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ARTICLE INFO ABSTRACT

Keywords: Halophilic bacteria thrive in environments with high concentrations of sodium chloride, such as salt mines, solar
Halophilic bacteria salterns, and hypersaline lakes. They survive extreme salinity by balancing osmotic pressure, preventing cellular
Proteomics

damage. Extreme halophiles require up to 30 % salt for growth and structural integrity, making their proteins
uniquely stable and functional in high-salt conditions. Understanding the molecular mechanisms behind halo-
philic protein stability is crucial for biotechnology. Investigating halotolerant proteins can lead to novel in-
dustrial applications, including enzymes for food processing, bioremediation, and pharmaceuticals. Proteomics,
the large-scale study of proteins, helps characterize the proteomes of halophilic bacteria. Recent advancements in
proteomic techniques allow deeper insights into protein structure, function, and adaptation in hypersaline en-
vironments. Modern methods, such as mass spectrometry and two-dimensional gel electrophoresis, facilitate the
identification and analysis of halophilic proteins. This review explores advanced proteomic tools for studying
halophilic bacteria, shedding light on protein stability, molecular mechanisms, and biotechnological potential.
Understanding these proteins paves the way for innovations in enzyme engineering, industrial biotechnology,
and synthetic biology. By leveraging cutting-edge proteomics, researchers can unlock new applications for
halophilic proteins across industries, enhancing sustainability and efficiency in extreme environments.

Techniques of proteomics
Shotgun proteomics

1. Introduction

Proteins are complex molecules and play a vital role in metabolic
activities in living organisms. Halophilic bacteria are an extremophilic
salt-loving bacteria, they are differentiated based on their salt re-
quirements. Halophilic bacteria are plentiful in environments such as
salt pans, marine environment, and salt lakes, etc. [1]. Most of these
species attribute the cytoplasmic membrane will adapt to the changes of
any salt concentration in the environment. The halo adaptation of
moderate halophilic bacteria will help to understand at the molecular
level and prove useful in biotechnological field [2]. Comparatively very
little research has been carried out in halophilic bacteria and hal-
otolerant bacteria than haloarchaea. Haloarchaea has a unique property
in cytoplasmic saline adaptation [3]. Halophilic bacteria produce hy-
drolysis enzymes which are tolerant in extreme salt condition. The sta-
bility of enzyme from halophilic bacteria will bind water molecules and
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maintain solubility and stability in high salt conditions [4].
Proteomics is an essential tool for studying bacterial mechanisms,
which aims to characterize protein expression and study various stress
levels in halophiles. Halophilic bacteria are negatively charged with a
hydrated carboxyl group, which maintains the stable activity and
adaptation of extreme conditions such as high salt concentration, tem-
perature, and pH, etc., [5]. The expression, structure, and functions of
proteins are characterized using various proteomic analytical tools such
as conventional techniques involved in protein purification such as af-
finity chromatography, Ion exchange chromatography, and size exclu-
sion chromatography. ELISA and western blotting are used for specific
selective protein analysis. The advanced techniques of proteomics such
as edman sequencing which control the amino acid sequence of specific
proteins can be used [6]. For rapid protein analysis in high throughput
levels, protein microarray can be used. The protein separation is done by
2-dimensional gel electrophoresis and SDS-PAGE. The 3-dimensional
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protein structure is analyzed through two techniques such as NMR
spectroscopy and X-ray crystallography. Recently, SILAC, a label-free
quantification, iTRAQq quantification, and isotope-coded affinity tag
labeling is used for protein quantitation. The proteomic alignment and
3D structure prediction are done by bioinformatics database analysis
which provides complete structural and function of the protein [7].
Shotgun proteomics analysis is an easy and efficient method for bacterial
proteomics. The protein mixture will be digested using trypsin and
resulting in peptide fragments which are separated using LC-MS. The
LC-MS used to analyze peptide fragment identification which is statis-
tically analyzed by the software [8].

In the current study, the proteins which were isolated from halo-
philic bacteria by means of using shotgun proteomics by LC-MS was
discussed. Protein expressions will analyze through mass spectrometry
and bioinformatics analysis to study the function of salt tolerance and
purified novel proteins will be helpful in various therapeutic applica-
tions such as anticancer, anti-coagulant, and for antibacterial purposes.

2. Halophiles

Halophilic bacteria are extremophiles that are capable of survival in
the salt environment. More than 150 species are reported in halophilic
bacteria. Halophilic bacteria are differentiated based on the salt con-
centration, they require fewer nutritional requirements and high salt
requirements to grow. The major life domain of halophilic bacteria
characterized as archaea, bacteria, and eukarya. Habitats of halophilic
bacteria are mainly salt lakes, marine environments, salt pans, alkaline
soil, soda lakes, and many other saline environments [9]. Halophile
categorization was initially given and then revised. Larsen conducted
the first classification study in 1962. He identified three groups of
halophilic microorganisms based on the range of salt concentrations
required for their best growth: weakly halophilic bacteria (between 2
and 5 % NaCl), moderate halophilic bacteria (between 5 and 20 %
NaCl), and extreme halophilic bacteria (up to 20-30 % NaCl) [10].

2.1. Moderate halophiles

Microorganisms that live in conditions with a moderate salinity are
known as moderate halophilic bacteria. Environments with salt con-
centrations between 3 % and 15 % NacCl (0.5-2.5 M) are suitable for the
survival of these microorganisms. They have developed the ability to
live. Moderate halophiles can endure in environments with salinities
that are higher than those found on Earth, but lower than those that
extreme halophiles prefer. Cellular Adaptations of moderate halophilic
bacteria which balance the osmotic pressure and avoid dehydration,
these bacteria accumulate suitable solutes like potassium ions (K,
glycerol, and sucrose. This allows them to maintain cellular integrity in
saline environments [11].

Moderate halophile enzymes frequently need a lot of salt to function
at their optimum. For example, salts, particularly potassium, activate
several of their enzymes. Morphology of moderate halophiles, in
contrast to extreme halophiles, they typically have a fairly normal
cellular structure, though they may exhibit changes in the structure of
their cell membranes to avoid excessive salt buildup or dehydration.
Moderate halophiles typically inhabit environments with salinities be-
tween 3 and 15 %, such as salt marshes, salt ponds, and hypersaline
lakes and also present in saline sewage treatment plants, certain mild
halophilic species can be employed in bioremediation procedures [12].

