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Abstract Arbuscular mycorrhizal (AM) fungi are obli-
gately biotrophic organisms that live symbiotically with
the roots of most plants. The establishment of a func-
tional symbiosis between AM fungi and host plants in-
volves a sequence of recognition events leading to the
morphological and physiological integration of the two
symbionts. The developmental switches in the fungi are
triggered by host signals which induce changes in gene
expression and a process leading to unequivocal recog-
nition between the two partners of the symbiosis. It has
been calculated that about 80% of plant families from
all phyla of land plants are hosts of AM fungi. The re-
maining plant species are either non-mycorrhizal or
hosts of mycorrhizas other than the arbuscular type.
Non-host plants have been used to obtain information
on the factors regulating the development of a func-
tional symbiosis. The aim of this present review is to
highlight present-day knowledge of the fungal develop-
mental switches involved in the process of host/non-
host discrimination. The following stages of the life cy-
cle of AM fungi are analysed in detail: spore germina-
tion, presymbiotic mycelial growth, differential branch-
ing pattern and chemotropism, appressorium forma-
tion, root colonization.

Introduction

The establishment of a functional symbiosis between
arbuscular mycorrhizal (AM) fungi and host plants in-
volves a sequence of recognition events leading to the
morphological and physiological integration of the two
symbionts. Developmental switches in the fungi are
triggered by host signals which induce changes in gene
expression and a process leading to unequivocal recog-
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nition between the two partners of the symbiosis
(Smith and Read 1997).

When growing in natural plant ecosystems and en-
countering plant roots, AM fungi discriminate against
the many surrounding non-hosts (Read 1991; Giovan-
netti et al. 1994). The aim of this review is to highlight
current knowledge of the key events of the AM fungi
life cycle and to discuss the developmental switches in
the fungi involved in the process of host/non-host dis-
crimination.

Which plants are non-hosts of AM fungi?

It has been calculated that about 80% of plant families
from all phyla of land plants are hosts of AM fungi.
Non-mycorrhizal plant families have been described
among these non-hosts, and non-mycorrhizal species
and genera have been reported in mycorrhizal families
(Hirrel et al. 1978; Trappe 1987). Experimental data
obtained in a 3-year study showed the occurrence of all
the different types of mycorrhizas in a Mediterranean
plant ecosystem on the isle of Brioni (Croatia). The
survey showed arbuscular mycorrhizas in about 75% of
plant species, whith the remaining 25% represented by
non-mycorrhizal plants (7% ) or plants hosting mycorr-
hizas other than the arbuscular type (18%) (Matosevic
1996).

An interesting, thorough survey of all the data col-
lected on non-mycorrhizal species in different geogra-
phical areas by Tester et al. (1987) details the occur-
rence of mycorrhizas in non-mycorrhizal families. Since
many reports concerned field-collected samples, the au-
thors stressed the importance of the method to be used
for assessing the mycorrhizal status of any plant spe-
cies, i.e. “... to grow plants in pot-cultures ensuring ex-
posure of the roots to infective propagules”.

Most hosts of non-arbuscular mycorrhizas never es-
tablish functional arbuscular mycorrhizal symbioses in
nature. Plants of the Orchidaceae, Ericaceae, Monotro-
paceae and Pyrolaceae have been reported as exclusive
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hosts of orchid, ericoid, arbutoid, and monotropoid my-
corrhizas, respectively. Among ectomycorrhizal plants,
only a few genera have been found to be hosts also of
arbuscular mycorrhizal fungi, e.g. Eucalyptus, Alnus,
Populus, Fraxinus (Malajczuck et al. 1981; Lapeyrie
and Chilvers 1985; Chilvers et al. 1987; Gongalves and
Martins-Lougdo 1996). Root colonization by Glo-
mus—type vesicles and hyphae, not always coupled with
arbuscules, has been reported in Abies, Pseudotsuga
and Tsuga (Cazares and Smith 1992, 1996). Further
studies using different experimental approaches to as-
certain the mycorrhizal status of Pinaceae would be
useful.

Fungal developmental switches in the presence of
non-hosts

AM fungi are obligate biotrophs living symbiotically in
the roots of host plants. For the establishment of the
symbiosis, the key events in the life cycle of AM fungi
are spore germination and the pre-symbiotic mycelial
growth phase, differential hyphal branching, appresso-
rium formation, root colonization and arbuscule devel-
opment (Giovannetti et al. 1994). This sequence does
not occur when AM fungi are challenged with non-host
roots and thus the life cycle of these obligate symbionts
is interrupted. Detailed analyses of the behaviour of
fungal symbionts in the presence of non-hosts im-
proved our understanding of the cellular and molecular
plant responses to AM fungi and the development of a
functional symbiosis (Gianinazzi-Pearson et al. 1996).

The developmental switches in the life cycle of AM
fungi affected by the presence of non-host plants are
discussed in the following sections.

