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Abstract Plant cell walls are comprised of cellulose,
hemicellulose and other polymers that are intertwined. This
complex structure acts as a barrier to degradation by single
enzyme. Thus, a cocktail consisting of bi and multifunc-
tional xylanases and xylan debranching enzymes is most
desired combination for the eYcient utilization of these
complex materials. Xylanases have prospective applica-
tions in the food, animal feed, and paper and pulp indus-
tries. Furthermore, in order to enhance feed nutrient
digestibility and to improve wheat Xour quality xylanase
along with other glycohydrolases are often used. For these
applications, a bifunctional enzyme is undoubtedly much
more valuable as compared to monofunctional enzyme. The
natural diversity of enzymes provides some candidates with
evolved bifunctional activity. Nevertheless most resulted
from the in vitro fusion of individual enzymes. Here we
present bifunctional xylanases, their evolution, occurrence,
molecular biology and potential uses in biotechnology.
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Introduction

Cellulose, hemicellulose, and lignin are the major compo-
nents of plant cell walls [89]. When combined, they form
the support framework for plants and defend against the
invasion of aggressors. To successfully invade or live on

plant tissues, microorganisms have to synthesize a number
of diVerent enzymes in order to hydrolyze cellulose or
hemicellulose. Thus, to eVectively degrade the plant cell
wall complex, many microorganisms develop a cell associ-
ated multiprotein complex, called cellulosome [43] or xylo-
some [47], which contains cellulases, xylanases, and
cellulose-binding factors. Another strategy is to induce the
multifunctionalization of certain enzymes to hydrolyze
diVerent kinds of substrates. In addition to its importance in
allowing microorganisms to invade plants and degrade
plant residues, xylanase also has prospective applications
for the food, animal feed, and paper and pulp industries.
Furthermore, for the enhancement of feed nutrient digest-
ibility [54, 56, 68, 93] and improvement of wheat Xour
quality [30] xylanases and �-(1,3-1,4)-glucanases are used
at the same time. Similarly, bioethanol production requires
eYcient sacchariWcation for degrading plant cell walls
eYciently to fermentable sugars. Therefore, by biologically
converting plant cell walls to fermentable sugars for fuel
(e.g., ethanol), we could obtain not only economic but also
environmental beneWts, such as the reduction of greenhouse
gas emission. A critical factor concerning the cost of this
process is the presence of eYcient, cheap cellulases and
xylanases to achieve this goal in a single step.

Utilization of pentoses sugars present as hemicellulosic
fraction of lignocellulosic biomass is a major step towards
reducing production cost of bioethanol. Morever, presence
of xylanases along with cellulases in the fermentation mix-
ture during mashing process can solve the problem of vis-
cosity caused by pentosans [75]. For these applications, a
bifunctional enzyme is undoubtedly more valuable than a
single enzyme. In this review we will discuss the recent
development in bifunctional xylanases with respect to their
occurrence in microorganisms, molecular biology, genetic
and protein engineering, and their importance for industry.
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Lignocelluloses structure and their occurrence

Lignocellulose is the major structural component of woody
plants and non-woody plants such as grasses and represents
a major source of renewable organic matter. Lignocellu-
losic materials predominantly contain a mixture of carbo-
hydrate polymers (cellulose and hemicellulose) and lignin.
The chemical properties of these components of lignocellu-
loses make them a substrate of enormous biotechnological
value [52]. Lignin is a biopolymer rich in phenolic compo-
nents, which provides structural integrity to plants. Cellu-
lose is unbranched linear polymer. The length of a cellulose
molecule (polymer) is determined by the number of glucan
units in the polymer, reVered as the degree of polymeriza-
tion. The degree of polymerization of cellulose depends on
the type of plants and typically is estimated to be from
2,000 to 27,000 glucan units [60]. Hemicellulose belongs to
a group of heterogeneous polysaccharides. Hemicelluloses
are relatively easily hydrolysed by acids to their monomer
components consisting of xylose, mannose, glucose, galact-
ose, arabinose and small amounts of rhamnose, glucuronic
acid, methyl glucuronic acid and galacturonic acid [77].
The relative abundance of cellulose, hemicellulose, and lig-
nin contents in various lignocellulosic biomass [88] are pre-
sented in Table 1.

