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Preface

Members of the third domain of life, the Archaea, are not just germs and as such something
to eradicate. Indeed, life could not exist without the functions and processes of these micro-
organisms. Presently, archaeal research is a mesmerizing, exciting, and growing field with
potential impacts on biotechnology. Archaeal new biocatalysts and novel pharmaceuticals
are expanding quickly for the benefits of humans.

This book presents a detailed portrait of many novel aspects related to archaeal biotechnolo-
gy. In particular, it casts revealing light on the biotechnological applications of Euryarchaeo-
ta, archaeal potential next-generation probiotics, biocompounds from haloarchaea, a new tip
based on the plasmid curing approach for improving the potential of thermophiles in vari-
ous biotechnological applications.

We embarked upon this writing project to make pertinent contributions accessible to the sci-
entific community. The editors hope that a large audience will enjoy reading and benefit
from the chapters of this book entitled Archaea: New Biocatalysts, Novel Pharmaceuticals, and
Various Biotechnological Applications.

Haitham Sghaier
National Center for Nuclear Sciences and Technology,
Tunisia

Afef Najjari
Sidi Thabet Higher Institute for Biotechnology,
Tunisia

Kais Ghedira
Institut Pasteur de Tunis,
Tunisia






Chapter 1

Introductory Chapter: A Brief Overview of Archaeal

Applications

Haitham Sghaier, Afef Najjari and Kais Ghedira
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70289

1. Prologue

The first member of the Archaea was described in 1880 [1-3]. Yet, the recognition and formal
description of the domain Archaea, as separated from Bacteria and Eukarya, occurred in 1977 dur-
ing early phylogenetic analyses based upon ribosomal DNA sequences [4-6]. Indeed, members of
the archaeal domain are characterized by several distinguishing traits [3] as confirmed later based
on the first complete archaeal genome sequence obtained by Bult et al. [7] and the subsequent fin-
ished and ongoing archaeal sequencing projects (https://gold jgi.doe.gov/organisms?Organism.
Domain=ARCHAEAL, ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/archaea/) [8, 9].

The archaeal domain is composed of the DPANN superphylum [10] — Aenigmarchaeota, Diaphero-
trites, Nanoarchaeota, Nanohaloarchaeota, Pacearchaeota, Parvarchaeota and Woesearchaeota [11]—
excluded from the common branch of the TACK (or TACKL [12]) superphylum [13] — Aigarchaeota
[14], Bathyarchaeota [15], Crenarchaeota [16), Korarchaeota [17], Lokiarchaeota [18] and Thaumarchaeota
[19] —with the Euryarchaeota phylum [16]—extreme halophilic Archaea, hyperthermephiles
such as Thermococcus and Pyrococcus, most acidophilic-thermophilic prokaryotes, the thermo-
philic-acidophilic cell wall-less Thermoplasma, methanogens [20] and the Altiarchaeales clade [21].

The Archaea are ubiquitous in most terrestrial, aquatic and extreme environments (acidophilic,
halophilic, mesophilic, methanogenic, psychrophilic and thermophilic) [20, 22]. Although
very diversified with a great number of species, luckily, no member of the domain Archaea
has been described as a pathogen for humans, animals or plants [23-25]. Thus, Archaea are a
potentially valuable resource in the development of new biocatalysts, novel pharmaceuticals
and various biotechnological applications. Applications of Archaea (for review, see [26-32]
and references therein) may be subdivided into four main fields (Figure 1): (i) commercial
enzymes and/or molecules, (ii) environment, (iii) food and (iv) health.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN



2 Archaea - New Biocatalysts, Novel Pharmaceuticals and Various Biotechnological Applications

Figure 1. Examples of potential applications of Archaea in biotechnology depicted in a 16S rDNA phylogenetic tree
visualized via the iTOL (Interactive Tree Of Life) tool [33]. Potential applications of Archaea were subdivided into
four fields (commercial enzymes and/or molecules (stars), environment (circles), food (triangles) and health (squares))
based on the reference(s) listed following each species. Thirty eight (n=38) archaeal species were integrated into the
above phylogenetic tree (one DPANN species (white color), 21 Euryarchaeota species (dark grey color), 16 TACK
species (light grey color)): Acidianus hospitalis W1 (NC_015518) [34, 35], Acidilobus saccharovorans 345-15 (NC_014374)
[36, 37], Aeropyrum camini JCM 12091 (NC_121692) [38], Aeropyrum pernix K1 (NC_000854) [39], Archaeoglobus fulgidus
DSM 4304 (NC_000917) [40, 41], Caldivirga maquilingensis IC-167 (NC_009954) [42], Desulfurococcus fermentans DSM 16532
(NC_018001) [43], Desulfurococcus mobilis DSM 2161 (NC_014961) [44], Ferroglobus placidus DSM 10642 (NC_013849)
[45], Fervidicoccus fontis Kam940 (NC_017461) [46], Halobacterium salinarum R1 (NC_010364) [47], Halobacterium sp.
NRC-1 (NC_002607) [48], Haloferax mediterranei ATCC 33500 (NC_017941) [49], Halogeometricum borinquense DSM 11551
(NC_014729) [50], Halorhabdus utahensis JCM 11049 (NC_013158) [51], Halostagnicola larsenii XH-48 (NZ_CP007055) [52],
Haloterrigena turkmenica DSM 5511 (NC_013743) [53], Metallosphaera cuprina Ar-4 (NC_015435) [54], Metallosphaera sedula
DSM 5348 (NC_009440) [55], Methanocaldococcus jannaschii DSM 2661 (NC_000909) [27, 56], Methanotorris igneus DSM
5666 (NC_015562) [57], Natrialba magadii ATCC 43099 (NC_013922) [58], Nanoarchaeum equitans Kin4-M (NC_005213) [59,
60], Pyrobaculum aerophilum IM2 (NC_041958) [61, 62], Pyrobaculum calidifontis JCM 11548 (NC_009073) [63], Pyrobaculum
sp. 1860 (NC_016645) [64, 65], Pyrococcus horikoshii OT3 (NC_000961) [66], Pyrococcus sp. ST04 (NC_017946) [67],
Pyrococcus yayanosii CH1 (NC_015680) [68], Sulfolobus acidocaldarius DSM 639 (NC_007181) [69], Sulfolobus solfataricus
P2 (NZ_LT549890) [70], Thermococcus gammatolerans EJ3 (NC_012804) [71], Thermococcus litoralis DSM 5473 (NC_022084)
[72], Thermococcus onnurineus NA1 (NC_011529) [73], Thermococcus sp. CL1 (NC_018015) [74], Thermoplasma acidophilum
DSM 1728 (NC_002578) [75, 76], Thermoplasma volcanium GSS1 (NC_002689) [77], Vulcanisaeta moutnovskia 768-28
(NC_015151) [78].
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The book ‘“Archaea - New Biocatalysts, Novel Pharmaceuticals and Various Biotechnological
Applications’ contains five chapters.

The first chapter is an Introductory Chapter, where editors give a general overview of the
content of the book.

The second chapter by Castro-Fernandez et al., entitled ‘Evolution, metabolism and molec-
ular mechanisms underlying extreme adaptation of Euryarchaeota and its biotechnological
potential’, provides an interesting depiction of the phylum Euryarchaeota in terms of evolutive
history, metabolic strategies, lipid composition, proteic structural adaptations and its biotech-
nological applications.

The third chapter ‘Archaebiotics: archaea as pharmabiotics for treating chronic disease in
humans?’ was written by Ben Hania and co-authors. It promotes the idea that some specific
archaea are potential next-generation probiotics.

The fourth chapter ‘Biocompounds from haloarchaea and their uses in biotechnology’ by
Torregrosa-Crespo et al., emphasizes the main characteristics of biocompounds from haloar-
chaea and their potential uses in biomedicine, pharmacy and industry.

The book concludes with a (fifth) chapter by Mizuno et al., entitled ‘Plasmid curing is a prom-
ising approach to improve thermophiles for biotechnological applications: perspectives in
archaea’, providing a new tip based on the plasmid-curing approach for improving the poten-
tial of thermophiles in various biotechnological applications.

Finally, we would like to thank all authors for their contributions. We are also grateful to
InTech Publishing Process Managers, particularly Ms. Mirena Calmi¢, Ms. Romina Rovan and
Ms. Ana Pantar, who assisted us with patience until the publication of this book.
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Abstract

Archaeal organisms harbor many unique genotypic and phenotypic properties, testify-
ing their peculiar evolutionary status. Thus, the so-called extremophiles must be ade-
quately adapted to cope with many extreme environments with regard to metabolic
processes, biological functions, genomes, and transcriptomes to overcome the challenges
of life. This chapter will illustrate recent progress in the research on extremophiles from
the phylum Euryarchaeota and compile their evolutive history, metabolic strategies, lipid
composition, the structural adaptations of their enzymes to temperature, salinity, and pH
and their biotechnological applications. Archaeal organisms have evolved to deal with
one or more extreme conditions, and over the evolution, they have accumulated changes
in order to optimize protein structure and enzyme activity. The structural basis of these
adaptations resulted in the construction of a vast repertoire of macromolecules with par-
ticular features not found in other organisms. This repertoire can be explored as an inex-
haustible source of biological molecules for industrial or biotechnological applications.
We hope that the information compiled herein will open new research lines that will
shed light on various aspects of these extremophilic microorganisms. In addition, this
information will be a valuable resource for future studies looking for archaeal enzymes
with particular properties.
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1. Introduction

Archaea represents the third domain of life. Their peculiar evolutionary status conforms to
their unique genotypic and phenotypic properties. Except for methanogenesis, which has
not yet been described in bacteria, all central metabolic pathways discovered in archaea also
exist in bacteria, although in some cases with important and novel modifications. Archaeal
organisms can be either heterotrophs or autotrophs (chemio- or photo-lithoautotroph) and
can use a large variety of electron donors and acceptors [1]. One of the most striking features
of archaea organisms is their relation with hyperthermophilicity as they are able to colo-
nize ecological niches even above 95°C. This property relies in part on the unique structure
of archaeal lipids, which are able to maintain impermeability of the cytoplasmic membrane
to ions at such high temperatures. Although archaea are often believed to live in extreme
environments, they can also be found in many diverse locations including even moderate
environmental conditions.

The phylum Euryarchaeota, in archaea, comprises an extremely physiologically diverse group
of microorganisms, adapted to the most extreme environments known so far. This phylum
includes organisms adapted to different temperature niches (thermophiles, mesophiles, and
psychrophiles), pH (acidophiles), and the organisms those grow at elevated salt concentra-
tions (halophiles). On the other hand, the phylum, Crenarchaeota, comprises a much more
limited phenotypic diversity of cultivable organisms. This chapter focuses on the phylum
Euryarchaeota and considering the industrial potential of their proteins.

2. The Euryarchaeota phylogenetic tree

The evolutionary studies of archaea are important for understanding the origin of life and the
course of evolution of the organisms that populate the earth. In the 1970s, Carl Woese’s work
showed that RNA of the small subunit of the ribosome (SSU rRNA) could be used to define
phylogenetic relationships, which allowed the construction of a universal tree of life [2]. From
these studies emerged the discovery of archaea, demonstrating that living organisms on earth
can be divided into three domains (archaea, eukarya, and bacteria). Initially, two phyla were
identified in archaea: Crenarchaeota and Euryarchaeota [3]. Subsequently, new phyla, namely
Korarchaeota, Nanoarchaeota, and Thaumarchaeota, were proposed based on SSU rRNA [2].

The phylum Euryarchaeota comprises an extreme physiologically diverse group of microorgan-
isms, adapted to the most extreme environments known. The members constitute the greatest
phenotypic diversity among the cultivable species known to date, including halophiles, metha-
nogens, some thermoacidophiles, and some hyperthermophiles. Through SSU rRNA, the follow-
ing orders of Euryarchaeota were identified: Thermococcales, Methanobacteriales, Methanococcales,
Thermoplasmatales, Halobacteriales, Methanosarcinales, Methanomicrobiales, Methanocellales, and
Archaeoglobales.

However, at the end of the 1990s, the phylogenies based on SSU rRNA were questioned
regarding their ability to reconstruct the more ancestral speciation events, given the lack of a
phylogenetic signal [4]. The phylogenetic trees, reconstructed with SSU rRNA by maximum
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likelihood and evaluated by bootstrap (a method to evaluate the robustness of nodes in a
tree), showed that the most ancestral nodes of the phylum Euryarchaeota have '60% statisti-
cal significance, which makes difficult to have confidence in the phylogenetic relationship
between the different orders. Then, by using SSU rRNA, the orders that diverge first and
those that diverge last cannot be established [5].

The evolutionary relationships among the archaea orders have been established by the
sequencing of several genomes. Petitjean et al. [6] identified 200 protein families, along with
57 ribosomal proteins and 14 RNA polymerase subunits, which represent 273 phylogenetic
markers in 129 archaeal genomes. With this conserved core of archaeal genes, they inferred
the phylogeny of the nodes of different orders with high robustness (statistical significance
>95%). The tree topology obtained with this core of proteins is generally consistent with other
topologies such as that obtained by Battistuzzia and Hedgesa [7].

The topology of these phylogenies shows that Thermococcales were the first group to diverge
(Figure 1) in Euryarchaeota, approximately 3594 Ma ago, ruling out the possibility that metha-
nogenesis was an ancestral metabolic process in the Euryarchaeota. Subsequently, the orders
Methanopyrales, Methanobacteriales, and Methanococcales diverged around 3468 Ma ago, and
methanogens class I or Methanomada appeared [6]. Later on, the order Thermoplasmatales
diverged (3160 Ma ago), followed by the order Archaeoglobales (2799 Ma ago). Finally, metha-
nogens class II diverged (Methanocellales, Methanosarcinales, and Methanomicrobiales), and from
this group, the order Halobacteriales emerged [6]. However, this hypothesis is debatable as in
some topologies, Halobacteriales appear prior to the divergence of methanogens class II [7].

sl [iermococceales

~=ll Methanococcales
=l Methanobacteriales Methanogens
—g 5% Ma__ Class |
==l Methanopyrales
*346&'5}0
=Ml Thermoplasmatales
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~tl] V{ ethanosarcinales I
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=l \eithanomicrobiales
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Figure 1. Schematic representation of phylogenetic relationships between the orders of Euryarchaeota. The estimated time
in millions of years (Ma) for the divergence of some orders is shown according to the time-tree [7].
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3. Euryarchaeota metabolism

Euryarchaeota organisms show very diverse metabolism. For example, phylogenetically
close orders can exhibit very different kinds of metabolism, while important similarities
can be observed in distantly related orders. Most of the Euryarchaeota are strictly anaerobic,
although some of them can grow at low oxygen concentrations. Euryarchaeota, like most of the
anaerobic organisms studied, lacks the defense mechanisms against oxidative stress (ROS).
However, recently, the ability of P. furiosus to grow even in the presence of 8% oxygen has
been described, which led to postulate the existence of a mechanism through which a part
of the electrons destined to H, production are diverted to the O, reduction [8]. Further, this
phylum comprises mainly autotrophic organisms, and some heterotrophs can be found. This
trait has been suggested to be an evolutive novelty acquired later [9].

The systematic studies of archaeal metabolism were undertaken soon after the first genome
sequence from archaea was obtained. The initial studies contemplated metabolic reconstructions
based on the presence of homologous sequences with known activities [10]. In parallel, the in vitro
studies with cellular cultures that included metabolite and enzymatic measurements in crude
extracts began to appear. The most of our current knowledge about their metabolism has been
derived from the exhaustive studies performed with the model organisms like Methanocaldococcus
jannaschii (the first archaeal genome to be sequenced), Methanococcus maripaludis [11] (order
Methanococcales), Methanosarcina acetivorans [12] (order Methanosarcinales), Thermococcus kodaka-
rensis, and P. furiosus [13] (both from order Thermococcales)—just to mention some of them. In
Figure 2, a simplified scheme showing the main metabolic pathways of the archaeal life is pre-
sented, using Thermococcales, Methanococcales, and Methanosarcinales as examples.

Heterotrophs from Thermococcales are the most studied organisms, which can be grown in
different conditions using sugars, peptides, or polysaccharides as a carbon source [14, 15]. In
these organisms, glycolysis or the Embden-Meyerhof pathway (EM) plays a fundamental role
in the production of reduced equivalents and ATP [16]. In this pathway, important modifica-
tions to the traditional glycolysis can be observed, such as the phosphorylation of glucose and
fructose-6-P is performed by a glucokinase (ADP-GK) and a phosphofructokinase (ADP-PFK)
employing ADP instead of ATP as a phosphoryl donor [17, 18], and the canonical G3PDH is
replaced by a glyceraldehyde-3-phosphate ferredoxin oxidoreductase (GAPOR) [19]. In addi-
tion, a pyruvate ferredoxin oxidoreductase (POR) that decarboxylases pyruvate to synthesize
Acetyl-CoA is also present in these organisms [20]. In both the aforementioned reactions,
reduced ferredoxin is produced, which constitutes one of the most important electron carri-
ers. Ferredoxin produced in glycolysis is oxidized later by a membrane hydrogenase, coupled
to molecular hydrogen production [21]. During this process, a proton is exported to the extra-
cellular medium, contributing to the proton gradient which in turn allows ATP production
carried out by the ATP synthase enzyme [21]. Alternatively, archaea possess a unique Acetyl-
CoA synthetase able to synthesize acetate from Acetyl-CoA coupled to ATP production [22].
This reaction, along with pyruvate synthesis by pyruvate kinase, is the only step where phos-
phorylation of ADP at a substrate level occurs in glycolysis. In these organisms, as well as the
autotrophs belonging to Euryarchaeota, the presence of an incomplete reductive Kreb’s cycle
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Figure 2.The simplied scheme of Euryarchaeal metabolism. Thermococcales are used as an example to represent
heterotrophic archaea, Methanococcales as an example of class I methanogens and Methanosarcinales of class II
methanogens. Light gray squares represent main metabolic processes mentioned in the text. The genera carrying each
process are enclosed in a square. The relevant metabolites that can enter the cell are represented in dark gray squares.
Metabolites that serve as intermediaries and connecting different processes are represented by black squares. CH,, one
of the major metabolic final products from methanogenic archaea is shown. The arrows represent connections between
metabolites and metabolic processes. The dashed arrows represent the pathways present in Thermococcales; the black
arrows represent the pathways present in Methanococcales, and the dotted arrows represent the pathways present in
Methanosarcinales.

has been reported and it has been postulated that its function is the production of metabolic
intermediates for amino acid synthesis and other anabolic processes [23].

Thermococcales can use elemental sulfur as the final electron acceptor producing sulfhydric acid
as a final metabolic product [14]. However, in most cases, the presence of sulfur is not neces-
sary, and alternatively, molecular hydrogen is produced as the final metabolic product [24]. This
reaction is mainly carried out by a ferredoxin-dependent membrane hydrogenase. In the pres-
ence of elemental sulfur, the expression of this hydrogenase is diminished with the concomitant
decrease in H, production. Under these conditions, ferredoxin is oxidized by a membrane oxido-
reductase coupled to NADPH production and H* ions are exported to the extracellular medium.
Later, an NADPH-dependent oxidoreductase reduces elemental sulfur, producing sulfhydric
acid [24].

In autotrophic organisms of Euryarchaeota, such as methanogens class 1 (Methanococcales)
and methanogens class II (Methanosarcinales), glycolysis also shows certain modifications;
of them, most are shared with Thermococcales [16]. However, important differences can be
observed in Methanococcales; since these organisms lack the ADP-GK gene, the ADP-PFK
enzyme performs both phosphorylating activities at the same active site [25, 26]. It has been
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postulated that in both classes of methanogens, glycolysis is a secondary pathway since
during the growth in the presence of a suitable amount of nutrients these organisms main-
tain active pathways like gluconeogenesis and glycogen synthesis [12, 27]. In the absence of
nutrients, glycolysis is activated as a salvage route to produce metabolic intermediates and
substrates for methanogenesis. Nonetheless, the role of glycolysis and gluconeogenesis in
these organisms is still under an active investigation. Recently, an ADP-dependent PFK-GK
with more catalytic efficiency toward glucose synthesis has been described in M. maripaludis,
but its physiological relevance has not been elucidated [26]. Further, both activities (PFK
and GK) are activated by AMP, which might have important consequences for glycolysis
regulation [26].

