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As is well-known, endo-1,4-β-xylanase and β-xylosidase are the rate-limiting enzymes

in the degradation of xylan (the major hemicellulosic component), main functions of

which are cleavaging xylan to release xylooligosaccharides (XOS) and xylose that these

two compounds have important application value in fuel, food, and other industries.

This study focuses on enzymatic hydrolysis of poplar sawdust xylan for production of

XOS and xylose by a GH11 endo-1,4-β-xylanase MxynB-8 and a GH39 β-xylosidase

Xln-DT. MxynB-8 showed excellent ability to hydrolyze hemicellulose of broadleaf

plants, such as poplar. Under optimized conditions (50◦C, pH 6.0, dosage of 500

U/g, substrate concentration of 2 mg/mL), the final XOS yield was 85.5%, and the

content of XOS2−3 reached 93.9% after 18 h. The enzymatic efficiency by MxynB-8

based on the poplar sawdust xylan in the raw material was 30.5%. Xln-DT showed

excellent xylose/glucose/arabinose tolerance, which is applied as a candidate to apply

in degradation of hemicellulose. In addition, the process and enzymatic mode of poplar

sawdust xylan with MxynB-8 and Xln-DT were investigated. The results showed that

the enzymatic hydrolysis yield of poplar sawdust xylan was improved by adding Xln-DT,

and a xylose-rich hydrolysate could be obtained at high purity, with the xylose yield

of 89.9%. The enzymatic hydrolysis yield was higher (32.2%) by using MxynB-8 and

Xln-DT together. This study provides a deep understanding of double-enzyme synergetic

enzymolysis of wood polysaccharides to valuable products.

Keywords: poplar sawdust, xylooligosaccharide, synergetic enzymolysis, endo-1,4-β-xylanase, β-xylosidase

INTRODUCTION

Hemicellulose is a structural polysaccharide that constitutes agricultural and forestry plant cell wall,
which is often cross-linked with cellulose and lignin to form lignocellulose (Yang et al., 2020). As
one of the richest and cheapest renewable resources on earth, hemicellulose is mainly composed
of pentose (D-xylose, L-arabinose) and (or) hexose (D-glucose, D-mannose, D-galactose) and other
monosaccharide groups (xylose is the most abundant) (Lahtinen et al., 2019; Qi et al., 2020). The
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side chain may also contain a small amount of glucuronic
acid (D-glucuronic acid, 4-O-methyl-D-glucuronic acid, and
D-galacturonic acid) groups (Sun et al., 2013). Therefore,
hemicellulose has tremendous latent capacity in the production
of biofuels, feeds, and other chemicals, which contribute to the
development of a circular economy (Ordomsky et al., 2015;Wang
et al., 2020). Poplar is a kind of fast-growing and high-yield tree
species, which has become an important industrial raw material
and is used for civil construction, pulp and paper making, wood
board processing, etc. (Christersson, 2008; Kiara et al., 2014;
Dong et al., 2020). With the processing and utilization of poplar
wood resources, a large number of wood residues and sawdust
have been produced. These poplar sawdust residues contain 20–
35% hemicellulose, which xylosyl group accounted for 30–40%
of total sugar (Yan et al., 2015). Obviously, poplar sawdust has
become one of the potential raw materials for efficient utilization
of hemicellulose.

Xylan, as the most abundant hemicellulose in nature, is
linked with xylopyranosyl group through β-1,4-glycosidic bond
and may be replaced by glucuronic acid, arabinose, and acetic
acid at the C2 and C3 positions of xylose (Li et al., 2020b).
The main way to produce xylooligosaccharides (XOS) and
xylose is from the degradation of xylan. XOS can selectively
promote the proliferation of bifidobacteria and other probiotics,
promote calcium absorption, and resist dental caries in human
intestinal tract, among which the most effective components
are xylobiose, xylotriose, and xylotetraose (Vázquez et al., 2000;
Hsu et al., 2004). Moreover, compared with other functional
oligosaccharides, XOS have good thermal stability and are not
easy to degrade in the range of pH 2.0–7.0. In the biomass
industry, XOS and xylose can be converted into ethanol, furfural,
and other valuable fuels or chemicals (Zhang et al., 2015; Li et al.,
2020a; Wang and Fang, 2020). At present, various pretreatment
methods, such as self-hydrolysis, enzymatic hydrolysis, acid
hydrolysis, microwave-assisted method, and enzymatic acid
hydrolysis can be used to degrade xylan to obtain XOS with
different polymerization degrees (Wei et al., 2018; Li et al.,
2019b; Wen et al., 2019; Jun et al., 2020). Among these methods,
through the self-hydrolysis of lignocellulose, the yield is low,
and the by-products are multiple; the acid hydrolysis method
using sulfuric acid or hydrochloric acid brings great burden to
the environment. Compared with them, enzymatic hydrolysis
is a powerful tool to convert hemicellulose into value-added
products in an environmental friendly way because of its mild
reaction conditions, being pollution-free, and high conversion
efficiency (Menezes et al., 2009; Li et al., 2019a). Enzymatic
degradation of xylan into XOS, disaccharides, monosaccharides,
and other simpler components usually requires the combined use
of a variety of relatively specific enzymes. Endo-1,4-β-xylanase
and β-xylosidase are important components of enzyme cocktails
for hydrolysis of xylan. Endo-1,4-β-xylanase can cut off the β-
1,4-xylcoside bonds in the main chain of xylan randomly to
produce XOS, but not produce too many xyloses. Subsequently,
β-xylosidase can continue to degrade the terminal, non-reducing
β-D-xylosyl residues to release xylose, thus alleviating the
inhibition of endo-1,4-β-xylanase by XOS (Blake et al., 2018).
The synergy among endo-1,4-β-xylanase, β-xylosidase, and other

side-chain enzymes leads to that the hydrolysis efficiency of
xylan can be significantly accelerated, thus reducing the cost of
enzyme. Zhuo et al. (2018) reported a xylanase and β-xylosidase
from white rot fungi and their application in synergistic
hydrolysis of lignocellulose, in which the two enzymes could
efficiently improve the hydrolysis rate of cornstalk pretreated
by sodium hydroxide. Jamaldheen et al. (2019) optimized
two-step enzymatic saccharification of hemicellulose part of
the pretreated finger millet straw for production of xylose
using endo-1,4-β-xylanase and exo-1,4-β-xylosidase with the
percentage conversion yield of 24.7%.

