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Abstract

Piezophiles, by the commonly accepted definition, grow faster under high hydrostatic pressure (HHP) than under ambient
pressure and are believed to exist only in pressurized environments where life has adapted to HHP during evolution.
However, recent findings suggest that piezophiles have developed a common adaptation strategy to cope with multiple types
of stresses including HHP. These results raise a question on the ecological niches of piezophiles: are piezophiles restricted to
habitats with HHP? In this study, we observed that the bacterial strains Sporosarcina psychrophila DSM 6497 and Lysinibacillus
sphaericus LMG 22257, which were isolated from surface environments and then transferred under ambient pressure for half a
century, possess moderately piezophilic characteristics with optimal growth pressures of 7 and 20 MPa, respectively. Their
tolerance to HHP was further enhanced by MgCl, supplementation under the highest tested pressure of 50 MPa. Transcriptomic
analysis was performed to compare gene expression with and without MgCl, supplementation under 50 MPa for S. psychrophila
DSM 6497. Among 4390 genes or transcripts obtained, 915 differentially expressed genes (DEGs) were identified. These DEGs
are primarily associated with the antioxidant defense system, intracellular compatible solute accumulation, and membrane lipid
biosynthesis, which have been reported to be essential for cells to cope with HHP. These findings indicate no in situ pressure

barrier for piezophile isolation, and cells may adopt a common adaptation strategy to cope with different stresses.

Keywords Common adaptation - Transcriptome - MgCl, - Piezophile - High pressure - Stress

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00248-020-01609-3) contains supplementary
material, which is available to authorized users.

P4 Yu Zhang
zhang.yusjtu@sjtu.edu.cn

State Key Laboratory of Microbial Metabolism, School of Life
Sciences and Biotechnology, Shanghai Jiao Tong University,
Shanghai, China

School of Oceanography, Shanghai Jiao Tong University,
Shanghai, China

State Key Laboratory of Ocean Engineering, School of Naval
Architecture, Ocean and Civil Engineering, Shanghai Jiao Tong
University, Shanghai, China

Center for Marine Biotechnology and Biomedicine, Scripps
Institution of Oceanography, University of California, San Diego, La
Jolla, CA, USA

Laboratory for Marine Biology and Biotechnology, Pilot National
Laboratory for Marine Science and Technology (Qingdao),
Qingdao, China

Introduction

Piezophiles (“pressure-loving,” previously known as
barophiles), by the commonly accepted definition, grow faster
under high hydrostatic pressure (HHP) than under ambient
pressure (0.1 MPa) [1]. In 1979, Yayanos and coworkers
succeeded in isolating piezophilic microorganisms from am-
phipods recovered from a depth of 5782 m in the Philippine
Trench, which was the first report on the isolation of a
piezophilic microbe [2]. Since then, many attempts have been
made to isolate piezophilic microorganisms. However, only
78 piezophilic isolates have been reported to date, of which 51
strains are psychrophilic Gram-negative bacterial species that
belong to the Gammaproteobacteria class, while 2 strains be-
long to the Alphaproteobacteria class (see Table S1). All of
the piezophilic archaea that have been isolated thus far are
thermophilic and fall within the Euryarchaeota and
Thermotogae phyla, including the obligate piezophilic anaer-
obic hyperthermophilic archacon Pyrococcus yayanosii CH1
[3]. Although these piezophiles are almost all from deep-sea
sediments, marine animals, and hydrothermal vents, few
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strains are isolated from the shallow depth of the sea below
2000 m. The optimal pressure ranges of these piezophiles are
from 7 to 120 MPa. In addition, one archaeal strain
(Methanococcus thermolithotrophicus DSM2095) was isolat-
ed approximately 0.5 m deep from a sandy, geothermally
heated seafloor 2 m offshore of Italy, and the optimal growth
pressure of this strain is 50 MPa [4, 5]. One bacterial strain
(Clostridium paradoxum DSM7308) isolated from a sewage
plant in Athens was recently defined as moderately
piezophilic with an optimal pressure of 22 MPa [6, 7].

It has been challenging to illustrate the mechanisms by
which microorganisms cope with high pressure. To date, the
understanding of HHP adaptation in deep-sea piezophiles has
been primarily based on studies of two model psychrophilic,
piezophilic bacterial strains, Photobacterium profundum SS9
[8] and Shewanella piezotolerans WP3 [9]. For example,
HHP stabilizes DNA hydrogen bonds and stacking interac-
tions [10]; regulates the respiratory chains [11]; influences
the structure and function of proteins [12]; regulates flagellar
motility, affecting microbial predation, chemotaxis, and the
formation of biofilms [13, 14]; and increases the proportions
of mono- and polyunsaturated fatty acids in the membrane to
prevent the loss of fluidity [15]. Therefore, HHP regulates the
metabolism, growth, and evolution of microbes by influenc-
ing the stability of macromolecules and the catalytic activity
of proteins.

To our knowledge, no gene/pathway has been identified to
be unique for HHP adaptation, and recent findings suggest
that piezophiles employ a common adaptation strategy to cope
with multiple types of stresses, such as starvation, acid, salt,
temperature, oxidation, and osmosis [16]. For example,
piezophiles accumulate low molecular weight osmolytes, pri-
marily organic solutes, which have been reported to be re-
sponsible for the responses to extreme cold, heat, salinity,
and pH [17]. Bacteria have a strong antioxidative capability
to promote adaptation to HHP and low temperature [18].
Previously, magnesium and calcium ions were shown to en-
hance barotolerance in at least two members of the bacterial
genus Streptococcus [19]. To approach the in vivo rates of
protein synthesis in vitro, supplementation with magnesium
and sodium ions was necessary for cell extracts of
Pseudomonas bathycetes, a deep-sea isolate obtained from
the Mariana Trench [20]. Both ribosome stability and DNA
gyrase—mediated DNA supercoiling in Escherichia coli are
sensitive to magnesium ion concentrations at different pres-
sures such that the increasing magnesium concentration also
renders the two reactions pressure insensitive [21]. However,
the combined effect of high concentrations of MgCl, and
HHP and whether microorganisms adapted to high concentra-
tions of MgCl, are piezophiles have not been fully
investigated.

