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Deception Island, Antarctica, harbors unique polyextreme conditions fostering versatile microorganisms with
significant biotechnological potential. This is due to genomic adaptation to extreme conditions that lead to
metabolic alterations, such as the production of unique exopolysaccharides. Bacillus licheniformis F2LB, isolated
from Deception Island, Antarctica, was evaluated for its exopolysaccharide's structural and biotechnological
potential (EPS). Genome analysis revealed EPS biosynthesis, UV resistance, and thermal adaptation genes. The
EPS with a putative glucogalactomannan backbone, comprised mainly of a sugar molar ratio Man: Glu: Xyl: Fuc
(1: 0.7: 0.4: 0.3) and other sugars in trace amounts. Spectroscopy identified key glycosidic linkages, and
morphology showed a rough, nonporous surface. Functionally, EPS demonstrated robust thermal stability (Tpeak
255 °C), remarkable antioxidant activities (~100 % H202 scavenging; DPPH: 75.5 %), good emulsifying ability
(90 % in olive oil), and water (238.7 %) and oil-holding capacities (384.7 %) exceeding commercial xanthan
gum. These findings underline its potential as a sustainable food additive.

contributions in recent biotechnological advancements [1-4]. Among
these compounds, exopolysaccharides (EPSs) are particularly notable

1. Introduction

Polyextreme ecosystems are physiologically and biologically
different from single extreme environments due to the co-existence of
more than one extreme condition, which influences gene expression in
various ways. This forces microorganisms to survive under multiple
stresses at once. Microorganisms develop special metabolic and physi-
ological abilities to cope with these harsh conditions, allowing them to
thrive and produce bioactive compounds with several significant
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for their antioxidant, anti-inflammatory, immunostimulant, and emul-
sifying properties. Their stability at high temperatures, extreme pH, and
salinity makes them ideal for industrial applications [1,5-7]. For
instance, the food industry seeks value-added compounds from natural
sources that can offer enhanced functionality and bioactivity, promoting
healthier options for consumers [5,8,9]. The natural food additives
market has seen significant growth since the last century, realizing the
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recognized benefits of biologically active compounds and raising con-
cerns over the risks of artificial additives [10]. Bacterial EPSs are com-
plex polysaccharides composed of branched and repeating sequences of
sugars like galactose, mannose, fructose, glucose, rhamnose, etc., and
their derivatives are included in different proportions, which are pro-
duced massively outside of the bacterial cell wall in stressful environ-
ments. In harsh environments, EPS shields microbial cells from
dehydration, osmotic stress, toxic substances, and phage attacks and
plays a crucial role in facilitating communication between cells [11].

The Bacillus genus consists of a wide range of endospore-forming,
rod-shaped, Gram-positive bacteria with significant applied biology
applications in pharmaceutical, agriculture, and the food industry [12].
Thermophilic Bacillus species like B. alcalophilus, B. amyloliquefaciens,
B. clausii, B. cereus, B. brevis, B. halodurans, B. lentus, B. licheniformis,
B. subtilis, and B. stearothermophilus, are commonly abundant in high-
temperature ecosystems. These severe habitats include craters of vol-
canoes, geothermal regions, hot springs, mining sites, hot mud, com-
posting areas, and locations of deep-sea hydrothermal vents. Mostly,
they live in temperatures ranging from 60 to 80 °C [13]. According to a
previously published report, B. licheniformis EPS BL-P2 showed good
radical scavenging activity and inhibited a-glucosidase and a-amylase
enzymes [14]. To improve the shelf life of processed food, EPSs are
perceived as good natural antioxidants that can also stabilize oil-water
emulsions. Recently, the B. licheniformis MS3 strain was reported to
have >60 % emulsification index in cottonseed oil [15]. EPS isolated
from B. albus DM-15 strain was reported previously to have >60 %
emulsification in xylene [16].

Our study emphasizes the structural characterization and analysis of
the biotechnological potential of a novel exopolysaccharide produced by
Bacillus licheniformis F2LB isolated from Fumarole Bay of Deception Is-
land in Antarctica, which shows good potential to be used as a food
additive in the future. Antarctica features poly-extreme environmental
conditions such as the co-existence of extreme UV radiation, tempera-
ture variances, extreme salinity, and snow coverage conditions [17,18].
Despite Antarctica's predominantly cold environment, it also contains
active volcanoes that host diverse microorganisms. Currently, there are
two active volcanoes in Antarctica (https://www.livescience.com/plan
et-earth/volcanos/antarctica-is-covered-in-volcanoes-could-they-erupt,
accessed on 8-12-2024). One active volcano is in Maritime Antarctica
(Deception Island) [19-21]. Deception Island, a marine back-arc stra-
tovolcano located in the South Shetland Islands within the Bransfield
Basin [22,23], stands out as a unique part of Antarctica due to its
distinctive environmental conditions, which include both icy and hot
habitats [21,24,25]. This island differs from continental volcanoes due
to its marine influence and higher temperatures, with areas near fu-
maroles reaching up to 100 °C [21,26]. This volcanic island hosts polar
volcanoes that foster the creation of fumaroles, which exhibit extreme
temperature gradients over very short distances, reaching temperatures
up to 100 °C and subzero temperatures adjacent to the glaciers
[21,24,25]. Fumarole Bay is one of the largest fumarole fields in
Deception Island, with geothermal anomalies having temperatures
ranging from 90 to 110 °C with rich emissions of hydrogen sulfide and
carbon dioxide [24]. In addition, abundant geothermal activity makes
Deception Island a fascinating equivalent of an extraterrestrial envi-
ronment [23,27]. The island's uniqueness makes it a hotspot for un-
derstanding microbes and their unique bioactive compounds in extreme
conditions. Various studies have been carried out to understand the
microbial diversity of Deception Island [23,25,28]. In addition, Ant-
arctic Deception Island has also been studied for different thermophilic
microbial enzymes, namely nitrilase [29], superoxide dismutase [30],
and lipases [31]. However, the bacterial EPS isolated from Antarctica,
specifically from Deception Island, has been less explored. Keeping this
in context, in the present study, we focused on exploring the uniqueness
of the microbiota of Deception Island, EPS production by the thermo-
philic bacteria, its characterization, and technological application.

The primary aim of this study was to structurally characterize and
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explore the biotechnological potential of a novel exopolysaccharide
(EPS) produced by Bacillus licheniformis F2LB isolated from the poly-
extreme environment of Fumarole Bay, Deception Island, Antarctica.
The novelty lies in identifying unique structural features and functional
properties of this EPS, attributed to genomic adaptations of extrem-
ophilic microorganisms to severe environmental conditions such as
extreme temperatures and UV radiation. This research is important as it
reveals new bioactive compounds with significant potential for indus-
trial applications, particularly as sustainable food additives exhibiting
antioxidant and emulsifying properties.

2. Materials and methods
2.1. Study site, sample collection and in-situ analysis

Samples were obtained from the interstitial water (at 30 cm depth
approx.) of the thermal anomalies found in the coastal marine intertidal
zone of Fumarole Bay (62°58'6.1"S; 60°42'32.7"W), located in the west
of Deception Island in northern Antarctica (Fig. 1). The sample was
collected in austral summer (26th December 2022) as part of Chilean
Antarctic Expedition (ECA 59) with the logistic support of Spanish
Gabriel de Castilla (GdC) base. It is important to note that in order to
facilitate access to the thermal anomalies, the sampling was carried out
during low tide. In situ physiochemical parameters such as temperature,
salinity, conductivity, pH, total dissolve solids and redox potential were
measured using a multiparametric probe (BLE-pH 01, Shenzhen Yago,
China), while UV radiometer (UV340B, Shenzhen Sanpo Instrument,
China) was used to measure the UV (UVA + UVB) radiation. Water
samples for analysis of nitrate (NO3), nitrite (NO3), silicate (SiOﬁ’) and
orthophosphate (PO3 "), were filtered through 0.7 pm nominal pore size
glass-fiber filters (GFF) and frozen at —20 °C until analysis. NO3, PO?(,
and SiO; were analyzed following Atlas et al. [32], while NO; was
determined via spectrophotometry following Strickland and Parsons
[33,34]. Samples were run in triplicate in an autoanalyzer manufactured
in the Pontificia Universidad Catélica de Valparaiso, Chile. The relative
standard error for NO3, NO3, PO?{, and SiOﬁ’ was lower than £10, £3,
+3, and £ 5 %, respectively. Greenhouse gases — GHG (CO2, CHy4, and
N0) were measured in triplicate from water collected in 20 mL crimp-
cap glass vials, using saturated HgCl, to fix the samples. Samples were
stored at dark and room temperature until analysis. GHG were deter-
mined by gas chromatography using the headspace technique [35] in a
gas chromatograph (Greenhouse GC-2014, Shimadzu) equipped with a
methanizer to convert CO,, a flame ionization detector (FID) for CHy
and an electron capture detector (ECD) for N3O. The coefficient of
variation of the GHG measurements was <3 %.

2.2. Isolation and polyphasic characterization of the EPS producing
thermophilic bacteria

To isolate thermophilic bacteria, a serial dilution was performed,
with 50 pL from each dilution aseptically inoculated into Luria Bertani
(LB) broth and incubated at 55 °C. After 24 h of incubation, a white,
opaque, circular colony with undulate and mucoid characteristics was
selected for further experiments. The salt tolerance of the isolate was
tested across a range of NaCl concentrations from O to 8 %. The optimal
pH for growth was assessed by adjusting the medium's pH between 5 and
9 using 1 M HCl and 1 M NaCl [36], followed by incubation at 55 °C. Cell
growth was monitored spectrophotometrically at 590 nm. Additionally,
the antibiotic sensitivity of the fumarolic isolate was evaluated using the
disc diffusion method against 4 kits of broad-spectrum antibiotics from
HiMedia, India which are Hexa G-minus 11 containing Amikacin (AK)
30 pg, Ampicillin (AMP) 10 pg, Ampicillin/Sulbactum (A/S) 10/10 pg,
Ceftriaxone (CTR) 30 pg, Ofloxacin (OF) 5 pg, and Ticarcillin/Clavulanic
Acid (TCC); Hexa G-minus 2 containing Ceftazidime (CAZ) 30 pg, Cip-
rofloxacin (CIP) 5 pg, Amikacin (AK) 30 pg, Nitrofurantoin (NIT) 300 pg,
Netillin (NET) 30 pg, and Nalidixic acid (NA) 30 pg; Hexa G-plus 2
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Fig. 1. A. Side view of the study site from a distance showing vapor B. Direct view of the study site showing the surface and sub-surface temperature C. Map showing

the location of Fumarole Bay located on Deception Island, Antarctica.

containing Penicillin G (P) 10Unit, Clindamycin (CD) 2 pg, Co-
Trimoxazole (COT) 25 pg, Erythromycin (E) 15 pg, Vancomycin (VA)
30 pg, and Ampicillin/Sulbactam (A/S) 10/10 pg; and lastly Hexa G-plus
15 containing Ciprofloxacin (CIP) 5 pg, Gentamicin (GEN) 10 pg, Line-
zolid (LZ) 30 pg, Penicillin-G (P) 10Unit, Streptomycin (S) 10 pg, and
Vancomycin (VA) 30 pg spanning from the first to the fourth generation
in a method previously described by Bauer et al. [37].

