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Abstract
The purpose of this paper is to highlight the novel molecular characteristics and rheological properties of the polysaccharide
produced by a bacterium isolated from extremophilic environment (Algerian Sahara). Phenotypic and molecular characteristics
of the REG 0201M bacterial strain retained for this research were studied. Extracellular polysaccharide produced by REG 0201M
was purified, characterized and its production was investigated. Analysis of 16S rDNA gene sequence showed that strain REG
0201M belonged to the species Paenibacillus tarimensis. In sucrose agar medium, 1.31 g dry weight of the polysaccharide per
liter was produced. Evaluation of water absorption capacity showed that this polysaccharide was able to absorb 1000 times more
water than its own weight. The average molecular weight determined by high-performance size exclusion chromatography
multiangle laser light scattering was 1.718 × 106 g mol−1. Analysis of the monosaccharide composition by high-performance
anion exchange chromatography showed the presence of fructose (77.67%) as the main neutral sugar, followed by galactose
(20.37%), arabinose (1.79%), and rhamnose (0.16%). Its global charge determined by the Zeta potential measurement was about
−35.27 ± 0.66 mV. The main functional groups were elucidated by Fourier-Transform Infrared Spectroscopy while the surface
morphology was resolved by scanning electron microscopy analysis. Moreover, the rheological data revealed shear thinning
properties with the same general behavior of the studied polysaccharide compared to xanthan. These results show the great
potential of this polysaccharide, which could help to promote its use in various industries by replacing synthetic polymers.
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Introduction

Exopolysaccharides (EPS) are extracellular metabolites
produced by several microorganisms, such as bacteria,
fungi, and blue-green algae (Trabelsi et al. 2018). EPS
are complex polymers divided into two types: (i)

homopolysaccharides (one type of repeating monosac-
charide units) and (ii) heteropolysaccharides (repeating
units constituting two to eight monosaccharides); in
general, the repeating units are very regular, branched
or unbranched and interconnected by glycosidic link-
ages. In addition, EPS can be soluble or insoluble in
water, ionic, or non-ionic and contain a mixture of com-
pounds (proteins, nucleic acids, pyruvic acid, O-methyl,
O-acetyl, and sulfate groups) (Byrom 1987; Johns and
Noor 1991).

These microbial EPS derived from natural and renewable
resources have a wide range of environmental and industrial
applications, because of their competitive advantages and pos-
sess particular features (biodegradability, biocompatibility and
non-toxicity). Thus, a particular interest was undertaken to the
discovery of a new bioactive EPS. Regarding their physiolog-
ical role, EPS exhibit diverse functions including cell to-cell
interactions, adhesion, and effective protection against ex-
treme conditions as salinity and high or low temperature
(Moshabaki Isfahani et al. 2018; Bajestani et al. 2017). In
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addition, due to their potential properties (viscosifying, emul-
sifying, pseudoplastic rheological behavior, and swelling ca-
pacity), they are used as bioflocculants, bioadsorbants, of
heavy metals, drug delivery agents, anticoagulant, antioxi-
dant, anti-inflammatory agent, antithrombotic, immuno-mod-
ulation and anticancer agent (Rani et al. 2018).

EPS of bacterial origin are being considered for bio-
prospecting by a lot of research groups all over the world.
Today, a large number of Paenibacillus species isolated from
diverse environments are known to produce a wide range of
EPS (Raza et al. 2011; Liang and Wang 2015; Grady et al.
2016; Xu et al. 2016).

Despite the large molecular structure diversity of EPS pro-
duced by Paenibacillus spp., only two commercial EPS with
known structures, i.e., levan and curdlan, have been described
(Liang and Wang 2015). Thus, polysaccharides produced by
Paenibacillus spp. can be considered as a very promising,
unexplored source of microbial polysaccharides for the pur-
pose of industrial application. To the best of our knowledge,
very few studies have shown the structural and rheological
characteristics of EPS produced by bacteria isolated from
Saharan soil (Kaci et al. 2005; Taguett et al. 2015). At the time
of writing, no information was available about EPS produced
from Paenibacillus tarimensis.

Biomolecules from extremophilic bacteria are expected to
possess unique characteristics (chemical composition and
physico-chemical properties) which are useful in responding
to the increasing demand of new active bioproducts
(Gugliandolo et al., 2015).

In this context, the main goal of this research is to show the
original properties of polysaccharides produced by bacteria
isolated from extreme environments that have been little stud-
ied, such as the Saharan soils of Algeria.

Therefore, P. tarimensis REG 0201M bacterial strain is
identified phenotypically and molecularly. Also, yield produc-
tion, physico-chemical characteristics, molecular weight,
monomer composition, and rheological properties of its extra-
cellular polysaccharide are investigated.

Materials and methods

Selection and identification of bacterial strains

The bacterial strain REG 0201M was isolated from
rhizospheric soil of durum wheat (Triticum durum L.),
located in the Saharan region Reggane (south of Algeria.
geographical coordinates: 26° 43′ N, 0° 09′ E). This bac-
terial strain was selected for its extensive production and
viscosity (by touching with a sterile Pasteur pipette) of
gel-forming EPS on Yeast Extract Sucrose Agar (YESA)
medium. Initially, the morphological characterization of
the isolated REG 0201 M was carried out. The Gram-

reaction was examined by routine Gram staining method.
The cell morphology, spore shape and position, sporangi-
um swelling and cell motility were observed by photonic
microscopy. The bacterial isolate was also examined for
its biochemical and physiological characteristics such as:
catalase and oxydase reactions; starch and casein hydro-
lysis; gelatin liquefaction, phosphorus solubilization; in-
dole, methyl red and Voges-Proskauer tests; H2S forma-
tion; and citrate utilization, according to standard proce-
dures. Physiological tests, such as growth at different tem-
peratures (20, 25, 30, 35, 40, 45, and 50 °C) and pH (2, 4,
6, 7, 8 and 10), were performed by culturing the strain in
TSB broth (ZHBO CONDA) under the appropriate
conditions.

