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Abstract We have isolated a novel exopolysaccharide (EPS)
produced by the extreme halophilic archaeon Haloterrigena
turkmenica. Some features, remarkable from an industrial
point of view, such as emulsifying and antioxidant properties,
were investigated. H. turkmenica excreted 20.68 mg of EPS
per 100 ml of culture medium when grown in usual medium
supplemented with glucose. The microorganism excreted the
biopolymer mainly in the middle exponential growth phase
and reached the maximal production in the stationary phase.
Analyses by anion exchange chromatography and SEC-TDA
Viscotek indicated that the EPS was composed of two main
fractions of 801.7 and 206.0 kDa. It was a sulfated
heteropolysaccharide containing glucose, galactose, glucos-
amine, galactosamine, and glucuronic acid. Studies performed
utilizing the mixture of EPS anionic fractions showed that the
biopolymer had emulsifying activity towards vegetable oils
comparable or superior to that exhibited by the controls, mod-
erate antioxidant power when tested with 2,2′-diphenyl-1-
picrylhydrazyl (DPPH·), and moisture-retention ability higher
than hyaluronic acid (HA). The EPS fromH. turkmenica is the
first exopolysaccharide produced by an archaea to be

characterized in terms of properties that can have potential
biotechnological applications.
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Introduction

Exopolysaccharides (EPSs) are high molecular weight poly-
mers secreted by microorganisms into the surrounding envi-
ronment. These macromolecules can be found as in capsular
material or as dispersed slime with no association to any par-
ticular cell (Sutherland 1982), and they act like an adhesin
favoring interactions and cellular associations among micro-
organisms. In this manner, EPSs create micro-environments
within which the transfer of genes and metabolites is very
common, so providing a way for microorganisms to ensure
their survival in nutrient-starved environments (Sutherland
2001). Another important role concerns the protective func-
tion they provide against high or low temperature and salinity
or against possible predators (Krüger et al. 2008; Nichols et al.
2005). Their composition greatly varies: they can be either
homo- or heteropolysaccharides and may also contain a num-
ber of different organic and inorganic substituents such as
acetic acid, pyruvic acid, sulfate, and phosphate. EPSs have
stimulated great interest among biotechnologists because they
can have a wide range of potential applications in many in-
dustrial fields in which emulsifying, viscosifying, antioxidant,
and chelating agents are required (Freitas et al. 2011). For
example, xanthan gum, one of the most well-knownmicrobial
EPSs, is commonly used as a thickener in both food and non-
food industries due to its physical properties (Becker et al.
1998). Moreover, large attention has been devoted to these
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molecules because of their bioactive role; in fact, bacterial
EPSs have also received an increasing pharmaceutical interest
as antitumor, antiviral, immune-stimulatory, and anti-
inflammatory agents (Arena et al. 2006; Arena et al. 2009).
The antioxidant power of the EPSs has also been pointed out
by several authors (Priyanka et al. 2014; Sun et al. 2014), and
EPSs having antioxidant activity could be used as food sup-
plements or as protective agents in pharmaceutics (Guo et al.
2010).

Extracellular polysaccharide-producing microorganisms
are found in different classes of two domains, Bacteria and
Archaea, living in a variety of environments, even extreme. A
thermophilic aerobic Bacillus isolated from a shallow hydro-
thermal vent at Vulcano island, Italy, was found to excrete two
different exopolysaccharides, and the extremely thermophilic
anaerobic bacterium Thermotoga maritima was able to pro-
duce a significant amount of biofilms (Nicolaus et al. 2000;
Van Fossen et al. 2008). Among halophilic bacteria, the
commonest EPS-producing microorganisms belong to the ge-
nus Halomonas and the most important are represented by
H. maura, H. eurihalina, H ventosae, H. anticariensis, and
Halomonas sp. (Arias et al. 2003; Béjar et al. 1998; Mata
et al. 2006; Poli et al. 2009).

EPSs have also been isolated from different genera of ar-
chaea, mainly belonging to thermophilic and halophilic
groups. Various thermoacidophilic archaea, including mem-
bers of the genera Sulfolobus and Thermococcus, were ob-
served to excrete sulfated heteropolysaccharides (Nicolaus
et al. 1993; Rinker and Kelly 1996), whereas Archaeoglobus
fulgidus accumulated quantities of EPSs as biofilm (Hartzell
et al. 1999). Amounts of EPSs are excreted by members of the
halophilic genera Haloarcula, Haloferax, and Halobacterium
(Nicolaus et al. 1999; Paramonov et al. 1998; Severina et al.
1990). Antón et al. (1988) firstly reported on the production of
EPS by a halophilic archaeon. The authors described
Haloferax mediterranei (ATCC 33500) as a producer of an
extracellular polymer that gave a typical mucous character to
the colonies and was responsible for the appearance of a su-
perficial layer in an unshaken liquid medium.

