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In recent years, the exopolysaccharide (EPS) produced by deep-sea bacteria

has attracted the interest of various researchers. In the present study, we have

explored the properties and structure of a novel exopolysaccharide (called BPS)

produced by Bacillus enclensis AP-4 from deep-sea sediments. The maximum

yield of BPS was 4.23 ± 0.17 g L−1 in a 2216E modified medium. 1H NMR studies

of the purified BPS displayed a and b-configuration sugar residues, including

mannose, glucosamine, glucose, galactose, and xylose in a molar ratio of 1.00:

0.09: 0.04: 0.09: 0.07. BPS showed a molecular weight of 23,434 Da and was

abundant in hydroxyl and amino residues. In addition, BPS exhibited a rod-like

structure with a rough surface and was dominated by C, N, and O elements.

The exopolysaccharide demonstrated remarkable thermal stability, high

degradation temperature, and excellent emulsification capacity compared to

most reported exopolysaccharides. Moreover, BPS displayed better quenching

activities against the four radicals, which provided favorable protection for the

strain. Finally, the freezing experiment investigated the cryoprotective effect of

BPS on E. coli and S. aureus. BPS effectively improved the cell survival ratio and

maintained the activity of Na+/K+-ATPase, which facilitates culture

preservation. To the best of our knowledge, our work is the first report

suggesting that marine exopolysaccharide has dual-activity. This work

presents the foundation for the analysis of the structure and properties of

exopolysaccharides produced by deep-sea bacteria.

KEYWORDS

exopolysaccharide, Bacillus sp., deep-sea bacteria, antioxidant activity,
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Introduction

Microbial resources are abundant in nature and rich in

beneficial biological properties. Microbes can survive in diverse

environments such as high salinity, high pressure, and low

temperature since they strengthen themselves through

molecules or mechanisms (Andrew and Jayaraman, 2020). The

defense mechanisms that lead to microbial adaptability are

achieved through various metabolites such as enzymes,

peptides, and polysaccharides (Poli et al., 2017). Furthermore,

microbial polysaccharides are classified into exopolysaccharides

(EPSs), intracel lular polysaccharides, and cell wall

polysaccharides. EPSs have received extensive consideration

owing to their excellent oxidation resistance, emulsification

properties, and protection ability in recent years (Jing et al.,

2017; Feng et al., 2021; Chen et al., 2022).

EPS-producing bacteria are widely distributed in marine

ecosystems and can be isolated from water, sediments, and

animals (Costaouëc et al., 2012). EPSs produced by marine

bacteria usually have multiple physiological roles involved in

the responses to environmental stress, intercellular interactions,

and in adherence to surface substances (Wang et al., 2019). The

relative significance of these functions often depends on the

environment in which bacteria survive. Moreover, marine EPSs

can capture nutrients, maintain enzyme activities and provide

protection against other toxic substances (Satpute et al., 2010).

Furthermore, several factors such as chemical composition,

residual moisture, and freezing rate, can affect the stability of

the active components during the frozen storage of foods,

pharmaceuticals, and organisms. Cryoprotectants are effective

for protecting cells from freezing damage. Dimethyl sulfoxide

(DMSO) and glycerol are the most widely used cryoprotectants,

however, their high doses can be toxic to the cells (Hasan et al.,

2018). Hence, it is crucial to screen suitable cryoprotectants to

improve bacterial survival ratio and maintain enzymatic activity.

Several scholars have investigated EPS-producing bacteria in

sediments of different seas. Pseudoalteromonas sp. MD12-642 was

isolated from Madeira Archipelago sediments and its EPS had a

high molecular weight of 1000 kDa (Roca et al., 2016).

Further, Colwellia psychrerythraea 34H was isolated from subzero

Arctic sediments and its EPS displayed improved freeze protection

(Casillo et al., 2017). Wei et al. (2021) isolated Bacillus sp. H5 from

South China Sea sediments and reported that EPS could be utilized

as an immune adjuvant. Furthermore, Bacillus sp. can effectively

secrete EPS, which is considered a significant antioxidant (Pei et al.,

2020). Isolation of EPS-producing bacteria and investigation of the

structure and properties of EPS has recently gained popularity

among researchers.

However, to the best of our knowledge, there are no studies

on EPS-producing bacteria collected from Western Pacific

sediments. In this work, we explored the structure and

properties of EPS secreted by Bacillus sp. AP-4 from deep-sea

sediments. EPS yield was optimized by changing external
Frontiers in Marine Science 02
conditions and further purified by the Cellulose and Sepharose

column. The structural characterization of EPS was done by

High-Performance Liquid Chromatography (HPLC), one-

dimensional 1H and 13C Nuclear Magnetic Resonance (NMR),

Fourier-transform infrared (FTIR) analysis, Scanning electron

microscopy (SEM), and X-ray photoelectron spectrometer

(XPS) analysis. Further, the properties of EPS were

investigated by thermogravimetry (TG), differential scanning

calorimetry (DSC), gel permeation chromatography (GPC), and

emulsification experiment. Finally, the dual-activity of EPS was

established by the antioxidant test and freeze protection test.

