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Abstract Optimal enzyme mixtures of six Trichoderma reesei enzymes and five thermostable
enzyme components were developed for the hydrolysis of hydrothermally pretreated wheat
straw, alkaline oxidised sugar cane bagasse and steam-exploded bagasse by statistically
designed experiments. Preliminary studies to narrow down the optimization parameters
showed that a cellobiohydrolase/endoglucanase (CBH/EG) ratio of 4:1 or higher of thermo-
stable enzymes gave the maximal CBH-EG synergy in the hydrolysis of hydrothermally
pretreated wheat straw. The composition of optimal enzyme mixtures depended clearly on
the substrate and on the enzyme system studied. The optimal enzyme mixture of thermostable
enzymes was dominated by Cel7A and required a relatively high amount of xylanase, whereas
with T. reesei enzymes, the high proportion of Cel7B appeared to provide the required xylanase
activity. The main effect of the pretreatment method was that the required proportion of
xylanase was higher and the proportion of Cel7A lower in the optimized mixture for
hydrolysis of alkaline oxidised bagasse than steam-exploded bagasse. In prolonged hydroly-
ses, less Cel7A was generally required in the optimal mixture. Five-component mixtures of
thermostable enzymes showed comparable hydrolysis yields to those of commercial enzyme
mixtures.

Keywords Biomass sugars . Enzymemixture optimization . Total hydrolysis . Thermostable
enzymes . Trichoderma reesei . Cellulase

Introduction

Lignocellulosic materials have great potential as a renewable feedstock for the production of
fuels and chemicals. The enzymatic hydrolysis of lignocellulosic materials requires multiple
activities acting cooperatively to degrade cellulose and hemicellulose to fermentable mono-
saccharides. At least three categories of enzymes are necessary to convert cellulose into soluble
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sugars. These include endoglucanase (EG), which hydrolyses the internal β-1,4-glucosidic
bonds randomly in the cellulose chain; cellobiohydrolase (CBH), which moves processively
along the cellulose chain and cleaves off cellobiose units from the ends of the chain; and β-
glucosidase (βG), which converts cellobiose and soluble cellodextrins into glucose. Individual
cellulases have only limited hydrolytic effects, whereas a mixture of cellulases can exhibit a
synergistic action in which the hydrolytic activity of the cellulase mixture is greater than the
sum of the activities of the individual enzymes [1]. Enzymes hydrolysing hemicellulose are
also required for complete hydrolysis of lignocellulosic biomass [2, 3] and they act synergis-
tically with cellulases [4-7].

The enzyme cost is important for the economy of biofuel processes. Optimized
enzyme mixtures can provide maximal synergistic effect, and thus, more efficient
hydrolysis can be obtained with minimized enzyme dosages. Several studies
concerning optimal enzyme mixtures have been published with various lignocellulosic
substrates such as pretreated barley straw [8], pretreated wheat straw [9], pretreated
corn stover [10-14], pretreated switchgrass, Miscanthus, distillers grains, poplar wood
[2] and pretreated douglas fir [15]. The optimization of enzyme mixtures has been
performed for a core set of cellulases [14], cellulases and xylanases [13], for multi-
component mixtures [2] containing several accessory enzymes and for mixtures of
commercial enzymes [16, 17]. Banerjee et al. [2] reported hitherto the only compar-
ison of the effect of raw material and pretreatment on optimal enzyme mixtures.
Optimized enzyme mixtures of Trichoderma reesei enzymes were shown to be dom-
inated by CBHI and EGI for most of the raw materials and pretreatments, whereas the
proportions of β-glucosidase and xylanase varied considerably depending on the raw
material and pretreatment. According to their results, hydrolysis of NaOH-pretreated
corn stover and switchgrass required less xylanase than ammonium fibre explosion
(AFEX) and alkaline peroxide-pretreated materials. The high proportion of xylanase
was generally compensated by lower Cel7A (CBHI) and Cel7B (EGI) contents. Wide
variation was also observed depending on how many and which enzyme components
were included in the optimization. Therefore, it is important to include all the most
essential enzymes in the experimental design, although this will make the designmore complex.
The optimal enzyme mixtures have also been shown to be dependent on the total enzyme
loading [13] and hydrolysis time [9].

Thermostable enzymes have several advantages in the hydrolysis of lignocellulose, such as
the potential to operate in higher hydrolysis temperatures, reduction of the enzyme
amount needed due to higher specific activity in elevated temperature and higher
stability enabling longer hydrolysis times [18]. Higher hydrolysis temperature de-
creases the viscosity, enabling higher substrate concentrations and potentially increas-
ing product yields and consequently reducing processing and capital costs. A pre-
hydrolysis that liquefies the high viscosity slurry is one suggested application for thermo-
stable enzymes [18, 19].

The aim of this study was to develop optimal enzyme mixtures of thermostable enzymes for
hydrolysis of three different pretreated lignocellulosic raw materials: hydrothermally pretreated
wheat straw and alkaline oxidised or steam-exploded bagasse. The effects of raw material
type and different pretreatments on the optimal mixture were investigated. The work
was carried out in two stages: first two-component synergistic systems were used to
narrow down the ranges for optimization, and secondly, optimal mixtures were
developed using statistically designed multi-component optimization protocols.
Mixtures of thermostable enzymes were also compared with mixtures of T. reesei enzymes
and commercial enzyme products.
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Materials and Methods

Raw Materials

Hydrothermally pretreated wheat straw was provided by Inbicon. Pretreatment was carried out
at the Inbicon pilot plant (Skærbæk, Denmark) by the method described in Petersen et al. [20].
Straw was cut into pieces up to 6–10 cm long and pre-soaked in 3 g l−1 acetic acid at 80 °C for
10 min. After that, the feedstock was fed to the pretreatment plant at a rate of 50 kg h−1 and
steamed in the hydrothermal reactor at 190 °C for 12 min. The pretreatment was conducted at a
water/straw ratio of 5:1 and the pretreated straw was pressed to a higher final dry matter (d.m.)
content of 33 %. For hydrolysis experiments, handsheets were prepared from pretreated
wheat straw after homogenization by cold dispersion. Laboratory handsheets (target
density 120 g/m3) were formed in a sheet mould producing 165 mm×165 mm sheets. The
sheets were pressed at 490 kPa for 4 min and dried at 60 °C for 2 h. The d.m. content of
pretreated wheat straw sheets was 93% after drying. Handsheet disks with approximately 6 mm
diameter were cut from the sheets using a paper punch.

Alkaline oxidised (AlkOx) bagasse was prepared according to Kallioinen et al. [21]. Sugar
cane bagasse was pretreated with 0.25 M Na2CO3 at 120 °C for 20 h at 5 % d.m. content.
Material from ten 20 g batches was washed and mixed. Sticks remaining in the material
(approx. 1 % of d.m.) were removed to provide a homogeneous material. The d.m. content of
AlkOx bagasse was 30 %.

Steam explosion (SE) of bagasse was carried out at 200 °C for 5 min [21]. Sugar cane
bagasse was immersed into dilute sulphuric acid (0.5 % w/w) at room temperature for 30 min,
the excess acid was drained and the material was stored overnight at 4 °C before SE
treatments. After SE, the material was washed with water. The d.m. content of SE-pretreated
bagasse was 32 %. The monosaccharide sugar compositions of the washed insoluble fractions
of the pretreated feedstocks after total acid hydrolysis [22] were analysed by high performance
anion exchange chromatography (HPAEC-PAD) using a CarboPac PA-1 column in a Dionex
DX 500 series chromatograph equipped with pulse amperometric detection [23]. The carbo-
hydrate contents of water-washed pretreated wheat straw and bagasse are presented in Table 1.

