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Abstract: The halotolerant bacterial strain BU-4, isolated from a hypersaline environment, was
identified as an exopolysaccharide (EPS) producer. Pretreatment liquids of steam-exploded quinoa
stalks and enzymatic hydrolysates of Curupaú sawdust were evaluated as carbon sources for EPS
production with the BU-4 strain, and the produced EPS was characterized using FTIR, TGA, and
SEM. Cultivation was performed at 30 ◦C for 48 h, and the cells were separated from the culture broth
by centrifugation. EPS was isolated from the cell pellets by ethanol precipitation, and purified by
trichloroacetic acid treatment, followed by centrifugation, dialysis, and freeze-drying. EPS production
from quinoa stalks- and Curupaú sawdust-based substrates was 2.73 and 0.89 g L−1, respectively,
while 2.34 g L−1 was produced when cultivation was performed on glucose. FTIR analysis of the
EPS revealed signals typical for polysaccharides, as well as ester carbonyl groups and sulfate groups.
High thermal stability, water retention capacity and gel-forming ability were inferred from SEM and
TGA. The capability of the halotolerant isolate for producing EPS from pretreatment liquids and
hydrolysates was demonstrated, and characterization of the EPS revealed their broad application
potential. The study shows a way for producing value-added products from waste materials using a
bacterium from a unique Bolivian ecosystem.

Keywords: exopolysaccharides; bacterial cultivation; halotolerant bacterial isolate; Salar de Uyuni;
quinoa stalks; Curupaú sawdust; lignocellulose bioconversion

1. Introduction

During the past several decades, a variety of extremophiles, microorganisms isolated
from different extreme conditions, such as very high or very low temperatures, low pH,
or very high saline concentrations, have been investigated concerning their adaptation to
relevant environments, and their biotechnological potential [1–4]. Halophilic microorgan-
isms belong to a group of extremophiles capable of surviving in salt-rich environments,
e.g., saline lakes and soils [5–7]. They are distinguished into slight, moderate and extreme
halophiles. Slight halophiles, including halotolerant bacteria, do not require NaCl for
growth but tolerate salinity levels between 3 and 5% (w/v) NaCl, while moderate and
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extreme halophiles can grow in NaCl concentration ranges of 5–20 and 20–30% (w/v),
respectively [8,9].

Halophilic bacteria produce and secrete a variety of biopolymers, including ex-
opolysaccharides (EPS), lectins and polyhydroxyalkanoates (PHA), which provide pro-
tection against adverse environmental conditions [10–12]. The secreted EPS and other
biopolymers allow the producing halophiles to adhere to different surfaces and to form
a protective sheath against the environmental stress [13,14]. The structure and unique
properties of EPS allow their applications as additives enhancing rheological properties
and texture of food products [15]. They can also be used in the pharmaceutical industry
and for biomedical applications, as enhancers of immunomodulatory, antitumor, antiviral,
anti-inflammatory or antioxidant activities [16]; especially sulfated EPS have medical in-
terest due to their modulating activity over some tumor-cells [11,17]. Since EPS can trap
heavy metals [18], they are viscous and have the capability to form emulsions, they can be
used as emulsifiers. EPS can also be used in wastewater treatment [19,20]. Some EPS can
be a source of oligosaccharides for use in cosmetics [11].

A number of halophilic bacteria has been isolated from locations at high altitudes
(between 3000 and 4500 m above sea level) in the southwestern Andean region of Bolivia,
where the salt concentrations can be as high as 103 g L−1 as result of the scarcity of precipi-
tations [21–24]. Those microbes are also exposed to a high dose of natural UV radiation,
which induces the production of compounds such as EPS for their self-protection [25].
Salar de Uyuni, located at 3656 m above sea level, with temperatures ranging between −10
and 20 ◦C, is an interesting environment for exploring new bacterial species with biotech-
nological potential. Earlier studies have reported the isolation of biopolymer-producing
halophilic bacteria, such as Halomonas boliviensis [12] and Halomonas andesensis [22] from
Laguna Colorada, a saline lake at 4300 m above sea level not far from Salar de Uyuni.

Quinoa (Chenopodium quinoa Willd.) is a highly-nutritive, widely-cultivated crop
with origins in the Andean region, including Bolivia, with annual local production of
60,000 tons between 2010 and 2018 [26,27]. Its non-edible parts, e.g., stalks, constitute a
very interesting, yet unused, renewable raw material for the production of value-added
materials [28,29]. Curupaú (Anadenanthera colubrina) is a hardwood species widely available
in South America and used in timber production. Curupaú sawdust, which is generated
in large amounts by local sawmills, is a potential raw material for valorization using
different biotechnological platforms [30]. Bioconversion of lignocellulosic materials, such
as quinoa stalks and Curupaú sawdust, by pretreatment and enzymatic hydrolysis of
their polysaccharides is a way of generating sugars that can be converted to different
value-added products by microbial fermentation [31]. In the present study, a halotolerant
bacterial strain, hereafter referred to as BU-4 isolate, producing high amounts of EPS with
interesting characteristics, was isolated from a hypersaline environment at Salar de Uyuni.
The paper describes the production of EPS by cultivation of BU-4 in glucose-based medium,
and in pretreatment liquids of quinoa stalks and enzymatic hydrolysates of Curupaú
sawdust, respectively. The characterization of the produced EPS regarding morphology,
thermal properties, and functional groups is also presented.

