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Abstract

In nature, there are numerous microorganisms that efficiently degrade xylan, a major component of lignocellulose. In particular,
filamentous fungi have demonstrated a great capability for secreting a wide range of xylanases, being the genus Aspergillus
and Trichoderma the most extensively studied and reviewed among the xylan-producing fungi. However, an important amount
of information about the production and genetics of xylanases from fungi of the genus Penicillium has accumulated in recent
years. A great number of Penicillia are active producers of xylanolytic enzymes, and the use of xylanases from these species
has acquired growing importance in biotechnological applications. This review summarizes our current knowledge about the
properties, genetics, expression and biotechnological potential of xylanases from the genus Penicillium.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Xylan is the principal component of plant cell wall
hemicelluloses. It is a heteroglycan composed of a lin-
ear chain of xylopyranose residues bound by 8 (1 — 4)
linkages, with a variety of substituents linked to the
main chain by glycosidic or ester linkages (Joseleau
et al., 1992). These substituents are mainly acetate,
methyl glucuronate and L-arabinofuranose residues,

and the amount of each depends on the source of xylan:
while rice bran xylan is rich in arabinose, birchwood
xylan possesses a significant amount of glucuronate
and low arabinose content (Kormelink and Voragen,
1993). Acetate groups are not present in softwood xylan
(Gregory et al., 1998) (Fig. 1).

The biodegradation of xylan requires thus a set of
esterases and glycanases. These enzymes are produced
by a number of bacteria and fungi and are mostly

OH

Fig. 1. The structure of xylan and site of action of the enzymes of the xylanase complex. 1: endoxylanases; 2: a-L-arabinofuranosidases; 3:
glucuronidases; 4: feruloyl and coumaroyl esterases; 5: acetyl xylan esterases.
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extracellular (Sunna and Antranikian, 1997). These
enzymes (Fig. 1) are:

e Endoxylanases (E.C. 3.2.1.8); randomly hydrolyze
the main chain of xylan, producing a mixture of
xylooligosaccharides.

e [3-Xylosidases (E.C. 3.2.1.37); liberate xylose from
short oligosaccharides.

e «o-L-Arabinofuranosidases (E.C. 3.2.1.55); remove
L-arabinofuranose side chains.

e a-D-Glucuronidases (E.C. 3.2.1.139); hydrolyze the
methyl glucuronate residues.

e Acetyl xylan esterases (E.C. 3.1.1.72); hydrolyze
acetate groups from the main chain.

e Feruloyl (E.C. 3.1.1.73) and coumaroyl esterases
(E.C. 3.1.1.-); hydrolyze the respective aromatic
acids linked to the arabinofuranoside residues.

The known xylanolytic fungi are mostly
ascomycetes. Particular attention has been granted to
the enzymes produced by Aspergilli (de Vries and
Visser, 2001) and Trichoderma (Wong and Saddler,
1992), while the xylanolytic system of Penicillia, also
a genus with a large number of species producing
xylanases, has not been reviewed.

2. Properties of the xylanases produced by
Penicillia

The Penicillia are mostly saprophytic in nature, and
numerous species are of particular value for humans.
Probably the best known is Penicillium notatum, the
producer of the antibiotic penicillin. Also important in
the food industry are P. roqueforti and P. camemberti,
associated with the production of particular types of
cheese (Moss, 1987).

Many Penicillia are soil fungi, and grow in a variety
of organic substances, particularly dead plant materials.
They produce extracellular hydrolases such as pectic
enzymes, lipases, proteases, cellulases and xylanases
(Hamlyn et al., 1987).

The production of xylanolytic enzymes by Penicillia
has been explored in a number of species (see listing in
Table 1). Particularly noteworthy is the screening per-
formed by Krogh et al. (2004) who tested 12 strains
of different species of Penicillia belonging to the sub-
genera Biverticillium (found in plant products related
to wood, paper and textiles) and Furcatum (present in

grassland soils). They observed that the first subgenus
strains produced more B-xylosidase, while no differ-
ences were detected for endoxylanase. Milagres et al.
(1993) have isolated a strain of P. janthinellum, which
produces high endoxylanolytic activity, while secret-
ing negligible amounts of cellulases. Abdel-Sater and
El Said (2001) selected in agar plates containing xylan
alarge number of fungal isolates from samples contain-
ing wheat and rice straw and sugarcane bagasse; among
them were five Penicillium species, which produced
endoxylanases (P. chrysogenum, P. corylophilum, P.
duclauxii, P. funiculosum, and P. oxalicum). Endoxy-
lanase producing Penicillia have also been found in a
variety of environments: Medeiros et al. (2003) have
isolated from the Amazonian forest several Penicil-
lium species producing endoxylanase activity. Bradner
et al. (1999) have measured hemicellulase activities
(mannanase and endoxylanase) from antarctic isolates,
among them three Penicillia, and found significant
endoxylanase activity in P. hirsutum and P. commune
supernatants at 10-20 °C. From all these studies it can
be concluded that Penicillia constitute a rich source of
enzymes for the biodegradation of xylan.

Studies performed on individual xylanolytic
enzymes are described below.

2.1. Endoxylanases

This group of enzymes has been widely studied in a
variety of fungi and bacteria (Sunna and Antranikian,
1997) including a number of Penicillium species. The
presence of multiple endoxylanases has been reported
in several Penicillia. Takenishi and Tsujisaka (1973)
isolated from P. janthinellum three endoxylanases from
extract of wheat bran koji culture. P. capsulatum has
been shown to produce three endoxylanases; these
enzymes have been purified and characterized (Filho
et al., 1993; Ryan et al., 2003). Two of these enzymes
(XynA and XynB) are produced when the carbon
source is a mixture of wheat bran and beet pulp, while
XynCis produced in a medium where the carbon source
is birchwood xylan. Belancic et al. (1995) purified two
endoxylanases from P, purpurogenum, and zymograms
of supernatants of this fungus (Chavez et al., 2002a)
show at least four separate bands. Haas et al. (1992),
on the other hand, found no endoxylanase multiplicity
in cultures of P. chrysogenum grown in oat spelt xylan,
and purified, characterized and sequenced the enzyme.
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Penicillium species, which have been examined for the production of xylanolytic enzymes

Species

Enzymes detected

Best carbon source tried

Reference

P. brasilianum

P. canescens

P. capsulatum
P. chermisinum

P. chrysogenum

P. commune

P. corylophilum

P. duclauxi
P. expansum

P. funiculosum

P. herquei

P. hirsutum
P, islandicum

P. janthinellum

P. kloeckeri
P. oxalicum

P. persicinum

P. pinophilum

P. purpurogenum

P. pusillum
P. roqueforti
P. roseopurpureum

P. simplicissimum

Penicillium sp. AHT-1

Penicillium sp. 40

P. verruculosum

P. wortmanni

Endoxylanase
B-Xylosidase

Endoxylanase
Endoxylanase

Endoxylanase
B-Xylosidase

Endoxylanase
Endoxylanase

Endoxylanase

Endoxylanase
Endoxylanase

Endoxylanase
Endoxylanase

Endoxylanase
Endoxylanase
B-Xylosidase
Arabinofuranosidase
Endoxylanase

Endoxylanase
B-Xylosidase

Endoxylanase
B-Xylosidase

Endoxylanase

B-Xylosidase
Endoxylanase
Endoxylanase

Endoxylanase
B-Xylosidase
Arabinofuranosidase

Endoxylanase

Endoxylanase
Acetyl xylan esterase

B-Xylosidase
Endoxylanase
B-Xylosidase

Endoxylanase
Arabinofuranosidase

Endoxylanase
B-Xylosidase
Arabinofuranosidase

Endoxylanase
Endoxylanase

B-Xylosidase

‘Wet-oxidized wheat straw
‘Wet-oxidized wheat straw

Soya meal + wheat straw
Wheat straw + xylan

Beet pulp + wheat bran
Xylan

Xylan (oat)
Xylan

Cellulose

Xylan (oat)
Xylan

Xylan
Cellulose

Cellulose + wheat bran
Xylan (oat)

