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Foreword

The first 30 cm of the earth’s surface represents a fragile and valuable ecosys-
tem, thanks to which terrestrial plants, and indirectly animals and humans,
can live. The microbial activity occurring in soil is largely responsible for
its physical and nutritional quality. Among the micro-organisms living in
soil, the arbuscular mycorrhizal (AM) fungi play a major role. They are
present in all types of soil, everywhere on the planet, living in symbiotic
association with the roots of most plant species. They have co-evolved with
plants for 400 million years, improving their nutrition and resistance to var-
ious types of stress. Present practices in conventional agriculture, which
introduce great amounts of chemicals, have eliminated or underexploited
the AM symbiosis. The rational exploitation of AM fungi in sustainable
agriculture, to help minimize the use of chemical fertilizers and pesticides,
has been hampered by several biological characteristics of these micro-
organisms: they cannot be grown in the absence of a plant host and their
genetic structure is very complex.

Despite these limitations, biologists have made important progress in
understanding better the functioning of AM fungi. An in vitro technique
has been developed using mycorrhizal root organ cultures, which made
it possible to investigate the genetics, cell biology and physiology of AM
fungi. We can now be objective enough to critically evaluate the impacts
the in vitro technique has had to improve our knowledge on mycorrhizal
symbiosis. Moreover, more experiences in using the technique allows us
to appreciate its limits, as well as its yet unexploited scientific potential.
A review on the subject has been recently published by Fortin et al (2002).

Along the same lines, but in a much more comprehensive way, this book,
through contributions from experienced specialists in the field, offers valu-
able insights into the most recent uses of the technique. It illustrates how im-
portant questions regarding germplasm collection, taxonomy, physiology
and metabolism of arbuscular mycorrhizal fungi can be cleverly addressed
by taking advantage of the in vitro system. It also reports how the technique
has been extended to the culture of other symbiotic fungi. In a unique way,
a root/fungus symbiosis normally occurring in soil is made accessible for
various investigations: e.g. non-destructive microscope observations, re-
liable cell physiology studies, clean biochemical and molecular analyses,
and highly controlled interaction studies with other micro-organisms. Be-



cause the system provides a way to cultivate in vitro an obligate biotrophic
micro-organism, it can even be used to produce aseptically, for the first
time, AM fungal inocula on an industrial scale.

Young scientists interested in mycorrhizal symbiosis will find in this
book, not only valuable technical information, but also a rich source of
inspiration for their research and for the further exploitation of the po-
tential of mycorrhizal in vitro cultures. Like microscopy for cell biology,
and the polymerase chain reaction for molecular biology, the mycorrhizal
root organ culture system can be considered a critical step in the scientific
history of mycorrhiza R&D. This book will certainly provide convincing
evidence to support this assertion.

Guillaume Bécard
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1 In Vitro Culture of Mycorrhizas

J. André Fortin', Stéphane Declerck?, Désiré-Georges Strullu’

1
Introduction

Symbiosis with fungi has been determinant for the evolution of vascu-
lar plants since their apparition on land. Devonian Rhynia fossils (400 x
10 years old) permit one to observe, in the lower part of their stems, fungal
structures closely resembling modern Glomales (Pirozynsky and Malloch
1975). Molecular clocks also permitted one to date the early evolution
of Glomales back to about 400 x 10° years (Simon et al. 1993). It seems
that associations with some soil fungi were a prerequisite for the evolu-
tion of autotrophic land plants, as was also the case with lichens. Plant
fossils from several geological periods show the presence of mycorrhizal
structures.

During this evolution, arbuscular mycorrhizal (AM) fungibecame totally
dependent on their host, i.e. obligate symbionts. Today, at our present state
ofknowledge, it is impossible to grow these fungi independently from a host
plant. This also explains why the understanding of the significance of AM
fungi in the life of vascular plants and ecosystem dynamics came so late in
the second part of the 20th century.

The obligate nature of the AM fungi has always, and still is making
it difficult to study most aspects of the biology of these ubiquitous and
fundamentally important fungi, including their functioning and roles in
terrestrial ecosystems.

Since the mid-1980s, the use of root-organ culture has opened new vistas
on several aspects of the AM symbiosis (Fortin et al. 2002). This review
gives an idea of the work accomplished but, above all, what remains to be
achieved. We feel that this contribution will also encourage more scientists

1Université Laval, Faculté de Foresterie et Géomatique, Centre de Recherche en Biolo-
gie Forestiere, Ste-Foy, QC G2A 1M2, Canada, Tel.: +1-418-6562131, ext. 6119, E-mail:
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to use this approach for increasing innovative research. It also convinced
us that there was a need for a more extensive document reporting precise
methodologies, disseminating more thoroughly the new knowledge being
gleaned, elucidating the potential for diversified use of the method, and
also identifying new avenues for further research.

It has become obvious that all areas of AM fungi biology per se, as
well as the biology of the symbiotic relationship, have been revisited using
monoxenic cultures. Cultivation of AM fungi on root cultures has shed new
light on their molecular biology, cytology, genetics, physiology, systematics
and phylogeny, which has since received a tremendous innovative momen-
tum. Large-scale industrial production of biologically clean AM inocula
produced on root cultures has also become a reality in some countries,
including India and Canada.

This first chapter aims to summarize some of the principal findings ex-
tensively discussed in the chapters of this book. Several terms related to
the so-called in vitro culture of AM fungi have been used in the literature
to designate one and the same concept (in vitro, monoxenic, monoaxenic
root-organ culture and root culture). For clarity and uniformity throughout
this volume, we propose the following standard definitions. A monoxenic
culture of an arbuscular mycorrhizal (AM) fungus is a reproducible and
contaminant-free, in vitro co-culture between a root organ and a gloma-
lean species. This co-culture should be regarded as continuous if “the endo-
phyte is maintained in vitro indefinitely. It must be subcultured in order to
maintain and increase its biomass” (Bécard and Piché 1992). A root-organ
culture is the indefinite culture on a synthetic medium of a transformed or
non-transformed, excised root.

The interest of aseptically grown root organs to cultivate AM fungi
was communicated to other organisms, namely ectomycorrhizal fungi,
where a large number of species can be grown without a host but where
several entities see their development improved (e.g. Tuberales). We took
the opportunity in this book to underline the interest on basidiomycetes
belonging to Sebacinae. Although easily cultivated axenically, these fungi
mimic the effects of quite a number of AM fungi on plant growth.

2
A Tool for Germplasm Collection

For the study of micro-organisms, researchers, regardless of their field of
interest, must have access to reliable sources of aseptic, properly identi-
fied and properly conserved germplasm banks. Such banks must have the
recognition of the World Federation of Culture Collection (WFCC). Pot
culture-based banks such as BEG and INVAM are most useful and will
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remain so, until successful monoxenic cultivation of most existing Glom-
eromycota is achieved. In the light of Chapter 2, presented by Declerck,
Séguin and Dalpé, this is not likely to happen very rapidly, since the num-
ber of cultivated species is less than 10% of the estimated 180 species
existing in the world. However, increasing numbers of species belonging to
most genera are documented in the literature, and are expected to rapidly
become available to the scientific community.

3
A Tool for Systematics and Biodiversity

AM fungal taxonomists represent a rare breed, and the support they receive
rarely compares to the importance of the issues. Yet, new approaches will
have to be developed if successful cultivation of more diversified species
of AM fungi is to be achieved. Observations of AM fungi behaviour in
bi-compartments suggest that, paradoxically, the mycorrhizal root vicin-
ity is not favourable for the development of extra-matrical mycelium or
spore production (Fig. 2 in Fortin et al. 2002). This suggests that bi-
compartments should be more widely used in an attempt to cultivate
recalcitrant species. Not all soil microbes can grow in completely syn-
thetic medium, thus the presence of soil extracts is often a key to successful
cultivation. It should not be assumed that the relationship with the host
plant fulfils all the nutriment requirements of AM fungi. Genetic deriva-
tion of subcultured AM fungi is often evoked and usually assumed. There
is a need for rigorous research regarding this question, along with the
development of methods for long-term conservation. In biology, every
scientific activity must be based on precise knowledge of the systematic
position of the organisms being studied; reliable nomenclature is a pre-
requisite for organizing knowledge in a useful manner, and assuring con-
tinuity and reproducibility of results. AM fungi taxonomists are dealing
with fungi living in the soil, a complex environment showing a mini-
mum of morphological characters. Above all, these organisms cannot be
cultivated in the absence of a host plant. In Chapter 3, Dalpé, Cranen-
brouck, Séguin and Declerck present the problematics of AM fungi sys-
tematics, demonstrating the usefulness of monoxenic culture for precise
morphological, biochemical and molecular observations of the different
steps of their lifecycle. Obviously, monoxenic cultures of AM fungi play
a key role in improving our knowledge of their taxonomic classification,
their biodiversity and their functionality, in natural as well as managed
ecosystems of the world. More graduate students should be encouraged to
make a career in AM fungal taxonomy, adding molecular tools to classical
approaches.
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4
Life Cycle of Glomus spp.

The most abundant, at least in managed ecosystems, and the most easily
captured, isolated and maintained AM fungi on root cultures belong to the
genus Glomus. Cultivation of several species and strains has permitted us
to trace the life cycle of these species. Dalpé, de Souza and Declerck present
(Chap. 4) a detailed step-by-step description of a typical Glomus, putting
together virtually all the research published up to now on morphological,
structural and biochemical aspects of their biology. They also present spe-
cific conditions necessary for promoting the development of given stage of
the life cycle, i.e. spore germination. Since several Glomus spp. can be ob-
tained, observed and maintained on root explants, this should encourage
some scientists to cultivate an ever-increasing number of Glomus species;
the framework recommended in Chapter 2, on the maintenance of AM
fungal germplasms, should be strictly followed.

5
Life History of Gigasporaceae

Glomus spp. are rather easy to cultivate monoxenically, but this is not the
case with the majority of other AM fungal genera. de Souza, Dalpé, De-
clerck, dela Providencia and Séjalon-Delmas put together their experience
with Gigasporaceae and present an overview of their life cycle (Chap. 5).
The fact that most information is based on non-aseptic systems illustrates
the challenge that these AM fungi present for their continuous monox-
enic cultivation. One of the difficulties is that they often require a longer
cultivation period (several months) to produce their first spores on root
organs, as compared to only 10 weeks in pot culture. The authors of this
chapter mention that spore production comes after senescence of the root.
We suggest that selectively weakening or killing (physically or chemically)
the root might possibly trigger spore production.

6

Effects of Environmental Factors

on Hyphal Growth and Branching

AM fungi must find a compatible host plant to complete their life cycle.
In Chapter 6, Nagahashi and Douds present the environmental factors,

including light, gaseous or volatile compounds and non-volatile chemi-
cal compounds, which affect pre-symbiotic hyphal branching and growth.
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Purified chemicals such as some flavonols can stimulate the growth of
AM fungi. These authors review the germ tube responses to different in-
teractions between: (1) a gaseous compound and chemicals, (2) different
soluble chemical compounds and (3) chemical compounds and light. It
appears that AM spores can generally germinate without the presence of
root exudates, but the components of the exudates can stimulate fungal
growth, hyphal branching and root colonization. It has been demonstrated
that multiple genes are expressed when a germinated spore is treated with
host root exudates. Recent evidence suggests that we should be aware that
there might be different factors for elongation growth and hyphal branch-
ing. Not every environmental factor affects AM fungi positively. In addition
to chemical components of exudates and volatile compounds, the authors
demonstrated that a third physical factor, light, stimulates hyphal branch-
ing. In particular, blue light and root exudates appear to trigger the same
second messenger involved in the hyphal branching response.

7
Questioning the Value of Monoxenic Cultures

In Chapter 7, Bago and Cano present an interesting discussion concerning
seven main questions:

Are AM monoxenic cultures devices too artificial to trust? Does primary
colonization by AM fungi occur in young roots? Do hyphae exit the root
after symbiosis begins? Are branched absorbing structures (BAS) formed
by all glomalean fungi or are artefacts formed under monoxenic conditions?
Are there any differences in the development of AM fungi in monoxenic vs.
soil cultures? Are AM monoxenic liquid cultures accurate enough to use?
What else can monoxenic cultures offer regarding the study of AM fungal
biology? In this chapter, the authors present an overview on subjects of high
potential interest for those working with AM fungi, either for scientific or
commercial purposes.

8
AM Fungi; Host and Non-Host

Arbuscular mycorrhizal fungi can be found in the roots of 80% of all
vascular plant species. Generally, Brassicaceae are described as being non-
mycorrhizal, but numerous conflicting papers report mycorrhizal associa-
tions in many taxa of the Brassicaceae (Arabidopsis, Brassica, Cardamina)
and the Chenopodiaceae (sugar beet and spinach). Chemical factors may
be involved in reducing the infection. The establishment of mycorrhizal
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symbiosis involves a process leading to the recognition and compatibility
between the two partners, but the mechanism governing these phenomena
is not well understood. In Chapter 8, Vierheilig and Bago discuss the host
and non-host impact on the physiology of the AM symbiosis. The authors
identify several phases of the root-AM fungal interaction: (1) asymbi-
otic phase (axenic culture), when the fungus germinates and grows in the
absence of plant signals, (2) pre-symbiotic phase, when the fungus ger-
minates and grows in the presence of signal exudates, and (3) symbiotic
phase, when the fungus has penetrated the root and formed intraradical
arbuscules. The latter phase is difficult to obtain in monoxenic culture,
and fewer physiological data are available. The effects of pH, temperature,
CO; and light on spore germination and hyphal asymbiotic growth of AM
fungi are presented first. In a second point concerning pre-symbiotic AM
fungus growth, the data discussed show the importance of root exudates
favourable to AM fungi for the successful establishment of the symbiosis.
At least at the pre-symbiotic phase of the association, some AM non-host
plants and myc™ plants seem to share mechanisms affecting their suscep-
tibility to AM fungi. The perception of AM fungi by the plant before root
colonization is poorly documented. It has been recently hypothesised that
a more favourable environment for root penetration is created by the host
in the presence of fungal signals.

9
Carbon and Lipid Metabolism

Great possibilities are offered by monoxenic culture to study different as-
pects during the formation of the AM association. The knowledge of these
interactions progresses at cellular, molecular and biochemical levels. It is
generally accepted that up to 20% of the photosynthetically fixed carbon
is transferred from the plant to the AM fungi. Intraradical hyphae incor-
porate plant-derived hexose, which is converted to typical storage forms,
trehalose and glycogen, but extraradical mycelium is incapable of taking
up sugars. A gene encoding for a transmembrane sugar transporter was
cloned from mycorrhizal roots of Medicago trunculata. According to Har-
rison (1996), this transporter (Mtst1) was designed as a hexose transporter
by activity measured in yeast. The failure of AM fungi to complete their
life cycle in the absence of roots could originate from the control by the
plant of fungal genes involved in carbon transport and metabolism. On
this basis, Grandmougin-Ferjani, Fontaine and Durand (Chap. 9) present
the monoxenic culture technique as a tool for the establishment of the lipid
composition of AM fungi. Lipid droplets are abundant in spores and vesicles
of AM fungi, and biochemical studies indicate that lipids can represent up
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to 45% of the fungal dry biomass. The authors give a comparison between
lipid analyses of AM fungi (Glomus intraradices) obtained by in vitro and
in vivo systems. They also propose the use of monoxenic cultures as a tool
for the evaluation of AM fungi in host root tissue. AM monoxenic cultures,
combined with isotopic labelling techniques, enable a better understand-
ing of lipid metabolism of AM fungi. Moreover, these authors note that the
lipid metabolism of AM fungi is still unclear, since results from *C and *C
labelling seem to be contradictory. RMN studies of lipids suggest that obli-
gate biotrophy of AM fungi could be due to a lack of, or insufficient ability
of neutral lipid biosynthesis in both germinating spores and extraradical
mycelium. Cloning and expression analysis of genes encoding enzymes
involved in lipid biosynthesis are now required. The use of AM monoxenic
cultures has clarified some aspects of the symbiotic interactions. Moreover,
there are certainly some differences in AM fungi development when grown
in vitro (monoxenically) and in vivo, but these could be reduced.

10
Monoxenic Culture and Physiology of in Vitro Grown Plants

Desjardins, Piché and Sebastia (Chap. 10) illustrate how AM fungi produced
on root cultures can be useful in the study of the comparative physiology
of in vitro cultivated plants, especially in relation to water stress and sink-
source relationships. The data demonstrate that the mycorrhizal inocula-
tion of in vitro propagated plants is very promising in acquiring healthy
plants, and improves the adaptation of such plants when transferred under
natural conditions. In a different context, a review on this subject would be
of great practical interest.

1
Nutrient Dynamics in AM Monoxenic Cultures

According to Rufyikiri, Kruyts, Declerck, Thiry, Delvaux, Dupré de Boulois
and Joner (Chap. 11), the monoxenic culture system offers three major ad-
vantages for element transport studies: (1) bio-sorption and affinity studies
atlow concentration; (2) modification of the speciation of a defined element
due only to its interactions with the AM fungus; and (3) determination of
specific uptake and flux rates. Monoxenic culture systems are useful in
studies involving essential elements (N and P) and radionuclides (U and
Cs). AM fungi take up and translocate these elements. As AM fungi are an
important part of the rhizospheric micro-organism biomass, the uptake of
radionuclides by the extraradical mycelium has ecological significance -
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these fungi intercept radionuclides and influence their migration in the soil
and their accumulation by plants. The capacity to exploit certain forms of
a nutrient (precipitated P, organic forms of N or P), as explained in this
chapter, might be involved in the distribution of the microbial population
in the mycorrhizosphere.

12
AM Fungi and Rhizosphere Micro-Organisms

Interactions between AM fungi and other rhizosphere microbes have many
effects on the host plant (especially the alleviation of root diseases and the
access to nutrients through interactions with N-fixing and P-solubilizing
bacteria). AM monoxenic culture represents a new tool to elucidate com-
plex interactions between soil inhabitants. In Chapter 12, St. Arnaud and
Elsen elucidate the interaction of AM fungi with soil-borne pathogens and
non-pathogenic rhizosphere micro-organisms. More than 40 years ago,
Mosse (1962) reported that a Pseudomonas isolate was necessary for AM
root colonization and in vitro growth of AM fungi. Later, many other soil
micro-organisms were shown to stimulate or inhibit AM fungal spore ger-
mination and hyphal growth. The authors comment on numerous results
relating interactions between AM fungi and soil bacteria, and between
AM fungi and other fungi. Concerning interactions between fungi and
nematodes, there are few data; the in vitro activity of the cyst nematode
Globodera pallida was studied, and these first results indicated that the
mycorrhizal inoculation of potato plants could stimulate the production
of hatching chemicals. Recently, using dixenic cultures, the interactions
between Glomus intraradices and the nematodes Radopholus similis and
Pratylenchus coffeae have been studied, showing that in the presence of
AM fungi the populations of both species have been reduced. An interest-
ing conclusion is made, since it is now suggested that symbiosis regulation
might also impact other soil microbes. Actually, it is necessary to doc-
ument the variability in growth, nutritional kinetics and physiology of
the model used to study the interaction between AM symbiosis and its
environment.

13
Cistus Incanus Root Organs to Study Ectomycorrhizal Fungi
The increasing use of root cultures for the study of AM fungi prompted

a few workers to develop such an approach for the study of ectomycorrhizae
(ECM). In Chapter 13, Coughlan and Piché review the attempts made to
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date to produce ECM on root organs, and they relate the recent success
of their own and other groups in obtaining such mycorrhizae. They were
thus able to obtain Tuber melanosporum ECM formation within 5 days of
inoculation, using Cistus incanus roots. Obviously, this approach opens new
vistas on the study of ECM. A large number of ECM fungi (e.g. Russula spp.)
cannot be cultivated under axenic conditions - however, root cultures are
likely to make this possible in the near future. This approach will no doubt
permit a better understanding of mutual physiological activities as well
as biochemical exchanges between partners, and facilitate some studies in
molecular biology. The use of bi-compartments will open new possibilities
for the study of interactions with soil components, including physico-
chemical factors as well as soil-borne micro-organisms, both useful and
harmful.