With the goal of finding EPSs with novel and valuable
properties, the polysaccharide-producing capacity of the ex-
treme halophilic archaeon Haloterrigena turkmenica was in-
vestigated. This microorganism, originally isolated and de-
scribed as Halococcus turkmenicus, and successively trans-
ferred to the new genus Haloterrigena, belongs to the
euryarchaeal family of Halobacteriaceae (Ventosa et al.
1999). H turkmenica, isolated from sulfate saline soil in
Turkmenistan, is a Gram-negative microbe with shape vari-
able from coccoid or oval to rod and relatively fast growth. It
is a chemoorganotrophic, carotenoid-containing extreme hal-
ophile which requires at least 2 M NaCl for growth. In the
present study, we report on the capacity of this microorganism
to synthesize an EPS in culture media added with different

sugars and on the polysaccharide characterization.
Moreover, properties of relevant importance in determining
possible future applications of the exopolysaccharide were
also investigated.

Materials and methods

Chemicals

Chemicals for the preparation of liquid growth media, bovine
serum albumin (BSA), Congo red, cetylpyridinium chloride,
glucose, galactose, galactosamine, glucosamine, glucuronic
acid, Tween 80, Tween 20, Triton X-100, sodium alginate,
chitosan, hyaluronic acid (HA), 2,2 ′-diphenyl-1-
picrylhydrazyl free radical (DPPH·), 2,4,6-tripyridyl-S-tri-
azine (TPTZ), ascorbic acid, and other reagents for antioxi-
dant assays were purchased from Sigma-Aldrich Co. (Milano,
Italy). Reagent for protein determination was obtained from
Bio-Rad Laboratories, Inc. (Hercules, CA, USA). Ethanol was
from Carlo Erba Reagents (Milano, Italy).

Media and growth conditions

H. turkmenica (DSM-5511), obtained byDeutsche Sammlung
von Mikroorganismen und Zellkul turen (DSMZ)
(Braunschweig, Germany), was revitalized following the
manufacturer’s instructions, then grown aerobically at 37 °C
in halobacteria medium M372 (DSMZ catalogue), and stored
in the same medium containing 15 % (v/v) glycerol at −80 °C
until use. For EPS production, two different media were test-
ed: M372 medium, indicated below as HTR, added with 1 %
(w/v) of the following sugars: glucose, mannose, galactose,
fructose, and sucrose, and a modified M372 medium, named
HTY-, in which the yeast extract was reduced to 1 g/l and the
carbon source was represented by 1 % (w/v) of the previous
sugars. All starter cultures were inoculated in 100-ml
Erlenmeyer flask containing 20ml growthmedium and placed
in a rotary water-bath shaker (Aquatron, Infors AG,
Switzerland) at 37 °C and 180 rpm. Archaeal growth was
followed by optical density measurement at 600 nm on a
Varian spectrophotometer (model DMS-200, Varian
Analytical Instruments, Leini, Torino, Italy). At the reaching
of the exponential phase, an aliquot of each starter culture was
used to inoculate a 500-ml Erlenmeyer flask containing
100 ml of the tested growth media. All these cultures were
stopped at the beginning of the stationary phase, then subject-
ed to EPS extraction and purification.

Kinetics of growth and EPS production

In order to identify the various phases of the EPS production,
batch cultures in M372 medium supplemented with 1 % (w/v)
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glucose were scaled up to 1 L (500 ml in 2-l Erlenmeyer
flask). At regular intervals, 100-ml samples were collected
for turbidity measurements of bacterial growth and EPS esti-
mation. Each EPS fraction was subjected to total protein con-
tent determination using the Bio-Rad protein staining assay
with BSA as a standard and carbohydrate content estimation
by the phenol-sulfuric acid method with glucose as a standard
(Bradford 1976; Dubois et al. 1956). The nucleic acid content
was evaluated spectrophotometrically by monitoring the ab-
sorbance at 260 nm.

Congo red staining

The EPS production was evidenced according to the Congo
red staining method of Allison and Sutherland (1984) with
minor modifications. In the assay, a coverslip was immersed
in a static batch culture of H. turkmenica grown in HTR me-
dium added with glucose until reaching the stationary phase;
then, it was gently removed and treated for 30 s with 10 mM
cetylpyridinium chloride, rinsed with distilled water, and air
dried at room temperature for 20 to 30 min. The coverslip was
then fixed in oven at 55 °C for 15 min, allowed to cool,
stained, and intensified with a 2:1 (v/v) mixture of saturated
aqueous Congo red solution and 10% (v/v) Tween 80 solution
for 20 min. Images were observed by a Leica DM6000
UpRight microscope in Bright Field and then collected by
Leica DFC 420 RGB Camera through Leica Application
Suite software.

