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Abstract Xylan is a major polysaccharide in plant cell
walls, and its degradation is mainly conducted by microbial
xylanases in nature. To explore the xylanase diversity in the
environment, two sets of degenerate primers were designed
based on the microbial xylanase sequences in Pfam
database of glycosyl hydrolase (GH) family 10 and 11
and were used to amplify objective gene fragments directly
from the alpine tundra soil DNA of the Tianshan Moun-
tains, China. Ninety-six distinct GH 10 and 31 GH 11
xylanase gene fragments were retrieved, and most of them
have low identities with known sequences in GenBank.
Based on phylogenetic analysis, all of the GH 10 xylanase
sequences fell into six clusters and were related to
xylanases from Actinobacteria, Proteobacteria, Verrucomi-
crobia, Bacteroidetes, Firmicutes, and Acidobacteria. Three
clusters of GH 11 xylanase sequences were established, and
two of them were related with enzymes from fungi. These
results indicated the diversity of xylanase genes in this cold
environment. Four xylanolytic strains were isolated from
the soil, and GH 10 xylanase gene fragments were cloned
using the same primers. A full-length gene was obtained
and expressed in Escherichia coli, and the recombinant
enzyme showed some cold-related characteristics. Our
study provides an efficient molecular approach to study

xylanase in complex environments and casts an insight into
the diversity and distribution of xylanases in a cold
environment, which is very meaningful to understand their
roles in xylan degradation in nature.
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Introduction

Hemicellulose, cellulose, and lignin are the major constit-
uents of plant cell walls and represent the largest compo-
nents of renewable organic resource on earth (Chandrakant
and Bisaria 1998). Xylan—the major component of
hemicellulose—is the second most abundant polysaccha-
ride (Prade 1996), whose utilization is very important for a
bio-based economy. Complete hydrolysis of xylan requires
a large variety of cooperatively acting enzymes, including
endo-1,4-β-D-xylanase, β-D-xylosidase, α-D-glucuronidase,
α-L-arabinofuranosidase, acetyl xylanesterase, and aryles-
terase (Biely 1985; Thomson 1993; Kulkarni et al. 1999;
Collins et al. 2005). Among them, a crucial component is
endo-1,4-β-D-xylanase (EC 3.2.1.8) that catalyzes the
hydrolysis of xylan to short xylooligosaccharides of
varying lengths (Biely 1985). Based on sequence similar-
ities of catalytic domain (Henrissat et al. 1989), xylanases
have been classified into glycosyl hydrolase (GH) families
(http://www.cazy.org/fam/acc_GH.html; Cantarel et al.
2009) 5, 7, 8, 10, 11, and 43 (Collins et al. 2005); of these,
GH 10 and 11 xylanases are the most abundant and are
distinct from each other in three-dimensional structures
(Biely et al. 1997) and action mechanisms (Jeffries 1996).
Xylanases belonging to GH 10 are larger, have an (α/β)8
barrel fold structure, and exhibit catalytic versatility

Electronic supplementary material The online version of this article
(doi:10.1007/s00253-010-2564-9) contains supplementary material,
which is available to authorized users.

G. Wang :Y. Wang : P. Yang :H. Luo :H. Huang : P. Shi :
K. Meng : B. Yao (*)
Key Laboratory for Feed Biotechnology of the Ministry
of Agriculture, Feed Research Institute,
Chinese Academy of Agricultural Sciences,
No. 12 Zhongguancun South Street,
Beijing 100081, People’s Republic of China
e-mail: yaobin@caas-bio.net.cn

Appl Microbiol Biotechnol (2010) 87:1383–1393
DOI 10.1007/s00253-010-2564-9

http://www.cazy.org/fam/acc_GH.html
http://dx.doi.org/10.1007/s00253-010-2564-9


(Charnock et al. 1998), while GH 11 xylanases are
characterized by lower molecular weight, a compact β-
jelly roll fold structure, and substrate specificity to xylan
(Collins et al. 2005).

Microbial xylanases have been extensively studied due to
their great potential for industrial and agricultural applications
(Beg et al. 2001; Subramaniyan and Prema 2002; Polizeli et
al. 2005; Collins et al. 2005). To obtain enzyme for use in
specific fields, xylanases have been purified and character-
ized, and numerous xylanase genes have been cloned from
various sources (Collins et al. 2005). Generally, more than
one xylanase gene is present in the same organism and
involved in xylan degradation. For example, Luo et al.
(2009a, b, c) have cloned four xylanase genes (one of GH
10, two of GH 11, and one of GH 30) from the acidophilic
fungus Bispora sp. MEY-1, and all of the genes coded for
extracellular xylanases. The whole genome sequencing
technique further provides us a more comprehensive
understanding of the diversity of xylanase genes and their
roles in degradation of plant cell wall polysaccharides
(Hatsch et al. 2006; Berg Miller et al. 2009). Both the
molecular cloning and genome sequencing data have shown
the diversity of xylanase genes in microorganisms. Accord-
ing to the data collected by Pfam (release 24.0, http://pfam.
sanger.ac.uk/), GH 10 contains more sequences than GH 11
(652 vs. 377), and there are more xylanase sequences from
bacteria than from fungi (727 vs. 376).

