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Abstract
The thermal ecosystems, including geothermal springs, are proving to be source of thermophiles able to produce extracellular 
polysaccharides (EPSs). Among the sixteen thermophilic bacilli isolated from sediment sampled from Arzakan geothermal 
spring, Armenia, two best EPSs producer strains were identified based on 16S rRNA gene sequence analysis and pheno-
typic characteristics, and designated as Geobacillus thermodenitrificans ArzA-6 and Geobacillus toebii ArzA-8 strains. 
EPSs production was investigated under different time, temperature and culture media’s composition. The highest specific 
EPSs production yield (0.27 g g−1 dry cells and 0.22 g g−1 dry cells for strains G. thermodenitrificans ArzA-6 and G. toebii 
ArzA-8, respectively) was observed after 24 h when fructose was used as sole carbon source at 65 °C and pH 7.0. Purified 
EPSs displayed a high molecular mass: 5 × 105 Da for G. thermodenitrificans ArzA-6 and 6 × 105 Da for G. toebii ArzA-8. 
Chemical composition and structure of the biopolymers, determined by GC–MS, HPAE-PAD and NMR, showed that both 
the two EPSs are heteropolymers composed by mannose as major monomer unit. Optical rotation values [α]D

25 °C of the two 
EPSs (2 mg ml−1  H2O) were − 142,135 and − 128,645 for G. thermodenitrificans ArzA-6 and G. toebii ArzA-8, respectively.

Keywords Extracellular polysaccharide (EPS) · Thermophiles · 16S rRNA gene sequence · Geobacillus · Chemical 
analysis

Introduction

High molecular mass extracellular carbohydrate polymers, 
exopolysaccharides (EPS), constitute part of the outer enve-
lope of many prokaryotic and eukaryotic microorganisms 
(Sutherland 1997; Pal and Paul 2008; Nwodo et al. 2012; 
Nicolaus et al. 2013; Finore et al. 2016). Their composition 

and chemical structure are very varied: they are homo- or 
heteropolysaccharides containing also different organic and 
inorganic substituents (Sutherland 1997; Mishra and Jha 
2013). In addition to their structural function, EPSs also 
participate in the process of adhesion to both biological and 
inert surfaces, in cell-to-cell aggregation processes and in 
biofilm formation (Nwodo et al. 2012; Mishra and Jha 2013). 
Moreover, they serve as efficient protective barrier against 
adverse physical and chemical factors (Nichols et al. 2005; 
Wolfaardt et al. 1999; Nwodo et al. 2012) and play a role in 
the protection against desiccation, predation by protozoans 
and viruses and in the survival in nutrient-starved environ-
ments (Kumar et al. 2007).

The EPSs produced by prokaryotes display a wide struc-
tural diversity and, therefore, have found a wide range of 
applications in different industrial sectors due to their physi-
cal, rheological and some other unique properties (Freitas 
et al. 2011; Mishra and Jha 2013). EPSs possible commer-
cial applications range from pharmaceutical to food pro-
cessing, but can also be extended to the detoxification and 
bioremediation processes, to the production of paints, in the 

Communicated by A. Oren.

 * Hovik Panosyan 
 hpanosyan@ysu.am

1 Department of Biochemistry, Microbiology 
and Biotechnology, Yerevan State University, Alex 
Manoogian 1, 0025 Yerevan, Armenia

2 Institute of Biomolecular Chemistry, National Council 
of Research (C.N.R.), Via Campi Flegrei 34, 80078 Pozzuoli, 
NA, Italy

3 Department of Science and Technology, University of Naples 
“Parthenope”, Centro Direzionale, Isola C4, 80143 Naples, 
Italy

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s00792-018-1032-9&domain=pdf


726 Extremophiles (2018) 22:725–737

1 3

field of bionanotechnology and in the petrochemicals’ pol-
lution removal (Sutherland 1997; Sun et al. 2011; Mishra 
and Jha 2013). In recent years, increasing attention has been 
paid to their biological activities as antioxidant (Raveen-
dran et al. 2015) anticoagulant and angiogenic (Matou et al. 
2005), antiviral (Arena et al. 2009; Ghosh et al. 2009; Gug-
liandolo et al. 2015), immunomodulatory (Lin et al. 2011; 
Gugliandolo et al. 2014), antitumor (Ruiz–Ruiz et al. 2011), 
anti-inflammatory, antithrombotic, antiatherosclerotic, anti-
metastatic and complement-inhibiting molecules (Molina 
et al. 2013).

Many species of bacteria possess the ability to synthe-
size and excrete extracellular polysaccharides (Donot et al. 
2012). EPSs producing microbes have been isolated from 
different natural sources including extreme niches such as 
geothermal springs, cold environments, salt lakes and salt-
erns (Poli et al. 2010, 2017; Nicolaus et al. 2013; Molina 
et al. 2013). Extreme environments are a precious source 
of EPSs producer extremophilic microbes that offer a great 
diversity in the chemical and physical properties of their 
exopolymers. Among the extremophiles, thermophilic EPSs 
producing microbes have found numerous applications in 
various industrial fields (Molina et al. 2013) thanks to the 
unique chemical composition and properties of their extra-
cellular polysaccharides. The main advantages achievable 
using thermophilic producers include short fermentation 
process, better mass transfer and decreased viscosity of the 
fermentation broth. In addition, unlike mesophilic analo-
gous, thermophilic EPSs producers provide no-pathogenic 
products, appropriated for application in food industry, phar-
macy and cosmetics (Nicolaus et al. 2013).