The combination of hemicelluloses and lignin provide a
protective sheath around the cellulose. Degradation of this
complex structure requires a complete enzymatic system
that includes cellulases and hemicelluloses. Cellulases that
take part in cellulose degradation includes (1) endoglucan-
ases (EG, endo-1,4-D-glucanohydrolase or EC 3.2.1.4.),
which attacks regions of low crystallinity in the cellulose
Wber, creating free chain ends [48]; (2) exoglucanase or cel-
lobiohydrolase (CBH, 1,4-�-D-glucan cellobiodehydrolase
or EC 3.2.1.91.), degrades the molecule further by remov-

ing cellobiose units from the free chain ends [91]; and (3)
�-glucosidase (EC 3.2.1.21.), hydrolyzes cellobiose to pro-
duce glucose [18]. Furthermore, diVerent enzymes mainly
xylanase, acetylxylan-esterase, �-glucuronidase, �-xylosi-
dase and �-arabinofuranosidase take part in degradation of
hemicelluloses. For eYcient degradation of plant cell walls,
these hydrolyzing enzymes cooperatively work to digest
polysaccharides (Fig. 1).

Evolution of bifunctional enzymes

A bifunctional enzyme is an enzyme containing two dis-
tinct catalytic capacities in the same polypeptide chain.
They usually catalyze two consecutive reactions [84].
Moreover, bifunctional enzymes usually catalyze complex
multi-substrate reactions whose mechanisms involve a
large number of intermediate enzyme forms. These features
potentially allow manifestation of some new speciWc prop-
erties of bifunctional enzymes. First, the possible mobility
of an intermediate (a product of the Wrst reaction and at the
same time, substrate of the second reaction) between two
active sites without its appearance in solution [34, 55, 58].
Second, the state of the active site of the Wrst reaction may

Table 1 Cellulose, hemicellulose, and lignin content in various sourc-
es of biomass [88]

Feedstock Cellulose Hemicellulose Lignin

Corn stover 36.4 22.6 16.6

Wheat straw 38.2 24.7 23.4

Rice straw 34.2 24.5 23.4

Switchgrass 31.0 24.4 17.6

Poplar 49.9 20.4 18.1

Fig. 1 Complex mixture of en-
zymes for degrading lignocellu-
loses. The complex composition 
and structure of lignocelluloses 
require multiple enzymes to 
break down the polymer into 
sugar monomers. These en-
zymes include: arabinofuranosi-
dase, feruloyl esterase, 
acetylxylan esterase, and beta-
xylosidase. Cellulose is degrad-
ed by endocellulase, exocellu-
lase, and �-glucosidase
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inXuence kinetic properties of the active site of the second
reaction, and vice versa, the state of the active site of the
second reaction may inXuence kinetic properties of the
active site of the Wrst reaction [46].

Bifunctional (or polyfunctional) enzymes seem to appear
in evolution by the combination of genes encoding
enzymes tightly bound functionally [92, 78]. The complex
enzymes that are isolated and characterized are hypothe-
sized to have evolved from more primitive precursors. At
the metabolic level simple, nonfunctional enzymes are seen
as an early stage of evolutionary reWnement. The clustering
of isolated genes that encode for enzymes with related met-
abolic activities represents a signiWcant advancement since
the expression of related enzymes can now be controlled by
common regulatory elements. At the protein level the asso-
ciation of individual enzymes in the bifunctional or multi-
functional enzyme complexes provides several distinct
advantages. Catalytic events that take place on one enzyme
can have a direct inXuence on the associated enzymes that
are present in the complex. Single regulatory sites or regu-
latory subunits can control the coordinated activities of all
of the enzymes in the complex. Also, the directed transfer
of reactants from consecutive active sites can support more
eYcient metabolism. From this point of view, the most
highly evolved enzyme forms are seen to be multifunc-
tional enzymes in which gene fusion has incorporated
related catalytic activities into covalently coupled domains
in a single polypeptide chain [39]. Enzymes that catalyze
sequential reactions tend to evolve toward bi or multifunc-
tional enzymes for more eYcient metabolism [76]. This
evolution may also occur under circumstances where the
substrates of microbial enzymes are proximate, e.g., in
rumen microorganisms capable of exploiting plant Wbers
[23, 27, 29, 91], suggesting a possibility of constructing
bifunctional enzymes for use in feedstuV.

