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Abstract A thermophilic strain isolated from sea sand
at Maronti, near Sant” Angelo (Ischia), is described. The
organism grows well at an optimal temperature of 60 °C
at pH 7.0. The thermophilic bacterium, named strain
4004, produces an exocellular polysaccharide (EPS) in
yields of 90 mg/l. The EPS fraction was produced with
all substrates tested, although a higher yield was ob-
tained with sucrose or trehalose as sole carbon source.
During growth, the EPS content was proportional to the
biomass. Three fractions (EPS1, EPS2, EPS3) were ob-
tained after purification. Quantitative monosaccharide
analysis of the EPSs revealed the presence of man-
nose:glucose:galactose in a relative ratio of 0.5:1.0:0.3 in
EPS1, mannose:glucose:galactose in a relative ratio of
1.0:0.3:trace in EPS2, and galactose:mannose:glucos-
amine:arabinose in a relative ratio of 1.0:0.8:0.4:0.2 in
EPS3. The average molecular mass of EPS3 was deter-
mined to be 1x10° Da. From comparison of the chem-
ical shift values in 'H and '3C spectra, we conclude that
EPS3 presents a pentasaccharide repeating unit.
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Introduction

Many microorganisms produce polysaccharides which
are located in the cell wall (LPS), attached to the cells
forming capsules (CPS), or secreted into the extracellu-
lar environment in the form of slime (exopolysaccharide,
EPS) [1, 5, 9, 12, 14]. Increasing attention has been fo-
cused on these biopolymers due to their commercial
application. EPS and CPS are incorporated into food as
thickeners, and in the pharmaceutical industry they can
be used as hydrophilic matrix. Moreover, there are nu-
merous studies on their participation in pathogenic and
symbiotic processes in plants and animals and in general
interactions between microorganisms and their envi-
ronment [6, 13, 20].

During a screening for marine thermophilic strains
capable of producing new and interesting polysaccha-
rides [14], a thermophilic strain, 4004 (DSM 14422),
isolated from geothermal sea sand in Italy (Ischia island,
locality Maronti) was selected for further study. This
strain formed mucoid colonies on Bacto Marine Agar
(Difco, Ann Arbor, Mich., USA) and produced exocel-
lular polysaccharides.

In this work, we describe the phenotypic character-
ization of the thermophilic isolate 4004, its EPS produc-
tion, and the partial characterization of purified EPS.

Materials and methods

Microbial strain

Strain 4004 (DSM number 14422) was enriched using sediment
samples collected from a marine hot spring near the seashore of
Maronti (Ischia island, Italy) as reported previously [14].

Morphological and physiological studies

The methods for the morphological, biochemical, and physiologi-
cal tests used for the characterization of strain 4004 were carried
out as reported by Maugeri [10].
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The following thermophilic Geobacillus strains [11] were in-
cluded as reference strains: G. stearothermophilus DSM 227, G.
thermocatenulatus DSM 7307, G. thermodenitrificans DSM 4657 [7],
G. thermoleovorans DSM 5366", G. kaustophilus M7263 and G.
thermoglucosidasius DSM 25427,

The isolate was cultivated using Bacto Marine Broth 2216
(Difco) at the optimal temperature of 60 °C at pH 7.2. The above
medium was solidified by adding 2% agar to the broth culture.
Colonies grown on plates were observed with a Leica M8 stere-
omicroscope, which showed the presence of a mucilaginous layer.

Growth on minimal media was carried out in batch cultivation.
The minimal media had the same salt composition of Bacto Marine
Broth 2216; yeast extract (0.02% w/v) and peptone (0.01% w/v)
were reduced and different sugars (1% w/v) were added as a carbon
source (galactose, glucose, fructose, xylose, mannose, cellobiose,
sucrose, and trehalose).

Growth and polysaccharide production by strain 4004 were
carried out in a 3-1 fermenter (Chemap) using sucrose added to the
minimal medium, with low-level mechanical agitation (100 rpm)
and an aeration flux of 20 ml min~" per liter of broth at 60 °C and
pH 7.2. Cell density was estimated by measuring absorbance at
540 nm. Electron microscopy was performed at the Centre of Re-
search of Biological Structures, Faculty of Science University
Federico II, Naples, Italy.

Lipid and fatty acid analysis

Lipids were extracted from dried cells grown on Bacto Marine
Broth 2216 (Difco) at the optimal temperature of 60 °C at pH 7.2,
using CHCl5:CH30OH:H,0 (65:25:4, v/v/v). The lipids were ana-
lyzed by thin-layer chromatography (TLC) on silical gels (0.25 mm,
F»s4, Merck) eluted with CHCl3:CH30OH:H,O (65:25:4, v/v/v) and
were detected by spraying the plates with specific reagents for
phospholipids, amino-lipids and glycolipids according to the pro-
cedure of Nicolaus [15].

