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Abstract Streptomyces coelicolor A3(2) sco5931 gene was predicted to encode a puta-
tive xylanase A, a 477 amino acid protein belonging to glycoside hydrolase family 10.
The entire sco5931 coding region was cloned and overexpressed in Streptomyces
lividans TK24. Mature SCO5931 protein comprising 436 amino acids (47 kDa) was
purified by single-step gel filtration chromatography from culture broth after ammoni-
um sulfate precipitation, with 25.8-fold purification and yield of 30.6 %. The purified
protein displayed a pronounced activity toward beechwood xylan as a substrate, but no
activity was detected toward carboxymethylcellulose, Avicel, galactan, barley 3-glucan,
and xyloglucan, demonstrating that SCO5931 is a substrate-specific xylanase. Optimal
xylanase activity was observed at 60 °C and pH 6.0. The addition of metal ions or
EDTA did not affect the xylanase activity, while 4 mM MnCl, severely inhibited the
enzyme, reducing its activity by 87 %. Kinetic parameters of SCO5931 toward
beechwood xylan were determined (K,,=0.24 mg/mL, V,,,.=6.86 uM/min). Thin layer
chromatography and mass spectrometry analyses of the beechwood xylan SCO5931
hydrolysis products were conducted. Product masses corresponded to sodium adducts of
xylobiose (m/z 305.24) and xylopentaose (m/z 701.59), indicating that SCO5931
specifically cleaves the (3-1,4 linkage of xylan to yield xylobiose and xylopentaose.
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Xylan is a component of highly complex hemicellulose and comprised by xylose units linked
by (3-1,4-glycosidic bond. It is the second most abundant natural biopolymer, after cellulose,
accounting for 2040 % of total plant biomass. Therefore, efficient xylan degradation has
become important for the utilization of lignocellulosic materials as a sustainable biomass [1,
2]. Xylan hydrolysis has been adopted in many industrial fields, for paper, pulp, and textile
production. Recently, xylooligosaccharides and D-xylose obtained by enzymatic xylan hydro-
lysis have come to the forefront of investigations due to their enormous biotechnical potential
as functional food additives and bioenergy sources [3].

Xylanase degrades f3-1,4-glycosidic bonds of the xylan backbone to yield
xylooligosaccharides and D-xylose. Xylanases from various eukaryotes and prokaryotes have
been isolated and characterized, but bacterial hosts have many advantages in commercial
applications of xylanase owing to their ability to produce secreted extracellular enzymes, fast
growth, and availability of various recently developed industrial technologies [4—6].

The genus Streptomyces covers Gram-positive soil bacteria that produce various antibiotics
and grow as a spore-forming mycelium. It has been highlighted for producing valuable
secondary metabolites as well as many industrially important hydrolytic enzymes including
xylanases [7-9]. Streptomyces coelicolor A3(2), a best-studied model species in the genus
Streptomyces, also produces many types of extracellular enzymes that hydrolyze various
macromolecules, such as agar [10], xyloglucan [11], and cellulose [12]. Five ORFs were
annotated as putative xylanases in the S. coelicolor A3(2) genomic sequence [13], based on
comparison with annotated enzymes from other bacteria. However, their enzymatic properties
have not been investigated. This study comprises a first report on the expression, purification,
and characterization of a glycoside hydrolase (GH) family 10 xylanase A (SCO5931, XInA)
from S. coelicolor A3(2).

Materials and Methods
Bacterial Strains and Plasmids

Escherichia coli DHS5«x served as a host, and T&A cloning vector system (RBC, USA) was
used in subcloning experiments. S. coelicolor A3(2) and S. lividans TK24 were acquired from
the John Innes Institute, UK [14]. S. lividans TK24 and Streptomyces—E. coli shuttle vector
pUWL201PW [15] were used as the host—vector system for overexpressing sco5931.

Media and Culture Conditions

E. coli was maintained on LB agar and routinely cultured with agitation in LB broth at 37 °C
[16]. Streptomyces strains were grown in R2YE liquid broth at 28 °C for the preparation of
protoplasts and isolation of genomic or plasmid DNA [14]. The media were supplemented
with either ampicillin (50 pg/mL) or thiostrepton (25 pug/mL), as required.

