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Zarath M. Summers?* and Alain Dolla™
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Microorganisms living in deep-oil reservoirs face extreme conditions of elevated temperature
and hydrostatic pressure. Within these microbial communities, members of the order
Thermotogales are predominant. Among them, the genus Pseudothermotoga is
widespread in oilfield-produced waters. The growth and cell phenotypes under hydrostatic
pressures ranging from 0.1 to 50 MPa of two strains from the same species originating
from subsurface, Pseudothermotoga elfi DSM9442 isolated from a deep African
oil-producing well, and surface, P, effii subsp. lettingae isolated from a thermophilic sulfate-
reducing bioreactor, environments are reported for the first time. The data support evidence
for the piezophilic nature of P elfi DSM9442, with an optimal hydrostatic pressure for
growth of 20 MPa and an upper limit of 40 MPa, and the piezotolerance of P, effii subsp.
lettingae with growth occurring up to 20 MPa only. Under the experimental conditions,
both strains produce mostly acetate and propionate as volatile fatty acids with slight
variations with respect to the hydrostatic pressure for P elfi DSM9442. The data show
that the metabolism of R elfii DSM9442 is optimized when grown at 20 MPa, in agreement
with its piezophilic nature. Both Pseudothermotoga strains form chained cells when the
hydrostatic pressure increases, especially P. elfi DSM9442 for which 44% of cells is
chained when grown at 40 MPa. The viability of the chained cells increases with the
increase in the hydrostatic pressure, indicating that chain formation is a protective
mechanism for P elfi DSM9442.

Keywords: oil-reservoir, hydrostatic pressure, piezophile, chained cells, Pseudothermotoga, thermophilic
anaerobes
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INTRODUCTION

The organisms growing preferentially under a hydrostatic pressure
higher than the atmospheric pressure are called “piezophiles”
(Zobell and Johnson, 1949; Yayanos, 1995). Most microorganisms
characterized as psychrophilic to mesophilic piezophiles belong
to the domain of Bacteria and have been isolated from deep
marine environments. Except for a few bacterial isolates,
thermophilic and hyperthermophilic piezophiles are found in
the domain of Archaea and have been isolated mainly from
deep-sea hydrothermal vents (Picard and Daniel, 2013; Jebbar
et al., 2015). However, the rather limited number of piezophilic
isolates [56 piezophiles isolated to date according to Cario
et al. (2019)] fails to reflect the high diversity of microorganisms
inhabiting subsea and subsurface ecosystems observed by
cultivation-independent techniques. Improvement in cultivation
at elevated pressures should provide access to species adapted
to in situ pressure conditions and thus should result in the
accumulation of more in-depth information on species inhabiting
the deep biosphere (Tamburini et al.,, 2013; Cario et al., 2019;
Garel et al., 2019).

It is known that high hydrostatic pressure impacts the activity
of numerous key processes, leading to a drastic decrease in
cell activity and eventually to the cell death of piezosensitive
organisms (Bartlett, 2002; Simonato et al, 2006; Lauro and
Bartlett, 2008; Tamburini et al., 2013). Piezophiles have developed
various strategies to cope with elevated pressure to maintain
cell integrity and function over a wide hydrostatic pressure
range. According to the genera previously investigated, piezophilic
adaptation requires either the modification of a few genes, a
more profound reorganization of the genome, the fine-tuning
of gene expression, or a stress-like physiological cell response.
The most significant finding in studying the biochemistry of
piezophiles is the discovery of de mnovo synthesis of
polyunsaturated fatty acids (PUFAs), with their proportions
reaching as much as 70% of the total fatty acids (FAs) in the
membranes of these bacteria. The high proportion of PUFAs
may increase the fluidity of the membrane at high hydrostatic
pressure (Allen and Bartlett, 2002; Abe, 2013). The increase
in the unsaturated FAs present in phospholipids has been also
found in intracellular esters of a piezotolerant
hydrocarbonoclastic bacterium (Grossi et al., 2010). A second
major finding is the accumulation of solutes in the bacteria,
which may play the expected role of a “piezolyte” Like the
mechanisms reported for microorganisms in response to osmotic
or heat stresses, piezolytes may play the role of protein-stabilizing
solutes. Accumulations of P-hydroxybutyrate and mannosyl-
glycerate have been reported in Photobacterium profundum and
the hyperthermophilic piezophilic archaeon Thermococcus
barophilus, respectively (Martin et al., 2002; Cario et al., 2016).
Similarly, glutamate has been proposed as a piezolyte in the
piezophiles Desulfovibrio hydrothermalis and Desulfovibrio
piezophilus (Amrani et al, 2014, 2016). Moreover, energy
metabolism has been observed as one of the most important
cellular process impacted in high-pressure adaptation (Le Bihan
et al, 2013; Pradel et al,, 2013). Enzymes produced by high
pressure-adapted bacteria have been shown to exhibit higher