Xylan (oat)

Xylan (oat)

Xylan

Xylan
Xylan (oat)

Cellulose
Xylan
Xylan (oat)

Xylan (oat)
Xylan (birchwood)
Xylan

Xylan (oat)
Xylan (oat)
Xylan (oat)

Cellulose + barley straw

Wheat straw
Acetylated xylan

Xylan
Xylan (oat)
Xylan

Xylan (oat)
Xylan (oat)

Xylan (oat)

B-Methyl xyloside

Xylan

Thygesen et al. (2003)

Gaspar et al. (1997)
Bakri et al. (2003)

Filho et al. (1993)
Reese et al. (1973)

Haas et al. (1992)
Abdel-Sater and El Said (2001)

Bradner et al. (1999)

Medeiros et al. (2003)
Abdel-Sater and El Said (2001)

Abdel-Sater and El Said (2001)
Bradner et al. (1999)

Mishra et al. (1985)
Krogh et al. (2004)

Abdel-Sater and El Said (2001)

Funaguma et al. (1991)
Ito et al. (2003)

Bradner et al. (1999)
Reese et al. (1973)

Milagres et al. (1993)
Curotto et al. (1994)
Curotto et al. (1994)

Haltrich et al. (1996)
Abdel-Sater and El Said (2001)
Krogh et al. (2004)

Brown et al. (1987)

Steiner et al. (1994)
Egaia et al. (1996)

Reese et al. (1973)
Medeiros et al. (2003)
Reese et al. (1973)
Krogh et al. (2004)

Rahman et al. (2003)

Kimura et al. (2000)

Berlin et al. (2000)
Reese et al. (1973)
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Funaguma et al. (1991) have purified an endoxylanase,
which has the rather unique property of showing two
protein bands of 11,000 and 8300, respectively, on
SDS electrophoresis gels, suggesting a protein made of
different subunits; the molecular weight of the native
enzyme, however, has not been determined. Kimura et
al. (2000) have isolated an acidophilic endoxylanase
from Penicillium sp. 40, which can grow in acidic con-
ditions, such as pH 2.0.

The main properties of purified endoxylanases from
Penicillia are listed in Table 2.

2.2. B-Xylosidases

Reese et al. (1973) tested 250 microorganisms
(bacteria and fungi) for their ability to secrete -
xylosidases. Of the 11 most active producers (all fungi),
five were Penicillia, and the most active fungus found
was P. wortmanni. Best yields were obtained when
the fungus was grown on xylan in the presence of
Tween 80 and a mixture of methyl-$3-D- and methyl-o-
D-xylopyranosides. P. funiculosum (Mishraetal., 1985)
and P. janthinellum (Curotto et al., 1994) have also
been described to be good producers of B-xylosidase.
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Ito et al. (2003) have identified and purified two [3-
xylosidases liberated from the cell surface of P. herquei.
The enzyme from P. wortmanni was purified and char-
acterized by Deleyn et al. (1978). Table 3 shows some
properties of B-xylosidases isolated from Penicillia.

2.3. Arabinofuranosidases (AF)

Beldman et al. (1997) has proposed a classifica-
tion of the arabinanases (a generic term to describe
all enzymes which act on polysaccharides contain-
ing arabinose residues) based on their mode of action,
distinguishing six classes. Of those, three are arabino-
furanosidases. They are all exo-type enzymes, which
hydrolyze non-reducing arabinofuranose residues. o-
L-Arabinofuranosidases type A act on short oligosac-
charides. Type B a-L-arabinofuranosidases are capa-
ble of hydrolyzing side-chain arabinose residues from
polymeric substrates. Both groups are also recognized
for their ability to hydrolyze the synthetic substrate
p-nitrophenyl a-L-arabinofuranose (pNPA). The third
type, class C, does not act on pNPA, but is specific
for arabinoxylan. Enzymes from the three classes have
been found in culture supernatant of various fungi.

Table 2
Properties of endoxylanases from Penicillium species
Source Enzyme MW (x1073) pl pH optimum Temperature Reference
optimum (°C)
P. brasilianum 31 >9 - - Jgrgensen et al. (2003)
P. canescens Xyl-31 31 8.2-9.3 59 55 Sinitsyna et al. (2003b)
P. capsulatum XynA 28.5 5.0-5.2 4.0 47-48 Filho et al. (1993)
XynB 29.5 5.0-5.2 4.0 47-48
XynC 22 2.8 3.8 48 Ryan et al. (2003)
P. chrysogenum 35 4.2 6.0 40 Haas et al. (1992)
P. funiculosum XynC 23.6 3.7 5.0 55 Furniss et al. (2002)
P. herquei See text 5.1 3.0 50 Funaguma et al. (1991)
P. janthinellum I - - 53 - Takenishi and Tsujisaka (1973)
I - - 4.7 -
1 - - 4.7 -
P. purpurogenum XynA 33 8.6 7.0 60 Belancic et al. (1995)
XynB 23 59 35 50
Penicillium sp. 40 XynA 25 4.7 2.0 50 Kimura et al. (2000)
Penicillium sp. AHT-1 21 - 6.0 50 Rahman et al. (2003)
P. verruculosum XYN 65 4.5 - - Berlin et al. (2000)
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Table 3
Properties of B-xylosidases from Penicillium species
Source Enzyme MW (x1073) p! pH optimum Temperature optimum (°C) Reference
P. herquei SI 103.7 - 4.0 50 Ito et al. (2003)
S2 37.46 - 6.5 30
P. wortmanni 100 5.0 3.34 - Deleyn et al. (1978)

Table 4 summarizes the properties of arabinofura-
nosidases isolated and studied from Penicillia. Filho
et al. (1996) have purified two arabinofuranosidases
from P. capsulatum solid-state cultures. These enzymes
are type B AFs based on their substrate specificity. P.
purpurogenum also produces several isoenzymes of
AF (De Ioannes et al., 2000); three different forms
have been separated by isoelectrofocusing and detected
by zymograms. One of these enzymes has been puri-
fied and sequenced (Carvallo et al., 2003). It can also
be classified as a B-type enzyme (it acts on pNPA
and releases arabinose from oat spelts xylan) and its
sequence shows that the enzyme belongs to family 54
of the glycosyl hydrolases.

Five distinct arabinan-degrading enzymes have been
found to be secreted by P. chrysogenum. Among them
are two AFs, identified as AFS1 and AFQI1, which
have been purified and characterized (Sakamoto and
Kawasaki, 2003). Both enzymes are type B as estab-
lished by their substrate specificity; based on a short
amino terminal sequence, they can be classified respec-
tively as family 51 (AFQ1) and family 54 (AFS1) of the
glycosyl hydrolases. Two other arabinanases secreted
by this fungus are an exo-arabinanase (Sakamoto and
Thibault, 2001), which releases arabinobiose from «-
L-arabinan and an endo-arabinanase (family 43), which
does not act on arabinoxylan or pNPA (Sakamoto et al.,
2003).

Sinitsyna et al. (2003a) have isolated the major com-
ponents of the xylanase system of P. canescens. Among
these enzymes are two arabinofuranosidases (called
AF-60 and AF-70). The enzymes are active against
pNPA, arabinoxylan and arabinan, suggesting that they
are type B enzymes. They show, however, some dif-
ferences in substrate specificity: AF-60 is active on
glucuronoxylan while AF-70 acts on xyloglucan.

