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Abstract Localization of chitinolytic activities in Fagus
sylvatica (beech) mycorrhizas was examined using a
range of fluorogenic 4-methylumbelliferyl [4-MU-
(GlcNAc); 4] substrates in order to distinguish between
exochitinase, endochitinase and B8-N-acetylglucosamin-
idase activities. The validity of the technique was con-
firmed using onion epidermis cells. In the beech my-
corrhiza, endochitinase activity was not detectable
above background fluorescence. Exochitinase activity
was detected in the fungal sheath and the Hartig net.
B-N—Acetylglucosaminidase activity was also mainly as-
sociated with the fungal sheath and Hartig net. Individ-
ual fungal hyphae extending from these structures also
showed substantial B-N-acetylglucosaminidase activity.
The cortical cell walls of the host in the Hartig net re-
gion also fluoresced brightly. The localization of 8-N-
acetylglucosaminidase activity was confirmed using a
chromogenic histochemical reagent, 5-bromo-4-chloro-
3-indolyl-N-acetyl-B-D-glucosaminide (X-GlcNAc).
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Introduction

Chitin occurs as a major component in the cell walls of
fungi belonging to the Basidiomycotina, Ascomycotina,
Deuteromycotina and Zygomycotina (Wessels and
Sietsma 1981; Gooday 1990a). Enzymatic hydrolysis of
chitin to its monomer B-N-acetylglucosamine occurs by
a binary chitinolytic enzyme system. Chitinases (EC
3.2.1.14) hydrolyse the chitin polymer to oligosacchar-
ides. Endochitinase activity involves random cleavage
at internal points in the chitin chain while exochitinase
activity is progressive at non-reducing ends with release
of diacetylchitobiose units (Robbins et al. 1988). B-N-
Acetylglucosaminidase (EC 3.2.1.30) hydrolyses N,N'-
diacetylchitobiose to release N-acetylglucosamine. All
chitin-containing fungi investigated thus far produce
chitinases (Gooday 1990b). A number of roles for fun-
gal chitinase activity have been suggested, including
regulation of the formation of crystalline chitin in its
hydrogen-bonded form, apical growth, spore germina-
tion and nutrition (Gooday 1990b,c). We have pre-
viously shown that several ectomycorrhizal basidiomy-
cetes can secrete chitinolytic activities when grown in
liquid culture, although there was considerable varia-
tion in activities recorded between isolates (Hodge et
al. 1995a). Other fungal chitinolytic systems that have
been investigated include those from the ericoid endo-
phyte Hymenoscyphus ericae (Mitchell et al. 1992), the
insect pathogen Metarhizium anisopilae (St Leger et al.
1986) and the mycoparasite Trichoderma harzianum
(Ulhoa and Peberdy 1991, 1992).

Higher plants contain chitinase despite the absence
of its substrate, chitin. Plant chitinase activity is induced
in response to a wide range of abiotic or physical
stresses (Collinge et al. 1993; Graham and Sticklen
1994). However, it is the increased chitinase activity in
response to pathogen invasion which has received most
attention (Boller 1985; Collinge et al. 1993), supported
by the demonstration of antifungal activity in vitro of
certain classes of plant chitinase (Schlumbaum et al.
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1986; Roberts and Selitrennikoff 1988; Sela-Buurlage et
al. 1993). Plants also contain constitutive amounts of 3-
N-acetylglucosaminidase activity which may be in-
duced in response to chitinous pathogens (Hodge et al.
1995b). As root systems of higher plants are also in-
fected by mycorrhizal fungi, this has stimulated re-
search into the role of chitinase during both arbuscular
mycorrhizal (AM) (Spanu et al. 1989; Dumas-Gaudot
et al. 1992, 1994; Vierheilig et al. 1993, 1994) and ecto-
mycorrhizal (Albrecht et al. 1994a,b,c; Hodge et al.
1995b) formation. However, comparatively little is
known about the localization of chitinolytic activities in
intact ectomycorrhizas.

