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Abstract: Given its availability of sugars, sugarcane bagasse is a highly favorable environment for
colonization by microorganisms, including filamentous fungi that, in the fermentation process,
produce efficient enzyme complexes and are among the best evaluated microorganisms for
the production of enzymes industrial. In this sense, the present study aimed to evaluate the
cellulolytic extract produced by Penicillium variabile isolated from post-crushed sugarcane
bagasse. The crude enzymatic extract (CEE) was produced by submerged fermentation of the
fungus, after partial purification and characterization of the enzymes (fungus supplied gently
by BIOMM S/A). The enzymatic activities achieved were 8.772 U/mL of CMCase; 1.975 U/mL
-glucosidase; 0.069 U/mL of FPase; 1.610 U/mL of xylanase and 0.409 mg/mL of total protein
(TP). The optimal pH for enzymatic activity of cellulases with Penicillium variabile was 4.8, and
the stability of these enzymes stood at a pH range of 4.0-4.8. In relation to the thermostability,
cellulases remained more stable at -20°C. The SDS-PAGE profile of the CEE showed proteins in
a molecular weight range of 12-100 kDa, and the activities of endoglucanase, B-glucosidase
and xylanase were disclosed in the zymogram. The partial purification of CEE by size exclusion
chromatography (Sephacryl® S-100) resulted in asymmetric peaks of 60 kDa and 90 kDa, which
showed CMCase and 3-glucosidase activities, respectively. Thus, our results open horizons for the
establishment of biotechnological applications of Penicillium variabile, although more studies are
needed to understand its physiology and regulatory mechanisms of enzyme production.
Keywords: glycosyl hydrolases, biochemical protein profile, submerged fermentation, enzymatic
activities, Penicillium variabile.

Resumo: O bagaco de cana-de-aglcar, dada sua disponibilidade de aglcares, é um ambiente
altamente favoravel a colonizagdo por microrganismos, incluindo fungos filamentosos que,
no processo de fermentacdo, produzem complexos enzimdticos eficientes e estdo entre os
microrganismos mais bem avaliados para a produc¢do de enzimas industriais. Nesse sentido,
o0 presente estudo teve como objetivo avaliar o extrato celulolitico produzido por Penicillium
variabile isolado de bagaco de cana-de-aglicar pds-moagem. O extrato enzimatico bruto (CEE)
foi produzido por fermentacdo submersa do fungo, apds purificagdo parcial e caracterizacdo das
enzimas (fungo fornecido gentilmente pela BIOMM S/A). As atividades enziméticas alcangadas
foram de 8,772 Ul/mL de CMCase; 1,975 Ul/mL de B-glicosidase; 0,069 Ul/mL de FPase; 1,610 Ul/
mL de xilanase e 0,409 mg/mL de proteina total (PT). Quando verificada a influéncia de diferentes
valores de pH no extrato enzimatico em diferentes temperaturas, pode-se observar que as
enzimas permaneceram estaveis quando armazenadas a -20°C e pH 4,0 e 4,8 por até 30 dias. O
perfil de SDS-PAGE do CEE mostrou proteinas em uma faixa de peso molecular de 12-100 kDa,
e as atividades de endoglucanase, -glicosidase e xilanase foram reveladas no zimograma. A
purificagdo parcial de CEE por cromatografia de exclusdo de tamanho (Sephacryl® S-100) resultou
em picos assimétricos de 60 kDa e 90 kDa, que mostraram atividades de CMCase e B-glicosidase,
respectivamente. Assim, nossos resultados abrem horizontes para o estabelecimento de
aplicacdes biotecnoldgicas de Penicillium variabile, embora mais estudos sejam necessarios para
entender sua fisiologia e mecanismos regulatdrios de produgdo de enzimas.

Palavras-chave: glicosil hidrolases, perfil bioquimico de proteinas, fermentacdo submersa,
atividades enzimaticas, Penicillium variabile.
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INTRODUCTION

The use of lignocellulosic biomass as raw material for
the production of clean and renewable energy consists of
a sustainable alternative to the global energy issue, such
as second-generation ethanol (SndGE), produced from
sugarcane bagasse (Barreto et al., 2025; Uliana et al.,
2024; Yaverino-Gutierrez et al., 2024). Plant cell wall that
is basically composed of cellulose, hemicellulose, lignin
fractions and the lignocellulosic biomass, could be found
inby-products/residuesof agriculture, reforestation and
sewage solid waste (Piedrahita-Rodriguez et al., 2024).
Unlike the use of fossil fuels, the use of biomass for energy
generation may offer several advantages, e.g. decreasing
of atmospheric carbon dioxide and greenhouse effect by
means of the plant’s photosynthetic metabolism, which
is the propellant engine for biomass production (Zhao et
al., 2022).

In the biofuel-making process, the cell wall polymeric
chains should be degraded into small units, which results
in releasing of monomeric sugars suitable for microbial
fermentation (Bordignon et al., 2022). Microorganisms
are widely spread in the most varied environments and
are involved in the natural enzymatic process of biomass
breakdown. Among then, filamentous fungi produce
efficient cellulolytic complexes and are among the top-
rated microorganisms for producing industrial enzymes
(Selim et al., 2025). The genus Penicillium has been a
potential player in the industrial production of enzymes
(Espinoza-Abundis et al., 2023), including cellulolytic
enzyme cocktails, as itis known for its ability to hydrolyze
substrates such as filter paper, carboxymethylcellulose
and cellobiose (Liang et al., 2022; Ogunyewo et al., 2021).
In this context, we aim to investigate the hydrolytic
profile of a cocktail of partially purified lignocellulolytic
enzymes produced by a promising wild strain of
Penicillium variabile isolated from post-milling sugarcane

bagasse.

MATERIALS AND METHODS

All laboratory experiments were carried out at BIOMM

Technology S/A, and Unimontes, Minas Gerais, Brazil.

Fungi insolation, inoculum, fermentation and
crude enzyme extract

The fungus Penicillium variabile, the target of
this study, was isolated from sugarcane bagasse after
the milling process. P. variabile was isolated from the
processing of samples in PDA culture medium (20%
Potato, 2% Agar, 2% Dextrose), strategically prepared
with acidified pH to 5.0 and added with 5 mg/mL
tetracycline antibiotic. Sample processing consisted
of serial dilution (1/10) from 10g of material from each
collection point in sterile saline solution (0.9% NaCl) and
then homogenized by shaking for 1 hour. The pH of each
sample was then measured and recorded, and aliquots
of 100 pL of dilutions 103, 10* and 10° were plated and
incubated at 28°C +2 for 7-9 days in PDA. After the growth
of the fungi, the individual colonies were counted,
plated and differentiated, based on their macroscopic
characteristics, in PDA medium, and submitted again to
incubation for 7 days at 28°C + 2. The microcultivation
technique on slides was used for microscopic observation
of the reproductive morphological structures typical of

filamentous fungi.

The fungal inoculum was prepared in an Erlenmeyer
shake flask containing culture medium according
to Sreeja-Raju et al. (2020) and using wheat bran as
substrate. In order to achieve higher enzyme titers, the
fermentation was conducted in a 5 L bioreactor (New

Brunswick model Bioflo 3000®) at 30°C for seven days.

The crude enzyme extract was recovered by filtration
of culture broth in a Buchner funnel containing a glass
microfiber filter sheet AP20® (Millipore) and filter agent
(Supercel® Hyflo, Celite). Then, the crude filtrate was
concentrated using a tangential filtration mesh 10 kDa
(ultrafiltration) device coupled to a vacuum pump, as

in the previous filtration step. The resulting filtrate was
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evaluated in terms of cellulolytic activities according to
the UPAC standard protocol.

Enzyme assays

All enzyme assays were carried out in triplicate and
the activities were expressed in International Units,
i.e. the amount of a particular enzyme that catalyzes
the conversion of 1.0 mmol of substrate per minute
(IU/mL). A standard curve was constructed for each
different enzyme activity using the enzyme product to be
accessed. Carboxymethylcellulase (CMCase) activity was
determined according to the methodology described by
the International Union of Pure and Applied Chemistry
(UPAC) (Ghose, 1987), by measuring reducing sugars
released during hydrolysis of carboxymethylcellulose
substrate (CMC - Sigma Chemical Co., St. Louis, MO,
USA). The reaction medium consisted of 0.250 mL of a
4% (g/L) CMC solution in sodium citrate buffer 50 mM
pH 4.8 plus 0.250 mL of enzyme extract. The reaction
mixture was incubated at 50°C for 10 minutes and
thereafter stopped by the immediate addition of 0.5 mL
of DNS (3.5-dinitro salicylic acid), followed by boiling the
reaction tubes for 5 minutes. After cooling, samples were
read (optical density)/OD) on a spectrophotometer at
540 nm absorbance (Shimadzu UV-1700 UV Pharmaspec
Spectrophotometer Shimadzu Pharmaspec) (Miller,
1959).

FPase activity was determined according to standard
methods described by the UPAC (Ghose, 1987) based
on the measurement of the concentration of reducing
sugars released during the degradation of a filter paper
tape. The reaction medium consisted of 0.5 mL of the
enzyme extract, 1.0 mL of 50 mM sodium citrate pH 4.8
plus a strip of filter paper Whatman No. 1 measuring 1.0
X 6.0 cm (approximately 50 mg). The reaction mixture
was incubated at 50°C for 60 minutes and subsequently
stopped by adding 0.5 mL of the reaction mixture to a
tube containing 0.5 mL of DNS reagent.

B-glucosidase assays were performed in accordance
tostandard methods described by the UPAC (Ghose, 1987).

The method is based on measuring glucose released by
the cellobiose hydrolysis reaction. The reaction medium
consisted of 0.5 mL of the enzyme extract plus 0.5 mL of
substrate solution (15 mM cellobiose in sodium citrate
buffer 50 mM pH 4.8). The reaction mixture was incubated
at 50°C for 30 minutes and then was stopped by placing
the tubes in boiling water for 5 minutes. Glucose was
accessed using the analytical kit Glucose GOD-POD®

Biosystems.

Xylanase activity was measured using soluble xylan
as a substrate (Birchwood Xylan, Sigma Chemical Co.,
St. Louis, MO, USA). The reaction mixture consisted of
0.1 mL containing the enzyme extract, and 0.2 mL mL
1% xylan solution in 0.05 M acetate buffer pH 5.0. The
reaction mixture was incubated at 50°C for 30 minutes
and thereafter was stopped by adding 0.3 mL of the
solution (DNS) to the reaction tubes for boiling for 10
minutes. The Total Protein (TP) analysis was performed
in triplicate, according to Bradford (1976). Then, a non-
linear calibration curve was created using Albumin

Bovine as standard and samples were read at 590 nm.