From the source, endo-1,4-β-xylanase and β-xylosidase can be
produced by many organisms, such as fungi, bacteria, plant, and
archaea (Li et al., 2017, 2020c; Shi et al., 2018; Zhang et al., 2019b).
Nowadays, the hot spot of research is still microbial source
endo-1,4-β-xylanases and β-xylosidases. According to the amino
acid sequence homology comparison, endo-1,4-β-xylanase was
distributed in the glycoside hydrolases GH5, GH8, GH10, GH11,
and GH43 (Vincent et al., 2014). Among them, endo-1,4-β-
xylanases from GH11 family are widely used in lignocellulose
degradation and food additives because of their high specificity,
low molecular weight, and high catalytic efficiency (Juturu
and Wu, 2012). At present, endo-1,4-β-xylanases from GH11
family are mainly distributed in Aspergillus, Trichoderma, and
Penicillium (Collins et al., 2010). Generally, the expression level
of endo-1,4-β-xylanases from filamentous fungi was much higher
than that of bacterial endo-1,4-β-xylanases (Li et al., 2012).
However, the optimum temperature and temperature stability of
filamentous fungi endo-1,4-β-xylanases are far less than those of
bacteria (Li et al., 2017). Merely, the thermostability of endo-1,4-
β-xylanases from filamentous fungi can be improved by genetic
engineering; thereby, the application scope of the filamentous
fungi endo-1,4-β-xylanases is greatly extended (Li et al., 2019c).
All the β-xylosidases are mainly divided into GH1, GH3,
GH30, GH39, GH43, GH52, GH54, and GH120 (Rohman et al.,
2019). However, most β-xylosidases, especially the β-xylosidases
belonging to GH3, are sensitive and inhibited to xylose by
feedback, which limits its practical application. The reported
Ki values of β-xylosidases from Penicillium oxalicum, Humicola
insolens Y1, Thermotoga petrophila, and Dictyoglomus turgidum
were in the range of 1.857–28.09mM (Yang et al., 2014; Ye et al.,
2017; Zhang et al., 2019b; Li et al., 2020c). Along with a growing
number of β-xylosidases discovered, β-xylosidases from GH39
family with high xylose tolerance (Kivalues of 210–3,300mM)
are gradually recognized (Corrêa et al., 2012; Bhalla et al., 2014;
Li et al., 2018). Thus, the application efficiency of GH39 family
β-xylosidases in xylan hydrolysis was greatly improved.

In this article, a GH11 family endo-1,4-β-xylanase MxynB-
G116C-Y135C-S58H-D76R-N28H-N29D-Y45M-N47L (MxynB-
8) from Aspergillus niger NL-1, which has been modified by heat
resistance (Li et al., 2019c), and a GH39 family β-xylosidase Xln-
DT from Dictyoglomus thermophilum (Li et al., 2018) were used
to hydrolyze poplar sawdust. At the same time, the enzymolysis
conditions were optimized. In addition, the effect and mode
of enzymatic hydrolysis of poplar sawdust xylan were also
studied by MxynB-8 and Xln-DT. All the results will lay a
foundation for the high-value application of poplar sawdust
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xylan and determine its potential applicability to lignocellulosic
bioethanol production.

MATERIALS AND METHODS

Materials and Reagents
The recombinant plasmids pTrc-99a-mxynB-G116C-Y135C-
S58H-D76R-N28H-N29D-Y45M-N47L, pET-20b-xynB-DT,
pET-28a-xln-DT, and pET-20b-dt-xyl3 were constructed and
preserved by Microbial Technology Research Laboratory
(Nanjing Forestry University, China). Escherichia coli BL21
(DE3) was the expression host, which were preserved in
Microbial Technology Research Laboratory. The bacterial strains
were grown overnight at 37◦C in Luria–Bertani (LB) medium
containing kanamycin or ampicillin (100 µg/mL).

Poplar sawdust was purchased from Fukang wood processing
plant (Jiangsu, China). The analysis of chemical components
of poplar sawdust was carried out according to the National
Renewable Energy Laboratory Standard (Abbas et al., 2020).
The moisture content of milled poplar sawdust was ∼9.8%.
The results showed that the cellulose content of poplar sawdust
was 38.91%, followed by hemicellulose (26.93%) and lignin
(18.22%). Poplar sawdust xylan was extracted by alkali method.
The optimum extraction conditions were as follows: the mass
fraction of alkali solution was 10%, the ratio of solid to
liquid was 1:10 (wt/vol), and the temperature was 120◦C,
whereas the yield of poplar xylan could reach 20.7% after
3 h. According to infrared radiation, acid hydrolysis, and
high-performance liquid chromatography (HPLC) results, it
showed that xylose was the main component of poplar sawdust
xylan, accounting for 88.69%, and containing 4.76% cellobiose
and 6.62% glucose (Supplementary Figure 1). The structure
of xylan was mainly composed of β-configuration pyran ring
(Supplementary Figure 2).

The substrate p-nitrophenyl-β-D-xylopyranoside (pNPX),
pNP-β-D-glucoside (pNPG), oNP-β-D-glucoside (oNPG),
p-nitrophenyl-β-D-galactopyranoside (pNPGal), p-nitrophenyl-
α-L-rhamnopyranoside (pNPR), pNP-α-L-arabinofuranoside
(pNPA), beechwood xylan, birchwood xylan, oat spelt xylan,
D-glucose, D-xylose, D-galactose, D-mannose, and L-arabinose
were purchased from Sigma–Aldrich (USA). Xylobiose (X2),
xylotriose (X3), xylotetraose (X4), xylopentaose (X5), and
xylohexaose (X6) were purchased from Megazyme (Ireland),
and were used as standards. All other conventional chemical
reagents were of analytic grade and obtained from general
commercial sources.

Protein Expression, Purification, Sodium
Dodecyl Sulfate–Polyacrylamide Gel
Electrophoresis Assay, and Enzyme Assay
The four recombinant expression plasmids were transformed
into E. coli BL21 (DE3) and grown in LB kanamycin or
ampicillin (100µg/mL) medium at 37◦C overnight. Then, the
transformants were induced to express the recombinant MxynB-
8, XynB-DT, Xln-DT, and Dt-xyl3, respectively, to an absorbance
at OD600 ∼0.8 before being induced with 0.01mM of isopropyl-
β-D-thiogalactopyranoside (IPTG), and then the bacteria were

further incubated at 28◦C for 6–14 h. Each cultures were
harvested by centrifugation at 10,000 revolutions/min for 10min
at 4◦C, and then the pellets were resuspended in 20mM Tris-
HCl buffer (pH 7.9) and broken up by ultrasonication (Ultrasonic
Cell Pulverizer, China). The cell lysate after ultrasound was
centrifuged at 10,000 revolutions/min for 20min at 4◦C
to remove inclusion bodies. The crude endo-1,4-β-xylanase
MxynB-8, XynB-DT and β-xylosidase Xln-DT, Dt-xyl3 were
purified by an immobilized metal affinity column (Novagen,
USA). Finally, the pure endo-1,4-β-xylanase and β-xylosidase
proteins were collected by eluting with 1M imidazole, 0.5M
NaCl, and 200mM Tris-HCl buffer (pH 7.9), respectively.