wax

activity under high-pressure conditions than at atmospheric
pressure. In this context, the expression or the structure (for
example, due to amino acid replacements) of enzymes may
be modified in piezophilic microbes, favoring activity and
stability in high-hydrostatic pressure conditions. For examples,
a pressure-resistant terminal oxidase was discovered in Shewanella
violacea (Tamegai et al, 2011); a piezophilic bioluminescent
bacterium isolated at a 2,200 m water depth, Photobacterium
phosphoreum ANT-2200, exhibits higher bioluminescence under
high hydrostatic pressure than at atmospheric pressure (Martini
et al, 2013) while no change at the transcriptional level of
the light-emission involved genes can be detected (Tanet et al.,
2019); and in the anaerobic sulfate-reducing bacterium
D. piezophilus, transcriptomic and biochemical analyses have
shown that metabolite cycling (H,/Formate) is an important
mechanism required for energy conservation at high hydrostatic
pressure (26 MPa; Pradel et al, 2013; Amrani et al, 2016).
However, because these strategies have been identified by
biochemical and genomic studies performed on cultured
piezophilic strains, they yield a fragmented view on the adaptive
mechanisms in piezophiles. One might expect that among the
diverse and uncultured species of the deep biosphere, other
unique and so-far unknown metabolic and physiological strategies
to cope with elevated hydrostatic pressure are yet to be discovered
(Cario et al., 2019).

Deep-oil reservoirs are inhabited by a wide range of
thermophilic anaerobic microorganisms that have to face in situ
high pressure (Cai et al., 2015). Studies of such microbes should
lead to the discovery of unique adaptation strategies to these
extreme conditions. While to date, the pressure within oil
reservoirs (up to 50 MPa) has not been considered to preclude
the development of microbes in situ, it is noted that it influences
their physiological or metabolic properties (Magot et al., 2000).
While some studies describing the oil microbial community
have been carried out while respecting the in situ hydrostatic
pressure of sampling (Kotlar et al., 2011; Lewin et al., 2014),
the influence of high pressure has not been studied for any
microorganisms inhabiting deep-oil reservoirs, while it should
be considered as one of the critical environmental factors that
shape oil reservoir biogeochemistry, and consequently, the
inhabiting microbial community. Studying the effects of
hydrostatic pressure on the development and physiology of
these microorganisms is therefore of great interest for
understanding the dynamics of the oil reservoir microbiome.

Both cultivation- and molecular-based investigations have
demonstrated that members of the order Thermotogales are
ubiquitous and predominant in global oil reservoirs (Magot
et al,, 2000; Magot, 2005; Ollivier and Cayol, 2005). Among
them, representatives of the genera Thermosipho, Geotoga,
Petrotoga, Thermotoga, and Pseudothermotoga are widespread
in oilfield-produced waters (Ollivier and Cayol, 2005; Dahle
et al,, 2008; Ollivier et al., 2014; Bhandari and Gupta, 2014;
Vigneron et al, 2017). To date, the genus Pseudothermotoga
contains seven species, Pseudothermotoga elfii, Pseudothermotoga
lettingae, Pseudothermotoga subterranea, Pseudothermotoga
hypogea,  Pseudothermotoga thermarum, Pseudothermotoga
caldifontis, and Pseudothermotoga profunda. However, P. lettingae
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and P. subterranea were recently proposed to be heterotypic
synonyms of P elfii based on comparative genomic analyses
(Belahbib et al., 2018). Throughout the manuscript, we, therefore,
use the proposed amended classification of these isolates. The
P elfii type strain, P. elfii strain DSM9442, has been isolated
from a deep African oil-producing well (1600-1900 m depth)
with an in situ temperature of 68°C (Ravot et al.,, 1995). Until
now, all strains of P elfii have originated from subsurface
environments with the exception of P elfii subsp. lettingae
(DSM14385; Belahbib et al., 2018) which has been isolated
from a thermophilic sulfate-reducing bioreactor operated at
65°C and at atmospheric pressure with methanol as the sole
substrate (Balk et al., 2002). These two strains belonging to
the same species give us the opportunity to better understand
how microorganisms respond and adapt to hydrostatic pressure
when they originate from either subsurface (P, elfii DSM9442)
or surface (P, elfii subsp. lettingae) environments. Here, we report
the growth characteristics of P, elfii DSM9442 and P. elfii subsp.
lettingae under varying hydrostatic pressure conditions. To our
knowledge, similar studies regarding the response to hydrostatic
pressure involving two microorganisms pertaining to the same
species but having different ecological niches (surface vs.
subsurface) have never been documented.