SDS-PAGE and zymogram

SDS-PAGE  Electrophoresis  was  accomplished
according to the method reported by Laemmli (1970).
Protein samples were evaluated in a 10% polyacrylamide
gel at room temperature at a constant current of 150 V
and 50 mA lasting three to four hours, with the aid of a
protein molecular weight (MW) marker ranging from 6-210
kDa Biosciences (Pagemark ™, St. Louis, MO, USA). It was
loaded in the gel 10 pg of the MW standard and 50 pg of
enzyme concentrate, where the running buffer was a Tris-

Glycine buffer pH 8.3.

In order to estimate the molecular weights of fungal
enzymes, it was constructed a calibration curve of the
relative mobility of proteins composing the MW standard
(R) by the logarithm of their molecular weights. Afterward,
the fungal proteins MWs were accessed by interpolating
between the Rf (retention factor) of a given protein with

the calibration curve.
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Zymogram analysis was realized using native gel
electrophoresis, where 12% polyacrylamide gels were
prepared with the addition of specific substrates for
each enzyme: xylan (1% solution; w/v) or carboxymethyl
cellulose (0.44% solution; w/v). After electrophoretic
run, the substrate-added gels were incubated in 40 mM
NaOH pH 5.0 buffer for 60 minutes, then soaked in Congo
red solution (dye) 0.1%, following by washing gelsin 1 M
NacCl, which evinced the corresponding bands detected as
single halos bands in the gels. To evaluate B-glucosidase
activity, a native gel without substrate was incubated,
after electrophoresis procedure, in sodium acetate buffer
containing 0.3% esculin (Sigma Chemical Co., St. Louis, MO,
USA) plus 0.10% chloride ferric for staining until appearing
black bands in gel, indicating the enzyme activity.

Size exclusion chromatography

The concentrate enzyme extract was subjected to a
size exclusion chromatography (SEC) in a glass column
XK®16 /60 with 12 mL CV (Pharmacia) filled with Sephacryl®
S-100 HR (GE) resin, whose stationary phase is formed by
porous spheres of polymerized dextran, responsible for
the separation of proteins of molecular mass in the range
that varies from 1 x 10° - 100 x 10° daltons. The column was
packed by gravity and the eluent used was 50mM sodium
acetate buffer plus 100 mM NaCl, pH 4.8. Before loading,
the enzyme concentrate was filtered with 0.2 um filter
(Millipore) and then 2.4 mL was loaded in the column.
The eluent was continuously pumped into the column by
dragging the extract components throughout all column
length. Samples corresponding to chromatographic peaks
were collected and further analyzed by means of SDS-PAGE

and enzyme activities.

Physico-chemical characterization of the
enzyme extract

The concentrate enzyme extract was incubated in

sodium acetate buffer 50 mM at different pH values (4.0;

4.8 and 6.0) and then stored for 10, 30 and 60 days at 4°C.
Aliquots were taken along incubation time for enzyme
activities measurements using the same aforementioned
substrates in triplicate assays. For the thermal stability
assessment, the enzyme preparation was incubated in
sodium acetate buffer 50 mM pH 4.8 and stored at -20, 4, 50
and 60°C. All the assays were performed by diluting 3 mL of
the sample in 50 mM sodium acetate buffer at a ratio of 1:2
and stored for 10, 30 and 60 days. Samples were collected
along incubation time for measuring protein content
and enzyme activities using the same aforementioned

substrates in triplicate assays.

Statistical analysis

All the experimental data from the enzyme assays and
stability studies were analyzed using the software R by means
of one-way analysis of variance (ANOVA) and Tukey-Kramer

multiple comparisons test.

RESULTS

Enzyme activity profile

The enzymatic profiling of the crude fungal extract from
Penicillium variabile revealed noteworthy average activities
for key lignocellulolytic enzymes. Specifically, carboxymethyl
cellulase (CMCase) exhibited the highest activity, with a mean
value of 8.772 U/mL, indicating robust endoglucanase function
and efficient hydrolysis of amorphous cellulose regions.
B-Glucosidase activity reached 1.975 U/mL, underscoring
its potential for hydrolyzing cellobiose into glucose and
alleviating end-product inhibition during saccharification
processes. Xylanase activity, measured at 1.610 U/mL, reflects
the fungus’s capacity to degrade hemicellulosic components,
particularly xylan backbones within plant biomass.
Conversely, the filter paperase (FPase) activity, representing
the total cellulase complex responsible for crystalline cellulose
degradation, was relatively low at 0.069 U/mL, which may
suggest a limited exoglucanase or synergistic enzyme action

under the conditions tested (Fig. 1).
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Figure 1

The average enzyme activity for CMCase, FPase, xylanase and 3-glucosidase in
the enzyme concentrate of Penicillium variabile cultivated under submerged
fermentation containing wheat bran as substrate. Values are expressed as
triplicate averages
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CHARACTERIZATION OF FUNGAL
SECRETOME USING SDS-PAGE

The secreted enzyme mixture was analyzed by SDS-
PAGE, and the gel showed numerous bands corresponding
to several proteins with molecular weights ranging
approximately from 19 to 119 kDa. (Fig. 2 A and B).

Figure 2

(A) Several proteins present in the enzyme concentrate extract are visible as
bands in lane 1 (PM: molecular weight marker). (B) The molecular weights
were calculated based on the equation derived from the standard curve
obtained by plotting molecular weight (MW) against the relative mobility (Rf)
of each protein in the MW standard

kBa
210-
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7 -

e g
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The native zymogram gels showed specific bands
corresponding to the enzymatic activities of CMCase,

xylanase, and B-glucosidase. (Fig. 3).

Figure 3

Zymogram of fungal concentrate extract for enzyme activity detection in gels
containing specific enzyme substrate: (A) CMCase (CMC as substrate), (B)
xylanase (xylan as substrate), and (C) B-glucosidase (esculin as a substrate)
activities

A B c
CMCase Xylanase P-ghucosidase

The chromatogram obtained from size-exclusion

chromatography showed eight asymmetric peaks for both
the molecular weight (MW) standard and the enzyme
concentrate (Fig. 4). Figure 4A shows the chromatogram of
the MW standard, with peaks corresponding to bovine serum
albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase
(29 kDa), myoglobin (18.4 kDa), and HGUT (12.4 kDa) (Sigma).

Figure 4B displays peaks P1 through P8, corresponding
to the fungal enzyme concentrate. The estimated molecular
weights (MW) of the proteins present in each fraction
corresponding to chromatographic peaks P1, P2, P3, P4, P5,
P6, P7, and P8 were calculated (Table 1).

Figure 4

Size exclusion chromatography using a Sephacryl® S-100 packed column; (A)
Chromatogram of the molecular weight marker and (B) Chromatographic
profile of the enzyme concentrate from Penicillium variabile
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Table 1

Estimated molecular weight (MW) of the proteins present in each fraction
of the chromatographic peaks (P1, P2, P3, P4, P5, P6, P7 and P8) from their
retention factors (Rf) in the electrophoresis gel

MW (kDa) RF P1L P2 P3 P4 P5 P6 P7 P8
2 0,05 + +

89 0,06 + +

76 0,09 +

65 0,14

61 0,16 +

60 0,17

59 0,18 + +

58 0,19 o+ o+ +
57 0,21 + o+

54 0,22

53 0,23 + + +
52 0,26 + o+

49 0,28

48 0,31

46 0,34

31 0,48

Note: + means the display of chromatographic peaks detectable by HPLC

Eluted fractions (P1 to P8) were tested for enzyme
activities associated with each peak, revealing 0.792 U/mL
of B-glucosidase in peak 2 and 4.031 U/mL of CMCase in
peak 3, both measured after 240 h of fermentation. FPase
and xylanase were not detected in any peak. Lately, the
chromatographic fractions were analyzed by SDS-PAGE to
estimate the molecular weights of the enzymes responsible

for the detected activities (Fig. 5).

Figure 5

SDS-PAGE of fractions eluted from SEC. Lines 1 to 8 correspond to peaks P1,
P2, P3, P4, P5, P6, P7, and P8 respectively. PM: molecular weight markers
(kDa). Arrows indicate the molecular masses (MM) of the proteins present in
peak P3 (lane 3), corresponding to 61, 58, 57, and 52 kDa
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Enzyme concentrate stability

The stability of the tested enzyme activities (CMCase,
FPase, B-glucosidase, and xylanase) in the concentrated cell-
free fungal extract varied depending on pH and temperature

conditions.

All enzyme preparations showed decreased activity after
60 days of storage at -20°C and pH 4.8. (Fig. 6A, B, and C).

Figure 6
Residual activities of CMCase, FPase, B-glucosidase, and xylanase from
Penicillium variabile after 10, 30, and 60 days of incubation at 4°C. Enzyme
samples were prepared using: (A) sodium acetate buffer at pH 4.0; (B) sodium
acetate buffer at pH 4.8; and (C) sodium acetate buffer at pH 6.0
Temperature 4 °C
aH4 PHAB
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The Figs. 7A, B, C and D show the stability of CMCase,
FPase, B-glucosidase and xylanase enzymes when stored in
sodUm acetate buffer pH 4.8 at -20, 4, 50, and 60°C for 10,
30, and 60 days. All the enzymes assayed (B-glucosidase,
CMCase, xylanase and FPase) had no significant loss in

enzymatic activity after 60 days storage at -20°C and pH 4.8.

Figure7

Assessment of thermal enzyme stability (CMCase, FPase, B-glucosidase, and
Xylanase) of Penicillium variabile enzyme concentrate stored at pH 4.8 for 10, 30
and 60 days. The storage temperature was (A) -20°C, (B) 4°C, (C) 50°C, and (D) 60°C
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Enzymatic activity

Fungi, in general, are known to be good producers of
several types of enzymes, the production of which occurs
naturally and inherently to the metabolism of each species
(Corbu et al., 2023). Sorensen et al. (2013) and Naeem et al.
(2022) reported that fungi, such as Aspergillus, Fusarium,
Penicillium and Trichoderma are natural producers of
several B-glucosidases. In this perspective, elucidation
of the enzymatic potential of these microorganisms is of
great importance, because in addition to enabling the
development of enzymatic systems that are not obtainable
in plants or animals, it guarantees the supply of enzymes in
various segments of production goods and services, such as
textile, food, bioenergy industries, etc. In the present study,

it can be seen that the wild strain of Penicillium variabile has

great potential for enzymatic synthesis. This observation
is confirmed when we verify the enzyme activity peaks
expressed for each enzyme, with 8.772 U/mL in CMCase; 1.975
U/mL in B-glucosidase; 1.610 U/mL in xylanase and 0.069 U/

mL in FPase (Fig. 1 in results).

