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Abstract The aim of this study was a comprehensive
analysis of the effects of the component enzymes of cel-
lulase derived from Trichoderma reesei strain PC-3-7 on
biomass saccharification. We used cellulases with deleted
CBH I, CBH II, or EG I, which contain all other component
enzymes, for saccharification of differently pretreated
biomasses of rice straw, Erianthus, eucalyptus, and Japa-
nese cedar. We found that CBH I was the most effective in
saccharification of all pretreated cellulosic biomasses,
although the effect was weaker in saccharification of sul-
furic acid- and hydrothermally pretreated rice straw than of
others; CBH II was more effective for rice straw than for
eucalyptus, and was the most effective at the early stages of
biomass degradation; EG I had little effect on pretreated
biomasses, in particular, it had no effect on steam-exploded
Japanese cedar. Thus, the effects of the main component
enzymes depend on the biomass source and pretreatment.
These findings will likely help to improve cellulase for
industrial use.
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Introduction

The sugar derived from cellulosic biomass carbohydrates
can be converted into bio-ethanol and bio-chemicals [1].
Cellulosic biomass is a particularly attractive new energy
resource for human beings because (a) it is available in
large quantities; (b) unlike some other potential sugar
resources (like starch, for example) it is not suitable as food
or forage. Therefore, its future industrial use can be
expected. However, the production of sugar from cellulosic
biomass requires large amounts of saccharification
enzymes, and their high cost restricts the industrial utili-
zation of cellulosic biomass. To reduce the cost, it is
desirable to develop a highly efficient cellulase, small
amounts of which would be sufficient to degrade cellulosic
biomass. The filamentous fungus Trichoderma reesei
secretes large quantities of cellulase. Almost all secreted T.
reesei proteins are glycoside hydrolases capable of
degrading cellulosic biomass [12]. In recent years, T. reesei
cellulase for industrial use became available on the market.
We previously developed a cellulase with higher sacchar-
ification activity than that of commercially available cel-
lulases [14, 21]. However, the industrial use of cellulosic
biomass requires a further cost reduction by producing
more powerful cellulases.

Cellulase derived from T. reesei contains various kinds
of component enzymes [20]. Cellobiohydrolase (CBH),
endoglucanase (EG), and B-glucosidase (BGL) are con-
sidered the most important components [5, 8, 30]. CBH
produces cellobiose by processive hydrolysis of the
reducing end (CBH I) or non-reducing end (CBH II) of the
cellulose chain [3]; EG cleaves cellulose chains in non-
crystalline regions by endo-type hydrolysis [17]; BGL
cleaves the oligosaccharides produced by CBH and EG,
and produces glucose [7]. EG IV and VII, which belong to
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the glycoside hydrolase family (GHF) 61, have been
reported to oxidatively degrade cellulose and to show a
synergistic effect with other cellulase components [23]. In
addition, cellulase contains an expansin-like protein,
swollenin, which also shows synergistic effects with other
cellulase components, despite exhibiting little cellulase
activity [26].

The extent of the contribution of the various component
enzymes to cellulosic biomass saccharification is not well
understood. Previous studies used a cocktail of purified
component enzymes to clarify their relative contributions
[2, 4]; however, such cocktails cannot fully recreate the
activity of the conditioned medium in many cases, since
they do not include all of the component enzymes derived
from 7. reesei, and unidentified additional enzymes may
affect the saccharification of cellulosic biomass.

The effects of individual component enzymes on sac-
charification can be obscured by the complexity of the
cellulosic biomass [31]. Cellulose itself consists of crys-
talline and non-crystalline regions, and its crystalline
structure is different in each plant species [10]. Not only
cellulose but also other cellulosic polymers (hemicellulose
and lignin) also differ in different plants. Furthermore, the
biomass composition changes considerably depending on
the type of pretreatment. Pretreatment with NaOH, for
example, dissolves lignin, and diluted sulfuric acid and
hydrothermal pretreatment degrade hemicellulose depend-
ing on the temperature [27]. Therefore, the effects of
component enzymes can differ depending on the plant
species and pretreatment method.

