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GRAPHICAL ABSTRACT

PUBLIC SUMMARY

= The infrared (IR) radiation from hydrothermal vents impacted the composition of the microbial population.

= A deep-sea bacterial strain was isolated from cultures enriched through IR irradiation.

High hydrostatic pressure (HHP) hindered bacterial peptidoglycan (PG) synthesis and cell division.

IR irradiation triggered PG synthesis and cell division under HHP, promoting bacterial growth.
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Based on Planck’s black-body radiation law, deep-sea hydrothermal vent
chimneys emit light, predominantly infrared light, which potentially
supports bacterial photosynthesis in this ecosystem independently of the
solar energy. To investigate the impact of this geothermal light on bacterial
growth, we collected samples from the Southwest Indian Ridge and
demonstrated that infrared light alone promotes bacterial growth and alters
population composition. The mechanism of infrared stimulated growth was
analyzed by monitoring cell wall synthesis using the Tepidibacter
hydrothermalis strain SWIR-1, which was isolated from cultures enriched
through infrared irradiation. The results showed that the elevated hydro-
static pressure inhibited septal peptidoglycan synthesis and cell division,
but had less effect on cell elongation, chromosome replication and segre-
gation. The dominant cell shape was filaments with some swelling and
inertness in cell wall synthesis depending on the level of pressure applied.
Interestingly, irradiation with 880 nm infrared light effectively initiated
septal synthesis and alleviated the obstruction. This revelation uncovers a
novel adaptation mechanism involving infrared light for bacteria dwelling in
deep-sea environments, and sheds light on the potential of infrared-medi-
ated photobiomodulation.

INTRODUCTION

The hydrostatic pressure in the ocean increases with depth due to the
accumulating weight of the water column. At the sea surface, the hydrostatic
pressure is approximately 0.1 MPa (megapascals). The pressure rises by
about T MPa for every additional 100 meters of depth. The deep sea, referred
to as the zone with depths exceeding 1,000 meters, constitutes a cold, dark,
and oligotrophic environment characterized by high hydrostatic pressure
(HHP, > 10 MPa).'This elevated pressure significantly impacts bacterial phys-
iology, influencing aspects such as metabolism, gene expression and protein
structure and function.”*Bacteria may counteract the detrimental effects of
HHP by adjusting their membrane composition to maintain membrane
integrity, producing pressure-resistant enzymes, or enhancing the efficiency
of existing enzymes to sustain crucial metabolic reactions. Moreover, in
response to deep-sea pressure, bacteria modify their gene expression
patterns, activating specific genes involved in stress response, DNA repair,
and cellular structure maintenance.”° In addition, HHP generally impairs cell
growth and division. In 1950, Zobell and Oppenheimer conducted a compre-
hensive analysis of the impact of HHP on marine bacteria, discovering that
the growth of most of the analyzed bacteria was inhibited by pressures rang-
ing from 20 to 60 MPa. However, certain barophilic (now referred to as
piezophilic) variants from deep-sea environments managed to thrive even
under higher pressures. These specific piezophilic bacteria exhibited elon-
gated cells and unusual morphological shapes under HHP. For instance,

Serratia marinorubra showed an increase in size without signs of division at
pressures ranging from 40 to 60 MPa./In comparison, non-marine model
strain  Escherichia coli experienced inhibited growth and reproduction
between 10 and 50 MPa. Additionally, HHP caused longer cell filaments and
disrupted cell division, which was linked to reduced DNA replication.”Another
study has demonstrated that elevated pressure (40 MPa) inhibited the forma-
tion of FtsZ-rings in E. colj resulting in elongated filamentous cells."However,
the mechanisms by which bacteria adapt to the effects of HHP on cell divi-
sion remain not fully understood.

In deep oceans, hydrothermal vents expel superheated, anoxic, chemical-
rich fluids into the cold, oxic, deep ocean. Specialized bacteria and archaea
adeptly convert these chemical-rich compounds into nourishment that
sustains life, a process aptly known as chemosynthesis.'”''Remarkably, black
chimneys with temperatures reaching 360-400 °C emit light, predominantly
infrared (IR) light, which has been hypothesized to have played a pivotal role
in the evolution of photosynthesis within hydrothermal vent ecosystems.'''®
In fact, an aerobic phototrophic Alphaproteobacterium strain and a strictly
anaerobic photosynthetic green sulfur bacterium strain were isolated from
the plume waters of black smokers at the Juan de Fuca Ridge and the East
Pacific Rise, respectively.'®!Intriguing questions arise regarding the preva-
lence of phototrophs in deep-sea hydrothermal vents, encompassing
geographical and taxonomical aspects, combined with the consequential
impact of IR on microorganism life. To explore these questions, we collected
samples from hydrothermal vents in the Longgi field on the ultraslow-
spreading Southwest Indian Ridge (SWIR) during the TS10 expedition from
December 2018 to February 2079. Our metagenomic analysis has unveiled a
complete chlorophyll biosynthesis pathway and genes encoding rhodopsin in
these samples,“implying an underestimated influence of geothermal light on
life within the chemosynthetic hydrothermal ecosystems. The extent to which
microorganisms exploit IR light in their adaptation to the enigmatic deep-sea
hydrothermal ecosystems remains poorly understood. This study demon-
strated that IR light alone can effectively stimulate bacterial growth and alter
the composition of the microbial community. Additionally, it was observed
that HHP impairs septal peptidoglycan (PG) synthesis and cell division, while
allowing cell elongation. Interestingly, IR light triggers cell wall synthesis at
the septum, thereby alleviating the inhibition of cell division induced by HHP.