2. Materials and Methods
2.1. Microorganism Isolation and Culture Conditions

The bacterial strain BU-4 was isolated from salt crystals obtained from Salar de
Uyuni [21]. It is a Gram-positive bacterium with elongated rod-shaped cells that interact
with one another to generate a significant quantity of biofilm as an aggregate. Based on mor-
phological (Appendix A), physico-chemical (Appendix B), and biochemical (Appendix C)
tests, the bacterium, which had spore-forming ability and facultative anaerobic metabolism,
was classified within the genus Bacillus, and it may further be catalogued as either B. subtilis
or B. atrophaeus [32,33]. Next-generation sequencing will be conducted to complete the
identification. The strain was maintained on a solid medium containing (%, w/v) NaCl
(4.45), MgSO4.7H2O (0.025), CaCl2.2H2O (0.009), KCl (0.05), NaBr (0.006), peptone (0.5),
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yeast extract (1.0), glucose (0.1), and granulated agar (2.0) [21]. The pH was adjusted to
7.5 using 1 mol L−1 NaOH, and incubation was carried out at 30 ◦C for 20 h. The used
chemicals were purchased from Sigma Aldrich and Amresco.

2.2. Lignocellulosic Feedstocks

Stalks of white royal quinoa (C. quinoa Willd.) were collected from different locations
(Huancani, −18.709615◦, −66.874864◦; Santiago de Quillacas, −19.261023◦, −6.820049◦;
Huari, −19.137280◦, −66.771995◦; Sevarullo, −19.366673◦, −66.866977◦, and Orinoca,
−18.974068◦, −67.241646◦) in the department of Oruro, and Salinas de Garci-Mendoza
(−19.889402◦, −67.589835◦) in the department of Potosí. These regions are among the main
producers and exporters of royal quinoa, and the sampling was performed right at the
end of the harvest season, in May 2017. The stalks, which were approximately 80 cm tall
on average, were first dried and then hammer-milled and sieved to a 1–1.7 mm-particle
size using a portable sieve shaker. The milled stalks were extensively washed with hot
water in a concrete mixer to remove as much as possible saponins and other residues, and
then dewatered to a moisture content of approximately 74% using a hydraulic press. The
prepared feedstock was stored at 4 ◦C until pretreatment.

Sawdust of Curupaú wood from the north of La Paz and Santa Cruz departments was
supplied by MARSA SRL sawmill (La Paz, Bolivia). The sawdust was size-homogenized
using a blade mill and then sieved to obtain a particle size of 1.8 mm. The sawdust was
washed with distilled water at 50 ◦C with stirring at 500 rpm. This operation was performed
for one hour, and it was repeated until the output water was clear, which, on average,
was after the sixth rinse. The methods used for preparation of the materials are based on
previously described protocols [30].

2.3. Pretreatment of Lignocellulosic Feedstocks

Acid impregnation and steam pretreatment of quinoa stalks were performed accord-
ing to the procedures described in previous research [34]. Batches of 200 g stalks were
impregnated with 2% (v/v) phosphoric acid solution at a solid-liquid ratio of 1:5 at room
temperature for about 8 h. Subsequently, the remaining liquid was separated, and the
sample with an average moisture content of 76% was treated at 190 ◦C and 12.5 bar for
5 min, followed by a sudden decompression.

Curupaú sawdust was impregnated with 1.5% (v/v) sulfuric acid solution for 8 h,
followed by dewatering by vacuum filtration until the final moisture content was 60%.
After that, steam pretreatment was performed at 200 ◦C and 17 bar for 10 min according to
Carrasco et al. (2018) [30]. For both materials, the slurry resulting after pretreatment was
separated by vacuum filtration, and the pretreated solids and pretreatment liquids were
stored at 4 ◦C.

