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ABSTRACT

The Dead Sea is unique compared to other extreme halophilic habitats. Its salinity exceeds 34%,
and it is getting saltier. The Dead Sea environment is characterized by a dominance of divalent
cations, with magnesium chloride (MgCl,) levels approaching the predicted 2.3 M upper limit for
life, an acidic pH of 6.0, and high levels of absorbed ultraviolet radiation. Consequently, only
organisms adapted to such a polyextreme environment can survive in the surface, sinkholes,
sediments, muds, and underwater springs of the Dead Sea. Metagenomic sequence analysis and
amino acid profiling indicated that the Dead Sea is predominantly composed of halophiles that
have various adaptation mechanisms and produce metabolites that can be utilized for biotech-
nological purposes. A variety of products have been obtained from halophilic microorganisms
isolated from the Dead Sea, such as antimicrobials, bioplastics, biofuels, extremozymes, retinal
proteins, colored pigments, exopolysaccharides, and compatible solutes. These resources find
applications in agriculture, food, biofuel production, industry, and bioremediation for the detox-
ification of wastewater and soil. Utilizing halophiles as a bioprocessing platform offers advantages
such as reduced energy consumption, decreased freshwater demand, minimized capital invest-
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ment, and continuous production.

1. Introduction

The Dead Sea, located 430 meters below sea level, is the
lowest point on Earth [1]. It is characterized by high
salinity of 34.2% [1]. The Dead Sea is named after the
absence of any macroscopic living organisms [2]. Its
inhospitality toward higher organisms has been recog-
nized since ancient times. A notable depiction is seen in
the Madaba mosaic from the sixth century, which
shows a map of the Dead Sea with two fish being
washed into it and one dying, while the other struggles
to return northward to the Jordan River [3]. The Dead
Sea consists of a deeper northern basin and a shallow
southern basin (Figure 1), which is dried and used for
commercial mineral production [4].

The water level of the Dead Sea relies on a balance
between the influx of freshwater and the process of
evaporation. The Jordan River serves as the primary
source of freshwater inflow, complemented by numer-
ous water springs and an intricate network of subterra-
nean springs [5]. The diversion of the Jordan River, the
construction of numerous dams on side wadis, and the
increasing aridification trend in the Eastern
Mediterranean in recent years have further worsened

the water balance of the Dead Sea [4]. Consequently,
water budget of the Dead Sea is negative, and its level
has dropped by an average of 1 m per year during the
past decade. The water is supersaturated with sodium,
and massive amounts of halite (NaCl) precipitate to the
bottom [6]. Moreover, the water balance of the Dead
Sea is significantly impacted by the commercial opera-
tions located at its southern end, where substantial
amounts of brine are extracted for the production of
potash and other byproducts. On average, approxi-
mately 550 million cubic meters of brine are withdrawn
annually, with about 45% to 50% of this volume return-
ing to the lake as highly concentrated end-brine [4].
These extreme salinity conditions significantly impact
biodiversity by imposing robust selective pressure, lead-
ing to the emergence of halophilic and halotolerant
microbes [7]. The Dead Sea is becoming
a progressively more extreme environment for micro-
organisms owing to continual evaporation, exposure to
UV radiation, elevated temperatures, and high salinity.
The salinity of the Dead Sea is anticipated to rise in the
coming years owing to reduced district precipitation
and increased evaporation [8].
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Dead Sea

Figure 1. The Dead Sea as seen by satellite image in 2019 (https://earthobservatory.nasa.gov/images/145373/getting-saltier).

The Dead Sea exhibits exceptionally high magne-
sium and calcium concentrations that continue to
increase. The distinctive composition of Dead Sea
water is marked by a unique equilibrium, where diva-
lent cations (2.17 M Mg>* and 0.525 M Ca**) dominate
over monovalent cations (1.53 M Na* and 0.227 M K*).
The anions consist mainly of Cl™ (7.26 M) with a minor
presence of 1% Br~ (0.071 M) [9]. The ongoing trend of
declining water levels and halite precipitation persists.
The diminishing of sodium concentrations leads to
a rapid increase in the ratio between chaotropic ions
that interfere with water structure and kosmotropic
ions that promote water structuring. Calcium and mag-
nesium ions are considered chaotropic ions because
they reduce the order of water molecules and interfere

with the hydrogen bonding network. In addition, they
destabilize the structure of biomolecules such as pro-
teins and nucleic acids [10]. Dead Sea brine is enriched
in MgCl, due to the precipitation of NaCl, with levels
approaching the predicted 2.3 M upper limit for life.
This makes the Dead Sea inhospitable to microbial
growth or metabolism [11].

Over the last several decades, the surface water sali-
nity of the Dead Sea has risen, leading it to become
holomictic and start precipitating halite (NaCl) in 1980
[12]. The observation of halite precipitation in the
Dead Sea despite a seemingly sub-saturation concentra-
tion of Na* ions can be explained by the influence of
the common ion effect on solution equilibria. Natural
brines like the Dead Sea contain a complex mixture of
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dissolved salts. Many of these salts, such as KCl, MgCl,,
and CaCl,, dissociate in solution to release Cl™ ions.
The presence of these common CI™ ions from other
sources effectively reduces the availability of free Cl™
ions to solvate Na* ions. With a decreased availability
of solvating Cl™ ions, Na" ions experience a stronger
electrostatic attraction to each other, promoting their
aggregation and precipitation as halite crystals. This
phenomenon occurs even if the total concentration of
Na" in the Dead Sea is lower than the saturation con-
centration for NaCl in a pure solution [13].

Since 1980, the Dead Sea has experienced seasonal stra-
tification, with a warmer epilimnion during the entire eight
months of the summer and a vertically mixed water col-
umn during winter [12]. This phenomenon resulted in the
formation of two distinct water masses within the lake. In
the upper layer, extending to approximately 40 meters,
temperatures ranged from 19 to 37°C and the water con-
tained high levels of sulfates and bicarbonates. The water
below the transitional zone between 140 and 100 m was
consistently 22°C in temperature and showed a greater
salinity [14]. This deeper layer surrounded by hydrogen
sulfide, along with prominent concentrations of Mg**, K*,
Cl', and Br". At the bottom of the water, salt builds up
because of the saturation of deep water with NaCl. The
challenges of population dynamics and limiting factors for
microorganisms become apparent when the southern part
of the Dead Sea, particularly the shallower section, under-
goes evaporation. This process initiates vertical mixing,
extending down to the bottom layer, and promoting aera-
tion. The occurrence of hydrogen sulfide in contact with
the bottom water of the Dead Sea serves as an environ-
mental stressor for the ecosystem [15].

Salinity, ionic composition, and pH play critical roles
in determining the microbial population in hypersaline
brines. The pH of the Dead Sea brine is around 6.0,
making it acidic [16]. The concentration of Ca®* (and to
a minor level Mg**) is pivotal for verifying the ultimate
pH of the brine. Equilibrium involving CO; *, HCO®,
and dissolved CO, represents a principal buffer system in
aquatic environments. The presence of Ca*", which leads
to the precipitation of insoluble calcite (CaCO3) and the
removal of CO; >, significantly influences this equili-
brium. In addition, Mg** levels affect the system by
removing COj3 % as dolomite (CaMg(COs3),) [17].

Metagenomic sequence analysis and amino acid pro-
filing indicate that the modern, vanishing Dead Sea is
predominantly composed of halophiles that have never
been previously isolated or sequenced [18]. Under these
extreme conditions, microorganisms adapt to the
unique ecosystem of the Dead Sea. This review presents
an up-to-date analysis of microbial populations found
across diverse environments within the Dead Sea,
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encompassing surface water, underwater springs, sink-
holes, and mud. Furthermore, it examines, in detail, the
potential biotechnological uses of these microbial com-
munities, providing perspectives on how these applica-
tions might address prevailing challenges in the future.

