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Abstract

A laboratory bioreactor, designed for solid-state fermentation of thermophilic microorganisms, was operated for production of

cellulases and hemicellulases by the thermophilic fungus Thermoascus aurantiacus. The suitability of the apparatus for the effective

control of important operating variables affecting growth of microbes in solid-state cultivation was determined. Application of the

optimum conditions found for the moisture content of the medium, growth temperature and airflow rate produced enzyme yields of

1709 U endoglucanase, 4 U cellobiohydrolase, 79 U b-glucosidase, 5.5 U FPA, 4490 U xylanase and 45 U b-xylosidase per g of dry
wheat straw. The correlation between microorganism growth and production of enzymes was efficiently described by the Le Duy

kinetic model.

� 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Solid-state fermentation (SSF) has received increased

attention since it offers a number of advantages over

submerged fermentation processes (Weiland, 1988;

Fernandez et al., 1996). Benefits that have been reported

include lower capital and operating costs, lower space

requirements, simpler equipment and media, easier

downstream processing and lower wastewater output

(Pandey, 1991; Tao et al., 1998). Despite the potential of
this alternative, SSF for the production of commercially

valuable products is at present under-utilized (Robinson

et al., 2001). One of the major obstacles in commercial

SSF applications is the limited knowledge related to the

design and operation of large-scale bioreactors (Ashley

et al., 1999). Difficulties in controlling important culture

parameters, such as mass transfers and heat removal,

have not been overcome completely (Fujian et al., 2002).
The available information does not indicate an ideal

bioreactor for solid-state processes (Dominguez et al.,

2001). Various bioreactor types have been used in SSF

processes, including packed beds, rotating drums, gas–

solid fluidized beds, and other stirred bioreactors
(Mitchell et al., 2000). Accurate models describing the

biological phenomena and mass and heat transfer phe-

nomena are necessary to optimize SSF bioreactor op-

erations (Gelmi et al., 2002). However, they are difficult

to construct given the complexity of bioreactor behav-

iour and the scarcity of process measurements (Pena y

Lillo et al., 2000).

Recently, a novel intermittent agitation rotating
drum type bioreactor for SSF of thermophilic micro-

organisms was designed (Kalogeris et al., 1999). Pre-

liminary experiments showed that essential growth

factors, such as temperature and moisture of the growth

medium, were effectively controlled at the set values.

The results indicated that this bioreactor was a prom-

ising apparatus for SSF applications at elevated tem-

peratures, but further investigation was required before
final evaluation was made.

The aim of the present work was to assess the effi-

ciency of the bioreactor in regulating the fermentation

conditions and to examine the effect of key operating

variables (temperature, moisture and aeration) on en-

zyme and biomass production.
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2. Methods

2.1. Solid state bioreactor

A solid-state bioreactor for thermophilic microor-

ganisms was designed as reported previously (Kalogeris

et al., 1999). The main parts of the apparatus include:

a vessel with water jackets for temperature control, a

perforated, 10 l capacity, cylindrical drum, a motor
connected to a controller assuring gentle agitation of

the drum, a heat exchanger and a moistening vessel to

preheat and humidify the air entering the vessel, a

condenser at the air outlet and a peristaltic pump. With

the latter part of the device, the evaporated water at the

air outlet was condensed, collected in the moistening

vessel and recirculated.

2.2. Microorganism

Thermoascus aurantiacus Miehe, IMI 216529 was

used.

2.3. Growth media and conditions

Three levels of the initial moisture content of the

growth medium were tested, 66%, 75% and 80% (w/w),

by varying the amount of water added to wheat straw

(WS) particles. The temperature during these experi-
ments was set at 49 �C, while the airflow rate was ad-
justed to 5 l/min/kg of dry matter.

Controlling the temperature inside the bioreactor at

the set values (45, 49 and 53 �C) was achieved by reg-
ulating the temperature of the circulating water in the

jacket of the bioreactor. The initial moisture content of

the growth medium was 80% and the airflow rate was

adjusted to 10 l/min/kg of dry matter.
When the effect of aeration on the behaviour of the

bioreactor was examined, the flow rate of the air was

adjusted to 1, 2, 5, 10 and 15 l/min/kg of dry matter

respectively. The initial moisture content of the growth

medium remained at 80% and the temperature was set

at 49 �C.
Other growth media and conditions were as reported

previously (Kalogeris et al., 1999). The results presented
are the average of two sets of the experiments. Standard

deviation of the estimated values was less than 10%

throughout this study.

