
BIOTECHNOLOGY AND INDUSTRIAL MICROBIOLOGY - RESEARCH PAPER

A novel Trichoderma reesei mutant RP698 with enhanced
cellulase production

Jean Carlos Rodrigues Silva1,2 & José Carlos Santos Salgado3
& Ana Claudia Vici4 & Richard John Ward3

&

Maria Lourdes Teixeira Moraes Polizeli4 & Luis Henrique Souza Guimarães4 & Rosa Prazeres Melo Furriel3 &

João Atílio Jorge4

Received: 9 August 2019 /Accepted: 27 September 2019
# Sociedade Brasileira de Microbiologia 2019

Abstract
A new strain of Trichoderma reesei (teleomorph Hypocrea jecorina) with high cellulase production was obtained by exposing the
spores from T. reeseiQM9414 to an ultraviolet light followed by selecting fast-growing colonies on plates containing CMC (1% w/v)
as the carbon source. The mutant T. reesei RP698 reduced cultivation period to 5 days and increased tolerance to the end-products of
enzymatic cellulose digestion. Under submerged fermentation conditions, FPase, CMCase, andAvicelase production increased up to 2-
fold as compared to the original QM9414 strain. The highest levels of cellulase activity were obtained at 27 °C after 72 hwith Avicel®,
cellobiose, and sugarcane bagasse as carbon sources. The temperature and pH activity optima of the FPase, CMCase, and Avicelase
were approximately 60 °C and 5.0, respectively. The cellulase activity was unaffected by the addition of 140 mM glucose in the
enzyme assay. When T. reesei RP698 crude extract was supplemented by the addition of β-glucosidase from Scytalidium
thermophilum, a 2.3-fold increase in glucose release was observed, confirming the low inhibition by the end-product of cellulose
hydrolysis. These features indicate the utility of this mutant strain in the production of enzymatic cocktails for biomass degradation.
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Introduction

Cellulose is the most abundant renewable biopolymer found
in nature [1, 2], and its complete enzymatic hydrolysis to
glucose is catalyzed by the synergistic action of

endoglucanases (endo-1,4-β-D-glucanase; EG; EC 3.2.1.4),
exoglucanases (cellobiohydrolases, CBH, 1,4-β-D-glucan
cellobiohydrolase; EC 3.2.1.91), β-glucosidases (cellobiase;
BG; β-D-glucoside-glucohydrolase; EC 3.2.1.21) [1, 3–6],
and some lytic polysaccharidemonooxygenases (LPMO; lytic
cellulose monooxygenase (C1-hydroxylating); EC 1.14.99.54
and lytic cellulose monooxygenase (C4-dehydrogenating);
EC 1.14.99.56) [7]. Cellulolytic enzymes can also be applied
in many industrial processes, for example in the textile,
brewing and paper industries, waste water treatment, and in
the production of bioethanol [1, 3, 8, 9]. Because of these
diverse applications, there is interest in obtaining cellulases
with high efficiency, thermostability, stability to a broad range
of pH, product tolerance, and low production cost [1, 8].

In recent years, new fungal and bacterial cellulases have
been isolated and characterized [10], and the regulation of
cellulase production by these microorganisms has also been
extensively studied. Furthermore, progress has been made in
reducing the cost of cellulase production, particularly in the
case of non-complexed cellulases. For example, cellulases
from the fungus Trichoderma reesei (teleomorph Hypocrea
jecorina) have been the focus of research over the last 50 years

Responsible Editor: Inês Conceição Roberto.

* José Carlos Santos Salgado
salgado@usp.br

1 Departamento de Bioquímica e Imunologia, Faculdade de Medicina
de Ribeirão Preto, Universidade de São Paulo, Av. Bandeirantes,
3900, Ribeirão Preto 14049-900, São Paulo, Brazil

2 Instituto Federal de Educação, Ciência e Tecnologia de São Paulo,
campus Sertãozinho, Rua Américo Ambrósio, 269,
Sertãozinho 14169-263, São Paulo, Brazil

3 Departamento de Química, Faculdade de Filosofia Ciências e Letras
de Ribeirão Preto, Universidade de São Paulo, Av. Bandeirantes,
3900, Ribeirão Preto 14040-901, São Paulo, Brazil