The genus Penicillium has a significant number of strains
known to be capable of secreting cellulolytic enzymes (Bhat
& Bhat, 1997; Long et al., 2023). Insights into the capability
of the lignocellulolytic enzymes of Penicillium parvum 4-14
to saccharify corn bran after alkaline hydrogen peroxide
pretreatment. Lynd et al. (2002) and Zhao et al. (2023) in
your study of novel transcription factor CXRD regulates
cellulase and xylanase biosynthesis in Penicillium oxalicum
under solid state fermentation. Penicillium species possess
adaptive enzymatic systems capable of responding to
lignocellulosic substrates, often through tightly controlled
gene expression modulated by carbon source availability,
inducer presence, and fermentation conditions. In this sense,
Penicillium species, such as P. oxalicum and P. janthinellum,
demonstrates how transcriptional regulators (e.g., CXRD) and
environmental signals orchestrate the differential expression
of enzyme-encoding genes. These regulatory circuits could
be similarly active in P variabile, potentially explaining
its robust enzymatic output. Ng (2004) and Christopher
et al. (2023) show that early cellular events and potential
regulators of cellulase induction in Penicillium janthinellum
NCIM 1366 (Espinoza-Abundis et al., 2023; Goyari et al., 2015).
Corroborating with these authors, we verified that the highest
value of enzymatic activity obtained in the present study
with P. variabile, was in the test with CMCase (8.772 U/mL),
attestingthe enzymatic potential of this fungusin synthesizing
enzymes of the cellulolytic complex. This value is significantly
lower than those reported in recent studies using similar
substrates. For instance, when Aspergillus niger ATCC 16888
was cultivated on copra (coconut) waste under submerged
conditions, peak CMCase activity reached approximately
3.29U/mL after 96 hours (Ganeshan et al., 2023). Similarly,
a study using sugarcane bagasse and brewery spent grain
in submerged culture reported CMCase activity of 3.29U/
mL (Moran-Aguilar et al., 2021). Comparison of submerged
and solid-state fermentation for cellulase production by
Aspergillus niger using coir waste. Bioresource Technology

Reports, 14, 100677. In the present study, it was also possible
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to confirm the ability of P, variabile to synthesize the enzyme
B-glucosidase, with a peak activity of 1.975 U/mL. From an
ecological perspective, the wild strain of P variabile may
be adapted to nutrient-variable environments, which could
favor the evolution of broad-spectrum enzyme systems. This
adaptive trait is beneficial under fermentation conditions
using complex carbon sources, such as wheat bran, where
multiple enzyme activities must be coordinated. The high
CMCase and B-glucosidase levels observed suggest that P
variabile can effectively degrade amorphous and crystalline
cellulose regions, which is essential for full saccharification.
This value was higher than that found by Souza (2011), who
found an activity of 1.34 U/mL in submerged culture for the
same substrate. In agreement with the findings of this study
for the genus Penicillium, Ritter et al. (2013) and Silva Lima
et al. (2024), the last author uses of an inexpensive carbon
source for the production of a cellulase enzyme complex
from Penicillium ucsense S1IM29 and enzymatic hydrolysis
optimization using the strain Penicillium echinulatum 9A02S1
in submerged cultures containing sorbitol as a substrate,
obtained a peak activity of 0.47 U/mL. While Zampieri
(2013), in tests with the same species P. echinulatum found
B-glucosidase peaks of activity of 0.350 U/mL and 0.275
U/mL, in a submerged culture containing cellulose and
cellobiose as a substrate, respectively, and for example, in
submerged cultures containing cellulose, [B-glucosidase
levels reached =1.15 IU/mL after 120 h, whereas in media
containing glycerol or elephant grass, levels were 20.27-0.46
IU/mL at 96-120 h. These values are in the same range as the
previously reported activities of 0.275-0.350 U/mL (Lenz et
al., 2020). These levels contrast with the 0.31U/mL (P47C3,
120h) and 0.10U/mL (P40B3, 96h) reported by Tonelotto et
al. (2014), evidencing significant gains in enzyme yield under
optimized conditions. The results of this research with P
variabile surpass these values even further production lower
than that obtained in the present study with P. variabile for
this same enzyme at different incubation time (For example,
A. niger HDFO05 reached approximately 60U/mL of activity
after optimization in submerged culture (wheat bran +
(NH,),S0,), a substantially higher value. In submerged
fermentation mode with wheat bran and glycerol, another
study obtained 9.371U/mL of B-glucosidase using A. niger.
The results obtained also point to the potential of P. variabile

to produce xylanase, having obtained a value of 1.610 U/mL.

This value was similar to that obtained by Hoffman and Wood
(1985) and Ogunyewo et al. (2020). Engineered Penicillium
funiculosum produces potent lignocellulolytic enzymes
for saccharification of various pretreated biomasses. The
study reports xylanase activity of 76 U/mL in submerged
fermentation with optimized medium containing wheat
bran, who cultivated Penicillium funiculosum in submerged
fermentation with wheat straw and reported enzymatic
activity of 1.87 U/mL for xylanase (Pasari et al., 2023). In
agreement with the earlier findings of Poutanen et al. (1987),
more recent investigations have demonstrated substantially
higher xylanase production by Aspergillus niger using wheat
bran. Under optimized submerged fermentation conditions
with wheat bran, strain AN-13 yielded up to approximately
125 U/mLofxylanase. Likewise, solid-state fermentation using
wheat bran by strain BG achieved 4.008 U/g dry substrate,
indicating the remarkable enzyme production capacity of this
system link (Azzouz et al., 2022). These values greatly exceed
the 12U/mL, reflecting advances in strain optimization and
fermentation process control. Submitting the mutant strain
of A. niger in submerged fermentation containing wheat bran,
reported that its activity reached a significant 12.00 U/mL (Ali
et al., 2024). Okafor et al. (2007) reported that the maximum
enzyme activity peak for xylanase in A. niger in submerged
cultures containing bagasse as a substrate reached 0.95 U/
mL in 96 hours. However, when the substrate was replaced
by sawdust or xylan, the enzymatic activities resulted in
peaks of 0.65 and 0.80 U/mL in 120 hours, respectively.
Recent study have demonstrated that these levels can be
significantly surpassed through the use of optimized strains
and conditions. In solid-state cultivation, Aspergillus niger
produced up to 3.18 U/mL of xylanase using alkali-pretreated
corn straw. In submerged fermentation, A. niger yielded
1.35U/mL with white sawdust, and 1.25U/mL and 1.22U/mL
with red and black sawdust, respectively (Fasiku et al., 2023).
These observations, in addition to corroborating the potential
of the genus Penicillium as a lignocellulolytic enzyme
producer, demonstrate the importance of the substrate type
used in screening for production. These findings are because
the enzymatic production values obtained using bran or
wheat straw as an inducing substrate, were considerably
higher when compared to studies where different substrates

were used, such as sugarcane bagasse, sawdust or xylan.
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The enzyme that showed less activity was FPase,
producing 0.069 U/mL of activity. A similar result was
reported by Tonelotto (2012) and Adetunji and Olaniran
(2023). These authors described an increase in the
production of this enzyme, with A. niger being 0.13 U/mL
in 48 hours for submerged cultures containing wheat bran.
Poutanen et al. (1987) reported FPase activity of 3.1 U/mL
for the mutant strain A. awamori VTT-D-75028 in submerged
fermentation with wheat bran. More recent studies confirm
that filamentous fungi, including Penicillium and Aspergillus
awamori, can reach or exceed this level with appropriate
optimizations. For example, Penicillium sp. AKB-24 achieved
1.31FPU/g (~1.31U/g) of FPase in solid culture with wheat
bran. Furthermore, Trichoderma virens produced about
49.3U/g of FPase in SSF using wheat bran (Badhan et al.,
2015; Kumar et al., 2016). A similar amount of activity has
been described by Singh et al. (2009) evaluating Aspergillus
heteromorphous under the same conditions of cultivation
and substrate. Similar FPase activity levels were reported
for A. heteromorphus under SSF conditions. Most recently
Singh et al. (2021) compared submerged and solid-state
fermentations with rice straw, obtaining 6.4 |U/g of FPase
in SSF after five days, while in submerged culture they
recorded 3.8 IU/g. These values are significantly higher than
the 0.13-0.31 U/mL already observed by Tonelotto (2012) in
A. niger and other classical studies, highlighting the superior
potential of SSF with lignocellulosic substrates. Doppelbauer
et al. (1987) reported FPase activity of 1.1 U/mL for the
mutant strain T. reesei MCG-77 in submerged fermentation
with wheat straw. Recent studies have shown significant
increases in this activity using optimized conditions and
pretreated substrates: In a medium containing furfural
residues and wheat straw pretreated with H,0,, T. reesei
reached 8.0FPU/mL after ~160h, with a maximum of 8.4FPU/
mL at 142h. The mutant strain RC-23-1 showed 6.2FPU/mL in
SSF with “avicel”, and up to 4.1FPU/mL in glycolytic medium,
demonstrating high efficacy under liquid conditions. These
results demonstrate considerable advances in enzyme yield
when compared to the initial value of 1.1U/mL for FPase
activity. This state-of-the-art result clearly shows how solid-
state fermentation (SSF) methods and suitable lignocellulosic
substrates can significantly improve FPase production by
filamentous fungi of different species and isolation origins
(Liang et al., 2022; Zhao et al., 2022). Hoffman and Wood

