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    Chapter 6   
 Environmental Diversity and Biological 
Survivability of Halophilic Bacteria 

             Narayanan     Rajendran    

    Abstract     Halophiles are among the best model microbes to study cellular 
adaptation.  Haloferax ,  Haloarcula ,  Haloquadratum ,  Halobacteriales  and many 
other halophiles living in the Great Salt Lake can survive extremely high salt con-
centrations. Many of them cannot survive if moved from hypersaline to non-saline 
habitats, and die from immediate cell lysis. The unique biological survivability of 
these bacteria in the saline condition is dictated by the phylogenetic dexterity at the 
given environmental constraints. Microbial adaptation has played a major role when 
bacteria in all forms branched out into different environmental niches, arising from 
the hypersaline conditions of the primordial sea. Their pervasive nature, created by 
ever-changing environmental conditions, was acquired by microbes from millions of 
years of making. The adaptation of enzymes during the course of their evolutionary 
development and some metabolic differences helped them expand and achieve 
environmental diversity. Metabolic processes, like osmoregulation in halotolerant 
cells, dictate the regulation of the bacterial cell membrane. For example, glycerol 
metabolism has been linked to osmoregulation in some halophilic microbes. Some 
mechanisms behind osmoregulation in halophiles are extremely energetic since 
they live in hostile environments. Pathways of such regulations, including de novo 
synthesis of solutes anabolically and/or extraction of solutes environmentally, 
help them to produce secondary metabolites like poly-β-hydroxyalkanoates. How 
halophiles maintain high metabolic similarity to other non-saline bacteria while 
showing different survivability under heavy salt stress remains an important question. 
This review attempts to outline progress in our understanding of their environmental 
diversity and biological survivability.  
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6.1         Introduction 

 In recent years, modern tools and techniques have provided insight into the selection 
and optimization of extremophiles for commercial uses (Tango et al. 2002). The 
potential application of halophiles in bioconversion processes has emerged as a 
promising fi eld for future biofuel conversion technology (Oren  2010 ). The breakdown 
of biomass materials to gain energy, and the cleanup of contaminated salty lands and 
aqueous sites are particularly important potential uses as reported (Rodriguez-Valera 
 1991 ). The exploration of their biodiversity in extreme salty environments has 
opened a new era for biotechnologists to use various techniques including genomics 
and proteomics. For example, in the last 10 years genomic sequencing and proteomic 
analysis have vastly expanded since the genomics studies of  Halobacterium  NRC-1 
was fi rst published in the year 2000 (Ng et al.  2000 ). Since then, the complete 
genomic sequences of many halophiles and halotolerant bacteria were published, 
including  Haloarcula marismortui  (Baliga et al.  2004 ),  Natronomonas pharaonis  
(Falb et al.  2005 ),  Haloquadratum walsbyi  (Bolhuis et al.  2006 ),  Halomicrobium 
mukohataei  (Tindall et al. 2008),  Halorhabdus utahensis  (Bakke et al.  2009 ), 
 Halogeometricum borinquense  (Malfatti et al.  2009 ),  Haloterrigena turkmenica  
(Saunders et al.  2009 ), and  Haloferax volcanii  (Hartman et al.  2010 ). 

 Halophiles are salt‐loving microbes and multiply quickly in saline environments. 
They are predominantly concentrated in bacterial group while some fungi (such as 
 Wallemia ichthyophaga ) and others algae ( Dunaliella salina ). Among the pro-
karyotes, the domain Archaea has several extremophilic genera of halophiles, like 
 Haloferax ,  Haloarcula ,  Haloquadratum ,  Halobacteriales  etc. The bacterial domain 
also has halophiles like  Salinibacter , but they are less common when compared to 
archaea. Halophilic bacteria come in many sizes and shapes and live in variable salt 
stress conditions. For example, the bacterium  Thiomargarita namibiensis , found in 
the ocean sediments of the continental shelf of Namibia, is the largest bacteria ever 
discovered. The second largest bacterium,  Epulopiscium fi shelsoni , was found in 
the Red Sea within the marine surgeonfi sh (Angert et al.  1993 ) (Fig.  6.1a ). This 

  Fig. 6.1    ( a ,  b ) The largest bacterium  Epulopiscium fi shelsoni  found in the Red Sea within the marine 
surgeonfi sh was isolated by D. A. Angert, and reported in 1993 ( a ) This bacterium is a million times 
larger than  E. coli , as shown in the picture* as a dot, and one can see  E. fi shelsoni  with the naked eye 
( b ) (Picture permission was obtained from Dr. D. Angert, Cornell University, Ithaca, New York)       
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bacterium is a million times larger than  E. coli , and one can see it with the naked 
eye (Fig.  6.1b ).  