Interdomain communications in bifunctional enzymes

Numerous metabolic pathways in prokaryotes and in
eukaryotes include bifunctional enzymes, for example an
enzyme dehydroquinate synthase has an active site capable
of multistep catalysis in aromatic aminoacid biosynthesis
[13]. In many cases, such enzymes contain two diVerent
active centers located within separate domains linked on a
single polypeptide and encoded by a single gene. Three
types of bifunctional enzyme are known: those catalyzing
consecutive reactions of a metabolic pathway [58, 34, 9,
69], those which catalyze two non-consecutive reactions
[39], and those catalyzing opposing reactions [66]. The role
played by speciWc interdomain interactions in the function-
ing of diVerent active centers within a macromolecule pre-
sents a problem of considerable interest. During the last

decade, marked progress has been made in this area of
research owing to studies performed on bifunctional
enzymes catalyzing consecutive reactions and exhibiting
substrate channeling. Substrate channeling is a process of
direct transfer of a reaction intermediate between distinct
active centers. This prevents the loss of the intermediate
into solution, limits its entrance into competing processes
and increases the success rate of the catalytic cycle by low-
ering the probability of uncoupled consecutive reactions
[58].

Although bifunctional enzymes containing two diVerent
active centers located within separate domains are quite
common in living systems, the signiWcance of this bifunc-
tionality is not always clear, and the molecular mechanisms
of site-site interactions in such complex systems have come
under the scrutiny of science only in recent years. Accord-
ing to Nagradova [62], there exist a tight coupling between
active centers catalyzing consecutive reactions, whereby at
a particular step of catalysis at one site, a signal is transmit-
ted to the other site to activate it and to allow for a rapid
tunneling of the intermediate from the site where it is syn-
thesized to the site of its utilization. It is suggested that the
activation process may be stepwise, involving distinct inter-
mediate conformations of the protein, which depend on the
redox and substrate ligation state.

Natural diversity of bifunctional enzymes

Bifunctional xylanase–cellulases

The natural diversity of enzymes provides some candidates
that have evolved bifunctional xylanase–cellulase complex.
For example, Pohlschroder et al. [71] showed the presence
of a multicomplex cellulase–xylanase system in Clostrid-
ium papyrosolvens C7. The enzyme system of C. papyro-
solvens C7 responsible for the hydrolysis of crystalline
cellulose and xylan is a multicomplex system comprising at
least seven diverse protein complexes. Two of these seven
complexes are having xylanase activity in addition to cellu-
lases activity. Another cellulose–xylanase complex has
been reported by Murashima et al. [61]. Both the enzymes
in this complex proved to work simultaneously for syner-
gistic degradation of corn cell wall. Furthermore, the
amounts of both xylooligosaccharides and cellooligosac-
charides librated from corn cell walls were increased by the
action of both enzyme XynA (xylanase) and cellulase
domains. What was interesting is the Wnding that, sequen-
tial action of each enzyme domain alone was found to show
no synergistic eVects. This Wnding may indicate the impor-
tance and eYciency of an enzymatic system that posses
both xylnases and cellulase activities. In fact, the degrada-
tion of xylan networks between cellulose microWbrils by
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xylanases might allow cellulases to access and degrade cel-
lulose microWbrils embedded in the deeper structure. Also,
degradation of cellulose microWbrils in the deeper structure
might help xylanase to access and degrade xylan chains fur-
ther in the deeper structure. This might explain why cellu-
lase required the presence of xylanase and how xylanase
facilitate the action of cellulase and vice versa. Chemical
nature and structural complexity of lignocelluloses may
force microorganism to develop many enzymes, which
could solve this complexity. Many other microorganisms
found another way to facilitate the biodegradation of such
agricultural residues. This is either by forming enzymes
complexes in the form of, bifunctional, or multifunctional
enzymes. Another bifunctional xylanase–cellulase has been
reported by Flint et al. [23]. According to them, adjacent
regions of a Ruminococcus Xavefaciens 17 DNA fragment
encoded xylanase and �-(1,3-1,4)-glucanase activities.
Sequencing of this fragment showed that both activities are
encoded by a single 2,406 bp open reading frame corre-
sponding to the XynD gene. Single gene, xynD, encoded a
bifunctional enzyme having separate xylanase and 1-3(1,3-
1,4)-glucanase domains. This is an example of a bifunc-
tional polysaccharidase having two separate catalytic
domains within the same polypeptide chain that can act on
diVerent polymeric substrates. The N-terminal section of
this polypeptide belongs to the glycosyl hydrolase 11 (cel-
lulase G) families while the C-terminal section belongs to
the glycosyl hydrolase 16 family. These two domains are
connected by a region of unknown function that consists of
309 amino acids and includes a 30-amino-acid threonine-
rich sequence. Furthermore, three types of xylanases (EC
3.2.1.8) were detected in the strain Aspergillus niger A-25
by Chen et al. [15], one of which, designated as XynIII, dis-
played �-(1,3-1,4)-glucanase (EC 3.2.1.72) activity, The
puriWed XynIII could hydrolyze birchwood xylan, oat spelt
xylan, lichenin, and barley �-glucan, but not CMC, avicel
cellulose, or soluble starch. This indicates that this enzyme
is a novel bifunctional enzyme and its xylanase and �-(1,3-
1,4)-glucanase activities are catalyzed by the same active
cite.

