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a b s t r a c t
Background: Cellulolytic enzymes of microbial origin have great industrial importance because of their wide
application in various industrial sectors. Fungi are considered the most efﬁcient producers of these enzymes.
Bioprospecting survey to identify fungal sources of biomass-hydrolyzing enzymes from a high-diversity
environment is an important approach to discover interesting strains for bioprocess uses. In this study, we
evaluated the production of endoglucanase (CMCase) and β-glucosidase, enzymes from the lignocellulolytic
complex, produced by a native fungus. Penicillium sp. LMI01 was isolated from decaying plant material in the
Amazon region, and its performance was compared with that of the standard isolate Trichoderma reesei
QM9414 under submerged fermentation conditions.
Results: The effectiveness of LMI01 was similar to that of QM9414 in volumetric enzyme activity (U/mL); however,
the speciﬁc enzyme activity (U/mg) of the former was higher, corresponding to 24.170 U/mg of CMCase and
1.345 U/mg of β-glucosidase. The enzymes produced by LMI01 had the following physicochemical properties:
CMCase activity was optimal at pH 4.2 and the β-glucosidase activity was optimal at pH 6.0. Both CMCase and
β-glucosidase had an optimum temperature at 60°C and were thermostable between 50 and 60°C. The
electrophoretic proﬁle of the proteins secreted by LMI01 indicated that this isolate produced at least two
enzymes with CMCase activity, with approximate molecular masses of 50 and 35 kDa, and β-glucosidases with
molecular masses between 70 and 100 kDa.
Conclusions: The effectiveness and characteristics of these enzymes indicate that LMI01 can be an alternative for
the hydrolysis of lignocellulosic materials and should be tested in commercial formulations.
© 2017 Pontiﬁcia Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V. All rights reserved.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Cellulases are enzymes capable of acting on cellulosic materials,
promoting hydrolysis. Cellulolytic enzymes in general have been
studied since the second world war, when American soldiers were
stationed in the South Paciﬁc realized the deterioration of their
objects' cotton base, and later, as a result of various studies led by Dr.
Reesei, a yeast strain identiﬁed as Trichoderma viride was isolated and
was determined be the responsible agent for degrading cellulose
materials [1]. Scientiﬁc research in cellulase has increased, and much
of it involves prospecting microorganisms and genetic improvement
of cellulolytic species for production. Moreover, the characterization of
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enzyme complexes has a special emphasis because of its industrial
potential [2].
According to the nomenclature of enzymes (Enzyme Commission
numbers), cellulases are classiﬁed under glycoside hydrolases (EC
3.2.1.). Following the nomenclature of the International Union of
Biochemistry and Molecular Biology Committee (NC-IUBMB), these
enzymes are highly speciﬁc biocatalysts and work synergistically to
release sugars. Glucose is of greater industrial interest because of its
potential for conversion into ethanol [3,4,5]. Cellulases are enzyme
complexes that are classiﬁed according to the site of hydrolysis of the
cellulose ﬁber. For example, endoglucanase hydrolyzes cellulose in
amorphous regions (i.e., accessible regions in the cellulosic ﬁber);
exoglucanase hydrolyzes the reducing end of the ﬁbers; and
β-glucosidase completes the cellulose hydrolysis and releases glucose
from cellobiose, cellodextrins, and other oligosaccharides [1,3].
Various microorganisms, including fungi and bacteria, produce a
complex of cellulolytic enzymes. Fungi are considered the most
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efﬁcient producers of these enzymes. They naturally produce cellulases
and other accessory proteins, including oxidoreductases, which are
required for the complete sacchariﬁcation of lignocellulose [6,7]. The
ﬁrst fungal species described that produced cellulase was Trichoderma
reesei, which is the most well-studied fungus to date. However, other
species (particularly ﬁlamentous fungi) have been reported as
alternative enzyme sources. Among these fungi are the genera
Aspergillus, Penicillium, and Trichoderma. Various Penicillium spp.
isolates have been investigated for their efﬁciency of cellulase
production, similar or superior to that of standard lineages (i.e., T.
reesei). In addition, the possibility of producing enzymes under aerobic
and extracellular conditions and in large quantities makes fungal
cellulases the preferred enzymes in the industry [8,9,10,11].
The main industrial sectors using cellulases are the textile, industrial
food, detergent, cellulose pulp and paper, agriculture, livestock, and
bioconversion sectors. In these industrial processes, enzymes can be
exposed to extreme pH and temperature conditions [12]. Acid cellulose
is more adequate to degrade feedstock cellulose in the bioconversion
industry, where biomass undergoes acid pre-treatment. The ability to
work in an acidic pH environment is also a requirement for enzymes
used in the textile industry in the ﬁnishing step where they act on
cellulolytic ﬁbers [13,14]. Moreover, alkaline and halophilic enzymes
are mainly used in detergents [15,16]. The widespread use of
cellulolytic enzymes and the increased need to replace fossil fuels
probably will make cellulases very valuable enzymes. It is true if
ethanol, butanol, or any other product derived from fermentation
becomes a mainstream fuel [11,17,18].
Enzyme hydrolysis is an essential component in the process of
obtaining ethanol from biomass, and its viability is associated with
high conversion efﬁciency at low production costs. High speciﬁcity, low
inhibition by its hydrolysis products, and high stability are some of the
desirable characteristics for an enzyme to be considered commercially
viable [2,19]. The interests and prospection for cellulolytic enzymes has
been growing steadily. This is true for industrial sacchariﬁcation
processes for ethanol production. The optimization of polysaccharide
biomass conversion into fermentable sugars involves the use of
enzyme cocktails that allow greater proﬁtability [20]. Within this
scenario, the species of ﬁlamentous fungus genus Penicillium stand out
as great producers of cellulases and are targeted for their enzymes,
which are part of the efﬁcient enzyme blends [11].
Penicillium citrinum is abundantly found in the soil, being more
common in tropical regions. It has been isolated from the roots, stems,
and leaves of coffee plants, cereals, and tropical spices [21,22].
Approximately 75% of the Amazon region has low pH soils [23]. Thus,
the aim of this study was to investigate the production and
physicochemical characteristics of two important cellulolytic enzymes
involved in the hydrolysis of cellulose [endoglucanase (CMCase) and
β-glucosidase] obtained from Penicillium sp. LMI01, which was isolated
from decaying plant material in the Amazon region. The properties of
CMCase and β-glucosidase produced by the LMI01 isolate were partially
characterized, including the optimum pH range, optimum temperature,
and thermostability. Furthermore, the proteins secreted by this fungal
species were characterized, which allowed the estimation of the
molecular masses of these two enzymes.
2. Materials and methods
2.1. Isolation and identiﬁcation of the LMI01 lineage
The ﬁlamentous fungus Penicillium sp. LMI01 was isolated from
decaying plant material in the soil from Presidente Figueiredo,
Amazonas, Brazil (latitude 01°96′04″S and longitude 60°14′37″W).
The fungus was identiﬁed morphologically by using traditional
methods [24,25,26]. The isolate was preserved following the method
proposed by Castellani [27] and reactivated in potato dextrose agar
(PDA). For molecular identiﬁcation, isolate LMI01 was cultured in
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Czapek-Dox liquid medium, and total DNA was extracted using a
Fungi/Yeast Genomic DNA Isolation Kit (NorgenBiotek Corporation,
Canada) according to the manufacturer's instructions.
The internal transcribed spacer (ITS) region was ampliﬁed by
polymerase chain reaction (PCR) using the ITS1 [28] and UniR primers
[29]. The reaction mixture included 0.2 mM of each dNTP, 1x PCR
buffer, 1.5 mM MgCl2, 0.5 μM of each primer, and 1 U of Taq
polymerase (Promega) in a ﬁnal volume of 25 μL. The amplicons were
puriﬁed using a Wizard® SV Gel and PCR Clean-up System Kit
(Promega) and quantitated in a NanoDrop® (Thermo Scientiﬁc). rDNA
was sequenced using a BigDye® Terminator V.3.1 Cycle Sequencing Kit
(Life Technologies) according to the manufacturer's protocol. The
sequences were assembled using SeqManPro™v(DNAStar®). The
sequences were obtained (DNAStar), and the consensus contig was
deposited in the National Center for Biotechnology Information (NCBI)
under GenBank accession no. KU686951. The contigs were searched in
NCBI GenBank (https://www.ncbi.nlm.nih.gov/) from the CBS Fungal
Biodiversity Centre (http://www.westerdijkinstitute.nl/), which is a
database of homologous sequences of closely related species.
2.2. Cellulase production under submerged fermentation
For cellulase production, 1 mL of spore suspension (6.0 × 106
spores/mL) were used to inoculate 500 mL of Mandels and Weber
medium [30], modiﬁed as described by Szijàrtó et al. [31]., in 2-L
conical ﬂasks. The fermentation medium was composed of (NH4)2SO4
(5.6 g/L), KH2PO4 (4.0 g/L), CaCl2.2H2O (0.8 g/L), MgSO4.7H2O
(0.6 g/L), peptone (1.8 g/L), yeast extract (0.5 g/L), FeSO4.7H2O
(10.0 mg/L), MnSO4.4H2O (3.2 mg/L), ZnSO4.7H2O (2.8 mg/L), and
CoCl2.6H2O (40.0 mg/L) and contained 7.5 g/L of carboxymethyl
cellulose (CMC) as the carbon source. The ﬂasks were incubated in
triplicate at 30°C for 216 h under constant stirring at 150 rpm. At 24-h
intervals, 10-mL aliquots were collected and immediately centrifuged
(Centrifuge 5810 R, Eppendorf) for 5 min at 3220 × g and 4°C to
remove CMC residues and cells. The supernatant (crude enzyme
extract) was stored at 4°C until subsequent analysis. Because T. reesei
is commonly used for the production of cellulolytic enzymes [7,32,33,
34], T. reesei isolate QM9414 (CCT 2768), which was obtained from
the Tropical Culture Collection of the André Tosselo Foundation
(Campinas, São Paulo, Brazil), was used as the control for enzyme
production. T. reesei QM9414 was cultured under the same conditions
as Penicillium sp. LMI01.
2.3. Quantiﬁcation of enzyme activity and total proteins
Enzyme activity was quantitated using the standard method for
cellulase established by the International Union of Pure and Applied
Chemistry (IUPAC) [35]. The CMC substrate was used for the
quantiﬁcation of endoglucanase (CMCase) activity, and the cellobiose
substrate was used for the quantiﬁcation of β-glucosidase activity. Both
substrates were previously diluted in 50-mM citrate buffer (pH 4.8). At
least ﬁve dilutions were used in each assay, and the enzyme reactions
were carried out at 50°C for 30 min. Critical dilutions were determined
by plotting two dilutions that yielded an amount of glucose higher and
lower than the absolute amount of glucose (0.5 mg for CMCase activity
and 1 mg for β-glucosidase activity) to graphically represent the
amount of glucose released (mg/mL) as a function of the concentration
of the diluted crude enzyme extract [35,36]. The enzyme activity was
measured as activity units (U), where one unit of activity was deﬁned
as the amount of enzyme capable of producing 1 μmol of reducing
sugar per min [35]. The total protein content of the crude enzyme
extract was quantitated using the Bradford method [37], and the
protein concentration was determined using a linear equation
previously obtained using a standard solution of bovine serum albumin.
To evaluate total cellulase activity, samples were collected from 72 to
216 h (high activity of CMCase and β-glucosidase). Samples were
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pooled and submitted to FPase assay (based on ﬁlter paper unit, FPU)
according to Ghose [35] (Whatman ﬁlter No. 1, 1.0 × 6.0 cm, ~50 mg).
All assays were performed in triplicate.
2.4. Effect of pH, temperature, and thermal stability
The pH range for the optimum activity of CMCase and β-glucosidase
from Penicillium sp. LMI01 was determined by measuring the enzyme
activity in the crude extract diluted in citrate–phosphate buffer (1:1)
[38] prepared at different pH values (2.6, 3.0, 3.6, 4.2, 4.6, 5.0, 5.4, 6.0,
7.0, and 8.0). The effect of temperature on the enzyme activity was
assessed by performing enzyme assays at different temperatures (20–
80°C) at 10°C intervals using the crude enzyme extract diluted in
citrate–phosphate buffer in the optimum pH range established
previously. The thermal stability of the enzyme activity was assessed
by pre-incubating the crude enzyme extract for 60 min at the
temperature that yielded the optimum activity; aliquots were
collected every 15 min and assayed with their respective substrates
using time zero as the control activity. The residual activity was
expressed as a percentage of the control activity.
2.5. Precipitation with ammonium sulfate and fractionation of the crude
Penicillium sp. LMI01 extract
The crude enzyme extracts with higher enzyme activity were pooled
and precipitated using ammonium sulfate in a saturation range from 0
to 80% [39] and solubilized in 2.5 mL of 50-mM citrate buffer (pH 4.8).
A 0.5-mL volume of the resuspended material was injected into a
Superdex 75 10/300 GL gel ﬁltration column (volume 1.5 mL) coupled
to an AKTA Puriﬁer System (GE Healthcare). Elution was performed at
a ﬂow rate of 0.5 mL/min, and 1.0-mL fractions were collected. Citrate
buffer (50 mM, pH 4.8) was used to equilibrate the column and elute
the fractions. The total protein of each eluted fraction was quantitated
using the Bradford method, and the CMCase and β-glucosidase
activities were assayed in the fractions in which proteins were
detected (μg/mL). Fractions with enzyme activity were further
analyzed.