Methanogens are unable to grow in the presence of sugars, peptides or compounds of three
or more carbons since they lack specific transporters for these substances [28]. However,
they can use CO2 and other one-carbon compounds, such as formate, as a carbon source.
Carbon fixation proceeds via a reductive pathway of Acetyl-CoA (Wood-Ljungdahl path-
way) where two molecules of CO, are reduced and one molecule of Acetyl-CoA is produced
[29]. This reduction is carried out by the oxidation of two equivalents of ferredoxin and
one equivalent of coenzyme F420 (a unique coenzyme from methanogenic organisms) [30].
The methanogens, by using the POR enzyme, carry out the carboxylation of Acetyl-CoA to
form pyruvate and, in this way, generate the substrates for gluconeogenesis or amino acid
synthesis [31].

Methanogenesis is the main metabolic process in autotrophs from Euryarchaeota. Class I meth-
anogens produce methane from CO, in a pathway called hydrogenotrophic. The electrons
required for CO, reduction come from the oxidation of H, and are transferred to the carriers
like ferredoxin and coenzyme F420 and ultimately to CO, in successive reactions [32].

In class II methanogens, besides the hydrogenotrophic pathway [33], two variants have also
been found: acetoclastic and methylotrophic methanogenesis, both of which have a more
recent evolutive origin [34]. In acetoclastic methanogenesis, one molecule of methane and
one of CO, are generated from one molecule of acetate [35, 36]. Acetate is first converted to
Acetyl-CoA by the action of the Acetyl-CoA synthetase enzyme with a concomitant expendi-
ture of ATP. Later, the methyl group of Acetyl-CoA enters methanogenesis and gets reduced
to generate methane in a process whose stages are shared with hydrogenotrophic methano-
genesis. The electrons required to carry out the process are provided by the oxidation of the
carbonyl group of Acetyl-CoA to carbon monoxide and then to CO, in a ferredoxin-depen-
dent process.

In the methylotrophic methanogenesis, methane can be produced from the methyl group of
several molecules, such as methanol, methylamine, and methanethiol. A total of four methyl
groups are metabolized, and three of them enter methanogenesis where they are reduced to
yield three methane molecules [35, 37]. The fourth methyl group is oxidized through a pro-
cess equivalent to hydrogenotrophic methanogenesis, but it occurs in reverse order, yield-
ing CO, and providing the electrons needed for the reduction of the other three molecules.
The CO, produced in this process, as well as the one produced in acetoclastic methanogen-
esis, can enter in the reductive acetyl-CoA pathway to be destined to biomass generation.
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4. Archaeal membrane lipids

Archaea are generally characterized by the unique structure of their membrane lipids. Their
phospholipid composition mainly includes long chains of methylated isoprenoids attached
to a glycerol-1-phosphate molecule via an ether bond, which has been suggested to contrib-
ute to the survival in extreme environments [38]. Archaeal lipids differ in isoprenoids chain
length, composition, configuration, and various modifications at the polar head groups.
The two main core structures are C,; sn-2, 3-diphytanyl glycerol diether lipid (also known
as archaeal) and C,; sn-2, 3-diphytanyl diglyceroltetraether also known as glycerol diphy-
tanoyl diglycerol tetraether (GDGT) or caldarchaeol. The archaeal lipids include some lip-
ids with C,isoprenoid chain, which enables the formation of the bilayer membrane. On
the other hand, in caldarchaeol, two identical or different glycerol moieties are connected
by two C,; isoprenoid chains, enabling the formation of monolayer membrane (Figure 3).
These membranes present a higher degree of compactness compared to the other bilayer
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Figure 3. The structures of archaeal membrane lipids. (A) Archaeal C,. (B) Modified archaeal C,. (C) Macrocyclic
archaeal. (D) Tetriol-archaeoldiether lipids. (E) Crenarchaeol with cyclopentane and cyclohexane. (F) Caldarchaeol C,;
(GDGT).
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membranes, which precludes external and internal layer fusion at high temperatures [39].
Furthermore, the ether bond typical of archaeal lipids is less susceptible to hydrolysis than
the ester bonds present in bacterial lipids, which makes this kind of membrane to be more
stable at high temperatures and in acidic environments. Molecular dynamic simulations
have confirmed the importance of the monolayer structure in the membrane stability and
determined that the presence of cyclic structures, like cyclopentane, increases membrane
rigidity, rendering the membrane more resistant to mechanical stresses and high tempera-
tures [40]. In hyperthermophilic archaea, the number of cyclic structures increases with the
increase in growth temperature since the interaction between the lipids with cyclopentane is
more stable. On the other hand, in psychrophilic Euryarchaeota the membrane lipids present
unsaturated isoprenoid chains, which offer higher membrane fluidity at low temperatures.
This is the case for the membranes from the psychrophilic organism Methanococcoides bur-
tonii, where the identified lipids correspond to unsaturated archaeal lipids such as archaeal
phosphatidylglycerol, archaeal phosphatidylinositol, hydroxyarchaeol phosphatidylglyc-
erol, and hydroxyarchaeol phosphatidylinositol [41].

As a ubiquitous characteristic, the membrane lipids in Halobacteria organisms lack phospho-
lipids with ethanolamine, inositol, and serine groups. Archaetidyl glycerol methyl phosphate
(PGP-Me) is the main component of the membrane, which accounts for 50-80% of the total
lipids. This particular lipid composition allows that the membranes from Halobacteria organ-
isms retain their stability and impermeability in environments up to 4 M NaCl, distinct from
the membranes of other Euryarchaeota organisms lacking PGP-Me [42].

Archaeal and extended archaeal are the main lipids in the orders Methanococcales and
Methanosarcinales, while the orders Methanopyrales, Thermoplasmatales, Archaeoglobales, and
Methanomicrobiales contain GDGTslipids [39]. In the orders, Thermococcales and Methanobacteriales,
both type of lipids, archaeal and GDGT, are present. Furthermore, in hyperthermophilic
Euryarchaeota such as Thermococcales and Thermoplasmatales, GDGT with cyclic structures can be
found (Table 1) [38, 43].

During the lipid synthesis in archaea, the isopentenyl diphosphate (IPP) and dimethyl allyl
diphosphate (DMAPP) compounds serve as the building blocks of the isoprenoid chains.
There are two pathways for the synthesis of these compounds: one of them corresponds to
the mevalonate pathway (MVA), and the other is mevalonate-independent, which is known
as C-methyl-p-erythritol-4-phosphate/1-deoxy-p-xylulose-5-phosphate (MEP-DOXP). In
the MVA pathway, IPP and DMAPP are formed by the condensation of Acetyl-CoA mole-
cules to give 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA), which is later reduced to mev-
alonate and then phosphorylated and decarboxylated to form the precursor molecules of
the isoprenoid chains [43]. Further, M. jannaschii uses a modified MVA pathway, where the
conversion of mevalonate-5-phosphate to IP is catalyzed by a phosphomevalonate decar-
boxylase (M]0403), and later IP is phosphorylated by the action of the IP kinase (M]J0044)
enzyme [44].

Isoprenoid synthesis through the mevalonate-independent pathway was described initially
in eukaryotes and later in bacteria, algae, and plants. Both pathways differ in the substrates
and enzymes that participate in IPP formation. For example, in the MEP-DOXP pathway,
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Euryarchaeota Organism Organism Metabolism  Type of lipid References
order characteristic
Halobacteriales Psychrophilic Halobacterium sp Heterotrophic = Archaeal C,, [52, 53]
Mesophilic Halorubrum Archaeal extended
lacusprofundi C,", GDGT C,; and
Archaeal unsaturated
(psychrophilic
organisms only)
Methanosarcinales ~ Thermophilic Methanosarcina sp Autotrophic Archaeal CZO*, GDGT [41, 54,
Mesophilic Methanococcoides C,, and Archaeal 55]
Psychrophilic burtonii unsaturated
(psychrophilic
organisms only)
Methanopyrales Hyperthermophilic =~ Methanopyrus Autotrophic  Archaeal C," with [56]
kandleri cyclic ring (the degree
of cyclization increase
with the increase of the
T°) and unsaturated
Archaeal
Methanococcales Hyperthermophilic = Methanocaldococcus ~ Autotrophic ~ Archaeal C,; [44]
jannaschii macrocyclic Archaeal™
Thermococcales Thermophilic Pyrococcus horikoshii  Heterotrophic ~ Archaeal C,, [56]
Hyperthermophilic ~ Thermococcus sp Cardarchaeol
derivatives and GDGT
with up to two cyclic
rings
Methanobacteriales  Mesophilic Methanobacterium Autotrophic Archaeal C,;" or [39]
Thermophilic thermoautotrophicus Archaeal extended C,.”
and GDGT-0
Archaeoglobales Mesophilic Archaeoglobus Heterotrophic ~ Archaeal C,, [57]
Thermophilic Fulgidus “Archaeal extended
C,;” and GDGT with
zero to two cyclic rings
Thermoplasmatales  Mesophilic Thermoplasma Heterotrophic GDGT with one to [56]
Thermophilic acidophilum three cyclic ring

Notes: "Archaeal C, = C20 sn-2,3-diacilglycerol diether lipid.

“Archaeal C,, = C,; sn-2,3-sesterterpanyl.

o

ring; GDGT-1-4 cyclic ring; GDGT-5-8 cyclic ring.

Macrocyclic Archaeal = C20 macrocyclic archaeal; GDGT = glycerol diphytanoyl glycerol tetraether; GDGT-0 cyclic

Table 1. Main membrane lipids in Euryarchaeota.

the initial substrates for IPP formation are pyruvate and glyceraldehyde-3P, while in the
MVA pathway are acetyl-CoA and acetoacetyl-CoA. Another difference lies in the last three
enzymes of both pathways; in the MEP-DOXP route, they correspond to methylerythritol
cyclodiphosphate (MEcPP) synthase and hydroxymethylbutenyl 4-diphosphate (HMBPP)
synthase, which are absent in the MVA route. Further, the last enzyme in the MEP-DOXP
pathway is an HMBPP reductase, which, in the other pathway, is a mevalonate-5-diphosphate

(MVAPP) decarboxylase [45, 46].



20  Archaea - New Biocatalysts, Novel Pharmaceuticals and Various Biotechnological Applications

5. Structural adaptations of extremophilic proteins

As already mentioned, archaea thrive in many different extremes: heat, cold, acid, base,
salinity, pressure, and radiation. These harsh environmental conditions imposed several
restrictions to which they had to adapt during the course of their evolution. Considering
these extreme environments, archaea can be divided into: halophiles, psychrophiles, thermo-
philes, acidophiles, and piezophiles. However, it has to be remembered that these branches
frequently intersect in interesting ways.

Archaeal organisms have evolved to deal with one or more extreme conditions that have
led them to accumulate the changes mostly concerned with protein structure and enzyme
activity. These adaptations made them a vast repertoire of macromolecules with particular
features not available in their counterparts from other organisms. This constitutes an inex-
haustible source of biological molecules for industrial or biotechnological applications.

5.1. Thermophiles and hyperthermophiles

Thermophilic and hyperthermophilic archaea are found mainly in the deep ocean, hydro-
thermal vents, and hot water near volcanoes. According to their growth temperature, these
organisms have been classified as thermophiles or hyperthermophiles. The former are those
able to grow at temperatures above 50°C and the latter at 80°C or more [47]. There are diverse
cellular mechanisms that make the life possible at these extreme temperatures. The expres-
sion of molecular chaperones (HsP) that help in the correct folding of proteins and enzymes
accompanied with more rigid membranes and proteins than those found in mesophiles are
common characteristics of this kind of organisms [39, 48, 49]. At a genomic level, it is not clear
if an increase in the G+C content is indeed a characteristic of thermophilic and hyperther-
mophilic organisms since some mesophilic organisms do show a higher proportion of these
nitrogen bases than their hyperthermophilic counterparts [47, 50]. The high thermal stability,
as well as the capacity of the enzymes of these microorganisms to catalyze reactions at very
high temperatures, has made them a subject of intense research. Many archaeal thermophilic
and hyperthermophilic enzymes employ substrates that are different from those used by their
bacterial homologs; even some of them possess novel catalytic activities not found in bacteria,
which make the archaeal enzymes a promising source for biotechnological processes.

Thermophilic and hyperthermophilic archaea could be either methanogenic or nonmetha-
nogenic organisms. The nonmethanogenic hyperthermophilic archaea belong to the orders
Thermococcales, Thermoplasmatales, and Archaeoglobales, whereas class I methanogenic archaea
belong to the thermophilic organisms of the orders Methanopyrales, Methanobacteriales,
and Methanococcales and class II methanogens belong to the orders Methanomicrobiales and
Methanosarcinales.

5.1.1. Mechanism of protein adaptation to the heat

In general terms, the enzyme structures of thermophilic and hyperthermophilic archaea have
been described as highly rigid and thermostable compared to their mesophilic homologs. The
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mechanisms reported to achieve this enhancement in thermostability include an increase in
the number of ionic interactions, disulfide bridges, surface charges, higher oligomerization
states, and a more compact hydrophobic core [51]. Although to date there are many character-
ized thermophilic and hyperthermophilic enzymes from the phylum Euryarchaeota, it is not
possible to compare them with their mesophilic homologs from the same phylum due to the
lack of studies regarding the homologous counterpart.

The structure of enzyme triose phosphate isomerase is characterized by TIM barrel fold,
and it catalyzes the reversible interconversion of glyceraldehyde-3P and dihydroxyacetone
phosphate. In eukaryotes, bacteria, and mesophilic archaea, this enzyme is a dimer, while in
thermophilic and hyperthermophilic archaea, it exists in a tetrameric form [58]. The hyper-
thermophilic triose phosphate isomerase from P. furiosus and Thermococcus onnurineus was
also characterized as tetramers [59]. The increase in the state of oligomerization could be a
difference related to an increase in the thermal stability; an interesting but different example
of oligomerization state as a strategy to increase thermostability is manifested by an amylase
from P. furiosus. This hyperthermophilic enzyme, unlike its mesophilic homologs, which are
dimers, presents a lower oligomerization state, being described as a highly packed monomer.
This highly packed structure, as well as the decrease in the oligomerization state, results in
the decrease in the hydrophobic surface exposed to the solvent [60]. In this case, the interac-
tions that favor the compactness of the hydrophobic core of the hyperthermophilic amylase
are hydrogen bonds, which play a fundamental role in maintaining the folding at high tem-
peratures [60]. In order to analyze the importance of ionic and noncovalent interactions in the
thermostability, Vogt et al. performed a comparative analysis between the mesophilic and
thermophilic proteins employing 56 model proteins belonging to 16 families and concluded
that in thermophilic proteins, interactions like hydrogen bonds are in a greater number than
in mesophilic proteins, which are bestowed by a high number of charged residues consti-
tuting a key characteristic to increase thermostability [61]. In addition, it can be noted that
thermophilic and hyperthermophilic proteins exhibit a larger polar surface exposed to the
solvent in comparison with mesophilic proteins mainly due to the presence of charged resi-
dues on the surface and the diminution in the number of noncharged polar residues [62]. The
presence of large hydrophobic lateral chains is also a characteristic of thermostable proteins.
The comparison of the glutamate dehydrogenase from P. furiosus with its bacterial homologs
(Thermotoga maritima, TmGDH and Clostridium symbiosum, CsGDH) shows that this thermo-
stable enzyme presents a greater fraction of charged residues given mainly by arginine resi-
dues. In addition, it was established that the ionic-pair strategy follows this trend: PfGDH >
TmGDH > CsGDH [63].

A good example of the role of ionic interactions in the adaptation of protein structures to high
temperatures is the ionic network present in a triose phosphate isomerase from P. furiosus
and T. onnurineus; this type of ionic network is absent in the psychrophilic homolog from
Methanosarcinales (M. burtonii) [64]. The introduction of ionic interactions in a psychrophilic
enzyme significantly increased the thermal stability of a mutant, highlighting the importance
of this type of interactions in the increased thermal stability of enzymes from archaea [64].
Even more, when this network of ionic interactions was eliminated from the triose phosphate
isomerase from P. furiosus, its stability decreased [65].
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An example of the use of disulfide bridges for increased stability is the comparison between
the archaeal hyperthermophilic enzyme alpha-amylase from P. furiosus and its bacterial
counterpart from Bacillus licheniformis. The study shows that the increased stability of the
alpha-amylase from P. furiosus was due to a higher content of cysteine residues than the ones
observed in the enzyme from B. licheniformis. The increase in cysteine residues along with the
increase in the number of ionic pairs has been described as the main characteristics respon-
sible for the activity and protein stabilization in this hyperthermophilic organism [66].

5.2. Psychrophiles

Most of the archaeal organisms studied evolved to colonize low-temperature aquatic eco-
systems such as those present in Antarctic, Arctic, vast tracts of the deep sea, and also alpine
regions. These organisms are called psychrophiles and can be classified in Stenopsychrophiles
and Eurypsychrophiles according to their growth temperature range [67]. This classification is
based on two parameters: optimal growth temperature (T, ) and maximal growth temperature
(T_,) Stenopsychrophiles show an upper optimal growth temperature less than ~20°C and a
T notgreater than 25°C. On the other hand, Eurypsychrophiles tolerate a broader temperature
range, presenting T above 30°Cand T, below 10°C [67]. To date, almost all psychrophilic
archaea belong to the phylum Euryarchaeota and they are all methanogenic. Psychrophilic
and methanogenic archaea can be found in the following archaeal orders: Methanobacteriales,
Methanomicrobiales, and Methanosarcinales. Methanobacterium sp. is a representative of the
order Methanobacteriales, while in the order Methanomicrobiales, we can find Methanogenium
frigidum, Methanogenium marinum, and Methanogenium boonei. In Methanosarcinales, the organ-
isms identified correspond to M. burtonii, Methanococcoides alaskaense, Methanosarcina baltica,
Methanosarcina lacustris, and Methanolobus psychrophilus. Psychrophilic archaea and their pro-
teins and enzymes have been a focus of great attention owing to their high potential as bio-
catalysts in biotechnological applications since a long time.

5.2.1. Mechanism of protein adaptation to the cold

Low temperature imposes several challenges to cellular functions such as replication, tran-
scription, translation, and metabolic reactions crucial for the development of microorganisms.
At a cellular level, the common strategies employed to cope low temperatures include, inter
alia, cold shock proteins, antifreeze proteins, and an increased membrane fluidity [67]. Besides
this, the protein structure should also adapt to a cold environment. Identifying the important
features that confer specific thermal properties has been a subject of intense research in the
last few years. Even so, to date, very few proteins from psychrophilic archaea have been stud-
ied, in contrast to a large number of proteins and enzymes from mesophilic, thermophilic,
and hyperthermophilic archaea. The current studies indicate that the main feature of psy-
chrophilic proteins and enzymes is to have a flexible structure, which could offset the energy
decrease of the reaction medium, thus facilitating catalysis processes at low temperatures.
Heat-induced unfolding experiments for psychrophilic, mesophilic, and thermophilic pro-
teins show distinct stability patterns where the unfolding of the cold-adapted proteins occurs
at lower temperatures (T_) and gradually increases for the other groups [68]. Nonetheless,
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the psychrophilic enzymes do not display unusual or exotic 3D conformations and bear over-
all folds resembling that of their mesophilic counterparts [69]. The main challenge faced by
psychrophilic enzymes is to catalyze reactions at an appropriate rate even when the low tem-
peratures strongly diminish the rates of chemical reactions. Several reports regarding cold-
active enzymes have demonstrated that they display a much higher specific activity at low
and moderate temperatures as their thermophilic counterparts [70]. This is caused by the
destabilization of either the active site or the whole protein, conferring mobility and flexibility
to the active site at the temperatures that tend to freeze molecular motions [71]. It is gener-
ally accepted that although other molecular traits can contribute to cold activity, the lack of
selective pressure on stable proteins, in conjunction with a strong selection of highly active
enzymes, is the main factors responsible for cold activity adaptation in natural environments.

The psychrophilic enzymes from archaea evolved to attain more flexible structures by adopt-
ing several mechanisms. For example, by reducing the number of charged residues present at
both the protein surface and the hydrophobic core (Arg, Lys, Glu). A low content of arginine
residues results in a low number of hydrogen bonds that can be formed contributing to struc-
tural flexibility. In order to compensate for the loss of charges at the protein surface and avoid
aggregation, these proteins present a great proportion of noncharged polar residues such as
GIn and Thr, which in turn implies a decrease in stabilizing ion pairs favoring a structural
destabilization [72]. Other adaptations include the clustering of glycine residues (providing
local mobility), the disappearance of proline residues in loops (providing enhanced chain
flexibility between secondary structures), as well as a lower number of ion pairs, aromatic
interactions, and hydrogen bonds [73]. Additionally, the hydrophobicity of the protein core
and the compactness of the protein interior is usually low [73]. In summary, all aforemen-
tioned factors are attenuated in strength and number in the structures of cold-active enzymes.