14
Monoxenic Culture of Edible Ectomycorrhizal Fungi

In Chapter 14, Giomaro, Sisti and Zambonelli discuss the problems encoun-
tered in the study of edible ECM, with major emphasis on truffle. Although
their references to root cultures are brief, reading their chapter, with the
idea of using such cultures, suggests a number of promising avenues for re-
search. One of the difficulties encountered in studying species such as Tuber
or Cantharellus spp. is that their biology involves interactions with a large
number of soil bacteria. Root cultures should prove useful in determining
which species are critical for the development of the mycelia as well as fruit
bodies. Understanding signalling, biochemical exchanges, and mutualist
physiology should be improved using this approach. The maintenance and
production of inoculums should also benefit from monoxenic culture.

15
The Unique Geosiphon Symbiosis

Geosiphon pyriformis represents a unique symbiosis between a Glom-
eromycota and nostocs. Schufller and Wolf (Chap. 15) describe the bi-
ology of this fascinating symbiosis. We learn that, in nature, such nostocs
are closely associated with Anthoceros and Blasia, often considered rep-
resentatives of the ancestors of vascular plants. Even if they have been
unsuccessful in obtaining AM structures in vitro between Geosiphon and
Anthoceros, the use of DNA markers suggests that some plant roots as well
as Anthoceros thalli obtained in nature do contain this organism. For those
who want to know more about this strange symbiosis, the authors give a full
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account of the methodologies they developed as well as of experiments they
carried out on the physiological exchanges between partners. They discuss
their phylogeny as well as their possible role in the evolution of AM fungi.
Clearly, this is a story to be followed, and which is likely to shed new lights
on plant symbiosis in general.

16
Should We Consider Root-Inhabiting Sebacinaceae
as Mycorrhizal Fungi?

For several years, a number of papers on Pirimorphospora indica have origi-
nated from an Indian research team. Since this research remained somehow
“captive” within the group, their findings have perhaps not received all the
attention they deserve. Therefore, the group was offered the possibility to
present this problematic in a scientific light. If the impression was given
at the beginning that P. indica is a sort of magic fungus, Prasad, Pham,
Kumari, Singh, Yadav, Sachdev, Garg, Peskan, Hehl, Sherameti, Oelmuller
and Varma (Chap. 16) rather demonstrate its interest, and cover not only
P. indica but more generally all the Sebacinaceae, where other species share
the properties of P. indica. We hope that this presentation will permit the
readers to evaluate the credibility of the claims often made by the authors
and will convince other groups of researchers to evaluate these fungi more
seriously, and to objectively establish their role in the life of plants.

17
Industrial-Scale Monoxenic AM Fungus Production

Of course, the perspective of using monoxenic cultures for the large-scale
production of AM inocula has been in the mind of most scientists inter-
ested in the more applied aspects of mycorrhizas. Such developments have
already taken place in Canada as well as in India. Adholeya, Tiwari and
Singh describe in Chapter 17 how they achieved such an industrial endeav-
our. We would have liked that the authors describe their methodology more
extensively. However, since this is an industrial process, run by the users
on a profit base, we understand that it was not possible for the authors to
totally “open their books”. Still, this is a story not only of the successful
production of AM fungi on root cultures at a large scale, but also of the
success obtained in the field by thousands of farmers, who were willing
to pay for such inocula. If, at present, the number of species that can be
produced by this technology is limited, progress is being made with other
species. The use of genetically transformed roots for this production is
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sometimes discussed within the framework of governmental regulations,
but the fact that hairy roots already exist in nature should make them totally
acceptable, at least with respect to legal aspects.

18
Precise Techniques for Successful Development
of AM Monoxenic Culture

The closing Chapter 18 will be most useful for all those who want to
familiarise themselves with the diverse techniques used to establish, main-
tain and experiment with AM fungi on root organs. Cranenbrouck, Voets,
Bivort, Renard, Strullu and Declerck have combined their expertise to
present a precise and thorough description of methodologies for those
who seek an introduction to the art. In addition, this chapter should prove
useful for all those who have already cultivated AM fungi on root organs,
permitting them to identify pitfalls and alternative methodologies.

19
Conclusion

Obviously, the use of monoxenic cultivation of AM fungi on root culture,
whether genetically modified or not, has become an essential tool for the
study of mycorrhizae and their practical uses. One of the greatest chal-
lenges we are facing is to achieve the monoxenic cultivation of most, if
not all glomalean fungi. This is the sort of challenge being met in molec-
ular biology, when the world scientific community undertakes the total
sequencing of a species’ genome, human or other. The maintenance of
a reliable, rigorously documented bank of isolates is a prerequisite for es-
tablishing the database necessary for the rapid molecular identification of
any given species of glomalean fungi. The availability of precise and rapid
molecular identification of AM fungal species will open a new era for AM
fungal ecology, both in natural and managed ecosystems.

The intraspecific genetic variation of glomalean species is another chal-
lenge which needs to be faced. In monoxenic cultures, different isolates
of Glomus intraradices, under the same set of conditions, produce largely
different numbers of spores, a phenotypic variation very easy to identify.
What we need to know is the genetic basis and extent of this variation, its
source, and the feasibility of using this or other phenotypes experimentally.
Although most of us assume that genetic derivation is likely to occur over
several generations of a glomalean isolate, this remains to be demonstrated.
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Axenic culture of glomalean fungi is often considered as the ultimate
challenge, mainlybecause it would show that we have understood the nature
of the critical biochemical exchanges at the very basis of this ubiquitous
symbiosis. Monoxenic cultures will undoubtedly be most useful in attaining
this goal.

Monoxenic cultures of glomalean species have been used, up to now, to
study only a small part of their biology, but several fundamental aspects
remain to be elucidated. In soils, spores as well as extra-matrical mycelia
are in close contact with physical (e.g. clay), chemical (e.g. humic acids)
and biological (e.g. bacteria) components. These factors are all likely to
influence the development and functioning of AM fungi. We propose that
bacterial biofilm formation is a fundamental and universal phenomenon
in the life of AM fungi living under natural conditions. Such biofilms can
easily be observed in monoxenic culture using bi-compartment dishes.

Ultimately, all advances in our knowledge of monoxenic AM fungi will
be useful for the large-scale production of reliable, microbiologically clean
inocula. This is likely to permit the reduction of production costs, and
make AM fungal inocula as widely available as rhizobia have been for
decades. There is little doubt that a more general use of AM fungal inocula
in agriculture could substantially increase financial support for research on
this fundamental and universal phenomenon in all natural and managed
terrestrial ecosystems.

Among the numerous other subjects which this book could not address is
the use of monoxenic culture in the mass production of in vitro propagated
plants. A need remains for a review of this subject.
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2 The Monoxenic Culture
of Arbuscular Mycorrhizal Fungi
as a Tool for Germplasm Collections

Stéphane Declerck!, Sylvie Séguin?, Yolande Dalpé?

1
Introduction

It is not yet routine to cultivate all arbuscular mycorrhizal (AM) fungi in
vitro on root organs. This is because these fungi are unable to complete
their life cycle in the absence of a suitable host plant, and the mechanisms
underlying the obligatory biotrophy of the fungal partner are so far not
fully understood. Since the mid-1970s, three major breakthroughs have
been accomplished in the field of in vitro cultivation of AM fungi, which
are of paramount importance for culture collections. Mosse and Hepper
(1975) performed the first AM fungi in vitro culture, i.e. a monoxenic
culture. Strullu and Romand (1986) achieved the first subcultivation of an
AM fungus in a system of successive isolations from mycorrhizal roots and
re-associations with various root systems. This step allowed envisioning
the indefinite culture-controlled conservation of AM fungi. Subsequently,
Bécard and Fortin (1988) adapted the Agrobacterium rhizogenes Conn.
transformed root tissue technology to the growth and development of AM
fungi. Combining these findings has opened the route to the cultivation of
various species in nearly all genera, and offers tremendous perspectives for
germplasm collections. In this chapter, we will recall some rules essential
to establish a culture collection, and clearly demonstrate the usefulness of
monoxenic cultures for germplasm collections.

2
Historical Perspective of AM Fungi Culture Collections

A culture collection starts with the acquisition, propagation, characteriza-
tion and maintenance of a single species. Thus, it is tempting to extrapolate

'Université Catholique de Louvain, Mycothéque de I’Université Catholique de Louvain
(MUCL), Unité de Microbiologie, 3 Place Croix du Sud, 1348 Louvain-la-Neuve, Belgium,
Tel.: +32-10-474644, Fax: +32-10-451501, E-mail: declerck@mbla.ucl.ac.be

2Environment Health/Biodiversity, Agriculture and Agri-Food Canada, 960 Carling Avenue,
Ottawa K1A 0C6, Canada

Soil Biology, Volume 4

In Vitro Culture of Mycorrhizas

(ed. by S. Declerck, D.-G. Strullu, and A. Fortin)
(© Springer-Verlag Berlin Heidelberg 2005



18 S. Declerck, S. Séguin, and Y. Dalpé

by saying that there are probably as many collections throughout the world
as there are laboratories working with AM fungi. It is obvious that the over-
whelming number of strains maintained within laboratories and sampled
from various ecosystems help in harnessing the global biodiversity. How-
ever, the potential impact of these circum-world, laboratory-independent
collections of strains is to date largely outweighed by the generally poor
knowledge of the simplest rules to produce and maintain strains. Such
maintenance necessitates strict control measures (e.g. VIPS: viability -
identity - purity - stability), an appropriate infrastructure to maintain
contaminant-free material, and accurate characterization. In reality, the ac-
quisition, propagation, characterization and maintenance of germplasms
of AM fungi in living cultures are far more complicated than commonly as-
sumed, and should follow strict rules or codes of conduct. Two collections
have faced these criteria, and have made formal commitments for the dis-
tribution of quality-controlled, well-identified germplasms for basic and
applied research. These are the International Culture Collection of (Vesic-
ular) Arbuscular Mycorrhizal Fungi (INVAM, http://invam.caf.wvu.edu/)
in the United States, and the International Bank of Glomeromycota (BEG,
http://www.kent.ac.uk/bio/beg/), a collection of glomalean fungi organized
by a network of European laboratories. Both collections share an impor-
tant number of accessions belonging to all the genera, and representative
of numerous ecosystems all over the world. However, and without any pre-
judice to their indubitable importance, these AM fungal collections cannot
strictly guarantee the absence of undesirable microbial contaminants or the
purity of inoculum, simply because AM fungi are maintained in pot cul-
tures — on a living plant, in a soil-based substrate. This annoying situation,
paralleled with the breakthrough of monoxenic cultivation of AM fungal
species in the last decade, has led to the development of The Glomeromy-
cota In Vitro Collection (GINCO; http://www.mbla.ucl.ac.be/ginco-bel/,
http://res2.agr.gc.ca/ecorc/ginco-can) in 2001. GINCO is the first in vitro
culture collection of AM fungi, hosted within two international filamentous
fungi and yeast collections [the Mycothéque de I'Université catholique de
Louvain in Belgium (MUCL, part of the Belgian Co-ordinated Collections
of Micro-organisms, BCCM), and the Canadian Collection of Fungal Cul-
tures in Canada, Canada], registered in the World Federation of Culture
Collections (WFCC). It is not hard to believe that in the coming decade,
sister collections to GINCO will emerge, providing the international com-
munity with increasingly quality-controlled AM fungi. It will be the joint
task of taxonomists and culture collection specialists to pave the way for
correct management, with high quality standards such as the VIPS, of this
new type of biological material provided to the scientific community.
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3
Prerequisite to Include AM Fungi
in Monoxenic Culture Collections

Almost all AM fungi tested up to now have been brought in monoxenic
culture, if one considers the definition of culture as the growth of one or-
ganism of a group of organisms for the purpose of experiments (Kirk et al.
2001). This is, for instance, the case of Glomus mosseae (Strullu and Romand
1986; Douds 1997), producing mycelia when cultured in association with
a suitable excised host root, but usually failing to produce mature spores.
Only Raman et al. (2001) reported and illustrated the production of a few

Table 1. Monoxenic cultures with production of viable mature spores and continuous culture
by subcultivation of arbuscular mycorrhizal fungi®

Species Production  Continuous References
of viable culture by sub-
mature cultivation
spores
Acaulospora rehmii Yes No Dalpé and Declerck (2002)
Gigaspora gigantea Yes No Mosse (1988)
Gigaspora margarita Yes No Miller-Wideman
and Watrud (1984)
Gigaspora rosea Yes No Bécard and Piché (1989)
Scutellospora reticulata Yes Yes de Souza and Declerck
(2003)
Glomus caledonium Yes Yes Karandashov et al. (2000)
Glomus cerebriforme Yes Yes Samson et al. (2000)
Glomus clarum Yes Yes de Souza and Berbara
(1999)
Glomus etunicatum Yes Yes Pawlowska et al. (1999)
Glomus fasciculatum Yes Yes Strullu and Romand
(1986)
Glomus intraradices Yes Yes Strullu and Romand
(1987)
Glomus macrocarpum Yes Yes Declerck et al. (1998)
Glomus mosseae Yes No Raman et al. (2001)
Glomus proliferum Yes Yes Declerck et al. (2000)
Glomus versiforme Yes Yes Diop et al. (1994)

2 Data refer to first citation in the literature, with priority to those references in which spore
production has been obtained and subcultures have been achieved, followed by references
in which only culture has been achieved. The data include only cultures with clear reference
to new, mature spore production
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spores of this widely used species. Therefore, such material is in practice
unusable in a culture collection for distribution purposes. A first prereg-
uisite is therefore the capacity of the fungi to complete its life cycle with
the production of sufficient spores and intraradical structures character-
istic of the genera considered. Considering this rule, and strictly referring
to published papers only, 15 species have so far been cultured with suc-
cess under monoxenic conditions (Table 1), with the production of mature
spores. It should be noted that species such as G. constrictum (Mathur
and Vyas 1999) and G. deserticola (Mathur and Vyas 1995) were reported
to produce extraradical mycelia and intraradical vesicles and arbuscules
when associated with Ziziphus mauritiana in vitro-raised plants, but no
text reference was made to spore production, and therefore these species
are not considered in Table 1. Production of spores in the first generation
does not preclude the capacity of the fungus to be maintained constantly
under monoxenic culture. Indeed, numerous species monoxenically cul-
tured failed to be subcultivated under the same growth conditions over
several generations, requesting re-sampling of the pot culture inoculum
to re-establish a monoxenic culture. Such regular solicitation of in vivo
material increases the risk of culturing an AM fungal contaminant species.
The second prerequisite is therefore the capacity of the fungal material
produced monoxenically to be subcultured, i.e. cultured continuously (see
Chap. 1 for definition) under the same monoxenic conditions favouring
multiplication of material, necessary for the distribution and durability of
the strain. Following this rule, only ten species have been published with
reference to subcultivation, and most are Glomus species producing rather
small spores and an important intraradical phase, i.e. vesicles. In sum-
mary, strictly referring to published papers, 8.3% of the approximate 180
described species have been monoxenically cultured, and 5.5% have been
maintained over several generations.

4
Culture Properties:
Viability — Identity — Purity — Stability (VIPS)

“The purpose of a collection is to maintain biological material in a viable
and stable state, retaining all original properties” — with these words, Smith
and Onions (1994) stressed the necessity for a collection to guarantee the
viability of pure, identified strains over long generations, without loss of
intrinsic properties.

Viability should be confirmed by growing the AM fungi on the cor-
rect medium and host. In the case of monoxenic cultures, two commonly
used media are the modified Strullu-Romand (MSR) medium (Declerck
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et al. 1998, modified from Strullu and Romand 1986) and the M medium
(Bécard and Fortin 1988). Hosts roots are from excised, transformed or
non-transformed roots of carrots (Daucus carota L.), tomato (Lycopersicon
esculentum L.), white clover (Trifolium repens L.), barrel clover (Medicago
truncatula Gaertn.) and some other mycotrophic plants (Bago and Cano,
Chap. 7). The assessment of strain viability can be performed through spore
germination tests or colonized root sub-cultivation, done either before or
after a preservation period. Growth dynamics, mycelium organization, level
of sporulation, and percent of root colonization are all data used to eval-
uate viability performance and the maintenance of the strain mycorrhizal
potential through generations of sub-cultivation.

The identity of AM fungi has been based for decades almost entirely on
spore morphology from material directly sampled from substrate or soils.
Incomplete descriptions related to the quality of the material, i.e. punctual
harvesting, the absence of spore wall layers or subtending hyphae (Fortin
et al. 2002), the absence of living cultures of type specimens, the lack of
data on spore ontogeny, together with the restriction to morphological
tools, have made species identification a challenge for taxonomists. The
accessibility to monoxenic cultures has renewed interest in taxonomy by
opening the possibility of efficiently integrating multiple tools such as ul-
trastructure, molecular biology, biochemistry, mycelium architecture and
spore dynamics into the traditional species description (Declerck et al.
2000; de Souza and Declerck 2003). With the current limitation of morpho-
logical spore features able to sustain morphological characterization of AM
fungi isolates, the combination of cultural with molecular and biochem-
ical characteristics may yield taxonomically valuable tools, once proven
to be stable, and heritable through generations and growing conditions.
Indeed, the major advantage of monoxenic cultures lies in the standard-
isation of growing conditions and, as such, helps to distinguish heritable
from acquired characters.

The purity of AM fungal strains can be ascertained by establishing the
monoxenic culture from a single spore (Declerck et al. 1998, 2004) or a sin-
gle isolated vesicle (Strullu and Romand 1987; Declerck et al. 1998). Such
propagules permit to obtain a fungal colony representing a unique organ-
ism, deprived from any other living contaminant. Purity then refers to
“contaminant-free monospecies fungal culture”. In the case of mycorrhizal
root fragments containing multiple vesicles, it is suggested to establish the
culture with the mycorrhizal root fragment and to sub-culture with a sin-
gle propagule. In this case, the purity of the culture will be the first spore
daughter generation. Even though monosporal cultures are established,
spore wall-encysted bacteria and non-AM fungi propagules, resistant to
surface sterilization procedures or intraspore micro-inhabitants, may re-
main dormant during subcultivation processes. Their presence may then
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considerably alter molecular analyses, and be expressed through aberrant
mycelial development. However, once bacteria dormancy is raised, antibi-
otic treatments usually allow complete decontamination and the recovery
of contaminant-free monoxenic cultures. With fungal contaminants, such
decontamination cannot be achieved as easily because of the usually detri-
mental effect of fungicides on AM fungi.

The stability of fungi is an important factor, particularly for the agro-
environmental important group of AM fungi, which guarantees preserva-
tion of all the symbiotic fungal properties. Continuous culture through
subcultivation may allow the organism to adapt to laboratory conditions,
while danger of variation - loss of some physiological or morphological
characteristics — cannot be discarded as reported by Smith and Onions
(1994) with several fungi belonging to all taxa. With the current knowl-
edge and experience linked to AM fungi monoxenic cultures, a severe
decrease in infectivity through culture generations has been registered
with Acaulospora and Gigaspora species. Indeed, no successful continuous
culture over several generations has been reported, neither with A. rehmii
(Dalpé and Declerck 2002) nor with Gigaspora species, mentioned only as
difficult to achieve (Fortin et al. 2002). Subcultivation has been shown suc-
cessfully with Scutellospora reticulata (de Souza and Declerck 2003). The
situation with Glomus strains is more controversial. While G. intraradices,
strain DAOM 181602, has been maintained under monoxenic culture since
1992 (Chabot et al. 1992), with no discernable loss of infectivity, colonies
of a strain of G. versiforme showed a decrease in infectivity through gen-
erations (Plenchette et al. 1996). For other Glomus AM fungal species,
especially with large-spore species strains, a decrease in vitality (lower
sporulation and root colonization rates, and reduced extraradical mycelia)
has been detected, resulting in the gradual decline in strain viability. The
revitalization potential of a 7-14 day cold treatment for G. intraradices,
as proposed by Juge et al. (2002), may be promising but remains to be
demonstrated in other species.

Strictly speaking, stability can only be ascertained by long-term preser-
vation processes, where the metabolism of the AM fungi is halted to avoid
any subsequent alteration of properties. Preservation methods such as cry-
opreservation are discussed below.

5
Long-Term Conservation

“Preservation techniques range from continuous growth through methods
that reduce rates of metabolism to the ideal situation where metabolism is
halted” (Smith and Onions 1994). Procedures to preserve and store fungi
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have been reviewed by Smith and Onions (1994), and can be split into
three groups: (1) the continuous growth method and methods which delay
the need for subcultivation, such as storage on the growth medium in the
refrigerator, freezer, under oil or water, (2) drying by air or with silica
gel and freeze-drying, and (3) suspension of metabolism, which means
reduction of available water in the cells by dehydration (freeze-drying) or
freezing (cryopreservation) at low temperature or in liquid nitrogen, so
that metabolism is halted. It is obvious that subcultivation is the common
method to maintain AM fungi monoxenically (Plenchette et al. 1996; Strullu
et al. 1997; Declerck et al. 1998). However, this method is laborious, time-
consuming and difficult or even unreported for some species. Moreover,
the impact on genetic stability through generations is unknown. Therefore,
a method for long-term storage appears essential.