2.3. Taxonomic identification of EPS producing thermophilic bacteria by
whole genome analysis

Genomic DNA from strain F2LB was isolated using DNA power soil
kit (Sigma Aldrich) according to the manufacturer's instructions. DNA
concentration and quality were assessed by using Nanodrop 1000
(Thermo Fisher Scientific) and Qubit 4.0 (Thermo Fisher Scientific). The
genome sequencing was performed using Illumina Novaseq PE150
(Mlumina, Inc., San Diego, CA, USA) platform using paired-end
sequencing strategy. Raw reads were filtered, and high-quality paired-
end reads were assembled using SPAdes (v3.15.5) [38]. CheckM was
used to evaluate strain F2LB genome quality [39]. The identification of
rRNA genes was carried out using RNAmmer (version 1.2) [40] and
compared using the EzBioCloud server [41] and NCBI BLAST (https://
blast.ncbi.nlm.nih.gov/Blast.cgi). The genome was visualized using
Proksee [42] and compared with the closest species using BLAST [43].
Functional annotation and phylogenomic tree construction were per-
formed using Anvi'o tool [44,45]. Prodigal was used to identify open
reading frames [46], HMMER to identify genes matching bacterial
single-copy core gene collections [47,48] and MUSCLE for multiple
sequence alignment [49] and the resulting tree was visualized using
MEGA (version 7.0) software [50]. Functional annotation was carried
out against the Kyoto Encyclopedia of Genes and Genomes (KEGG) [51]
database using the anvi-run-kegg-kofams program [52]. Pyani software
package was used to calculate the average nucleotide identity (ANI)
value [43,53]. Pangenome analysis was carried out using Roary [54]
using the genome annotation by Prokka [55].

B. licheniformis F2LB genome was categorized in subsystem by using
an open-source prokaryotic genome annotation system Rapid annota-
tion System Technology (RAST) pipeline compared with the entire
available dataset [56]. The functionally annotated genes present within
the genome were visualized using SEED Viewer. PHAge Search Tool

Enhanced Release (PHASTER) web-based server was used to identify
genes related to prophage with the gnome of F2LB [57]. In order to
predict genomic islands, IslandViewer4 was used (https://www.patho
genomics.sfu.ca/islandviewer/) [58].

Pan-genomes helped to estimate the number of shared genes (core
genome) and unique or variable genes (accessory genome) between the
genomes. The Spine tool (a perl-based program) was used to analyze the
core genome from selected genomes with >85 % sequence identity as
homologous [59]. AGEnt algorithm depends on a combination of the
NUCmer function of the MUMmer software package v3.23 as well as the
Perl script [60].

2.4. Analyzing the resistance under ultraviolet radiation

The growth pattern of isolated F2LB under UV exposure was checked
by inoculating in both solid as well as liquid LB media and incubated for
24 h at 55 °C at dark condition. Inoculated plates and liquid media were
subjected to UV-A and B radiation maintaining a 20 cm distance apart
using a UV-LED light tube (Zcheng 5 W at 365-395 nm length) inside a
LABWIT ZWYR-20102C shaker incubator. The exposure time gradually
increased from 5 min (2.9 KJ/m?), 10 min (5.9 KJ/m?), 15 min (8.9 KJ/
m?), 20 min (11.9 KJ/m?), 25 min (14.9 KJ/m?), 30 min (17.9 KJ/m?),
35 min (20.9 KJ/mz) and 40 min (23.88 KJ/mz). A non-irradiated plate
and tube served as control. Bacterial growth was measured using
Spectrophotometry at 590 nm.

To evaluate the cell viability and cell membrane integrity under UV
radiation [61], the treated cells were then stained with LIVE/DEAD™
BacLight™ (Thermo Fisher Scientific, MA, USA). While SYTO 9 green
only stains live cells, propidium iodide (PI) red stains dead or membrane
damaged cells and extracellular DNA (eDNA). The stained cells were
observed with a Leica Stellaris 5 confocal microscope (Leica Micro-
systems, Wetzlar, Germany) with excitation/emission for SYTO 9 of 485
nm/498 nm and PI of 535 nm/617 nm. Counts of the number of alive
and dead cells have been performed using ImageJ software [62]. Cell
viability % was calculated using the following Eq. (1)

Cell viability (%) = {%} x 100% a

where Ny are the count of cells that are alive and Npe,q are the count of
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dead cells

2.5. Formation of biofilm by isolated thermophilic B. licheniformis F2LB

Biofilm formation was done in Falcon tubes using 20 mL of growth
medium and 200 pL of inoculum. Over a period of 6 days, we observed
the growth of bacteria and the production of exopolysaccharides (EPS)
from strain F2LB using confocal microscope (Leica Microsystems, Wet-
zlar, Germany). The sample was stained with DAPI (fluoresces at 358/
461 nm) to visualize the bacterial cells, and SYPRO™ Ruby (fluores-
cence spectrum of 450/610 nm) to visualize the biofilm matrix.

Normalised mean fluorescence intensity also calculated from ImageJ
using the following equation:

MFI EPS

Normalised fl intensity (NMFI) = —— 2
ormalised mean rfuorescence intensity ( ) MFI BiOﬁlm ( )

where MFI EPS represented as mean fluorescence intensity of the EPS
produced and MFI Biofilm represented as mean fluorescence intensity of
the total biofilm produced

2.6. Recovery, production and OFAT optimization of EPS

The protocol described by Rimada and Abraham [63] was followed
for production and recovery of EPS produced by B. licheniformis F2LB
with little modification. Bacterial cell from stationary phase was treated
with 4 % trichloroacetic acid (w/v) for 30 min followed by centrifuga-
tion at 5000 xg for 20 min at 4 °C, 5000 xg to precipitate the cellular
proteins. An equal volume of solvent, acetone was added with the
centrifuged supernatant and incubated at 4 °C for overnight. The
solvent-coagulated EPS was centrifuged for 20 min (12,000 xg at 4 °C)
followed by lyophilization to obtain pure EPS powder. To determine the
optimum nutrient source for the EPS production classical one-factor-at-
a-time (OFAT) were executed where different nitrogen sources (casein
hydrolysate, yeast extract and ammonium sulfate) and carbon sources
(glucose, mannose, xylose and sucrose) were used. For experimental
error stability, each experiment was performed in triplicate.

2.7. Physicochemical characterization of EPS

2.7.1. Morphological analysis of EPS (SEM-EDS and AFM)

To analyze the surface structure of the EPS, lyophilized samples were
examined using scanning electron microscopy (SEM). To see the
morphology of the sample under SEM, lyophilized EPS were fixed on
aluminum stubs followed by making them conductive with the help of
platinum coating, sputtered on samples. The platinum coating was 10
nm thick, and the platinum coated EPS sample was examined through
Thermo Fisher Scientific Helios 5-CX focused ion beam-scanning elec-
tron microscope (FIB-SEM) (facility at South Dakota School of Mines and
Technology, SD, USA), by maintaining an accelerated voltage of 5 kV.
Elemental composition of the EPS sample was determined by Oxford
UltimMax 100 EDS detector, and Oxford Symmetry S3 EBSD. The X-ray
spectrum of the elements was obtained at an accelerating voltage of 15
keV. The sample was analyzed at 3 different locations with the varying
magnification resolution of 2000x, 5000x and 10,000x. For the same
location EDS was performed at multiple sites of the sample location to
make the analysis more consistent.

To further analyze the morphological profile of the F2LB EPS, atomic
force microscopy (AFM) measurements were conducted using the Ana-
sys nanolR3 system (Bruker, MA, USA), available at the South Dakota
School of Mines and Technology (SDSM&T) facility in Rapid City, SD,
USA. The sample was carefully prepared by sprinkling a small quantity
of lyophilized EPS onto a double-sided sticky black carbon tape (5 mm in
diameter) affixed to a mica substrate, ensuring adequate adherence and
minimal contamination for precise imaging. The scanning was per-
formed in tapping mode using a PR-EX-TNIR-D-10 probe with

International Journal of Biological Macromolecules 321 (2025) 146114

specifications included a radius of 20 nm, a spring constant of 40 N/m, a
width of 40 pm, and an operational frequency of 300 kHz. The scan rate
was maintained at 0.5 Hz to ensure high-resolution imaging, with areas
of 5 x 5 pm and 20 x 20 pm analyzed at an X-Y resolution of 512 x 512
pixels. Before scanning, the probe was carefully engaged with the
sample surface to achieve optimal interaction. During the scanning
process, the setpoint amplitude was maintained at 7.281 V (target: 9 V)
with a drive strength of 25.8 % at a resonance frequency of 167 kHz,
allowing for stable imaging conditions without damaging the sample.
The Anasys software suite was employed throughout the process,
providing an intuitive interface for parameter configuration, data
acquisition, and post-scan processing.

2.7.2. Monosaccharide composition analysis of the thermophilic EPS

To analyze sugar composition, five milligrams of EPS sample were
added in 2M TFA acid and hydrolyzed at 120 °C for 90 min in a dry step.
T-butyl-ethanol was added to the sample in cold conditions. The sample
was vortexed and evaporated in an analytical evaporator with nitrogen
gas at a temperature of 45 °C, and this step was repeated three times.
Samples were diluted in deionized water and 0.45 pm filtered. Mono-
saccharide composition analysis was carried out using high-performance
anion-exchange chromatography with a pulsed amperometric detector
(HPAEC-PAD) using a DX 500 system (Dionex, Sunnyvale, CA, USA)
equipped with a CarboPac PA10 column (250 x 4 mm). The analysis of
neutral sugars was performed with water as the mobile phase (1 mL/
min; 40 min), followed by a cleaning step with 300 mM NaOH for 10
min, and then 10 min of re-equilibration. Uronic acids were analyzed in
150 mM NaOH (1 mL/min; 30 min) using a 0-220 mM sodium acetate
gradient, followed by a cleaning phase with 500 mM sodium acetate for
10 min, and a subsequent adjustment of 10 min with 220 mM NaOH and
another 10 min with 150 mM NaOH. Standard monosaccharides used for
this analysis included arabinose, fucose, galactose, glucose, mannose,
rhamnose, and xylose, as well as uronic acids like galacturonic acid and
glucuronic acid [64]. The experiment was performed in triplicates.