Fatty acid methyl esters were obtained from complex lipids by
acid methanolysis [15]. They were detected using a Helwett-Pack-
ard 5890A gas chromatograph fitted with an FID detector and
equipped with an HP-V column with a flow rate of 45 ml/min using
the temperature program of 120 °C (1 min), from 120 °C to 250 °C
at 2 °C/min [17].

EPS production

Microbial growth and EPS production were monitored quantita-
tively by sampling 20 ml of culture broth at 0, 4, 8, 12, 16, 20, 24,
48 h. Biomass production was monitored by reading the absor-
bance at 520 nm. EPS in cell-free culture broth was tested by the
phenol-sulphuric acid method with glucose as standard [4].

On reaching the stationary phase, the cells were harvested by
centrifugation. The supernatant was treated with the same volume
(3 1) of cold ethanol added drop-wise with stirring. The alcoholic
solution was kept at 18 °C overnight and then centrifuged at
8,000 g for 40 min. The precipitated EPS was dissolved in distilled
water, dialyzed against tap water (72 h), and lyophilized. This
sample was tested for carbohydrate, protein, and nucleic acid
content by the methods of Dubois [4] and Bradford [2], and by
reading the absorbance at 260 nm, respectively.

Polysaccharide purification

Polysaccharide was purified by gel chromatography (Sephadex G-
50; 2.5%50 cm) using H,O/pyridine/glacial acetic acid (500/5/2,v/v/
v) as eluant, with a flux of 6 ml/h (5 ml each fraction). Fractions
containing polysaccharides were further purified by anion-ex-
change chromatography (Sepharose DEAE CL-6B; 1.5x40 cm)
eluted with 0.1 1 of H,O and 1 1 of NaCl gradient from 0 to 1 M
with a flux of 12 ml/h. The volume of each fraction was 10 ml.

Fractions were tested for carbohydrate qualitatively by spot test on
TLC sprayed with a-naphthol [8] and quantitatively by the Dubois
method [4]. The o-naphthol-positive fractions were saved. The
material obtained at each purification step was estimated for pro-
tein content and for nucleic acid content. Saved fractions were
exhaustively dialyzed against water, freeze-dried and weighed. This
material was used for all analytical work.

Polysaccharide characterization

The molecular masses of the samples were estimated by gel filtra-
tion on a Sepharose CL-6B column and density-gradient centrifu-
gation using a sucrose gradient from 0 to 50% (w/v) [8]. In both
experiments, 10 mg of EPS and a mixture of dextrans (10 mg each
of T-700; T-400, T-150) was used for calibration curves.

Sugars were analyzed by hydrolysis of polysaccharide fractions
with 2 M trifluoroacetic acid (TFA) at 120 °C for 2 h. The re-
sulting sugar mixture was identified by high-pressure anion-ex-
change pulsed amperometric detection (HPAE)-PAD using
standards for identification and calibration curves. HPAE-Pad
Dionex equipped with a Carbopac PA 1 column was eluted iso-
cratically with: (a) 15 mM NaOH for neutral sugars, (b) a buffer
consisting of 100 mM NaOH and 150 mM NaOAc for acidic
sugars [16].

Alditol acetates were obtained after acid hydrolysis followed by
reduction with NaBH,, and by acetylation with Ac,O/pyr (1:1, v/v)
at 120 °C for 3 h. Sugars were identified by gas chromatography
(GC) using standards. GC was carried out on a Hewlett-Packard
5890-5970 instrument equipped with a HP-V column and with a
flow rate of 50 ml min~'; the temperature program used was 170 °C
for 1 min and from 170 to 250 °C at 3 °C min~! increments [18].

Ultraviolet spectra of polysaccharides were obtained by reading
the absorbance of aqueous solutions (3 mg ml™") from 350 to
210 nm on a Varian DMS-90 instrument. Optical rotation values
were obtained on a Perkin-Elmer 243 B polarimeter at 25 °C in
water.

Viscosity measurements were done at 25 °C in a Cannon-Ub-
belohde 75 suspended level viscometer. Polysaccharide solutions
(0.8%, w/v) were prepared in water, in 1% (w/v) CaCl,, and 1%
(w/v) NaCl aqueous solutions and the viscosity was measured.

NMR spectra were obtained on a Bruker AMX-500
(500.13 MHz for 'H and 125.75 MHz for '*C) at 70 °C. Samples
were exchanged twice with D,O with intermediate lyophilization
and then dissolved in 500 ul D,O to a final concentration of 30 mg/
ml. Chemical shifts were reported in parts per million relative to
sodium 2,2,3,3-d,-(trimethylsilyl) propanoate for 'H and CDCl, for
BC-NMR spectra [8, 19].