The first group of methods to delay subcultivation consists in the stor-
age of the culture on the growth medium in the refrigerator, freezer, un-
der oil or water. At INVAM, most accessions grown since 1990 are stored
at 4°C. According to this collection, the duration of storage varies con-
siderably between genus, and within genera between species (for details,
refer to http://invam.caf.wvu.edu/methods/storage/frigeration.htm). Like-
wise, strains produced in vitro could be stored in the form of plugs of gel
bearing numerous spores, and the mycelia incubated in a saline solution or
distilled water at 4 °C for several months. With G. intraradices, 100% sur-
vival was registered with plugs of gel maintained up to 3 years at 4 °C (Dalpé,
pers. comm.). This method appears less efficient with species producing
few spores, and has never been tested with genera other than Glomus.

The second group of methods, consisting of drying and freeze-drying,
has been poorly investigated, with material produced either in vivo or
in vitro. L-drying (Tommerup 1988) and single-stage lyophilization were
shown effective for some AM fungi (Dalpé 1987) from pot culture. N, drying
was further tested on alginate beads containing spores of G. intraradices
produced in vitro (Declerck et al. 1997). In the latter case, 80-100% of the
treated beads remained infective (as measured by the percent of potentially
infective beads, PIB; Declerck et al. 1996), the relative water content being
clearly involved in viability maintenance.

The third group of methods consists of freeze-drying and cryopreser-
vation, resulting in the suspension of metabolism. At INVAM, Douds and
Schenck (1990) observed that slow drying of pot culture soil followed by
freezing the spores in situ was satisfactory for cryoprotection and cryop-
reservation at —60 to —70 °C for several AM fungi. They further demon-
strated that spores of G. margarita isolated from pot culture soil had a cer-
tain measure of freeze damage protection at —60 to —70 °C when incubated
2 days in trehalose 0.5M, 0.75M or 1.0 M. Kuszala et al. (2001) tested
the survival of 20 glomalean isolates belonging to 16 species in 4 gen-
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Fig. 1. Schematic view of the entrapment (A) and cryopreservation (B) processes. A Starting
from a monoxenic culture, spores are successively isolated with forceps, after solubilization
of the growth medium (1), poured in a 20 gl™! sodium alginate solution (2), and dropped
in a 0.1 M CaCl, solution for polymerization (3). After the entrapment of spores, the beads
are removed from the CaCl, solution, stored overnight at 15 °C and cryopreserved. B Beads
are successively incubated at 4 °C in the cryoprotectant (4), transferred to cryotubes (5),
and cold-treated (6) following a two-step decrease from ambient to final preservation
temperature. Beads are stored at this temperature for 3 h (7), and thereafter retrieved by fast
thawing in warm water (8). The beads are then incubated on the MSR medium, and those
showing spore germination are re-associated with a transformed carrot root (9) to start
a new monoxenic culture. (Declerck and Angelo-Van Coppenolle 2000, with permission of
New Phytologist)



The Monoxenic Culture of Arbuscular Mycorrhizal Fungi 25

era (Glomus, Acaulospora, Gigaspora and Scutellospora) under different
storage conditions (room temperature, +18-24, +4, —18 and —80°C, in
liquid nitrogen) for the conservation of their germplasm. They observed
that sporulation was effective for all isolates stored at all temperatures.
Therefore, both proposed methods guaranteed a backup reserve and an
alternative supply source to start cultures, which can be applied to a wide
range of isolates. These results were also extended to monoxenically cul-
tured strains. In 1998, Addy et al. (1998) demonstrated that the extraradical
hyphae of G. intraradices produced monoxenically were able to survive at
—12°Cwhen slowly cooled prior to freezing. In 2000, Declerck and Angelo-
Van Coppenolle (2000) succeeded in the cryopreservation of monoxenically
produced spores of G. intraradices (Fig. 1) by adapting the shoot tip, al-
ginate bead entrapment system (Niino and Sakae 1992; Chandler 1994) to
G. intraradices. The use of cryoprotectant followed by slow (to —4 °C) and
fast (to —100 °C) freezing steps allowed 100% germination rate and mycor-
rhizal establishment. This demonstrates the ability of the entrapped spores
to reproduce the fungal life cycle after cold treatment. Although the latter
method was shown to be promising, further studies are necessary to include
data on long-duration cryopreservation periods, i.e. allowing permanence
of living cultures without morphological or physiological changes. In ad-
dition, such methods as well as derivatives thereof should be extended to
other strains from all genera, with scrupulous attention to the strains which
fail to be subcultured over several generations (Table 1), or those with low
sporulation levels.

6
Strengthsand Weaknesses of Monoxenic Culture Collections

Taking into consideration the two prerequisites, the VIPS control measures
and the potential of propagules to be preserved for long periods, monox-
enic cultures evidently gain in strength and will become an absolute must
for germplasm collections in the near future. Nevertheless, the current
development of this technology still faces some major problems, which
must first be overcome. Table 2 summarizes the strength and weaknesses
of monoxenic versus in vivo culture collections.

Pot cultures present the advantage of being usable, with some excep-
tions, for the vast majority of species from all genera with production of
spores and potential for subcultivation. For instance, the species diversity
in INVAM is considerable, with nearly 70 species described and 45 still
to be described. Similarly, the BEG has over 200 isolates, representing
nearly 50 species. By contrast, monoxenic cultures (if one refers uniquely
to published papers and following the rules addressed above) represent
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Table 2. Strengths and weaknesses of monoxenic versus in vivo AM fungi germplasm
collections

Pot culture Monoxenic culture

Strength Weakness Strength Weakness
Prerequisite
Life cycle Most strains Time and space  Increasing Numerous
completion consuming- amount of strains with
destructive species and few spores
sampling non-destructive

Sub-cultivation

Most strains

Time and space

observation

Time and space

Some strains

maintenance consuming— saving, and resistant to
destructive non-destructive  subculturing
sampling observation
VIPS
Viability Numerous Requires Easy to Low sporul-
(germination strains substrate assess ation level for
potential) maintained sampling some strains
Identity Classical tools ~ Limited array Multidis- None
comparableto  of descriptive ciplinary
literature tools approach
Purity None Not guaranteed  High None
Stability Relatively Space and time ~ Same growth Sub-cultiva-
easy to consuming conditions tion may de-
maintain throughout crease infec-
generation tivity and
effectiveness
Long-term Demonstrated ~ High risks of Feasible Investigated
preservation for various contaminants for one
species and published
genera species

only 15 species, among which only 5.5% - compared to the 180 species
recorded - are actually known to be adapted for continuous culture by
subcultivation. This low number, however, is counterbalanced by a consid-
erably higher number of unpublished or even unidentified species, as well
as by the improvement of cultivations techniques this last decade, which
promises to increase the number of species further. The reduced time and
space required for the maintenance of monoxenic cultures, once they are in
vitro, offer an indubitable advantage over pot cultures. We calculated that
a simple, dark growth chamber with a volume of 2 m® would be enough to
maintain five replicates, i.e. five Petri plates, of all the 180 known species,
while a surface of approx. 100 m? would be necessary for the same amount
of in vivo cultures. In addition, once in culture, monoxenic species need no
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manipulation and should be processed only once a year for subcultivation,
while the host plant under in vivo conditions needs regular feeding with
water and nutrients, and cleaning and managing against parasites, with
a high risk of cross-contamination.

Once the AM fungi have been shown to be cultivable and subcultivable
over several generations, thus adapted to enter a culture collection, se-
vere quality measures should be applied. This total quality management of
a strain is summarized in four properties, which are (1) viability, (2) iden-
tity, (3) purity and (4) stability. In vivo culturing offers strong material for
viability assessment and for decades has been the preferred material for the
identification of species. However, the below-ground and obligate nature of
AM fungi has often restricted identification tools to classical morphology.
Techniques such as sequencing of SSU and LSU genes, although promising
and powerful, have often resulted in misinterpretation, due to the difficulty
of excluding the presence of fungal contaminants. As a result, a number
of misleading AM fungal sequences have been obtained, some clustering
outside the glomeromycotan taxon (Redecker et al. 1999; Hijri et al. 2002).
Other techniques such as fatty acid and sterol profiles, although inconclu-
sive for identification at the species level, are seldom adopted, because of
microbial contaminants. In addition, the extraradical mycelium architec-
ture, and sporulation dynamics may represent additional tools for complete
description of AM fungi, but these are difficult to use with in vivo cultures.
The monoxenic culture offers unique material for multiple descriptive ap-
proaches, as demonstrated for G. proliferum (Declerck et al. 2000). This
material is highly suitable for assessments of morphology, ultrastructure
and spore ontogeny. The absence of undesirable micro-organisms makes
this material ideal for molecular as well as biochemical analyses. Finally, the
possibility of non-destructively following the fungal life cycle helps to add
new tools based on mycelium development and architecture and sporu-
lation processes. A major weakness of in vivo cultures lies in the purity
of the strains, which is difficult to guarantee. Cultures need to be started
with mono-propagules and purity assessed at regular intervals, since AM
fungal contaminants may appear transported through the air, or from in-
sects, watering, pot sampling, or simply daily management. In addition, pot
cultures are always contaminated with bacteria and frequently with sapro-
phytic fungi, which reduces the level of purity of these cultures. As long
as cultures are started with a disinfected, contaminant-free single spore
or vesicle, the purity of monoxenic cultures is almost guaranteed. Con-
taminants may sometimes appear but are easily detectable on the gelled
medium, and these cultures can be withdrawn. The stability, i.e. the preser-
vation of all symbiotic fungal properties, is difficult to maintain in vivo
as well as with monoxenic cultures, once the organism is transposed to
growth conditions which differ from the natural situation where it evolved.
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Moreover, different AM fungal strains appear to vary considerably in their
stability from generation to generation, as is the case with G. intraradices
(Chabot et al. 1992) and G. versiforme (Plenchette et al. 1996). Such results
should be considered with the highest vigilance, however, since no thorough
investigation was conducted on other strains cultured under monoxenic
conditions and, in both cases, no analysis on genetic stability has ever been
done with successive generations. The only reliable method to preserve,
almost with certainty, the original properties is the long-term preservation
using systems which halt the metabolism. This aspect needs strong im-
provement for AM fungi cultured monoxenically. Cryopreservation, nowa-
days the most reliable way to maintain species over long periods, is routinely
applied at INVAM, while for monoxenic cultures it has been reported suc-
cessful for only one species producing high numbers of spores (Declerck
and Angelo-Van Coppenolle 2000). Long-term preservation using blocks of
gel stored at 4 °C or regular subcultures is nowadays the common method
used in GINCO. Thus, research efforts oriented towards simple and reliable
methodologies to cryopreserve monoxenic-maintained AM fungal strains
are necessary to implement in vitro germplasm collection plans.

7
Conclusion

Germplasm collections, whichever micro-organism is concerned, are an
indisputable means to preserve biodiversity, and to improve knowledge on
organism properties which may be of direct importance for human beings,
as well as for the general welfare of humanity. AM fungi are a particular
group of soil micro-organisms which cannot be cultured in the absence of
a suitable host. Therefore, germplasm collections are often based on pot
cultures, which have shown their importance for decades. The emergence of
monoxenic cultures and the increase in cultured strains offer a unique op-
portunity to enter AM fungi into a new era of quality management, partic-
ularly adapted to germplasm collections. The reader should be convinced,
as we are, that in vivo and monoxenic culture collections are essential and
share, as they function today, complementary properties which should be
exploited in the sense of preservation, management and investigation of
this important group of soil fungi. Therefore, whichever type of collection is
solicited, we plead for the international community to register their strains,
and to refer to species located in a collection with a clear number identifi-
cation, this to facilitate tracing in experimental studies and the compilation
of information linked to each species used. Only by working along these
lines will the international community benefit from teams dedicated to the
preservation of biodiversity of this prominent group of micro-organisms.
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The Monoxenic Culture
of Arbuscular Mycorrhizal Fungi
as a Tool for Systematics and Biodiversity

Yolande Dalpé', Sylvie Cranenbrouck?, Sylvie Séguin’,
Stéphane Declerck®

1
Introduction

Arbuscular mycorrhizal (AM) fungi systematics and biodiversity studies
are amongst areas triggered by the monoxenic culture of AM fungi. The
diagramin Fig. 1 schematises the interactions between systematics and bio-
diversity studies where monoxenic culture can support research advances,
from fundamental taxonomy to field application.

During the last decade, an increasing number of strains and species
have gradually been made available, and monoxenic cultures of AM fungi
have repeatedly demonstrated their suitability for multiple types of in-
vestigations. In terms of systematics, monoxenic cultures provide access to
abundant and high-quality fungal material suitable for taxonomic and evo-
lutionary studies (Fortin et al. 2002). In terms of biodiversity, monoxenic
cultures provide a tool for basic comparative analyses of root populations
and strain potential, long-term propagation capabilities, and fungal adap-
tation to environment. As such, monoxenic culture systems are gradually
emerging as a complementary and indispensable tool to investigate AM
fungi.

The two major objectives of this chapter are to describe the involvement
of AM fungi monoxenic cultures in systematics and biodiversity studies,
and to identify working fields where monoxenic cultures may fill some gaps
which impede the development of a wide array of characterization tools for
classification purposes and functional symbiosis evaluation.
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Systematics

2.1

Species and Strain Availability

The monoxenic culture methodology has improved tremendously since the

pioneering investigations of Mosse (1962) in the early 1960s, followed by
several studies in the 1970s and 1980s (Mosse and Hepper 1975; Hepper
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and Mosse 1980; Hepper 1981). For the past two decades, several AM fungal
species were claimed to have been cultivated monoxenically (Fortin et al.
2002), but some did not support spore production and most were not sub-
cultured successfully over long periods. For the unique Glomus intraradices
species, several dozen of strains are maintained under monoxenic cul-
ture, and for dozens of generations. Species having small-diameter, thin-
walled morphotypes, often but not exclusively established in monoxenic
culture using the intraradical phase as inoculum, are usually grown easily in
monoxenic culture and adapted to sub-cultivation. By contrast, large-spore
species such as Glomus mosseae, Glomus caledonium, and Acaulospora and
Scutellospora representatives, habitually established in monoxenic culture
using spores as inoculum, are often shown to gradually lose their colony
vitality and decline after two to three subcultures. This is the case with,
for example, A. rehmii, S. erythropa, G. caledonium, G. mosseae and Gi-
gaspora spp. (Dalpé and Declerck 2002; Trépanier and Dalpé, unpublished
data). Reasons for the difficulty in obtaining long-term maintenance of
most large-spore isolates under monoxenic cultivation remain a matter of
speculation. This may be associated, in the case of A. rehmii, with a re-
duced extraradical hypha (EH) network (Dalpé and Declerck 2002), with
the inappropriateness of nutritional and/or environmental culture condi-
tions, and with the mis-adaptation of those isolates to the excised root
system.

2.2
Fungal Mycelia and Spores

Owing to its inaccessibility, the systematic value of AM fungal colonies
has always lagged behind in situ observation using soil-based cultiva-
tion methodologies. With monoxenic cultures, the in situ and ongoing
micro-scale monitoring of fungal growth can easily be undertaken. Stud-
ies can now be performed on (1) the global mycelium architecture of
fungal colonies, (2) the micro-morphology of elements constituting the
mycelium, (3) the kinetics of development of colonies and of fungal struc-
tures, and (4) the intra- and interspecies comparison of the EH architec-
ture.

The comparative morphology grid of Table 1 shows that AM fungal iso-
lates share a common, general mycelium phenotype with runner hypha
(RH) skeletons, branched hyphae (BH), branched adsorbing structures
(BAS), and vesicle-like structures (VLS), all elements differentiated un-
der a growth continuum with no real, ordered pattern. Major differences
between AM fungal cultures deal with the mycelium architecture, such
as hyphal network density, pattern of ramification, spore abundance, and
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positioning and clustering of spores. Large-spore species usually exhibit
aless dense mycelium and fewer anastomoses. VLS vary, from one isolate to
another, by their size, shape and wall pigmentation. Stunted BAS, together
with typical Paris-type root colonization, characterize G. caledonium iso-
lates (Karandashov et al. 2000).

Spore maturation of monoxenic cultured AM fungi follow similar on-
togeny steps as pot-culture ones. Differences reside essentially in the
clean, contaminant-free quality of monoxenic cultured spores, with abun-
dant fungal material available at precise age and physiological stages. The
monoxenically cultured species comparison of Table 1 shows them read-
ily segregating between large- and small-spore species in terms of their
apical mode of development, their single spore differentiation, and their
low sporulation levels. By contrast, smaller spore species present a variable
growth pattern, mainly with intercalary sympodial spore growth, clustered
spores, and high sporulation levels. With the current limitation of morpho-
logical spore features able to sustain morphological characterization of AM
fungi isolates, such culturing characteristics may become taxonomically
valuable tools once proven to be stable, i.e. heritable through generations
and growing conditions.

The stability of the ontogenetic intercalary spore character, through suc-
cessive subculturing, brought de Souza and Berbara (1999) to suggest that
this feature may represent a divergent group among Glomus species, based
on rDNA 18S categorization. This hypothesis has never been demonstrated,
due mainly to the restricted number of monoxenically cultured isolates in
the Glomus subgroups B proposed by Schiifiler et al. (2001). None of the di-
morphic species described have yet been cultivated in monoxenic cultures;
such investigations would help to clarify their taxonomic status. Sporocarp
development under monoxenic culture has been detected with a G. sinuo-
sum isolate, and initiation of peridial hyphae observed with a G. mosseae
isolate (Wu and Dalpé, unpubl. data).

Spore wall morphology of monoxenically differentiated spores does not
differ fundamentally from field-collected ones, apart from the lower mean
spore diameter measured for some AM fungal isolates (Chabot et al. 1992;
Pawlowska et al. 1999). With monoxenic cultures, all elements of spore
wall architecture remain observable throughout maturation, including the
evanescent outer wall, usually absent in soil-propagated AM fungal spores,
due to abrasion and/or digestion by soil micro-organisms. The identifica-
tion performance of AM fungi, using spore morphology and wall anatomy,
has resulted in the accumulation of described species, but simultaneously
in a reduced capability to segregate between species. Identification, quite
difficult to achieve with field-collected spores, is not really simplified with
monoxenic cultures. However, descriptions and tentative identifications
rely on whole colony parameters, with access to spore ontogeny and spore
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maturation data, resulting in a better evaluation of the taxonomic weight
of retained characters.

Monoxenic cultures eliminate constraints induced by abiotic growing
conditions and, as such, help to distinguish heritable from acquired charac-
ters. The comparative analysis of cellular and subcellular changes in colony
architecture, when isolates are submitted to different host roots, would help
to segregate between plant- and fungal-driven characters. However, care
should be taken with the interpretation of such data, because of pheno-
typic and genotypic differences at fungal isolate level (Cranenbrouck et al.
2000). Morphotyping AM fungal colonies may be taxonomically efficient,
but only if host-related behaviour and environmental culture conditions
are uniform.

23
Biochemical Studies

The usefulness of the integrated analysis of genotypic and phenotypic
characters has been emphasized for the study of fungal systematics and
evolution within major groups of fungal organisms. The multiplicity of
analysis to which monoxenic cultures can be adapted make such multidis-
ciplinary investigations achievable. AM fungi lipid content may reach up
to 60% of the fungal biomass and, as such, these are considered oleaginous
fungi (Sancholle and Dalpé 1993). Fatty acid profiles were demonstrated
to be stable through successive fungal generations and with different host
partners (Bentivenga and Morton 1994). The A-11 hexadecenoic acid (16:1
A-11), never detected in any fungal organism other than Glomus where
it constitutes 40-80% of total fatty acids, has been considered a potential
qualitative and quantitative indicator of Glomus root colonization (Gas-
par et al. 1997; Jansa et al. 1999) and soil distribution (Olsson 1997).
However, the C16:1 @5 fatty acid spore content was found to be much
higher in juvenile than in mature spores of G. intraradices (Grandmou-
gin et al. 1996), thus generating mis-interpretation of the spore fatty acid
profile through time. A recent study, which used monoxenic cultures, has
established that the increment of 24-methyl/methylene sterols was an ap-
propriate indicator of AM-colonized transformed roots (Fontaine et al.
2004).

