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Highlights
Haloarchaea are excellent candidates to
treat hypersaline wastewater because
they show an extensive metabolic versa-
tility of carbon, nitrogen, phosphorus,
sulfur, and heavy metal.

The ‘salt-in’ strategy,mainly the accumu-
lation of K+ and expulsion of Na+, is used
by haloarchaea to cope with salt stress.

Haloarchaea have special features and
biomolecules, such as haloarchaeal
enzymes, gas vesicles, and poly-β-
hydroxyalkanoates, that make them
Hypersaline wastewater is difficult to treat due to the inhibition of salt stress on
microbes’ viability andmetabolic capabilities. Haloarchaea, nativemicroorganisms
that thrive in hypersaline habitats, overcome this key obstacle naturally. This review
provides a comprehensive overview of the metabolic versatility of Haloarchaea in
hypersaline wastewater treatment, including carbon, nitrogen, phosphorus, sulfur,
and heavy metal metabolism. It also analyzes factors affecting pollutant removal
and addresses metabolic mechanisms. Additionally, haloarchaea microbial
characteristics and strategies to cope with salt stress are highlighted. Finally, the
biotechnological potential of biomolecules produced from haloarchaea is investi-
gated. To get better insight into the potential of haloarchaea, a deeper investigation
of basic metabolism and more in-depth studies of their genomics and applications
in actual wastewater are also necessary.
worth exploring for their biotechnological
and industrial potential.

The discovery of polyextremophilic
(halophilic, thermophilic, and alkaliphilic)
haloarchaea promotes their real-world
applications in wastewater treatment
under multiple stresses.
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Increasing interest of Haloarchaea in hypersaline wastewater treatment
Hypersaline (see Glossary) wastewater is mainly produced from fisheries and industrial pro-
cesses [1,2]. It is more economical to treat hypersaline wastewater by biological treatments
than with physicochemical technologies. However, nonhalophilic microorganisms cannot sustain
the adverse effects of high and fluctuating salinity, such as the change of osmotic pressure inside
and outside the cell, the loss of intracellular water, the recession of cytoplasm, the disintegration
of cells, and the loss of microbial activity [3]. By contrast, halophiles are more suitable to use
in hypersaline wastewater treatment. For example, marine anammox bacteria (MAB) were
capable of simultaneous anammox and Feammox, and they had a good tolerance of inorganic
carbon in treating nitrogen-rich saline wastewater [4,5]. However, it is difficult to biodegrade the
complex organic composition of hypersaline wastewater, typically phenolics and aromatic hydro-
carbons. Most microorganisms are sensitive to nutrient levels (e.g., nitrogen, phosphorus, and
sulfur) in wastewater. Simultaneously, cells are easily killed by heavymetal–rich effluent through
disrupting cell membranes, altering enzymatic specificity, or denaturing DNA. Therefore, the ab-
sence of microbes that thrive in hypersaline conditions is the key obstacle in biological hypersaline
wastewater treatment.

Halophilic archaea, also called ‘haloarchaea,’ are salt-tolerant extremophilic microbes that grow
optimally at 3.4–5.1mol/L (20–30%) NaCl. They live in a variety of hypersaline habitats with salinity
from 10% to saturation (35%), such as the Dead Sea and the Deep Lake [6,7]. Haloarchaea have
attracted increasing interest in treating hypersaline wastewater because they can overcome salt
stress and play a diverse role in pollutant removal. They comprise all members of the class
Halobacteria in the archaeal phylum Euryarchaeota, two families of halophilic methanogenic
archaea (Methanosarcinacea andMethanocalculaceae) and the yet uncultured ‘Nanohaloarchaea’
[8]. Among these, the class Halobacteria is the most populous group. Halophilic methanogens are
not true haloarchaea, because these families also contain nonhalophiles and moderate halophiles.
Nanohaloarchaea are distantly related to the class Halobacteria and represent uncultivated
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Glossary
Anammox: the anaerobic oxidation of
ammonium with nitrite as electron
acceptor and dinitrogen gas as the
product.
Archaea: prokaryotic microbes
generally live in extreme environments,
including high or low temperature, pH,
dissolved oxygen content, and high
salinity.
Compatible solutes: organic
compounds with low molecular weight,
highly soluble in water, and they can be
accumulated intracellularly to mediate
osmotic pressure without special
adaption to intracellular enzymes
(e.g., glycerol, trehalose, sorbitol,
mannitol, glycine betaine).
Denitrification: the biological reduction
of nitrogen to dinitrogen via nitrite, nitric
oxide, and nitrous oxide under anoxic
conditions.
Enzymatic detoxification: enzyme-
mediated reduction and/or volatilization
of the toxic metal species to a less toxic
state.
Extracellular metal sequestration:
heavy metals attach to the cell
surface and form complexes with
chelating ligands under the action of
electrostatic bonds, van der Waals
forces, covalent bonds, extracellular
precipitation, and redox potential
activities.
Feammox: the process by which
anaerobic ammonium oxidation couples
to iron (III) reduction.
β-Galactosidase: catalyzes the
hydrolysis of lactose into glucose and
galactose, as well as the
transgalactosylation of prebiotic
galacto-oligosaccharides.
γ-Glutamylcysteine: a kind of
cytoplasmic chelate analogous to
glutathione.
Hypersaline: water with salinity
exceeding that of seawater (3.5% total
dissolved salts).
Intracellular metal sequestration:
the reduction of heavy metal to metallic
nanoparticles in intracellular
environments or bound to some inner
cell components of haloarchaea.
Marine anammox bacteria: a genus
of anammox bacteria inside the phylum
Planctomycetes, Candidatus Scalindua,
has often been detected in anoxic
marine environments.
Microbial dark matter: refers to
unknown aspects of microbial life and
represents a fundamental impediment to
microbial ecology.
euryarchaeal lineages of ‘microbial dark matter’ [9]. Thus, this review focuses on the class
Halobacteria.

