 28% Mn isolates, 18% PDb isolates,
14% Ni isolates, 10% Fe and Cd isolates showed multimetal tolerance. Thus at a high
salinity of 200 psu the order of multimetal tolerance was Co isolates > Mn isolates > Pb

isolates > Ni isolates> Fe isolates=Cd isolates.
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4.5.2. Secondary screening for multimetal tolerance at 15 psu and 200 psu
On secondary screening, out of the 98 isolates selected by primary screening, 50 isolates
(51%) showed multimetal tolerance at 15 psu as well as 200 psu salinity (Fig. 59 A and
B). Screening on media amended with 800 ppm of Fe, Mn, Ni, Co and Pb respectively;
200 ppm of Cd and Zn and 100 ppm Hg, at 15 psu salinity showed that a great
proportion of the isolates were sensitive to zinc (100%), mercury (99%) and cadmium
(98%). On the other hand, 97% were resistant to iron, 95% to manganese, 94% to lead,
48% to nickel and 23% to cobalt respectively. The order of tolerance to individual metals
thus was Fe>Mn> Pb>Ni >Co>Cd>Hg>Zn. 35% of Ni tolerant isolates, 28% Co tolerant
isolates and 12% Pb and Fe tolerant isolates were capable of pentametal tolerance,
whereas 29 % Ni and 18% Pb tolerant isolates were even septametal tolerant. The order

of multimetal tolerance thus was Ni isolates>Co isolates>Pb isolates>Fe isolates.

However, screening at a salinity of 200 psu with 800 ppm of Fe, Mn, Ni, Co and Pb; 200
ppm of Cd and Zn; and 100 ppm Hg, showed that the sensitivity of the isolates increased
with increase in salinity and metal concentration. Maximum sensitivity was seen with Hg
(100%) followed by Cd (98%), Co (91%), Zn (90%), Ni (83%) and Pb (75%). However,
42% were resistant to manganese and 33% to iron respectively. The order of tolerance to
metals was Mn>Fe>Pb>Ni>Zn>Co>Cd>Hg. Maximum percentage (18%) of Mn tolerant
isolates showed multimetal tolerance to 7 metals, followed by Pb (12%), Fe (8%) and Co
(6%). 12% of Ni tolerant isolates showed pentametal tolerance. The order of multimetal

tolerance was Mn isolates>Pb isolates>Fe isolates>Co isolates>Ni isolates.

Overall review showed that it was the Mn, Co & Ni tolerant bacteria which could survive

better at high metal concentrations and repeated subculturing.

The 50 isolates that showed tolerance to 800 ppm metal at 15 psu as well as 200 psu
salinity were grouped into 21 groups based on Oliver’s scheme for identification of
bacteria and tentatively identified using Biochemical media. Further their identity was
confirmed by 16S rDNA sequencing. The most versatile isolates from each group which
could repeatedly survive subculturing on multimetals at a range of salinities were selected
for further screening. Finally 3 isolates which showed consistent growth on the test

metals and were representative of low halophile, moderate halophile and borderline
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extreme halophile were selected for further studies. The isolates selected were a Co
tolerant isolate (5.34) which grew best with 20 psu crude salt and demonstrated tolerance
to 7 metals, a Ni tolerant isolate (3.53) which grew with 100 psu crude salt and exhibited
tolerance to 7 metals and a Mn tolerant isolate (3./3) which could grow upto 200 psu
salinity and could tolerate 8 metals. All the 3 isolates showed intense brown precipitation

on Mn amended media on prolonged incubation.

4.6. Identification and characterization

4.6.1. Molecular taxonomy

The 16S rDNA sequence (1519 bp) of strain 5.34 revealed 99-100% similarity with B.
cereus 16S rDNA sequences in the GenBank (Table 11A). The rDNA sequence (1550
bp) of strain 3.53 revealed 99% similarity to Bacillus sp. in the GenBank (Table 11B).
Whereas, the 16S rDNA sequence (1443 bp) of strain 3.7/3 revealed 97% similarity with
Pseudomonas beijerinckii of GenBank (Table 11C).

Thus, a combination of conventional physiological tests and genetic analysis enabled

unambiguous identification of the test isolates.

A total of 34 isolates were deposited in EMBL and Genbank (Table 12). Isolate 5.34
identified as Bacillus cereus (GenBank Accession Number: JQ312120). Isolate 3.53
detected to be Bacillus sp. (GenBank Accession Number: JQ312119) and isolate 3./3
detected to be Chromohalobacter beijerinckii (GenBank Accession Number: JQ312118).

4.6.2. Classical taxonomy
4.6.2.1 Biochemical characterization

The strains isolated in the present study were also characterized by conventional
microbiological methods, using carbohydrate utilization strips, morphology of cells and
presence of spores as per Oliver’s Taxonomic scheme for identification of marine
bacteria. Results of biochemical characterization of representative isolates from the 21
groups are given in Table 13 (A); and the carbohydrate utilization patterns of the three

isolates under study are given in Table 13 (B). Gram positive bacteria were dominant
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Table 13 (B): Carbohydrate utilization pattern of isolates 5.34, 3.53 and 3.13 .

Culture identity

Test 5.34 3.53 3.13

Lactose - + -

Xylose

Maltose

Fructose

Dextrose

+ |+ ||+ |+

Galactose

Raffinose -

Trehalose +

Melibiose - -

+
Sucrose - + +
L-Arabinose + - +

Mannose -

Na-gluconate

+
Inulin - +
+
+

Glycerol

+
+

Salicin + - -

Glucosamine +

Dulcitol - - -

Inositol - - -

Sorbitol - - -

Mannitol - + -

Adonitol - - -

a-methyl-D-
glucoside
Ribose + + -

Rhamnose - - -

Cellobiose - + -

Melezitose - - -

a-methyl-D
mannoside

xylitol + - -

(B-galactosidase)
ONPG decaboxylase

Esculin - + +

D-Arabinose - - -

Citrate

+ +
Malonate d +

Sorbose - - +

Hugh Leifson’s test | fermentative | fermentative | fermentative

Positive Positive Negative

Gram character bacilli bacilli bacilli

Motility Motile Motile Motile

light brownish

Pigmentation cream peach
yellow

Tentative

\ pr a: Bacillus Bacillus Pseudomonas
identification
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having an overall incidence of 87%, while Gram negative bacteria comprised only 13%.
All the total 127 isolates grouped under 9 genera and 18 species. Bacillus was the
dominant genus encountered among the isolates identified from the saltern samples
(62%). All strains possessed typical cellular and colonial morphologies, physiological,
biochemical, and nutritional features that resembled them to Bacillus spp. Among the
Bacillus 11 different species were identified. Other isolates identified belonged to the
genera Staphylococcus, Micrococcus, Halobacillus, Flavobacterium, Pseudomonas,

Achromobacter, Chromohalobacter and the actinomycete Gordonia.

Two groups of bacteria which were not identified by 16S rDNA sequencing but which
were tentatively identified by Oliver’s scheme as Flavobacterium and  Micrococcus
were only found in the sediment at a depth of 0-5 cm. A large % of Micrococcus sp.
(18%) was found at 0-5 cm whereas Bacillus spp. dominated the 5-10 cm region (19%).
In water B. aerophilus was most frequently encountered (5.5%). The order of tolerance of
the different genera to metals at a depth of 0-5cm was Ni=Co>Mn>Fe=Pb>Zn>Cd. For
5-10 cm depth it was Fe>Mn=Co=Pb>Ni>Zn=Cd, whereas in water it was
Fe=Ni>Mn>Pb>Co=Zn. At 0-5 cm, Bacillus spp. was the genus showing maximum
tolerance to Fe and Ni, Pseudomonas to Mn, B. anthracis to Co, B. licheniformis to Pb
and Chromohalobacter to Zn . At 5-10 cm B. safensis showed maximum tolerance to Fe
and Mn, Bacillus spp. to Ni and Pb, B. cereus to Co and Chromohalobacter to Zn. In
water Bacillus spp. showed maximum tolerance to Fe, B. oceanisediminis to Mn,
Chromohalobacter to Ni, B.licheniformis and B.megaterium to Co, B aerophilus to Pb
and Chromohalobacter to Zn. A brief account of the morphological characteristics of the
isolates including the retrievable abundance of the strains among the total CFU is given
in Table 14. Seasonal analysis showed that the percentage of metal tolerant bacteria was
higher during the salt-making season (maximum 86%) compared to the non salt-making
season (maximum 76%). Percentage variation in the distribution of cultivable metal
tolerant bacteria from saltern water and sediment is given in Fig. 60. As per Oliver’s
taxonomic scheme for identification of Marine bacteria and Biochemical characteristics,
isolate 5.34 was classified as Bacillus since it was a Gram positive, spore forming rod,

penicillin resistant, catalase positive , oxidase positive & motile.
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Table 14: Morphological characteristics of representative isolates including the
retrievable abundance of the strains among the total CFU". (! corresponds
to CFU x 10° g'1 in sediment and CFU x 10° mI™' in water).

Groupno Colony morphology Abundance of isolate among
total (U
(5em | 5-10em
Size Shape Colour | Elevation |Consistencyl Opacity | Margin | Gram Character Identity sediment sediment| water
1 Medium (&-8mm) (Circular ~ |Brightorange  [Raised ~ |Butyrous  |{Opague |Undulate |Gm-ve Bacili Flavobacterium 15 0] 1
2 |Medium (&-8mm){Rhizoid ~ |Paleyellow  |Pulvinate (Dry Opaque (rose ~|Gm-ve Bacili Halobacillis 5| 17!
3 |Large (9-T2mm] ~ [Iregular ~ (Cream Convex  |Butyrous  (Opaque |Undulate|Gm-ve Bacill Achromobacter % | B |5
4 (Small {1-3mm)  [Punctiform |Peach Convex ~ [Butyrous |Opaque [Entire  [Gm-ve coccoballii  |Chromohalobacter R
5 [Medium (+-8mm)(Circular ~|offwhite ~|Convex  [Butyrous [Opaque  {Undulate |Gm +ve Bacill B. licheniformis ol s
6 (Small (1-3mm) ~ (Punctiform |Pale yellow |Convex  [Butyrous (Opaque |Entire |Gm-ve coccobacilli ~ |Pseudomonas B W |0
7 {Small(1-3mm)  {Punctiform |Darkbrown  |Convex  |Butyrous  (Opaque |Entire |G +ve Coccl S. lentus B M|
8 |Medium (-8 mm)|Circular ~ |Cream Convex  (Butyrous |Transluce{Undulate {Gm +ve Bacll B.flexus ] ]2
9 |Medium (&-8mm)|Circular | White Convex ~ [Butyrous |Opaque |Entire  {Gm +ve Bacill B.aerophilus 1 0 | B
10 |Large (-Lmm) ~ [Imegular ~ |Cream Flat ~ |Butyrous |Transluce|Undulate {Gm +ve Bacill B cereus 1 B |7
11 Medium {&-8mm)(Circular ~ |Light peach with {Umbonate (Butyrous ~{Opaque (Curled ~ |Gm +ve Bacill
dark centre Bacillus . o4 | 819 | 1M
12 |Medium (&-8mm){Circular ~ |Paleorange  |Flt ~ [Butyrous (Opague |Entire  |Gm +ve Bacill uncultured Bacills clone| 8 3|1
13 Medium {&-8mm)[Imegular ~ |Orangish cream |t~ [Rubbery  [Opaque |Erose |G +ve Bacill Gordonia 0| uj
14 |Small (1-3mm) ~ [Punctiform [Lightbrown ~ |Convex  [Butyrous [Opaque |Entire |G +ve shortBadlli  |B.anthracis 3 1117
15 , Cream with dark , (6m +ve short Bacili
Medium (4-8 mm) {Irmegular Unbonate {Viscous  |TransluceLobate ,
entre B.safensis Ho|lmid
16 {Small(-3mm)  [Punctiform |Rustbrown ~ |Fat  |Diy Opaque (Curled |Gm +ve shortBacilli ~ |Uncultured Bacilus clonel 3 b0
17 {Medium (&-8mm){Circular ~ |Paleyellow ~ |Raised  [Butyrous (Transluce(Entire  |Gmve shortBacilli ~ |Bmarisflovi 1 710
18 |Small (1-3mm) ~ [Punctiform [bright Yellow  |Raised ~ |Viscous  |Opaque |Entire |G +ve cocd Micrococcus |11
19 |Large (-L2mm] [Imegular |Palepink |Convex  [Butyrous (TransluceLobate |G +ve Bacil B megaterium 5 I |1
20 (Small (1-3mm)  (Punctiform [Darkbrown |Convex ~ [Butyrous [Opaque (Entire |Gm +ve Bacili(Vibrioid) |B oceanisediminis 2 115
2 |Medium (48 mm) {Cireular ~ |Orange Raised ~ [Butyrous ~(Opague [Undulate |6 +ve Bacli(Yeastike) g nfonts b9t
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O S S
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W water
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Figure 60: Percentage variation in the distribution of cultivable metal tolerant

bacteria from saltern water and sediment.
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Isolate 3.53 was a Gram positive spore forming rod, orangish-peach in colour and

identified as Bacillus.

Isolate 3.13 was a Gram negative non spore forming rod. It showed light brown
pigmentation, was found to be oxidase positive and motile, and was identified as

Pseudomonas.

4.6.2.2. F.A.M.E analysis

The identities of the study isolates were further confirmed by fatty acid methyl ester
analysis. A comparative analysis of cellular fatty acids supported the results of tentative
identification and allowed to perform more accurate discrimination of the isolates (Table
15 A, B and C). The fatty acid profiles of the major group indicated similarity to the
pattern of B. cereus type strain with a similarity index of 0.665. The principal fatty acids
found in the strain 5.34 identified as B. cereus were 11- methyltridecanoic (iso C13:0),
10-methyltridecanoic (anteiso C13:0), 13-methylpentadecanoic (iso C15:0), 12-
methylpentadecanoic (anteiso C15:0), 14-methylhexadecanoic (iso C16:0), 15-
methylheptadecanoic (iso C17:0).

Strain 3.53 could not be matched appropriately with the isolates available in the data
base. The fatty acid profile resembled that of type strain Staphylococcus intermedius by a
very low similarity index of 0.185, which was inconsistent with the earlier biochemical
identification of the isolate as Bacillus. The predominant fatty acids were iso C15:0 up to

31%, and anteiso C15:0 up to 17%.

No match to Isolate 3./3 could be found in TSBA6 of the Microbial Identification
System, indicating that it probably would be a novel species. The principal fatty acids
found in the strain were 16:0 (24%), 18:1 w7c 24%) and 19:0 cyclow8c (19%). The
isolate had earlier been identified by biochemical tests and KB009 HiCarbohydrate™ Kit
as Pseudomonas. However, Pseudomonas beijerinckii has been recently reclassified as

Chromohalobacter beijerinckii.
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Table 15 A: F.A.M.E. analysis of isolate 5.34.

RT | Response | Ar/H R Fact ECL | Peak Name Percent Comment 1 Comment 2
0.024 1013 | 0.022 - 3.888 - | <minrt
0.732 327 | 0.035 - 5.397 -4 <minrt
1.509 4.321E+8 | 0.026 ---- 7.051 | SOLVENT PEAK ---- | <minrt
1.634 23250 | 0.011 - 7.317 - | <minrt
1.716 59219 | 0.020 - 7.493 --- | <minrt
1.745 52130 | 0.023 ---- 7.555 --- | <minrt
1.816 24079 | 0.019 - 7.705 - | <minrt
1.851 4246 | 0.031 - 7.780 - | <minrt
1.898 841 | 0.019 - 7.880 - | <minrt
1.960 764 | 0.027 - 8.011 --- | <minrt
2.048 214 | 0.019 - 8.200 - | <minrt
2.576 189 | 0.020 - 9.325 ----
4.075 854 | 0.020 1.130 11.608 | 12:0iso 0.57 | ECL deviates -0.001 Reference -0.006
4.420 533 | 0.026 1.110 12.002 | 12:0 0.35 | ECL deviates 0.002 Reference -0.002
5.096 14691 | 0.029 1.082 12.613 | 13:0iso 9.32 | ECL deviates -0.001 Reference -0.004
5.194 2707 | 0.030 1.078 12.702 | 13:0 anteiso 1.71 | ECL deviates 0.000 Reference -0.003
6.346 8455 | 0.032 1.042 13.619 | 14:0iso 5.17 | ECL deviates 0.000 Reference -0.004
6.854 7950 | 0.035 1.029 14.000 | 14:0 4.79 | ECL deviates 0.000 Reference -0.003
7.795 54646 | 0.035 1.008 14.623 | 15:0iso 32.29 | ECL deviates 0.000 Reference -0.003
7.930 12182 | 0.035 1.005 14.713 | 15:0 anteiso 7.18 | ECL deviates 0.000 Reference -0.004
8.366 554 | 0.029 0.996 15.001 | 15:0 ---- | ECL deviates 0.001
8.777 293 | 0.031 - 15.251 -=--
8.998 2144 | 0.036 0.983 15.385 | 16:1 w7c alcohol 1.24 | ECL deviates -0.002
9.154 3563 | 0.040 0.980 15.480 | Sum In Feature 2 2.05 | ECL deviates 0.000 16:1iso 1/14:0 30H
9.241 703 | 0.037 - 15.533 -—--
9.395 11329 | 0.047 0.976 15.627 | 16:0iso 6.48 | ECL deviates 0.000 Reference -0.004
9.608 1864 | 0.035 0.972 15.756 | 16:1 wlic 1.06 | ECL deviates -0.001
9.771 16313 | 0.042 0.969 15.855 | Sum In Feature 3 9.26 | ECL deviates 0.003 16:1 wbc/16:1 w7c
10.010 9365 | 0.042 0.964 16.000 | 16:0 5.29 | ECL deviates 0.000 Reference -0.004
10.373 1055 | 0.035 0.957 16.211 | 15:0 20H 0.59 | ECL deviates -0.008
10.672 4688 | 0.041 0.951 16.385 | 17:1iso w10c 2.61 | ECL deviates -0.003
10.800 4202 | 0.043 0.949 16.460 | 17:1iso w5c 2.34 | ECL deviates -0.001
10.936 1715 | 0.044 0.946 16.538 | 17:1 anteiso A 0.95 | ECL deviates -0.002
11.094 8619 | 0.042 0.943 16.630 | 17:0iso 4.76 | ECL deviates 0.000 Reference -0.004
11.253 2990 | 0.042 0.940 16.723 | 17:0 anteiso 1.65 | ECL deviates 0.000 Reference -0.004
15.565 291 | 0.039 - 19.186 ----
15.714 725 | 0.068 0.835 19.272 | 18:0 20H 0.35 | ECL deviates 0.008
17.867 719 | 0.052 - 20.512 -— | >maxrt
- 3563 - - ---- | Summed Feature 2 2.05 | 12:0 aldehyde unknown 10.928
el - - - ---- | 16:1is01/14:0 30H 14:030H/16:1iso |
- 16313 - - ---- | Summed Feature 3 9.26 | 16:1 w7¢c/16:1 wéc 16:1 w6c/16:1 w7c




Table 15 B: F.A.M.E. analysis of isolate 3.53.

