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Abstract: Extremophilic microorganisms often produce novel bioactive compounds to survive under
harsh environmental conditions. Exopolysaccharides (EPSs), a constitutive part of bacterial biofilm,
are functional biopolymers that act as a protecting sheath to the extremophilic bacteria and are of high
industrial value. In this study, we elucidate a new EPS produced by thermophilic Bacillus haynesii
CamB6 from a slightly acidic (pH 5.82) Campanario hot spring (56.4 °C) located in the Central
Andean Mountains of Chile. Physicochemical properties of the EPS were characterized by different
techniques: Scanning electron microscopy- energy dispersive X-ray spectroscopy (SEM-EDS), Atomic
Force Microscopy (AFM), High-Performance Liquid Chromatography (HPLC), Gel permeation chro-
matography (GPC), Fourier Transform Infrared Spectroscopy (FTIR), 1D and 2D Nuclear Magnetic
Resonance (NMR), and Thermogravimetric analysis (TGA). The EPS demonstrated amorphous sur-
face roughness composed of evenly distributed macromolecular lumps. GPC and HPLC analysis
showed that the EPS is a low molecular weight heteropolymer composed of mannose (66%), glucose
(20%), and galactose (14%). FTIR analysis demonstrated the polysaccharide nature (-OH groups,
Acetyl groups, and pyranosic ring structure) and the presence of different glycosidic linkages among
sugar residues, which was further confirmed by NMR spectroscopic analyses. Moreover, D-mannose
a-(1—2) and a-(1—4) linkages prevail in the CamB6 EPS structure. TGA revealed the high thermal
stability (240 °C) of the polysaccharide. The functional properties of the EPS were evaluated for food
industry applications, specifically as an antioxidant and for its emulsification, water-holding (WHC),
oil-holding (OHC), and flocculation capacities. The results suggest that the study EPS can be a useful
additive for the food-processing industry.

Keywords: Bacillus; exopolysaccharide; food industry; additive; antioxidants; emulsification; flocculation;
water holding; oil holding
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1. Introduction

Food industries around the world are searching for value-added compounds or addi-
tives of natural origin with increased functionality and bioactivity. Moreover, in the present
time, an increasing trend may be observed in the consumer toward healthier foodstuffs [1].
Bacterial exopolysaccharides (EPSs) play an important role in the improvement of the
rheological and sensory characteristics of food products by positively influencing the food
texture and organoleptic properties. Additionally, EPSs have also gained potential research
interest for pharmacological and nutraceutical applications due to their biocompatibility,
non-toxicity, and biodegradability [2]. Lactic acid bacteria are already well known for
their techno-functional food applications in the dairy industry [3]. Additionally, EPSs
produced by bacteria from extreme environments are also well reported for applications
in the food industry, for example, as antioxidants, stabilizing emulsions, pseudoplastic
behavior, and more [4]. Food industry processes are generally exposed to extreme tempera-
ture, pH, and salinity [5]. Extremophiles are known for their wide range of adaptability in
extreme conditions and are additionally stable over a large range of temperature, pH, and
salinity [4].

Extreme environmental conditions with more than one extreme factor, i.e., polyextreme
environments, are gaining much scientific interest because of their dynamic community
interactions, diversity, and adaptive strategies [6]. In this context, the unique geographical
location of Chile provides a natural laboratory to study microbial community dynamics in
polyextreme environments [7]. Bacterial communities can withstand extremes for survival,
including extreme pH, temperature, salinity, pressure, drought, UV irradiation, heavy met-
als, and toxic compounds [8]. Bacterial physiology and adaptations in harsh environments
are influenced by the EPS they produce. EPSs are polydisperse, polyfunctional, and often
poorly structurally /functionally characterized [9]. EPSs produced by the thermophiles
are reported to have good thermal stability and several biotechnological properties. They
are capable of stabilizing other molecules, show good synergy with hydrocolloids, and
have antimicrobial, and immunostimulant properties determining their possible future
applications [10]. Bacterial EPSs have been considered promising antioxidants to develop
effective functional foods with a longer shelf life [11]. According to a previous report, the
EPS produced by thermophilic Geobacillus sp. showed 100% emulsification of different
edible food-grade oils [12], which indicates their potential as natural emulsifiers replac-
ing synthetic emulsifying agents. In one of our previous studies, thermotolerant Bacillus
species from an Indian hot spring produced an EPS with a higher antioxidant capacity than
commercial ascorbic acid [13]. On the other side, EPSs have flocculating activity due to
functional groups on their polymeric backbone [14]. Microbial-origin flocculants are regu-
larly used in the food and feed industry for non-toxic, residue-free biomass harvesting [15].
Furthermore, EPSs with water-holding and oil-holding capacities are also exploited to
prepare functional food products by stabilizing water and oil emulsions [16,17]. According
to Wang et al. [4], the present trend in extremophilic EPS research has the main constraint
of production cost, which is a barrier to their replacing commercial EPS biopolymers. Thus,
the production and characterization of extremophilic bacterial EPS is an active research
field due to the continuous need to improve cultivation techniques, economically.

Our present work reveals the biotic potential of an unexplored hot spring located in
central Chile that is volcanic in origin, slightly acidic, rich in heavy metals, and harboring
possibilities of novel bioactive compounds produced by the thermophilic bacterial com-
munity. In this study, a new EPS from the thermophilic Bacillus haynesii is reported, EPS
production is optimized, and the optimized condition is statistically validated. The EPS is
morphologically, structurally, and functionally elucidated as a novel antioxidant, emulsifier,
and flocculating agent, showing promising biotechnological applications for the future.
According to our knowledge, this is the first report of any characterized bacterial EPS from
Chilean hot springs.
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2. Materials and Methods
2.1. Sampling and Water Analysis

In this study, water samples were collected at a depth of almost 0.5 m from the Cam-
panario hot spring, located in the central Andean Mountains of Chile in the Maule region
(35°56'23" S 70°36/22" W). The temperature, pH, and conductivity of the water were mea-
sured on-site using a pH/ORP meter (LAQUA PH120-K, HORIBA, Kyoto, Japan). For the
detailed physicochemical analysis of the collected water, samples were filtered in polycar-
bonate systems, using filters of 0.45 pm porosity. The analysis was performed according
to the Standard Methods for the Examination of Water and Wastewater as described by
INN-Chile [18-20]. All the reagents used were of high purity (Suprapure, Merck, Darm-
stadt, Germany). In the present study, detailed physicochemical parameters of collected
hot-spring water were determined, as follows: dissolved oxygen (DO), biochemical oxygen
demand (BOD), total dissolved solids (TDS), total alkalinity, chlorides, color, turbidity,
sulfates, nitrates, and sulfates. Fixation was carried out to determine the concentration of
dissolved oxygen according to the Winkler method (Standard Methods for the Examination
of Water and Wastewater). Taking into consideration the Laguna del Maule volcanic field
where the hot spring is located, the presence of different heavy metals in the water sample
was detected, viz., aluminum (Al), arsenic (As), cadmium (Cd), copper (Cu), chromium (Cr),
iron (Fe), zinc (Zn), manganese (Mn), magnesium (Mg), mercury (Hg), nickel (Ni), and lead
(Pb). To determine the metals (except Hg and As) in the water, a 500 mL-filtered sample was
pre-concentrated by the addition of 1 mL of 70% nitric acid. Pre-concentration was carried
out by evaporation using a Thermolyne Cimarec hot plate at 105 °C to a final volume of
50 mL. Metal concentration was determined by atomic absorption spectroscopy (AAS)
(Perkin Elmer 1990, Norwalk, Conn, USA) using a spectrophotometer (Thermo Fisher
Scientific ICE 3000 Series, Cambridge, UK) as previously mentioned by Fierro et al. [21].
The determination of Hg was carried out using the cold vapor technique, and As by hybrid
evolution. The detection limits for metals were as follows: Al 28.0 ug L!; As0.04 pg L=1;
Cd 2.8 ug L1, Cu45 ug L 1;,Cr54 ug L~ 1;Fe43 ug L, Mn1.6 ug L1 Mg?22 ug L1
Hg 0.06 ug L™, Ni8.0 ug L=, Pb13.0 ug L~ and Zn 3.3 pg L 1.

2.2. Isolation and Taxonomic Identification of the Bacteria

Serial dilution of the collected water sample was performed and 50 pL of each dilution
was inoculated aseptically in nutrient agar (NA) (Difco) media (pH 5.80). As the surface
water temperature of the hot spring was observed to be 56.4 °C, for synchronization of
bacterial growth, the inoculated media was incubated at 55 °C. After 72 h, a white, mu-
coid colony of isolate CamB6 appeared, which was further chosen for EPS production.
Taxonomic identification of the mucoid isolate was recently reported in Marin-Sanhueza
et al. [22], where bacteria were optimally grown at 55 °C, in nutrient broth (NB) media
(Difco). Briefly, DNA was isolated and the 16S rRNA region was amplified with the uni-
versal 27F and 1492R primers. The obtained amplicons were sequenced and EzTaxon was
used for identification (https://www.ezbiocloud.net/identify; Accessed 10 January 2021).
Evolutionary distances between the sequences were calculated [23] and the phylogenetic
tree was prepared following the maximum likelihood method using MEGA X [24], followed
by deposition in GenBank.

2.3. Recovery, Purification of EPS, and One Factor at a Time (OFAT) Optimization

The method for EPS recovery was followed as described by Rimada and Abraham [25].
For the production of EPS, stationary phase bacterial cells, harvested in modified NB,
were treated with 4% trichloroacetic acid (w/v) for 30 min. Next, TCA-precipitated cells
were centrifuged at 4 °C, 5000 x g for 20 min to precipitate the proteins. An equal volume
of chilled acetone was added to the chilled cell-free supernatant and left overnight at
4 °C. The solvent-coagulated EPS was then separated by centrifuging the solution at
4°C and 12,000x g for 20 min. The protein-purified EPS was then dialyzed, followed
by lyophilization to obtain the pure EPS powder. Initially, classical one-factor-at-a-time
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(OFAT) optimization was applied, altering one factor of EPS production, while the other
factors were fixed at a certain value [26]. OFAT optimization was used to screen the carbon
and nitrogen sources that augment EPS production by isolate CamB6. Different carbon
sources (xylose, mannose, glucose, and sucrose) and nitrogen sources (yeast extract, casein
hydrolysate, and ammonium sulfate) were optimized for this experiment. Each experiment
was conducted in triplicate to stabilize the experimental error.

2.4. Response Surface Methodology (RSM) Optimization and Its Validation

In this study, RSM based on central composite design (CCD) [27] was used to optimize
the EPS production for four parameters. These were carbon source (glucose) 20-40 g L1,
nitrogen source (yeast extract) 20-40 g L', pH 6-8, and inoculum size 20-40 mL L.
Five levels of each parameter were coded as (-, —1, 0, 1, +«) and used as independent
parameters with EPS production as a response. Table 1 exhibits coded and uncoded values
of independent parameters, using Equation (1):

x; = (Xj — Xo/AX) 1)

where: x; is the coded value of the parameter, X; is the actual value of the parameter, X, is
the actual value of X; at the center point, and AX is the step change.

Table 1. Experimental CCD matrix in uncoded and coded values with actual and predicted EPS
production by thermophilic B. haynesii CamB6.

Std Run I;oint Gluci)lse Yeast Eﬁract pH Inoculunl Size EPS (gL—1)
ype gL L™ (mL L) Actual ~ Predicted
27 1 Center 30 (0) 30 (0) 7(0) 30 (0) 4 4.08
12 2 Fact 40 (+1) 40 (+1) 6(—1) 40 (+1) 1.98 2.01
4 3 Fact 40 (+1) 40 (+1) 6(—1) 20 (—1) 0.79 0.63
6 4 Fact 40 (+1) 20 (—1) 8 (+1) 20 (—1) 0.78 0.75
13 5 Fact 20 (—1) 20 (—1) 8 (+1) 40 (+1) 1.8 2.01
7 6 Fact 20 (~1) 40 (+1) 8 (+1) 20 (—1) 0.56 0.64
20 7 Axial 30 (0) 50 (+2) 7(0) 30 (0) 1 0.97
14 8 Fact 40 (+1) 20 (~1) 8 (+1) 40 (+1) 1.65 1.75
16 9 Fact 40 (+1) 40 (+1) 8 (+1) 40 (+1) 3 3.15
28 10 Center 30 (0) 30 (0) 7(0) 30 (0) 4.19 4.08
30 11 Center 30 (0) 30 (0) 7 (0) 30 (0) 4 48
19 12 Axial 30 (0) 10 (=2) 7 (0) 30 (0) 36 3.46
2 13 Fact 40 (+1) 20 (—1) 6(—1) 20 (1) 2.28 2.45
18 14 Axial 50 (+2) 30 (0) 7 (0) 30 (0) 1 0.92
8 15 Fact 40 (+1) 40 (+1) 8 (+1) 20 (—1) 141 1.49
21 16 Axial 30 (0) 30 (0) 5(-2) 30 (0) 2.56 2.62
10 17 Fact 40 (+1) 20 (~1) 6(—1) 40 (+1) 32 3.17
17 18 Axial 10 (=2) 30 (0) 7 (0) 30 (0) 2.7 2.61
1 19 Fact 20 (—1) 20(—1) 6(—1) 20 (—1) 6.05 5.98
25 20 Center 30 (0) 30 (0) 7 (0) 30 (0) 42 4.08
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Table 1. Cont.