Moreover, our work also provides a reference value for the

exploration of the structure and properties of EPS produced by

deep-sea bacteria.
Materials and methods

Biochemical reagents and medium

Molecular biology reagents were purchased from BGI Co.,

Ltd. (Beijing, China). All chemical reagents were purchased from

Sinopharm Group Co., Ltd. (Shanghai, China). Luria-Bertani

(LB) medium contained (g L-1): NaCl 10.0, yeast powder 5.0,

peptone 10.0 and pH 7.2. LB solid medium was formed by

adding 20 g L-1 agar to the LB medium. 2216E modified medium

contained (g L-1): yeast powder 1, peptone 5.0, ferric citrate 0.1,

NaCl 20, MgCl2·6H2O 12.8, Na2SO4 3.24, CaCl2 1.8, KCl 0.55,

Na2CO3 0.16, (NH4)2SO4 0.0016, Na2HPO₄ 0.008, pH 7.5.

Minimal salts medium contained (g L-1): Na2HPO4 1.5,

KH2PO4 3.48, (NH4)2SO4 4, MgSO4 0.7, yeast powder 0.01,

pH 7.2. All mediums were sterilized at 121°C for 30 min.
Selecting and identification
of deep-sea bacteria

Sediments were derived from the bottom mud of 6,000 m in

theWestern Pacific Ocean (32°32N, 146°13E). The sediments were

suspended in minimal salts medium for 72 h and then inoculated

into LB medium for 48 h at 20°C. Next, mixture was diluted and

spread on LB solid medium. Strains with large apparent viscosity

were chosen for sequential enrichment and cultivation. The

extraction and identification of microbial genomes were

presented in Section S1 (Supplementary Information).
EPS extraction and purification from
Bacillus enclensis AP-4

Strain AP-4 was inoculated in LB medium until logarithmic

growth phase and then transferred into 2216E modified

medium. Incubation process was implemented under aerobic
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conditions at 25°C for 72 h. Extraction steps of crude BPS refer

to our previous work (Hu et al., 2021). Briefly, the strain was

inoculated in 2216E modified medium and fermented at 25°C

for 72 h. The cultures were centrifuged and the supernatant was

concentrated about ten times (i.e., volume reduction from 100 to

10 mL) by reduced pressure distillation. And 70% (w/v)

trichloroacetic acid (TCA) was added to the cell-free

supernatant with a final concentration of 15% (w/v), kept at

4°C overnight, and centrifuged at 11,000 ×g and 4°C for 20 min

to remove protein. Subsequently, the supernatant was

precipitated by mixing with three times volume of pre-cooling

95% (v/v) ethanol and kept at 4°C for 12 h, and BPS was

collected with centrifugation at 11,000 ×g and 4°C for 20 min.

The obtained BPS was dialyzed (8 kDa-14 kDa cut-off, Leibusi,

Shanghai, China) in deionized water for 72 h. The crude BPS was

obtained after freeze-drying.

Further, the crude BPS was separated by Cellulose column

(3.0 × 30 cm) and eluted with gradient concentration of NaCl

solutions (0, 0.2, 0.4, 0.6, 0.8 and 1.0 M) at a flow rate of 1 mL

min-1. Five mL per tube was collected by BSZ-100 auto fraction

collector (Shanghai Jiapeng Technology Co. Ltd., Shanghai,

China). Next, the content of carbohydrate was determined by

phenol sulfuric acid method (Dubois et al., 1956). The fractions

of BPS were dialyzed overnight and lyophilized. BPS was further

purified by Sepharose column (1.6 × 80 cm) and eluted with

ultrapure water at a flow rate of 1 mL min-1. Finally, the major

fract ion was pooled, dia lyzed and lyophi l ized for

subsequent analysis.
Effect of carbon source and
physicochemical factors on EPS yield

The strain AP-4 was cultured at different glucose

concentration (0-10%, w/v), NaCl concentration (0-24%, w/v),

pH (5-10) and temperatures (10-30°C) in 2216E modified

medium to investigate the BPS yield. The obtained BPS was

weighed on the electronic balance.
Structural characterization of BPS

Ultraviolet-visible analysis and monosaccharide
composition analysis

The purified BPS was analyzed by an UV-VIS

spectrophotometer (T9, Presee, China). Briefly, BPS was

dissolved in deionized water to form 1 mg mL-1 of solution,

and UV-VIS spectrum was recorded in a wavelength ranging

from 200-600 nm. Monosaccharide composition of BPS was

estimated by HPLC, which referenced our previous work (Hu

et al., 2020b). Briefly, the 10 mg of BPS was dissolved in 5 mL of

2 mol L-1 trifluoroacetic acid (TFA) and hydrolyzed at 110°C for
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2 h. TFA was removed by vacuum evaporation, and solution pH

was adjusted to 7.0 with 5 mol L-1 NaOH. Monosaccharide

standards and acid-hydrolysate of BPS were heated with l-

cysteine methyl ester in pyridine at 70°C for 2 h followed by

the addition of arylisothiocyanate and reaction for 90 min. The

water phase was filtered with a 0.45 mmmicroporous membrane

and then subjected to HPLC injection analysis. The

monosaccharide composition was analyzed by a Thermofisher

U3000 HPLC system equipped with a WAD detector reversed-

phase C18 analytical column (4.6 mm × 250 mm, 5 mm, Agilent

Technologies). A mobile phase system consisting of 15%

acetonitrile and 85% KH2PO4 buffer solution (0.1 mol L-1, pH

6.7) was used for experimental analysis, and the flow rate was 1

mL min-1. The UV spectrophotometric detector wavelength was

245 nm for the derivatized monosaccharides.

