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ential IL-tolerant cellulases and
their efficient saccharification of IL-pretreated
lignocelluloses†
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Lignocellulosic biomass as one of the most abundant and renewable resources has great potential for

biofuel production. The complete conversion of biomass to biofuel is achieved through the effective

pretreatment process and the following enzyme saccharification. Ionic liquids (ILs) are considered as

a green solvent for lignocellulose pretreatment. However, ILs exhibit an inhibitory effect on cellulase

activity, leading to a subsequent decrease in the efficiency of saccharification. The screening of new

potential IL-tolerant cellulases is important. In the current study, a fungal strain with a relatively high

cellulase production was isolated and identified as Penicillium oxalicum HC6. The culture conditions

were optimized using corn stover and peptone as the carbon source and nitrogen source at pH 4.0 and

30 �C with an inoculation size of 2% (v/v) for 8 days. It was found that P. oxalicum HC6 exhibited

potential salt tolerance with the increase of the enzyme production at a salt concentration of 5.0% (w/v).

In addition, high enzyme activities were obtained at pH 4.0–6.0 and 50–65 �C. The crude enzyme from

P. oxalicum HC6 with good thermal stability was also stable in the presence of salt and ILs. Good yields

of reducing sugar were obtained by the crude enzyme from P. oxalicum HC6 after the saccharification

of corn stover that was pretreated by ILs. P. oxalicum HC6 with potentially salt-tolerant and IL-tolerant

enzymes has great potential application in the enzymatic saccharification of lignocellulose.
1. Introduction

Lignocellulosic biomass can be considered as the most abun-
dant polymer found on Earth. A substantial amount of ligno-
cellulosic materials such as agricultural residues, agricultural
by-products, and woody biomass are produced worldwide and
their annual production rates are around 200 billion.1 Among
a variety of lignocellulosic biomasses, agricultural stover is
essentially potential raw material for the production of high
value products such as chemical reagents, biosurfactants and
biofuel.2–4 Lignocellulosic biomass is mainly composed of three
main biopolymers including cellulose, hemicellulose and
lignin, which form a complex and recalcitrant structure.5

Generally, cellulose and hemicellulose, which comprise
nearly two-thirds of lignocellulosic biomass, are preferred as the
potential feed-stock for biofuel production.6 A complete cellu-
lase system is required for the synergic action to further convert
cellulose into monomeric sugars for the effective production of
ural University, Harbin, 150030, China.
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hemistry 2018
biofuels. These cellulases comprise three major groups of
enzymes: (1) endoglucanases (EC 3.2.1.4), which attack regions
of low crystallinity in cellulose bers, creating free chain-ends,
(2) cellobiohydrolases (EC 3.2.1.91), which further degrade the
molecule by cleaving cellobiose from the free-chain ends, and
(3) b-glucosidases (EC 3.2.1.21) which hydrolyze cellobiose to
produce glucose.7

Numbers of microorganisms are known as efficient cellulase
producers and fungi are considered as potential sources for
cellulase production, because of the large embedded accumu-
lation of mycelium which is easy to separate and hence it helps
to reduce the cost of separation process from the fermentation
medium.8 Aspergillus sp. and Trichoderma sp. are known as the
model fungi among a variety of fungal organisms.9 Trichoderma
reesei and its mutants, including certain hyper-producing
strains for example, Rut C-30, possess low b-glucosidase
activity relative to the total cellulase activity, which impairs
performance during the hydrolysis of lignocellulosic mate-
rials.10 Considering the lack of a complete cellulase system
offered by these fungi, researchers are focusing on the isolation
and screening of novel fungi with improved cellulase systems
which are capable of acting synergically on the cellulosic
biomass.8

Nevertheless, the recalcitrant nature of lignocelluloses is the
obstacle in the production of biofuels. The amount of lignin
RSC Adv., 2018, 8, 30957–30965 | 30957
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present in the biomass and the de-polymerization (DP) of
cellulose limit the transformation efficiency.8 The pretreatment
process such as steam explosion, acid or alkaline hydrolysis and
ionic liquids-pretreatment are always employed.

