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a b s t r a c t

Archaea are microorganisms with great ability to colonize some of the most inhospitable environments
in nature, managing to survive in places with extreme characteristics for most microorganisms. Its
proteins and enzymes are stable and can act under extreme conditions in which other proteins and
enzymes would degrade. These attributes make them ideal candidates for use in a wide range of
biotechnological applications. This review describes the most important applications, both current and
potential, that archaea present in Biotechnology, classifying them according to the sector to which the
application is directed. It also analyzes the advantages and disadvantages of its use.

© 2023 The Authors. Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Throughout the history of living beings, there have been
numerous classifications that have beenmade of them.Woese et al.
[1] proposed a superior category to the "Kingdom" known as
"Domain", classifying living beings into three Domains: Eukarya,
Bacteria, and Archaea. They were established following molecular
criteria, comparing 16S rRNA sequences. Archaea are single-celled
prokaryotic microorganisms and resemble both bacteria and eu-
karyotes. However, many distinctive features characterize archaea.
Four archaeal superphyla are known: Euryarchaeota, TACK, DPANN,
and Asgard (Fig. 1) [2e5].

Nevertheless, the formal classification of archaea is continually
under review due to the constant evolution of microbial identifi-
cation techniques and the discovery of new members of this
Domain. There is another way to classify archaea regardless of their
taxonomy, based on their habitat and metabolism, according to
their way of life. The main limitation of this physiological classifi-
cation is that it only includes the extremophile archaea, which
develop in places where the environmental conditions are
"extreme", which differ from the "standard or normal ones" to
which most known microorganisms are adapted. Despite this, this
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classification is in common use. However, there is no clear physi-
ological classification, since it varies from one author to another. In
this review, a general classification created by the authors at their
own initiative, with all the information collected, will be used. In
this way, the archaea would be divided as shown in Table 1.

Biotechnology is a multidisciplinary science whose primary
purpose is to generate and/or improve processes of interest to
living beings and the environment [7]. The biotechnological ap-
plications are so diverse that they have been classified according to
different criteria. The most used classification is based on a color
code, where each color represents the sector to which the appli-
cation is directed. There is a consensus that up to eleven colors can
be differentiated. Only eight will be considered (Table 2) because
they are related to archaea.

� Gray biotechnology: Focused on ecosystems and environ-
mental sciences.

� Red Biotechnology: Called Health Biotechnology. Related to
biosanitary applications.

� Golden Biotechnology: Focused on bioinformatics/bio-
electronics and nanotechnology.

� Green Biotechnology: Known as Plant Biotechnology. Dedi-
cated to the agricultural sector.

� Yellow Biotechnology: Use of living organisms and/or bio-
molecules in the food industry.

� Blue Biotechnology: Applications in marine or aquatic envi-
ronments: Called Marine Biotechnology.
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Fig. 1. Phylogenetic tree based on 15 conserved ribosomal archaeal genes. Superphyla
present in the Archaea Domain. Modified from Orellana et al. [6].
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� White Biotechnology: Called Industrial Biotechnology. Focused
on industrial processes.

� Brown biotechnology: Focused on veterinary medicine.

Archaea did not initially have a prominent role in Biotech-
nology; however, they are currently garnering increasing attention.
This review compiles the main applications, both current and po-
tential, that archaea present in Biotechnology. It classifies them
according to the sector to which the application is directed and
analyzes the advantages and disadvantages of its use.
2. Gray biotechnology

Archaea have great potential to be used in the bioremediation of
contaminated environments due to their high resistance and the
ability of these organisms to grow in these places. Besides, since
temperature, pH, and salinity play a fundamental role in microbial
growth, in environments with extreme conditions, many microor-
ganisms cannot grow, which significantly limits the bioremediation
process. In this sense, the representatives of Archaea are ideal
candidates for this function. They use pollutants as substrates to
obtain carbon and energy.

One of these environments is the saline wastewater generated
by industrial sectors, such as the oil or textile industry. They are
often contaminated with toxic substances, which seriously
threaten the health and the environment. Therefore, they must be
Table 1
Physiological classification of archaea.

Condition (dependence) Category

Temperature Thermophiles
Hyperthermophiles
Psychrophiles

pH Acidophiles
Alkaliphiles

Other features Halophiles
Piezophiles
Radiophiles
Methanogens
Metallophiles

2

degraded before these waters are reused in other processes or
released into the environment [8]. Haloarchaea are potential can-
didates to bioremediate this type of water due to their ability to
grow in high salinity. Numerous investigations show that organic
contaminants, e.g., aromatic hydrocarbons, petroleum, or nitrates
and nitrites, can be removed by this strategy [9e16]. Methanogenic
archaea also participate in the anaerobic treatment of sewage
sludge and agricultural and industrial waste, as well as in the
treatment of oil spills or the removal of methanol and chlorinated
compounds from wastewater [10,17,18]. Similarly, hyperthermo-
philic archaea can eliminate the phosphate and arsenate present in
these waters, in addition to nitrogen [19], as occurs with ammonia-
oxidizing archaea [20]. Acidophilic archaea remove sulfur com-
pounds [21]. Metallophiles remove heavy metals, and radiophiles
bioremediate nuclear waste [22,23]. Additionally, some archaea
resist antibiotics and can degrade them [17]; other archaea also
eliminate xenobiotics, such as pesticides [24].

