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Oxygen controlled batch 
for enhanced production 

U. Rau, C. Brandt 

cultivations of Schizophyllum commune 
of branched fl-1,3-glucans 

Abstract Oxygen and shear stress are the key factors for 
enhanced glucan production with Schizophyllum commune. 
During batch cultivation control of Po2 or qo2 (specific oxygen 
uptake rate) was achieved by variation of the impeller speed. 
Biomass was modelled by using the carbon and oxygen balance 
derived from exhaust data. At mycel growth a qQ of o.o42 h-1 
presents just the border before oxygen limitation arises and is 
simultaneously the optimum operation condition for maximum 
glucan formation. Related to an overall cultivation time of 72 h 
a maximum of both productivity (4.3 kg m-3d -1 )  and yield 
03 kg m-S) were obtained. 

List of symbols 
C kgm -3 
kLa h -I  

Ks molto -3 
N rpm 

Po~ % 

Oo~ kg m - s h - I  
qo2 h 

t h 

YX[02 

concentration 
volume related oxygen transfer 
coefficient 
substrate saturation constant 
impeller speed 
oxygen partial pressure of the liquid 
phase 
oxygen uptake rate 
specific oxygen uptake rate, kg 0 2 
(kg biomass h) - 1 
time 
yield coefficient (biomass 
formed/oxygen consumed) 

Greek symbols 
// h - i  specific growth rate 

Indices 
02 oxygen 
X biomass 
L liquid phase 
, gas/liquid interface 
S substrate (glucose) 
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1 
Introduction 
The filamentously growing fungus Schizophyllum commune 
secretes a neutral homoglucan (trivial name Schizophyllan [1] ) 
that consists of a backbone chain of 1,3-fi-D-glucopyranose units 
linked with single 1,6-bounded fi-D-glucopyranoses at about 
every third glucose molecule in the basic chain. Many other fungi 
like Sclerotium rolfsii [2], Sclerotium glucanicum [3], Monilinia 
fructigena [4], Botrytis cinerea [5] etc. are able to produce the 
same glucan with a uniform, primary molecular structure. 
However, these polysaccharides differ substantially in molecular 
weights and in their tendency to form microgels. These 
characteristics directly influence their filtration and adsorption 
behaviour when being used as additives for polymer flooding in 
the scope of enhanced oil recovery. Recent studies have shown 
that Schizophyllan is very useful for this kind of application [6]. 

As pullulan [7] the glucan can also be used to form films 
hardly not permeable for oxygen [8] e.g. for the protection of 
foods [9] being sensitive to oxygen. A further application is the 
stimulation of the immune system by degraded glucans [lo], 
and especially in Japan these antitumor glucans are currently 
used as cancer immunotherapeutic drugs in combination with 
other chemotherapeutic compounds [11]. 

The glucan dissolves in water as a triple helix [12] with 
protruding pendent fiq-6-1inked D-glucose units originating 
from the outside of the triplex [13]. In DMSO and at a pH > 12 the 
triple helix melts to single, randomly coiled strains, equivalent to 
the reduction of the average molecular weight by one third [14]. 
Aqueous solutions show thixotropic, pseudoplastic [15] and 
viscoelastic [16] behaviour. Native suspensions, also containing 
the producing microorganism, reveal enhanced non-Newtonian 
characteristics [17] due to the filamentous network of the 
internal woven hyphae. 

The glucan formation is strongly coupled with growth [9]. 
Therefore, under nitrogen starvation both growth and glucan 
formation cease [18]. The polysaccharide is as a mucilage either 
loosely associated with the outer ceil wall or released into the 
medium. Mixing of these high viscous suspensions requires 
a proper agitator which allows short mixing times, high mass 
transfer and glucan release from the cell wall on the one hand, 
and low shear stress on the fungus and glucan on the other. All 
these requirements are fulfilled by a 4-bladed fan impeller [12] 
that has been tested in batch and in continuous cultivation [19]. 
Similarly good results were yielded by using a reciprocating jet 
bioreactor in mutual conducted cultivations at the Institute of 
Process Engineering (TU Berlin, FRG) [20, 21]. All these 
experiments have doubtlessly proven that oxygen and shear 
stress are the key factors for enhanced glucan formation. After 
the control of oxygen supply was established for the continuous 
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process [22] the following investigations present the results 
from batch cultivations using the control of Po~ or specific 
oxygen uptake rate by variation of impeller speed. 