 The family Halobacteriaceae, which contains 15 genera, is a member of the 
domain Archaea and comprises the majority of the prokaryotic extremophiles (Oren 
 2002a ). Due to the presence of halophiles like  Salinibacter ,  Haloquadratum , 
 Halobacteriales , and  Dunaliella salina , many lake and saltern habitats display a 
pink or reddish color. Hence, most known halophiles such as  Halobacterium , 
 Haloferax ,  Halococcus ,  Halorubrum ,  Halogeometricum ,  Haloterrigena  and 
 Haloarcula  have become popular models for habitat adaptation studies in the 
archaeal domain. This review will focus on the exploitation of halophilic bacteria 
and its environmental adaptability and biological survivability in salt stress 
conditions.  

6.2     Habitat and Environmental Adaptation 

 Microbial adaptation has played a major role in the existence of Halophiles, 
especially when bacteria in all forms and shapes branched out into different 
environmental niches (Rajendran et al.  2008 ), when they were evolving from the 
hypersaline primordial sea (Dundas  1998 ). High salty salterns or lakes represent an 
exceptional ecosystem in which several bacteria, especially halotolerants, can 
survive under the high salt pressure. Halophiles can thrive not only in those small 
salt water bodies such as salterns and lakes but also in large oceans and benthic 
fl oors of the sea. Halophilic bacteria are some of the best examples of environmental 
adaptation. With a heavy salt presence in the surrounding area, these microbes have 
developed metabolic conditions favorable to their survival. Some may be found 
within fl uid inclusions in salt crystals (Norton and Grant  1988 ) and others produce 
compatible solutes to adapt high salt-stress conditions. The requirement for sodium 
chloride plays a major role in the metabolism of extremely halophilic bacteria, but 
they also require magnesium. As the growth of halophiles is predominantly dictated 
by the concentration of salt in the water, most moderate and slight halophilic bacteria 
do not require magnesium (Grant et al. 2001). 

 Halophilic bacteria are more abundant than any other groups in high salt con-
ditions such as the Dead Sea (Bodaker et al.  2010 ), saline lakes in Inner Mongolia 
(Pagaling et al.  2009 ), African soda lakes, and deep-sea brines (van der Wielen et al. 
 2005 ) etc. The water salinity (Fig.  6.2 ) for fresh water is measured as less than 
0.05 %, brackish water is 0.05–3 %, saline water is 3–5 % and Brine is more than 
5 % (Anati  1999 ). Halophilic bacteria multiply better at the temperature of 28–37 °C 
with a pH range of 7.0–8.0 at 5–20 % sodium chloride concentration. Based on their 
salinity habitat and extent of their halotolerance, they were grouped into extremely 
(15–32 % w/v), moderately (3–15 % w/v), and slightly (1–3 % w/v) halophilic 
(Oren  2013 ). The slight halophiles generally prefer 0.3–0.8 M NaCl (Sodium 
chloride 1.8–4.7 % – seawater is 0.6 M or 3.5 %), moderate halophiles 0.8–3.4 M 
(4.7–20 %), and extreme halophiles 3.4–5.1 M (20–30 %). Some of the regular 
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halophiles are halotolerant, meaning they do not require high NaCl condition, but 
can grow under saline conditions (Bowers et al.  2009 ).  

 Halophiles can be aerobic or anaerobic (Ollivier et al.  1994 ). Their cellular 
uniqueness, adaptation and survivability are dictated by the phylogenetic dexterity at 
given environmental constraints. For example, the osmotic stress in the surrounding 
space makes the saline water enter into the cytoplasm through the membrane and 
non-halophiles may not survive under this stress. However, halophiles and halotolerant 
microbes maintain turgor pressure at least equal to the ambient pressure (Mustkhimov 
et al.  2010 ). In that case, anaerobic halophilic bacteria  Haloanaerobiales , aceto-
genic anaerobes such as  Halobacterioides ,  Sporohalobacter , and  Acetohalobium  
can all thrive well in those high salt water bodies. Those that maintain aerobic life 
are also able to tolerate low salt pressure like Halobacteriaceae, and depend on 
other forms of nutrients and become phototrophic, fermentative, sulfate-reducing, 
homoacetogenic, methanogens etc. (Oren  2002a ). Some show heterotrophic, photo-
trophic, photosynthetic, methenogenic or litotrophic nature. Analysis of microbial 
diversity in lakes and salterns using metagenomic studies (Bodaker et al.  2010 ) are 
useful in order to show biological adaptability and nutritional habits. 