One remarkable fact about psychrophilic enzymes is that they are inactivated at the tempera-
tures that are well below than the one at which the protein unfolds; this presents a remarkable
difference from their mesophilic or thermophilic homologs. This led to the concept of a local-
ized increase in the flexibility at the active site, which is responsible for a high but heat-labile
activity, while the other regions of the protein, not involved in catalysis, might not have low
stability [74, 75]. The comparison of the experimentally measured activation energy of transi-
tion (AG”) of some cold-active enzymes revealed that this parameter is systematically lower
than the mesophilic proteins [74]. It has been proposed that the activation of these enzymes is
facilitated by a decrease in the affinity of the enzyme for the substrate (higher level of ES) and
by a possibly lower energetic level of ES*. In many cases, the high activity of these enzymes
at low temperatures has been associated with a rather open structure and also to a loss of
specificity [73, 74].

The above and the other structural alterations have been reported mainly for psychrophilic
enzymes from bacteria and eukarya, and there are not enough studies about psychrophilic
archaeal enzymes in order to sustain that the same alternations are also responsible for cold
adaptations in these organisms. A general adaptive mechanism proposed for psychrophilic
enzymes from bacteria is the optimization of k  at the expense of K_ [73]. Although this mech-
anism is generally accepted, it cannot be generalized to archaeal enzymes considering the few
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cases studied. In the case of the GTPase of the elongation factor 2 (EF2) from M. burtonii, the
adaptive mechanism to perform its activity at low temperatures involves a reduction in the
K value compared to its thermophilic homolog phylogenetically related from Methanosarcina
thermophile [76]. This decrease is due to the loss of noncovalent interactions that allow this
enzyme to have a greater structural flexibility [76]. The loss of ionic and noncovalent interac-
tions offering an increase in the structural flexibility has also been seen in other psychrophilic
archaea enzymes such as the enzyme triphosphate isomerase from M. burtonii and in the DNA
polymerase from Cenarchaeum symbiosum [77, 78].

The biophysical and catalytic features of psychrophilic enzymes present a challenge and offer
an interesting model to unravel protein evolution, folding, and dynamics. We hope that these
traits along with their tremendous biotechnological potentials will bring further promising
advances in the archaeal psychrophilic protein research.

5.3. Halophiles

Hypersaline environments are defined as those containing higher salt concentrations than
seawater (>3.5% total dissolved salts). Most hypersaline bodies are thalassohaline, dominated
by Na*, Ca*, CI, and SO* ions, generally bearing neutral pH. These bodies derive from the
evaporation of seawater and retain the relative proportion of salts in the sea. On the other
hand, there is another less common group called athalassohaline of water bodies, dominated,
among others, by Ca*, Mg?, CI', and Ba~, with pH conditions ranging from acidic to alkaline,
and having a nonmarine origin. Both overall salinity and ionic composition together with
the conditions like temperature and nutrient availability determine the existence of highly
variable hypersaline environments that can be found extending from Antarctica to alkaline
hypersaline soda brines and subterranean evaporite deposits.

Halophilic microorganisms are classically categorized according to their optimal growth at
different salt concentrations, and two main groups have been recognized: the extreme halo-
philes (optimal growth above 15% NaCl) and moderate halophiles (optimal growth 3-15%
NaCl).

In archaea, the only halophilic organisms known to date belong to the phylum Euryarchaeota.
These organisms are distributed into three groups: (1) class Halobacteria, whose members are
extreme halophiles that require over 3M salinity for growth and structural stability; (2) order
Methanosarcinales, including extreme and moderate halophilic organisms; and (3) the recently
discovered archaeal class, Nanohaloarchaea, uncultured to date [79, 80].

5.3.1. Mechanism of protein adaptation to salt

How do these organisms deal with high salinity environments and what adaptations did
they incorporate into their molecular machinery and proteins? Both questions have been
addressed in multiple studies with the main focus on Halobacteria organisms and their molec-
ular machinery and proteins [51]. There are two fundamentally different strategies proposed
for halophilic microorganisms explaining how they maintain osmotic pressure in their cyto-
plasm while growing in a saline medium: the salt-in-cytoplasm and the organic osmolyte
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accumulation. It has been demonstrated that, in Halobacteria, the intracellular accumula-
tion of inorganic ions, mainly potassium and chloride, to high concentrations is the strategy
employed to balance the extracellular osmotic pressure [81] in accordance with the salt-in
mechanism. These high intracellular concentrations require unique adaptations of the molec-
ular machinery implying that the proteins must retain their structural and functional integrity
under such high salt conditions [80]. Although a perfect model that accurately explains how
a protein structure is stabilized at high salt concentrations is still debatable, some specialized
features of osmoadaptation have been identified through the determination of the genome
sequence of Halobacteria organisms [82]. The statistical and bioinformatic analyses of these
data, together with previous experimental data [83], have identified a biased amino acid com-
position known as the “halophilic signature.” This signature is characterized by an increase
in negative residues Asp and Glu, a reduction in the positively charged residues, Lys but no
Arg, the low content of bulky hydrophobic residues like Phe and Ile, and an increase in small
hydrophobic residues like Ala and Val [84]. As a result, in addition to preserving the protein
folding relative to mesophilic counterparts, halophilic proteins exhibit a low hydrophobic
content and a surface with a large negative net charge. This trend has also been confirmed
by the means of isoelectric point calculated from the proteome of these organisms (the most
acidic proteomes to date) [82].

The classical “solvation-stabilization” model proposed for the understanding of the mech-
anism behind the adaptation of the halophilic proteins proposes that the stability at high
salt concentrations arises from the recruitment of an orderly solvate envelope of high ionic
concentration, coordinated through the abundance of carboxylate groups (Asp and Glu) at
the protein surface [85]. Despite the studies that have identified an increased stability and
solubility of proteins enriched in Asp and Glu residues [86], biophysical [87] and crystal-
lographic data [88] have failed to identify such hydration layers up to the extent proposed.
More recently, it has been proposed that the main change in residue composition responsible
for “halophilicity” is the diminution of Lys residues [89] due to the decreased solvent acces-
sible area. This idea was confirmed by crystallographic studies, showing that water molecules
adopt more structured distributions in the vicinity of Lys residues [90].

On the other hand, Methanosarcinales constitutes a heterogeneous group of organisms, consist-
ing of the species with different salt requirements, ranging from moderate to extreme halo-
philes. These organisms are able to accumulate intracellular organic solutes, and the more
halophilic organisms of the group are also able to accumulate inorganic ions (like K*) in high
concentrations [91]. Interestingly, recent phylogenetic studies show that this group of organ-
isms branched off from the same ancestral node as the groups Halobacteria and Nanohaloarchaea
[79]. Nevertheless, no study to date has addressed the possible adaptations on the amino acid
composition and structural properties of proteins from Methanosarcinales.

5.4. Acidophiles

Acidophilic and acid tolerant organisms can thrive in natural, as well as man-made, acidic
environments at pH less than 4.0. These environments are usually present in the combina-
tions with other stressors, like high temperatures, elevated concentrations of heavy metals,
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and salinities approaching saturation [92]. As a result, Euryarchaeota acidophilic organisms
are mostly polyextremophiles, being an example of acidophilic organisms that thrive in
high salinities (Halarchaeum genera) [93] and in heavy metals along with high temperatures
(Thermoplasmata class) [94].

Although some members of Euryarchaeota live in environments with pH values below 1, it has
been demonstrated that most acidophiles maintain their internal pH close to neutrality. In
order to adapt to these conditions, acidophilic organisms have evolved different mechanisms,
such as a proton impermeable cell membrane, reversed membrane potential, and a cytoplas-
mic buffering system [95]. However, despite keeping their internal environment close to neu-
tral pH values, these organisms possess macromolecules with adaptations that preserve their
structure and function. However, the exact mechanisms underlying these adaptations have
not been elucidated to date.

5.4.1. Mechanism of protein adaptation to acid

One striking feature of some acidophilic proteins is their requirement of a low pH (2-5) for their
optimal activity, such as alfa-glucosidase and carboxyl esterase [96], even when the internal
pH of these organisms is close to neutrality. Nevertheless, not all proteins from Euryarchaeota
acidophiles have a preference for a low pH for their optimal activity, for example, an ATP-
dependent DNA ligase from Ferroplasma acidarmanus has its optimal activity at pH 6-7, similar
to the DNA ligases from nonacidophilic organisms [51, 97].

A possible explanation for the optimal activity at low pH was proposed through the study
of the endo-B-glucanase from the Crenarchaeota Sulfolobus solfataricus [98]. This enzyme has
an optimum pH of approximately 2.0 and an optimum temperature around 80°C. Through
homology modeling, it was determined that its catalytic domain possesses a fold similar to
that observed in other mesophilic, acidophilic, and neutral cellulases and its surface dis-
plays mostly negative charges. Nonetheless, other 3-glucanases from mesophilic homologs,
which are optimally active at neutral pH, also display low predicted P.I. values, which sug-
gests that the net charge is not the only factor responsible for the extreme acidic stability
[51, 98].

Recent crystallographic studies shed some light on the mechanisms of protein stability and
catalytic efficiency at low pH. The strategy of increased negative residues was not present at
the same extent in the aspartate racemase from P. torridus [99], while in the carboxylesterase
from F. acidiphilum a highly negatively charged surface around the active site was identi-
fied. However, this is not a trend observed for the rest of the protein surface. Further, in this
enzyme, it has been demonstrated that the modifications in the hydrogen bond network sur-
rounding the catalytic triad altered the catalytic efficiency and allowed pH preference adjust-
ments from a low pH to a more upward optimum and vice versa [100].

5.5. Piezophiles

Deep-sea hydrothermal vents are another extreme environment colonized by archaea. In
these environments, an average pressure of approximately 38 MPa is found that can reach
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even up to 110 MPa, hence imposing a major challenge for life. Organisms that can thrive
in such extreme barometric pressure are often termed as piezophiles or barophiles. Several
piezophiles have been cultured; however, they require specialized equipment in order to
maintain high pressures. Thus, many studies have focused on nonculturing techniques,
like genomic analysis. Besides high pressure, hydrothermal vents also have very high tem-
peratures and indeed could be the habitat of hyperthermophiles. However, only a few
hyperthermophiles are also piezophiles. To date, the only strictly piezophilic anaerobic
hyperthermophilic archaeon reported is Pyrococcus yayanosii CH1 [101]. Some reports have
indicated that there are no specific pressure-related adaptations required for the enzymes
isolated from piezophiles to be stable; however, a hydrostatic pressure asymmetry index
(PAI) that reflects the extent to which an amino acid is preferred by piezophiles has been
described [102]. Proteomic comparative analysis of P. furiosus and P. abyssi shows that
Asp and Arg are the only two amino acids that can be designated preferentially baro-
philic, although previous studies designated five (Arg, Ser, Val, Asp, and Gly). On the
other hand, only three amino acids (Asn, Lys, and Thr) display a clear preference for
nonbarophily [103].

6. Biotechnological applications of extremozymes

The extreme harsh environmental conditions where extremophiles live serve as an enormous
source of enzymes with peculiar properties that make them very suitable for industrial or
biotechnological applications. The first commercialized enzyme was diastase, available in the
market since 1830 in France. Since then, the enzyme market gained importance because they
not only reduce the cost of the products but benefit the environment. In 2015, the global market
for industrial enzymes reached nearly 4.9 billion and is expected to reach nearly $5.0 billion
in 2016 to $6.3 billion in 2021. Food and animal feed industrial enzyme market is expected to
grow to $1.9 billion and $1.6 billion in 2021, respectively (BCC Research Biotechnology report
2017). At present, most of the industrially applied enzymes show low activity and stability,
which is highly disadvantageous in terms of concomitant high costs (Table 2).

There have been continuous efforts for expressing the genes encoding for the enzymes from
extremophiles in mesophilic hosts in order to overproduce them and modify their properties
to be suitable for commercial applications. In addition, archaeal enzyme expression can be
achieved by using extremophilic microorganisms as hosts for autologous gene expression
[124]. Integrative and shuttle vectors have been developed for Methanococcus species, which
allow overexpressing specific enzymes with complex prosthetic groups that are inactive if
expressed in E. coli [124].

Archaeal compounds also have many applications in the pharmaceutical and alimentary
industry. Haloarchaea organisms from the order Halobacterium (Haloferax sp.) produce a pep-
tide called halocin, which is used as an antimicrobial and preservative in food with high salt
content. For example, the H6/H7 halocin produced by Haloferax gibbonsii affects the Na+/H+
antiporter and then inhibits the membrane ionic gradient of the target cell, provoking cell
death by lysis [125, 126]. In addition, compounds like canthaxanthin produced by Haloferax
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Enzyme Enzyme characteristics ~ Organism Application References
a-Amylase Hyperthermophilic Thermococcus Bread and baking industry,  [104]
profundus Starch liquefaction and
lophili . saccharification. Production
Halophilic Ha O,f erax. of glucose, fructose for (105]
mediterranei . ..
sweeteners, textile desizing,
Acidophilic Picrophilus torridus ~ Paper industry Q6KZM7
Psychrophilic Methanococcoides Q12YQT
burtonii
Subtilisin Hyperthermophilic Thermococcus Detergents, baking, brewing  [106]
kodakaraensis and amino acid production
Halophilic Halorubrum litoreum MONQ93"
Acidophilic Thermoplasmatales M7TYK7
archaeon
Psychrophilic Methanolobus K4M7H8'
psychrophilus
Esterase Hyperthermophilic Picrophilus torridus ~ Detergent formulations and ~ [107]
. dairy industry
Halophilic Haloarcula [108]
marismortui
Acidophilic Picrophilus torridus [107]
DNA polymerase Hyperthermophilic Pyrococcus abyssi DNA cloning, sequencing, [109]
. . labeling, mutagenesis, and
Halophilic Halobacterium [110]
. other purposes
halobium
Acidophilic Thermoplasma Q9HJRO*
acidophilum
Psychrophilic Methanococcoides Q12YC5*
burtonii
Cellulase Hyperthermophilic Pyrococcus horikoshii  Pulp and paper, textile, [111]
. laundry, biofuel production
Halophilic Halorhabdus [112]
utahensis
Acidophilic Picrophilus torridus Q6KZ15
Psychrophilic Methanococcoides Q12X79*
burtonii
B-Glycosidase Hyperthermophilic Pyrococcus furiosus ~ Polymer degradation, color ~ [113]
- brightening, color extraction .
Halophilic Haloarcula AR Q5V5G3
. . of juice, cotton products,
marismortui .
synthesis of sugars
Acidophilic Picrophilus torridus [114]
{-Galactosidase Hyperthermophilic Pyrococcus woesei Detergent and food [115]
Halophili Hal I industries and for the 116
alophiiic aloferax alicante production of fine chemicals [116]
Acidophilic Picrophilus torridus [117]
Psychrophilic Halorubrum [118]

lacusprofundi
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Enzyme Enzyme characteristics ~ Organism Application References
Alcohol Hyperthermophilic Thermococcus Food, pharmaceutical, and [119]
dehydrogenase hydrothermalis fine chemicals industries
Halophilic Haloferax volcanii [120]
Acidophilic Thermoplasma [121]
acidophilum
Psychrophilic Halorubrum BILV78
lacusprofundi
Lipase Hyperthermophilic Pyrococcus furiosus  Detergent formulations and ~ [122]
the dairy industry
Halophilic Natronococcus sp [123]
Acidophilic Thermoplasma QIHJS7
acidophilum
"UniProt code.

Table 2. Extremozymes and their applications in industrial and biotechnological processes.

alexandrinus present antioxidant properties that can be used potentially as food supplements
to prevent cancer or cardiovascular diseases [127]. Other compounds like exopolysaccharides
produced by Haloferax have been employed in the food industry as emulsifiers since they are
stable at high temperatures. Other interesting biotechnological applications are the use of
archaeal lipids for the formation of a new generation of liposomes, known as archaeosomes.
Archaeal lipids present a more polar character and have ether bonds which gave them more
stability at extreme temperatures, pH, and pressure. In addition, these characteristics pro-
vide protection against oxidation, to the action of phospholipases and chemical hydrolysis,
providing an advantage over liposomes formed by neutral phospholipids. Owing to their
great stability, biocompatibility, and biodegradation, archaeosomes have many uses as vac-
cine adjuvants and in drug delivery system [128].

There is a huge amount of information available regarding biotechnological applications of
extremozymes, and therefore, this chapter made an effort to summarize the applications of
these enzymes and compounds in some selected areas. Considering that very few archaeal
enzymes have found their way to the market in some applications, we provided the examples
of such extremophiles and the corresponding UniProt code for the homologous enzymes
present in archaea (Table 2). We hope that this kind of information will be extremely valuable
for future studies looking for archaeal enzymes with particular properties.
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Abstract

Recent findings highlight the role of the human gut microbiota in various disorders.
For example, atherosclerosis frequently seems to be the consequence of gut microbiota—
derived metabolism of some dietary components. Pharmabiotics (i.e., live/dead microbes
and microbe-derived substances) and probiotics (live microorganisms with a health ben-
efit when administered in adequate amounts) are a means to counteract these deleteri-
ous effects. Among the latter, microbes now being used or, being currently developed,
are bacteria and eukaryotes (yeasts), so omitting the third domain of life—the archaea,
despite their unique properties that could be of great interest to human health. Here, we
promote the idea that some specific archaea are potential next-generation probiotics. This
is based on an innovative example of the bioremediation of a gut microbial metabolite.
Indeed, besides the fact that they are archaea (i.e. originating from a domain of life from
which no pathogens of humans/animals/plants are currently known), they are rationally
selected based on (i) being naturally human-hosted, (ii) having a unique metabolism not
performed by other human gut microbes, (iii) depleting a deleterious atherogenic com-
pound generated by the human gut microbiota and (iv) generating a health inert gas.

Keywords: archaea, atherosclerosis, cardiovascular disease, methanogens, Methanom-
assiliicoccales, next-generation probiotics, trimethylamine (TMA), trimethylamine oxide
(TMAO), trimethylaminuria (TMAU)

1. Introduction

The human intestinal tract is populated with an important number of microbes, which until
recently, were believed to account for 10-fold more than the number of human cells [1], but
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now more likely being equivalent [2]. This contributes to the recent view of humans and other
mammals as being metaorganisms. This microbial community is described as the human gut
microbiota whose collective genomes form the gut microbiome with about 100-fold the number
of human genes [3, 4]. It possesses specific functions leading one consider it as an active organ
which influences multiple functions of the human host [5]. Moreover, its composition is differ-
ent among individuals, resulting and being dependent on various factors: among them, one can
cite the delivery mode at birth (i.e. vaginal vs. caesarean [6]), genetics [7] and environmental
factors encompassing drug use and diet [8]. The human gut microbiota is typically composed
of about 400 different bacterial species (designated as ‘operational taxonomic units’, (OTUs))
from a repertory of more than 1.000 OTUs [3, 4, 8, 9]. However, if bacteria are the main constitu-
ents of the gut microbiota, it is well known that besides viruses, the two other domains of life
(i.e. archaea and eukaryota) are also normal constituents of this microbial community. Archaea
represent the second most important group of microbes, in number, with a mean of 1.5% of the
microbiota as recently determined from metagenomics studies on large cohorts [9] (Figure 1).

Among the various roles attributed to the gut microbiota, it acts as a barrier against coloniza-
tion of pathogens and for the development and maintenance of the gut epithelium and its
structural integrity. Also, it modulates the immune system by the continuous interplay with
the host immune system. Lastly, it participates in host nutrient metabolism (which is also
extended to drugs and xenobiotics) by enriching energy and compound retrieval from nutri-
ents. It encompasses, but is not limited, to the synthesis of vitamins and the hydrolysis and
fermentation of organic matter (e.g. indigestible dietary fibre), leading to the production of
short-chain fatty acids (SCFA) [10]. The latter accounts for about 5-10% of the overall energy
harvested by host from diet [11].

