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Abstract: Microorganisms that can withstand high pressure within an environment are termed
piezophiles. These organisms are considered extremophiles and inhabit the deep marine or terrestrial
subsurface. Because these microorganisms are not easily accessed and require expensive sampling
methods and laboratory instruments, advancements in this field have been limited compared to
other extremophiles. This review summarizes the current knowledge on piezophiles, notably the
cellular and physiological adaptations that such microorganisms possess to withstand and grow in
high-pressure environments. Based on existing studies, organisms from both the deep marine and
terrestrial subsurface show similar adaptations to high pressure, including increased motility, an
increase of unsaturated bonds within the cell membrane lipids, upregulation of heat shock proteins,
and differential gene-regulation systems. Notably, more adaptations have been identified within the
deep marine subsurface organisms due to the relative paucity of studies performed on deep terrestrial
subsurface environments. Nevertheless, similar adaptations have been found within piezophiles
from both systems, and therefore the microbial biogeography concepts used to assess microbial
dispersal and explore if similar organisms can be found throughout deep terrestrial environments are
also briefly discussed.

Keywords: piezophile; deep terrestrial subsurface; deep marine subsurface; piezophile adaptations;
extremophile; high pressure; microbial biogeography

1. Introduction

The definition of an “extreme” condition is anthropocentric, meaning that it is centered
on regular human conditions, and that which deviates from these conditions is considered
to be extreme. Bacteria and Archaea are microorganisms that, over millennia, have adapted
to many abiotic pressures that are considered to be extreme, such as high or low tempera-
tures (below 20 °C or over 45 °C), high pressure (over 0.1 MPa), high salinity (over 1.2%),
exposure to radiation, or even exposure to toxic concentrations of metals [1]. One of the
extreme conditions that has been far less studied compared to the others is the adaptation
of these microorganisms to high-pressure environments, which are largely found within
deep marine and terrestrial subsurface environments.

Organisms that have the extraordinary capacity to withstand high pressure were
discovered more than 130 years ago, but progress in their study has suffered somewhat
from the requirement of specialized techniques for the collection of samples and enriching
microbial communities while maintaining a high-pressure environment [2,3]. In the late
19th century, Certes analyzed some sediments from the Travailleur and Talisman expedition
and questioned the importance of microorganisms from the deep sea to transform organic
matter [2,4]. He also was able to show that certain microorganisms can grow under high
pressures. In 1949, the term “barophilic” first appeared to describe organisms that were
pressure-adapted [5]. In 1957, Zobell and Morita developed a titanium vessel resisting high
pressures of up to 100 MPa to study these pressure-loving organisms [6]. Decades later, in
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1979, the term “barophilic” was re-termed “piezophilic” after the first isolation of a pressure-
adapted organism by Yayanos (Table 1) [7]. Most known piezophilic organisms have been
discovered within the last 40 years, making this field of environmental microbiology
research relatively new [8].

Table 1. Definition of microorganisms that grow within different ranges of pressure.

Term Definition

Microorganism that has optimal growth under

-pi hil . .
Non-piezophile atmospheric pressure and cannot grow under higher pressures
Microorganism that has optimal growth under
Piezosensitive atmospheric pressure but can still grow under higher
pressures
Piezophile Microorganism that has optimal growth under high pressures

The goal of this review is to summarize the current state of knowledge regarding
the adaptations used by various types of microorganisms living at high pressures and to
highlight the knowledge gaps in this field of research. As piezophiles often simultaneously
belong to other extremophile groups (such as psychrophiles, thermophiles, or halophiles),
the need for proper controls is also discussed. Furthermore, the microbial biogeography
of the deep marine and terrestrial subsurface is discussed in the context of whether both
habitats could encompass similar organisms or at least similar adaptations to high-pressure
environments. Lastly, challenges in sampling and cultivating piezophilic microorganisms
are highlighted.

2. Provenance and Description of Piezophiles

Microbiological studies of piezophiles have been conducted using samples that orig-
inate from different environments, and studies contributing to knowledge related to cel-
lular adaptations under high hydrostatic pressure have focused on both bacterial and
archaeal isolates (Table 2). In this section, we briefly overview the two main habitats
from which piezophiles have been isolated—the deep marine subsurface and the deep
terrestrial subsurface—with various adaptations used by microorganisms recovered from
these environments highlighted in Section 3.

Table 2. Summary of piezophiles and their respective environments that are highlighted in this review.

. Studied High-
Marine or .
. . Pressure Organisms
Terrestrial Environment . . Reference(s)
. Adaptations or Retrieved
Environment? . .
Diversity?
. » Michoud and
Adaptations Pyrococcus yayanosii Jebbar (2016) [9]
Hydrothermal vents Pyrococeus furiosus Gunbin et al. [10],
(Mid-Atlantic ridge) . Y L Di Giulio [11],
Adaptations Pyrococcus abyssi, .
Pyrococcus horikoshii Wlanifhas e Beiies [12],
Y Rosenbaum et al. [13]
Hydrothermal vents .
Deep marine (Location not specified) Adaptations Halomonas sp. Kaye and Baross [14]
bsurf i ilia sp. PV- i .
subsurface N — Adaptations th;f;l;z{ Egibl:;/ 1 Smedile et al. [15]
(East Pacific rise) Adaptations i —— Amrani et al. [16]
Hydrothermal vents . : . p
Tzt Alvails) Adaptations Aquifex aeolicus Hervé et al. [17]
Hydrothermal vents Diversity Therm(—)coccus Dalmasso et al. [18]
(Mid-Cayman Rise) Adaptations Moalic et al. [19]

piezophilus
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Table 2. Cont.

Marine or Studied High-
. . Pressure Organisms
Terrestrial Environment . . Reference(s)
. Adaptations or Retrieved
Environment? Diversity?
Hydrothermal vents . Thermococcus .
(Snake Pit) Adaptations barophilus Cario et al. [20]
Deep sea . Marinobacter .
(Mediterranean seawater) Adaptations hydrocarbonoclasticus Grossi etal. [21]
Y
Deep sea . . - .
(South China Sea) Adaptations Vibrio fluvialis Yin et al. [22]
Deep sea . Desulfovibrio
(Mediterranean Sea) Adaptations piezophilus Pradel etal. [23]
(Mal:i)::relg "T":ZInch) Adaptations Colwellia sp. Peoples et al. [24]
Marine sediment Adaptations Moritella profunda, Ohmae et al. [25],
(West African Coast) P Moritella yayanosii Penhallurick and Ichiye [26]
Adaptations Shewanella benthica, Yamada et al. [27],
p Shewanella violaceae Zhang et al. [28]
Bartlett et al. [29],
Marine sediments Campanaro et al. [30],
(Ryukyu Trench) Photobacterium Caprien etel [E1,
yusy Adaptations s El-Hajj et al. [32],
P Eloe et al. [33],
Martin et al. [34],
Welch and Bartlett [35]
Marine sediments (India) Adaptations Asperg};z(l)hé;si/ docwit Ganesh Kumar et al. [36]
Marine sediments . Shewanella .
(West Pacific) Adaptations piezotolerans Xiong etal. [37]
Oil reservoir . Pseudothermotoga elfii
(Location not specified) Adaptations DMS9442 Roumagnac et al. [35]
Oil reservoir (USA) Adaptations Desulfovibrio alaskensis Williamson et al. [39]
Methylotenera sp.,
Deep terrestrial Deccan Traps Adaptations Caulobacter sp., Dutta et al. [40]
subsurface (India) Alcanivorax sp.
Diversity - Dutta et al. [41]
Hot brines (Poland) Diversity - Kalwasinska et al. [42]
Gold mine (Africa) Diversity - Takai et al. [43]
Pyhésalmi mines Diversity - Miettinen et al. [44]

(Finland)

2.1. Geological Provenance of Microorganisms
2.1.1. Deep Marine Environments

Because 71% of the Earth’s surface is covered in water, it is no surprise that most
successfully laboratory-isolated piezophilic organisms have been retrieved from the deep
marine subsurface [2]. The oceanic minimal limit to which piezophiles can grow at 10 MPa
or higher is found at a depth of 1000 m (Figure 1) and accounts for 88% of the volume of
the ocean [8]. At even deeper depths, the pressure can range from 10 MPa up to 100 MPa
at the deepest location of the ocean, the Mariana Trench (11,034 m deep) [2]. The average
hydrostatic pressure of the deep sea is around 38 MPa, at an average depth of 3800 m [8].
Pressures can be higher than 100 MPa in the subseafloor, composed of marine sediments
for the initial 500 m of the oceanic crust as an average [2]. Examples of deep hydrosphere
environments would be the deep sea, subsurface marine sediments, and the oceanic crust
(Figure 1 and Table 2).
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Figure 1. Schematic showing different deep biosphere environments and associated pressures
(Modified from Oger and Jebbar [45]. Copyright © 2010 Elsevier Masson SAS. All rights reserved.).

2.1.2. Deep Terrestrial Environments

The lithosphere is delimited to the oceanic crust and the upper mantle (Figure 1),
which may contain fossil fuels [46]. The pressure within the continental subsurface was
reported to be an average of 30 MPa-km ™! [47]. Examples of deep terrestrial environments
include crude oil reservoirs, mines, deep terrestrial igneous rocks, aquifers, and ground-
water. To date, comparatively little research has been performed on piezophiles within
this environment, and most publications discussing deep terrestrial organisms are recent.
Some studies have highlighted the adaptations of different microorganisms from deep
oil reservoirs and Deccan Traps (deep igneous rocks; Table 2) [38—40]. Other subsurface
studies have been performed on deep terrestrial igneous rocks (basalts and granite-gneiss
rocks), African gold mines, Finnish Pyhédsalmi mines, Polish deep-subsurface hot brines,
and groundwater samples (including sands and gravel aquifers), but these studies focused
on microbial diversity rather than on piezophile adaptations (Table 2) [41-44,48,49].

2.2. Microorganisms Adapted to Pressurized Environments

A recent review article indicated that >80 piezophile isolates had been reported (as of
March 2021) [50]. In Figure 2, we summarize isolates for which adaptations to high-pressure
conditions have been reported and that are discussed in this review. Other studies have
focused on microbial diversity rather than piezophile adaptations and can be consulted
for more information (Table 2) [8,24,41,42,44,50,51]. Interestingly, most microorganisms
adapted to life in cold to moderate temperatures are bacteria isolated from deep marine
environments; almost all organisms found in high temperature environments have been
found associated with deep-sea hydrothermal vents and are members of the Archaea
domain [12]. As an exception, a recent study described a thermophilic bacterium retrieved
from an oil reservoir (65 °C), an environment that has yet to be thoroughly investigated as
a high pressure and high temperature environment [38]. Some organisms that are found
in the deep sea but are not specifically adapted for deep-sea extreme conditions can be
introduced by the sinking of phytoplankton debris or as a spore [51].
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Colwellia sp.