2.7.3. Determination of molecular weight

High-Pressure Size Exclusion Chromatography (HP-SEC) was
executed to determine the molecular weight of the B. licheniformis F2LB
EPS. Three milligrams of sample were weighed, and 1 mL of mobile
phase (NaNO; 0.05 M and 0.02 % sodium azide) was used. The sample
was vortexed for 1 min and treated for 1 min in an ultrasound water bath
(Cole-Parmer8892, United States), until the samples were mixed. The
sample was filtered with 0.05 pm PTFE Miller-LCR Merck (Agilent
Technologies, United States) in a 1.5 mL glass tube. High-performance
size-exclusion chromatography coupled with a refractive index detec-
tor (HPSEC-RID) was employed to assess the molecular weight distri-
bution by using an Agilent 1250 Infinity system (Agilent, Santa Clara,
CA, USA) equipped with a series of four PL aquagel-OH columns (60, 50,
40, and 30; 300 x 7.5 mm) arranged in tandem (Agilent, Santa Clara,
CA). The mobile phase was delivered at a flow rate of 0.6 mL/min, with
the RID temperature set to 30 °C. The average molecular weight (Mw) of
samples was determined using a dextran standard curve (Mw 5, 12, 25,
50, 80, 150, 270, 410, 670 kDa; Sigma-Aldrich, St. Louis, MO, USA). The
void volume (Vo) corresponded to the elution time of the largest
molecule while the included volume (Ve) matched the elution time of
glucose [64]. The slope for calculating the Mw of the samples was
derived from the log-transformed dextran standard curve, described by
the equation: y = —51,968x + 66,188 (R = 0,9976). The experiment
was carried out in triplicates.

2.8. Determination of thermal stability

For analyzing thermal stability, a microprocessor driven
temperature-control incorporated thermogravimetric analyzer Cahn-
Ventron 2000 (Cahn Scientific, Irvine, CA, USA) was used. 5 mg of
EPS sample was weighed in an aluminum pan, then the experiment
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performed under 50 mL/min Ny gas flow, at a heating rate of 10 °C
min~! where temperature gradually increased from 25 to 600 °C.

2.9. Determination of surface area

Brunauer-Emmett-Teller (BET) surface area analysis was performed
using a Micromeritics Gemini IIT 2375 Specific Surface Area Analyzer at
South Dakota School of Mines to determine the specific surface area of
the EPS sample. Ultra-high purity (UHP) nitrogen gas was used as an
adsorbate, while UHP helium gas was utilized to measure the free space
within the sample cell. Prior to analysis, approximately 0.205 g of the
sample were placed in the sample holder and degassed under a contin-
uous flow of UHP nitrogen gas at room temperature to remove any
physically adsorbed contaminants or moisture. The degassing process
was conducted for 6 h to ensure complete removal of volatiles and
achieve a stable baseline. During the measurement process, nitrogen
adsorption and desorption isotherms were recorded over a relative
pressure (P/Po) range of 0.05 to 0.95. The specific surface area was
calculated using the BET equation, assuming a monolayer coverage of
nitrogen molecules on the surface. All measurements were conducted at
controlled room temperature to minimize fluctuations due to environ-
mental conditions. The instrument was calibrated to ensure accuracy
and reproducibility of the results.

2.10. Putative EPS backbone structure analysis by spectroscopic study

2.10.1. Determination of functional groups by Fourier transform infrared
(FTIR) spectroscopy

Fourier transform infrared spectroscopy was performed to analyze
the main functional groups of the studied thermophilic EPS. Around 5
mg sample was analyzed in absorbance mode in a FTIR-ATR spectrom-
eter (Bruker Alpha Platinum-AIR, USA) with a scan range of 4000-400
em™! where crystal was placed at a 45° angle and 64 scans were
executed (4 cm ! resolution). Opus 8.1 Software was used to process the
spectra.

2.10.2. Analysis of glycosidic linkages by HSQC-NMR spectroscopy

Nuclear magnetic resonance (NMR) analysis followed established
protocols. A sample of 20 mg of B. licheniformis F2LB exopolysaccharide
was examined using a 500 MHz NMR spectrometer (Bruker Biospin,
Rheinstetten, Germany) equipped with a triple resonance probe [64,65].
The sample was dissolved in 99.9 % deuterium oxide (Cambridge
Isotope Laboratory, Cambridge, MA). 'H/*3C Multiplicity-Edited HSQC
spectra were obtained with 1024 x 512 points and 256 scans, utilizing
an Echo-Antiecho acquisition method and globally optimized alter-
nating phase rectangular pulses for decoupling at 35 °C. The spectra
were processed using TopSpin 4.3.1 software (Bruker Biospin). Chemi-
cal shifts were compared manually with the Carbohydrate Structure
Database (CSDB) [66] and relevant literature to identify likely glyco-
sidic linkages [67].

2.11. Functional property elucidation of the EPS

2.11.1. Invitro antioxidant activity determination

The free radical scavenging activity was assessed using the method of
Ruch et al. [68], with slight modifications. The primary reaction mixture
was prepared by mixing EPS samples of various concentrations (1, 2, 3,
4, and 5 mg mL 1) in 50 pL volumes and 120 pL of 0.1 M phosphate
buffer (pH 7.40) and 30 pL of 40 mM H30- solution was added to each
primary reaction mixture. The final reaction mixtures were thoroughly
shaken and incubated at 30 °C for 10 min. Then, the absorbance of each
sample was measured at 230 nm using a microplate reader (Allsheng,
Flex A-200, China). The H,05 scavenging activity was then calculated
using the appropriate eq.

[1— (A1 —Az)/Ap] x 100 3)
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where Ay is distilled water absorbance, A; is a sample water absorbance
mixed with HyO», Aj is the sample water absorbance.

The radical scavenging activity (RSA) of 2,2-diphenyl-1-picrylhydra-
zyl (DPPH) was determined following the methods given by Shimada
et al., [69] with some adjustments. In summary, different concentrations
of 200 pL of EPS aqueous solution (1, 2, 3, 4 and 5 mg mL 1) were mixed
with 20 pL (0.2 mM) ethanolic DPPH solution. The mixture was then
kept in the dark at 30 °C for 1 h and subsequently centrifuged at 5000 xg
for 10 min. The absorbance of the supernatant was measured at 517 nm
using a microplate reader (Allsheng, Flex A-200, China). The following
equation was used to calculate the DPPH scavenging activity:

[(A—B)/A] x 100 &)

where A is the absorbance of control supernatant and B is the absorbance
of the sample respectively

The determination of Ferric Reducing Antioxidant Power (FRAP)
activity was carried out following the method established by Benzie and
Strain [70] with certain adjustments. The EZAssayTM (Antioxidant
Activity Estimation Kit, Himedia, India) was utilized for the FRAP assay,
with the addition of 100 pL of chromogenic substrate and 100 pL of the
sample. The mixture was then incubated in darkness for 10 min at room
temperature (25 °C). The absorbance of the mixture was measured at
560 nm using a microplate reader (Allsheng, Flex A-200, China). The
standard calibration curve was prepared using different concentrations
of ferrous standard provided in the kit. Fe (II)iron equivalents (pM) were
calculated using the following equation:

b(xxy)
c

A= ()
where A is Fe?* (uM), B is absorbance, (x-y) intercept and C slope.
Xanthan gum was used as positive control here.

To assess the chelating activity of ferrous metal ions based on the
methods given by Shi et al. [71], aqueous samples were prepared at
various concentrations. For each sample, 100 pL of the sample, 10 pL of
2 mM FeCly, and 40 pL of 5 mM ferrozine were added. Negative control
was established by replacing the sample with H,0, while H,O was used
instead of 2 mM FeCl; to create a sample with no activity. In this study,
EDTA served as the positive control. After incubating the test set in
darkness for 10 min at 37 °C, the absorbance of the samples was
measured at 562 nm using a spectrophotometer. The % Fe?" chelation
was calculated according to the following equation:

[1— (A1 —Az))/Ao] x 100 (6)

2.11.2. Analysis of emulsification activity

The emulsifying activity of EPS produced by B. licheniformis F2LB
was performed using the method discussed before by Cooper and
Goldenberg [72], with some adjustments. To execute the emulsifying
activity, edible vegetable oils were utilized, including sesame, sun-
flower, canola, olive, corn, grape seed, vegetable, and rice oil. The
emulsifying property of the EPS compared with commercially available
bacterial polysaccharide xanthan gum (Sigma, St. Louis, Missouri, USA).
For this experiment, 2 mL of an aqueous solution of our studied EPS (1
mg mL~Y) were added, followed by 3 mL of each vegetable oil (2:3 v/v).
The mixture was vigorously stirred for 2 min. The oil, emulsion, and
aqueous layers were measured at 24-hour intervals to evaluate emulsion
stability. All experiments were performed in triplicate. The emulsifica-
tion index (Ep4) was calculated using the following equation:

volume of the emulsion layer x total volume ') x 100 7
y

2.12. Water-holding and oil-holding capacity determination

The water-holding capacity (WHC) of the EPS produced by
B. licheniformis F2LB was determined by method described before by
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Kumari et al. [73] in triplicates with little modification. 500 mg of pu-
rified EPS was mixed with 10 mL of distilled water by vortex for 1 min.
The mixed solution was kept in rest for 30 min with intermediate stirring
occasionally. Then the reaction mixture was centrifuged at 3200 rpm for
25 min and the supernatant was discarded. Then the weight of the EPS
was taken to calculate the water-holding capacity (WHC) using the
formula:

%WHC = [Water bound weight (g)/Initial sample weight (g)] x 100  (8)

The oil-holding capacity (OHC) of the studied EPS of B. licheniformis
F2LB was determined by method described before by Wang and Kinsella
[74] in triplicates with little modification. 500 mg of EPS was mixed
with 10 mL of sunflower oil by vortex for 1 min. The mixed solution was
kept in rest for 30 min with intermediate stirring occasionally. Then the
reaction mixture was centrifuged at 3200 rpm for 25 min and the su-
pernatant was discarded. Then the weight of the EPS was taken to
calculate the oil-holding capacity (OHC) using the formula:

%OHC = [Oil bound weight (g)/Initial sample weight (g) | x 100 )

2.13. Statistical analysis

Graphpad Prism version 10, OriginPro 2018, and Biorender were
utilized for graphical representations and statistical analysis. Every data
point represents mean + SD. Additionally, descriptive statistics have
been performed for the physicochemical characterization of the study
site and the EPS's water/oil holding activity. One-way ANOVA (Bon-
ferroni test) was performed for pH, Salinity, antibiotic, and UV exposure
on bacterial colony size determination assay, biofilm production, cell
surface area, and EDS analysis of the EPS with the Bonferroni multiple
comparison test. Two-way ANOVA (Bonferroni test) was performed for
antioxidant activity determination and emulsification test, as in these
cases, the group sizes were unequal.

3. Results
3.1. Study site, sample collection and in-situ analysis

The physicochemical characterization of the thermal anomalies of
interstitial water found in the intertidal coastal marine zone in Fumarole
Bay is summarized in Table 1. A map of the study site is presented in
Fig. 1. Marine waters (35.03 + 3.27), slightly acidic (pH 5.69 + 0.36),
and extremely hot (99.97 + 0.12 °C) dominated the system. In addition,
compared to other thermal anomalies present along the coast (data not
shown), relatively high oxidative conditions (Oxidation-Reduction Po-
tential (ORP) 132.3 + 10.41 mv) were found. Although low concen-
trations of total dissolved solids (28.13 + 2.58 ppt) were registered,
electrical conductivity was relatively high (56.3 + 5.14 mS cm™1). On
the other hand, there was a low availability of phosphates (0.25 + 0.03
pM) and hydrogen sulfide (0.14 + 0.06 pM), while silicates were rela-
tively high (487.06 + 7.61 uM). Furthermore, in contrast to NoO (11.4

Table 1

International Journal of Biological Macromolecules 321 (2025) 146114

+ 0.80 nM) and CH4 (12.3 4+ 0.80 nM), CO, concentrations (1277.8 +
75.80 pM) were extremely high. At the moment of the sampling, UV
(UVA + UVB) radiation was 637.33 + 6.66 pW cm 2. The descriptive
statistics results of the parameters are detailed in Table S1.