In this study, we addressed the questions above by inves-
tigating the piezophily of two strains isolated from ambient
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environments with high tolerance to MgCl,. Sporosarcina
psychrophila DSM 6497 and Lysinibacillus sphaericus
LMG 22257 were obtained from DSMZ in Germany and
BCCM/LMG in Belgium, respectively. S. psychrophila
DSM 6497 was isolated from soil, mud, and water [22], while
L. sphaericus LMG 22257 was isolated from calcareous
sludge from a biocatalytic ureolytic calcification reactor
[23]. Both of these strains have shown high tolerance to high
concentrations of MgCl, and CaCl, and therefore have been
used to induce carbonate precipitation for industrial applica-
tions [24, 25]. Thus, we chose these two strains as candidate
microorganisms to study the combined effect of MgCl, and
HHP to further explore the possibility that microorganisms
adapted to high concentrations of MgCl, are piezophiles.

Materials and Methods
Strains and Culture Conditions

The bacterial strains used in the study are S. psychrophila
DSM 6497 and L. sphaericus LMG 22257. S. psychrophila
DSM 6497 was grown in a medium containing (per liter) 13 g
of nutrient broth medium, and the pH was adjusted to 7.0.
L. sphaericus LMG 22257 was grown in a medium containing
(per liter) 13 g of nutrient broth medium and 10 g of NH4Cl,
and the pH was adjusted to 8.8. In addition, 5 g/L of NaNO;
was added to the medium for the growth of the two strains at
different pressures under static cultivation. Triplicate cultures
were incubated for the physiological characterization of the
two strains. To identify the optimal temperature, pH, and sa-
linity for growth, the two strains were cultured in shake flasks
under aerobic conditions at 0.1 MPa. Optimal temperature
conditions were determined at the range of 4-37 °C and 4—
50 °C for S. psychrophila DSM 6497 and L. sphaericus LMG
22257, respectively. Optimal salinities were determined at the
range of 0.36—7% NacCl, and optimal pH conditions were de-
termined at the range of 5-10 for the two strains. For analysis
of the growth of the strains at HHP, each culture was grown to
the mid-log phase in shake flasks at 0.1 MPa and at the
abovementioned optimal temperature, pH, and salinity. The
log-phase cultures were diluted in the same medium, and ali-
quots of the diluted cultures were withdrawn into 50-ml dis-
posable plastic syringes with needles stuck into rubber stop-
pers. The syringes were then incubated at different hydrostatic
pressures in stainless steel pressure vessels. High pressure was
achieved and controlled by adding water through the hand-
operated pump which was fitted with a pressure gauge as
described in previous works [26, 27]. The growth of the
strains at atmospheric pressure was also measured in the sy-
ringes under static cultivation as controls. A range of pressures
(0.1, 7, 20, 30, 40, and 50 MPa) were tested for
S. psychrophila DSM 6497, and a different pressure range
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(0.1, 10, 20, 30, 40, and 50 MPa) was tested for L. sphaericus
LMG 22257. The optimal growth temperature, salinity, and
pH were used to test the pressure range under anoxic condition
for the two strains. The high-pressure cultivation equipment
was developed at Shanghai Jiao Tong University, China. Cell
growth was measured by optical density (OD600) analysis.
Growth rates were calculated by fitting the exponential-
phase growth data with a simple linear regression. If neces-
sary, different concentrations of MgCl, (0.1, 0.2, 0.25, 0.3,
and 0.4 M) were added to the medium.

Phylogenetic Analysis and Alignment

The 16S rRNA gene sequences were aligned with the same
region of the closest relatives. Sequences were obtained with
NCBI BLAST. The sequences were aligned using Clustal X
2.0 [28]. A phylogenetic tree was constructed using the
neighbor-joining method [29] with the model Kimura 2-pa-
rameter, and a bootstrap analysis with 1000 replicates was
performed to assess the robustness of the tree. Finally, the tree
was plotted using MEGA version 6.0 [30].

RNA Extraction and Sequencing

Mid-log phase cells of S. psychrophila DSM 6497 at 50 MPa
with and without 0.25 M MgCl, were harvested to extract
total RNA using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. Genomic
DNA was removed with DNase I, and ribosomal RNA
(rRNA) was removed with a Ribo-off rRNA Depletion Kit
(bacteria) (Vazyme Biotech Co., Ltd., Nanjing, China). A
complementary DNA (cDNA) library was generated using a
VAHTS™ Stranded mRNA-seq Library Prep Kit for Illumina
(Vazyme Biotech Co., Ltd.). Paired-end reads were sequenced
on the [llumina HiSeq X Ten (Illumina, San Diego, CA, USA)
platform at Sangon Biotech (Shanghai Co., Ltd., China).
Three independent biological replicates were prepared under
each condition.

Bioinformatics Analysis

The sequencing quality controls of the raw reads produced by
[lumina HiSeq X Ten were assessed using FastQC [31], and
all samples passed. The clean data were trimmed from raw
reads with Trimmomatic [32] for further analysis by removing
adapter sequences, low-quality reads (Q value of < 20), am-
biguous “N” nucleotides, and fragments of <35 bp. Unique
sequences were mapped to the S. psychrophila DSM 6497
genome with Bowtie 2 [33], and the relevant mapping infor-
mation was summarized. The uniquely mapped reads were
collected and analyzed with the DESeq2 package based on
the Poisson distribution to identify the differentially expressed
genes (DEGs) (estimation of gene expression levels based on

the transcript per million (TPM) values [34]). The DEGs were
selected by a threshold of false discovery rate (FDR) <0.05
and an absolute log?2 ratio value > 1 among the three biolog-
ical replicates. Furthermore, the sequences of the DEGs were
compared with those in the NCBI nonredundant (Nr), Gene
Ontology (GO), Clusters of Orthologous Groups of proteins
(COG), and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases to identify and annotate the obtained
DEGs using the BLAST software. An FDR of <0.05 was
used to determine the significance of the GO, COG, and
KEGG enrichment analyses. The GO enrichment analysis
was performed using the topGO package [35].