NADH/NAD* pool optimization

Aspergillus sydowii BOBA1 NADH/NAD* pool optimization (Alanine dehydrogenase)

Desulfovibrio hydrothermalis Increased sulfate reduction (Hmc complex)

Pyrococcus yayanosii Increase in cytoplasmic hydrogenases

Shi lla benthica, Sh lla violaceae  Two different respiratory chains for high- and low-pressure conditions; DMSQ respiration
Vibrio fluvialis Increase in the activity of TMAO reductase

Colwellia sp.
Halomonas sp.
Photobacterium profundum

Pseudothermotoga elfii

Photobacterium profundum

Omganism cell morphology

Pseudothermotoga elfii

s i

Colwellia sp.

Desulfovibrio hydrothermalis,
Desulfovibrio piezophilus

Photobacterium profundum

Marinobacter
‘hydrocarbonoclasticus

Photobacterium profundum

Colwellia sp.
Moritella profunda

Pyrococcus abyssi

Pyrococcus horikoshii

Pyrococcus yayanosii

Photobacterium profundum
Thermococcus piezophilus

Thermococcus barophilus

§-9-acyl-phospholipid-desaturase for unsaturated fatty acids synthesis

Decrease in saturated fatty acids; increase in unsaturated fatty acids

Increase in unsaturated fatty acid

Increase in unsaturated, iso- and anteiso-fatty acid

Increase in OmpH
Forms chains under high pressure (~ 20 cells)

Trimetylamine-N-oxide (TMAO) ’
Glutamate, trimetylamine-N-oxide (TMAO)

B-hydroxybutyrate

Increase in phosphatidylglycerides,
phosphatidylethanolamine and wax esters

DNA replication initiation (dnaA, segA) regulation,
DNA repair (recCD) regulation

Amino acids composition: increase in hydrophobic amino acids,
Ribosomal loop extension

Increased enzyme's fluidity and flexibility,
Larger internal cavity of DHFR

Amino acids composition: increase in small amino acids, decrease in large hydrophobic amino acids

Amino acids composition: lack of pathways for aromatic amino acids,
Multimerization of TET3 peptidase

Amino acids composition: lack of pathways for aromatic amino acid

Ribosomal loop extension,
Chaperone upregulation at supra- or sub-optimal pressure conditions

Amino acid composition: reduced expression of histidines, absence of potential for the synthesis of
phenylalanine, tyrosine and tryptophane

Amino acid composition: lack of pathways for alanine, glutamine, proline

Desulfovibrio alaskensis Flagellar biosynthesis proteins necessary for growth

Photobacterium profundum  Polar (moftility) and lateral (adhesion) flagella systems

Pyrococcus yayanosii

Shewanella benthica Flagellar system detected

Upregulation of MCP and CheACD for flagellum movement at supra- or suboptimal pressure values

Figure 2. Summary schematic of adaptations in piezophilic microorganisms related to biomolecules

and other microbial functions. Adaptations are reported for exposure to high-pressure conditions

unless otherwise indicated. Note that the prokaryotic cell, as drawn, serves as a general model here

and does not depict any specific microorganism detailed in this review.

3. Current Knowledge of High-Pressure Cellular Adaptations in the Deep Biosphere

This section overviews the current knowledge surrounding various cellular adap-
tations of piezophiles, ranging from cell motility to adaptations in DNA. While we do
recognize that high-pressure habitats can be characterized by different environmental con-
ditions (such as temperature or redox conditions) that will influence these adaptations, for
the purposes of this review, we organized the discussion of piezophilic adaptations based
on organisms (bacterial and/or archaeal) retrieved from the deep marine environments and
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the deep terrestrial environments without specific taxonomic distinction (e.g., organized
based on habitat rather than taxonomic distinction). The subsurface environments and
specific organisms highlighted in this review are shown in Table 2.

It should be noted that most research to date on the topic of piezophiles has been
performed using microorganisms retrieved from the deep marine subsurface environments;
thus, less is known about adaptations in piezophiles retrieved from the deep terrestrial
subsurface. However, adaptations reported for terrestrial microorganisms are highlighted
where available in the following sections.

3.1. Motility, Chemotaxis, and Biofilm Adaptations
3.1.1. Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface

Motility is a known phenotype of organisms in the ocean that is used for nutrient
acquisition, as well as to limit predation from protozoa [30,52,53]. It was observed that the
obligate piezophile Pyrococcus yayanosii experienced an upregulation of genes coding for
chemotaxis pathway when exposed to pressure that was less than and greater than the
optimal growth pressure value of 28 MPa, promoting motility [9]; specifically, the proteins
MCP and CheACD were upregulated. MCP, a methyl-accepting chemotaxis protein, acts as
a stimulus receptor and allows the phosphorylation cascade for the Che ACDY proteins
to activate of the movement of the archaellum [9,54]. Eloe et al. [33] also reported two
flagellar gene clusters in the piezophile Photobacterium profundum SS9 that were absent in
the pressure-sensitive strain 3TCK. It seems that, for this organism, one flagellar system is
a polar system used for motility in liquid environments, and one is a lateral flagella system
that is well-adapted to high-pressure conditions, thus helping with the translocation on
surfaces or viscous media [33,55,56]. Interestingly, contradictory results were obtained from
a study performed with Nautilia sp. PV-1 where a proteomics analysis showed a decrease
in flagellin expression under high pressure [15].

3.1.2. Adaptations in Microorganisms Retrieved from the Deep Terrestrial Subsurface

Motility has also been reported as an adaptation of piezophiles inhabiting the deep
terrestrial environment. A study of the piezophile Desulfovibrio alaskensis, originally isolated
from an oil-well corrosion site in California [39], found that genes involved in flagellar
biosynthesis were essential for this sulfate-reducing bacterium to grow under high pres-
sure [39]. When studying mutants in flagellar biosynthesis genes, motility and growth
under high hydrostatic pressure were negatively impacted. Specifically, when the mutant
strains AflaB3, AfliD, and AfliA were exposed to high hydrostatic pressure, all were non-
motile and had a lower average growth rate compared to the non-mutant strain. FlaB3, fliA,
and fliD genes encode flagellin proteins (FlaB3) and regulators of flagellar assembly (FLiA
and FliD) [57,58]. The authors suggested a positive relationship between high pressure,
motility, and biofilm formation in this sulfate-reducing bacterium [39].

While motility through the expression of flagellar systems is common to numerous
taxa, research to date has suggested its importance for piezophilic growth. Flagellar upreg-
ulation was reported to be higher or lower than the ideal growth pressure in P. yayanosii,
upregulated at optimal growth pressure in P. profundum and D. alaskensis, and absent in Nau-
tilia sp. strain PV-1. More research needs to be performed on these microorganisms to fully
understand the circumstances under which motility is linked to high hydrostatic pressure.

3.2. Cell Morphology Adaptations
Adaptations in Microorganisms Retrieved from the Deep Terrestrial Subsurface

The most recent research on pressure tolerance in deep crude-oil reservoirs compared
Pseudothermotoga elfii DMS9442, a piezophile that grew optimally at 40 MPa, and Pseudother-
motogua elfii subsp. lettingae, a piezo-sensitive organism that grew optimally at atmospheric
pressure [38]. P. elfii DMS9442, when grown at 40 MPa, showed an interesting phenotype.
When observing the cells under a microscope, the authors found that a variable proportion
of cells formed chains from 0.07% at 0.1 MPa up to 44% at 40 MPa. In the case of the
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non-piezophile P. elfii subsp. lettingae, the proportion of chained cells always remained low.
The number of cells per chain also increased with increased hydrostatic pressure, reaching
a maximum of 15 cells at 40 MPa for P. elfii DMS9442, compared to ~5 cells per chain for the
piezosensitive P. elfii strain [38]. Furthermore, more cell death occurred at a high hydrostatic
pressure for cells that were not part of cell chains, and the authors reported that this was
the first time that a morphotype of Pseudothermotoga was characterized. While the authors
did not identify the biological mechanisms involved in the process, they hypothesized that
the cell chain arrangement might favor intercellular communication, possibly as part of an
energy-saving strategy [38].

3.3. Cell Membrane Adaptations

When living under high hydrostatic pressure, the cell membrane loses fluidity by
compacting the fatty acid chains. Membrane functionality is preserved by increasing
the proportions of unsaturated fatty acids in their lipids, resulting in the disorder of the
membrane [1,45].

3.3.1. Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface

An increase in the degree of unsaturated fatty acids in cell membranes was observed in
astudy conducted by Kaye and Baross [14], where temperature, salinity, and pressure effects
were investigated on four different strains of Halomonas, which included non-piezophiles
and piezophiles. In this study, hydrostatic pressure was reported to be the dominant condi-
tion affecting membrane fluidity. It was observed that the proportion of saturated fatty acids
decreased as the pressure increased (conversely, the amount of unsaturation increased),
specifically for the 18:1w?7c fatty acid and monoenoic fatty acids [14]. A similar observation
was found with the psychropiezophile Photobacterium profundum, for an increase of w-3
polyunsaturated fatty acids was found in response to high hydrostatic pressure [30]. This
feature was controlled by the pfa operon, which encoded an w-3 polyunsaturated fatty acid
synthase. Unfortunately, Campanaro et al. [30] could not obtain pressure-sensitive mutants
when deleting the operon from the genome, thus limiting the outcome of this discovery.
Furthermore, this operon was later characterized by Peoples et al. [24] as an adaptation
to cold environments, since all strains of the psychrophilic Colwellia, whether adapted to
high pressure or not, contained the operon which they reported as necessary to introduce
unsaturated bonds to the cell-membrane fatty acids. It is therefore unclear if the pfa operon
responds to a change in high pressure or low temperature, conditions which have similar
effects on organisms. On the other hand, only piezophilic Colwellia had genes coding for a
8-9-acyl-phospholipid-desaturase, promoting unsaturated fatty acid synthesis [24].