Spore germination

Since the first experimental work of Barbara Mosse in
1959, it has been possible to germinate AM fungi in ax-
enic culture in the absence of the host (Mosse 1959).
This suggests that host-derived signals are not essential
for the germination of AM fungal propagules.

No conclusive data have been obtained on the ef-
fects of host roots or root exudates on spore germina-
tion. Depending on the experimental conditions and
both the plant and fungus, host roots either positively
affect germination or have no effect (Powell 1976; Dan-
iels and Trappe 1980; Graham 1982; Tommerup 1984;
Gemma and Koske 1988; Becard and Piche 1989; Gian-
inazzi-Pearson et al. 1989; Suriyapperuma and Koske
1995; Giovannetti et al. 1993a; Schreiner and Koide
1993a). Inhibitory effects on spore germination by non-
host root extracts have been shown; living non-host
roots or root exudates do not influence this develop-
mental stage, although contrasting results were ob-
tained with Brassica spp. root factors (Ocampo and Az-
con 1980; Azcon and Ocampo 1984; El-Atrach et al.

Table 1 Germination percentages of Glomus mosseae sporocarps
in the presence of roots of different plant species. All values are
not significantly different from control (P =0.01) (C. Logi, unpub-
lished data)

Plant species Germination percentage

Host of arbuscular mycorrhizas

Ocimum basilicum 94.3
Host of arbuscular and
ectomycorrhizas
Alnus glutinosa 94.0
Hosts of ectomycorrhizas
Abies alba 83.6
Pinus nigra 98.2
Host of arbutoid mycorrhizas
Arbutus unedo 94.0
Host of ericoid mycorrhizas
Vaccinium myrtillus 98.0
Nonmycorrhizal plants
Brassica oleracea 78.0
Brassica napus 94.0
Beta vulgaris 92.0
Dianthus caryophyllus 94.0
Eruca sativa 91.0
Nasturtium officinale 93.8
Spinacia oleracea 96.0
Control 92.3

1989; Gianinazzi-Pearson et al. 1989; Avio et al. 1990;
Bécard and Piché 1990; Vierheilig and Ocampo 1990a,
b; Schreiner and Koide 1993a).

Spore germination of Glomus mosseae in vivo in the
presence of host or non-host roots was neither stimu-
lated by host roots nor inhibited by non-host roots (Ta-
ble 1). Thus, at least at the stage of spore germination,
AM fungi are unable to discriminate between hosts and
non-hosts.

Pre-symbiotic mycelial growth

Research on the growth of AM fungi in axenic culture
has shown that many factors affect pre-symbiotic myce-
lial growth. Negative effects were observed in the pres-
ence of particular inorganic and organic compounds in
the culture media, and hyphal length was generally in-
creased by unsterile soil or flavonoids (Mosse 1959,
1962; Hepper 1979, 1983, 1984; Gianinazzi-Pearson et
al. 1989; Bécard et al. 1992; Morandi et al. 1992).
Many authors have reported increased hyphal
growth, both in vitro and in vivo, in response to root
exudates or volatiles from host plants, before physical
contact between the symbionts (Mosse 1962; Mosse and
Hepper 1975; Graham 1982; Hepper 1984; Carr et al.
1985; Mosse 1988; Bécard and Piché 1989; Gianinazzi-
Pearson et al. 1989; Tsai and Phillips 1991; Nair et al.
1991; Giovannetti et al. 1993a; Poulin et al. 1993;
Schreiner and Koide 1993c; Ishii et al. 1997). As to
whether AM fungi are able to discriminate against non-
hosts during the pre-symbiotic growth stage there is no
evidence for the release of inhibitory compounds by



living non-host roots, and non-hosts appear to lack fac-
tors capable of hyphal growth promotion (Glenn et al.
1985, 1988; Gianinazzi-Pearson et al. 1989; Avio et al.
1990; Bécard and Piché 1990; Vierheilig and Ocampo
1990a, b; Koske and Gemma 1991; Giovannetti et al.
1993a; Schreiner and Koide 1993c; Giovannetti et al.
1994).

Differential branching pattern and chemotropism

It is now widely accepted that host roots, as well as pro-
moting hyphal growth in AM fungi, also induce
changes in hyphal growth pattern and morphology by
increasing branching and inducing short, branched hy-
phal fans (Mosse and Hepper 1975; Graham 1982; van
Nuffelen and Schenck 1984; Elias and Safir 1987; Bé-
card and Fortin 1988; Mosse 1988; Giovannetti et al.
1993b, 1994; Smith and Read 1997). Such differential
hyphal morphogenesis can be detected in vivo as early
as 24 h after challenging the fungal mycelium with host
roots (Giovannetti et al. 1993b; Giovannetti 1997). Dif-
ferential branching has been described also in hyphae
of Gigaspora spp. as they approach host root exudates
in vitro (Nagahashi et al. 1996) and in hyphae of Glo-
mus mosseae growing on membranes bearing host root
exudates (Logi 1997).