Enzymes

T. reesei cellulases Cel7A (CBHI), Cel6A (CBHII), Cel7B (EGI) and Cel5A (EGII) were
produced and purified as described by Suurnäkki et al. [24]. Xylanase (XYL II, i.e. family 11
xylanase with pI 9) was purified by the method of Tenkanen et al. [25], but omitting the last gel
filtration step. Aspergillus niger β-glucosidase was purified according to Sipos et al. [26].

Table 1 Carbohydrate composi-
tion of washed insoluble solids of
hydrothermally pretreated wheat
straw and alkaline oxidised and
steam-exploded bagasse (% of
d.m.), used in the experiments

Pretreated
wheat straw

AlkOx
bagasse

Steam-exploded
bagasse

Glucose 65.4 67.9 59.3

Xylose 3.6 23.9 3.0

Mannose 0.2 0.14 <0.1

Galactose 0.06 <0.1 <0.1

Arabinose 0.05 1.3 0.4

Monosaccharides total 69 93 63

As polysaccharides 62 83 57
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The thermostable glycosyl hydrolases were kindly provided by Roal Oy (Rajamäki,
Finland): three CBHs originating from strains of Acremonium thermophilum, Chaetomium
thermophilum and Thermoascus aurantiacus; one EG originating from T. aurantiacus; two
xylanases originating from strains of T. aurantiacus and Nonomuraea flexuosa; and a βG from
T. aurantiacus. The enzymes (Table 2) were heterologously produced in a genetically modified
T. reesei strain, deficient in the four major native cellulases (Δcbh1/cel7A, Δcbh2/cel6A,
Δegl1/cel7B, Δegl2/cel5A), under the control of the strong cbh1/cel7A promoter of the host
fungus [27]. The TaCel7A (CBHI) construct contained the cellulose-binding module (CBM)
from T. reesei Cel7A (CBHI), and TaCel5A (EGII) contained the CBM from C. thermophilum
Cel7A (CBHI). Thermostable enzymes were heat-treated at 60 °C, pH 6 for 2 h to inactivate
the thermolabile side activities. For mixture 1, the CBHI component TaCel7A+CBM was
purified by one-step anion exchange chromatography, using columns and chromatography
media available from GE Healthcare. The preparation was first desalted and equilibrated with
0.02 M sodium phosphate buffer (pH 6) using a Sephadex G-25C column. After that, the
sample was loaded on a DEAE Sepharose FF column, equilibrated with 0.02 M sodium
phosphate at pH 6 and eluted using a gradient of 0–0.2 M sodium chloride. Protein fractions
with TaCel7A+CBM eluting in ca. 0.07–0.11 M NaCl were pooled and equilibrated with
0.02 M sodium acetate buffer (pH 5.0) using a Sephadex G-25C column. The CBHII
component of mixture 1 (CtCel6A) was expressed from the cbh1/Cel7A promoter in
the T. reesei strain VTT D-00775. The expression construct was transformed into
T. reesei as described in [28] and replaced the native cbh1/cel7A gene. The CtCel6A
enzyme was produced for purification in shake flask cultures in Trichoderma minimal
medium [28] supplemented with 4 % lactose and 2 % distiller’s spent grain extract at

Table 2 Components of the enzyme mixtures. Thermostable mixture 1 and Trichodermamixture 1 were used in
preliminary optimization studies and thermostable mixture 2 and Trichoderma mixture 2 in final optimization
studies

Enzyme Abbreviation Used in mixture Purification

Trichoderma reesei enzyme mixtures

Trichoderma reesei Cel7A TrCel7A (CBHI) Mix 1, 2 [24]

Trichoderma reesei Cel6A TrCel6A (CBHII) Mix 1, 2 [24]

Trichoderma reesei Cel7B TrCel7B (EGI) Mix 2 [24]

Trichoderma reesei Cel5A TrCel5A (EGII) Mix 1, 2 [24]

Trichoderma reesei Xyn11A TrXyn11A (XYLII) Mix 1, 2 [25]

Aspergillus niger Cel3A AnCel3A (βG) Mix 1, 2 [26]

Thermostable enzyme mixtures

Thermoascus aurantiacus
Cel7A+CBM/TrCBHI

TaCel7A (CBHI) Mix 1 Heat-treated+purified
as described

Acremonium thermophilum Cel7A AtCel7A (CBHI) Mix 2 Heat-treated at 60 °C, 2 h

Chaetomium thermophilum Cel6A CtCel6A (CBHII) Mix 1 Heat-treated+purified
as described

Chaetomium thermophilum Cel6A CtCel6A (CBHII) Mix 2 Heat-treated at 60 °C, 2 h

Thermoascus aurantiacus
Cel5A+CBM/CtCBHI

TaCel5A (EGII) Mix 1, 2 Heat-treated at 60 °C, 2 h

Nonomurea flexuosa NfXyn11A Mix 1 Heat-treated at 60 °C, 2 h

Thermoascus aurantiacus TaXyn10 Mix 2 Heat-treated at 60 °C, 2 h

Thermoascus aurantiacus TaCel3A (βG) Mix 1, 2 Heat-treated at 60 °C, 2 h
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200 rpm and 28 °C. The culture filtrate with CtCel6A was desalted and equilibrated
with 0.01 M sodium phosphate buffer at pH 7.04 using a Sephadex G-25C column.
After that, the sample was loaded on a DEAE Sepharose FF column and equilibrated
with 0.01 M sodium phosphate (pH7.04), and the fractions with unbound protein were
collected. The purification was continued using an affinity column as described by
van Tilbeurgh et al. [29], eluting the CtCel6A protein with lactose. The affinity run
was repeated twice, and the fractions with CtCel6A were concentrated by ultrafiltra-
tion and at the same time washed to change the buffer to 50 mM sodium acetate,
pH 5. The thermostable enzymes and T. reesei enzymes used are presented in Table 2.
The protein contents of enzyme components were analysed using a Bio-Rad analysis
kit based on the Lowry method [30]. Purity of the used enzyme components was
analysed by SDS-PAGE using 12 % Tris-HCl gel (Bio-Rad) and pre-stained SDS-
PAGE Standards (Bio-Rad) (Fig. 1). Xylanase activity was determined by the method of Bailey
et al. [31], and β-glucosidase activity was measured according to Bailey and Linko [32].
Commercial enzymes Celluclast 1.5 L, Novozym188, Cellic Ctec2 and Cellic Htec were
obtained from Novozymes.

Hydrolysis Experiments

The hydrolysis experiments were performed at 1 % d.m. content in 0.05 M sodium acetate
buffer, pH 5.0, containing 0.02 % NaN3. The hydrolysis was carried out using a microassay
procedure with 0.5 g of reaction mixture in 96-well plates. For hydrolysis of pretreated wheat
straw substrate, two substrate disks (5 mg of dry matter) were dispensed to each well. With SE
and AlkOx bagasse, the washed insoluble fraction of pretreated material was homogenized and
diluted with buffer and the slurry was pipetted into the wells.

In hydrolysis, the microwell plates were closed with adhesive foil and incubated in a mixer
(Thermo micromixer Mxi4t, FinePCR, South Korea) shaken at 1,000 rpm at 45 °C
(Trichoderma mixture), 55 °C (Thermostable enzymes, mixture 1) or 52 °C (Thermostable
enzymes, mixture 2). The lower temperatures of 45 °C and 52 °C were selected for T. reesei
and thermostable enzymes, respectively, to minimize the effect of enzyme inactivation on
mixture optimization during prolonged incubation times. It has been shown that at higher
temperatures, the activity of cellulases can decrease significantly in 48 h in materials contain-
ing lignin [33]. After 24, 48 and 72 h, a plate containing four replicate samples for each test
point was withdrawn from the incubator, and the reaction was terminated by adding 10 μl of
10 M NaOH. The supernatants were collected for analysis after centrifugation. The hydrolysis
was monitored by measuring reducing sugars by the dinitrosalicylic acid (DNS) method using
glucose as a standard [34].