2.2. Extreme halophiles

Extremophilic bacteria, also known as extreme halophiles, are or-
ganisms that need extremely high salt concentrations to grow as effi-
ciently as they can. These bacteria are adapted to conditions where the
salinity exceeds 15 % NaCl (approximately 2.5 M), and they may even
live in environments with salt concentrations beyond 30 %, such as salt
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lakes or brine pools. These high salt levels are frequently necessary for
their metabolic and structural integrity. Extreme halophilic bacteria
have cellular adaptations that enable them to survive in extremely
salinized conditions without losing cellular structure. These adaptations
are found in their cell walls, which include special chemicals. By keeping
water in the cell, these modifications help avoid dehydration. Extreme
halophiles build up large amounts of potassium chloride to assist with
osmotic pressure; in rare cases, their cells contain 4-5 M Kecl. [13].
Extreme halophiles have highly salt-dependent enzymes. These proteins
frequently need a certain ionic composition to remain active because
they are designed to work in high ionic conditions. The metabolism of
certain severe halophiles can make use of a variety of organic and
inorganic substances (such as sulphur for respiration or light for
photosynthesis). Usually, their metabolic processes have been modified
to function well in salinized settings [14].

Extreme halophiles can be found in locations such as Lake Urmia, the
Dead Sea, and the Great Salt Lake in Utah. Most species cannot survive in
the hypersaline waters of these lakes. Extreme halophiles thrive at the
extremely high salinity that is frequently maintained in commercial salt
production facilities. When the salinity is really high, extreme halophiles
can occasionally be found in salt crystals. The example of extreme
halophilic bacteria such as species of Halobacterium Among the most
researched is Halobacterium salinarum, which is employed in a number of
research projects, such as investigations into the diversity of microor-
ganisms in harsh condition. Some strains of the Haloferax species, which
are prevalent in hypersaline conditions, are used in biotechnological
processes such the synthesis of enzymes. Because they can withstand
both salinity and alkalinity, Natronomonas species bacteria are frequently
discovered in soda lakes with a high pH and high salt content [15].

Halophilic bacteria have vast Biotechnological applications such as
Pharmaceutical, environmental, and other industrial approaches. In
order to survive in extreme conditions, halophilic microbes have
evolved special defense mechanisms and metabolic activities. The ca-
pacity to create unique exopolysaccharides is one of these tactics. Exo-
polysaccharides from halophilic bacteria generated enthusiasm because
of their particular rheological, physiological, and structural character-
istics. Because of their varied composition, size, and structure, Exopo-
lysaccharides are important. Therefore, it is intriguing to investigate and
discover the great variety of exopolysaccharides characteristics and
uses, as well as their possible uses in paint, petroleum, food, medicine,
cosmetics, textiles, pharmaceuticals, agriculture, and wastewater treat-
ment [16].

3. Halophilic enzymes

Halophilic enzymes play multiple roles in biotechnology field. Most
of the halophilic bacteria are hydrolysis enzymes which are tolerance of
extreme conditions such as salt concentration, temperature, and other
extreme conditions. Protease enzymes produced by various halophilic
bacteria such as Halobacillius karajensis [17], Bacillus aquimaris [18] with
high stability in saturated salt concentration which plays an economi-
cally important role of extremozymes in pharmaceutical and industrial
processes [19]. a-amylase is an endoenzyme reported from several
halophilic bacteria including Aspergillus gracilis [20], Marinobacter sp.
[21] & Halomonas meridiana [22]. B-amylase is an exoenzyme reported
from Salimicrobium halophilum strain LY20 [23] & Halobacillius sp. LY9
[24], which are an advantage to achieve optimal activities and solvent
stability at extreme conditions [25]. Lipase is an important hydrolytic
enzyme which plays a significant role in the detergent formulation,
pharmaceutical, and industrial processes because of solvent stability at a
high salt concentration which is reported from Pseudomonas stutzeri
[26], Piscibacillus ish [27] & Bacillus sp. ORS4 [28]. Cellulose plays
multiple roles in industrial biotechnology such as pulp and paper, fabric
material, and food processing [29]. Most of the Cellulose production
from halophilic isolate which is good in biofuel production such as
Haloarcula sp. Strain LLSG7 & Bacillus methylotrophicus RYC01101 [30].
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Table 1
List of Halophilic bacteria with their Enzyme production activity.
Isolate Salt Enzyme Production Reference
tolerance % activity
U/ml
Haloferase sp. HA10 15 Amylase 4.2 [31]
Halobacillus sp. 15 5.6
HA4
Haloalkaliphilic 6 Protease 21 [32]
bacterium EMB3
Bacillus luteus H11 6 Protease 115.2 [33]
Halobacillus sp. SP4 12 Lipase 3.7 [34]
Bacillus aryabhattai 8.6 L- 46.4 [35]
glutaminase
Bacillus sp. 7 L- 1.64 [36]
BCCSo34 asparaginase
Gracilibacillus sp. 10 Cellulase 107.8 [37]1
SK1
Halobacillus sp. K51 15 Pectinase 55.8 [38]

Halophilic bacteria capable of producing various halophilic enzymes are
shown in Table 1.

4. Proteomic studies on halophilic bacteria

Proteomic studies are an essential tool for studying the mechanism of
bacteria. Proteomic research on halophilic bacteria is very less. The
proteomics of halophilic bacteria aims to characterize (1) protein
expression map, (2) to study and understand the various stress condi-
tions of halophiles. All halophilic proteins are highly negative charged
with hydrated carboxyl group which maintains the protein solubility at
high salt concentration. The proteins of halophilic bacteria are active
and stable adaptation in high salt concentration conditions [39].
Investigating the molecular levels of proteins, mRNA, and important
metabolites is crucial. Researchers found that a hybrid approach,
combining the "compatible solute" and "salt-in" processes, was used for
osmotic adjustment during the long-term salinity adaption of halophiles
based on proteome profiling of halophilic bacteria conditions. This
conclusion is supported by the intracellular concentration of K+ and
compatible solutes, as well as the mRNA level of important proteins. To
adapt to high salinity, halophilic bacteria specifically use the glutamate
and proline production pathways, the glycine betaine ABC transporters
(Opu and ProU families), and the Na+/solute symporters. In extreme
halophilic bacteria, the internal concentration of suitable solutes, such
as glutamate, proline, and glycine betaine, rises as salt levels do. The
maintenance of intracellular K+ concentration is further made easier by

Mechanisms of Salt-adaptation in Halophilic
bacteria
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the overexpression of Na+/K+/H+ transporters, which guarantees
cellular ion homeostasis throughout a range of salinities. Moreover,
N. thermophilus reacts to elevated Na + concentrations by exhibiting
cytoplasmic acidification. As salinity rises, the upregulated proteins’
median isoelectric points fall. The ability of N. thermophilus to adapt to
high salt stress is facilitated by bacterial chemotaxis, membrane trans-
port, amino acid metabolism, and energy and carbohydrate metabolism
[401.

