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Abstract 
Extremophilic microorganisms, which are resistant to extreme levels of temperature, salinity, pH, etc., have become popular 
tools for biotechnological applications. Due to their availability and cost-efficacy, enzymes from extremophiles are getting 
the attention of researchers and industries in the field of biocatalysis to catalyze diverse chemical reactions in a selective and 
sustainable manner. In this mini-review, we discuss the advantages of Halomonas elongata as moderate halophilic bacteria 
to provide suitable enzymes for biotechnology. While enzymes from H. elongata are more resistant to the presence of salt 
compared to their mesophilic counterparts, they are also easier to produce in heterologous hosts compared with more extre-
mophilic microorganisms. Herein, a set of different enzymes (hydrolases, transferases, and oxidoreductases) from H. elongata 
are showcased, highlighting their interesting properties as more efficient and sustainable biocatalysts. With this, we aim to 
improve the visibility of halotolerant enzymes and their uncommon properties to integrate biocatalysis in industrial set-ups.

Keypoints  
• Production and use of halotolerant enzymes can be easier than strong halophilic ones.
• Enzymes from halotolerant organisms are robust catalysts under harsh conditions.
• Halomonas elongata has shown a broad enzyme toolbox with biotechnology applications.
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Introduction

Industrial processes are expanding towards the synthesis of 
a broader variety of molecules. Hence, catalysts are required 
more and more to tolerate a range of conditions that may 
include harsh reaction environments such as the presence of 
organic co-solvents, extreme pH, extreme temperature, etc., 
which are often employed at industrial set-ups. Enzymes from 
different organisms can be applied as very selective biocata-
lysts in synthetic procedures (Katsimpouras and Stephanop-
oulos 2021; Winkler et al. 2021). Indeed, the global enzyme 
market is growing steadily with a projected value of $8.7 bil-
lion in 2026 (Research B 2021). However, enzymes present 

a limited stability under typical industrial conditions due to 
their natural origin, hampering the progress of industrial bio-
technology. Extremozymes are the exception; these unique 
proteins are produced by organisms adapted to live in extreme 
environments (i.e., halophiles, thermophiles, basophiles); 
thus, since their discovery, there is a growing interest in their 
potential and biotechnological application (Littlechild 2015; 
Sani and Rathinam 2018; Mesbah 2022). Thermophiles are 
by far the most well-known type of extremophilic organ-
isms. Thermophiles are often found in volcanic zones and 
hot springs, and they have been studied for decades and had 
a pivotal role in important breakthroughs as the use of the 
Taq polymerase for PCR (polymerase chain reaction) tests 
(Saik et al. 1987). At the other end, among the most recently 
discovered extremophiles are the barophiles (also known as 
piezophiles), which are often found in the deepest sea bottom 
under high levels of pressure (Fang et al. 2010). Yet, their 
mechanisms of adaptation are not completely deciphered.

Unlike thermophiles and, to some extent, also baso-
philes, halophilic microorganisms are yet unexploited in 

 * Ana I. Benítez-Mateos 
 ana.benitez@unibe.ch

 * Francesca Paradisi 
 francesca.paradisi@unibe.ch

1 Department of Chemistry, Biochemistry and Pharmaceutical 
Sciences, University of Bern, Bern, Switzerland

http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-023-12510-7&domain=pdf
http://orcid.org/0000-0003-1704-0642


3184 Applied Microbiology and Biotechnology (2023) 107:3183–3190

1 3

biotechnology despite their distinguished features (Yin 
et al. 2015; Daoud and Ben Ali 2020). According to their 
salt requirement for growth, halophiles are classified into 
three main categories: extreme halophiles (15–25% NaCl), 
moderate halophiles (3–15% NaCl), and mild halophiles 
(1–3% NaCl) (Delgado-García et al. 2012). However, some 
moderate and mild halophiles can tolerate higher salt con-
centrations even though this is not a requirement for their 
growth. This type of microorganisms is termed as halotoler-
ant microorganism. Enzymes from halotolerant organisms 
are indeed an interesting biological toolbox as they are sta-
ble under a wider range of conditions, including low salt 
environments, which is normally not an option for enzymes 
from true halophilic species. In addition to halotolerance, 
many halophilic organisms can tolerate high pH and a broad 
temperature range, acting as “polyextremophiles” (Yin et al. 
2015). Hence, halophilic organisms can be utilized under 
conditions in which their mesophilic counterparts cannot 
survive.