An interesting trait of P. profundum is its increase in several outer membrane proteins
(OMPs) in response to increasing pressure, specifically OmpH [29,31,59]. Upon the discov-
ery of this OMP, Bartlett et al. speculated that porin channels functioning at low pressure
would be negatively impacted by the hydrostatic pressure, hence the need for high-pressure-
resisting porins enabling the transport of molecules such as amino acids and sugars into
the periplasmic space [29]. The ompH gene is under the control of the toxR regulon, a
transmembrane protein known to sense environmental changes in osmolarity or pH. When
hydrostatic pressure increases from 0.1 MPa to 28 MPa, the abundance of OmpH on the
outer membrane has also been found to increase approximately 10-to-100-fold [29,35,60].

3.3.2. Adaptations in Microorganisms Retrieved from the Deep Terrestrial Subsurface

Just like deep-sea piezophiles, similar membrane adaptations were found within the cell
membranes of deep-oil-reservoir-derived strains studied to date. An increase in branched
iso- and anteiso-fatty acids and in unsaturated long-chain fatty acids were observed at high
pressure compared to atmospheric pressure conditions for two P. elfii strains [38].



Microorganisms 2023, 11, 1629

8 of 19

3.4. Energetic and Respiration Adaptations
3.4.1. Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface

A well-studied cellular adaptation for bacteria living under high pressure is within
the respiratory chains of Shewanella violaceae and Shewanella benthica, where two respiratory
chains are regulated in response to pressure. In these Shewanella spp., one of the respiratory
chains becomes significantly altered under extreme conditions [27,45,61]. At low pressure
(0.1 MPa), three respiratory chain enzymes are present: NADH dehydrogenase, the bc-1
complex, and the terminal cytochrome ¢ oxidase [61]. At high pressure (60 MPa), the last
two enzymes are different from the low-pressure respiratory chain: a membrane-bound
cytochrome c-551 and a terminal quinol oxidase [61]. The quinol oxidase is expressed only
under high-pressure conditions, while the cytochrome c oxidase is present only under
atmospheric pressure [45].

For members of the Colwellia genus [24], an additional NADH ubiquinone oxidoreduc-
tase gene cluster was found in these bacterial piezophiles that was absent in mutants and
non-piezophiles. This is a unique NADH dehydrogenase which allows for the translocation
of four protons per two electrons, which may assist the organism in energy acquisition
when experiencing high hydrostatic pressure. Another finding was the identification of
an alanine dehydrogenase unique to piezophiles that allows the reversible amination of
pyruvate to alanine that also oxidizes NADH to NAD" + H*. This enzyme was also found
within the fungus Aspergillus sydowii BOBA1 grown under high-pressure conditions [36].
The authors postulated that this unique NADH dehydrogenase may help under extreme
conditions to preserve the homeostasis of the NADH/NAD™ pool. However, this adapta-
tion was found within organisms that are psychrophiles; therefore, it may not be a unique
characteristic of piezophilic organisms alone [24].

Another type of respiration that seems to have adapted to bacterial piezophile organ-
isms is dimethyl sulfoxide (DMSO)-induced reduction for its use as a terminal electron
acceptor. When combining various pressures and temperatures, it was shown that low
temperature or high pressure allowed for the type I DMSO system to be expressed, while
a higher temperature or lower-pressure condition allowed for the type II system expres-
sion [37]. The type I system is localized at the outer membrane and matches the dmsEFABGH
organization of Shewanella, while type Il may be localized in the periplasmic space and
is more similar to that of E. coli [37,62]. A study performed on isolates of the bacteria
Vibrio fluvialis QY27 and ATCC33809 showed that when trimethylamine N-oxide (TMAO)
was used for energy metabolism, the strains showed a piezophilic phenotype (growth
at 30 MPa). The authors noted an increase in the activity of the TMAO reductase under
high pressure [22].

When examining the respiratory pathways within the archaeon Pyrococcus yayanosii,
Michoud and Jebbar observed that the energy pathway utilizing hydrogenases coupled
with formate metabolism was downregulated under high pressure [9]. Formate is oxidized
to CO, by a formate dehydrogenase, and then protons are reduced to dihydrogen by a
hydrogenase in response to formate accumulation during fermentation in Thermococcales [9].
Furthermore, the hydrogenases that are downregulated under high hydrostatic pressure
are the membrane-bound [NiFe] hydrogenases (mbh operon) that convert hydrogen ions to
dihydrogen [9,19,63]. Out of 13 hydrogenase genes investigated, only an NADPH-specific
cytoplasmic [NiFe] hydrogenase was found to be upregulated under high hydrostatic
pressure. However, the research team could not identify the role of this hydrogenase under
extreme conditions since its deletion from the genome did not interfere with the strain’s
ability to grow [9]. Other hydrogenases regulated by the mbx operon showed constitutive
expression regardless of low- or high-pressure conditions. Based on these results, authors
have stipulated that the mbh and mbx hydrogenases represented a form of respiration in
piezophilic P. yayanosii, allowing for the creation of a proton gradient across the membrane
by accepting electrons from a ferrodoxin [9].
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3.4.2. Adaptations in Microorganisms Retrieved from the Deep Terrestrial Subsurface

As for respiratory metabolism adaptations from the deep terrestrial subsurface, the
energy metabolism of Desulfovibrio hydrothermalis under high hydrostatic pressure showed
an increase in six genes that are part of the Hmc complex. This complex was studied within
Desulfovibrio species for its implication in periplasmic hydrogen oxidation and cytoplasmic
sulfate reduction [16].

3.5. Piezolytes as Adaptations

Molecules that accumulate within a microbial cell in response to high pressure were
first termed “piezolytes” by Martin et al. [34]. Compatible solutes help by displacing the
water molecules bound to proteins that would otherwise lead to their denaturation, a
process referred to as “preferential hydration” [34,64].

Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface

The phenomenon of preferential hydration was studied using P. profundum, for which
glutamate, betaine, and 3-hydroxybutyrate were detected when the organism was grown
at 20 to 30 MPa (its optimal pressure range for growth) [34]. While glutamate and be-
taine accumulation were observed at both atmospheric and high hydrostatic pressure and,
hence, cannot be confirmed to be an adaptative response to pressure, 3-hydroxybutyrate
accumulation was only observed at high pressure. An interesting observation made by
the authors was that little-to-no 3-hydroxybutyrate was produced under high hydrostatic
pressure in the absence of glucose [34]. However, due to the scarcity of glucose in the deep
sea, carbon sources for microorganisms in this environment commonly include petroleum
compounds, proteinaceous compounds, or humic substances, not glucose [65]. Therefore,
even though promising results were obtained ex situ, relying on glucose fermentation
for 3-hydroxybutyrate production, these findings could not explain how the organism
adapted to its environment, where glucose is not a common carbon source. Other studies
performed on Desulfovibrio hydrothermalis isolated from a deep-sea hydrothermal vent in
the East Pacific Rise and on Desulfovibrio piezophilus isolated from the Mediterranean deep
sea also showed a 2.25-fold increase in glutamate accumulation under high pressure com-
pared to atmospheric pressure [16,23,66]. This result is contradictory to the findings using
P. profundum wherein glutamate accumulation was not affected by increasing pressure.

An important consideration regarding compatible solutes is that, in addition to their
accumulation under high hydrostatic pressure, high salinity and high temperature con-
ditions can also lead to their accumulation by certain microorganisms. In some cases,
the effects of high salinity, high temperature, and high pressure appear to be opposite
to each other [14,34]. Increasing pressure leads to a favorable reaction with regards to
protein hydration, while high salinity and high temperature have the opposite effect. In
the case of high-pressure conditions, the process is thought to involve water molecules
which penetrate the center of a protein, resulting in its denaturation [34]. This process is
referred to as the “destruction of voids”. In the case of high temperature or salinity, reduced
water activity has numerous negative effects on proteins, including incorrect folding [8].
Although these effects are different, the accumulation of compatible solutes allows for
adaptation to harsh environments. Different compatible solutes are unique to different envi-
ronmental conditions. For example, mannosylglycerate, di-myo-1,1-inositol phosphate, and
diglycerol phosphate are signature compatible solutes commonly found in thermophiles to
stabilize and preserve the function of proteins experiencing high temperatures [12,67,68].
However, mannosylglycerate also accumulated in response to high salt stress in the hy-
perthermophile Pyrococcus [8,12]. Glutamate and betaine are other compatible solutes
accumulated by halophiles, but they are also present when piezophiles experience high
pressure and/or high-salinity conditions [8,34,69]. Trimethylamine-N-oxide (TMAO) is
used for energetic purposes in some piezosensitive organisms, imparting increased toler-
ance to pressure [22], but the absence of reduction genes within some piezophiles indicates
its use as a piezolyte at least for Colwellia species and Photobacterium profundum [24,34].
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Hence, special attention and rigorous controls must be used to confirm which condition
is truly causing the accumulation of a certain solute, or when studying cell membrane
adaptations where inconsistencies are highlighted (see Section 3.3.1; pfa operon under cold
or high-pressure conditions).

3.6. Intracellular Lipid Adaptations
Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface

Most of the research regarding lipid composition of piezophiles has been focused on
the cell membrane specifically (Section 3.3). However, it should be noted that intracellular
lipids can also be modified under high pressure, as reported for Marinobacter hydrocarbono-
clasticus [21]. Compared to atmospheric pressure, an increase in phosphatidylglycerides
and phosphatidylethanolamine abundances were found when the strain was incubated
at 35 MPa. Unsaturated wax esters were also more abundant, representing around 46%
of the wax ester types compared to 3% at atmospheric pressure [21]. These results in-
dicate an increase in the ratio of unsaturated intracellular lipids, similar to that found
within cell membrane adaptations where an increase of unsaturated cell membrane lipids
was highlighted.