When mycelium is grown in the presence of non-
host roots, neither non-mycorrhizal plants nor plants
hosting mycorrhizas other than the arbuscular type
emit volatiles or exudates able to elicit differential
branching in AM fungal hyphae. Moreover, in plant
species able to induce hyphal branching fungus also de-
veloped appressoria, suggesting that these two mor-
phogentic events are related (Giovannetti et al. 1994).

Among the compounds released in root exudates,
flavonoids have been suggested to be involved in stimu-
lation of pre-contact hyphal growth and branching
(Gianinazzi-Pearson et al. 1989; Siqueira et al. 1991),
which is consistent with their role as signalling mole-
cules in other plant-microbe interactions. However,
maize plants unable to produce chalcone synthase, a
key enzyme in flavonoid biosynthesis, were found to
develop arbuscular mycorrhizas, suggesting that such
compounds are not essential to the symbiosis (Bécard
et al, 1995).

Directional growth of AM fungal hyphae towards
host roots has also been reported (Mosse and Hepper
1975; van Nuffelen and Schenck 1984; Mugnier and
Mosse 1987). The ability to locate host roots by chemo-
tropic growth has been shown in aerial hyphae of Gi-
gaspora gigantea (Koske 1982; Gemma and Koske
1988). Further studies of the mechanisms of host loca-
tion by AM fungal hyphae are needed to ascertain
whether contact with host roots is the result of passive
chance encounters or fungal ability to locate the source
of the stimulus.
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Appressorium formation

The formation of appressoria is the most significant
sign of fungal recognition of a potential host plant (Sta-
ples and Macko 1980). This important stage of the fun-
gus life cycle has been studied only recently, mainly in
connection with factors affecting appressorium forma-
tion (Lackie et al. 1987; Garriock et al. 1989; Giovan-
netti et al. 1993a). Appressoria are formed in the pres-
ence of host roots as early as 36 h after the beginning of
the plant-fungus interaction (Fig. 1). Differentiation of
these structures is followed rapidly by root penetration,
colonization and arbuscule formation, which in host
plants may occur as early as 48 h after the beginning of
the interaction (Giovannetti and Citernesi 1993; Giov-
annetti 1997). Investigation of signals inducing the for-
mation of infection structures has shown that, even in
the presence of host root exudates, thigmotropic stimuli
in the form of nylon, silk, cellulose, polyamide or glass
threads did not elicit the differentiation of appressoria
(Giovannetti et al. 1993a). However, specific topogra-
phical signals may be involved in mediating appresso-
rium formation, as shown in other biotrophic fungi
(Hoch et al. 1987; Teruhne et al. 1993). In fact, hyphal
growth is frequently orientated along epidermal
grooves and appressoria are formed over clinal and an-
ticlinal wall junctions between adjacent epidermal cells
(Garriock et al. 1989; Giovannetti et al. 1993a).

Many investigations of infection structure formation
on non-host plant roots found no appressoria forma-
tion (Powell 1976; Malajczuck et al. 1981; Glenn et al.
1985, 1988; Avio et al. 1990; Parra-Garcia et al. 1992;
Giovannetti et al. 1993a, 1994). There are some reports
of abortive entry points and/or slight root colonization
on roots of non-hosts growing alone or together with
host plants, although details of appressoria were not
given (Morley and Mosse 1976; Trinick 1977; Ocampo
1980, 1986; Bedmar and Ocampo 1986).

It is important to note that the term “appressorium”
has been used in some reports to describe hyphal tip
enlargements produced on non-host roots or dead host
wall fragments (Tommerup 1984; Nagahashi and
Douds 1997). However, the morphological characteris-
tics of these structures resemble the “swellings” noted
by Glenn et al. (1985, 1988) and Giovannetti et al.
(1993a, 1994), which are also formed on host and dead
non-host roots (Figs. 2-4) Moreover, appressoria have
been defined also as hyphal apices attached to the root
surface, regardless of whether they are swollen (Tom-
merup 1984). This controversy indicates the need for a
clearcut definition of “appressoria” in AM fungi to
avoid misinterpretation of experimental data.

Some nodulation mutants of pea (Pisum sativum cvs.
Frisson, Finale, Sparkle) completely devoid of mycorr-
hizal infection (Myc™ Nod~ phenotype) were consid-
ered as potentially useful model systems for studying
the mechanisms of non-host discrimination by AM fun-
gi (Duc et al. 1989). Unfortunately, the early recogni-
tion events in these mutants are the same as in other






host plants, and AM fungi undergo the same develop-
mental steps to appressoria formation as in parental
cultivars. The subsequent penetration of infection hy-
phae developing from appressoria (Fig. 5) is hindered
in Myc™' mutants by the plant defence response of ab-
normally, thick cell wall appositions at the sites where
appressoria are formed (Gollotte et al. 1993). Thus,
AM fungi are able to recognize Myc™' mutant roots as
host roots. Interestingly, no pea mutant hindering ap-
pressorium differentiation has yet been found and,
thus, all the mutants obtained so far are not altered in
genes important for host recognition by AM fungi (L.
Avio, unpublished results).

