Appl. Biochem. Biotechnol.

© 1991 by The Humana Press Inc.

All rights of any nature whatsoever reserved.
0273-2289/91/27(1): 27-36/$2.00

Influence of Cultivation Conditions
on the Production of Cellulolytic Enzymes
with Trichoderma reesei Rutgers C30
in Aqueous Two-Phase Systems

INGRID PERSSON,' FOLKE TJERNELD,*!
AND BARBEL HAHN-HAGERDAL?2

1 Department of Biochemistry; and 2Department of Applied
Microbiology, Chemical Center, Lund University, PO Box 124,
S$-221 00 Lund, Sweden

Received April 27, 1989; Accepted January 29, 1990

ABSTRACT

Cellulolytic enzyme production in aqueous two-phase systems
with Trichoderma reesei Rutgers C30 has been investigated. The influ-
ence of different phase systems, as well as addition of media compo-
nents and substrate on enzyme production have been studied.

Extractive enzyme production in fed-batch cultivations was per-
formed in a phase system composed of PEG 8000 5%-Dextran T500
7% with 1% Solka-Floc BW 200 as substrate. The cellulolytic enzyme
system was intermittently withdrawn with the top phase. Addition of
media components every 24 h and cellulose every 72 h gave an aver-
age enzyme activity in the withdrawn top phase of 2.2 FPU/mL dur-
ing 170 h cultivation. The corresponding productivity was 18 FPU/I-h.
The productivity was increased to 24 FPU/I'h when media compo-
nents and cellulose were added every 72 h. The average enzyme con-
centration was then 1.6 FPU/mL. The results are discussed in relation
to methods for cellulolytic enzyme production involving immobiliza-
tion and cell recycling.

* Author to whom all correspondence and reprint requests should be addressed.
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Index Entries: Cellulolytic enzymes; aqueous two-phase systems;
Trichoderma reesei; cellulose production.

INTRODUCTION

Cellulose can be hydrolyzed to glucose in the presence of acid or by
using cellulolytic enzymes. The use of enzyme is advantageous for this
conversion as they work under more moderate conditions and form no
byproducts. However, the enzyme costs have so far prohibited the de-
velopment of an economic process for the bioconversion of cellulose to
glucose. It has been estimated that the cost for the enzymes constitutes
approx 60% of the total process cost (1). One way of reducing the enzyme
costs is to improve the enzyme production.

The most commonly used microorganism for cellulolytic enzyme pro-
duction is the fungus Trichoderma reesei. In a recent review, the influence
of strain improvement, choice of substrate, substrate concentration, and
cultivation conditions on cellulolytic enzyme production has been sum-
marized (2). Strain improvement in Trichoderma reesei has increased the
enzyme concentration, productivity, and yield by a factor of three (3).
Strain improvement has also resulted in strains resistent to carbon cata-
bolic repression (4-6). Enzyme concentration, productivity and yield can
be further increased by using solid cellulosic substrate rather than a solu-
ble substrate (7). By changing culture conditions from batch cultivation to
fed-batch cultivation, the enzyme concentration can be further increased
by a factor of three and the productivity by a factor of four (8,9). Continu-
ous cultivation, on the other hand, increases the productivity by a factor
of two compared to batch culture but results in low enzyme concentra-
tions (9). In the present study, we have investigated the use of aqueous
two-phase systems for improved production of cellulolytic enzymes with
T. reesei Rutgers C30. The influence of different phase systems, the addi-
tion of media components and the addition of substrate on cellulolytic
enzyme production was studied. An aqueous two-phase system can be
obtained when two different water-soluble polymers are mixed, e.g.,
polyethylene glycol and dextran. These systems have the great advantage
of being biocompatible due to the high water content in both phases (10).
Aqueous two-phase systems have been used for separation of cells, cell-
organelles, and macromolecules (10,11), and in bioconversions (12). They
have been used in the enzymatic hydrolysis of cellulose (13), and it has
earlier been demonstrated that T. reesei Rutgers C30 produces cellulolytic
enzymes in these systems (14). The cells are recycled in one of the phases
and solid substrates can be used. With Bacillus subtilis (15) and Aspergillus
phoenicis (16), an enhanced enzyme production was observed in aqueous
two-phase systems.
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MATERIALS AND METHODS

Microorganism

Trichoderma reesei Rutgers C30 NRRL 11460 was obtained from the
Northern Regional Research Center, Preoria, IL. The cultures were main-
tained on potato-dextrose-agar slants.