In this study, we used biomass derived from four plant
species (rice straw, Erianthus, eucalyptus, and Japanese
cedar) with four pretreatments (NaOH, diluted sulfuric
acid, hydrothermal treatment, and steam explosion) to
comprehensively analyze the effects of the major compo-
nent enzymes by using cellulases derived from T. reesei
cbhl, cbh2, and egll disruption mutants, which secrete
cellulases containing all of the component enzymes except
for the disrupted ones [24]. This work will pave the way for
further improvements in cellulase efficiency.

Materials and methods
Strain and enzyme preparation

The parent strain (WT) and transformants of 7. reesei PC-
3-7 [24] were maintained on Potato dextrose agar plates or
slants; 107 conidia were inoculated into 50 ml of a basal
medium [15] containing 1 % Avicel as a carbon source and
incubated with shaking at 220 rpm for 1 week. The
supernatants obtained from this standard culture were used
as enzymes.

@ Springer

Enzyme assays and protein analysis

The reducing sugar was measured by using the 3,
5-dinitrosalicylic acid (DNS) method [19]. Protein con-
centration was determined by use of a Quick Start Bradford
protein assay kit (Bio-Rad Laboratories, Hercules, CA,
USA). Cellobiase activity was determined as described
previously [21].

Biomass pretreatment and composition analysis

Prior to saccharification, cellulosic biomass was subjected
to hydrothermal, acid, alkaline, or steam-explosion treat-
ments as previously reported [14]. The composition of the
pretreated biomass was determined by high-performance
liquid chromatography by using two-step acid hydrolysis
according to the procedure published by the National
Renewable Energy Laboratory [28].

Enzymatic saccharification

Saccharification by cellulases was performed in 20-ml
plastic bottles in 100 mM sodium acetate buffer (pH 5.0).
Substrate concentrations were 5.0 % dry mass (w/w).
Reactions were performed at 50 °C with shaking (150 rpm)
for 0, 6, 24, 48, and 72 h, with enzyme loading at 0.6-3.6
U-cellobiase per gram of dry biomass. The supernatants
were boiled for 5 min to inactivate the enzymes, and the
produced sugar was measured by the DNS method. The
biomass saccharification ratio (%) was calculated as the
ratio of the sugar content to cellulose and hemicellulose in
the dry mass.

Results and discussion

Cellobiase activity of cellulases lacking individual
components

We previously reported that cellulases with deleted indi-
vidual components appeared to contain about the same
ratio of other component enzymes as those derived from
WT T. reesei [24]. Because CBH I is a major cellulase
component [25], the use of total protein amounts for
enzyme dosage of cbhl deletion cellulase (ACBH I) is not
adequate, because it would lead to an overestimation of
other component enzymes in the absence of CBH L
Therefore, in this study, the enzyme dosage for biomass
saccharification was based on the cellobiase activity of
cellulases, because the deletion of individual component
enzymes has little effect on this activity [32]. Table 1
shows specific cellobiase activities in WT cellulase and in
cellulases with deleted individual components. The protein
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Table 1 Cellobiase activity of wild-type cellulase and cellulases with
deleted component enzymes

Enzyme U/mg (ratio to WT)
WT 0.12 (1.0)
ACBH 1 0.30 (2.5)
ACBH I 0.21 (1.8)
AEG I 0.13 (1.1)
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Fig. 1 Analysis of cellulases with deleted individual components by
SDS-PAGE. The amounts of protein applied corresponds to equal
cellobiase activity in each sample. /, molecular weight markers
(kDa); 2, WT; 3, ACBH I; 4, ACBH 1II; 5, AEG I