Quantitative Real-time PCR

To validate the RNA-Seq data, the expression levels of 10
randomly selected genes were quantified using quantitative
real-time PCR (qQRT-PCR). The primers were designed using
Primer Express (Applied Biosystems, Foster City, CA, USA)
and are listed in Table S2. According to the manufacturer’s
instructions for PowerUp™ SYBR™ Green Master Mix
(Applied Biosystems, Foster City, CA, USA), qRT-PCR
was performed on a StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) using the fol-
lowing program: 95 °C for 10 min, followed by 40 cycles of
95 °C for 15 s and 60 °C for 1 min. All qRT-PCR analyses
were performed with three biological and three technical rep-
licates. The RNA-Seq fold changes were plotted against the
qRT-PCR fold changes, and the correlation coefficients (R?)
between these two data sets were calculated.

Results

The Two Bacterial Strains from Atmospheric
Environments Exhibited Moderately Piezophilic
Characteristics

The temperature, salinity, and pH ranges for S. psychrophila
DSM 6497 and L. sphaericus LMG 22257 were first deter-
mined. For S. psychrophila DSM 6497, apparent growth was
recorded at temperatures between 4 and 30 °C (optimum
25 °C), at pH 5-10 (optimum pH 7-9), and with 0.36-5%
NaCl (optimum at 0.36%). For L. sphaericus LMG 22257,
apparent growth was observed at temperatures between 4
and 45 °C (optimum 30 °C), at pH 6.3-10 (optimum
pH 8.8) and with 0.36—7% NaCl (optimum at 0.36%) (Fig.
S1). The growth pressures of S. psychrophila DSM 6497 and
L. sphaericus LMG 22257 at the optimal temperature, pH, and
NaCl were then measured. The pressure ranges of
S. psychrophila DSM 6497 and L. sphaericus LMG 22257
were both 0.1 to 50 MPa, and they exhibited optimal growth at
7 and 20 MPa, respectively (Fig. 1a, b). In a previous study,
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Fig. 1 Specific growth rates of a S. psychrophila DSM 6497 and b
L. sphaericus LMG 22257 under different pressures. ¢ Phylogenetic
tree of the two strains based on 16S rRNA sequences. The related
sequences and the isolation environment are shown. The piezophiles in
this study are marked with black dots, and the piezophiles isolated from

moderately piezophilic bacteria are defined as bacteria
displaying optimal growth at a pressure less than 40 MPa,
and which are able to grow well at atmospheric pressure
[11]. Therefore, the two strains are moderate piezophiles.
Based on the phylogenetic tree of 16S rRNA genes, these
strains clustered with strains isolated from ambient environ-
ments and were distinguished from other piezophiles isolated
from environments under HHP (Fig. 1c).

Effects of MgCl, on the Growth of S. psychrophila
DSM 6497 and L. sphaericus LMG 22257

Different concentrations of MgCl, (0, 0.1, 0.2, 0.25, 0.3, and
0.4 M) were supplemented into the culture medium to study
its effect on the growth of S. psychrophila DSM 6497 and
L. sphaericus LMG 22257. The growth of S. psychrophila
DSM 6497 was inhibited to a certain extent at ambient pres-
sure (0.1 MPa) in a medium supplemented with 0.1 to 0.4 M
MgCl, (Fig. 2a, d). The growth of S. psychrophila DSM 6497
was also inhibited at optimal pressure (7 MPa) when the me-
dium was supplemented with MgCl, (Fig. 2b, d).
Furthermore, when cultured at the extreme HHP (50 MPa),
the growth of this strain was stimulated in the medium sup-
plemented with MgCl, at a concentration below 0.25 M (Fig.
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NR_036942.1|Sporosarcina psychrophile W16A (Soil and river water)
100® KU569324.1|Sporosarcina psychrophile DSM 6497 7 MPa
JF896459.1|Bacillus sp. VS1 (Tropical sand beach in Singapore)
KC464455.1|Bacillus sp. VUKS (Garden soil in Ukraine)
62— ® KU569323.1|Lysinibacillus sphaericus LMG22257 20 MPa
A CP017763.1|Bacillus subtilis 29R7-12 (Coal-bearing sediment at 1180 m of Northwestern Pacific) 10 MPa
A . C155965.1|Virgibacillus pantothenticus 19R1-5 (Coal-bearing sediment at 1180 m of Northwestern Pacific) 20 MPa
g‘ DQO027061.1|Carnobacterium sp. AT7 (Seawater at 2500 m of Aleutian Trench) 15 MPa
100 4 DQ027062.1|Carnobacterium sp. AT12 (Seawater at 2500 m of Aleutian Trench) 15 MPa
A KC794015.1|Anoxybacter fermentans DY22613
(Hydrothermal sulfide deposit at 2891 m of East Pacific Rise) 20 MPa

the deep sea are marked with black triangles. The red font indicates the
optimal pressure of the piezophile. The tree was constructed with MEGA
6.0 using the neighbor-joining method with 1000 replicates of
bootstrapping. Bar 0.02 substitutions per nucleotide position

2c, d). L. sphaericus LMG 22257 showed a similar inhibited
phenomenon in its growth at 0.1 and 20 MPa supplemented
with MgCl,, and its growth at 50 MPa was also stimulated by
the addition of MgCl, (Fig. S2). Therefore, the growth of
these two moderately piezophilic strains tested under extreme
pressure conditions was enhanced by supplementing the me-
dium with MgCl,.