3.7. Protein Adaptations
3.7.1. Adaptations in Amino Acid Composition
Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface

Amino acid alterations to proteins have also been reported as a piezophile adapta-
tion [11]. Reed et al. reported that the amino acid composition within the proteome of
Pyrococcus abyssi showed an increase in small amino acids (serine, glycine, valine, and
aspartic acid), with an equivalent reduction in amino acids with large hydrophobic residues
(tryptophan and tyrosine) in the core of proteins [70]. This was also reported by Michoud
and Jebbar who found the genome of the piezophile Pyrococcus yayanosii to lack several
pathways for aromatic amino acid synthesis, such as tryptophan [9]. Similar results were
found when Moalic et al. [19] studied the transcriptome of Thermococcus piezophilus. A
decrease in the expression of histidines and the absence of potential for the synthesis of
phenylalanine, tyrosine, and tryptophane was reported [19]. Reed et al. reported the
amino acid adaptation as advantageous because it would allow for tight packing under
high pressure conditions [70]. This is contradictory to what was reported by Ichiye, who
postulated a higher stability of enzymes when larger cavities were present in enzymes [71].
Gunbin et al. designed an ideal experiment where they compared the genomes and pro-
teomes of three different strains of Pyrococcus that have similar temperatures, pH values,
and salinity optima but different pressure requirements for growth that correlate with their
in situ habitat depth [10]. The first interesting observation was the loss of metabolism for
aromatic amino acids by the piezophile P. horikishii, which was also observed in the other
piezophilic Pyrococcus sp. [9,13]. Gunbin et al. [10] also examined the change in frequency
of amino acids between the strains. They detected an increase in arginine, serine, glycine,
valine, and aspartic acid and a decrease in tyrosine and glutamine for piezophiles P. abyssi
and P. horikishii [10], as was also reported in other studies [9,11]. Cario et al. [20] further
reported that another piezophile, Thermococcus barophilus, did not require three amino acids
for growth at high pressure: alanine, glutamine, and proline.

Work performed by Peoples et al. [24] showed that piezophilic members of the
Gammaproteobacteria have more basic proteins than piezosensitive organisms. This obser-
vation included organisms from genera such as Colwellia, Pseudomonas, and Shewanella [24].
Peoples et al. also reported that piezophile proteins tend to be enriched in hydrophobic
residues, including tryptophan, tyrosine, leucine, phenylalanine, histidine, and methion-
ine, compared to their piezosensitive counterparts [24]. This is contradictory to findings
gleaned from some piezophilic Pyrococcus species which lost the ability to synthesize tryp-
tophan [9,11,24]. These contradictory results allude to different amino acid composition



Microorganisms 2023, 11, 1629

11 of 19

adaptations between archaeal (Pyrococcus) and bacterial genera (Colwellia, Psychromonas,
and Shewanella).

3.7.2. Adaptations in Multimerization
Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface

Another way that proteins have adapted to high hydrostatic pressure is by forming
multimeric proteins. One example of this is the TET3 peptidase from the piezophile Pyrococ-
cus horikoshii. This protein forms a dodecamer rather than a barrel-shaped multimer, which
was shown to increase stability under high pressure (50 MPa) [13,70]. The conformation of
the protein makes the individual monomers more compact, making it less likely for water
molecules to penetrate the core of the molecule under high pressure [70]. Once again, this
is contradictory to what was reported by Ichiye [71], who reported an increase in protein
stability with an increase in core cavities. Nevertheless, this conformation also appears to
protect the hydrogen bonding between protein subunits.

3.7.3. Adaptations in Protein Structure and Conformation
Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface

It was previously discussed that the cell membranes of piezophiles show increased
fluidity and flexibility in response to compression from high hydrostatic pressures. A
similar pattern has been shown for several enzymes. Dihydrofolate reductase (DHFR)
is a necessary enzyme involved in the synthesis of purine and some amino acids, and
it is therefore widespread within all microorganisms [26,71,72]. When Ohmae et al. [25]
examined the structural differences of DHFR between a piezosensitive E. coli strain and
the piezophile Moritella profunda, they found that the structure of the enzymes from both
strains overlapped almost perfectly. When examining this result further, the authors found
that two tryptophan residues were substituted by phenylalanine and valine in DHFR in
Moritella profunda compared to that of E. coli [25]. The DHFR from the piezophile Moritella
profunda was found to be less stable at atmospheric pressure than E. coli’s homolog DHFR
protein, despite their structural similarities. Similar results were found within Shewanella
benthica’s DHER [71]. This lower stability (and hence high flexibility) is an advantage that
has been reported for different psychropiezophiles [25,71,73].

In response to the increased compaction of proteins, another adaptation involves the
larger cavity volume of proteins to make them more compressible and helps to prevent
their distortion [71]. One example is the increased internal cavity volume of piezophilic
Moritella profunda’s DHFR at 340 A compared to E. coli’s DHFR at 270 A [25,71].

Another important consideration for piezophiles is maintaining catalytic activity,
which is highly impacted by temperature and pressure. For example, the catalytic activity
rate of most deep-sea psychropiezophiles reported by Ichiye [71] was four-to-five times
higher than that reported for E. coli’s DHFR. This implies that even if the activity is reduced
by the high pressure and low temperature, the catalytic activity can still enable bacterial
growth under these conditions [71]. The increased catalytic activity is due to a decrease in
activation enthalpy [74].

3.7.4. Ribosome Adaptations
Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface

Another adaptation identified in some piezophiles within the Gammaproteobacteria is
the extension in the loops of the 16S ribosomal molecules [45]. A study amongst members
of this class (Photobacterium, Colwellia, and Shewanella) showed disparities between sister
strains from different depths. These differences come from a few insertions within the
loop 10 and 11 of ribosomal proteins. These insertions led to longer stems in the loops
that are exclusively featured in piezophiles from this class when screening 800 members of
Gammaproteobacteria [75]. This feature is consistent with observations from piezosensitive
E. coli, where the 30S ribosomal subunit was shown to dissociate under high pressure.
The hybrid construction of the piezotolerant Pseudomonas bathycetes 30S ribosomal subunit
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with the 50S subunit of E. coli showed greater tolerance to hydrostatic pressure [75,76].
Another study compared the ribotypes of Photobacterium profundum and showed that
the ribotypes with longer loop stems were directly correlated to the optimal growth
pressure of organisms (r?> = 0.97). A similar observation was also found for piezophilic
Shewanella species [75].

3.7.5. Chaperone Adaptations

Chaperones are proteins that are involved in the folding of proteins and help prevent
the unfolding, disassembly, or aggregation of proteins under denaturing conditions [77].
Hence, chaperones have been reported to be upregulated under high hydrostatic pressure
to help in maintaining protein folding in piezophiles [1,45].

Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface

When studying the response of Photobacterium profundum under supraoptimal con-
ditions, Campanaro et al. found that chaperone proteins were upregulated [30]. These
proteins included htpG, dnakK, dnaj, and groEL, which are known to be involved in prevent-
ing the protein aggregation of denatured proteins under stress; they also degrade mutated
or abnormally folded proteins [30]. The opposite results were found for Nautilia sp. PV-1,
for which groEL was downregulated at a high hydrostatic pressure [15].

Adaptations in Microorganisms Retrieved from the Deep Terrestrial Subsurface

Similar to what had been found for deep marine subsurface organisms, a bioinformatic
study performed on piezophiles from water samples in the Deccan Traps also showed an
increase in an abundance of genes encoding chaperones (dnaK, dnaf, groEL, and xIpPX) [40].

3.8. DNA Adaptations
3.8.1. Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface

The effect of hydrostatic pressure of Photobacterium profundum on DNA replication
mechanisms was also studied [32]. El-Hajj et al. studied the genes dnaA and seqA under
atmospheric and high pressures to see how DNA replication was affected within this
organism. DnaA is responsible for the initiation of replication by binding to the origin
of replication, while seqA is a negative regulator of the initiation of DNA replication
by binding to oriC and preventing the binding of DnaA [32,78,79]. A seqA mutant was
found to be unable to grow at atmospheric pressure, but that growth was greatly en-
hanced at high pressure [32]. The absence of a negative regulator appeared to help with
the initiation of DNA replication and therefore aided the growth of P. profundum under
extreme conditions [32].

RecCD is known to be essential for double-stranded DNA repair in the case of
breaks [80]. RecD mutants in the piezophile Photobacterium profundum SS9 made the strain
pressure sensitive [32]. Unfortunately, beyond this observation, the damage signal for
pressure-induced double-stranded DNA breakage is unknown [3]. Unfortunately, the
scarcity of publications examining the regulation mechanisms for replication under high
hydrostatic pressure limits the knowledge in this field.

3.8.2. Adaptations in Microorganisms Retrieved from the Deep Terrestrial Subsurface

From the Deccan Traps’ metagenomes, genes known to be involved in DNA repair
were found (mutT, recD, and uvrAD) [40]. MutT genes are important to avoid replication
mistakes within genomes [81], while uvrAD is necessary for DNA repair under ultraviolet-
light exposure [82].

3.9. Overall Summary of High-Pressure Adaptations in Microorganisms

Adaptations for microorganisms found in high-pressure environments in the deep
marine and terrestrial subsurface have been reported, and these include modifications to
features such as motility, cell membrane unsaturation, respiratory pathway adaptations, the
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upregulation of chaperones, and gene regulation. Due to there being more available works
in the literature regarding deep marine subsurface organisms, additional adaptations
have been reported for organisms from this environment, including the production of
piezolytes, intracellular lipid adaptations, and a variety of protein adaptations. However,
cell morphology adaptations have been reported from deep terrestrial environments only.

4. Microbial Diversity in the Deep Biosphere

One of the most controversial assertions in microbial biogeography comes from Marti-
nus Willem Beijerinck, who stated that “everything is everywhere, but, the environment
selects” [83]. This statement implies that microorganisms are ubiquitous but that the en-
vironmental conditions select for their presence or absence [83]. As overviewed above,
piezophiles appear to have similar adaptations (based on studies conducted to date) re-
gardless of whether they inhabit the deep marine or deep terrestrial subsurface. Hence, one
can speculate that similar microorganisms can be found in both deep marine subsurface
environments and deep terrestrial subsurface environments. Key concepts of microbial
community assembly that can be used to answer this question are based on Vellend'’s
conceptual synthesis of community ecology, relying on diversification, dispersal, selection,
and drift (Table 3) [84,85]. Interestingly, dormancy (i.e., endospores) has been shown to be
independent of all of these concepts. Endospores were shown to be unaffected by unfavor-
able abiotic conditions and even favored during microbial dispersal to which exposure to
many various abiotic conditions is possible [86,87].

Table 3. Definition of concepts related to microbial community assembly [85,86,88].

Term Definition

The transport of microorganisms by wind, water,

Dispersal .
P or other macro-organisms
. e The evolution and adaptation of microorganisms through
Diversification - .
horizontal gene transfer or mutations, for example
Drift The changes in the relative abundance distribution of a

microbial community

The effect of abiotic factors (pH, temperature, salinity,
Selection pressure, availability of carbon) selecting for the microbial
community structure

Thus, would similar or different piezophiles be expected to inhabit the deep marine
and terrestrial subsurface? In this case, the concept of selection would be of no help, as
the pressure and temperature gradients within the deep marine and terrestrial subsurface
are reported as being similar (i.e., increasing with depth) [2], and both ecosystems are
vast environments where abiotic conditions are highly variable. Both environments are
expected to be inhabited by piezophiles also adapted to high temperatures or even high
salinity, but can one know for sure whether similar species will be present?