Preliminary Evaluation of the Ratios of the Main Cellulases

In the studies concerning the optimal ratio of CBHI and CBHII, the thermostable or T. reesei
enzymes, with components described in Table 2 (mixtures 1), were dosed on the basis of
protein content with a total dosage of 10 mg g−1 d.m. excluding β-glucosidases, which were
dosed at 1,000 nkat g−1 d.m. The amount of CBHs (CBHI and CBHII combined) was 75 % of
protein content (7.5 mg g−1 d.m.). The share of CBHII of total CBHs (CBHI+CBHII) was
varied in the range 0–100 %. Xylanase dosage was 2,500 nkat g−1 d.m. (0.59 mg g−1 d.m. for
thermostable xylanase and 0.26 mg g−1 d.m. for Trichoderma xylanase). The rest of
the protein was EG (1.91 mg g−1 d.m. for the thermostable mixture and 2.24 mg g−1 d.m.
for the T. reesei mixture).

Appl Biochem Biotechnol
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The effect of the ratio of CBHs and EG in the thermostable cellulase enzyme mixtures was
studied similar to that of total dosage (except βG) of 10 mg g−1 d.m. but varying the CBH/EG
proportions in the range of 0–100 %. The CBHI/CBHII ratio in the mixtures was 80:20 and
60:40 for thermostable enzymes and Trichoderma enzymes, respectively. Xylanase dosage was
2,500 nkat g−1 d.m. (0.59 and 0.26 mg g−1 d.m for thermostable and Trichoderma enzymes,

Fig. 1 SDS-PAGE analysis of the thermostable and T. reesei enzymes. The Bio-Rad ready-made gel (12 % Tris-
HCl gel 161-1156) was run at 200 Vand 100 mA for 35 min using Tris-glycine-SDS buffer. The gel was stained
with Coomassie solution for 1 h and destained twice, for 15 min and then overnight. Pre-stained SDS-PAGE
standards solution (Bio-Rad 161-0318) was used to estimate the molecular weights. The protein dosage of
thermostable enzymes was 5 μg/well and of T. reesei enzymes: CBHI (lane 1)=5 μg; CBHII=5 μg; EGI=4 μg;
EGII=5 μg; Xyl=4 μg; AnβG=4 μg; and CBHI (lane 7)=9 μg/well

Appl Biochem Biotechnol
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respectively) and the rest of the protein was CBHs and EG. βG was dosed as described above.
The commercial T. reesei enzyme mixture Celluclast 1.5 L was used as a reference with a
dosage of 10 mg g−1 d.m., supplemented by commercial β-glucosidase Novozym 188
(1,000 nkat g−1 d.m., 28 mg g−1).

Determination of Optimal Enzyme Mixtures

The optimal enzyme mixtures were studied by statistically designed experiments using Modde
software (Umetrics, Sweden). The thermostable enzymes and T. reesei enzymes used are
presented in Table 2 (mixtures 2). The factors (CBHs, EGs, xylanase and β-glucosidase)
and the constraints of the factors, giving the highest and lowest allowed amounts for the share
of each enzyme in the mixture, are presented in Table 3. With wheat straw, the constraints were
set tighter than with the other raw materials on the basis of information obtained in the
previous two-component studies (Fig. 1). For T. reesei, the first set of constraints in the
hydrolysis of pretreated wheat straw gave optimum values near the boundaries of the studied
range, and therefore, a new set of experiments was designed with different constraints. The
results of these two sets of experiments were combined in the model. Computer-generated
designs were formed using a quadratic regression model and by D-optimal design that
generated the best subset of experiments from a candidate set. The optimization
experiments with five or six enzyme components consisted of 25–26 and 32 exper-
iments, respectively. The centre points, in the middle of the studied range, were
carried out as four replicates in order to evaluate the reproducibility of the experi-
ments. The thermostable enzyme mixtures or T. reesei mixtures were dosed on the
basis of protein content at 4, 6 or 10 mg g−1 dry matter for AlkOx bagasse, pretreated
wheat straw and SE bagasse, respectively. The experiments were otherwise carried out
as described above. After hydrolysis, the data of reducing sugar formation was
analysed, and the model was evaluated using the partial least squares (PLS) regression
technique by the Modde program. The Q2 values were optimized by removing the less
significant terms in the model.

Evaluation of Optimal Enzyme Mixtures in Hydrolysis

Evaluation of the optimization was made at 1, 8 or 12 % d.m. content for washed insoluble
fractions of pretreated substrates using thermostable enzymes. Optimized enzyme mixtures
from 72 h hydrolysis time were selected for each substrate, and the enzyme dosages were 6, 10

Table 3 Constraints, i.e. lower and upper levels for the enzyme components in models

Component Wheat straw,
Trichoderma mix

Wheat straw, thermostable
enzyme mix

AlkOx bagasse SE bagasse

βG 0.01–0.05 0.01–0.05 0.01–0.05 0.01–0.05

Xyl 0.01–0.12 0.01–0.12 0.01–0.15 0.01–0.12

EGII/Cel5A 0.03–0.3 0.03–0.3 0.01–0.3 0.01–0.3

EGI/Cel7B 0.03–0.3; 0.1–0.6 – – –

CBHII/Cel6A 0.1–0.67; 0.1–0.6 0.1–0.45 0.1–0.7 0.1–0.7

CBHI/Cel7A 0.25–0.82; 0.1–0.6 0.5–0.85 0.25–0.85 0.25–0.85

Number of experiments 32+32 25 26 26
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or 15 mg g−1 (protein/d.m.) for wheat straw, AlkOx bagasse and SE bagasse, respectively.
Hydrolyses were carried out at 50 °C in stirred test tubes in 50 mM sodium acetate buffer at
pH 5. For comparison, a mixture of commercial Cellic Ctec2 and Htec enzymes (85:15) was
applied using the same total protein dosages. An adequate amount of buffer was added to make
the weight of the hydrolysis mixture 1.0 g (8 and 12 % d.m. content) or 3.0 g (1 %) after
enzyme addition. Hydrolysis reactions were stopped by boiling for 10 min. The suspensions
from experiments carried out at 8 and 12 % d.m. content were diluted before analyses with
water to 1 % d.m. content.

Results and Discussion

Preliminary Evaluation of the Ratios of the Main Cellulase Components in the Hydrolysis
of Wheat Straw

In order to focus the actual detailed mixture optimization and to obtain information concerning
the synergy of the major cellulolytic activities on industrial substrates, the effects of the ratios
of CBH and EG enzymes on the degree of hydrolysis were first studied. The optimal ratio of
Cel7A (CBHI) and Cel6A (CBHII) enzymes was studied in a small-scale system on pretreated
wheat straw substrate at 45 °C for T. reesei and 55 °C for thermostable enzymes. The
amount of cellobiohydrolases in the mixture was first kept constant (75 % of protein
dosage, except βG) and the ratio of the two cellobiohydrolases Cel7A (CBHI) and
Cel6A (CBHII) was varied. The dosages of the additional enzymes xylanase and β-
glucosidase were kept relatively high in order to assure that they would not be the limiting
factors in hydrolysis.

CBH enzymes showed clear synergy in all cases, the optimal CBHI/CBHII ratio being
between 80:20 and 60:40 for thermostable enzymes (Fig. 2a). The enhancing effect of CBHI-
CBHII synergy on hydrolysis with constant protein dosage was rather low, 5–10 %, as
compared to hydrolysis with the CBHI component only. The mixture without CBHI was
inefficient. For T. reesei enzymes, the optimal ratio of CBHI and CBHII was around 60:40
(Fig. 2b).