The oxidation/fermentation of various carbon compounds
was tested using microtiter plates (Bromothymol blue was
used as a pH indicator). Plates were incubated for 24–48 h at
30 °C and the results were estimated by medium color change
and culture growth.

Molecular identification of REG 0201Mbacterial strain

The molecular identification of bacterial isolate REG
0201M by 16S rRNA complete genes sequencing was con-
ducted at Biofidal-Themis laboratory (Vaulx-en-Velin,
Lyon, France).

The 16S rRNA genes were amplified using the PCR
primers 27f (5′-CAGAGTTTGATCCTGGCT-3′) and
1492r (5′-AGGAGGTGATCCAGCCGCA-3′) (Frank
et al. 2008). The total PCR reaction mixture was carried
out in a final volume of 20 μL which consisted of 4 μL
of 5 × Mix HOT BIOAmp at 12.5 mM MgCl2 reaction
mixture, 1 μL of each primer (10 μM), 2 μL of 10 ×
GC-enhancer (Betaine at a final concentration of 1 M)
and 1 μL of genomic DNA (2 ng).

The PCR program was conducted with activation of Mix
HOT BIOAmp (96 °C for 12 min), then 35 cycles of
denaturation (96 °C for 20 s), annealing (54 °C for 23 s),
extension (72 °C for 2 min) and a final extension (72 °C
for 10 min). The amplified PCR product was purified with
ExoSap-It kit. The PCR products were sequenced by 96
capillaries ABI 3730XL DNA analyzer using BigDye
V3.1 dye terminator kit (Thermo Fisher Scientific).
Sequences were analyzed by CHROMAS Pro and com-
pared with sequences available in GenBank (http://www.
ncbi.nlm.nih.gov/BLAST) and PBIL (BIBI) (https://
umr5558-bibiserv.univ-lyon1.fr/lebibi/lebibi.cgi). Multiple
alignments with closer similarity sequences were analyzed
using CLUSTAL W program, and the phylogenetic tree
was constructed to predict the species-level characterization
of the studied isolate through distance method based web-
tool, according to the Neighbor-Joining algorithms using
MEGA 6. Software.
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EPS production and purification

EPS production was studied using the modified YEMA
medium-containing sucrose (20 g L−1) instead of mannitol.
The YESA medium consisted of 0.4 g yeast extract L−1,
20 g sucrose L−1, 0.5 g K2HPO4 L

−1, 0.2 g MgSO4 L
−1, 0.1

NaCl g L−1, and 15 g agar L−1. The pHwas adjusted to 6.8 and
the growth was carried out at 30 °C for 7 days.

The polysaccharide (EPS-R1) produced by REG 0201M
was extracted from the culture dishes as described by Freitas
et al. (2009). The culture broth was diluted with distilled water
and centrifuged at 4 °C (6000 , 20 min) for cell separation.
The supernatant was filtered through a serial membrane filter
(Sartorius). The EPS in the cell and protein-free supernatant
was precipitated by the addition of cold isopropanol at a ratio
of 3:1 (v/v). The semi-purified EPS was further purified by
dialysis using 1KDMWCOmembrane (Spectra/Por 6 dialysis
membrane pre-wetted RC Tubing-Spectrum Laboratories
Inc., Rancho Dominguez, CA, USA) against deionized water
over the course of 24 h. After dialysis, the polymer solutions
were freeze-dried using a lyophilizer (Labconco Freeze Dry
System 4.5 L, USA) and weighed.

Water absorption capacity and kinetic water loss
of EPS-R1

The objective of this experiment was to evaluate the maxi-
mum amount of water retained by lyophilized EPS-R1.
Thus, 2 mL of water was gradually added to 0.21 g of lyoph-
ilized EPS-R1 until saturation. The sample was incubated
overnight to allow water enter the polysaccharide structure
and to remove excess water. The sample was weighed and
then dried at 105 °C, until complete water evaporation.
WAC was calculated using the formula given by Ryuichiro
and Nohata (1994):

WAC %ð Þ ¼ W1−W0

DW
� 100

W0 sample weight before absorption
W1 sample weight after absorption
DW dried sample weight (where DW =W0)

This experiment was also carried out to establish the kinetic
water loss of EPS-R1 following thermal desiccation at 105 °C
(using Sartorius thermo-balance). The weight of EPS-R1 was
recorded every 2 min and then used to calculate WL of EPS-
R1. Towards the end of the analysis, the moisture percentage
(%) of EPS-R1 was calculated (the difference in sample
weight prior to and following drying):

Moisture %ð Þ ¼ W0−W1

W1
� 100

W0 weight of sample
W1 weight of dry sample

Characterization of EPS-R1

Zeta potential (ζ)

The electrical charge (ζ-potential) of the used biopolymer
(EPS-R1) was measured using particle electrophoresis instru-
ment BMalvern instrument^ (Nanosizer Instruments, USA).
The ζ-potential was determined by measuring the direction
and velocity of the particle motion in the applied electric field.
The biopolymer was diluted to a concentration of about
10−4 g L−1 and the experiment was conducted at 25 °C.

