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Abstract

The deep-sea environment is an extremely difficult habitat for microorganisms to survive in due to its intense hydrostatic
pressure. However, the mechanisms by which these organisms adapt to such extreme conditions remain poorly understood.
In this study, we investigated the metabolic adaptations of Microbacterium sediminis YLB-01, a cold and stress-tolerant
microorganism isolated from deep-sea sediments, in response to high-pressure conditions. YLB-01 cells were cultured at
normal atmospheric pressure and 28 °C until they reached the stationary growth phase. Subsequently, the cells were exposed
to either normal pressure or high pressure (30 MPa) at 4 °C for 7 days. Using NMR-based metabolomic and proteomic analy-
ses of YLB-01 cells exposed to high-pressure conditions, we observed significant metabolic changes in several metabolic
pathways, including amino acid, carbohydrate, and lipid metabolism. In particular, the high-pressure treatment stimulates
cell division and triggers the accumulation of UDP-glucose, a critical factor in cell wall formation. This finding highlights
the adaptive strategies used by YLB-01 cells to survive in the challenging high-pressure environments of the deep sea. Spe-
cifically, we discovered that YLB-01 cells regulate amino acid metabolism, promote carbohydrate metabolism, enhance cell
wall synthesis, and improve cell membrane fluidity in response to high pressure. These adaptive mechanisms play essential
roles in supporting the survival and growth of YLB-01 in high-pressure conditions. Our study offers valuable insights into
the molecular mechanisms underlying the metabolic adaptation of deep-sea microorganisms to high-pressure environments.

Key points

o NMR-based metabolomic and proteomic analyses were conducted on Microbacterium sediminis YLB-01 to investigate the
significant alterations in several metabolic pathways in response to high-pressure treatment.

e YLB-01 cells used adaptive strategies (such as regulated amino acid metabolism, promoted carbohydrate metabolism,
enhanced cell wall synthesis, and improved cell membrane fluidity) to survive in the challenging high-pressure environment
of the deep sea.

o High-pressure treatment stimulated cell division and triggered the accumulation of UDP-glucose, a critical factor in cell
wall formation, in Microbacterium sediminis YLB-01 cells.
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Introduction

The deep sea, which encompasses water depths of over
1000 m, constitutes nearly half of the Earth's surface and
three-quarters of the total ocean area (Fang et al. 2010).
This vast and self-contained ecosystem has a high level
of biodiversity, and is crucial for the planet's productivity
(Simmons et al. 2008). Microorganisms living in the deep
sea have developed specialized metabolic adaptations to
cope with extreme environments (Simonato et al. 2006).
Compared to their terrestrial counterparts, deep-sea micro-
organisms face a myriad of environmental stressors (Sogin
et al. 2006). In recent years, research has uncovered some
of the adaptive strategies used by deep-sea microorgan-
isms to survive extreme conditions such as low tempera-
tures, anaerobic environments, and oligotrophic conditions
(Ohmae et al. 2015; Parrilli et al. 2021; Xie et al. 2018).
However, the survival strategies of these microorganisms
are not yet well understood.

The deep-sea environment is characterized by the high
hydrostatic pressures (up to 110 MPa, Mariana Trench),
covering a significant portion of the marine ecosystem and
presenting a formidable challenge (Abe and Horikoshi
2001). Research has clarified the molecular mechanisms
used by microbes to withstand high-pressure conditions,
including the regulation of gene and protein expression
(Campanaro et al. 2005; Ishii et al. 2005), alterations in
flagellar movement (Jian et al. 2016), enhancement of
anaerobic respiration (Xiao et al. 2007), accumulation of
trimethylamine N-oxide (TMAO) (Qin et al. 2021), reduc-
tion of antioxidant stress (Xie et al. 2018), and adjustment
of unsaturated fatty acid proportions in cell membranes
(Delong and Yayanos 1986; Oger and Jebbar 2010). How-
ever, a comprehensive understanding of how deep-sea
microorganisms adapt to the simultaneous challenges of
high pressure and low temperature necessitates a thor-
ough investigation of their metabolic characteristics. By
examining their metabolic profiles, we can gain valuable
insights into their adaptive strategies and mechanisms.

Within the genus of Microbacterium, valuable sec-
ondary metabolites have been identified. Notably, an
actinomycete strain, Microbacterium sediminis YLB-
01 (MCCC 1A06153=DSM 23767), was isolated from
deep-sea sediments in the southwestern Indian Ocean
(49.8405° E 37.8111° S) at a depth of 2327 m (Yu et al.
2013). This strain exhibited tolerance to both low tem-
peratures (LT) and high hydrostatic pressures (HP) (Yu
et al. 2013). To gain further insights into the effects of LT
and HP on YLB-01 cells, we performed a comprehensive
transcriptomic analysis, which revealed significant effects
on key biological processes such as cell division, DNA
damage repair response, energy metabolism, amino acid
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metabolism, fatty acid metabolism, and more (Qiu et al.
2022).

High-pressure environments in the deep sea present
unique challenges, especially when combined with low tem-
peratures. In our previous study, we conducted an NMR-
based metabolomic analysis of YLB-01 cells cultivated at
low temperature (LT) and normal temperature (NT) under
high pressure, comparing their metabolic profiles (LTHP vs.
NTHP). Simultaneously, the effects of high pressure (under
low temperature, HPLT vs. NPLT) on metabolic patterns
were briefly described (Xia et al. 2020). These results high-
light the significant influence of temperature and growth
phase on the metabolic adaptations of YLB-01 cells under
high- pressure conditions. However, the specific mechanisms
by which the deep-sea YLB-01 strain adapts to high-pressure
conditions at low temperature remain largely unexplored.
Investigating the metabolic changes exhibited by YLB-01
cells under high pressure (HP) compared to normal pres-
sure (NP) at low temperature could significantly enhance
our understanding of the adaptations of the YLB-01 strain
to high-pressure conditions.

The aim of this study was to elucidate the metabolic dif-
ferences in YLB-01 cells under high-pressure conditions
compared to normal pressure conditions at low temperature
(HPLT vs. NPLT), and to determine the molecular basis for
the adaptation processes of the YLB-01 strain in high-pres-
sure environments. By using NMR-based metabolomic anal-
ysis and proteomic analysis, we conducted a comprehensive
investigation including changes in metabolite concentration
and protein expression, regulation of metabolic profile and
pathway, and other adjustments involved in the adaptation of
YLB-01 cells to high-pressure conditions. Our results shed
new light on the complex adaptation mechanisms used by
deep-sea microorganisms to survive in the challenging high-
pressure environments.