Bifunctional xylanase–arabinosidase

Xylan degradation is a multistep process involving multiple
enzymatic activities. Xylanases are extracellular enzymes
that hydrolyze the internal �-1,4-xylosidic linkages of the
xylan backbone structure. Xylanase action is restricted by
the presence of side chains. Removal of side-chain substitu-
ents requires additional enzymatic activities of arabinofura-
nosidase, uronidase, glucosidase, mannosidase, and acetyl
esterase [65]. The xylanase gene xysA of Streptomyces hal-
stedii JM8 was used to isolate a DNA fragment from a gene
library of the lignocellulolytic actinomycete Streptomyces

chattanoogensis CECT-3336. Nucleotide sequence analysis
revealed a gene (xln23) encoding a bifunctional multi-
modular enzyme bearing two independent xylanase and �-
L-arabinofuranosidase domains separated by a Ser/Gly-rich
linker. The N terminus of the predicted protein showed
high homology to family F xylanases. The C terminus was
homologous to amino acid sequences found in enzymes
included in the glycosyl hydrolase family 62 and, in partic-
ular, to those of �-L-arabinofuranosidase from Streptomyces
lividans. PCR and RT-PCR experiments showed that the
nucleotide sequences corresponding to each domain are
arranged on the chromosomal DNA and that they are co-
transcribed [32]. To our knowledge, this is the only report
that described xylanase and arabinofuranosidase domains
in the same open reading frame.

Bifunctional xylanase–deacetylase

Pseudobutyrivibrio xylanivorans has a potent xylanolytic
enzyme system. Xyl 11A isolated from this bacterium
belongs to the glycosyl hydrolase 11 (cellulase G) family.
The gene encoding for Xyl 11A contains N-terminal CBM6
(cabohydrate binding type-6) domain, which exibit xylano-
lytic activity, and C-terminal domain coding for putative
polysaccharide deacylase implicated in removing acetyl
groups from acetylated xylan, and thus it is probably capa-
ble of hydrolyzing acetylated xylan debranching in the
xylan backbone [14]. Cytophaga hutchinsonii is reported to
produce bifunctional xylanase/esterase enzyme coded by
CHU-1239 gene CHU-1240, where xylanase belongs to
glycoside hydrolase family 8 proteins and esterase belong
to carbohydrate esterase family 4 proteins. Furthermore,
CHU-1239 gene form same bacterium is responsible for
bifunctional acetylxylan esterase/xylanase enzyme where
xylanase belongs to glycoside hydrolase family 10 protein
and carbohydrate esterase family 6 protein [90].