Medium

The cultivation medium used was Vogel’s medium N (17) with the
addition of proteose peptone 1.0 g/L and Tween 80 0.15 ml/L. Solka-Floc
BW 200 (a generous gift from James River Corp., Berlin, NH) was used as
carbon source at an initial concentration of 10 g/L in all cultivations.

Cellulolytic Enzyme System

In the partition studies NOVO Cellulclast 2.0 L (76 FPU/g) was used.
In the studies of the enzyme production in the presence of enzyme, NOVO
Celluclast L (56 FPU/g) was used. Both were generous gifts from NOVO
A/S (Bagsvaerd, Denmark). The enzymes are preparations from Tricho-
derma species.

Enzyme Assay

The filter paper activity (FPU) was determined according to Mandels
et al. (18) with the following modifications; 0.05 M Na-acetate buffer pH
4.8 was used, the samples were boiled for 10 min, and the absorbance
was read at 640 nm and was not allowed to exceed 0.2.

Polymers

Polyethylene glycol (PEG) 4000 (Serva, Heidelberg, FRG) has a mol wt
in the range of 3000-3700 and PEG 8000 (Union Carbide, Danbury, CT)
has a mol wt in the range of 7000-9000. Aquaphase PPT (Perstorp Biolytica,
Lund, Sweden) has a mol wt of 35-103, whereas fractionated Dextran T500
(Pharmacia Biotechnology AB, Uppsala, Sweden) has a mol wt of 500-103.
Crude dextran (Mw>5-10¢ (19); a generous gift from Pharmacia AB,
Staffanstorp, Sweden) was used unhydrolyzed, and hydrolyzed. The
hydrolysis was performed according to Kroner et al. (19) with HCl, 20
min hydrolyzing time, in order to obtain a viscosity similar to Dextran
T500. The viscosity was estimated by measuring the time taken for the
liquid level to drop from 2 to 1 mL in a 2 mL pipe. A hydrolyzed crude
dextran solution of 10% (w/w) contained approx 1.2% reducing sugars, as
determined by the DNS-method (20)with glucose as standard.
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Fig. 1. Phase diagrams at +20°C for the systems: A. polyethylene glycol
(PEG) 8000-Aquaphase PPT-water; B. PEG 8000-Dextran T500-water, from Ref.
10; C. PEG 4000-crude dextran-water. Point X =total composition of the phase
system; point Y=top phase composition; point Z=bottom phase compo-
sition. The tie line=Y-Z. The line Y-X=bottom phase volume. The line X-Z =top
phase volume. The binodial curves were experimentally obtained.
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Aqueous Two-Phase System

The composition of an aqueous two-phase system can be illustrated
in a phase diagram. In Fig. 1 A, B, and C phase diagrams of polyethylene
glycol (PEG) 8000-Aquaphase PPT, PEG 8000-Dextran T500, PEG 4000-
crude dextran are shown. Experimental binodial and tie lines were ob-
tained according to Albertsson (10). Phase separation occurs at polymer
concentrations above the binodial curve. An aqueous two-phase system,
with a total polymer composition represented by point X in Fig. 1A, has a
top phase composition represented by point Y and a bottom phase com-
position represented by point Z. The tie line can be used to estimate the
vol ratio between the phases where the length Y-X represents the bottom
phase vol and X-Z the top phase volume (10).

Partition of Cellulolytic Enzymes

The cellulolytic enzyme system from NOVO Cellulclast 2.0 L was par-
titioned in four different aqueous two-phase systems; PEG 8000 7%-Aqua-
phase PPT 17%, PEG 8000 5%-Dextran T500 7%, PEG 8000 5%-hydrolyzed
crude dextran 7%, and PEG 4000 5%-crude dextran 6%. The vol ratio
between the top and bottom phases was approx 1:1in all four phase sys-
tems. The partition coefficient, K, for an enzyme in a phase system is
defined as: the enzyme concentration in the top phase divided by the en-
zyme concentration in the bottom phase. The K-value for the cellulolytic
enzyme system was calculated from the filter paper activity (FPU/mL).
The partition studies were performed at room temperature with media
components present but in the absence of cellulose. The phase systems
were mixed, then allowed to settle for 30-60 min. Samples were taken
from both top and bottom phases.