Materials and methods
Strain information and cultural conditions

A single colony of the Microbacterium sediminis YLB-01
(MCCC 1A06153=DSM 23767) strain was inoculated from
an agar plate into individual test tubes containing 5 mL of
tryptone soy broth (TSB) medium. The test tubes were then
incubated in a shaker at 28 °C for 12 h. Subsequently, the
seed cultures were transferred to 150-mL Erlenmeyer flasks
at a ratio of 1:20, with each flask containing 100 mL of TSB
medium.

We created specific culture conditions to imitate the
challenging conditions of the deep-sea high-pressure envi-
ronment, such as 30 MPa at 4 °C (high pressure and low
temperature, HPLT) and 0.1 MPa at 4 °C (normal pressure
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and low temperature, NPLT). To ensure an adequate cell
number, YLB-01 cultures were initially cultured under
optimal conditions (28 °C, 0.1 MPa) for 24 h. The optical
density at 600 nm (ODg, ,,,) Of the cell cultures was meas-
ured using an automatic growth curve analyzer (FP-1100-C,
Growth Curves Ab Ltd., Finland). Once the cultures reached
the stationary growth phase, the cells were transferred into
a 100-mL sterile saline bag and placed in a high-pressure
culture kettle. This kettle, obtained from Nantong Feiyu
Company, China, was specifically designed to simulate the
high-pressure conditions of the deep sea (Zhang et al. 2015).
The cells were then exposed to either 30 MPa (the HPLT
group, N=28) or 0.1 MPa (the NPLT group, N=7) at 4 °C for
7 days. Hydrostatic pressure was created by injecting deion-
ized water into the vessel. The pressure increased immedi-
ately within a few seconds, ensuring that the cells were alive.

Aqueous metabolite extraction

Following the culturing of the YLB-01 cells, 100 mL of
the culture was placed into a 250-mL centrifuge bottle and
then centrifuged at 4 °C (6000 g, 5 min). The supernatant
was carefully decanted, and the cell pellets were rapidly
cooled to -40 °C using 100 mL of a buffer composed of
a 3:2 methanol/water mixture containing 0.85% (wt/vol)
NaCl. The mixture was centrifuged again at 4 °C (6000 g,
5 min). The cell pellets were washed three times with 5 mL
of cold phosphate-buffered saline (PBS) and centrifuged at
4 °C (6000 g, 5 min) after each wash. Finally, the cell pellets
were stored at -80 °C until further use.

Aqueous metabolites were extracted from the frozen cell
pellets according to a previously described protocol (Ye
et al. 2012). Initially, 600 pL of a cold extraction buffer con-
sisting of a 1:1 mixture of distilled water and acetonitrile
was added to homogenize the samples. The mixtures were
then sonicated on wet ice for 180 cycles, with each cycle
consisting of 2 s of ultrasound followed by a 3-s pause, and
then centrifugation at 4 °C (12,000 g, 10 min). To harvest
metabolites from the residues, 600 pL of extraction solution
was added and then the samples were centrifuged a sec-
ond time. The supernatants were collected and lyophilized,
resulting in an extract powder that was stored at -80 °C for
further analysis.

Sample preparation for NMR-based metabonomics
analysis

The lyophilized extract powder of YLB-01 cells was dis-
solved in 550 pL of phosphate buffer [50 mM K,HPO,/
NaH,PO,, 10% (v/v) D,0, 1 mM 3-(Trimethylsilyl) pro-
pionate-2,2,3,3-d4 acid sodium salt (TSP), pH 7.4] to pre-
pare the NMR samples. After vigorous mixing, the samples
were centrifuged at 4 °C (12,000 g, 15 min) to remove any

insoluble components. Clear supernatant aliquots were then
transferred to 5S-mm NMR tubes for further analysis.

NMR experiments

All NMR experiments were performed on the samples pre-
pared from YLB-01 cells with a Bruker Avance III 600 MHz
spectrometer (Bruker BioSpin, Germany) at a temperature
of 25 °C. 1D 'H NOESY spectra were recorded using the
pulse sequence noesygpprld [(RD)-90°-t,-90°-t_-90°-
ACQ)]. Water suppression was achieved by irradiating the
water resonance during the recycle delay (RD) of 4.0 s. The
short delay t; was set to 4.0 ps, and the mixing time t,, was
100 ms. The spectral width was set to 16 ppm, the acquisi-
tion time ACQ was 2 s and 32 transients were collected into
64 K data points for each spectrum.

NMR data processing and analysis

The '"H-NMR spectra were processed using the MestReN-
ova program. The FID (Free Induction Decay) signal was
subjected to window function processing with a line broad-
ening of 0.30 Hz and Fourier transformed. Manual adjust-
ments were made for baseline and phase corrections, and
the chemical shifts were calibrated using TSP (0.00 ppm)
as a reference. To minimize the impact of imperfect water
suppression, water resonances between 8 4.70-5.10 ppm
were excluded from further analysis. The NMR spectrum
was segmented using a binning size of 0.001 ppm.

For data normalization, the NMR integrals were nor-
malized by the sum of the integrals using the MATLAB
program (version 2020a). This approach accounted for any
discrepancies in cell numbers between samples.

Resonance assignments of aqueous metabolites were per-
formed based on the "H-NMR spectra using the Chenomx
NMR Suite 8.3 (Chenomx Inc, Canada), the HMDB data-
base (https://hmdb.ca/), and relevant references. The Che-
nomx NMR Suite facilitated the identification of metabolites
by comparing their spectral patterns with the reference spec-
tra stored in the database. Additionally, the HMDB database
served as a valuable resource for confirming the identity of
metabolites based on their chemical shifts and other spectral
features.

Univariate statistical analysis

Data analysis was performed using the IBM SPSS 19 soft-
ware. Student's t-test was used to identify metabolites with
significant concentration differences between the HPLT and
NPLT groups. The results were presented as mean =+ SD. Sta-
tistical significance was as follows: p>0.05 (ns), p <0.05
(*), p<0.01 (**), p<0.001 (***) and p <0.0001 (****).
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Metabolites with a p-value < 0.05 were considered as dif-
ferential metabolites.

