
b r a z i l i a n j o u r n a l o f m i c r o b i o l o g y 4 7 (2 0 1 6) 680–690

ht t p: / /www.bjmicrobio l .com.br /

Industrial Microbiology

High  levels  of  �-xylosidase  in Thermomyces
lanuginosus: potential  use  for  saccharification

Juliana Moço Corrêaa,∗, Divair Christi a, Carla Lieko Della Torreb, Caroline Hennc,
José  Luis da Conceição-Silvab, Marina Kimiko Kadowakib, Rita de Cássia Garcia Simãob

a Centro de Ciências Exatas e Tecnológicas
b Centro de Ciências Médicas e Farmacêuticas, UNIOESTE, Cascavel, PR, Brazil
c Central Hidrelétrica de Itaipu, Itaipu Binacional, Foz do Iguaçu, PR, Brazil
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A new strain of Thermomyces lanuginosus was isolated from the Atlantic Forest biome, and

its  �-xylosidases optimization in response to agro-industrial residues was performed. Using

statistical approach as a strategy for optimization, the induction of �-xylosidases activity

was  evaluated in residual corn straw, and improved so that the optimum condition achieved

high  �-xylosidases activities 1003 U/mL. According our known, this study is the first to show

so  high levels of �-xylosidases activities induction. In addition, the application of an experi-

mental design with this microorganism to induce �-xylosidases has not been reported until

the  present work. The optimal conditions for the crude enzyme extract were pH 5.5 and 60 ◦C

showing better thermostability at 55 ◦C. The saccharification ability of �-xylosidase in the

presence of hemicellulose obtained from corn straw raw and xylan from beechwood sub-

strates showed a xylo-oligosaccharide to xylose conversion yield of 80 and 50%, respectively,

at  50 ◦C. Our data strongly indicated that the �-xylosidases activities was not subjected to the

effects of potential enzyme inhibitors often produced during fermentation process. These

data suggest the application of this enzyme studied for saccharification of hemicellulose,

an abundant residue in the American continents, thus providing an interesting alternative

for  future tests for energy production.
© 2016 Sociedade Brasileira de Microbiologia. Published by Elsevier Editora Ltda. This is

an  open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

frequently isolated from organic waste. Several strains of
Themomyces lanuginosus have been shown to be potential
Introduction
Thermomyces lanuginosus, previously known as Humicola lanug-
inosa, is a thermophilic fungus widely distributed and
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producers of enzymes with different applications.2–4 In gen-
eral, microbial enzymes have received attention due to being
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recursors to clean technology for the production of indus-
rial and commercially important compounds using residual
iomass as substrates.

The biomass present in agro-industrial residues is com-
osed of hemicellulose, and the enzymatic depolymerization
f its structure is commercially interesting due to its soft
ondition and no formation of toxic compounds during the
egradation of the products. The complete deconstruction of
he hemicellulose structure requires the synergistic action
f several enzymes, including xylanases (EC 3.2.1.8) and
-xylosidases (EC 3.2.1.37). �-Xylosidase cleaves �-1,4-xylo-
ligosaccharides released by xylanases producing xylose, a
onosaccharide that can be used by different microorganisms

n the process of saccharification and production compounds
f the biotechnological application.1,5

Currently, market analyses indicate that global maize pro-
uction is abundant, and the US is the largest producer of the
rop followed by Argentina and Brazil totaling approximately
3.2 million tons per harvest. Corn is mainly used for animal
eed production but is also used to a lesser extent for the pro-
uction of oils, flours and breakfast cereals. Thus, the residual
iomass of the crop, such as straw and corncobs, should be
onsidered for the production of energy and other products of
iotechnological interest.1,2

Brazilian indices related to corn crops show that only 5% of
roduction is intended for human consumption. The residues
rom the processing of this crop make up 58% of the produced
iomass, and this portion is still neglected and could alter-
atively contribute as a source of renewable energy sources to
enerate wealth and to minimize the accumulation of residues
hat can be harmful to the environment.1,2

In the present report, an isolate from the Brazilian Atlantic
orest biome was optimized for the production total of �-
ylosidases. The optimized enzyme crude extract was used
or testing the saccharification of xylan from beechwood
nd hemicellulose derived from corn straw emphasizing the
otential biotechnological role for the enzyme.