Substrates and Chemicals

Carboxymethylcellulose (CMC, medium viscosity), Avicel (microcrystalline powder, 20 um),

Azurine-cross-linked (AZCL) xylan, and other fine chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Barley (3-glucan, potato galactan, beechwood xylan, and
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xylans, including xylobiose (X2) and xylotetraose (X4), were purchased from Megazyme
International Ltd (Ireland). Restriction endonucleases, T4 DNA ligase, and Taq DNA poly-
merase were purchased from Takara Shuzo Inc., Japan. PCR primers were obtained from
DyneBio Inc., Korea.

DNA Manipulations

DNA preparation and cloning were performed in E. coli using methods described by Green
and Sambrook [16]. DNA samples were digested with restriction endonucleases and ligated
using T4 DNA ligase, according to the supplier’s recommendations. DNA digests were
analyzed by horizontal agarose gel electrophoresis in 0.04 M Tris acetate (pH 8.4)-0.001 M
EDTA (TAE) buffer.

Construction of Expression Vector

The 1442-bp Ndel/HindIll fragment containing the entire sco5931 coding region
(Fig. 1) was amplified by PCR using the following primers: forward, 5'-cat
ATGGGCTCCTACGCCCTTCCCAGAT CAG-3' (Ndel site is underlined and
the non-coding nucleotides are written in lowercase); reverse 5'-
aagctTCAGGTGCGGGTCCAGCGTTGGTTGCTGC-3" (HindIIl site is underlined
and the non-coding nucleotides are written in lowercase). These primers were de-
signed based on the nucleotide sequence deposited in the Streptomyces Genome
Project webpage (http://www.sanger.ac.uk/resources/downloads/bacteria/streptomyces-
coelicolor.html). PCR conditions were as previously described [10], and the digested
products were cloned into T&A cloning vector: sco5931 DNA fragment double-
digested with Ndel and HindIll was ligated with pUWL201PW digested with the
same restriction enzymes, yielding pUWL201-5931. Recombinant plasmids were pu-
rified from E. coli and used for protoplast transformation of Streptomyces cells.
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Fig. 1 Genomic neighborhood of sco5931 and conserved domains of SCO5931 protein. Gene organization,
including the ORF of the putative xylanase SCO5931, is shown with functions annotated based on the genomic
sequence of S. coelicolor. SCO5931 protein (477 amino acids) contains an N-terminal glycosyl hydrolase family
10 domain (amino acids 45-341) and C-terminal Ricin-type beta-trefoil (carbohydrate-binding domain, amino
acids 354-475). Conserved amino acids in putative sugar binding sites (black triangle) and Q-X-W motif (white
triangle) are depicted

@ Springer


http://www.sanger.ac.uk/resources/downloads/bacteria/streptomyces-coelicolor.html
http://www.sanger.ac.uk/resources/downloads/bacteria/streptomyces-coelicolor.html

352 Appl Biochem Biotechnol (2016) 180:349-360

Bacterial Transformation

Transformations of E. coli cells were performed by the CaCl, method [16]. Streptomyces
protoplasts were prepared as described earlier [14]. The resultant protoplasts were transformed
using the PEG-mediated transformation method. The transformants were selected by overlay-
ing the transformant-containing plates with 1 mL distilled water containing thiostrepton
(0.625 pg/mL).

Protein Analysis

Protein concentrations were measured with Bradford method using bovine serum albumin as
standard [17]. Proteins were resolved on sodium dodecyl sulfate (0.1 %)—polyacrylamide
(10 %) gel electrophoresis (SDS-PAGE), as described by Laemmli [18].

Enzyme Purification

All extracellular proteins released into the culture broth (250 mL) by S. lividans TK24/
pWUL201-5931 were precipitated by the addition of solid ammonium sulfate to 75 %
saturation. The precipitated proteins were recovered by centrifugation at 10,000g at 4 °C for
20 min, suspended in and dialyzed against 20 mM Tris—Cl buffer (pH 7.5). The dialyzed
product (7 mL) was concentrated, 20 times, on Amicon Ultra-50 K centrifugal filter units
(50 kDa cutoff). Following this, 100-puL concentrates were applied onto Superdex™ 200 HR
10/30 gel filtration column previously equilibrated with 50 mM sodium phosphate buffer (pH
7.0) containing 0.15 M NaCl. Proteins were eluted with the same buffer, at a flow rate of
0.5 mL/min. Thirty fractions (1 mL/fraction) were collected and assessed by SDS-PAGE.

