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Abstract Xylanases have received great attention in the
development of environment-friendly technologies in the
paper and pulp industry. Their use could greatly improve
the overall lignocellulosic materials for the generation of
liquid fuels and chemicals. Fungi are widely used as
xylanase producers and are generally considered as more
potent producers of xylanases than bacteria and yeasts.
Large-scale production of xylanases is facilitated with the
advent of genetic engineering. Recent breakthroughs in
genomics have helped to overcome the problems such as
limited enzyme availability, substrate scope, and opera-
tional stability. Genes encoding xylanases have been
cloned in homologous and heterologous hosts with the
objectives of overproducing the enzyme and altering its
properties to suit commercial applications. Owing to the
industrial importance of xylanases, a significant number of
studies are reported on cloning and expression of the
enzymes during the last few years. We, therefore, have
reviewed recent knowledge regarding cloning of fungal
xylanase genes into various hosts for heterologous
production. This will bring an insight into the current
status of cloning and expression of the fungal xylanases
for industrial applications.
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Introduction

Cellulose, hemicellulose, and lignin are the major compo-
nents of plant cell walls, with cellulose being the most
abundant component followed by hemicelluloses (Han et al.
2003; Khandeparker and Numan 2008). Plant biomass
comprises on average 23% lignin, 40% cellulose, and 33%
hemicellulose by dry weight (Sa-Pereira et al. 2003).
Biomass is an alternative natural source for chemical and
feedstock production (Kulkarni et al. 1999; Kumar et al.
2008). Annually, 830 Gt of renewable plant biomass is
formed consisting mainly of cellulose and hemicelluloses
(Rauscher et al. 20006).

Hemicellulose is composed of xylan as a major component
(Nair et al. 2008) that constitutes about 20—40% of total plant
biomass (Ninawe et al. 2008) and accounts for approximately
one third of all renewable organic carbon on earth (Prade
1996; Ning et al. 2008). Xylan is a heteroglycan having a
backbone made up of (3-1,4-linked D-xylopyranose residues
with substitutions of L-arabinofuranose, D-glucuronic acid,
and 4-O-methyl-D-glucuronic acid at 2’ and 3’ positions
(Wakiyama et al. 2008). It represents an immense resource of
biopolymers for practical applications accounting for 25—
30% of the dry biomass of woody tissues of dicots and
lignified tissues of monocots and occurs up to 50% in
some tissues of cereal grains (Moure et al. 2006). Xylan has a
high potential for conversion to useful end products.
Complete conversion of the hemicellulose requires the
action of several main-chain- and side-chain-cleaving
enzymes: endoxylanase (endo-1,4-3-xylanase, E.C.3.2.1.8),
-xylosidase (xylan 1,4-3-xylosidase, E.C.3.2.1.37), «-
glucuronidase (o-glucosiduronase, E.C.3.2.1.139), o-
arabinofuranosidase (o-L-arabinofuranosidase, E.C.3.2.1.55),
and acetylxylan esterase (E.C. 3.1.1.72; Choi et al. 2000).
Endo-3-1,4-xylanases catalyze the hydrolysis of the
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backbone of xylan to produce xylooligosaccharides, which
in turn can be converted to xylose by (3-xylosidase (Zhang
et al. 2007).

Based on amino acid sequence homologies and hydro-
phobic cluster analysis, xylanases have been grouped
mainly into two families of glycosyl hydrolases: family F
or GH10 and family G or GH11 (Jeffries 1996; Zhou et al.
2008). However, other glycoside hydrolase families, 5, 7, 8,
and 43, have also been found to contain distinct catalytic
domains with a demonstrated endo-1,4-3-xylanase activity
(Collins et al. 2005). Xylanases of family G are of low
molecular mass with p/ 8-9.5 compared to the family F
xylanases that are of high molecular mass with lower p/
values (Buchert et al. 1994). The optimum pH for xylan
hydrolysis is around 5 for most fungal xylanases, whereas
pH optima of bacterial xylanases are generally slightly
higher (Yu et al. 1987). The xylanases and cellulases
together with pectinases account for about 20% of the
world enzyme market (Polizeli et al. 2005).

Nature is abound with bacteria and fungi that can
produce cell wall-degrading enzymes to solubilize the
complex components to simple molecules for completing
the carbon cycle. Most of the microorganisms isolated from
soil/waste/composting waste material are capable of pro-
ducing a spectrum of cell wall-degrading enzymes (Badhan
et al. 2007). Filamentous fungi have been used for more
than 50 years in the production of industrial enzymes
(Dalboge 1997). They are widely used as xylanase
producers and are generally considered as more potent
xylanase producers than bacteria and yeasts (Polizeli et al.
2005; Pedersen et al. 2007) that secrete much higher
amounts of xylanolytic enzymes into the medium than
bacteria or yeast (Bergquist et al. 2002; Fang et al.
2008). Species of fungi genera that are known to produce
xylanases include Aspergillus, Disporotrichum, Penicillium,
Neurospora, Fusarium, Chaetomium, Trichoderma, etc.
(Kulkarni et al. 1999; Mach and Zeilinger 2003; Saleem
et al. 2008). However, xylanases are produced mainly by
Aspergillus and Trichoderma on the industrial scale
(Fengxia et al. 2008).

Cloning of fungal xylanase genes

Introduction of recombinant DNA technology has resulted
in the selection of xylanolytic enzymes that are more
suitable for industrial applications (Sunna and Antranikian
1997; Beg et al. 2001). The main challenges for recombi-
nant DNA technology in xylan bioconversion are: produc-
tion of xylanolytic systems free of cellulolytic enzymes and
the improvement of fermentation characteristics of the
industrially important organisms by introducing genes for
xylanase and xylosidase (Biely 1985).
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It is difficult to obtain a pure form of a particular enzyme
from a fungal preparation. Recombinant DNA technology
can be applied with more success for this purpose (Korona
et al. 2006). Genes encoding xylanases have been cloned in
homologous and heterologous hosts with the objectives of
overproducing the enzyme and altering its properties to suit
commercial applications (Baba et al. 1994; Jamil et al.
2005). A number of genes of industrially important
enzymes have been cloned and expressed for enhanced
production of enzymes, improvement in substrate utiliza-
tion, and other commercially useful properties (Chand and
Mishra 2003).