This review analyzes the advances of the removal of various pollutants from hypersaline wastewater
through haloarchaea, and it discusses the microbial characteristics of haloarchaea and strategies to
resist hypersaline surroundings. Additionally, microbial metabolic mechanisms to carbon, nitrogen,
and heavy metal are investigated and clarified. Furthermore, it summarizes the biotechnological
applications of biomolecules produced from haloarchaea. Finally, some critical knowledge gaps
and future research needs are explored to promote the in-depth understanding of haloarchaea in
hypersaline wastewater treatment.

Microbial characteristics of Haloarchaea
Most haloarchaea are gram-negative and red-pigmented. The concept that haloarchaea were
aerobic heterotrophs might be shaken due to the discovery of anaerobic sulfur-respiring
haloarchaea [10,11]. To date, except two unclassified genera (Halalkaliarchaeum in the order
Haloferacales and Haloccoides in the order Halobacteriales), 71 genera have been identified
and classified into three orders and six families in the class Halobacteria. Their more microbial
characteristics are shown in Box 1. To keep osmotic balance, the ‘salt-in’ strategy is used by
haloarchaea, whereas most bacteria use the ‘compatible solutes’ strategy. In general, it is
hypothesized that compatible solutes will not be accumulated in haloarchaea because of the
extremely high intracellular salt concentration [12]. Glycerol produced by Dunaliella could be me-
tabolized only as a carbon and energy source and not as a compatible solute in haloarchaea[13].

To cope with high salinity, these distinct advantages of haloarchaea cannot be neglected:
(i) Enzymes and proteins adapt to high salinity conditions and work efficiently [14]; (ii) glycosylation
of surface layer (S-layer) protein [15]; (iii) excess acidic residues of the amino acids (12–20 mol%,
especially glutamic acid and aspartic acid) on the protein surface, and water molecule and hydra-
tion are competed between these negative charges and salts to protect haloarchaea from aggre-
gation and precipitation [16]. Besides, starvation-survival and morphological change are also
observed in haloarchaea. For instance, the cells of Haloferax volcanii changed from rods to plates
when the medium was changed from nutrient-rich to depleted [17].

Metabolic mechanisms of various pollutants through haloarchaea
Organic pollutant removal
Haloarchaea have been described as hydrocarbon degraders. Previous studies on hydrocarbon
degradation through haloarchaea are summarized in Table 1. In general, the biodegradability of
hydrocarbon decreases with the increasing length of alkane chains, the number of rings, and
molecular weight. It is ascribed to the growing solubility, bioavailability, and enzymatic selectivity
of the lower molecular weight hydrocarbon. Also, their degradation is affected by the complex
structure and various physicochemical properties of isomers. The uptake mechanism is related
to the kind of hydrocarbon dissolved in an aqueous phase, direct contact of cells with particulate
or liquid droplet hydrocarbon, and interaction among pseudosolubilized hydrocarbon [18].
Reduced surface tension and emulsified cell-free supernatant will be beneficial to improve their
bioavailability and inefficient uptake [19].

As shown in Figure 1A, naphthalene and phenol are degraded in the catechol or protocatechuate
pathway, and the ring is cleaved in the ortho ormeta fission pathway [20–22]. All their interme-
diates are followed into a further β-ketoadipate pathway. Catechol 2,3-dioxygenase, catechol
1,2-dioxygenase, and protocatechuate 3,4-dioxygenase are present in their metabolism,
whereas no finding shows that protocatechuate 4,5-dioxygenase is involved in the degradation
Trends in Biotechnology, February 2022, Vol. 40, No. 2 227