3.2. Isolation and polyphasic characterization of the EPS producing
thermophilic bacteria

Growth of numerous thermophiles had been observed on LB media at
55 °C. The F2LB strain was initially isolated from these thermophilic
colonies as a white, opaque, circular, and undulate colony with a length
of approximately 5.25 mm, which caught our attention due to its colony
size and time of growth. The strain was subsequently optimized for cell
growth under varying salt concentrations and pH conditions. It was
observed that bacterial cell growth was maximum at pH 7 and with 2 %
salt concentration (Supplementary Figs. S1 and S2). When pairwise
comparison was performed using one-way ANOVA through Bonferroni's
multiple comparison tests between the pH groups, it was observed that
the culture at pH 7 showed an extremely significant increase in bacterial
density compared to the other pH ranges (p < 0.0001); in turn, these
showed highly significant differences among themselves (p < 0.0001),
except between pH 6 and 5 (Table S2). Cultures with 1 % and 2 % salt
concentrations recorded similar and higher absorbances than the other
concentrations used. Moderately significant differences were found be-
tween these cultures and those with 5 % salt concentrations (p < 0.01).
Significant differences were observed between cultures with 1-2 % salt
concentrations and cultures with 3-4 % salt concentrations (p < 0.05).
(Table S3). The cellular growth was optimum at pH 7 and a 1-2 % NaCl
concentration. Then, EPS production was executed to analyze these
isolated colonies further downstream. Fumarolic isolate F2LB was found
to be susceptible to all tested antibiotics from the first to the fourth
generation, which indicates primarily that the bacteria have been in an
isolated extreme environment devoid of possible events of horizontal
gene transfer. Broad-spectrum antibiotic sensitivity profiling of the
isolate F2LB was statistically standardized using one-way ANOVA and
Bonferroni's multiple comparison test (Figs. S3 and S4). Nalidixic acid
showed the lowest antibiotic effect against B. licheniformis F2LB with
moderately significant differences versus inhibition with ciprofloxacin,
amikacin, netillin, and ofloxacin, which were given the most prominent
inhibition (p < 0.01). Also, it was observed that F2LB cultures showed a
lower sensitivity to clindamycin among the other antibiotics, with sig-
nificant differences when Ampicillin/Sulbactam, Gentamicin, Linezolid,
and Vancomycin were used (p < 0.01). It has been observed that the
pairwise group combinations have significant differences with p < 0.05
and p < 0.01 (Tables S4 and S5). The zone of inhibition was found to be
the lowest in the case of the first-generation antibiotic nalidixic acid.
However, the zone of inhibition was found to be highest in the case of
ciprofloxacin, a second-generation antibiotic.

Average (+ Standard Deviation) of physicochemical parameters measured in situ and from samples taken from the interstitial waters with highest thermal anomaly (at

30 cm depth approx.) found in the coastal marine intertidal zone of Fumarole Bay.

Station Position In situ measurements
Latitude Longitude pH Temperature EC (mS Salinity Salinity (ups) TDS (ppt) ORP (mV) UVA + UVB
[§9) em™) (%) (W cm™?)
Fumarole 62°58'6.1"S 60°42'32.7'W 5.69 + 99.97 £ 0.12 56.30 + 3.46 + 35.03 + 3.27 28.13 + 132.33 + 637.33 + 6.66
bay 0.36 5.14 0.33 2.58 10.41
Inorganic compounds GHG
Nitrate Nitrite (pM) Phosphate Silicate Hydrogen COz (uM) CH4 (nM) N0 (nM)
(M) (uM) (uM) Sulfide (uM)
0.25 + 0.03 487.06 + 0.14 + 0.06 1277.8 + 12.3 + 11.4 + 0.80
7.61 75.8 0.80

*EC = Electric conductivity; TDS = Total Solids Suspended; ORP = Oxidation Reduction Potential; GHG = Greenhouse Gases.
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3.3. Taxonomic identification of EPS-producing thermophilic bacteria by
whole genome analysis

The 16S rRNA gene sequence (extracted from the F2LB genome)
showed 100 % identity to the type strain of Bacillus licheniformis based
on pairwise digital DNA-DNA hybridization (ADDH) values between
user genomes and selected type strain genomes. Table S6 includes dDDH
values along with their confidence intervals. In the phylogenomic tree
(Fig. 2A), strain F2LB clade with Bacillus licheniformis. The ANI value
between F2LB and B. licheniformis was 99.5 %. Therefore, the isolated
strain has been identified as B. licheniformis F2LB. The morphological
characteristics indicate a rod-shaped bacterial cell (Fig. 2B-C). The
genome size of B. licheniformis F2LB was 4,248,298 bp with 46.2 % GC
content. The genome completeness was 98.8, with 0.4 contamination.
The circular visualization and its comparison with B. licheniformis DSM
13 are depicted in Fig. 2D. The genome sequence was submitted to
GenBank under the accession number JBFNAG000000000.

B. licheniformis F2LB encodes genes for glycolysis, citric acid cycle
and pentose phosphate pathway. It also encodes genes for dissimilatory
nitrate reduction (NarGHI and NirBD), assimilatory sulfate reduction
(sat, cysc, cysH and cysJI), and biosynthesis of ornithine, arginine,
proline, tryptophan, riboflavin, and betaine. F2LB encodes genes to
overcome stress UV irradiation (uvrABCD), cold and heat shock (cspA,
htpX, htpG, hslO, dnaJ, dnakK, and grpE). B. licheniformis F2LB encodes
genes for the uptake of glucose, galactose, fructose, sucrose, maltose,
mannose, xylose, arabinose, lactose, trehalose and cellobiose. Gene
related to the biosynthesis of UDP-N-acetyl-D-glucosamine biosynthesis
(glk, gpi, glmS, glmM and glmU), nucleotide sugar (glk, pgm and galu)
and EPS production (epsA, epsB, epsD, epsE, epsF, epsG, epsM and epsN)
were observed in B. licheniformis F2LB genome. The metabolic pathway
for EPS production by F2LB had been predicted in Fig. 3 based on the
supplementary information .csv file. F2LB genome was analyzed for the
presence of prophage sequenced by using PHASTEST, a web-based
PHAge search tool [57]. It identified three annotated regions for the
presence of prophage (Fig. 4). The phages with the highest number of
proteins, most similar to those in the region, the three most common
phages have been predicted, PHAGE Bacill phi1l05_NC_048631,
PHAGE_ Bacill WBeta_NC_007734 and PHAGE_Brevib_Jimmerl NC_
029104 which is provided on Fig. 4. The blast hits to identify the phages
have been detailed in Table S7. Genomic islands (GIs) mainly consist of
foreign genetic material acquired by horizontal gene transfer [58]. In
total, 8 GIs (Fig. 5b) were predicted to contain genes required for cell
metabolism, EPS biosynthesis, and more. GI-8 contains heavy metal
translocating P-type ATPase, a polysaccharide biosynthesis protein,
which confirms the EPS production by the bacteria. Apart from this, GI-2
and GI-7 contained the prophage-related gene present in B. licheniformis
F2LB. Pangenome analysis of B. licheniformis F2LB was carried out be-
tween two closely related Bacillus species (Fig. 2E). A total of 6027 gene
clusters were noticed and the Venn diagram (constructed using the
presence and absence of genes) showed that B. licheniformis F2LB con-
sists of 149 unique genes compared to Bacillus paralicheniformis KJ-16
and Bacillus licheniformis DSM 13 (Fig. 2F-G). The relative distribution
of pan, core, and accessory genome of F2LB according to the subcate-
gory and the total number of genes is provided in Table S8. The GI start
and end length and the gene products present in each genomic island
have been provided in Table S9.

3.4. Analyzing the resistance of the ionizing radiation

F2LB was capable of tolerating 35 min (20.9 KJ/m?) of gradually
increasing UV-B exposure (Fig. 6A). However, after this level, at 40 min
(23.88 KJ/m?) UV-B exposure, the growth of F2LB was null. The colony
morphology of the treated cell was significantly larger than the control
one (without exposure). The colony exposed for more time to UV found
to be dry, flattened, and bigger (Fig. S5). On the other hand, the colony
without UV exposure is found to have mucoid, small convex colony
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morphology. This indicates that the cells stop producing EPS when
exposed to UV radiation. From Fig. 6, it can also be clearly found that the
growth intensity of F2LB was the same however the cell morphology
changed. Moreover, cells were likely to form aggregation within the
population of UV-treated B. licheniformis F2LB. Confocal micrograph of
the treated B. licheniformis F2LB found to have chain-like formation
indicating the biofilm synthesis at stress condition. Under controlled UV
exposure, cell viability % gradually decreases from 47 % at 5 min to 15
% at 40 min. The highest cell viability percentages have been observed
at 10 min (51 %), whereas for control, 55 % cell viability has been
observed where no UV exposure has been applied (Fig. S5A). The
highest colony size was observed at 25 min UV exposure (~6.8 mm). It
gradually increases from 3.6 mm at 5 min to 6.8 mm at 25 min under UV
exposure (Fig. S5B and C). Upon statistical analysis through one-way
ANOVA pairwise comparison test, growth inhibition under controlled
UV exposure at different time lapses is presented in Fig. S6. Additionally,
a pairwise comparison of each UV exposure group was obtained using
one-way ANOVA Bonferroni's multiple comparisons test, which is
detailed in Table S10. UV-resistant related DNA repair genes identified
from the genome of B. licheniformis F2LB have been presented in
Table S11.

3.5. Formation of biofilm by thermophilic B. licheniformis F2LB

Biofilm formation is a successful strategy for microorganisms to
survive in a hostile environment [75]. The formation of biofilm by this
bacterium was analyzed using confocal microscopy to confirm the for-
mation of biofilm by thermophilic B. licheniformis F2LB. Fig. 6B indicates
the production of a higher number of planktonic cells during the initial
days (1 day and 2 days). However, biofilm production increased
significantly until day 4 and then declined until day 6. The biofilm
coverage area observed by microscopy on day 4 showed significant
differences compared to those produced on days 2 and 5, significantly
different from those produced on the remaining days (p < 0.001).
Moreover, Fig. 6 depicts that F2LB started to produce biofilm after 24 h
from inoculation. Normalised mean fluorescence intensity from the
confocal micrograph of the biofilm produced by B. licheniformis F2LB
also provide the insights that this bacterial strain produced highest of
extracellular polymeric substances after 4th day which gradually
decreased later on (Fig. S7). Pairwise comparison between biofilm
production over time, using one-way ANOVA with the Bonferroni
Multiple Comparison test, proves the statistical significance of the
experiment, as may be observed in Fig. S8 and Table S12. Additionally,
the percentage of cell surface area of F2LB was studied with a pairwise
comparison between biofilm production over time employing one-way
ANOVA with Bonferroni Multiple Comparison (Fig. S9 and Table S13).
Similar to what was observed with biofilm production, the area covered
by cells in the culture increased until reaching a maximum on days 3 and
4. These differences were moderately significant compared to the other
cultures (p < 0.01). A notable decrease in the bacterial density of the
culture was observed on day 6, with a significant reduction compared to
the maximum recorded on days 3-4 (p < 0.0001). In the present study,
being exposed to high temperatures, F2LB was found to produce biofilm
to survive in extreme environmental conditions. This also confirms the
production of a dense mass of extracellular polymeric substances, which
help microbial cells serve a protective function [5].