The diluted solution was thoroughly mixed and then
injected into the measuring chamber of the particle electro-
phoresis instrument. The ζ-potential measurements are report-
ed as the average and standard deviation of measurements
performed on three freshly prepared samples. ζ can be calcu-
lated in aqueous medium at moderate electrolyte concentra-
tion with the Smoluchowski equation (Smoluchowski 1916):

ξ ¼ ημ=ε

μ electrophoretic mobility
η viscosity
ε dielectric constant of the solvent

Scanning electron microscopy

The surface morphology of freeze-dried EPS-R1 was investi-
gated by scanning electron microscopy (SEM); the images
were obtained using SEM-EDX (Quanta 250).

FTIR analysis

The functional groups of EPS-R1 were analyzed using ATR-
FTIR (Brucker Alpha-P). The spectrumwas recorded over the
range of wave numbers from 4000 to 400 cm−1 with a resolu-
tion of 2 cm−1.

Molecular weight

The average molecular weights (Mn, Mw, Mz), the radius of
gyration (R2

g), and the polydispersity index of EPS-R1 were
determined by high-performance size-exclusion chromatogra-
phy multiangle laser light scattering (HPSEC-MALLS) as de-
scribed by Rioux et al. (2007).

The HPSEC system consisted of a LKB Bromma 2150
HPLC-Pump (GE Healthcare Bio-Sciences Corp., Milford,
USA), a 100-μL manual injecting loop and a Wyatt Optilab
903 refractometer (Wyatt Technology, Santa Barbara, USA).
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The MALLS apparatus was equipped with a Wyatt Dawn-
DSP laser photometer (Wyatt Technology, Santa Barbara,
USA), a K5 flow cell and a He–Ne laser operating at λ =
632.8 nm.

Before measurement, the Dawn apparatus was standard-
ized using Pullulan standard BP-50, Mw = 4.73 × 104 Da^
(Shodex, Tokyo, Japan). Two columns were used in line:
TSK-G6000 PW (7.5 mm × 300 mm) and a TSK-G3000
PWXL (6 μm, 7.8 mm × 300 mm) (Tosoh Bioscience,
Tokyo, Japan). EPS-R1 (1.452 × 10−4 g) was dispersed in
the mobile phase (0.1 M NaNO3–0.02% NaN3, filtered and
degassed) to reach a concentration of 2%, then filtered through
0.45 μm filters (Chromspec Syringe Filters 13 mm PVDF,
non-sterile). The flow rate was 0.4 mL min−1; the analysis
was performed at room temperature while the EPS sample
was analyzed at 40 °C.

RI detector andMALLS data were analyzed using ASTRA
software version 4.70.07 (Wyatt Technology Corp, Santa
Barbara. CA). Mw was estimated using (dn/dc) = 0.146. The
average molecular weights (Mw), the polydispersity index
(Mw/Mn), and the radius gyration R2

g were estimated using
second-order Debye model.

EPS monosaccharide composition

Into a glass tube containing about 4 mg of EPS-R1, was added
a solution containing trifluoroacetic acid (TFA) (1 mL, 2 N)
and 1.05 g inositol L−1 as internal standard. The mixture was
vortexed and placed at 100 °C for 1 h. The hydrolyzed solu-
tion was cooled, and then neutralized with barium carbonate
under vigorous stirring. The released monomers were deter-
mined using high performance anion exchange chromatogra-
phy (HPAEC)with pulsed amperometric detection (PAD) on a
Dionex ICS 3000 system equipped with a CarboPAC PA1
column (4 mm× 250 mm). The hydrolyzate solutions were
passed through a 0.22-μm syringe filter for HPLC analysis.
The elution of neutral monosaccharides occurs isocratically
with 18 mMNaOH at a flow rate of 0.7 mL min−1 and elution
of uronic acids with an NaOH/NaOAc gradient (18 mM/0–
0.5 M). Sugar identification was done by comparison with
reference sugars (glucose, mannose, galactose, arabinose,
rhamnose, xylose, fructose, fucose, glucuronic, and
galacturonic acids); inositol was added as an internal standard
(Taguett et al. 2015).

Rheological properties

Lyophilized EPS-R1 was dissolved in distilled water and rhe-
ological measurements were carried out on Rheometer ARES
G2 (TA-Instrument, waters LLC, New Castle, Delaware,
USA), equipped with a DIN concentric cylinders (the inner
diameter of the Cup is 30 mm and the diameter of DIN Bob is
27.7 mm). The apparent viscosity was measured at 25 °C as

function of shear-rate (1 s−1 to 1000 s−1) for different EPS
concentrations: 10−4 g L−1, 5 × 10−2 g L−1, 2.0 g L−1,
4.0 g L−1, and 8.0 g L−1. All experiments were carried out in
triplicates.

To compare the flow curves, data was fitted using the Cross
model (Cross 1965) for high concentrations 2.0 g L−1,
4.0 g L−1, and 8.0 g L−1, and Power law model (Ostwald
and Auerbach 1926) for low concentrations 10−4 g L−1 and
5 × 10−2 g L−1.