Proteomics method is classified into two concepts, (1) Top-down
proteomics, which are intact proteins with high-throughput analysis
(2) Bottom-up proteomics are identified and characterize the peptide
fragments from digested protein [41]. In the year 2002, Top-down
proteomics study rooted to target research, cooperation, and facilitate
the intact protein analysis. Top-down proteomics studies the different
biological functions of protein [42]. Top-down proteomics will identify
and describe the protein networks using direct fragmentation. This
mechanism protects the post-translational modification of proteins. In
clinical biochemistry, Top-down proteomic techniques provide the
modified protein probe as a biomarker, which helps to diagnosis the
various diseases [43]. There are many applications in proteomic
research using Top-down proteomic analysis. The protein separation in
Top-down proteomics aims for standard separation of proteomics. In this
intact protein separation, there are around 30 KDa become a regular
process in proteomic analysis in mass spectrometry (Fig. 2). This will
useful for the sample preparation, instrument analysis, and improve the
additional methodological development [44]. In bottom-up proteomics,
the protein identified from the tissue sample by increasing the peptide
using polarity-based fractionation [45]. In clinical research, bottom-up
proteomics study has the potential to provide protein network analysis
which specially focuses on cardiovascular research [46]. In a bottom-up
proteomic study, developed new UHPLC system which has more
advanced levels for the protein analysis such as a high number of peptide
identification, High sample loading capacity and quantified proteins
[471.

4.1. Halophilic proteins structural and physicochemical modifications for
survival in high-salt conditions

In contrast to their non-halophilic bacterial homologs, halophilic
bacterial proteins exhibit strong compositional and surface charge bia-
ses and are stable in their functional molar concentrations of NaCl and
KCL. The highly negative surface potential, long-range electrostatic
repulsion, low aggregation tendency, and strong interaction with hy-
drated ions are characteristics of halophilic bacterial proteins, which are
substantially enriched in low isoelectric points and acidic residues. The

Proteomic Consequences
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Fig. 1. Mechanism of salt adaptation of halophilic bacteria.
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Fig. 2. an overview of proteomic techniques.

initial stages of severe halophilic bacteria are these acidic halophiles
[48]. The solvent structure will vary in a high-salt environment due to
decreased hydrophobic interactions with water molecules, which will
lower hydrophobic density, reduce interactions between hydrophobic
residues and polar residues, and weaken ion-mediated stabilization.
Halophiles and acidic surface K+ ions interact with proteins to form
dynamic ions that preserve folded states, weakening the hydrophobic
core and preserving the saltiness that denatures the protein [49]. The
proteomic implications will increase the frequency of acidic residues in
halophilic bacteria, enhance the expression of proteins involved in the
biosynthesis of osmolytes and ion transporters, and shift the fold dis-
tribution to reflect adaptation to solvent energetics. These characteris-
tics will be compared to the mechanism of salt tolerance in halophilic
bacteria and quantitative proteomics [50] (Fig. 1).

4.2. Ion exchange chromatography

Ion exchange chromatography is an analytical technique for protein
purification based on their charge group (anion & cation) on its surface
[51]. The Halocins producing protein from Halobacterium salinarum, the
protein has antimicrobial property against multiple bacteria [52]. The
halophilic alpha amylases enzyme from different halophilic bacteria was
purified using anionic exchange chromatography, these proteins are
performed in food processing such as hydrolysis products [53]. The
xylanase from halophilic bacterium -OKH purified in ion-exchange
chromatography and reported has it has potential biotechnological ap-
plications [54].

4.3. Affinity chromatography

The affinity chromatography separates the biochemical mixture
based on their specific interaction between enzyme & substrate and
receptor & ligand. In protein, purification explores protein-protein
interaction and post-translational modifications [55]. The poly-
extremotolerent laccase was purified from halophilic bacterium Aqui-
salibacillus elongatus by affinity chromatography. The enzyme proved to
be valuable for industrial applications since it effectively delignified

sugar beet pulp in an ionic liquid [56]. Various ligands, antibodies, and
plasma proteins are purified by affinity chromatography which is
applicable for various therapeutic uses and industrial processes [57,58].

4.4. Size exclusion chromatography

Size exclusion chromatography is a powerful analytical technique for
protein purification which separates the protein based on their size and
molecular weight. Mostly significantly size exclusion chromatography
purifies the non-covalent multimeric proteins. The Spiribacter salinus
produce the lipopolysaccharides like soluble factor was purified through
size exclusion chromatography exhibited more fractions. The several
antimicrobial peptides from halophilic bacterium were purified through
size exclusion chromatography which inhibits the pathogens in skin
infection [59,60].

4.5. ELISA

Enzyme-linked immunosorbent assay is a sensitive immunoassay
technique and commonly used in detection of enzymes and also diag-
nostic use [61]. Detection of enzymatic assay of salt-induced activation
of methionine sulfoxide reductase from the halophilic bacteria Hal-
obacterium hubeiense using ELISA. Which clarify the molecular Basis of
halophilic enzyme activity in reaction to salts [62]. A potent method for
identifying halophilic bacteria is ELISA, which looks for particular an-
tibodies or antigens linked to these microbes. It is useful for quick
detection in environmental samples because to its excellent sensitivity
and specificity, particularly in saline or hypersaline environments.
ELISA is frequently used in biotechnology applications requiring saline
conditions, food safety testing, and water quality monitoring. Its
non-invasiveness makes it possible to monitor halophilic bacterial
populations in a variety of habitats effectively and economically [63].

4.6. Western blotting

Western blotting is a proteomic technique that detects the protein,
where the protein separated by using electrophoresis through
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nitrocellulose membrane [64]. Hiroko et al. created a HrdC expression
vector, pHS-hrdC, using a Halomonas-E. coli shuttle vector, pHS15, and
conjugated it into strain 160 cells to overproduce the HrdC protein.
Western blotting with an anti-GST-HrdC antiserum to analyze the pro-
tein profile of the outer membrane of 160(pHS-hrdC) showed that the
amount of HrdC protein in 160(pHS-hrdC) was almost four times greater
than that in 160. The antibiotic susceptibility profile of the overproducer
cells was identical to that of wild-type cells, according to our analysis of
the antibiotic susceptibility of the cells that overproduced HrdC [65]. By
introducing the bla gene into the halophile-E. coli shuttle vector pHS15,
a HaBlap expression vector, pHS15-bla, was created. It was then con-
jugated with an E. coli mobilizer strain that carried pHS15-bla to
introduce it into strain 560. It was discovered that the p-lactamase ac-
tivity of the transformant 560(pHS15-bla) cells was approximately five
times that of the 560(pHS15) cells. Using the anti-GST-HaBlap anti-
serum used for this investigation, western blotting of HaBlap After the
gene bla was cloned, it was determined that the enzyme’s main structure
was particularly abundant in acidic amino acid residues, which is a
feature of halophilic proteins. The enzyme is halophilic, however after
heat denaturation, it refolds in low-salinity environments [66].