3.6. Recovery, production, and OFAT optimization of the thermophilic
EPS

In the stationary growth phase, at 55 °C, the highest EPS production
was observed by B. licheniformis F2LB when the trichloroacetic acid
precipitation method was executed [5]. The best-optimized nitrogen
source was yeast extract, resulting in the initial EPS production of 0.43 g
L7! in pre-optimized conditions. The highest yield was 0.992 g L7},
where the best-optimized nitrogen source was yeast extract, pH was 7,
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and NaCl concentration was 2 %.

3.7. Physicochemical characterization of EPS

3.7.1. Morphological analysis of EPS (SEM-EDS)

SEM was performed at 2000, 5000, and 10,000x magnification
in 3 different sites to understand our studied EPS's three-dimensional
structure and surface morphology. It was observed that B. licheniformis
F2LB EPS had a compact surface with a nonporous and rough structure
(Fig. 7A). Upon further magnification, it was found that roughness was
mainly due to the presence of dispersed, undulated macromolecular
lumps. Similar kinds of EPS structures had been found before by Hu
et al., [76] for a Planococcus rifietoensis isolated from deep-sea sediments
of the Northwest Pacific and Gan et al. [77] for the halophilic strain of
Halomonas saliphila. Both are of marine origin, producing EPSs of high
molecular weight and excellent thermal stability. However, the
morphology of the biopolymer may differ according to the isolation and
extraction procedure along with the physicochemical properties [78].
EDS micrograph revealed that this heteropolymer is mainly made of
carbon, oxygen, and phosphorus with 41.88, 18.64, and 14.98 % of its
total weight respectively along with the atomic weight of 60.43, 20.24,
and 8.38 % respectively (Fig. 7B). Presence of trace amount of nitrogen
(weight% 1.19, atomic% 1.48) and sulfur (weight% 0.49, atomic% 0.26)
indicates a low chance of having protein residues and other undesired
contaminants in the extracted EPS. In the F2LB EPS, phosphorus (P),
carbon (C), and oxygen (O) exhibited the highest % of total weight
compared to the other detected elements. Significant differences were
observed in the levels of C and O relative to the remaining elements (p <
0.001), except for sodium (Na), calcium (Ca), and phosphorus (P) where
moderately significant differences were observed when compared to the
content of the other elements (p < 0.01). The elemental composition of
the EPS is statistically significant, as may be observed from one-way
ANOVA with Bonferroni Multiple Comparison with a minimum value
of p < 0.001 (Fig. S10 and Table S14).

The AFM analysis of the F2LB EPS (Fig. 7C and D) revealed a highly
heterogeneous surface morphology, distinguished by significant height
variations and intricate topographical features. Quantitative analysis of
the 5 x 5 pm region (Fig. 7C) identified a peak-to-valley height

difference of 255 nm, underscoring substantial topographical hetero-
geneity across the scanned area. Complementary 3D topological map-
ping of a larger 20 x 20 pm region (Fig. 7D) further highlighted the
morphological complexity, with localized height fluctuations ranging
from approximately —40 nm to +30 nm. These observations were
reinforced by an RMS roughness value of 74.54 nm, reflecting the
overall surface texture and irregularity. The height distribution (profile
analysis) demonstrated a broad spectrum of intensity values, with a
notable concentration around mid-level heights. This suggests a com-
posite surface architecture comprising prominent elevated features
interspersed with smoother, recessed regions. Such morphological
characteristics point to a highly textured and structurally diverse EPS
matrix. The roughness (Ra), skewness (Rsk), and kurtosis (Rk) values of
the AFM data for the extracted EPS are presented in supplementary in-
formation as mean values, supported by the standard deviation in trip-
licates. The observed Ra, Rsk, and Rk of the EPS matrix analyzed over
varying scan sizes (5 x 5 pm?, 10 x 10 pm?, and 20 x 20 pm?) provide
insights into the molecular interactions and structural organization
dictated by the EPS's compositional and molecular weight diversity
(Supplementary Table S15). The Ra increased from 10.07 + 2.52 nm at
the smallest scan area to 22.94 + 3.43 nm at the largest, indicating that
the EPS forms increasingly complex and textured surface morphologies
at higher resolutions. The Rsk values, ranging from —0.818 + 0.071 to
—0.298 + 0.024, suggest a predominance of valleys over peaks in the
EPS surface topology, reflecting the potential for molecular entrapment
and interaction. Moreover, the Rk values (3.204 4 0.66 to 4.57 4+ 0.97)
indicate surface features with sharper height distributions, which are
conducive to the EPS's functional properties, such as enhanced surface
adhesion and biofilm formation. The observed roughness and complex
topography are likely indicative of underlying molecular interactions,
including polymeric arrangement and compositional heterogeneity.
These findings suggest that the EPS exhibits a strong tendency to form
structured aggregates, which may enhance its functional properties,
such as surface adhesion, structural integrity, and bioactivity.

3.7.2. Monosaccharide composition analysis of the thermophilic F2LB EPS
Liquid chromatography unveiled (Fig. 8A) the composition of the
exopolysaccharide macromolecules, which were mainly composed of
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mannose (1.595 + 0.253 pg/ 25 pL), glucose (1.112 + 0.227 pg/ 25 pL),
xylose (0.590 + 0.189 g/ 25 pL), fucose (0.421 + 0.074 pg/ 25 pL),
arabinose (0.081 + 0.115 pg/ 25 pL), and galactose (0.067 =+ 0.027 pg/
25 pL), with some minor other sugars. The molar ratio was Man: Glu:
Xyl: Fuc: Ara: Gal (1: 0.7: 0.4: 0.3: 0.05: 0.04). Mannose, glucose, and
xylose represent the predominant monosaccharides in the EPS-F2LB
matrix with the highest mol%, exhibiting statistically highly signifi-
cant differences in their concentrations compared to arabinose, galac-
tose, galacturonic acid, glucuronic acid, and rhamnose (p < 0.0001).
Furthermore, substituents such as galacturonic acid (0.028 + 0.002 pg/
25 pL) and glucuronic acid (0.028 + 0.002 pg/ 25 pL) had been
observed. No traces of rhamnose were found. No other monosaccharides
were detected using this method. Also, monosaccharide composition has
been studied with one-way ANOVA with Bonferroni Multiple Compar-
ison, where p < 0.0001 (Fig. S11 and Table S16).

3.7.3. Determination of molecular weight

HPSEC revealed that Deception Island isolated B. licheniformis F2LB
produced two sets of EPS fraction (Fig. 8B), one from high to medium
distribution (516 KDa to 8 KDa), and another as low molecular weight
(below 5 KDa). This is the first clue about the complexity of exopoly-
saccharides produced by the microorganism that could make it more
adapted to high temperatures.

3.8. Determination of thermal stability

Thermogravimetry was used to evaluate the thermal stability of EPS
from B. licheniformis F2LB. Fig. 8C displays this polysaccharide's TG and
DTG curves, while Table 2 presents the analysis results (supplementary.
csv_2). Fig. 8C shows that the EPS thermogram has three distinct thermal
effects. The first occurs between 25 and 165 °C, with a Tpeax of 90 °C and
a mass loss of 17.2 %. This effect corresponds to the evaporation of free
and bound water from EPS [5]. Similar weight loss (17 %) was observed
for EPS from B. licheniformis PASS26, but the Tpear (100 °C) associated
with this process was higher [79]. The second pyrolysis stage occurs
between 166 and 293 °C and reaches its maximum decomposition rate at
255 °C. This process is linked to the pyrolytic breakdown of EPS and
results in a mass loss of 21.3 %. At this point, volatile chemicals are
released due to the hydrolysis and ring dehydration of the polymeric
chains [5]. Finally, a third effect has a peak temperature of 328 °C,
occurring in a temperature range of 294-435 °C, and has a mass loss of
13.8 %. This is due to residual polysaccharide decomposition.

3.9. Determination of surface area

The BET surface area of the sample was determined to be 1.0795 m?/
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g, while the Langmuir surface area was slightly higher at 1.7597 m?/g,
indicating the presence of microporous structures. The single-point
surface area at P/Po = 0.2502 was 0.9373 m%/ g. The cumulative sur-
face area of pores within the 17-3000 A diameter range, as determined
by the Barrett-Joyner-Halenda (BJH) adsorption method, was 0.7403
m?2/g. The total pore volume of pores smaller than 410.4 A, measured at
P/Po = 0.9508, was 0.001347 cm®/g, with a BJH cumulative pore
volume of 0.001093 cmB/g. The adsorption average pore diameter
calculated using the 4 V/A BET method was 49.91 A. In comparison, the
BJH adsorption average pore diameter was slightly larger at 59.06 A,
suggesting a mesoporous nature of the sample. Pore size distribution and
surface area analysis of the EPS sample are presented in Table S17. The
correlation coefficient of the BET analysis was near unity, confirming
the reliability of the measurements. These results indicate that the EPS
sample possesses a relatively low surface area with a predominantly
mesoporous structure, which coincides with the SEM results and,
therefore, may influence its adsorption and functional properties in
biotechnological applications.

3.10. EPS backbone analysis

3.10.1. Determination of functional groups by Fourier transform infrared
(FTIR) spectroscopy

The FTIR analysis was carried out to determine the EPS chemical
structure, and the resulting spectrum is presented in Fig. 8D. The tech-
nique allows us to determine the main functional groups of F2LB exo-
polysaccharide. In the above spectrum, it is observed a broad band
centered at 3285 cm™! that is assigned as the stretching vibration of
hydroxyl groups (v —OH) from sugar residues [80]. Another peak at
2924 cm™! corresponds to the stretching vibration of C—H bonds
(v-C-H) from the sugar ring. Other bands corresponding to C—H groups
bond vibrations can be identified from peaks at 1413 cm ! (6-CHj3) and
1370 cm™! (5 —CH), respectively. Stretching vibration of glycosidic
bonds (-C-C, -C-H, -C-0O, —-OH) and pyranosic rings are exhibited from
1200 to 900 cm ™! (vas C-O-C, ring). From the peaks ranging from 950
and 750 cm !, stretching vibration of anomeric rings of exopoly-
saccharide was observed. FTIR spectra data in triplicates are presented
in Fig. S12.