2.4. o-Glucuronidases

They are probably the less studied of the xylan
debranching enzymes. Although they have been iso-
lated from several fungi and bacteria (see listing in
Biely et al., 2000), they have not as yet been described
in Penicillium.

2.5. Acetyl xylan esterases (AXEs)

Little work has been done on AXEs from Penicil-
lium. Egafia et al. (1996) have purified and character-
ized two AXEs from P. purpurogenum (see Table 5).
More recently a third AXE has been isolated from
the same organism (Fuentes, unpublished). All three
enzymes show very similar substrate specificity, so it
is not clear at present why this organism needs to pro-
duce such a variety of AXEs, an unprecedented finding
in xylanolytic fungi.

Table 4

Properties of arabinofuranosidases from different Penicillium species

Source Enzyme MW (x1073) pl pH optimum Temperature Reference

optimum (°C)

P. capsulatum Aral 64.5 4.15 4.0 60 Filho et al. (1996)
Arall 62.7 4.54 4.0 55

P. canescens AF-60 60.0 7.6 4.7 70 Sinitsyna et al. (2003a)
AF-70 70.0 3.8-4.0 55 70

P. chrysogenum AFQI1 79.0 - 4.0-6.5 - Sakamoto and Kawasaki (2003)
AFS1 52.0 - 3.3-5.0 -

P. purpurogenum ABF 1 58.0 6.5 4.0 50 De Ioannes et al. (2000)
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Table 5
Properties of acetyl xylan esterases from Penicillium species
Source Enzyme MW (x1073) pl pH optimum Temperature Reference
optimum (°C)
P. purpurogenum AXEI 48 7.5 53 50 Egafia et al. (1996)
AXEII 23 7.8 6.0 60
AXE III 85.7 6.3 5.3 20 Fuentes (unpublished)

2.6. Feruloyl and coumaroyl esterases

Based on substrate utilization, induction medium
and supported by amino acid sequence identities, these
enzymes have been classified in four classes (Crepin
et al., 2004). Model substrates have been used for the
classification: methyl ferulate (MFA), methyl caffeate
(MCA), methyl sinapate (MSA) and methyl coumarate
(MpCA). Type A enzymes are induced preferentially
by wheat bran and other cereal-derived substrates and
act mainly on MFA, MSA and MpCA and show amino
acid sequences similarity to lipases; type B enzymes
are mainly induced by sugar beet pulp; they are similar
to family 1 acetyl xylan esterases and utilize in prefer-
ence MFA, MpCA and MCA. Enzymes of type C are
induced by both wheat bran and sugar beet pulp, act
on all four substrates and show sequence similarity to
tannases and chlorogenate esterases. Those of family
D act also on all four methyl esters, are induced mainly
by wheat bran and show sequence similarity to endoxy-
lanases. Enzymes A and D also release diferulic acid
from cereal cell walls.

Feruloyl esterases have been studied in several
Penicillium species. The properties of these enzymes
have been summarized in Table 6. Castanares et al.
(1992) purified a feruloyl/coumaroyl esterase from P.
pinophilum. The fungus was grown in solid state in
an oat straw/wheat bran mixture; it hydrolyzes MFA
and MpCA, and it is also active on acetyl xylan and
pNPA, but no sufficient information (such as amino
acid sequence) is available to allow a family classi-

fication. Feruloyl and p-coumaroyl esterase activities
have been detected in cultures of P. expansum and P.
brevicompactum (Donaghy and McKay, 1995) using
methyl ferulate as main carbon source in liquid cul-
tures and sugar beet pulp and wheat bran in solid state
cultures, the latter being a better inducer of activity.
Highest activity was found in the P. expansum cul-
ture, and this enzyme was purified and characterized
(Donaghy and McKay, 1997). Based on its substrate
specificity (it acts on MFA, MpCA and MCA, but not
on MSA) and preferred induction medium, it can be
classified as a type B enzyme. More thoroughly stud-
ied is the enzyme from P. funiculosum (Kroon et al.,
2000) obtained from sugar beet pulp cultures. It is a
typical type B enzyme. Its sequence is known and it
possesses a cellulose-binding module.

3. Genes encoding xylanolytic enzymes from
Penicillium

3.1. Endoxylanases

The most popular classification of the glycosyl
hydrolases, based on sequence similarities, is that
presented in the CAZY database (http://afmb.cnrs-
mrs.fr/CAZY/; Henrissat and Davies, 1997). Enzymes
with endoxylanase activity have been found in fam-
ilies 5, 7, 8, 10, 11 and 43 (Collins et al., 2005),
most commonly in families 10 and 11. A search of the
database and reference sources shows the existence of

Table 6
Properties of feruloyl/coumaroyl esterases from Penicillium species
Source Enzyme MW (x1073) p! pH optimum Temperature Reference
optimum (°C)
P. pinophilum 57 4.6 55 Castanares et al. (1992)
P. expansum 57.5 - 37 Donaghy and McKay (1997)

P. funiculosum FAEB 53 6.0

- Kroon et al. (2000)
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Table 7
Sequenced xylanolytic genes from Penicillium
Enzymatic activity Source Gene Glycosyl hydrolase family Reference
Endoxylanase P. funiculosum XynA 7 Alcocer et al. (2003)
xynB 11 Alcocer et al. (2003)
xynC 11 Furniss et al. (2002)
xynD 10 Furniss et al. (2005)
P. purpurogenum XynA 10 Chavez et al. (2001a)
xynB 11 Diaz et al. (1997)
P. chrysogenum xylP 10 Hass et al. (1993)
P. canescens xylA 10 Serebryanyi et al. (2002)
P. simplicissimum XxynA 10 Schmidt et al. (1998)
Penicillium sp. 40 XynA 11 Kimura et al. (2000)
B-xylosidase P. herquei 52 43 Ito et al. (2003)
P. purpurogenum® - 43 Ito et al. (2003)
Arabinofuranosidase P. purpurogenum abfl 54 Carvallo et al. (2003)
Enzymatic activity Source Gene Carbohydrate esterase family Reference
Acetyl xylan esterase P. purpurogenum axell 5 Gutiérrez et al. (1998)
axel 1 Gordillo (unpublished)
Feruloyl esterase P. funiculosum faeA 1 GenBank AJ312296
faeB 1 Kroon et al. (2000)

2 Only a partial sequence of 290 bp is available.

10 sequences for Penicillium endoxylanases, five from
family 10, four from family 11 and one belonging to
family 7 (Table 7).

P. funiculosum is the organism from which the
most number of sequenced endoxylanases genes (four)
have been described, three of them encoding the only
known modular endoxylanases from Penicillium with
carbohydrate-binding modules (CBM): The xynA gene
(coding for a xylanase/cellobiohydrolase enzyme with
similarity to family 7 cellobiohydrolases); the xynB
gene (belonging to family 11) and the xynD gene
(belonging to family 10). All these enzymes include
a catalytic domain, a Ser/Thr-rich linker and a putative
CBM (Alcocer et al., 2003; Furniss et al., 2005). The
xynC gene encodes a non-modular endoxylanase with
significant sequence similarity to family 11 glycosyl
hydrolases (Furniss et al., 2002).

In P. purpurogenum, two endoxylanases genes have
been reported: the xynA gene, belonging to family 10
(Chavez et al., 2001a), and xynB, belonging to family
11 (Diaz et al., 1997; see also GenBank AJ359553).
None of these endoxylanases have CBMs, but it is
important to remark that from the zymograms showed
by Chavez et al. (2002a), it is possible to deduce that P,
purpurogenum produces several other endoxylanases

of higher molecular weight, which may contain CBMs
in their structure.

