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Abstract: Climate change and the scarcity of primary resources are driving the development of
new, more renewable and environmentally friendly industrial processes. As part of this green
chemistry approach, extremozymes (extreme microbial enzymes) can be used to replace all or part
of the chemical synthesis stages of traditional industrial processes. At present, the production of
these enzymes is limited by the cellular chassis available. The production of a large number of
extremozymes requires extremophilic cellular chassis, which are not available. This is particularly
true of halophilic extremozymes. The aim of this review is to present the current potential and
challenges associated with the development of a haloarchaea-based cellular chassis. By overcoming
the major obstacle of the limited number of genetic tools, it will be possible to propose a robust cellular
chassis for the production of functional halophilic enzymes that can participate in the industrial
transition of many sectors.

Keywords: haloarchaea; cellular chassis; green chemistry; extremozymes; genetic tools; genetic
modifications

1. Introduction

Climate change, societal pressure and the scarcity of primary resources are driving
manufacturers to develop new, more renewable and environmentally friendly industrial
processes. It is with this in mind that green chemistry has emerged. Green chemistry
aims to reduce or eliminate the use and synthesis of hazardous substances throughout
the lifecycle of a chemical product. Enzymes fit perfectly into this approach, offering
a renewable alternative to chemical catalysis. Their energy requirements are lower, the
resulting production routes are reduced, and their use limits the production of waste.
In addition, their functional and operational diversity makes it possible to replace most
chemical synthesis steps with enzymatic equivalents [1]. In recent years, the demand for
enzymes has therefore increased, with the global market quadrupling in 15 years and
expected to reach USD 14.5 billion by 2027 [2].

However, their use as industrial biocatalysts is currently limited by the extreme
conditions found in industry. Industrial enzymes are mostly mesophilic and therefore
perform poorly in extreme conditions. It is therefore essential to focus on the deployment
of extremozymes in industry. These enzymes, isolated from extremophilic organisms,
have structural adaptations that allow them to be active and functional under industrial
conditions. Today, the lack of efficient expression systems is an obstacle to exploiting the
potential of these enzymes. In fact, their production is limited to conventional methods,
based on mesophilic bacterial hosts such as Bacillus subtilis. However, the culture conditions
and transcription/translation mechanisms of these hosts are not always compatible with the
overproduction of extremozymes. This is particularly true for halophilic enzymes (enzymes
isolated from organisms adapted to high salinity), which are used in the detergent, textile
and food industries and cannot be produced in their active forms under the low-salt
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conditions required for the growth of most protein overexpression chassis [3]. Indeed, the
lack of host resistance to high salinity leads to extensive purification treatments that are
incompatible with industry [4,5]. It is therefore crucial to develop new cellular chassis,
based on other types of organisms, whose growth and genetic and post-translational
modification abilities are compatible with the overproduction of these extremozymes.
These chassis can be based on different species of extremophilic archaea, which enables the
overproduction of extremozymes under targeted industrial conditions. In the specific case
of haloenzymes, their production requires the construction of a salt-adapted cellular chassis.

The objective of this review is to discuss the potential use of haloarchaea as a cellular
chassis. It will give an overview of the genetic tools developed in salt-loving archaea and
those still to be developed to propose a robust chassis to apply in industry.

2. Presentation of Haloarchaea

Halophiles, extremophile microorganisms, are found in all three domains of life
(Eukarya, Bacteria and Archaea), but archaea represent the vast majority of them [6,7].
Haloarchaea are mostly obligate halophiles, facultative aerobes, heterotrophs, prototrophic
and slightly thermophilic [6]. They grow in hypersaline ecosystems (environments with a
higher salt concentration than sea water), with optimal growth in conditions with 10–35%
(1.71 to 6 M) NaCl [7]. Haloarchaea have been isolated from saline environments with
a wide pH range, ranging from neutral (such as Lake Afrera in Ethiopia, pH of 6.55) [8]
to very high-pH environments (pH > 9, such as Lake Magadi in Africa) [6]. Among the
haloarchaea, the order Halobacteriales, which includes the genera Halobacterium, Halococcus,
Haloarcula, Haloferax and Natronococcus, can be cited as an example.

2.1. Osmotic Adaptation

To cope with the osmotic potential of their habitat, these archaea adopt one of two
strategies: the accumulation of a molar concentration of K+ and Cl− (salt-in strategy), or
the accumulation of an organic osmotic solute (salt-out strategy) [9].