4.7. Edman sequencing

Edman sequencing is a chemical reaction method in an amino acid
peptide or protein sequencing. Edman sequence widely plays an
important role in therapeutic proteins [67]. The cultures of Hal-
obacterium salinarum ETD5, Halobacterium salinarum ETDS8, or Haloru-
brum chaoviator ETD3 were used to make intracellular protein extracts.
This protein was estimated in SDS PAGE electrophoresis and the bands
were incubated with agitation in 100 mM Tris-HCl, 3.5 mM SDS,
100 mM NaCl, and pH 8 transfer buffer for a whole night at 37 °C in
preparation for edman sequencing. Before being subjected to protein
sequencing, a polyvinylidene fluoride membrane was activated by
methanol for 60 s, washed, and incubated with the bands for 24 h at
37 °C to facilitate peptide transfer [68]. Degradation of N-terminal tri-
peptide using edman activity by glycoprotein process cleavage of amino
acids involved in the several applications of the halophilic bacteria [69].

4.8. Analytical protein microarray

Protein microarray or protein chip is an important proteomic tech-
nique which detects the proteins by direct protein labeling which
measure the protein level of expression and protein binding affinities
[70]. Halophilic bacterial proteins that react to salinity changes can be
profiled using analytical protein microarrays. The identification of
salt-responsive biomarkers is made possible by these microarrays, which
offer a thorough picture of the proteome at various salt concentrations.
Gaining knowledge about how salt stress affects halophilic proteins can
help us understand how microbes adapt. Applications in synthetic
biology, environmental microbiology, and even the creation of organ-
isms for bioremediation or crops resistant to salt may depend on this
information [71].

4.9. Two-dimensional gel electrophoresis

The 2-dimensional gel electrophoresis is an important technique for
protein separation based on their size and molecular weight which
characterize the post-translational modification and metabolic path-
ways [72]. Two-dimensional gel electrophoresis (2-DE) has inherent
issues with sample preparation and protein separation from Hal-
obacterium salinarum. Because of the high salt content, proteins derived
from cells cultured with 25 % NaCl are particularly challenging to
resolve using 2-DE. A 3 kDa molecular weight cut-off column was
employed to exclude salts. The majority of the soluble proteins were
concentrated in the acidic range when they were separated using 2-DE.
Ultrazoom immobilized pH gradient strips were utilized to separate
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proteins in the pH 3-6 range. Furthermore, the proteome analysis of
acidic proteins was better accomplished by sample separation utilizing
an IPGphor/Multiphor combination system than by employing IPGphor
for the isoelectric focusing stage [73]. The Halobacillus dabanensis
metabolic system characterizes the bacterial protein regulation that was
identified by 2-D PAGE [74].

4.10. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

SDS-PAGE is a proteomic tool for protein separation based on their
molecular weight. Denaturation of protein using sodium dodecyl sulfate,
separate based on their molecular weight [75]. The isolated AMP from
halophilic Bacillus firmus had a molecular weight of 36 kDa, according
to SDS-PAGE examination, and it possesses antibacterial properties [76].
Using SDS-PAGE, the expression of the ectoine proteins from four
distinct halophilic bacteria was found, and the cultures’ antibiotic
resistance was profiled using the disc diffusion method [77]. The
bacteriorhodopsin proteins from Halobacterium sodomense and Hal-
obacterium salinarum pigments was estimated in SDS_PAGE [78]. The
protein profiling of 24 different halophilic bacterial proteins were
characterized through SDS-PAGE, which performs in large taxonomic
research [79].

4.11. X-ray crystallography

X-ray crystallography is an important proteomic technique that de-
termines the protein 3-D structure which provides more information in
enzyme mechanism and protein-ligand interaction [80]. The 3D struc-
tures of halophilic bacterial proteins, which frequently have distinctive
structural characteristics that allow them to operate in high-salinity
conditions, may be well understood at the atomic level thanks to XRD
crystallography. For instance, in order to preserve stability and avoid
denaturation under high ionic strength, these proteins usually contain a
larger percentage of acidic residues, more charged surface areas, and
occasionally a more rigid protein structure. Because halophilic proteins
are extremely flexible and occasionally disordered, they frequently have
trouble crystallizing, especially when high salt concentrations are pre-
sent. These proteins require a special chemical environment (such as
certain salts or buffer conditions), which might make crystallization
difficult. XRD is still a crucial method for overcoming these obstacles,
however it frequently necessitates the creation of new procedures for
halophilic proteins as well as the optimization of crystallization condi-
tions (temperature, pH, and salt concentration). The potential of XRD for
halophilic protein research is being further expanded by developments
in cryo-XRD and other methods, like in situ crystallography, to investi-
gate these proteins in their natural high-salinity settings [81,82].

4.12. NMR spectroscopy

One analytical method for studying structure, kinetics, and protein
analysis is NMR spectroscopy. NMR will examine molecular-level hal-
oadaptation in halophilic proteins, which confers stability and solubility
at high salt concentrations [83]. To examine the native structures of
halophilic bacterial proteins under high-salt conditions and to monitor
ionic conditions during folding, NMR will be used. The halophilic pro-
tein with less compact hydrophobic cores will be studied by NMR [84].
High salt concentrations will disrupt the traditional water structure and,
as a result, decrease hydrophobic interactions. To characterize halo-
philic proteins that interact with hydrated K+ ions, NMR will also reveal
extensive acidic surface patches. The structural and ionic environment
alterations are the outcomes of the salt titration NMR [85]. The mech-
anism of halophilic bacteria depends on these acidic protein surfaces,
ion-binding sites, and salinity. identification of residues’ salt tolerance,
ion-binding interaction mapping, and function adaptation in high
salinity [86,87].
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4.13. Mass spectrometry

Mass spectrometry is an important proteomic analytic technique that
measures the mass to the ratio (m/z) and protein molecular weight
determination [87]. In clinical research, the identification of bacteria
such as growth and anaerobic bacteria was identified through the
MALDI-TOF technique and also identify the pathogenic bacteria which
help to study the disease control [88]. When studying halophilic bac-
terial proteins, mass spectrometry (MS) is a useful technique that allows
for accurate protein species identification and quantification in high-salt
environments. It aids in the characterization of protein-protein in-
teractions and post-translational changes that are essential for salt
tolerance. Proteome profiling and the identification of halophilic bac-
terial biomarkers are more applications for MS. Applications of this
approach can be found in biotechnology, where salt-stable proteins are
needed for processes like enzyme discovery and bioremediation [88].
The tissue proteins can be analyzed by MALDI Mass spectrometry which
detects drug administration and metabolites and also study the toxico-
logical and therapeutic process [89].

