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Abstract Four fungal strains—Trichoderma viride,

Aspergillus niger, Trichoderma koningii, and Tricho-

derma reesei—were selected for cellulase production

using furfural residues and microcrystalline cellulose

(MCC) as the substrates. The filter paper activity

(FPA) of the supernatant from each fungus was

measured, and the performance of the enzymes from

different fungal strains was compared. Moreover, the

individual activities of the three components of the

cellulase system, i.e., b-glucosidase, endoglucanase,

and exoglucanase were evaluated. T. koningii showed

the highest activity (27.81 FPU/ml) on furfural resi-

dues, while T. viride showed an activity of 21.61 FPU/

ml on MCC. The FPA of the crude enzyme supernatant

from T. koningii was 30% higher on furfural residues

than on MCC. T. koningii and T. viride exhibited high

stability and productivity and were chosen for cellu-

lases production. The crystallinity index (CrI) of the

furfural residues varied after digested by the fungi.

The results indicated differences in the functioning of

the cellulase system from each fungus. In the case of

T. koningii, T. reesei and T. viride, furfural residues

supported a better environment for cellulase produc-

tion than MCC. Moreover, the CrI of the furfural

residues decreased, indicating that this material was

largely digested by the fungi. Thus, our results suggest

that it may be possible to use the cellulases produced

from these fungi for the simultaneous saccharification

and fermentation of lignocellulosic materials in eth-

anol production.
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Introduction

Cellulases are mainly applied to produce reducing

sugars from lignocellulose, which can be further

utilized to generate ethanol (Chandra et al. 2009). In

such cases, the cellulase system is used to degrade

lignocellulosic materials such as agricultural waste

biomass. In addition to their application in biofuel

production, cellulases are also used in the fruit,

vegetable, oil crop, tea, textile, and pulp industries

(Ahamed and Vermette 2009). The cellulase system is

a complex inducible enzyme system consisting of

b-glucosidase, endoglucanase, and exoglucanase (or

cellobiohydrolase) (Nascimento et al. 2009; Sukum-

aran et al. 2009), and the synergistic action of all three

kind of enzyme components is required for the

hydrolysis of cellulose (Lin et al. 2009; Lo et al.

2010; Shalini and Laurent 2006). Endoglucanases

hydrolyze the accessible intramolecular b-1,4-glucosidic
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bond of cellulose chains in the cellulose polymer to

produce reducing and non-reducing ends. Moreover,

exoglucanases cleave cellulose chains by removing the

cellobiose unit from the reducing and nonreducing ends.

Finally, b-glucosidases cleave cellobiose to glucose. The

hydrolytic processes catalyzed by these three enzymes

occur synchronously (Singhania et al. 2010), and the

entire cellulase system acts to convert cellulose into

glucose.

Cellulases are produced by several microorgan-

isms, including bacteria (Baldrian and Valaskova

2008; Zhang et al. 2004), white rot fungi (Shrestha

et al. 2009), and anaerobic fungi (Ljungdahl 2008).

Most commercial cellulases are obtained from fila-

mentous fungi such as Trichoderma, Penicillium, and

Aspergillus, and these enzymes have been widely

studied (Ahamed and Vermette 2009; Jorgensen et al.

2004; Liu et al. 2006; Picart et al. 2007). In recent

continuous culture studies, considerable effort has

been directed toward the development of mutants that

can produce cellulases with superior properties (Kov-

acs et al. 2008). Trichoderma reesei is a fungus that

produces the exoglucanase and endoglucanase com-

ponents of the cellulase system but with low

b-glucosidase activity (Kovacs et al. 2008, 2009a).

The extracellular cellulolytic system of T. reesei is

composed of 60–80% cellobiohydrolases or exoglu-

canases, 20–36% endoglucanases, and 1% b-glucosi-

dases, and all three enzymes act synergistically to

convert cellulose into glucose (Ahamed and Vermette

2008). Moreover, Aspergillus niger can secrete high

levels of b-glucosidase (Kovacs et al. 2009b), and

Trichoderma viride can produce extracellular cellu-

lase and xylanase (Li et al. 2010).

