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Abstract

B-Glucosidases for industrial applications are mainly obtained from filamentous fungi. Kretzschmaria zonata is a phytopatho-
gen fungus that produces an arsenal of enzymes with biotechnological potential and this work aimed to produce, purify,
and characterize a 3-glucosidase from the fungus K. zonata for its application in supplementation of a commercial cocktail
for sugarcane bagasse saccharification. The elevated specific activity of p-glucosidase was induced by corn cob, reaching
1.085 U/mg of protein. At the end of all purification steps, a purification factor of 6.52 was reached, with an increase of
specific activity from 1.22 U/mg, in the crude extract, to 7.97 U/mg. Concerning pH stability, at pH 4, the pH of maximal
B-glucosidase activity, the enzyme was completely stable, with 100% activity after 1 h of incubation, while it kept over 50%
activity in the pH range from 2.2 to 6. The optimum temperature was 60 °C and the half-life times were estimated as 307.8
and 10 min, for temperatures of 60 and 70 °C, respectively. The B-glucosidase showed a reduction in relative activity in
the presence of 10 mM of manganese sulfate, zinc sulfate, manganese chloride, SDS, and glucose, maintaining 55, 56, 62,
70, and 73% of the relative activity, respectively. The commercial cocktail Multifect® CL supplemented with the K. zonata
B-glucosidase enabled the release of 13.89 g/L of glucose and 5.34 g/L of xylose, an increase of 19.8 and 35.5% of glucose

and xylose release, respectively, after sugarcane bagasse hydrolysis.
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Introduction

Increased depletion of oil reserves alongside an emphasis on
environmental preservation policies motivates the explora-
tion of renewable fuel sources [1]. Second-generation (2G)
ethanol has emerged as a viable alternative due to its ability
to enhance ethanol production without the need for expand-
ing cultivation areas. This is achieved through the hydroly-
sis of lignocellulosic materials and subsequent fermenta-
tion of the liberated glucose into ethanol [2, 3]. Brazil is
a major producer of plant biomass, such as sugarcane and
corn. One ton of sugarcane harvest generates approximately
280-230 kg of bagasse [4], while the processing of 1 ton of
corn produces about 1.96 tons of by-products such as stalk,
leaf, cob, and straw [5]. All of them are potential alternative
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carbon sources for 2G ethanol production. However, the
enzymatic hydrolysis of cellulose to glucose is a limiting
step in biofuel production due to the low conversion effi-
ciency and high costs of enzymes [6, 7].

The enzyme cocktails used in the hydrolysis of lignocel-
lulosic biomass are formed mainly by cellulases, hemicel-
lulases, and accessory enzymes. Cellulases are divided into
three groups of enzymes, i.e., endoglucanases (EC 3.2.1.4),
cellobiohydrolases (EC 3.2.1.91), and B-glucosidases (EC
3.2.1.21), which act synergistically to convert cellulose
into the monomer glucose [8, 9]. Endoglucanases randomly
catalyze the hydrolysis of glucosidic bonds, whereas cel-
lobiohydrolases (exoglucanases) act on the cellulose chain
to produce cellobiose, which is further hydrolyzed by
B-glucosidases (p-p-glucoside-glucohydrolase, EC 3.2.1.21),
releasing glucose [10]. Thus, the hydrolytic efficacy of enzy-
matic cocktails relies on the proportional representation and
activity of each of these enzymes [9, 11].

B-Glucosidases are sourced from various organisms,
including bacteria, fungi, yeast, animals, and plants [12].
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The fungus Penicillium purpurogenum has been identi-
fied as a producer of intracellular f-glucosidase. Optimal
activity of B-glucosidase was observed in the presence of
sucrose. Several cultural parameters for the cultivation
of P. purpurogenum to enhance f-glucosidase produc-
tion were optimized. The maximum enzyme yield was
achieved after 96 h of cultivation at 30 °C. Addition of the
amino acids histidine and cysteine induced p-glucosidase
synthesis to a certain extent. The optimal temperature
and pH for B-glucosidase activity were determined to
be 50 °C and 5.5, respectively. Notably, p-glucosidase
from P. purpurogenum exhibits stability at pH 2, making
it potentially suitable for debittering applications in the
fruit juice and wine industries [13]. For industrial appli-
cations, pB-glucosidases are mostly obtained from filamen-
tous fungi, due to their facilitated cultivation and large
production of extracellular enzymes with high industrial
potential [14—18]. Most commercial cocktails contain a
small amount of pB-glucosidases, which reduces overall
recyclability and causes low hydrolysis yields [19]. The
presence of f-glucosidase results in higher saccharification
yields, as it prevents the accumulation of cellobiose during
the hydrolysis step and, therefore, there is no inhibition of
the final product of endoglucanases and cellobiohydrolases
[17,20].