Extraction and quantification of carotenoids

After cultivation, cells were harvested through centrifugation
at 17,000 rpm for 30min at 4 °C; then, they were suspended in
methanol and stirred for 30 min to extract the pigments. Two
extractions were necessary to obtain a clear color of the cells.
The yellow-orange supernatants, obtained after centrifugation
at 17,000 rpm for 30 min, were pooled and the absorbance at
455 nm (λmax of the extracts) was measured. The yield of
pigments was calculated from total 455 nm absorbance of
extract (absorbance × total volume of the extracts) divided
by the volume of cell growth and expressed as A455 nm/ml
broth. The efficiency of pigment production was calculated
by dividing the yield of pigments by the turbidity of culture
broth at the end of growth and expressed as A455 nm/A600 nm

(Fang et al. 2010).

EPS purification

For biopolymer purification, cells were removed from the cul-
ture broth as above described. The supernatant was boiled for
15 min to inactivate any possible depolymerase (Cerning et al.
1994) and then centrifuged at 4000 rpm for 30 min at 4 °C.
The resulting liquid phase was tenfold concentrated in an

Amicon ultrafiltration unit (Millipore Corporation, Bedford,
USA) equipped with a 10-kDa polyethersulfone membrane
(Millipore Corporation, Bedford, USA). The retentate was
dialyzed in a 12–14-kDa cellulose dialysis tube for 24 h at
4 °C vs deionized water (three changes). Three volumes of
cold ethanol were added drop by drop to the dialyzed sample,
under vigorous stirring, to allow EPS precipitation and then
the hydro-alcoholic solution was left to stand at −20 °C over-
night. The crude polymer was recovered from the solution
through centrifugation at 17,000 rpm for 20 min at 4 °C.
The pellet was washed with absolute ethanol in order to re-
move any soluble low molecular weight impurity, redissolved
in deionized water, and centrifuged at 13,200 rpm for 10 min
at 4 °C. The liquid phase, containing the pure polymer, was
lyophilized.

EPS characterization

FPLC purification (fractioning)

About 25mg of lyophilized EPS were dissolved in 2 ml buffer
A (20 mM sodium acetate, 0.5 M sodium chloride, pH 7.4)
and applied to an anion exchange column (HiPrep Q sepha-
rose 26/10 HP, GE Healthcare, Milan, Italy) attached to an
ÄKTA purifier system (GE Healthcare, Milano, Italy) and
previously equilibrated with buffer B (20 mM sodium acetate,
3 M sodium chloride, pH 7.4) followed by buffer A. After
washing with buffer A, polysaccharides bound to the column
were eluted by applying a linear salt gradient ranging from
buffer A to buffer B in 4 column volumes at a flow rate of
2 ml/min and collected in 2-ml fractions. The biopolymer was
monitored by UV detection at 215 nm. The main peak frac-
tions (137–152 ml) were pooled and concentrated to a volume
of approx. 1 ml by freeze drying (Christ Epsilon 2-6D, Martin
Christ, Osterode am Harz, Germany) and then diafiltered and
concentrated using a 100-kDa centrifugal filter device
(Amicon Ultra, Millipore, Milano, Italy). The 100-kDa per-
meate was diafiltered and concentrated using a 10-kDa cen-
trifugal filter device (Amicon Ultra, Millipore, Milano, Italy).

Hydrodynamic characterization through SEC-TDA

The analyses for molecular mass determination of the retentate
100 -kDa, the retentate 10 -kDa, and the permeate 10 -kDa
were carried out using the SEC-TDA equipment by Viscotek
(Malvern Instruments, Italy). EPS was analyzed at concentra-
tions ranging from 0.3 to 4 g/l to have a column load for each
analysis (injection volume×sample concentration×intrinsic
viscosity) of approximately 0.2 dl, and runs were performed
at 40 °C with a running time of 50 min. The fragment molec-
ular weight distribution, molecular size distribution, polydis-
persity, hydrodynamic radius, and intrinsic viscosity were de-
termined as described in La Gatta et al. (2010).
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Chemical analysis

EPS was subjected to several chemical analyses: the determi-
nation of total protein, carbohydrate, and nucleic acid contents
were estimated as reported above; uronic acids were estimated
according to Blumenkrantz and Asboe-Hansen (1973) utiliz-
ing D-glucuronic acid as a standard, and hexosamines were
determined after hydrolysis with 0.5 M trifluoroacetic acid for
2 h at 120 °C, following the Johnson’s method (1971) with D-
glucosamine hydrochloride as a standard. The presence of
sulfate was attested by using a high-performance liquid chro-
matographic system (ICS3000, Thermo Fisher Scientific,
Italy) equipped with an IonPac AS4A column. A solution of
0.8 mMNa2CO3 and 6.0 mMNaHCO3was used as eluent at a
flow rate of 1 ml/min. A calibration curve prepared with
Na2SO4 as a standard was used to calculate the sulfate content
in the EPS.