& Cross model:

η−η∞
η0−η∞

¼ 1

1þ κγ̇ð Þn

η viscosity at a given shear rate Σ
ηo viscosity at low shear rate
η∞ infinite viscosity
k consistency
n power-law index

& Power-law model:

σ ¼ κγ˙
n

σ shear stress at a given shear rate Σ
k consistency
n power-law index

Results and discussion

Phenotypic characteristics of REG 0201M bacterial
strain

The phenotypic characterization of REG 0201M bacterial
strain was carried out using the Bergey’s Manual of
Systematics of Archaea and Bacteria (De Vos et al. 2015).
REG 0201M bacterial strain was gram-positive, the colonies
were circular, smooth, opaque, and ivory pigmented on YESA
plates. Cells were motile and presented rod shapes, occurring
in single, pairs or short chains. Ellipsoidal endospores were
formed in swollen sporangia. The tests were positive for cat-
alase, oxidase, Voges–Proskauer reaction, hydrolysis of
starch, casein and gelatin, but negative for nitrate reduction,
indole, H2S, urea and phosphorus solubilizing. Growth occurs
at 20–40 °C; the optimum temperature was 25–35 °C. Cell
growth was at pH 4–10; the optimum pH was 7. Acids were
produced from adonitol, mannitol, glucose, rhamnose,
sorbose, maltose, melibiose, sucrose, trehalose, melezitose,

96 Ann Microbiol (2019) 69:93–106



raffinose, dextrin and starch. Details showing the general char-
acters are summarized in Supplementary Table S1.

As shown in Supplementary Table S2, a large number of
carbon sources were metabolized by the bacterial strain REG
0201M. The substrates used by this bacterium suggested its
important adaptation capacities.

Molecular identification

The phylogenetic data obtained by comparing the complete
16S rDNA sequences of the bacterial strain REG 0201M
(1482 bp, accession number FJ853212.2) and other bacteria
fromGenBank, showed the highest sequence similarity (99%)
to Paenibacillus tarimensis SA-7-6 (Wang et al. 2008). The
sequence similarities between Paenibacillus tarimensis strain
REG 0201M and the other Paenibacillus strains were equal or
less than 96% (Fig. 1). Agarose gel electrophoresis analysis of
16S rRNA genes amplified from the bacterial strain
Paenibacillus. tarimensis REG 0201M is shown in
Supplementary Fig. S1.

In order to demonstrate the differences between
P. tarimensis SA-7-6T and our isolate P. tarimensis REG
0201M, a comparative table containing the essential charac-
teristics was established (Supplementary Table S3).
Comparison of the main presented characters showed pheno-
typic differences among the two strains. P. tarimensis REG
0201M exhibited positive enzymatic activities such as oxidase
and amylase, ability to ferment certain carbohydrates such as
glycerol, fructose, rhamnose, and inositol, and grow at pH 5.7,
unlike P. tarimensis SA-7-6T (Table S3). These information
allowed us to highlight the great adaptability of P. tarimensis
REG 0201M under inhospitable conditions.

EPS production

In this part of study, we wanted to compare the yields of EPS
production before and after purification. Wet EPS-R1 recov-
ered directly from Petri dishes was weighed. The obtained
data showed that P. tarimensis REG 0201M had the capacity
to produce 29.10 g L−1 of EPS-R1. This latter was lyophilized
and weighed to determine its estimated dry weight of
2.22 g L−1. EPS-R1 (29.10 g L−1) was purified, lyophilized
and weighed. The resulting amount of EPS-R1 was estimated
at 1.31 g L−1. As previously stated by some authors, the
amount of EPS produced by bacteria of different taxa may
vary from 0.09 g L−1 to 6 g L−1. The bacterial strain
Geobacillus sp. 4004 was able to produce an EPS with yields
of 90 mg L−1 (Nicolaus et al. 2002). The two polysaccharide-
producing bacteria Paenibacillus sp. 1 V and Paenibacillus
sellifer 7AII produced respectively 0.31 g L−1 and
1.05 g L−1 (Rättö et al. 2005). The amount of EPS from
Alteromonas macleodii subsp. fijiensis reached 6 g L−1

(Raguénès et al. 1996). The same observations were made
for the EPS-producing bacteria belonging to the genera
Lactobacillus and Propionibacterium, widely used in dairy
industries (Gamar et al. 1997). This means that the culture
conditions could stimulate the production of EPS rather than
bacterial growth. In response to the harsh environmental con-
ditions (increased osmotic pressure of culture media, water
stress), bacteria tend to protect themselves by producing large
amounts of EPS; thus, forming a physico-chemical barrier
against external changes (Gamar et al. 1997; Kilic and
Dönmez 2008). On the other hand, comparison of the dry
weight of EPS-R1 before and after purification did not show
a big difference. It therefore appears that the crude EPSmainly
contains polysaccharides.

  Paenibacillus xanthinilyticus strain 11N27 
 Paenibacillus oenotherae strain DT7-4 

 Paenibacillus cellulosilyticus strain PALXIL08 
 Paenibacillus curdlanolyticus strain YK9 

  Paenibacillus castaneae strain Ch-32 
 Paenibacillus gorillae strain G1 
 Paenibacillus xinjiangensis strain B538 
  Paenibacillus tarimensis strain REG 0201M 

  Paenibacillus tarimensis strain SA-7-6 
 Paenibacillus pinihumi strain S23 

  Paenibacillus beijingensis strain 7188 
 Paenibacillus apiarius strain DSM 5581 

  Paenibacillus hispanicus strain AMTAE16 
  Listeria monocytogenes strain NCTC 10357 
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Fig. 1 The phylogenetic position of Paenibacillus tarimensis REG
0201M obtained with neighbor-joining method. The optimal tree with
the sum of branch length = 0.37221527 is shown. The percentage of
replicate trees in which the associated taxa clustered together in the boot-
strap test (1000 replicates) is shown next to the branches. The tree is
drawn to scale, with branch lengths in the same units as those of the

evolutionary distances used to infer the phylogenetic tree. The evolution-
ary distances were computed using the maximum composite likelihood
method and are in the units of the number of base substitutions per site.
Evolutionary analyses were conducted in MEGA6. Listeria
monocytogenes strain NCTC 10357 (NR044823.1) sequence was added
as an out group for this tree
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Through these results, we found that the moisture content
in crude EPS-R1 represented a very large proportion of their
mass, estimated at 92.37%. Under the same conditions, Kaci
et al. (2005) reported that EPS KYGT207 and EPS KYGB2
had a relative humidity of 97.3% and 95.9%, respectively.