SCO5931 Catalyzed Reaction and Substrate Specificity Determination

Enzyme activities with various polysaccharide substrates were determined with bicinchoninic
acid (BCA) assay [19] by measuring the quantity of reducing sugars released from the
substrates (5 mg/mL) during 15 min incubation. All enzymatic reactions were performed at
50 °C and pH 6.0, unless mentioned otherwise. Briefly, substrate stock solutions (40 pL,
10 mg/mL) in buffer A (50 mM sodium phosphate buffer, pH 6.0) were mixed with 30 pL
buffer A, and the reactions were initiated by the addition of 10 uL (0.2 ug) enzyme solution
and further incubated for 15 min. Then, 50-pL reaction mixtures were mixed with 500 pL of
BCA reagent and 450 uL of distilled water and incubated at 80 °C for 40 min. The reaction
mixtures were cooled and absorbance at 562 nm (ODs4,) was measured. D-xylose solutions
(X1), 10-50 uM, were run as standards. All activities are expressed in international units, i.e.,
one unit of activity corresponds to the amount of enzyme releasing 1 pM reducing sugars (in
xylose equivalents) per minute.

Biochemical Properties of the Xylanase SCO5931
Enzyme temperature profile was studied over 20-90 °C. Optimal pH determination was
carried out in 50-mM buffer solutions with pH ranging from pH 4.0 to 11.0. Sodium citrate

buffer was used for pH 4.0-5.0, sodium phosphate buffer for pH 6.0-8.0, and glycine-NaOH
buffer for pH 9.0-11.0. Relative activities were defined as percentages of the maximum
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xylanase activity. Temperature stability was studied by incubating the xylanase at 50 °C or
60 °C in buffer A. Aliquots were taken at different time points, and activity toward beechwood
xylan was determined.

The effects of metal ions and chelator on xylanase activity were investigated in the presence
of the following (4 mM): CaCl,, CoCl,, CuCl,, NaCl, NiCl,, MgCl,, ZnCl,, and EDTA.
Beechwood xylan (5 mg/mL) solution was incubated in the presence of each effector in buffer
A and the enzyme, and the xylanase activity measured.

Kinetic parameters K, and V., for the hydrolysis of beechwood xylan by SCO5931
xylanase were determined based on the dependence of the initial rates of hydrolysis on
substrate concentration (0.5-5 mg/mL) using Lineweaver—Burk coordinates [20]. A
Michaelis—Menten Enzyme Kinetics Software, MM version 1.2, was used for accurate
calculation (http://people.uncw.edu/hermant/TechFiles/mm/mm.htm).

Zymogram Assay for Xylanase Activity

Cells were inoculated onto solid minimal medium [14], supplemented with 0.2 % (w/v) AZCL
xylan and cultured at 28 °C for 1, 2, or 3 days. For the purified protein, 20-uL (0.4 pg) protein
samples were absorbed onto paper disks, laid out on solid minimal medium containing 0.2 %
AZCL xylan, and incubated at 40 °C for 1 h.

Analysis of Hydrolysis Products by Thin-Layer Chromatography and Mass
Spectrometry

The SCO5931-catalyzed hydrolysis of beechwood xylan (500 png) with the purified SCO5931
(100 units) was carried out for 96 h in 100 uL of buffer A (pH 6.0). During the hydrolysis
reaction, 5-puL aliquots of the reaction mixture were withdrawn at regular intervals and spotted
on a silica gel 60 plate (Merck Co., Ltd., USA). Analytical thin-layer chromatography (TLC)
was performed by double-ascending method with n-butanol/acetic acid/water (2:1:1) solvent
system. The resolved sugars were detected by heating the plate at 120 °C. The spots were
visualized after spraying with 10 % sulfuric acid in ethanol. The 96-h hydrolysate was dried in
vacuo and extracted with 100 % methanol, for mass spectrometry. Molecular masses of the
products were determined using micrOTOF-Q II (Bruker Daltonics, Germany), and mass
spectra were obtained in a 120-3000-m/z range.

Results
Cloning and Overexpression of sco5931 Gene

SCO5931 (GenBank accession number, WP_011030540.1) was predicted from genomic
sequencing data of S. coelicolor A3(2) to encode a putative xylanase A comprising 477 amino
acids, with molecular weight (Mw) of 51 kDa [13]. The amino acid sequence suggested that
SCO5931 was produced as a precursor with an amino-terminal signal sequence [21] cleaved
between Ala-41 and Ala-42, resulting in mature SCO5931 comprising 436 amino acids, with
Mw 47 kDa (Fig. 1).