RT| Response ArHt] REact| ECL| Peak Name Percent | Commentl Comment]
1566 415E+8( 000 — |  TM1 | SOLVENT FEAK — | o=t
1781 &107 | 0020 —| 745 — | <aEn
T T N S [ “mmn
|.382 X6 0o - 1704 —| <
4521 AR T I IR TR 0.08 | ECL devaaes 0.001 Beference 0004
3ot 2400001 Lod| 12413] 13040 0.08 | ECL deviates -0.001 Reference 0007
f.458 264 0] 097 1361T] Mbise 142 | ECL devaaes D002 Reference -0 008
6470 1811 0033 Q%65 | 14.000| 140 050 | ECL deaves 0000 Feeference 0007
7816 S6124 | 0037 0954 | 14624 | 130 1s0 3041 | ECL desantes 0.001 Fiefezence 0007
5051 STH ] o0ae] 0953 14713 130 aneso 16.89 | ECL devaaies (1000 Reference 0003
a0 1036 | 0037] 8] 15002] 15D — | ECL denaes 0.002
8378 16| 0034 — | 13056 —
8693 23] QG3R]  0%47] 15027) 1400 30H 0.20 | ECL desates 0.003
812l 8508 | 0030 G5 | 15385 161 wic akohol 177 ECL desaaies -.002
B30 BE36 | 0040 0%42] 15627] 16010 2 | ECL devaates 0,000 Petersnce (008
[RER 487 opdt] 0] 15755 18] wile 161 | ECL davates 0,002
10136 AGE| 0042 0%40] 16000 160 1.3 | ECL devames 0.000 Eeference 0000
10800 8551 | O0d2) 0938 | 163860 17] o wilk 278 | ECL devames 002
10953 11740 02| 0938 | 16475 | Sum In Feanze 4 577 | ECL devaates -0.001 17:1 o Lantesso B
1.2 TO25] 001 0937 16630 1700 226 | ECL devaates 0.001 Reference 0007
11 381 13507 ) ool | 0937] 16733 | 170 ampenso 4.98 | ECL devimes 0.000 Baference 0005
11.361 G238 | 0044 0937 17T002[170 201 | ECL devsares 0.002 Fleference 0004
11261 1986 | 0043 ] @937 [ 17220 160 20H 0.64 | ECL desates 0.004 -
13.617 248 ) 0083 ] 0839 1750911840 187 | ECL desutes -0.001 Refremce 0000
] G5 0081 | 0942 18632 ) 1800 0.12 | ECL deaates ).002 Reference 0011
1537 16004 | Ot ) G44) 19002 190 507 ECL devames 0.002 Reference 0007
1106 33835 0.046| 0930) 20.000| 200 11.66 | ECL deviates 0.000 eference 0009
— 11740 — o — | Summed Featize 4 307 10 o Dagteisn B 17:0 anbesso Biaso |

Reference ECL Shuft: 0.008  Number Reference Peaks: 15
Total Named: 307848

Total Amount; 292940

ECL Dewiation; 0.002
Total Response: 308564
Percent Named: 99.77%



Table 15 C: F.A.M.E. analysis of isolate 3.13

ET | Respomse | ArHt | EFact ECL | Peak Name Percent | Commentl Comment!
1366 | 4.1809E+8 | 0.024 e 7053 | SOLVENT FEAK — [ minm
1.781 5451 [ 0.020 e 7.503 — [ minm
1.809 3834 [ 0,025 e 7.563 — [ minm
1.58 2160 [ 0.023 e 7714 — [ “minn
1171 261 | 0.026 e 3321 — [ “minn
1446 256 | 0.026 e 3841 — [ “minn
1871 4861 | 0.021 1137 10000 | 100 1.13 | ECL deviaes 0004 Fafarence -0.013
3006 1194 [ 0.026 1053 ] 11417 | 10:0 30H 0.26 | ECL deviates -0.003
4330 761 | 0.027 1036 11.794 | unknown 11.799 — | ECL deviaes -0.005
4310 13478 | 0.030 1037 ] 11998 ] 120 3.26 | ECL deviates -0.002
5048 316 | 0028 1008 | 12483 | unknown 12 484 — [ ECL deviaes -0.001
5.867 434 | 0028 0086 | 13.183 ] 120 20H 000 | ECL deviates 0.004
6.224 37901 | 0.033 0978 | 13440120 30H 7.63 | ECL deviates -0.003
6.707 1014 [ 0.035 — [ 13810 e
6,060 3030 [ 0036 0965 13800] 140 0.60 | ECL deviates -0.001 Rafarence -0.014
0823 15210 | 0.030 0941 | 15815 | Sum In Feamme 3 4.87 | ECL deviates -0.007 16:1 w7o/16:1 wic
10.132 115224 | 0030 0940 | 16001 | 160 2415 | ECL deviates 0.001 Bafarence -0.011
11.655 18225 | 0.042 0937 ] 16886 | 170 cvclo 3.50 | ECL deviates -0.002
11.853 621 | 0035 0937 17001170 0.12 | ECL deviates 0.001 Rafarence -0.011
13298 125225 [ 0044 0938 17821 | Sum In Feamums § 2411 | ECL deviates -0.002 18:1 wic
13.611 13315 | 0.043 0930 17000180 1.56 | ECL deviates -0.001 Fafarence -0.013
13.752 2300 [ 0050 0030 13079181 wic 1l-medwl 0.46 | ECL deviares -0.002
15.081 1250 [ 0.043 0943 | 18837 | Sum In Feamume 7 .44 | ECL devianes -0.009 un 18 8487101 wic
15191 07064 | 0046 [ 0843 [ 18900 | 19:0 cyclo wic 18.78 | ECL deviates -0.002
15368 10904 | 0044 [ 09044 [ 1o00f [ LoD 113 | ECL deviaes 0.001 Fafarence -0.010
16,646 1013 | 0.038 0048 | 10737202 wh,Oc 0.20 | ECL deviares 0.005
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4.7. Studies on metal tolerance

4.7.1. Effect of metal on bacterial growth and respiration

The growth profiles of isolates 5.34, 3.53 and 3./3 in unamended media and with metal
amendments of 10 uM (~0.6 ppm), 100 uM (~6 ppm), 1 mM (~60 ppm) and 5 mM (~300
ppm) are shown in Figs. 61, 62 and 63 respectively.

Isolate 5.34 showed maximum growth (1.18 x 10® cells mI™) on the second day with 10
uM Co®" amendment. Surprisingly, a second peak of stimulation in total cell count was
seen at 100 uM Co?" concentration (476%) after 10 days of incubation . A steady decline

in cell counts was seen beyond 100 pM Co®" amendments.

Isolate 3.53 showed maximum growth on the fifth day (8.29 x 10’ cells mI™") with 100
UM Ni*" amendment. With isolate 3.53 the total cell counts showed a normal growth
curve till 1 mM, but showed a decline by one order at 5 mM Ni*". The percentage
stimulation in total cell count of 3.53 was maximum at 100 pM Ni*" concentration

(69.7%) after 10 days of incubation.

With isolate 3./3 the growth peaked twice when amended with 5 mM Mn®", with
maximum growth (2.84 x 10® cells mI™) recorded on the tenth day. The stimulation in
growth of Mn tolerant isolate 3.73 was 468% on the 10 th day, indicating that isolate 3.7/3

had a high level of tolerance to Mn*".

Fig. 64 shows the respiring counts and the respiration rate for strain 5.34 at the end of the
10-day incubation period. At the end of the 10 day incubation period, the respiring cell
counts of strain 5.34 in control tubes were 6.7 x 10° cells mI™', whereas it showed a high
count of respiring cells (7.6 x 10° cells mI™) with100 pM Co®* amendment. On the 10™

day the respiring count accounted for 91% of the total count.

Respiration rate for isolate 5.34 in unamended medium was 24.7 pg formazan cell” day'1
and in media amended with 100 pM Co”" it was 17.0 pg formazan cell day'l. There was
a steady decline in the respiration rate in the presence of Co*" upto 100 pM. Respiration

rate of 5.34 was supressed by 31% on addition of 100 pM Co®*; however the respiration
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Figure 61: Growth of isolate 5.34 on 25% Nutrient broth with 20 psu crude salt and
0.01mM Co** (-m-), 0.1mM Co** (-A-), ImM Co*" (-x-), SmM Co’" (-X-)
amendments, along with unamended control (-¢-).
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Figure 62: Growth of isolate 3.53 on 25% Nutrient broth with 100 psu crude salt and
0.01lmM Ni** (-m-), 0.1mM Ni*" (- A-), ImM Ni** (-x-), 5SmM Ni** (-X-)
amendments, along with unamended control (-¢-).
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Figure 63: Growth of isolate 3.13 on 25% Nutrient broth with 200 psu crude salt and
0.01mM Mn**(-m-), 0.1mM Mn** (- A-), 1mM Mn*" (-x-), 5SmM Mn** (-X-)
amendments, along with unamended control (-¢-).
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Figure 64: Respiring count and respiration rate of isolate 5.34 in unamended control
and at different concentrations of Co**, on the 10" day.
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rate rose sharply with increase in metal concentration.

With strain 3.53, the control had a respiring count of 3.6 x 10° cells mI” while higher
counts were recorded with 10 pM Ni*" amendment (7.5 x 10° cells ml™). The respiring

count formed 52% of the total count.

With isolate 3.53, the trend was opposite. In unamended media respiration rate was 417
pg formazan cell'lday'1 whereas it was 528 pg formazan cell'lday'1 at 10 uM Ni**
whereas (Fig. 65). Respiration rate of 3.53 was stimulated by 34% on addition of 10 pM

Ni*"as well as at higher metal concentrations.

In strain 3.13 the respiring count was consistent till | mM Mn®" and then showed a sharp
increase in respiring counts at 5 mM Mn*" (7.3 x 107 cells ml™) compared to the control

(5.3 x 10° cells m1™). The respiring count formed 69% of the total count.

In the case of Mn tolerant isolate 3.7/3 (Fig. 66). The respiration rate in the unamended
media was 473 pg formazan cell”’ day” whereas it peaked at 10 uM (813 pg formazan
cell! day™) and then decreased to 28 pg formazan cell”’ day™ at 5 mM. Respiration rate

of 3.13 was suppressed by 94% on addition of 5 mM Mn”".

4.7.1.1. Effect of temperature on bacterial growth

The effect of temperature on isolates 5.34, 3.53 and 3./3 at different concentrations of
metal are shown in Table 16 A, B and C respectively. For strain 5.34 - Maximum
stimulation in growth (478%) was seen with 0.01lmM Co*" amendment at 28+2°C. With
an increase in temperature to 37°C there was a 26% fall in cell count compared to the cell
count obtained at the same concentration at 28+2°C; similarly at 55°C the cell count

reduced further by 93%.

Strain 3.53 showed stimulation in growth at 28+2°C at 0.01 mM, 0.1 mM and ImM Ni*"
concentrations. With an increase in temperature to 37°C, growth was stimulated even
more at 0.01, 0.1 and ImM Ni*" concentrations. At 55°C no stimulation in growth was

observed at any of the concentrations tested.
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Figure 65: Respiring count and respiration rate of isolate 3.53 in unamended control
and at different concentrations of Ni’*, on the 10™ day.
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Figure 66: Respiring count and respiration rate of isolate 3.7/3 in unamended control
and at different concentrations of Mn*" on the 10™ day.



Table 16 A: Effect of temperature on growth of isolate 5.34 at 20 psu with and
without Co’" amendments.

Temperature | Cell count Metal concentrations
Control | 0.0 mM | 0.1 mM | 1TmM | 5 mM
28 * 2°C % stimulation 141 478 248 104 135
37°C % stimulation 61 309 139 80 77
55°C % stimulation - - - - -

Table 16 B: Effect of temperature on growth of isolate 3.53 at 100 psu with and
without Ni** amendments.

Temperature | Cell count Metal concentrations
Control | 0.0 mM [ 01 MM | 1 mMM | 5 mM
28 + 2°C % stimulation 2649 3634 4305 2231 53
37°C % stimulation 144 1797 3193 2451 204
55°C % stimulation 596 42 256 64 -

Table 16 C: Effect of temperature on growth of isolate 3.7/3 at 200 psu with and
without Mn** amendments.

Temperature Cell count Metal concentrations
Control | 00T mM 01T mMM | 1TmM | 5 mM
28 + 2°C % stimulation 641 495 470 695 1309
37°C % stimulation 2475 2495 864 624 779
55°C % stimulation 149 - - - -

¢ -’ No stimulation




Chapter 4: Results

With strain 3.73, maximum stimulation in growth (1309%) occurred with 5 mM Mn*" at
28+2°C. High temperatures (37°C and 55°C respectively) combined with high salinity of

200 psu did not stimulate cell counts at any concentrations.

4.7.1.2. Effect of salinity on growth

With isolate 5.34, maximum stimulation in growth was observed at 20 psu salinity with
0.0lmM Co”" and a second peak of stimulation in growth was seen at a higher Co™
concentration of 0.1mM on day 10 (data not shown). Increase in salinity to 100 psu
resulted in an increase in cell counts at all concentrations tested between 0.01 and 5 mM.
Further increase in salinity to 200 psu did not result in an increase in cell counts of 5.34 at

any of the Co®" concentrations tested (Table 17A).

Isolate 3.53 showed a prolonged lag phase of 5 days when media unamended with salt
was used for growth. However on the 7h day the isolate showed stimulation in growth by
194% at 0.1 mM Ni*" concentration. With an increase in salinity to 20 psu the organism
showed 3028% stimulation in growth at 0.0l mM and 3222% at 0.lmM Ni*"
amendments. With a further increase in salinity to 100 psu the organism showed
maximum stimulation in growth (4305%) at 0.1mM. At 200 psu salinity, stimulation in

growth occurred only with 0.01mM Ni** (2009%) (Table 17B).

Without salt amendments, isolate 3.7/3 too showed a prolonged lag phase but no growth
occurred with any of the metal amendments. With an increase in salinity to 20 psu, isolate
showed a slight increase in cell counts i.e. 399% stimulation at 1 mM and 480%
stimulation at 5 mM concentration. An increase in salt concentration to 100 psu had an
immediate growth enhancing effect at all concentrations of Mn®" tested between 0.01 and
5 mM. However, a higher salinity of 200 psu coupled with low levels of Mn®" such as
0.01 mM and 0.1 mM resulted in a reduction in the cell counts. Moderate concentrations
of 1 mM and 5 mM Mn”>" amendment showed 695% and 1309% stimulation in growth
respectively (Table 17C).

4.7.1.3. Effect of pH on growth

A pH range of 5.5 to 8.5 was taken to study its effect on growth. All the 3 isolates

showed maximum cell counts at a neutral pH of 7.4. Isolate 5.34 showed a slight
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Table 17 A: Effect of salinity on the growth of isolate 5.34 with and without Co*
amendments at 28 £ 2°C.

Salinity Cell count Metal concentrations
OmM [00TMM | 01 mM | 1mM 5mM
0 psu % stimulation 138 81 91 111 -25
20 psu % stimulation 141 478 248 104 135
100 psu % stimulation 49 103 173 127 71
200 psu % stimulation - - - - -

Table 17 B: Effect of salinity on the growth of isolate 3.53 with and without Ni*
amendments at 28 £ 2°C.

Salinity Cell count Metal concentrations
OmM | 0.0 mM | 01 mM | 1 mM 5mM
0 psu % stimulation 90 130 194 - -
20 psu % stimulation 2685 3028 3222 2059 2
100 psu % stimulation 2649 3634 4305 2231 53
200 psu % stimulation 1497 2009 1261 869 -

Table 17 C: Effect of salinity on the growth of isolate 3.73 with and without Mn*
amendments at 28 £ 2°C.

Salinity Cell count Metal concentrations
OmM | 0.0 mM | 0.1 mM 1 mM 5mM
0 psu % stimulation - - - - -
20 psu % stimulation 395 211 210 399 480
100 psu % stimulation 635 713 931 761 859
200 psu % stimulation 641 495 470 695 1309

¢ -’ No stimulation
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stimulation in growth at a pH 5.5 upto 0.1 mM Co”" concentration. At a pH of 7.4,
maximum cell count was obtained at 0.01 mM concentration and subsequently decreased
with increase in Co®" concentration. No increase in cell counts was evident at a pH of 8.5

at any of the concentrations of Co”" used (Table 18A).

With isolate 3.53, Ni*" amendment resulted in a slight stimulation in cell count (2000%)
at 0.0lmM only. A neutral pH of 7.4 appeared conducive to growth and resulted in an
increase in cell counts upto ImM Ni*" concentrations. pH 8.5 did not favour an increase

in cell counts at any of the Ni**concentrations tested (Table 18B).

Low pH of 5.5 did not appear to favour the growth of isolate 3./3. At a pH of 7.4 growth
was stimulated with 1land 5 mM Mn*". Isolate 3./3 could grow even at a high pH of 8.5

and showed an increase in cell counts with 1 and 5 mM Mn*" amendments (Table 18C).

4.7.2. Effect of metal on substrate utilization

Tests for determining the effect of metal on the metabolic pattern of the isolates using
Biolog GP2 and GN2 plate showed that they were capable of oxidizing a wide array of
carbon substrates. Strain 5.34, 3.53 and 3./3 oxidized 63%, 87% and 95% carbon
substrates respectively in the absence of metal amendment, out of the 95 substrates tested.
However, there was a significant change when amended with metals (Fig 67). Strains 5.34
and 3./3 showed a reduced ability to utilize substrates. Strain 5.34 could utilize only 14%
substrates in the presence of Co”", whereas strain 3.13 could utilize 18% of the substrates
in the presence of Mn”". Strain 3.53 showed an increase in substrate utilization when
amended with Ni*", utilizing a total of 93% substrates in the presence of metal. Tables 19
and 20 give an account of the major carbon compounds (carbohydrates and amino acids)
utilized by the three isolates. Considerable difference in the utilization of carbohydrates
was observed by the isolates in the presence and absence of added metal. In unamended
controls, D- Galactose was the most preferred sugar by isolate 5.34, followed by Xylitol,
D-Trehalose and a-D-Glucose. In the presence of 1 mM Co”", a-methyl D Mannoside
was utilized with high levels of preference, followed by Mannan. It is important to note
that Glucose was not a preferable sugar in the presence of Co>". Addition of Co”" to the

medium of growth triggered the use of Mannan, L-Arabinose and D-Mannitol. Tagatose,
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Effect of pH on the growth of isolate 5.34 with and without Co*

Table 18 A:
amendments at 20 psu.
pH Cell count Metal concentrations
0 mM 0.01mM | 0.1 mM | 1mM 5mM
5.5 % stimulation 57 64 67 50 32
7.4 % stimulation 141 478 248 104 135
8.5 % stimulation 63 46 56 45 59
Table 18 B: Effect of pH on the growth of isolate 3.53 with and without Ni*
amendments at 100 psu.
pH Cell count Metal concentrations
0 mM 0.01mM | 0.1 mM | 1mM 5mM
5.5 % stimulation 1961 2000 1610 515 16
7.4 % stimulation 2649 3634 4305 3067 53
8.5 % stimulation 2263 2247 2176 1873 389
Table 18 C: Effect of pH on the growth of isolate 3.13 with and without Mn*
amendments at 200 psu.
pH Cell count Metal concentrations
0 mM 0.01mM | 0.1 mM | 1TmM 5 mM
5.5 % stimulation 240 30 65 60 73
7.4 % stimulation 641 495 470 695 1309
8.5 % stimulation 859 709 718 881 1039
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Figure 67: Average well colour development (AWCD) by isolate 5.34 with 1 mM Co**

(--+-) and without (»'v) Co*" amendments (secondary Y axis), isolate 3.53
with 1mM Ni** (-A-) and without ( -X- ) Ni*" amendments (primary Y
axis) and isolate 3.713 with 1mM Mn’" (-¢-) and without (-m-) Mn”>*
amendments (secondary Y axis).



Table 19: Utilization of sugars by metal tolerant strains 5.34, 3.53 and 3.13 in the
presence and absence of metal amendments (5 days incubation period).

Day| 5.34 (-Co) 5.34 (+Co) 3.53 (-Ni) 3.53 (+Ni) 3.13 (-Mn) 3.13 (+Mn)
1 D-Galactose o Methylh D- o-D-Glucose | a-D-Glucose - D-Melibiose
Mannoside
2 Xylitol Mannan a-D-Glucose | D-Mannose | D-Fructose D-Melibiose
3 D- Trehalose Mannan o-D-Glucose | a-D-Glucose | Gentobiose Gentobiose
4 D-Trehalose Mannan o-D-Glucose | D-Mannose | Gentobiose Gentobiose
5 | o-D-Glucose L._ o-D-Glucose | D-Mannose | a-D-Glucose N Acetyl .D_
Arabinose Glucosamine

Table 20: Utilization of amino acids by metal tolerant strains 5.34, 3.53 and 3.13 in
the presence and absence of metal amendments (5 days incubation period).

Day | 5.34 (- Co) 5.34 (+Co) | 3.53 (-Ni) | 3.53 (+Ni) | 3.13 (-Mn) 3.13 (+Mn)

L-Glutamic

1 |acid - L-Alanine | L-Alanine - L-Threonine

Glutamic

2 | L-Asparagine - L-Alanine | L-Alanine L-Leucine acid
L-Alanyl Hydroxy

3 | glycine - L-Alanine | L-Alanine | L-Proline L-Leucine
L-Alanyl

4 | glycine - L-Alanine | L-Alanine L-Proline L-Leucine
L-Alanyl

5 | glycine - L-Alanine | L-Alanine | L-Proline L-Leucine
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B-Methyl D-Galactoside, a-Methyl D-Galactoside and L-Fucose were some of the other
sugars that were not utilized in the presence of Co?". With strain 3.53 there was no major
difference in carbohydrate utilization pattern with and without 1 mM Ni*" amendments.
In unamended controls, a-D Glucose was utilized with high levels of preference on all 5
days, whereas in the presence of Ni*", a-D-Glucose was the most preferred sugar on the
first day, with D- Mannose being preferentially utilized for the rest of the period. Strain
3.13 displayed a pattern similar to strain 5.34. However, there was a lag phase of 24
hours before sugar utilization began. Gentobiose was the preferred sugar on the third and
fourth day followed by a D-Glucose at the end of the incubation period. With ImM Mn*"
amendments, D-Melibiose was used preferentially on the first and second day for strain
3.13, followed by Gentobiose for the next two days and N Acetyl D Glucosamine on the
last day. In general, Co”” and Mn”" had a significant negative impact on the utilization of
carbohydrates and carboxylic acids in strains 5.34 and 3.13 respectively whereas Ni*" had

a stimulatory effect on the utilization of most of the substrates by strain 3.53.

With respect to amino acid utilization in the absence of added Co”", L-Glutamic acid was
most preferred followed by L-Asparagine and L-Alanyl Glycine. However, it was
interesting to note that in the presence of added Co®" none of the amino acids could be
utilized. With strain 3.53 there was no change in pattern of amino acid utilization in the
presence and absence of Ni*" amendment, with L-Alanine being preferentially utilized
both in the presence and absence of 1mM Ni*". Absence of Mn*" amendment resulted in
amino acid not being utilized by strain 3./3 during the first 24 hours. Amino acid
utilization began only on the second day with L-Leucine being the most preferred
substrate followed by Hydroxy L-proline on the third day and L-Proline till the end of the
experiment. With Mn”*" amendment, amino acid utilization began immediately with L-
Threonine being most preferred during the first 24 hours, followed by Glutamic acid on
the second day and subsequently L-Leucine till the end of the experiment. Metal
amendments significantly changed the preference for utilization of carbohydrates and

amino acids especially in isolates 5.34 and 3.13.