Std Run I;oint Gluci)lse Yeast Eﬁract pH Inoculunl Size EPS (gL~1)
ype gL L™ (mL L-1) Actual Predicted
26 21 Center 30 (0) 30 (0) 7 (0) 30 (0) 41 4.08
5 2 Fact 20 (~1) 20 (~1) 8 (+1) 20 (~1) 1.9 1.98
23 Fact 20 (—1) 40 (+1) 6(—1) 20 (1) 2.05 2.06
9 24 Fact 20 (—1) 20 (—1) 6(—1) 40 (+1) 5.69 5.72
15 25 Fact 20 (~1) 40 (+1) 8 (+1) 40 (+1) 14 1.34
29 26 Center 30 (0) 30 (0) 7 (0) 30 (0) 4 4.08
23 27 Axial 30 (0) 30 (0) 7 (0) 10 (-2) 3.5 351
24 28 Axial 30 (0) 30 (0) 7 (0) 50 (+2) 5.1 491
2 29 Axial 30 (0) 30 (0) 9 (+2) 30 (0) 0 —0.22
11 30 Fact 20 (~1) 40 (+1) 6(-1) 40 (+1) 24 2.48

Where alpha = 24/4 k is factor number.

The CCD matrix was generated by Design Expert software version 7 (StatEase,
Minneapolis, USA) with thirty runs and six replications of the center point, as shown
in Table 2. Design Expert is a beneficial tool commonly used for experiment design and
response data analysis [28]. All the experiments were performed in triplicate. The inocu-
lated flasks were incubated at 55 °C and 150 rpm for 3 days in a rotary shaker to harvest
the stationary phase bacterial cells. After production, the EPS concentration was detected
and the achieved data were analyzed to evaluate the effect of each parameter and their in-
teraction to predict the optimized EPS production, as described in the quadric optimization
model (Equation (2)).

k k k—1 k
Y =B+ Y o Bt Y BixE Y Y, BiXiX @)

where Y is the predicted response, 3 is the intercept term, (3; is the linear effect, 3;; is the
squared effect, B; is the interaction effect, and X; and Xj are input variables that influence
the response variable Y.

The optimization model was statistically evaluated to assess the analysis of variance.
Model fitness was expressed by R?, R adjust, R predict, adequate precision, standard
deviation, coefficient of variation, mean, press, F-value, P > F prob, and lack of fit [28].
Depending on the regression model, optimization plots were developed using Design
Expert to identify the optimum concentrations of all the four studied parameters. For
the maximized EPS production, all independent parameters were selected in range, and
response EPS was maximized to construct a ramp chart to describe the optimization.
Optimal parameters were validated in the laboratory to verify the predicted EPS production.

2.5. Physicochemical Characterization of the EPS
2.5.1. Morphological Analysis (AFM and SEM)

The surface morphology of macromolecules helps to identify their common physical
properties [29]. Atomic force microscopy (AFM) and scanning electron microscopy (SEM)
were employed to study the surface morphology of the EPS. For the AFM analysis, a
0.01 mg mL~! aqueous EPS solution was prepared. The solution was vortexed well at
room temperature to ensure complete dissolution. Approximately 5 uL of the EPS solution
was dropped onto the cover slip and air-dried. Finally, the surface images of the EPS were
obtained using an AFM (diINNOVA, Bruker, Madison, WI, USA) at the tapping mode of
the NanoDrive Innova system.

For SEM analysis, the EPS was made conductive by gold-coating, using a Gold Sputter
Coater (DII 29030SCTR Smart Coater, JEOL, Tokyo, Japan), and its surface structure was
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observed under FESEM (JEOI-JSM 7610FPlus) at 15 kV accelerating voltage. The elemental
mapping of the EPS was performed using energy dispersive X-ray spectroscopy (EDS) (X-
Max-AZtec, Oxford Instruments) for analysis of the carbon/nitrogen/oxygen/phosphorus/
sulfur composition.

Table 2. Analysis of variance of a quadratic optimization model for EPS production by thermophilic
B. haynesii CamB6.

Source G Trdom  Squwe  Fae LIS
Model 70.99278 14 507091286  225.6301761  <0.0001 ***
A-glucose 43010667 1 430106667  191.3758837  <0.0001 ***
lzx}’;f;(ftt 9.3250667 1 9.32506667  414.9186731  <0.0001 ***
C-pH 12.126817 1 12.1268167  539.5824888  <0.0001 ***
D'i“;‘;‘ellum 3.0104167 1 3.01041667  133.9484353  <0.0001 ***
AB 4305625 1 4305625 191.5787067  <0.0001 ***
AC 5.1984 1 5.1984 231.3027142  <0.0001 ***
AD 0.9216 1 09216 41.00657537  <0.0001 ***
BC 6.5536 1 6.5536 291.6023137  <0.0001 ***
BD 0.4356 1 0.4356 19.38201414 0.0005 **
CD 0.075625 1 0.075625 336493301 0.0865 **
A2 9.1806298 1 9.18062976  408.4919556  <0.0001 ***
B2 5.957344 1 595734405  265.0719159  <0.0001 ***
2 14.260144 1 14260144 6345048521  <0.0001 ***
D2 0.0316298 1 003162976  1.407365685 0.2539
Lack of Fit 0.2910333 10 0.02910333  3.157685353 0.1081
Residual 03371167 15 0.02247444
Pure Error 0.0460833 5 0.00921667
Cor Total 71.329897 29
Std. Dev. 0.1499148
Mean 2.6963333
C.V. % 5.5599502
PRESS 1.742712
R-Squared 0.9952738
R_ng;re 4 0.9908627
R—Srz;jjre 4 09755682
P ri‘g;‘jm 58.298716

Where ** = not significant, and *** = significant

2.5.2. Monosaccharide Composition Analysis and Molecular Weight

A high-pressure liquid chromatography (HPLC) system (Shimadzu, Kioto, Japan) was
equipped with an LC-20AT Pump, multiple autosamplers (SIL-20A) fitted with a 20-uL
loop, a UV detector (SPD-20AV) set to 210 and 290 nm, and a refractive index detector (RID-
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10A). The detectors were connected in series. Data were collected on a LabSolution software
1.25 Version system (Shimadzu, Kyoto, Japan). The analyses were performed isocratically
with water at 0.8 mL min~! and 65 °C with a 300 x 7.8 mm LD. cation exchange column
(Aminex HPX-87H) equipped with a cation H* microguard cartridge (Bio-Rad Laboratories,
Hercules, CA, USA). Sugar standards were supplied by Sigma Chile. Different calibration
curves using glucose, galactose, and mannose standards were built for monosaccharides
quantification. The sugar concentration ranged from 200 to 10,000 ug mL~!. The calibra-
tion parameters obtained for each curve were glucose (140x — 6277, R? 0.999), galactose
(101x — 9566, R? 0.999) and mannose (147x — 26,559, R? 0.997).

Gel permeation chromatography (GPC) allows determination of the average molecular
weight (Mw) distribution of the isolate CamB6-produced EPS, using an 1100 HPLC system
(Agilent Technologies, Santa Clara, USA), attached onto Shodex columns (40, 300, 1000).
Due to the polysaccharide nature of the EPS, Pullulan (Sigma, St. Louis, United States)
standards (0.3-700 kDa) were used for GPC analysis. The experiments were conducted
under the following conditions: samples 10 uL, 0.1 g mL~1; solvent 0.1 M sodium nitrate;
® =0.5mL min~1; temperature = 50 °C.

2.5.3. Structural Analysis
Infrared Spectroscopy

Fourier transform infrared (FTIR) spectrum for the EPS sample was acquired in
transmittance mode with an FTIR-ATR spectrometer (Jasco-4000, Jasco Analytical Spain,
Madrid, Spain) to analyze different functional groups. The spectrums were recorded by
pressing the samples into KBr pellets at a 1:90 ratio; these were then scanned in the range

of 4000-500 cm ! with a resolution of 4 cm~1.

1D and 2D NMR Analysis

NMR analyses were performed at 60 °C after samples had been dissolved in D,O.
Chemical shifts of water-soluble samples are expressed in d ppm relative to DSS as an
internal reference for 13C and 1H signals, respectively. 1D (1H and 13C) and 2D NMR
spectra (1H (obsd.) 13C, COSY, HSQC) were obtained by following the Bruker manual. 1H
NMR and 13C NMR spectra were recorded at 400 and 100 MHz. Chemical shifts (5) are
reported in parts per million (ppm) relative to the residual solvent signals. (Supplementary
Figure S1B,C).

2.5.4. Thermogravimetric Analysis

The thermal stability of the EPS was determined using a thermogravimetric analyzer
(TGA) Cahn-Ventron 2000 (Cahn Scientific, Irvine, CA, USA) with a microprocessor-driven
temperature-control unit and a thermal analysis data station. Approximately 5 mg of
sample was placed in an aluminum sample pan with a temperature raising range from 25
to 600 °C, at a heating rate of 10 °C min~! under an N, gas flow of 50 mL min~1.

2.6. Functional Properties of the EPS
2.6.1. In Vitro Antioxidant Activity Determination

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity (RSA) was
assayed according to Shimada et al. [30] with modifications. Briefly, 200 uL of EPS aqueous
aliquot (0.2, 0.5, 1,2 and 5 mg mL~1) was added to 0.2 mM 20 pL ethanolic DPPH solution.
After vigorous mixing, it was incubated in the dark at 30 °C for 1 h. After centrifugation
at 5000x g (10 min), absorbance of the supernatant was recorded at 517 nm using a Mobi-
Microplate Spectrophotometer (12 MicroDigital, MOBI, Seoul, South Korea). DPPH RSA
was calculated using Equation (3):

[(Ag — Aq)/Ap] x 100 3)
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where Aj is the absorbance value of DPPH solution without the sample and A; is the
absorbance value of the EPS solution. Ascorbic acid was used as the positive control.

Free radicals derived from 2,2-azino-bis (3-ethylbenzothiazolin-6-sulfonic acid)/ ABTS
and its scavenging activity were evaluated following the method used by Nitha et al. [31].
The ABTS solution was diluted to an absorbance of ~0.75 at 734 nm in phosphate buffer
(pH 7.40). Then, 180 uL of different EPS concentrations (0.2, 0.5, 1, 2, and 5 mg mL™1)
were added to 20 pL of ABTS radical solution and allowed to react for 5 minutes at
30 °C. Absorbance was recorded at 734 nm using quercetin as a reference in the Mobi-
Microplate Spectrophotometer (u2 MicroDigital). The scavenging activity was calculated
using Equation (3). In this case, Ag is the absorbance value of ABTS radical solution without
the sample and A; is the absorbance value of EPS solution. Ascorbic acid was used as the
positive control.

The H,O; scavenging activity was determined according to Ruch et al. [32] with some
modifications. The mixture containing 50 uL of the sample (0.2, 0.5, 1, 2, and 5 mg mL~1),
120 uL of phosphate buffer (0.1 M, pH 7.40), and 30 uL of H,O, solution (40 mM) was
shaken vigorously and incubated at 30 °C for 10 minutes. The absorbance of the reaction
mixture was then recorded at 230 nm using the Mobi-Microplate Spectrophotometer (u2
MicroDigital). The H,O, scavenging activity was calculated as follows (Equation (4)):

[1— (A1 — Az)/Ag] x 100 4)

where Ay is the absorbance of the control MiliQ) water, A; is the absorbance of the sample,
and A; is the absorbance of the sample without HO, solution. Ascorbic acid was used as
the positive control.

