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Abstract

Vesicular-arbuscular (VA) mycorrhizae are symbiotic associations between soil
fungi belonging to Endogonaceae and plant roots. VA mycorrhizae occur in
about 80% of plants ranging from bryophytes to angiosperms with a general
lack of host specificity. Cellular interactions between the partners are mediated
by cell surface properties, (of the cell walls and/or plasmamembranes), which
play an important role during the development of the symbiosis: {1) the fungal
cell wall becomes thinner and changes from a fibrillar into an amorphous
texture, associated by different three-dimensional arrangements of the chitin
chains; (ii) the response of the host cells to fungal colonization varies in the
different layers of the root. Coils occur mainly in epidermal or outer cortical
layers and do not provoke a strong host response, while arbuscules colonizing
inner cortical cells, stimulate cytoplasm and plasmamembrane modifications
of the host cells.

Keywords: mycorrhizae, vesicular-arbuscular mycorrhizae, cell wall, chitin, cell sur-
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1. Introduction

Mycorrhizae are symbiotic associations between plant roots and soil fungi.
They occur in the majority of plants, from bryophytes to monocotyledons
and give rise to a number of morphologically distinct root-fungus associ-
ations. Plants under natural conditions are therefore usually mycorrhizal
plants (Harley and Harley, 1987; Harley and Smith, 1983). Mycorrhizae have
been studied extensively, because of their ecological and agricultural impor-
tance (Schenck, 1982; Powell and Bagyaraj, 1984; Gianinazzi and Gianinazzi-
Pearson, 1986). The fungal components act as fertilisers by improving the
mineral nutrition of the host, mainly by an increased phosphate uptake. This
has been referred to as the “plant growth effect” (Powell and Bagyaraj, 1984).

The term mycorrhiza is related to a variety of interactions between differ-
ent groups of plants and fungi. Mycorrhizae are usually divided into many
morphologically distinct types, reflecting differences in anatomy, physiology
and the different taxonomic positions of the partners. The classification of
Harley and Smith (1983) stresses the importance of separating between ecto-
mycorrhizae, where the fungus does not penetrate the host cells and endomy-
corrhizae with intracellular fungal intrusion. Other classifications consider
mainly the ecological distribution (Read, 1986), the nutritional exchange
(Lewis, 1986) and the cytological features of mycorrhizal types (Scannerini
and Bonfante-Fasolo, 1983).

These classifications comprise different levels of integration between the
symbionts — from that of the plant community to that of molecular interac-
tion. The organismal level appears as the most significant, since mycorrhizal
plants develop much better than non-mycorrhizal plants and are more resis-
tant to heavy metal contamination and pathogens (Gianinazzi-Pearson and
Gianinazzi, 1986; Read, 1986).

The mycorrhizal roots undergo anatomical and histological modifica-
tions. According to Clowes (1981) the root apex of ectomycorrhizal roots is
rounded, without cap cells, has a reduced meristem and a low rate of mito-
sis. Recent observations have revealed modifications also in the root develop-
ment of some endomycorrhizae, (Berta and Bonfante-Fasolo, 1983; Berta and
Gianinazzi-Pearson, 1986; Fusconi et al., 1986). It has been demonstrated
that VA mycorrhizae depress the meristem activity of the root, decreasing
the mean mitotic index and slow down cell division in the metaphase, pro-
ducing parenchymatous root tips (Fusconi et al., 1986) (Fig. 1). These effects
appear to be the result of cellular interactions between the partners.

In this article I describe the structure and function of some cellular interac-

tions related to the physical contact between the cell surfaces of the partners.
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Figure 1. Plant-mycorrhizal fungus interaction: the organ level. A mycorrhizal plant of
Ornisthogalum umbellatum colonized by Glomus spp. (B) has a parenchymatous
root tip and a reduced meristem, when compared with the non-mycorrhizal
root of the same age (A). (Courtesy of Dr. G. Berta and Dr. A. Fusconi).

in vesicular-arbuscular mycorrhizae, the most common type of endomycor-
rhizae. According to Heslop-Harrison and Linskens (1984), these interactions
fall into the category of the so-called “short range interactions” between dif-
ferent species. Particular attention will be given to the mycorrhizal partner
cell walls, through which exchanges occur (Fig. 2). It is now clear that the
cell wall is not a passive envelope but an active structure, affected by the
environment. Recent results show that some components of the cell wall, the
oligosaccharins, may play a regulative role in microorganism/plant systems

(Albersheim and Darwill, 1985).
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Figure 2. Scheme showing (A) the intracellular compartment or symplast and the ex-
tracellular compartment or apoplast in plant cells (PC); (B) the extracellular
compartment between plant and fungal (F) cells.

