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Introduction

Exopolysaccharides (EPSs) from microbial origin have

attracted worldwide attention because of their novel and

unique physical properties and their variety of industrial

applications (Crognale et al. 2007; Laroche and Michaud

2007), thus encouraging any progress in their economic

competitiveness. Scleroglucan, a glucan produced by dif-

ferent Sclerotium species, has been considered as one of

the EPSs with great potential for commercialization (Sur-

vase et al. 2007).

Early applications of scleroglucan in enhanced oil

recovery proposed it as a promising competitor for xan-

than, based on its viscosifying, suspending and gelling

properties over a wide range of temperature, pH and

salinity (Halleck 1967). Later investigations documented

the antitumor, antiviral and antimicrobial activity of

scleroglucan and its immune stimulatory effects, thus

being classified as a biological response modifier (BRM)

(Bohn and BeMiller 1995; Kogan 2000; Zhang et al.

2007). More recently, discoveries concerning the sclero-

glucan potential in controlled drug release (Viñarta et al.

2007), and based on the aforementioned immunophar-

macological properties, the applicability in the medical

market is becoming seriously taken into account

(Survase et al. 2007).

Sclerotium rolfsii ATCC 201126 demonstrated ability to

produce high amounts of scleroglucan under optimized
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Abstract

Aims: Sclerotium rolfsii ATCC 201126 exopolysaccharides (EPSs) recovered at

48 h (EPS I) and 72 h (EPS II) of fermentation, with differences in rheological

parameters, hydrogel topography, salt tolerance, antisyneresis, emulsifying and

suspending properties, were subjected to a polyphasic characterization in order

to detect structural divergences.

Methods and Results: Fermenter-scale production led to productivity (Pr) and

yield (YP ⁄ C) values higher at 48 h (Pr = 0Æ542 g l)1 h)1; YP ⁄ C = 0Æ74) than at

72 h (Pr = 0Æ336 g l)1 h)1; YP ⁄ C = 0Æ50). Both EPSs were neutral glucose-

homopolysaccharides with a b-(1,3)-glycosidic backbone and single b-(1,6)-

glucopyranosyl sidechains regularly attached every three residues in the main

chain, as revealed by chemical analyses. The infra-red diagnostic peak at

890 cm)1 confirmed b-glycosidic linkages, while gentiobiose released by

b-(1,3)-glucanases confirmed single b-1,6-glycosidic branching for both EPSs.

Conclusions: The true modular repeating unit of S. rolfsii ATCC 201126 sclero-

glucan could be resolved. Structural stability was corroborated and no struc-

tural differences could be detected as to account for the variations in EPSs

behaviour.

Significance and Impact of the Study: Recovery of S. rolfsii ATCC 201126 scle-

roglucan at 48 h might be considered based on better fermentation kinetic

parameters and no detrimental effects on EPS structural features.
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fermentation conditions (Fariña et al. 1998) and advances

on the physicochemical characterization (Fariña et al.

2001) led to reveal a promising potential for different

biotechnological applications (Viñarta et al. 2006, 2007).

Despite responding to a general structure of b-1,3–b-

1,6-glucan, scleroglucans may exhibit variable degrees of

b-1,6-glycosidic branching, differences in molecular

weight (MW), number and length of side chains, degree of

polymerization and rheological characteristics depending

on the Sclerotium species, strains, culture conditions or

even the downstream processing (Bluhm et al. 1982; Zentz

and Muller 1992; Leung et al. 2006; Survase et al. 2007).

Samples of scleroglucan produced by S. rolfsii ATCC

201126 at fermenter scale and recovered at two different

cultivation times (EPS I at 48 h, and EPS II at 72 h),

though having quite similar MW and intrinsic viscosities,

showed differences concerning rheological parameters of

aqueous solutions and tolerance to inorganic salts (Fariña

et al. 2001), variations in hydrogel pore dimensions

(Viñarta et al. 2007), and distinct anti-syneresis (Viñarta

et al. 2006), emulsifying and suspending properties

(Viñarta et al. 2007).

Some desirable properties of the polysaccharide are

likely related to the MW distribution, physicochemical

and structural characteristics of the macromolecule, and

these might be modified during the biosynthesis and even

the recovery process (Zentz and Muller 1992; Survase

et al. 2007). Although some of these parameters have

been previously evaluated in S. rolfsii EPSs from different

fermentation times (Fariña et al. 2001), no significant

variations were detected as to explain the already men-

tioned different behaviour. Structural divergences were

then thought as a possible rationale and accordingly

assessed.

The scarcity concerning structural analysis of complex

carbohydrates is still up to date emphasized (Leung et al.

2006; Zhang et al. 2007). Much of the difficulties to

address this topic have been usually related to the diversi-

fication of naturally occurring glycans, which is obviously

derived from the extensively varied building blocks. As a

consequence, universal protocols for their analysis had to

be frequently replaced by polyphasic studies.

