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Abstract Isolate 1051 of Trichoderma harzianum, a
mycoparasitic fungus, was found to impair development of
the phytopathogen, Crinipellis perniciosa, in the field.
This Trichoderma strain growing in liquid medium
containing chitin produced substantial amounts of chit-
inases. The N-acetylglucosaminidase present in the cul-
ture-supernatant was purified to homogeneity by gel
filtration and hydrophobic interaction chromatography, as
demonstrated by SDS-PAGE analysis. The enzyme had a
molecular mass of 36 kDa and hydrolyzed the synthetic
substrate ρ-nitrophenyl-N-acetylglucosaminide
(ρNGlcNAc) with Michaelis–Menten kinetics. Maximal
activities were determined at pH 4.0 and a temperature
range of 50–60°C. Km and Vmax values for ρNGlcNAc
hydrolysis were 8.06 μmoles ml−1 and 3.36 μmoles ml−1

min−1, respectively, at pH 6.0 and 37°C. The enzyme was
very sensitive to Fe3+, Mn2+ and Co2+ ions, but less
sensitive to Zn2+, Al3+, Cu2+ and Ca2+. Glucose at a final
concentration of 1 mM inhibited 65% of the original
activity of the purified enzyme. Determination of the
product (reducing sugar) of hydrolysis of C. perniciosa
mycelium and scanning electron microscopic analysis
revealed that the N-acetylglucosaminidase hydrolyses the
C. perniciosa cell wall.

Introduction

Fungal diseases are a significant limiting factor of cocoa
(Theobroma cacao) production. Witches’ broom caused
by Crinipellis perniciosa is one of the most devastating
diseases of this crop. Phytosanitation and, to a lesser

extent, chemical control are recommended in certain
situations but are not effective and/or practical in all
circumstances. Biocontrol agents are an alternative to
chemicals. However, only a few published studies have
evaluated the potential of biocontrol against pod diseases
of cocoa; and few microorganisms have been fully
commercialized for the control of foliar plant pathogens
(Fravel et al.1999).

Biocontrol agents of fungal plant pathogens are strain-
specific and include various modes of action, the most
studied being mycoparasitism, competition and antibiosis
(Elad 1996). Mycoparasitism is accomplished by the
action of cell wall-degrading enzymes, such as chitinases
and glucanases, which can dissolve the fungal cell wall,
allowing parasitic hyphae to penetrate the host cells (Elad
1995). Proteases are also claimed to be involved in
biocontrol (De Marco and Felix 2002; Geremia et al.
1993). While cell wall-degrading enzymes affect pathogen
cell integrity (De Marco et al. 2000; Lima et al. 1997;
Lorito et al. 1993), the proteases produced by antagonistic
microorganisms (De Marco and Felix 2002) are believed
to inactivate the enzymes produced by the pathogens (Elad
2000), thereby retarding disease development.

Several Trichoderma strains have been reported to be
effective in controlling plant diseases, including witches’
broom of cocoa (Krauss and Soberanis 2001). Two
Trichoderma isolates, previously found to control the
disease under field conditions, were evaluated for their
potential to produce several hydrolytic enzymes (José Luiz
Bezerra, personal communication). Substantial amounts of
chitinase, N-acetylglucosaminidase, β-glucanase, pro-
teases, cellulases and amylases were present in the culture
medium containing the corresponding substrates. Studies
have been reported on the purification and characterization
of one chitinase (De Marco et al. 2000), one protease (De
Marco and Felix 2002) and one amylase (Azevedo et al.
2000). While the chitinase strongly attacked the C.
perniciosa cell wall (De Marco et al. 2000), the protease
was less effective (De Marco and Felix 2002) and the
amylase showed no effect at all (Azevedo et al. 2000).
However, although individual hydrolytic enzymes from
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Trichoderma have the potential to degrade phytopathogen
cell-wall polymers, it is believed that the extraordinary
biocontrol capacity of this fungus is achieved by a
combination of several modes of action, including the
synergistic action of chitinases, β-glucanase, proteases
and lipases (Benhamou and Chet 1996; Elad 2000). The
properties of several hydrolases produced by Trichoderma
strains showing a capacity to impair the development of C.
perniciosa, are being studied in this laboratory. Here, we
report the purification and characterization of a N-
acetylglucosaminidase produced by T. harzianum
strain 1051 growing in liquid medium containing chitin
as the sole carbon source.

