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Abstract
Background: Xylan is the most abundant hemicellulose polysaccharide in nature. Endo-xylanases from
GH10 and GH11 families are the most critical xylan degrading enzymes. Filamentous fungi are highly
effective xylan degraders and possess numerous xylan degrading isoenzyme-encoding genes, especially
Aspergillus niger. Most noteworthy, the ampli�cation of the GH11 xylanase-encoding genes occurs
frequently in an organism, but the knowledge of each GH11 xylanases is little known.  

Results: A. niger An76 encoded a comprehensive set of xylan-degrading enzymes, including �ve endo-
xylanases (one GH10 and four GH11). Quantitative transcriptional analysis showed that three xylanases
were up-regulated by xylose substrates, and the order and amount of enzyme secretion differed.
Speci�cally, XynA and XynB were initially secreted successively, followed by XynC. Structural
bioinformatics analysis indicated that the different modes of action of the three GH11 xylanases may be
due to intricate hydrogen bonding between substrates and functional residues in the active site
architectures. Heterologous expression and biochemical characterization of three GH11 xylanases (XynA,
XynB and XynD) revealed differences in catalytic performance and product pro�les. Furthermore, XynA
and XynB displayed obvious synergistic action against beechwood xylan.

Conclusions: We investigated subtle differences in the functions of different isoenzymes in the same
family using a combination of physiological and biochemical experiments. The transcriptional regulation
and catalytic functions of enzymes could be the result of long-term evolutionary adaptation. The �nding
further expanded our understanding of GH-encoding genes ampli�cation in �lamentous fungi, which
could guide the design of the optimal enzyme cocktails in industrial applications.

Background
Xylan is the most abundant hemicellulose polysaccharide in nature, accounting for about 20−35% of
plant biomass [1]. It wraps around the outer layer of cellulose, together with lignin, resulting in “biomass
recalcitrance” that makes plants resistant to microbial and enzymatic degradation [2–4]. Therefore, xylan
must be degraded e�ciently for the utilization of lignocellulose resources. The structure of xylan is
composed of xylopyranosyl residues linked by β-D-1,4-glycosidic bond to form the main backbone, which
is modi�ed by various side-chain substituents such as L-arabinose, 4-O-methyl-glucuronic acid and acetyl
group that are attached to the backbone in a variety of ways to form different bond types [1, 5]. The type
and number of side-chain substituents vary in hardwoods (e.g., beechwood), herbaceous plants (e.g.,
wheat) and monocotyledons (e.g., corn) [6, 7]. According to the different structures of xylan substrates,
microorganisms have evolved different xylan degradation systems, including a variety of xylan-degrading
enzymes. Xylan could be converted to high-value products such as xylose, xylitol and
xylooligosaccharides [8]. In particular, xylooligosaccharides are prebiotics that can stimulate the growth
of human intestinal probiotics [9, 10], which have attracted much attention in the food and medical
industries in recent years [11].
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Endo-β-1,4-xylanases are the most critical enzymes in the degradation of xylan, breaking the β-1,4
glycosidic bond and producing different types of oligosaccharides [12], most of which belong to
glycoside hydrolases (GH) 10 and 11 families. Studies on the genomes of �lamentous fungi have
revealed obvious xylanase genes ampli�cation in both GH10 and GH11 families, which could encode
xylanases of the same kind [13]. The structures and properties of GH10 and GH11 xylanases differ. GH10
xylanases adopt a (β/α)8-barrel fold, while the structures of GH11 xylanases are β-jelly roll [14, 15].
Studies have shown that GH10 xylanases have a higher a�nity for the highly substituted xylan
backbone, but the substrate speci�city of GH10 xylanases is weaker than that of GH11 enzymes [16].
GH11 xylanases catalyse xylan degradation speci�cally, hence they are considered the dominant
enzymes for the degradation of xylan. Moreover, they can easily access complex biomass due to their low
molecular weight and high catalytic activity [17]. These enzymes cannot cleave glycosidic bonds at
substituents, and due to their larger substrate-binding cleft, they preferentially degrade long-chain
xylooligosaccharides [18, 19].