2. Vesicular-Arbuscular Mycorrhizae at the Cellular Level

Vesicular-arbuscular mycorrhizae (VAM) occur in about 80% of plants, and
are characterized by a general lack of host specificity. Host plants may range
from bryophytes through pteridophytes and gymosperms to angiosperms.
All VAM fungi belong to a single family of Zygomicotina, the Endogonaceae
(Peyronel, 1924). Their classification is still in dispute, mainly because we
do not know yet to grow VAM fungi in pure culture. Their sexual stages
are unknown and their life cycles are imperfectly understood (Walker, 1985).
Their morphological development is highly constant inside the roots of differ-
ent hosts (Bonfante-Fasolo, 1984). VAM fungi usually form an extraradical
phase represented by chlamydospores and extramatrical mycella, and a very
complex intraradical phase consisting of hyphal coils, intercellular hyphae,
inter- and intracellular vesicles and arbuscules (Fig. 3).

During development of the symbiosis, two structural changes are charac-
teristic: (1) the fungal wall is extensively modified and (2) the host response
to fungal colonization differs in the different layers of the root.

Fungal wall modifications

In many VAM species, chlamydospores have a thick and complex wall
that represents an important diagnostic feature (Walker, 1985). Electron mi-
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Figure 3. Scheme showing the life cycle of a VAM fungus: chlamydospores and extra-
matrical mycelia form during the extraradical phase, while coils, intercellular
hyphae, arbuscules and vesicles form during the intraradical phase.
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Figure 4. Pyramid model for helicoidal systems. A series of rectangles where parallel and
equidistant straight lines have been drawn is arranged in the form of a truncated
pyramid. Oblique sections give rise to bow shaped fibrils (from Bouligand,
1972).
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croscopy shows that the wall of mature Glomus versiforme chlamydospores
consists of an outer and inner layer separated by an electron-dense line
(Bonfante-Fasolo and Vian, 1984). The inner layer is formed of arcs arranged
in ranks, an arrangement called “helicoidal organization” (Neville, 1985), in-
terpreted for the first time in insect cuticle by Bouligand (1972). According
to Bouligand’s pyramidal model (Fig. 4), there are planes formed by parallel
and straight fibrils, each plane being laid down rotated by a small angle, with
respect to the others, like the steps of a spiral staircase. The whole forms
a ply structure, with laminae constantly changing in orientation. Oblique
sections generate the pattern of arcs seen in the spore; however, the arc is an
illusion, since it consists of short segments of parallel fibrils from each plane.
This type of architecture is very unusual in fungi generally, and appears only
in VAM fungi. It has also been found recently in G. macrocarpum, Gigaspora
and Acaulospora laevis (Bonfante-Fasolo and Schubert, 1987; Mosse, 1986).
In order to assure that the arcs are actually caused by a helicoidal arrange-
ment, it is important to tilt the specimen and observe sections at different
angles. This has so far been done for G. versiforme and G. macrocarpum
(Bonfante-Fasolo and Vian, 1984 and unpublished results).

Quantitative analyses of the cell wall of the G. versiforme spores have
shown that chitin is the most prominent component, representing 27% of
the cell wall fraction, while only a small quantity of the aminosugar occurs
in a non-acetylated form (Bonfante-Fasolo and Grippiolo, 1984). Chitin is
difficult to locate ultrastructurally, since it is electron-transparent, and non-
reactive to the PATAg test for polysaccharide (Thiery, 1987). However, new
techniques based on affinity between molecules such as lectins and sugars or
enzymes and their substrates, coupled with colloidal gold (Horisberger, 1985,
Roth, 1983; Bendayan, 1985; Benhamou et al., 1987) have recently permitted
chitin to be identified as well as other carbohydrates.

In order to detect chitin in thin sections of the G. versiforme spores, we
complexed gold (G) with chitinase and gold with wheat germ agglutinin
(WGA), the lectin specific for N-acetyl glucosamine residues, (Bonfante-
Fasolo et al., 1986a). The two methods demonstrated a different distribution
of the gold label in the two layers of the wall. Gold label occurred on the
inner and outer layers of the wall with WGA/G, but the labelling of the
secondary wall was very weak by the chitinase/G test. This difference is
presumably the result of a different accessibility to the substrate by the two
probes and the different distribution of the chitin molecule in the two layers.
Since the chitinase is an endochitinase, it binds mainly to the chitin chains.
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Figure 5. Distribution of binding sites {#) of a chitinase gold complex for different sec-
tioning planes (A, B, C, transverse, oblique, longitudinal respectively of a hypo-
thetical chitin molecule. The binding sites correspond to the covalent linkages
accessible to chitinase (from Bonfante-Fasolo et al., 1986a).
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Figure 6. Variability in distribution of label with chitinase-gold in an oblique section (B)
through a helicoidal system (A). The helicoidal system is drawn by a succession
of parallel and equidistant planes. The straight lines within each plane represent
the alignment of chitin molecules. The dark spots (e) represent the binding sites
between the chitinase-gold and the substrate. The covalent linkages accessible
to the probe are limited to fibrils cut more or less longitudinally (from Bonfante-
Fasolo et al., 1986a).

