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Background: In this work, the xylanase production by Penicillium chrysogenum F-15 strain was investigated using
agroindustrial biomass as substrate. The xylanase was purified, characterized and applied in hemicellulose
hydrolysis.

Results: The highest xylanase production was obtained when cultivation was carried out with sugar cane bagasse
as carbon source, at pH 6.0 and 20°C, under static condition for 8 d. The enzyme was purified by a sequence of ion
exchange and size exclusion chromatography, presenting final specific activity of 834.2 U-mg-prot™. T le
molecular mass of the purified enzyme estimated by SDS-PAGE was 22.1 kDa. The optimum activity was at
pH 6.5 and 45°C. The enzyme was stable at 40°C with half-life of 35 min, and in the pH range from 4.5 to 10.0.
The activity was increased in the presence of Mg*? and Mn™?2 and reducing agents such as DTT and {>-
mercaptoethanol, but it was reduced by Cu*? and Pb™2. The xylanase presented Ky, of 2.3 mM and V., of
731.8 U-mg-prot™! with birchwood xylan as substrate. This xylanase presented differences in its properties
when it was compared to the xylanases from other P. chrysogenum strains.

Conclusion: The xylanase from P. chrysogenum F-15 showed lower enzymatic activity on commercial xylan than
on hemicellulose from agroindustry biomass and its biochemistry characteristics, such as stability at 40°C and pH
from 4.0 to 10.0, shows the potential of this enzyme for application in food, feed, pulp and paper industries and
for bioethanol production.
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1. Introduction

backbone of (1-4) linked [B-D-xylanopyranosyl residues, with
substituents such as glucuronosyl, arabinosyl and acetyl groups,

Lignocellulosic materials are mainly composed by cellulose, among others [4,5,6,7]. The complete and efficient xylan

hemicellulose and lignin, and smaller portion of pectin, waxes and
mineral salts [1]. Hemicellulose is a class of structurally variable
heteropolysaccharides that, in association with cellulose and lignin,
aid in the adhesion and cohesion of plant fibers [2]. Xylan is the most
abundant hemicellulose in lignocellulosic biomass from many
agroindustrial wastes. These polysaccharides represent up to 50% of
tissues from monocots, grasses and cereals [3]. It is composed by a
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biodegradation requires the action of several enzymes, known as
xylanolytic system. The main enzyme is endo-1,4-p3-xylanase (1,4-p-
D-xylan xylanohydrolases, EC 3.2.1.8) which hydrolyze the xylan
backbone, reducing the degree of polymerization and releasing
smaller oligosaccharides and xylobiose [5,7,8,9]. Xylanases have been
used for many biotechnological applications such as treatment of
juices, beer and wine; in bakery industries; for production of
xylooligosaccharides (XOS) and xylitol; improvement of animal feed
digestibility; and bleaching of cellulosic pulp. These enzymes also have
been used to degrade polysaccharides from lignocellulosic materials to
produce second-generation bioethanol [3,6,7,10,11,12,13]. Fungi are
important xylanolytic enzyme producers, because they secrete the
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enzymes to the external medium, and the levels are much higher than
those verified in yeasts and bacteria [14,15]. Several fungal producers
such as Aspergillus niger, Humicola insolens, Termonospora fusca,
Trichoderma reesei, Trichoderma longibrachiatum and Trichoderma
koningii have been manipulated to produce commercial xylanases [11,
16]. The production of xylanolytic enzymes by Penicillium has also
been explored in many species [17] such as Penicillium purpurogenum,
Penicillium janthinellum, Penicillium funiculosum, Penicillium herquei,
and Penicillium capsulatum [18,19,20,21,22]. Some Penicillium species
such as Penicillium sclerotiorum [23], Penicillium janczewskii [24] and
Penicillium glabrum [25] have been cultivated in brewer's spent grains
for xylanolytic enzymes production. Penicillium chrysogenum was
previously reported as producer of xylanase and other lignocellulosic
enzymes with potential application to degradation winery-derived
biomass waste [26,27]. Biomass degradation studies are required due
to the high demand for alternative treatments for agricultural and
industrial wastes. This degradation is important because it allows the
reuse of these materials and the rational use of the degradation by-
products. During a screening trial, a P. chrysogenum strain
demonstrated to be a notable xylanase producer. The aim of this work
was to investigate the behavior of a P. chrysogenum strain in the
agroindustrial wastes biodegradation for xylanases production. The
study was performed with wastes from different agroindustry, an
industrial sector with large waste production. In addition to the
production, a xylanase purification protocol was stablished, and its
physicochemical properties were determined. This knowledge can
allow a targeted enzyme application in which the enzyme
characteristics are compatible and adequate to be applied in specific
industrial sectors.

2. Materials and methods
2.1. Microorganisms and growth

P. chrysogenum F-15 strain was isolated from soil of caatinga biome
located in Northeast Brazil (Floresta Nacional Contendas do Sincora,
Bahia). It is available in the Culture Collection of Environmental
Studies Center - CEA/UNESP, Brazil. Conidia production was carried
out on solid Vogel medium [28] containing 3.0% (w/v) wheat bran and
1.5% (w/v) agar at 25°C for 7 d and inoculum corresponded to a 5.10”
conidia-mL™! suspension. Xylanolytic strains from previous studies
such as Aspergillus giganteus [29], Aspergillus versicolor [30],
Trichoderma inhamatum [31], P. janczewskii [24] and P. sclerotiorum
[23] were used for hydrolysis hemicelluloses comparison.