Global Transcriptome Analysis

S. psychrophila DSM 6497 cells at the mid-logarithmic
growth phase at 50 MPa in the medium supplemented with
or without 0.25 M MgCl, were collected to extract RNA for
sequencing. As shown in Fig. 2d, 0.25 M is the maximum
concentration of MgCl, that has apparent stimulating effect
on the bacterial growth under 50 MPa. Using the HiSeq X Ten
platform, we generated an average of approximately 4.18 Gb
from the MgCl,-treated samples (ML) and 4.02 Gb clean
reads from the control samples (CL). In this study, the average
mapping ratios with the reference genome were 99.43% (ML)
and 91.76% (CL), the average mapping ratios for genes were
96.70% (ML) and 91.28% (CL), and 4390 genes were detect-
ed for both samples (Table S3). An absolute |fold change| > 2
and a ¢ value <0.05 were the thresholds applied to assess the
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Fig.2 Growth curves of S. psychrophila DSM 6497 under a 0.1 MPa, b 7 MPa, and ¢ 50 MPa supplemented with different concentrations of MgCl,, and

d specific growth rates calculated based on the above data

significance of the differences in gene expression. A total of
915 DEGs were detected, where 449 DEGs were upregulated
and 466 DEGs were downregulated between the ML and CL
samples (Table S4). Subsequently, 10 selected genes were
selected to validate the RNA-Seq results by qRT-PCR (R* =

0.9602) (Fig. S3), and the results confirmed the reliability of
the transcriptome data.

GO and COG Analysis of DEGs

The functions of all the DEGs identified in this study were
classified by GO assignments [36]. Of the total of 915 DEGs,
747 were annotated according to the GO database and are
classified as “biological process,” “cellular component,” and
“molecular function.” The results covered 46 important and
functional groups including 21 for biological process, 14 for
cellular components, and 11 for molecular function (Fig. S4).
The two largest subcategories observed in the three GO cate-
gories were as follows: “cellular process” and “metabolic pro-
cess” in the “biological process” category, “cell part” in the
“cellular component” category, and “catalytic activity” and
“binding” in the “molecular function” category. GO terms
enriched in all of the DEGs were identified using a threshold
of g value <0.05. The results revealed that 25 GO terms were
significantly enriched, all of which were distributed in the

“biological processes” categories, and the functions of the
GO terms were primarily involved in ion homeostasis and
transport, thiamine metabolism, and IMP biosynthetic pro-
cess. The analysis of the enriched DEGs in GO terms showed
that most of the DEGs were upregulated genes.

The functions of the DEGs identified in this study were
also classified by COG assignments. Based on a ¢ value <
0.05, the COGs enriched in all of the DEGs were primarily
distributed in inorganic ion transport and metabolism and co-
enzyme transport and metabolism (Fig. 3).

Identification of Important DEGs Between ML and CL

Based on the results of the GO and COG analysis, DEGs
between ML and CL were primarily related to inorganic ion
transport and metabolism (ion homeostasis) and coenzyme
transport and metabolism (thiamine metabolism). Therefore,
the DEGs involved in these functions were further described
in detail (Table 1).

lon Transport and Metabolism
Most of the genes involved in iron transport and metabolism,

including the iron dicitrate ABC transporter, iron siderophore
transporter, ferrichrome ABC transporter, and heme ABC
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Fig. 3 COG categories of DEGs
for S. psychrophila DSM 6497
between the 50-MPa incubation
samples with 0.25 M MgCl,
(ML) and the control samples
without MgCl, (CL). The ma-
genta histogram indicates upreg-
ulated genes of ML compared
with those of CL; the blue histo-
gram indicates downregulated
genes of ML compared with those
of CL

COG category

Carbohydrate transport and metabolism
General function prediction only

Translation, ribosomal structure and biogenesis
Coenzyme transport and metabolism

Inorganic ion transport and metabolism

Amino acid transport and metabolism

transporter, were upregulated by the addition of MgCl,. The
ferric uptake regulatory protein (fur, AZE41 13160) showed
a 2.2-fold higher expression level in ML than in CL. Fur is
typically considered a repressor of ferric uptake, and the pro-
moters of iron uptake genes are negatively regulated by Fur
[37]. In addition, genes related to cysteine, including cysteine
synthase (AZE41 06755), cysteine ABC transporter perme-
ase (AZE41 06825), and cysteine ABC transporter permease
(AZE41 _04940), were observed to be upregulated.
Furthermore, three genes annotated as Fe-S cluster assembly
proteins (AZE41 04950, AZE41 04945, and AZE41 04935)
were all upregulated. In terms of manganese ion transport-
related DEGs, AZE41 07265, AZE41 07270, and
AZE41 07260 were significantly upregulated. Moreover,
the manganese regulatory gene AZE41 02440 (mntR) was
downregulated. MntR is generally responsible for manganese
ion homeostasis and belongs to the DtxR protein superfamily.
This protein represses the expression of manganese ion trans-
port proteins [38]. These results showed that the addition of
MgCl, enhanced manganese ion transport.

Oxidative Stress Defense

For oxidative stress defense, the gene encoding catalase
(AZE41 05625) was upregulated by 2.76-fold. Catalase pri-
marily converts H,O, to H,O and O, to reduce damage to
organisms and plays a crucial role at high concentrations of
H,0,. The thioredoxin reductase genes (AZE41 14520 and
AZEA41 04900) were upregulated by 55.44- and 2.56-fold,
respectively, and another thioredoxin gene (AZE41 03300)
was downregulated 2.04-fold. Thioredoxin reductase, as an
important antioxidant, could constitute a thioredoxin system
with thioredoxin and NADPH; thus, oxidized thioredoxin
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would be reduced to reduced thioredoxin. The addition of
MgCl, resulted in increased generation of reduced thioredoxin
to defend against oxidative stress.

