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Abstract
This study aims to investigate the ability of the fungus Trichoderma koningiopsis 2OI2A1M to produce enzymes that act in 
the depolymerization of the lignocellulosic biomass of agro-industrial by-products and its application in the saccharification 
of barley bagasse. The production of xylanase by the fungus T. koningiopsis 2OI2A1M using the barley bagasse provided the 
highest activity (53.6 U/mL). The CMCase activity was obtained with carboxymethylcellulose (2.1 U/mL). Among the best 
inducers for β-xylosidases were sugarcane bagasse (11.8 U/mL) and for β-glucosidases were carboxymethylcellulose (36.4 U/
mL) grown for 120 h in submerged culture. The higher production of fermentable sugars from the enzymatic saccharification 
of in natura barley bagasse, yielded a concentration of total reducing sugars (10.7%), glucose (5.9%) and xylose (1.6%) after 
24 h. The comparative analysis of the morphological structure of the barley bagasse by scanning electron microscopy demon-
strated that the simultaneous action of T. koningiopsis 2OI2A1M enzymes does not require previous structural modifications 
in the barley bagasse for effectiveness in the saccharification process. Thus, barley bagasse is a candidate for a sustainable 
alternative to produce fermentable sugars, a primary focus in the production of second-generation fuels.
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We focus on prospecting for the hydrolytic enzymes of the 
hemicellulolytic complex from T. koningiopsis 2OI2A1M 
using barley bagasse as an inducer to produce enzymes and 
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as a hydrolysis substrate in the saccharification. This fungus 
induced the production of the main cellulose and hemicel-
lulose degradation enzymes, using different agricultural resi-
dues as carbon sources. Furthermore, significant amounts of 
total reducing sugar, xylose and glucose were obtained using 
crude enzymatic extract in the hydrolysis of in natura barley 
bagasse. The analysis of the morphological structure of the 
barley bagasse by SEM demonstrated that the simultane-
ous action of T. koningiopsis 2OI2A1M enzymes does not 
require previous treatment in the barley bagasse for effec-
tiveness in the saccharification process.

Introduction

Brazil generates large amounts of lignocellulosic biomass 
annually due to agro-industrial activities, resulting from 
huge amounts of waste during the harvest or in the process-
ing of its raw materials. These residues become an envi-
ronmental problem if they are not treated and disposed of 
correctly, presenting potential risks of soil and water con-
tamination. Among these agricultural residues, several can 
be used for the final production of food and bioenergy, such 
as sugarcane bagasse, rice husk, wheat bran, corn cob, bean 
straw, and barley [1, 2].

Therefore, using this waste as an alternative source of raw 
materials for biotechnological products or energy produc-
tion becomes a renewable, low-cost, and sustainable option. 
Barley (Hordeum vulgare L.) is the fourth most important 
cereal in the world in terms of total production, after wheat, 
rice, and corn. It is used mainly in the beer industry and for 
animal feed [3, 4]. For the purposes of brewers, the south-
ern region of Brazil concentrates the largest Brazilian pro-
duction of barley, whose production in 2019 exceeded 428 
thousand tons, in about 118.8 thousand hectares (ha) [5, 
6]. The barley grain is mainly composed of starch, dietary 
fiber and protein, even less, lipids, minerals and vitamins. 
The insoluble fraction of the total dietary fiber contains a 
large proportion of cellulose. Grain processing can lead to 
chemical and physical changes in nutrients, inactivation of 
enzymes, polysaccharide hydrolysis and changes in vitamin 
and mineral percentage [3, 7].

Lignocellulosic biomass, which consists mainly of cel-
lulose, hemicellulose, and lignin, is a promising renewable 
raw material that can be converted into biofuels or value-
added products, when converted by multi-enzymatic sys-
tems, composed predominantly of cellulases and xylanases 
[8]. In addition, these lignocellulosic materials are important 
sources of carbon that serve as substrates in the cultivation 
of microorganisms such as filamentous fungi. Fungi of the 
genera Trichoderma, Aspergillus, Fusarium, and Pichia 
are considered good xylanase producers [2, 9]. In general, 
Trichoderma species are known to produce several enzymes 

for the degradation of homopolysaccharides and heteropol-
ysaccharides, mostly enzymes belonging to the glycosyl 
hydrolases family [10]. As the T. reesei species is among the 
largest producers of cellulases, it has been widely studied. 
A collection of cellulolytic and hemicellulolytic enzymes 
catalyzes the hydrolysis of glycosidic bonds of complex 
lignocellulosic biomass residues to release simple reducing 
sugars [11]. The enzymes involved in the cellulose biocon-
version process are exoglucanases (EC 3.2.1.91), endoglu-
canases (carboxymethylcellulase; CMCase; EC 3.2.1.4) and 
β-glucosidases (EC 3.2.1.21) [12].