MATERIALS AND METHODS

Growth Medium and Bacterial Strains

The cultivation medium for cultures of both P elfii DSM9442
and P elfii subsp. lettingae (DSM14385) was based on the
standard culture medium (Ravot et al, 1995) without sugar
to avoid Maillard’s reaction, which can occur at high pressure
and temperature. The modified medium contained, per liter
of distilled water: thiosulfate 3 g, KH,PO, 0.3 g, K,;HPO, 0.3 g,
NH,Cl 1 g, CaCl,.2H,0 0.2 g, KC1 0.1 g, NaCl 10 g, MgCL,-6H,0O
0.2 g, Cysteine-HCI 0.5 g, 0.1% resazurin 1 ml, Balch’s trace
mineral solution 10 ml (Balch et al,, 1979), and biotrypcase
(Panreac, Spain) 2 g, as sole complex carbon and energy source.
The pH was adjusted to 7 with KOH 10 M. The medium was
boiled under a stream of O,-free N, gas and cooled to room
temperature. For routine growth at atmospheric pressure
(0.1 MPa), Hungate tubes containing 5 ml of medium were
prepared under a stream of N,-CO, (80:20). Penicillin vials
containing 40 ml of medium were dedicated to the common
inoculum (at 0.1 MPa) for the kinetics experiments under
various hydrostatic pressures. The tubes and vials were autoclaved
for 20 min at 120°C. Prior to inoculation, 0.1 ml of 2%
Na,S-9H,0, 0.1 ml of 10% NaHCO;, and 0.1 ml of Balch’s
Vitamins (Balch et al., 1979), were added after autoclaving for
5 ml of medium. Cultures were inoculated at a 1:10 ratio and
grown anaerobically at 65°C.

Cultivation for Growth Kinetics

Cultures at high hydrostatic pressure were performed in 500-ml
high-pressure bottles (HPBs, ie., HPB-500). The hydrostatic
pressure was controlled using a piloted pressure generator
(PMHP 600-600, Top Industrie, Vaux-le-Pénil, France) connected

to the HPBs (Tanet et al., 2019). For the growth kinetics, two
consecutive subcultures of the P. elfii strains were grown from
frozen stocks in fully filled 18-ml Hungate tubes at 65°C at
the prescribed hydrostatic pressure for 63 h. Then, the last
cultures were used to inoculate 5 ml of fresh medium in
10-ml gastight glass syringes (Socorex®, D. Dutscher, France)
closed by a piece of rubber septum at the end of the needle.
Triplicate cultures in gastight glass syringes were placed into
the HPBs, pressurized at the prescribed hydrostatic pressure,
and incubated at 65°C. To avoid decompression-recompression
of the samples, each HPB corresponded to a specific incubation
time (0, 6, 12, 16, 20, 36, or 63 h). For each incubation time,
the content of each syringe was transferred to an empty Hungate
tube under anaerobic conditions. Bacterial growth was monitored
with cell counting using epifluorescence microscopy after the
DAPI staining procedure. Briefly, 1 ml of each sample was
fixed with 27 pl of 37% formaldehyde (Sigma-Aldrich, France)
for 15 min at room temperature. Then, the samples were filtered
on 0.22-pm pore-size polycarbonate filters. Filters were stained
with DAPI, mounted on glass slides using nonfluorescent
immersion oil and coverslips, and stored at —20°C until
epifluorescence counting.

End-Products Analysis

Culture samples (1,000 pl) were collected immediately after
inoculation and after growth (63 h). Then, they were centrifuged
for 10 min at 13,400 g (4°C). The supernatants were frozen
in liquid nitrogen and stored at —20°C until use. Volatile FAs
were quantified using a high-performance liquid chromatography
(HPLC; UltiMate 3000, Thermo Scientific) equipped with an
Aminex HPX-87H-300 x 7.8 mm column C18 (Bio-Rad). The
column temperature was 35°C and eluant (H,SO,, 0.005 N)
was used at a flow rate of 0.6 ml min™'. Twenty microliters
of supernatant were injected. The thiosulfate concentration was
measured on an ion chromatograph (761 Compact IC, Metrohm)
equipped with an anion exchange column (Metrosep A Suppl -
250/4.6). Na,CO; (3 mM) was used as the mobile phase at a
flow rate of 1 ml min™ during the first 8 min, followed by
a flow rate of 2.5 ml min'. The culture supernatants were
diluted 10-fold before injection (20 pl). Hydrogen sulfide was
quantified spectrophotometrically according to the Cord-Ruwisch
method (Cord-Ruwisch, 1985).

Microscopy Analyses and Cell Counting

Microscopic observations were performed on an epifluorescence
microscope (BX61 equipped with a 100-W-Hg-lamp and
appropriate filter sets for DAPI, Olympus, France, and an 8-bit
CCD camera C1140 ORCA flash 4.0, Hamamatsu). For cell
counting, microscopic fields were photographed with the Olympus
cellSens™ software (15-20 fields randomly per filter; Van
Wambeke, 1988), and pictures were analyzed using CellC 12
software (Selinummi et al., 2005). The average cell count of
each sample was estimated according to the following formula:

B — Neellx ok x Ly Vsamp+ Viormol 1
Sg Vfi Vsamp D
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where, B = the total number of cells per ml, Ncell = the
average number of cells per field counted by CellC 12, Sf = the
surface filtration - pm? (for a 0.25 mm diameter filter,
Sf = 2.6 x 10° pm?), Sg = the grid surface - pm? (for our
microscope Sg = 133 pm x 133 pm), Vi = volume of filtration -
ml, Vsamp = the volume of sample - ml, Vform = the volume
of formaldehyde 37% - ml, and D = the dilution of the
sample. The growth rates were determined by fitting cell counts
to the logistic model (Martini et al, 2013) using the web
application https://hpteam.shinyapps.io/logistic_microbio/. The
cell morphology was analyzed by transmission microscopy
using Image] software (Eliceiri et al., 2012).