2.2. Submerged cultivation

Cultures of P. chrysogenum were prepared in Vogel medium [28]
containing 1% (w/v) of each substrate and the pH was adjusted for
each experiment, as below. Erlenmeyer flasks (125 mL) containing
25.0 mL of medium were inoculated with 1.0 mL of the conidia
suspension and incubated at different conditions, as indicated
subsequently. All experiments were performed in triplicate and the
results were mean values. The other strains were cultivated under
conditions previously established for high xylanase production [23,24,
29,30,31].

2.3. Enzyme preparations and assays

Cultures were harvested by filtration and the culture filtrate was
used to assay extracellular enzyme activity and protein. The mycelium
was washed with water, frozen and ground with sand in 0.05 M
sodium phosphate buffer pH 6.0. Then, the samples were centrifuged
(3.900 xg, Mach 1.6, Sorvall, Kendro, Hanau, Germany) at 4°C and the
supernatants were used as intracellular protein source.

2.4. Xylanase activity and protein assays

Xylanase activity was determined with 1% (w/v) of substrates
prepared in 0.05 M sodium phosphate buffer pH 6.0 at 50°C, according
to Bailey et al. [32]. Substrates were commercial beechwood,
birchwood and oat spelts xylans from Sigma-Aldrich Chemical Co (St.
Louis, MO, USA) and in-house extracted hemicellulose from sugar
cane bagasse, brewer's spent grain and corncobs [33]. After enzymatic
reaction, reducing sugars were quantified with dinitro salicylic (DNS)
acid [34] and the absorbance was read at 540 nm (spectrophotometer
Ultrospec 3000, Amersham Pharmacia Biotech, Little Chalfont, UK).
One unit of enzyme activity (U) was defined as the amount of enzyme
which releases 1 umol of reducing sugars per min. Specific activities
were expressed as enzyme units per milligram of protein
(U-mg-prot™!). Protein was determined by the Lowry method [35]
using bovine serum albumin (Sigma-Aldrich) as standard. During
purification chromatography, protein in the fractions was followed
by reading absorbance at 280 nm.

2.5. Xylanase production on different substrates and influence of particle
size

Vogel medium [28] was supplemented with 1.0% (w/v) glucose,
xylose, Avicel®, carboxymethyl cellulose (CMC), xylan from oat spelts,
oat bran, wheat bran, sugar cane bagasse, brewer's spent grain, orange
peel and corncobs. The influence of particle size on enzyme
production was verified with sugar cane bagasse and brewer's spent
grain particulate in the following ranges: higher than 10 mesh,
between 10 and 18 mesh, and between 18 and 45 mesh.

2.6. Effect of culture conditions, pH and temperature on xylanase
production

Cultivation was carried out under static (15 d) and shaking (9 d,
120 rpm, incubator shaker MA 830/A, Marconi, Piracicaba, SP, Brazil)
conditions. The effect of initial pH on enzyme production was
analyzed in the range from 2.0 to 10.0; and the influence of
temperature was verified from 15 to 30°C.

2.7. Xylanase purification

The culture filtrate was dialyzed overnight against 0.05 M sodium
acetate buffer pH 4.5 at 4°C. The dialyzed sample was applied to
cationic exchange chromatography in a CM Sephadex C-50 column
(17.0 x 2.2 cm) equilibrated in the same buffer. Proteins were eluted
with a 0.0 to 0.7 M linear NaCl gradient. Fractions exhibiting xylanase
activity were pooled, freeze-dried (Thermo Savant, Micro Modulyo,
Waltham, MA, USA), suspended in 3 mL of ammonium acetate buffer
0.05 M pH 4.5 and submitted to size exclusion chromatography on a
Sephadex G-100 column (64.0 x 2.6 cm) equilibrated in the same
buffer. Fractions exhibiting xylanase activity were pooled and the
resulting sample was submitted to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). All purification steps
were carried out at 4°C, with 10% (v/v) glycerol (Merck, Darmstadt,
Germany) in solution and 1 mM dithiothreitol (DTT) (Sigma-Aldrich)
were added to the samples and solutions each 24 h.

2.8. Enzyme characterization

2.8.1. Electrophoresis

SDS-PAGE was performed [36] with 8 to 18% (w/v) polyacrylamide
gels. Low molecular weight proteins kit (GE Healthcare UK Limited
Little Chalfont, Buckinghamshire, UK) containing phosphorylase b
(97 kDa), albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase
(30 kDa), trypsin inhibitor (20.1 kDa) e a-lactalbumin (14.4 kDa) was



Table 1
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Influence of some carbohydrates and agro-industrial biomass on xylanase production by
Penicillium chrysogenum F-15.

Substrate Intracellular ~ Xylanase activity ~Specific xylanase activity
protein (mg) (U-mL") (U-mg-prot™)

Glucose 142 4+0.17 0.15 £ 0.01 0.44 + 0.01
Xylose 2.57 +£0.07 3.59 4+ 0.60 6.59 £ 0.22
Avicel 0.09 +£0.01 ND ND
CM-cellulose 034 40.06 ND ND

Oat spelts xylan 025+ 002 047 +0.13 0.73 + 0.14
Brewer's spent grain  1.87 + 0.18  2.28 4 0.06 3.83 £+ 0.04
Corncobs ground 126 £ 0.01 2.7440.53 6.11 + 043
Oat bran 147 £ 0.02 456 +0.19 4.96 + 0.48
Orange peel 1.62 + 0.06  0.24 + 0.02 0.12 + 0.02
Sugar cane bagasse  1.12 4+ 0.06  3.33 4 0.14 8.75 4+ 0.10
Wheat bran 2374014 1.634+0.24 221 £0.18

Data are mean and standard deviation of three cultures. Cultivation was carried out under
static condition in Vogel medium pH 6.5 supplemented with 1% (w/v) of each substrate for
7 d at 28°C. ND: activity not detectable under the assay conditions. CM-cellulose: carboxy
methyl cellulose.