Xylan is the most abundant hemicellulose present in the 
cell wall of plants, occurring mainly in nature as heteropol-
ysaccharides. Due to its heterogeneity, xylan requires the 
action of different enzymes for its total degradation, with 
endo-1.4-β-xylanases (EC 3.2.1.8) being key enzymes in 
the process, responsible for internally hydrolyzing the main 
xylan chain, and randomly cleaving β-1.4-glycosidic bonds 
between xylopyranosyl residues. Once xylan is cleaved ran-
domly by xylanases, its products are diverse, including xylo-
biose, xylotriose, and xylotetraose and xylo-oligosaccharides 
(XOS) with short or longer chains [9, 13, 14]. In addition, 
β-xylosidases (EC 3.2.1.37) are responsible for hydrolyzing 
the non-reducing end of XOS by removing the D-xylose 
units [15, 16].

Hydrolytic enzymes that degrade xylan have several 
applications in different industrial processes, such as bleach-
ing paper pulp, de-inking recycled paper, and improving the 
digestibility and nutritional properties of animal feed [17]. 
Degumming of vegetable fibre in the manufacture of bev-
erages such as beer and wines, in the clarification of fruit 
juices, in the bakery industry, in the extraction of coffee, 
in the saccharification of agricultural products, and in the 
production of biofuels [18, 19].

Thus, in this study, we focus on prospecting for the hydro-
lytic enzymes of the hemicellulolytic complex from T. kon-
ingiopsis 2OI2A1M, a mesophilic fungus isolated from the 
Atlantic Forest biome of Paraná-Brazil, due to the lack of 
knowledge about its biotechnological potential. In addition, 
barley bagasse was used as an inducer for the production 
of enzymes, and as a hydrolysis substrate in the process of 
saccharification of this residue using the crude enzymatic 
extract of T. koningiopsis 2OI2A1M for the production of 
fermentable sugars.

Materials and Methods

Isolation and Maintenance of the Fungus

The filamentous fungus T. koningiopsis 2OI2A1M was 
isolated from a sample collected from the Bela Vista river 
located (53°35′41″ W. 25°26′43″ S) in the Atlantic rainforest 
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biome (Foz do Iguassu, Paraná, Brazil). Strain identification 
was based on the analysis of the amplified products of the 
Internal Transcribed Spacer (ITS) regions of the extracted 
ribosomal DNA of the fungus according to the methodol-
ogy described by White et al. [20] and the ITS sequence 
deposited in the GenBank database by accession number 
MN662532.1.

The fungus T. koningiopsis 2OI2A1M was grown in 
medium potato dextrose agar, incubated at 28 °C for ten 
days, and then it was kept in a refrigerator.

Enzyme Production Under Submerged 
Fermentation (SmF)

The enzyme production by the fungus T. koningiopsis 
2OI2A1M was carried out in duplicate, in 125 mL Erlen-
meyer flasks containing 25 mL of Czapek mineral medium 
supplemented with 1% (w/v) of different carbon sources 
(cotton, avicel®, sugarcane bagasse, barley bagasse, car-
boxymethylcellulose (CMC), cellulose, nutshell, paper (fil-
ter, newspaper, kraft and sulphite), straw (rice, beans and 
corn), sawdust, corn cob and panicle sorghum bagasse. One 
mL of spore suspension (2.2 × 105 spores/mL) was inocu-
lated and the submerged fermentation was incubated at 28 ℃ 
in a stationary condition for 120 h. The extracellular crude 
extract was obtained by vacuum filtration of the cultures, and 
the cell-free filtrates after dialysis were used to determine 
enzyme activity and protein quantification.