Cloning in Escherichia coli

Escherichia coli has been widely used for cloning of genes
and for heterologous expression of recombinant proteins
including xylanases from fungi (Table 1). This is mainly
due to the ease of DNA cloning, wide choice of cloning
vectors, overproduction of recombinant enzymes, and in
many cases, secretion of heterologous proteins from E. coli
into the culture medium to avoid the difficulties associated
with purification of the protein from their natural hosts.
E. coli expression systems have long been used for the
production of recombinant proteins either intracellularly or
extracellularly (Baneyx 1999; Mergulhaoa et al. 2005;
Sorensen and Mortensen 2005). The main limitation of
using E. coli as expression host is that not every protein is
secreted efficiently. Overexpression of recombinant
enzymes in E. coli allows the engineering of the enzymes
for the study of structure—function relationship by site-
directed mutagenesis, as well as improvement of the
enzyme properties using directed evolution technology
(Alcalde et al. 2006; Kaur and Sharma 2006).

Gene isolation

The cloning of genes depends on the construction of DNA
libraries followed by expression of the genes. Isolation and
expression of the fungal genes in E. coli is mainly done by
construction of cDNA libraries. The cDNA is synthesized
from RNA isolated from xylanase-induced cultures of
fungi, as xylanases are induced and expressed in the
presence of certain carbon sources, while repressed in the
presence of others (Ilmen et al. 1996, 1997; Ahmed et al.
2005; Saadia et al. 2008). It is cloned mainly in plasmids or
bacteriophage lambda vectors and transformed in E. coli.
The cDNA libraries are screened for the isolation of
xylanase genes by different methods such as radiolabeled
probe or antibody screening or by detecting specific activity
of the corresponding enzyme. The probes for the screening
of the libraries are generated by polymerase chain reaction
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(PCR) amplification of a partial gene sequence with the
help of degenerate primers commonly generated on the
basis of N-terminal sequence and highly conserved region
of the corresponding enzyme. Xylanase genes from
Penicillium purpurogenum (Diaz et al. 1997) and Aureo-
basidium pullulans (Li and Ljungdahl 1994) were isolated
by screening of the libraries with biotin-labeled probes. A
xylanase gene was isolated from Cochliobolus sativus by
screening a cDNA library with *?P-labeled probe (Emami
and Hack 2001). Schlacher et al. (1996) isolated a xylanase
gene from Thermomyces lanuginosus by screening with
rabbit antixylanase antiserum. A more direct way to isolate
xylanase genes is by PCR and reverse transcription
polymerase chain reaction (RT-PCR). A full-length endo-
1-4-B-xylanase gene was amplified from Aspergillus cf.
niger by RT-PCR (Krisana et al. 2005). The forward
primer was designed from the nucleotide sequence of an
endoxylanase B from Aspergillus species, and the reverse
primer from oligo(dT) flanked region. Zhou et al. (2008)
isolated a part of the xynll gene from Aspergillus usamii by
RT-PCR and employed 5'-rapid amplification of cDNA
ends approach to obtain the full-length gene.

The xynA gene from A. pullulans and T lanuginosus
encoded the xylanases with 221 and 225 amino acids,
respectively. The endo-1,4-3-xylanase gene from Aspergillus
niger also corresponded to a protein with 225 amino acids.
The xynB gene from P. purpurogenum encoded 208 amino
acid residues for the enzyme. The calculated molecular mass
of the mature enzyme was 19.3 kDa that was lower than the
value estimated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis analysis (~23 kDa) might be due to
glycosylation of the mature enzyme. The cDNA sequence
obtained from C. sativus was predicted to code for the Xyl2
polypeptide with a molecular mass of 25 kDa.

Noncoding regions of xylanase genes

The genomic libraries are used to isolate full-length gene
and to find out the number and positions of introns within
the genes. Analysis of the 5’ noncoding regions of the genes
also help in unraveling the mechanism of induction of
xylanase biosynthesis by cellulosic and xylanosic sub-
strates. Kimura et al. (2000) isolated a xyn4 gene from the
genomic library of Penicillium sp. 40 constructed in
pBluescript II KS(+). The library was screened with a
digoxigenin-11-dUTP-labeled probe. The gene appeared to
be 721 bp long interrupted by a single intron of 58 bp. The
open reading frame (ORF) of the gene was predicted to
encode 221 amino acid residues. Analysis of the noncoding
region of the gene revealed a TATAAA sequence at 89 bp
upstream from the translation initiation site. Sequences
similar to the binding sites for transcriptional factors XInR
(transcriptional activator/regulator for xylanolytic enzymes)
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and CreA (catabolite repressor protein) were also identified.
Ogasawara et al. (2006) characterized a xylanase gene,
xyn3, isolated from genomic libraries of Trichoderma reesei
constructed in E. coli XL1-Blue MRA (P2). They found
three introns in the gene. The 5’ noncoding region of the
gene contained the TATA box, CCAAT box, and binding
sequences for ACEI, ACEIIl, and CREI. The 3’ end
noncoding region had the AATAAA polyadenylation site.
Characterization of the noncoding regions of the gene and
deletion analysis of the xyn3 promoter helped to investigate
the mechanism of xylanase induction and repression under
different carbon sources. Comparison of the cDNA and
genomic DNA clones for xynd gene from A. pullulans
revealed that a single intron of 59 bp was present in the
gene (Li and Ljungdahl 1994). The xynd gene from T
lanuginosus was interrupted by a single 106-bp long intron
(Schlacher et al. 1996). The 5’ noncoding region of the
gene also had conserved TATAAA and CCAAT sequences
89 and 202 bp, respectively, upstream of the translation
initiation codon. The xynll gene from A. wusamii also
contained one short intron (Zhou et al. 2008).