4 Departamento de Biologia, Faculdade de Filosofia Ciências e Letras
de Ribeirão Preto, Universidade de São Paulo, Av. Bandeirantes,
3900, Ribeirão Preto 14040-901, São Paulo, Brazil

https://doi.org/10.1007/s42770-019-00167-2
Brazilian Journal of Microbiology (2020) 51:537–545

/Published online: October 201930

http://crossmark.crossref.org/dialog/?doi=10.1007/s42770-019-00167-2&domain=pdf
http://orcid.org/0000-0002-3422-9474
mailto:salgado@usp.br


and are widely used to release glucose from cellulose [11–13].
Since the production of β-glucosidase by T. reesei is low, the
addition of β-glucosidase to the culture extract is required to
completely hydrolyze cellulose [14, 15]. Cellobiose is a potent
inhibitor of many cellulases, and therefore, the level of β-
glucosidases in cellulase preparations is critical, not only for
complete cellulose degradation to glucose, but also to avoid
the inhibition of cellulases [5, 12, 16].

Random mutagenesis can increase the production of cellu-
lolytic activity of an isolated strain, and the mutant T. reesei
QM9414 is a well-studied strain generated from T. reesei
QM6a by random mutagenesis using ultraviolet radiation.
Although the nature of the mutations remain to be fully eluci-
dated, the mutant produces four to six-fold more cellulases
than the wild-type QM6a [17]. The aim of this study was to
further mutate the T. reeseiQM9414 using an ultraviolet light,
with the aim of generating a strain showing high levels of
extracellular cellulases and improved biochemical character-
istics such as reduced enzyme inhibition by glucose as well as
to evaluate its application in enzyme mixtures for cellulose
hydrolysis.

Materials and methods

Random mutagenesis by UV light

Ten milliliters of spore suspension (107 spores/mL) from
T. reesei QM9414 ATCC 46480 were distributed on Petri
dishes and exposed to ultraviolet light (Mineralight Lamp,
50–60 CVC, 60 amp.) at a distance of 12.5 cm from the light
source. The samples were irradiated at different times (5, 10,
15, and 20 min) and plated on solid Mandels’ medium [18]
with carboxymethyl cellulose (CMC) (1% w/v) as carbon
source and incubated in the dark at 27 °C. After 48 h, the
fastest growing colonies were collected with an inoculation
loop and transferred to glass slants containing solid potato
dextrose agar (PDA). About 1000 colonies were isolated in
this mutagenic procedure and the strain that showed faster
growth in Mandels’ medium containing CMC (1% w/v) and
high cellulase activity in liquid Mandels’ medium was select-
ed and named T. reesei RP698. The RP698 strain was main-
tained on PDA slants at 27 °C for 4–10 days. Samples of
T. reesei RP698 were deposited in the Filamentous Fungi
Collection of the Laboratory of Microbiology and Cell
Biology of the Faculty of Philosophy, Sciences and Letters
of Ribeirão Preto-USP.

Growth of T. reesei strains

A suspension containing 107spores/mL of QM9414 and
RP698 was obtained by the addition of 10 mL of distilled
water and scraping the slant surface with an inoculation

loop. One milliliter of these cultures was inoculated into
25 mL of liquid Mandels’ medium with 1% of microcrys-
talline cellulose (Avicel®) as carbon source. The nutrient
concentrations of Mandels’ medium were (g/L): 0.3 urea,
1.4 (NH4)2SO4, 2.0 KH2PO4, 0.3 CaCl2.2.H2O, 0.3
MgSO4.7.H2O, 0.75 proteose peptone, and 7.5 of
Avicel®, supplemented by the following trace elements
(mg/mL): 5 FeSO4 .7 .H2O, 1 .6 MnSO4.H2O, 1.4
ZnSO4.7.H2O, and 2.0 CoCl2. The initial pH was adjusted
to 6.0 and the Erlenmeyer flasks containing the media were
previously autoclaved at 121 °C for 20 min prior to inocu-
lation. For the growth in Mandels’medium, the inoculum of
the conidia was directly made in the production medium and
incubated with agitation (110 rpm) at 27 °C for determined
periods.

