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Halophilic bacteria are organisms which thrive in salt-rich environments, such
as salt lakes, solar salterns and salt mines which contain large populations of these
organisms. In biotechnology, such salt-tolerant bacteria are widely used for the production
of valuable enzymes, and more than a thousand years ago humans began using salt to
cure and thereby preserve perishable foods and other materials, such as hides; halophiles
can be detrimental to the preservation of salt brine cured hides. The aim of this review is
to provide an overview of the taxonomy of these organisms including novel isolates from
rock salt, and also to discuss their current and future biotechnological and environmental

uses.
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Halophiles are microorganisms that can
adapt to growth in moderate and high salt
concentrations and in biotechnology are
extensively used for a number of applications,
including the production of valuable enzymes.
Despitethis, hal ophiles have remained asomewhat
neglected group of bacteria. Halophiles cover all
there domains, namely Archaea, Bacteria and
Eucarya, and contain representatives of many
different physiological types, adapted to a wide
range of salt concentrations as high as salt
saturation. Earlier reviews have discussed the
possible applications of halophiles in
biotechnological and environmental processes;
DasSarma and Arora, 1997, for example have
provided information on the limited current and
potential practical uses of these organisms.

Halophiles have devel oped two different
adaptive strategies to cope with the osmotic
pressure induced by the high NaCl concentration
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of the environments in which they live.
Hal obacteriaspeciesand some extremely halophilic
bacteria, for example, accumulateinorganicionsin
thecytoplasm (K+, Nat+, Cl) in order to balance the
osmotic pressure of the medium. Additionally, they
have developed specific proteins that are stable
and active in the presence of salt. In contrast,
moderate halophiles accumulate (within the
cytoplasm) large amounts of specific organic
osmolytes, which function as osmoprotectants,
providing osmotic balance without interfering with
thenormal cellular metabolism.
Biotechnological applications of
halophiles include the production of compatible
solutes, biopolymers and carotenoids; they have
also been evaluated for use in various
environmental bioremediation processes. In
addition to being intrinsically stable and active at
high salt concentrations, halophilic enzymes can
be used in food processing, environmental
bioremediation and biosynthetic processes; as a
result, discovering novel enzymes, showing optimal
activities at various ranges of salt concentrations,
temperatures and pH values is of considerable
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potential economicimportance. Such enzymesfrom
halophiles can also be used in industrial
applications which do not involve high salt
concentrations since such exoenzymes can usually
tolerate high temperatures and are stable in the
presence of organic solvents.
Halophiles

Halophiles are salt-loving organismsthat
inhabit hypersaline environments. The group
includes mainly prokaryotic and eukaryotic
microorganisms with the capacity to balance the
osmotic pressure of the environment and resist
the denaturing effects of high salt concentrations.
Normally, organisms living in salt-rich
environments lose water and die as the result of
osmosis. In order to survive in salt-rich
environments, the cytoplasm of halophiles must
beisotonic with the environment?. In order to reach
this state, they use two different methods. In the
first (mainly used by bacteria, some archaea,
yeasts, algae and fungi), organic compounds are
stored in the cytoplasm; such compounds help
the organism survive osmotic stress®. The most
commonly used solutes used in this process are
neutral amino acids and sugars®. An important
disadvantage of this method isthat it requiresthe
organism to use considerable amounts of energy.
The second, and less common adaptation to salt,
involvesthe selectiveintake of potassium (K*) ions
into the cytoplasm. In exchange, the organism
pumps sodium (Na") ions out with the help of the
sodium-potassium pump 5. lons of sodium may
also be used but less frequently so than
potassiumé. This adaptation is only used by one
order of bacteriaand asingle family of Archaea’.
An advantage of thisapproachisthat it uses much
less energy than the previously mentioned
adaption. The main disadvantage with this
approachisthat al of the machinery withinthe cell
(enzymes, structural proteins, etc.) must be adapted
to high levels of non-organic ions and high salt
levels; such an approach turns out to be much
more demanding than the use of compatible solutes.
Most halophiles use only use one of these two
approaches, although a few halophiles can use
both.
Taxonomy and phylogeny of halophiles

Thefirst hal ophilic fermentative bacterial
species, Halanaerobium praevalens was isol ated
from the sediments of the Great Salt Lake (Utah)
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and characterized in 1983° and placed firmly inthe
family Bacteroidaceae as a genus with uncertain
affiliation 8 The characterization of H. praevalens
wasfollowed by theisolation and characterization
of Halobacteroides halobius in 1984 from the
sedimentsof Dead Seaand similaritiesin 16SrRNA
sequences between the two halophilic fermentative
bacteria were observed leading to placement of
the species in a new family, namely the
Hal oanaerobiaceae ®1°. A third genus was added
to the family Halocanaerobiaceae in 1987, when
Clostridium lortetii, was isolated from the
sediments of Dead Seaand originally characterized
in 1983, was transferred to a new genus of the
family and renamed as Sporohal obacter lortetii.
11,12.