Fatty acid methyl ester (FAME) profiles were investigated in view of de-
veloping tools for species identification (Graham et al. 1995; Bentivenga
and Morton 1996). As for the other fungal taxa investigated, AM fungal
discrepancies in lipid profiles between juvenile and mature spores, and
the variability encountered between isolates of one same species, revealed
such chemotaxonomic approaches valuable in discriminating only at the
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family level. Fungal sterol profiles have rarely been considered as potential
taxonomic tools. AM fungi exhibited a rather stable profile through species
(see Sancholle et al. 2001 for a review). Cholesterol, 24-ethylcholesterol,
24-methylcholesterol constitute the primary sterols of AM fungal spores,
but variable levels at the isolate level are not supportive of any taxo-
nomic distinction. The 24-ethyl and methylcholesterol AM fungal profile,
together with the demonstrated absence of ergosterol, supported the grad-
ually adopted position of AM fungi as a primitive order of Zygomycetes
(Grandmougin et al. 1999), and is well served by their separation from
Zygomycota and placement in the phylum Glomeromycota (Schiifiler et al.
2001).

It has been recently proposed that protein profiles of AM fungi may
constitute an accurate tool to characterize species, as this did appear sta-
ble through successive fungal generations of a single isolate, and between
isolates of different geographic origins and storage conditions (Avio and
Giovannetti 1998; Xavier et al. 2000; Giovannetti et al. 2003). To date,
this promising protein fingerprinting tool has been investigated only with
soil-based propagated material. Although proteins are considered a use-
ful tool in discriminating between isolates and/or species, their profiles
vary considerably during life cycle stages (Avio and Giovannetti 1998).
Investigations performed on monoxenically propagated AM fungi would
allow to follow the chronology of protein profiles through stages of fun-
gal development, and to confirm the potential value of protein profiles as
a stable complementary tool to morphological and phylogenetic studies.
Similarly, species-specific isozymes have been found to be potentially use-
ful to discriminate between AM fungal species, using root-colonized tissues
(Tisserant et al. 1998; Kjoller and Rosendahl 2000). As with lipids, sterols
and proteins, isozyme detection was found to vary according to fungal
isolates and plant physiological status.

2.4
Molecular Studies

Since the early 1990s, molecular studies of AM fungi showed a rapid expan-
sion which had a profound effect on mycorrhiza studies, particularly in the
field of phylogenetic analysis. Molecular techniques based on PCR enable
amplification of nucleic acids using minute amounts of fungal material, as
little as single spores. Trials to adapt PCR-based techniques to AM fungi
detection and identification faced new challenges. The first AM fungi genes
to have been sequenced were the small subunit rRNA gene (SSU) and the
rDNA comprising ITS1, 5.8S and ITS2 positioned between the 18S and 285
regions.
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The SSU and ITS were targeted for most phylogenetic analyses (Si-
mon et al. 1993; Lloyd-MacGilp et al. 1996; Redecker et al. 1997). Specific
primers were designed from the sequence data of SSU and ITS genes, en-
abling detection and identification of AM fungi species from spores and
colonized root material (Sanders et al. 1996). Other taxonomic DNA-based
approaches were the random amplification of polymorphic DNA (RAPD)
analyses with the development of species-specific primer pairs (Lanfranco
et al. 1995; Abbas et al. 1996). Detection of AM fungi from soil, includ-
ing genetic variations, was also performed with amplified fragment length
polymorphism (AFLP; Rosendahl and Taylor 1997; Koch et al. 2004), and
microsatellite PCR (Douhan and Rizzo 2003 ). Most of these experiments
were conducted with AM fungi DNA originating from pot cultures, with the
consequent high risk of contaminant sequences and mis-interpretations of
phylogenetic trees (Schiifiler et al. 2003).

With the advent of monoxenic cultures of AM fungi, the availability of
successive generations of contaminant-free material generated diversified
and strengthened molecular studies. For example, Corradi et al. (2004),
studying the monophyly of B-tubulin and H+-ATP gene with AM fungi
monoxenic cultures, described two B-tubulin and one H+-ATP genes re-
spectively, in contrast to previous investigations, in which three B-tubulin
(Rhodyetal.2003) and five H+-ATP genes (Ferrol et al. 2000) were recorded.
Corradi and coworkers argued that the additional forms of B-tubulin and
H+-ATP genes most likely originated from contaminants.

Recently, the SSU and LSU relationships between four G. intraradices
isolates and five G. intraradices-like isolates cultured monoxenically have
been studied by Cranenbrouck et al. (unpubl. data). The results of the SSU
sequencing showed a high intraspecific variation in the LSU, as previously
described for other Glomus species from pot culture (Clapp et al. 2001),
but all the strain sequences formed a homogeneous group, including the
G. intraradices sequence. These data gave the same arrangement as the SSU
data in which all studied strains clustered together with a G. intraradices
and a Glomus fasciculatum sequence belonging to the Glomeraceae group
A as defined by Schiifller et al. (2001). No sequence was found outside the
Glomeraceae group A. This demonstrates the indisputable benefit of us-
ing monoxenically cultured species. To date, this is the only system which
offers long-term maintenance of the fungi, under strict controlled con-
ditions, without contamination and which permits comparative analysis
of morphological, phenotypic, biochemical and molecular studies of one
same isolate (Declerck et al. 2000; Koch et al. 2004). However, in phyloge-
netic studies where it is important to compare a large number of different
species, itisimportant to increase the diversity of AM fungi species cultured
monoxenically.
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From a taxonomic point of view, it is imperative to crosscheck species
characteristics of monoxenic and pot-culture systems, as fungal char-
acteristics may result from environmental adaptation, leading to mis-
interpretation of fungal identity. With this view, very few specific primers
for AM fungi detection and identification have been developed with monox-
enic culture. Filion et al. (2003) and Alkan et al. (2004) developed, for
example, PCR primers which allow to detect and quantify the fungus G. in-
traradices in soil using the powerful technique of real-time PCR.

3
Biodiversity

The monoxenic cultivation system may, at first glance, not be considered an
efficient biodiversity working tool in soil ecosystems. On due reflection, this
system may be eminently useful and provide considerable support to biodi-
versity studies by (1) improving trapping procedures of root-inhabiting AM
fungi, (2) providing comparative analysis of AM fungi micro-morphology,
and (3) evaluating isolate functional diversity relative to mycorrhizal po-
tential and interactions with the environment. Such a multidisciplinary
research tool fits quite well with the claimed usefulness of combining
multiple methodologies to help unravel the complexity of diversity stud-
ies.

3.1
Trapping of Isolates

Soil AM fungi inventories revealed a surprisingly diverse community, as up
to 37 AM fungi morphotypes were trapped from an old, abandoned field
by Bever et al. (2001), and 24 AM fungi phylotypes were recovered from
roots of two plant species from a grassland ecosystem by Vandenkoorn-
huyse et al. (2002). Up to three AM fungal isolates of different morpho-
types were cultivated monoxenically from 4-5mm long root segments
taken from a single field-collected plant. Roots of the same origin, once
pot-cultured, generated quite similar numbers of fungal isolates but not al-
ways representing the same morphotypes (Dalpé and Séguin, unpublished
data). Such comparisons revealed the complementary role of monoxenic
cultures over pot to trap AM fungi, one major advantage residing in the
much reduced time lapse required to obtain monoxenic AM fungal cul-
tures, with enough clean fungal material to perform reliable biochemical
and molecular analyses. Unfortunately, not all root-inhabiting AM fungi
are easily established in monoxenic culture and, as for pot-culture propa-
gated fungi, not all AM fungal isolates survive to successive subculturing.
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This is the case with several Acaulosporaceae and Gigasporaceae species
isolates (Dalpé and Declerck 2002; de Souza and Declerck 2003) as well
as with some large-spore species of the Glomus genus. There is in that
area a tremendous need to improve cultivation methodologies, notably in
developing specific growth media capable of long-term maintenance of
cultures.

In terms of AM fungal population studies, there is probably no single
case where a full inventory of soil diversity has been achieved. Nonethe-
less, because of the many advantages attached to AM fungal trapping with
monoxenic cultures - amongst others, a constant availability of clean fungal
material, an excellent suitability for biochemical and molecular investiga-
tions, and a reliable and affordable methodology whose practice requires
only basic laboratory equipment - this technology should indeed be seri-
ously considered when biodiversity studies are planned.

3.2
Micro-Morphology

Mycorrhizal associations are recognized as regulators of the structure and
functioning of plant communities (Klironomos et al. 2000). Therefore,
knowledge of factors influencing AM fungi behaviour gains importance
for understanding taxonomic and functional diversities of whole ecosys-
tems. The establishment of AM fungal colonies under monoxenic condi-
tions probably constitutes the simplest working system available for micro-
morphology in situ studies, where a one-to-one organism interaction can
be scrutinized. Of course, the monoxenic system would never allow large-
scale investigations with intensive surveys and evaluation of elements which
regulate ecosystem processes. Its performance remains restricted to micro-
scale studies, to fungal isolate behaviour and simulations of environmental
growing conditions.

Colony architecture, intensively described for G. intraradices (Friese and
Allen 1991; Bago et al. 1998), is shared by all AM fungal isolates cultivated
monoxenically (Chabot et al. 1992; Declerck et al. 2000; de Souza and
Declerck 2003; Declerck et al. 2004). Elements of interest come from the
variability of colony architecture between isolates, in response to biotic and
abiotic factors, which allow direct evaluation of the fungal isolate studied.
Whatever nutritive or environmental factors are concerned, the system
allows in situ observation and direct measurement on AM fungi. With easy
accessibility to test fungi, all kinds of measurements can be performed on
a variety of AM fungi, providing the basis for isolate evaluation suitable to
guide users in the choice of adapted isolates for specific purposes.
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3.3
Functional Diversity

AM fungal diversity studies may be achieved by evaluation of either soil
fungal biomass, species diversity or species functionality, depending on the
objective. Diversity studies can be performed with molecular-based iden-
tification tools such as phylogenetic analysis. Such approaches, however,
represent an initial step only, as the data obtained refer to species detec-
tion and amplitude of diversity. When applied investigations are foreseen,
there is an absolute need to have the fungal elements of this diversity at
hand. This is where monoxenic cultivation becomes advantageous for the
establishment of referenced monoxenic cultures.

The evaluation of fungal diversity is not limited to taxonomy data. The
practical measurement of functional diversity can be provided by traits
associated with functional symbiosis, such as strain adaptability to me-
dia, environment and soil micro-flora. As such, screening among AM fungi
monoxenically cultivated isolates for specific functionality can lead to prob-
ing for genes which code for a chosen functional symbiotic ability.

With the monoxenic cultivation technology, practitioners have access to
avariety of measurable elements suitable for strain performance evaluation.
For example, the paradoxical limited independent growing ability of some
AM fungi strains may favour their mycorrhizal effectiveness because they
can survive longer when the plant host remains non-accessible (Strullu
et al. 1997). The rate of appressorium formation by the pre-symbiotic
mycelium improves root opportunity to be colonized (Giovannetti and
Citernesi 1993). Vegetative compatibility between AM fungal isolates is de-
tectable through anastomoses, which have been detected in all AM fungal
genera cultivated monoxenically (Chabot et al. 1992; Diop et al. 1994; De-
clerck et al. 2000; de Souza and Declerck 2003; Declerck et al. 2004). This
self-anastomosing property may be a powerful tool to perform compar-
ison of population diversity at the very fine level of fungal isolates, and
to provide data on the spatial distribution of a specific isolate. However,
major restrictions come from the fact that such investigations are highly
time-consuming, without providing any assurance of the reliability of data
collected.

Observations of the developmental dynamics of the EH and root colo-
nization activity are recognized to provide a direct evaluation of the mycor-
rhizal potential of strains (Dodd et al. 2000). With monoxenic cultures, the
lengths of colonized roots have been correlated with EH and spore density
(Mugnier and Mosse 1987; Mathur and Vyas 1999; Pawlowska et al. 1999;
Glorian 2002). Such results are complemented by a successful dual culture
of a high- (G. intraradices) and a low-sporulating (Gigaspora margarita)
isolate, each found to occupy its own niche, without interacting with each
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other (Tiwari and Adholeya 2002). EH density, therefore, as observed under
monoxenic cultivation, may be retained as a potential AM fungal perfor-
mance indicator and, with such a scenario at hand, vegetative hyphae of
non-sporulating strains would have the same weight as sporulating ones,
avoiding any biased evaluation due to sampling procedures.

Technically, EH evaluation can be performed by direct estimation of
mycelium density with the help of UV autofluorescence (Sejalon-Delmas
et al. 1998), and by histochemistry methods. For example, succinate dehy-
drogenase activity measures viable intraradical fungal structures (Schaffer
and Peterson 1993), fluorescein diacetate is suitable for active cell detection
(Dickson and Smith 1998), alkaline phosphatase is used to evaluate the
symbiotic efficiency of fungal colonization (Tisserant et al. 1993), and neu-
tral red staining to detect arbuscules (Guttenberger et al. 2000). Carbon,
nitrogen, phosphorus and heavy metal absorption and transport can be
monitored with monoxenic cultures (Villegas et al. 1996, 2001; Pfeffer et al.
1999; Nielsen et al. 2002; Labour et al. 2003; Rufyikiri et al. 2003), providing
access simultaneously to information on substrate acidification and fungal
growth and morphology changes (Bago et al. 1996).

AM fungal host-dependent behaviour has been observed under monox-
enic culture (Bécard and Piché 1989; Schreiner and Koide 1993). The
sporulation intensity, root colonization levels and EH propagation of G. in-
traradices isolates varied according to the transformed tomato lines used
(Labour et al. 2003). Host-dependent behaviour can also be attributed to
root anatomy. For example, the thick root epidermis of an Echinacea pur-
purea root culture reduced hyphal tip ability to establish symbiotic contact
(Dalpé and Séguin, unpubl. data). The differentiation of Paris-type root
colonization with carrot root cultures colonized by G. caledonium isolates
(Karandashov et al. 2000) confirmed the findings of Cavagnero etal. (2001),
attributing to both symbiotic partners the control of AM fungal morphol-
ogy. On the other hand, how mycorrhizal plant dependency would influence
AM fungal behaviour remains to be investigated with comparison of AM
fungi monoxenic culture response to tomato and carrot root culture having
low and high mycorrhizal dependency respectively.

AM fungi share the rhizosphere with a diversity of organisms, all partic-
ipating in soil formation and soil fertility. The AM fungi monoxenic culti-
vation system allows the decortication of such a complex system. Species-
to-species interactions can be isolated, and measurements performed at
both organism and cell levels. Such an approach will never mimic the
complexity of natural systems, but may provide species-to-species follow
up of the organisms’ morphological and nutritional behaviour, leading to
a better understanding of biodiversity. Control of rhizosphere interactions
by both competition and synergy has been observed with monoxenic cul-
tures. Improved disease resistance (Benhamou et al. 1994; Elsen et al. 2001),
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enhanced spore and conidial germination of Fusarium and Trichoderma
isolates (St-Arnaud et al. 1995; Filion et al. 1999), increased stimulation
of AM fungal spore germination, and hyphal growth and assimilation of
low-soluble P in the presence of soil bacteria (Mayo et al. 1996; Villegas and
Fortin 2001; Hildebrandt et al. 2002) have been recorded.

4
Conclusion

As schematized in Fig. 1, systematics and biodiversity are closely interre-
lated at taxonomic, genetic and physiological levels. Any traits useful to
characterize isolates, species or populations provide information at one or
the other level of mycorrhizal organization. Exhaustive investigations on
systematics and biodiversity using monoxenic cultures remain dependent
on the successful cultivation of a maximum number of AM fungal strains,
representing a large array of existing spore morphotypes and species ge-
netic categories. The access to such AM fungal monoxenic culture collec-
tions would provide a tremendously useful tool for comparison of culture-
independent approaches (molecular) with tangible AM fungal reference
material, to precisely characterize species and isolate elements, thereby al-
lowing reliable taxonomic studies based on the cross-comparison of data
generated from multidisciplinary approaches. Moreover, such banks of
inocula would constitute a major key tool for the evaluation of fungal my-
corrhizal potential, the development of selected strain performance, and
the probing for selected genes.
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4 Life Cycle of Glomus Species
in Monoxenic Culture

Yolande Dalpé', Francisco Adriano de Souza?, Stéphane Declerck®

1
Introduction

With respect to the Glomeromycota taxonomy, the genus Glomus includes
close to 110 described species, making this genus the most important of the
order Glomerales (Schiifller et al. 2001). As a consequence, a large number
of research investigations on AM fungi are based on Glomus species isolates.
Even though a limited number of species are cultivated under monoxenic
culture, a huge amount of knowledge has already been generated to draw
a reliable picture of their life cycle.

The potential of this technology, although still in its infancy, has al-
ready influenced and stimulated research investigations notably in colony
growth kinetics and sporulation (Fortin et al. 2002). With respect to the
Glomus species life cycle, this review is subdivided into four major sections:
(1) the spore germination, (2) the pre-symbiotic stage, (3) the host root
connection, and (4) the symbiotic stage.

2
Life Cycle

Obligate biotrophism triggered the acquisition by arbuscular mycorrhizal
(AM) fungi of ingenious morphologies enabling them to survive in the
absence of host plants, to adapt to a variety of plant host partners, and
to allow synergy with other AM fungal species. For a given monoxenic
culture, all phases of the fungal life cycle simultaneously exist and interact
with each other. The knowledge we have about the Glomus spp. life cycle,
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originating from either in vivo or in vitro systems, remains somehow frag-
mented between intraradical (root colonization) and extraradical phases
(mycelium and sporulation). Methodologically, investigations using in vivo
technology are preferentially oriented towards the intraradical phase, with
essentially imprecise spore counts as available extraradical data. With the
in vitro system, both the intra- and the extraradical phases can be studied,
with access to repetitive and non-destructive measurements.

Existing descriptions of AM fungallife cycles are based on morphological
observations done either with agar-coated glass slides buried in soil (Powell
1976), with surface-sterilized spores grown in sterile substrate (Garriock
etal. 1989) or with monoxenic cultures (Strullu et al. 1997). In the latter case,
the proposed life cycles are based on the germination potential of fungal
propagules (Strullu and Romand 1986, 1987), linked to species description
(Chabot et al. 1992; de Souza and Berbara 1999; Pawlowska et al. 1999;
Karandashov et al. 2000; Declerck et al. 2000), nuclei mycelium behaviour
(Bago et al. 1999a), and nutritive and environmental conditions (Bago et al.
1996, 1999b; Hildebrandt et al. 2002).

3
AM Fungi Propagule Germination Stage

The AM fungi propagules found capable to germinate, to differentiate
mycelium, and to complete the fungal life cycle are the spores, either from
inside roots or isolated from the rhizosphere, and the intraradical vesicles,
either isolated from the roots or still embedded within tissues of colonized
roots. AM fungi hyphae from the peridium and the intraradical mycelium
also are suspected to have a regeneration power. As germinating fungal
propagules originate, most of the time, from non-sterile substrate, this
section is based on data usually obtained from surface sterilized material,
and not necessarily from monoxenic cultures.

The long-term survival of AM fungi spores in soil has been associated
to their thick wall architecture and their capacity to easily fall into dor-
mancy (Tommerup 1983). Factors involved in AM fungal spore dormancy
have been attributed to ageing, physiological status, and harvesting time
(Hepper and Smith 1976; Tommerup 1983; Hardie 1984). Breaking dor-
mancy can be achieved by stratification at 4 °C (Camprubi et al. 1990; Juge
et al. 2002). A 50% decrease in polyamines content was registered during
spore cold treatment, and polyamine treatment did not affect the spore
germination potential (El-Ghachtouli et al. 1996).

Glomus spore germination and germ tube elongation are usually not
affected by the plant host (Schreiner and Koide 1993; Logi et al. 1998;
Giovannetti and Sbrana 1998). Glomus spores may take between a few days



Life Cycle of Glomus Species in Monoxenic Culture 51

Fig.1. Scanning electron mi-
croscope: spore germination
through the subtending hyphal
wall, G. intraradices spore (bar
=7 pm)

up to 6 months to germinate. Germination rates may remain as low as
2-10%.