The present study confirms the EPS structural stability

and might be useful for determining an appropriate time

for EPS recovery depending on the expected or required

scleroglucan behaviour. For scleroglucan production com-

petitiveness, biopolymer yields and productivity may still

represent parameters susceptible to optimization in order

to face the biopolymer potential demand (Fariña et al.

1998; Survase et al. 2007). Then, if the feasibility to

reduce the fermenter time usage exists, provided that EPS

properties of interest are unaffected, scleroglucan produc-

tivity may be significantly increased.

In this work, EPS I and EPS II were comparatively

assessed by a polyphasic approach focusing on the follow-

ing aspects:

1. study and resolution of the true modular repeating

unit of the scleroglucan produced by S. rolfsii under opti-

mized culture conditions; and

2. chemical and structural stability of EPSs recovered at

two critical fermentation times.

Materials and methods

Seed cultures and scleroglucan production

Sclerotium rolfsii ATCC 201126 was preserved as previ-

ously described (Fariña et al. 1996). Strain activation,

inocula preparation and scleroglucan production with

optimized culture medium (MOPT) were performed as

early reported (Fariña et al. 1998, 2001). EPSs were

recovered and purified after either 48 or 72 h of

fermentation for their subsequent characterization (see

below).

Analytical determinations throughout fermentation

Periodic samples along fermentation were analysed for bio-

mass, EPS, pH and residual sucrose according to Fariña

et al. (1998). For extracellular b-glucanase activity, culture

broth samples were fourfold diluted with distilled water

and subsequently centrifuged (27 500 g, 20 min, 5�C).

Proteins from diluted supernatant were precipitated by

adding (NH4)2SO4 at 60% saturation, and neutrality was

kept by adding 0Æ05 mol l)1 Na2CO3. After complete

precipitation, samples were centrifuged (27 500 g, 20 min,

5�C) and the pellet was resuspended in 100 mmol l)1

citrate buffer pH 4Æ6. Soluble proteins were quantified by

the Folin-Lowry method with BSA as standard.

Extracellular b-glucanase (indistinctly, b-1,3- or b-1,6-)

activity was determined by incubating 1 ml of 0Æ5% (w ⁄ v)

EPS II in citrate buffer pH 4Æ6 plus 1 ml of crude enzyme

solution at 55�C for 5 min. The mixture was then trans-

ferred to an ice bath and the reaction was stopped by adding

3 ml of 3,5-dinitro salicylic acid reagent (DNSA). Colori-

metric reaction for determining released reducing sugars

was performed by incubating the mixture in a boiling water

bath for 12 min. One blank with no substrate (EPS) and

another blank with no enzyme were included in order to dis-

count for the reducing power contributed by the crude

enzyme preparation or the EPS solution, respectively.

Reducing sugars were determined by the colorimetric

method of Miller (1959) with glucose as standard. One unit

(U) of b-glucanase activity was defined as the amount of

enzyme releasing 1 lmol of reducing sugars per min under

the conditions assayed.
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Bulk polysaccharide recovery and purification

EPS from bioreactor was recovered and purified as previ-

ously described (Fariña et al. 2001). The EPSs corre-

sponding to 48 and 72 h of cultivation were arbitrarily

identified as EPS I and EPS II, respectively. The glucan

powder grade of purity included analyses for: protein

content (Folin-Lowry, with BSA as standard), reducing

sugars (Somogyi-Nelson, with glucose as standard) and

total carbohydrates (phenol-sulphuric acid method, with

dextran as standard).

Precipitation with quaternary ammonium salts

EPS aqueous solutions (2 g l)1) were treated with a 10%

(w ⁄ v) aqueous solution of N-cetyl-N,N,N-trimethyl-

ammonium bromide (CTAB) and precipitation character-

istics were tested (Rapp et al. 1979).

Procedures for structural analysis of polysaccharides

The protocols described below were conducted for both

EPS I and EPS II.

Total hydrolysis

The method of Saeman et al. for b-linked d-hexoglycans

was applied (Adams 1965). Five millilitres of 72% (w ⁄ v)

H2SO4 was added to 100 mg of EPS. The mixture was

kept at 30�C in a water bath for 45 min (with stirring at

10-min intervals) and then, distilled water (140 ml) was

added and the solution autoclaved (1 atm, 1 h). The

hydrolysate was brought to a final volume of 250 ml,

neutralized with CaCO3 and centrifuged (27 500 g,

15 min, 10–15�C). The hydrolytic products contained in

supernatant were examined by HPLC with a Rezex

Organic Acid column (Phenomenex) (300 · 7Æ8 mm),

operated at a running temperature of 55�C. The mobile

phase was 10 mmol l)1 H2SO4 in Milli-Q (Millipore)

water at a flow rate of 0Æ6 ml min)1. Chromatograph

(Gilson, Villiers-le-Bel, France) was equipped with a dif-

ferential refractive index detector (LKB 2142; Pharmacia,

Bromma, Sweden).