FTIR spectra analysis
The main functional groups of BPS were determined by

FTIR spectra. The dried BPS was mixed with KBr and pressed

into pellets for FTIR analysis (NICOLET iS10, Thermo

Scientific, Waltham, Massachusetts, USA) in the scanning

range of 4000 to 400 cm-1 at room temperature (25 ± 0.1°C).

NMR spectra analysis
NMR spectra were used to analyze the positions of anomeric

hydrogen and anomeric carbon in sugar chains. In short, the 20

mg of BPS was dissolved in 0.5 mL D2O (99.9%) and then

centrifuged at 11,000 × g for 20 min. The supernatant was

repeatedly lyophilized three times to fully remove the hydrogen.

In the end, BPS was dissolved in D2O and transferred to the

NMR tube. BPS was analyzed by a 600 MHz NMR spectrometer

(Bruker Avance IIIHD, Germany) loaded with a 5 mm inverse

probe (QXI).
Microstructure of Bacillus enclensis
AP-4 and BPS

The surface morphology of strain AP-4 and BPS were

observed by our previous method (Hu et al., 2020a). In brief,

strain AP-4 was inoculated (2%, v/v) into 2216E modified

medium and fermented at 25°C for 72 h. Cells were harvested

by centrifugation (8,000 × g, 10 min) and washed three times

after 48 h cultivation. Then, cells were fixed by glutaraldehyde

and dehydrated. The freeze-dried BPS and dried cells were

pasted on copper platform. Microstructure of cells and BPS

were observed by SEM (FEI-Verios 460L, Waltham,

Massachusetts, USA) with an accelerating voltage of 10 kV.
XPS analysis
The elemental composition and electronic states of BPS were

performed on XPS (Thermo Scientific ESCALAB Xi +, USA)

with the Mg Ka (1253.6 eV, 300 W) (Pan et al., 2021).
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Characterization of BPS

Biochemical composition of BPS
The carbohydrates and protein of BPS were determined by

phenol sulfuric acid method and description of Bradford (1976).

In short, the 800 mL of Bradford reagent was added and mixed

well with 200 mL of 5 mg mL-1 BPS. The mixture was incubated

at room temperature for 30 min. The absorbance was measured

at 595 nm and the protein content was calculated from the

standard curve.

Molecular weight analysis
The weight average molecular weight (Mw) and number

average molecular weight (Mn) of BPS were investigated by GPC

(Liao et al., 2022). HLC-8320 GPC system (EcoSEC, Tokyo,

Japan) equipped a chromatograph column (TSKgel GMPWXL,

7.8 mm × 30 cm, Beijing, China) and refractive index detector

(RID-20A, Shimadzu, Tokyo, Japan). The mobile phase was

0.15 mol L-1 of NaNO3, and flow rate was 0.6 mL min-1 at 40°C.

The 1 mg mL-1 of BPS and 1 mg mL-1 of dextran standards were

injected 20 mL. Finally, dextran standards with a molecular

weight range of 5-500 kDa were utilized to calculate the Mw

and Mn of BPS. The polydispersion index (PDI) was deduced as

follows:

PDI = Mw = Mn
Thermostability analysis
Thermostability of BPS were measured by simultaneous

thermal analysis (STA, 449 F3, Netzsch, Germany). BPS was

placed in Al2O3 crucible and heated from 30 to 800°C at a rate of

10°C min−1.

Emulsification capacity of BPS
Emulsification capacity of BPS was determined our previous

description (Hu et al., 2022). The 5 mL of 1 g L-1 BPS, Span-20,

and Xanthan gum were fully mixed with 5 mL peanut oil, sesame

oil, olive oil, corn oil, rapeseed oil, and soybean oil. The mixture

was vortexed for 2 min and then stood for 48 h. Emulsification

Index (EI) was deduced as the following formula:

EI  =  
He
Ht

 �100   %

Height of emulsification layer and mixture was denoted as

He and Ht, respectively.
Antioxidant activity of BPS

DPPH radical scavenging assay
The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical

scavenging activity of BPS was determined as the previous
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description (Cai et al., 2019). BPS was dissolved in ultrapure

water to prepare different solutions (1.0-5.0 mg mL-1). The 1 mL

of solution was equably mixed with 5 mL of 0.1 mM DPPH

solution and then stood for 30 min at room temperature in

darkness. The radical scavenging activity was measured the

absorbance at 517 nm. Ascorbic acid (Vc) was considered as

positive control. DPPH radical scavenging efficiency was

deduced as the following equation:

DPPH scavenging efficiency ð%)
= ½1 − (Asample − Acontrol)=Ablank� � 100 %

where Ablank was the absorbance of DPPH, Asample was the

absorbance of mixture, and Acontrol was the absorbance of

ultrapure water.

ABTS radical scavenging assay
The 2, 2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)

(ABTS) radical scavenging assay is usually used to evaluate the

antioxidant capacity of extracts or compounds. ABTS radical

scavenging activity of BPS was determined by the previous

method with some modifications (Ma et al., 2018). In brief,

equal volumes of ABTS solution (7.00 mM) and K2S2O8 solution

(2.50 mM) were homogeneously mixed and incubated for 12 h

under dark condition at room temperature. Then, the mixture

was diluted with an ethanol to prepare the ABTS working

solution. Then, 1 mL of ABTS working solution was added to

the 1 mL BPS solutions (1.0-5.0 mg mL-1). The mixture was

stood for 30 min at room temperature and measured the

absorbance at 734 nm. ABTS scavenging efficiency was

deduced as the following equation:

ABTS scavenging efficiency ð%)
= ½1 − (Asample − Acontrol)=Ablank� � 100 %

Where Ablank was the absorbance of ABTS working solution,

Asample was the absorbance of mixture, and Acontrol was the

absorbance of ultrapure water.