One-way analysis of variance (ANOVA) was used to determine the
optimal period of enzyme production, and a t-test was used to
compare enzyme activity between Penicillium sp. LMI01 and T. reesei
QM9414. One-way ANOVA with Tukey's test was used to determine
the optimum pH, and two-way ANOVA was used to determine the
optimum temperature at each pH. The level of signiﬁcance adopted
was 5%. Descriptive statistics were determined for all sample
replicates to calculate the mean and standard deviation.
3. Results and discussion
3.1. Morphological and molecular identiﬁcation of LMI01
The LMI01 isolate was evaluated for 14 d on PDA. This culture grew
rapidly and presented radially grooved colonies with white mycelia in
the peripheral area, a grayish-green center, and a yellow reverse
colony color. The morphology was analyzed using a microculture slide
and visualized under a Nikon Eclipse Ni Light microscope (Nikon,
Japan). This isolate showed smooth-walled spherical conidia,
ampulliform phialides, and divergent metulae that formed
interspersed metulae of uniform size. These characteristics allowed
the isolate LMI01 to be classiﬁed as belonging to the genus Penicillium.
The ITS sequence of LMI01 deposited in NCBI under GenBank
accession No. KU686951 showed 100% similarity with the sequence
from Penicillium citrinum isolate NRRL 1841 (GenBank accession No.
AF033422.1). The genus Penicillium comprises a group of fungi that
are commonly found in soil as decomposers of various types of
organic plant materials [44]. The species P. citrinum is the most
common in tropical soils and is less frequent in temperate soils [22].
Several species of Penicillium are efﬁcient producers of cellulases [9,10,
45]. Penicillium sp. LMI01 is a new isolate, and therefore, a promising
candidate for the optimization of the production of enzymes used in
biocatalysis-dependent processes.
3.2. Quantiﬁcation of the total soluble protein in the crude extract