aterials  and  methods

solation,  identification  and  maintenance  of  culture

he fungus cataloged under the ID of PC-7S-1-T was isolated
rom a soil sample obtained from the Atlantic Forest biome
f the Beautiful View Refuge (latitude 24◦55′16′′ S and lon-
itude 53◦54′35′′ W)  Foz do Iguaçu, Paraná, Brazil (collection
uthorized by Itaipu Bi-national). The isolate was subjected to
orphological identification followed by molecular identifica-

ion by nucleotide sequence analysis of the ITS region of DNA
orresponding to the rRNA of the microorganism. This analy-
is was performed at the Laboratory of Molecular Biochemistry
t the State University of West Paraná (Brazil) by extracting the
otal DNA of the fungus followed by replication of the target
mplicon using specific primers. The amplicons obtained were
equenced by the sequencing service provided by HELIXXA

Sequencing Service, Brazil), and the sequences obtained
ere analyzed using sequence alignment tools (Blast-n

rom the National Center for Biotechnology Information;
CBI).
o l o g y 4 7 (2 0 1 6) 680–690 681

The generated sequence was deposited in GenBank under
the access number KJ934703.1. In both analyses used to iden-
tify the fungus, the isolate was classified as belonging to the T.
lanuginosus species. The microorganism was grown at 42 ◦C for
7 days in tubes containing solid PDA medium (20% potato infu-
sion (w/v), 1.5% dextrose (w/v) and 1.5% agar (w/v)) and was
subsequently stored under refrigeration at 4 ◦C with periodic
maintenance every 30 days.

Preparation  of  agro-industrial  residues  and  plant  biomass

The following carbon sources tested for use in the experiments
of fungal growth and induction of �-xylosidases enzyme activ-
ities were selected according to availability: corn straw, orange
peels, banana peels and passion fruit peels. The plant biomass
residues were dried at 70 ◦C for 24 h followed by trituration
(SL30 slicer Willey) using a 20 mesh sieve, and the residues
were then stored in glass vials at room temperature.

Cultivation  conditions  of  T.  lanuginosus

Newly grown fungal conidia were used to prepare a suspen-
sion (1 × 105 conidia mL−1) in sterile water, which was then
inoculated into 25 mL  of mineral medium (distilled water, 0.3 g
of NaNO3, 0.1 g of K2HPO4, 0.05 g of MgSO4·7H2O, 0.05 g of KCl,
0.001 g of FeSO4·7H2O, and 0.1 g of yeast extract; pH 6.0) supple-
mented with 1% (w/v) different selected carbon sources. The
submerged fermentation (SMF) cultivations were performed
two different ways as follows: stationary liquid and agitated
liquid (150 rpm) at 42 ◦C for 7 days in biological duplicates. The
carbon source most effective in inducing the highest enzyme
activity was used for further optimization experiments.

The enzyme production was monitored, by collecting the
mycelial cells of T. lanuginosus by vacuum filtration of the cul-
ture to sterile Whatman paper. The obtained mycelial cells
were frozen, and they were then macerated with 1 g of glass
beads, resuspended in 5 mL  of ice-cold distilled water and cen-
trifuged at 8000 × g and 4 ◦C for 5 min. The supernatant was
collected and used in the analytical tests.

Determination  of  fungal  biomass

The samples used for the determination of biomass were fil-
tered through 5 �m filter paper (Whatman®), dried for 48 h
at 105 ◦C and weighed on an analytical balance. The assay
for measure the fungal biomass was conducted using a con-
trol for determination of biomass. In the control flask was
added the residue in the absence of inoculum. The biomass
was quantified by the difference of weight obtained in the test
experiments containing residue and fungus, and, the control
containing only the residue.

The optimal parameters determined for growth of the
fungus under different conditions were applied to the
experimental design based on the following three factors:
concentration of the residue as a carbon source (corn straw),
temperature and concentration of the nitrogen source (yeast

extract) during 5 days of agitation at 150 rpm in liquid culture.
The 23 experimental matrix consisted of three central points
and six axial points where the two factors combined with three
levels totaling 17 tests. We  selected the combination of 0.25 g
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Table 1 – Levels of factors used in CCRD.