In many cases, remediation is done by physical and electro-
chemical methods, having the disadvantage that they are expen-
sive, energy-intensive, and inappropriate for large volumes.
Biological systems could be a more profitable alternative for the
decontamination of ecosystems. However, its application in biore-
mediation has only been tested on a small scale, mainly due to the
need to develop bioreactors and a process monitoring and control
strategy, although it is currently being investigated so that archaea
can be used [8].

3. Red Biotechnology

3.1. Drug administration

Liposomes are vesicles composed of concentric lipid bilayers
alternated with aqueous compartments that allow them to house
compounds inside. When archaeal membrane lipids are used in the
preparation of liposomes, one with different attributes is obtained,
known as "archaeosome" [25]. The physicochemical properties of
these lipids are transferred to the archaeosomes, which show
remarkable stability in stressful situations (Fig. 2), given that the
lipids of archaea are less vulnerable than those of microorganisms
belonging to other Domains [15,26]. As a consequence of these
characteristics, the use of archaeosomes for biotechnological ap-
plications has been proposed.

Archaeosomes have greater encapsulation efficiency than lipo-
somes, which increases their hermeticity and useful life. Such is
their stability that some can be stored in oxygen with hardly any
degradation [25]. That, together with the fact that the cells of the
mammalian immune system react against the lipids present in the
archaeal membranes [28], makes archaeosomes ideal agents to be
used in the administration of vaccines, acting as scaffolds for an-
tigen presentation, or directly as adjuvants to stimulate the im-
mune system, and are biocompatible [18]. In addition, the uptake of
Characteristic

High optimum growth temperature, between 45 and 80 �C.
Optimal growth at very high temperatures >80 �C.
Low optimum growth temperature �15 �C.
Growth in places with low pH � 5.
Very high optimum pH values � 9.
Environments of high salinity (3e4 M NaCl).
Places of high pressure (>1 atm) for their development.
Survival to large amounts of radiation.
Methane production as a byproduct of their energy metabolism.
Environments with high concentrations of heavy metals.



Table 2
Classification of Biotechnology by colors.

Fig. 2. Properties of archaeosomes. Compilation of some of the properties of archae-
osomes compared to conventional liposomes. Modified from Rast€adter et al. [27].
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archaeosomes by phagocytic cells occurs more easily than that of
conventional liposomes, and the application of immunostimulators
is not required [25,28]. Therefore, its robustness is a crucial
advantage over liposomes in processing and storage.

In the same way, their stability against low pHs and their ability
to store drugs enables them to administer in the pharmaceutical
industry, even for those that must be administered orally, since
they protect against degradation by bile salts in the stomach [29].
Several studies withmice support such applications [30]. They have
also been used as insulin transporters and for intravenous drug
delivery in cancer therapy [27]. Moreover, archaeosomes have also
been proposed in gene transfection in mammalian cells [7,27].
Furthermore, they can be formed at any temperature in the phys-
iological range, facilitating the encapsulation of thermally labile
compounds [25]. Nonetheless, the production of archaeal lipids is
restricted by the small scale of archaeal fermentation bioreactors
and the concentrations of biomass obtained [7], factors that limit its
use on a large scale.

Archaeal gas vesicles (GVs) are also emerging as potential drug-
delivery vehicles and in vaccine development. The vesicles are
synthesized by four species of halophilic archaea (Halobacterium
salinarum, Haloferax mediterranei, Halorubrum vacuolatum, and
Haloquadratum walsbyi) to regulate their buoyancy in conditions of
low levels of dissolved oxygen. GVs are essentially composed of two
proteins located around additional ones. The main proteins are
GvpA, with a structural role, and GvpC, located on the surface and
with a stabilizing function [7,15]. GV are not toxic and are effective,
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stable, immunogenic, and permeable. This biological stability al-
lows them to present the epitope of interest sustainably [31].

Unlike archaeosomes, recombinant GVs are scalable due to their
easy production and processing since the cells are efficiently lysed
in low salt concentrations. Also, they remain stable without
refrigeration over long periods [7] and are resistant to chemical or
enzymatic degradation [32], making them ideal for manufacturing
vaccines aimed at developing countries that lack the systems
required for their storage. Moreover, they can be administered to
immunosuppressed people. Despite this, its production has only
been recorded on a laboratory scale.

3.2. Blood tests

Glucose dehydrogenase (GlcDH) (EC 1.1.1.47) from Hfx. medi-
terranei is involved in the first step of the modified Entner-
Doudoroff pathway, that catabolizes glucose to pyruvate [33].
That also occurs in other archaea, such as the thermoacidophile
Sulfolobus solfataricus, whose GlcDH is used in commercial kits for
analytical purposes, specifically in determining blood glucose
[26,34].

3.3. Antimicrobials

"Archaeocins" are proteins secreted by certain archaea with
potent antimicrobial activity and different structures from bacterial
antibiotics [35]. They exert their effect against archaea related to
the archaeocin-producing strain to compete against them, although
it is thought that they are also active against the rest of the Domains
[36]. To date, only two classes of archaeocins have been found:
sulfolobicins, generated by thermoacidophiles of the order Sulfo-
lobales, and halocins, produced by haloarchaea of the order Hal-
obacteriales. For example, the KPS1 halocin is active against certain
Gram-positive and Gram-negative bacteria [37].