Preparation of the crude enzyme extracts

All the cultures were filtered through synthetic foam with a
Büchner funnel to recover the crude enzyme extract from the
culture media. The crude filtrate was maintained on ice and
the mycelial mass was discarded. These filtrates were the
source of crude extracellular cellulolytic activity and were
used for further assays without further treatment.

Effect of different carbon sources on cellulase
production in T. reesei mutant RP698

The effect of different carbon sources on cellulase production
in T. reesei RP698 was evaluated using Mandels’ medium.
The carbon sources used were Avicel®, filter paper,
carboxymethyl cellulose (CMC), cellobiose, steam-exploded
sugarcane bagasse, wheat bran, sawdust, xylan, sucrose,
starch, lactose, and glucose. All carbon sources were added
to Mandels’ medium at a concentration of 1% (w/v). The
cultures were maintained at 27 °C, with agitation at 110 rpm
in an orbital shaker for 72 h.

Catabolic repression

To check the effect of catabolic repression by glucose on cel-
lulase production, the RP698 strain was inoculated in
Mandels’ medium containing 0.75% Avicel® at initial glu-
cose concentrations ranging from 10 to 50 mM at 27 °C, with
agitation at 110 rpm in an orbital shaker for 72 h. To remove
initial glucose content for enzymatic assays, the extracellular
filtrates were repeatedly diluted with distilled water and con-
cent ra ted us ing Vivasp in® 20, 10 kDa MWCO
Polyethersulfone (GE Healthcare, USA) at 6000×g and 4 °C
until no reducing sugar was detected in the DNS assay.
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Enzymatic assays

Endoglucanase activity (CMCase) was assayed by incubat-
ing 0.5 mL of diluted enzyme samples with 0.5 mL of
100 mM sodium acetate buffer (pH 4.0) containing 1 %
(w/v) carboxymethyl cellulose CMC (Sigma Chem. Co.,
USA). Exoglucanase activity (Avicelase) was assayed by
incubating 0.5 mL of diluted enzyme samples with 0.5 mL
of 100 mM sodium acetate buffer (pH 4.0) containing 1 %
(w/v) microcrystalline cellulose (Avicel®) as substrate
(Sigma Chem. Co., USA). Filter paper activity (FPase)
was assayed by a strip of Whatman No.1 filter paper (25
mg, 1 × 3 cm) to 0.5 mL of sodium acetate buffer 100 mM
pH 5.0 and 0.5 mL of suitably diluted enzyme (modified
from Ghose) [19]. The assays were performed at 60 °C for
30 min (Avicelase and FPase) or 60 °C for 10 min
(CMCase). The concentration of the released reducing
sugars was determined by the 3,5-dinitrosalicylic acid
(DNS) method [20] using D-(+)-glucose as standard. The
β-glucosidase(BG) activity was assayed in sodium acetate
buffer 50 mM, pH 5.0, at 50 °C for 10 min, using p-
nitrophenyl-β-D-glucopyranoside (pNPG) as substrate
(Sigma Chem. Co., USA), at final concentration of 8 mM.
The reaction was stopped by adding two volumes of satu-
rated sodium tetraborate solution, and the sample absor-
bance was measured at 410 nm.

Controls with heat inactivated enzyme were included in all
enzymatic assays to quantify the non-enzymatic hydrolysis of
the substrates. The experimental conditions (assay times, en-
zymatic units) employed were adjusted to guarantee the esti-
mation of initial velocities (linear response of product forma-
tion in respect to assay time). One enzyme unit (U) was de-
fined as the amount of enzyme that releases 1 μmol of product
per minute, under the assay conditions.

Protein measurements

Extracellular protein concentration was determined by the
Lowry method [21] using bovine serum albumin as standard.

Effect of temperature and pH on enzyme activity
and stability

The effect of temperature on cellulase activity was determined
over the temperature range from 30 to 80 °C, in 50 mM in
sodium acetate buffer, pH 5.0. The enzyme thermostability
was determined by measuring the residual activity after incu-
bation of crude filtrate in the absence of substrate at 40, 50, 60,
and 70 °C for 5, 15, 30, 45, and 60 min. The effect of pH on
cellulase activity was determined at 60 °C using 50 mM citric
acid buffer ranging from pH 2.5 to 7.5.