Factorsa −1.68 −1 0 1 +1.68

F1 0.04 g
(0.2%)

0.125 g
(0.5%)

0.25  g
(1%)

0.375 g
(1.5%)

0.46  g
(2%)

F2 23 ◦C 28 ◦C 35 ◦C 42 ◦C 46 ◦C
F3 0.005 g

(0.01%)
0.025 g
(0.05%)

0.0525 g
(0.2%)

0.0807 g
(0.3%)

0.1  g
(0.4%)
a F1, corn straw; F2, temperature; F3, yeast extract.

of corn straw with 0.0525 g of yeast extract as a central point
as this was defined as the optimal condition for �-xylosidases
activities in preliminary tests.

The values were then added to the central point of the
design, and the influence of temperatures between 23 and
46 ◦C was also included in the tests (Table 1). Statistical analy-
sis was performed to obtain the linear effects, and the model
was adjusted according to Eq. (1) to describe the response sur-
face.

ŷ = b0 +
3∑

i=1

biFi +
3∑

i,j=1

bijFiFj (1)

It was used Derringer’s6 desirability function a criterion
decision-making method proposed by Derringer and Suich in
1980. This is the most current and frequently used technology
for response optimization. The procedure involves the trans-
formation of individual response to a desirability function (di),
defined as a dimensionless partial desirability function that
varies from 0 (considered a completely undesirable response)
to 1 (considered a fully desired response).

ˇ-Xylosidases  activities  and  protein  determination

The �-xylosidase activity was determined using 0.5 mL  of p-
nitrophenyl-�-d-xylo-pyranoside (pNPX) at a concentration
of 10 mM in 50 mM sodium phosphate buffer (pH 6.0) with
0.05 mL  of the crude enzyme extract (with or without dilu-
tion), which was incubated for a period of 10–60 min  at 50 ◦C
in a water bath. The reaction was stopped with a saturated
solution of sodium tetraborate. The samples were analyzed by
spectrophotometer reading at � 410 nm using p-nitrophenol
(0–0.6 �mol/mL) for the standard curve. One unit of enzyme
activity was defined as the amount of enzyme capable of
releasing one �mol  of p-nitrophenol per minute of reaction.
The protein concentration was determined by the Bradford
method using bovine serum albumin as the standard.

The enzymatic activity was expressed in U/mL of the
homogenate or in specific enzymatic activity (U/mg) that cor-
respond to the enzymatic activity obtained by mg  of the total
protein produced in the cell.

Influence  of  the  test  conditions  on  the  production  of

ˇ-xylosidase

After growth of T. lanuginosus cells in different test conditions,
it was possible to define parameters to be considered in the
experimental design as well as the carbon source, type of crop
and the optimal production time for �-xylosidases activities.

Influence  of  pH  and  temperature  on  intracellular
ˇ-xylosidases  activities

The intracellular �-xylosidase activity was analyzed for vari-
ations in different pH conditions (McIlvaine buffer pH 5–7.5).
To analyze the effect of temperature, the optimum pH was
maintained, and the crude extract containing the enzyme was
incubated at temperatures ranging from 50 to 70 ◦C in incre-
ments of 5◦. The conditions for optimum pH and temperature
were used for analysis of thermostability in the 3 optimal tem-
perature conditions displayed.

Pretreatment  for  hemicellulose  extraction  from  corn  straw

Samples of corn straw were placed in sealed tubes containing
0.35 g of fresh corn straw with 10 mL  of deionized water, and
the samples were placed in a block digester for 1 h at 200 ◦C.
The samples were then immediately placed in an ice bath.
After separation of the solid from the liquid phase, the liquid
portion containing the hemicellulose was precipitated with
absolute ethanol (three-fold the volume) for 48 h. The obtained
precipitate was recovered by filtration and then dried at 37 ◦C
for a period of 3 days.

Enzymatic  hydrolysis  of  xylose  and  effect  on  ˇ-xylosidases
activities

The �-xylosidases from T. lanuginosus was evaluated for its
ability to hydrolyze hemicellulose from corn straw and xylan
from beechwood (both 1%, w/v) in treatments with and
without pre-hydrolysis with crude extract containing high
extracellular xylanase activity of the same T. lanuginosus strain
subjected to the same conditions of growth and cultivation.
The optimum condition indicated by the CCRD experiments
was defined as the standard to grow T. lanuginosus and to
obtain optimal �-xylosidases activities. In this situation, extra-
cellular �-xylosidases activities were not present. Intracellular
�-xylosidases and extracellular xylanase were incubated at
two different temperatures (37 and 50 ◦C) in the presence
of 1% hemicellulose from corn straw (w/v) and 1% xylan
from beechwood (w/v). During all experiments, the reducing
sugars were measured by the DNS standard dosage method