Water absorption capacity and water loss kinetic
of EPS-R1

The water absorption capacity of crude EPS-R1 revealed that
the biopolymer absorbed 1000 times more water than its own
weight. Compared to other biopolymers, EPS-R1 can be con-
sidered more water absorbing than others, such as cellulose,
xanthan and alginate gum (used in industries) with WAC
reaching 78.83, 45.75, and 77.0, respectively (Table 1).
Likewise, other biopolymers such as EPS produced by
Alcaligenes latus (SP and FP) can absorb up to 1000 times
more water than its own weight (Table 2). Nazia and Nuzhat
(2008) reported that the polysaccharide produced by
Pseudomonas aeruginosa strain CMG1421 had the capacity
to absorb water 400 times more than its dry weight. Kaci et al.
(2005) reported that EPS KYGT207 and KYGB2 produced
by Rhizobium sp. and Paenibacillus sp., respectively, absorb
100 times more water than their own weight (Table 1).

The study of time-dependent drying kinetics of EPS-R1 gel,
showed a progressive decrease in the amounts of water by
EPS-R1 relative to the pure water taken as a control (Fig. 2).
Figure 2 clearly shows different phases of kinetic water loss;

two phases for EPS-R1, and one phase for the control. To
explain the differences between these phases, the speed of wa-
ter evaporation (S) was calculated from the slopes of the corre-

sponding curves ΔWL
ΔT

� �
. The results are summarized in Table 2.

In brief, we mention the following:

& The first phase (0–44 min): represents rapid evaporation
due to high temperature (105 °C) andweak hydrogen bonds
between water molecules and EPS. The amount of water
lost during this phase was 74.70%. At 38 min, pure water
(control) was totally evaporated.

& The second phase (44–96 min): characterized by a de-
crease in evaporation rate, which reflects the presence of
a strong bonding involved in water retention. The amount
of water lost during this phase was 86.74%. The amount of
water lost at 96 min was 100%.

It appears that the amount of water loss, observed in this
work, were lower than those given by other researchers. Kaci
et al. (2005) reported that during the first phase of water evap-
oration, EPS KYEGB2 (produced by Paenibacillus sp.) and

Table 1 Water absorption of
some bacterial polysaccharides Polysaccharides WAC (%) per g of dried sample References

SP 1349 Ryuichiro and Nohata (1994)

FP 1295.40 Ryuichiro and Nohata (1994)

bpS 432.65 Nazia and Nuzhat (2008)

bpG 426.50 Nazia and Nuzhat (2008)

bpF 422 Nazia and Nuzhat (2008)

Alginate 78.83 Nazia and Nuzhat (2008)

Cellulose 45.75 Nazia and Nuzhat (2008)

Xanthan 77 Nazia and Nuzhat (2008)

KYGB2 105 Kaci et al. (2005)

KYGT207 130 Kaci et al. (2005)

EPS-R1 1025 This study

Table 2 Parameters of water loss kinetics for water and EPS-R1

Water EPS-R1

Phases range (min) [0–38] [0–44] [44–96]

Phases duration (min) 38 44 52

S (% min−1) 2.92 1.80 0.34

R2 0.99 0.99 0.93

S speed of water evaporation, R2 regression coefficient
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Fig. 2 Water loss kinetic of EPS-R1 sample after desiccation at 105 °C
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EPS KYGT207 (produced by Rhizobium sp.) lost 85% and
70% of water, respectively, while EPS-R1 lost only 60.71%.

The calculated weight of EPS-R1 obtained at the end of the
kinetic desiccation showed high moisture content (97.80%).

Therefore, EPS-R1 produced from P. tarimensis creates a
microenvironment that can provide a buffered and predictable
hydration phenomenon, especially under stressful conditions.
Thus, EPS-R1 can represent an important source of water,
especially in the arid and Saharan areas.

Characterization of EPS-R1

Zeta potential measurement (ζ)

The zeta potential measurement (ζ) showed a negatively charged
value −35.27 ± 0.66 mV, indicating a highly charged EPS-R1
resulting from the presence of anionic groups in the polysaccha-
ride chain. It should be noted that the average value of the zeta
potential indicate the acidic character of the EPS. Many studies
have shown considerable differences in the overall charge of
bacterial EPS used in most industries (Table 3).

Scanning electron microscopic analysis of EPS-R1

This technique is considered as a powerful mean to study the
surface morphology of polymers and could be used to clarify
their physical properties (Han et al. 2015). As shown in Fig. 3,
EPS-R1 appears as a compact matrix composed of thick fila-
ments with irregular porosity (see arrow). It is important to
note that there is no work allowing a comparison with the
SEM micrograph of the EPS produced by the studied strain.
The EPS structure could result in a higher water absorption/
retention capacity, which is an attractive feature for a textur-
izing agent in the food industry (Han et al. 2015). The ele-
mental composition of EPS-R1 was determined by SEM-
EDX; the analysis revealed the presence of nine different ele-
ments (Fig. 3). We also noted the presence of carbon and
oxygen as major components of EPS-R1, with 40.41% for

the former and 41.96% for the latter. Other elements were also
found in a relative proportion (K, Na, N, P, Cl, S, and Mg).