Bifunctional xylanase–xylanase

The complex chemical nature and heterogeneity of xylan
can account for the multiplicity of xylanases produced by
microorganisms. The subtle diVerences in substrate speci-
Wcity and mode of action of multiple xylanases improve the
degradation of plant xylan in natural habitats [15]. Bifunc-
tional xylanase–xylanase enzyme having two catalytic
domains belonging to diVerent families is reported from R.
Xavefaciens. The nucleotide sequence of the xynA gene of
R. Xavefaciens 17 was determined and found to consist of a
2,862 bp open reading frame beginning with a TTG start
codon. The predicted product, XYLA, consisted of distinct
amino-terminal (A) and carboxy terminal (C) domains (248
amino acids, including a putative signal sequence, and 332
amino acids, respectively) linked by a repetitive sequence
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(B, 374 amino acids) extraordinarily rich in asparagine
(45%) and glutamine (26%) residues. Domains A and C
were shown to be capable of expressing xylanase activity
independently of each other when suitably truncated deriv-
atives of the xynA coding region were expressed as lacZ
fusions. The activities associated with the two domains
were shown to diVer with respect to the average size of
hydrolysis products formed from oat-spelt xylan, with
domain C releasing relatively more xylose and domain A
more xylooligosaccharides. The amino acid sequence of
domain A of XYLA closely resembled that of the Bacillus
pumilus xynA enzyme (45% identical residues). On the
other hand, domain C showed signiWcant similarity (33–
40% identical residues) to a diVerent group of bacterial
xylanases and exoglucanases exempliWed by the Caldocel-
lum saccharolyticum xynA and celB products. The xynA
product is, therefore, a bifunctional enzyme having two dis-
similar catalytic domains capable of acting on xylan.
Xylanase domain 1 releases more xylooligosaccharides and
domain 2 more xylose. The N-terminal section belongs to
the glycosyl hydrolase 11 (cellulase G) families whereas
the C-terminal section belongs to the glycosyl hydrolase 10
(cellulase F) families [94].

Construction of bifunctional xylanase by gene fusion

In nature, proteins are often associates into multidomain
proteins in order to perform tasks that require more than
one function [5, 82]. Scientists have adopted nature’s strat-
egy to develop many applications for recombinant chimeric
proteins which over the time have became indispensable
tools in many of application associated with a wide variety
of disciplines [10, 64]. For example, lyme vaccine is devel-
oped by genetically engineering two pieces of proteins that
are normally present on the surface of the bacterium caus-
ing Lyme disease and transforming it into one chimeric
protein [20]. Construction of a fusion protein involves link-
ing two proteins or proteins domains by means of a peptide
linker. The Xexibility, hydrophilicity and the extended con-
formation of the linker were all found to be very important
factors in maintaining the functionality of the individual
domains by allowing controlled movement of the individ-
ual domains [28, 3, 26].

Fusion proteins are created by two diVerent modes. One
is ‘end-to-end’ fusion in which the N terminus of one
domain is linked to the C terminus of the other domain. The
second is `insertional’ fusion in which one domain is
inserted in-frame into the middle of the other parent domain
(Fig. 2). As practical cases of the multistep sequential reac-
tion the performance of the fusion enzyme is sometimes
better than that achieved by successive action of individual
enzymes, expanding the potential use of natural enzymes

[10, 40, 44]. Therefore, functional fusion of two enzymes
may have several advantages over individual enzymes
regarding reaction kinetics and enzyme production, as well
as novel properties and reactivity [45, 63, 57].

Recombinant enzymes exhibiting better activity and/or
stability have been obtained as a result of mutagenesis [16]
or gene fusion [86, 67]. However cleavage of protein
fusions to generate free protein remains the major disad-
vantage of protein fusion technologies. Cleavage of the
fusion is usually necessary because the fusion interferes
with the structural or functional properties of the recombi-
nant protein [4]. Moreover, misfolding, and inappropriate
protein interaction are among the disadvantage that destabi-
lize protein structure and aVect fused domain activities [33]
Fusion proteins produced in E. coli have been studied
extensively [51] and some of these artiWcial polyfunctional
chimeras were shown to facilitate consecutive catalyzed
reactions via the positive proximity eVects generated by the
closeness of their catalytic sites [11, 12]. Mesta et al. [57]
created an active chimeric enzyme, XYN3A4, by fusing
two diVerent catalytic domains exhibiting the same endoxy-
lanase activity, XYN3A and XYN4, which originated from
two diVerent fungal endoxylanase genes, xyn3 and xyn4,
respectively. The hypothesis underlying this work relied on
the eVect of gene fusion upon activity of the new chimeric
structure. However, their chimeric enzyme exhibited a bet-
ter aYnity and an improved rate of hydrolysis of the xylan
substrate than its respective counterparts, XYN3A and
XYN4. Most end-to-end fusion proteins maintain the activ-
ity of both proteins, usually providing a signiWcant advan-
tage [21]. Using gene fusion approach, Hong et al. [33]
designed a bifunctional, thermostable enzyme with cellu-
lase (TM1751) and xylanase (TM0061) activities from
Thermotoga maritima. It was demonstrated that cellulase
and xylanase can be fused end-to-end, via overlapping
PCR, creating a bifunctional enzyme. However, the fusion
protein exhibited both cellulase and xylanase activity when