Table 2
Influence of particle size of sugar cane bagasse on xylanase production by Penicillium
chrysogenum F-15.

Carbon Particle size Intracellular ~ Xylanase activity  Specific xylanase
source (mesh) protein (mg) (U-mL™) activity
(U-mg-prot™!)
Sugar cane  >10 0.53 4+ 0.02 1.79 £ 0.06 6.89 4+ 0.27
bagasse  10-18 085+ 012 423 +0.27 10.00 + 0.19
18-45 0.27 £ 0.01 2.85 £ 0.26 837 £0.21

Data are mean and standard deviation of three cultures. Static cultivation in Vogel's
medium, pH 6.5 with 1% carbon source (w/v) for 7 d at 28°C.

used as standard. Proteins were stained with Coomassie brilliant blue R-
250 (J.T. Baker) 0.1% (w/v) in ethanol: acetic acid: water (3:1:6, v/v/v).

2.8.2. pH and temperature optima

Xylanase activity was measured at 50°C in different pH values using
the following 0.05 M buffer systems: glycine-HCl (pH 2.0-3.5), sodium
acetate (pH 4.0-5.5), imidazole (pH 6.0-7.0), Tris-HCl (pH 7.0-9.0),
glycine-NaOH (pH 9.0-10.0), at 50°C. Temperature optimum was
determined by carrying out enzymatic reactions from 20 to 75°C, with
5°C intervals, at pH 6.5.

2.8.3. Thermal and pH stability

Thermal stability was evaluated in absence of substrate by
incubating enzyme samples from 40 to 60°C. Samples were collected
during 60 min and residual activity was determined. Half-lives were
determined after plotting residual activity against time. The xylanase
was 1:2 diluted (v/v) in different buffers to compose the pH range
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from 2.0 to 10.0 (same buffers cited in 2.9.1 item) in absence of
substrate, to determine the enzyme stability at different pH after
incubation for 24 h at 4°C.

2.84. Effect of ions and substances

Xylanase activity was assayed in the presence of NH4Cl, HgCl,, CaCls,
BaCl,, CuCl,, MgS0O4, MnSO,, ZnSO,4 and Pb(CH3COOH) (].T. Baker),
sodium dodecyl sulfate (SDS) (Sigma-Aldrich), tetra sodium
ethylenediaminetetraacetate (EDTA) (Merck),
phenylmethanesulfonylfluoride (PMSF) (USB, Cleveland, Ohio, USA),
3-mercaptoethanol (Sigma-Aldrich) and 1,4-dithiothreitol (DTT) at 2
and 10 mM final concentrations. The activity was assayed at 45°C in
0.05 M imidazole buffer (J.T. Baker) pH 6.5 and expressed in relation
to the control (without any substance).

2.8.5. Substrate specificity and kinetic parameters

The xylanase specificity was verified by assaying the activity against
birchwood and oat spelt xylan, carboxymethylcellulose (CMC) (Sigma-
Aldrich) and Avicel® (Fluka Analytical). The assays were carried out
with 1% (w/v) substrates in 0.05 M imidazole buffer pH 6.5 at 45°C.
The reducing sugars were quantified with the DNS acid reagent [34].
The enzyme was incubated with birchwood xylan at concentrations
varying from 4.0 to 30.0 mg-mL™' The Michaelis-Menten constant
(Kim) and maximal velocity (Vihax) were estimated from Lineweaver—
Burk reciprocal plots [37] by linear regression (Microsoft Office Excel)
using mean values from triplicates.

3. Results
3.1. Effect of substrates on xylanase production

When P. chrysogenum cultivation was performed in different
carbohydrates (Table 1), the highest xylanase production was
observed with oat bran (4.56 U-mL!) and intermediate levels of
xylanase activity were verified with xylose (2.57 U-mL™") and sugar
cane bagasse (1.12 U-mL!). Besides cultivation with sugar cane
bagasse resulted in the highest specific activity (8.75 U-mg-prot™!), an
important factor for purification; and the highest P. chrysogenum
growth, measured by the intracellular protein concentration, was
verified with xylose (2.57 mg of protein). The influence of particle size
on xylanase production was evaluated using sugar cane bagasse and
brewer's spent grain, which are extremely abundant residues in Brazil.
It was observed (Table 2) that only the particle size of sugar cane
bagasse influenced xylanase production. Cultivations on brewer's
spent grain (data not shown) with different particle size rendered
very similar activity with mean values 2.7 U-mL™!. However, with
sugarcane bagasse, the highest enzyme production was observed by
using 10-18 mesh particles (4.23 U-mL™' and 9.99 U-mg-prot™!),
while intermediated values were verified with substrate particles
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Fig. 1. Time course of xylanase production by Penicillium chrysogenum F-15 in static (a) and shaking culture at 120 rpm (b). Cultivation in Vogel's medium with 1% (w/v) sugar cane

bagasse, pH 6.5 at 28°C.
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8 days at 28°C (a) and pH 5.0 (b).
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Fig. 3. Elution profiles of the xylanase from Penicillium chrysogenum F-15 chromatographed on CM Sephadex C-50 (a) and Sephadex G-100 (b) columns. The columns were equilibrated

and eluted with 0.05 M sodium acetate buffer pH 4.5.