When comparing the thermostable enzyme mixture and the T. reesei enzyme mixture at
45 °C with the same protein loading (10 mg g−1), the efficiency of the thermostable
enzyme mixture at 45 °C was clearly better than that of the mixture composed of
the corresponding T. reesei enzymes. Only 30 % hydrolysis was obtained in 72 h with
T. reesei enzymes compared to almost 70 % hydrolysis yield with the thermostable
mixture. It is possible that the Trichoderma enzyme mixture lacked one or more
synergetic components essential for efficient operation, e.g. another endoglucanase
component.

The optimal ratio of the endoglucanase component Cel5A (EGII) and CBH enzymes was
studied using CBHI/CBHII ratios of 80:20 and 60:40 for thermostable enzymes and T. reesei
enzymes, respectively, and varying the share of EGII in the mixture. Hydrolysis was most
effective with thermostable enzymes when the ratio of CBH and EG was above 80:20
(Fig. 2c). At 45 °C, the result was similar (data not shown). At 55 °C, it was seen that even
ca. 5 % of EGII/Cel5A in this mixture gave close to optimal synergetic effect (Fig. 2c). The
highest synergy was observed in the range of CBH/EG ratios from 80:20 to 95:5. Thus, the
corresponding proportions for CBHI/CBHII/EGII were 64–76:16–19:5–20. With T. reesei
enzyme mixture, the optimal ratio of CBH and EG was 90:10 (Fig. 2d) and that of CBHI/
CBHII/EGII was 54:36:10.

Appl Biochem Biotechnol
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Use of a Statistical Method to Develop Optimal Mixtures of Enzymes

Conventional optimization changing only one component at a time was used in preliminary
evaluation of optimal ratios and the synergy between cellulases. For the complete optimization,
however, all the major enzyme components should be studied simultaneously. Information
obtained in the preliminary evaluation was applied for determination of the constraint for
optimization of enzyme mixtures in the hydrolysis of wheat straw. By the statistical design of
the experiments, the number of experiments could be minimized and the effect of all
components could be taken fully into account. After the experiments, the models were
evaluated by Modde using different parameters describing the variation of the replicates,
how well the experimental data fit in the model and how well the model predicts the new
values. The hydrolysis experiments for 48 and 72 h produced very high reproducibility values
of 92–99 %, based on variation of the results obtained by replicate experiments in centre points

Fig. 2 The effect of the ratio of thermostable TaCel7A (CBHI) and CtCel6A (CBHII) at 55 °C (a) and T. reesei
CBHI and CBHII at 45 °C (b) on hydrolysis of pretreated wheat straw. The effect of the ratio of thermostable
cellobiohydrolases (TaCel7A+CtCel6A) and endoglucanase TaCel5A (EGII) (c) and T. reesei cellobiohydrolases
(CBHI+CBHII) and endoglucanase TrCel5A (EGII) (d) on hydrolysis of pretreated wheat straw. For experi-
mental details, see the text

Appl Biochem Biotechnol
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compared to overall variability. In hydrolyses for 24 h, more variation was observed and the
reproducibility was 72–98 %. The model fit (R2) describes how well the model fits the
experimental data. R2 was over 0.81 for all the models and thus clearly above the limit
(>0.5) given by Modde for an acceptable model (Table 4). The predictability value, Q2,
indicates how well the model predicts new data. Q2 was over 0.5 for most of the models
(0.52–0.79). The only predictability that was below the 0.5 limit (0.43) was the model for
hydrolysis of alkaline oxidised bagasse in 72 h. When examining the hydrolysis yields after 48
and 72 h (Table 4), it became clear that the continuation of hydrolysis from 48 to 72 h with
AlkOx bagasse did not significantly increase the degree of hydrolysis, which might be the
reason for the poorer model quality. As the constraints for the variables in AlkOx bagasse
optimization were broader, it is also evident that a less accurate model would be obtained.

The hydrolysis experiments were carried out with relatively low enzyme dosages (4–
10 mg g−1). The reason for the low dosages was the high hydrolysability of the substrates
by the mix of thermostable enzymes used. Higher enzyme dosages were also tested, but they
resulted in a situation in which the hydrolysis reached almost the maximum in 24 h and the
low difference between the mixtures caused very low quality models (data not shown).

As the analysis method, the reducing sugar assay, does not distinguish between different
hydrolysis products (different monosaccharides, oligosaccharides), different kinds of product
mixtures can produce the same apparent effect in the reducing sugar assay. This risk was
higher with AlkOx bagasse having clearly higher xylan content. As the enzyme mixture used
lacked an essential enzyme for hydrolysis of xylan to monosaccharides (β-xylosidase), it is
probable that the conversion of xylan to monosaccharides was not complete, and thus, glucose
was the main hydrolysis product detected by the reducing sugars assay.

Composition of Optimal Enzyme Mixtures

For the different pretreated raw materials and hydrolysis times, the optimal enzyme mixtures of
thermostable enzymes contained 49–73 % of Cel7A (CBHI), 10–30 % of Cel6A (CBHII), 6–
16 % of Cel5A (EGII), 1–12 % of xylanase (Xyn10A) and 2–5 % of βG/Cel3A (Table 4). The
optimal enzyme mixture of T. reesei enzymes for hydrolysis of pretreated wheat straw
contained 39–42 % of Cel7A (CBHI), 32–34 % of Cel6A (CBHII), 20–26 % of Cel7B
(EGI), 1–2 % of Cel5A (EGII), 1 % of xylanase (Xyn11A) and 1–2 % of Cel3A (βG)
(Table 4). T. reesei enzymes showed relatively narrow optimal areas, whereas for thermostable
enzymes, the optimal area within the studied proportions was very broad (Figs. 3 and 4). This
can partly be explained by the fact that the constraints for T. reesei enzymes were set broader
than for thermostable enzymes. The results obtained with both thermostable enzymes and
T. reesei enzymes showed that in a longer hydrolysis of pretreated wheat straw, the optimal
area was narrower, whereas a similar trend was not seen with pretreated bagasses. In the
hydrolysis of complex lignocellulosic substrates, various synergistic reactions occur and the
structure and composition of the substrate may change as the hydrolysis proceeds. One
enzyme mixture can hydrolyse efficiently in the beginning but then the hydrolysis might be
blocked and another enzyme mixture could be more efficient in the later stages.

Effect of Pretreatment and Raw Material on Optimal Enzyme Mixtures

A few optimizations have been carried out for lignocellulosic substrates resembling wheat
straw and sugar cane bagasse (Table 5) using Trichoderma enzymes. In addition to different
raw materials and pretreatments, the studies have been carried out in different conditions
applying different enzyme dosages, hydrolysis durations, with wet or dried substrate, and
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Trichoderma enzymes

72 h48 h24 h

Thermostable enzymes

Fig. 3 Effect of the ratio of Trichoderma reesei Cel7A (CBHI), Cel6A (CBHII) and Cel7B (EGI) and
thermostable AtCel7A (CBHI), CtCel6A (CBHII) and TaCel5A (EGII) on the hydrolysis yield of pretreated
wheat straw. Response contour plots predicting yield after 24, 48 and 72 h of hydrolysis. For the T. reeseimixture,
the constant proportion of Cel5A=Xyn11=Cel3A=0.1 was used; for thermostable enzymes, the proportions
TaXyn10=0.12 and TaCel3A=0.02. Hydrolysis yields are presented as percentage of d.m. content

AlkOx bagasse

h84h42 72 h

SE bagasse

Fig. 4 Effect of the ratio of thermostable AtCel7A (CBHI), CtCel6A (CBHII) and TaCel5A (EGII) on the
hydrolysis yield of steam-exploded (SE) and alkaline oxidised (AlkOx) bagasse. Response contour plots
predicting yields after 24, 48 and 72 h of hydrolysis. For SE bagasse, the constant proportions TaXyn10=0.03
and TaCel3A=0.03 were used; for AlkOx bagasse, TaXyn10=0.12 and TaCel3A=0.03. Hydrolysis yields are
presented as percentage of d.m. content
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different variables and constrains. The optimal enzyme composition of Trichoderma enzymes for
hydrolysis of hydrothermally pretreated wheat straw resembled relatively well the results obtained
by Billard et al. [9] with steam-explodedwheat straw. Compared to the studywith steam-exploded
wheat straw, the proportions of Cel7A (CBHI) and Cel6A (CBHII) and the sum of
endoglucanases were similar to those obtained with hydrothermally pretreated wheat straw,
whereas the ratio of Cel7B (EGI) and Cel5A (EGII) and the proportion of xylanase were more
significantly different (Table 4). As TrCel7B has significant xylanolytic activity [35, 36], it appears
that part of the requirement for xylanase activity was satisfied by a high proportion of Cel7B.