Among the various thermal ecosystems, marine hydro-
thermal vents and geothermal springs are proving to be 
source of thermophiles that are able to produce interesting 
biopolymers, including EPSs. Over the past 20 years, an 
increasing number of EPSs producing thermophilic genera 
and species belonging both Bacteria and Archaea domains 
have been isolated from deep-sea hydrothermal vents and 
terrestrial geothermal springs (Guezennec 2002; Poli et al. 
2010; Mishra and Jha 2013; Nicolaus et al. 2013).

Thermophilic bacilli, due to their very fast growth in 
comparatively simple media with cheap carbon and nitro-
gen sources, are of special interest. Among the thermophilic 
bacilli, only few representatives of the genera Bacillus, 
Geobacillus, Anoxybacillus, Aeribacillus and Brevibacillus 
have been reported as EPSs producers (Manca et al. 1996, 
Nicolaus et al. 2000, 2002; Maugeri et al. 2002; Arena et al. 
2009; Kambourova et al. 2009; Radchenkova et al. 2013, 
Zhao et al. 2014, Yildiz et al. 2014). Thus, the characteriza-
tion and description of chemical composition of novel EPSs 
produced by thermophilic bacilli are a topical and priority 
research and will open prospects for new applications in 
biotechnology.

In this paper, we described two thermophilic EPSs pro-
ducer strains isolated from an Armenian geothermal spring. 
The best production conditions and the chemical–physical 
features of the relative EPSs were also investigated.

Materials and methods

Strains’ isolation and phenotypic characterization

Thermophilic bacilli strains were isolated in sediment sam-
ples from Arzakan (Armenia) geothermal spring which is 
located at 40° 27′ 36.10′′N, 44° 36′ 17.76′′E, at 1490 m 
above sea level. At the sampling site of the thermal fluid, the 
temperature was 44 °C, the pH was 7.2 and the conductivity 
was 4378.3 µS  sm−1.

To enrich aerobic endospore-forming thermophilic bacte-
ria, sediment samples (1 g) were suspended in 10 ml of ster-
ile water and mixed for 1 min. Supernatants were transferred 
to a glass tube with a screw cup and pasteurized at 80 °C for 
10 min in order to isolate only endospore-forming bacilli. 
1.0 ml aliquots were inoculated in nutrient broth (Difco) 
and incubated overnight at 65 °C with shaking at 150 rpm. 
Then, 0.5 ml aliquots of appropriate dilution were placed 
on the same medium supplemented with agar (1.5%, w  v−1) 
and incubated overnight at 65 °C. Cultures showing differ-
ent colony morphology were picked and further purified by 
streaking on the same medium at least three times.

The screening for EPSs production was carried out by 
incubation shake flasks at 65 °C and pH 7.0, in a liquid 
medium A containing (g l−1) glucose, 6; yeast extract, 0.2; 
peptone, 0.1;  MgSO4, 0.1; KCl, 0.2. The mucous consist-
ency of the colonies on the same solidified medium was used 
as indicator of potential EPSs production. The cell morphol-
ogy and sizes, endospore forms and location, motility were 
determined by phase-contrast microscopy (Nikon; Eclipse 
E400 microscope) of freshly prepared wet cells. Tests for 
catalase and oxidase, anaerobic growth, Voges–Proskauer 
reaction, hydrolysis of casein, starch and Tween 80, cit-
rate and propionate utilization, nitrate reduction,  H2S and 
indole production were performed according to the methods 
described by Smibert and Krieg (1981). The utilization of 
various compounds (d-glucose, l-arabinose, d-xylose, ino-
sitol, mannitol) as carbon and energy sources and the acid 
formation from those substances by the bacteria were tested 
at a concentration of 10 g l−1 in the medium B containing 
(g l−1)  (NH4)2HPO4, 1; KCl, 0.2;  MgSO4·7H2O, 0.2; yeast 
extract, 0.2, by addition of 15 ml 0.04% w  v−1 solution of 
bromocresol purple. The growths of bacterial isolates were 
evaluated at various values of pH (5.0–12.0). In particular, 
the pH range for growth was tested at 65 °C at different pH 
using medium nutrient broth (Difco) buffered with 50 mM 
MES (for pH 5.0, 6.0 and 6.7) or with 50 mM HEPES (for 
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pH 7.5 and 8.2) or with 50 mM TAPS (for pH 8.5 and 9.0) 
or with 50 mM CAPS (for pH 9.7, 10.0, 11.0, 12.0). The 
NaCl requirement for growth was studied in nutrient broth 
(Difco) in which the NaCl concentration was supplemented 
up to 12% (w  v−1); growth was also tested at different tem-
perature values (10–75 °C) to find out the optimum growth 
conditions. Growth was evaluated by measuring optical den-
sity (OD) at λ 540 nm. Each experiment was carried out in 
triplicate. All obtained cultures were further stored at − 4 °C.

Strains’ taxonomic characterization

For the extraction of genomic DNA from EPSs produc-
ing isolates, a GenEluteTM Bacterial Genomic DNA Kit 
(Sigma) was used according to the manufacturer’s recom-
mendations. The near complete 16S rRNA gene sequences 
were amplified from extracted DNA using 27F (GAG TTT 
GAT CCT GGC TCA ) and 1525R (GAA AGG AGG AGA TCC 
AGC C) universal bacterial primers (Panosyan and Birke-
land 2014). Sequencing was performed on an ABI PRISM 
capillary sequencer according to the protocol of the ABI 
Prism BigDye Terminator kit (Perkin-Elmer). Sequences 
were screened for chimeras using the Mallard version 1.02 
package (http://www.bioin forma tics-toolk it.org/index .html) 
chimera check tool. A nucleotide BLAST search was per-
formed to obtain information on the phylogenetically clos-
est relative in NCBI database (http://www.ncbi.nlm.nih.
gov/Blast ) (Altschul et al. 1997). The assembled 16S rRNA 
gene sequences were aligned with a representative set of 16S 
rRNA gene sequences obtained from the GenBank database.

