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Abstract

The production of second-generation bioethanol has several challenges, among them finding cheap and efficient enzymes for a
sustainable process. In this work, we analyzed two native fungi, Cladosporium cladosporioides and Penicillium funiculosum,
as a source of cellulolytic enzyme production, and corn stover, wheat bran, chickpeas, and bean straw as a carbon source in
two fermentation systems: submerged and solid fermentation. Corn stover was selected for cellulase production in both fer-
mentation systems, because we found the highest enzymatic activities when carboxymethyl cellulase activity (CMCase) was
assessed using CMC as substrate. C. cladosporioides showed the highest CMCase activity (1.6 U/mL), while P. funiculosum
had the highest filter paper activity (Fpase) (0.39 U/mL). The B-glucosidase activities produced by both fungi were similar
in submerged fermentation using corn stover as substrate. Through in-gel zymography, three polypeptides with cellulolytic
activities were identified in each fungus: with molecular weights of ~ 38, 45 and 70 kDa in C. cladosporioides and ~21, 63
and 100 kDa in P. funiculosum. The best results for saccharification (10.11 g/L of reducing sugars) of diluted acid pretreated
corn stover were obtained after 36 h of the hydrolytic process at pH 5 and 50 °C using the enzyme extract of P. funiculosum.
This is the first report of cellulase identification in C. cladosporioides and the saccharification of corn stover using enzymes
of this fungus. Enzymatic extracts of C. cladosporioides and P. funiculosum obtained from low-cost lignocellulosic biomass
have great potential for use in the production of second-generation bioethanol.

Keywords Agricultural residues - Cellulases - Cladosporium cladosporioides - Penicillium funiculosum saccharification -
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Introduction transformation into bioethanol is an arduous process that
involves three main steps: biomass pretreatment, sacchari-
fication, and fermentation. So far, the phase of enzymatic

saccharification is the one that presents the most critical

The use of lignocellulosic biomass, found mainly as agri-
cultural residue, is one of the most promising alternatives

for the sustainable development of bioenergy production
(Niju et al. 2020). Cellulose, present in lignocellulosic bio-
mass, is the most abundant polymer in nature. However, its
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challenges: the low efficiency of hydrolysis and the high
cost of enzyme production are the main obstacles in this
process (Obeng et al. 2017).

Cellulases are the enzymes responsible for the hydrolysis
of cellulose into soluble sugars; these can be classified into
three different types according to their reaction mechanism:
endoglucanases (endo-1,4-p-D-glucanase, EC 3.2.1.4),
exoglucanases (exo-1,4-p-p-glucanase EC 3.2.1.91), and
B-glucosidases (1,4-p- p-glucosidase EC 3.2.1.74) (Liu et al.
2018). In addition to its use to produce biofuels, cellulases
have many applications in different areas of industry such
as food, detergents, textiles, and paper (Sharma et al. 2016).
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The fungi have been used for the industrial production of
commercial cellulases—among other metabolites—because
they produce a broad spectrum of these enzymes, highlight-
ing the genera Trichoderma, Penicillium, Fusarium, and
Aspergillus (Liu et al. 2018; Ferreira et al. 2016). The syn-
thesis of cellulases by microorganisms is affected by various
factors, including the components of the culture medium and
the conditions of the process. These enzymes are inducible
by lignocellulosic, as well as by non-lignocellulosic (e.g.,
lactose) substrates (Li et al. 2017). It has been reported that
the use of non-lignocellulosic substrates leads to obtaining
enzymatic preparations with low specific activity, in addi-
tion to the high substrate cost, resulting in an economically
unfeasible production process on a large scale (Capolupo
and Faraco 2016). However, insoluble cellulose materials
are considered as the most effective inducers for obtaining
cellulases (Jiang et al. 2017).

Agroindustrial waste, lignocellulosic biomass such as
sugarcane bagasse, corn cob, and rice bran, has been exten-
sively researched as substrates to induce these enzymes
through different fermentation strategies. Due to certain
inherent advantages of the cultivation system, submerged
fermentation has been the most used process for large-scale
production of enzymes (Ravindran and Jaiswal 2016). How-
ever, solid-state fermentation has demonstrated great poten-
tial for enzyme productions (such as a-amylase, protease,
cellulase, pectinase, and xylanase activities). The origin and
the physicochemical characteristics of the lignocellulosic
substrate affect the microorganism growth as well enzyme
production. Among the main limitations of this bioprocess,
we could detect heat and mass transfer. This is caused by
the physical properties of the medium, such as resilience,
cohesiveness, and springiness, constituting the mechanical
property index (1,,,), As well as the substrate morphology
(pore size distribution) (Zhang et al. 2017; Ravindran et al.
2018; Rohrbach and Luterbacher 2021).