Enzymatic Assays and Quantification of Proteins

The enzymatic activities of xylanase, CMCase and FPase 
were carried out through the determination of reducing 
sugars with 3.5-dinitrosalicylic acid (DNS), described by 
Miller [21]. The reaction mixture for determining the enzy-
matic activity was composed of 50 µL of enzymatic extract 
and 50 µL of the respective substrate 1% (w/v) (beechwood 
xylan for xylanase; CMC for CMCase, and Whatman filter 
paper for FPase) in an acetate buffer (0.05 mol/L pH 5.0). 
This mixture was incubated at 50 °C for 10, 30 and 60 min, 
respectively for xylanase, CMCase and FPase, and stopped 
by adding 100 µL of DNS. The estimations of the reducing 
sugars at 540 nm in a spectrophotometer using D-xylose 
(xylanase) or D-glucose (CMCase and FPase) were used 
as standards. A unit of enzymatic activity (U) was defined 
as the amount of enzyme capable of releasing 1 μmol of 
reducing sugar per minute, under the experimental condi-
tions. The protein concentration was determined using the 
Bradford method [22] and using bovine serum albumin as 
a standard.

The activities of β-xylosidase and β-glucosidase were 
determined according to the method described by Tan 
et al. [23]. The reaction mixture consisted of 90 µL of the 

substrate at 2 mM of p-nitrophenyl-β-D-xylopyranoside 
(β-xylosidase) or p-nitrophenyl-β-D-glycopyranoside 
(β-glucosidase) with 10 µL of the crude enzyme extract; 
the reaction was incubated at 50 °C, and after 30 min it 
was stopped by adding 200 µL of saturated sodium carbon-
ate solution (Na2CO3). The quantification of the products 
was performed in a spectrophotometer at 410 nm, using a 
p-nitrophenol standard. One unit of enzyme activity (U) 
was defined as the amount of enzyme that releases 1 μmol 
of p-nitrophenol per minute under the experimental condi-
tions. All enzymatic assays and protein quantification were 
performed in triplicate.

Saccharification of Barley Bagasse

The barley bagasse obtained from a local brewery was 
washed several times with distilled water and dried in an 
oven at 50 °C, then pretreatments (alkaline, acid and themal) 
were carried out, and the untreated residue was named barley 
bagasse “in natura”. The residue equivalent to 5% (w/v) 
was pre-treated with 0.1 M NaOH or 0.1 M HCl for 16 h or 
autoclaved at 121 °C for one hour. Thereafter, the residues 
were washed with distilled water until reaching pH neutrality 
and dried in an oven at 50 °C. The enzymatic hydrolysis of 
barley bagasse was performed in duplicate as described by 
Saha and Gosh [24], with modifications, using 100 mg of 
pre-treated or in natura barley bagasse in a 50 mM sodium 
acetate buffer of pH 5.5 and a crude enzymatic extract of 
T. koningiopsis 2O2A1M (1 IU/mg of substrate) obtained 
from cultivation also induced with barley bagasse as a car-
bon source. The hydrolysis reaction was carried out at 40 °C 
under 200 rpm orbital agitation over 24 and 48 h. At the end 
of the process, the samples were vacuum filtered, obtain-
ing filtrate, and the barley bagasse was hydrolyzed, which, 
after drying, was analyzed by scanning electron microscopy 
(SEM). The filtrates were centrifuged at 1500 rpm for five 
minutes and used to determine total reducing sugars using 
the DNS method [21] using xylose as standard, quantifica-
tion of D-xylose (Kit D-xylose, Megazyme) and quantifica-
tion of D-glucose (Kit Glucose-oxidase). The percentage of 
saccharification was determined by Baig et al. [25] using 
a method based on the production of fermentable sugars 
(reducing sugar, xylose, and glucose).

Analysis of Enzymatic Hydrolysis of Barley Bagasse 
by Scanning Electron Microscopy

The effect of enzymatic action on in natura barley bagasse 
(without previous treatment) was verified in a SEM. The 
samples were prepared on an aluminum platform using dou-
ble-sided carbon tape, covered with 20 nm gold in an evapo-
rator (Denton vacuum desk V) and analyzed in a TESCAN 
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VEGA3 device operated at 25 kV. The control consisted of 
fresh barley bagasse without enzymatic treatment.