2.4. Small scale experiments

T. aurantiacus was grown in 100 ml Erlenmeyer

flasks, containing 2.5 g dry WS each under the condi-

tions, which have been described previously (Kalogeris
et al., 1998).

Additional experiments were carried out in a 2 l

bioreactor (Gallenkamp), loaded with 100 g dry WS,

under static conditions. The moisture content of the
growth medium was adjusted to 80% with Toyama�s
mineral solution. After sterilization and inoculation the

vessel was incubated in a 49 �C water bath for 7 days.
Air was humidified and heated before entering the vessel

at a rate of 10 l/min/kg dry WS.

2.5. Enzyme extraction and assays

Cellulases and hemicellulases were extracted from

the fermented WS as reported (Kalogeris et al., 1999).

Triplicate analyses on two different WS samples per spot

were performed.

One unit (U) of enzyme activity was defined as the

amount of enzyme required to liberate 1 lmol of product
per min, at 50 �C, in 0.1 M citrate-phosphate buffer pH

5. Yields were expressed as U per g of dry carbon source

for all enzymatic activities assayed (endoglucanase,

cellobiohydrolase, b-glucosidase, filter paper activity
(FPA), xylanase, b-xylosidase).

2.6. Biomass estimation

The glucosamine content of the fungal cell wall,

which was estimated by the colorimetric method of Ride

and Drysdale (1972), was used to monitor growth.

Glucosamine content was converted into biomass

through a coefficient factor derived from T. aurantiacus

cells grown on 2% glucose and it was expressed as mg

per g of dry carbon source.

2.7. Modelling

The relationship between T. aurantiacus growth and

enzyme production was examined with the algorithm

of non-linear parallax of Marquardt (STATGRAPH-
ICS package) using the following models proposed in

the literature:

(a) Non-growth associated.

(b) Growth associated.

(c) Leudeking–Piret model (Baskir and Hansford,

1980).

(d) Kosaric–Yu–Zajic model (Kosaric et al., 1973).
(e) Brown and Vass model (Brown and Vass, 1973).

(f) Le Duy model (Brown and Vass, 1973).

3. Results and discussion

3.1. Moisture content of the growth medium

One of the most important factors affecting the out-
put of SSF is the moisture content of the growth me-

dium (Weiland, 1988). The optimum moisture content

for SSF processes depends on the nature of the sub-
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strate, the requirements of the microorganism, and the

type of the end product (Lonsane et al., 1985).

Maximum biomass and enzyme yields, which were

produced per level of initial moisture content in the bio-

reactor, are depicted in Table 1. High moisture levels

favoured growth of the microorganism and production

of cellulases and hemicellulases. The highest biomass,
endoglucanase and xylanase yields were produced at the

highest moisture level (80%), while a lower moisture

level (75%) led to maximum cellobiohydrolase, FPA, b-
glucosidase, and b-xylosidase activities. The results are
in agreement with those reported in the literature (De-

champs et al., 1985; Jecu, 2000; Viesturs et al., 1981),

where high moisture levels were essential for fungal

growth and production of enzymes in SSF of WS.
In every level of the initial moisture content, water

loss due to evaporation was satisfactorily low; 3.2%, 0%

and 1.6% respectively (Table 1). Therefore, it can be

concluded that with the aid of the new system, the

moisture content of the growth medium can be kept

practically constant during fermentation, even at the ele-

vated temperatures required for the growth of thermo-

philic microorganisms.
An additional experiment was carried out at 80%

initial moisture content but with the application of a

lower efficiency condenser at the air outlet. The outcome

of this modification was the increase in the water loss of

the growth medium (final moisture content 64%) and

significantly lower biomass and enzyme yields. The re-

sults indicate that high moisture levels throughout the

process are necessary for maximum biomass and enzyme
production.

3.2. Temperature

SSF scale-ups have been mainly related to mesophilic

microorganisms, therefore the usual temperature range

employed is 25–32 �C (Lonsane et al., 1985). Poor re-
moval of metabolic heat, which is generated during

the course of fermentation, is thought to be a serious

problem in SSF bioreactors (Lonsane et al., 1992). A

number of strategies such as controlled rooms, external

heat exchangers, and evaporative cooling have been

employed to overcome this problem and minimize

temperature gradients (Lonsane et al., 1992).