For functional validation, S. lividans TK24 was transformed with pUWL201-5931 con-
taining the entire coding region of SCO5931, inoculated onto solid minimal medium
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supplemented with 0.2 % AZCL xylan and cultured at 28 °C for 3 days. A blue-colored halo
formed by the hydrolysis of AZCL xylan was apparent from day 1 and becoming wider until
day 3, while an empty vector-bearing control did not produce blue color, indicating that
sco5931 was successfully overexpressed and SCO5931 was synthesized in active form
(Fig. 2a). The xylanase activity produced by S. /lividans TK24/pUWL201-5931 sharply
increased and reached a maximum level (140 units/mL) at 3 days of cultivation, while that
of the control at this point was negligible (less than 0.1 unit/mL) in R2YE broth.

Purification of SCO5931

Gel permeation chromatography on Superdex™ 200 HR column allowed a rapid and efficient
single-step SCO5931 purification from culture broth after 75 % ammonium sulfate precipita-
tion. SCO5931 was purified by 25.8-fold with yield of 30.6 % from the culture broth. After
SDS-PAGE, the purified protein appeared as a single band of approximately 45 kDa, slightly
smaller than the expected Mw (47 kDa) of the mature form (Fig. 2a). Therefore, the purified
SCO5931 was digested with trypsin and analyzed by matrix-assisted laser desorption/ioniza-
tion-time-of-flight (MALDI-TOF) mass spectrometry. Nine peptides matched predicted
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Fig. 2 Heterologous expression and purification of SCO5931 in S. lividans TK24. a Results of zymogram plate
assay with S. /ividans TK24 transformants, as a function of cultivation time. Cells were grown on minimal agar
medium plates containing 0.2 % (w/v) AZCL xylan for the indicated times, at 28 °C. Control: S. lividans TK24/
pUWL201PW, SCO5931: S. lividans TK24/pUWL201PW-5931. b SDS-PAGE of purified proteins. SCO5931
protein overproduced in S. lividans TK24 was purified by gel filtration chromatography using Superdex™ 200
HR 10/30 column and fractionated on 0.1 % SDS-10 % PAGE. M molecular weight standards, lane I:
extracellular proteins of S. /ividans TK24/pUWL201PW-5931, lane 2: extracellular proteins of S. lividans
TK24/pUWL201PW control, lanes 3—4: different fractions of purified SCO5931 protein after gel filtration
chromatography. The 47-kDa SCO5931 protein is depicted by a thick arrow
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masses and provided 21 % coverage of the entire SCO5931 (data not shown). An amino-
terminal peptide (m/z 1289) corresponding to Ala-42—Arg55 was also detected. We concluded
that SCO5931 was indeed correctly expressed, processed, and secreted.

Substrate Specificity of SCO5931

Specific activities of purified SCO5931 toward various cellulosic and hemicellulosic
substrates were examined. No detectable hydrolyzing activity was observed with
CMC, Avicel, galactan, barley (3-glucan, and xyloglucan. Instead, SCO5931 displayed
a pronounced activity (28,944 units/mg) toward beechwood xylan (Fig. 3a). Xylanase
activity of SCO5931 was also confirmed by a zymogram assay. Purified SCO5931
created a blue region (halo) by hydrolyzing AZCL xylan in the plate zymogram assay,
in contrast with no detectable activity in a protein sample prepared from culture broth
of the control (data not shown). These results clearly indicated that SCO5931 is a
substrate-specific xylanase.

Biochemical Properties of the Xylanase SCO5931

The enzyme had a maximum activity at 60 °C and retained 98 % of activity at
50 °C (Fig. 3b). The protein was relatively thermostable, maintaining 90 % of its
maximum activity after 60 min incubation at 50 °C; however, 84 % activity was lost
upon heat treatment at 60 °C (Fig. 3c). Optimum pH for SCO5931 was 6.0
(Fig. 3d). The enzyme was active over a wide pH range, 6.0-9.0, and its stability
declined below pH 4.0 (less than 40 % maximum activity) or above pH 11.0. All
subsequent reactions were carried out at pH 6.0 and 50 °C, with consideration of
the enzyme’s thermostability.

