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Abstract Sugar cane bagasse was used as substrate for cellulase production using
Trichoderma reesei RUT C30, and the culture parameters were optimized for enhancing
cellulase yield. The culture parameters, such as incubation temperature, duration of
incubation, and inducer concentration, were optimized for enhancing cellulase yield using a
Box–Behnken experimental design. The optimal level of each parameter for maximum
cellulase production by the fungus was determined. Predicted results showed that cellulase
production was highest (25.6 FPAase units per gram dry substrate) when the inducer
concentration was 0.331 ml/gds, and the incubation temperature and time were 33 °C and
67 h, respectively. Crude inducer generated by cellulase action was found to be very
effective in inducing cellulases. Validation of predicted results was done, and the
experimental values correlated well with that of the predicted.

Keywords Cellulase . Trichoderma reesei . Solid-state fermentation . Sugar cane bagasse .

Box–Behnken . Bioethanol

Introduction

There is an increased demand for alternative liquid fuels world wide due to the rapidly
depleting petroleum resources. Liquid fuels for transportation can be derived from
lignocellulosic biomass by enzymatic hydrolysis and subsequent fermentation to produce
bioethanol [1]. Cellulases are the enzymes primarily implicated in the saccharification
process, and the production economics of bioethanol is largely dependent on the cost of
cellulases [2]. Substrate costs account for a major fraction of the costs of cellulase
production, and the use of cheap biomass resources as substrates can help to reduce
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cellulase prices [3]. Also the use of cheaper technologies like solid-state fermentation (SSF)
can further improve the production economics. SSF technology results in an enzyme
preparation, which is more concentrated and hence best suited for biomass conversion
applications [4].

Sugar cane bagasse is a low-cost and abundant biomass material [5] containing about
27–54% cellulose [6], which can serve as a potent substrate for cellulase production. There
have been several studies on the use of sugar cane bagasse as a substrate in cellulase
production both under submerged and SSF [7–9] but a systematic study on the effect of
process parameters considering their interaction effects under SSF is rare. We had
previously produced cellulases on wheat-bran as substrate under SSF using Trichoderma
reesei RUT C30 and could improve the yield by optimizing fermentation conditions [10].
Because sugar cane bagasse could be another important biomass resource suitable for
cellulase production, we have tried to optimize the process parameters for improving
cellulase production by T reesei under SSF on sugar cane bagasse a response surface Box–
Behnken design.

Materials and Methods

Microorganism and Inoculum Preparation

The cellulase hyper-producing fungus T. reesei RUT-C30, was a kind gift from Prof.
George Scakacs, Technical University of Budapest, Hungary. Culture was maintained on
potato dextrose agar slants and was incubated at 30 °C. The fully sporulated slants obtained
after 5 days were either used immediately or stored at 4°C in refrigerator. A conidial
suspension of T reesei was prepared by adding 5 ml distilled water supplemented with 0.1%
(v/v) Tween 80 into agar slants of the fungal culture and dislodging the spores into it by
gentle pipetting. The spore count was adjusted to 107 spores/ml, and 1 ml of this suspension
was used to inoculate 100 ml of mineral salts medium containing glucose. The inoculated
medium was incubated at 30 °C for 4 days. Protein content of this seed culture was
estimated by the method of Herbert et al. [11]. Dilutions of the seed culture was done with
sterile saline so as to obtain a total protein content of 150 mg/ml, and 1 ml of this
suspension was used to inoculate each flask.

Enzyme Production and Assay

Substrate

Sugarcane bagasse was air dried, milled, and size fractionated. Bagasse with a particle size
range 500–1,000 μm was used as substrate for SSF without any pretreatment.

Preparation of Crude Inducer

Crude inducer for cellulase was prepared from cellulose by the action of whole
Trichoderma cellulase. A 10% cellulose (SolkaFloc , Sigma) solution in 0.05M citrate
buffer was prepared and was incubated with cellulase (Zytex, India) at a concentration of
15 FPU/ml of reaction mixture at 50 °C in a water-bath for 12 h after which the reaction
was terminated by incubating for 5 min in boiling water bath. The reaction mixture was
centrifuged to recover the supernatant. The supernatant was sterilized by filtration through a
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0.22-μ membrane filter (Millipore) and was kept frozen until used. Required amount of the
reaction mixture was added to the substrate when it was used as inducer.