Ionic liquids (ILs) have been recognized as an alternative
green solvent for lignocellulose pretreatment, which possess
several advantages including high thermal stability, negligible
vapor pressure, no ammability, and widely accessible temper-
ature range.11,12 For instance, 1-ethyl-3-methylimidazolium
acetate ([EMIM]CH3COOH) was reported widely to perform the
effective decomposition of lignocelluloses and to provide the
high cellulose digestibility.13–16

Although ILs are effective for breaking down lignocelluloses,
they can also inhibit the enzymes used in the subsequent
saccharication, resulting the inefficient saccharication of
cellulose. Therefore, a washing process is required to remove
any residual ILs aer ILs-pretreatment. Large scale washing
requires extra energy, increasing more processing cost.17,18

However, there are very limited reports concerning on the ILs-
tolerant cellulase.

In this study, a cellulose-degradable strain was isolated and
identied. Factors governing the enzyme production were
investigated. Studies on evaluation of the capability of salt-
tolerant microbes were carried out. The capability of the
potential microbes for producing salt-tolerant and ILs-tolerant
cellulase was investigated. We also compared the enzymatic
hydrolysis of lignocellulosic substrates by the crude enzyme and
commercial cellulase.
2. Materials and methods
2.1 Samples collection

The soil was collected from wheat and corn rotation farm of
Shanxian county in Shandong province in China. The surface
soil (1–5 cm) was collected and stored at 4 �C. Corn stover and
rice straw were provided by Xiangfang farm in Harbin city in
China and they were dried, ground and passed through 40mesh
sieves. Wheat bran was provided by Xiangfang Flour Factories of
Harbin in China. All chemicals were purchased from Aladdin
company in China and were used as received.
2.2 Screening procedure

The colonies of various fungi were isolated from the soil using
PDA medium. The isolated single colony was incubated on the
CMC medium (K2HPO4 1.0 g, NaCl 0.5 g, (NH4)2SO4 2.0 g,
MgSO4 0.5 g, CMC-Na 10 g, agar 15 g) at 30 �C for 5 days.
Following that, all plates were stained with Congo-red solution
(0.1%, w/v) for 15 min and were discolored with 1 mol L�1

NaCl.19 The strain with a large hydrolysis zone was selected
and cultured on PDA medium for 4 days. Aer that, 1 cm of
agar piece was taken and transferred into 30 mL of PD
medium. The solutions were then cultured at 30 �C for 3 days
with shaking at 200 rpm. 1 mL of the suspension (4–6 mg dry
mycelia wt per mL) was added into 100 mL of Hutchinson
inorganic salt medium (KH2PO4 1.0 g, MgSO4 0.3 g, NaCl 0.1 g,
CaCl2 0.1 g, FeCl3 0.01 g) with cover stover of 1% (w/v) and
30958 | RSC Adv., 2018, 8, 30957–30965
peptone of 0.2% (w/v), which was incubated at 30 �C for 5 days
with shaking at 150 rpm. The resulting solution was then
centrifuged at 8000 rpm for 5 min at 4 �C to give the crude
enzyme.
2.3 Enzyme assays

Enzyme assays, including lter paper cellulase (FPase), endo-
glucanase (CMCase) and b-glucosidase, were determined as
International Union of Pure and Applied Chemistry (IUPAC)
standard procedure.20 FPase activity was assayed by incubating
the 0.5 mL of suitably diluted enzyme with Whatman no. 1
lter paper (1.0 � 6.0 cm) containing 1.0 mL of sodium citrate
buffer (pH 4.8) for 60 min at 50 �C. The CMCase activity was
determined using (1%, w/v) sodium carboxymethyl cellulose
(CMC-Na) for 30 min at 50 �C. b-glucosidase activity was
measured using salicin solution (0.5%, w/v) for 30 min at
50 �C. The reducing sugar was determined by 3,5-dini-
trosalicylic acid (DNS) method.21 One unit (U) of enzyme
activity was dened as the amount of the enzyme which
released 1 mmol of reducing sugar/min under the conditions
indicated.
2.4 Molecular identication