Non-intestinal disorder
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Figure 1. The human gut microbiota, its archaeal component and its role in various disorders, sometimes linked to the
gastrointestinal tract (lower right circle), sometimes to other locations (upper right circle).
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To date, a close link between the gut microbiota and digestive health has been reported and
documented (Figure 1). It plays an important role in various digestive disorders [12, 13], like
colon carcinogenesis [14], irritable bowel syndrome (IBS) [15] and inflammatory bowel dis-
eases (IBD) encompassing Crohn’s disease and ulcerative colitis [16]. On first thought surpris-
ing, it is also linked to non-digestive diseases encompassing type 1 and 2 diabetes (T1D and
T2D) and obesity, as well as conditions such as asthma, autism and depression [10, 13]. It is
also linked to cardiovascular disease (CVD) which will be described in more detail below.
Based on these facts, if the microbiota or one of its components is the causing agent of disease,
maintaining a healthy microbiota or restoring the microbiota from a dysbiosis state to a nor-
mobiosis state should improve health or prevent disorders. Pharmabiotics represent one of
the ways by which this can be achieved [17].

In the early twentieth century, Eli Metchnikoff proposed the probiotic concept based on
the observation that consuming host-friendly bacteria as done by Bulgarians, i.e. the bac-
teria found in their yogurts, led to improved health and delayed senility in this popula-
tion [18]. Probiotics are defined by the World Health Organization (WHO), and the Food
and Agricultural Organization (FAO), as ‘live microorganisms which, when administered
in adequate amounts, confer a health benefit on the host’. Hence, based on this definition,
probiotics are microbes that can originate from sources other than food. Based on a rational
design inferred from the causation of the disorder, in this chapter, we introduce a new stra-
tegic way for discovering new probiotics by highlighting the role that some archaea could
play in the human gut. Indeed, one group of archaea found in humans can convert a delete-
rious compound of gut bacterial dietary metabolism. This bioremediation leads to methane
(CH,), which is considered to be inert for health in the human gut. Therefore, these archaea
could become a source of the next generation pharmabiotics, i.e. archaebiotics, originating
from the normal composition of the human gut. To date, neither probiotic nor pathogenic
microorganisms have been determined to exist in the archaeal domain.

2. Diet, gut microbiota and a particularly deleterious plasma compound

Our health is intimately linked to what we eat. The diet itself may contain deleterious com-
pounds; it may also contain initially neutral or even beneficial nutrients that may become
deleterious after being metabolized by our gut microbiota. Cardiovascular disease (CVD) is
representative of this two-sided effect. The example below will highlight one of the roles in
gut microbiota/diet co-participation. CVD is the leading cause of death according to WHO
(2012), corresponding to more than 17 million deaths every year, about one-third of all deaths.
A significant part results in the development of atheromatous plaques, an accumulation of
lipids and adipose tissue (in particular cholesterol), complex carbohydrates/fibrous connec-
tive tissues, minerals and cells (macrophages) on the inner layer of arterial walls. Recognized
biological risks are hypertension, chronic hyperglycaemia, hyperlipidaemia and overweight/
obesity. Only one fifth of CVD seems to originate from genetic factors, while environment
alone, or in combination with genetics likely accounts for all other cases [19]. Among envi-
ronmental factors which encompass diet, it is very difficult to determine which nutrient(s)
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specifically act on atherosclerosis development [20]. However, in 2011, one compound was
identified in blood that was intimately linked to CVD and whose origin was associated with
various ingredients and nutrients from diet [21].

2.1. Trimethylamine oxide and atherosclerosis

In 2011, the Stanley Hazen’s laboratory (Cleveland clinic, Cleveland, USA) used a systematic
approach and analysed plasma metabolites from a learning cohort of 100 patients with vari-
able CVD risks. They succeeded in determining three different molecules that were signifi-
cantly present at higher levels in high-risk subjects; trimethylamine N-oxide (TMAQO), betaine
and choline were linked to CVD [21]. Interestingly, these three compounds may have the same
alimentary origin that we will discuss below. Results obtained from this learning cohort were
successfully used on a large validation cohort of 1876 subjects [21]. Also, an extension to 4000
subjects indicated that plasma TMAO (pTMAOQ) levels alone were able to predict a 2.5-fold
increase of major adverse cardiac events (MACE) at 2 years [22]. Moreover, using this high-
value risk factor for prognostics, the authors showed a direct implication of TMAO, or of its
precursors, in the creation and development of atheromatous plaque. Studies done in vitro
and with animal models (ApoE™ mice) showed a role at the intestinal level (alteration of the
cholesterol reverse transport through biliary acids); at the hepatic level (modification of the
quantity and composition of the biliary acids pool) and at the arterial level (inflammation, dif-
ferentiation of macrophages into cholesterol containing foam cells that bind to the atheroma-
tous plaque). All of this contributes to atherosclerosis. Moreover, pTMAOQO enhances platelet
hyperactivity therefore increasing the thrombosis risk [23], at least in mice.

2.2. Trimethylamine oxide and other disorders

Besides atherosclerosis, trimethylamine oxide (TMAOQO) has been linked to several other
important disorders, which does not necessarily mean that TMAO may cause the develop-
ment of the disease. Among them, chronic kidney disease (CKD) and, more specifically, the
severity of renal dysfunction are strongly associated with the level of pPTMAO [24]. This is
likely attributable to deficiencies in glomerular filtration which leads to altered increase clear-
ance of pTMAO (see Section 2.3.) and accumulation of TMAO in blood [25]. However, there
are several lines of evidence that pTMAQ itself also contributes directly to progressive renal
fibrosis, at least in animals [26].

Also, type 2 diabetes (T2D) is associated with higher pTMAO levels [27], but until now, it is
still unclear if this is due to a confounding action with glycaemic control or renal function.
Interestingly however, various mice T2D models showed that one key liver enzyme implicated
in the generation of TMA (FMO3, see Section 2.3.) was regulated by insulin [28].

Other disorders analysed so far also encompass colorectal cancer (CRC), for which data
remain unclear; a study reported the building of epigenetic interaction networks from data of
interactions between chemicals and genes, between diseases and genes and between proteins
[29]. This approach was validated by an efficient detection of the known link between TMAQO
and CVD; it also revealed a stronger genetic link between TMAO and CRC as well as one



Archaebiotics: Archaea as Pharmabiotics for Treating Chronic Disease in Humans?
http://dx.doi.org/10.5772/intechopen.69945

weaker with metabolic syndromes. The link between TMAO and the risk of CRC was also
established in post-menopausal women [30]. However, all of these results need confirma-
tions/validations, and more importantly, if pTMAO is linked, it is a causing agent.

2.3. Origin of plasma trimethylamine oxide

In order to prevent these disorders, it is essential to determine the plasma origin of the above
mentioned and linked molecules: betaine, choline, and more specifically, trimethylamine oxide
(TMAO). People given a specific meal (eggs, see below) showed a rise of TMAOQ in their plasma
(pTMAO). Interestingly, after broad-spectrum antibiotic treatment, leading to the eradication of
as much as possible gut microbes, pPTMAO disappeared after the same meal and reappeared
a few weeks after the cessation of the antibiotics treatment, i.e. when the gut microbiota had
recovered [22]. Therefore, pTMAO levels are dependent on the nature of the nutrients and of
the gut microbiota. Nutrients are provided by a broad alimentary range of sources; and, among
them, TMAQO itself which is used as an osmoregulant in many marine life forms and is conse-
quently found in some seafood. Much more studied are choline and phosphatidylcholine (PC,
also referred as lecithin), which are found in eggs, red meat, fishes, cheese, and some vegetables
[31, 32]. It also encompasses L-carnitine which is found mainly in red meat and recently in some
energizing drinks. When ingested, a fraction of dietary choline/PC and L-carnitine reaches gut
microbes which can metabolize them into trimethylamine (TMA). The metabolic activity of anaer-
obic organisms is still poorly understood and the bacterial enzymes which can convert these com-
pounds into TMA have only recently been determined [33-36]. TMAO is also metabolized into
TMA in the gut by bacteria. Figure 2 indicates the different pathways that lead to TMA in the gut.

Importantly, the genes encoding these various enzymes are for the most part not specific to a
bacterial lineage, and horizontal gene transfers have occurred during evolution. As a conse-
quence, based on strictly microbial composition, i.e. 165 amplicon sequencing, this currently
impairs ways to determine the levels of capability of gut microbiota to deal with these com-
pounds in generating TMA. However, two recent papers showed that it is possible to decipher
this capability from metagenomics sequencing data (sequencing of whole microbial DNA
from gut/faecal microbiota) by seeking and counting reads corresponding to marker genes in
these pathways [37, 38].

The discussed metabolic pathways result in TMA in the gut due to the activity of the micro-
biota. This forms the unique way for the accumulation of TMA in the digestive tract as TMA
is not ingested by itself through the diet. In fact, this molecule has a very repulsive odour for
humans as it corresponds to the odour of rotten fish, for which humans are particularly sensi-
tive (see Section 2.4.). TMA is absorbed by the gut epithelium, diffuses and reaches the portal
vein. It is next oxidized in the liver by monooxygenases, more specifically the hepatic flavin—
containing monooxygenase 3 (FMO3), resulting in pTMAO. Interestingly, this enzyme is not
only transcriptionally regulated by several elements encompassing sex hormones and bili-
ary acids [39, 40] but also by insulin. pTMAO is excreted via the kidneys into urine. Indeed,
TMAO has higher renal clearance than urea and creatinine in healthy humans [25]. However,
as previously mentioned, impaired renal function leads to higher pTMAO levels as observed
in subjects suffering from chronic kidney disease (CKD) [24].
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Figure 2. Origin, fate and implication of trimethylamine TMA and trimethylamine oxide TMAO in various disorders
through the synthesis of TMA by the human gut microbiota. (1) various kinds of food contain nutrients like TMAQO,
lecithin, choline and L-carnitine. These nutrients come into contact with various gut microbes (2) that are differentially
present among individuals. Some of these gut bacteria can metabolize these nutrients into TMA with dedicated
enzymes whose encoding genes are indicated in italics. The TMA generated is absorbed from the gut into the portal
vein from which it reaches the liver (3). Some people lack an efficient TMA oxidizing activity through the flavin-
containing monooxygenase 3 (upper part, left box), either because of a genetic defect or an acquired one, through hepatic
dysfunctions/down-regulation of FMO3 expression: this leads to TMA in blood, which can diffuse in any body fluid
from which it is eliminated. This leads to trimethylaminuria (TMAU) or fish-odour syndrome. In a more general case,
FMOB3 activity is sufficient enough to oxidize TMA into TMAO, which enters the circulation (pTMAO). This compound
is deleterious and leads through various mechanisms to atherosclerosis and possibly also chronic kidney disease (CKD),
type 2 diabetes (T2D) and colorectal cancer (CRC) (upper central box).

2.4. The peculiar case of trimethylaminuria

Trimethylaminuria (TMAU) is a metabolic disorder leading to a TMA/TMAQO ratio in urine
above 5%, indicating a deficiency in liver oxidative processing of TMA [41, 42]. This is likely
an under-recognized and underdiagnosed disease. It has important psychological and social
concerns for people suffering from this metabolic disorder. While TMA is partly excreted in
the urine, it is also eliminated in the breath and sweat; affected people have a rotten-fish odour
which is very unpleasant. Humans are very sensitive to the odour, probably a remnant of our
evolution which prevents us from eating spoiled fish. This fish-odour syndrome (the other
name for TMAU) is caused by a deficiency in functional FMO3. This is mainly a genetic disor-
der (autosomal recessive) corresponding to a rare inborn disease, with about 0.5-1.0% of the
UK population being heterozygous carriers in the white UK population [43—45]. Therefore, it
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can be presumed that about 1 on 40,000 subjects is affected in Great Britain. Also, temporary
symptoms have been described, resulting in secondary/acquired TMAU: this is due to the
regulation of the FMO3 (sex hormone dependant), transient liver deficiencies (e.g. viral hepa-
titis), or overload of dietary precursors of TMA by gut microbes [44, 46]

2.5. Strategy to lower plasma trimethylamine oxide

In consequence, lowering plasma trimethylamine oxide (pTMAOQ) levels is a goal in reaching
the prevention of, at least partially, the disorders discussed above and more specifically ath-
erosclerosis. Theoretically, three main targets may be considered: first, this can be achieved
by reducing the precursors of pTMAO that are found in diet. Second, alteration of the gut
microbiota composition can modify its metabolic behaviour thereby decreasing the synthesis
of intestinal TMA from dietary precursors. Third, intestinal TMA that has been synthesized
can be diverted from its hepatic oxidation into TMAO. If we have a more detailed look at each
of these possibilities, most of them are unrealistic and/or hazardous for humans.

2.5.1. Decreasing TMAO precursors from diet

There are many concerns about trying to limit the contribution of TMAO precursors in diet.
First, it seems unrealistic for several reasons. As noted previously, there are not one but several
potential precursors which include lecithin, choline, L-carnitine, and TMAO. Moreover, these
nutrients are found in a broad diversity of foods, which makes the formulation of ingredients
and meals difficult; this has also to be considered within cultural/individual backgrounds.
Also, in this peculiar case where the link between nutrients and pTMAO relies on the gut
microbiota composition, which is individual specific, it is very difficult to promote some
foods rather than others knowing that not all individuals would be affected in the same way.

However, the concerns over dietary TMAO precursor removal are frustrating considering
the main drawback of such a proposition. First, many foods are recognized as health promot-
ing despite the fact that they contain TMAO precursors. For example, fish consumption is
recommended twice a week for people at risk for coronary heart disease due the presence
of omega-3 fatty acids like eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
(American Heart Association recommendations) [47]. TMAO and choline/lecithin can be con-
sumed in large amounts via these diets. Second, and much more important, the precursors of
PTMAO are highly desirable in sufficient amounts for many other roles they play in our body,
and their limitations could lead inversely to other disorders. As a prime example, such recom-
mendations could lead to choline deficiencies, whose daily intake has been established to be
between 425 and 550 mg/day, respectively, for women and men in the United States. These
levels are required to avoid the induction of major cognitive complications and liver disease
such as hepatic steatosis [48-50].

2.5.2. Decreasing intestinal TMA synthesis

Decreasing TMA synthesis in the gut by the microbiota would result in less TMA reaching the
liver where it is converted into deleterious pTMAO. This goal may be achieved by several ways,
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for example, the use of medication, prebiotics, probiotics and faecal microbiota transplanta-
tion (FMT). To our knowledge, there is no evidence, to date, of a probiotic with activity that is
capable of reducing TMA synthesis in the gut; but, the use of probiotics would be a fine strat-
egy due to its potential for large-scale use. FMT is also very promising as it is used for several
disorders that are associated by a dysbiosis of the gut microbiota and could be of the highest
interest in this case. However, this technique is still in its infancy and long-term consequence/
maintenance of a supposed ‘good’ microbiota is unknown. In fact, it seems that such mainte-
nance is rather an ‘ecological agreement’ between the recipient (its physiology/genetics/diet/gut
microbiota) and the faecal microbial transplant, leading to a mixed microbiota of host/donor.
It cannot be assumed that microbes leading to TMA will be eradicated or at least drastically
lowered. Therefore, such an intervention may have to be conducted frequently and at a large
scale. This approach relies on limited donors, and there is an absence of a biotechnological way
to amplify such complex microbiota. Also, there is still a lack of an efficient safety procedure
concerning the donor at the moment of transplantation due to the absence of an efficient way
to preserve the faecal microbiota; increasing donors and repeating the process could lead to
an increase of the risk of transmission of infectious diseases by viruses or pathogenic bacteria.

Prebiotics is another way to support beneficial microbes of the gut. It can be noted that compli-
ance to a Mediterranean diet (which is known to decrease CVD risks) leads to lower pTMAO
levels [51], lending support to the fact that some elements of this kind of diet may contain
beneficial factors for this purpose. Interestingly, it has been shown recently that resveratrol,
a natural phytoalexin found notably in grapes and i.e. the Mediterranean diet has a prebiotic
effect; it remodels the gut microbiota in a beneficial way (encompassing an increase of bile
acids by de novo synthesis in the liver) and leads to a decrease of pTMAO [52].

Finally, medication is another way by which the gut microbiota may be remodelled. At the
extreme, the use of antibiotics provides an efficient way to this goal, it is sometimes used to
treat TMAU patients [42]. This approach proves that TMA synthesis can be efficiently but
temporarily curtailed; it seems, however, unreasonable to propose the large-scale use of broad
spectrum antibiotics for this purpose, or its repeated use in affected individuals. Ideally, the
use of a drug or a combination of drugs would have a more specific action, either by target-
ing bacteria from groups that are known to potentially produce TMA or better by targeting
the bacterial enzymes involved in TMA synthesis. A very promising drug has been recently
described, 3,3-dimethyl-1-butanol (DMB) [53]. This compound is a substrate analogue of cho-
line that inhibits TMA-lyases, the bacterial enzyme family that converts several substrates
into TMA. It is not only active against the synthesis of TMA from choline, but also from
L-carnitine, at least in some bacterial groups and does not seem to have any lethal effect on
these bacteria. Therefore, its use should not lead to dramatic changes in the microbiota consti-
tution. Also, interestingly, DMB is naturally found in components of the Mediterranean diet
(olive oils, red wines) [54]. It remains however to be determined to which extent DMB use will
decrease pTMAO. In addition, another drug was described a few years ago, already known
to have clinically cardioprotective effects, supposedly by lowering L-carnitine content in the
body [55]. This compound, meldonium (also referred as mildronate, formally 3-(2,2,2-tri-
methylhydrazinium) propionate dehydrate), has been shown to lower pTMAO [56] which
may be due partly on the prevention of bacterial L-carnitine use [57].
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2.5.3. Preventing TMA oxidation into TMAQ by the liver

Once TMA has been generated by the microbiota in the gut, one can conceivably try to lower
its oxidation into pTMAQO by host FMO3 enzymes in the liver. Among various solutions, one
could focus on the inhibition of FMO3. However, this would (i) likely lead to deleterious effects
by affecting the oxidation/detoxification of other compounds and (ii) allow TMA to enter the
general circulation at high amounts; symptoms similar to TMAU would appear, i.e. a rotten fish
odour emanating from the subjects. Therefore, alternatives need to be found that lower TMA
availability in the gut. While it seems unrealistic to inhibit specifically its absorption by acting
on epithelial transporters, charcoal is sometimes efficiently used by TMAU patients [42], which
leads to a decrease of symptoms by increasing TMA excretion in faeces. Therefore, this likely
lowers TMA in body fluids in these patients, and it can reasonably be assumed that TMA reach-
ing the liver would be lowered in non-TMAU patients, and that, in consequence, p TMAO would
be lowered. However, it is unclear if this can be applied as a long-term strategy without lower-
ing the absorption of other important intestinal compounds and that could lead to deficiencies.

In summary, it would be of great interest to have a specific agent acting only on intestinal
TMA. This could be achieved by a biological system able to convert TMA into inert molecules
in a complex environment (the gut and its microbiota) and without danger to humans. While
no bacterial species seems suitable, one recently identified group of archaea seems to provide
all these properties.

3. Human naturally hosted archaea that prevent plasma trimethylamine
oxide formation

Archaea belong to one of the three domains of life [58]. They are unicellular microorganisms
distinct from bacteria and eukaryotic cells in regard to evolution and some of their cellular/
molecular processes. For example, their cell membrane has a different composition compared
to bacteria and eukaryotes [59]. In fact, archaea can be characterized as cells looking like
bacteria but having cellular, molecular and genetics characteristics of eukaryotes but with
some differences. One archaeal group recently identified (Lokiarchaeota) has been proposed
to be at the origin of eukaryote evolutionary divergence, and so, perhaps, a direct ancestor
of our own cells [60]. Also, the domain Archaea contains microbes with a unique mechanism
by which they derive energy not found anywhere else in other life forms, i.e. methanogenesis
[61]. Some methanogenic archaea are found as natural components of the gut microbiota [62],
where they are principal methane producers. So far also, no pathogens are known among the
archaea, neither in humans nor in any other animal or plants.

3.1. A recently discovered archaeal lineage primarily recovered from human stools that
thrived in various environments

About a decade ago, we revealed the existence of unknown archaea in the faecal microbiota of
some humans [63, 64], with clues that they were methanogens even if belonging to a lineage
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(Thermoplasmata) with no other known methanogens. Up to now, only one member has been
isolated in pure culture. Methanomassiliicoccus (Mmc.) luminyensis strain B10 was isolated by
the joint efforts of two laboratories [65], which lead to the creation of a new methanogenic
archaeal order named Methanomassiliicoccales [66]. Also, we have currently a highly enriched
culture with another strain from this order which shows only 89% nucleotide identity for its 165
rRNA compared to Mmc. luminyensis B10. It has been named Ca. Methanomethylophilus alvus
Mx1201. These two strains were obtained from human faecal samples. Phylogenetic data based
on a DNA survey revealed that this group of methanogens is found in various ecosystems [67,
68]. These anaerobic environments encompass notably seafloor, wetlands, biogas fermenters,
etc. but also the gastrointestinal tract of a broad variety of animals. Among them, one can cite
insects like termites [69], ruminants [68, 70-73], and humans [62-65, 74]. Very interestingly,
three clusters of Methanomassiliicoccales have been identified [67, 68], reflecting the environmen-
tal source of sampling. One large cluster of neighbouring 16S and/or mcrA (a molecular marker
of methanogens) sequences corresponds to members almost exclusively retrieved from gastro-
intestinal tracts. Ca. Methanomethylophilus alvus Mx1201 belongs to this cluster, also referred
as the host-associated- or Gastro-Intestinal Tract (GIT) clade. A second cluster contains mem-
bers retrieved from GIT as well as anaerobic environments like soils or freshwater lakes, etc.
and is therefore named the mixed cluster, to which Methanomassiliicoccus spp. belongs. Finally,
the third clade is formed of members exclusively recovered from nondigestive environments,
at least until now [67, 68].