Electron Microscopy

The samples were adsorbed on carbon-formvar copper grids
(200 mesh), negatively stained with 1% uranyl acetate, and
examined with a Philips MORGAGNI 268 electron microscope
operating at 80 kV.

Viability Assays

Viability assays were performed using the LIVE/DEAD™
FIXABLE RED DEAD Stain Cell Kit, 488 nm excitation
(Invitrogen/Life Technologies, France). Cultures of P elfii
DSM9442 at various hydrostatic pressures were performed as
described above. Ten-millimeter cultures in the exponential
growth phase were transferred using an equi-pressure protocol
as previously described (Garel et al., 2019) to a second HPB
containing 10 pl of red fluorescent dye (diluted 1/100 in DMSO).
The mix was incubated for 30 min at room temperature in
the dark. The HPB was then slowly depressurized, and 270 pl
of 37% formaldehyde was added to the mix and further incubated
at room temperature for 15 min for fixation. Samples were
then filtrated onto 0.22-pm pore-size polycarbonate filters, dried,
and mounted on glass slides using nonfluorescent immersion
oil and coverslips. The slides were stored at —20°C until use.
Live and dead cells were visualized and photographed on an
epifluorescence microscope equipped with a CY3 filter using
Olympus cellSens™ software. Manual counting was performed
from the analysis of at least 15 randomly selected fields. The
viability rates were obtained from three biological replicates
at 0.1 MPa and from one biological experiment at high pressure.

Lipid Analysis

For lipid analysis, large-volume cultures were grown in Schott
bottles (8 x 125 ml) that were fully filled. The bottles were
inserted into several HPBs-500; the hydrostatic pressure applied
to the HPBs was transmitted to the culture via the septum
of the Schott bottle closed with a modified plastic screw cap
(Duran group, Germany) including a rubber septum (Fisher
Scientific, France). After incubation for 63 h at 65°C at the
required hydrostatic pressure, the cells were collected by
centrifugation (9,600 g for 20 min at 15°C). Cell pellets were
lyophilized and stored at —20°C until further use. FA analysis
was performed by the Identification Service of the DSMZ
(Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH, Braunschweig, Germany; https://www.dsmz.de/).

Statistics

Statistical analyses were performed with XLSTAT (Addinsoft) using
the Mann-Whitney test, the Kruskal-Wallis test, or the z-test.
Values were considered different at the « = 0.01 significance level.

RESULTS

Growth Kinetics Experiments

Both P. elfii DSM9442 and P. elfii subsp. lettingae are able to
use glucose as their energy source for growth (Ravot et al,
1995; Balk et al., 2002). However, Maillard’s reaction occurs
under a high temperature and pressure yielding a dark yellow-
brown coloration of the culture medium; therefore, glucose
was omitted in all culture media, and biotrypcase was used
as the sole complex carbon and energy source. Cultures of
P elfii DSM9442 at 0.1, 10, 20, 25, 30, 35, 40, and 50 MPa
at 65°C revealed that this strain was able to grow up to 40 MPa,
with no growth observed at 50 MPa after 5 days of incubation.
Growth assays of P, elfii subsp. lettingae at 0.1, 20, and 30 MPa
revealed that it was able to grow up to 20 MPa with no
growth observed at 30 MPa after 5 days of incubation.

The final biomass obtained from both strains cultured at
various hydrostatic pressures was estimated from total cell
counts (Figure 1). The maximal biomass for P. elfii DSM9442
was obtained when cells were grown at 20 MPa with up to
1.15 x 108 cells ml™ as the median value (0.9 x 10® cells ml™!
minimum and 1.69 x 10? cells ml™! maximum). This maximal
biomass was significantly higher (p < 0.001, Mann-Whitney
test) at 20 MPa than that measured at the other pressures.
Concerning P. elfii subsp. lettingae, the final biomasses obtained
when cultures were grown at 0.1 and 20 MPa were similar
(p > 0.05, Mann-Whitney test), with median values of 4.47
and 4.68 x 107 cells ml™, respectively.

The maximal growth rates deduced from the growth kinetics
curves obtained at various hydrostatic pressures are also presented
in Figure 1. Growth curves of P elfii DSM9442 and P. elfii
subsp. lettingae cultured at various hydrostatic pressures are
shown in Supplementary Figure 1. The maximal growth rate
for P elfii DSM9442 was higher at 20 MPa (0.184 h™') than
at the other hydrostatic pressures (<0.114 h™'), whereas it was
quite similar for P. elfii subsp. lettingae grown at either 0.1 or
20 MPa (0.162 and 0.181 h™', respectively).

