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Abstract. This study reports the regulation of multiple xylanases produced by Myceliophthora sp. IMI
387099. Fructose was found to positively regulate the expression of multiple xylanase when used as sole
carbon source. The xylanases (EX; and EX5) of acidic pl were expressed in the presence of simple
sugars (glucose, arabinose, and xylose), whereas xylanase of both acidic as well as basic pI (EX;, EX;,
EX3, and EX5) were expressed in the presence of fructose, xylan, and combination of xylan and alcohol.
The combination of fructose and xylan also led to expression of an additional xylanase (EX,). The
positional isomer (is0-X4) was found to be the key transglycosylation product when cultures were grown
in the presence of fructose and xylan. In the presence of alcohols, the higher expression of xylanase was
ascribed to the synergistic effect of alkyl glycoside and other transglycosylation products present in the

culture extracts.

B-1, 4-Endoxylanase (EC 3.2.1.8) is one of the key
components of hemicellulases involved in the hydrolysis
of xylan backbone present in different heteropolysac-
charides. These xylanases are produced by a number of
fungi and bacteria during growth on complex lignocel-
lulosic substrates [1]. A variety of compounds have been
identified as inducers of xylanase production, i.e., Xylan
and xylo-oligosaccharides, mainly xylotrioses, xylobi-
ose, and xylose. In addition, lactose, L-sorbose, and
sophorose have also been reported to induce xylanase
produced in different organisms [2, 3]. Because poly-
meric forms of cell wall components, i.e., xylan and
cellulose, are unable to enter the fungal cell, it has been
suggested that low molecular-weight hydrolysis prod-
ucts of xylan and cellulose penetrate the cell and induce
the production of hydrolytic enzymes [4]. The role of
transglycosylating enzymes in the synthesis of positional
isomers (aldopentauronic acid, isomeric xylotetraose,
and isomeric xylotriose) as inducer molecules has also
been reported in Schizophyllum commune [5]. Once
produced, these inducer molecules are translocated
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rapidly into the cell by permease—transferase systems.
The affinity of uptake systems toward inducers plays an
important role in the induction mechanism. Many of the
microbes, including fungi and bacteria, produce multiple
xylanases that are functionally diverse and have been
classified into different hydrolase families number 5, 7,
8, 10, 11, and 43. Molecular evidence suggests that the
regulation of expression of xylanases from different
families differs markedly from family to family [6].
Therefore, gaining insight into regulation of expression
of these xylanases is important from the basic as well as
applied aspects. This study reports differences in
regulatory mechanisms for the expression of multiple
xylanases in a thermophilic fungal strain of Myceli-
ophthora sp.

Materials and Methods

Culture and growth medium. The thermophilic fungus isolated from
composting soils and identified as Myceliophthora sp. IMI 387799, as
described previously [7], was taken up for studying the regulation of
expression of multiple xylanase. The culture was grown and
maintained on yeast starch agar (YpSs, pH 7.0) [8].

For preparation of inoculum, culture was grown in 250-ml
Erlenmeyer flask containing 50 ml glucose medium with the following
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composition (% w/v): glucose 1.0; yeast extract 1.0; K,HPO,4 0.04; and
MgSO, - 7TH,0 0.05. The pH of the medium was adjusted to 7.0, and
flasks were incubated under shaking conditions (120 rpm) at 45°C for
60 hours. The mycelium was collected by filtration under sterile
conditions, washed, and transferred to fresh induction medium.

Regulation of xylanase. For studying the regulation, the production
medium (100 ml)—which contained (NH,4),SO4 0.3%; KH,PO,4 0.4%);
ammonium acetate 0.6%; and 1% (w/v) monosaccharides (glucose,
fructose, arabinose, xylose); polysaccharides (oat spelt xylan); or 1%
(v/v) alcohols (ethanol, propanol, and methanol)—was inoculated with
the washed mycelium (2 g wet weight) from 60-hour old culture grown
on glucose medium. For studying possible repressive or synergistic
effects, different monosaccharides (1% w/v) or alcohols (1% v/v) were
added to xylan (0.5% w/v oat spelt xylan) containing production
medium. The initial pH of the medium was adjusted to 7.0. The flasks
were incubated at 45°C under shaking conditions (120 rpm) for up to
120 hours. The samples were withdrawn at 12-hour interval up to 120
hours and centrifuged (11,000 X g for 10 minutes), and supernatants
were assayed for xylanase activity.

Enzyme assay. Xylanase activity was determined using birch wood
xylan 1% (w/v) prepared in sodium citrate buffer (50 mM, pH 6.0) [9].
An equal amount of suitably diluted enzyme and substrate was
incubated at 50°C for 5 minutes. After incubation, the reaction was
stopped by addition of dinitro salicylic acid followed by boiling [10].
The developed color was monitored at 540 nm using Novospec II
spectrophotometer (Pharmacia). The amounts of released sugars were
quantified using the xylose standard. Protein in the enzyme extracts
was determined by the protein dye-binding method as described by
Bradford [11].