Germination usually proceeds by the forcing of the inner spore wall
through the lumen of the subtending hyphae (Gilmore 1968; Meier and
Charvat 1992; de Souza and Berbara 1999), directly through the spore
wall (Tommerup and Kidby 1980), or the subtending hyphal wall (Giovan-
netti et al. 1991; Fig. 1). Spore germination gives rise either to a straight,
thick-walled hyphae (de Souza and Berbara 1999) or to stunted hyphae,
depending on the spore physiological status (Juge et al. 2002).

Hydration and metabolism activation are prerequisites for AM fungi
spore germination (Tommerup 1984). Inhibitors of protein synthesis and
of RNA and mtDNA are known to prevent germination (Hepper 1979; Beilby
and Kidby 1982; Beilby 1983). Multiple nuclei in quiescent spores (Cooke
et al. 1987; Meier and Charvat 1992) and active nuclei replication and DNA
synthesis were observed at germination (Bianciotto and Bonfante 1993).
Quiescent spore lipid content reaches 40-60% of their biomass (Sancholle
etal.2001). During germination, de novo synthesis of sterols, diacylglycerol,
phospholipids and free fatty acids occurs (Beilby and Kidby 1980; Gaspar
et al. 1994; Sancholle et al. 2001) whereas triacyl glycerides are consumed
(Gaspar et al. 1994).

Extreme dry or wet environmental conditions inhibited germination
(Siqueira et al. 1985). Neutral pH usually supported or promoted germina-
tion (Green et al. 1976; Tommerup 1983; Pons et al. 1984; Gunasekaran et al.
1987) whereas acidity had an inhibitory effect (Siqueira et al. 1985). Opti-
mum germination temperatures varied in the range 20-30 °C (Daniels and
Trappe 1980; Sheik and Sanders 1988). Oxygen tension over 5% (LeTacon
et al. 1983) promoted spore germination, whereas 5% CO, had no effect.
Non-sterile soil filtrates and soil extract agar improved spore germination
(Daniels and Trappe 1980; Gunasekaran et al. 1987). Flavonoid compounds
(Tsai and Phillips 1991; Leu and Chang 1993; Poulin et al. 1997), low-P
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media (Pons et al. 1984), low glucose concentration, D-galacturonic acid
(Siqueira and Hubbell 1984), 50% sucrose (Vilarino and Sainz 1997), low
xyloglucan concentration (Garcia-Garrida et al. 1999) and thiamin (Hepper
and Smith 1976) increased germination rates. The bacteria Paenibacillus
validus, antagonistic towards soil-borne fungal pathogens (Hildebrandt
et al. 2002), Streptomyces species (Tylka et al. 1991), bacterial contaminants
(Mayo et al. 1986) and nitrogen-fixing bacteria (Tilak et al. 1990) all stim-
ulated germination. Lower mineral content medium (water-agar pH 6.0)
favours germination, while high mineral content or rich media inhibit it
(Budi et al. 1999).

In addition to spores, several other AM fungi propagules have the po-
tential to germinate. The germination of isolated intraradical vesicles was
clearly demonstrated by Strullu et al. (1997), Diop etal. (1994), and Declerck
et al. (1998). Such germination occurred through the lumen of their sub-
tending hypha attachment (Declerck et al. 1998), the germ tubes generating
runner and ramified hyphae similar to those of AM fungi spore. To date, no
systematic investigation has been conducted on factors influencing their
germination. Among other fungal structures capable of re-growth are hy-
phae from the peridium of G. mosseae sporocarps which have the capability
to elongate and differentiate vesicle-like structures (VLS; Fig. 2; Budi et al.

Fig.2. Dissecting microscope: pre-symbiotic hyphae emerging from G. mosseae peridium
with vesicle-like structure (VLS), UV fluorescence (bar = 40 pm)
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1999). Moreover, the “germination” of colonized root segments is currently
used to replicate AM fungi monoxenic cultures (Strullu and Romand 1986,
Strullu et al. 1991). The root vesicles and eventually intraradical spores are
certainly the fungal propagules involved in root segment “germination”,
because colonized root segments deprived of vesicles and spores remained
unsuccessful for propagation

4
Pre-Symbiotic Mycelium Stage

Germ tube growth is dependent on the availability of spore reserves (Bécard
and Fortin 1988; Sancholle et al. 2001), and the protoplasm contains all
the organelles required to ensure development (Meier and Charvat 1992).
This consists of a straight growing hypha (runner hyphae, RH) exploring
the media by successive branchings into thinner-diameter filaments (Diop
et al 1994; de Souza and Berbara 1999; Declerck et al. 2000). In the case
of no hyphal root contact or host signal detection, germ tube growth
stops within a few days (Bécard and Piché 1989b). The protoplasm shrinks
back from the hyphal apex, and is sequestered from the empty hyphae by
repeated septation (Logi et al. 1998). Such germinating attempts resemble
a well-orchestrated survival scenario, providing repetitive chances for the
fungus to establish symbiosis. Low light exposure (Nagahashi et al. 2000),
AM fungal spore content (Hepper 1983), plant cell suspension (Hepper
1979; Carr et al. 1985), root exudates and root volatiles (Bécard and Piché
1989b; Giovannetti et al. 1993), phenols and flavonoids (Tsai and Phillips
1991; Vierheilig et al. 1998), amino acids (Hepper and Jakobsen 1983), and
thiamin (Siqueira et al. 1982) were all found to enhance hyphal branching.
Recently, Tamasloukht et al. (2003) have demonstrated that root factor(s)
isolated from root exudates of transformed carrot roots induce higher rates
of respiration during the pre-symbiotic stage.

Anastomosis is observed during the AM fungi pre-symbiotic stage (Mosse
1988; Hildebrandt et al. 2002). Demonstrated under in vivo conditions as
a fungi segregating factor at the strain level (Giovannetti et al. 2003), veg-
etative compatibility between the hyphae of a single isolate provides an
opportunity for the pre-symbiotic mycelia to connect to the existing soil
hyphal network, insuring survival during the time lapse required to estab-
lish symbiosis.

Vesicle-like structures (VLS) are small, hyaline thin-walled swellings
(Fig. 3) resembling miniature spores (Hepper 1981; Strullu and Romand
1987). Although considered juvenile spores, their germination capabil-
ity has never been demonstrated. Nevertheless, they differentiate along
the pre-symbiotic hyphae of several Glomus monoxenic cultures (Mosse
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Fig.3. Differential interference con-
trast microscope: intercalary vesicle-like
structure (bar = 15 pm)

1962; de Souza and Berbara 1999; Karandashov et al. 2000). For G. clarum,
their abundance increased substantially when germinated spores were in-
cubated with Gluconoacetobacter diazotrophicus cells (Paula et al. 1994).
Hypotheses about the role of VLS range from a survival process during the
pre-symbiotic stage to an aborted sporulation tentative.

Thin-walled, densely branched arbuscular-like structures (ALS), re-
named branched absorbing structures or BAS by Bago et al. (1998b), are
observed along the non-symbiotic mycelium (Mosse and Hepper 1975;
Mosse 1988). According to Bago et al. (1998b), BAS are ephemeral (5-7 day
lifespan), except for those undergoing spore formation events (“spore-BAS”
formation). In contrast to the BAS differentiated on symbiotic hyphae, they
rapidly aborted (Bago et al. 1998a), and have been associated with a sur-
vival reaction aiming to increase nutrient absorption (Mosse 1988) and
have also been attributed a putative saprophytic growth potential (Strullu
et al. 1997).

Spore differentiation on pre-symbiotic mycelium has been rarely re-
ported. A mean of 60 G. versiforme spores were differentiated from germi-
nated, 5-mm-long root segments (Diop et al. 1994), and newly produced
spores were found able to germinate and establish symbiosis. The co-culture
of the bacteria Paenibacillus validus with G. intraradices induced the dif-
ferentiation of several hundred spores which, however, failed to germinate
(Hildebrandt et al. 2002). Such results suggest some ability of AM fungi to
develop in the absence of a host partner.

5
Host Root Connecting Stage

The contact between the root and fungal hyphae may take one to several
weeks to become established (Declerck et al. 1998). Repetitive investiga-
tions under in vivo growth conditions revealed that, once the root-fungi
contact is established, the fungal morphology changes drastically, with
a reorientation of hyphal apical growth giving rise to either a direct en-
try point or to an intensive hyphal branching called “fan-like structure”
(Garriock et al. 1989; Friese and Allen 1991; Giovannetti et al. 1993). II-
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Fig.4. Differential interference
contrast microscope: appresso-
rium with thick-wall extrarad-
ical and thin-wall intraradical

hyphae (bar = 100 pm)

lustrations by Giovannetti et al. (1994) clearly showed the frequent sep-
tation of inflated segmental hyphae resembling appressorium structures.
Such hyphal architecture never developed with non-host plants (Giovan-
netti and Sbrana 1998). Germinating hyphae from colonized root seg-
ments never differentiated fan-like structures but penetrated roots by
single entry points. As suggested by Mosse (1959), germ tubes issued
from spores may require other signals for root colonization, different
from those required by fungal hyphae and vesicles surrounded by root
tissues.

The term “appressorium” refers to swelled or stunted cells differenti-
ated at the contact of host epidermal cells, an easily observable signal of
root recognition (Fig. 4). Under in vivo conditions, appressoria may take
only 36 h to develop after plant-fungus contact is established (Giovan-
netti and Sbrana 1998). As for fan-like structures, appressorium induction
may be controlled by host signals (Giovannetti and Sbrana 1998). Multiple
appressoria can be formed simultaneously, as shown by the capacity of
each “fan-like structure” apex to differentiate appressoria (Powell 1976),
but not all root penetration tentatives resulted in appressorium differen-
tiation (Harrison 1999). Appressorium differentiation has not yet been
studied in AM fungal monoxenic cultures, but the availability to perform
non-destructive observations linked to the testing of host root signals or
thigmotrophism experiments would merit in-depth investigations.

6
Symbiotic Stage

Ingenious in vivo and in vitro settings have been developed to allow the
study of selected symbiotic stages (Hepper and Mosse 1980; Bécard and
Piché 1992; St-Arnaud et al. 1996; Bago et al. 1996; Giovannetti et al. 1999;
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Fortin et al. 2002). So far, all organizational structures described from
in vivo cultures have been observed under monoxenic culture. Specific
information related to the nutrition and metabolism of this life-cycle stage
is treated in other chapters.

6.1
Intraradical Mycelium

From the appressorium structure, one or more hyphae successfully pen-
etrate the cell wall by enzymatic and mechanical activities, sometimes
accompanied by a severe constriction of the hyphae due to the mechanical
resistance of the epidermal cells (Fig. 4). Hyphal penetration may occur
within a few hours and up to 3 days after initial contact with the root.
Based on ultrastructure observations, AM fungi hyphae seem to acquire
flexibility once inside root tissues. However, the hypothesis proposed by
Bonfante-Fasolo (1987) about the non-fibrillar architecture of the intrarad-
ical hyphal wall, and about enhanced chitinase enzyme activity has been
partially refuted by Timonen et al. (2001) who demonstrated the similitude
of extra- and intraradical hypha microtubule bundle distribution. Once in-
side the root, the intraradical mycelium pursues its progression, branching
and anastomosing within the intercellular root space channel of the root
epidermal and cortical parenchyma.

The intraradical vesicles are globose to ellipsoid hyphal swellings differ-
entiated either apically or intercalary along hyphae, in constant connection
with the intraradical mycelium, and positioned intercellularly or intracel-
lularly (Pawlowska et al. 1999; Karandashov et al. 1999). Often surrounded
by a double wall, 1.0-2.5 pm thick (Fig. 5), the vesicles are filled with li-
pidic material and organelles required for autonomous growth (Timonen
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etal. 2001). As such, vesicles are infective propagules capable of generating
afunctioning fungal colony (Strullu and Romand 1987; Diop et al. 1994; De-
clerck et al. 1998). They were observed as early as 5 days and up to 5 months
after symbiosis establishment (Chabot et al. 1992). Comparative analysis
of enzyme-extracted vesicles obtained in pot cultures with monoxenically
grown spores showed comparable mycorrhizal potential; inoculated plants
received the same number of propagules, and both spores and vesicles
received a 15-day cold treatment before inoculation (Nantais 1997). The
role of arbuscules in bi-directional nutrient exchanges with plants makes
them an essential structure for the completion of AM fungi life cycles (Bé-
card and Piché 1989a), a fact which has been confirmed by using mutant
plants (Harrison 1999). In monoxenic cultures, arbuscules differentiated
inside the deeper layer of cortical cells (Mosse and Hepper 1975; Pawlowska
et al. 1999), and exhibited morphological and ultrastructural architecture
(Mugnier and Mosse 1987) similar to those observed in vivo. They may
take between 4 days and up to 1 month to differentiate (Simoneau et al.
1994). Depending on fungal species, host plant root species, and root age,
arbuscules developed either in densely branched structures or remained
vestigial with sparse ramifications (Mosse and Hepper 1975). No precise
data are available on the life expectancy of arbuscules under monoxenic
culture. The monoxenic culture system should considerably facilitate the
observation, at cellular level, of the changes occurring in host plant cells
during arbuscule implantation. Intensive works on the kinetics of their
development, cytoplasmic organization, and metabolism studies such as
done under in vivo conditions by Balestrini et al. (1994) and Blancaflor et al.
(2001) with in vivo material, would find in monoxenic cultures a powerful
and malleable research tool.

In monoxenic cultures, root colonization levels vary according to the root
host plant species and fungal isolates (Simoneau et al. 1994; Glorian 2002;
Elsen et al. 2003). Acidification of the media directly influences AM fungi
development. The pH 5.5 value of standard monoxenic culture systems
might limit the growth of some isolates, but a pH increase in the nutri-
tive media may alter the solubility and balance of the media components.
Buffered media may counteract such weaknesses.

Most monoxenic culture plants support the Arum-type colonization
(Diop et al. 1994; Nuutila et al. 1995; Karandashov et al. 1999; de Souza
and Berbara 1999; Glorian 2002). A paradoxical situation occurs with car-
rot (Daucus carota) root culture, an Apiaceae (Umbelliferae) recognized
to support both Paris- and Arum-type colonization (Smith and Smith
1997), whereby Arum-type colonization is more differentiated. Only one
G. caledonium isolate differentiated Paris-type colonization with a carrot
root culture (Karandashov et al. 2000), and one G. etunicatum isolate had
mixed types and differentiated hyphal coils in the first layer of cortical
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cells (Pawlowska et al. 1999). Paris and Arum morphotypes were for long
considered to be determined by the plant genome (Smith and Smith 1997),
but the typical Paris anatomical type observed in carrot root culture col-
onized by G. caledonium emphasizes the impact of the fungal genome on
the regulation of fungal morphology (Cavagnero et al. 2001).

6.2
Extraradical Mycelium

The establishment of symbiosis under monoxenic culture triggers, within
a few hours, a vigorous extraradical hyphal development and subsequent
differentiation of VLS, BAS and spores (Declerck et al. 1998). The structural
development of the mycelial phase has been described exhaustively by Bago
et al. (1998a), from a single isolate of G. intraradices, and has since been
used as the reference model to which further descriptions are compared.
The basic structure of the mycelium is made of large, straight-growing
thick-walled hyphae named runner hyphae (RH), due to their capacity
to extend rapidly, to colonize the substrates, and to establish root contact
(Figs. 6 and 7). Microscopically, runner hyphae are similar to pre-symbiotic
hyphae. Microscopic cellular and subcellular observations allow detection
of protoplasmic streaming, nuclei migration and organelle morphology
(Mosse 1988; Bago et al. 2001). Hyphae are either single-walled, as with
G. versiforme (Garriock et al. 1989), or double-walled as found through
ultrastructure works on G. fasciculatum (Bonfante-Fasolo and Grippiolo
1982). Both walls showed almost equal thicknesses and separated easily at
hyphal break (Fig. 6). This morphology recalls the hyphae within in vivo

Fig. 6. Differential interference contrast microscope: thick-wall
laminated runner hyphae (bar = 10 pm)
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Fig.7. Differential interference contrast microscope: collapse thin-
wall extraradical hyphae issued from branching of runner hyphae
(bar = 15 um)

propagated hyphae of Lim et al. (1983), where the inside hyphal wall was
attributed to self-invasion by a hyphal outgrowth following wounding or
cutting.

The elongation rates of runner hyphae may attain up to 750 pmh™" for
long periods. With G. proliferum, the mycelium network proliferates some-
times so densely that colony extension can almost be seen with the naked
eye (Glorian 2002). RH and branched hyphae (BH) abundance determines
the mycelium architecture. In spite of a common general organization, finer
details of mycelium architecture may vary considerably between Glomus
species as well as their isolates (Declerck et al. 1998). Experienced mi-
croscopists can often differentiate fungal colonies under the binocular by
observing branching and sporulation patterns. With some isolates, where
the mycelium expansion is restricted to the vicinity of roots, sub-culturing
usually failed.

Anastomoses have been reported to occur regularly in the pre-symbiotic
and the symbiotic mycelium of monoxenic cultures, and their occur-
rence has been clearly associated with hyphal growth stimulation (Mosse
1988). This could explain in part the slow growth rate registered with pre-
symbiotic hyphae in monosporal tests (Logi et al. 1998; Declerck et al.
2000). From an ecological point of view, anastomoses provide an avenue to
understand how AM fungi are building soil hyphal strengthening fungal
vitality and perennity under natural constraints or substrate disturbance.

The exchange of nuclei during anastomoses has been observed occur-
ring under in vivo culture conditions only within one and the same isolates
(i.e. self-anastomosis), indicating the existence of vegetative compatibil-
ity groups in AM fungi (Giovannetti et al. 2003). These findings do not
support the proposed heterokaryotic status of AM fungi. Moreover, the
homokaryosis of G. etunicatum and G. intraradices has been recently sug-
gested by typing individual nuclei (Pawlowska and Taylor 2004), Besides,
the haploid status of G. intraradices was also suggested (Hijri and Sanders
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Fig. 8. Differential interference contrast microscope: embryos of
branched-absorbing structures (bar = 50 pm)

2004). These two papers are good examples of the usefulness of monoxenic
cultures for genetic research of AM fungi. However, these results do not
rule out the possibility of parasexual recombination, followed by nuclear
fusion and the reestablishment of the haploid state, by chromosome losses
(see Schardl and Craven 2003 for a review). This implies, however, that the
exchange of genetically divergent nuclei is not a common phenomenon in
AM fungi, as previously thought (Sanders 2002).

Once a successful symbiosis is established, numerous BAS are differen-
tiated along hyphae (Bago et al. 1998a). Due to their morphological resem-
blance with arbuscules, they were attributed nutrient absorbing capacities,

Fig.9. Dissecting microscope: branched-absorbing
structures with low level of ramification (bar =
50 pm)
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reinforced by their association with spores (Bago et al. 1998a; Dodd et al.
2000). Their differentiation occurred within 3-10 days prior to arbuscules,
but after hyphal root colonization (Bago et al. 1999b), with a life span of
about 7 days (Bago et al. 1998b). BAS may adopt variable morphologies, the
most striking being the large, stunted ramified structures of G. caledonium
(Karandashov et al. 1999). Either not reported (G. macrocarpum, Declerck
et al. 1998), or sparse and fragile looking (Figs. 8 and 9), the BAS may
thus not be a prerequisite for the maintenance of a healthy fungal colony,
and their hypothetical support in nutrient absorption not systematically
required. When grown with the bacterium Paenibacillus validus, “densely
packed coils” made of extensively branched hyphae were differentiated by
a G. intraradices isolate (Hildebrandt et al. 2002), indicating that BAS mor-
phology can be regulated by external factors independent of the plant or
AM fungi.

7
Spores

Several of the successfully grown Glomus species, including G. caledonium
(Hepper 1981; Karandashov et al. 1999), G. clarum (de Souza and Berbara
1999), G. fistulosum (Nuutila et al. 1995) and G. intraradices (Chabot et al.
1992), differentiated VLS. In small spore species, these hyaline thin-walled
structures may have been confused with juvenile spores. No record of VLS
was mentioned for either G. etunicatum (Pawlowska et al. 1999), G. fas-
ciculatum, G. macrocarpum (Declerck et al. 1998) or G. versiforme (De-
clerck et al. 1996). When differentiated, VLS occurred within 2-8 days
after root contact. Their size ranged between 20 and 100 pm, depend-
ing on the species. Since their detection in G. mosseae colonies (Fig. 10;
Mosse 1962; Hepper 1981), no precise role has been attributed to these
structures, and the early hypothesis expressed by Mosse (1962) as be-

Fig. 10. Differential interference contrast
microscope: mature spore and vesicle-
like structures of G. mosseae (bar
=50 pm)
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Fig.11. Dissecting microscope:
spore of G. mosseae with branched-
absorbing structure (bar = 60 pm)

ing a remnant structure of a previous saprophytic mode of life remains
valuable.