One endoxylanase gene from each, P. chryso-
genum, P. simplissicimum and P. canescens, has been
sequenced, all belonging to family 10: the xylP gene
(Hassetal., 1993), the xynA gene (Schmidtetal., 1998),
and the xylA gene (Serebryanyi et al., 2002), respec-
tively. In addition, one acidophilic endoxylanase gene
belonging to family 11 of the endoxylanases, xynA, has
been found in Penicillium sp. 40 (Kimura et al., 2000).

Except for xynA from P. funiculosum, all the genes
described above contain introns. As a rule, family 11
endoxylanase genes (xynA and xynB from P. funiculo-
sum, xynB from P. purpurogenum and the enzyme from
Penicillium sp. 40) contain one intron (Diaz et al., 1997,
Kimura et al., 2000; Furniss et al., 2002; Alcocer et
al., 2003). On the other hand, family 10 endoxylanase
genes (xynA from P. purpurogenum and the enzymes
from P. chrysogenum, P. canescens and P. simplissici-
mum), contain eight to nine introns (Hass et al., 1993;
Schmidt et al., 1998; Chavez et al., 2001a; Serebryanyi
et al., 2002). A special case is xynD from P. funiculo-
sum, which belongs to family 10 but contains just three
introns (Furniss et al., 2005). The significance of these
findings remains unknown.
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(A) Family 10 endoxylanases from Penicillium
P.p.xynA 69 gqltpensmkwdategnrgqfsfsgsdylvnfaqsngklirghtlvwhsglgngssitdKN-tlisvlknhittvmtrxkgkix 152
P.ch.xylP 71 gglspensmkwdatepsqgyafsfagsdyfvefaetngklirghtlvwhsglpswvssitdKT-tltdvmknhittvmkgykgkvy 154
P.s.xynA 42 gqltpensmkwdategnrgqftfsgsdylvnfaqsngklirghtlvwhsglgngssitdKN-tlisvlknhittvmtrzkgkix 125
P.ca.xylA 67 ggltpensmkwdatepnrggftfsgsdylvnfagsngklirghtlvwhsglpgwvssitdKN-tlisvlknhittvmtrykgkiy 150
P.f . xynD 57 ggitpanamkwgptepsqgsytftggdgiaslaksnndylrchnlvwynglpsyitsgswINAtliaalkehingvvthykggey 141

333333311111111113333333333555555555553333111111111113333357 3333333333333331111111

v

P.p.xynA 153 awdvlneifnedgslrnsviynvigedyvriafetarsvdpnaklyindynldsagyskvngmvshvkkWlaagipidgigsgth 237
P.ch.xylP 155 awdvvneifeedgtlrdsvfsrvlgedfvriafetareadpeaklyindynldsatsaklggmvshvkkWiaagvpidgigsgth 239
P.s.xynA 126 awdvlneifnedgslrnsvfynvigedyvriafetarsvdpnaklyindynldsagyskvngmvshvkkWlaagipidgigsgth 210
P.ca.xylA 151 awdvlneifnedgslrnsvfynvigedyvriafetarsvdpnaklyindynldsagyskvngmvshvkkWlaagipidgigsgth 235
P.f.xynD 142 awdvvnealnedgtyrgnvfyghigeayipiafaaaaaadpnaklyyndynievagak-atgaggivklIgaaggridgvglgsh 226

111111113333333333333333333333333333331111111111111113333577777777777 333333333333333

v

P.p.xynaA 238 lgagaganVAGAlnalagagtt---eiaiteldiaga---------- sstdyvnvvkaclngskevgitvwgvadpdswrsssSP 309
P.ch.xylP 240 lgagagaaASGAlnalasagte---evavteldiaga---------- sstdyvdvvnacldgpkevgitvwgvadpdswradeSP 311
P.s.xynA 211 1lgagagsaVAGAlnalasagtk---eiaiteldiaga---------- sstdyvnvvnaclngakevgitvwgvadpdswrsssSP 282
P.ca.xylA 236 lgagagsaVAGAlnalasagtk---eiaiteldiaga---------- sstdyvnvvnaclngakevgitvwgvadpdswrsssSP 307
P.f.xynD 227 fivggtpsLAT-gkanmaaftalGVdvaiteldirmtLPDTSALQTQgstdygttttacvgtkgevgitlwdytdkyswvpgtFS 310

33335577 TITITINITT 111111111133 333333333333555551111111113333335555
(B) Family 11 endoxylanases from Penicillium v
P.p.xynB 43 negagtfsmywggGVvsndfvvglgrstgssnpitysasysasggsylavygwvnspgaeyyvveaygnynpcsSGSAtnlgtvss 127
P.40.xynA 61 ngaageysvtwen--cgdftsgkgwstgsarditfegtfnpsgnaylavygwttsplveyyiledygdynpgnSM--tykgtvts 141
P.f.xynB 61 nmaagsfsinynt--ggdfvvglgwgpgdanpitysgsfsasgvgilavygwstnplveyyvmevhdgyqtag----thkgtvtt 139
P.f.xync 69 ngdngeysvtwvd--cgdftsgkgwnpanagtvtysgefnpsgnaylavygwttdplveyyilesygtynpssGL--tslggvts 149

5555555555555 S5555555555555555555555555533333111111111133333333333555777 33333333

v

P.p.xynB 128 dggtygvctdtrvngpsitgtstftgffsvrggsrtsgtvtianhfnfwandgfgnsninygvvaveawsgtgtasvtvs 207
P.40.xynA 142 dgsvydiyehqggvngpsisgtatfngywsirgntrssgtvttanhfnawaklgmnlgsfnygivstegyessgsstitvs 221
P.f.xynB 140 dggtydiwehggvngpsilgtstfngyisirgsprtsgtvtvgnhfnawagagmnlgtlnygvmaveswsgsgsggisls 219
P.f.xync 150 dggtydiystqgrvngpsiegtstfngywsvrtekrvggtvttanhfaawkalglemgtynymivstegyessgsstitvs 229

33333333555111111111111133333333553331111111111113355555333333333333555555555555

Fig. 2. Sequence alignment of Penicillium family 10 (A) and family 11 (B) endoxylanases using MATCHBOX. Numbers under the boxes
indicate degree of similarity (1 is highest; the boxes are in bold and underlined). Only segments of the protein sequences with high similarity are
included. Numbers at the left and right of each sequence indicate the protein segment aligned. The postulated catalytic glutamic acids are shown
by arrows. P.p.: P. purpurogenum; P.ch.: P. chrysogenum; P.s.: P. simplicissimum; P.ca.: P. canescens; Pf.: P. funiculosum; P.40: Penicillium sp.

40. References for these sequences are given in Table 7.

Some structural relationships between endoxy-
lanases from Penicillium were established by pro-
tein sequence alignments using the MATCHBOX pro-
gram (Depiereux and Feytmans, 1992). This program
matches the most similar nine-residue segments in a
scan of the whole set of sequences. Thus, MATCHBOX
seeks for “similarity boxes”, emphasizing the sequence
similarities among the aligned enzymes. Using this

computer program, sequences belonging to family 10
and family 11 were aligned separately (Fig. 2). In
the alignment performed for family 10 (Fig. 2A), five
boxes of very high similarity are detected (value of 1 in
MATCHBOX), which include the two conserved cat-
alytic glutamate residues (Moreau et al., 1994; Schmidt
etal., 1998). The rest of the sequence alignment shows
regions of medium or low similarity. An interesting
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fact is observed when the regions of highest and low-
est similarity are superimposed on the available tertiary
structure of endoxylanase from P. simplissicimum, an
(ao/ B) barrel (Schmidt et al., 1998). The regions of high-
est similarity (the most conserved regions among the
sequences) are located in the center of the barrel and
contain the glutamate residues from the active site,
while the most variable regions (MATCHBOX low-
est similarity score) are found in the periphery of the
structure, preferentially in the a-helices (Chéavez et al.,
2001a). This observation suggests that the structure of
family 10 endoxylanases from Penicillium (and prob-
ably from other fungi) have a highly conserved central
core sheltering the active site, the rest of the structure
being mostly variable.