Hydroxyl radical scavenging assay
Hydroxyl radical scavenging capacity is an essential

indicator for antioxidant capacity of substances, which

referenced the method of Zhang et al. (2022). Briefly, equal

volumes of FeSO4 solution (10 mM), salicylic acid solution (10

mM), H2O2 solution (10 mM) and BPS solutions (1.0-5.0 mg

mL-1) were equably mixed and incubated at 37°C for 30 min.

The absorbance of mixture was measured at 510 nm. Hydroxyl

radical scavenging efficiency was deduced as the following

equation:

Hydroxyl radical scavenging efficiency ð%)
= ½1 − (Asample − Acontrol)=Ablank� � 100 %
frontiersin.org

https://doi.org/10.3389/fmars.2022.976543
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Hu et al. 10.3389/fmars.2022.976543
where Ablank was the absorbance of mixture (FeSO4, salicylic

acid solution and H2O2 solution) without BPS, Asample was the

absorbance of mixture with BPS, and Acontrol was the absorbance

of ultrapure water.

Superoxide anion radical scavenging assay
Superoxide anion radicals, as a type of free radical generated

by metabolism of living organisms, can attack biological

macromolecules such as lipids, proteins and fatty acids thus

causing the damage of cell structure and function (Jie et al.,

2022). The superoxide anion radical scavenging activity was

assessed by the previous method (Yang et al., 2022). In brief, 1

mL of BPS solution (1.0-5.0 mg mL-1) and 5 mL Tris-HCl (50

mM, pH 8. 2) buffer was mixed and incubated at 25°C for

30 min. Then, 1 mL of pyrogallic acid (7 mM) was added to

mixture and shocked for 5 min. Eventually, a drop of

concentrated hydrochloric acid (10 M) was used to stop the

reaction. The absorbance of sample was measured at 320 nm and

Vc was used as the positive control. The superoxide anion

radicals scavenging efficiency was deduced as the following

equation:

Superoxide anion radicals scavenging efficiency ð%)
= ½1 − (Asample − Acontrol)=Ablank� � 100 %

where Ablank was the absorbance of pyrogallic acid, Asample

was the absorbance of mixture, and Acontrol was the absorbance

of ultrapure water.
Evaluation of cytoprotective activity

Determination of cell viability
Determination of cell viability were measured by the method

of Dimopoulou et al. (2016) with some modification. The

representative Gram-negative bacteria (Escherichia coli DH5a)

and Gram-posit ive bacteria (Staphylococcus aureus

ATCC25923) were selected for the investigation of cell

viability. The 50 mL of E. coil and S. aureus culture broth in

logarithmic growth phase (OD600≈1.8) were centrifuged

(10,000 × g, 10 min, 4°C). Then, cells were washed twice with

sterile water and centrifuged again. BPS was dissolved in sterile

water to prepare different concentration (0.5, 1.0, 1.5, 2.0 and

2.5%, w/v). The 0.8 mL of BPS solutions and cells were mixed

and frozen at -80°C for 7 d. Equal volumes of 20% glycerol and

sterile water were used as positive control and negative control,

respectively. Finally, the frozen cells were inoculated into LB

medium and cultured at 30°C for 36 h. Then, 200 mL of

suspension was coated on LB solid medium to examine the

cell survival ratio. Each sample was repeated three times. The cell

survival ratio was calculated by the following equation:

Cell survival ratio ð%) = NA=NB � 100 %
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where N A was the number of cells after freezing (CFU/mL);

N Bwas the number of cells before freezing (CFU/mL).

Na+/K+-ATPase activity assay
Na+/K+-ATPase activity of cells was determined by Na+/K+-

ATPase activity kit from Solarbio Science & Technology Co.

(Beijing, China). The content of enzyme activity was defined as

Units/104 cells.
Statistical analysis

One-way analysis of variance (ANOVA) was adopted to

analyze all data, relying on SPSS v22.0 (SPSS Inc., Chicago, IL,

USA). Statistical significance was determined by Duncan’s

multiple-range tests. p < 0.05 was considered statistically

significant. In all cases, experiments were performed in

triplicates (n = 3).
Results and discussion

Isolation and identification of an
EPS-producing bacteria

A total of eight culturable bacteria were isolated from the

deep-sea sediment after continuous isolation and purification.

Three strains with large apparent viscosity were named AP-4,

BP-1, and BP-2, respectively, and were selected to measure the

EPS yield. EPS yields of strains AP-4, BP-1, and BP-2 were 3.256,

2.485, and 2.793 g L−1 in the 2216E modified medium,

respectively. Strain AP-4 secreted maximum EPS, so it was

regarded as the target strain for the subsequent identification.

Strain AP-4 was a Gram-positive bacterium and was non-

motile and long rod-shaped. The colonies were yellow and the

edges were intact on LB solid medium (Figure 1B). Besides, the

colonies were opaque and round, and the bulge on the surface

was shiny. Notably, colony size was only 0.8–2.2 mm (Figures 1C,

D). Figure 1A shows that strain AP-4 had the highest similarity

(100%) to Bacillus enclensis SGD-1123 (GenBank accession No.