Multivariate statistical analysis

The normalized NMR spectral data were imported into the
SIMCA software (MKS Umetrics, Sweden, version 14.0)
and subjected to Pareto-scaling to balance the influence of
different metabolites. To gain a comprehensive understand-
ing of the data, various multivariate statistical analyses
were performed, including principal component analysis
(PCA), partial least squares discriminant analysis (PLS-DA),
and orthogonal partial least squares discriminant analysis
(OPLS-DA). PCA provided an overview of the inherent pat-
terns and clustering in the data, while PLS-DA and OPLS-
DA maximized the separation between the metabolic profiles
of different groups.

To assess the reliability of the OPLS-DA model, a
response permutation test with 200 cycles was conducted. In
this test, class assignments of the samples were randomized
multiple times to establish a null distribution and assess the
predictive ability of the model. The resulting cross-valuation
plot provided insight into the robustness of the model.

Metabolites with a Variable Importance in Projection
(VIP) value > 1 were identified as significant metabolites.
The combination of univariate and multivariate statistical
analyses was used to identify characteristic metabolites, with
p-value <0.05 and VIP > 1. This integrated approach helped
in determining the metabolites that exhibited both statistical
significance and relevance to the metabolic differentiation
between groups.

Metabolic pathway analysis

Metabolic pathway analysis was conducted using Metabo-
Analyst, an online server (https://new.metaboanalyst.ca/
MetaboAnalyst/), to screen significantly altered metabolic
pathways that exhibited significant alterations under high-
pressure conditions. Pathway topological analysis (PTA) was
implemented to calculate the pathway impact value (PIV)
for each metabolic pathway. PIV was determined by adding
the importance measures of the matched metabolites and
then dividing by the sum of the importance measures of all
metabolites in the pathway. The PIV and PTA can depict
metabolic pathways variability and complex networks. The
higher the PIV, the more important the pathway is to the
metabolic network. Both PIV > 0.1 and p-value <0.05 were
used as screening criteria. These thresholds helped iden-
tify significant metabolic pathways that had a substantial
impact and were statistically significant in relation to the
high-pressure conditions.

@ Springer

Sample preparation for proteomics analysis

For proteomics analysis, YLB-01 cells were harvested by
centrifugation at 4 °C (6000 g, 5 min). Each of the NPLT
and HPLT groups consisted of three samples to ensure sta-
tistical robustness. The harvested cell pellets were used for
sample preparation for proteomics analysis.

Initially, each sample was supplemented with 400 pL of
SDT lysate and subjected to treatment in a boiling water bath
for 5 min. The resulting cell pellets were then shock dis-
rupted and further treated in a boiling water bath for 15 min.
Ultrasonic disruption was performed, followed by centrifu-
gation at 12,000 g for 30 min. The resulting supernatant was
collected, and protein quantification was carried out using
the BCA assay.

Next, 100 pg of protein was taken and combined with
DTT (dithiothreitol) to achieve a final concentration of
100 mM. The mixture was boiled in a water bath for 5 min
and subsequently cooled to room temperature. Then 200 pL
of UA buffer (8 M urea, 150 mM Tris—HCI, pH 8.0) was
added to the sample and thoroughly mixed. The mixture
was centrifuged in a 10-kDa ultrafiltration tube at 14,000 g
for 30 min. This centrifugation step was repeated by adding
a further 200 pL of UA buffer and discarding the filtrate.
Then, 100 pL of IAA (iodoacetamide, 50 mM in UA) was
added, and the mixture was vortexed at 600 rpm for 1 min.
The sample was then kept at room temperature for 30 min
while being protected from light. Further centrifugation was
carried out at 14,000 g for 30 min, repeating this centrifuga-
tion process twice by adding 100 pL of UA buffer and centri-
fuging at 14,000 g for 30 min each time. Subsequently, 100
pL of NH,HCO; buffer was added, and the mixture was cen-
trifugated at 14,000 g for 30 min, repeated this step twice.

To facilitate protein digestion, 104 pL of trypsin buffer
(containing 2 pg trypsin in 1040 pL of NH,HCO; buffer)
was added to the sample, and the mixture was vortaxed at
600 rpm for 1 min. The sample was then incubated at 37 °C
for 16—18 h to allow complete digestion. After the digestion
period, the sample was centrifuged at 14,000 g for 30 min to
collect the filtrate. The obtained filtrate was desalted using
a C18-SD extraction disc cartridge, and the protein content
was quantified by measuring the OD value at 280 nm.

LC-MS/MS-based proteomics analysis

LC-MS/MS experiments were performed on the samples
prepared from YLB-01 cells to analyze the enzymatic
hydrolysis products. The hydrolysates were separated using
an EASY-nLC 1000 nL flow rate HPLC liquid phase sys-
tem. The system used two liquid phases: liquid A, consisting
of a 0.1% formate-acetonitrile aqueous solution (acetoni-
trile, 2%); liquid B consisting of a 0.1% acetonitrile aque-
ous solution (acetonitrile, 84%). The EASY column SC001
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(150 pm x 20 mm, RP-C,g) was used as a trap column and
the Thermo EASY column SC200 (150 pm X 100 mm,
RP-C,;) as a separation column.

The hydrolysates were separated by capillary high-perfor-
mance liquid chromatography and subjected to mass spec-
trometric analysis using a Q-Exactive mass spectrometer
(Thermo Finnigan) operating in positive ion mode. The ion
scan range was set from 300 to 1800 m/z, and MS? scans
were performed to obtain fragmentation data for the iden-
tification and characterization of the hydrolysis products.

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium (http://proteomece
ntral.proteomexchange.org) via the iProX partner repository
(Ma et al. 2019) with the dataset identifier PXD044055.

Label-free analysis

The relative abundances of the enzymatic hydrolysis prod-
ucts in YLB-01 cells were quantified using label-free
analysis with the MaxQuant software (version 1.3.0.5) for
accurate quantitative analysis. To ensure reliable results, a
false discovery rate (FDR) threshold of less than 0.01 was
applied during the analysis to maintain high confidence.
The obtained search files underwent additional processing
using the Perseus software (version 1.3.0.4) for subsequent
statistical analysis, including normalization and data filter-
ing, to enhance data quality and reduce noise. Differentially
expressed proteins were identified with the criterion of
p-value <0.05.

Subcellular localization analysis

Subcellular localization analysis provided insights into the
distribution of these differentially expressed proteins in
YLB-01 cells. We used two online servers to predict the
subcellular localization: PSORTDb (version 3.0.2, available
at https://www.psort.org/psortb/) and CELLO (available at
http://cello.life.nctu.edu.tw/). These servers provided infor-
mation about the identified proteins to help interpret their
functional roles and potential cellular mechanisms. By uti-
lizing these prediction tools, we gained a better understand-
ing of the subcellular localization patterns of the differen-
tially expressed proteins and their potential involvement in
specific cellular processes.