(1985) reported FPase activity of 0.31 U/mL for P. funiculosum
grown in submerged fermentation with wheat straw. Recent
data show significant improvements in optimized strains. For
example, P. funiculosum ATCC11797 achieved up to 0.354 U/
mL FPase after optimization of medium and fermentation
conditions. Furthermore, catabolite derepressed mutants,
such asstrain MRJ-16, produced animpressive 6.47 FPU/mL of
filter paper activity in medium optimized for saccharification
of plant residues. These results demonstrate that, with
genetic engineering or strain selection and optimization of
bioprocess conditions, itis possible to significantly exceed the
initial values of 0.31U/mL, reaching high levels of enzymatic
activity, both in laboratory tests and in industrial application
(Castro et al., 2010). A value similar to that obtained to date in
these conditions evaluated for P. variabile. When comparing
the values of enzyme activity described in the literature with
those presented in this study, we observed that P. variabile
demonstrated enzyme activity superior to that presented by
reference species in enzymatic production, in the production
of CMCase and [-glucosidase enzymes. Thus, we can infer
that the wild strain of this species has great enzymatic
potential, and further studies are needed to understand not
only its physiology, but also the regulatory mechanisms of
enzyme production and indution. In addition, the examples
presented point to the difficulty in comparing the values
obtained with those already described in the literature,
because in addition to the experimental variables, such as
variations in incubation time and moisture, fungal mutations,
etc. There are notable differences in cultivation conditions,
type of substrate used, type of fermentation and calculation
of enzymatic activity, information that is not always detailed
in such publications. Goldbeck et al. (2013) demonstrated,
through Pareto graphic analysis only the concentrations
had a statistically significant influence and other different
parameters did not on the production of cellulolytic enzymes.
Subsequent studies confirm and expand this conclusion.
For example, in Acremonium strictum, it was observed that
molasses levels of approximately 2 g/L had a strong negative
impact on CMCase and B-glucosidase activities. Similarly,
in Trichoderma reesei, sugarcane molasses was used as a
carbon source in a low-cost medium, contributing to a robust
cellular enzymatic pattern, as revealed by secretome analysis
(He et al., 2014). Rational engineering of the Trichoderma

reesei RUT-C30 strain into an industrially relevant platform
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for cellulase production. In this study, the authors used
sugarcane molasses as a carbon source in fed culture,
achieving up to 46.8 g/L of extracellular protein in 168 h and
demonstrating industrial potential for second-generation
ethanol (Xiang et al., 2021). This paper demonstrates
significant advances in strain engineering and molasses
cultivation strategies, highlighting a significant increase in
enzyme production compared to those reported by He et
al. (2014) and Fonseca et al. (2020). In summary, P. variabile
shows strong potential as a source of lignocellulolytic
enzymes. Its performance, even under non-optimized
conditions, reflects promising biochemical pathways and
regulatory networks. Future studies should aim to elucidate
these mechanisms through transcriptomic, proteomic, and
metabolic analyses, advancing our understanding of fungal

enzyme production and enabling its industrial application.

Determination of enzymes’ molecular weight

The SDS-PAGE analysis of the enzymatic concentrate
from Penicillium variabile revealed the presence of protein
bands with molecular weights ranging from approximately
12 to 100 kDa (Fig. 2). This broad molecular range indicates
a diverse enzymatic profile, characteristic of complex
lignocellulolytic systems. These findings are biochemically
consistentwith priorstudiesonfungalcellulases. Forinstance,
Tong et al. (1980) identified cellulases and B-glucosidase
from Thermoascus aurantiacus with molecular weights of
78, 48, 33, and 89 kDa in cultures containing filter paper.
More recent research has reinforced this diversity. Dave et
al. (2015) and Carvalho et al. (2010) purified endoglucanases
from T. aurantiacus, reporting molecular masses between
35 and 75 kDa. Proteomic studies confirm the expression of
multiple CAZymes with complementary functions, reflecting
the evolutionary adaptation of this thermophilic fungus to
lignocellulose degradation (Gabriel et al., 2021). Similarly,
Penicillium echinulatum 9A02S1 exhibited complex protein
profiles with bands around 215 and 75 kDa, regardless of
carbonsource,asreported by Zampierietal. (2013). Additional
work by Schneider et al. (2016) detected xylanase-associated
proteins near 240 kDa and other active enzymes at 60-80
kDa via zymography. These molecular signatures are not

merely analytical observations, but reflect the physiological

response of fungi to complex substrates like wheat bran
or sorbitol. The secretion of multiple isoforms and high-
molecular-weight enzymes indicates an ecological strategy
of functional redundancy and enzyme synergy, critical in
competitive environments such as decomposing plant
matter, with similar results reported by Todero Ritter et al.
(2013). In recent years, Penicillium echinulatum variants have
emerged as potent cellulase producers and are increasingly
recognized as promising candidates for applications in the
bioethanol industry (Schneider et al., 2016). These studies
confirm the consistent presence of high-weight protein bands
(= 200kDa) and smaller isoforms (~75kDa), reinforcing the
original observations of Zampieri et al. (2013) and expanding
the characterization with modern genetic and proteomic
data. The pioneering work of Selby and Maitland (1965)
already pointed to a wide distribution of enzyme molecular
weights in species like Trichoderma viride and Fusarium
solani, spanning 5 to 75 kDa. These findings were later
echoed by Khandke et al. (1989), who isolated B-glucosidase
(98 kDa), exoglucanase (58 kDa), and endoglucanase (32.2
kDa) from T. aurantiacus. The strain-specific and condition-
specific expression of enzymes reflects underlying regulatory
mechanisms, including transcriptional control and post-
translational modifications, which are influenced by factors
such as substrate complexity and nutrient availability (Zeng
et al., 2016). In the same way that Khandke et al. (1989),
purified a B-glucosidase with 98 kDa, exoglucanase with
58 kDa, and endoglucanase with 32.2 kDa produced in
submerged cultivation for Thermoascus aurantiacus over
paper blotter. Subsequently, Gruji¢ et al. (2019) demonstrated
that screening Trichoderma guizhouense strains on untreated
wheat straw enables the selection of isolates capable of
efficiently competing for complex natural substrates, leading
to the identification of strains that produce enzymes with
superior qualitative and quantitative characteristics suitable

for industrial applications.

In another study, Takashima et al. (1996, 1999) purifying
and characterizing various endoglucanases (24, 32, 42,
45, 46.5 and 58 kDa), six B-glucosidases (46-115 kDa) and
a cellobiohydrolase of 38.5 kDa from the supernatant
of Humicola grisea cultures in submerged fermentation
with wheat bran, cellulose and Avicel. Recent proteomic

and genomic profiling studies reinforce the diversity and
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presence of these enzymes. Transcriptomic and genomic
analysis of H. grisea var. thermoidea revealed an extensive
repertoire of CAZy enzymes, with several endoglucanases
and exoglucanases expressed under different pH conditions,
especially in cultures with sugarcane bagasse, with
molecular masses compatible with classical profiles. Several
studies have purified and characterized highly thermostable
B-glucosidases (~50kDa) as well as cellobiohydrolases
(CBH1.2, ~49.6kDa) from H. grisea, confirming the presence
of these enzymatic components through genome and
transcriptome analyses, the genetic repertoire of the
biotechnological relevant thermophile fungus Humicola
grisea. Comparative genomics helped us to further
understand the biology and biotechnological potential of H.
grisea. The results demonstrate that this fungus possesses an
arsenal of carbohydrate-active (CAZy) enzymes to degrade the
lignocellulosic biomass whose genomic and transcriptomic
analysis revealed a vast repertoire of CAZy enzymes in H.
grisea,optimizedforlignocellulose degradationundervarying
environmental conditions (Steindorff et al., 2021). In all these
examples, even those that show differences in values by
purification methods, studied microorganisms are consistent
with the molecular weights of the enzymes produced in the
conditions of these bioassays by Penicillium variabile in this
study. These recent studies corroborate the multi-enzyme
protein profile described by Takashima et al. (1999) using
modern molecular biology and proteomic techniques to
deepen the characterization of these enzymatic systems.
These findings collectively suggest that the molecular weight
profile observed for P. variabile is not only consistent with
other filamentous fungi but is also indicative of a robust
enzymatic system shaped by evolutionary pressures to
efficiently access carbon from complex plant polymers. The
combination of biochemical evidence (enzyme molecular
mass), ecological inference (substrate response), and recent
advances in omics techniques supports the hypothesis that
P. variabile possesses a sophisticated enzymatic machinery
well-suited for industrial bioprocesses, particularly in the
biofuel sector. Future studies focusing on transcriptional
regulation, enzyme kinetics, and synergistic action under
different fermentation strategies would further elucidate
the physiological versatility and commercial potential of this

strain.

Partial enzymes purification

In this study, enzymatic dosage for xylanase was
similar to the B-glucosidase, and it is expected a similar
result in the chromatographic profile. However, xylanase
revealed no protein peak in the chromatogram and a
possible explanation would be that the xylanase has
low molecular weight being impossible to detect on the
same chromatographic procedure used in this study
(Sephacryl S-100). A 20kDa xylanase was purified from
Bacillus pumilus SSP-34 using ion exchange columns
and size exclusion chromatography, where only specific
steps revealed the protein, highlighting the need for
adjustment of techniques when working with small
isoforms. In the same way, a low molecular weight
(~19kDa) thermostable xylanase purified from Aspergillus
fumigatus was identified by ion exchange chromatography
without being detected by gel chromatography, indicating
limited detection thresholds of these columns (Paramjeet
et al., 2021; Wong et al., 1988). The technology applied
to enzymatic studies has led some industries to invest
in purification strategies of enzymes. In commercial use,
purity is a factor of stability, and few are the production
and purification protocols of enzymes that achieve results
with high efficiency. Most records involve a series of steps
that always aim to obtain maximum yield and purity of
the protein of interest (Tan et al., 2015; Tonelotto, 2012).
The integration of advanced purification strategies in
enzymatic bioprocessing has driven industries to adopt
multi-step approaches aimed at enhancing enzyme purity,
stability, and yield. While achieving high purity often
necessitates a complex downstream workflow, these
strategies - ranging from chromatographic separation
to aqueous two-phase systems - have proven effective
in maximizing enzyme performance for commercial
applications. These references illustrate how modern
purification methods - in particular ATPS, combined
chromatography and immobilization - are decisive for
achieving high efficiency inindustrial processes, improving
not only yield and purity, but also stability and economic
viability. The integration of ATPS with other separation
techniques, such as chromatography or additional phase

modification strategies, can further refine purity and
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yield, making this approach highly versatile for industrial
applications (Bekavac et al., 2024; Paramjeet et al., 2021).
From a biochemical and industrial perspective, enzyme
purification is driven by the trade-off between purity, yield,
stability, and cost. Multi-step protocols - including size
exclusion, ion exchange chromatography, and aqueous
two-phase systems (ATPS) - help optimize this balance.
These approaches improve enzyme recovery and activity
retention, whichiscriticalforscalingin commercialenzyme
production. For instance, hybrid strategies that combine
ATPS with polishing steps, continuous-flow systems, and
immobilization techniques have demonstrated enhanced
yield and economic feasibility in recent studies, including
chromatography and continuous flow systems. These
references illustrate how modern purification methods in
particular ATPS, are crucial for achieving high efficiency in
industrial processes, improving not only yield and purity,
but also stability and economic viability (Guajardo &
Schrebler, 2024; Padhan et al., 2023; Sharma et al., 2025).
This phenomenon parallels previous observations, such
as a 20kDa xylanase from Bacillus pumilus and a ~19kDa
thermostable xylanase from Aspergillus fumigatus, which
required ion-exchange steps for detection and were not
visible on gel exclusion columns - highlighting the need to

tailor purification strategies to enzyme size and properties.