NR_133700.1). Based on the results of the phylogenetic tree and

sequence alignment, the strain was designated as Bacillus

enclensis AP-4 (GenBank accession No. ON159709).
Optimization of EPS yield

Deep-sea bacteria are mostly salt-tolerant, which enables

their expected growth and metabolism (Anburajan et al., 2021).

Figure 2A shows the effect of NaCl concentration on the EPS

yield and the growth of strain. The Strain AP-4 could grow in the

range of 0–24% NaCl (OD600>0.5), and the growth of strain
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exhibited an increasing trend followed by decrement with

increasing salinity. Furthermore, the highest yield of EPS

appeared at 9% NaCl and was estimated to be 3.59 ± 0.11 g

L−1. Moreover, bacteria usually accumulate active substances

inside the cells or secrete EPS outside the cells to assist

themselves against environmental stress (Hu et al., 2020a). The

external stress induces the strain to secrete more EPS, which

avoids cellular damage. Therefore, the presence of a certain

amount of NaCl was beneficial to increasing the EPS yield.

The microorganisms mainly use two carbon sources, glucose

and sucrose, to synthesize EPS (Freitas et al., 2017). Several

research groups have reported that Bacillus sp. utilizes glucose to

produce EPS. The growth of strain gradually decreased with the

increase in the concentration of glucose (Figure 2B). It was

noteworthy that EPS yield reached the highest value (3.86 ±

0.30 g L−1) at a glucose concentration of 2%. In a similar study,

Wagh et al. reported that Bacillus sp. SGD-03 produced 2.16 g

L−1 EPS in nutrient broth containing 2% glucose (Wagh et al.,

2022). Furthermore, Bacillus licheniformis isolated from the

thermal fluid sample can secrete 165 mg L−1 EPS in MD 162

minimal medium containing 0.6% glucose (Caccamo

et al., 2020).
Frontiers in Marine Science 06
Microorganisms are sensitive to the variation of pH and

prefer to survive in neutral or alkaline conditions, and not acidic

conditions (Jia et al., 2022). Figure 2C shows strain AP-4 had a

wide pH tolerance range (pH 5-10), allowing it to tolerate the

superacid or peralkalic conditions (Figure 2C). In addition, the

maximum yield of EPS reached 3.97 ± 0.17 g L−1 at pH = 7. The

previous reports have shown that the optimum pH for EPS

produced by Antrodia camphorata was 5.0, and the yield reached

5.05 mg g−1 (Shu and Lung, 2004).

Our previous study demonstrated the regulatory role of

temperature on the secretion of EPS, hence, the synthesis of

specific EPS requires incubation at a specific temperature (Hu

et al., 2021). Further, it was found that temperature affected the

EPS yield secreted by Streptococcus thermophilus strains

DGCC7785 and St-143 (Khanal and Lucey, 2018). Figure 2D

displays that strain AP-4 displayed growth in the range of 10–

30°C. The EPS yield did not vary drastically with temperature

variation, and the maximum yield was 4.23 ± 0.17 g L−1 at 15°C.

Moreover, the optimal fermentation of EPS was 9% NaCl, 2%

glucose, pH=7, and 15°C. The EPS produced by Bacillus

enclensis AP-4 was called BPS.
FIGURE 1

Phylogenetic tree of strain AP-4 and the related twenty strains by Neighbor-joining method (A) Image of strain AP-4 on LB solid medium (B)
SEM image magnified 3710 times (C) SEM image magnified 8800 times (D).
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Purification of crude BPS

The preliminary separation and decolorization of crude BPS

were carried out on the Cellulose column. Figure 3A shows three

sharp peaks suggesting successful elution of BPS-1, BPS-2, and

BPS-3 with different concentrations of NaCl solution. The neutral

polysaccharide was eluted with distilled water, while the acidic

polysaccharide was eluted with a NaCl solution. Moreover,

previous reports have described the potential antioxidant

activity of acidic polysaccharides (Yuan et al., 2019). The main

fraction appeared in the eluate of 0.8 M NaCl and was pooled,

dialyzed, and freeze-dried for further purification. The sample was

further purified through a Sepharose column, and a single peak

suggests the purification of BPS (Figure 3B). Further, the purified

BPS solutions were collected, dialyzed, and freeze-dried for

structure and properties analysis.
Structural characterization of BPS

UV-VIS analysis
UV-VIS spectrum of the purified BPS was recorded (Figure

S1). The maximum absorption of purified BPS was obtained at

220 nm, which is a characteristic absorption peak of
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carbohydrates. Moreover, there were no absorption peaks at 260

nm and 280 nm, indicating the absence of protein and nucleic acid

in the sample. Furthermore, the result demonstrates that BPS was

effectively purified. Several researchers had also reported similar

purification results (Wang et al., 2020; Kumar et al., 2022).
Monosaccharide composition analysis
Figures 3C, D shows the HPLC analysis of the

monosaccharide composition of BPS. Similarly, the retention

time of standard monosaccharides and BPS was demonstrated

(Tables S1, S2). BPS hydrolysates displayed peaks at 13.78, 15.97,

27.66, 31.46, and 32.62 min, corresponding to mannose,

glucosamine, glucose, galactose, and xylose, respectively. The

content of mannose was higher than other monosaccharides

components, while xylose was the least. Moreover, the molar

ratio of mannose, glucosamine, glucose, galactose, and xylose was

1.00: 0.09: 0.04: 0.09: 0.07. Wei et al. reported that EPS5SH

produced by Bacillus sp. H5 was composed of Man, GlcN, Glc,

and Gal in a molar ratio of 1.00: 0.02: 0.07: 0.02 (Wei et al., 2021).
FTIR spectra analysis
FTIR spectroscopy was employed for the analysis of the