Periodate oxidation

According to the procedure of Hay et al. (1965), 70 mg

EPS were dissolved in 45 ml of acetate buffer pH 4

(0Æ2 mol l)1 acetic acid–0Æ2 mol l)1 sodium acetate) in

a 100 ml-volumetric flask. To this, 50 ml of

28Æ88 · 10)3 mol l)1 m-KIO4 (in acetate buffer) were

added, and the solution was rapidly made up to 100 ml;

the time of addition was annotated. Experiments were

carried out in duplicate; a blank solution was made up

omitting the glycol. Reaction mixture and blank aliquots

were withdrawn at intervals for analysis of metaperiodate

uptake and formic acid liberation until two consecutive

determinations gave the same result.

Metaperiodate consumption was followed by the

Fleury-Lange method (Guthrie 1962). An aliquot of

oxidation sample was pipetted into a 100 ml-flask and

treated with 10 ml of a saturated solution of NaHCO3.

Then, 20 ml of 0Æ01 mol l)1 NaAsO2 and 2 ml of 20%

(w ⁄ v) KI were immediately added. After setting aside for

15 min in the dark, the excess sodium metaarsenite was

titrated against 0Æ005 mol l)1 I2, using 1 ml of a 1%

(w ⁄ v) sodium starch glycolate as indicator; the endpoint

was the persistence of a faint blue-purple colour in

solution. The molecular proportions of metaperiodate

consumed per mole of glucose in the polysaccharide were

as follows:

M

G
� m� 0 � 01A V � vð Þ

10 000

� �

where M = molecular weight of the monosaccharide

component; G = grams of polysaccharide that consumed

m� 0 � 01A V � vð Þ=10 000ð Þ½ � moles of m-KIO4; m =

moles of metaperiodate in the initial oxidant solution

(blank-based calculation); A = ml of sample (5 ml in

this case); V = ml of 0Æ005 mol l)1 I2 ” 20 ml of

0Æ01 mol l)1 NaAsO2; v = ml of 0Æ005 mol l)1 I2 ”
excess meta-arsenite in the titration; (V ) v) = ml of

0Æ005 mol l)1 I2 ” metaarsenite consumed by 5 ml of

sample.

The determination of formic acid was carried out by

titration with alkali using indicators (Hay et al. 1965).

Aliquots (10 ml) of the oxidation mixture were with-

drawn at desired times and then treated with acid-free

ethylene glycol (1 ml). After shaking, the mixture was

held at room temperature for 10 min. Nitrogen was bub-

bled through the mixture for 10 min prior to titration

with 0Æ01 mol l)1 NaOH using methyl red as indicator

[0Æ1% (w ⁄ v) in ethanol]. A reagent blank was treated in

the same way with ethylene glycol. The difference in acid-

ity between the blank and the sample represented the for-

mic acid liberated from the polysaccharide.

Mild Smith degradation

The metaperiodate oxidized polysaccharide was subjected

to Smith degradation according to a modification of the

procedure described by Goldstein et al. (1965). An ali-

quot of oxidation sample (10 ml) was treated with ethyl-

ene glycol to destroy the excess of metaperiodate and,

after 30 min, the solution was dialysed (MWCO 12000)

overnight against distilled water at 5�C. The dialysed

sample containing the oxidized polysaccharide was

brought to 25 ml with distilled water and then, 0Æ1 g of

NaBH4 were added all at once. After reduction at room
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temperature during 10 h, H2SO4 was added for a final

concentration of 0Æ05 mol l)1 and degradation was

allowed to proceed for 48 h at room temperature (mild

Smith degradation).

The reaction mixture was centrifuged (27 500 g,

20 min, 5�C) and supernatant was analysed to determine

the liberation of glycerol per mol of glucose in the

polysaccharide. Glycerol was determined by HPLC

with a Rezex Organic Acid column (Phenomenex,

300 · 7Æ8 mm) under the same conditions as above

described for EPS hydrolytic products.

Fourier-transformed infra-red spectroscopy

Infra-red spectra of purified EPSs (I and II) were

obtained using a Fourier transform infrared spectropho-

tometer (Perkin-Elmer FTIR 1600 IR). The sample was

ground with spectroscopic grade KBr powder and then

pressed into 1 mm pellets for Fourier-transformed infra-

red (FT-IR) measurement in the frequency range of

4000–400 cm)1 (Mid infrared region). Approximately 16

scans per sample were collected.