Recent reports indicate the potential benefits of the inte-
gration of cellulase production with ethanol conversion
(Farinas et al. 2018; Lee et al. 2017; Olofsson et al. 2017).
The authors propose that the use of cheap lignocellulosic
raw materials to produce cellulolytic enzymes and obtain-
ing bioethanol is the most feasible option considering the
environmental and economic impact. The integration of the
raw material for saccharification and obtaining enzymes
could halve greenhouse gas emissions and reduce the cost
of second-generation bioethanol, when compared with a sys-
tem where the cellulase enzymes are purchased (Olofsson
et al. 2017).

Therefore, in this research work, two fermentation strate-
gies to produce cellulases were evaluated, from the filamen-
tous fungi Cladosporium cladosporioides and Penicillium
funiculosum. Four agricultural residues: corn stover, wheat
bran, chickpea, and bean straw were analyzed as substrates to
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produce cellulases. In 2021, in the Mexican state of Sinaloa,
682,203 ha was used to produce these crops, producing 1-8
tons/ha of residue after harvest as lignocellulosic biomass.
Therefore, these are considered highly available and low-
cost substrates in this project (data obtained from the Secre-
tariat of Agriculture and Rural Development and Agri-food
and Fisheries Information Service (SIAP) on the website
https://www.gob.mx/siap). In addition, the characterization
of the enzymatic extracts obtained is presented and their use
in the bioconversion of corn stover to fermentable sugars.
To our knowledge, this is the first report in the literature that
evaluated cellulase production using two native fungi of P.

Sfuniculosum and C. cladosporioides on chickpea straw and

bean straw as substrate. Characterization of the enzymatic
extracts and saccharification process using corn stover as a
carbon source using C. cladosporioides.

Materials and methods
Microorganisms and maintenance

Penicillium funiculosum (GenBank accession number:
KR185322) and Cladosporium cladosporioides (Gen-
Bank accession number: KR185324) were obtained from
the microorganism collection of the Bioenergetics Labora-
tory of the Department of Agricultural Biotechnology at
IPN, CIIDIR Sinaloa (Mexico). Strains were isolated from
moringa straw (Vazquez-Montoya et al. 2020). For their
preservation, the fungi were maintained on potato dextrose
agar (PDA) at 4 °C and transferred to a new medium every
2 months.

Inoculum preparation

P. funiculosum: The fungus was grown on PDA plates and
incubated at 30 °C for 7 days. C. cladosporioides. The fun-
gus was grown on PDA plates and incubated at 25 °C for
7 days. In submerged fermentation, the inoculum consisted
of 5 mm diameter discs cut from grown fungus. In the other
case, a suspension of spores (1 x 10° spores/mL) prepared in
sterile 0.1% (v/v) Tween-80 solution was used as inoculum
in the solid-state fermentation.

Culture media and substrates

CM-1 medium for P. funiculosum Composition of the
mineral medium per liter proposed by Gomaa (2013): 1 g
KH,PO,, 0.7 g MgSO,, 0.5 g NaCl, 0.7 g FeSO,H,0, 0.3 g
NH,NO;, 0.3 g MnS0,.H,0. This culture medium was used
for the growth of P. funiculosum.

CM-2 medium for C. cladosporioides Prepared accord-
ing to Mandels and Weber (1969), composition per liter:
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1 ¢ KH,PO,, 0.2 g CaCl,2H,O0, 0.15 g urea, 0.125 g pep-
tone, 0.125 g yeast extract, 0.7 g (NH,),SO,, 0.0025 g
FeSO,H,0, 0.008 g MnS0,H,0, 0.007 g ZnSO,7H,0,
0.01 g CoCl, 6H,0, 0.15 g MgSO,7H,0.

Substrates for cellulase production
Agroindustrial waste

The residues of wheat bran, corn stover, bean, and chick-
pea straw were collected in local agricultural fields in
Guasave, Mexico. These were washed with water and
then placed in a drying oven at 60 °C overnight to remove
moisture. Subsequently, the material was milled and sieved
to obtain 1 mm particle size. Each sample of the agricul-
tural residue was individually placed in a plastic bag and
stored under suitable conditions until later use. The min-
eral media were supplemented with agricultural powder
residue as lignocellulosic substrate.

Submerged fermentation (SmF)

SmF was carried out in 250 mL Erlenmeyer flasks, con-
taining 25 mL culture medium and the pH was adjusted
to 5 before sterilization (121 °C for 15 min). The flasks
were inoculated under aseptic conditions and incubated for
5 days. The microorganisms were incubated as follows: P.
funiculosum at 30 °C, 200 rpm, and C. cladosporioides
at 25 °C, 150 rpm. An aliquot was taken every 24 h, the
cultures were filtered using filter paper (Whatman No. 1)
to separate the cells. The filtrates were used as a crude
enzymatic extract for the analysis of enzyme activity.