The high cost of enzyme production limits the

industrial utilization of cellulases in ethanol produc-

tion. Although carbon sources such as crystalline

cellulose can generally be selected as substrates for

these fungi, such materials are expensive (Wen et al.

2005). In contrast, lignocellulosic biomass is an

abundant resource that can be used for the production

of fuels and chemicals, and lignocellulosic materials

such as rice straw, sugar cane bagasse and corncob

residue have been selected as carbon sources for

cellulase production (Camassola and Dillon 2009;

Hideno et al. 2011; Xia and Shen 2004). The cellulase

from steam-pretreated lespedeza was found to show a

very high hydrolytic capability for this substrate (Feng

et al. 2011). Commercial furfural production facilities

use corncobs as feedstock. In the process, corncobs are

heated under acidic conditions to hydrolyze arabin-

oxylan (hemicellulose) to sugars, and the sugars thus

released are converted into furfural. As the cellulose

and lignin components of the cobs are relatively stable

under these conditions, the residue is enriched in both

of these compounds (Tang et al. 2011). In China,

*2.3 million tones of furfural residues is produced

annually, and proper utilization of this material is

important both for optimizing the use of resources and

for reducing environmental pollution. Moreover, fur-

fural residues are rich in cellulose and should therefore

be degradable for cellulolytic fungi.

Since enzyme production is greatly affected by the

cellulose material of culture medium, it may be

advantageous to produce cellulase on-site by adding

parts of lignocellulosic substrates. It has been hypoth-

esized that the cultivation of a fungal strain on a

particular lignocellulosic substrate leads to the pro-

duction of an enzyme mixture that is highly suitable

for the hydrolysis of that particular substrate (Feng

et al. 2011). To date, there are no reports on the use of

furfural residues as a substrate for fungal cultivation

and the associated hydrolytic performance of the

produced cellulases. To reduce the cost of cellulase

production, it is essential to select substrate-specific

cellulase-producing mutants that are very productive

on lignocellulosic materials. In the present study, four

fungi were chosen and incubated on either furfural

residues containing polysaccharides and lignin or on

microcrystalline cellulose (MCC). The cellulose-

degrading abilities of these fungi were then evaluated.

The aim of this study was to examine the potential

utilization of furfural residues as substrates in cellu-

lase production. The results provide valuable infor-

mation for the development of cost-effective cellulase

production processes.

Materials and methods

Materials

Trichoderma viride (CGMCC no. 3.2941) was pur-

chased from China General Microbiological Culture

Collection Center, and A. niger (ACCC no. 30557)

was from Agricultural Culture Collection of China.

Trichoderma koningii (CICC no. 13007) and T. reesei

(CICC no. 40360) were kindly provided by China
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Center of Industrial Culture Collection. The fungi

were subcultured on furfural residues and MCC to

induce cellulose production.

MCC was purchased from Sigma-Aldrich. Furfural

residues were kindly provided by Chunlei Co., Ltd.

(Hebei, China). The furfural residues were water-

rinsed, dried at 60�C, and then milled. Particles of

mesh size 40–60 mesh were used for the cellulase

production.

Cellulase production

The fungi were inoculated in potato dextrose agar

medium, and the spores were harvested by washing the

Petri plate with sterile water. Shake flask fermenta-

tions were carried out in 250-ml cotton-plugged

Erlenmeyer flasks containing 50 ml Mandels medium

(Zhang et al. 2007) supplemented with 20 g/l MCC or

20 g/l furfural residues. After autoclaving at 121�C for

20 min, the flasks were inoculated with 5 ml conidia

suspension (1 9 108 conidia/ml). The flasks were

incubated at 30�C on a rotary shaker at 150 rpm.

After culturing for the desired time, samples were

removed and centrifuged at 10,0009g for 10 min. The

clear supernatants were collected and stored in sealed

bottles at 4�C and for the subsequent activity assay.

Analytical methods

The filter paper activity (FPA) and endoglucanase

activity of the cellulase preparations were evaluated

according to the standard IUPAC method (Ghose

1986). After incubation at 50�C for 30 min, 1.5 ml of

dinitrosalicylic acid (DNS) was added to the mixture.