End-point enzymatic digestions of EPSs

Solutions of EPS were digested with b-1,3-glucanase

(endo- and ⁄ or exo-) enzymes: cellulase from Aspergillus

niger (Sigma), Novozym 234 (Novo Biolabs, Bagsvaerd,

Denmark), zymolyase (Seikagaku Kogyo, Co. Ltd, Tokyo,

Japan) and lysing enzymes from Trichoderma harzianum

(Sigma). Since treatment with alkali makes b-glucans

more susceptible to be attacked by b-(1,3)-d-glucanases

(Schmid et al. 2001), 1 ml of EPS solution (5 g l)1) was

treated with 500 ll of 1 mol l)1 NaOH prior to enzyme

addition. After incubation of the mixture during 20 min

at room temperature, 2Æ5 ml of 0Æ2 mol l)1 phosphate-

citrate (McIlvaine) buffer pH 5Æ8 was added. The appro-

priate amount of enzyme was incorporated for a final

concentration of 5 nkat in a final reaction volume of

5 ml, and digestion proceeded at 37�C for 5 h. Enzymes

were inactivated by heating (100�C, 10 min).

Digestion products were evidenced by descending

paper chromatography (PC) on Whatman paper no.3,

using n-propanol : water:ethyl acetate (7 : 2 : 1, v ⁄ v) as

solvent system. After two runs at 30�C, sugar spots were

detected by alkaline AgNO3 reagent (Smith 1958). The

presence of glucose and ⁄ or gentiobiose (b-(1,6)-d-gluco-

pyranosil glucose) was investigated by comparing the Rf

values with the corresponding standards, and quantifica-

tion of these sugars was performed by HPLC as above

described.

Controlled enzymatic digestions of EPSs

EPS structure was also analysed by controlled digestion

with lysing enzymes from Rhizoctonia solani (Sigma), an

enzyme preparation with both endo- and exo-b-1,3-d-

glucanase activity, minimal b-1,4-glucanase and no

b-1,6-glucanase activities (Totsuka and Usui 1986). Poly-

saccharide (0Æ26 g l)1, either S. rolfsii EPS, laminarin,

barley- or baker’s yeast glucan) was dissolved in phos-

phate-citrate buffer pH 4Æ8 and, after enzyme addition

(0Æ13 g l)1), digestion proceeded at 37�C for 72 h. Peri-

odic aliquots were taken and enzymes were inactivated by

heating in a boiling water bath for 15 min. Digestion

supernatants were centrifuged at 15 000 g, stored at

)20�C if necessary, and subsequently analysed for reduc-

ing power (Somogyi-Nelson) and TLC profile.

From 2-ml aliquots at 72 h of incubation with R. solani

enzymes, a further digestion (60 h at 37�C) was per-

formed with T. harzianum enzymes (1 g l)1) (Sigma).

Enzyme inactivation, centrifugation and storage were as

above. Digestion products were fractionated by TLC and

glucose ⁄ gentiobiose quantification was performed by

HPLC as above described.

Aliquots were spotted onto Silica gel 60F254 TLC

aluminium sheets (Merck) and the mobile phase con-

sisted in acetonitrile : ethyl acetate : n-propanol : H2O

(60 : 60 : 60 : 20, v ⁄ v) (four ascents). The spots were

made visible by immersing the plates in 0Æ5% (w ⁄ v)

a-naphtol and 5% (w ⁄ v) H2SO4, followed by heating

(105�C, 10 min). Under these conditions, glucose, lami-

naribiose and gentiobiose (89% b- and 7%-a-anomers)

standards migrated with different Rf values whilst polysac-

charides remained at the loading point.

Chemicals

Standards for chromatography [d-(+)-glucose, b-gentio-

biose mixed anomers, laminaribiose], and substrates for

enzymatic digestions (laminarin from Laminaria digitata,

b-glucan from barley, b-glucan from Baker’s Yeast) were

all purchased from Sigma and prepared as 2 g l)1 stan-

dard solutions.

Statistical analysis

All results are expressed as mean values of at least tripli-

cate determinations. Statistical significance was assessed

using the anova and Tukey–Kramer multiple compari-

sons tests (Miller and Miller 1988).

Results

Scleroglucan production at fermenter scale

The corresponding fermentation kinetic parameters for

scleroglucan production at fermenter scale were: at 48 h

(EPS I), volumetric productivity (Pr) 0Æ542 g l)1 h)1 and

yield on consumed C-source (YP ⁄ C) 0Æ74; at 72 h (EPS

II), 0Æ336 g l)1 h)1 and 0Æ50.
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EPS values at 48 and 72 h of cultivation were

26Æ0 ± 0Æ6 and 24Æ2 ± 1Æ7 g l)1, respectively. Despite the

apparent decrease in EPS at 72 h, the differences were

not statistically significant. Low levels of extracellular b-

glucanase activity were detected at the first stages of culti-

vation but, after 24 h, it became almost negligible

(Fig. 1).