2.6.2. Emulsifying Activity Study

The emulsifying activity of the EPS produced by thermophilic CamB6 was measured
using the modified method used by Cooper and Goldenberg [33]. For this, food-grade
vegetable oils (coconut, corn, canola, avocado, sunflower, olive, and sesame) were added to
a1 mg mL~! aqueous phase containing the EPS (oil: EPS in a ratio of 3:2, v/v) and agitated
vigorously for 2 min on a vortex. The oil, emulsion, and aqueous layers were measured at
24 h intervals. To observe the emulsion stability, the emulsification index (E) was calculated
as: [(volume of the emulsion layer x total volume ') x 100]. As xanthan gum is one of the
most widely used commercial bacterial EPS sources regularly used as an emulsifier [34],
the emulsifying property of EPS was compared to other natural standard bacterial EPS
xanthan gum (Sigma), along with synthetic surfactant Tween 20 (Sigma).

2.6.3. Flocculation Activity Study

Flocculation activity of the EPS produced by thermophilic CamB6 was measured
according to Pu et al. [35] with some modifications, along with the control xanthan gum.
Briefly, 1% CaCl, containing kaolin suspension (pH 7.0, 4 g L~!) was mixed with different
concentrations of EPS (5-100 mg L~!) in a 1:1 (v/v) ratio, stirred well, and left for 10 minutes
undisturbed. The absorbance of the supernatant was measured at 550 nm using the
Mobi-Microplate Spectrophotometer (12 MicroDigital). The flocculating percentage was
calculated by the Equation (5):

[(A —B)/A] x 100 ®)

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

2.6.4. Water-Holding and Oil-Holding Capacity Determination

The water-holding capacity (WHC) of the EPS produced by B. haynesii CamB6 was
measured using the methods reported by Kumari et al. [36]. Briefly, 500 mg of EPS was
taken in an initially weighed centrifuge tube and 10 mL of distilled water was added,
followed by mixing in a cyclomixer for 1 min. The solution was kept at rest for 30 min
at 37 °C with intermediate stirrings, each followed by centrifugation at 3200 rpm for
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25 min. The supernatant was decanted after centrifugation and the tube was weighed. The
water-holding capacity (WHC) was calculated using the following formula:

Water bound weight (g)

% WHC = Initial sample weight (g)

x 100 (6)

The oil-holding capacity (OHC) of the study EPS was calculated following the standard
method used by Wang and Kinsella [37], with slight modifications. The OHC sample was
prepared by mixing 500 mg of lyophilized EPS in 10 mL of sunflower oil in a cyclomixer.
The solution was then allowed to stand for 30 minutes at 37 °C with intermediate shaking
every 10 minutes, followed by centrifugation at 3200 rpm for 25 min. The supernatant was
then decanted and the tube weighed. Oil-holding capacity (OHC) was calculated using the
following formula:

Oil bound weight (g)

% OHC = Initial sample weight (g)

x 100 @)

Xanthan gum (Sigma) was used as the control for both experiments. All experiments
were performed in triplicate. The experimental data were analyzed by calculating the
mean + SD and the analysis of variance (ANOVA) to determine statistically significant
differences. The Bonferroni test was used, and the values were considered if p < 0.05.
The statistical program SigmaPlot 12.0 (Systat Software Inc., London, UK) was used for
this study.

3. Results
3.1. Sampling and Water Analysis

The water samples were collected from the Campanario hot spring (35°56'23” S
70°36'22" W), located in the central Andean Mountains in the Maule region of Central
Chile (Figure 1). In the present study, different physicochemical parameters of the collected
water sample were studied: temperature, pH, conductivity, DO, BOD, TDS, total alkalinity,
chlorides, color, turbidity, sulfates, nitrates, sulfates, Al, As, Cd, Cu, Cr, Fe, Mn, Mg, Hg,
Ni, Pb, and Zn. The detailed physicochemical parameters can be found in Supplementary
Table S1. The study site Campanario hot spring is slightly acidic (pH 5.82) and has a surface
water temperature of 56.4 °C.

3.2. Isolation and Taxonomic Identification of EPS-Producing Thermophilic Bacteria

Of the different thermophilic bacterial colonies grown on the NA media (55 °C), a shiny
white, mucoid colony CamB6 was initially isolated for its characteristic EPS production.
Phylogenetic identification through EZ-Taxon analysis demonstrated that the 165 rRNA
sequence of isolate CamB6 (Genbank accession no. MZ298610) showed 100% similarity with
B. haynesii NRRL B-41327(T) (Accession: MRBL01000076) [38]. Other than this, 19 different
Bacillus strains also exhibited ~97% similarity to isolate CamB6 (Figure 1).

3.3. Recovery, Purification of EPS, and OFAT Optimization

The best EPS production by CamB6 was achieved at 55 °C in the stationary growth
phase by the trichloroacetic acid precipitation method [39]. The best-optimized carbon
source was found to be glucose, and the nitrogen source was found to be yeast extract
resulting in an initial 2.9 g L~ EPS production in the pre-optimized condition. This was
used for further response surface methodology (RSM) analysis to statistically optimize
the production.

3.4. RSM Optimization and Its Validation

RSM based on the central composite design technique was applied to optimize the
possible combination of different studied parameters that maximize the EPS production
by hot-spring-origin thermophilic B. haynesii CamB6. The upper and lower limit of each
parameter was specified according to OFAT optimization, as mentioned earlier. The value
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Figure 1. Map image showing the location of the Campanario hot spring located in the Andean
Mountains in the Maule region, Chile, and photographs of the study site. On the right, the maximum
likelihood phylogeny of isolate CamB®6 (filled red circle) shows similarity with B. haynesii (outlined
red circle).

Depending on the response values of EPS production by B. haynesii CamB6 and data
analysis from the lack of fit summary, the quadratic model was found to be the most
suitable optimization model for EPS production following P > F as 0.1081. By analyzing
variance (ANOVA) from the quadratic optimization model, the optimization was found to
be highly significant with an F-value of 225.63 (Prob > F = < 0.0001) (Table 2). In addition,
the model was evaluated by determination coefficient R? = 99.52%, indicating that 0.48% of
total experiments were not explained by the model. The R? adjustment and R? prediction
for EPS production were 0.9908 and 0.9755, respectively, which designated good results
with a difference less than 0.2. The measurement by the signal-to-noise model, assessed by
adequate precision, was acceptable, with a value of more than 4 in this model, being 58.29.
From Table 2, it can be noticed that all terms for EPS production exhibited a significant
effect (p < 0.0001) except the D?. C-pH was found as the most effective parameter with the
highest F-value (539.58). Here, the significance parameters were evaluated by F-value as all
p-values showed as <0.0001 [28].

Furthermore, a regression optimization model was constructed, showing a relation-
ship between independent parameters and dependent parameters for EPS production.
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The model was developed based on ANOVA and the regression coefficient. The CCD
matrix was fitted in a quadratic optimization model in coded parameters, as described in
Equation (8).

EPS=4.0816 — 0.423* A — 0.623*B — 0.710*C+0.3541*D + 0.52* A*B +
057*A*C+024*A*D+064*B*C+017*B*D+0.069*C*D —0.58*  (8)
A2 —047*B2 - 0.72*C2+0.034*D

In addition to ANOVA and the correlation optimization model, regression analysis
was applied to evaluate the best-fit line among the experiments that can be visualized by
the normal plot of the residuals (Figure 2A). The observed experimental values plotted
against predicted output values for EPS production are shown in Figure 2B and exhibit
good aggregation between the observed and predictive values estimated by the quadratic
optimization model.
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Figure 2. (A) Normal plot of residuals; (B) Predicted versus actual plot for EPS production.

Contour plots (2-D) are a graphical representation that help to visualize the actual
state of the regression optimization model to infer the relationship between parameters
and response. Circular or elliptical curves indicate that corresponding parameters have not
interacted, while hyperbolic and plateau-shaped curves denote interaction. In this study,
the relationship between independent parameters and EPS production was explained by a 2-
D contour plot of the response surface, while keeping others at zero level (coded value) [28].
In Figure 3a, it can be observed that the maximum yield of EPS was 4.6 g L~! when the
concentration of glucose and yeast extract were both 20 g L~!, while the minimum EPS
yield was 0.1 g L~! with high glucose and yeast extract concentrations (50 g L~'). Figure 3b
illustrates glucose interaction with pH on EPS production, displaying a maximum EPS
production of 4.5 g L~! (glucose 20 g L1, pH 6.0), with the minimum yield being produced
when the glucose concentration and pH value increased. From Figure 3¢, it can be seen
that EPS production becomes highly affected by an increase in the glucose concentration
to 50 g L~! with an inoculum size of 10-30 mL L~!. Figure 3d explains the interaction
between yeast extract and pH, and reveals a high EPS production (4.8 ¢ L~!) when the pH
was 6.0 and the yeast extract was 20 g L~!. A low yield was observed at a high yeast extract
concentration and an alkaline pH. Interestingly, the interaction of the nitrogen source with
inoculum size in Figure 3e demonstrates the same nature as that observed in Figure 3c
between the carbon source and the inoculum size. Finally, Figure 3f displays the interaction
between pH and inoculum size on EPS yield, where yield increased with a slightly acidic
pH 6.0 and an inoculum size of 50 ml L.
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Figure 3. Response surface plot (2-D) interaction effect expressed, respectively, in X1 and X2
axes. Here, inputs are 30 experimental runs carried out under conditions established by CCD
matrix. EPS production as function with (a) Glucose (g L 1) and yeast extract (g L~ 1) (Actual
factors C. pH =7.00, D. Inoculum size = 30.00 mL L~1); (b) Glucose (g L1 and pH (B. Yeast ex-
tract = 30.00 g L~!, D. Inoculum size = 30.00 mL L~1); (c) Glucose (g L~1) and inoculum size
(mL L~1) (B. Yeast extract = 30.00 g L1, C pH = 7.00); (d) Yeast extract (g L1 and pH (A. Glu-
cose = 30.00 g L~!, D. Inoculum size = 30.00 mL L~1); (e) Yeast extract (g L~1) and inoculum
size (mL L) (A. Glucose = 30.00 g L1, C pH = 7.00), and (f) pH and inoculum size (mL L
(A. Glucose = 30.00 g L1, B. Yeast extract = 30.00 g L™1).

Based on the optimization model, the ramp chart for optimization conditions was
developed by Design Expert software (version 7), as displayed in Supplementary Figure
S1A. To validate the optimization result and model accuracy, the experiment was carried out
in the laboratory with the suggested optimum conditions of glucose (20 g L™1), yeast extract
(20 g LD, pH 6.00, and inoculum size (20 mL L Yin triplicate. The result revealed an
actual EPS yield of 6.05 g L~!, which is a good aggregate of the predicted result (5.98 g L~1).
The RSM optimization study resulted in an almost two-fold increase in EPS production. The
optimized high yield EPS was purified and used for further characterization experiments.

3.5. Physicochemical Characterization of the EPS
3.5.1. Morphological Analysis (AFM and SEM)

AFM and SEM were used, respectively, to understand the surface morphology and
three-dimensional structure of the extracted EPS. AFM is an extensively used powerful
tool to study morphological characteristics by measuring the interaction forces in liquids
at a pico-Newton or nano-Newton level with a high lateral or vertical resolution [40]. As
observed from SEM analysis at 3000, 5000, and 10,000 x magnifications, respectively,
the EPS biopolymer has a highly compact, non-porous, flake-like compact structure, as pre-
viously described by Chen et al. [41]. It exhibited amorphous surface roughness composed
of evenly distributed macromolecular lumps (Figure 4A-C), whereas the topographical
two-dimensional (2D) AFM image confirms that these macromolecular lumps are spherical
and are of different sizes (Figure 4D). The three-dimensional (3D) AFM topographical
image (Figure 4E) indicates that these irregular-sized, spherical lumps have spike-like
heights, ranging between ~1.5 nm and ~3 nm (Figure 4F).



Biomolecules 2022, 12, 834

13 of 26

10000 4

Intensity

8000 -

6000

4000

2000

Rl

Figure 4. Surface morphology of the EPS produced by B. haynesii CamB6, where (A) x3000 (B) x5000;
and (C) x 10,000, respectively; (D) 2D; and (E) 3D AFM images, and (F) size distribution patterns.

SEM-EDS analysis of EPS produced by CamB6 revealed that the biopolymer is mostly
composed of carbon (% total weight 52.52) and oxygen (% total weight 47.48). The EPS was
found to have traces (<0.5% w/w) of nitrogen, sulfur, and phosphorous elements.

3.5.2. Monosaccharide Composition Analysis and Molecular Weight

Sugar analysis performed using the HPLC method showed that the EPS produced
by B. haynesii CamB6 is a heteropolymer, chemically composed of mannose (66%), glu-
cose (20%), and galactose (14%) monosaccharides. The HPLC chromatogram is provided

in Figure 5A.
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Figure 5. (A) HPLC analysis of the constituting monosaccharides, and (B) GPC analysis of the EPS.