Detection of xylanase activity

The xylanase activity in E. coli cells transformed with the
xylanase genes is detected on agar plates by the Congo red
method of Teather and Wood (1982). Halos around the
extracts from transformed cells showed xylanase activity.
Alternatively, xylan covalently linked with remazol brilliant
blue (RBB-xylan) was used to detect the xylanase activity
in the transformed cells (Basaran et al. 2001). Xylanase
activity is also detected by Western blot analysis using
antibodies raised against the xylanase (Diaz et al. 1997).

Expression in E. coli

cDNA clones of the fungal xylanases are expressed in E.
coli as intron processing is absent in the host. In many
cases, the recombinant xylanases expressed in E. coli
accumulate in the cytoplasm or periplasm (Schlacher et al.
1996), although extracellular activity has also been reported
(Karlsson et al. 1998; Ebanks et al. 2000). Level of gene
expression depends on the efficiency of transcription that is
a function of the promoter sequence (Youderian et al.
1982). Several expression vectors and host strains are
available for heterologous gene expression in E. coli.
Eukaryotic genes are usually not expressed in E. coli due
to the lack of a functional promoter. Basaran et al. (2001)
expressed a 3-xylanase from Pichia stipitis under its own
promoter in E. coli, although the enzyme activity was
significantly lower (4 U mg ') compared to the activity
from the parent strain (30 U mg ). pET expression vector
systems are among the most effective means of expression
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of recombinant proteins in E. coli. Cloned genes are
expressed under the control of a bacteriophage T7 promoter
which remains silent until the expression of a chromosomal
copy of T7 RNA polymerase gene in E. coli is induced
(Studier and Moffatt 1986). Zhou et al. (2008) cloned the
xynll cDNA of A. usamii into the pET-28a(+) expression
vector and transformed into E. coli BL21-Codon plus
(DE3) RIL. They obtained maximum activity of 49.4 U
mg ' from cellular extracts of E. coli BL21-Codon plus
(DE3) RIL harboring pET 28a::xynll after induction with
isopropyl [3-D-1-thiogalactopyranoside (IPTG). The recom-
binant protein also had His-tag for further purification. A 3-
xylanase gene, xyn2, from T. reesei was also expressed in E.
coli using the pET expression vector (Jun et al. 2008) with
expression level up to 650 U mg'. The fac promoter is also
used in some vectors for enhanced expression. An RT-PCR
amplified xynlll gene from 7. reesei was cloned in the
pAG9-3 vector under tac promoter and expressed in E. coli
IM109 with IPTG induction (Ogasawara et al. 2006). The
enzyme activity detected in the cellular extract was very
low (26 mU mL™" medium). However, when the inclusion
bodies were refolded in 8 m urea solution, the XynlIl
activity raised to about 500 times higher (13.2 U mL™
medium) compared to the soluble supernatant. The enzyme
activity may be enhanced by modification of the
corresponding genes. Xue et al. (1995) isolated a xyn4
gene from anaerobic fungus Neocallimastix patriciarum
and modified it for high-level expression in E. coli,
accounting for approximately 25% of the cellular proteins.

Recombinant xylanases

E. coli is generally used as a cloning host for fungal xylanases
due to lower expression levels that may be due to the fact that
enzyme activity is mostly associated with the cells rather than
secretion in the culture medium. Absence of post-translational
modifications may also be a reason for the low levels of
activity of the resulting xylanases (Wong et al. 1988). Lack of
glycosylation in E. coli is an important factor that accounts
for lower affinity of the enzyme with substrate and decrease
in stability of the enzyme. The recombinant nonglycosylated
XynA expressed from E. coli showed three-fold lower
affinity for the substrate and tenfold lower V.., compared
to the glycosylated enzyme isolated from P, stipitis (Basaran
et al. 2001). The recombinant enzyme was also less stable
than the native xylanase at the same temperature. The
recombinant Xyn2 expressed in E. coli, however, had
improved thermostability and was active over a wider range
of pH compared to the native enzyme from 7. reesei (Jun et
al. 2008). The apparent K, and k., for the recombinant
Xyn2 were also higher than the native enzyme.

Suitable fermentation strategies need to be developed for
the use of E. coli as a production host of xylanases at the

industrial level. Although several yeast and fungi are used
as expression hosts for fungal xylanase gene expression, .
coli will continue to be used as a cloning host, since it
provides a convenient way for elucidation of primary
structure of the enzymes that may lead to the improvements
in the enzyme characteristics by point mutations and by
protein engineering approach.

Cloning in yeast
Cloning in Saccharomyces cerevisiae

Several fungal xylanase genes have been cloned and
expressed in Saccharomyces cerevisiae (Table 2). It is an
attractive host for the expression of heterologous proteins
(Das and Shultz 1987) including [3-xylanases (Romanos et
al. 1992). It provides an efficient post-translational process-
ing such as glycosylation, proper folding of the proteins,
proteolysis, etc. (Innis et al. 1985; Sa-Pereira et al. 2003).
Another advantage of S. cerevisiae as a host is that it
secretes only a few proteins; therefore, purification of the
expressed proteins is easier (Das and Shultz 1987).

Xylanase genes for expression in S. cerevisiae

The expression of fungal xylanase genes in S. cerevisiae is
achieved mainly by cloning cDNA obtained by RT-PCR.
Presence of introns in the genes hinders their heterologous
expression in yeast due to lack of proper splicing of introns
(Moreau et al. 1992). Li and Ljungdahl (1996) compared
the xylanase activity of S. cerevisiae clones expressing the
gene xynAd from A. pullulans. Significantly higher level of
xylanase expression was found from the yeast transformed
with the xynd gene without intron (26.2 U mL™") compared
to the expression from the gene with intron (16.7 U mL ™).
Chavez et al. (2002) made the first successful attempt to
express the xynd gene isolated from the genomic DNA
library of P. purpurogenum in S. cerevisiae. The xynAd gene,
including its eight introns, was integrated into the yeast
genome and spliced correctly. The recombinant clone was
expressed and secreted in culture supernatant of S.
cerevisiae under transcriptional control with glucose acting
as repressor and xylose or xylan as inducers. Presence of
binding site for XInR (xylanolytic activator protein) and
three binding sites for CreA (catablite repressor protein)
upstream of the start codon might be responsible for this
control (van Peij et al. 1998). The 5’ noncoding region of
other fungal xylanase genes has also been studied and
similar sites were found (Ito et al. 1992; Ohta et al. 2001).
The xynl gene from Cryptococcus flavus, when expressed
in yeast, was induced in the presence of xylose and
repressed in the presence of glucose (Parachin et al. 2009).
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Reference