Partial Purification of Extracellular Xylanase

The crude extract obtained with 120 h of liquid cultiva-
tion grown with barley bagasse 1.5% of T. koningiopsis 
2OI2A1M was dialyzed and loaded onto a CM-Sephadex 
chromatographic column (2 × 20 cm) previously equili-
brated with 20 mM sodium acetate buffer, pH 5.0. The 
enzyme was eluted from the column using a gradient of 
NaCl (0.05–1.0 M). Five-milliliter fractions were collected 
to monitor the protein (A280) and enzyme activity. The frac-
tions containing the highest xylanase activity were pooled, 
dialyzed and characterized.

Analysis of the Degradation Products of Xylan 
by Thin Layer Chromatography

The mode of action of partially purified xylanase was 
evaluated by analyzing its hydrolysis products. The reac-
tion consisted of a mixture of 400 µL of xylanase enzyme 
and 400 µL of 1% beechwood xylan in 50 mM sodium 
acetate buffer, pH 5. The hydrolysis reaction occurred at 
50 °C, and aliquots were withdrawn after 0, 15, 30, 60, and 
120 min, and boiled for five min. The hydrolysis products of 
beechwood xylan were analyzed qualitatively by thin layer 

chromatography (TLC) using a solvent system composed 
of n-butanol:ethanol:water 5:3:2 (v/v/v), respectively. The 
products were detected by spraying with 0.2% (w/v) orcinol 
in a 9:1 (v/v) methanol:sulfuric acid solution, and placed in 
an oven at 100 °C. The standards used were xylose, xylo-
biose, xylotriose and xylotetraose, all at a concentration of 
3 mg/mL.

Statistical Analysis

All experiments were performed in at least two independent 
experiments and the results are presented as the mean of 
replicates ± SD. Significant differences between the means 
of enzymatic activities and saccharification yields were ana-
lyzed with one-way analysis of variance (ANOVA) followed 
by Tukey’s test at the 5% level of significance (p < 0.05).

Results and Discussion

Influence of Carbon Sources in the Production 
of Enzymes of the Cellulolytic and Xylanolytic 
Complex

The fungus T. koningiopsis 2OI2A1M exhibits potential for 
production mainly of the enzymes xylanase, β-xylosidase, 
and β-glucosidase (Table 1). The production of xylanase 

Table 1   Influence of carbon sources on the induction of enzymes of the xylanolytic and cellulolytic complex by T. koningiopsis 2OI2A1M 
grown for 120 h in submerged culture

Means followed by the different letters in each column differ significantly by Tukey test (p < 0.05)

Carbon source (1%) Enzymatic activity (U/mL)

CMCase FPase β-Glycosidase Xylanase β-xylosidase

Cotton 1.06 ± 0.01CD 0.00 ± 0.00E 10.32 ± 0.15D 22.22 ± 0.91FG 0.70 ± 0.38HI

Avicel® 1.00 ± 0.01CDEF 0.00 ± 0.00E 13.35 ± 0.08C 47.28 ± 0.20B 1.45 ± 0.02FGH

Sugarcane bagasse 1.01 ± 0.09CDE 0.19 ± 0.04BC 5.84 ± 0.04GH 40.93 ± 1.51C 11.88 ± 0.31A

Barley bagasse 1.18 ± 0.09BC 0.28 ± 0.02A 16.43 ± 0.75B 53.68 ± 1.97A 6.26 ± 0.04D

Nutshell 0.42 ± 0.04HI 0.00 ± 0.00E 2.08 ± 0.04IJ 1.33 ± 0.06I 0.88 ± 0.02GHI

Cellulose 0.52 ± 0.04GH 0.00 ± 0.00E 7.75 ± 0.47E 20.06 ± 0.12GH 1.19 ± 0.01GHI

CMC 2.17 ± 0.08A 0.19 ± 0.00B 36.40 ± 0.20A 37.13 ± 0.81CD 4.73 ± 0.17E

Filter paper 0.81 ± 0.01DEF 0.10 ± 0.02D 4.83 ± 0.14H 35.59 ± 1.97CD 8.14 ± 0.14C