The DNA of the enriched fungus was extracted using a DNA kit
according to the manufacturer's instructions (OMEGA, USA).
Universal primers of ITS1: (50-TCCGTAGGTGAACCTGCGG-30)
and ITS4: (50-TCCTCGCCTTATTGATATGC-30) were used for
fungal analysis. The ITS sequence of the gene was amplied by
polymerase chain reaction (PCR). The reaction mixture of 50 mL
contained 2 mL template DNA, 2 mL forward primer, 2 mL reverse
primer, 25 mL 2� Taq PCRMasterMix (TIANGEN, China) and 19
mL ddH2O. The samples were amplied with the following
conditions: initial denaturation at 95 �C for 5 min, followed by
35 cycles of denaturation at 95 �C for 30 s, annealing at 55 �C for
35 s, and elongation at 72 �C for 2 min, and nal elongation at
72 �C for 10 min. The PCR products were sequenced in Huada
gene company (Beijing, China). The sequence was compared to
the sequences in the GenBank database. A homology search was
performed using bioinformatics tools available online: BLAST
(www.ncbi.nlm.nih.gov/BLAST). MEGA program (version 5.0)
with the neighbor-joining (NJ) algorithm was used to build
phylogenetic trees based on the ITS sequence.22 The ITS
sequence data for fungal sample were deposited into the Gen-
Bank database.
2.5 Optimization of the conditions for cellulase production

Various factors were investigated in order to optimize the
environmental conditions of cellulase production. The effects
of carbon sources (corn stover, rice straw, wheat bran, CMC-Na,
avicel) at a concentration of 1% (w/w) and nitrogen sources
(peptone, beef extract, yeast extract, NH4NO3, urea) at
a concentration of 0.2% (w/w) on the enzyme activity were
determined on the basis of Hutchinson inorganic salt medium.
Other factors including pH value, inoculum size, incubation
temperature and time were evaluated.
This journal is © The Royal Society of Chemistry 2018
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2.6 Determination of salt-tolerance of the fungi

The capability of the fungi on cellulase production under
different salt concentrations were determined. According to
Wang et al. and Taechapoempol et al.,23,24 a modied method
was used in our work. Based on the optimal conditions for
cellulase production, different NaCl concentrations including
0%, 2.5%, 5.0%, 7.5% and 10.0% (w/v) was added and investi-
gated. FPase, CMCase and b-glucosidase activity were measured
as the method described in 2.3.
2.7 Optimization of the conditions for enzyme activities for
enzymatic hydrolysis

The crude enzyme solution was obtained under the optimal
conditions for cellulase production. The effect of pH value in
the range of pH 3.0–11.0 was estimated, which was prepared by
citrate buffer (pH 3.0–6.0), sodium phosphate buffer (pH 7.0–
8.0) and glycine–NaOH buffer (pH 9.0–11.0). The incubation
temperature (30–80 �C) with 5 �C intervals was studied. The
mixture was cultured for 1 h. FPase, CMCase and b-glucosidase
activities were measured as the method described in 2.3.
2.8 Determination of enzyme activities in the presence of
salt and ionic liquid

The 1-ethyl-3-methylimidazolium acetate ([EMIM]CH3COOH)
was prepared using the published methods in the literature.25

According to Gunny et al.,26 a modied method was used in our
work. To evaluate the stability of cellulase at different salt and
ILs concentrations, the crude enzyme solution was mixed with
citrate buffer at the pH 5.0 with the addition of NaCl or [EMIM]
CH3COOH in the range of 0–15.0% (w/v) and was cultured for
1 h at 60 �C. FPase, CMCase and b-glucosidase activities were
measured as the method described in 2.3.
2.9 Pretreatment of corn stover

The pretreatment of corn stover (1 g) was performed in [EMIM]
CH3COOH (20 g) at 120 �C for 3 h in an 100 mL autoclave. Aer
that, the mixture was cooled to room temperature quickly and
80 mL of acetone/deionized water (1/1, v/v) was added into the
mixture. The resulting solid was ltered and washed with 80 mL
of acetone/deionized water (1/1, v/v), followed by 300 mL of
deionized water in order to remove any residual ionic liquid.
The solid was then dried in a vacuum at 60 �C to give the
cellulose-rich materials. The yield of cellulose-rich materials
was determined as the ratio of the mass of cellulose-rich
materials in the mass of the corn stover that was subjected to
the pretreatment process according to eqn (1), and the yield was
60.23%.