Sugar composition was determined as follows: the purified
EPS (3 mg), obtained from anion exchange chromatography,
was hydrolyzed with 1 M HCl for 18 h at 100 °C in an oven.
The sugar components were identified by using the above
high-performance chromatographer equipped with a pulsed
amperometric detector (PAD, Thermo Fisher Scientific,
Italy) on an anion exchange column (Carbopac PA1,
Thermo Fisher Scientific, Italy). They were eluted with a gra-
dient of NaOH from 1 to 100 mM in a 41-min run with a flow
rate of 1 ml/min. Glucose, galactose, galactosamine, glucos-
amine, and glucuronic acid standards were used to determine
the monosaccharide composition in a concentration range
from 0.05 to 0.005 mM.

Emulsifying, moisture-absorption/retention,
and antioxidant activities

The assays were carried out on the anionic fraction of the EPS,
obtained after FPLC purification. The emulsifying activity
was assayed following the E24 method (Cooper and
Goldenberg 1987) with some minor modifications. The EPS
(0.5 %w/v) was dissolved in 2 ml of distilled water and placed
into glass tubes, then 2 ml of hydrophobic substrates (olive oil,
sunflower oil, mineral oil, n- hexane, xylene, and toluene)
were added to each tube, strongly mixed to homogeneity
and left to stand for 24 h at 4 °C. Emulsifying activity was
expressed as the percentage of the height occupied by the
emulsion layer respect to the total height after 24 h. The emul-
sifying properties of the EPS were compared with that of the
following commercial emulsifiers: Tween 80, Tween 20, and
Triton X-100.

Prior to the moisture-absorption test, EPS and the follow-
ing control samples—sodium alginate, chitosan and
hyaluronic acid (HA)—were pulverized to 80 mesh and dried
over P2O5 in vacuo for 24 h. Then, 0.5 g of each sample was
transferred into desiccators under two different relative

humidity levels (RH)—81 % (using a desiccator containing
saturated ammonium sulfate) and 43 % (using a desiccator
containing saturated potassium carbonate)—kept there, and
weighted after 3, 6, 12, 24, 48, and 72 h (Chen et al. 2003).
The moisture-absorption ability was evaluated by the percent-
age of weight increase in the dry samples. The EPS moisture-
retention ability was measured according to Sun et al. (2014)
with minor modifications. Wet samples were prepared by
keeping the EPS and the control samples inside a desiccator
with a 81 % RH level for 72 h. After this period of time,
sample and controls were weighted and then transferred in a
desiccator containing allochroic silica gel, kept there, and
weighted after 3, 6, 12, 24, 48, and 72 h. The moisture-
retention ability was evaluated by the percentage of residual
water in the wet samples.

The capacity for scavenging the DPPH·free radical was
evaluated according to Blois (1958) with some modifications.
Before assay, EPS and HAwere solubilized in deionized water
at the following concentrations: 0.1, 0.25, 0.5, 1.0, 2.0, 3.0,
5.0, 7.5, and 10.0 mg/ml. Three hundred thirty-three microli-
ters of each dilution was added to 666 μl of 100 mM DPPH·
dissolved in absolute methanol, then the mixtures were incu-
bated in the dark for 25 min and centrifuged at 13,200 rpm for
10 min at 4 °C. A control sample, composed of 666 μl
100 mM DPPH·solution and 333 μl of deionized water, was
also prepared, and samples and control were read at 517 nm
against a blank consisting of 666 μl of absolute methanol and
333 μl of deionized water. DPPH·radical scavenging activity
(RSA) was calculated according to the following formula:

RSA %ð Þ ¼ 1−
Absorbancesample

Absorbancecontrol

� �
� 100

Antioxidant activity of the EPS was also measured using
the total antioxidant activity method (TAC) (Prieto et al.
1999). Prior to the assay, EPS and HA were solubilized in
water (5, 10, 15, and 20 mg/ml) and a reagent solution,
consisting of 0.6 M sulfuric acid, 28 mM sodium phosphate,
and 4 mM ammonium molybdate, was prepared. Then, ali-
quots of 0.1 ml of sample solutions, mixed with 1 ml of re-
agent solution, were incubated at 95 °C for 90 min. After
cooling, the absorbance of each sample was measured at
695 nm against a blank consisting of 1 ml of reagent solution
and 0.1 ml of water incubated under the same conditions. A
standard solution of ascorbic acid ranging from 2.5 to 20 μg
was used to obtain a calibration curve. The total antioxidant
activity of the samples was determined by comparing the ab-
sorbance values registered at the end of the assays with those
of the ascorbic acid calibration curve. The results were
expressed as microgram of ascorbic acid equivalents.