  Fig. 6.2    Four different saline aqueous environments such as Freshwater, Brackish water, Saline 
water and Brine water were pictured with examples. Their salinity contents were expressed in 
percentage as well as in the traditional parts per thousand units       
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 There are many hypersaline environments found around the globe and different 
types of halophilic bacteria survive in different salt stresses as presented to them 
by the environment (Gunde-Cimerman et al.  2005 ). Within each ecosystem, 
well- adapted microfl oras fl ourish and in some cases possess unique resident micro-
biota within themselves. Some live conveniently on the surfaces of large marine 
ecosystems and some in the far more complex saline systems including the various 
trophic levels of ocean, deep sea, mangrove saline sites, arid, islands and coastal 
area, underground salt mines and saline caves. Some reservoirs of natural salt 
sources such as the Great Salt Lake (Utah), Owens Lake (CA), halite cores from 
Saline Valley (CA), Thane Papke (Storrs, CT), deep-brines of the Red Sea (Antunes 
et al.  2003 ), Xinjiang salt lake, Lake Assal in Djibouti (French Somaliland), Chinese 
salt mine, Goa salterns in India, salterns of Israel, the Salar de Atacama, Chile, 
Turkish salt mine, Iranian salt lakes hypersaline lake in Argentina, La Malá saltern 
near Granada, salterns of Spain, Western Australian hypersaline lake (Lake O’Grady 
North), Quidam Basin Quaternary sediments, Gabara in the Wadi Natrun, Egypt, 
brine wells in southwestern China, The South China Sea, a Korean salt fl at, Venere 
Lake, Pantelleria Island Italy, the Yellow Sea, Mongolian salt and soda lakes and 
south Siberian hypersaline lakes, Mexican soda environments, salted hides), benthic 
fl oor of the Mediterranean Sea, the Gulf of Mexico, and soda lakes of the Kulunda 
Steppe (Sorokin et al.  2010 ) are ecologically signifi cant as they are considered rich 
in halophiles.  

6.3     Cellular Adaptation and Biological Survivability 

 Marine microorganisms and halophiles in particular play a major role in the 
atmospheric oxygen stability. Halophiles perform a recycling function similar to other 
diverse non-halophiles (Kastritis et al.  2007 ) in spite of their salt-stress cellular 
adaptations. The higher rate of oxygen production comes from a signifi cant marine 
bacterium,  Cyanobacterium , which predominantly occupies the surface of global 
saltwater. This individual species,  C. prochlorococcus  is very diverse due to its 
adaptability and shows 96 variations of strains sampled from southeast of Bermuda 
in the Atlantic Ocean. Such distinct variable markers within a single species 
indicates that this species would have originated millions of years ago and diverted 
into ecologically distinct groups because of the genomic diversity with hyper-
variable genes (Kashtan  2014 ). Others, like  Haloferax ,  Haloarcula ,  Haloquadratum , 
 Halobacteriales  and many more can survive extremely high salt concentrations and 
also produce a high rate of oxygen. 

 Many halophiles cannot show optimal growth if moved from hypersaline to 
less- saline habitats (Mustkhimov et al.  2010 ). During the course of evolutionary 
development in several millions of years, the enzymes and other biomolecules of 
halotolerant microbes have been modifi ed to function effi ciently at high intracellular 
salt concentrations. Hence they may die from immediate lysis of cell if the salt 
conditions are changed drastically. For example, in  Haloarcula marismortui , the 
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behavior of membrane proteins is highly active in high-salt environments in support 
of ribosome and molecular adaptations of malate dehydrogenase and other enzymes 
(Madern et al.  2000 ). The acidic surface of the macromolecule allows protein-salt 
interactions that avoid water or salt enrichment at the surface of the protein and 
preserve its solubility (Ebel and Zaccai  2004 ). In a situation where the concentra-
tion of salinity increases, the number of diversifi ed groups of halotolerant bacteria 
living in the vicinity of such hypersalinity conditions decreases. Since high salinity 
represents an extreme condition, relatively few microbes can survive in those 
conditions (Gunde-Cimmerman et al.  2005 ). Even if the rate of salinity is inconsistent 
in the aqueous environment, they can often survive due to their defensive mechanisms 
in order to prevent a desiccation type of dehydration. 