A peptide similar to cationic antimicrobial peptides (CAMP),
with activity against bacteria, fungi, and protozoa, was identified in
Sfb. islandicus. This peptide was shown to have a broad-spectrum
antibiotic character [38].

However, the use of all these compounds as drugs in biomedi-
cine has been hampered by the lack of knowledge about them due
to their recent discovery and not knowing positive results with
their application. Besides, haloarchaeal cultivation is challenging
because high concentrations of salt are required, leading to bio-
reactors' corrosion. So, corrosion-resistant materials must be used,
thus increasing the cost of the process. Also, the technical diffi-
culties presented by the subsequent purification of the compound
of interest must be overcome since a high salt content often does
not allow the use of chromatography. Instead, the lysis of the cells
can be carried out simply by adding ultrapure water. Likewise,
halocins are relatively stable at high temperatures and pH varia-
tions and can be stored for long periods [11].

3.4. Disease prevention and/or treatment

The great metabolic diversity of archaea and their low nutri-
tional requirements make them helpful tools for discovering new
drugs. For example, although the action spectrum of halocin H6
was initially thought to be restricted to archaea, Lequerica et al. [39]
found that it can also inhibit the Naþ/Hþ exchanger (NHE) in
mammalian cells. This exchanger is present in all Domains and is
involved in the regulation of cytosolic pH. Instead, its dysfunction is
associated with heart disease and high blood pressure [13,40]. If
halocin H6 is used in these circumstances, cation overload in car-
diac cells is avoided and damages the myocardium [39]. Therefore,
halocin could be used as a cardioprotective and for the treatment of
4

NHE hyperactivity, and to control blood pressure; since it has a
higher specificity of action than other NHE inhibitors and produces
fewer side effects [41], although further investigation is still
required.

Many studies support the therapeutic properties of some sub-
stances from halophilic archaea. For example, Safarpour et al. [42]
showed that somemetabolites from a strain of Hbt. salinarum had a
powerful cytotoxic effect against human prostate cancer cell lines,
while it did not affect the control group of normal cells.

Secondly, haloarchaea represent a natural source of carotenoid
pigments, known for their antioxidant and photoprotective prop-
erties [43]. Studies carried out in vivo and in vitro verify that ca-
rotenoids from haloarchaea have chemopreventive and anticancer
effects. Indeed,Hbt. halobium carotenoids reduce the viability of the
cancer cell line HepG2 (liver carcinoma) and the carotenoids from
Haloplanus vescus and Halogeometricum limi [35]. Additionally,
studies with extracts of the latter archaea suggest that they can act
as erythroprotective agents [44]. The most abundant carotenoid in
most species of haloarchaea analyzed is bacterioruberin (BRU), a
C50 carotenoid-based on lycopene, although they also synthesize
b-carotene, canthaxanthin, and many others in lower concentra-
tions. BRU can prevent human skin cancer by repairing DNA strands
damaged by ionizing UV radiation [7,23]. Hfx. volcanii BRU is also
used in assisted reproduction to increase artificial insemination
yields [45]. Therefore, it is necessary to study the potential of hal-
oarchaea to produce pigments useful in biomedicine in the treat-
ment and/or prevention of diseases. Being haloarchaea, The
carotenoid extraction protocol from haloarchaea is simple and
cheaper than other sources; its synthesis does not negatively
impact the environment. However, to favor that these haloarchaea
accumulate carotenoids massively, low concentrations of NaCl are
required, leading to prolonged growth rates and, sometimes, cell
lysis [14].

Just as certain archaeal compounds serve to prevent and/or treat
specific diseases, the archaea are also capable of it. In this case, as
they are used as probiotics, they are called "archaeobiotics". For
example, the methanogenic archaea Methanomassiliicoccus lumi-
nyensis has been suggested as a biological therapy for trimethyla-
minuria disease (TMAU) or fish odor syndrome and the prevention
of cardiovascular diseases and atherosclerosis. TMAU is a metabolic
abnormality caused by the accumulation of trimethylamine (TMA)
caused by the body's inability to break it down [46]. That increases
TMA levels in the blood and is excreted through body fluids such as
sweat, saliva, and urine (Fig. 3). Sometimes the individual has
psychological and stress problems, leading to isolation. One pos-
sibility is the use of archaea to limit TMA accumulation. Mihajlovski
et al. [47] demonstrated the existence of the archaeon M. lumi-
nyensis in the human intestine and, subsequently, Brug�ere et al. [48]
showed that this methanogen used methylated compounds
(including TMA) as acceptors final electrons to produce methane.
Then, its use as a therapeutic agent has been raised, applying this
methylotrophic archaeon intestinally in patients with TMAU,
metabolizing and depleting this metabolite in coordinationwith its
production by the microbiota [7] (Fig. 3).