Between theyears 1987 and 1995, five new
hal ophilic fermentative genera, Hal other mothrix,
Halocella, Acetohal obium, Halanaerobacter, and
Orenia, were characterized and placed inthefamily
Hal oanaerobiaceae'?3141516, Eventually, in 1995,
anew order (named as Hal canaerobiales) for the
hal ophilic fermentative bacteria was proposed®’.
In addition, asthe result of taxonomic studies and
phylogenetic analyses of the halophilic
fermentative bacteria genera, anovel family (named
as Halobacteroidaceae) was proposed and the
genera Halobacteroides, Acetohalobium,
Halanaerobacter, Sporohalobacter, and Orenia
were re-assigned to thisnovel family'’.

The extremely halophilic archaea (also
called haloarchaeaor, traditionally, * hal obacteria”)
belong to the order Halobacteriales, which
contains only a single family, the
Halobacteriaceae®; since the publication of
Bergey’'s Manual of Systematic Bacteriology
(2001), which listed 14 recognized haloarchaeal
genera, the number hasincreased to 19 generai.e.
according to the International Committee on
Systematics of Prokaryotes (http://www.the-
icsp.org). The number of validated species currently
stands at 57. One taxonomic criterion for the
identification and recognition of haloarchaeaisthe
sequence of the 16SrRNA genes; specific signature
sequences and signature bases as detailed by
Kamekuraet al. (1982),*who al so recommend the
determination of 23S rRNA gene sequences for
morerefinement.

The currently recognized genera and
speciesof thefamily Hal obacteriaceaearelisted in
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Table 1; also shown are the data bank accession
numbers for the 16S rRNA gene sequences.
Historically, the composition of membrane polar
lipids has long been used as one of the key
chemotaxonomic criteriafor the differentiation of
hal oarchaeal general®® .

All hal oarchaea examined to date possess
ether-linked phosphoglycerides; phosphatidyl
glycerol and phosphatidyl glycerol phosphate
methyl ester are always present; many strains
contain phosphatidyl glycerol sulfate and one or
more glycolipids or sulfated glycolipids'®; most
glycerol ether core lipids contain C20C20
(diphytanyl) isoprenoids, although some strains,
notably haloalkaliphiles, possess also C20C25
(phytanyl-sesterterpanyl) or C25C25 (di-
sesterterpanyl) isoprenoid chains. Halobacterial
taxonomy, based on the polar lipid composition,
has proved to be remarkably consistent with
phylogenetic data deduced from 16S rRNA gene
sequence comparisons®,  Halobacteria
(haloarchaea) are amonophyletic group, with the
most distantly related species showing a16SrRNA
gene sequence similarity of 83.2%. The
methanogens, another archaeal group, are their
closest relatives, with less than 80% 16S rRNA
gene sequence similarity?. The complete list of
required and recommended criteria for the
determination and recognition of haloarchaeal
species has been proposed®?. Three genomes of
haloarchaea have been sequenced, namely
Halobacterium salinarum NRC-1%, Haloarcula
marismortui  and Natronomonas pharaonis®.
Industrial Application of Halophilic
Microor ganisms
Theproduction of solar salt

Traditional salt making by evaporation of
seawater in shallow ponds in coastal areas takes
place in the tropics and subtropics®. Asthe brine
approaches saturation and salt startsto crystallize,
the it become coloured red. Three types of
hal ophilic microorganisms contributeto the colour:
extremely halophilic Archaea (family
Halobacteriaceae ) containing 50-carbon
carotenoids (bacterioruberin and derivatives) and
sometimes also the retinal protein
bacteriorhodopsin (see below), the B-carotenerich
unicellular green flagellate algaDunaliella salina
and finally, the red halophilic bacterium
Salinibacter rubber, which contains a unique C40-

2063

carotenoid acyl glycoside. In less saline ponds
where the earlier evaporation stages take place,
dense microbia mats devel op on the bottom, these
being composed of a range of different
cyanobacteria as well as many other types of
microorganisms.