Compared to Trichoderma enzyme mixtures, the results obtained using thermostable
enzymes with all the lignocellulosic substrates were significantly different with respect to
the main cellulases (Table 4). The general finding was that the thermostable enzyme mixtures
required much more CBHI than any other optimal enzyme mixtures containing Trichoderma
enzymes. Although the enzymes used in thermostable enzyme mixtures were not purified and
the SDS-PAGE showed minor additional bands, the heat treatment almost totally inactivated
the xylanolytic and endoglucanase activities present before the heat treatment (data not
shown). Thus, the difference in the proportions is due to the different properties of thermo-
stable enzymes compared to T. reesei enzymes.

Because the experimental setup and differences in different studies appeared to affect
significantly the optimal mixtures, general trends of the effects of different raw materials
and pretreatments on the mixture composition were difficult to identify. However, some
conclusions could be drawn about the effect of pretreatment and raw material on optimal
mixtures of thermostable enzymes. Firstly, more AtCel7A (CBHI) was needed in the optimal

Table 5 Optimized enzyme mixtures for hydrolysis of various pretreated lignocellulosic materials

Raw
material

Pretreatment Cel7A Cel6A Cel7B Cel5A Xylanase βG Other Hydrolysis
yield (%)

Reference

Sugar cane
bagasse

AlkOx 49–58 14–30 – 5–13 12 3 – 67–88a, b This study

Sugar cane
bagasse

SE 57–73 10–24 – 9–11 1–4 3-5 – 84–98a, b This study

Wheat straw Hydrothermal 52–56 17–19 – 13–16 8–12 2-3 – 51–74a, b This study

Wheat straw Hydrothermal 39–42 32–34 20–26 1–2 1 1-2 – 37–56a This study

Wheat straw SE 40 27 15 6 12 –c 0 68d [9]

Barley straw SE 27 47 27 0 – –c –c 56e [8]

Barley straw Hot water 20 43 37 0 – –c –c 56e [8]

Corn stover SE 27 35 21 – – 6 11 36f [14]

Corn stover AFEX 29 19 35 – 14 –c 3 51e [13]

Corn stover AFEX 35 4 26 – 19 12 4 44d [2]

Corn stover Alkaline 49 4 34 – 4 5 4 41d [2]

Corn stover Alk. peroxide 43 4 30 – 11 8 4 58d [2]

SE steam explosion, AlkOx alkaline oxidation
a Twenty-four- to 72-h hydrolysis
b Thermostable enzymes
c Present in the hydrolysis but not in variables of optimization
d Forty-eight-hour hydrolysis
e Twenty-four-hour hydrolysis
f Seventy-two-hour hydrolysis
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mixture for SE bagasse than for AlkOx bagasse. Secondly, hydrolysis of AlkOx bagasse
required at least three times more xylanase than hydrolysis of SE bagasse. The difference can
partly be explained by the chemical composition of the materials. Bagasse pretreated by
alkaline oxidation had a very high xylan content (24 %), whereas the xylan content of SE
bagasse was only 3 %. Interestingly, Banerjee et al. [2] found that more xylanase (TrXyn10)
was needed after AFEX than NaOH and alkaline peroxide pretreatments. The role of xylanase
in improving the accessibility of cellulose to cellulases can be more significant in materials
with high hemicellulose (alkaline oxidised bagasse) and lignin contents (AFEX-treated
material) [4]. Thirdly, comparison of two raw materials pretreated with relatively similar
methods, wheat straw and bagasse, showed that more AtCel7A (CBHI) and a lower amount
of xylanase were needed with SE bagasse than with hydrothermally pretreated wheat straw,
although the carbohydrate compositions were similar. Higher enzyme dosage and degree of
hydrolysis with pretreated bagasse might have affected the composition of the optimal enzyme
mixture. Wheat straw substrate was also used as dried sheet disks, whereas the more homo-
geneous SE bagasse could be pipetted as a slurry and was used without drying. It is possible
that drying also decreased the accessibility of enzymes and thus increased the role of
xylanases. It appears that cell wall anatomy and microstructure can have a significant impact
on optimal enzyme proportions in addition to the content of lignin, cellulose and hemicellulose.

The Role of Cellobiohydrolases

The total amount of CBHs varied between 70 and 88% of the protein in all the optimal enzyme
mixtures, being significantly higher than that produced by T. reesei [26]. Cel7A (CBHI) has an
important role in hydrolysis since it efficiently breaks down the bulk of crystalline cellulose of
the substrate. Relatively wide variation, 10 %, was allowed in the proportions of CBHI and
CBHII practically without effect in the hydrolysis yield (Figs. 3 and 4). Generally less Cel7A
(CBHI) was needed in longer 72 h hydrolysis than in 24 h. Probably more crystalline substrate
is available for CBH in the beginning than in the later part of hydrolysis. The only exception
was steam-exploded bagasse, for which the lowest optimal share of CBHI (57 %) was in
hydrolysis lasting 24 h. With SE bagasse, the high hydrolysis degree after 48 and 72 h resulted
in broad optimal areas instead of a single optimal point, and therefore, enzyme mixtures
containing 50–80 % Cel7A (CBHI) gave almost the same hydrolysis yield (Fig. 4). If enzyme
dosage is high enough and the hydrolysis time is long, even a suboptimal enzyme mixture can
produce high hydrolysis yields.

The Role of Endoglucanases

The role of endoglucanases was clearly less important than that of CBHs. The EG content varied
from 5 to 27 % in optimized mixtures. However, the addition of Cel7B (EGI) to T. reeseimixture
caused clear increase in the degree of hydrolysis. In preliminary optimization, only 35 % degree
of hydrolysis was obtained with a dosage of 10.5 mg g−1 without Cel7B (EGI), whereas in
optimization experiments, 56 % hydrolysis was reached with a dosage of 6 mg g−1. The high
increase indicates the significant role of Cel7B (EGI) in hydrolysis with T. reesei enzymes. Similar
conclusions were also drawn in the studies of Billard et al. on steam-pretreated wheat straw [9].

In an optimal mixture of T. reesei enzymes, 20–26 % of Cel7B (EGI) and only 1–2 % of
Cel5A (EGII) were required. Banerjee et al. [2] suggested that the overlapping functions of
Cel7B (EGI) and Cel5A (EGII) can result in situations in which major changes in the relative
proportions of these two enzymes cause only small shifts in the hydrolysis yield. According to
the model, increasing the EGII content from 1 to 11 % and decreasing EGI from 26 to 16 %
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caused only 2 % decrease in hydrolysis yield. In the mixture of thermostable enzymes, the role
of EG was less significant and the mixtures contained 5–16 % of TaCel5A (EGII). However,
TaCel5A has been shown to be efficient in the liquefaction of pretreated wheat straw [19].

