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In this study, furfural residues were used as a substrate for cellulase production by the fungi Trichoderma
reesei. The results indicated that a low pH and the presence of lignin in the furfural residues have an
obvious impact on cellulase production by T. reesei. After pH adjustment, furfural residues could be used
for cellulase production by T. reesei, with a higher filter paper activity (FPA) and a higher activity of
CMCase compared to that yielded from furfural residues with pH unadjusted. After being washed with
1.6% (w/v) HoO,, all of the lignin in the furfural residues was removed, and an FPA of 7.1 FPU ml™! and
a CMCase activity of 3.4 IU ml~* were obtained in 115 h, while pretreated straw could yield an FPA of 8.0
FPU ml~! and a CMCase activity of 2.7 IU ml™t in 160 h. Moreover, after being treated with H,O,, furfural
residues could be used as an inducer in the production of cellulases. With the treated furfural residues
added into the medium at the beginning of cultivation, T. reesei gave the maximum FPA (8.4 FPU ml™})
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1. Introduction

Cellulases hydrolyze B-1,4 glycosidic linkages in cellulose,
which are among the most prevalent and stable bonds in
nature.' Cellulase is an enzyme system capable of degrading
crystalline cellulose, and consists of several cellobiohydrolases,
endoglucanases and B-glucosidases.” The synergistic action of
all three kinds of enzyme component is required for the
hydrolysis of cellulose and the entire cellulase system acts to
convert cellulose into glucose.® Cellulases are used in various
biotechnological processes, such as in the textile industry, and
the food and feed industry.* Furthermore, this complex enzyme
is important for biochemical technology designed to convert
lignocellulosic biomass to chemicals and fuels such as
ethanol.>”

Most commercial cellulases are obtained from filamentous
fungi such as Trichoderma, Penicillium, and Aspergillus. Among
them the ascomycete Trichoderma reesei is the main industrial
source of cellulases and hemicellulases, and its high production
levels of cellulases are nowadays industrially exploited in the
pulp, food and textile industries.® The industrial strains of T.
reesei are today capable of producing more than 100.0 g 1" of
cellulases,® but it is still necessary to reduce the costs and
maximize the efficiency of the produced enzyme mixtures even
further and intensive research efforts in this area are ongoing.®
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production compared to that from most other agricultural wastes reported.

The cost of cellulase is a significant factor in the economics
of biomass to ethanol conversion technology. Thus, it has
a direct impact on the cost of ethanol production, and therefore
needs to be minimized. Reducing the cost of the growth
medium and substrate is one of the critical factors for
producing highly active cellulase inexpensively.” Lignocellu-
losic biomass is an abundant resource that can be used for the
production of cellulase. The lignocellulosic material pretreated
rice straw was selected as a carbon source for cellulase
production in our previous study, while it was recently found
that furfural residue is a more economic material for cellulase
production. Furfural residue is an industrial waste product
which is produced during the manufacture of furfural from
corncob, but the environmentally friendly disposal and the
utilization of furfural residues are significant challenges to the
furfural industries. Furfural residue is a new carbon resource
which contains 83.2% glucose, 5.6% arabinose, and 5.9%
mannose, and it is said that the process of furfural production
could decrease the degree of polymerization of cellulose, thus,
the furfural residue is able to be easily hydrolyzed by cellulase.™
Moreover, in the furfural production process, hemicelluloses
are hydrolyzed to produce furfural under acid catalysis. Hemi-
celluloses in biomass have been cited as barriers to cellulase
activity,” but the furfural residues are almost free of hemi-
celluloses,”** and hence, furfural residues are a potential
alternative source for cellulase production. In China, about 2.3
million tons of furfural residues are produced every year, but
only small amounts are effectively used. As a raw material, the
low cost of furfural residues means that they have the potential
to reduce the cost of cellulase production.”® Studies on the
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utilization of furfural residues have shown its potential as
a source of bioethanol," but there are few reports on the use of
furfural residues as a substrate for cellulase production, though
enzymatic hydrolysis of furfural residues is an energy saving
and environmentally friendly method.>-** Thus, the aim of this
study was to examine the potential utilization of furfural resi-
dues as substrates in cellulase production by T. reesei.