between 18-45 mesh (2.85 U-mL!) and lower levels (1.79 U-mL™!)
with substrate particles <10 mesh. When cultured under static
conditions in liquid cultures with sugar cane bagasse (10-18 mesh)
for 15 days, the highest xylanase production was obtained in 8 d-old
cultures (4.10 U-mL™" and 11.86 U.mg prot™!) and the highest growth
was reached after 11 days cultivation (1.94 mg of proteins) (Fig. 1a).
In shaking condition, the highest xylanase production was on the 4th
d (1.95 U-mL") and the specific activity on the 3rd d (5.62
U-mg-prot™'); maximum fungal growth was reached by 5 d-old
cultures (1.67 mg of proteins) (Fig. 1b). Considering the xylanase
production in static conditions was 2-fold higher than that on shaking
cultures, the subsequent experiments were carried out in this
condition. When P. chrysogenum was cultivated in pH from 3.0 to 9.5
(Fig. 2a), both xylanase activity and growth were detected in all pH
range. The highest xylanase activity was observed at pH 5.0
(7.62 U-mL™") and higher fungal growth was verified in medium with
slightly acid initial pH. The effect of temperature on Xxylanase
production by P. chrysogenum is presented in Fig. 2b. The highest
xylanase activity was obtained at 20°C (13.48 U-mL!), while the
maximum growth was observed at 30°C (1.85 mg of proteins). At
40°C the strain was not able to grow, confirming its mesophilic
characteristic [38].

3.2. Xylanase purification

The crude filtrate containing the extracellular xylanase from P.
chrysogenum F-15 (44.5 U-mg-prot™!), was submitted to ion exchange
chromatography with CM-Sephadex C-50. The elution of bounded
proteins was performed with an ascending NaCl gradient giving rise to
one peak with xylanase activity (Fig. 3a). The sample from the pooled
fractions of this step presented 438.3 U-mg-prot™'. This sample was

then applied to a Sephadex G-100 column eluting in only one peak
with xylanase activity (Fig. 3b) that was pooled and showed
electrophoretic homogeneity (Fig. 4). The process presented 31.1%
yield and the xylanase 18.7-fold purified presenting 834.2 U-mg-prot™’
(Table 3).
3.3. Properties of purified xylanase
The molecular mass (MM) estimated by PAGE-SDS was 22.1 kDa.
The pH optimum for activity was 6.0-6.5. Intermediate activity levels
(kDa)
94

66
45

30

20
14

Fig. 4. SDS-PAGE (8-18%) of the purified Penicillium chrysogenum xylanase. Lane S: low
molecular weight standard proteins: phosphorylase b (94 kDa), albumin (66 kDa),
ovoalbumin (45 kDa), carbonic anhydrase (30 kDa), trypsin inhibitor (20 kDa) and
lactalbumin (14 kDa); Lane 1: purified xylanase.
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Table 3
Purification of the xylanase from Penicillium chrysogenum F-15.

Step Total Total Specific activity ~ Recovery  Fold
activity  protein  (U-mg-prot!) (%) change
V) (mg)
Crude filtrate 6024.7 135.3 44.5 100.0 1.0
CM- Sephadex 29728 6.8 4383 493 9.8
C-50
Sephadex G-100  1872.0 2.2 834.2 31.1 18.7

Residual activity (%)

0 10 20 30 40 50 60

Time (min)
—-40°C —®-45°C —4—50°C 55°C 60°C

Fig. 5. Thermal stability of the purified xylanase from Penicillium chrysogenum. The
enzyme was incubated at 40°C, 45°C, 50°C, 55°C and 60°C without substrate. Residual
xylanase activity was assayed with 0.05 M imidazole buffer pH 6.5 at 45°C.

were observed in pH 5.0, 5.5 and 7.0 and lower levels were verified in
pH below 5.0 and above 7.0. The temperature optimum was 45°C
(23.6 U-mL"). At 50 and 55°C the activity also was high, with values
of 20.1 and 17.1 U-mL"}, respectively. At all other temperatures the
activity decreased to levels below 15.0 U-mL"!. When thermal stability
was assayed, the enzyme presented half-life of 35 min at 40°C (Fig. 5)
and the half-lives were 31, 10, 3 and 2 min at 45, 50, 55 and 60°C,
respectively. The enzyme retained from 30 to 50% of activity in the pH
range from 4.5 to 10.0, with the highest stability in pH 6.5, in which
more than 55% of the activity was preserved. When incubated with
different chemical compounds, Mg™2, Mn*2, DIT and PB-
mercaptoethanol activated xylanase activity, while Cu™2, Pb*2 and
Hg "2 were strong inhibitors (Table 4). EDTA and SDS slightly affected
the xylanase activity in both concentrations.

The xylanase presented activity of 12.1 and 9.5 U-mL! on
birchwood and oat spelt xylan, respectively, and no activity against
CMC and Avicel. The Michaelis-Menten constant (K;,) and maximal
velocity (Vimax) estimated with birchwood xylan were 2.3 mM and
731.8 U-mg-prot™!, respectively. For a comparison, xylanase activity
present in crude filtrate from several filamentous fungi, obtained
under optimized conditions for xylanase production, were evaluated

on hemicelluloses from different origins (Table 5). Among all
xylanase-enriched filtrates, the highest activity was that from A.
versicolor using brewer's spent grain hemicellulose with 154.4 U-mL™".
The enzymatic activity of T. inhamatum in brewer's spent grain
hemicellulose was 41.8 U-mL’!, higher than that presented on
previous study, which verified 11.4 U-mL™! using birchwood xylan as
substrate [31]. Xylanase activity from P. janczewskii performed on
birchwood xylan was 154 U-mL™! [24], higher than the activity
presented in this work, but using sugar cane bagasse hemicellulose
the activity was 22.2 U-mL™. P. sclerotiorum activity was 10.6 U-mL"
with birchwood xylan, higher than that previously observed [23]. P.
chrysogenum F-15 strain showed lower enzymatic activity on
commercial xylans such as those from beechwood (11.7 U-mL),
birchwood (12.1 U-mL") and oat spelts (9.5 U-mL™') than on in-
house extracted hemicellulose from agroindustry biomass such as
sugarcane bagasse (18.7 U-mL™!), brewer's spent grain 15.5 U-mL™")
and corncobs (14.1 U-mL ™).