4.14. Bioinformatic analysis

Bioinformatics plays a major role in proteomics for data analysis.
This arising field introduces a novel algorithm to various proteomic data
[90]. Endolysis is a therapeutic enzyme which control the spreading of
multi-drug-resistant bacteria. The therapeutic bacteria have been
modified using the DNA shuffling method [91]. The protein domain and
amino acid sequence arrangement are studied through multiple
sequence alignment (MSA) [92]. The identification of halophilic pro-
teins has gained significant attention in research due to the vast array of
possible uses for these proteins. Using whole-genome sequencing and
wet laboratory validation techniques to screen for halophilic proteins,
numerous research has gathered samples of halophilic bacteria and
archaea from salt lakes and oceans across the world. Indeed, the finding
of numerous protein sequences from a wide range of organisms has been
made easier by advancements in DNA sequencing technologies, espe-
cially the application of genomics and metagenomics methods. Re-
searchers discovered that while the majority of the proteins in the
halophilic protein database HProtDB6 originate from halophilic bacte-
ria, proteins generated from these bacteria might not be halophilic
proteins. The intracellular salt concentrations of certain halophilic
bacteria, such halobacterium, can be efficiently controlled to be lower
than those of the extracellular environment [93,94]. To balance the
osmotic pressure within and outside the cell, they can also produce and
collect substances called suitable solutes, such as proline, lysine, and
ectoine. Consequently, some non-halophilic proteins may be present in
these bacteria. This problem is anticipated to be resolved by computa-
tional approaches for halophilic protein screening, which have garnered
more and more interest from researchers. However, performance
generalization and a significant lack of data plagued earlier approaches.
Additionally, the public’s direct access is hampered by the absence of
user-friendly software or websites. To help harness the potential of
halophilic proteins, a strong, more accurate tool that is easily accessible
to the general public is therefore required [95]. Shantong et al. devel-
oped a sizable and thorough dataset of halophilic proteins and presented
an innovative approach to data collection. built on this, presented a
machine learning (ML) model for identifying halophilic proteins called
Halophilic Protein Classifier (HPClas), which is built on catBoost.
High-quality data from the NCBI protein database and UniProtKB were
used to train HPClas. This model can determine whether a protein is
halophilic based on inputs such as amino acid sequences. On the test set
of an earlier work, we evaluated HPClas’s performance against that of
state-of-the-art (SOTA) models. According to experimental results,
HPClas performed better than the current methods for predicting halo-
philic proteins. Additionally, research carried out an interpretation
analysis of the model, which strengthened the validity of our forecasts
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[96]. Genomics and metabolomics include proteomic technologies to
develop powerful tools for algorithm development. Protein identifica-
tion and characterization help to find the new algorithm for data anal-
ysis and possible to study the protein expressions at a high level.

5. Proteomic quantitative techniques

The quantitative techniques of Halophilic bacterial Proteomics are
majorly differentiated in following types of analysis.

5.1. SILAC

Stable isotope labeling by amino acid is the most important quanti-
tative proteomic method. SILAC advances towards the mechanism of
endogenous translation of living organisms which labels the chemical
analogs of DNA building blocks [97]. The classical SILAC, the
specific-site dynamic of histone acetylation and methylation has been
adapted to study the chromatin modification. The chromatin modifica-
tion will provide an effective biomarker labeling through LC-MS [98].
The advanced SILAC quantitative characterize steady-state kinetics of
methylation and acetylation approach gene regulatory studies in
different metabolic conditions [99]. More than 1500 proteins were
identified and quantified from Bacillus subtilis, most of the genes are
expressed in log phase. In this, SILAC quantitative proteomic analyzed
10 to 30 phosphorylation sites under phosphate starvation and succinate
growth [100]. Oxidative stress responses are linked to lysine acetylation,
according to research on the halophilic archaeon Haloferax volcanii. The
potent oxidant hypochlorite: (i) promotes a rise in the abundance ratios
of the lysine acetyltransferase HvPat2 to HvPatl and (ii) favors lysine
deacetylase sir2 mutants. Here, their describe how the lysine acetylome
of H. volcanii cultured in glycerol changes in profile in response to hy-
pochlorite, demonstrating its dynamic occupancy. Quantitative multi-
plex proteomics of the Asir2 mutant strains and the SILAC-compatible
parent strains reveals these results [101]. SILAC analyzed more than 600
intracellular stability proteins in human adenocarcinoma cells which
applicable in tissue engineering to regenerate the cells and tissues [102].

5.2. Label-free quantification

Label-free proteomic quantitative analysis is the high throughput
semi-quantitative analysis. Most label-free quantitative analyze the
clinical proteomics in large size quantity samples which quantify and
output the high dynamic range yield [103]. There is a smaller number of
samples were analyzed in computational base label-free quantification.
In the future, LC-MS coupled label-free quantification analysis provides
an efficient yield [104]. Label-free quantification relies on spectral
counting quantification, peptide fragment will higher in sample analysis
under chromatogram of a mass spectral [105]. When it’s essential to
research proteins without adding labels that might alter their natural
state or activity, label-free quantitative approaches are frequently
employed for halophilic bacterial protein applications. These methods
shed light on relationships, post-translational changes, and protein
abundance in complex materials. Numerous pieces of evidence demon-
strate that the development of N-glycan on related proteins is necessary
for organism to respond adaptively to salt stress. Nevertheless, little is
now understood about the salt-responsive glycoproteins involved in this
process. In this investigation, we found that wild-type (WT) Arabidopsis
and two mutants, mnsl mns2 and cgll, that are impaired in N-glycan
maturation have salt-responsive glycoproteins. Label-free liquid chro-
matography coupled mass spectrometry (LC-MS/MS) quantitative
analysis revealed 97 proteins with abundance variations of >1.5- or
<0.67-fold against salt stress [106].

5.3. ICAT labeling

Isotopic-Coded Affinity Tag is an isotopic labeling method for
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analyzing protein sequence identification and quantification using
chemical labeling reagents which output accurate results [107]. The
preferred technique for precisely identifying shifts in protein abundance
in extremely complex mixtures is quantitative proteomics based on
isotopic labeling. Three distinct cellular states of the halophilic archaeon
Halobacterium salinarum were compared pairwise using isotope-coded
protein labeling (ICPL), a straightforward, dependable, and quick
technique based on the nicotinoylation of proteins at lysine residues and
free N-termini [108]. The biotic and abiotic stress levels under reactive
oxygen and nitrogen species of many organisms were carried out in ICAT
proteomics. The combination of mass spectrometry and ICAT provides
an efficient result. The tumor-specific protein from breast tumor pa-
tients, the vitamin-D binding protein were expressed which approach
biomarkers for disease diagnosis [109].

