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ARTICLE INFO ABSTRACT

Keywords: Several fungal species produce diverse carbohydrate-active enzymes useful for the xylooligosaccharide bio-
Fusarium pernambucanum refinery. These enzymes can be isolated by different purification methods, but fungi usually produce other
Trifunctional

several compounds which interfere in the purification process. So, the present work has three interconnected
aims: (i) compare p-xylosidase production by Fusarium pernambucanum MUM 18.62 with other crop pathogens;
(ii) optimise F. pernambucanum xylanolytic enzymes expression focusing on the pre-inoculum media composition;
and (iii) design a downstream strategy to eliminate interfering substances and sequentially isolate p-xylosidases,
arabinofuranosidases and endo-xylanases from the extracellular media. F. pernambucanum showed the highest
p-xylosidase activity among all the evaluated species. It also produced endo-xylanase and arabinofuranosidase.
The growth and p-xylosidase expression were not influenced by the pre-inoculum source, contrary to endo-
xylanase activity, which was higher with xylan-enriched agar. Using a sequential strategy involving ammonium
sulfate precipitation of the extracellular interferences, and several chromatographic steps of the supernatant
(hydrophobic chromatography, size exclusion chromatography, and anion exchange chromatography), we were
able to isolate different enzyme pools: four partially purified B-xylosidase/arabinofuranoside; FpXylEAB tri-
functional GH10 endo-xylanase/p-xylosidase/arabinofuranoside enzyme (39.8 kDa) and FpXynE GH11 endo-
xylanase with molecular mass (18.0 kDa). FpXylEAB and FpXynE enzymes were highly active at pH 5-6 and
60-50 °C.

Xylanolytic enzyme

1. Introduction

Prebiotics are non-digestible food ingredients that can promote the
growth of beneficial gut microbiota. For instance, xylooligosaccharides
(XOS) from 2 to 4 xylose units (X2-X4) can be selectively used by Bifi-
dobacterium spp. [1].

XO0S can be obtained from lignocellulosic biomass by enzymatic
hydrolysis of the hemicellulose fraction (xylan) using xylanolytic en-
zymes [2]. However, the most common product released from that
enzymatic hydrolysis comprises XOS mixture with variable sizes (only

10-60 % of the total hydrolysed xylan is X2-X4) [3]. Thus, to maximise
the X5-X4 content, it is necessary to find enzymes able to act or shorter
XOS (XOS > Xs). In this sense, p-xylosidases might be the preferable
enzymes [4], although some endo-xylanases may be able to act on those
products too [5].

Several fungal species can decompose and modify natural biomass by
secreting and expelling diverse carbohydrate-active enzymes [6].
Particularly, the genome of Fusarium species encodes numerous ligno-
cellulosic enzymes, showing a higher content of f-xylosidase and endo-
xylanases in contrast with other fungi species [7]. However, Fusarium
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xylanolytic enzyme production potential has not been explored enough:
among the 700 species belonging to Fusarium genera, F. oxysporum and
F. graminearum have been the xylanase-producers mostly studied [8].

When extracellular enzymes are isolated, compounds commonly
released by fungi, such as polyphenols, pigments, polysaccharides
(including those incorporated into the culture media as inductors),
proteases, and other small molecules, may greatly interfere with the
purification procedures [9-12].

To separate these contaminants from the proteins of interest, most
common purification protocols include an initial clarification step
through ultrafiltration, size exclusion chromatography, or bulk precip-
itation methodologies. Then, the partially purified enzymes are selec-
tively separated using different chromatographic steps [13-16].
However, clarification techniques are not always fully effective in
eliminating some of those contaminants (particularly polymeric com-
pounds). Depending on the membrane cut-off, polymers could be
retained in the ultrafiltration process together with the proteins. Also,
carbohydrates precipitate when ethanol or ammonium sulfate are used
and can be recovered in the pellet obtained after precipitation, together
with the proteins of interest. Besides, considering that precipitation
methods are not only a purification step but also a concentration step,
these polysaccharides are concentrated, increasing the density of the
solution which maximises the issues prior to chromatographic steps.
This complexity may lay behind the often very low reported yields
(2.6-20 %) for the recovery of xylanases and other fungal enzymes
[11,15,17,18]. A recalcitrant association of the enzyme with compo-
nents from the culture media, in many cases coloured, have been pre-
viously reported [19].

Thus, the present research aimed to assess the production of xyla-
nolytic enzymes from Fusarium pernambucanum MUM 18.62 strain,
comparing its enzyme expression with several Fusarium species and
other crop pathogen fungi. Additionally, xylanolytic enzyme expression
was optimised by determining the influence of the carbon source in the
pre-inoculum. A method to eliminate compounds that interfere with the
purification is detailed as well as the optimised sequential purification of
extracellular p-xylosidases, arabinofuranosidases, and endo-xylanases
enzymes. Proteins obtained in the different purified extract were iden-
tified by peptide-mass fingerprinting, and purest extracts were charac-
terised in terms of optimal pH and temperature for their activity, as well
as their stability. To our knowledge, this is the first report on the puri-
fication, identification and characterisation of xylanolytic enzymes from
the species F. pernambucanum MUM 18.62.

2. Materials and methods
2.1. Materials

Fungi strains (Fusarium graminearum MUM 17.22, Fusarium redolens
MUM 20.75, Fusarium pernambucanum MUM 18.62, Fusarium caa-
tingaense MUM 18.59, Chaetomium globosum MUM 18.08, Alternaria
alternata MUM 16.02, Alternaria atra MUM 9712, Stachybotrys chartarum
MUM 19.88, Ganoderma applanatum MUM 04.103) were kindly supplied
by Micoteca da Universidade do Minho (MUM) (Braga, Portugal).

Xylan from beechwood and xylan from corncob with >95 % XOS
were purchased from Carl Roth (Karlsruhe, Germany). Arabinoxylan
was purchased from Megazyme (Wicklow, Ireland). p-Nitrophenyl $-D-
xylopyranoside (pNP-X), p-nitrophenyla-L-arabinofuranoside (pNP-A),
and 4-methylumbelliferyl-p-D-xylopyranoside (MUX) were acquired
from Sigma (St Louis, MO, USA).

Fungal strains were grown on Potato dextrose agar (PDA, Oxoid
CMO0139) and on xylan-enriched Czapek agar (% w/v): 1.5 % xylan from
corncob; 1.5 % xylan from beechwood; 1.5 agar; 0.5 % yeast extract; 0.1
% KoHPO4 and 1 % Czapek concentrate (30 % NaNOs; 5 % KCl; 5 %
MgS04.7H20; 0.1 % FeSO4.7H20; 1 % ZnS04.7H20; 0.5 %
CuS04.5H20). Liquid cultures consisted on xylan-enriched Czapek
media without agar.
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All other chemicals were of the purest grade available.

2.2. p-Xylosidase screening

All fungal strains supplied by MUM were grown on PDA at 30 °C, in
the dark. After 7 days, 100 mL of Czapek liquid media, enriched with
1.5 % xylan from corncob and 1.5 % xylan from beechwood (xylan-
enriched Czapek), was inoculated with mycelial agar plugs of 5 mm
diameter. Flaks were incubated for 11 days at 26 + 1 °C with shaking at
120 rpm.

B-xylosidase production was followed daily by measuring enzymatic
activity at 30 °C and two pH values (5.5 and 8), following the meth-
odology described in Section 2.6.1.

2.3. Fungi selection and culture conditions for enzyme production

F. pernambucanum MUM 18.62 was grown in both, PDA and xylan-
enriched Czapek agar for 7 days at 30 °C.

After 7 days, flasks with xylan-enriched Czapek liquid media were
inoculated with a plug from both agar plates as explained in Section 2.2.
Flasks were incubated for 8 days at 30 °C with shaking at 120 rpm.
Aliquots of 2 mL were taken daily. At the end fungal cells were removed
from the culture broth first by filtration through filter paper and second
by centrifugation (30.100 xg for 30 min). The clarified supernatant was
used as the source of crude enzyme.

B-Xylosidase and endo-xylanase activities were determined at 30 °C
and pH 8, following the protocol described in Section 2.6. pH variation
was also followed.

Cell growth was estimated by the sugar consumption using the
phenol-sulfuric acid method [20]. Briefly, 0.25 mL diluted culture
media were mixed with 0.25 mL of phenol solution (50 g L’l). Then,
1.25 mL of hydrazine sulfate solution at 5 g L™! prepared in concen-
trated sulfuric acid was added rapidly to the mixture and well mixed.
Samples were cooled down at room temperature. Light absorption at
490 nm was measured in a microplate scanning spectrophotometer
FLUOstar Omega (BMG Labtech, Offenburg, Germany). Xylose standard
curve from 0 to 0.1 g L™! was used for xylose quantification.

Statistical analysis was performed with GraphPad Prism 8.0.2 soft-
ware (GraphPad Software Inc.). The student's t-test was used to analyse
the differences between the pre-inoculum source in regard to the cell
growth and enzyme production.

2.4. Purification

2.4.1. Ammonium sulfate precipitation (ASP)

F. pernambucanum MUM 18.62 extracellular media obtained after 8
days of culture (ECO) was precipitated by adding solid (NH4)2SO4 until
50 % (w/v) ammonium sulfate saturation (final concentration: 2.2 M).
The solution was kept stirring for 1 h in an ice bath after the full addi-
tion. The supernatant was recovered after centrifugation (30.100 xg for
30 min) and diluted 1.3-fold with 50 mM sodium phosphate buffer pH
6.8 to obtain a 1.7 M ammonium sulfate solution (ASP_EC1) to be loaded
on hydrophobic columns (Fig. 1).

