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Mycorrhizas of Entoloma clypeatum f. hybridum on Rosa multiflora in the field in Japan were studied by stereo, light and
electron microscopy. In most mycorrhizas, the root cap, meristem, and apical region of the cortex disappeared, but in a
few mycorrhizas, these tissues remained. Fungal hyphae of the mycorrhizas invaded root tissues and branched
palmately. Hyphae in contact with cortical cells were larger than those far from the root cells and contained many
mitochondria, cisternae of endoplasmic reticulum and transitional vesicles. Invading hyphae were undulate in the apical
part of the mycorrhiza, and some of them lacked distinct organelles. Electron-dense granules accumulated in the root
cells adjacent to the fungal hyphae. Both the remnants of the plant cells and the fungal hyphae were included in the
amorphous materials on the tip of the stele. These observations suggest the destructive infection by fungal hyphae of

the root cells and their collapse near the tip of the stele.
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The genus Entoloma (Fr.) Kumm. belongs to Agaricales
(Basidiomycetes) and consists of saprotrophic and bio-
trophic {(mycorrhizal) species, of which some of the latter
are known to be associated with the Rosaceous plants
(Becker, 1956; Trappe, 1962; Andruszewska and Domi-
nik, 1971; Noordeloos, 1981; Harley and Smith, 1983;
Molina et al., 1992; Agerer and Waller, 1993). While
several authors have reported that Rosaceous plants
formed ectomycorrhizas with species of the genus Ento-
loma (Becker, 1956; Trappe, 1962; Andruszewska and
Dominik, 1971), light microscopic observation of mycor-
rhizas formed by Entoloma saepium {Noulet & Dass.} Ri-
chon & Roze. on Rosa sp. and Prunus domestica L. rev-
ealed that the fungus “invades and almost completely
destroys root meristem and young root cells” (Agerer and
Waller, 1993), indicating that their mycorrhizal relation-
ship is not ectomycorrhizal. The ultrastructural features
of this type of mycorrhiza have not yet been reported,
and ultrastructural studies are expected to advance our
understanding of this mycorrhizal relationship. In this
report, we examine the ultrastructure, in addition to light
microscopic structure, of mycorrhizas formed by E.
clypeatum (L.) Kumm. f. hybridum (Romag.) Noordel. on
Rosa multiflora Thunb. to understand cellular interaction
in mycorrhizal association of Entolomatoid fungi and
Rosaceous plants from the morphological point of view.

Materials and Methods

The sampling site was beside the Uji River, Kyoto

* Present address: 2-9-22, Sakae, Takatsuki-shi, Osaka 569-
0825, Japan

(34°55’ N, 135°47'E), where R. multiflora grew mixed
with Salix spp. Based on the methods of Agerer (1986),
mycorrhizas were collected as follows. On 14 April
1994 and 1995, three cubic cores of 10 cm edge were
excavated from soil under fruit-bodies of E. clypeatum f.
hybridum. Mycorrhizal fungi in the soil cores were iden-
tified by following rhizomorphal connections with the
fruit-bodies. The mycorrhizal samples were washed out
from soil particles in the soak water with fine forceps and
brushes.

The mycorrhizas were vacuum-infiltrated for 1 h
with a fixative consisting of 5% glutaraldehyde in 1/15
M Serensen’s phosphate buffer (pH 7.4}, then treated
with freshly prepared fixative at 4°C for 24 h. They
were then washed with the same buffer, and postfixed
with 1% osmium tetroxide in the same buffer at 4°C for
24 h. After washing with distilled water, the specimens
were stained en bloc in 1% uranyl acetate at 4°C for 2 h,
then dehydrated through a graded acetone series
(20-100%) at room temperature. Samples were then
embedded in Spurr’s Resin (Spurr, 1969), which was al-
lowed to polymerize at 60°C for 24 h. Semi-thin sec-
tions (1-1.5 um) were cut with a Reichert ultramicro-
tome, stained with 0.05% toluidine blue in 0.1% boric
acid, and observed with a light microscope. Some
descriptive terms were based on Agerer (1987-1993).
Ultra-thin sections (50-150 nm) were also prepared with
the same ultramicrotome and mounted on copper grids.
The sections were then stained with lead citrate as de-
scribed by Reynolds (1963) and examined with a Hitachi
H-7000 transmission electron microscope. Areas of
mitochondria and hyphae were measured in 10 hyphal
sections randomly selected from three mycorrhizas, and
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Fig. 1. Mycorrhizas of Entoloma clypeatum f. hybridum on
Rosa multiflora. Bar=1 mm.