The crude extract fractions, fractions obtained by precipitation with
ammonium sulfate, and fractions obtained by gel ﬁltration were ﬁrst
concentrated 10 × using a SpeedVac™ vacuum concentrator.
Subsequently, 10 μL of each fraction was mixed with 5 μL of 5× loading
buffer (without β-mercaptoethanol) and incubated at 100°C for 5 min.
The proteins were separated on SDS-PAGE gel and an activity gel
containing 1.5% CMC (zymogram). The molecular weight standard
used was the Spectra™ Multicolor Broad Range Protein Ladder
(Thermo Scientiﬁc), which contained pre-stained proteins in the size
range of 10–260 kDa. Both electrophoreses were performed in
Tris-glycine buffer at 50 mA and 200 W [40] for approximately 90 min.
After electrophoresis, the SDS-PAGE gel was stained with Coomassie
Brilliant Blue R-250 and then destained overnight using a distaining
solution containing 50% methanol and 12% acetic acid for visualization
of the protein bands. The zymography gel was incubated in 1% Triton
X-100 buffer (v/v) under gentle stirring for 1 h to remove the SDS,
washed three times with distilled water, incubated in reaction buffer
(50 mM sodium citrate, pH 4.8) for 2 h, stained with Congo red (0.1%)
under agitation for 20 min, and successively washed with 1-M NaCl
solution until the bands were visible [41,42,43].

The total soluble protein content (mg/mL) of Penicillium sp. LMI01
was lower than that of T. reesei QM9414 during all periods of
submerged fermentation (Fig. 1). The highest protein concentration
obtained was 0.057 mg/mL for T. reesei QM9414 and 0.044 mg/mL for
Penicillium sp. LMI01 in 168 h (P = 0.003). Trichoderma spp. are
known to naturally produce large amounts of extracellular proteins
[46] compared with Penicillium spp. The protein concentration in a
commercial enzyme preparation of T. reesei (60.04 mg/mL) was much
higher than the protein concentration found in the concentrated
enzyme extract of Penicillium echinulatum (0.149 mg/mL) [34].
Similarly, the protein content of Trichoderma harzianum (96.4 mg/mL)
was much higher than that of Penicillium funiculosum (2.6 mg/mL) [47].
In contrast, Penicillium spp. have high cellulase activity and low
concentrations of other extracellular proteins when cultured on
cellulose [48]. Additionally, higher protein levels in Penicillium spp.
often occur during later periods of submerged fermentation, which
coincides with reduction in the mycelial mass and/or increased
β-glucosidase activity. This ﬁnding suggests that the low abundance or
absent proteins in the ﬁrst hours of fermentation are derived from
mycelial degradation and extracellular secretion of β-glucosidase [49].
In the present study, the protein content (mg/mL) in the crude
enzyme extract of Penicillium sp. LMI01 increased during the same
period in which the highest β-glucosidase activity was observed (i.e.,
between 168 and 192 h of submerged fermentation).

2.7. Statistical analysis

3.3. Volumetric and speciﬁc enzyme activity

Data were analyzed using BioEstat® version 5.3 software (Mamirauá
Sustainable Development Institute, Amazonas, Brazil — http://www.
mamiraua.org.br) and plotted using the ORIGIN© version 2016 tool.

Penicillium sp. LMI01 showed a peak in the volumetric endoglucanase
(CMCase) activity at 72 h (0.60 U/mL). This result was similar to that
observed for T. reesei QM9414 but with a slightly higher activity value

2.6. Electrophoresis and zymography of CMCase

P.S. Santa-Rosa et al. / Electronic Journal of Biotechnology 31 (2018) 84–92

87

Penicillium sp. LMI01
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Fig. 1. Total protein proﬁle in the culture supernatant (crude extract) of Penicillium sp. LMI01 under submerged fermentation for 216 h. The values represent the means and standard
deviations (N = 3). (*) Signiﬁcant differences in the protein concentrations (mg/mL) between isolate LMI01 and T. reesei QM9414 (P b 0.05).

(0.86 U/mL). For both species, the volumetric enzyme activity decreased
at 96 h. After 120 to 216 h of fermentation, there was no signiﬁcant
difference in the volumetric CMCase activity between the two species
(Student's t-test, P N 0.05), whereas the enzyme activities were
signiﬁcantly different at 48, 72, and 96 h (P = 0.0017, P = 0.0529, and
P = 0.0093, respectively). The result demonstrates that volumetric
enzymatic activity (U/mL) of Penicillium sp. LMI01 was lower than
commercial standard T. reesei QM9414 activity (Table 1 and Table 2).
The peak of volumetric CMCase activity at 72 h was followed by lower
activity at 96 h of submerged fermentation, which conﬁrmed the result
observed for Penicillium echinulatum 9A02S1 in CMC medium [48].
Moreover, CMCase activity (U/mL) in Penicillium sp. was previously
detected after 72 h of fermentation in liquid medium containing
sugarcane bagasse as the cellulosic material [50].
The speciﬁc enzyme activity is the volumetric activity (U/mL) in
relation to the total protein concentration (mg/mL) and is expressed in
U/mg. The kinetic proﬁle of Penicillium sp. LMI01 endoglucanase
(CMCase) under submerged fermentation for 216 h showed a peak at
72 h, followed by decrease at 96 and 120 h, having another peak at
144 h (Fig. 2a).The speciﬁc CMCase activity of Penicillium sp. LMI01
was higher than that of T. reesei QM9414 (Table 1 and Table 2),
corresponding to 24.1 and 24.17 U/mg for Penicillium sp. LMI01 and