2. Microbial diversity in the Dead Sea

In the three domains of life -Archaea, Bacteria, and
Eukarya- both halophilic and halotolerant microorgan-
isms exist. The primary component of microbial biomass
in the Dead Sea is aerobic halophilic archaea (Figure 2).
Under anaerobic conditions, methanogens and halophilic
members of the methanogenic branch of Euryarchaeota
can thrive at salt concentrations near saturation [19].
Halophiles are rare in the Eukarya domain, with the
green alga Dunaliella being the most notable example.
Dunaliella is halotolerant rather than truly halophilic
and can grow at relatively low salt concentrations. The
Bacteria domain encompasses a wide variety of halophilic
and halotolerant bacteria across many evolutionary
groups, including Cyanobacteria and the Flavobacterium
branch [20]. Different branches of Proteobacteria contain
halophilic and non-halophilic microorganisms. In gen-
eral, it may be stated that most halophiles within the
domain Bacteria are moderate rather than extreme halo-
philes. However, there are few types that resemble the
archaeal halophiles of the family Halobacteriaceae regard-
ing their tolerance and need for salt, notably several
photosynthetic ~ purple bacteria of the genus
Halorhodospira and Actinomycetes [21].

Among the various factors studied, salinity emerged
as the primary environmental factor influencing micro-
bial diversity. Other factors, including exposure to high
and low temperatures, low oxygen conditions, and in
some cases, low pH, also had important effects to some
extent. Salinity and microbial diversity indices showed
a strong negative correlation, highlighting the enor-
mous restriction that salinity places on the microbial
diversity. Under these conditions, the most widespread
species are bacteria and archaea [22].

Based on the optimal salt concentration at which they
exhibit the best growth, Kushner and Kamekura’s (1988)
classification divides halophilic microorganisms into
three types: slight halophiles (marine bacteria), which
grow best in media containing 1-3% NaCl; moderate
halophiles, which grow best in media containing 3-15%
NaCl; and extreme halophiles, which grow best in media
containing 15-30% NaCl. Both halophilic and halotoler-
ant bacteria are found in three domains: Archaea,
Bacteria, and Eukarya [23].

Despite the highly hypersaline conditions, the Dead
Sea boasts a distinctive ecosystem that accommodates
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Bacillus spp., Erythrobacter gaetbuli.

Ulocladium

Filamentous fungi: = Gymmnascella  marismortui,
chlamydosporum, Penicillium westlingii.
Bacteria:  Arthrobacter spp., Kocuria erythromyxa,

alginolyticus, Salinivibrio costicola, Chromohalobacter salexigeus,

o Surface water
Vibrio

borinquense , Haloplanus natans, Halalkalicoccus tibetensis,

Bactreia: Halobacillus, Chromohalobacter

Archaea: Halobaculum gomorrense,Halorhabdus utahensis, Halosimplex
carlsbadense, Halomicrobium mukohataei, Halogeometricum

Halomicrobium mukohataei, Halomonas spp., Natronomonas spp.

Bottom of the
Dead Sea

Archaea: Haloquadratum, Haloarchaea
Bacteria: Cyanoprocaryota, Euglenophyta
Alga: Cryptophyta, Diatoms

Archaea: Halomicroarcula pellucida
Bacteria: Bacillus spp.
Protists: Dimastigamoeba

Algae: Dunaliella spp. ~\

Bacteria: Cyanobacteria, green sulfur bacteria,
purple sulfur bacteria, sulfide oxidizing bacteria,
sulfate reducing bacteria, nitrifying bacteria, iron
reducing and oxidizing bacteria.

Archaea: Halobacteria spp., Thermoplasma spp.

Sinkholes in the
Dead Sea area

Cyanobacteria:
Anabaena, Halospirulina,
Phormidium, Oscillatoria
Diatoms: Pennales,
Naviculoid, Nitzchioid,
Pleurosigma, Gyrosigma,
Amphora, Nitzschia spp.
Protozoa: Ciliata, Crabs,
Nematodes

Bacteria: Purple bacteria.

Multi-pond
solar salterns

Mud of the Dead Sea

Water sedements

Under water springs

Archaea: Haloarcula marismortui, Haloferax volcanii, Halorubrum sodomense, Halobaculum
gomorrense, Haloplanus natans, Halobacteroides halobius, Sporohalobacter lortetii, Orenia
marismortui, Selenihalanaerobacter shriftii

Bacteria: Halomonas halmophila, Chromohalobacter spp., Salibacillus, Acinetobacter spp.,
Bacillus spp., Bacteroides spp, and Cyanobacteria.

Figure 2. The distribution of microbial mats through the Dead Sea layers.

a diverse array of halophilic microorganisms that are
well suited to its surroundings. Archaea emerged as the
predominant group, comprising 52% of the sequences,
while bacteria constituted 45%. Collectively, prokaryo-
tic sequences, constituting 97% of the total, were found

to be prevalent [22]. Two major phyla, Proteobacteria
(55.9%) and Firmicutes (41.7%), were the predominant
bacterial groups, whereas other phyla such as
Bacteroidetes, Actinobacteria, and Cyanobacteria were
present, but in relatively minor abundance. The study



revealed that Acinetobacter (45%) and Bacillus (35%)
were the dominant bacterial genera. The remaining
genera collectively represent only 10% of the total bac-
terial population. Among the Archaea, the predomi-
nant genera were Halorhabdus, constituting 52% of
the archaeal community; Natronomonas (12%),
Halobellus (4%), Haloplanus (4%), Halobacterium
(3%), Halomicrobium (3%), Halogranum (3%),
Halorubrum (3%), Halorientalis (2%), and Halomarina
(2%). Bacteria constituted a substantial proportion,
accounting for 45% of the microbial community.
Firmicutes (42%) and Proteobacteria (56%) were the
two most abundant bacterial phyla. Other phyla with
lower proportions were also found, including
Spirochaetes (0.01%), Cyanobacteria (0.08%), and
Bacteroidetes (1%) [22].

Historically, only a few phenotypic or documented
morphological features have been used to support the
taxonomy of halophilic bacteria found in the Dead Sea
water at various depths and salinities. Molecular phy-
logeny, which includes 16S rRNA gene analysis, ampli-
fied ribosomal DNA restriction analysis (ARDRA), and
random amplified polymorphic DNA (RAPD) to iden-
tify and analyze the biodiversity of bacterial strains, has
been made available with great assistance for the ana-
lysis of microbial populations [24]. The small subunit
rRNA gene is extensively used in phylogenetic tree
reconstruction among bacteria because of its ubiquitous
presence, manageable size for easy sequencing, and
accessibility to a significant database. Additionally, the
highly variable length that varies between species flanks
the highly conserved portions of rRNA that are essen-
tial for structure and function [25].

In the Dead Sea ecosystem, bacteria and archaea are
the most extensively spread creatures. Though there are
relatively few species that have been identified, the
overall biomass of approximately 10° bacteria and 10*
algae cells per milliliter is extremely high. Phylogenetic
analysis confirmed that halophilic archaeobacteria and
eubacteria belong to several evolutionary branches.
While most of these bacteria are eubacteria, archaeo-
bacteria, which are also composed of mild and moder-
ately halophilic bacteria, are commonly used to
represent halophilic bacteria [24]. In addition to bac-
teria and archaea, six distinct fungal species were recov-

ered from the Dead Sea: Aspergillus, versicolor,
Chaetomium globosum, Hortaea werneckii,
Aureobasidium  Pullulans,  Eurotium  spp., and

Gymnascella spp. However, Chaetomium globosum
and Aspergillus versicolor are the most prevalent genera
[26]. Buchalo et al., (1998) reported the occurrence of
filamentous fungi in Dead Sea water belonging to the
phylum Ascomycota and Deuteromycota. These
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include Gymnascella marismortui, Ulocladium chlamy-
dosporum and Penicillium westlingii [27].

