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Abstract Purified basic chitinase or (3-1,3-glucanase or
a combination of the two enzymes were applied to
hyphae of the arbuscular mycorrhizal fungus Glomus
mosseae grown in vitro. Chitinase applied to the hyphal
tip produced an inhibition of hyphal extension, lysis of
the apex and dterations of the growth pattern of the fungus.
No effect was observed, however, when chitinase was
applied to subapical parts of the hyphae or when glucanase
was applied to any part of the hyphae. Application of a
combination of the two enzymes to the hypha tip
produced an effect similar to that of chitinase alone.
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Introduction

The two hydrolases chitinase and glucanase are strongly
induced by pathogens in plant tissues (Meins et al. 1992;
Boller 1993). Because of their inhibitory effect, aone or
in combination, on the in vitro growth of a number of
saprophytic and pathogenic fungi (Schlumbaum et al.
1986; Mauch et al. 1988; Ludwig and Boller 1990; Arlorio
et al. 1992; Sela-Buurlage et a.1993), they are thought to
be involved in plant defense against fungal infections.
Thisis supported by the increased resistance of transgenic
plants congtitutively expressing chitinase and/or [(3-1,3-
glucanase towards a number of fungal pathogens (Broglie
et al. 1991, Vierheilig et a. 1993; Yoshikawa et al. 1993;
Zhu et a. 1994; Lusso and Kuc 1996).
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The role of hydrolases during formation of the
mycorrhizal symbiosisisless clear (see review by Dumas-
Gaudot et al. 1996). In plants colonized by arbuscular
mycorrhizal fungi (AMF), an initial weak induction and
later suppression of the activity of the two enzymes has
been reported (Spanu et al. 1989; Lambais and Mehdy
1993; Vierheilig et a. 1994; Volpin et a. 1994). In vitro
studies with ectomycorrhizal and ericoid mycorrhizal
fungi revealed that the two hydrolases have no effect on
the hyphal extension of these fungi (Arlorio et al. 1991).

In transgenic tobacco plants inoculated with the AMF
Glomus mosseae, the formation of the mycorrhizal
symbiosis was reduced only in plants constitutively
expressing high levels of PR 2, an acidic, extracellular
-1,3-glucanase. High levels of other hydrolases, however,
showed no effect on mycorrhization (Vierheilig et al.
1993, 1995).

In the present work, we were interested in whether or
not the in vitro growth of the AMF G. mosseae is affected
by chitinase and [3-1,3-glucanase, alone or in combi-
nation.

Materials and methods

Surface-sterilized spores (Mosse 1962) of G. mosseae (Nicol. &
Gerd.) Gerd. & Trappe (BEG 12) were placed in Petri dishes on
water agar (2%, pH 7). Approximately 10 days after germination,
the rate of hyphal extension was determined by registering the
position of the hyphal tip using a dissecting microscope with a
micrometer scale at 1-h intervals. Hyphae with approximately the
same growth rate were chosen for the experiments. Hydrolases
were applied either to hyphal tips or to subapical parts of hyphae
(distance behind tip approximately 5 mm).

The effect of purified tobacco (Nicotiana tabacum) basic
chitinase [activity measured according to Boller et al. (1983) was
1197 nkat/mg protein] and basic 3-1,3-glucanase [activity measured
according to Mauch et al. (1984) was 140 nkat/mg protein] on
hyphal extension was tested. Preliminary experiments with the
NH,HCO; buffer (20 mM, pH 55) used as solvent for the
enzymes showed no effect on hyphal growth (results not shown)
(see also Vierheilig et a. 1996). The purified enzymes (chitinase
86 pg/ml, glucanase 130 pg/ml), a combination of the two
enzymes with the same concentrations of each enzyme (chitinase
86 pg/ml, glucanase 130 pg/ml) and the NH,HCO; buffer as a
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Fig. 1 Effect of chitinase and
glucanase, alone or in combina-
tion, on hyphal extension of
Glomus mosseae. Enzymes
were applied to the hyphal apex
at the beginning of the experi-
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ment (0 h) and after Lhand 2 h
(arrows). Hyphal extension
measurements were made at the
beginning of the experiment
(Oh)yand1h,2h,3h,4h,5h,
and 23 h after thefirst applica
tion (O h). Data represent
means and standard errors for
eight individual hyphae
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Fig. 2 Hyphae of Glomus
mosseae after application of
chitinase to the apex. Growth
pattern of control hypha;