One driving component of a microbial community composition that is very important
for considering the answer to this question is dispersal. The topic of microbial dispersal is
highly debated currently. While some authors have argued that geographical barriers are
common and very important for bacterial evolution (i.e., genetic drift; Table 3), other studies
have shown the transport of bacteria over thousands of kilometers, from the Atlantic Ocean,
crossing the Indian Ocean, and to the Pacific Ocean [86,87,89]. Logically, environments such
as surface soils, plant leaves, or streams are more likely to experience microbial dispersal
(through wind, water, and/or animal transport) than the deep terrestrial subsurface or
from marine sediments that are usually mostly isolated environments [87].

Aquifers are part of the deep terrestrial environment, to which a connection between
this environment and the oceans (deep marine subsurface) was recently made [90]. This
could be a potential conduit by which microorganisms could be dispersed from the ter-
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restrial to the marine environment, although no works from the literature were found to
describe this process, and only speculations are made here. To be successfully dispersed
from an aquifer to the deep marine subsurface, piezophiles must be able to withstand unfa-
vorable conditions such as lower pressure through the passive transport; hence, endospore-
forming piezophiles would be more likely to be found within the two environments [91].
Furthermore, endospores have been reported to sink from the shallow depth of the ocean
to the seafloor [51]. Common piezophiles between the deep terrestrial and marine sub-
surface are therefore a possibility; however, this is only hypothesized here. That being
said, not all subsurface environments allow for the dispersal of microorganisms. For exam-
ple, deep shale oil reservoirs have limited diffusion capacities due to the submicron pore
spaces within the formations [92]. Whether microorganisms can be native to shale or are
introduced during human operations is not the topic of this discussion; in any case, this
undisturbed environment would make dispersal very limited if not functionally impossible.
These isolated environments could allow for bacterial evolution through genetic drift and
diversification, in which case different species would be found between the deep marine
and terrestrial subsurface [85,86].

5. Methodological Challenges in Studying Piezophiles

The study of high-pressure-adapted microorganisms is relatively new. It is esti-
mated that 12 to 20% of all bacterial and archaeal organisms inhabit the deep terrestrial
subsurface, while approximately 1.8% inhabit the deep marine subsurface [93]. With
only <100 piezophiles reported to date from these high-pressure environments [50], there
is a clear lack of knowledge on high-pressure-loving organisms compared to other ex-
tremophiles such as thermophiles or halophiles. Unfortunately, this is due to the high
costs, difficulties with proper sampling, enrichment material, and issues related to sample
contamination [3,6,94].

The access to subsurface samples, whether terrestrial or marine, is quite challenging
compared to other more accessible surface environments and therefore limits the study
of deep subsurface microorganisms, including piezophiles. In general, expensive and
specialized drilling technologies are required for proper sampling, whereas more commonly
pre-existing, non-specialized infrastructure is used instead (South African mines and oil-
reservoir infrastructure) [3,92,94]. For oceanic subsurface samples, the most common
sampler used is a multi-bottle rosette sampler, which is useful for shallow sampling and
limits the contamination potential of samples [6]. Few sampling instruments allow for
the preservation of both pressure and temperature conditions, and this is a challenge for
piezophiles, which are usually psychrophiles or thermophiles [6,71]. The recovery of deeper
rock and sediments (deeper than 300 m) requires rotary drilling combined with drilling
fluids (which can be ocean water in the case of oceanic subsurface environments) [94]. The
use of such drilling fluids can introduce contamination within the pristine samples due to
the high density of marine microorganisms, which must be taken into consideration when
studying the samples [93].

The preservation of samples for geochemical and microbiological signatures is also
challenging. Returning marine sediment samples to the surface, for example, can take
a significant amount of time, during which microbial signatures can change [94]. For
many research studies, samples need to be transported by boat or plane from the sampling
site, thus adding to the analysis time and ultimately resulting in shifts in the microbial
community. Once the samples are recovered to the surface, contamination sources need
to be controlled, including the surface water used during drilling, air contamination, or
additives used in the drilling fluids [6]. Laboratory experiments to study piezophiles also
require specialized equipment such as high-pressure chambers, which can be challenging
for many laboratories [6].
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6. Conclusions

Although the field of study for piezophiles has been limited due to challenges in
sampling and cultivating organisms, many cellular adaptations have been discovered in
different types of piezophilic microorganisms, as highlighted in this review. These organ-
isms live in environments in which high pressure may not be the only extreme condition;
they are also frequently exposed to high salinity and high temperature, which may have
additional effects on their cellular metabolism. Proper controls and more studies need to
be performed to assess the effects of these combined factors on piezophiles. Furthermore,
the similarities in abiotic factors between the deep marine and terrestrial subsurface and
microbial dispersal potential showed that it cannot be ruled out that similar organisms, or
at least similar adaptations, could be found within both ecosystems. However, additional
research to address this hypothesis is needed. Despite the discoveries overviewed here,
several gaps in knowledge remain, as highlighted throughout this review. The world of
high-pressure-adapted microorganisms is fascinating, with many mysteries and common
metabolic themes remaining to be discovered.

Author Contributions: G.S., conceptualization, writing—original draft, and editing; L.M.G., concep-
tualization, writing—review, and editing. All authors have read and agreed to the published version
of the manuscript.

Funding: G.S. was supported by scholarships from NSERC (Alexander Graham Bell scholarship
program), Natural Resources Canada, and the Eyes High program (University of Calgary).

Data Availability Statement: No new data were created or analyzed in this study.

Acknowledgments: The authors would like to acknowledge that this work was performed on the
traditional territories of the Blackfoot Confederacy (Siksika, Kainai, Piikani), the Tsuut’ina, the iyéxe
Nakoda Nations, the Métis Nation (Region 3), and all people who make their homes in the Treaty
7 region of Mohkinsstsisi (now named Calgary). The authors also gratefully acknowledge Nuno
Fragoso for his assistance in the preparation of the figures included in this review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Merino, N.; Aronson, H.S.; Bojanova, D.P.; Feyhl-Buska, J.; Wong, M.L.; Zhang, S.; Giovannelli, D. Living at the extremes:
Extremophiles and the limits of life in a planetary context. Front. Microbiol. 2019, 10, 780. [CrossRef] [PubMed]

2. Picard, A.; Daniel, I. Pressure as an environmental parameter for microbial life—A review. Biophys. Chem. 2013, 183, 30—41.
[CrossRef] [PubMed]

3. Lauro, EM,; Bartlett, D.H. Prokaryotic lifestyles in deep sea habitats. Extremophiles 2008, 12, 15-25. [CrossRef]

4. Dolan, J. The origins of oceanography in France: The scientific expeditions of Travailleur and Talisman (1880-1883). Oceanography
2020, 33, 126-133. [CrossRef]

5. ZoBell, C.E,; Johnson, FH. The influence of hydrostatic pressure on the growth and viability of terrestrial and marine bacteria.
J. Bacteriol. 1949, 57, 179-189. [CrossRef]

6. Kim, S.-J.; Kato, C. Sampling, isolation, cultivation, and characterization of piezophilic microbes. In Handbook of Hydrocarbon and
Lipid Microbiology; Timmis, K.N., Ed.; Springer: Berlin/Heidelberg, Germany, 2010; pp. 3869-3881. ISBN 978-3-540-77587-4.

7. Yayanos, A.A.; Dietz, A.S.; Boxtel, R. Isolation of a deep-sea bacterium and some of its growth characteristics. Science 1979, 205,
808-810. [CrossRef]

8.  Jebbar, M.; Franzetti, B.; Girard, E.; Oger, P. Microbial diversity and adaptation to high hydrostatic pressure in deep-sea
hydrothermal vents prokaryotes. Extremophiles 2015, 19, 721-740. [CrossRef]

9.  Michoud, G.; Jebbar, M. High hydrostatic pressure adaptive strategies in an obligate piezophile Pyrococcus yayanosii. Sci. Rep.
2016, 6, 27289. [CrossRef] [PubMed]

10. Gunbin, K.V.; Afonnikov, D.A.; Kolchanov, N.A. Molecular evolution of the hyperthermophilic archaea of the Pyrococcus genus:
Analysis of adaptation to different environmental conditions. BMC Genom. 2009, 10, 639-651. [CrossRef]

11.  Di Giulio, M. A comparison of proteins from Pyrococcus furiosus and Pyrococcus abyssi: Barophily in the physicochemical properties
of amino acids and in the genetic code. Gene 2005, 346, 1-6. [CrossRef]

12.  Martins, L.O.; Santos, H. Accumulation of mannosylglycerate and di-myo-inositol-phosphate by Pyrococcus furiosus in response

to salinity and temperature. Appl. Environ. Microbiol. 1995, 61, 3299-3303. [CrossRef] [PubMed]


https://doi.org/10.3389/fmicb.2019.00780
https://www.ncbi.nlm.nih.gov/pubmed/31037068
https://doi.org/10.1016/j.bpc.2013.06.019
https://www.ncbi.nlm.nih.gov/pubmed/23891571
https://doi.org/10.1007/s00792-006-0059-5
https://doi.org/10.5670/oceanog.2020.202
https://doi.org/10.1128/jb.57.2.179-189.1949
https://doi.org/10.1126/science.205.4408.808
https://doi.org/10.1007/s00792-015-0760-3
https://doi.org/10.1038/srep27289
https://www.ncbi.nlm.nih.gov/pubmed/27250364
https://doi.org/10.1186/1471-2164-10-639
https://doi.org/10.1016/j.gene.2004.10.008
https://doi.org/10.1128/aem.61.9.3299-3303.1995
https://www.ncbi.nlm.nih.gov/pubmed/16535119

Microorganisms 2023, 11, 1629 16 of 19

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Rosenbaum, E.; Gabel, F; Dura, M. A ; Finet, S.; Barraud, C.C.; Masson, P.; Franzetti, B. Effects of hydrostatic pressure on the
quaternary structure and enzymatic activity of a large peptidase complex from Pyrococcus horikoshii. Arch. Biochem. Biophys. 2012,
517,104-110. [CrossRef]

Kaye, J.Z.; Baross, J.A. Synchronous effects of temperature, hydrostatic pressure, and salinity on growth, phospholipid profiles,
and protein patterns of four Halomonas species isolated from deep-sea hydrothermal-vent and sea surface environments. Appl.
Environ. Microbiol. 2004, 70, 6220-6229. [CrossRef] [PubMed]