Temperature regulation at the set values, during the
present study, was accomplished by controlling the

temperature of the circulating water at the jacket of

the bioreactor. When the temperature of the water

jacket was set at 45, 49 and 53 �C, temperature in the
bioreactor was 44:3� 1:1, 48:4� 0:9 and 52:2� 1:3 �C
(95% confidence level), respectively. Similar variations

of temperature have been reported for SSF bioreac-

tors used for mesophilic microorganisms (Saucedo-
Castaneda et al., 1992; Bandelier et al., 1997). As these

workers claim it, temperature variations of this magni-

tude should be considered negligible.

The effect of temperature on T. aurantiacus growth as

well as on the production of cellulases and hemicellu-

lases is summarized in Table 2. The temperature of 49

�C was by far the most effective for biomass and enzyme
production, from the set of the temperatures tested. A
higher temperature (53 �C) strongly suppressed micro-
organism growth and enzyme production, while a lower

temperature (45 �C) had more moderate effects. The
same pattern has been observed during growth of fungi

in other SSF processes (Jecu, 2000; Tao et al., 1997;

Abdulah et al., 1985).

3.3. Airflow rate

Aeration not only provides oxygen to the micro-

organism but also removes carbon dioxide from bio-

reactors (Weiland, 1988). Optimum airflow rate in SSF
processes depends on the nature of the microorganism

Table 1

Effect of initial moisture content of the growth medium on SSF of WS

by T. aurantiacus

Initial moisture content (%)

67 75 80 80a

Moisture shift (%) )3.2 0.0 )1.6 )16.0
Biomass (mg/g dry WS) 39.7 43.5 48.2 41.0

Enzyme activities in U/g dry WS

Endoglucanase 929 1072 1173 1070

Cellobiohydrolase 2.24 2.84 1.71 n.m.

b-Gucosidase 59.9 68.3 56.1 45.0

FPA 4.04 4.98 3.35 n.m.

Xylanase 3033 3255 3727 2960

b-Xylosidase 33.7 41.0 29.3 26.0

Culture conditions: growth temperature: 49 �C; airflow rate: 5 l/min/g
dry carbon source; pH of the growth medium: 4; inoculum volume:

10% (v/v); n.m.: not measured.
aApplication of a lower efficiency condenser at the air outlet.

Table 2

Effect of growth temperature on SSF of WS by T. aurantiacus

Growth temperature (�C)

45 49 53

Temperature variation (�C) 44.3� 1.1 48.4� 0.9 52.2� 1.3
Moisture shift (%) )3.7 )3.9 )6.4
Biomass (mg/g dry WS) 43.4 52.1 28.4

Enzyme activities in U/g dry WS

Endoglucanase 948 1405 675

Cellobiohydrolase 1.81 2.05 0.68

b-Glucosidase 45.3 62.0 37.6

FPA 3.22 4.16 1.20

Xylanase 2969 4500 1593

b-Xylosidase 43.4 52.1 28.4

Culture conditions: initial moisture content: 80%; airflow rate: 10 l/

min/g dry carbon source; pH of the growth medium: 4; inoculum

volume: 10% (v/v).
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used, the oxygen requirements for product synthesis, the

amount of heat to be removed from the mass, the degree

to which carbon dioxide and other volatile metabolites

must be eliminated, the thickness and the available air

spaces of the substrate (Lonsane et al., 1985).

Growth of T. aurantiacus in the bioreactor over a

range of airflow rates revealed that high aeration fa-

vored both biomass and enzyme production (Table 3).
Maximum biomass yield (61 mg per g of WS) was ob-

served at the highest airflow rate (15 l air/min/kg WS).

The same condition was found to be the optimum for

simultaneous production of cellulases and hemicellu-

lases (endoglucanase, 1709 U; cellobiohydrolase, 4.1;

b-glucosidase, 79 U; FPA, 5.5 U; xylanase, 4490 U;
b-xylosidase, 45 U, per g of dry carbon source). How-
ever, hemicellulases yields leveled off above 10 l air/min/
kg WS. These results are in agreement with those re-

ported in the literature where high airflow rates (7–15

l/min/kg dry matter) were used for optimum enzyme

production in SSF processes (Bandelier et al., 1997;

Tomasini et al., 1997; Tao et al., 1998).