When Heirarchial Agglomerative Clustering was done, substrate utilization pattern of

strain 5.34 with and without amendment resulted in 6 clusters accounting for 10,
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30,10,10,10 and 30%. Substrates utilized by strain 5.34 with Co amendment comprised
20 % of cluster 1 and 3 each, while 60% belonged to cluster 6 (Appendix 3.4, Table 1A).
None of the substrates utilized by strain 5.34 with Co amendment featured in clusters 2, 4
and 5 (Appendix 3.4, Table 1B). Results of PCA showed that with strain 5.34 without Co
amendment the 1% 2 PC’s accounted for 74% of the variance in the data while in strain

5.34 with Co they accounted for 87%.

With strain 3.53, HAC of substrates to determine the utilization pattern with and without
Ni amendment resulted in 6 forced clusters accounting for 10, 10, 20, 20, 10 and 30%.
Substrates utilized by strain 3.53 in the presence of Ni amendment comprised 20, 40 and
40% of cluster 1, 3 and 4 each (Appendix 3.4, Table 2A). None of the substrates utilized
by strain 3.53 with Ni amendment featured in clusters 2, 5 and 6. The remaining three
clusters i.e. 2, 5 and 6 totally comprised 20, 20 and 60% of substrates utilized by strain
3.53 without Ni amendment respectively (Appendix 3.4, Table 2B). Results of PCA
showed that with strain 3.53 without Ni amendment the 1* 2 PC’s accounted for 87% of

the variance in the data while in strain 3.53 with Ni they accounted for 80%.

Heirarchial Agglomerative Clustering done to determine the substrate utilization pattern
of strain 3.7/3 with and without Mn amendment resulted in multiple clusters, therefore 6
forced clusters were prepared. The 6 clusters accounted for 10, 20, 20, 20, 10 and 20%.
Substrates utilized by strain 3./3 with Mn amendment comprised 20 % of cluster 1, 40%
of cluster 2, 20% of cluster 4 and 20% of cluster 5 respectively (Appendix 3.4, Table
3A). None of the substrates utilized by strain 3./3 with Mn amendment featured in
clusters 3 and 6 (Appendix 3.4, Table 3B). These two clusters totally comprised
substrates utilized by 3./3 without Mn amendment. Cluster 4 had an overlap of
substrates. Results of PCA showed that with strain 3.7/3 without Mn amendment the 1% 2
PC’s accounted for 89% of the variance in the data while in strain 3./3 with Mn they

accounted for 67%.

4.7.3. Effect of metal on antibiotic sensitivity

The response of the isolates to 12 antibiotics was tested and ranged from highly resistant
to sensitive. In the absence of metal stress, strains 5.34 and 3./3 showed maximum
resistance to all the antibiotics tested (98% and 83% respectively), whereas strain 3.53
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was sensitive to the majority of test antibiotics (92%). The strain 5.34 was resistant to
kanamycin, neomycin, streptomycin, gentamycin, novobiocin, tetracycline, erythromycin,
chloramphenicol, vancomycin and polymyxin-B, while it was sensitive to penicillin and
ampicillin. Strain 3./3 showed resistance to kanamycin, neomycin, gentamycin,
novobiocin, penicillin, ampicillin, erythromycin, chloramphenicol, vancomycin and
polymyxin-B, while it was sensitive to streptomycin and tetracycline. In the presence of
Co?" stress (100uM Co), strain 5.34 developed increased resistance to tetracycline and
penicillin by 21% and 20% respectively. A similar trend was seen with isolate 3./3,
wherein ImM Mn?" stress resulted in 21%, 50% and 21% increased resistance to
streptomycin, penicillin, and ampicillin respectively. Resistance to penicillin and
ampicillin was very pronounced with both isolates 3.53 and 3.7/3. However, with strain
3.53, the resistance profile was totally in contrast to the other two isolates. Isolate 3.53
showed sensitivity to all the test antibiotics except polymyxin-B in the absence of metal
stress. But when the isolate was challenged with the dual stress of antibiotic as well as
metal (100 uM), it showed complete resistance to all the antibiotics it was previously
sensitive to, such as kanamycin, neomycin, streptomycin, gentamycin, novobiocin,
tetracycline, erythromycin, chloramphenicol, penicillin, ampicillin and vancomycin.(Fig.

68 A, B and C)

4.7.4. Effect of metal on enzyme production

Interestingly, same genera of bacteria isolated from the same saltern showed different
enzyme production profiles (Fig. 69 A, B and C). On media unamended with metals,
isolate 5.34 showed amylase, cellulase, gelatinase and DNase activity but no lipase
activity, whereas isolate 3.53 which belonged to the same genus as isolate 5.34 showed
amylase, cellulase, and DNase activity but no gelatinase or lipase activity. Isolate 3./3
showed amylase, cellulase and gelatinase activity but no DNase or lipase activity. With
metal stress there was a decline in the amount of enzyme elaborated. When isolate 5.34
was stressed with 100 uM Ni*" there was a 6% decline in amylase activity activity, 7%
decline in cellulase and 33% decline in DNase activity. Similarly the cellulase activity
declined by 29% with 100 uM Co”" and 21% with 1mM Mn*" respectively. However the

gelatinase activity seemed to have increased with metal exposure, wherein there was a
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Figure 68 (A): Antibiotic resistance profile of isolate 5.34 in the presence and absence
of added metal.
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Figure 68 (B): Antibiotic resistance profile of isolate 3.53 in the presence and absence
of added metal.
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Figure 68 (C): Antibiotic resistance profile of isolate 3.13 in the presence and absence

of added metal.
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Figure 69 (A): Enzyme production pattern of isolate 5.34 in the presence and absence
of added metal.
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Figure 69 (B): Enzyme production pattern of isolate 3.53 in the presence and absence
of added metal.
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40% enhancement in activity with100 pM Co*", 68% with 100 uM Ni*" and 64% with 1

mM Mn?" stress respectively.

With isolate 3.53 the decline in amylase and cellulase activity with 100 uM Co*" and 100
UM Ni*" was 20 and 40% respectively but the DNase activity was enhanced with 100 uM
Co™" and 100 pM Ni*" amendments by 50% and 75% respectively. Isolate 3.13 on the
other hand showed a decline in amylase activity by 40% with Co”" and 30% with 100 uM
Ni*". Cellulase activity also declined by 17% with 100 pM Ni*" and 33% with 1 mM

Mn?*, whereas gelatinase activity declined by 52% with 1 mM Mn*" metal stress.

4.8. Study of the mechanisms of metal tolerance
4.8.1. Cellular analyses
4.8.1.1. Microscopy

Wet mounts of bacterial cells observed under 40-X magnification using bright field
microscope showed the occurrence of cell aggregates when metal amendments were
done. The size of the aggregates increased but the cell density decreased with increase in
concentration of metal for all the three isolates. Isolates grown in the absence of metal
showed isolated and discrete cells.  All the three isolates showed a change in  the
morphology on exposure to metals, which changed with the type of metal used. Gram
staining showed that the morphology of the isolates changed with different metals and

exhibited a Gram variable reaction.

EPS staining showed that isolates 5.34 (Plate 3A) and 3.7/3 (Plate 3C) produced

exopolysaccharide.

Both the pigmented isolates 3.53 and 3./3 showed a slight increase in pigmentation with
metal concentration upto 100 uM metal. At higher concentrations changes in

pigmentation were not discernable (Plate 4B and C).

When grown in media amended with ImM Mn, all the three isolates precipitated Mn in
the form of Manganese oxide, which was seen as a dark brown precipitate in the broth

culture.

Another attribute which all the three isolates possessed was the ability to produce H,S.
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4.8.1.2. SEM-EDS

Scanning electron microscope analysis of isolate 5.34 showed presence of EPS which
seemed to be constitutively produced in the presence as well as absence of Co
amendments. A change in the morphology of cells was distinctly visible with Co
amendment. The cell appeared rough with a chainlike arrangement and the formation of
cell aggregates. EDS analysis showed negligible amounts of Co deposits (0.08%) on the
surface (Plate 5).

SEM images of isolate 3.53 did not show EPS production but showed very interesting
appendage like protrusions with and without exposure to ImM Ni (Plate 6). With Ni
amendment, there seemed to be a reduction in the appendage like structures. It was
interesting to note that the EDS analysis of the appendage like structures showed small

amounts (~2%) of Ni deposits.

Scanning electron microscope analysis of the extreme halotolerant isolate 3.3 indicated
the presenve of EPS (Plate 7). When isolate 3.13 was grown in media amended with Mn,
it precipitated the Mn in the form of Manganese oxide, which was also seen as a dark
brown precipitate in the broth culture flask at 1mM concentration. The presence of Mn-
oxide deposits was confirmed using an Energy Dispersive X-ray spectrometer (EDS) in
conjunction with the SEM. EDS could not detect Mn oxide on individual bacterial cells ,

however EDS analysis of the precipitate indicated a Mn content of ~ 5% (Plate 8).

4.8.1.3. Screening for siderophore production

Siderophores which are induced in response to low iron levels are known to bind other
metals like copper and lead also. Therefore all the 21 isolates representing the 21 groups
were screened for siderophore production. A total of 8 out of the 21 showed siderophore
production on metal unamended media. This number increased to 12 when media was
amended with metal (Table 21). Siderophore production was not seen with the three main

isolates under study i.e. isolate 5.34, 3.53 and 3.13.
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4.8.2. Proteomic analyses
4.8.2.1. SDS-PAGE of whole cell protein extracts

SDS-PAGE of whole cell protein extracts was also done in order to study the changes in
protein profile of isolate 5.34, 3.53 and 3.13 following exposure to 10, 100 and 1000 uM
of Co™, Ni*" and Mn”" respectively. The response of each organism to different
concentrations of metal was extremely diverse. Fig. 70 shows the SDS-PAGE protein
profile of isolate 5.34. The profile comprised thirty bands in the control representing
protein concentrations between 9 to 138 ng. Two major protein bands, 29 kDa in the low
molecular weight and 57 kDa in the medium molecular weight range showed
considerable changes in concentration of protein fractions with cobalt amendments. 29
kDa protein was down- regulated (11%) as compared to the control, on exposure to 1000
UM of Co”"; whereas the 57 kDa protein showed a 192% up- regulation at 1000 uM of
Co?" . No novel bands appeared on exposure to metal, however almost all the bands

showed a measurable decrease in protein concentration compared to the control.

Isolate 3.53 on the other hand seemed to be greatly affected by Ni*" amendment (Fig.
71). Out of 35 protein bands recorded in the control, only two proteins continued to be
expressed on exposure to Ni**, with a percentage concentration ranging from 29 to 86 ng.
These proteins were from the low and medium molecular weight range. 59 kDa appeared
to be up-regulated to a considerable extent (94%) at a concentration of 100 pM whereas
the 36 kDa protein was sustained even with the metal amendments and showed a
marginal up-regulation at 1000 uM (14%). Most of the other protein fractions were

down-regulated in all the additions.

Mn tolerant isolate 3.7/3 exhibited an altogether different profile, not only in terms of a
variation in the banding pattern but also a significant variation in the magnitude of
expression (Fig.72). A total of twenty one protein bands with a concentration ranging
from 25 to 350 ng were expressed in the control. With Mn?®" amendments the proteins of
significance were 50 kDa and 53 kDa. The 50 kDa band was up-regulated 23% at a
concentration of 1000 uM whereas the 53 kDa protein disappeared with an increase in
concentration of Mn*". In our study no additional bands appeared on the gel on exposure

to Mn®" metal as compared to the control.
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4.8.3. Genomic analyses

4.8.3.1. Screening for plasmids

Bacterial resistance to certain heavy metals is due to the presence of plasmids. Evidence
shows that genes for drug and antibiotic resistance are often closely connected. Plasmid
mediated metal resistance may be ecologically significant since bacterial metal resistance
can be rapidly transferred from resistant organisms to sensitive ones. Keeping this
possibility in mind, not only isolates 5.34, 3.53 and 3.13 but all the other bacteria
representative of the 21 groups were checked for the presence of plasmids. No plasmid
was detected in any of the isolates, except isolate 3.13 (Fig. 73). Isolate 3.73 also showed
a megaplasmid of approximately 26.4 Kb when tested with Fe, Mn, Pb and Hg (Fig. 74).
To determine whether the resistance markers were really on plasmid, plasmid curing was

carried out. After curing 3./3 was still able to grow in the presence of all the test metals.

4.8.3.2. Screening of genes for specific resistance

The primers tested for screening of metal tolerance genes were mnxGI, mnxGU, nccA,
czcC, czcD, nikR, mrdH, mreA and groEL. All the 21 isolates representative of the 21
groups were screened for all the genes. Amplification was obtained with mnxGI, mnxGU,
nccA and groEL primers indicating the role of these genes in metal tolerance. MnxGI was
found to be highly specific, therefore gave good results with only 2 isolates i.e. 4.7/ and
2.41. However, a large no of the isolates gave positive results for mnxGU operon. Among
the positive isolates were the test organisms 5.34 (Fig. 75), 3.53 (Fig. 76) and 3.13 (Fig.
77). The other isolates which tested positive for mnxGU gene were 0.30, 2.41, 1.3, 3.36,
3.19, 5.25, 3.56, 3.52, 2.21, 3.27, 2.27 and 3.55. czcC, czcD, mre, mrd and nikR operons
were absent in all the 21 isolates tested. However, nccA was seen in isolate 3.53 (Fig.
78) and 2.21. GroEL which is normally produced in response to heat shock but is also
found to be a stress protein was also tested and was amplified in all the 3 test isolates i.e.

5.34, 3.53 and 3.13 (Fig. 80).

4.8.3.3. Screening for metallothionein genes
Isolates representative of the 21 groups were screened for the presence of metallothionein

genes using smt primer. A distinct band of the amplified metallothionein gene was seen

Pereira F, 2013, Goa University 99















Chapter 4: Results

in the Mn tolerant isolate 3.73 (Fig. 79) but not in isolates 5.34 and 3.53. However, two
other isolates /.79 and 2.2/ also showed the presence of the gene, implicating the role of

metal binding proteins in metal tolerance on exposure to high metal concentration.

4.9. Metal bioremediation experiments

The bioremediation potential of isolates 5.34, 3.53 and 3. 13 respectively was investigated
at a concentration range of 0.01 mM-20 mM at a pH of 7.4. Cobalt immobilization
capacity of isolate 5.34 increased when the initial metal concentration was low i.e. upto
0.1 mM and a further increase in metal concentration resulted in a drop in immobilization
as shown in Fig. 81A. However, there was a slight peak at a higher concentration of 5

mM. The immobilization of Co>” was highest (77%) at 0.1 mM concentration.

It was also found that the capacity of isolate 3.53 for immobilization of Nickel was
significantly lower (35%) at 0.1 mM Ni*" concentration (Fig. 81B), than that of the
isolates 5.34 and 3.13. However, isolate 3.53 showed maximum immobilization of 67%

at a lower concentration of 0.01 mM.

The immobilization of Manganese by isolate 3./3 (Fig. 81C) showed a trend similar to
that indicated by isolate 5.34 for Cobalt, except that it showed consistent immobilization
at all concentrations of Mn®". When the Mn concentration was 0.1 mM the
immobilization by strain 3./3 was maximum at 77%, whereas with an increase in metal

concentration to 1 mM there was a slight decline to 63%.

The rate of immobilization for low salinity isolate 5.34 was 5 mg Co/g/day, for moderate
salinity isolate 3.53 it was 0.2 mg Ni/g/day and for hypersaline isolate 3.13 it was 8 mg
Mn/g/day.
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Hypersaline environments with salinities far more than the normal seawater salinities
generally originate as a result of evaporation of seawater. Solar salterns are such
hypersaline environments which consist of a series of linked pans where gradients of
salinity occur due to evaporation of seawater. The salinity normally deviates from 5 to
350 psu (Kerkar & Loka Bharathi, 2011). Along with the increasing gradients of salinity,
the concentrations of several other solubilised elements also get magnified. The present
study is carried out in the Ribandar solar salterns which are under the influence of the
tides and receive an influx of saline sea water via the Mandovi estuary during the high
tide. Goa being an iron ore exporting state, the Mandovi estuary is under the influence of
barges transporting iron ore from the inland areas to the Mormugao harbour. The present
study concentrates on the effect of the influxed metals in the salterns on the inhabitant
heterotrophic bacteria. The sampling was carried out in 2007 and 2008, where the export
of iron ore was a very prominent source of income to the State. During these years there
have been reports of the occurrence of high concentrations of heavy metals in the
Mandovi estuary (Attri & Kerkar, 2011). The influx of the heavy metals along with the
sea water into the salterns and the sequential evaporation of the overlying saltern water
has resulted in the salterns acting as a sink with magnified concentrations of certain
metals (Pereira et al., 2013), which in turn would affect the microorganisms inhabiting
these environments. According to Simpson et al, (2004) and Eggleton & Thomas,
(2004), the overlying water conditions, in particular the pH, salinity, dissolved oxygen
concentration, the level of physical disturbance in the sediment and the amount of
suspended solids affect the fate (speciation) of metals released from sediments. Kaur et
al., (2006) are of the opinion that factors such as salinity, pH, temperature, and growth-
medium components can alter effective free metal ion concentration in the cell and also
influence the metal stress response of the organism. In the process of salt making there is
usually a daily mixing and skimming procedure to collect the salt crystals in heaps, which
are deposited on the bunds of the salterns. This makes the overlying water and the
surficial sediments a highly dynamic ecosystem which in turn makes the organisms
highly vulnerable to physico-chemical disturbances. Ciutat & Boudou, (2003) as well as
Simpson & Batley, (2003) have demonstrated that physico-chemical changes alter the
bioavailability of metals in the pore waters and Simpson et al., (2002) have reported a

similar effect on the release rate (flux) of metals from the sediments.
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5.1. Effect of environmental parameters on metals and metal tolerant

microbes:

5.1.1. Salinity

The solubility of the metals in saltern water depends on several factors such as salinity,
Eh, pH and dissolved oxygen. In the present study most of our observations have been
carried out in the salt-making season with salinities in the saltern water ranging from 46
to 285 psu. The variability of salinity both in the sediment (t=5.531, df=12, p<0.001) as
well as in the water (t=2.511, df=5, p<0.1), between the salt-making season (SMS) and
non salt-making season (NSMS) was one important factor which was highly significant
(Appendix 3.1, Table 1 and 2). During the salt-making season the metal concentrations
recorded by us in the overlying water were: Fe 5.8 ppm, Mn 1.6 ppm, Ni 0.5 ppm, Co 0.9
ppm, Zn 0.9 ppm, Cd 0.01 ppm and Hg was below detection limits. In the water, Fe (n=7,
r=0.677, p<0.1) and Pb (n=7, r=0.707, p<0.1) concentration showed a positive correlation
with salinity irrespective of season (Appendix 3.3, Table 7). Increase in salinity of water
during the SMS resulted in an increase in the concentrations of Pb by 82% (n=5, r=0.908,
p<0.02) and Zn by 54% (n=5, r=0.736, p<0.1). The Fe tolerant bacteria from water
showed a negative correlation with salinity during the SMS (n=5, r= -0.956, p<0.01)
(Appendix 3.3, Table 9).

In the sediment, Fe concentration varied by 50% (n=14, r = 0.71, p<0.01), Mn by 34%
(n=14, r = 0.59, p<0.05), Ni (n=14, r = 0.58, p<0.05) and Co (n=14, r = 0.58, p<0.05) by
33% respectively with a change in salinity irrespective of season (Appendix 3.3, Table 1).
This was again evident in the sediment at a depth of 0-5 cm during the SMS, wherein Fe
increased by 85% (n=5, r = 0.923, p<0.01), Ni by 69% (n=5, r = 0.834, p<0.05) and Co
by 68% (n=5, r = 0.827, p<0.05) with an increase in salinity. An increase in salinity
would cause an increase in flocculation and coagulation of particulate material in
suspension which favours quick settling of pollutant-borne particulates when salinity of
the saltern water increases. With a decrease in salinity or pH in the overlying water, these
metals which had sedimented would dissolve, thereby making them bioavailable to the
microorganisms. In a study on metal speciation and release using salt water and fresh

water, Hong et al., (2011) showed that total Cd release was substantially higher during
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exposure to salt water, although, as a result of complexation, predicted dissolved Cd*"
concentration in the overlying water was higher during exposure to freshwater,
substantiating our hypothesis that cyclic changes in pH and salinity in the overlying water
can dramatically influence metal release from estuarine sediments, thereby making metals
more bioavailable and subsequently resulting in a larger metal tolerant bacterial
population. During the SMS, salinity was found to be positively correlated to the Fe
tolerant bacteria (n=10, r=0.878, p<0.05), Mn tolerant bacteria (n=10, r=0.825, p<0.05),
Co tolerant bacteria (n=10, r=0.616, p<0.1) and Ni tolerant bacteria (n=10, r=0.545,
p<0.1) in the sediment (Appendix 3.3, Table 3). In a similar study Atkinson et al., (2007)
showed that the metal release and sequestration rates were affected to a much greater
extent by changes in overlying water pH (5.5 - 8.0) and sediment disturbance (by
physical mixing) than by changes in salinity (15 - 45 psu) or dissolved oxygen
concentration (3 - 8 mg I'"). The physical disturbance of sediments was also found to
release metals more rapidly than biological disturbance (bioturbation). Released metals
were reported to sequester less rapidly in waters with lower dissolved oxygen
concentrations, suggesting that, the metals maintain their bioavailability because of the
continued cycling between pore waters and surface sediments due to physical mixing and
bioturbation. These reports were consistent with the metal concentrations observed in this
study in the sediment and water. In the waters overlying the sediment, the concentrations
of metal increased following physical disturbance of the surficial layers of the sediment
during salt making and generally returned to concentrations measured before the
disturbance period, indicating that the release of metals to the overlying waters was only
temporary. Thus physico-chemical changes alter the bioavailability of metals in the pore
waters (Ciutat & Boudou, 2003; Simpson & Batley, 2003) and the release rate (flux) of

metals from the sediments (Simpson et al., 2002).