2. Materials and methods

2.1. Strains and materials

The cellulase producer used in this study was T. reesei. Furfural
residue was collected from Shanxi, China and stored for later
use in a freezer. The pretreated straw was kindly supplied by
Baimai Green Biological Energy CO., LTD. (Huaian, China). The
mineral medium for cellulase production contains 1.6 g 1" of
corn steep liquor, 0.2 g 1"* of CoCl,-6H,0, 1.4 g 1 of
(NH,),S0,, 2.0 g 17" of KH,PO,4, 0.3 g 17" of MgSO4 and 0.3 g17*
of urea and was supplemented with various carbon sources as
shown in Table 1.

2.2. Cellulase production

An inoculum of 1 x 10’ spores was added to 3.0 ml of culture
medium in a test tube and grown at 30 °C under shaking (200
rpm) for 24 hours. Then all of the preculture was inoculated into
100.0 ml of induction medium in a 500 ml flask. The culture for
cellulase production was grown under shaking (200 rpm) at
30 °C. The composition of the cellulase producing medium was
the mineral medium supplemented with 30.0 g 17" of carbon
sources. 10.0 g I~ Tween-80 was added to the culture medium
at the beginning of the cultivation. The culture was centrifuged
at 10 000g and 4 °C for 10 min and the cell-free culture super-
natants were assayed to study the concentration of extracellular
proteins and the enzyme production pattern over different
phases of growth. All experiments were performed in triplicate.

2.3. Analytical methods

The total concentration of extracellular protein was assayed by
the Lowry method,'® and bovine serum albumin was used as the
standard protein. The filter paper activities (FPA) of the cellu-
lase preparations were evaluated according to the method
described by Ghose et al.’” After incubating at 50 °C for 1 h,
3.0 ml of dinitrosalicylic acid (DNS) was added to the mixture.
The released glucose was measured with spectrophotometry,

Table 1 The culture medium and carbon resources used in this study
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and the activity of the filter paper hydrolysis was evaluated
based on the release of glucose, termed FPU that is defined here
as the amount of enzyme which catalyzes the formation of 1
umol of glucose per minute from the hydrolysis of filter paper
under assay conditions. CMCase activity is measured by deter-
mining the amount of reducing sugars released after enzyme
reaction with 20.0 g 17" of CMC at pH 4.8 and 50 °C for 30 min,**
after which 3.0 ml of DNS was added to the mixture. One unit
(IU) of CMCase is defined as the amount of enzyme that liber-
ates 1.0 pmol of glucose per minute under assay conditions. The
3,5-dinitrosalicylic acid (DNS) assay was also used to assay the
concentration of produced reducing sugars in the medium,
using a glucose standard curve prepared at six different
concentrations.

3. Result and discussion

3.1. Effects of pH of furfural residues on cellulase
production

It has been reported that the pH of the medium has an obvious
influence on cellulase production.”*** The pH of the furfural
residues is about 3-4 and a low pH might be an obstacle to
cellulase production by T. reesei from furfural residues. There-
fore in this study, the pH of the furfural residues was adjusted to
5-6 (F1) and this was then used for cellulase production by T.
reesei. The strains of T. reesei were grown on media F1, PS and
F2 respectively, with samples taken at regular intervals, and
then the cellulase activity and extracellular proteins of each
culture was determined. The results in Fig. 1 show that the
maximum FPA and CMCase activity produced by T. reesei on
medium PS reached 8.1 FPU ml " and 2.3 IU ml™" after 160 h
and 139 h of cultivation respectively, and the maximum FPA
and CMCase activity produced by T. reesei on medium F1
reached 5.4 FPU ml™ ' and 1.9 IU ml ™" after 115 h and 139 h of
cultivation respectively, while T. reesei gave much lower FPA and
CMCase activity on medium F2 (Fig. 1a and b). Similar time
courses were observed for the extracellular protein production
of T. reesei on media PS and F1, while the amount of protein
produced by T. reesei on medium F2 is much lower than that on
media PS and F1 (Fig. 1c). These results indicated that the low
pH of the furfural residue had a negative effect on the secretion
of extracellular protein as well as on the cellulase production,
and that a pH of 5-6 is suitable for cellulase production by T.
reesei from furfural residues. It has been reported that