In saltwater, microbial activity is predominantly gov-
erned by salinity, which is driven by energy constraints.
Crenarchaeota (Thermoproteota) was consistently
detected in the sediment layer and was mostly ubiqui-
tous in zones with low to moderate salinity levels. Most
of these microorganisms are anaerobic heterotrophs
that use proteins and sugars for a variety of biochemical
and physiological functions, and some even participate
in the sulfur geochemical cycle (oxidation and reduc-
tion) [28]. The anaerobic methanotrophic group within
Halobacterota, specifically the family
Methanophagaceae, is an anaerobic microorganisms
that metabolize methane as their source of carbon and
chemical energy. These taxa exhibit adaptability to
a broad temperature range and thrive in high-salt
environments [29].

Salinization and desalination of lakes are growing
environmental concerns caused by water alterations,
global climate change, undesired freshening, and dry-
ing. These changes can significantly shape the commu-
nity composition of microorganisms  [30,31].
Measuring the presence and activity of microorganisms
becomes challenging when halite crystals form on the
water column of the Dead Sea during a drop in its level.
However, it is reasonable to think that microorganisms
in different hypersaline lakes might exhibit distinct
responses to fluctuations in salinity levels. Microbes
have to cope with increased or decreased osmotic pres-
sure by adjusting their physiology and morphology
[32]. Salinity significantly influences the diversity of
microorganisms present, the composition of commu-
nities, and the roles they play. A reduction in microbial
diversity due to salinity fluctuations could result in the
development of a transitional microbial group with
alterations in both taxonomic and functional compo-
nents [33]. Due to increasing salinity, ultimately
numerous halophilic microorganisms will eventually
die owing to osmotic stress [34], resulting in
a decrease in microbial diversity [35]. Nonetheless,
halophilic organisms typically do not display fast,
unpredictable, and extreme changes when exposed to
a salinity stressor. Diatoms have been shown to
respond better to short-term rapid salinity fluctuations,
while Cyanobacteria better tolerate long-term exposure
to undiluted Dead Sea water [36]. Microorganisms with
adaptable strategies are chosen through repeated,
abrupt, and fluctuating alterations in salinity [37].

As demonstrated in Table 1, extremely halophilic bac-
teria flourish in the mud layer of the Dead Sea. Archaeal
genera such as Halobaculum and Halomicroarcula were
discovered in the deepest parts and within the mud,
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Table 1. Microbial diversity of the Dead Sea surface water, mud, sediments, underwater springs and sinkholes.

Site of sample collection
in the Dead Sea

Group

Microorganism

Method used for
isolation and
identification

Optimum
conditions for

growth Reference

Surface water sample

Surface water samples

Bottom of the dead sea
(a depth of 5m)

Bottom of the Dead Sea

Dead Sea sinkholes

Experimental pools on
the Dead Sea

Water and sediment

Sediment samples

Bacteria

Filamentous
Fungi

Archaea

Bacteria
Archaea

Bacteria,

Archaea and
Eukaryotes

Cyanophyta

Euglenophyta
Cryptophyta
(Cyptomonads)
Chrysophyta
(golden algae)
Bacillariophyta

Chlorophyta
(green algae)

Bacteria

Archaea

Bacteria

Arthrobacter spp., Kocuria erythromyxa, Vibrio
alginolyticus, Salinivibrio costicola, Chromohalobacter
salexigens, Erythrobacter gaetbuli, Bacillus licheniformis,
Bacillus pumilus, Bacillus hwajinpoensis, Bacillus ceruse
Gymnascella marismortui (Ascomycota)

Ulocladium chlamydosporum (Deuteromycota)
Penicillium westlingii (Deuteromycota)

Halorhabdus utahensis, Halosimplex carlsbadense,
Halomicrobium mukohataei, Halogeometricum
borinquense, Haloplanus natans, Halalkalicoccus
tibetensis, Natronomonas pharaonis

Halobacillus, Halomonas, Chromohalobacter
Halobaculum gomorrense

Filamentous algae and Cyanobacteria: Cyanobacteria,
Halospirulina, Phormidium, Anabaena, Oscillatoria
Diatoms: Pennales, Naviculoid, Nitzchioid, Pleurosigma,
Gyrosigma, Navicula, Amphora and Nitzschia genera.
Other photosynthetic organisms: Chlorophyta,
Chlamidomonas, Synechococcus, Phormidium
hypolimneticum, and Aphanothece

Protozoa, Ciliata, Nematodes, crabs,

Dunaliella spp.

Bacteria: purple bacteria

Cyanobacteria spp., Aphanothece bipes, Aphanothece
clathrata, Chroococcus aphanocapsoides

Chroococcus turgidus, Chroococcus varius, Gloeothece
abiscoensis

Homoeothrix simplex, Woronich, Lyngbya spp.,
Myxobaktron salinum

Rhabdoderma lineare, Rhabdogloea smithii, Woronichinia
naegeliana

Euglena oxyuris, Schmarda Euglena spp.,
Trachelomonas volvocina

Cryptomonas spp.

Mallomonas radiata, Mallomonas spp.

Achnanthes lanceolate, Achnanthes minutissima,
Amphora coffeaeformis,

Amphora ovalis, Chaetoceros muelleri Lemm, Cocconeis
placentula

Fragilaria capucina, Fragilaria capucina, Navicula
gregaria, Navicula menisculus, Navicula peregrine,
Navicula pupula, Navicula viridula, Nitzschia acicularis,
Nitzschia fonticola, Nitzschia microcephala, Nitzschia
palea, Nitzschia paleacea, Nitzschia valdecostata,
Nitzschia vermicularis, Stephanodiscus hantzschii,
Gomphonema angustatum.

Aphanochaete magna, Chlamydomonas spp.,
Chlorococcum spp., Cladophora spp., Coleochaete
pulvinata, Crucigeniella irregularis

Desmodesmus armatus, D. brasiliensis, D. communis,
D. denticulatus, D. lefevrii, D. maximus, D. opoliensis,
D. subspicatus, Enteromorpha torta, Golenkinia radiata,
Gongrosira debaryana, Kirchneriella obesa, Koliella spp.,
Monoraphidium circinale, M. minutum, Oocystis
submarina, Phycopeltis expansa, Coenococcus
polycoccus, Quadricoccus ellipticus, Radiosphaera
negevensis, R. subcapitata, Scenedesmus acutiformis,

S. apiculatus S. ellipticus, S. caudato S. granulatus,

S. obliquus, S. obtusus, S. parvus, Stylosphaeridium
stipitatum, Tetracystis spp., Uronema confervicolum.
Rhodospirillum sodomense

Halorhabdus, Natronomonas, Haloplanus, Halobellus,
Halorubrum, Halobacterium, Halogranum,
Halomicrobium, Halomarina, Halorientalis

Phylum Proteobacteria (genus Acinetobacter), Phylum
Firmicutes (genus Bacillus), Phylum Bacteroidetes,
Phylum Actinobacteria, Phylum Cyanobacteria

16SrRNA
Sequencing

pH 5.6-6.3, 20 °C [38]

Culture media pH 6.0, 25 °C [27]