Further, this study showed that as reported by Davis, (2000), here too hydrology appeared
to play a determinant role in the development of biological communities in the saltern.
The abundance of metal tolerant bacteria was largely influenced by salinity, especially
when salinity became a limiting factor during the non salt-making season. Salinity had a
strong positive influence on Mn and Ni tolerant bacteria which increased 100% and 98%

with an increase in salinity. Ventosa ef al., (1998a) and Amoozegar ef al., (2005) reported
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that an increase in salinity from 5% (w/v) to 15% (w/v) enhanced metal tolerance and
attributed it to the presence of Na and K. Sodium and potassium are necessary elements
for the activity of enzymes and pumps in halophiles; which enhances the toxic metal

tolerance in bacteria.

5.1.2. Eh and pH:

Eh and pH have long been recognized as critical parameters controlling the fate of
pollutants in the environment. Eh and pH in the saltern were seen to be strongly related to
each other, irrespective of season, in the sediment (n=14, =0.849, p<0.001), as well as in
the water (n=7, =0.931, p<0.001) (Appendix 3.3, Table 1&7). Eh in the saltern sediment
varied between -29.5 to 72.4 mV and in the water it varied between 43.2 to 258.2 mV.
Such largely positive values of Eh would favour the existence of oxidized metal species
in the saltern, whereas low values would favour the existence of reduced species. Thus
Eh may affect heavy metal availability and toxicity. In a reducing environment insoluble
metal sulphides may form with little or no toxicity. Thus, redox reactions explain the
chemical and biological phenomena occurring in soil. Redox conditions together with the
pH are also used to predict the dissolution behaviour of metals. In this study it was seen
that Eh positively influenced the abundance of Fe tolerant bacteria in the saltern water
during the SMS (n=5, r=0.923, p<0.01) (Appendix 3.3, Table 9). Cd tolerant bacteria
(n=14, r = 0.54, p<0.05) as well as Zn tolerant bacteria (n=14, r=0.54, p<0.05) showed a
positive correlation with Eh in the sediment irrespective of season (Appendix 3.3, Table
2). The chemical behaviour of inorganic elements like metals is also strongly influenced
by the sediment pH. The pH obtained in the sediment in the present study varied between
5.7 to 7.4 and in the overlying water the pH varied from 7.0 to 8.5., whereas pH obtained
by Kerkar (2004) in the same saltern was generally alkaline. During the period of this
study, the weather showed highly erratic changes, with unprecedented monsoon showers
occurring in the months of February, March, May and June 2008 which would explain
the changes in pH. Olaniran et al., (2013) have demonstrated that a small change in pH
can decrease metal solubility and bioavailability by several orders of magnitude, wherein
they observed that the solubility of cadmium was reduced 8.8-fold by an increase in pH
from 6 to 7 in 1.3 mM phosphate. In the present study too, we observed that an increase

in pH from 7.4 to 8.4 resulted in an approximately 2 fold decrease in the dissolved Fe,
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Mn, Ni, Cd and Pb concentrations, and a 91% increase of the Fe tolerant bacteria in the
water (Appendix 3.3, Table 9). In the sediment during the SMS, the Fe (n=10, r= -0.73,
p<0.05) and Mn (n=10, r= -0.89, p<0.05) tolerant bacteria showed a negative correlation
with pH (Appendix 3.3, Table 3) According to Benka-Coker et al., (1998) the
dependence of metal bioavailability on pH varies between different metals. They found a
rapid decline in the concentrations of the free, ionic species of copper and zinc in
minimal media at pH values higher than 5, while the free, ionic form of cobalt remained

prevalent even until the pH value was higher than § .

In the present study, the concentrations of metals obtained in the sediment were generally
higher than the overlying water. This coupled with low pH values, could result in higher
levels of free, ionic species of metals in the sediment. Whereas in the water, the levels of
metal concentrations obtained were lower and pH values were higher; subsequently little
or no release of metals may occur. Following physical disturbance of the sediment during
the salt making season, total Fe, Mn, and Zn concentrations increased in the 0-5 cm
sediment layer having pH between 7-7.5 and decreased in deeper sediments at slightly
lower pH of 6.5 to 7.5, while concentrations of total Ni, Co, Cd and Pb remained lower at
0-5 cm having high pH (7 - 7.5) and were slightly higher in the 5-10 cm depth having
low-pH (6.5 - 7.5). During the non salt-making season, the total Fe and Mn
concentrations remained high in the 0-5 cm sediment layer having pH between 7 - 7.5.
These results are in agreement with that obtained by Atkinson et al., (2007). At alkaline
pH there is a precipitation of metal as hydroxides or oxides. Most hydroxides are
insoluble. Therefore an alkaline pH decreases the availability of metal ions. The decrease
in pH obtained by us prior to commencement of salt-making in the saltern could be the
result of acid production due to active decomposition of the inundated terrestrial
vegetation and the degradation of the biofilms in the overlying saltern water. Acidic pH
may increase the concentration of free metal ions in solution. This was obvious, as the pH
was found to influence the abundance of metal tolerant bacteria. Irrespective of the
season, in the sediment, pH positively influenced the abundance of Cd tolerant bacteria
(n=14, r = 0.602, p<0.05). pH also had a positive correlation with Zn tolerant bacteria
(n=14, r = 0.63, p<0.05) (Appendix 3.3, Table 2). In the water, a positive correlation
existed between pH and Fe tolerant bacteria (n=5, r = 0.95, p<0.01) in the SMS
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(Appendix 3.3, Table 9). Further, low values of pH are related to low values of dissolved
oxygen. At low pH, large release of metals into overlying waters could occur as the
sediment bound iron and manganese gets reduced. Upon mixing, the released and
resuspended metals could become oxidised, sequestered to particulate phases in the water
column, and precipitated with the oxidised iron and manganese. Such cyclic bursts in
metal release from the sediment would explain the larger metal tolerant population.
Atkinson et al., (2007) have reported that at high pH and dissolved oxygen the rates of Fe
and Mn oxidation will be faster (and hence faster rates of metal precipitation), which
generates lower metal concentrations in the overlying water. Hence, the pH and dissolved
oxygen of the overlying water governs the rate at which released metals will be

scavenged from the water column and returned to the sediment.

5.1.3. Dissolved oxygen:

In the Ribandar saltern, dissolved oxygen measurements made during this study period,
for overlying water, showed an average of 2.1+1.0 ml L™ during the salt-making season,
while it was 3.7+0.9 ml L during the non salt-making season. These results were
comparable to the sub-oxic values of 0.05 to 2.54 ml L' obtained by Kerkar, (2004). A
concentration of 1.87 mg L™ (58 pM) oxygen was reported in the crystallizer brines of a
Bulgarian salt works (Pavlova et al., 1998). Canfield et al., (2004) found saturation
concentrations of 82 and 69 uM oxygen at 20°C in brines of 230 and 200 g L™ total
dissolved salts overlying a gypsum crust in the salterns of Eilat, Israel. Dissolved oxygen
varied from 3.3 - 4 mg L' in Tuticorin Salt pan (Gopalakrishnan et al., 1994).
Concentration of dissolved oxygen was maximum during the non salt-making season.
This may be due to high solubility of gases at lower salinity. Decreased salinity increases
the solubility of oxygen in the water, which probably appears to be the main cause for the
increase in the concentration of dissolved oxygen during monsoon. Canfield et al., (2004)
reported increase in oxygen production from <2 to 8-9 uM min ' when the salinity of a
hypersaline gypsum crust from a saltern pond in Eilat decreased from 230 to 200 g 1",
High salt concentration particularly when combined with high temperature restricts the
solubility of gases such as oxygen, which explains the lower oxygen values observed in
this study during high salinity. Dissolved oxygen is an important geochemical oxidant

and controls the solubility of polyvalent trace elements in water. In an oxic environment
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iron precipitates as iron oxyhydroxides which are important adsorbents of heavy metals.
However, no significant correlations between dissolved oxygen and metals or microbes
have been observed in this study. This could be because metal tolerant bacteria studied
here are all aerobes and high numbers are known to be normally encountered in

oxygenated overlying waters and surface sediments.
5.1.4. Temperature:

Temperature is a major factor determining the competition between red Archaea and
colourless bacteria in the intermediate salinity range, the Archaea being favoured at
higher temperatures (Rodriguez-Valera et al., 1980). The seasonal variations in
temperature are naturally characteristic of a temperate climate. The average temperature
encountered in the sediment during the salt making season was 29.6+3.8°C, while in the
non salt making season it was 27.3+3.3°C. The reason why no significant seasonal
variations in temperature were seen was probably due to the cooling effect brought about
by the rainfall. Temperatures from the same saltern recorded in 2000-2001 by Kerkar,
(2004) were 25 to 36°C in the non- monsoon seasons and 28 to 30°C in the monsoon
season. Kerkar, (2004) did not find a significant stimulation of bacterial growth with
temperature and attributed it to small variation in temperature not being high enough to
bring about changes. However in this study, even though temperature did not show
significant seasonal variation, it was positively correlated to the abundance of bacteria in
the sediment irrespective of season. Cd tolerant bacteria were stimulated by 41% (n=14,
r=0.61, p<0.05). An increase in temperature also had a positive effect on the abundance
of Ni tolerant bacteria (n=14, r = 0.57, p<0.05) (Appendix 3.3, Table 2). The influence of
temperature was further confirmed during the saltmaking season where it again showed a
positive correlation with Cd tolerant bacteria (n=10, r=0.66, p<0.05) and Ni tolerant
bacteria (n=10, 1=0.79, p<0.01). Further it also positively influenced the abundance of Fe
tolerant bacteria (n=10, r=0.77, p<0.01) and Co tolerant bacteria (n=10, r=0.69, p<0.05;
respectively) (Appendix 3.3, Table 3). Similar to our findings, Ayadi et al., (2004) have
shown that the effect of temperature is not a simple mechanical concentration of the
bacterial communities present, but an active response of these communities to the
increasing salinity conditions and undoubtedly other environmental factors. These factors
may simultaneously affect the binding sites on bacterial species causing reduction in
heavy metal removal.
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5.1.5. Nutrients:

Besides the above discussed factors, microbial numbers and activity could also be altered
by other factors such as the nutrient availability. Salterns worldwide vary greatly in the
concentrations of inorganic nutrients of the brines. These variations depend on
geographical location, season, management practices, and many other factors. In a study
in the salterns of Santa Pola, Alicante Spain, Joint et al., (2002) have shown that the
ambient nutrient concentrations within a single pond can vary considerably even within a
few days. Studies on nutrient concentrations in the Ribandar saltern sediment indicated
low levels of nitrate and high levels of ammonium. The mean concentrations varied
between 0.6-3.6 uM for nitrate, 0.2-0.5 uM for nitrite, 21.9 to 58.4 pM for ammonium
and 1.6 to12.7 uM for phosphate. In water the variation was 0.2 to 2.9 uM for nitrate, 0.2
to 0.5 uM for nitrite, 1.2 to 20.4 pM for ammonium and 1.5 to 20.8 pM for phosphate. A
study of nutrient concentrations from water in the same saltern in 2002 by Modassir &
Ansari, (2011) showed a wide fluctuation in the nutrient concentration with values
ranging between 1.4-29.6 pg-at/l for phosphate, 1.8-50.4 pg-at/ 1 for nitrate and 0.1-20.0
ug-at/l for nitrite and 0.3 -16.1 pg-at/l for ammonium. Low values of nitrate ranging from
0.3 to 2.9, similar to that obtained in this study, were seen in the Yucatan salterns in
Mexico by Torrentera & Dodson, (2004). Low levels of nitrate as obtained by us could be
due to bacterial respiration in sediments. Heterotrophic bacteria utilize nitrate as an
oxidant under anoxic conditions to break down organic substances into nitrogen gas and
oxygen. Upon burial of organic matter first oxygen gets depleted, then nitrate and
manganese (III and I'V) oxide take over as oxidants, followed by reactive iron(III) oxide.
Then sulphate will be used and finally when sulphate is depleted bicarbonate takes over
the role of oxidant. The intensity of this process will be greater in the saltern since it has
mangroves fringing it that harbour high populations of bacteria, as the presence of
organic matter is very high. This could therefore imply that the domination of nitrate
removal over its release processes by biogeochemical processes is important in the
saltern. In the evaporation ponds of the Santa Pola, Alicante salterns, turnover of nitrate
(~100 d turnover time at salinities below 220 g ") was much slower than that of
ammonium (2 to 14 d turnover time). On the other hand, rapid light-dependent uptake of
nitrate was found in the crystallizer ponds (6 to 12 d turnover time at 370 g "' salt) (Oren,
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2009). Another reason for the ammonium levels being on the higher side in the saltern
could be due to the microbial degradation of nitrogen- containing osmolytes (glycine
betaine, ectoine, etc.) accumulated by the microbial community during the dry season as
explained by Casillas-Martinez et al., (2005); or the sewage effluent from Panaji city
containing ammonium concentration of ~50 mg/l (~3,600 puM) and phosphate
concentration averaging 5 mg/l (~160 uM) discharged in Mandovi estuary at Campal (de
Souza, 2006). Jeffries et al., (2012) reported higher level of ammonium in hypersaline
sediments compared to the lower salinity sediment and related it to the potential negative
influence of high salt concentrations on nitrifying bacteria, such as the genera
Nitrosomonas and Nitrosococcus, suggesting that salinity may be influencing other
taxonomic groups relevant to the nitrogen cycle. According to Oren, (1999, 2001)
autotrophic nitrification, which in normal environments is responsible for the oxidation of
ammonium through nitrite to nitrate, does not operate at salt concentrations above 100 to
150 g I''. Similar to this study, Sardessai & Sunder (2007) have reported significant
presence of ammonium, DON and phosphate. According to them, this could be attributed
to the mangroves on the Mandovi estuarine banks which harbour sediments rich in
organic matter. Hulth er al.,, (1999) suggested that, due to lack of oxygen, the
transformation of ammonium into oxidized or gaseous forms by the activity of
microorganisms becomes slower and therefore the ammonium gets accumulated in the

sediments.

Similarly, the low levels of nitrite in the saltern could also be due to the mangroves
bordering the saltern. Alongi, (1996) compared the nitrite concentrations in different
locations (mangroves and mudflats) and found that the concentrations were significantly

lower (0.02- 0.05 uM) in sediments in which mangrove roots were found.

A positive correlation between Cd tolerant bacteria and nitrate (n=14, r = 0.65, p<0.05),
and Co tolerant bacteria and ammonium (n=14, r = 0.68, p<0.01) was seen irrespective of
season in the sediment (Appendix 3.3, Table 2). Similarly, Fe tolerant bacteria were also
found to increase with increasing phosphate concentration (n=14, r = 0.76, p<0.001)
(Appendix 3.3, Table 2). This could be because phosphate is well known for its ability to
precipitate many metals and reduce their bioavailability (Huges et al, 1991). Therefore

even though the concentration of metals such as Fe may be high they may not be totally
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bioavailable, justifying the increase in counts. This influence of nutrients was also visible
during the non salt making season wherein Zn and Cd tolerant bacteria increased by 96%

with increase in phosphate.

The influence of nutrients was further confirmed during the salt making season where
nitrate showed a positive correlation with Fe tolerant bacteria (n=10, =0.73, p<0.05); Co
tolerant bacteria (n=10, r=0.74, p<0.05); and Cd tolerant bacteria (n=10 r=0.68, p<0.05)
respectively (Appendix 3.3, Table 3). In a study by Javor, (1983) it was shown that the
concentration of all three nutrients (nitrate, phosphate and ammonium ions) increased
dramatically in more saturated brines at ESSA and showed a co-relation with the
concentration of bio-mass each saltern supported. At higher salt concentration, the
halophilic bacteria became the exclusive microorganisms in the ESSA saltern but the
Western salt continued to have both the halophilic bacteria and Dunaliella in the high
brine waters (Javor, 1983). Rodrigues — Valera et al., (1981) reported the physico-
chemical characteristics of various salterns where microbiological samples had been
taken and showed higher concentration of N and PO, at low salt concentration than that
reported by Javor, (1983). However, the numbers of culturable bacteria did not appear to

be much higher (Rodriguez — Valera et al., 1981).

According to Tam & Wong, (2000), saltern sediments being rich in sulphide and organic
matter, favour the retention of water-borne heavy metals and the subsequent oxidation of
sulphides allows metal mobilisation and bioavailability (Clark ez al., 1998). This in turn
would directly affect the abundance of metal tolerant bacteria. The effect of sulphide on
the abundance of metal tolerant bacteria was more discernible in the salt making season
compared to the non salt making season as seen by the multiple correlations in the
former. In the salt making season sulphide from the sediment had a positive influence on
Ni tolerant bacteria (n=10, r=0.64, p<0.05) and Co tolerant bacteria (n=10, r=0.68,
p<0.05) respectively (Appendix 3.3, Table 3), whereas irrespective of the season,
sulphide positively influenced the abundance of Cd tolerant bacteria (n=14, r = 0.57,
p<0.05) (Appendix 3.3, Table 2). This could be related to the higher levels of sulphide in
the sediments during salt making season due to the reduction of sulphate to sulphide, as
compared to the non salt-making season when oxidation of sulphide proceeds at a faster

rate converting the sulphide to sulphate especially in the surface layer of the sediment.
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The reduction of sulphate to sulphide influences many metabolic processes e.g. it has a
profound effect on the availability of trace metals and directly influences the uptake by

marine biota (Kerkar & Loka Bharathi, 2007).

Comprehensive studies have been made on the physico-chemical, biological and
mineralogical aspects of the Mandovi estuary, however limited information is available
on the organic C and N of sediments in the adjoining salterns which could be useful in the
assessment of nutrition. Higher organic carbon and nitrogen values were seen during the
non salt-making season as compared to the salt-making season. Organic matter has high
complexation ability with trace metals in marine sediments (Mantoura et al., 1978).
Organic matter typically contains carboxylate functional groups capable of binding trace
metals. This would be the obvious reason why all the metal tested (except Fe and Mn in
water) showed a decline in concentration during the non salt-making period in the saltern.
However the C: N ratios were fairly similar during both the seasons indicating that source
of C and N is common. The C: N ratio of organic matter in surficial marine sediments has
been frequently used as an indicator of terrigenous addition to marine sediments (Trask,
1955). The rationale was based on the observed enrichment of organic C over N in land-
derived organic matter (C: N atomic ratio > 12), (Kukal, 1971), as compared to
autochtonous marine (C: N < 10), (Parsons, 1975). Throughout the salt making season C:
N values recorded in the present study were considerably high (>10) indicative of
terrestrial influence i.e. a possible land-derived origin of these elements in the saltern.
Though the distribution of bacteria can be carbon limited no relationship was observed
between these two parameters because most of the TOC may be either non available or
recalcitrant. Wong et al., (2006) have reported that high salinity reduces organic carbon
solubility and hence bioavailability. Conversely, if there is intermittent reduction in
salinity, as obtained during this study period, it would improve the solubility of organic

carbon besides other constituents.

5.2. Sediment geochemistry and metal enrichment:

In recent years, studies of saltmarshes have provided important information concerning
the role these ecosystems play in the geochemical cycling of heavy metals (Beeftink &

Nieuwenhuize, 1986; Giblin ef al., 1986; Alberts et al., 1990; Chenhall et al., 1992) and
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sediment retention (Frey & Basan, 1985). Although the geochemistry of saltmarshes has
been the subject of extensive study overseas (Hallberg, 1974; Giblin et al., 1986),
equivalent studies providing basic data on the distribution and geochemistry of trace

metals in salterns, especially in Goa have been sparse in the literature.

Metal distribution in saltmarsh substrates depend on a number of factors. Grain size
influences the distribution of trace metals (Windom et al., 1989; Zhou et al., 2003). Grain
size exerts an important influence since clean sands characteristically have low metal
concentrations (Jenne, 1977; Krumgalz et al., 1992). Most metals are adsorbed onto clay
particles or are scavenged by iron oxides and hydroxides (Ohmsen et al., 1995). In our
study, clay was the dominant factor, followed by sand and silt, especially during the salt-
making season. Though no significant variations were discernible in grain size with
depth, seasonal variations were quite prominent. This would explain why there were no
significant variations in the concentration of metals between the depth intervals studied,
but there existed significant variations between the salt-making and non salt-making
seasons. The sediment showed a higher percentage of clay in the salt-making season (60-
70%) as compared to the non salt-making season (18-56%). Metal concentrations were
higher in the sediment in the salt-making season compared to the non salt-making season

by 52 % for Fe, 42 % for Mn, 85 % for Ni, 23 % for Co, 42 % for Zn and 47 % for Pb.