End-Products Analysis

The end-products of the metabolism were analyzed by HPLC
on culture supernatants of P elfii DSM9442 grown at 0.1, 20,
30, and 40 MPa and of P elfii subsp. lettingae grown at 0.1
and 20 MPa. Fermentation of either peptides or amino acids
contained in the biotrypcase led to the production of acetate
and propionate by P. elfii DSM9442 and P. elfii subsp. lettingae.
Formate, succinate, isobutyrate, and isovalerate were produced
to lower extents, regardless of the hydrostatic pressure applied
to the cultures (Figure 2). Figure 2A shows that, for the same
produced biomass, a lower amount of volatile FAs was obviously
produced by P elfii DSM9442 grown at 20 MPa than at the
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FIGURE 1 | Final biomass and maximal growth rates achieved by the cultures of Pseudothermotoga elfii DSM9442 and P, effii subsp. lettingae grown at various
hydrostatic pressures. The final biomasses estimated from total cells count are represented as gray bars (left axis), and the maximal growth rates calculated from the
growth curves are shown as in black lines (right axis). Data were obtained from at least three independent cultures. The values that are significantly different between
the samples (p < 0.0001, a = 0.01, Mann-Whitney test) are marked with an asterisk.

other hydrostatic pressures. This finding suggested that, at
20 MPa, the metabolism of P. elfii DSM9442 was optimal. This
phenomenon was not observed for P. elfii subsp. lettingae, where
the production of volatile FAs for the same biomass did not
vary distinctly (Figure 2B). Overall, the production levels of
the various volatile FAs compared to acetate were not manifestly
affected by the hydrostatic pressure for either strain
(Figures 2C,D), except for the produced-propionate to the
produced-acetate ratio for P elfii DSM9442, which slightly
increased with the increase in the hydrostatic pressure
(Figure 2C). These findings suggest that the propionate production
pathway was stimulated at elevated hydrostatic pressures.

It has been previously shown that the presence of thiosulfate
enhanced the growth of both P elfii DSM9442 and P elfii
subsp. lettingae, and both strains produced hydrogen sulfide
under this condition (Ravot et al., 1995; Balk et al., 2002).
Thiosulfate can also be used as a sulfur source for the synthesis
of cellular materials, as shown for Thermotoga maritima (Boileau
et al, 2016). Consumption of thiosulfate was thus measured
in the cultures grown at the various hydrostatic pressures.
Figure 3 shows that consumption of thiosulfate and production
of H,S was quite similar for the P. elfii subsp. lettingae cultures
grown at 0.1 and 20 MPa, respectively. In contrast, thiosulfate
consumption decreased when P elfii DSM9442 was grown at
20 MPa compared to other pressures (Figure 3). The highest
thiosulfate consumption was measured when P. elfii DSM9442
was grown at 40 MPa. Consequently, H,S production was the
lowest when cells were grown at 20 MPa and the highest

when cells were grown at 40 MPa. Moreover, the consumed-
thiosulfate to produced-acetate ratio was lower when P elfii
DSM9442 was grown at 20 MPa (1.81 + 0.22) than at 0.1 or
40 MPa (2.76 + 0.23 or 2.83 + 0.42, respectively), indicating
a reduced need to release excess reducing power at 20 MPa.

Cell Morphology According to Pressure

The effects of hydrostatic pressure on the morphology of the
two bacteria were analyzed by microscopy. Both P. elfii DSM 9442
and P elfii subsp. lettingae have been defined as rod-shaped
organisms of 0.5-1 by 2-3 um in size, occurring singly or in
pairs, and surrounded by a characteristic toga, a sheath-like
structure ballooning over the ends (Ravot et al., 1995; Balk et al,
2002; Supplementary Figure 2). The analysis of the morphology
of cells in the early stationary phase by transmission microscopy
revealed that the length of P. elfii DSM9442 single cells was not
significantly affected by the pressure (p > 0.01, Mann-Whitney
test), with median values ranging from 2.43 to 2.74 pm. The
same observation was found for the paired cells; however, when
the cells were grown at 40 MPa, the length of the paired cells
significantly increased (p < 0.0001, Mann-Whitney test) compared
to cells grown at 0.1 MPa, 520 vs. 452 pm, respectively
(Supplementary Figure 3). Pseudothermotoga elfii subsp. lettingae
paired cells appeared slightly longer at 20 than at 0.1 MPa (4.03
vs. 476 pm; p < 0.0001, Mann-Whitney test), suggesting that
hydrostatic pressure affected the length of the paired cells
(Supplementary Figure 3). No significant difference in the length
of the single cells was observed (p > 0.01, Mann-Whitney test).
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In addition to single and paired cells, a third morphotype
was also observed in both P elfii DSM9442 and P. elfii subsp.
lettingae cultures composed of chains including more than two
cells (Supplementary Figure 4). Electron microscopy (TEM)
photographs show that cells included in the chain are
individualized (Figure 4). In the case of P. elfii DSM9442, the
number of chained cells increased from 0.07% of the total
cells at 0.1 MPa to 44% at 40 MPa; in the case of P elfii
subsp. lettingae, the number of chained cells was higher at 20
than at 0.1 MPa but always remained low (0.3% at 20 MPa;
Figure 5). It should be noted that the proportion of chained
cells was quite similar regardless of the time of growth
(Supplementary Figure 5), indicating that chain formation
was independent of the growth phase and instead was a
hydrostatic pressure dependent-phenomenon. In addition, the
sizes of the cells within the chains were similar to the sizes
of single cells (data not shown). Figure 6 shows that the
average number of cells per chain increased with the increase
in hydrostatic pressure to reach ~15 cells per chain when