functional groups of BPS (Figure S2). The peaks at 3550 cm−1
A B

DC

FIGURE 2

The effect of single factor optimization on EPS yield. The effect of NaCl on EPS yield at 25°C, 0% Nacl and pH=7 (A) The effect of glucose on
EPS yield at 25°C, 9% NaCl and pH=7 (B) The effect of pH on EPS yield at 25°C, 9% NaCl and 2% glucose (C) The effect of pH on EPS yield at 9%
NaCl, 2% glucose and pH =7 (D).
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and 3408 cm−1 could be attributed to the amino and hydroxyl

groups (Ashraf et al., 2022; Kailasam et al., 2022). Further, the

peaks at 1687 and 1620 cm−1 could be ascribed to the presence of

the C=O group (Wang et al., 2013). A strong peak at 1132 cm−1

indicated the presence of a-(1!4) glycosidic linkages (Lee et al.,

2007). The peak at 671 cm−1 was attributed to the existence of

the C-C=O group (Wiercigroch et al., 2017). Furthermore, the

peak at 605 cm−1 displayed the vibrations of pyranose rings

(Mitić et al., 2009). The hydroxyl and amino groups in BPS

facilitate the realization of the reductive properties.

NMR spectra analysis
NMR was used to explore the structural characteristics of

BPS (Figure 4). Figure 4A shows the proton signal of H2-H6

that appeared between chemical shifts 3 and 4. Further, the 1H

NMR spectrum showed seven anomeric proton signals at 5.22,

5.07, 5.04, 5.02, 4.97, 4.89, and 4.82 ppm, explaining that BPS

contained a and b-configuration sugar residues. Similarly, five

anomeric carbon signals were also present at 103.01, 102.19,

100.56, 99.98, and 98. 20 ppm, respectively (Figure 4B). All

sugar residues were pyranose rings, which could be deduced

due to the absence of signal in the region of 82–88 ppm.

Furthermore, BPS did not contain uronic acid, which was also
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supported by the absence of signal (d > 170 ppm). There was no

found d< 20 ppm, elaborating the absence of fucose and

rhamnose. The NMR results were in reasonable agreement

with HPLC and FTIR data.

Microstructure of BPS
The SEM micrographs of BPS exhibited a rod-like structure

and a rough surface (Figure 5). Each bar structure was

sufficiently stacked indicating sufficient toughness of BPS. EPS

secreted by marine Bacillus sp. exhibited a fibrous network

structure with a relatively smooth surface (Wagh et al., 2022).

EPS produced by probiotic Bacillus licheniformis AG-06 showed

uneven smooth surfaces with a network-like structure

(Vinothkanna et al., 2021). Furthermore, our previous research

reported that EPS also represented the network structure (Hu

et al., 2021). However, the microstructure of BPS is rare in

Bacillus sp. Moreover, the rough surface and sufficient toughness

can be employed as plasticized biofilm materials (Saravanan and

Shetty, 2016), which prove more stable compared to the other

microscopic material. Further, the rod-like structure can form

hydrated polymers to increase the water retention ability and

solubility of products, impelling their more competitive

potential in the food, pharmaceutical, and cosmetic industries.
A B

DC

FIGURE 3

Elution profile of crude BPS on Cellulose column (A) and Sepharose column (B). HPLC chromatograms of standard monosaccharide (C) and
BPS (D).
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XPS analysis
XPS analysis was used to verify the properties of functional

groups. The wide spectra revealed that BPS contained 70.15% C,

2.41% N, and 27.44% O (Figure 6A). The trace elements such as

S and P accounted for less than 1%, indicating that C, N, and O

were predominantly present in BPS. Figures 6B-D exhibits the

high-resolution spectra of C, N, and O. In the high-resolution

spectrum of C1s, peaks at 287.2, 284.7, and 283.2 eV could be

attributed to the C=O, C-OH, and C-(C/H) group (Li et al., 2017;

Moreira et al., 2017). Further, the N1s peaks at 397.9 eV formed

the amino nitrogen (N-H), explaining the presence of the amino

group (Safaei et al., 2018). The O1s peak at 531.7 and 530.5eV

belonged to the C=O and C-O (Puziy et al., 2008). These results

are in good agreement with FTIR analysis.
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Characterization of BPS

Biochemical composition and Mw of BPS
The total carbohydrate and protein content in BPS were

measured to be 96.18 ± 0.36% and 1.67± 0.18% (w/w). The

higher content of carbohydrates indicates wider applications of

the exopolysaccharide. Analogously, the quantity of

carbohydrate and protein were found to be 96.10 ± 0.2% and

58.3 ± 0.02% in EPS (Shankar et al., 2021). Asgher et al. reported

the production of EPS by Bacillus licheniformis (2.855 g L-1), and

the total carbohydrate content was 87.3% (Asgher et al., 2021).

The BPS isolated in the present study had more carbohydrates

and less protein suggesting its potential application in industries

such as cosmetics.
FIGURE 5

SEM images of BPS. SEM image magnified 1,000 times (A) and 5,000 times (B).
A B

FIGURE 4

NMR spectra of the BPS: (A) 1H NMR spectrum; (B) 13C NMR spectrum.
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The Mw of EPS is the most influential parameter affecting

their biological activity. The Mw of BPS was examined by GPC,

and the result indicated a single peak (Figure S3). The Mw and

Mn of BPS were estimated to be 23,434 and 7,601 Da.