Also, using these archaeobiotics would reduce the risk of car-
diovascular disease and atherosclerosis. The explanation is that by
reducing TMA levels in the blood, they contribute to a lower for-
mation of trimethylamine oxide (TMAO), a metabolite with proa-
therogenic properties [7,46] (Fig. 3). The use of archaea to treat
TMAU has several advantages, such as its identification occurring in
the same place where it is to be applied because its sensitivity to
certain antimicrobials would allow its eradication if it does not
work. Furthermore, the methane generated by its metabolism is
biologically inert in humans, in the amounts that would be derived
from TMA. It is also possible to administer only the enzymes



Fig. 3. Archaebiotics concept. Origin of TMA and its fate in the body [48].
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involved in themetabolism of TMA instead of using living cells [49].
Despite these advantages, several obstacles must be overcome to
use them in treating these diseases. They must be transported to
the intestine in anoxic conditions since they are vulnerable to the
presence of oxygen. Also, it is necessary to study whether its
administration occurs at adequate levels to deplete TMA from a
clinical point of view and the possible side effects [48]. Therefore,
this archaeon has not been used as a human biotherapeutic
product.

Many bacteria produce diketopiperazines, also called cyclic di-
peptides, and about a decade ago, it was discovered that the hal-
oarchaea Haloterrigena hispanica was also capable of producing
them [50]. Diketopiperazines have many applications for medical
purposes, but the most interesting function is their ability to acti-
vate and inhibit "quorum sensing" systems, through which bacteria
control their phenotypic expression based on cell density. That
makes these substances a potential therapy for those pathogens
that use this genetic information modification system and that
cause infections in humans, as is the case of Pseudomonas aerugi-
nosa in patients with cystic fibrosis [43].

3.5. Disease diagnosis and drug efficacy testing

Archaea have also been indicated for disease diagnosis. Hal-
oarchaeal GVs have been tested as contrast agents in medical di-
agnostics by ultrasound and magnetic resonance [32,51]. A protein
from Hbt. halobium helps diagnose colon or rectal cancer patients
due to its ability to induce an immune response and the production
of antibodies that also recognize the product of an oncogene
associated with this disease [26]. Moreover, haloarchaea are sen-
sitive to cytostatic drugs whose target is DNA topoisomerase II and
5

cytoskeleton components, which makes them suitable for efficacy
tests and drug preselection [52].
4. White Biotechnology

The synthesis of proteins and enzymes, active in extreme con-
ditions, by the extremophilic archaea, has revolutionized industrial
Biotechnology, making them ideal candidates to perform bio-
catalytic functions; since they develop under extreme conditions.
Some industries that have benefited are the textile, leather, paper,
pharmaceutical, and food industries. However, most commercially
available enzymes are bacterial or fungal, and very few are from
Archaea. Nevertheless, they are currently in the spotlight for sur-
vival in conditions where fungal and bacterial enzymes are dena-
tured. For this reason, archaeal enzymes such as proteases, lipases,
amylases, cellulases, and more have already been tested [53]. Many
of them are already being used in large-scale industrial processes.
4.1. Cosmetic industry

Archaeosomes, mentioned above, can also be used in the
cosmetic industry due to their ability to store active agents and
penetrate the skin, as occurs with conventional liposomes. That
makes them good candidates for use as molecule vectorization
systems in skin care creams [27]. Also, the exopolysaccharides (EPS)
produced by the haloarchaea Haloterrigena turmenica have a po-
tential application in cosmetics since they have a greater moisture
retention capacity than hyaluronic acid [54], used in this type of
industry. Moreover, the metabolites that protect radiophilic
archaea from ultraviolet radiation could be used in sun creams [55],



Fig. 4. PHB granules. Transmission electron microscopy image showing PHB granules
included in the cytoplasm of the haloarchaea Hfx. mediterranei (marked with red ar-
rows). The photograph was taken at the Technical Research Services of the University
of Alicante (Spain). Modified from Bautista [58]. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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as occurs with carotenoids, due to their protective capacity against
photooxidation [52].

4.2. Gas industry

One of the most successful applications of archaea is the pro-
duction of biogas since they are the onlymicroorganisms capable of
generating it. That comes from the anaerobic degradation of
organic waste carried out by methanogen archaea to obtain energy,
and its main component is methane, although they also include
carbon dioxide and other gases in smaller proportions [7,26]. This
process occurs spontaneously in nature, and the gases generated
are released into the atmosphere. This same situation can be
reproduced in industrial plants. In this case, the archaea are
introduced into fermenters or bioreactors, with the organic waste
and water, obtaining biogas and a secondary product called
digestate, which has applicability in Green Biotechnology. Biogas
can be transformed into electrical and thermal energy [52] or, after
reducing the percentage of carbon dioxide, it is incorporated into
the natural gas network in the form of biomethane [19]. The latter is
a gas considered a renewable energy source and has multiple uses
[17].

Nowadays, it is possible to find urban plants that use this biogas
as an energy source [21]. Therefore, biogas can substitute natural
gas due to its higher calorific value and less polluting effect.
However, from an economic point of view, the supply of biogas
supposes a higher production cost than other energy production
installations since its storage is quite expensive and complex.
During production, a strong odor is generated in the surroundings,
and eliminating them, would further increase its price. Also, its
uncontrolled production could represent a serious threat, given
that the main components of biogas, methane and carbon dioxide,
are potent greenhouse effect gases. For this, biogas is still far from
replacing other non-renewable energies, although numerous
companies currently specialize in its production.

Methanogenic archaea also produce biohydrogen, rather than
consuming it, when the amount of hydrogen available in the me-
dium is limited. Its production depends fundamentally on fossil
fuels, while only a tiny part originates from electricity and renew-
able resources. Given the demand for H2 and the reduction of CO2
emissions, biohydrogen becomes important [7,56]. Although it has
these advantages, the biological production of H2 presents draw-
backs due to its storage and supply, although formate is already a
solution [19]. However, this application is still restricted to the
laboratory scale.