Evaluating the concentrations of metals obtained in this study with a study of metals from
sediment cores (0 — 10 cm) of the Ribandar saltern observed in 2001 by Kerkar, (2004)
shows an escalation in the concentration of almost all the metals over the last 10 years. Fe
obtained then was 0.97 — 3.04 %, whereas presently it showed an 8 to 17-fold increase.
Similarly Mn showed a 34 to 54-fold increase from 0.01 — 0.03 to 0.6 — 0.9 %; Co
increased from 4.8 — 24.8 to 28.4 — 35.2 ppm, which was a 1 to 6-fold increase; Ni
increased from 15 — 46 to 27.6 — 51 ppm which was a 1 to 2-fold increase; Zn increased
from 14 — 38 to 44 — 62.8 ppm again showing a 1 to 3-fold increase and Cd which was
previously not detectable showed 0.06 ppm, thereby suggesting an increase in the input of
these metals in the estuary, which probably could be attributed to anthropogenic sources
and ferromanganese mining. Comparatively, the concentration of Pb showed a 0.4 to 0.7
fold decrease. In a recent study, Attri & Kerkar, (2011) have demonstrated anthropogenic

influence in the sediments of Divar, a mangrove swamp in the Mandovi estuary in the
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vicinity of the Ribandar saltern by comparing it with another pristine mangrove area free
from human influence. The Divar swamp is geochemically similar to the Ribandar saltern
and hence could serve as a negative control for our study. According to Attri & Kerkar,
(2011) the annual average concentration of Fe in Divar was 18.3+1.9 %, Mn was
0.19£0.002 %, Co was 36.2 +4.2 ppm and Zn was 102.3+9.8 ppm. These values obtained
in the Mandovi riverine body were less than the metal concentrations encountered in the
present study in the Ribandar saltern during the salt-making season except in the case of
Zn, suggesting an enrichment of these metals in the saltern. The annual average metal
concentrations reported in the Ribandar saltern in the present study were much higher
than that obtained in the Mandovi river at 21.7+4.7 % for Fe, 0.72+0.16 % for Mn,
31.8+9.7 ppm for Co and 53.4+ 22.6 ppm for Zn. Lower values of Zn in the saltern could
be explained by the high level of positive correlations between Zn metal and Ni-, Fe- and
Mn tolerant bacteria. The overall variation in concentration of metals in the saltern could
be due to the differential discharge of untreated effluents originating from industries and
agriculture as well as from domestic sewage along with the fishing and boating activities
in the adjoining Mandovi river which feeds the saltern. Chenhall et al., (1992) found trace
metal enrichments of upto 200 times in the saltmarsh substrates around port Kembia
relative to localities from Callala bay and Burrill lake on the south coast of New south
Wales. Studies by Alagarsamy, (2006) showed that the concentrations of Fe varied from
2.2 t0 49.7 % in the surface sediments of Mandovi estuary, while the concentration of Mn
ranged below detection limits to 1.61 %. In the present study the major element in the
Ribandar saltern was Fe with a highest value of 39% in sediment and 10.3 mg L™ in
water respectively. Manganese with 1.06% in the sediment and 1.64 mg L" in water
respectively, was the second major element observed in the saltern. These high values of
Fe in the saltern sediment of Ribandar could be attributed to the precipitation of the
respective metal sulphide compounds in anaerobic sediments (Howarth, 1979). The high
concentrations of Mn and Fe could be due to the strong association of the geochemical
matrix between the two elements (n=10, =0.503, p<0.1) during the salt-making season
(Appendix 3.3, Table 4), as well as the non salt-making season (n=4, =0.762, p<0.1)
(Appendix 3.3, Table 5). Further iron and manganese redox chemistry could also

influence the release of other metals from metal-contaminated sediments.
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The statistical analysis of inter-metallic relationship revealed a high degree of correlation
between Fe, Mn and Ni during both the salt-making as well as the non salt-making
seasons indicating an identical behaviour of these elements during their transport in the
estuarine environment. Significant inter-relationships existed between the concentrations
of both Fe and Mn metals, suggesting similar sources for and/or similar geochemical
processes controlling these metals. Hence, it is obvious that the impact of ferromanganese
mining has substantial impact on the sediments of the salterns adjoining the Mandovi

estuary.

Variations in trace metal data provide new information on the surface sediment
geochemistry in the salterns. Similar observations have been made by several authors
(Abu-Hilal & Badran, 1990; El-Sayed, 1980). In this study, the heavy metal
concentrations were higher in all sediment samples than the respective overlying water
samples, where the heavy metals were always below permissible limits. The sediment
always accumulated higher concentrations of heavy metals than the water. Similar
observations have also been made by Besada ef al., (2001). Sediment is the major
depository of metals in some cases, holding more than 99 percent of total amount of a
metal present in the aquatic system (Odiete, 1999). Sediments can reflect water quality
and thus record the anthropogenic emissions. The occurrence of elevated levels of trace
metals in sediments are a good indication of man induced pollution and high levels of
heavy metals can often be attributed to anthropogenic influences, rather than natural

enrichment of the sediment by geological weathering (Davies et al., 2006).

The sediment quality of the saltern was assessed using various indices such as
geoaccumulation index, contamination factor and pollution load index. To enhance the
data inventory for the region and to understand the influence of anthropogenic activities
and the monsoon on biogeochemical process in the saltern ecosystem, the I, (Miiller,
1979) was determined. The choice of the background value plays an important role in the
interpretation of geological data. I, has been widely utilised as a measure of pollution in
freshwater (Miiller, 1980; Singh et al., 1997; Kralik, 1999) and marine sediments
(Stoffers et al., 1986; Bryan & Langston, 1992; Dickinson et al., 1996). L, for all the
metals under study in the salt-making season (with metal values from the non salt-making

season as background values) were computed based on Miiller, (1979) for both the
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seasons. The background values (B,) used for computing L., for each metal at a depth of
0- 5 and 5-10 cm, respectively, were 15.2 and 14.5 % for Fe, 0.6 and 0.4 % for Mn, 19.6
and 25.3 ppm for Ni, 21 ppm for Co at both depths, 28.5 and 76 ppm for Zn, 0.073 and
0.055 ppm for Cd and 0.78 and 1.11 ppm for Pb. With respect to the I, classifications, it
could be inferred that in most of the cases the sediments from the Ribandar saltern fell in
the ‘uncontaminated to moderately contaminated’ category. The sediments at 0-5 cm
interval were moderately contaminated by Pb, while it was ‘uncontaminated to
moderately contaminated’ with Fe, Ni, Co and Zn. There was no contamination with Mn
and Cd. At 5-10 cm, the impact of Fe, Mn, Ni, Co and Pb resulted in the sediments being
classified as ‘uncontaminated to moderately contaminated’, while they were
uncontaminated with Cd and Zn. High concentrations of Fe and Mn are directly related
to the Fe-Mn ore deposits and human-induced activity in handling and transportation of
these ores through the estuary. The contamination factor for Mn was higher than Fe even
though the concentrations of Fe were much higher than that of Mn. This may be due to
the reactivity of Fe and Mn to oxidation, wherein Fe is oxidized and precipitated much
faster than Mn (Zhou et al., 2003). Sholkovitz, (1978) reported that Fe is rapidly removed
in the early stages of estuarine mixing. In our study, moderate concentrations of Ni, Co,
Zn and Pb were also observed. These metals may have gained entry from the estuary
where numerous fishing boats are stationed for repair works, chipping and welding works
and anti-fouling painting works are being carried out. Pb and Zn have been used in anti-
fouling paints, and Ni and Zn in welding materials, galvanizing and metal plating. Tyres
and grease also contain some Ni and Zn (Sutherland, 2000; Buggy & Tobin, 2008).
Therefore the high concentrations of trace metals can be attributed to the anthropogenic
contamination. The Contamination Factor (CF) was greater than 1 for Fe, Mn, Ni, Co, Zn
and Pb during the salt-making season, indicative of ‘moderate contamination’ while there
was very low contamination with Cd. A similar situation was encountered in the non salt-
making season except for Zn which was found to have no contamination effect. It could
also be observed that though in general, the magnitude of CFs decreased, the CF of Pb
increased considerably. Analogous to the contamination factor, the Pollution Load Index
(PLI) is aimed at providing a measure of the degree of overall contamination at a
sampling site. According to the PLI, lower values imply no appreciable input from

anthropogenic sources (Singh et al., 1997). Our study revealed that the pollution index
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varied from 1.1 to 1.6. Relatively high PLI values suggest input from anthropogenic

sources attributed to increased human activities.

In the present study the concentration of heavy metals in the sediment was much higher
in the deeper sediments than that in the surface sediments and the overlying water. This
could be because of the flux of the metals to the overlying waters and the oxidation at the
surficial sediments. Similar results were also obtained by Zabetoglou et al., (2002)
wherein the concentrations of heavy metals in sediments usually exceed those of the
overlying water by 3 — 5 orders of magnitude. The fate and toxicity of metals in the
sediments is greatly dependent on the partitioning of metals between the sediment
particles and the pore waters (Calmano et al., 1993; Simpson, 2005). In most aquatic
environments, dissolved metal concentrations in overlying waters are low due to
precipitation as solids or adsorption to suspended particles and the deposition of these
particles as sediments. Once deposited as sediments, biological and chemical
oxidation/reduction and precipitation/dissolution reactions result in the redox
stratification of both dissolved and particulate metals with sediment depth. The oxic
fraction of silty sediments usually extends to depths of 2-5 mm (Kristensen, 2000). At
greater depths the 5-10 cm sediment becomes sub-oxic, containing mixtures of oxic solid
phases (e.g. Fe- and Mn- (hydr)oxides) in equilibrium with reduced dissolved phases (e.g.
Fe(Il) and Mn(II)) (Simpson & Batley, 2003). Once the easily reducible Fe- and Mn-
(hydr)oxide phases have been depleted, bacteria reduce sulfate to sulfide, which reacts to
form metal sulfide complexes whose solubility controls the fraction of metals dissolved
in solution (Di Toro et al., 1992; Burdige, 1993). Dissolved metals present in the pore
waters are more bioavailable and toxic than particulate metals (Chapman et al, 1998).
Physical processes (e.g. mixing of sediments and anthropogenic disturbance) can cause
sediment resuspension and mixing of previously redox-stratified sediments with
oxygenated overlying waters. In the present study, the metals released from the sediments
appeared to be scavenged from the overlying water by adsorbing to resuspended particles
and iron and manganese (hydr)oxide solid phases (e.g. Fe(OH);, FeOOH, MnQO,), which
were formed through the oxidative precipitation of dissolved Fe(Il) and Mn(II) cations
that were simultaneously released from the pore waters. pH may have influenced the rate

of oxidation of Fe(Il), as well as the binding of metals to organic-, iron- and manganese-
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based metal-binding phases. These processes may have resulted in faster rates of metal
scavenging in waters with high pH as seen in the non salt-making season and they concur

with our observed results.

5.3. Relationship between metal enrichment and metal tolerance:

A direct relationship was observed between environmental metal concentration and
microbial metal tolerance. A similar relationship was also reported by Diaz-Ravina et al.,
(1994); Pennanen et al., (1996); Lock & Janssen, (2005). A number of significant
correlations between the various groups of metal-tolerant bacteria and metals were
evident. An analysis of the salt-making season indicated a positive correlation between
Zn concentration in the sediments and Fe- (n=10, r=0.530, p<0.1), Mn- (n=10, r=0.569
and 0.539, p<0.1) and Ni-tolerant bacteria (n=10, =0.617, p<0.05) (Appendix 3.3, Table
4). This could mean that Zn could be a key element and a limiting nutrient for Fe-, Mn-
and Ni-tolerant bacteria and therefore any increase in its concentration would
immediately reflect on the counts of Fe-, Mn- and Ni tolerant bacteria. Similarly, it was
observed that Fe also had a positive effect on the Co-tolerant bacterial population (n=10,
=0.674, p<0.02) during salt-making season (Appendix 3.3, Table 4). The substrate
dependence or coupling of the metal-tolerant bacteria with metals was not very
significant during the salt-making season, probably because the heterotrophic bacteria
were not limited by the availability of metals. In the non salt-making season generally the
metal concentrations decreased due to the dilution effect by the monsoon showers and a
stronger coupling existed as indicated by numerous and stronger correlations. An
assessment of the number of correlations during the non salt-making season indicated that
Fe had a positive correlation with the level of Mn-tolerant bacteria (n=4, r=0.809, p<0.1),
Pb tolerant bacteria (n=4, 1=0.923, p<0.02) and Co tolerant bacteria (n=4, r=0.996,
p<0.001) during the non salt-making season (Appendix 3.3, Table 5). Positive influence
of Fe has also been observed on Co-tolerant bacteria during the salt-making season. The
obvious correlation between Fe with Mn- and Pb-tolerant bacteria during the non salt-
making season further supports our observation that Fe concentrations could be one of the
critical parameters that could serve as an index of the ecological balance in salterns. Iron
could both be assimilated by microorganisms as well as utilized as an electron donor

(Fe*™) and acceptor (Fe’”) in respiratory metabolism. Due to the importance of iron,
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microorganisms may directly impact the fate and transport of iron, and indirectly
influence the biogeochemical cycling of other elements. The differences observed in
correlation between Fe and Mn with the various fractions of heterotrophs indicated that
though these two elements shared a similar chemistry in the environment, microbes
involved in biogeochemical processes might prefer them differentially. Thus metal
resistance among the bacterial isolates is a direct indication of the exposure of microbial
population to heavy metals. It has been shown that bacteria and fungi isolated from
polluted environments are frequently tolerant to higher levels of metals and higher in
numbers than those isolated from unpolluted areas (Baath, 1989; Doelman, 1986;
Doelman & Haanstra, 1979; Doelman et al., 1994; Huysman et al., 1994; Lighthart,
1979). Nieto et al., (1987) have also reported that metal tolerance could be relevant to
the ecology and physiology of halobacteria in environments that may be polluted with

heavy metals.

5.4. Distribution and diversity of metal tolerant bacteria:

Measurement of bioavailable metal concentrations is a vital step towards determining the
effects of metals on metal tolerant bacteria, since the environmental risk caused by heavy
metal pollution is traditionally determined by quantification of total metals. However,
common analytical techniques such as ion chromatography, inductively coupled plasma
mass spectroscopy and polarography are not able to distinguish between available and
non-available fractions of metals to biological systems (Rasmussen et al., 2000). Even
though high concentrations of metals were recorded in the Ribandar salterns, it does not
necessarily mean that it would be bioavailable and result in toxicity and thus a reduction

in the population of metal tolerant bacteria.

Irrespective of season, the total cell counts in the saltern varied between 10 ®~° cells g™
wet weight of sediment. Analysis did not show any significant variation between the
seasons where counts were only 5% lesser during SMS than the NSMS in the sediment.
However, the counts in the water were higher by one order at 10° cells ml™ during NSMS
compared to the SMS (~10° cells ml™), indicating that during NSMS there is an influx of
microorganisms from the adjoining estuary or a multiplication of the existing
microorganisms in the saltern. Thus salinity may be influencing bacterial survival. These
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counts are slightly higher than the counts previously reported in saline sediments (Sass et
al., 2008). Sass, (2001) obtained a total cell count from Urania basin sediment of 3.6 X
10" cells ml" which was similar to counts obtained by Danovaro et al., (2005) for

I'Atalante basin sediments (5.7 x 107 cells ml™).

In the present study, the retrievable counts of bacteria in metal-amended media varied
between not detectable to10’ CFU g™ in sediment; and between not detectable to10° CFU
ml” in water. The retrievable counts with metal stress were 10° to 10* times lower than
without metal stress. This effect has also been already reported by other authors
(Frostegard et al., 1993; Roane & Kellogg, 1996). The difference in total and retrievable
counts indicated that we could cultivate about 0.001 to 0.02% of the microbes.
Cultivation-dependent strategies have been found to produce a similar bacterial
community both in moderately saline and hypersaline environments. The communities of
moderately halophilic bacteria in thalassohaline hypersaline environments, including
those associated with salterns actually resemble the seawater communities and could be
attributed to the broad salt tolerance exhibited by these marine bacteria. The strains
isolated in our study were thus not extreme halophiles but halotolerant, as most of them
grew optimally at a 2% salt concentration, and also exhibited growth at a wide range of
salinities between 2 - 20%. Of the 127 isolates screened, 30% isolates could grow only
between 1.5 % - 10% salinity and not at 20% salinity. Therefore, it could be that they
were not indigenous sediment bacteria but gained entry to the saltern from the adjoining
estuary. Thus, these moderate halophiles adapted to the high salinity of the salterns. The
10% isolates that could grow at 20% salinity could probably be natives from this saltern
itself, whereas 59% of the isolates that could grow at low as well as high salinity may
presumably reflect the adaptation of these bacteria to periodic episodes of relatively high
dilution. High salt tolerance would be due to intrinsic adaptability of the organisms to
coastal saline soils. Growth of the organisms without NaCl or salt exhibited their
halotolerance; and tolerance to 10% NaCl grouped them as moderately halotolerant and
not halophilic (Vreeland, 1987; Vreeland, 1984). Nevertheless, more growth in presence
of crude salt proved that they have preference for salinity which is not observed in
moderate halotolerant organisms but found in extreme halotolerant ones (Ventosa et al.,

1998a). The isolates in the present study exhibited pleomorphism in saline condition
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which could be an adaptation to osmotic stress (Chan et al., 1979). The increased
tolerance to NaCl in this saltern could also be expected since high metal doses will
increase the ionic strength of the soil solution, thus naturally selecting for

microorganisms tolerating a higher osmotic potential.

Rodriguez — Valera and co-workers, (1981) investigated colony growths according to the
pigmentation of the cells and used this as an indicator of Bacteria v/s Archaea. They
found non-pigmented organisms were more common in ponds containing up to 6 — 14%
salt, while the red-pigmented colonies appeared at about 18% salt, peaked at about 27 —
30% NaCl and were barely present at 34.3% NaCl. In the current study too, the
pigmented bacteria accounted for the major fraction during the salt-making season

whereas the non pigmented bacteria dominated during the non salt-making season.

In the present study 51% of the isolates exhibited a relatively high tolerance towards
some of the tested heavy metals (800 ppm of Fe, Mn, Ni, Co, Pb; 200 ppm of Zn and Cd
and 100 ppm) which may be due to their stress tolerance and the presence of high levels
of metals in the saltern sediment. Mishra et al., (2009) reported high MIC values of 200
ppm towards ZnSO4 and CuSO4 and 100 ppm for NiCl, and upto 1000 ppm for K,CrO4

and attributed it to their stress tolerance.

Besides metals, bacteria existing in the saline environments have to cope up with a
number of stresses including ionic stresses (Galinski & Truper, 1994). Since the
organisms could tolerate high concentrations of salt which is generally detrimental, this
could be a reason for their tolerance to high concentration of heavy metals which are also
toxic in nature. Amoozegar et al., (2005) have reported hypersaline bacteria with high
level of tolerance to heavy metals like chromium, arsenate, tellurite, selenite and selenate.
Sodium and potassium are necessary elements for the activity of enzymes and pumps in
halophiles (Ventosa et al., 1998b) and these elements are known to enhance the toxic
metal tolerance. Along with salinity tolerance, multimetal tolerance was also evident in
our isolates. It has been reported that the presence of one metal not only increases
bacterial community tolerance of that specific metal but also can affect tolerance of other
metals (Diaz-Ravina et al., 1994). The microbial response to individual metals may differ

from the response to stress from multiple metals. Interaction of one metal may have an
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antagonistic, synergistic or additive effect on the toxicity of another metal (Babich &
Stotzky, 1983). Appanna et al., (1996) demonstrated the influence of Mn, Co, Cs and Ni
on the ability of Pseudomonas fluorescens to adapt to and to decontaminate the multiple-
metal environment. There the toxicity of metals was comparatively lower in multiple-

metal combinations than when individual metals were tested.

Nieto et al., (1987) defined metal resistance in bacteria as the ability of isolates to grow
in the presence of 1 mM each of Fe, Mn, Ni, Co, Pb, Zn, Cd and 0.1 mM Hg respectively.
In this study, the number of isolates resistant to metals was high in the sediment
compared to water. This increase might be due to the continuous accumulation of heavy
metals in the sediment. It is evident from this study that the heavy metal pollution in the
Ribandar saltern region might have propagated the evolution of a microbial population
highly resistant to heavy metals. It is interesting to note that 18% of the microbes
retrieved from both sediment and water samples of Ribandar exhibited resistance to 50
ppm of Hg, a heavy metal which was not detected in any of the samples analyzed. This
may be due to the ability of the same microorganism to be resistant to one or a group of

heavy metals (Silver & Phung, 1996; Barkay ef al., 2003; De et al., 2003).

Except iron, no metal element developed precipitates at the concentrations tested,
indicating solubility of respective metals in the culture medium at an alkaline pH. In case
of iron, it may be that the actual concentration of soluble iron available to the organism
could be lesser than that added in the medium. Addition of iron at alkaline pH in the
culture medium is a more realistic simulation of the microorganisms’ natural
environment. Generally halophiles are found in alkaline habitats, where solubility of iron

(if present) is likely to be compromised.

It was noticed in this study that some strains isolated from the saltern did not grow with
high concentrations of metals, or had difficulties in growing under laboratory conditions
in culture media adjusted with metals. This effect is somewhat common, and most of the
isolates from metal contaminated environments only proliferate under laboratory
conditions when no metal or small amounts of metal are used (Gadd, 1990b). The fact
that these isolates did not grow at metal concentrations similar to those found in their

environment can be explained by the fact that the composition of the media and other
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conditions of incubation are decisive for the determination not only of the metal tolerance
but also for growth (Horikoshi, 1999; Krulwich, 2000). The interactions with other
members of the bacterial community may stimulate or sustain their activity and growth in
the natural environment (Gadd, 1990b; Horikoshi, 1999; Krulwich, 2000). Another
possible explanation may be related to the availability of metals, which may be higher in

laboratory (in-vitro) conditions.