Transgenic plants constitutively overexpressing de-
fence-related genes and showing increased resistance to
root fungal pathogens, also considered interesting mod-
el systems of early symbiotic interactions with AM fun-
gi, are colonized in the same way as normal host plants
(Vierheilig et al. 1993, 1995).

In conclusion, appressoria are formed by AM fungi
after recognition of host signals at the root surface, re-
gardless of the outcome of the interaction, whereas
their development is not elicited on the surface of non-
host roots. Non-host roots appear to be unambiguously
recognized by AM fungi at this stage of the interaction.
The question of whether the activity of antifungal com-
pounds produced by some non-mycorrhizal plants is in-
volved in their lack of susceptibility to AM fungi has
not yet been answered (Vierheilig and Ocampo 1990a,
b; Koide and Schreiner 1992; Schreiner and Koide
1993a, b).

Root colonization

After the differentiation of appressoria, AM fungi
usually colonize host roots by forming intercellular and
intracellular hyphae and intracellular arbuscules. Two
main anatomical types have been identified in arbuscu-
lar mycorrhizas (Arum and Paris), their occurrence de-
pending on the host plant genome (Smith and Read
1997).

Many authors have described the colonization of
non-host roots with intercellular development of fungal
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Fig. 1 Appressoria and intraradical coils formed by Glomus mos-
seae on the roots of the host Prunus cerasifera; bar 35 pm

Fig. 2 Hyphal swellings formed by G. mosseae on the edge of two
contiguous dead epidermal root cells of the non-host Lupinus al-
bus; bar 28 pm

Fig. 3 Hyphal swelling formed by G. mosseae when growing on
dead roots of the host Medicago sativa; bar 18 pm

Fig. 4 Hyphal swelling formed by G. mosseae when growing on
dead roots of the host Pisum sativum; bar 23 pm

Fig. 5 Appressoria formed by G. mosseae on the root surface of a
mycorrhiza-resistant mutant of Pisum sativum; bar 55 pm

Fig. 6 G. mosseae hypha invading dead epidermal root cells of
the host Pisum sativum; bar 18 pm

Fig. 7 Vesicles formed by Glomus microcarpum in the roots of
the non-host Arbutus unedo; bar 70 pm
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hyphae, often associated with the formation of vesicles
(Malloch and Malloch 1981; Taber and Strong 1982;
Giovannetti and Lioi 1990; Cazares and Smith 1992;
Cazares and Trappe 1993; Guerrero 1996; Treu et al.
1996). Vesicles in arbuscular mycorrhizal host roots
usually occur after arbuscule development. In contrast,
vesicles in non-host roots have been detected in the ab-
sence of arbuscules. Ultrastructural observations of
non-host Brassica roots colonized by Glomus mosseae
showed that intracellular colonization occurred only
when cells were dead, i.e. when no plasma membrane
was present (Glenn et al. 1985). Moreover, AM fungi
have been described as being able to colonize different
organs or tissues of host and non-host plants and to
form swellings and intraradical vesicles (Park and Lin-
derman 1980; Stasz and Sakai 1984; Warner 1984; Giov-
annetti and Lioi 1990). The absence of both appressoria
and arbuscules in these interactions between AM fungi
and plant tissues suggests the lack of any recognition
event leading to the establishment of a functional sym-
biosis (Figs. 6, 7) and instead a rather parasitic type of
colonization.

In pea mutants forming non-nitrogen fixing or de-
fective nodules (Myc= Nod */~ phenotype), AM fungi
are able to differentiate appressoria, penetrate host
roots and develop intercellular hyphae, without com-
pleting arbuscule formation (Fig. 8) (Gianinazzi-Pear-
son and Dénarié 1997). In this kind of root coloniza-
tion, infected cortical cells lack the ATPase activity
usually present in the peri-arbuscular membrane of ful-
ly developed functional symbioses (Gianinazzi-Pearson
et al. 1991, 1995). This suggests that a further signal is
necessary for arbuscule differentiation and that this sig-

» Non-host plants (A)

Myc " early mutants
of Pisum sativum (B)

» Myc ? late mutants
) of Pisum sativum (C)

Fig. 8 Scheme representing fungal developmental switches de-
pendent on the plant genome. A Non-host plant roots are unable
to induce differentiation in AM fungal hyphae. B Myc™' early mu-
tants trigger the formation of infection structures, but further de-
velopmental steps are hindered by host defence responses. C
Myc~? mutants trigger appressorium formation, followed by intra-
radical colonization, but complete arbuscule differentiation is hin-
dered
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nal is lacking as a consequence of a gene mutation in
Myc~? pea mutants.

What is non-host for AM symbionts?

The mechanisms which determine the non-host nature
of plant species, preventing the establishment of a func-
tional AM symbiosis, are not known at the genetic lev-
el. The absence of signals regulating morphogenic
changes in AM fungal mycelium, either during pre-con-
tact growth or at the root surface, may explain the “im-
munity” of non-host plants. Nevertheless, present
knowledge of the sequence of fungal development
leading to establishment of functional AM symbioses
suggests that the non-host nature of plants lies in their
inability to trigger expression of fungal genes involved
in hyphal commitment to the symbiotic status.