The isolates were identified also using the EzTaxon-e 
server (http://www.ezbio cloud .net/eztax on), based on 16S 
rRNA gene sequence data (Kim et al. 2012). Phylogenetic 
tree was constructed using the neighbor-joining method with 
MEGA 6.06 software (Tamura et al. 2013). Confidence in 
branching points was determined by bootstrap analysis (1000 
replicates). The 16S rRNA gene sequences of strains ArzA-6 
and ArzA-8 have been deposited in GenBank under acces-
sion numbers JQ929020 and JQ929022, respectively (Pano-
syan and Birkeland 2014).

Microbial growth and production of EPSs

Microbial growth and EPSs production kinetics were mon-
itored in batch culture at 240 rpm, 65 °C, pH 7.0 in the 
medium A by sampling 10 ml of culture broth every 2 h 
up to 20 h. Microbial growth was quantified by measur-
ing OD at λ 540. The effect of temperature (50, 55, 60, 65 
and 70 °C) was monitored by incubation in the medium A. 
The effect of sugars was studied by strain incubations in 
the medium A supplemented with fructose or sucrose (with 
concentration 6 g l−1) instead of glucose. When the tempera-
ture’s and carbon sources’ effects were tested, the microbial 

biomass’ production was quantified by centrifugation at 
4000×g for 10 min: the wet cell pellets were recovered and 
weighted after freeze drying. For EPSs quantification, cells 
were removed by centrifugation (4000×g for 10 min) and 
the supernatants were added with an equal volume of cold 
ethanol added drop-wise under stirring in an ice bath. The 
alcoholic solution was kept at -18 °C overnight and then 
centrifuged at 15,000g for 30 min at 4 °C; the pellet was 
recovered and dissolved in hot water, dialyzed against tap 
water for 48 h and against distilled water for 24 h, then it 
was lyophilized and weighted. The carbohydrates’ content 
of the pellets was assayed by means of the phenol–sulphuric 
acid method using glucose as standard (Dubois et al. 1956).

Recovery and purification of EPSs

For the recovery of EPSs, cells were grown in medium A up 
to the stationary phase of growth, then they were removed 
by centrifugation (9800g, 20 min at 4 °C). The resulting 
supernatant was treated with an equal volume of cold etha-
nol and dialyzed as previously described to afford the lyo-
philized crude EPSs. The dried crude EPSs were weighted 
and then both purified by gel chromatography (Sephadex 
G-50; 2.5 × 50 cm) using  H2O/pyridine/acetic acid (500/5/2, 
by volume) as eluent with a flux of 6 ml h−1. Fractions were 
tested for carbohydrate presence by spot test on thin-layer 
chromatography plates by spraying with α-naphthol. The 
EPSs containing fractions were pooled and lyophilized to be 
further purified by anion exchange chromatography (Sepha-
rose DEAE Cl-6B; 1.5 × 40 cm). Elution was carried out 
using 0.1 l  H2O and 1 l NaCl gradient from 0 to 1 mol l−1 
with a flux of 12 ml h−1. The fractions containing the EPSs 
were pooled and lyophilized to be structurally characterised.

Chemical analysis and molecular mass 
determination of EPSs

Carbohydrates’ content of the purified EPSs was determined 
by the method of Dubois et al. (1956) using glucose as a 
standard. Total proteins’ content was estimated by means 
of Bradford’s method using bovine serum albumin as a 
standard (Bradford 1976). Nucleic acids’ content was deter-
mined spectrophotometrically by reading the absorbance at 
260 nm. Uronic acids determination was performed by the 
m-phenylphenol method with glucuronic acid as a standard 
(Blumenkrantz and Asboe-Hansen 1973). Monosaccha-
ride composition analysis was performed by hydrolysis of 
EPSs with 2 mol l−1 trifluoroacetic acid at 120 °C for 2 h. 
The sugar components were identified by both TLC and 
high-pressure anion exchange chromatography with pulsed 
amperometric detection (HPAE-PAD, DIONEX). TLC 
analysis was performed on silica plates using butanol/acetic 
acid/H2O (6/2/2, by volume) as eluent and glucose, fructose, 
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galactose, mannose, arabinose and sucrose as standards. The 
relative molar ratios of monomer sugars were determined 
by means of a high pressure chromatography; an HPAE-
PAD Dionex instrument equipped with a Carbopac PA-1 
column was used; elution was carried out isocratically with 
15 mmol l−1 NaOH as eluent and quantitation of monomers 
was performed using external calibration curves (Caruso 
et al. 2018).

The molecular mass of the EPSs samples (1 mg ml−1 in 
 H2O) was estimated by gel filtration chromatography on a 
Sepharose CL-6B column (1 × 80 cm) using  H2O as elu-
ent with a flow rate of 0.3 ml min−1. Fractions of 3.5 ml 
were collected and tested by spot test on TLC sprayed with 
α-naphthol. A mixture of dextrans with different molecular 
mass (200, 500, and 2000 kDa) was used as standard.

Spectroscopic analysis of EPSs

Optical rotation value was obtained on a Perkin-Elmer 243-B 
polarimeter at 25 °C in water. 1H and 13C NMR spectra were 
performed on a Bruker AMX-300 spectrometer at 50 °C. 
Samples were exchanged twice with  D2O with intermedi-
ate lyophilization step and then dissolved in 500 μl  D2O. 
Chemical shifts were reported in ppm relative to sodium 
2,2,3,3-d4-(trimethylsilyl)propanoate for 1H NMR and to 
 CDCl3 for 13C NMR spectra.