the area of mitochondria was expressed as a percentage
of hyphal area.

Results

Stereomicroscopic observations The mycorrhizas (Fig.

1) of E. clypeatum f. hybridum on R. multiflora were un-
ramified, up to 3 mm long, 1-2 mm in diam, and silvery
white with felt-like texture. Tips of the mycorrhizas
were cylindrical to clavate.

Light microscopic observations In the longitudinal sec-
tions of most mycorrhizas, the cortex remained in the
basal part, whereas root cells had disappeared and were
replaced by the fungal hyphae in the apical part (Fig. 2,%).
Outer cortical cells in the basal part contained dark gran-
ules (Fig. 3, arrows) and were more flattened than inner
cortical cells. Epidermal cells were not observed under
the hyphal sheath. The fungal hyphae in this part par-
tially invaded between outer flattened cortical cells {Fig.
3, arrowheads), but they did not penetrate between inner
cortical cells. These observations suggest that typical
Hartig nets are not formed.

Hyphal sheath outside of the cortex was divided into
two layers according to hyphal thickness and arrange-
ment (Fig. 3). The outer layer {Fig. 3, OL) was a loose
plectenchymatous tissue composed of hyphae of 2-5 y#m
in diam. The inner layer (Fig. 3, IL) was a pseudoparen-
chymatous tissue composed of hyphae of 7-14 ym in di-
am that were approximately perpendicularly oriented to
the root tissues. Remnants of flattened cortical cells
(Fig. 3, double arrows) were involved in the inner layer.

2

Fig. 2. Typical mycorrhiza showing disappearance of root cap and apical meristem. Arrows indicate dark amorphous materials in the
apical part of amycorrhiza. Asterisks (*) indicate the region in which apical root cells had disappeared and been replaced by fungal

hyphae. Bar=100 gm.

Abbreviations: C, cortex; EN, endodermis; ER, cisternae of endoplasmic reticulum; M, mitochondria; S, stele; VA, vacuoles; VE, vesi-

cles.
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Figs. 3-8. Light micrographs of longitudinal sections of mycorrhizas. 3. Basal cortex and two layers of the hyphal sheath outside of
cortex: the inner layer {IL}) and the outer layer (OL). Arrows indicate dark granules in vacuoles of cortical cells. Arrowheads indi-
cate hyphae between flattened cortical cells. Double arrows indicate remnants of flattened cortical cells in the inner layer of the
fungal sheath. 4. Apical part of a mycorrhiza in which root cap and apical meristem remain. Arrows indicate the fungal hyphae
between root cap cells. Arrowheads indicate root cap cells. An asterisk (*) indicates apical meristem. 5. Apical part of a mycor-
rhiza in which apical root cells are replaced by fungal hyphae. 6. Apical part of a mycorrhiza in which fungal hyphae become un-
dulate near the tip of the stele. Arrows indicate undulating hyphae. Arrowheads indicate compressed stelar cells. 7. Apical part
of a mycorrhiza in which the fungal hyphae are undulate and sparsely distributed. 8. Apical part of a mycorrhiza with sparse, un-
dulate fungal hyphae, in which amorphous materials deposit on the tip of the stele. An asterisk (*) indicates amorphous materials.
Bars=50 ym.
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Figs. 9-14. Electron micrographs of fungal hyphae in various parts of the mycorrhiza. 9. Hyphae in the outer layer of the hyphal
sheath outside of the cortex. Bar=10 ¢m. 10. Dolipore septum observed in the hyphae of the outer layer of the hyphal sheath.
Bar=1 gm. 11. Hyphae close to a cortical cell. Bar=1 gm. 12. Marginal part of a hypha close to a cortical cell. Bar=1 pm.
13. Hyphae and dark amorphous materials in the apical part of a mycorrhiza. Arrows indicate dark amorphous materials. Bar=1