Enzyme Production

Three grams of the substrate was weighed into 250-ml Erlenmeyer flasks and was
moistened with mineral salt medium to attain 70% initial moisture content. The basal
mineral salts solution used for the experiment had the following composition (g/l):
KH2PO4, 5; NH4NO3, 5; MgSO4.7H2O, 21; urea, 2; CaCl2, 1; Peptone, 5; NaCl, 5; Tween-
80, 0.5; and trace elements: FeSO4.7H2O, 0.005; MnSO4.7H2O, 0.001; ZnSO4.7H2O,
0.001; and CoCl2, 0.0002. The initial pH of the salt solution was adjusted to 5. The flasks
were sterilized by autoclaving at 121 °C for 15 min at 15 lbs pressure, and after cooling,
filter sterilized crude inducer preparation was added. The medium was inoculated with 1 ml
of the seed inoculum (150 mg/ml total protein). The contents were mixed thoroughly and
were incubated under controlled conditions of temperature and humidity. Incubation was
continued for the duration indicated in the experimental designs, and at the end of
incubation period, the enzyme was recovered by extraction with 0.05 N citrate buffer
(pH 4.8). The extract was centrifuged to remove debris at 6,000 rpm for 10 min at 4 °C, and
the supernatant was used as the crude enzyme sample.

Enzyme Assay

Filter paper assay [12] was used to estimate total cellulase activity in the crude enzyme
preparation as given below. A rolled Whatman no. 1 filter paper strip of dimension 1.0×
6 cm (50 mg) was placed into each assay tube. The filter paper strip was saturated with
0.5 ml of Na–citrate buffer (0.05 M, pH 4.8) and was equilibrated for 10 min at 50 °C in a
water bath. Half milliliter of an appropriately diluted (in Na–citrate buffer, 0.05M; pH 4.8)
enzyme was added to the tube and incubated at 50 °C for 60 min. Appropriate controls
were also run along with the test. At the end of the incubation period, tubes were removed
from the water bath, and the reaction was stopped by addition of 3 ml of 3,5-dinitrosalicylic
acid reagent per tube. The tubes were incubated for 5 min in a boiling water bath for color
development and were cooled rapidly. The reaction mixture was diluted appropriately and
was measured against a reagent blank at 540 nm in a UV-VIS spectrophotometer. The
concentration of glucose released by enzyme was determined by comparing against a
standard curve constructed similarly with known concentrations of glucose. One unit of
cellulase activity was defined as the amount of enzyme required for liberating 1 μM of
glucose per milliliter per minute and was expressed as U/gds (units per gram dry substrate).

Optimization of Cellulase Production

The SSF production of cellulase on sugar cane bagasse is influenced by various process
variables including media components and environmental parameters. Incubation temper-
ature, time, and the concentration of inducer were identified as significant parameters
affecting cellulase production by an initial screening of parameters. The levels of these
variables were optimized for enhancing the cellulase yield using a response surface Box–
Behnken experiment design [13]. The design matrix with 17 experimental runs in two
blocks with five replicates of the midpoint is shown in Table 1. The variables selected for
optimization, i.e., incubation temperature, incubation time, and the concentration of
inducer, were coded as X1, X2, and X3, respectively.
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The model constructed as a response function of the variables on cellulase production
was a second-order polynomial as follows (Eq. 1):

Y ¼ b0 þ
X

biXi þ
X

biiX
2
i þ

X
bijXiXj ð1Þ

Where, Y is the measured response (cellulase yield); β, βi, and βii are the regression
coefficients, and X1–X3 are the factors under study.

For three variable systems, the model equation is given below (Eq. 2).

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b11X
2
1 þ b22X

2
2 þ b33X

2
3 þ b12X1X2 þ b13X1X3

þ b23X2X3 ð2Þ
Regression analysis and estimation of the coefficients were performed using Design

Expert ® software (Statease Corp, USA). The contributions of individual parameters and
their quadratic and interaction effects on cellulase production were determined.