Ferric reducing antioxidant power (FRAP) of the EPS was
measured according to Benzie and Strain (1996), with minor
modifications. Briefly, the assay solution, consisting of
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300 mM sodium acetate buffer, pH 3.6, 10 mM 2,4,6-
tripyridyl-S-triazine (TPTZ) in 40 mM HCl, and 20 mM
FeCl3·6H2O, was prepared and mixed in 10:1:1 ratio at the
time of use; then, 50 μl aliquots of EPS or HA solubilized in
water (5, 10, 15, and 20 mg/ml) were added to 1.5 mL of
FRAP solution. After a 4-min incubation, the absorbance
values were read at 593 nm against a blank consisting of only
FRAP solution. Ferric reducing activity was calculated as
above reported by using a calibration curve built with amounts
of ascorbic acid ranging from 0.5 to 6 μg. The results were
expressed as microgram of ascorbic acid equivalents.

Results

Growth studies and EPS production

The presence of the exopolysaccharide was firstly detected by
observation of the H. turkmenica cells grown in unshaken
cultures of HTR supplemented with glucose. Cells were em-
bedded in an amorphous matrix which was formed on the
coverslip, and the polysaccharide nature of the matrix was
confirmed by retention of the Congo red dye. Two different
media were used for H. turkmenica growth, namely M372
medium (HTR) and M372 containing a reduced quantity of
yeast extract (HTY-). To evaluate the effect of different sugars
on EPS production, the microorganism was cultivated in both
media added with 1 % (w/v) glucose, mannose, galactose,
sucrose, and fructose. Growth was observed in both media,
with HTR medium stimulating stronger growth than HTY-
medium, and also EPS production, nevertheless at different
quantities in relation to the sugar used. In Table 1 are
displayed the yields of the EPS obtained from the different
media tested. Negligible amounts of EPS were obtained in all
HTY- media, with the highest yields achieved in the presence
of mannose and sucrose. The highest EPS production in HTR
medium was obtained with glucose (20.68 mg/100 ml culture
medium), while with the other sugars yield was from 1.8 to
4.8-fold lower. The presence of glucose led to the highest
biomass yield both in HTR and HTY- media with cells being
moderately orange-red colored, thus indicating production of
carotenoids. The presence of the pigments was confirmed by
extraction of the colored molecules and measure of the effi-
ciency of pigment production in the extracts. A value of
0.0018 (A455 nm/A600 nm) was observed for the extract from
cells grown inHTR supplementedwith glucose in comparison
with values comprised between 0.0002 and 0.0004 (A455 nm/
A600 nm) obtained from the other growths. According to the
above obtained results and because of its low cost and easy
availability, glucose was chosen as the preferred sugar for
further studies.

With the purpose to study the synthesis of the EPS as a
function of the growth phases, H. turkmenica was grown in

the 1-l HTR-glucose medium over 11 days. The cell biomass
and EPS concentrations at the exponential, stationary, and
decline phases of growth are summarized in Table 2. A con-
siderable amount of EPS was produced over 48 h from the
beginning of the growth, in the middle exponential phase,
reaching the maximum concentration in the stationary phase
(168 h). It was remarkable that the quantity of EPS in the
culture remained almost constant within the following 100 h
of growth, with relatively high level also when the cell density
began to decrease (264 h). Maximum EPS yield on biomass
was obtained at the exponential phase in correspondence with
the lowest biomass yield, thus suggesting that the biopolymer
production was associated with the growth phase rather than
the biomass amount.

EPS purification and characterization

The EPS was obtained after centrifugation of the culture su-
pernatant, concentration by ultrafiltration, dialysis, and etha-
nol precipitation. After separation by anion exchange

Table 1 Influence of different sugars on EPS production from
Haloterrigena turkmenica

Medium Optical density
(600 nm)

EPS (mg/100 ml)

HTR 5.66 4.28

HTR G 18.56 20.68

HTR GT 5.78 11.60

HTR F 13.38 8.19

HTR S 4.90 6.84

HTR M 8.98 6.38

HTY- 1.06 1.29

HTY- G 2.42 1.62

HTY- M 1.58 2.00

HTY- GT 1.17 1.16

HTY- F 1.86 1.59

HTY- S 1.24 1.92

HTR complex medium M372, HTY- HTR medium with 1 g/l of yeast
extract, G glucose, M mannose, GT galactose, F fructose, S sucrose