2 
Materials and methods 

2.1 
Microorganism and conditions of cultivation 
The wood rotting basidiomycete Schizophyllum commune ATCC 
38548 was employed to produce extracellular glucan. The fungus 
was grown on agar slants supplemented with 39 g 1-t potato 
dextrose agar and 5 g 1-~ yeast extract. After one week the 
covered slants were stored at 4~ New slants were inoculated at 
intervals of 4 weeks. 

The medium used for cultivation both in shake flasks and 
bioreactor consisted of (per 1 deonized water): glucose 3o g, yeast 
extract 3 g, KHzPOa 1 g and MgSO 4 . 7]-]20 o.5 g. Cultivations 
were performed at z7~ with an initial pH of 5.3 not being 
adjusted. For the first subculture a piece of covered agar was 
used to inoculate loo ml medium in 5o0 ml shake flasks. After 
4 days on a rotary shaker (loo rpm) the second seed with 250 m[ 
in 11 shake flasks was inoculated with ~o ml of homogenized 
(Ultra Turrax, Ika, Staufen i.B., FRG) culture suspension and was 
cultivated as described above. Bioreactor cultivations were 
carried out in a vessel of3o 1 working volume (B. Braun Biotech 
International, Melsungen, FRG), a height/width ratio of z with 
four baffles mounted inside using three 4-bladed fan impellers 
(blade pitch 45 ~ impeller/tank ratio of o.64) installed on the 
shaft at a distance of 213 to the stirrer diameter (o.19 m). The 
inoculated suspension (5 vol%) was gassed with a volume related 
aeration rate of o.o8 WVM. All data presented refers to at least 
two experiments. 

2.2 
Analysis 
The cell dry weight was determined gravimetrically after 
homogenization, centrifugation and drying. Glucan was 
precipitated from the supernatand by i, propanol and 
subsequently dried to constant weight. The procedure is 
described in detail elsewhere [16]. 

The exhaust analysis of carbon dioxide and oxygen was 
performed by Unor 6N and Oxygor 6N (Maihak, Hamburg, FRG), 
respectively, additionally equipped with a 7-channel multiplier 
switching from one exhaust tube to the other. The crude data 
(%02, %CO2) were transferred to a connected PC. After 
correction of the drift the data were used for calculation of 
oxygen uptake rate, carbon dioxide formation rate and 
respiration quotient using an exhaust manager (tables and 
graphics of these parameters with menu driven work sheets) 
developed in our lab [zt]. This PC is connected to another with 
a multi-tasking operating system (Concurrent DOS, Digital 
Research, USA) which runs simultaneously a process manager 
(data input of exhaust manager, biomass simulation, data 
transfer to MFCS) and a MFCS (Multi-Fermenter-Control- 
System, B. Braun Biotech International, Melsungen, FRG) both 
controlling the bioreactor by using a FIS (Fermenter Interface 
System, B. Braun Biotech International, Melsungen, FRG) as 
a transfer unit. 