Spore differentiation occurs either apically or intercalary along lateral
branches of RH, often in association with BAS (Fig. 11; Mosse and Hepper
1975; Bago et al. 1998b). The outer evanescent spore wall originates then
from the hyphal wall. The spore apical hyphae, even though collapsed,
remain attached to the spore during most of the maturation process. In-
traradical spores have sometimes been observed in monoxenic cultures
(Declerck et al. 1996; de Souza and Berbara 1999).

Pot culture and monoxenic culture propagated Glomus species share
similar ontogeny, but isolates from monoxenic cultures usually differenti-
ated smaller spores with paler pigmentation and thinner laminated spore
walls (Chabot et al. 1992; de Souza and Berbara 1999). In monoxenic cul-
ture, the possibility of observing all differentiated spores may have biased
the mean spore size values, as many of the smaller spores from soil-based
culture counting may have been discarded from the measurements. Also,
the thicker laminated wall of in vitro differentiated G. etunicatum spores,
compared to soil-borne spores, may simply be attributable to the immature
stage of the spore wall, even though the spores have attained their optimal
size (Pawlowska et al. 1999). Moreover, thick-walled spores are recognized
to provide long-lasting capabilities and increased protection from adverse
environmental conditions. As such, wall thickening may be considered an
adaptive feature not fully retained in monoxenic cultures. Based on multiple
observation of monoxenic cultures, it appears that in vitro propagated AM
fungi usually differentiated thinner walled and sometimes less pigmented
spores. Such differences between in vivo and in vitro spore morphology can
be attributed to growth environment conditions. Soil rhizospheres, with
their multiple micro-organism interactions, their ongoing nutritional and
chemical variations, and their variable edaphic conditions induced AM
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fungal adaptations directed through long-term survival and competitive
behaviour. Such reactions to drastic and severe living competition remain
totally absent from the controlled in vitro culture conditions.

Most Glomus species exhibit an asynchronous mode of sporulation, i.e.
with a lag, log and plateau phase (Declerck et al. 1996, 2001). As a re-
sult, spores of various ages occurred simultaneously in a single colony.
Ultrastructural study on G. intraradices spore maturation revealed spore
wall thickening over several months, even though spores could germinate
after 30 days (Nantais and Dalpé, unpublished data). For G. caledonium,
by contrast, Karandashov et al. (2000) demonstrated that all spores were
produced within a period of 2-3 days, and sporulation totally stopped
thereafter, supporting a synchronous mode of spore production. This ap-
parently contradictory result for G. caledonium with the data of Declerck
etal. (2001) can be attributed to the consideration of juvenile spores or VLS
in the modelling approach of Declerck et al. (2001), while Karandashov
et al. (2000) considered only the fully expanded stage, i.e. spore size re-
sembling that of mature spores. Therefore, reliable modelling of growth
kinetics should take into account not only the number of spores differ-
entiated but also their maturation process, the proportion of spore-like
structures which remain VLS, and those which reach full maturation.

Spore production differs considerably between species and between iso-
lates of a single species, and seems to be related to spore size. With the small-
to medium-size spore species Glomus proliferum and G. intraradices, an av-
erage of 7,800 and 8,200 spores were differentiated in mono-compartment
(Declerck et al. 2001) and bi-compartment growth systems (St-Arnaud
et al. 1996) respectively. Concurrently, a 5-month-old G. clarum monox-
enic culture (130-pm mean spore size) differentiated 853 spores (de Souza,
unpublished data), and a G. macrocarpum culture (165 pm) only 250 spores
(Declerck et al. 1998). The sporulation rate of G. caledonium was reported
to increase with successive generations (Karandashov et al. 2000). A case-
by-case isolate response to growth conditions should be expected, and the
maintenance of a constant sporulation level may be retained as a valu-
able indicator of strain perennity, once returned to natural environmental
conditions.

The presence of aborted or senescent spores has sporadically been ob-
served in healthy monoxenic Glomus species cultures, reaching up to 5-10%
of spore populations (Pawlowska et al. 1999; Karandashov et al. 2000; Dalpé
2004). Two types of spore senescence were monitored: (1) spore wall disrup-
tion discharging granular dextrinoid cytoplasm (Fig. 12) and (2) intraspo-
ral differentiation of coiled hyphae and dispersion in the media at wall break
(Figs. 13 and 14). Inadequate in vitro growing conditions and self-strain
protection against mutation were proposed as hypothetical explanations of
the phenomenon (Marbach and Stahl 1994; Pawlowska et al. 1999).
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Fig.12. Differential interference contrast micro-
scope: disrupted spore with extrusion of granu-
lar lipidic content reacting to Sudan IV staining
(bar = 30 pm)

Fig.13. Differential interference contrast micro-
scope: disrupted spore with differentiation of
thin-walled hypha from inside the senescing
spore (bar = 30 pm)

Fig. 14. Ultrastructure view of a newly differentiated hypha ex-
truding from a broken spore (bar = 15 pm)
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8
Conclusion

Based on the data available from monoxenic culture, both the early pre-
symbiotic and the symbiotic stages of AM establishment seemed to follow
similar ontogenic steps as those observed with in vivo growing systems.
Intensive cytochemical, ultrastructural and molecular investigations with
monoxenic culture systems would be more than welcome in order to allow
extrapolation of actual in vivo studies, and confirming hypotheses on a va-
riety of plant-fungi partners. Such investigations would provide strong
demonstration as to what extent monoxenic cultures, with their aerial
plant part amputated systems, may be successful in mimicking natural
symbioses occurring on whole-plant in vitro symbiosis, and may permit to
pinpoint and segregate between the metabolic steps directly involved with
plant-related metabolism. In any case, monoxenic culture performance
in maintaining healthy grown colonies, and the suitability of the system
to support developmental and physiological fungal studies should permit
many years of investigations.
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5 Life History Strategies in Gigasporaceae:
Insight from Monoxenic Culture
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1
Introduction

During the past years, there has been an increased interest in the role of
arbuscular mycorrhizal (AM) fungal biodiversity for the functioning of
terrestrial ecosystems and in the application of AM fungal technology for
agricultural and land rehabilitation schemes. However, one major bottle-
neck in AM research is the lack of knowledge on ecology, and in particular
on life history strategies (LHS) among the different AM fungal families
(Hart et al. 2001; Hart and Klironomos 2002).

The LHS of an organism is a product of its evolutionary past, and is
expressed in the fungal life cycle, i.e. patterns of growth, differentiation,
storage and, especially, reproduction (Begon et al. 1996). In order to under-
stand AM fungal ecology, it is central to appreciate species life history traits
and genetic diversity. Monoxenic cultures of AM fungi are exploited here
to study these issues, with special emphasis on the family Gigasporaceae.

2
The Family Gigasporaceae and Its Occurrence

The family Gigasporaceae comprises the two genera Gigaspora and Scutel-
lospora, with approximately 8 and 33 described species respectively. Scutel-
lospora is more diverse than Gigaspora in terms of described species,
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spore morphological characteristics (Morton 1995), and occurrence in
natural ecosystems. Members of this family possess unique intra- and
extraradical mycelium morphologies characterized by the absence of in-
traradical vesicles and the differentiation of extraradical auxiliary cells
(AC).

Gigasporaceae occur in terrestrial ecosystems, usually at low spore den-
sities and high species richness in diverse and or stable plant ecosystems
(Siqueira et al. 1989; Lovelock et al. 2003; Zhao et al. 2003). In coastal sand-
dune ecosystems, Gigasporaceae can be dominant (Stiirmer and Bellei 1994;
Beena et al. 2000 and references cited therein), while in agricultural soils
cultivated with annual crops and in arid ecosystems, they tend to be less
abundant or even absent (Sieverding 1991; Helgason et al. 1998; Stutz et al.
2000; Jansa et al. 2002). An adequate explanation for these patterns has yet
to be found. Evidence obtained from monoxenic AM fungi cultures was
used to clarify these patterns (see Sect. 5).

3
Life Cycle

The AM fungi life cycle can be divided into three main steps: (1) the pre-
symbiotic phase and establishment of the symbiosis; this involves propag-
ule activation, host search, appressorium formation, root penetration and
arbuscule formation; (2) the vegetative growing phase; and (3) the repro-
ductive phase. Steps 2 and 3 occur almost concomitantly, because in general
AM fungi show an iteroparous reproductive phase. Although simple, there
is evidence that different AM fungi use different strategies to accomplish
each of these steps.

3.1
Pre-Symbiotic Phase

3.1.1
Propagules

In AM fungi, three types of propagules are generally considered: (1) spores,
(2) intraradical mycelium within colonized roots, and (3) extraradical
mycelium. Spores are the most effective propagules for Gigasporaceae iso-
late, while Acaulosporaceae and Glomeraceae have been demonstrated to
induce new colonization using all three sources of inocula (Biermann and
Linderman 1983; Brundrett et al. 1999; Klironomos and Hart 2002). How-
ever, it has been suggested that colonized roots of Scutellospora calospora
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and S. heterogama are able to trigger plant root colonization in vivo
(Tommerup and Abbott 1981; Braunberger et al. 1996; Klironomos and
Hart 2002). Intraradical sporulation has been observed from field and
pot-culture Gigaspora and Scutellospora species (Schenck and Perez 1990;
INVAM http://invam.caf.wvu.edu; Dalpé, unpubl. data). One isolate of Gi-
gaspora margarita was reported to produce 10-15% of the total number
of spores intraradically under monoxenic cultures (Gadkar and Adholeya
2000). Thus, it might be possible that intraradical spores were the cause of
the infective capacity of colonized roots of some Gigasporaceae. The infec-
tive capacity of the extraradical mycelium of Gigasporaceae has only been
demonstrated in vivo with S. calospora isolates from Australia (Tommerup
and Abbott 1981), while in some other cases, colonization failed (Biermann
and Liderman 1983; Klironomos and Hart 2002; Declerck et al. 2004). De-
clerck et al. (2004) reported, under monoxenic culture conditions, the hy-
phal re-growth from individual AC of S. reticulata, and they suggested that
long pieces of intact mycelium harbouring several AC might possibly induce
colonization. The apparent discrepancy in these results might be explained
by differences in the integrity of the mycelium used to perform these ex-
periments, and the amount of resource available in the mycelial structures.
For instance, de Souza and Declerck (2003) observed that, in monoxenic
culture, young AC contained lipid drops, while older ones appeared empty.

A comparison of spore diameter of species in the families Gigasporaceae,
Acaulosporaceae and Glomeraceae (average diameters 314, 158 and 127 pm
respectively) shows that Gigasporaceae species produce, in general, large
spores (data from Schenck and Perez 1990; Glomus species from the former
Sclerocystis genus were not included). Common traits related with spore
quality are germination rates, survival dormancy, and size. Large spores
must contain more resources to support multiple germinations and mycelial
growth, and to sustain metabolism while searching for a host.

3.1.2
Spore Germination, Dormancy and Lifespan

The germination process in Gigasporaceae is linked with the spore wall
organization (Walker and Sanders 1986; Spain et al. 1989). Multiple ger-
minations were reported for Gigaspora species (Koske 1981a; Giovannetti
et al. 2000), reaching up to 40 successive germinations for single spores of
Gi. margarita under in vitro conditions (P. Jargeat, pers. comm.). If the ger-
mination tube (GT) does not meet a root, then the cytoplasm may retract
(Beilby and Kidby 1980).

Spore germination does not require external factors other than humid-
ity and temperature to germinate. Germination rates reached a 80-100%
level for Gigaspora isolates (Koske 1981b; Bécard and Piché 1989a; Diop
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et al. 1992; Romero and Siqueira 1996; Maia and Yano-Melo 2001), com-
pared to 60% for Scutellospora (de Souza, unpubl. data). In the latter case,
spores might enter into dormancy, a phenomenon frequently associated
with a higher survival capacity. Gi. gigantea and Gi. margarita spores ob-
tained in monoxenic cultures exhibit a dormancy which does not exist when
the spores are produced on whole plants (Séjalon-Delmas, unpubl. data).
With Gigaspora strains, a 3-week cold treatment may relieve the dormancy
(Jargeat and Séjalon-Delmas, unpubl. data). The life span of Gigaspora
spores has been estimated to be up to 5 months under natural growing
conditions (Lee and Koske 1994; Pringle and Bever 2002). A broad com-
parison of germination and survival capacity of different Gigasporaceae
species is still lacking, and it would be interesting to study these traits
using a phylogenetic framework, based on morphological and molecular
data.

3.1.3
Plant Compounds That Affect the Pre-Symbiotic Phase

Among the studies on the pre-symbiotic stage, increasing numbers are con-
ducted using monoxenic culture and are of key importance to understand
the effects of plant compounds on fungal growth (for a review, see Fortin
et al. 2002). Buée et al. (2000) showed that mycotrophic plants produced
a soluble factor which induced hyphal branching in Gi. gigantea. Douds
et al. (1996) reported the positive effect of phenolic acids, extracted from
carrot hairy roots, on Gi. gigantea and Gi. margarita germ tube attrac-
tion. Some studies revealed the effect of volatiles, from maize root-organ
culture or pea Sparkle mutants, on germ tube attraction of Gi. gigantea
and Gi. margarita (Koske 1982 and Boovaraghan et al. 1995 respectively).
Synergistic effects of root volatiles, in particular CO,, with root exudates
were also frequently observed (Bécard and Piché 1989b; Suriyapperma
and Koske 1995). The effects of root exudates on the AM fungus may be
divided into germ tube attraction (Gemma and Koske 1988) and hyphal
branching (Nagahashi and Douds 1996; Nagahashi et al. 1999; Buée et al.
2000). The active compounds responsible for the fungal response are still
not characterized. Flavonoids have been proposed for several years (Nair
et al. 1991). However, the flavonoid family can generate different fungal
responses (stimulatory, inhibitory or neutral) and were not detected in
carrot hairy roots, suggesting that they are of secondary importance. More
recently, a root factor has been found which stimulates the activity of
a broad range of AM fungal species (Buée et al. 2000). In the same study,
non-mycotrophic plants, like Brassica, were devoid of these active root
factors. Using the same bioassay, however, Nagahashi and Douds (2000) re-
vealed that the factors derived from the non-host had an inhibitory activity.
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Recently, tomato mutants affected in the pre-symbiotic stage have been ob-
tained by fast-neutron mutagenization of seeds. These mutants are resistant
to mycorrhization, and spores of Glomus intraradices present in their rhi-
zosphere exhibit a percent of germination and appressorium formation
lower by 45 and 70% respectively than the rates obtained with the wild-
type (David-Schwartz et al. 2001). Monoxenic cultures were developed, and
the tomato mutant has been proved to secrete inhibitory compounds. How-
ever, the chemical nature of these compounds is still unknown. They delay
G. intraradices proliferation. Establishment of mycorrhiza with the mutant
culture gives abortive spores of G. intraradices and Gi. rosea, indicating
that the mutant lacks a signal essential for the fungus to accomplish its life
cycle (Gadkar et al. 2003). Few studies involved molecular fungal response
to root exudates. Among the 415 EST deposited today in Genbank, only
47 were obtained at the pre-symbiotic stage. We cannot avoid mentioning
the transcriptional studies of Tamasloukht et al. (2003) on Gi. rosea and
Gl. intraradices stimulated by carrot hairy root exudates. Molecular anal-
ysis revealed a differential expression of some genes, essentially involved
in mitochondrial metabolism, which was correlated to an early increase in
respiration activity. This activation may be associated to an increase in the
cytoplasmic pool of ATP and lipid catabolism. This would be in accordance
with the observations of Bécard and Piché (1989b) on germinating spores
of Gi. rosea after 3 weeks of stimulation. They noted that spores looked
empty, as if the root factor present in root exudates regulated the fungus
capacity to use its own reserves.

3.2
Symbiotic Vegetative and Reproductive Growing Phases

In relation to LHS, two interconnected characteristics revealed by studies
of Gigasporaceae species under monoxenic culture are highlighted here:
the colonization pattern, and the development and maintenance of arbus-
cules. In addition, the hyphal healing mechanism and anastomosis are also
discussed.

3.2.1
Colonization Pattern

Gigasporaceae seem to be slower root colonizers than species of Glomer-
aceae and Acaulosporaceae (Brundrett et al. 1999; Santos et al. 2000; Tiwari
and Adholeya 2002). Hart and Reader (2002) compared the colonization
strategy of 21 isolates from the families Acaulosporaceae (4), Gigaspo-
raceae (5) and Glomeraceae (12), using four different host plants under
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pot-culture conditions. They reported that Glomeraceae isolates colonized
roots before Acaulosporaceae and Gigasporaceae, and the results were in-
dependent of the host plant used.

Under monoxenic culture, Gigasporaceae is able to establish contact and
colonize a root explant within 3-10 days after coming in the vicinity of an
active root. However, the exponential extraradical mycelium growth phase
was only observed to begin 3-5 weeks after colonization, with S. reticulata
(Declerck et al. 2004). An interesting characteristic of Gigasporaceae be-
haviour is that they increase the overall colonization (number of infection
points) and extraradical mycelial growth exponentially when root activity
has decreased or ceased (Diop et al. 1992; Declerck et al. 2004).

3.2.2
Maintenance of Arbuscules

Arbuscules are considered short-lived (1-3 weeks) fungal structures found
preferentially in young, thin roots during early stages of root colonization
(Smith and Read 1997; Harrison 1999). However, arbuscules differentiated
by some Gigasporaceae isolates were found, surprisingly, to occur in hairy
root cultures that had ceased growth for several months, as observed for
Gi. rosea and S. reticulata (Diop et al. 1992; Declerck et al. 2004). The
formation of arbuscules is controlled by the host plant’s genetic machin-
ery, and the number of differentiated arbuscules has been found to be
dependent on plant identity, the availability of nutrients, and the fungal
partner (Smith and Read 1997; Harrison 1999). Are arbuscules controlled
in a different way in Gigasporaceae monoxenic cultures and in pot cul-
ture? Morton provides information regarding this question via the INVAM
website (http://invam.caf.wvu.edu). In Gigasporaceae, arbuscules are ...
in pot cultures, still abundant long after plants (and roots) have ceased
growth ...”, and the persistence of the total arbuscular network in mycor-
rhizal roots of pot cultures is longer for species of the family Gigasporaceae
than for those of Glomeraceae.

3.23
Hyphal Healing Mechanism (HHM)

The hyphal healing mechanism (HHM) hasbeen reported in AM fungi since
Gerdermann (1955). More recently, Kang-Hyeon et al. (1994) have reported
wound healing in Gi. margarita, S. verrucosa and S. heterogama grown on
agar media. Artificial wounding (with a razor blade, Fig. 1) performed on
4-5 day old GT of Gi. rosea spores resulted in dead sections of hyphae. The
injured section darkened and separated from the living hyphae by a septum
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Fig.1A-D. Hyphal healing mechanisms in germinating hyphae of Gigaspora gigantea and Gi.
rosea (N. Sejalon-Delmas, unpubl. data). A Some minutes after wounding, necrosis appears
at both hyphal ends. Some cell material forms a plug which obstructed the wounded hypha,
preventing cytoplasmic leakage. After 15 min, a septum forms to isolate the hyphal necrotic
ends. BEmergence, after 4 h, of two lateral branches from onelive section. Note the difference
of growth of the two branches. C Growth of the two lateral branches towards a new single
branch emerging at the opposite side of the injured hyphae. D Both ends are reconnected
(16 h). B Lateral branches, N necrotic part of the hypha, P plug, R scrape of the razorblade,
S septum

within 15 min. After 4 h, two branches grew from both sides of the section,
just behind the septum. The branch emerging from the hypha linked to the
spore always became dominant. Branches were attracted to each other, and
a fusion was observed tip to tip about 7 h after wounding. Average attrac-
tion distance may be calculated as distance/number of tip-to-tip contact,
established for anastomoses recording. In Gi. rosea, this average attraction
distance is 396 pm, the value being 512 pm for Gi. gigantea. When the dis-
tance between the two parts of the hyphae to repair was too long, several
branches were formed, while in the case of the wound being too close to
the spore, only one new GT was formed and no fusion with the adjacent
hyphae was observed. Numerous cellular events are probably involved in
HHM: (1) chemical attraction, (2) hydrolysis of the cell wall during cell-to-
cell contact, involving autolytic enzymes, and (3) cytoplasmic plasmogamy
occurring after membrane fusion, presumably in a manner similar to that
of vesicles and organelles fusing with other membranes in eukaryotic cells.
Concerning the chemical attraction signal, the proposed hypothesis is that
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every growing cell produces a single, specific labile substance, and has
a steep concentration gradient. The hyphal tip would be sensitive to a crit-
ical concentration of this substance, and responds by growing towards this
increased concentration. However, nothing is known about signal trans-
fer, the recognition leading to contact and fusion. The latter event will
probably involve cytoskeleton rearrangements and also nuclear exchanges
(Giovannetti et al. 1999). The phenomenon described here for germinating
spores has also been described on monoxenic cultures of G. intraradices
(Bago et al. 1999), Gi. rosea (Bécard and Piche 1989a) and S. reticulata (de
Souza and Declerck 2003). The characterization of the mode of action and
efficiency of the HHM can give clues about the organisms’ LHS, because
k-strategists and/or stress-resistant organisms are expected to evolve better
defence and repair mechanisms than r-strategists (Pianka 1970).