Trends in Biotechnology

Poly-β-hydroxyalkanoates: a family
of biopolyesters that is composed of
various hydroxyalkanoate monomers and
intracellularly deposited as carbon and
energy storage material by bacteria and
haloarchaea under stress conditions.
Poly-3-(hydroxybutyrate-co-3-
hydroxyvalerate): a common member
of poly-β-hydroxyalkanoates.
Salt-in: a strategy for microorganisms to
maintain osmotic equilibrium under high
osmotic pressure, which includes the
accumulation of K+ and expulsion of Na+.
of aromatic hydrocarbons in haloarchaea. The degradation of p-hydroxybenzoic acid is also a
widespread feature of haloarchaea, such as the genera Haloferax and Haladaptatus [23].
Among these, aerobic degradation of 3-phenylpropionic acid by haloarchaea is studied in
detail due to its interesting structure with an aromatic ring and an aliphatic side chain, as illustrated
in Figure 1B. It is regulated by the upper aliphatic pathway and gentisate pathway separately.
Finally, pyruvic acid and butenedioic acid will form before going into the tricarboxylic acid cycle.
Before 4-hydroxybenzoic acid (4HBA) is metabolized to gentisic acid, a hydroxylation (unlike
3HBA degradation) is caused by carboxyl intramolecular migration [24,25].

Nitrogen removal
When exposed to nitrogen-rich hypersaline wastewater, NO3

− and NO2
− are used as nitrogen

sources for the growth of haloarchaea under aerobic conditions (assimilatory pathway). Both ions
act as electron acceptors in the denitrification pathway under anaerobic conditions (respiratory
pathway), as presented in Figure 2. The complete assimilatory nitrate/nitrite pathway existed in
Haloferax mediterranei, and the activities of assimilatory nitrate reductase (Nas) and assimilatory
nitrite reductase (Nir) were detected [26]. Haloferax mediterranei has been identified as a complete
and model denitrifier when exposed to hypersaline wastewater [27]. Other haloarchaeal strains
have not been distinguished as complete denitrifiers or not. Under anaerobic conditions, NO3

− is
reduced to NO2

− in the presence of membrane-bound nitrate reductase (Nar), and NO2
− is further

reduced to NO in the presence of dissimilatory nitrite reductase (CuNir) in haloarchaea [27–29].
There is no available gene coding for heme-containing cytochrome cd1 nitrite reductase (cd1Nir),
nitric oxide reductase (Nor), and nitrous oxide reductase (Nos) in the cell of haloarchaea so far.
However, a comparative analysis of haloarchaeal genomes indicated that quinol-dependent
Nor (qNor) was a vital enzyme in the reduction of NO, and the last reaction was catalyzed by
a NosZ-like protein [27,30].

Phosphorus and sulfur removal
Haloarcula, Halobacterium, Halococcus, Haloferax, Halolamina, Halosarcina, Halostagnicola,
Haloterrigena, Natrialba, Natrinema, and Natronoarchaeum were identified as phosphate
solubilizers, with the maximal dissolving efficiency being 134.61 mg/L at 10–25% NaCl [31].
However, relevant studies are limited, and no report is available for the mechanism of phosphorus
removal in haloarchaea. Halaneroaechaeum sulfuritrducens was the first obligately anaerobic
sulfur-respiring haloarchaea with acetate and pyruvate as electron donors and elemental sulfur as
an electron acceptor [32]. Similarly, Halodesulfurarchaeum formicicumused formate or hydrogen
as an electron donor with elemental sulfur, thiosulfate, or dimethyl sulfoxide as the electron accep-
tor [10]. More recently, a similar phenomenon was found in facultatively anaerobic sulfur-reducing
natronoarchaea, which belongs to the genus Natronolimnobius [11].

Heavy metal removal
Haloarchaea can remove heavy metals from hypersaline wastewater and biosynthesize eco-
friendly metallic nanoparticles (NPs). For example, Mn2+, Zn2+, As3+, and Cd2+ were absorbed
by Halobacterium via biosorption [33,34]. Silver and gold were accumulated intracellularly as
AgNPs and AuNPs byHaloferax volcanii, but not adsorbed on the outer surface [35]. A red biofilm
dominated by haloarchaea was observed in habitats with high arsenic concentration, and arsenic
was used as a bioenergetic substrate [36]. The metabolic mechanism of heavy metal in haloarchaea
is presented in Figure 3; active mechanisms (enhanced efflux and decreased uptake), enzymatic
detoxification, andextracellular and intracellular metal sequestration are included.
Regardless of a trace nutrient or toxicant, a heavy metal must be taken up through a transport
system designated for an essential ion or organic compound. P-type ATPases, ATP-binding
cassette–type (ABC) transporters, cation diffusion facilitator (CDF) family members, and certain
228 Trends in Biotechnology, February 2022, Vol. 40, No. 2
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metallochaperones act as transporters [37]. All haloarchaeal genomes have been annotated
with metal transporting P-type ATPases, and multitudinous metal ions work as their substrates
[38]. At least one copy of metal ion ABC transporter presented in the genome sequence of
Haloferax volcanii [39]. However, the functions of ABC transporters in metal metabolism have
not been verified. The CDF family worked as a secondary cation filter, and the flux of Zn2+

was mainly facilitated, but Hg2+, Pb2+, Co2+, Fe2+, and Cd2+ could be transported as well [40].