Whatever the strategy, sodium ions are expelled from the cytoplasm (as much as
possible because these ions are detrimental to the functioning of halophilic cells), and this
is usually performed with the help of Na+/H+ antiporters.

The salt-out strategy consists of the exclusion of sodium from the cytoplasm and the
accumulation of a high concentration of organic solutes (sugars, sugar derivates, polyalco-
hols, . . .), amino acid derivates or compatible solutes (ectoin and derivates) (Figure 1). These
compounds are absorbed from the environment (for organic solutes) or synthesized de
novo to increase the internal osmolarity without increasing the cytoplasmic salinity [10,11].
The mode of action of these solutes is not fully elucidated. They could act by maintaining
the osmolarity of the cell with respect to its environment or they could also protect the
proteins (by allowing them a cytoplasmic localization without particular adaptation). Due
to its high energy cost for the cell, it is less adapted to saturating salt concentrations [12].

For the salt-in strategy, an electrochemical gradient of protons is set up. It is, in partic-
ular, set up by the respiratory chain that, by the transport of electrons (with the electron
acceptor), involves the extrusion of protons (salt-in strategy, Figure 1). The haloarchaea
presenting the bacteriorhodopsin (protein retinene localized at the level of the membrane)
are also able to generate this gradient with the help of the light (Figure 1). The establishment
of this gradient allows the formation of Adenosine triphosphate (ATP) by the membrane
ATP synthase. The latter couples the phosphorylation of Adenosine diphosphate (ADP) to
an incoming flow of H+. In the case of anaerobic growth, the proton gradient is set up by
ATP synthase, which works in the opposite direction [9].

Potassium, the predominantly accumulated ion in this strategy, enters the cell through
a uniport system (in response to membrane potential) (Figure 1). Potassium is taken
up upon the expulsion of Na+ (maintenance of electroneutrality). As described above,
sodium is excluded from the cytoplasm with the help of an Na+/H+ antiporter that uses
the electrochemical proton gradient as a driving force (Figure 1) [9].
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Figure 1. Schematic illustration of the salt-out strategy adopted by some haloarchaea. Representa-
tion of the mechanisms of adaptation to high salinities. To cope with the high potential of these 
environments, two strategies can be adopted by halophilic archaea. The salt-out strategy is divided 
into two parts. It starts with an immediate adjustment response, consisting of the cellular import of 
K+ (acute osmotic stress). The second phase starts with the import or de novo synthesis of the com-
patible solute [11]. During this phase, Na+ and K+ are excluded from the cytoplasm. Cells also have 
efflux systems for compatible solutes (turquoise transporter, which may adjust the turgor during 
allotment and doubling before cell division) and Msc channels (mechanosensitive channels, which 
serve as safety valves, allowing the rapid release of ions and organic solutes in the case of sudden 
downward osmotic shocks) [13]. The salt-in strategy is implemented by sequestering cations in the 
cytoplasm [12]. For this, Cl− is transported into the cytoplasm with the help of primary or secondary 
transporters (halorhodopsin, light-driven chloride pump in purple and symporter in blue), and po-
tassium is absorbed with K+ uniport (green transporter), driven by membrane potential [14]. What-
ever the strategy, sodium ions are expelled from the cytoplasm by Na+/H+ antiporters [9]. The most 
important transporters are summarized in this figure; they include ion pumps (e.g., Cl− pump in 
purple), uniport (K+ uniport), antiporters (such as Na+/H+ antiporter), bacteriorhodopsin (membrane 
bound proton pump), symporter (chloride transport probably coupled with inward transport of 
sodium), ATP synthase (ATP formation) and respiratory chain (proton translocation) [9]. The red 
and blue arrows represent the fluxes of water in ad out of the cell respectively. 
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Figure 1. Schematic illustration of the salt-out strategy adopted by some haloarchaea. Represen-
tation of the mechanisms of adaptation to high salinities. To cope with the high potential of these
environments, two strategies can be adopted by halophilic archaea. The salt-out strategy is divided
into two parts. It starts with an immediate adjustment response, consisting of the cellular import
of K+ (acute osmotic stress). The second phase starts with the import or de novo synthesis of the
compatible solute [11]. During this phase, Na+ and K+ are excluded from the cytoplasm. Cells
also have efflux systems for compatible solutes (turquoise transporter, which may adjust the turgor
during allotment and doubling before cell division) and Msc channels (mechanosensitive channels,
which serve as safety valves, allowing the rapid release of ions and organic solutes in the case of
sudden downward osmotic shocks) [13]. The salt-in strategy is implemented by sequestering cations
in the cytoplasm [12]. For this, Cl− is transported into the cytoplasm with the help of primary or
secondary transporters (halorhodopsin, light-driven chloride pump in purple and symporter in blue),
and potassium is absorbed with K+ uniport (green transporter), driven by membrane potential [14].
Whatever the strategy, sodium ions are expelled from the cytoplasm by Na+/H+ antiporters [9].
The most important transporters are summarized in this figure; they include ion pumps (e.g., Cl−