Acknowledgements We thank Prof. M.P. Nuti for helpful com-
ments on the manuscript. This work was supported by a Univer-
sity of Pisa grant (Fondo di Ateneo).

References

Avio L, Sbrana C, Giovannetti M (1990) The response of differ-
ent species of Lupinus to VAM endophytes. Symbiosis
9:321-323

Azcon R, Ocampo JA (1984) Effect of root exudation on VA my-
corrhizal infection at early stages of plant growth. Plant Soil
82:133-138

Bécard G, Fortin JA (1988) Early events of vesicular-arbuscular
mycorriza formation on Ri T-DNA transformed roots. New
Phytol 108:211-218

Bécard G, Piché Y (1989) Fungal growth stimulation by CO, and
root exudates in vesicular-arbuscular mycorrhizal symbiosis.
Appl Environ Microbiol 55:2320-2325

Bécard G, Piché Y (1990) Physiological factors determining vesic-
ular-arbuscular mycorrhizal formation in host and non-host Ri
T-DNA transformed roots. Can J Bot 68:1260-1264

Bécard G, Douds DD, Pfeffer PE (1992) Extensive in vitro hy-
phal growth of vesicular-arbuscular mycorrhizal fungi in the
presence of CO, and flavonols. Appl Environ Microbiol
58:821-825

Bécard G, Taylor LP, Douds DD, Pfeffer PE, Doner LW (1995)
Flavonoids are not necessary plant signal compounds in arbus-
cular mycorrhizal symbioses. Mol Plant Microbe Interact
8:252-258

Bedmar EJ, Ocampo JA (1986) Susceptibilidad da distintas varie-
dades de guisante, veza y lupino a la infeccion por Glomus
mosseae. An Edafol Agrobiol 45:231-238

Carr GR, Hinkley MA, Le Tacon F, Hepper CM, Jones MGK,
Thomas E (1985) Improved hyphal growth of two species of
vesicular-arbuscular mycorrhizal fungi in the presence of sus-
pension-cultured plant cells. New Phytol 101:417-426

Cézares E, Smith JE (1992) Occurrence of vesicular-arbuscular
mycorrhiza on Douglas fir and Western hemlock seedlings. In:
Read DJ, Lewis DH, Fitter AH, Alexander 1J (eds) Mycorrhi-
zas in ecosystems. CAB, Wallingford, UK, p 374

Cazares E, Smith JE (1996) Occurrence of vesicular-arbuscular
mycorrhizae in Pseudotsuga menziesii and Tsuga heterophylla
seedlings grown in Oregon coast range soils. Mycorrhiza
6:65-67

Cazares E, Trappe JM (1993) Vesicular endophytes in roots of
Pinaceae. Mycorrhiza 2:153-156

Chilvers GA, Lapeyrie FF, Horan DP (1987) Ectomycorrhizal vs
endomycorrhizal fungi within the same root system. New Phy-
tol 107:441-448

Daniels BA, Trappe JM (1980) Factors affecting spore germina-
tion of the vesicular-arbuscular mycorrhizal fungus Glomus
epigaeus. Mycologia 72:457-471

Duc G, Trouvelot A, Gianinazzi-Pearson V, Gianinazzi S (1989)
First reports of non-mycorrhizal plant mutants (Myc-) ob-
tained in pea (Pisum sativum) and fababean (Vicia faba).
Plant Sci 60:215-222

El-Atrach F, Vierheilig H, Ocampo JA (1989) Influence of non-
host plants on vesicular-arbuscular mycorrhizal infection of
host plants and on spore germination. Soil Biol Biochem
21:161-163

Elias KE, Safir GR (1987) Hyphal elongation of Glomus fascicu-
latus in response to root exudates. Appl Environ Microbiol
53:1928-1933

Garriock ML, Peterson RL, Ackerley CA (1989) Early stages in
colonization of Allium porrum (leek) roots by the vesicular-
arbuscular mycorrhizal fungus Glomus versiforme. New Phy-
tol 112:85-92

Gemma JN, Koske RE (1988) Pre-infection interactions between
roots and the mycorrhizal fungus Gigaspora gigantea: chemo-
tropism of germ-tubes and root growth response. Trans Br
Mycol Soc 91:123-132

Gianinazzi-Pearson V, Dénarié J (1997) Red carpet genetic pro-
grammes for root endosymbioses. Trends Plant Sci
2:371-372

Gianinazzi-Pearson V, Branzanti B, Gianinazzi S (1989) In vitro
enhancement of spore germination and early hyphal growth of
a vesicular-arbuscular mycorrhizal fungus by host root exu-
dates and plant flavonoids. Symbiosis 7:243-255