Molecular using [39]

16S rRNA

pH 7,35°C

16S rRNA
sequencing
Light Microscopy
and enrichment
media

pH 7.0, 35° C [40]

pH 6.5-8.5, 37— [19]

39°C

Slides studied
under dissecting
microscope

pH 7 [41]

Culture, Electron [42]
microscope, G+C
ratio

DNA sequencing

pH 7, 25-47 °C

pH 5.9,22°C [22]

(Continued)
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Method used for Optimum
Site of sample collection isolation and conditions for
in the Dead Sea Group Microorganism identification growth Reference
Sediment samples Archaea Aerobic Enrichment, 37 °C [43]
Haoarcula marismortui, Haloferax volcanii, Halorubrum filtration, and
sodomense, Halobaculum gomorrense, Haloplanus biochemical
natans characterization
Anaerobic
Halobacteroides halobius, Sporohalobacter lortetii, Orenia
marismortui, Selenihalanaerobacter shriftii
Bacteria Halomonas halmophila, Chromohalobacter
marismortui, Chromohalobacter israelensis, Salibacillus
marismortui
Dead Sea sedimentary Archaea Halorabdus, Halonotius, Halomicrobium, Haloplanus, Metagenomics [44]
facies Halobacterium, Haloterrigena Thermoplasmata,
Methanomicrobia
Bacteria Bacteroides and Rhodospirillaceae Limimonas
Dead Sea mud Archaea Halomicroarcula pellucida strain GUMF5 16S-rRNA pH 5.7-6.4, 40-43 [2]
Bacteria B. boroniphilus, B. foraminis, B. subterraneus, B. crescens  sequencing °C
Under water springs Bacteria Cyanobacteria, green sulfur bacteria, purple sulfur Pyrosequencing pH 5.66-7.44 [45]
(water, sediments, and bacteria, Sulfide oxidizing bacteria, Sulfate reducing and In Situ
biofilm) bacteria, Nitrifying bacteria, Iron reducing and oxidizing Hybridization
bacteria
Archaea Halobacteria, Thermoplasma

respectively. Additionally, Dimastigamoeba was isolated
from the Dead Sea mud, along with the green alga
Dunaliella viridis, which was cultivated from a mud sam-
ple [46]. The majority of them require natural brines for
in vitro culture on agar plates, coupled with a range of
other nutrients such as milk or fish extract for growth.
A few of them also require complex nutrients such as
yeast extract for survival. In contrast, moderate halophiles
that display a surface water layer build large amounts of
certain organic osmolytes in the cytoplasm, which serve as
osmoprotectants and maintain osmotic balance without
interfering with the cell’s regular metabolism [47,48].
Laboratory analysis of 24 mud samples collected from
three locations on the eastern shore of the Dead Sea was
performed to identify the physical and chemical factors
that affect bacterial growth [49]. Chemical analysis of the
mud samples revealed high CaO (20.61-27.86 wt. %),
CO, (15.47-25.01 wt.%), and SiO, (23.74-33.66 wt.%),
while the total soluble salts, chlorides, and sulfates were
10.19, 4.48, and 0.056 wt.%, respectively. Under such con-
ditions, extremely halophilic bacteria proliferate remark-
ably slowly [49].

The extreme halophiles proliferate incredibly slowly
in the lab or even fail to grow [50]. Different strategies
were employed to increase the growth rate of halophilic
archaea for future applications such as optimization
nutrient supply (e.g., carbon and nitrogen sources)
and adjusting environmental conditions (e.g., salt con-
centration, temperature, pH). Using bile acid-free pep-
tone or alternative media components is essential, as
some commercial peptone preparations may contain
bile acids that can lyse haloarchaeal cells. Certain

archaea are highly sensitive to contaminants so that
high-quality agar specifically designed for culturing
halophiles or washing regular agar to remove inhibitors
is crucial. Also, many detergents commonly used in lab
cleaning can harm haloarchaca. To avoid this,
a thorough rinse with distilled water after washing all
glassware is essential [51]. Recent advances in molecu-
lar biology have helped us understand the metabolic
capabilities encoded in archaeal genomes. This knowl-
edge is proving invaluable in efforts to cultivate more
archaea [52]. Multiple innovative cultivation techniques
for archaea were developed such as co-culturing
archaea with bacteria or other archaea which may
have mutual benefits to the interacting partners [53].
Another strategy was developed based on recent under-
standing of direct interspecies electron transfer (DIET)
phenomenon. This technique utilized soluble artificial
oxidants to sustain the growth of anaerobic methano-
trophic archaea by decoupling archaeal methane oxida-
tion from sulfate reduction [54]. Other methods for
culturing archaea utilized single-cell isolation [55],
high throughput culturing (HTC) [56], and simulation
of the natural habitat [57].

Several microorganisms found in the Dead Sea have
distinct characteristics. The green microalga Dunaliella,
which possesses a large cup-shaped chloroplast and no
stiff cell wall, has an extremely high intracellular concentra-
tion of glycerol (up to 2.1 M) [58]. Halobacterium spp.
exhibited remarkable selectivity for K" and an exceptionally
high intercellular K" concentration (up to 4.8 M). Obligate
halophilic ~ bacteria, including the pleomorphic
Halobacterium spp., and the green alga Dunaliella, make
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up the majority of the indigenous flora of the Dead Sea. In
contrast, archaea are widely distributed throughout the
water column and occupy various slots including mud
[2], sediment [43,59], and surface water [22] of the Dead
Sea. The archaeal communities were ubiquitous in the low,
moderately, and high saline niches [2,43]. In the sediments,
aerobic  (Haloferax  volcanii, —Haloplanus  natans,
Halorubrum  sodomense, ~ Haoarcula  marismortui,
Halobaculum gomorrense) and anaerobic (Halobacteroides
halobius, Sporohalobacter lortetii, Orenia marismortui,
Selenihalanaerobacter shriftii) heterotrophic archaea pri-
marily utilize carbohydrates and proteins for a range of
physiological and metabolic processes [43].
Microorganism blooms have sometimes been seen in
the magnesium- and calcium-rich waters of the Dead
Sea. Dense populations of extremely halophilic Archaea
(from the family Halobacteriaceae) and the alga
Dunaliella salina frequently give salt-saturated brines
a red hue [60]. In the past, dense colonies of halobac-
teria and Dunaliella were formed when the water col-
umn becomes stratified due to the entry of freshwater
during winter floods and the availability of phosphate
[33]. As long as the water column stays stratified, dense
bacterial colonies can persist for long periods of time.
The biomass in the top water layers is significantly
reduced by an overturn of the water column until the
environment is favorable for the growth of an algal and
bacterial bloom. The microbial population observed
during the algal bloom and the resident community
that occurs during the inter-bloom interval differ sig-
nificantly, according to previous studies. There has
never been a period when all haloarchaea live on the
Dead Sea’s surface. As a result, it is difficult to distin-
guish between the environmental and interbloom
population components of haloarchaeal blooms.
Microbial blooms, which are primarily composed of
the unicellular green alga Dunaliella and the extremely
halophilic archaea, only occur when the upper layers of
the water column are significantly diluted after rainfall.
Dead Sea water turned red in 1992 as a result of dilu-
tion levels as high as 70% in the top 5m of the water
column, which supported archaea concentrations as
high as 3.5x 10" mL™'. Dunaliella was no longer
observed in the Dead Sea after 1996 [40]. Owing to its
extraordinary resilience to a variety of environmental
stressors, especially those associated with hypersaline
environments, Dunaliella has garnered a great deal of
interest. Glycerol buildup, which acts as an osmoregu-
lator, is the main mechanism for halotolerance [61].
Knowledge holds that the Dead Sea itself contains
freshwater drawn from freshwater springs that can be
found at the bottom of the Sea. Green sulfur bacteria,
cyanobacteria, and single-celled algae are among the