17.5 and 13.2 U/mg for T. reesei QM9414 at 72 h and 144 h,
respectively. Volumetric β-glucosidase activity was higher in
Penicillium sp. LMI01 crude extract than in T. reesei QM9414 extract
during almost all fermentation periods. At 168 h, the activity of
Penicillium sp. LMI01 crude enzyme extract was 0.048 U/mL and
reached 0.058 U/mL at 216 h, whereas the activity of T. reesei QM9414
crude extract was 0.013 and 0.019 U/mL during the same periods (P =
0.0001), respectively. The volumetric activity levels in Penicillium sp.
LMI01 were similar to that of T. reesei QM9414 only at 24, 48, and 72 h
and reached 0.013 and 0.012 U/mL at 72 h, respectively (P N 0.05). In
this respect, several studies reported higher β-glucosidase activity
during the later fermentation periods of ﬁlamentous fungi. For
example, P. echinulatum activity levels were higher between 96 and
132 h of fermentation [48], whereas the highest activity in Penicillium
sp. and Aspergillus sydowii occurred after 120 h of fermentation [50,51].
The kinetic proﬁle of Penicillium sp. LMI01 β-glucosidase increased
along the entire submerged fermentation. At 96 h, this activity was
0.817 U/mg in Penicillium sp. LMI01 and 0.185 U/mg in T. reesei. The
speciﬁc β-glucosidase activity was higher in Penicillium sp. LMI01 crude
extract than in T. reesei QM9414 extract (Table 1 and Table 2). The
highest β-glucosidase activity was observed at 216 h, corresponding to
1.345 and 0.342 U/mg in Penicillium sp. LMI01 and T. reesei QM9414,

Table 1
Cellulase activity of Penicillium sp. LMI01 during periods with higher activitya.

Table 2
Cellulase activity of T. reesei QM9414 during periods with higher activitya.

Enzymatic

Fermentation

Total proteins

Activityb

time (h)c

(mg/mL)d

FPase
CMCase

pooled extracts
72
120
144
216
96
192
216

0.038 ± 0.002
0.025 ± 0.003
0.032 ± 0.003
0.025 ± 0.004
0.043 ± 0.003
0.029 ± 0.005
0.043 ± 0.003
0.043 ± 0.003

β-Glucosidase

a
b
c
d

(U/mL)d

0.077 ± 0.003
0.604 ± 0.044
0.597 ± 0.029
0.594 ± 0.021
0.607 ± 0.027
0.023 ± 0.003
0.054 ± 0.004
0.058 ± 0.004

(U/mg)d

2.031 ± 0.069
24.08 ± 1.376
18.87 ± 0.816
24.17 ± 2.430
14.09 ± 0.534
0.817 ± 0.081
1.227 ± 0.078
1.345 ± 0.099

Periods (hours) of submerged fermentation with higher enzymatic activity.
Enzymatic activity in culture supernatant (crude enzyme extract).
Submerged fermentation time in hours.
Values refer to means and standard deviation (N = 6).

Enzymatic

Fermentation

Total proteins

Activityb

time (h)c

(mg/mL)d

FPase
CMCase

pooled extracts
72
120
144
216
96
192
216

0.054 ± 0.003
0.049 ± 0.001
0.051 ± 0.003
0.054 ± 0.002
0.057 ± 0.001
0.053 ± 0.002
0.055 ± 0.001
0.057 ± 0.001

β-Glucosidase

a
b
c
d

(U/mL)d

(U/mg)d

0.083 ± 0.003
0.860 ± 0.021
0.655 ± 0.006
0.715 ± 0.024
0.671 ± 0.037
0.010 ± 0.001
0.011 ± 0.001
0.019 ± 0.002

1.530 ± 0.021
17.493 ± 1.264
13.009 ± 0.917
13.159 ± 0.387
11.830 ± 1.159
0.185 ± 0.006
0.190 ± 0.018
0.342 ± 0.030

Periods (hours) of submerged fermentation with higher enzymatic activity.
Enzymatic activity in culture supernatant (crude enzyme extract).
Submerged fermentation time in hours.
Values refer to means and standard deviation (N = 6).
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Fig. 2. Kinetic proﬁle of enzyme production (U/mg) by Penicillium sp. LMI01. The fungi were cultured under submerged fermentation with CMC as the carbon source for 216 h at 30°C and
150 rpm. Samples were collected regularly at 24-h intervals. (a) CMCase activity, (b) β-glucosidase activity. Values represent the means and standard deviations (n = 3). (*) Signiﬁcant
difference in production between LMI01 and T. reesei QM9414.

respectively (Fig. 2b). T. reesei is a model fungus because of its efﬁcient
cellulase production (primarily endoglucanases and exoglucanases)
and is the most studied fungal species. However, its β-glucosidase
production is low, corresponding to approximately 1% of the total
secreted protein content [52,53]. Several studies have indicated that
Penicillium fungi are efﬁcient producers of β-glucosidases. In this
respect, the β-glucosidase activity of P. echinulatum (1.28 U/mg) was
higher than the activity found in T. reesei (0.29 U/mg) [34].
Additionally, both P. citrinum YS40-5 and an isolate of P. janthinellum
from India produced high levels of β-glucosidase [54,55]. These results
together with the present results demonstrate that Penicillium sp.
LMI01 is a good candidate for the production of β-glucosidases because
of its ability to secrete this enzyme at levels equivalent to those
reported in efﬁcient cellulolytic fungi.
Total cellulase activity in the extract pooled from Penicillium sp.
LMI01 was very similar to that of the control T. reesei QM9414. FPAse
activity was 0.077 FPU/mL for LMI01 and 0.083 FPU/mL for QM9414,
which was signiﬁcantly different (Student's t-test, P N 0.05) (Table 1
and Table 2). When considering total protein concentration mg/mL,

FPase speciﬁc activity was higher in LMI01 (2.031 FPU/mg) than in
QM9414 (1.530 FPU/mg) (Student's t-test, P = 0.0007). These results
demonstrate that most of the proteins secreted by Penicillium sp.
LMI01 are cellulolytic complex enzymes. Thus, this microorganism is a
promising candidate for optimization for cellulase production.

3.4. Effect of pH on Penicillium sp. LMI01 CMCase and β-glucosidase activity
The CMCase activity of Penicillium sp. LMI01 was higher at acidic pH
(Fig. 3a). Although the CMCase activity was highest at pH 4.2
(0.409 U/mL), there was no signiﬁcant difference in the activities at
this pH and those at pH 3.6 (0.401 U/mL), 4.6 (0.405 U/mL), and 5.0
(0.395 U/mL) (P N 0.05). Similar results were found for the optimum
pH for endoglucanase (CMCase) activity of several ﬁlamentous fungi,
including P. funiculosum (pH 4.82), P. citrinum (pH 5.5), Penicillium
chrysogenum (pH 5.0), and Aspergillus niger (pH 5.0) [56,57,58,59]. The
activity of Penicillium sp. LMI01 β-glucosidase was highest at pH 6.0
(0.038 U/mL); however, the activity levels at pH 5.0 (0.032 U/mL), 5.4
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Fig. 3. Effect of pH on Penicillium sp. LMI01 enzyme activity. (a) CMCase activity at different pH values, (b) β-glucosidase activity at various pH values. Values represent the means and
standard deviations (n = 3), (*) Signiﬁcant differences at P b 0.05.
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(0.030 U/mL), and 7.0 (0.029 U/mL) were similar to those obtained at
pH 6.0 (Fig. 3b).
In contrast to the observations for CMCase, the β-glucosidase activity
of Penicillium sp. LMI01 increased at pH values slightly farther from the
acidic range. This result conﬁrms the result obtained with P. citrinum
YS40-5, whose optimum pH for β-glucosidase activity varied between
pH 5.0 and 6.0 [54], and A. sydowii, whose activity was the highest at
pH 6.0 [51]. Penicillium sp. LMI01 cellulases are of biotechnological
interest because they are active at acidic pH and are generally more
desirable for bioconversion (e.g., in conditions in which the biomass
needs to undergo acid pre-treatment or needs to be active in
combination with T. reesei enzymes, whose optimum activity is around
pH 5.0 [60], or with Aspergillus enzymes, whose optimum pH range is
between 4.0 and 6.0).
3.5. Effect of temperature on the activity and thermal stability of Penicillium
sp. LMI01 CMCase and β-glucosidase
The optimum temperature for CMCase activity at pH 3.6, 4.2, 4.6, and
5.0 was 60°C (P b 0.0001) (Fig. 4a). The optimum temperatures of
cellulases from ﬁlamentous fungi vary between 30 and 55°C [1]. This
result was similar to the result obtained for fungi that were active at