Multiomics analysis

Multiomics analysis was performed to address changes in
metabolite concentrations and protein expression levels in
YLB-01 cells. To identify the metabolites and proteins of
interest, we searched for their corresponding KO numbers
on the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database website (https://www.kegg.jp/), a comprehensive

resource for biological pathway information. The collected
data were then imported into the KEGG Mapper function
page (https://www.genome.jp/kegg/tool/map_pathway?2.
html) for pathway mapping and organization of the metabo-
lites based on their involvement in these pathways.

Using the KEGG database and mapping tools, we were
able to gain insight into the metabolic pathways underlying
the observed changes in metabolite concentrations and pro-
tein expression levels. This comprehensive approach allowed
for a systematic examination of these pathways, highlight-
ing their interconnectivity and identifying key metabolites
and proteins associated with the biological processes under
investigation. The integration of multiomics analysis with
pathway analysis provided a deeper understanding of the
molecular mechanisms and regulatory networks involved,
contributing to the interpretation of the observed experi-
mental results.

Results

NMR spectra of YLB-01 cells and resonance
assignments of aqueous metabolites

We recorded the 600 MHz 1D 'H-NMR spectra on aque-
ous extracts from YLB-01 cells (Fig. 1), and then assigned
resonances of 31 metabolites. These metabolites were cat-
egorized into four distinct classes: amino acid metabolism
(15 metabolites), carbohydrate metabolism (10 metabo-
lites), nucleotide metabolism (4 metabolites), and energy
metabolism (2 metabolites), as outlined in Supplementary
Table S1. The metabolites covered a wide range of biochem-
ical classes, playing varying roles in the metabolic profile
of YLB-01 cells exposed to high-pressure conditions, and
thereby revealing potential changes and essential pathways
involved in sustaining cellular equilibrium.

Comparison of metabolite concentrations
between the HPLT and NPHT groups

Univariate statistical analysis was used to compare the con-
centrations of metabolites between the HPLT and NPHT
groups of YLB-01 cells during the stationary growth phase
(Table 1). A total of 21 metabolites with p-value <0.05 were
identified as differential metabolites. Most of these differ-
ential metabolites were related to amino acid metabolism,
including alanine, aspartate, histidine, isoleucine, leucine,
lysine, methionine, phenylalanine, proline, serine, threonine,
and tyrosine. Furthermore, some of differential metabolites
were associated with carbohydrate metabolism, such as ace-
tate, formate, lactate, trehalose, UDP-glucose (UDPG), and
UDP-glucuronate. In addition, three differential metabolites
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Fig. 1 Averaged 1D 'H-NMR spectra recorded on aqueous extracts
derived from the HPLT and NPLT groups of YLB-01 cells. The
NMR spectra were recorded on a 600 MHz NMR spectrometer at
25 °C. The vertical scales were kept constant cross the two spectra.

were linked to nucleotide metabolism, including ATP, GTP,
and UMP.

These results highlight the dynamic alterations occur-
ring in several metabolic pathways within YLB-01 cells
under high-pressure conditions. The observed alterations
in amino acid, carbohydrate, and nucleotide metabolisms
suggest adaptive responses to maintain cellular homeostasis
and energy production. The reprograming of the metabo-
lism enables YLB-01 cells to survive in the high-pressure
environments.

Metabolic changes in YLB-01 cells exposed
to high-pressure conditions

Multivariate statistical analysis revealed significant meta-
bolic changes occurring in YLB-01 cells exposed to high-
pressure conditions. The PCA scores plot clearly showed
distinct metabolic profiles between the HPLT and NPLT
groups, with all samples falling within the 95% confidence
interval (Fig. 2A). This plot highlighted the significant effect
of high-pressure treatment on the metabolic profile of YLB-
01 cells. In additional, the PLS-DA and OPLS-DA scores
plots further reinforced the clear differentiation between
the two groups, visually depicting the metabolic separation
between the HPLT and NPLT groups (Fig. 2B, C).
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The displayed region spans from 0.50 to 9.50 ppm, excluding the res-
onance region of 4.70-5.10 ppm (associated with water). To enhance
clarity, the resonance region of 4.85-9.50 ppm has been magnified
threefold in comparison to the region of 0.50—4.70 ppm

We performed a response permutation test and obtained
the following statistical parameters: R?Y (cum)=0.988, Q*Y
(cum)=0.974 (Fig. 2D), indicating the high reliability of the
OPLS-DA model. The response permutation plot provided
further confirmed the significance of the observed metabolic
differences.

Overall, the multivariate statistical analysis revealed sig-
nificant changes in the metabolic profile of YLB-01 cells
under high-pressure conditions. The distinct metabolic sepa-
ration between the HPLT and NPLT groups highlighted the
significant effect of high-pressure treatment on the metabo-
lism of YLB-01 cells. These results highlight the adaptive
responses and metabolic reprogramming that occur in YLB-
01 cells exposed to high-pressure conditions.

Identification of significant metabolites
and characteristic metabolites

From the OPLS-DA analysis of the HPLT vs. NPLT
groups, we identified six significant metabolites (Table 2):
lysine, serine, and threonine, which are associated with
amino acid metabolism; lactate, acetate, and trehalose,
which are associated to carbohydrate metabolism. Fur-
thermore, we also identified six characteristic metabolites
and ranked them according to their VIP values (Table 2,
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Table 1 Quantitative comparisons of metabolite concentrations
between the HPLT and NPLT groups of YLB-01 cells during the sta-
tionary growth phase

Metabolite Mean + SEM Significance

NPLT HPLT HPLT vs. NPLT

Amino acid metabolism

alanine 0.277+0.022 0.321+0.011 ***
betaine 0.305+0.094 0.350+0.135 ns
aspartate 0.198+0.008 0.235+0.012 ****
glutamate 0.328+0.062 0.319+0.038 ns
glycine 0.263+0.024 0.280+0.006 ns
histidine 0.081+0.005 0.098+0.005 ****
isoleucine 0.103+0.007 0.121+0.004 ****
leucine 0.360+0.024 0.427+0.012 ****
lysine 0.195+0.012 0.349+0.062 ***
methionine 0.283+0.014 0.334+0.008 ****
phenylalanine 0.024+0.003 0.029+0.004 **
proline 0.135+0.010 0.166+0.007 ****
serine 0.381+0.036 0.511+0.025 ****
threonine 0.325+0.031 0.448+0.015 ****
tyrosine 0.082+0.009 0.104+0.010 ***
valine 0.131+0.008 0.163+0.009 ****