2.4. Enzymatic Hydrolysis

Enzymatic hydrolysis (EH) of the pretreated solids was performed using the cellu-
lase preparation Celluclast 1.5 L and the β-glucosidase preparation Novozym 188, both
provided by Novozymes A/S (Bagsværd, Denmark). Several hydrolysis batches were per-
formed, and the reaction mixture consisted of 1.5 g water insoluble solids (WIS) suspended
in enough volume of 0.1 M sodium acetate buffer (pH 4.8) as to reach a total weight of 150 g.
The hydrolysis was performed in 300-mL vessels equipped with stirrers and operating at
120 rpm. The load of Celluclast 1.5 L was 20 FPU g−1 WIS, and the amount of Novozym
188 corresponded to a β-glucosidase activity of 23.7 IU g−1 WIS. The hydrolysis vessels
were kept in a water bath at 40 ◦C for 96 h. The hydrolysates were separated by filtration
and subsequently stored at −18 ◦C awaiting analysis.

2.5. Cultivation of the Bacterial Isolate BU-4

For assessing the effect of salt concentration on cell growth and EPS production by
the halophilic bacterial isolate BU-4, complex medium composed of (%, w/v) MgSO4 ×
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7H2O (0.025), CaCl2 × 2H2O (0.009), KCl (0.05), NaBr (0.006), peptone (0.5), yeast extract
(0.5), and glucose (2.0), and containing between 10 and 70 g L−1 of NaCl, was used. For
investigating the effect of different medium components on cell growth and EPS production,
the concentrations of yeast extract and peptone were varied between 1 and 5 g L−1, and
that of glucose between 10 and 30 g L−1, while NaCl concentration was kept constant at
50 g L−1. A factorial design 23 was used to analyze the effect of the components (Table 1).
All the cultivations were performed in 50-mL bottles containing 22 mL of the medium and
inoculated with 3 mL of a cell suspension with initial OD620 of 2.1. The bottles were sealed
with rubber caps, and the cultivation was run at 30 ◦C and 100 rpm for 48 h. Samples
were withdrawn at regular intervals for analyses of cell growth and EPS production as
previously reported [35,36]. All experiments were carried out in duplicates.

Table 1. Concentrations (g L−1) of peptone, yeast extract and glucose used in the cultivation of BU-4
isolate in glucose-based medium. Production of EPS (g L−1) is also presented.

No. Peptone Yeast Extract Glucose EPS Production

1 1 1 10 0.508
2 1 1 30 0.586
3 1 5 10 1.090
4 1 5 30 0.361
5 5 1 10 2.008
6 5 1 30 1.684
7 5 5 10 2.358
8 5 5 30 2.242

The halotolerant bacterium was adapted to lignocellulosic media by sequentially
replacing 10, 30, 60, 80, and 100% of glucose in solid media with corresponding amounts of
either pretreatment liquid of steam-exploded quinoa stalks or enzymatic hydrolysate of
Curupaú sawdust. The remaining composition of the culture medium was kept constant.
After that, cultivations on the pretreatment liquid and the hydrolysate were performed for
producing EPS. In that set of experiments, the medium contained 50 g L−1 NaCl, 10 g L−1

of sugars, 3 g L−1 yeast extract and 5 g L−1 peptone. Sampling and analyses were carried
out using the same procedures as those used for the glucose-based medium.

2.6. EPS Extraction

After culturing the bacterial isolate BU-4 in different media for 120–140 h, the culture
broth was centrifuged at 15,200 × g for 15 min at 4 ◦C (SL 40 FR Centrifuge, Thermo
Scientific, Waltham, MA, USA). After separating the cell pellets, three volumes of absolute
ethanol were added to the supernatant, and the mixture was left to stand for 12 h at 4 ◦C
to ensure complete precipitation. The suspension was then centrifuged again to separate
the precipitate, which was then dissolved in four volumes of HPLC-grade distilled water,
filled in dialysis bags (MW 10, 20 and 50 kDa), and dialyzed for 48 h each at 150 rpm
and 4 ◦C in an orbital shaker. The product was then freeze-dried for 48 h at −80 ◦C for
removing ethanol. The freeze-dried sample was dissolved in 10% (v/v) trichloroacetic
acid (TCA) and left to stand for 30 min to ensure the removal of residual proteins and
salts. Afterwards, centrifugation at 5900× g for 15 min was carried out and the sample was
dialyzed again for 48 h, followed by a second freeze-drying for 72 h. The used protocol is
based on methodologies typically applied for isolation and purification of EPSs of bacterial
origin [36]. In some experiments longer dialysis time was used in order to improve mass
transfer and to achieve higher purity. The purified EPS was quantified gravimetrically
using an analytical balance.