 The osmosis process is the most common method of preventing water loss among 
halophiles in a hypersaline stress condition (Mustkhimove et al.  2010 ). In this way, 
organic compounds known as osmoprotectants or compatible solutes such as 
amino acids, sugars, ectoines, betaines etc. are accumulated in the cytoplasm to 
prevent the desiccation. Some groups of halophiles such as  Salinibacter ruber  of the 
 Halanerobiales  group adopt another mechanism, using an infl ux of potassium ions 
into cytoplasm. Both mechanisms increase the internal osmo-regularity condition of 
the microbial cell. Such adaptation of cells helps most halophiles to sustain their 
viability in their native high salt conditions. If they were removed and left in a fresh-
water environment, their cells often burst and may not survive due to the change of 
osmotic pressure. The osmoregulatory mechanism with the help of osmoprotectant 
or compatible solutes is the most adapted cellular mechanism from an evolutionary 
point of view. Compared to the mechanism of K +  ion infl ux into the cytoplasm, the 
compatible solute mechanism helps halophiles gain more ATPs for other uses. More 
structural protein molecules are needed in the mechanism of infl ux of K +  ions into 
the cytoplasm. Since the compatible solutes often act as high salt stress protectants, 
most halophiles follow this method of osmoregulation (Santos et al. 2002).  

6.4     Pathways of Regulation and Evolutionary Adaptability 

 The ubiquitous nature of halophiles in the salty environment was acquired by 
microbes from millions of years of making. It occurred due to the ever-changing 
environmental conditions due to the climate variations and is dictated by the regu-
lation of the bacterial cell membrane like osmoregulation in hypersaline natural 
habitats. Some mechanisms behind osmoregulation in halophiles are extremely 
energetic (Saum and Müller  2008 ), and adaptation of enzymes during the course of 
their evolutionary development, made some differences in environmental diversity 
(McGenity et al.  2000 ), and helped halophilic cells to develop a metabolic variation. 
In order to adapt to stress and damage to proteins, halophiles possess more acidic 
residues especially glutamate (Kuntz  1971 ). Glutamate has a water binding nature 
higher than any other amino acid (Saenger  1987 ). Such evolutionary development 
helps halophiles to adapt to the salt stress by binding more compactly with water 
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molecules (Lanyi  1974 ; Bolhuis et al.  2008 ). Beyond this, extreme halophiles have 
increased the number of acidic glutamic and aspartic acids (Kennedy et al.  2001 ), 
and charged amino acids (Fukuchi et al.  2003 ) on the surface of active proteins 
(Tadeo et al.  2009 ). Since glutamate residues have a superior water binding capacity 
over all other amino acids, they are generally found in excess on the surface of 
halophilic proteins. 

 The catabolic ability of a microbe depends on the environment (Hough and 
Danson  1999 ) where it tries to survive, by overcoming the chemical rejections or 
autointoxication. For example,  Thermus aquaticus  is a bacterium that lives in hot 
springs and hydrothermal vents, and Taq polymerase was identifi ed (Chien et al. 
 1976 ) as an enzyme able to withstand the protein-denaturing conditions (high 
temperature) required during PCR (Saiki  1988 ). In salty conditions extremophiles 
develop evolutionary variations to have specifi c hyperenzymatic reactions against 
given substrates such as highly concentrated sodium chloride. Such ability leads 
extremophiles to competitively survive better than any other group of microbes in a 
saltwater body, such as the ocean. Since one third of the biosphere is covered with 
salty water, it is obvious that halophiles are a dominant group (Gomes and Steiner 
 2004 ). Protein hydration needs free water molecules, but in the ocean, water mole-
cules are sequestered in hydrated ionic structures (Danson and Hough  1997 ). The 
evolutionary adaptation of halophilic cells to high concentrated salt condition 
depends on the ability of the catalytic protein dehydrogenase (Britton et al.  2006 ) or 
synthetase which they harbor. Such enzymes provide a cover to halophiles or an 
ability to adapt the infl ux of salt to regulate the osmotic pressure (DasSarma et al. 
 2010 ). The three dimensional structural features of the family of halophilic proteins 
(Frolow et al.  1996 ), and their functional stabilities against salt stress supports their 
survivability (Dym et al.  1995 )  