a

temperatures higher than 50°C, including P. funiculosum, whose
optimum temperature for endoglucanase was 58°C [59], and P.
citrinum MTCC 6489, whose optimum temperature was 60°C [56]. The
optimum temperature for Penicillium sp. LMI01 β-glucosidase was
also 60°C at pH 5.0, 5.4, 6.0, and 7.0 (P b 0.0001) (Fig. 4b). The
enzyme activity decreased starting at 70°C for both CMCase and
β-glucosidase. The thermal stability of the CMCase and β-glucosidase
from Penicillium sp. LMI01 was measured at 50, 60, and 70°C. The
CMCase activity was stable at 50 and 60°C, with 95.7% of the relative
activity (%) maintained after 60 min of pre-incubation compared with
the activity of the non-pre-incubated samples (i.e., samples at time
zero) (Fig. 4c). For LMI01 sample, incubation at 50 and 60°C had a
positive effect on the β-glucosidase activity because the enzyme
activity was higher after pre-incubation for 15 min compared with the
activity at time zero (P b 0.01) (Fig. 4d), and this activity remained
constant after pre-incubation for 60 min, with relative activities
higher than 100%. The thermostability of β-glucosidase from LMI01 at
50°C was similar to the activity of three recombinant β-glucosidases
from Humicola insolens Y1; however, at 60°C, this enzyme was more
stable than the H. insolens Y1 enzyme [61].
Therefore, the thermostability of the cellulases produced by
Penicillium sp. LMI01 needs to be studied as this property has industrial
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Table 3
Fractionation of proteins from Penicillium sp. LMI01 crude extracta.
Steps

β-Glucosidase activity

CMCase activity
U/mL

Yield %

Recovery factor

U/mg

Proteinb
mg/ml

U/mL

Yield %

Recovery factor

Crude extract
Precipitation saturation 80%

0.405
0.766

100
189.0

1
0.5

10.69
5.33

0.038
0.144

0.126
0.550

100
438.2

1
1

Fractions chromatography
F 11
F 12
F 13
F 14
F 15

ND
0.071
0.181
0.103
0.056

ND
17.5
44.8
25.4
13.8

ND
38
4
4
6

ND
408.35
41.44
42.22
60.36

0.001
0.000
0.004
0.002
0.001

0.046
0.026
0.017
0.010
0.007

36.3
21.0
13.4
7.6
5.7

15
46
1
1
2

U/mg
3.31
3.83

50.67
151.57
3.83
3.94
7.75

ND: not detected, no detectable enzymatic activity.
a
Crude enzyme extract formed by culture supernatants from collection in periods of high enzymatic activity.
b
Total protein present in solution, determined by the Bradford method.

importance [62]. In industrial processes, mainly those related to
lignocellulolytic biomass conversion to ethanol, enzymatic reactions are
carried out at high temperatures, favoring better substrate solubility
and consequently better reaction rate; moreover, high temperature also
reduces the risk of contamination by undesirable microorganisms [19,
63]. The optimum temperature of LMI01 enzymes was near to the
range of some enzymatic complexes used to produce biofuel, including
the following commercial blends: Novozymes Cellic®CTec2 (45–50°C)
and Accellerase®Trio™ Genecor (40–57°C). In fungi, optimum
temperatures for the endoglucanase activity range generally between
50 and 60°C and stability until 50–55°C [64]. An advantage presented
by LMI01 is its stability in the range of 50 to 60°C [63].

activities were found in these fractions (Fig. 5). CMCase activity was
found in fractions 12 (0.071 U/mL), 13 (0.181 U/mL), and 14
(0.103 U/mL); therefore, the CMCase activity of these fractions was
analyzed by zymography. CMCase activity was signiﬁcantly higher in
fraction 13 (P b 0.01; ANOVA, Tukey's test). β-glucosidase activity was
found in fractions 11, 12, 13, 14, and 15; however, the activity in
fractions 11 (0.043 U/mL) and 12 (0.025 U/mL) were higher, and
fraction 11 presented β-glucosidase activity but not CMCase activity.
The gel ﬁltration chromatograph was efﬁcient, presenting speciﬁc
activity gain and recovery factor above 1 in the fractions with CMCase
activity (fractions 12–15). The highest yield occurred in fraction 13,
followed by fraction 14; thus, these fractions were chosen for
determining the activity in the gel. As shown in Fig. 5, these samples
also presented higher concentration of total proteins (μg/mL) and
therefore could be visualized on SDS-PAGE. Although we may have lost
the degree of purity (CMCase), the yield was sufﬁcient to observe the
presence of CMCase and determine its molecular weight by
zymography and SDS-PAGE.
Zymographic analysis of CMCase activity revealed a halo
corresponding to a molecular mass of approximately 35 kDa in fractions
13 and 14 in the fractionated samples and crude extract (Fig. 6a), which
corresponded to the same mass visualized in the Coomassie Brilliant
Blue-stained gel (Fig. 6b). However, a band of approximately 50 kDa
with CMCase activity was also visualized. This result conﬁrms of the
result of a previous study on ﬁlamentous fungi that showed that the
cellulolytic systems of many fungi produced multiple endoglucanases

3.6. Fractionation of proteins in the crude Penicillium sp. LMI01 extract and
the CMCase zymogram
Saturation with 80% ammonia sulfate allowed over 100% yield with
CMCase, but regarding its purity (speciﬁc activity), the puriﬁcation
index was below 1 (one), and speciﬁc activity after the puriﬁcation step
was inferior. This shows that this stage probably contributed to the
precipitation of other proteins except endoglucanase present in
solution. However, this step was most effective in precipitating proteins
with β-glucosidase activities, producing an enzymatic activity yield
higher than 100% and resulting in a recovery factor of 1.16 fold (Table
3). In the fractions eluted from the gel ﬁltration column, the highest
protein concentration was detected in fractions 11 to 15, and enzyme
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Fig. 5. Enzyme and protein proﬁles of the eluted fractions. CMCase and β-glucosidase activity (U/mL) and protein content (μg/mL) of the fractions eluted from the Superdex 75 10/300 GL
gel ﬁltration column.
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Fig. 6. Zymogram of CMCase and electrophoretic proﬁle of the gel ﬁltration fractions with detectable proteins and enzyme activity. (a) Zymogram of the CMCase activity in SDS-PAGE (1.5%
CMC) stained with Congo red, (b) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) stained with Coomassie Brilliant Blue R-250. 1: standard molecular weight
marker (10–260 kDa); 2: Fraction 11; 3: Fraction 12; 4: fraction 13; 5: fraction 14; 6: fraction 15; 7: precipitate (0–80% saturation with ammonium sulfate); 8: vacuum-concentrated
crude enzyme extract.