Newspaper 0.94 ± 0.05CDEF 0.00 ± 0.00E 6.28 ± 0.19FG 19.01 ± 1.86GH 1.81 ± 0.18FG

Kraft paper 0.79 ± 0.04EF 0.13 ± 0.01CD 7.28 ± 0.22EF 51.93 ± 0.22AB 6.25 ± 0.12D

Sulphite paper 0.27 ± 0.01IJ 0.00 ± 0.00E 1.37 ± 0.03IJ 5.62 ± 0.17I 0.39 ± 0.01I

Rice straw 0.18 ± 0.05IJ 0.00 ± 0.00E 2.48 ± 0.26IJ 5.91 ± 0.35I 0.55 ± 0.02HI

Bean straw 0.14 ± 0.01J 0.21 ± 0.00B 7.38 ± 0.11EF 15.71 ± 1.10H 2.23 ± 0.02F

Corn straw 1.40 ± 0.05B 0.32 ± 0.00A 10.08 ± 0.10D 31.65 ± 0.12DE 10.08 ± 0.34B

Sawdust 0.36 ± 0.01HIJ 0.00 ± 0.00E 1.28 ± 0.11J 3.54 ± 0.29I 0.70 ± 0.18HI

Corn cob 0.74 ± 0.01FG 0.00 ± 0.00E 5.63 ± 0.10GH 28.06 ± 0.70EF 6.23 ± 0.01D

Panicle sorghum 
bagasse

0.20 ± 0.01IJ 0.00 ± 0.00E 2.72 ± 0.07I 2.03 ± 0.99I 1.01 ± 0.01GHI
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by T. koningiopsis 2OI2A1M reached the highest activity 
values (53.68 and 51.93 U/mL) obtained after 120 h of cul-
tivation with barley bagasse and kraft paper, respectively. 
However, other sources of carbon, rich in cellulose and 
hemicellulose were also able to induce the production of 
xylanase, such as avicel® (47.28 U/mL), sugarcane bagasse 
(40.93 U/mL) and CMC (37.13 U/ml). Supplementation 
with insoluble substrates from plant polymers containing 
hemicellulose and cellulose has been reported as one of the 
important inducing factors for obtaining high amounts of 
hemicellulases [26].

The production of extracellular xylanase and β-xylosidase 
was more efficient in the presence of vegetable sources such 
as sugarcane bagasse (40.93 and 11.88 U/mL, respectively), 
compared to enzymatic activities obtained with a commer-
cial substrate such as CMC (37.13 and 4.73 U/mL, respec-
tively). These values of xylanase activity were considerably 
higher than that described for T. koningiopsis TM3 (8.27 U/
mL) [27] and T. koningiopsis AN251 (2.14 U/mL) [28]. To 
date, there are no reports on the production of β-xylosidases 
by T. koningiopsis, on the other hand, the T. gamsii M501 
strain grown in an optimized medium composed of micro-
crystalline cellulose as a carbon source reached 0.6 U/mL 
β-xylosidase activity [29].

In the study, β-glucosidase exhibited higher enzyme 
production (36.40 U/mL) in cultivation supplemented 
with CMC and barley bagasse (16.43 U/mL). These results 
were superior to those reported for T. koningiopsis FCD3-1 
(1.18 U/mL) supplemented with microcrystalline cellulose 
[30]. In contrast, the cellulolytic activities of CMCase and 
FPase by T. koningiopsis 2OI2A1M were not significant. 
The highest CMCase activity was obtained with CMC (2.17 
U/mL). Blaszczyk et al. [28] described the ability of the 
Trichoderma species to degrade cellulose (FPase activity), 
in which low cellulose decomposition potential (filter paper) 
was reported for T. koningiopsis. This result is similar to 
the low FPase activity (0.32 U/mL) found in the present 
study, in which the cultivation of the fungus T. koningiopsis 
2OI2A1M was supplemented with corn straw.

For the degradation of biopolymers of the plant cell 
wall, the synergistic action of several extracellular enzymes 

is required. Several species of Trichoderma are known 
to be good producers of cellulolytic and hemicellulolytic 
enzymes, especially the T. reesei species, widely studied 
as a major producer of cellulases [28]. The fungus T. kon-
ingiopsis 2OI2A1M did not prove to be a good producer 
of cellulases; on the other hand, it showed potential in the 
production of hemicellulolytic enzymes, such as xylanases 
and β-xylosidases.