2.7. Analyses

Cell growth was determined by measuring the optical density (OD) at 620 nm with
a spectrophotometer (UV 1800, Shimadzu, Japan) as previously reported [35]. Culture
samples (500 µL) were centrifuged at 16,900× g for 5 min, diluted with 4.5 mL of acidified



Fermentation 2021, 7, 33 5 of 16

water (with H2SO4), and stirred for 10 s. Each sample was filtered through a 20 µm filter,
and sugar consumption was analyzed by HPLC using an Aminex HPX-87H column (Bio-
Rad, Hercules, CA, USA) coupled to a Prominence HPLC system (Shimadzu Corp., Kyoto,
Japan), equipped with a CBM-20A system controller, an isocratic pump (LC-30AD), a
refractive index detector (RID-20A), a column oven (CTO-10 ASVP), a degasser (DGU-20A),
and an autosampler (SIL-30AC). Glucose, xylose, arabinose, and cellobiose were quantified
in the cultivations in lignocellulose-based media, and glucose was quantified in those in
glucose-based medium. The HPLC analysis was performed in duplicates using 20 µL
samples and a mobile phase of 5 mM H2SO4 at a flow rate of 0.6 mL min−1 at 65 ◦C.

2.7.1. Monosaccharide Analysis in the EPS

Monosaccharides present in the produced EPS were determined by acid hydrolysis of
the biopolymer followed by chromatographic analysis [37]. Ten milligram aliquots of the
freeze-dried EPS samples were mixed with 175 µL of 72% (w/w) sulfuric acid in glass tubes,
and then incubated for 60 min in a water bath at 30 ◦C. Afterwards, water was added for
diluting sulfuric acid to 4% (w/w), and the samples were heated to 100 ◦C for three hours.
Finally, the tubes were cooled, vortexed, and centrifuged for 1 min at 9400× g at room
temperature. The supernatant (1 mL) was transferred to a small tube, and pH was adjusted
to 5 using 0.1 M Ba (OH)2. Samples were then centrifuged for 5 min at 2700 × g and filtered
through a 0.2 µm membrane filter. The released monosaccharides were quantitated with
an HPAEC-PAD (ICS-5000, Dionex, Sunnyvale, CA, USA) using a CarboPac PA20 column
(150 mm × 3 mm, 6.5 µm) fitted with a guard column (30 mm × 3 mm). The mobile phase
was 0.75 mM NaOH (Merck, Solna, Sweden) at 0.5 mL min−1. Standards of glucose, xylose
and arabinose were used for calibration.

2.7.2. Determination of Total Protein

Protein content in EPS and cultivation samples was carried out using a standard Biuret
method as described elsewhere [38,39]. All measurements were performed in duplicates.

2.7.3. FTIR and TGA Analysis of EPS

FTIR of the EPS samples was carried out in a Nicolet 6700 spectrometer (Thermo
Fischer Scientific, Waltham, MA, USA). Dried samples (100 mg) of EPS were scanned
between 500 and 4000 cm−1 to identify the most representative peaks. Thermo Gravimetric
Analysis (TGA) was performed on a TGA Q500 (Thermal Analysis Instruments, New Castle,
DE, USA) instrument using 654 mg of the sample. The inner chamber was conditioned
with nitrogen gas and heated at 10 ◦C min−1 up to 1000 ◦C. The thermal treatment (heating
speed) was adjusted depending on the mass variation measured by the detector [40].

2.7.4. Scanning Electron Microscopy

The samples of EPS were analyzed using a scanning electron microscope JSM-5900
LV (JEOL, Tokyo, Japan), at a voltage of 10–20 kV, and a pressure of 1E−4 Pa. Prior to the
analysis, an EPS sample was mixed with water until a homogeneous solution was obtained,
and a second sample was analyzed directly without solubilizing it in water. Samples were
spread over carbon paper for analysis.

3. Results
3.1. Effect of Salinity on EPS Production and Cell Growth

The effect of varying salinity on cell growth and EPS production by BU-4 isolate was
screened in a glucose-based medium containing different NaCl amounts. Increasing the
salinity in the medium (from 10 to 50 g L−1 NaCl), resulted in a directly proportional increase
of the EPS production (Figure 1a). The highest EPS concentration (5 mg L−1) was achieved
at NaCl concentration of 50 g L−1, above which no further increase was observed. On the
other hand, cell growth, measured as absorbance at 620 nm, decreased with the increase
in salinity (Figure 1b). In the NaCl concentration range between 10 and 60 g L−1 NaCl,
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the cell growth decreased moderately but steadily, while a sharp decrease was observed
with increase in NaCl concentration from 60 to 70 g L−1. Based on these results, NaCl
concentration of 50 g L−1 was chosen for further experiments within this study.
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Figure 1. Effect of salinity on EPS production (a) and cell growth (measured as OD620) (b) during cultivation of the BU-4
strain in glucose-based medium.

3.2. Effect of the Medium Components on Cell Growth and EPS Production

The effect of yeast extract, peptone and glucose on BU-4 cell growth and EPS pro-
duction was evaluated by varying their concentrations individually and making different
combinations according to a factorial design (Table 1).