with different molecular masses; generally, the molecular masses of the
endoglucanases varied between 32 and 100 kDa [65].
The electrophoretic proﬁle (SDS-PAGE) of CMCase indicated the
following protein concentrations (w/v):fraction 11 (0.9 μg/mL), fraction
12 (0.2 μg/mL), fraction 13 (4.4 μg/mL), fraction 14 (2.4 μg/mL), and
fraction 15 (0.9 μg/mL). Protein bands with molecular masses of
approximately 35 kDa were found in fractions 13 and 14 (Fig. 6b,
wells 4 and 5) and fraction 15, although with a lower intensity
(Fig. 6b, well 6). Proteins with similar molecular weights were also
found in the samples precipitated with ammonium sulfate and in the
crude extract (Fig. 6b, wells 7 and 8). The fractionated samples and
crude extract also contained protein bands with an apparent
molecular mass of approximately 50 kDa. In fractions 11 and 12
(Fig. 6b, wells 2 and 3), the 35- and 50-kDa bands were not
visualized. However, fraction 11 contained bands with molecular
masses between 70 and 100 kDa. These bands were also present in
the fractionated samples, however, with a lower intensity.
The molecular masses of the β-glucosidases produced by
microorganisms vary between 45 and 250 kDa [65]. In the present
study, the electrophoretic proﬁle of the proteins in fractions 11 and
12 eluted from gel ﬁltration contained proteins with molecular
masses between 70 and 100 kDa. Notably, fraction 11 presented
β-glucosidase activity but not CMCase activity. Therefore, the
molecular masses of the β-glucosidases produced by Penicillium sp.
LMI01 might be in this range. This ﬁnding corroborates the results of
previous studies that reported secretion of β-glucosidases with
molecular masses of 70 [66,67], 90 [45,66,68,69], and 120 kDa [54] by
fungi of the same genus.
4. Conclusion
Our results indicated that the extracellular proteins of Penicillium sp.
LMI01 were well represented by the enzymes of the cellulolytic complex
because the speciﬁc activity of CMCase was high compared with that of
the commercial isolate T. reesei QM9414 under the same culture
conditions. Regarding β-glucosidase production, the volumetric (U/mL)
and speciﬁc activities (U/mg) of Penicillium sp. LMI01 were higher than
those of T. reesei QM9414. This result is promising because
β-glucosidase is essential for the increased production of glucose from
cellulosic substrates as it acts on oligosaccharides and dimers derived
from the initial hydrolysis of cellulases and releases monomers from
reducing sugars. This result, combined with the stability of CMCases
and β-glucosidases at their optimum temperatures (indicated by the
maintenance of high residual activities), demonstrates the potential of

Penicillium sp. isolate LMI01 for the production and use of cellulolytic
enzymes in industrial processes.
Acknowledgements
We would like to acknowledge the help of all members of the CAM
(Multidisciplinary Support Center) at the Institute of Biological
Sciences, Department of Biotechnology, University Federal of Amazonas
(UFAM). We are also grateful to Dr. Sonia Maria de Carvalho and Dr.
Leonor Alves da Silva for providing the Penicillium sp. LMI01 isolate.
Financial support
Fundação de Amparo a Pesquisa do Amazonas, FAPEAM - PAPPE
Integração Ed. nº 003/2011; Coordenação de Aperfeiçoamento de
Pessoal Nível Superior, CAPES - process nº 1104166; and Conselho
Nacional de Desenvolvimento Cientíﬁco e Tecnológico, CNPq - process
nº 141461/2015-2.
References
[1] Xu Q, Adney WS, Ding SY, et al, MacCabe AP. Cellulases for biomass conversion. In:
Polaina J, editor. Industrial enzymes; 2007. p. 35–50.
[2] de Castro AM, Pereira Jr N. Produção, Propriedades e Aplicação de Celulases
na Hidrólise de ResíduosAgroindustriais. Quim Nova 2010;33(1):181–8.
https://doi.org/10.1590/S0100-40422010000100031.
[3] Lynd LR, Weimer PJ, Van Zyl WH, et al. Microbial cellulose utilization: fundamentals and biotechnology. Microbiol Mol Biol Rev 2002;66(3):506–77.
https://doi.org/10.1128/MMBR.66.4.739.2002.
[4] Tolan JS. Iogen's process for producing ethanol from cellulosic biomass. Clean Techn
Environ Policy 2002;3849:339–45. https://doi.org/10.1007/s10098-001-0131-x.
[5] Horn SJ, Vaaje-Kolstad G, Westereng B, et al. Novel enzymes for the degradation of
cellulose. Biotechnol Biofuels 2012;5(1):45. https://doi.org/10.1186/1754-6834-5-45.
[6] Frommhagen M, Sforza S, Westphal AH, et al. Discovery of the combined oxidative
cleavage of plant xylan and cellulose by a new fungal polysaccharide monooxygenase.
Biotechnol Biofuels 2015;8(1):101. https://doi.org/10.1186/s13068-015-0284-1.
[7] Schuster A, Schmoll M. Biology and biotechnology of Trichoderma. Appl Microbiol
Biotechnol 2010;87(3):787–99. https://doi.org/10.1007/s00253-010-2632-1.
[8] Gusakov AV. Alternatives to Trichoderma reesei in biofuel production. Trends
Biotechnol 2011;29(9):419–25. https://doi.org/10.1016/j.tibtech.2011.04.004.
[9] Maeda RN, Barcelos CA, Santa Anna LMM, et al. Cellulase production by Penicillium
funiculosum and its application in the hydrolysis of sugar cane bagasse for second
generation ethanol production by fed batch operation. J Biotechnol 2013;163(1):
38–44. https://doi.org/10.1016/j.jbiotec.2012.10.014.
[10] Marjamaa K, Toth K, Bromann PA, et al. Novel Penicillium cellulases for total hydrolysis of lignocellulosics. Enzyme Microb Technol 2013;52(6–7):358–69.
https://doi.org/10.1016/j.enzmictec.2013.03.003.
[11] Sajith S, Priji P, Sreedevi S, et al. An overview on fungal Cellulases with an industrial perspective. J Nutr Food Sci 2016;6(1):461. https://doi.org/10.4172/2155-9600.1000461.
[12] Pellegrini VOA, Serpa VI, Godoy AS, et al. Recombinant Trichoderma harzianum
endoglucanase I (Cel7B) is a highly acidic and promiscuous carbohydrate-active

92

[13]

[14]

[15]
[16]

[17]
[18]

[19]
[20]

[21]

[22]
[23]

[24]
[25]
[26]
[27]
[28]

[29]

[30]
[31]

[32]

[33]

[34]

[35]
[36]
[37]

[38]

[39]
[40]
[41]

[42]

[43]