Riou et al. (1998) in order to purify and characterize
the B-glucosidase produced by Aspergillus oryzae, using
chromatographic processes such as molecular exclusion,
and ion exchange, resulting in a chromatographic profile
with two protein peaks. After application of these protein
fractions on SDS-PAGE, a single band was revealed with a
molecular weight of 43kDa. They demonstrated that this
enzyme can be present with a variety of molecular weights
and, in this particular case, with one of the smallest known
molecular weights of aerobic fungi, these weights can
range from 39-480kDa for B-glucosidase enzyme. Thongpoo
et al. (2014) solated and compared GH3 [-glucosidase
enzymes with high glucose tolerance from Aspergillus niger
ASKU28, using chromatography purification techniques
and deep enzymatic characterization. The highly efficient
P1.2 B-glucosidase performed better than the commercial
B-glucosidase preparation in cellulose saccharification,

suggesting its potential applications in the cellulosic

ethanol industry. Rojas et al. (1995) with respect to the
variety of molecular weights revealed by [B-glucosidase
enzyme, which according to these authors can be explained
by the division of this enzyme into three groups: those that
hydrolyze only oligosaccharides, those which exhibit affinity
for many types of substrates or those having a higher affinity
for the aryl group (organic radical derived from benzene
ring) B-glucoside. Godse et al. (2021) in your review article
discusses the properties of novel B-glucosidases, including
glucose tolerance and activation, substrate specificity, and
thermostability, highlighting their potential applications
in lignocellulosic biomass degradation, the food sector,
and pharmaceutical processes. These enzymes, in contrast
to those derived from conventional sources, exhibit
characteristics that make them promising candidates
for advancements in white biotechnology. The stability
of the enzymatic activities evaluated (CMCase, FPase,
B-glucosidase, and xylanase) in the concentrated cell-free
fungal extract of P. variabile was influenced by both pH and
temperature conditions. All enzyme preparations exhibited
a progressive decline in stability throughout the incubation
period, with higher pH levels further exacerbating enzymatic
inactivation. The complete decline in enzyme activity across
pH and temperature gradients suggests kinetic fragility
under non-optimal conditions, necessitating stabilization
via purification additives or immobilization - strategies
well-documented in enzyme engineering literature. Siqueira
(2010) in this partial purification of Penicillium corylophilum
extracts showed a relevant chromatographic profile only on
the Sephacryl S-200 column, revealing a single protein peak
associated with xylanase activity. Like show in the results
section, size exclusion chromatography using a Sephacryl®
S-100 packed column produces chromatographic profile
of the enzyme concentrate from Penicillium variabile, with
estimated molecular weight (MW) of the proteins present
in each fraction of the chromatographic peaks from their
retention factors (Rf) in the electrophoresis gel that ranged
from 90 to 31 kDa in overall size, based on the protein
markers used. Tailored downstream design - perhaps
utilizing affinity-based or sequential chromatographic
approaches - would capture the full spectrum of cellulolytic
and hemicellulolytic enzymes, crucial for industrially robust

enzyme cocktails.
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Physico-chemical characterization of the
enzymatic extract

The optimal pH for enzymatic activity of cellulases with
Penicillium variabile was 4.8, and enzyme stability was best
in the pH range of 4.0-5.0. In relation to the thermostability,
cellulases remained more stable at -20°C. According to
Steiner et al. (1994) the stability of endoglucanases produced
by Penicillium purpurogenum was best at pH 4.8, a result
similar to that obtained in this research. According Zavaleta
and Eyzaguirre (2016) Penicillium purpurogenum produces
the enzyme PpGALl, an endo-B-1,4-galactanase expressed
in Pichia pastoris, with high stability at pH 4-4.5 and 40°C,
making it suitable for industrial use. These studies reinforce
the optimized pH range between 4.4 and 5.6 for cellulolytic
enzymes from P purpurogenum, corroborating the initial
data of this work for P variabile, expanding knowledge
about enzymatic stability under the broadest possible
biotechnological and production conditions, depending on
the requirements of each microorganism used. This behavior
mirrors that of other acidic-active fungi P. purpurogenum,
for instance, produces enzymes that are stable, confirming a
physiological preference shaped by evolutionary adaptation
to moderately acidic niches (e.g., decomposing biomass

where organic acids accumulate).

According to Sa-Pereira et al. (2003) the key to success
in the protein characterization process is the selection of
a technique that considers the stability of the enzymes
at different temperatures and pH values. Ozaki and Ito
(1991) report that the majority of cellulolytic fungi have
better hydrolytic activity in acid pH. Studies conducted
by these authors, evaluating the endoglucanase activity
produced by Bacillus sp. allowed better observation of
the enzymatic activity between pH 4.2 to 6.9. Prasanna
et al. (2016) working with Penicillium sp. showed highest
endoglucanase activity after 7 days on Czapek-Dox medium
with 0.5% cellulose. Optimal cellulase production occurred
at pH 5.0, 30°C, using 0.5% cellulose, lactose, sawdust, and
0.2% yeast extract, yielding 8.7, 25, and 9.52 U/ml of FPase,
CMCase, and B-glucosidase, respectively. The stability had

become broader, maintaining 100% activity in the pH range

of 3.2 to 9.5. The results produced by P. variabile show the
stability of CMCase, FPase, [B-glucosidase and xylanase
enzymes when stored in sodium acetate buffer pH 4.8 at
-20, 4, 50, and 60°C for 10, 30, and 60 days. All the enzymes
assayed (B-glucosidase, CMCase, xylanase and FPase) had no
significant loss in enzymatic activity after 60 days storage at
-20°Cand pH 4.8.

Steiner et al. (1994) with the fungi enzimatic analysis
and Fouda et al. (2023), that characterize thermo-tolerant
cellulase enzyme produced by Bacillus amyloliquefaciens M7,
an insight into synthesis, optimization and characterization
with the purified cellulase that showed peak activity
(73.6+1.1U/mL) at 50°C, with reduced activity at other
temperatures. Similarly, B. licheniformis C55 cellulase also
peaked at50°C. That way these different authorsreported that
the optimum temperature for the enzymatic activity assays
of cellulase in a variety of organisms in general is around
50 to 60°C, while the optimum temperature to maintain the
stability of the cellulase was -20°C. Temperatures compatible
with those obtained in enzyme activity assays and stability of
the cellulases produced by Penicillium variabile in this study
were 50°C and -20°C respectively. Aguiar and Lucena (2011),
to evaluate the activity of the enzyme complex produced by
Aspergillus niger overtime (43 days) observed that the enzyme
activity remained almost constant when the sample was
stored at -18°C. In the same study, however, at a temperature
of 4°C, there was a reduction of 43% in their enzymatics
activity after 24 hours. Qadir et al. (2018) and Sohail et al.
(2009) show enzyme production by solid-state fermentation
was also investigated and found to be promising. Highest
production of cellulase was noted at pH 4.0, but at 35°C under
submerged conditions, differently that was done in this work.
Growth and enzyme production was affected by variations in
temperature and pH. In this refrigeration (4°C), free water
remains available for the development of the organism,
justifying the possibilities the degradation of the sample
and some enzymatic activities (Szymoriska & Wodnicka,
2005), and Moura et al. (2016) when comparing the two
types of storage (25°C and -18°C), there was difference only
for the activity of galactosidase and trypsin at 60 days. The
enzymes of the enzyme complex SSF studied remain stable
during the processing of pelleted diet at 55°C, maintaining

activity for at least 60 days when stored at temperatures
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up to 25°C. Alekseyeva et al. (2022) reported that at 4-5°C,
there was a reduction of up to 50% in enzyme activity in just
one week, attributed to enzymatic hydrolysis and microbial
proliferation. Thus, species composition and temperature
determine the role of saprophytic and saprobiotic fungi
in organic matter and especially in lignocellulosic plant
biomass under completely different climatic and working
conditions, emphasizing the need for the selection of strains
adapted to the best biotechnological conditions for enzyme
production. Thermostability tests showed that P. variabile
cellulases were most stable when frozen at -20°C, while the
highest catalytic activity occurred near 50°C. These values
align with trends observed in other fungal and bacterial
enzymes, reflecting a common biochemical architecture
optimized for moderate thermophily - possibly involving
stabilizing features like glycosylation and disulfide bonds.
The study of Mejia et al. (2024) reveals that enzymatic extracts
enhance the insecticidal efficacy of conidial biopesticides
regardless of fungal species, contributing to the optimization
of biological control agents. Then, the enzymatic crude
extract from several fungi (ECE) was concentrated and
partially characterized. This characterization consisted of
measuring the enzymatic activity (lipase, protease and,
chitinase) and determining the enzyme stability after storage
at temperatures of — 80, - 20 and 4°C. Protease activity
dropped to 77.1%+2.0 after 30 days at —20°C. At -80°C and
4°C, the largest decreases occurred within the first 7 days,
after which activity remained stable through day 30. Unlike
the other studies cited above, in the case of maintenance of
the crude enzymatic extract, as verified and evaluated for P
variabile under these experimental conditions tested, but
especially even at freezing temperatures and storage time,
different behaviors and activities were observed for each of
the enzymes characterized in this study. In short, it was not
possible to generalize the choice of a specific physicochemical
parameter that could be applied to all the enzymes evaluated
for this species of fungus. Notably, there was no universal
physicochemical profile across P. variabile enzymes - each
displayed distinct stability thresholds. This heterogeneity
highlights the intrinsic complexity of fungal enzyme systems
and suggests that single-condition preservation strategies
are insufficient. Instead, tailored approaches - drawing from
fermentation science and protein engineering - are necessary.

Further research combining transcriptomics, enzyme

kinetics, and protein stability profiling will be essential to

fully exploit this strain’s biotechnological potential.

CONCLUSION

The present study highlights the enzymatic potential
of Penicillium variabile, particularly in the production of
cellulolytic and hemicellulolytic enzymes such as CMCase,
B-glucosidase, and xylanase. Among these, -glucosidase
exhibited the highest specific activity, surpassing the levels
reported for Aspergillus awamori, a model organism widely
recognized in the literature for its efficient production of this
enzyme (Ginni et al., 2021; Godse et al., 2021). This finding
is especially significant considering that the P. variabile
strain used in this work is wild-type and non-genetically
modified, underscoring its intrinsic enzymatic capacity
and biotechnological relevance. The ability of P. variabile
to produce high levels of B-glucosidase complements
previous reports that emphasize the genus Penicillium as a
promising source of lignocellulolytic enzymes with potential
applications in biofuel production, food processing and
bioremediation (Long et al., 2023; Lynd et al., 2002). These
results contribute to expanding the catalog of fungal species
with industrial potential and reinforce the importance of

biodiversity in prospecting novel enzyme producers.

Moreover, the data obtained support the need for
future studies focused on the physiological and regulatory
mechanisms involved in enzyme biosynthesis by P
variabile. Optimization of key parameters such as incubation
temperature, pH, fermentation time, and the enzyme-to-
substrate ratio will be essential to enhance productivity under
industrially relevant conditions. Such investigations, coupled
with omics approaches (transcriptomics, proteomics),
could reveal the regulatory networks that control enzyme

expression and improve process scalability.