ratio of component enzymes in WT cellulase normalized to
cellobiase activity was CBHI: CBHII : EGI = 60 : 43 :
9. The proportion of CBH II was greater than reported
previously [25]. One possible reason for this difference
may be that cellulase induction by Avicel used in this study
differs from the conditions used in the above publication;
the mechanisms of cellulase induction by various cellulose
derivatives are still unknown [18, 22]. Separation of these
cellulases by electrophoresis (with loading normalized
according to cellobiase activities) confirmed a similar
proportion of the component enzymes in WT and in dele-
tion mutants, although the bands corresponding to xylanase
I (XYN D and xylanase II (XYN II) appeared to be slightly
weaker in ACBH I than in WT (Fig. 1). Thus, normaliza-
tion to cellobiase activity is adequate for evaluation of the
effect of the component enzymes on biomass saccharifi-
cation. Using this procedure, we estimated that 1.0 U of
cellobiase activity corresponds to 8.3 mg total protein in
WT, 3.3 mg in ACBH I, 4.8 mg in ACBH II, and 7.7 mg in
AEG 1 (egll deletion). The protein dosages were defined

according to the saccharification rates of particular sub-
strates (not the protein amounts), because the same protein
amount would be excessive for rice straw and insufficient
for eucalyptus. We chose the protein dosage so that the
saccharification yield was about 80 % at 24 h when the
reaction was carried out with WT cellulase. The chosen
extent of saccharification was high, because we wished to
get the information about cellulase ability to degrade a
large proportion of biomass.

Saccharification of NaOH-pretreated rice straw,
eucalyptus, and Erianthus

Saccharification of NaOH-pretreated rice straw, eucalyptus
(Fig. 2) and Erianthus (data not shown) was carried out to
reveal the relative effects of the component enzymes. The
biomass composition after pretreatment observed in our
experiments was similar to that reported previously [14].
The relative saccharification rate of ACBH II cellulase was
0.95 of WT at 72 h for rice straw (Fig. 2a). This result was
unexpected because CBH II has been reported to be an
important factor for cellulose degradation [6]. CBH II
played a role at early stages (6 h and 24 h), but other
component enzymes probably substituted for CBH II later
(72 h). CBH II showed a more pronounced effect on
eucalyptus (Fig. 2b), which indicates that its role varies
with the type of biomass. The greater effect of CBH I was
likely due to both its function such as processivity and
abundance. The effect of EG I was the smallest for both
biomass types, although EG I has been reported to be
important for biomass degradation [11]. Whether EG I does
not contribute significantly, or other component enzymes
can compensate for its absence, remains to be established.
Saccharification of NaOH-pretreated Erianthus showed the
same patterns as NaOH-pretreated rice straw (data not
shown).

Saccharification of sulfuric acid- and hydrothermally
pretreated rice straw and eucalyptus

We used the same approach for sulfuric acid- and hydro-
thermally pretreated biomasses (Figs. 3, 4). Although the
importance of CBH I for cellulose degradation has been
reported [2, 16], the effect of ACBH I varied remarkably
between different types of biomass and pretreatments. It
was considerably weaker for rice straw after sulfuric acid
and hydrothermal pretreatments (especially at later time
points) than after NaOH pretreatment (compare Figs. 3a,
4a with Fig. 2a). This suggests that CBH I can be substi-
tuted to some extent by another component at late stages.
The effect of CBH II was weak for rice straw and moderate
for eucalyptus irrespective of the pretreatment method
used, which indicates that CBH II can be also substituted
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Fig. 2 Saccharification of NaOH-pretreated rice straw (a) and euca-
lyptus (b) by T. reesei cellulases. Proteins were loaded at 0.6
U-cellobiase/g-biomass; WT: 5 mg/g-biomass, ACBH I. 2 mg/g-
biomass, ACBH II: 2.8 mg/g-biomass and AEG I: 4.5 mg/g-biomass
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Fig. 3 Saccharification of sulfuric acid-pretreated rice straw (a) and
eucalyptus (b). Proteins were loaded at 1.8 U-cellobiase/g-biomass;
WT: 15 mg/g-biomass, ACBH I: 6 mg/g-biomass, ACBH II: 8.6 mg/
g-biomass and AEG I. 14 mg/g-biomass (a) or 3.2 U-cellobiase/g-
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Fig. 4 Saccharification of hydrothermally pretreated rice straw
(a) and eucalyptus (b). Proteins were loaded at 1.8 U-cellobiase/g-
biomass; WT: 15 mg/g-biomass, ACBH I: 6 mg/g-biomass, ACBH II:
8.6 mg/g-biomass and AEG I: 14 mg/g-biomass (a) and 2.4