Solid-state fermentation (SSF)

SSF was performed in Erlenmeyer flasks (250 mL) con-
taining 1 g untreated agricultural residue as the substrate
and 10 mL mineral medium. The flasks were sterilized in
an autoclave and, after cooling, inoculated under aseptic
conditions. The microorganisms were incubated at 30 °C
(P. funiculosum) and 25 °C (C. cladosporioides) for 5 days
under static conditions. Samples were taken every 24 h
and enzyme extraction was used for enzymatic activity
analysis. Phosphate buffer (50 mM, pH 5.0) was added
to the fermented substrate up to a total volume of 25 mL
and mixed for 1 h on a rotary shaker at 200 rpm. The
suspension was centrifuged at 4000g, 20 min at RT, and
the supernatant was used as a crude enzymatic extract for
enzymatic activity analysis.

Determination of enzymatic activity

The detection of cellulase activity in crude extracts were
assessed using the agar-CMC diffusion method (Begum and
Alimon 2011). The agar plate was prepared with 1% (w/v)
carboxymethylcellulose and 2% (w/v) agar. After solidifica-
tion, wells (5 mm diameter) were aseptically formed. The
wells were filled with 100 pL of the crude extract sample or
the corresponding negative control and incubated at 30 °C
for 2 days. The plates were then stained with 1% (w/v)
Congo red solution for 15 min and decolorized with 1 M
NaCl for 15 min.

The endoglucanase (CMCase) activity was determined
following the protocol previously described (Miller 1959)
with some modifications. Briefly, 0.2 mL of 1% (w/v) car-
boxymethyl cellulose (CMC) in acetate buffer (50 mM,
pHS5.0) was mixed with 0.05 mL of the enzyme extract. The
reaction mixture was incubated at 50 °C for 10 min and
subsequently, to quantify released sugars, 0.25 mL dinitro-
salicylic acid (DNS) reagent was added, and the mixture
was placed in a heating block at 100 °C for 10 min. After
cooling, the absorbance was measured at 540 nm (Miller
1959). Enzyme and substrate blanks were analyzed simul-
taneously with the samples. One unit of CMCase activity
was defined as the amount of enzyme required to release
1 pmol of reducing sugar per minute of reaction under the
assay conditions.

Filter paper activity (FPase) was determined by the modi-
fied method of Ghose (1987). First, 0.2 mL 0.1 M acetate
buffer (pH 5.0) and 12.5 mg of filter paper strips (Whatman
No.1) were placed in the test tube. Then, 0.05 mL of cellu-
lase extract was added. The mixture was incubated at 50 °C
for 50 min. The reducing sugars released were determined
by the DNS method (Miller, 1969).

B-Glucosidase activity was quantified by a spectropho-
tometric assay described by Joo et al. (2010) using p-nitro-
phenyl-glucopyranoside (pNPG) as a substrate. Briefly, the
reaction mixture consisted of 0.05 mL enzyme extract and
0.2 mL 0.01 M pNPG in 0.1 M acetate buffer (pH 5.0). The
hydrolytic reaction was carried out at 50 °C for 10 min, and
then 0.25 mL 0.1 M Na,CO; was added. The absorbance of
the released p-nitrophenol was measured at 420 nm. One
unit of B-glucosidase activity was defined as the amount of
enzyme that releases 1 pmol p-nitrophenol per minute under
the assay conditions.

Determination of protein concentration

Protein concentration was determined using the Bradford
method (1976), with a commercial protein quantification kit
(Bio-Rad Laboratories, Richmond, CA), according to the
manufacturer's instructions. Bovine serum albumin was used
as a protein standard to construct the standard curve. Each
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activity and protein determination were carried out in three
independent trials.

Electrophoresis and zymography characterization

The proteins in the crude enzyme extracts were precipitated
by the addition of ammonium sulfate to obtain 90% of satu-
ration. An appropriate amount of ammonium sulfate was
added to the supernatant and kept overnight at 4 °C. The
precipitates were separated from the supernatant after cen-
trifugation at 12,000 rpm for 20 min at 4 °C. The proteins
were dissolved in 0.1 M acetate buffer, pH 5.0. The separa-
tion of the precipitated proteins was carried out using 12%
acrylamide gels under denaturing conditions (SDS-PAGE)
as described by Laemmli (1970). The relative molecular
weights were determined by comparing their mobility with
two molecular weight markers: PageRuler unstained broad
range protein ladder (size range 5-250 kDa) from Thermo
Scientific, and broad molecular weight standards (size range
6.5-200 kDa) from Bio-Rad. The relative position of the
bands was analyzed using a Bio-Rad gel documentation
system.