Materials and methods

Strain origin and maintenance

T. harzianum isolate 1051 was obtained from the collection at the
Centro Nacional de Pesquisa de Monitoramento e Avaliação de
Impacto Ambiental (CNPMA/EMBRAPA, Jaguariuna, São Paulo,
Brazil). The phytopathogen C. perniciosa was kindly provided by
Dr. José Luiz Bezerra from CEPLAC/Ilheus, Bahía, Brazil. Both
microorganisms were maintained by serial passages on potato/
dextrose agar medium (Difco).

Enzyme production and assay

For enzyme production, T. harzianum was grown in 250 ml of TLE
liquid medium [0.1% bactopeptone, 0.03% urea, 0.2% KH2PO4,
0.14% (NH4)2SO4, 0.03% MgSO4·7H2O, 0.03% CaCl2·6H2O, 1 ml
of 0.01% trace elements solution (Fe2+, Mn2+, Zn2+, Co2+), 0.02%
glucose, pH 5.5] containing chitin (0.5%), for 72 h at 28°C. Flasks
were inoculated with 2×106 spores. The cultures were incubated for
60 h at 28°C and the culture-supernatant was separated from the
mycelium by filtration using filter paper. The supernatants were then
freeze-dried and used for enzyme assay or enzyme purification as
described in the following section.
N-acetylglucosaminidase activity was assayed in triplicate using a

reaction system containing 475 μL of 10 mM phosphate buffer,
pH 6.0, 25 μl of 5 mM ρ-nitrophenyl-N-acetylglucosaminide
(ρNGlcNAc) and 0–50 μl of enzyme sample. Reactions were run
for 30 min at 37°C and stopped by the addition of 1 ml of 250 mM
Na2CO3. For determination of the optimum pH, assays were run for
30 min at 37°C; and the buffer solutions (50 mM) used were sodium
acetate (pH 3.0–5.0), sodium phosphate (pH 6.0–8.0) and Tris-HCl
(pH 9.0) The amount of p-nitrofenol produced was determined
spectrophotometrically at 405 nm using a standard curve constructed
as for the enzyme assay. One unit of N-acetylglucosaminidase
activity corresponded to the amount of enzyme required to produce
1 μmol of p-nitrophenol min−1. In all cases, the standard deviation
was less than 3% of the mean value. For the determination of Km
and Vmax values for ρNglcNAc hydrolysis, the concentrations of this
substrate varied from 2.5 mM to 15 mM.

Enzyme purification

Freeze-dried supernatant samples from cultures of T.
harzianum 1051 obtained as described above (see Enzyme
production) were resuspended in a small volume of 50 mM sodium
acetate buffer, pH 5.0. Samples were then loaded on a Sephacryl S-
100 HR column (2.8×57.0 cm), equilibrated and eluted with the
acetate buffer. Samples of 5.0 ml were collected at a flow rate of
22.3 ml h−1. Protein content (absorbance at 280 nm) and N-

acetylglucosaminidase activity were monitored for each sample.
Fractions containing enzyme were pooled, concentrated by freeze-
drying and applied to a phenyl-Sepharose CL-4B column
(1.8×10.0 cm), equilibrated with 50 mM sodium acetate buffer,
pH 5.0, containing 1 M ammonium sulfate. Unbound proteins were
washed out with about 40 ml of sodium acetate/ammonium sulfate
buffer. The bound proteins were then eluted with a linear gradient
formed by 40 ml of acetate buffer containing 1 M ammonium sulfate
and 40 ml of acetate buffer alone. Samples containing enzyme were
then pooled, dialyzed overnight against water and concentrated by
freeze-drying. The concentration of protein in the enzyme samples
was determined using a simplified protein assay (Peterson 1977).

SDS-PAGE analysis

N-Acetylglucosaminidase samples were analyzed by electrophoresis
in polyacrylamide gels under denaturing conditions, according to
Laemmli (1970). Proteins present in the gels were stained with silver
reagent according to the method of Blum et al. (1987).