In 1980, a new moderate halophile bacterium named 
Halomonas elongata was isolated from a solar salt facility 
in Bonaire, Netherlands Antilles (Vreeland et al. 1980). 
Since then, the aerobic and gram-negative γ-proteobacteria 
have found various biotechnological applications such as 
host strain for heterologous protein expression (Frillingos 
et al. 2000), whole-cell biocatalyst (Tanimura et al. 2013; 
Chen et al. 2022; Dutta and Bandopadhyay 2022), and 
biosynthesis of nanoparticles (Taran et al. 2018). Yet, the 
most popular use of H. elongata relies on the production 
of ectoine (Tanimura et al. 2013; Ng et al. 2023). This 
osmolyte is accumulated inside the cells of H. elongata as 
an adaptation mechanism to provide an osmotic equilibrium 

with respect to the hyperosmotic environment. Ectoine is 
used as a cell protectant and as enzyme stabilizer, and it 
is produced annually at multi-ton industrial scale because 
of its health care applications (Pastor et al. 2010). Note-
worthily, H. elongata is classified as a moderate halophile 
and halotolerant, as it does not require salt for growth but 
can tolerate medium to high salt concentrations (5–25% 
NaCl). This is indeed an advantage, as the cytoplasmatic 
environment of H. elongata does not present hypersalin-
ity and its enzymes can be produced, correctly folded, by 
heterologous expression in conventional hosts such as the 
mesophilic Escherichia coli, (Cerioli et al. 2015) avoiding 
less-common expression systems, which are required for 
extreme halophilic proteins. Consequently, H. elongata is 
an ideal candidate to provide stable enzymes that could be 
used in industrial processes.

Clearly, recent reviews covering biotechnological 
applications of extremophiles are strongly focused on 
thermophilic enzymes, which have been already broadly 
exploited (Littlechild 2015; Mesbah 2022). On the other 
hand, specific reviews on halophilic enzymes are dedi-
cated to extreme halophiles (DasSarma and DasSarma 
2015; Daoud and Ben Ali 2020) whose properties dif-
fer from moderate halophilic microorganisms such as H. 
elongata. Herein, the potential of halotolerant enzymes in 
biotechnological processes is highlighted, with a particular 
focus on the tolerance to organic co-solvents. Specifically, 
we would like to encourage biotechnology researchers to 
explore the broad toolkit of enzymes from Halomonas 
elongata as robust biocatalysts with potential applications 
in bioenergy, bioremediation, biomedicine, food industry, 
and pharmaceutical synthesis, among others (Fig. 1).

Fig. 1  Overview of the application of enzymes from H. elongata. Reaction schemes represent the main types of enzymatic reactions described 
by using enzymes from H. elongata 
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Salt‑tolerance mechanism and benefits 
for biotechnology

Two alternative strategies for salt-tolerance are adopted by 
different microorganisms. The simplest mechanism con-
sists of the accumulation of molar concentrations of KCl 
in the cytoplasm to provide osmotic balance to the cells. 
Halophilic archaea as a few bacteria follow this strategy 
to survive in high-salt environments (Kelefiotis-Stratida-
kis et al. 2019). Alternatively, the “compatible solutes” 
method is based on the accumulation of organic osmotic 
solutes such as glycine, ectoine, glycerol, simple sugars, 
etc. These molecules can be rapidly produced in bacte-
ria according to the outside salt concentration (Galinski 
1995). Many bacteria including Halomonas elongata use 
this strategy to adapt to hypersaline environments. Inter-
estingly, some species such as Halorhodospira halophila 
can use both strategies, thus adapting to the environment 
without the obligation of salt-in halophiles (Oren 2013).