After the heavymetal is transported into cells, cysteine (Cys)-richmetal-binding peptides and pro-
teins are involved in intracellular metal sequestration, such as glutathione (GSH), metallothioneins
(MTs), and phytochelatins (PCs) [41]. γ-Glutamylcysteine (γ-GC) is produced by haloarchaea
Box 1. Microbial characteristics of haloarchaea

The identified genera in the class Halobacteria are shown in Table I. In Figure I, the purple membrane is a unique feature of haloarchaea, which is a special region of cell
membranes. Bacteriorhodopsin, a 2D crystalline lattice of a chromoprotein on the purple membrane, covers >50% of the cell surface and acts as a light-dependent trans-
membrane proton pump [7]. Similarly, halorhodopsin acts as an inwardly directed light-driven chloride pump [74]. Membrane potential generated is used to support their
phototrophic growth and accelerate the synthesis of ATP, and the phototactic response is mediated by the two sensory rhodopsins [75]. Furthermore, some haloarchaea
use gas vesicles to increase buoyancy, facilitate cells tomove vertically, and increase the availability of light for the purplemembrane [76]. Additionally, halomucin, polyploidy,
and the use of DNA as a phosphate storage polymer benefit the long-term survival of haloarchaea under extreme desiccation, radiation, and starvation conditions [77].

TrendsTrends inin BiotechnologyBiotechnology

Figure I. The influx and outflux of ions/
molecules in haloarchaea and their
main microbial characteristics. To
cope with high salinity, the ‘salt-in’ strategy
is used by haloarchaea. They accumulate
K+ and Cl– intracellularly higher than the
NaCl concentration of the surrounding
medium. The gradient of K+ is controlled
by an electrogenic sodium ion/proton
antiporter and a potassium ion antiporter
together. Na+ is expelled actively from the
cytoplasm through sodium/proton antiporter.
Amino acid uptake is achieved by a sodium/
amino acid symporter. Ca2+, transported by
calcium/sodium antiporter, is similar to Na+

and plays a role in folding and stabilizing the
protein structures.
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Table I. Genera in the Class Halobacteriaa

Phylum Euryarchaeota

Class Halobacteria

Order Haloferacales Halobacteriales Natrialbales

Family Halorubraceae Haloferacaceae Halobacteriaceae Halococcaceae Haloarculaceae Natrialbaceae

Genera Halobaculum Halobellus Haladaptatus Halococcus Halapricum Natrialba

Halobium Haloferax Halalkalicoccus Haloarcula Natrarchaeobius

Halohasta Halogeometricum Halarchaeum Halomicroarcula Natribaculum

Halonotius Halogranum Halanaeroarchaeum Halomicrobium Natrinema

Halolamina Halopelagius Haloarchaeobius Halorhabdus Natronorubrum

Halopenitus Haloplanus Halobacterium Halorientalis Natronobacterium

Halorubrum Haloprofundus Halomarina Halosiccatus Natronobiforma

Haloparvum Haloquadratum Halocalculus Halosimplex Natronococcus

Salinigranum Halegenticoccus Halodesulfurarchaeum Natronomonas Natronolimnobius

Candidatus Halobonum
Candidatu
Haloectosymbiotes

Halorubellus Haloglomus Halobiforma

Halovenus Halopiger

Halorussus Halostagnicola

Halostella Halovivax

Natronoarchaeum Halovarius

Salarchaeum Haloterrigena

Salinirubrum Saliphagus

Salinirussus Salinarchaeum

Halomicrococcus Natrarchaeobaculumm

Salinirubellus Natronolimnohabitans

Halocatena

Salinibaculum

aThe information was obtained from the National Center for Biotechnology Information website (https://www.ncbi.nlm.nih.gov).
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and provides reducing power to maintain an intracellular reducing environment and chelate
metal ions with the thiol group of cysteine [42]. Metal ions also can be chelated or reduced
by polyphosphate, which is synthesized in many halophiles [37]. Besides, heavy metal–
induced multimerization of metal-chelating proteins is a unique phenomenon in archaea
(e.g., Halobacterium salinarum). The protein–metal complex precipitates intracellularly,
whereas it will redissolve when the metal stress decreases [43].