The Role of Xylanase

The amount of xylanase in the mixtures was limited to 1–12 % (or 1–15 % with AlkOx
bagasse) of total protein. A relatively high proportion of xylanase, 12 %, was needed in the
hydrolysis of hydrothermally pretreated wheat straw and AlkOx bagasse with the optimal
mixtures of thermostable enzymes. In AlkOx bagasse, the required high xylanase amount
could be explained by high xylan content of the substrate. Xylanase activity has been shown to
be important in the hydrolysis of hydrothermally pretreated wheat straw although its xylan
content is low [7]. Interestingly, only a minimal amount of xylanase was needed in the
hydrolysis of wheat straw with a T. reesei enzyme mixture, which may be due to the fact that
T. reesei endoglucanase Cel7B (EGI) has been shown to be active on arabinoxylan and xylan
[35, 36], and thus, a high content of Cel7B could at least partly replace xylanase or vice versa
[11]. The improving effect of T. reesei EGI on hydrolysis yield may thus also be due to its
xylanolytic activity.

The T. reesei and thermostable enzyme mixtures also contained xylanases from different
GH families, which can affect their role in the enzyme mixture. It has been reported that the
hydrolysis products of family 10 xylanases are shorter than family 11 xylanases and family 10
xylanases are less specific to xylan than family 11 xylanases [37]. Shorter hydrolysis products
giving potentially higher response in reducing sugars assay and broader specificity might have
made the role of TaXyn10A more important than that of TrXyn11 in this experimental setup.

In the preliminary optimization study, the xylanase (NfXyn11) dosage was 2,500 nkat g−1,
corresponding to 5.7 and 2.5 % of the total protein for thermostable enzymes and Trichoderma
enzymes, respectively. It appears that more than 2,500 nkat g−1 was required in the efficient
hydrolysis of AlkOx bagasse and pretreated wheat straw. TaXyn10 has shown higher efficien-
cy in solubilizing xylan in pretreated wheat straw than NfXyn11 [7]. The too low xylanase
dosage might also have been one reason for the low degree of hydrolysis by the T. reesei
mixture in the preliminary optimization. The high amount of even more efficient xylanase in
the optimized mixtures of thermostable enzymes underlines the importance of an adequate
level of xylanolytic activities in total hydrolysis of the wheat straw substrate.

The Role of β-Glucosidase

The design of the experiments was made by limiting the βG content to 1–5 % of protein. Most
of the optimal mixtures of thermostable enzymes contained 2–3 % of βG. Interestingly, only
1–2 % of βG or even less was needed with T. reesei enzymes in the hydrolysis of wheat straw.
Zhou et al. [14] reported 6 % of βG in optimized mixtures for hydrolysis of SE corn stover,
whereas studies by Banerjee et al. [2] indicated that the optimal mixture for hydrolysis of
various pretreated substrates contained 4–12 % of βG when the minimum tested value was
4 %. It is possible that even a lower proportion of βG could provide better hydrolysis yields
with some materials. For pretreated dried distillers grains with solubles (DDGS), the need was
even higher (20–43 %) and it is clear that the required βG proportion for hydrolysis of
different biomasses can vary considerably. The present study as well as the optimizations in the
literature (Table 5) was carried out at 1 % d.m. content, and it is possible that the required
amount of βG would be higher in conditions with higher consistency, for example because of
the increased inhibition of βG by high glucose concentration.
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Evaluation of the Performance of Optimal Mixtures

The performance of the preliminary mixtures of the five major enzymes (Cel7A (CBHI),
Cel6A (CBHII), Cel5A (EGII), xylanase and β-glucosidase) either from T. reesei or from
thermostable sources was compared to that of the commercial enzymes. Hydrolysis of wheat
straw for 72 h with a commercial mixture (Celluclast+Novozym188) resulted in 75 %
hydrolysis yield, which was higher than that obtained by the mixtures of purified enzymes
(Fig. 2). This comparison was rather unfair due to the high protein dosage and high load of
accessory enzymes of Novozym188, but results indicated that there was still potential to
improve the performance of Trichoderma and thermostable enzyme mixtures by further
optimization.

The hydrolysis of pretreated wheat straw by Trichoderma enzymes was significantly
increased by full optimization compared to the results in preliminary optimization. In optimi-

Fig. 5 Hydrolysis of a alkaline
oxidised bagasse and b steam-
exploded bagasse with optimal
thermostable enzyme mixture and
a mixture of Cellic Ctec2 and
Cellic Htec at 8 % d.m. content.
The enzyme dosage was 10 mg g−1

with alkaline oxidised bagasse and
15 mg g−1 with steam-exploded
bagasse and the ratio of Ctec2/
Htec was 85:15
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zation experiments, a maximum of 56 % hydrolysis yield was obtained with a dosage of
6 mg g−1, whereas in pre-tests with a dosage of 10.5 mg g−1, the maximal hydrolysis yield was
only 35 %. The corresponding increase was less marked with thermostable enzymes (from 70
to 74 %), but when considering the lower enzyme dosage in optimization (6 mg g−1), the
improvement was clear. The optimized mixture of thermostable enzymes also showed higher
efficiency when compared to the hydrolysis yield obtained using the commercial Celluclast-
Novozym 188 mixture with a clearly higher dosage.

The performance of the optimal thermostable enzyme mixture was also evaluated in the
hydrolysis of wheat straw with never-dried substrate at 1 and 12 % d.m. contents; 1 %
substrate was hydrolysed with the dosage of 6 mg g−1 very easily, giving 70, 86 and 96 %
yield in 24, 48 and 72 h, respectively. It is obvious that the never-dried substrate was
hydrolysed more easily than the dried handsheet disks. Hydrolysis at 12 % d.m. content was
clearly slower and only 52, 61 and 66 % yield was obtained in 24, 48 and 72 h, respectively. It
is also possible that hydrolysis at high dry matter concentration would require a different
optimal enzyme mixture than hydrolysis at 1 % d.m. content.

The performance of the optimal enzyme mixtures of thermostable enzymes (mixtures for
72 h hydrolysis) in hydrolysis of bagasse was compared to that of a commercial enzyme Cellic
at 8 % d.m. content. With AlkOx bagasse, the hydrolysis was very efficient with both the
optimal mixture and the commercial enzyme (Fig. 5a). However, the commercial enzyme
mixture reached the maximum degree of hydrolysis clearly earlier than the optimal enzyme
mixture. With SE bagasse, the optimal enzyme mixture was more efficient in the beginning of
hydrolysis but the hydrolysis then slowed down more steeply (Fig. 5b). With AFEX-treated
corn stover, a six-component enzyme mixture could not reach the hydrolysis yield obtained by
commercial enzyme mixtures even with high enzyme dosages, whereas an 11-component
mixture was almost as efficient in the longer hydrolysis [12]. It has also been suggested that
the importance of accessory enzymes increases in the later stages of hydrolysis. The
rate and degree of hydrolysis, especially in the final stage of hydrolysis, was probably
improved by these accessory enzymes present in the full commercial product but not
in the thermostable enzyme mixture, composed essentially of five monocomponent
preparations. As a conclusion, by careful selection and optimization of the enzyme
components, it was possible to reach a hydrolysis performance close to that of the
commercial products, although it became evident that the optimal enzyme mixtures could
further be improved by including other additional enzymes needed for complete hydrolysis of
cell wall carbohydrates.