Halophilic and halotolerant enzymes have proved to 
be more resistant to high-salt concentrations even when 
expressed in mesophilic hosts or after protein purification 
when the adaptative mechanism described above cannot 
take place. What makes them special? In the 1990s, when 
the first structure of a halophilic enzyme was solved, a 
more detailed perspective at the molecular level started to 
develop. The analysis of the amino acid content of extreme 
halophilic enzymes revealed a high density of negatively 
charged residues (aspartic and glutamic acid) on the pro-
tein surface (DasSarma and DasSarma 2015) (Fig. 2). 
Moreover, genome sequencing and bioinformatic studies 
showed a lowprotein isoelectric point between 4 and 5, 
while non-halophilic organisms (i.e., E. coli) present a 
more homogeneous distribution of acidic and basic pro-
teins with an isoelectric point near to neutrality (Kennedy 
et al. 2001). Indeed, it has been shown that negatively 

charged residues are a key requirement for maintaining 
the solubility and activity of enzymes under water-limited 
conditions. In fact, hypersalinity offers a diminished over-
all amount of water to the protein as the water molecules 
are displaced by the salt ions. The formation of hydro-
gen bonds between side chains of the negatively charged 
residues and water molecules is crucial to maintain the 
hydration shell in low-water conditions (DasSarma and 
DasSarma 2015). Additionally, a correlation has been 
found between the degree of negatively charged residues 
and the salt dependency, as extreme halophilic proteins 
present high negativity compared to halotolerant proteins 
(DasSarma and DasSarma 2015).

Apart from their negatively charged exposed residues, 
the composition of bulky hydrophobic residues (leucine, 
isoleucine, and phenylalanine) on the surface of halophilic 
enzymes is poorer than in mesophiles (Fig. 2). Instead, 
halophilic proteins contain smaller and/or less hydrophobic 
residues (alanine, glycine, serine, and threonine) (Kastritis 
et al. 2007). By reducing the hydrophobic patches on the 
protein surface, the surface hydration is also enhanced. Fur-
thermore, these correlations agree with increased flexibility 
of halophilic proteins in low-water conditions. Noteworthily, 
this peculiar pattern is mainly attributed to extreme halo-
philic enzymes, which are normally exposed to a hypersaline 
cytoplasmatic environment. In the case of moderate or mild 
halophiles such as H. elongata, not all enzymes follow this 
pattern.

Dehydration could be compared with aqueous solutions 
containing organic solvents, where the ratio of water mole-
cules to the solute (or the protein) is significantly decreased. 
Therefore, halophilic and halotolerant enzymes can main-
tain significant activity and stability in presence of organic 
solvents. Such a tolerance is highly desirable to implement 
biocatalysts at industrial processes when the presence of a 
co-solvent is needed because of the poor water solubility 

Fig. 2  Comparison of the residue composition of a halotolerant aminotransferase enzyme (Uniprot: E1V913) and its homolgous from E. coli 
(Uniprot: P42588). Asp and Glu residues are highlighted in red, while Phe, Leu, and Ile are depicted in white
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of many substrates (Yin et al. 2015). A remarkable case 
of tolerance to organic solvents was displayed by a purine 
nucleoside phosphorylase from H. elongata. The enzyme 
retained > 60% activity after 72 h in presence of 50% DMSO 
(Benítez-Mateos and Paradisi 2022).