after the �-xylosidase activity was measured. As control-
ling of the hydrolysis experiment, two different assays were
conducted under the follow conditions: 1 – incubation of
DNS and substrates (hemicellulose from corn straw/xylan)
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ithout enzyme, and 2 – incubation of DNS containing the
rude extract of enzymes without addition of hemicellu-
ose from corn straw or xylan. Reducing sugars present in
oth the xylan from beechwood and hemicellulose from corn
traw were measured before starting the hydrolysis, and the
alues obtained were used to present normalized results.
amples obtained after the enzymatic saccharification were
ubjected to thin layer chromatography to evaluate the con-
ersion of the xylo-oligosaccharides to xylose by T. lanuginosus
-xylosidase. In parallel, the residual xylose was determined

n the hemicellulose samples at 12 h using the Megazyme® kit.
he influence of xylose on �-xylosidases activities was also

nvestigated by incubating the crude intracellular extract con-
aining �-xylosidases with xylose at the levels detected in the
accharification process.

LC  silica  product  of  the  hydrolysis

nalysis of hydrolysis products formed from the combined
ction of the enzymes, namely xylanase (extracellular) and
-xylosidases (intracellular crude extract), of T. lanuginosus
as performed by ascending thin layer chromatography on

0 cm × 10 cm silica (Alufolien DC-Kieselgel 60 without flu-
rescent indicator, Merck®). The hydrolysis products were

ollected at both temperatures and at different times. The
roducts were then boiled for 10 min  and frozen. The xylose
tandard (Sigma®) (2 mg/mL; 5 �L) and xylobiose/xylotriose
tandard (Megazime®) (3 mg/mL; 4 �L) (Sigma®) and each
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sample (4 �L) were added to the silica. The plate was resolved
twice with a mixture of butanol, pyridine and distilled water
(7:3:1, v/v/v). Disclosure of the hydrolysis products was per-
formed using a solution of 0.3% orcinol (w/v) sulfuric acid in
methanol (1:9). Subsequently, the plate was placed in an oven
at 100 ◦C until the xylo-oligosaccharide degradation products
were generated.

Results

Determination  of  optimal  conditions  for  ˇ-xylosidases
production

The T. lanuginosus fungus was grown under different con-
ditions (type of residue, cultivation and incubation time) to
determine the optimal conditions for the production of �-
xylosidases with high activity. The plant biomass residue
that led to higher enzymatic activity of T. lanuginosus was 1%
corn straw (w/v) as compared to the other residues, namely
1% orange peel (w/v), 1% passion fruit peel (w/v) and 1%
banana peel (w/v). With both steady cultivation and agitated
cultivation, corn straw was the highest inducer of intra-
cellular �-xylosidases leading to a maximum production of

214 U/mL after 5 days of cultivation under shaking (Fig. 1A
and B) The agitated cultivation using corn straw was also
the most effective for the production of mycelial biomass
(Fig. 1C).
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Experimental  design

The parameters for enzyme production with the optimal con-
ditions were applied to the CCRD experimental design as a
way to further improve the yields of enzymatic activity. The
experimental design was based on three different factors as
follows: concentration of residue as a carbon source (corn
straw), temperature and concentration of yeast extract (nitro-
gen source) during 5 days in SMF  culture under agitation at
150 rpm. The 23 experimental matrix consisted of three cen-
tral points and six axial points where the two factors combined
with three levels totaling 17 tests. We selected the combi-
nation of 0.25 g of corn straw with 0.0525 g of yeast extract
as a central point as this was the optimum condition found
for the activity of intracellular �-xylosidases in preliminary
tests (Fig. 1). Therefore, these values were added to the central
point of the design. The effect of temperature was also com-
bined in the tests using temperatures between 23 and 46 ◦C
due to the thermophilic condition shown by the isolated strain
(Table 1).

Table 2 shows the coded and real values of the experimen-
tal design performed with three center points and six axial
points totaling 17 tests. The values of �-xylosidases activities
are presented individually according to each assay including
the corresponding standard error.