Isoelectricfocusing and activity staining. Isoelectricfocusing (IEF)
was performed as described previously [12] using 5% acrylamide gel
containing 2.4% broad pH range (3.5 to 10.0) ampholine carrier
ampholyte (Amersham Biosciences). The cathode buffer contained
ethanolamine 0.4% (v/v), and sulphuric acid, 0.2% (v/v), was used as
anode buffer. Xylanase activity in IEF gels was detected by activity
staining with agarose replica gels containing covalently dyed RBB-
xylan as described by Biely et al [13].

Detection of transglycosylation products by thin-layer
chromatography. The culture extract samples collected at different
time intervals were concentrated by lyophilization and analyzed for the
presence of hydrolysis and transglycosylation products by thin-layer
chromatography (TLC) on microcrystalline cellulose (Merck) plates.
The plates were developed twice in the solvent system ethyl acetate—
acetic acid—water (3:2:1). Reducing sugars were detected using the
aniline-hydrogen phthalate reagent as described previously [14, 15].

Results

The inductive effect of xylan on xylanase production by
Mpyceliophthora sp. was studied. Different monosac-
charides, e.g., glucose, fructose, xylose, and arabinose as
well as a combination of xylan and monosaccharides,
were used to study their regulatory effects on the
expression of multiple xylanases (Fig. 1a). The pro-
duction profile showed that an initial detectable induc-
tion of xylanase after 24 hours was observed in the
presence of xylan as well as xylan plus arabinose.
Whereas, a rapid increase in xylanase expression was
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observed in medium containing fructose or fructose and
xylan, at 48 hours when the observed xylanase levels
were comparatively higher than those in xylan plus
arabinose and appreciably higher than in culture grown
on arabinose or glucose as sole carbon source in the
medium. The levels of xylanase increased steadily up to
96 hours in the presence of xylan and xylan plus fruc-
tose, but a sharp decrease in xylanase was observed in
culture grown in fructose. Furthermore, cultures grown
in the presence of xylan, in combination with arabinose
or glucose, respectively, showed moderate to relatively
higher repression of xylanase, although no repression
was observed when fructose was added to xylan, which
in fact registered higher levels of xylanase (3.92 U/ml)
compared with those (3.76 U/ml) obtained on xylan
alone. Similarly, the addition of glycerol showed no
repressive effects (Fig. 1c).

The results showed that the addition of alcohols to
xylan-culture media resulted in early and higher induc-
tion of xylanase within 24 hours as compared to medium
containing xylan (Fig. 1b). The presence of methanol,
ethanol, and propanol resulted in 1.94, 1.16, and 1.23 U/
ml xylanase activity, respectively, within 24 hours of
incubation, and was 3.3, 2.0, and 2.1-fold higher than
0.574 U/ml xylanase produced by xylan alone.

The zymograms developed against proteins re-
solved by IEF showed differential expression of multiple
xylanase isoforms in the presence of the different carbon
sources used (Fig. 2). The presence of arabinose, xylose,
cellobiose, and glucose in medium resulted in the
expression of only two xylanases with acidic pl (EX;
and EX,). However, fructose or xylan, when used as sole
carbon sources, induced four iso-xylanases, namely,
EX,, EX,, EXj3, and EX5 However, fructose in combi-
nation with xylan, which was previously observed to
induce maximal xylanase production after 96 hours,
expressed five different xylanase isoforms, i.e., EXj,
EX,4, and EX with basic pl, in addition to EX; and EX,.
The zymogram (Fig. 2b) showed that all the four iso-
xylanases expressed in the presence of xylan were also
present in the extracts from cultures grown in presence
of alcohols plus xylan.

TLC profiling (Fig. 3) showed the presence of dif-
ferent transglycosylation products in culture extracts of
arabinose, cellobiose, glucose, xylose, or fructose taken
at different time intervals. In the presence of arabinose,
cellobiose, glucose or xylose, a transglycosylation
product in the form of an oligosaccharide greater than
Xs was observed after 24 hours, and this product per-
sisted in the medium without being further metabolized.
In addition, smaller oligomeric transglycosylation
products of arabinose, glucose, and xylose were also
observed. Interestingly, the observed transglycosylation
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product in the presence of fructose was different from
that observed for other monosaccharides in that it pos-
sibly was a positional isomer with Rf corresponding to
is0-X4. A similar transglycosylation-hydrolysis product
was also observed in the presence of xylan. In the
presence of fructose, maximal xylanase activity was
observed after 48 hours of incubation followed by a
decrease in the activity. Thereafter, the decrease in the
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Fig. 1. Time course of xylanase production by Myceliophthora
(a and b) grown on medium having different carbon

sources (1% w/v). Xylan (0.5% w/v) was added to medium
when used in combination with other carbon supplements. (c)
Specific activities on different carbon sources after 96 hours of
incubation.