5.4. iTRAQ

Isobaric tag for relative and absolute quantification is based on
tandem mass spectrometry for proteomic quantification. iTRAQ tech-
niques based on protein labeling with isobaric tags in N-terminus and
amine group through mass spectrometry [82]. Lactobacillus plantarum is
a salt-tolerant probiotic strain. After salt stress, we used isobaric tags for
relative and absolute quantitation (iTRAQ)-based proteomics and bio-
informatics analysis to examine the underlying molecular pathways of L.
plantarum. Salt stress, both mild and high, was applied to L. plantarum.
Proteins with differential expression in each group were quantified
using iTRAQ’s quantitative proteomic method and LC-MS/MS. More-
over, KEGG carried out bioinformatics study, and Mascot and GO
identified DEPs. Mapped and categorized into nine functional groups
were thirty DEPs (P < 0.05) between low salt stress and control condi-
tion (0 % (w/v) NaCl); 122 DEPs between high salt stress and control
condition were mapped and categorized into fifteen functional groups.
the transporter of the ATP-binding cassette (ABC) and metabolism
[110]. The adaptive reactions of H. salinarum NRC-1 to changes in
salinity, the proteome was characterized using iTRAQ. It was demon-
strated that 399 proteins with differential expression were linked to
variations in the external sodium chloride concentration, with
metabolism-related proteins exhibiting the largest response [111].

5.5. Alpha-fold predicted 3D proteins

Evolution depends on proteins, and knowing their structure can help
us understand how they work mechanistically. There are billions of
known protein sequences, yet only about 100,000 distinct protein
structures have been identified through massive experimental effort.
Determining a single protein structure takes months to years of metic-
ulous work, which limits structural coverage. For large-scale structural
bioinformatics to be possible, this gap must be filled with precise
computational methods. For almost 50 years, the structure prediction
component of the "protein folding problem" has been a significant open
research problem. It involves predicting the three-dimensional structure
that a protein will adopt based only on its amino acid sequence. Even
with recent advancements, current techniques are still far from atomic
accuracy, particularly in the absence of a homologous structure. The
first computational technique that can consistently predict protein
structures with atomic accuracy—even when no comparable structure is
known—is shown here. In the difficult 14th Critical Assessment of
protein Structure Prediction (CASP14), we validated a completely
redesigned version of our neural network-based model, AlphaFold,
which significantly outperformed other approaches and showed accu-
racy competitive with experimental structures in most cases [112,113].
The most recent iteration of alphaFold is based on a revolutionary ma-
chine learning technique that uses multi-sequence alignments to inte-
grate biological and physical facts about protein structure into the deep
learning algorithm’s architecture. With an emphasis on the Cas9 protein
of the halophilic bacterium Salicibibacter cibi, this work investigates the
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structural modifications of the CRISPR-Cas9 system in halophilic bac-
teria. Several technologies, including the predictor of natural disordered
areas online service for disordered areas, the InterPro server and
WebLogo for domains, and ExPASy ProtParam for various physico-
chemical parameters, were used to examine protein sequences. The
AlphaFold database was used to construct protein structures, and
PROCHECK was used to assess the modelled structure’s quality. PyMOL,
APBS server, and UCSF chimera were used to visualize the electrostatic
potential and amino acids on the protein surface. According to
comparative study, halophilic Cas9 proteins exhibit more inherently
disordered areas and a greater abundance of acidic residues, which
improve stability and hydration in saline environments. The mainte-
nance of a significantly negative surface charge by S. cibi Cas9 proteins,
which is essential for adaptation to salt-rich environments, was verified
by electrostatic potential maps. These results highlight the potential uses
of Cas9 in genome editing-based biotechnological techniques in harsh
environments and shed information on the molecular mechanisms
behind its structural and functional changes in salty environments
[114].

5.6. Shotgun proteomics

Shotgun proteomic analysis is an easy and efficient method for
bacterial proteomics. A high-throughput method for analyzing compli-
cated protein mixtures, such as those from halophilic bacteria, is
shotgun proteomics. Proteins are broken down into peptides, which are
subsequently subjected to mass spectrometry (MS) analysis in order to
identify and measure proteins according to their peptide sequences.
Because this approach can manage the varied and salt-adapted proteins
seen in halophiles, it is very helpful for researching their proteome. A
thorough grasp of how halophilic bacteria react to extremely high
salinity levels is made possible by shotgun proteomics. The process of
shotgun proteomic start with protein mixture which is digested using
trypsin and resulting in peptides are separated using HPLC or LC-MS.
Peptides are identified by mass spectrometry [115]. There are a vari-
ety of methods for sample preparation. Mostly sample preparation will
vary, which all depends on their respective advantages and disadvan-
tages. In this study the least amount of processing to produce the
maximum amount of data. Protein detection and quantification also
have a variety of ways to process the proteomic study. For protein lysis
most of the studies shown that protein extract was used to lyse with
diothiothreitol and iodoacetamide, which are disulfide reducing agents
will prevent the intramolecular and intermolecular disulfide bonds
process between cysteine residues to protein [116]. In one of the study,
lithium dodecyl sulfate buffer was used as a density gradient for protein
lysis, and showed that this will not affect the protein and their solubility
and also stable in alkaline and neutral solutions [117].

Usually, the proteomics studies require both identification and
quantification of protein. The protein was used to separate and quantify
using two - dimensional gel electrophoresis. In shotgun proteomic
experiment the protein mixture was digested and analyzed in mass
spectrometry [118]. There are two fundamental approaches for quan-
tification of protein such as in vivo and in vitro labeling. The in vitro
method is based on the chemical and enzymatic process to derivate the
functional group [119]. The in vivo method is the biosynthetic process
that incorporates isotope-labeled precursors [120]. SDS PAGE is widely
used for protein fractionation and it was analyzed in mass spectrometry.
A study showed that SDS PAGE was performed and the gel slices were
dehydrated with acetonitrile and ammonium bicarbonate which
enhance the peptide - peptide hydrogen bond and improve the pH sta-
bility [121]. Alkalyation plays an important role in the proteomic
experiment, iodoacetamide is an alkylating reagent that cleaves the di-
sulfide bonds of a protein without the addition of disulfide reducing
agent [122,123]. Reported that iodoactamide shows a good result for
protein alkylation compared with other alkalotic reagents to maximize
peptides identification. Protein digestion was used to improve the
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Fig. 3. Shotgun Sequencing of Halophilic bacterial protein.

proteomic sequence coverage and identification of post-translation
modification [124]. Protein digestion mostly performed with trypsin,
because of their high specificity. In the study by A.C. Vergunst et al.,
discussed the trypsin from digested protein into peptides fragments are
separated based on the hydrophobicity process using reverse phase
column chromatography and the molecular weight is quantified by mass
spectrometry [125] (Fig. 3).

In shotgun, proteomics has multiple applications. The proteins
generated from the Human dentin using shotgun proteomics, the num-
ber of proteins with their functions which are applicable in tissue en-
gineering to regenerate the dental pulp [126]. The shotgun proteomic
analysis of Halophilic bacteria, the protein with their physiological
functions which perform as biomarkers, provide nutritional develop-
ment and disease resistance [127]. Shotgun proteomics applicable for
drug discovery & drug identification and also the identification of drug
targets. The proteins serve as a biomarker of human disease which acts
as a therapeutic diagnostic tool to treat various diseases [128].