2.4.2. Hydrophobic interaction chromatography

2.4.2.1. Hydrophobic interaction chromatography 1 (HIC1). The crude
extract ASP_EC1 from ASP (Fig. 1) was loaded at 1.2 mL min ! flow rate
on a handmade Phenyl Sepharose 6FF (low sub) (9.2 x 2.6 cm) column
(volume: 50 mL, GE Healthcare, Sweden) coupled to an AKTA Purifier
10 (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) following the
instructions provided by the manufacturer. The column was equilibrated
with 50 mM sodium phosphate buffer pH 6.8 at room temperature (RT),
containing 1.7 M (NH4)2SO4. Elution was performed at 1.5 mL min !
flow rate with 20 column volumes (CV) linear gradient from
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Fig. 1. Summary of the purification process of the different enzymatic extracts obtained from F. pernambucanum MUM 18.62 extracellular media.

equilibration buffer to 50 mM phosphate buffer pH 6.8 at 25 °C (buffer
B). Fractions of 5 mL were collected.

2.4.2.2. Hydrophobic interaction chromatography 2 (HIC2). Non-
retained fraction (HIC1_NR) (Fig. 1) from HIC1 was concentrated to 500
mL using an Amicon® stirred cell (Millipore, CA, USA) through a 10 kDa
molecular weight cut-off (MWCO) membrane. Solid (NH4)»,SO4 was
added to the permeated fraction up to final concentration of 2.2 M.
Sample was centrifuged (30.100 xg for 30 min) and supernatant was re-
loaded at 1.2 mL min~! on the Phenyl Sepharose column coupled to the
AKTA Purifier 10, equilibrated with 50 mM phosphate buffer pH 6.8 at
25 °C with 2.2 M (NHy4)2SO4. Elution was performed at 1.2 mL min !
flow rate decreasing the (NH4)2SO4 concentration with 50 mM phos-
phate buffer pH 6.8 at 25 °C (buffer B), in three steps: (1) 5 CV with 25 %
buffer B, (2) 5 CV with 55 % buffer B, and (3) 5 CV with 100 % buffer B.
Fractions of 10 mL were collected.

Those fractions from previous chromatographic steps in which
p-xylosidase, endo-xylanase and arabinofuranosidase activities were
detected, were pooled following the chromatographic profile, obtaining
the fractions: HIC1_E1, HIC1_E2, and HIC1_E3 from HIC1; and HIC2_E1
and HIC2 E2 from HIC2. Finally, they were concentrated using Ami-
con® Ultra centrifugal tubes with 10 kDa MWCO and stored at —40 °C
for next purification steps.

2.4.3. Size exclusion chromatography

2.4.3.1. Size exclusion chromatography (SECI). The pooled fractions
from HIC1 (HIC1_E1, HIC1_E2 and HIC1_E3) and HIC2 (HIC2_E1 and
HIC2_E2) (Fig. 1) were loaded onto a HiLoad® 16/60 Superdex® 75
prep grade SEC column (volume: 120 mL, GE Healthcare, Sweden)
coupled to the AKTA Purifier 10. SEC column was equilibrated with 20
mM sodium phosphate buffer pH 7.0 with 150 mM NaCl and 0.05 % (w/
v) sodium azide. Elution was performed at 0.3 mL min~! and fractions of
0.5 mL were collected. Fractions active for p-xylosidase, endo-xylanase
and arabinofuranosidase activities were pooled according with the
chromatogram, obtaining the following fractions: SEC1_A E1 from
SEC1_A; SEC1_B_E1 from SEC1_B; SEC1_C_E1 from SEC1_C; SEC1_D_E1
from SEC1_D; and SEC1_E_E1 from SEC1_E (Fig. 1). SEC1_B_E1 fraction
was concentrated using Amicon® Ultra centrifugal tubes with 10 kDa
MWCO and stored at —40 °C for the next purification steps. SEC1_C_E1
was also concentrated and included in new purification steps. The other

fractions were stored at —40 °C.

2.4.3.2. Size exclusion chromatography (SEC2). The active fraction
SEC1 B E1 from SEC1 B (Fig. 1) was loaded onto a HiPrep™ 16/60
Sephacryl® S-200 SEC column (volume: 120 mL, Pharmacia Biotech)
coupled to the AKTA Purifier 10. The column was equilibrated in the
same buffer as the SEC1 chromatography. Elution was performed at 0.3
mL min~! and fractions of 0.5 mL were collected. Fractions active for
B-xylosidase, endo-xylanase, and arabinofuranosidase activities were
pooled following the chromatogram, and stored at —40 °C for charac-
terisation and identification. The obtained fractions were: SEC2_E1 and
SEC2_E2 (Fig. 1).

2.4.4. Anion exchange chromatography (AEC)

SEC1_C_E1 concentrated fraction, obtained from the SEC1_C step
(Fig. 1), was run on PD-10 desalting columns (Pharmacia Biotech, NJ,
USA) to equilibrate them in 20 mM Piperazine-HCI buffer pH 5 (equil-
ibration buffer). Then, samples were loaded on an equilibrated MonoQ
5/50 GL column (volume: 1 mL, Cytiva, MA, USA) column at 0.8 mL
min~". Elution was performed at 1 mL min~! flow rate with a 40 CV
linear gradient from equilibration buffer to the same containing 1 M
NaCl. Those fractions active for -xylosidase, endo-xylanase and arabi-
nofuranosidase activities were pooled and stored at —40 °C. Two pools
were obtained: AEC_E1 and AEC_E2 (Fig. 1).

2.5. Electrophoresis and zymogram analysis

Enzymatic extracts obtained after each purification step (except final
pools, which were analysed according to Section 2.8) were analysed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Electrophoresis was performed with 10-12 % acrylamide separating gel
and 4 % acrylamide stacking gel in a Mini Gel Tank at 225 V following
manufacturer's specifications. Samples were mixed with loading buffer
(% (w/v) SDS and 2 % (v/v) 2-mercaptoethanol), boiled for 5 min and
loaded onto the gel. Protein bands were visualised by Coomassie Bril-
liant Blue R-250 staining according to standard procedures. Precision
plus protein unstained standards (10-250 kDa) (Biorad, Richmond, CA,
USA) were used as standards.

Zymogram analysis for endo-xylanase activity was done according to
Rodriguez-Sanz et al. [2] in a SE260 Mini Vertical Protein Electropho-
resis unit (Hoefer Inc., Holliston, USA) wunder refrigeration.
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Electrophoresis was performed in 10 % (v/v) polyacrylamide gels
including 0.5 % (w/v) arabinoxylan, with 4 % stacking gel. FpXylEAB
and FpXynE were mixed with loading buffer with SDS and 2-mercaptoe-
thanol, boiled for 2 min and loaded onto the gel. After electrophoresis,
enzymes were refolded by washing the gel with 2.5 % (v/v) Triton X-100
in 25 mM citrate-phosphate buffer (pH 6.0) for 30 min at RT.

2.6. Enzyme activity assays

Measurements were made for triplicate in microplate scanning
spectrophotometer FLUOstar Omega (BMG Labtech, Offenburg,
Germany).

2.6.1. p-Xylosidase and arabinofuranosidase activity

An aliquot of 100 pL of 25 mM p-nitrophenyl xylopyranoside (pNP-X)
or p-nitrophenyl a-L-arabinofuranoside (pNP-A) were mixed with 800 pL
of 25 mM sodium phosphate buffer pH 8.0, and 100 pL of appropriately
diluted enzymatic solution. Incubation was made at 30 °C for 20 min.
Reaction was stopped by adding 250 pL 1 M NayCOs3 and cooling down
on ice for 5 min. Then samples were incubated 5 min at room temper-
ature and absorbance was measured at 400 nm.

A p-nitrophenol standard curve from 0 to 50 pM was used for pNP
quantification. The standard mixture contained 100 pL of each pNP
standard, 800 pL buffer, 100 pL distilled water, and 250 pL of 1 M so-
dium carbonate. One unit of p-xylosidase and arabinofuranosidase ac-
tivity was defined as the amount of enzyme that produced 1 pmol of pNP
per minute.

2.6.2. Endo-xylanase activity

An aliquot of 180 pL 1 % (w/v) arabinoxylan was incubated for 20
min at 30 °C with 20 pL diluted enzymatic solution. At the end of the
incubation time, 300 pL of 3,5-dinitrosalicylic acid (DNS) were added to
stop the enzymatic reaction. Samples were boiled 5 min, cooled down on
ice for 5 min, and measured after 5 min at room temperature. Quanti-
fication was made at 540 nm [21].

A xylose standard curve was built from 0 to 0.5 g L™! for xylose
quantification. Substrate and diluted enzyme were replaced by 180 pL of
xylose standard, and 20 pL water, respectively. One unit of endo-xyla-
nase activity was defined as the amount of enzyme that produced 1 pmol
of xylose per minute.

2.7. Protein quantification

2.7.1. BCA

Protein concentrations of all crude extracts included in the different
purification steps were measured by Pierce BCA Protein Assay Kit
(Pierce, Rockford, IL) with bovine serum albumin (BSA) as the standard.

2.7.2. Nanodrop

Protein concentration in the purified extracts (SEC2_E1, SEC2_E2,
SEC1_D_E1 (named as FpXylEAB) and SEC1_E E1 (named as FpXynE)
were checked by spectrophotometry at 280 nm on a Thermo Scientific
NanoDrop 2000c (Wilmington, DE, USA).

2.8. Peptide-mass fingerprinting analysis

SEC2_E1, SEC2_E2, AEC_E1, AEC_E2, SEC1_D_E1 (FpXylEAB) and
SEC_E E1 (FpXynE) samples (Fig. 1) were analysed by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) using a pre-
cast Novex™ 10-20 % Tricine gel (Invitrogen, Wilmington, DE, USA)
in a Mini Gel Tank, following the manufactures' protocol. Samples were
mixed 1:1 (v/v) with Novex Tricine SDS Sample Buffer (2x) with 2 %
(v/v) 2-mercaptoethanol and heated at 85 °C for 2 min. After electro-
phoresis, gel was stained with Colloidal Coomassie for bands visual-
isation following standard procedures.