additional microorganisms found close to these springs.
Nearly 80 species of fungi are among the additional
microorganisms discovered at the bottom of the Dead
Sea’s bottom [45]. The water flow in these undersea
springs is characterized by sudden changes in both
amplitude and frequency [62]. The freshwater flow
from the springs determines the salinity of the sur-
rounding water by determining the distance between
the water mixes and sediment. The severe and rapid
variations in the flow cause the ambient biofilm salinity
and other physicochemical parameters, such as pH and
O, concentration, to fluctuate greatly. A more thorough
investigation found that the microbial communities
surrounding these springs were significantly more
diverse and had higher cell densities. Dense biofilms
are also present, coating the rocks and sediments sur-
rounding springs. Sulfate reducers, nitrifiers, iron oxi-
dizers, and iron reducers bacteria were discovered
together with their sequences based on comparative
investigations of the community structure and geo-
chemical reconstruction of spring water sources.
Sulfide oxidation via chemolithotrophy and phototro-
phy is particularly significant. The water chemistry
analysis revealed signs of microbial activity along the
route, indicating that the springs provide the microbial
communities of the Dead Sea with organic matter,
phosphate, and nitrogen. Phosphates and carbonates
are the most common accessory minerals from which
elements are typically liberated in groundwater sys-
tems [63].

3. Seasonal changes in microbial community of
the Dead Sea

The Dead Sea, among other extreme environments,
provides a special chance to study how microorganisms
adapt to harsh conditions through their diversity. The
physicochemical properties of the Dead Sea are greatly
affected by seasonal changes, which in turn impact the
diversity and composition of microbial communities.
These variations are influenced by different environ-
mental conditions that exist all year long. Between
summer and winter, the Dead Sea experiences consid-
erable temperature fluctuations. Extremely halophilic
archaea, which can withstand and even flourish in
hypersaline conditions, predominate the microbial
community during summertime periods of peak sali-
nity [64]. During the winter months, a mild decrease in
salinity leads to a slight increase in bacterial diversity,
including those that are somewhat halophilic and less
resistant to harsh conditions. Increased rainfall and
river flow bring more freshwater into the Dead Sea,
causing a temporary drop in salinity. This reduction in



salinity facilitates the proliferation of various microbial
species. The influx of freshwater and lower tempera-
tures allows bacteria that are less resistant to extreme
salinity to thrive. Notably, genera such as Salinibacter
and certain halophilic Cyanobacteria have been
observed to flourish during these periods [65].
Advanced molecular techniques, including metage-
nomics and 16S rRNA sequencing, have been employed
recently to gain a comprehensive understanding of the
seasonal changes in the microbial community of the
Dead Sea. Through this studies, it has been discovered
that although the core community of halophiles
remains relatively consistent, there are notable varia-
tions in the proportional representation of specific taxa
[37]. In the period of heavy rainfall, which usually
spans from November to March, the amount of fresh-
water flowing into the Dead Sea basin can notably rise.

Biological monitoring started in 1980 has shown that
only after heavy rainfall in the winter, blooms of the single-
celled green alga Dunaliella and salt-loving Archaea from
the family Halobacteriaceae can exist in the lake. The
summer heat is unbearable, especially in August, the
lake’s waters frequently produce a dense mist above the
lake due to evaporation. Evaporation tends to rise during
the Spring and early summer months, reaching its highest
point in May, whereas the impact of winter on the change
is minimal [66]. Surveys conducted in winter and summer
revealed varying abundant populations of heterotrophic
bacterial community members in each season. The most
notable difference between the two seasons was the
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prevalence of Actinobacteria (specifically Modestobacter
spp.) in summer samples, compared to the dominance of
Flavobacteria in winter months. During the analysis of the
complete population, only a small number of organisms
identified as Nitriliruptor spp., Modestobacter spp., and
Ottowia spp. were regularly detected throughout all seasons
[67].

4. Biotechnological applications

4.1. Industrial uses of products isolated from Dead
Sea microbes

4.1.1. Hydrolytic enzymes
Halophilic hydrolytic enzymes from Dead Sea microbes
are valuable in industrial processes that require high
salt concentrations. These enzymes include amylases,
cellulases, lipases, elastase, malate dehydrogenase and
proteases (Table 2) and can be used in the food indus-
try, leather processing, and the production of biofuels.
Amylases have significant biotechnological applica-
tions in the food industry for producing high-fructose
syrups and as anti-staling agents in baking. They enhance
detergent formulations by breaking down starchy stains
and are used in textile and paper industries for fabric
desizing and paper coating [83]. Additionally, amylases
are utilized in pharmaceuticals for drug formulation and
in biofuel production by hydrolyzing starch into fermen-
table sugars. Their efficiency and specificity make them
invaluable across various sectors [84].

Table 2. Products of microbes isolated from the Dead Sea having potential for industrial applications.

Product

Microorganism isolated from Dead Sea

Hydrolytic enzymes Alpha-amylase

Thermostable amylase, also stable at acidic conditions

Thermostable amyloglucosidase
Elastase

Lipase

Cellulase

Malate dehydrogenase

Extracellular protease

Biodegradable plastics PHB

PHA
Biofuels PHB
Hydrogen
Glycerol
Betaine
Ectoine
Bioemulsifiers

Biocompatible osmolytes

Exopolysaccharides
Antimicrobials

Antibacterial activity against Corynebacterium diphtheria 51696

Bacillus spp. [68].

Bacillus strain HUTBS62 [69]

Halobacterium sodomense [70]

Bacillus licheniformis 6t2 and 7t1 [68]
Bacillus spp., Dead Sea mud [68].
Halomicroarcula pellucida strain GUMF5 [71]
Halobacterium sp [72].

Salinibacter ruber [73]

Activity was detected in 13 of 22 isolates from Dead
Sea mud [43]

Halobacterium halobium [74]

Haloarcula marismortui [75]

Haloferax mediterranei [76]

Haloarcula marismortui [75]

Dunaliella spp. [77].

Dunaliella spp. [78].

Halobacillus dabanensis [79]

Halobacillus dabanensis [79]

Haloferax mediterranei [80]

Bacillus persicusi 24 DMS [2]

Antibacterial activity was shown by halocin against S. aureus and Four isolates, type of microorganism was not

P. aeruginosa

Antifungal activity against C. albicans ATCC 10,231 and

A. brasiliensis ATCC 16,404
B-carotene for food and cosmotic B-carotene
industries

Cosmotic industry Astaxanthin

characterized [43]
Bacillus species DSM2 [68]

D. salina [81]

D. salina [82]
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Bacillus spp. isolates obtained from Dead Sea mud
possessed amylase activity [68]. Thermo-stable amylase
activity was reported from Bacillus strain HUTBS62
isolated from hot springs near the Dead Sea. The opti-
mum pH and temperature for its catalytic activity was
pH 4.4 and 90°C, respectively. The purified amylase
demonstrated stability in acidic and high-temperature
conditions, possessing unique properties that make it
ideal for various industrial food applications [69]. In
another study, thermo-stable amyloglucosidase was
extracted from Halobacterium sodomense with
a temperature optimum of around 65°C in the presence
of 1.4 M NaCl, and around 75°C in the presence of 3.9
M NaCl. The enzyme required salt concentrations
higher than 1 M for optimal activity [70].