Most metal ions tested, such as Ca®", Na*, Ni**, and Mg®", and the chelator EDTA did not
significantly affect xylanase activity when provided at 4-mM concentrations, indicating that
SCO5931 did not require a metal cofactor. However, MnCl, severely inhibited the enzyme
activity, by 87 % (Fig. 3e).

Using beechwood xylan as substrate, SCO5931 K, and V,,,. values were determined as
0.24 mg/mL and 6.86 uM/min, respectively (Fig. 31).

Analysis of Beechwood Xylan SCO5931 Hydrolysis Products

Products released from beechwood xylan by SCO5931 were analyzed by TLC, and
two distinct spots were detected, even after a long, 96-h incubation. When the spots
were compared with standards, they were tentatively identified as di- and larger-than-
tetra-saccharides, with decreasing Ry values. Additionally, one spot, corresponding to
xylose, was detected after 72 h, but its amount was minimal (Fig. 4a). Mass
spectrometry analysis of each spot revealed perfect matches with masses of sodium
adducts of xylobiose (m/z 305.24) and xylopentaose (m/z 701.59) (Fig. 4b). When the
enzyme reaction was performed for less than 2 h, xylobiose and a mixture of different
length oligosaccharides were detected, indicating that SCO5931 acts as an endo-type
glycohydrolase. Taken together, the results reported here indicated that SCO5931 is a
3-1,4-endoxylanase, hydrolyzing the [3-1,4 linkage of xylan to yield xylobiose and
xylopentaose, a unique feature among the reported xylanases.
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Fig. 3 Biochemical properties of SCO5931. a Substrate specificity of the purified SCO5931 protein. The
hydrolyzing activity was investigated using carboxymethylcellulose (CMC), Avicel, galactan, 3-glucan, xylan,
and xyloglucan, as substrates. b Effect of temperature on beechwood xylan-hydrolyzing activity of SCO5931
xylanase. ¢ Effect of heat treatment at 50 and 60 °C on SCO5931 stability, as determined by beechwood xylan-
hydrolyzing activity. d Effect of pH on beechwood xylan-hydrolyzing activity of SCO5931 xylanase. The
reaction was performed in 50-mM buffers, pH 4.0-11.0, as follows: citrate buffer, pH 4.0-5.0; potassium
phosphate buffer, pH 6.0-8.0; glycine-NaOH buffer, pH 9.0-11.0. When calculating relative enzyme activities,
the highest detected xylanase activity was considered as 100 %. e Effect of metal ions and chelating agent on
xylanase activity of SCO5931. Beechwood xylan-hydrolyzing activity was investigated in the presence of 4 mM
of each tested compound. When calculating relative enzyme activities, enzymatic activity in the absence of metal
ions was considered as 100 %. f Enzyme kinetics of SCO5931 xylanase. Lineweaver—Burk plots were used to
determine kinetic parameters of SCO5931 acting on beechwood xylan. All the data were obtained from mean
values of three repeat experiments

Discussion

SCO5931 was predicted to be a putatively secreted xylanase A (XInA.e) of S. coelicolor
A3(2). It contains an N-terminal GH 10 superfamily domain (Conserved Domain Database
[CDD] 249776, amino acids 45341, e-value 2.77 x ¢ '>?) with putative sugar binding sites
(CDD 238092; amino acids 366, 379, 381, 388, 389, 408, 419, 421, 428, 429, 449, 462, 464,
and 472). It also contains a C-terminal RICIN superfamily domain (cd00161, amino acids
354-475, e-value 9.89 x ¢ >2) (Fig. 1). RICIN superfamily domain is a carbohydrate-binding
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Fig. 4 Thin layer chromatography (TLC) chromatogram and MALDI-TOF mass spectrogram of products of
beechwood xylan hydrolysis by SCO5931. a TLC chromatogram. Products of beechwood xylan digestion by
SCO5931 were analyzed on a silica gel 60 TLC plate. Lane XI: xylose, X2: xylobiose, X4: xylotetraose. Lanes
24, 48, 72, 96: SCO5931-generated hydrolysis products identified at the indicated periods of hydrolysis. b
MALDI-TOF mass spectrogram. Oligosaccharides produced in a after a 96-h beechwood digestion by SCO5931
were dried in vacuo and extracted with methanol. Molecular masses were then determined using a matrix-assisted
laser desorption/ionization-time-of-flight (MALDI-TOF) mass spectrometer. Molecular ions at m/z 305 (M +
Na)" and 701 (M + Na)", corresponding to xylobiose and xylopentaose, respectively, are indicated by arrows

domain probably formed after a presumed gene triplication and found in a variety of molecules
with diverse functions, such as enzymatic activity, inhibitory toxicity, and signal transduction
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[22, 23]. Three Q-X-W motifs (CDD 238092) were also well conserved in the Ricin-type beta-
trefoil subdomains of XInA_,. (amino acids 389-391, 429—431, and 472—474).