Results

Strains phenotypic characters and phylogeny

Sixteen thermophilic bacilli were isolated from sediment 
samples collected at the Arzakan geothermal spring: among 
the isolated strains, two of them were identified as EPSs pro-
ducers and then designated as ArzA-6 and ArzA-8 strains, 
respectively. These two strains were selected since they were 
able to grow in medium A with glucose as a sole carbon 
source forming colonies with mucous consistence. The 
strains ArzA-6 and ArzA-8 were deposited at the Microbial 
Depository Center of Armenia under accession numbers 
MDC11858 and MDC11859, respectively.

Both EPSs producing strains were motile Gram posi-
tive, endospore forming, facultative anaerobic, oxidase and 
catalase positive. At optimal growth conditions, the two iso-
lates were able to hydrolyze casein and starch and to reduce 
nitrate to gas.

Colonies of the strain ArzA-6 were flat with lobate mar-
gins and off-white to beige in color. Colonies of the strain 
ArzA-8 were cream in color, with smooth, glossy surfaces. 
Both isolates were unable to grow at temperature under 
45 °C and above 75 °C. Growth at 65 °C (optimal growth 
temperature) occurred in wide range of pH, with an optimum 

pH value of 7.0. No growth was observed in the presence of 
NaCl concentration > 5% w  v−1. The Voges–Proskauer test 
for the isolate ArzA-6 was negative, while for the isolate 
ArzA-8 it was positive. Both isolates produced acid from 
d-glucose and inositol, while the isolate ArzA-6 was able 
to produce acid from l-arabinose. In contrast to the isolate 
ArzA-8, the isolate ArzA-6 was able to hydrolase Tween. 
The isolate ArzA-8 was able to utilize propionate and citrate 
as well.

Phenotypic characteristics were compared with those of 
the following thermophilic reference strains: Geobacillus 
toebii DSM  14590T [identical to Parageobacillus toebii 
(Aliyu et al. 2016)], G. thermodenitrificans DSM  465T, G. 
thermodenitrificans subsp. calidus  F84bT and G. galactosi-
dasius  CF1BT. Results are reported in Table 1.

Phylogenetic analysis revealed that both 16S rRNA gene 
sequences from isolates were similar to those from differ-
ent species of genus Geobacillus. Based on 16S rRNA gene 
sequence data using EzTaxon-e server, the strain ArzA-6 
was most closely related to G. thermodenitrificans subsp. 
calidus  F84bT (= DSM  22629T = NCIMB  14582T) (99.7% 
similarity with 94.7% completeness) and Geobacillus ther-
modenitrificans subsp. thermodenitrificans  KCTC3902T 
(98.7% similarity with 100% completeness). Based on the 
gene sequence similarities, the strain ArzA-8 was strictly 
related to G. galactosidasius CF1B T (99.8% similarity with 
94.4% completeness) and G. toebii NBRC 107807 T (98.9% 
similarity with 100% completeness). Results are shown in 
Table 2.

Neighbor-joining evolutionary distance tree based on 16S 
rRNA gene sequences for isolated strains and selected refer-
ence sequences was constructed (Fig. 1). The position of the 
strain ArzA-6 in the phylogenetic tree next to G. thermod-
enitrificans species clearly indicates that the studied strain 
belongs to G. thermodenitrificans species.

The phylogenetic tree confirms that isolate ArzA-8 con-
stitutes a part of the cluster with G. toebii and G. galac-
tosidasius. The comprehension of its physiological and bio-
chemical properties with those of the type strains revealed 
more similarities between ArzA-8 and G. toebii DSM 
 14590T (Table 1). However, more detailed studies are nec-
essary to confirm taxonomic affiliation of the isolate.

EPS production

The optimization of the production of both microbial bio-
mass and EPSs was carried out by assessing the best values 
of time, temperature and carbon sources. The time course 
of the microbial growth and EPSs production was fol-
lowed by incubation at the isolation’s temperature (65 °C) 
over a period of 20 h. The cellular growth of both strains 
was determined by measuring the optical density (OD) 
at λ 540 nm and reached a maximum value in the range 
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between 10 – 18 h of incubation (Fig. 2). A similar trend was 
shown by the EPSs synthesis that was determined by etha-
nol precipitation of the polysaccharides as described in the 

experimental section. For both the strains, the EPSs produc-
tion begun in the middle of the exponential phase of growth 
and reached the maximum level (96.8 and 96.28 µg ml−1 for 

Table 1  Comparison of phenotypic properties of thermophilic bacilli 
isolated from Arzakan geothermal spring with its nearest phyloge-
netic neighbor Geobacillus species (1, G. toebii DSM  14590T; 2, G. 

thermodenitrificans DSM  465T; 3, G. thermodenitrificans subsp. cali-
dus  F84bT and 4, G. galactosidasius  CF1BT)

+ Positive, − negative, ± weakly positive result, v variable, Nd not determined, E ellipsoidal, O oval, T terminal, S subterminal
a Data from Sung et al. (2002)
b Data from Manachini et al. (2000) and Nazina et al. (2001)
c Data from Cihan et al. (2011)
d Data from Poli et al. (2011)