Carbohydrate metabolism

acetate 0.2374+0.020 0.341+0.020 ****
formate 0.034+0.005 0.042+0.006 *
fumarate 0.058+0.002 0.051+0.010 ns
lactate 0.451+0.010 0.552+0.037 ****
pyruvate 0.285+0.049 0.288+0.031 ns
succinate 0.125+0.024 0.127+0.013 ns
trehalose 1.691+0.233 0.401£0.048 #s#**

0.077+0.013 0.104+0.019 **
0.023+0.001 0.041+0.014 **

Nucleotide metabolism

UDP-glucose
UDP-glucuronate

AMP 0.132+0.016 0.137+0.020 ns

ATP 0.038+0.006 0.050+0.007 **

GTP 0.058+0.004 0.072+0.005 ****

UMP 0.057+0.006 0.069+0.004 ***
Energy metabolism

NAD + 0.083+0.013 0.072+0.011 ns

NADP + 0.033+0.002 0.034+0.007 ns

Statistical significances of differences in metabolite concentration
were analyzed by independent sample #-test: ns, p>0.05; *, p <0.05;
** 0 p<0.01; *** p<0.001; **** p<0.0001. Red, increase in
metabolite concentration; blue, decreases in metabolite concentration

identical to the significant metabolites). These metabolites,
in descending order of VIP values, were trehalose, lactate,
lysine, serine, threonine, and acetate. Trehalose stood out
with the highest VIP value among the metabolites, and its
level was much significantly decreased in YLB-01 cells
exposed to high-pressure conditions (Table 1).

These results highlight the metabolites that play a criti-
cal role in distinguishing the HPLT and NPLT groups and
provide insight into the key metabolic features associated
with high-pressure treatment.

Significantly altered metabolic pathway analysis

Several metabolic pathways were significantly altered in
YLB-01 cells subjected to high-pressure treatment. Spe-
cifically, the carbohydrate metabolism pathways were sig-
nificantly altered, including glycolysis/gluconeogenesis,
pyruvate metabolism, and glyoxylate and dicarboxylate
metabolism. In additional, the amino acid metabolism path-
ways, such as aminoacyl-tRNA biosynthesis, valine, leucine
and isoleucine biosynthesis, and cysteine and methionine
metabolism, also showed significant changes (Fig. 3). Ami-
noacyl-tRNA biosynthesis was associated with activated
protein synthesis. These results highlight the effect of high-
pressure conditions on key metabolic pathways and shed
light on the specific biochemical processes affected by the
environmental stress.

Annotation and functional analysis of peptide
sequences

The label-free analysis detected and qualified 1479 peptide
fragments in YLB-01 cells, with 1082 peptide fragments
were annotated on the YLB-01 cell genome. We found that
the expression of almost all of these annotated proteins were
altered in YLB-01 cells exposed to high-pressure conditions,
including 488 upregulated proteins and 594 down-regulated
proteins. Notably, the high-pressure treatment altered the
expression of some proteins, which were closely related to
the life process of YLB-01 cells, including the proteins asso-
ciated with cell division, peptidoglycan biosynthesis, amino
acid metabolism, and so on (Supplementary Table S2).

Identification and functional annotation
of differentially expressed proteins

A total of 379 proteins were identified as differentially
expressed proteins (DEPs) based on the criterion of
p <0.05, including 150 upregulated proteins and 229 down-
regulated proteins (Fig. 4A). The fold changes (FCs) of the
DEPs were calculated, and it was found that among the
upregulated DEPs, the number of DEPs with FC>2.00,
1.50<FC <2.00, and 1.00 <FC <1.50 were 19 (12.67%),
54 (36.00%), and 77 (51.33%), respectively; for down-
regulated DEPs, the numbers of DEPs with FC <0.50,
0.50<FC<0.67, and 0.67 < FC < 1.00 were 49 (21.40%),
85 (37.12%), and 95 (41.48%), respectively. The DEP heat-
maps showed that the NPLT and HPLT samples appeared to
be well clustered. The protein expression of YLB-01 cells
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Fig.2 Multivariate statistical analyses for NMR data from the HPLT and NPLT groups of YLB-01 cells. (A-C) Scores plots of PCA, PLS-DA
and OPLS-DA models of HPLT vs. NPLT, (D) Cross-validation plot of the OPLS-DA model

Table 2 Significant metabolites and characteristic metabolites identi-
fied from the OPLS-DA analysis of the HPLT group vs. the NPLT

° i Impact
group | Glycolysis/ Gluconeogenesis o 000
' _ Ami 1-tRNA bi hesi )
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) 1
Trehalose  4.086 |||} Vv v 7] @ |g Cysteine andmethioninemetabolism P value
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Lysine 1370 111 \/ \/ g L ; o8 Pyrimidine metabolism 0.05
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Statistical significances are shown as follows: 111/]]|, p<0.001; o HPLTvs.NPLT
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changed significantly when exposed to high pressure and low Pathway Impact

temperature (Fig. 4B).
The Cluster Of Orthologous groups (COG) annotations Of Flg 3 Metabolic pathway analysis conducted on YLB-01 cells
. . . exposed to high-pressure conditions. Significantly altered metabolic
the DEPs were performed using the eggnog website (http:// pathways were identified with pathway impact value (PIV)>0.1 and
eggnog-mapper.embl.de/), and the results showed that

p<0.05, using the pathway analysis module available on the Metabo-
their functions are mainly concentrated in four categories  Analyst 5.0 webserver
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annotation for DEPs. The points above the dashed line correspond to the differentially expressed proteins with p <0.05

(Fig. 4C): information storage and processing (20.21%),
cellular processes and signaling (13.83%), metabolism
(50.00%), and poorly characterized (15.96%).

To gain further insight into the functional implications
of these DEPs, we performed pathway mapping using the
KEGG website (https://www.kegg.jp/kegg/mapper/color.
html), resulting in the annotation of these DEPs in 95 path-
ways, as shown in Table S3.

