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Abstract: The use of phosphate as the limiting nutrient for scleroglucan formation 
by Sclerotium glucanicum led to  stimulation of glucan formation. Final exopoly- 
saccharide concentrations achieved in phosphate-limited (18.9 kg m -  3, cultures 
were much higher than in the usual nitrogen-limited fermentations (1 1.4 kg m-3). 
The mechanism by which phosphate limitation engendered glucan formation may 
be largely non-specific, involving a generalised diversion of the carbon source 
away from biomass formation and towards glucan synthesis. The effect of stirrer 
speed was examined in a fermenter fitted with a 6-bladed Rushton turbine impeller 
of 0.5 vessel diameter. It was noted that biomass and scleroglucan formation 
showed different optima. This may have been due to the markedly different oxygen 
requirements of the two processes. 
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1 INTRODUCTION 

Sclerotium glucanicum and related species are capable of 
synthesising and secreting into the extracellular medium 
copious quantities of m~cilage. ' -~ The role of this 
extracellular polysaccharide (EPS) in the life cycle of 
these fungi is the subject of much debate. Proposed roles 
include acting as a binding/chelating agent, prevention 
of desiccation (water loss) and adhesion to plant surfaces. 
The latter may be of particular importance in the plant 
pathogenic Scleroticum species such as S .  r o l f ~ i i . ~ .  

In the case of S .  glucanicum, the polysaccharide 
produced is a neutral glucan, with a linear chain of p-( 1,3) 
linked D-glucopyranosyl groups, with single D-gluco- 
pyranosyl groups linked p-( 1,6) to every third residue of 
the main  hai in.^.^ Molecular weight varies, but may 
reach 5.0 to 100 x lo6 daltons in some 

A great deal of industrial interest has centred on 
potential uses of scleroglucan in food, pharmaceuticals 
and in chemically enhanced oil recovery. In the former 
area, competition from existing compounds derived from 

* Present address: ITB, IUC, Bandung, Indonesia 
f To whom correspondence should be addressed. 

cheap raw materials, such as starch or cellulose, will be 
fierce, while in the latter role, xanthan gum would be a 
less expensive and less biodegradable alternative. 

However, one area where scleroglucan may have great 
promise is as a Biological Response Modifier (BRM)." 
Scleroglucan has been shown to stimulate host immunity 

enhancement of macrophage function, or other host- 
mediated mechanisms." Compared with other poly- 
saccharides eliciting similar responses, scleroglucan is 
effective at much lower doses.13 Both the presence of the 
(1,6)j?-~-glucopyranosy1 side groups, and a molecular 
weight greater than 20000 daltons are required for 
activity.l0, 

Despite promise in this role, relatively little has been 
published on the factors affecting formation of sclero- 
glucan in fermentation processes. Formation of glucans 
by other fungi is known to be strongly influenced by such 
physical factors as impeller speed, which also appears to 
influence the molecular weight of the g1~1can.l~ The 
nature of the limiting substrate can also dramatically 
affect both the rate of glucan formation, and final glucan 
concentration. In some fungi low levels of phosphate ions 
have been shown to markedly increase glucan formation.' 

and resistance to neoplastic or microbial disease,' ' 3  l 2  b Y 
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Fig. 1. Biomass, scleroglucan, residual (NH4)2S04, residual sucrose and dissolved oxygen vs time (standard fermentation). 

In the present study, the effects of both impeller speed 
and PO: - concentration upon the scleroglucan produc- 
tion process are examined. 

2 MATERIALS AND METHODS 

2.1 Microorganism 

The organism used in these studies was Sclerotium 
glucanicum NRRL 3006 (USDA), supplied as a freeze- 
dried culture, which was resuscitated and cultivated on 
potato dextrose agar plates (Oxoid Ltd). These were 
incubated at 28°C for 5 days. 