#m. 14, Palmate hyphal branches near the endodermis close to the stelar cells. Asterisks (*) indicate electron-dense materials.
Bar=1 um.
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Morphology of the apical part differed among mycor-
rhizal samples (Figs. 4-8). In a few mycorrhizas, the
root cap and apical meristematic cells remained (Fig. 4,
arrowheads, *). Dark granules were deposited in these
root cells. The fungal hyphae covered the root tip and
penetrated between the root cap cells (Fig. 4, arrows).

In most mycorrhizal tips, however, apical root cells

had disappeared and were replaced by the fungal hyphae
(Figs. 2, 5-8). Dark amorphous materials (Fig. 2, ar-
rows), probably remnants of the various root cells, were
cylindrically arranged to indicate the shape of the root in
the apical part. Invading hyphae in the apical part were
palmately branched (Fig. 5). Tips of their branches were
2-4 pm in diam, radially elongated, and perpendicularly
attached to the endodermis (Fig. 5). Morphology of api-
cal hyphal branches and stelar cells varied among the
mycorrhizal tips (Figs. 6-8). Apical hyphal branches
were undulated (Fig. 6, arrows) and apical stelar cells
were compressed (Fig. 6, arrowheads) in some mycorrhi-
zas. In other mycorrhizas, hyphae near the tip of the
stele were sparsely arranged, and apical stelar cells were
compressed (Fig. 7). The region between stelar cells
and undulate hyphae was stained well by toluidine blue in
other mycorrhizas (Fig. 8, *).
Transmission electron microscopic  observations
Hyphae Large vacuoles, a small number of mitochondria
and several vesicles were seen in the hyphae of the outer
layer of the hyphal sheath (Fig. 3, OL and Fig. 9).
Mitochondria occupied 6% of the hyphal area in sections.
Dolipore septa were observed in the hyphae (Fig. 10},
which confirm that the mycorrhizal fungus belongs to
basidiomycetes. Dolipore septa were rarely observed
without hyphae of the outer layer of the hyphal sheath.

In the inner layer of the hyphal sheath (Fig. 3, IL),
hyphae contained large amounts of mitochondria, cister-
nae of endoplasmic reticulum and small vesicles (Figs.
11, 12). The mitochondria were spherical, ellipsoidal or
alley-like in shape, contained many cristae, and occupied
159% of the hyphal area in sections (Fig. 11, M). The
cisternae of endoplasmic reticulum were often stratified
(Fig. 12, ER). Many vesicles were observed near cister-
nae of endoplasmic reticulum and plasma membrane (Fig.
12, VE).

In the apical part of the mycorrhiza, dark amorphous
materials were observed between the hyphae (Fig. 2, ar-
rows). These were composed of electron-dense materi-
als (Fig. 13, arrows). Hyphae near these materials were
highly vacuolated (Fig. 13, VA) compared with those at-
tached to cortical cells (Fig. 11).

Large vacuoles were not observed in the branching
hyphae adjacent to endodermal cells (Fig. 14). Electron-
dense materials were deposited in the interface between
hyphal branches and endodermal cells (Fig. 14, *).