2.3 
Modelling of biomass 
Provided that the rate of increase in cell mass is only a function 
of the cell mass: 

dCx 
= ~ Cx, (1)  

dt 

and regarding oxygen as the first limiting substrate then 

QO 2 T 
,u = qo~ 'Yx /o~=-~  �9 ~xlo~ (z )  

is valid. The mass balance of oxygen solved in the liquid phase 
during instationary growth is 

dCoz, L 
dt = kLa ( C~,, L-- Co. L) - -  002" (3) 

In short time intervals Eq. (3) is equal to zero and becomes: 

Oo, = kLa (C~2, L-- C%, L). (4) 

The combination of Eqs. 0), (2) and (4) gives: 

at = L C x Y X / ~  . c x =  - ' ~x A C x "  (5) 

At the beginning of oxygen limitation (Co. L--*O)dCx/dt will be 
constant and at its maximum and is expressed as [dCx/dt ] ~a.. 
For simulation of biomass in the decelaration phase a Monod- 
term is included: 

dCx Cs 
at = Cx" l~ = Cx" # .... "Ks + ~ '  (6) 

with 

[a q 
dCx Q 
dt --kLa(C~,,L--Co,,L)" YX/O~ Ks+Cs" (8) 

It is assumed that kra does not depend on the concentration of 
glucan, > 3 kg m -3, because in this region kza is only slightly 
decreasing [23, 24]. Thus, k~a depends only on the impeller 
speed (Fig. 1) and is approximated by a polynom. The actual 
concentration of oxygen in the liquid phase, CO, L, is 
proportional to PO,. The estimation of glucose Cs was achieved 
by using the carbon balance presented in Table 1. The molar 
ratios of products depend on the cultivation conditions e.g. 
differences in glucan and ethanol. However, the summarized 
amount of carbon in ethanol, glucan and biomass is almost 
constant and varies between 74% to 77%. Therefore, starting 
from the on-line measurement of CO2, the estimation of 
the other products is possible and finally the amount of glucose 
consumed is calculable. Yx/o =o.lx4 and Ks=5.5 molm -3 are 
set to constant data over the whole period of cultivation. 

3 
Results and discussion 
Preliminary investigations have revealed that during batch 
cultivation enhanced glucan formation is achieved by increased, 
but limited, oxygen supply. Linear increase of the impeller speed, 
which started with loo rpm at the beginning of limitation, to 
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Fig. 1. Volume related oxygen transfer coefficient (measured by exhaust 
analysis) vs. impeller speed (4-bladed fan impellers) at glucan concentration 
> 3 k g m  -3 

Table 1. Carbon distribution of products related to the cultivations 
presented in Figs. 2 -  4 

(%C) Fig. 2 Fig. 3 Fig. 4 

Glucan 31,9 37.9 39.4 
Ethanol 31 27.9 20.2 
C02 20.1 20 19.8 
Biomass 11.1 11.3 I6.3 
Remainder 4.6 2.3 2.8 

zoo rpm in a time interval between 8 to 3z h resulted in a yield of 
glucan of 9.5 kgm -3 related to an overall cultivation time of 
lOO h [z5]. In this uncontrolled cultivation the level ofpo2 varied 
between 5% and 35%- First of all, in order to establish 
a controlled batch process Po2 was selected as master variable. 
Thus, we tried to maintain a constant Po2 of 5% by applying 
gradual changes of the impeller speed (Fig. z). The following 
simple control algorithm was used: Ifpo~<5% then N = N + m .  

The increase of the specific oxygen uptake rate at the 
beginning of cultivation is due to a slight rise of oxygen 
consumption for cell internal adaption to changed environment 
during the lag phase. During the control interval the specific 
oxygen uptake rate qo2 runs through a maximum which 
results in a value of o.o4z h -1 at the maximum rate of glucan 
formation (indicated by arrows in Fig. z). This is corresponding 
to the data derived from continuous cultivation. Therefore, we 
started a cultivation maintaining a constant qo2 of o.o4z h -  ~ at 
the beginning of oxygen limitation set at pQ < 5% (Fig. 3). For 
on-line calculation of biomass the model mentioned in 
"Materials and Methods" was used. The control of qo2 was 
achieved by the following algorithm: 