In conclusion, this work represents a valuable
contribution to the understanding of enzyme production
by P. variabile, offering a strong foundation for its potential
application in industrial biocatalysis and second-generation

bioethanol production.

Evidéncia, 2026, v. 26, p. 1-19



Alves, J. M. da S. et al.,, Enzymatic characterization of the lignocellulolytic secretome of Penicillium variabile 15

Acknowledgements: The authors thank BIOMM Technology

/ SAfor their supportin carrying out the work and Unimontes.
Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have

appeared to influence the work reported in this paper.
Data availability

The authors do not have permission to share data

REFERENCES

Adetunji, A. 1., & Olaniran, A. O. (2023). Biocatalytic Profiling of Free and Immo-
bilized Partially Purified Alkaline Protease from an Autochthonous Bacillus
aryabhattai Ab15-ES. Reactions, 4(2), 231-245. https://doi.org/10.3390/
reactions4020013

Aguiar, C. M., & Lucena, S. L. (2011). Cellulases production by Aspergillus niger and
cellulase deactivation kinetic. Acta Scientiarum. Technology, 33(4). https://doi.
org/10.4025/actascitechnol.v33i4.10204

Alekseyeva, S. K., Herndl, G. J., & Baltar, F. (2022). Extracellular Enzymatic Activities
of Oceanic Pelagic Fungal Strains and the Influence of Temperature. Journal
of Fungi, 8(6), 571. https://doi.org/10.3390/jof8060571

Ali, S., Noor, P, Ahmad, M. U., Khan, Q. F., William, K., Iram Liagat, Shah, T. A., Ab-
dulaziz Abdullah Alsahli, Y. A. Y., & Bourhia, M. (2024). Kinetics of cellulase-free
endo xylanase hyper-synthesis by Aspergillus Niger using wheat bran as a
potential solid substrate. BMC Biotechnology, 24(1). https://doi.org/10.1186/
512896-024-00895-w

Azzouz, Z., Bettache, A., Djinni, I., Boucherba, N., & Benallaoua, S. (2022).
Biotechnological production and statistical optimization of fungal xylanase
by bioconversion of the lignocellulosic biomass residues in solid-state
fermentation. Biomass Conversion and Biorefinery. https://doi.org/10.1007/
513399-020-01018-z

Badhan, A., Sharma, V., & Kuhad, R. C. (2015). Saccharification and hydrolytic en-
zyme production of alkali-pretreated wheat bran by Trichoderma virens under
solid state fermentation. BMC Biotechnology, 15, 58. https://doi.org/10.1186/
512896-015-0158-4

Barreto, E. S., Fonseca, Y. A., Adarme, O. F. H., Silva, D. F., Brand&o, R. L., Baéta, B.
E.L., Guimaraes, V. M., & Gurgel, L. V. A. (2025). Optimization of 2G ethanol
production from sugarcane bagasse: Upscaling of soda pretreatment with
redox mediator followed by fed-batch enzymatic hydrolysis and co-fermen-
tation. Energy Conversion and Management, 323,119225-119225. https://doi.
org/10.1016/j.enconman.2024.119225

Bekavac, N., Benkovi¢, M., Jurina, T., Valinger, D., Gajdos Kljusuri¢, J., Jurinjak
TuSek, A., & Salié, A. (2024). Advancements in Aqueous Two-Phase Systems
for Enzyme Extraction, Purification, and Biotransformation. Molecules, 29(16),
3776. https://doi.org/10.3390/molecules29163776

Bhat, M. K., &Bhat, S. (1997). Cellulose degrading enzymes and their potential
industrial applications. Biotechnology Advances, 15(3-4), 583-620. https://doi.
0rg/10.1016/s0734-9750(97)00006-2

Bordignon, S. E., Ximenes, E., Perrone, O. M., Carreira Nunes, C. da C., Kim, D.,
Boscolo, M., Gomes, E., Ferreira Filho, E. X., da Silva, R., & Ladisch, M. R. (2022).
Combined Sugarcane Pretreatment for the Generation of Ethanol and Val-
ue-Added Products. Frontiers in Energy Research, 10. https://doi.org/10.3389/
fenrg.2022.834966

Bradford, M. (1976). A Rapid and Sensitive Method for the Quantitation of
Microgram Quantities of Protein Utilizing the Principle of Protein-Dye
Binding. Analytical Biochemistry, 72(1-2), 248-254. https://doi.org/10.1006/
abio.1976.9999

Carvalho, A. F. A., Boscolo, M., Silva, R., Ferreira, H. & Gomes, E. (2010). Purification
and characterization of the a-glucosidase produced by thermophilic fungus
Thermoascus aurantiacus CBMAI 756. The Journal of Microbiology, 48(4), 452-
459. https://doi.org/10.1007/s12275-010-9319-2

Castro, A. M., de Albuquerque de Carvalho, M. L., Leite, S. G. F.,, & Pereira, N. (2010).
Cellulases from Penicillium funiculosum: production, properties and applica-
tion to cellulose hydrolysis. Journal of Industrial Microbiology & Biotechnology,
37(2), 151-158. https://doi.org/10.1007/510295-009-0656-2

Christopher, M., Sreeja-Raju, A., Abraham, A., Gokhale, D. V., Pandey, A., & Suku-
maran, R. K. (2023). Early cellular events and potential regulators of cellulase
induction in Penicillium janthinellum NCIM 1366. Scientific Reports, 13(1), 5057.
https://doi.org/10.1038/s41598-023-32340-x

Corbu, V. M., Gheorghe-Barbu, I., Dumbravd, A. S., Vrancianu, C. O., & Sesan, T. E.
(2023). Current Insights in Fungal Importance-A Comprehensive Review. Mi-
croorganisms, 11(6), 1384. https://doi.org/10.3390/microorganisms11061384

Dave, B. R., Sudhir, A. P., & Subramanian, R. B. (2015). Purification and properties of
an endoglucanase from Thermoascus aurantiacus. Biotechnology Reports, 6,
85-90. https://doi.org/10.1016/j.btre.2014.11.004

Doppelbauer, R., Esterbauer, H., Steiner, W., Lafferty, R. M., & Steinmller, H. (1987).
The use of lignocellulosic wastes for production of cellulase by Trichoderma
reesei. Applied Microbiology and Biotechnology, 26(5). https://doi.org/10.1007/
bf00253537

Espinoza-Abundis, C., Soltero-Sanchez, C., Romero-Borbdn, E., & Cérdova, J.
(2023). Cellulase and Xylanase Production by a Newly Isolated Penicillium
crustosum Strain under Solid-State Fermentation, Using Water Hyacinth
Biomass as Support, Substrate, and Inducer. Fermentation, 9(7), 660. https://
doi.org/10.3390/fermentation9070660

Evidéncia, 2026, v. 26, p. 1-19



Alves, J. M. da S. et al., Enzymatic characterization of the lignocellulolytic secretome of Penicillium variabile 16

Fasiku, S. A., Bello, M. A., & Odeniyi, O. A. (2023). Production of xylanase by Aspergil-
lus niger GIO and Bacillus megaterium through solid-state fermentation. Access
Microbiology, 5(6). https://doi.org/10.1099/acmi.0.000506.v5

Fonseca, L. M., Parreiras, L. S., & Murakami, M. T. (2020). Rational engineering of
the Trichoderma reesei RUT-C30 strain into an industrially relevant platform
for cellulase production. Biotechnology for Biofuels, 13(1). https://doi.
0rg/10.1186/513068-020-01732-w

Fouda, A., Alshallash, K. S., Atta, H. M., E-Gamal, M. S., Bakry, M. M., Alghonaim,
M. 1., &Salem, S. S. (2023). A thermo-tolerant cellulase enzyme produced
by Bacillus amyloliquefaciens M7, an insight into synthesis, optimization, char-
acterization, and bio-polishing activity. Green Processing and Synthesis, 12(1).
https://doi.org/10.1515/gps-2023-0127

Gabriel, R., Mueller, R., Floerl, L., Hopson, C., Harth, S., Timo Schuerg, Fleissner, A.,
&Singer, S. W. (2021). CAZymes from the thermophilic fungus Thermoascus
aurantiacus are induced by C5 and C6 sugars. Biotechnology for Biofuels,
14(1). https://doi.org/10.1186/513068-021-02018-5

Ganeshan, P, Vs, V., Gowd, S. C., Mishra, R., Singh, E., Kumar, A., Kumar, S.,
Pugazhendhi, A., & Rajendran, K. (2023). Bioenergy with carbon capture,
storage and utilization: Potential technologies to mitigate climate change.
Biomass and Bioenergy, 177,106941. https://doi.org/10.1016/j.biombi-
0e.2023.106941

Ghose, T. K. (1987). Measurement of cellulose activities. Pure and Applied Chemis-
try, 59(2), 257-268.

Ginni, G., Kavitha, S., Yukesh, K. R., Bhatia, S. K., Adish K.S., Rajkumar, M.,
Gopalakrishnan, K., Arivalagan, P., Nguyen, T. L. C. & Rajesh, B. J (2021).
Valorization of agricultural residues: Different biorefinery routes. Journal of
Environmental Chemical Engineering, 9(4), 105435. https://doi.org/10.1016/j.
jece.2021.105435

Godse, R., Bawane, H., Tripathi, J., & Kulkarni, R. (2021). Unconventional 3-Glu-
cosidases: A Promising Biocatalyst for Industrial Biotechnology. Applied
Biochemistry and Biotechnology, 193(9), 2993-3016. https://doi.org/10.1007/
512010-021-03568-y

Goldbeck, R., Ramos, M. M., Pereira, G. A. G., & Maugeri-Filho, F. (2013). Cellulase
production from a new strain AcremonUm strictum isolated from the Brazilian
Biome using different substrates. Bioresource Technology, 128, 797-803.
https://doi.org/10.1016/j.biortech.2012.10.034

Goyari, S., Devi, S. H., Bengyella, L., Khan, M., Sharma, C. K., Kalita, M. C., & Taluk-
dar, N. C. (2015). Unveiling the optimal parameters for cellulolytic characteris-
tics of Talaromyces verruculosus SGMNPf3 and its secretory enzymes. Journal
of Applied Microbiology, 119(1), 88-98. https://doi.org/10.1111/jam.12816

Grujié, M., Dojnov, B., Potocnik, ., Atanasova, L., Duduk, B., Srebotnik, E., Dru-
zhinina, I. S., Kubicek, C. P., & Vuj€i¢, Z. (2019). Superior cellulolytic activity of
Trichoderma guizhouense on raw wheat straw. World Journal of Microbiology
and Biotechnology, 35(12). https://doi.org/10.1007/s11274-019-2774-y