pump in purple), uniport (K+ uniport), antiporters (such as Na+/H+ antiporter), bacteriorhodopsin
(membrane bound proton pump), symporter (chloride transport probably coupled with inward
transport of sodium), ATP synthase (ATP formation) and respiratory chain (proton translocation) [9].
The red and blue arrows represent the fluxes of water in ad out of the cell respectively.

Finally, Cl− uptake occurs with the help of two energy-dependent pumps. These are a
Cl−/Na+ symport (light-independent transport) and a primary light-dependent Cl− pump
(this is the retinal protein halorhodopsin) (Figure 1) [9].

For more details on this strategy, see Oren, 2006. This strategy requires a number of
physiological changes to maintain the full regulatory and metabolic functions of the cell
(adaptation of enzymes and cellular components to high salinity). Typically, microorgan-
isms employing this strategy (obligate halophile of which the archaea are a part) exhibit
an acidified proteome and high GC content. The acidification of the proteome would be
essential for protein solubility under such environmental conditions [10].

Although extreme halophiles prefer the salt-in strategy, recent works show the use of
the salt-out strategy (used by halotolerant organisms) in certain situations [15,16]. As an
example, Youssef et al., contradicted the previously general idea that all haloarchaea would
adopt only the salt-in strategy and demonstrated that the salt-out strategy is a common
mechanism of osmoadaptation in the order Halobacteriales [16]. The study of Youssef et al.,
shows that the production of trehalose or 2-sulfothrealose and the absorption of glycine
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betaine is widespread in Halobacteriales. Genes encoding the trehalose biosynthetic pathway
and genes encoding the glycine-betaine Betaine/Carnitine/Choline Transporter (BCCT)
family transporters were found in 38 and 60 Halobacteriales genomes, respectively. Neverthe-
less, it appears that permanent hypersaline environments harbor genus lacking trehalose
production [16]. The need to synthesize and accumulate increasing amounts of organic
solutes at higher salinities makes this strategy energetically unfavorable. This is why
haloarchaea favors the salt-in strategy at high salt concentrations in the medium [12].

Proteins are able to function in hypersaline environments by reducing the overall
hydrophobicity and increasing surface acid residues. The high number of negative charges
on the surface coordinates a network of hydrated cations and keeps the protein in solution.
Due to their high content of negatively charged amino acids, halophilic proteins can unfold
in the absence of an optimal salt concentration [4,7].

2.2. Haloarchaea: Invaluable Resources of Enzymes for Industry

Haloarchaeal enzymes are an invaluable resource for industry due to their polyex-
tremophily. In addition to their resistance to high salinity, they are very often resistant to
extreme pH levels, high temperatures, low water activity, etc. [7,17].

Environments are considered hypersaline when the salt concentration exceeds that
of seawater (i.e., a concentration greater than 35 g/L), and they have a characteristic
ionic composition (anions such as chlorine and bromide, and cations such as calcium
and potassium) and organic molecules such as acetate [18]. These environments are very
common in industry, particularly in the detergent, textile and other industries. Haloarchaeal
enzymes are particularly well adapted to these environments. Due to their osmoadaptation
strategy, haloarchaea, unlike halobacteria, produce intracellular enzymes adapted to high
salinity, while the later produce only extracellular salt-adapted enzymes. For example,
lipases and esterases from Haloarcula marismortui and Natronococcus sp. TC6 are widely
used in the biofuels, detergents and textiles sectors [7]. Other examples include glutamate
dehydrogenase from Halobacterium salinarum, which operates optimally at a temperature of
70 ◦C, a pH of 8.5–9.2 and a NaCl concentration of 3–3.5 M, or alcohol dehydrogenase from
Natronomonas pharaonis, which operates optimally at a temperature of 70 ◦C, a pH of 8–10
and a NaCl concentration of 5 M [5]. Although not yet used in industry, these enzymes will
be excellent biocatalysts due to their polyextremophilic properties.