The alignment of family 11 (shown in Fig. 2B) is
less informative. Although three boxes of very high
similarity are detected by MATCHBOX, the conserved
catalytic glutamate residues are found outside of these
conserved regions. The rest of the sequence shows
regions of medium or low similarity.

3.2. B-Xylosidases

B-Xylosidases are found in families 3, 39,43, 51, 52
and 54 of the glycosyl hydrolases, but fungal enzymes
have been described so far only for families 3, 43 and
54.

Only one B-xylosidase complete gene sequence
from Penicillium is found in the databases (Table 7).
This gene from P. herquei IFO 4674, named s2, con-
sists of a 1005 base pair (bp) sequence. It contains no
introns and encodes a 335 amino acid protein with
no apparent signal peptide, in spite of the fact that
this enzyme is a cell surface associated protein (Ito
et al., 2003). Besides this sequence, a 290 bp partial
sequence of a 3-xylosidase from P. purpurogenum has
been reported (Ito et al., 2003). Both enzymes present
a high degree of similarity with family 43 glycosyl
hydrolases. It is interesting to remark that most fungal
[B-xylosidases from organisms with phylogenetic prox-
imity to Penicillium (such as Aspergillus) are found in
family 3 of the glycosyl hydrolases, but not in family
43, which contains mainly xylosidases from bacterial
origin. However, some fungi whose entire genome was
recently sequenced have open reading frames (ORFs)
that encode for hypothetical proteins with high similar-
ity to the Penicillium (3-xylosidases described above: A.

nidulans (accession number XP_405614 in NCBI Pro-
tein Database), Magnaphorte grisea (accession num-
ber XP_366835 in NCBI Protein Database) and Neu-
rospora crassa (Galagan et al., 2003). In addition, a
partial sequence of a B-xylosidase from Aspergillus
oryzae (Ito et al., 2003) and the B-xylosidase from
Cochliobolus carbonum (Wegener et al., 1999) belong
also to family 43. These data suggest that there are two
structurally different fungal B-xylosidases, which are
grouped into two different glycosyl hydrolase families
(3 and 43).

3.3. wa-Arabinofuranosidases

Arabinofuranosidases are found in families 43, 51,
54 and 62 of the glycosyl hydrolases.

The recently sequenced abfl gene from P. pur-
purogenum is the only a-arabinofuranosidase sequence
available from a Penicillium (Carvallo et al., 2003;
see Table 7). This gene has an open reading frame
of 1518 bp, it does not contain introns and encodes
for a protein of 506 amino acids, with a calculated
molecular mass of 49.6 kDa. This gene belongs to fam-
ily 54 and has very high similarity (74-81%) with
a-arabinofuranosidases from Aspergillus and Tricho-
derma species (Carvallo et al., 2003).

In addition to the a-arabinofuranosidase described
above, it is interesting to note that a gene cod-
ing for an exo-1,5-a-arabinanase (a related arabinan-
degrading enzyme which releases arabinobiose from
a-L-arabinan; Sakamoto and Thibault, 2001) has
been cloned from P. chrysogenum, and sequenced
(Sakamoto et al., 2004). This enzyme does not
show sequence similarity to other arabinan degrading
enzymes.

3.4. Acetyl xylan esterases

Acetyl xylan esterases have been found in families
1-7 of the carbohydrate esterases.

From the genus Penicillium, only two genes from
P. purpurogenum have been cloned and sequenced
(Table 7). Unpublished data from Gordillo and Eyza-
guirre indicate that the axel gene (see GenBank
AF529173) presents an open reading frame of 1278 bp,
including two introns of 68 and 61 bp, and codes for
a mature protein of 351 amino acids. This gene has
a modular structure: a catalytic module at the amino



R. Chavez et al. / Journal of Biotechnology 123 (2006) 413—433 423

terminus belonging to family 1 of the carbohydrate
esterases, a linker rich in serines and threonines, and
a family 1 carboxy terminal CBM, which is similar to
that of acetyl xylan esterase from 7. reesei and binds
the enzyme to cellulose but not xylan.

The axell gene from P. purpurogenum was the
first axe cloned and sequenced from a Penicillium
(Gutiérrez et al., 1998). This gene has an open read-
ing frame of 831bp and contains two introns, giv-
ing a mature protein of 207 residues. Interestingly,
this gene lacks the linker and carbohydrate-binding
module described in the axel gene; these are present,
however, in the axel gene from Trichoderma ree-
sei. Although AXE II from P. purpurogenum shows
a 66% identity with the catalytic domain of AXE
from T. reesei (Gutiérrez et al., 1998), the lack of
CBM in the former indicates a different evolution-
ary path for both enzymes, the T. reesei AXE hav-
ing acquired its CBM by gene fusion. The existence
of several AXEs suggests a possible complementary
role in ester hydrolysis during xylan degradation in
P. purpurogenum.

3.5. Feruloyl esterases

Feruloyl esterases have been described only in fam-
ily 1 of the carbohydrate esterases.

Two genes encoding feruloyl esterases from P,
Sfuniculosum, faeA (see GenBank AJ312296) and faeB
(Kroon et al., 2000) have been sequenced (Table 7).
The faeB gene is contained in an 1120-bp ORF, which
is interrupted by one intron and encodes a putative 335-
residue mature protein. The protein FaeB is composed
of two distinct domains separated by a 20-amino acid
linker region rich in Thr, Ser and Pro: a catalytic N-
terminal domain 276 amino acid long, and a 39 amino
acid C-terminal domain which closely resembles the
family 1 CBMs of fungal glycosyl hydrolases (Kroon
et al., 2000). The analysis of the other feruloyl esterase
gene from P. funiculosum, faeA, reveals that this gene
has an ORF of 1096 bp, which is interrupted by one
intron and encodes a mature protein of 325-residues.
When the deduced protein sequence from the faeA gene
is submitted to BLAST, no putative conserved domain
resembling a known CBM is found. This finding points
to a possible complementary role of FaeA and FaeB in
feruloyl residue hydrolysis during xylan degradation
by P. funiculosum.

4. Genetic organization of Penicillium
xylanolytic genes

In filamentous fungi, several metabolic pathways
are organized as gene clusters (Keller and Hohn, 1997).
Usually, genes that show this kind of organization
encode secondary metabolism genes, such as peni-
cillin producing genes (Diez et al., 1990; Laich et al.,
2002). In other cases, the genes of some metabolic
pathways that are activated under specific growth con-
ditions, such as nutrient deprivation or competition
with other microorganisms, have been shown to be
organized as clusters. The ethanol utilization or nitrate
assimilation pathways are good examples (Johnstone
et al., 1990; Fillinger and Felenbok, 1996). On the
other hand, most of the complex fungal degradation
systems have as a common characteristic the presence
of multiple enzyme forms, whose physiological func-
tion are not well understood. Several of these systems
appear to be organized as gene clusters. For exam-
ple, it has been found that some ligninolytic fungi
have multiple ligninase genes organized as clusters
(Gaskell et al., 1991; Johansson and Nyman, 1996;
Stewart and Cullen, 1999). In cellulolytic systems, a
cluster of cellobiohydrolase genes has been described
in Phanerochaete chrysosporium (Covert et al., 1992),
and in Trichoderma reesei, three cellulolytic genes
(cbhl, ccb2 and egl2) are located on the same chro-
mosome (Mantyla et al., 1992).