Aspergillus niger is one of the most important species in the degradation of hemicellulose [20], and GH11
xylanases are crucial. Gong et al. [21] reported that A. niger An76 possesses a complete lignocellulolytics
enzyme system with diverse degrading enzymes according to genomic and proteomic analysis, particular
for hemicellulases. In the process of degradation, the secretion of xylanases and side-chain degrading
enzymes is in order and has a division of labor [21]. Two strategies have been proposed for the
degradation of xylan from natural biomass by Aspergillus fumigatus: GH10 xylanase with carbohydrate-
binding module 1 (CBM1) degrade the xylan near crystalline cellulose, and GH11 xylanases directly bind
to and hydrolyse xylan in natural biomass [22]. Moreover, studies showed that GH10 xylanases
containing CBM exert a strong synergistic effect with cellulases in the hydrolysis of pre-treated rice straw
[23]. However, a lack of understanding of action mode and synergistic mechanism of GH11 xylanases
secreted by the same organism, and the interaction mechanisms between enzymes of the same catalytic
type and their substrate, has limited the exploitation of these enzymes.

In the present study, a physiological and biochemical combination approach was applied to explore
multiple xylanases of A. niger An76 in xylan bioconversion. First, the transcription of various xylanase-
encoding genes was analyzed by quantitative real-time PCR (qRT-PCR). Second, three GH11 xylanases
were heterologously expressed and biochemically characterized to explore the different catalytic
performances. Moreover, structural bioinformatic analysis was carried out to distinguish their
degradation mechanisms. The results indicated that numerous xylanases secreted by an organism
exhibited different modes of action toward different substrates and showed synergistic properties. The
�ndings may contribute to the exploitation of glycoside hydrolases in industry.

Results

Quantitative transcriptional analysis of �ve xylanase-
encoding genes cultured with different substrates
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According to genome analysis, A. niger An76 possesses one GH10 xylanase (XynC) and four GH11
xylanases (XynA, XynB, XynD, and XynE; Additional �le 1: Table S2). All the �ve xylanases contain signal
peptides, hence they are secretory proteins. To elucidate the physiological relevant of these xylanases,
quantitative transcriptional analysis was performed by qRT-PCR. Glycerol, xylose and xylooligosaccharide
(XOS) were separately used as the sole carbon source to cultivate A. niger An76, and cells grew normally
under all three carbon sources, with stable growth after 72 h (Additional �le 1: Fig. S1). Samples cultured
for 0, 6, 12, 24 and 48 h were selected to qRT-PCR analysis, and the results are shown in Fig. 1 and
Additional �le 1: Figure S2. Compared with glycerol as the carbon source, when cultured under xylose-like
substrate, transcription of three xylanase genes (xynA, xynB, and xynC) was signi�cantly increased, which
indicated their importance to the degradation of xylan. 

As shown in Fig. 1a, the relative transcription level of xynA was increased signi�cantly at 6 h under xylose
and XOS conditions. Expression of xynB was slightly behind that of xynA, and the overall transcription
level was lower than that of xynA (Fig. 1b). In addition, the transcription level of xynC was increased at
24 h under xylose and XOS condition (Fig. 1c). Meanwhile, xynD and xynE were transcribed in small
amounts or not at all (Fig. 1d and Additional �le 1: Fig S2). Therefore, we speculated that XynA was
initially expressed at high levels to degrade extracellular xylan, and its products further induced the
expression of XynB. The GH10 xylanase XynC was secreted after the GH11 xylanase, and it could further
degrade the degradation products of the former.

Bioinformatic analysis of differences in GH11 xylanase
sequences and active site architecture
All characterised xylanases with PDB ID from eukaryota in the CAZy database (http://www.cazy.org/)
were selected to construct a phylogenetic tree to improve the accuracy of subsequent structure prediction.
Phylogenetic tree analysis indicated that xylanases comprise two main clades (GH10 and GH11, Fig. 2a).
XynA, XynB and XynD clustered with GH11 family xylanases, and XynC clustered with GH10 family
xylanases. In the GH11 family clade, XynB and XynD were located in one subclade, and XynA was located
in another subclade. XynB and XynD were located on the same evolutionary branch, indicating that the
evolutionary relationship between them is relatively close. Sequence alignment of three xylanases from
GH11 family showed that XynB shared sequence identity of 65.48% with XynD, while XynA showed
52.07% and 45.03% amino acid sequence identity to XynB and XynD, respectively (Additional �le 1: Fig.
S3). Xylanases in the GH11 family had a conserved β-jelly roll structure, with a catalytic cleft that could
accommodate six xylose moieties, and two key catalytic Glu residues (Fig. 2b). GH10 xylanases had a
conserved (β/α)8-barrel structure and these enzymes also had two key catalytic Glu (Fig. 2c). 