One cm3 of a cell suspension prepared from such plates 
was used to inoculate 100 cm3 of sterile liquid medium 
in a 500 cm3 Erlenmeyer flask, which was then incubated 
at 28"C, 250rpm, for 2 days on an orbital shaker. 
One flask was used as an inoculum for the fermenter 
vessel. The composition of the liquid medium was as 
follows (kg m-3): sucrose, 30.0; (NH4),S04, 1.0; 
KH,P04. 7H,O, 1.0; KCl, 0.5; yeast extract (Oxoid Ltd) 
1.0; FeSO,, 0.01. pH was maintained at 45 0 2  by 
automatic addition of 1 mol dm- j  NaOH or 1 mol dm-3 
H,SO,. 

2.2 Fermentation process 

Fermentations were carried out in a 3.2 dm3 total volume 
stirred tank reactor LH 1000 (LH Engineering Ltd, Elgar 
Rd, Reading, UK) with a working volume of 2.7dm3. 
The fermenter was equipped with two 6-bladed Rushton 
turbine impellers, each 0.5 times the vessel diameter. 
Stirrer speed was variable, but unless otherwise stated 
was 300 rpm. Temperature was 28°C 0.1"C. Airflow 
rate was one volume of air per volume of culture per 
minute, and a single tubular sparger (located below the 
bottom impeller) was used. Culture dissolved oxygen was 

monitored using a galvanic oxygen electrode (Uniprobe 
Ltd). 

2.3 Analytical methods 

Biomass formation was measured by means of dry weight 
estimation involving filtration of broth samples through 
pre-weighed GF-C filter-discs (Whatman Ltd, Coldred 
Rd, Maidstone, UK). The biomass was then washed, 
dried and weighed. Two separate washings of the filter 
cake with distilled water were carried out. The volume 
of each wash was equal to the original sample volume. 
Further washing of the cake did not lead to any further 
reduction in the dry weight measured. After washing the 
filter cake was dried, cooled in a desiccator and weighed. 

Sucrose was assayed using the colorimetric method 
of Dubois et ~ 1 . ' ~  Exopolysaccharide (EPS) concentra- 
tion was measured by precipitation of scleroglucan from 
cell-free broth samples by addition of two volumes of 
absolute ethanol. The precipitated scleroglucan was then 
filtered, dried and weighed. 

NHf ion concentration was measured using an assay 
kit by Sigma Inc., while PO:- concentration was 
estimated using the method of MacKereth et u1." 

3 RESULTS AND DISCUSSION 

3.1 Phosphate concentration 

Figure 1 illustrates the time course of a standard batch 
fermentation (1.0 kg m-3 KH,P04, 300 rpm). Significant 
formation of polysaccharide occurs only after growth is 
restricted by the exhaustion of the nitrogen source. The 
remaining carbon source (sucrose) is then converted to 
scleroglucan which can, in turn, function as a carbon and 
energy source when the exogenous carbon and energy 
sources are exhausted." This sequential pattern of 
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Fig. 2. Biomass, scleroglucan, residual sucrose, residual KH,PO, and residual (NH,),SO, vs time, at a KH,P04 concentration of 
0.05 kg m '. 
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Fig. 3. Effect of initial KH,P04 concentration upon maximum biomass and maximum scleroglucan concentration. 

growth followed by EPS synthesis has been noted 
for other microbial p o l y s a c ~ h a r i d e s . ' ~ ~ ~ ~  Many authors 
have noted that the choice of limiting nutrient can 
have pronounced effects upon formation of such 
products.2 Although nitrogen limitation has been 
shown to stimulate glucan formation in fungi,,' and is 
the most commonly encountered form of nutrient 
limitation, PO:- limitation has been shown to improve 
the ratio of polysaccharide to biomass produced in some 
cases. 

In order to examine the role of initial PO:- concentra- 
tion, the level of KH,PO, was varied from 0.05, through 
0.1,0.5 up to 1.0 kg m-3. Figure 2 shows the time course 
of a fermentation containing 0.05 kg m-3 of KH,PO,. 
PO:- is fully utilised in 48 h, and EPS synthesis begins 
at or around this point. The 'trigger' for EPS forma- 
tion in this fermentation is not NH: exhaustion, since 
this does not occur until around 72 h (Fig. 2). It is 
clear that growth restriction, by limitation of any major 
nutrient, such as nitrogen or phosphorus, will bring about 

EPS formation in the presence of excess sucrose in 
Sclerotium. 