4. Discussion

In cultures with xylose, xylanase production was ten-fold higher
than that with oat spelts xylan and two-fold higher than that with
glucose, suggesting that its production is inducible and can undergo to
catabolite repression by glucose. The xylanase activity with sugar cane
bagasse, brewer's spent grain and corncobs was intermediate, lower
than with oat bran but much higher than that observed with oat
spelts xylan. This is advantageous for xylanase production because the
use of agro-industrial wastes can contribute to reduce the production
cost. This work was the first to describe a purification protocol for the
xylanase from P. chrysogenum produced on cultivation with sugar cane
bagasse. Some other studies with filamentous fungi cultivation have
been conducted with agro-industrial biomass for xylanase production,
e.g., P. janthinellum was cultivated on corncobs and corn straw,
presenting high xylanase production in these agrowastes [39]; A.
versicolor showed higher xylanase production in cultures with wheat
bran [30]; A. giganteus in sugar cane bagasse and corncobs [29] and P.
janczewskii with wheat bran, oat bran and brewer's spent grain [24].
Also, this work was the first to evaluate the influence of particle size
on the xylanase production by fungus. This material characteristic is
important for enzyme production in a fermentation process, since it
influences the accessibility of the microorganism to the nutrients, the
arrangement and adhesion of fungal hyphae to the substrate and the
release of metabolites to the extracellular medium. A particle
separation allows better homogenization of the material, which is
extremely heterogeneous due to the natural origin [14,40]. The
molecular weight (MW) estimated for the P. chrysogenum xylanase
was similar to other microbial xylanases from family GH 11, as
described on the Carbohydrate-Active Enzymes (CAZy) database [41].
In characterization studies of xylanases from other Penicillium species,
similar values for optimal activity are usually verified such as those
from P. purpurogenum (pH 7.0, 50°C) [22], P. sclerotiorum (pH 4.5,
50°C) [23] and Penicillium ocitanis (50°C) [42]. Other studies relating
the production, purification and characterization of xylanases from P.

Table 4

Effect of different substances on the activity of the purified xylanase from Penicillium chrysogenum F-15.
Substance Relative activity (%) Substance Relative activity (%)

2 mM 10 mM 2mM 10 mM

Control 100 100 CuCl, 189+ 4.1 76 £ 1.0
Nacl 88.0 £ 1.0 87.7 +£ 0.5 HgCl, ND ND
CaCl, 69.4 £ 1.5 106.5 + 3.6 Pb(CH3C00), ND ND
MgSO, 1189 + 2.6 1753 £ 4.1 PMSF 103.6 + 2.6 98.9 + 3.1
ZnSO4 1004 + 3.1 93.8 + 10.2 DTT 101.1 £ 6.2 103.7 £ 2.5
NH4CI 949 £ 2.6 89.5 + 6.2 EDTA 971+ 6.7 86.5 £ 3.1
BaCl, 96.7 £ 2.0 117.8 £ 5.1 SDS 924 +56 81.1 £ 0.1
MnSO4 88.7 4+ 2.1 138.5 + 3.6 {3-mercaptoethanol 1014 + 6.7 1109 4+ 3.6
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Table 5

Xylanase production by different fungal strains on hemicelluloses from several agroindustrial biomass.
Microorganism Substrate

BX BWX 0SX SCBH BSGH CCH

Aspergillus giganteus 0.7 £ 0.0 0.8 £ 0.1 1.2 +£0.1 1.0+ 0.1 1.9+ 0.1 125+ 0.1
Aspergillus versicolor 885+ 26 385+ 04 1414 + 4.1 972+ 15 1544 + 3.7 119.6 + 3.4
Trichoderma inhamatum 48 4+ 0.1 22.6 £ 0.2 355428 242409 417 +£23 233403
Penicillium janczewskii 30402 57 4+0.2 104 + 0.1 222407 143 +£ 0.1 13.8 £ 0.2
Penicillium sclerotiorum 6.8 +0.2 10.6 + 0.2 134+ 1.7 88+ 0.1 105+ 0.2 10.7 £ 0.3
Penicillium chrysogenum 11.7 £ 1.1 121+ 14 9.5+ 0.9 187 £ 1.2 155+ 13 141 4+ 0.8

F-15

BEX: beechwood xylan; BWX: birchwood xylan; OSX: oat spelt xylan; SCBH: sugarcane bagasse hemicelulose; BSGH: brewer's spent grains hemicelulose; CCH: corn cob hemicellulose.