Characteristics of the recombinant enzyme

(pH, temperature, K., Vinax) [secretion
level, enzyme activity] {stability}

Molecular mass
of the recombinant
enzyme (kDa)

Host

Vector

Gene

Table 2 (continued)
Source organism

@ Springer

1996

[1,200 nkat mL ! with ADH?2 promoter;
160 nkat mL™" with PGKI promoter]

{79% at 50°C after 60 min}

cerevisiae Y294

La Grange et al.

2001

[1,577 nkat mL™" xylanase only]

Saccharomyces

URA3-based

xyn2

Trichoderma reesei QM6a

cerevisiae Y294

multicopy

shuttle vectors

[860 nkat mL ™' xylanase activity when

coexpressed]

xinD

Aspergillus niger ATCC
90196 (coexpression)

(xylosidase)

Promoters in S. cerevisiae

The xylanase genes are generally expressed in S. cerevisiae
under glycolytic promoters, such as alcohol dehydrogenase
I and I (4ADHI and ADHII) and phosphoglycerate kinase
(PGK), that are the most powerful promoters of S.
cerevisiae (Romanos et al. 1992). ADHII is an inducible
promoter and is almost undetectable when the yeast is
grown on sugars like glucose or galactose, but derepressed
to significantly higher levels of xylanase expression when it
is grown on nonfermentable sugars at concentrations lower
than 1% (La Grange et al. 1996). Inducible expression of
xylanase genes under ADHII promoter was also found by
Luttig et al. (1997). La Grange et al. (2001) coexpressed the
xylosidase gene (x/nD) from A. niger and xyn2 gene from T.
reesei under the ADHII promoter in S. cerevisiae. La
Grange et al. (2000) also coexpressed a Bacillus pumilus 3-
xylosidase gene with the 7. reesei 3-xylanase gene in the
yeast under the same promoter. The PGKI is a strong
constitutive promoter that can give a high level of
expression constituting 4% to 10% of the total soluble
proteins (Hitzeman et al. 1982). This promoter is also used
for xylanase gene expression in the yeast (Crous et al.
1995; Parachin et al. 2009). La Grange et al. (1996),
however, obtained significantly less xylanase activity with
the PGKI promoter (160 nkat mL™') compared to the
enzyme activity under the ADHII promoter (1,200 nkat
mL"). The promoters of the galactose-regulated genes
(GAL) are among the most powerful tightly regulated
promoters of S. cerevisiae (Romanos et al. 1992) and have
also been used in xylanase gene expression (Li and
Ljungdahl 1996). Another yeast promoter, glyceraldehyde-
3-phosphate dehydrogenase (GPD), is also employed for
the expression of the xylanase genes in S. cerevisiae (Ito et
al. 1992). The actin gene promoter with constitutive
expression has also been reported by Perez-Gonzalez et
al. (1996) for the expression of xylanase genes from A.
nidulans in S. cerevisiae.

Terminators of transcription

Effective termination of transcription is also needed for
maximal gene expression. The ADH2 and PGKI termina-
tors are among the most commonly used termination
signals in the expression cassettes expressing xylanase
genes in S. cerevisiae (Luttig et al. 1997; La Grange et al.
2000; Parachin et al. 2009).

Secretion of xylanases from S. cerevisiae
Efficient secretion of the enzymes is necessary for

achieving maximal expression from the yeast cells and for
correct folding and stability of the proteins. Most of the
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secreted yeast proteins have hydrophobic short signal
peptides at the N-terminal regions of protein precursors
that are cleaved off by specific peptidases during the
secretion process (Li and Ljungdahl 1996). The leader
peptides translocate the proteins to the endoplasmic
reticulum from where these are mostly glycosylated. (3-
Xylanase (La Grange et al. 1996) and XynA (Li and
Ljungdahl 1996) secreted from S. cerevisiae were hyper-
glycosylated compared to the enzymes secreted from their
parent hosts. Li and Ljungdahl (1996) compared the
efficiency of a native XynA signal peptide from A4.
pullulans with the two most commonly used signal peptides
(invertase and «-factor) from S. cerevisiae. They found
similar levels of xylanase-specific mRNA in Northern blot
analysis; however, the XynA signal peptide was found
more capable of translocating xylanase out of the yeast cells
compared to the S. cerevisiae signals.

Detection of xylanase activity

LEU2 or URA3 are generally used as selectable markers for
the S. cerevisiae transformations. The yeast strains trans-
formed with the plasmids containing the complementing
functional genes have been found to grow on uracil-deficient
(La Grange et al. 1996; Perez-Gonzalez et al. 1996; Luttig et
al. 1997) or leucine-deficient (Chavez et al. 2002; Parachin
et al. 2009) medium. The FURI gene of §. cerevisiae
encoding uracil phosphoribosyl transferase is disrupted;
hence, uridine-5-phosphate cannot be synthesized. Such
recombinant strains are transformed with the yeast vectors
containing the URA3 gene for uridine-5-phosphate. The
recombinant clones growing on the uracil-deficient or
leucine-deficient plates are tested for xylanase activity by
plate assay either by using oat spelt xylan or 4-O-methyl-D-
glucurono-D-xylan-RBB-xylan as substrate. The positive
transformants show clear halos around the colonies.

Although secretion levels of xylanases from other yeasts
are found higher than from S. cerevisiae (Muller et al. 1998),
it can be used as a producer of xylanases at the industrial
level due to some attributes. It cannot degrade cellulose or
other polymers in wood, thus (3-xylanases produced from
the recombinant strains are free from contaminating
cellulases, important for use in paper industry (La Grange
et al. 1996). S. cerevisiae can be grown on inexpensive
culture media to produce [3-xylanases, thus economical for
industrial production. The pH and temperature optima for
the recombinant (3-xylanases produced by S. cerevisiae are
also found suitable for their use in many industries.