Cellulose - rich materialsð%Þ

¼ cellulose - rich materialsðmgÞ
corn stover subjected to pretreatmentðmgÞ (1)
This journal is © The Royal Society of Chemistry 2018
2.10 Analysis of corn stover aer ILs-pretreatment

According to National Renewable Energy Lab (NREL) method,
300 mg of corn stover that was pretreated by [EMIM]CH3COOH
or corn stover was mixed with 3 mL 72% H2SO4 in a water bath
at 30 �C for 60 min. The mixture was stirred strongly every
10 min. Following that, 84 mL deionized water was added into
the mixture, which is diluted into 4% H2SO4 aqueous solution.
The mixture was put in an autoclave at 121 �C for 60 min. Aer
the mixture was cooled to room temperature, the mixture was
centrifuged. The ltrate was then determined for glucose and
xylose using HPLC analysis. Measure the absorbance of the
sample at 320 nm with 3¼(30 L g�1 cm�1) on a UV-visible
spectrophotometer. The ltered solids were put into a muffle
furnace at 575 �C to give the acid-insoluble lignin and ash. The
content of cellulose and hemicellulose was calculated from
glucose and xylose by conversion factors of 0.90 and 0.88,
respectively.11,27 There are cellulose (30.55%), hemicellulose
(14.40%), lignin (22.47%) and ash (1.3%) in original corn stover.
There are cellulose (33.20%), hemicellulose (20.54%), lignin
(21.98%) and ash (1.0%) in regenerated cellulose-rich materials.

2.11 Enzymatic hydrolysis

50 mg of corn stover that was pretreated by [EMIM]CH3COOH
was mixed with an appropriate amount of the crude enzyme
(0.02 U FPase/mg of substrate) that was ltered through 0.22 mm
lter membrane in a 50 mL Erlenmeyer ask. The total volume
of the reaction mixture was replenished to 20 mL using citrate
buffer (0.05 mol L�1) at pH 5.0. The reaction mixture was
incubated under a rotary shaker at 60 �C for 72 h with 150 rpm.
The commercial cellulase (from Trichoderma reesei ATCC26921)
was used as a positive control. A commercial cellulase reaction
system (enzyme dosage equal to crude enzyme) in 20 mL of
citrate buffer (0.05 mol L�1, pH 4.8) served as a substitute of the
culture supernatants from T. reesei ATCC26921. The enzymatic
hydrolysis was carried out for 72 h at 50 �C with 150 rpm. The
control experiments were carried out under the same condi-
tions using the denatured commercial enzymes or the dena-
tured crude enzyme that was boiled for 30 min. The reducing
sugars were measured by 3,5-dinitrosalicylic acid (DNS) method
as described by Miller.21 The yields of glucose, xylose and
cellobiose were measured by HPLC. The sugar saccharication
rate of 1U FPase was calculated according to eqn (2).

% Saccharifi cation ¼ reducing sugarðmgÞ
cellulose - rich materialsðmgÞ (2)

3. Results and discussion

The detailed schematic representation has been provided as
Fig. 1.

3.1 Isolation and identication of the microbe

Five microbial strains with discoloration zones of Congo-red
were isolated as the positive microbes, indicating their ability
to secrete cellulase. The microbe with a large discoloration zone
RSC Adv., 2018, 8, 30957–30965 | 30959
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Fig. 1 The schematic representation in this study.

Fig. 3 Effects of carbon sources and nitrogen sources on the cellulase
production.
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was selected and determined for its enzyme activities, which
were 0.11 U mL�1 (FPase), 0.21 U mL�1 (CMCase) and 0.43 U
mL�1 (b-glucosidase), respectively.

This fungal strain was determined based on its ITS sequence
of DNA. The obtained nucleotide sequence has been submitted
to NCBI GenBank with under accession no. MH558553. Phylo-
genetic tree was shown in Fig. 1. The ITS sequence of HC6
showed 100% sequence similarity with that of Penicillium oxa-
licum strain 68 (accession no. GU078430). Thus, this fungal
strain was identied as Penicillium oxalicum HC6.

Many strains of Penicillium sp. such as Penicillium janthi-
nellum EMS-UV-8 and Penicillium decumbens JU-A10 were
increasingly being reported to produce cellulase at a commer-
cial level.28,29 13 species of Penicillium sp. exhibiting avicelase
activity among 31 fungal strain were isolated from subtropical
and tropical forests of China.30 The newly isolated P. oxalicum
HC6 has a potential to possess the cellulase production (Fig. 2).
3.2 Optimization of the conditions for the cellulase
production

3.2.1 Effects of carbon and nitrogen sources. Cellulase
production was found to be dependent on the nature of the
Fig. 2 Phylogenetic relationship of fungal strain HC6 based on ITS
sequence.