FTIR spectra analyses

The functional moieties present in EPS-R1 were identified
using FTIR spectroscopy (Fig. 4). The spectrum showed an
intense broad peak at 3276.06 cm−1, which indicated the pres-
ence of hydroxyl groups (Kavita et al. 2014). A minor band
observed at 2926.30 cm−1, well known to be typical of carbo-
hydrates, indicated the presence of asymmetric C–H
stretching vibration (Iyer et al. 2005). Furthermore, an asym-
metric stretching peak was observed at 1625.42 cm−1, show-
ing the presence of stretching vibrations of carbonyl groups
(C=O) in CONH moieties (Wang et al. 2013).

According to Freitas et al. (2009), the peak at 1625.42 cm−1

may correspond to ring stretching vibrations in mannose or
galactose. The bands detected at 1416.32 cm−1 could be attrib-
uted to the symmetrical stretching of COO− groups (Kavita
et al. 2014). The peak at 1250 cm−1 band is due to C–O
stretching vibrations in free carboxylic acids (San-Blas et al.
2012). Absorption peaks around 800 and 1200 cm−1 are char-
acteristics of all sugar derivatives as well asβ-glycosidic bonds
between sugar monomers. The absorption peak at
1036.82 cm−1 is assigned to C–O–H, C–O–C, and C–O, indi-
cating the presence of polysaccharides (Freitas et al. 2009;
Wang et al. 2013; Nouha et al. 2016). The peaks at 811.77
and 773.57 cm−1 indicate the presence of α-glucosidic and β-
glycosidic bonds (Ye et al. 2009). The small peaks observed at
559.11 and 623.55 cm−1 indicate the presence of glycosidic
linkages present in the polysaccharide (Yu et al. 2016). The
absorption peaks between 690 and 515 cm−1 correspond to
stretching vibrations in alkyl-halide groups (Nouha et al. 2016).

The presence of those functional groups permits our poly-
saccharide to be used in a wide range of applications. The pres-
ence of hydroxyl (OH) and aliphatic (CH2) groups makes the
polysaccharide either water soluble or hydrophobic (Karbowiak
et al. 2011). The hydrophilic and hydrophobic characters make
EPS an appropriate emulsifier agent (Kavita et al. 2014) and/or
a biosurfactant (Banat et al. 2010). The carboxylate functional
group (COO−) allow these polymers the ability to bind to other
oppositely charged molecules, for example, heavy metals (Wei
et al. 2011). Exopolymers can also play a role in preventing
corrosion/erosion ofmetals owing to their anionic nature as well
as their ability to chelate metals and ions (Donot et al. 2012).

Molecular weight

The average molecular weight (Mw) of EPS-R1 was measured
and compared to pullulan P50, in this case used as a standard.
The ratio dn/dc = 0.146 was used to calculate the molecular
weight parameters; this was based on data obtained from High
Performance Steric Exclusion Chromatography (HPSEC). The

Table 3 Global charge of EPS produced by diverse bacteria

Bacteria EPS Charge References

Pseudomonas aeruginosa Alginate Anionic Öner (2013)

Gluconacetobacter xylinus Cellulose Neutral Öner (2013)

Alcaligenes faecalis Curdlan Neutral Öner (2013)

Leuconostoc mesenteroides Dextran Neutral Öner (2013)

Sphingomonas paucimobilis Gellan Anionic Öner (2013)

Pseudomonas aeruginosa Hyaluronan Anionic Öner (2013)

Bacillus subtilis Levan Neutral Öner (2013)

Xanthomonas campestris Xanthan Anionic Öner (2013)

Paenibacillus tarimensis EPS-R1 Anionic In this study
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results revealed that the Mw of EPS-R1 (1.718 × 106 g mol−1)
was greater than the standard P50 pullulan (4.797 × 104 gmol−1).

It has been reported that the averageMw of EPS, produced
byPaenibacillus spp., varies between hundreds and thousands
of kDa, depending on the culture strain, pH, temperature, ini-
tial carbon source concentration, culture techniques, and C/N
ratio (Armstrong and Johns 1997; Liang and Wang 2015).
Furthermore, sucrose-containing medium prompts bacteria
to produce high-molecular-weight EPS (Liu et al. 2009).

With reference to other work, theMw value of EPS-R1 was
superior to other EPS produced by bacterial species
Paenibacillus spp.; glucan, synthesized by the strain
P. polymyxa JB115, has a Mw of 5.762 × 105 g mol−1 (Jung
et al. 2007). Curdlan, produced by the strain P. polymyxa
ATCC 21830, has a Mw of 1.7 × 105 g mol−1 (Rafigh et al.
2014). TheMw of EPS produced by P. polymyxa SQR-21 strain
was estimated at 8.96 × 105 gmol−1 (Raza et al. 2011). Recently,
we recorded an isolate from new bacterium Paenibacillus bovis
sp. nov BD3526, which produced high molecular weight levan
exceeding 2.6 × 106 g mol−1 (Xu et al. 2016). Evaluation of the

molecular weight distribution (polydispersity index) for EPS-R1
revealed a value of 1.398 ± 0.109. This shows that our sugar
molecules are evenly dispersed in an aqueous solution without
formation of aggregates. This information is important because
the functional properties of polysaccharides can be strongly in-
fluenced by the molecular weight distribution (Hwang et al.
2003). The value obtained is lower than that of glucan (polydis-
persity index: 5.81), synthesized by strain P. polymyxa JB115
(Jung et al. 2007), indicating a more homogeneous molecular
weight distribution for EPS-R1 when compared to glucan. The
gyration radius (R2g) of EPS-R1 was 85.50 nm, suggesting the
presence of a large number of elementary units or monomers
within the polysaccharide chain as well as a high degree of
polymerization when compared to other polysaccharides such
as xanthan (R2g: 70–90 nm) (Lee and Brant 2002).