The estimated effects of the variables evaluated were
positive in this analysis as they demonstrated that the tem-
perature, corn straw and yeast extract led to an increase in
enzyme activity of 302, 324 and 247 U/mL, respectively. Analy-
ses of variables generated a mathematical model of the second
order (Eq. (2)) where pm is corn straw, t is temperature and el
is yeast extract.
ˆ̌ = (1107, 73 + (162, 435pm − 163, 005pm2)

+ (151, 434t − 293, 537t2) + (123, 753el − 144, 798t2)) (2)

Table 2 – Matrix of design (CCRD) with the coded, real given val
concentration, temperature and concentration of the yeast extr

Essays Coded values 

F1 F2 F3 Corn straw 

Levels (g) (%)

1 −1 −1 −1 0.125 0.5 

2 1 −1 −1 0.375 1.5 

3 −1 1 −1 0.125 0.5 

4 1 1 −1 0.375 1.5 

5 −1 −1 1 0.125 0.5 

6 1 −1 1 0.375 1.5 

7 −1 1 1 0.125 0.5 

8 1 1 1 0.375 1.5 

9 0 0 0 0.25 1 

10 0 0 0 0.25 1 

11 0 0 0 0.25 1 

12 −1.68 0 0 0.04 0.2 

13 +1.68 0 0 0.46 2 

14 0 −1.68 0 0.25 1 

15 0 +1.68 0 0.25 1 

16 0 0 −1.68 0.25 1 

17 0 0 +1.68 0.25 1 
 b i o l o g y 4 7 (2 0 1 6) 680–690

The summary of the analysis of variance (ANOVA) of the
experimental design is presented in terms significant to 10%
of probability (p < 0.10) in Table 3. The coefficient of determi-
nation (R2) was 0.86, and the F-test showed that the model
is appropriate to predict the results via response surface, thus
confirming the mathematical model presented in Eq. (2). Fig. 2
shows the behavior of the design data with the three variables
tested, thus indicating the preferred optimization.

The surface responses represent the mathematical model
that enables the verification of the combination of three fac-
tors analyzed in the experiment, the influence of each one
and the maximum enzyme activity of �-xylosidase. Condi-
tions of increased production of �-xylosidase were obtained at
concentrations that were close to the central point condition
for the three factors studied. However, contour curves were
present indicating slightly lower values of the center point for
all three variables, thus leading to the same responses.

Optimization of the conditions that maximize enzymatic
production of �-xylosidase requires analysis of individual
behavioral responses in acceptable regions. The desirability
conditions (Fig. 3) showed that the combination of factors
that achieved the highest production of �-xylosidase must
contain 0.287 g of corn straw with 0.06 g of yeast extract at a
temperature of 36 ◦C. The profile of the predicted values and
desirability of the model showed that it is possible to obtain
a maximum of 1194 U/mL of �-xylosidase enzyme with an
expected yield of 84%.

Validation  of  optimized  experimental  conditions
The conditions determined for desirability of the experi-
ment were validated after performing 6 repetitions with
duplicate biological and enzymatic dosages for the extracts
obtained from mycelia. The cultivations were performed in

ues and values obtained in the experiments (residue
act).

Real values Obtained values

Temperature Yeast extract �-Xylosidase activity

◦C (g) (%) U/mL

28 0.025 0.05 237 ± 18.30
28 0.025 0.05 263 ± 5.00
42 0.025 0.05 554 ± 13.52
42 0.025 0.05 569 ± 19.11
28 0.0807 0.3 279 ± 29.54
28 0.0807 0.3 281 ± 19.13
42 0.0807 0.3 529 ± 20.55
42 0.0807 0.3 1386 ± 37.11
35 0.0525 0.2 1258 ± 60.58
35 0.0525 0.2 974 ± 63.45
35 0.0525 0.2 1095 ± 82.63
35 0.0525 0.2 248 ± 18.70
35 0.0525 0.2 1031 ± 96.72
23 0.0525 0.2 245 ± 16.58
46 0.0525 0.2 297 ± 6.86
35 0.005 0.01 442 ± 11.35
35 0.1 0.4 940 ± 2.29
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Table 3 – Summary of ANOVA of the 2nd order mathematical model for the production of �-xylosidase.