Additionally, when the redox potential is between the physiological redox range of most aerobic
cells (−421 mV to +808 mV), a given heavy metal may be reduced through enzymatic detoxifi-
cation [40]. Metagenomic analyses revealed that genes for arsenite oxidation (aioBA) and respi-
ratory arsenate reduction (arrCBA) were present in the cells of Halorubrum [36]. Haloferax,
Halobacterium, and Halococcus resisted HgCl2 at 6–24% NaCl, and Halococcus had the
volatilization potential of mercury, up to 0.2 ± 0.01 mol/L [44]. The mer gene homologs were
detected in haloarchaeal strains [45]. However, information about mercury detoxifying in
haloarchaea is still lacking. The efficient reduction of Cr6+ to less toxic Cr3+ is observed in
moderate halophiles, whereas there is no analogous enzyme being purified in haloarchaea
up to now.
230 Trends in Biotechnology, February 2022, Vol. 40, No. 2
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Table 1. Hydrocarbon Removal through Haloarchaea in Hypersaline Wastewater Treatment

Strain Pollutant Condition Growth status/removal efficiency Refs

Haloferax sp. Crude oil, n-alkanes (C8–C40),
benzene, toluene,
phenanthrene, biphenyl,
naphthalene and pHBA

24%, pH 7.5, 180rpm,
40–45° C, 3 weeks

Grew on C8–C34 and PAHs except benzene
and pHBA

[56]

Halobacterium sp. Grew on C8–C21 and PAHs except
phenanthrene and naphthalene

Halococcus sp. Grew on C8–C18 and PAHs except
phenanthrene and biphenyl

Haloarcula argentinensis n-C16,n-C17, n-C20 and
phenanthrene

22.5%, pH 7.5, 40°C,
120 rpm, 30 days

32% n-C17, 6% n-C20, and 0% phenanthrene [78]

Haloferax volcanii 39–95% n-C17, 2–67% n-C20, and 43%
phenanthrene

Natronorubrum strain L1 pHBA and BA (10 mmol/L) pH 7.2, 40°C, 180rpm,
7 days

100% [79]

Haloferax alexandrinus A mixture of pHBA, BA and
salicylic acid;
A mixture of naphthalene,
anthracene, phenanthrene,
pyrene and
benzo[a]anthracene

20%, pH 7.2, 40°C,
240/150 rpm, 168 h

38–87% COD reduction [60]

Haloferax sp. 13–68% COD reduction

Haloferax sulfurifontis 73% COD reduction

Haloferax volcanii 34% COD reduction

Halobacterium piscisalsi, Halobacterium
salinarium, Halorubrum ezzemoulense,
Haloferax sp., Halorubrum sp.,
Haloarcula sp. and Haloarcula hispanica

HBA, naphthalene,
phenantharene and pyrene

20%, pH 7.5, 37°C,
150 rpm, 10–15 days

Halobacterium piscisalsi and salinarium had no
growth on HBA but grew on 20–200 ppm
naphthalene, 20–160 ppm phenantharene
and pyrene; Haloferax sp., Halorubrum sp.,
Haloarcula sp., and Halorubrum ezzemoulense
grew on 20–200 ppm HBA, naphthalene,
phenantharene, and 20–160 ppm pyrene;
Haloarcula hispanica grew on 20–160 ppm
HBA, phenantharene, pyrene, and
20–200 ppm naphthalene

[21]

Strain A235a Phenol (50–200 mg/L) 20%, pH 7.35, 37°C,
120 rpm

20–80% [22]

Halorientalis hydrocarbonolasticus sp. Hexadecane (5 g/L) 21%, pH 7.0, 37°C,
180 rpm, 24 days

57% [80]

aStrain A235 belongs to the familyHalobacteriaceawithout precise taxonomic position. It refers to salinity, pH, temperature, agitation, and inoculation time of themedium in
the condition section. BA, benzoic acid; COD, chemical oxygen demand; PAHs, polyaromatic hydrocarbons; pHBA, p-hydroxybenzoic acid.
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Factors influencing pollutant removal
Microbial species
The functional distinction ofmicrobial species, especially related tometabolism, is primarily attributed
to variousmicrobial consortia. On the basis of literature findings, whether treating hypersaline waste-
water containing carbon or nitrogen, Haloferax shows higher removal efficiency and better growth
status than others. This conclusion can be drawn from heavy metal removal as well. The accumula-
tion of ZnCl2 and ZnO NPs was acquired as Haloferax (287.2 and 549.6 mg/g) > Halococcu (165.9
and 388.5 mg/g) > Haloarcula (93.2 and 28.5 mg/g) > Halorubrum (29.9 and 16.2 mg/g) [46]. Also,
the expression of functional genes in Haloferax is wider than in other genera. In Haloarcula sp. D1,
gentisate-1, 2-dioxygenase gene (gdoA) could not be expressed in the presence of benzoate,
and a putative coenzyme A (CoA)-synthetase subunit (acdB) and CoA-thioesterase (tieA) could
not be expressed when it grew on any aromatic substrate. However, gdoA, acdB, and tieA were
expressed by Haloferax sp. D1227 in the presence of benzoate, cinnamate, and phenylpropionate
[47]. Every haloarchaeal strain has its own salt tolerance, and extreme salinity may be a barrier in the
degradation of pollutants. Phenol removal by strain A235 (a member of Halobacteriaceae without
precise taxonomic position) gradually increased to the highest efficiency (over 80%) when salinity
varied from 5% to 20%, whereas it decreased to 40% at 25% salinity [22]. Additionally, strains in
Trends in Biotechnology, February 2022, Vol. 40, No. 2 231
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the same system appear to be competitive and have different dependence on the substrates. In the
Deep Lake, Halohasta litchfieldiae had a strong dependency on substrates produced by Dunaliella,
and Halorubrum lacusprofundi benefited from the degradation of complex proteinaceous matter
produced by Halohasta litchfieldiae and strain DL31 (unknown genus most closely related to
Halolamina) [6].