Purities of the target proteins were performed by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
on a 12.5% gel, visualized by staining with Coomassie brilliant
blue R-250, and the protein bands were analyzed by density
scanning with Bio-Rad Analysis System (USA). The purified
protein concentrations of the samples were determined by the
Bradford method with bovine serum albumin as a standard
(Chen et al., 2015).

Endo-1,4-β-xylanase activity was measured with a 3,5-
dinitrosalicylic acid assay by using 1% solubilized beechwood
xylan as a substrate in a 200 µL of reaction mixture containing
100 µL of 50mM sodium citrate buffer (pH 6.0), 50 µL of
beechwood xylan, and 50 µL of purified enzyme at the optimal
temperature for 30min. The activity of the enzyme without
preincubation was defined as 100%. One unit of endo-1,4-β-
xylanase activity was defined as the amount of enzyme that
releases 1 µmol of reducing xylose from the substrate solution
per minute. All measurements were performed in triplicate.

β-Xylosidase activity was assayed using pNPX as a substrate
in a 200 µL of reaction mixture containing 180 µL of 50mM
sodium phosphate buffer (pH 6.0), 10 µL of 20mM substrate
pNPX, and 10 µL of purified enzyme. After incubation at the
optimal temperature for 5min, the reaction was stopped by
adding 600 µL of 1M Na2CO3. The absorbance of the released
pNP was immediately measured at 405 nm. One unit of β-
xylosidase activity was defined as the amount of enzyme releasing
1 µmol of pNP from the substrate solution per minute under the
assay conditions. All measurements were performed in triplicate.

The substrate specific activities and kinetic constant (Km and
Vmax) of the purified enzymes Xln-DT andDt-xyl3 were tested by
using pNPX, pNPG, oNPG, pNPGal, pNPR, and pNPA ranging
from 0.2 to 8mM under standard reaction conditions. The effects
of various xylose, arabinose, and glucose concentrations (20, 50,
100, and 500mM) on the β-xylosidase activity of purified enzyme
Xln-DT and Dt-xyl3 were measured. Production of xylose and
glucose from xylobiose and cellobiose (0.2, 0.5, 1.0, 2.0, 3.0, 5.0,
8.0, and 10.0 g/L), respectively, by the purified enzyme Xln-DT
and Dt-xyl3 was examined. The activity of the enzyme without
the sugar was defined as 100%. All experiments were performed
in triplicate.

Enzymatic Hydrolysis of Beechwood,
Birchwood, Oat Spelt, and Poplar Sawdust
Xylan
Endo-1,4-β-xylanase MxynB-8 and XynB-DT were used by
hydrolysis of 2 mg/mL beechwood, birchwood, oat spelt, and
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poplar sawdust xylan, respectively, in 1.5mL 50mM sodium
phosphate buffer (pH 6.0), which were carried out by incubating
the reaction at 50 and 75◦C (according to the optimum
temperature of the enzyme to be determined, data were not
shown), respectively, and 180 r/min in a bath shaking incubator.
After 6 h, the supernatant of the reaction was collected to
analyze the hydrolysate products. XOS were determined by
HPLC (Dionex ICS-5000) equipped with a CarboPac PA-
200 as the anion-exchange column using 100mM NaOH and
500mM NaOAc as the mobile phase at a flow rate of 0.3
mL/min and column temperature of 30◦C. Standard four-
potential-pulse amperometer was used for detection. The XOS
yield and enzymatic efficiency were calculated according to the
following equation:

XOS yield (%) = sum of all XOS (X2 − X6)/xylan in raw

material× 100% (1)

where, X2−X6 is the sum of mass concentrations of xylobiose,
xylotriose, xylotetraose, xylopentaose, and xylohexaose (mg/mL).

Enzymatic hydrolysis rate (%) = the mole number of xylose in

the enzymatic hydrolysate/the mole number of xylose in the

raw material× 100% (2)

Optimization of Endo-1,4-β-Xylanase
MxynB-8 Hydrolysis of Poplar Sawdust
Xylan
The effects of several hydrolysis parameters (temperature, pH,
enzyme dosage, and hydrolysis time) on XOS yield from poplar
sawdust xylan were determined in batch systems. All reactions
were incubated in a shaking water bath using the purified
endo-1,4-β-xylanase MxynB-8, setting the poplar sawdust xylan
concentration as 2 mg/mL. With the XOS yield as the evaluation
index, the effects of different temperature (30, 40, 50, 60, 70, 80,
and 90◦C), pH (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0), enzyme dosage
(50, 100, 200, 300, 400, 500, 600, and 800 U/g), and hydrolysis
time (3, 6, 9, 12, 15, 18, 21, 24, and 28 h) were optimized. Three
groups of parallel tests were set for all conditions. The best
MxynB-8 hydrolysis conditions optimized were further used for
MxynB-8 and Xln-DT mixture reaction optimization.

Optimization of Xylose Production From
XOS by β-Xylosidase Xln-DT
Endo-1,4-β-xylanaseMxynB-8 hydrolysate was used as substrate;
further hydrolysis of XOS to produce xylose was carried out
by β-xylosidase Xln-DT. For optimization of xylose production,
the temperature, pH, and enzyme dosage were optimized. The
ranges for the factors were as follows: temperature (30, 40, 50,
60, 70, 80, and 90◦C), pH (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0),
and enzyme dosage (50, 100, 200, 300, 400, and 500 U/g). The
xylose concentrations were determined by HPLC (Agilent 1260,
USA) equipped with a refractive index detector and Aminex Bio-
Rad HPX-87H column using 50mM H2SO4 at a flow rate of 0.6
mL/min and column temperature of 55◦C.

Enzymatic Hydrolysis Model of Poplar
Sawdust Xylan
Under the optimal conditions, the mode of enzymatic hydrolysis
of poplar sawdust xylan by endo-1,4-β-xylanase MxynB-8 and
β-xylosidase Xln-DT was studied; the specific design scheme
was as follows: (1) only endo-1,4-β-xylanase MxynB-8; (2, 3)
simultaneous enzymolysis by MxynB-8 and β-xylosidase Xln-
DT; (4) the double-enzyme step hydrolysis: MxynB-8 was added
first, and then the suitable temperature was adjusted, and Xln-
DT was added; (5) the double-enzyme step hydrolysis: Xln-DT
was added first, and then the suitable temperature was adjusted,
and MxynB-8 was added; (6) only Xln-DT.