MATERIALS AND METHODS
Cultivation, Fluorescent D-amino acid (FDAA) labeling and microscope
observation of SWIR-1 cells

The growth media used in this study were DSMZ 1040 (also called SRB, for
I"" distilled water: 35 g Sea Salt (SIGMA), T ml Wolfe's mineral elixir, 1 g yeast
extract, 0.5 ml sodium resazurin (0.1% w/v), 1 g Na,COs, 2.5 g Na-DL-lactate,
1 ml Wolin's vitamin solution (10x), 0.3 g Na,S:9 H,0), and TRM medium (for
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Figure 1. IR stimulated the growth of hydrothermal vent microorganisms (A) Custom-made high-pressure, high-temperature, light-illumination incubator (HPI) allowed IR
boosting vent microbe growth as shown in the inlet with the cultures and their optical density. (B) shows the population composition of the cultures obtained on board with IR
irradiation (R1) and subsequent re-inoculations in the laboratory with IR irradiation (R2) or in darkness (D2). (C) IR-enriched culture was incubated on plates with IR irradiation or
in dark. The average number and the standard deviation of colonies from 5 plates for each condition are shown.

I”! distilled water 23 g NaCl, 5 g MgCl,-6H,0, 0.7 g KCl, 0.5 g (NH,),S0,, 0.06 g
KH,P0,, 0.06 g K,HPO,, 0.05 g NaBr, 0.02 g CaCl,2H,0, 0.01 g SrCl,6H,0,
6.75 mg FeCly-6H,0, 4 g tryptone, 1 g yeast extract, 3.3 g PIPES and 1.0 mg
resazurin) were used. Anaerobic cultures were conducted in serum bottles
closed with butyl rubber stoppers. Dissolved oxygen was removed by pump-
ing vacuum and bubbling nitrogen repeatedly, and the bottles were subse-
quently sterilized by autoclaving at 121 °C for 20 min. The sterile Na,S-9H,0
stock solution was added with a final concentration of 0.1% (w/v) before
inoculation.

On board, 20 ml each of diffuse flow sample from a decompressurized
high-pressure bottle (HPB) conserved at 4 °C was inoculated into 80 ml of
SRB medium in a 100 ml bottle. The bottle was kept at room temperature
(25 °C) with illumination by room tungsten light. After a 10-day incubation,
the color of the SRB medium in the bottle changed from pink to translucid,
and spectrophotometry analysis and microscope observation indicated
bacterial growth. The SRB tungsten-enriched culture was inoculated in TRM
media, and transferred to the high-pressure illumination cylindrical incuba-
tors (HPI, Figure 1A), which were pressurized to 30 MPa and incubated at
30 °C. One HPI was kept in the dark, while the other was irradiated with 880
nm IR light-emitting diode (LED) on one side and another 940 nm LED on the
opposite side of the incubator to enrich piezophilic or piezotolerant
phototrophs. After a 7-day incubation, the culture that had been boosted by
IR was conserved in 30% glycerol at -80 °C. Back to the laboratory, 2 x 2 ml
each of the -80 °C conservation were inoculated in TRM media in HPIs or
serum bottles and incubated as indicated.

Strain SWIR-1 was routinely grown in the 904aVT medium, which contains
(" distilled water) 23 g NaCl, 5 g MgCl,-6H,0, 0.7 g KCl, 0.5 g (NH,),SO,,
0.06 g KH,P0O,, 0.06 g, K,HPO,, 0.02 g CaCl,2H,0, 6.75 mg FeCl;6H,0, 4 g
MES, 1 g yeast extract, 1 g tryptone, 1 g L-cysteine-HCI-H,0, and 1.0 mg

resazurin.'“Dissolved oxygen in the medium was replaced by nitrogen as
described above. The prepared medium was sterilized by autoclaving at
121 °C for 15 min. After cooling, 10 ml of 25% (w/v) glucose and 10 ml of
vitamin solution (see JCM Medium No. 141) from anaerobic sterile stock
solutions were added into the medium. 10 ml of 10% (w/v) Na,S-9H,0 from
anaerobic sterile stock solutions were added before inoculation. The 904aVT
plate was prepared by adding 1.5% (w/v) agar before autoclaving. Cell
morphology was routinely inspected using Zeiss Axiostar plus microscope.

For fluorescent D-amino acid (FDAA) labeling, strain SWIR-1 was inocu-
lated into 904aVT media containing 0.2 — 0.25 mM FDAA (Bio-techne,
France). After the specified duration of incubation, cells were harvested, fixed
with 1% paraformaldehyde (PFA) at room temperature for 20 minutes, and
then washed three times with PBS buffer. The cells were subsequently
observed using a Nikon ECLIPSE Ti microscope.