6.5     Exploitation of Halophilic Bacteria 

6.5.1     Secondary Metabolic Products 

 Moderate halophiles accumulate high cytoplasmic concentrations of organic 
compounds to cope with the osmotic stress and to maintain positive turgor pressure 
(Graf et al.  2008 ). The natural ability of halophiles to produce and accumulate high 
concentrations of these low-molecular-weight compounds makes moderate halo-
philes useful for the biotechnological production of these osmolytes (Santos and da 
Costa  2002 ) Some these compatible solutes, especially glycine, betaine and ectoines 
have gained considerable attention in the recent past. They are good stabilizers of 
enzymes, nucleic acids, membranes and whole cells (Louis et al.  1994 ). They are 
used as stress protectants against high salinity, thermal denaturation, desiccation, 
and freezing. The industrial uses of these compounds in enzyme technology 
are used in biosensors and PCR technologies as well as in pharmaceuticals and 
cosmetics (Vendosa 1995). Salt labile enzymes such as lactate dehydrogenase 
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and phosphofructokinase can be protected by using several compatible solutes 
such as betaine, trehalose, glycerol, glycine proline, ectoines and hydroxyectoine 
(Louis et al.  1994 ). Ectoine is as an active ingredient for many epidermal applica-
tions. This medically exploitable product commercially manufactured by a German 
company BitopAG from  Halomonas elongata  is one the most successful bacterial 
resources for Ectoine (Graf et al.  2008 ). Currently ectoine becomes part of 
compounding industries in medicinal product preparations (Graf et al.  2008 ). 
The derivatives of ectoine are used in Microarray and PCR technology as bio-
molecular protectants (Schnoor et al.  2004 ). Many of them were used as building 
blocks for some pharmaceuticals. Novel antibiotics were isolated from Halophilic 
Actinomycetes.  Nocardiopsis ,  Saccharomonospora , and  Streptomonospora  were 
also tested in the context of cytotoxic effect against a range of cancer cell lines. 

 Some commercially signifi cant products are obtained from halophiles such as 
β-carotene from  Dunaliella , bacteriorhodopsin from  Halobacterium , and ectoine 
from  Halomonas  (Oren  2010 ). For example,  Halomonas elongata  is used to produce 
ectoine, the active ingredient of many cosmetics and skin care products. Ectoine and 
hydroxyectoine biosynthesis is widely found in halophilic and halotolerant micro-
organisms, and can only be produced biologically. The production of ectoine for 
industrial purposes by using  H. halodenitrifi cans  is known since 1996. The halophilic 
cells were grown in an anaerobic fed-batch fermentation process, in a synthetic 
medium at high concentration with glycerol as the carbon source. Once the cell 
density reached a certain threshold, ectoine was extracted by “bacterial milking”, 
a process previously developed for  Holomonas elongata , in which an osmotic 
down-shock applied from 10 to 2 % NaCl, results in excretion of about 80 % of the 
intracellular ectoine to the surrounding medium (Van-Thuoc et al.  2010 ). Subsequent 
exposure of the cells to a hyperosmotic shock from 2 to 10 % NaCl restored the 
original level of ectoine in a period of 10 h. Thus, a yield of 2 g ectoine per liter of 
medium per day was obtained. Ectoine and hydroxyectoine can also be produced by 
the Gram-positive moderate halophiles like  Marinococcus  strain M52. A maximum 
yield of 35.3 g/l cell dry weight was achieved as reported (Frings et al.  1995 ). The 
use of a dialysis reactor, in which cells were grown in an inner chamber fed with fi sh 
peptone and glucose, resulted in a dramatic increase in yield up to 132 g of cell dry 
weight with about 20 % hydroxyectoine obtained (Krahe et al.  1996 ). Another 
organism used for the production of ectoine is the actinomycetes  Nocardiopsis 
lucentensis  A5-1 (Yassin et al.  1993 ), isolated from a saline soil near Alicante, Spain 
(Lippert and Galinski  1992 ). 