Table 6
Properties of xylanases from different Penicillium chrysogenum strains.
Strain Form Culture conditions MW (kDa) Optimum Ref.
pH Temp (°C)
P. chrysogenum I Oat spelts xylan, pH 6.0 35 6.0 40 [21]
Q176 2d,25°C
P. chrysogenum Recombinant XYL _ _ 5.5 25 [43]
FS010
P. chrysogenum I Sugar cane bagasse 22.1 6.5 45 This work
F-15 pH 5.0,8d, 20°C

chrysogenum strains, including a recombinant xylanase expressed in
Escherichia coli, were compared at Table 6. The xylanases usually
present MW between 12.6 and 35.0 kDa and most of them are acid
enzymes with pH optimum in the range from 4.5 to 6.5. The xylanase
produced by P. chrysogenum F-15, presents optimum in pH higher
than those from others P. chrysogenum xylanases. Different strains of
the same specie produce enzymes with distinct properties which can
be due medium composition, culture period, pH, temperature of
cultivation, proteolysis, post-translational modifications (such as
glycosylation), or these enzymes can be the product of different genes
[14,22]. An interesting procedure applied in this work was the use of
DTT and glycerol during all purification steps that preserved the
enzymatic activity, since glycerol protects the proteins by decreasing
the water activity around the enzyme, maintaining its stability, while
DTT, a reducing agent with sulfhydryl groups (-SH), undergoes
oxidation rather than amino acids, preventing enzymatic oxidation.
These characteristics indicate the presence of cysteines in the active
site. The presence of -SH groups in the amino acids of the active site
can be evidenced by the inhibition of the enzyme by heavy metals.
Another important characteristic verified was that Mg ™2 increased by
2-fold the xylanase activity, indicating that this ion could be required
for catalysis.

In the experiments performed with agroindustrial biomass
hemicellulose (Table 5), A. versicolor was the one who presented the
best performance regarding xylanase activity using all substrates.
Notably, hemicellulose from brewer's spent grain was the substrate
that underwent to an easier and more extensive enzymatic hydrolysis,
since three of the microorganism's xylanases producing studied, A.
giganteus, A. versicolor and T. inhamatum, had their greater enzymatic
activity by using this substrate. Strains of P. janczewskii and P.
chrysogenum F-15 had its highest enzymatic activity in hemicellulose
extracted from sugarcane bagasse and P. sclerotiorum in oat bran
hemicellulose. This fact may be attributed to the composition of each
hemicellulose, which could be more or less branched, allowing lesser
or greater accessibility to the xylanases.

5. Conclusion

Penicillium chrysogenum is a good producer of extracellular xylanase
using different agroindustrial residues as substrate, especially sugar

cane bagasse and brewer's spent grain. The reuse of agrowastes is
advantageous and a promising technology around the world. The
produced xylanase presents optimum pH between 5.0, stability at
alkaline pH, tolerance to some ions and high activity between 40 and
50°C, which makes it suitable for application in the beverage industry,
bakery, xylooligosaccharides production, feed industry and for
degradation of plant residues aiming bioethanol production.

Conflicts of interest

The authors state not having any conflict of interest in the
publication of this article.

Financial support

This work was supported by the National Council of Technological
and Scientific Development (CNPq) for the financial support and the
scholarship awarded to the first author (33004137041P2), and by Sio
Paulo Research Foundation FAPESP/Brazil for the financial support
(10/16582-0).

Acknowledgements

The authors acknowledge Dr. André Rodrigues (Universidade
Estadual Paulista - UNESP) for the fungal strain taxonomy.

References

[1] Kennes D, Abubackar HN, Diaz M, et al. Bioethanol production from biomass: carbo-
hydrate vs syngas fermentation. ] Chem Technol Biotechnol 2016;91(2):304-17.
https://doi.org/10.1002/jctb.4842.

[2] Damm T, Commandeur U, Fischer R, et al. Improving the utilization of lignocellulosic
biomass by polysaccharide modification. Process Biochem 2016;51(2):288-96.
https://doi.org/10.1016/j.procbio.2015.12.003.

[3] Deutschmann R, Dekker RFH. From plant biomass to bio-based chemicals: Latest de-
velopments in xylan research. ] Biotechnol Adv 2012;30(6):1627-40.
https://doi.org/10.1016/j.biotechadv.2012.07.001.

[4] Wong KKY, Saddler JN. Applications of hemicellulases in the food, feed, and pulp and
paper industries. In: Coughlen PP, Hazlewood GP, editors. Hemicellulose and
hemicellulases. edn 1. London: Portland Press; 1992. p. 127-43.

[5] Dodd D, Cann IKO. Enzymatic deconstruction of xylan for biofuel production. Glob
Change Biol Bioenergy 2010;1(1):2-17.
https://doi.org/10.1111/j.1757-1707.2009.01004.x.


https://doi.org/10.1002/jctb.4842
https://doi.org/10.1016/j.procbio.2015.12.003
https://doi.org/10.1016/j.biotechadv.2012.07.001
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0020
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0020
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0020
https://doi.org/10.1111/j.1757-1707.2009.01004.x

C.C Terrone et al. / Electronic Journal of Biotechnology 33 (2018) 39-45 45

[6] Sun S, Sun S, Cao X, et al. The role of pretreatment in improving the enzymatic hy-
drolysis of lignocellulosic materials. Bioresour Technol 2016;199:49-58.
https://doi.org/10.1016/j.biortech.2015.08.061.

[7] Girio FM, Fonseca C, Carvalheiro F, et al. Hemicelluloses for fuel ethanol: A review.
Bioresour Technol 2010;101(13):4775-800.
https://doi.org/10.1016/j.biortech.2010.01.088.

[8] Biely P. Microbial xylanolytic systems. Trends Biotechnol 1985;3(11):286-90.
https://doi.org/10.1016/0167-7799(85)90004-6.

[9] Uday USP, Choudhury P, Bandyopadhyay TK, et al. Classification, mode of action and
production strategy of xylanase and its application for biofuel production from
water hyacinth. Int ] Biol Macromol 2016;82:1041-54.
https://doi.org/10.1016/j.ijpiomac.2015.10.086.