Cloning in Pichia pastoris

Pichia pastoris is able to perform many eukaryotic post-
translational modifications and, thus, is considered as an

excellent host system for heterologous protein expression
(Cheng et al. 2005). Heterologous gene expression by
P pastoris is a useful alternative when scaling up to
industrial process (Berrin et al. 2000) and has several
advantages over S. cerevisiae as a host for heterologous
expression because of high secretion efficiency, high cell
densities attained in inexpensive culture media, and the
relative ease of scale up of industrial process (Cregg 1999).
It is a particularly attractive expression host due to the
availability of strong and regulatory promoters that are
involved in methanol metabolism (Gellissen 2000; Tsai and
Huang 2008).

Promoters in P. pastoris

P, pastoris is a methylotrophic yeast capable of metabolizing
methanol. The enzymes involved in methanol metabolism
are present at substantial levels only when the cells are
grown on methanol (Cereghino and Cregg 2000). Alcohol
oxidase (AOX) is the enzyme that catalyzes the first step in
the methanol utilization pathway (Egli et al. 1980). It is
encoded by two genes in P. pastoris: AOXI and AOX2. The
AOXI gene accounts for the majority of AOX activity in
the cell (Cregg et al. 1989). 4OX1, therefore, is a promoter
of choice by most researchers for the expression of
xylanase genes in P. pastoris as it gives high levels of
xylanase expression under methanol induction. Ruanglek et
al. (2007) could achieve an enzyme activity of 3,676 U mL ™"
for the gene product of xy/B from A. niger when expressed
under AOX! in P pastoris. In fact, this is the highest
expression of any recombinant xylanase expressed from P,
pastoris reported so far. Similarly, Cheng et al. (2005) and
Chantasingh et al. (20006) also attained high xylanase activity
(3422 U mL™" and 238.5 mg mL ", respectively) under
this promoter (67-fold and four-fold higher recombinant
xylanase activity, respectively, compared to the native fungal
xylanases). However, this promoter may not be suitable
under certain industrial applications. For instance, it is not
appropriate to use methanol for the induction of genes in the
food industry due to its toxicity. Moreover, it may be a
potential fire hazard in large-scale fermentations. A consti-
tutive GAP (glyceraldehyde-3-phosphate dehydrogenase)
gene promoter has been employed successfully for the
xylanase gene expression in P. pastoris by some workers
(Lee et al. 2005; Deng et al. 2006; Cao et al. 2007). Deng et
al. (2006) obtained 50-fold increase in XynB expression
under this promoter compared to the expression of the
enzyme by the native species 4. niger.

Vectors for P. pastoris

The expression vectors for xylanase gene expression in
P. pastoris are designed as E. coli/P. pastoris shuttle vectors

@ Springer



Appl Microbiol Biotechnol

having origin of replication and selection markers for
propagation in both of the hosts (Cereghino and Cregg
2000). A shuttle vector pPICZxA is the vector of choice by
most of the workers and contains tightly regulated 40X/
promoter and the S. cerevisiae «-factor secretion signal
(Ruanglek et al. 2007). The xylanase genes under GAP
promoter are expressed in the pGAPZxA vector (Deng et
al. 2006). Another vector, pPIC9, has promoter and
terminator of 40X1 gene, «x-M signal peptide sequence
(see also the “Secretion of xylanases from P. pastoris”
section) and HIS4 selectable marker (Wakiyama et al.
2008). Wu et al. (2006) incorporated Hisgtag in the pPICH
vector to facilitate purification of the Xyl6 by one-column
chromatography.

Transformation and detection of xylanase activity

The vectors with cloned xylanase genes are mostly trans-
formed into host strains by electroporation, although
spheroplast and polyethylene glycol (PEG)-mediated trans-
formations are also reported (Berrin et al. 2000; Zhang et al.
2007). The P. pastoris strain GS115 (his4) has a mutated
HIS4 gene that allows for the selection of the corresponding
expression vectors (pPIC and pHIL series). Most of the P,
pastoris strains have Mut' (methanol utilization) pheno-
type; however, His Mut® (methanol utilization slow) pheno-
type transformants have also been used for xylanase
expression (Berrin et al. 2000; Liu et al. 2006; Sun et al.
2007). Other P. pastoris strains for xylanase gene expression
are KM71, KM71H, and X33 that accommodate pPICZxA
and pGAPxA vectors with zeocin-resistant gene as selection
marker. The integration of the xylanase gene into the genome
of P pastoris is determined by PCR. The positive trans-
formants for xylanase activity are tested on agar plates
containing RBB-xylan or Congo red staining (Boonyapakron
et al. 2005; Damaso et al. 2003; Lee et al. 2005; Zhang
et al. 2007).

Secretion of xylanases from P. pastoris

Secretion of heterologous proteins to culture medium serves
as a substantial step in their purification and further
utilization. Secretion level of the endogenous proteins is
very low in P. pastoris. Therefore, secretion signals are
added to the N terminus of the heterologous proteins
expressed in the yeast. Alpha mating factor («x-MF) signal
peptide from S. cerevisiae is the most widely used secretion
signal for xylanase expression from P. pastoris. It consists
of a 19-amino acid (pre)sequence followed by 66-residue
(pro)sequence (Kurjan and Herskowitz 1982). Three N-
linked glycosylation sites and a Kex2 endopeptidase
processing site are present on the (pro)sequence. Other S.
cerevisiae secretion signals such as acid phosphatase

@ Springer

(PHOI; Tanaka et al. 2004) and sucrose-proton symporter
2 (SUC2; Berrin et al. 2000) have also been used efficiently
for the secretion of xylanases in the yeast. Native leader
sequences of fungal xylanases also deliver high secretion
levels of the enzymes from P pastoris. The activities of
Xyn6 and XynB from A. niger secreted from P. pastoris
were 73% and 89% lower with o-MF signal peptide
compared to their native secretion signals, respectively
(Korona et al. 2006). The amount of recombinant Xynl
secreted into the culture medium of P. pastoris under the
native signal was found comparable to that secreted with
«-MF signal peptide and two-fold higher than that secreted
by PHOI signal peptide (Tanaka et al. 2004). The use of
native secretion signals allow for correct processing of the
proteins because the accordance of the ORF of mature
proteins and foreign leader peptides is not required, if
native signals are used (Korona et al. 2000).