The importance of these bacteria in the
salt making process only started to be recognized
in the 1970s when it was realized that
microorganisms play a role in determining the
quality and quantity of the salt harvested,
realization which led to the development of
biological management practicesfor the operation
of solar salterns*?8, Microbial processesit seems
influence the size and quality of the salt crystals
formed in solar saltern crystallizer ponds. At some
siteslarge solid halite crystals precipitate that are
easy to process and yield a high-quality product,
while elsewhere, crystals are soft, with a high
content of entrapped mother liquor, making them
difficult to harvest and to purify; where seawaters
of nearly identical composition exist, biological
processes may account for these differences by
influencing evaporation and/or crystallization.
Halophilesand Fer mented foods

Large amounts of salt are used in the
preparation of certain types of traditionally
fermented foods. Such salt-rich food products are
especialy popular inthe Far-East. Examplesinclude
‘jeotgal’, traditional Korean fermented seafood, the
Japanese ‘fugunoko nukazuke' prepared by
fermentation of salted puffer fish ovariesin rice
bran, and ‘nam-pla’, a Thai fish sauce. The latter
product is made by adding two parts of fish and
one part of marine salts. The mixture is covered
with concentrated brine (25-30% NaCl) and alowed
toferment for around ayear. Surprisingly relatively
littleisknown about the microorganismsinvolved
in the preparation of these foods and about the
rolesthey play in the production process. In some
cases, the salt concentration during the
fermentation process is sufficiently high for the
development of Archaea of the family
Halobacteriaceae. The first halophilic archaeon
obtained from Thai fish sauce (nam pla) was an
isolate resembling Halobacterium salinarum %,
and two new species, Halococcus thailandensis
and Natrinema gari, were recently isolated®3t,
Halalkalicoccus jeotgali is a novel isolate
obtained from shrimp jeotgal ®.
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Halophilesand Biopolymers

Biosurfactants and other biopolymers
have been produced using non-fermentative
hal ophilic bacteria, but not fermentative halophiles
aresult which may reflect thefact that fermentative
halophilic strainshave been relatively little studied.
Biosurfactants are biopolymers which are able to
decrease surface tension in liquids thereby
increasing the motility of hydrophobic
hydrocarbons. They have been used in the
bioremediation of oil-contaminated hypersaline soil
or water, and may also be useful for useinin situ
microbialy-enhanced oil recovery. Theisbased on
the fact that many petroleum reservoirs are
hypersaline and exist at high temperature, making
it likely that hal othermophilic bacteriacould find a
practical usin this technology®.
Halophilesand EnzymeProduction

Hal ophilic microorganisms produce stable
enzymes, including many hydrolytic enzymessuch
as DNAses, lipases, amylases, gelatinises, and
proteases. Such enzymes are ableto function under
high concentrations of salt which would normally
lead to the precipitation or denaturation of most
proteins, including enzymes. Most halophilic
enzymes are inactivated and denatured at
concentrations of NaCl below 1M. Enzymes
produced by halophilic fermentative bacteria in
contrast are salt tolerant and, actually, salt-
requiring due to their need to maintain high
intracellular ion concentrations maintained for
balancing the osmotic pressure in hypersaline
environments. Most interest in relation to halophilic
enzymes has been devoted to isomerases and
hydrolases, including amylases that catalyze the
bioprocessing of starch and galactosidases which
catalyze the bioprocessing of lactose. Salt-require
ring enzymes have been cloned and produced as
inactive forms in Escherichia coli and
subsequently successfully activated with increase
of salt concentration®.
Halophilesand Alter native Ener gy

Environmental issues, notably climate
change are currently of common public concern
and there is an urgent and constant need for
alternative renewable energy sources, such as
bioethanol, biobutanol, and biohydrogen.
Currently, butanol production by halophilic
fermentative bacteria has yet to be reported, but
many halophilic fermentative species are known
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to produce ethanol, however, according to the best
of our knowledge, halophilic ethanol production
has not been studied in more detail.