Cellulases, enzymes that break down cellulose, are
pivotal in numerous biotechnological applications.
They are extensively used in biofuel production by
converting lignocellulosic biomass into fermentable
sugars for bioethanol, addressing the growing demand
for sustainable energy sources. Additionally, cellulases
have applications in the textile industry for fabric care,
in the paper and pulp industry for improving paper
quality, and in agriculture for enhancing soil quality
[85]. Their role in the food industry includes clarifying
fruit juices and extracting essential oils. Recent
advances focus on optimizing microbial cellulase pro-
duction to enhance efficiency and cost-effectiveness in
these industries [86]. Cellulase was extracted from the
archeon Halomicroarcula pellucida strain GUMEFS5,
inhabiting Dead Sea sediments. Maximum cellulase
activity of 17.7 U/ml was seen at 20% (w/v) NaCl, at
pH 7 and at 40°C [71].

Malate dehydrogenase finds biotechnological uses in
diagnostic assays, biocatalysis for compound synthesis,
metabolic engineering for increased metabolite produc-
tion, and biofuel enhancement. Also, it aids bioreme-
diation by metabolizing organic pollutants, contributes
to drug discovery as a target for inhibitors, and plays
a role in environmental and pharmaceutical advance-
ments [87]. When halophilic and nonhalophilic malate
dehydrogenases were compared they were having simi-
lar molecular weights and composed of the same num-
ber (two) of subunits. However, halophilic malate
dehydrogenase have excess of negatively charged
groups [88]. From the extreme halophilic bacterium
Salinibacter ruber a malate dehydrogenase was
extracted. Unlike most other halophilic enzymes,
which unfold when exposed to low salt concentrations,
S. ruber malate dehydrogenase remains completely
stable in the absence of salt. Additionally, its amino
acid composition lacks the pronounced acidic charac-
teristics typical of halophilic proteins [73]. In a second

study, the gene coding for the enzyme malate dehydro-
genase of the extremely halophilic archaebacterium
Haloarcula marismortui was successfully cloned in
Escherichia coli [89].

Lipases are utilized in biotechnology for biodiesel
production, leather, textile, pharmaceuticals, medi-
cals and food processing to modify lipid content.
They also find applications in detergent formulation
for stain removal and wastewater treatment for fat
degradation [90]. Lipase activity was detected in
Bacillus spp. isolates [68]. Further investigation and
characterization of their stability and activity is
needed.

Microbial proteases are particularly favored over
plant and animal sources because microorganisms
offer faster growth, higher production efficiency,
greater diversity, longer shelf life, and ease of genetic
manipulation. These advantages make microbial pro-
teases highly suitable for industrial wuse [91].
Extracellular serine protease was isolated from
Halobacterium halobium with extraction yield ranging
from 35-49%. The enzyme activity was completely lost
when NaCl concentration fell below 2M [74].
Halophilic extracellular proteases, like those optimized
for 4.3 M NaCl, find applications in detergent formula-
tion, leather processing, food fermentation, bioreme-
diation, and pharmaceutical production due to their
stability in saline conditions [92].

Enzymes derived from halophiles exhibit exceptional
stability at saturated salt concentrations, which opens
up the possibility of novel applications [43]. This sta-
bility lowers production costs and improves efficiency.
In the Dead Sea, Bacillus spp., which constitutes 35% of
the bacterial genera, generate substantial quantities of
enzymes that have applications in various industries
[22]. Furthermore, halophilic bacteria and archaea pro-
vide extremozymes and stable genetic elements for
genetic engineering. Their enzymes, such as DNA poly-
merases, function efficiently in high-salt conditions,
facilitating polymerase chain reaction (PCR) and other
molecular biology techniques. Additionally, unique
promoters and regulatory elements from these organ-
isms enable gene expression in extreme environments,
expanding the toolkit for synthetic biology. These prop-
erties are crucial for developing robust biotechnological
applications in fields requiring high-salt tolerance
[93,94].

4.1.2. Biodegradable plastics:
Polyhydroxyalkanoates (PHAs)
PHA(s) constitute a category of biodegradable polye-
sters derived from (R)-hydroxyalkanoates such as
polyhydroxy butyrate (PHB). These biopolymers,



which are insoluble in water, are synthesized and
stored by a diverse range of bacteria and haloarchaea
in situations where there is an excess of carbon sources,
but limitations in other essential nutrients. The growing
interest in PHA(s) stems from their biodegradability,
biocompatibility, and thermoplastic characteristics,
positioning them as promising alternatives to plastics
derived from petrochemicals. They find potential appli-
cations in various fields, such as packaging and biome-
dical materials, nonwoven fabrics, and as agents for
flavor delivery [75]. PHA constitute a group of intra-
cellular polymers stored as reserves of energy and car-
bon by various archaea and bacteria. Extreme halophilic
microorganisms, which flourish in environments with
high salt concentrations, are regarded as potential can-
didates for the economically viable large-scale produc-
tion of PHA [95,96]. Production of bioplastic PHA
from natural sources is one of the many steps required
to respond to planet threats and challenges, including
the accumulation of non-biodegradable plastics [76].
Haloarchaea are employed as cell factories for
synthesizing PHAs directly from inexpensive raw
materials, owing to their metabolic capabilities [97].
The class Halobacteria within the phylum
Euryarchaeota is known for thriving in halophilic
environments. Among these, only 15 genera, includ-
ing Haloferax, Natrinema, Haloarcula, Halococcus,

Haloterrigena, Halobiforma, Halopiger,
Haloquadratum, Halogeometricum, Natronococcus,
Halogranum, Halorhabdus, Natronobacterium,

Halobacterium, and Halorubrum, have been identi-
fied as PHA producers [97].

The halophilic archacon Haloferax mediterranei isolated
from multi-pond solar salterns from the Dead Sea, was
shown to produce PHA bioplastics from date palm fruit
waste biomass as feedstock [76]. Large efforts were paid to
improve archaeal PHA production efficiency and scalability
using different agro-industrial wastes like vinasse, a liquid
residue from sugarcane-based ethanol industry to produce
PHA by H. marismortui in shake flasks [98]. Importantly,
high salinity in the cultivation media of halophilic micro-
organisms reduces the likelihood of microbial contamina-
tion. This enables the implementation of an open and
unsterile fermentation process for PHA production [96].

4.1.3. Biofuels

Various types of biofuels are found in nature, including
bioethanol, biobutanol, biogas, hydrogen, and biodiesel.
Among these options, bioethanol is the most viable
alternative. In hypersaline environments, halophiles
play a direct role in fermenting sugars to produce
ethanol and butanol [99].
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Archaea have been shown to naturally produce or
can be engineered to produce a range of products such
as biofuels [100]. Researchers have documented the
production of PHB from H. marismortui, a halophilic
archaeon that lives in the Dead Sea [75]. The energy
contained within the PHB presents opportunities for
utilization through different methods. Ongoing studies
are focused on enhancing PHB production and devel-
oping techniques to extract its stored energy for appli-
cations in biofuel production.

Hydrogen has garnered significant attention from
scientists owing to its ease of conversion into electricity
and potential as a clean-burning fuel [77].
A community of halophilic microorganisms strongly
produce hydrogen from raw starch, among which halo-
philes are algae belonging to Dunaliella spp. living in
the Dead Sea [77].

4.1.4. Biocompatible osmolytes

To deal with the osmotic pressure caused by the high
concentration of NaCl in Dead Sea habitats, halophiles
utilize one of two distinct adaptation methods. They
build up inorganic ions (K', Na®, and Cl") in the
cytoplasm and produce some proteins that remain
stable and functional in the presence of salts. In con-
trast, algae adapt to high salinity by implementing
a mechanism that excludes salts from their intracellular
fluid and utilizes glycerol or other compatible solutes
for osmotic regulation [101].