3.10.2. Analysis of glycosidic linkages by HSQC-NMR spectroscopy

The first analysis of the HSQC 2D-NMR spectra was primarily done in
the anomeric region (4.0-6.0 ppm for 'H spectra) (see Fig. 9). Nine
different spectra were found (A1-I1, randomly assigned by the TopSpin
software), which were then compared to the Carbohydrate Structure
Database (CSDB) with a literature search for specific polysaccharides
containing the main monosaccharides obtained after HPAEC-PAD
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analysis (mannose, xylose, glucose, galactose, arabinose, fucose). A set
of different glycosidic linkages was obtained (Table S18), but no spectra
fit any xylose and arabinose anomeric carbons. This could be due to the
limitations of the NMR technique since exopolysaccharides hydrolyzed
by 2M TFA can be stably analyzed by HPAEC-PAD - at least the non-
modified sugars [81]. The comparison of the anomeric carbons
returned two possible backbones of polysaccharides ([—3)-p-Glcp-(1—1]
substituted and [—1)-a-Manp-(2—]). This is due to the comparison of
observed linkages by the anomeric region spectra resulting from the
probable linkages between the glucose from —3)-p-Glcp-(1— and
monosaccharides other than the mannose from —1)-a-Manp-(2—
(Table S18). Downshifted C6 spectra were observed, demonstrating a
possible 6-substituted residue that the exopolysaccharides could have.
However, an extensive analysis should be done to confirm the fine
structure of the EPS. The sample was formed by two sets of poly-
saccharides, as corroborated by the HPSEC-RID chromatogram, which
was divided into two main peaks: one between 330 kDa and 8 kDa (#1)
and another below 5 kDa (#2). All the anomeric spectra were integrated,
and the corresponding percentages are shown below the 'H/!3C values
in Table S18. Because the integrated percentage is higher for the glucose
backbone than the mannose backbone, and with all other integrated
areas summed in the glucose backbone, we inferred that the higher
exopolysaccharide distribution seen in peak #1 after the HPSEC-RID
analysis is the polysaccharide with the —3)-p-Glcp-(1— substituted
backbone (letter A and letter B as a —1 terminal linkage). And the
smaller one is the one with the —1)-a-Manp-(2— backbone (letter C and
letter E as a —2 terminal linkage).
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3.11. Elucidation of the functional properties of thermophilic EPS

3.11.1. In vitro antioxidant activity determination

In vitro antioxidant activity of F2LB EPS against HoO, DPPH, Fe (II),
and Fe?' was demonstrated in Fig. 10A-D. H,05 scavenging activity of
EPS produced by F2LB was nearly 100 % and comparable to that of
ascorbic acid across all concentrations (Fig. 10A). The statistical analysis
by two-way ANOVA with Bonferroni's multiple comparisons test was
carried out (Table S19) and the presence of statistical differences was
observed between the 4 mg mL™! concentration of the EPS in compar-
ison with the rest of the concentrations analyzed (p < 0.0001), however
between EPS and ascorbic acid there are no significant statistical dif-
ferences. Even the lowest % RSA by the F2LB EPS was 98 + 0.68.

It was found that % of DPPH radical scavenging gradually decreased
with the increasing concentration of our studied EPS (Fig. 10B). At 1 mg
mL~! concentration, % of DPPH radical scavenging was highest (75.5 +
0.19). In contrast, it was lowest in 5 mg mL ! concentration (60.3 +
8.74). However, almost 90 % of DPPH radical scavenging was observed
in the case of ascorbic acid under all tested concentrations. The statis-
tical analysis by two-way ANOVA with Bonferroni's multiple compari-
sons test was carried out on the DPPH antioxidant activity (Table S20). It
was found that there is a statistical difference between all the concen-
trations of EPS and the concentrations of ascorbic acid (p < 0.0001); in
addition, there are differences in the concentration of 5 mg mL™! (p <
0.0001) of EPS for the other concentrations (p < 0.0379), the same is
observed in the concentrations of ascorbic acid.

In terms of pM Fe (II) iron equivalents, our studied F2LB EPS out-
performed commercial bacterial polysaccharide xanthan gum in all of
the available concentrations (Fig. 10C). The pM Fe(Il) iron equivalents
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Table 2
Thermogravimetric analysis of the exopolysaccharide rom Bacillus licheniformis
F2LB.

Sample Temperature (°C) Mass loss (%) Char (%) (600 °C)
Tonset Tpeak Tena

EPS F2LB 25 920 165 17.2 42
166 255 293 21.3
294 328 435 13.8

increased gradually with increasing concentration of the samples
(maximum 143.9 + 88.5 at 5 mg mL ! concentration), while in case of
commercial xanthan gum along with the increasing concentrations pM
Fe(Il) iron equivalents remains nearly similar. Statistical analysis by
two-way ANOVA with Bonferroni multiple comparisons test was also
performed on iron equivalents, where it was observed that there are
significant statistical differences between the concentrations of xanthan
gum and EPS (p < 0.0001), in addition to statistical differences between
concentrations of the same group (Table S21).

It was observed that at 3 mg mL ™! concentration, Fe?* iron chelation
activity was highest (82.8 + 1.26 %), whereas at 5 mg mL™! concen-
tration, it was lowest (71.64 & 2.14 %). However more or less 100 %
Fe?" iron chelation activity was observed in case EDTA (Fig. 10D). Upon
execution of statistical analysis by two-way ANOVA with Bonferroni
multiple comparisons test it was found that there is significant statistical
difference of the 5 mg mL ™! concentration, compared to 1 mg mL™! (p <
0.0464), 2 mg mL~! (p < 0.0001), 3 mg mL~* (p < 0.0001) and 4 mg
mL~! (p < 0.0001) concentrations in F2LB EPS (Table S22).

3.11.2. Analysis of emulsification activity

In this study, emulsifying activities of our studied EPS were per-
formed using edible oils like sesame, sunflower, canola, olive, corn,
grape seed, vegetable, and rice oil, which are shown in Fig. 10E. It was
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observed that almost 90 % (89.89 + 1.73) of emulsions was achieved in
olive oil in 2 mg mL ™! concentration of EPS. However, the EPS produced
by B. licheniformis F2LB can stabilize all other edible oils utilized in this
experiment with at least 55 % emulsion in 1, 3, and 5 mg mL~! con-
centrations. Upon execution of statistical analysis by two-way ANOVA
with Bonferroni multiple comparisons test (Fig. S13 and Table S23), a
significant statistical difference was observed in emulsifying activity
index with olive oil (p < 0.01) between the application of 1 mg mL ™ and
emulsifying activity index observed at concentrations of 2 and 5 mg
mL7}, respectively.

3.12. Water-holding and oil-holding capacity determination

The studied F2LB EPS showed 238.66 + 3.05 % of water retention
(WHC). However, in previous reports, the control xanthan gum showed
183.3 % [5], which is lower than our studied EPS. The OHC of our
studied EPS was 384.66 + 18.14 %. However, it was 111.0 % for xan-
than gum, as found before in another study done by Banerjee et al. [5].

4. Discussion

The primary aim of this research is to analyze a novel EPS produced
by thermophilic Bacillus licheniformis F2LB, which was isolated from
Fumarole Bay located in the southwest of Deception Island in Antarctica.
The rationale behind the experiments was that this thermophilic
microorganism could produce novel exopolysaccharides for potential
use in the pharmaceutical and food industry. Active volcanoes in
Antarctica, such as the horseshoe-shaped stratovolcano in Deception
Island, stand out amidst the predominantly frigid surroundings,
fostering environmental conditions that favor versatile and highly var-
ied microbial communities [82]. This uniqueness arises from the
convergence of marine, geothermal, and polar environments, offering an
exceptional spectrum of extreme environmental conditions due to
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Fig. 9. A. HSQC-NMR spectrum of the EPS produced by Bacillus licheniformis F2LB.

highly versatile temperature, salinity, and geochemical gradients [83].
High salt content and slightly acidic nature of Fumarole Bay implies
deep volcanic thermal water. It was assumed that approximately 10,000
years ago, the central part of the horseshoe-shaped stratovolcano
collapsed, raising the Caldera Port Foster Bay during a magmatic
eruption [84]. It was reported that most geothermal anomalies in
Fumarole Bay originated due to the last eruption between 1967 and
1970 [85]. Considering the fact that the microbial communities residing
in these geothermal fluids encounter a variety of extreme conditions,
including temperature fluctuations, acidic pH levels, exposure to UV
radiation, high salinity, and the enrichment of metals [82] in recent
years, there has been a significant focus on investigating poly-
extremophilic ecosystems to comprehend microbial biodiversity and
utilize their biotechnological potential. Extremophiles, due to their
ability to withstand harsh conditions, are recognized for producing
several compounds to make them more resistant, which can contribute
to the potential biotechnological applications [25,29-31]. Recently,
very little research has been reported about the microbial life forms and
their bioactive compounds' potential to thrive in the polyextreme
environment of Antarctica, specifically Deception Island, which is the
primary focus of our study [21,86-88].

In this regard, a strain designated F2LB was isolated, and preliminary
analysis showed the presence of EPS production. Strain F2LB optimally
grew at 55 °C, pH seven, and NaCl concentration 2 % (w/v). The 16S
rRNA gene sequence of strain F2LB showed 100 % similarity to the type
strain of Bacillus licheniformis. The 16S rRNA gene sequence similarity
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between F2LB and B. licheniformis was above the threshold (98.65 %) for
species delineation [89], indicating they were similar species. In the
phylogenomic tree (Fig. 2A), strain F2LB clade with B. licheniformis. The
ANI value between F2LB and B. licheniformis was 99.5 %, which was
above the threshold (95-96 %) for species delineation [90], indicating
they were similar species. Deception Island is notable for its intense UV
radiation and sharp temperature gradients (with fumaroles reaching
100 °C while nearby areas can be subzero) [21]. In 2018, Dzeha et al.
reported a B. licheniformis strain BLC-01 (GeneBank ID KC660142) with
the ability to cluster themselves, increasing their colony size upon UV
radiation [91]. In this regard, our strain F2LB showed tolerance to 35
min (20.9 KJ/m?) of gradual increase of UV-B exposure. The UVR
complex genes were reported to repair DNA damage caused by exposure
to UV radiation [92]. B. licheniformis F2LB encodes the uvrABCD genes,
suggesting its mechanisms for mitigating UV-induced stress.
B. licheniformis F2LB genome analysis showed the presence of heat shock
proteins, cold shock proteins, and cellular chaperone machinery (cspA,
htpX, htpG, hslO, dnaJ, dnaK, and grpE) capable of repairing cold and
heat-induced protein damage [93,94]. In the genome of B. licheniformis
F2LB, genes for proline and betaine biosynthesis were also observed.
Proline and betaine are the osmolytes that accumulate in microbes in
response to environmental stress [95]. B. licheniformis F2LB produced
biofilm, and biofilm formation has already been reported as a successful
strategy for microorganisms to survive in hostile environments [96]. The
EPS produced by B. licheniformis F2LB showed a compact surface with a
nonporous and rough structure. The roughness was mainly due to
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dispersed, undulated macromolecular lumps. Similar kinds of work have
been reported in recent years from marine-origin bacteria with mannose
and glucose majorly in their monosaccharide composition, similar to our
study [76,77]1 [65,66]. The EDS micrograph revealed that
B. licheniformis F2LB EPS was composed of carbon (41.88 %), oxygen
(18.64 %), and phosphorus (14.98 %), and the presence of trace
amounts of nitrogen (1.19 %) and sulfur (0.49 %) while in B. haynesii
CamB6 the EPS was reported to be composed of carbon (52.52 %) and
oxygen (47.48 %) and traces amount of (<0.5 %) of nitrogen, sulfur, and
phosphorous elements [5]. The presence of diverse cations in the EDS
micrograph, such as Ca, Mg, and Na, may be attributed to the metal-
binding properties of EPS or its ion-exchange capabilities [97-101].
Nkoh et al. studied the electrokinetic mechanism of metal sorption on
the EPS matrix and demonstrated that the binding of cations to the EPS
matrix is driven by entropy changes during secretion [102]. The study
further suggested that the sorption of cations occurs when the EPS
carries a net negative charge, contributing to the neutralization of its
overall charge. Buey et al. investigated the interaction of the EPS matrix
with submerged clay surfaces and demonstrated a preferential trapping
of Ca* cations within the EPS matrix [101]. This suggests the potential
for cation precipitation within the matrix. Our study also revealed a
cation chelation effect, strongly indicating its tendency to trap cations
within the purified matrix. Bourven et al. investigated the mineral
fractions in EPS derived from activated sludge using various extraction