Medium Carbon resource

PS Pretreated straw

F1 Furfural residues (pH adjusted to 5-6)

F2 Furfural residues (pH 4-5, unadjusted)

F3 Furfural residues (treated with 1.0% (w/v) H,O, and water, pH 5-6)
F4 Furfural residues (treated with 1.6% (w/v) H,O, and water, pH 5-6)
PF1 Pretreated straw with furfural residue added at 0 h (pH 5-6)

PF2 Pretreated straw with furfural residue added at 72 h (pH 5-6)

PF3 Pretreated straw with furfural residue added at 120 h (pH 5-6)
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Fig. 1 Time course of FPA (a), CMCase (b) and extracellular protein production (c) on PS, F1 and F2 by T. reesei.

Aspergillus niger and T. viride gave a maximum cellulase
production at pH 4.5 and pH 5.5 respectively, and also that pH
5-6 is favored by most fungi,'”** which is consistent with our
results.

3.2. Effects of hemicellulose in furfural residues on cellulase
production

Hemicellulose hinders microbial attack, but it was reported that
washing with H,0, could remove most of the hemicellulose
thus enhancing microbial utilization.'® Therefore in this study
furfural residues were treated with 1.0% (w/v) H,O, and then
washed to neutral with water (used as carbon resource in
medium F3) or treated with 1.6% (w/v) H,0, and then washed to
neutral with water (used as carbon resource in medium F4). T.
reesei strains were then grown in culture media PS, F3 and F4
respectively. The cellulase activity and extracellular proteins in
the medium were determined at regular intervals, and the time
courses of the production of extracellular proteins and cellulase
activities are shown in Fig. 2. Clearly, as shown in Fig. 2a, the
FPA produced by T. reesei on media PS, F3 and F4 were not
statistically different during the first 115 h of the culture. The
maximum activities (6.4 FPU ml™" and 7.1 FPU ml ') of FPA
were observed at 115 h in F3 and F4 respectively, while the
maximum activity of FPA on medium PS (8.0 FPU ml™ ") was not
observed until 160 h of cultivation. T. reesei showed the highest
activities of CMCase on F4 (3.4 U ml ") followed by that of on F3
(3.2 U ml™") at 139 h, while the CMCase in medium PS was
much lower and reached its highest activity (2.7 Uml ") at 160 h
(Fig. 2b). In media F3 and F4, the protein level increased during
the first 139 hours of cultivation, reached the maximum level at

This journal is © The Royal Society of Chemistry 2018

139 h and then decreased at the end of cultivation. However, in
medium PS, the protein level kept increasing until the end of
the cultivation (Fig. 1c), corresponding to the production of
cellulase in medium PS.

In fact, the use of furfural residue for enzyme production has
two advantages: the low cost and the ease of its hydrolysis. The
furfural residue is made up of a matrix of cellulose and lignin
with a small amount of hemicellulose. It was shown in Fig. 2a
and b that when T. reesei was grown on media F3 and F4, the
strains both gave a lower FPA but a higher CMCase activity
within a shortened cultivation time than that of the T. reesei
grown on PS. One possible explanation is that the polymeriza-
tion in the furfural residue is lower than that of in the pre-
treated straw for the removal of hemicellulose by H,O,.
Hemicellulose causes hindrance in microbial attack, thus
removing the hemicellulose in the furfural residue with H,O, is
required to enhance microbial utilization. The composition of
the furfural residue after being washed with 1.0% H,0, was
64.1% cellulose and 32.4% lignin, while after being washed with
1.6% H,0,, the composition of the furfural residue was 85.3%
cellulose and 11.9% lignin.”® The increase in cellulose was
predominantly attributed to the decrease in lignin and makes
the furfural residue more accessible to cellulase.” It has been
reported that the culture time of the highest cellulase activity
depends upon the substrate,> and the data in Fig. 2a and
b showed that T. reesei produced lower FPA but higher CMCase
on media F3 and F4 than on PS, and gave the highest cellulase
activities in a shorter culture time, which indicated that the
furfural residues were an ideal material for cellulase production
by T. reesei.