Figure 3 shows the effect of initial KH2P0, concentra- 
tion upon the maximum biomass and scleroglucan 
concentrations. Maximum biomass concentration rises 
with increasing PO:-, while scleroglucan shows an 
opposing trend. Figure 4 shows the effect of initial 
KH,PO, concentration on the optimisation parameters, 
productivity, specific productivity and yield factor (for 
product on carbon). All of these show a pronounced 
maximum at 005 kg m - 3  KH, PO,. 

In attempting to explain the effect of PO:- upon the 
fermentation two possible mechanisms can be proposed. 
First, a non-specific mechanism, essentially saying that 
limitation of carbon flow into the biomass by restriction 
of any other nutrient essential for formation of new cells 
(e.g. phosphorus or nitrogen) will have the inevitable 
consequence of diverting any remaining sugar (carbon 
and energy source) away from biomass formation and 
towards synthesis of EPS. 
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Fig. 5. Proposed synthetic route for a glucan.21 

To a large extent this mechanism is consistent with the 
results of this study, in as much as, at very low initial 
KH2P04 (0.05 kg m - 3, levels, where biomass formation 
is much reduced due to limited PO:- availability in the 
medium, scleroglucan concentration is maximal. Thus, if 
less sucrose is used for biomass formation, more is 
available for scleroglucan formation; the opposing trends 
for biomass and scleroglucan are unsurprising. 

However, the extent of the improvement in EPS 
formation at the lowest KH2P04 concentration may 
require consideration of how, specificially, the organism 
could regulate flow of carbon into EPS formation or 
growth. Figure 5 shows the proposed synthetic route for 
a glucan.21 Scleroglucan synthesis is likely to be very 
similar or identical to this. 

As can be seen, the monomer (glucose) is activated via 
attachment of a nucleotide diphosphate (UDP). This 
sugar nucleotide (UDP glucose) is a potential precursor 

of either EPS, or the closely related cell wall glucans in 
such fungi.23 A further control point for EPS synthesis 
may be at the stage of formation of a lipid pyrophosphate 
intermediate. l 9  This lipid intermediate is also involved 
in the process of cell wall synthesis. Thus, the availability 
of lipid carrier within the cell may influence whether an 
activated glucose monomer ends up either in the cell wall, 
or as a secreted glucan.21 These two switching points 
may provide a mechanistic basis for the observed 
alternative natures of cell formation and EPS synthesis 
in S. glucanicum. 

Clearly, the choice of limiting nutrient can be critical 
in the production of scleroglucan. PO:- limitation is a 
highly effective means of stimulating glucan formation in 
S. glucanicum, resulting in much increased maximum 
polymer concentrations, when compared to the usual 
nitrogen-limited cultures. 

3.2 Impeller speed 

Viscous fermentation fluids such as those resulting from 
scleroglucan formation present the operator with signifi- 
cant problems of ensuring adequate mass, heat and 
momentum transfer.24 A number of studies have indi- 
cated that glucan formation may be stimulated by oxygen 
limitation in some f ~ n g i . ~ ~ , ~ ~  Other studies have sug- 
gested that the degree of bulk mixing may limit reactor 
productivity in viscous  fermentation^^^ and effective bulk 
mixing has been shown to improve scleroglucan produc- 
tion.28 It has also been suggested that high shear rates 
lead to improved glucan formation in S c l e r ~ t i u r n . ~ ~  
Stirrer speed may affect all of these factors, and in batch 
stirred tank fermentations it is far from easy to separate 
the effect of one from another.I4 

It is clear from the preceding, however, that stirrer 
speed is likely to have a marked effect upon glucan 
formation, and is an important economic consideration 
for process design in these highly viscous fermentations. 
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A number of batch fermentations were carried out at 
a range of impeller speeds (200, 300 (standard), 400, 500, 
600 rpm) to examine the effect upon the process. 

