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Abstract. For a long time, fungi have been characterized by their ability to secrete enzymes, mostly
hydrolytic in function, and thus are defined as extracellular degraders. Chitin and chitinolytic enzymes
are gaining importance for their biotechnological applications. Particularly, chitinases are used in
agriculture to control plant pathogens. Metar hizium anisopliae produces an extracellular chitinase when
grown on a medium containing chitin, indicating that synthesis is subject to induction by the substrate.
Various sugar combinations were investigated for induction and repression of chitinase. N-acetylglu-
cosamine (GIcNAc) shows a special dua regulation on chitinase production. M. anisopliae has at least
two distinct, cell-bound, chitinolytic enzymes when cultured with GIcNAc as one of the carbon sources,
and we suggest that this carbohydrate has an important role in protein secretion.

Entomopathogenic fungi are widely distributed through-
out the fungal kingdom. Some insect-pathogenic fungi
have restricted host ranges, while others have awide host
range, with individual isolates being more specific [5].
Severa species of fungi are very potent biocontrol agents
of plant pathogenic fungi and arthropods. Metarhizium
anisopliae is a broad-host-range entomopathogenic Deu-
teromycete, first recognized as a potential candidate for
biological control of agricultural pests in the 1880s.
Effortsto develop biological control methods for ticks by
using M. anisopliae have been pursued [6]. Like most
fungal pathogens, M. anisopliae uses a combination of
enzymes and mechanical force to penetrate the host
cuticle and access the nutrient-rich hemolymph. The
mycoparasitic and entomopathogenic fungi produce
chitinases for invasion and as one of the host-killing
components [4, 13].

Previous studies demonstrate that M. anisopliae pro-
duces several cuticle-degrading enzymes during penetra-
tion of the host cuticle; they appear to be associated with
pathogenesis by virtue of their early production in high
levels, during infection [4, 7, 8, 15, 17, 25-27]. One of
them, the extracellular subtilisin-like protease PR1, was
suggested to be a determinant of pathogenicity [16, 23],
and it was shown to improve insect infection efficiency
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when constitutively over-expressed [26]. The relevance
of chitinase production and secretion during the penetra-
tion of host cuticle by fungal pathogensis far from being
totally understood. In fungi, chitinases have a physiolog-
ical role in hypha growth and morphogenesis [27].
Among the factors affecting chitinase production in M.
anisopliae, GIcNAc plays an important role as an induc-
tor of synthesis[1, 5, 17, 22]. However, little information
is available concerning chitinase secretion, structure,
regulation by other carbon sources, and gene control for
this fungus. Two chitinolytic enzymes from M. aniso-
pliae were purified and described as chitinase and B-N-
acetylglucosaminidase; the former was shown to have no
activity on p-nitrophenol-B-N-acetylglucosamide, while
the latter enzyme had no activity on either crystalline or
swollen chitin [24]. Pinto et a. [17] purified a chitinase
(CHIT30) capable of degrading chitin to completion,
producing mainly N-acetylglucosamine, independently
of the substrate used, with an endoacting activity pro-
ducing also oligomers from swollen chitin. In nature,
such a mechanism would favor a rapid and complete
degradation of chitin microfibrils, producing monomers
for nutrition and induction of further enzyme synthesis.
To date, some other chitinases have aso been purified
from M. anisopliae [10]. Genes coding for two chitinases
were isolated from M. anisopliae, gene chitl [1] (codes
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for a predicted 42-kDa chitinase with pl 5.0) and chill
(codes for a 58-kDa chitinase) [11].

Since the ability to secrete chitinases could be a
significant factor in determining the degree of virulence,
knowledge of how its production is regulated could be
highly relevant to understanding the pathogenic process.
The aim of this work is to study the regulation of the
chitinolytic enzymes in M. anisopliae, by combinations
of different carbon sources. We show that this microor-
ganism has at least two distinct, cell-bound, chitinolytic
enzymes when cultured with GIcNAc as one of the
carbon sources, and we suggest that this carbohydrate
has an important role in protein secretion.

Materials and Methods

Organism and culture conditions. Metarhizium anisopliae strain E6
isolated from Deois flavopicta in Espirito Santo State, Brazil, was
maintained on agar slants in Cove's complete medium (MCc) as
described [17]. To induce chitinase production, 10° spores mL~* were
inoculated in 100 mL of minimal medium (MM; 0.1% KH,PO,/0.05%
MgSO,). When glucose was used as carbon source, 0.6% of NaNO,
was added as nitrogen source. The flasks were incubated at 28°C on a
rotating shaking platform (180 rpm). Incubation proceeded for 144 h.