 Halophiles, while surviving under high salt stress, can also produce secondary 
metabolites like poly-β-hydroxyalkanoates or bioplastics, halophilic enzymes, and 
biofuel. Some halophilic bacteria such as  Halomonas boliviensis  and members of 
genus  Haloferax  produce poly-β-hydroxyalkanoates commonly known as bio-
plastic (Quillaguaman et al.  2010 ). Many useful enzymes obtained commercially 
from halophilic microbes such as  Salinibacter  are applied in the detergent and the 
textile industries. Some enzymes such as proteases, cellulases, lipases, amylases, 
and mannanases are produced from various halophiles (Min et al. 1993) including 
but not limited to the group of Haloarchaea. A novel halophilic dehydrogenase was 
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created using site directed mutagenesis from  Halobacterium salinarum  glutamate 
dehydrogenase (GDH). Due to their high salt and heat tolerance ability, some of 
them such as  Haloferax volcanii  (Large et al.  2007 ), are used as industrial bio-
catalysts and production of alcohol from ketones. Some halophiles like  Alcanivorax 
dieselolei ,  Marinobacter  and  Halomonas  sp., are able to degrade various polyaro-
matic hydrocarbons (Fig.  6.2 ). Another process in which halophiles may contribute 
in the future is the production of biofuel. Some halophilic bacteria have shown 
that they can break down cellulosic biomass via fermentation. The yield of ethanol 
and hydrogen could be a good source of biofuel, which opens up a new line of com-
mercial uses for halophiles. 

 In recent years the poly-β-hydroxyalkanoate-based bioplastics has stimulated 
higher expectations for biotechnologists as ingredients for many house-hold 
products. Such biodegradable polymers are produced from  Halomonas boliviensis  
(Quillaguaman et al.  2010 ). A successful attempt was made by mixing the bio-
polymer from  H. boliviensis  and the compatible solute ectoine from  H. elongata  
with hydroxyectoine to gain a synthetic high-value product (Van-Thuoc 2010). 
A commercial halophilic strain of  Haloferax  was used to produce Tirel, a bioplastic 
product by Metabolix. The genus  Haloferax  ( H. volcanii  and  H. mediterranei ) was 
tested (Han et al.  2009 ) for its polyhydroxyalkanoate (PHA), and  Haloarcula 
hispanica  was also compared (Lu et al.  2008 ) for its poly (3-hydroxybutyrate-co-
3-hydroxyvalerate) synthase.  

6.5.2     Halophilic Remediation 

 Biological remediation is well known for its ability to take up and concentrate 
contaminants in the biological tissues without destroying the environment. Microbial 
remediation in particular has been developed from a conceptual methodology to a 
viable technology for contaminant clean-up (Rajendran et al.  2013 ). The potential 
applications of halophiles as remediators of toxic chemicals and biological wastes 
were studied well in the past (Ventosa and Nieto  1995 ). The halophiles are relatively 
less exploited and applied in the commercial sectors, compared to other extremo-
philes with the notable exceptions of β-carotene, bacteriorhodopsin, and ectoine 
(Oren  2010 ). Some of those commercially successful products from halophiles are 
employed as surfactants in olive oil industries to recover hypersaline waste brines, 
and some were used in fur-curing leather industries. The halophilic bacteria 
can be used to remove phosphate from saline environments and it is known to be a 
cost- effective method (Ramos-Coremzama et al. 1991). 

 Many toxicants persist hundreds of years in large and small bodies of water such 
as seas and lakes not only because of natural disasters but also due to man-made 
wastes. These wastes can arise from smelter and mining sites, manufactured gas 
plants, ammunition factories, run-over contaminants from fertilized farmland, sludge 
from agriculture, and pollutants from industrial and municipal waste- dumping 
grounds. These wastes are now reaching the oceans (Rajendran et al.  2008 ). 
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Many chemical contaminants, especially hydrocarbon-based petroleum contami-
nants, are very problematic for the environment (Schwab et al.  1999 ). Remediation 
of such contaminants from the land and aqueous sites, using non halophiles, is a 
very diffi cult and slow process. Only 25 % of petroleum-contaminated land sites 
were being bioremediated using  Pseudomonas  (Holden et al.  2002 ). Beyond this, 
using those microbes in high salt environments is diffi cult due the effect of salt on 
the cell membrane and for other metabolic reasons. The application of halophiles as 
remediator in petroleum and other contaminants land and aqueous environment 
will have an impact on cleaning up our chemical toxic sites and will become 
increasingly important in the cleanup of aquifers and large plumes. 