So far, most information about xylanase is based on
cultured microorganisms, which is limited since a vast
majority of microorganisms remain uncultured. Metagenom-
ics has become a powerful tool to exploit unculturedmicrobial
communities in the environment (Lorenz and Schleper 2002;
Daniel 2005). Using this method, several novel xylanase
genes have been cloned directly from the environment
(Sunna and Bergquist 2003; Hayashi et al. 2005) or screened
from metagenomic library (Brennan et al. 2004; Ferrer et al.
2005; Lee et al. 2006a; Hu et al. 2008). Furthermore,
functional gene diversity revealed by metagenomic sequen-
ces can provide insights into how microbial communities
participate in the biogeochemical cycles in nature (Elifantz et
al. 2008), such as chitinase genes (LeCleir et al. 2004; Xiao
et al. 2005; Lian et al. 2007; Yasir et al. 2009), fungal GH
genes (Jacobsen et al. 2005), and family 5 glycosyl
hydrolase genes (Elifantz et al. 2008). Compared to the
knowledge of functional genes in the nitrogen cycle, studies
of gene diversity involved in organic carbon degradation are
limited (Elifantz et al. 2008).

The objective of this study was to explore the diversity
of xylanase genes in alpine tundra soil of the Tianshan
Mountains, China. The diversity of xylanase genes was
examined using clone libraries of amplicons generated with
newly designed primers specific for GH 10 and 11
xylanases. Sequence analysis showed that most of the

fragments have low identity to known xylanases, suggest-
ing the existence of a large amount of unidentified xylanase
genes in nature. Our results also indicated that even in a
very cold environment like alpine tundra soil, xylanases are
very diverse with high richness.

Materials and methods

Soil sample collection

In August 2005, alpine tundra soil was collected from the
Tianshan Mountains (43°06.1183′ N, 86°50.1453′ E) in
Xinjiang Province, China, at an elevation of 3,525 m and an
eastern exposure. Climate in this area is characterized by a
long cold winter (from September through next May;
−10°C to −19°C) and a short growing season (June to
August; 3°C to 5°C). The average annual precipitation of
this area is 35.6 mm. The alpine tundra soil was covered
mainly by Kobresia stenocarpa, Carex atrofusca, and
Polygonum viviparum. Three soil cores (10 cm in depth
and 5 cm in diameter) were collected, pooled (∼800 g in
weight), and stored at −70°C until use.

DNA extraction

Soil DNA was extracted using a modified sodium dodecyl
sulfate (SDS)-based method (Zhou et al. 1996; Brady
2007). Ten grams of soil was mixed with 100 ml of sterile
0.1 M Tris–EDTA (TE, pH8.0) buffer with gentle agitation
for 30 min. After centrifugation at 16,000×g and 4°C for
10 min, the pellet was washed with 0.1 M TE buffer twice
to remove water-soluble materials and incubated in 15 ml
of lysozyme solution (10 mg ml−1 lysozyme, 25 mM Tris–
HCl, 50 mM EDTA, and 0.3 M sucrose) at 37°C for 1.5 h.
Then, 20 ml of lysis buffer (0.1 M Tris–HCl, 0.1 M EDTA,
1.5 M NaCl, 2% cetyl trimethyl ammonium bromide
(CTAB), and 1% SDS) was added, mixed, and incubated
at 70°C for an additional 2 h with gentle shaking every
20 min. After centrifugation at 16,000×g and 4°C for
10 min, genomic DNA was recovered by precipitation with
0.7 volume isopropanol and dissolved in TE buffer. RNase
was added to the crude soil DNA to digest RNAs (37°C,
1 h). The presence and size of the crude soil DNA were
determined by agarose gel electrophoresis with ethidium
bromide staining. Soil DNA was recovered and purified
with the Omega Gel Extraction Kit (Norcross, GA, USA).
The yield of purified DNAwas about 1.8 μg DNA g−1 soil.