Characteristics of the recombinant xylanases

The recombinant xylanases expressed from P pastoris
generally exhibit similar or even better characteristics
compared to the enzymes produced from native species. It
serves as an excellent mesophilic host for the expression of
thermophilic xylanases. A thermostable xylanase from 7
lanuginosus showed similar thermostability when expressed
in P. pastoris (Damaso et al. 2003). Similarly, the recombi-
nant xylanases expressed by Cheng et al. (2005) exhibited
high optimal temperature and thermostability. The recombi-
nant xylanase from Thermomonospora fusca also showed
higher optimal temperature; however, it was less stable than
the native enzyme (Sun et al. 2007). Many of the
recombinant xylanases had optimal pH in acidic range
(Table 2). The acidophilic stability of the enzymes is of
significance for their use in animal feeds that must survive
transit through the stomach having low pH (<3.0). The
recombinant xylanase expressed by Liu et al. (2006) not only
showed high activity at low pH, but was also found stable
over a broad pH range compared to the native xylanase.
Specific activity and kinetic parameters of the recombinant
xylanases expressed in P. pastoris also closely resembled
their native counterparts (Balaa et al. 2006; Berrin et al.
2000; Liu et al. 2006). P. pastoris, therefore, has been proven
to provide much higher expression of xylanases with
comparable or better characteristics favorable for their use
in industry.

Cloning in Pichia stipitis

P stipitis has also been reported as a cloning and expression
host for xylanase genes from various fungi. Indigenously,
P. stipitis produces low levels of xylanase activity.
However, the xylanase genes from 7. reesei and Aspergillus
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kawachii showed high levels of expression when expressed
in P. stipitis under the transcriptional control of inducible
P stipitis xylose reductase gene (XYLI) promoter (Den
Haan and van Zyl 2003). Coexpression of the xylanase
genes with (3-xylosidase gene from A. niger enhanced the
xylanolytic activity to a significantly high level.

Cloning in fungi

Filamentous fungi are attractive hosts for protein expression
because of their natural ability to secrete large amounts of
proteins into the medium. Fungi that dominate the market
as expression hosts are A. niger, Aspergillus oryzae, and
T reesei. Most of the xylanase genes have been expressed
in fungi under homologous system.

Cloning in Aspergillus

Currently, there are only a few reports on heterologous
production of fungal xylanases in Aspergillus (Table 3).

Cloning in Aspergillus oryzae

The xylanase genes from A. oryzae have been cloned and
expressed mainly to control the browning of soy sauce
(Kitamoto et al. 1998; Kimura et al. 2002). The xynF'l gene
was overexpressed under a strong 4. oryzae TEFI gene
promoter that gives high expression levels even in the
presence of glucose (Kitamoto et al. 1999). Another A.
oryzae promoter, P-No 8142, is reported to be a strong
promoter that is also activated in the presence of glucose.
The xynF3 (Kimura et al. 2002) and xynG2 (Kimura et al.
1998) genes were expressed under this promoter and the
products were secreted with the help of the native signals.
XynF1, XynF3, and XynG2 homologously expressed in
A. oryzae had characteristics similar to other fungal
xylanase. The characteristics of the recombinant xylanases,
together with high secretion levels, make the expression
system attractive for the industrial production of the
enzymes. Promoters of the genes xynFl and xynF3 were
analyzed by Kimura et al. (2002). The xynF'l gene was
induced in the presence of xylan and repressed in the
presence of glucose, whereas no such induction/repression
mechanism was found for xynF3. Sequence analysis of the
5" noncoding region of the xynF'/ gene revealed XInR and
CreA consensus binding sites that might be responsible for
the induction/repression of the gene. No such sequence
could be found for the xynF'3 gene. Similar binding sites
were also found in the 5’ noncoding region of the xynG2
gene (Kimura et al. 1998). Introduction of multiple copies
(64) of the xynF1 gene promoter in the promoter region of
the xylanase gene in A. oryzae titrated the transacting

regulatory proteins that led to repression in the xylanase
activity (Kitamoto et al. 1998).

Cloning in A. niger

A. niger is an attractive organism for homologous and
heterologous expression of genes due to its capacity to
produce and secrete large amounts of proteins (up to 30 g L")
in the culture medium (Hessing et al. 1994). The xyn2 and
egll genes of T reesei were successfully expressed in A.
niger D15 under the transcriptional control of the
glyceraldehyde-6-phosphate dehydrogenase promoter from
A. niger and glaA terminator of Aspergillus awamori (Rose
and van Zyl 2002). The Xyn2 enzyme showed the highest
activity at pH5-6 and temperature 50-60°C and retained
more than 75% of its activity after 3 h of incubation at 50°C.
Levasseur et al. (2005) cloned xynB cDNA of A. niger under
the control of the strong and constitutive glyceraldehyde-3-
phosphate dehydrogenase (gpdA) gene promoter from
Aspergillus nidulans. A signal sequence and prosequence
were present in the cDNA for secretion of the gene. The
recombinant plasmids were transformed into 4. niger D15
for homologous expression. The uridine prototype trans-
formants (pyrG') were selected on selective medium.
Maximum xylanase activity of 625 U mL™" was detected
on day 6 by the best transformant. Conclusively, the
homologous gene expression in 4. niger was found to be
highly efficient with 6 days incubation time, compatible
with fast and large-scale production of enzymes. The kinetic
parameters of the recombinant xylanase also favor their
subsequent use in industrial processes. The xynB gene from
Phanerochaete chrysosporium yielded the highest (4.5-fold)
xylanase activity compared to the expression of the xynAd
and xynC genes in A. niger (Decelle et al. 2004). Resistance
to high temperatures, stability over a wide pH range, and
relatively higher substrate specificity of the XynB makes it a
potential candidate for use in the biobleaching process.