[10] Howard RL, Abotsi E, Van Renburg ELJ, et al. Lignocellulose biotechnology: Issues of
bioconversion and enzyme production. Afr J Biotechnol 2003;2(12):602-19.
https://doi.org/10.5897/ajb2003.000-1115.

[11] Collins T, Gerday C, Feller G. Xylanases, xylanase families and extremophilic
xylanases. FEMS Microbiol Rev 2005;29(1):3-23.
https://doi.org/10.1016/j.femsre.2004.06.005.

[12] Menezes CR, Durrant LR. Xylooligosaccharides: Production, applications and effects
on human health. Cienc Rural 2008;38(2):587-92.
https://doi.org/10.1590/s0103-84782008000200050.

[13] Brienzo M, Tyhoda L, Benjamin Y, et al. Relationship between physicochemical prop-
erties and enzymatic hydrolysis of sugarcane bagasse varieties for bioethanol pro-
duction. N Biotechnol 2015;32(2):253-62.
https://doi.org/10.1016/j.nbt.2014.12.007.

[14] Kulkarni N, Shendye A, Rao M. Molecular and biotechnological aspects of xylanases.
FEMS Microbiol Rev 1999;23(4):411-56.
https://doi.org/10.1111/j.1574-6976.1999.tb00407 .

[15] Baldrian P, Gabriel J. Lignocellulose degradation by Pleurotus ostreatus in the pres-
ence of cadmium. FEMS Microbiol Lett 2003;220(2):235-40.
https://doi.org/10.1016/s0378-1097(03)00102-2.

[16] Soundari GS, Sashi V. Microbial xylanase: Its important role in various industries.
Asian. ] Environ Sci 2009;3(2):191-5.

[17] Chévez R, Bull P, Eyzaguirre ]. The xylanolytic enzyme system from the genus Peni-
cillium. ] Biotechnol 2006;123(4):413-33.
https://doi.org/10.1016/j.jbiotec.2005.12.036.

[18] Takenishi S, Tsujisaka Y. Penicillium janthinellum Biourge xylanase. ] Ferment Technol
1973;51:458-63.

[19] Funaguma T, Naito S, Morita M, et al. Purification and some properties of xylanase
from Penicillium herquei Banier and Sartory. Agric Biol Chem 1991;55(4):1163-5.
https://doi.org/10.1271/bbb1961.55.1163.

[20] Filho EXF, Puls ], Coughlan MP. Biochemical characteristics of two endo-p3-1,4-
xylanases produced by Penicillium capsulatum. J Ind Microbiol 1992;11(3):171-80.
https://doi.org/10.1007/bf01583719.

[21] Haas H, Herfurth E, Stoffler G, et al. Purification, characterization and partial amino
acid sequences of a xylanase produced by Penicillium chrysogenum. Biochim Biophys
Acta 1992;1117(3):279-86. https://doi.org/10.1016/0304-4165(92)90025-p.

[22] Belancic A, Scarpa ], Peirano A, et al. Penicillium purpurogenum produces several
xylanases: Purification and properties of two of the enzymes. ] Biotechnol 1995;41
(1):71-9. https://doi.org/10.1016/0168-1656(95)00057-w.

[23] Knob A, Carmona EC. Xylanase production by Penicillium sclerotiorum and its charac-
terization. World Appl Sci ] 2008;4(2):277-83.

[24] Terrasan CRF, Temer B, Duarte MCT, et al. Production of xylanolytic enzymes by Pen-
icillium janczewskii. Bioresour Technol 2010;101(11):4139-43.
https://doi.org/10.1016/j.biortech.2010.01.011.

[25] Knob A, Beitel SM, Fortkamp D, et al. Production, purification and characterization of
a major Penicillium glabrum xylanase using brewer's spent grain as substrate.
Biomed Res Int 2013;2013:1-8. https://doi.org/10.1155/2013/728735.

[26] Karpe AV, Beale DJ, Harding IH, et al. Optimization of degradation of winery-derived
biomass waste by Ascomycetes. ] Chem Technol Biotechnol 2014;90(10):1793-801.
https://doi.org/10.1002/jctb.4486.

[27] Karpe AV, Beale DJ, Godhani NB, et al. Untargeted metabolic profiling of winery-de-
rived biomass waste degradation by Penicillium chrysogenum. ] Agric Food Chem
2015;63(49):10696-704. https://doi.org/10.1021/acs.jafc.5b04834.

[28] Vogel H]. A convenient growth medium for Neurospora (Medium N). Microbiol Gen
Bull 1956;13:42-3.

[29] Coelho GD, Carmona EC. Xylanolytic complex from Aspergillus giganteus: Production
and characterization. ] Basic Microbiol 2003;43(4):269-77.
https://doi.org/10.1002/jobm.200390030.

[30] Carmona EC, Pizzirani-Kleiner AA, Monteiro RTR, et al. Xylanase production by As-
pergillus versicolor. ] Basic Microbiol 1997;37(6):387-94.
https://doi.org/10.1002/jobm.3620370602.

[31] Silva LAO, Carmona EC. Production and characterization of cellulase-free xylanase
from Trichoderma inhamatum. Appl Biochem Biotechnol 2008;150(2):117-25.
https://doi.org/10.1007/s12010-008-8296-y.

[32] Bailey M], Biely P, Poutanen K. Interlaboratory testing of methods for assay of
xylanase activity. ] Biotechnol 1992;23(3):257-70.
https://doi.org/10.1016/0168-1656(92)90074-j.

[33] Brienzo M, Siqueira AF, Milagres AMF. Search for optimum conditions of sugarcane
bagasse hemicellulose extraction. Biochem Eng ] 2009;46(2):199-204.
https://doi.org/10.1016/j.bej.2009.05.012.