Kretzschmaria zonata is a phytopathogen fungus asso-
ciated with root rot of forest species that has been little
studied and described in the literature and it produces an
arsenal of enzymes with biotechnological potential [21,
22]. When cultivated on corn cobs, this fungus was able
to produce a wide variety of lignocellulolytic enzymes,
highlighting the specific activities of xylanase (56.30 U/
mg), endoglucanase (11.20 U/mg), pectinase (4.52 U/mg),
and especially p-glucosidase (2.77 U/mg) [23]. These
results highlight the significant potential of this fungus as
a promising source to produce essential enzymes for the
bioconversion of lignocellulosic biomass into value-added
products [24]. Nevertheless, there remains a deficiency
in research concerning these enzymes, including the sup-
plementation of commercial cocktails with f-glucosidase,
to fully harness their potential for the bioconversion of
lignocellulosic biomass.

Therefore, this work aimed to produce, purify, and bio-
chemically characterize a B-glucosidase from the fungus
K. zonata after cultivation in different biomasses as car-
bon sources. Moreover, f-glucosidase was evaluated for its
potential as a supplement to the commercial cocktail Mul-
tifect® CL, aiming to enhance the feasibility of second-
generation (2G) ethanol production. The supplementation
of commercial cocktails with supplementary enzymes
represents one of the strategies employed to enhance sac-
charification processes [25, 26].
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Material and Methods
Materials

The fungus K. zonata LPF 2118 was kindly sourced from the
mycological collection of the Forest Pathology Laboratory,
Federal University of Vicosa, Brazil. It was maintained on
malt extract agar (MEA) plates at 28 °C. The commercial cel-
lulase complex, Multifect® CL, was purchased from Genen-
cor International Inc. (Rochester, NY, USA). The sugarcane
bagasse, wheat bran, corn cob, corn straw, and soybean bran
were obtained at the local market. All reagents used were of
analytical grade purity and acquired from Sigma® Aldrich,
except for the sugar standards used for calibration, which were
of HPLC-grade purity. They were handled and stored accord-
ing to the manufacturer’s instructions.

Growth Conditions and B-Glucosidase Production
by Kretzschmaria zonata

K. zonata was activated in a sterile inoculum through sub-
merged cultivation. This process involved transferring 10 agar
plugs cut from a 7-day-old colony into Erlenmeyer flasks con-
taining 100 mL of medium. The medium consisted of glucose
(10.0 g/L), KH,PO, (1.0 g/L), MgSO, (0.5 g/L), NH,NO;
(1.0 g/L), and yeast extract (2.0 g/L). The flasks were then
placed in a rotary shaker and incubated for 5 days at 28 °C
and 150 rpm [27].

To obtain the enzymatic extract, K. zonata was grown on
a semi-solid medium in 250-mL Erlenmeyer flasks contain-
ing 5 g of various carbon sources: wheat bran, corn cob, corn
straw, and soybean bran. To achieve a final moisture content
of 60%, 12 mL of medium containing CuSO, (0.25 g/L),
KH,PO, (1.5 g/L), MgSO, (0.5 g/L), NH,NO; (1.0 g/L), and
yeast extract (2.0 g/L) was added. Additionally, trace elements
were included in the medium at the following concentrations
(mg/L): FeCl; (1.0), H3BO; (0.75), MnCl, (0.1), NaMoO,
(0.02), and ZnSO, (3.5) [7]. The flasks were autoclaved at
120 °C for 20 min and then inoculated with 4.6 mL of the pre-
viously mentioned inoculum (containing 1.5 x 107 spores/mL).

The incubation time was 8 days at a temperature of 28 °C.
The extraction of secreted enzymes was performed with
sodium acetate buffer (50 mM, pH 5.0), at a ratio of 10:1
(buffer/dry substrate), with agitation of 150 rpm for 60 min at
room temperature. The extracts were filtered on nylon filters
and centrifuged at 10,000 X g for 15 min. The crude extract
obtained was frozen and stored for further steps.