RESULTS AND DISCUSSION

Expression, Purification, and
Characterization of Endo-1,4-β-Xylanase
and β-Xylosidase
Under the optimal culture conditions, the endo-1,4-β-xylanases
MxynB-8 and XynB-DT belonging to GH11 were heterologously
expressed in E. coli BL21 (DE3) after incubation with 0.1mM
IPTG for 6 h, whereas the β-xylosidase Xln-DT belonging to
GH39 and Dt-xyl3 belonging to GH3 were heterologously
expressed in E. coli BL21 (DE3) after incubation with 0.01mM
IPTG for 14 h. After sonication, almost all the recombinant
MxynB-8, XynB-DT, Xln-DT, and Dt-xyl3 were found in the
soluble fraction, and the activities of the recombinant endo-
1,4-β-xylanase and β-xylosidase were 563.1, 13.7, 5.6, and 5.3
U/mL, respectively. From the initial expression level of enzyme,
the MxynB-8 from A. niger NL-1 was significantly higher than
that of XynB-DT from D. thermophilum, ∼41.1-fold, which
indicated that the industrial application of MxynB-8 was more
promising. Then, the soluble fractions were heat-treated in 75◦C
for 30min and followed by a Ni2+-NTA affinity chromatography.
The specific purification steps and yield were shown in Table 1.
Finally, the purified endo-1,4-β-xylanase MxynB-8/XynB-DT
and β-xylosidase Xln-DT/Dt-xyl3 showed a single band on the
SDS-PAGE gel and a molecular mass of∼24, 50, 55, and 80 kDa,
respectively, without undesired bands (Figure 1).

Enzymatic Specificity of MxynB-8 and
XynB-DT to the Substrate
The endo-1,4-β-xylanase MxynB-8 and XynB-DT were tested
for the specific activities to the different substrates and showed
preference for xylan from birchwood, followed by beechwood
xylan, poplar sawdust xylan, and oat spelt xylan (Table 2).
Compared with the xylan fromGramineae (oat spelt xylan), these
two endo-1,4-β-xylanases were more suitable for the degradation
of xylan from broadleaf plants (68.4, 65.5, and 63.8% XOS
yields for birchwood, beechwood, and poplar sawdust xylan,
respectively, by MxynB-8, whereas 51.9, 45.9, and 54.4% XOS
yields for birchwood, beechwood, and poplar sawdust xylan,
respectively, by XynB-DT). Moreover, MxynB-8 and XynB-DT
showed very low affinities for carboxymethylcellulose (CMC),
which suggests that these two endo-1,4-β-xylanases do not have
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TABLE 1 | Purification of recombinant protein MxynB-8, XynB-DT, Xln-DT, and Dt-xyl3.

Enzyme Culture extract Ni affinity chromatography Yield

(%)

Fold

purification
Total

activity

(U)

Total

protein

(mg)

Specific

activity

(U/mg)

Total

activity

(U)

Total

protein

(mg)

Specific

activity

(U/mg)

MxynB-8 56,312.8 97.7 576.38 43,923.9 48.2 910.68 78.1 1.58

XynB-DT 13,766.1 2,935.2 4.69 9,553.7 352.2 27.12 69.4 5.78

Xln-DT 560.4 190.5 2.94 318.3 37.2 8.56 56.8 2.91

Dt-xyl3 532.4 287.9 1.85 285.4 46.3 6.16 53.4 3.35

Substrate for MxynB-8 and XynB-DT was beechwood xylan, while substrate for Xln-DT and Dt-xyl3 was p-nitrophenyl-β-D-xylopyranoside.

FIGURE 1 | SDS-PAGE analysis of endo-1,4-β-xylanase MxynB-8/XynB-DT and β-xylosidase Xln-DT/Dt-xyl3. M, protein marker; C, crude MxynB-8/XynB-DT/

Xln-DT/Dt-xyl3; P, purified protein.

TABLE 2 | Enzymatic hydrolysis of different xylans and other substrates in 6 h by MxynB-8 and XynB-DT.

Source MxynB-8 XynB-DT

XOS yield (%) Distribution of X1–X6 (%) XOS yield (%) Distribution of X1–X6 (%)

X1 X2 X3 X4 X5 X6 X1 X2 X3 X4 X5 X6

Birchwood xylan 68.4 10.2 41.1 2.9 — 2.3 43.4 51.9 14.0 68.9 14.6 — — 2.5

Beechwood xylan 65.5 9.6 37.8 3.0 — 2.4 47.2 45.9 15.8 67.5 2.9 10.3 3.4 —

Oat spelt xylan 42.6 19.1 62.6 14.7 — 3.5 — 32.8 17.2 72.9 4.1 — — 5.8

Poplar sawdust xylan 63.8 5.2 36.4 6.0 6.9 2.2 43.2 54.4 1.8 46.0 11.3 8.6 2.8 29.5

CMC ND ND

X1, xylose; X2, xylobiose; X3. xylotriose; X4. xylotetraose; X5. xylopentaose; X6, xylohexaose; XOS, xylooligosaccharides; CMC, carboxymethylcellulose; ND, not detected.

cellulose degradation function, as is the case of endo-1,4-β-
xylanase of Streptomyces sp. (Georis et al., 2000) and Caulobacter
crescentus (Jacomini et al., 2020). Cellulose-free endo-1,4-β-
xylanase can remove hemicellulose compounds selectively with
minimal cellulose loss, which is more profitable industrial
processes, such as pulp bleaching, textile biorefining treatment,
and food industry (Belfaquih et al., 2002).

In consideration of beechwood and birchwood, xylans are
commercially difficult to obtain by most suppliers, or else the
cost of the available products is very high. In addition, the

composition and structure of these substrates derived from
broadleaf are similar, so the performance of the endo-1,4-β-
xylanases against these compounds is also equivalent. In the
later experiments, poplar sawdust xylan was used as substrate
to investigate the hydrolysis efficiency of these two endo-1,4-
β-xylanases. After 6-h hydrolysis, MxynB-8 and XynB-DT both
could degrade the poplar sawdust xylan into XOS, with the
XOS yield of 63.8 and 54.4%, respectively (Figure 2). Xylobiose
and xylohexaose are the main components in the hydrolysate,
with a small amount of xylose, xylotriose, xylotetraose, and
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xylopentaose. Similar results were obtained for endo-1,4-β-
xylanases from Streptomyces sp. (Kholis et al., 2015) andMassilia
sp. (Xu et al., 2016), which degrade beechwood and wheat
xylan specifically, and showed no detectable enzyme activity to
other polysaccharides with different compositions. As the endo-
1,4-β-xylanase MxynB-8 from A. niger has excellent expression
capacity, its protein expression is significantly higher than that
of XynB-DT from D. thermophilum, which is 41.1-fold of its
expression. Considering the cost of enzyme, the application of
endo-1,4-β-xylanase MxynB-8 from A. niger in hemicellulose
degradation is more suitable.