Compatible Solute Accumulation

The genes associated with glycine betaine synthesis and trans-
port were upregulated and included the betaine-aldehyde de-
hydrogenase gene (AZE41_14080) and glycine betaine trans-
port genes (AZE41 06795, AZE41 06790, and
AZEA41 06785), of which betaine-aldehyde dehydrogenase
is the key enzyme in the synthesis of glycine betaine. In addi-
tion, the genes encoding proteins involved in the transport of
ectoine and hydroxyectoine (AZE41 06830 and
AZE41 10390) were upregulated. The upregulated genes also
included those encoding glutamate synthase (AZE41 08330)
and the glutamate/protein symporter (AZE41 18560), where-
as the genes encoding the Na*/glutamate symporter were
downregulated. These results suggested that supplementation
with MgCl, promoted the accumulation of compatible solutes
in the cells.

Amino Acid Biosynthesis

The genes involved in valine, leucine, and isoleucine biosyn-
thesis (AZE41 17870, AZE41 17875, AZE41 17900,
AZE41 17905, AZE41 17895, AZE41 17880,
AZE41 17885, AZE41 17890, and AZE41 12410) were all
upregulated (Fig. S5). The branched chain amino acids valine,
leucine, and isoleucine form the hydrophobic core of proteins
and are precursors of branched chain fatty acid biosynthesis.
The membrane lipid fatty acids of most Bacillus species are
branched chain fatty acids that can maintain the fluidity of the
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Table1 Selected significant differentially expressed genes (DEGs) for S. psychrophila DSM 6497 between samples at 50 MPa with (ML) and without
(CL) 0.25 M MgCl,
Functions Gene Gene description Mean TPM Mean Log2 q value
(ML) TPM (CL) (FoldChange)
Iron transport and ~ AZE41 02985 Iron ABC transporter 34.97 1.88 4.22 8.5E-12
metabolism AZE41 08375  Iron ABC transporter 130.31 8.61 3.92 7.09E-28
AZE41 17920 Iron ABC transporter ATP-binding protein 145.52 14.37 3.34 4.68E—17
AZE41 20900 Iron ABC transporter ATP-binding protein 33.45 2.61 3.68 4.02E-17
AZEA41 02255 Iron ABC transporter ATP-binding protein 266.68 16.44 4.02 3E-22
AZEA1 02245 Iron ABC transporter permease 253.97 21.56 3.56 4.33E-13
AZE41 20905 Iron ABC transporter permease 15.88 1.88 3.08 1.35E-06
AZE41 02250 Iron ABC transporter permease 200.04 12.48 4.00 1.38E—27
AZEA41 08385 Iron ABC transporter permease 65.52 543 3.59 2.08E-10
AZE41 02980 Iron ABC transporter permease 130.65 6.11 442 1.69E—49
AZE41 08370 ATP-binding protein 150.32 18.72 3.01 7.45E-21
AZE41 02990 Iron siderophore-binding protein 30.33 1.95 3.96 4.51E-23
AZE41 14560 Ferrichrome ABC transporter permease 80.38 2.06 5.29 1.13E-26
AZEA41_17930 Heme ABC transporter substrate-binding protein IsdE  31.22 1.83 4.09 0.015
AZEA41 13160  Fe**/Zn** uptake regulation proteins fur 99.80 45.20 1.14 0.0097
AZE41_02260 ABC transporter 62.62 5.10 3.62 1.2E-26
AZE41_18740 ABC transporter 53.04 1.87 4.82 3.6E-24
AZE41_21700 ABC transporter 161.66 22.53 2.84 2.5E-21
AZEA1 19685 ABC transporter ATP-binding protein 61.69 19.50 1.66 7.12E-08
AZEA1 17925 ABC transporter permease 48.88 5.46 3.16 6.82E—-17
AZE41 14970 ABC transporter permease 7.35 3.12 1.24 0.044
AZE41 14550 ABC transporter substrate-binding protein 68.23 1.84 522 1.16E-55
AZE41 14530 ABC transporter substrate-binding protein 62.05 3.23 426 4.35E-19
AZE41 18845 ABC transporter substrate-binding protein 50.86 1.48 5.10 1.68E—29
AZE41 06755 Cysteine synthase 117.34 12.68 321 5.52E-09
AZEA1_06825 Cysteine ABC transporter permease 221.45 86.62 1.35 0.0044
AZE41_04940 Cysteine desulfurase 1982.91 918.54 1.11 0.00092
AZE41 04950 Fe-S cluster assembly protein SufB 1237.89 561.64 1.14 0.00039
AZEA1_04945 Fe-S cluster assembly scaffold protein NifU 1323.75 581.17 1.19 0.00016
AZEA1_04935 Fe-S cluster assembly protein SufD 1369.07 637.52 1.10 0.0013
Manganese AZE41 07265 Manganese ABC transporter permease 166.57 6.50 4.68 3.46E-55
transport AZE41 07270 Manganese ABC transporter substrate-binding protein  164.25 7.53 4.45 1.27E-28
AZE41 07260 Manganese transporter 34.86 1.32 4.72 0.0051
AZEA41 02440 Manganese transport transcriptional regulator 8.27 40.05 —2.28 1.79E-05
Antioxidant activity AZE41 07325 Catalase 16.05 5.76 1.47 0.020
AZEA41 14520 Thioredoxin reductase 160.59 2.90 5.80 4.85E-60
AZE41 04900 Thioredoxin reductase 25.99 10.15 1.36 0.0090
AZE41_03300 Thioredoxin 178.12 363.48 -1.03 2.13E-05
AZE41_00005 Glutathione peroxidase 18.06 40.78 -1.17 0.0042
Compatible solutes AZE41 14080 Betaine-aldehyde dehydrogenase 7.85 1.87 2.08 4.91E-06
AZE41 06795 ABC-type proline/glycine betaine transport systems, — 33.11 4.72 2.81 2.69E—09
periplasmic components
AZE41 06790 ABC-type proline/glycine betaine transport system, 96.56 17.38 247 0.00016
permease component
AZE41 06785 ABC-type proline/glycine betaine transport system, 65.34 14.75 2.15 4.94E-06
ATPase component
AZE41 06830 Ectoine/hydroxyectoine ABC transporter ATP-binding 46.79 18.1 1.37 0.020
protein EhuA
AZE41_10390 6.78 1.42 2.26 0.0061
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Table 1 (continued)