Monosaccharide composition

The monosaccharide composition of EPS-R1 showed the pres-
ence of neutral fructose sugar as the main component (77.67%).
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Fig. 3 Scanning electronmicrographs of bacterial exopolysaccharide EPS-R1with system at an accelerating voltage of a 20 kVand b 10 kVunder image
magnifications of a ×341 and b ×3000; c EDS spectrum of EPS-R1 obtained with full area
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EPS-R1was also composed of other neutral sugars, with 20.37%
of galactose, small amount of arabinose (1.79%) and traces of
rhamnose (0.16%). Several authors have reported that the mono-
saccharide composition of EPS, produced by Paenibacillus spp.,
is usually composed of glucose, mannose, galactose, and glucu-
ronic acid in various ratios (Table 4). On the other hand, a wide
variety of EPS-producing Paenibacillus exist, depending on the
type of Paenibacillus species, culture conditions, and the com-
position of the medium (Liang and Wang 2015).

These variations reveal the specificity of each strain for the
production of EPS and, therefore, the increase in bioactive EPS
which is known to replace synthetic chemicals which can have
many side effects (Kenyon et al. 2005; Janczarek et al. 2009).

Rheology measurement

Figure 5 represents the different rheograms of EPS-R1 and
xanthan (standard) at increasing concentrations (10−4 g L−1,
5 × 10−2 g L−1, 2.0 g L−1, 4.0 g L−1, and 8.0 g L−1). The

viscosity is determined at zero shear rate by the cross and
power-law models. Rheological profiles showed that the ap-
parent viscosity decreased with increasing the shear rate, in-
dicating that EPS-R1 exhibited a character of non-Newtonian
fluids with typical shear-thinning properties (Fig. 5a–e).
According to Berwanger et al. (2007), this behavior is expect-
ed in polymer solutions of microbial polysaccharides. Han
et al. (2015) reported that this property is important for various
food processing procedures (mixing, pouring, and pumping)
where different operating shear rates are applied.

Comparing the apparent viscosity at a zero shear rate (Fig.
4a–c), xanthan showed a higher viscosity at high concentra-
tions (8.0 g L−1, 4.0 g L−1, and 2.0 g L−1) than EPS-R1.
According to Lai et al. (Lai et al. 2000), high EPS concentra-
tion prompts a more frequent molecular collision; thus, in-
creasing the chances of more molecules coming in contact
with each other. Moreover, we noted that at 2.0 g L−1 concen-
tration, EPS-R1 was found to be less viscous compared to
xanthan. According to literature (Sutherland 1994; Calero
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Table 4 Chemical structures of EPS from Paenibacillus spp.

Paenibacillus species EPS chemical composition References

Paenibacillus sp. TKU023 Glucose and maltose Liang and Wang 2015

P. polymyxa KCTC 8648P Glucose, galactose, mannose, fucose, and glucuronic acid Liang and Wang 2015

P. polymyxa NCIB 11429 Glucose, mannose, galactose, glucuronic acid, and pyruvate Liang and Wang 2015

P. elgii B69 Glucose, glucuronic acid, xylose, and mannose Liang and Wang 2015

Paenibacillus sp. 1 V Rhamnose, glucose, galactose, mannose, and glucuronic acid Rättö et al. 2005

Paenibacillus stillifer 7AII Galactose, glucose, and mannose Rättö et al. 2005

P. polymyxa EJS-3 Mannose, fructose, and glucose Liang and Wang 2015

P. polymyxa SQR-21 Mannose, glucose, fructose, and glucuronic acid Liang and Wang 2015

P. tarimensis REG 0201M Fructose, galactose, arabinose, and rhamnose This study
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et al. 2010), both shear rate and concentration of the polysac-
charide in solution are known to directly affect the viscosity
and degree of pseudoplasticity. Overall, for relatively concen-
trated polymer solutions, the increase in shear rate tends to
change the order and orientation of the polymer chains to-
wards the direction of the flowing fluid. This phenomenon
causes a slippage between the chains and therefore a reduction
in viscosity (Dunstan et al. 2004). At low shear rates, the
polymer chains are entangled, resulting in a high viscosity
solution. This behavior is dominant with all polymers present
in solution, for example, xanthan, which is taken as reference
in this study (Rinaudo and Milas 1982). According to Lapasin
et al. (1995), the conformational changes reflect the presence
of a large number of disordered macromolecules in solution,
whereby the shapes appear to change continuously under the
action of rotary motions.

At low EPS concentrations (10−4 g L−1, 5 × 10−2 g L−1), we
noticed a change in trend. At 5 × 10−2 g L−1 concentration, the
EPS-R1 solution exhibits a Newtonian behavior compared to
xanthan (Fig. 5d). In a diluted system, Newtonian behavior is
observed; the interactions between polymer chains are mini-
mized while the size of macromolecules is extended to maxi-
mum capacity; the individual helices of the polymer are so dis-
tant that they have an insignificant influence on each other; thus,
making their motionmore facile (Xu et al. 2009). In contrast, it is
well known that the viscosity of xanthan, even at low concen-
trations, is maintained when compared to other EPS (Paul et al.
1986). However, at 10−4 g L−1 concentrations, we noticed a
surprising change in the behavior of EPS-R1 and xanthan within

the shear-thickening fluid; the viscosity of the solution increased
with increasing shear rate (Fig. 5e). This phenomenon could be
attributed to the hydrogen bonding interactions between mole-
cules causing an unusual viscoelastic response.

According to literature (Sochi 2010), this observation could
also be due to the predominance of the Bconvergent-divergent
geometry^ extension existing in high-speed shear.