The catalytic functions of enzymes were closely related to their structures, especially active site
architectures (Fig. 3). The intricate hydrogen bonding network formed between key functional amino
acids and substrates in the active site architecture of members of the GH11 family was analyzed by
structural bioinformatics. As shown in Fig. 3, the active sites of xylanases of the GH11 family could
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accommodate six xylose units, but the interaction with the glycosylates could differ slightly. In the active
site architecture of XynA, functional residues 17Tyr at the − 3 subsite and 75Ser, 184Ser at the + 3 subsite
contributed to the binding of X6 (Fig. 3a). In contrast, interactions of XynB and XynD were mainly
concentrated at the − 2 to + 2 subsites, which contained 4−5 additional interacting amino acids compared
with XynA (Fig. 3b and 3c). These amino acids were 62Asn at the − 1 subsite, 90Tyr, 139Arg at the + 1
subsite, 196Tyr, 88Asn at the + 2 subsite in the active site architecture of XynB (Fig. 3b). Thus, we
hypothesized that the degradation patterns of the three GH11 family isoenzymes differed somewhat, and
this likely re�ected different functions in the degradation of xylan. 

Recombinant expression and enzymatic characterization of
the three GH11 xylanases
To explore the biochemical properties and functions of the three GH11 xylanases, recombinant enzymes
were cloned and expressed using E. coli expression system. The molecular masses of the three puri�ed
xylanases were determined by SDS-PAGE (Additional �le 1: Fig. S4). The optimum temperature and
optimum pH of the three recombinant xylanases were measured using 1% beechwood xylan as substrate.
As shown in Fig. 4a and 4b, for all enzymes the optimum temperature was 50℃, and the optimum pH
was 5.0. It is worth noting that XynB and XynD retained more than 60% of activity between 30 °C and
70 °C. Regarding thermostability, XynA and XynD exhibited 60% and 20% residual activity after 3 h
incubation at 50℃, respectively. However, XynB was rapidly inactivated at 50℃ in 60 min (Fig. 4c).
Regarding pH stability, the residual activity of the four xylanases was measured after incubation at pH
6.0. XynA and XynD retained more than 70% activity after incubated at pH 6.0 for 1 h, while XynB was
relatively stable at pH 6.0, retaining ~ 80% activity after 1 h. After a 4 h incubation at pH 6.0, the residual
activity of XynA, XynB and XynD gradually decreased to 40% (Fig. 4d). 

Substrate speci�cities of the three xylanases were determined using two puri�ed xylans (beechwood
xylan and wheat arabinoxylan) and two natural biomass xylans (wheat bran and corn cob) as substrates.
As shown in Additional �le 1: Fig. S5, XynA, XynB and XynD displayed higher enzymatic activities toward
puri�ed xylans and lower enzymatic activity toward natural substrates. Among the three enzymes, XynB
showed the highest enzyme activity. The activity of XynB with beechwood xylan was 6.7-fold higher than
that of XynD and 8.2-fold higher than that of XynA. The activity of XynB with wheat arabinoxylan was ~ 
5.8-fold higher than that of XynD and 10.8-fold higher than that of XynA. The speci�c activities of XynA,
XynB, and XynD with beechwood xylan and wheat arabinoxylan are listed in Table 1.
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Table 1
The kinetic parameters of the three recombinant xylanases.

Enzyme Substrate Speci�c
activity

(IU/mg)

Vmax

(µmol/min/mg)

Km

(mg/mL)

kcat

(s− 1)

kcat/Km

(mL/mg/s)