S. coelicolor A3(2) XInA..e (3-1,4-endoxylanase) has an apparent Mw of 45 kDa and
optimum activity at pH 6.0 and 60 °C, predominantly degrading xylan to xylobiose and
xylopentaose (Fig. 4). The name “xylanase A (XInA..)” of S. coelicolor was based on
xylanase A (XInAy,) of S. lividans [24], because of the 99 % identity between their amino
acid sequences. Enzymatic properties of XInAy;, such as optimum pH and temperature, are
similar to XInA_,., but the enzymes differ in apparent Mw (43 kDa on SDS-PAGE for XInAj;,)
and xylan hydrolysis products (mainly xylobiose, a mixture of xylooligosaccharides, and a
small amount of xylose after complete digestion by XInAy;,) [13]. Although Morosoli et al.
[13] reported that XInAj;, produces a mixture of xylooligosaccharides from xylan, a more
thorough investigation may be required of whether, similarly to SCO5931, this protein
hydrolyzes xylan completely to xylobiose and xylopentaose. This study is the first report on
enzymatic properties of xylanase A from S. coelicolor, and we expect that the enzymatic
properties of many GenBank-annotated XInA orthologs (probably including XInAy;,) will be
similar to XInA .

GH family 10 xylanases perform catalysis with net retention of configuration and
hydrolyze xylan into mainly xylose and xylobiose, with some extra oligosaccharides
depending on enzyme [7]. For example, SoXynl10A xylanase from S. olivaceoviridis E-
86 has been industrially used for producing xylose and xylobiose [25]. Contrasting to
this, SCO5931 hydrolyzed Birchwood xylan into mainly xylobiose and xylopentaose, but
a trace amount of xylose. A few GH 10 xylanases have been described in the genus
Streptomyces including XInAy, from S. lividans [9] and XylU from S. mexicanus [8].
Similar to XInAj;,, the XylU xylanase hydrolyzed Birchwood xylan and
xylooligosaccharides (xylotriose to xylohexaose) to xylobiose as the primary degradation
product and a small amount (4 %<) of xylose. In summary, all three streptomycetes GH
10 xylanases listed above have very weak activity for hydrolyzing xylan into monomeric
xylose. According to Kaneko et al. [7], differences in the structure of subsite +2 of
enzyme seriouly affect bond cleavage frequencies and the catalytic efficiency of
xylooligosaccharide hydrolysis, influencing on production of xylose. Therefore, the
relationship between xylose production and a variation in the amino acid residues
comprising subsite +2 of GH 10 xylanases should be elucidated in the near future.

Five genes, namely, sco5931 (XInA), sco2292 (XInB), scol883 (xylanase), sco0674
(XysA), and sco0105 (XInC), were annotated as putative xylanase-encoding [13], but xylanase
production in the S. coelicolor A(3)2 was not reported. Recently, GH family 11 xylanase C
from S. coelicolor Ac-738, whose gene had one silent point mutation compared with x/nC of S.
coelicolor A(3)2, was heterologously expressed and characterized [26]. It hydrolyzed xylan
into, mainly, xylobiose, xylotriose, xylotetraose (minor), xylopentaose, and xylohexose, which
is clearly distinct from XInA .

Xylan has been used for diverse purposes, in the food, textiles, and adhesive industries. The
scope of its application is broadening to include anti-obesity agents, printing compositions,
hair dying, ophthalmic solutions, and cosmetic and pharmaceutical applications [27]. More-
over, xylooligosaccharides have a high potential to lower blood sugar levels [27], exert
hypolipidemic effects [27], stimulate probiotic Bifidobacterium growth [28], and stimulate
immune reactions [29]. Therefore, the thermo-tolerable property of XInA... and the unique
production of xylobiose and xylopentaose from xylan may be useful for the development of
xylan-based materials, with a huge potential in the biomedical and bioenergy fields.
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