Results and Discussion

Based on results of the preliminary experiment, the levels of media components were set at
the levels that gave maximal yield of cellulase to design the medium composition used in
the present study. The levels of incubation time, temperature, and inducer concentration
were varied as indicated in the experimental design. Statistical optimization by
experimental design offers the opportunity to find out the optimal levels of process
variables under any given condition by establishing the relationship between factors and the
predicted responses. For response surface methodology based on the Box–Behnken design,
which was used for optimization of cellulase production, 17 experimental runs with
different combinations of three factors were carried out. For each run, the experimental
responses along with the predicted response calculated from the regression equation (Eq. 3)
are shown in Table 1. The maximum response (25.1 U/gds) was obtained in run number 17,
and in general, all the runs with middle levels of parameters gave higher yields compared to
other combinations. The data was analyzed by multiple regression analysis, and the
regression coefficients were determined (Table 2).

A second-order polynomial equation (Eq. 3) was derived to represent the cellulase
production as a function of the independent variables tested.

Y ¼ 23:43þ 1:33X1 þ 0:18X2 þ 1:38X3 � 3:22X 2
1 � 2:49X 2

2 þ 0:68X 2
3 � 0:19X1X2

þ 0:57X1X3 � 0:07X2X3 ð3Þ
Where, Y is the predicted response, and X1, X2, and X3 are coded values of incubation

temperature, incubation time, and inducer concentration, respectively. The regression
equation was used to calculate the predicted responses given in Table 1. A comparison of
the predicted values with the experimentally obtained values indicated that these data are in
reasonable agreement (Fig. 1).

Adequacy of the model was tested by the Fisher’s statistical test for the analysis of
variance (ANOVA) using Design Expert software, and the results are shown in Table 3.
ANOVA of the quadratic regression model suggests that the model is significant with a
computed F value of 4.69 and a P>F value lower than 0.05. A lower value for the
coefficient of variation suggests higher reliability of the experiment, and in this case, the
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obtained CV value of 7.48% demonstrates a greater reliability of the trials. The R2 value
obtained was 0.8579, indicating that 85.79% of the sample variation is attributed to the
factors and only 14.21% can occur due to chance. Table 3 also gives the P values of each of
the parameters and their quadratic and interaction terms. The significance of individual
variables can be evaluated from their P values, the more significant terms having a lower P
value. The values of P>F less than 0.05 indicates that the model terms are significant and
this case X1, X3, X 2

1 , and X 2
2 were found to be significant model terms. There were no

significant interactions between the parameters.
Response surface curves were plotted to understand the interaction effects of variables

and for identifying the optimal levels of each parameter for attaining maximal cellulase
yield. Figure 2a–c represents the response surfaces obtained for the interaction effects of
tested variables. The data presented in the response plots indicated that the cellulase
production increased with an increase in the concentration of crude inducer, and the

Table 1 Box–Behnken experiment design matrix with observed and predicted responses for different trials.

Std Temperature (°C) Time (h) Inducer conc. (ml/g) Cellulase (U/ml) (observed) Cellulase (U/gds)

Observed Predicted

1 30 60 0.267 0.71 15.59 16.03
2 34 60 0.267 0.69 18.72 19.06
3 30 72 0.267 0.58 17.10 16.76
4 34 72 0.267 0.75 19.48 19.04
5 30 66 0.2 0.63 19.74 18.75
6 34 66 0.2 0.59 21.15 20.27
7 30 66 0.333 0.75 19.48 20.36
8 34 66 0.333 0.66 23.16 24.15
9 32 60 0.2 0.66 19.45 20.00
10 32 72 0.2 0.57 19.17 20.49
11 32 60 0.333 0.58 24.21 22.88
12 32 72 0.333 0.51 23.66 23.11
13 32 66 0.267 0.56 21.94 23.43
14 32 66 0.267 0.73 23.19 23.43
15 32 66 0.267 0.47 24.89 23.43
16 32 66 0.267 0.58 22.04 23.43
17 32 66 0.267 0.70 25.10 23.43

Factor Coded coefficient Coefficient estimate

Intercept β0 23.43
X1 β1 1.33
X2 β2 0.18
X3 β2 1.38
X 2
1 β11 −3.22

X 2
2 β22 −2.49

X 2
3 β33 0.68

X1X2 β12 −0.19
X1X3 β13 0.57
X2X3 β23 −0.07

Table 2 Coefficients of the re-
sponse function to predict cellu-
lase production by regression
analysis.