On thin sections the probe binds strongly to the microfibrils lying parallel
to the section plane, but binds weakly to the microfibrils appearing as arcs,
since they lie oblique or transverse to the section plane (Fig. 5). The arcs
are formed by many oligomers belonging to different fibrils, and few covalent
linkages are available for binding (Fig. 6). WGA, on the other hand, links
easily to the oligomer residues irrespective of their length. In conclusion,
chitin in the VAM fungal spores examined consists of fibrils showing two
different three-dimensional arrangements, parallel and helicoidal.
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When the spores of VAM fungi germinate, the cytoplasm of the new hy-
phae is rich in organelles and nuclei in active division (Cooke et al., 1987;
C. Marzachi, unpublished). The walls are thick, with a ply structure, and
chitin can be localized by light and electron microscopy using WGA /FITC
and WGA/gold complexes (Bonfante-Fasolo et al., 1986). However, the ex-
traradical phase is not limited to this type of germinating mycelium, since
in an established mycorrhiza, the root is surrounded by a mycelial weft of
hyphae originating from internal mycelia. A large part of this mycelium ap-
pears empty and dead, as Schubert et al. (1987) showed by using fluorescein
diacetate (FDA) as a probe of mycelium viability. Ultrastructural observa-
tions confirm that the hyphae are thick-walled and poor in cytoplasm, with
irregularly distributed nuclei. We were able in this case also to demonstrate
the presence of chitin fibrils in the wall, (Bonfante-Fasolo and Gianinazzi-
Pearson, 1986) confirming biochemical analyses performed on the extrama-
trical mycelium. In order to quantify the development of the extra- and
intraradical mycelia, Bethlenfalvay and his coworkers (1982) measured the
amounts of chitin spectrophotometrically and observed that the extraradical
mycelia attained a maximum weight at the onset of logarithmic growth of
the colonized host and decreased thereafter.

In the presence of a compatible root, VAM fungi penetrate the host, giv-
ing rise to the intraradical phase, (see review by Bonfante-Fasolo, 1984).
In the outer cell layers of many roots, the endophytes may form intracel-
lular hyphal coils. These hyphae are usually very similar in wall structure
and in cytoplasm to the extramatrical hyphae. Deeper in the root cortex,
VAM fungi form intercellular hyphae positioned parallel to the long axis of
the root, and spread the infection. So far there are few detailed time lapse
studies on VAM development and these are limited to light microscope ob-
servations (Brundrett et al., 1985). By using a new procedure for observing
the morphology of VAM fungi and a transplant method, these authors ob-
served hyphal penetration about two days after initial contact, and arbuscule
formation within 3 or 4 days. When VAM endophytes enter host cells, they
stretch the host wall and cause the host plasmalemma to invaginate, forming
a regularly ramified structure, the arbuscule (Fig. 7). Usually arbuscules
as well as coils are regarded as being “intracellular” by workers involved
in mycorrhizal studies. Conversely, in the legume-Rhizobium system, bac-
teroids surrounded by the peribacteroid membrane are regarded as being
extracellular in a topological sense (Robertson et al., 1985). Regardless of
the conflicting terminology, arbuscules are considered the key to plant-fungus
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Figure 7. Plant mycorrhizal fungus interaction: the cellular level. (A) Hyphae of Glomus
caledonsum — seen by scanning electron microscopy — strongly colonize the
cortical cells of Glinkgo biloba, forming arbuscules. (B) Thin-walled arbuscular
hyphae of G. fasciculatum — seen by transmission electron microscopy — are
surrounded by the host plasmalemma, A: arbuscule; H: host plasmamembrane.

interaction, since they are the site of nutritional exchange (Cox and Tinker,
1976). Morphologically, arbuscular branches represent the apical structures
of the infection unit with a regular distribution of nuclei (Bonfante-Fasolo et
al., 1987).

The arbuscular wall has a very distinct morphology; it is up to ten times
thinner (e.g. 50 nm) than the extraradical hyphal wall, loses its fibrillar
texture and becomes amorphous (Bonfante-Fasolo, 1982) Fig. 7). Chitin
chains can no longer be detected in the wall of the arbuscule and chitinase
gold-complexes no longer label it, while oligomers of N-acetylglucosamine can
be discerned by the use of WGA linked to ferritin or gold (Bonfante-Fasolo,
1982; Bonfante-Fasolo et al., 1986) (Fig. 8).