P.S. Santa-Rosa et al. / Electronic Journal of Biotechnology 31 (2018) 84–92
enzyme. Appl Microbiol Biotechnol 2015;99(22):9591–604.
https://doi.org/10.1007/s00253-015-6772-1.
Sharma A, Tewari R, Rana SS, et al. Cellulases: classiﬁcation, methods of determination and industrial applications. Appl Biochem Biotechnol 2016;179(8):1346–80.
https://doi.org/10.1007/s12010-016-2070-3.
Akbarzadeh A, RanaeiSiadat SO, Motallebi M, et al. Characterization and high level
expression of acidic endoglucanase in Pichia pastoris. Appl Biochem Biotechnol
2014;172(4):2253–65. https://doi.org/10.1007/s12010-013-0672-6.
Sukumaran RK, Singhania RR, Pandey A. Microbial cellulases - production, applications and challenges. J Sci Ind Res 2005;64(11):832–44.
Annamalai N, Sivakumar N. Production of polyhydroxybutyrate from wheat bran hydrolysate using Ralstonia eutropha through microbial fermentation. J Biotechnol
2016;237:13–7. https://doi.org/10.1016/j.jbiotec.2016.09.001.
Kuhad RC, Gupta R, Singh A. Microbial Cellulases and their industrial applications.
Enzym Res 2011;2011:1–10. https://doi.org/10.4061/2011/280696.
Balsan G, Astolﬁ V, Benazzi T, et al. Characterization of a commercial cellulase for hydrolysis of agroindustrial substrates. Bioprocess Biosyst Eng 2012;35(7):1229–37.
https://doi.org/10.1007/s00449-012-0710-8.
Nigam PS. Microbial enzymes with special characteristics for biotechnological applications. Biomolecules 2013;3(3):597–611. https://doi.org/10.3390/biom3030597.
Mohanram S, Amat D, Choudhary J, et al. Novel perspectives for evolving enzyme
cocktails for lignocellulose hydrolysis in bioreﬁneries. Sustain Chem Process 2013;
1(1):15. https://doi.org/10.1186/2043-7129-1-15.
Posada F, Aime MC, Peterson SW, Rehner SA, Vega FE. Inoculation of coffee plants
with the fungal entomopathogenBeauveriabassiana (Ascomycota: Hypocreales).
Mycol Res 2007;111(6):748–57. https://doi.org/10.1016/j.mycres.2007.03.006.
Houbraken J, Frisvad JC, Samson RA. Taxonomy of Penicillium section Citrina. Stud
Mycol 2011;70:53–138. https://doi.org/10.3114/sim.2011.70.02.
Rodrigues TE, de Oliveira Junior RC, dos Santos PL, et al. Caracterização e
Classiﬁcação dos Solos do Município de Presidente Figueiredo, Estado do Amazonas.
Belém: EmbrapaAmazônia Oriental; 2001[50 pp].
Teixeira MFS, Silva TA, Palheta RA, et al. Fungos da Amazônia: Uma riqueza
inexplorada. Manaus: Edua; 2011[255 pp].
Riddell RW. Permanent stained mycological preparations obtained by slide culture.
Mycologia 1950;42(2):265–70. https://doi.org/10.2307/3755439.
Lacaz CS, Porto E, Jec Martins, et al. Tratado de micologia médica. Rev Inst Med Trop
Sao Paulo 2002;44(5):297–8.
Castellani A. The viability of some pathogenic fungi in sterile distilled water. J Trop
Med Hyg 1939;42:65–72.
White TJ, Bruns T, Lee S, et al. Ampliﬁcation and direct sequencing of fungal ribosomal RNA genes for phylogenetics. In: Innis MA, Gelfand DH, Sninsky JJ, et al, editors. PCR protocols: a guide to methods and applications. New York: Academic
Press Inc.; 1990. p. 315–22.
Mähnß B, Stehr F, Schäfer W, et al. Comparison of standard phenotypic assays with a
PCR method to discriminate Candida albicans and C. dubliniensis. Mycoses 2005;
48(1):55–61. https://doi.org/10.1111/j.1439-0507.2004.01054.x.
Mandels M, Weber J. The production of cellulases. Cellulases and their applications. Adv
Chem 1969;95:391–414. https://doi.org/10.1021/ba-1969-0095.ch023. [chapter23].
Szijártó N, Horan E, Zhang J, et al. Thermostable endoglucanases in the liquefaction of hydrothermally pretreated wheat straw. Biotechnol Biofuels 2011;4:2.
https://doi.org/10.1186/1754-6834-4-2.
Kumar R, Singh S, Singh OV. Bioconversion of lignocellulosic biomass : biochemical
and molecular perspectives. J Ind Microbiol Biotechnol 2008;35(5):377–91.
https://doi.org/10.1007/s10295-008-0327-8.
Liming X, Xueliang S. High-yield cellulase production by Trichoderma reesei ZU02 on corn cob residue. Bioresour Technol 2004;91(3):259–62.
https://doi.org/10.1016/S0960-8524(03)00195-0.
Martins FL, Kolling D, Camassola M, et al. Comparison of Penicillium
echinulatum and Trichoderma reesei cellulases in relation to their activity
against various cellulosic substrates. Bioresour Technol 2008;99(5):1417–24.
https://doi.org/10.1016/j.biortech.2007.01.060.
Ghose TK. Measurement of Cellulase activities. IUPAC Standards Online. Pure Appl
Chem 1987;59:257–68. https://doi.org/10.1515/iupac.59.0006.
Zhang YHP, Hong J, Ye X. Cellulase assays. Biofuels Methods Protoc 2009:213–31.
https://doi.org/10.1007/978-1-60761-214-8. [Chapter 14].
Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal Biochem 1976;
72(1–2):248–54. https://doi.org/10.1016/0003-2697(76)90527-3.
McIlvaine TC. A buffer solution for colorimetric comparison. J Chem Inf Model 1921;
53:1689–99. https://doi.org/10.1017/CBO9781107415324.004.
McIlvane TC. A buffer solution for colorimetric comparison. J Biol Chem 1921;49:
183–6.
Burgess RR. Chapter 20 protein precipitation techniques. Methods Enzymol 2009;
463:331–42. https://doi.org/10.1016/S0076-6879(09)63020-2.
Laemmli R. Mini-PROTEAN TGX TM gel: a versatile and robust Laemmli-like precast
gel for SDS-PAGE; 1996; 5–8.
Heussen C. DowdleEB. Electrophoretic analysis of plasminogen activators in polyacrylamide gels containing sodium dodecyl sulfate and copolymerized substrates. Anal
Biochem 1980;102(1):196–202. https://doi.org/10.1016/0003-2697(80)90338-3.
Schwarz WH, Bronnenmeier K, Gräbnitz F, et al. Activity staining of Cellulases in
polyacrylamide containing mixed linkage P-glucans gels. Anal Biochem 1987;
164(1):72–7. https://doi.org/10.1016/0003-2697(87)90369-1.
Kupai K, Szucs G, Cseh S, et al. Matrix metalloproteinase activity assays: importance of zymography. J Pharmacol Toxicol Methods 2010;61(2):205–9.
https://doi.org/10.1016/j.vascn.2010.02.011.