Visualised bands were cut and gel pieces were subjected to in-gel
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digestion with trypsin. The obtained peptides were loaded onto a
reverse phase column (PepMap® RSLC C18, 2 pm, 100 f\, 75 pm x 50
cm, Thermo Fisher Scientific) and eluted in a linear gradient from 5 to
35 % acetonitrile containing 0.1 % formic acid for 240 min at 0.3 mL
min~!. Eluted peptides were analysed by electrospray ionization-
tandem mass spectrometry on a hybrid high-resolution LTQ-Orbitrap
Elite mass spectrometer coupled to a Proxeon Easy-nLC 1000 UHPLC
system (ThermoFisher Scientific) (CACTI, University of Vigo, Spain).

For Peptide Mass Fingerprint analysis, the MASCOT and PEAKS
search engines were used. Peptide fingerprint was constructed matching
the obtained peptides with SwissProt reviewed proteins and TrEMBL
unreviewed proteins. SwissProt searching was made against Fungi
proteins (taxon ID 4761) whereas TrEMBL searching was limited to
Fusarium genera (taxon ID 5506).

2.9. Biochemical characterisation of extracellular xylanolytic enzymes

2.9.1. Optimal pH and temperature

Optimal pH and temperature for activity were determined for Fusa-
rium pernambucanum MUM 18.62 pure enzymes: SEC1_D _E1, SEC1 E E1
(renamed as FpXylEBA and FpXynE, respectively). The effect of the pH
was determined from 4.0 to 10.0 at 30 °C. Buffers used were: 25 mM
citrate-phosphate buffer (pH 5 and 6), 25 mM sodium phosphate buffer
(pH 7 and 8) and 25 mM sodium carbonate buffer (pH 9 and 10). pH of
the buffer solutions was adjusted at 30 °C. The effect of temperature was
determined from 20 °C to 80 °C at the optimal pH for each enzyme. The
pH of buffer solutions was adjusted at each assayed temperature.

Endo-xylanase activity optimum condition was measured according
to Section 2.6.2 with arabinoxylan as substrate. f-Xylosidase and ara-
binofuranosidase activity were measured with pNP-X and pNP-X sub-
strates (Section 2.6.1).

2.9.2. Stability

Thermal inactivation of the pure enzymes FpXylEBA and FpXynE was
studied at 60 and 50 °C, respectively. Pure enzymes were diluted 5-fold
in 25 mM citrate-phosphate buffer pH 6 and incubated for 24 h in a
thermostatic water bath (MultiTempll, GE Healthcare, Sweden). At
regular incubation times (0, 1, 2, 4, 6, 12 and 24 h), aliquots were
withdrawn, cooled down and centrifuged for the measurement of re-
sidual activity. Endo-xylanase activity was quantified according to
Section 2.6.2 at optimal conditions.

Operational stability was studied at 60 °C for FpXylEBA and 50 °C for
FpXynE in presence of substrate. Pure enzymes were diluted 10-fold in
25 mM citrate-phosphate buffer pH 6 with 1 % (w/v) arabinoxylan (final
volume 200 pL) and incubated for 1 h in a thermobloc (ThermoMixer C,
Eppendorf, Germany). At regular incubation times (0, 5, 10, 20, 30, 40,
and 60 min), reaction was stopped with 300 pL 3,5-dinitrosalicylic acid
(DNS). Samples were boiled 5 min, cooled down on ice for 5 min, and
absorbance was measured after 5 min at room temperature. Quantifi-
cation was made at 540 nm [21].

Weibull equation is a classical sigmoidal equation [22] that has been
previously described as useful for modelling experimental data of
enzyme hydrolysis Eq. [23]. So, product generation was fitted to this
equation with GraphPad Prism 8.0.2 (GraphPad Software Inc., San
Diego, CA, U.S.A.) to evaluate operational stability and/or substrate/
product inhibition:

H:Hm{1—exp{—LN2<;>ﬂH (1

where H is the percentage of initial product which was hydrolysed (%),
and t is the time of hydrolysis (min). Hy, is the maximum degree of hy-
drolysis (%), f is a dimensionless parameter related to the maximum
slope of hydrolysis, 7 is the time required to achieve the semi-maximum
degree of hydrolysis (min). From the values of these parameters, vy, the
maximum hydrolysis rate at the t-time (% min’l), and t,, time required
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to achieve the beginning of asymptote phase (H,) (min), were calculated
as follows [22]:

- :Hm ozﬁoLN2 @
T
(p-1\"" H,
t‘“‘T<ﬁ.LN2 toevm 3

3. Results and discussion
3.1. Screening of p-xylosidase fungi producers

Different fungi species were selected from the culture collection of
the Micoteca da Universidade do Minho (MUM) to be evaluated for
B-xylosidase enzyme production (Table 1): Fusarium graminearum MUM
17.22, Fusarium redolens MUM 20.75, Fusarium pernambucanum MUM
18.62, Fusarium caatingaense MUM 18.59, Chaetomium globosum MUM
18.08, Alternaria alternata MUM 16.02, Alternaria atra MUM 9712, Sta-
chybotrys chartarum MUM 19.88 and Ganoderma applanatum MUM
04.103.

Fungi belonging to Fusarium species have been broadly studied as
source of different lignocellulosic enzymes since they are able to infect
many different crop species [8]. Among the selected Fusarium species to
be evaluated from MUM culture collection, Fusarium graminearum has
been the most thoroughly studied with many xylanolytic enzymes
already known [11,24,25], and with other many xylanolytic genes
already identified in its genome [26]. However, F. redolens,
F. pernambucanum and F. caatingaense have not been previously identi-
fied as xylanolytic enzymes producers.

On the other hand, Chaetomium globosum and Alternaria alternata
fungi species have been previously recognized as producers of cellulo-
lytic and xylanolytic enzymes with low hydrolysis rates. However, they
can degrade wood under extreme environmental conditions [27], being
a promising source of enzymes with high stability. Alternaria fungal
genus has been associated with different plant diseases [28], therefore
Alternaria atra was also included in the p-xylosidase screening.

Ganoderma applanatum and Stachybotrys chartarum, are reported to
have a lignocellulose complex-degrading enzyme system with man-
nanases, glucanases, and xylanases, among other enzymes [29,30].
Nevertheless, p-xylosidases have not been described for those fungi.

Although most of the selected fungi species have been described as
xylanolytic enzymes producers, f-xylosidases have not been identified in
many of them. Thus, the ability of these fungi species to produce

Table 1
B-Xylosidase activity determined in the extracellular media of different fungi
belonging to MUM culture collection.

Fungi species Collection n°®  p-Xylosidase activity (10~ U

mL 1P

pH55 pHS8 Day‘
1. Fusarium pernambucanum  MUM 18.62 25.9 32.8 7
2. Fusarium caatingaense MUM 18.59 29.6 29.4 7
3. Chaetomium globosum MUM 18.08 15.2 22.9 10
4. Alternaria alternata MUM 16.02 5.9 16.6 7
5. Fusarium redolens MUM 20.75 8.8 7.8 10
6. Stachybotrys chartarum MUM 19.88 6.3 7.8 11
7. Alternaria atra MUM 97.12 7.9 7.1 11
8. Ganoderma applanatum MUM 04.103 2.2 1.5 5
9. Fusarium graminearum MUM 17.22 1.9 1.3 11

? Numbering of the culture collection of the Micoteca da Universidade do
Minho (MUM), Braga, Portugal.

b p-xylosidase activity was determined using 2.5 mM pNP-X for 20 min at
30 °C.

¢ Day when maximum B-xylosidase activity was detected for each fungal
strain. Fungi were cultured at 26 + 1 °C and 120 rpm in liquid Czapek media
enriched with 1.5 % corncob xylan and 1.5 % beechwood xylan.
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B-xylosidases, and most critically, those able to work at alkaline pH were
targeted in this work (Table 1). To that end, the selected fungi were
grown in Czapek liquid media enriched with xylan from beechwood and
corn cob as carbon sources. Particularly, p-xylosidase production was
expected to be induced by corn cob as, according to our own analysis, 53
% of the oligomers in this xylan are oligomers with 2 to 4 xylose units
(X2-X4) whereas 38 % are polymers with >11 xylose units (X;1). On the
contrary, X;1 represent 99.5 % of the xylan contained in beechwood
xylan.

All the evaluated species were positive for p-xylosidase activity at the
assayed conditions (pH 5.5 and 8) (Table 1). Species belonging to
Fusarium genera were among the most active, although F. graminearum
MUM 17.22 showed the lowest -xylosidase activity of all the evaluated
species (Table 1). These results were unexpected considering that endo-
xylanases from F. graminearum are described as highly active and highly
stable at 30-40 °C [25,31], and we foresaw similar optimum working
conditions for its B-xylosidases.

The highest p-xylosidase was detected for F. pernambucanum MUM
18.62 with 32.8 x 1073 U mL ™! at pH 8, and F. caatingaense MUM 18.59
with 29.6 x 1073 U mL™! at pH 5.5. They had 13.6 to 25-fold higher
B-xylosidase activity than F. graminearum. Regarding F. redolens MUM
20.75, it showed intermediate activity among all the species evaluated,
with the highest values at pH 5.5, i.e. 3-fold lower than the p-xylosidase
activity showed by F. pernambucanum, but 4.6-fold higher than that one
showed by F. graminearum.