The undulate hyphal branches (Fig. 6) near the en-
dodermis close to the apical stelar cells contained spheri-
cal bodies (Fig. 15, arrows) that appeared to contain
lipids, and electron-dense granular bodies (Fig. 15, ar-
rowheads). The sparsely arranged hyphae (Fig. 7) ahead
of the stele tip did not contain obvious organelles (Fig.
16). Interhyphal fibrillar materials were observed be-

tween the undulate hyphae (Figs. 15, 16, *). Various
materials with different electron densities were deposited
near the tip of the stele (Fig. 17, *). Similar materials
were included in the sparsely arranged hyphae (Fig. 16).
Root cells Root cap cells, apical meristematic cells (Fig.
18), cortical cells (Fig. 19) and endodermal cells (Fig. 20}
near the fungal hyphae deposited electron-dense granular
materials in vacuoles (arrows in each figure). A few lay-
ers of flattened cortical cells (Fig. 3) near the hyphae con-
tained only electron-dense materials (Fig. 19, ar-
rowheads). Some cortical cells had partly broken down
walls and were filled with hyphae (Fig. 21, *).

Discussion

Morphology of the mycorrhiza of Entolomatoid fungi and
Rosaceous plants Fungal sheath-like structures were
formed on root tips, but apical root cells had completely
disappeared in most mycorrhizas examined. These mor-
phological features are not ectomycorrhizal but are simi-
lar to those of the mycorrhizas of E. saepium on Rosa sp.
and P. domestica, previously reported by Agerer and
Waller (1993). Haug et al. (1991) described that apical
cortex was destroyed but apical meristem remained in
tuberculate mycorrhiza of Castanopsis and Engelhardtia.
In the present study, we found apical meristematic cells
in a few exceptional mycorrhizas. However, these cells
contained dark granules in vacuoles, which are expected
to be destroyed, and then to be replaced by the fungal
hyphae. The disappearance of apical meristematic cells
seems to be characteristic of the development of the
mycorrhiza of Entolomatoid fungi and Rosaceous plants.
The collapse of apical meristematic cells may cause the
duration of the mycorrhizal relationship between E.
clypeatum t. hybridum and R. multiflora to be short.
Morphological variations in the apical parts of the
mycorrhizas suggest that mycorrhizas develop through
the following stages. At the beginning of mycorrhizal
formation, hyphae of £. c/lypeatum f. hybridum cover root
tips of R. multiflora. The fungal hyphae penetrate be-
tween apical root cap, meristematic and cortical cells,
and then these root cells collapse. The fungal hyphae in-
vade root tissues from the apical part.. When hyphae
reach the central stele of the root tissues, they become
undulate and sparsely arranged. In the final stage, amor-
phous materials deposit at the tip of the stele.
Morphological features of the fungal hyphae Morpho-
logical variations of the fungal hyphae in the mycorrhiza
are correlated with the distribution of organelles in the
hyphae. Hyphae of the inner layer of the sheath were
thicker than those of the outer layer. Mitochondria oc-
cupy a larger percentage area of hyphae in the inner layer
of the sheath than in the outer layer. Moreover, large vac-
uoles were observed in the hyphae of the outer layer of
the sheath and the hyphae near dark amorphous materi-
als, but they were not observed in the hyphae of the inner
layer of the sheath in the basal part and branching
hyphae. These results revealed that the intracellular or-
ganization of the hyphae composed of the fungal sheath
varies with proximity to the root cells. Similar results on



. Kobayashi and K. Hatano

Figs. 15-17
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Figs. 18-21. Electron micrographs of the root cells in various parts of the mycorrhiza. Arrows indicate electron-dense granules in
vacuoles. 18. Apical meristematic cells adjacent to fungal hyphae. 19. Cortical cells near the fungal hyphae. Arrowheads indi-
cate flattened cortical cells. 20. Endodermal cells. 21. A broken cortical cell occupied by fungal hyphae. An asterisk indicates

the broken cortical cell. Bars=10 ym.

the fungal sheath were also obtained from morphological
studies of ectomycorrhizas (Strullu, 1979; Kottke and
Oberwinkler, 1986; Bonfante-Fasolo and Scannerini,
1992).