[34] Miller GL. Use of dinitrosalicylic acid reagent for determination of reducing sugar.
Anal Chem 1959;31(3):426-9. https://doi.org/10.1021/ac60147a030.

[35] Lowry OH, Rosebrough NJ, Farr AL, et al. Protein measurement with the Folin phenol
reagent. ] Biol Chem 1951;193:265-75.

[36] Laemmli UK. Cleavage of structural proteins during the assembly of the head of bac-
teriophage T4. Nature 1970;227(5259):680-5. https://doi.org/10.1038/227680a0.

[37] Lineweaver H, Burk D. The determination of the enzyme dissociation constants. ] Am
Chem Soc 1934;56(3):658-66. https://doi.org/10.1021/ja01318a036.

[38] Pitt JI. A laboratory guide to common Penicillium species. 2nd ed. North Ryde: Com-
monwealth Scientific and Industrial Research Organization, Division of Food Pro-
cessing0643048375; 1988 [187 pp.].

[39] Oliveira LA, Porto ALF, Tambourgi EB. Production of xylanase and protease by Peni-
cillium janthinellum CRC 87M-115 from different agricultural wastes. Bioresour
Technol 2006;97(6):862-7. https://doi.org/10.1016/j.biortech.2005.04.017.

[40] Raghavendra SN, Rastogi NK, Raghavarao KSMS, et al. Dietary fiber from coconut res-
idue: effects of different treatments and particle size on the hydration properties.
Eur Food Res Technol 2004;218(6):563-7.
https://doi.org/10.1007/s00217-004-0889-2.

[41] Cantarel BL, Coutinho PM, Rancurel C, et al. The carbohydrate-active EnZymes data-
base (CAZy): An expert resource for Glycogenomics. Nucleic Acids Res 2009;37(sup
1):D233-8. https://doi.org/10.1093/nar/gkn663.

[42] Driss D, Bhiri F, Elleuch L, et al. Purification and properties of an extracellular acido-
philic endo-1,4-B-xylanase, naturally deleted in the “thumb”, from Penicillium
occitnais Pol6. Process Biochem 2011;46(6):1299-306.
https://doi.org/10.1016/j.procbio.2011.02.022.

[43] Hou YH, Wang TH, Long H, et al. Novel cold-adaptative Penicillium strain FS010 se-
creting thermo-labile xylanase isolated from Yellow Sea. Acta Biochim Biophys Sin
2006;38(2):1-8. https://doi.org/10.1111/j.1745-7270.2006.00135.x.


https://doi.org/10.1016/j.biortech.2015.08.061
https://doi.org/10.1016/j.biortech.2010.01.088
https://doi.org/10.1016/0167-7799(85)90004-6
https://doi.org/10.1016/j.ijbiomac.2015.10.086
https://doi.org/10.5897/ajb2003.000-1115
https://doi.org/10.1016/j.femsre.2004.06.005
https://doi.org/10.1590/s0103-84782008000200050
https://doi.org/10.1016/j.nbt.2014.12.007
https://doi.org/10.1111/j.1574-6976.1999.tb00407.x
https://doi.org/10.1016/s0378-1097(03)00102-2
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0080
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0080
https://doi.org/10.1016/j.jbiotec.2005.12.036
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0090
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0090
https://doi.org/10.1271/bbb1961.55.1163
https://doi.org/10.1007/bf01583719
https://doi.org/10.1016/0304-4165(92)90025-p
https://doi.org/10.1016/0168-1656(95)00057-w
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0115
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0115
https://doi.org/10.1016/j.biortech.2010.01.011
https://doi.org/10.1155/2013/728735
https://doi.org/10.1002/jctb.4486
https://doi.org/10.1021/acs.jafc.5b04834
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0140
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0140
https://doi.org/10.1002/jobm.200390030
https://doi.org/10.1002/jobm.3620370602
https://doi.org/10.1007/s12010-008-8296-y
https://doi.org/10.1016/0168-1656(92)90074-j
https://doi.org/10.1016/j.bej.2009.05.012
https://doi.org/10.1021/ac60147a030
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0175
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0175
https://doi.org/10.1038/227680a0
https://doi.org/10.1021/ja01318a036
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0190
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0190
http://refhub.elsevier.com/S0717-3458(18)30011-3/rf0190
https://doi.org/10.1016/j.biortech.2005.04.017
https://doi.org/10.1007/s00217-004-0889-2
https://doi.org/10.1093/nar/gkn663
https://doi.org/10.1016/j.procbio.2011.02.022
https://doi.org/10.1111/j.1745-7270.2006.00135.x

	Agroindustrial biomass for xylanase production by Penicillium chrysogenum: Purification, biochemical properties and hydroly...
	1. Introduction
	2. Materials and methods
	2.1. Microorganisms and growth
	2.2. Submerged cultivation
	2.3. Enzyme preparations and assays
	2.4. Xylanase activity and protein assays
	2.5. Xylanase production on different substrates and influence of particle size
	2.6. Effect of culture conditions, pH and temperature on xylanase production
	2.7. Xylanase purification
	2.8. Enzyme characterization
	2.8.1. Electrophoresis
	2.8.2. pH and temperature optima
	2.8.3. Thermal and pH stability
	2.8.4. Effect of ions and substances
	2.8.5. Substrate specificity and kinetic parameters


	3. Results
	3.1. Effect of substrates on xylanase production
	3.2. Xylanase purification
	3.3. Properties of purified xylanase

	4. Discussion
	5. Conclusion
	Conflicts of interest
	Financial support
	Acknowledgements
	References