The aim of this present study was to test a range of
fluorogenic 4-methylumbelliferyl substrates (McCreath
and Gooday 1992) for their ability to localize chitinolyt-
ic activities using fully formed ectomycorrhizal materi-
al. In addition, a newly available chromogenic histo-
chemical stain, 5-bromo-4-chloro-3-indolyl-N-acetyl-g-
D-glucosaminide (X-GlcNAc), which is a substrate for
B-N-acetylglucosaminidase activity, was used to con-
firm the localization of B-N-acetylglucosaminidase ac-
tivity detected by the fluorogenic substrate 4-MU-
GIcNAc. As the 4-methylumbelliferyl substrates have
not previously been used for microscopical study of
plant sections, their potential was tested on onion epi-
dermis, commonly used as a model plant tissue due to
the ease of preparation of a monolayer of uniform cells.
In the present study, onion epidermis was found to
have no autofluorescence at the excitation and emis-
sion wavelengths used.

Materials and methods

Mycorrhizas of beech (Fagus sylvatica L.) were collected from the
surface of organic horizons of a 150-year-old beech stand near
Aberdeen. We chose to use field material in this preliminary in-
vestigation in order to obtain established ectomycorrhizas free
from the possible artefacts of in vitro synthesis. Beech mycorrhi-
zas are readily identified and easily sectioned. A uniform type
(Lactarius spp., see Agerer 1987) was selected. The usefulness of
the 4-methylumbelliferyl substrates to localize chitinolytic activi-
ties was tested using onion epidermis cells. Preparations were ex-
amined with a Zeiss Axiophot Photomicroscope, using differen-
tial interference contrast and/or fluorescence microscopy. For flu-
orescence microscopy under UV light, a Zeiss filter set of excita-
tion 365 nm, beam splitter 395 nm and barrier filter 420 nm was
used.

Preparation of substrates for chitinolytic activities

The fluorogenic substrates were 4-methylumbelliferyl glycosides
of N-acetylglucosamine oligosaccharides [4-MU-GIcNAc, 4-MU-
(GIeNAc),, 4-MU-(GlcNAc); and 4-MU-(GIcNAc),] (McCreath
and Gooday 1992) supplied by Sigma Chemical Co. (monomer,
dimer and trimer) and Janssen Biochimica (tetramer). The use of
these substrates allows discrimination between B-N-acetylgluco-
saminidase (hydrolysing 4-MU-GIcNAc), exochitinase [hydrolys-
ing 4-MU-(GIcNAc),] and endochitinase [hydrolysing 4-MU-
(GleNAc); and 4-MU-(GIcNAc),] (Robbins et al. 1988;
McCreath and Gooday 1992). Stock solutions of monomer, dimer
and trimer were prepared at a concentration of 0.8 mM in dis-

tilled water. Tetramer (0.8 mM) was prepared in 50% ethanol.
Stock solutions were stored at —20 °C.

The chromogenic histochemical reagent, 5-bromo-4-chloro-3-
indolyl-N-acetyl-B-D-glucosaminide (X-GlcNAc), which is a sub-
strate for B-N-acetylglucosaminidase activity, was prepared at a
concentration of 0.8 mM in 50% ethanol. Stocks were stored at
-20°C

Preparation of onion tissue incubated with 4-MU-GIcNAc

The inner epidermal layer from an onion was carefully peeled, cut
into approximately 7 X 2-mm pieces and mounted on a glass slide
in a solution containing 30 pl sorbitol (0.55 M) (to prevent excess
cell turgor which causes the preparation to curl), 12.5 ul MES
buffer (0.1 M, pH 5.0) and 12.5 pl 4-MU-GIcNAc (0.8 mM). The
slide was supported on glass blocks over damp filter paper inside
a Petri dish and incubated for 30 min at room temperature. A
coverslip was then placed on top of the preparation and the edges
sealed with a warm lanolin/vaseline/paraffin wax (1/1/1) mixture.
For the controls, 12.5 ul of 4-methylumbelliferone (0.8 mM) was
added instead of 4-MU-GIcNAc.