Enzymatic Assay

The p-glucosidase activity was determined using the
synthetic substrate p-nitrophenyl-p-p-glucopyranoside
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(p-NPpGlc) as described by Gonzélez-Pombo [13]. The
reaction mixture was composed of 35 pL of sodium acetate
buffer (100 mM, pH 5.0), 50 pL of 2 mM p-NPBGlc, and 15
pL of enzyme extract, incubated at 50 °C for 15 min. The
reaction was stopped with 100 pL of 0.5 M sodium carbon-
ate (Na,COj3). The absorbance was read at 410 nm in the
spectrophotometer (Thermo Scientific™ Multiskan™ GO
Microplate Spectrophotometer) and the values were con-
verted in pumoles of p-NP, using a standard curve performed
with 0—1.0 pmol of a p-nitrophenol solution. Enzyme assays
were performed in triplicate and one unit of enzymatic activ-
ity (U) was defined as the amount of enzyme that released
1 pmol of p-nitrophenol per minute, in this assay condition.

Protein Determination

The protein concentrations of the different crude enzyme
extracts were determined by the Bradford method [28], using
a standard curve prepared with a 0.2 mg/mL bovine serum
albumin solution (BSA).

Partial Purification of B-Glucosidase

The extract underwent precipitation with ammonium sul-
fate, resulting in fractions at 40, 60, and 80% salt satura-
tion levels. Each fraction was derived from 2 mL of the
initial crude extract volume, with respective amounts of
0.47 g, 0.75 g, and 1.07 g of (NH,),SO, used for the 40,
60, and 80% fractions, respectively. These quantities were
calculated using the Ammonium Sulfate Calculator (https://
www.encorbio.com/protocols/AM-SO4.htm). Each fraction
was centrifuged at 12,000 X g for 15 min. -Glucosidase
was assessed for activity and protein quantification (sec-
tions “Growth Conditions and pB-Glucosidase Production
by Kretzschmaria zonata” and “Enzymatic Assay”) in both
supernatants and precipitates, which was resuspended in
sodium acetate buffer (50 mM, pH 5.0) at a 1:1 ratio (extract
to buffer). The fraction with the highest specific enzymatic
activity was submitted to dialysis for salt elimination, using
3.5 L of sodium acetate buffer (10 mM, pH 5.0), overnight,
under agitation at 4 °C [3]. A dialysis membrane with a
3-kDa exclusion pore was used. Finally, the ultrafiltration
step was applied for enzyme concentration. The dialyzed
fraction was applied to an Amicon® Ultra, Millipore ultra-
filtration membrane, with a 3-kDa exclusion pore. The pro-
cess was conducted in a centrifuge at 4 °C, at 4900 X g,
for 60 min. The ultrafiltered sample was subjected to ion
exchange chromatography in fast protein liquid chroma-
tography (FPLC), AKTA system. A Q-Sepharose column
(5 X5 mL) anion exchanger was used. The column was pre-
viously equilibrated with sodium acetate buffer (50 mM, pH
5.0). For the elution process of proteins adhered to the col-
umn, a linearly increasing salt gradient with 50 mM sodium

acetate and 1 M NaCl buffer was used. Five milliliters of
sample from the ultrafiltration was applied [3]. Chromatog-
raphy was performed with a flow of 1 mL/min, a pressure
of 0.3 MPa, and 1 mL fractions were collected in each tube.
The collected fractions were submitted to B-glucosidase
activity assay and protein quantification (sections “Growth
Conditions and p-Glucosidase Production by Kretzschmaria
zonata” and “Enzymatic Assay”).

For the construction of the purification table of
B-glucosidase, the specific activity, which serves as an
indicator of the sample’s purity relative to the total protein
concentration, was calculated as Eq. 1.

enzyme units (U)/volume of extract (mL)

Speci diviel(U _
pecific activity(U /mg) concentration of total proteins (mg/mL) (1)

The purification factor, which highlights how many
times the protein of interest was concentrated when com-
pared to the starting material, as calculated as Eq. 2.

final specific activity (U/mg)

Pufication factor =

f f initial specific acitivity (U/mg) 2)
Finally, the yield expresses, as a percentage, how much

of the active enzyme was recovered from the starting mate-

rial at the end of the purification step, and it was calculated

as Eq. 3.

Yield (%) = final units of enzymes (U)

x 100
intial units of enzymes (U) &)

Purity Determination of B-Glucosidase

The samples from each purification step were concen-
trated, using precipitation with trichloroacetic acid (TCA
50%), and subjected to SDS-PAGE 12% (w/v) electropho-
resis by a Mini-Protean II system (BioRad), as described
by Laemmli [29]. The molecular mass standard Precision
Plus Protein marker™ BIO-RAD (10-250 kD) was used.
The proteins were visualized by Coomassie Blue and silver
staining [30].