4.3. Textile industry

Archaea have many applications in the textile industry that
secrete halocins. They are used during the leather tanning process,
a method through which animal skins are transformed into leather.
The first stage consists of preserving the skin by introducing it into
baths with a high salt concentration, which develops harmful
halophilic microorganisms that can damage the tissues, affecting
the quality of the products obtained. Due to their antimicrobial
activity, halocins can be used to prevent the unwanted growth of
these microorganisms [11,17].

Archaeal enzymes are also important in cleaning fabrics made
by the textile industry. For example, cellulases from Hbt. salina-
rum could be used to manufacture detergents for washing fabrics
made from cotton, which generally deteriorate quickly after
many washes. However, adding cellulases prevents this fabric
alteration and allows it to maintain the same characteristics [21].
Also, serine proteases and peptidases obtained from hyperther-
mophilic archaea of genera such as Desulfurococcus,
6

Thermococcus, and Pyrococcus are part of the detergents for
washing fabrics at more than 80 �C [34], the temperature at
which other enzymes are denatured. In contrast, psychrophile-
derived proteases have been proposed for use in detergents
designed for cold water washing [57].

Moreover, as previously pointed out, there are haloarchaea
capable of removing azo dyes from wastewater. This same bio-
decoloration principle can be applied to fabrics dyed with this
type of dye, commonly used in the textile industry [12].
4.4. Plastic industry

Until now, archaea with the ability to degrade plastic have not
been found; however, they can produce compounds with similar
characteristics, polyhydroxyalkanoates (PHA). These compounds,
among which PHB is found, are produced by bacteria and some
species of haloarchaea as an internal reserve of carbon and energy
in the presence of an excess of them. They are polymers composed
of hydroxy fatty acids and accumulate as cytoplasmic inclusions
formed by a polyester core and a cover made of phospholipids and
proteins (Fig. 4) [11].

Its application in Biotechnology lies in the fact that PHA exhibits
thermoplastic characteristics and elastomeric properties similar to
synthetic plastics. However, the latter's production is based on non-
renewable resources made from petroleum, which are not biode-
gradable, causing environmental pollution problems. PHAs are
biodegradable [17], so they are ideal for replacing conventional
plastics in many applications. For example, they could be used in
medicine to make artificial blood vessels or wound dressings and
disposable for doctors [59]; also, they present applications in the
packaging and food industry, in pharmacy, and agriculture [15,60].
Among the haloarchaea, Hfx.mediterranei is the most promising for
the industrial production of bioplastics due to its accumulation of
large amounts of PHA [59]. In some cultures of this archaea, up to
55% and 65% of the dry weight of cells has been obtained as PHA
[43,61], and patents have been issued for its commercial production
[13]. Its use for the production of biopolyesters has many positive
aspects. It can form a wide variety of homo and heteropolymers
with different physical and chemical properties by only modifying
the carbon sources and substrates of the culture medium; this al-
lows for obtaining thermoplastics with the desired properties. In
addition, the extreme salinity conditions required for its growth
allow sterility to beminimal, which offsets the high production cost
due to the large amounts of salt required. Also, its lysis can be easily
performed in hypotonic media, thus releasing the PHA granules for
later recovery [52], which is also simple; the PHA pellet can be
recovered by low-speed centrifugation [59].



D. Aparici-Carratal�a, J. Esclapez, V. Bautista et al. Research in Microbiology 174 (2023) 104080
Additionally, they can be grown using cheap carbon sources
such as sugars and starch [15]. However, the yield of PHA produc-
tion using haloarchaea is still lower than that achieved using bac-
terial strains [7]; the production costs of plastics of petrochemical
origin are still lower than those of archaeal origin, so they are not
economically beneficial. Therefore, despite the efforts made to
improve the efficiency of the process, the bioplastics production by
haloarchaea has only been carried out on a pilot scale and has not
yet been industrialized.

4.5. Mining industry (biomining)

The extraction of metals from minerals and waste materials is
usually carried out through pyrometallurgy and hydrometallurgy,
chemical processes that use high temperatures which generate
environmental pollution. However, a new technique known as
"biomining" is rising and represents an alternative method to
overcome such problems [62]. Biomining uses microorganisms,
which play a significant role in themobilization and transformation
of metals. The archaea can modify the oxidation state of metals and
cause their solubilization or biomineralization, so they are studied
as a possible option to use in biomining.

One option to extract metals is to use the same archaea used in
the bioremediation of metal-contaminated environments since
they can accumulate metals and release them with their lysis.
However, the two main techniques used in biomining are bio-
leaching and bio-oxidation. The first consists of the recovery of
metals through their solubilization, converting an insoluble form of
the metal to a soluble form by biological catalysis; however, the
second covers the pretreatment of minerals that occlude the target
metals (usually gold and other precious metals) to eliminate them
and facilitate their subsequent mobilization [62]. Initially, this
process was carried out withmesophilic microorganisms. However,
the archaea speed up the process and improve the dissolution of
sulfurous minerals, increasing the obtainment of sulfate and
metals. The most used in biomining are thermophiles and acido-
philes, although not exclusively. Some of the most representative
species belong to the genera Acidianus, Ferroplasma, Sulfolobus, or
Metallosphaera. One of the species with the most significant po-
tential for bioleaching is Sfb. metallicus, since it solubilizes the
chalcopyrite (CuFeS2) films that form in some minings operations,
recovering the copper and iron of it and exposing the precious
metals so that they can be exploited [34,52].