Hydrogen is a renewable and clean
source of energy and thus considered an important
future potential energy carrier, particularly sinceit
has a very high heat value and is readily
combustible, with water being the sole end product,
making it an environmental friendly potential future
energy source. Biological hydrogen productionin
hypersaline environments would not only be
sustainable but also carefully protected from
contamination by non-hydrogen producing
organisms; halophilic hydrogen utilizing
methanogens for example, rarely contaminate
bioprocesses 2. Asaresult, the sterilization costs
needed before hal ophilic hydrogen production can
beginarelikely to be minimized, particularly where
high volumes are employed. Hydrogen production
using glycerol has been achieved using H.
saccharolyticum®. The highest hydrogen yields
were achieved by using 2.5 g/l glycerol and 150 g/
| saltat pH 7.4.

Halophilesand Food biotechnology

The use of halophilic fermentation has a
number of advantagesin relation to the production
of salt-containing food. Thefermentation products
givetaste, aroma, and flavor, and it has been shown
that the production of acetate as a fermentation
product protects food from contamination with
spoilage-yeasts®. Halophilic or halotolerant
fermentative bacteria have been used to produce
awidevariety of food products, notably fermented
fish, shrimp, meat, fruits, and vegetables (pickles),
Asianfish and meat sauces, rice noodlesand flours,
and Indonesian soy sauce®3¢%, Most of the
bacteria reported to be being involved in food
production are non-obligate halophiles, including
species of the genera Lactobacillus,
Halobacterium, Halococcus, Bacillus,
Pediococcus, and Tetragenococcus®3537, |n
addition to the fermentation products, halophilic
bacteria have been used to produce dietary
supplements, such as polyunsaturated long-chain
fatty acids, and colorants, such as p-carotene®
3940 Polyunsaturated fatty acidsarevital for human
nutrition and havetraditionally been added to food
inform of fish oil, which, however, might givethe
food undesired taste or odor® a problem which
may be avoided by the use of halophile-derived
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fatty acids.
Production of B-car oteneby Dunaliella

The cultivation of the green algae
Dunaliella salina and D. bardawil for the
production of &-carotene remains the most
important application of hal ophile biotechnol ogy**
42, The first pilot plant for the mass culture of
Dunaliella was introduced during the mid-1960s
in the Ukraine, and since then commercial
Dunaliella growing operations have been set up
in a number of countries, particularly for the
production of the pigment 3 -carotenewhichisin
high demand as an antioxidant, and a source of
pro-vitamin A (retinol), aswell asafood colorant.
The antioxidant properties of 3 -carotene a so make
it popular health food supplement. While this
compound is present in many algae and higher
plants and can al so be synthesized chemically. The
chemical product however, differs from that
produced by Dunaliellain that the synthetic form
consist solely of trans 3 -carotene, whilethe algal
also containsa high percentage of 9- cisB-carotene,
whichisamore effective quencher of singlet oxygen
and other freeradicalsthan isthe puretransform.
Not al authorities are however, convinced that the
addition of B -carotene to the human diet is
necessarily beneficial. Both D. salina and D.
bardawil produce large amounts of B carotene
when grown under suitable conditions, the pigment
being found concentrated in small globules
between the thylakoids of the cell’s single
chloroplast. The major environmental conditions
stimulating the accumulation of this pigment are
high light intensities, high salinity and nutrient
limitation; theslower the cellsgrow inthe presence
of high irradiation levels, the more pigment is
formed. Some strains may then produce more than
10% of their dry weight as 3 -carotene®.

A variety of technologies are used to
grow beta—carotene rich Dunaliella biomass in
various countries, including Australia, USA, China
and Israel. These approachesvary from cultivation
in large lagoons to intensive growth systems at
high cell densities under carefully controlled
conditions. In extensive open pond systems, no
mixing is applied, and the growth conditions are
poorly controlled. Intensive cultivation of
Dunaliella, on the other hand, isahigh technology
operation where all parameters are controlled.
Using a3000 m 2 shallow (20 cm deep) paddiewhed
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driven raceway ponds an averageyield of 200 mg
B -carotene per m 2 per day can be obtained®. A
two stage operation is often advantageous. Firstly,
a large biomass is produced by the addition of
high nutrient levels. Under these conditions the
cells produce only asmall amount of  -carotene.
Inthe second stage, nitrate limitationisinduced to
stimulate carotenogenesis* Predatory ciliates
sometimes cause losses in outdoor mass cultures
of Dunaliella, and different strategies have to be
used to minimize the problem. Finally,
superintensive cultivation systems in closed
bioreactors can be used which allow for the
production of high cell densitieswith cellshaving
ahigh  -carotene content whichisenrichedin the
9- Cisf3 -caroteneisomer*4,
Glycerol production by Dunaliella