The sugars released by the digestion were measured by

high performance anion-exchange chromatography

(HPAEC; Dionex ICS3000; USA) using a pulsed

amperometric detector (PAD) and an ion exchange

column (Carbopac PA-20). One FPA unit is defined as

the amount of enzyme that releases 1 lmol of glucose

per minute during the hydrolysis, and activities are

reported as FPU/ml. Exoglucanase activity was

assayed using pNP-cellobioside as the substrate. The

assay mixture contained 1.8 ml of 1 mg/ml pNP-

cellobioside in Tris–HCl buffer (pH 8.0) and 0.2 ml of

diluted enzyme solution. After incubation at 50�C for

30 min, 2 ml of 1 M Na2CO3 was added to the

mixture. The amount of p-nitrophenol (PNP) liberated

was measured at 400 nm using a PNP standard curve

prepared at seven different concentrations. One inter-

national unit (IU) of exoglucanase activity was defined

as the amount of enzyme that liberates one lmol PNP

per minute under the assay conditions. The b-gluco-

sidase activity was determined using the modified

Berghem’s method (Kovacs et al. 2009a).

The crystallinity index (CrI) of the furfural residue

samples was determined by wide-angle X-ray diffrac-

tion (XRD) on an XRD-6000 instrument (Shimadzu,

Japan). This facilitated the study of structural altera-

tions of the cellulosic residues as a result of cellulase

production. A previously reported method was used

for the analysis (Feng et al. 2011). The sample was

placed on an aluminum holder and analyzed under

plateau conditions. Ni-filtered Cu Ka radiation (v =

1.54 Å) was generated at a voltage of 40 kV, and a

current of 40 mA was applied. The specimens were

scanned at a speed of 2�/min from 5� to 40� using a

goniometer. To define the crystallinity, the CrI of the

lignocellulosic samples was calculated using the

intensity of diffraction of the crystalline structure

(I002, 2h = 22.6�) and that of the amorphous fraction

(Iamorphous, 2h = 18.0�):

CrI ¼ I002 � Iamorphous

� �
=I002 � 100:

A minimum of three parallel samples were used in

all analytical procedures, and the data are represented

as the mean of the triplicates.

Results and discussion

Cellulase production on MCC

The strains were grown in mineral medium supple-

mented with 2% (w/v) MCC. Samples were taken at

regular intervals, and the cellulase activity of the

culture was determined. The results are shown in

Fig. 1. During the first 7 days, the activities of the

enzymes produced by A. niger, T. koningii, and

T. reesei did not differ statistically. However, the

cellulase activity of the supernatant from T. viride

rapidly increased from day 3 to day 7. After day 7, the

cellulase activity of the supernatant from T. koningii

increased. On the 15th day, T. viride showed the

highest activity (21.61 FPU/ml), followed by

T. koningii (21.50 FPU/ml). Moreover, the FPA of

T. viride was almost five times higher than that of

T. reesei. Based on the results, the optimal culture time
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for cellulase production by the fungus ranged from day

13 to day 15. The activities of the b-glucosidase,

endoglucanase, and exoglucanase components on the

15th day of culture are shown in Fig. 2. The results

indicate that all of four fungi could produce the

complete set of enzymes for the cellulase system.

Exoglucanase is a major component of the micro-

bial cellulose degradation system and it releases

cellobiose units from cellulose chains. Cellobiose

units are also the products of cellulose hydrolysis by

endoglucanase (Lin et al. 2009). From the results, it is

obvious that the highest activity of the exoglucanase

was from T. koningii. The lowest exoglucanase

activity (1.11 U/ml) was observed from A. niger,

which could account for the low FPA.

The endoglucanase activities varied from different

fungi (Fig. 2). T. koningii showed the highest endo-

glucanase production (31.3 U/ml) followed by

T. viride. It is noteworthy that of the three enzymes

of the T. koningii cellulase system, endoglucanase was

expressed at the highest level. Since T. koningii and

T. viride showed higher FPAs than the other strains,

endoglucanase appears to act an important role in the

enzyme complex.