Sugar concentration was 1 % (w/v)

Table 2 Biomass and EPS yields at different phases of Haloterrigena
turkmenica growth in HTRmedium supplemented with glucose (1 % w/v)

Growth phase Exponential
(48 h)

Stationary
(168 h)

Decline
(264 h)

Biomass (g CDW/l) 2.12 4.97 3.62

EPS (mg/l) 169.3 206.8 177.7

EPS yield on biomass (mg/g CDW) 79.8 41.6 49.1

CDW cell dry weight
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chromatography, one main peak which accounted for 84 % of
the total loaded EPS was eluted at 1.4 M NaCl, indicating that
the polymer was strongly absorbed and has an anionic nature.
The anionic fraction was further purified and characterized: it
mainly contained carbohydrate (91 % w/w), sulfate (2.8 % w/
w), and a low percentage of protein (1.4%w/w). Nucleic acids
were absent. Sugar analysis revealed that EPS is a
heteropolysaccharide displaying glucose as the main sugar.
The uronic acid and hexosamine contents were 12.05 and
32.54 % (w/w), respectively. The EPS was composed of the
following sugars in different ratios: glucose/glucosamine/glu-
curonic acid/galactose/galactosamine (1:0.65:0.24:0.22:0.02).
The SEC-TDAViscotek of the main peak showed that the EPS
was essentially composed of two polymers of 801.7 and
206.0 kDa recovered from the 100-kDa retentate and an addi-
tional polymer of 37.6 kDa from the 10-kDa retentate. The
EPS anionic fraction was used to investigate some properties
of biotechnological interest.

Emulsifying activity

The emulsifying activity of the EPS is shown in Table 3. The
polymer was capable of stabilizing different emulsions formed
by organic phase and water in which the hydrophobic phase
was either an aliphatic hydrocarbon or a vegetable oil. In par-
ticular, the activity of the EPS was more efficient than the
chemical surfactants used as controls with sunflower oil, and
it showed the same emulsifying capacity of the controls
when olive oil was used as organic phase. Negligible
emulsifying power was exhibited towards aromatic hydro-
carbons and mineral oil. EPS exhibited emulsifying ca-
pacity higher than that showed by EPSs produced by the
halophilic bacteria Halomonas ventosae and Halomonas
anticariensis towards sunflower and olive oils and almost
comparable to the EPS from Salipiger mucosus A3T

(Llamas et al. 2010; Mata et al. 2006).

Moisture-absorption and retention abilities

The moisture-absorption and retention abilities of the EPS
were studied, and the results were compared with those of
sodium alginate, chitosan, and HA, usually used in several

industrial sectors. The weight of all polysaccharides increased
rapidly within the first 6 h, with HA exhibiting the highest
absorption rate at both 43 and 81 % RH. The findings also
indicated that the moisture-absorption rate increased with RH
increase; in fact after 12 h, the weight increase for the EPSwas
4.01 %±0.09 at 43 % RH and 7.32 %±0.11 at 81 % RH. All
the compounds reached the highest weight increase after 12 h
of exposure to the humidity and maintained a constant weight
over the following 60 h. Comparison of moisture-absorption
among the polysaccharides was the following: HA>sodium
alginate>EPS>chitosan at both RH. The moisture-absorption
capacity of all tested compounds at 81 % RH is shown in
Fig. 1a.

For moisture-retention test, the samples were maintained in
a desiccator containing silica gel and the results are depicted in
Fig. 1b. The weight of the polysaccharides decreased with the
time, showing the greatest weight loss within the first 3 h.
Then, the water release was slower but continuous till the
end of the experiment, and samples retained 8–14 % moisture
after 72 h with an order opposite to that of the absorption
ability test: chitosan>EPS>sodium alginate>HA.

Antioxidant activity

Antioxidant activity of the EPS was evaluated by using three
different methods, namely radical scavenging activity (RSA)
by DPPH assay, total antioxidant capacity (TAC assay), and
ferric reducing antioxidant power (FRAP assay). Comparison
with antioxidant power of HA, largely employed in the cos-
metic field, was performed. As depicted in Fig. 2, the antiox-
idant power of the EPS increased with its concentration in all
assays. At a concentration of 10 mg/ml, the RSA of the poly-
mer was 68.2 %±1.1 with IC50 value (inhibitory concentra-
tion giving 50 % reduction of the free radical DPPH) of
6.03 mg/ml, whereas HA did not show scavenging capacity
(Fig. 2a). The RSAwas higher compared to the DPPH radical
scavenging activity reported for some non-sulfated EPSs,
such as EPS17 and RPS20 produced by two Bacillus
licheniformis strains, as well as for the sulfated SM-A87
EPS isolated from deep-sea bacterium Zunongwangia
profunda (Song et al. 2011; Sun et al. 2014). When the anti-
oxidant power was investigated through the TAC and FRAP