Smedile, F; Foustoukos, D.I.; Patwardhan, S.; Mullane, K.; Schlegel, I.; Adams, M.W.; Schut, G.J.; Giovannelli, D.; Vetriani, C.
Adaptations to high pressure of Nautilia sp. strain PV-1, a piezophilic Campylobacterium (aka Epsilonproteobacterium) isolated
from a deep-sea hydrothermal vent. Environ. Microbiol. 2022, 24, 6164-6183. [CrossRef] [PubMed]

Amrani, A.; Bergon, A.; Holota, H.; Tamburini, C.; Garel, M.; Ollivier, B.; Imbert, J.; Dolla, A.; Pradel, N. Transcriptomics reveal
several gene expression patterns in the piezophile Desulfovibrio hydrothermalis in response to hydrostatic pressure. PLoS ONE
2014, 9, €106831. [CrossRef]

Hervé, G.; Evans, H.G.; Fernado, R.; Patel, C.; Hachem, F.; Evans, D.R. Activation of latent dihydroorotase from Aquifex aeolicus
by pressure. J. Biol. Chem. 2017, 292, 629-637. [CrossRef]

Dalmasso, C.; Oger, P; Selva, G.; Courtine, D.; L'Haridon, S.; Garlaschelli, A.; Roussel, E.; Miyazaki, ]J.; Reveillaud, J;
Jebbar, M.; et al. Thermococcus piezophilus, sp. nov., a novel hypothermophilic and piezophilic archaeaon with a broad pressure
range for growth, isolated from a deepest hydrothermal vent at the Mid-Cayman Rise. Sys. Appl. Microbiol. 2016, 39, 440-444.
[CrossRef]

Moalic, Y.; Hartunians, J.; Dalmasso, C.; Courtine, D.; Georges, M.; Oger, P.; Shao, Z.; Jebbar, M.; Alain, K. The piezo-
hyperthermophilic archaeon Thermococcus piezophilus regulates its energy efficiency system to cope with large hydrostatic
pressure variations. Front. Microbiol. 2021, 12, 20. [CrossRef]

Cario, A.; Jebbar, M.; Thiel, A.; Kervarec, N.; Oger, PM. Molecular chaperone accumulation as a function of stress evidences
adaptation to high hydrostatic pressure in piezophilic archaeon Thermococcus barophilus. Sci. Rep. 2016, 6, 29483. [CrossRef]
Grossi, V.; Yakimov, M.M.; Al Ali, B.; Tapilatu, Y.; Cuny, P.; Goutx, M.; La Cono, V.; Giuliano, L.; Tamburini, C. Hydrostatic pressure
affects membrane and storage lipid compositions of the piezotolerant hydrocarbon-degrading Marinobacter hydrocarbonoclasticus
strain #5. Environ. Microbiol. 2010, 12, 2020-2033. [CrossRef]

Yin, QJ.; Zhang, WJ.; Qi, X.Q.; Zhang, S.D,; Jiang, T.; Li, L.F,; Chen, Y.; Santini, C.L.; Zhou, H.; Chou, I.M; et al. High hydrostatic
pressure inducible trimethylamine N-oxide reductase improves the pressure tolerance of piezosensitive bacteria Vibio fluvialis.
Front. Microbiol. 2018, 8, 2646. [CrossRef] [PubMed]

Pradel, N.; Ji, B.; Gimenez, G.; Talla, E.; Lenoble, P.; Garel, M.; Tamburini, C.; Fourquet, P; Lebrun, R.; Bertin, P; et al. The first
genomic and proteomic characterization of a deep-sea sulfate reducer: Insights into the piezophilic lifestyle of Desulfovibrio
piezophilus. PLoS ONE 2013, 8, €55130. [CrossRef] [PubMed]

Peoples, L.M.; Kyaw, T.S.; Ugalde, J.A.; Mullane, K K.; Chastain, R.A.; Yayanos, A.A.; Kusube, M.; Methé, B.A.; Bartlett, D.H.
Distinctive gene and protein characteristics of extremely piezophilic Colwellia. BMC Genom. 2020, 21, 692. [CrossRef]

Ohmae, E.; Murakami, C.; Tate, S.; Gekko, K.; Hata, K.; Akasaka, K.; Kato, C. Pressure dependence of activity and stability of
dihydrofolate reductases of the deep-sea bacterium Moritella profunda and Escherichia coli. Biochim. Biophys. Acta 2012, 1824,
511-519. [CrossRef] [PubMed]

Penhallurick, R.W.; Ichiye, T. Pressure adaptations in deep-sea Moritella dihydrofolate reductases: Compressibility versus stability.
Biology 2021, 10, 1211. [CrossRef]

Yamada, M.; Nakasone, K.; Tamegai, H.; Kato, C.; Usami, R.; Horikoshi, K. Pressure regulation of soluble cytochromes c in a
deep-sea piezophilic bacterium, Shewanella violacea. J. Bacteriol. 2000, 182, 2945-2952. [CrossRef]

Zhang, W.-].; Cui, X.-H.; Chen, L.-H; Yang, J; Li, X.-G.; Zhang, C.; Barbe, V.; Mangenot, S.; Fouteau, S.; Guerin, T.; et al. Complete
genome sequence of Shewanella benthica DB21MT-2, an obligate piezophilic bacterium isolated from the deepest Mariana Trench
sediment. Mar. Genom. 2019, 44, 52-56. [CrossRef]

Bartlett, D.; Wright, M.; Yayanos, A.A.; Silverman, M. Isolation of a gene regulated by hydrostatic pressure in a deep-sea bacterium.
Nature 1989, 342, 572-574. [CrossRef]

Campanaro, S.; Vezzi, A.; Vitulo, N.; Lauro, EM.; D’Angelo, M.; Simonato, F; Cestaro, A.; Malacrida, G.; Bertoloni, G;
Valle, G.; et al. Laterally transferred elements and high pressure adaptation in Photobacterium profundum strains. BMC Genom.
2005, 6, 122-135. [CrossRef]

Campanaro, S.; Pascale, ED.; Telatin, A.; Schiavon, R.; Bartlett, D.H.; Valle, G. The transcriptional landscape of the deep-sea
bacterium Photobacterium profundum in both a ToxR mutant and its parental strain. BMC Genom. 2012, 13, 567. [CrossRef]
El-Hajj, Z.W.; Tryfona, T.; Allcock, D.J.; Hasan, E; Lauro, EM.; Sawyer, L.; Bartlett, D.H.; Ferguson, G.P. Importance of proteins
controlling initiation of DNA replication in the growth of the high-pressure-loving bacterium Photobacterium profundum SS9.
J. Bacteriol. 2009, 191, 6383-6393. [CrossRef] [PubMed]

Eloe, E.A ; Lauro, EM.; Vogel, R.E; Bartlett, D.H. The deep-sea bacterium Photobacterium profundum SS9 utilizes separate flagellar
systems for swimming and swarming under high-pressure conditions. Appl. Environ. Microbiol. 2008, 74, 6298-6305. [CrossRef]
[PubMed]

Martin, D.; Bartlett, D.H.; Roberts, M.F. Solute accumulation in the deep-sea bacterium Photobacterium profundum. Extremophiles
2002, 6, 507-514. [CrossRef] [PubMed]


https://doi.org/10.1016/j.abb.2011.07.017
https://doi.org/10.1128/AEM.70.10.6220-6229.2004
https://www.ncbi.nlm.nih.gov/pubmed/15466569
https://doi.org/10.1111/1462-2920.16256
https://www.ncbi.nlm.nih.gov/pubmed/36271901
https://doi.org/10.1371/journal.pone.0106831
https://doi.org/10.1074/jbc.M116.739862
https://doi.org/10.1016/j.syapm.2016.08.003
https://doi.org/10.3389/fmicb.2021.730231
https://doi.org/10.1038/srep29483
https://doi.org/10.1111/j.1462-2920.2010.02213.x
https://doi.org/10.3389/fmicb.2017.02646
https://www.ncbi.nlm.nih.gov/pubmed/29375513
https://doi.org/10.1371/journal.pone.0055130
https://www.ncbi.nlm.nih.gov/pubmed/23383081
https://doi.org/10.1186/s12864-020-07102-y
https://doi.org/10.1016/j.bbapap.2012.01.001
https://www.ncbi.nlm.nih.gov/pubmed/22266402
https://doi.org/10.3390/biology10111211
https://doi.org/10.1128/JB.182.10.2945-2952.2000
https://doi.org/10.1016/j.margen.2018.09.001
https://doi.org/10.1038/342572a0
https://doi.org/10.1186/1471-2164-6-122
https://doi.org/10.1186/1471-2164-13-567
https://doi.org/10.1128/JB.00576-09
https://www.ncbi.nlm.nih.gov/pubmed/19700526
https://doi.org/10.1128/AEM.01316-08
https://www.ncbi.nlm.nih.gov/pubmed/18723648
https://doi.org/10.1007/s00792-002-0288-1
https://www.ncbi.nlm.nih.gov/pubmed/12486460

Microorganisms 2023, 11, 1629 17 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

Welch, T.J.; Bartlett, D.H. Isolation and characterization of the structural gene for OmpL, a pressure-regulated porin-like protein
from the deep-sea bacterium Photobacterium species strain SS9. J. Bacteriol. 1996, 178, 5027-5031. [CrossRef]

Ganesh Kumar, A.; Manisha, D.; Sujitha, K.; Magesh Peter, D.; Kirubagaran, R.; Dharani, G. Genome sequence analysis of deep sea
Aspergillus sydowii BOBA1 and effect of high pressure on biodegradation of spent engine oil. Sci. Rep. 2021, 11, 9347. [CrossRef]
Xiong, L.; Jian, H.; Zhang, Y.; Xiao, X. The two sets of DMSO respiratory systems of Shewanella piezotolerans WP3 are involved in
deep sea environmental adaptation. Front. Microbiol. 2016, 7, 1418. [CrossRef]

Roumagnac, M.; Pradel, N.; Bartoli, M.; Garel, M.; Jones, A.A.; Armougom, F,; Fenouil, R.; Tamburini, C.; Ollivier, B.; Sum-
mers, Z.M.; et al. Responses to the hydrostatic pressure of surface and subsurface strains of Pseudothermotoga elfii revealing the
piezophilic nature of the strain originating from an oil-producing well. Front. Microbiol. 2020, 11, 558771. [CrossRef]
Williamson, A.J.; Carlson, HK.; Kuehl, ].V,; Huang, L.L.; Iavarone, A.T.; Deutschbauer, A.; Coates, ].D. Dissimilatory sulfate
reduction under high pressure by Desulfovibrio alaskensis G20. Front. Microbiol. 2018, 9, 1465. [CrossRef]