Fig. 2 Schematic representation of the two types of gene fusion ap-
proaches (adopted from Doi and Yanagawa 1999)
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xynA was fused downstream of cel5C but no activities
were shown when xynA was fused upstream of cel5C.
These results suggest that the activity loss could be mis-
folding or inappropriate protein interactions that destabilize
protein structure and aVect activity levels. Lu et al. [50]
constructed a bifunctional enzyme by end-to-end fusion of
the �-glucanase (Glu) from Bacillus amyloliquefaciens and
the xylanase (Xyl) from Bacillus subtilis. Compared with
parental enzymes, the Glu moiety was characterized by
kinetic parameters of decreased Km (0.66-fold) and
increased Kcat (2.75-fold), whereas the Xyl moiety had an
increased Km (1.37-fold) and decreased Kcat (0.79-fold).
These properties indicate a 3.15-fold net increase and a
31% decrease in catalytic eYciency (Kcat/Km) of the Glu
and Xyl moieties. Activities and stabilities of both moieties
at 40–90°C or pH 3.0–10.0 were compared with those of
the parental enzymes. Despite some variations, common
optima were 40°C and pH 9.0 for the Glu moiety and par-
ent, and 50–60°C and pH 9.0 for the Xyl counterparts.
Thus, the fusion enzyme Glu–Xyl was bifunctional, with
greatly enhanced glucanase activity associated with a
decrease in xylanase activity. The bifunctional enzyme
attained here by transforming the fusion gene Glu–Xyl into
E. coli BL21 is desirable, although not perfect, based on
overall comparison of characterization and catalytic
eYciency with the parents. Fusion enzymes sometimes
demonstrate superiority over two individual native
enzymes catalyzing the same multistep sequential reaction
[44]. Fusions of cellulase and xylanase may produce a more
eYcient bifunctional enzyme capable of degrading xyloglu-
can polysaccharides. By considering this approach An et al.
[1] designed xylanase–cellulase bifunctional fusion pro-
teins by an end-to-end fusion method. They found that, the
bifunctional enzyme, xylanase–cellulase, prepared by gene
fusion was capable of more eYcient digestion. Three chi-
meric genes were constructed that encoded fusion proteins
of diVerent lengths. The fusion proteins exhibited both
xylanase (XynX) and cellulase (Cel5Z) activity when cel5Z
was fused downstream of xynX, but not when xynX was
fused downstream of cel5Z. Activities of bifunctional
enzymes decreased when a shorter xylanase peptide was
fused. These results also demonstrate the importance of a
proper primary structure concerning both the length and
amino acid composition of the linker to achieve autono-
mous folding of the fusion enzyme and to provide proper
intra-chain interactions [38]. The speciWc enzyme activities
of the fusion proteins depend on how the fusion has been
made, such as the sequential order of the enzymes and the
length and composition of the connecting region [31]. Stud-
ies of fusion enzymes provide a broader understanding of
how enzyme structure relates to its function and what
changes can be tolerated within a particular framework.
The ability to engineer the properties of proteins will

expand the use of enzymes in biotechnology, allowing
fusion enzymes to play an important role in this endeavor.

Biotechnological applications

Bioethanol production

Enzymes which are not desirable for some industries may
be of great value and beneWts to other industries. For
instance, a bifunctional xylanase with cellulase activity is
not of value to the paper and pulp industry because of unde-
sirable eVects of cellulases on the quality of paper pro-
duced. However, such enzyme could be of great value for
other applications such as bioethanol production. Tremen-
dous amounts of cellulose are available as municipal and
industrial wastes which today contribute to our pollution
problems. Thus, there is great interest in the use of cellu-
losic biomass as a renewable source of energy via break-
down to sugars that can be then converted to liquid fuel.
Bifunctionality of xylanase could results in more eYcient
and cheaper sacchariWcation process of the agricultural res-
idues, municipal and industrial wastes used for bioethanol
production as it can degrade both cellulose and xylan resi-
dues. SacchariWcation of the cellulose and hemicellulose in
biomass results in sugar-rich liquid streams useful for the
production of a variety of value-added products, including
ethanol, furfural, and various functional biopolymers [25].
As pentoses in hemicelloses represent 20–40% of lignocel-
luloses biomass, utilization of this hemicellulose fraction
could reduce cost of production of bioethanol. An increased
possibility of fermentation of both hexoses and pentoses
sugars in lignoclluloses into methanol has been recorded
[75]. Moreover, diVerent naturally present microorganisms
including bacteria, fungi and yeast were recorded to show
this ability. These include Zymomonas mobilis [35], Clos-
tridium cellulolyticum [22], and a recombinant strain of
Saccharomyces cerevisiae [80].