Due to the complexity of the polymers that make up the 
lignocellulosic biomass, cocktails containing hemicellulo-
lytic enzymes have become valuable resources for industrial 
applications. Considering the importance of β-glucosidase 
in cellulose metabolism associated with the key role of 
β-xylosidases and xylanases in the hydrolysis of hemicel-
lulose, the combined action of these enzymes is essential in 
the process of saccharification of lignocellulosic biomass, 
aiming at obtaining fermentable sugars such as glucose and 
xylose [31–33].

Saccharification of Barley Bagasse

The production of fermentable sugars from the enzymatic 
hydrolysis process of barley bagasse is summarized in 
Table 2. The best conditions for the release of these prod-
ucts occurred in reactions over 24 h. Although the forma-
tion of glucose has already reached its highest result in 
24 h of reaction of the enzymatic extract of T. koningiop-
sis 2OI2A1M with the residue of in natura barley bagasse 
(5.9%), only in 48 h were results obtained from the produc-
tion of glucose with the residues that underwent previous 
treatment to remove lignin, namely, acid (5.5%), thermal 
(5.3%) and alkaline pretreatment (5.2%). The higher glucose 
production is due to the action of the enzyme β-glucosidase 
present in high amounts in the crude extract of T. konin-
giopsis 2OI2A1M. β-glucosidase has wide use in several 
biotechnological processes, including the production of bio-
fuel and ethanol from cellulosic agricultural residues [32]. 
The production of bioethanol can be summarized in three 
stages: the pretreatment that involves the preparation of the 
raw material, the saccharification in which the hydrolysis of 
cellulose and hemicellulose occurs in fermentable sugars, 

Table 2   Effect of different 
pretreatments on the production 
of fermentable sugars from 
enzymatic saccharification of 
barley bagasse

Means followed by the different letters in each column differ significantly by Tukey test (p < 0.05)

Saccharification yield

Pretreatment Reducing sugar (%) Glucose (%) Xylose (%)

24 h 48 h 24 h 48 h 24 h 48 h

In natura 10.7 ± 0.13A 13.3 ± 0.74A 5.9 ± 0.13A 5.9 ± 0.10A 1.6 ± 0.16AB 2.6 ± 0.07B

Acid 7.0 ± 0.10C 11.3 ± 0.21B 2.3 ± 0.04C 5.5 ± 0.53A 1.2 ± 0.09B 2.4 ± 0.07B

Alkali 6.7 ± 0.14C 12.8 ± 0.11A 2.4 ± 0.03C 5.2 ± 0.27A 2.1 ± 0.27A 3.4 ± 0.08A

Thermal 9.1 ± 0.10B 11.3 ± 0.37B 4.1 ± 0.06B 5.3 ± 0.13A 2.2 ± 0.07A 2.5 ± 0.04B
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and the fermentation stage, the final stage of conversion of 
these sugars in bioethanol [34].

Although the formation of xylose was greater in 48 h with 
the enzymatic extract of T. koningiopsis 2OI2A1M and bar-
ley bagasse residue that underwent alkaline pretreatment 
(3.4%), the release of total reducing sugar was statistically 
significant both barley bagasse in natura (13.3%) and alka-
line pretreatment (12.8%) conditions. From this result, it 
can be concluded that in the enzymatic hydrolysis of barley 
bagasse by T. koningiopsis 2OI2A1M, no previous treatment 
would be necessary, as the best results obtained were with 
in natura barley bagasse in 24 h for glucose (5.9%), total 
reducing sugar (10.7%) and xylose (1.6%).

This result obtained with the in natura barley bagasse 
is suggested because this residue had undergone the barley 
cooking stage commonly carried out in the brewery. This 
cooking step could have been sufficient for the fragmenta-
tion of the fibers that contributed to the performance of the 
enzymes of the cellulolytic and hemicellulolytic complex in 
the hydrolysis, mainly of the superficial layers of this bar-
ley bagasse. The pretreatments carried out with acid, alkali 
and thermal could have removed the lignin and uronic acid 
from the hemicelluloses of the barley bagasse, resulting in 
greater accessibility for the enzymes to hemicellulose and 
cellulose [35]. However, during the enzymatic hydrolysis 
of the lignocellulosic biomass, certain compounds, such as 
the sugars (glucose, xylose and maltose) and fermentation 
inhibitors (furfural, 5-HMF, phenol and coumarin) that were 
generated, may have decreased the efficiency of the enzymes 
due to the inhibition caused by the accumulated hydrolysis 
products that resulted in low product yields (reducing sugars, 
glucose and xylose [35, 36].