Furthermore, Ferroplasma acidiphilum oxidizes ferrous ions [62]
and the hyperthermophilic archaeon Pyr. furiosus can bioleaching
gold and other metals [22]. Studies show that many archaeal spe-
cies could efficiently carry out the biomining process.

5. Yellow Biotechnology

In the food industry, extremozymes have been tested, for
example, for meat tenderization, fruit juice clarification, etc.
[9,13,19]. Specifically, barophilic proteins have been proposed to
produce and sterilize foods requiring high-pressure conditions
[23,63]. Other compounds of archaeal origin can also be used. For
example, the archaeosomes, due to their stability, have even been
proposed to encapsulate additives and ingredients [7]. Also, the
carotenoids produced by haloarchaea can be used in feeding as
additives and colorants [7,14].

Haloarchaea can be applied in food industry processes that
require large amounts of salt. For example, they are ideal candi-
dates for preparing fermented salty foods, such as "jeotgal" (fer-
mented seafood), "kimchi" (fermented cabbage), or the Thai
fermented fish sauce "nam-pla", which are widely used in East
Asian countries. In the case of fermented fish sauces, it is an
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expensive and long-lasting process that requires large spaces. Many
microorganisms isolated from these fermented products are from
the haloarchaeal family Haloferacaceae, which participate through
their proteases. However, some studies show that the exogenous
addition of halophilic archaea speeds up the process and increases
the quality of the final product, improving its flavor and aroma
[9,15]. So, the use of haloarchaea could be potentially beneficial for
the fermented salty food industries, mainly reducing their total
cost. At the same time, halocin secretion by haloarchaea also has a
potential application in the food industry as a preservative for salty
foods, preventing spoilage by inhibiting the growth of other halo-
philic microorganisms [17].

Archaea are also an ideal candidate for the production of lactose-
free milk, which is vital so that people who are lactose intolerant
can obtain the calcium and vitamin D present in milk. This process
requires the use of lactases from microbial sources and represents
an additional step in milk processing, increasing the potential for
contamination. However, using thermostable lactases from ther-
mophilic and hyperthermophilic archaea allows solving this prob-
lem by acting under pasteurization conditions so that they can
eliminate lactosewhile the temperature is high enough to avoid the
growth of harmful microorganisms [64].

The EPS produced by archaea (predominantly thermophiles and
halophiles) have numerous applications in the food industry as
gelling or emulsifying agents due to their high viscosizing and
thickening power [43,52,59], as occurs with biosurfactants pro-
duced by haloarchaea [13]. Also, various EPS can be applied as a
coating on foods, especially fruits and vegetables, forming a film
that can prevent surface darkening, dehydration, and loss of quality
due to oxidation or oil diffusion, thus extending the shelf life of
these foods [61]. They have the advantage of being stable at high
salt concentrations, unlike other polysaccharides of high commer-
cial value, such as xanthan, and some are resistant to extreme pH
and temperatures [15,26]. Although their composition and quantity
are genetically determined, they are highly influenced by the sub-
strates and the growing conditions.

Furthermore, many industrially produced EPS are synthesized by
pathogens [43]. In this sense, the archaea are a safer alternative
source since archaeal pathogens have not been discovered to date.
The problem is that most of the research on the archaeal EPS has
been led at explaining its biological function and not so much at
seeking its applicability. Besides, they have higher production costs
and worse physicochemical properties than EPS of vegetable origin.
Summarizing all this, the EPS produced by Archaea is not econom-
ically profitable for companies, and, despite its power, at present, no
EPS produced by Archaea has a commercial application [59].

6. Blue Biotechnology

In the past, antibiotics were used to fight against outbreaks of
diseases produced in aquaculture. During the last decades, the in-
clusion of probiotics in animal feed has been proposed to replace
antibiotics due to their possible side effects and the appearance of
resistant pathogens. Nonetheless, the biggest challenge is the in-
compatibility of probiotics with industrial processing since the high
temperature and pressure at which foods are processed limits the
viability of beneficial microorganisms and compromises their
essential probiotic characteristics to improve the health of aquatic
organisms. Other alternatives have been sought to face this situa-
tion, such as using archaeobiotics due to their compatibility with
the conditions of industrial processing and their participation in
many biological functions related to animal health, such as the
growth of gut microbiota [65].

Patents have already been commercialized using archaea as a
probiotic supplement for feed in aquaculture practices and
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livestock. In the case of farm animals, the feed supplementation
with archaea has improved their growth rate and immunity and
decreased susceptibility to parasite infections. In contrast, aqua-
culture has shown greater digestion and absorption of nutrients, an
increase in its growth rate, the modification of the composition of
the intestinal microbiota, and an improvement in the impact that
has their fecal matter on the environment by reducing the con-
taminants present in it [65].