Furthermore, the PDI of BPS was 3.08, which elaborated that

BPS was a dispersed state.

Thermal behavior of BPS
The thermostability of EPS is fundamental for its application

in the food industry (Abid et al., 2019). Figure 7A shows two

different steps of TGA. In the first stage, a weight loss of 2.40%

was recorded at 107.83°C, which could be attributed to the loss

of residual water in polysaccharides (Wang et al., 2010). In the

second stage, the depolymerization of BPS resulted in a weight

loss of 28.13% from 107.83°C to 798.16°C, due to the breaking of

the chemical bonds. Finally, only 69.36% of BPS remained at

798.16°C as the weight loss plateaued. Furthermore, the

degradation process of EPS was observed from the DTG curve.

The peak at 130.5°C was regarded as degradation temperature

(Td), as weight loss was most rapid at that temperature. The Td

of BPS was smaller than the previously reported EPS (Rani et al.,
Frontiers in Marine Science 10
2017). DSC was used to characterize the thermal transition of

BPS. BPS demonstrated an amorphous to crystalline transition

(Tc) temperature at 134.17°C, which was slightly lower than EPS

DU10 (Venkatesh et al., 2016). Subsequently, the melting

transition of BPS started at 145.33°C, which was higher than

some previously studied EPS (Wang et al., 2010). Furthermore,

BPS revealed distinct endothermic peaks at 705.67°C. BPS

displayed high thermal stability, suggesting its potential

application in food or hydrocolloid industries.

Emulsification capacity of BPS
Emulsification capacity is employed to evaluate the capacity of

two insoluble liquids to establish a stable liquid dispersion system

under certain conditions. Additionally, emulsification stability also

reflects emulsification capacity. BPS exhibited excellent

hydrophilicity and formed stable emulsions between the aqueous

and oil phases. We explored the emulsification capacity of BPS with

six oils i.e., peanut oil, sesame oil, olive oil, corn oil, rapeseed oil,

soybean oil, and Span-20, and xanthan gum was used as the control

group. Figure 7B shows the excellent emulsification capacity of BPS

with EI values greater than 60% in all six tested oils. The highest EI
A B

DC

FIGURE 6

The wide spectra (A) and high-resolution XPS peaks of C1s (B), O1s (C), and N1s (D).
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was found in soybean oil, which presented as 84.06 ± 0.72%.

Although xanthan gum displayed a strong emulsification capacity

in all six tested oils, the emulsification performance of BPS was

significantly higher than Span-20 (∗P< 0.05). Many emulsification

experiments on EPS utilize edible oil as the oil phase, such as EPS

produced by Pseudomonas fluorescens presented the highest

emulsification for diesel and olive oil (>50%) (Vidhyalakshmi

et al., 2018). Kodali et al. reported EPS from Bacillus

coagulans RK-02 that exhibited better emulsification activity in

sunflower oil than in mustard oil, soybean oil, castor oil, and rice oil

(Kodali et al., 2009). The molecular structure, Mw, and functional

groups of EPS has substantial effects on emulsification performance.

BPS has a strong emulsification capacity, which may be ascribed to

the interaction between hydrophilic groups and electrostatic

interaction (Yang et al., 2022). Moreover, the formed emulsion

was stable for one month (Figure S4), which suggests the

employment of BPS for the preparation of oil/water emulsions in

the food and cosmetic industries.

Antioxidant activity of BPS
Figure 8 displays the antioxidant activities of BPS under

different stress responses. The scavenging efficiency of Vc for

DPPH was better than BPS, and BPS exhibited dose-dependent

scavenging efficiency in the range of 1–5 mg mL−1 (Figures 8A-D).

Figure 8A shows that the highest scavenging efficiency of BPS was

achieved up to 83.1 ± 1.9% at 5 mg mL−1. Interestingly, only 1 mg

mL−1 of BPS has demonstrated an extremely strong scavenging

efficiency (>60%). Although previous reports had explored the

DPPH scavenging efficiency of EPS produced by Bacillus sp. (Hu

et al., 2019; Gangalla et al., 2021). However, the scavenging

efficiency of BPS was recorded to be higher at the same

concentration. Furthermore, ABTS scavenging efficiency gradually

increased in a dose-dependent manner for Vc and BPS. BPS

exhibited 80.3 ± 1.5% of ABTS scavenging efficiency at the
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highest concentration (5.0 mg mL−1) (Figure 8B). Moreover, an

excellent scavenging efficiency at the lowest dose (>55%) was

demonstrated. EPS secreted by Bacillus licheniformis AG-06

showed 70.99% ABTS scavenging efficiency at a concentration of

3mg mL−1 (Vinothkanna et al., 2021). ABTS clearance percentage

of CPS produced by Bacillus velezensis SN-1 exceeded 50.0% when

the concentration was 6.0 mg mL−1 (Cao et al., 2020). Moreover,

hydroxyl radicals and superoxide anion radical scavenging

efficiencies were also increased to 74.6 ± 1.1% and 87.5 ± 1.2%

with increasing concentration of BPS, respectively (Figures 8C, D).