Organic solvents, commonly used in industry, tend to reduce water activity. These
solvents are used in many sectors, including the chemical and paint industries. Haloarchaea
are known to be resistant to low water activity (high salinity can reduce water activity by
1 to 0.75), thus extending their range of applications [7].

Industry consumes significant amounts of freshwater (about 20%) [19]. However,
unlike seawater, freshwater reserves are not inexhaustible. It would then be necessary
to substitute freshwater for seawater in industry to reduce the water footprint of this
sector. Although the salt concentration in seawater is well below the optimum concentra-
tion for haloarchaea, some haloarchaea have been isolated from seawater (e.g., Haloferax
marinum) [20]. It would then be possible to replace fresh water with seawater by using
halophilic enzymes, making bioprocesses more sustainable and conserving freshwater for
vital uses [21]. Limiting the use of freshwater reduces the costs of production, which is a
very important if we want a bioprocess to be viable. This approach would then be in line
with the measures taken by various countries to combat water stress.

Haloarchaeal enzymes are therefore excellent biocatalysts and could replace a wide
range of chemical catalysts. However, the production of these enzymes is still the main bot-
tleneck. As these enzymes are functional at high salinities, it is necessary to use a host with
a salt-in osmoadaptation strategy. The use of hosts that adopt a salt-out strategy, as most of
the current protein overproduction chassis do, leads to the formation of inclusion bodies
and soluble inactive proteins, and therefore requires additional purification steps [5,22]. It
is therefore necessary to develop a haloarchaeal chassis (implementing a salt-in strategy) to
enable the efficient production of halophilic enzymes [7].



Microorganisms 2024, 12, 1738 5 of 13

3. Haloarchaea Chassis: Current State and Challenges
3.1. Specifications for a Haloarchaea Chassis

A haloarchaeal chassis must fulfil several conditions to be considered an ideal chassis
(Figure 2). First, (i) sufficient knowledge of the microorganism of interest is required (such
as the culture medium, generation time, etc.) [23]. (ii) A wide range of genetic manipulation
tools (transformation methods, plasmid vectors, promoter libraries, etc.) are required to
achieve the optimal production of the enzymes [23,24]. This makes it possible to modify
the host organism, if necessary, in order to deplete degradation systems (the deletion
of proteases capable of degrading the proteins of interest and restriction/modification
systems so as not to interfere with the supply of exogenous DNA), to improve the folding
of the proteins of interest (molecular chaperones, codon bias, etc) and to optimize transport
systems (e.g., it is possible to fuse a signal peptide to the protein encoding our protein of
interest) [4,23,24]. This also requires (iii) the genome of the host organism to be completely
sequenced [23,24]. Finally, (iv) to facilitate construction, the host must provide native
plasmids (basis for vector construction) and (v) a limited number of proteases/peptidases
(to limit the degradation of the overproduced enzyme).
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3.2. The Number of Potential Haloarchaea Chassis Is Limited by the Genetic Tools Available

To highlight the potential salt-loving chassis, Table S1 [25–89] summarizes the haloar-
chaeal species for which information on the genome, genetic tools and culture conditions
was found. Among these species, only a few have been studied for the development
of genetic tools, thus limiting the potential chassis (Table S1) [25–89]. The existence of
genetic tools is an important aspect for the development of a cellular chassis. Furthermore,
although genetic tools are available for 12 haloarchaeal species (Table S1) [25–89], only
two species currently have enough tools to imagine the development of a cellular chassis.
Haloferax volcanii and Hbt. salinarum are the only species for which inducible promoters or a
wide range of vectors are available. However, despite the relatively large number of tools
available in Hbt. salinarum, this strain has slow growth, a poorly developed set of selectable
markers, and an unstable genome (frequent IS-mediated rearrangements) [12]. For these
reasons, it is ill-suited as a cellular chassis for protein overproduction in an industrial
context. In contrast, because of its rapid growth, ease of handling and existing genetic
tools, Hfx. volcanii is a good candidate for the construction of a cellular chassis. However,
additional genetic modifications and the development of genetic tools that are more suitable
for industrial production would be required before it could be considered as a cellular
chassis. It is also important to extend the genetic tools to other haloarchaeal species. Many
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haloarchaea are polyextremophilic (e.g., haloalkaliphilic archaea). By targeting specific
species, it will be possible to propose cellular chassis capable of producing enzymes that
are resistant to multiple conditions, thus reaching more industrial sectors.