The results of the flow parameters obtained by the cross and
power law viscosity models are summarized in Tables 5 and 6.

As stated by many authors, when the value of n is equal to
1, we notice the presence of a Newtonian fluid.Whereas, if the
value of n is less than 1, we notice a pseudoplastic fluid. These
values are representative of the different states of EPS-R1
solution at different concentrations (Xiu et al. 2011). The
non-Newtonian behavior becomes important when the index
n is less than 0.6 (Muller et al. 1994). Zhou et al. (2014),
studied EPS-producing Rhizobium radiobacter S10, noted
that the values of flow index (n), consistency coefficient (k),
and viscosity are increased with increasing EPS concentration.

EPS-R1, with an elevated average Mw (1.7 × 106 g mol−1)
had a considerable viscosifying power at high concentration
(8.0 g L−1) when compared to xanthan, which is known for its
high viscosity at high Mw (varying between 2 and 12 ×
106 g mol−1) (Paul et al. 1986). These results are in line with
other studies showing that the EPS viscosity is strongly de-
pendent on the average molecular weight (Han et al. 2015).
According to Ebagninin et al. (2009), polymers with molecu-
lar weights between 105 g mol−1 and 106 g mol−1, have a
perfect correlation with the cross model.

The difference in the rheological properties of EPS is there-
fore a response of bacteria to protect themselves against external
environmental conditions via enabling more water retention;
thus, preventing suddenwater evaporation (Amellal et al. 1998).

Through the rheological study, we have shown that EPS-R1
has interesting rheological properties, comparable to xanthan.

This lead us to reflect on the possibility of using these
polymers to improve the structure of sandy soils and, thus,
to yield better cereal production in the desert regions. In pre-
vious work (Kaci et al. 2005; Guilherme et al. 2015), bacterial
EPS have been shown to play a role in soil structuring, which
can result in an improved water retention capacity.

Table 6 Parameters of Power low model for EPS-R1 at low
concentrations

Samples c (g L−1) η (Pa.s) n R2

EPS-R1 5 × 10−2 0.0010 ± 0.00015 1.043 ± 0.017 0.99

10−4 0.0005 ± 9.404 × 10−6 1.131 ± 0.002 0.99

Xanthan 5 × 10−2 0.0003 ± 0.0001 0.9312 ± 0.005 0.99

10−4 0.0006 ± 0.0002 1.1233 ± 0.006 0.99

c concentration; η viscosity at a given shear rate; n power-law index; R2

correlation coefficient

Table 5 Parameters of Cross model for EPS-R1at high concentrations

Samples c (g L−1) ηo (Pa.s) η∞ (Pa.s) k (s) n R2

EPS-R1 8.0 33,362.35 ± 31,147.42 0.013 ± 0.008 2,007,246.50 ± 2,579,417.35 0.688 ± 0.112 0.99

4.0 1107.27 ± 1565.89 0.003 ± 0.000 5,770,000.00 ± 8,160,012.25 0.567 ± 0.072 0.99

2.0 0.024 ± 0.004 0.004 ± 0.000 0.011 ± 0.0037 0.675 ± 0.005 0.99

Xanthan 8.0 53,116.8 ± 52,236.02 0.014 ± 0.001 152,823 ± 12,265.01 0.808 ± 0.005 0.99

4.0 23,842.9 ± 156.23 0.006 ± 0.0002 246,331 ± 100.36 0.765 ± 0.001 0.99

2.0 16.9093 ± 1.658 0.005 ± 0.0003 31.1106 ± 1.652 0.776 ± 0.001 0.99

c concentration; η viscosity at a given shear rate; ηo viscosity at low shear rate; n power-law index; η∞ infinite viscosity; k consistency
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Conclusion

The EPS-producing bacteria isolate from Algerian Sahara was
identified and characterized as P. tarimensis REG 0201M.
Outside the high EPS production, this bacterium with great
physiological characteristics could be an excellent source for
many applications in the future. In this study, for the first time,
we have described an exopolysaccharide produced by
Paenibacillus tarimensis. Thereby, the structural and rheological
characterization of polysaccharide from P. tarimensis REG
0201M strain was investigated. EPS-R1 produced by this bac-
terium has shown that it can absorb 3 to 5 times more water than
other biopolymers frequently used in various industries. So, this
polymer can be used to enhance the production of plant species
in drought-prone environments as well as in the area of regen-
erative medicine and cosmetic industry. EPS-R1 showed high
molecular weight (1.718 × 106 gmol−1) with narrow polydisper-
sity index (1.39). The preliminary analysis of EPS-R1 reflected a
new composition of this acidic heteropolymer. The functional
groups of EPS-R1 identified by the FTIR spectrum have shown
the presence of hydroxyl and aliphatic groups allowing its use as
an emulsifier and/or a biosurfactant. Additionally, the presence
of carboxylic groups allows it to participate in the bioremedia-
tion of terrestrial and aquatic environments via interacting with
molecules of opposite charges such as heavy metal ions. The
surface topography of the EPS-R1 analyzed by SEM revealed
its fibrous and porous nature, while EDS showed the presence of
various elements: C, O, K, Na, N, P, Cl, S, and Mg. The rheo-
logical behavior of EPS-R1 solutions exhibited an apparent
shear-thinning character with exceptional viscosities in the low
shear range, compared to the commercial benchmarks xanthan.
These results indicate that EPS from P. tarimensis REG 0201M
may be a new source of natural biopolymers useful for tradition-
al biotechnological areas, such as food, cosmetic, pharmaceuti-
cal, and environmental applications.
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