Variation source SS GF MS F value F tab

Regression 194,460.20 6 324,100.33 5.34 2.46
Residues 60,731.30 10 60,731.30

Total 255,191.50 16

value

l
i
l
a
t
1
t
d
H
i

T
s

T
t
p

F
a
g

SS, sum of the squares; GF, degrees of freedom; MS, mean squares; F 

iquid medium with shaking (150 rpm) for 5 days at 36 ◦C as
ndicated by the desirability settings (Fig. 3). The intracel-
ular crude enzymatic extract and dosages of �-xylosidase
ctivity followed the protocol in “Materials and methods” sec-
ion. The average enzymatic activity obtained in the tests was
003 U/mL, and the specific activity was 1683 U/mg. Initially,
he experiments without application of the experimental
esign had a maximum �-xylosidase activity of 214 U/mL.
owever, optimization achieved almost 500% more than the

nitial values with a 4.7-fold increase in �-xylosidase activity.

he  ˇ-xylosidase  activity  in  the  crude  extract  was
ubjected  to  a  partial  characterization
he �-xylosidase activity in the crude extract was subjected
o a partial characterization. The test conditions at different
H values (McIlvaine buffer) indicated that the optimal pH
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value was 5.5 (Fig. 4A) at 60 ◦C (Fig. 4B). In this study, the intra-
cellular �-xylosidase of T. lanuginosus was more  thermostable
at 55 ◦C and pH 7 (Fig. 5A) retaining 80% activity for 90 min.
However, the thermostability of �-xylosidase was low at the
optimum pH as there was a significant decrease in enzyme
activity after 30 min  of incubation, but the activity remained
stable thereafter at the three tested temperatures (Fig. 5B). In
the same extract were quantified the �-glucosidase activity
at 4.9 U/mL, �-l-arabinofuranosidase 2.6 U/mL and Xylanase
35.59 U/mL.

Enzymatic  saccharification  using  xylanase  and
ˇ-xylosidase
The intracellular T. lanuginosus �-xylosidase was subjected
to a test for enzymatic saccharification at two  temperatures
of 37 and 50 ◦C with and without pre-hydrolysis with the
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Table 4 – Production of reducing sugars in the enzymatic hydrolysis by action of xylanase (X) or �-xylosidase (BX) tested
individually or in combination (X + BX).

Essay 37 ◦C 50 ◦C

Reducing sugars �mol/mL Reducing sugars �mol/mL

X X + BX BX X X + BX BX

Xylan from beechwood (1%, w/v) 6.77 3.17 0.64 7.04 8.15 0.30
Hemicellulose from corn straw (1%, w/v) 1.27 2.69 2.12 3.32 4.67 2.75
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ltrate containing high extracellular xylanase activity and
otal absence of �-xylosidase activity obtained from T. lanug-
nosus.  Each crude enzyme (2 U/mL), including intracellular
-xylosidase and extracellular xylanase, was incubated with
he following two different substrates: 1% xylan from beech-
ood (w/v) and 1% hemicellulose from corn straw (w/v). In

he hydrolysis performed at two temperatures in the presence
f xylan from beechwood, the enzymes had similar behavior
hen they were tested individually or in combination (Table 4).
owever, in the presence of hemicellulose from corn straw
nd in assays containing xylanase previously added, the �-
ylosidases of T. lanuginosus was more  efficient in promoting
accharification. These results suggest a combined action of
oth enzymes, and indicate an important role for the decon-
truction structure of hemicellulose from vegetable biomasses
erived from residues (Table 4).

The yield of the reducing sugars generated from the indi-
idual action of �-xylosidase in the assay demonstrated the
igh conversion capacity of the enzyme because the hydroly-

is at 50 ◦C was 80% compared to saccharification performed
nly by xylanase in hemicellulose derived from corn straw

Table 4). A slightly lower conversion was found using xylan
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xhibited by T. lanuginosus �-xylosidase in the absence and pres
as a substrate at the same temperature where the efficiency
of �-xylosidase was only 50% higher than that of the individ-
ual action of the xylanase enzyme. The enzymatic activity of
�-xylosidase was monitored during the entire saccharification
process and showed a constancy maintaining approximately
80% of its activity over time in the presence of the test hemi-
cellulose substrate from corn straw (Fig. 6A).