Functions Gene Gene description Mean TPM Mean Log2 q value

(ML) TPM (CL) (FoldChange)
Ectoine/hydroxyectoine ABC transporter ATP-binding
protein EhuA

AZE41_08330 Glutamate synthase 9.74 3.21 1.60 0.0076
AZE41 18560 Glutamate:protein symporter 25.18 333 2.92 1.8E-07
AZE41 20125 Na*/glutamate symporter 4.54 43.10 —3.25 1.43E-16
AZEA1 17845 Na*/glutamate symporter 10.95 23.24 -1.09 0.00031

Membrane lipids AZEA1 17870 Serine/threonine dehydratase 111.10 48.95 1.18 0.0059
AZEA1 17875 3-Isopropylmalate dehydratase small subunit 150.12 69.77 1.11 0.0078
AZE41 17900 Acetolactate synthase small subunit 71.78 31.95 1.17 0.0014
AZE41 17905 Acetolactate synthase catalytic subunit 82.97 27.76 1.58 4.38E-07
AZEA41 17895 Ketol-acid reductoisomerase 46.61 12.89 1.85 4.58E-07
AZE41 17880 Isopropylmalate isomerase 192.01 65.09 1.56 2.52E-06
AZE41 17885 3-Isopropylmalate dehydrogenase 170.50 60.14 1.50 2.15E-06
AZE41 17890 2-Isopropylmalate synthase 139.85 65.04 1.10 0.0021
AZE41 12410 Leucine dehydrogenase 301.64 127.63 1.24 8.51E-07
AZE41 07075 [3-Ketoacyl-ACP synthase 11 18.28 6.44 1.50 0.0010

Thiamine AZE41 01095 Hydroxymethylpyrimidine/phosphomethylpyrimidine  71.56 25.92 1.46 2.43E-05

metabolism kinase

AZE41 01100 Thiamine phosphate synthase 72.92 21.52 1.76 3.31E-05
AZE41_02005 Thiamine biosynthesis protein MoeB 461.32 96.96 225 4.74E-06
AZE41 02010 Thiazole synthase 348.39 72.49 2.26 2.78E-07
AZEA41_02015 Thiamine biosynthesis protein ThiS 69.95 18.45 1.92 0.00052
AZEA41_02020 Hypothetical protein 572.67 19191 1.58 0.00084
AZEA1 02025 Hypothetical protein 717.68 200.42 1.84 0.00067
AZEA1 05955 Acetylomithine deacetylase 5.94 1.40 2.09 0.0047
AZE41 07275 ABC transporter substrate-binding protein 11.80 2.06 2.52 0.010
AZE41 07285 ABC transporter ATP-binding protein 18.66 3.44 2.44 7.37E-06
AZEA1 07290 Thiaminase II 18.02 228 298 1.62E-05
AZEA41 20215 Thiamine biosynthesis protein ThiF 101.31 49.1 1.04 0.045

membrane [39]. Furthermore, the genes encoding (3-ketoacyl-
ACP synthase I and enzymes involved in thiamine pyrophos-
phate (TPP) biosynthesis were upregulated. 3-Ketoacyl-ACP
synthase II can catalyze cis-9-octadecenoic acid biosynthesis,
and TPP, as a cofactor of the enzyme, plays a significant role
in the decarboxylic reaction of «-keto acids.

Discussion
Moderate Piezophiles from the Shallow Sea

In this study, the two piezophiles isolated from ambient envi-
ronments showed moderately piezophilic characteristics. In
1949, Zobell and Johnson began investigating the effects of
hydrostatic pressure on microbial activities. They first used
the term “barophilic” to define organisms whose optimal
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growth occurred at pressures higher than 0.1 MPa or exhibited
arequirement for increased pressure for growth [40]. The term
“piezophilic” has been proposed to replace “barophilic,” as
the prefixes “baro” and “piezo,” derived from Greek, mean
“weight” and “pressure,” respectively [41]. Thus, the word
“piezophilic” is more suitable than “barophilic” to describe
bacteria that grow better at high pressure than at atmospheric
pressure. For the two strains assessed in our study, the two
isolates grew better at high pressure than at atmospheric pres-
sure (Fig. 1a, b). Therefore, we believe that the two strains are
moderately piezophilic microorganisms. Currently, only 78
piezophiles have been isolated, excluding the two piezophiles
in this study. Detailed information on these piezophiles is
summarized in Table S1. After calculating the ratio of the
specific growth rate under optimal and atmospheric pressures,
we also identified 7 strains that could be defined as moderate
piezophiles (Table S5). Previous research supported barophily
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as a ubiquitous characteristic of bacteria from the cold, deep
sea and from depths between 1957 and 10,476 m, and bacteria
from the shallower depths of deep seas should not be
barophilic by extrapolation [42]. However, with the increase
in isolated piezophiles, 9 piezophiles have been isolated from
depths of less than 2000 m: Desulfovibrio profundus 500-1",
Desulfovibrio profundus 80-55", Desulfovibrio piezophilus
CITLV30T, Bacillus subtilis 29R7-12, Virgibacillus
pantothenticus 19R1-5, Thermosipho japonicus THB17,
Methanococcus thermolithotrophicus DSM2095,
Palaeococcus ferrophilus DMIY, and Thermococcus
peptonophilus OG-1" (Table S1). This finding suggests that
piezophiles also exist in the shallow depths of seas. In addi-
tion, a correlation between the isolation depth and optimal
growth pressure was established (Fig. 4). The isolated
piezophilic archaea are primarily mesophilic and thermophil-
ic, and their optimal growth pressures are higher than the in
situ pressure of their isolating environments; meanwhile, the
deeper and hot biosphere is assumed to be their ultimate
source. The isolated bacteria are primarily psychrophilic and
mesophilic, and their optimal growth pressures are lower than
the in situ pressure of their natural habitats. In this study, we
reported S. psychrophila DSM 6497 and L. sphaericus LMG
22257 as moderately piezophilic bacteria originating from the
surface environment, as are the other two isolated strains
Methanococcus thermolithotrophicus DSM2095 [4, 5] and
Clostridium paradoxum DSM7308 [6, 7]. This discovery of
the piezophiles above from the surface environments provides
an alternative strategy for exploring piezophilic microbial
resources.