Biochemical analyses of chitin content performed by measuring the quan-
tity of glucosamine demonstrate the presence and quantity of chitin in the
intraradical mycelium (Bethlenfalvay et al., 1982), while the affinity ultra-
structural techniques give other information. The latter indicate that dur-
ing the arbuscular phase, chitin fibrils disappear and chitin polymerization
probably does not occur, since only sugar residues of N-acetylglucosamine
are found. In VAM systems arbuscular hyphae are the apical portion of the
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Figure 8. A. Ultrathin section of Vitis vinifera colonized by Glomus fasciculatum. Treatment
with WGA/gold. Gold label occurs on the fungal wall. B. Magnification of an
arbuscular branch showing that the interfacial space is not labelled. H: host
cell; A: arbuscule; FW: arbuscule cell wall; HP: host plasmamembrane; IM:
interfacial zone.
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infecting unit, whereas the coils and the intercellular hyphae form the basal
parts. Wessels (1986) claims that in the apical region of filamentous fungi the
wall is plastic due to the presence of yet uncrystallized chitin at the growing
apex. This is said to contrast “the conformational state of chitin in subapical
parts and indicates a time gap between polymerization of the chitin chains
and their final integration into the wall structure” (Wessels, 1986). The
scheme suggested by this author for some ascomycetes and basidiomycetes
may be applicable to VAM fungi, where the wall is also organized differently
in basal and apical parts of the infection unit. However, VAM fungi are much
more complex than fungi in pure culture, due to their growth inside the root.
Host influence on fungal morphogenesis must therefore be considered (see be-
low). The conclusion is that the walls of VAM fungi become simplified as
they pass from the extraradical to the intraradical condition. Changes occur
at different levels: there is a progressive thinning (from 12-15um in the spore
to 50 nm in the arbuscule) and the structure alters from fibrillar to amor-
phous, probably due to a different number of N-acetylglucosamine residues
in the chitin chain.

Various reasons can explain wall thinning. A general mechanism of cell wall
reduction in long standing symbioses has been suggested as a selective mech-
anism against redundancy (Margulis, 1981) and this could apply to VAM
fungi. There may be active deposition of new wall material that remains thin,
or one can speculate that a more complex regulation mechanism is directed by
the host (Bonfante-Fasolo and Gianinazzi-Pearson, 1986). The host might
control fungal development by modulating (among the other mechanisms)
the production of hydrolytic enzymes, the role of which is very important
during the host-pathogen interactions (Halbrock et al., 1986). Chitinase is
of particular interest, since its role is well known both (1) in fungal growth
and branching, (Gooday et al., 1986) when produced by the fungus, and
(2) in the control of pathogenic fungi when produced by plants as a defense
mechanism (Schlumbaum et al., 1986; Boller, 1986). Some observations show
an increase in chitinase activity in mycorrhizal plants (Dehne and Schonbeck,
1978) or a peak of the same enzyme activity limited to the beginning of the
VAM infection establishment (T. Boller and P. Spanu, personal comimunica-
tion). The presence of both plant and fungal chitinase in VAM suggests that
the enzyme may play a role in fungal morphogenesis: it could be responsi-
ble for the amorphous wall and the apical branchings, characteristic of the

arbuscule.
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Response of the host to fungal colonization

Results with different host plants clearly show that the response to fungal
colonization differs in the different layers of the root (Bonfante-Fasolo, 1984).
Coils usually occur in the epidermis or outer cortex, while arbuscules mainly
develop in the inner cortex.

Cytological changes have been observed only in the cells infected by ar-
buscules; the other cell types do not appear to be modified in the presence
of coils. The cytoplasm remains as a thin peripheral layer, the vacuole is
central, and amyloplasts are intact. The interfacial material surrounding the
coils and continuous with the host wall is thick. In the presence of arbuscules,
the host protoplasm increases in volume, and the host plasmalemma prolif-
erates up to ten times around the hyphal branches (Toth and Miller, 1984).
Compared with the peripheral membrane of a cell from the same tissue in
an uninfected root, the host plasmalemma surrounding the hyphal branches
shows some modifications of certain enzyme activities. ATPase activity has
been localized on the plasmalemma around the arbuscule (Marx et al., 1982)
as well as neutral phosphatase activity, typical of the plasmalemma in differ-
entiating root cells and absent in differentiated cortical cells (Jeanmaire et
al., 1985). Plastids are often modified and may be arrested at the protoplas-
tid phase. The large central vacuole divides into many small vacuoles. The
host nucleus becomes lobed, but does not change its ploidy, in contrast to
the behaviour suggested for nuclei of orchids when infected by Rhizoctonia
(Berta et al., 1986). Nuclei from mycorrhizal and non-mycorrhizal roots show
different degrees of condensation of the chromatin, which appears more dis-
persed in the mycorrhizal cells, with the nucleolus showing interpenetrated
fibrillar and granular parts. All these features suggest that the nuclei in cells
containing arbuscules are involved in intense transcriptional activity (Berta
et al., 1986).