X1 Incubation temperature, X2

incubation time, X3 concentration
of inducer
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maximum production was obtained at the maximal concentration of inducer (0.333 ml/gds),
indicating that the inducer had the highest effect on cellulase production.

The shapes of contour plots indicate the nature and extent of the interactions. It is clearly
observed from the response surface and contour plot that there are no significant
interactions between the tested variables.

Regardless of the incubation temperature, the maximal cellulase yield was obtained at or
near the middle level of incubation time (64–67 h), and variations in incubation time did
not affect the temperature optima between 32 and 33 °C, confirming the lack of interaction
between these parameters (Fig. 2a). The optimal temperature and initial moisture content
were within these ranges where the maximal activity of 23.5 U/gds was predicted by the
model.

The effects of incubation temperature and concentration of inducer is shown in Fig. 2b.
It may be observed from the response surface plot that with the increase in concentration of
inducer, there is a minor shift in optimal temperature toward the lower values, though this is
not a very significant interaction effect. The optimal combinations of incubation

Table 3 Analysis of variance for the response surface quadratic model.

Source Sum of squares df Mean square F value Prob>F

Model 104.9721 9 11.66356 4.693991 0.0269
X1 14.07137 1 14.07137 5.663011 0.0489
X2 0.258232 1 0.258232 0.103925 0.7566
X3 15.13033 1 15.13033 6.08919 0.0430
X 2
1 43.75109 1 43.75109 17.60759 0.0041

X 2
2 26.00589 1 26.00589 10.46605 0.0143

X 2
3 1.928902 1 1.928902 0.776285 0.4075

X1X2 0.143585 1 0.143585 0.057786 0.8169
X1X3 1.292268 1 1.292268 0.520072 0.4942
X2X3 0.017073 1 0.017073 0.006871 0.9363
Residual 17.3935 7 2.484786
Lack of fit 8.262221 3 2.754074 1.206435 0.4148
Pure error 9.131279 4 2.28282
Cor total 122.3656 16

X1 Incubation temperature, X2 incubation time, X3 concentration of inducer
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temperature and inducer concentration can be deduced to be 32–33 °C and 0.3–0.33 ml/gds,
respectively, when the predicted yield was 24.1 U/gds.

Similarly, the interaction effects plotted for inducer concentration and incubation time
showed that there are no significant interactions between these variables that affect cellulase
production (Fig. 2c). However, this confirmed that optimal time range lied between 64 and
67 hours, and the optimal inducer concentration was between 0.3 and 0.333 ml/gds.

Discussion

The cost of cellulase enzyme is a major factor in the process economics of biomass to
ethanol technology [14]. The production cost of cellulases can be brought down if cheaper
substrates are used, as the cost of substrate account for a major fraction of the production
cost [3]. Considering these, the present study was undertaken to explore the potential of
using sugar cane bagasses—a cheap substrate—for cellulase production by the filamentous
fungus T. reesei RUT C30. As “solid-state fermentation” can be effectively utilized for the
production of cellulases from lignocellulosic biomass, this technology was employed in the
study. SSF technology needs less space per unit biomass used as substrate and is less
demanding on infrastructure and running costs [15, 16]. Environmental factors such as
temperature, pH, water activity, oxygen levels, and concentrations of nutrients and products
in the medium can significantly affect microbial growth and product formation under SSF
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Fig. 2 a Three dimensional response surface plot for interaction of incubation temperature and incubation
time. b Three dimensional response surface plot for interaction of incubation temperature and inducer. c
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[16], and a judicious selection of the levels of these parameters can dramatically improve
the yield of enzymes under SSF. T. reesei RUT C30 produced 5.11 U/gds of cellulase under
SSF on sugar cane bagasse in the basal medium. We expected to increase the cellulase yield
from T reesei using sugar cane bagasse substrate by the optimization of process parameters,
and the study was undertaken to evaluate the effects of process variables and optimize their
levels for improving production of the enzyme.