Subcellular localization of differentially expressed
proteins

Subcellular localization analysis showed that among the dif-
ferentially expressed proteins (DEPs), a substantial percent-
age (62.00%) was predicted to be in the cytoplasm. Addi-
tionally, a notable percentage of the proteins were associated
with the plasma membrane (25.60%) and cell wall (0.20%),
highlighting their roles in cell surface interactions and main-
tenance of structural integrity. Intriguingly, a small fraction
of the proteins (5.40%) was predicted to be secreted extracel-
lularly, suggesting their involvement in intercellular com-
munication and adaptation to the surrounding environment.
Moreover, a subset of the proteins (0.80%) was predicted to
be expressed in the flagella, indicating their potential con-
tributions to motility and sensing stimuli (Fig. S1). These
results revealed the differential expression patterns and
subcellular localization of proteins, shedding light on the
molecular changes occurring in YLB-01 cells under high-
pressure conditions.

Discussion

The deep-sea environment poses many challenges to
microorganisms, including low temperature, high pres-
sure, nutrient scarcity, and anaerobic conditions. As water
depth increases in the ocean, hydrostatic pressure increases
progressively (Saunders and Fofonoft 1976). Previous stud-
ies have shown that high-pressure conditions can adversely
affect key cellular processes such as DNA stability, ribosome
function, and cell membrane fluidity, which are essential
for microbial growth in the deep sea (Niven et al. 1999;
Wang et al. 2009; Yayanos and Pollard 1969). Elucidating
the molecular processes that allow microorganisms to adapt
to such extreme conditions is essential to understanding their
ability to survive in this inhospitable environment.

It was previously reported that strain YLB-01 could
grow in TSB medium at temperatures ranging from 4 °C
to 50 °C and pressures from 0.1 MPa to 80 MPa, with the
most optimal conditions being 28 °C and 0.1 MPa (Yu
et al. 2013). We then conducted further research to exam-
ine the growth curves of the YLB-01 strain under different
high pressures at both 28 °C and 4 °C. We found that both
high pressure and low temperature had a negative effect
on the growth of the strain, resulting in a low growth rate
and maintaining the initial abundance of the strain for at
least one week when exposed to high pressure at low tem-
perature (Fig. S2). To mimic the challenging conditions
of the deep-sea high-pressure environment, we designed
specific culture conditions, namely HPLT (30 MPa at
4 °C) and NPLT (0.1 MPa at 4 °C). By using an integrative
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approach combining NMR-based metabolomics and pro-
teomics analyses, we have elucidated the significantly
altered metabolic pathways associated with the adaptation
of YLB-01 cells to high-pressure conditions (Fig. 5). Our
results revealed substantial modifications in amino acid,
carbohydrate, and lipid metabolisms, as well as notable
changes in cell wall synthesis and cell membrane fluidity
in response to high-pressure conditions. These metabolic
adaptations provide the cells with essential mechanisms to
thrive in the challenging deep-sea environment.
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Carbohydrate metabolism

YLB-01 cells adapt to high pressure by regulating
amino acid metabolism

Metabolic pathway analysis of YLB-01 cells revealed a
remarkable regulation of amino acid metabolism (e.g.,
valine, leucine and isoleucine biosynthesis, cysteine and
methionine metabolism, glycine, serine and threonine
metabolism, and alanine, aspartate and glutamate metabo-
lism), which may be a response to the under high-pressure
environment, as indicated by significant changes in amino
acid concentrations (Fig. 5). Notably, the high-pressure
treatment resulted in increased concentrations of leucine,
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Fig.5 Significant metabolic pathways identified from the analysis
comparing HPLT cells and NPLT cells. The highlighted pathways
include the metabolites identified through a comprehensive analysis
combining metabolomics and proteomics approaches that were found
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phenylalanine, tyrosine, and threonine. These results
strongly suggest that YLB-01 cells undergo regulatory
changes in their amino acid metabolism to adapt to high-
pressure conditions.

Previous studies have shown that high pressure-tolerant
bacteria, such as strains belonging to Colwellia, Psych-
romonas, and Shewanella, increase concentrations of basic
proteins, that help maintain charge balance within the cyto-
plasm (Peoples et al. 2020). This phenomenon is likely
attributed to the modulation of specific amino acid levels,
as the availability of amino acids directly impacts protein
composition. Consistent with these findings, our proteomic
data showed a significant regulation of amino acid metabo-
lism in YLB-01 cells when exposed to high-pressure condi-
tions (Supplementary Table S2). The observed regulation
of amino acid metabolism underlines its crucial role in the
adaptive response of YLB-01 cells to the high-pressure envi-
ronment in the deep sea.

It has also been proposed that stress-tolerant bacteria
have higher concentrations of hydrophobic amino acids
such as tryptophan, tyrosine, leucine, phenylalanine, histi-
dine, and methionine, whereas pressure-sensitive bacteria
have increased levels of glutamate, aspartate, asparagine,
and serine (Peoples et al. 2020). Our results are consistent
this concept, as YLB-01 cells showed increased levels of
hydrophobic amino acids when exposed to high pressure.
Furthermore, certain amino acids such as proline and serine
are known to act as compatible solutes, allowing YLB-01
cells to survive in extreme environments (Ghobakhlou et al.
2013). These results provide further support for the signifi-
cant changes in amino acid metabolism observed in YLB-
01 cells under high-pressure conditions, highlighting their
adaptive capacity and survival mechanisms in the deep sea.

YLB-01 cells adapt to high pressure by promoting
carbohydrate metabolism

Our results demonstrate the promotion of carbohydrate
metabolism in YLB-01 cells when exposed to high-pressure
conditions, similar to the observed effects under low-tem-
perature conditions in the deep sea (Xia et al. 2020). Specifi-
cally, we observed significant regulation in key carbohydrate
metabolic pathways, such as glycolysis/gluconeogenesis and
pyruvate metabolism, in response to high-pressure treatment
(Fig. 3). Furthermore, our pathway analysis revealed notable
changes in specific metabolites. We observed significantly
increased levels of acetate, formate, lactate, UDPG, and
UDP-glucuronate, while trehalose levels were significantly
decreased. However, the levels of pyruvate and succinate did
not show significant changes (Fig. 5). These results highlight
the metabolic adaptations of YLB-01 cells to high-pressure
conditions, emphasizing the critical role of carbohydrate

metabolism in their response to extreme environmental
challenges.

In addition, our proteomic analysis revealed the upregu-
lation of the tricarboxylic acid (TCA) cycle and oxidative
phosphorylation pathway in YLB-01 cells (Fig. S3), which
is consistent with the findings reported by Amrani et al.
(Amrani et al. 2014). This finding suggests that microor-
ganisms possess the ability to adapt their energy metabo-
lism by primarily promoting carbohydrate metabolism in
response to high-pressure stimulation, thus enabling them
to effectively cope with the stress imposed by extreme high-
pressure environments. Previous studies have demonstrated
that ATP levels in certain pathogenic bacterial cells decrease
with increasing environmental pressure or prolonged expo-
sure to pressure (Tholozan et al. 2000; Ukuku et al. 2009).
These results provide valuable insights into the molecular
mechanisms that enable microorganisms to survive in the
deep sea and underscore the crucial metabolic processes that
support their thriving in harsh high-pressure conditions.