3.4. Comparison with small scale experiments

In order to assess the efficiency of scaling up, the

enzyme yields produced in the bioreactor compared with

those achieved in smaller scale experiments. Maximum

enzyme activities produced by T. aurantiacus in SSF of

WS in 100 ml Erlenmeyer flasks, in 2 l Gallenkamp

bioreactors, and in the rotating drum bioreactor are
presented in Table 4. Enzyme yields produced in the

bioreactor were higher than those obtained in Erlen-

meyer flasks. Conditions in flask experiments do not

promote replenishment of air indicating that better

performance of the bioreactor is possibly a result of the

aeration provided.

Despite the significant airflow rate (10 l/min/kg dry

WS), no increase of enzyme yields was observed in the
Gallenkamp bioreactor. This type of bioreactor was not

designed for SSF; therefore only limited control of the

operating variables could be achieved. The lack of an

agitation system led to heterogeneous conditions during

inoculation and fermentation, which had a negative ef-

fect on the outcome of the fermentation.

3.5. Comparison with other SSF bioreactors

Quantitative comparison between cellulases and

hemicellulases activities reported in the literature is not

always possible because no standard assay conditions

have been adopted yet. However, the observed yields of
endoglucanase, b-glucosidase and xylanase were signif-
icantly higher than those reported in the literature for

other SSF bioreactors (Table 5). To the best of the

author�s knowledge, no data for cellobiohydrolase and
b-xylosidase production in SSF bioreactors have been
published so far.

Among the bioreactors cited in Table 5, only the

rotating drum type bioreactor was used for a thermo-
philic microorganism. As it has been reported, thermo-

philes produce hydrolases characterized by remarkable

properties such as superior thermostability, optimum

Table 3

Effect of aeration on SSF of WS by T. aurantiacus

Airflow rate (l/min/kg dry WS)

1 2 5 10 15

Biomass (mg/g dry WS) 33.3 37.6 48.2 52.1 60.9

Moisture shift (%) þ2.1 þ1.5 )2.6 )3.9 )2.7

Enzyme activities in U/g dry WS

Endoglucanase 879 850 1173 1405 1709

Cellobiohydrolase 1.05 1.15 1.71 2.05 4.05

b-Glucosidase 27.5 32.0 56.1 62.0 79.0

FPA 2.21 2.60 3.35 4.16 5.48

Xylanase 2403 2564 3727 4500 4490

b-Xylosidase 18.5 20.0 29.3 52.1 45.2

Culture conditions: growth temperature: 49 �C; initial moisture content: 80%; pH of the growth medium: 4; inoculum volume: 10% (v/v).

Table 4

Effect of scaling up on SSF of WS by T. aurantiacus

Fermentation vessel

Erlenmeyer

flask

Static

bioreactor

Rotating drum

bioreactor

Working volume (l) 0.1 2 10

Scaling ratio 1 20 100

Agitation No No Intermittent

Aeration

(l/min/kg dry WS)

No 10 15

Enzyme activities in U/g dry WS

Endoglucanase 1185 1079 1709

Cellobiohydrolase 3.29 1.91 4.05

b-Glucosidase 66.1 40.9 79

FPA 2.40 2.94 5.48

Xylanase 5465 3146 4490

b-Xylosidase 32.8 26.7 45.2

Culture conditions: growth temperature: 49 �C; initial moisture con-
tent: 80%; pH of the growth medium: 4; inoculum volume: 10% (v/v).
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activity at elevated temperatures and high rates of sub-

strate hydrolysis (Lee et al., 1992; Zeikus et al., 1991).

3.6. Modelling

Of the kinetic models tested in the present work, the

Le Duy model described best the relationship between

T. aurantiacus growth and enzyme production (Table 6).

The correlation coefficient determined was sufficiently

high for all enzymes examined and for the entire set of

experiments. The Le Duy model is considered applicable

when a time period is required before cells become ca-

pable of synthesizing the product. The application of the

Brown and Vass model, in which maturation time is also

a key parameter, resulted in quite satisfactory coefficient
factor levels for all enzymes tested.

Table 5

Comparison of cellulases and hemicellulases activities produced in the rotating drum bioreactor and other SSF bioreactors

Reference

Dechamps et al.

