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Abstract
A strain, 3EQS1, was isolated from a salt sample taken from Lake Qarun (Fayoum Province, Egypt). On
the basis of physiological, biochemical, and phylogenetic analyses, the strain was classi�ed as
Chromohalobacter salexigens. By 72 h of growth at 25 °С, strain 3EQS1 produced large amounts (15.1 g
L− 1) of exopolysaccharide (EPS) in a liquid mineral medium (initial рН 8.0) containing 10% sucrose and
10% NaCl. The EPS was precipitated from the cell-free culture medium with chilled ethanol and was
puri�ed by gel-permeation and anion-exchange chromatography. The molecular mass of the EPS was
0.9×106 Da. Chemical analyses, Fourier transform infrared spectroscopy, and nuclear magnetic
resonance spectroscopy showed that the EPS was a linear β-d-(2→6)-linked fructan (levan). In aqueous
solution, the EPS tended to form supramolecular aggregates with a critical aggregation concentration of
240 µg mL-1. The EPS had high emulsifying activity (E24, %) against kerosene (31.2 ± 0.4%), sun�ower oil
(76.9 ± 1.3%), and crude oil (98.9 ± 0.8%), and it also had surfactant properties. A 0.1% (w/v) aqueous
EPS solution reduced the surface tension of water by 11.9%. The levan of C. salexigens 3EQS1 may be
useful in various biotechnological processes.

Introduction
Saline and hypersaline environments form the largest ecosystem on the earth, containing a rich variety of
organisms from all three domains of life (Oren 2015). In addition, much of the earth’s freshwater and land
is exposed to salinization and, therefore, is limited in use or may be unsuitable for human activity
(Ondrasek and Rengel 2021). Advances in industrial technology have increased environmental pollution
by organic compounds (mostly crude oil and petroleum products), and not surprisingly, halophilic
microorganisms, which survive under extreme conditions, have become the most promising agents for
bioremediation and biotechnological use (Oren 2010; Zhuang et al. 2010; Ławniczak et al. 2020). The use
of halophilic and halotolerant microbes in the biodegradation of organic pollutants has been repeatedly
reviewed (Le Borgne et al. 2008; Sorokin et al. 2012; Fathepure 2014; Edbeib et al. 2016).

The halophilic γ-proteobacteria that degrade aliphatic and aromatic hydrocarbons in hypersaline
environments include Halomonadaceae members (Khalil et al. 2021). Of the 16 Halomonadaceae genera
(Ventosa et al. 1998; Arahal et al. 2007), those including the largest number of halophilic and halotolerant
species are Cobetia (5 species), Chromohalobacter (9 species), Deleya (8 species), Halomonas (106
species), Kushneria (9 species), and Salinicola (12 species). Halophilic members of the Halomonadaceae
are promising sources of compatible solutes (powerful stabilizers of biomolecules and cells), salt-tolerant
enzymes, biosurfactants, and extracellular polysaccharides (EPSs) (Oren 2010; Argandoña et al. 2012;
Corral et al. 2020).

Bacteria of the family Halomonadaceae synthesize a variety of extracellular polymeric substances,
including polysaccharides, which form the surrounding layer of cells and are intensely secreted by the
cells into their environment (de la Haba et al. 2011). Halophilic eubacteria (γ-Proteobacteria and
Firmicutes) produce fructans (often of the levan type), which are engaged in biotic stress resistance
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mechanisms and in signaling processes (Kirtel et al. 2018). Fructans are some of the most abundant
functional biomolecules in nature and are an important class of platform chemicals. The production of
fructans by microbial systems is preferable, because this bioprocess can be optimized and controlled.

Levan-producing halophiles are of particular interest, because they elaborate the polysaccharide in
nonsterile (highly saline) environments, even in seawater (Kazak Sarilmişer et al. 2015; Toksoy Öner et al.
2016), and are possible genetic sources of industrial compounds such as osmolytes, biosurfactants, and
extremozymes (Chen and Jiang 2018). Recently, levan-producing bacteria have been isolated from oil-
polluted sources (Kekez et al. 2015; Djurić et al. 2017; Mendonça et al. 2021). Husseiny et al. (2015)
showed the potential of a Chromohalobacter salexigens strain to produce levan and determined the
antitumor, �brinolytic, and prebiotic activities of the levan and its sulphated and carboxymethylated
derivatives. Here we characterize Chromohalobacter salexigens strain 3EQS1, isolated from a salt sample
from Lake Qarun (Fayoum Province, Egypt), and we report the structure and properties of its extracellular
high-molecular-mass levan.