Transcriptomic Response to MgCl, Supplementation
Under HHP

Surprisingly, Mg”* transporter genes were not among the
DEGs detected, indicating tight control of the intracellular
Mg** concentration, which was unfortunately not monitored
in this study. Organisms must maintain physiological levels of
Mg?*, which is crucial for the stabilization of membranes and

Fig. 4 The optimal pressures of
piezophiles isolated thus far in

ribosomes and the neutralization of nucleic acids, and it is
used as a cofactor in various enzymatic reactions [43].
Furthermore, the supplementation of Mg?* triggers various
cellular responses, such as ion transport and biomolecular
synthesis.

Based on the RNA-Seq results, ion transport and utilization
are important for S. psychrophila DSM 6497 to adapt to
MgCl, supplementation under HHP. Iron is essential for mi-
croorganisms as a cofactor of proteins involved in oxidative
phosphorylation, photosynthesis, nitrogen fixation, and DNA
synthesis, and it exists at suboptimal concentrations owing to
its low solubility under aerobic neutral or alkaline environ-
ments. Microorganisms have a high-affinity siderophore
transport system that can discharge iron ions into the environ-
ment and uptake iron chelators [44, 45]. Moreover, excess
iron is toxic to microorganisms. Under oxygen-rich conditions
resulting from the Fenton reaction, iron is a source of danger-
ous radicals [46]. Therefore, the intracellular iron level needs
to be carefully adjusted. The key protein regulating the bal-
ance of intracellular iron ions is Fur, a repressor protein. Under
iron-rich conditions, Fur inhibits transcription from virtually
all the genes and operons repressed by the metal. In contrast,
when iron is scarce, the equilibrium is shifted toward the re-
lease of Fe’*, RNA polymerase accesses cognate promoters,
and the genes for the biosynthesis of siderophores and other
iron-related functions are expressed [44]. In a previous study,
high-salinity-induced iron limitation of B. subtilis cells not
only caused a derepression of the Fur-controlled dhb operon
but also affected other genes involved in iron homeostasis,
including fhuD, fhuB, feuA, yfiY, and yfimC [47]. Subsequent
studies have shown that not all iron limitation-induced genes
are regulated by Fur, and this also reflects the multiple effects
of iron limitation defects in B. subtilis [48]. In our study, the
addition of MgCl, enhanced the transport of iron ions as well
as the transcriptional level of Fur, indicating the co-occurrence
of iron limitation and toxicity. Furthermore, the uptake of
manganese was stimulated, which helps to prevent protein
damage from the oxidation stress generated from the Fenton
reaction [49]. Antioxidative genes/proteins are commonly
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present in piezophiles. In our study, the antioxidant defense
systems, including the catalase and thioredoxin systems, were
both enhanced to defend against oxidative stress in the cells at
extreme pressure with MgCl, supplementation. In addition,
several genes related to cysteine were upregulated. Cysteine
plays an important role in iron transport, because a high level
of cysteine is an essential component for siderophore biosyn-
thesis in iron transport [50]. In bacteria, cysteine is primarily
derived from the transformation of other amino acids and di-
rectly obtained extracellular cysteine. Furthermore, cysteine
desulfurase can provide sulfur, which is subsequently incor-
porated during in vivo Fe-S cluster synthesis [51]. The genes
encoding proteins involved in Fe-S cluster assembly were also
upregulated, suggesting an enhancement of electron transport
to promote ATP generation and aid in the growth of
S. psychrophila DSM 6497 at extreme pressure. Preliminary
research focusing on Strepfococcus faecalis revealed that
growth inefficiency under pressure could be due to a substan-
tially reduced ATP supply [52].

The genes associated with glycine betaine transport and
synthesis, ectoine/hydroxyectoine transport, and glutamate
biosynthesis were all upregulated, suggesting the accumula-
tion of intracellular compatible solutes with the addition of
MgCl,. Compatible solutes have protective properties, such
as protecting cell metabolism by serving as antioxidants that
scavenge free radicals and reactive oxygen species generated
under stress treatments and stabilizing the structure of biolog-
ical macromolecules (proteins and membranes) [53]. Glycine
betaine is one of the most widespread compatible solutes in
bacteria, which generally take it up from the complex medi-
um. The accumulation of glycine betaine in cells typically
occurs when microorganisms are subjected to hyperosmotic
conditions [54]. Glycine betaine amassed in S. psychrophila
DSM 6497 may protect against osmotic stress after the addi-
tion of MgCl,. Piezophiles tend to accumulate compatible
solutes in cells at high pressure. In P. profundum SS9, cells
preferentially accumulate B-hydroxybutyrate and f3-
hydroxybutyrate oligomers at optimal growth pressure
(28 MPa) [55]. In another study, intracellular glutamate con-
centration increased as the hydrostatic pressure increased,
confirming the role of glutamate as a piezolyte for the
piezophiles Desulfovibrio hydrothermalis AM13 [56] and
Desulfovibrio piezophilus CITLV30" [57]. Previously, the
function of ectoine as a compatible solute in bacterial cells
was primarily believed to maintain osmotic homeostasis in a
high-salt environment [58]. Recently, ectoine was demonstrat-
ed to react with hydroxyl radicals and showed antioxidant
features as a hydroxyl radical scavenger [59]. Cells under
HHP suffer from an imbalance in oxidation and reduction,
and the excessive reactive oxygen species (ROS) generated
from this imbalance can cause cellular damage [16].
Consequently, an increase of MgCl, concentration can cause
the accumulation of compatible solutes, such as ectoine/
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hydroxyectoine and glutamate, in cells that are resistant to cell
damage induced by extreme pressure.