Among the other genera, C. globosum MUM 18.08 and A. alternate
MUM 16.02 were positioned in 3rd and 4th place with just 1.4 to 2-fold
less B-xylosidase activity than F. pernambucanum. However, these spe-
cies showed the highest difference between activities at pH 5.5 and 8,
being between 1.5 and 5.7-fold more active at pH 8. In relation to
S. chartarum MUM 19.88, A. atra MUM 97.12 and G. applanatum MUM
04.103, all of them showed at least 3-fold less p-xylosidase activity than
the most active one, F. pernambucanum (Table 1).

Taking into consideration that this strain of F. pernambucanum
showed the highest p-xylosidase activity among all the evaluated spe-
cies; its activity was higher at alkaline than at acid pH; and the
maximum p-xylosidase activity was reached at a short culture time
(Table 1); it was chosen for the optimisation of culture conditions, pu-
rification, and characterisation of its relevant enzymes. On the other
hand, all the evaluated species are now recognized as f-xylosidase
producers, and future research will be devoted to their study.

3.2. Optimisation of Fusarium pernambucanum MUM 18.62 xylanolytic
enzymes production

When fungi are grown in liquid media, inoculum usually comes from
plugs of the fungi previously incubated in common agar plates (e.g., PDA
plates), and culture optimisation usually relays in liquid media
composition [29,32-34]. However, adaptation time may vary when
different carbon sources are employed in the different solid/liquid
media, likely influencing enzyme production (in this case, xylanolytic
enzyme expression). Therefore, in this work, F. pernambucanum f-xylo-
sidase production was evaluated considering the inoculum origin which
has also been regarded as influential [35]. For these studies, levels of
endo-xylanase activity were also studied.

F. pernambucanum pre-inoculum was grown in PDA plates and xylan-
enriched Czapek agar plates (with xylan as the main carbon source).
After 7 days at 30 °C, mycelial agar plugs of each plate were used as
inoculum in Czapek liquid media with xylan (1 plug for each 100 mL
media). Flasks were incubated for 8 days at 30 °C under continuous
shaking (Section 2.3), and aliquots were taken daily to follow fungal
growth and enzyme production. Three independent flasks were made for
each pre-inoculum source (n = 3).

Cell growth was followed by total sugar consumption (Fig. 2A) and
pH variation in the culture media (Fig. 2B). At the same time, extra-
cellular media was screened for p-xylosidase (Fig. 2C, above) and endo-
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Fig. 2. Evolution of Fusarium pernambucanum MUM 18.62 culture at 30 °C in Czapek liquid media with 3 % xylan after inoculum with plugs from PDA (@) or xylan-
enriched Czapek agar (o) plates. (A) Total sugar consumption. (B) pH media variation. (C) p-xylosidase and endo-xylanase production. * Significant differences (p

< 0.05).

xylanase (Fig. 2C, below) activities using pNP-X and DNS method,
respectively, as explained in Section 2.3.

Total sugar consumption and pH media evolved similarly irre-
spective of the inoculum source (Fig. 2A). Both cultures consumed >90
% of the total sugar content, being slightly lower (but not significantly
different, p > 0,05) with the PDA inoculum (91.4 + 0.3 %) than Czapek
agar plates inoculum (93.6 + 1.0 %). Regarding the pH variation, both
cultures started with pH 5.5, but achieved the maximum pH at different
days (5 days with Czapek agar and 7 days with PDA, respectively), with
values around pH 8.5. However, at the end of the assay (day 8), pH
decreased in both cultures to pH 7.8 (Fig. 2B).

The xylanolytic system in filamentous fungi responds to induction
and repression [36,37]. Najjarzadeh et al. [38] have demonstrated that
xylooligosaccharides are more effective than other substrates at
inducing endo-xylanase and p-xylosidases from Fusarium oxysporum f. sp.
Lycopersici, reporting a correlation between the xylooligosaccharide
degree of polymerisation (DP) and induction efficiency of each enzyme.

In our experiment, levels of endo-xylanase were at minimum or null
for almost 5 days, but after day 1, p-xylosidase activity was already
noticeable and increased up to a maximum after 3-4 days, depending on
the agar plug used as inoculum. Levels of f-xylosidase reached higher
numbers for the case of cultures inoculated with Czapek agar plugs
(Fig. 2C, above). These results suggested that during this 5-days period
the studied strain was growing at the expenses of sugars derived from
small DP-xylan oligomers hydrolysed by the inducible p-xylosidase
secreted to the media. Precisely, as indicated above, the content of these
xylan oligosaccharides was relevant in the culture media which included
a 1:1 mixture of corn cob (53 % are X»-X4) and beechwood xylan (95 %
are >Xi1).

As indicated, endo-xylanase activity was extremely low until day 5

when it peaked up matching with the decay of f-xylosidase activity after
the first maxima. It is interesting that between days 4 and 5, consump-
tion of xylose also slowed down after an almost linear increase from 0 to
80 %, and pH stabilises at 8.5, strongly suggesting that a physiological
change was occurring at this time. As long DP-xylan might be by now the
only substrates at disposal for the strain, growth was likely dependent on
their hydrolysis into small DP-XOS. To that end more extracellular endo-
xylanase was required in the medium, explaining the increase in its
production in parallel with the second round of p-xylosidase activity
increase, an enzyme that is known to act synergistically with the endo-
enzyme [39,40].

The endo-xylanase activity was clearly favored in cultures with the
inoculum from the xylan-enriched Czapek agar plates with 5.4 + 0.2 U
mL~! maximum activity after 8 days of culture. The maximum endo-
xylanase activity inoculated from the PDA plates was 2.2 + 0.2 U
mL! (2.5 folds lower) after 7 days' cultivation.

In this work, higher productions of initial p-xylosidase (up to day 5)
and endo-xylanase were reached using the pre-inoculum growth in the
same complex carbon source (in our case, Czapek agar plates enriched
with xylan). Sequential growth of several fungi (ex. Pleurotus ostreatus,
Aspergillus niger or several Trichoderma strains) in which a submerged
fermentation is preceded by a solid-state pre-culture step with the
inducer substrate has been reported to increase the expression of some
hydrolytic enzymes growing on lignocellulosic biomass [35,41-43].

This higher expression might be related to the inductor effect of
xylan during the early stages of fungal development. Xylan could, in
some way, enhance the induction-expression mechanisms in the inoc-
ulum generating a more efficient fungal biomass to produce the enzymes
when they are needed during the culture.
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3.3. Xylanolytic enzymes purification

Extracellular culture obtained after 8 days of growing
F. pernambucanum MUM 18.62 in xylan-enriched Czapek liquid media
inoculated with xylan-enriched Czapek agar plugs was used as crude
extract for protein purification (ECO, Fig. 1). Focus was kept on
B-xylosidase and endo-xylanase activities together with the analysis of
arabinofuranosidase, as several xylanolityc enzymes having dual activ-
ity (B-xylosidase/arabinofuranosidase) have been described in the
literature [4].

Purification steps faced difficulties due to ECO composition; a brown
and dense extract obtained after the culture centrifugation. When ECO
was directly loaded onto chromatographic adsorption resins (anionic
and cationic exchange chromatography), no reproducible chromato-
grams were obtained (protein elution was not dependent on the percent
of eluent -ionic strength-, but on the volume of the loaded crude extract).
Thus, the removal of the interferences was the first aim for proper
enzyme purification.

Ethanol was the first attempt to precipitate proteins keeping the
dense material soluble. However, it resulted in a clear supernatant
negative for xylanolytic activities, and a brown dense precipitate posi-
tive for xylanolytic activities, likely associated to polymeric substances
(possibly polysaccharides) in ECO that precipitate with organic com-
pounds. These might come from exopolymeric substances produced by
Fusarium species [9,10], and/or the 6.4-8.6 % residual xylan that was
not consumed during growth (Fig. 2A). Besides, only 20 % of the initial
B-xylosidase remained active in the precipitate (data not shown). Same

Table 2
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results were obtained with other organic solvents such as acetone.

Ammonium sulfate salt was alternatively evaluated as bulk precipi-
tation step (ASP). Thus, ECO was precipitated with 50 % saturated
ammonium sulfate salt for 1 h on an ice bath, as it is described in Section
2.4.1. This treatment triggered the precipitation of dense compounds
while 90 % p-xylosidase, 42 % endo-xylanase, and 80 % arabinofur-
anosidase activities were kept in the supernatant. Likewise, the ASP step
(Fig. 1) precipitated contaminant proteins, and hence increased purifi-
cation factors to 4.7 for p-xylosidase, 2.2 for endo-xylanase, and 4.2 for
arabinofuranosidase (Table 2).

3.3.1. Hydrophobic interaction chromatography (HIC1)

Contrary to most common purification protocols where targeted
enzymes are recovered in the pellet [44,45], our purification protocol
started with the supernatant obtained after ammonium sulfate precipi-
tation. This supernatant was diluted 1.3x to decrease ammonium sulfate
content from 2.2 M (=50 % saturation) to 1.7 M (APS_EC1, Fig. 1).
APS EC1 was loaded then onto a handmade Phenyl Sepharose™ 6 FF
column and eluted following the methodology described in Section 2.4.2
(HIC1).

Four active fractions were obtained, from low to high hydropho-
bicity (Fig. 3): non-retained fraction (HIC1_NR), eluted fraction 1
(HIC1_E1), eluted fraction 2 (HIC1_E2), and eluted fraction 3 (HIC1_E3).
HIC1_NR and HIC1_E1 were positive for p-xylosidase and arabinofur-
anosidase. The two enzymatic activities detected in HIC1_NR were not
caused by the saturation of the column, fact that was confirmed by re-
loading the column with this sample (data not shown). Regarding

Summary of the purification balance of purified p-xylosidases/endo-xylanase/arabinofuranosidases from Fusarium pernambucanum MUM 18.62 extracellular

media (ECO) following the flowpath schematised in Fig. 1.