Materials And Methods
Isolation and identi�cation of Chromohalobacter salexigens 3EQS1

Originally, different halophilic strains were isolated fromuntreated salt samples collected in June 2020
from Lake Qarun (Fayoum Province, Egypt; 29° 27′ 13″ N, 30° 34′ 51″ E, 45 m below sea level) by standard
serial dilution and plating techniques (Ibrahim et al. 2020). The isolates were subcultured on agar plates
containing a standard growth medium of the following composition (g L-1): casamino acids, 7.5; glucose,
10; sucrose, 10; yeast extract, 10; MgSO4×7H2O, 20; KCl, 2; Na3C6H5O7×2H2O, 3; agar, 20 (pH 7.5) (Sehgal
and Gibbons 1960). NaCl was added at 0 to 25% (w/v), and the plates and incubated at 25 °С for 48–72
h. Morphologically distinct EPS-producing mucoid colonies were selected for further validation. Five
isolates with a mucoid phenotype grew in a wide NaCl concentration range. Of these isolates, strain
3EQS1 was chosen as the most proli�c EPS producer.

Strain 3EQS1 was subjected to morphological and biochemical characterization, as described in Ibrahim
et al. (2020), and to molecular identi�cation. Some enzymatic activities were tested with the API-20E and
50CH systems (bioMérieux, Lyon, France) by using 10% (w/v) NaCl. The assignment of the strain to
the Chromohalobacter species was con�rmed with a Biolog GP Microplate miniaturized biochemical
system (Biolog, Hayward, CA, USA). Genomic DNA was extracted from 1 mL of a bacterial suspension
(2×107 cells mL-1) with a QIAamp DNA mini kit (Qiagen, Germany), as recommended by the manufacturer.
The 16S rDNA was ampli�ed with two universal primers, 27F (5' AGAGTTTGATCCTGGCTCAG 3') and
1492R (5' AAGGAGGTGATCCAGCCGCA 3'). The ampli�ed DNA products were separated on agarose gels
and were recovered with a NucleoTrap gel extraction kit (Macherey-Nagel, Duren, Germany). The
nucleotide sequence of the purified bands was determined with an ABI PRISM 3500xL genetic analyzer
(Applied Biosystems, USA). The isolate was identi�ed through the BLASTn online program (National
Center for Biotechnology Information, http://www.ncbi.nlm.nih.gov/gquery/?term=blastn) and also
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through the EzTaxon-e server (http://www.ezbiocloud.net/), on the basis of 16S rRNA gene sequence data
(Kim et al. 2012). A phylogenetic tree was constructed by the neighbor-joining method with FastME
(Lefort et al. 2015). Con�dence in the branching points was established by bootstrap analysis (1000
replicates). The 16S rRNA gene sequence of strain 3EQS1 was deposited in the GenBank under accession
number OK189068.

Isolation and puri�cation of EPS

Strain 3EQS1 was grown in a modi�ed liquid nutrient broth composed as follows (g L-1): sucrose, 20 (or
glucose, 20, or lactose, 20, or fructose, 20, or mannose, 20); yeast extract, 4; MgSO4×7H2O, 20; KCl, 2;
Na3C6H5O7×2H2O, 3; NaCl, 0, 50, 100, 150, and 250. Growth was conducted at 25 °C for 72 h in 1 L
Erlenmeyer �asks, each containing 350 mL of the medium, in an ES-20/60 orbital shaker–incubator
(Biosan, Latvia; 180 rpm). The initial pH of the medium was 8.0. The effect of the sucrose concentration
(30, 50, 100, and 150 g L-1) was evaluated at 10% (w/v) NaCl. Before inoculation, a �ltered carbohydrate
solution (polytetra�uoroethylene �lter; pore size, 0.46 µm; Pall Corporation, USA) was added to the
medium. The culture broth was centrifuged at 4000 ´ g for 30 min to separate cells from the supernatant
liquid. The cell-free supernatant liquid was evaporated to a minimal volume at 40 °C under reduced
pressure (Laborota 4000; Heidolph, Germany). Salts and low-molecular-mass compounds were removed
by dialysis against distilled water at 4 °C for 48 h (molecular mass cut-off of the cellulose membrane, 13
kDa; Sigma-Aldrich Chemie, Seelze, Germany). The dialyzed supernatant liquid was concentrated, and the
crude EPS was precipitated by slowly pouring a threefold volume of chilled ethanol into the supernatant
liquid and stirring the mixture at 200 rpm with an overhead stirrer (Microstar 7.5 control; IKA, Germany).
The precipitate was separated by centrifugation at 3000 ´ g for 20 min, washed repeatedly with chilled
ethanol, resuspended in water, and lyophilized in a Benchtop 2K freeze dryer (VirTis, USA).