Still little is known about these archaea, except for the fact that they are methanogens with a
peculiar metabolism [72, 75, 76]. Their biology is mainly known from genomic studies with
recent new data (Table 1). Also, microbiological studies have been possible on enrichment

Name Clade Host/ Isolate® TMA use’ References
Environment
Mmec. luminyensis B10  Mixed Human Y Y (G-AE) Gorlas et al. [93];

Borrel et al. [67, 84];
Brugere et al. [80]

Ca. Mmp. alvus Digestive Human - Y (G-EE) Borrel et al. [75]
Mx1201

Ca. Mmc. intestinalis Mixed Human - Y (G) Borrel et al. [67, 84]
Issoire Mx1

Ca. Methanoplasma Digestive Termite - N (G-EE) Lang et al. [77]
termitum

RumEn MG1-RumEn  Digestive Bovine - Y (G) Sollinger et al. [68]
MG2

1SO4-G1 Digestive Sheep - Y (G) Kelly et al. [94]
I1SO4-H5 Digestive Sheep - Y (G) Liet al. [95]

Ca. Mmp. sp. 1R26 Digestive Bovine - Y (G) Noel et al. [96]

Notes: %Y refers to a Methanomassiliicoccales strain that has been obtained in pure culture.

Y and N signify, respectively, that the strain can use (Y) or not use (N) TMA as a methanogenesis substrate, based on
genomic evidence (G), experimental evidence with enriched culture (EE) or axenic culture (AE).

Table 1. Available genomic data from Methanomassiliicoccales (end of year 2016).
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cultures with the isolate Mmc. luminyensis B10 [65]. However, the highly enriched culture of
Ca. Methanomethylophilus alvus Mx1201 from the host-associated clade has already helped
to characterize one potential health-related metabolic property.

3.2. TMA remediation into methane by some Methanomassiliicoccales
3.2.1. Original methanogens with unique biological property

The biological features, mainly deciphered from genomic data, have revealed several uncom-
mon points. Among them, it is likely that they possess two cellular membranes [77], whose
composition is typical of other archaea; their phospholipids are indeed composed of L-glycerol
(instead of D-glycerol as observed in bacterial and eukaryotic phospholipids) and of isopren-
oid side-branch chains (instead of fatty acids as in the two other domains of life). They are
linked to L-glycerol by an ether bond, instead of an ester bond. However, the cell membranes
of Mmc. luminyensis are somewhat different from known archaeal membranes. There are
chemically important nuances; some tetraether lipids (typically two L-glycerols linked by
isoprenoid chains at both sides and thus not forming a two-layer membrane) are composed
of one butanetriol or one pentanetriol replacing one L-glycerol [78]. Also, the processes that
drive energy acquisition from methanogenesis (electron-transport and proton extraction out-
side the cell to be used as a proton motive force linked to ATP synthesis) are different from
other methanogens [76, 77, 79] and are not currently fully understood.

However, the other important feature is their ability to synthesize and incorporate a spe-
cific unusual amino-acid, pyrrolysine (IUAB nomenclature: Pyl, O) during the translation of
mRNAs [76, 80]. This incorporation is mediated by a dedicated tRNA, whose particularity,
besides its size, is to recognize the amber codon UAG, which is usually one of the three non-
sense codons (Figure 3). This ‘22nd amino-acid’ is restricted to specific organisms (metha-
nogens of the taxonomic family Methanosarcinaceae and about 20 different bacterial species)
and to specific proteins, the methyl transferases that can capture methyl groups in methyl-
amines (i.e. monomethylamine (MMA), dimethylamine (DMA) and trimethylamine (TMA)).
The reader can find more information about this amino acid and the mechanisms underlying
its incorporation into proteins, at least in bacteria, in various excellent articles and reviews
[81-83].

3.2.2. Genomic data indicating a TMA remediation in some but not all members of
Methanomassiliicoccales

Analysis of the genome of Ca. Methanomethylophilus alvus strain Mx1201 [75] and Ca. Methano-
massiliicoccus intestinalis strain Issoire Mx01 [84] revealed that these Methanomassiliicoccales could
use methylamines as substrates for their methanogenesis. Comparative genomic analysis with the
genome of Mmc. luminyensis revealed that it should also be the case for this unique isolate avail-
able at this time [76]. Indeed, all the genes necessary for this metabolism were present, sometimes
at more than one copy each. Here, we will focus on the genome of Ca. Methanomethylophilus
alvus strain Mx1201 as it specifically illustrates this point. As shown in Figure 3, the genes encod-
ing methyltransferases and associated proteins, together with the genes necessary for methane
release (methyl-coM reductase (MCR)) are present; this encompasses genes for the use of MMA
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Figure 3. Synthesis mechanism of functional, pyrrolysine-containing TMA-corrinoid methyltransferase. The genetic
loci of important genes involved in H,-dependant methanogenesis using TMA as a substrate are given in the upper
part of the figure, taking Ca. Methanomethylophilus alvus Mx1201 as an example. Genes involved in the synthesis
and translational use of Pyl are indicated by arrows in the upper central box. It encompasses pylB which is genetically
linked to the genes encoding the methyl-coM reductase (MCR, upper left box), an essential enzyme of methanogenesis
necessary for the ultimate reaction in any methanogenic pathway. It also encompasses four other genes that neighbour
genes implicated in the use of methylamines (MMA, DMA and TMA; upper right box). Among them, only genes
encoding methylamines-corrinoid methyltransferases are shown (mtxB), with a focus (right part) made on the mftB
CDS (coding DNA sequence) which encodes TMA-corrinoid methyltransferase. A TGA triplet is found in its reading
frame. Pyrrolysine originates from two lysines using three enzymes encoded by pylB, C and D. A specific Pyl-tRNA
bearing a CUA anticodon is synthesized by transcription of pylT. It is further charged with pyrrolysine by specific
enzymatic activity of a dedicated AA-tRNA synthetase encoded by the pylS gene. After transcription of the mitB gene,
the corresponding mRNA is translated on ribosomes (lower part of the figure). The amber codon UAG, instead of being
interpreted as a translational stop, is instead recognized by Pyl-tRNA, which leads to the continuation of translation and
the incorporation of Pyl into the TMA-corrinoid methyltransferase, which is necessary for its biological activity.

(mtm genes), DMA (mtb genes) and TMA (mtt genes). Also, the genes for the use of methanol for
methanogenesis (mfa genes) are present. At the current stage of our investigations, data seem to
indicate that this species is limited to four possible substrates, namely methanol, MMA, DMA
and TMA, at least one of them being essential for its life. In fact, all other potential pathways
for methanogenesis are absent, as genomes sequenced to date show a complete lack of genes
involved in methanogenesis from CO, + H, (hydrogenotrophic methanogenesis) and from ace-
tate (aceticlastic methanogenesis pathways) [68, 76, 77]. Considering methylamines, their use is
dependant of the ability of the organism to encode Pyl: as previously mentioned, this is the case, at
least for Ca. Methanomethylophilus alvus, Mmc. luminyensis and Ca. Mmc. intestinalis. However,
the example of Ca. Methanomethylophilus alvus is very interesting; instead being grouped in one
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operon as typically found in other Pyl-coding organisms, the pyl genes necessary for synthesis
and translational incorporation of Pyl (encompassing the gene encoding the amber suppressive
tRNA) are scattered among two different loci. The gene pylB which encodes one enzyme neces-
sary for the biosynthesis of Pyl is found in the vicinity of the genes encoding the essential enzyme
of methanogenesis, MCR, while all other py! genes are found in the same locus for genes encoding
methyltransferases for the use of MMA, DMA and TMA. This can be interpreted as an evolution
which has favoured the linkage of methanogenesis (icr operon), Pyl encoding property and the
use of methylamines. This highlights the possible importance of this organism, which lives in the
human gut, having the ability to use methylamines.

However, thegeneticpropertiesfortheuseof TMA formethanogenesisarenotshared by all Methano
massiliicoccales in humans [38]. Currently, available sequence data of Methanomassiliicoccales
genomes (end of year 2016) also reveal that one termite-hosted Methanomassiliicoccales does
not carry the mft genes for TMA use [77] (Table 1): using enrichment cultures, it showed no
growth on TMA or DMA (in presence of H,, see below) but was able to grow on methanol and
MMA (+H,), as predicted from genomic data [77]. So, one question remains: are there some
Methanomassiliicoccales, preferably isolated from human GITs for which TMA depletion into
methane is demonstrated?

3.2.3. Experimental evidence that TMA is depleted by some human gut members in presence of H,

In addition to experiments that have been conducted with enriched, nonpure cultures, we have
been able to show that the isolate from the mixed cluster Mmp. luminyensis was able to use
methanol as well as MMA and TMA, in presence of H,, to generate methane [80]. Recently,
experiments were also conducted with Ca. Methanomethylophilus alvus in enrichment cultures
[38]. The results clearly indicated that this strain, obtained from a human faecal sample, is able
to use TMA in the presence of H,. Importantly, H, is a gas which is generated in large amounts
in the gut by the fermentative metabolism of gut microbes. In order to keep fermentations
of high yield, without catabolic repression, it needs to be efficiently removed by hydrogeno-
trophs, i.e. mainly hydrogenotrophic methanogens, sulphate reducers and bacteria perform-
ing reductive acetogenesis. Also, analyses of faecal TMA levels have very recently revealed
significant differences of the presence or the absence of Methanomassiliicoccales [38]: In fact, in
the Irish ELDERMET cohort consisted of older subjects (>64 years of age) [85, 86], subjects had
significantly lower TMA concentrations in their stools when harbouring Methanomassiliicoccales
possessing the genetic behaviour to deplete TMA compared with subjects not carrying
Methanomassiliicoccales. The significance of this observation was increased when the level of
potentially TMA using Methanomassiliicoccales was above 108 cells/gram of stool than below [38].

4. Conclusion: archaebiotics, next-generation probiotics?

Through these preliminary data, it is very tempting to propose the use of strains like
Ca. Methanomethylophilus alvus Mx1201 as next-generation probiotics (Figure 4). That is, a
periodic ingestion of an archaeal strain in a form and dosage that remains to be determined
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Figure 4. Principle and indications for the use of Methanomassiliicoccales as an archaebiotic for depletion of atherogenic
trimethylamine TMA. Using the unique property of TMA use by some Methanomassiliicoccales and knowing the
mechanisms by which pTMAO originates, it is proposed using the human-hosted strain Ca. Methanomethylophilus
alvus Mx1201 and other rationally selected strains to lower TMA generated by gut microbes directly in the gut/before its
absorption. This bioremediation would lead to methane which is considered as a heath-inert intestinal gas. This would,
either limit circulating TMA, therefore lowering symptoms of trimethylaminuria, or limit pTMAO levels, therefore
preventing, at a minimum, atherosclerosis and chronic kidney disease.

with the aim of preventing at least CVD by limiting the yield of pTMAO. The mechanism
relies on the remediation of gut TMA synthesized by gut microbes into a gas (methane) con-
sidered as inert to human physiology. Interestingly, this action should also be effective in
lowering the symptoms of TMAU. To our knowledge, this is, therefore, a very innovative
probiotic design considering that

* Archaea, for which no pathogens are known, had not been considered for probiotics use
until now.

* The microorganisms that fit this use are directly selected from human gut microbial inhab-
itants. They are more prevalent in older people when considering Western countries [38,
64, 74, 87], but they are also highly prevalent in any age group in one Amazonian tribe, the
Yanomami hunter-gatherers in Venezuela [88].

* Their selection is based on the knowledge of the mechanisms underlying the pathology
and is therefore rationally selected first using simple in vitro tests (here, capability of TMA
usage).

Importantly, despitelacking definitive proof, ithas to be noted that the use of TMA by some human-
hosted Methanomassiliicoccales is very likely the metabolism they naturally perform in the gut envi-
ronment. The distribution pattern of the pyl genes in the genome of Ca. Methanomethylophilus
alvus Mx1201 supports this hypothesis (see above). In fact, it is also suspected that this metabolism
is the reason for their presence in such an environment; i.e. they occupy an ecological niche that
other gut members cannot occupy, and they are highly adapted to this environment. Considering
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its importance to resisting this host-derived antimicrobial component, the presence of a bile salt
hydrolysis gene in Ca. Methanomethylophilus alvus Mx1201 from a bacterial lateral gene transfer
(LGT) also supports this hypothesis. It should also be considered that this activity has a possible
role in CVD prevention by lowering circulating cholesterol [89].

In any case, many more experiments are needed to address the question that some Methanomas
siliicoccales may be efficiently and safely used in humans. I vitro experiments in systems mimicking the
gut microbial environment [90, 91] which has been shown to efficiently support methanogens [92]
should help to determine the metabolicbehaviour of these archaea as well their interactions with other
gut microbes. The isolation of a digestive clade member (for example, Ca. Methanomethylophilus
alvus Mx1201) is therefore an essential and necessary step, before animal and clinical tests.
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Abstract

New advances in the understanding of haloarchaea physiology, metabolism, biochem-
istry, and molecular biology show that these kinds of microorganisms produce several
compounds in response to the extreme conditions of their ecosystems. Thus, the com-
plete metabolic and genetic machineries are fully adapted to nutrient starvation, high
sun radiation, and high ionic strength. Due to these adaptations, some of the primary and
secondary metabolites produced by haloarchaea are of high interest in terms of poten-
tial biotechnological uses. The principal goal of the chapter is to present a review about
the main characteristics of these biocompounds and their potential uses in biomedicine,
pharmacy, and industry.

Keywords: biotechnology, carotenoids, enzymes, haloarchaea, natural pigments,
polyhydroxyalkanoates

1. Introduction

Hypersaline environments such as hypersaline lakes, soils, springs, solar salterns, and rock
salt deposits are widely distributed around the world. Organisms inhabiting these ecosys-
tems are characterized by their high salt tolerance/requirements [1]. The organisms living
under these conditions are usually termed “halotolerants/halophiles/halophilic organisms.”
The term “halophilic” means “salt-loving.” The most widely used definitions distinguish dif-
ferent categories:

(i) Extreme halophiles: growing best in media containing 2.5-5.2 M salt;

(ii) Borderline extreme halophiles: growing best in media containing 1.5-4.0 M salt;
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(iii) Moderate halophiles: growing best in media containing 0.5-2.5 M salt; and

(iv) Halotolerant microorganisms: salt is not an absolute requirement for their growth, but
they can grow even in the presence of very high salt concentrations (considered extreme-
ly halotolerant if the growth range extends above 2.5 M salt).

These kinds of definitions have proved valuable in the classification of microorganisms based
on their relationship to salt [2-5].

Halophilic microorganisms can be found in all three domains of life (Archaea, Bacteria, and
Eukarya). However, those that require high salt concentrations for optimal growth (2-4 M
NaCl) are mainly archaea grouped into the families Halobacteriaceae and Haloferacaceae, phy-
lum Euryarchaeota [6]. They constitute the main populations in highly salty environments
like marshes or salty ponds, where NaCl is obtained for human consumption [7].

Halophilic archaea (haloarchaea) are mostly aerobic, although some species can grow anaero-
bically using nitrate as the final electron acceptor (denitrification) [8]. Most of the species are
generally red-pigmented. To be alive under these extreme conditions (low water availability,
high sun radiation, nutrient starvation, and high ionic strength), halophilic microbes show
different metabolic adaptations. Some of the main adaptations are:

(i) Cells accumulate high KCI intracellular concentrations or some osmolytes such as
2-sulfotrehalose to deal with high ionic strength [9]. This “salt-in” strategy is mainly
used by haloarchaea and it requires the adaptation of the intracellular enzymatic ma-
chinery, as proteins should maintain their proper conformation and activity at near-
saturating salt concentrations [1, 3, 4].

(ii) Amino acidic residues predominate on halophilic proteins’ surface. Thus, proteins become
stable and active within cytoplasms containing high KCl concentrations. Consequently,
the proteome of such microorganisms is highly acidic, and most proteins denature when
they are suspended in low salt concentration [1, 3, 4].

(ili) Cellular bilayers have different composition and structure [10].

(iv) Genomes from halophilic microorganisms contain significant amount of salt resistance
genes [11].

Due to these adaptations, some of the primary and secondary metabolites produced by halo-
archaea are of high interest in biotechnology. Thus, several biocompounds such as enzymes
[12], carotenoids [13], PHAs/PHBs [14], and halocins (bacteriocin-like peptides) [15] have
focused the attention of many researchers around the world. Many of the studies on these sub-
jects were published between the 1990s and the first decade of the current century. However,
large-scale industrial applications from archaeal cultures are yet to come. Several technical
difficulties must be addressed in the near future to make possible efficient large-scale biotech-
nological applications using archaea. In that sense, aspects related to fermenter corrosion, for
instance, should be properly analyzed.
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This work summarizes what has been described so far about biocompounds produced by haloar-
chaea (mainly enzymes, pigments, and bioplastics), their production at large scale, as well as the
potential uses of these biocompounds in biotechnology, biomedicine, pharmacy, and industry.

2. Carotenoids

2.1. Carotenoids: definition, classification, and metabolism

Natural pigments are widespread in all organisms. They provide attractive colors and play basic
biological roles in the development of organisms [16]. Among natural pigments, carotenoids are
of high interest due to their biotechnological applications and their potential beneficial effects
on human health [17-19]. These compounds are the second most abundant naturally occurring
pigments in nature ranging from colorless to yellow, orange, and red [20, 21]. The production
of these pigments has been described in plants and some microorganisms such as algae, cyano-
bacteria, yeast, and fungi [22, 23]. From a chemical point of view, carotenoids are hydrophobic
compounds, which essentially consist of a C,; hydrocarbon backbone in the case of carotenes
(i.e., they contain 40 carbon atoms in eight isoprene residues), often modified by various oxygen-
containing functional groups to produce cyclic or acyclicxanthophylls. Thus, all carotenoids are
characterized by the following common features: long-conjugated chain of double bond and a
near-bilateral symmetry around the central double bond [24]. This chain may be terminated by
cyclic groups (rings), and it can be complemented with oxygen-containing functional groups [25].

Carotenoids can be classified into different groups using different criteria. Considering
the chemical structure and the oxygen presence, two types can be distinguished: caro-
tenes or carotenoid hydrocarbons, composed of carbon and hydrogen only; and xantho-
phylls or oxygenated carotenoids, which are oxygenated and may contain epoxy, carbonyl,
hydroxyl, methoxy, or carboxylic acid functional groups [26]. Lycopene and [-carotene
are examples of carotene carotenoids and lutein, canthaxanthin, zeaxanthin, violaxanthin,
capsorubin and astaxanthin are xanthopyll carotenoids [27].

These natural pigments are derived from the general isoprenoid biosynthetic pathway, along
with a variety of other important natural substances such as steroids and gibberellic acid. In this
pathway, mevalonic acid is the starting product which is further transformed into a phosphory-
lated isoprene upon phosphorylation; this isoprene subsequently polymerizes. During polymer-
ization, the number and position of the double bonds are fixed. The conversion of two molecules
of geranylgeranyl pyrophosphate (GGPP) to phytoene, a compound common to all C,; caro-
tenogenic organisms, constitutes the first reaction unique to the carotenoid branch of isoprenoid
metabolism. From this step, slightly different reactions can be found in different organisms [13].