In contrast to the striking changes shown by the fungal wall, no clear mod-
ification can be discerned in the host cell wall. Cortex cells have a typical
primary wall with a fibrillar structure and cellulose can be located using a
cellulase-gold probe. Only slight textural changes observable in the cortical
cell walls of mycorrhizal roots: they appear swollen after weak chemical ex-
tractions in comparison with the non-mycorrhizal ones (Vian and Bonfante-
Fasolo, in preparation).

As with some biotrophic pathogenic interactions, at the moment of fungal
penetration the host plasmalemma invaginates and proliferates around the
fungus (Fig. 9). New wall material is laid down by the host between the host
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Figure 9. Scheme showing the contact between fungal and host walls during the intercel-
lular phase (B) and the contact between host and fungus during the intracellular
phase (A), when the fungus penetrates the host cell, by invaginating the host
plasmalemma (from Harley and Smith, 1983).

plasmalemma and the intracellular fungal branches. This material remains
thick around the fungal coil, but becomes thin around the arbuscule branches
(Bonfante-Fasolo, 1984). It is formed of polysaccharides, strongly reactive
to the Thiery test and is continuous with the primary wall (Scannerini and
Bonfante-Fasolo, 1979). Neither chitin nor callose could be detected.

In conclusion, there is new wall building by the host, comparable to that
in elongating cells. However, this point deserves further investigation.
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It is not clear whether the host wall plays a specific role by acting as
a barrier to fungal penetration, as it does in plant-pathogen interactions.
Pathogens penetrate the walls of their host by secreting a mixture of cell-
wall degrading enzymes, while walls of plant cells can release molecules from
microbial walls which activate a defense response in the plant (McNeil et al.,
1984). This aspect of plant-fungus interaction in mycorrhizae has not been
investigated so far. There are only assumptions based on morphological fea-
tures. According to Bonfante-Fasolo (1984) and Gianinazzi-Pearson (1985),
penetration and colonization patterns of VAM fungi are tissue and host de-
pendent. For example, Glomus fasciculatum develops coils in Ginkgo biloba
but does not in Alltum cepa; it forms intercellular hyphae in A. cepa but not
or very rarely in G. biloba (Bonfante-Fasolo and Fontana, 1985). We suggest
that the wall components of the host are responsible for these changes and
act as regulators. In Ginkgo, VAM fungi can cross the primary walls of the
rhizodermic cells, but are blocked by the dark material, probably phenolics,
in the intercellular spaces. Preliminary data obtained on purified cell wall
fractions of G. biloba and A. cepa show that different types of phenols can
be identified (syringic, vanillic, ferulic and caffeic acid). However, there are
not obvious quantitative or qualitative differences between mycorrhizal and
non-mycorrhizal plants (Maffei et al., 1986). The presence of cell wall phe-
nols is therefore not a response to the fungal colonization, differently from
what happens in some plant-pathogen interactions (Halbrock et al., 1986).

All these observations suggest that the host cell wall could modulate the
pattern of colonization in VAM fungi, the enzymatic processes of which are
still unknown. This is due to the strong microheterogenity shown by cell wall
components in higher plants, and is not a response to symbiotic association.
As McNeil et al. (1984) claim “... the complex carbohydrates of the walls
of the different cells in individual organs and tissues of a single plant are
different”.

3. Conclusion and Speculations

Two points emerge from the discussion. First, the fungal wall changes
its texture during symbiosis, particularly in the fine arbuscular branches.
Second, the host cell wall apparently remains extensible, while the cytoplasm
is greatly activated, mostly at the nuclear level, but only in the arbuscule-
containing cells.

These two points observable morphologically, suggest a situation where
the fungus — at least in part — grows under the control of the host plas-
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mamembrane, and in which we believe there is a complex regulation. We can
imagine that signal molecules produced by the fungus reach the host nucleus
and stimulate some inducible genes, expression of which produces enzymes
able to synthesize new membranes and cell wall material, which can be seen
at the ultrastructural level. We speculate that chitin may act as one of these
signal molecules, as has already been suggested both for chitin and chitosan
in some pathogen/plant interactions (Pearce and Ride, 1982; Hadwiger et al.,
1986). Chitin or N-acetyl-glucosamine oligomers may stimulate the produc-
tion of enzymes such as chitinase, which is known to be an inducible enzyme
(Hadwiger et al., 1986). The result of events of this kind would be (1) highly
ramified hyphae and (2) a wall that remains thin and amorphous during the
arbuscular phase.