High-salt tolerance is also an attractive feature from 
an industrial perspective to reduce the process costs and 
improve the efficiency. Many biotechnological processes 
are not feasible at industrial scale due to the excessive 
demand of fresh water, the energy required for sterilization 
of bioreactors, and the discontinuity of bioreactions caused 
by biological contamination. The application of halotoler-
ant enzymes can alleviate all those problems, as higher salt 
concentrations can be used during biotransformations, thus 
preventing contaminations, and reducing costs associated 
with sterilization and high demands of water (Mokashe et al. 
2018). In addition, many (moderate) halophilic enzymes, in 
particular the genre Halomonas, can tolerate a more basic 
pH, avoiding biological contamination as well.

Hydrolases

Hydrolases are a group of enzymes (including proteases, 
lipases, esterases, amylases, etc.) that catalyze the cleavage 
of molecular bonds in presence of water. On the other hand, 
hydrolases can also catalyze synthetic reactions in presence 
of organic co-solvents where the thermodynamic equilib-
rium is shifted due to the low water activity. Biosynthetic 
reactions catalyzed by hydrolases are indeed highly attrac-
tive in industry, being almost 75% of all industrial enzymes 

(Busto et al. 2010). However, the use of mesophilic hydro-
lases in organic co-solvents may pose a challenge as their 
activity and stability can decrease dramatically under such 
harsh conditions. Extensive effort has been made to improve 
the properties of mesophilic enzymes, for instance genetic 
modifications and enzyme immobilization, which increase 
costs and time for the biocatalyst preparation. In contrast, 
halotolerant enzymes are naturally adapted to function under 
water-limited conditions (Mesbah 2022). Therefore, halotol-
erant hydrolases could be a suitable and efficient alternative 
for biosynthetic processes in industry (Delgado-García et al. 
2012).

To date, a few hydrolases from H. elongata with potential 
applications in pharmaceutical, biofuel, and food industry as 
well as biomedicine have been described (Table 1). One of 
those esterases is HeE, which has been used for the hydroly-
sis of non-steroidal anti-inflammatory drugs (NSAIDS) in 
presence of 10% of organic co-solvent (Roura Padrosa et al. 
2019). In another example, a new esterase belonging to the 
YbfF family presented a maximum activity at high salt expo-
sure such as 0.5–4 M NaCl (Yoo et al. 2020). The tolerance 
to medium–high salt concentration, while not a requirement, 
is a key advantage for biomedical applications as shown for 
the L-asparaginase from H. elongata (Ghasemi et al. 2017). 
L-asparaginases are interesting therapeutics for anticancer 
treatment; however, mesophilic enzymes have exhibited up 
to 80% loss of activity in 0.9% (~ 0.16 M) saline solution. 
As a consequence of its halotolerant origin, L-asparaginase 
from H. elongata was easily expressed in E. coli, purified, 
and successfully applied in antitumor tests, presenting com-
parable anticancer potential to commercial asparaginases 

Table 1  List of enzymes from Halomonas elongata with (potential) biotechnological applications. Enzyme production was carried out by heter-
ologous expression in E. coli 

Entry Enzyme Biotechnological application Reference

1 L-Asparaginase Chemotherapeutic agent (Ghasemi et al. 2017)
2 Esterase Synthesis of anti-inflammatory drugs (Roura Padrosa et al. 2019)
3 YbfF esterase Not described yet (Yoo et al. 2020)
4 DABA transaminase Pharmaceutical synthesis

Cosmetic industry
(Ono et al. 1999; Wang et al. 2021)

5 DABA acetyltransferase
6 Ectoine synthase
7 ω-Transaminase Pharmaceutical synthesis

Food chemistry
Polymer synthesis

(Cerioli et al. 2015; Planchestainer et al. 
2017; Roura Padrosa et al. 2020)