Beech mycorrhiza material

For longitudinal sectioning, beech mycorrhizas were mounted in
5% sodium alginate and gelled by immersion in 20 mM CaCl, for
Smin. Sections (ca. 150 pm) were cut with razor blades and
mounted in 12.5 pl MES buffer (0.1 M, pH 5.0) and 12.5 pl 4-
MU-(GIcNAc); 4 (0.8 mM) as before. Controls were treated as
above. Sections were also mounted in 12.5 pl MES buffer (0.1 M,

Figs. 1-4 Photomicrographs of onion epidermis cells; bars 30 pm P>

(C cytoplasm, D damaged cells, N nuclei)

Fig.1 Section incubated with 4-MU-GIcNAc for 30 min and
viewed by incident fluorescence optics showing B-N-acetylgluco-
saminidase activity associated mainly with the cytoplasm (broad
arrows) and the nuclei (arrows). The area of the section damaged
during preparation (as indicated by the lack of cytoplasmic
streaming) did not fluorescence

Fig. 2 As in Figure 1 but viewed by differential interference con-
trast (DIC) optics

Fig. 3 Detail from Fig. 1 clearly demonstrating 8-N-acetylgluco-
saminidase activity localized in the cytoplasm (broad arrow)

Fig. 4 As in Fig. 3 but viewed by DIC optics

Figs. 5-8 Photomicrographs of longitudinal sections of beech my-
corrhiza incubated with the fluorogenic substrate 4-MU-
(GleNAc), or 4-methylumbelliferone (control), viewed by inci-
dent fluorescence optics; bars 30 pm

Fig. 5 Control section incubated for 25 min with 4-methylumbel-
liferone, showing autofluorescence in cortical cell walls and at the
edge of the fungal sheath (broad arrow)

Fig. 6 Section incubated for 40 min with 4-MU-(GIcNAc),. The
sheath shows exochitinase activity (broad arrow). The walls of
cortical cells also fluoresce showing exochitinase activity

Fig. 7 Section incubated for 15 min with 4-MU-(GIcNAc),. Ar-
eas of the sheath fluoresced, indicating exochitinase activity
(broad arrow). Note bright fluorescence within the cortex (ar-
rows)

Fig. 8 Section incubated for 23 min with 4-MU-(GIcNAc),.
Bright spots of exochitinase activity within the cortex are evident
(arrows). The fungal sheath also shows exochitinase activity
(broad arrow)
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pH 5.0) and 12.5 pl X-GlcNAc (0.8 mM). This reagent is soluble
and colourless until the enzymatic action of B-N-acetylglucosam-
inidase results in the release of the aglycone, which is converted
rapidly to an insoluble indigo compound.

The incubation was for 90 min, 4 h or 24 h. Control slides, pri-
or to addition of X-GIcNAc, were held over a Bunsen flame until
the fluid boiled gently. This procedure was repeated three times
at 1-min intervals, taking care that the preparation did not dry.
The slide was left for 1 min before addition of X-GIcNAc as be-
fore.

Results
Onion epidermis cells incubated with 4-MU-GIcNAc

Fluorescence developed in the cytoplasm (Figs. 1, 3),
and strongly in the region of the nuclei (Fig. 1) after
30 min incubation, but there was no fluorescence in the
vacuole. Areas damaged during preparation (Figs. 2, 4),
and those in which cytoplasmic streaming was not ob-
served, did not fluoresce (Figs. 1, 3). The controls also
did not fluoresce.

Beech mycorrhiza sections incubated with
4-MU-(G1CNAC)]4

Control sections incubated with 4-methylumbelliferone
showed autofluorescence in cortical cell walls and in
the outer sheath (Fig. 5). This fluorescence was distin-
guishable in intensity and colour from that produced
after hydrolysis of the 4-MU substrates. Fluorescence
of the sections incubated with 4-MU-(GIcNAc); and 4-
MU-(GIcNAc),, the 4-MU substrates for endochitinase
activity, was not distinguishable from that of the con-
trols. The sections incubated with 4-MU-GIcNAc and
4-MU-(GIcNAc),, however, showed brighter areas of
fluorescence than in the control sections, indicating the
presence of B-N-acetylglucosaminidase and exochiti-
nase activity, respectively.

The sections incubated with 4-MU-(GIcNAc), fluo-
resced brightly across the entire fungal sheath (Figs. 6—
8), indicating exochitinase activity. The sections incu-
bated with 4-MU-GIcNAc also showed the strongest
fluorescence in the fungal sheath (Figs. 9, 10) and in the
area of the Hartig net (Fig. 11), indicating B-N-acetyl-
glucosaminidase activity in these regions. Large diam-
eter hyphae (6 pm) in the cortex (Fig. 12), probably be-
longing to an ascomycete (Brand 1992), fluoresced
brightly (Fig. 11), as did hyphae protruding from the
fungal sheath (Fig. 9).