XynA Beechwood
xylan

139.9 1446.0 10.7 481.8 45.2

XynB Beechwood
xylan

1146.3 9330.0 3.0 3460.3 1140.9

XynD Beechwood
xylan

170.5 2813.0 5.4 1080.2 199.5

XynA Wheat
arabinoxylan

99.6 904.3 10.2 301.3 29.5

XynB Wheat
arabinoxylan

1019.3 5172.0 3.7 1918.2 512.3

XynD Wheat
arabinoxylan

160.8 1319.0 6.3 506.4 79.9

Kinetic parameters were determined for XynA, XynB and XynD using beechwood xylan and wheat
arabinoxylan as substrates (Table 1). The catalytic kinetic parameters of the three xylanases were quite
different. The Km value of XynB was the smallest, followed by XynD, and the Km value of XynA was the
largest. This result indicated that the substrate binding ability of the three xylanases was ordered: XynB > 
XynD > XynA. XynB exhibited the largest kcat, the smallest Km, and the highest catalytic e�ciency
(kcat/Km), which is consistent with the determination of enzyme activity. The kcat/Km of XynB with
beechwood xylan was 25.3-fold higher than that of XynA and 5.7-fold higher than that of XynD. The
kcat/Km of XynB with wheat arabinoxylan was 17.3-fold higher than that of XynA and 6.4-fold higher than
that of XynD. Moreover, XynA, XynB and XynD all displayed higher catalytic e�ciency (kcat/Km) for
beechwood xylan than wheat arabinoxylan, suggesting that the complexity of substrate structure is
inversely proportional to enzyme activity.

Degradation pattern determination of the three GH11
xylanases
In order to explore the differences in degradation patterns of the three xylanases, X4 X6, beechwood
xylan, wheat arabinoxylan, wheat bran, and corn cob were used as substrates for FACE analysis. Obvious
differences in hydrolysis products were observed between xylan substrates (Additional �le 1: Fig. S6).
The main products of the degradation of beechwood xylan were xylooligosaccharides with a degree of
polymerization (DP) below 5. The hydrolysis products of wheat arabinxylan contain more large
oligosaccharides with DP greater than 5 and less X1, X2, X3. The hydrolysis products generated from
wheat bran and corn cob were similar to those wheat arabinoxylan, except that the hydrolysate of XynB
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contained fewer X4 and more X3. These results indicated that xylan containing more side chains
inhibited degradation by all three GH11 xylanases, and more importantly, XynB might be advantageous
for the degradation of XOS, especially X4.

In the degradation of X4 and X6, XynA degraded X6 faster than XynB and the main products were X2, X3
and X4 (Fig. 5a), which indicated that XynA had a preference for X6 degradation. The main products
produced from X6 degradation by XynB were X2 and X3 (Fig. 5b). From these results, we speculated that
XynB may rapidly degrade the produced X4 to generate X2. Analysis of the degradation of X4 con�rmed
our conjecture. XynA degraded some X4 within 5 min, and the content of X4 remained stable thereafter
(Fig. 5c). In contrast, XynB and XynD continued to degrade X4 over 60 min, and the amount of X2
continued to increase (Fig. 5d). In addition, the degradation patterns of XynD on X4 and X6 were similar
to those of XynB (Additional �le 1: Fig. S7). 

Synergistic hydrolysis of the three GH11 xylanases
In order to further elucidate the functions of the three GH11 isoenzymes XynA, XynB and XynD in the
degradation of xylan, we conducted a synergistic hydrolysis experiment. As shown in Fig. 6, the
degradation e�ciency of the pairs of enzymes was higher than that of a single enzyme. Dual enzyme
combinations displayed a signi�cant synergistic effect and this was order XynA+ XynB >XynA + XynD >
XynB + XynD (Fig. 6a). This result showed that the addition of either XynB and XynD could improve the
degradation e�ciency of XynA, which might be related to the degradation pattern of
xylooligosaccharides. In addition, XynA + XynB (2 h) means that XynA is added to the beechwood xylan
solutions for 2 h and then XynB with equal enzyme activity is added. This treatment resulted in the
highest quantity of reducing sugars when (Fig. 6b), which indicated that the synergistic hydrolysis
e�ciency was greatly improved. This result is consistent with the physiological determination of the two
xylanases, XynA was induced �rst by xylose-like substrate, followed by XynB.

Discussion
At the physiological level, all three xylanase genes in A. niger An76 were strongly induced under xylose-
like subtrates (Fig. 1). In this process, XynA of the GH11 xylanase was the �rst enzyme to be upregulated,
and the products induced the expression of XynB of the GH11 xylanase. XynC of the GH10 xylanase was
secreted behind xylanases of the GH11 xylanase, and they can further degrade the products of the former
enzymes. This may be related to the substrate speci�cities and degradation patterns of xylanases.
Previous studies showed that GH10 xylanases can degrade the xylan near crystalline cellulose, which
occurred after degradation of GH11 xylanases [22, 24]. Moreover, we also found that xylose could
effectively induce xylanase genes transcription (Fig. 1). Xylose can effectively induce the transcription of
xylanases by activating the transcription factor XlnR [25]. Analysis of XlnR binding sites in the 1000 bp
transcription regulatory region revealed four XlnR binding sites in xynA and two XlnR binding sites in
xynB (Additional �le 1: Table S2) [26]. XynA and XynB may be directly dependent on regulation by XlnR
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and continuously highly expressed. To elucidate the speci�c transcriptional regulation mechanism,
genetic manipulation methods will be needed in future work.