The first approach to analyze the genetic organiza-
tion of xylanolytic genes in fungi was performed by
Carter et al. (1992) in T. reesei. By pulse-field gel elec-
trophoresis, these authors resolved the chromosomes
of T. reesei strain QM6a and several of its derivatives.
Using Southern blots with different probes, several
genes were mapped. The endoxylanase genes xyl/ and
xyl2 were found to be located in the same chromo-
some, but the evidence showed that these genes were
not physically close. In the case of Penicillia, this ques-
tion has been studied so far only in P. purpurogenum:
Chavez et al. (2002b) showed that the transformation of
a Saccharomyces cerevisiae strain with genomic fun-
gal DNA from P. purpurogenum yields a yeast strain
that is able to produce endoxylanase and [3-xylosidase
activities. This suggested that the xylanolytic system
of P. purpurogenum could be organized as a gene clus-
ter, in a similar way to the ligninolytic or cellulolytic
clusters described above. To test this hypothesis, the
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chromosomes from P. purpurogenum were separated
by pulse-field gel electrophoresis and hybridized to
five available probes for xylanolytic genes from this
fungus: two endoxylanases, two acetyl xylan esterases
and one a-arabinofuranosidase (Chavez et al., 2001b).
With this approach and other complementary experi-
ments, it was concluded that the xylanolytic system of
P. purpurogenum is widely distributed in the genome
of this fungus.

The results of Carter et al. (1992) on T. reesei and
of Chavez et al. (2001b) on P. purpurogenum have
important implications in the evolutionary acquisition
of the xylanolytic system in Penicillium and other fun-
gal species, indicating that this system was not incor-
porated as a “xylanolytic cassette” in a single event.
On the contrary, probably the xylanolytic system of
these organisms was developed by the acquisition of
genes in different events. Given the scarce amount of
work reporting the chromosomal location of fungal
xylanases, it is not possible to extend these observa-
tions to other fungal xylanolytic systems, and further
work is necessary to establish a possible general rule.

5. Regulation of the expression of xylanases in
Penicillium

Molecular mechanisms that control the regulation of
xylanase gene expression are still poorly understood.
Studies on the subject have been carried out in several
fungi, mainly Aspergillus and Trichoderma (Mach et
al., 1996; Zeilinger et al., 1996; Orejas et al., 1999; Xu
et al., 2000).

The regulation of xylanase genes in Penicillia has
been studied chiefly indirectly by studying the use
of different carbon sources and growth conditions
on enzyme production. For example, Jgrgensen et
al. (2004) recently showed that three Penicillia (P.
pinophilum, P. persicinum and P. brasilianum) were
stimulated for B-xylosidase and endoxylanase produc-
tion by the presence of xylose as carbon source, while
glucose acted as repressor. Using the same organisms,
Jgrgensen et al. (2005) showed that xylan (from both
birchwood and oat spelts) induced endoxylanase pro-
duction but the three species showed differences in
the magnitude of the response. In P. purpurogenum
an enhanced production of endoxylanase, acetyl xylan
esterase and arabinofuranosidase activities has been

observed when the fungus is grown on specific sub-
strates such as wheat straw, acetylated oat spelt xylan
and arabitol, respectively, in preference to other sub-
strates such as birchwood xylan or oat spelt xylan
(Eyzaguirre et al., 1992; Egana et al., 1996; De Ioannes
et al., 2000). In P. funiculosum, xylanases are pro-
duced in a medium containing either xylan or car-
boxymethyl cellulose (Rao et al., 1988), but the highest
production was obtained when raw substrates (sugar
cane bagasse, rice straw and wheat straw) were used
(Fadel and Fouda, 1993). In P. canescens, differences
in endoxylanase production have been observed under
different carbon and nitrogen sources; among several
agricultural wastes tested, untreated wheat straw gave
highest titers (Bakri et al., 2003). In the case of P. jan-
thinellum, Curotto et al. (1994) showed differences in
xylanase production both by carbon source and pH.
Penicillium sp. 40 is also clearly influenced by pH,
because its xylanase A is preferentially produced at
acidic pH (Kimura et al., 2000). All these examples
suggest that the induction of the expression of the
xylanolytic enzymes in Penicillium is regulated at the
genetic level by a complex set of substrate and envi-
ronmental conditions.

5.1. Glucose repression

A common finding in filamentous fungi including
Aspergilli and Trichoderma (Prade, 1995) is that the
production of the xylanolytic enzymes is repressed by
glucose (carbon catabolite repression). In Penicillium
species, glucose repression has been demonstrated by
northern analysis for several xylanases from P. pur-
purogenum (Chavez et al., 2002a; Carvallo et al., 2003;
Chavez et al., 2004), and in the faeB gene from P.
funiculosum (Kroon et al., 2000). In P. chrysogenum,
Zadra et al. (2000) showed by northern analysis that the
expression of the xylanase gene xylP is transcription-
ally repressed by glucose; this was confirmed by the
use of a B-glucuronidase (uidA) reporter gene fused
with the xylP promoter.

At the molecular level, glucose repression of
xylanases has been associated with the presence of
binding sites for CreA in their promoters. CreA is a
negatively acting protein that mediates carbon catabo-
lite repression in Aspergilli and Trichoderma (Cubero
and Scazzocchio, 1994). In xylanase promoters from
Penicillium, sites for the binding of CreA have been
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described in the promoter of xylP from P. chryso-
genum (Zadra et al., 2000), xylA from P. canescens
(Serebryanyi et al., 2002), faeB from P. funiculosum
(Kroon et al., 2000) and in all the sequenced pro-
moters studied thus far from xylanases of P. purpuro-
genum: xynA, xynB, axell and abfl (Chavez et al.,
2002a; Carvallo et al., 2003; Chavez et al., 2004). In
addition to these published data, a search for CreA
binding sites in other Penicillium xylanase promot-
ers released in GenBank, shows the existence of CreA
binding sites in the axel promoter from P. purpuro-
genum (GenBank AF529173), in the s2 promoter
from P. herquei (GenBank AB(093564), in the pro-
moter of the acidic xynA gene from Penicillium sp. 40
(GenBank AB035540) and in the promoters of xynA,
xynB, xynC and faeA genes from P. funiculosum (Gen-
Bank AJ312295, AJ489605, AJ278385 and AJ312296,
respectively). Also, a putative sequence for CreA bind-
ing was found at —7 bp from the start codon in xynD
gene in P. funiculosum (GenBank AJ634957), but due
to its location (downstream from the putative TATA
box and next to the start codon), its functionality is
uncertain. Although CreA-like proteins have not been
specifically described so far in Penicillia, the results
presented above suggest that a similar repression mech-
anism is operative in this fungal genus as it is in Tri-
choderma and Aspergilli.

5.2. Induction of the expression of xylanolytic
genes

The transcriptional activator XInR is the main reg-
ulatory element that has been proposed to participate
in xylanase gene expression (van Peij et al., 1998). Ini-
tially found in Aspergillus, the presence of sites for its
binding has been described in almost all the sequenced
xylanase promoters from the Penicillium species stud-
ied thus far.