5.7. Mass spectrometry & LC-MS for peptide analysis

Mass spectrometry is a proteomic tool for the identification and
quantification of the proteome of an organism. There are different
methods of mass spectrometry technologies used for the analysis of
peptides. Tandem mass spectrometry is an effective analytical tool for
proteomic studies. In this method, there is two trends process, the first
trend is linear ion trap mass spectrometry is often used tool for peptide
sequence identification. This tool has high ion capacities than the older
3-D ion traps, which are sensitive and provide quality data. The second
trend is a modified instrument with improved capabilities for proteomic
studies, joined with quadrupole mass filters provides capable ion trap of
tandem mass spectrometry. Fourier transform ion cyclotron resonance
(FTMS) is a powerful proteomic analytical tool, the ability to perform
routine, and access the acquire high-quality data [129]. A potent
method for describing halophilic bacterial proteins, LC-MS peptide
analysis makes it possible to identify and measure complicated pro-
teomes. Peptides are separated by liquid chromatography following
protein extraction and enzymatic digestion, and their mass-to-charge
ratios are subsequently examined by mass spectrometry. High sensi-
tivity and resolution are provided by this technique, which is crucial for
researching the salt-adapted proteins found in halophiles. It makes it
easier to comprehend post-translational changes, protein activities, and
adaptations to extremely salinized environments.

In bottom-up proteomics, protein extracted mixture was digested by
a protease into peptides based on their physical or chemical properties.
The peptides mixture is analyzed in mass spectrometry for protein
identification. There are two fundamental approaches for the bottom-up

mass spectrometry proteomics studies are (1) identification of protein
from the sample, (2) quantification of levels of the identified proteins
[125]. Mass spectrometry will select the peptide ions these ions are
subjected to fragmentation, which resulting the fragment ion spectrum
are recorded and provides the peptide signature which is identified by a
sequence database search algorithm tool [126].

Liquid chromatography combined with mass spectrometry (LC-MS)
is an important analytical tool for proteomics experiments, which
contribute a qualitative and quantitative analysis of different proteins in
the high-throughput pattern. This method used for the synthesis of
quantitative information and protein quantity detection [127]. Most of
the studies showed that LC-MS is mostly used peptide analytic method in
shotgun proteomic studies [121]. A nano LC-MS is a proteomic analyt-
ical tool for the analysis of peptides, which characterize the entire
complements of proteins in the organism. The resulting peaks are
identified and quantified using software tools.

5.8. Data processing of protein

Generated data are collected from the mass spectrometry are
analyzed to extract the information. There is much software for the
identification of proteins. In shotgun proteomics, tandem mass spectra
are identified from the sequence database and make amino acid se-
quences. Many algorithms will fulfill this process to measure and amino
acid sequence determination to fits the mass spectra to sequence the
algorithm to score the functions with cross-connection analysis provides
final measure with the proximate fits [124]. The peak list from mass
spectrometry is identified using mascot daemon software (version
2.1.10 matrix science). The identified proteins are included in the
spreadsheet to spectral count each protein values. The spectral count
values are compared with LC-MS/MS run which is statistically analyzed
in software [115].

6. Halobacterium species

Halobacterium salinarum an extremely halophilic archaeon protein is
identified using tandem mass spectrometry and bioinformatic analysis.
Among 29 proteins of Halobacterium salinarum, vng 0487h gene selected
for recombination. The purified recombinant vng 0487h gene was
identified as ribosomal protein L3 which is similar to ribosomal protein
L7/12, L13P. This show a subunit of ribosomal protein L13P as acety-
lates from the vgn 0487h gene in Halobacterium Salinarum. In the study
by Aivaliotis et al. [108] developed a novel method of an industrial
enzyme using proteomic tools. Aldehyde dehydrogenase isolated from
Halobacterium salinarum by recombination technique. The proteome of
Halobacterium salinarum was analyzed in MALDI-TOF and ESI-TOF
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MS/MS with changes in the NaCl concentration and resulted in 14
proteins were importantly down-regulated 3.5M/6M NaCl. The enzyme
activity of purified recombinant aldehyde dehydrogenase shown at 1M
NacCl.

Gradient resistance of halophilic proteins was quantified using the
iTRAQ quantification technique and resulted in 12669 proteins which
covering 40 percent of Halobacterium salinarum. The Score ratio of
protein expression was identified through LC-MS. Less than 6 % of
protein expression was moderate (increase & decrease) ratio of each
isolate. Totally 14 proteins include decreased proteins expression level
of ratio and 537 proteins with the increased protein expression level of
proteins among these 29 proteins is similar to IR + isolates. Mn anti-
oxidant of Halobacterium salinarum proteins shows maximum tolerance
of ionizing radiation which is involved in energy metabolism.

The cytosolic proteome of Halobacterium salinarum proteins analyzed
and implicated for genome annotation. 2784 proteins coding genes from
Halobacterium salinarum are derived from the genome sequence. Out of
this protein containing 2042 cytosolic protein are separated by 2-D gel
electrophoresis. About 611 identified silver stain protein spots are
analyzed in MALDI-TOF MS PMF and resulted in 40 % of cytosolic
proteins are involved in the development of genome notation and also
gene editing assignment.

Membrane soluble cytoplasmic proteins were extracted from Hal-
obacterium sp. NRC-1. These proteins were digested using trypsin and
analyzed in tandem-mass spectrometry. This protein was predicted
using the TMHMM program and resulted in 426 proteins, out of these
232 proteins are soluble fractions and 165 are insoluble fractions, and
this protein involved in various metabolic pathways [130]. The
large-scale membrane proteins were quantified from Halobacterium sal-
inarum. The protein was quantified using 2-D gel electrophoresis and
analyzed in mass spectrometry and this quantified 155 membrane pro-
teins and 101 transmembrane proteins domains [131]. N-terminal
peptides were extracted from Halobacterium salinarum and Natronomo-
nas pharaonis using LC-MS/MS. The protein data were derived from
genomic sequencing and bioinformatic tools which resulted in large
identified N-terminal peptides from archaea & bacteria [132].

7. Haloferax volcanii

Haloferax volcanii is a halophilic archaeon. The proteins from Hal-
oferax volcanii were extracted using shotgun proteomics and purified
using immobilized metal affinity chromatography. The purified peptide
fragments are analyzed in strong cation exchange chromatography/
HPLC combined with nano-ESI-QTOF MS/MS using MS data, 1296
proteins are identified through bioinformatics tools. Among 1296 pro-
teins, 32 % of theoretical proteins of Haloferax volcanii.

The Stress response phage stock protein PspA in Haloferax volcanii
under salinity mediated condition. Totally 44 protein spots where de-
tector through LC-MS/MS and their peptide sequence are derived from
MS/MS. Most of the proteins are identified under optimal salinity con-
ditions and they are involved in translation transport and metabolism
which confirm the protein to study in the highest salinity condition and
confirm as a homolog of the PspA protein and play important role in
Haloferax volcanii and hypersaline adaptation. In the study by Ivanka
et al. discussed the development of new 2-D maps of halophilic protein
using Haloferax volcanii protein through improved 2D gel
electrophoresis.