Structural bioinformatics analysis revealed some differences in the sequences and active site
architectures of the three GH11 xylanases. XynA appeared to be quite distantly related to XynB and XynD
(Fig. 2a). Furthermore, the �ne distribution of functional residues in active site architectures was diverse
(Fig. 3), which might be related to individual degradation pattern. The hydrolysis products pro�les of
GH11 xylanases showed that XynA preferentially degraded X6 to produce X2, X3 and X4, while XynB and
XynD preferentially degrade X4 (Fig. 5). This result correlated with the observed differences in the number
of hydrogen bonds between functional amino acids in the active site architecture. The preference of XynA
for X6 can be explained by hydrogen bonds at the − 3 and + 3 subsites, consistent with previous studies
showing that increasing the binding energy of the enzyme at distal subsites can enhance the ability to
degrade long oligosaccharides [27, 28]. In contrast, interactions of XynB and XynD were mainly
concentrated in the − 2 to + 2 subsites, which resulted in strong binding of X4 [36]. Different hydrolysis
products were generated by different family members [29], and members of the same family can also
could produce different products due to the low sequence conservation of distal active subsites.
Therefore, during long-term evolutionary adaptation, the �ne distribution of functional amino acids in the
active sites of isoenzymes in the same family leads to differences in the number of hydrogen bonds,
which may lead to differences in the preference of enzymes for substrates and consequently the diversity
of products.

Characterization of XynA, XynB and XynD revealed clear differences in enzyme activities (Additional �le
1: Fig. S5 and Table 1). The activities of XynA, XynB and XynD with beechwood xylan were higher than
those with wheat arabinoxylan, and far higher than those with natural biomass xylan. The degree of side
chain substituents of beechwood xylan and wheat arabinoxylan was 12.8% and 38%, and the ratio of
xylose to arabinose in natural substrates such as wheat bran was 0.7:1 [30]. Therefore, differences in
enzyme activity with different substrates may be related to the structural complexity of substrates. These
results are similar to those of a previous report on xylanase degradation of different xylan from
Streptomyces sp. B6 [31]. Moreover, the enzyme activity of XynB was higher than that of XynA and XynD
with all substrates. XynB engaged in strong binding interactions in -1, + 1 and + 2 subsites, and
preferentially degraded small xyloligosaccharide such as X4 (Fig. 3 and Fig. 5). In addition,acid or alkali
pretreatments can signi�cantly improve biomass deligni�cation and enhance enzymatic hydrolysis [32,
33]. Thus, XynB may be more suitable for degrading pretreated substrates, rather than applying all three
xylanases of the GH11 family.

Although various studies on protein expression and biochemical characterization of isozymes members
of the GH family have been reported [34, 35], but the different substrate preferences and response times
of different isoenzymes have been largely ignored at the physiological level. The substrate preferences
and response time is coevolved with different biochemical properties of enzymes, in particular with their
degradation patterns. In the present work, we investigated the functional differences between isozymes
of the GH11 family using physiological and biochemical approaches. First, the substrate preferences and
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response times of isoenzymes were analyzed by quantitative transcription; Functional amino acids and
interaction networks with substrates in the active site architecture of isoenzymes were then analyzed by
structural bioinformatics; Finally, we performed biochemical characterization and synergistic hydrolysis
of isoenzymes, including substrate degradation patterns.

Conclusions
This work explored subtle differences secretion regularity of xylanase isoenzymes A. niger An76,
including comprehensive functional characterisation and three GH11 xylanases and their synergistic
hydrolysis mechanisms. In A. niger, xylanase XynA with lower catalytic activity was secreted �rst, which
preferentially bound and degraded oligosaccharides above X6; XynB with high enzymatic activity was
then secreted to degrade X4 and other small oligosaccharides. These functional properties were
compatible with the evolution of the active site architectures of the enzymes. The �ndings explained the
e�cient xylan degradation mechanism of A. niger An76, and may help to develop an e�cient and
environmentally friendly degradation strategy with reduced production costs.