In Figure 5B the GPC chromatogram of CamB6 EPS is presented and shows a broad
bell-shaped peak. From this GPC analysis, it is confirmed that the EPS produced by
B. haynesii CamB6 has an average molecular weight (Mw) of 53.6 kDa.
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3.5.3. Structural Analysis
Infrared Spectroscopy

FTIR spectroscopy was used to determine the main functional groups and the chemical
structure of the EPS. The FTIR spectra of B. haynesii EPS are shown in Figure 6.

Transmitance
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05— —
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Figure 6. FTIR-ATR spectra of CamB6 isolated polysaccharide.

The spectrum showed a broad band centered at 3302 cm ™!, which corresponds to
the sugar residue v—OH groups stretching vibration (-H bonded). The band at 2926 cm !
belongs to the (v-C-H) stretching vibration in the sugar ring [42]. The absorption band at
1642 cm ™! is due to the stretching vibration (v C=0, Amide I) [43]. The Amide I band and
thatat 1725 cm~! (v C=0, COOH/-COCHj3), and 1547 cm ™! (v-C-N (C-N-H) + §NH, Amide
II), suggest the presence of protein traces in the EPS [44], as previously revealed by the
elemental analysis. The 1725 cm ! band could also suggest the presence of acetyl (-COCH;)
groups in the EPS monomeric units. The peaks at 1421 cm~! (§-CH,) and 1373 (5-CH +
5C-CH3) are due to C-H groups. Between 1200 and 950 cm !, a group of intense overlapped
bands appears in a spectral region known as the “sugar region”, where stretching vibrations
of glycosidic bonds and pyranosic rings predominate [45]. This is the case of the bands at
1208 and 1126 cm ™! (v# C-O-C, ring), and 1024 and 969 cm~! (v C-O, C-C) in the «-ring,
respectively. New bands between 950 and 750 cm™ appear in the wavenumber range
known as the “anomeric region”. In this region, the ring anomeric bands together with
other complex skeletal vibrations are included. For instance, the presence of an x-anomeric
configuration of mannose sugar units was suggested by the sharp band at 809 cm~! (ycy
C; axial of - linkage), whereas the presence of a 3-anomeric configuration was suggested
by the absorption at 882 em ™! (8cp, C; axial of -linkage) [46,47]. This result indicates that
there could be more than one type of linkage in the EPS backbone or branching.

1D and 2D NMR Analysis

To further characterize the EPS, 1D (1H and 13C) and 2D NMR (1H [obsd.] 13C, COSY,
HSQC) was carried out to propose a partial EPS structure. Some of the 1D and 2D spectra
are shown in Figure 7.
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Figure 7. (A) 1H NMR spectra (B) 13C NMR spectrum (106-58 ppm amplified zone plus car-
bonyl signal) of EPS, (C) HSQC spectrum (anomeric zone) of EPS obtained at 60 °C in 2H,0O, and
(D) Edited gradient-enhanced HSQC spectrum of ESP, showing A: anomeric region, B: CH groups,
C: CH position 2 (linkage position) on «-D-Manp and 3-D-Manp, D: CH2 groups in position 6.

Firstly, our tentative assignment of proton signals is based on previous work on
polysaccharides and sugar analysis [46,48,49]. In the low field region (55.4-4.3), 1H NMR
spectra (Figure 7A) of the EPS show different signals corresponding to the protons from
anomeric carbons of sugars, suggesting different types of monosaccharides linkages (o
and f3) in the EPS structure, as previously described by the FTIR study. The complexity
of signal multiplicity may be due to the difference in the chemical environment and
substitution (type of linked sugars) for reducing and non-reducing end units. The anomeric
proton signals at 65.34 and 65.12 ppm belong to x-mannobiose (1—4) and «-mannobiose
(1—2), respectively. These signals agree with those reported for an x-D-Manp-(1—4) EPS
isolated from Aspergillus sp. Y16 strain [46]. On the other hand, the 13C NMR spectrum
shown in Figure 7B contains several signals in the C-anomeric region. The EPS structure
contains five C-1 corresponding to the mixture of carbohydrates D-Glcp, D-Manp and
D-Galp as determined by HPLC analysis. The C-1 signal of o-D-Manp $100.8 corresponds
to 2,4-di-O-substituted units. We assign the linkage of x-D-Manp-(1—4)-o-D-Manp in
concordance with the chemical shifts previously reported for the galactomannans from
the lichen Rocollela decipiens Darb [46,50]. Besides, the a-D-Manp-(1—2)-o-D-Manp was
attributed to 5102.3, which also appears in a-mannotriose. Moreover, the heteronuclear
1H-13C HSQC spectrum of EPS displays the a-mannobiose (1—2) & 5.34, 100.8 for x-D-
Manp-(1—2)-a-D-Manp and a-mannobiose (1—4) 6 5.12, 102.3 for a-D-Manp-(1—4)-«-D-
Manp [50], as can be seen in (Figure 7C) Scheme 1.
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Scheme 1. Predicted glycosidic bonds in the EPS structure obtained from the heteronuclear 1H-13C
HSQC spectrum.

In the COSY spectrum (Figure 7D) its a-configuration by low-field H-1 signal at 65.34
was found and correlated with H-2 (84.0), H-6 (863.98 and 3.85), and H-5 (64.12) [49]. The
-glucopyranose units appear at 64.83 ppm [51]. Besides, the anomeric protons from
[-galactopyranose units appear at 64.63 and 4.47 ppm. Finally, an acetyl (-CH3) signal at
62.00 and 2.04 ppm suggests EPS monosaccharide acetylation. This is a confirmation of
results obtained from the FTIR analysis.

3.5.4. Thermogravimetric Analysis

Thermal analysis has become a widely used technique for the thermal stability analysis
of polymers. In Figure 8, thermal decomposition curves (TG and DTG) of EPS are presented.

The existence of three decomposition peaks in the thermogravimetric curves suggests
that thermal degradation of EPS is a complex process. This multistep feature is consistent
with the heteropolymeric nature of this EPS, composed of three different sugar residues,
as previously described. The first degradation step occurs from 25 to 107 °C, showing a
maximum decomposition rate temperature (Tpeyi) at 56.3 °C, accounting for 4.5% of weight
loss. This process is mainly associated with dehydration due to moisture absorption of
EPS. A second and more significant effect occurs from 200 to 279 °C, peaking at 240.7 °C,
showing a weight loss of 36.5%. This is the effect with the highest mass loss during EPS
thermal degradation. In this step, depolymerization of polysaccharide and protein chains,
and the thermal scission of chemical bonds take place, accompanied by dehydration of
sugar units [4]. The third effect during EPS decomposition occurs between 279 and 380 °C,
peaking at 310 °C with an associated weight loss of 16%.

100

90

80

70 H

60

Weigth loss (%)
(,.0.%) ©1a

50

40

30

T T T T T T T T T T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 600
Temperature (°C)

Figure 8. Thermogravimetric curves of Camb6 exopolysaccharide.



Biomolecules 2022, 12, 834

17 of 26

>

% DPPH scavenging activity

0

ging activity

% H,0, scaven

100

80

60

40

100

80

60

40

3.6. Functional Properties of the EPS
3.6.1. In Vitro Antioxidant Activity Determination

Here, in vitro antioxidant activities of the EPS were assayed by their scavenging ability
against DPPH, H,O, and ABTS compared to standard ascorbic acid (Figure 9A-C). EPS
produced by CamB6 showed significant free-radical scavenging activity in comparison to
the standard ascorbic acid. At low concentration, i.e., 0.5 mg mL~1, good ABTS-mediated
free-radical scavenging activity of more than 60% was shown. In the case of all three
experiments, the highest tested concentration showed good % radical scavenging activity,
which is near to the ascorbic acid. It ranged from 70% to 80% in the case of all three tested
free-radical scavenging activities. The maximum activity achieved by DPPH, H,0O,, and
ABTS-mediated methods were, respectively, 72.34%, 76.21%, and 72.80%.

3.6.2. Emulsifying Activity Study

In this study, the emulsification activity of the EPS produced by CamB6 has been
compared to commercial chemical surfactant, Tween 20 (Merck), and a commercially used
bacterial biopolymer, Xanthan gum (Merck). All the studies were performed in triplicate. In
our study, EPS was found to be capable of stabilizing different vegetable oils by creating a
hydrophobic phase (Table 3). The CamB6-produced EPS was found to be more efficient than
the chemical surfactant used as a control for all the studied vegetable oils. Emulsification
activity was found to be more efficient in the case of the studied EPS than in the control
commercial bacterial EPS xanthan gum, except in the case of olive oil and sesame oil. Our
study EPS exhibited stable emulsion formation against five different food-grade vegetable
oils (corn 69.09 4+ 0.25, avocado 69.09 + 0.25, canola 64.55 + 1.20, coconut 62.73 4+ 0.97, and
sunflower 62.73 + 0.65).
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Figure 9. In vitro antioxidant capability of the EPS produced by B. haynesii CamB6; where (A) DPPH
radical scavenging activity; (B) ABTS radical scavenging activity; (C) H,O, radical scavenging
activity; and (D) Bioflocculation activity of the EPS.
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Table 3. The emulsifying activity of the EPS produced by B. haynesii CamB6 in different vegetable
oils compared to commercial EPS biopolymer and synthetic emulsificant.

Emulsification Index (Epg)

Coconut 62.73 + 0.97 48.18 +0.78 58.33 +£0.71
Corn 69.09 + 0.25 46.36 + 1.42 51.67 £ 0.82
Canola 64.55 + 1.20 45.00 £ 0.00 51.67 +£0.82
Avocado 69.09 + 0.25 50.91 £+ 0.49 56.36 £+ 3.00
Sunflower 62.73 + 0.65 43.33 +1.35 60.00 £+ 0.00
Olive 65.45 +2.20 50.91 £+ 0.45 80.00 £+ 0.00
Sesame 7545 + 1.16 64.55 + 1.20 80.00 £ 0.00

3.6.3. Flocculation Activity Study

The flocculation activity of the study EPS was analyzed using kaolin clay suspension
(Figure 9D). The percentage flocculation of the EPS for kaolin suspension demonstrated
a gradual yet sharp increase to 60 mg L~! concentration, which showed a little decrease
with the further increase in the EPS concentrations. The highest % flocculation of 52.3 was
observed with 60 mg L.~! EPS concentration, while the lowest was 36.9% (100 mg L~1).

3.7. Water-Holding and Oil-Holding Capacity Determination

From the obtained results, the study EPS showed 102.9% water retention (WHC). Ac-
cording to the statistical analysis using ANOVA, there are significant statistical differences
(p < 0.05) associated with the control xanthan gum, which presented greater stability and
affinity with water, delivering a value of 183.3%. OHC is a vital property of the EPS and
is associated with the permeable structure of the carbohydrate polymer chains. It was ob-
served that the OHC of the study EPS showed a better response and statistically significant
difference of 111.9%, compared with that of the commercial xanthan gum with 111.0%.

4. Discussion

Numerous works document extremophilic microbial community analysis from Chile,
such as the Chilean Altiplano in the north [6,52] or Chilean Patagonia in the South [53-55].
To our knowledge, our study is the first report of any structurally and functionally charac-
terized EPS from Chilean extreme environments. Here, we have specifically focused on a
functional EPS produced by thermophilic B. haynesii CamB6 from an Andean hot spring
for food applications. As the study site is situated in the Laguna del Maule stratovolcano
field, the geothermal water of Campanario is reported to have chemical signatures of fluids
from both local magmatic reservoirs and meteoric water circulation [56]. The high SO4-Cl
(sulfate 207.5 + 8.7 mg L1, chloride 12.0 + 0.3 g L’l) content of the water collected from
Campanario confirms its “acid spring” nature, implying that the sample water is deep
volcanic thermal water. Along with chlorides, the presence of fluorides (F- 1.2 mg L™1)
also indicates the presence of magmatic volatiles in the study water [57]. In addition, the
presence of chloride also clearly hints at the presence of a volcanic arc beneath the hot
spring [58]. Apart from that, as may be observed from Table S1A, the study site is also rich
in different metals and heavy metals (Al, Cu, Mg, Mn, Ni, Pb, Zn, As). The metal deposits
are mainly from the volcanic and volcanoclastic rocks formed during quaternary volcanism.
These are also responsible for augmenting the salinity of the water due to their interactions
with sedimentary rocks [59]. Thus, the microbiota inhabiting these thermal fluids are
exposed to multiple extreme factors, viz., temperature, acidic pH, UV rays, salinity, and the
presence of heavy metals. Over the last decade, polyextremophilic ecosystems were often
explored in a bid to understand their life forms and also to fulfill their biotechnological
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interests, as extremophiles are known to produce value-added bioactive compounds as
a part of their stress resistance. The southern hemisphere, particularly Chile, has always
been used as a model to understand the extremophilic ecosystems [52,60]. In central Chile,
specifically, however, the Maule region hot springs are much less reported in terms of their
bacterial life forms and bacterial bioactive compounds, one of which is the focus of our
present study.