Temperature
Temperature is an important parameter that affects metabolic rates, biochemical reactions, and
aqueous solubility of hydrocarbons. Most haloarchaeal strains are mesophilic, with an optimal
temperature of approximately 45°C, and several species optimally grow at elevated temperatures
(>50°C). To date, Natrinema thermophila has the highest maximal and optimal growth
TrendsTrends inin BiotechnologyBiotechnology

Figure 1. Degradation of naphthalene, phenol, 3-phenylpropionic acid and 4-hydroxybenzoic acid (4HBA) by
Haloarchaea. (A) The green pathway is naphthalene degradation by Halobacterium, Haloarcula, and Haloferax through
ortho cleavage [20]. Catechol and protocatechuate are cleaved between their two hydroxyl groups (intradiol cleavage
under the action of catechol 1,2-dioxygenase and protocatechuate 3,4-dioxygenase, respectively. The red pathway
represents phenol degradation by strain A235 (a member of Halobacteriaceae without precise taxonomic position
via catechol through meta cleavage. Ring fission appears in one of the contiguous hydroxyls (extradiol cleavage), and
the main enzyme is catechol 2,3-dioxygenase or protocatechuate 4,5-dioxygenase. Finally, all the intermediates, including
2-hydroxy-cis, cis-muconate semialdehyde,3-carboxy-cis, and cis-muconate are followed into a further β-ketoadipate
pathway. (B) The degradation of 3-phenylpropionic acid by Haloferax sp. D1227 and the degradation of 4HBA by Haloarcula
sp. D1 [25]. Intermediates are converted into their corresponding CoAderivatives in the presence of ATP and CoA-dependen
ligase. Similarly, 3-phenylpropionyl CoA, cinnamyl CoA, benzoyl CoA, and 3-hydroxybenzoyl CoA are converted to corre-
sponding free acids in the presence of CoA-thioesterase. The process inside the red dashed box represents the specia
hydroxylation of 4HBA. CoA, coenzyme A; FAD, flavin adenine dinucleotide; FADH2, flavin adenine dinucleotide reduced.
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(Figure 1 continued.)
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Figure 2. Nitrogenmetabolism of haloarchaea. In the assimilatory pathway (the green pathway), NO3
− is first transported

into cells by an active transport system. Next, NO3
− is reduced to NH4

+ via NO2
− in the presence of Nas and Nir. Finally, NH4

+ is
incorporated into carbon skeletons in the presence of GS-GOGAT or GDH. The red pathway represents the denitrification
pathway in haloarchaea under anoxic conditions. NO3

− is reduced to NO2
− by Nar, which is a three-subunit complex

including NarG, NarH, and NarI. NO2
− is reduced to NO in the presence of CuNir. Immediately, NO is reduced to N2O in

the presence of qNor. Finally, N2O is reduced to N2 by NosZ. CuNir, copper-containing dissimilatory nitrite reductase;
GDH, glutamate dehydrogenase; GS-GOGAT, glutamine synthetase/glutamate synthase; Nar, membrane-bound nitrate
reductase; NarG, a catalytic subunit of NarG; NarH, an electron-transfer subunit of Nar; NarI, a quinol dehydrogenase
subunit of Nar; Nas, assimilatory nitrate reductase; Nir, assimilatory nitrite reductase; NosZ, nitrous oxide reductase; qNor,
quinol-dependent Nor.
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temperatures among haloarchaea, which are 66°C and 55°C, respectively [48]. No hyperthermo-
philic haloarchaea are isolated, because the membrane lipid proteins will be disorganized at ele-
vated temperatures. The cell membrane of thermophilic microorganisms is more permeable to
protons and Na+ diffusion, and thus it is difficult to keep the concentration of intracellular Na+ at
a millimolar level against extracellular Na+ [49]. The protein composition, GC content, membrane
lipids, and proteomics of psychrophiles are related to their molecular mechanisms of cold adap-
tation [50]. Haloarchaea are scarcely identified in low-temperature conditions. Halorubrum
lacusprofundi grew at −18°C to 12°C, and its high activity at low temperature was ascribed to
β-galactosidase combined increased surface acidity with increased structural flexibility [51].