The synthesis and degradation of carotenes and xanthophylls, the regulation of carotenogen-
esis, as well as the role of these compounds, have been very well described in plants [20] and
mammals [28]. Animals are not able to synthesize carotenoids de novo, and consequently, they
are acquired through diet. In most of the organisms, carotenoids show powerful antioxidant
properties, which directly emerge from their molecular structure [13].
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2.2. Carotenoids produced by haloarchaea

Bibliography about carotenoids of extremophile microorganisms is scarce as compared to all
information available from other organisms [29]. Nevertheless, it has been demonstrated that
most members of the families Haloferacaceae and Halobacteriaceae can synthesize C_ carotenoids,
including bacterioruberin (as the most abundant C_, in most of the analyzed haloarchaeal
species) and its precursors (2-isopentenyl-3,4-dehydrorhodopin (IDR), bisanhydrobacterio-
ruberin (BABR), and monoanhydrobacterioruberin (MABR)) [30, 31]. Bacterioruberin has a
rather different molecular structure. It has a primary conjugated isoprenoid chain length of
13 C=C units with no subsidiary conjugation arising from terminal groups, which contain
four —OH group functionalities only (Figure 1) [32].

Several other derivatives have been found in minor amounts: 3,4-dehidromonoanhydrobac-
terioruberin, haloxanthin (which is a derivative of the previous one containing a peroxide
end group), and 3,4-epoxymonoanhydrobacterioruberin, identified in Haloferax volcanii [33].
Carotenoids such as phytoene, lycopene, and (3-carotene are also produced by these species
but at lower concentration. Usually, these carotenoids are in the cell membranes, and they
provide color to the colonies when haloarchaea cells grow on solid media or sustain the red
color shown by salted coastal ponds (mainly in summer).

Thanks to bacterioruberin and its derivatives, haloarchaeal cells are protected against UV sun
radiations. They are also involved in the reinforcement of the cell membrane, and they can be
part of the rhodopsin complexes (light-driven proton pump highly important for haloarchaea
cells to obtain energy) [13].

The effect of several chemical compounds on the C,  carotenoids biosynthesis was first
described from Halobacterium cutirubrum (Halobacteriaceae family) [31]. Few years later, it was
described that bacterioruberin is in general synthesized from other C,, carotenoids, such as
isopentenyldehydrorhodopin, bisanhydrobacterioruberin, and monoanhydrobacterioruberin
[21]. The synthesis is induced by (i) low oxygen tension and high light intensity [34, 35]; (ii)
osmotic stress [36]; and (iii) the presence of different compounds such as aniline (Figure 1)
[37]. However, this general pattern has some exceptions, for example Haloquadratum walsbyi:

Figure 1. Chemical structure of bacterioruberin.
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cells grown under osmotic stress did not experience changes in terms of either membrane
lipid content or carotenoid production [38]. Composition of the total carotenoid fraction in
haloarchaeal cells can also vary based on the nutritive factors within the culture media [39],
the light intensity, oxygen tension, NaCl concentration [39, 40], and other physical-chemical
parameters such as the pH value of the culture media.

2.3. Applications and prospects

Few studies stated that some haloarchaeal species (wild-type strains) produce significant
concentrations of carotenoids, which are marked highly demanding [13]. Besides, carotenoid
production by haloarchaea can be improved by genetic modification or even by modifying
several cultivation aspects such as nutrition, growth pH, or temperature.

There are no studies on the potential benefits of the carotenoids produced by haloarchaea on
human health reported in the scientific literature up to now. However, there are some pat-
ents in which the potential use of haloarchaeal carotenoids in biomedicine and biotechnol-
ogy has been tested [13]. More efforts should be made not only to explore biotechnological
uses of haloarchaeal carotenoids at large scale, but also to open marks related to carotenoid
synthesis and degradation in haloarchaea. This knowledge will promote progress in the
field of carotenoid metabolic engineering in these microbes, and it will contribute to evalu-
ating the potential use of haloarchaea as sources for carotenoids production at large scale.

3. Enzymes

Enzymes from halophilic archaea are active and stable at high salinity conditions which are
environments generally adverse to other enzymes. Compared to non-halophilic enzymes,
they are characterized by a relatively higher usage of acidic residues, a low frequency of
lysine, and a high occurrence of amino acids with a low hydrophobic character. This com-
position makes the proteins’ surface acidic with a decrease in hydrophobic patches [41, 42].
Analysis of Haloferax mediterranei glucose dehydrogenase structure also reveals an absence
of very mobile side chains on the surface that allow the formation of a highly ordered multi-
layered solvation shell. This feature is necessary under the water-limited conditions char-
acterizing salty environments [42]. Halophilic enzymes present thermophilic character too;
consequently, they are stable in a broad range of temperatures. Haloarchaea may endure high
temperatures in their natural environment, and halophilic protein need to be not only soluble
at high salt concentrations but thermostable as well [43, 44].

These unique characteristics make halophilic enzymes very attractive for biotechnological
applications. They are also active and stable in media with low water activity as in the pres-
ence of organic solvents [45, 46], even at low salt concentrations if they are encapsulated in
reverse micelles. Under these conditions, halophilic enzymes could be used in biotechnologi-
cal applications in non-aqueous media [47, 48].
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Many enzymes from haloarchaea with potential interest, such as glycosyl hydrolases, prote-
ases, lipases, and esterases, have been characterized, but no large-scale applications have been
reported yet. In this section, the main features characterizing haloarchaeal enzymes suitable
to be used for biotechnological applications are described:

3.1. Glycosyl hydrolases

Glycosyl hydrolases are enzymes capable of hydrolyzing glucosidic bonds between carbo-
hydrates. They are classified into 108 families based on amino acid similarities [49]. Among
them, starch-hydrolyzing enzymes are of special interest since their substrate has attracted
industrial attention in versatile processes, essentially in the food and detergent industries [50].
Hydrolysis of starch demands the coordinated activity of several enzymes. Most of the known
starch-modifying enzymes can be found in the glycosyl hydrolase family 13 which includes
a-amylases, pullulanases, a-1,6-glucosidases, branching enzymes, maltogenic amylases, neo-
pullulanases, and cyclodextrinases [51].

Some halophilic amylases from Archaea have been characterized [51-55]. Most of them retain
their activity at high temperatures. For example, the haloarchaeon H. mediterranei secretes
an a-amylase showing optimum temperature between 50 and 60°C, but it retains 65% of the
maximum activity at 80°C [55]. H. mediterranei also has a monomeric extracellular cyclodex-
trin glycosyltransferase working optimally at 55°C and 1.5 M NaCl, but it is active even at low
salt concentrations as 0.5 M NaCl (retaining 65% of its activity) [56]. Cyclodextrins are inter-
esting molecules because of their ability to form inclusion complexes with organic molecules,
increasing their solubility in aqueous solutions.

As mentioned earlier, due to the low water activity in the environments inhabited by haloar-
chaea, many of their enzymes are functional in organic and hydrophobic solvents. For exam-
ple, the amylase of Haloarcula sp. works optimally at 4.3 M salt and 50°C, but the enzyme does
not lose its activity at low salt concentrations. Even in the absence of NaCl, it maintains more
than 30% activity. The enzyme is also stable in benzene, toluene, and chloroform, showing its
potential as a good candidate for industrial applications [45].

3.2. Cellulases and chitinases

Halophilic cellulases have recently generated interest by their application in biofuel pro-
duction. Plant biomass, which is the starting material, consists mainly of cellulose, hemicel-
lulose, and lignin. Especially the latter one is highly resistant to biodegradation processes,
which involves the use of harsh pre-treatments (high temperatures and extreme pH con-
ditions). Alkali pre-treatments can be done using alkaline salts, resulting in pH and salt
concentrations like those found in alkaline saline lakes. Besides, ionic liquids (ILs) can effi-
ciently solubilize cellulose, hemicellulose, and lignin under moderate temperatures. Thus,
enzymes from halophilic archaea are good candidates to resist the extreme conditions of
these processes [57].

Zhang et al. have identified and characterized a halophilic cellulase (Hu-CBH1) from the halo-
philic archaeon Halorhabdus utahensis [57], which is a heat-tolerant haloalkaliphilic enzyme. It
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is active in salt concentrations up to 5 M NaCl, pH 11.5, and high levels of ILs. These results
indicate that enzymes isolated from hypersaline environments are strong candidates for the
development of IL-tolerant enzymes and cocktails capable of releasing monomeric sugars
from IL-pre-treated biomass efficiently [57].

Two Haloarcula strains with cellulolytic activity were isolated from the saline soil of Yuncheng
Salt Lake, China [58, 59]. Crude cellulase of strain LLSG7 was a multicomponent enzyme sys-
tem, which showed endoglucanase, cellobiohydrolase, and -glucosidase activities [59]. The
cellulase secreted by strain G10 was an endoglucanase suitable for soluble cellulose degrada-
tion [58]. Both were highly active and stable over broad ranges of temperature, pH, and NaCl
concentrations, and they displayed remarkable stability in the presence of non-polar organic
solvents. The crude cellulase of strain LLSG7 was applied to hydrolyze alkali-pre-treated rice
straw, and the enzymatic hydrolysate was used as the substrate for bioethanol fermentation
by Saccharomyces cerevisiae. The yield of bioethanol obtained suggested it might potentially be
used for its production [59].

Although several cellulases had been isolated previously, Sorokin and co-workers demon-
strated for the first time that extremely halophilic archaea can grow in insoluble chitin and
cellulose as a sole growth substrate in salt-saturated mineral media, indicating that euryar-
chaea participate in aerobic mineralization of recalcitrant organic polymers in environments
saturated with salts [60].

As cellulases, chitinolytic enzymes have wide-ranging applications, such as the prepara-
tion of chitooligosaccharides and N-acetylglucosamines used in the pharmaceutical indus-
try [61]. Chitinases are glycosyl hydrolases that catalyze the hydrolytic degradation of the
[-1,4-glycosidic bonds present in chitin. It is one of the most abundant polysaccharides in
nature besides cellulose and starch. The main natural chitin sources are the shells of crus-
taceans, insect exoskeletons, and fungal cell walls. A chitinolytic extremozyme from the
halophilic archaeon Halobacterium salinarum showed the highest activity in the presence
of 1.5 M NaCl, even retaining 20% of its activity in the absence of salt. It is an exo-acting
enzyme with potential interest regarding the biodegradation of chitin waste or its biocon-
version into biologically active products.

Hou et al. have identified the genes and enzymes involved in chitin catabolism in H. mediterranei,
being the first time that this process has been described in haloarchaea. The study demonstrates
that H. mediterranei can use colloidal or powdered chitin for both cell growth and poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBV) biosynthesis (see Section 4), suggesting the potential of
this strain for conversion of chitin into valuable bioplastics [62].

3.3. Proteases

Proteolytic enzymes are used to produce pharmaceuticals, foods, detergents, leather, silk, and
agrochemical products. In terms of production, proteases represent the heart of the global
market for enzymes [63].

Proteases from halophilic microorganisms have been reviewed recently [64]. In general terms,
haloarchaeal proteases show optimum activity at high salt concentration, although some of
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them can be stable and active at lower concentrations. The extracellular endopeptidase from
Halobacterium halobium hydrolyzes polypeptides and oligopeptides with specificity for hydro-
phobic amino acids, especially proline [65]. The enzyme exhibits azocasein activity at low salt
concentrations. This endopeptidase could be an important tool to be used in the food process-
ing industry as well as in biomedical applications to produce peptides [65, 66].

Kim and Dordick studied the stability of a protease from H. halobium in different aqueous/
organic solvent mixtures, and they observed that it correlates strongly with the salting-out
ability of the solvent [46]. They concluded that solvents which act to increase the apparent
hydrophobicity of the enzyme’s core stabilize it in the same way as salting-out salts [46].
Finally, the p-nitrophenylphosphate phosphatase from H. salinarum was dissolved in an
organic medium by creating a reverse micellar system at very low salt concentration and,
under these conditions, the enzyme was active and stable [67]. The possibility of using these
enzymes in hydrophobic medium increases the potential biotechnological applications.

3.4. Esterases and lipases

Esterases and lipases hydrolyze ester bonds between a fatty acid moiety and an esterified
conjugate, such as a glycerol or phosphate. Lipases preferentially hydrolyze triglycerides
composed of long-chain fatty acids while esterases usually hydrolyze water-soluble esters,
including short-chain fatty acid triglycerides. Both enzymes have applications in food modi-
fication, detergent formulation, cosmetic, pharmaceutical, leather, textile, paper industries,
biodiesel and biopolymer production, or pre-treatment of lipid-rich wastewaters [68]. These
applications often require aggressive reaction conditions: high temperatures to sustain bioca-
talysis, organic solvents as part of the reaction mixtures, or presence of high salt concentration.
Thus, extremophilic enzymes (especially halophilic enzymes) can be a very interesting option.
The biotechnological applications of halophilic lipases and thioesterases have been reviewed
recently [69]. Bhatnagar et al. isolated 54 Halobacteria from a salt lake in the Algerian Sahara
and screened 35 of these strains [70]. Among them, strain TC6 (belonging to the Natronococcus
genus) was selected for further study. It contains an extracellular lipase that was optimally
active at4 M NaCl, pH 7, and 50°C, and it was more active against the substrate p-nitrophenyl
palmitate (C16). The enzyme hydrolyzed olive oil, indicating the presence of a true lipase,
being the first one reported in archaea [71]. After that, a total of 118 halophilic archaeal strains
were screened for lipolytic activity. Five isolates were selected and further characterized,
indicating the presence of salt-dependent and temperature-tolerant lipolytic enzymes [72].
Camacho et al. studied the production of esterase and lipase in Haloarcula marismortui [73]:
they observed high production rates of intracellular esterase and lipase using p-nitrophenyl
valerate and p-nitrophenyl laurate, respectively. Two different esterases were detected as
active enzymes at 0.5 and 5 M NaCl. Interestingly, in the absence of salt, esterase retained 50%
of residual activity [73].

Moreover, Miiller-Santos et al. cloned and overexpressed the lipC gene from H. marismortui
[74]. The recombinant protein was purified and biochemically characterized. The enzyme
exhibited preference for short-chain fatty acids and monoesters, and its optimum activity was
observed in the presence of 3 M KCl while no activity was detected in the absence of salts.
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An area of interest for the application of halophilic lipases is biofuel production. With this
aim, a lipase from a haloarchaeal strain G41 was purified to homogeneity and characterized
[75]. The enzyme displayed high stability and activity in the presence of hydrophobic organic
solvents and showed preference toward long-chain substrates, which makes the enzyme suit-
able for biofuel production. The free and immobilized lipase from strain G41 was applied
for biodiesel production, and 80.5 and 89.2% of yields were achieved, respectively [75]. This
study demonstrated the feasibility of using lipases from halophilic archaea for biodiesel
production.

4. Polyhydroxyalkanoates (PHAs)

4.1. Polyhydroxyalkanoates: definition, classification, and biosynthesis

PHAs are polyesters composed of hydroxy fatty acids, synthesized and stored as insoluble
inclusions in the cytoplasm [76]. They serve as intracellular storage material of carbon source
and energy. PHAs are produced in the stationary phase of growth, when the medium is defi-
cient in some essential nutrients but a carbon source is available in excess. When it is running
out, PHAs are depolymerized, and their degradation products are used for growth [77].

There is a wide variety of types of PHAs, depending on different aspects such as the microor-
ganism strain, the growth conditions, or the carbon source used. To date, over 150 structural
variations have been reported [78, 79]. There are different ways to classify these biopoly-
mers: on the one hand, depending upon the number of carbon atoms in the monomers, PHAs
are classified into two distinct groups [77, 79]: scl-PHAs (short-chain length PHAs), whose
monomers consist of 3-5 carbon atoms, and mcl-PHAs (medium chain length PHAs), com-
posed of monomers having 6-14 carbon atoms; on the other hand, PHAs can be classified
depending on the type of monomers that form them [78, 79]: the homopolymers, made of
identical monomers, include PHB (poly-3-hydroxybutyrate), P3HP (poly-3-hydroxypro-
pionate), PAHB (poly-4-hydroxybutyrate), PTE (polythioester), PLA (polylactic acid), and
PHV(polyhydroxyvalerate), among others; copolymers (also called heteropolymers), derived
from more than one species of monomer like PHBV (polyhydroxybutyrate-valerate). In addi-
tion, the variety of PHAs is higher considering more aspects, such as the structure of their
side chains (saturated or not) and the presence of aromatic or halogenated groups in their
monomers [77].

PHAs are synthesized by four natural pathways [78]: pathway I, that converts sugar to acetyl-
CoA, acetoacetyl-CoA to 3-hydroxybutyryl-CoA which is polymerized to PHB; pathway II,
that begins from fatty acids to produce R-3-hydroxyacyl-CoA monomers for PHA synthesis via
[-oxidation cycle; pathway IlI, that converts acetyl-CoA, malonyl-CoA to 3-ketoacyl-ACP into
R-3-hydroxyacyl-CoA monomers; pathway IV converts butyric acid to S-3-hydroxybutyryl-CoA,
then to acetyl-CoA to form PHA monomers.

All these metabolic pathways end with monomer polymerization to produce PHAs. The
enzymes responsible for this reaction are PHA synthases. Therefore, it is considered that the key
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enzymes for PHA production are the polyester synthases [76, 78, 80]. In the Bacteria domain,
where these kind of proteins have been studied extensively, they are divided into four classes
depending on the subunit composition and their substrate [76, 77, 80].

Class I and II are PHA synthases that consist of only one type of subunit (PhaC) with molec-
ular masses between 61 and 73 kDa [80]. The difference lies in the substrate specificity: while
class I PHA synthases utilize CoA thioesters of various 3-hydroxy fatty acids comprising
3-5 carbon atoms, class II PHA synthases use CoA thioesters of 3-hydroxy fatty acids with
6-14 carbon atoms [76, 80].

The PHA synthases of class III consist of two subunits, PhaC and PhaE, both with similar
molecular weight (around 40 kDa). These kinds of enzymes prefer as substrate CoA thioesters
of 3-hydroxy fatty acids with three to five carbon atoms [80].

Class IV PHA synthases are like class III but the PhaE subunit is replaced by PhaR (with
molecular mass around 20 kDa). They use 3-hydroxy fatty acids with three to five carbon
atoms as substrate [80, 81].

4.2. Haloarchaea as polyhydroxyalkanoate producers

Polyhydroxyalkanoates have been extensively studied in the Bacteria domain, from biochem-
ical and molecular biology points of view. However, in the Archaea domain, knowledge is
more limited, although haloarchaea seem to be good models to produce these biopolymers.
PHAs have been found in strains belonging to the genera Haloferax, Haloarcula, Natrialba,
Haloterrigena, Halococcus, Haloquadratum, Halorubrum, Natronobacterium, Natronococcus, and
Halobacterium [76].

The archaeal PHA synthases are composed of two subunits, PhaE and PhaC, that are homolo-
gous to the class IIl PHA synthases from bacteria with only two differences: first, they present
a longer C-terminal extension in the PhaC subunit; second, the PhaE subunit lacks the hydro-
phobic and amphiphilic amino acids for granule association and it is much smaller than its
bacterial counterpart [82, 83]. All these evidences make that haloarchaea PHA synthases are
classified as PHA synthases of class III but in a differentiated subgroup [83].

The advantages of using haloarchaea to produce PHAs are numerous: first, these microorgan-
isms have simple growth requirements; second, the presence of high salt concentrations in
their growth media prevents any kind of contamination from other organisms, so the require-
ments for sterile conditions can be reduced [14, 84]; moreover, the biopolymers obtained can
be easily recovered by osmotic shock of cells using media with low salinity or even distilled
water [14], so it is not necessary to use any solvents to extract them.

Different haloarchaea strains have been tested as potential PHA producers using numerous
carbon sources, fermentation techniques, and downstream steps. The two most studied gen-
era are probably Haloarcula and Haloferax. Within the genus Haloarcula, Haloarcula sp. IRU1
has been the most productive strain, obtaining PHB as biopolymer with a yield of 63% (w/w)
of cell dry weight (CDW). Glucose was used as carbon source [85]. Other Haloarcula strains
tested were H. marismortui and Haloarcula hispanica, but the yields obtained were 21 and 2.4%
(w/w) CDW, respectively [82, 86].
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With respect to the Haloferax genus, H. volcanii and Haloferax gibbonsii showed growth in the
presence of glucose and yeast extract as carbon and nitrogen sources, producing PHB as bio-
polymer with yields of 7 and 1.2% (w/w) CDW [86]. However, H. mediterranei is probably the
best-studied strain in terms of producing PHAs [84, 87, 88]. Besides the advantages that the
haloarchaea present to produce PHAs, H. mediterranei has a relatively high growth rate and
exhibits high production of the copolymer PHBHYV instead of PHB [14].

