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ABSTRACT

Filamentous fungi naturally produce a broad
range of plant cell wall degrading enzymes that
are widely used in several industrial sectors such
as pulp and paper, biofuels or textiles. In this
study, the enzymatic profiles of twelve fungal
species after being grown on three plant
polysaccharides were compared with one another.
Our results demonstrate significant differences in
the set of enzymes the filamentous fungi produce
during growth on plant polymers and provide
leads for improved biotechnology applications.
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INTRODUCTION

Plant biomass is the most important renewable
material on earth and its conversion to monomers
has become a key step in the transition to the use
of sustainable energies. Plant cell walls are
made of polysaccharides, lignin and proteins.
The polysaccharide components are cellulose,
hemicelluloses and pectins and the respective
amounts of each polysaccharide vary with the plant
origin. Cellulose is a linear chain of -1,4-glucose.
Hemicelluloses are chemically and physically more
complex and their monomeric composition vary
between species and between tissues and cell types
within an individual plant [1]. They are classified
according to the main chain of the polymer: for xylan
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this is B-1,4-D-xylose, for mannan 3-1,4-D-mannose
and for xyloglucan p-1,4-D-glucose. Each backbone
is branched by monomers such as D-galactose,
D-xylose, L-arabinose, D-glucuronic acid or L-fucose.
Saprobic and phytopathogenic fungi produce a broad
range of extracellular enzymes to degrade the
polysaccharides of the plant cell wall. For decades
fungal enzymes have been largely used to improve
industrial processes related to those from food and
health to pulp and biofuels. Enzymatic degradation of
cellulose requires at least cellobiohydrolases (CBH),
-1,4-glucosidases (BGL) and $3-1,4-endoglucanases
(EGL). Many more enzymes are needed to
completely degrade hemicelluloses [2], such as
a-arabinofuranosidase (ABF), and a- and B-1,4-
galactosidases (AGL, LAC).

In this study, 12 fungi were chosen from three phyla,
Ascomycetes, Basidiomycetes and Zygomycetes,
some of which are plant pathogens while others
are saprobes (Table 1). Aspergillus nidulans is a
well-known model organism for fungal biology,
while Aspergillus niger and Aspergillus oryzae are
industrially used fungi for metabolite and enzyme
production. Trichoderma reesei and Penicillium
chrysogenum are also industrial fungi, used in
particular for the production of cellulases [3] and
penicillin [4], respectively. Trichoderma harzianum
is the most frequently found Trichoderma sp.
worldwide and is the principal component in
several commercial bio-fungicide formulations [5].
Botrytis cinerea and Ustilago maydis are important
plant pathogens. B. cinerea can infect at least 235
plant species [6], while U. maydis has a very narrow
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Table 1. Fungal species used in this study.

Fungus Type Phylum Reference
Aspergillus niger (N402) Saprobe Ascomycete [26]
Aspergillus nidulans (WG096) Saprobe Ascomycete [27]
Aspergillus oryzae (NRRL 3488) Saprobe Ascomycete [28]
Botrytis cinerea (SAS 56) Plant pathogen  Ascomycete [29]
Penicillium chrysogenum (CBS 906.70) Saprobe Ascomycete [30]
Trichoderma harzianum (CBS 466.94) Saprobe Ascomycete This study
Trichoderma reesei (QM9414-A1) Saprobe Ascomycete [31]
Pycnoporus cinnabarinus (BRFM 44) Saprobe Basidiomycete [32]
Schizophyllum commune (4.39) Saprobe Basidiomycete [33]
Ustilago maydis (FB1) Plant pathogen  Basidiomycete [34]
Rhizomucor miehei (CBS182.67) Saprobe Zygomycete This study
Rhizopus microspores var. oligosporus (CBS 338.62)  Saprobe Zygomycete This study