Purification Sample name Total protein Total units (U)* Yield (%) Spe(clljﬁ;lz_clt)lbwty Purification factor
ste
P (mg) B-xyl E-xyl Afur B-xyl E-xyl Afur B-xyl E-xyl Afur B-xyl E-xyl Afur
Crude extract ECO 9924 33.67 2820.10 18.04 100.00 100.00 100.00 0.034 2.800 0.018 1.0 1.0 1.0
ASP APS1_EC1 2316 30.00 1193.80 14.52 89.11 42.33 80.52 0.159 6.300 0.077 4.7 2.2 4.2
HIC1 HIC1_NR 54% 12.60 10.80 6.57 37.43 0.38 36.41 2353 2.017 1.226 69.4 0.7 67.5
HIC2_E1 29 5.85 0.54 1.58 17.39 0.02 8.75 1.628 0.150 0.439 48.0 0.1 242
HIC2
HIC2_E2 4.6 2.09 5.47 4.14 6.22 0.19 2297 0.364 0.951 0.721 10.7 0.3 39.6
SECI_A SECI_A_El 1.8 161 0.09 031 | 6.00 0.00 217 | 0883 0048 0071 | 260 0.0 9.4
SEC1_B SEC1_B_El 26 0.32 0.02 0.23 1.24 0.00 1.61 0.110 0.008 0.077 32 0.0 4.2
SEC2_E1 0.3¢ 0.07 0.00 0.02 0.28 0.00 0.21 0.260¢ 0.000¢ 0.096¢ 7.7 0.0 53
SEC2 .
SEC2_E2 0.2 0.02 0.00 0.02 0.10 0.00 0.13 0.120¢ 0.000¢ 0.083¢ 35 0.0 4.6
HIC1 HIC1_E1 44 0.38 0.64 0.41 1.4 0.03 29 0.084 0.150 0.092 2.5 0.1 5.1
SECI_C SECI_C_El 0.8 0.13 0.04 0.03 0.7 0.00 0.3 0.157 0.004 0.037 4.6 0.0 2.0
AEC_EI - - . - . - ; - - - . - .
AEC
AEC_E2 - - - - - - ; - - - - i -
HIC1 HIC1_E2 43 0.33 178.80 0.32 1.20 7.90 2.00 0.096 52.100 0.077 2.8 18.3 5.1
SEC1_D SEC1_D E1¢ 1.4° 0.22 127.33 0.13 0.80 5.60 1.00 0.163¢  93.200¢ 0.097¢ 4.8 32.8 53
HIC1 HIC1_E3 4.8 0.18 253.04 0.19 0.70 11.60 8.80 0.050 74.190 0.050 1.6 26.1 242
SECI_E SEC1_E_El°® LI° 0.03 212.82 0.00 0.10 9.70 0.00 0.030°  199.960¢  0.000¢ 0.8 70.4 0.0

Concentration steps were not included in purification balances as enzymatic activity recovery was over 95 %, irrespective of the concentration method employed.

B-xyl: p-xylosidase; E-xyl: Endo-xylanase; Afur: Arabinofuranosidase.

*An exhaustive dialysis step was needed to quantify protein in this extract, which may result in elimination of proteins with MM < 10 kDa (cut off of the membrane).
*Enzymatic activities were determined at 30 °C with 25 mM phosphate buffer, pH 8. Substrates: 2.5 mM pNP-X (for p-xyl); 1 % arabinoxylan (for E-xyl); 2.5 mM

PNP-A (for Afur).
bProtein concentration was determined by BCA.

“Protein concentration was determined by measuring the absorbance at 280 nm with Thermo Scientific NanoDrop 2000c.

dFpXylEAB.
*FpXynE.
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Fig. 3. Hydrophobic interaction chromatography (HIC1) using Phenyl
Sepharose 6 FF column (50 mL) equilibrated with 50 mM phosphate buffer pH
6.8 and 1.7 M (NH4)2SO,4. Sample: 1.3 L (231.6 mg protein) of diluted super-
natant resulted after 1.7 M (NH,4)»SO4 precipitation of F. pernambucanum MUM
18.62 extracellular proteins (ASP_ECO0). Loading flow rate: 1.2 mL min~ .
Elution flow rate: 1.5 mL min~’. Fractions: 5 mL. Grey line: % buffer B (50 mM
phosphate buffer pH 6.8). Active fractions are indicated between dotted lines.
Insert: Zoom of the chromatographic profile between 1000 and 2500 mL
elution volume.

HIC1_E2 and HIC1_E3, both were active for the three evaluated activ-
ities: endo-xylanase, p-xylosidase and arabinofuranosidase.

All these fractions followed different purification steps that will be
analysed in more detail in the following sections.

3.3.1.1. HIC1_E1 fraction. This fraction was positive for B-xylosidase
and arabinofuranosidase activities, but with low recovery yields in
relation to ASP_EC1 (around 1.4 and 2.9 %, respectively) (Table 2).
Purification factor was 2.5 for p-xylosidase and 5.1 for arabinofur-
anosidase. HIC1_E1 (Fig. S3A, lane 4 — HIC1_E1) was further purified,
first by size exclusion chromatography using a HiLoad® 16/60 Super-
dex® 75 prep grade column (SEC1_C, Fig. S1), and the active pooled
fraction (Fig. S3A, lane 5 — SEC1_C_E1) was then purified by anion ex-
change chromatography on a MonoQ® 5/50 GL column (AEC, Fig. S2)
to obtain samples AEC_E1 and AEC_E2 (Fig. 1).

AEC_E1 and AEC_E2 were again active for B-xylosidase and arabi-
nofuranosidase, although enzyme and protein balances were not
measured due to their low protein content and little volume resulting
from the MonoQ® 5/50 GL column (Table 2, data not shown). By tricine
SDS-PAGE (Fig. S3B), 5 and 3 protein bands were visualised for AEC_E1
and AEC_E2, respectively, with molecular masses (MMs) ranging from
195 to 86 kDa. These values are consistent with most of the described
B-xylosidases, which exhibit molecular masses around 100 kDa [46].

Due to the difficulties of working with this sample regarding the low
protein and enzymatic yields, we next focus on the non-retained fraction
to the hydrophobic chromatography (HIC_NR), where p-xylosidase and
arabinofuranosidase activities were also detected.

3.3.1.2. HICI_NR fraction. As already indicated, HIC1_NR was active
for pB-xylosidase, arabinofuranosidase and endo-xylanase, although the
purification factor for the latter decreased from 2.2 in ASP1_EC1 to 0.7
in HIC1_NR. Meanwhile, 37.43 % of the p-xylosidase and 36.41 % of the
arabinofuranosidase activity from ECO remained in HIC1_NR. Those
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activities were enriched by 69.4-fold and 67.5-fold, respectively
(Table 2). Efforts to purify this fraction using anionic or cationic ex-
change chromatography were unsuccessful prompting us to revert to
HIC. Additionally, HIC avoided time-consuming dialysis steps required
to remove the (NH4)3,SO4, which would have been necessary had ionic
exchange chromatography been employed.

HIC1 _NR fraction was concentrated (Fig. S7A, lane 4 — HIC1_NR),
mixed with (NH4)2SO4 to adjust its final concentration to that used in the
equilibration buffer (2.2 M) of the following chromatography (HIC2,
Fig. 1), centrifuged, and re-loaded onto the Phenyl Sepharose™ 6 FF
column. Elution was performed following the methodology described in
Section 2.4.2 (HIC2).

No activity was detected in the non-retained fraction (data not
shown). Contrary, active fractions were detected at 25 % and 55 %
elution buffer steps (Fig. S4) that were pooled and named HIC2 _E1 and
HIC2 _E2, respectively (Fig. 1). Although both were active for p-xylosi-
dase and arabinofuranosidase, the p-xylosidase activity previously
detected in HIC1_NR was mainly recovered in fraction HIC2 E1 (17.39
%), whereas the arabinofuranosidase activity from HIC1_NR was mostly
recovered in HIC2_E2 (22.97 %) (Table 2). Therefore, HIC2_E1 achieved
a purification factor of 48 for p-xylosidase and 24.2 for arabinofur-
anosidase. Whereas HIC2_E2 achieved a purification factor of 10.7 and
39.9 for B-xylosidase and arabinofuranosidase, respectively (Table 2).
Both samples were still active for endo-xylanase activity, but purification
factors have been reduced throughout the purification steps.

Samples HIC2_E1 and HIC2_E2 were concentrated to 1.6 mL (2.9 mg
protein in HIC2 E1 and 4.6 mg protein in HIC2_E2) by Amicon® Ultra
centrifugal tubes with 10 kDa MWCO. Concentrated samples (Fig. S7A,
lane 5 — HIC2_E1 and lane 7 — HIC2_E2) were again purified separately
through size exclusion chromatography using HiLoad® 16/60 Super-
dex® 75 prep grade column (SEC1_A and SEC1 B, Fig. 1) as described in
Section 2.4.3.

Profiles obtained from each chromatography are shown in Fig. S5,
where active fractions (f-xylosidase and arabinofuranosidase) are indi-
cated between dotted lines, close to the void volume of the column. The
pooled active fractions were named SEC1_A E1 (Fig. S5A) and
SEC1_B_E1(Fig. S5B) which eluted well apart from several other
contaminant proteins (probably associated to endo-xylanase enzyme
and other not targeted proteins) with apparent lower MMs. Specific
activities were higher for sample SEC1_A E1 (B-xylosidase and arabi-
nofuranosidase). Analysis by denaturing electrophoresis revealed two
pools of bands in sample SEC1_A E1 (Fig. S7A, lane 6); three with MM
higher than 50 kDa also present in sample SEC1_A_E2 (Fig. S7A, lane 8).
Bands with 40.0 and 48.4 kDa in the first sample were nearly undetected
in the later. We selected SEC1_B_E1 to proceed with the purification
which increased purification factor to 3.2 for p-xylosidase and 4.2 for
arabinofuranosidase with recovery yields of 1.24 % and 1.61 %,
respectively (Table 2).