Enzymatic digestion of C. perniciosa mycelium and SEM
analysis

Disks (5 mm) of solid culture medium containing C. perniciosa
mycelium were placed in microcentrifuge tubes containing 1 ml of
either T. harzianum 1051 culture-supernatant showing N-acetylglu-
cosaminidase activity (2.2 units ml−1) or the corresponding purified
enzyme (0.27 units ml−1). After incubation for 0, 24, 48, 78 and 96 h
at 37°C, the supernatants were used for the determination of: (1)
reducing sugars by the dinitrosalicylic acid method, according to
Miller (1959), (2) glucose by the glucose oxidase method (Doles
Reagents kit, Goiania, Goias, Brazil) and (3) protein by the
simplified protein assay (Peterson 1977). The C. perniciosa
mycelium disks treated with N-acetylglucosaminidase were then
fixed for 2 h at 4°C in 2% (v/v) glutaraldehyde and 2% (w/v)
paraformaldehyde, buffered with 0.05% sodium cacodylate buffer,
pH 7.2, and postfixed in 1% (w/v) osmium tetroxide in the same
buffer. The specimens were washed with buffer and dehydrated in
30–100% (v/v) acetone, critical-point-dried in CO2 and sputter-
coated with gold. Materials were examined microscopically at an
accelerating voltage of 10.0 kV. Disks of solid medium containing
C. perniciosa treated with heat-denatured N-acetylglucosaminidase
were used as a control.

Results

Purification of the N-acetylglucosaminidase

T. harzianum isolate 1051 was previously shown to
produce substantial amounts of hydrolytic enzymes when
grown in liquid medium containing chitin (De Marco and
Felix 2002). Chromatography of freeze-dried culture-
supernatants containing N-acetylglucosaminidase activity
on a Sephacryl S-100HR column resulted in an active
major protein peak which contained several proteins, as
shown by SDS-PAGE analysis (data not shown). Further
chromatography of the resulting active samples on a
phenyl-Sepharose column eluted with a negative gradient
of ammonium sulfate resulted in the elution of a first major
protein peak which contained no enzyme activity. Further
elution with buffer containing no ammonium salt washed
out a protein peak which was active against the synthetic
substrate ρNGlcNAc (Fig. 1). SDS-PAGE analysis of the
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active pooled fraction revealed the presence of a single
protein. In comparison with migration profile standard
proteins in polyacrylamide denaturing gel, the purified
enzyme showed a molecular mass of 36 kDa (Fig. 2).

pH, temperature-dependence and thermal stability of
N-acetylglucosaminidase

The optimum pH of ρNGlcNAc hydrolysis was deter-
mined by performing the enzyme assay at different pH
conditions, as described in the Materials and methods. At
the temperature of 37°C, T. harzianum N-acetylglucosa-
minidase displayed activity over a pH range of 3.0–7.0,
with maximal activity determined at pH 4.0 (Fig. 3). At
pH 3.0, the activity was about 50% of that at the optimal
pH value. Over pH 5.0–7.0, the enzyme activity decreased
gradually and leveled off at pH 8.0.

At pH 6.0, the enzyme was active within the temper-
ature range 30–60°C. Very low or no activity was found
at 20, 70 and 80°C (Fig. 4). Pre-incubation of purified N-
acetylglucosaminidase at different temperatures for several
time periods at pH 4.0 showed that the enzyme was fairly

stable over 37–50°C (Fig. 5). At 37°C, the enzyme
retained 67% of its original activity after 8 h of incubation.
At 50°C, the enzyme lost 50% of its original activity
within 1 h.

Kinetics

N-Acetylglucosaminidase purified from T. harzianum
hydrolyzed the synthetic substrate ρNGlcNAc with
Michaelis–Menten kinetics (data not shown). The Km

and Vmax values for hydrolysis of the synthetic substrate at
pH 6.0 and 37°C were 8.06 μM and 3.36 μmol min−1

ml−1, respectively, as determined by performing the
enzyme assay in the presence of different concentrations
(1.5–15.0 mM) of ρNglcNAc. The Km and Vmax values
were obtained by the Curve Expert ver. 1.3 program, using
the Michaelis–Menten equation.

The effect of ions on the action of the purified N-
acetylglucosaminidase is shown in Table 1. The enzyme
was strongly inhibited by Fe3+, Mn2+ and Co2+ at
concentrations of 0.5 mM and was less sensitive to
Zn2+. Al3+, Cu2+ and Ca2+ ions showed a slight inhibitory
effect on enzyme activity. Glucose at the concentration of
1 mM inhibited 65% of the original activity of the purified
enzyme.