bar 50 pm

Fig. 3 AsFig. 2. Growth pattern
after application of chitinase;
bar 50 pm

Fig. 4 AsFig. 2. Swelling
of the apex after application
of chitinase; bar 50 pm

Fig. 5 AsFig. 2. Septation of
the hyphal apex after application
of chitinase and subsequent
formation of a new apex;

bar 100 pm

Fig. 6 AsFig. 2. Septation of
the hyphal apex after application
of chitinase; bar 100 pm

control were applied to hyphal tips or subapical parts of hyphae.
The test solutions (2 pl per treatment) were applied repeatedly to
the hyphae at times 0 h, 1 h, and 2 h. Hypha extension was
measured every hour until 5 h after the first application and again
23 h after the first application.

Hyphal extension and morphological aterations were observed
using a Zeiss Axioplane microscope. The four trestments (1) control,
(2) chitinase, (3) glucanase, (4) chitinase and glucanase were tested
on four hyphae from the same spore with approximately the same
growth rate. The experiment was repested three times using a mini-
mum of eight replicates per treatment. Results were similar in all
experiments. Means and standard errors of one experiment are shown.

Results

Application of glucanase to hyphal tips had no effect on
the hyphal extension rate (Fig. 1) or on the hyphal growth
pattern (images not shown). In the treatment with purified
chitinase applied to the hyphal tip, a clear growth inhibition
was observed 3 h after the first application (Fig. 1). The

combination of chitinase and -1,3-glucanase produced
an effect similar to chitinase alone, although this was
only apparent 5 h after thefirst application (Fig. 1).

After application of chitinase (chitinase alone or in
combination with glucanase) to the hyphal tip, severa
aterations of the hypha were observed. Whereas control
hyphae grew straight (Fig. 2), chitinase-treated hyphae
grew with a wave-like pattern (Fig. 3). Some hyphal tips
showed balloon-like swellings indicating lysis of the
apex (Fig. 4). Other hyphae stopped tip growth and
resumed growth subapically from a newly branched apex
(Fig. 5). Some hyphae continued to grow after chitinase
application, but the hypha portion formed after the
treatment had a greater diameter than that formed before
the treatment; finally the newly formed portion septated
(Fig. 6). Application of chitinase or glucanase to subapical
portions of a hypha showed no effect at the site of
application or at the tip.



Discussion

In a study by Arlorio et a. (1991), hydrolytic enzymes
had no inhibitory effect on ectomycorrhizal and ericoid
mycorrhizal fungi. This contrasts with our results with
the AMF G. mosseae. Here, application of chitinase,
alone or in the presence of glucanase, produced effects
similar to those reported for a number of saprophytic and
pathogenic fungi (Schlumbaum et al. 1986; Mauch et al.
1988; Ludwig and Boller 1990; Arlorio et al. 1991,
1992; Sela-Buurlage et al. 1993). Hyphae treated with
chitinase showed growth inhibition accompanied by
swelling and lysis of the apex and the hypha growth
pattern was altered. In some cases, a septum and a new
apex were formed, indicating that cell-wall synthesis was
not affected and that the fungus could adapt to the
presence of the hydrolytic enzyme; this was also shown
previously for saprophytic and pathogenic fungi by
Ludwig and Boller (1990) and Boller et a. (1983).