The crude EPS was fractionated by gel-permeation chromatography (GPC) (Sepharose CL-6B column,
2.5×50 cm; GE Healthcare, USA), with 0.025 M NH4HCO3 as the eluent (�ow rate, 30 mL h-1). The EPS-
containing fractions were pooled and lyophilized for further puri�cation by anion-exchange
chromatography (DEAE Toyoperl 650M column, 1.5×40 cm; Supelco, Germany). The buffer was Tris-HCl
(pH 7.2), the NaCl gradient was from 0 to 1 M, and the �ow rate was 60 mL h-1. The puri�ed EPS was
lyophilized, and its structure was characterized.

General analytical techniques

Total carbohydrates and proteins were measured by the methods of DuBois et al. (1956) and Bradford
(1976), respectively. The instrument used was a Specord 40 spectrophotometer (Analytik Jena AG,
Germany).

The monosaccharide composition of the EPS (2 mg) was analyzed after hydrolysis in 0.01 M H2SO4 at
80 °C for 2 h, followed by neutralization with 5 M NaOH. The analysis was done by high-performance
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anion-exchange chromatography with pulsed amperometric detection (HPAEC–PAD), by using a
Smartline 5000 instrument (Knauer, Germany) equipped with a CarboPac PA-20 column.

The average molecular mass of the EPS was determined by high-performance gel-permeation
chromatography (HPGPC; Smartline 5000, Knauer), by using a 7.8 mm × 300-mm PolySep-GFC-P 5000
column (Phenomenex, Torrance, CA, USA; column temperature, 30 °C) and a refractive index detector. The
concentration of the polysaccharide samples used for analysis was 1 mg ml-1, the mobile phase was 0.2
M NaNO3, and the �ow rate was 0.5 mL min-1. The system had been calibrated with dextrans as
standards (20, 40, 70, 110, 229, 500, and 2000 kDa; Fluka, Germany). The molecular mass of the EPS was
calculated from a standard curve.

Fourier transform infrared (FTIR) spectroscopy

Functional groups of the EPS were examined on a Nicolet 6700 FTIR spectrometer (Thermo Scienti�c,
USA). The spectrum of dry air was used as the reference. The lyophilized EPS (2 mg) was ground with
dried KBr powder (0.5 g) and pressed into a tablet under vacuum. The FTIR spectrum was recorded with
an air dryer and with an H2O and СО2 absorber within the wave range 4000–400 cm−1 at a spectral

resolution of 4 cm−1. In total, not less than 64 scans were collected.

Nuclear magnetic resonance (NMR) spectroscopy 

The EPS samples were deuterium exchanged by freeze-drying from D2O. The 1H and 13C NMR spectra
were recorded with an AVANCE DPX-500 instrument (Bruker Corporation, USA) at 313 K. 3-
Trimethylsilylpropanoate-d4 (δH 0.0 ppm) and acetone (δC 31.45 ppm) were used as internal standards.
Two-dimensional (2D) experiments were done with standard Bruker software. TOCSY spectra were
recorded at 200-ms duration of the MLEV-17 spin-lock, and ROESY spectra were recorded at 200-ms
duration of the spin-lock. The HMBC spectrum was recorded with a 60-ms delay for the evolution of long-
range spin couplings.

Thermogravimetric analysis allied with differential scanning calorimetry and mass spectroscopy (TGA-
DSC-MS)

A levan sample was put in a platinum pan and was analyzed in an argon atmosphere on an STA 449 F1
Jupiter apparatus (Netzsch-Geratebau, Germany) equipped with a QMS 403 C Aëolos mass spectrometer
(Netzsch-Geratebau). Heating was programmed to increase from 35 to 650 °C at 20 °C min-1. The mass
spectrometer was set to monitor the ions of common decomposition gases such as water (m/z 18), CO
and/or N2 (m/z 28), and CO2 (m/z 44).