activity corroborated well with the decreased levels of
this positional isomer (is0-X4) from the culture extracts.
However, the accumulation of this product (iso-Xy)
continued for up to 72 hours in the presence of xylan as
well as a combination of xylan plus fructose, and this
correlated well with increased xylanase production. In
the presence of alcohols, a combination of transgly-
cosylation—hydrolysis products, ranging from higher to



408

b 4 X+P

X+M X+E

Fig. 2. Activity gel showing multiple xylanase isoforms produced by
Mpyceliophthora sp. using different carbon sources. X, xylan; A,
arabinose; C, cellobiose; G, glucose; x, xylose; F, fructose; X + F,
xylan + fructose; X + P, xylan + propanol; X + M, xylan + methanol; X
+ E, xylan + ethanol.

lower oligomers and alkyl glycosides in the culture ex-
tracts, possibly induced comparatively higher expression
of xylanase (data not shown).

Discussion

Multiplicity of xylanases is a common phenomenon in
micro-organisms [16], including thermophilic fungi, i.e.,
Melanocarpus albomyces, Myceliophthora, sp. and Hu-
micola insolens [17, 12], where each micro-organism is
capable of expressing diverse xylanases belonging to
different families. However, the phenomenon behind the
differential expression of these multiple isoxylanases is
not well understood. In this article, we report the regu-
lation of expression of multiple xylanases from Mycel-
iophthora sp., which has been previously shown to be
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functionally diverse [12]. The results of this study sug-
gested that Myceliophthora sp., when grown in the
presence of glucose, arabinose, xylose, and cellobiose,
expressed xylanases (EX; and EXj5) of acidic pI that
have been previously characterized to be xylanases
belonging to family number 10, with broad substrate
specificity [12, 18]. The expression of xylanase with
broad substrate specificity may be a possible mechanism
adopted by this fungus for supporting initial growth on a
wide variety of xylan types, from diverse plant sources
to composting material available in nature. In contrast,
the inducible xylanase isoforms, EXj;, EX,, and EXs,
with basic pl, that have been classified as members of
family number 11 [12], were expressed in the presence
of fructose, xylan, and the combination of fructose plus
xylan. The differential expression of xylanases of fam-
ilies number 10 and 11 may also be attributed to basic
differences in the molecular organization of promoter
regions [6].

The results of this present study suggested a definite
role of transglycosylation products in the expression of
multiple isoxylanases produced by Myceliophthora sp.
The presence of glycosyl transferase activity in the
purified xylanases from Myceliophthora sp. has been
previously demonstrated [7], where the products of
hydrolysis acted as a donor or acceptor during the
reaction. Interestingly, TLC results suggested that in
response to glucose, cellobiose, arabinose, and xylose, a
transglycosylation product of approximately Rf Xj is
formed, which is possibly not recognized by members of
family number 10 xylanases [18, 19]. Therefore, these
products persist in the culture filtrates. In contrast,
inducible xylanases belonging to family number 11
recognize the formed product as substrate and are
cleaved to shorter—chain-length oligomers, resulting in
formation of some of the positional isomers, i.e., i50-Xy,
which were found to be the key transglycosylation
products identified in the presence of fructose, xylan,
and their combinations (conditions that supported max-
imum xylanase activity). However, differences in the
structure of putative isomeric products formed (F-X3) in
the presence of xylan plus fructose, xylan (iso-X,), or
fructose (F,4), and their ability for differential expression
of xylanases, cannot be ruled out because transgly-
cosylation product (F-X3) resulted in induction of an
additional xylanase isoform, i.e., EX4. Fructose repre-
senting ketose sugar has also been observed to positively
regulate cellulase production in another thermophilic
fungus, Melanocarpus sp [20].

Furthermore, in the presence of alcohols, apprecia-
bly higher induction was observed, although the number
of xylanase isoforms in the presence of alcohols was
same as that observed in xylan. The inductive effect of
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alcohols may be caused by formation of alkyl glycosides
(in addition to other transglycosylation products), which
has been shown to induce polysaccharidase activity [21].
Moreover, the role of methyl B-D-glycoside has also
been observed in the expression of multiple xylanases in
Neocallimastix frontalis [22].

This study clearly showed specific roles of fructose
and transglycolsylation products in the regulation of
multiple xylanases in Myceliophthora sp. The metabolic
profiling carried out in this study substantiated previous
observations on the expression of xylanases of family
numbers 10 and 11 at the molecular level [6].
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