Trichoderma reesei showed poor performance in

terms of b-glucosidase production, an observation

noted by Chandra et al. (2009). This fungal strain also

exhibited low exoglucanase and endoglucanase activ-

ities. Cellobiose accumulation reportedly results in

severe feedback inhibition to the cellulase reaction

(Chen et al. 2008; Martins et al. 2008). The FPA of

T. koningii was affected by low b-glucosidase levels

that could lead to cellobiose accumulation and thereby

feedback inhibition. A. niger has been the focus of

many studies due to its excellent b-glucosidase

producing properties (Brumbauer et al. 2000; Hanif

et al. 2004). This was also confirmed by our results that

A. niger showed the highest b-glucosidase production.

Nevertheless, the levels of endoglucanase and exo-

glucanase produced by A. niger were low. So the FPA

from A. niger was low. These results indicate that both

the endoglucanase and exoglucanase activities are

important contributors to the total cellulase activity

and that low b-glucosidase activity can restrict cellu-

lase activity.

Cellulase production on furfural residues

Each of the four fungi was inoculated into liquid

medium containing furfural residues, and the FPAs of

the supernatant were measured with respect to the

culture time (Fig. 3). The sampling time ranged from

day 11 to day 19. T. reesei showed high cellulase

production within day 13 with an FPA of 7.06 U/ml.

In the case of T. koningii, the FPA increased contin-

uously and reached 27.81 U/ml, which was the highest

value achieved by any of the four fungi on the furfural

residues medium. The glucose concentration in the

T. koningii supernatant increased continuously during

fermentation, reaching a maximum value of 0.58 g/l.

The lowest glucose concentration of 0.25 g/l was
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obtained with A. niger. Both A. niger and T. reesei

showed low FPAs on furfural residues, indicating that

the cellulose-degrading capability of these fungi

requires further optimization.

As shown in Fig. 4, T. viride exhibited the highest

exoglucanase activity (10.79 U/ml) and A. niger with

the lowest activity (1.36 U/ml). Although the

b-glucosidase activity of A. niger was higher than

that of the other fungi, its FPA was low, and this was

attributed to its low exoglucanase level. T. viride and

T. koningii showed high FPAs as well as high

exoglucanase and endoglucanase activities, indicating

that the exoglucanase and endoglucanase levels sig-

nificantly influenced the overall cellulase activity.

Cellulose degradation by cellulase requires the

synergistic action of all three enzymatic components,

i.e., exoglucanase, endoglucanase and b-glucosidase.

Our results shows that T. koningii produced the highest

cellulase activity, which was attributed to its excellent

exoglucanase and endoglucanase activities and to the

fact that sufficient amounts of b-glucosidase could be

produced for the conversion of cellobiose to glucose,

thereby reducing the inhibition of exoglucanase by

cellobiose.

Comparison of cellulase production on furfural

residues and MCC

The results of cellulase production in cellulose

medium containing using 20 g/l MCC and 20 g/l

furfural residues are shown in Fig. 5. Higher FPAs

was obtained from T. viride, T. koningii and T. reesei

when furfural residues was used as the substrate than

MCC was used. However, the activity of the cellulase

from A. niger was lower on furfural residues than on

MCC. The FPA of the cellulase produced by

T. koningii was 30% higher in the furfural residue

medium than in the MCC medium. The results clearly

showed that T. koningii could effectively digest

furfural residues for cellulase production. Xia and

Shen (2004) studied the cellulase activity of the

cellulase from T. reesei ZU-02 and found that the

cellulase concentration (5.25 IU/ml) obtained with a

corncob residue substrate was similar to that achieved

with purified cellulose. Our results also showed that

the activity of the cellulase from T. reesei cultured on

furfural residues was higher than that of the enzyme

from T. reesei ZU-02. In addition, the production of

b-glucosidase from T. reesei was promoted with the

presence of furfural residues. Thus, culture of T. reesei

on specific substrates could possibly lead to the

production of higher levels of b-glucosidase.

Furfural residues consisting of cellulose, lignin and

a few hemicelluloses are the by-products of furfural

production from acid-catalyzed hydrolysis of corn-

cobs (Sun et al. 2008). In contrast, MCC is a pure

product obtained by the depolymerization of cellulose.