Primer design and testing

Amino acid sequences of 652 GH 10 xylanases and 377 GH
11 xylanases from fungi or bacteria were collected from Pfam
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(release 24.0; http://pfam.sanger.ac.uk/). Based on the align-
ment (Fig. 1) and HMM Logos in Pfam (Schuster-Bockler et
al. 2004), the conserved regions [W/Y]-D-W-D-V-[V/C/N]-
N-E (Sunna and Bergquist 2003) and [D/H]-[G/A/C]-[I/V/
L]-G-[M/F/L/I]-Q-[S/G/M/C]-H for GH 10 xylanases (about
85 amino acids between), and S-Y-L[C/S/A]-[V/L]-Y-G-W
and T-F-[V/L]-Q-[Y/F]-[W/F]-S-V (Morris et al. 1998) for
GH 11 xylanase (about 70 amino acids between) were
identified, respectively (Fig. 1). Consensus-degenerate hy-
brid oligonucleotide primers (Rose et al. 2003) (X10-F and
X10-R; X11-F and X11-R) were designed accordingly, in
which inosine (I) was used to decrease the degeneracy.

To test the efficiency of these primer sets, a total of
20 representative xylanase-producing bacteria and fungi
showing distinct phylogenetic lineages were selected,
including strains producing both GH 10 and GH 11
xylanases: Bispora sp. MEY-1 (ACS96449, ACN89785),
Penicillium funiculosum (CAG25554, CAC15487), As-

pergillus fumigatus (XP_751237, EAL86316), Cochliobo-
lus carbonum (AAT49296, AAA33024), Magnaporthe
grisea (AAM95237, XP_368051), Hypocrea jecorina
(BAA89465, CAA49293), Streptomyces sp. S27
(ACF57946, ACF57948), Cellulomonas fimi (AAZ76373,
CAA54145), Saccharophagus degradans 2-40 (YP_528105,
YP_528530), and Paenibacillus sp. JDR-2 (ACS99999,
ACT03278); strains only producing GH 10 xylanases:
Bacillus alcalophilus (AAQ99279), Pseudoalteromonas
atlantica (YP_662224), Sphingobacterium sp. TN19
(ACR61562), Flavobacterium johnsoniae UW101
(ABQ05028), and Thermotoga maritima (AAP97078); and
strains only producing GH 11 xylanases: Anaerocellum
thermophilum (ACM59249), Bacillus pumilus (ACU56779),
Bacillus subtilis (CAA84276), Cytophaga hutchinsonii
(YP_678979), and Nesterenkonia xinjiangensis (ACY70399).
The genomic DNA, extracted using a genome-extracting kit
(TIANGEN, Beijing, China) for bacteria or CTABmethod for

Fig. 1 Primers’ design specific for GH 10 and 11 xylanase genes. The
amino acid sequences of xylanases from microorganisms representing
diverse phylogenetic lineages were aligned. Conserved amino acids are
highlighted and consensus regions are boxed. The locations of the two
sets of primers and the direction of amplification are indicated by arrows.
a Sequences of GH 10 xylanases used for primer design. Sequence name,
microbial source, and GenBank number were given as follows: N.
patriciarum: Neocallimastix patriciarum (AAB30669); A.niger: Aspergil-
lus niger (XP_001389996); P.citrinum: Penicillium citrinum
(BAG12101); A.alternata: Alternaria alternata (AAF05698); H.jecorina:
Hypocrea jecorina (BAA89465); G.graminicola: Glomerella graminicola
(CAQ16209); C.adeliensis: Cryptococcus adeliensis (CAA75630); S.sp.
S27: Streptomyces sp. S27 (CAA75630); T.alba: Thermobifida alba
(CAB02654); P.bryantii: Prevotella bryantii (CAD21011); F.sp. MSY2:
Flavobacterium sp. MSY2 (AAY98787); G.mesophila: Glaciecola