The highest EPS production (2.36 g L−1) was achieved in the experimental run with
concentrations of peptone, yeast extract and glucose of 3, 5 and 10 g L−1, respectively.
As shown in the Pareto chart of standardized effects, peptone concentration was the
factor exerting the strongest effect on EPS production, while glucose and yeast extract and
different interactions exerted relatively minor influence (Figure 2a). On the other hand, for
cell growth, the interaction between the concentrations of glucose and peptone exerted the
strongest influence, followed closely by yeast extract concentration and by the interaction
between the concentrations of glucose and yeast extract (Figure 2b).
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3.3. Use of Lignocellulose-Based Substrates for EPS Production

After elucidating the effects of salinity and medium components on cell growth and
EPS production, a new experimental series directed to evaluating the use of lignocellulose-
based media as carbon sources was performed. As a first step, the ability of BU-4 strain to
use lignocellulose-based substrates was screened by cultivating it in solid media, where a
part of glucose had been replaced by an equivalent amount of either pretreatment liquid of
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steam-exploded quinoa stalks or enzymatic hydrolysate of Curupaú sawdust and keeping
the remaining components of the culture medium unchanged.

Once it was established that the BU-4 isolate can grow on lignocellulosic media, EPS
production was investigated by cultivation using pretreatment liquids of quinoa stalks
and enzymatic hydrolysate of Curupaú sawdust, respectively, as the only carbon sources.
A parallel cultivation on glucose-based medium (10 g L−1 of glucose) as carbon source
was run as reference. Both lignocellulose-based substrates contained approximately the
same amount of glucose (around 4.5 g L−1), but their content of other sugars was different
(Table 2). The pretreatment liquid of steam-exploded quinoa stalks contained a high
concentration of xylose (9.03 g L−1) and relevant amounts of other sugars, such as glucose
(4.51 g L−1), galactose (3.28 g L−1), arabinose (3.24 g L−1) and cellobiose (1.13 g L−1). On the
other hand, the hydrolysate of Curupaú sawdust, besides glucose, contained only arabinose
(3.84 g L−1) and very low amounts of xylose (0.39 g L−1) and cellobiose (0.16 g L−1). The
pretreated liquid of quinoa stalks was diluted, and the hydrolysate of Curupaú sawdust
was spiked with glucose so that the concentration of total sugars was always 10 g L−1.

Table 2. Sugar composition of the pretreatment liquid of steam-exploded quinoa stalks (PL-QS) and
the enzymatic hydrolysate of Curupaú sawdust (EH-CS).

Lignocellulose-Based Substrates Concentration (g L−1)
Cellobiose Glucose Xylose Galactose Arabinose

PL-QS 1.13 4.51 9.03 3.28 3.24
EH-CS 0.16 4.44 0.39 - 3.84

Different cultivation patterns were observed when growing the BU-4 isolate in lignocellu-
lose-based media (Figure 3). A better growth and higher EPS production was observed
during cultivation in the pretreatment liquid of steam-exploded quinoa stalks than when
the hydrolysate of Curupaú sawdust was used as substrate. As during the cultivation in
glucose-based medium, the EPS production in quinoa stalks pretreatment liquid increased
along the cultivation time (Figure 3a). On the other hand, the cultivation in the hydrolysate
of Curupaú sawdust resulted in clear EPS formation only during the first hours, with a
plateau-like curve for the rest of the process, and with some minor decreases after 24 and 48 h.
It should be noted, however, that in spite of the better performance in the pretreatment liquid
of quinoa stalks, a decrease in EPS production was observed between 26 and 46 h, and that
the production rate decreased during the last 20 h. The sugar consumption dynamics during
cultivation (Figure 3b,c) is in agreement with the EPS production. Most of the available sugars
were consumed during cultivation in the lignocellulose-based media, with a more complete
utilization in the quinoa stalk pretreatment liquid (Figure 3b) than in the Curupaú hydrolysate
(Figure 3c). On the other hand, the consumption of proteins was in the order of glucose-based
medium (84%) > quinoa stalks (82%) > Curupaú sawdust (72%) (data not shown).
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3.4. Characterization of the Produced EPS

The EPS was extracted from the supernatant of BU-4 grown in glucose, and subjected
to scanning electron microscopy (SEM) directly or after dissolving it in water (Figure 4).
The SEM images of the undissolved EPS revealed rounded agglomerations, which can
be interpreted as areas accumulating high quantities of water (Figure 4a). That might
be an indication of the porosity of the surface as reported in previous studies [41]. The
images of the dissolved EPS show a polymer with some agglomerations (Figure 4b), which is
characteristic of polymers having glycosidic bonds and with high tendency to form gels [42].
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The analysis of the monomeric composition was performed for the EPS produced by
BU-4 in the glucose-based medium and for the one produced in the pretreatment liquid of
quinoa stalks. The analysis revealed that glucose represented over 90% of the EPS produced
in the glucose-based medium, whereas the EPS obtained from the pretreatment liquid of
quinoa stalks was a heteropolysaccharide with xylose and glucose accounting together for
almost 80% of the dry weight, and with arabinose as a minor fraction (Table 3). In spite of
the TCA treatment performed for deproteinization, the EPS samples still contained some
amount of protein (Data not shown).
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Table 3. Content of monosaccharides in the produced EPS, % (w/w).