Gianinazzi-Pearson V, Smith SE, Gianinazzi S, Smith FA (1991)
Enzymatic studies on the metabolism of vesicular-arbuscular
mycorrhizas. V. Is H+-ATPase a component of ATP-hydro-
lysing enzyme activities in plant-fungus interfaces? New Phy-
tol 117:61-74

Gianinazzi-Pearson V, Gollotte A, Lherminier J, Tisserant B,
Franken P, Dumas-Gaudot E, Lemoine MC, van Tuinen D,
Gianinazzi S (1995) Cellular and molecular approaches in the
characterization of symbiotic events in functional arbuscular
mycorrhizal associations. Can J Bot 73:S526-S532

Gianinazzi-Pearson V, Dumas-Gaudot E, Gollotte A, Tahiri-Al-
aoui A, Gianinazzi S (1996) Cellular and molecular defence-
related root responses to invasion by arbuscular mycorrhizal
fungi. New Phytol 133:45-57

Giovannetti M (1997) Host signals dictating growth direction,
morphogenesis and differentiation in arbuscular mycorrhizal
symbionts. In: Schenk HEA, Herrmann RG, Jeon KW, Miiller
NE, Schwemmler W (eds) Eukaryotism and symbiosis.
Springer, Berlin Heidelberg New York, pp 405411

Giovannetti M, Citernesi AS (1993) Time-course of appressorium
formation on host plants by arbuscular mycorrhizal fungi. My-
col Res 98:1140-1142

Giovannetti M, Lioi L (1990) The mycorrhizal status of Arbutus
unedo in relation to compatible and incompatible fungi. Can J
Bot 68:1239-1244

Giovannetti M, Avio L, Sbrana C, Citernesi AS (1993a) Factors
affecting appressorium development in the vesicular- arbuscu-
lar mycorrhizal fungus Glomus mosseae (Nicol. & Gerd.)
Gerd. & Trappe. New Phytol 123:114-122

Giovannetti M, Sbrana C, Avio L, Citernesi AS, Logi C (1993b)
Differential hyphal morphogenesis in arbuscular mycorrhizal
fungi during pre-infection stages. New Phytol 125:587-594

Giovannetti M, Sbrana C, Logi C (1994) Early processes involved
in host recognition by arbuscular mycorrhizal fungi. New Phy-
tol 127:703-709

Glenn MG, Chew FS, Williams PH (1985) Hyphal penetration of
Brassica (Cruciferae) roots by a vesicular-arbuscular mycor-
rhizal fungus. New Phytol 99:463-472



Glenn MG, Chew FS, Williams PH (1988) Influence of glucosino-
late content of Brassica (Cruciferae) roots on growth of vesic-
ular-arbuscular mycorrhizal fungi. New Phytol 110:217-225

Gollotte A, Gianinazzi-Pearson V, Giovannetti M, Sbrana C,
Avio L, Gianinazzi S (1993) Cellular localization and cyto-
chemical probing of resistance reactions to arbuscular mycorr-
hizal fungi in a ’locus a’ myc— mutant of Pisum sativum L.
Planta 191:112-122

Gongalves MT, Martins-Lou¢do MA (1996) Mycotrophic condi-
tions of Populus nigra and P. x euramericana. Evaluation of
endo vs ectomycorrhiza. In: Azcon-Aguilar C, Barea JM (eds)
Mycorrhizas in integrated systems from genes to development.
Proceedings of the Fourth European Symposium on Mycorr-
hizas. ECSC-EC-EAEC, Brussels, Luxemburg, pp 118-120

Graham JH (1982) Effect of citrus exudates on germination of
chlamydospores of the vesicular-arbuscular mycorrhizal fun-
gus Glomus epigaeum. Mycologia 74:831-835

Guerrero E (1996) Survey of mycorrhiza in a high Andean para-
mo. In: Azcon-Aguilar C, Barea JM (eds) Mycorrhizas in inte-
grated systems from genes to development. Proceedings of the
Fourth European Symposium on Mycorrhizas. ECSC-EC-
EAEC, Brussels, Luxemburg, pp 121-124

Hepper CM (1979) Germination and growth of Glomus caledon-
ium spores: the effects of inhibitors and nutrients. Soil Biol
Biochem 11:269-277

Hepper CM (1983) Effect of phosphate on germination and
growth of vesicular-arbuscular mycorrhizal fungi. Trans Br
Mycol Soc 80:487-490

Hepper CM (1984) Inorganic sulphur nutrition of the vesicular-
arbuscular mycorrhizal fungus Glomus caledonium. Soil Biol
Biochem 16:669-671

Hirrel MC, Mehravaran H, Gerdemann JW (1978) Vesicular-ar-
buscular mycorrhizae in the Chenopodiaceae and Cruciferae:
do they occurr? Can J Bot 56:2813-2817

Hoch HC, Staples RC, Whitebread B, Comeau J, Wolf ED (1987)
Signaling for growth orientation and cell differentiation by
surface topography in Uromyces. Science 235:1659-1662