This work explored not only the isoenzymes secretion regularity of GH11 xylanases in A. niger An76, but
also the comprehensive functional characterization and of three GH11 xylanases and synergistic
hydrolysis mechanism. XynA with lower catalytic activity was secreted �rst, which preferentially bound
and degraded oligosaccharides above X6; XynB with high enzymatic activity was then secreted to
degrade X4 and other small oligosaccharides. These functional properties were compatible with the
evolution of the active site architectures of the enzymes. The �ndings explained the e�cient xylan
degradation mechanism of A. niger An76, and may help to develop an e�cient and environmentally
friendly degradation strategy with reduced production costs.

Methods

Strains and growth conditions
A. niger An76 (DDBJ accession no. BCMY00000000, DNA Data Bank of Japan) was used for enzyme
gene ampli�cations. Cultivation of A. niger An76 was performed according to methods described
previously [21, 36]. A 1% (w/v) solution of different carbon sources was added to the culture medium to
induce the production of enzymes, including glycerol, xylose and XOS. Fresh conidia (1 106 /mL) were
used to inoculate in 250 mL liquid medium in triplicate at 30℃ and 200 rpm. For qRT-PCR experiments,
washed mycelia, which were cultivated in the presence of 1% (w/v) glycerol as carbon source for 24 h as
a reference sample (0 h), were transformed into the fresh media containing 1% (w/v) xylose or XOS as the
sole carbon source for induction. Mycelia samples were collected at different sampling times (0, 6, 12, 24
and 48 h) and stored at -80℃. Escherichia coli strains BL21 (DE3) and DH5α (DingGuo, Beijing, China)
were used for protein expression and gene cloning, respectively.
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RNA isolation and cDNA synthesis
Mycelia sampled at each time point were used to extract total RNA and synthesize cDNA. Total RNA was
extracted using TRIzol reagent (Sangon, Shanghai, China) and other regents including chloroform,
isopropyl alcohol and ethanol (Dingguo) using the TRIzol method [37]. The cDNA was synthesized using
1 μg RNA as template and puri�ed using the HiScript III RT SuperMix + gDNA wiper (Vazyme, Nanjing,
China) according to the manufacturer’s instructions.

qRT-PCR analysis of gene expression
qRT-PCR was performed using SYBR qPCR Master Mix (Vazyme) on LightCycler 480 instrument (Roche,
Basel, Switzerland). The primers used to detect the expression levels of encoding genes are listed in
Additional �le 1: Table S1. Target genes included �ve xylanase genes (xynA, g9709.t1; xynB, g10033.t1;
xynC, g1233.t1; xynD, g1345.t1; xynE, g3744.t1). The glyceraldehyde-3-phosphate dehydrogenase gene
(gapdh, g7576.t1) was used as an internal reference gene. Error bars indicated the standard deviation.
The concentration of cDNA template was 20 ng/μL. Relative transcription levels of target genes were
calculated by the relative quantitation (2-ΔΔCT) method [38]. Three biological replicates and technical
replicates were performed.

Gene cloning, enzyme expression and puri�cation
Xylanase genes were cloned using PCR with synthesized cDNA as the template and primers listed in
additional �le 1: Table S1. PCR products were puri�ed and cloned into a pLYJ-163 vector to construct
recombinant plasmids, which were transformed into E. coli DH5α cells and con�rmed by DNA sequencing
(TSINGKE, Qingdao, China). The correct recombinant plasmids were transformed into E. coli BL21 (DE3)
for protein expression. When the absorbance at 600nm (OD600) reached 0.6-0.8, strains were induced
using 0.5mM isopropyl-β-D-thiogalactopyranoside (IPTG, Solarbio, Beijing, China) for 20 h at 16℃. Cells
were centrifuged and resuspended in buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8.0). After ultrasonic
fragmentation, xylanases were puri�ed using HisCap Co 6FF resin (Smart-life Sciences, Changzhou,
China). The eluent was replaced with optimal buffer (50 mM Na2HPO4, 20 mM citrate, pH 5.0) by
ultra�ltration (3 kDa membrane, Millipore, Billerica, MA) at 4 °C. Pure enzymes were analysed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Protein concentrations were determined
using the Bradford method [39].