Conclusions

Enzyme mixtures were optimized by statistically designed experiments. Preliminary studies
showed that a CBH/EG ratio of 4:1 or higher gave maximal synergy in the hydrolysis of
hydrothermally pretreated wheat straw by thermostable enzymes. The composition of optimal
enzyme mixtures depended clearly on the substrate and enzyme system studied. The optimal
thermostable enzyme mixture contained Cel7A as a major component, whereas in the
Trichoderma reeseimixture, relatively high proportions of Cel6A and Cel7B were also needed.
Hydrolysis of wheat straw with thermostable enzymes also required more xylanase than
hydrolysis with T. reesei enzymes, in which the high proportion of Cel7B (EGI) appeared to
provide the required xylanase activity. The raw material and pretreatment also had an effect on
the optimal enzyme mixture. Even materials with relatively low xylan content required a high
proportion of xylanase, possibly due to otherwise decreased accessibility of the cellulose
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substrate. The results also indicated that wide variation was possible for enzyme components
without a major effect on the hydrolysis yield. Comparison with commercial enzymes showed
that optimal enzyme mixtures of thermostable enzymes had high hydrolysis performance in
the hydrolysis of pretreated wheat straw and bagasse.
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Supplementary material for Publication IV

This data is related to Publication IV, Tables 3–4.

Table 1. Design of experiments for optimization of thermostable enzyme mixtures
for hydrolysis of steam exploded bagasse and hydrolysis yields obtained in exper-
iments.

Expe-
riment

Enzyme proportions Hydrolysis yield
(% of d.m.)

Cel7A
(CBHI)

Cel6A
(CBHII)

Cel5A
(EGII) Xyn10A Cel3A

G) 24h 48h 72h

1 0.55 0.1 0.1933 0.12 0.0367 48.55 55.98 58.59
2 0.643 0.1 0.171 0.057 0.029 51.99 56.69 60.78
3 0.25 0.4 0.2167 0.0833 0.05 48.81 52.49 55.42
4 0.7 0.1 0.03 0.12 0.05 51.17 54.91 59.26
5 0.55 0.1 0.2467 0.0933 0.01 48.75 54.42 58.51
6 0.67 0.1 0.21 0.01 0.01 50.98 56.61 59.71
7 0.25 0.4 0.3 0.0400 0.01 46.61 52.05 54.24
8 0.55 0.1 0.29 0.01 0.05 48.64 54.67 58.31
9 0.25 0.5733 0.1167 0.01 0.05 50.12 53.22 56.04
10 0.5125 0.3625 0.03 0.065 0.03 52.75 55.81 60.08
11 0.4465 0.2965 0.171 0.057 0.029 52.19 56.44 60.08
12 0.25 0.52 0.21 0.01 0.01 48.41 52.65 56.65
13 0.85 0.1 0.03 0.01 0.01 51.29 56.66 60.89
14 0.6233 0.2867 0.03 0.01 0.05 53.14 56.28 62.04
15 0.25 0.66 0.03 0.01 0.05 48.36 52.84 55.95
16 0.25 0.4 0.2067 0.12 0.0233 46.84 54.34 56.63
17 0.25 0.4 0.3 0.01 0.0400 46.70 53.82 55.18
18 0.4465 0.2965 0.171 0.057 0.029 50.50 57.20 60.41
19 0.4465 0.2965 0.171 0.057 0.029 50.70 57.39 60.63
20 0.81 0.1 0.03 0.01 0.05 49.33 55.95 60.52
21 0.74 0.1 0.03 0.12 0.01 48.63 56.06 59.60
22 0.25 0.59 0.03 0.12 0.01 47.37 53.43 57.82
23 0.25 0.55 0.03 0.12 0.05 47.15 52.46 56.49
24 0.45 0.5 0.03 0.01 0.01 49.69 54.57 60.13
25 0.57 0.1 0.3 0.01 0.02 48.94 55.40 58.40
26 0.25 0.7 0.03 0.01 0.01 45.92 51.99 56.52
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Table 2. Design of experiments for optimization of thermostable enzyme mixtures
for hydrolysis of alkaline oxidised bagasse and hydrolysis yields obtained in exper-
iments.

Expe-
riment

Enzyme proportions Hydrolysis yield
(% of d.m.)

Cel7A

(CBHI)
Cel6A

(CBHII)
Cel5A
(EGII) Xyn10A Cel3A

G) 24h 48h 72h

1 0.44 0.1 0.3 0.15 0.01 50.77 69.67 70.63
2 0.25 0.3433 0.3 0.0567 0.05 40.2 49.56 64.84
3 0.73 0.1 0.01 0.15 0.01 61.1 75.79 78.98
4 0.25 0.7 0.01 0.03 0.01 40.23 56.90 61.07
5 0.25 0.4833 0.1067 0.15 0.01 54.86 78.20 70.85
6 0.25 0.4167 0.3 0.01 0.0233 20.84 31.33 46.08
7 0.4633 0.5067 0.01 0.01 0.01 32.31 42.94 62.72
8 0.4718 0.3218 0.1173 0.0627 0.0264 51.11 62.28 80.71
9 0.58 0.1 0.3 0.01 0.01 25.36 40.29 47.10
10 0.25 0.5833 0.1067 0.01 0.05 27.67 36.69 41.12
11 0.83 0.1 0.01 0.01 0.05 36.27 55.72 72.28
12 0.25 0.5533 0.01 0.15 0.0367 55.78 61.34 81.75
13 0.5267 0.3767 0.01 0.06 0.0267 56.56 74.04 77.96
14 0.25 0.5867 0.01 0.1033 0.05 52.4 60.99 67.62
15 0.25 0.3367 0.3 0.1033 0.01 47.22 62.06 61.66
16 0.54 0.1 0.3 0.01 0.05 27.68 46.02 47.17
17 0.4967 0.1 0.2033 0.15 0.05 50.81 79.86 74.24
18 0.4718 0.3218 0.1173 0.0627 0.0264 55.49 71.78 77.78
19 0.25 0.6933 0.01 0.01 0.0367 28.63 42.29 46.82
20 0.4718 0.3218 0.1173 0.0627 0.0264 47.77 72.41 78.18
21 0.676 0.1 0.128 0.068 0.028 51.85 70.50 75.09
22 0.25 0.52 0.21 0.01 0.01 24.77 44.42 47.34
23 0.85 0.1 0.03 0.01 0.01 40.75 55.67 56.39
24 0.69 0.1 0.01 0.15 0.05 62.39 84.62 72.59
25 0.6367 0.2933 0.01 0.01 0.05 40.01 51.53 62.38
26 0.25 0.25 0.3 0.15 0.05 43.55 73.87 71.67



3

Table 3. Design of experiments for optimization of Trichoderma enzyme mixtures
for hydrolysis of hydrothermally pretreated wheat straw and hydrolysis yields ob-
tained in experiments.

Exper-
iment

Enzyme proportions Hydrolysis yield
(% of d.m.)