mesophila (ACN76857); B.pumilus SAFR-032: Bacillus pumilus
SAFR-032 (ABV62242); T.sp.: Thermotoga sp. ( AAA90913); b.
Ellin514: bacterium Ellin514 (EEF60952). b Sequences of GH 11
xylanases used for primer design. Sequence name, microbial source,
and GenBank number were given as follows: A.awamori: Aspergillus
awamori (CAA55005); P.sp.40: Penicillium sp. 40 (BAA88421); T.
viride: Trichoderma viride (AAQ67413); N.crassa: Neurospora crassa
(CAD71059); C.flavus: Cryptococcus flavus (ABY50453); P.ostreatus:
Pleurotus ostreatus (ABY61039); S.sviceus: Streptomyces sviceus ATCC
29083 (EDY53512); T.fusca: Thermobifida fusca (AAV64879); C.fimi:
Cellulomonas fimi (CAA54145); C.hutchinsonii: Cytophaga hutchinsonii
ATCC 33406 (ABG59637); R.sp.: Ruminococcus sp. (CAA90271); B.
pumilus: Bacillus pumilus (AAZ17390); C.phytofermentans: Clostridium
phytofermentans ISDg (YP_001559210); P.polymyxa: Paenibacillus
polymyxa (AAZ17384)
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fungi, was used as templates and underwent a touchdown PCR.
The template DNA (approximately 50 ng) was added to a 50-μl
reaction system containing 1× Taq PCR MasterMix (2.5 U of
Taq polymerase, 250 μM of each dNTP, 1.5 mM Mg2+,
12.5 mM Tris–HCl (pH8.3), and 100 mM KCl) and 0.6 μM
of each primer. The optimized PCR conditions for both primer
sets were: 4 min at 95°C, followed by 12 cycles of 94°C for
30 s, 56°C (for GH 10 xylanases) or 58°C (for GH 11
xylanases; decreasing by 0.5°C after each cycle) for 30 s, and
72°C for 30 s, followed by 28 cycles of 94°C for 30 s, 50°C
(for GH 10 xylanases) or 52°C (for GH 11 xylanases) for
30 s, and 72°C for 30 s, and then a final extension at 72°C for
6 min. The presence and size of the amplification products
were determined on agarose gels.

Clone library construction and DNA sequencing

The primer sets designed were used to amplify GH 10 and 11
xylanase gene fragments by touchdown PCR (as described
above) using the purified soil DNA as templates. PCR products
were visualized on an agarose gel, and the objective bands
(∼260 and 210 bp for GH 10 and GH 11 xylanase gene
fragments) were excised and purified using the Qiaquick gel
extraction kit (Qiagen, Valencia, CA, USA). To construct the
clone library for each xylanase family, the purified PCR
products were ligated into vector pGEM-T Easy (Promega,
Madison, WI, USA), and electroporated into Escherichia coli
DH5α competent cells (TaKaRa, Ostu, Japan) following the
procedure recommended by the manufacturer. Cells were
grown on Luria–Bertani (LB) agar plates containing
100 μg ml−1 ampicillin, 80 μg ml−1 X-Gal, and 0.5 μM
isopropyl-β-D-1-thiogalactopyranoside (IPTG) at 37°C for
15 h. Three hundred positive transformants (white clones)
were randomly picked from each library (about 3,000 white
clones), amplified with primers M13F (5′-GTAAAACG
ACGGCCAGT-3′) and M13R (5′-GGATAACAATTTCAC
ACAGGA-3′), and sequenced by Sunbiotech (Beijing, China)
for further confirmation.

Phylogenetic analysis

Based on the results of BLASTx, the reading frames were
identified for each xylanase gene fragment, and the DNA
sequences were translated into amino acid sequences by
EMBOSS Transeq (http://www.ebi.ac.uk/emboss/transeq) and
aligned using ClustalW software. Phylogenetic trees were
constructed with MEGA 4.0 (Tamura et al. 2007) using
neighbor-joining method (Saitou and Nei 1987). Confidence
for tree topologies was estimated by bootstrap values based on
1,000 replicates. Forty-two and 12 related sequences obtained
from the GenBank were selected and used as references for
GH 10 and 11 xylanase phylogenetic tree constructions,
respectively.

Cloning of xylanase genes from xylanolytic strains

Microorganisms were isolated from the alpine tundra soil
using an enrichment culture as described by Zhang et al.
(2008). Colonies were repeatedly picked up and streaked on
LB plates to achieve purity. Xylanolytic strains were
screened using the selective medium containing xylan as
the only carbon source and Congo red as the indicator of
the hydrolysis zone (Morosoli et al. 1986; Wood et al.
1988). Genomic DNA of each strain was extracted using a
genome-extracting kit (TIANGEN, Beijing, China) and
used as template for amplification of partial 16S rRNA
gene sequence. The taxa of these xylan-degrading strains
were determined by comparison of their 16S rDNA
sequences with those in GenBank.

Xylanase gene fragments of xylanolytic strains were
obtained following the same procedure as library construc-
tion with genomic DNA of these strains as template. The
amplified fragment of the appropriate size was ligated into
the pGEM-T Easy vector for sequencing. Flavobacterium
sp. LW53 showing the highest xylanolytic activity was
selected for full-length gene cloning and expression. The 5′
and 3′ flanking regions of the gene fragment were obtained
with the Genome Walking kit (TaKaRa) using thermal
asymmetric interlaced (TAIL)-PCR (Liu and Whittier
1995). The xylanase gene (xyn-fla) without the signal
peptide coding sequence was cloned into plasmid pET-
22b(+) and then transformed into E. coli BL21 (DE3)
competent cells for recombinant expression.