8. Halomonas species

The proteomic profile of Halomonas elongata is analyzed to find the
features of osmoregulation and the resulting 3473 in proteins through
Nano LC-MS/MS and bioinformatic analysis. Out of these 470 proteins
were increased and decrease in salinity. These 24 genes encode the
function of carbohydrate metabolisms such as Glucose degradation,
Kreb cycle, ectoine metabolism, and ammonia assimilation. Halomonas

Ecological Genetics and Genomics 37 (2025) 100431

sp. Strain AAD12 was isolated from the camalti saltern area. This isolate
tolerated with phenol and undergoes adaptive changes, these proteins
were analyzed through MALDI-TOF MS, and identified proteins involved
various metabolic processes [133]. Halomonas salina DSMZ 5928 un-
dergoes large-scale proteomic identification. These proteins were
analyzed in MALDI- QqTOF MS and identified N-terminal are investi-
gated through bioinformatics tools that resulted in 16 proteins. 11
proteins play an important role in energy metabolism [134].

The moderate halophilic bacteria of Halomonas elongate isolated
from the soil samples in Iran. Totally 800 protein spots where detector
and response to selenite, telluride, and combination of selenite and
telluride to the Halomonas sp. through 2-D gel electrophoresis. 70
standard protein spots were analyzed in MALDI TOF/TOF MS and
resulted in 36 proteins. These include the mechanism of fatty acid syn-
thesis, cell transports, ATP production, oxidative stress, and the bacte-
rial response of DNA replication, translation, and transcription which
results in the tolerance or adaptation of Halomonas sp. to these two toxic
oxyanions.

9. Haloarcula species and halorhodospira species

Haloarcula maristmortui RR12 was isolated from the solar salt plan
and salinity of the strain was analyzed in EDAX with ICP-AES. The
proteins from Haloarcula maristmortui RR12 were identified using
MALDI-TOF MS and identified proteins were response salinity stress
adaptation [135]. Proteins from Halorhodospira halophila were charac-
terized using isoelectric focusing gel electrophoresis and resultant acidic
proteomics were determined using bioinformatics tools [136].

10. Nocardiopsis species and Novosphingobium species

Nocardiopsis xinjiangenesis halophilic adapting actinobacteria lives in
the hypersaline environment. The protein function of Nocardiopsis xin-
jiangenesis is quantified using the Isobaric Tag for Relative and Absolute
Quantification (iTRAQ) which identified 685 membrane proteins, out of
these 126 membrane proteins are belongs to Salt adaptation which
provides protein activity in high salinity stress condition and protects
hyperosomotic stress condition. The major membrane protein of outer
membrane vesicles (OMVs) was confirmed in Novosphingobium pentar-
omativorans 16 through transmission electron microscopy. The
membrane-associated protein fraction characterized using SDS-PAGE
and proteins are identified using LC-MS/MS and bioinformatic analysis.

11. Other halophilic bacteria

The Study of halobase, include genomics and proteomics analysis. 23
different halophilic bacteria are analyzed and identified 55,000 genes
through genome sequence, 50,000 proteins with 3-D structure through
bioinformatic analysis, and also identified 1000 structural RNAs. The
three-dimensional structural difference of halophilic and non-halophilic
proteins is observed between the osmolyte and mesophilic pairs through
data analytic tools. They suggested that the weakening of hydrophobic
interactions in salt solution will prevent the loss of functions in high
salinity conditions. Acidihalobacter prosperus DSM 14174 is an acido-
philic halophilic bacterium. The proteome of this organism is to un-
derstand the chloride Ion stress tolerance under low pH using SWATH-
MS. This study created a chloride tolerance and acidic conditions by
Acidihalobacter prosperus DSM 14174.

Comparative proteomic analysis of gram-positive and gram-negative
of moderate halophilic bacteria provides a preliminary understanding of
halophilic protein diversity in different salinity conditions. The gram-
positive Bacillus sp. EMB9 and Marinobacter sp. EMB5 of gram-
negative. Halophile’s proteome in varying salinity conditions and
analyzed in 2-D gel electrophoresis and data analysis and resulted in 235
protein spots from Bacillus sp. EMB9 and 83 protein spots from Mar-
inobacter sp. EMBS is detected. In gram-positive bacteria, 12 new protein
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Table 2

List of Protein profiling techniques in Halophilic bacteria.
Isolate Techniques References
Halobacterium sp. NRC-1 ESI-MS/MS [130]
Halorhodospira halophila Isoelectric focusing gel [136]

electrophoresis
Halophilic archaea 2-D gel electrophoresis/MS [33]
Haloarchaea marismortui SDS-PAGE/MALDTI-TOF MS [135]
RR12

Halobacterium salinarum ESI Q-TOF/LC-MS/MS [137]
Halomonas sp. Strain AAD12 2-D PAGE/MALDI-TOF MS [132]
Halomonas salina DSMZ 5928 MALDI-TOF MS [133]
Halobacterium salinarum 2-D gel electrophoresis/MS [134]
Salinicoccus roseus 12 MALDI-TOF MS [131]

spots, 91 common expression protein spots, and 41 protein spots are
suppressed in various salinity conditions. 36 new protein spots, 20
common expressions protein spots, and 27 protein spots are suppressed
under low salt concentration.

Salinicoccus roseus W12 isolated from Salt Lake. This isolate was
undergone lactate stress response and identified 1656 protein spots
treated with sodium lactate and 1843 spots treated with NaCl were
detected with 2-D gel electrophoresis and analyzed in mass spectrometry
(Table 2). 21 protein spots identified successfully. Out of these 19 pro-
tein spots were up-regulated and 2 were down-regulated. These proteins
involved in the metabolic and signaling process [131].

12. Conclusion and future perspectives

This review provides the complete coverage of proteomics studies in
halophilic bacteria. The techniques are advanced, delicate, and prote-
omic development in research analysis. Furthermore, the studies as
accomplishing in purification, characterization, quantification, and
bioinformatic analysis. In future proteomics of halophilic bacteria will
provide many uses in biotechnology field like bioremediation, thera-
peutic drug isolation and biofuels which are yet to be explored. Prote-
omics in halophilic bacteria has a bright future ahead of it, with
numerous important areas where it can make a significant contribution.
Such as mechanism of protein — salt tolerance and adaptation in Halo-
philic bacteria including gene expression studies. Halophilic bacterial
proteome has promising wide range of future biotechnological appli-
cations especially in medical and pharmaceutical industries such salt-
tolerant microbial therapy and probiotic and gut health research. The
uses of halophilic bacterial proteomics will grow as proteome methods
advance and become more widely available, resulting in novel findings
in fields including industrial biotechnology, environmental research,
and medicine.
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