Glycerol can also be produced by thealga
Dunaliella*with cells grown in near-saturated
NaCl solutions containing as much as 6-7 M
intracellular glycerol. Mass cultivation of
Dunaliella for the commercial production of
glycerol iseffective® but because of thelow price
of glycerol produced by other methods (as a by-
product of the manufacturing of animal and
vegetable ails), and due to the high cost of the
harvesting algal cells, no commercially feasible
process has yet been devel oped.
Environmental Applicationsof HalophilicBacteria
Biodegradation of heavy oils

A halophilic bacterium, strain TM-1, was
isolated from the reservoir of the Shengli oil field
in East China. Strain TM-1, and shown to be able
to degrade crude ails. It is a gram-positive non-
motile coccus which grow at up to 58°C and in an
18% NaCl solution. The strain was found to be a
facultative aerobe capable of growth under
anaerobic conditions. Moreover, it produces
butylated hydroxytoluene, 1,2-
benzenedicarboxylic acid-bis ester and dibutyl
phthalate and can use a variety of organic
substrates. Laboratory studies showed that strain
TM-1 can degrade and change the properties of
the oil and when grown on heavy ocilscanleadtoa
loss of aromatic hydrocarbons, resins and
asphaltenes®.
Decolorization of textileazo dyes

Among 27 strains of halophilic and
halotolerant bacteria isolated from effluents of
textileindustries, three showed amarked ability to
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decolorize widely utilized azo dyes. Phenotypic
characterization and phylogenetic analysis based
on 16S rDNA sequence comparisons show that
these strains bel ong to the genus Halomonas. The
three strains can decolorize azo dyes in a wide
range of NaCl concentration (up to 20% wi/v),
temperature (25—40°C), and pH (5-11) after 4 days
of incubation in static culture; they arealso ableto
decolorize a mixture of dyes. These strains also
readily grow in and decol orize high concentrations
of dye (5000 ppm) and can tolerate concentrations
of up to 10,000 ppm of the dye. Decolorization
appearsto be due to biodegradation by areduction
of the azo bond, followed by cleavage™.
Biological wastetreatment

The potential of halophilic anaerobic
fermentative bacteriafor usein anaerobic treatment
of saline waste waters has been reported® 52, For
this purpose, hal ophilic fermentative bacteriahave
many advantages over ‘conventional biological
treatment systems’. For example, they can operate
in high salt concentrations and may tolerate heavy
metals and be capable of degrading a wide range
of organic compounds®5354%5, According to Oren
et al. (1992)*ha ophilic microorganismsplay amagjor
role in the biodegradation of pollutants in
hypersaline environments. The potential of two
hal ophilic fermentative bacteria, H. praevalensand
O. marismortui, to biodegrade substituted aromatic
compoundsincluding nitrobenzene, o-nitrophenal,
m-nitrophenol, p-nitrophenol, nitroanilines, 2,4-
dinitrophenol, and 2,4-dinitroaniline was
confirmed®. In addition, the biodegradation of
many nitro-substituted aromatic compounds (initial
concentrations 50-100 mg/l) was completed within
24 h. Other compounds which can be degrade by
hal ophilic microorganisms include saturated and
aromatic hydrocarbons (by archaeal members), and
aromatic compounds, organophosphorus
compounds, and formaldehyde by eubacterial
members®. Finally halophiles may find an
important rolein the degradation of PCBs %,

CONCLUSON

To date, halophilic microorganisms have
found relatively few commercially viable
applications. Demand for salt-tolerant enzymesin
current manufacturing or related processes are
currently limited, but may be extended inthefuture.
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Thisreview hashighlighted other uses of halophilic
microorganisms, including their usein thetreatment
of saline and hypersaline wastewaters, and in the
production of exopolysaccharides, poly &-
Hal obacteriumhydroxyal kanoate bioplasticsand
biofuels. Many of these processes have yet to be
fully exploited, but the future use of halophilesin
biotechnology |ooks very positive.
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