Zymogram

B-Glucosidase activity was performed in gel by zymogra-
phy. The partially purified sample was submitted in dupli-
cate to polyacrylamide gel electrophoresis (10%) under
non-denaturing conditions. After electrophoresis, the sub-
strate 4-methylumbelliferyl-p-p-glycopyranoside (MUG)
was applied to the gel, and the fluorescent reaction product
was visualized and photographed under ultraviolet light, as
described by Ramani et al. [15].
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Biochemical Characterization of Partially Purified
B-Glucosidase

The ideal temperature range of B-glucosidase activity was
determined by incubating the reaction at the following tem-
peratures: 30, 40, 50, 60, 70, and 80 °C. Thermostability
was performed at 60 and 70 °C, at time intervals of 0.25,
0.5,0.75,1, 2,4, 6, 18, and 24 h. After each interval, an ali-
quot was removed and evaluated for residual activity. Time
0 was the maximum activity reference, and it was consid-
ered 100%. The optimum pH of the enzyme was analyzed
using a citric acid-sodium phosphate buffer ranging from
2.2 to 8.0 pH [31]. Mcllvaine’s buffer replaced the acetate
buffer in the assays. The pH stability of the enzyme was
analyzed in tubes containing 15 pL of enzyme and 45 pL
of Mcllvaine buffer at different pH values, from 2.2 to 8.
The action of ions on the enzymatic activity was determined
by the volume of 35 pL of sodium acetate buffer added by
different ions and reducing agents (CaCl,, MnCl,, MnSO,,
NaF, NaSO,, AgNO;, AICl;, ZnSO,, sodium dodecyl sulfate
(SDS), glucose, urea, and acid ethylenediamine tetraacetic
acid (EDTA)) at a concentration of 10 mM. The reaction
without the presence of these agents was used as a control,
in which the activity was considered 100%. In all tests, the
parameters described in the section “Growth Conditions and
B-Glucosidase Production by Kretzschmaria zonata” were
used.

Sugarcane Bagasse Saccharification

The sugarcane bagasse underwent alkaline pretreatment
with sodium hydroxide before the saccharification process.
First, the pretreatment was performed over 10% biomass
with 1.5% NaOH solution for 1 h at 120 °C. Following this
step, the pretreated biomass was washed with distilled water
until clarification to remove soluble lignin. The biochemical
composition of the pretreated sugarcane bagasse was deter-
mined and it was then stored at —20 °C until further use in
subsequent steps [27].

The enzymatic saccharification of alkaline pretreated sug-
arcane bagasse was performed in 25-mL Erlenmeyer flasks
with 10 mL of working volume and 0.5 g of pretreated sug-
arcane bagasse in 50 mM sodium acetate buffer at pH 5.0.
Tetracycline (40 mg/L) and sodium azide (10 mM) were
added to the reaction mixture to inhibit microbial contami-
nation. The commercial cocktail Multifect® CL, whose
composition was determined by Maitan-Alfenas et al. [32],
was applied in the saccharification experiment at the con-
centration of 2 units of f-glucosidase per gram of biomass.
To evaluate the supplementation effect, the same experiment
was performed with the addition of 2 units of the partially
purified p-glucosidase per gram of biomass. A control exper-
iment, without enzymes, was also conducted. The reaction
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was conducted in an orbital shaker at 250 rpm and 50 °C for
72 h. Samples of 1 mL were taken from the reaction mixture
at 12-h intervals for process monitoring. Each sample was
centrifuged for 10 min at 15,000 X g and the supernatant was
stored at — 20 °C for further analysis.

The biomass conversion efficiency was calculated con-
sidering the biochemical composition of the pretreated sug-
arcane bagasse, by the cellulose and xylan hydrolysis rate,
using Egs. 4 and 5 [27].

mass of glucose (g) x 0.9

Cellulose hydrolysis rate (%) = x 100
mass of cellulose (g)
“
f xyl 0.88
Xylan hydrolysis rate (%) = mass of xylose (g) x x 100
mass of xylan (g)
®)

Analysis of Hydrolysis Products

Products of the saccharification assays were analyzed by
high-performance liquid chromatography (Shimadzu) to
quantify the sugars released. For the analyses, the HPLC
was equipped with an Aminex HPX-87P column (BioRad)
at a flow rate of 0.6 mL/min and it operated at 80 °C. The
analytical curve was constructed with glucose and xylose
standards at different concentrations.