Ishii T, Narutaki A, Sawada K, Aikawa J, Matsumoto I, Kadoya
K (1997) Growth stimulatory substances for vesicular-arbus-
cular mycorrhizal fungi in Bahia grass (Paspalum notatum
Flugge.) roots. Plant Soil 196:301-304

Koide RT, Schreiner RP (1992) Regulation of the vesicular-ar-
buscular mycorrhizal symbiosis. Annu Rev Plant Physiol Plant
Mol Biol 43:557-581

Koske RE (1982) Evidence for a volatile attractant from plant
roots affecting germ tubes of a VA mycorrhizal fungus. Trans
Br Mycol Soc 79:305-310

Koske RE, Gemma JN (1991) Fungal reactions to plants prior to
mycorrhizal formation. In: Allen MF (ed) Mycorrhizal func-
tioning. Chapman & Hall, New York, London, pp 3-36

Lackie SM, Garriock ML, Peterson RL, Bowley SR (1987) In-
fluence of host plant on the morphology of the vesicular-
arbuscular mycorrhizal fungus Glomus versiforme (Daniels
and Trappe) Berch. Symbiosis 3:147-158

Lapeyrie FF, Chilvers GA (1985) An endomycorrhiza-ectomy-
corrhiza succession associated with enhanced growth of Euca-
lyptus dumosa seedlings planted in a calcareous soil. New Phy-
tol 100:93-104

Logi C (1997) Eventi precoci del riconoscimento ospite-simbionte
nelle micorrize arbuscolari (AM). PhD thesis, University of
Pisa, Italy

Malajczuk N, Lindermann RG, Kough JL, Trappe JM (1981)
Presence of vesicular-arbuscular mycorrhizae in Eucalyptus
spp. and Acacia sp., and their absence in Banksia sp. after ino-
culation  with  Glomus  fasciculatum. New  Phytol
87:5667-5572

Malloch D, Malloch B (1981) The mycorrhizal status of boreal
plants: species from northeastern Ontario. Can J Bot
59:2167-2172

Matosevic I (1996) 1l ruolo delle micorrize nelle piante coltivate
in un ambiente mediterraneo (Parco Nazionale di Brioni).
PhD thesis, University of Udine, Italy

129

Morandi D, Branzanti B, Gianinazzi-Pearson V (1992) Effect of
some plant flavonoids on in vitro behaviour of an arbuscular
mycorrhizal fungus. Agronomie 12:811-816

Morley CD, Mosse B (1976) Abnormal vesicular-arbuscular my-
corrhizal infection in white clover induced by lupin. Trans Br
Mycol Soc 67:510-513

Mosse B (1959) The regular germination of resting spores and
some observations on the growth requirements of an Endo-
gone sp. causing vesicular- arbuscular mycorrhiza. Trans Br
Mycol Soc 42:273-286

Mosse B (1962) The establishment of vesicular-arbuscular my-
corrhiza under aseptic conditions. J Gen Microbiol
27:509-520

Mosse B (1988) Some studies relating to “independent” growth of
vesicular-arbuscular endophytes. Can J Bot 66:2533-2540

Mosse B, Hepper CM (1975) Vesicular-arbuscular mycorrhizal in-
fections in root organ cultures. Physiol Plant Pathol
5:215-223

Mugnier J, Mosse B (1987) Vesicular-arbuscular mycorrhizal in-
fection in transformed root-inducing T-DNA roots grown axe-
nically. Phytopathology 77:1045-1050

Nagahashi G, Douds D Jr (1997) Appressorium formation by
AM fungi on isolated cell walls of carrot roots. New Phytol
136:299-304

Nagahashi G, Douds D, Abney G (1996) A rapid micro-injection
technique allows for the sensitive detection of root exudate
signals which stimulate the branching and growth of germi-
nated VAM fungus spores. 10th North American Conference
on Mycorrhizae, Berkeley, USA

Nair MG, Safir GR, Siqueira JO (1991) Isolation and identifica-
tion of vesicular-arbuscular mycorrhiza-stimulatory com-
pounds from clover (Trifolium repens) roots. Appl Environ
Microbiol 57:434-439

Ocampo JA (1980) Effect of crop rotations involving host and
non-host plants on vesicular-arbuscular mycorrhizal infection
of host plants. Plant Soil 56:283-291

Ocampo JA (1986) Vesicular-arbuscular mycorrhizal infection of
host and non-host plants: effect on the growth responses of
the plants and competition between them. Soil Biol Biochem
18:607-610

Ocampo JA, Azcon R (1980) Effect of root exudates of “non-
host” plants on the germination of spores of VA mycorrhizal
fungi. Abstracts of the Second International Symposium on
Microbial Ecology, University of Warwick, Coventry, Eng-
land

Park JL, Linderman RG (1980) Association of vesicular-arbuscu-
lar fungi with the moss Funaria hygrometrica. Can J Bot
58:1898-1904