Regarding tolerance, it was shown in this study that for all isolated strains the order of
tolerance of the metals tested was Fe>Mn>Pb>Ni >Co>Cd>Hg>Zn at 15 psu salinity ,
whereas at 200 psu the trend observed was Mn>Fe>Pb>Ni>Zn>Co>Cd>Hg. The results
obtained in this work indicate that heavy metal resistant bacteria can survive in the
sediment with high amounts of Fe, Mn, Ni, Co, Zn, Cd and Pb showing a high potential
for bioremediation that should be explored further. Heavy metal pollution may have
exerted a selective pressure on microbial community leading to the emergence of
resistant strains (Silver & Misra, 1984; McGrath et al., 2001; Lasat, 2002; Li et al.,
2006; De Souza et al., 2006; Wang et al., 2007). Similar studies have been carried out by
Harithsa et al., (2002) and Kerkar, (2004) on Pb and Hg tolerance by hypersaline SRB in
the same saltern. Hence, it is obvious that solar salterns could serve as avenues for

transformation of native bacterial flora to strains with increased tolerance to metals.

Until now, studies are not available on the characterization of aerobic metal tolerant
halophilic and halotolerant bacteria in the Ribandar salterns. Based on 16S rRNA gene
sequencing and phenotypic characterization, we identified and characterized 50 metal
tolerant moderately halophilic and halotolerant bacteria from the Ribandar saltern. These
isolates belonged to four phylogenetic groups, viz Gammaproteobacteria, Firmicutes
(Gram-positives with low G+C percentage), Actinobacteria (Gram-positives with high
G+C percentage) and Bacteroidetes. The y- Proteobacteria and Firmicutes predominated,
as evidenced from the previous studies of marine sediment by Gray & Herwing, (1996)
and Urakawa ef al., (1999). The same four groups have also been reported by Sun ef al.,
(2010) from a copper mine wasteland and by Jose et al., (2011) from the Cochin estuary
in India. Ivanova et al., (2001) observed high resistance of Proteobacteria isolated from
different marine sources against heavy metals. Yeon et al., (2005) identified 64 strains

which could be allocated only into two clades, 45 strains of y- Proteobacteria (70.3%),
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and 19 strains of Firmicutes (29.7%) respectively from a solar saltern in Korea. Thus,
salinity has an important influence on the global distribution of bacterial diversity
(Lozupone & Knight, 2007). Increasing salinity decreased the microbial diversity of the
ecosystem (Ventosa ef al., 1998a & b; Estrada et al., 2004; Schapira et al., 2010; Pedros-
Alio et al., 2000; Benlloch et al., 2002) with halotolerant and halophilic taxa becoming
dominant in more extreme salinities. Heavy metals are more than likely able to affect the
microbial populations in a given environment by reducing abundance and species
diversity and selecting for a resistant population (Gadd, 1990). In this study, 9 genera and
18 species were isolated from the salterns and identified as belonging to the genera
Bacillus, Halobacillus, Staphylococcus, Flavobacterium, Pseudomonas, Achromobacter,
Chromohalobacter, Micrococcus and Gordonia. Culture-dependent methodologies may
under-estimate the occurrence and diversity of microorganisms (Chee-Sanford et al.,
2001; Schwartz et al., 2003). In this study, only culture-dependent approaches were used
and thus it is possible that higher numbers of phylogenetically different bacteria would be
found using culture-independent approaches. Results indicated the predominance of
aerobic, heterotrophic, Gram-positive bacterial population similar to those reported by
Berrada et al., (2012). The abundance of heavy metal tolerant populations in Ribandar
may be due to adaptation, genetically altered tolerance, or may be due to a shift in species
composition, where organisms already tolerant became more competitive (Li et al.,
2006). On the other hand, previously dominant groups may have lost their advantage,
becoming uncompetitive, compared to the majority of individuals thus lowering the
bacterial diversity (Giller et al., 1998). The high tolerance to heavy metals observed in
this study could be attributed to the fact that these bacteria were isolated from a
contaminated area containing high levels of heavy metals (Abou-Shanab et al., 2007; Pal
et al., 2005). Microorganisms adapted to environments contaminated with heavy metals
often exhibit tolerance to multiple pollutants (Abou-Shanab et al., 2007; Pal et al., 2005).
Therefore sediment bacteria exposed to heavy metals either in solution or adsorbed on
sediment colloids (Giller et al., 1998), could lead to metal tolerance in bacterial
populations. Increased heavy metal concentration supported the dominance of Firmicutes
in the Ribandar saltern being 55.9% in sediment and 9.3% in water respectively. Among
the Firmicutes three genera were recovered, where Bacillus dominated both in the

sediment as well as water. Members of the order Bacillales are found in almost every
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environment on earth from the stratosphere (Wainwright et al., 2003) to the deep
subsurface (Boone et al., 1995; D'Hondt et al., 2004; Batzke et al., 2007). This ubiquity
is, in part, attributed to their ability to form resilient spores (Nicholson et al., 2000),
besides their great metabolic versatility and ability to grow under physico-chemical
extremes. Species of B. marinus, B. badius, B. subtilis, B. cereus, B. licheniformis, B.
firmus, and B. lentus have often been isolated from marine habitats (Boeye & Aerts,
1976; Claus & Berkeley, 1986). Studies have shown that Gram negative bacteria are
more tolerant to heavy metals than Gram-positive ones (Madigan et al., 2003) probably
because of the composition of the cell wall and interactions with metal ions (Duxbury,
1986). However, some Gram-positive strains are very resistant to high concentrations of
heavy metals. In this study, Gram positive endospore formers were found to be the
predominant group (83.5%) in Ribandar salterns and belonged to the Domain Bacteria.
The Domain Bacteria may indeed constitute a major contributor to the microbial
community in the local saltern ponds, considering the clear absence of pigments in the
sampled water. The sampled water from the solar saltern ponds was quite clear, with no
observable red tint. Similar observations were also reported by Yeon et al., (2005) in
solar saltern ponds in Taean-Gun, Chungnam Province, Korea. The Archaeal Domain
was not targeted in the present study although they may be a dominant group in marine

salterns.

During screening, three strains were selected for study and after being characterised
phylogenetically, showed similarity to previously described taxa. Gram- positive isolate
5.34 representative of a slight halophile was closely related to Bacillus cereus (99%),
Gram- positive moderate halophile 3.53 displayed the highest similarity to Bacillus sp.
(99%) and Gram —negative isolate 3./3 representing a borderline extreme halophile was
designated as Chromohalobacter (97%). These three bacterial strains showed good
capacity to tolerate heavy metals and were selected for detailed studies on the

mechanisms of metal tolerance.

5.5. Metal tolerance studies:

The preference of microorganisms for selective metals is an important issue (Romera et

al., 2008) and therefore the bacterial strains selected for the present study were tested for
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growth and metal tolerance patterns at varying NaCl concentrations, pH and

temperatures, as it would indicate differences in toxicity to the heavy metals.

Looking into the effect of salt concentration it has been reported that salt requirement and
salt tolerance are highly variable among different species and may also vary according to
growth conditions such as temperature and composition of medium. (Ventosa et al.,
1998a). In our study, all isolates failed to grow in NaCl-deficient medium. Increase in the
concentration of NaCl to 2% led to greater tolerance to Co, Ni and Mn with all the three
test strains. The maximum effect of salt concentration on Mn tolerance was seen with the
borderline extreme halophile Chromohalobacter. An increase in NaCl concentration
from 2 to 20% enhanced tolerance to Mn from 0.01 to 5 mM. All the three strains namely
Bacillus cereus, Bacillus sp. and Chromohalobacter showed maximum tolerance to Co,
Ni and Mn respectively in medium containing upto 10% NaCl. Generally, when the
concentration of NaCl was increased from 2 to 10% (w/v), toxic metal tolerance
was enhanced. Similar observations were also made by Amoozegar et al., (2005).
Chromohalobacter could tolerate NaCl up to 20% (w/v). High salt tolerance would be
due to intrinsic adaptability of the organisms to coastal saline soils (Ventosa et al.,
1998a). Nevertheless, more growth in presence of NaCl/salt proved that they have
preference to salinity which was not observed in the moderate halotolerant but found in
the extreme halotolerant organism. Chloride salts may be inhibitory at high concentration
because of the ability of chloride to prevent the attachment of 50S ribosomal subunit to
the 30S subunit mRNA complex and also displace already bound ribosomes (Ghosh,
2010). However the inhibitory effect of chloride can be partially reversed by glycine
betaine or glutamate. Therefore, chloride content plays an important role in translation

and thereby in the cell cycle and growth of halophiles in the culture medium.

In the present study, the effect of pH on growth of the bacterial strains was monitored
because according to Simie et al., (1998) the biosorption capacity of the cell is sensitive
to pH. The cell surface metal binding sites and availability of metal in solution are
affected by pH. At low pH, the cell surface sites are closely linked to the H' ions, thereby
making these unavailable for other cations. However, with an increase in pH, there is an
increase in ligand with negative charges which results in increased binding of cations

(Ahuja et al., 1999). The increase in pH would result in an increased negative charge on
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the surface of the cell which would favor electrochemical attraction and adsorption of
metals (Gourdon et al., 1990). Bacillus sp., Pseudomonas sp. and Micrococcus sp. have
been reported to adsorb maximum Cu, Cd and Pb at pH 7, 6 and 6 respectively which are
similar to the results of Wang & Chen, (2006). Biosorbent concentrations have been
reported by Blackwell er al.,, (1995) where the highest adsorption occurs at pH ranges
from 4-8. This pH range is widely accepted as being optimal for metal uptake of all types
of biomass. In the current study too, all the three isolates showed versatility in their
growth over a range of pH values from 5.5 to 8.5, indicating they were ideal candidates

for use in bioremediation.

Metals are known to affect growth and respiration of bacteria. Studies have shown that
long-term heavy metal contamination of sediments has harmful effects on sediment
microbial activity, especially microbial respiration (Doelman & Haanstra, 1984).
Experiments on growth and respiration showed that the low salinity isolate Bacillus
cereus showed an increase in tolerance at the end of the ten day incubation period
registering a maximum respiring cell count (7.6 x 10° cells ml™") at 100 uM Co”" . There
was a steady decline in the respiration rate in the presence of Co®” upto 100 uM; however
the respiration rate increased sharply with increase in metal concentration.
Comparatively, higher rates of respiration coupled with lower respiring/total counts
observed could be considered as an index of stress. A similar adaptive strategy to counter
heavy metal toxicity on exposure to heavy metals has been reported by Chakravarty &
Banerjee, (2008). Antony et al., (2011) have observed that prolonged exposure of cells to
Co”" at 1 mM concentration resulted in morphological changes such as a reduction in cell
surface to volume ratio. Decrease in cell surface area would decrease metal binding sites
at the cell surface. This would explain why Bacillus cereus used in this study could
tolerate high concentrations of Co®" for longer duration. It was seen that there was mild

stimulation in the growth of this organism with lower concentrations of Co>".

In the present study, moderately saline Bacillus sp. belonging to the same genus as
Bacillus cereus showed a trend which was opposite to that of Bacillus cereus. With this
Bacillus sp., there was a drop in tolerance beyond 10 pM of Ni*" (maximum respiring cell
counts were 7.5 x 10° cells mI™). Beyond 1 mM there was drastic rise in respiration rate

indicating the increasing toxicity of the metal beyond a certain point. A decrease in
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respiration coupled with a decrease in cell count could indicate the presence of non-viable
cells. Though small amounts of nickel are essential for the functioning of a number of
nickel-containing enzymes including hydrogenase, wurease, carbon monoxide
dehydrogenase, and superoxide dismutase (Mulrooney & Hausinger, 2003), it is one of
the most common metal contaminants in the environment and is often toxic to bacteria at
high concentrations. Metals become toxic to the organism when their concentration is
higher than the demand for metabolism, resulting in inhibition of metabolic pathways
usually by strongly binding to enzymes, forming unwanted radicals or less stable reaction
products (Raab & Feldmann, 2003). Valko et al., (2005) have attributed this toxicity to
the consequence of nickel binding to sulthydryl groups of sensitive enzymes or
displacing essential metal ions in a variety of biological processes. Cationic nickel
(mostly Ni*") can cause significant oxidative stress in bacteria by facilitating production
of oxidized bisglutathione, which releases hydrogen peroxide. The intracellular
generation of superoxide by Ni and Co is reported to be toxic in Escherichia coli and
superoxide dismutase is found to be involved in protection against this metal-induced
oxidative stress (Geslin et al., 2001). Heavy metal concentrations in cells are restricted
through efflux mechanisms or by segregation as metal-thiols. Putative metallo-
chaperones have been speculated to have some role in regulating response of organisms
to metal ions such as Cu*” and Zn*" (Kaur ef al., 2006). Another important pathway is by
altering the oxidation state of specific metal ions thereby reducing their toxicity. For
many different metals, tolerance and homeostasis in bacteria involves a combination of
these basic mechanisms (Nies, 1999). Similar observations have also been documented
by Cobet et al., (1970) who reported toxicity of Ni at increasing concentrations in

Arthrobacter marinus.

With the third study isolate, the borderline extreme halophile Chromohalobacter, a
different pattern was seen wherein a consistent respiring count was seen at low metal
concentration till I mM Mn*" and then a sharp increase in respiring counts was seen with
an increase in metal concentration to 5 mM Mn®" (7.3 x 107 cells mI™). The respiration
rate peaked at 10 pM and then decreased at 5 mM. The reduced manganese toxicity in
hypersaline Chromohalobacter might be due the formation of the less toxic forms of the

metal and/or the change in the membrane of the cell in such a way that it confers higher
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levels of metal tolerance. Ehrlich, (1999) and Emerson, (2000) have reported that the
tolerance of Gram-negative bacteria to elevated manganese concentrations appears to be
due to enzymatic periplasmic oxidation of manganese. Redox cycling of Mn has a
profound effect on the bioavailability and geochemical cycling of many essential or toxic

elements (Tebo et al., 2005).

In order to develop effective strategies for the bioremediation of heavy metal
contaminants, a better understanding of the composition and metabolic potential of
microbial communities in contaminated soils is required. The decrease in biomass
observed whenever metals were present possibly results from a decrease in the substrate
utilization efficiency due to a higher energy cost of microorganisms subject to metal
stress (Giller et al., 2009). Under stress, cells transform a significant fraction of the
carbon fixed into glycerol, which is accumulated inside the cell up to molar
concentrations to provide osmotic balance of the cytoplasm with the salty brines.
Glycerol may therefore be one of the key compounds used by the heterotrophic
communities in such ponds (Oren, 1993, 1995). In this study, the decrease in biomass
observed whenever metals were present possibly results from a decrease in the carbon
substrate utilization efficiency due to a higher energy cost of microorganisms subject to

metal stress (Giller et al., 2009).

It has been suggested that under conditions of enforced stress, metal resistance in
microorganisms possibly helps them to adapt spontaneously (Rosen, 1996; Silver &
Misra, 1988). Such bacterial metal tolerance and antibiotic resistance have been reported
before (Hassen et al., 1998; Verma et al., 2001). Since the genes conferring resistance to
metals are closely linked to those conferring antibiotic resistance (Alonso et al., 2001),
the metal tolerant bacteria in this study were evaluated for antimicrobial-resistance
patterns for the prevention and control of the risk that these genes and/or organisms might
constitute to human health and to ecosystem destabilization. Bacillus cereus showed
increased resistance to the tetracyclines and -lactams in the presence of added Co at 100
UM concentration, whereas in case of Bacillus sp. resistance increased towards
aminoglycosides, teracyclines, B-lactam and a miscellaneous class of antibiotics in the
presence of Ni at 100 uM concentration. It was interesting to note that Bacillus sp.

exhibited broad spectrum antibiotic resistance following metal stress. The exact
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mechanism behind this pattern of board spectrum resistance is unknown. In general, a
bacterium resistant to antibiotics indicates its history to earlier exposed antibiotics. de
Souza et al., (2006) reported discharge of sewage effluents in the Mandovi estuary which
could be the possible reason for antibiotic resistance in Bacillus sp. Since the isolate
showed a broad-spectrum resistance pattern only in presence of metal, it could be related
to the genes for metal tolerance. In Chromohalobacter, resistance to B-lactams and
aminoglycosides increased with Mn at 1 mM concentration. This evidence supports the
hypothesis that metal contamination directly selects for metal tolerant bacteria while co-
selecting for antibiotic tolerant bacteria. Association between resistance to antibiotics and
heavy metals has been reported by several workers (Novick & Roth, 1968; Schottel et al.,
1974; Dhakephalkar & Chopade, 1994; Ramteke, 1997) etc. The increased load of
antibiotics/disinfectants in health care and heavy metals in industries creates the selective
pressure for the survival of bacteria in a contaminated environment. Thus, in a multiple
stressed environment, bacterial cells acquire resistance/tolerances by alterations in
genetic makeup either by mutation or transfer of resistant genes among the bacteria.
Stepanauskas et al., (2005) have implicated the elevated frequency of metal and antibiotic
tolerances to shifts in microbial community composition, resulting from the selective
pressure imposed by elevated metal concentrations or organic toxicants present. The most
common resistance to metal and antibiotics could be the result of bio-essentiality or of
abuse of the metal, and/or antibiotics. Similar resistance by the Bacillus species of
Sunchon Bay to metals and broad range of antibiotics has also been reported by Kamala-
Kannan & Lee, (2008). The prevalence of such metal tolerant microorganisms is

ecologically important, particularly if they are also antibiotic resistant.

There are two strategies to cope with a saline environment (Ventosa et al., 1998a).
Halophilic Archaea maintain an osmotic balance of their cytoplasm with the hypersaline
environment by accumulating high concentration of salt. This mechanism of
osmoregulation requires special adaptations of the intracellular enzymes that have to
function in the presence of salt. Probably different organisms express enzymes
differentially for stress endurance. Similarly, stress tolerance of many organisms;
Pseudomonas alcaligenes, E. coli, Pseudomonas spp. etc. were also controlled

differentially by different enzymes (Vreeland, 1987; Moat et al., 2002; Gort & Imlay,
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1998; Das & Dangar, 2007). It has been reported that under high salt condition
microorganisms produced enzymes for synthesis of trehalose or glutamates or prolines to
overcome the different stress condition (Dinnbier et al., 1988; Omori et al., 1992).
Monod proposed that a bacterial cell does not simply take up various nutrients in
proportion to their abundance, but instead actively controls their uptake by regulating its
own enzymatic state. As the bacterium switches from one carbon source to another, a
transient halting of growth occurs while the specific enzymes needed to metabolize
alternative nutrients are synthesized. Moreover, in the salt sediment, the type and the
amount of substrate (e.g. carbon substrate) in soil affects abundance of some bacterial
phyla and only few of them can degrade different substrates and use their metabolic
capabilities to do so (Fernandez -Luquefio et al., 2008). Dell” Anno et al., (2003) have
shown that heavy metal pollution influences the bacterial activity and productivity in a
system through inhibition of hydrolytic enzymes expression. It was observed that
Bacillus cereus had low production profile of amylase, cellulase and DNase enzymes but
enhanced production of gelatinase when stressed with metals. With Bacillus sp. the
amylase activity declined but DNase activity was enhanced. It is significant to note that
Chromohalobacter from high salinity showed a decline in amylase, cellulase and
gelatinase. This variability in enzyme profile may be either due to suppression of the
production of certain enzymes of bacteria at different salinities or the heavy metals
actually selected different bacteria with different enzyme production profile. De Souza et
al., (2006) associated multiple metal resistance encountered in bacterial isolates with
fewer enzymes productions. They suggested a “trade off” wherein bacteria trade their

ability to produce multiple enzymes for developing resistance to multiple metals.

In the current study it was interesting to note that same species of bacteria showed
different enzyme production profiles when exposed to different metals, even though the
organisms came from the same site. On media unamended with metals, Bacillus cereus
showed amylase, cellulase, gelatinase and DNase activity but no lipase activity, whereas
Bacillus sp. which belonged to the same genus as Bacillus cereus showed amylase,
cellulase, and DNase activity but no gelatinase or lipase activity. Hydrolytic enzymes
secreted by bacteria are of much importance in marine environment for the processing of

polymeric and particulate organic matter to dissolved organic matter and facilitating
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further passive transportation across the cell membrane of bacteria (Chrost & Rai, 1994;
Bong et al., 2010). Therefore, it could be possible that the reduced enzyme expression
profile of microorganisms in the saltern exposed to metal stress may adversely influence
the hydrolysis of organic matter and may further result in poor recycling of organic
nutrients. However, further studies integrating the molecular and biochemical tools are
required to explain the correlation between heavy metal induced inhibition of microbial
enzyme profile. Similar studies wherein heavy metal pollution was shown to exert a
selective pressure on microbial community leading to the emergence of resistant strains
with apparent reduction in the extracellular enzyme activity of that particular ecosystem
have been reported (Silver, 1984; McGrath et al., 2001; Lasat, 2002; Li et al., 2006; De
Souza et al., 2006; Wang et al., 2007).