Compatible solutes, like glycerol, ectoine and
betaine, are useful as stabilizers of biomolecules and
whole cells [102]. While Dunaliella is known to pro-
duce glycerol, the cost-effectiveness of producing gly-
cerol through other methods or as a by-product of oil
manufacturing makes the use of Dunaliella for glycerol
production impractical [78]. Another osmoprotectant,
betaine, is one of products that are rarely synthesized
by microorganisms, Halobacillus dabanensis isolated
from the Dead Sea was shown to increase the produc-
tion of betaine and ectoine concentrations at high sali-
nity [79].

4.1.5. Extracellular polysaccharides

The production of exopolysaccharides by microorgan-
isms has attracted interest because of their potential
applications in biomedicine, emulsifiers, biosurfactants,
bioadsorbents, bioflocculants, gelling agents, pharmacy,
food, cosmetics, enhancers of immunomodulatory,
anti-inflammatory and antioxidant activities. D. salina
is known to synthesize considerable amounts of exopo-
lysaccharides (944 mg L™') at 5M NaCl, whereas the
minimum (56 mg L™') was observed at 0.5M sali-
nity [103].
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Bioemulsifiers are active compounds on the surface
that diminish the interfacial tension between immisci-
ble liquids, resulting in the creation of stable emulsions.
These bioemulsifiers are synthesized by diverse micro-
organisms, including halophiles, and have promising
applications in environmental bioremediation and oil
recovery [43]. Halomonas produces extracellular poly-
anionic polysaccharides that act as emulsifier [80].
Haloferax mediterranei secretes anionic exopolysac-
charides. The sulfated acidic heteropolysaccharide
Haloferax sp. has high viscosity at low concentrations,
exhibits excellent rheological properties, and is resistant
to pH and temperature extremes. They have potential
applications in enhanced oil recovery [104].

4.1.6. Antimicrobials
Antibiotics have transformed modern medicine. The
need to discover new antibiotics exists due to the emer-
gence of antibiotic resistance. Therefore, microorgan-
isms are exploited continuously for the production of
antibiotics [105]. In addition to the use of antibiotics to
treat infection, they are used in the production of bio-
pharmaceuticals to prevent contamination and ensure
the purity of products like insulin, monoclonal antibo-
dies, and vaccines [106]. Also, they are used in biotech-
nology to ensure the purity of DNA samples by
preventing bacterial contamination that could interfere
with PCR and other molecular techniques. Antibiotics
are added to culture media and bioreactors to ensure
their sterility and prevent contamination by unwanted
microorganisms. Furthermore, antibiotics are essential
components in genetic engineering. When a gene of
interest is inserted into a host organism, an antibiotic
resistance gene is co-inserted and only those cells that
successfully incorporate the gene will survive in the
presence of the antibiotic that is added to the culture
media, allowing for easy selection of modified cells [106].

Studies have also shown that Dead Sea mud can
inhibit the wviability of E. «coli, S. aureus,
Propionibacterium acnes, and Candida albicans,
although the identity of the bacteria or archaebacteria
producer has not been identified [107]. In a second
study, antibacterial activity was also shown by four
isolates from Dead Sea mud against S. aureus and
P. aeruginosa [43]. In a third study, Bacillus persicusi
24 DMS showed antimicrobial activity against
Corynebacterium diphtheria 51696 [2]. Bacillus species
DSM2 from the same location has activity against
pathogenic fungi, including C. albicans ATCC 10,231
and A. brasiliensis ATCC 16,404 [68].

The antimicrobial activity of Dead Sea archaea is still
unexplored. It is well-known that halophilic archaea
can produce halocins which are protein-based

antimicrobial compounds [43]. Another important
aspect is the production of antiviral compounds by
halophilic archaea. It has been reported that the Cs,
carotenoid, bacterioruberin, produced by the haloarch-
aeal species Natrialba sp. M6, isolated from El-Hamra
Lake, Egypt had robust antiviral activity against hepa-
titis C and B viruses [108]. Antiviral activity of Dead
Sea halophiles needs further investigation.

4.1.7. Carotenoids

Carotenoids are tetraterpenoid compounds comprising
40 carbon atoms constructed from four terpene units,
each containing 10 carbon atoms. These compounds
naturally occur in plants and microorganisms, such as
algae, certain bacteria, and some fungi. They are also
prevalent in animals, contributing to distinct colors,
such as pink hues in flamingos and salmon, as well as
the red tint in cooked lobsters. There are two primary
types of carotenoids: (1) carotenoids, which are devoid
of oxygen atoms, encompass lycopene (found in toma-
toes, contributing to their red color) and [-carotene
(present in carrots, lending them their orange hue).
(2) Xanthophylls containing oxygen atoms include
lutein, canthaxanthin (responsible for the gold pigment
in chanterelle mushrooms), zeaxanthin, and astax-
anthin. Carotenoids serve as effective scavengers of
free radicals, mitigating oxidative stress and the conse-
quent cellular damage [82].

Carotenoids have numerous applications as color-
ants in food products and cosmetics, feed additives
for poultry, livestock, fish, and crustaceans, antioxi-
dants, antitumor and heart disease prevention agents,
and enhancers of in vitro antibody production. Hence,
they are widely used in the food, medical, pharmaceu-
tical, and cosmetic industries as dyes and functional
ingredients [109-111].

B-Carotene is a rich source of antioxidants and pro-
vitamin A (retinol). Although [-carotene can be
synthesized chemically, the chemical product differs
from that extracted from algae and higher plants. The
synthetic form is all-trans P-carotene, whereas algae
produce a high percentage of 9-cis -carotene, which
is more effective as an antioxidant. Dunaliella spp.,
reported previously from the Dead Sea after heavy
rainfall [39], produce a large amount of P-carotene
when grown under suitable conditions [112-114].
A research group was able to extract B-carotene from
D. salina isolated from the Dead Sea by ethanol extrac-
tion, and the enzymatic oxidation activity was tested
using 15,15~ P-carotene dioxygenase. The resulting
natural powder was more than 99% pure using the
HPLO5 instrument at the research lab of Al-Hikma
pharmaceutical Company [81].



Astaxanthin is widely used in cosmetics [115]. It is
also produced by D. salina isolated from the Dead Sea
[82]. Astaxanthin exhibits up to 10 times stronger free
radical scavenging activity compared to P-carotene.
Unlike p-carotene, astaxanthin lacks pro-vitamin
A activity, meaning that it is not converted into vitamin
A in the human body. Astaxanthin plays a role in
halting lipid peroxidation and enhancing the preventive
capabilities of numerous other antioxidants [116].

4.2. Environmental bioremediation

The unique metabolic capabilities of Dead Sea microbes
can be harnessed for bioremediation. A halophilic
archaeon, Haloferax volcanii D1227, isolated from the
Dead Sea, was able to degrade mono-aromatic com-
pounds, such as benzoate, cinnamate, and 3-phenylpro-
pionate [117-119]. The ability to degrade petroleum
hydrocarbons opens a door for using halophiles in
cleaning up oil spills in marine environments and con-
taminated soil [99]. Moreover, the wastewater pro-
duced by the oil industry is saline wastewater
contaminated with oil or natural gases. For every barrel
of extracted oil, approximately 10 barrels of brackish or
saline water with complex organic compositions are
generated. Consequently, managing and disposing of
these produced waters presents significant challenges
owing to their high impact and toxicity on soils, vege-
tation, surface water, and shallow groundwater [120].
More studies are needed to explore the potential of
Dead Sea microbes in bioremediation.