Glucose Xylose Arabinose

EPS from glucose-based medium 90.5 - -
EPS from quinoa stalks 30.2 48.7 16.3

The FTIR analysis of the purified EPS revealed several carbohydrate-related peaks
including hydroxyl groups, methyl groups of linear glycans and carbonyl ester bonds
(Figure 5) [36,43,44]. For instance, the signal at 2562 cm−1 can be assigned to the C-H
stretching of methyl or methylene groups of hexoses or deoxyhexoses [36]. A peak in
the region of 1644 cm−1 related to carboxylic acids, can be associated with the higher
water retention capacity of the polysaccharide [35,45]. The band around 1127 cm−1 is a
characteristic peak of uronic or acetyl esters in polysaccharides [46]. Being a polysaccharide,
it is more likely that this peak reflects the presence of uronic acids. The absorbance band
at 1023 cm−1 can be assigned to C-O stretching vibrations in glycosidic linkages of oligo-
or polysaccharides or in connection to hydroxyl groups [23]. The peak at 830 cm−1 is
characteristic of polysaccharides with sulfate groups attached to the monosaccharide
components [46,47]. Vibration bands at 830 and 845 cm−1 have previously been associated
with 4-O- and 2-O-sulfate groups in agar-type polysaccharides [46]. This suggests the
presence of a sulfate group in the polysaccharide chain. Although the presence of sulfate
groups is a very unusual phenomenon in bacterial polysaccharides, it has already been
reported for EPS produced by the halophilic bacteria Halomonas ventosae and Halomonas
anticariensis [47]. Polysaccharides containing sulfate groups are polymers having a number
of bioactive properties that are of potential interest in medicine [11].
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Figure 5. FTIR spectrum of the EPS produced by the BU-4 isolate in glucose-based medium. The
inner table gives the peak assignment.

TGA analysis of the EPS produced by the BU-4 isolate grown in glucose-based medium
revealed the first weight loss between 30 and 172 ◦C with a weight reduction of 22.9%
(Figure 6), which is due to water desorption because of the degradation of hydrogen bonds.
The second weight loss was of the order of 48.2%, occurring between 172 and 461 ◦C and
is related to the disintegration phase or pyrolysis. Finally, the last weight loss was 21.5%
between 461 and 920 ◦C, and can be attributed to the reconfiguration of morphological
structures to their more stable configuration [48].
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Figure 6. TGA of the EPS produced by the BU-4 isolate in glucose-based medium.

The maximal weight reduction rate was observed at 151.8 ◦C in the first stage, which is
higher than the normal temperature at which other polysaccharides lose water. That might
confirm the hydrophilic potential of the exopolysaccharides [25,49], which is a consequence
of its high-water retention capacity, and it is usually linked to the presence of hydroxyl
groups [5,50]. In the second stage, maximum degradation was observed at 209.9 and
243.8 ◦C. The second stage degradation occurs at a higher rate than the other two stages
(a reduction of approximately 30% in weight), at a temperature that is lower than that
of other polysaccharides such as gellan gum (250 ◦C) and dextran (320 ◦C), which might
indicate a shorter polymer chain of the BU-4 EPS. Finally, the third stage shows a very high
disintegration temperature (635 ◦C), which might suggest that the produced EPS has high
thermal stability, an attribute of polysaccharides with heterogeneous molecular structure
and with presence of a significant number of sulfate groups or uronic groups, both of which
are difficult to break [2,51].

4. Discussion

EPS production is largely considered to be one of the response strategies used by
microorganisms for withstanding environmental stress, such as extremes of temperature,
pH and salinity [52]. High salt-concentration environments, like the one in Salar de Uyuni,
from where the bacterial strain used in this study was isolated, have been reported to
induce EPS production by previously described halophilic and halotolerant microorgan-
isms [53–56]. Salar de Uyuni is characterized by high salinity, with salt concentration
values in the range of 132–177 g L−1 [57], which coupled with relatively low pH values
(4.6–5.8) results in an extremely harsh habitat for living organisms. For surviving in that
environment, endemic microorganisms develop self-protection strategies including the
production of extracellular biopolymers [19,24,58]. Additionally, it has been theorized
that the presence of metallic species in the form of salts contribute largely to both the
microbial diversity found in Salar de Uyuni and to its biotechnological potential [56]. It
was of our interest to investigate how the halotolerance and the EPS-building ability of
a bacterial strain isolated from a high-salinity environment is manifested in cultivations
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under controlled laboratory conditions. In this study, EPS production by the halotolerant
bacterial strain BU-4 isolated from the Salar de Uyuni was investigated, and the potential
for using lignocellulosic feedstocks from the Bolivian Altiplano as substrate for bacterial
cultivation was evaluated.