Effect of glucose and cellobiose on cellulase activity

Assays to evaluate effect of glucose and cellobiose on cellu-
lase activity were performed using Cellulose Azure® 20
mg/ml (Sigma Chem. Co., USA) as substrate in sodium ace-
tate buffer 100 mM pH 5.0. One milliliter of this solution was
mixed with previously diluted crude extracellular extracts
from T. reesei QM9414 or T. reesei RP698 plus glucose and
cellobiose concentrations ranging from 0 to 2.5% (w/v) to
final assay volume of 2 mL. After incubation for 60 min at
60 °C, the assays were stopped with 4 mL of alcohol reagent
solution (0.5 mL of saturated calcium chloride solution in
methanol, diluted in ethanol to a final volume of 100 mL),
and centrifuged at 1500xg for 20min as described by Lai et al.
[22]. The sample absorbance was measured at 575 nm.

Cellulose hydrolysis by enzymatic mixtures

Two assays were carried out with enzyme mixtures in a final
volume of 5 mL of 50 mM sodium acetate buffer (pH 5.0),
10 mM of sodium azide (to avoid bacterial contamination),
containing 50 mg of Whatman No. 1 filter paper, 10 FPU per
gram of substrate of RP698 extract, and 10 U per gram of
substrate of β-glucosidase from two extracts of Scytalidium
thermophilum. One assay used the intracellular extract rich in
a glucose-stimulated β-glucosidase, and the other assay used
the extracellular extract rich in a glucose-tolerant β-glucosi-
dase. Both S. thermophilum crude β-glucosidase rich extracts
were prepared and collected from the same strain medium
according to Zanoelo et al. [23] and Silva et al. [24]. The
assays were incubated over the time range of 0–6 h at 50 °C
with agitation at 300 rpm in a benchtop orbital shaker
(VorTemp 1550, Labnet). Assays with enzymatic samples pre-
viously inactivated by heating at 100 oCwere used as controls.
At different times, the reducing sugar concentration was de-
termined by the DNS method and glucose release was quan-
tified by the glucose oxidase method [25]. All experiments
were performed at least in triplicate, and the results were
expressed as mean values ± SD.

Results

Growth and production of cellulases

The mutant strain RP698 showed faster growth and sporula-
tion on PDA-medium than the QM9414 when both strains
were maintained under the same conditions (Fig. 1a). With
the aim of determining the optimum time for cellulase produc-
tion, the cultures of RP698 were maintained for up to 216 h at
27 °C (110 rpm) on Mandels’ medium. The highest value for
CMCase activity was 11.8 U/mL at 168 h of culture, while a
FPase activity of 0.72 U/mL was obtained after 48 h and an
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Avicelase activity of 0.78 U/mL was observed after 72 h
growth (Fig. 1b). Although the maximal CMCase and FPase
activities were observed at 168 h and 48 h, respectively, 95%
of maximum activity was obtained for both enzymes at 72 h.
At this time, the activities for Avicelase, CMCase, and FPase
were 0.78, 11.3, and 0.7 U/mL, respectively.

The production of cellulases by QM9414 and RP698 cul-
tured in Mandels’ medium with Avicel® for 3 days at 27 °C
and 110 rpmwas analyzed (Table 1). Cellulase activity in units
per milliliter (U/mL) by the RP698 strain was higher than that
observed for the QM9414 strain inMandels’medium cultured
for 3 days. The CMCase, Avicelase, and FPase activities
(U/ml) were 2-, 2.1- and 1.9-fold higher than those observed
for QM9414 strain, respectively. A comparison of three cellu-
lase activities in units per total protein (U/mg of total protein)
revealed similar values from RP698 and QM9414 strains
(Table 1) with CMCase showing the major activity in both
strains. Table 1 also shows that despite the approximate 2-
fold increase in overall cellulase activity of the RP698 as
compared to QM9414, the U/mg of total protein remains al-
most the same. These data show the greater production of total
proteins from RP698 (2-folds more) as compared to QM9414,
suggesting that the RP698 strain has a greater capacity to
produce cellulases.