Table 3 Emulsifying activities of
EPS at a concentration of 0.5 %
(w/v) against selected
hydrophobic substances

Sample Sunflower oil Olive oil Mineral oil n-Hexane Toluene Xylene

EPS 62.2±1.08 59.6±0.98 6.4±0.21 36.6±1.32 8.5±0.54 4.2±0.48

Triton X-100 59.6±1.39 60.0±2.13 56.5±1.84 54.4±1.12 57.8±1.65 56.5±2.50

Tween 80 54.2±1.80 59.2±2.03 55.3±1.72 56.2±2.58 47.7±1.99 59.2±2.61

Tween 20 50.0±0.75 59.2±1.24 59.2±1.84 55.1±0.88 55.3±2.34 51.1±1.05

Emulsifying activity was expressed as the percentage of the total height occupied by the oil–water emulsion after
24 h. All determinations were conducted in triplicate and results are expressed as mean±SD values
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assays, the polymer was able to react with bothMo6+ and Fe3+

ions showing a dose-dependent linear increase of the activity.
Already at a concentration of 5 mg/ml, the EPS showed a
better capacity to react with molybdenum ions than ferric ions
and the amount of ascorbic acid equivalents was fivefold
higher (2.0 and 0.4 μg, respectively). At a concentration of
20 mg/ml, the ascorbic acid equivalents were 9.40 and
1.59 μg with TAC and FRAP assays, respectively. HA did
not exhibit antioxidant capacity with both tests (Fig. 2b, c).

Discussion

Considering the widespread interest towards the use of micro-
bial polysaccharides in several application areas, the search
for novel EPSs provided with appreciable properties at an
industrial level led us to investigate the capacity of the halo-
philic archaeon H. turkmenica in synthesizing polysaccha-
rides. Negligible amounts of EPS were detected when
H. turkmenica was grown in the presence of a reduced supply
of yeast extract in comparison to those produced in the com-
plete halobacteria medium. The type of carbon source influ-
enced the quantity of EPS, but biomass and EPS yields were
not correlated; in fact, although the biomass amount of
H. turkmenica grown in the presence of fructose was 2.3-fold
higher than that reached with galactose, the EPS production
was lower. These results agree with those of some authors

asserting that cell growth and EPS biosynthesis may have
diverse nutritional requirements (Gorret et al. 2001; Poli
et al. 2010). However, H. turkmenica produced the highest
biomass and EPS amounts when grown in medium added
with glucose, and in addition, cells appeared fairly orange-
red colored. This is an interesting feature since it opens the
way to the utilization of the biomass also, for isolation of C40

and/or C50 carotenoids. This class of compounds has received
considerable attention in the last years because of their poten-
tial functions on human health (Heider et al. 2014). Thus,
under our experimental conditions, the microorganism can
be exploited as EPS and carotenoids producer at the same
time. The highest EPS amount was reached in the stationary
phase, and only a negligible decrease in the quantity of EPS
was observed within the following 100 h of growth, in con-
trast to other EPSs which amount was considerably reduced
after the maximum production, maybe for enzymatic degra-
dation (Mata et al. 2006).

Many halophilic microorganisms have been reported to
synthesize EPSs, but the majority that have been described
are Eubacteria both moderate and extreme with yields ranging
from milligrams to grams per liter of culture medium
(Amouric et al. 2014; Cojoc et al. 2009; Llamas et al. 2010).
Little is reported about EPSs production from halophilic
Archaea with strains fromHaloferax being the most described
(Nicolaus et al. 2010). H. mediterranei strain R4 produced
300 mg of EPS per liter of culture medium, and three strains
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of Haloarcula isolated from samples collected in a Tunisian
marine saltern (T5, T6 and T7) yielded 370, 45, and 35 mg/l,
respectively (Nicolaus et al. 1999; Parolis et al. 1996). Many
are the Haloterrigena species isolated, but the ability to pro-
duce EPSs has not been investigated to date, apart from our
study on the EPS synthesis by H. turkmenica. According to
Sutherland (1990) and Bhaskar and Bhosle (2005), the