by other components, particularly for eucalyptus (Figs. 3b,
4b). The effect of EG I was small, and varied with different
types of biomass or pretreatments (Figs. 3, 4). EG I had no
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(a) or 2.4 U-cellobiase/g-biomass; WT: 20 mg/g-biomass, ACBH I:
8 mg/g-biomass, ACBH II: 11 mg/g-biomass and AEG I: 18 mg/g-
biomass (b). Diamonds: WT; squares: ACBH I; circles: ACBH 1I,
triangles: AEG 1. Error bars represent standard deviations
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biomass; WT: 27 mg/g-biomass, ACBH I: 11 mg/g-biomass, ACBH
II: 15 mg/g-biomass and AEG I: 25 mg/g-biomass (b). Symbols are
the same as in Fig. 2. Error bars represent standard deviations
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U-cellobiase/g-biomass; WT: 20 mg/g-biomass, ACBH I: 8 mg/g-
biomass, ACBH II: 11 mg/g-biomass and AEG I: 18 mg/g-biomass
(b). Symbols are the same as in Fig. 2. Error bars represent standard
deviations

effect even at early stages of degradation, and thus seems
to be dispensable for sulfuric acid-pretreated rice straw
(Fig. 3a).
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Fig. 5 Saccharification of steam-exploded Japanese cedar. Proteins
were loaded at 3.6 U-cellobiase/g-biomass; WT: 30 mg/g-biomass,
ACBH I: 12 mg/g-biomass, ACBH II: 17 mg/g-biomass and AEG I:
28 mg/g-biomass. Symbols are the same as in Fig. 2. Error bars
represent standard deviations

Saccharification of steam-exploded Japanese cedar

Steam-exploded Japanese cedar was saccharified (Fig. 5)
to compare the effects of the component enzymes on soft
wood (Japanese cedar) and hard wood (eucalyptus). The
saccharification pattern of Japanese cedar resembled that of
eucalyptus for ACBH I and ACBH II, but not for AEG L.
The effect of EG I was detected to some extent for all types
of pretreated eucalyptus, but not for Japanese cedar. This
may be due to the crystalline structure of cellulose, to
structural changes in the biomass after pretreatment, or to
substitution with other component enzymes [9]. This phe-
nomenon was also seen for Avicel saccharification (data
not shown).

Conclusions and future perspectives

In this study, we found that the effects of the main com-
ponent enzymes depend on biomass origin and pretreat-
ment type, which is in agreement with earlier reports that
activity towards such substrates as filter paper, Avicel, or
CMC is not proportional to the biomass saccharification
ability [13, 14]. Therefore, our findings provide useful
information compared to the results based on measuring
only enzymatic activity [29]. Our study may help to
develop a highly efficient cellulase by optimization of the
component enzymes in several ways, exemplified below.
(1) Although EG I had no or little effect in our experi-
ments, the egl] expression level was high (the third highest
after cbhl and cbh2) [24]. Therefore, the egll promoter
might be useful for the expression of other valuable com-
ponent enzymes like B-glucosidase or hemicellulases. (2)

Although we did not verify the effect of the component
enzyme dosage, the increase in CBH II might enhance
sugar production in the short term because the effect of
CBH 1I is more pronounced at early degradation stages. (3)
Even CBH I (the component enzyme most important for
cellulose degradation) could be substituted to a certain
extent with other enzymes for saccharification of sulfuric
acid-pretreated herbaceous biomass. In these cases, the
cbhl promoter would be attractive, because its activity is
the highest among T. reesei cellulase promoters [24]. It is
important to have a choice of promoters for the expression
of other valuable component enzymes adapted to specific
target biomasses.

This knowledge will greatly facilitate the development
of highly efficient saccharification enzymes for particular
biomass types. We expect that our findings will help to
develop more efficient saccharification enzymes. The
analyses of other component enzymes, for example EG II,
EG IV, and xylanases, are underway.
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