Preparation of enzyme fractions. Two enzyme fractions were derived
from the cultures, namely, cell-bound and extracellular fractions. After
M. anisopliae growth, the mycelium was harvested by filtration on
Whatman #1 filter paper, ground with liquid nitrogen, resuspended in
TE (10 mmol L~ Tris-HCI pH 8.0/1 mmol L' EDTA) and centri-
fuged at 13,000 g for 30 min at 4°C. The supernatant obtained after
centrifugation was used as the cell-bound protein fraction. Culture
filtrates were used as the extracellular protein fraction. All fractions
were dialyzed overnight against TE at 4°C.

Chitinase assay. The reaction mixture had 0.5 mL of swollen chitin (5
mg mL~* in 50 mm acetate buffer pH 5.5) [20], 0.25 mL enzyme
sample and 0.5 mL of 50 mmol L~ acetate buffer pH 5.5. After
incubation at 37°C for 5 h, it was centrifuged at 2000 g for 5 min, and
the amount of N-acetylglucosamine (GIcNAC) released in the superna-
tant was determined by using GIcNAc as standard [18]. One unit (U) of
chitinase was defined as the amount of enzyme that catalyzes the
release of 1 wmol of GIcNAc - min~* at 37°C. The protein content was
determined by the method of Bradford [2], with known concentrations
of BSA as standard.

Electrophoresis procedures. SDS-PAGE (13%) was used to analyze
the protein fractions under denaturing conditions, as described by
Laemmli [12]. For the detection of chitinase activity, electrophoresis
was performed in a 7.5% SDS-PAGE containing 0.01% glycol chitin,
prepared according to Molano et a. [14], and 0.1% SDS. Gel loading
buffer was the same as described by Laemmli [12], but samples were
not boiled before running. After electrophoresis, gels were incubated
for 2 h at 37°C with shaking, in 50 mmol L ~* sodium acetate buffer pH
5.4 containing 1% Triton X-100. Chitinase lytic zones were revealed by
incubation of the gel in a freshly prepared 0.01% calcofluor white
solution (Fluorescent brightener 28, Sigma) in 500 mmol L ~* Tris-HCI
pH 8.9. The calcofluor white solution was removed; the gels were
incubated for about 1 h at room temperature in distilled water [28] and
visualized under UV light.
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Table 1. Effect of different carbon sources on chitinase synthesis and
secretion by M. anisopliae

Extracellular Cell-bound
chitinase chitinase
activity activity
U-g+* U-g+*

Carbon source(s) and micelia dry micelia dry
concentrations weight) weight)
Glucose 1.0% 1.29 = 0.08 0.13 + 0.009
GlcNAc 0.05% 72.60 + 1.244 5.75 = 0.126
GlcNAc 0.075% 15.34 + 0.418 279+ 0.13
GlcNAc 0.1% 15.70 = 0.418 2.88 = 0.063
GlcNAc 0.5% 3.40 = 0.05 0.88 + 0.037
Chitin 0.8% 3.18 + 0.186 1.71 + 0.092
Chitin 0.8% + Glucose 0.1% 3.20 + 0.228 0.34 + 0.021
Chitin 0.8% + Glucose 0.5% 0.67 = 0.014 0.11 + 0.007
Chitin 0.8% + Glucose 1.0% 0.52 + 0.031 0.05 + 0.003
Chitin 0.8% + Glucose 2.0% 0.46 + 0.011 0.04 + 0.002
Chitin 0.8% + GlcNAc 0.01% 3.82 +0.213 3.81 + 0.158
Chitin 0.8% + GIcNAc 0.05% 2.04 +0.183 2.66 = 0.106
Chitin 0.8% + GlcNAc 0.1% 1.48 = 0.105 1.01 + 0.034
Chitin 0.8% + GlcNAc 0.5% 0.95 + 0.057 0.12 + 0.003
Chitin 0.8% + GIcNAc 1.0% 0.88 = 0.049 0.08 + 0.007

The results are means of at least three determinations, each
corresponding to two independent experiments. Unit (U) was defined
as pM GIcNAc - mL™* - min~* - mg™? protein. Specific activity: U
per mycelia dry weight (g).