These results highlight their importance as food supplements in
animal feed. That is why archaea are emerging as next-generation
probiotics in animal feed and have already been used by some
European aquaculture feed companies, such as TwentyGreen®,
representing a promising alternative to replace conventional pro-
biotics. However, archaea use in aquaculture has been hindered for
various reasons. Some of them are its difficult cultivation compared
to a bacterial culture, the lack of information on the species of
archaea that are part of the intestinal microbiota of fish and its
colonization rate in the intestinal mucosa, a higher price compared
to conventional probiotics, and the lack of knowledge of the
possible side effects that the increase in archaea could have on the
body.

7. Green Biotechnology

7.1. Biofertilizers

The treatment of organic waste with methanogenic archaea is
not only beneficial in terms of biogas production, but also the post-
digestion matter obtained (digestate) can be reused as fertilizer
[56]. These biofertilizers are very effective in helping return organic
carbon to the soil while reducing the demand for mineral fertilizer
production. The study carried out by Koszel and Lorencowicz [66]
showed that alfalfa plants treated with digestate from a biogas
plant showed a more significant increase in macroelements in the
leaves than plants treated with mineral fertilizers, showing that
they are an excellent natural alternative for use in agriculture.

Furthermore, although the participation of ammonia-oxidizing
archaea (AOA) in the composting process has not been deter-
mined, adding AOA to a compost sample accelerates the process
and decreases its duration. It also increases the nitrogen content of
the final product obtained, which is usually low due to its conver-
sion to ammonia by microorganisms and the volatilization of ni-
trate as a potent greenhouse gas, nitrous oxide. Therefore, it
improves the composting process's performance and industrial
value while increasing the number of nitrogen forms useable by
plants [67]; they also have a favorable effect on the environment by
limiting the release of this gas. Despite this, they have not yet been
used for this purpose.

7.2. Drought-resistant crops

Due to the increase in temperatures due to global warming,
research is being carried out on obtaining crops with more excel-
lent resistance to drought and heat since heat stress leads to the
formation of reactive oxygen species (ROS). The accumulation of
ROS is toxic to cells and causes plant death. For this reason, many
laboratories have proposed inserting hyperthermophilic archaeal
genes in the genome of plants to deal with this situation [34].
Indeed, some studies show that introducing and overexpressing the
gene that encodes the enzyme superoxide reductase in a plant cell
culture improves the tolerance to heat, eliminates ROS, and de-
creases mortality [19]. Also, Archaea could be used as plant growth
promoters due to their ability to solubilize different chemical
compounds, such as phosphorus [22], fix nitrogen, and produce
siderophores (iron chelators) [68]. Although these reports show
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that archaea are potentially useful in this field, more studies of their
role in agriculture are needed before they can be put into practice.
8. Golden Biotechnology

8.1. Bioelectronics

The extremophilic protein with greater relevance in this field is
the bacteriorhodopsin (BR) produced by haloarchaea, which has
become very important at a commercial level, being produced by
many companies for numerous applications related to bio-
electronics. BR is linked to a chromophore (retinal), which allows it
to capture photons [69]. It is resistant to thermal, chemical, and
photochemical degradation due to its structure in the form of a
hexagonal network, and it has excellent thermodynamic and
photochemical stability [15]. Its catalytic cycle and photoelectric,
photochromic, and protonkinetic molecular functions make this
protein a key molecule with potential applications in Biotech-
nology. Also, it is possible to immobilize it in a simple way on solid
supports. Such attributes have led to the use of this resource as a
spatial light modulator, holographic medium, high-resolution
monitor, optical biocomputation of neural networks, and optical
switches [18,69], as well as computer memories with a greater
storage and processing capacity than CD-ROMs.

It can be used in the construction of photovoltaic cells that
convert solar into electrical or chemical energy [13] and as a non-
toxic miniaturized computer element (biochip) to replace silicon
chips [52]. Other applications of BR are the creation of artificial
retinas and the development of biological camouflage for military
clothing and concealment. The first is based on the fact that BR is an
analog of visual rhodopsin in mammalian eyes and is used to obtain
implants for people with retinal disorders or similar diseases [7],
while the second uses the BR's ability to be undetectable by certain
detectors as a result of diffraction and effective hiding of light [70].
A widely used and well-known application is as a biosensor since
BR is highly susceptible to being stimulated by external agents [71].

Although several haloarchaea are capable of producing BR, Hbt.
salinarum is the model organism for its large-scale production;
under limited conditions of oxygen and the presence of light, 75% of
the total dry mass of its membrane is made up of this protein [7].
However, many of these applications are no longer carried out due
to the increasing technological innovation and the development of
newmaterials in this science. Therefore, it is only available in small
quantities and at very high prices.
8.2. Nanobiotechnology

Nanobiotechnology is a multidisciplinary science that manipu-
lates matter from living organisms to create new structures, ma-
terials, and devices on an atomic scale. This aspect has found
biotechnological applications in different fields due to its innova-
tive functions and properties, such as increased solubility, high
volume/surface ratio, and multifunctionality [15].

Many archaeal cellular components may provide a cost-effective
way of producing nanoparticles. BR is a component with great
potential to be integrated into nanostructures due to its small size.
Given its ability to act as a light sensor, this protein can collect
energy from sunlight, which could be consumed directly or stored
in light batteries [70]. Also, there are reports demonstrating the
potential of haloarchaea to intracellularly synthesize silver nano-
particles, which have been shown to have antibacterial activity
against gram-positive and gram-negative bacteria [15,72]. This fact,
together with their lower toxicity than other bactericides, shows
that they are suitable candidates for applications related to Red
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Biotechnology, although they also have applications as optical re-
ceptors and electric batteries [9].