On the other hand, Mussatto et al. [37] evaluated the 
enzymatic hydrolysis of brewer’s spent grain from com-
mercial cellulase, in which the untreated residue provided 
the lowest glucose formation and the lowest cellulose con-
version rate, suggesting that the chemical composition of 
the substrate negatively affected the enzymatic hydrolysis 
of cellulose.

The effectiveness in the formation of fermentable sugars 
from enzymatic hydrolysis of residues submitted to acid or 
alkaline pretreatment has been reported in previous studies 
[34, 38]. According to Phadtare et al. [39], the use of alkalis 
is more effective because it removes lignin from biomass, 
making cellulose and hemicellulose more accessible to 
enzymatic action. However, it is known that the enzymatic 
conversion of lignocellulosic biomass into fermentable sug-
ars is preferable when compared to chemical methods since 
the generation of inhibitory compounds such as weak acids, 
furans, and phenolic compounds is avoided, which compli-
cate downstream processing [40].

Barley bagasse is mainly composed of cellulose (12.3%), 
hemicellulose (23.4%) and lignin (26.1%) [41]. Regarding 

the reducing sugars obtained from saccharification of in 
natura barley bagasse, a positive result is observed when 
compared to barley bagasse treated by alkali, since the per-
centage was higher for the untreated residue within 24 h, 
demonstrating that no pretreatment is required under the 
evaluated conditions. Thus, the results obtained in this 
study are promising, since the percentage of reducing sug-
ars formed in saccharification demonstrates the efficiency 
of the joint action of cellulolytic and xylanolytic enzymes 
produced by T. koningiopsis 2OI2A1M.

Scanning Electron Microscopic Analysis of Barley 
Bagasse

SEM micrograph of in natura barley bagasse without enzy-
matic treatment (control) revealed an organized but irreg-
ular morphology with deformed and fragmented fibrous 
structures, resembling the structures of tree bark (Fig. 1a). 
Although the surface shows structural irregularity, the 
exposure of the fibers indicates that the lignocellulosic con-
stituents are present. In Fig. 1b, it is possible to verify a 
smooth coating, the effect of the enzymatic treatment by T. 
koningiopsis 2OI2A1M on the hydrolysis of the biomass, 
even without the previous treatment for removal of lignin. 
Similar results were reported by Ibarra-Díaz et al. [42] on 
the morphology of barley straw analyzed by SEM before 
and after treatment with commercial enzymes, initially 
being observed in an organized and characteristic structure 
of lignocellulosic material with elongation of cellulose fib-
ers surrounded by a structure composed of hemicellulose 
and lignin resembling the structure of a network. However, 
after the enzymatic hydrolysis of barley straw with alkaline 
treatment, it exhibited a material with no defined structure, 
only isolated granules.

The morphological analysis of the residue with 1000-
fold magnification (Fig. 1d) showed an extensive smooth 
surface area, in which a large part of the cellulose material 
was degraded, indicating the effectiveness of the action of 
enzymes of the T. koningiopsis 2OI2A1M hemicellulolytic 
complex in removing lignin and hemicellulose, resulting in 
high accessibility to crystalline cellulose fibers. In contrast 
to the results found by Mussatto et al. [37], when evaluating 
the enzymatic hydrolysis of brewer’s spent grain with com-
mercial cellulase, the structure of the untreated substrate was 
practically not modified, confirming the low efficiency of the 
hydrolysis obtained; however, when the lignin was treated 
and removed, the material structure was heavily modified, 
being highly hydrolyzed.