3.24
Anastomosis

Anastomosis is a process of hyphal fusion between compatible fungi, re-
sulting in the formation of mycelial networks and allowing exchange of
genetic material. Tommerup (1988) described anastomosis in G. monospo-
rum and A. laevis. This author demonstrated the absence of anastomosis
between different species, and recorded anastomosis events only between
isolates of one and the same species. These results were confirmed by Gio-
vannetti et al. (2003) on different Glomus strains. As previously reported
for Acaulospora, no anastomosis could be found on germinating spores of
Gi. rosea and S. castanea (Giovannetti et al. 1999). Recently, anastomosis
was observed in S. reticulata growing under monoxenic culture, but it was
restricted to branches of the same hypha and only observed in thin hyphae
linked with branch absorbent structures, never between runner hyphae (de
Souza and Decleck 2003), or always correspond to a hyphal bridge (de la
Providencia et al. 2005).

4
Genetic Diversity and Phenotypic Variation

The genetic diversity and phenotypic variation in AM fungi need to be
understood within a phylogenetic context to be linked with life history
traits. In addition, the species concept in AM fungi must be refined to ad-
dress ecological and evolutionary questions. In this sense, the cultivation of
AM fungi in monoxenic culture offers an excellent basis to undertake such
studies. Koch et al. (2004) published the first article exploring the potential
of monoxenic culture to study quantitative genetic traits in a population
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of AM fungi obtained from the field. To relate phenotypic traits with life
history, they measured hypha growth rate and spore production between
different isolates. The maintenance of isolated individuals from a popula-
tion in a constant environment (monoxenic culture) for several generations
allowed them to directly link phenotypic variation and variation in quan-
titative genetic traits. In addition, they took advantage of the monoxenic
system to produce fungal cultures free of alien DNA, in quantity and quality
necessary for applying genomic fingerprint techniques such as amplified
fragment length polymorphism (AFLP; Koch et al. 2004).

4.1
Vegetative Compatibility Test (VCT)

In terms of the species concept, VCT can be used to determine species
boundaries in fungi. In Gigasporaceae, spontaneous pairing between ger-
minating spores has never been observed due to the absence of anastomoses
(Giovannetti et al. 1999). For this reason, Séjalon-Delmas developed a sim-
ple and efficient VCT method, based on a wound-healing mechanism. The
method consists in germinating two spores side by side. After germination,
the apices of the GT of the two spores are cut off. Spore A remains in the plate
and its cut GT apex is removed, while spore B is removed and its GT apex
remains in the plate. When the two spores are compatible, lateral branches
develop from each part, forming a connection bridge. When somatic cross-
ing experiments involved daughter spores from a monosporal monoxenic
culture, 80% of fusion was obtained. This result is slightly lower than the
percent of repair observed for HHM. The 20% of failure in the crossings
may be due to a traumatic cutting. Somatic crossings were never observed
between spores from different species, and only seldom between spores
originating from different monoxenic cultures (Sejalon-Delmas, unpubl.
data). These results strongly suggest that hyphal fusion in Glomeromycota
is genetically controlled. It is interesting to note that in Glomus, like in Gi-
gaspora genera, no tropism occurs between the hyphae of different spores,
the incompatibility response being represented by protoplasm retraction
and septum formation in the approaching hyphae, prior to any physical
contact (Sejalon-Delmas, unpublished data).

The molecular identification of Gigaspora at species or even at strain
levels has been obtained using PCR-denaturing gradient gel electrophoresis
(DGGE). The approach is based on the discrimination of the intragenomic
polymorphism of nuclear ribosomal (nrRNA) genes (de Souza et al. 2004).
The combination of the VCT and PCR-DGGE methods can be used for the
rapid and efficient genetic characterization of Gigasporaceae diversity for
field as well as laboratory studies.
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5
Life History Strategy (LHS) of Gigasporaceae,
as Revealed Using Monoxenic Cultures

The few available data for comparative analyses of Gigasporaceae and
Glomeraceae LHS were obtained from experiments focused on growth
kinetics and development characteristics, such as the timing of the first
daughter spore produced, the rate of sporulation, and the duration of
the reproductive phase. These characteristics differed between S. reticu-
lata and the following Glomus species: G. caledonium, G. intraradices and
G. proliferum (Fig. 2A). G. proliferum and G. intraradices formed their first
daughter spores after 1 week in culture, and G. caledonium after 2 weeks,
while S. reticulata produced its first daughter spore only after 12 weeks of
continuous culturing. G. caledonium and G. intraradices reached the sta-
tionary phase after 15 weeks, and G. proliferum after 17 weeks. In contrast,
S. reticulata continued to produce spores until week 33, i.e. more than
8 months after starting the culture (Fig. 2A).

Life histories patterns are often related to variation in reproductive
activity, or reproductive effort which measures the amount of available
resources allocated to reproduction over time (Begon et al. 1996). How-
ever, reproductive effort is difficult to measure. One simple way to have
an idea about reproductive effort is by calculating the Malthusian fitness
(MF). The MF, in this case, compared the instantaneous change of spore
production over time in relation to the starting inoculum (Fig. 2B). For
a discussion about the application of MF to filamentous fungi, the reader
can refer to Pringle and Taylor (2002). The evolution of the MF in S. retic-
ulata was clearly different from that of the Glomus species (Fig. 2B). The
same trend was observed in other species of these two families cultured
under monoxenic culture conditions (Fig. 3). Gigasporaceae species stud-
ied in monoxenic culture have shown a short overlap of sporulation with
the active growing phase of the roots, while Glomus species sporulate con-
comitantly with the root growth (Fig. 3). These observations suggest that,
for these species cultured under monoxenic culture, Gigasporaceae and
Glomeraceae concentrate their reproductive efforts at different times. Gi-
gasporaceae favour somatic growth, whereas Glomeraceae favour repro-
duction.

The reproductive phase in Gigasporaceae seems to be linked with a crit-
ical extraradical mycelium biomass. For S. reticulata, the first daughter
spores were produced after 12 weeks, when a biomass of 1360 &+ 625 cm of
extraradical mycelium length and 501 4= 96 AC was reached (Declerck et al.
2004). Gi. margarita and Gi. rosea produced the first daughter spores after
8-10 weeks of culturing. However, the reproductive phase can be extended
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over 1 year, suggesting a long mycelium lifespan (Diop et al. 1992; Gadkar
and Adholeya 2000).

An interesting point comes from the fact that most fungal biomass,
including spores, obtained from Gigasporaceae isolates was generated after
the root had ceased growth. At this time, one part of the resources in the
medium was already consumed by the root culture (Diop et al. 1992),
indicating a capacity of Gigasporaceae to live and reproduce with a small
portion of the resources available (Fig. 3). This scenario is similar to the
conditions expected for competitive species (Grime 1979), referring to the
k-strategist concept (McArthur and Wilson 1967; Pianka 1970).

The comparative sporulation rates of Gigasporaceae and Glomus species
revealed a clear negative correlation between the size and the number of
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differentiated spores (Fig. 4), which is a typical trade-off (Begon et al. 1996).
One consequence of a higher allocation of resource for a small progeny is
that the offspring will have a higher quality or vigour and, consequently,
higher chances of survival than species which produce low energy cost
propagules.

5.1
Co-Existence and Competition Experiments Under Dixenic Culture

The direct assessment of coexistence and competition of AM fungi under
dixenic culture can be exemplified by the completion of Gi. margarita and
G. intraradices life cycles when co-cultured on an excised root culture (Ti-
wariand Adholeya 2002). The sporulation patterns observed in this dixenic
culture were similar to the patterns reported for monoxenic cultures, i.e.
G. intraradices started and ceased to form spores earlier than Gigaspora.
The assessment of fungal competition can be carried out by comparing,
for example, the sporulation of two AM fungi growing in monoxenic and
dixenic cultures. Such systems can also be adjusted to assess the effects
of predators on different AM fungal species, for instance, collembolans.
The possibility of studying competition under monoxenic culture might
facilitate the implementation, execution and quantification of experiments
by allowing a precise control of the resources used, easy maintenance, and
direct quantification over time.

5.2
Ecological Implications of the Gigasporaceae Life History Strategy

The Gigasporaceae isolates studied in monoxenic culture exhibited several
traits (investment in somatic growth rather than in reproduction, develop-
ment of large spore size and few offspring) suggesting that they are adapted
to live in stable ecosystems where inter- and intraspecific competition is
high for resources, and somatic growth is favoured over reproduction. The
fast sporulation of Glomus isolates differentiating single spores in the soil
followed the reversed trend, i.e. they seemed to be adapted for growth in dis-
turbed ecosystems rich in available resources, which favour reproduction
over somatic growth. It is important to remember the polyphyletic origin
of the genus Glomus (Schwarzott et al. 2001), which implies that different
subgroups have different evolutionary histories and potentially different
LHS. For instance, Brundrett et al. (1999) reported that sporocarp-forming
Glomus species needed much longer cultivation periods under pot-culture
conditions to produce spores than Glomus species which formed single
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spores in the soil, and this time period was even longer than that observed
for species of Gigasporaceae and Acaulosporaceae.

Life history traits reported for Gigasporaceae may imply that these
species would be negatively selected in agricultural fields cultivated with
annual crops, submitted to frequent plowing which disrupts the mycor-
rhizal mycelium (Jasper et al. 1989; Fairchild and Miller 1990). On the
other hand, fast-sporulating Glomus isolates would show the reverse trend,
i.e. positive selection. Another important advantage of Glomus in adapt-
ing to agricultural soils is its ability to survive and propagate well using
intraradical vesicles.

Root growth and AM fungi colonization consist in a dynamic process
where new and old colonization stages exist in a single root system. Conse-
quently, the coexistence of Gigasporaceae and Glomus isolates in one root
should be logically facilitated by different LHS which would allow the fungi
to explore different phases of their host’s life cycle. Coexistence between
Gigasporaceae and Glomus species can be directly observed under monox-
enic culture (Fig. 5). Within the context of this hypothesis regarding the
coexistence mechanism, Glomus isolates first colonize an active growing
root, and differentiate arbuscules which subsequently disappear with root
ageing; meanwhile, the colonization evolved forming vesicles. Later, Gigas-
poraceae colonize the same root fragment, differentiating new arbuscules

Fig.5. Co-existence of Scutellospora reticulata CNPAB11 and Glomus intraradices MUCL
43194 under monoxenic culture conditions. Note the difference in size between the Scutel-
lospora (large dark spore) and Glomus (smaller, paler spores). Most of the mycelium shown
is from S. reticulata (bar = 400 pm). De Souza unpublished data
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and expanding colonization to other roots and soil. The microcosm exper-
iment of van Tuinen et al. (1998) seems to support this hypothesis. In their
experiment, two Gigasporacaeae (Gi. rosea and S. castanea) were usually
found only co-colonizing a root fragment together with a Glomus isolate.
They suggested a mechanism of synergism between the different fungi for
colonization. Interestingly, all four species are able to grow and sporulate
when cultivated as single species.

6
Conclusions

A tremendous amount of knowledge remains to be acquired through the
practice of monoxenic and dixenic cultures of AM fungi. Several of the
avenues already explored using monoxenic cultures can be used as step-
pingstones for future investigations. Whatever discipline is concerned -
ecology, genetics, physiology - the cultivation of AM fungi associated with
transformed roots appears to be useful for investigating all of these. For ex-
ample, the advances in genetics of AM fungi will sooner or later be involved
in mutant comparisons, where it is easy to foresee the advantages of using
monoxenic cultures. This will enable to understand the functional signifi-
cance of AM fungi genetic variation, as well as the cost and benefits of key
phenotypic traits. The evaluation of fungicides, the testing of soil and plant
pollutants, the synergy with biocontrol agents, and the behaviour of fungi
predators are all practical research avenues. The framework of research
constructed using monoxenic culture allows a close follow-up and precise
measurement of growth dynamic parameters. However, the relevance of
collected data to the complexity of the natural community has to be strictly
verified using data from various sources, from a diversity of fungal strains
and cultivation methods, in order to confirm the LHS patterns observed
using monoxenic cultures. The cultivation of AM fungi in association with
transformed roots offers a standard way to compare different AM fungi, in
monoxenic or dixenic cultures. In addition, this approach allows detailed
observation and long-term experimentations.
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Environmental Factors That Affect
Presymbiotic Hyphal Growth and Branching
of Arbuscular Mycorrhizal Fungi
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Mention of trade names or commercial products is solely for the purpose
of providing specific information and does not imply recommendation or
endorsement by the US Department of Agriculture

1
Introduction

The presymbiotic growth of arbuscular mycorrhizal (AM) fungi is im-
portant because the fungus must find a compatible host to complete its
lifecycle. The development and utilization of in vitro culture techniques
(see review by Fortin et al. 2002) have provided the way to study how var-
ious environmental factors can individually and synergistically affect AM
fungal growth during this early developmental stage. Environmental fac-
tors which include light, gaseous or volatile compounds, and nonvolatile
chemical compounds in the soil can all stimulate either hyphal growth
and/or hyphal branching. Although a recent paper has indicated the role of
light during the presymbiotic growth of AM fungi (Nagahashi et al. 2000),
most of the work on this specific stage of the fungal lifecycle has dealt with
the role of exudates and how they affect fungal growth (Elias and Safir
1987; Gianinazzi-Pearson et al. 1989) and hyphal branching (Giovannetti
et al. 1993, 1996; Buee et al. 2000; Nagahashi and Douds 2000). Soluble
chemicals in the soil are a primary environmental factor which can interact
with presymbiotic AM fungal growth in a positive or negative fashion. Al-
though work in this area with host root exudates has shown positive growth
promotion of AM fungi, some work has indicated that nonhost roots can
produce inhibitors of AM fungus hyphal tip growth (Nagahashi and Douds
2000).

Work with purified chemicals has indicated that some flavonols can
stimulate presymbiotic AM fungal growth (Bécard et al. 1992), but little
information is available on the interaction among aqueous chemical com-
pounds and their combined effect on fungal growth. This chapter aims
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to present some recent results on the presymbiotic hyphal response to in-
teractions between a gaseous compound and chemicals, the interaction
between different aqueous chemical compounds, and the interaction be-
tween chemical compounds and light.

2
In Vitro Techniques

2.1
Spore Production and Germination

Azygospores of Gigaspora gigantea (Nicol. & Gerd.) Gerdemann & Trappe
were produced in greenhouse pot cultures on Paspalum notatum Flugge
(Nagahashi and Douds 1999). Spores were collected, isolated, sterilized,
and stored at 4 °C until used (Bécard and Fortin 1988). Upon germination,
plugs (each containing one germinated spore) were transferred to a 10-cm
square Petri plate of gelled M medium (Bécard and Fortin 1988).

2.2
Root Organ Cultures and Root Exudates

Ri T-DNA transformed carrot roots (Daucus carota L.) were cultured on
solid support medium as described earlier (Bécard and Piché 1992). Seg-
ments of these roots were then transferred aseptically to liquid M medium
(minus gellan) in 250-ml Erlenmeyer flasks and grown for 28 days, followed
by 7 days in M medium without phosphorus (Nagahashi and Douds 1999).
The fresh weight of roots at the end of the growth period was between 10
to 15 g per flask.

Culture filtrates were harvested by filtering through Whatman #4 filter
paper and then concentrating in SEPAK C18 cartridges. To semi-purify
the active components of the exudate, the C18 cartridge was first eluted
with 3 ml of 35% acetonitrile (this fraction was discarded and contained
the yellow-brown pigments), followed by 3 ml of 70% acetonitrile. This
fraction was dried under N,, dissolved in 2 ml of 100% acetonitrile, and
then passed through a graphitised carbon (GC) cartridge (Supelco ENVI-
Carb SPE Tubes) to remove the autofluorescing compounds in the exu-
date. The material passing through the GC cartridge was then dried under
N, and dissolved in 0.5ml of 70% methanol for every 250 ml of origi-
nal crude exudate. This was called the concentrated exudate fraction and
it was diluted 1:10 or 1:100 with 70% methanol for the diluted exudate
fractions.
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2.3
Incubation Conditions with CO, and Exudate Treatments

The plugs containing germinated spores were transferred to new 10-cm
square Petri plates containing the same M medium as above, and it took
1 day at 32°C in 2% CO, for the primary germ tubes and main secondary
hyphae to grow out of the transferred plugs into the new medium. At this
time, the CO,-exposed Petri plates were kept in the same incubator for an
additional 3 days. For the minus CO, treatment, the square Petri plates
containing the spores were taped to the inside of large, round Petri plates
(150 x 15mm), and two cotton plugs saturated with KOH (10%, w/v) were
place inside the round dishes but not touching the square Petri plates. The
round Petri plates were placed on edge with the KOH plugs on the bottom
edge, and incubated at 32 °C in an ambient air incubator (with an open dish
of KOH as the initial CO, trap) for 3 days.

Exudate was applied with the microinjection technique (Nagahashi and
Douds 1999), except that single holes in the gellan gel were filled with 5 pl
of any exudate fraction. For some experiments, the exudate (1:100 dilution)
was applied after day 1, and six injections of diluted exudate fraction were
made per germinated spore. The injections were made approximately 1 cm
from the edge of the plugs, and the spores were allowed to grow an additional
3 days. The minus CO, Petri plates were treated with exudate and sealed
with KOH traps as above and allowed to grow for three more days. At this
time, all hyphal branches of the germinated spores were counted.

For other experiments, a more concentrated exudate fraction (1:10 dilu-
tion) was used but in this case, the germinated spores were allowed to grow
2 days at 32°C in 2% CO, before applying the exudate. This allowed the
primary germ tubes and main secondary hyphae to grow approximately
2 cm from the original plug, and made it easier to treat individual hyphae.
Five pl of exudate was injected into a single hole placed approximately
2mm from a growing hyphal tip. The Petri plates were either set up for
minus CO, or placed in the CO, incubator. After a further 2 days of growth,
the hyphal branches within 1 cm of the injection site were counted. Micro-
graphs were obtained with an Olympus SZH stereomicroscope fitted with
a television camera (Dage MT1, Model Series 68, Michigan City, IN 46360).
Digital images were achieved with a DT 2853 digitizing board with Image
Pro Plus software (Media Cybernetics, Silver Springs, MD 20910).

24
Light Experiments

Light source and light meters were described previously (Nagahashi and
Douds 2003) but for red light experiments, filtered light was used instead
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of monochromatic light. For red light, a 590-nm-long pass filter was used
which permitted maximum transmission of red light above 610 nm, and the
transmitted light was measured at 640 nm. Monochromatic light at 540 nm
was used for green light (Nagahashi and Douds 2003). For hyphal growth
studies with blue light, filtered blue light (Nagahashi and Douds 2003) was
used to expose the primary germ tube and all major secondary hyphae.
To study synergistic effects between light and exudate, the beam of light
(monochromatic or filtered) was focused on the first 8 mm of the primary
germ tube, as described below. The exudate was applied near the primary
germ tube of spores grown in the absence or presence of light (blue, green
or red).

2.5
Synergistic Effects Between Chemical Compounds

For these experiments, a filter-sterilized quercetin solution was mixed in
M medium while it was still warm after autoclaving, to yield a final con-
centration of 10 pM. The Petri plates were then filled. Controls for these
experiments were without quercetin, plus or minus exudates, while the
experimental treatments were with the quercetin, plus or minus exudates.