Cultivation of T. reesei

The cultivations were carried out in 1 L Erlenmeyer flasks (with a cul-
tivation vol of 100 mL) maintained in a shaking water bath at +25°C. pH
was not controlled.

The influence of phase systems on cellulolytic enzyme production
with T. reesei Rutgers C30 was studied in the four different aqueous two-
phase systems used in the partition studies. The enzyme production,
measured as filter paper activity, was followed. A regular medium without
phase components was used as reference. Shaking was stopped every 24
h, the cultures transferred to measuring cylinders and allowed to settle
for 30-60 min. The phase systems separated into a clear top phase and a
bottom phase containing the cellulose and the fungus. In the regular
medium, the solids settled to the bottom of the cylinder, leaving a layer of
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clear solution above them. The vol of top phase and the clear solution
above the solids were measured, withdrawn, and replaced with new top
phase and sterile water, respectively. Samples were taken and stored
frozen for future analysis of filter paper activity. The concentration of en-
zyme in the top phase after addition of new top phase was calculated
from the partition coefficient and the phase vol. The new enzyme concen-
tration in the regular medium was also calculated. The mixing was then
resumed and the continuation of the enzyme production was followed.

The influence of media and cellulose concentration was studied in a
PEG 8000 5%-Dextran T500 7% system and a regular medium. Every 24
h, the culture in the regular medium was centrifuged and the liquid vol
withdrawn. In the phase system, the top phase was withdrawn after
separation for 30-60 min. The withdrawn vol were replaced with an equal
vol of medium and top phase, respectively. In the case of both the regular
medium and one of the phase system cultures, media components of
original concentration were added with the new vol every 24 h. Cellulose
of original concentration was added with the new vol every 72 h. In the
other phase system culture, both media components and cellulose were
added every 72 h.

The Influence of Enzyme Concentration

The influence of enzyme concentration on cellulolytic enzyme pro-
duction was studied by the addition of enzyme to shake flask cultivations.
Addition was made after 24 h cultivation time. The enzyme solution was
filtered sterile before addition. Enzyme was added to a final concentration
of 1 and 2 FPU/mL, respectively. The enzyme production was compared
with a reference cultivation maintained without addition of enzyme.
Samples were taken every 24 h and stored frozen for future analysis of
filter paper activity.

RESULTS AND DISCUSSION

Partition of Cellulolytic Enzymes,
Substrate, and Fungus

In an earlier study aiming at recycling the cellulolytic enzymes in en-
zymatic cellulose hydrolysis with an aqueous two-phase system the parti-
tion of the enzymes in different phase systems was investigated (21). As
the cellulose substrate partitions to the bottom phase and the produced
glucose is withdrawn with the top phase, the aim was to obtain as low a
partition coefficient, K, for the cellulolytic enzymes as possible. It was
found that a low mol wt bottom phase polymer reduced the K value. The
presence of cellulose further reduced K.
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Table 1
Partition of Cellulolytic Enzyme System
from NOVO Celluclast 2.0 L in Aqueous Two-Phase Systems®

Aqueous two-phase system Molecular weight of the Pantition coefficient (K )

bottom phase polymer

PEG 8000 5% - Aquaphase PPT 17% 3.5-104 0.83
PEG 8000 5% - Dextran T500 7% 5.0-105 1.41

PEG 8000 5% - Hydrolyzed crude
dextran 7% <5-108 1.60

PEG 4000 5% - Crude dextran 6% =5-106 3.56

?The enzyme activity was measured as filter paper activity. The partition
coefficient (K) is defined as: K=the enzyme concentration in the top phase
divided by the enzyme concentration in the bottom phase. The polymer con-
centration of the phase systems is given as % (w/w) of the total weight of the
phase system.