Statistical Analysis

ANOVA and Tukey’s test (p-value < 0.5) were utilized to
assess significant differences among the outcomes of growth
on various carbon sources and enzymatic hydrolysis of sug-
arcane bagasse, with and without cocktail supplementation.
This analysis was performed using Minitab® 19 software.

Results and Discussion

B-Glucosidase Production by Kretzschmaria zonata
After Growth in Different Carbon Sources

K. zonata exhibited the capability to generate the enzyme
B-glucosidase after growth in various tested carbon sources
(Table 1). The initial moisture content plays a significant
role in enzyme production and secretion when fungal growth
occurs in a semi-solid medium. Typically, an initial moisture
content ranging from 60 to 78% is commonly employed for
B-glucosidase production by filamentous fungi [33].
Filamentous fungi produce a wide variety of enzymes
and, in general, they are important lignocellulosic biomass-
degrading organisms since most of them have a complete
set of enzymes for the hydrolysis of cellulosic and hemi-
cellulosic materials [9]. The elevated specific activity of
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Table 1 Comparison of specific f-glucosidase activities obtained after the cultivation of the fungus Kretzschmaria zonata on different carbon
sources. Different letters indicate significant differences among averages within the same time (ANOVA and Tukey test, p <0.05)

Carbon source Protein (mg/mL)

Activity (U/mL) Specific activity (U/mg)

Wheat bran 0.14+0.04
Corn cob 0.10+0.03
Corn straw 0.12+0.09
Soybean bran 0.18+0.07

0.13+0.01 0.94+0.00°
0.11+0.06 1.08 +0.05
0.09+0.02 0.72+0.05¢
0.11+0.01 0.60+0.03¢

B-glucosidase induced from corn cob, 1.085 U/mg of pro-
tein, may be related to the greater availability of cellulose
in this biomass [34]. Therefore, the corn cob was selected
as the standard medium to produce p-glucosidase from K.
zonata used for the further purification steps.

Sgrensen et al. [35] revealed that Aspergillus saccharo-
Iyticus showed a maximum specific activity of 0.23 U/mg,
which was induced by wheat bran, and 0.22 U/mg when
xylan was used as a carbon source. On the other hand, stud-
ies demonstrated that the growth of Gongronella butleri in
soybean bran gave a specific activity of 0.6 U/mg, whereas
growth in corn husk resulted in a specific activity of 0.24
U/mg [36].

Several studies have been conducted involving the pro-
duction of f-glucosidases by fungi of the genera Aspergillus,
Penicillium, and Trichoderma [26]. The enzyme cocktails
used for biomass hydrolysis, mostly composed of enzymes
produced by these fungi, lack certain enzymes, such as
p-glucosidases [19]. Therefore, the search for new microor-
ganisms with potential for enzyme production aims to create
a combination of cocktails made of enzymes from different
microorganisms to maximize the conversion of lignocel-
lulose into monosaccharides [18]. The high f-glucosidase
activity obtained by the fungus K. zonata cultivated on corn
cob compared to the literature justifies its use as a brand-
new microorganism to produce f-glucosidase to complement
enzymatic cocktails for industrial applications.

Partial Purification of B-Glucosidase

After precipitation with ammonium sulfate, the residual
activities in the supernatant and the precipitate were evalu-
ated (data not shown), and the supernatant of the sample
saturated with 40% of ammonium sulfate was chosen to
continue the experiments, with 0.835 U/mg of protein. The
precipitate from the sample saturated with 80% of NH,(SO),
had a higher specific activity, 1.281 U/mg of protein. How-
ever, the high concentration of ammonium sulfate derived
from the precipitation step is one of the main interferents in
the quantification of protein by the Bradford method [28].
Due to this limitation of the colorimetric assay, the precipi-
tated extract with a lower ammonium sulfate concentration
was chosen to proceed with the purification, even though its

specific activity is lower than that of the extract precipitated
with 80% salt.

The supernatant of the 40% fraction was submitted to
dialysis to remove the remaining salt, which led to a 55.5%
increase in the volume of the sample. Due to this expected
dilution, the sample was subjected to an ultrafiltration pro-
cess to concentrate the enzyme of interest, reducing the ini-
tial volume by 53%.