Fig. 1 Hydrophobic chroma-
tography of the Trichoderma
harzianum strain 1051 N-acet-
ylglucosaminidase on a phenyl-
Sepharose CL-4B column. Line
with circles Absorbance (Abs.)
at 280 nm, Line with squares N-
acetylglucosaminidase activity,
line without symbols (NH4)2SO4
concentration. mL Milliliters, U
units of activity

Fig. 2 SDS-PAGE analysis of N-acetylglucosaminidase produced
by T. harizianum 1051 in liquid medium. KDa KiloDaltons, M
molecular mass standards, a phenyl-Sepharose CL-4B eluates
(fractions 50–58)

Fig. 3 Effect of pH on the activity of the purified N-
acetylglucosaminidase produced by T. harzianum 1051
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Hydrolysis of C. perniciosa cell wall

Incubation of C. perniciosa mycelium with either crude
culture-supernatant or purified N-acetylglucosaminidase
from T. harzianum resulted in a progressive increase in the
concentration of reducing sugar in the incubation medium
(Table 2), indicating that N-acetylglucosaminidase is able
to attack the phytopathogen cell wall. This hydrolytic
effect was confirmed by SEM analysis of C. perniciosa
mycelium incubated without or with enzyme. Sites where
hydrolysis occurred were visible on the mycelium
incubated with purified enzyme for 72 h (Fig. 6a, b).
The absence of reducing sugar in the reaction medium of
C. perniciosa mycelium treated with heat-denatured
enzyme indicated that the reducing sugar resulted not
from the enzymatic hydrolysis of the fungal mycelium but
from the culture medium.

Discussion

T. harzianum is well known as a producer of chitinolytic
enzymes. At least seven chitinolytic enzymes have been
purified and identified as four endochitinases (CHIT 52,
CHIT 42, CHIT 33, CHIT 31), one exochitinase
(CHIT 40) and two N-acetylglucosaminidases
(CHIT 102, CHIT 73) (Haran et al. 1996). Synthesis of
a N-acetylglucosaminidase with molecular masses of
110 kDa and 124 kDa by T. harzianum strain 39.1
growing in the absence and presence of tunicamycin was
recently reported (Ulhoa et al. 2001). The isolate described
here (1051) differs from several other isolates previously

Fig. 4 Effect of temperature on the activity of the purified N-
acetylglucosaminidase produced by T. harzianum 1051

Fig. 6a, b Scanning electron microscopy of Crinipellis perniciosa.
a Intact hyphae (×7,000), b hyphae (×10,000) incubated for 72 h
with purified T. harzianum 1051 N-acetylglucosaminidase

Fig. 5 Thermal stability of the purified N-acetylglucosaminidase
produced by T. harzianum 1051. The purified enzyme was pre-
incubated for different times (0–12 h) and assayed at 45, 50 and
60°C

Table 1 Effect of ions and glucose on the activity of the purified N-
acetylglucosaminidase produced by Trichoderma harzianum
strain 1051

Reagents Enzymatic activity
(units ml−1)

Relative
activity (%)

Control 0.412±0.009 100
AlCl3 (1 mM) 0.152±0.008 76
CuSO4 (1 mM) 0.127±0.09 64
ZnSO4 (1 mM) 0.046±.002 23
ZnSO4 (10 mM) 0.051±0.37 25
CaCl2 (1 mM) 0.14±0.024 70
CaCl2 (10 mM) 0.13±0.06 65
Glucose (1 mM) 0.0022±0.016 65
FeCl3 (0.1 mM) 0 0.5
FeCl3 (0.5 mM) 0 0
MnCl2 (0.1 mM) 0 0
MnCl2 (0.5 mM) 0 0
CoCl2 (0.1 mM) 0 0
CoCl2 (0.5 mM) 0 0
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reported, since it has the capacity to antagonize the
phytopathogen C. perniciosa. Likewise, its N-acetylglu-
cosaminidase differs from the other enzymes described
(CHIT 102, CHIT 73 are 110 kDa, 124 kDa, respectively),
since it has a much lower molecular mass (36 kDa). The
possibility that this enzyme represents a smaller protein
resulting from the proteolysis of known higher-molecular-
mass chitinases seems unlikely, since our protein is
remarkably active against the synthetic substrate
ρNGlcNAc. In addition, the 1051 isolate enzyme also
differs from other N-acetylglucosaminidases, like those
produced by the entomopathogenic fungus Metarhizium
anisopliae, which have molecular masses of 100 kDa and
60 kDa (Kang et al. 1999), or that (45.5 kDa) produced by
the spore-forming, anaerobic, chitinolytic bacterium Clos-
tridium paraputrificum M-21 (Li et al. 2002). It was
recently reported that the phytopathogenic fungus T.
atroviride produces a N-acetyl-β-glucosaminidase which
has a molecular mass of 73 kDa, is secreted into the
medium and is partially bound to the cell wall (Brunner et
al. 2003).