Grade of purity, chemical composition and electrical

charge of EPSs

The purified polysaccharides (EPS I and II) consisted in a

whitish fibrous solid with a total carbohydrate content of

98% (w ⁄ w) and 1Æ6–1Æ9% (w ⁄ w) of protein impurities;

no reducing sugars were detected. They were largely solu-

ble in water and after total hydrolysis they yielded glucose

as the sole monosaccharide component, as shown by

HPLC. The reducing power of the hydrolysate was equiv-

alent to 87–88% (w ⁄ w) anhydroglucose. Confirming their

electroneutrality, both scleroglucan samples exhibited no

precipitation after addition of 10% (w ⁄ v) CTAB.

Structural analysis of EPSs

Periodate oxidation and mild Smith degradation

First analysis consisted in the EPS oxidation with meta-

periodate. For abc-triols such as b-(1,3)-b-(1,6)-d-glu-

can-like polysaccharides, a double cleavage of the carbon

chain by two molecular proportions of metaperiodate

with the concomitant formation of two aldehydic groups

and the liberation of one molecular proportion of formic

acid was expected (Scheme 1).

With a hypothetical repeating unit represented as fol-

lows:

where n represents the number of glucose units involved

in branching and, x the degree of polymerization (DP),

the following expressions could be applied:

moles m-KIO4=mol glucose ðin EPSÞ ¼ 2n=ðnþ 3Þ

moles HCOOH/mol glucose (in EPS) ¼ n=ðnþ 3Þ

The oxidation kinetics of both EPSs showed 0Æ56 mol

of metaperiodate consumption and 0Æ23 moles of formic

acid production per glucose residue in the macromole-

cule. These values, when introduced in the above formu-

lae, led to n � 1 for both EPSs. That value would

correspond to single d-glucopyranose side chains and a

structure with one (1,6) linkage at every third unit of the

main chain (Scheme 1, I).

The reduction of the metaperiodate-oxidiz‘ed glucan

(II) with sodium borohydride, followed by treatment of

the resulting polyalcohol (III) with 0Æ05 mol l)1 H2SO4

at room temperature, led to the liberation of

0Æ25 moles of glycerol per glucose residue in the poly-

saccharide and, to the formation of a whitish precipi-

tate (IV) (Scheme 1). Since for this reaction a similar

equation to that of formic acid production can be

applied, glycerol production gave further evidence of

the repetitive unit previously proposed (n = 1). The

Smith-degraded glucan (IV) was shown to be insoluble

in water and alkali, which might be related to the
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Figure 1 Scleroglucan production at fermen-

ter scale by S. rolfsii ATCC 201126 cultured in

MOPT culture medium. Data points ± SEM

are means of triplicate determinations from

two independent fermentations. For cultiva-

tion conditions see ‘Materials and methods’.
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formation of an unbranched curdlan type b-(1,3)-d-glu-

can. Identical reactions were found for both EPSs.

FT-IR spectroscopy

The FT-IR spectra of the purified EPSs were very similar

to each other (Fig. 2a,b), showing a diagnostic peak at

891 ± 7 cm)1 (2b type bending C1-Haxial vibrational

mode, for b-glycosidic linkages) and no peak at

844 ± 8 cm)1 (2a type bending C1-Hequatorial vibrational

mode, for a-glycosidic linkages). The absence of a-linked

molecule bands (920 ± 5 cm)1, type 1 vibration, and

774 ± 9 cm)1, type 3 vibration) was also observed. Spec-

tra also included a large absorption band at �3400 cm)1,

with additional bands at 2937 cm)1, in the range of

1475–1250 cm)1 and in the 1000–1200 cm)1 region

(Fig. 2a,b).

Enzymatic digestions

For both EPSs, end-point enzymatic digestions with cellu-

lase, Novozym 234, zymolyase and lysing enzymes from

T. harzianum all yielded two spots in paper chromato-

grams with Rf = 63 and Rf = 39, respectively coincident

with the standards of glucose (G) and gentiobiose

(G1b fi 6G).

2 m-KIO4
HCOOH

3b-DG 1 - 3b-DG 1- 3b-DG 1

(x)

6

3b-DG 1 - 3b-DG 1- 3b-DG 1
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Scheme 1. Chemical events during periodate oxidation, borohydride reduction and mild Smith degradation of b-(1,3)-b-(1,6)-D-glucans. On the

right side, expected products of b-glucanases action on structure (I) are also indicated.
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The reducing power liberated along the controlled

enzymatic hydrolysis increased continuously as digestion

progressed (0–72 h), both for EPS I and EPS II (Fig. 3).

Comparatively, EPS digestions proceeded slower than for

the rest of b-glucans.