The effects of different carbon sources on the cellulase
production by T. reesei RP698 are presented in Table 2. The
highest production of CMCase (12.52 U/mL) and FPase (0.7
U/mL) was obtained in the medium supplemented with
Avicel®, followed by cellobiose and steam-exploded sugar-
cane bagasse (SESB). The production of CMCase activity
using Avicel® was 3.6-fold higher than that obtained in pres-
ence of glucose, which is generally considered as an easily
assimilated carbon source. The highest level of Avicelase pro-
duction was obtained using cellobiose as carbon source and
was 36% greater compared to conditions using Avicel® as
carbon source. Qualitative results of experiments with
Whatman No. 1 filter paper as substrate for the crude extract
filtrates indicated a more complete disintegration of the filter
paper by the RP698 extract assays as compared to the extract
from the parental QM9414 (Fig. 2a).

Catabolic repression

The addition of 50 mM of glucose to cultures of RP698 sub-
stantially decreased the production of all three classes of cel-
lulases (Fig. 2b). Under these conditions, the production of
CMCase, Avicelase, and FPase decreased by 60%, 50%, and
73%, respectively, as compared to the control without glucose

Fig. 1 aGrowth of T. reeseiQM9414 and T. reeseiRP698 on PDA slants
after 4 days at 27 °C. b Time course of cellulase production by T. reesei
RP698. Culture conditions: Mandels’ medium containing Avicel 1%
(w/v), 27 °C, pH 6.0, and 110 rpm. The black-filled square represents

the Avicelase activity (100% is 0.78 ± 0.04 U/mL). The red-filled circle
represents the CMCase activity (100% is 11.8 ± 0.92U/mL). The blue up-
pointing arrow represents the FPase activity (100% is 0.72 ± 0.06 U/mL).
All data are the means ± SD of three experiments (n = 3)

Table 1 Production of Avicelase,
CMCase, FPase, and total
proteins by T. reeseiQM9414 and
T. reesei RP698 cultured on
Mandels’ medium for 3 days,
using Avicel® as the carbon
source

T. reesei QM9414 T. reesei RP698

Enzyme activity U/mL U/mg of total proteins U/mL U/mg of total proteins

Avicelase 0.35 ± 0.02 5.14 ± 0.35 0.75 ± 0.03 5.75 ± 0.23

CMCase 5.90 ± 0.44 86.76 ± 7.85 11.8 ± 0.92 90.1 ± 7.02

FPase 0.37 ± 0.02 5.44 ± 0.34 0.72 ± 0.06 5.49 ± 0.46

The protein concentration was 0.068 ± 0.01 for QM9414 and 0.131 ± 0.02 for RP 698. All data are the means ±
SD of three experiments (n = 3)
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addition. Glucose concentrations below 50 mM affect the pro-
duction of the enzymes retaining 75% of relative activity for
Avicelase and FPase. CMCase production presented the low-
est degree of repression, where 95% of the relative activity
was retained at a glucose concentration of 20 mM (Fig. 2b).

Effects of pH and temperature

The pH optimawere pH 5.0 for Avicelase activity and pH 4.0–
5.0 for the CMCase and FPase activities (Fig. 2c), with all
activities above 95% of maximum at pH 5.0. The profile of
cellulase activity in the crude filtrate obtained from RP698 as
a function of the reaction temperature (Fig. 2d) revealed that
the optimum temperature was 55–60 °C for Avicelase activity
and 60–65 °C for CMCase and FPase activities. At 60 °C, all
activities were above 95% of the maximum. As the major
cellulase activity observed in the crude filtrate from RP698,
the CMCase thermal stability was tested after different incu-
bation times (Fig. 2e), and the activity half-life (T½) at 70 °C
was 3 min. After 1 h at 60 °C, approximately 60% of the initial
activity remained, and at 40–50 °C, there was no significant
change in the activity values even after 1-h incubation.