The cellulolytic activity of extract was determined in
the acrylamide gel (SDS-PAGE 12%) copolymerized with
0.2% (w/v) CMC (de Almeida et al. 2013). After electro-
phoresis, part of the gel was stained with Coomassie blue,
and the rest was used in a zymogram for the detection of
enzymatic activity in situ. For zymography, at the end of the
electrophoresis, the enzymes were renatured by washing the
acrylamide gel with 0.1 M phosphate buffer (pH 5.0) for 1 h
with constant agitation at room temperature. A second wash
was performed on the same phosphate buffer containing 5%
(v/v) Triton X-100 under the same conditions and the initial
wash step was repeated. Substrate hydrolysis was performed
by incubating the gel in a sodium acetate buffer at 30 °C
overnight. After hydrolysis, the gel was stained with 0.1%
(w/v) Congo red and destained by washing with 1 M NaCl.
The gel was washed with 5% (w/v) acetic acid to increase
the contrast with the background. Endoglucanase activity
was visible as a clear band.

Effect of pH and temperature on CMCase activity
and stability

The optimum temperature of CMCase activity was determined
using CMC as a substrate at different temperatures (25, 30,
40, 50, 60 and 70 °C) at pH 5.0. The stability of the enzyme
extract was assayed by incubation of 0.05 mL enzyme solu-
tion for 1 h in a 50 mM phosphate buffer, pH 5.0, at the cor-
responding temperatures. The residual CMCase activity was
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measured by the previously described assay. The optimum pH
for the CMCase activity was determined at 50 °C in buffer
solutions with pH values of 3—10 (interval of 1 unit): 0.05 M
sodium acetate for pH 3, 4 and 5, 0.05 M potassium phosphate
for pH 6 and 7, 0.05 M Tris—HCI for pH 8, and 0.05 M gly-
cine-NaOH for pH 9 and 10. The effect of pH on the stability
of the enzyme was analyzed by preincubation of the enzyme
extract for 24 h at 25 °C in different buffer solutions (pH 3-9).
In the end, the residual CMCase activity was evaluated as
described above.

Corn stover as a substrate for saccharification

The pretreatment of lignocellulosic biomass is essential for
the saccharification process. The corn stover was washed with
water and then dried at 60 °C on a tray at 0.25 g/cm? over-
night, then the sample was ground to reduce its size to 1 mm.
Pretreatment was carried out through an autoclave process in
screw cap bottles with screw caps using a 1:10 solid—liquid
ratio, and H,SO, was diluted at 2% (v/v) for 40 min at 121 °C.
The diluted acid pretreatment shows better results compared
to alkaline pretreatment (unpublished results). Upon com-
pletion, the pretreated biomass was washed with water until
neutralized.

For the saccharification step, the crude enzymatic extracts
of each fungus were subjected to a lyophilization process. The
enzymatic hydrolysis was carried out in a 50 mL Erlenmeyer
flask, containing 1 g pretreated stover, 10 mL 50 mM acetate
buffer (pH 5.0), and 300 mg lyophilized enzyme extract (pro-
tein base). The saccharification reaction was incubated at 50°
C and stirred at 150 rpm for 48 h. Samples were periodically
taken to analyze the release of reducing sugars using the DNS
method (Miller 1959). The percentage of saccharification was
calculated with the following equation (Meena et al. 2018):

reducingsugars ( f >x0.9x100%

(%)Saccharification = —— —
mltlalsubstrateconcentranon(Z)

Statistical analysis

All results are presented as the mean with standard devia-
tions of three independent experiments performed in tripli-
cate. Statistical analysis data from the degradation of cellulose
substrates and enzymatic assays were subjected to analysis of
variance (ANOVA) using the Design Expert v 13 program.
Tukey’s test was used for the post hoc comparison of means
(p<0.05).
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Results and discussion

CMCase activity production under SmF and SSF
and valorization of agricultural residues

The use of different human activity residues to produce
energy is one of the greatest challenges for a sustainable
development. The use of waste materials is of great impor-
tance, either for reducing the production cost of industrial
products already available or for the establishment of new
processes. Several examples of waste usage for energy
production can be found, i.e., in Indonesia, animal waste
for biogas production, can be potentially utilized to gen-
erate electric power (Khalil et al. 2019); food waste from
municipal solid was evaluated as a substrate for a bioelectro-
chemical technology (microbial fuel cells), and the authors
state that the energy generated by this system could be har-
vested, demonstrating the potential of this strategy (Khalil
et al. 2019). In Bangladesh, a study states that the promo-
tion of biogas generation incorporated into a sustainable
circular economy strategy could result in a drop of 37.5%
of greenhouse gas emission compared to current business
situations (Islam et al. 2021). In this context, the integral
use of agricultural waste for the production of biofuels and
metabolites of interest is a sustainable alternative to the use
of non-renewable resources of fossil origin. Lignocellulosic
technology for bioethanol production is characterized by the
low cost of the raw material and also avoiding direct conflict
with food and feed markets (Al-Azkawi et al. 2019).