Substrate Specificity and Effect of Sugar
on Xln-DT and Dt-xyl3 Activity
In addition to xylosyl recognition ability, β-xylosidase also has
different catalytic ability to other types of glycosyl, such as

FIGURE 2 | Degradation products and XOS yield of poplar sawdust xylan by

endo-1,4-β-xylanase MxynB-8/XynB-DT. X1, xylose; X2, xylobiose; X3,

xylotriose; X4, xylotetraose; X5, xylopentaose; X6, xylohexaose; XOS,

xylooligosaccharides.

glucosyl, arabinopyranosyl, galactosyl, etc. Shi et al. (2013) cloned

a GH3 β-xylosidase from Thermotoga thermarum, which could

hydrolyze not only xylose but also arabinose. Zhang et al.
(2019b) reported a GH3 β-xylosidase from T. petrophila could

hydrolyze not only xylosyl, but also glucose and arabinopyranosyl
groups. In order to further analyze the substrate specificity and

kinetic constant (Km andVmax) of two β-xylosidases, the enzyme

activities of the purified enzymes Xln-DT and Dt-xyl3 were

detected, respectively, by using pNPX, pNPG, oNPG, pNPGal,

pNPR, pNPA, cellobiose, xylobiose, and CMC. As shown in
Table 3, both the enzyme Xln-DT and Dt-xyl3 were able to

hydrolyze pNPX and xylobiose with excellent efficiency and had

few ability to hydrolyze pNPG and pNPA, whereas no activity

was detected upon oNPG, pNPGal, pNPR, and CMC. pNPG was

hydrolyzed at 25.9 and 21.6% of that of pNPX by Xln-DT and

Dt-xyl3, respectively, whereas for pNPA the relative activities
were 44.4 and 30.8%, respectively. The dependence of the rate of
the enzymatic reaction on the substrates concentration followed

Michaelis–Menten kinetics, withKm andVmax values of 1.66mM

and 13.58 U/mg for Xln-DT, respectively, and 0.83mM and 19.05
U/mg for Dt-xyl3, respectively, using the pNPX as the substrate.
For xylobiose, the Km and Vmax values were 0.93mM and 714.29
U/mg for Xln-DT, respectively, which were higher than that of
Dt-xyl3. Thus, the degradation efficiency of XOS by Xln-DT is
higher than that by Dt-xyl3.

Production of xylose and glucose from different
concentrations of xylobiose and cellobiose by the purified
Xln-DT and Dt-xyl3 were determined. With the increase of
the xylobiose concentration, xylose was also accumulated
(Figure 3). When the concentration of xylobiose was below
3 g/L, the yield of Xln-DT enzymatic hydrolysis xylose
could be maintained 80.5%, whereas the yield of Dt-xyl3
enzymatic hydrolysis xylose could be only maintained 52.6%.
In addition, the hydrolysis ability of cellobiose by Xln-
DT was significantly lower than that by Dt-xyl3. When
0.2 g/L of cellobiose was used as substrate, the enzymatic
hydrolysis yield of Dt-xyl3 was 50.7%, whereas that of Xln-DT

TABLE 3 | Kinetic parameters and specific activities of recombinant Xln-DT and Dt-xyl3.

Substrate Xln-DT Dt-xyl3

Km (mM) Vmax (U/mg) Relative activity (%) Km (mM) Vmax (U/mg) Relative activity (%)

pNPX 1.66 13.58 100.0 0.83 19.05 100.0

pNPG 3.67 6.03 25.9 2.39 10.90 21.6

oNPG ND ND

pNPGal ND ND

pNPR ND ND

pNPA 1.02 3.89 44.4 2.04 28.68 30.8

Cellobiose 11.00 217.39 — 2.28 277.78 —

Xylobiose 0.93 714.29 — 4.18 666.7 —

CMC ND ND

pNPX, p-nitrophenyl-β-D-xylopyranoside; pNPG, pNP-β-D-glucoside; oNPG, oNP-β-D-glucoside; pNPGal, p-nitrophenyl-β-D-galactopyranoside; pNPR, p-nitrophenyl-α-L-

rhamnopyranoside; pNPA, pNP-α-L-arabinofuranoside; CMC, carboxymethylcellulose; ND, not detected.

Values shown are the mean of duplicate experiments, and the variation about the mean is below 5%.
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FIGURE 3 | Analysis of xylobiose and cellobiose hydrolyzed by recombinant

β-xylosidase Xln-DT and Dt-xyl3 [(A) Xylobiose; (B) Cellobiose; column:

xylose/glucose concentration; line: enzymatic hydrolysis rate].

was 8.5%. Therefore, compared with Dt-xyl3, Xln-DT is
more suitable for hemicellulose hydrolysis, which only
hydrolyzed β-1,4-xyloside bond, but the hydrolysis rate of
β-1,6-glucoside bond is very low, thus can reduce the hydrolysis
loss of cellulose.

Glycoside hydrolases, such as β-glucosidase, β-xylosidase,
and α-rhamnosidase, are sensitive to sugars. Only a few
of the reported glycoside hydrolases are sugar tolerant and
stimulated (Liu et al., 2017; Zhang et al., 2019a). In previous
studies, β-xylosidases with sugar tolerance and stimulation can
improve the efficiency of hemicellulose degradation, which
are more suitable for industrial application. In the process
of hemicellulose hydrolysis, xylose, glucose, and arabinose
are the main monosaccharides, high concentrations of which
would inhibit β-xylosidase activity. Therefore, we investigated
the inhibitory effects of xylose, glucose, and arabinose on
the activities of two β-xylosidases Xln-DT and Dt-xyl3 at
different concentrations (Figure 4). As shown in Figure 4,
the GH39 β-xylosidases Xln-DT had excellent glucose and
xylose tolerance, which the relative enzyme activity of Xln-
DT increased by 25.4 and 75.2%, respectively, in the presence
of xylose and glucose of 500mM. And the arabinose had no
inhibitory effect within 500mM to Xln-DT. However, the three
monosaccharides had obvious inhibitory effect on the GH3 β-
xylosidases Dt-xyl3. Among them, xylose had the most obvious
inhibitory effect on Dt-xyl3. When the xylose concentration
was 20mM, the relative activity of Dt-xyl3 was only 51.7%,

whereas when the xylose concentration was 500mM, Dt-xyl3
was completely inhibited. Then there was the inhibition of
glucose on Dt-xyl3, which the relative enzyme activity of Dt-
xyl3 was reduced to 51.7 and 19.2% in 50 and 500mM of
glucose, respectively. Arabinose had the least inhibitory effect,
and its residual enzyme activity of Dt-xyl3 reached 51.3%
at 500mM. These results were also close to the reported
literature, which shows the β-xylosidases from GH3 family
had very poor tolerance to xylose or glucose (Zhang et al.,
2019b). All the results above suggested that Xln-DT was more
beneficial and suitable to hemicellulose degradation or other
industrial applications without the product feedback inhibition
than Dt-xyl3.