8 Purine nucleoside phosphorylase Synthesis of anticancer and antiviral drugs (Benítez-Mateos and Paradisi 2022)
9 Thymidine phosphorylase Synthesis of anticancer and antiviral drugs (Benítez-Mateos et al. 2022)
10 Alcohol dehydrogenase Flavor chemistry (Contente et al. 2020)
11 Alanine dehydrogenase Flavor and fragrance chemistry (Roura Padrosa et al. 2021)
12 Choline dehydrogenase Not described yet (Gadda and McAllister-Wilkins 2003)
13 Azoreductase Waste-water treatment (Eslami et al. 2016)
14 Imine reductase (pyrroline-5-carboxy-

late reductase)
Pharmaceutical synthesis (Roura Padrosa et al. 2020)
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while maintaining the activity in saline serum (Ghasemi 
et al. 2017). Remarkably, no cytotoxicity was observed even 
at very high doses.

Transferases

The transferring of a specific functional group (i.e., amino, 
carbonyl, methyl, carboxyl, acetyl, phosphate) from a donor 
molecule to another acceptor molecule is catalyzed by trans-
ferases. Three of the most well-known transferases in H. 
elongata are DABA transaminase, DABA acetyltransferase, 
and ectoine synthase, which are part of the ectoine synthe-
sis route (Ono et al. 1999). Ectoine is a highly interesting 
natural product used as bioactive ingredient in pharmaceu-
tics and cosmetics. Because of the great salt adaptability 
of H. elongata, the bacterial cells can be cultured in high 
salinity conditions to promote the ectoine synthesis fol-
lowed by low salinity conditions to release the ectoine that 
is naturally accumulated as an osmolyte (Sauer and Galinski 
1998). Moreover, the synthetic process was performed in 
an open unsterile medium, facilitating operational aspects, 
and reducing costs. Notwithstanding, ectoine production is 
not limited to H. elongata cells. The halotolerant enzymes 
can be produced by heterologous expression in other micro-
organisms offering an easy-to-handle strategy since more 
sophisticated fermentation technologies are avoided (Wang 
et al. 2021).

Another example of a transferase from H. elongata with 
many potential biotechnological applications is the S-selective 
ω-transaminase, also known as HewT. This enzyme showed 
a broad substrate scope and a high tolerance to a variety of 
organic co-solvents (e.g., methanol, ethanol, DMSO, iso-
propanol) up to 20% (Cerioli et al. 2015). Harnessing these 
properties that other homologous transaminases do not pos-
sess, HewT has been extensively exploited for the synthesis 
of high-value molecules in pharmaceutical synthesis (Con-
tente and Paradisi 2018; Cairns et al. 2019; Contente et al. 
2019; Hegarty and Paradisi 2020; Roura Padrosa et al. 2020; 
Heckmann et al. 2021; Romero-Fernandez and Paradisi 2021), 
polymer chemistry (Romero-Fernandez et al. 2022), food 
chemistry (Planchestainer et al. 2017; Benítez-Mateos et al. 
2018, 2021; Roura Padrosa et al. 2021), and other applications 
(Contente et al. 2016; Planchestainer et al. 2019; Czarnievicz 
et al. 2022).

In the last years, nucleoside phosphorylases are getting 
increasing attention for their biocatalytic potential on the 
biosynthesis of antiviral and anticancer drugs such as Isla-
travir (Huffman et al. 2019). The main challenge of these 
reactions is the poor water solubility of the substrates 
(nucleobases and sugar donors). Consequently, high co-
solvent concentrations are needed, causing the inactivation 
of the enzymes. Once again, H. elongata has proved to be 

a valuable source of robust enzymes. A purine nucleoside 
phosphorylase (HePNP) and a thymidine phosphorylase 
(HeTP) have been recently characterized showing an aston-
ishing stability in presence of 50% DMSO (50% activity 
after 3 days) and 10% ethanol (80% after 3 h), respectively 
(Benítez-Mateos et al. 2022; Benítez-Mateos and Paradisi 
2022). The great operational stability of both enzymes upon 
immobilization on porous particles enabled the synthesis of 
valuable pharmaceutical molecules reaching the maximum 
yields reported so far for those enzymatic reactions.