To assess the impact of HHP and light exposure on cell growth with FDAA
labeling, we utilized devices with smaller culture volumes compared to HPI.
Precultures were inoculated in fresh 904aVT media containing a single-color
FDAA, followed by a nitrogen flush and subsequent filling of 3 ml serum
bottles within an anaerobic chamber. These serum bottles were then placed
in a High-Pressure Spectrophotometer analysis cell (HPS, PCI500, Syn-
Corporation, Kyoto, Japan) and pressurized to 30 MPa. The HPS was illumi-
nated with LED light through the optical windows of the HPS and incubated
at 25 °C for a specified time. In parallel, another set of serum bottle was incu-
bated in an HPB in darkness at 30 MPa and 25 °C. A thermostatic water
circulation was connected to HPS, whereas the HPB was placed in the same
water bath to maintain the same temperature. After a 20-minute incubation
period, the cultures were depressurized, and the cells were harvested. Subse-
quently, the cells were washed three times with fresh media and resus-
pended in fresh media containing FDAA of a different color compared to the

92USI0S095 UolPAOUU| 8Y |

[I J—

The Innovation Geoscience 2(1): 100050, March 19, 2024 3




ARTICLE

initial labeling. The cultures were pressurized accordingly, and incubated with
or without IR irradiation. At the indicated times, cells were harvested and
prepared for observation. Alternatively, cultures were transferred into a
syringe, which was then inserted into an HPB equipped with a piston. The
cultures were injected into a High-Pressure Microscope Observation Unit
(HPOU, PMC-100, Syn-Corporation, Kyoto, Japan) using a manual pump. The
HPOU was pressurized and kept connected to the HPB to maintain pressure
throughout the experiment. The HPOU was mounted onto the ZEISS
Observer A1 microscope (ZEISS, France) and illuminated with Thorlabs LED
(Thorlabs, France) at the specified wavelength. It is worth noting that the
culture within the tube and syringe remained in the dark condition during
these procedures. Temperature monitoring within the HPOU and HPB was
conducted using Thorlabs TSPO1 temperature sensors

Illumination system

Thorlabs (Thorlabs, France) mounted LEDs M880L3 and M970L4 were
used to illuminate the SWIR-T cultures. The power of these LEDs was
measured using a Thorlabs power meter (PM100D) equipped with the S120C
sensor, positioned at the level of the window of either the HPS or HPOU.

Image analysis

The phase-contrast images and the fluorescent images were converted
from ND2 format to TIFF format using ImageJ software (https://imagej.
net/ij/). To provide a more comprehensive description and statistical analy-
sis of cell size, morphology, and division septa, we implemented a high-

Figure 2. HHP affected SWIR-1 PG synthesis and
cell division (A) YADA at 0.2 mM was incorporated
in PG mesh of SWIR-1 cells incubated in dark at 0.1
MPa at 30°C. (B) Pulse-chase double labeling
through initial label by RADA at 0.1 MPa, and subse-
quent label by HADA and incubation at 0.1 MPa in
B1 and 30 MPa in B2. Cyan arrows show the septa.
Phase contrast images (Cla and C2a), DAPI (blue,
Clb and C2b) and sBADA (green, Clc and C2c)
stained SWIR-1 cells were incubated at 0.1 MPa
(C1) and 30 MPa (C2) in darkness at 30°C. Cyan
arrows show the septa, yellow arrow points to
deform cell and pink arrow shows the PG synthesis
inert cell. Scale bars: 5 um.

throughput analysis tool, referred to as "SSCA"
(segmentation-skeletonization-classification-
analysis), coded through Python, which allows
automatic identification and quantification of
these factors in image datasets. Bacterial
segmentation and mask construction were
performed using Omnipose, a deep neural
network image-segmentation algorithm with
pre-trained models that generate a binary
mask from the phase-contrast image for each
cellThen, we used a Python package
FilFinder to extract the skeleton, also referred
to as medial axis, of rod-shaped bacteria.”' The
dimensions (width, length and area) of each
bacterium were calculated based on its skele-
ton. A conversion rate of T pm to 15.56 pixels
was applied. To calculate the fluorescence
intensity of the bacteria, binary masks from
the phase-contrast image were used in
combination with the corresponding fluores-
cent image. Fluorescence intensity was deter-
mined using the formula Y= 0.212R + 0.701G
+ 0.087B. When the average fluorescence
intensity of a cell Y' was greater than 0.1, the
bacteria were labeled, as well as to determine
the position of FDAA insertion in the PG
network. The high fluorescence foci of each
cell were identified and calculated for width on
both sides along the central skeleton line by each pixel. We used find_peaks
from the Scipy package to identify cell morphology and PG synthesis in 1-D
array.”’After observation and test, prominence=0.3 and wlen=20 for finding
width peaks, prominence=0.02 and wlen=8 for finding fluorescence peaks.
Based on the peak analysis, we classified cells into 8 categories as shown in
Figure 6.

Gene context analysis

The context conservation of interesting genes were analyzed and visual-
ized using GeCoViz,“which uses precomputed information on orthology
assignments, phylogenetic information and functional annotations for over
42 million genes extracted from 12,221 reference prokaryotic genomes.