Effect of hydrolysis end-products on enzyme activity

Cellulase activity of RP698 was not significantly affected by
low glucose concentrations using Cellulose-Azure® as sub-
strate, maintaining 98% of the control activity at

Table 2 Effect of different carbon sources (1% w/v) on cellulase
production by T. reesei RP698. The cultures were maintained at 27 °C,
110 rpm, for 72 h

Carbon source CMCase (U/mL) Avicelase (U/mL) FPase (U/mL)

Avicel 12.52 ± 1.3 0.81 ± 0.05 0.7 ± 0.05
Filter paper 6.56 ± 0.41 0.69 ± 0.04 0.2 ± 0.01
CMC 1.32 ± 0.12 0.70 ± 0.06 ND
Cellobiose 11.12 ± 1.06 1.10 ± 0.08 0.4 ± 0.03
SESB 8.78 ± 0.92 0.92 ± 0.08 0.4 ± 0.04
Wheat bran 0.80 ± 0.05 0.69 ± 0.06 ND
Sawdust 0.20 ± 0.01 0.50 ± 0.04 ND
Xylan 0.70 ± 0.04 0.50 ± 0.05 0.1 ± 0.01
Sucrose 0.10 ± 0.07 0.53 ± 0.04 ND
Starch 0.10 ± 0.08 0.61 ± 0.05 ND
Lactose 4.24 ± 0.37 1.02 ± 0.08 0.1 ± 0.01
Glucose 3.43 ± 0.26 0.75 ± 0.06 ND

All data are the means ± SD of three experiments (n = 3)

ND not detectable in these conditions

Fig. 2 a Disintegration of Whatman No. 1 filter paper after 1 h, at 50 °C,
pH 5.0, with crude cellulases (10 FPU/g of substrate) from T. reesei
QM9414 and T. reesei RP698. The final enzymatic assay volume was 5
mL, and the first and third tubes are control assays with crude cellulase
previously inactivated by heating. b Influence of glucose as carbon source
on the production of cellulases by T. reesei RP698. One hundred percent
of the activities are Avicelase 0.46 ± 0.03U/mL; CMCase 11.60 ± 0.92U/
mL; FPase 0.43 ± 0.03 U/mL. c pH optima and d temperature optima of
cellulase activity from T. reesei RP698. Symbols: The black-filled square
represents the Avicelase activity (100% was 0.81 ± 0.05 U/mL). The red-

filled circle represents the CMCase activity (100% was 12.52 ± 1.3
U/mL). The blue up-pointing arrow represents the FPase activity (100%
was 0.78 ± 0.06 U/mL). e Thermal stability of CMCase activity from
T. reesei RP698. The crude filtrate was heated at 40 °C (black-filled
square), 50 °C (red-filled circle), 60 °C (blue up-pointing arrow), and
70 °C (orange down-pointing arrow) without substrate and tested for
residual CMCase activity. One hundred percent of CMCase activity
was 12.30 ± 0.98 U/mL. All data are the means ± SD of three experiments
(n = 3)
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concentrations of < 2.5% (w/v) added glucose (Fig. 3a).
RP698 showed a reduction of up to 30% after the addition
of 2.5 % cellobiose, whereas QM9414 showed a reduction
of 40% and 47% activity in the presence of glucose and cel-
lobiose, respectively, under the same conditions (Fig. 3b).

Hydrolysis of cellulose in enzymatic mixtures

According to Zanoelo et al. [23] and Silva et al. [24], the same
strain of the fungus S. thermophilum produces an intracellular
glucose-stimulated-β-glucosidase(StGSBG) and an extracel-
lular glucose-tolerantβ-glucosidase (StGTBG) concomitantly
in the same growth conditions. Taking into consideration the
high glucose tolerance of the cellulolytic system from RP698
as demonstrated by the previous results, enzymatic mixtures
for cellulose hydrolysis were prepared using cellulase rich
extracts obtained from RP698 and the two crude filtrates rich
in β-glucosidases from the same strain of S. thermophilum (as
described in the Section 2.10). Both types of β-glucosidases
added led to an increase in the release of total reducing sugars
and glucose fromWhatman No. 1 filter paper (Fig. 3c, d). The
mixture with StGSBG produced about 130% more glucose
than the crude cellulase of RP698 and 110% more than the
mixture with StGTBG (Fig. 3d).