The production of cellulolytic enzymes and their
application in cellulose degradation from lignocellulosic
biomass of agricultural residues is a focus of interest for
researchers around the world. Considering the high impact
that the cost of enzyme production has over the economic
feasibility of the production process of second-generation
bioethanol (Maitan-Alfenas et al. 2015; Bertacchi et al.
2022), we evaluated two methods and four alternative low-
cost sources as substrates for the production of cellulases
from filamentous fungi.

The cultivation of both P. funiculosum and C. cladospori-
oides were analyzed in mineral media CM-1 and CM-2,
respectively, supplemented with natural cellulose from dif-
ferent agricultural residues as the sole source of carbon. The
fungi were grown on solid-state fermentation (SSF) and
submerged fermentation (SmF) for 7 days, taking samples
every 24 h. Figure 1a shows the qualitative determination of
cellulolytic activity by staining with Congo red. The charac-
teristic hydrolysis halos of CMC were observed as a result
of the cellulolytic enzymatic activity produced by the fungi
culture in both SFF and SmF.

The cellulolytic enzymatic activity was determined by
culture volume to compare the two fermentation processes

(a) Cladosporium
cladosporioides

Penicillium
funiculosum

negative
control

Fig. 1 Determination of enzymatic activity. a Detection of cellulo-
lytic activity in plates with CMC (a). Enzymatic extracts from of the
culture of native microorganism by submerged fermentation were
placed. Cladosporium cladosporioides and Penicillium funiculosum

(SmF vs SSF). After quantification of endoglucanase
(CMase) activity by spectrophotometric assays using CMC
as the substrate, a differing influence of agricultural resi-
dues on the production of CMCase activity was found for
C. cladosporioides (Fig. 2 a,b). Among the carbon sources
evaluated, the highest CMCase activity was obtained when
the fungi were cultivated in a medium supplemented with
corn stover in the two types of fermentation process evalu-
ate. In SmF, the maximum CMCase activity (1.6 U/mL)
was observed on the 4th day of fermentation, and after
that, there was a slow decrease in cellulolytic activity
(Fig. 2a). It could be due to degradative processes or to
diminishing nutrient components in the culture medium.
When the fungus was grown in a culture medium contain-
ing chickpea straw, wheat bran or bean straw as a sole car-
bon source, CMCase activity was also detected, although
in a much less extent. In the case of SSF (Fig. 2b), the
higher cellulolytic activity (1.5 U/mL) was on day 5 with
corn stover as the carbon source, followed by chickpea
straw (0.9 U/mL). Similar to C. cladosporioides, the best
substrate for CMCase activity production from P. funicu-
losum was corn stover. With both SmF and SSF, maxi-
mum activity (1.5 U/mL) was achieved at 5 days of culture
(Fig. 2¢,d). Regarding the other carbon sources, in both
cultures the enzyme production was similar than with C.
cladosporioides. Recently, our group reported the CMCase
activity for both fungi, 0.48 U/mL for P. funiculosum and
0.41 U/mL C. cladosporioides, using 1% CMC as substrate
in the media (Vazquez-Montoya et al. 2020). It was also
reported that the result of CMCase activity of P. funiculo-
sum using moringa biomass as sole carbon source (1.6 U/
mL) was similar to that reported in the present work.
Media formulation based on agricultural residues are
heterogeneous by nature, and nutrient availability varies
depending on the raw material used. For each microor-
ganism, the use of certain residues favors the synthesis of
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Cladosporium cladosporioides
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Fig.2 CMCase activity in submerged and solid-state fermentation by
Cladosporium cladosporioides (a, b, respectively) and Penicillium
funiculosum (c, d, respectively) using agricultural waste as the sole

specific cellulolytic enzymes that release sugars necessary
for development and maintenance of the cell. The produc-
tion of different enzymes is susceptible to the presence of
specific substrates in the media composition (Ravindran and
Jaiswal 2016). The obtained results using corn stover as a
substrate could be attributed to the particular lignocellulosic
composition, its favorable degradability and the presence of
certain nutrients in corn stover (Isaac and Abu-Tahon 2015).

There are several reports regarding extracellular CMCase
production by fungi such as Aspergillus, Penicillium and
Fusarium on corn stover substrate (Panagiotou et al. 2003;
Gao et al. 2008; Liu et al. 2011; Jung et al. 2015; Isaac
and Abu-Tahon 2015; Sun et al. 2018) under SSF and SmF
systems (Table 1). However, no reported data were found
in literature about the filamentous fungi C. cladospori-
oides for corn stover. Mushimiyimana and Tallapragada
(2013) reported the optimization of extracellular CMCase
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(b) solid-State Fermentation
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carbon source. Data represent the mean (=+standard deviation, SD)
of three independent experiments, each performed in triplicate. Error
bars indicate SD

production using agricultural wastes (potato peel, onion
peel, carrot peel and sugar beet peel). Our results are within
the CMCase activity (1.56-2.45 U/ml). Sun et al. (2018)
compared cellulase production by Penicillium oxalicum in
growing media using different carbon sources. The fungus
was cultivated in a liquid medium, exhibiting a higher endo-
glucanase activity at 5 days of culture; among nature, lig-
nocellulosic material (corn stover, rice straw, wheat bran)
and commercial polymeric material (CMC-Na, Avicel) corn
stover were found to be the most effective carbon source.
Medium optimization was investigated for cellulase pro-
duction by Penicillium brasilianum KUEB15. The optimal
composition of the variable for maximum CMCase activity
(1.18 U/mL) was 12.39 g/L of corn stover (Jung et al. 2015).