Results
Characteristic of the isolate

A thermophilic strain, 4004, was isolated from sea sand
from Maronti near Sant’Angelo (Ischia, Italy) [14]. The
vegetative cells of the isolate are motile, gram-positive,
rods (0.8-0.9x1.8-2.5 um), and are spore forming
(Fig. 1). On agar plates, colonies appear mucoid, opa-
que, and circular, with an intact margin.

Strain 4004 grew aerobically from 50 °C to 75 °C
with an optimal temperature of 60 °C. The pH range for
growth was 6-9, with an optimum of pH 7.2. The isolate
grew in a range 0—5% NaCl, with optimal growth at 2%.
it was resistant to nalidixic acid and sensitive to strep-
tomycin, tetracycline, novobiocin, penicillin G, chlor-
amphenicol, erythromycin, kanamycin, bacitracin, and



Fig. 1 Electron micrograph of strain 4004

polymyxin B. Positive tests for the strain were: hydro-
lysis of gelatin, esculin, and Tween 60; reduction of ni-
trate, [-galactosidase; acidification of  glycerol,
galactose, glucose, fructose, mannose, inositol, maltose,
lactose, melibiose, sucrose, trehalose, melezitose, raffi-
nose, xylitol, and turanose. Negative tests were: arginine
dehydrolase; lysine and ornithine decarboxylase; urease;
tryptophan deaminase; production of hydrogen sulfide,
indole, and acetoin; assimilation of caprate, adipate and
citrate; acidification of erythritol, arabinose, ribose,
xylose, sorbose, rhamnose, dulcitol, mannitol, sorbitol,
N-acetyl glucosamine, amygdaline, arbutine, salicine,
cellobiose, inuline, glycogene, f-gentiobiose, lyxose,
tagatose, fucose, arabitol.

Lipid analyses revealed the presence of one glycolipid
and three phosphoglycolipids. The isolate contained a
high portion of branched fatty acids. Within the bran-
ched fatty acids, the portion of the anteiso-branched
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acids was significantly lower than that of the iso-bran-
ched acids (iso 86%, anteiso 10%, straight chain 4%)
(Fig. 2).

On the basis of physiological characteristics and the
results of lipid analysis, we have classified isolate 4004 in
the genus Geobacillus [11]. The differential phenotypic
properties of the isolate in comparison with those of four
related Geobacillus reference strains are shown in
Table 1.

Production of exopolysaccharides

Strain 4004 produces an EPS, which can be obtained
from the supernatant of liquid cultures by cold-ethanol
precipitation, in yields of 30 mg/l. The EPS fraction was
recovered with all substrates tested (Fig. 3), although a
higher yield was obtained with sucrose as sole carbon
source. During growth in sucrose medium, the EPS
content was proportional to the biomass as obtained by
using a 3-1 fermenter and 1-1 batch culture. The yield of
EPS reached its maximum, 90 mg/l, at the beginning of
the stationary phase in the fermenter; this was three-fold
higher than obtained in batch culture (Fig. 4). The in-
creased yield of the EPS was due to better aeration.

Isolation and characterization of the polysaccharides

The EPS produced by strain 4004 in a sucrose medium
was isolated via ethanol precipitation of the cell-free
medium. The polysaccharide fraction was tested for
carbohydrate (85%), protein (10%), and nucleic acid
(2%) content. The polysaccharide was purified by gel
filtration chromatography on Sephadex G-50 with a
yield of 80% and then chromatographed on DEAE-
Sepharose CL-6B with a yield of 70%. The elution
profile is shown in Figure 5. Three fractions were ob-
tained, EPS1 (5.5% eluted at O M NaCl), EPS2 (11%
eluted at 0.2 M NaCl), and EPS3 (80% eluted at 0.4 M
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Fig. 3 Biomass and exopolysaccharide (EPS) production of strain
4004 grown on different sugars

NaCl). The three fractions were assayed for carbohy-
drate and protein content. EPS2 and EPS3 contained at
least 95% sugars while EPS1 contained a trace amount
of carbohydrate (Table 2). Quantitative monosaccharide
analysis of the EPSs, including determination of the
absolute configuration, revealed the presence of D hex-
oses, mannose:glucose:galactose in a relative ratio of
0.5:1.0:0.3 in EPS1, mannose:glucose:galactose in a rel-
ative ratio of 1.0:0.3:trace in EPS2, and galactose:man-
nose:glucosamine:arabinose in a relative ratio of
1.0:0.8:0.4:0.2 in EPS3 (Table 2). The average molecular
mass of EPS3 was 1x10° Da. The protein content of the
purified EPS3 was ca. 2%. EPS3 was used for further
NMR spectroscopic analysis.