Figure 6 shows the effect of impeller speed on 
maximum concentrations of biomass and scleroglucan. 
The optimum impeller speed for biomass formation is 
400rpm, increases in stirrer speed above this lead to 
decreased biomass concentration. This may be due to 
physical damage (hydromechanical stress), which may 
initially be manifested as leakage of low molecular weight 
compounds, and reduced specific growth rate, before 
serious physical damage to the hyphal structure is 
a ~ p a r e n t . ~ ’  In these studies no gross morphological 
differences were observed between samples obtained from 
fermentations carried out at different impeller speeds. 

Production of a pigment which imparted a yellow/ 
brown coloration to the culture became more marked 
above 300 rpm. Melanin production by Sclerotium spp. 
has been described by a number of auth01-s .~~ 

The optimum stirrer speed for scleroglucan formation 
in this study was 300 rpm, lower than that for biomass. 
Despite the rather vague comments on the necessity of 
high shear rates29 it appears that scleroglucan synthesis 
can be maintained at low impeller speeds. To some extent, 
this is confirmed by the work of Rau et a!.” who 
demonstrated comparable glucan synthetic rates in 
stirred tank (high shear) and airlift (low shear) reactors. 

The different optima for growth and scleroglucan 
production presumably reflect the different nature of the 
growth process and the glucan synthetic process. The 
former is aerobic and will improve as oxygen transfer 
increases with stirrer speed. However, a critical point will 
be reached where further increases in stirred speed will 
lead to decreased growth due to either ‘shear damage’32 
or oxygen inhibition. Conversely, since low dissolved 
oxygen levels are said to stimulate glucan formationz6 
one might expect this to fall steadily with increasing 
impeller speed. The intermediate values of the optima 
probably reflect a balance between the two activities, and 

TABLE 1 
Time Taken to Reach Limiting Dissolved Oxygen Levels and 
for (NH4)2S04 to be Exhausted at Various Impeller Speeds 

rpm Time taken for dissolved Time taken for 
( N  H4)*S04 to be 

exhausted (h)  
oxygen to reach zero (h)  

200 76 96 
300 72 56 
400 68 72 
500 78 94 

will probably be relevant only to the impeller type used in 
the study. Other mixer types with better bulk mixing and 
low shear characteristics, such as the helical ribbon may 
display different optima.29 

In these fermentations it is not uncommon for nutrient 
exhaustion, e.g. NHf, to occur close to the point when 
culture dissolved oxygen reaches zero (Table 1). This 
raises the question of whether or not dissolved oxygen 
limitation alone can ‘trigger’ the commencement of EPS 
synthesis. Consideration of Figs 1 and 7 shows that EPS 
synthesis occurs close to the point when NH,+ is 
exhausted. In Fig. 7 it can be seen that culture dissolved 
oxygen reaches zero well before NH, + exhaustion occurs, 
but that significant EPS synthesis occurs only after NH4+ 
exhaustion. Thus, though oxygen limitation may stimu- 
late glucan formation,26 it does not, of itself, act as a 
trigger for this synthesis to occur. Limitation of a nutrient, 
such as nitrogen or phosphorus is required. 

These results have clear implications for process design. 
A process based on high stirrer speeds, and high aeration 
rates (1 vvm) for the initial growth phase, followed by a 
glucan-synthesising phase where stirrer speed and 
probably airflow rate can be substantially reduced might 
be an efficient way to produce scleroglucan in batch 
cultures. Thus, growth (aerobic) would be maximised, 
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Fig. 7. Biomass, scleroglucan, residual (NH,),SO,, residual sucrose and dissolved oxygen vs time, at an impeller speed of 200 rpm. 

while the process would benefit in two ways from the 
lower impeller speed in the synthetic phase, firstly, 
reduced agitation costs, and secondly, increased glucan 
formation. 