Cloning in Aspergillus nidulans and Aspergillus awamori

A. nidulans is also used as a host for the heterologous
expression of xylanase genes. The xylanase genes were
introduced into A. nidulans G191 by transformation with
the Neurospora crassa pyr4 gene as a primary selection
marker. The cgx4 gene from C. gracile (Yoshino et al.
1995) and xynGI from A. oryzae (Kimura et al. 1998),
when expressed under their own promoters in A. nidulans,
showed similar induction/repression in the presence of
xylan and glucose as discussed above for xynFI gene
expressed in 4. oryzae (Kimura et al. 2002). The cgxB gene
appeared to be expressed constitutively under its own
promoter in 4. nidulans. Xylanase activity (up to 40-fold)
was enhanced by the introduction of multiple copies of

@ Springer



Appl Microbiol Biotechnol

urens jueynu TAX

€661 Te 10 [ody 80T WNU0qInd SNj0qoNYI07) 191004 [14x WNUOQ.IDD SNjOqo1YI0)
9661 UOHEM urens jueinu TAX OAHd €14x
pue proyyug-fody WNU0qInd SNJ0qo1YI07) 7-LedT1Xd Z14x WNUOq.Ivd> SNjOqoIYI0)
[,_Tur yeu 000°01] STI6L-A-LLA
[,_Tw 1exu 008°¢] 122201V
[, Tur yexyu 0oL €] 1TLTONTY
€661 [ 10 uduIR[RIRRS 125224 DULIDPOYILL] 610nd 9duosonigd Jujx 125224 DULIDPOYILL]
(™) ;S 00L'T-0ST'T
L00T Te 1@ I'T (12A9] uON21998) 1 Sw oS 8T 0€-D MY 125924 DULIDPOYILL] D¢l1d pudx 7-0d “ds saodwourd.i)
[T yequ 0oL°TT *,_T Sw 00¢]
7007 ‘Te 19 eLeq op (Do0L “59) 1ddH 125924 DULIDPOYILL] NAHd qudx DAPIOULIDY] TBA DISLLS DJOITUNE]
[T ey p71] 44 DITua)
{0608 12 %0p>}
[, Tur yexy 27261 (D601 “9) € gIruda)
{9-sHd D008 18 %06<}
[,_Tw Sw z'6 S6°0€LSED
LOOT "Te 1 e[Auejy qupen 8711 (D.0L 9) LT 89YYONTV 129524 DULIPOYILL] 610nd 4ILE) wnpiydoutidyy wniojavy)
(paseq-6100d)
L00T ‘T 19 S[[es (JoA9] uona100s) | T Sw g/ 61 0€-D MY 128924 DULIDPOYILL] dxo 1INgHd Qudx puvtuipu v.ioydoyvrydo.oy
(Le oL sy 0S Dudx
(,Tw 8w 966 09 ‘S'¥) 43 qudx 8Ldd
$00C ‘T 19 9[[992Q (;_Tw Bw gH7°¢ ‘0L “SF) I4s C6SN 4231 snjpi3.adsy 7daNVy pudx wn1Lodsosiyd 21avyd0.2uvYyJ
gx3o
S661 T 32 Oulysox 161D suvpnpiu snjjisiodsy rarad xS0 895901 2]120.43 unwio1avy)
8661 ¢ 12 seomod
ZJ[RZUOD)-ZAId 161D suvinpiu snjjisiadsy (Taaxd) g1pnd qujx IV1q 4231 snjji3iadsy
[T 8w 006l
(; 8w n 188°¢
S00T Te 10 INasseAd] T S 7L ‘0S ‘§°S) €T OTHS 1AL 251U Snjj1S.12dsy €' TSNvd gudx [STNIIE 4231 snjjisiodsy
661 ‘Te 10 Suissay LIOWDMD SNJJ1342dSYy SyImvd yixo SSET1DDLY Lowbnmp snjiiadsy
8661 Te 10 eIy 161D suvpnpiu snjjidiadsy 1drad [Dudx 919 NG avzdio snjjidiadsy
[,_1 8w 081] (paseq 610Nd)
6661 ‘T 12 Ojoure)s| (09 ‘0'9) 93 6€-9TINE 2vzdio snysidsy 00zaXALd Tudx 919 NG 2vztio snpsiodsy
(paseq 8110Nd)
8661 ‘Te 10 ojowery 6€-919NG avzdio snjjidiadsy poudxd [ Judx 919 NG 2vzdio snjjidiadsy
(;_Twr | _urw jowrigey
200T 'T& 19 ey ‘T SW 69 De8S 0°S) 43 [AN-9T9NGY avzdio snjpiSiodsy TH18NVNI £oudx 919 NG avzdio snjjisiadsy
ATmE | u rowr €z
8661 '[e 30 BINWITY W S 7L D685 0°9) IC [AN-9 19N avzdio snjjiSiadsy TPI8NVNA 7oudx 919 NG avzdio snjjigiadsy
{Kqess} [Ananoe owkzud (e@) owAzuo
1OA] uonaIdes] (X My JUBUIQUIOOAT
‘Qameradwg) ‘Hd) owkzuo qy) JO ssewr
Q0UdIOJOY JUBUIQUIOOAI A} JO SONSLIdJoRIRY)) Ie[NOS[O] 1S0H 10309/ Juen wsIuesIo 9010y

13uny ur sauad oseur[AX [eFunj JUAIPIP Jo Suruo[) € JqEL

pringer

Qs



Appl Microbiol Biotechnol

[3-1,4-xylanase A gene, exlA4, in A. awamori (Hessing et al.
1994). The properties of the recombinant xylanase were
found comparable to the wild-type enzyme. These results
indicate that the ex/4 promoter may be useful for high-level
regulated gene expression in Aspergillus species.