YLB-01 cells adapt to high pressure by accumulating
compatible solutes

Our study showed that strain YLB-01 significantly regulated
amino acid and carbohydrate metabolism in response to high
pressure, resulting in an increase in several metabolites.
Microbes take steps to reduce cell damage when exposed to
extreme conditions, which often involves the accumulation
of soluble organic compounds (known as compatible sol-
utes) to maintain osmotic balance and protect the cell mem-
brane, proteins, and DNA (Hincha and Hagemann 2004;
Lentzen and Schwarz 2006; Muller et al. 2005). Compatible
solutes are divided into four categories: carbohydrates, poly-
ols, heterosides, amino acids and derivatives (Vyrides and
Stuckey 2017). We hypothesize that the significant upregu-
lation of amino acid and carbohydrate metabolism in strain
YLB-01 under high pressure may be related to the formation
of compatible solutes.

In response to external stress, many deep-sea microor-
ganisms have been found to produce and secrete compat-
ible solutes, such as proline, alanine, tyrosine, serine and
threonine, to maintain osmotic balance and protect their
biological macromolecules (Goordial et al. 2016; Mocali
et al. 2017; Morawska et al. 2022; van den Berg et al. 2017).
Our study showed a significant increase in amino acids after
high pressure treatment, with proline being the most signifi-
cantly increased compatible solute (Table 1). Furthermore,
several other amino acids such as alanine, tyrosine, serine,
and threonine were significantly enriched. This suggests that
strain YLB-01 may adapt to the high-pressure environment
by regulating its amino acid metabolism to produce a sub-
stantial quantity of compatible solutes.
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YLB-01 cells adapt to high pressure by enhancing
cell wall synthesis

We observed trehalose was significantly decreased, while
UDPG was significantly increased. UDPG serves as a cru-
cial precursor molecule for the synthesis of various cell wall
components, particularly polysaccharides. UDPG acts as a
substrate for enzymes involved in the biosynthesis of specific
cell wall components, such as peptidoglycan, lipopolysac-
charides, and glycogen, and therefore plays a critical role in
cell wall formation.

To gain further insight into the increased level of UDPG
in YLB-01 cells, we analyzed the corresponding proteomic
data and found a decrease in the expression of the proteins
TPS (Trehalose-6-phosphate synthase) and TPP (Trehalose-
6-phosphate), responsible for catalyzing the conversion of
UDPG to trehalose, following high-pressure treatment. This
decrease in enzyme expression led to the accumulation of
UDPG, thereby enhancing cell wall synthesis in YLB-01
cells under high-pressure conditions.

Moreover, the intracellular UDPG level was significantly
increased in YLB-01 cells exposed to high-pressure condi-
tions, suggesting that the accumulation of UDPG in response
to high-pressure treatment may have a regulatory role in
several essential biological processes. Previous studies have
demonstrated the involvement of UDPG in the regulation
of gene expression of the RNA polymerase S subunit, cell
wall synthesis, lipid metabolism, glucose metabolism, amino
acid metabolism, and cell respiration (Bohringer et al. 1995;
Foulquier and Galinier 2017; Lazarowski et al. 2003; Lopez-
Gomez and Lluch 2012). Therefore, our results indicate that
the accumulation of UDPG in response to high-pressure
treatment plays a critical role in modulating various bio-
logical processes in YLB-01 cells.

Although trehalose itself does not directly participate in
cell wall formation, its presence and protective functions
contribute to the overall health and stability of the cell, indi-
rectly supporting the integrity and functionality of the cell
wall. In line with this, we observed a downregulation in the
conversion of UDPG to trehalose, as well as a significant
decrease in the expression of the protein TreS, responsible
for catalyzing the conversion of maltose to trehalose. These
results suggest a potential impairment in the protective effect
of trehalose on the cell wall of YLB-01 cells exposed to
high-pressure conditions.

Our metabolomics analysis revealed a promotion of
amino acid metabolism in YLB-01 cells exposed to high-
pressure conditions. This metabolic shift could potentially
be related to an upregulation of nucleotide metabolism and
increased protein synthesis, particularly for cell wall for-
mation. Supporting this, our proteomic data indicated the
upregulation of pathways associated with peptidoglycan
synthesis in YLB-01 cells under high-pressure conditions.
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These results suggest that YLB-01 cells adapt to the extreme
deep-sea environment by enhancing key processes involved
in cell wall synthesis, such as peptidoglycan synthesis, glu-
cose metabolism, and lipid metabolism. This adaptive strat-
egy likely plays a crucial role in the survival of YLB-01 cells
in high-pressure environments, highlighting the significance
of cell wall synthesis in their adaptation to high-pressure
conditions.

YLB-01 cells adapt to high pressure by improving
cell membrane fluidity

Hydrostatic pressure exerts a significant influence on the
cell membrane of deep-sea bacteria (Michoud and Jebbar
2016). In particular, it leads to a decrease in membrane flu-
idity, which is crucial for several cellular processes such
as nutrient and ion transport, solute uptake, and osmotic
pressure regulation (Macdonald et al. 1988). Casadei et al.
have shown the close relationship between pressure toler-
ance and membrane fluidity during the logarithmic growth
phase (Casadei et al. 2002). The structural and functional
integrity of the cell membrane is highly dependent on its
fluidity, which is mainly determined by the fatty acid compo-
sition of the membrane (Strahl and Errington 2017). Under
high-pressure conditions, the lipid composition of the bacte-
rial cell membrane can be altered, leading to changes in the
fatty acid chains within the phospholipid bilayer (Casadei
et al. 2002).

Our proteomic analysis revealed interesting changes in
YLB-01 cells exposed to high pressure. Specifically, we
observed a decrease in the level of long-chain fatty acid CoA
and a concomitant increase in the expression of TesB, an
enzyme responsible for the conversion of C,4., to palmitic
acid. This suggests a shift towards increased fatty acid pro-
duction and decreased fatty acid consumption, potentially
affecting membrane lipid composition. This finding is con-
sistent with previous studies highlighting the importance of
-3 polyunsaturated fatty acids (PUFAs) in membrane lipids
for high-pressure tolerance in pressure-tolerant bacteria
(Usui et al. 2012). Notably, Wang et al. showed that cellular
concentrations of polyunsaturated fatty acids in the pressure-
tolerant bacterium Sporosarcina sp. DSK25 increased with
elevated hydrostatic pressure (Wang et al. 2014).