The thermophilic bacterial isolate CamB6, studied in this manuscript, optimally pro-
duced 5.6 g L~! EPS at 55 °C in a 2% glucose (carbon source) and 2% yeast extract (nitrogen
source) supplemented medium. According to previous reports, it should be noted that
thermophilic B. thermoruber 423 isolated from Bulgarian hot springs was reported to have
the highest EPS yield of 0.897 g L~! [61]. Thermopbhilic Geobacillus tepidamans isolated from
Velingrad hot spring, Bulgaria, had a yield of 0.114 g L-1 EPS [62], and a thermophilic,
endospore-forming isolate from the radon in the hot spring had a yield of 0.06 g L~!
EPS [44]. All of these are much lower compared with our study (~6 g/L). Therefore, our
study EPS can be considered a high yield. The developed optimization model can be gener-
alized for EPS production by B. haynesii CamB6 under the same conditions. From the ramp
chart (Figure S1), it can be seen that the desirability score of the optimization model is 0.984.
Our study is the first report to characterize the EPS production by B. haynesii. However,
the goodness of fit of the model by examining the determination coefficient (R?) was docu-
mented earlier for different Bacillus species. For B. subtilis, R? was 0.948 [63], B. circulans
R? was 0.9614 [64], B. velezensis R*> was 0.990 [65], B. mycoides, R? was 0.976 [66], etc. Thus,
comparing the desirability of the model of different other Bacillus isolates, our study species
shows a good aggregate of the result. In our case, the best conditions were used to prepare
EPS in a sufficient quantity to allow further purification and characterization by different
physicochemical techniques.

From the morphological analyses of the study EPS, an amorphous, non-porous, ir-
regular, and dense surface denotes the compact nature of the biopolymeric material. This
characteristic also confirms the film-like feature of the biopolymer [67]. It indicates a
pseudoplastic behavior due to the strong interaction between water molecules and the
hydroxyl groups (—OH) of the EPS, which is in line with the reports by Wang et al. [29]
and Kanamarlapudi and Muddada [68]. In both reports, the compact structure of the EPS
is interpreted as being useful for application in the food industry, most likely as a potential
food additive [29]. The macromolecular lumps observed on the compact surface could be
formed due to intra and inter-molecular aggregation of macromolecules, as mentioned pre-
viously for other EPSs [39]. From both AFM and SEM studies, EPS was observed to exhibit
a plasticized, film-like, compact nature, which may result in exceptional thickening, as well
as viscosifying properties with potential applications as biotechnological additives [69].
The sugar analysis confirmed that the EPS was composed of mannose, followed by glucose
and galactose units in a 3.3:1.0:0.7 ratio. Bacterial EPS produced by hot-spring-origin ther-
mophilic Geobacillus sp. was already noted earlier as being mainly composed of these three
monosaccharides in a different ratio [70]. Other Bacillus species are reported with similar
monosaccharide constituents with different molar ratios, making each one unique [71,72].
As mentioned earlier, from the FTIR analysis, both «- and 3-anomeric configurations were
suggested as being part of the EPS structure. This result indicates that there could be more
than one type of linkage in the EPS backbone or branching. Thus, a further detailed linkage
analysis could be performed in future to clarify this point. Also, the presence of acetyl
groups was determined. However, the exact location of the acetyl group position would be
a matter for further work. The results of NMR analysis also suggest that B. haynesii EPS
has a complex chemical structure and confirm FTIR results. The EPS structure contains
five C-1 corresponding to the mixture of carbohydrates D-Glcp, D-Manp and D-Galp, as
also determined by HPLC analysis. It is a heteropolysaccharide probably formed by an
a-mannobiose (1—4) and «-mannobiose (1—2) backbone with different branches of neutral
sugars (Glc and Gal) attached by different glycosidic linkages (o« and (3), where some sugar
units are also acetylated. Regarding the EPS thermal stability, the thermal decomposition
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of the EPS occured in three steps, the first one being associated with water loss. The second
step can be explained by the relatively higher content of glucose and mannose units in
the EPS; it is expected that glucomannan-type fractions could thermally decompose at
this temperature. Recently, some authors reported that the thermal degradation of konjac
glucomannan, a polysaccharide formed by {3-1,4 linked D-glucose and D-mannose units,
also proceeds in two thermal steps [4]. The first was associated with water loss, and the
second showed a maximum decomposition rate temperature Tpeqx of 289 °C. In this step,
the depolymerization of polysaccharide and proteins chains and the thermal scission of
chemical bonds occurred, accompanied by dehydration of sugar units. This temperature
was 10 °C higher than that observed in the EPS but this fact could be associated with
the type of sugar linkage in glucomannan (3-1,4), which provides high thermal stability.
Moreover, the thermal stability of B. haynesii EPS is similar to that reported for EPS1 from
B. licheniformis T14, which started to decompose at 210 °C and reached a peak at 260 °C [73].
The third step of the thermal stability of this EPS is similar to the degradation temperature
reported for galactomannans isolated from three different plant seeds [74]. In that study, the
weight loss temperature started between 285 and 297 °C, the Tpeak ranged from 31 to 321 °C,
and the galactomannans had Man/Gal ratios of 4.21:1, 2.55:1, and 3.03:1, respectively. The
proposed structure suggests a 3-D-mannopyranose backbone with galactose side chains
at the C4 position. The B. haynesii EPS from the present work has a Man/Gal ratio of
4.9:1. Taking into account the peaking temperature, the thermal decomposition range,
and the lower mass losses associated with it, this thermal effect seems to be associated
with the galactomannan unit decomposition. In summary, B. haynesii EPS shows similar
thermal stability to other commercially available plant polysaccharides. As food industrial
applications often require a wide range of temperature adaptability, the good thermal
stability of the study EPS encourages us to study potential applications of this EPS for
food application.

The presently studied EPS from thermophilic bacteria has ropy characteristics which
help in the formation of good texture and can be used in the food industry, as previously
investigated by Marshall and Rawson [75]; they found that thermophilic EPS-producing
lactic acid bacteria could be used to produce in good-textured yogurt. On the other hand, ex-
tremophilic exopolysaccharides are comparatively non-pathogenic in nature, making them
suitable for application as emulsifiers, gelling agents, suspending agents, and stabilizers,
etc., in the food industry [76]. As per one example [62], gellan, a microbial heteropolysaccha-
ride from Geobacillus stearothermophilus, can be used as a gelling substance and suspending
agent in the food industry. Thus, in this study, in vitro activities of the EPS were checked to
determine its efficacy.

Regarding the functional bioactivity (antioxidant properties DPPH, ABTS, and H,0O,),
the B. haynesii EPS showed a concentration-dependent effect, which is similar to the pre-
viously reported results for polysaccharides from four Auriculariales [77]. In the case of
the ABTS and DPPH methods, dose-dependent antioxidant activity was observed with
60-65% scavenging at 0.5-1.0 mg mL~! EPS concentrations. The HyO,-mediated antioxi-
dant activity showed dose-dependent effects similar to the result obtained in the case of
DPPH (Figure 7A). Depending on the previously mentioned EPS concentration values,
around 60% of radical scavenging percentage, all methods have shown a stationary curve
with an increasing concentration of EPS. The higher antioxidant activity (76-78%) was
achieved in all cases at 5 mg mL ! of EPS concentration. This good microbial EPS-mediated
antioxidant activity was also reported previously for other neutral EPSs [78,79]. It has been
reported that the antioxidant properties of EPSs are associated with the sugar composition
of polysaccharides and their physicochemical properties [77]. EPSs in thermophilic bacteria
create an environment that protects cells against free radicals produced by high tempera-
ture [80]. Antioxidants play an important role against various diseases and normal aging
processes owing to free radical scavenging properties [46]. In addition, antioxidant capacity
is also an interesting property for improving food shelf life because antioxidant compounds
inhibit the oxidation of vitamins and other nutrients during food storage [81]. The in vitro
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antioxidant activity shows prodigious potentiality to be developed as an antioxidant agent,
as well as a functional additive for the food industry. A similar study was previously
undertaken by Gongi et al. [82], in which thermophilic Gloeocapsa gelatinosa showed similar
results. Thus, EPS with an improved antioxidant capacity is reported to be utilized as
antioxidant food additives [2].

From the results of the emulsification activity, it can be said that our study EPS can
efficiently emulsify the fatty acids present in the chemical structure of the food-grade
vegetable oils. It is interesting to note that the emulsification capacity of the EPS was similar
to, and sometimes higher than, that of the commercial EPS biopolymer, xanthan gum. It
is known that due to the spatial stability of EPSs, an extensive network can be formed
in the continuous phase to stabilize the emulsion [83]. The emulsions have numerous
applications in food industries, such as dairy, candy, beverage preparation, meat, and
milk processing [80]. This result indicates that the EPS can be used as a potent emulsifier
and stabilizer in the food industry as it can develop and stabilize both oil-in-water, and
water-in-oil emulsions [84]. The EPS-stabilized emulsions are particularly interesting for
food applications due to their thickening properties, as they develop a macromolecular
block in the aqueous medium between the dispersed droplets [84].

On the other hand, the EPS showed stable flocculation activity. Generally, the effec-
tiveness of biopolymer flocculation depends on charge density and the presence of charged
function groups [85]. At a low EPS concentration, there may be a low % flocculation, as
B. haynesii EPS is a neutral macromolecule and some charged groups on it could be associ-
ated with remaining protein traces. In the case of more than the optimum concentration, the
percentage of flocculation decrease may be due to the generation of high-viscosity solution
blocking the adsorption sites [86,87]. A similar trend of a decrease in the percentage of
flocculation at a higher EPS concentration was reported in recent work [87]. Flocculation is
a desirable property of industrial food fermentation processes, allowing the easy separation
of cells from the product [88]. Polysaccharides are widely used as a flocculent aid in food
processing [89].

WHC is one of the functional properties of polysaccharides that are highly influenced
by factors, such as molecular weight, particle size, ionic forms, and the composition of
polysaccharides [90]. Previously, B. licheniformis EPS showed 98.8% WHC [91], which is
more compared with another earlier report on Lactobacillus EPS which only showed 8.95%
WHC [92]. Our study EPS produced by hot-spring-origin B. haynesii CamB6 demonstrated
better activity (102.9%) in comparison with both these reports. However, the animal-origin
polysaccharide, chitosan, obtained from crab (138%) and shrimp (358%), is observed to
be significantly higher than all these reported bacterial EPSs [36]. The reason behind the
low WHC of our study EPS could be due to its low molecular weight and less porous
nature. According to Levine and Slade [93], EPSs with a lower %WHC can be useful to
improve crispness and improve workability for chips, crackers, or snack preparation. This
indicates that our study EPS might have a future application as an additive or texture
enhancer for low-moisture baked foods. The OHC in our study is much higher than the
reported OHC for EPS produced by Weissella confusa with 5.1% [94] and Lactobacillus EPS
with 15.9% [92]. However, it is similarly lower than chitosan with 635% [95]. OHC is one of
the important characteristics of polysaccharides, as it indicates the adsorption of organic
compounds or oils to the surface of substrates. Thus, EPSs with significant OHC may be
used as additives in different food industry applications, such as sausage preparation [96].
Although chemical composition plays an important role in the OHC, the porosity and the
affinity of the biopolymer with the oil also contribute to the activity. The EPS produced
by B. haynesii CamB6 presents good results with the possibility of future usage in different
food industry processes.

Our study EPS shows promising in vitro free radical scavenging and emulsification
properties against vegetable oils at low concentrations, while the standard flocculation
property in a moderately high concentration denotes its different food technological func-
tions. Considering the applications of the EPS produced by thermophilic B. haynesii CamB6
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as an antioxidant, emulsificant, and bioflocculant, it is important to consider the biotech-
nological potential of the earth’s extreme environments. As mentioned earlier, Chile is a
natural laboratory to study microbial community dynamics in polyextreme ecosystems;
this study is a first report of any bacterial EPS from polyextreme ecosystems in Chilean
hot springs. Our present study is an approach to displaying the potential of the Chilean
polyextreme environment and thermophilic Bacillus species for food applications.