RESULTS

IR stimulated vent bacterial growth and altered population composition
During the dive SY111 of the manned submersible Shen Hai Yong Shi to
the active vent DFF18 (37° 46' 51.60" S, 49° 38' 52.44" E) at the depth of 2,700
m, diffuse flow (9.2 °C) close to a black smoker venting (330 °C) was
collected using pressure-conserving sterilized sampling bottle (HPB, Top
Industry, Paris, France). The HPB was opened only on site by the manipulator
of the manned submersible to avoid contamination from other places. On
board, piezophile or piezotolerant and phototrophic microorganisms were
enriched using specifically designed and custom-made HPI under high pres-
sure (30 MPa, Materials and methods) (Figure TA). One incubator was kept in
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Figure 3. Effect of HHP on FDAA incorporation and cell division The SWIR-1 cells
were incubated under different pressures at 30°C in the dark. Actively labeled cells and
inert non-fluorescent cells appear as blue and red symbols in the swarm plot, respec-
tively. Their median sizes with SD are indicated by corresponding blue and red
numbers. The percentage (%) indicated inert cells observed. Blue arrows denote maxi-
mal filament sizes.

the dark, while another was irradiated with IR LEDs of 880 nm and 940 nm on
the incubator to mimic the light emitted by the black chimneys in Longgi
hydrothermal vent field, as detected. After a 7-day incubation, the absorption
at 600 nm was 1.26 for IR-culture and 0.07 for the dark-culture (Figure 1A,
inset), indicating an IR stimulated growth. The black color disappeared upon
exposure to air, suggesting the production of FeS, as is often observed with
marine anaerobic cultures. The IR-culture and membranes containing filter-
collected cells were conserved at -80 °C for later analysis. The dark-culture
did not grow and the biomass was insufficient for further analysis.

Back to the laboratory, the conserved sample was inoculated and incu-
bated at 30 MPa in HPIs or 0.1 MPa in anaerobic serum bottles with 880 and
940 nm irradiation or in the dark. After 70 h incubation in HPI, the cultures
under HHP with IR irradiation (designated as R2) and in darkness (D2)
reached 0.43 and 0.09 of absorption density at 650 nm, respectively. The
counterparts of the cultures at 0.1 MPa were 0.08 with IR irradiation and 0.03
in darkness. The mixed population displayed a piezophilic phenotype. The
results indicated that HHP and IR irradiation stimulated the growth of the
culture. Metagenomic analysis showed that Peptostreptococcaceae was the
most abundant population in R2, while being among the lowest families in
D2, where Pseudomonadaceae emerged as the predominant group
(Figure 1B). Therefore, IR altered the population composition of the cultures.

Cultures incubated at elevated pressure with IR irradiation were diluted and
spread onto TRM plates. Half of the cultures were incubated under IR irradia-
tion, while the other half were incubated in the dark. Interestingly, the number
of colonies obtained from the light-illuminated plates was approximately five
times higher than that from the dark plates (Figure 1C). Five colonies were
picked up from the plate irradiated by IR and found to belong to the
Tepidibacter genus of the family Peptostreptococcaceae when analyzed by
16S rRNA gene amplification and sequencing. Subsequently, a pure culture
designated as strain SWIR-1 was obtained after streaking out. The genome
of strain SWIR-1 was sequenced, revealing a 4.12 Mb circular chromosome
consisting of 3,861 protein-coding sequences with 29.25% GC content and a
plasmid of 38,843 bp. Average nucleotide identity (ANI) and in silico digital
DNA-DNA hybridization (dDDH) analyses, when compared to reference
strains Tepidibacter mesophilus B1", Tepidibacter fomicigenes DV1184", and
Tepidibacter thalassicus SC562", classified the isolate SWIR-1 as a novel
species within the genus Tepidibacter. It was named Tepidibacter hydrother-
malis SWIR-1 '%**, To understand the mechanism of IR irradiation stimulated
growth, we analyzed the genome of SWIR-1. Genes encoding neither chloro-
phyll synthesis nor rhodopsin were detected. Therefore, it seems that IR irra-
diation promotes cell growth through unknown mechanisms.

ARTICLE
HHP hindered SWIR-1 PG synthesis and cell division

The initial culture of a mixed population exhibited better growth at 30 MPa
compared to 0.1 MPa, indicating a piezophilic phenotype. The strain SWIR-1
axenic culture was isolated on plates at 0.1 MPa, the effect of HHP on its
growth was further analyzed by inspecting PG synthesis and cell morphology.
In rod-shaped bacteria, growth typically involves the elongation of cell bodies,
followed by division at the mid-cell to generate two identical progenies. Elon-
gation is facilitated by the elongasome protein complex comprising MreB,
RodA, and PBP2, which carries out dispersed synthesis of PG in the side walls
of cells.””In contrast, the divisome consisting of key players FtsZ, FtsW, and
Ftsl, synthesizes PG zonally at the septa. PG is a net-like layer that surrounds
the cell membrane and precisely determines cell size and shape. The macro-
molecular polymer PG is composed of B-1,4-linked glycan strands cross-
linked by short D-amino acid (DAA)-containing peptide chains. FDAAs can be
efficiently incorporated at the sites of PG biosynthesis, allowing for specific
and covalent probing of bacterial growth with minimal disruption.”