Controlled enzymolysis followed by TLC (Fig. 4a) led

to quite identical findings as above, with D-glucose and

gentiobiose as the main hydrolytic products, with an esti-

mated final glucose to gentiobiose molar ratio of 2 : 1. In

comparison to the migration rates of standards, the spots

obtained in digestion samples appeared somewhat delayed

(Fig. 4a). It could be confirmed that some components in

the digestion mixture (e.g. oligosaccharide complexes,

etc.) may have retarded the migration of standards (data

not shown).

For all compared b-glucans, glucose showed a progres-

sive increment as digestion proceeded (Fig. 4a). Retarded

gentiobiose also tended to increase towards the end of

EPSs digestion. Laminaribiose was mainly present at the

beginnings of hydrolysis for the less branched glucans

(laminarin, Baker’s Yeast and barley glucans). Other lami-

nari-oligosaccharides were presumed in digestion samples

from laminarin and Baker’s Yeast glucan, as well as cello-

biose from barley b-glucan (data not shown). Finally,

when R. solani-digested glucans (72 h) were further trea-

ted (60 h) with T. harzianum enzymes, only glucose could

be revealed as the exclusive hydrolytic product (Fig. 4b).

Based on the molecular mass of the repeating unit

herein confirmed (Scheme 1, I), and taking into account

the previously determined MW (1Æ6 · 106 Da and
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Figure 2 Infra-red spectra of scleroglucan.

(a) EPS I (produced by S. rolfsii ATCC 201126

after 48-h fermentation). (b) EPS II (produced

by S. rolfsii ATCC 201126 after 72-h

fermentation). Critical absorption peaks are

annotated.
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1Æ7 · 106 Da in DMSO, for EPS I and EPS II, respec-

tively), the degree of polymerization (DP) estimated for a

single coil was around 2400 (EPS I) and 2500 (EPS II).

Likewise, an approximate degree of branching (DB) of

0Æ33 could also be confirmed.

Discussion

Differences observed in rheological behaviour, hydrogel

topography, antisyneresis, suspending and emulsifying

properties between EPSs produced by S. rolfsii ATCC

201126 and recovered at 48 or 72 h of fermentation (i.e.

EPS I or EPS II), could not be earlier explained in the

light of MW or other physicochemical characteristics

(Fariña et al. 2001; Viñarta et al. 2006, 2007). Conse-

quently, structural divergences were thought as a possible

rationale for these observations.

Variations in branching length have been previously

reported among scleroglucans, but the incidence of culti-

vation parameters on this feature is still poorly under-

stood and optimizations usually follow an empirical basis

(Lecacheux et al. 1986; Morin 1998; Laroche and

Michaud 2007). Despite that no significant changes in

EPS concentration were found (Fig. 1), it was suspected

that scleroglucan structure may have been the target for

modifications, for instance, by the action of b-glucanases

(Rau 2004).

Extracellular b-glucanase activity could be detected at

the beginning of fermentation (Fig. 1), but after transfer-

ring the inoculum from PM20 (with 20 g l)1 sucrose) to

MOPT (with 150 g l)1 at fermenter scale), glucanases
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Figure 3 Kinetics of reducing sugars release during controlled enzy-

matic digestion of b-glucans with Rhizoctonia solani enzymes. For

details, see ‘Materials and methods’. ( , EPSI; , EPS II; , Lami-
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levels started to decrease until being undetectable at 48 h

of cultivation. In principle, we hypothesized that high

residual sucrose concentrations (c. 100 g l)1) might have

repressed b-glucanases (Rau 2004). Nevertheless, regula-

tion mechanisms different from catabolic repression, like

b-glucan enhancement action, might also be implied

(Jayus et al. 2005; Crognale et al. 2007). Additionally,

when scaling up from shake-flask to fermenter scale, the

shear stress impossed by Rushton turbine impellers at

high stirring speed (400 rev min)1) may have also

affected b-glucanases production (Jayus et al. 2005).

Considering the undetectable levels of extracellular glu-

canases, and despite that mycelium-bound glucanases

should not be neglected, the eventual action of these

polysaccharases on extracellular scleroglucan seemed not

very likely. Previous research on Botryosphaeria rhodina

b-glucan-producing cultures concluded that, even at high

glucan-hydrolytic activity levels, EPS decrease could not

be attributed to the effect of these enzymes. In turn, the

complexity of biomass-sticked biopolymer recovery was

argumented (Crognale et al. 2007).

On the other hand, the measurement of mycelium-

bound glucanases when mycelium was subjected to com-

plete disruption (Crognale et al. 2007) might be well

attributed to the enzymes responsible for apical hyphal

extension (McIntyre et al. 2001; Adams 2004; Jayus et al.