Usually, only one XInR binding-site is present for
each xylanolytic gene in Penicillium. This situation
has been found in the xylA gene from P. canescens
(Serebryanyietal.,2002), inxynA, xynB and faeB genes
from P. funiculosum (Alcocer et al., 2003; Kroon et al.,
2000) and in xynA, axel, axell, and abfI genes from P.
purpurogenum (Chavez et al., 2002a; Carvallo et al.,
2003; Chavez et al., 2004; see GenBank AF529173
for the axel promoter). However, there are a few cases
of xylanolytic genes with more than one XInR bind-

ing site in their promoter. These are the xy/P promoter
from P. chrysogenum (Zadra et al., 2000) and the xynC
promoter from P. funiculosum (GenBank AJ278385),
where the analysis of their sequence revealed the pres-
ence of three XInR binding sites. This multiplicity is
also observed in endoxylanase gene promoters from
Aspergilli: the xInD promoters from A. niger (Gen-
Bank Z84377), xInB from A. tubingensis (van Peij etal.,
1998) and xynB from A. kawachii (GenBank D38070)
contain two XInR binding sites while the xynC pro-
moter from A. kawachii (GenBank D14848) has three.
An unusual case is the promoter of xynB from P. pur-
purogenum, which shows the presence of eight XInR
binding sites These eight sites are repeated in tan-
dem and separated by a conserved interbox region of
12bp, all in a DNA segment comprising just 138 bp
(Chéavez et al., 2002a). The presence of more than
one XInR binding site in xylanolytic genes has been
related to enhanced expression levels. In fact, it has
been demonstrated that both xylP from P. chrysogenum
and xynB from P. purpurogenum are highly expressed
genes (Zadra et al., 2000; Chavez et al., 2002a). Thus,
the presence of repetitive XInR sequences in these pro-
moters may be an evolutionary strategy to enhance
expression (Zadra et al., 2000; Chavez et al., 2002a).
Despite the fact that all the promoters previously
described have similar binding sequences for XlInR,
some differences in the expression of their genes are
observed. For example, in P. purpurogenum, oat spelts
xylan (an arabinoxylan containing 9.7% arabinose and
4.3% uronic acids; Kormelink and Voragen, 1993)
induces the expression of xynA, xynB and axell genes;
on the contrary, birchwood xylan (a glucuronoxylan,
which contains 1% arabinose and 8.3% uronic acids;
Kormelink and Voragen, 1993) induces the expression
of xynB and axell genes, but not the expression of
xynA (Chavez et al., 2002a; Chavez et al., 2004). When
xylose and xylitol (simple sugars products of xylan
degradation) were used as substrates for induction, a
low but detectable level of expression of the xynB and
axell enzymes was observed, but expression of xynA
was again not detected (Chavez et al., 2002a; Chavez
et al., 2004). In the fungus P. chrysogenum, xylP gene
expression is induced by oat spelt xylan and xylose
(Hass et al., 1993; Zadra et al., 2000), indicating a sim-
ilar behavior to that observed for xynB or axell in P.
purpurogenum. These data, obtained from the analysis
of expression of Penicillium xylanase genes, suggest
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the existence of two kinds of enzymes: a first group,
which is induced both by polymeric and monomeric
substrates, and a second group whose expression is
restricted to induction by complex substrates, thus sug-
gesting a different role for these xylanases in xylan
degradation.

5.3. Regulation of xylanase expression by pH

The regulatory factor PacC (Tilburn et al., 1995) has
been involved in the pH regulation of several fungal
genes (Denison, 2000), and binding sites for this pro-
tein have been described in promoters of xynA, abf1,
axel and axell from P. purpurogenum (Chavez et al.,
2002a; Carvallo et al., 2003; Chavez et al., 2004) and
in the xylP promoter from P. chrysogenum (Zadra et
al., 2000). Also, potential binding sites for this regula-
tory element are present in some xylanase promoters
registered in the GenBank database: axel from P. pur-
purogenum (AF529173), xynC and faeB from P. funicu-
losum (AJ278385 and AJ291496) and the acidic xynA
from Penicillium sp. 40 (AB035540).

The influence of pH in xylanase expression is mixed.
Steiner et al. (1994) showed that high xylanolytic activ-
ities are detected at neutral pH in P. purpurogenum, but
not at acidic or alkaline pHs, where only a residual
activity was recorded. According with this observa-
tion, the growth of P. purpurogenum at these marginal
pHs in media containing xylan is reduced by about
10-40% (Chavez et al., 2002a). This was confirmed at
the molecular level by northern blot experiments car-
ried out at different pH values. The transcripts of xynA,
xynB, abfl and axell genes were observed only at neu-
tral pH (about 6.6) but not at acidic or alkaline pHs
(Chavez et al., 2002a; Carvallo et al., 2003; Chavez et
al., 2004). This substantiates that all these enzymes are
tightly regulated by pH, expressing their transcripts at
neutral pH only. Similar observations were made by
Brown et al. (1987) using enzymatic measurements in
P. pinophilum, which also produces its xylanases at
neutral pH, but in this case no confirming molecular
studies were performed.

In P, janthinellum, on the other hand, a 3-xylosidase
activity was found only at pH 4.5. At the same pH,
endoxylanase production was also enhanced, indicat-
ing that in this fungus the xylanase expression occurs at
slightly acidic pH (Curotto et al., 1994). More dramatic
is the case of the endoxylanase A (XynA) from Penicil-

lium sp. 40, a fungus, which can grow in highly acidic
conditions. The production of XynA in this fungus was
increased in acid medium, and the enzyme is stable at
pH 2.0-5.0 with an optimum pH at 2.0 (Kimura et al.,
2000), suggesting regulation by pH of this gene.

The above cases are examples of a dependence of
xylanase expression from pH. However, in the case
P. chrysogenum, its xylP gene seems to be insensi-
tive to pH, because its expression is independent of
the environmental pH, despite the fact that its pro-
moter contains two sites for PacC binding (Zadra et
al., 2000). Other interesting and singular case is the
effect of pH on the expression of the xynB gene from
P. purpurogenum. The promoter of xynB lacks putative
PacC binding sites; however, this gene is tightly regu-
lated by pH (Chavez et al., 2002a). The cases of xylP
and xynB indicate that the role of PacC in pH regula-
tion of Penicillium xylanases is not clear; pH regulation
does not occur in xylP despite the presence of putative
PacC binding sites, and, on the other hand, xynB is reg-
ulated by pH despite the lack of these sites. Disagree-
ments in pH regulation have also been reported in other
Penicillium PacC-containing genes, such as the peni-
cillin biosynthesis genes (Martin, 2000). In this case,
alkaline pH values, which strongly stimulate penicillin
biosynthesis genes in Acremonium chrysogenum, have
only a slight effect on the same genes in Penicillium
chrysogenum (Martin, 2000). It is important to remark
that the functionality of the PacC binding sites in
xylanase expression has not been directly demonstrated
by gel shift assays, reporter gene expression or other
suitable techniques. These analyzes will be impor-
tant to clarify the role of PacC in xylanase expression
regulation.

5.4. An integrated view of regulation

In spite of the limited information about xylanolytic
gene expression in Penicillium (mainly obtained from
P. purpurogenum studies), it is possible to propose a
basic model for the action for these enzymes. As a
general rule, all the Penicillium xylanases studied are
repressed by glucose, and those enzymes containing
CBMs can bind to polymeric substrates. On the con-
trary, enzymes lacking CBM attack soluble molecules.
Most of these fungi seem to express their enzymes at
neutral pH, although there are exceptions, such as the
XynA from Penicillium sp. 40.
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Fig. 3. Proposed model for xylanase expression and xylan degradation by Penicillium. (A) Low levels of enzymes (black stars) are induced by
few molecules of monomeric sugars such as xylose (white circles). The action of these enzymes on xylan produces oligosaccharides, which
induce full xylanase expression, unleashing complete xylan degradation. (B) If xylan is highly insoluble, the fungus senses its presence by an
unknown mechanism, and induces broad specificity xylanases (gray stars). These enzymes begin the degradation of this xylan, producing a
mixture of oligosaccharides, which induces the full production of xylanases, thus allowing complete xylan degradation. More details are given
in the text.
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Initially, in the presence of few molecules of
monomeric sugars such as xylose or xylitol (produced,
for example, by chemical or mechanical breakage of
xylan), low levels of expression of some enzymes are
detected (Fig. 3A). This basal expression level would
be a “stand by” condition for the possible availability
of xylan as a main substrate. This proposition is cor-
roborated by the low, but detectable level of transcripts
for some xylanase genes in the presence of simple sug-
ars (Zadra et al., 2000; Chavez et al., 2002a; Chavez
et al., 2004), and the observations by Jgrgensen et al.
(2004), who recorded detectable xylanase activities in
three Penicillium species (P. pinophilum, P. persicinum
and P. brasilianum) grown in xylose, thus suggesting
that a basal production of xylanases may be achieved
in these organisms in the presence of this sugar.