pH
Most haloarchaea are neutrophilic, with optimal growth in neutral to alkaline surroundings, and
few of them are isolated from both extremes of the pH scales. When pH is beyond the optimum,
their doubling time will be prolonged. By contrast, the lipid membrane of halophiles is stable at
234 Trends in Biotechnology, February 2022, Vol. 40, No. 2
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Figure 3. Metabolic mechanism of heavy metal in haloarchaea. The transport system is the first line to defend against
heavy metal through enhanced efflux and decreased uptake. In extracellular metal sequestration, metal complexes with organic
ligands have less bioavailability and cannot be transported across the cell membrane, because extracellular polymeric
substances, carboxyl, amino, phosphate, and hydroxyl groups are effective absorbents to prevent the cells from contacting
metals directly [33,46]. Complexes with inorganic ligands are available to biota and dissociate rapidly to free ions that are
chelated by biotic ligands secreting from the organism or adhere to transporters [42]. After transport into cells, intracellular
metal sequestration, active efflux of the internalized metal, and/or enzymatic detoxification of heavy metals follow. However,
metalloregulators can sense cytosolic metal levels and coordinate the expression of transport proteins, and then metal ions
are shuttled to a specific intracellular destination or cytoplasmically chelated by metallochaperones [37].
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elevated pH values. Many members of Natriabaceae had better growth when pH was >9
(e.g., Natronococcus, Natronolimnobius, and Natrialba). Haloarchaea are considered excellent
candidates for treating industrial hypersaline wastewater contaminated with organic contaminants
and heavy metal without dilution, such as effluents from petroleum, textile, and leather industries. It
suggests that some haloarchaea are poly-extremophilic microorganisms that are halophilic, thermo-
philic, and alkaliphilic, particularly the family Natrialbaceae. Therefore, it is beneficial to conduct more
extensive research about haloarchaea. Also, light can be shedon exploring the real-world applications
of haloarchaea in wastewater treatment under multiple stresses. However, relatively few halophiles
grow in acidic conditions such as Halocalculus aciditolerans that has the best growth at 6.0 of pH
[52]. This is because a large number of periplasmic and envelope proteins of haloarchaea are regu-
lated by pH differently [53]. Under acidic conditions, a diffusion pressure on the cell membrane will
be induced by accelerated acid consumption, proton export, and the production of inner membrane
proteins and hydrogenases [54]. Under alkaline conditions, the effect of alkaline pH in external
surroundings is neutralized by the changed property of the cell surface, increased acid production,
and enhanced activity of monovalent cation/proton antiporter [55].
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Dissolved oxygen
When the salinity increases, the content of dissolved oxygen (DO) in water decreases, and there-
fore the activity of oxygenase enzyme and the rate of aerobic biodegradation in haloarchaea are
limited [14]. The optimal salinity for hydrocarbon biodegradation inHaloferax,Halobacterium, and
Halococcu (2–3 mol/L) was lower than the optimal salinity for their growth (3.5–4.5 mol/L), and it
was attributed to the change of DO content with increasing salinity [56]. The significant role of
agitation on hydrocarbon degradation in haloarchaea was also ascribed to the changed DO con-
tent under hypersaline conditions [22]. Furthermore, for red-pigmented archaea, there are some
relationships between oxygen and light. Hydrocarbon consumption under continuous illumina-
tion was higher than in dark conditions [57]. The red pigmentation of Halobacterium salinarum
was enhanced by low oxygen tension under illumination, and the shortage of ATP produced by
oxidative phosphorylation was improved via the red pigment–mediated ATP synthesis; as a
result, limited oxygen was still available for microorganisms [58].

Exogenous addition
Haloarchaea can biodegrade various pollutants under salt stress, but their laboratory cultivation is
difficult due to their often-unusual lifestyle and limited information on the growth conditions. The
optimal media for haloarchaeal strains are being explored. When nutrients are deficient in hyper-
saline surroundings, pollutants cannot be efficiently degraded by the consortium,because they
are unable to develop a complete biosynthesis pathway. Haloarchaea are active in denitrification,
and carbon and nitrogen supplements are beneficial to their growth and pollutant removal. The
cell growth and pigment formation of Haloferax were promoted by yeast extract and sucrose
addition [59,60]. However, the carbon sources result in different effects on various haloarchaeal
strains. The carotenoid production and cell growth of Haloarcula sp. M1 and Halorubrum sp. M5
significantly improved in the presence of glucose, but the growth of Halolamina sp. M3 could be
improved under the same conditions [61]. Starch, a kind of polysaccharide, served as a substrate
below the metabolic repression threshold and promoted the growth of haloarchaeal strains due to
the presence of extracellular amylase, whereas monosaccharide-supplemented media induced
poor growth [62]. The growth rate and cell density of haloarchaeal strains were significantly
enhanced by the optimized media (soluble starch as carbon source, KCl and MgSO4 as
salts, and gelatin and/or casamino acid as a nitrogen source) [63]. Haloarchaea showed dif-
ferent susceptibility to antibiotics, and hydrocarbon attenuation was enhanced because anti-
biotics selectively inhibited competitive bacteria in the consortium of halophilic bacteria and
archaea [57,64]. Additionally, trace element supplementation improved the cell growth of
Haloferax volcanii [17].