Scanning electron and atomic force microscopy 

Scanning electron microscopy (SEM) of the EPS was done with a MIRA II LMU instrument (TESCAN,
Czech Republic) operating at 4 kV in a secondary electron mode. Magni�cation ranged from 1000× to
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20000×. Samples were prepared by air-drying a drop of an aqueous EPS solution (0.5%, w/v) on a silicon
wafer at room temperature.

The topography of the dried samples was measured by atomic force microscopy (AFM) on an NTEGRA
Spectra device (NTMDT, Russia) operating in a tapping mode and equipped with NSG10 tips (TipsNano,
Russia). Samples were prepared by placing a 5-μL droplet of material on a glass substrate and drying it
for several hours. All data (background subtraction, �ltering of the feedback autogeneration frequency)
were processed with Gwyddion software (Nečas and Klapetek 2012).

Dynamic light scattering (DLS) measurements

DLS analysis of the critical aggregation concentration (CAC) of aqueous EPS suspensions was done with
a Malvern Zetasizer Nano ZS system equipped with a He-Ne laser (633 nm, 4 Mw; Malvern Instruments,
UK). DLS was measured for concentrations ranging from 15.6 to 1 mg mL-1. Measurements were made at
25 °C in a 10-mm polystyrene cell (Sarstedt, Germany) at a detection angle of 173° and at a constant
aperture (attenuator 9). The measured scattering light intensity was displayed as a photon count rate
with a unit of kilo counts per second (kcps). From the data of light scattering and the correction function
of the scattering intensity �uctuations in time, we estimated the average hydrodynamic diameter (d) and
the most probable modal hydrodynamic diameter (dm) of the supramolecular particles (Burygin et al.
2016). Data were analyzed with DTS software (Version 4.2; Malvern Instruments, UK). The CAC was
found at the intersection point of the two slopes of the curve of light scattering intensity versus EPS
concentration (Aurell and Wistrom 1998).

Surfactant and emulsifying activities

The surfactant activity of the levan solution was evaluated by the oil displacement test. Brie�y, 10 mL of
distilled water was poured into Petri dishes and 100 μL of crude oil was added to the surface of the water.
Then, 5 μL of an aqueous 0.1% (w/v) levan solution was spotted in the center of the crude oil surface.
The area of the clear zone on the oil surface was measured 30 s later by comparison with 5 μL of distilled
water (negative control) and 5 μL of 0.1% Triton X-100 (positive control) (Rodrigues et al. 2006).

The standard assay for emulsifying activity was based on a modi�cation of the method of Cooper and
Goldenberg (1987). The tested compounds included sun�ower oil, kerosene, and crude oil. Brie�y, 3 mL of
oil or of a hydrocarbon was added to 2 mL of an EPS solution in distilled water (1%, w/v) in a glass tube
and was vortexed for 5 min. After 24/48 h, the emulsion index (E24/48, %) was calculated as given below:

E24/48 = he / hT ×100,

where he is the height of the emulsion layer (mm) and hT is the overall height of the mixture (mm). All
samples were kept at 25 °C. All tests were done in triplicate. 

Surface tension measurements
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These were made by the Wilhelmy plate method with an EasyDyne K20 tensiometer (Krüss, Germany)
equipped with a thermostated jacket. The measurements were made at 30 °C with two concentrations of
aqueous polysaccharide solutions¾0.5% and 0.1% (w/v). Milli-Q quality water was used to calibrate the
instrument. Before every single measurement, the platinum plate was cleaned with isopropyl alcohol,
heated in a �ame, and cooled to room temperature. 

Statistics

All measurements were replicated at least three times. Data are expressed as mean ± standard deviation
(SD). Statistical differences between samples were determined with the signi�cance level at p < 0.05.

Results

Phenotypic characterization and phylogeny
Strain 3EQS1, isolated from salt samples collected from Lake Qarun (Fayoum, Egypt), was analyzed for
its ability to produce EPS. On the solid standard growth medium with 5% NaCl, the strain formed circular,
umbonate, cream-pigmented, opaque, smooth mucoid coloniesan indication of high EPS production. Of
note, the strain did not form opaque colonies on the same medium with 25% NaCl. The cells were gram-
negative, non-endospore-forming, straight rods with rounded ends. The cells occurred singly and
occasionally in pairs, and they were motile and aerobic. Their size was 0.7−0.9 ⋅ 2.0−2.4 µm. Table 1
summarizes the phenotypic characterization of strain 3EQS1. With sucrose as the substrate, the strain
produced large amounts of EPS.
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Table 1
Comparative analysis of phenotypic features of strain 3EQS1 and its nearest phylogenetically related