Bacterial growth occurs when the PG cell wall enlarges and divides.
Precursors are incorporated into the existing PG network at specific loca-
tions over a defined period of time. FDAAs with varying characteristics,
including size, solubility, photo- and thermostability, as well as fluorescent
spectra (such as blue HADA, green sBADA, red RADA, and yellow YADA?)
were efficiently integrated into the side walls and septa of SWIR-1 cells when
incubated at 0.1 MPa (Figure ST1).

A brief YADA labeling revealed PG synthesis at the mid-cell (Figure 24, i),
septa (i), and one cell pole (iii), suggesting active PG synthesis during cell
division. To gain more details about the PG synthesis process, pulse-chase
double labeling experiments were conducted. After an initial red RADA label-
ing at 0.1 MPa for 1 hour, cells were washed and labeled with blue HADA in
the dark, either at 0.1 MPa for 1 h (Figure 2B1) or under HHP for 17 h
(Figure 2B2).

At 0.1 MPa, approximately 80% of the short-rod cells exhibited a pole with
red fluorescence, indicating dominant RADA incorporation at one pole that
remained unchanged during the long-time labeling. This old pole was inert
during the elongation and growth. Furthermore, red stripes were observed in
some cells, with an increasing density from the old red pole towards the
incipient blue pole (Figure 2B1). The labeling pattern of RADA suggests that
old PG is regularly removed though dispersed zonal opening, followed by de
novo incorporation of blue HADA during the elongation of PG synthesis start-
ing from the old pole.

Under elevated pressure, most cells (80%) appeared as long filaments with
ainert red pole and a periphery blue halo without red stripes (Figure 2B2). The
morphology suggests efficient de novo elongation synthesis of PG with no
septal formation. The red stripes were observed only in short cells, approxi-
mately 5 um in length. These results imply that initial red PG was removed,
but there was no significant de novo PG synthesis and cell elongation in
these short cells.

The application of HHP resulted in a filamentous morphology, which raises
the question of whether elevated pressure affects DNA replication in SWIR-1.
SWIR-1 cells exhibited a median size slightly exceeding 5 pm under 0.1 MPa
(Figure 2C1). Septa effectively divided cells into two offspring, often possess-
ing two DAPI-stained chromosome zones in each cell (Figure 2CTb-C1c). In
contrast, cells subjected to HHP at 25 MPa in darkness elongated into fila-
mentous structures (Figure 2C2) with multiple DAPI-stained zones
(Figure 2C2b). However, these filaments lacked well-defined septal separa-
tion (Figure 2C2c). The impact of HHP was primarily observed in PG synthe-
sis at the septa, with no apparent effect on chromosome replication or segre-
gation. Notably, the phase microscope revealed the presence of short cells
(pink arrow in Figure 2C2) with visible chromosomes, as shown in
Figure 2C2b. However, these cells were not labeled by FDAA (Figure 2C2c),
suggesting their inactivity or death while maintaining their initial size and
chromosome morphologically intact. Additionally, certain cells displayed an
inflated or swollen morphology (yellow arrow in Figure 2C2).

The impact of HHP on SWIR-1 cell PG synthesis, division, and mortality
was further investigated (Figure 3). Analysis of cell length distribution
revealed that the median size of HADA-labeled cells actively increased from
5.2 um at 0.1 MPa to 14.8 um at 30 MPa, then subsequently decreased to 5.5
um at 40 MPa. The proportion of filamentous cells followed a similar trend in
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Figure 4. IR triggers PG synthesis at septa The cells were initially incubated with HADA (blue fluorescence) at 30 MPa in darkness for overnight. They were then collected,
washed and resuspended in fresh media supplemented with RADA and incubated at 30 MPa in darkness (series A) or with 880 nm irradiation (series B) for Th at 30 MPa. Yellow

arrows show newly synthesized PG at septa. Scale bars: 5 um.

response to the increasing pressure. The longest filamentous cell measured
77.4 um at 30 MPa. Importantly, the percentage of inert cells, typically around
4 um in size, escalated from 2.4% at 0.1 MPa to 20% at 30 MPa. As the pres-
sure continued to be increased, the number of inactive cells became the
majority, reaching 61% at 35 MPa and 75% at 40 MPa. This resulted in a
progressive hindrance of cell division in SWIR-1 and an increased cell mortal-
ity rate with higher pressure. In contrast to the initial mixed population, the
derived axenic culture SWIR-1 exhibited a pressure-tolerant phenotype.

IR triggered PG synthesis at septa under HHP

Cell division was negatively impacted by elevated pressure, while IR irradi-
ation promoted the growth of SWIR-1 cells. To better understand the effects
of HHP and IR irradiation, we compared the cell morphology in cultures under
HHP in darkness with those subjected to IR irradiation in HPS (Figure S2).
The temperature was maintained at 25°C in all cultures. 18% of cells were
actively labeled and filamentous, with a median size of 9.2 um. The remain-
ing 82% of cells were inactive with a short size of less than 5 ym when incu-
bated in the dark. In cultures with IR irradiation, 98% of cells, were actively
labeled and had a shorter size (5.1 um). Abnormal cell shapes were observed
mainly in the dark cultures.

A pulse-chase double labeling experiment was conducted on SWIR-1 cells.