16

methods [103]. They observed that the extraction method significantly
influenced the concentrations of Ca, Mg, Na, K, Al, Fe, Mn, P, Si, and S.
Their study further reported that chelating agents, such as EDTA,
notably reduced the levels of these cations. However, our current study
did not employ any chelating agents during the extraction procedure.
Bramhachari and Nagaraju reviewed EPS from marine environments
and documented that EPS produced by marine bacteria exhibits a higher
tendency for cation chelation [104]. This observation aligns with the
marine origin of the isolate studied in our research. The composition of
EPS macromolecules can vary significantly across different strains of
B. licheniformis, reflecting the strain-specific biosynthetic pathways and
environmental conditions influencing EPS production. In this study, the
EPS produced by B. licheniformis F2LB consisted of mannose, glucose,
xylose, fucose, arabinose, and galactose. Furthermore, substituents such
as galacturonic acid and glucuronic acid were observed in
B. licheniformis F2LB EPS. The diverse monosaccharide composition,
including significant contributions from mannose, galactose, and
glucose, is also critical in shaping the molecular interactions that un-
derline its surface features [105,106]. Literature has shown that
monosaccharides like mannose and glucose promote extensive hydrogen
bonding, which can lead to the formation of denser, more cohesive
matrices [107,108]. Singh et al. analyzed the monosaccharide compo-
sition of a Bacillus EPS (glucose, galactose, mannose, arabinose) with a
molecular weight of 44,565 kDa. They highlighted the acidic sugars for
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their crosslinking and structural roles, which ultimately affect roughness
(191 nm) [109]. Acidic functional groups, including uronic acid-based
phosphodiester linkages, mediate ionic and covalent interactions with
surfaces, sometimes correlated with nanoscale features [110,111].
Studies examined the surface topology of EPS from B. licheniformis and
B. subtilis, highlighting their porous surface nature. They reported that
acidic monosaccharides (e.g., glucuronic acid and carboxyl/hydroxyl
groups) are related to functionalization, leading to water retention and
matrix structure [112,113]. Non-acidic monosaccharides reducing
crosslinking density led to smooth surface features [110,112], as
observed in our study. The presence of galactose and other minor sugar
residues introduces branching and irregularities that contribute to the
complex topography observed in the AFM images [114,115]. Further-
more, the molecular weight distribution significantly influences the
EPS's physical properties [116,117]. Higher molecular weight fractions
correlate with increased structural rigidity and enhanced adhesion ca-
pabilities, as these larger polymers can form extended network struc-
tures that resist deformation [118]. Conversely, lower molecular weight
components may facilitate more flexible regions within the matrix,
thereby contributing to the overall heterogeneity of the surface
[15,119]. A study by Asgher et al. [120] demonstrated that the
B. licheniformis MS3 strain consists of a heteropolymeric nature of its
EPS, consisting solely of mannose (20.60 %), glucose (46.80 %), and
fructose (32.58 %) subunits. Interestingly, the monosaccharide profile of
EPS can also shift depending on the strain. For example, B. licheniformis
T14 produces EPS primarily composed of fructose, fucose, and glucose,
highlighting the variability in EPS structures across strains [121]. These
differences underscore the influence of genetic and metabolic factors in
determining the monosaccharide composition of EPS. In contrast, the
EPS of Lactobacillus paraplantarum KM1 consists of only glucose,
mannose, and galactose [122]. The AFM analysis of the EPS revealed an
average surface roughness of 74.54 nm, indicative of a distinctly
textured surface morphology. The structural complexity of the EPS
observed from the AFM analysis is likely facilitated by the poly-
saccharide's heterogeneous monosaccharide composition and molecular
weight variations, as evidenced by HPSEC results. Surface roughness is
critical in enhancing the interaction between the EPS and biological
entities, such as cells and biomolecules. Textured surfaces provide
increased surface area and facilitate stronger binding interactions
compared to smoother surfaces, thereby improving the functional effi-
cacy of EPS in various applications. This phenomenon aligns with pre-
vious findings reported by Singh et al. [76], where the EPS from
B. licheniformis RP-GC exhibited a higher roughness average of 191 nm,
further underscoring the variability of roughness parameters across
different microbial sources. It is important to recognize that the mo-
lecular structure and composition of the EPS strongly influence surface
roughness and morphology. Our F2LB EPS was found to be predomi-
nantly mesoporous from BET analysis. Recently, Planococcus rifietoensis
AP-5 from deep-sea sediments of the Northwest Pacific was also reported
to produce mesoporous, large molecular weight, thermostable EPS
consisting of majorly mannose and glucose, and demonstrated strong
functional immunomodulatory potential [123]. Factors such as the
arrangement of polysaccharide chains, the presence of specific func-
tional groups, and the degree of branching in the polymer significantly
contribute to these characteristics.

The highest optimized yield of the EPS produced by B. licheniformis
F2LB was 0.992 g ™! in yeast extract media at 55 °C, which is 0.43 g L™
in preoptimized condition. Previously, Bacillus licheniformis strain T14
isolated from the shallow marine hydrothermal vent of Panarea Island,
Italy, produced 0.366 g L™! at 50 °C temperature under optimized
conditions using media containing 5 % sucrose and 0.1 % yeast extract
[124]. In 2015, Dogan et al. reported that B. licheniformis B22 strain
isolated from Pamukkale thermal region of Turkey produced a
maximum EPS yield of 0.247 g L' when Cr (VI) used as a stressor in
alginic acid-containing media at 50 °C [15]. Bacillus licheniformis MS3
strain was reported to produce 15.6 g L™! EPS upon optimal usage of 7.5
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g of carbon source as substrate, 0.55 g of nitrogen source (yeast extract),
and an inoculum size of 3.5 mL, whereas in preoptimized condition it
was 4.6 g L1 [125].

Our studied EPS sample consisted of two distinct polysaccharide
fractions, as confirmed by the HPSEC-RID chromatogram and analysis of
glycosidic linkages by HSQC-NMR spectroscopy, which displayed two
primary peaks: one ranging from 330 KDa to 8 KDa (Peak #1) and
another below 5 KDa (Peak #2). Polar high molecular weight heterog-
enous polysaccharides can be considered as hydrocolloids. Their solu-
bilization in water can produce a suspension-like aqueous solution with
an increment in the rheology of the system. When dried, a film is formed
with different structures. This is due to the physical interaction of the
polysaccharides' chains [126]. As mentioned before, our study identified
a high molecular weight heterogeneous (different sugar composition)
polysaccharide (330KDa) considered a hydrocolloid. When dried, the
film was formed with varying microstructures, as explained before.
Regarding exopolysaccharide #1, a comparative analysis between the
anomeric carbon spectra and the CSBD database and literature indicated
the same backbone was present in different microorganisms found in
pulmonary diseases (Moraxella catarrhalis and Streptococcus pneumoniae)
[127,128]. The ramification of the glucose backbone starts with a
galactose being directly linked to the glucose backbone (letter F as —t-
B-Galp), with the —1)-p-Glcp-(3—1)-p-Glep-(3—4)-p-Galp structure
found in the indicated pulmonary microorganisms. The glucose ramifi-
cations follow mannose residues linked to the fourth glucose carbon
(letter D as —4)-a-Manp-(1—) that can be further connected with a
terminal galactose. This type of linkage is found in some pathogenic
Salmonella spp. [129,130]. The other polysaccharide terminal was
decorated by —1)-a-L-Fucp-(3— glycoside linkages (letter G and letter H
as terminal). This type of linkage was found in glycolipids from Myco-
bacterium kansasii, a mycobacterium that can cause lung colonization or
infection, being an opportunistic pathogen [131]. This double fucose is
finally attached to an L-FucpN terminal linkage by 1,3-a to the fucose, a
type of glycoside bound found in the lipopolysaccharide of Pseudomonas
aeruginosa [132,133]. The second polysaccharide is mainly formed by a
—1)-a-Manp-(2— backbone, and this type of polysaccharide is found in
several Escherichia coli subtypes [67]. Two exopolysaccharides produced
by a Chilean hot spring-origin Staphylococcus sp. were described as
having the same backbone structure. BSP3 and Pseudomonas alcaligenes
Med1, demonstrating that the sugar mannose in an a-1,2 glycosidic
linkage might be crucial for stabilizing the produced polysaccharide in
high saline concentration and temperature [1,134-136]. Despite some
other experiments that need to be done to get the complete structures of
B. licheniformis F2LB exopolysaccharides, our approach could identify a
putative glucogalactomannan-backbone polysaccharide produced by
this thermophilic microorganism.

B. licheniformis F2LB EPS demonstrated higher thermal stability
(Tpeak of 255 °C) than other EPS isolated from bacterial strains from the
same genus, demonstrating the ability of the bacterium to make an
external microenvironment more prone to survive. For example, the
thermostable EPS WSF-1, which was composed of fructose and glucose,
has a Tpeax of 219 °C [137]. Additionally, the reported Tpeax of the EPS
from Bacillus licheniformis PASS26 is around 200 °C [75]. The primary
sugars were mannose and galacturic acid, which were followed by
fructose, glucose, and mannose. In contrast, the thermal stability of hot
spring-origin Staphylococcus sp. BSP3 EPS, mainly composed of mannose
(72 %), glucose (24 %), and galactose (4 %), was reported to be higher
(Tpeak 287 °C) than found in the present work [1]. Thermal stability is
one of the vital factors to be considered when incorporating bacterial
EPSs in commercial applications. Thermally stable EPSs are highly
desirable for food applications because they maintain their structural
integrity and functional properties under high-temperature processing
conditions commonly used in the food industry [138]. EPS from Lacto-
bacillus plantarum HM47 reported a maximum degradation temperature
(Tq4) of 273.6 °C or commercial application as a food additive [139]. A
gastroprotective and antioxidant EPS produced by Streptococcus
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thermophilus CRL1190 with a T4 of 295.4 °C also reported to be used for
the food industry with microporous, rough surface and functionality in
both aqueous and oil systems [140]. Thermally stable polysaccharides
induce heat resistance in food processing, improve shelf-stability,
enhance food texture, sustain bioactive potential, and are compatible
with various food matrices [141].