Oxidoreductases

Enzymes that catalyze the electron transfer from one 
molecule, the reductant, to another molecule, the oxi-
dant, are denominated oxidoreductases. Although these 
enzymes are very interesting for oxidation reactions in 
a more sustainable manner, industry has not embraced 
completely oxidoreductases due to their incompatibility 
with high substrate concentrations, strongly oxidative 
conditions, and cofactor dependency, which is economi-
cally disadvantageous (Martínez et al. 2017).

A remarkable alcohol dehydrogenase from H. elongata is 
the so-called HeADH-II. This enzyme showed an uncom-
mon overoxidative catalytic activity, enabling direct over-
oxidation of primary alcohols to carboxylic acids, which is 
normally achieved by multi-enzyme systems that are less 
atractive for industry as different enzymes may require dif-
ferent reaction conditions (Contente et al. 2020). In addi-
tion, HeADH-II presented a high stability in the presence 
of water-miscible organic co-solvents, proving its applica-
bility in the synthesis of food additives. Another enzyme 
with potential for food chemistry is alanine dehydrogenase, 
HeAlaDH, which showed an excellent stability in presence 
of co-solvents up to 20% as well as high tolerance (> 70% 
after 48 h) to pH ranging from 5 to 10 (Roura Padrosa et al. 
2021; Marchini et al. 2022).

Regarding applications for environmental biotechnol-
ogy, a choline dehydrogenase and an azoreductase from 
H. elongata exhibited outstanding properties. Choline 
dehydrogenases are of considerable interest to enhance 
different stress tolerances (hypersalinity, freezing, high 
temperatures, etc.) of transgenic plants, as these enzymes 
catalyze the oxidation of choline to glycine-betaine that is 
used as an osmolyte in cells. The enzyme from H. elongata 
is a very suitable candidate as it can be easily expressed 
and presents a great stability compared with its homolo-
gous from E. coli, Pseudomonas or rat liver mitochon-
dria (Gadda and McAllister-Wilkins 2003). In the case of 
azoreductase from H. elongata, water treatment to elimi-
nate azo dyes produced in textile, paper, or food industries 
was the targeted process. Waste effluents contain many 
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salts that hamper bioremediation processes with meso-
philic microorganisms. In contrast, the azoreductase from 
H. elongata retained more than 50% of activity in presence 
of NaCl concentration as high as 50 g/L (Nakhaee et al. 
2018). Furthermore, the thermostability of the enzyme was 
enhanced by introducing a simple disulfide bond.

Conclusion and future perspectives

Even though enzymes from diverse halotolerant bacteria 
have been described, Halomonas elongata has attracted 
much attention due to the broad range of salinity that 
it can tolerate without depending directly on salt for 
growth, facilitating the heterologous expression of halo-
tolerant proteins in common expression system such as 
E. coli. Moreover, the flexibility of H. elongata can be 
also appreciated on the wide range of temperature and pH 
that its enzymes can often tolerate. The reason for such a 
high stability seems to rely on the amino acid composi-
tion on the protein surface. Then, it may be plausible to 
think that a mesophilic enzyme could be “transformed” 
into a more halophilic enzyme by increasing the number 
of negatively charged and hydrophilic residues. This was, 
indeed, questioned by Qvist et al., but 6 residue changes 
from lysine to aspartate were not enough to observe any 
significant stabilizing effect (Qvist et al. 2012).

Undoubtedly, different enzymes from H. elongata have 
shown an unusual stability that prolongs the lifespan of 
the biocatalyst and broadens the possibilities for which 
to use enzyme catalysis (Table 1). On another note, the 
high density of negative charges on the protein surface 
could be an advantage for enzyme immobilization on 
supports activated with positive charges (i.e., amino 
groups). Therefore, harnessing the unique properties of 
the halotolerant enzyme toolbox can overcome different 
challenges on the path toward more efficient and sustain-
able chemistry.
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