Morphological features of hyphae near cortical cells
may reflect the fungal nutritional behaviour toward root
cells. Large amounts of mitochondria are supposed to
produce energy actively from chemical fuels, which may
be derived from the root cells. Furthermore, large
amounts of cisternae of endoplasmic reticulum and tran-
sitional vesicles may contribute to the synthesis of vari-
ous materials, their release extracellularly, and the expan-
sion of hyphal tips to cortical cells.

Reaction of root cells Light and electron microscopy
revealed the accumulation of dense granular materials in
vacuoles of root cap cells, meristematic cells, cortical
cells and endodermal cells adjacent to the fungal hyphae.

Similar accumulation in the cells of the different root
regions suggests that these root cells react similarly to
the destructive fungal infection. Morphological studies
on ectomycorrhizal symbiosis have demonstrated the
presence of electron-dense deposits in the cortical cells,
and these deposits were histochemically identified as
phenolic compounds (Ling-Lee et al., 1977). Deposits in
vacuoles of Rosa root cells may also contain phenolic
compounds like ectomycorrhizal roots.

Collapse of fungal hyphae near the tip of the stele
Amorphous structures composed of materials with vari-
ous electron densities accumulated on the tips of steles.
Sparsely arranged hyphae ahead of the tips contained
similar materials and no organelles. These observations
suggest that hyphae collapse outside of the stele, and
then invasion of mycorrhizal hyphae is blocked. Agerer
and Waller (1993} indicated the presence of root cell rem-

Figs. 15-17. Electron micrographs of fungal hyphae in apical parts of mycorrhiza. 15. Undulate hyphal branches near the tip of a
stele. Arrows indicate spherical bodies that seemed to contain lipids. Arrowheads indicate electron-dense granular bodies.

Asterisks (*) indicate interhyphal fibrillar materials. Bar=1 gm.

16. Collapsed hyphae ahead of the tip of a stele. Asterisks (*)

indicate interhyphal fibrillar materials. Bar=1 gym. 17. Amorphous materials between undulate hyphae and stelar cells. Aster-

isks (*) indicate amorphous materials. Bar=10 um.
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nants in that region. However, the present study
showed that the amorphous structures were composed
of the remnants of not only plant cells but also fungal
hyphae.

Spherical bodies that appeared to contain lipid, and
electron-dense granular bodies were only observed in un-
dulate branching hyphae near the endodermis close to
the apical stelar cells. Hyphae near the tip of the stele
did not contain organelles. These results suggest
changes in the structure and the function of hyphae
around the tip of the stele as they collapse. Undulating
fungal hyphae may accumulate lipid materials into spheri-
cal bodies and translocate them to active parts before
collapsing.

Hyphae collapse within the cortical cells in arbascu-
lar, ericoid, arbutoid and orchid mycorrhiza, and E-strain
ectoendomycorrhiza (Scannerini and Bonfante-Fasolo,
1983; Fusconi and Bonfante-fasolo, 1984; Piché et al.,
1984; Uetake et al., 1992). In the present study, we
found that hyphae undulate and collapse outside of root
tissues. Fungal sheath formation of this type of mycor-
rhiza resembles that of ectomycorrhiza, but it differs in
the disappearance of apical meristematic cells, as previ-
ously mentioned. Further morphological studies on
mycorrhizas of diverse plant and fungal species should
provide clues for understanding the unknown mycor-
rhizal relationship found in this study.

Acknowledgements——We are grateful to Professor Naochiko
Sagara, Kyoto University, for his useful comments, and Dr. Koji
lwase, Biological Environment Institute, Kansai Environmental
Engineering Center Co. Ltd., for his critical reading of the manu-
script and valuabie discussions.

Literature cited

Agerer, R. 1986. Studies on ectomycorrhizae. ll. Introducing
remarks on characterization and identification. Mycotaxon
26: 473-492.