Animal feedstocks

The endosperm cell walls of cereal grains are rich in poly-
saccharides that are usually in the forms of arabinoxylans,
mixed-linked-�-glucans, celluloses, mannans, and galac-
tans [49]. Of these, arabinoxylans and �-glucans constitute
major parts. For example, wheat, triticale, and rye enrich
arabinoxylans [8], whereas oats and barley contain more
�-glucans [7, 19]. Generally, the viscous properties of the
polysaccharides make them diYcult to be digested by domes-
tic animals. Thus, inclusion of xylanase in wheat- or rye-based
diets [2, 6] or �-glucanase in barley-based diets [73] is an
important measure to enhance the availability of the poly-
saccharides. Endo-1,4-�-xylanase and 1,3-1,4-�-glucanase
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have been widely applied for breakdown of the internal �-
1,4-linkages of 1,4-�-D-xylan backbone [17] and speciWc
cleavage of 1,4-�-D-glucosidic bonds adjacent to �-1,3-
linkages in the mixed-linked-�-glucans [70] respectively.
However, neither the xylanase nor the �-glucanase alone
fully meets the requirement for eVective exploitation of the
various complex sugars [49]. To enhance their biodegrada-
tion for higher availability, eVort has been directed toward
integration of two or more synergistic enzymes into feed-
stocks. Combined action of xylanase and �-glucanase
results in lower intestinal viscosity of broilers and better
nutrient utilization than the use of xylanase or �-glucanase
alone [74, 53].

Production of xylooligosaccharides

Xylan degradation requires the interaction of several enzy-
matic activities, including xylanase, xylosidase and arabi-
nosidase. The end products of this degradation include
xylose, arabinose, and methyl-glucuronic acid containing
oligosaccharides. Xylooligosaccharides (XO) are sugar
oligomers showing potential for practical applications in a
variety of Welds, including pharmaceuticals, feed formula-
tions, agricultural purposes and food applications [83]. As
additives for functional foods, XO present prebiotic action
[24, 72], showing positive biological eVects such as
improvement of the intestinal function by increasing the
number of healthy BiWdobacteria [37]. These xylooligosac-
charides if used as a dietary supplementation it may be ben-
eWcial to gastrointestinal health and may reduce the risk of
colon cancer [87]. As food ingredients, XOs have an
acceptable odor, and are non-cariogenic [41, 42] and low-
calorie, allowing their utilization in anti-obesity diets [79,
81]. In food processing, XOs show advantages over insulin
in terms of resistance to both acids and heat, allowing their
utilization in low pH juices and carbonated drinks [59]. It is
also suggested that dietary xylooligosaccharides may be
used as a potential substitute for a dietary Wber. They can
help to suppress blood cholesterol levels, especially low
density lipoprotein-cholesterol, by binding to bile acids,
which contain cholesterol, in the gastrointestinal tract and
carrying them out of the body as waste [36, 85]. It is
reported that xylooligosaccharides is half as sweet as
sucrose, can be applicable to foods as a sweetener that is
capable of improving diabetic symptoms [37].

Concluding remarks

This review provides the information on most of the aspects
of bifunctional enzyme with special reference to bifunc-
tional xylanases. There is no review available on bifunc-
tionality of xylanases. This is a small eVort being made to

bring all possible information on bifunctional xylanases
under single heading. Considering biotechnological appli-
cations of the bifunctional xylanases it is necessary in
future to utilize such hybrid protein as an alternative to
expensive and polluting chemical treatments or to improve
already existing enzymatic processes for utilization of veg-
etal by-products in the agro-industries and biofuel produc-
tion sectors. We believe that this is one of the aspects of
enzyme production that will be improved in the next few
years.
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