5.6. Mechanisms of metal tolerance:

Tolerance to heavy metals may result from intrinsic properties of the microorganism, e.g.
producing extracellular mucilage or polysaccharide or an impermeable cell wall (Gadd,
1990b). In the present study it was observed that the microbes employed various
strategies to counteract metal stress, like the production of EPS, up or down regulation of
proteins and expression of metal tolerance genes. Different mechanisms responsible for
resistance to various trace heavy metal ions have also been reported in bacteria by Beard
et al., (1997); Huckle et al., (1993); Nies & Brown, (1997); Palmiter & Findley, (1995);
Paulsen & Saier, (1997); Silver & Phung, (1996). A shift in population towards the spore
bearing Genus Bacillus as seen in this study is indicative of the dominance of hardy
strains capable of metal resistance. Barkay, (1987) and Nies, (2003) reported similar
resistance mechanisms in response to heavy metals. According to them, microorganisms
respond to changes in the localized environment either through a shift towards a resistant
population; intra- and inter-species transfer of genes related to metal resistance; or
elevated expression of stress-related genes. These mechanisms may be encoded by
chromosomal genes, but mostly loci conferring resistance are located on plasmids
(Cervantes & Gutierrez-Corona, 1994; Wuertz & Mergeay, 1997). However in this study
since no plasmids were detected, it can be assumed that resistance to metals was
chromosomally mediated. Chromosomal resistance can be expected with continuous

exposure to metals (Abou-Shanab et al., 2007). Haritha et al., (2009) have suggested that
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there is a strong possibility of transposition events in disseminating metal resistance traits
from plasmid to chromosome under acute metal stress conditions. Microbial survival in
polluted soils depends on intrinsic biochemical and structural properties, physiological,
and/ or genetic adaptation including morphological changes of cells, as well as
environmental modifications of metal speciation (Wuertz & Mergeay, 1997). However,
there is no common mechanism of resistance to all heavy metal ions (Xiong & Jayaswal,

1998).

On a macro- and microscopic level, general changes in morphology and the increase or

decrease of pigmentation were observable in the present study.

All the three isolates i.e. Bacillus cereus, Bacillus sp. and Chromohalobacter showed
variations in morphology and Gram character which varied with the test metals. Bacilli
typically transform into small spherical cells in response to starvation and other
physiological stressors (Roszak & Colwell, 1987). The increase in pigmentation as seen
in Bacillus sp. and Chromohalobacter are expected. Pigmentation in bacteria is long
known to protect cells from damage due to sunlight (Rheinheimer, 1974). In some cases,
the capacity to produce pigment has been directly associated to metal tolerance. Studies
have suggested that pigmented strains of marine bacteria exhibit higher degree of
multiple drug and heavy metal resistance compared to non pigmented strains
(Hermansson et al., 1987; Nair et al., 1992). Bacterial pigments provide essential
protection against photo-oxidative damage in photosynthetic and non-photosynthetic
organisms (Armstrong, 1994). When present in low levels, toxic metals may inhibit
bacterial pigmentation (Furman et al., 1984; Hassen et al., 1998). Fugimore et al., (1996)
observed that a red pigment-deficient white mutant of Pseudomonas K-62 showed greater
sensitivity to Hg”" than the parent wild-type reddish strain. At the biochemical level,
another mechanism employed by microorganisms for successful adaptation to the
presence of heavy metal ions is hydrogen sulfide production (Gadd et al., 1978; Aiking et
al., 1984). In the present study too, all the three isolates displayed the ability to produce
H,S. Besides the three test isolates, the high number of H,S-producing isolates recovered
in this study may indicate that this could be one of the mechanisms involved in
detoxification through the precipitation of metals as sulphides. This finding has also been

reported by Jeanthon & Prieur, (1990) who studied the diversity of metal-tolerant bacteria
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isolated from a hydrothermal vent. Under iron-limited conditions, many Gram-negative
and Gram-positive bacteria synthesize low molecular weight iron chelating compounds
known as siderophores. The role of these compounds is to scavenge iron from
precipitates or host proteins in the microorganism's extracellular milieu. Siderophores
were absent in all the three test strains under study, however they were found in some of
the other tested isolates. Dimpka ef al., (2008) have reported the excretion of siderophore
leading to Nickel complexation in the surrounding of the bacterial hyphae and while the
Nickel is chelated, the iron is still solubilised aiding iron reduction and uptake into the
cell. Siderophores may thus play a dual role in releasing metal stress as well allowing

sufficient iron to be taken up for biosynthesis and metabolism.

Our studies show it is possible that the extracellular polysaccharide matrix (EPS) secreted
both by isolate Bacillus cereus and Chromohalobacter could play a significant role in the
metal tolerance by these strains. In both these isolates, EPS was secreted constitutively
with and without exposure of the organisms to Co, Ni and Mn, and EPS production
increased in the presence of metals. Bacterial polysaccharides have been reported by
other authors to rapidly adsorb a range of metal ions such as Cd(II), Cu(Il), Ni(Il) and
Zn(Il) (Geddie & Sutherland, 1993). EPS is a secondary metabolite that has powerful
cation chelating properties through the anionic function such as the carboxyl, and the
deprotonated hydroxyl groups. Metal cations appear to bind predominantly to
deprotonated sites within the bacterial cell wall. The extent of metal adsorption onto
bacterial surface functional groups decreases markedly with decreasing pH due to
protonation reactions, and, hence, neutralization of negatively charged surface functional
groups at lower pHs. In this study, Bacillus cereus was found to reduce the pH of the
media in the presence of metal. It could be possible that the absence of Co on the cell
wall of Bacillus cereus, as evidenced from SEM pictures, may be due to the competition
for adsorption of H" and aqueous metal cations on available surface sites or the Co may
have been bound and removed with the help of the organic and inorganic ligands secreted
by the isolate in the media. Urrutia Mera et al., (1992) have postulated that the lower pH
associated with the cell wall environment of metabolizing cells could diminish the extent
of metal cation adsorption onto cell wall functional groups. Blessing et al., (2001); Liu et

al., (2002); Roh et al., (2002) have shown that several prokaryotes couple the oxidation
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of organic and inorganic molecules to the reduction of Co(Ill) to Co(Il). Cobalt and
Nickel are both essential trace elements but are toxic when present in excess.
Accumulation of Co by cells would be consistent with higher sensitivity toward this
metal cation. The fact that Bacillus cereus could tolerate high concentration of metals
indicated that it prevented the accumulation of Co within the cells. This was
corroborated by screening Bacillus cereus for czc (cobalt-zinc-cadmium) and nce (nickel-
cobalt-cadmium) genes involved in efflux. However these genes could not be amplified
from the DNA of the isolate. The inability to amplify czc and ncc genes from the isolate
does not imply that the isolate lacks the efflux mechanism but it could be because the
isolate may have been more phylogenetically distinct from the positive control isolate and

the primers may have been highly specific with conserved sequences.

Cobalt accumulation typically occurs via the non-specific CorA (Mg®" metal ion
transporter) magnesium uptake system. Co’" is detoxified by CDF (cation diffusion
facilitator) transporters in Gram — positive bacteria and eukaryotes (Conklin et al., 1994;
Xiong & Jayaswal, 1998) and by RND (resistance nodulation-cell division) - driven
systems (Rensing et al., 1997) and exceptionally by a HoxN (High affinity Ni permease)
-type transporter (Komeda et al., 1997) in Gram — negative bacteria. The CDF-transporter
czcABC in the cell counteracts the uptake and puts the intracellular heavy metal
concentration back to the wild-type concentration again. For the zinc- and cadmium-
transporting CDF protein czcD from Bacillus subtilis, it was demonstrated that the
mechanism of transport is electroneutral antiporting of the metal cation against H or K"
(Guffanti et al., 2002). The czc system also comprises another tripartite efflux machinery,
czcCBA, that spans the cytoplasmic and outer membranes and mediates high-level
resistance against Cd(II), Zn(II), and Co(II) by active efflux driven by the proton motive
force (Goldberg et al., 1999; Nies, 1992b). The nccABC is another complex that shows
strong similarities to the czcABC complex and is known to be a cation-proton antiporter

(Legatzki et al., 2003 a, b).

In the current study, differential protein expression patterns of Bacillus cereus, Bacillus
sp. and Chromohalobacter were analyzed by SDS-PAGE to understand the role of
proteins in metal tolerance. A key component of stress is protein denaturation

(Glover & Lindquist, 1998; Gottesman, 1998; Herman & D’Ari, 1998; Herman et al.,
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1998; Parsell & Lindquist, 1993; Weber-Ban et al/., 1999). Many proteins lose their
native, functional configuration and tend to aggregate. The process may be reversible up
to a degree, beyond which it becomes irreversible and generalized within the cell, which
ultimately dies. Another main component of stress is the down-regulation of many
housekeeping genes, some of which are actually shut off. Whether this is all due to
protein denaturation and represents just the breakdown of the cellular machinery or is an
active, induced process by which genes are “told” to slow down or stop has not yet been
elucidated. Perhaps both mechanisms, gene failure and regulated shutdown participate.
Protein damage and gene down-regulation are part of the stress response. The results of
SDS- PAGE in this study indicated that under the influence of metals, there was a
differential regulation of proteins to cope-up with the metal toxicity. Significant changes
of differentially expressed proteins in response to toxic doses of Co were detected in
Bacillus cereus and implied multi-involvement of cellular processes. It is possible that
the 57 kDa protein which was upregulated in Bacillus cereus on exposure to 1mM Co
was a chaperonin. Chaperonins involved in protein folding and repair of damaged protein
have been reported by Shtilerman, (1999). Baneyx, (1994) and Chen & Sigler, (1999)
have reported that groEL recognises hydrophobic residues on the surface of partly
denatured proteins and introduces them into the central cavity of its heptameric ring that
is formed by 57-kDa units. Mojica et al., (1997) have reported the induction of 60 kDa
proteins under low-salt conditions. The 29 kDa protein which was down-regulated in the
current study could be analogous to the DivIB protein and the minD proteins which
initiate cell division. The hierarchy of assembly of the cell division complex has been
studied in Escherichia coli and B. subtilis by Errington et al., (2003) and Goehring &
Beckwith, (2005). It could be possible that the 29 kDa protein which was down-regulated
was a homologue of an enoyl-acyl carrier protein (ACP) reductase. The down-regulation
of a homologue of an enoyl-acyl carrier protein (ACP) reductase with an approximate
molecular mass of ~30 kDa of Lactococcus lactis has been demonstrated in both starved
and VBNC bacteria by Heim et al., (2002). A number of microorganisms are reported to
survive stress in the environment by forming resistant spores, however non sporulating
microorganisms are known to persist in adverse environments as vegetative cells with
low metabolic activity, via the activation of the viable but nonculturable (VBNC) state.

Yet another important component of the stress response is the activation of the stress
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genes (Macario et al., 1999). In this study, genes encoding functions with a role in the
general cellular-stress response (groEL) were found in Bacillus cereus. Another tolerance
mechanism employed by Bacillus cereus was the expression of genes for manganese
oxidation. In nature cobalt exists in two stable oxidation states: Co(II), which is soluble,
and Co(Ill), which exists as relatively insoluble oxides or as organic complexes.
Environmental cobalt cycling has been shown to be microbially mediated and related to
the cycling of manganese (Lee & Fisher, 1993; Moffett & Ho, 1996; Taillefert et al.,
2002; Tebo et al., 1984). Correlations between particulate Mn and Co have been found in
various environmental systems. Cobalt was found to be associated with the Mn-rich
particulate layer in the Black Sea, a permanently stratified anoxic basin (Spencer et al.,
1972), and it was shown that adsorption of cobalt onto Mn oxides accounted for the

enrichment of Co found in the particulate layer of the Black Sea (Murray, 1975).

In this study, Ni tolerance in moderate halophile Bacillus sp. (isolate 3.53) could be due
to nickel efflux driven by a RND transporter. The ncc system in Bacillus sp. was found to
be chromosomally mediated. The best-known nickel resistance in bacteria i.e. in
Ralstonia sp. CH34 and related bacteria, is based on nickel efflux driven by a RND
transporter. Plasmid-mediated resistance to nickel has been described in Ralstonia
metallidurans CH34 (Grass et al., 2000; 2001) and Achromobacter xylosoxidans 31A
(Schmidt et al., 1994). Two systems have been described, a nickel/cobalt resistance (cnr)
and a nickel/cobalt/cadmium resistance (ncc). Both are closely related to the
cobalt/zinc/cadmium resistance system (czc) from strain CH34 (Nies, 1999). In the
present study no plasmid was obtained from Bacillus sp., therefore the determinants for
nickel resistance (nccA) may have been passed on by vertical transfer. Abou-Shanab et
al., (2007) reported transposition events wherein metal resistance traits were
disseminated from plasmid to chromosome under acute metal stress. In the referred
literature, several instances of nickel resistant bacteria being isolated mainly from heavy-
metal-contaminated samples have been reported, but not many different mechanisms of
resistance have been described compared with other metals. The best known mechanisms
of nickel resistance cited were mediated by efflux pumps such as cntCBA (cobalt- nickel
resistance) from Cupriavidus metallidurans CH34 (formerly Ralstonia metallidurans

CH34) (Garcia-Dominguez et al., 2000, Liesegang et al., 1993); nccCBA (nickel-cobalt-
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cadmium) and nreB (nickel resistance) from Achromobacter xylosoxidans 31A (Grass et
al., 2001, Schmidt et al., 1994); a homologue of nreB, nrsD, from Synechocystis sp.
(Garcia-Dominguez et al., 2000); YohM (cobalt- nickel resistance) from E. coli
(Rodrigue et al., 2005); and cznABC (cadmium-zinc-nickel) from Helicobacter pylori
(Stahler et al., 2006). Because these metal resistance determinants are commonly located
on plasmids or on transposons, the suggestion has been made that these genes may be
spread to divergent bacteria by horizontal transfer (Barkay et al., 1985; Bogdanova et al.,
1988). The detection of these genes which are predominantly seen in Gram negative
bacteria, within the genome of Bacillus sp. which is Gram positive, would provide
evidence that these genes are shared both within as well as across the Gram-positive and
Gram-negative bacterial communities. Similar horizontal gene transfer across bacterial
communities was seen within the genome of M. arabinogalactanolyticum AY 509226 and
the subsequent selection for metal resistance in the serpentine soil was reported by Abou-
Shanab, (2007). Analogous results were also obtained by Xiong & Jayaswal, (1998)
wherein Staphylococcal strains without plasmids showed resistance to heavy metal ions,
such as zinc and cobalt. The ability of Bacillus sp. to grow in the presence of Ni and
immobilize upto 66.7% Ni at 0.0lmM concentrations could be attributed to the
presence of ncc genes. Even at SmM Ni concentration, about 3% Ni was immobilized.
Nickel is known to be essential for functioning of most microbial hydrogenases and
ureases (Madigan et al, 2009). However, excess nickel ions interact with cellular
components, such as amino acids and nucleotides, resulting in a disturbance of enzyme
activity, DNA replication, transcription, and translation (Martin et al., 1998). Studies
showing that the cnr system enables R. metallidurans CH34 to grow in the presence of 3
mM nickel and 5 mM cobalt ions are available (Sensfuss & Schlegel, 1998). The ncc
system encoding high-level resistance to nickel (40 mM), cobalt (20 mM), and cadmium
(1 mM) in A. xylosoxidans 31A has been reported by Schmidt et al., (1991). The nre
system conferring the ability to tolerate nickel (3 mM) to 4. xylosoxidans 31A has also
been reported by Schmidt & Schlegel, (1994). These mechanisms are plasmid-mediated
in Ralstonia metallidurans CH34 (Grass et al., 2000, 2001) and Achromobacter
xylosoxidans 31A (Schmidt & Schlegel, 1994). Therefore there is a strong possibility of
transposition events in disseminating metal resistance traits from plasmid to chromosome

under acute metal stress conditions (Abou-Shanab et al., 2007).

Pereira F, 2013, Goa University 137



Chapter 5: Discussion

Besides nccA, the Ni tolerant Bacillus sp. was tested for two other Ni resistance genes
mrdH and mreA. mrdH is a novel heavy metal efflux transporter exhibiting broad
substrate specificity. In association with mrdH, another gene mreA, encoding a putative
cytoplasmic protein plays a role in Cd and Ni resistance (Haritha et al., 2009). However
in this study both these genes could not be amplified from the DNA of the isolate,
indicating probably the limited contribution of these genetic systems to Ni ion resistance
of these isolates. Haritha et al., (2009) reported the presence of mrdH and mreA on
chromosomes in Pseudomonas putida KT2440. He attributed the location of both of these
metal-responsive genes amid functional mobile genetic elements to their acquisition

through horizontal gene transfer.

In the current study, another mechanism which may have been employed by Bacillus sp.
to prevent itself from being intoxicated could be by an efflux of positively charged ions
such as Na*" and K'. These positive ions could bind to the negatively charged cell
envelope thus blocking toxic ions such as Co and Ni from entering the cell through the
unspecific membrane transporters that otherwise would facilitate their influx. Monovalent
and divalent cation concentrations must be strictly controlled for optimal growth.
Bacteria therefore possess channels, carriers and primary active pumps that regulate these
concentrations. Interestingly Bacillus sp. also showed some appendage like structures
(Plate 6). It has been shown that particular structures of the cell envelope, e.g., S-layer
proteins act as nucleation centres and facilitate crystal growth via biosorption resulting in
the formation of biominerals. However, precipitation and biosorption are sometimes
overlapping phenomena and therefore it is difficult to assign the contribution of each to

metal immobilisation.

Besides the above mechanisms, the study isolate ‘moderate halophile’ Bacillus sp. also
showed the presence of mnxG and groEL genes. Gene expression can be a useful
indicator for characterizing the mechanisms by which organisms adapt to changes in their
environment. An ~ 900-bp region of mnxG which was a Mn(Il) oxidation-associated
multicopper oxidase gene was successfully amplified in both the Bacillus strains as well
as in Chromohalobacter, in this study. It has been previously reported that certain
Bacillus and Pseudomonas species are capable of performing Mn-oxidation (Dick et al.,

2008b; Tebo et al., 2005) and Mn-reduction (Lovley, 1991; Nealson & Saffarini, 1994).
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Rosson & Nealson, (1982) isolated a Bacillus sp. strain SG-1, from marine sediments that
produced spores capable of oxidizing Mn(II) to Mn(IV) oxides. Since then, additional
Bacillus spp. that produce spores that catalyze Mn(II) oxidation have been isolated from
other marine samples including near surface marine sediments off the coast of California
(Francis & Tebo, 2002) and deep-sea hydrothermal plume water and sediment samples
(Dick et al., 2006) as well as terrestrial subsurface samples at Henderson molybdenum
mine in Colorado (Mayhew et al., 2008). These manganese oxidizing spores are said to
encrust themselves in Mn(IV) oxides. Why these microbes do so is unknown, but
protection from environmental hazards such as dessication has been reported as a
possible explanation (Tebo et al., 2005; Phoenix & Konhauser, 2008). Microbes have
been reported to play an important role in manganese cycling, as microbiologically
catalyzed manganese oxidation can be up to five orders of magnitude faster than abiotic
Mn(II) oxidation in the environment (Hastings & Emerson, 1986). Manganese oxides are
highly reactive species (Tebo et al., 2004) and may therefore adsorb other metals such as

Co and Ni, thus regulating the concentration of such metals in the salterns.

Yet another strategy employed by Bacillus sp. (isolate 3.53) in response to toxic doses of
Ni was the significant changes in differentially expressed proteins implying multi-
involvement of cellular processes. The up-regulation of the 59 kDa protein and the
sustained 36 kDa protein was similar to that obtained by Shoeb et al., (2010). The up
regulated 59 KD molecular which is over expressed in presence of Ni showed similarity
to the 60 kDa chaperonin subunit. Similar to our results, Shoeb et al., (2010) found ~36
kDa band to be the only overexpressed protein in presence of Ni*". All the other bands
diminished as compared to control both in log phase culture and stationary phase culture.
They have suggested that the ~36 kDa band protein is a constitutive protein of Bacillus
cereus CMG2K4 which might play an active role in survival even in the presence of high
concentration of Nickel. The over expressed ~36 kDa protein from Nickel tolerant strain
of Bacillus sp. was identified as flagellin from available literature. Potential benefits of
flagellin include increased motility for efficiency of nutrient acquisition and avoidance of
toxic substances. In the current study too, most of the other protein fractions were down-
regulated in all the additions. Metals may accumulate above normal physiological

concentrations by the action of unspecific, constitutively expressed transport systems,
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whereby they become toxic. Intracellular metals can exert a toxic effect by forming
coordinate bonds with anions, blocking functional groups of enzymes, inhibiting
transport systems, displacing essential metals from their native binding sites and
disrupting cellular membrane integrity (Nies, 1999). For the mechanism of growth
inhibition by Ni, it has been suggested that Ni binds to the cell surface, where it inhibits
the RISC (RNA induced silencing complex) enzymes sulfur dioxygenase and sulfite
oxidase, and ultimately growth (Maeda et al., 1996; Nogami et al., 1997). Also
differential protein expression of bacteria on exposure to Ni has been analyzed by Novo
et al., (2000) but no resistance mechanisms have been characterized. In the current study,
the numbers of proteins expressed in the control were found to be more than that of metal
amended tests which indicated that some proteins may be completely inhibited due to
high toxicity of the metal. It can therefore be speculated that these proteins have some

defined role to play in the tolerance to metals.

According to this study, the Gram-negative borderline extreme halophile
Chromohalobacter beijerinckii (isolate 3.13) also showed the presence of mnxG gene
responsible for Mn oxidation. Similarly, Geszvain et al., (2013) identified the mnxG
gene of Pseudomonas putida GB-1 by its similarity to the mnxG gene of Bacillus sp. SG-
1, which encodes a mnxG manganese-oxidizing multicopper oxidase, due to the fact that
it is conserved among manganese-oxidizing Pseudomonads but not among non
manganese-oxidizers. Several reports have described the involvement of proteinaceous
macromolecules in Mn®" oxidation by bacterial species of Pseudomonas (Douka, 1980),
Citrobacter (Douka, 1980), Arthrobacter (Ehrlich, 1968), Leptothrix (Adams & Ghiorse,
1987, Boogerd & de Vrind, 1987) and Bacillus (de Vrind et al., 1986).