5. Conclusions

The findings of this study on EPS produced by thermophilic B. haynesii CamB6 isolated
from a relatively unexplored Chilean hot spring culminates in the use of extremophilic
bacterial EPS in different food technological applications, such as an antioxidant, emul-
sifier, or flocculating agent. Bacteria produce EPS as a protecting sheath against extreme
environmental conditions. Chile, having a natural ecosystem of different polyextreme
environments, harbors immense biotic potential in addition to EPS production. Though
microbial communities in different Chilean hot springs were already reported, to our
knowledge, this study is the first to highlight a functional EPS from any Chilean hot spring.
Alongside, it is also the first to elucidate the EPS produced by B. haynesii, both structurally
and functionally, for different food applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biom12060834 /s1, Figure S1A: Ramp chart for EPS production;
Figure S1B: COSY spectrum of EPS produced by B. haynesii EPS. Figure S1C: 13C NMR spectrum of
EPS obtained at 60 °C in 2H,0. Table S1A: Concentration of different metals (Al, As, Cd, Cu, Cr, Fe,
Mg, Mn, Hg, Ni, Pb, and Zn) (mg L1+ S.D.) (n = 2) in the water sample collected from Campanario
hot spring in the Maule region, Chile. Table S1B: The physicochemical parameters (n = 2) of the water
sample collected from Campanario hot spring of Maule region, Chile.

Author Contributions: Conceptualization, A.B.; formal analysis, A.B., SJ.M.B., A.G,, 1S.-A,, PG.-F,
S.S., R.B., SV, ].C,].T. and G.B.; investigation, A.B., G.C.-B.; writing—original draft preparation,
AB., SJMB, ]J.C. and G.C.-B.; writing—review and editing, A.B., S.S. and G.C.-B.; supervision,
A.B.; project administration, A.B.; funding acquisition, A.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported and funded by FONDECYT Iniciacién, grant number 11190325.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: A.B. acknowledges the Fondecyt Iniciacion (11190325) project of the Government
of Chile for supporting the work. G.C-B. acknowledges CONICYT PIA/APOYO CCTE AFB170007.
The authors are thankful to Ricardo Rojas Carrefio for all his help during the sampling.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Faustino, M.; Veiga, M.; Sousa, P.; Costa, E.M.; Silva, S.; Pintado, M. Agro-food byproducts as a new source of natural food
additives. Molecules 2019, 24, 1056. [CrossRef] [PubMed]

2. Prete, R.; Alam, M.K; Perpetuini, G.; Perla, C.; Pittia, P.; Corsetti, A. Lactic acid bacteria exopolysaccharides producers: A
sustainable tool for functional foods. Foods 2021, 10, 1653. [CrossRef] [PubMed]

3.  Korcz, E.; Varga, L. Exopolysaccharides from lactic acid bacteria: Techno-functional application in the food industry. Trends Food
Sci. Technol. 2021, 110, 375-384. [CrossRef]

4. Wang, ].; Salem, D.R; Sani, R.K. Extremophilic exopolysaccharides: A review and new perspectives on engineering strategies and
applications. Carbohydr. Polym. 2019, 205, 8-26. [CrossRef] [PubMed]

5. Freitas, F.; Alves, V.D.; Reis, M.A. Advances in bacterial exopolysaccharides: From production to biotechnological applications.
Trends Biotechnol. 2011, 29, 388-398. [CrossRef]

6.  Wierzchos, J.; Casero, M.C.; Artieda, O.; Ascaso, C. Endolithic microbial habitats as refuges for life in polyextreme environment of

the Atacama Desert. Curr. Opin. Microbiol. 2018, 43, 124-131. [CrossRef]


https://www.mdpi.com/article/10.3390/biom12060834/s1
https://www.mdpi.com/article/10.3390/biom12060834/s1
http://doi.org/10.3390/molecules24061056
http://www.ncbi.nlm.nih.gov/pubmed/30889812
http://doi.org/10.3390/foods10071653
http://www.ncbi.nlm.nih.gov/pubmed/34359523
http://doi.org/10.1016/j.tifs.2021.02.014
http://doi.org/10.1016/j.carbpol.2018.10.011
http://www.ncbi.nlm.nih.gov/pubmed/30446151
http://doi.org/10.1016/j.tibtech.2011.03.008
http://doi.org/10.1016/j.mib.2018.01.003

Biomolecules 2022, 12, 834 23 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Orellana, R.; Macaya, C.; Bravo, G.; Dorochesi, F; Cumsille, A.; Valencia, R.; Rojas, C.; Seeger, M. Living at the frontiers of life:
Extremophiles in Chile and their potential for bioremediation. Front. Microbiol. 2018, 9, 2309. [CrossRef]

Filippidou, S.; Junier, T.; Wunderlin, T.; Kooli, W.M.; Palmieri, I.; Al-Dourobi, A.; Molina, V.; Lienhard, R.; Spangenberg, J.E.;
Johnson, S.L.; et al. Adaptive strategies in a poly-extreme environment: Differentiation of vegetative cells in Serratia ureilytica
and resistance to extreme conditions. Front. Microbiol. 2019, 10, 102. [CrossRef]

Nichols, C.M.; Guezennec, J.; Bowman, J.P. Bacterial exopolysaccharides from extreme marine environments with special
consideration of the southern ocean, sea ice, and deep-sea hydrothermal vents: A review. Mar. Biotechnol. 2005, 7, 253-271.
[CrossRef]

Kambourova, M.; Radchenkova, N.; Tomova, I.; Bojadjieva, I. Thermophiles as a promising source of exopolysaccharides with
interesting properties. In Biotechnology of Extremophiles: Grand Challenges in Biology and Biotechnology; Rampelotto, P., Ed.; Springer:
Cham, Switzerland; New York, NY, USA, 2016; Volume 1, pp. 117-139. [CrossRef]

Zhang, L.; Liu, C.; Li, D.; Zhao, Y.; Zhang, X.; Zeng, X.; Yang, Z.; Li, S. Antioxidant activity of an exopolysaccharide isolated from
Lactobacillus plantarum C88. Int. |. Biol. Macromol. 2013, 54, 270-275. [CrossRef]

Gan, L,; Li, X.; Wang, H.; Peng, B.; Tian, Y. Structural characterization and functional evaluation of a novel exopolysaccharide
from the moderate halophile Gracilibacillus sp. SCU50. Int. ]. Biol. Macromol. 2020, 154, 1140-1148. [CrossRef]

Banerjee, A.; Rudra, 5.G.; Mazumder, K.; Nigam, V.; Bandopadhyay, R. Structural and functional properties of exopolysaccharide
excreted by a novel Bacillus anthracis (Strain PEAB2) of hot spring origin. Indian ]. Microbiol. 2018, 58, 39-50. [CrossRef]

Kalita, D.; Joshi, S.R. Study on bioremediation of Lead by exopolysaccharide producing metallophilic bacterium isolated from
extreme habitat. Biotechnol. Rep. 2017, 16, 48-57. [CrossRef]

Van Haver, L.; Nayar, S. Polyelectrolyte flocculants in harvesting microalgal biomass for food and feed applications. Algal Res.
2017, 24, 167-180. [CrossRef]

Saleem, M.; Malik, S.; Mehwish, H.M.; Ali, M.W.; Hussain, N.; Khurshid, M.; Rajoka, M.S.R.; Chen, Y. Isolation and functional
characterization of exopolysaccharide produced by Lactobacillus plantarum S123 isolated from traditional Chinese cheese. Arch.
Microbiol. 2021, 203, 3061-3070. [CrossRef]

Lobo, R.E.; Gomez, M.I; de Valdez, G.F,; Torino, M.L. Physicochemical and antioxidant properties of a gastroprotective exopolysac-
charide produced by Streptococcus thermophilus CRL1190. Food Hydrocoll. 2019, 96, 625-633. [CrossRef]

INN-Chile. Calidad del Agua—Muestreo—Parte 2: Guia Sobre Técnicas de Muestreo; Norma Chilena Oficial NCh 411/2.0f96; Instituto
Nacional de Normalizacién: Santiago, Chile, 1999; 16p.

INN-Chile. Calidad del Agua—Muestreo—Parte 3: Guia Sobre Preservacion y Manejo de las Muestras; Norma Chilena Oficial NCh
411/3.0196; Instituto Nacional de Normalizacion: Santiago, Chile, 1999; 40p.

INN-Chile. Calidad del Agua—Muestreo—Parte 10: Guia Para el Muestreo de Aguas Residuales; NCh 411/10 Of 97; Instituto Nacional
de Normalizacién: Santiago, Chile, 1999.

Fierro, P; Tapia, ].; Bertran, C.; Acuiia, C.; Vargas-Chacoff, L. Assessment of Heavy Metal Contamination in Two Edible Fish
Species and Water from North Patagonia Estuary. Appl. Sci. 2021, 11, 2492. [CrossRef]

Marin-Sanhueza, C.; Echeverria-Vega, A.; Gémez, A.; Cabrera-Barjas, G.; Romero, R.; Banerjee, A. Stress Dependent Biofilm
Formation and Bioactive Melanin Pigment Production by a Thermophilic Bacillus Species from Chilean Hot Spring. Polymers
2022, 14, 680. [CrossRef]

Tamura, K.; Nei, M. Estimation of the number of nucleotide substitutions in the control region of mitochondrial DNA in humans
and chimpanzees. Mol. Biol. Evol. 1993, 10, 512-526. [CrossRef]

Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol.
Evol. 2016, 33, 1870-1874. [CrossRef]

Rimada, P.S.; Abraham, A.G. Comparative study of different methodologies to determine the exopolysaccharide produced by
kefir grains in milk and whey. Le Lait 2003, 83, 79-87. [CrossRef]

Prasanna, PH.; Grandison, A.S. Bifidobacteria in milk products: An overview of physiological and biochemical properties,
exopolysaccharide production, selection criteria of milk products and health benefits. Food Res. Int. 2014, 55, 247-262. [CrossRef]
Khani, M.; Bahrami, A.; Ghafari, M.D. Optimization of operating parameters for anti-corrosive biopolymer production by
Chryseobacterium Indologenes MUT 2 using central composite design methodology. J. Taiwan. Inst. Chem. Eng. 2015, 59, 165-172.
[CrossRef]

Breig, S.J.M.; Luti, K.J.K. Response surface methodology: A review on its applications and challenges in microbial cultures. Mater.
Today Proc. 2021, 42, 2277-2284. [CrossRef]

Wang, Y.; Li, C,; Liu, P.; Ahmed, Z.; Xiao, P,; Bai, X. Physical characterization of exopolysaccharide produced by Lactobacillus
plantarum KF5 isolated from Tibet Kefir. Carbohydr. Polym. 2010, 82, 895-903. [CrossRef]

Shimada, K.; Fujikawa, K.; Yahara, K.; Nakamura, T. Antioxidative properties of xanthin on autoxidation of soybean oil in
cyclodextrin emulsion. J. Agric. Food Chem. 1992, 40, 945-948. [CrossRef]

Nitha, B,; De, S.; Adhikari, S.K.; Devasagayam, T.P.A.; Janardhanan, K.K. Evaluation of free radical scavenging activity of morel
mushroom, Morchella esculenta mycelia: A potential source of therapeutically useful antioxidants. Pharm. Biol. 2010, 48, 453-460.
[CrossRef]

Ruch, R.J.; Cheng, S.J.; Klauning, J.E. Prevention of cytotoxicity and inhibition of intercellular communication by antioxidant
catechins isolated from Chinese green tea. Carcinogenesis 1989, 10, 1003-1008. [CrossRef]


http://doi.org/10.3389/fmicb.2018.02309
http://doi.org/10.3389/fmicb.2019.00102
http://doi.org/10.1007/s10126-004-5118-2
http://doi.org/10.1007/978-3-319-13521-2_4
http://doi.org/10.1016/j.ijbiomac.2012.12.037
http://doi.org/10.1016/j.ijbiomac.2019.11.143
http://doi.org/10.1007/s12088-017-0699-4
http://doi.org/10.1016/j.btre.2017.11.003
http://doi.org/10.1016/j.algal.2017.03.022
http://doi.org/10.1007/s00203-021-02291-w
http://doi.org/10.1016/j.foodhyd.2019.05.036
http://doi.org/10.3390/app11062492
http://doi.org/10.3390/polym14040680
http://doi.org/10.1093/oxfordjournals.molbev.a040023
http://doi.org/10.1093/molbev/msw054
http://doi.org/10.1051/lait:2002051
http://doi.org/10.1016/j.foodres.2013.11.013
http://doi.org/10.1016/j.jtice.2015.09.016
http://doi.org/10.1016/j.matpr.2020.12.316
http://doi.org/10.1016/j.carbpol.2010.06.013
http://doi.org/10.1021/jf00018a005
http://doi.org/10.3109/13880200903170789
http://doi.org/10.1093/carcin/10.6.1003