The concentrated sample was further subjected to a
purification step by ion exchange chromatography, using a
Q-Sepharose anion exchange column, at pH 5. By analyzing
the chromatographic profile, it was possible to detect two
peaks with pB-glucosidase activity. The first one exhibited
lower activity and it was eluted before the gradient. The
second peak, with higher activity, was eluted during the salt
gradient, at a concentration of 0.779 M of NaCl, and it was
selected as the fraction of partially purified B-glucosidase
(data not shown).

At the end of all purification steps, the SDS-PAGE
showed that there was a reduction of the protein band num-
bers, as mentioned by Blum et al. [30] and zymogram analy-
sis confirmed the p-glucosidase activity in native gel (data
not shown). Table 2 shows that a purification factor of 6.52
was reached, with an increase of specific activity from 1.22
U/mg, in the crude extract, to 7.97 U/mg. This is related
to the significant decrease in the amount of protein, which
started at 0.187 mg/mL, in the crude extract, and dropped to
0.026 mg/mL after the ion exchange chromatography.

It was noticed that, after the ion exchange chromatog-
raphy step, the enzymatic activity increased significantly
compared to the previous steps, which could be explained
by the influence of the sodium chloride salt on the gradient.
The B-glucosidase activities of Penicillium roqueforti ATCC
10110 and Microbulbifer thermotolerans DAU221 exhibited
similar increase in the presence of sodium chloride salt con-
centrations of up to 0.5 M [37, 38].

Enzymatic Characterization
pH Effect on B-Glucosidase Activity

The highest -glucosidase activity was found at pH 4. At pH
values of 3 and 5 more than 50 and 80% of the activity was
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Table 2 Purification table of
B-glucosidase from the fungus
Kretzschmaria zonata after

Steps

Protein (mg)

Activity (U) Specific activity Purification

(U/mg) factor (x)

Yield (%)

growth on corn cob Crude extract 1.87

Ammonium sulfate 0.61
precipitation 40%

Q-Sepharose 0.21

2.29 1.22 1 100.0
1.19 1.95 1.59 52.0

1.67 7.95 6.49 72.9

120

100 -

80

60 -

Relative activity (%)

40 -

20 1

Fig.1 Effect of pH (@) and stability at different pH values (O)
of partially purified p-glucosidase from the fungus Kretzschmaria
zonata

maintained, respectively (Fig. 1). At a pH of 7, the enzyme
lost its activity, showing a reduction of more than 98% in its
value. The pH range of higher activities for $-glucosidases
normally varies from pH 4 to 6 [39]. The p-glucosidase from
the white rot fungus Flammulina velutipes CFK 3111 exhib-
ited higher activity at pH 5, maintaining 95% of its activity
at pH 6 and 44% at pH 7; however, at pH 4, its activity had
a significant drop of 75% [40]. Bonfa et al. [41] induced the
B-glucosidase from the thermophilic fungus Myceliophthora
thermophila M.7.7 which showed the highest activity at pH
5, also maintaining activity greater than 50% up to pH 6.5.
The B-glucosidase from the fungus Penicillium simplicissi-
mum was reported with the highest activity in the pH range
from 4.4 to 5.2 and maintained over 50% of its activity in
the pH range from 3.6 to 6.8 [42].

The effect of pH was also evaluated by incubating the
K. zonata B-glucosidase at different pH values for 1 h
(Fig. 1). The stability at different pH values is an impor-
tant characteristic for biotechnological application [43],
as it indicates the renaturation capacity of enzymes. At
pH 4, the pH of maximal B-glucosidase activity, it was
completely stable, with 100% of activity after 1 h, while
it kept over 50% of activity in the pH range from 2.2 to
6, showing good renaturation ability after exposure to
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more acidic environments. At more alkaline pH values,
the enzyme was able to recover its native structure and,
therefore, its activity. The B-glucosidase produced by the
thermophilic fungus Myceliophthora thermophila M.7.7
was able to recover its native conformation after incuba-
tion at different pH values (3-9.5) maintaining 50% of its
relative activity [41]. The pB-glucosidase from the white rot
fungus Flammulina velutipes CFK 3111 was not able to
recover its native conformation at pH 2.6 and 3 after 1 h of
incubation; however, in the pH range from 4 to 7, it main-
tained 50% of relative activity after 1 h of incubation [40].