host range and infects mainly maize and its probable
ancestor, teozintle [7]. U. maydis has become a model
system for studying host-pathogen interactions [8].
Pycnoporus cinnabarinus and Schizophyllum commune
are two white rot fungi commonly found in the
Northern hemisphere [9]. P. cinnabarinus is known
for producing high-redox potential laccases suitable
for the industrial biotechnology [10], while
S. commune is a model system for mushroom
development [11]. Rhizopus oligosporus and Mucor
miehei are two Zygomycetes, both classified within
the order Mucorales. M. miehei produces enzymes of
industrial importance, in particular aspartic proteases
used as substitute for chymosin in cheese making and
lipases [12]. R. oligosporus produces lipases as well
and together with A. oryzae, R. oligosporus is also
one of the main agents in Tempeh preparation [13].
This set of fungi covers a broad range of life styles
and is distributed over several fungal taxa. In this study,
the production of plant biomass degrading enzymes
by these fungi has been compared to determine
their potential as sources of industrial enzymes.

MATERIAL AND METHODS

Fungal strains

The fungal strains used in this study are listed in
Table 1.

Fungal growth and enzymatic assays

The 12 fungal strains were pre-grown overnight at
25 °C in 50 ml liquid shaken cultures containing

complete medium [14] with 1% glucose. 5g of
wet-weight mycelium of each strain was transferred
to duplicate flasks containing minimal medium
[14] with 1% crude wheat arabinoxylan (LAX),
1% birchwood xylan or 1% cellulose (CMC) and
incubated for 8 h. After 8 h, culture filtrate samples
were taken for enzymatic activity assays. Exo-acting
enzyme activities used 25 mM sodium acetate (pH 5),
0.01% substrate and suitably diluted culture filtrate.
The mixture was incubated at 30 °C for 2 h and
the reaction was terminated by the addition of
100 pL 250 mM sodium carbonate. Enzyme
activities (o-arabinofuranosidase, a-galactosidase,
[-galactosidase, a-glucosidase, p-glucosidase and
B-xylosidase) were determined spectrophotometrically
at 405 nm by measuring the release of p-nitrophenol
(pNP) from their appropriate pNP-substrates and
standardized against a known concentration of
p-nitrophenol (pNP). Activities were expressed as
U/ml of sample. 1 unit is the amount of enzymes
necessary for releasing 1 micromol pNP per minute.
Endo-1,4-B-glucanase and endo-1,4-B-xylanase activity
were measured using 20 mg/mL Azo-CM-cellulose
(S-ACMC) and 10 mg/mL Azo-wheat arabinoxylan
(S-AWAXP), respectively, and assayed according
to the suppliers (Megazyme) recommendations.

RESULTS AND DISCUSSION

Seven enzymatic activities (Table 2) involved in
plant cell wall polysaccharide degradation were
selected to evaluate the ability of the fungi to degrade
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Table 2. Enzymatic activities measured in this study.

Enzymatic activity Substrate CAZy family*
a-arabinofuranosidase (ABF)  Xyloglucan, xylan, pectin GH51, 54
B-1,4-galactosidase (AGL) Xylan, galactomannan GH27, 36
B-1,4-galactosidase (LAC) Xyloglucan, xylan, galactomannan  GH2, 35
B-1,4-glucosidase (BGL) Cellulose GH1,3
B-1,4-xylosidase (BXL) Xylan, pectin GH3, 43
B-1,4-endoglucanase (EGL) Cellulose GH5, 7,12, 45
B-1,4-endoxylanase (XLN) Xylan GH10, 11