Chromohalobacter species
Characteristics Strains

3EQS1 C. salexigens ATCC
33174a

C. israelensis ATCC
43985Tb

Cell morphology Straight rods with
rounded ends

Rods Straight rods with
rounded ends

Cell size (µm) 0.7–1.0×1.8–3.0 0.7–1.0×2.0–3.0 0.6–0.9×1.5–4.2

Motility   + nd

Pigmentation Cream, opaque Cream, opaque Cream

NaCl range (optimum)
(%, w/v)

0–25 (5) 0.9–25 (7.5–10) 3.5–20(8)

Temperature range
(optimum) (°C)

10–40 (35) 15–45 (37) 15–45 (30)

pH range (optimum) 5–10 (8) 5–10 (7.5) 5–9 (Nd)

Indole production - - +

Oxidase/catalase
activities

-/+ -/+ -/+

H2S production + + -

Urease + + -

Citrate utilization + + -

Nitrate reduction + + +

Anaerobic growth with
nitrate

+ + -

Acid production from  

l-Arabinose + + +

Maltose - + +

Sucrose + + +

Trehalose - - -

Hydrolysis of casein + + -

Growth on  

+ Positive, - negative, nd no data; a Data from Arahal et al. (2001); b Data from Huval et al. (1995).
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Characteristics Strains

3EQS1 C. salexigens ATCC
33174a

C. israelensis ATCC
43985Tb

Cellobiose - - +

Sucrose + + +

+ Positive, - negative, nd no data; a Data from Arahal et al. (2001); b Data from Huval et al. (1995).

Phylogenetic analysis of 16S rDNA gene sequences showed that strain 3EQS1 clustered with the type
strains Chromohalobacter salexigens ATCC33174T (Arahal et al. 2001) and C. israelensis ATCC43985T

(Huval et al. 1995), with 100 and 99.69% identity, respectively (Fig. 1). However, the phenotypic
differences from C. israelensis (Table 1) led us to unambiguously assign strain 3EQS1 to the species C.
salexigens. C. salexigens strain 3EQS1 was deposited in the IBPPM RAS Collection of Rhizosphere
Microorganisms (Saratov, Russia; http://collection.ibppm.ru/) under accession number IBPPM 676. 

Factors affecting C. salexigens 3EQS1 growth and EPS production 

Strain 3EQS1 utilized several mono- and disaccharides as carbon sources but produced the most EPS
when grown with sucrose (Fig. 2a). The strain grew with 0 to 25% NaCl, but as noted above, growth was
optimal with 5% NaCl. When the salt concentration in the nutrient medium was increased to 10-15%, the
EPS yield per gram of cells increased (Fig. 2b). Subsequently, the effect of the sucrose concentration on
the EPS yield was examined with 10% NaCl. A stepwise increase in the sucrose concentration led to an
increase in the EPS yield. With 3% sucrose, the yield was 6.9 g L−1; with 5% sucrose, it was 8.3 g L−1; and
with 10% sucrose, it was 15.1 g L−1. Further increasing the sucrose concentration (up to 15%) even led to
a decrease in the EPS yield (12 g L−1). Because members of the Halomonadaceae produce levans and
because strain 3EQS1 produced increased amounts of EPS when grown with increasing sucrose
concentrations, we speculated that the EPS of strain 3EQS1 is a levan-type fructan.

TGA-DSC-MS

The thermal behavior of the EPS and the nature of its degradation products were determined by
synchronous TGA and DSC with MS detection of the gases formed in the degradation. TGA of the levan
�rst showed a weight loss of 4.40% when the temperature rose above 100 °C (Fig. 3). This was assigned
to the loss of residual moisture, which was con�rmed by the presence of only water (m/z 18), as detected
by MS (Fig. S1). The EPS remained stable at up to about 210 °C and then began to decompose, as
con�rmed by a large and sharp endothermic peak in the DSC curve. The thermal decomposition was
attended by release of CO2 and H2O, which were clearly detected by MS(m/z 44 and 18, respectively). The
contents of the released gases proved that the decomposition had taken place owing to the breakdown of
the C‒C and C‒O bonds in the monosaccharide ring (Lakra et al. 2020). The DSC pro�le was in harmony



Page 11/24

with the decomposition curve for the levan of B. megaterium PFY-147 (Pei et al. 2020). The EPS stopped
to decompose at 596 °C, and its residual weight was 33.9%. Analysis of the differential thermogravimetric
curve (DTG) showed that the EPS decomposition rate was highest at about 210 °C¾a temperature much
lower than the degradation temperatures for the EPSs of Bacillus tequilensis FR9 (Rani et al. 2017) and B.
tequilensis GM (Abid et al. 2019) (240 and 222 °C, respectively).