Optimization of Hydrolysis Conditions of
Poplar Sawdust Xylan by MxynB-8
Xylan, as the second most plentiful polysaccharide in plant cell
walls, accounts for 20–30% of the secondary cell wall of the dicots.
With the processing and utilization of poplar wood resources, a
large number of wood residues, sawdust, and other residues are
produced with a global yield 0.8 tons per m3 of poplar wood (Yan
et al., 2015). Also, the poplar sawdust is a by-product of poplar
wood with a high hemicellulose content of 20–35%, of which
xylosyl accounts for 30–40% of the total sugar. Poplar sawdust
used in this study contained 23.93% of xylan. Poplar sawdust
xylan was extracted by alkali method; 17.97 ± 0.12 g alkaline
extractive with a xylan content of 88.69 ± 0.52% was obtained
from 100 g dried poplar sawdust, resulting in an extraction rate
of 66.61± 0.28%.

As is well-known, endo-1,4-β-xylanase is a key enzyme
for xylan hydrolysis and eventually for XOS production.
The composition of endo-1,4-β-xylanases from different
microorganisms are different, which lead to the difference
of xylan hydrolysis ability. In order to understand the effect
and suitable conditions of enzymatic hydrolysis of poplar
sawdust xylan by MxynB-8, the effects of key parameters, such
as temperature, pH, enzyme dosage, and hydrolysis time on
enzymatic hydrolysis efficiency were studied, and the products
after enzymatic hydrolysis were analyzed (Figure 5).

The effect of temperature on the enzymatic hydrolysis of
poplar sawdust xylan was obvious. In a certain range (30–
50◦C), with the increase of temperature, it could accelerate the
conversion rate of enzyme substrate intermediate into products,
while the high temperature would affect the stability of the
enzyme and reduce the enzymatic hydrolysis rate. As shown in
Figure 5A, the optimum temperature for enzymatic hydrolysis
of poplar sawdust xylan by MxynB-8 was 50◦C. It is quite
different from the reported optimal temperature of endo-1,4-β-
xylanase XynB-DT from D. thermophilum (Tong et al., 2020) for
enzymatic hydrolysis of poplar sawdust xylan, which indicated
that temperature has great influence on the enzymatic hydrolysis
efficiency, and such temperature difference is related to the
source and structure of the enzyme. Considering the cost of the
enzyme used in the industrial application, the temperature of the
degradation should be minimized.
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FIGURE 4 | The effects of xylose/glucose/arabinose on the activities of recombinant β-xylosidase Xln-DT and Dt-xyl3 (column: 0, 20, 50, 100, or 500mM

concentration of sugar). The activity of β-xylosidase enzyme without xylose/glucose/arabinose was defined as relative 100%. Influence of xylose/glucose/arabinose on

enzyme activity with p-nitrophenyl-β-D-xylopyranoside.

FIGURE 5 | Optimization of different enzymatic hydrolysis conditions of poplar sawdust xylan by recombinant endo-1,4-β-xylanase MxynB-8 [(A) The effect of

temperature on the enzymatic hydrolysis rate; (B) The effect of pH on the enzymatic hydrolysis rate; (C) The effect of enzyme dosage on the enzymatic hydrolysis rate;

(D) The effect of time on the enzymatic hydrolysis rate]. The maximum hydrolysis rate measured at a certain temperature/pH/enzyme dosage was defined as relative

100%.
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To investigate the optimal pH of MxynB-8, at the optimum
temperature of 50◦C, the substrate concentration of poplar
sawdust xylan was set to 2 mg/mL and hydrolyzed for 12 h
in different pH values, and the maximum enzymatic yield is
defined as relative 100%. The optimal pH of enzymatic reaction
is shown in Figure 5B. With the increase of pH values, the
enzymatic hydrolysis of xylan was first increased (pH 5–6) and
then decreased (pH 6–8). When the pH was 6.0, the hydrolysis
efficiency of poplar sawdust xylan by MxynB-8 was the highest,
which was also consistent with the optimal pH of the enzyme in
beechwood degradation. Moreover, when the pH value is too low,
the self-hydrolysis effect of xylan is enhanced, and if the pH value
is too high, the activity of endo-1,4-β-xylanase MxynB-8 will be
affected. Considering the above results, pH 6.0 was selected as the
optimal pH for poplar sawdust xylan degradation.

The enzyme dosage has a great influence on the enzymatic
hydrolysis efficiency. If the enzyme dosage is too low, it is easy
to cause insufficient enzymatic hydrolysis, and if the enzyme
dosage is too large, the cost will increase. Therefore, it is very
important to select the appropriate amount of enzyme. Setting
the concentration poplar sawdust xylan as 2 mg/mL and the
enzymolysis temperature and pH at 50◦C and 6.0, respectively,
the optimal enzyme dosage of MxynB-8 is shown in Figure 5C.
Under the given conditions, with the increase of enzyme dosage
of MxynB-8, the hydrolysis efficiency gradually increased. When
the enzyme dosage of MxynB-8 exceeded 500 U/g, the enzymatic
hydrolysis efficiency remained unchanged. The reason may be
that the number of binding sites between xylan and MxynB-
8 is limited. At the beginning of enzymatic reaction, with the
increase of MxynB-8 amount, the long chain of poplar sawdust
xylan was rapidly hydrolyzed, resulting in a large number of XOS.
However, when all these binding sites are occupied by MxynB-8,
further increase of enzyme dosage will only increase the invalid
adsorption of enzyme and substrate. As a result, the enzymatic
hydrolysis of MxynB-8 was inhibited. Therefore, the optimal
enzyme dosage of MxynB-8 was 500 U/g.