P elfii DSM9442 was cultured at 40 MPa. In contrast, the
number of cells per chain for P elfii subsp. lettingae was ~5
when grown at both 20 and 0.1 MPa (Figure 6).

Cell Viability at Various Hydrostatic
Pressures

The viability of the single-paired cells and of the chained cells
was assessed by using a fluorescent dye that binds only to the
periphery of the cell when membrane integrity is maintained
(live cell), resulting in a low level of fluorescence, whereas it
penetrates into the cell when the membrane is altered (dead
cell), resulting in a higher level of fluorescence
(Supplementary Figure 6). The protocol was set up to perform
the staining reaction under pressure to limit the bias that could
have been introduced if the fluorescent dye was added after a
depressurization step. Assays were performed on exponentially
growing cells. Interestingly, the percentage of dead cells as
a function of hydrostatic pressure differed for the P elfii
DSM9442 morphotypes (i.e., single-paired cells and chained cells).
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The percentage of dead single-paired cells increased significantly
(p < 0.001, z-test) with increasing hydrostatic pressure; in contrast,
the percentage of dead chained cells was significantly lower at
30 and 40 MPa than at 0.1 and 20 MPa (p < 0.01, z-test;
Figure 7A). These findings suggest a survival benefit for cells
in chains when they are grown at elevated hydrostatic pressures.
It should be noted that all cells constituting a chain were in the
same state, either dead or alive (data not shown). In the case
of P elfii subsp. lettingae, the percentage of dead single-paired
cells was also higher at 20 MPa compared to 0.1 MPa (p < 0.001,
z-test), whereas no dead cells were observed within chains at
either hydrostatic pressure (Figure 7B); however, the overall
number of chains was very low regardless of hydrostatic pressure.

Pressure Effects on the Cellular Fatty-Acid
Composition

The FA compositions were similar for both P elfii DSM9442
and P. elfii subsp. lettingae, with the major FAs being C,q
(>45%), Cig.1woc (12.71-18.95%), Cyg0 (11.44-19.99%), and C,g; e oc
(5.87-9.08%; Table 1). While no clear correlation was found
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FIGURE 3 | Thiosulfate consumption (black bars) and H,S production (gray
bars) by R, elfi DSM9442 and R, elfii subsp. lettingae (expressed as pmol per
108 cells) grown at various hydrostatic pressures.

between the changes in the percentages of the longest (C,5 + Cy)
and total unsaturated FAs and hydrostatic pressures, several
observations should be noted: decreases in the amounts of
saturated Cl14 for both P elfii DSM9442 and P elfii subsp.
lettingae with increasing pressure and an increase in the total
branched iso-anteiso and the detection of unsaturated C,., e oc
and Cy, s at elevated hydrostatic pressures compared to
atmospheric pressure (Table 1). These observations suggest a
fine modification of the membrane composition to manage
elevated hydrostatic pressures.

DISCUSSION

In this study, the differing behaviors of two P elfii strains,
originating from either subsurface (P, elfii DSM9442) or surface
(P, elfii subsp. lettingae) environments, with respect to hydrostatic
pressure, has been highlighted. The final biomass and growth
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FIGURE 5 | Percentages of chained cells in early stationary growth phase
cultures of P, elfi DSM9442 and P, elfii subsp. lettingae grown at various
hydrostatic pressures.

FIGURE 4 | Electron microscopy (TEM) photographs of P, elfi DSM9442 grown at 40 MPa in the early stationary growth phase. Paired cells (A) and chained cells
(B,C). The arrows indicate the location of the septa between cells in the chains. Scale bar = 1 pm.
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indicate p < 0.001 (z-test, a = 0.01).

rate indicate that the growth of P. elfii DSM9442, isolated
from a deep-oil reservoir, is better adapted to high hydrostatic
pressure than to atmospheric pressure, with an optimal hydrostatic
pressure of 20 MPa (tolerance up to 40 MPa). In contrast,
the growth attributes of P elfii subsp. lettingae, isolated from
a bioreactor at atmospheric pressure, are quite similar at
atmospheric pressure and at 20 MPa. Additionally, the pressure
tolerance range of P elfii subsp. lettingae is narrow, as no
growth occurred above 30 MPa. With respect to these findings,
P elfii DSM9442 should be recognized as a piezophilic
microorganism with an optimal hydrostatic pressure of 20 MPa,
which corresponds to the depth of the oil reservoir (1,600-
1,900 m) from which this bacterium has been isolated. In
contrast, P. elfii subsp. lettingae is merely piezotolerant.