RSC Adv., 2018, 8, 36233-36238 | 36235
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Fig. 3 Time course of FPA (a), CMCase (b) and extracellular protein production (c) by T. reesei when cultivated on medium PF1 (4 ), PF2 (l) and
PF3 (A) respectively.
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3.3. Cellulase production from pretreated straw
supplemented with furfural residue

The results above showed that with pretreated straw, T. reesei
could have a higher activity of FPA, while with furfural residues
T. reesei gave a higher activity of CMCase and produced FPA and
CMCase activity within a shortened culture time. Therefore T.
reesei strains were grown on mineral media containing 30.0 g
17" of pretreated straw with 10.0 g 17" of furfural residue added,
which were treated with 1.6% H,0, (furfural residue was added
at the 0™ hour (PF1), 72"¢ hour (PF2) and 120™ hour (PF3) of the
cultivation respectively). The results in Fig. 3a show that when
grown on media PF1 and PF2, T. reesei gave the maximum FPA
of 8.4 FPU ml™ " and 7.3 FPU ml ' respectively, which were both
observed at 142 h of cultivation. When T. reesei strains were
grown on medium PF3, the maximum FPA (7.7 FPU ml ") was
observed at the end of the cultivation (184 h). At the same time,
a similar pattern was shown concerning the production of
CMCase (Fig. 3b). It is shown in Fig. 3c that the patterns of
extracellular protein production were similar in medium PF1,
PF2, and PF3. These results indicated that supplementation of
the furfural residue in pretreated straw at the beginning of the
cultivation could clearly induce the production of cellulase as
well as shorten the culture time.

The highest cellulase production value (based on filter paper
activity) achieved in this study was 8.4 PFU ml~" and was ob-
tained when T. reesei strains were grown on medium PF1. The
cellulase production by 7. reesei with different substrates has
been compared overall. It has been found that 0.7 FPU ml ™" was
produced from steam-treated willow by T. reesei RUT C30 within
120 h,”® while when HAc was added as an inducer to the
medium, an enhancement of cellulase production was
observed, resulting in a cellulase activity of 1.6 FPU ml~*.2¢ 2.1
FPU ml' and 1.3 FPU ml " were respectively obtained from
Solka Floc and lactose by T. reesei RUT C30 in 120 h. 1.7 FPU
ml ™" of cellulase was produced from dairy manure in a culture
time of 144 h." With acid-swollen cellulose, T. reesei RUT C30
and T. reesei RUT NG14 could both produce 15.0 FPU ml " of
cellulase.” For rice straw sticks, pretreatment with alkali led to
the highest enzyme activity in the culture medium (1.1 FPU
ml ") within a 144 h culture. It is said that the pretreatment of
the rice straw with alkali might cause the removal of lignin in
the cellulose, such that the rest of the cellulose components
could effectively induce the synthesis of enzymes by the fungal
cells.?® For furfural residue, treatment with H,O, could cause
enormous changes of the components with all of the hemi-
cellulose and most of the lignin being removed from the
furfural residue.® This removal of lignin could induce high
cellulase activity produced by T. reesei in a shortened culture
time. Therefore in this study, supplementation with furfural
residue makes cellulase production by T. reesei from low cost
pretreated straw more economic.

4. Conclusion

Low pH and the presence of lignin in furfural residues have
a negative impact on cellulase production by T. reesei. After pH

This journal is © The Royal Society of Chemistry 2018
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adjustment or the removal of lignin with H,0,, furfural residues
can be used for cellulase production by T. reesei. When grown
on a medium containing pretreated straw supplemented with
furfural residues, a high activity of cellulase was produced by T.
reesei in a shortened culture time. T. reesei gave the maximum
FPA (8.4 FPU ml ') and CMCase activity (4.8 IU ml™") at 142 h
from pretreated straw, which is relatively high for cellulase
production compared to from most other agricultural wastes
reported.
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