Enzyme expression, purification, and characterization

The positive transformant harboring pET-xyn-fla was
grown in LB medium containing 100 μg ml−1 ampicillin
at 37°C to an A600 of 0.6. Expression was induced by
0.8 mM IPTG at 30°C for 8 h. The recombinant xylanase
(Xyn-FLA) was purified to electrophoretic homogeneity
by ultrafiltration, ammonium sulfate fraction (40–70%
saturation), and ion exchange chromatography through a
HiTrap SP Sepharose XL 5-ml column (Amersham
Pharmacia Biotech, Uppsala, Sweden). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis was used to
determine the purity and apparent molecular mass of
recombinant Xyn-FLA. The protein concentration was
determined by the Bradford method (1976), using bovine
serum albumin as a standard.

Xylanase activity was determined by measuring the
release of reducing sugar from oat spelt xylan using the
3,5-dinitrosalicylic acid method (Miller et al. 1960). One
unit (U) of xylanase activity was defined as the amount of
enzyme that released 1 μmol of reducing sugar equivalent
to xylose per minute under standard conditions (pH6.5,
35°C, 10 min).
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The optimal pH for enzyme activity of the purified Xyn-
FLA was determined at 30°C in buffers of pH4.0 to 9.0.
The enzyme stability at different pH was estimated by
measuring the residual enzyme activity after incubating the
enzyme solution in buffers at pH2.0–10.0, 37°C for 1 h.
The buffers used were McIlvaine buffer (0.2 M Na2HPO4/
0.1 M citric acid) for pH2.5–7.5, 0.1 M Tris–HCl for pH
7.5–9.0, and 0.1 M glycine–NaOH for pH9.0–10.0. The
optimal temperature for Xyn-FLA activity was determined
over the range of 10–50°C in McIlvaine buffer (pH6.5).
The thermostability of the purified Xyn-FLA was deter-
mined after pre-incubation of the enzyme in McIlvaine
buffer (pH6.5) at 45°C and 50°C without substrate for
various periods.

The Km, Vmax, and kcat values for the purified Xyn-FLA
were determined using 1–10 mg ml−1 oat spelt xylan as the
substrate and measured in McIlvaine buffer (pH6.5) at 35°C.
The data were plotted according to the Lineweaver–Burk
method.

Nucleotide sequence accession numbers

The nucleotide sequences of GH 10 and 11 xylanase gene
fragments were deposited into the GenBank database under
accession numbers FJ527976–FJ528073 and FJ623403–
FJ623433, respectively. Accession numbers FJ614243,
FJ614245, FJ614246, and FJ614250 were assigned to the
16S rDNA sequences of isolated xylanolytic strains. The
nucleotide sequence of the full-length xylanase gene (xyn-
fla) from Flavobacterium sp. LW53 was given accession
number FJ797706.

Results

GH 10 and 11 xylanase-specific primers

Based on the conserved regions of GH 10 and 11 xylanases
(Fig. 1), we designed two primer sets to amplify xylanase
gene fragments: X10-F (5′-CTACGACTGGGAYGTNIBS
AAYGA-3′) and X10-R (5′-GTGACTCTGGAWRCC
IABNCCRT-3′), and X11-F (5′-AACTGCTACCTGKCNI
TNTAYGGNTGG-3′) and X11-R (5′-CCGCACGGACC
AGTAYTGNKIRAANGT-3′) (Y: C or T; R: A or G; W: A
or T; S: C or G; B: C, G, or T; N: A, C, G, or T; and I: inosine;
degenerate regions are underlined). Using X10-F and X10-R,
we obtained PCR products of the expected size from 15
representative xylan-degrading strains that served as tem-
plates. We also obtained PCR products of the expected size
from selected strains using degenerate primers X11-F and
X11-R. By sequencing and BLAST analysis, all of the
fragments were confirmed to be portions of GH 10 or GH 11
xylanase genes.