If xylan is available, this basal xylanase activity
would digest some of the polysaccharide, releasing
oligosaccharides that could enter the cell and trigger
full expression of xylanases, thus unleashing the total
degradation of xylan (Fig. 3A). This mechanism has
some resemblance to the basal expression of cellu-
lolytic enzymes proposed for T. reesei (Carle-Urioste
et al., 1997).

However, if xylan is particularly insoluble, the basal
enzymes may not be efficient for its initial degrada-
tion and the release of oligosaccharides needed for
the full expression of xylanases. In this case, enzymes
with broader degrading ability are necessary. These
enzymes are not induced by monomeric sugars or by
some types of xylan (such as birchwood xylan), but
are induced by other xylan molecules (oat spelt xylan,
for example). These enzymes could be induced by the
chemical or mechanical release of specific oligosaccha-
rides from xylan, or by some other unknown sensing
mechanism (Fig. 3B). Thus, the initial degradation of
insoluble xylan by enzymes with broader degradation
ability will release the oligosaccharides necessary for
the full expression of xylanases. Enzymes with broader
degradation ability are endoxylanase A from P. pur-
purogenum or endoxylanase from P. simplicissimum.
These enzymes, belonging to family 10 of the gly-
cosyl hydrolases, have a broader and shallower active
site cleft than other endoxylanases, implying that they
would be more accessible to this kind of substrates
(Schmidtetal., 1998; Chavezetal.,2001a). In addition,
family 10 endoxylanases have low substrate specificity
(Biely et al., 1997). Supporting the proposed model,

XynA from P. purpurogenum is only expressed in the
presence of oat spelts xylan, but not birchwood xylan,
xylose or xylitol, which are efficient inducers for other
xylanases (such as family 11 XynB) from the same
organism (Chavez et al., 2002a).

In a comprehensive review about bacterial, yeast
and fungal xylanases, Kulkarni et al. (1999) proposed
an expression regulation model, which differs to the
model described in this work (Fig. 3). Both models
suggest that the initial release of low molecular mass
metabolites (xylose and oligosaccharides) from xylan
plays a key role in full xylanases induction. However,
Kulkarni’s group hypothesizes that these metabolites
are liberated from xylan by the action of small amounts
of constitutively produced xylanases. Although not
obvious from reading this review, it seems that this
proposal is based on a paper cited by the authors,
describing a xylanase-producing strain of Bacillus sub-
tilis resistant to glucose repression (Srivastava and
Srivastava, 1993). To our knowledge, no similar case
has been found in Penicillium or other fungi. In fact,
glucose acts as repressor in all fungal xylanolytic genes
where the regulation has been studied at the molec-
ular level (several cases are described in previous
sections), and evidence for the constitutive produc-
tion of xylanase has not been reported. This leads us
to discard the “constitutive xylanases hypothesis” in
Penicillium.

In summary, we propose a model with different
levels of complexity for the expression of xylanolytic
enzymes, depending on substrate availability (Fig. 3).
In principle, there would be a basal level of expres-
sion of some enzymes produced by monomeric sugars
(xylose or xylitol). This basal level of enzymes, when
xylan is the main substrate, would produce oligosac-
charides that induce a higher level of xylanolytic activ-
ity. In most cases, this set of enzymes would be suf-
ficient for the degradation of several kinds of xylan.
If the xylan molecule is too insoluble, enzymes with
broader substrate specificity and accessibility would
be necessary to obtain oligosaccharides, which would
then induce full enzyme production. As we have seen,
several aspects about the induction of xylanases by
xylan and their derived metabolites in Penicillium
(and other filamentous fungus) are puzzling, and the
use of inducer oligosaccharides of different composi-
tion and structure will be necessary to clarify these
points.
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6. Biotechnological applications

Xylanases are known for a number of biotechno-
logical applications. An important use is in cellulose
pulp biobleaching (Polizeli et al., 2005), to eliminate
lignin residues from kraft pulp. Xylanases increase
the digestibility of feed by lowering the viscosity in
the intestinal tract, thus improving nutrient uptake
(Twomey et al., 2003). In baking, they are added to
increase the specific bread volume and in this way
improve final flavor (Maat et al., 1992). In beer and
juice processing, xylanases are utilized to reduce haze
formation by solubilizing long chain arabinoxylans
(Dervilly et al., 2002). Applications have also been
found in textile manufacture (Prade, 1995). Another
potential use of the xylanases is in the saccharification
of xylan, the second most abundant polysaccharide on
earth, for its eventual conversion in fuels and chemi-
cals. Important recent advances are discussed by Saha
(2000). Thus, there is ample need to find appropriate
enzymes for these and other potential biotechnology
uses, and xylanase from Penicillia may find a place in
these applications.

An enzyme from P. janthinellum (Milagres and
Prade, 1994), a strain which produces no detectable
cellulolytic activity, has been used for the recovery of
cellulosic textile fibers. The endoxylanase from Peni-
cillium sp. 40 (Kimura et al., 2000), which has a highly
acidic pH optimum may find application in processes
requiring an acid milieu. Bradner et al. (1999) have
found significant endoxylanase activity at 10-20°C
produced by Antarctic isolates of Penicillia; these
enzymes may be useful for low-temperature applica-
tions such as improvement in juice color and clarity
and in baking (Collins et al., 2005). A xylanolytic com-
plex from P. canescens has been used for enzymatic
pretreatment of kraft pulp in cellulose biobleaching
assays (Curotto et al., 1998), and a recombinant form
of this organism’s endoxylanase has also been utilized
in biobleaching trials (Sinitsyna et al., 2003b).

In recent years, arabinan-degrading enzymes are
finding applications, such as in the processing of
foods, vegetables and juices, the bioconversion of plant
biomass, improvement of animal feedstock digestibil-
ity, delignification of cellulose pulp and liberation
of aromatic monoterpenes in wine processing (Saha,
2000). The cold-adapted endo arabinanase from P.
chrysogenum may prove useful in the enzymatic treat-

ment of juice concentrates to prevent quality deterio-
ration (Sakamoto et al., 2003).

Feruloyl esterases show several possible biotech-
nological applications, particularly in food processing
and supplementing endogenous digestive enzymes in
animals fed with low-grade foodstuffs, based on their
synergistic activities with other xylanases. Ferulic acid
is an effective antioxidant, with potential use in the food
and pharmaceutical industries; so, these enzymes can
be useful for the extraction of hydroxycinnamic acids
from natural sources particularly from agricultural
waste products (Kroon and Williamson, 1999). The
enzymes from Penicillia here described may be useful
in this respect, depending on their substrate specificity.

A general discussion of the different applications of
xylanases can be found in the reviews of Bhat (2000),
Beg et al. (2001) and Polizeli et al. (2005).
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