In the present study, the aim was to recycle the enzyme producing
fungus in one of the phases, and to withdraw the cellulolytic enzymes
from the other phase. The fungus partitions completely to the bottom
phase, therefore the aim was to obtain a high partition coefficient for the
enzymes. The partition coefficient was investigated in the absence of
cellulose, as a result of the fact that during the enzyme production the
cellulose substrate is consumed (Table 1). The phase system composed of
PEG 8000 7%-Aquaphase PPT 17% gave the lowest K-value, 0.8, and the
system composed of PEG 4000 5%-crude dextran 6% gave the highest
K-value, 3.6. In agreement with our previous results, the partition coeffi-
cient increases with increasing mol wt of the bottom phase polymer (21).
This was also found in another study that showed that high mol wt bot-
tom phase polymers partition proteins to the top phase (22).

Influence of Phase Systems
on Extractive Enzyme Production

Cellulolytic enzyme production was compared in the four aqueous
two-phase systems (Fig. 2 and Table 2). No media components or cellulose
were added and the enzyme containing top phase was intermittently
withdrawn during the cultivations. These cultivations were compared
with a cultivation in a regular medium where the clear solution above the

Applied Biochemistry and Biotechnology Volume 27, 1991



16 Persson, Tjerneld, and Hahn-Hagerdal

J

1
§

L

Enzyme actvity (FPU/mi}

R e

(4] 50 00
Time (hours}

Fig. 2. The influence of phase system on extractive cellulolytic enzyme
production. Carbon source: 10 g/L Solka-Floc BW 200. No addition of media
components or cellulose. A. phase system composed of PEG 8000 5%-Aqua-
phase PPT 17%; B. PEG 8000 5%-Dextran T500 7%; C. PEG 8000 5%-hydrolyzed

crude dextran 7%; D. PEG 4000 5%-crude dextran 6%; E. regular medium with-
out phase components.

solids was intermittently withdrawn. The withdrawn enzyme activities,
the productivities and the yields have been calculated from the withdrawn
vol, the partition coefficients, and the enzyme concentrations (Table 2).

The highest enzyme concentration (Fig. 2, Table 2) was obtained in
the PEG 8000-Dextran T500 system, 1.2 FPU/mL, and the lowest in the
PEG 4000-crude dextran system, 0.6 FPU/mL. In the reference system 0.9
FPU/mL was observed. In the PEG 8000-Aquaphase PPT phase system,
the rate of cellulolytic enzyme production is rapid in the beginning, how-
ever, the cultivation was terminated after 72 h following fungal sporula-
tion. In the PEG 8000-hydrolyzed crude dextran system the enzyme pro-
duction was delayed until 24 h after inoculation.
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The total vol withdrawn from the four different phase systems were
in the range of 87-131 mL, however, the individuall withdrawn vol varied
between 12 and 49 mL of a total vol of 100 mL. The composition of the
phase systems were chosen in order to give a vol ratio of 1:1. It has previ-
ously been found that the vol ratio of an aqueous two-phase system is
influenced by the amount of cell material (23). Visual observation of the
four different phase systems gave the impression that the fungus caused
an expansion of the bottom phase. This could be a result of growth as
well as expansion of the mycelium as such.

Only one quarter of the amount of enzyme could be withdrawn from
the regular medium compared with the phase system. This was caused
by the vol of solution available for extraction being very small. The total
amount of enzyme withdrawn was approx the same in all four phase
systems.

In order to compare the enzyme production in the phase systems, the
total yield of enzyme was compared based on the different partition coeffi-
cients (Table 2). Compared with the reference system, more enzyme is
produced in the PEG 8000-Aquaphase and PEG 8000-Dextran T500 sys-
tems, whereas in the PEG 8000-hydrolyzed crude dextran and PEG 4000-
crude dextran systems less enzyme is produced.