Agerer, R. 1987-1993. Color atlas of ectomycorrhizae, 1st-
7th delivery, Einhorn-Verlag, Schwébisch Gmind.

Agerer, R. and Waller, K. 1993. Mycorrhizae of Entoloma
saepium: parasitism or symbiosis? Mycorrhiza 3: 145154,

Andruszewska, A. and Dominik, T. 1971. Mycorrhiza of Pru-
nus cerasus L. x Rhodophyllus clypeatus (Bull. ex Fr.) Quél.
Zeszyty Nauk. Wyzsz. Szkoly Roln. Szczecin. 37: 3-14. (In
Polish.)

Becker, G. 1956. Observation sur I'écologie des champignons
supérieurs. Ann. Sci. Univ. Besancon Bot. 7: 15-128.

Bonfante-Fasolo, P. and Scannerini, S. 1992. The cellular basis
of plant-fungus interchanges in mycorrhizal associations.
In: Mycorrhizal functioning: an integrative plant-fungal
process, (ed. by Allen, M. F.), pp. 65-101, Chapman & Hall,
New York.

Fusconi, A. and Bonfante-Fasolo, P. 1984. Ultrastructural
aspects of host-endophyte relationships in Arbutus unedo L.
mycorrhizas. New Phytol. 96: 397-410.

Harley, J.L. and Smith, S.E. 1983. Mycorrhizal symbiosis,
Academic Press, London.

Haug, ., Weber, R., Oberwinkler, F. and Tschen, J. 1991.
Tuberculate mycorrhizas of Castanopsis borneensis King
and Engelhardtia roxburghiana Wall. New Phytol. 117:
25-35.

Kottke, I. and Oberwinkler, F. 1986. Mycorrhiza of forest
trees- structure and function. Trees 1: 1-24.

Ling-Lee M., Chilvers, G.A. and Ashford, A.D. 1977. A
histochemical study of phenolic materials in mycorrhizal and
uninfected roots of Fucalyptus fastigata Deanne and
Maiden. New Phytol. 96: 43-53.

Molina, R., Massicotte, H.B. and Trappe, J.M. 1992,
Specificity phenomena in mycorrhizal symbiosis: Com-
munity-ecological consequences and practical implications.
In: Mycorrhizal functioning: an integrative plant-fungal
process, {ed. by Alien, M. F.), pp. 357-423, Chapman &
Hall, New York.

Noordeloos, M. E. 1981. Introduction to the taxonomy of the
genus Entoloma sensu lato {Agaricales). Persoonia 11:
121-151.

Piché, Y., Ackerley, C. A. and Peterson, R. L. 1986. Structural
characteristics of ectendomycorrhizas synthesized between
roots of Pinus resinosa and E-strain fungus Wilcoxina miko-
lae var. mikolae. New Phytol. 104: 447-452.

Reynolds, E. S. 1963. The use of lead citrate at high pH as an
electron-opaque stain in electron microscopy. J. Cell Biol.
17: 208-212.

Scannerini, S. and Bonfante-Fasolo, P. 1983. Comparative
ultrastructural analysis of mycorrhizal associations. Can.
J. Bot. 61: 917-943.

Spurr, A.R. 1969. A low-viscosity epoxy resin embedding
medium for electron microscopy. J. Ultrastruct. Res. 26:
31-43

Strullu, D. G. 1979. Ultrastructure et représentation spatiale
du manteau fongique des ectomycorhizes. Can. J. Bot. 57:
2319-2324.

Trappe, J. M. 1862. Fungal associates of ectotrophic mycor-
rhizae. Bot. Rev. 28; 538-606.

Uetake, Y., Kobayashi, K. and Ogoshi, A. 1992. Ultrastructur-
al changes during the symbiotic development of Spiranthes
sinensis (Orchidaceae) protocorms associated with binucle-
ate Rhizoctonia anastomosis group C. Mycol. Res. 96:
199-209.