Genome analysis showed that the B. licheniformis F2LB genome was
98.8 % complete with 0.4 % contamination, indicating a good-quality
genome [39]. B. licheniformis F2LB encodes genes for glycolysis, citric
acid cycle, and pentose phosphate pathway. B. licheniformis F2LB encode
genes for dissimilatory nitrate reduction (through nitrate reductase
narGHI and nitrite reductase nirBD) and assimilatory sulfate reduction
(through sat, cysC, cysH, and cysJI) similar to EPS producing
B. paralicheniformis CamBx3 isolated from hot spring [142]. The
biosynthesis of EPSs involves regulation, chain-length determination,
repeat-unit assembly, polymerization, and export [143]. The initial
synthesis consists of sugar uptake through the phosphoenolpyruvate-
phosphotransferase system (PEP-PTS) and permease [144,145].
Genome analysis of B. licheniformis F2LB showed the presence of PEP-
PTS and permease for the uptake of glucose, galactose, fructose, su-
crose, maltose, mannose, xylose, arabinose, lactose, and cellobiose.
Further, the sugars were converted into nucleotide sugars via different
pathways. B. licheniformis F2LB encodes genes for converting glucose to
UDP-glucose (glk, pgm, galU) and UDP-galactose (galE). Similarly,
B. licheniformis F2LB contains genes responsible for converting trehalose
(treC), cellobiose (bglA), and maltose (malZ) into glucose-6-phosphate.
It also encodes genes for converting glucose-6-phosphate into UDP-
glucose (glk, pgm and galU) and UDP-galactose (galE). In addition,
cellobiose, trehalose, maltose, and sucrose may also convert to fructose
6-phosphate (glmS, glmM, glm, and glmU) to UDP-N-acetylglucos-
amine. B. licheniformis F2LB encodes the genes for converting fructose,
mannose, xylose, and arabinose to fructose 6-phosphate and subse-
quently to UDP-N-acetylglucosamine. B. licheniformis F2LB showed the
presence of epsA, epsB, epsD, epsE, epsF, epsG, epsM and epsN genes for
EPS chain length determination, biosynthesis of repeating sugar units
and EPS polymerization and export [146]. The detailed EPS production
pathway is depicted in (Fig. 3).

The functional activity of the isolated EPS was also studied to
demonstrate its capability to be used as a natural additive in the future
food industry. Antioxidants can play a crucial role in preventing
oxidation processes caused by reactive oxygen species (ROS), making
them beneficial for use in food additives or stabilizers for active in-
gredients in the pharmaceutical industries. The EPS was reported to
have antioxidant activity [147,148]. DPPH is an important reagent for
evaluating free radical scavenging since it reduces the DPPH radical.
Antioxidants neutralize the DPPH radical by donating electrons or
hydrogen atoms, resulting in a color change. The magnitude of this color
change (as assessed by a decrease in absorbance) is related to the
amount of antioxidants in the sample [69]. HoOy scavenging activity
was also used to determine antioxidant capacity. Hydrogen peroxide
scavenging activity refers to the ability of a substance to neutralize H202,
a reactive oxygen species that can cause oxidative stress and damage to
cells [68]. In addition, the FRAP assay was also carried out to measure
the antioxidant capacity of a substance by its ability to reduce ferric ions
(Fe*1) to ferrous ions (Fe?™) [70]. B. licheniformis F2LB EPS showed 100
% hydrogen peroxide scavenging activity and 75.5 % DPPH radical
scavenging activity, while the EPS produced by Bacillus subtilis LR-1
showed 93.23 % hydroxyl radicals and 77.65 % DPPH activity [149].
Recently, Alharbi et al. reported a sulphated EPS produced by
B. licheniformis LHG166 isolated from the western shores of the Red Sea,
Saudi Arabia, which also showed a similar trend of DPPH activity
(highest percentage of scavenging of 79.9 % at 1 mg mL™! concentra-
tion) which has 17.40 % sulfate groups and 48.11 % uronic acid in its
monosaccharide composition [150]. In terms of pM Fe(II) iron equiva-
lents, B. licheniformis F2LB EPS outperformed commercial bacterial
polysaccharide xanthan gum in all of the available concentrations. The
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melting point of this EPS at 90 °C is much lower than that of xanthan
gum with 153.4 °C. Previously, the EPS produced by Lactobacillus
kefiranofaciens showed similar behavior where a lower melting point has
been related to better functional activity [151]. Additionally, in several
instances [152,153], compositionally diverse bacterial EPSs out-
performed the functional activities of commercial xanthan gum, which
is mainly composed of Glucose, Mannose, and Glucuronic acid [154].
Some monosaccharides naturally modified (such as fucosamine) could
exert radical scavenging potential. Moreover, polysaccharides can also
chelate iron, thus showing the antioxidant effects observed in our ex-
periments. The antioxidant properties of the EPS can also be related to
other chemical compounds chemically bound to polysaccharides, but
they were not determined in the present study. The ability of poly-
saccharides to neutralize free radicals and protect against oxidative
damage is due to their molecular structure. For example, the presence of
glucose and galactose in the structure of certain polysaccharides is
associated with a greater capacity to eliminate free radicals, owing to
the reducing properties of these monosaccharides [155]. Additionally,
functional groups such as hydroxyl and carboxyl groups can enhance
antioxidant activity by facilitating electron donation to neutralize
reactive oxygen species [156]. Studies have shown that the molecular
weight of polysaccharides can influence antioxidant activity, with lower
molecular weight polysaccharides exhibiting higher antioxidant activ-
ity, possibly due to their better solubility and ease of interaction with
free radicals [157]. However, other studies suggest that greater struc-
tural complexity, associated with higher molecular weight, can
contribute to more robust antioxidant activity, indicating that the rela-
tionship between molecular weight and antioxidant activity may vary
depending on the source and specific structure of the polysaccharide
[158]. The structure of the polysaccharide is affected by the configu-
ration and position of glycosidic bonds, which alter its biological ac-
tivity. f-(1—3) and p-(1—6) linkages in B-glucans have been reported to
be associated with significant antioxidant properties, possibly due to
their ability to form helical structures that facilitate interactions with
free radicals [156]. The presence of a-(1—4) linkages has also been
linked to enhanced antioxidant activity in certain polysaccharides
[159]. In our study, the emulsifying activity of B. licheniformis F2LB EPS
was evaluated with various oils, including sesame, sunflower, canola,
olive, corn, grape seed, vegetable, and rice oil. Among all the edible oils
tested, B. licheniformis F2LB EPS achieved ~90 % emulsification in olive
oil (2 mg mL™Y). Bacterial EPSs are used as commercial additives due to
their favorable physicochemical properties, superior surface activity,
biodegradability, high specificity, low toxicity, and effectiveness in
extreme conditions [7,160]. WHC is one functional property of EPS
highly influenced by molecular weight and chemical composition [161].
Previously, one studied EPS from hot-spring-origin B. haynesii CamB6
showed ~102 % WHC. However, B. licheniformis F2LB EPS showed
238.66 + 3.05 % of water retention, much higher than even the control
xanthan gum, previously reported to be 183.3 % [5]. The OHC of
B. licheniformis F2LB EPS was 384.66 + 18.14 %. It was 111.0 % for
xanthan gum, as found before in one study done by Banerjee et al., [5].
The OHC is an important property of the EPS that helps us understand
the permeable structure of the polymer chain of EPS. OHC is one of the
important characteristics of polysaccharides, indicating better adsorp-
tion of organic compounds or oils to the surface of substrates. Along with
this, the porosity and the affinity of the biopolymer with the oil also
contribute to the functional activity of the EPS. Hence, EPS with high
OHC is useful as an additive in different food industries, such as sausage
preparation [162]. B. licheniformis MS3 strain was reported to have
105.3 % WHC and 86.3 % OHC. This strain was also reported to have
61.8 and 64.8 % emulsification in Mustard and cottonseed oil [15]. Due
to its good water-holding and oil-holding capacity, the EPS produced by
B. licheniformis F2LB holds great potential as a valuable additive for
future applications in the food industry.

Overall, the EPS produced by the thermophilic B. licheniformis F2LB
exhibits antioxidants, emulsifying, and water/oil-holding capacities,
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surpassing standard ascorbic acid and commercial xanthan gum in key
functional properties. Its high thermal stability and unique mono-
saccharide composition make it a promising natural additive for food
applications. While this study provides detailed structural and func-
tional insights, future research should optimize production, assess its
performance in real food systems, and explore its biodegradability and
safety. These findings highlight the potential of thermophilic bacterial
EPSs as sustainable bio-based ingredients for the food industry. How-
ever, other experiments must be done to guarantee the security of the
EPS.

5. Conclusion

In the present study, a thermophilic B. licheniformis F2LB was iso-
lated from Fumarole Bay in Deception Island, Antarctica. Analysis of the
whole genome of the isolated bacterial strain demonstrated gene cluster
for EPS biosynthesis, UV resistance, heat tolerance, and other significant
metabolic potential. Extracted F2LB EPS was found to be composed of
mainly mannose, glucose, xylose, fucose, arabinose, and galactose,
along with the presence of galacturonic acid and glucuronic acid. Two
sets of fractions, one from high to medium distribution and another with
low molecular weight, were observed. This confirms the structural
complexity of exopolysaccharides produced, which is probably respon-
sible for high-temperature adaptation. The EPS exhibited potent anti-
oxidant activity, including ~100 % OH® scavenging, ~75 % DPPH
radical scavenging, and a maximum Fe(II) reducing power of 143.9 +
88.5 pM FeSO4 equivalents, outperforming commercial xanthan gum at
all tested concentrations. Additionally, Fe?>* chelation activity was
highest at 82.8 + 1.26 % at 3 mg mL~! concentration, with significant
statistical differences observed between concentrations (p < 0.0001).
The emulsification activity reached ~90 % in olive oil while stabilizing
all other tested edible oils at a minimum of 55 % emulsification. It
showed thermal stability up to 255 °C. These results confirm our hy-
pothesis of its significant potential as a natural, multifunctional food
additive. However, other experiments must be done to indicate the fine
polysaccharide structural features.

This study represents the first report of an EPS-producing bacterium
from an Antarctic fumarolic environment. Furthermore, it provides a
detailed structural characterization of the EPS and its functional prop-
erties, including its antioxidant and emulsification potential, which are
relevant for biotechnological applications. Integrating genomic and
functional analyses enhances our understanding of the adaptive strate-
gies of extremophiles in extreme habitats. However, large-scale pro-
duction and purification of the EPS remain challenging, requiring
further optimization for industrial applications. Additionally, while in
vitro evaluations confirm its functional potential, its real-world appli-
cation in food systems and its long-term stability require further study.
This research contributes to global sustainability by addressing key
United Nations Sustainable Development Goals (SDGs). It supports SDG
2 Zero Hunger by offering a natural and sustainable food additive,
promotes SDG 9 Industry, Innovation, and Infrastructure through bio-
based technological advancements, encourages Responsible Consump-
tion and Production by fostering environmentally friendly alternatives
to synthetic additives, and aids in the conservation of Antarctic micro-
bial biodiversity, contributing to Life Below Water (SDG 14). These
findings highlight the importance of extremophiles in sustainable sci-
entific and industrial developments.
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