Guajardo, N., & Schrebler, R. A. (2024). Upstream and Downstream Bioprocessing
in Enzyme Technology. Pharmaceutics, 16(1), 38. https://doi.org/10.3390/
pharmaceutics16010038

He, J., Wu, A,, Chen, D., Yu, B., Mao, X., Zheng, P., Yu, J., & Tian, G. (2014). Cost-ef-
fective lignocellulolytic enzyme production by Trichoderma reesei on a
cane molasses medium. Biotechnology for Biofuels, 7(1), 43. https://doi.
0rg/10.1186/1754-6834-7-43

Hoffman, R. M., & Wood, T. M. (1985). Isolation and partial characterization of a mu-
tant of Penicillium funiculosum for the saccharification of straw. Biotechnology
and Bioengineering, 27(1), 81-85. https://doi.org/10.1002/bit.260270110

Khandke, K. M., Vithayathil, P. J., & Murthy, S. K. (1989). Purification of xylanase,
B-glucosidase, endocellulase, and exocellulase from a thermophilic fungus,
Thermoascus aurantiacus. Archives of Biochemistry and Biophysics, 274(2),
491-500. https://doi.org/10.1016/0003-9861(89)90462-1

Kumar, A., Gautam, A., & Dutt, D. (2016). Co-cultivation of Penicillium sp. AKB-24
and Aspergillus nidulans AKB-25 as a cost-effective method to produce cellu-
lases for the hydrolysis of pearl millet stover. Fermentation, 2(2), 12. https://
doi.org/10.3390/fermentation2020012

Laemmli, U. K. (1970). Cleavage of Structural Proteins during the Assembly of
the Head of Bacteriophage T4. Nature, 227(5259), 680-685. https://doi.
0rg/10.1038/227680a0

Lenz, F.,, Zurek, P.,, Umlauf, M., lasson E. P. Tozakidis, & Jose, J. (2020). Tailor-made
B-glucosidase with increased activity at lower temperature without loss of
stability and glucose tolerance. Green Chemistry, 22(7), 2234-2243. https://doi.
0rg/10.1039/c9gc04166d

Liang, C., Wang, Q., Wang, W., Sze, C., Hu, Y., & Qi, W. (2022). Enhancement of an
efficient enzyme cocktail from Penicillium consortium on biodegradation of
pretreated poplar. Chemical Engineering Journal, 452, 139352-139352. https://
doi.org/10.1016/j.cej.2022.139352

Long, L., Wang, W., Liu, Z., Lin, Y., Wang, J., Lin, Q., & Ding, S. (2023). Insights into
the capability of the lignocellulolytic enzymes of Penicillium parvum 4-14
to saccharify corn bran after alkaline hydrogen peroxide pretreatment.
Biotechnology for Biofuels and Bioproducts, 16(1). https://doi.org/10.1186/
513068-023-02319-x

Lynd, L. R., Weimer, P. J., van Zyl, W. H., & PretorUs, |. S. (2002). Microbial
cellulose utilization: Fundamentals and Biochnology. Microbiology and
Molecular Biology Reviews, 66 (3), 506-577. http://dx.doi.org/10.1128/
MMBR.66.3.506-577.2002

Mejia, C., Bautista, E. J., Garcia, L., Barrios Murcia, J. C., & Barrera, G. (2024).
Assessment of Fungal Lytic Enzymatic Extracts Produced Under Submerged
Fermentation as Enhancers of Entomopathogens’ Biological Activity. Current
Microbiology, 81(7), 217. https://doi.org/10.1007/s00284-024-03702-z

Miller, G. L. (1959). Use of dinitrosalicylic acid reagent for determination of reducing
sugars. Analytical Chemistry, 31 (3), 426-428.

Evidéncia, 2026, v. 26, p. 1-19



Alves, J. M. da S. et al.,, Enzymatic characterization of the lignocellulolytic secretome of Penicillium variabile 17

Moran-Aguilar, M. G., Costa-Trigo, ., Calderén-Santoyo, M., Dominguez, J. M., &
Aguilar-Uscanga, M. G. (2021). Production of cellulases and xylanases in sol-
id-state fermentation by different strains of Aspergillus niger using sugarcane
bagasse and brewery spent grain. Biochemical Engineering Journal, 172,
108060. https://doi.org/10.1016/j.bej.2021.108060

Moura, G.de S., Lanna, E. A. T., Donzele, J. L., Falkoski, D. L., Rezende, S. T. de,
Oliveira, M. G. de A., &Albino, L. F. T. (2016). Stability of enzyme complex
solid-state fermentation subjected to the processing of pelleted diet and
storage time at different temperatures. Revista Brasileira de Zootecnia, 45(12),
731-736. https://doi.org/10.1590/51806-92902016001200001

Naeem, M., Manzoor, S., Abid, M.-U.-H., Tareen, M. B. K., Asad, M., Mushtaq, S.,
Ehsan, N., Amna, D., Xu, B., & Hazafa, A. (2022). Fungal Proteases as Emerging
Biocatalysts to Meet the Current Challenges and Recent Developments in
Biomedical Therapies: An Updated Review. Journal of Fungi, 8(2), 109. https://
doi.org/10.3390/j0f8020109

Ng, T. B. (2004). Peptides and proteins from fungi. Peptides, 25(6), 1055-1073.
https://doi.org/10.1016/j.peptides.2004.03.013

Ogunyewo, O. A., Randhawa, A., Joshi, M., Jain, K. K., Prathamesh Wadekar,
Odaneth, A. A, Lali, A. M., & Yazdani, S. S. (2020). Engineered Penicillium
funiculosum produces potent lignocellulolytic enzymes for saccharification
of various pretreated biomasses. Process Biochemistry, 92, 49-60. https://doi.
org/10.1016/j.prochio.2020.02.029

Ogunyewo, O. A., Upadhyay, P, Rajacharya, G. H., Okereke, O. E., Faas, L., Gomez, L.
D., McQueen-Mason, S. J., & Syed Shams Yazdani. (2021). Accessory enzymes
of hypercellulolytic Penicillium funiculosum facilitate complete saccharifica-
tion of sugarcane bagasse. Biotechnol Biofuels, 14(1). https://doi.org/10.1186/
513068-021-02020-x

Okafor, U. A., Okochi, U. I., Onyegeene-Okerenta, B. M., & Nwodo-Chinedu, S.
(2007). Xylanase production by Aspergillus niger ANL 301 using agro-wastes.
African Journal of Biotechnology, 6 (14), 1710-1714.

Ozaki, K., & Ito, S. (1991). Purification and properties of an acid endo-1,4-B-glu-
canase from Bacillus sp. KSM-330. Microbiology, 137(1), 41-48. https://doi.
0rg/10.1099/00221287-137-1-41

Padhan, B., Ray, M., Patel, M., & Patel, R. (2023). Production and Bioconversion
Efficiency of Enzyme Membrane Bioreactors in the Synthesis of Valuable
Products. Membranes, 13(7), 673-673. https://doi.org/10.3390/mem-
branes13070673

Paramjeet, S., Manasa, P., & Korrapati, N. (2021). Biochemical Characterization of
Low Molecular Weight Thermostable Xylanase from Aspergillus fumigatus
JCM 10253. Applied Biochemistry and Microbiology, 57(S1), S98-S106. https://
doi.org/10.1134/s0003683821100094

Pasari, N., Gupta, M., Sinha, T., Ogunmolu, F. E., & Yazdani, S. S. (2023). Systematic
identification of CAZymes and transcription factors in the hypercellulolytic
fungus Penicillium funiculosum NCIM1228 involved in lignocellulosic biomass
degradation. Biotechnology for Biofuels and Bioproducts, 16(1). https://doi.
0rg/10.1186/513068-023-02399-9

Piedrahita-Rodriguez, M. Ortiz-Sanchez, J. C. Higuita Vasquez, & Cardona, A. (2024).
Ethanol from Bagasse Obtained During Non-centrifuged Sugar Production. A
Comprehensive Sustainability Analysis in the Colombian Context. Waste and
Biomass Valorization, 16(3), 1397-1410. https://doi.org/10.1007/512649-024-
02679-x

Poutanen, K., Ratto, M., Puls, J. & Viikari, L. (1987). Evaluation of different microbial
xylanolytic systems. 6(1), 49-60. https://doi.org/10.1016/0168-1656(87)90045-
9

Prasanna, H. N., Ramanjaneyulu, G., & Rajasekhar Reddy, B. (2016). Optimization
of cellulase production by Penicillium sp. 3. Biotech, 6(2). https://doi.
0rg/10.1007/s13205-016-0483-x

Qadir, F,, Sharig, M., Ahmed, A., & Sohail, M. (2018). Evaluation of a yeast co-culture
for cellulase and xylanase production under solid state fermentation of sugar-
cane bagasse using multivariate approach. Industrial Crops and Products, 123,
407-415. https://doi.org/10.1016/j.indcrop.2018.07.021

Riou, C., Salmon, J.-M., Vallier, M.-J., Ziya Glinata, & Barre, P. (1998). Purification,
Characterization, and Substrate Specificity of a Novel Highly Glucose-Tolerant
B-Glucosidase from Aspergillus oryzae. Applied and Environmental Microbiolo-
gy, 64(10), 3607-3614. https://doi.org/10.1128/aem.64.10.3607-3614.1998

Ritter, C. E. T., Camassola, M., Denise Z., Mauricio M. S., & Dillon, A. J. P. (2013).
Cellulase and Xylanase production by PenicillUm echinulatum in submerged
media containing cellulose amended with sorbitol. Enzyme Research, 2013,
1-9. http://dx.doi.org/10.1155/2013/240219

Rojas, A., Arola, L., & Romeu, A. (1995). B-Glucosidase families revealed by comput-
er analysis of protein sequences. International Journal of Biochemistry and
Molecular Biology, 35,1223-1231.