The yield of �-xylosidase conversion into xylo-
oligosaccharides was represented by the amount of total
reducing sugars which indicated the ability to generate
0.64 and 0.30 �mol/mL from xylan and between 2.12 and
2.75 �mol/mL from hemicellulose from corn straw in the
two test conditions of 37 and 50 ◦C, respectively. The xylose
content was also measured using the d-xylose Assay Kit
(Megazyme®) which indicated a production of 207 �mol/mL
of xylose at 37 ◦C and 205 �mol/mL of xylose at 50 ◦C in 24 h
of testing. The amount of xylose produced is shown in Fig. 7.

As a parameter determining the levels of xylose detected
during saccharification of hemicellulose from corn straw with

�-xylosidase of T. lanuginosus, an experiment was conducted
to investigate the behavior of enzyme activity in the absence
and presence of 200 mM of xylose even without the presence of
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Fig. 7 – Analysis of thin layer chromatography. TLC of the
hydrolysis of T. lanuginosus �-xylosidase products obtained
after 12 h of incubation with xylan from beechwood (1%,
w/v) and hemicellulose from corn straw (1%, w/v) at 37 ◦C
(A) and 50 ◦C (B). P, xylose, xylobiose and xylotriose; XL,
xylan from beechwood (1%, w/v); H, hemicellulose from
corn straw (1%, w/v); XLC, xylan from beechwood (1%, w/v)
control; HC, hemicellulose from corn straw (1%, w/v)
control.
another substrate at both temperatures used in the hydrolysis
(37 and 50 ◦C) for 12 h. This assay showed that the �-xylosidase
activity at 37 ◦C remained at approximately 85% of the origi-
nal activity at 50 ◦C and that the enzyme activity remained
slightly more  than 56% of the enzyme activity when compared
with the total absence of xylose (Fig. 6B). Importantly, in the
actual test conditions of saccharification, the hydrolysis prod-
ucts of �-xylosidase are gradually released into the reaction
medium from the natural substrate, either xylan or hemicel-
lulose from corn straw. However, when trying to evaluate the
inhibition by the final hydrolysis product of �-xylosidase in
the case of xylose alone, the compound is added in the pres-
ence of enzyme, which justifies a greater inhibition by product,
thus overestimating what actually occurs in the process of
saccharification (Fig. 6A).

Discussion

Despite of the fact the �-xylosidase activity in the crude
extract was hight optimized (1003 U/mL), other enzymes intra-
cellular xylanase, �-glucosidase and �-L-arabinofuranosidase
were obtained in low levels. This result suggests that the high
level of �-xylosidase intracellular obtained in the crude extract
is a consequence of the extracellular deconstruction of corn
straw residue by other xylanolitic enzymes.

In general, the growth of fungi can be influenced by the
rate of aeration in cultivation due to the higher availability of
oxygen during growth, which can positively influence enzyme

7
productivity. However, various microorganisms behave dif-
ferently to growth conditions, so it is essential to evaluate the
combination of different effects exerted on the enzymes of
interest. Several carbon sources have been used to evaluate
 b i o l o g y 4 7 (2 0 1 6) 680–690

the induction of hemicellulase activity in other isolates of T.
lanuginosus. Among these studies, there is an emphasis on the
use of materials derived from corn processing as promising
enzyme inducers.2,7,8

The corn cob has been reported as a complex residue in
the induction of xylanase in T. lanuginosus DSM 5826 com-
pared to xylan8 to induce low enzyme productivity. The effects
of aeration on cultivating were also investigated the produc-
tion of hemicellulose in T. lanuginosus SSBP cells grown in a
bioreactor.3 These tests showed an overall induction of hemi-
cellulase proportional to the increased agitation.2

Although some studies have focused on T. lanuginosus,
the use of agro-industrial residues in fermentation processes
with this filamentous fungus for enzyme production is still
incipient. However, the corn cob,7,9 citrus pectin/beet pulp,4

wheat straw10 and wheat bran11 have been shown to have
potential applicability for enzyme induction of the xylanolytic
and hemicellulolytic complex. However, the application of an
experimental design with this microorganism to induce �-
xylosidases has not been reported until the present work.

Data generated using Statistica 7® software to analyze the
combined factors indicated a maximum predicted activity of
1194 U/mL, and the experimental conditions indicated a pro-
duction of 1003 U/mL. Thus, 84% of the predicted value was
achieved with the application of the experimental model.
According our known, this study is the first to show so high
levels of �-xylosidase activity induction. In addition, the appli-
cation of an experimental design with this microorganism to
induce �-xylosidases has not been reported until the present
work.