Biomolecules 2022, 12, 834 24 of 26

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Cooper, D.G.; Goldenberg, B.G. Surface-active agents from two Bacillus species. Appl. Environ. Microbiol. 1987, 53, 224-229.
[CrossRef]

Kanmani, P; Satish kumar, R.; Yuvaraj, N.; Paari, K.A.; Pattukumar, V.; Arul, V. Optimization of media components for enhanced
production of Streptococcus phocae PI80 And Its Bacteriocin Using Response Surface Methodology. Braz. J. Microbiol. 2011, 42,
716-720. [CrossRef]

Pu, L.; Zeng, Y.J.; Xu, P; Li, EZ,; Zong, M.H.; Yang, ].G.; Lou, W.Y. Using a novel polysaccharide BM2 produced by Bacillus
megaterium strain PL8 as an efficient bioflocculant for wastewater treatment. Int. ]. Biol. Macromol. 2020, 1, 374-384. [CrossRef]
[PubMed]

Kumari, S.; Annamareddy, S.H.K.; Abanti, S.; Rath, P.K. Physicochemical properties and characterization of chitosan synthesized
from fish scales, crab and shrimp shells. Int. J. Biol. Macromol. 2017, 104, 1697-1705. [CrossRef] [PubMed]

Wang, ].C.; Kinsella, J.E. Functional properties of novel proteins: Alfalfa leaf protein. J. Food Sci. 1976, 41, 286—292. [CrossRef]
Dunlap, C.A,; Schisler, D.A.; Perry, E.B.; Connor, N.; Cohan, EM.; Rooney, A.P. Bacillus swezeyi sp. nov. and Bacillus haynesii sp.
nov., isolated from desert soil. Int. J. Syst. Evol. Microbiol. 2017, 67, 2720-2725. [CrossRef]

Banerjee, A.; Das, D.; Rudra, S.G.; Mazumder, K.; Andler, R.; Bandopadhyay, R. Characterization of exopolysaccharide produced
by Pseudomonas sp. PFAB4 for synthesis of EPS-coated AgNPs with antimicrobial properties. J. Polym. Environ. 2020, 28, 242-256.
[CrossRef]

Ahmed, Z.; Wang, Y.; Anjum, N.; Ahmad, A.; Khan, S.T. Characterization of exopolysaccharide produced by Lactobacillus
kefiranofaciens ZW3 isolated from Tibet kefir-Part II. Food Hydrocoll. 2013, 30, 343-350. [CrossRef]

Chen, Z.; Shi, J.; Yang, X; Liu, Y.; Nan, B.; Wang, Z. Isolation of exopolysaccharide-producing bacteria and yeasts from Tibetan
kefir and characterisation of the exopolysaccharides. Int. |. Dairy Technol. 2016, 69, 410-417. [CrossRef]

Sabando, C.; Ide, W.; Rodriguez-Diaz, M.; Cabrera-Barjas, G.; Castafio, J.; Bouza, R.; Miiller, N.; Gutiérrez, C.; Barral, L.; Rojas, J.;
et al. Novel hydrocolloid film based on pectin, starch and Gunnera tinctoria and Ugni molinae plant extracts for wound dressing
applications. Curr. Top. Med. Chem. 2020, 20, 280-292. [CrossRef]

Cabrera-Barjas, G.; Gonzalez, C.; Nesic, A.; Marrugo, K.P.; Gémez, O.; Delattre, C.; Valdes, O.; Yin, H.; Bravo, G.; Cea, J. Utilization
of Marine Waste to Obtain (3-Chitin Nanofibers and Films from Giant Humboldt Squid Dosidicus gigas. Mar. Drugs 2021, 19, 184.
[CrossRef]

Wang, L.; Zhang, H.; Yang, L.; Liang, X.; Zhang, F,; Linhardt, R.J. Structural characterization and bioactivity of exopolysaccharide
synthesized by Geobacillus sp. TS3-9 isolated from radioactive radon hot spring. Adv. Biotechnol. Microbiol. 2017, 4, 555634.
[CrossRef]

Synytsya, A.; Novak, M. Structural analysis of glucans. Ann. Transl. Med. 2014, 2, 17-31. [CrossRef]

Chen, Y.; Mao, W.; Tao, H.; Zhu, W.; Qi, X,; Chen, Y.; Li, N. Structural characterization and antioxidant properties of an
exopolysaccharide produced by the mangrove endophytic fungus Aspergillus sp. Y16. Bioresour. Technol. 2011, 102, 8179-8184.
[CrossRef]

Sandula, J.; Kogan, G.; Ka¢urakova, M.; Machova, E. Microbial (1—3)-3-d-glucans, their preparation, physico-chemical character-
ization and immunomodulatory activity. Carbohydr. Polym. 1999, 38, 247-253. [CrossRef]

Bystricky, P.; Dobrota, D.; Racay, P.; Bystricky, S. NMR characteristics of a-D-Man-(1-2)-D-Man and a-D-Man- (1-3)-D-Man
mannobioses related to Candida albicans yeast mannan structures. Chem. Pap. 2017, 71, 2485-2493. [CrossRef]

Speciale, I.; Notaro, A.; Garcia-Vello, P.; Di Lorenzo, F.; Armiento, S.; Molinaro, A.; De Castro, C. Liquid-state NMR spectroscopy
for complex carbohydrate structural analysis: A hitchhiker’s guide. Carbohydr. Polym. 2022, 277, 118885. [CrossRef]

Carbonero, E.R.; Cordeiro, L.M.; Mellinger, C.G.; Sassaki, G.L.; Stocker-Worgotter, E.; Gorin, P.A.; lacomini, M. Galactomannans
with novel structures from the lichen Roccella decipiens Darb. Carbohydr. Res. 2005, 340, 1699-1705. [CrossRef]

Bubb, W.A. NMR spectroscopy in the study of carbohydrates: Characterizing the structural complexity. Concepts Magn. Reson.
Part A Educ. ]. 2003, 19, 1-19. [CrossRef]

Zhang, Q.; Campos, M.; Larama, G.; Acufia, ].].; Valenzuela, B.; Solis, F.; Zamorano, P.; Araya, R.; Sadowsky, M.].; Jorquera, M. A.
Composition and predicted functions of the bacterial community in spouting pool sediments from the El Tatio Geyser field in
Chile. Arch. Microbiol. 2021, 203, 389-397. [CrossRef]

Mackenzie, R.; Pedrés-Alio, C.; Diez, B. Bacterial composition of microbial mats in hot springs in Northern Patagonia: Variations
with seasons and temperature. Extremophiles 2013, 17, 123-136. [CrossRef]

Lavergne, C.; Aguilar-Muiioz, P; Calle, N.; Thalasso, F.; Astorga-Espafa, M.S.; Sepulveda-Jauregui, A.; Martinez-Cruz, K,;
Gandois, L.; Mansilla, A.; Chamy, R.; et al. Temperature differently affected methanogenic pathways and microbial communities
in sub-Antarctic freshwater ecosystems. Environ. Int. 2021, 154, 106575. [CrossRef]

Maturana-Martinez, C.; Fernandez, C.; Gonzalez, H.E.; Galand, P.E. Different Active Microbial Communities in Two Contrasted
Subantarctic Fjords. Front. Microbiol. 2021, 12, 1592. [CrossRef]

Cordell, D.; Unsworth, M.].; Diaz, D. Imaging the Laguna del Maule Volcanic Field, central Chile using magnetotellurics: Evidence
for crustal melt regions laterally-offset from surface vents and lava flows. Earth Planet. Sci. Lett. 2018, 488, 168-180. [CrossRef]
Taran, Y.; Kalacheva, E. Acid sulfate-chloride volcanic waters; Formation and potential for monitoring of volcanic activity. J.
Volcanol. Geotherm. Res. 2020, 405, 107036. [CrossRef]


http://doi.org/10.1128/aem.53.2.224-229.1987
http://doi.org/10.1590/S1517-83822011000200038
http://doi.org/10.1016/j.ijbiomac.2020.06.167
http://www.ncbi.nlm.nih.gov/pubmed/32569694
http://doi.org/10.1016/j.ijbiomac.2017.04.119
http://www.ncbi.nlm.nih.gov/pubmed/28472681
http://doi.org/10.1111/j.1365-2621.1976.tb00602.x
http://doi.org/10.1099/ijsem.0.002007
http://doi.org/10.1007/s10924-019-01602-z
http://doi.org/10.1016/j.foodhyd.2012.06.009
http://doi.org/10.1111/1471-0307.12276
http://doi.org/10.2174/1568026620666200124100631
http://doi.org/10.3390/md19040184
http://doi.org/10.19080/AIBM.2017.04.555635
http://doi.org/10.3978/j.issn.2305-5839.2014.02.07
http://doi.org/10.1016/j.biortech.2011.06.048
http://doi.org/10.1016/S0144-8617(98)00099-X
http://doi.org/10.1007/s11696-017-0242-4
http://doi.org/10.1016/j.carbpol.2021.118885
http://doi.org/10.1016/j.carres.2005.03.022
http://doi.org/10.1002/cmr.a.10080
http://doi.org/10.1007/s00203-020-02020-9
http://doi.org/10.1007/s00792-012-0499-z
http://doi.org/10.1016/j.envint.2021.106575
http://doi.org/10.3389/fmicb.2021.620220
http://doi.org/10.1016/j.epsl.2018.01.007
http://doi.org/10.1016/j.jvolgeores.2020.107036

Biomolecules 2022, 12, 834 25 of 26

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Van Soest, M.C.; Evans, W.C.; Mariner, R.H.; Schmidt, M.E. Chloride in Hot Springs of the Cascade Volcanic Arc-the Source
Puzzle. Lawrence Berkeley National Laboratory. 2003; LBNL Report #: LBNL-55553 Ext. Abs. Available online: https:
/ /escholarship.org/uc/item/3h8798dg (accessed on 15 February 2022).

Lahsen, A. Chilean geothermal resources and their possible utilization. Geothermics 1988, 17, 401-410. [CrossRef]
Alcamén-Arias, M.E.; Pedrés-Alig, C.; Tamames, ].; Ferndndez, C.; Pérez-Pantoja, D.; Vasquez, M.; Diez, B. Diurnal changes in
active carbon and nitrogen pathways along the temperature gradient in Porcelana hot spring microbial mat. Front. Microbiol.
2018, 9, 2353. [CrossRef]

Kambourova, M. Thermostable enzymes and polysaccharides produced by thermophilic bacteria isolated from Bulgarian hot
springs. Eng. Life Sci. 2018, 18, 758-767. [CrossRef]

Kambourova, M.; Mandeva, R.; Dimova, D.; Poli, A.; Nicolaus, B.; Tommonaro, G. Production and characterization of a microbial
glucan, synthesized by Geobacillus tepidamans V264 isolated from Bulgarian hot spring. Carbohydr. Polym. 2009, 77, 338-343.
[CrossRef]

Razack, S.A.; Velayutham, V.; Thangavelu, V. Medium optimization and in vitro antioxidant activity of exopolysaccharide
produced by Bacillus subtilis. Korean J. Chem. Eng. 2014, 31, 296-303. [CrossRef]

Vidhyalakshmi, R.; Valli, N.C.; Kumar, G.N.; Sunkar, S. Bacillus circulans exopolysaccharide: Production, characterization and
bioactivities. Int. ]. Biol. Macromol. 2016, 87, 405—414. [CrossRef]

Moghannem, S.A.; Farag, M.; Shehab, A.M.; Azab, M.S. Exopolysaccharide production from Bacillus velezensis KY471306 using
statistical experimental design. Braz. J. Microbiol. 2018, 49, 452-462. [CrossRef]

Farag, M.M.; Moghannem, S.A.; Shehabeldine, A.M.; Azab, M.S. Antitumor effect of exopolysaccharide produced by Bacillus
mycoides. Microb. Pathog. 2020, 140, 103947. [CrossRef] [PubMed]