Results and Discussion

The existence of external hydrolytic enzymes in micro-
organisms might be attributed to the impermesability of
the cell membrane to their corresponding substrate.
Some of these enzymes are formed only in the presence
of their specific substrates. This situation may pertain to
chitinase formation in M. anisopliae, where the enzyme
appeared at high levels in response to the presence of
chitin, its usual substrate. One of the major roles of
chitinases found in fungi is to modify the organism’'s
structural constituent chitin, present in their cell walls[9,
20], but the extracellular chitinolytic enzymes produced
by M. anisopliae have also been suggested to be patho-
genicity determinants involved in host invasion [7, 17].
The effect of different carbon sources on chitinase syn-
thesis and secretion is shown in Table 1. When compared
with cultures with chitin as sole nitrogen and carbon
source, extracellular chitinase activity was progressively
reduced (from 4.7- to 6.9-fold) when glucose (ranging
from 0.5% to 2%) was added in the culture medium with
0.8% chitin. At 0.1% glucose, the extracellular activity
was not reduced. In addition, the cell-bound chitinase
activity was drastically reduced from 5 (0.1% glucose) to
42-fold (2% glucose) in the same culture system. In these
conditions, at concentrations higher than 1.0%, glucose
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Fig. 1. Percentage of chitinase (A and C) and total protein (B and D) present in different fractions of M. anisopliae during growth on media
containing crescent concentrations of GIcNAc (A and B) or GIcNAc in combination with 0.8% chitin (C and D). Extracellular fraction (light

shading); cell-bound fraction (dark shading).

completely abolished chitinase activity, overcoming the
chitin induction effect. The effect of glucose repression
was previously described for proteins utilized in the
carbohydrate degradation pathways [19]. GIcNAc shows
aspecial dua regulation on chitinase production. At low
concentrations (0.05%), it induced the production and
secretion of the enzyme, but repressed chitinase secretion
at higher concentrations (over 0.5%). This effect was
observed for the extracellular as well as for the cell-
bound fractions. When GIcNAc was added to media
containing chitin, similar results were observed in amore
moderate scale (Table 1). In this respect, the same dual
regulation by the hydrolysis product occurs with Saccha-
romyces cerevisiae invertase, where production of the
secreted enzyme is highly regulated by the concentration
of glucose present in the medium [3].

Secretion of chitinases by mycelium grown on me-
dia containing GIcNAc aone or in combination with

chitin was expressed as a percentage of the total enzyme
activity. When GIcNAc alone was present in the culture
medium (no added chitin), no effect on chitinase secre-
tion was observed. In this condition, over 90% of the
total chitinase activity (extracellular and cell bound), was
present in the extracellular protein fraction (Fig. 1A). It
is important to note that a variation in GICNAc concen-
tration altered total protein secretion. GIcNAc at a0.05%
concentration inhibited protein secretion, where 70% of
the total protein in the system was cell bound (Fig. 1B).
With 0.1% GIcNAC, protein secretion was raised up to
50%, and higher concentrations of GICNAc gradually
decreased secretion until it again reached 30% (at 1.0%
GlcNAc, Fig. 1B).

The presence of chitin also induced protein secretion
and, as GIcNAC, it had no effect on chitinase secretion
(Fig. 1C, 1D). However, when GIcNAc was present in
the culture medium in combination with chitin, the effect
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Fig. 2. SDS-PAGE on a 12% gel of the proteins secreted by M. anisopliae grown on media containing 0.8% chitin added at different concentrations
of GIcNAc. (A) Secreted proteins. M: molecular mass marker; 1: 0.8% chitin; 2: 0.8% chitin + 0.02% GIcNAc; 3: 0.8% chitin + 0.05% GIcNAC;
4: 0.8% chitin + 0.1% GIcNAc; 5: 0.8% chitin + 1% GIcNAc. (B) Intracellular proteins. M: molecular mass marker; 1: 0.8% chitin + 0.01%
GIcNAC; 2: 0.8% chitin + 0.05% GIcNAC; 3: 0.8% chitin + 0.1% GIcNAC; 4: 0.8% chitin + 0.5% GIcNAc; 5: 0.8% chitin + 1% GIcNAC; 6: 0.8%

chitin; 7: purified 30-kDa chitinase from M. anisopliae.

on protein secretion was stronger, depending on the
GIcNAc concentration. At concentrations higher than
0.5%, anegative effect on protein secretion occurred. On
the other hand, when GIcNAc concentration was raised,
an opposite effect was observed on chitinase secretion:
the release of chitinase to the culture supernatants was
more prominent. When these results were compared with
others concerning the production of chitinases in the
cell-bound and extracellular fractions (Table 1), it seems
that, although 1.0% of GIcNAc repressed chitinase pro-
duction, it also stimulated secretion, so that almost all
chitinases produced were secreted. The intracellular
transport of secreted proteins in the fungal hypha is not
yet well understood, so the repression caused by GICNAc
has no obvious explanation.