30960 | RSC Adv., 2018, 8, 30957–30965
carbon source. Among the natural lignocellulosic materials
(corn stover, rice straw, wheat bran) and the commercial poly-
meric materials (CMC-Na, avicel), corn stover was found to be
the most effective carbon source. High enzyme activities of
CMCase and b-glucosidase were obtained at 30 �C and pH 7.2
with peptone and corn stover under 150 rpm with inoculation
size of 1% (v/v) for 5 days. Good FPase activity was observed,
when rice straw was used as the carbon source. Unfortunately,
the enzyme activity was notably lowest when CMC-Na and avicel
were used as the carbon source.

Recently, lignocellulosic biomasses have been studied as
potential substrates for the enzyme production using microor-
ganisms, especially lamentous fungi. Similar results were re-
ported that high amounts were obtained from Penicillium
oxalicum GZ-2 and Penicillium sp. GDX01 from untreated
lignocellulosic materials compared with commercial polymeric
materials.31,32 The chemical composition of lignocellulosic
biomass and the accessibility of various components of corn
stover and rice straw, especially hemicelluloses, improved the
enzyme hydrolysis by P. oxalicum HC6. The use of economical
agricultural wastes instead of expensive cellulose is of the great
interest for industrial application.

Nitrogen source is also one of the crucial factors that affect
microbial metabolism.33 In this work, three nitrogen organic
sources (peptone, beef extract, yeast extract) and two inorganic
nitrogen sources (NH4NO3, urea) were selected for the optimi-
zation of nitrogen sources at 30 �C and pH 7.2 with corn stover
and incubation size of 1% (v/v) under 150 rpm for 5 days. As
shown in Fig. 3b, urea was the most effective nitrogen source for
CMCase production of P. oxalicum HC6. High production of
FPase and b-glucosidase were obtained, when peptone was
employed as the nitrogen source.

Variation in the nitrogen source can affect the metabolic
processes of the microbes signicantly to produce different
cellulase production. Previous studies have shown that organic
nitrogen sources can induce cellulase secretion better than
inorganic nitrogen sources.34,35 Peptone was the suitable
organic nitrogen source for most cellulases for P. oxalicumHC6.

3.2.2 Effects of pH, inoculum size, temperature and incu-
bation time. Initial pH analysis of P. oxalicum HC6 was carried
out at 30 �C with inoculation size of 1% (v/v) for 5 days. As
shown in Fig. 4a, both FPase and CMCase showed good stability
in the range of pH 3.0–11.0 and the optimal pH of P. oxalicum
HC6 appeared at pH 5.0 and pH 4.0, respectively. b-glucosidase
activity was increased from pH 3.0 to pH 4.0 and the optimal pH
showed at pH 4.0.
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Effects of pH (a), inoculation size (b), temperature (c) and
incubation time (d) on the cellulase production.

Fig. 5 The analysis of salt tolerance of P. oxalicum HC6 for cellulase
production.
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Many enzyme systems and the transport of several enzyme
species across the cell membrane are inuenced by the initial
pH of medium.36 Moreover, the synthesis and expression of
certain genes, and the microbial metabolic activities, are
inuenced by the internal pH, in response to that of the external
environment.37 The preference for acidic pH for cellulase
producing microbes has been reported for ascomycetes fungi
e.g. T. reesei,38 Talaromyces verruculosus,39 and Chaetomium glo-
bosum.40 It was reported that good CMCase activity was observed
with Penicillium funiculosum (pH 4.82), Penicillium citrinum (pH
5.5), Penicillium chrysogenum (pH 5.0), and Aspergillus niger (pH
5.0).41–44 As reported, lamentous fungi have reasonably good
growth over a broad range of pH 2–9, with an optimal range of
3.8 to 6.0.45 Each microorganism possesses a pH range for its
growth and activity with an optimum value within the range.
The acidic pH 4 was favorable for the P. oxalicum HC6.

The investigation of inoculation size was performed at 30 �C
and pH 4.0 for 5 days and the result was shown in Fig. 4b. The
enzyme production was increased with the inoculation size
from 1% to 2% and reduced from 2% to 3%, which was then
stable from 3% to 5%. Good CMCase, FPase and b-glucosidase
activities were obtained with the inoculation size of 2%. Lower
inoculation size requires longer time for fungal multiplication
and substrate utilization, whereas higher inoculation size
increases the spore density as well as the water content in the
medium causing hindrance in oxygen penetration resulting in
the inhibited fungal growth and enzyme production.46 A
balance between nutrients and growing microbes is necessary
for optimum enzyme production.