Temperature Effect on B-Glucosidase Activity and Thermal
Stability

The partially purified p-glucosidase from the fungus K.
zonata displayed the highest activity at 60 °C, maintaining
77 and 89% of activity at temperatures of 50 and 70 °C,
respectively (Fig. 2A). The enzyme decreased significantly
in its activity at temperatures above 70 °C. In some stud-
ies, the B-glucosidase produced by the thermophilic fungus
Myceliophthora thermophila M.77.7 achieved higher activ-
ity at 60 °C, maintaining 85% of its activity at 70 °C [41].
The p-glucosidase generated by the AS 58 strain of Asper-
gillus exhibited elevated activity at 35 °C, with its activity
notably diminished beyond 45 °C [44]. The p-glucosidase
from white rot fungus Flammulina velutipes CFK 3111
exhibited its maximum activity at 50 °C and maintained
75% of its activity at 40 °C [40].

When incubated at 60 °C, the partially purified
B-glucosidase from K. zonata retained 70% of its residual
activity after 2 h and 36% after 18 h (Fig. 2B). Nonethe-
less, the pB-glucosidase displayed a drastic reduction of
activity after 15 min of incubation at 70 °C and it showed
close to no residual activity after 30 min of incubation
(Fig. 2C). The half-life times were estimated as 307.8
and 10 min, for temperatures of 60 and 70 °C, respec-
tively. A plant-derived pB-glucosidase from black plum
seeds was reported to have practically no residual activ-
ity after 150 min at 60 °C [45], although the intracellular
B-glucosidase from Termitomyces clypeatus maintained a
residual activity of 64% after 1 h of incubation at 70 °C
[46].
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Fig.2 A Effect of temperature on partially purified p-glucosidase activity from Kretzschmaria zonata. B Thermostability of partially purified
B-glucosidase from Kretzschmaria zonata at temperatures of 60 °C and C 70 °C

Effect of lons, Sugars, and Reducing Agents
on B-Glucosidase Activity

The partially purified p-glucosidase from K. zonata had
a reduction in relative activity in the presence of 10 mM
of manganese sulfate (MnSQO,), zinc sulfate (ZnSO,),
manganese chloride (MnCl,), SDS, and glucose, main-
taining 55, 56, 62, 70, and 73% of the relative activity
(data not shown). Inhibition of pB-glucosidases by glu-
cose is a common feature, as glucose is the final product
of the reaction [47]. In the presence of 10 mM of silver
nitrate ion (AgNO;), sodium chloride (NaCl), ammonium
sulfate ((NH,),SO,), and urea, the B-glucosidase activity
remained mostly unchanged. The activity of f-glucosidase
was increased by 17 and 24% in the presence of calcium
chloride (CaCl,) and EDTA, respectively (data not shown).

The loss of activity when the p-glucosidase was incu-
bated with SDS is probably due to the denaturing action
of this anionic detergent, assuming that the three-dimen-
sional structure of the enzyme was lost [38]. The increase
of activity in the presence of EDTA suggests that it was
able to chelate metal ions that negatively interfere with the
B-glucosidase. The B-glucosidase of the white rot fungus
Flammulina velutipes CFK 3111 showed similar results
when incubated with 10 mM SDS and ZnSO,, presenting
a decrease of 20 and 16% in relative activity, respectively,
and keeping its activity practically unchanged with urea
[40]. According to Villena et al. [48], the p-glucosidase
from D. pseudopolymorphus revealed an inhibitory effect
by 10 mM Zn** and Ca®* but the enzyme increased its
relative activity when incubated with 1 mM Co?*, Mg>™,
K*, and Na*. The B-glucosidase from Periconia sp.
showed an inhibition of 70, 50, 30, and 75% of relative
activity by Cu®*, Zn**, Mn?*, and Ca®", respectively [49].
The B-glucosidase produced by the fungus Flammulina
velutipes had a 61.5% decrease in its relative activity when
incubated in 50 mM glucose [40].

Enzymatic Saccharification

To evaluate the supplementation effect, 2 units of the par-
tially purified p-glucosidase was added per gram of bio-
mass, which is equivalent to 0.46 mg of protein or 7.4 mL
of enzyme, since the B-glucosidase activity was 0.28 U/mL
before the supplementation. After supplementation, the total
B-glucosidase activity that was expected to be 4 units was
found to be 6.8 units, which corroborates synergism between
the enzymes.

The Multifect® CL cocktail is a cellulase-rich mixture,
containing 23.50 FPase/mL, 208.32 U/mL of endoglucanase,
and 10.2 U/mL of pB-glucosidase. Additionally, it exhibits
other hemicellulolytic activities, such as 313.17 U/mL of
xylanase, 2.12 U/mL of mannosidase, 2.33 U/mL of man-
nase, 10.40 U/mL of pectinase, and 0.38 U/mL of arabino-
furanosidase [32].