PHBHYV is a copolymer form of 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV). It
presents improved properties compared to the homopolymer PHB, which is a brittle plastic
that considerably limits its application [84]. Instead, PHBHV has similar properties to poly-
propylene: high impact resistance, toughness, and flexibility [14].

The main studies using H. mediterranei as model organism have been focused on the improve-
ment of the accumulation of PHBHV and the reduction of the costs of production. Cheap
carbon sources such as glycerol [89, 90], rice bran [91], rice-based ethanol stillage [92], cheese
whey [93], and olive mill wastewater (the effluent of the olive oil industry) have been tested
using multistage processes [94, 95] or only one-stage process (Table 1) [14].

Olive mill Hydrolyzed Rice-based Crude glycerol Crude glycerol Extruded rice
wastewater [14] cheese whey  ethanol stillage phase from phase from bran and starch
[93] [92] biodiesel biodiesel [91]
production [90] production and
Y-butyrolactone

[901
Cultivation Batch shake Batch reactor ~ Batch shake Fed-batch Fed-batch Fed-batch
mode flasks flasks reactor reactor reactor
Biopolymer
Type of PHBHV PHBHV PHBHV PHBHV PHBHV PHBHV
biopolymer
3-HV content/ 6.5 1.5 15.4 10 11-12 -
PHBHV (mol
%)
Yield
Protein (g L) 10 7.54 - 55 5.6 65.1
PHA 0.2 7.92 16.42 16.2 11.11 77.8
concentration
(8L
PHA/CDM 43 53 71 - - 55.6
(%)

Table 1. Cultivation mode, type of biopolymer produced, and maximum polymer yields for cultivations of H. mediterranei
in different waste sources.
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4.3. Applications and prospects

PHAs have received considerable attention because of their industrial applications as biode-
gradable and biocompatible polymers [84]. These exhibit similarities with the conventional
petrochemical-derived plastics, but they can be biodegradable in different environments [76].
The fields in which PHAs can be applied are varied: in the packaging industry, where they can
compete with nondegradable polymers in the production of bottles and containers [96-98]; in
biomedicine, as osteosynthetic materials, sutures, and wound dressing due to PHB’s compat-
ibility with the blood and tissues of mammals [98]; and in pharmaceutical applications for the
controlled release of medicines [84].

Nowadays, there are numerous important companies that develop and commercialize differ-
ent types of PHAs such as Biomer (Germany), PHB Industrial (Brazil), Bio-on (Italy) or Telles
LLC (USA), which sell these biopolymers under the commercial name Metabolix.

In spite of all the advantages that these biopolymers present, their production on a large scale
is still complicated: first, the PHAs production cost is still high (7-10 Euros/kilogram) [98];
second, petroleum, as a raw material for conventional plastics, has not increased its price dra-
matically in the last few years [99]; third, PHA processing is more difficult than petrochemical
plastics due to their slow crystallization processes [100]; fourth, PHAs do not have consistent
structures and properties compared to conventional plastics [99]. Therefore, nowadays PHAs
are not products that can compete with plastics derived from the petrochemical industry yet.

The future objectives for PHA production remain the same as when these biopolymers were
discovered: improving the productivity and reducing their costs, innovating in the use of
waste carbon sources, improving genetically the microbial strains used, and using shorter
downstream steps. In this sense, haloarchaea can be good models for the achievement of
these objectives since their nutritional requirements are low and the processes to obtain these
biopolymers are easier than in many bacterial species.

5. Conclusions

Haloarchaea (wild-type strains) can produce high concentrations of biocompounds that are
of high interest for biotechnological purposes. Consequently, these microorganisms reveal
new natural sources from which enzymes, pigments, and other secondary metabolites can be
produced. Among other biocompounds of interest, halocins are of special relevance. These
are bacteriocin-like substances (antibiotics) capable of killing sensitive halobacterial cells by
affecting the bioenergetic steady state across the membrane [101, 102]. Potential uses of these
specific antibiotics in biotechnology, pharmacy, and biomedicine produced by haloarchaea
remain unexplored. The cells themselves are also promising systems to explore other uses
such as biosensors or soil/water bioremediation strategies [8, 103]. Nevertheless, great effort
must be made in the near future to scale-up the engineering tools required to produce bio-
compounds from haloarchaea at high concentrations or to use haloarchaeal whole cells for
biotechnological purposes at large scale.
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Abstract

Thermophiles are attractive as host cells for microbial processes to produce or degrade
various compounds. In these applications, it is often desirable to improve the proper-
ties of thermophiles, such as their growth rate, cell density, and protein productivity,
although this is rarely achieved because of the lack of general approaches. In this chap-
ter, we describe the elimination of the pHTA426 plasmid from a moderate thermophile,
Geobacillus kaustophilus HTA426, and its effects on the microbial properties. This process,
called plasmid curing, was simply achieved using a DNA intercalator and confirmed by
phenotypic and genotypic analyses. Of note, pHTA426 curing had beneficial effects on
diverse properties, probably because of the reduced energy burden in terms of plasmid
replication at high temperatures. The result suggests that plasmid curing is a simple and
versatile approach for improving thermophiles. In particular, this approach may be effec-
tive for archaeal thermophiles because they grow at much higher temperatures and could
have the greater energy burden on plasmid replication. Data mining has also shown that
plasmids are distributed in archaeal thermophiles. This chapter provides a new tip for
improving archaeal thermophiles, thereby increasing the opportunities for their use in
various biotechnological applications.

Keywords: genetic engineering, host improvement, plasmid curing, plasmid elimination,
thermophile application

1. Introduction

Thermophiles are organisms that are capable of growing at temperatures above 55°C.
Archaeal thermophiles generally grow at much higher temperatures and thus comprise most

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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extreme thermophiles and hyperthermophiles. These thermophiles are attractive organisms
in biotechnological applications because they produce thermostable enzymes, which can be
used as stable industrial catalysts even at high temperatures. Thermophile cells themselves
are attractive as hosts for microbial processes at high temperatures.

High-temperature processes have several advantages compared with moderate processes
using mesophiles, where an important advantage is that high temperature prevents the
growth of animal pathogens, including all viruses, which are killed or at least prevented from
proliferating at temperatures above 65°C [1]. High temperature also inhibits growth and/or
metabolism by mesophiles, which may hinder processes of interests via involuntary reac-
tions. The advantage is especially important for processes using crude biomass (e.g., sewage,
municipal or agricultural waste, and materials from animal farms) because mesophiles and
virulent pathogens are common in biomass from natural environments and they may increase
during reactions performed under moderate conditions. In addition, high temperature facili-
tates the removal of volatile products (e.g., ethanol and butanol) while decreasing oxygen
solubility; therefore, thermophiles are practical for fermentative production of alcohols [2-6].
Moreover, thermophiles often have remarkable properties useful for bioprocesses. A good
example is the hyperthermophilic archaeon Thermococcus kodakarensis KOD1, which can use
protons as an electron accepter in catabolism to generate molecular hydrogen and has been
studied as a hydrogen production tool [7].

In this chapter, we will demonstrate the salutary effects of plasmid curing on thermophiles
using as an example a prokaryotic thermophile that was isolated from deep sea sediments of
the Mariana Trench, Geobacillus kaustophilus HTA426 [8, 9]. Its growth occurs at temperatures

pHTA426
47,836 bp

Figure 1. Structure of pHTA426. Genes for possible and hypothetical proteins are indicated by solid and faded arrows,
respectively. The plasmid contains possible genes responsible for plasmid replication (gkp02 and gkp36), DNA restriction—
modification (gkp08 and gkp09), and integrase/transposase (gkp12 and gkp13).
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ranging between 42 and 74°C, with optimal growth at 60°C, and is as rapid as Escherichia
coli and Bacillus subtilis. Genetic tools are available for this strain [10-16]. The whole genome
sequence has been determined [17], showing that G. kaustophilus HTA426 harbors the circular
plasmid pHTA426 (Figure 1). Because the members of the genus Geobacillus include strains
that are useful for high-temperature processes, as demonstrated by strains that are capable of
degrading hydrocarbons [18], long-chain alkanes [19-21], biphenyls [22], paraffin-wax [23], or
nylons [24], we have studied biotechnological applications of the genus using G. kaustophilus
HTAA426 as a model and pilot strain.

Aiming to construct a plasmid-free strain that may be useful for the genetic analysis of
pHTA426, this study was originally designed to eliminate this plasmid from an HTA426
derivative, G. kaustophilus MK244. The resultant strain MK633 was then characterized to con-
firm that plasmid elimination (termed plasmid curing) had no effects on its microbial proper-
ties, but the analysis unexpectedly demonstrated that G. kaustophilus MK633 had advantages
compared with the parent strain MK244 in terms of several properties. We suggest here that
plasmid curing is a promising approach for improving diverse thermophiles.

2. Experimental procedures

2.1. Bacterial strains and culture conditions

The bacterial strains employed are summarized in Table 1. G. kaustophilus MK244 was previ-
ously constructed from G. kaustophilus HTA426 [14]. If not specified otherwise, G. kaustophi-
lus strains were grown at 60°C in Luria-Bertani (LB) and minimal media (MM) with rotary
shaking at 180 rpm. MM comprised 0.3 g I K,SO,, 2.5 g I'' Na,HPO,-12H,0, 1 g I'' NH,Cl,
0.4 g 1" MgSO,, 3 mg I'' MnCl,-4H,0, 5 mg 1! CaCl,-2H,O, 7 mg 1" FeCl,-6H,0, 0.1% trace
element solution [25], 10 mM Tris-HCI (pH 7.0), 1 g I'! casamino acids, and 10 g I"! D-glucose.
The media also contained 5 mg I kanamycin, 10 mg 1! uracil, 50 mg 1 5-fluoroorotic acid,
1gl" yeast extract, and/or 50 mg 1" 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
(X-gal), as necessary. E. coli strains were grown at 37°C in LB medium supplemented with
appropriate antibiotics (50 mg 1™ ampicillin, 50 mg 1" kanamycin, 13 mg 1" chloramphenicol,
and/or 7 mg I tetracycline). The optical cell density at 600 nm was monitored automatically
using an OD-MonitorA instrument (Taitec, Saitama, Japan).

2.2. Plasmids

The E. coli-Geobacillus shuttle plasmids are summarized in Table 2. To construct the pGKE25-
bgaB plasmid, a gkp09 downstream region of pHTA426 was amplified using the primers
5-GGAGTTTGCCAAACTCCGGATCCAGCTTGGATTTATC-3" (BamHI site underlined) and
5'-CACAAGCTTGGGGCTGGATGTAATG-3' (HindIll site underlined), and a gkp09 upstream
region was amplified using the primers 5-GGCGGATCCTTCCGATTAGGTTCCCATGC-3'
(BamHI site underlined) and 5-GGCGAATTCGGCCTTTTCGCATTAC-3" (EcoRI site
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Strain Relevant description Reference
E. coli
BR397 Conjugation helper strain; F-e14~ (mcrA”) A(mrr-hsdRMS-mcrBC)114::1510 [18]

Adcm::lacZ Adam::metB pUB307 pIR207

BR398 Conjugation helper strain; F~ el4~ (mcrA”) A(mrr-hsdRMS-mcrBC)114:1S10 [18]
Adcm::lacZ pUB307 pIR207

BR408 Conjugation helper strain; F~ e14~ (mcrA”) A(mrr-hsdRMS-mcrBC)114:1510 [18]
Adcm::lacZ pUB307 pIR408

G. kaustophilus

MK244 Derivative of the wild-type strain HTA426; ApyrF ApyrR AhsdM,S R, [20]
A(merB,-mcrB,-hsdM,S R ,-mrr) pHTA426

MK244' Derivative of the MK244 strain; ApyrF ApyrR AhsdM SR, A(mcrB -mcrB,- This study
hsdM,S R,-mrr) pHTA426 (Agkp09:P , ,-bgaB)

MK244, , Derivative of the MK244 strain; ApyrF ApyrR AhsdM,S R, A(mcrB -mcrB,- This study
hsdM,S R,-mrt) gk0707::P ,,-bgaB pHTA426

MK633 Derivative of the MK244 strain; ApyrF ApyrR AhsdM SR, This study
A(mcrB -mcrB,-hsdM,S R,-mrr)

MKe633, , Derivative of the MK633 strain; ApyrF ApyrR AhsdM,S R, A(mcrB -mcrB,- This study
hsdM,S R,-mrt) gk0707::P ,-bgaB

Table 1. Bacterial strains used in this study. pUB307 mediates the conjugative transfer of oriT-containing plasmids. This
plasmid contains kanamycin and tetracycline resistance genes. pIR207 is a chloramphenicol resistance plasmid derived
from pACYCDuet-1 (Merck KgaA, Darmstadt, Germany). The plasmid was used to construct pIR408, which contains the
hsdM,S, and hsdM,S, genes from G. kaustophilus HTA426, and thus, it is responsible for heterologous DNA methylation in
E. coli [18]. G. kaustophilus MK244 lacks genes related to pyrimidine biosynthesis (pyrF and pyrR) and DNA restriction—
modification (hsdM,S,R,, mcrB,, merB,, hsdM,S R, and mrr). P, ,-bgaB and P, bgaB denote bgaB expression cassettes

sig k704
under the control of I’SIX . [19] and ngm promoters [21], respectively.

Plasmid Relevant description Reference

pPGAM47-bgaB pUC19 derivative; pUC replicon, oriT, bla, pyrF, P, ,-bgaB flanked by gk0707 [19]
upstream and downstream regions

pGAM48-bgaB pUC19 derivative; pUC replicon, oriT, bla, pyrF, P, -bgaB flanked by gk0707  [21]
upstream and downstream regions

pGKE25 pUC19 derivative; pUC replicon, oriT, bla, pyrF [20]

pGKE25-bgaB pGKE25 derivative; pUC replicon, oriT, bla, pyrF, P, ,-bgaB flanked by gkp09 ~ This study

upstream and downstream regions

pUCGI8T pUCI18 derivative; pUC and pBST1 replicons, oriT, bla, TK101 [18]

Table 2. E. coli-Geobacillus shuttle plasmids used in this study. bla and TK101 genes confer resistance to ampicillin
in E. coli and kanamycin in G. kaustophilus, respectively. pyrF encodes orotidine-5'-phosphate decarboxylase in
G. kaustophilus HTA426. oriT is the conjugative transfer origin. P -bgaBand P -bgaB denote bgaB expression cassettes
under the control of P , [19] and P, promoters [21], respectively. The pUC and pBST1 replicons allow autonomous
sig. 7

plasmid replication in E. coli and G. kaustophilus, respectively.
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underlined). In addition, a bgaB expression cassette encoding thermostable [3-galactosidase under
the control of P, , promoter was amplified from the pGAM47-bgaB plasmid [13] using the prim-
ers 5-AAGATCTCTTCGCCTCATCCGCACGATTTC-3' and 5-GCCAGATCTCTAAACCTT
CCCGGCTTCATC-3' (BgllI site underlined). The downstream region was cloned between the
BamHI and HindIll sites of the pGKE25 plasmid [14], and the upstream region was cloned between
the BamHI and EcoRI sites. The bgaB expression cassette was then cloned in the BamHI site of the
resulting plasmid to yield pGKE25-bgaB for replacing the gkp09 gene in pHTA426 with the bgaB cas-
sette. The pGAM48-bgaB plasmid [15] was used to integrate a bguB expression cassette under the
control of the P__ . promoter at the gk0707 locus in the G. kaustophilus chromosome. The pUCGI18T

gk704
plasmid [12] was used to assess the transformation efficiency of G. kaustophilus.

2.3. Plasmid introduction into G. kaustophilus

Plasmids were introduced into G. kaustophilus by conjugative plasmid transfer from E. coli
BR408 [12]. Briefly, an E. coli donor (10 ml) and a G. kaustophilus recipient (100 ml) were grown
in LB media. The cells were subsequently mixed, centrifuged, and spotted onto LB plates.
After incubation at 37°C for 20 h, the resultant cells were collected and incubated at 60°C on
appropriate media to isolate G. kaustophilus transformants. The transformation efficiency, as
the number of transformants per 10° recipients, was determined as described previously [12].
Data were expressed as the mean + standard error (1 = 3).

2.4. pHTA426 curing from G. kaustophilus MK244

The gkp09 gene in pHTA426 was replaced by a bgaB expression cassette using pGKE25-bgaB
with pyrF-based counterselection [13]. The resultant clone, strain MK244', was successively
cultured three times in LB media supplemented with 20 uM acridine orange to facilitate
PHTA426 curing. In each culture, an aliquot (10° cells) was grown on LB plates supplemented
with X-gal to identify candidates from which pHTA426 was eliminated along with the bgaB
cassette. The candidates were purified using LB plates with X-gal.

2.5. Southern blot

Total DNA (25 ug) was digested using EcoRV and separated on an agarose gel by electropho-
resis. DNA was transferred onto a nylon membrane and hybridized with digoxigenin-labeled
DNA probes to detect the bgaB and gkp30 regions. Probes were synthesized using PCR DIG
Probe Synthesis Kit (Roche, Basel, Switzerland) using the primers 5-GCCGGATCCTGTTATC
CTCAATTTGTTAC-3' and 5-GCCGGATCCTGTTATCCTCAATTTGTTAC-3' (for bgaB probe)
and 5-CCGATATAGGCTGAGAACGC-3" and 5-CAGCTGGTAGACATGGGG-3' (for gkp30
probe). Hybridized DNA was detected with the chromogenic method using DIG Nucleic
Acid Detection Kit (Roche).

2.6. Construction of G. kaustophilus MK244, . and MK633, .

A bgaB expression cassette under the control of the P, promoter was integrated at the gk0707
locus in G. kaustophilus using pGAM48-bgaB, as described previously [15]. G. kaustophilus
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MK244 and MK633 were subjected to this process to generate strains MK244, , and MK633
respectively.

bgaB’

2.7. BgaB assay

G. kaustophilus MK244, , and MK633, ,were cultured for 4 h in MM containing yeast extract
but not D-glucose or casamino acids, and then for 20 h in the presence of 10 g 1" maltose. Cells
were subsequently harvested, sonicated in 50 mM sodium phosphate (pH 6.0), and clarified
by centrifugation to obtain a lysate. The reaction mixture (100 pl) contained 50 mM sodium
phosphate (pH 6.0), 2 mM p-nitrophenyl-p-D-galactopyranoside, and the lysate. The mix-
ture was incubated at 60°C to react and then diluted with ice-cold 2 M sodium carbonate
(900 pl) to terminate the reaction. p-Nitrophenol liberated in the mixture was quantified based
on the absorbance at 405 nm and using an experimentally derived standard curve. One unit
was defined as the amount of enzyme required to generate 1 umol of p-nitrophenol per min.
Proteins were quantified by the Bradford method using a protein assay kit (Nacalai Tesque,
Kyoto, Japan). Data were expressed as the mean + standard error (1 = 4-5).

2.8. Plasmid stability assay

G. kaustophilus harboring pUCGI18T was precultured in LB medium with kanamycin until the
optical cell density at 600 nm reached 0.5. An aliquot (200 pl) was then cultured in LB medium
(20 ml) without kanamycin until the stationary phase. The resultant cells were incubated on
LB plates with or without kanamycin to determine the concentrations of kanamycin-resistant
and viable cells, respectively. The plasmid retention rate was defined as the number of kana-
mycin-resistant cells per viable cells. Data were expressed as the mean + standard error (1 =3).

2.9. Cell density assay

G. kaustophilus cells were cultured in LB medium until the stationary phase. Cells were har-
vested by centrifugation and analyzed to determine the wet weight. Data were expressed as
the mean + standard error (1 = 4-5).

2.10. Mutation frequency assay

The frequency of spontaneous mutations was assessed based on the generation of rifampi-
cin- and streptomycin-resistant cells via rpoB and rpsL genes, respectively [26]. G. kaustophilus
(10° cells) was cultured at 60°C in LB medium until the stationary phase. The resultant cells
were then incubated on LB plates with or without efficacious rifampicin or streptomycin (10
mg 1) to determine the concentrations of mutant (rifampicin- or streptomycin-resistant) and
viable cells, respectively. The colonies were counted to calculate the ratio of mutant cells rela-
tive to the viable cells incubated, which was defined as the mutation frequency. Data were
expressed as the mean + standard error (n = 3).