The cells were first incubated in the presence of blue HADA in darkness at 30
MPa overnight. Subsequently, the cells were collected, washed, and resus-
pended in fresh media containing red RADA. After that, the cells were incu-
bated at 30 MPa for 1 hour in darkness (Figure 4, series A micrographs) or
exposed to 880 nm IR irradiation (Figure 4, series B micrographs). The incor-
poration of HADA into the synthesized PG resulted in a halo of blue fluores-
cence on the cylindrical wall. Interestingly, the second labeling step revealed
dispersed and irregular red fluorescence patterns, along with foci in some
cases, in the cells that were subsequently incubated in darkness (series A, red
panels). In contrast, IR irradiation induced not only peripheral PG synthesis,
but also formation of the conspicuous septa (Figure 4, series B, indicated by
yellow arrows). Compared to the sites of septa labeled in the second step by
RADA, the blue labeling at these positions disappeared, indicating a dynamic
removal of old PG and de novo synthesis of PG at the division sites. The
result indicates that IR radiation triggers PG synthesis at septa and counter-
acts the inhibitory effect of HHP on cellular division.

IR light at 880 nm efficiently improved the cell division of strain SWIR-1
To further evaluate the impact of HHP and light on the growth of SWIR-1,

we designed a high-pressure cell growth analysis device (HPCG) (refer to

Figure S3). The HPCG comprises a high-pressure observation unit (HPOU)
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Figure 5. Presentation of “SSCA" procedure used
for high-throughput determination of cell size,
fluorescence density and location The phase
contrast image was converted into mask image
(This image is not displayed). The corresponding
fluorescent image was superposed on the converted
image (A). A skeleton in the center along the long
cell axis was attributed and referred to as the medial
axis. Based on the medial axis, the cell width was
measured and plotted (B). The fluorescence inten-
sity on the above or below medial axis was analyzed
and plotted (C and D). The arrows indicated the
septa with constriction (cyan arrows) and without
(pink arrows). The yellow asterisks signify the fluo-
rescence foci. Scale bars: 5 ym.

1.5

Cell width (um)

the unilluminated tube were labeled as dark
samples (D-samples). The SWIR-1 cells were
classified by SSCA into eight distinct patterns,
five of which represent various stages of cell
division.

The most prevalent pattern consisted of rod-
shaped cells with peripheral halo fluorescence

(Figure 6A1-2, panels La and Da), indicating
cells in the process of elongation or just after

division. These cells accounted for 70.1% of the
population with a median size of 4.6 pm when
exposed to IR (Figure 6A1, pattern La, and B1).
In contrast, in darkness, these cells made up
only 34.5% of the population, exhibiting a fila-
mentous morphology with a median size of 11.3
um (Figure 6A2, pattern Da, and B2). The second
pattern showed cells initiating septum forma-

tion, as indicated by a single fluorescence spot

0.4~

Fluorescence below (um) e Fluorescence above (pm) °

. inthe middle of the cell (Lb and Db). This initia-
tion led to the formation of a distinct septum
band (panels Lc and Dc), followed by noticeable
cell constriction (pattern 4, panels Ld and Dd),
and culminating in pattern 5, where two
offspring cells were observed (Le and De).
Notably, in cells irradiated by IR, the division
initiation site or septum was predominantly
located at the mid-cell (Figure 6C1). However, in

0.0~

15 20 25 30

Cell length (pm)

35

connected to a high-pressure bottle to maintain the pressure at a specific
pressure level. Furthermore, an LED light with an appropriate lens was inte-
grated onto a Zeiss microscope to illuminate the HPOU, and enable real-time
observation of cells.

To efficiently analyze the images, we developed a high-throughput analy-
sis tool for microscope image quantification, referred to as "SSCA" (Materials
and methods). A medial axis (skeleton) along the long axis of a cell was
established in binary masks generated from phase-contrast images. Using
the medial axis as a reference, cell width (Figure 5B) and fluorescence above
(Figure 5C) or below (Figure 5D) it was determined, as outlined in the Meth-
ods section. The constriction sites with FDAA-labeled septa were identified by
positions with decreased cell width and increased fluorescence intensity
symmetrically above and below the median axis (Figure 5A, cyan arrows; B-D,
cyan highlight). Positions with clearly labeled FDAA septa but lacking cell wall
constriction were indicated by pink arrows and highlighted in pink. Fluores-
cence foci above or below the median axis were automatically recognized
and recorded (Figure 5, yellow asterisk).

SSCA enabled a comprehensive analysis of the impact of IR irradiation on
cell growth and division. After 20 hours of incubation at 30 MPa and 24°C,
under irradiation with an 880 nm LED at a radiance of 200 yW/cm? at the
HPOU exit site, the system was depressurized. The cultures within the HPOU
were collected as light-illuminated samples (L-samples), while those inside

40

cells grown in the dark, it was found at various
positions (1/4, 1/2, 3/4) or even irregular posi-
tions (C2). This suggests that SWIR-1 cells in
darkness had difficulty in defining the normal division site.