Endo-1,4-β-xylanase preferentially acts on long-chain xylan
to produce XOS and then hydrolyzes the XOS into mainly
xylobiose and xylotriose and finally to monosaccharide by adding
β-xylosidase. If the hydrolysis time is too short, the enzymolysis
is not sufficient. Because of the limitation of the temperature
stability of the enzyme, excessive extension of the enzymatic
hydrolysis time is not conducive to the production of appropriate
XOS. Therefore, in order to obtain as many XOS as possible, the
enzymolysis time must be optimized. Samples were taken after 3,
6, 9, 12, 15, 18, 21, 24, and 28 h at the optimum temperature, pH,
and enzyme dosage; the results are shown in Figure 5D. When
the enzymolysis time was <18 h, the enzymolysis efficiency of
MxynB-8 increased rapidly with the increase of time. In 3–12 h
enzymatic hydrolysis time, xylobiose, xylotriose, xylopentose,
and xylohexaose were the main XOS detected. In 12–18 h, the
amount of xylobiose and that of xylotriose continued to increase,
whereas the content of xylohexaose decreased slowly, which
indicates that endo-1,4-β-xylanase hydrolyzed xylan into XOS
continuously. The results confirmed that hydrolysis pattern of
MxynB-8 was due to cleaving of the inner β-1,4-xylocoside
bonds randomly, which was as similar as the endoxylanases from

Streptomyces ipomoeae (Xian et al., 2019) and Trichoderma reesei
(Oliveira et al., 2018). When the enzymolysis time was more than
18 h, the growth rate of enzymatic hydrolysis efficiency obviously
slowed down and even had a downward trend. This is because
the enzyme activity of endo-1,4-β-xylanase MxynB-8 decreased
after fully combining with the substrate, and with the extension
of time, some XOS would also be self-hydrolyzed, resulting in the
break of β-1,4-xyloside chain. Therefore, the optimal enzymolysis
time of MxynB-8 was 18 h. After optimization, XOS yield of
MxynB-8 was 85.5%, which was higher than the values (between
72.5 and 73.9%) reported by acid hydrolysis (Huang et al., 2019).
Among the hydrolysates, xylobiose and xylotriose were the main
hydrolysates, accounting for 75.5% (with a concentration of 1.29
g/L in hydrolysate) and 24.3% (with a concentration of 0.42
g/L in hydrolysate) of the total hydrolysates, respectively, and
contained a small amount of xylose and xylohexaose. The ratio
of xylobiose in the xylose-based sugars released by MxynB-8 was
higher than the previously reported 19.56 and 51.6% (Azelee
et al., 2016; Sepulchro et al., 2020) and lower than reported
85.99% (Xian et al., 2019). In addition, the enzymatic efficiency
based on the poplar sawdust xylan in the raw material was
30.5%, which is slightly higher than or similar to other reported
enzymatic hydrolysis results (Azelee et al., 2016; Jacomini et al.,
2020; Sepulchro et al., 2020). These results indicate that MxynB-
8 has a promising biotechnological potential to transform poplar
sawdust xylan into XOS, which can contribute to valorization of
underutilized agricultural and forestry wastes.

Optimization of Hydrolysis Conditions of
XOS From Poplar Sawdust Xylan by Xln-DT
Generally, β-1,4-xylosidase can mainly degrade XOS from the
non-reducing end to produce xylose. In fermentation processes,
using xylose as a carbon source to produce ethanol and xylitol is
of great industrial relevance (Sderling and Pienihkkinen, 2020).
With deciding the optimal hydrolysis conditions of XOS from
poplar sawdust xylan by Xln-DT, the effects of temperature, pH,
and enzyme dosage were studied in the second stage treatment.
The main hydrolysis product, xylose, the product of the reaction
catalyzed by XOS, is similar to that previously reported. After
extended incubation times, only a small amount of xylose was
continued to release, which rendered the optimization of the
hydrolysis time less necessary. The purified β-1,4-xylosidase Xln-
DT showed a concentration of 100 U/g was added into the poplar
sawdust xylan hydrolyzed with the concentration of 1.6 g/L. By
using the xylose content in the hydrolysate as the detection index,
the optimal temperature and pH of Xln-DT in degrading XOS
are shown in Figures 6A,B. After 4-h hydrolysis time, the xylose
concentration was increased within a temperature range of 30–
80◦C, optimal temperature of which was 80◦C, and the optimal
pH was 6.0. We set the temperature at 80◦C and pH 6.0; the effect
of Xln-DT dosage on the enzymatic hydrolysis efficiency was
optimized (Figure 6C). The results showed that XOS (xylobiose,
xylotriose, etc.) could be continuously hydrolyzed into D-xylose
by adding a small amount of Xln-DT (0–100 U/g). When the
Xln-DT dosage was 500 U/g, the xylobiose and xylotriose were
hydrolyzed to D-xylose wholly, with the enzymatic hydrolysis
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FIGURE 6 | Optimization of different enzymatic hydrolysis conditions of

xylooligosaccharides from poplar sawdust xylan by recombinant β-xylosidase

Xln-DT ((A) The effect of temperature on the enzymatic hydrolysis rate; (B) The

effect of pH on the enzymatic hydrolysis rate; (C) The effect of enzyme dosage

on the enzymatic hydrolysis rate). X1, xylose; X2, xylobiose; X3, xylotriose; X4,

xylotetraose. The maximum hydrolysis rate measured at a certain temperature

and pH was defined as relative 100%.

rate reaching the maximum 32.2%, and D-xylose was the main
component in the end-products. After that, the enzymolysis
efficiency was basically unchanged by adding more Xln-DT, so
the Xln-DT dosage was set as 500 U/g.

Synergistic Enzymatic Hydrolysis of Poplar
Sawdust Xylan by MxynB-8 and Xln-DT
In addition, we used endo-1,4-β-xylanase MxynB-8 and β-
1,4-xylosidase Xln-DT to synergetic degrade, the enzymolysis