Next purification step was again using SEC chromatography but with
a HiPrep™ 16/60 Sephacryl® S-200 column that allows separating
proteins from 5 kDa to 250 kDa (the range for the previous SEC column
was 3 to 70 kDa). As before, SEC1_B_E1 was concentrated, and 4 mL (2.6
mg protein) was loaded onto the column (as indicated in Section 2.4.3
for SEC2 purification step (Fig. 1)).

The chromatographic profile (Fig. S6) shows protein absorbance at
280 nm together with p-xylosidase and arabinofuranosidase activities
determined in the collected fractions (coloured lines). Both activities
split into two peaks whose maxima did not parallel the protein peak. The
first active fractions spread over a considerable region which might
indicate the association of the enzymes with other molecules from the
sample. Therefore, we focused on the second peaks resulting in samples
SEC2_E1 (between 48.6 and 51.6 mL elution volume), and SEC2_E2
(between 53 and 55.6 mL elution volume) (Fig. S6). p-Xylosidase/ara-
binofuranosidase ratio was: 2.7 for SEC2_E1 and 1.4 for SEC2_E2
(Table 2), indicating that they were different enzymes as deduced form
their SEC profile in Fig. S6. Accordingly, the purification factors and
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specific activities, for both p-xylosidase and arabinofuranosidase, were
improved compared to the previous chromatographic step (Table 2).
Using tricine SDS-PAGE gels, SEC2_E1 showed at least 8 protein bands
ranging from 47 to 188 kDa, whereas 1 major band (band J, 90 kDa) and
two minor was (I and K bands) were visualised for SEC2_E2 (Fig. S7B).

According to their MM, two protein bands were common to the two
samples; one with 104.0 + 5.4 kDa (Fig. S7B, band D and I) and the
second with 88.2 + 4.2 kDa (Fig. S7B, band E and J), that might
correspond to the detected f-xylosidase and arabinofuranosidase
activities.

Although we were unable to purify to homogeneity these two en-
zymes, after two steps of hydrophobic interaction chromatography
(HIC1 and HIC2) followed by two SEC chromatographic steps with
different separation ranges (SEC1 and SEC2) (Fig. 1), we obtained two
fractions, each of them enriched with f-xylosidase or arabinofur-
anosidase activity (SEC2_E1 and SEC2_E2) (Fig. 1).

Fusarium pernambucanum produced different B-xylosidases and ara-
binofuranosidases to hydrolise the beechwood xylan and corn cob xylan.
This fact has been confirmed with F. graminearum, which expresses
several xylanolytic enzymes to colonise plants [26].

The enzymes included in the different isolated pools (AEC1, AEC2,
SEC2 E1 and SEC2_E2) possess comparable molecular masses but
different hydrophobicity. In addition to the detected enzymes in these
samples, many other minor B-xylosidases and arabinofuranosidases
might be present, as we were able to recover just over 6 % of the ac-
tivities quantified in ECO (Table 2). Actually, most of the purification
protocols used in literature to isolate extracellular B-xylosidases and
arabinofuranosidases by chromatographic procedures do not usually
reach recovery yields higher than 13 % [47-51].

Protein bands detected in AEC1, AEC2, SEC2_E1 and SEC2_E2
(Fig. S3B and Fig. S7B) were cut and submitted to in-gel digestion and
peptide-mass fingerprinting identification, results that are described in
Section 2.8.

3.3.1.3. HICI1_E2 fraction. HIC1_E2 pool obtained from HIC1 (Figs. 1
and 3) was active for the three measured activities, f-xylosidase, ara-
binofuranosidase, and endo-xylanase (Table 2). Their specific activity
increased as it did the purification factor (in relation to EC0): 32.8-fold
for endo-xylanase activity, 4.2-fold for arabinofuranosidase, and 4.7-
fold for B-xylosidase activity. (Table 2).

To separate the enzymes responsible for the three activities in
HIC1_E2 (Fig. 6, lane 4 — HIC1_E2), the collected pool was concentrated
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to 1.5 mL (3.2 mg protein) as usual, loaded onto HiPrep® 16/60
Superdex® 75 column (SEC1_D, Fig. 1), and eluted as indicated in Sec-
tion 2.4.3.

The chromatographic profile, as well as active fractions (coloured
lines) are included in Fig. 4. A main protein peak was obtained after
SEC1_D that paralleled the three enzymatic activities examined
(B-xylosidase, arabinofuranosidase, and endo-xylanase), which reached
their respective maxima at the same volume.

Those active fractions eluted between 66.3 and 75.3 mL were pooled
and analysed by SDS-PAGE in 10 % acrylamide gels where only one
band at 39.9 kDa was detected (Fig. 6B, lane 6 — SEC1_D_E1). To confirm
if the 39.9 kDa protein was responsible for two of the three activities, we
attempted zymographic analysis for endo-xylanase and p-xylosidase ac-
tivity. However, we failed to re-naturalise the enzyme in the SDS-PAGE
gels and no activity was detected on native PAGE gels (data not shown).

Protein bands detected in SEC1_D_E1 (Fig. 6C, bands A-B-C) were
submitted to peptide-mass fingerprinting identification, results that are
included in Section 3.4.

3.3.1.4. HICI1_E3 fraction. HIC1_E3 fraction (Fig. 1) obtained from HIC1
(Figs. 1 and 3) was active for the three measured activities, p-xylosidase,
arabinofuranosidase, and endo-xylanase. Their specific activity
increased in the HIC1_E3 pool (Table 2) as did the purification factor (in
relation to EC0): 26.1-fold for endo-xylanase, 1.6-fold for B-xylosidase
and 24.2-fold for arabinofuranosidase.

To purify the enzymes responsible for these activities, the HIC1_E3
fraction (Fig. 6A, lane 5 - HIC1_E3) was concentrated as usual to 1.5 mL
(3.3 mg protein) and loaded onto HiLoad® 16/60 Superdex® 75 column
(SECL1_E, Fig. 1) eluted as indicated in Section 2.4.3.

The chromatographic profile displayed a symmetric peak between 82
and 93 mL volume elution which was analysed for p-xylosidase, arabi-
nofuranosidase, and endo-xylanase activities (Fig. 5). Yet, fractions were
only active for endo-xylanase activity, matching the highest endo-
xylanase activity and protein content at the same volume, which sug-
gested that the enzyme could be pure. Active samples were pooled,
concentrated, and tested again against the pNP-X and pNP-A substrates,
finding some residual p-xylosidase activity (17 % of the loaded activity
units in SEC1_E step) but no arabinofunarosidase activity (Table 2).

Contrary, 84 % of the endo-xylanase activity units were recovered
after the chromatographic step. These results strongly suggested that the
SEC1_E _E1 sample was mainly an endo-xylanase with minor amounts of
contaminant f-xylosidase. This conclusion was supported by the

80 - 2.0
SEC1_D_E1

= 60- FLs
T . g
£ 40 2 F1.0 S
S 2 ~
] = %
8

< 20- Los 7

0 T T I T I I T I T T 0.0
0 40 50 60 70 80 90 120
Volume (mL)

— Protein

B-xylosidase =~ —=—

Endo-xylanase =~ —— Arabinofuranosidase

Fig. 4. Size exclusion chromatography (SEC1_D) using HiLoad® 16/60 Superdex® 75 prep grade column. Sample: 1.5 mL (4.3 mg protein) of concentrated HIC1_E2
obtained from HIC1 chromatographic step. Loading flow rate: 0.3 mL min . Elution flow rate: 0.3 mL min~'. Elution buffer: 20 mM phosphate buffer pH 7.0, 150
mM NacCl and 0.05 % sodium azide Fractions: 0.5 mL. Active fractions are indicated between dotted lines.
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detection in this sample of a single protein band by electrophoresis on
SDS-PAGE (Fig. 6B) and Tricine gels (Fig. 6C, lane 3 — SEC1_E E1),
whose MM was estimated as 18 kDa, and confirmed as endo-xylanase by
renaturing zymography on SDS-PAGE gels supplemented with 0.5 % (w/
v) arabinoxylan (Fig. 6B, lane 8). That MM may indicate that belongs to
GH11 family as the MM of endo-xylanases from this family is usually
lower than 20 kDa [63]. This was further confirm by peptide-mass
fingerprinting analysis (Section 3.4).

3.4. Identification: peptide-mass fingerprinting

Final samples resulted from each purification flow path were iden-
tified by peptide-mass fingerprinting. In this case, samples were ana-
lysed by denaturing gradient electrophoresis using Novex 10 to 20 %
Tricine gels which usually give better band resolution. Bands were
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visualised with Colloidal Coomassie Blue G-250, manually excised and
digested with trypsin. The following bands were analysed: 8 from
SEC2 E1 (Fig. S7B, lane 9), 3 from SEC2_E2 (Fig. S7B, lane 10), 5 from
AEC_E1 (Fig. S3B, lane 6), 3 from AEC_E2 (Fig. S3B, lane 7), 3 from
SEC1_D_E1 (Fig. 6C, lane 7), and 1 from SEC1_E_E1 (Fig. 6C, lane 7).
Peptide-mass fingerprinting was carried out and data searched
against Swiss-Prot. Currently, fungi (taxon ID 4751) have 36,254
reviewed sequences, where just 112 belong to endo-xylanase, 22 to
B-xylosidase and 38 to arabinofuranosidase. Among them only 6 endo-
xylanases belong to Fusarium genera and any reviewed fp-xylosidase or
arabinofuranosidases. Therefore, search was also performed against
unreviewed sequences (TrEMBL) for Fusarium genera (taxon ID 5506).