As presented in Fig. 3c, the maximum CMCase and b-
glucosidase activities were found at 30 �C with inoculation size
of 2% at pH 4.0 for 5 days. Good FPase activity was obtained
when the fermentation temperature was 25 �C. When the
temperature was increased more than 30 �C, the enzyme activ-
ities were reduced signicantly. At high temperature, a lower
amount of enzyme will be formed due to the thermal denatur-
ation of the metabolic pathway of enzymes.47 However, at low
temperature, metabolic activities of microorganisms slow down
resulting in low enzyme yield.48

The effect of fermentation time on the cellulase production
of P. oxalicum HC6 was illustrated in Fig. 4d. As the
This journal is © The Royal Society of Chemistry 2018
fermentation time was increased from 2 days to 8 days, nutri-
ents were efficiently used by microbes that resulted in high
enzyme production. Aer 8 days, the enzyme yield was reduced
due to the depletion of nutrients. In addition, higher b-
glucosidase/FPase ratio has been previously reported to
reduce enzyme inhibition due to lesser cellobiose accumulation
during hydrolysis.49,50 Therefore, the crude enzyme from P.
oxalicum HC6 with high b-glucosidase/FPase ratio possibly help
to decrease enzyme inhibition and to improve glucose produc-
tion instead of cellobiose.

Based on the optimum conditions for cellulase production of
P. oxalicum HC6, the activities of FPase, CMCase and b-gluco-
sidase were 0.20 U mL�1, 0.63 U mL�1, 1.55 U mL�1, when cron
stover and peptone were used as the carbon source and nitrogen
source, at pH 4.0 and 30 �C with inoculation size of 2% for 8
days.

3.3 Analysis of salt tolerant capability of P. oxalicum HC6

The salt tolerance of P. oxalicum HC6 was determined by
selecting different NaCl concentrations of 0–10.0% (w/v). The
results were shown in Fig. 5. It was obvious that the activities of
CMCase and b-glucosidase of P. oxalicum HC6 were increased
with an increase of NaCl concentration in the range of 0–5.0%.
High activities of CMCase and b-glucosidase were observed at
0.73 U mL�1 and 1.83 U mL�1 with 5.0% NaCl, respectively,
which were increased to 115.87% and 118.06% compared with
the enzyme activities in the absence of NaCl. The results showed
that CMCase and b-glucosidase could be promoted at an
appropriate NaCl concentration. However, FPase activity was
inhibited at the presence of NaCl. Smolyanyuk et al. described
that salt tolerant fungi could grow at the salt concentration of
more than 0.5 mol L�1.51 P. oxalicumHC6 with the salt tolerance
of more than 0.7 mol L�1 in this study has an effective salt
tolerance capability with high cellulase activity.

3.4 Optimization of the conditions for enzyme activities for
enzymatic hydrolysis

The study for enzyme activities for enzymatic hydrolysis under
different pH was carried out at 50 �C (Fig. 6a). CMCase and b-
glucosidase showed good activities over a broad acidic pH range
of 3.0–6.0. The optimal pH was obtained at pH 4.0 for CMCase
(0.65 UmL�1) and pH 5.0 for b-glucosidase (1.67 UmL�1). It was
RSC Adv., 2018, 8, 30957–30965 | 30961
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Fig. 6 The enzyme activities of P. oxalicumHC6 at different pH (a) and
temperature (b).

Fig. 7 The enzyme activity of P. oxalicum HC6 under different salt
concentrations.
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reported that the highest activity for CMCase of Penicillium sp.
was 0.409 U mL�1 at the optimal pH 4.2 and highest activity of
b-glucosidase was 0.038 U mL�1 at pH 6.0.52 The degradation of
lignocellulose requires the cooperation of several cellulases and
their synergistic effect. Considering this, pH 5.0 was selected for
the following studies.

In addition, the thermostable cellulase is an ideal candidate
for bioprocessing industry, as a relatively high temperature is
favorable for the solubility of the substrate and the efficiency of
the enzymatic hydrolysis.53 High temperature could also reduce
the risk of contamination by undesirable microorganisms.54

Castro et al. reported an optimum temperature of 60 �C for both
endoglucanase and b-glucosidase activities with Penicillium
funiculosum ATCC 11797.55