Sequence analysis

Gene fragments, about 260 bp for GH 10 xylanase and
210 bp for GH 11 xylanase, were amplified directly from
the soil DNA using touchdown PCR. Clone libraries for
each family (containing about 3,000 white clones) were
constructed and 10% clones were selected randomly for
further analysis. Of the 300 clones from library GH 10, 216
clones had an insert of the correct size, 147 clones showed
41–94% amino acid identity with known xylanases based
on BLAST analysis, and 96 clones showed sequence
divergence (sharing <95% identity; Electronic supplemen-
tary material—Table 1). Highly conserved residue of GH
10 xylanases (Solomon et al. 2007), Asn, was found at the
corresponding position of all protein sequences, which
varied from 84 to 102 amino acids in lengths. Of the 300
clones from library GH 11, 197 clones had an insert of the
correct size, 132 clones showed 57–95% identity with
known xylanases based on BLAST analysis, and 31 clones
showed sequence divergence (sharing <95% identity).
Highly conserved residue—Glu (catalytic residue) for GH
11 xylanases (Jeffries 1996; Wouters et al. 2001)—was
found in all of the protein sequences of 69–72 amino acids
in lengths (Electronic supplementary material—Table 2).
These results indicated that the clones from both libraries
were partial xylanase genes and some of them might be
novel.

Phylogenetic analysis

An unrooted protein-level phylogenetic tree for GH 10
xylanases was constructed using the 96 divergent sequences
(similarity <95%) from clone library and 42 reference
sequences from GenBank. All of the sequences were confined
into six clusters, denoted I, II, III, IV, V, and VI, indicating the
substantial diversity of GH 10 xylanases in alpine tundra soil
(Fig. 2). Many clades formed in the clusters with no reference
sequences suggested that these sequences might be novel.

Cluster I contained 32 sequences from clone library and 13
reference sequences of different genera of Actinobacteria, such
as Catenulispora, Acidothermus, Micromonospora, Jonesia,
Cellulomonas, and Streptomyces. This result indicated the
high diversity of xylanolytic Actinobacteria in alpine tundra
soil. There were 15 sequences in cluster II, and two sequences
(B33 and B69) were closely related with the xylanase from
extremely halophilic. A total of 17 sequences from clusters III,
IV, and VI were related to xylanases from Teredinibacter
turnerae, S. degradans, Sorangium cellulosum, and marine
gamma proteobacterium, suggesting that proteobacteria were
another predominant group of xylanolytic bacteria in this
environment. In cluster IV, 18 sequences closely related to the
reference sequence of Verrucomicrobiae bacterium were
found. Other sequences are related to xylanases from
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Bacteroides sp., Prevotella ruminicola, Flavobacterium sp.,
Paenibacillus barcinonensis, Clostridium thermocellum, and
Solibacter usitatu.

Thirty-one distinct partial sequences of GH 11 xylanase
(similarity <95%) were obtained from the clone library and
used to construct the unrooted phylogenetic tree with 12
reference sequences (Fig. 3). Three clusters formed based on
the high bootstrap values. No fragment containing introns
has been retrieved from the clone library. Nineteen sequences
shared the highest identity with xylanases from A. fumigatus,
Scytalidium acidophilum, Neurospora crassa, and H. jecor-
ina, and fell into clusters B and C. The other 12 sequences
fell into cluster A with sequences from Streptomyces
hygroscopicus, B. pumilus, Clostridium stercorarium, Rumi-
nococcus flavefaciens, and an uncultured bacterium.

Cloning and expression of xylanase genes from xylanolytic
strains

Four xylanolytic strains were isolated from the alpine tundra
soil of Tianshan Mountains using the Congo red method
(Wood et al. 1988). Based on 16S rDNA sequences, these
strains were classified into Bacillus, Paenibacillus, Flavo-
bacterium, and Streptomyces. Five GH 10 xylanase gene
fragments were amplified from the strains: one from Bacillus
sp. W1, one from Paenibacillus sp. W4, one from
Flavobacterium sp. LW53, and two from Streptomyces sp.
W3. The PCR products were sequenced and showed 75–
94% sequence identity to known xylanases in GenBank. The
gene fragments from Bacillus sp. W1 and Paenibacillus sp.
W4 shared 99% identity, and the others were distinct in
sequences (identity<95%). The gene fragments from xyla-
nolytic strains were compared with those cloned from soil
DNA, and two fragments from Flavobacterium sp. LW53
and Streptomyces sp. W3 were accounted for by the clones
B92 and B72 in GH 10 library, respectively (Fig. 2).