3.3. Haloarchaea Chassis Construction: Genetic Tools Available

There is currently no haloarchaeal cellular chassis available. The development of
such a chassis requires a wide range of genetic tools. Firstly, it requires the genetical
modification of the host to make it compatible with the overproduction of the product of
interest, and secondly, it requires the construction of an overproduction vector. The genetic
tools available for haloarchaea are very limited. This is due to the difficulty of adapting
existing genetic tools to archaea. These are often resistant to conventional antibiotics used in
bacteria because the targets of these antimicrobials are often absent in archaea. In addition,
the extreme salinity under which haloarchaea develop generally means that traditional
reporting systems are ill-adapted, because these mesophilic reporting systems fail to fold
properly and function under high-salt conditions.

3.3.1. Transformation Methods

The transformation of haloarchaea is based on the formation of spheroplasts and
the use of polyethylene glycol 600 (PEG600). Spheroplasts are formed by removing the
glycoprotein layer from the cell surface (S-layer) with ethylene diamine tetra-acetic acid
(EDTA) [31,67,79,90]. This method is slightly different for haloalkaliphilic archaea (salt and
alkalinity resistance), where spheroplasts are formed by the action of bacitracin, proteolytic
enzymes and EDTA [67–79]. Once the spheroplasts are formed, DNA is introduced using
PEG600, which disrupts the selective permeability of the plasma membrane. The cells are
then transferred to a rich broth before being placed on selective medium. The efficacy of
this protocol has been demonstrated in numerous studies [4,45,67,79,90].

3.3.2. Selectable Markers

Selectable markers are generally genes that confer resistance to an antibiotic or genes
that ensure the prototrophy of auxotrophic strains in environments lacking essential nutri-
ents [32]. Only a few antibiotics are capable of interfering with the growth of haloarchaea.
The identification of antibiotic resistance genes has led to the development of two selectable
markers for these archaea. These are novobiocin, which inhibits the β-subunit of DNA
gyrase, and mevinolin (or simvastatin), which targets 3-hydroxy-3-methylglutarym coen-
zyme A reductase (HMG-CoA). These antibiotics inhibit functions essential for DNA and
archaeal membrane synthesis [32]. The main disadvantage of these selectable markers is
the risk of spontaneous mutations. These mutations can occur as a result of point mutations
in the gene promoter or by amplification of the chromosomal gene [12,32]. In addition,
recombination between the resistance gene and the chromosome can occur. This is particu-
larly the case for the mevinolin resistance gene in Hfx. volcanii. The latter results from a
mutation in the chromosomal hmgA gene, which can lead to recombination between the
chromosome and the resistance gene, resulting in constitutive resistance to this antibiotic. It
is therefore important to use a resistance gene from another species, such as the mevinolin
resistance gene from Haloarcula hispanica.

To avoid this, it is possible to use auxotrophy markers. Numerous markers have
already been developed in haloarchaea, in particular in Hfx. volcanii. The auxotrophy
markers are as follows:

• Uracil auxotrophy: this is based on the pyrE2 gene of Hfx. volcanii, encoding an
oroate phosphoribosyl transferase, based on the pyrF gene of Haloferax mediterranei/Har.
hispanica or based on ura3 of Hbt. salinarum, encoding an orotidine-5′-phosphate
decarboxylase. This selectable marker allows counter-selection by the addition of 5-
fluoro-orotic acid (5-FOA), which inhibits the growth of strains with the wild-type pyrF
gene. A loss of growth results from the inhibition of nucleic acid synthesis [4,12,91].
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• Leucine auxotrophy: this is based on the leuB gene of Hfx. volcanii, which encodes
3-isopropylmalate dehydrogenase, essential for leucine biosynthesis [32].

• Tryptophan auxotrophy: this is based on the Hfx. volcanii trpA gene encoding one of
the two subunits of tryptophan synthase [32].

• Thymidine auxotrophy: this is based on the Hfx. volcanii hdrB gene encoding a
thymidylate synthase [4,12,46].