majority of microbial EPSs are generally heteropolymers with
two to four or five sugar components. Moreover, microbial
EPSs are usually rich in hexoses like glucose and galactose
(Sutherland 1999). The EPS from H. turkmenica seems to
follow these rules, because it is a heteropolysaccharide con-
stituted by five moieties comprising neutral, acid, and amino
sugars. It has sulfate groups like other described EPSs from
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extreme halophilic Archaea and moderately halophilic
Bacteria (Antón et al. 1988; Llamas et al. 2010; Mata et al.
2006; Nicolaus et al. 1999). Sulfated EPSs resemble eukary-
otic polymers such as chondroitin sulfate and heparin sulfate,
and hence, they are of great potential interest in biomedical
applications. They have a number of bioactive properties such
as anticoagulant, antiproliferation of cancer cells, antiviral,
and wound healing in vitro (Arena et al. 2009; Haroun-
Bouhedja et al. 2000; Senni et al. 2011). The presence of an
acid sugar (glucuronic acid) was also established for our EPS.
The occurrence of acid sugars in the molecule of EPSs is
desired in the cosmetic industry as these macromolecules are
good hydrating agents to be used as active principle in cos-
metic formulations (Thibodeau 2005). Moreover, the occur-
rence of negative charges could be also useful in
biodetoxification and water treatment. A high quantity of
hexosamine is unusual among microbial, in general, and ar-
chaea, in particular, species. Traces of galactosamine were
detected in the EPS from Bacillus licheniformis, isolated from
a shallow vent off Panarea Island in Italy (Spanò et al. 2013),
and percentages of hexosamine ranging from 2.15 to 2.50 and
2.40 to 2.80 were found in EPSs from H. mediterranei and
Halomonas, respectively (Antón et al. 1988;Mata et al. 2006).
In contrast, the EPS fromH. turkmenica contains high propor-
tion of glucosamine (30.46 %), only second to glucose
(46.76 %) as sugar component. This feature is more diffused
among marine eukaryotes, such as Amussium pleuronectus
which produces an exopolysaccharide, resembling an alterna-
tive source of heparin, formed by a repeated disaccharide con-
taining uronic acid and hexosamine (Saravanan and
Shanmugam 2010). The EPS of the present study exhibited
moderate emulsifying power towards n-hexane while was ca-
pable of producing stable emulsions with vegetable oils. EPSs
provided with emulsifying ability could be employed in the
food industry as emulsifier and stabilizer agents (Duboc and
Mollet 2001). Proteins seem to play an important part in the
emulsifying capability of several EPSs. It is reported that
emulsifying properties of many bioemulsifiers are due to the
association of an anionic hydrophilic polysaccharide with pro-
teins. The EPS from the halophilic bacterium Salipiger
mucosus A3T, which shows good emulsifying capacity, con-
tains a protein concentration of 1.6 % (w/w) which was com-
parable to that of the EPS of H. turkmenica (1.4 %) (Llamas
et al. 2010). Substances with moisture-retention capacity are
usually used in cosmetic, food, and pharmaceutical industries
(Augustine et al. 2013). Chitosan, HA, and sodium alginate,
employed in several sectors for their good moisture-
absorption and retention abilities, were chosen as comparison
compounds to test the EPS moisture-absorption and retention
capacities. It showed an absorption capacity intermediate be-
tween HA and chitosan, as the EPS SM-A87 from Z. profunda
(Sun et al. 2014). In contrast, our biopolymer displayed higher
retention capacity than HA and sodium alginate, thus placing

it among candidates for possible applications in food and cos-
metic fields.

Oxidative reactions produced by reactive oxygen species
may cause human tissue damages and many diseases such as
cancer and inflammation (Thanan et al. 2014). In last years,
research of natural antioxidants, both small or largemolecules,
has been greatly promoted with the aim to replace synthetic
antioxidants used in the pharmaceutical, cosmetic, and food
industries, whose safety has been questioned. It is preferable
to ascertain the antioxidant capacity of a compound by testing
different substrates since a molecule can exert its own antiox-
idant power by different mechanisms. DPPH is a useful re-
agent to evaluate the free radical scavenging ability of a
hydrogen-donating antioxidant, which can transfer hydrogen
atoms or electrons to DPPH radicals. Our results indicated that
the EPS showed a modest capacity for scavenging DPPH but
displayed antioxidant power also when tested with FRAP and
TAC assays. The data demonstrated a dose-dependent linear
increase of the EPS indicating its ability to change the oxida-
tion state or to chelate transition metal ions (Priyanka et al.
2014). As a conclusion, the EPS of H. turkmenica is the first
exopolysaccharide produced by halophilic archaea to be char-
acterized in terms of properties that can have potential bio-
technological applications. However, although its properties
make the EPS a possible candidate for use in several areas, its
yield is still inadequate for wide applications in industrial sec-
tors. Studies aiming to get a higher production of the biopoly-
mer through optimization of culture conditions, such as
changes in nutrient medium composition (sodium chloride
concentration, carbon source) and control of growth parame-
ters in a fermenter, are under way.
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