Discussion

Themutant strain RP698was obtained by the selection of fast-
growing colonies on solidified Mandels’ medium. The differ-
ence in RP698 growth rate can be easily observed on PDA
slants when the mutant was cultured under the same condi-
tions as the QM9414 (Fig. 1a). In liquid cultures, cellulase
production by RP698 was also observed at shorter times as
compared to the QM9414 strain. The optimum period for
cellulase production by T. reesei RP698 using Mandels’ me-
dium was 72 h (Fig. 1b), which is considerably shorter than
the 5–14 days for Trichoderma lineages reported in the liter-
ature [18, 26–28].

Cellulase production by RP698 was increased by up to 2-
fold as compared to the QM9414 when both strains were
grown in Mandels’ medium (Table 1), even under non-
optimized conditions. These results can be compared with
previous reports in the literature, where Jiang et al. [28] have
described a Trichoderma mutant strain that showed a 1.67-
and 2.17-fold increase in CMCase and FPase activities, re-
spectively, relative to QM9414. Li et al. [29] reported the
results of microwave and ultraviolet radiation mutagenesis
experiments using a strain of T. viride, which presented an
increased cellulase production by 7.7% compared to the
wild-type. Shafique et al. [30] reported another T. reesei

Fig 3 Effect of the addition of glucose (black-filled square) and cellobi-
ose (blue up-pointing arrow) on cellulase activity of crude filtrate from
T. reesei RP698 (a) and T. reesei QM9414 (b). The assay was performed
using Cellulose-Azure® as substrate, at 60 °C, pH 5.0 for 1 h. One
hundred percent of cellulose-azure activity was 0.6 ± 0.09 U/mL.
Reducing sugars (c) and glucose (d) released in the filter paper assay by
enzymatic mixtures. All the enzymes were applied at 10 FPU/g of

substrate and assayed at 50 °C. Symbols (for c and d): The blue up-
pointing arrow represents the T. reesei RP698 cellulase extract. The red-
filled circle represents the T. reesei RP698 cellulase extract plus crude
StGTBG. The black-filled square represents the T. reesei RP698 cellulase
extract plus crude StGSBG. All data are the means ± SD of three exper-
iments (n = 3)
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mutant that exhibited a 1.5- to 2-fold increase in cellulase
production when compared to the parental strain.

The highest cellulase activities from RP698 were obtained
using Avicel®, steam-exploded sugarcane bagasse, and cello-
biose as carbon sources (Table 2). It is known that sophorose
is a strong inducer of cellulase expression in T. reesei and is
synthesized from glucose in a transglycosylation reaction by
BGLI/Cel3A during cellulose hydrolysis. Therefore, the accu-
mulation of sophorose in the medium by transglycosylation
could be the reason for the high levels of cellulase expression
[31, 32].

Low levels of catabolic repression of the production of
CMCases, Avicelase, and FPase byRP698were also observed
(Fig. 2b). The role of catabolic repression is important in the
natural environment because it prevents the fungus from un-
necessarily over-producing cellulases [33]. However, from a
biotechnological perspective, the repression of enzyme pro-
duction is undesirable and the observation that glucose affect-
ed the production of the three enzymes by RP698 only at
50 mM is an important characteristic of industrially relevant
strains of T. reesei. Persson et al. [34] compared the produc-
tion of cellulases among several strains of T. reesei and found
mutant strains resistance to catabolic repression in T. reesei
CL-847, T. reesei Rut C30, and T. reesei L27. In T. reesei,
the cellulase genes cbh1, cbh2, egl1, egl2, and egl5 are re-
pressed by glucose at the transcriptional level [35].

The optimum catalytic pH values (Fig. 2c) of the CMCase
and Avicelase activities were similar to those previously de-
scribed in the literature for other fungal cellulases [3, 36, 37].
The optimum temperature for enzyme activity (Fig. 2d) was
higher than that observed by Ghose [19] for Trichoderma
cellulases. Cellulases from other mesophilic fungi such as
A. terreus, Neurospora crassa, T. viride, and several isolates
of T. reesei present similar optimum temperatures [38–41].
The thermostability observed for the CMCase produced by
T. reeseiRP698 was particularly interesting for the application
in simultaneous saccharification and fermentation (SSF) pro-
cesses that reduces end-product enzyme inhibition and invest-
ment costs [42]. Some yeast strains have been described that
are able to ferment lignocellulosic hydrolysates at tempera-
tures ranging from 37–42 °C with good ethanol yields [43,
44].