Under IR irradiation, the proportion of cells exhibiting a single fluorescence
spot (pattern b), the formation of a septum (pattern c), constriction of the cell
wall (pattern d), and separation of progeny cells (pattern e) decreased from
16.1% to 5.5%, 3.9%, and 1.7%, respectively (Figure 6A1 and B1). This implies
a smoother division process. In contrast, in darkness, the proportions of cells
at the initiation step of division (pattern b with one fluorescence spot) and the
formation of a septum (pattern c) were 22.2% and 4.9%, respectively
(Figure 6A2 and B2), which is similar to the percentages observed for cells
exposed to IR. Notably, the proportions of cells at the later division steps
(patterns d and e) increased to 8.6% and 10.4%, respectively, indicating a slow
kinetics in constriction and separation. Moreover, the dividing cells exposed
to IR separated horizontally with angles less than 25 degrees in most cases
(Figure 6AT, panels Ld and Le, and D1), whereas cells were often bent at the
septa with larger angles in darkness (Figure 6A2, panels Dd and De, and D2).
This result suggests a more challenging division process in the dark. Overall,
these results indicate that exposure to IR resulted in a smoother division
process.

The sixth pattern comprised cells with multiple fluorescence foci, indicat-
ing dispersed synthesis or repair of the PG network. This might also suggest
difficulties in determining the initiation site for septum synthesis in these
cells. When exposed to IR, only 1.4% of cells exhibited multiple fluorescence
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92US10§095 UOPAOUU| 8Y |

The Innovation Geoscience 2(1): 100050, March 19, 2024 7




ARTICLE

f & [~ [ = | =

Cell number

“Length 11.3+5.6um

C

2
La70.1% @

12.8 £8.6 pm

129 +53 pm 16.7 + 8.5 pm

. %
@ Da34.5% ®30 @ 30 @ 30 z 30

Lb16.1% Db222% 5 5 5

e bcier ¢ i - <

Le 1.7% De10.4% = 2 2 g

. : =10 =10 =10 , =10

Lf 1.4% Df 9.6% & S TN T 3

Lg1.2% Dg3.7% : 0 , g q

Lh0.2% Dh6.1% 0.2 04 06 08 1.0 02 04 06 08 1.0 25 50 75 100125 25 50 75100125

Position

Position Angles Angles

Figure 6. Patterns of PG synthesis in SWIR-1 cells under HHP at 30 MPa A1, BT, C1 and D1 are cells exposed to IR irradiation, whereas A2, B2, C2 and D2 are cultures in the
dark. AT and A2 show PG synthesis with HADA 0.2 mM for 20 h. B1 and B2 show the distributions of the 8 patterns of cells. C1 and C2 indicate location of initiation and forma-
tion of septa alone the long axis of cells. D1 and D2 are the bending angles of cells in division. Scale bars: 5 um.

foci, whereas this percentage increased to 9.6% in the dark (Figure 6A-B). The
seventh pattern displayed long filaments with the removal of HDAA labeling
at the mid-cell, resulting in a sharp unlabeled band in cells exposed to IR and
a relatively wider zone in cells incubated in the dark. This observation
suggests the removal of PG at these positions (Figure 6A1, Lg, and A2, Dg).
The final pattern involved cells with swollen ends (Lh and Dh). Exposure to IR
resulted in a negligible proportion of swollen cells (0.2%) compared to a
higher proportion (6.1%) observed in darkness. Notably, the beneficial effect
of 880 nm irradiance on cell division under HHP was not observed with 970
nm IR at the same radiance.

DISCUSSION

Bacteria have evolved various mechanisms to adapt and thrive in deep-sea
habitats characterized by HHP. The synthesis of peptidoglycan (PG) for cell
elongation and division while maintaining cell envelope integrity is a highly
challenging process under elevated pressure conditions. In this study, we
observed that HHP at certain extent impairs septal PG synthesis and cell divi-
sion, but not elongation, in the SWIR-1 strain isolated from a deep-sea
hydrothermal vent. Remarkably, IR radiation, which is the primary light source
emitted by the superhot active black chimney, can trigger septal PG synthe-
sis and alleviate the hindrance of HHP on cell division. Therefore, it appears
that the target of HHP and IR irradiation is the divisome-mediated PG
synthesis and cell division process.

Genes that have functional relationships or physically interactions often
cluster together, which facilitates the sharing of regulatory mechanisms.
Notably, genes responsible for critical processes in PG synthesis and bacte-
rial cytokinesis are typically located within a division and cell wall (DCW) gene
cluster, a feature conserved in terms of both gene content and gene order
across bacterial species.”’For instance, in the case of B. subtilis, the DCW

cluster comprises 18 genes (see Figure 7). The murBGDE and mraYZ genes
play essential roles in the synthesis and export of PG precursors. Meanwhile,
ftsZAQWIL genes are key components of the divisome complex, which is
necessary for septal PG synthesis, septa formation, and cell wall constriction.
It is worth noting that the ftsA gene is typically located adjacent to ftsZ in the
DCW cluster when present. However, in strain SWIR-1, it was conspicuously
absent from the DCW cluster, with its homolog sepf found alone at a distal
position in the genome (Figure 7).

To gain more insight into the genomic context of the DCW cluster, we
conducted a GeCoViz analysis. Using SWIR-1 FtsZ as a query, a sequence
search in GeCoViz assigned it to the orthologous group COG0206, which is a
critical cell division protein forming the Z-ring. An analysis of the 56 ftsZ
genes from 47 representative species revealed closely co-localized ortholo-
gous groups, including COG1589 FtsQ (VCS 0.66), COGO771 MurD (VCS
0.61), and COG0472 MraY (VCS 0.61). FtsA in COG0849 was found in 51% of
these genomes.