The improved enzyme production in the PEG 8000-Dextran T500 sys-
tem could be due to increased growth of the fungus as indicated by the
increasingly smaller top phase vol observed (Table 2). This does not, how-
ever, explain the increased enzyme production in the PEG 8000-Aqua-
phase system. Unfortunately, the underlying theory of improved microbial
enzyme production in aqueous two-phase systems is presently not well
understood, e.g., Aspergillus phoenicis was found to produce more 3-glu-
cosidase in a PEG 1550-Dextran T2000 system when compared with a
reference cultivation (16). On the other hand, for a-amylase production
with Bacillus subtilis in aqueous two-phase systems it was found that the
top phase component, PEG 600, exclusively enhanced enzyme produc-
tion (24). This was, however, not generally true for Bacillus sp. (25).

One possibility for improved cellulolytic enzyme production with T.
reesei Rutgers C30 in aqueous two-phase systems is the repeated with-
drawal of an enzyme containing top-phase that could stimulate enzyme
production by reducing the enzyme concentration. Such a case was in-
vestigated for concentrations up to 2 FPU/mL (Fig. 3). Taking into account
experimental error, it was concluded that these concentrations did not in-
fluence the production of cellulolytic enzymes with T. reesei Rutgers C30.

Based on these results, PEG 8000-Dextran T500 was chosen for further
studies. In batch culture the enzyme production in this phase system was
compared with a regular medium (Fig. 4). Fungi are known to produce a
large number of hydrolytic enzymes and the possibility exists that an

Applied Biochemistry and Biotechnology Volume 27, 1991
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Fig. 3. The influence of enzyme concentration on the cellulolytic enzyme
production with Trichoderma reesei Rutgers C30. Cellulolytic enzymes, NOVO
Celluclast L, were added after 24 hours cultivation. Addition of enzyme to a final
concentration of 1 FPU/mL (A); addition of enzyme to a final concentration of
2 FPU/mL (A); no addition (H).
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Fig. 4. Cultivation of Trichoderma reesei Rutgers C30 in an aqueous two-
phase system composed of PEG 8000 5%-Dextran T500 7% ([-) and in a regular
medium without phase components (A). Cellulose concentration: 10 g/L Solka-
Floc BW 200. The cellulolytic enzyme activity was measured as filter paper activ-
ity. The enzyme activity measured in the top phase of the phase system (B). The
enzyme activity in the bottom phase of the phase system, calculated from the
partition coefficient and the phase volumes ([J). Total amount of produced cellu-
lolytic enzyme activity in the aqueous two-phase system ([) calculated from the
enzyme concentration in the top phase and the partition coefficient. No dextran
degrading enzymes were detected.
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Fig. 5. Extractive cellulolytic enzyme production in an aqueous two-
phase system composed of PEG 8000 5%-Dextran T500 7% (M, ®) and in a regu-
lar medium (A). Initial cellulose concentation: 10 g/L Solka-Floc BW 200. Cellu-
lose and media components of original concentrations were added. Addition of

media components everyday, and cellulose every 72 h (®,A); addition of media
components and cellulose every 72 h (M). Addition of cellulose (»).

aqueous two-phase system with a dextran bottom phase would induce
the production of dextran degrading enzymes in T. reesei Rutgers C30.
Earlier observations in our laboratory have shown that certain fungal en-
zyme preparations contain dextran degrading enzymes, that when used
in an aqueous two-phase system cause the two phases to transform into
one phase. Over a 240 h cultivation period no such transformation of the
phase system was observed (Fig. 4). The total amount of enzyme pro-
duced was approx the same as in the regular medium.

Extractive Enzyme Production
in Fed-Batch Cultivations

In order to improve enzyme production, media components and cel-
lulose substrate were intermittently added to cultivations in a regular
medium and the PEG 8000-Dextran T500 phase system (Fig. 5, Table 3).
The previous cultivations had indicated that the fungal growth could be
nutrient limited when the top phase was repeatedly withdrawn (Fig. 2),
the degree of limitation being related to the vol of the withdrawn top
phase. Media components were therefore added every 24 h in one phase
system culture and every 72 h in another. In the regular medium, media
components were added every 24 h and in all three cultivations cellulose
was added every 72 h. This time interval was based on the results from
the batch cultures (Fig. 4), where the enzyme production had yet to reach
its peak value at 72 h. The fed-batch cultures were followed for 310 h.
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In the previous comparison, extremely small vol could be withdrawn
from the regular medium (Table 2). Therefore, in this comparison, the
regular medium culture was centrifuged before the supernatant was
withdrawn.