The screening of the effect of different salinity conditions on the cultivation of BU-4
isolate revealed that under controlled laboratory cultivation the bacterial strain retains its
halotolerance and its ability to produce EPS (Figure 1). Furthermore, the NaCl concentration
resulting in the highest EPS production was identified, and that NaCl concentration was
used in further cultivation experiments using pretreatment liquids and hydrolysates of
lignocellulosic materials. The investigation of the effect of different components of the
glucose-based medium provided useful input for having a valid reference for comparison
with the cultivation in the lignocellulose-based media.

An interesting—and impactful—result of this investigation is the observation that
cultivating the bacterial isolate BU-4 in a pretreatment liquid of quinoa stalks, with xylose
as the main sugar constituent, is not only possible, but it also can lead to a better EPS
production than that achieved in cultivation using synthetic carbon sources with only
glucose (Figure 3a). Furthermore, it was found that the pretreatment liquid of quinoa stalks
is a better substrate than the hydrolysate of Curupaú sawdust, whose main sugar was
glucose, for cultivation of the BU-4 isolate. BU-4 isolate displayed the ability to use most
of the sugars contained in both lignocellulose-based media (Figure 3b–c) for growing and
producing EPS.

Although EPS production during cultivation in quinoa stalks pretreatment liquid
was not as stable as in the glucose-based medium, the general pattern was comparable,
and EPS formation increased steadily during most of cultivation time, whereas in the
hydrolysate of Curupaú sawdust, EPS was formed only at the beginning (Figure 3a). Such
difference might be attributed to the presence of inhibitors in the latter medium [59], and
that might be related to both the pretreatment conditions and the chemical composition
of the feedstock (Table 4). In this work, Curupaú sawdust was acid-pretreated at 200 ◦C
for 10 min, while quinoa stalks were pretreated by acid-assisted steam explosion at 190 ◦C
for 5 min. The higher temperature and longer time used for Curupaú sawdust result in
higher pretreatment severity, and that leads to higher degree of sugar degradation and
formation of bioconversion inhibitors. We have shown previously that the relatively harsh
conditions used for pretreatment of Curupaú sawdust result in formation of inhibitors,
such as acetic acid, furfural and 5-hydroxymethylfurfural [30]. This is the likely cause
for the poorer cultivation parameters observed when using the hydrolysate of Curupaú
sawdust compared to those of cultivation in the pretreatment liquid of steam-pretreated
quinoa stalks. Removal of the inhibitors by detoxification of the hydrolysate is an approach
to be considered in future research [59]. The effect of potential nutrients contained in
hydrolysates of different lignocellulosic materials also deserves future attention. It has
been shown previously that in media with different nutritional supplements, the range
of nutrient sources affects the production of EPS and the cell growth [60,61]. Although in
this study supplementation with yeast extract and soy peptone resulted in good growth
and high EPS production, optimizing their use based on the actual requirements of each
hydrolysate is an issue of economical significance.

Table 4. Main components of the used lignocellulosic feedstocks, % (w/w).

Feedstock Cellulose Hemicellulose Lignin Ash

Quinoa stalks 35.7 15.4 21.9 4.2
Curupaú
sawdust 43.3 15.6 20.0 14.0

The observed periodical decreases in EPS production during cultivation in both
lignocellulose-based media was noteworthy. This might be attributed to the bacterial
strain being periodically forced to break down a certain amount of EPS as a self-protection
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mechanism to maintain its growth as it typically happens with other halotolerant organ-
isms [62]. Perhaps, some lignocellulose-derived compounds make the bacterial strain more
susceptible to the high salt concentration than that in glucose-based medium. Further
detailed studies of cultivation of the BU-4 in NaCl-supplemented lignocellulosic media
would be required for confirming this hypothesis.

The monosaccharide composition of the resulting EPS seems to be connected with the
composition of the substrate used. The use of the pretreatment liquid of quinoa stalks, a
xylose-rich substrate (Table 2), as the carbon source, resulted in the production of an EPS,
which contained xylose as the main monosaccharide component (Table 3). On the other
hand, growing the BU-4 isolate in a glucose-based synthetic substrate resulted in an EPS
composed predominantly of glucose. This reflects the ability of the bacterial isolate to not
only grow using a variety of carbon sources, but also using those carbon and nitrogen
sources for effectively building up EPS [63]. The remaining protein in the EPS suggests
that the purification method still requires optimization.