The different results observed on cellulase productions
among both fermentation methods could be due to several
factors, such as substrate accessibility and growing rate of
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Table 1 Comparison of

A . Microorganisms
CMCase activity production

Fermentation Enzyme activity* Reference Aspergillus terreus M11

from different fungi using corn

Aspergillus terreus AUM 10,138
stover as the carbon source

Aspergillus fumigatus ZS
Penicillium oxalicum

Penicillium brasilianum KUEB15
Fusarium oxysporum

Cladosporium cladosporioides

Penicillium funiculosum

SSF 563 U/g Gao et al. 2008

SSF 2.2 U/mL Isaac and Abu-Tahon 2015
SSF 526 U/g Liu et al. 2011

SmF 0.71 U/mL Sun et al. 2018

SmF 1.18 U/mL Jung et al. 2015

SSF 304 U/g Panagiotou et al. 2003
SmF 1.5 U/mL This study

SSF 1.6 U/mL

SSF 1.5 U/mL This study

SmF 1.5 U/mL

*Activity was measured with carboxymethyl cellulose (CMC) as substrate. One unit of CMCase activity
was defined as the amount of enzyme required to release 1 pmol of reducing sugar per minute

the microorganism. The metabolism exhibited by micro-
organisms is different in SSF and SmF, and the influx of
nutrients and efflux of waste materials need to be carried out
based on these metabolic parameters. Therefore, the fermen-
tation technique must be decided based on the microorgan-
ism that is being used for production (Subramaniyam, R.,
and Vimala, R., 2012).

The results obtained show the feasibility of the produc-
tion of cellulolytic enzymes by C. cladosporioides and P.
Sfuniculosum, with either of the fermentation methods, sub-
merged and solid. However, considering that the measure-
ment of process and scaling-up parameters are more acces-
sible in submerged than in solid fermentation, we chose SmF
to continue the study.

Cladosporium cladosporioides
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Fig. 3 Protein secretion, FPase and B-glucosidase activity by (a) Cla-
dosporium cladosporioides and (b) Penicillium funiculosum in sub-
merged fermentation using corn stover as the sole carbon source. C.
cladosporioides was grown in CM-2 and P. funiculosum in CM-1.

Protein (jig/mL)

Protein secretion, FPase and B-glucosidase activity

Synergic action of the three enzymes is required to achieve
the hydrolysis of the cellulose. To identify FPase and
B-glucosidase activity by the fungi, these activities were
quantified during fermentation using corn stover as a sole
carbon source. Figure 3 shows the kinetic profiles of the
extracts produced by the fungi, as well as protein secretion
during their 7 days of culture in submerged fermentation.
FPase activity in P. funiculosum (0.39 U/mL, day 5, Fig. 3b)
reached the highest values than those obtained by C. clad-
osporioides (0.22 U/mL, day 4,, Fig. 3a); on the other hand,
B-glucosidase activity showed similar values, 0.10 U/mL
and 0.13 U/mL, for C. cladosporioides and P. funiculosum,

Penicillium funiculosum

(b)

0.45+ ~250

FPase T
# (-Glucosidase 1
@ Protein

04 4

0.354 200

03 4

150
0.254

100

Protein (ug/mL)

0.154

Cellulase activity (U/mL)

0.1 1 50

0.054

Time (days)

Results represent the mean (+standard deviation SD) of three inde-
pendent experiments, each performed in triplicate. Error bars indicate
SD

Pigllase ¢l ay .
e e O) Springer



43 Page8o0of12

3 Biotech (2023) 13:43

(a)

Cladosporium cladosporioides

(b)

1204
_ 100 1004 T 3
~ _ =
€ 9 s i __3 :
Z 80 > 80 4 - >
s = &
s & B
e w .
= o [
= 40 » = 40 4
o ® Stability ) @ Stability <
Optimal Optimal - -
20 20 1
0  m | I cam a0 ornon po “ T oty 1 0 g T T T o ) ety ey 1
10 20 30 40 50 60 70 80 2 3 4 3 6 7 8 9 10
Temperatura (°C) pH
Penicillium funiculosum
(c) (d)
120+ 120
100 ! 100 !
- ® ® : - } -~
& g o / I
w80 4 — 80 4
£ 3 :
B Z
2 060 4 Z;_-: 60
w 4 T
2 £ [
& 40 & 40 A e ——
) v @ Stability v
& @ Stability A Optimal
20 A Optimal 20 1
0 ettt T et T ettt T fenlitat T ohtat T ettt T ety 1 0 F il T . o T o T : L T T T L)
10 20 30 40 50 60 70 80 2 3 4 5 6 7 8 9 10
Temperatura (°C) pH