Furthermore, our proteomic analysis revealed the upregu-
lation of proteins associated with cell division, indicating
active modulation of cell wall components and membrane
production by YLB-01 cells in response to high-pressure
conditions. This finding aligns with the concept that cells
enhance their structural integrity as a protective mechanism
in high-pressure environments. Subcellular localization anal-
ysis of differentially expressed proteins supports these obser-
vations and provides new evidence for the cellular adapta-
tions of YLB-01 cells to thrive in challenging high-pressure
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conditions. Our results suggest that YLB-01 cells adapt to
high pressure by regulating cell membrane fluidity through
alterations in lipid composition and fatty acid metabolism.
This adaptive strategy likely plays a pivotal role in enabling
YLB-01 cells to withstand the extreme conditions of the
deep-sea environment.

YLB-01 cells adapt to high pressure by using
mechanisms similar to low temperature

In our previous study of low temperature adaptation for
strain YLB-01 (LTHP vs. NTHP), we observed distinct
metabolic changes in the cells exposed to cold stress at low
temperature, particularly in amino acid metabolism and
carbohydrate metabolism. Moreover, we observed notable
metabolic differences between logarithmic and stationary
phase cells cultivated at low temperature compared to those
at normal temperature. Specifically, the logarithmic phase
cells exhibited suppressed the activity of the TCA cycle,
while the stationary phase cells exhibited decreased pyru-
vate levels and increased lactate production (Xia et al. 2020).

In the present study, we observed a remarkable difference
in carbohydrate metabolism between the metabolic adapta-
tion to high pressure and that to low temperature. While
low-temperature stress was found to inhibit the TCA cycle
in YLB-01 cells, high-pressure stress showed a contrasting
effect by significantly promoting the TCA cycle and the oxi-
dative phosphorylation pathway. This upregulation resulted
in the accumulation of ATP, suggesting increased energy
production and utilization in response to high-pressure
conditions.

In our cellular high-pressure stress study, we made a
remarkable discovery regarding the levels of UDPG and tre-
halose in HPLT cells compared to NPLT cells. This is simi-
lar to what we observed in our previous cellular low-tem-
perature stress study, where we found that LTHP cells had
increased UDPG and decreased trehalose levels compared
to NTHP cells (Xia et al. 2020). These consistent results
suggest that cell wall formation is an important factor in the
metabolic adaptations of YLB-01 cells to both high-pressure
and low-temperature conditions in the deep sea.

These contrasting responses to high-pressure stress and
low-temperature stress highlight the dynamic and context-
dependent nature of metabolic adaptations in YLB-01 cells.
The observed differences in the regulatory role of carbohy-
drate metabolism suggest that YLB-01 cells employ differ-
ent strategies to cope with the specific challenges imposed
by high-pressure stress and low-temperature stress. These
results shed light on the complex interplay between cellular
metabolism and environmental stress, as well as the mecha-
nisms underlying the survival and adaptation of YLB-01
cells in extreme deep-sea environments.

In summarily, our study has identified several key mecha-
nisms by which YLB-01 cells adapt to high-pressure con-
ditions. These adaptations are crucial for their survival
in extreme deep-sea environments. Firstly, YLB-01 cells
regulate amino acid metabolism by increasing the levels of
hydrophobic amino acids, proline, and serine. This regu-
lation helps maintain osmotic balance and protect cellular
structures from the detrimental effects of high pressure. Sec-
ondly, YLB-01 cells promote carbohydrate metabolism by
enhancing the activity of the tricarboxylic acid (TCA) cycle
and the oxidative phosphorylation pathway. This metabolic
shift allows for efficient energy production and utilization,
supporting cellular functions under high-pressure condi-
tions. Thirdly, YLB-01 cells exhibit enhanced cell wall syn-
thesis by downregulating the conversion of UDPG to treha-
lose, leading to the accumulation of UDPG. UDPG serves
as a precursor molecule for the synthesis of various cell wall
components, such as peptidoglycan and lipopolysaccharides.
This increased cell wall synthesis strengthens the structural
integrity of the cells, enabling them to withstand the chal-
lenges of high pressure. Lastly, YLB-01 cells modulate cell
membrane fluidity by altering lipid composition and fatty
acid metabolism. This adaptive response ensures the optimal
functioning of the cell membrane, which is crucial for vari-
ous cellular processes, including nutrient uptake, ion trans-
port, and osmotic pressure regulation. Overall, these mecha-
nisms collectively contribute to the adaptation of YLB-01
cells to the challenging high-pressure environment in the
deep sea. By regulating amino acid metabolism, promoting
carbohydrate metabolism, enhancing cell wall synthesis, and
modulating cell membrane fluidity, YLB-01 cells can sur-
vive in the harsh environment of the deep sea.

It is essential to recognize the restrictions of this study,
as it provides valuable guidance for future investigations.
Although our results suggest a critical role of UDPG accu-
mulation in the adaptation of YLB-01 cells to high-pressure
conditions in the deep sea, further confirmation through
knockout assays is warranted to establish a causal relation-
ship. Conducting targeted experiments involving genetic
manipulation will provide a more conclusive understanding
of the specific contributions of UDPG-mediated adaptation.
In addition, to gain a comprehensive understanding of the
unique properties and pathways associated with UDPG-
mediated adaptation, more extensive investigations are
necessary. Exploring the intricate details of UDPG-related
processes, such as the enzymatic machinery involved in its
biosynthesis and utilization, will offer deeper insights into
the molecular mechanisms underlying YLB-01 cells' abil-
ity to thrive under high-pressure conditions. Furthermore,
although our proteomic analysis revealed the regulatory role
of fatty acid metabolism in YLB-01 cells under high pres-
sure, future studies are needed to further investigate lipid
metabolism. Investigating the dynamics of lipid composition
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and fatty acid profiles in response to high pressure will pro-
vide a more comprehensive understanding of the diverse
responses of YLB-01 cells to their deep-sea environment.
By addressing these aspects, future research can enhance our
understanding of the molecular mechanisms underlying the
adaptation of YLB-01 cells to high-pressure conditions in
deep-sea environments. This knowledge will contribute to a
broader comprehension of microbial ecology and the physi-
ological adaptations that enable microorganisms to thrive in
extreme environments.
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