In this study, the need for experimental design to deter-
mine the optimal conditions for enzyme induction was
demonstrated. One of the major advantages using this statis-
tical approach to obtain high enzymatic activity is laboratory
economics; in a recent work has reported5 the presence of
beta-xylosidases in thermophilic fungi in smaller quantities
than this study, the ability to obtain high enzyme levels is
desirable.

The number of tests performed to achieve the optimal state
is less with higher efficiency due to less time spent for the
determination of further parameters and the reduced use of
reagents needed in the cultures and enzyme dosages. The data
indicated that straw corn residue (abundant in the American
continents, largely unexplored and considered poor in nutri-
ents) is an excellent inducer of intracellular �-xylosidase from
T. lanuginosus in optimized conditions.

The Aspergillus fumigatus grown on corn cobs at tempera-
tures of 30 and 42 ◦C showed an optimum pH of 5.4 and an
optimum temperature of 70 ◦C.9 Lactobacillus brevis NCDC01
grown in 1% wheat bran has an optimum pH and tem-
perature of 6.0 and 40 ◦C, respectively.12 In the bacterium
Selenomonas ruminantium GA192, showed an optimum pH of
5.3 and temperature of 25 ◦C for �-xylosidase.12,13 Alicyclobacil-
lus acidocaldarius in optimized conditions is assayed at pH 5.5
and at 50 ◦C.14 All of these data suggest the versatility and het-
erogeneity of biochemical characteristics of �-xylosidases in

pro- and eukaryotic microorganisms.

The synergistic ability to hydrolyze xylan (1%, w/v) and
sugarcane bagasse (1%, w/v) with enzyme purified fungal
xylanase and purified bacterial �-xylosidase to measure the
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ontribution of �-xylosidase in the process of deconstruct-
ng hemicellulose, and they showed increased production
f reducing sugars with the purified enzymes as compared
o the amount produced with pre-hydrolysis by xylanase.15

n other study with recombinant proteins �-xylosidase and
ylanase purified from Humicola insolens expressed in E. coli
o hydrolyze xylan from birchwood and beechwood at 37 ◦C,
hich resulted in saccharification increases of 1 and 1.29

imes, respectively, indicating the synergistic action of these
nzymes.16

Xylanase and �-xylosidase isolated from Neurospora crassa
ave also been used for the saccharification of xylan result-

ng in 18% hydrolysis with the individual action of xylanase,
8% with the combination of both and 48% with the
ndividual action of �-xylosidase, thereby indicating that
-xylosidase is an important tool for depolymerization of xylo-
ligosaccharides.17

In this study, the �-xylosidase activity was monitored
hroughout the test showing high performance with hemicel-
ulose from corn straw, and it retained approximately 80% of
he activity over time (Fig. 6A). Most of the tests showed sta-
ility that lasted for 1 h after the start of the saccharification,
hich strongly suggested that the enzyme was not subjected

o the effects of potential enzyme inhibitors often produced
uring this type of process.

In general, the data presented here strongly suggest that
-xylosidase from T. lanuginosus can be used for the sacchari-
cation of hemicellulose derived from corn straw, an abundant
esidue in the American continents, thus providing an alter-
ative for future trials to produce energy that depends on

he conversion of plant biomass. Successful strategies for
he production of hemicellulases with biotech traits not only
epend on the selection of new microorganisms but also on
he improvement of experimental strategies that take maxi-

um advantage of its potential.18,19

onclusions

his study demonstrates the potential of using corn straw as a
ubstrate for achieving high levels of intracellular �-xylosidase
1003 U/mL/1683 U/mg) for T. lanuginosus. This abundant agro-
ndustrial waste biomass is easily accessible and can lead to
ignificant cost reductions for production of enzymes when
sed as a carbon source. Although it is widely used for feed,
orn straw is underutilized in biotechnological processes,
hus leading to its accumulation in the environment. In this
tudy, we  tested the optimal conditions for producing �-
ylosidase using an optimized experimental design resulting

n an increase of approximately 500% or 4.7 times in terms
f enzyme yield. Our results suggest an application for the
se of corn straw not only for enzyme production but also

or processes involving the saccharification of hemicellulose.
dditional studies are still needed and are being conducted

or the application of corn straw in the production of biofuels.
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