Parra-Garcia MD, Lo Giudice V, Ocampo JA (1992) Absence of
VA colonization in Oxalis pes-caprae inoculated with Glomus
mosseae. Plant Soil 145:298-300

Poulin MJ, Bel Rhlid R, Piché Y, Chenevert R (1993) Flavonoids
released by carrot (Daucus carota) seedlings stimulate hyphal
development of vesicular-arbuscular mycorrhizal fungi in the
presence of optimal CO, enrichment. J Chem Ecol
19:2317-2327

Powell CL (1976) Development of mycorrhizal infections from
Endogone spores and infected root fragments. Trans Br Mycol
Soc 66:439-445

Read DJ (1991) Mycorrhizas
47:376-391

Schreiner RP, Koide RT (1993a) Mustards, mustard oils and my-
corrhizas. New Phytol 123:107-113

Schreiner RP, Koide RT (1993b) Antifungal compounds from the
roots of mycotrophic and non-mycotrophic plant species. New
Phytol 123:99-105

Schreiner RP, Koide RT (1993c) Stimulation of vesicular-arbus-
cular mycorrhizal fungi by mycotrophic and nonmycotrophic
plant root systems. Appl Environ Microbiol 59:2750-2752

Siqueira JO, Safir GR, Nair MG (1991) Stimulation of vesicular-
arbuscular mycorrhiza formation and growth of white clover
by flavonoid compounds. New Phytol 118:87-93

in ecosystems. Experientia



130

Smith SE, Read DJ (1997) Mycorrhizal symbiosis. Academic, San
Diego, Calif, USA

Staples RC, Macko V (1980) Formation of infection structures as
a recognition response in fungi. Exp Mycol 4:2-16

Stasz TE, Sakai WS (1984) Vesicular-arbuscular mycorrhizal fun-
gi in scale-leaves of Zingiberaceae. Mycologia 76:754-757

Suriyapperuma SP, Koske RE (1995) Attraction of germ tubes
and germination of spores of the arbuscular mycorrhizal fun-
gus Gigaspora gigantea in the presence of roots of maize ex-
posed to different concentrations of phosphorus. Mycologia
87:772-778

Taber RA, Strong ME (1982) Vesicular-arbuscular mycorrhiza in
roots and xylem of Tradescantia. Mycologia 74:152-156

Terhune BT, Bojko RJ, Hoch HC (1993) Deformation of stoma-
tal guard cell lips and microfabricated artificial topographies
during appressorium formation by Uromyces. Exp Mycol
17:70-78

Tester M, Smith SE, Smith FA (1987) The phenomenon of “non-
mycorrhizal” plants. Can J Bot 65:419-431

Tommerup IC (1984) Development of infection by a vesicular-
arbuscular mycorrhizal fungus in Brassica napus and Trifol-
ium subterraneum. New Phytol 98:497-502

Trappe JM (1987) Phylogenetic and ecological aspects of myco-
trophy in the Angiosperms from an evolutionary standpoint.
In: Safir GR (ed) Ecophysiology of VA mycorrhizal plants.
CRC, Boca Raton, Fla, USA, pp 5-25

Treu R, Laursen GA, Stephenson SL, Landolt JC, Densmore R
(1996) Mycorrhizae from Denali National Park and Preserve,
Alaska. Mycorrhiza 6:21-29

Trinick MJ (1977) Vesicular-arbuscular infection and soil phos-
phorus utilization in Lupinus spp. New Phytol 78:297-304
Tsai SM, Phillips DA (1991) Flavonoids released naturally from
alfalfa promote development of symbiotic Glomus spores in
vitro. Appl Environ Microbiol 57:1485-1488

van Nuffelen M, Schenck NC (1984) Spore germination, penetra-
tion, and root colonization of six species of vesicular-arbuscu-
lar mycorrhizal fungi on soybean. Can J Bot 62:624-628

Vierheilig H, Ocampo JA (1990a) Role of root extract and vola-
tile substances of non-host plants on vesicular-arbuscular my-
corrhizal spore germination. Symbiosis 9:199-202

Vierheilig H, Ocampo JA (1990b) Effect of isothiocyanates on
germination of spores of G. mosseae. Soil Biol Biochem
22:1161-1162

Vierheilig H, Alt M, Neuhaus JM, Boller T, Wiemken A (1993)
Colonization of transgenic Nicotiana sylvestris plants, express-
ing different forms of Nicotiana tabacum chitinase, by the root
pathogen Rhizoctonia solani and by the mycorrhizal symbiont
Glomus mosseae. Mol Plant Microbe Interact 6:261-264

Vierheilig H, Alt M, Lange J, Gut-Rella M, Wiemken A, Boller T
(1995) Colonization of transgenic tobacco constitutively ex-
pressing pathogenesis-related proteins by the vesicular-arbus-
cular mycorrhizal fungus Glomus mosseae. Appl Environ Mi-
crobiol 61:3031-3034

Warner (1984) Colonization of organic matter by vesicular-arbus-
cular mycorrhizal fungi. Trans Br Mycol Soc 82:352-354