As shown in Fig. 5, the higher crystallinity and better

crystals structure of MCC impeded its utilization as a

substrate by the fungi, which in turn influenced

cellulase production. In contrast, furfural residues
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consist of cellulose, lignin and a rather low amount of

residual hemicelluloses, and the CrI of this material is

low. Therefore, furfural residues were more suitable

than MCC for cellulase production.

Effect of different fungi on the CrI of furfural

residues

The water-rinsed furfural residue contains 42.2%

cellulose, 38.7% lignin, and 1.9% hemicellulose

(Tang et al. 2011). XRD was used to investigate the

supramolecular order (crystallinity) of enzymatically

hydrolyzed cellulose residues (Fig. 6). The CrI of the

samples was determined using the diffraction intensi-

ties of the crystalline structure (I002, 2h = 22.6�) and

the amorphous fraction (Iamorphous, 2h = 18.0�). Crys-

talline cellulose is considered to be more difficult to

degrade than the amorphous component due to the

strong intermolecular hydrogen bonding between the

cellulose chains.

The CrI of the residues from A. niger was greater

than 40%, indicating that A. niger digested furfural

residues with difficulty. The CrI of the residues on

which T. koningii was increased from day 11 to day 13

(data are not shown). During this period, the noncrys-

talline regions were first degraded by T. koningii. As

shown in Fig. 4, T. koningii also produced relatively

high levels of exoglucanase. After day 13, the CrI

decreased from 35.9 to 33.6%, indicating that the

crystalline regions of the substrate was degraded

during this period. However, the CrI of the substrate

subsequently increased, suggesting that the noncrys-

talline regions might be preferentially degraded. The

change in the CrI of the residues used to cultivate

T. reesei was similar to that observed with T. koningii.

The CrI first increased and then decreased with the

fermentation time, finally increasing to 35.8%. Thus,

T. reesei first degraded on the noncrystalline regions,

which lead to an increase in crystallinity. Subse-

quently, the crystallinity decreased due to degradation

of the crystalline regions by T. reesei. At day 19, the

CrI of furfural residues digested by A. niger,

T. koningii, and T. reesei were 41.4, 34.4, and

35.8%, respectively. While the original CrI of the

furfural residues was 49%.

With substrates such as furfural residues that

showed a low CrI after T. reesei and T. koningii

cultivation, it appears that noncrystalline regions were

targeted by the fungi during the early degradation

period. Thereafter, the crystalline regions were grad-

ually degraded by the fungi, leading to a decrease in

crystallinity. Additionally, the diffraction intensity of

the furfural residues was lower than that of the raw

material, indicating that more cellulase was produced

for the digestion of the furfural residues than the
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digestion of MCC. It is possible that the CrI of the

residues may have changed in the acidic environment

of furfural production (temperature 160�C, acid 5%

H2SO4, and time 6–9 h). Thus, furfural residues were

found to be more suitable than MCC for the cultivation

of T. reesei and T. koningii.

Conclusion

In this study, the cellulase-producing capabilities of

four fungi were evaluated on two different substrates,

i.e., furfural residues and MCC. Culture of all four

fungi on the substrates produced a complete set of

cellulases. The activities of all three components of the

cellulase system, i.e. endoglucanase, exoglucanase

and b-glucosidase, were tested at the optimal culture

time when the FPA was high. The amount of cellulase

secreted by T. koningii was higher when it was grown

on furfural residues than when it was cultured on

MCC. The FPA from T. koningii reached 27.81 FPU/

ml after it was incubated on furfural residues for

19 days, and this value was 30% higher than that

obtained with MCC. The cellulase levels were also

high (22.24 FPU/ml) when T. viride was grown on

furfural residues. Therefore, culture of these fungi on

suitable lignocellulosic substrates could possibly be

used for cellulase production. It may also be possible

to improve the cellulase production of these fungi by

mutagenesis. The activities of the cellulases from the

selected fungi, with the exception of A. niger, were

higher on furfural residues than on MCC, suggesting

that this medium can support a suitable cellulase

production environment. Thus, the results of this study

highlight the potential use of furfural residues, an

abundant renewable resource, as a substrate in cellu-

lase production.
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