In all cases the oxidation of Mn”" appeared to be catalyzed, suggesting the involvement
of enzymes. Recently, genes implicated in Mn?" oxidation have been identified in a
marine Bacillus sp. (Van Waasbergen ef al, 1996) and in Leptothrix discophora
(Corstjens et al., 1997). Manganese is liable to oxidation in sediment depending on pH,
oxygen supply and organic matter content of soil. In acid soils it is present in a bivalent
state (Mn”") in which state it is easily available for absorption. In neutral and alkaline
soils, on the other hand, manganese occurs in trivalent or tetravalent state (Mn®" or Mn*")

when the element is not easily available for absorption. The solubility of Mn is more
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in freshwater compared to salt water. However, the oxidation rate of Mn”>" decreased six
fold in creek water of an English estuary when the salinity of water increased from 1 to 5
(Vojak et al., 1985). In mangrove swamp estuary, highest rates of microbial Mn oxide
production was encountered in sediments with salinities between 0 and 8 (50—119 pmol
mgdwt'lh'l, respectively) compared with sediments from the mouth of the estuary with
salinities of 24 and 34 (3-16 pmol mg dwt'h, respectively) (Laha & Luthy, 1990).
Nevertheless, the overall rates of microbial Mn oxide production in salt-marsh
sediments were much higher than in mangrove sediments. Mn oxides and soluble Mn
complexes are the strongest oxidizing agents in the environment after oxygen and play an
important role in many biogeochemical cycles (Laha & Luthy, 1990). At pH 7, they can
oxidize metals, catalyze the formation of humic substances and organic nitrogen
complexes, and oxidatively degrade humic and fulvic acids to bioavailable low-
molecular-weight organic compounds (Canfield ef al., 1993; Sunda & Kieber 1994; Tebo
et al., 2004). Geochemical cycling of Mn oxides can also control the distribution of many
trace elements, as Mn minerals are highly charged and can adsorb and concentrate metals
(Huang, 1991). In the pH range of aerobic natural waters (pH 6 to 8), chemical oxidation
of Mn(Il) is slow, but in the presence of Mn(Il)-oxidizing microorganisms, the rate can
be 4 to 5 orders of magnitude higher (Nealson et al., 1988; Tebo 1991; Wehrli et al.,
1995). The Ribandar saltern contained moderate concentrations of a number of metals.
Krishnan et al., (2009) showed maximum stimulation of Mn oxidation (81£57 ppb d™) in
Lister Hooded (LH) strains with Mn—Co combination rather than combinations of Fe
(37+16 ppb d™) and Ni (40+47 ppb d™), suggesting the role of Co in Mn oxidation. It
could be possible that Manganese oxidation may also have been stimulated in the
Ribandar saltern. Biogeochemical cycling of manganese has important implications for
the cycling of carbon, nitrogen, and trace metals (Dick et al., 2008a; Tebo et al.,

2004; Tebo et al., 2005).

In this study, in addition to membrane transport pumps that remove metal ions from the
bacterial cell, binding factors such as the metal binding ligand metallothionein that
detoxifies metals by sequestration were found to be involved in creating tolerance to
heavy metal ions in Chromohalobacter in response to Mn stress. Similar metal binding

proteins have been reported in cyanobacteria and many divergent phyla by Kagi &
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Nordberg, (1979); Hamer, (1986); Shaw et al., (1992). These protein molecules either
export the metal ions out of cells or detoxify or sequester them so that the cells can grow
in an environment containing high levels of toxic metals. Metallothioneins are small,
cysteine-rich proteins (Silver & Phung , 1996) synthesized under heavy metal stress
conditions both in Prokaryotes (Olafson et al., 1988; Robinson et al., 1990) and
Eukaryotes (Palmiter, 1998). This gene mediates resistance to zinc and cadmium in
Synechococcus spp. (Turner et al., 1995). In our study, the Ribandar saltern was found to
be enriched with a number of metals. According to Cavat et al., (2003) presence of
metallothionein gene in the bacteria as seen in this study may be indicative of the

requirement to sequester bioavailable metals to prevent metal-induced toxicity.

Our study also showed that other proteins involved in metal tolerance like the 50 kDa
band were up-regulated, whereas the 53 kDa protein disappeared with increase in
concentration of Mn”". According to literature survey, the protein band which migrated at
approximately 50 kDa was found to correspond to the catalase isozyme A. This protein,
encoded by the katA gene, is the major of two catalases in P. aeruginosa. KatA is
important for resistance to H,O, (Elkins et al., 1999). It is a very important enzyme in
protecting the cell from oxidative damage by reactive oxygen species (ROS). Complete
elimination of some protein bands was also seen by Sinha & Héder, (1996) as well as
Labra et al., (2006) and (Gianazza et al., 2007) on cadmium treatment. In our study no
new bands appeared on exposure to Mn metal. EI-Gamal, (2008) has suggested that the
decrease in protein band numbers in metal treated cells in comparison to control is
indicative of cellular proteins being one of the main targets of heavy metal treatments.
Trevors et al., (1986) have suggested that different organisms show variations in response
to metal treatments as well as to concentrations and have attributed it to the dissociation

of some protein fractions, which moved to the lower molecular weight area.

In this study, in addition to the above, genes for expression of stress proteins (groEL)
were found in Chromohalobacter. In Halomonas elongata specific sets of proteins were
identified that were induced at high or low salt concentration. Some of these are general
stress protein also expressed during heat shock (Mojica et al., 1997). The connection

between salt stress proteins and heat shock proteins was also shown in Chromobacterium
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morismortui (Katanakis, 1989). Similar heat shock proteins have also been reported in

Halomonas halophila by Karamanou & Katanakis, (1988).

5.7. Bioremediation studies:

Metal tolerant bacteria are important bioremediators of heavy metals. Many reports of use
of bacteria for removal of metals are available. However, very few studies have dealt
with the role of hypersaline heterotrophic metal tolerant bacteria as metal bioremediators.
Mercury-resistant bacteria and the proteins that they encode have been used recently for
the bioremediation of Hg-contaminated water and in the development of biosensors for
bioavailable concentrations of Hg(II) (Bontidean et al., 2002). In laboratory cultures, both
Fe(IlT)- and sulfate-reducing organisms known to enzymatically reduce contaminant
metals such as U(VI), Cr(VI), Co(Ill) and Tc(VII) have been reported (Lovley et al.,
1991; Lovley & Phillips, 1991; Lovley & Coates, 1997; Tebo & Obraztsova, 1998;
Lloyd et al., 2003), but for remediation purposes it is necessary to demonstrate that the
appropriate microorganisms are present within the contaminated subsurface. In the
present study, saltern sediments have been classified as ‘uncontaminated to moderately
contaminated’. The Mn concentrations in the saltern sediment have been estimated to
range from 0.6 to 0.9%, Ni concentrations from 27 to 51 ppm and Co from 28 to 35 ppm.
Metal concentrations in the saltern sediments would naturally be high due to the high
concentration of iron and manganese, since it is known that metals combine with the
oxides and hydroxide of iron and manganese as well as clay (Ohmsen et al., 1995). In the
overlying water the Mn concentrations varied between 1.4 - 1.6 ppm (~6 - 10 uM), Ni
was 0.5 ppm (~8 uM), and Co varied between 0.9 - 1.3 ppm (~15 - 21 uM). Our study
also demonstrated that continuous exposure of bacteria to metals resulted in a high
population of metal tolerant bacteria having chromosomal resistance. Further, the
organisms tested in this study would be appropriate for bioremediation since they were
isolated from the contaminated sediment subsurface and showed a capacity for
bioremoval of metals well above the range of concentrations encountered in the saltern
water. The bioremoval of Co®" by Bacillus cereus was highest (77%) at 0.1 mM
concentration, Bacillus sp. showed maximum bioremoval of Ni*" (67%) at a lower
concentration of 0.01 mM. In case of Chromohalobacter, maximum bioremoval (77%)

2+ . . . .
was at 0.1 mM Mn“", whereas with an increase in metal concentration to 1mM there was
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a slight decline to 63%. The rate of immobilization for low salinity Bacillus cereus was 5
mg Co/g/day, for moderate salinity Bacillus sp it was 0.2 mg Ni/g/day and for
hypersaline Chromohalobacter it was 8 mg Mn/g/day. These findings hold promise for
further scale up and application to hypersaline ecosystems contaminated with metals.
Similar bioremediation studies by Mondal et al., (2008) reported the use of a species
from the Ralstonia family, phylogenetically related to Cupriavidus, Ralstonia eutropha,
for the elimination of Fe, Mn, Cu, As and Zn, with removals of up to 65.2, 72.7, 98.6, 8%
and 99.3% respectively from metal contaminated water. Species from the genera
Alcaligenes eutrophus with a reduction capacity of metals such as Cd, Zn, Cu, and Pb in
solution from 100 ppm to less than 50 ppb have also been reported as important in

immobilized biomass strategies by Chang & Tseng, (1998) and Diels ef al., (1995).

Thus this study shows that bacteria can interact with metals via many mechanisms some
of which may be used as the basis of potential bioremediation strategies. The data
obtained in this study enabled the selection of strains having the capacity to tolerate high

concentrations of heavy metals, making them effective candidates for bioremediation.

In concluding, we confirm that the saltern environment is a highly variable system.
Cyclic changes in temperature, salinity, mixing processes and biogeochemical processes
largely influence metal availability to microorganisms resulting in a larger bacterial
population tolerant to metals. This great diversity of microorganisms in the solar salterns
contains vast genetic resources to mediate solutions for cleaning up the environment
created by human activities. Each microorganism having a unique response to a specific
metal, also has a specific mechanism to deal with elevated concentrations of a particular
metal, as well as mechanisms differing from metal to metal. Bacillus sp. being a
dominant genus in the Ribandar solar saltern has a major contribution and significance in
being a very efficient and strong bioremediator of heavy metals in the hypersaline

ecosystems.
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The thesis entitled “Metal Tolerance in Heterotrophic Bacteria from Marine Salterns
of Ribandar, Goa” deals with the adaptation of heterotrophic bacteria to stress
conditions such as salinity and high concentration of metals and the mechanisms

employed by these bacteria to deal with such adverse conditions.

Solar salterns bear a unique and exceptional testimony to a fast disappearing cultural
tradition in which people have long employed the natural environment to produce items
necessary for daily life. Salterns are the result of human interaction with the environment
and are also an outstanding example of sea water usage. With rapid industrialization
mining and metal pollution is on the increase in the estuarine water and subsequently in
the salterns. Hence the aim of the present study was to determine the influence of metals
in the saltern and its effect on microbes. In order to address this aim, the study had the

following objectives

e To quantify the abundance of metal tolerant heterotrophic bacteria in a
hypersaline environment.
e To study the mechanisms of bacterial metal tolerance.

e To identify the dominant metal tolerant heterotrophic bacteria.

To fulfill the above objectives, both field observations and laboratory experiments were
carried out. The site chosen was the Ribandar saltern located adjacent to the Mandovi
estuary, which is under the influence of Ferromanganese ore mining. Recording of data
was carried out for a period of five months during the salt-making months of Jan to May
2008; and for the purpose of comparison, two representative non salt-making months of
November 2007 and August 2008 were chosen. Sediment cores were analysed at 0-5 and
5-10 cm intervals along with the overlying water. Ambient physico-chemical parameters
like pH, Eh, temperature, salinity and dissolved oxygen were measured. The saltern
sediment was also analysed for grain size, C:N ratio, sulphide, sulphate, nitrite, nitrate,
ammonium and phosphate. The soil and water samples were also processed for metal
analyses by standard techniques. Total and retrievable metal tolerant bacterial counts
were enumerated from the sediment cores and the overlying water. Selected bacterial

strains were studied for metal tolerance and the mechanisms involved.
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The salient observations were:
» The degree of retrievability of metal tolerant bacterial population was very high.

> In the sediment, total counts of bacteria ranged from10%” cells g wet weight in
the sediment and10° cells mI™ in the overlying water. In the sediment as well as in
the water the counts peaked during the non salt-making season (NSMS). There
was no significant spatial variation.

» The retrievable abundance of bacteria from the sediment was about 2 orders less
than the total counts during the salt-making season (106'8 CFU g'l) and the non
salt-making season (105'8 CFU g'l). However the retrievable counts of the metal
tolerant bacteria from the saltern water were higher throughout the salt-making
season (104'6 CFU ml'l) compared to the non salt-making season (not detectable to
10* CFU ml™).

» The high retrievable counts indicated that the margin between total counts and
retrievable counts was very narrow. We could thus achieve a retrievability of ~
0.02%.

» In the saltern, environmental factors such as salinity, Eh, pH and dissolved oxygen
influenced metal availability to microorganisms resulting in a larger metal tolerant
bacterial population. Even though high concentrations of metals were recorded in
the Ribandar saltern not all of it would have been bioavailable.

» The geoaccumulation index and the contamination factor which indicated that the
concentrations of Fe, Mn, Ni, Co and Pb increased during the salt-making season
correlated with the retrievable metal tolerant population. During the SMS, highest
number of Fe tolerant bacteria could be retrieved from the sediment at a depth of
0-5 cm (3.09 x 10’ CFU g'l), whereas maximum Ni tolerant bacteria(1.32 x 10’
CFU g could be retrieved at 5-10 cm depth, when 200 ppm metal amendments
were used for isolation .With 400 ppm metal amended media, Mn tolerant bacteria
(1.01 x 10" CFU g') were most retrievable from the sediments at a depth of 0-5
cm, whereas maximum number of Pb tolerant bacteria (5 x 10’ CFU g'l) could be
obtained from 5-10 cm depth. It can therefore be inferred that the quality (metal

speciation) as well as the quantity of metals govern metal tolerance in the saltern.
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» Metal tolerance among the bacterial isolates was a direct indication of the
exposure of the microbial population to heavy metals.

» The correlation between Fe and metal tolerant bacteria during the non salt-making
season indicates that Fe concentrations could be one of the critical parameters that
could serve as an index of the ecological balance in the salterns.

> A total of 293 metal tolerant isolates were retrieved from sediment & water and
grouping of similar organisms resulted in 127 isolates. All the 127 isolates were
capable of growing at low salt concentrations of 15 psu, and 10% could tolerate
upto 200 psu.

» Secondary screening of the isolates at higher metal concentrations of 800 ppm of
Fe, Mn, Ni, Co, Pb; 200 ppm of Zn and Cd and 100 ppm Hg yielded 51%
showing multimetal tolerance to a minimum of 4 metals at 15 psu as well as 200
psu. The order of metal tolerance at 15 psu was Fe>Mn> Pb>Ni >Co>Cd>Hg>Zn,
whereas at 200 psu the order of metal tolerance  was
Mn>Fe>Pb>Ni>Zn>Co>Cd>Hg.

» Interestingly 18% of the microbes exhibited resistance to 50 ppm Hg, a heavy
metal not detected in the salterns.

» Based on Kushners’ classification, 3 strains of bacteria were classified as ‘slight
halophile’ (isolate 5.34), ‘moderate halophile’ (isolate 3.53) and ‘borderline
extreme halophile’ (isolate 3.7/3). These isolates were further studied for their
metal tolerance mechanisms and bioremediation potential.

> ‘Slight halophile’ (isolate 5.34) identified as B.cereus , growing best with 20 psu
crude salt amendment was representative of a Co tolerant strain tolerant to 10 mM
of Co*" and demonstrated tolerance to 7 other metals. Cobalt was found to have
maximum stimulatory effect on growth upto 0.1 mM concentrations at 20 psu
salinity. The isolate could immobilize upto 76.7% Co™" at 0.1 mM concentration.
Multiple mechanisms employed by the organism for metal tolerance were —
constitutive secretion of EPS, regulation of 29 and 57 kDa protein expression,
presence of mnxG and groEL gene.

Metal stress was found to influence antibiotic resistance pattern, enzyme
production as well as the metabolic pattern of all the three studied isolates. Genes

for antibiotic resistance were seen to be closely associated with metal tolerance
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genes. In the presence of Co”" stress (100puM Co), the ‘slight halophile’ B.cereus
developed increased resistance to tetracycline and penicillin (B-lactams group) by
21% and 20% respectively. The isolate showed a decline in amylase, cellulase and
DNase activity in the presence of metal stress. However the gelatinase activity
increased with metal exposure, indicating that this isolate partially ‘traded off’
enzyme expression for metal tolerance. Similarly, the metabolic capacity of the
isolate also decreased with metal stress. Of the 96 carbon substrates tested on
BIOLOG plates to estimate the effect of metals on the metabolic potential of the
isolate, B.cereus could utilize only 14% of carbon substrates tested in the presence
of Co*".

» ‘Moderate halophile’ (isolate 3.53) identified as Bacillus sp. , growing best with

100 psu crude salt amendment was representative of a Ni tolerant strain tolerant
to 1 mM of Ni*". It demonstrated tolerance to 7 metals. Nickel had maximum
stimulatory effect on growth at 0.01 mM concentrations at 100 psu. The isolate
could immobilize upto 66.7% Ni*" at 0.01 mM. Multiple mechanisms employed
for metal tolerance were - regulation of 36 and 59 kDa protein expression,
presence of ncc, mnxG and groEL gene. In the presence of Ni*" stress (100 uM)
Bacillus sp. showed complete resistance to the aminoglycosides, teracyclines and
B-lactam. This broad spectrum antibiotic resistance pattern associated with metal
stress suggests that the genes for both the functions could be linked.
The isolate showed a decline in amylase and cellulase activity in the presence of
metal stress. However, the DNase activity increased with metal exposure,
indicating that this isolate also ‘partially traded off” enzyme expression for metal
tolerance. Metabolic potential was stimulated with ImM Ni*" amendment, wherein
the isolate could utilize a total of 93% carbon substrates.

» ‘Borderline extreme halophile’ (isolate 3./3) identified as Chromohalobacter
beijerinckii — could grow upto 200 psu salinity was representative of a Mn tolerant
strain tolerant to 10 mM of Mn?". It showed tolerance to 8 test metals. Mn®" upto
5 mM concentration at 200 psu had maximum stimulatory effect on growth. The
isolate could immobilize 62.6% Mn®" at 5 mM concentration. Multiple
mechanisms employed for metal tolerance were - secretion of EPS, biosorption,

bioprecipitation, regulation of 50 and 53 kDa protein expression, presence of
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mnxG, metallothionein and groEL genes which could play a significant role in
metal tolerance. The isolate showed presence of a cryptic megaplasmid which did
not play a role in metal tolerance.

In Chromohalobacter 1mM Mn*" stress resulted in 21, 50 and 21% increase in
resistance to streptomycin, penicillin, and ampicillin belonging to the groups -
lactams and aminoglycosides respectively.

The isolate showed a decline in cellulase and gelatinase activity with metal stress
but amylase activity increased with Mn>" stress, indicating that the isolate was
‘partially trading oft” enzyme activity for metal tolerance. Further it also resulted
in a decline in the metabolic potential wherein the carbon substrates utilized
declined to 18%.

» In all the three isolates studied in detail, the determinants for metal resistance
appear to be passed on by vertical inheritance and horizontal transfer, indicating
there is a strong possibility of transposition events in disseminating metal
resistance traits from plasmid to chromosome under metal stress.

» The bacteria from hypersaline environments partially ‘trade off” enzyme
production for metal tolerance. Therefore they are not only resistant to metals but
also partly retain enzyme activity. Interestingly the same species of bacteria
showed different enzyme production profiles with different metals even though
they were isolated from the same site. Maximum enzyme activity was retained
with Mn amendments.

» Manganese oxidation may be stimulated in the Ribandar saltern as indicated by
the presence of mnxG gene in a large number of the isolates, which in turn has
important implications for the cycling of carbon, nitrogen and trace metals.

» An increase in salinity from 2 to 10% resulted in a stimulation in growth of the
isolates in the presence of metal.

» A total of 9 genera and 18 species were isolated and identified of which the spore
forming genus Bacillus (59%) was dominant in the Ribandar saltern.

» ldentification by 16S rRNA gene sequencing showed that they belonged to the
genera Bacillus, Staphylococcus, Micrococcus, Halobacillus, Flavobacterium,

Pseudomonas, Achromobacter, Chromohalobacter and Gordonia .
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CONCLUSION:

» The abundance of metal tolerant bacteria particularly the Mn and Ni tolerant
bacteria was largely influenced by salinity especially in the non salt-making
season.

» Saltern sediment offers a niche for survival of heavy metal resistant bacteria that
are tolerant to Fe, Mn, Ni, Co and Pb at concentrations as high as 10 mM.

» Solar salterns could serve as avenues for transformation of native bacterial flora to
strains with increased tolerance to metals.

» The microorganisms were versatile and employed multiple mechanisms for
detoxification and tolerance.

» The varied mechanisms of tolerance and detoxification in the heterotrophic
bacteria, especially the Bacillus sp., could be a potential organism in
bioremediating heavy metals from hypersaline environments.

» Reduced enzyme activity of microorganisms exposed to metal stress may
adversely influence the hydrolysis of organic matter and may result in the poor
recycling of nutrients.

» An increased population of antibiotic resistant bacteria evolved due to the
presence of metal stress could be released into the estuarine water at the end of salt
making, during the monsoon season.

» Though the Ribandar saltern is partly under the influence of ferromanganese ore
mining, the indigenous bacterial population could be involved in regulating the
ambient metal concentrations by employing various mechanisms thus mitigating

the extent of heavy metal contamination of the system.

FUTURE PROSPECTS:
»  Determination of the uncultivable population of metal tolerant bacteria.
» Conducting pilot scale bioremediation of heavy metals including indigenous

communities from salterns or selected isolates.
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