Despite the presence of -1,3-glucan in the cell walls
of fungi of the order Glomales (Balestrini et al. 1994,
Gianinazzi-Pearson et al. 1994; Lemoine et al. 1995), the
application of (-1,3-glucanase to hyphae of G. mosseae
had no effect on hyphal extension. This concurs with the
absence of any visible hydrolytic effect of 3-1,3- glucanase
reported for other fungi with (-1,3-glucan in their cell
walls (Mauch et al. 1988; Ludwig and Boller 1990;
Arlorio et a. 1991, 1992; Sela-Buurlage et al. 1993). For
several fungal species, the combination of the two
hydrolases was reported to be much more effective in
terms of fungal growth inhibition than either enzyme
alone (Broekaert et al. 1988, 1989; Mauch et al. 1988;
Ludwig and Boller 1990; Sela-Buurlage et al. 1993). In
our experiment, however, such a combination resulted in
growth inhibition and lysis of the apex of G. mosseae
similar to that with chitinase alone. This indicates that
the observed hyphal extension inhibition was produced
solely by chitinase.

In our study, effects differed according to the portion
of the growing hyphae to which chitinase was applied.
Application to the apex resulted in the lytic effects
described above, whereas subapical application showed
no effect. These results are in agreement with previous
reports. Mauch et al. (1988) suggested that chitinases are
particularly efficient at the hyphal apex because in this
extension region the freshly synthesized chitin is not yet
covalently bound to glucans and, therefore, is accessible
to the chitinase. This hypothesis was confirmed in a
study with the fungus Trichoderma longibrachiatum
(Arlorio et a. 1992), which shows a layering of the cell
wall comparable to that in some endomycorrhizal fungi
(Bonfante-Fasolo 1987; Bonfante-Fasolo et al. 1990).

The sensitivity of the chitin at the apex of the AMF
G. mosseae to adverse effects has been reported previoudly.
Urtica dioica agglutinin (UDA), a lectin known to
inhibit the growth of several chitin-containing fungi
(Broekaert et al. 1989), also inhibited the growth of
G. mosseae when applied to the hyphal apex (Vierheilig
et al. 1996). However, the modes of action of UDA and
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chitinase appear to differ. Whereas chitinase degrades
the chitin-containing fungal cell wall (Arlorio et al.
1992), chitin-binding lectins seem to disturb the apical
growth by binding or crosslinking chitin chains (Broekaert
et al. 1989).

Our results show that the AMF G. mosseae when
grown in vitro is not sensitive to B-1,3-glucanase. This
seems to conflict with results of Vierheilig et al. (1995)
showing that in transgenic tobacco plants enhanced
levels of [-1,3-glucanase reduced root colonization by
an AMF. This conflict may be resolved by considering
the hydrolase isoform. The [3-1,3-glucanase applied to
growing hyphae in this study was of the class | type
(basic, vacuolar), whereas in transgenic tobacco plants
the 3-1,3-glucanase negatively affecting root colonization
was of the class |1 type (acidic, extracellular). It has been
shown before that different isoforms of hydrolases
exhibit different antifungal activities (Sela-Buurlage et
al. 1993).

The localization of hydrolases in the plant may
explain the contradictory results with chitinases. We
found a clear inhibitory effect of the basic chitinase on
AMF in vitro growth, whereas enhanced levels of basic
chitinase in transgenic tobacco plants had no effect on
root colonization (Vierheilig et al. 1995). In plants, the
basic chitinase is localized in the vacuole (Neuhaus et al.
1991) and may not come into contact with AMF growing
in the intercellular space. Thus, even enhanced enzyme
levels in roots of AM host plants might not affect root
colonization. Moreover, in plants congtitutively expressing
high levels of hydrolases, the AM fungus may adapt to
the presence of these enzymes, as already observed for
other fungi grown in the presence of hydrolases (Ludwig
and Boller 1990; Boller 1993).

Little is known about the regulation of hyphal growth
and fungus morphogenetic events during AMF association
with roots. Two different hypotheses have been brought
forward to explain fungal differentiation. Whereas Bago
et a. (1996) suggested involvement of the fungal chitin
synthase regulated by the host plant, Bonfante-Fasolo
(1987) proposed chitinase as a regulatory factor. Our
results confirm that the growth of an AMF can be affected
by a chitinase. Further studies are needed, however, to
determine whether the observed effects are of relevance
to the formation of the AM association.
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