[44] Pitt JI, Samson RA, Frisvad JC. List of accepted species and their synonyms in the family Trichocomaceae. Integration of modern taxonomic methods for Penicillium and
Aspergillus classiﬁcation. Reading: Harwood Academic Publishers; 2000; 9–46.
[45] Krogh KBRM, Harris PV, Olsen CL, et al. Characterization and kinetic analysis of a
thermostable GH3 β-glucosidase from Penicillium brasilianum. Appl Microbiol
Biotechnol 2010;86(1):143–54. https://doi.org/10.1007/s00253-009-2181-7.
[46] Martinez D, Berka RM, Henrissat B, et al. Genome sequencing and analysis of the biomass-degrading fungus Trichoderma reesei (syn. Hypocreajecorina). Nat Biotechnol
2008;26:553–60. https://doi.org/10.1038/nbt1403.
[47] Maeda NR, Serpa VI, Rocha VAL, et al. Enzymatic hydrolysis of pretreated sugar cane
bagasse using Penicillium funiculosum and Trichoderma harzianum cellulases. Process
Biochem 2011;46(5):1196–201. https://doi.org/10.1016/j.procbio.2011.01.022.
[48] Zampieri D, Guerra L, Camassola M, et al. Secretion of endoglucanases and β-glucosidases by Penicillium echinulatum 9A02S1 in presence of different carbon sources.
Ind Crop Prod 2013;50:882–6. https://doi.org/10.1016/j.indcrop.2013.08.045.
[49] Saini R, Saini JK, Adsul M, et al. Enhanced cellulase production by Penicillium
oxalicum for bio-ethanol application. Bioresour Technol 2015;188:240–6.
https://doi.org/10.1016/j.biortech.2015.01.048.
[50] Mesa L, Salvador CA, Herrera M, et al. Cellulases by Penicillium sp. in different culture
conditions. Bioethanol 2016;2(1):84–93. https://doi.org/10.1515/bioeth-2016-0005.
[51] Matkar K, Chapla D, Divecha J, et al. Production of cellulase by a newly isolated strain
of Aspergillus sydowii and its optimization under submerged fermentation. Int
Biodeter Biodegr 2013;78:24–33. https://doi.org/10.1016/j.ibiod.2012.12.002.
[52] Ahamed A, Vermette P. Culture-based strategies to enhance cellulase enzyme production from Trichoderma reesei RUT-C30 in bioreactor culture conditions. Biochem
Eng J 2008;40(3):399–407. https://doi.org/10.1016/j.bej.2007.11.030.
[53] Teeri TT. Crystalline cellulose degradation: new insight into the function of
cellobiohydrolases. Trends Biotechnol 1997;15(5):160–7.
https://doi.org/10.1016/S0167-7799(97)01032-9.
[54] Ng I-S, Li C, Chan S, et al. High-level production of a thermoacidophilic beta-glucosidase from Penicillium citrinum YS40-5 by solid-state fermentation with rice
bran. Bioresour Technol 2010;101(4):1310–7.
https://doi.org/10.1016/j.biortech.2009.08.049.
[55] Kaur A, Chadha BS. Penicillium janthinellum: a source of efﬁcient and high levels
of β-glucosidase. Appl Biochem Biotechnol 2014;175(2):937–49.
https://doi.org/10.1007/s12010-014-1330-3.
[56] Dutta T, Sahoo R, Sengupta R, et al. Novel cellulases from an extremophilic ﬁlamentous fungi Penicillium citrinum: production and characterization. J Ind Microbiol
Biotechnol 2008;35(4):275–82. https://doi.org/10.1007/s10295-008-0304-2.
[57] El Bergadi F, Laachari F, Sadiki M, et al. Determination of endoglucanase activity of
paper decaying fungi from an old library at the ancient Medina of Fez. Microbiology
2016;85(1):47–55. https://doi.org/10.1134/S0026261716010021.
[58] Ghori MI, Ahmed S, Malana MA, et al. Kinetics of exoglucanase and endoglucanase
produced by Aspergillus nigerNRRL 567. Afr J Biotechnol 2012;11:7227–31.
[59] Castro AM, Carvalho ML, Leite SGF, et al. Cellulases from Penicillium funiculosum:
production, properties and application to cellulose hydrolysis, Vol. 37(2); 2010;
151–8. https://doi.org/10.1007/s10295-009-0656-2.
[60] Singhania RR, Sukumaran RK, Patel AK, et al. Advancement and comparative
proﬁles in the production technologies using solid-state and submerged fermentation for microbial cellulases. Enzyme Microb Technol 2010;46(7):
541–9. https://doi.org/10.1016/j.enzmictec.2010.03.010.
[61] Xia W, Bai Y, Cui Y, et al. Functional diversity of family 3 β-glucosidases from
thermophilic cellulolytic fungus Humicolainsolens Y1. Sci Rep 2016;6(1):
27062. https://doi.org/10.1038/srep27062.
[62] Yennamalli RM, Rader AJ, Kenny AJ, et al. Endoglucanases: insights into thermostability for biofuel applications. Biotechnol Biofuels 2013;6(1):136.
https://doi.org/10.1186/1754-6834-6-136.
[63] Liszka MJ, Clark ME, Schneider E, et al. Nature versus nurture: developing enzymes
that function under extreme conditions. Annu Rev Chem Biomol Eng 2012;3(1):
77–102. https://doi.org/10.1146/annurev-chembioeng-061010-114239.
[64] Tao YM, Zhu XZ, Huang JZ, et al. Puriﬁcation and properties of endoglucanase from a
sugar cane bagasse hydrolyzing strain, aspergillus glaucus XC9. J Agric Food Chem
2010;58(10):6126–30. https://doi.org/10.1021/jf1003896.
[65] Maheshwari R, Bharadwaj G, Bhat MK. Thermophilic fungi: their physiology and
enzymes. Microbiol Mol Biol Rev 2000;64(3):461–88.
https://doi.org/10.1128/MMBR.64.3.461-488.2000.
[66] Chen M, Qin Y, Liu Z, et al. Isolation and characterization of a β-glucosidase
from Penicillium decumbens and improving hydrolysis of corncob residue by
using it as cellulase supplementation. Enzyme Microb Technol 2010;46(6):
444–9. https://doi.org/10.1016/j.enzmictec.2010.01.008.
[67] Liao H, Li S, Wei Z, et al. Insights into high-efﬁciency lignocellulolytic enzyme production by Penicillium oxalicum GZ-2 induced by a complex substrate. Biotechnol
Biofuels 2014;7:162. https://doi.org/10.1186/s13068-014-0162-2.
[68] Gao L, Gao F, Zhang D, Zhang C, Wu G, Chen S. Puriﬁcation and characterization
of a new β-glucosidase from Penicillium piceum and its application in enzymatic
degradation of deligniﬁed corn stover. Bioresour Technol 2013;147:658–61.
https://doi.org/10.1016/j.biortech.2013.08.089.
[69] Jeya M, Joo A-R, Lee K-M, et al. Characterization of β-glucosidase from a strain of
Penicillium purpurogenum KJS506. Appl Microbiol Biotechnol 2010;86(5):1473–84.
https://doi.org/10.1007/s00253-009-2395-8.