However, the hydroxyl radical scavenging efficiency of BPS was

weak at the low concentrations (1 mg mL−1), which may be related

to its structure. In a similar study, BL-P1 and BL-P2 produced

by Bacillus licheniformis to scavenge hydroxyl radicals reached

50.07% and 65.13% at 120 mg mL−1, respectively (Xu et al., 2019).

Furthermore, the presence of hydroxyl groups (-OH) in

polysaccharides can promote binding to hydroxyl radicals,

thereby enhancing the scavenging efficiency (Zhao et al., 2018). In

addition, it has been demonstrated that acidic polysaccharides have

superior superoxide anion scavenging activity than neutral

polysaccharides (Xu et al., 2011). Further, various functional

groups (e.g., C=O, C-O-C, and C-O) maybe involved in the

biological activity of EPS (Farinazzo et al., 2020). BPS had

displayed better quenching activities against hydroxyl radical and

superoxide anion radical compared with the previous EPS reports.

Evaluation of cytoprotective activity
Figure 9 shows the cryoprotective effect of BPS on E. coli and S.

aureus using 20% glycerol as the positive control and sterile water as

the negative control. E. coli containing 20% glycerol exhibited the

highest survival ratio (95.29 ± 1.24%) after being frozen for 7 d

(Figure 9A). In contrast, sterile water maintained only 81.44 ± 2.60%

of cell survival ratio. Moreover, the cell survival ratio of E.

coli decreased with the increase in BPS concentration (2.0–2.5%),
A B

FIGURE 7

The TG (pink line), DSC (red line) and DTG (blue line) curves of BPS (A). Emulsification performance of BPS, Span-20, and Xanthan gum in
peanut oil, sesame oil, olive oil, corn oil, rapeseed oil, and soybean oil (B). All values are mean values (n = 3) (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).
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whichmay be attributed to the bacteriostatic effect of BPS. The highest

survival ratio (95.22 ± 1.86%) was presented at 0.5% BPS, which was a

13.78% increase compared with the sterile water. Likewise, S.

aureus with 20% glycerol displayed the highest survival rate (96.87

± 0.85%) after being frozen for 7 d (Figure 9B). On the contrary, the

cell survival ratio of S. aureus did not significantly decrease with the

increase of BPS concentration. The highest survival ratio (96.66 ±

1.26%) was presented at 1.5% BPS, which reflected a 14.58% increase

compared with the sterile water. BPS provided a certain level of

cryoprotective effect against Gram-positive as well as Gram-negative

bacteria. Moreover, previous studies had reported the cryoprotective

effect of EPS on other microorganisms (Carrión et al., 2015; Ali et al.,

2021). Additionally, as a common cryoprotectant, DMSO and

methanol are harmful to cells at high concentrations, while EPS

with biodegradability and biocompatibility is relatively safe (Guerreiro

et al., 2020). Cryopreservation of cells is a common technique in

biotechnology, and BPS with cryoprotective effects can be explored as

a cryoprotectant in cosmetics and pharmaceutical domains.

Further, Na+/K+-ATPase is a special protein in the cell

membrane that can break down the ATP to obtain energy. It

mainly balances the concentration difference between K+ and Na+

ions inside and outside the cell membrane, thus maintaining the
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cellular osmotic pressure. The unfrozen E. coli showed highNa+/K+-

ATPase activity (Figure 9C). The 20% glycerol also protected the

cells to some extent. The low concentration of BPS (0.5–1.5%) well

protected the cells and stabilized their enzymatic activity. However,

the high concentration of BPS (2.0–2.5%) restricted the growth of

bacteria and thus inhibited the activity of Na+/K+-ATPase. In the

same way, different concentrations of BPS all well protected S.

aureus, and its enzymatic activity tended to be stable (Figure 9D).

They had only 40.11% and 53.63% of the initial enzymatic activity

for E. coli and S. aureus without cryoprotectants. Therefore, as a

cryoprotectant, BPS can alsomaintain the enzymatic activity of cells.
Conclusions

To the best of our knowledge, this is the first report on EPS

derived from Bacillus sp. isolated from Western Pacific sediments.

BPS produced by Bacillus enclensis displayed a maximum yield of

4.23 ± 0.17 g L−1 in the 2216E modified medium during 72 h

incubation. BPS is composed of mannose, glucosamine, glucose,

galactose, and xylose and existed in both a and b-configuration
sugar residues. The main functional groups of BPS were found to be
A B

DC

FIGURE 8

Antioxidant activities of BPS in vitro. DPPH scavenging activity (A); ABTS scavenging efficiency (B); Hydroxyl radical scavenging efficiency (C).
Superoxide anion radicals scavenging efficiency (D). All values are mean values (n = 3).
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hydroxyl and amino groups. Furthermore, BPS showed a rod-like

structure with a rough surface and exhibited high thermal stability

and degradation temperature. In addition, BPS displayed excellent

hydrophilicity and formed stable emulsions between the aqueous

and edible oil phases. BPS revealed excellent performance against

DPPH radical, ABTS radical, hydroxyl radical, and superoxide anion

radical and provided a certain level of cryoprotective effect against

Gram-positive as well as Gram-negative bacteria. The dual-activity

of BPS (antioxidant activity and cryoprotective activity) has potential

applications in industry and commerce. Exploring the structure and

properties of EPS produced by deep-sea bacteria can be exploited by

various industries due to its profound practical value.
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E coli after different treatments (C). Na+/K+-ATPase activity in S. aureus after different treatments (D). E represents the unfrozen E coli. E1-E7
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frozen for 7 d. All values are mean values (n = 3).
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