Beech mycorrhiza sections incubated with X-GIcNAc

After a 90-min incubation, the fungal sheath stained a
distinctive blue colour (Fig. 14); there was no staining
of the boiled control (Fig. 13). After 4 h and 24 h, the
location of the stain had not altered but the colour had

intensified. B-N-Acetylglucosaminidase activity local-
ized by this technique was primarily in the fungal
sheath (Figs. 14-16). The large ascomycetous hyphae
within the cortical cells were also stained by this meth-
od (Fig. 16).

Discussion

The 4-methylumbelliferyl substrates have proven to be
highly sensitive for the detection of chitinolytic activi-
ties in biochemical assay systems (McCreath and Goo-
day 1992; Hodge et al. 1995a,b). In this present study,
the potential of these substrates to localize chitinolytic
activities in mycorrhizas was examined, after confirma-
tion of the technique using onion epidermal cells.
B-N-Acetylglucosaminidase activity was localized in
the cytoplasm of the onion epidermal cells in common
with other plant glycosidases (Pierrot and van Wielink
1977). B-N-Acetylglucosaminidase was also localized in
the nuclear region. These results indicate an intracellu-

Figs. 9-12 Photomicrographs of longitudinal sections of beech P

mycorrhiza incubated with the fluorogenic substrate 4-MU-
GlcNACc and viewed by incident fluorescence optics unless other-
wise stated; bars 30 pm

Fig. 9 Section incubated for 25 min with 4-MU-GIcNAc. A band
of B-N-acetylglucosaminidase activity was localized in the fungal
sheath (arrowheads). A fungal hypha protruding from the sheath
also fluoresced (arrow)

Fig. 10 Section incubated for 25 min with 4-MU-GIcNAc. A
band of B-N-acetylglucosaminidase activity was localized in the
fungal sheath (arrowheads)

Fig. 11 Section incubated for 40 min with 4-MU-GIcNAc, show-
ing B-N-acetylglucosaminidase activity associated with the corti-
cal cell walls (arrow) and the Hartig net (Hn). The large fungal
hypha, probably ascomycetous, protruding from the Hartig net
shows considerable B-N-acetylglucosaminidase activity particu-
larly at the cross walls (arrowheads)

Fig. 12 As in Fig. 11 but viewed by DIC

Figs. 13-16 Photomicrographs of beech mycorrhiza incubated
with the chromogenic substrate 5-bromo-4-chloro-3-indolyl-N-ace-
tyl-B-D-glucosaminide (X-GlcNAc) and viewed by brightfield op-
tics; bars 30 pm

Fig. 13 Boiled control longitudinal section incubated for 4 h with
X-GlcNAc showing no B-N-acetylglucosaminidase activity. The
broad arrow indicates the fungal sheath

Fig. 14 Longitudinal section incubated for 4 h with X-GIlcNAc
showing B-N-acetylglucosaminidase activity associated with the
fungal sheath (broad arrow), which has clearly stained compared
with the control (cf. Fig. 13)

Fig. 15 Transverse section incubated with X-GlcNAc for 24 h
showing B-N-acetylglucosaminidase activity mainly associated
with the fungal sheath (broad arrow). Small areas of stain within
the cortex are also shown (arrowheads)

Fig. 16 Detail from Fig. 15. The small areas of stain within the
cortex are shown to be associated with large, probably ascomy-
cete, hyphae (arrowheads). Faint staining of the cortical cell walls
can be seen
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lar compartmentalization rather than the intercellular
location reported for induced acidic chitinase activity
(Boller and Métraux 1988). The intracellular localiza-
tion of the observed activity may be a consequence of
the acidic buffer used. This low pH was chosen for this
study as host-produced acidic chitinases have been
shown to be important in both ectomycorrhizal (Al-
brecht et al. 1994a) and AM (Dumas-Gaudot et al.
1994) establishment. There are no other reports in the
literature of plant B-N-acetylglucosaminidase or chiti-
nase activities localized in the nuclear region. Manson
et al. (1992) observed fluorescence around the nuclei of
red blood cells from turbot (Scophthalmus maximus)
using 4-MU-GIcNAc and 4-MU-(GIcNAc), as sub-
strates.