Cloning in Trichoderma

T. reesei (anamorph Hypocrea jecorina) has been used as a
host for the production of many homologous and heterolo-
gous proteins (Mantyla et al. 1998; Nevalainen et al. 2005).
It has been singled out as the most promising organism for
the production of enzymes to convert lignocellulosic
material into simple sugars (Li et al. 2007). In general,
higher production levels have been obtained when the
expressed genes were from organisms taxonomically
related to the host. This was also true for the expression
of xylanases in 7. reesei (Mantyla et al. 2007).

Attempts have been made by researchers to develop T.
reesei strains with hyperexpression of xylanases. The
transformations in 7. reesei are mostly done by micropar-
ticle bombardment or with the help of PEG. The positive
transformants are selected on the basis of acetamidase
(amdS) selection marker or hygromycin B resistance. A
xin2 gene from T. reesei was expressed in the fungus under
its own promoter (Saarelainen et al. 1993). The gene was
targeted to the cbhl locus in the host strain resulting to the
CBHI phenotype; however, the results demonstrated that
the integration was not required for enhanced expression
under the control of the x/n2 promoter. The gene was
expressed in three different strains with respect to enzyme
production: high cellulase (VTT-D-79125), high endoge-
nous xylanase (ALKO 2721), and low protease (ALKO
2221). A twofold to fourfold increase in the xylanase
activity was observed in the transformants. Maximum
expression of the x/n2 gene was found in the host strain
with high endogenous xylanase activity. Most of the
xylanase genes from other fungi are expressed in 7. reesei
under the control of a strong cel74 (cellobiohydrolase I,
cbhl) promoter. Genes for thermotolerant xylanases can
easily be expressed in heterologous fungal hosts like T
reesei. A xyn2 gene (cDNA) from Humicola grisea was
cloned under the cbhl promoter and secretion signal and
overexpressed in 7. reesei (de Faria et al. 2002). Maximum
activity was found with avicel as a substrate that might
have activated the chhl promoter. Avicel-lactose promoted
higher xylanase activity than avicel—cellulose as a carbon
source. Genomic copies of three xylanase genes, CtxynliA,
CtxynllB, and CtxynlIC, from a thermotolerant fungus,
Chaetomium thermophilum, were expressed under cel74
(cbhl) promoter and terminator in low-protease mutant
strains of 7. reesei with deleted endogenous endoglucanase
I, endoglucanase 2, and cellobiohydrolase 1 (ce/74) genes

(Mantyla et al. 2007). The amount of recombinant
CixynllA was significantly higher than the other two
xylanases. The xylanase activity for CtXynl1A, CtXynl1B,
and CtXynl1C in the culture supernatants of the recombi-
nant strains were about 260-fold, 100-fold, and 2.5-fold
higher, respectively, than the host strain. CtXynA was stable
at high temperature and neutral pH, the conditions desirable
for pulp-bleaching applications. A xylanase gene, xyn6,
from another thermotolerant fungus Acrophialophora
nainiana was successfully expressed in 7. reesei Rut C-30
under chhl promoter and secretion signal (Salles et al.
2007). A xylanase gene, xynd, from an anaerobic fungus
Orpinomyces sp. was expressed in H. jecorina under the
cel74 promoter and terminator (Li et al. 2007). The enzyme
was secreted into the culture broth with cel54 signal of
H. jecorina. The original AT-rich xynA gene could not be
expressed in the host until it was enriched with higher
guanine—cytosine content. The recombinant enzyme
showed high specific activities against xylans of birch
wood, wheat, and oat spelt with highest activity against
wheat insoluble xylan (1,710 s '), whereas the hydrolysis
of corn fiber was negligible. The expression of xylanases
from anaerobic fungi will have industrial significance as the
specific activities of the hydrolytic enzymes from anaerobic
fungi are much higher than their aerobic counterparts (Chen
et al. 1997), but these fungi cannot be used as industrial
enzyme manufacturing hosts due to anaerobic growth
requirements and low secretion levels.

Concluding remarks and future prospects

The market demand of xylanases has been significantly
increased during the last few decades. The practical
application of the enzymes cannot be achieved unless they
are available in sufficient quantity. The native production of
the enzymes cannot meet the demand due to low yields and
incompatibility of the standard industrial fermentation
processes with the conditions required for the growth of
many microorganisms. Therefore, heterologous expression
is the main tool for the production of xylanases at the
industrial level.

E. coli does not give efficient expression of xylanases.
However, it has been found as a good cloning host for
fungal xylanase genes and will continue to be used for the
detailed study of the xylanase gene structure and for the
improvement of the enzymes by protein engineering. S.
cerevisiae secretes high amount of xylanases in the culture
medium. Since it has already been established as an
industrial microorganism, it can be used conveniently for
the industrial production of xylanases at low cost. More-
over, the absence of contaminating cellulases makes it an
attractive host of the production of xylanases for the paper
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industry. P. pastoris has emerged as an excellent host for
the commercial production of xylanases due to very high
expression under its own promoters. However, one of the
promoters has limitation for use at a large scale due to
health and fire hazards of methanol. Filamentous fungi have
also been found as efficient producers of xylanases both by
heterologous and homologous gene expression. Their own
promoters express the enzymes with high yields.

Optimal temperature, pH stability, and kinetics of
xylanases play important roles for their effective utilization.
The recombinant xylanases produced by the yeast and
fungal strains have been shown to possess equivalent or
even better properties than the native enzymes. Thermo-
stable enzymes are important in many industrial applica-
tions; however, thermophilic microorganisms cannot be
propogated at a large scale due to extreme fermentation
conditions. P, pastoris and T. reesei expressed the genes for
thermostable xylanases with high secretion levels. Similarly,
the xylanase genes from anaerobic microorganisms are
expressed successfully in such hosts that can be employed
in the fermentation industry.

There is a possibility of exploring new fungal hosts
capable of producing recombinant xylanases. Further tech-
nical advancements in the improvement and development of
fungal expression systems by genetic engineering approach
will help in the hyperexpression of heterologous xylanases
for their production and use at the industrial level.
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