Fig.4 Effect of temperature and pH on relative CMCase activity and
stability of Cladosporium cladosporioides (a, b, respectively) and
Penicillium funiculosum (c, d, respectively). Results are presented as

respectively (Fig. 3a,b). The FPase activity for both fungi, P.
funiculosum and C. cladosporioides, using 1% CMC as sub-
strate in the media was 0.11 u/mL in both cases (Vazquez-
Montoya et al. 2019). It was also reported that the result
of FPase activity of P. funiculosum using moringa biomass
as the sole carbon source (1.7 U/mL) was higher than that
reported in the present work.

The production of FPase and B-glucosidase activities,
using corn stover as a substrate by different mutants of
Aspergillus terreus AUMC was reported by Issac and Abu-
Tahon (2015). FPase activity obtained for the strains ranged
from 0.46 to 1.12 U/mL and B-glucosidase from 0.23 to
0.54 U/mL. Filamentous fungi have a naturally high protein
secretion capacity. Proteins are mainly secreted through the

jllate ¢llodl ay .
des Shevis @) Springer

a percentage of the initial activity. Data represent the mean (+ stand-
ard deviation, SD) of three independent experiments, each performed
in triplicate. Error bars indicate SD

growing hyphal tip, making growth and protein secretion
intimately linked (Nevalainen and Peterson 2014). In C. cla-
dosporioides, secreted proteins were found since day 1 in the
culture medium and this increased until it reached a maxi-
mum of 211 pg/mL after 6 days of fermentation (Fig. 3a).
In P. funiculosum, a lag phase lasted up to the 2nd day, then
the protein content increased up to a maximum on the 6th
day (178 pg/mL) (Fig. 3b).

Characterization of the enzymatic extract
Enzymes have pH and a temperature at which their catalytic

activity on given substrates is optimal; outside this range,
they lose stability due to the breaking of forces that maintain



3 Biotech (2023) 13:43

Page9of12 43

(a) (b)

kDa MWM 1 2 kDa MWM 1 2

200 —ss T 250 =

116 Lo 150 — v

97 00—

66— N 75 I -

45 B -
50 —

31 S 37 =

21 =S8 25 =

14 — 20 == -

Fig.5 Analysis of secreted protein profile and enzymatic activities of
(a) Cladosporium cladosporioides and (b) Penicillium funiculosum
grown in medium containing corn stover as the carbon source. SDS-
PAGE separated proteins are visualized with Coomassie blue staining
(lane 1) and the cellulase activity shown by zymography using CMC
visualized using Congo red (lane 2). MWM, molecular weight marker

the correct folding of these proteins (affecting the active
site or substrate binding sites). The establishment of the
best conditions of the enzymatic exposure is essential for
its possible application in industry. The enzymatic extract
of C. cladosporioides and P. funiculosum was subjected to
different pH and temperature conditions, evaluating their
effect on CMCase activity and stability. The results obtained
are shown in Fig. 4. The optimum temperature of CMCase
activity in C. cladosporioides was between 50 and 60 °C
(Fig. 4a) and for P. funiculosum 50 °C (Fig. 4c). Thermal
stability was found to be more than 70% initial CMCase
activity in the temperature range of 25-50 °C for both enzy-
matic extracts. Above these temperatures, the enzyme activ-
ity decreases.

The effect of pH on the CMCase activity of crude extracts
was investigated in a pH range of 3.0-10.0. The optimal pH
for C. cladosporioides CMCase activity was between pH
4.0-6.0 (Fig. 4b), while in the P. funiculosum extract, the
highest activity was observed at pH 4.0 (Fig. 4d). pH sta-
bility in both extracts was found to be greater, maintaining
more than 80% initial activity in the 4—-6 pH range.

Our results coincide with those obtained for most fungal
cellulase. Silva et al. (2018) reported that the Botrytis ricini
URM 5627 endoglucanase showed the optimum temperature
of 50 °C at a pH of 5.0. Characterization of crude cellulases
from Aspergillus niger BKO1 showed that highest CMCase
activity was obtained at pH 4.8 and temperature 40 °C. The
CMCase was stable at a pH range of 4.8-5.5 and temperature
from 35 to 50 °C (Aggarwal et al. 2017). In another study, a

)
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Fig.6 Saccharification of corn stover biomass pretreated with 2%
H,S0, (v/v), using enzymatic extracts from (a) Penicillium funiculo-
sum and (b) Cladosporium cladosporioides. Results are presented as
reducing sugar yields (circle) and saccharification percentage (trian-
gle). Data represent the mean (= standard deviation SD) of three inde-
pendent experiments, each performed in triplicate. Error bars indicate
SD

CMCase from Penicillium pinophilum MS 20 had an optimal
activity in a pH range of 4.0-7.0 with maximum activity at
pH 5 and showed the optimum temperature of 50 °C (Pol
et al. 2012).