efficiency of which was evaluated by different enzymolysis modes.
The degree of synergy was calculated as a means of assessing
the synergistic activities in the context of poplar sawdust xylan
degradation. Synergy of endo-1,4-β-xylanase and β-xylosidase
against xylan could benefit for the enzymatic hydrolysis of
xylan to xylose and further reduce cost. The synergistic effects
between endo-1,4-β-xylanase MxynB-8 and β-xylosidase Xln-
DT on poplar sawdust xylan degradation were determined by
simultaneous or sequential addition, which is shown in Table 4.
The yield of XOS and xylose from the degradation products
under different enzymatic hydrolysis modes is shown in Figure 7.
When adding MxynB-8 alone, XOS, mainly xylobiose, xylotriose,
and xylohexaose, were the main hydrolysates of poplar sawdust
xylan, with the XOS yield 85.5%, and low amounts of xylose
were released. When employing MxynB-8 together with Xln-DT
(Modes 2 and 3), the xylose yield of poplar sawdust xylan was
increased by 91.6 and 93.8% for Modes 2 and 3, respectively.
However, in Mode 3, the XOS yield (26.61%) was lower than
those of Modes 1 (85.50%) and 2 (69.68%). The reason may be
that MxynB-8 is a mesophilic enzyme; under high temperature,
such as 80◦C, the enzyme was easily inactivated, which leads to
the decrease of enzymatic hydrolysis efficiency. At the double-
enzyme step hydrolysis, first addition of MxynB-8 and then of
Xln-DT at the suitable temperature, the xylose yield of poplar
sawdust xylan was the highest (89.93%), which showed synergism
effects between MxynB-8 and Xln-DT during hydrolysis, in
which xylan was degraded to XOS by the endo-1,4-β-xylanase
MxynB-8 and then effectively cleft to xylose by the β-xylosidase
Xln-DT. The degree of synergy was calculated and showed that
it was 15.89 in Mode 4, which was higher than that of Xyl43A
from H. insolens (Yang X. et al., 2015) and Ac-Abf51A from
Alicyclobacillus sp. (YangW. X. et al., 2015). These results further
underscore themutual synergistic activity of endo-1,4-β-xylanase
and β-xylosidase. At Mode 5, at which Xln-DT was added first,
suitable temperature was adjusted, and MxynB-8 was added. The
release of xylose (958.58 mg/L) was lower than that of Mode 4
(1,798.57 mg/L), which showed that xylan with a high degree of
polymerization could not be affected by the first addition of Xln-
DT. When endo-1,4-β-xylanase MxynB-8 was added, MxynB-
8 hydrolyzed xylan macromolecules into XOS, and then Xln-
DT could perform its function. This situation was also verified
in Mode 6. When only Xln-DT was added, the yield of xylose
from poplar sawdust xylan was very low, only 4.0%. To sum
up, when only endo-1,4-β-xylanase MxynB-8 was added, XOS,
such as xylobiose and xylotriose, were the main hydrolysates. In
addition, xylose was the main component in the end-product
after β-xylosidase Xln-DTwas added. The greatest synergy degree
(7.8-fold) was found in the simultaneous enzyme additions of
MxynB-8 and Xln-DT, which suggested a pronounced synergistic
effect of GH39 Xln-DT with the GH11 endo-1,4-β-xylanase on
poplar sawdust xylan degradation. Moreover, as the optimal
pH of MxynB-8 and Xln-DT was both 6.0, there was no need
to change the pH value in the two-step hydrolysis system
and adjusted only to the optimal temperature by each, which
greatly reduced the cost of enzymatic hydrolysis. It is also
suggested that MxynB-8 and Xln-DT have a good synergistic
effect in bioconversion of xylan-rich lignocellulosic materials,
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TABLE 4 | Simultaneous or sequential hydrolysis reactions by endo-1,4-β-xylanase MxynB-8 and β-xylosidase Xln-DT against poplar sawdust xylan substrate.

Enzyme added Poplar sawdust xylan

First reaction Reaction conditions Second reaction Reaction conditions Xylose concentration

(µmol)

Synergy

MxynB-8 50◦C, pH 6.0, dosage of 500 U/g, 18 h None — 26.94 —

MxynB-8+Xln-DT 50◦C, pH 6.0, dosage of 500 and 100 U/g, 18 h None — 322.54 2.03

MxynB-8+Xln-DT 80◦C, pH 6.0, dosage of 500 and 100 U/g, 18 h None — 433.48 3.07

MxynB-8 50◦C, pH 6.0, dosage of 500 U/g, 18 h Xln-DT 80◦C, pH 6.0, dosage of 100 U/g, 4 h 1,798.57 15.89

Xln-DT 80◦C, pH 6.0, dosage of 100 U/g, 4 h MxynB-8 50◦C, pH 6.0, dosage of 500 U/g, 18 h 958.58 8.01

Xln-DT 80◦C, pH 6.0, dosage of 100 U/g, 4 h None — 79.50 —

Simultaneous or sequential reactions refer to the reactions with two enzymes added simultaneously or sequentially, respectively.

Synergy degree is defined as the ratio of xylose equivalents from simultaneous or sequential enzyme combinations to the sum of that released by the individual enzymes.

FIGURE 7 | Effects of different enzymatic hydrolysis modes on degradation products and yield of poplar sawdust xylan (Mode 1: only MxynB-8 at 50◦C and pH 6.0

for 18 h; Mode 2: MxynB-8 and Xln-DT were added simultaneously at 50◦C and pH 6.0 for 18 h; Mode 3: MxynB-8 and Xln-DT were added simultaneously at 80◦C

and pH 6.0 for 18 h; Mode 4: first add MxynB-8 at 50◦C and pH 6.0 for 18 h and then Xln-DT were added at 80◦C and pH 6.0 for 4 h; column: xylose/XOS

concentration; line: xylose/XOS yield). X1, xylose; X2, xylobiose; X3, xylotriose; X4, xylotetraose; X5, xylopentaose; X6, xylohexaose; XOS, xylooligosaccharides.

such as poplar sawdust to produce XOS and xylose and further
reduce cost.

CONCLUSION

In this study, a GH11 endo-1,4-β-xylanase MxynB-8 and a
GH39 β-xylosidase Xln-DT were used in degradation of poplar
sawdust xylan. Compared with other characterized endo-1,4-
β-xylanases, MxynB-8 showed excellent ability to hydrolyze
hemicellulose of broadleaf plants, such as poplar. After 18 h,
under 50◦C, pH with the MxynB-8 dosage of 500 U/g, and
substrate concentration of 2 mg/mL, the final XOS yield
was 85.5%, and the content of XOS2−3 reached 93.9%. The
enzymatic efficiency based on the poplar sawdust xylan in the
raw material was 30.5%. Moreover, Xln-DT showed excellent
sugar tolerant, which is applied as a candidate to apply

in degradation of hemicellulose and the biotransformation
of other natural active substances containing xylose. In
addition, the process and enzymatic mode of poplar sawdust
xylan with MxynB-8 and Xln-DT were investigated. The
results showed that the enzymatic hydrolysis yield of poplar
sawdust xylan was improved by adding Xln-DT, and the
main product was D-xylose. The yield of enzymatic hydrolysis
was higher when using MxynB-8 and Xln-DT together. This
study provides a deep understanding of the double-enzyme
combination hydrolytic conversion of wood polysaccharides to
valuable products.
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