The exochitinase and B-N-acetylglucosaminidase ac-
tivities localized in the beech mycorrhizas were largely
associated with the fungal partner. We have previously
demonstrated that these are the predominant chitino-
lytic activities secreted extracellularly by ectomycorrhi-
zal fungi (Hodge et al. 1995a). The results from the
present study suggest both B-N-acetylglucosaminidase
and exochitinase are present when the fungi are in sym-
biosis with their host. The fluorescence observed in the
cytoplasm and at the cortical cell walls was in agree-
ment with the results from the onion epidermal sec-
tions. However, due to the problem of autofluores-
cence occurring at the same wavelength as that re-
quired to detect 4-MU release, and because of the high-
ly vacuolar nature of the beech cortical cells, it was oft-
en difficult to distinguish this activity from back-
ground.

The results using the chromogenic histochemical
reagent X-GIcNAc were similar to those using the 4-
MU-GIcNAc substrate but the staining of the sheath
was more intense. Similarly the hyphae from the sec-
ondary ascomycetous infection, and to some extent the
cytoplasm and walls of some cortical cells, stained with
the X-GIcNAc substrate, indicating the presence of -
N-acetylglucosaminidase activity. Formation of the
Hartig net, which is in close contact with host cortical
cells, is a dynamic process (Harley 1984), and it has
been postulated that host chitinase activity is involved
in Hartig net development (Sauter and Hager 1989).
Although endochitinase activity was not detected in the
present study, we have recently shown that B-N-acetyl-
glucosaminidase activity may be an early response by
the host to a chitinous pathogen challenge (Hodge et al.
1995b). It may be that the observed B-N-acetylgluco-
saminidase activity was a host response to hyphae pen-
etrating between the cortical cells, but further investi-
gations are required as the activity may equally well be
of fungal origin.

Spanu et al. (1989) studied localization of chitinase
during the early stages of the AM association between
Allium porrum and Glomus versiforme using an immu-
nocytochemical procedure. In contrast to our study,
chitinase was localized in the vacuoles and extracellular
spaces of both mycorrhizal and nonmycorrhizal roots.

Host chitinase in the vacuole was separated from the
fungus by membrane systems. In a recent study by Sela-
Buurlage et al. (1993), vacuolar chitinases of tobacco
plants exhibited the most effective antifungal activity.
The extracellular host chitinase observed in the study
by Spanu et al. (1989) was never seen to bind to the
fungal cell wall, and the authors concluded that host
chitinase was not important in the establishment of the
symbiosis. Similarly the results of this present study
suggest endochitinase activity, the predominant host
chitinase activity (Boller 1988), is not important in es-
tablished mycorrhizal material, as it was not detectable
in our system. The activities localized in this study were
predominantly of fungal origin. The ability of mycorr-
hizal fungi to produce such activities when in symbiosis
may be important for the nutrition of the host (Leake
and Read 1990).

In conclusion, we have demonstrated S-N-acetylglu-
cosaminidase and exochitinase activity in established
mycorrhizal material by use of 4-MU-(GIcNAc),_4 sub-
strates. The presence of B-N-acetylglucosaminidase ac-
tivity in the mycorrhizal material was confirmed by use
of the chromogenic histochemical stain X-GIcNAc.
There was some discrepancy, however, between the re-
sults obtained with the two substrates in the extent of
B-N-acetylglucosaminidase activity in the fungal
sheath. Fluorescence of the sheath was not very pro-
nounced using the 4-MU-GIcNAc substrate but there
was marked staining by the chromogenic stain X-
GIcNAc. This difference may have been due to the sol-
uble 4-MU diffusing away from the site of the cleavage,
or, if activity within the sheath was as high as suggested
by the X-GlcNAc results, the substrate may have been
fully utilized and fluorescence lost by the time of exam-
ination. A more detailed study using a range of incuba-
tion times might shed further light on this question.
The 5-bromo-4-chloro-3-indolyl compound once
cleaved becomes insoluble, and loss from the site of
cleavage is not possible. This study illustrated the use-
fulness of this chromogenic substrate in localization
studies, particularly when used in conjunction with 4-
MU-GIcNAc. The results also suggest the potential of
the 4-MU-(GIcNAc), 4 substrates in other plant chiti-
nase localization studies.
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