In the experiments described here, the only sources of
carbon and energy are peptides and/or amino acids. Energy
conservation arises from amino acid fermentation which leads
to the formation of ATP by substrate-level phosphorylation.
The catabolic pathway of amino acids generates ammonia,
which can be used as a nitrogen source, as well as short-chain
FAs, including acetate, propionate, formate, succinate, and
branched-chain FAs, including isovalerate and isobutyrate (Barker,
1981). Pseudothermotoga elfii DSM9442 and P elfii subsp.
lettingae produce acetate and propionate as major volatile FAs,
whereas isovalerate, formate, succinate, and isobutyrate were
produced to lower extents. It can therefore be assumed that
both strains would metabolize preferential amino acids yielding
mostly the short-chain FAs acetate and propionate and, to a
lower extent, branched-chain amino acids that lead to the
production of the branched-chain FAs isovalerate and isobutyrate.
The favored use of specific amino acids by a microorganism
has already been reported (Rees et al,, 1998). No significant
variation in volatile FA production has been observed with
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TABLE 1 | Fatty acids composition of the two strains grown at 65°C under different hydrostatic pressure conditions (values are expressed in %).

P. elfii subsp. lettingae

P. elfii DSM9442

Fatty acid type 0.1 MPa 20 MPa 0.1 MPa 20 MPa 30 MPa 40 MPa
Ciso 17 1.06 2.48 2.22 1.06 1.06
Cis0 0.51 0.93 1.18 0.78 0.86 0.59
Cie0 4714 45.2 50.1 53.37 53.49 45.71
Cis0iso 0.75 1.32 0.78 1.46 1.15 1.47
Cigi1wrc 1.21

C17.0 anteiso 0.47 0.63 0.87 0.75 0.8 0.68
Ciro 1.69 2.86 3.22 2.98 3.64 3.18
Cigi1woe 17.53 14.54 18.18 15.64 12.71 18.95
Cigitwro 2.38 2.35 2.66 2.2 1.86 2.75
Cigit wso 0.44
Ciso 18.72 19.99 11.44 13.95 18.13 15.78
Cigowece 6.69 7.84 9.08 6.65 5.87 8.43
Coo2w690 112 1.2 0.44 0.95
Co0:1 woc 0.6

Cao0 0.7 0.86

Total longest (C18 + C20) A47.74 46.78 41.36 38.44 39.01 47.3
Total unsaturated (:1 + :2) 28.32 27.14 29.92 24.49 20.88 31.52
Total branched iso-anteiso 1.22 1.95 1.65 2.21 1.95 2.15

respect to the hydrostatic pressure, except for propionate
production, which increases slightly with increasing hydrostatic
pressure in P, elfii DSM9442 cultures. This suggests that hydrostatic
pressure stimulates fermentation routes for propionate production
in this strain, such as the acrylate or succinate pathways, and/
or the catabolic pathways of some specific amino acids (threonine,
methionine, isoleucine, and valine) that lead to the production
of propionate and ATP via propionyl-CoA (Gonzalez-Garcia
et al, 2017). In addition to substrate-level phosphorylation,
energy conservation via electron transport phosphorylation can
also be achieved by the Rnf complex (Biegel et al., 2011;
Fadhlaoui et al., 2018). This complex can catalyze the electron
flow from reduced ferredoxin, generated by amino acid
fermentation pathways, to NAD+, coupled with ion translocation
across the membrane, thus allowing chemiosmotic energy
generation. While the presence of thiosulfate enhances the
growth of both P. elfii strains, its reduction to hydrogen sulfide
is not considered an energy-producing respiratory process but
rather a detoxifying process through elimination of excessive
reducing power (Ravot et al., 1995; Balk et al., 2002). Thiosulfate
consumption, hydrogen sulfide production, and the consumed-
thiosulfate to the produced-acetate ratio are the lowest when
P elfii DSM9442 is cultured at 20 MPa, suggesting that there
is no need to eliminate excess reducing power, indicating that
the coupling between catabolism and anabolism is optimal at
this hydrostatic pressure, which is an additional confirmation
of the piezophilic nature of P elfii DSM9492.