Dutta, A.; Peoples, L.M.; Gupta, A.; Bartlett, D.H.; Sar, P. Exploring the piezotolerant/piezophilic microbial community and
genomic basis of piezotolerance within the deep subsurface Deccan Traps. Extremophiles 2019, 23, 421-433. [CrossRef]

Dutta, A.; Dutta Gupta, S.; Gupta, A.; Sarkar, J.; Roy, S.; Mukherjee, A.; Sar, P. Exploration of deep terrestrial subsurface
microbiome in late cretaceous Deccan traps and underlying Archean basement, India. Sci. Rep. 2018, 8, 17459. [CrossRef]
Kalwasiniska, A.; Krawiec, A.; Deja-Sikora, E.; Gotebiewski, M.; Kosobucki, P.; Swiontek Brzezinska, M.; Walczak, M. Microbial
diversity in deep-subsurface hot brines of northwest Poland: From community structure to isolate characteristics. Appl. Environ.
Microbiol. 2020, 86, €00252-20. [CrossRef] [PubMed]

Takai, K.; Moser, D.P.; DeFlaun, M.; Onstott, T.C.; Fredrickson, ].K. Archaeal diversity in waters from deep South African gold
mines. Appl. Environ. Microbiol. 2001, 67, 5750-5760. [CrossRef] [PubMed]

Miettinen, H.; Kietdviinen, R.; Sohlberg, E.; Numminen, M.; Ahonen, L.; Itdvaara, M. Microbiome composition and geochemical
characteristics of deep subsurface high-pressure environment, Pyhédsalmi mine Finland. Front. Microbiol. 2015, 6, 1203. [CrossRef]
[PubMed]

Oger, PM.; Jebbar, M. The many ways of coping with pressure. Res. Microbiol. 2010, 161, 799-809. [CrossRef]

Chu, E.W.,; Karr, J.R. Environmental impact: Concept, consequences, measurement. In Reference Module in Life Sciences; Elsevier:
Amsterdam, The Netherlands, 2017; pp. 278-296. [CrossRef]

Tiab, D.; Donaldson, E.C. Chapter 2-Introduction to petroleum geology. In Petrophysics, 3rd ed.; Tiab, D., Donaldson, E.C., Eds.;
Gulf Professional Publishing: Boston, MA, USA, 2012; pp. 27-83. ISBN 978-0-12-383848-3.

Lopez-Fernandez, M.; Broman, E.; Turner, S.; Wu, X.; Bertilsson, S.; Dopson, M. Investigation of viable taxa in the deep terrestrial
biosphere suggests high rates of nutrient recycling. FEMS Microbiol. Ecol. 2018, 94, fiy121. [CrossRef]

Yamamoto, K.; Hackley, K.C.; Kelly, W.R.; Panno, S.V.; Sekiguchi, Y.; Sanford, R.A.; Liu, W.-T.; Kamagata, Y.; Tamaki, H. Diversity
and geochemical community assembly processes of the living rare biosphere in a sand-and-gravel aquifer ecosystem in the
midwestern United States. Sci. Rep. 2019, 9, 13484. [CrossRef]

Scoma, A. Functional groups in microbial ecology: Updated definitions of piezophiles as suggested by hydrostatic pressure
dependence on temperature. ISME ]. 2021, 15, 1871-1878. [CrossRef]

Allan, E.E.; Bartlett, D.H. Piezophiles: Microbial adaptations to the deep-sea environment. In Extremophiles; Eolss Publish-
ers Co. Ltd.: Oxford, UK, 2011; Volume 10, pp. 1-4.

Grossart, H.-P.; Riemann, L.; Azam, F. Bacterial motility in the sea and its ecological implications. Aquat. Microb. Ecol. 2001, 25,
247-258. [CrossRef]

Matz, C.; Boenigk, J.; Arndt, H.; Jiirgens, K. Role of bacterial phenotypic traits in seletive feeding of the heterotrophic nanoflagellate
Spumella sp. Aquat. Microb. Ecol. 2002, 27, 137-148. [CrossRef]

Szurmant, H.; Ordal, G.W. Diversity in chemotaxis mechanisms among the bacteria and archaea. Microbiol. Mol. Biol. Rev. 2004,
68, 301-319. [CrossRef] [PubMed]

Stewart, B.J.; McCarter, L.L. Lateral flagellar gene system of Vibrio parahaemolyticus. ]. Bacteriol. 2003, 185, 4508—4518. [CrossRef]
[PubMed]

Shinoda, S.; Okamoto, K. Formation and function of Vibrio parahaemolyticus lateral flagella. J. Bacteriol. 1977, 129, 1266-1271.
[CrossRef] [PubMed]

Das, C.; Mokashi, C.; Mande, S.S.; Saini, S. Dynamics and control of flagella assembly in Salmonella typhimurium. Front. Cell. Inf.
Microbiol. 2018, 8, 36. [CrossRef]

Bardy, S.L.; Mori, T.; Komoriya, K.; Aizawa, S.; Jarrell, K.F. Identification and localization of flagellins FlaA and FlaB3 within
flagella of Methanococcus voltae. |. Bacteriol. 2002, 19, 5223-5233. [CrossRef]

Vanlint, D.; Mitchell, R.; Bailey, E.; Meersman, F.; McMillan, P.F.; Michiels, C.W.; Aertsen, A. Rapid acquisition of gigapascal-high-
pressure resistance by Escherichia coli. mBio 2011, 2, e00130-10. [CrossRef]

Chi, E.; Bartlett, D.H. Use of a reporter gene to follow high-pressure signal transduction in the deep-sea bacterium Photobac-
terium sp. strain SS9. J. Bacteriol. 1993, 175, 7533-7540. [CrossRef]

Kato, C.; Qureshi, M.H. Pressure response in deep-sea piezophilic bacteria. . Mol. Microbiol. Biotech. 1999, 1, 87-92.

Gralnick, J.A,; Vali, H; Lies, D.P; Newman, D.K. Extracellular respiration of dimethyl sulfoxide by Shewanella oneidensis strain
MR-1. Proc. Natl. Acad. Sci. USA 2006, 103, 4669-4674. [CrossRef]


https://doi.org/10.1128/jb.178.16.5027-5031.1996
https://doi.org/10.1038/s41598-021-88525-9
https://doi.org/10.3389/fmicb.2016.01418
https://doi.org/10.3389/fmicb.2020.588771
https://doi.org/10.3389/fmicb.2018.01465
https://doi.org/10.1007/s00792-019-01094-8
https://doi.org/10.1038/s41598-018-35940-0
https://doi.org/10.1128/AEM.00252-20
https://www.ncbi.nlm.nih.gov/pubmed/32198175
https://doi.org/10.1128/AEM.67.21.5750-5760.2001
https://www.ncbi.nlm.nih.gov/pubmed/11722932
https://doi.org/10.3389/fmicb.2015.01203
https://www.ncbi.nlm.nih.gov/pubmed/26579109
https://doi.org/10.1016/j.resmic.2010.09.017
https://doi.org/10.1016/B978-0-12-809633-8.02380-3
https://doi.org/10.1093/femsec/fiy121
https://doi.org/10.1038/s41598-019-49996-z
https://doi.org/10.1038/s41396-021-00930-0
https://doi.org/10.3354/ame025247
https://doi.org/10.3354/ame027137
https://doi.org/10.1128/MMBR.68.2.301-319.2004
https://www.ncbi.nlm.nih.gov/pubmed/15187186
https://doi.org/10.1128/JB.185.15.4508-4518.2003
https://www.ncbi.nlm.nih.gov/pubmed/12867460
https://doi.org/10.1128/jb.129.3.1266-1271.1977
https://www.ncbi.nlm.nih.gov/pubmed/845115
https://doi.org/10.3389/fcimb.2018.00036
https://doi.org/10.1128/JB.184.19.5223-5233.2002
https://doi.org/10.1128/mBio.00130-10
https://doi.org/10.1128/jb.175.23.7533-7540.1993
https://doi.org/10.1073/pnas.0505959103

Microorganisms 2023, 11, 1629 18 of 19

63.

64.

65.

66.

67.

68.
69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Wu, C.-H.; Haja, D.K.; Adams, M.W.W. Cytoplasmic and membrane-bound hydrogenases from Pyrococcus furiosus. Methods
Enzymol. 2018, 613, 153-168. [CrossRef]

Robinson, C.R.; Sligar, S.G. Hydrostatic and osmotic pressure as tools to study macromolecular recognition. Methods Enzymol.
1995, 259, 395-427. [CrossRef] [PubMed]

Dong, X.; Greening, C.; Rattray, J.E.; Chakraborty, A.; Chuvochina, M.; Mayumi, D.; Dolfing, J.; Li, C.; Brooks, ].M,;
Bernard, B.B.; et al. Metabolic potential of uncultured bacteria and archaea associated with petroleum seepage in deep-sea
sediments. Nat. Commun. 2019, 10, 1816. [CrossRef] [PubMed]

Gaussier, H.; Nouailler, M.; Champaud, E.; Garcin, E.B.; Sebban-Kreuzer, C.; Bornet, O.; Garel, M.; Tamburini, C.; Pieulle, L.;
Dolla, A.; et al. Glutamate optimizes enzymatic activity under high hydrostatic pressure in Desulfovibrio species: Effects on the
ubiquitous thioredoxin system. Extremophiles 2021, 25, 385-392. [CrossRef] [PubMed]

Martins, L.O.; Carreto, L.S.; Da Costa, M.S.; Santos, H. New compatible solutes related to di-myo-inositol-phosphate in members
of the order Thermotogales. |. Bacteriol. 1996, 178, 5644-5651. [CrossRef] [PubMed]

Santos, H.; da Costa, M.S. Organic solutes from thermophiles and hyperthermophiles. Methods Enzymol. 2001, 15, 302-334.
Gunde-Cimerman, N.; Plemenita$, A.; Oren, A. Strategies of adaptation of microorganisms of the three domains of life to high
salt concentrations. FEMS Microbiol. Rev. 2018, 42, 353-375. [CrossRef]

Reed, C.J.; Lewis, H.; Trejo, E.; Winston, V.; Evilia, C. Protein adaptations in archaeal extremophiles. Archaea 2013, 2013, 373275.
[CrossRef]