Biotechnological potential of haloarchaea
The special features and biomolecules make haloarchaea worth exploring for their biotechno-
logical and industrial potential. Haloarchaeal enzymes (haloenzymes) are stable under
extremely high salinity and are even capable of sustaining extreme pH and temperature.
Haloenzymes may not need purification or sterilization for use, because other unwanted bio-
molecules are inactive under high salinity, and therefore they can be used as economical and
efficient biocatalysts in harsh industrial processes [14]. For instance, lipase and protease
extremozymes from Halococcus argarilyticus GUGFAW-3 were active in 25% salinity [65].
Extracellular protease from Halococcus salifodinae showed good tolerance to temperature,
pH, salinity, some surfactants, and organic solvents [66]. Also, the instability and low activity
of haloenzymes at lower salt concentration and organic solvents can be improved by immobi-
lization, such as the immobilization of alcohol dehydrogenase from Haloferax volcanii on metal-
derivatized epoxy Sepabeads [67] and the immobilization of lipase from Haloarcula sp. G41 on
an anion exchange resin [68].
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Outstanding questions
Are there any special or unique genes
related to pollutant metabolism in
haloarchaea?

How can the instability of haloarchaeal
functions in actual contaminated
environments be overcome?

In natural or artificial hypersaline
surroundings, what is the microbial
community structure? How does the
microbial community compete and
cooperate under varied environmental
factors?

Can serious problems in constructing
genetically engineered halophiles,
such as the expression efficiency of
functional genes, the activity of
enzymes, and the relationship with
host genes, be overcome?
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The production and purification of other biomolecules in haloarchaea are also quick, easy, and
cheap. They are important natural sources of industrial products. Bacteriorhodopsin can be
used in gene therapy and the production of artificial retinas, optical amplifiers, and biosensors
[14]. Highly stable and nontoxic gas vesicles of haloarchaea are applied in immunology for the
generation of vaccines, and ether-linked lipids can be novel drug delivery systems [69]. The
hydrogel composite of Halorubrum ejinoor sp. cell lysate is a promising adsorbing material [70].
Superparamagnetic iron oxide nanoparticles produced from Halobiforma sp. N1 have potential
for use in localized hyperthermia cancer therapy [71]. Compared with bacteria, self-assembling
S-layer glycoproteins of haloarchaea are easy to harvest and more suitable for serving as building
blocks in the formation of biological molecules, such as proteins, lipids, glycans, nucleic acids,
or their combination [72]. Poly-β-hydroxyalkanoates (PHAs), in the case of poly-3-
(hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), can be synthesized by haloarchaea, such
as Haloferax mediterranei [69,73]. They are used as biodegradable plastics and substitutes for
synthetic plastics, in medicine, and in the food industry due to their biocompatibility.

Concluding remarks and future perspectives
As native microorganisms in hypersaline habitats, haloarchaea are useful models to study the
adaption of life to extreme salt stress. Importantly, haloarchaea are excellent candidates to
treat hypersaline wastewater because they show an extensive metabolic versatility of carbon,
nitrogen, phosphorus, sulfur, and heavy metal. They are also promising natural sources of bio-
molecules for biotechnological and industrial applications. Although haloarchaea occupy a criti-
cally ecological position in hypersaline environments, current information about them is limited
and insufficient. To better understand haloarchaea in treating hypersaline wastewater, further
studies are necessary. First, their genomes may provide information about genes that survive in
extreme conditions, which is currently scarce (see Outstanding questions). Also, representative
metabolic pathways that have been summarized in haloarchaea still depend on analogous path-
ways in other microorganisms. Therefore, more studies should focus on the basic metabolic
pathways and key enzymes involved in pollutant degradation. Second, applications of
haloarchaea in actual wastewater treatment should be investigated. Most studies on pollutant re-
moval through haloarchaea have so far been carried out in laboratories using synthetic wastewa-
ter. However, the composition of actual wastewater is more complex, and the salinity varies
seasonally. Third, the microbial community structure of halophiles should be further studied.
High-throughput sequencing analysis and metagenomics-based approaches will be beneficial
to broaden their potential applications and clarify the interactions among environmental factors,
halophilic bacteria, and archaea. Finally, to improve the salt tolerance of nonhalophiles and
the removal efficiency of various pollutants using haloarchaea, it may be possible to construct
genetically engineered halophiles with novel molecular biological tools. Although the genetic
manipulation of haloarchaea is limited by their current genomic and experimental information,
the archaeal genomic organization is similar to that of bacteria. Successful attempts on genetically
engineered bacteria may offer some guides for future studies on archaea, such as modular
vectors and CRISPR-Cas9. With the rapid development of molecular biology, we have faith in
exploring deeper-level information of the haloarchaeal gene regulatory network and gaining a
multilevel understanding of their molecular mechanisms.
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