Increases in unsaturated FAs and/or in FA chains length have
been reported to be involved in hydrostatic pressure adaptation
in several bacteria (Allen et al., 1999; Allen and Bartlett, 2002;
Bartlett, 2002; Simonato et al.,, 2006; Abe, 2013; Pradel et al,
2013). In this study, we found that even if the global profiles
of the FA compositions were similar, increases in the branched
iso-anteiso FAs and in unsaturated long-chain Cy, w69 and Cig,
wse were observed at elevated hydrostatic pressures compared to

atmospheric pressure for both P elfii strains. This suggests a
fine modification of the membrane composition to manage the
FA ratio and thus maintain the membrane homeoviscosity at
high pressure. Indeed, increases in the levels of lower-melting-
temperature branched FAs in piezophilic bacteria have been
reported to increase the membrane fluidity (DeLong and Yayanos,
1985; Kates, 1986; Yano et al., 1998). We can hypothesize that
this modification may be enough to increase the fluidity of the
membranes under high pressure for both P elfii strains. Such
particularities have never been reported for the Thermotogales.

The adaptations to high hydrostatic pressure at the
morphological level differ between the two P elfii strains: while
the hydrostatic pressure does not influence the length of P. elfii
DSM9442 cells up to 35 MPa, it induces a significant increase
in the P. elfii subsp. lettingae paired cells size (+25% cell length)
at 20 MPa. Both Pseudothermotoga strains form chained cells
when the hydrostatic pressure increases; however, whereas P, elfii
subsp. lettingae chained cells are rare, they are numerous for
P elfii DSM9442, as they account for 44% of the cells at the
highest hydrostatic pressure tolerated (40 MPa). In addition,
the number of P. elfii DSM9442 cells per chain increases with
the increase in the hydrostatic pressure, reaching up to 15 cells
per chain at 40 MPa. It is noteworthy that chain formation in
P elfii DSM9442 occurs mainly at 40 MPa and is quite rare at
20 MPa, which is the optimal hydrostatic pressure for this strain.
The chained morphotype has not been previously described in
Pseudothermotoga species. It has been reported that when a
microorganism is grown above its optimal hydrostatic pressure,
it tends to become filamentous (Yayanos and Delong, 1987).
This phenomenon has been proposed to be related to a septation
default involving FtsZ ring formation (Aertsen et al., 2004; Ishii
et al., 2004). In this study, TEM images of the pressure-induced
chains clearly show separated cells within chains, indicating that
septation of chained cells is not affected by the hydrostatic
pressure. This observation suggests that chain formation is related

Frontiers in Microbiology | www.frontiersin.org

December 2020 | Volume 11 | Article 588771


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Roumagnac et al.

Pseudothermotoga and Hydrostatic Pressure

to a modification of the toga structure rather than a default
of cell septation. However, further analyses are needed, notably
at the genomic and transcriptomic levels, to determine the
biological mechanisms, regulatory elements, and key genes that
govern chain formation. In addition, the death rate of P elfii
DSM9442 chained cells is lower at high hydrostatic pressure
(40 MPa) than at atmospheric pressure, and the number of
dead single or paired cells increases with the increase in the
hydrostatic pressure for both P elfii strains. This indicates that
chain formation in Pseudothermotoga species should be considered
as a protective mechanism that takes place when high hydrostatic
pressure becomes deleterious rather than a degenerative
phenomenon. Multicell chain formation has already been reported
in members of the order Thermotogales. Marinitoga piezophila
cells, which have been isolated from a deep-sea hydrothermal
vent, appear singly or in chains within the sheath when cultivated
at 40 MPa, the optimal pressure for growth. Under unfavorable
conditions (lower hydrostatic pressure), cells appear elongated
and twisted and chains with up to 10 cells can be occasionally
observed (Alain et al, 2002). In Thermosipho japonicus, the
formation of multicell chains has been reported depending on
the growth phase, with the chain morphotype being more
abundant in the stationary phase than in the early exponential
phase. However, it should be noted that the experiments were
conducted only at atmospheric pressure (Takai and Horikoshi,
2000). This contrasts with P elfii DSM9442 in which chain
formation does not depend on the growth phase. In addition,
no twisted cells were observed when the strain was cultured
under unfavorable conditions (at lower or higher hydrostatic
pressure than the optimal one). In chains, the bacteria collectively
possess a larger surface area. The advantage of chain formation
has been mostly studied for pathogenic bacteria and has shown
that chains confer adhesive properties and/or resistance advantage
to the cells (Yang et al, 2016). In P elfii DSM9442, one can
hypothesize that chains favor intercell communication and
exchanges and, thus, could confer to the cells an energy-saving
advantage under high-pressure conditions. The less pronounced
ability of P. elfii subsp. lettingae to form chains could explain
its difficulties to adapt to high hydrostatic pressures. Overall,
this morphological phenomenon highlights the different
behavior of the two closely related strains with respect to
hydrostatic pressure.

To our knowledge, this is the first time that a thermophilic
anaerobic microorganism originated from a deep-oil reservoir has
been described as piezophilic, thus suggesting that many other
oil reservoir microbes, and particularly thermophilic anaerobes
inhabiting deep-oil reservoirs, may share this physiological feature
with P elfii DSM9442. These findings also suggest that P elfii
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