3.4.1. Bands identified from SEC2_E1 and SEC2_E2 purified samples
When the search was made against reviewed sequences, 4 of the 11
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Fig. 6. Denaturing gels of Fusarium pernambucanum enzymatic extracts corresponding to HIC1_E2 and HIC1_E3 samples and those thereafter (Fig. 1). (A) SDS-PAGE
using 12 % polyacrylamide gels stained with Coomassie Brilliant Blue R-250; (B) SDS-PAGE using 10 % polyacrilamide gels including 0.5 % (w/v) arabinoxylan for
endo-xylanase activity detection. (C) Novex 10 to 20 % Tricine gels stained with Colloidal Coomassie G-250. Capital letters (from A to D) points bands submitted to
peptide-mass fingerprinting analysis. Lane 1: Precision plus protein unstained standards; Lane 2: ECO; Lane 3: ASP_EC1; Lane 4: HIC1_E2; Lane 5: HIC1_E3; Lane 6:
SEC1_D_E1 (FpXylEAB); Lane 7: SEC1_E E1 (FpXynE); Lane 8: Zymogram of SEC1_E E1 (FpXynE). After electrophoresis, gel was renatured in 25 mM citrate-

phosphate buffer (pH 6.0) with 2.5 % (v/v) Triton X-100 for 30 min at RT.
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bands isolated from SEC2 E1 (Fig. S7B, lane 9) and SEC2_E2 (Fig. S7B,
lane 10) matched an endo-xylanase enzyme (accession number:
[1RQUS5). However, only 2 to 4 peptides matched the template sequence
(I1IRQU5) and none of the peptides matched p-xylosidases or
arabinofuranosidases.

When search was made against unreviewed sequences, different
enzymes matched proteins from SEC2E1 and SEC2E2 samples:
B-glucosidase, a-glucosidase, p-xylanase, carboxyl esterase, p-xylosidase
and a-arabinofuranosidase.

As it was previously stated, SEC2_E1 and SEC2_E2 samples were
positive for p-xylosidase/a-arabinofuranosidase (Table 2). As for
B-glucosidase activity, both samples showed no activity (data not
shown), and a-glucosidase and carboxyl esterase activity were not
tested. Following this, band E showed 33 % coverage (14 peptides) for
bi-functional B-xylosidase/a-arabinofuranosidase predicted sequence
from F. coffeatum (AOA366S3H5), 15.2 % coverage (8 peptides) for
a-arabinofuranosidase predicted sequence from F. poae (AOA1B8AB40)
and 14.8 % coverage (8 peptides) for a-arabinofuranosidase predicted
sequence from F. flagelliforme (AOA395M5W6). Similar results were
achieved for band J with 28.9 % coverage (9 peptides) for bi-functional
-xylosidase/a-arabinofuranosidase predicted sequence from F. coffeatum
(A0A366S3H5) and 14.8 % coverage (7 peptides) a-arabinofuranosidase
predicted sequence from F. coffeatum (AOA366S3H5). Except for the bi-
functional p-xylosidase/a-arabinofuranosidase predicted sequence from
E. coffeatum (AOA366S3H5), none of the peptides from the different
bands in SEC2 El1 and SEC2 E2 samples matched p -xylosidase
sequences.

3.4.2. Bands identified from AEC E1 and AEC _E2 purified samples

Peptides generated from proteins isolated from samples AEC_E1 and
AEC_E2 (Fig. S3B) matched sequences from p-glucanases, from both,
reviewed and unreviewed sequences. However, we again analysed
samples AEC_E1 and AEC E2 for p-glucanases activity with negative
results (data not shown).

The number of reviewed sequences for f-glucanases largely exceeds
those of B-xylosidase and a/p-arabinofuranosidase (619 vs 85-88).
Attending to unreviewed sequences from Fusarium genera, 4135 se-
quences have been confirmed as p-glucanase but for p-xylosidase and
a/p-arabinofuranosidase only 1421 and 1023 respectively. Thus, the
failure to fully identify the targeted enzymes in samples SEC2_E1,
SEC2 E2, AEC E1 and AEC_E1 may likely be caused by the low number
of B-xylosidases and arabinofuranosidases described in the literature,
and hence of sequences included in databases.

3.4.3. Bands identified from SEC1_D_E1 purified sample

A main protein band was estimated at 39.9 kDa (Fig. 6C, lane 6, band
C). Bands A and B resulted in MM of 79.3 and 119.4 kDa, respectively,
which fitted with expected MM for dimers and trimers of the 39.9 kDa
protein. Although denaturing conditions were used for Tricine gel (SDS
and p-ME were added to the sample buffer), the incubation at 85 °C for 2
min (following manufacturer's specification) may result in an incom-
plete separation of the monomeric forms, resulting in less intense bands
with double and triple MM. When SDS-PAGE in 10 % acrylamide gel was
performed (Fig. 6B, lane 6), only the band at 39.9 kDa was detected.

The generated peptides from sample SEC1_D_E1 (bands A, B and C),
isolated from HIC1_E2, matched sequences of GH10 xylanases (Fig. S8).
The MS data of band C (Fig. 6B, lane 6) provided 41.2 % coverage (17
peptides) for Xyll (I1IRQU5) and 33.0 % coverage (9 peptides) for
Xylanase A or Xylanase III (B3A0S5). However, higher coverages were
achieved for predicted xylanase sequence from Fusarium coffeatum
(A0A366S360): 59. % coverage (29 peptides). All of them show MM
ranging from 36 to 40 kDa.

With increasing MM (Fig. 6B, bands A and B), sequence coverage
decreased, i.e. band A had 27.2 % coverage (10 peptides) and band B
had 45.2 % coverage (14 peptides), both against the predicted xylanase
from Fusarium coffeatum (AOA366S360). Nevertheless, they once again
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matched the three same templates as the monomeric protein (band C).

The SEC1_D_E1 enzyme, that was renamed as FpXylEAB, was a tri-
functional xylanolytic enzyme that hydrolyzed several substrates asso-
ciated to different activities: pNP-X and MUX (B-xylosidase activity),
PNP-A (arabinofuranosidase activity) and arabinoxylan (endo-xylanase
activitiy). SEC1.D_E1 pool resulted specific activities of (U mg™})
(quantified at 30 °C and pH 8): 0.163 p-xylosidase, 93.200 endo-
xylanase and 0.097 arabinofuranosidase. The p-xylosidase/arabinofur-
anosidase activity relation was 1.7.

Bifunctional enzymes with different xylanolytic activities have been
broadly studied and even grouped into glycosyl hydrolase (GH) families
with two catalytic domains (GH16, 61, and 62) or with secondary
xylanolytic activities (GH9, 12, 26, 30 and 44) [52]. However, some
Fusarium species have been described as producers of bifunctional
xylanolytic enzymes belonging to other GH families: GH43 bifunctional
B-xylosidase and o -L-arabinofuranosidase [53], GH27 bifunctional a-D-
galactopyranosidase, f-L-arabinofuranosidase [54], GH11 bifunctional
endo-xylanase and p-xylosidase (Table 4) [55], and GH10 bifunctional
endo-xylanase and f-xylosidase (Table 4) [7]. Even a trifunctional
enzyme active for endo-xylanase, cellulose, and transferase has been
described for Fusarium commune (Table 4) [56]. However, to our
knowledge, this is the first trifunctional enzyme active for endo-xyla-
nase, f-xylosidase and arabinofuranosidase described within the Fusa-
rium genera, and the fifth reported in the literature, after PcAxy43B
enzyme from Paenibacillus curdlanolyticus [57-59], Ttxy43 from Ther-
mothelomyces thermophile [60], and two recombinant enzymes con-
structed by linking catalytic domains [61,62].

3.4.4. Bands identified from SECI1_E_E1 purified sample

Peptides generated from sample SEC1_E _E1 (Fig. 6C, band D) iso-
lated from HIC1_E3 fraction, matched sequences of GH11 xylanases
(Fig. S9). The MS data of band D (Fig. 6C, lane 7) provided 60 %
coverage (51 peptides) for XylB (I1RII8). Again, higher coverage was
achieved for predicted xylanase sequence from Fusarium flagelliforme
(AOA395MKC9): 76 % coverage (49 peptides). Both enzymes showed
MM of 24.5-24.6 kDa, slightly higher than that predicted for SEC1_E E1
(Fig. 6B, 18 kDa).

Thereafter SEC1_E_E1 was renamed as FpXynE. The enzyme, with a
specific activity of 199.96 U mg~! (quantified 30 °C and pH 8), was
characterised in terms of optimal pH and temperature conditions for
activity, and stability as shown in the next sections.

3.5. Biochemical characterisation of purified FpXylEAB and FpXynE
enzymes

Endo-xylanase FpXylEAB and FpXynE were characterised in terms of
optimun operating pH and temperature conditions, as well as thermal
and operational stability.

3.5.1. Effect of pH and temperature

The optimal pH and temperature conditions of FpXylEAB and FpXynE
were quantified using arabinoxylan as substrate. The optimal pH was
evaluated between 4 and 10 at 30 °C and temperature between 40 and
80 °C at the optimal pH.

FpXylEAB showed maximum activity at pH 6, and nearly 50 % of its
activity was retained at pH 9 at 30 °C. FpXynE maximum activity was
quantified at pH 6-7, and it was more sensitive to pH increase in contrast
with FpXylEAB, with only 15 % of residual activity at pH 9 (Fig. 7A).

Regarding temperature, 50 °C and 60 °C were the optimal conditions
for FpXynE and FpXylEAB endo-xylanase activities, respectively (Fig. 7B).
Both enzymes showed extreme sensitivity to temperature rise, with just
25 % activity remaining at 70 °C.