In conclusion, the short-range interactions between the host and the fun-
gus in VAM change throughout the root reflecting fungal morphology and
the host cellular types. Cellular interactions are apparently determined by
the surface properties of the partners and involve molecules that are typical
components of the cell wall, such as chitin. These molecules would therefore
play not only a structural role, but also an informational one.

Acknowledgements
This material is based on work supported by CNR, Italy, Special Grant
I1.P.R.A., Subproject 1, Paper No. 1651.

REFERENCES

Albersheim, P. and Darvill, A.G. 1985. Oligosaccharins. Seientific American
250: 44-50.

Bendayan, M. 1985. The enzyme-gold technique: a new cytochemi-
cal approach for the ultrastructural localization of macromolecules.
In: Techniques in Immunocytochemistry. Vol. 3. G.R. Bullock and
P. Petrusz, eds. Academic Press, New York, pp. 179-201.

Benhamou, N., Chamberland, H., Ouellette, G.B., and Pauze, F.J. 1987.
Ultrastructural localization of 8 (1-4)-D-glucans in two pathogenic fungi
and in their host tissues by means of an exogiucanase-gold complex.
Can. J. Microbiol. 33: 405-417.



264 P. BONFANTE-FASOLO

Berta, G. and Bonfante-Fasolo, P. 1983. Apical meristems in mycorrhizal and
uninfected roots of Calluna vulgaris (L.) Hull. Plant and Soil T1: 285—
291.

Berta, G. and Gianinazzi-Pearson, V. 1986. Influence of mycorrhizal in-
fection on root development in Calluna vulgaris (L.) Hull seedlings.
In: Physiological and Genetical Aspects of Mycorrhizae. V. Gianinazzi-
Pearson and S. Gianinazzi, eds. INRA Press, Paris, pp. 673-676.

Berta, G., Fusconi, A., Sgorbati, S., Trotta, A., and Scannerini, S. 1986.
Preliminary results on the ploidy and fine structure of the nuclei of the
host cells in a VA mycorrhiza. Giorn. Bot. Ital. 120: 84-86.

Bethlenfalvay, C.J., Brown, M.S., and Pacovsky, R.S. 1982. Relationships
between host and endophyte development in mycorrhizal soybeans. New
Phytol. 90: 537-543.

Boller, T. 1986. Chitinase, a defense of higher plant against pathogens.
In: Chstsn sn Nature and Technology. R. Muzzarelli, C. Jeuniaux and
G.W. Gooday, eds. Plenum Press, New York, pp. 223-230.

Bonfante-Fasolo, P. 1982. Cell wall architectures in a mycorrhizal association
as revealed by cryoultramicrotomy. Protoplasma 11: 113-120.

Bonfante-Fasolo, P. 1984. Anatomy and morphology. In: VA Mycorrhizas.
Chapter 2. C.L. Powelland D.J. Bagyaraj, eds. CRC Press, Boca Raton,
USA, pp. 5-33.

Bonfante-Fasolo, P. and Fontana, A. 1985. VAM Fungi in Ginkgo biloba
roots: Their interaction at cellular level. Symbsosis 1: 53-67.

Bonfante-Fasolo, P. and Gianinazzi-Pearson, V. 1986. Wall and plas-
malemma modifications in mycorrhizal symbiosis. In: Physiological
and Genetical Aspects of Mycorrhizae. V. Gianinazzi-Pearson and
S. Gianinazzi, eds. INRA Press, Paris, pp. 65-74.

Bonfante-Fasolo, P. and Grippiolo, R. 1984. Cytochemical and biochem-
ical observation on the cell wall of the spore of Glomus epigaeum.
Protoplasma 123: 140-151.

Bonfante-Fasolo, P. and Schubert, A. 1987. Spore wall architecture of
Glomus spp. Can. J. Bot. 85: 539-546.

Bonfante-Fasolo, P. and Vian, B. 1984. Wall texture in the spore of a
vesicular-arbuscular mycorrhizal fungus. Protoplasma 120: 51—60.

Bonfante-Fasolo, P., Berta,G., and Fusconi, A. 1987. Distribution of nuclei

in a VAM fungus during its symbiotic phase. Trans. Br. Mycol. Soc.
88: 263-266.




VESICULAR-ARBUSCULAR MYCORRHIZAE 265

Bonfante-Fasolo, P., Marzachi’, C., and Testa, B. 1986. Structural mod-
ifications of the fungal wall before and during VAM symbiosis. In:
Recognition in Microbe-Plant Symbiotic and Pathogenic Interactions.
B. Lugtenberg, ed. Springer-Verlag, New York, pp. 283-286.