In a previous work, we purified a 30-kDa chitinase
from M. anisopliae [17] with relative mobility, in SDS-
PAGE, identical to the most abundant protein of the
extracellular fractions from M. anisopliae chitin plus
GlcNAc growing cultures (Fig. 2). SDS-PAGE incorpo-
rated with glycol chitin was used to detect chitinase
activity in cell-bound protein fractions (Fig. 3A, 3B). In
such experiments, we found that when the GIcNAc con-
centration was raised in the culture medium, with or
without chitin, it was possible to identify two clear zones
(bands) of chitinolytic activity with distinct mobility.
The analysis of samples from cultures with combined
carbohydrates (chitin plus GIcNAc) showed a decrease
of intensity of the chitinase with the lowest eectro-
phoretic mobility, and totally abolished when 1% Glc-

NAc was present in the culture medium (Fig. 3A). This
indicates a reduction of chitinase production associated
with the stimulation of its secretion (Table 1 and Fig.
2C). The opposite effect was observed in intracellular
fractions obtained from GIcNAc cultures (Fig. 3B). Elec-
trophoretic analysis for chitinase activity showed that
whenever GIctNAc was used as carbon source, two dis-
tinct chitinase activities were detected, but just the one
with the lowest electrophoretic mobility seemed to be
regulated, since the other was always present indepen-
dent of the GICNAc concentration.

The chitinase activity detected for the extracellular
protein fractions prepared from cultures containing glu-
cose might be aresult of fungus autolysis. This probably
occurs, since M. anisopliae reached the stationary phase
in this medium on the fourth day of culture (data not
shown). Autolysis was also expected for cultures with
high GIcNAc concentrations. Analysis of total protein
secretion from extracellular fractions obtained when GI-
cNAc was used at a concentration of 0.1% showed that
secretion was increased to 50%. According to this hy-
pothesis, it is difficult to explain why higher GIctNAc
concentrations gradually decreased secretion until it
reached 30%, at a concentration of 1.0% of GIcNAc, the
same value obtained for 0.05% of this monosaccharide.

Regarding the analysis by SDS chitinase activity
gels, some disagreement with the results obtained for
chitinase activity assays in vitro was expected, since
glycol chitin was used as substrate for the gels and
swollen chitin for thein vitro assays. Besides, the pattern
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Fig. 3. Electrophoretic analysisin a 7.5% SDS non-denaturing gel of the chitinolytic activity of M. anisopliae intracellular (A and C) and secreted
(B and D) proteins. (A) Proteins extracted from myceliagrown on different GIcNAc concentrations. 1: purified 30-kDa chitinase from M. anisopliae;
2: 0.8% chitin; 3: 0.025% GIcNAc; 4: 0.05% GIcNACc; 5: 0.075% GIcNACc; 6: 0.1% GIcNAC; 7: 0.5% GIcNACc; 8: 1.0% GIcNAc. (B) Secreted
proteins from M. anisopliae grown on different GIcNAc concentrations. 1: 0.025% GIcNAc; 2: 0.05% GIcNAc; 3: 0.075% GIcNAc; 4: 0.1%
GIcNAC; 5: 0.5% GIcNAC; 6: 1.0% GIcNAC; 7: purified 30-kDa chitinase from M. anisopliae; 8: 0.8% chitin. (C and D) Proteins from M. anisopliae
grown on 0.8% chitin supplemented with different GICNAc concentrations; (C) intracellular proteins and (D) secreted proteins. 1: 0.8% chitin +
0.01% GIcNAC; 2: 0.8% chitin + 0.05% GIcNAC; 3: 0.8% chitin + 0.1% GIcNAc; 4: 0.8% chitin + 0.5% GIcNAc; 5: 0.8% chitin + 1.0% GIcNAC;

6: purified 30-kDa chitinase from M. anisopliae; 7: 0.8% chitin.

of chitinolytic activity found for samples prepared from
cultures grown on 0.8% chitin in combination with GICNAc
seemed to match that detected for activity using swollen
chitin as substrate. The results obtained from mycelia-grow-
ing cultures with GIcNAc as a sole carbon and nitrogen
source do not correspond to those obtained for chitinase
intracdllular fraction activity, but in this case it isimportant
to notice that there were different amounts of protein in
each lane of the gel. Samples from cultures on 1% of
GlcNAC had at least fivefold more mycdlid protein than
that present in samples prepared from 0.05%. These differ-
ent values represent different fungal growth.

The multiplicity of M. anisopliae enzymes provides
a major chalenge to determine the role played by a
particular enzyme in adaptation to a new environment or
in pathogenicity. The high capacity of the secretion ma-
chinery of M. anisopliae is still to be exploited for
biotechnological purposes. However, our knowledge of
the fungal secretion pathway is still at an early stage.
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