 In halophilic remediation process, toxic heavy metals and organic pollutants are 
the major targets for a potential remediation (Roberts  1987 ). Many chemicals like 
polycyclic aromatic hydrocarbon (PAH) cause many health problems (Pradhan 
et al. 1998). Enhancement of PAH dissipation in soil and aqueous environment is 
often suggested to be a result of human impact. For example, PAHs is one of the 
dominant contaminants found in the superfund sites and resources conservation and 
recovery act (RCRA) sites (Kevein et al. 2006). One of the methods that can be 
effectively applied for cleaning-up many toxicants like PAHs is using microbes. 
Other major toxic chemicals and its species are Polychlorinated biphenyls, 
Chlorinated benzoic acid, Mercury (Hg), Hexachlorobiphenyl, 2,4,6- trinitrotoluene 
(TNT), Naphthalene, Pyrene, Chloroacetamide herbicides, Benzo(a)pyrene, 
3,3′4,4-tetra chloroazobenzene (TCAB), Arsenic (As), metals such as Nickel (Ni), 
Zinc (Zn), Copper (Cu), Rubidium (Rb), Cesium (Cs), Manganese (Mn), Iron (Fe), 
Selenium (Se), Chromium (Cr), Cadmium (Cd), Lead (Pb), or radioactive isotopes 
such as Uranium, Cesium-137, Strontium or Cobalt (Rajendran et al.  2013 ). 

 Microbial species uptake, metabolize and accumulate toxic chemicals and 
metals. Environmental cleaning of such chemical contaminants by bacteria is varied 
from bacterial species to species, and based on the chemical contaminant in question. 
Some species act as powerful remediators of the primary chemical contaminants 
but others remediate only the chemical species of the primary contaminants. 
For example, uptake of Selenium, Trichloroethylene (TCE) Tetrachloroethylene 
(PCE) and its speciation such as Trichloroethanol, and Trichloroacetic acid 
as well as Nitroaromatic compounds such as Aminodinitrotoluene (ADNT), 
Diaminonitrotoluene (DANT), Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and 
Octahydro-1,3,5,7-tetranitro-1,3,5,7,-tetraazocine (HMX), Brominated compounds 
such as Ethylene dibromide, 2,4,5-Trichlorophenoxyacitic acid (2,4,5-T), Carbon 
Tetrachloride and Tetrachloroethlene, and Dibromochloropropane as well as 
nonhalogenated compounds such as methyl-t-butyl ether (MTBE) are signifi cantly 
present in many contaminated sites and aquifers (Rajendran et al.  2013 ). 

 Many bacteria can be directly used to remediate toxic wastes including PCBs 
(Roberts  1987 ). As the result, the accumulated biomass, similar to that of 
“commercial ore” can be recycled. It can also be decomposed into manure or 
disposed- off into a traditional landfi ll (Rajendran et al.  2008 ). The association of 
halophilic microbes and toxic contaminants (Table  6.1 ) therefore offer a viable 
means of accomplishing the remediation of contaminated aquifer and other sites 
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like deep hypersaline anoxic basins (van der Wielen 2005). Such bioremediation 
processes have many advantages over physical and chemical means of remediation 
at the open surface of ocean and other large bodies of water such as lakes. They are 
environmentally safe (Philip et al.  2005 ), biologically feasible, and economically 
cheaper to remove contaminants from the crude oil wastes and oil spillage or a 
variety of other contaminants such as pesticides, solvents. At high risk sites of 

   Table 6.1    Halophilic remediators mentioned here are associated with remediation of benzene, 
toluene, phenolics and various other chemical toxicant groups such as aliphatic hydrocarbon 
(Example: Octane, Pristane), polycyclic aromatic hydrocarbons (Example: Naphthalene, 
Anthracene), as given   

 Toxicants *   Remediator-halophiles 

 Acenaphthene   Actinopolyspora  sp. DPD1   Halomonas  sp. strain C2SS100 
 Anthracene   Alcanivorax  sp. Otet3   Halomonas  sp. strain IMPC 
 Benzene   Arhodomonas  sp. strain 