SEM images of the dissolved EPS revealed the formation of some agglomerations and
irregular porosity, which is an indicator of the existence of enough capillary force to hold
fluids, and hence of high water retention capacity [37]. Furthermore, TGA analysis revealed
that the EPS experienced a significant weight loss at a rather high temperature (151.8 ◦C)
compared to other polysaccharides of vegetable origin whose dehydration is initiated
below 100 ◦C [64], or with chitosan, which gets dehydrated at around 90 ◦C [65]. This is a
first indicator that the EPS is somewhat better at retaining its physically absorbed water
(hydrophilic properties), which is a feature that is usually related to good gel-formation
capacities. The final disintegration temperature of 635 ◦C suggests a significant presence
of uronic acid moieties, which possess a rather high affinity for water molecules, again
confirming the possibility of the BU-4 EPS from glucose-based medium to be good at
gel formation [66,67]. Both the high water retention capacity and gel-forming ability are
desired characteristics of EPS for medical and pharmaceutical applications [68–72].

5. Conclusions

This study demonstrated the potential of the halophilic Bacillus sp. isolate BU-4
from the Bolivian Altiplano for producing exopolysaccharides with broad and interesting
application possibilities. This potential may be a direct consequence of the environmental
conditions pushing the endemic organisms to develop physiological adaptive strategies to
thrive in such a habitat.

The feasibility of using pretreatment liquids of a local agricultural residue, quinoa
stalks, as cultivation medium for BU-4 was demonstrated. It was revealed that higher
EPS production can be achieved in pretreatment liquid of steam-pretreated quinoa stalks
than in glucose-based medium, which is a useful feature in making the EPS production
economically feasible.

Characteristics of the produced EPS suggesting possible uses in the food and pharma-
ceutical industries were elucidated, but further studies are still needed to explore their full
application possibilities, and to clarify the biotechnological and industrial potential of this
halophilic strain. In that direction, the genetic characterization of the BU-4 isolate, further
insights into its ability to produce EPS from different carbon sources, and new inputs on
EPS characterization are investigations underway.
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Appendix A. Morphological Characterization

Under microscopic examination, the morphological characteristics such as color, type
of surface, and shape of the colonies of the bacterial isolate BU-4 were identified. The pure
culture was composed of rod-shaped motile cells.

Appendix B. Physico-Chemical Characterization

Salinity: From the pure culture, the bacterial isolate BU-4 was seeded in Petri dishes
with the solid medium described in 2.1, but with varying NaCl concentrations (0, 0.5, 1, 3,
5, 7, 10, 13, 15, 20% (w/v)) at 35 ◦C and pH 7.5.

Optimal pH: From the pure culture, the bacterial isolate BU-4 was seeded in Petri
dishes with the solid medium, but with varying pH (4, 5, 6, 7, 8, 9, 10, 11) maintaining a
temperature of 35 ◦C and the optimal salt concentration.

Appendix C. Biochemical Tests

Acidification: The bacterial isolate BU-4 was seeded in Petri dishes with the solid
medium described in 2.1 with and without glucose using methyl red, a pH indicator. That
allows determining if the final product of the metabolism is an acid.

Exoenzymes—amylases: The bacterial isolate BU-4 was incubated in the solid medium
with 0.5% (w/v) starch added, at 35 ◦C and pH 7.5 for 24 h. Starch degradation halo was
observed by adding 2 mL Lugol solution on the surface of the culture medium. After
10 min, excess Lugol solution was discarded and amylase activity was detected based on
the formation of a clear halo surrounded by a blue zone.

Exoenzymes—Proteases: The bacterial isolate BU-4 was incubated in the solid medium
with 0.5% (w/v) powdered milk added, at 35 ◦C and pH 7.5 for 24 h. The activity was
determined if a transparent halo forms around the colonies.

Exoenzymes—Urease: The bacterial isolate BU-4 was seeded in solid commercial
medium Urea Agar Base OXOID CM0053, at 35 ◦C and for 24 h. The activity indicator
test is positive, when phenol red changes the medium color from pale-yellow to pink-red
around the colony in an alkaline environment.

Exoenzymes—DNAse: The bacterial isolate BU-4 was seeded in solid commercial
medium DNA-SE Agar OXOID CM0321, at 35 ◦C and for 24 h. The activity was determined
by flooding the Petri dishes with 1 N HCl. The test is positive if a transparent halo forms
around the colonies.

Assimilation of carbon sources: The strain was evaluated for the ability to use differ-
ence carbon sources using a BIOLOG GN2 kit.

Inhibition test: Antibiotic inhibition tests were performed with the help of discs
impregnated with different antibiotics. The bacterial isolate BU-4 was seeded in the solid
medium described in 2.1, then the impregnated disks were placed on top of the medium
with microorganism. The plates were incubated for seven days at 28 ◦C. After this period,
the presence or absence of an inhibition halo was observed, indicating sensitivity or
resistance, respectively.
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