If qo <o.o4 then N = N + 5  and if qo >o.o4 then N=N-5. 
The gentle variation of impeller speed is specifically adapted to 
the low growth rate ( # ~ . =  0.08 h-~) of the fungus. First the 
actual value of control variable qQ is compared to its setpoint. In 
case of a positive answer a temporary variation of the correction 
variable N follows. Then a trend is calculated equal to the 
slope of some data points of the control variable. When the trend 
is negative the actual value approaches its setpoint. The 
combination of both control functions may result in the 
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Fig. 2. 3ol-batch cultivation of S. commune equipped with 
three fan impellers at 27~ o.o8 V/VM and an initial pH of 
5-3- At the time when the culture reached a po, of 5% 
impeller speed was stepwise increased 
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Fig. 3. 3ol-batch cultivation of S. commune with 
controlled specific oxygen uptake rate by variation of 
impeller speed. For further cultivation conditions see 
Fig. 2 

following answer of the system: At an actual value for example 
lower as the setpoint but positive trend the variation of N can be 
compensated as q02 still improves. 

Using the control sqn/m mentioned above a nearly constant 
q02 of o.o4 h -~ was maintained for about 3o h resulting in an 
increased yield of glucan (12.5 kg m 3) at equal biomass 
produced. A further important result is the decreased amount of 
ethanol primary channelled into glucan which was caused by 
improved oxygen supply (Table 1). Partly existing anaerobic 
domains inside the mycelia can never be fully avoided, stated by 
the fact that ethanol is always formed in spite of Po2>5% [21]. 
However, the Po2 is not a representative quantity in this 
connection as it reflects only one local point of the liquid phase 
and not the situation inside the mycels. Otherwise local excess of 
oxygen is primarily used for biomass production. With these 
thoughts in mind a qo2 of o.o42 h -1 at a given morphology of the 
fungus presents just the border before oxygen limitation 
arises and growth is, therefore, unlimited. In other words, this 
state is characterized by a minimum of ethanol and biomass as 
well as a maximum of glucan produced. 

The upper and lower limit of the impeller speed was set at lOO 
and 200 rpm, respectively. The upper value derived from batch 
cultivations with constant speed of 200 rpm [19] which resulted 
in decreased growth rates and related low yields due to high 
shear stress. In order to investigate how the fungus responds to 
higher shear stress and whether qo2 could be prolonged at its 
optimum the upper limit of the impeller speed was set at 
300 rpm (Fig. 4). As a result, compared to the preceding 

cultivation ethanol was further decreased from 8 to 5.5 kg m-3; 
adequate amount of glucan (13 kg m -3) but also biomass 
(5 kg m-3) was produced. A constant qo2 could be maintained up 
to 225 rpm. The subsequent sharp decrease in qo2 could possibly 
be due to higher stress caused by the impeller and might 
not be a consequence of insufficient oxygen transfer. The 
argument for this assumption may be derived from Fig. 1. For 
example, 250 rpm is equivalent to a kLa of 20 h-1 and assuming 
a C(~2,L = 0.008 kgm -3 an OTR of o.16o k g m - 3 h  -I  will be 
obtained (po2-+o%). At a given biomass of 2 kg m -3 at this time 
(45 h) the theoretical maximum value ofqo 2 is twice as high as its 
optimum. Using a logarithmic depiction of biomass versus time 
a straight line results up to 55 h with a slope of # = 0.075 h -  
(data not shown). This is a further evidence for the just oxygen 
unlimited conditions as mentioned before. 

In conclusion, deriving from continuous cultivation [22] 
a controlled batch process was established using the specific 
oxygen uptake rate as master variable as well as the impeller 
speed as correction variable. At a given morphology (mycel 
growth) a qo~ = 0.042 h -  1 enables Schizophyllum commune just 
an oxygen unlimited growth with maximum glucan and 
minimum ethanol yield. The use of the 4-bladed fan impeller at 
speeds > 225 rpm, also in a slowly increasing manner, influences 
the fungus by a sharply decreasing qo~. Through the use of the 
presented control system both productivity (4.3 kg m -  3 d -  1) and 
yield (13 kg m-3) of glucan could be markedly increased 
compared to a conventional, uncontrolled batch (productivity 
2.4 kgm-3 d -1, yield <1o kgm -3) [3, 19]. 
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