http://www.cazy.org/

lignocellulose. These hydrolase activities were
measured extracellularly for each fungus grown
on three carbon sources: birchwood xylan, crude
wheat arabinoxylan and carboxymethyl cellulose
(Figure 1). This approach excluded any cell wall
bound enzymes from the analysis, but provided a
good overview of the produced enzymatic activities.
The highest enzyme activity on all three
carbon sources was for B-1,4-glucosidase (BGL)
followed by a-arabinofuranosidase (ABF) and
B-1,4-galactosidase (LAC). Eleven fungi showed
a BGL activity of at least 5 mU/ml of
culture filtrate. In contrast, the two lowest
activities were for -1,4-endoglucanase (EGL) and
B-1,4-endoxylanase (XLN). Among the twelve fungi
tested in this study, eight appeared to be generalists
and showed a broad enzymatic activity range while
the other four were more specialized (M. miehei,
R. oligosporus, P. cinnabarinus, S. commune).
M. miehei had no endo-activities on any of the
three carbon sources tested, and only low exo-activities
were measured. The highest activities for this fungus
were measured on arabinoxylan and xylan for
BGL and B-1,4-xylosidase (BXL). R. oligosporus
has a similar profile as M. miehei. Its highest
activity was for BGL on all three carbon sources.
Zygomycetes are fast growing filamentous fungi and
they are known as primary or secondary colonizer [15].
A high production of BGL with the complementary
action of BXL and EGL but no XLN, fits well
with a lifestyle that uses accessible and easily
digestible substrates such as fruits or vegetables.
Only three Zygomycetes genomes have been sequenced
and annotated so far, M. miehei, Rhizopus oryzae and
Phycomyces blakesleeanus. Interestingly, R. oryzae
has 6 GH3 and 5 GH7 (most are cellobiohydrolases),

and 7 GH45 members, but no GH10 or GH11 members
in its genome [16]. Considering that R. oryzae and
R. oligosporus are closely related species, it is likely
that their genomes are similar in CAZy content.
This would mean that the R. oligosporus enzyme
production correlates well with its genome content.

Although the highest activity produced by S. commune
grown on all three substrates was for BGL, it was
lower than the BGL activity measured in the
Zygomycete culture filtrates. Moreover, S. commune
produced EGL and XLN which provide a full range
of plant cell wall degrading enzymes. BGL activity
like many other CAZyme activities can be the result
of more than one enzyme. The S. commune genome
contains 11 putative BGLs (3 GH1, 8 GH3), 2 putative
ABFs (GH51), 1 putative a-galactosidase (AGL,
GH27), 8 putative LACs (4 GH2, 4 GH35), 6
putative XLNs (5 GH10, 1 GH11) and 18 putative
EGLs (17GH5, 1GH45) [11], which correlates
well with the activity measurements. In contrast,
P. cinnabarinus produced high levels of AGL
and BGL mainly on xylan and cellulose, but
showed no endo-activity. Both S. commune and
P. cinnabarinus grow on dead hardwood such as
birch and beech wood, which are rich in xylan
[17, 18]. Instead of producing endo-activities,
P. cinnabarinus may use AGL, acting on xylan
and galactomannan, to efficiently degrade its
natural substrate.

The basidiomycete U. maydis produced the lowest
hydrolase levels among all twelve fungi, but all
the seven activities could be measured. The highest
enzymatic activities measured were for ABF and
AGL and were induced by arabinoxylan and xylan.
In a recent study these two activities were also the
highest measured when U. maydis was grown on
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Figure 1. Enzymatic activities of twelve fungi after growth on birchwood xylan, crude arabinoxylan and cellulose.
Error bars display the standard deviation between the two biological replicates.
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maize bran [19]. U. maydis is a biotrophic plant
pathogen that establishes an intimate interaction
with its living host. Together with the mechanisms
involved in suppressing host defense, exo- and
endo-activities allow penetration of the maize
tissues [20]. The other plant pathogen in this study,
the ascomycete B. cinerea, has a necrotrophic and
polyphagous lifestyle. The level of exo-activities,
including the EGL activity, measured for B. cinerea
was higher than that measured for U. maydis, but
the level of BXL was lower. In contrast to U. maydis,
B. cinerea produced these enzymes when grown
on cellulose. U. maydis and B. cinerea both secreted
a broad range of plant cell wall degrading enzymes
fitting well with their ability to penetrate plant cell
walls. Differences in the induction and in the level
of production of these enzymes may be related to
their pathogenic mechanisms. B. cinerea has a broad
host range while U. maydis mainly infects maize.
It was shown in previous studies that during infection
steps, U. maydis expresses many genes encoding
secreted proteins which are not detected during
saprophytic fungal growth [8] which could explain
the low level of hydrolase activity measured in
this study. Moreover, Couturier and coworkers [19]
have highlighted the presence of putative oxido-
reductases in U. maydis genome that could play a
crucial role in the hydrolysis of plant cell walls.