Sa-Pereira, P., Paveia, H., Costa-Ferreira, M., & Aires-Barros, M. R. (2003). A new
look at xylanases. Molecular Biotechnology, 24(3), 257-281. http://dx.doi.
org/10.1385/MB:24:3:257

Schneider, W. D. H., Gongalves, T. A, Uchima, C. A., Couger, M. B., Prade, R., Squina,
F. M., Dillon, A. J. P., & Camassola, M. (2016). Penicillium echinulatum secre-
tome analysis reveals the fungi potential for degradation of lignocellulosic
biomass. Biotechnology for Biofuels, 9(1). https://doi.org/10.1186/513068-016-
0476-3

Selby, K., & Maitland, C. C. (1965). The Fractionation of MyrothecUm verrucaria
cellulase by Gel Filtration. Biochemical Journal, 94, 578-583. http://dx.doi.
org/10.1042/bj0940578

Selim, M. N., Shawky, B. T., El-Sherbiny, G. M., Moghannem, S. A,, El-Araby, R. E.,
Khedr, M., & Abdel-Aziz, M. S. (2025). Comparative chemical and biological op-
timized saccharification pretreatment of rice straw by local fungal strains with
native cbh1 gene expression. Biomass Conversion and Biorefinery. https://doi.
0rg/10.1007/513399-025-06875-0

Evidéncia, 2026, v. 26, p. 1-19



Alves, J. M. da S. et al., Enzymatic characterization of the lignocellulolytic secretome of Penicillium variabile 18

Sharma, N., Ahlawat, Y. K., Stalin, N., Mehmood, S., Morya, S., Malik, A., H, M., Nel-
lore, J., & Bhanot, D. (2025). Microbial Enzymes in Industrial Biotechnology:
Sources, Production, and Significant Applications of Lipases. Journal of
Industrial Microbiology and Biotechnology, 52. https://doi.org/10.1093/jimb/
kuaf010

Silva Lima, D. J. da, Couto, R., Souza, J. C. P., Camassola, M., Fontana, R. C., Dillon,
A.J.,&Pradella, J. G. da C. (2024). Use of an inexpensive carbon source for the
production of a cellulase enzyme complex from Penicillium ucsense SIM29
and enzymatic hydrolysis optimization. Biofuels, Bioproducts and Biorefining,
18(5), 1137-1151. https://doi.org/10.1002/bbb.2595

Singh, A., Bajar, S., Devi, A., & Bishnoi, N. R. (2021). Evaluation of cellulase produc-
tion from Aspergillus niger and Aspergillus heteromorphus under submerged
and solid®state fermentation. Environmental Sustainability, 4(2), 437-442.
https://doi.org/10.1007/s42398-021-00173-x

Singh, A., Singh, N., & Bishnoi, N. R. (2009). Production of cellulases by Aspergillus
heteromorphus from wheat straw under submerged fermentation. Internation
Journal of Civil and Environmental Engineering, 1(1), 23-26. https://api.seman-
ticscholar.org/CorpusID:26246869

Siqueira, F. G. de. (2010). Residuos agroindustriais com potencial para a produgdo
de holocelulases de origem flngica e aplicagdes biotecnoldgicas de hidrolases
[Tese de doutorado, Universidade de Brasilia].

Sohail, M., Siddiqi, R., Ahmad, A., & Khan, S. A. (2009). Cellulase production from
Aspergillus niger MS82: effect of temperature and pH. New Biotechnology,
25(6), 437-441. https://doi.org/10.1016/j.nbt.2009.02.002

Sorensen, A., Libeck, M., Libeck, P. S., &Ahring, K. (2013). Fungal Beta-Glucosi-
dases: A bottleneck in industrial use of lignocellulosic materials. Biomolecu-
les, 3, 612-631. http://dx.doi.org/10.3390/biom3030612

Souza, M. L. G. (2011). Prospecgdo e caracterizagdo de linhagens fungicas produ-
toras de complexos enzimdticos lignoceluloliticos provenientes de residuos de
ambiente canavieiro [Dissertagdo, Universidade Estadual de Montes Claros].

Sreeja-Raju, A., Christopher, M., & Kooloth-Valappil, P. (2020). Penicillium janthi-
nellum NCIM1366 shows improved biomass hydrolysis and a larger number
of CAZymes with higher induction levels over Trichoderma reesei RUT-C30.
Biotechnology for Biofuels, 13(1). https://doi.org/10.1186/s13068-020-01830-9

Steindorff, A. S., Serra, L. A., Formighieri, E. F., de Faria, F. P., Pogas-Fonseca, M.
J.,&de Almeida, J. R. M. (2021). Insights into the Lignocellulose-Degrading
Enzyme System of Humicola grisea var. thermoidea Based on Genome and
Transcriptome Analysis. Microbiology Spectrum, 9(2). https://doi.org/10.1128/
spectrum.01088-21

Steiner, J., Socha, C., & Eyzaguirre, J. (1994). Culture conditions for enhanced cellu-
lase production by a native strain of Penicillium purpurogenum. World Journal
of Microbiology and Biotechnology, 10, 280-284. http://dx.doi.org/10.1007/
BF00414863

Szymoniska, J., & Wodnicka, K. (2005). Effect of multiple freezing and thawing on
the surface and functional properties of granular potato starch. Food Hydro-
colloids, 19(4), 753-760. https://doi.org/10.1016/j.foodhyd.2004.08.004

Takashima, S., Nakamura, A., Hidaka, M., Masaki, H., & Vozomi, T. (1996). Cloning,
sequencing and expression of the cellulase genes of Humicola grisea var.
thermoidea. Journal of Biotechnology, 50(1-2), 137-147. http://dx.doi.
0org/10.1016/0168-1656(96)01555-6

Takashima, S., Nakamura, A., Hidaka, M., Masaki, H., & Vozomi, T. (1999). Molecular
cloning and expression of novel fungal B-glucosidase genes from Humicola
grisea and Trichoderma reesei. Journal of Biochemistry, 125(4), 728-736.
https://doi.org/10.1093/oxfordjournals.jbchem.a022343

Tan, C. H., Show, P. L., Ooi, C. W,, Ng, E., Lan, J. C., & Ling, T. C. (2015). Novel lipase
purification methods — a review of the latest developments. Biotechnology
Journal, 10, 31-44. http://dx.doi.org/10.1002/biot.201400301

Thongpoo, P,, Srisomsap, C., Chokchaichamnankit, D., Kitpreechavanich, V., Svasti,
J., &Kongsaeree, P. T. (2014). Purification and characterization of three B-gly-
cosidases exhibiting high glucose tolerance from Aspergillus niger ASKU28.
Bioscience Biotechnology and Biochemistry, 78(7), 1167-1176. https://doi.org/1
0.1080/09168451.2014.915727

Todero Ritter, C. E., Camassola, M., Zampieri, D., Silveira, M. M., & Dillon, A. J. P.
(2013). Cellulase and Xylanase Production by Penicillium echinulatum in
Submerged Media Containing Cellulose Amended with Sorbitol. Enzyme
Research, 2013,240219. https://doi.org/10.1155/2013/240219

Tonelotto, M., Pirota, R. D. P. B., Delabona, P. S., Barros, G. O. F., Golubev, A. M.,
Polikarpov, I., & Farinas, C. S. (2014). Isolation and characterization of a f-ga-
lactosidase from a new Amazon forest strain of Aspergillus niger as a potential
accessory enzyme for biomass conversion, Biocatalysis and Biotransforma-
tion, 32(1), 13-22. https://doi.org/10.3109/10242422.2013.801018

Tonelotto, M. (2012). Production of celulases, purification and characterization of
kinetic biochemical B-galactosidase produced by fungus isolated from the
Amazon [MSc Dissertation, Universidade Federal de Sdo Carlos, Sdo Paulo,
Brazil]. https://repositorio.ufscar.br/handle/ufscar/7001?show=full#:~:text=ht-
tps%3A//repositorio.ufscar.br/handle/ufscar/7001

Tong, C. C., Cole, A. L., & Shepherd, M. G. (1980). Purification and properties of the
cellulases from the thermophilic fungus Thermoascus aurantiacus. Biochemi-
cal Journal, 191, 83-84.

Uliana, M. R., Cunha, Q., Silva, Plinio, F., Costa, S. M., & Regina, A. (2024). Maxi-
mizando o etanol de segunda geragdo a partir de biomassa. Revista em
Agronegdcio e Meio Ambiente, 17, e12577-e12577. https://doi.org/10.17765/
2176-9168.2024v17n.especial.e12577

Wong, K. K. Y., Tan, L. V. L., & Sadder, J. N. (1988). Multiplicity of beta-1,4-xylanase
in microorganisms: functions and applications. Microbiology Reviews, 52, 305-
317. https://doi.org/10.1128/mr.52.3.305-317.1988

Evidéncia, 2026, v. 26, p. 1-19



Alves, J. M. da S. et al.,, Enzymatic characterization of the lignocellulolytic secretome of Penicillium variabile

19

Xiang, J., Wang, X., & Sang, T. (2021). Cellulase production from Trichoderma reesei
RUT C30 induced by continuous feeding of steam-exploded Miscanthus
lutarioriparius. Industrial Crops and Products, 160, 113129. https://doi.
org/10.1016/j.indcrop.2020.113129

Yaverino-Gutierrez, M. A., Ramos, L., Ascencio, J. J., & Chandel, A. K. (2024).
Enhanced Production of Clean Fermentable Sugars by Acid Pretreatment and
Enzymatic Saccharification of Sugarcane Bagasse. Processes, 12(5), 978-978.
https://doi.org/10.3390/pr12050978

Zampieri, D., Guerra, L., Camassola, M., & Dilon, A. J. P. (2013). Secretion of endog-
lucanases and B-glucosidases by PenicillUm echinulatum 9A02S1 in presence
of different carbon sources. Industrial Crops and Products, 50, 882-886. http://
dx.doi.org/10.1016/j.indcrop.2013.08.045

Zavaleta, V., & Eyzaguirre, J. (2016). Penicillium purpurogenum produces a highly
stable endo-B-(1,4)-galactanase. Applied Biochemistry and Biotechnology,
180(7), 1313-1327. https://doi.org/10.1007/s12010-016-2169-6

Zeng, R.,Yin,X.-Y,, Ruan, T, Hu, Q., Hou, Y.-L., Zuo, Z.-Y., Huang, H., & Yang, Z.-H.
(2016). A Novel Cellulase Produced by a Newly Isolated Trichoderma virens.
Bioengineering, 3(2), 13-13. https://doi.org/10.3390/bioengineering3020013

Zhao, L., Sun, Z.-F,, Zhang, C.-C., Nan, J., Ren,N.-Q., Lee, D.-J., & Chen, C. (2022). Ad-
vances in pretreatment of lignocellulosic biomass for bioenergy production:
Challenges and perspectives. Bioresource Technology, 343, 126123. https://
doi.org/10.1016/j.biortech.2021.126123

Zhao, S., Wang, J.-X., Hou, R., Ning, Y.-N., Chen, Z.-X., Liu, Q., Luo, X.-M., & Feng, J.-X.
(2023). Novel Transcription Factor CXRD Regulates Cellulase and Xylanase
Biosynthesis in Penicillium oxalicum under Solid-State Fermentation. Applied
and Environmental Microbiology, 89(6). https://doi.org/10.1128/aem.00360-23

Evidéncia, 2026, v. 26, p. 1-19