• Methionine auxotrophy: this is based on the Hfx. volcanii metX gene encoding a
homoserine O-acetyltransferase [12].

• Histidine auxotrophy: this is based on the Hfx. volcanii hisC gene encoding a histidinol-
phosphate aminotransferase [12].

Selection markers are currently very limited, both in terms of number and target
species. Given their importance, it is essential to increase their diversity and, above all,
their targets. This is particularly true for auxotrophy markers, which target only two
haloarchaeal species. Minimal media are already available for other haloarchaea, [92] and
it is therefore conceivable to develop such markers.

3.3.3. Promoters

Different types of promoters can be used to drive transcription of the target gene.
Inducible promoters allow the production of a gene of interest to be controlled by the
addition of an inducer. They have no basal activity and can be activated/deactivated by
changing the culture conditions. Several types of inducible promoters have been developed
for haloarchaea. One of the most widely used inducible promoters is the tryptophanase
inducible tryptophan promoter. This promoter, developed in Hfx. volcanii, is strongly
repressed in the absence of tryptophan and rapidly induced by the addition of ≥1 mM
tryptophan [4,12,32,47]. A potassium-inducible promoter is also available. This was
constructed from the promoter of the potassium uptake system operon (Pkdp) of Hbt.
salinarum, which is progressively inducible to potassium [32]. A heat-inducible promoter
has also been established in Hbt. salinarum. This promoter is based on the hsp5 gene, which
encodes for a heat shock protein [93].

The current alternative is constitutive and strong promoters, which allow a gene of
interest to be continuously overexpressed. Only a few promoters have been developed
in halophiles. The Pfdx promoter (promoter of the gene encoding ferredoxin) is a strong
promoter used in Hfx. volcanii. Ferredoxin is an important electron transporter in haloar-
chaea. It is involved in the decarboxylation of α-ketoacids [12]. The 16S RNA promoter
is also used in Hbt. salinarum. This strong promoter has the advantage of being active
throughout growth [94]. Finally, a synthetic promoter has been developed in Hfx. volcanii.
This promoter is an excellent alternative to the current inducible promoter, as it is able to
give yields three times higher than the tryptophan inducible promoter [47,48].

3.3.4. Vectors

Shuttle vectors, suicide vectors and overexpression vectors are available in haloarchaea.
To avoid listing them all, only a few examples are given here. For example, the pRo-5
shuttle vector was developed in Natrialba magadii and works in several haloarchaea [67],
the pUC19 vector work as suicide vector in Nmn. pharaonis [79], and thus far, only one
overexpression vector is available, the pTA963 vector developed in Hfx. volcanii, which is
based on a tryptophan inducible promoter [4]. As described above, this type of inducer
is not suitable for industrial applications [47]. It is therefore essential to develop new
overexpression vectors that are suitable for industrial use.

Vectors are based on a variety of replication origins. They can be derived from native
plasmids, such as plasmid pTA230 with the pHV2 origin of replication and plasmid pTA354
with the pHV1/4 origin, both from Hfx. volcanii [4,38]. They can also be derived from
archaeal viral elements, such as the plasmid pRo-5 from Na. magadii based on the repH
replication origin of the virus ΦCH1 [67]. Finally, vectors can be based on replication
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origins of plasmids developed for other archaea (such as the plasmid pNB102 developed
from a plasmid of Natronobacterium sp. AS7091 and which is used in Na. magadii) [67].

3.3.5. Gene Knock-Out Methods

The deletion of genes of interest is made possible by knock-out methods. These
are knock-out systems that involve the transformation of a suicide vector containing
a selectable marker (such as an auxotrophy marker or antibiotic resistance) and using
the flanking region of the target to suppress a gene in an auxotrophic or an antibiotic-
sensitive strain. Knock-out mutants are selected after screening (single crossing) on a
selective medium. It may be worthwhile to favor auxotrophic systems, as they allow
cross-selection. Uracil auxotrophy can be combined with cross-selection with 5-FOA. The
effectiveness of this system has been tested in haloarchaea such as Hfx. mediterranei (ctrb
genes), Har. hispanica (phytoene synthase) or in Hfx. volcanii, and in haloalkaliphilic
archaea [79,91,95]. The genetic manipulation of haloarchaea is therefore mainly performed
using homologous recombination systems. However, it may be interesting to test genome
deletion/mutation/editing systems based on CRISPR (clustered regularly interspaced
short palindromic repeats)-Cas. Currently, only the CRISPR interference system has been
developed in Hfx. volcanii [96]. It is crucial that all CRISPR-based methods be implemented
in the near future to help work with these new chassis.