The CAZyme analysis of the three Aspergilli revealed
relatively few differences among the three species.
A. nidulans has a higher number of cellulose and
galactomannan related Open Reading Frames
(ORFs) and a lower number of xyloglucan related
OREFs than the other two species [21]. A. nidulans
had in general the lowest level of activity compared
to the two other Aspergilli. Also during growth on
maize bran A. niger produced higher hydrolase levels
than A. nidulans [19]. Nonetheless, for A. nidulans,
the highest activity induced by all three carbon
sources was for BGL. On arabinoxylan, ABF and
LAC activities were as high as the BGL activity.
Conversely, the lowest BGL activity was measured
for A. niger which had the highest AGL activity,
induced by xylan and arabinoxylan and had high
endo-activities as well. A. oryzae showed a low AGL
activity but resembled A. nidulans with a high
BGL activity induced by the three carbon sources.
Thus, despite a similar plant polysaccharide degrading
enzyme potential, the three Aspergilli clearly showed
differences in the level and the type of enzymes

they produce. P. chrysogenum had an enzymatic
profile similar to the Aspergilli, particularly A. nidulans
with overall low activities while the highest activity
was measured for BGL on all three carbon sources.
This is in accordance with a close taxonomic
relationship between Aspergillus and Penicillium [22].

T. harzanium and T. reesei have received great
attention from biofuel industries due to their potential
for cellulase production. Interestingly, the hydrolytic
activities measured from these two fungi when
grown in cellulose medium were very low although
the highest activity measured was for BGL. Recently,
the proteome of T. harzanium grown in cellulose
medium was described, revealing that even though
some cellulases were found to be produced, the
major secreted hydrolytic enzymes were chitinases
and endochitinases, which may reflect the
mycoparasitic behavior of this fungus [24].

To our knowledge, few studies so far compared
the hydrolytic potential of several fungi on crude
carbon sources. Van Gool et al. recently screened
for the activities of endoxylanase, B-xylosidase and
a-arabinofuranosidase from A. niger, A. oryzae and
Trichoderma spp. grown on wheat arabinoxylan [24],
while Thygesen et al. compared endoxylanase,
B-xylosidase, endoglucanase and B-glucosidase from
A. niger, T. reesei, S. commune and B. cinerea grown
on wet oxidized wheat straw [25]. Couturier et al.
measured PB-xylosidase, a-arabinofuranosidase,
B-glucosidase and o-1,4-galactosidase from T. reesei,
R. oryzae, U. maydis, A. niger and A. nidulans grown
in maize bran [19]. A comparison of our results
with these three studies suggests that the induction
of hydrolytic enzymes is highly dependent on the
composition of the crude substrate. However,
differences in culture and assay conditions may
contribute to the variation in results between the
studies.

This study shows the diverse strategies used by
filamentous fungi to degrade the plant biomass.
Differences in enzyme production are not only
obvious between generalist and specialized fungi
such as A. niger and U. maydis or between
fungi from different biotopes like B. cinerea and
P. cinnabarinus, but also within closely related species
such as the Aspergilli. This study therefore provides
a good starting point for more detailed studies into
the mechanism that underlies plant biomass
degradation in different fungi. This will require a
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combination of post-genomic approaches, detailed
biochemical analysis and a detailed evaluation of
the regulatory systems governing the expression
of genes encoding plant cell wall degrading enzymes.
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