Characteristics Strains

ArzA-6 ArzA-8 1a 2b 3c 4d

Cell size (µm) 0.3–0.7 × 2.1–2.6 0.4–0.9 × 2.5–3.4 0.5–0.9 × 2.0–3.5 0.5–1.0 × 1.5–2.5 0.6–0.9 × 1.6–2.9 Nd
Motility + + + ND + +
Spore form/location 0/T or S E/S or T E/S or T 0/S or T E/T Nd
Swell sporangia − + + − − Nd
Temperature range (Topt) (°C) 45–70 (65) 45–75 (65) 45–70 (60) 45–70 (Nd) 45–69 (60) 50–75 (70)
NaCl range (optimum) (%) 0–5.0 (2.0) 0–5.0 (2.5) 0–< 5.0 (Nd) 0–3.0 (Nd) 0–5.0 (3.0–3.5) 0.1–0.2
pH range (optimum) 6.0–10.5 (7.0) 6.0–9.0 (7.0) 6.0–9.0 (7.5) 6.0–8.0 (Nd) 7.0–8.5 (8.0) 6.0–8.0 (7.2)
Anaerobic growth + ± Nd + + Nd
Voges-Proskauer − + + − − Nd
Catalase + + + + + +
Acid from
 d-Glucose + ± − + + −
 l-Arabinose + − − + + Nd
 d-Xylose − − − + + +
 Inositol + + + Nd Nd Nd
 Mannitol − − − Nd + Nd

Hydrolysis of
 Casein + + + v − −
 Tween 80 ± − Nd Nd Nd Nd
 Starch + ± − + + −

Utilization of
 Citrate − + − − − −
 Propionate − + Nd Nd Nd Nd

Nitrate reduction + + + + + +
Production of
 Indole − Nd Nd − − −
 Urease − Nd Nd − − −
 H2S − Nd Nd Nd − Nd

Table 2  The comparison 
of strains’ 16SrRNA gene 
sequences using the EzTaxon-e 
server

Isolate Sequence length 
(bp)

Closest phylogenetic match and 
Accession number

Similarity % Accession 
number in 
GenBank

ArzA-6 912 G. thermodenitrificans subsp. 
calidus  F84bT |EU477773|

99.7 JQ929020

ArzA-8 790 G. toebii NBRC  107807T

|BDAQ01000034|
98.9 JQ929022
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G. thermodenitrificans strain ArzA-6 and G. toebii strain 
ArzA-8, respectively) at the stationary phase of cultivation. 
EPSs yield, therefore, increased with microbial biomass 
production, thus suggesting a growth-associated produc-
tion. As usually observed for thermophilic processes, also 
for the studied strains the maximum EPSs production was 
reached in significantly shorter time than for the correspond-
ing mesophilic processes.

Among the different factors (pH, incubation period, car-
bon and nitrogen sources) that can influence either microbial 
growth or EPSs production, the incubation temperature is an 
important parameter that can influence both the processes. 
To investigate the effect of temperature, the cellular growth 
and the EPSs production of G. thermodenitrificans strain 
ArzA-6 were investigated at five different temperatures rang-
ing from 50 to 70 °C at pH 7. The highest yields of both 
EPSs and microbial biomass for the strain ArzA-6 were 
observed at 65 °C (Fig. 3).

Finally, the effect of the sugar source was investigated by 
incubating both the strains at 65 °C for 18 h in the medium A 
supplemented with glucose or fructose or sucrose. The effect 
on both microbial biomass and EPSs production is reported 
in Fig. 4. With respect to the microbial biomass production, 
all the tested sugars supported well the cell growth although 

sucrose afforded the best results either for G. toebii ArzA-8 
and G. thermodenitrificans ArzA-6. With regard to the total 
EPSs production, fructose afforded the higher yields both 
in terms of total and specific production, either for G. ther-
modenitrificans ArzA-6 or G. toebii ArzA-8. Indeed, when 
fructose was used, a total yield of 76 mg l−1 for G. thermod-
enitrificans ArzA-6 was found, corresponding to a specific 
EPS production yield of 0.27 g g−1 dry cells. Similarly, for 
G. toebii ArzA-8 strain in the presence of fructose produced 
about 80 mg ml−1 of EPS, corresponding to a specific yield 
of 0.22 g g−1 dry cells. Therefore, the best conditions for 
EPSs production for both the strains were represented by 
incubation in medium A supplemented by fructose, at 65 °C 
for 18 h.

EPS structural and chemical characterization

The chemical and physical analyses were carried out on 
EPSs samples recovered after 24 h cultivation at 65 °C, pH 
7 and 240 rpm in the fructose media. The gross chemical 
composition of both the polymers was very similar: the 
EPS recovered from G. thermodenitrificans strain ArzA-6 
(Table 3) presented a high carbohydrates’ percentage, a 
low proteins’ and nucleic acids’ amount, and a significant 

Fig. 1  Phylogenetic tree based 
on nearly complete 16S rRNA 
gene sequences, showing the 
relationships between isolated 
strains and closely related 
bacilli type strains. Bootstrap 
values, expressed as percentages 
of 1000 replicates, are shown 
for branches with more than 
80% bootstrap support (isolates 
are presented in bold). Bar 
indicates 0.01 substitutions per 
nucleotide position
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uronic acids level. The same tests were performed also for 
the dry crude EPS harvested from G. toebii strain ArzA-8: 
as reported in Table 3. This EPS showed high levels of car-
bohydrates with lower amounts of uronic acids, coupled with 
low quantities of both proteins and nucleic acids.

The molecular mass of both EPSs was estimated by 
means of gel filtration chromatography, using an external 
calibration curve derived using standard dextrans. In the 
case of G. thermodenitrificans ArzA-6, the estimated molec-
ular mass was about 5 × 105 Da, while for G. toebii ArzA-8 
the average mass was 6 × 105 Da. Optical rotation values 
[α]D

25 °C of the two EPSs (2 mg ml−1  H2O) were − 142,135 
and − 128,645 for G. thermodenitrificans ArzA-6 and G. 
toebii ArzA-8, respectively.