The enzyme concentrations in the withdrawn volumes were approx
the same in the cultures that were given media components every 24 h
with a maximum of 2.5 FPU/mL (Fig. 5). The filter paper activity was
slightly lower in the culture that received media components only every
72 h, indicating a nutrient limitation. The enzyme concentration reached
a maximum value of 1.8 FPU/mL. Up to 140 h the enzyme production is
higher than the amount withdrawn, thereafter the enzyme production
reached a steady-state in the sense that the amount withdrawn and the
amount produced balanced. The regular medium cultivation was termi-
nated after 190 h, as a result of fungal sporulation.

The productivity and the yield were calculated from the withdrawn
vol and the partition coefficients (Table 3). The yield depends on the with-
drawn volumes. When the phase system culture received media compo-
nents every 24 h, only half the top phase vol could be withdrawn, com-
pared with the culture receiving media components only every 72 h. In
the case of the regular medium culture, however, when media compo-
nents were given every 24 h, no reduction in the withdrawn supernatant
vol was observed; on the contrary, 420 mL were withdrawn in only 190 h.
This is most probably because this culture was centrifuged which counter-
acts the expansion of the mycelium.

The productivity obtained in the phase system is only half the pro-
ductivity obtained in the regular culture (Table 3). The productivities were
increased in the phase systems when the productivity was calculated
between 140-310 h, however, they were still lower than the productivity
obtained in the regular medium.

The total yield based on added cellulose is highest in the regular
medium culture. Of the phase system cultures, total yield was highest
where media components were added every 24 h rather than 72 h. Again
the importance of adding media components in cultivations with inter-
mittent enzyme extraction is emphasized. The fact that the enzyme pro-
duction in the phase system is lower than in the regular medium might be
owing to a decreased oxygen transfer rate imposed by the increased vis-
cosity in the polymer phase system.

In this study a new method for recycling cellulolytic enzyme pro-
ducing fungi, aqueous two-phase systems, was compared with centrifu-
gation. In Table 4 the present results are compared with the results of
other methods for recirculation of T. reesei for production of cellulolytic
enzymes. Immobilization to solid matrices has been used in several inves-
tigations (26-28) and recycling by allowing the fungus to settle was used
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Table 4
Different Methods for Recirculation of T. reesei
for Production of Cellulolytic Enzymes

Cellulolytic

enzyme
Cultivaton concentration Productvity Yield Ref
conditions (FPU/ml) (FPUNh) (FPU/g cellulose)
immobilization
non-woven 1.15 8 154 26
material
immobilizaton
stainless steel beads 0.21 32 97 27
immobilization in
carrageenan 0.4 (max) 26 252 28
cellrecycling 1.2 30 2%
aqueous two-phase 1592 this
system 2.2 (max.2.5) 18¢ 203b work
centrifugation 1.3 (max.2.5) 28 244 this

work

2 Amount of cellulolytic enzymes withdrawn with the top phase.
bTotal amount of produced cellulolytic enzymes.
¢Calculated from the enzyme activity in the withdrawn top phase.

in one study (29). The average enzyme concentration, the productivity
and the yield obtained in an aqueous two-phase system are superior or
equal to those obtained when the fungus is immobilized to solid supports.
The present study shows that a higher productivity and a higher yield
can be obtained when the cellulolytic enzyme production is performed in
a regular medium and the fungus recycled by centrifugation. However,
the large-scale recycling of filamentous fungi in centrifugal separators has
not been investigated and may prove to be difficult. When aqueous two-
phase systems are used the separation of the fungus from the enzymes is
achieved without the use of centrifugal separators. The enzyme containing
top phase can easily be integrated in an enzyme purification scheme. By
the addition of a concentrated salt solution to the PEG-phase, a PEG/salt
two-phase system is created. The enzymes will be partitioned to the salt-
rich phase and the PEG-phase can be recycled (30,31). The salt phase can
then be desalted by ultrafiltration and a purified and concentrated enzyme

solution is obtained.
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