2005). Furthermore, in spite of scleroglucan may induce

glucanases when supplemented as the sole C-source

(Jayus et al. 2005; Crognale et al. 2007), it appears diffi-

cult to assume that the fungus would use a complex poly-

saccharide if a readily assimilable sugar as sucrose was

still remaining at high concentration.

Accordingly, changes on scleroglucan characteristics

were not expected as a consequence of extracellular hydro-

lytic activities but those arising from either EPS biosynthetic

mechanism (Schmid et al. 2001), cultivation conditions or

mycelium-bound glucanases could not be discarded.

With respect to the EPSs grade of purity, the applied

downstream processing rendered clear advantages regar-

ding appearance, protein and carbohydrate contents, as

previously reported for other purified polysaccharides

(Wu et al. 2007).

The combined use of periodate oxidation ⁄ borohydride

reduction ⁄ Smith degradation and enzymatic hydrolysis

has been already successfully applied to provide structural

information from a variety of b-glucans (Kishida et al.

1989; Aouadi et al. 1991; Kiho et al. 1991; Schmid et al.

2006). For the herein described EPSs, chemical analyses

led to the confirmation of a b-1,3-b-1,6-glycosidic struc-

ture (Scheme 1, I), where b-1,6-glycosidic linkages were

esential for solubility. The lack of branching in the

Smith-degraded glucan (Scheme 1, IV) would have

enabled the molecules to close to each other in such an

extent that extensive H-bonding took place and aggre-

gated forms started to precipitate (Kath et al. 1999). Simi-

lar values of metaperiodate consumption and formic acid

production were also reported for another scleroglucan

after first Smith degradation (Schmid et al. 2006).

Among the different procedures for assigning configu-

ration to polysaccharides, infra-red absorption can pro-

vide definitive evidence about the type of glycosidic

linkages (Zhang et al. 2007). FT-IR spectra of EPS I and

EPS II (Fig. 2a,b) were very similar to each other and also

to already published scleroglucan spectrum (Halleck

1967). The presence of a diagnostic peak corresponding

to b-glycosidic linkages along with the absence of

a-linked molecule bands was consistent with a b-type glu-

can, as noted for other fungal polysaccharides (Kiho et al.

1991; Šandula et al. 1999; Schmid et al. 2001).

The large absorption band at �3400 cm)1 (Fig. 2a,b)

would be directly related to the stretching and bending

modes of the large –OH groups fraction in the macro-

molecule. The incidence of absorbed water in this assign-

ment might be neglected since the polysaccharide was

hardly hygroscopic. Absorbance at 2937 cm)1 might be

attributed to the C–H stretching vibrations (Wu et al.

2007). Additional bands between 1475 and 1250 cm)1

might be assigned to C–H bending modes (i.e.

1383 cm)1), whilst bands appeared in the region of 1000–

1200 cm)1 would correspond to C–O–C glycosidic fre-

quencies and C–OH stretching vibrations overlapped with

ring vibrations.

Further support for the structural evidence given by

periodate oxidation and FT-IR spectroscopy was obtained

through enzymolysis with b-glucanases of known specific-

ity and mode of action, as suggested for b-glucan struc-

ture elucidation (Bielecki and Galas 1991). End-point

enzymatic digestions giving glucose and gentiobiose as

hydrolytic products served to confirm the single unit

branches linked by b-1,6 linkages (Scheme 1, I). On the

other hand, along the concerted action of exo- and endo-

b-d-(1,3)-glucanase activity from R. solani lysing enzymes,

the reducing power of anomeric groups released from

EPSs could be compared to other b-glucans (Fig. 3).

Taking into account the initial amount of b-glucans,

only half percent could be hydrolysed by R. solani

enzymes. That may be related to the reduced hydrolytic

activity consequent on enzyme affinity modifications as

substrates with different degree of polymerization

appeared. A diminished activity of R. solani b-glucanases

as b-1,6-linkages increase could also be speculated, high-

lighting the comparatively higher EPSs degree of branch-

ing. Eventually, the decrease in reducing power at the end

of digestion might be associated to the transglycosylase

activity of R. solani endo-b-(1,3)-d-glucanases (Totsuka

and Usui 1986).
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At the end of the R. solani-enzymes digestion, the final

glucose to gentiobiose molar ratio (2 : 1) was in agree-

ment with the suggested structure (Scheme 1, I) (Aouadi

et al. 1991; Kiho et al. 1991). Glucose could be again con-

firmed as the exclusive hydrolytic product by further

treatment with T. harzianum enzymes (Fig. 4b), a lytic

preparation with b-1,6-glucanase activity (de la Cruz

et al. 1995). The slowered migration of digestion products

(Fig. 4a,b) showed similarities with previous observations

in epiglucan digests (Schmid et al. 2001).