The monomer composition of the purified biopolymers 
was determined by means of HPAE-PAD analysis of acid 
hydrolysis mixtures of EPSs, and by GC–MS analysis of 
the relative methyl glycoside acetates. On a quality level, 
the two polymers showed a very similar composition. In the 
case of the EPS from G. thermodenitrificans strain ArzA-
6, five monosaccharide units (Table 3) were identified, i.e., 
mannose as main monomer sugar with galactose, arabinose, 
fructose and glucose in smaller amounts. Regarding the EPS 
produced by the G. toebii ArzA-8 strain, the chemical com-
position showed that this polymer was composed by four 
monomer sugars, i.e., mannose and galactose as main com-
ponents, with glucose and arabinose as the minor units (see 
Table 3 for the molar ratios).

The EPSs structure was further investigated by means 
of 1H and 13C NMR analysis that confirmed their complex 
nature. As already suggested by the chemical analysis, the 
two EPSs shared some main features; indeed, the anomeric 
region of the 1H spectra of both of them showed inter alia 
four main signals at δ 5.214, 5.038, 4.972 and 4.828 ppm 
labeled A, B, C and D, respectively (Fig. 5). The chemical 
shift values of A and B signals are typical of sugars in α con-
figuration, while those of C and D residues can be referred to 
β-monosaccharides. The four signals in the two spectra were 
attributed to the presence of mannose, glucose, galactose 
and arabinose, previously identified by chemical analysis. 
The presence of fructose was not evidenced in the spectrum 
of G. toebii ArzA-8 strain (upper trace in Fig. 5) due to the 
lack of the anomeric proton in this monosaccharide. The A, 
B and D signals were broad singlets with the same coupling 
constant value (Table 4) that, based on the data available in 
literature, could be attributed to gluco-galacto sugars’ con-
figuration, whereas the anomeric signal labeled as C was a 
doublet with a coupling constant value indicating the occur-
rence of a manno configuration.

The main differences were found in the upfield region at 
2.65 and 1.82 ppm that reflected the different distribution of 
substituent groups like acetate and lactate residues, respec-
tively, and around 1.2 ppm where the protons of deoxysugars 
usually can be found.

The 13C-NMR spectra of the two EPSs were also very 
similar (Fig. 6) since they were characterized by two signals 
in the downfield region of anomeric carbons at 103.7 and 
99.52 ppm, by seven signals in the ring’s carbons region at 

Fig. 2  Time course of growth and EPS production by strains G. ther-
modenitrificans ArzA-6 (a) and G. toebii ArzA-8 (b) at 65 °C, pH 7, 
240  rpm in the medium A. Samples were taken in 2  h interval and 
assayed for growth (black line) and EPS content (gray line)

Fig. 3  Effect of temperature on microbial biomass (gray bars) and 
EPS (black bars) production by G. thermodenitrificans strain ArzA-6 
strains shaking cultures (18 h, medium A, 240 rpm)
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Fig. 4  Effect of sugars (glucose, 
fructose and sucrose 6 g l−1) on 
biomass (gray bars) and EPS 
(black bars) production by G. 
thermodenitrificans ArzA-6 and 
G. toebii ArzA-8 strains shak-
ing cultures (18 h, medium A, 
65 °C, 240 rpm)

Table 3  Physicochemical 
properties of EPSs isolated from 
G. thermodenitrificans ArzA-6 
and G. toebii ArzA-8 strains

Man mannose, Gal galactose, Ara arabinose, Fru fructose, Glc glucose

Properties G. thermodenitrificans strain 
ArzA-6

G. toebii strain ArzA-8

Carbohydrate content (%) 57 44
Protein content (%) 6.1 7
Uronic acid (%) 5.1 3.3
Molecular mass (Da) 5 × 105 6 × 105

Optical rotation − 142,135 − 128,645
Sugar analysis (ratios of sugars) Man/Gal/Ara/Fru/Glc 

(1/0.13/0.1/0.06/0.05)
Man/Gal/Glc/Ara (1/0.5/0.2/0.05)

Fig. 5  1H NMR spectra of 
the EPSs from G. thermod-
enitrificans ArzA-6 and G. 
toebii ArzA-8 strains. Chemi-
cal shifts are reported in ppm 
relative to sodium 2,2,3,3-d4-
(trimethylsilyl)propanoate
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74.61, 71.97, 71.74, 71.38, 68.33 and 66.95 ppm and by the 
peak at 62.44 ppm typical of the exocyclic carbons.

Discussion

A limited number of thermophilic bacilli isolated from ter-
restrial geothermal springs and hydrothermal vents that are 
able to produce EPSs have been investigated over the last 
decades. For some of such species, the chemical composi-
tion, structure, biosynthesis and functional properties of the 
relative EPSs have been described by recent papers (Yildiz 
et al. 2014; Radchenkova et al. 2013; Nicolaus et al. 2013). 
EPSs producing thermophilic bacilli belonging to the genera 
Geobacillus, Anoxybacillus, Aeribacillus and Brevibacillus 
have been isolated from geothermal springs in Italy, Bul-
garia, China and Antarctica (Table 5) but very little is known 
about the diversity of microorganisms with EPSs productiv-
ity thriving in Armenian geothermal springs. In this study, 
among the 16 thermophilic bacilli isolated from Arzakan 
(Armenia) geothermal spring’s sediment samples, two EPSs 