The S-layer glycoproteins located in the membrane of Archaea
are also attractive for their use in Nanobiotechnology due to their
physicochemical properties, such as the ability to assemble into
matrices and surfaces or their porous nature. All the pores present
in the S-layer have the same size and morphology, and the func-
tional groups are in defined positions, which have been used for the
manufacture of isoporous ultrafiltration membranes [73], bio-
analytical sensors, affinity membranes, and immobilization
matrices for the union of functional molecules [11,52].

9. Brown biotechnology

Many technologies and drugs designed for human medicine
subsequently cross barriers and gain importance in veterinary
medicine. Halocins, named above, are not an exception. To date,
there are no examples of their use in human or veterinary medi-
cine, but some of their potential medical use is known. Such is the
case of the halocin H6, which has therapeutic benefits after organ
transplant surgeries in dogs, protecting the canine myocardium
from experiencing ischemia after myocardial revascularization, and
decreasing ventricular ectopic beats and infarct size [28,43].

10. Other biotechnological applications

10.1. Molecular Biology

Extremozymes from thermophilic and hyperthermophilic
archaea have revolutionized Biotechnology, proving to be very
useful in Molecular Biology laboratories, especially those that
require high temperatures. Thermostable DNA polymerases, uti-
lized in Polymerase Chain Reaction (PCR), are one of the best ex-
amples of applying thermostable enzymes. The first thermostable
DNA polymerase used in PCR was the "Taq polymerase", obtained
from the thermophilic bacterium Thermus aquaticus. Although its
usewas a significant advance in the development of PCR, it presents
several problems; possibly the most notable is the absence of 30-50

exonuclease activity (error-correcting) [74]. For this reason, more
reliable alternatives are used, that is, enzymes that present this
polymerization activity and proofreading. Such is the case of the
DNA polymerases "Pfu", "Pwo", "Vent" (or "Tli"), and "Tkod",
extracted from the hyperthermophilic archaea Pyrococcus furiosus,
Pyrococcus woesei, Thermococcus litoralis and Thermococcus koda-
karensis, respectively.

These enzymes have a low error rate (up to ten times less than
Taq polymerase) [69,75], a high processivity, and a high extension
rate, which allows the obtaining longer and more specific amplifi-
cation products and, therefore, an improvement in PCR [19,63].
Today, countless commercially available thermostable DNA poly-
merases from Archaea are being used for PCR [17]. Since the dis-
covery of the first DNA polymerase more than 60 years ago, they
have been grouped into seven families: A, B, C, D, X, Y, and RT, with
different biochemical properties [76]. The four enzymes mentioned
above are part of the B family of DNA polymerases, characterized by
high yield and high fidelity properties that make it possible to use
them in other applications, such as high-fidelity PCR, cloning, DNA
sequencing, and site-directed mutagenesis. In contrast, the Y family
of DNA polymerases, in which the Dpo4 enzyme from Sfb. sol-
fataricus is found, play important roles in error-susceptible PCR and
random mutagenesis due to their low fidelity [74].

However, DNA polymerases are not the only thermostable en-
zymes extracted from archaea with utility in Molecular Biology.
DNA and RNA ligases are also of interest, especially useful in the
Ligase Chain Reaction (LCR) due to their ability to form
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phosphodiester bonds in nucleic acids. These enzymes can be an
alternative to Taq DNA ligase because they are more active at high
temperatures [19]. Similarly, archaeal restriction enzymes with
novel recognition sites have been isolated and are now produced
commercially. For example, the enzymes MaeI, MaeII, and MaeIII
from the methanogenic archaeon Methanococcus aeolicus, or HcuI,
HhII, and HsaI from the haloarchaea Hbt. cutirubrum, Hbt. halobium
and Hbt. salinarum, respectively, although there are many more
examples [15,52].

10.2. Tire recycling

The production of enzymes that cause the desulfurization of
rubber by Pyr. furiosus has led to the study of its possible application
in tire recycling. In addition, the material obtained from this reac-
tion has mechanical properties that make it ideal for coating
highway guardrails and reducing injuries in motorcycle accidents
[34,77]. However, they have not been used for any of these
applications.

10.3. Antifouling

Due to their ability to block quorum sensing systems in bacteria,
diketopiperazines can also be used to prevent the formation of
biofilms and biofouling [43], especially in the shipping industry,
where these types of events occur frequently. Similarly, hal-
oarchaeal proteases, miscible in organic solvents, are potentially
useful as an additive in antifouling coating paints to prevent
biofouling in submarines, water intakes, and pipelines [15].

11. Conclusions

Based on all the information in this review, it can be concluded
that Archaea are a resource that is just beginning to be exploited in
Biotechnology, and there are still many applications that remain
unknown. However, they have current applications in the different
sectors to which this science is directed, thanks to their charac-
teristics and adaptations to extreme conditions. However, im-
provements are still needed to replace the processes already
established and used today. Probably, with the development of
technologies based on "omics" and bioinformatics, the improve-
ment of exploration techniques for inhospitable places, and the
sequencing of a new generation of genomes, new archaea with
surprising characteristics will be discovered that will enlarge their
field of investigation.
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