Based on the results obtained from the SSF experiments on sugarcane bagasse, most
significant influence was exhibited by parameters such as incubation temperature and
inducer concentration, and no parameter interactions were found to have any significant
effects on cellulase production. In this study, temperature had the second largest influence
on production of cellulase. Though T reesei have been cultivated largely at 30 °C for
production of the enzyme [17, 18], in the current study, a temperature range of 32–33 °C
was found to be optimal for cellulase production. Though this is different from the reported
optimal values for incubation temperature including our own previous report on SSF
production using wheat bran as substrate [10], it has been reported that T reesei RUT C30 is
capable of growth at a wide range of temperatures (17–37 °C) and is able to secrete
enzymes [19]. Increase in protein secretion was observed for the T reesei strains QM6a and
RL-P37 at 37 °C [20, 21]. Though these results were pertaining to xylanase production by
the fungus, it has also been observed by the authors that endoglucanase production by the
fungus increased to almost threefold upon cultivation at 37 °C. There could be differences
in the synthesis and/or secretion of proteins in response to incubation temperature and/or
carbon source, and the optimal incubation temperature may be different with different
substrates. The relevance of these findings in the current context has to be evaluated for a
conclusive statement on the positive effect of increased incubation temperature.
Nevertheless, repeated trials on cellulase production at the optimal temperature range
demonstrated the reliability of the data.

The parameter that showed the highest influence on cellulase production by T. reesei in
the optimization studies was the concentration of inducer in the medium. It is well known
that the cellulase system of T reesei is inducible, and cellobiose is a potent inducer at lower
concentrations [22–24]. Generation of crude inducers making use of the tran-glucosidase
activity of beta glucosidases is not a new concept. Allen and Mortensen [25] had used the
purified beta-glucosidase from Aspergillus pheonicis for generating crude cellulase
inducing preparation from glucose syrup. Cellobiose is also a known inducer of cellulase
below a certain threshold level and can be generated by the action of T reesei cellulases on
cellulose. We used this technology for generating a crude mixture of inducer, which was
added in the fermentation medium to improve cellulase induction. The results demonstrated
that the addition of crude inducer was highly effective in improving cellulase production.
Previous studies in our lab had demonstrated that cellobiose with other uncharacterized
compounds are generated by such a treatment and might be aiding to induce the cellulase
genes of T reesei (unpublished results).

Under the optimal conditions of temperature and inducer concentration, the ideal
incubation time was found to be 66 h, which is advantageous because most of the cellulase
fermentations needed longer duration to obtain maximal activities.

Parameter interactions did not play any major role in cellulase production as evidenced
from the results. The optimization studies performed on process variables affecting
cellulase production under SSF by T reesei RUT C 30 on sugarcane bagasse was effective
in enhancing the production of enzyme from 5.11 to 24.15 FPAse U/gds a 4.7-fold increase
in production. Several authors have reported cellulase production using T reesei with a wide
variety of carbon sources both under SmF and SSF (see Sukumaran et al. [26] for a review),
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and the yield of total cellulase activity ranges from 0.3 to ~7–8 U/ml in the case of SmF or
from 10–15 to ~430 U/g cellulose. However, in majority of the cases, the activity units are
expressed differently. In some reports, the units are expressed as units per gram dry
substrate (U/gds) where, as in others, it is units per gram of cellulose. The optimized yield
obtained in this study is a reasonably good production on an untreated natural substrate like
sugar cane bagasses, and further improvements in production are envisaged with a
pretreated substrate and with the fine tuning of other parameters.

Conclusions

Optimization of environmental parameters and media for fermentation is a significant
concern in developing a suitable bioprocess for cellulase production. The present study
addresses this issue and tries to provide a robust solution in developing a suitable SSF
process with the cheap biomass resource “sugarcane bagasse” as substrate. Response
surface Box–Behnken optimization of the significant process variables resulted in an almost
fivefold increase in cellulase production. Enhancing cellulase production in SSF on cheap
substrates can go a long way in bringing down the cost of cellulases, which will eventually
help to develop an economical process for bio-fuel production.
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