Those optimal conditions matched with most of the endo-xylanases
isolated from Fusarium (Table 4). pH optima for activity ranged from
5.0 to 8.0. About temperature, most of the endo-xylanases optimally
work between 40 and 55 °C. However, two of them showed thermophile



A. Rodriguez-Sanz et al.

100

DC

3

) 50—

;_:.';

o -

0 T
4 6 8 10

pH

—m— FpXyIEAB

International Journal of Biological Macromolecules 272 (2024) 132722

100 —
3
J 50—
;_:
o J
0 T T T T
20 40 60 80
Temperature (°C)
8- FpXynE

Fig. 7. (A) Optimal pH condition for FpXylEAB and FpXynE endo-xylanase activity. The effect of the pH was determined from 4.0 to 10.0 at 30 °C. Enzymatic
activities are expressed as percentages of the max value: 100 % activity is 69.6 + 1.9 U mg ™! for FpXylEAB and 160.3 + 3.2 U mg~’ for FpXynE. (B) Optimal
temperature condition for pXyl[EAB and FpXynE endo-xylanase activity. The effect of the temperature was determined from 20 °C to 80 °C at pH 6.0. Enzymatic
activities are expressed as percentages of the max value: 100 % activity is 194.0 + 2.4 U mg~! for FpXylEAB and 343.3 + 21.3 U mg ™! for FpXynE.

behavior with optimal activity at 60 °C: FpXylEAB from
F. pernambucanum and Xylanase I from F. oxysporum (Table 4) None-
theless, the optimal catalytic temperature of those later enzymes were
30 °C higher than the temperature used for their culture [18,64].

The endo-xylanase specific activity at optimal pH and temperature
conditions for FpXylEAB (pH 6 and 60 °C respectively) and for FpXynE
(pH 6 and 50 °C) were 194.0 + 2.4 U mg ™! and 343.3 + 21.3 U mg ™},
respectively, using arabinoxylan as substrate. p-Xylosidase and arabi-
nofuranosidase activity of FpXylEAB at the optimal conditions were not
measured because the self-hydrolysis of the pNP-X and pNP-A substrates
at those conditions.

3.5.2. Thermal and operational stability

Thermal stability was assayed at pH 6.0 and 50 °C (FpXynE) or 60 °C
(FpXylEAB). At these temperatures both enzymes were extremely un-
stable, with almost no detectable activity after 60 min incubation (Fig. 8,
squares).

Nevertheless, it is known that xylans act as xylanase stabilisers
against thermal inactivation either through substrate-catalytic site in-
teractions or by carbohydrate binding modules [65,66]. In this sense,
operational stability of each enzyme was evaluated by measuring the
degree of hydrolysis of arabinoxylan in a buffered medium (Fig. 8, cir-
cles). The degree of hydrolysis was calculated as the product concen-
tration measured at each time regarding the initial concentration of
arabinoxylan in the reaction (10 mg mL™1).

None of the enzymes were able to hydrolisemore than 8 % of the
arabinoxylan after 60 min (Fig. 8).

According to the parametric values (Egs. (1), (2), and (3)), FpXynE
showed maximum degree of hydrolysis (H;) 2-fold higher than that
obtained with FpXylEAB after 60 min (Table 3). However, both FpXy-
[EAB and FpXynE reached asymptotic phase before 30 min, at 23.3 min
and 29.6 min, respectively (ty, Table 3). This asymptotic behavior could
be explained by enzyme inactivation, however, following thermal
inactivation curves, at these times both enzymes still showed >50 %
relative activity. These results may indicate that enzymes are still stable
at the operational conditions (pH 6.0, and 50-60 °C), but product/
substrate inhibition may occur at the t,, values.
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Fig. 8. Thermal stability (squares), expressed as percentages of the max endo-
xylanase activity of FpXylEAB (black) and FpXynE (white). Operational sta-
bility (circles) measured as the product generation of FpXylEAB (black) and
FpXynE (white) and expressed as percentage of the initial arabinoxylan
concentration.

Table 3
Maximum degree of hydrolysis (H,,) and time required to achieve the beginning
of asymptote phase (t,,), estimated from the Egs. (1), (2) and (3).

H,, (%) t, (min) P-value
FpXynE 7.382 + 0.029 29.638 + 0.397 0.9991
FpXylEAB 3.595 + 0.093 23.279 + 0.536 0.9984
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Table 4
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Endo-xylanases identified from Fusarium species and their biochemical characteristics: optimal temperature and pH conditions for activity, and pH stability and its

measurement conditions.

Fungi species Name Optimal activity conditions pH stability* Measurement conditions for pH stability Reference
T pH

F. pernambucanum FpXylEAB® 60 °C 6.0 - - This study
FpXynE 50 °C 5.0-7.0 - -

F. graminarum Xyl1 45-55°C 6.0 5.5/8.5 5hat20°C [11]
Xyl2 45-55°C" 6.0
XylA 40°C’ 7.0-8.0 5.0-12.0 120 min at RT [25]
XylB 40°C" 7.0-8.0 2.0-12.0
XylC 40°C’ 5.0-7.0 1.9-13.0
XylD 40°C’ 5.0-7.0 5.0-12.0

F. oxysporum b 50°C" 7.4 5.8-9.0 24 hat40°C [56]
Xylanase 1 60 °C 6.0 9.0-10.0 24hat30°C [18]
Xylanase II 55°C 6.0 7.0-9.0
Xylanase IIT 45°C" 6.0-8.0 7.0-10.0 24 h at 20 °C [13,16]
FoXyn10
Xyl2* 40°C" 6.0 - - [55]
XynllA 45°C 6.0 5.0-11.0

F. sp. 21 XynllB 45°C 6.0 5.0-11.0 24hat4°C [67]
XynllC 45 °C 5.0 2.0-11.0
Xyl10A 50 °C 6.0 6.0-11.0

F. commune Xyl10B° 50 °C 6.0 5.0-11.0 lhat4°C [7]
Xyli1 50 °C 5.0 6.0-8.0

F. proliferatum - 55°C 5.0-5.5 3.0-8.0 1hat40°C [17]

F. verticillioides - 50 °C 5.5 4.5-10.0 30 min at 50 °C [15]

— Data no available.

T Thermostable: >50 °C relative activity at the optimal condition after 1 h incubation.

@ Trifunctional: endo-xylanase, B-xylosidase, arabinofuranosidase.
b Trifunctional: endo-xylanase, cellulase, transferase.
¢ Bifunctional: endo-xylanase, f-xylosidase.

Most of the xylanases included in Table 4 also resulted in low thermal
stability at their optimal temperature, with <50 % relative activity after
60 min incubation. Even Xylanase I from F. oxysporum, whose optimal
working condition was 60 °C, retained 47 % of its activity after 60 min
incubation at 45 °C [18]. Operational stability was not determined for
any of the xylanases summarised in Table 4.

Most xylanases included in Table 4 have been stated as alkali stable
as they maintain >50 % activity at pH 9-10 when incubated for different
periods of time. However, the incubations are made at very low tem-
peratures (4-20 °C), far from those normally used when working with
lignocellulosic materials [7,11,67]. Indeed, this could be a misleading
information when the xylanases are studied in conditions at which they
are not even active (or marginally active). For example, Dong et al. [11]
based the stability of F. graminearum Xyl1 and Xyl2 on the fact that they
lose 20 % of their activity after 5 h incubation at pH 5.5 and 8.5 at 20 °C.
However, at 20 °C these enzymes shown <10 % of the activity at their
optimum, which is around 45-55 °C. Similar results were claimed by
Pollet et al. [25] for XylA, XylB, XylC and XyID from F. graminearum,
which kept active after 120 min incubation at room temperature with
pHs up to pH 13. Among all the xylanases included in Table 4, only XylA
from F. graminearum showed >50 % relative activity at pH 9 at its
optimal temperature condition [25]. Following this, stability on alkaline
solutions was not analysed in the present study. Optimal pH condition
was measured at 30 °C (Fig. 7A), temperature at which both enzymes
still kept 50 % relative activity (Fig. 7B). However, as both enzymes
showed <50 % activity at pH above 9 at 30 °C (Fig. 7), stability at
alkaline conditions at the optimal temperatures for activity (50-60 °C)
was not expected.

FpXylEAB and FpXynE were active at neutral pH but showed mod-
erate thermophile characteristics. The improvement of their thermo-
stability in presence of substrate makes them suitable to be included
in the biorefinery for xylooligosaccharides production from lignocellu-
losic materials. Particularly, the trifunctional activity of FpXylEAB may
be useful to increase the yield of prebiotic XOS (X»-X4), as it is able to act
on both, long (arabinoxylan) and small substrates (pNP-X and pNP-A).
However, deeper studies on substrate specificity and product release

13

are now being performed to evaluate the suitability and the adequate
hydrolysis conditions in order to maintain at minimum the monomer
release.

4. Conclusions

The production of extracellular p-xylosidases by different crop
pathogen fungi was determined. Among them, Fusarium pernambucanum
MUM 18.62 strain showed the highest activity, and this activity was
similar at acidic and alkaline conditions. p-xylosidase and endo-xylanase
expression was influenced by the pre-inoculum media composition,
resulting in higher expression when xylan was included as carbon source
in the agar plates.

The resulted extracellular xylanotic enzymes were sequentially pu-
rified to isolate different pools with different activities: four pools active
for p-xylosidase/arabinofuranoside, one pure trifunctional endo-xyla-
nase/p-xylosidase/arabinofuranoside enzyme with molecular mass of
39.8 kDa (FpXylEAB) and one pure endo-xylanase with molecular mass
of 18.0 kDa (FpXynE). Pure enzymes were highly active at pH 5-6 and
50-60 °C. Their stability was improved by the presence of arabinoxylan.
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