The genes related to membrane lipid biosynthesis, includ-
ing branched chain amino acid biosynthesis, TPP biosynthe-
sis, and 3-ketoacyl-ACP synthase II, were all upregulated
after the addition of MgCl,. Branched fatty acids are impor-
tant components that maintain the fluidity of the membrane.
TPP is a cofactor of acetylated acid synthase, the key enzyme
in branched amino acid biosynthesis [60]. The fabF gene en-
codes the enzyme (3-ketoacyl-ACP synthase II, which cata-
lyzes the production of cis-vaccenic acid [61]. Chemical mu-
tants of P. profundum SS9 producing diminished amounts of
monounsaturated fatty acids are pressure sensitive [62], as is a
strain with a fabF mutation [63]. The increases in branched
and monounsaturated fatty acid production promote the
growth of S. psychrophila DSM 6497 under extreme pressure
with MgCl, treatment. Moreover, eicosapentaenoic acid
(EPA) has been demonstrated as essential polyunsaturated
fatty acids for Shewanella piezotolerans WP3 to grow under
HHP [64]. However, the genes related to polyunsaturated fatty
acids were not among the DEGs in S. psychrophila DSM
6497, suggesting their insignificant role to cope with the high
concentration of MgCl, under elevated pressure.

Common Adaptation Strategy for Piezophiles

Summarizing the transcriptomic results, we propose a sche-
matic diagram to explain the common adaptation mechanism
of piezophiles at extreme pressure treated with MgCl, (Fig. 5).
Based on the hypothesis of a common adaptation strategy,
microorganisms simultaneously adapt to HHP along with
multiple other stresses [16]. In this study, we focused on the
correlated effects of HHP and elevated concentrations of
MgCl,. Supplementation with MgCl, upregulated the expres-
sion of genes involved in the antioxidant defense system,
compatible solute accumulation, and membrane lipid biosyn-
thesis, and the apparent stimulation of growth under HHP was
observed. These stimulated pathways have been shown to be
beneficial for cells to cope with HHP. Antioxidant defense is
commonly observed in bacterial responses to environmental
stresses, including cold, acid, heat, heavy metal, high salt con-
centrations, and UV. For example, antioxidation is essentially
helpful for the growth of the deep-sea bacterial strain
S. piezotolerans WP3 under HHP and low temperature [18].
Piezophiles have also been confirmed to accumulate compat-
ible solutes, primarily organic solutes, which are responsible
for the responses to extreme cold, heat, salinity, and pH [17].
Deep-sea microbes are thought to maintain membrane fluidity
and preserve membrane fluidity at HHP and low temperature
by increasing the proportion of unsaturated fatty acids in their
lipids, because low temperature and HHP both have related
and synergistic effects on biological membranes [65]. Our
data support the idea that piezophiles have developed a
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Fig. 5 Schematic diagram of DEGs for S. psychrophila DSM 6497
between the 50 MPa incubation samples with 0.25 M MgCl, (ML) and
the control samples without MgCl, (CL). The upregulated genes are
shown in red, and the downregulated genes are shown in green. The
functions or pathways in the blue box represent the strategies of micro-
organisms in coping with the stresses of HHP and MgCl,, whereas those
in the purple box represent the strategy of microbes under high concen-
trations of MgCl,. HHP, high hydrostatic pressure; fir, gene encoding
ferric uptake regulation proteins; mntR, gene encoding manganese trans-
port transcriptional regulator; katE, gene encoding catalase; #7xR, gene
encoding thioredoxin reductase; gl/tB/gltD, genes encoding glutamate
synthase; sufB/sufD/nifD, genes encoding Fe-S cluster assembly protein;
gltP, gene encoding glutamate:protein symporter; ehuA, gene encoding

common adaptation strategy to cope with HHP, which also
helps them cope with other types of environmental stresses.
This phenomenon may also be true for all extremophiles.

Conclusion

The rediscovery of two moderately piezophilic bacteria from
ambient environments extends the window of isolation depth
of known piezophiles. The growth of the two strains was also
enhanced under the extreme pressure of 50 MPa after the
addition of MgCl, to the medium. By comparing the tran-
scriptome data of the sample with or without MgCl, at
50 MPa for S. psychrophila DSM 6497, we identified 915
DEGs that were primarily involved in the antioxidant defense
system, intracellular compatible solute accumulation, and
branched chain and monounsaturated fatty acid biosynthesis,
all of which have been reported to be essential for cells to cope
with HHP. These findings support the hypothesis that
piezophiles possess a common adaptation strategy to cope
with various environmental stresses.

ectoine/hydroxyectoine ABC transporter ATP-binding protein; fabF,
gene encoding (3-ketoacyl-ACP synthase II; i/vA, gene encoding threo-
nine dehydratase; i//vB, gene encoding acetolactate synthase catalytic sub-
unit; ilvH, gene encoding acetolactate synthase small subunit; i/vC, gene
encoding ketol-acid reductoisomerase; ilvD, gene encoding dihydroxy-
acid dehydratase; leuA, gene encoding 2-isopropylmalate synthase; leuB,
gene encoding 3-isopropylmalate dehydrogenase; leuC, gene encoding
isopropylmalate isomerase; leuD, gene encoding 3-isopropylmalate
dehydratase small subunit; leuDH, gene encoding 3-isopropylmalate
dehydratase small subunit; [FeS], Fe-S cluster; ‘OH, hydroxyl radical;
CoQ, coenzyme Q; Cytc, cytochrome c; Trx, thioredoxin; TrxS,, oxi-
dized thioredoxin; Trx(SH),, reduced thioredoxin; TrxR, thioredoxin re-
ductase; 16:1A9, cis-hexadecenoic acid; 18:1A11, cis-octadecenoic acid
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