Bonfante-Fasolo, P., Vian, B., and Testa, B. 1986a. Ultrastructural localiza-
tion of chitin in the cell wall of a fungal spore. Biol. Cell 57: 265-270.

Bouligand, Y. 1972. Twisted fibrous arrangements in biological materials
and cholesteric mesophases. Tissue & Cell 4: 189-217.

Brundrett, M.C., Piché, Y., and Peterson, R.L. 1985. A developmental study
of the early stages in vesicular-arbuscular mycorrhiza formation. Can.
J. Bot. 63: 184-194.

Clowes, F.A.L. 1981. Cell proliferation in ectotrophic mycorrhizas of Fagus
sylvatica L. New Phytol. 87: 547-555.

Cooke, J.C., Gemma, J.N., and Koske. R.E. 1987. Observations of nuclei in
vesicular-arbuscular mycorrhizal fungi. Mycologia 79: 331-333.

Cox, G. and Tinker, P.B. 1976. Translocation and transfer of nutrients
in vesicular-arbuscular mycorrhizas. I: The arbuscule and phosphorus
transfer: a quantitative ultrastructural study. New Phytol. T7: 371-378.

Dehne, H.W. and Schonbeck, F. 1978. Untersuchungen zum Einflu der en-
dotrophen Mykorrhiza auf Pflanzenkrankheiten. 3. Chitinase-Aktivitat
und Ornithinzyklus. Zestsch. Pflanzenkrankhesten und Pflanzenschutz
85: 666-678.

Fusconi, A., Berta, G., Scannerini, S., and Trotta, A. 1986. Meristematic
activity in mycorrhizal and uninfected roots of Allsum porrum. In:
Physiological and Genetical Aspects of Mycorrhizae. V. Gianinazzi-
Pearson and S. Gianinazzi, eds. INRA Press, Paris, pp. 667-672.

Gianinazzi, S. and Gianinazzi-Pearson, V. 1986. Progress and headaches in
endomycorrhiza biotechnology. Symbiosts 2: 139-149.

Gianinazzi-Pearson, V. 1985. Host-fungus specificity, recognition and com-
patibility in mycorrhizae. In: Plant Gene Research — Genes Involved in
Microbe-Plant Interactions. D.P.S. Verma and Th. Holn, eds. Springer-
Verlag, Berlin, pp. 225-253.

Gianinazzi-Pearson, V. and Gianinazzi, S. 1986. The physiology of im-
proved phosphate nutrition in mycorrhizal plants. In: The Phystologscal
and Genetical Aspects of Muycorrizae. V. Gianinazzi-Pearson and
S. Gianinazzi, eds. INRA Press, Paris, pp. 101-110.



266 P. BONFANTE-FASOLO

Gooday, G.W. Humphreys, A.M. and McIntoch, W.H. 1986. Roles of
chitinases in fungal growth. In: Chstin in Nature and TEchnology.
R. Muzzarelli, C. Jeuniaux and G.W. Gooday, eds. Plenum Press, New
York, pp. 83-91.

Hadwiger, L.A., Kendra, D.F., Fristensky, G.W., and Wagoner, W. 1986.
Chitosan both activates genes in plants and inhibits RNA synthesis in
fungi. In: Chitin tn Nature and Technology. R. Muzzarelli, C. Jeuniaux
and G.W. Gooday, eds. Plenum Press, New York, pp. 209-214.

Halbrock, B., Cuypers, B., Douglas, C., Fritzemeier, K.H., Hoffman, H.,
Rohwer, F., Scheel, D., and Schultz, W. 1986. Biochemical interac-
tions of plants with potentially pathogenic fungi. In: Recognition in
Microbe-Plant Symbiotic and Pathogenic Interactions. B. Lugtenberg,
ed. Springer-Verlag, Berlin, pp. 311-323.

Harley, J.L. and Harley, E.L. 1987. A check list of mycorrhiza in the British
flora. New Phytol. Suppl. 105: 1-102.

Harley, J.L. and Smith, S.E. 1983. Mycorrhizal Symbiosis. Academic Press,
New York.

Heslop-Harrison, J. and Linskens, H.F. 1984. Cellular interaction: a brief
conspectus. In: Cellular Interactions. H.F. Linskens and J. Heslop-
Harrison, eds. Encyclopedia of Plant Physiology, New Series. Vol. 17.
Springer-Verlag, Berlin, pp. 2-17.

Horisberger, M. 1985. The gold method as applied to lectin cytochemistry
in Transmission and Scanning Electron Microscopy. In: Techniques
tn Immunocytochemistry. Vol. 3. C.R. Bullock and P. Petrusz, eds.
Academic Press, New York, pp. 155-178.