Topography and morphology of the EPS surface

SEM showed that the EPS was arranged in ragged sheets with smooth edges that ended with droplike
structures of about 2 μm in diameter. The sheet surface was strewn with ovate-orbicular structures of
about 4-5 μm in length and 1-2 μm in diameter (Fig. 4). Even under ×10,000 magni�cation, no appreciable
deformations were observed on the sheet surface. Sheet morphology is characteristic of linear
polysaccharides bound by multiple interchain H bonds. On the other hand, rounded and spherical
structures are more typical of helical polysaccharides. Thus, the structure of the C. salexigens 3EQS1 EPS
includes mostly H-bonded linear chains and some helical chains. The overall morphology of the EPS is in
harmony with the previous report on the smooth-block surface of the levans produced by Bacillus
megaterium PFY-147 (Pei et al. 2020).

The surface topography characteristics of the puri�ed EPS were con�rmed by AFM (Fig. 5). The surface
was relatively smooth and had pits and pimples with a maximum amplitude of about 28 nm. Other
researchers have reported thorny and spheroidal aggregates with a maximum height of 0.26 nm and with
sizes of 95.3 to 300.13 nm, respectively (Pei et al. 2020; Iftikhar et al. 2021; Taylan et al. 2019). 

Structural characterization of EPS

The size-exclusion chromatography elution pro�le showed that the EPS was a high-molecular-mass
glycopolymer (Fig. S2). Fig. S3 shows the calibration curve of the serial dextran standards, which was
plotted as the logarithmic molecular mass (lg Da) versus the retention time (Rt). Because dextrans elute
with broadened peaks, we used the molecular masses of the peak maxima (Mp). On the basis of the

calibration curve, the average molecular mass of the EPS was found to be 0.9 × 106 Da. Additional
puri�cation of the EPS by ion-exchange chromatography showed that the EPS lacked a negative charge.
The EPS contained no contaminant proteins, and its carbohydrate content was about 99%. The monomer
composition of the EPS was analyzed by HPAEC–PAD after acid hydrolysis. Only one peak was present,
with the retention time corresponding to the standard of fructose (data not shown). This indicates that
the EPS consisted solely of fructose residues.

The functional groups and the cycle size of the carbohydrate units were ascertained by FTIR
spectroscopy. The FTIR spectrum of the EPS contained a broad intense band at 3446 cm−1, assigned to
the stretching vibrations of the Н-bonded hydroxyl groups of the monosaccharide units and residual
water (Fig. 6). The bands at 2954 and 2925 cm−1 were due to the antisymmetric stretching vibrations of
the CH fragments, whereas the shoulders at around 2890 and 2854 cm−1 were due to the symmetric
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stretching vibrations of the alkyl moieties. The broadened band at 1639 cm−1 was assigned to the
bending mode of the hydroxyl groups, including those from water traces (Hashimoto and Kameoka
2000), and the weak shoulder at 1738 cm−1 was the C=O mode because of the small amounts of
carboxyl groups. The absorption peaks at 1262 and 1412 cm−1 were due to C–H stretching and
bending, respectively. These �ndings are in harmony with the data of the chemical composition analysis,
which detected a single monomer¾fructose. The bands in the range 1150–1000 cm−1 were assigned to
carbohydrate ring vibrations and C-OH/C-O-C modes. The low-frequency region contained overlapping
bands at 927 and 808 cm−1, characteristic of the furan ring. Thus, the FTIR spectrum con�rmed that the
EPS was a fructose polymer.