4.3. Nanotechnology

The unique lipids and biopolymers produced by
haloarchaea have the potential use in nanotechnology
for the development of nanomaterials and drug delivery
systems [121]. Bioactive silver nanoparticles were
synthesized using Haloferax volcanii. These particles
demonstrated notable antibacterial activity [122]. It
has been shown that certain haloarchaeal species are
capable of synthesizing nanoparticles during the pro-
cess of heavy metal detoxification such as Haloferax sp.
that can produce silver nanoparticles intracellu-
larly [123].

4.4. Biotechnology

Bacteriorhodopsin is a complex of a protein and chro-
mophore (retinal) that acts as a light-driven proton
pump. Its notable attributes, including high cyclicity,
thermal stability, and quantum efficiency, have gar-
nered substantial attention for biotechnological and
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photoelectrical applications [124]. Consequently, it has
applications in artificial retinas, photochromic data
storage, holographic cameras, spatial light modulators,
optical computing, optical sensors, neuroimaging, and
light-sensitive switches [62,102]. Successful purification
of the photoactive membrane protein bacteriorhodop-
sin from H. marismortui, an extremely halophilic
archaeon isolated from the Dead Sea, in the 1930s
[125] was achieved using a simple, nontoxic, environ-
mentally friendly, and easily scalable extraction process
[126]. Nevertheless, the industrial utilization of bacter-
iorhodopsin faces limitations owing to inadequate pro-
duction yields, high production costs, and the necessity
for time-consuming purification processes [127]. While
E. coli overexpressing bacteriorhodopsin is an indust-
rially attractive host for the production of bacteriorho-
dopsin  [128,129], a frequent consequence of
overexpression of this protein in E. coli is the formation
of insoluble inclusion bodies that require solubilization
and reactivation [129]. To date, the isolation and bio-
chemical characterization of bacteriorhodopsins from
halophilic archaea are limited to Halobacterium sali-
narum [130], Haloarcula sp. IRU1 [131] and
Haloquadratum walsbyi [124]. Despite the high
demand of Bacteriorhodopsin both for research and
technological applications, only small amounts at large
price points are available due to the difficulty of
H. salinarum cultivation and low bacteriorhodopsin
yield. Currently, H. salinarum bacteriorhodopsin is
commercially produced by Halotek company [132].

4.5. Agricultural applications

Soil salinity is one of the major limiting factors for
plant growth and productivity. Though unexploited
yet, Dead Sea halophilic microbes can benefit agricul-
ture by improving soil health and plant growth in saline
soils. Halophilic microorganisms may contribute to soil
fertility by producing extracellular polysaccharides,
which improve soil aggregation, water retention, and
aeration [133]. Additionally, the metabolic activities of
halophiles may play a role in nutrient cycling, enhan-
cing the availability of essential elements like nitrogen
and phosphorus [134]. Certain halophilic archaea and
bacteria produce antimicrobial compounds that can
serve as biocontrol agents against plant pathogens
[135]. This reduces reliance on chemical pesticides
and promotes more sustainable agricultural practices.
Inoculating crops with these archaea can enhance their
tolerance to salinity, thereby improving crop yields in
salt-affected soils [136]. Also, these archaea can directly
promote plant growth by producing phytohormones
such as indole-3-acetic acid (IAA), which stimulate
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root elongation and overall plant development [137].
Additionally, halophilic archaea are capable of degrad-
ing organic pollutants and detoxifying heavy metals in
contaminated soils. Their robust metabolic pathways
allow them to thrive in extreme environments, making
them valuable for bioremediation of polluted agricul-
tural lands [138]. Most importantly, genes from halo-
philic microorganisms can be engineered into plants
for desiccation resistance [139].

4.6. Satellite remote sensing systems

Dynamic spatiotemporal variations in carotenoid pig-
ments can be traced through satellite remote sensing
systems. For example, Halobacterium salinarium, pro-
duces red coloration due to the presence of -carotene,
bacterioruberins (Cs, analogs of carotenoids), lycopene,
and diphytanyl-glycerol pigments. Also, Haloferax vol-
canii possesses bacterioruberin, which confers pink
hues to the Dead Sea [99].

5. Challenges facing industrial
biotechnological use of microorganism and the
advantage of using halophiles

Halotolerant microorganisms are vital contributors to
food biotechnology, particularly to the manufacture of
fermented foods and dietary supplements. Additionally,
extremophiles find applications in diverse fields, such
as the breakdown of various organic pollutants and
generation of alternative energy [102]. However, the
current state of industrial biotechnology for the manu-
facturing of chemicals, biofuels, and biomaterials faces
economic challenges compared with traditional chemi-
cal industries. Several factors contribute to the high
production costs of bioprocessing. First, fermentative
processes necessitate the use of pure microorganisms
for effective bioproduction, and preventing contamina-
tion is crucial for successful fermentation. Achieving
this requires sterilization of the fermentation media, air
supply, and fermentation vessels with piping systems
using high-temperature and high-pressure steam,
thereby increasing energy consumption and process
complexity. The use of halophilic organisms can miti-
gate the risk of contamination because many organisms
are unable to thrive under such growth conditions
[140]. This capability facilitates contamination-free fer-
mentation under non-sterile conditions [140]. Second,
many fermentation processes are conducted intermit-
tently, as batch processes, to prevent contamination
from prolonged cell growth, which diminishes the pro-
cess efficiency compared to continuous processes.
Halophilic bacteria have been successfully used for

bioproduction under open and continuous fermenta-
tion conditions [141]. Third, bioprocessing involves
substantial freshwater usage for nutrient dissolution,
cell growth, product purification, washing, and sterili-
zation, exacerbating the global freshwater scarcity [141]
and this is not the case when using halophiles because
of the lower demand for freshwater.

Conclusion

This study emphasizes the diversity of microorganisms
living in Dead Sea lake, mud, sinkholes and underwater
hot springs. However, the salinity of the Dead Sea is
anticipated to rise in the coming years. This raises the
question of its impact on the prokaryotic populations
present at present. Gene banks are required to preserve
these unique halophiles.

Studying microbial adaptations to increasingly harsh
environments, along with seasonal and geographical var-
iations in microbial communities, is crucial. The ability of
these communities to shift with seasonal changes demon-
strates their adaptability and resilience. The unique adap-
tations of microorganisms in the Dead Sea to fluctuating
salinity and temperature offer valuable insights for bio-
technological research, particularly in developing
enzymes and compounds for industrial applications.

The investigation of the halophillicity of microor-
ganisms offers important insights that could serve as
the foundation for future biotechnological applications.
Modern molecular biology and bioengineering
approaches would make it easier to create biomolecules
with commercial potential. Their capacity to endure
elevated salinity levels, osmotic pressures, pH levels,
and frequently a confluence of these parameters led to
a paradigm-shifting realization that these organisms
may be employed as likely candidates in diverse sectors.
However, cost-effectiveness studies must precede com-
mercial projects that utilize them.

In conclusion, the use of microorganisms isolated
from the Dead Sea holds significant importance in
biotechnology. The polyextremophiles found in the
Dead Sea had adaptations to its highly saline, acidic,
and radiation-rich conditions. The Dead Sea’s extre-
mophiles haven’t been extensively studied compared
to extremophiles from other hypersaline environments
such as marine environments or alkaline hypersaline
lakes. This means there’s a vast potential for discover-
ing novel biomolecules with unique properties. In
essence, the Dead Sea offers a treasure trove of extre-
mophiles with the potential to revolutionize various
fields thanks to their unique adaptations to a harsh
and challenging environment.
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