The optimum pH (4.0) of the T. harzianum strain 1051
N-acetylglucosaminidase is comparable with the pH
values reported for CHIT 120, CHIT 73 (Haran et al.
1996) and the glycosylated (124 kDa) and underglycosy-
lated (110 kDa) enzymes (Geremia et al. 1993) which
showed maximal activities at pH 5.6. A comparable
optimum pH value (5.0) was also reported for the N-
acetylglucosaminidase produced by the fungus M. aniso-
pliae (Kang et al. 1999). Nevertheless, the optimum pH
value of the enzyme produced by the anaerobic bacterium
C. paraputrificum M-21 (Li et al. 2002) is considerably
higher (pH 7.0) than the value calculated for our enzyme.

The T. harzianum strain 1051 N-acetylglucosaminidase
was optimally active at a temperature range of 30–60°C,
which includes the optimum temperature values of the N-
acetylglucosaminidases produced by a chitinase-producing
Enterobacter bacterium (Matsuo et al. 1999), the glyco-
sylated (124 kDa) and underglycosylated (110 kDa)
enzymes produced by T. harzianum strain 39 (Ulhoa et
al. 2001) and that produced by the anaerobic bacterium C.
paraputrificum M-21 (Li et al. 2002), which have optimal
temperatures of 50°C. In contrast to the remarkably
thermostable N-acetylglucosaminidase from Aspergillus
niger 419 (Pera et al. 1997), the enzyme reported here
displayed no activity at all at temperatures as high as
60°C.

The Km value (8.06 μM) for the hydrolysis of
ρNGlcNAc is higher than the Km values (1.0–1.27 μM)

reported for other chitinases produced by T.
harzianum 39.1 (Ulhoa et al. 2001). Nevertheless, the
Km value of our enzyme may be compared with the
apparent Km (7.9 μM) calculated for the hydrolysis of the
synthetic fluorescent substrate, 4-methylumbelliferyl N-
acetyl-β-D-glucosaminide, by the β-N-acetylglucosamini-
dase of the anaerobic bacterium C. paraputrificum M-21
(Li et al. 2002).

Hydrolysis of phytopathogen cell walls by hydrolytic
enzymes produced by antagonistic microorganisms is one
of the processes involved in mycoparasitism. The capacity
of the purified T. harzianum 1051 N-acetylglucosamini-
dase to attack Crinipellis perniciosa mycelium was
evident, considering either the appearance of the end-
products of cell wall hydrolysis in the incubation medium
(Table 2), or the microscopic analysis of the phytopatho-
gen mycelium (Fig. 6). The absence of reducing sugar in
the reaction medium of the mycelium treated with the
heat-denatured enzyme supports the assumption that the
active enzyme attacks the C. perniciosa mycelium. The
ability of the chitinase and protease produced by T.
harzianum 1051 to attack the C. perniciosa cell wall was
reported by De Marco et al. (2000) and De Marco and
Felix (2002). Our previously and currently reported results
support the involvement of hydrolytic (proteolytic,
chitinolytic) enzymes in the antagonistic interaction of T.
harzianum 1051 with the phytopathogen C. perniciosa.
The importance of chitinolytic enzymes in the antagonistic
process is also demonstrated by recent molecular biology
experiments (Brunner et al. 2003). Those authors demon-
strated that a 73-kDa N-acetylglucosaminidase of T.
atroviride encoded by the nag1 gene is essential for the
induction of chitinase by chitin. A nag1 disruption mutant
strain displaying only 4% of a normal N-acetylglucosa-
minidase activity showed a 30% reduced ability to protect
beans against infection by Rhizoctonia solani and Sclero-
tinia sclerotiorum, indicating that, beside being essential
for triggering chitinase gene expression in T. atroviride,
the enzymes play a significant role in biocontrol by T.
atroviride (Brunner et al. 2003). The importance of the
chitinolytic enzymes produced by T. harzianum
strain 1051, which is able to control the witches’ broom
disease of cocoa plants in the field, is being evaluated.

Table 2 Amount of sugar released during hydrolysis of Crinipellis
perniciosa mycelium by T. harzianum strain 1051 culture filtrate
and purified N-acetylglucosaminidase. Numbers correspond to x mg

of sugar produced by 1 mg crude enzyme or purified N-
acetylglucosaminidase in 1 h at 37°C

Treatment Reducing sugar produced Glucose

Culture filtrate 0.0038 0.0003
Purified N-acetyl-glucosaminidase 0.0018 0.00073
Heat-denatured purified N-acetyl glucosaminidase 0 0
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