The effectiveness of pretreatments in improving hydroly-
sis is usually related to the structural modification caused in 
the waste, through chemical or physical treatment. In addi-
tion, another limitation reported in the enzymatic hydrolysis 
of cellulose corresponds to the type and composition of the 
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cellulolytic system used in the process [43]. In this study of 
the enzymatic hydrolysis of barley bagasse, the substrate’s 
morphological structure did not interfere with the action 
of enzymes present in the crude extract of T. koningiop-
sis 2OI2A1M, since even with the three different types of 
pretreatments carried out on the residue, the best sacchari-
fication yield was obtained with barley bagasse without any 
treatment (in natura). The SEM images show the results of 
the action promoted by T. koningiopsis 2OI2A1M enzymes 
on barley bagasse, thus revealing the potential for saccharifi-
cation of barley bagasse biomass, without the need for previ-
ous treatment of the substrate.

Analysis of the Degradation Products of Xylan 
by Partially Purified Xylanase

The analysis of the xylan hydrolysis products indicated the 
presence of xylose, xylobiose, xylotriose, and xylotetraose 
(Fig. 2). These results suggest a combined action between 
enzymes that act on the main chain of xylan, forming XOS 
(endo-xylanase) and enzymes that catalyze the hydrolysis 
of the non-reducing end of XOS, releasing xylose (action 
of β-xylosidase). The release of the xylose monosaccha-
ride was lower, as observed in the saccharification results, 

Fig. 1   Scanning electron 
microscopy of in natura barley 
bagasse. Control, barley bagasse 
in natura without enzymatic 
treatment with a magnification 
of 500-fold (a) and 1000-fold 
(c), respectively; barley bagasse 
after treatment with enzymatic 
extract of T. koningiopsis 
2OI2A1M for 48 h at 40 °C 
with a magnification of 500-fold 
(b) and 1000-fold (d), respec-
tively

Fig. 2   Thin-layer chromatography of hydrolytic products of the fun-
gus T. koningiopsis 2OI2A1M xylanase. (1–5) enzyme reaction times 
at 0, 15, 30, 60 and 120 min, respectively; (6) standards: xylose (× 1), 
xylobiose (× 2), xylotriose (× 3) and xylotetraose (× 4)
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in which a higher concentration of total reducing sugars 
and a lower concentration of xylose were found, and in 
the enzyme activity dosages of the crude extract of T. kon-
ingiopsis 2OI2A1M, which showed considerably higher 
activity of endo-xylanase compared to the activity of 
β-xylosidase.

Due to its great structural complexity, the complete 
hydrolysis of xylan requires the action of several enzymes 
of the xylanolytic complex, such as endo-xylanase and 
β-xylosidase [44]. Although there are several reports on 
endo-xylanases [45, 46] and fungal β-xylosidases [47, 48], 
there are few reports on native fungi producers of both 
enzymes. Thus, enzymatic cocktails containing endo-xyla-
nases and β-xylosidases are of great importance in the bio-
technological context, since the synergistic action of these 
enzymes significantly increases the efficiency of biomass 
hydrolysis in industrial processes.

In saccharification of xylan, β-xylosidase is a crucial 
enzyme, as it cleaves the greater number of glycosidic 
bonds in hemicellulose, compared to other xylanolytic 
enzymes [49]. XOS are potent inhibitors of endo-xylanases 
and cellulases, so β-xylosidase activity can improve the 
efficiency of the saccharification process, by degrading 
XOS, and thus reduce the inhibitory components of these 
enzymes in the reaction medium [19]. The degradation of 
xylan demonstrates the presence of enzymes with differ-
ent specificities, such as endo-xylanase and β-xylosidase, 
key enzymes in the process of degradation of this complex 
heteropolysaccharide.

Conclusion

The novel fungus T. koningiopsis 2OI2A1M isolated from 
the Brazilian Atlantic Forest is capable of inducing the pro-
duction of the main cellulose and hemicellulose degrada-
tion enzymes, using different agricultural residues as carbon 
sources. In addition, significant amounts of total reducing 
sugar were obtained using crude enzymatic extract in the 
hydrolysis of barley bagasse, mainly in natura conditions 
and with alkaline treatment. Thus, the results of this study 
are promising, since the yield of reducing sugars obtained 
by saccharification demonstrates the efficiency of the joint 
action of cellulolytic and xylanolytic enzymes produced by 
T. koningiopsis 2OI2A1M.
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