Enzymatic activity assay
Xylanase activity was assayed using the 3,5-dinitrosalicylic acid (DNSA) method [40]. A 40 μL volume of
appropriately diluted XynA, XynB and XynD (5 μg/mL, 1 μg/mL and 5 μg/mL, respectively) were
incubated with 60 μL 1% (w/v) xylan substrates. After incubation at 50 °C for 10 min, samples were mixed
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with 80 μL of DNSA reagent, boiled immediately for 10 min, and subsequently cooled on ice. After adding
820 μL water, the absorbance were measured at 540 nm. One unit of xylanase activity (IU) was de�ned as
the amount of enzyme (mg) that released 1 μmol of xylose per minute under the optimal assay
conditions.

Effects of pH and temperature on xylanases
The optimal pH of xylanases was determined in the range of pH 3.0-10.0 (50 mM sodium citrate buffer,
pH 3.0-8.0; 50Mm Glycine-NaOH buffer, pH 9.0-10.0) by adding beechwood xylan substrate and
incubating for 10 min at 50℃ using the above activity assay method. The activity at the optimal pH was
de�ned as 100%. The optimal temperature of xylanases was determined at temperatures ranging from 30
to 70℃ in sodium citrate buffer (pH 5.0). The activity at the optimal temperature was de�ned as 100%.

The temperature stability of xylanases was determined by measuring the remaining activity after
incubating the enzymes at various times (0, 20, 40, 60, 120, 180 and 240 min) at 50°C in the absence of
beechwood xylan in 50 mM sodium citrate buffer (pH 5.0). The activity without pre-incubation was
de�ned as 100%. To assess pH stability, xylanases were incubated in pH 6.0 buffers at different times (0,
30, 60, 150, 240 min) before the addition of xylan to initiate the action. The remaining enzyme activities
were determined under optimal conditions. These experiments were repeated three times.

Substrate speci�city and determination of kinetic
parameters
Substrate speci�city of xylanases was investigated using different xylan substrates at 1% concentration,
including beechwood xylan, wheat arabinoxylan (Megzyme, Wicklow, Ireland), xylan from wheat bran and
corn cob extracted by alkaline pretreatment [41]. Solid material was washed, 0.7% NaOH was added at a
ratio of 1:7, and samples were incubated at 60℃ for 2 h. The resulting mixtures were �ltered and the
�ltrate was neutralized with HCl. Xylan was precipitated with absolute ethanol, dried, ground into a
powder, and stored at room temperature for subsequent experiments. Reactions were performed in 50
mM sodium citrate buffer (pH 5.0) at 50℃ for 10 min.

The kinetic parameters (Km and Vmax) of the enzymes were determined by incubating with different
concentrations of beechwood xylan and wheat arabinoxylan (0.2-2.4%) at 50℃ for 5 min. Parameters
were calculated using nonlinear regression of the Michaelis-Menten equation with GraphPad Prism 8.0
[42]. All experiments were performed in triplicate.

Analysis of hydrolysis products.
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Hydrolysis products of different xylan substrates were determined by �uorescence-assisted carbohydrate
electrophoresis (FACE) experiments [43]. Hydrolysis products were obtained following the reaction of
enzymes (20 IU/mL) with 1% substrates at a ratio of 1:1 (v/v) at 50℃. Samples were removed at
different times (0, 5, 15, 30 and 60 min) and inactivated at 105℃ for 10 min to terminate the reaction.
The supernatant were collected by centrifugation at 12,000 rpm for subsequent electrophoresis analysis.
Xylose (X1), xylobiose (X2), xylotriose (X3), xylotetraose (X4), xylopentaose (X5), xylohexaose (X6) were
used as standards.

Synergistic hydrolysis experiments
To investigate the synergistic effect among xylanases, for each xylanase, the amount of the enzyme with
equal xylanase activity (0.3 IU/ml) towards beechwood xylan was used to experience. XynA, XynB and
XynD were added singly or in pairs to 1% beechwood xylan. The release of reducing sugars were
determined by the DNS method after incubation at 50℃ for 24 h. Samples were removed at intervals, and
samples without enzyme served as controls.

Another method was used to determine synergy between XynA and XynB [22]. XynA was added into the
substrate and incubated at 50℃ for 2 h, then XynA and XynB with equal xylanase activity were added to
separate solutions to give XynA+ XynB and XynA+ XynA. The reducing sugars released under different
conditions were detected upon incubation for 24 h. Samples without enzyme under the same conditions
served as controls. All the above hydrolysis assays were performed in triplicate.