Generally, thermophilic microorganisms having growth
temperature ranges from 50 to 80 �C are potential candidates to
produce highly thermostable cellulase. Interestingly, several
mesophilic microorganisms were reported to produce
a considerable thermostable cellulases.56 In this study, although
the high enzyme production of P. oxalicum HC6 were obtained
at 30 �C, CMCase and b-glucosidase reached their maximum
activities at 60 �C, which were 0.71 U mL�1 and 7.44 U mL�1,
respectively. It is worth to note that when the temperature was
increased to 60 �C, the activities of b-glucosidase and CMCase
were increased to 445.51% and 129.09%, respectively. The
cellulase of P. oxalicum HC6 with high pH and thermal stability
has great potential for the industrial application.
Fig. 8 The enzyme activity of P. oxalicum HC6 under different [EMIM]
CH3COOH concentrations.
3.5 Stability of enzyme activity of P. oxalicum HC6 under
NaCl and ILs

As reported, the endoglucanase from Bacillus agaradhaerens
JAM-KU023 was a salt-activated endoglucanase by adding 0.2–
2.0 mol L�1 NaCl.57 The cellulase from Aspergillus terreus
UniMAP AA-6, was reported to be stable under NaCl and [EMIM]
CH3COOH solution. The highest FPase activity of A. terreus
UniMAP AA-6 was 0.0625 U mL�1 in the presence of 7.70% NaCl
(w/v).58

The crude enzyme of P. oxalicum HC6 in this work was
determined under different NaCl solution (0–15.0%, w/v) at
60 �C with initial pH 5.0 for 1 h. Every enzyme activity (FPase,
CMCase and b-glucosidase) was considered as 100% at NaCl
concentration of 0%. As shown in Fig. 7, b-glucosidase activity
was increased as NaCl concentration was increased from 0% to
2.5%. The optimal b-glucosidase activity reached 8.00 U mL�1,
corresponding to 107.53% of the enzyme activity. At a higher
NaCl solution of 15.0%, b-glucosidase activity still remained
4.47 U mL�1, corresponding to 60% of the enzyme activity. The
30962 | RSC Adv., 2018, 8, 30957–30965
optimal CMCase activity was achieved at 0.79 U mL�1, corre-
sponding to 111.27% of the enzyme activity. At a higher NaCl
solution of 15.0%, CMCase activity still remained 0.50 U mL�1,
corresponding to 70.42% of the enzyme activity.

It was described that the excess acidic amino acids on the
cellulases could provide a negatively charge on its surface. The
negative charges keep the protein soluble in a high salt solution
either by forming a hydrated ion network with cations or by
inhibiting the formation of protein aggregation through elec-
trostatic repulsive charges at the protein surface.59

The crude enzyme from P. oxalicum HC6 was further incu-
bated in [EMIM]CH3COOH with different concentrations. The
result was shown in Fig. 8. Every enzyme activity (CMCase,
FPase and b-glucosidase) was considered as 100% at ILs
concentration of 0%. It was found that CMCase and b-glucosi-
dase showed good stability under the ILs concentration of 0–
2.5% (w/v), which maintained almost 100% of the enzyme
activity. However, b-glucosidase activity was reduced from
100.02% to 25.67%, when the concentration of ILs was
increased from 2.5% to 10.0%. CMCase activity was reduced
from 100% to 26.76%, when the concentration of ILs was
increased from 2.5% to 10.0%. A relatively lower stability was
observed for FPase in the presence of [EMIM]CH3COOH.

ILs as effective pretreated method for lignocelluloses was
reported widely. However, numbers of extensive washing with
water aer ILs-pretreatment were required, because the
commercial fungal cellulases were inhibited by some ILs,60,61

which increased the production cost. In order to decrease the
number of washing steps and increase the yields of sugars, it is
necessary to identify ILs-tolerant enzymes for enzymatic
hydrolysis of the regenerated cellulose in the presence of ILs.
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 SEM analysis of untreated (a) corn stover, (b) corn stover pre-
treated by [EMIM]CH3COOH, (c) cellulose-richmaterials treated by the
crude of P. oxalicum HC6, (d) cellulose-rich materials treated by the
commercial cellulose.
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The cellulase from P. oxalicum HC6 in this work was potentially
ILs-tolerant enzymes for further application.