Flavobacterium sp. LW53 showed the highest xylanase
activity among the isolated strains at 15°C and was subjected
to xylanase gene cloning and expression. The full-length GH
10 xylanase gene of Flavobacterium sp. LW53 was obtained
by TAIL-PCR. The complete gene contained an open reading
frame of 1,110 bp encoding a polypeptide of 369 amino acid

Fig. 2 Phylogenetic analysis based on the partial amino acid
sequences of GH 10 xylanase genes detected in the soil DNA from
the Tianshan Mountains alpine tundra soil sample and their relation-
ship with the reference sequences retrieved from GenBank. This tree
was constructed using the neighbor-joining method (MEGA 4.0). The
lengths of the branches indicate the relative divergence among the
amino acid sequences. The reference sequences are marked with a
closed diamond with source strains and xylanase GenBank accession
numbers in parentheses. Gene fragments from isolated strains
corresponding to the clones in GH 10 library are marked with a solid
square. The numbers at the nodes indicate bootstrap values based on
1,000 bootstrap replications and bootstrap values (>50) are displayed.
The scale bar represents 0.1 amino acid substitutions per position

�
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residues with a typical signal peptide (residues 1–22). The
mature protein has a theoretical molecular weight of 39.5 kDa.
Sequence homology searches showed that the xylanase shared
the highest identity (82%) with a GH 10 xylanase from
Flavobacterium sp. MSY2 (Lee et al. 2006b). After expres-
sion in E. coli, the purified recombinant enzyme had a pH
optimum of 6.5 (Fig. 4a) and was stable at pH2.5 to 9.5
(Fig. 4b). The enzyme showed maximal activity at 35°C
(Fig. 4c), retaining 16% of the maximal activity even at 10°C,
but lost all activity after incubation at 50°C for 4 min
(Fig. 4d). Xyn-FLA exhibited substrate specificity to oat spelt
xylan (100%), beechwood xylan (86%), and birchwood xylan
(81%), respectively. Based on the Lineweaver–Burk plot, the

Km, Vmax, and kcat values were 2.75 mg ml−1,
625.3 μmol min−1mg−1, and 411 s−1, respectively, using oat
spelt xylan as the substrate at 35°C. These properties indicated
that this enzyme had some cold-related enzyme characteristics
(Siddiqui and Cavicchioli 2006).

Discussion

To explore xylanase diversity and distribution in nature, we
selected a cold environment in Tianshan Mountains. The
alpine tundra soil is characterized by unusual environmental
conditions such as long periods of low temperature,

Fig. 3 Phylogenetic analysis
based on the partial amino acid
sequences of GH 11 xylanase
genes detected in the soil DNA
and their relationship with the
reference sequences retrieved
from GenBank. This tree was
constructed using the neighbor-
joining method (MEGA 4.0).
The lengths of the branches
indicate the relative divergence
among the amino acid sequen-
ces. The reference sequences are
marked with a closed diamond
with source strains and xylanase
GenBank accession numbers in
parentheses. The numbers at the
nodes indicate bootstrap values
based on 1,000 bootstrap repli-
cations and bootstrap values
(>50) are displayed. The scale
bar represents 0.05 amino acid
substitutions per position
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frequent freeze-thaw, wet-dry cycling, and transient precip-
itation (Lipson and Schmidt 2004). Previous studies
revealed that the microbial biomass in tundra soil was very
rich and active (Brooks et al. 1998; Schadt et al. 2003;
Schmidt and Lipson 2004; Nemergut et al. 2005;
Wallenstein et al. 2007). Using culture-based methods,
more than 200 strains have been isolated from the alpine
tundra soil from Tianshan Mountains and about 20% of
them displayed diverse glycosyl hydrolase activities by
utilizing different carbon sources at low temperature (Zhang
et al. 2008). Since a large number of microorganisms are
hard to be cultured in laboratory due to the extreme harsh
conditions of tundra soils (Lipson and Schmidt 2004;
Nemergut et al. 2005), in this study, culture-independent
molecular approaches are developed to explore the xylanase
gene diversity in the alpine tundra soil.

Two sets of degenerate primers specific for GH 10 and
GH 11 xylanases were designed and used to amplify
xylanase gene fragments from the soil DNA. Sequence
analysis based on BLAST and conserved residues indicated
that all of the fragments represented partial GH xylanases.
A total of 129 distinct xylanase gene fragments were
obtained (Figs. 2 and 3), and most of them are novel,
showing low identities of <80% with known xylanases in
GenBank. Moreover, similarities among these amplified
partial sequences are low and distantly related based on
phylogenetic analysis. These results revealed that the

degenerate primers developed in this study are efficient to
amplify xylanase gene fragments from the environment
than the traditional methods (Sunna and Bergquist 2003;
Hayashi et al. 2005).