4 CONCLUSIONS 

Physicochemical factors, such as the nature of the limiting 
nutrient and the impeller speed have a marked impact 
on glucan formation in S .  glucanicum. Existing processes, 
based generally on nitrogen limitation and fixed impeller 
speed regimes, can be markedly improved by selection 
of an appropriate limiting nutrient, and recognition of 
the fact that biomass and glucan formation may require 
different strategies in terms of bioreactor operation. 

Despite such improvements, scleroglucan fermenta- 
tions are still nearly twice as long as xanthan processes, 
and final polysaccharide concentrations are equivalent 
or less, thus, in the bulk applications xanthan is likely 
to remain pre-eminent. Scleroglucan's future lies in its 
use in more specialised niches, such as its role as a BRM. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Halleck, F. E., Polysaccharides and methods for production 
thereof. US Patent 3 301 848, 1967. 
Rodgers, N. E., Scleroglucan. In Industrial Gums, 2nd edn, 
eds R. L. Whistler & J. N. Bemiller. Academic Press, NY, 

Sandford, P. A., Exocellular microbial polysaccharides. 
Adv. Carbohyd. Chem. Biochem., 36 (1979) 265-85. 
Punja, Z .  K., The biology, ecology and control of S.  rolfsii. 
Ann. Rev. Phytopathol., 23 (1985) 97-127. 
Aycock, R., Symposium on Sclerotium rolfsii. Phytopathol., 

Brierly, C. L., Kelly, D. P., Seal, K. J. & Best, D. J., Materials 
and biotechnology. In Biotechnology-Principles and Appli- 
cations, eds I. J. Higgins, B. J. Best & J. Jones. Blackwell 
Ltd, London, 1985, pp. 161-212. 
Rinaudo, M. & Milas, M., On the properties of polysac- 

1973, pp. 499-51 1 .  

5 (1967) 107-9. 

charides. In Industrial Polysaccharides, ed. M. Yalpani. 
Elsevier, Amsterdam, 1987, pp. 217-23. 

8. Lechacheux, D., Mustiere, Y. & Panaras, R., Molecular 
weight of scleroglucan and other extracellular microbial 
polysaccharides by size exclusion chromatography and low 
angle laser light scattering. Carbohydr. Polym., 6 (1986) 
477-93. 

9. Bluhm, T. L., Deslandes, Y., Marchessault, R. H., Perez, S. 
& Rinaudo, M., Solid state and solution conformation of 
scleroglucan. Carbohydr. Res., 100 (1982) 117-30. 

10. Pretus, H. A., Ensley, H. E., McNamee, R. B., Jones, E. L., 
Browder, I. W. & Williams, D. L., Isolation, physico- 
chemical characterization and preclinical efficacy evalua- 
tion of soluble scleroglucan. J .  Pharmacol. Exp. Therap., 

11. Jong, S. C. & Donovick, R., Antitumour and antiviral 
substances from fungi. Ado. Appl. Microbiol., 34 (1987) 

12. Singh, P. P., Whistler, R. L., Tokuzen, R. & Nakahara, W., 
Scleroglucan, an antitumour polysaccharide from Sclero- 
tium glucanicum. Carbohydr. Res., 37 (1974) 245-7. 

13. Kang, S. & Cottrell, I. W., Polysaccharides. In Microbial 
Technology, 2nd edn, eds H. J. Peppler & D. Perlman. 
Academic Press, London, 1979, p. 417. 

14. McNeil, B. & Kristiansen, B., Influence of impeller speed 
upon the pullulan fermentation. Biotechnol. Letts, 9 (1987) 

15. Harvey, L. M., Production of extracellular microbial 
polysaccharides by continuous culture of fungi. PhD thesis, 
University of Strathclyde, Glasgow, UK, 1984. 

16. Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A. & 
Smith, F., Colorimetric methods for determination of sugars 
and related substances. Anal. Chem., 28 (1956) 350-6. 