4. Future Perspectives

As mentioned above, the existence of a robust haloarchaeal chassis is a prerequisite
for the production of halophilic extremozymes. Currently, the number/diversity of genetic
tools and the lack of optimal strains (for the production of these enzymes) remain the major
obstacles to its development. The available tools described in this review provide a solid
basis. However, efforts must be made to adapt these tools to industrial overproduction.
This applies in particular to the overexpression vectors and deletion strains available.

Currently, only the deletion of the Mrr restriction system gene has been tested in
Hfx. volcanii. The deletion of mrr prevents the cleavage of methylated foreign DNA at
the dam and dcm sites, thereby increasing the rate of transformation in Hfx. volcanii [4].
Although this deletion is interesting for the construction of a cellular chassis, it is not
sufficient. Other cellular activities can interfere with the overproduction of extremozymes.
This is particularly true of proteases, which can significantly reduce the number of proteins
produced. It is therefore necessary to test the effect of deleting target proteases on the
overproduction of extremozymes. Once the proteases that interfere with the production of
extremozymes have been identified, a protease-deficient strain can be developed and made
available for the production of the extremozymes of interest.

The development of an efficient and cost-effective overexpression vector is also a
major issue. Currently, only one inducible overexpression vector is available. This is the
tryptophan-inducible overexpression vector from Hfx. volcanii [4,47]. Although this vector
appears to be effective, it relies on an inducer that can be consumed by the cell. The use
of such an inducer is not suitable for industry because it is too expensive. It is therefore
necessary to find inducers similar to tryptophan and, above all, to identify alternative
inducible promoters that are more effective and less costly.

Without an effective vector and an optimal strain, a haloarchaeal chassis will not be
able to compete with conventional mesophilic chassis and the associated costly purification
methods. Once these two major issues have been resolved, it will be possible to produce
and use halophilic extremozymes in industry. The chassis will have all the necessary
characteristics (Figure 2): it will be a haloarchaea (an intracellular medium suitable for the
production of halophilic extremozymes), the chassis genome will be available (deletion
of genes that could interfere with overproduction), it will have suitable genetic tools
(transformation protocol, overexpression vector, knockout system, etc.) and it will have as
few proteases and peptidases as possible.
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As haloarchaea are often polyextremophilic, it would also be interesting to extend the
range of cellular chassis to include such species (e.g., haloalkaliphiles). It would then be
possible to propose a chassis capable of producing different types of extremozymes.

Although cellular chassis based on various haloarchaeal species are an excellent
alternative, it would also be possible to offer cell-free production. These systems may
counteract the deleterious effects of certain heterologous proteins on cell physiology. This
would also avoid the generation of deletion strains and the resulting effects on chassis
physiology [97]. Such systems have never been described for haloarchaea.

5. Conclusions

The transition to greener processes is one of the major challenges facing industry. In
this context, extremozymes offer an excellent alternative to traditional chemical catalysts.
These enzymes, isolated from extremophilic organisms, are able to maintain optimal activity
in extreme industrial environments. However, the lack of a suitable production chassis
limits their use. This is particularly true for halophilic enzymes. Due to their adaptation to
high salinity, the production of halophilic enzymes requires a haloarchaeal-based chassis,
which is not yet available. The development of such a chassis will make it possible to
provide functional halophilic enzymes without the need for costly purification steps (unlike
mesophilic chassis). In recent years, progress has been made in the genetic manipulation
of haloarchaea, but it remains modest. Genetic tools are limited to a few species and are
not suitable for industrial applications. Overexpression vectors, fundamental tools for
enzyme production, are limited to a single vector based on a tryptophan-inducible promoter.
Although effective, this vector requires an inducer that is too expensive for industrial
applications. In addition, very few genetic modifications favoring protein overproduction
have been tested in haloarchaea. Further efforts are therefore needed to develop new
genetic tools, particularly overexpression vectors, and to test genetic modifications to turn
haloarchaea into robust chassis for the production of halophilic extremozymes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms12081738/s1, Table S1: Comparison of haloarchaea
according to the characteristics required for a cellular chassis.
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