2.11. Nucleotide stability assay

Deoxyribonucleoside triphosphates (1 mM) were incubated for 24 h in 20 mM sodium
phosphate (pH 7.0) at 30, 60, 80, and 90°C. The residual nucleotides in samples (5 pl) were
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analyzed using reversed-phase high-performance liquid chromatography. The chroma-
tography system comprised solvent delivery units (LC-10AT; Shimadzu, Kyoto, Japan), an
ultraviolet absorption detector (SPD-10Avp; Shimadzu), a reverse-phase column (Cosmosil
2.5C,,-MS-II; Nacalai Tesque), and a column bath at 30°C. Solvents A and B comprised
5 mM tetrabutylammonium bromide in 20 mM sodium phosphate (pH 7.0) and 90% (v/v)
acetonitrile in water, respectively. After injecting the sample into a column that had been
equilibrated with 15% solvent B, the column was isocratically developed at a flow rate of
0.5 ml min™ for 1 min and then at a linear gradient of 15-60% solvent B over 15 min. The
chromatogram was obtained by detection at 260 nm.

2.12. Genome data mining

Genome data were collected from the GenBank database (https://www.ncbinlm.nih.gov/
genome) in December 2016. The collection was performed for bacterial thermophiles (Geobacillus
spp.), bacterialmesophiles (B. subtilis), archaeal thermophiles (Pyrobaculum, Pyrococcus, Sulfolobus,
and Thermococcus spp.), archaeal mesophiles (Haloarcula, Halococcus, Haloferax, and Halorubrum
spp.), and archaeal methanogens (Methanobacterium, Methanobrevibacter, Methanocaldococcus,
Methanocella, Methanococcoides, Methanococcus, Methanocorpusculum, Methanoculleus, Methanofollis,
Methanogenium, Methanohalophilus, Methanolacinia, Methanolinea, Methanolobus, Methanomassilii-
coccus, Methanomethylovorans, Methanomicrobium, Methanoplanus, Methanoregula, Methanosaeta,
Methanosalsum, Methanosarcina, Methanosphaerula, Methanothermobacter, Methanothermococcus,
Methanothermus, Methanotorris, and Methermicoccus spp.). The growth temperatures of archaeal
methanogens were based on the Methanogens database (http://metanogen.biotech.uni.wroc.pl).
Genome sizes were expressed as the mean + standard deviation.

3. Results

3.1. Genetic features of the pHTA426 plasmid

The pHTA426 sequence suggested that the plasmid was a large circular plasmid (47.9 kb)
comprising 1.3% of the circular chromosome of G. kaustophilus HTA426 (3.54 Mb) and that
it encoded possible proteins for plasmid replication (gkp02) and plasmid partition (gkp36). A
partition system has a role in the stable transmission of single-copy plasmids during cell divi-
sion, so pHTA426 appeared to be present as a single copy in G. kaustophilus HTA426. In addi-
tion, the plasmid contained genes for a type II restriction-modification system, which was
homologous to the Alwl restriction-modification system (gkp08 encoding methyltransferase
and gkp09 encoding endonuclease). A type II restriction-modification system generally com-
prises an endonuclease and methyltransferase, where the endonuclease cuts exogenous DNA
at specific sites, but not endogenous DNA that has been methylated by methyltransferase. In
the Alwl system, Alwl methyltransferase is responsible for 5-GG*™ATC-3" and 5'-G*"ATCC-3’
methylation (*"A, N°methyladenin), whereas Alwl endonuclease cuts 5-GGATC-3' and
5'-GATCC-3' sites but not 5-GG™ATC-3' and 5-G*™ATCC-3' sites. Because plasmids carrying
a type II restriction-modification system have greater segregational stability [27], it is likely
that the gkp08—gkp09 system contributes to the stable maintenance of pHTA426.
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3.2. Construction of G. kaustophilus MK633

Figure 2A shows the process employed to eliminate pHTA426 from G. kaustophilus MK244.
To facilitate plasmid curing and readily identify positive clones from which pHTA426 was
eliminated, the gkp09 gene was preliminarily replaced by a bgaB expression cassette using
pGKE25-bgaB. The resultant strain MK244' was then cultured successively in the presence of
a DNA intercalator, and we screened for positive clones by using the X-gal degradation assay.
Fortunately, one positive clone was obtained from the first culture but not from the second
culture. From the third culture, 24 positive clones were identified, which suggests that three
successive rounds of culture were effective for pHTA426 curing. The positive clone obtained
from the first culture was designated as G. kaustophilus MK633.

G. kaustophilus MK244' degraded X-gal to form blue colonies on LB plates with X-gal, whereas
strains MK244 and MK633 did not (Figure 2B). This suggests that strain MK633 lacked the bgaB
gene. The MK633 chromosome is resistant to Dpnl (which digests 5-G**ATC-3' but not 5-GATC-3')
but sensitive to Alwl (see above), in contrast to the chromosomes from strains MK244 and MK244'
(Figure 2C), so it is likely that strain MK633 lacked the gkp08 gene encoding an Alwl methyl-
transferase homolog. Southern blot analysis (Figure 2D) confirmed that strain MK633 lacked
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Figure 2. Construction of G. kaustophilus MK633. (A) Schematic representation of pHTA426 curing from G. kaustophilus
MK244. The gkp09 gene in pHTA426 was replicated by the bgaB expression cassette (P, -bgaB) to generate strain
MK244'. The plasmid pHTA426 (Agkp09::P_ ,-bgaB) in strain MK244' was subsequently eliminated using acridine
orange. The positive clones from which pHTA426 was eliminated, including strain MK633, were identified using the
X-gal degradation assay. (B) X-gal degradation assay. G. kaustophilus strains MK244 (1), MK244' (2), and MK633 (3) were
grown at 60°C on LB plates with (+) or without (-) X-gal. (C) DNA methylation assay of MK244, MK244', and MK633
chromosomes. Total DNA from the strains was digested with restriction enzymes (1, none; 2, Dpnl; 3, Alwl) and analyzed
by agarose gel electrophoresis. (D) Southern blot analysis of pHTA426. Total DNA from strains MK244 (1), MK244' (2),
and MK633 (3) was digested with EcoRV, and detected by bgaB (left panel) and gkp30 probes (right panel).
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the bgaB and gkp30 genes, which are located on opposite sides of pHTA426 (Agkp09::P,, ,-bgaB).
Based on these results, we concluded that G. kaustophilus MK633 lacked pHTA426.

3.3. Microbial properties of G. kaustophilus MK244 and MK633

G. kaustophilus MK244 and MK633 were characterized in detail (Table 3). Both strains grew
in LB and MM with comparable doubling times. The difference in their mutation frequen-
cies was also not significant. However, strain MK633 was more transformed efficiently with
pUCGI8T than strain MK244 and it maintained the plasmid with higher stability. Moreover,
strain MK633 grew at higher cell densities than strain MK244. The cell density of G. kaustophilus
MK244' was lower than that of strain MK633 at 60°C (0.30 + 0.03 g wet), but the pUCG18T reten-
tion rate was comparable (43 + 14%).

When cultured at 60°C, strain MK633bgaB produced 220+ 20 units of BgaB, whereas strain MK244WB
produced 140 + 10 units (Figure 3A). BgaB was also produced more abundantly by MK633, , at
50 and 70°C. Moreover, G. kaustophilus MK633, , had advantages in terms of the cell yield per
culture (Figure 3B), protein yield per culture (Figure 3C), and BgaB-specific activity (Figure 3D).
The higher specific activity suggests that MK633, , enhanced the BgaB productivity per cell.

3.4. Nucleotide stability

In bacteria and Archaea, DNA replication proceeds in cytosol (approximately at pH 7) using
deoxyribonucleoside triphosphates as the building blocks. To assess their thermolability in
cytosol, deoxyribonucleoside triphosphates (i.e., dATP, dCTP, dGTP, and dTTP) were treated
at high temperatures and analyzed to determine residual amounts relative to those after incu-
bation at 30°C. Most nucleotides were instable at 60°C (residual ratio: dATP, 68%; dCTP, 70%;
dGTP, 71%; and dTTP, >99%). All of the nucleotides were clearly degraded into other forms
when incubated at 80°C (dATP, 10%; dCTP, 26%; dGTP, 12%; and dTTP, 15%) and were com-
pletely degraded at 90°C (residual ratio, <0.2%). This suggests that the deoxyribonucleoside
triphosphates are physicochemically unstable in the thermophiles.

3.5. Archaeal thermophiles: Smaller genomes

Genomic data were analyzed to compare the genome sizes of thermophiles (capable of grow-
ing at > 55°C) and mesophiles (capable of growing at 20-55°C). The genomes of thermophilic
bacteria Geobacillus spp. (3.4 = 0.3 Mb; n = 57) were smaller than those of phylogenetically
related mesophiles, e.g., B. subtilis (4.1 = 0.3 Mb; n = 100). The results were similar for archaeal
methanogens, in which thermophiles had smaller genomes (1.7 + 0.6 Mb; n = 20) than meso-
philes (2.6 + 0.8 Mb; n = 57). Archaeal thermophiles, such as Pyrobaculum (2.2 + 1.6 Mb; n = 4),
Pyrococcus (1.8 + 0.1 Mb; n =5), Sulfolobus (2.5 + 0.2 Mb; n = 5), and Thermococcus (2.0 + 0.1 Mb;
n = 18) members, have much smaller genomes compared with archaeal mesophiles, such as
Haloarcula (3.6 + 1.2 Mb; n =9), Halococcus (3.6 + 0.4 Mb; n = 7), Haloferax (3.7 + 0.4 Mb; n = 6),
and Halorubrum (3.1 £ 0.8 Mb; n = 13) members. These data suggest that the thermophiles,
especially archaeal thermophiles, tend to have smaller genomes than mesophiles.
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MK244 MK633

Transformation efficiency (per 10° recipients)

E. coli BR397 donor <1 300+ 75
E. coli BR398 donor 55+17 22+3
E. coli BR408 donor 87 +14 34+14

Mutation frequency (per 10° cells)
Rifampicin resistance 12+2 428
Streptomycin resistance 7+4 7£2

Doubling time in LB medium (min)

50°C 47 +6 42+2
60°C 23+2 21+3
70°C 38+7 32+5

Doubling time in MM medium (min)

50°C 100+9 13020
60°C 83+6 89+2
70°C ND ND

pUCGI8T retention rate (%)

50°C 6+3 58 +7
60°C 6+4 79+9
70°C 1+1 64+2

Cell yield (g wet weight per 20 ml culture)

50°C 0.41+0.01 0.41+0.01
60°C 0.30+0.03 0.36 £ 0.01
70°C 0.38 £0.03 0.41£0.01

Table 3. Microbial properties of G. kaustophilus MK244 and MK633. Analyses were repeated more than three times. Data
represent the mean + standard error. ND, growth was not observed within 2 days.

3.6. Distribution of plasmids in archaeal thermophiles

Data mining showed that many thermophiles harbored plasmids, although not the majority.
In Archaea, plasmids were identified frequently in Sulfolobus spp. (14 strains) and Thermococcus
spp. (11 strains): pARN3 (26.2 kb), pARN4 (26.5 kb), pHEN?7 (7.8 kb), pHVE14 (35.4 kb), pING1
(24.6 kb), pKEF9 (28.9 kb), pLD8501 (26.6 kb), pRN1 (5.4 kb), pRN2 (7.0 kb), pSOG1 (29.0 kb),
pSOG2 (26.0 kb), pSSVx (5.7 kb), pXZ1 (7.0 kb), and pYNO1 (42.2 kb) in Sulfolobus islandicus;
pIT3 (5.0 kb), pMGB1 (28.0 kb), and pSSVi (5.7 kb) in Sulfolobus solfataricus; pTBMP1 (54.2 kb)
in Thermococcus barophilus; an unnamed plasmid (3.6 kb) in Thermococcus eurythermalis; pTN1
(3.6 kb), pTN2 (13.0 kb), and pTN3 (18.3 kb) in Thermococcus nautili; an unnamed plasmid
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Figure 3. BgaB production by G. kaustophilus MK244, , and MK633, . These strains were cultured at 50, 60, and 70°C

in medium (100 ml) and analyzed to determine the total activity in terms of intracellular BgaB (A), cell weight (B),
intracellular total protein (C), and BgaB-specific activity (D). Data are expressed as the mean + standard error (1 = 4-5).

(49.1 kb) in Thermococcus peptonophilus; and pAMT?7 (8.6 kb), pAMT11 (20.5 kb), pCIR10 (13.3 kb),
PEXT9a (10.6 kb), pIRI33 (11.0 kb), pIRI48 (13.0 kb), and pT26-2 (21.6 kb) in Thermococcus
spp. The other plasmids identified in archaeal thermophiles are as follows: pDSM2661_1
(58.4 kb) and pDSM2661_2 (16.6 kb) in Methanocaldococcus jannaschii; pMTBMA4 (4.4 kb) in
Methanothermobacter marburgensis; pFV1 (13.5kb), pFZ1 (11.0kb), pME2001 (4.4 kb), and pME2200
(6.2 kb) in Methanothermobacter thermautotrophicus; pMETOKO1 (14.9 kb) in Methanothermococcus
okinawensis; pGT5 (3.4 kb) in Pyrococcus abyssi; and pTA1 (15.7 kb) in Thermoplasma acidophilum.
In addition, several cryptic plasmids have been identified in archaeal thermophiles [28].

Plasmids are also distributed in bacterial thermophiles. In Geobacillus spp., seven strains of
Geobacillus spp. harbored plasmids: pGS18 (plasmid length, 62.8 kb), pSTK1 (1.9 kb), pTB19
(11.9 kb), and an unnamed plasmid (21.7 kb) in Geobacillus stearothermophilus; pLW1071
(57.7 kb) in Geobacillus thermodenitrificans; pLDW-1 (48.7 kb) in Geobacillus thermoleovorans; and
pBt40 (39.7 kb) in Geobacillus sp. In Thermus spp., 12 strains were identified as plasmid carriers.
Their plasmids include pTA14 (14.4 kb), pTA16 (16.6 kb), pTA69 (69.9 kb), and pTA78 (78.7
kb) in Thermus aquaticus; pTB1 (342.8 kb) and pTB2 (10.3 kb) in Thermus brockianus; pTHEOS01
(271.7 kb) and pTHEOSO02 (57.2 kb) in Thermus oshimai; pTP143 (143.3 kb) in Thermus parvatien-
sis; pTSC8 (8.4 kb) in Thermus scotoductus; and pTF62 (10.4 kb), p THTHE1601 (440.0 kb), pTT8
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(9.3 kb), pTT27 (232.6 kb), pTTJL1801 (265.9 kb), pTTJL1802 (142.7 kb), and pVV8 (81.2 kb) in
Thermus thermophilus. In Parageobacillus thermoglucosidans, pGEOTHO01 (80.8 kb), pPGEOTHO02
(19.6 kb), pNCI001 (83.9 kb), and pNCI002 (47.9 kb) were identified.

4. Discussion

In this study, we analyzed the effects of plasmid curing on thermophiles by characterizing
G. kaustophilus MK244 and MK633 (Table 3 and Figure 3). Both strains exhibited comparable
growth at 50-70°C in LB and MM,; therefore, pHTA426 had no positive effects on cell growth
under standard conditions. The mutation frequencies were largely comparable between
strains MK244 and MK633, although G. kaustophilus MK633 lacked the gkp08 gene respon-
sible for dam-like methylation (5'-GG*"ATC-3'and 5'-G*™ATCC-3') and the dam methylation
(5'-G*mATC-3') is essential for DNA mismatch repair in E. coli [29]. In B. subtilis 168, DNA mis-
match repair only involves mutS and mutL products, which do not depend on DNA methyla-
tion [30, 31], thereby suggesting that G. kaustophilus may use a mismatch repair system similar
to the B. subtilis system rather than the E. coli system. In fact, the G. kaustophilus genome [17]
contains mutS and mutL but not mutH, as found in B. subtilis 168.

A restriction-modification system generally protects the host microbe from transformation
with exogenous DNA because the system cuts exogenous DNA that is not methylated by
methyltransferase. However, a microbe can accept exogenous DNA that imitates the meth-
ylation pattern because a restriction-modification system is unable to cut this exogenous
DNA [32]. In a previous study [12], we constructed E. coli strains BR397, BR398, and BR408
for conjugative plasmid transfer into G. kaustophilus HTA426. E. coli BR408 produces DNA
that imitates the methylation pattern in G. kaustophilus HTA426. E. coli BR398 produces
DNA with dam methylation, whereas E. coli BR397 produces methyl-free DNA. Although
G. kaustophilus MK244 could not accept the pUCGI18T plasmid transferred from the dam"
strain E. coli BR397, G. kaustophilus MK633 accepted pUCGI18T from E. coli BR397 as well
as strains BR398 and BR408. These results can be explained by the elimination of gkp09
from strain MK633 because the gkp09 product digests methyl-free DNA but not DNA
with dam methylation (5'-G*"ATC-3', which covers gkp08 methylation (5'-GG*"ATC-3' and
5'-G*mATCC-3'. In addition, G. kaustophilus MK633 maintained pUCG18T with higher sta-
bility than strain MK244. This observation is also attributable to the elimination of gkp09
because the gkp09 product can occasionally digest endogenous plasmids that have not
undergone gkp08 methylation immediately after plasmid replication. This hypothesis is
supported by the fact that G. kaustophilus MK244' maintained pUCGI8T as stably as strain
MK®633. Thus, G. kaustophilus MK633 acquired advantages compared with strain MK244 in
terms of plasmid transformation and plasmid stability due to the elimination of a restric-
tion-modification system along with pHTA426 curing.

An intriguing observation was that G. kaustophilus MK633 had a higher cell density in
the stationary phase. In contrast to the advantages in terms of plasmid transformation and
plasmid stability, this observation cannot be explained by the elimination of gkp09 because
G. kaustophilus MK244' grew less efficiently than strain MK633. It was also interesting that strain

MKe633, . produced higher amounts of BgaB than MK244, . (Figure 3A). This observation is
84 bga.



Plasmid Curing is a Promising Approach to Improve Thermophiles for Biotechnological Applications...
http://dx.doi.org/10.5772/intechopen.70041

attributable mainly to the higher cell density of MK633, , (Figure 3B), as observed with strain
MK®633, and thus the higher protein yields from strain MK633, , (Figure 3C). In addition, this
observation can be attributed to the higher BgaB productivity per cell because strain MK633, ,
had a higher BgaB specific activity (Figure 3D). Thus, these results suggest that the elimina-
tion of pHTA426 improved the cell density per culture and BgaB productivity per cell, thereby
remarkably enhancing the production of BgaB.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis showed that the crude
extracts from G. kaustophilus MK244 and MK633 had negligible differences in terms of
their protein compositions (data not shown). Therefore, it is unlikely that G. kaustophilus
MK®633 lost a nonessential protein that was abundantly synthesized from pHTA426, thereby
reducing the energy burden to enhance the cell yield and BgaB productivity. Instead, these
enhancements may be attributable to the reduced energy burden for plasmid replication.
In fact, evidence suggests that plasmid maintenance places burdens on cell growth and/or
metabolism [33-36]. Given that pHTA426 replicates as a single copy, this plasmid accounts
for only 1.3% of total DNA; however, deoxyribonucleoside triphosphates are more unstable
at higher temperatures, thereby suggesting that plasmid replication may place a consid-
erable energy burden on thermophiles even though the plasmid is not extremely large or
present in high copy numbers. This hypothesis is consistent with our genome data analysis,
which showed that thermophiles have relatively smaller genomes than mesophiles, and the
negative correlation between genome size and growth temperature reported by Sabath et al
[37]. Overall, we consider that the lower energy burden incurred for DNA replication can
explain why pHTA426 curing improved the cell density per culture and BgaB productivity
per cell.

In conclusion, we demonstrated that pHTA426 curing was effective for improving the perfor-
mance of a moderate thermophile, G. kaustophilus MK244. The cell density and protein pro-
ductivity were presumably improved by the reduced amounts of energy required for DNA
replication at high temperatures, so plasmid curing may be a simple approach for improving
thermophiles in terms of these properties. In particular, this approach may be effective for
archaeal thermophiles because they grow at extremely high temperatures and thus could
have a greater energy burden on plasmid replication. Moreover, in archaeal thermophiles,
plasmids may account for larger fractions of chromosomes than in moderate thermophiles
because archaeal thermophile genomes are generally smaller. Therefore, plasmid curing could
remarkably reduce the energy burden in archaeal thermophiles. We note that many archaeal
thermophiles harbor plasmids, such as S. solfataricus P2 (carrying pSSVi) and T. barophilus MP
(carrying pTBMP1), which have been studied as model acidophilic hyperthermophiles [38]
and piezophilic hyperthermophiles [39], respectively. Even if these thermophiles harbor a
single copy plasmid, our results suggest that plasmid curing can improve their performance
in terms of the cell density and protein productivity.
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