It has been suggested that ILs inhibit enzymatic activity by
disrupting hydrogen bonding and hydrophobic interactions
and depriving the water hydration shell of the protein.62,63 This
is similar to the denaturing effect caused by salt on mesophilic
proteins. High ionic strength could be the possible reason for
both salt and ILs that caused the denaturing effect of enzymes.
3.6 Analysis of scanning electron microscopy

The structural changes in morphology of the corn stover that
was pretreated by [EMIM]CH3COOH and the following crude
enzyme of P. oxalicum HC6 were investigated. SEM images were
taken on a Hitachi S–3400N microscope. The original corn
stover showed the compact ordered and rigid structures
(Fig. 9a). The signicant morphological modication was
observed aer [EMIM]CH3COOH-pretreatment, which was
loose and less compact (Fig. 9b). Aer the treatment by the
crude enzyme (Fig. 9c) and the enzyme from T. reesei
ATCC26921 (Fig. 9d), the surface of the residue become more
loose and porous. The alteration of morphology indicated the
disruption of linkages in lignocellulose, providing a more
accessible surface to cellulase, leading to enhanced enzymatic
digestibility.
3.7 Enzymatic saccharication of the crude enzyme of P.
oxalicum HC6

FPase activity was added as 1 U for both the commercial enzyme
and the crude enzyme of P. oxalicum HC6. Aer enzymatic
hydrolysis, a high yield of reducing sugar (12.29 mg) was ob-
tained aer the saccharication by the crude enzyme of P.
oxalicumHC6. The total saccharication degree of cellulose-rich
materials was up to 24.58%. Sugars were determined by HPLC
(Agilent 1200 Series, USA) analysis. There are 8.93 mg of glucose
and 1.64 mg of xylose. In addition, a good yield of reducing
This journal is © The Royal Society of Chemistry 2018
sugar (10.70 mg) was obtained aer the saccharication by the
commercial cellulase and the total saccharication degree was
up to 21.40%. 3.46 mg of glucose, 1.73 mg of xylose and 5.05 mg
of cellobiose were achieved. No signicant difference was
observed between P. oxalicum HC6 and commercial cellulase
with the same FPase activity.

Specically, higher yield of glucose was obtained, but no
cellobiose was observed for the treatment by the crude enzyme
of P. oxalicum HC6 compared with the commercial cellulase T.
reesei ATCC26921, because of the capability of P. oxalicum HC6
to produce a high b-glucosidase activity. An optimal ratio of b-
glucosidase/FPase is critical. Although Trichoderma sp. has
been reported to produce good quantities of cellulolytic
enzymes, it possess low b-glucosidase activity, which reduce the
hydrolysis rate of lignocellulose to glucose.10 Moreover, the lack
of b-glucosidase activity of T. reesei cellulase could result in
inhibition of the cellulase by accumulated cellobiose in the
reaction.64 As a result, the addition of external b-glucosidase
enzymes from different microbial origins was always required.
Penicillium sp. have the ability to produce complete enzyme
mixture with a better b-glucosidase/FPase ratio than Tricho-
derma sp.65

It was reported that the crude enzyme from Penicillium
citrinum CBMAI 1186, Aspergillus sydowii CBMAI 934, Asper-
gillus sydowii CBMAI 935 and Mucor racemosus CBMAI 847d
produced 19%, 19%, 78% and 24% of the saccharication with
the addition of FPase (1 U mL�1) for sugarcane bagasse aer
the alkaline treatment.66 The crude enzyme from Geobacillus
stearothermophilus resulted in 71.03% of the saccharication
with the addition of FPase (30 U mL�1) for the date palm
wastes aer the alkaline treatment.67 P. oxalicum HC6 in this
study has a potential for its application in enzymatic
saccharication.

4. Conclusions

In this study, a fungal strain was newly isolated and identied
as Penicillium oxalicum HC6. Under the optimal conditions
using corn stover and peptone as the carbon source and
nitrogen source at pH 4.0 and 30 �C with inoculation size of 2%
(v/v) for 8 days, a relatively high production of FPase, CMCase
and b-glucosidase were obtained as 0.20 U mL�1, 0.63 U mL�1

and 1.55 U mL�1, respectively. It was found that the enzyme
production of CMCase and b-glucosidase was increased to 0.73
U mL�1 and 1.83 U mL�1 at the presence of NaCl (5.0%, w/v).
Good activities of FPase, CMCase and b-glucosidase were
observed at 0.20 U mL�1, 0.71 U mL�1 and 7.44 U mL�1 at the
optimal pH 5.0 and the optimal temperature of 60 �C. The
enzyme activity was stable in the presence of salt and ILs.
Hydrolytic efficiency of Penicillium oxalicum HC6 was compa-
rable to the commercial cellulase preparation, which indicated
its great potential for its application in the conversion of
lignocelluloses to biofuels.
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