The 13С NMR spectrum of the EPS (Fig. 7a) showed signals of a ketofuranose residue, including signals
of one anomeric carbon atom, С(2), at δ 105.3 and signals of two hydroxymethyl groups, С(1) and С(6),
at δ 61.2—64.5. The 1H NMR spectrum (Fig. 7b) showed signals of six sugar protons at δ 3.57–4.18. The
1H and 13C NMR spectra were assigned by 2D NMR spectroscopy, including 1Н-1Н COSY, 1Н-13С HSQC
(Fig. S3), and 1Н-13С HMBC experiments (Table 2). By comparing the 13С chemical shifts with the
published data (Bock and Pedersen 1983), the ketofuranose was identi�ed as a β-fructofuranose. The
linkage and sequence patterns were inferred from the 1H-13C HMBC spectrum, which showed C(2)/H(6b)
interresidue correlations at 105.3/3.60 and 105.3/3.90. Therefore, the EPS is a linear fructan (levan)
composed of →6)-β-d-Fruf-(2→ residues. The chemical shifts of the EPS were similar to those reported
for levan (Barrow et al. 1984).

Table 2 1H and 13C NMR data of the EPS from C. salexigens 3EQS1 

Residue H-1(a; b) C-1 H-2 C-
2

H-3 C-3 H-4 C-4 H-5 C-5 H-6 (a; b) C-6

→6)-β-d-Fruf-
(2→

3.67; 3.76
61.2

 105.3 4.18
77.6

4.09
76.4

3.94
81.4

3.57; 3.89
64.5

Surfactant and emulsifying activities 

Bacterial EPSs may have surfactant and emulsifying activities, increasing the availability of hydrophobic
substrates to bacterial enzyme systems. In this study, the addition of a levan solution to the oil surface
gave rise to a large and stable clear zone (64%). This indicates that the levan’s biosurfactant properties
were similar to those of the commercial surfactant in the oil displacement test. 

Aqueous EPS solutions were examined for their ability to decrease the surface tension force arising at the
air-liquid interface. This ability enables EPSs to act as surfactants and may be used in many
technological processes. Measurements showed that in contrast to pure water, the levan solutions largely
decreased the surface tension force (71.2 mN m‒1 at 30 °C). Speci�cally, a 0.1% levan solution yielded a
value of 62.7 ± 1.7 mN m‒1 and the more concentrated 0.5% solution yielded an even lower value¾62.1 ±
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1.9 mN m‒1. Thus, the levan reduced the surface tension by 11.9 and 12.7% (0.1 and 0.5% aqueous
solution, respectively). Possibly, these close values are due to the same size of the aggregates formed by
the solutions. 

Because C. salexigens 3EQS1 produced large amounts of EPS, we analyzed the emulsifying activity of
the EPS. This was found to be Е24 31.2 ± 0.4, 76.9 ± 1.3, and 98.9 ± 0.8% (Е48 31.2 ± 0.4, 68.6 ± 0.5, and
97.6 ± 0.6%) against kerosene, sun�ower oil, and crude oil, respectively. Finally, the emulsions obtained
with crude oil were stable after at least a few months.

An important variable in the characterization of the emulsifying and surfactant activities of
polysaccharides is the CAC¾the concentration at which polymer aggregates are formed. DLS
measurements yielded the levan concentration at which the light scattering intensity increased
dramatically¾the CAC (about 240 µg mL-1; Fig. S4). In aqueous solutions of both 0.5 and 1.0 mg mL-1 of
the levan, nanosized supramolecular particles were found with certainty by DLS. The average
hydrodynamic diameter (d) of these particles was 76 ± 4 nm. The most probable modal hydrodynamic
diameter (dm) was 68 ± 2 nm (Fig. S4). Thus, the levan formed aggregates at fairly low concentrations.

Discussion
The demand for natural ingredients in food, pharmaceuticals, and cosmetics is constantly growing.
Owing to their wide range of properties, biodegradable and nontoxic microbial polysaccharides have
potential for use in various biotechnologies (Giavasis 2013). These polymers include levan, a polyfructan
produced by various bacteria and plants and used widely in industry as a sweetener, an emulsi�er, a
stabilizer, a thickener, an encapsulating agent, and a raw material for the production of “green” plastics
(Wu et al. 2013). Bacterial levans are a product of the enzymatic conversion of sucrose. The main task in
the production of levans is to maximize their yields and reduce the costs; this can be attained by
optimization of bacterial growth conditions.

Halophiles can produce and accumulate fructans (Versluys et al. 2018). Bacterial growth under optimal
conditions is not always attended by maximum EPS production. The EPS yield often depends on the
nature and content of the carbon source (Lee et al. 1997). Husseiny et al. (2015) showed the ability of C.
salexigens to produce levan and obtained the highest yield (11.9 g L− 1) when bacteria were grown at
30°C for 72 h and then left at 4°C for 48 h. In this study, C. salexigens 3EQS1 produced larger amounts of
the levan (15.1 g L− 1) at 25°C for 72 h. In both Husseiny et al.’s and our studies, levan production was
maximal at an NaCl concentration of 10–15% and an initial pH of 8 conditions that reduced the
possibility of bacterial culture contamination. The levan of C. salexigens 3EQS1 was found to be protein-
free. Therefore, strain 3EQS1 has potential as a natural, safe, and highly effective levan producer.