Supplementation of the Multifect® CL cocktail with the
B-glucosidase from K. zonata proved to be more efficient
in the hydrolysis process of alkaline-pretreated sugarcane
bagasse when compared to the hydrolysis performed only
by the commercial cocktail Multifect® CL (Fig. 3). After
72 h of saccharification, the commercial cocktail individu-
ally applied produced 11.59 g/L of glucose and 3.94 g/L
of xylose. The commercial cocktail supplemented with the
K. zonata B-glucosidase produced 13.89 g/L of glucose
and 5.34 g/L of xylose, an increase of 19.8 and 35.5% of
glucose and xylose release, respectively. The residual cel-
lobiose was 3.77 and 2.43 g/L for the commercial cocktail
and the supplemented mixture, respectively, at the end of
hydrolysis. After 72 h of saccharification, the commercial
cocktail showed a productivity of 0.16 and 0.05 g/(L-h) for
glucose and xylose, respectively, while the supplemented
mixture had a productivity of 0.19 g/(L-h) for glucose and
0.07 g/(L-h) for xylose. Concerning biomass conversion effi-
ciency and considering the content of 59.2% cellulose and
22.3% hemicellulose of the pretreated sugarcane bagasse,
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Fig.3 Enzymatic saccharification of pretreated sugarcane bagasse
with the commercial cocktail Multifect® C L (@) and with the same
cocktail supplemented with f-glucosidase from the fungus Kretzsch-

the Multifect® CL was able to convert 35.23% of cellu-
lose and 31.02% of xylan. When supplemented with the K.
zonata P-glucosidase, the conversion efficiency was 43.16
and 42.05%, for cellulose and hemicellulose, respectively.

The greater release of glucose was expected because
the enzyme f-glucosidase is responsible for the release
of glucose from cellobiose and other smaller oligosac-
charides [50]. Furthermore, commercial cocktails are usu-
ally deficient in this enzyme [32]. The increase in xylose
release indicates a possible synergistic activity between
the p-glucosidase from K. zonata and the hemicellulolytic
enzymes present in the commercial cocktail, in order to
facilitate the hemicellulose access from sugarcane bagasse,
which enables greater xylan degradation [3]. It is well known
that the efficient hydrolysis of cellulosic biomass is more dif-
ficult than that of pure cellulose because the cellulosic fibers
are usually entrapped in other structural biopolymers, mainly
hemicelluloses and lignin. In this context, p-glucosidases
that enable glucose and xylose release appear to be particu-
larly well suited to maximize the overall efficiency of cel-
lulosic biomass hydrolysis, acting in association with endo-
and exocellulases and xylanases [8]. These findings support
the notion that the supplementation of commercial cocktails
with B-glucosidases can enhance the efficiency of biomass
conversion processes, thus improving the overall yield of
fermentable sugars for biofuel production. In accordance,
Andrade et al. [3] reported that the hydrolysis of sugarcane
bagasse by the Multifect® CL cocktail (15 U/g of biomass)
supplemented with p-glucosidase from Crysoporthe cuben-
sis (15 U/g of biomass) for 72 h led to an increase of 58% of
glucose release and 15% of xylose release when compared
to the commercial cocktail without supplementation.

@ Springer
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maria zonata (O). A Glucose and B xylose concentrations. Differ-
ent letters indicate significant differences among averages within the
same time (ANOVA and Tukey test, p <0.05)

Therefore, the -glucosidase derived from K. zonata holds
significant promise as a supplementary source for commer-
cial enzyme cocktails aimed at enhancing the saccharifica-
tion process for second-generation ethanol production.

Conclusions

The utilization of alternative carbon sources promotes sus-
tainability in the production of valuable biotechnological
products. K. zonata PB-glucosidase induced by corn cob
exhibits promising biochemical characteristics suitable for
industrial applications. Moreover, the significant increase in
sugars release observed with the addition of f-glucosidase
underscores its potential to enhance fermentable sugar
yields, which are essential for biofuel production. These
findings emphasize the effectiveness of B-glucosidase sup-
plementation in enzyme cocktails for improving the conver-
sion of lignocellulosic materials. Further research can opti-
mize supplementation conditions and evaluate their impact
on an industrial scale, facilitating their implementation for
a more sustainable and competitive bioeconomy.
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