Microorganisms, mainly bacteria and fungi, are the key
agents involved in xylan degradation (Sunna and
Antranikian 1997). In this study, phylogenetic analysis of
GH 11 partial xylanase genes retrieved directly from soil
DNA (Fig. 3) showed that 61% (19/31) of GH 11 xylanase
sequences were related to those from Ascomycota, the
fungi dominant in tundra soils (Schadt et al. 2003). To our
surprise, all of the 96 fragment sequences of library GH 10
are closely related to those from bacteria (Fig. 2). Using the
primers X10-F and X10-R, we successfully cloned GH 10
xylanase gene fragments from fungi including Magna-
porthe sp., Neosartorya sp. (with intron), Penicillium sp.
(with intron), Phialophora sp. (with intron), and Gibberella
sp. (data not shown). The possible reason why we failed to
clone fungal GH 10 xylanase gene fragments from the soil
is that GH 10 xylanases from bacteria are predominant in
this environment and sequence from fungi was omitted
from the library. As a fact, there are far more bacterial GH
10 xylanase genes submitted to the GenBank database than
those from fungi.

Actinobacteria, Proteobacteria, Verrucomicrobia, CFB
group and Firmicutes are the main xylanolytic bacteria to
produce xylanases in the alpine tundra soil of Tianshan

Fig. 4 Properties of Xyn-FLA. a Effect of pH on Xyn-FLA activity.
Activities at various pH were assayed at 30°C. b pH stability of Xyn-
FLA. Residual activities after incubation at various pH were assayed
at pH6.5 and 35°C. c Effect of temperature on Xyn-FLA activity in

McIlvaine buffer (pH6.5). d Thermostability of Xyn-FLA. Residual
activity was assayed at pH6.5, 35°C after pre-incubation at 45°C and
50°C for different periods of time. The error bars represent mean ±
SD (n=3)
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Mountains based on the phylogenetic analysis (Fig. 2). It is
consistent with the conclusion of Lipson and Schmidt
(2004) that such bacteria are the main constituents of
microbial community in tundra soils. Soil actinomycetes
are one of the important degraders of organic matter in most
terrestrial habitats (Ball and McCarthy 1989). In this study,
more than 32% (32/98) of GH 10 xylanase gene fragments
were closely related to the xylanases from different genera
of Actinobacteria (Fig. 2), further confirming that Actino-
bacteria played important roles in the xylan degradation in
cold environment. Many clades without close relatives
suggested their novelty, which might be ascribed to the
large portion of unidentified microorganisms in this
environment (Nemergut et al. 2005; Costello and Schmidt
2006; Babalola et al. 2009). Two sequences (B33 and B69)
in cluster II (Fig. 2) are closely related to the xylanase from
extremely halophilic archaeon Halorhabdus utahensis,
suggesting the possibility of xylanase-producing Archaea
existing in this environment (Cavicchioli 2006).

Several cold-active xylanases from psychrotrophic or
psychrophilic microorganisms have been characterized
(Petrescu et al. 2000; Collins et al. 2002; Lee et al.
2006b; Guo et al. 2009). In this study, four xylanolytic
strains were isolated from the alpine tundra soil and a full-
length GH 10 xylanase gene was cloned from Flavobacte-
rium sp. LW53. The recombinant enzyme Xyn-FLA has a
temperature optimum at 35°C, 5°C higher than those of the
cold-active GH 10 xylanases Xyn10 from Flavobacterium
sp. MSY2 (Lee et al. 2006b) and XynA from marine
Glaciecola mesophila KMM 241 (Guo et al. 2009) but
lower than most of mesophilic xylanases (50–60°C), and
was thermoliable at mesophilic temperatures. Furthermore,
the recombinant enzyme Xyn-FLA showed a higher kcat/Km

value. Xyn-FLA has an apparent Km of 2.75 mg ml−1, Vmax

of 625.3 μmol min−1mg−1, and kcat of 411 s−1 at 35°C
toward oat spelt xylan while Xyn10 has an apparent Km of
1.8 mg ml−1, Vmax of 142 μmol min−1mg−1, and kcat of
100 s−1 at 20°C toward beechwood xylan. Xyn A from
Glaciecola mesophila has a kcat/Km of 10.79 ml mg−1s−1 at
30°C while Xyn-FLA has a kcat/Km of 149.45 ml mg−1s−1

at 35°C toward oat spelt xylan. These results indicated that
microorganisms in this cold environment did produce
xylanases with low-temperature properties. Further studies
on other xylanase genes will be conducted.

In summary, a culture-independent molecular method is
developed in this study to explore the diversity and
distribution of xylanase genes in alpine tundra soil. This
method is efficient to amplify gene fragments of distantly
related xylanases from a complex environment and might
be used in screening xylanase genes from clone library or
cloning xylanase genes from environment samples directly.
Our results indicated that even in a very cold environment
like alpine tundra soil, xylanases are very diverse with high

richness, and implied that the xylanolytic microorganisms
in situ is far more complex than we imagined. Our study
also drew an insight into the diversity and distribution of
xylanases in a cold environment, which is very meaningful
to understand their roles in xylan degradation in nature.
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