Enzyme identification by SDS-PAGE

The proteins present in the enzymatic extract of corn stover
cultures of C. cladosporioides and P. funiculosum were con-
centrated by ammonium sulfate precipitation. Subsequently,
the proteins were subjected to separation by SDS-PAGE
and "in situ" activity analysis using CMC as a substrate.
In both extracts, different protein bands were observed;

ilate ¢llodl ay .
e ) Springer
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however when analyzing the zymogram, only three bands
were detected with cellulolytic activity. In C. cladospori-
oides, clear bands were visualized in the gel, with molecular
weights of ~38, 45 and 70 kDa (Fig. 5a), whereas in P. funic-
ulosim they were~21, 63 and 100 kDa (Fig. 5b). Cellulases
produced by different species of fungi of the genus Penicil-
lium have been widely studied. Jgrgensen et al. (2003) iden-
tified five cellulases in Penicillium brasilianum IBT 20,888,
two of which had a size comparable to those detected in
this work (21 and 63 kDa); the remaining enzymes showed
molecular weights of 53, 54, and 70 kDa respectively. Iden-
tification analysis showed that the 21 kDa protein is similar
to another endoglucanase belonging to the 12 family of gly-
cosyl hydrolases, which is also similar in molecular weight
(24 kDa) to the Cel12A cellulase of T. reesei, known for its
activity on CMC and Avicel substrates, while the 63 kDa
cellulase was identified as a cellobiohydrolase (an exoglu-
canase). In another work, Zorov et al. (2001) isolated a cello-
biase (B-p-glucosidase) with a molecular weight of 100 kDa
from the cellulolytic system of Penicillium verruculosum.
This seems to be the first report of the identification of cel-
lulases produced by fungi of the genus Cladosporium using
zymogram analysis.

Corn stover saccharification

Due to the interest in the development of a second-gener-
ation bioethanol production process, different agricultural
residues have been evaluated to obtain fermentable sugars.
In this work, hydrolysis of corn stover pretreated with 2%
H,SO, (v/v), using the cell-free supernatants of previously
lyophilized C. cladosporioides and P. funiculosum was ana-
lyzed. The kinetic profile of the formation of reducing sug-
ars is shown in Fig. 6. We found the highest production of
reducing sugars after 48 h saccharification at 50 °C in both
cellulolytic extracts. However, in the reaction with P. funicu-
losum enzymatic extract (Fig. 6a), the content of reducing
sugars released (10.11 g/L) was more than 1.6 times higher
than that obtained with C. cladosporium enzymatic extract
(Fig. 6b). The results presented here are comparable to those
obtained by Begun and Alimon (2011) who evaluated the
capacity of different substrates for cellulase induction by A.
oryzae ITCC 4857.01, as well as the saccharification thereof
by the enzymes obtained. Reducing sugar yields obtained
varied from 1.12 g/L using pre-treated sawdust at 48 h sac-
charification to 7.53 g/L in sugarcane bagasse pretreated
with alkali obtained at 96 h. In another work of enzymatic
hydrolysis of corn stover pretreated with deep eutectic sol-
vents (consisted of quaternary ammonium salts and hydro-
gen donors), the authors obtained 17.0 g/L glucose using
a commercial enzymatic preparation (ACCELLERASE®
1500) (Xu et al. 2016).

Pielase clla)l auan .
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Conclusions

In this work, cellulase activity production by C. clad-
osporioides and P. funiculosum was obtained in both sub-
merged and solid-state fermentation. Under the conditions
studies, corn stover was the best lignocellulosic biomass
for cellulases production compared to wheat bran, chick-
pea and bean straw. Characterization of the crude enzymes
verified the thermal stability in the temperature range of
25-50 °C. Three bands with cellulolytic enzymes were
identified by SDS-PAGE zymogram analysis after fermen-
tation using corn stover as the only carbon source in the
two fungi evaluated. For the fungus C. cladosporioides,
it is the first time that this characterization study has been
carried out. Also, the ability of the cellulases to hydro-
lyze corn stover pretreated with sulfuric acid and to obtain
fermentable sugars was confirmed in the saccharification
process. Finally, corn stover is one of the most abundant
agricultural residues in the world and it can be used as raw
material of low cost for second-generation bioethanol pro-
duction (bioethanol 2G) and cellulases production. How-
ever, it is necessary to continue with process optimization
to increase yields in the processes evaluated.
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