producers, namely G. thermodenitrificans strain ArzA-6 and 
G. toebii strain ArzA-8, were identified. The EPSs produc-
tivity of these two strains showed to be significant when 
compared with the production’s capability of other bacilli 
(Table 4), mainly to those belonging to the genus Geobacil-
lus. Indeed, the yield of EPSs from the new isolates from 
Arzakan geothermal spring obtained using media containing 
fructose was higher than the majority of other Geobacillus 
species (Table 5). The highest EPS yield from G. thermod-
enitrificans ArzA-6 and G. toebii strain ArzA-8 was 76 and 
80 mg l−1, respectively. Other species from the same genus, 
i.e., G. thermodenitrificans B3-72, G. toebii, G. stearother-
mophilus and Geobacillus sp. 4004 (Table 5), showed less 
minor productivity. G. thermodenitrificans B3-72 isolated 
from a shallow hydrothermal vent in Eolian Island of Italy 
exhibited a maximum EPS yield of 70 mg l−1 under opti-
mized conditions with glucose or sucrose as carbon sources; 
G. toebii isolated from Rupi hot spring in Bulgaria exhibited 
a maximum EPS yield of 50 mg l−1 under optimized condi-
tions with sucrose as carbon source. The only Geobacillus 
strain that exhibited a higher EPSs productivity was G. ther-
mantarcticus (identical to Parageobacillus thermantarcti-
cus), a species isolated from Mount Melbourne in Antarc-
tica (Manca et al. 1996; Coorevits et al. 2011; Aliyu et al. 
2016) that produced 400 mg l−1 when mannose was used 
as carbon source. The highest yields were afforded only by 
bacilli belonging to the genera Anoxybacillus, Aeribacillus 
and Brevibacillus. Anoxybacillus sp. R4-33, a thermophilic 
and radiation-resistant bacterium isolated from the radon 
hot springs in China, showed EPSs yield of 1.083 g l−1, the 
highest level of polymer synthesis by thermophilic bacilli 
reported so far (Zhao et al. 2014). The only EPSs producer 
belonging to genus Aeribacillus, A. pallidus strain 418, was 
recently isolated from Rupi hot spring, Bulgaria and its EPS 
yield was 80 mg l−1 (Radchenkova et al. 2013). Among the 

Table 4  Chemical shifts and coupling constant of anomeric signals 
in 1H-NMR spectra of EPSs isolated from G. thermodenitrificans 
ArzA-6 and G. toebii ArzA-8 strains

a Labels refer to signals with decreasing δ
b d doublets, s singlets
c coupling constant

Typea δ1H Multiplicityb Jc
1,2 Configuration

A 5.207 pseudo s 0.5–1 Hz α-Manno
B 5.035 d 5–7 Hz α-Gluco-galacto
C 4.973 pseudo s 0.5–1 Hz β-Manno
D 4.823 pseudo s 0.5–1 Hz β-Manno

Fig. 6  13C-NMR spectrum of 
the EPSs from G. thermodeni-
trificans ArzA-6 and G. toebii 
ArzA-8 strains. Chemical shifts 
are reported in ppm relative to 
 CDCl3
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EPSs producers belonging to genus Brevibacillus, the high-
est EPSs production (863 mg l−1) was observed for the strain 
B. thermoruber strain 423 isolated from Gradechnista hot 
spring in Bulgaria (Yildiz et al. 2014). The data here pre-
sented confirm, therefore, that the representatives of the 
genus Geobacillus are less EPSs productive than other ther-
mophilic bacilli described until now. Thus, the isolation and 
identification of new thermophilic geobacilli from natural 
sources are demanded in terms of discovery of novel more 
efficient EPSs producers.

The time courses of microbial growth and EPSs synthesis 
revealed that EPSs yield increased with biomass concentra-
tion, thus suggesting a growth-associated production, as pre-
viously reported for other types of EPSs (Radchenkova et al. 
2013; Yildiz et al. 2014). Although EPSs yields can vary as 

a function of the growth phase, most studies have shown that 
the EPSs levels remain constant throughout the batch cycle 
of growth (De Vuyst et al. 1998; Castellane et al. 2014). 
Under the tested conditions, both the isolated strains synthe-
sized EPSs from the early growth phase through the station-
ary phase. As a thermophilic process accruing effectively at 
65 °C, the maximum production by strains was determined 
for a period relatively shorter than the mesophilic processes.

Detailed studies of the EPSs structure are important 
not only to understand the biopolymers’ physicochemical 
and biological properties, but also to assess their poten-
tial exploitation in industrial or medical applications. 
Exopolysaccharides produced by thermophilic bacilli are 
complex molecules (heteropolysaccharides) formed by 
the repetition of more types of sugars, the most common 

Table 5  EPS production yields, molecular mass and chemical composition of selected thermophilic bacilli

NR not reported, Man mannose, Gal galactose, Ara arabinose, Fru fructose, Glc glucose, GlcN glucosamine, GalN galactosamine, Fuc fucose, 
Rib ribose, ManN mannosamine

Microorganisms Isolation source Carbon source EPS 
yield 
(mg l−1)

EPS molecular mass (kDa), 
chemical composition (relative 
ratio)

References

Geobacillus thermodeni-
trificans ArzA-6

Arzakan geothermal 
spring, Armenia

Fructose/glucose 76 500, Man/Gal/Ara/Fru/Glc 
(1/0,13/0,1/0,06/0,05)

Present study

Geobacillus toebii 
ArzA-8

Arzakan geothermal 
spring, Armenia

Fructose/sucrose 80 600, Man/Gal/Glc/Ara 
(1/0,5/0,2/0,05)

Present study

Geobacillus (Parageoba-
cillus) thermantarcticus

Crater of Mount Mel-
bourne, Antarctica

Mannose 400 EPSI, 300, Man/Glc (1/0.7) Manca et al. (1996), Coor-
evits et al. (2011), Aliyu 
et al. (2016)