Initial glucose concentrations of up to 2.5% (w/v) in the
culture medium did not affect the levels of of cellulase activity
in RP698 extracts; however, the addition of cellobiose at a
concentration of 2.5% (w/v) reduced the enzyme activity for
both strains. Analysis of cellulase production by QM9414
under the same conditions demonstrated a greater inhibition
of enzyme activity in the presence of glucose (40%) and cel-
lobiose (47%) as compared with the mutant strain RP698.
Tolerance to final hydrolysis products is a characteristic that
is highly desirable for industrial applications, since many cel-
lulolytic enzymes are inhibited by the end-products of

cellulose saccharification [14, 45, 46]. Holtzapple et al. [45]
evaluated the effect of sugars and solvents on the activity of a
commercial preparation of T. reesei cellulase and demonstrat-
ed an inhibitory effect due to the addition of glucose and
cellobiose, in which the effect of glucose was lower than the
inhibition caused by cellobiose. There are only few reports in
the literature of cellulases showing glucose and cellobiose
tolerance. Chandra et al. [47] reported a mutant of
T. citrinoviride exhibiting low enzyme inhibition in the pres-
ence of 30 mM glucose. Since the inhibition of cellulases by
glucose and cellobiose is a common feature in Trichoderma
species [16], the glucose tolerance observed for the cellulase
produced by T. reeseiRP698 is an uncommon characteristic of
interest for biomass saccharification applications.

Since CMCases are responsible for the random cleavage of
the amorphous regions and Avicelase are responsible for the
random cleavage of the crystalline regions in cellulose chains,
the 2-fold increase in CMCase and Avicelase activity found in
the T. reesei RP698 filtrate (Table 1) may explain the greater
effect against filter paper (FPase) than that presented by
QM9414 CMCase (Fig. 2a). In addition, Saloheimo et al.
[48] described a protein with expansin-like function in
T. reesei, which was termed Bswollenin.^ Expansins are pro-
teins found in plants, which act by breaking the hydrogen
bonds between cellulose microfibrils and other polysaccha-
rides without hydrolytic action, thereby permitting sliding be-
tween cellulose fibers and cell wall expansion [49]. Chen et al.
[49] expressed the gene for swollenin from Aspergillus
fumigatus in Aspergillus oryzae and found that simultaneous
incubation of this protein with a mixture of cellulases in-
creased Avicel® saccharification. Andberg et al. [50] reported
that swollenin from T. reesei also has a hydrolytic activity,
showing a unique mode of action with similarities to the ac-
tion of endoglucanases and cellobiohydrolases. It is possible
that swollenin production in RP698 was increased in compar-
ison to QM9414, since there wasmore pronounced filter paper
disintegration in the assay with RP698.

An ensemble of different cellulolytic enzymes is required
for the enzymatic cocktail to efficiently release glucose from
cellulose. The low-level production of β-glucosidases by
T. reesei strains is well described in the literature [14].
Zanoelo et al. [23] have described a glucose stimulated myce-
lial β-glucosidase of S. thermophilum (StGSBG), and the
mixture between T. reesei RP698 cellulase and StGSBG re-
leased more glucose when compared to the crude T. reesei
RP698 cellulase. This mixture also produced more glucose
than the mixture with StGTBG, indicating that a high conver-
sion of cellobiose to glucose and suggesting greater possibil-
ities of application of this enzymatic mixture in cellulose hy-
drolysis applications. Cao et al. [9] observed an increase in the
hydrolysis yield using NaOH pretreated sugarcane bagasse
when using β-glucosidases derived from a metagenomic li-
brary with high glucose tolerance and stimulation to
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supplement the commercial enzyme cocktail Celluclast 1.5 L
(a commercial blend of T. reesei cellulases). Under these con-
ditions, an increase in glucose release was observed that was
correlated to a 14–35% increase in the conversion of pre-
treated sugarcane bagasse. All these characteristics indicate
the potential use of the T. reesei RP698 mutant strain for
biotechnological applications, in particular for the formulation
of enzymatic cocktails for cellulose hydrolysis aiming the
production of cellulosic ethanol.
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