Rozel 
  Halorubrum ezzemoufense , 

 Benzoate   Arhodomonas  sp strain 
Seminole 

  Marinobacter aquaeolei  

 Biphenyl   Atcanivorax  sp. HA03   Marinobacter falvimaris Marinobacter 
hydrocarbonoclasticus  

 Cinnamic acid   Candida tropical    Marinobacter lipolyticus Marinobacter 
nanhaiticus  

 Eicosane   Chromohalobacrer  sp. 
strain HS-2 

  Marinobacter sedimentalis  

 Ethylbenzene   Haloarcula hispanica    Marinobacter vinifi rmus , 
 Fluorene   Haloarcula vallismortis    Modicisalibacter tunisiensis  
 Heneicosane   Haloarcula  sp. strain 01   Planococcus  sp. strain ZD22 
 Heptadecane   Halobacterium piscisalsi ,   Pseudomonas  sp. C-450R 
 4-Hydroxybenzoate   Halobacterium salinarium ,   Salinicoccus roseus  
 Gentisate   Haloferax  sp.01227   Thelassobacillus devorans  
 Naphthalene   Halomonas alimentaria  
 Octadecane   Halomonas campisalis  
 Pentacosane   Halomonas elongata  
 Phenanthrene   Halomonas eurihalina  
 Phenol   Halomonas glaciei  
 Phenyl propionic acid   Halomonas halodurans  
 Phthalate   Halomonas halophil  
 Phytane   Halomonas organivorans  
 Pristane   Halomonas salina  
 Pyrene   Halomonas venusta  
 Salicylate 
 Tetracosane 
 Toluene 
 Xylene 

  The references for respective halophilic remediator and its target hydrocarbon contaminant were 
given adequately by Fathepure ( 2014 )  
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contaminants and benthic zones, halophilic remediation can be used as supportive 
method to remove contaminants (Ramos-Cormenzana  1991 ). Because of the ability 
of specifi c halophiles which can reach specifi c depths and clean-up the last remains 
of contaminants trapped in the benthic fl oor halophilic remediation could become a 
truly viable option.

6.6         Future Application of Halophiles 

 Problems of chemical contamination and its salvage will continue because of the 
continuous use of the metals, chemicals and its derivatives in our everyday life in one 
way or other. The tremendous use of chemicals today will have a profound effect on 
the environment tomorrow. Due to the synergistic chemical effect on public health 
(Barbosa et al.  1998 ), which poses a signifi cant threat to our economy, application 
of halophilic microbes or its products will dictate the alternative approaches to solve 
such emerging risks. The other future application of halophiles is the use of halo-
tolerant bacteria in breakdown of biomass materials to gain the energy in the form of 
ethanol as biofuel (Tango and Islam  2002 ). The current progress towards achieving 
an outcome-based approach as studied by many marine microbiologists to replace 
fresh-water algae expected to reduce high consumption of fresh water (as in the 
case of fresh-water algae) and to speed up the entire biofuel conversion process 
(Fathepure  2014 ). Diverting the established algal conversion technologies and 
accessory approaches towards halophilic bacterial biofuel conversion will not only 
reduce energy consumption for quick recovery of products but also offer a cost-
effective way for making commercial products. The commercial success of ectoine 
(Bestvater et al.  2008 ) achieved through the biotechnology and genetic engineering 
synthesis has opened an array of products from halophiles to be commercialized using 
fermentation technology. Cloning of ectoine genes made it possible so that 1 day salt 
tolerance genes could be cloned in stable foods such wheat to make them grow in 
salty soils or use sea water to grow rice in paddy fi elds (Min-Yu et al.  1993 ).  

6.7     Conclusion 

 Halophilic bacteria and their abilities to survive in the extreme salt condition have 
stretched our understanding not only of how metabolic processes played crucial roles 
in survivability but also in the intermediate processes involved in the evolutionary 
adaptability. The current proteomic and genomic studies on the stability, structural 
and functional analysis aided by modern molecular and genetic engineering 
approaches paved a way for scientists to develop a family of enzymes and products 
from Halophiles for commercial purposes. However, how halophiles maintain high 
metabolic similarities to other non-hypersaline bacteria, but show different sur-
vivability under heavy salt stress, remains an important question to be further studied.     
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