Ichiye, T. Enzymes from piezophiles. Semin. Cell. Dev. Biol. 2018, 84, 138-146. [CrossRef]

Hammes, G.G.; Benkovic, S.J.; Hammes-Schiffer, S. Flexibility, diversity, and cooperativity: Pillars of enzyme catalysis. Biochemistry
2011, 50, 10422-10430. [CrossRef]

Loveridge, E.J.; Tey, L.H.; Behiry, EM.; Dawson, W.M.; Evans, R.M.; Whittaker, S.B.M.; Gunther, U.L.; Williams, C.; Crump, M.P;
Allemann, R.K. The role of large-scale motions in catalysis by dihydrofolate reductase. J. Am. Chem. Soc. 2011, 50, 20561-20570.
[CrossRef]

D’Amico, S.; Collins, T.; Marx, J.-C.; Feller, G.; Gerday, C. Psychrophilic microorganisms: Challenges for life. EMBO Rep. 2006, 7,
385-389. [CrossRef]

Lauro, EM.; Chastain, R.A.; Blankenship, L.E.; Yayanos, A.A.; Bartlett, D. The unique 165 rRNA genes of piezophiles reflect both
phylogeny and adaptation. Appl. Environ. Microbiol. 2007, 73, 838-845. [CrossRef]

Landau, J.V.; Smith, W.P,; Pope, D.H. Role of the 30S ribosomal subunit, initiation factors, and specific ion concentration in
barotolerant protein synthesis in Pseudomonas bathycetes. J. Bacteriol. 1977, 130, 154-159. [CrossRef]

Saibil, H. Chaperone machines for protein folding, unfolding and disaggregation. Nat. Rev. Mol. Cell. Biol. 2013, 14, 630-642.
[CrossRef]

Lu, M.; Campbell, ].L.; Boye, E.; Kleckner, N. SeqA: A negative modulator of replication initiation in E. coli. Cell 1994, 77, 413-426.
[CrossRef] [PubMed]

Ishida, T.; Akimitsu, N.; Kashioka, T.; Hatano, M.; Kubota, T.; Ogata, Y.; Sekimizu, K.; Katayama, T. DiaA, a novel DnaA-binding
protein, ensures the timely initiation of Escherichia coli chromosome replication. J. Biol. Chem. 2004, 279, 45546—45555. [CrossRef]
Pavankumar, T.L.; Sinha, A K.; Ray, M.K. All three subunits of RecBCD enzyme are essential for DNA repair and low-temperature
growth in the antarctic Pseudomonas syringae Lz4W. PLoS ONE 2010, 5, €9412. [CrossRef] [PubMed]

Fowler, R.G.; Schaaper, R M. The role of the mutT gene of Escherichia coli in maintaining replication fidelity. FEMS Microbiol. Rev.
1997, 21, 43-54. [CrossRef]

Crowley, D.J.; Boubriak, I.; Berquist, B.R.; Clark, M.; Richard, E.; Sullivan, L.; DasSarma, S.; McCready, S. The uvrA, uorB and
uvrC genes are required for repair of ultraviolet light induced DNA photoproducts in Halobacterium sp. NRC-1. Saline Syst. 2006,
2,11-23. [CrossRef] [PubMed]

Wit, R.D.; Bouvier, T. ‘Everything is everywhere, but, the environment selects’; what did Baas Becking and Beijerinck really say?
Environ. Microbiol. 2006, 8, 755-758. [CrossRef]

Vellend, M. Conceptual synthesis in community ecology. Q. Rev. Biol. 2010, 85, 183-206. [CrossRef]

Nemergut, D.R.; Schmidt, S.K.; Fukami, T.; O'Neill, S.P.; Bilinski, T.M.; Stanish, L.F.; Knelman, J.E.; Darcy, J.L.; Lynch, R.C,;
Wickey, P. Patterns and processes of microbial community assembly. Microbiol. Mol. Biol. Rev. 2013, 77, 342-356. [CrossRef]
[PubMed]

Papke, R.T.; Ward, D.M. The importance of physical isolation to microbial diversification. FEMS Microbiol. Ecol. 2004, 48, 293-303.
[CrossRef] [PubMed]

Fierer, N. Microbial biogeography: Patterns in microbial diversity across space and time. In Accessing Uncultivated Microorganisms;
ASM Press: Washington, DC, USA, 2008; pp. 95-115. ISBN 978-1-68367-146-6.

Pholchan, M.K,; Baptista, J.; Davenport, R.J.; Sloan, W.T.; Curtis, T.P. Microbial community assembly, theory and rare functions.
Front. Microbiol. 2013, 4, 68. [CrossRef] [PubMed]

Mayol, E.; Arrieta, ].M.; Jiménez, M.A.; Martinez-Asensio, A.; Garcias-Bonet, N.; Dachs, J.; Gonzalez-Gaya, B.; Royer, S.-J.;
Benitez-Barrios, V.M.; Fraile-Nuez, E. Long-range transport of airborne microbes over the global tropical and subtropical ocean.
Nat. Commun. 2017, 8, 201. [CrossRef]

Luijendijk, E.; Gleeson, T.; Moosdorf, N. Fresh groundwater discharge insignificant for the world’s oceans but important for
coastal ecosystems. Nat. Commun. 2020, 11, 1260-1273. [CrossRef] [PubMed]


https://doi.org/10.1016/bs.mie.2018.10.009
https://doi.org/10.1016/0076-6879(95)59054-4
https://www.ncbi.nlm.nih.gov/pubmed/8538464
https://doi.org/10.1038/s41467-019-09747-0
https://www.ncbi.nlm.nih.gov/pubmed/31000700
https://doi.org/10.1007/s00792-021-01236-x
https://www.ncbi.nlm.nih.gov/pubmed/34196828
https://doi.org/10.1128/jb.178.19.5644-5651.1996
https://www.ncbi.nlm.nih.gov/pubmed/8824608
https://doi.org/10.1093/femsre/fuy009
https://doi.org/10.1155/2013/373275
https://doi.org/10.1016/j.semcdb.2018.01.004
https://doi.org/10.1021/bi201486f
https://doi.org/10.1021/ja208844j
https://doi.org/10.1038/sj.embor.7400662
https://doi.org/10.1128/AEM.01726-06
https://doi.org/10.1128/jb.130.1.154-159.1977
https://doi.org/10.1038/nrm3658
https://doi.org/10.1016/0092-8674(94)90156-2
https://www.ncbi.nlm.nih.gov/pubmed/8011018
https://doi.org/10.1074/jbc.M402762200
https://doi.org/10.1371/journal.pone.0009412
https://www.ncbi.nlm.nih.gov/pubmed/20195537
https://doi.org/10.1111/j.1574-6976.1997.tb00344.x
https://doi.org/10.1186/1746-1448-2-11
https://www.ncbi.nlm.nih.gov/pubmed/16970815
https://doi.org/10.1111/j.1462-2920.2006.01017.x
https://doi.org/10.1086/652373
https://doi.org/10.1128/MMBR.00051-12
https://www.ncbi.nlm.nih.gov/pubmed/24006468
https://doi.org/10.1016/j.femsec.2004.03.013
https://www.ncbi.nlm.nih.gov/pubmed/19712299
https://doi.org/10.3389/fmicb.2013.00068
https://www.ncbi.nlm.nih.gov/pubmed/23641236
https://doi.org/10.1038/s41467-017-00110-9
https://doi.org/10.1038/s41467-020-15064-8
https://www.ncbi.nlm.nih.gov/pubmed/32152309

Microorganisms 2023, 11, 1629 19 of 19

91.

92.

93.

94.

Filippidou, S.; Wunderlin, T.; Junier, T.; Jeanneret, N.; Dorador, C.; Molina, V.; Johnson, D.R.; Junier, P. A combination of extreme
environmental conditions favor the prevalence of endospore-forming Firmicutes. Front. Microbiol. 2016, 7, 1707. [CrossRef]
Mouser, PJ.; Borton, M.; Darrah, T.H.; Hartsock, A.; Wrighton, K.C. Hydraulic fracturing offers view of microbial life in the deep
terrestrial subsurface. FEMS Microbiol. Ecol. 2016, 92, fiw166. [CrossRef]

Soares, A.; Edwards, A.; An, D.; Bagnoud, A.; Bomberg, M.; Budwill, K.; Caffrey, S.M.; Fields, M.; Gralnick, J.; Kadnikov, V.; et al.
A global perspective on bacterial diversity in the terrestrial deep subsurface. Microbiology 2023, 169, 001172. [CrossRef]

Wilkins, M.].; Daly, R.; Mouser, P; Trexler, R.; Sharma, S.; Cole, D.R.; Wrighton, K.; Biddle, ].E; Denis, E.H.; Fredrickson, ].K,; et al.
Trends and future challenges in sampling in the deep terrestrial biosphere. Front. Microbiol. 2014, 5, 481. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fmicb.2016.01707
https://doi.org/10.1093/femsec/fiw166
https://doi.org/10.1099/mic.0.001172
https://doi.org/10.3389/fmicb.2014.00481

	Introduction 
	Provenance and Description of Piezophiles 
	Geological Provenance of Microorganisms 
	Deep Marine Environments 
	Deep Terrestrial Environments 

	Microorganisms Adapted to Pressurized Environments 

	Current Knowledge of High-Pressure Cellular Adaptations in the Deep Biosphere 
	Motility, Chemotaxis, and Biofilm Adaptations 
	Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface 
	Adaptations in Microorganisms Retrieved from the Deep Terrestrial Subsurface 

	Cell Morphology Adaptations 
	Cell Membrane Adaptations 
	Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface 
	Adaptations in Microorganisms Retrieved from the Deep Terrestrial Subsurface 

	Energetic and Respiration Adaptations 
	Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface 
	Adaptations in Microorganisms Retrieved from the Deep Terrestrial Subsurface 

	Piezolytes as Adaptations 
	Intracellular Lipid Adaptations 
	Protein Adaptations 
	Adaptations in Amino Acid Composition 
	Adaptations in Multimerization 
	Adaptations in Protein Structure and Conformation 
	Ribosome Adaptations 
	Chaperone Adaptations 

	DNA Adaptations 
	Adaptations in Microorganisms Retrieved from the Deep Marine Subsurface 
	Adaptations in Microorganisms Retrieved from the Deep Terrestrial Subsurface 

	Overall Summary of High-Pressure Adaptations in Microorganisms 

	Microbial Diversity in the Deep Biosphere 
	Methodological Challenges in Studying Piezophiles 
	Conclusions 
	References