Natural polysaccharides, including levans, are often heterogeneous in their molecular mass, which is
caused by their different degrees of polymerization during biosynthesis. The molecular masses of
bacterial levans are higher (> 500 kDa) than those of plant levans (Toksoy Öner et al. 2016). HPGPC
showed that the levan of strain 3EQS1 has an average molecular mass of 0.9 MDa, which is typical of
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bacterial levans. As is well known, many polysaccharides in aqueous solution form aggregates, and the
levan of strain 3EQS1 likewise tends to form aggregates at fairly low concentrations, as shown by DLS.
On the other hand, the bacterial synthesis of EPS is a labile process. The surface topography of
synthesized EPSs in the solid state depends not only on their origin and chemical composition but also
on their molecular mass. The surface of a dry levan sample may contain differently sized supramolecular
particles. The sizes of the levan aggregates visualized by microscopy are expectedly smaller than those
observed by DLS in solution owing to the presence of a solvate shell of water. SEM and AFM analysis of
the surface morphology and the microstructural properties of the 3EQS1 levan can help to correlate the
physicochemical properties of levans and levan-based materials. The revealed predominance of a
compact sheet morphology indicates that the 3EQS1 levan is suitable for use in the production of
plasticized �lms (Combie and Öner 2018) and, therefore, can be applied in the food industry or in
nanotechnology.

Microbial molecules with high surface and emulsifying activities are classi�ed as biosurfactants. These
molecules reduce surface and interfacial tension both in aqueous solutions and in mixtures of
hydrocarbons, making them potential agents for use in various biotechnologies and bioremediation
(Bento et al. 2005). The 3EQS1 levan reduced the surface tension of water by about 12%, which is less
than what can be achieved with other bacterial surfactants. This result is due to the absence of charged
groups in levan structure and by the low degree of branching. Yet, the emulsifying/emulsion-stabilizing
activity of the levan was high. After 24 h, the emulsion index (E24) was highest with sun�ower and crude
oil (in the latter case, it was greater than 95%). The emulsions were stable for a long time. Thus, strain
3EQS1 offers promise for use in bioemulsi�er production.

Conclusions
The results of this study establish that C. salexigens strain 3EQS1, isolated from a salt sample from Lake
Qarun (Fayoum Province, Egypt), produces a high-molecular-mass (0.9 MDa) polyfructan. Precipitation
from the culture medium with ethanol and fragmentation by gel �ltration and anion-exchange
chromatography yields a highly puri�ed polysaccharide. Chemical analysis, FTIR spectroscopy, and NMR
spectroscopy show that the β-d-(2→6)-linked fructan (levan) has a linear structure. Levan production is
maximal (15 g L− 1) by 72 h of culture growth at 25 °С in a liquid mineral medium (initial рН 8.0)
containing 10% sucrose and 10% NaCl. The substantial emulsifying and emulsion-stabilizing activities of
the levan enable it to be used in various biotechnologies, including the food, cosmetic, and
pharmaceutical industries, and in the bioremediation of soils polluted by petroleum hydrocarbons.
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Figure 1

Phylogenetic neighbor-joining tree based on 16S rDNA sequence of strain 3EQS1. Bootstrap values
(expressed as percentages of 1000 replications) are shown at branch nodes. 
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Figure 2

Effect of carbon source (a) and NaCl concentration (b) on growth and EPS production in strain 3EQS1.
For growth conditions for each experiment, see Materials and methods 

Figure 3
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TGA-DSC-DTG diagram of the C. salexigens 3EQS1 EPS 

Figure 4

SEM of the C. salexigens 3EQS1 EPS. Magni�cation: 500´ (a), 2000× (b), 10,000´ (c) 

Figure 5

Surface topology of a sheet fragment for the C. salexigens 3EQS1 EPS (AFM): 3D image (a); 2D image
(b) 
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Figure 6

FTIR spectrum of the C. salexigens 3EQS1 EPS 
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Figure 7

13C (a) and 1H (b) NMR spectra of the C. salexigens 3EQS1 EPS
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