Feng, F; Zhou, Q.; Yang, Y.; Zhao, F,; Du, R.; Han, Y.; Zhou, Z. Characterization of highly branched dextran produced by
Leuconostoc citreum B-2 from pineapple fermented product. Int. . Biol. Macromol. 2018, 113, 45-50. [CrossRef] [PubMed]
Kanamarlapudi, S.L.R.K.; Muddada, S. Characterization of exopolysaccharide produced by Streptococcus thermophilus CC30.
BioMed Res. Int. 2017, 2017, 4201809. [CrossRef] [PubMed]

Sajna, K.V.; Sukumaran, R.K.; Gottumukkala, L.D.; Jayamurthy, H.; Dhar, K.S.; Pandey, A. Studies on structural and physical
characteristics of a novel exopolysaccharide from Pseudozyma sp. NII 08165. Int. ]. Biol. Macromol. 2013, 59, 84-89. [CrossRef]
Schiano Moriello, V.; Lama, L.; Poli, A.; Gugliandolo, C.; Maugeri, T.L.; Gambacorta, A.; Nicolaus, B. Production of exopolysac-
charides from a thermophilic microorganism isolated from a marine hot spring in flegrean areas. J. Ind. Microbiol. Biotechnol. 2003,
30, 95-101. [CrossRef]

Petrova, P.; Arsov, A.; Ivanov, I.; Tsigoriyna, L.; Petrov, K. New Exopolysaccharides Produced by Bacillus licheniformis 24 Display
Substrate-Dependent Content and Antioxidant Activity. Microorganisms 2021, 9, 2127. [CrossRef]

Liu, T.; Zhou, K; Yin, S.; Liu, S.; Zhu, Y.; Yang, Y.; Wang, C. Purification and characterization of an exopolysaccharide produced
by Lactobacillus plantarum HY isolated from home-made Sichuan Pickle. Int. J. Biol. Macromol. 2019, 134, 516-526. [CrossRef]
Spano, A.; Gugliandolo, C.; Lentini, V.; Maugeri, T.L.; Anzelmo, G.; Poli, A.; Nicolaus, B. A novel EPS-producing strain of Bacillus
licheniformis isolated from a shallow vent off Panarea Island (Italy). Curr. Microbiol. 2013, 67, 21-29. [CrossRef]

Jamir, K.; Badithi, N.; Venumadhav, K.; Seshagirirao, K. Characterization and comparative studies of galactomannans from
Bauhinia vahlii, Delonix elata, and Peltophorum pterocarpum. Int. J. Biol. Macromol. 2019, 134, 498-506. [CrossRef]

Marshall, V.M.; Rawson, H.L. Effects of exopolysaccharide-producing strains of thermophilic lactic acid bacteria on the texture of
stirred yoghurt. Int. ]. Food Sci. Technol. 1999, 34, 137-143. [CrossRef]

Nicolaus, B.; Kambourova, M.; Oner, E.T. Exopolysaccharides from extremophiles: From fundamentals to biotechnology. Environ.
Technol. 2010, 31, 1145-1158. [CrossRef]

Su, Y,; Li, L. Structural Characterization and Antioxidant Activity of polysaccharide from four Auriculariales. Carbohydr. Polym.
2019, 229, 115407. [CrossRef]

Luang-In, V.; Deeseenthum, S. Exopolysaccharide-producing isolates from Thai milk kefir and their antioxidant activities. LWT
2016, 73, 592-601. [CrossRef]

Gangalla, R.; Sampath, G.; Beduru, S.; Sarika, K.; Govindarajan, R.K.; Ameen, E; Alwakeel, S.; Thampu, R.K. Optimization and
characterization of exopolysaccharide produced by Bacillus aerophilus rk1 and its in vitro antioxidant activities. J. King Saud Univ.
Sci. 2021, 33, 101470. [CrossRef]

Kavitake, D.; Balyan, S.; Devi, P.B.; Shetty, PH. Evaluation of oil-in-water (O/W) emulsifying properties of galactan exopolysac-
charide from Weissella confusa KR780676. J. Food Sci. Technol. 2020, 57, 1579-1585. [CrossRef]

Leyva-Porras, C.; Roman-Aguirre, M.; Cruz-Alcantar, P.; Pérez-Urizar, ].T.; dora-Leos, M.Z. Application of antioxidants as an
alternative improving of shelf life in foods. Polysaccharides 2021, 2, 594-607. [CrossRef]

Gongi, W.; Gomez Pinchetti, ].L.; Cordeiro, N.; Ouada, H.B. Extracellular Polymeric Substances Produced by the Thermophilic
Cyanobacterium Gloeocapsa gelatinosa: Characterization and Assessment of Their Antioxidant and Metal-Chelating Activities. Mar.
Drugs 2022, 20, 227. [CrossRef]

Song, B.; Zhu, W.; Song, R; Yan, F.; Wang, Y. Exopolysaccharide from Bacillus vallismortis WF4 as an emulsifier for antifungal and
antipruritic peppermint oil emulsion. Int. J. Biol. Macromol. 2018, 126, 1014-1022. [CrossRef]


https://escholarship.org/uc/item/3h8798dg
https://escholarship.org/uc/item/3h8798dg
http://doi.org/10.1016/0375-6505(88)90068-5
http://doi.org/10.3389/fmicb.2018.02353
http://doi.org/10.1002/elsc.201800022
http://doi.org/10.1016/j.carbpol.2009.01.004
http://doi.org/10.1007/s11814-013-0217-2
http://doi.org/10.1016/j.ijbiomac.2016.02.001
http://doi.org/10.1016/j.bjm.2017.05.012
http://doi.org/10.1016/j.micpath.2019.103947
http://www.ncbi.nlm.nih.gov/pubmed/31874230
http://doi.org/10.1016/j.ijbiomac.2018.02.119
http://www.ncbi.nlm.nih.gov/pubmed/29471088
http://doi.org/10.1155/2017/4201809
http://www.ncbi.nlm.nih.gov/pubmed/28815181
http://doi.org/10.1016/j.ijbiomac.2013.04.025
http://doi.org/10.1007/s10295-002-0019-8
http://doi.org/10.3390/microorganisms9102127
http://doi.org/10.1016/j.ijbiomac.2019.05.010
http://doi.org/10.1007/s00284-013-0327-4
http://doi.org/10.1016/j.ijbiomac.2019.05.080
http://doi.org/10.1046/j.1365-2621.1999.00245.x
http://doi.org/10.1080/09593330903552094
http://doi.org/10.1016/j.carbpol.2019.115407
http://doi.org/10.1016/j.lwt.2016.06.068
http://doi.org/10.1016/j.jksus.2021.101470
http://doi.org/10.1007/s13197-020-04262-3
http://doi.org/10.3390/polysaccharides2030036
http://doi.org/10.3390/md20040227
http://doi.org/10.1016/j.ijbiomac.2018.12.080

Biomolecules 2022, 12, 834 26 of 26

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

Bibi, A.; Xiong, Y.; Rajoka, M.S.R.; Mehwish, H.M.; Radicetti, E.; Umair, M.; Shoukat, M.; Khan, M.K.I,; Aadil, R.M. Recent
Advances in the Production of Exopolysaccharide (EPS) from Lactobacillus spp. and Its Application in the Food Industry: A
Review. Sustainability 2021, 13, 12429. [CrossRef]

Roselet, F.; Vandamme, D.; Roselet, M.; Muylaert, K.; Abreu, P.C. Screening of commercial natural and synthetic cationic polymers
for flocculation of freshwater and marine microalgae and effects of molecular weight and charge density. Algal Res. 2015, 10,
183-188. [CrossRef]

Okaiyeto, K.; Nwodo, U.U.; Mabinya, L.V.; Okoh, A.I. Characterization of a bioflocculant produced by a consortium of Halomonas
sp. Okoh and Micrococcus sp. Leo. Int. J. Environ. Res. Public Health 2013, 10, 5097-5110. [CrossRef]

Mathivanan, K.; Chandirika, ].U.; Vinothkanna, A.; Govindarajan, R.K.; Meng, D.; Yin, H. Characterization and biotechnological
functional activities of exopolysaccharides produced by Lysinibacillus fusiformis KMNTT-10. J. Polym. Environ. 2021, 29, 1742-1751.
[CrossRef]

Verstrepen, K.J.; Klis, EM. Flocculation, adhesion and biofilm formation in yeasts. Mol. Microbiol. 2006, 60, 5-15. [CrossRef]
Gupta, B.S.; Ako, J.E. Application of guar gum as a flocculant aid in food processing and potable water treatment. Eur. Food Res.
Technol. 2005, 221, 746-751. [CrossRef]

Venugopal, V. Marine Polysaccharides: Food Applications; CRC Press: Boca Raton, FL, USA, 2016.

Insulkar, P.; Kerkar, S.; Lele, S.S. Purification and structural-functional characterization of an exopolysaccharide from Bacillus
licheniformis PASS26 with in-vitro antitumor and wound healing activities. Int. J. Biol. Macromol. 2018, 120, 1441-1450. [CrossRef]
Trabelsi, I.; Ktari, N.; Triki, M.; Bkhairia, I.; Slima, S.B.; Aydi, S.S.; Aydi, S.; Abdeslam, A.; Salah, R.B. Physicochemical, techno-
functional, and antioxidant properties of a novel bacterial exopolysaccharide in cooked beef sausage. Int. ]. Biol. Macromol. 2018,
111, 11-18. [CrossRef]

Levine, H.; Slade, L. Influence of hydrocolloids in low-moisture foods—A food polymer science approach. In Gums and Stabilisers
for the Food Industry 12; Royal Society of Chemistry: London, UK, 2004; pp. 423-436. [CrossRef]

Devi, P.B.; Kavitake, D.; Shetty, PH. Physico-chemical characterization of galactan exopolysaccharide produced by Weissella
confusa KR780676. Int. ]. Biol. Macromol. 2016, 93, 822-828. [CrossRef] [PubMed]

Mohanasrinivasan, V.; Mishra, M.; Paliwal, J.S.; Singh, S.K.; Selvarajan, E.; Suganthi, V.; Subathra Devi, C. Studies on heavy metal
removal efficiency and antibacterial activity of chitosan prepared from shrimp shell waste. 3 Biotech 2014, 4, 167-175. [CrossRef]
[PubMed]

Petravi¢-Tominac, V.; Zechner-Krpan, V.; Berkovi¢, K.; Galovi¢, P.; Herceg, Z.; Sretec, S.; époljari(:, I. Rheological properties,
water-holding and oil-binding capacities of particulate 3-glucans isolated from spent brewer’s yeast by three different procedures.
Food Technol. Biotechnol. 2011, 49, 56—64.


http://doi.org/10.3390/su132212429
http://doi.org/10.1016/j.algal.2015.05.008
http://doi.org/10.3390/ijerph10105097
http://doi.org/10.1007/s10924-020-01986-3
http://doi.org/10.1111/j.1365-2958.2006.05072.x
http://doi.org/10.1007/s00217-005-0056-4
http://doi.org/10.1016/j.ijbiomac.2018.09.147
http://doi.org/10.1016/j.ijbiomac.2017.12.127
http://doi.org/10.1039/9781847551214-00423
http://doi.org/10.1016/j.ijbiomac.2016.09.054
http://www.ncbi.nlm.nih.gov/pubmed/27645923
http://doi.org/10.1007/s13205-013-0140-6
http://www.ncbi.nlm.nih.gov/pubmed/28324448

	Introduction 
	Materials and Methods 
	Sampling and Water Analysis 
	Isolation and Taxonomic Identification of the Bacteria 
	Recovery, Purification of EPS, and One Factor at a Time (OFAT) Optimization 
	Response Surface Methodology (RSM) Optimization and Its Validation 
	Physicochemical Characterization of the EPS 
	Morphological Analysis (AFM and SEM) 
	Monosaccharide Composition Analysis and Molecular Weight 
	Structural Analysis 
	Thermogravimetric Analysis 

	Functional Properties of the EPS 
	In Vitro Antioxidant Activity Determination 
	Emulsifying Activity Study 
	Flocculation Activity Study 
	Water-Holding and Oil-Holding Capacity Determination 


	Results 
	Sampling and Water Analysis 
	Isolation and Taxonomic Identification of EPS-Producing Thermophilic Bacteria 
	Recovery, Purification of EPS, and OFAT Optimization 
	RSM Optimization and Its Validation 
	Physicochemical Characterization of the EPS 
	Morphological Analysis (AFM and SEM) 
	Monosaccharide Composition Analysis and Molecular Weight 
	Structural Analysis 
	Thermogravimetric Analysis 

	Functional Properties of the EPS 
	In Vitro Antioxidant Activity Determination 
	Emulsifying Activity Study 
	Flocculation Activity Study 

	Water-Holding and Oil-Holding Capacity Determination 

	Discussion 
	Conclusions 
	References