(1985)

Shamala and

Sreekantiah (1987)

Roussos et al.

(1993)

Xia and Cen

(1999)

Tao et al. (1999) Present study

Bioreactor type Stirred tank Alumin. trays Packed bed Shallow trays Packed bed Rotating drum

Working volume (l) 65 15.8 100 10 10

Temperature (�C) 30 28 28 30 30 49

Substrate WS–WB RS SCB–WB CC–WB WB WS

Moisture content (%) 69 75 70 75 80

Agitation Occasional No No No No Intermittent

Enzyme activities in U/g carbon source

Endoglucanase 148 22a 133.5 1400 1709

b-Glucosidase 48a 59a 79

FPA 11 14a 18.3 424a 14 5.48

Xylanase 1431a 4490

WS: wheat straw; WB: wheat bran; RS: rice straw; SCB: sugar cane bagasse; CC: corn cob.
a 4–5 successive cultivations on the same substrate.

Table 6

Comparison of kinetic models tested for cellulases and hemicellulases production in the rotating drum bioreactor under the optimum operating

conditions (moisture content: 80%, growth temperature: 49 �C, air-flow rate: 15 l/min/kg WS)

Model Endoglucanase Xylanase

a b tm R2 a b tm R2

Growth associated 26.64 0.803 68.45 0.778

Non-growth associated )0.01 0.0 )0.03 0.0

Leudeking–Piret 23.39 0.002 0.841 56.94 0 0.841

Kosaric–Yu–Zajic 11.31 0.08 0.890 18.72 0.272 0.913

Brown and Vass 37.31 60 h 0.983 96.41 60 h 0.977

Le Duy 27.98 1.936 60 h 0.990 72.37 5.983 70 h 0.989

b-Glucosidase b-Xylosidase

a b tm R2 a b tm R2

Growth associated 1.011 0.658 0.639 0.723

Non-growth associated 0.001 0.535 0.001 0.243

Leudeking–Piret 0.623 0 0.881 0.471 0 0.852

Kosaric–Yu–Zajic )1.31 0.007 0.971 )0.98 0.003 0.937

Brown and Vass 1.452 60 h 0.890 0.908 60 h 0.944

Le Duy 1.455 0.021 70 h 0.927 0.788 0.036 70 h 0.973

Cellobiohydrolase FPA

a b tm R2 a b tm R2

Growth associated 0.064 0.943 0.079 0.764

Non-growth associated 0.001 0.0 0.001 0.084

Leudeking–Piret 0.061 0 0.949 0.062 0 0.856

Kosaric–Yu–Zajic �0.95 0 0.946 �0.98 0 0.925

Brown and Vass 0.066 10 h 0.948 0.112 60 h 0.972

Le Duy 0.052 0.004 10 h 0.950 0.086 0.006 70 h 0.983

a, b: constants; tm: maturation time.
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Delay between microbial growth and enzyme pro-

duction, which was observed in the present work, is not

uncommon (Fig. 1). A number of hypotheses have been
proposed in the literature to provide an explanation for

this behaviour. Production of cellulolytic and hemicel-

lulolytic enzymes by T. aurantiacus under SSF was at-

tributed to breakdown of cellulose at the second phase

of growth, following the consumption of more easily

degraded components of the substrate during the first

phase (Roche and Durand, 1996). Other assumptions

include production of enzymes only by secondary �ma-
ture� mycelia and adsorption of enzymes on the cellu-
losic substrates after their biosynthesis. These were the

key concepts of the kinetic model proposed for cellulase

production by Trichoderma reesei (Velkovska et al.,

1997).

4. Conclusions

Efficient scaling up of SSF of WS by the thermophilic

fungus T. aurantiacus was accomplished through the

design and operation of an intermittent agitation ro-

tating drum type bioreactor. The effect of initial mois-
ture content of the medium, growth temperature and

airflow rate on cellulases and hemicellulases production

was examined and analyzed. Important fermentation

variables were effectively controlled at the set values.

Application of optimum conditions produced higher

enzyme yields compared to those reported in the liter-

ature for other SSF bioreactors. Maturation time––a

constant representing the time period required before
cells become capable of synthesizing the product––

which is proposed by the Le Duy model, was essential

in modelling enzyme production in the bioreactor.
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