Geobacillus sp. 4004 Flegrean hydrothermal 
vents, Ischia Island, 
Italy

Trehalose 60 EPS, 1000, Gal/Man/GlcN/
Ara (1.0/0.8/0.4/0.2)

Nicolaus et al. (2002), Poli 
et al. (2010)

Geobacillus thermodeni-
trificans B3-72

Shalow hydrothermal 
vent, Eolian Island, 
Italy

Glucose/sucrose 70 EPS2, 400, Man/Glc (1/0.2) Nicolaus et al. (2000), 
Arena et al. (2009)

Geobacillus stearother-
mophilus 1A60

Shallow hydrothermal 
vent, Panarea Island, 
Italy

Sucrose <60 NR, Man/Gal/GalN/Fuc/Glc 
(1:0.69:0.65:0.59:0.35)

Gugliandolo et al. (2010)

Geobacillus toebii Rupi hot spring, Bulgaria Sucrose 50 NR Radchenkova et al. (2013)
Anoxybacillus tepida-

mans V264
Velingrad hot spring, 

Bulgaria
Maltose 111.4 1000, Glc/Gal/Fuc/Fru 

(1/0.07/0.04/0.02)
Kambourova et al. (2009), 

Coorevits et al. (2011)
Anoxybacillus kenstanbo-

lensis 415
Mizinka hot spring, 

Bulgaria
Sucrose 25.3 NR Radchenkova et al. (2013)

Anoxybacillus sp. R4-33 Radioactive radon hot 
spring, China

Glucose 1083 EPSII, 1000, Man/Glc 
(1/0.45)

Zhao et al. (2014)

Aeribacillus pallidus 418 Rupi hot spring, Bulgaria Maltose 80 EPSI, 700, Man/Glc/
GalN/GlcN/Gal/Rib 
(1/0.16/0.09/0.07/0.06/0.04)

EPSII, 1000, Man/Gal/Glc/
GalN/GlcN/Rib/Ara (1/0.52/
0.45/0.34/0.23/0.15/0.14)

Radchenkova et al. (2013)

Brevibacillus thermoru-
ber 438

Rupi hot spring, Bulgaria Maltose 78.1 NR Radchenkova et al. (2011)

Brevibacillus thermoru-
ber 423

Gradechnista hot spring, 
Bulgaria

Maltose 863 NR, Glc/Gal/GalN/
Man/ManN 
(1/0.28/0.25/0.16/004)

Yildiz et al. (2014)
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of which are glucose, galactose and mannose. The pres-
ence of other neutral sugars, such as rhamnose and fucose, 
of some uronic acids and amino sugars in thermophilic 
bacilli EPSs was also established (Molina et al. 2013). 
EPSs containing a comparable high number of monosac-
charides were described for EPSs producers belonging to 
the genera Anoxybacillus, Aeribacillus and Brevibacillus, 
but not to the genus Geobacillus (Table 5). Indeed, man-
nose and glucose were the only monomers composing the 
EPSs from both G. thermodenitrificans B3-72 and G. ther-
mantarcticus (Nicolaus et al. 2000, Manca et al. 1996); 
the only exception was represented by the EPS isolated 
from G. stearothermophilus 1A60 that presented five main 
monosaccharide components (Gugliandolo et al. 2010).

EPSs containing uronic acids find wide application, 
especially for the production of cosmetics due to their 
hydrating properties (Sutherland 1997). The presence of 
significant levels of uronic acids was assessed for the EPSs 
produced by both the studied thermophilic strains. With 
regard to the measured protein content (6.1 and 7%, for 
G. thermodenitrificans strain ArzA-6 and G. toebii strain 
ArzA-8, respectively), it is probably the result of the syn-
theses of extracellular enzymes.

The molecular mass of the EPSs produced by the ther-
mophilic bacilli varies in the range 300–1000 kDa. The 
molecular mass of the EPSs from G. thermodenitrificans 
ArzA-6 and G. toebii ArzA-8 was determined to be about 
500 and 600 kDa for, respectively. EPSs from other geo-
bacilli were of the same magnitude order: for example, 
the EPSs from G. thermantarcticus showed a molecular 
mass of about 300 kDa (Manca et al. 1996), while the 
molecular mass for the EPS isolated from Geobacillus sp. 
4004 was approximately 1000 kDa (Poli et al. 2010). A 
high molecular mass is typical also for EPSs produced 
by species belonging to other thermophilic bacilli genera, 
e.g., for A. tepidamans strain V264 (Kambourova et al. 
2009), Anoxybacillus sp. strain R4-33 (Radchenkova et al. 
2013) and A. pallidus strain 418 (Zhao et al. 2014) had a 
molecular mass 1000 kDa.

New EPS producing geobacilli are the object of great 
interest to study the biological role and the potential appli-
cations in biotechnology of microbial exopolysaccharides.

Bacterial EPSs can find useful and interesting applica-
tions in biotechnology; nevertheless, their application is 
limited because most bacterial producers are pathogenic 
species. To fill this gap, the screening of new nonpatho-
genic EPSs producers such as thermophilic bacteria is a very 
important task. Our isolated strains are among the limited 
number of reported thermophilic EPS producers. Moreo-
ver, G. thermodenitrificans ArzA-6 and G. toebii ArzA-8 
strains also exceed other thermophilic producers belong-
ing to the genus Geobacillus in light of the high level of 
polymer synthesis (Table 5). The high optimal temperature 

for EPS synthesis, the high EPS production in a medium 
with fructose as a carbon source and the high amount of 
uronic acids in EPSs are also distinguished characteristics 
of obtained strains. This work reports for the first time a 
detailed description of cultivation conditions for EPSs pro-
duced by thermophilic bacilli isolated from an Armenian 
geothermal spring.
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