Bioinformatics analysis
Signal peptides were predicted using SignalP website (http://www.cbs.dtu.dk/services/SignalP/).
Multiple sequence alignments were performed using CLUSTAL (http://www.clustal.org/). Phylogenetic
analysis was performed using MEGA 5.0 with the Neighbor-Joining method and 1000 bootstrap
replicates [44]. Homology modeling was carried out using SWISS-MODEL
(https://swissmodel.expasy.org/). Suitable templates were identi�ed, Aspergillus niger CBS 513.88 (PDB
ID: 2QZ2), Talaromyces funiculosus IMI-134756 (PDB ID: 1TE1), Talaromyces cellulolyticus CF-2612
(PDB ID: 3WP3) were selected for XynA, XynB and XynD, respectively. Models were then generated based
on each of the individual templates. The ligand in the enzyme-ligand complex of GH11 and GH10 was
obtained from TrXyn11A (PDB: 4HK8) and Geobacillus stearothermophilus (PDB: 4PRW), respectively.
Amino acid residues surrounding the substrate within 5 Å were selected to analyse the interactions
between enzymes and substrates.
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XOS: Xylooligosaccharide
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qRT-PCR: Quantitative real-time PCR
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X5: Xylopentaose

X4: Xylotetraose

X3: Xylotriose

X2: Xylobiose

X1: Xylose
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Figure 1

Relative transcript levels of four genes encoding xylanases in A. niger An76 induced by 1% glycerol,
xylose and XOS. The transcript levels of xynA (a), xynB (b), xynC (c) and xynD (d) in A. niger An76 at
different time points (0, 6, 12, 24 and 48 h). Glycerol served as a control. Relative transcript levels were
calculated by the 2-ΔΔCT method. T-test analysis was used to calculate the significant differences in
gene expression (P < 0.05).
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Figure 2

The phylogenetic tree and overall structures of GH11 and GH10 xylanases. a Phylogenetic tree resulting
from the analysis of amino acid sequences of A. niger xylanases and other structurally characterized
xylanases from Eukaryota constructed using the neighbor-joining method. Numbers on nodes correspond
to the percentage bootstrap values for 1000 replicates. b The β-jelly roll structures of XynA, XynB and
XynD from the GH11 family. c The (β/α)8-barrel structure of XynC from the GH10 family. The substrate
sugar ring is represented by a sphere and green sticks. Catalytic amino acids are shown as red sticks.
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Figure 3

Schematic illustration of interactions between residues in the active site of XynA (a), XynB (b), XynD (c)
and the xylohexaoses. Blue amino acids represent common interactions among the three xylanases. Red
amino acids represent unique interaction residues of XynA. Purple amino acids represent he unique
interaction residues of XynB and XynD. Dashed lines represent polar interactions, and arcs represent CH-π
interactions.
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Figure 4

Effect of temperature and pH on the activity and stability of recombinant xylanases. a Effect of
temperature on the activity of XynA, XynB and XynD. Enzymes were incubated at 30 to 70℃ for 10 min at
pH 5.0. b Effect of pH on activity of XynA, XynB and XynD. Enzymes were incubated at pH 3.0 to 10.0 for
10 min at 50 ℃. c Temperature stability of XynA, XynB and XynD. Residual activities were measured
under optimal conditions after incubation at 50 ℃ for different durations. d pH stability of XynA, XynB
and XynD. Residual activities were determined under optimal conditions after incubation at pH 6.0 for
different durations.
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Figure 5

FACE analysis of products following hydrolysis of xylohexaose (a, b) and xylotetraose (c, d). a and b
correspond to the products of xylohexaose hydrolyzed by XynA and XynB, respectively. c and d
correspond to the products of xylotetraose hydrolyzed by XynA and XynB, respectively. Xylose (X1),
xylobiose (X2), xylotriose (X3), xylotetraose (X4), xylopentaose (X5), xylohexaose (X6). Blue arrows
indicate X6, red arrows indicate X4, and green arrows indicate X2.

Figure 6



Page 23/23

Hydrolysis synergy determination of the three GH11 xylanases. a Release of reducing sugars from
beechwood xylan by the three xylanases, XynA, XynB, XynD alone or in combination. b XynA was added
to the beechwood xylan substrate solutions in advance for 2 h, then XynA and XynB was added to give
XynA + XynA (2 h) and XynA + XynB (2 h).
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