The SWIR-1 DCW cluster contains sbp and two homologous yixW/ylxX
genes directly upstream of ftsZ These three genes are present in the mini-
mal genome of B. subtilis strain PG38,” suggesting their indispensable func-
tion in B. subtilis. A similar ylx-sbp-ftsZ context was found in the genomes of
four species: Ezakiella massiliensis, Veillonella magna DSM19857, Eubacteri-
aceae bacterium CHKC1005, and Clostridium formicaceticum (Figure 7).
These four species, including strain SWIR-1, and B. subtilis all belong to the
Bacillota phylum, suggesting the conservation of the ylx-sbp-ftsZ context in
this gram-positive phylum. Sbp (small basic protein) belongs to COG3856
PFAM DUF1290, and YIx belongs to COG3879 of unknown function
(DUF88T1). Further exploration of COG3856 revealed that Sbp has 3,186
orthologs from 1,521 representative species and is embedded in the ylx-sbp-
ftsA/ftsZ context. Using YIxX as a query in sequence search, we found 8,134
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Figure 7. DCW cluster gene composition DCW clusters from the gram-negative model strain E. coli, gram-positive model strain B. subtilis, the strain SWIR-1, as well as those

with similar genomic context sorted out by GeCoViz platform are presented.

orthologous proteins in 1,535 representative species. These proteins were
closely linked to sbp and fts genes, suggesting that three proteins likely play a
significant role in the cell division process. However, whether these function-
ally unknown proteins respond to IR irradiation remains unknown.

Expanding on this line of inquiry, it is imperative to conduct comprehensive
investigations to determine whether elevated pressure has a widespread
impact on the impairment of PG synthesis at septa across various bacterial
taxonomy groups. Furthermore, it is crucial to determine if this impairment
can be effectively restored through IR irradiation. Since T. hydrothermalis
SWIR-1 is an obligate anaerobic strain and lacks genetic tools for direct
study, a synthetic biology approach using B. subtilis or other model cells may
help circumvent this obstacle.

The inherent properties of IR light, including its ability to penetrate deep into
tissues and its minimal photo-cytotoxic effects, make it a highly promising
tool in biomedical applications such as low-level laser (or light) therapy
(LLLT). LLLT, also known as photobiomodulation (PBM), uses low levels of
red or IR light to stimulate cellular function and treat various conditions like
pain, inflammation, wound healing and brain disorders.”* While the mecha-
nism of near-infrared (NIR) PBM is complex and not yet fully understood,
several hypotheses have been proposed to explain its effects. One hypothe-
sis is based on the enhancement of enzymatic activities. NIR light at about
850 nm stimulates the activity of mitochondrial enzyme cytochrome ¢
oxidase (CCO), which enhances the electron transport chain, thereby increas-
ing cellular energy production (ATP synthesis) and improving cellular
metabolism. In a different range, IR light at 980 nm or longer wavelengths is
absorbed by nanostructured water clusters surrounding transient receptor
potential (TRPV1) heat/light-gated ion channels. A slight nano- or microscale
temperature change triggers a conformational shift in TRPV1, leading to the
influx of calcium ions, neuronal depolarization, and the perception of heat.”"*
Despite the growing number of successful cases in PBM, skepticism persists,
impeding its widespread adoption in clinical practice. This is due to the
limited understanding of the molecular, cellular, and tissue-level mecha-
nisms underlying the positive outcomes associated with PBM.

Bacteria exhibit varying degrees of absorption of IR radiation, depending on
the wavelength and cellular composition. This absorption is primarily due to
specific molecular groups and compounds within the bacterial cellular struc-
ture. Bacterial cells contain a significant amount of water, and a prominent
absorption peak at 976 nm was observed in both water and growth media.
Consequently, NIR radiation at this wavelength can induce a thermal effect on
bacterial cells. The study investigated the effect of 880 nm and 970 nm on
triggering septal PG synthesis and cell division of SWIR-1 under elevated

pressure. Only 880 nm but not 970 nm LED could alleviate the inhibition of
cell division. It is worth noting that the genome of SWIR-1 code for neither
cytochrome c oxidase nor known heat/light-gated ion channels, but encodes
copper-containing proteins of unknown function. Further investigation is
required to determine whether these proteins are involved in IR-triggered
SWIR-1 growth and cell division.
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Figure S1 FDAA incorporation in SWIR-1 cell wall. SWIR-1 cells were incubated
with one of four FDAA at final concentration of 0.2 mM under anaerobic conditions.
Scale bars equal 5 pm.
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Figure S2 Distribution of size and PG synthesis of cells incubated under elevated
pressure in darkness or with IR irradiation. Red arrows indicated labelling inert cells
that were represented by red spots and red numbers in swarm plot. Blue arrows
indicate the longest filamentous cells. Scale bars: 5 um.
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Figure S3 Schematic presentation of High-Pressure Cell Growth Analysis Device (HPCG).
The High-pressure observation unit (HPOU) is connected to a high-pressure bottle and
is mounted onto a microscope plate. An LED light has been added to illuminate the HPOU,
and the imaging is displayed on the computer screen. Additionally, temperature readings
from the HPOU and the pressure cylinder are shown on the screen.
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