Differences in the TLC-monitored hydrolytic profiles

(Fig. 4a) might be likely related to the b-glucan struc-

tures: b-glucan from baker’s yeast, mainly a b-1,3-glucan

with highly spaced b-1,6-linkages (Bielecki and Galas

1991; http://www.beta-glucan-13d.com, 2007); laminarin,

with 85–98% b-1,3 and 2–15% b-1,6-linkages (Klarzynski

et al. 2000; Schmid et al. 2001); EPSs with 66% b-1,3 and

33% b-1,6-linkages (this work); and barley b-glucan with

25–30%, b-1,3 and 70–75%, b-1,4-linkages (Totsuka and

Usui 1986).

The similarities found between the results from enzy-

matic and chemical analyses were quite essential in order to

confirm the structural homogeneity of scleroglucan EPSs.

Discrepancies between these results may have denoted

heterogeneities with regard to the DB, as already described

of other fungal b-1,3-d-glucans (Kishida et al. 1989).

With reference to DP, values in literature seem to be

extremely variable: �110 for S. glucanicum scleroglucan

(Bielecki and Galas 1991), �800 for commercial sclero-

glucan (Bluhm et al. 1982), 500–1600 for related glucans

(Sandford 1979), and up to �5600 for another reported

scleroglucan (Rice et al. 2004). The DP values found for

S. rolfsii ATCC 201126 scleroglucan (2400–2500) would

be among the highest reported, a fact that might account

for the outstanding rheological behaviour and the suc-

cessful applications reported earlier (Fariña et al. 2001;

Viñarta et al. 2006, 2007). Likewise, considering the esti-

mated DB for both EPSs (�0Æ33), they would be well

positioned among the most biologically active b-(1,3)-

glucans (Bohn and BeMiller 1995).

Mimicking the similarities between intrinsic viscosities

of EPS I and EPS II ([g] = 9610 and 9510 ml g)1 in

water, respectively) and weight-average molecular weights

(MW = 1Æ6 and 1Æ7 · 106 Da in 0Æ25 mol l)1 NaOH or

DMSO for the random coil, respectively) (Fariña et al.

2001), all the herein described structural properties indi-

cated no differences between the EPSs recovered and

purified at 48 and 72 h of fermentation.

In literature, scleroglucan productivities lower than

those herein presented have been frequently reported

(Taurhesia and McNeil 1994; Survase et al. 2006, 2007),

either because of the lower EPS concentrations produced

or the longer cultivation times required. In this context,

the possibility to increase productivities by reducing fer-

mentation time would represent a fact undoubtedly

favourable not only from the production point of view

but also in economical costs terms (Survase et al. 2007),

and may be validly considered in S. rolfsii ATCC 201126.

Molecular weight and chemical structure of b-glucans

are features under permanent investigation as key param-

eters for biological activity (Bohn and BeMiller 1995).

Therefore, it seems relevant to emphasize the identical

structures between EPS I and EPS II. Accordingly, for

applications such as controlled drug delivery (Viñarta

et al. 2007), where either EPS I or EPS II were equally

efficient only exhibiting a polysaccharide-concentration

dependence, or when MW as well as b-1,6-branching seem

to be basis for activity, for example, immunopharmaco-

logical effects (Leung et al. 2006; Survase et al. 2007),

these results would be particularly valuable. Nevertheless,

conformational differences in EPSs may play a significant

role (Leung et al. 2006; Zhang et al. 2007) and will be the

focus of future work.

Acknowledgements

This investigation received the financial support from

CONICET (Consejo Nacional de Investigaciones Cientı́fi-

cas y Técnicas, Argentina, grant PIP6202), CIUNT (Cons-

ejo de Investigaciones UNT, Argentina, grant E-324) and

ANPCyT (grant PICT14496 ⁄ 03). The authors gratefully

acknowledge Dr Aı́da Ben Altabef for professional assis-

tance with FT-IR spectroscopy.

References

Adams, G.A. (1965) Complete acid hydrolysis. In Methods in

Carbohydrate Chemistry, Vol. V ed. Whistler, R.L., BeMil-

ler, J.N. and Wolfrom, M.L. pp. 269–276 New York ⁄ Lon-

don: Academic Press.

Adams, D.J. (2004) Fungal cell wall chitinases and glucanases.

Microbiology 150, 2029–2035.

Aouadi, S., Heyraud, A., Seigle-Murandi, F., Steiman, R., Kraus,

J. and Franz, G. (1991) Structure and properties of an extra-

cellular polysaccharide from Laetisaria arvalis. Evaluation of

its antitumour activity. Carbohydr Polym 16, 155–165.

Bielecki, S. and Galas, E. (1991) Microbial b-glucanases differ-

ent from cellulases. Crit Rev Biotechnol 10, 275–304.

Bluhm, T.L., Deslandes, Y., Marchessault, R.H., Pérez, S. and
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