The 'H and 3C-NMR spectra of EPS3 (Fig. 6) are
quite complex, but it is possible to extrapolate some
information. In fact, the 'H spectrum showed, inter alia,
five anomeric signals at 6 5.17(Jyg1.n2 34), 5.04(Ju1.n2
0.5-1), 4.90(Juip2 0.5-1), 4.65(Jyip2 0.5-1) and
4.62(Jy1. 12 7-8); this signal latter partially overlapped
with the previous signal (6 4.65). Another remarkable
signal was at ¢ 2.02, attributable to an acetyl group. The
13C spectrum of EPS3 contained essentially five ano-
meric signals at 6 102.7, 103.9, 104.5, 105.3 and 106.2.
The signals at 6 25.8, indicative of an N-acetyl group,
and a signal at ¢ 54.8, representative of carbon-carrying
nitrogen, were present. Finally, signals at ¢ 187.8 and
178.1, attributable to carbonyl groups, were found.
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Table 2 Chemical -
characterization of Properties EPSI EPS2 EPS3
exopolysaccharides (EPSs) - -
from strain 4004. nd Not Fraction (% weight) 5.5 11 80
determined NaCl (M) 0 0.2 0.4
Carbohydrate content (% w) 5 20 75
Proteincontent (% w) 6 2 2.6
Sugar composition relative ratio Man:Glu: Man:Glu:Gal: Gal:Man:GIcN:
Gal:0.5:1.0:0.3 1.0:0.3:tracer Arabl1.0:0.8:0.4:0.2
Minorcompounds nd nd nd
Molecular weight nd nd > 1,000,000
[a]*’D nd nd —-199.77
Absoluteconfiguration nd nd Gluco/galactoand manno
Repeating unit nd nd 5

These data showed that there are five different residues,
two of them with a gluco/galacto configuration and three
with a manno configuration. One of the residues is an
acetamidosugar and at least one uronic acid is present.

To gain insight into the viscometric properties, spe-
cific viscosity (1) was studied using different concentra-
tions of EPS3 in water, in 1% CaCl, and 1% NaCl.
With increasing concentrations of EPS, there was an
increase in p in all the solutions. The viscosity was
maximum at 1,08 dl/g in 1% CaCl,.

Discussion

In recent years, increasing attention has been paid to
microbial EPSs, which are of widespread occurrence and

can readily be prepared by fermentation [21]. Such
molecules are of interest because of their bio-active roles
and their wide range of commercial applications, in-
cluding as food additives and in biopharmaceutical in-
dustries [1].

There exists relatively little information concerning
polysaccharide production by thermophiles. Until now,
it was not clear whether these organisms were likely to
be useful sources of polymers.

Some extremophiles, including Methanosarcina,
Haloferax, Haloarcula, Sulfolobus and Bacillus species,
and more recently Thermotoga marittima and Thermo-
coccus litoralis, produce EPSs [8, 9]. The results of the
preliminary study reported here indicate that, from a
taxonomic point of view, isolate 4004 may be considered
a member of the genus Geobacillus. It forms large and
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Fig. 6 'H and '°*C NMR 1 .
spectra of EPS3 from strain HEPS 4004 strain

4004 |
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viscous colonies containing large amounts of sugars on
solid media, and has been selected and cultured in sugar-
rich liquid media. Saccharose or trehalose, in a minimal
medium, resulted in the best EPS formation.

These results are therefore encouraging, because by
modulating the conditions of growth we were able both
to increase the yield of the biopolymer and to induce the
biosynthesis of new polysaccharides. Biomass produc-
tion was directly proportional to EPS production. Op-
timal production occurred during the stationary phase
of growth in fermenters.

The increased yield is essential to define the primary
structure of the polymer as determined by NMR ana-
lyses [18, 19]. The proton spectrum of EPSs produced by
strain 4004 was indicative of complex structures. How-

W0 10 120 110 0 s s %0 8 30

ever the downfield signals, representative of an anomeric
region, and signals up-field indicated the presence of
deoxysugars and acetaminosugars. From the compari-
son of the chemical shift values in '"H and '*C spectra,
we conclude that EPS3 of strain 4004 presents a penta-
saccharide repeating unit essentially consisting essen-
tially of two sugars having a gluco-galacto configuration
and three with manno configuration.

The polydisperse nature, evidenced by the large mo-
lecular size, and the presence of acidic residues allows
this polysaccharide to bind divalent ions, strongly pro-
moting gel formation. It has been hypothesized that the
synthesis of EPSs in microorganisms plays a major role
in protecting cells from stress in extreme habitats.
Therefore, the production of EPSs by thermophilic



marine microorganisms could serve to form a boundary
between the bacterial cell and its immediate environ-
ment.
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