Cel7A
(CBHI)

Cel6A
(CBHII)

Cel7B
(EGI)

Cel5A
(EGII) Xyn11A Cel3A

G) 24h 48h 72h

1 0.1 0.1 0.4433 0.3 0.0467 0.01 11.9 18.3 21.9
2 0.3567 0.1 0.1 0.3 0.12 0.0233 16.3 23.5 25.6
3 0.1 0.6 0.16 0.01 0.12 0.01 18.7 26.5 31.0
4 0.4033 0.1 0.1 0.3 0.0467 0.05 16.6 23.7 27.9
5 0.6 0.12 0.1 0.01 0.12 0.05 19.3 26.5 31.3
6 0.1 0.1 0.6 0.14 0.01 0.05 12.3 19.6 23.1
7 0.2663 0.2663 0.2662 0.1062 0.065 0.03 21.3 30.2 34.1
8 0.48 0.1 0.1 0.3 0.01 0.01 17.9 24.1 28.0
9 0.1 0.51 0.1 0.12 0.12 0.05 16.3 23.7 27.4
10 0.27 0.6 0.1 0.01 0.01 0.01 22.5 30.1 34.4
11 0.1 0.1333 0.6 0.01 0.12 0.0367 13.4 21.5 24.8
12 0.2663 0.2663 0.2662 0.1062 0.065 0.03 22.1 29.2 33.3
13 0.1 0.38 0.49 0.01 0.01 0.01 18.4 26.3 30.9
14 0.1 0.44 0.1 0.3 0.01 0.05 14.1 22.3 25.7
15 0.1567 0.6 0.1 0.01 0.0833 0.05 19.8 28.3 32.2
16 0.28 0.1 0.44 0.01 0.12 0.05 18.1 25.7 30.2
17 0.4767 0.3533 0.1 0.01 0.01 0.05 23.1 31.4 35.9
18 0.6 0.1 0.1 0.14 0.01 0.05 19.4 26.7 30.2
19 0.1 0.6 0.1 0.18 0.01 0.01 16.3 23.9 28.0
20 0.2663 0.2663 0.2662 0.1062 0.065 0.03 21.1 30.3 34.8
21 0.19 0.28 0.1 0.3 0.12 0.01 16.3 23.7 27.0
22 0.2663 0.2663 0.2662 0.1062 0.065 0.03 21.3 29.8 34.4
23 0.27 0.1 0.6 0.01 0.01 0.01 17.7 25.3 30.0
24 0.1 0.1 0.6 0.07 0.12 0.01 12.8 20.4 23.3
25 0.6 0.1 0.2433 0.01 0.01 0.0367 20.2 28.2 32.6
26 0.1 0.4067 0.1 0.3 0.0833 0.01 14.4 21.6 25.2
27 0.1 0.1 0.33 0.3 0.12 0.05 11.4 17.9 20.9
28 0.1 0.6 0.23 0.01 0.01 0.05 18.9 28.0 32.9
29 0.6 0.1 0.16 0.01 0.12 0.01 19.4 26.7 31.1
30 0.1 0.1933 0.6 0.01 0.0467 0.05 15.2 23.3 27.5
31 0.6 0.27 0.1 0.01 0.01 0.01 21.8 30.1 33.8
32 0.1 0.1 0.4667 0.3 0.01 0.0233 11.9 18.4 21.6
33 0.3621 0.2121 0.1668 0.1668 0.0626 0.0297 22.5 30.2 34.3
34 0.25 0.5467 0.03 0.03 0.12 0.0233 20.1 27.6 31.0
35 0.25 0.3733 0.3 0.03 0.01 0.0367 25.1 34.1 37.9
36 0.4 0.1 0.03 0.3 0.12 0.05 16.7 23.1 25.3
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Table 3 Continued.

Exper-
iment

Enzyme proportions Hydrolysis yield
(% of d.m.)

Cel7A
(CBHI)

Cel6A
(CBHII)

Cel7B
(EGI)

Cel5A
(EGII) Xyn11A Cel3A

G) 24h 48h 72h

37 0.55 0.1 0.03 0.3 0.01 0.01 17.6 23.9 26.8
38 0.25 0.1 0.3 0.2067 0.12 0.0233 18.3 25.5 29.0
39 0.25 0.52 0.03 0.03 0.12 0.05 19.9 28.0 31.0
40 0.4233 0.1 0.1167 0.3 0.01 0.05 18.8 26.5 29.2
41 0.25 0.1 0.3 0.3 0.0400 0.01 17.2 24.7 28.3
42 0.6033 0.2767 0.03 0.03 0.01 0.05 21.1 28.6 31.6
43 0.44 0.48 0.03 0.03 0.01 0.01 21.2 29.4 32.0
50 0.4367 0.1 0.3 0.03 0.0833 0.05 21.7 30.5 35.1
51 0.3621 0.2121 0.1668 0.1668 0.0626 0.0297 22.3 29.5 35.2
52 0.25 0.1 0.1933 0.3 0.12 0.0367 17.4 23.7 27.9
53 0.71 0.1 0.03 0.03 0.12 0.01 19.1 25.7 29.8
54 0.25 0.29 0.03 0.3 0.12 0.01 17.6 24.1 27.6
55 0.3621 0.2121 0.1668 0.1668 0.0626 0.0297 22.8 30.8 35.2
56 0.25 0.3867 0.03 0.3 0.01 0.0233 17.9 25.1 29.6
57 0.25 0.2867 0.03 0.3 0.0833 0.05 17.2 24.1 27.2
58 0.25 0.2 0.3 0.08 0.12 0.05 21.7 29.2 35.5
59 0.58 0.1 0.12 0.03 0.12 0.05 20.9 28.7 33.2
60 0.25 0.29 0.3 0.03 0.12 0.01 23.2 31.5 37.5
61 0.82 0.1 0.03 0.03 0.01 0.01 19 25.2 29.9
62 0.78 0.1 0.03 0.03 0.01 0.05 18.9 25.7 29.2
63 0.55 0.1 0.3 0.03 0.01 0.01 22.4 30.7 35.9
64 0.58 0.1 0.03 0.12 0.12 0.05 18.7 25.3 28.9
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Table 4. Design of experiments for optimization of thermostable enzyme mixtures
for hydrolysis of hydrothermally pretreated wheat straw and hydrolysis yields ob-
tained in experiments.

Experiment

Proportion in the mixture Hydrolysis yield
(% of d.m.)

Cel7A
(CBHI)

Cel6A
(CBHII)

Cel5A
(EGII) Xyn10A Cel3A

G) 24h 48h 72h

1 0.5 0.1 0.27 0.12 0.01 33.19 42.6 49.5
2 0.5 0.3 0.03 0.12 0.05 31.31 40.3 47.91
3 0.5 0.1 0.265 0.085 0.05 32.98 42.02 48.64
4 0.5762 0.1762 0.1588 0.0588 0.03 35.12 44.03 50.19
5 0.5 0.14 0.3 0.05 0.01 33.56 41.95 49.37
6 0.5 0.315 0.165 0.01 0.01 32.89 41.69 48.57
7 0.5762 0.1762 0.1588 0.0588 0.03 35.42 43.9 50.44
8 0.58 0.1 0.3 0.01 0.01 31.5 40.53 47.52
9 0.622 0.1 0.182 0.066 0.03 33.69 41.11 50.45
10 0.5 0.45 0.03 0.01 0.01 30.09 38.62 44.94
11 0.6375 0.2375 0.03 0.065 0.03 32.45 41.5 47.42
12 0.5 0.41 0.03 0.01 0.05 30.02 37.48 43.46
13 0.5 0.275 0.165 0.01 0.05 31.28 40.72 49.07
14 0.74 0.1 0.03 0.12 0.01 31.39 41.01 46.66
15 0.7 0.1 0.03 0.12 0.05 31.09 39.23 46.86
16 0.5 0.1 0.25 0.12 0.03 33.39 41.79 49.66
17 0.54 0.1 0.3 0.01 0.05 29.88 40.09 44.75
18 0.5 0.34 0.03 0.12 0.01 31.52 42.73 48.22
19 0.655 0.255 0.03 0.01 0.05 30.68 40.96 45.31
20 0.85 0.1 0.03 0.01 0.01 30.6 38.38 45.34
21 0.5 0.16 0.3 0.01 0.03 31.34 41.02 46.7
22 0.5762 0.1762 0.1588 0.0588 0.03 33.84 44.37 51.21
23 0.715 0.1 0.165 0.01 0.01 32.17 42.6 47.74
24 0.81 0.1 0.03 0.01 0.05 29.29 38.77 44.79
25 0.675 0.275 0.03 0.01 0.01 31.15 40.34 47.7