Jeanmaire, C., Dexheimer, J., Marx, C., and Gianinazzi-Pearson, V. 1985.
Effect of vesicular-arbuscular mycorrhizal infection on the distribution
of neutral phosphatase activities in root cortical cells. J. Plant Physiol.
119: 285-293.

Lewis, D.H. 1986. Inter-relationships between carbon nutrition and morpho-
genesis in mycorrhizas. In: The Physiological and Genetical Aspects of
Mycorrizae. V. Gianinazzi-Pearson and S. Gianinazzi, eds. INRA Press,
Paris, pp. 85-100.

Maffei, M., Codignola, A., Spanu, P., Scannerini, S., and Bonfante-Fasolo, P.
1986. Constituenti fenolici in pareti cellulari di radici in piante axeniche
e micorrizate. Giorn. Bot. It. 120: (suppl. 2): 22.




VESICULAR-ARBUSCULAR MYCORRHIZAE 267

Margulis, L. 1981. Symbiosis in Cell Evolution. W.H. Freeman & Co., San
Francisco.

Marx, C., Dexheimer, J., Gianinazzi-Pearson, V., and Gianinazzi, S. 1982.
Enzymatic studies on the metabolism of vesicular-arbuscular mycor-
rhizas. VI. Ultracytoenzymological evidence (ATPase) for active trans-
fer processes in the host-arbuscule interface. New Phytol. 90: 37-43.

McNeil, M., Darvill, G.A., Fry, C.S. and Albersheim, P. 1984. Structure
and functional of the primary cell wall of plants. Ann. Rev. Biochem.
53: 625-663.

Mosse, B. 1986. Ultrastructure of the spore wall of some VA mycor-
rhizal fungi. In: Physiological and Genetical Aspects of Mycorrhizae.
V. Gianinazzi-Pearson and S. Gianinazzi, eds. INRA Press, Paris,
pp. 615-620.

Neville, A.C. 1985. Molecular and mechanical aspects of helicoidal develop-
ment in plant cell walls. Bio Essays 3:.4-8.

Pearce, R.B. and Ride, J.P. 1982. Chitin and related compounds as elicitors
of the lignification response in wounded wheat leaves. Physiol. Plant
Pathol. 20: 119-123.

Peyronel, B. 1924. Prime ricerche sulle micorrize endotrofiche e sulla mi-
coflora radicicola normale delle fanerogame. Rivista Biologia 6: 1-61.

Powell, C.L. and Bagyaraj, D.J. eds. 1984. Va Mycorrhiza. CRC Press,
Boca Raton, FL.

Read, D.J. 1986. Non-nutritional effects of mycorrhizal infection. In:
Phystological and Genetical Aspects of Mycorrhizae. V. Gianinazzi-
Pearson and S. Gianinazzi, eds. INRA Press, Paris, pp. 169-176.

Robertson, J.G., Wells, B., Brewin, N.J., Wood, E., Knight, C.D., and
Downie, J.A. 1985. The legume -Rhizobium symbiosis: a cell surface
interaction. J. Cell Sei. Suppl. 2: 317-331.

Roth, J. 1983. Application of lectin-gold complexes for electron micro-
scopic localization of glycoconjugates on thin sections. J. Histochem.
Cytochem. 26: 782-791.

Scannerini, S. and Bonfante-Fasolo, P. 1979. Ultrastructural cytochemical
demonstration of polysaccharides and proteins within the host-arbuscule
interfacial matrix in an endomycorrhiza. New Phytol. 83: 87-94.

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



268 P. BONFANTE-FASOLO

Schenck, N.C. 1982. Methods and Principles of Mycorrhizal Research. The
American Phytopathological Society, St. Paul, MI.

Schlumbaum, A., Mauch, F., Vogeli, U., and Boller, T. 1986. Plant chitinases
are potent inhibitors of fungal growth. Nature 324: 365-367.

Schubert, A., Marzachi, C., Mazzitelli, M., Cravero, M.C., and Bonfante-
Fasolo, P. 1987. Development of total and viable extraradical mycelium
in the vesicular-arbuscular mycorrhizal fungus Glomus clarum Nicol. &
Schenck. New Phytol. 107: 183-190.

Thiéry, J.P. 1987. Mise en évidence des polysaccharides sur coupes fines en
microscopie électronique. J. Microsc. Paris 6: 987-1018.

Toth, R. and Miller, R.M. 1984. Dynamics of arbuscule development and
degeneration in a Zea mays mycorrhiza. Amer. J. Bot. T1: 449-460.

Walker, C. 1985. Taxonomy of the Endogonacese. In: 6th North American
Conference on Mycorrhizae. R. Molina, ed. Bend, Oregon, pp. 163-199.

Wessels, J.G.H. 1986. Cell wall synthesis in apical hyphal growth. Intern.
Rev. Cytol. 104: 37-T79.