17. MacKereth, F. J. H., Heron, J. & Talling, J. F., Water 
Analysis, Freshwater Biological Association Handbook 36, 
1978. FBA, Windermere, UK. 

18. Rapp, P., P1,3 Glucanase, P1,6 glucanase and P-glucosidase 
activities of Sclerotium glucanicum: synthesis and properties. 
J .  Gen. Microbiol., 135 (1989) 2847-58. 

19. McNeil, B. & Kristiansen, B., Temperature effects on 
polysaccharide production by Aureobasidium pullulans in 
stirred tanks. Enz. Microb. Technol., 12 (1990) 521-6. 

20. De Vuyst, L., Van Loo, J. & Vandamme, E. J., Two step 
fermentation process for improved xanthan production by 
Xanthomonas campestris NRRL-B- 1459. J .  Chem. Technol. 
Biotechnol., 39 (1987) 263-73. 

21. Sutherland, I. W., Biosynthesis of microbial exopoly- 
saccharides. Adv. Microb. Physiol., 23 (1982) 79-146. 

257 (1991) 500-10. 

183-262. 

101-4. 



Physicochemical factors affecting scleroglucan formation 163 

22. Seviour, R. J., Kristiansen, B. & Harvey, L., Morphology 
of Aureobasidium pullulans during polysaccharide elabora- 
tion. Trans. Brit. Mycol. SOC., 82 (1984) 350-6. 

23. Sonnenberg, A. S. M., Sietsma, J. H. & Wessels, J. G. H., 
Spatial and temporal differences in the syntheis of (1-3) 
and (1-6) fl  linkages in a wall glucan of Schizophyllum 
commune. E x p .  Mycol., 9 (1985) 141-8. 

24. Nienow, A. W., Agitators for mycelial fermentations. Trends 
Biotechnol., 8 (1990) 224-33. 

25. Rho, D., Mulchandani, A., Luong, J. H. T. & Leduy, A., 
Oxygen requirement in pullulan fermentation. Appl. 
Microbiol. Biotechnol., 28 (1988) 361-6. 

26. Rau, R.-J., Muller, K., Cordes, K. & Klein, J., Process and 
molecular data of branches 1,3-fl-~-glucans in comparison 
with xanthan. Bioproc. Eng., 5 (1990) 89-93. 

27. Moser, A., Mixing in bioreactors. In Physical Aspects of 
Bioreactor Performance, ed. W. Crueger. Dechema, Frank- 
furt-am-Main, 1987, pp. 134-43. 

28. Rau, V., Gura, E., Olszewski, E. & Wagner, F., Enhanced 
glucan formation of filamentous fungi by effective mixing, 
oxygen limitation and fed batch processing. J .  Ind. 
Microbiol., 9 (1992) 19-26. 

29. Wernau, W. C., Fermentation methods for the production 
of polysaccharides. Deu. Ind. Microbiol., 26 (1985) 263-9. 

30. Finn, R. K. & Fiechter, A., The influence of microbial 
physiology on reactor design. In Microbial Technology, eds 
A. T. Bull; D. C. Ellwood & C. Ratledge. Cambridge 
University Press, Cambridge, UK, 1979, pp. 83-105. 

31. Punja, Z. K., The biology, ecology and control of Sclerotium 
rolfsii. Ann. Rev. Phytopathol., 23 (1985) 97-127. 

32. Fox, R. I., Hydromechanical damage-also known as 
‘shear’. In Physical Aspects of Bioreactor Performance, ed. 
W. Crueger. Dechema, Frankfurt-am-Main, 1987, 
pp. 134-43. 

APPENDIX: GLOSSARY OF TERMS USED 

Yield Factor for scleroglucan on sucrose (&): 

polysaccharide produced (kg m- 3, 

sucrose consumed (kg m-3) y p / c  = 

Productivity (Pr) :  

max. polysaccharide concentration (kg m- 3, 
Pr = 

fermentation time (h) 

Specific productivity ( P r l x ) :  

Pr 
max. biomass concentration (kg m-3) 

P r l x  = 