3

Chemical Components of Exudates or Compounds
Found in the Soil Environment

That Influence Presymbiotic AM Fungal Growth

It is clear that components of the host root exudates induce the first mor-
phological response in hyphae of germinating AM fungal spores. The fungi
respond with the prolific production of hyphal branches before any physi-
cal contact with the surface of the host root (Giovannetti et al. 1993). The
branching stimulators are constitutive components of the exudate, and the
phosphorus stress induced to the host plant drastically increased the level
of exuded branching stimulators (Nagahashi and Douds 2000). The concen-
tration of the branching stimulators may directly affect the morphology
of the branching pattern, as was demonstrated with the microinjection
technique developed earlier (Nagahashi and Douds 1999). These results
clearly showed a dose-dependent response in terms of the number of in-
duced branches as well as the type of branching pattern observed. At low
concentration, the branches were few but long and at higher concentration,
there were many short branches with a very bushy-like morphology. At very
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high concentration, the branching pattern was somewhat periodic and the
clusters resembled arbuscules (Nagahashi and Douds 2000).

Very little information is available on the interaction between chemicals
in the root environment that could influence the growth of germinated
AM fungal spores. Natural plant products such as myricetin and especially
quercetin (flavonols) have been shown to stimulate spore hyphal growth of
Gigaspora rosea, Glomus etunicatum and Glomus intraradices (Bécard et al.
1992) but not Gi. gigantea (Douds et al. 1996). Quercetin itself appears to
mainly affect the elongation growth of Gi. rosea (Bécard et al. 1992). When
germinated spores of Gi. rosea were treated with quercetin and carrot root
exudates separately and compared to a combined treatment, more branch-
ing occurred when the treatments were given together compared to the sum
of theindividual treatments (Table 1). Because of this observation, the dose-
dependent morphological branching pattern observed earlier (Nagahashi
and Douds 2000) could also be interpreted another way. It is possible that
there are two types of hyphal stimulators. One type only induces elongation
growth while a second type of compound induces hyphal branches.

There is further evidence which supports the presence of signals which
induce different types of morphological responses in hyphal growth. Our
recent work with Ri T-DNA transformed roots of tomato mutants indicated
that for one type of mutant, the most aqueous fraction (readily soluble
in 25% methanol) induced one type of hyphal branching pattern, while
a more hydrophobic fraction (soluble in 50% methanol) induced another
(Fig. 1). Experiments are under way to examine the number of hyphal
branches induced and the type of branching pattern observed when these
two fractions are mixed together.

N

25% Fraction 50% Fraction

Fig. 1. Tracings of two different types of morphological branching patterns of Gigaspora
gigantea induced by two different fractions isolated from a transformed tomato root mutant.
Left The branching pattern induced by a hydrophilic fraction (dissolves readily in 25%
methanol). A primary germ tube and a major secondary hypha are shown. Right The
branching pattern induced by a more hydrophobic fraction (dissolves in 50-70% methanol).
A primary germ tube and a major secondary hypha are shown
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Table 1. Gigaspora rosea spores germinated in plates with or without 10 uM quercetin and
then exposed to 70% ethanol (control) or carrot root exudate dissolved in 70% ethanol.?
(Data from Table 2 of Nagahashi and Douds 2000)

Treatment Branches off primary hyphae®  Branches off secondary hyphae®
Control 6.7¢ 0.1d
Control+exudate 12.2b 1.5¢
Quercetin 6.7¢ 3.6b
Quercetin+exudate  21.6a 15.5a

2 Numbers in the same column followed by the same letter are not significantly different
(a = 0.05, Tukey’s method of multiple comparisons)

b Means of six observations

¢ Means of six spores, four hyphae per spore

4
Effects of Volatile Compounds
on Presymbiotic AM Fungal Growth

It has been suggested that volatile compounds also are involved in the
establishment of a successful symbiosis (Koske 1982). With the exception
of one report, suggesting the beneficial stimulation of hyphal growth with
ethylene (Ishii et al. 1996), the only gaseous compound which has been
well documented for influencing the symbiosis is CO, (Saif 1984). In three
host plants grown on soil maintained at 16% O, with variable CO,, the
percentage of root length colonized with Glomus macrocarpum as well as
the number of vesicles in the roots were both greater at 0.5% CO, compared
to no CO, (Saif 1984). The optimum CO, concentration ranged from 2 to
4% CO,, depending on the host plant. Gryndler et al. (1998) showed that
the growth of intraradical hyphae of Glomus fistulosum was stimulated with
3% CO,. The growth of the extraradical hyphae also was decreased when
CO, was removed from the Petri plates containing roots associated with
AM fungi in monoxenic culture (Bécard and Piché 1989).

The effect of CO, on the free-living or presymbiotic hyphal growth
of Gi. rosea was demonstrated by Bécard and Piché (1989). A 17.5-fold
increase in hyphal length of germinated spores in the presence of 2%
CO, was observed when compared to controls grown in the absence of
CO, (Bécard et al. 1992). The synergistic stimulation of AM fungal hyphal
length with CO, and root exudates was shown for Gi. rosea (Bécard and
Piché 1989). Indeed, there was a five- to sixfold increase in hyphal growth
when exudate and 0.5% CO, were given together, compared to the sum
of the individual treatments. Autoradiography showed that the *CO, was
taken up and incorporated by the fungus (Bécard and Piché1989). This
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was later confirmed by Bago et al. (1999) using '*C NMR spectroscopy.
They concluded that *CO, was metabolized via dark fixation and utilized
in gluconeogenesis to synthesize trehalose, or in amino acid synthesis to
produce arginine. The exact nature of the role of environmental CO; in the
stimulation of fungal growth, beyond that of its minor nutritive effect, is
unknown.

Other work showed a growth stimulation response with CO, and a puri-
fied compound (quercetin) for G. etunicatum and G. intraradices (Bécard
et al. 1992; Chabot et al. 1992). One report (Bécard et al. 1992) also showed
that Gi. rosea had a nice growth response with 2% CO, and quercetin or
myricetin. More significantly, they showed a 2.5-fold synergistic stimu-
lation of hyphal growth when 2% CO, and 10 uM quercetin were given
together (206.2 mm), compared to the sum of the individual treatments
(38.4 mm for 2% CO; and 43.6 mm for 10 pM quercetin).

4.1
Effects of CO, on the Hyphal Growth
of Germinated Gigaspora Gigantea Spores

For the experiments reported here, a germinated spore was transferred
in a plug of medium to a fresh Petri plate and allowed to grow 1 day
at 32°C in 2% CO,. This allowed the primary germ tube to grow out of
the plug into the new medium. At this time, CO,-exposed Petri plates
were kept in the same incubator for an additional 3 days, while minus
CO,plates were treated as outlined above. Spores grown for 4 days in the
presence of 2% CO, exhibited 56% more growth compared to the minus
CO, control (Table 2). This was not as remarkable as the 17.5-fold increase
in growth observed for Gi. rosea (Bécard et al. 1992). However, this is yet
another AM fungus in which CO, stimulation has been verified (Balaji et al.
1995).

Table 2. Growth of Gigaspora gigantea for 4 days in the presence and absence of 2% CO,
and in the presence of a semi-purified root exudate (1:100 dilution) plus and minus CO,.
Branches and auxiliary cells were the total per germinated spore®

Treatment Hyphal length Germ tube Auxiliary cells Branches
(cm) (cm)

Minus CO, 109+ 1.3 50+£0.1 1.9+04 6.3+ 1.8

Plus CO, 17.0 £ 0.4 52£03 1.0+0 8.0+ 0.6

Exudate-CO, 19.6 £3.4 45+£03 25+1.6 23.0+ 3.1

Exudate+CO, 35.7 £4.8 58+0.1 3.8+1.4 60.8 +10.2

2 Each number represents the mean of four observations & SEM
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When exudate was given to Gi. gigantea in the presence and absence
of CO,, a synergistic stimulation in hyphal length was observed with CO,
(Table 2). The basal growth was 10.9 cm, the growth due to CO, was 6.1 cm,
and the exudate-induced growth was 8.7 cm (total = 25.8 cm), while the
average hyphal length induced with exudate and CO, given together was
35.7 cm (Table 2). This result showed a 38% increase over the predicted
growth of the individually given treatments, but it was not as great as
reported for Gi. rosea (164%, Becard et al. 1992).

Furthermore, a synergistic stimulation in hyphal branching was ob-
served for Gi. gigantea (Table 2). The number of total hyphal branches/spore,
in the presence of both CO, and exudate, was twice as high as the sum of
separate treatments of CO, and exudates (Table 2). This observation was
verified by treating the individual hypha with a more concentrated exu-
date fraction (1:10 dilution), and the results showed a 2.7-fold increase in

&

Fig.2. Micrographs of the hyphal branches of Gigaspora gigantea induced by treatment with
a concentrated exudate fraction in the absence (left) and presence (right) of 2% CO,
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branches with CO, and exudate together, compared to the sum of individual
treatments (data not shown).

A final observation was noted in the morphological change of the hyphae
when exposed to a concentrated exudate fraction in the presence of CO,.
Concentrated exudate caused the hyphal branches to take on crinkled and
arbuscular-like branched structures (Nagahashi and Douds 2000). These
arbuscular-like branches have been observed in extraradical hyphae of col-
onized roots but, until recently, not in hyphae during the presymbiotic
stage. These arbuscular-like branched structures only occur in the presym-
biotic stage with concentrated exudate, in the presence of 2% CO,, and not
in the absence of CO, (Fig. 2).

5
The Effect of Light on the Presymbiotic Growth of AM Fungi

A recent report (Nagahashi and Douds 2000) has clearly demonstrated
that a third physical environmental factor, light, can also stimulate hyphal
branching. White light-stimulated hyphal branching in germinating spores
of Gi. gigantea, Gi. rosea and G. intraradices (Nagahashi et al. 2000) and
subsequent work reported the first action spectrum for light-induced hy-
phal branching for any fungus (Nagahashi and Douds 2003). These results
clearly indicated that near-UV A light (390 nm) and blue light (430 nm)
were the most efficient wavelengths for inducing hyphal branching of AM
fungi (Fig. 3). There was a small response with green light and a minor
response in the red light region (Fig. 3, inset) but these responses were
very inefficient when compared to the micromoles of blue or UV A light
which induced branching (Nagahashi and Douds 2003). This is mentioned
because a recent report has indicated the stimulation of hyphal length of Gi.
margarita with red light, although an action spectrum was not performed
in this case (Yachi et al. 2001).

Recent work with both filtered blue light or filtered red light has indicated
that light did not affect the overall hyphal growth of germinated spores.
For these experiments, filtered light was used in order to expose the whole
Petri plate. The lengths of the primary germ tubes which were exposed
to blue (6.8 & 0.1cm) or red light (6.6 £ 0.2cm) were the same as the
dark controls (6.2 £ 0.1 cm). The overall growth (including all the major
secondary hyphae), measured by the grid-line intersect method, showed
the same response (data not shown). However, when blue, green, or red light
was used in conjunction with carrot root exudates, a synergistic stimulation
between light and host root exudates on the hyphal branching response of
AM fungal germ tubes was observed. The results presented here show that
the sum of the individual treatments of dilute exudate and long exposure
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Fig. 3. Action spectrum for the induction of hyphal branches of Gigaspora gigantea. Relative
efficiency of light-induced hyphal branching between 340 and 700 nm. Inset Data taken from
the action spectrum reported by Nagahashi and Douds (2003) are plotted here. Although
two other peaks are apparent (one at 540 nm and another at approximately 640 nm), these
wavelengths were very inefficient for inducing hyphal branches compared to light at 390
and 430 nm

to low-intensity monochromatic blue light was less than the total branches
induced when both treatments were given simultaneously (Table 3).

To assess the interaction of green or red light and exudates, consider-
ably higher light intensities were necessary than for studies with blue light,
due to their relative efficiencies (Fig. 3). Experimental conditions for green
light emitted from a monochromator were 35 pmols™ m™ with an expo-
sure time of 4 h and, for filtered red light, 1000 pmols™ m™ for 15-30 min.
For green light, the sum of hyphal branches for the individual responses
was less than when both treatments were applied together (Table 4). Sim-
ilarly, the presence of red light and exudate together induced a 2.4-fold
increase in hyphal branching over the sum of the individual treatments
(Table 4).

There also was a recent report which showed a synergistic branching
response between light and a purified chemical compound (Nagahashi et al.
2000). When germinated spores of Gi. rosea were exposed to quercetin and
white light simultaneously, more branches were induced (2.4-fold increase)
when compared to the sum of the individual treatments (Table 5).
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Table 3. Synergistic stimulation of hyphal branches of Gigaspora gigantea with monochro-
matic blue light (390 nm, 0.8 pmol s™! m™2 for 10 h) and dilute exudate from carrot roots?

Treatment Hyphal branches induced
Exudate 4.25+£0.52
Blue light (390 nm) 1.00 + 0.31
Blue light+exudate 14.00 £ 1.60

2 The exudate was mixed into the Petri plates and germinated spores were transferred to the
plates and grown for 3 days. Only the apical 8 mm of the primary germ tube was exposed.
The blue light exposure and exudates treatment were given simultaneously. Branches were
counted 16 h after the blue light exposure

Table 4. Synergistic stimulation of hyphal branches of Gigaspora gigantea with green light
(540 nm, 35 pmol s™! m~2 for 4 h) or red light (640 nm, 1,000 pmol s~! m~2 for 15 min) and
dilute exudates from carrot roots?

Treatment Hyphal branches induced
Exudate 4.00 +1.10
Red light 1.00 £0.27
Red light + exudate 11.75 + 1.00
Exudate 3.00 & 0.42
Green light 1.70 £ 0.37
Green light + exudate 10.90 + 1.06

2Thelight treatment was given firstand immediately followed by a microinjection of exudate.
Branches were counted 16 h after injection. Means of ten observations per treatment + SEM

Table 5. The effect of high light intensity (10,800 uE s~! m™2) on the branching of primary
(1) and secondary (2) hyphae of germinated G. rosea spores. The germinated spores were
grown in the presence and absence of 10 uM quercetin, and either kept in the dark or treated
with light.? (Data taken from Table 1 of Nagahashi et al. 2000)

Treatment 1 2

Dark control 1.4c 0.0c
Dark + quercetin 1.8¢c 0.0c
Light (15 min) 5.8b 5.5b
Light + quercetin 15.8a 16.0a

2 Means of six observations; numbers in the same column followed by the same letter are
not significantly different (Tukey’s method of multiple comparisons, & = 0. 05)

Finally, there is some evidence that blue light and compounds in a host
root exudate appear to trigger the same second messenger involved in
the hyphal branching response (Nagahashi and Douds 2004). This was
demonstrated by using the synergistic response between blue light and
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exudate. The primary germ tube of Gi. gigantea was first exposed to blue
light, and then exudate was applied at prolonged intervals after the initial
exposure. The loss of the synergistic response was used to determine the
stability of the second messenger. These results indicated that the second
messenger was stable or active for at least 3 h.

6
Conclusions

In general, AM fungal spores can germinate without the presence of root ex-
udates. However, components of the exudates can stimulate fungal growth,
hyphal branching and AM fungal colonization rate (Bécard and Piché 1989,
and references therein). The prolific hyphal branching from germinating
spores induced by host root exudate components is well documented (Gio-
vanetti et al. 1993; Buee et al. 2000; Nagahashi and Douds 2000), and the
types of branching patterns observed with isolated exudate components are
the same as when a hyphal tip approaches a host root in monoxenic culture
(Nagahashi and Douds 2000). Recent reports have indicated that multiple
genes are expressed when a germinated spore is treated with host root
exudates (White et al. 2003; Tamasloukht et al. 2003), and the expression
of certain fungal genes occurs hours before the intense hyphal branching
is observed (Tamasloukht et al. 2003). Both of these reports have used, at
best, semi-purified exudate preparations, so purification and identification
of a branching stimulator are paramount in determining which genes are
specifically related to hyphal branching. Recent evidence also suggests that
there are either several different types of compounds or there is a single,
major type of compound with variable side groups that can induce hyphal
branching (Nagahashi and Douds 2000). We should also be aware that there
might be separate factors for elongation growth and hyphal branching.

Not all root exudates and other compounds present in the soil envi-
ronment affect AM fungi in a positive fashion. A nonhost root can exude
hyphal tip inhibitors which delay the rapid growth of AM fungi (Naga-
hashi and Douds 2000). In addition, some naturally occurring flavonoids
can also inhibit AM fungal growth (Bécard et al. 1992). In the presence of
a nonhost inhibitor, Gi. gigantea exhibits an interesting recovery mecha-
nism. Although the hyphal tip stops growing, a recovery branch behind
the inhibited tip forms and starts to grow. This tip inhibition, followed by
recovery branch formation, can go through many cycles until the newest tip
is far enough from the nonhost root to resume normal growth (Nagahashi
and Douds 2000).

The stimulation of AM fungal growth by CO, is the only well-documented
volatile interaction with germinated spores. The CO, synergism is a very
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interesting phenomenon. Ecologically, the synergistic interaction is some-
what of a safeguard for the fungus, so that the germinated spores will not
exhaust their reserves in the presence of CO, generated by soil microflora.
On the other hand, the presence of CO, from a host root and the simulta-
neous presence of exudates would stimulate profuse branching and result
in much more surface contact with the host root and, hence, successful
colonization.

The other interesting observation with CO, is its effect on the mor-
phology of a presymbiotic branching cluster. In the presence of CO,, the
branches start to look arbuscular-like, so it is possible that the presymbiotic
branching structures (Fig. 3) have a physiological function such as nutrient
uptake. The arbuscular-like structure shown is very reminiscent of actual
intraradical arbuscules present in the colonized root. The intraradical ar-
buscules are believed to be the site of nutrient exchange between host and
fungus (Bonfante-Fasolo 1984; Smith and Smith 1990). Morphologically
similar arbuscular-like branched structures have been observed in the ex-
ternal hyphae of clover root cultures colonized by Glomus mosseae(Mosse
and Hepper 1975), and this has been verified for another AM monoxenic
culture (Bago et al. 1998). These arbuscule-like structures have recently
been renamed as branched absorbing structures (BAS). The BAS appear
at regular intervals along a runner hypha, and they have a similar mor-
phology, developmental features and cytological features to intraradical
arbuscules. Although the BAS and presymbiotic arbuscular branches we
observed (Fig. 3; Nagahashi and Douds 2000) are similar in appearance,
cytological studies of presymbiotic branching structures have not yet been
made. These presymbiotic branching structures also occur with regularity
along a major hypha (Nagahashi and Douds 2000), and require CO; to
form (Fig. 3). Although it has been demonstrated that the removal of CO,
can inhibit extraradical mycelial growth (Bécard and Piché 1989), a CO,
requirement for the formation of intraradical arbuscules or BAS has not
been demonstrated. The three morphologically similar types of branched
structures may all have a similar function in nutrient uptake (or, as in the
case of arbuscules, nutrient exchange) but the actual involvement of BAS
or presymbiotic arbuscular-like branches in nutrient uptake processes still
needs to be determined.

The effect of light on the branching of AM fungi was not totally sur-
prising, since light (especially blue light) can stimulate various processes
of other soilborne fungi (Gressel and Rau 1983). The fact that blue light
and host root exudates synergistically stimulate hyphal branching can in
part help explain why maize seedlings, grown in soil in mini ant farm
containers, had a higher percent root length colonization, when roots were
directly exposed to light, compared to the dark control (Nagahashi et al.
2000). The fact that hyphal branching from germinating spores induced by
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blue light requires only low intensity is consistent with the low penetration
of soil by blue light (Bliss and Smith 1985). Much higher-intensity green
light or red light is necessary to stimulate hyphal branching, but red light
also penetrates deeper and more readily into various soil types (Bliss and
Smith 1985). Light penetration into soil in the presence of certain chemical
compounds or host root exudates could interact synergistically to increase
the chances of a hyphal tip to come in contact with the epidermal surface
of a host root, which would lead to the colonization of the root. This phe-
nomenon would be most significant in recently tilled soils or when spores
germinate near roots at or very near the soil surface.

A thorough understanding of presymbiotic signalling/recognition events
and host root-induced morphogenetic regulation of AM fungi is likely to
be essential for the eventual axenic culture of these obligate symbionts. The
synergism demonstrated among gaseous compounds, soluble compounds,
and physical environmental factors indicates that achieving this under-
standing will be a challenge. However, synergistic responses to different
environmental cues may indicate common steps, such as the activation of
particular second messengers during hyphal branching, and this could be
unraveled with in vitro culture techniques.
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7 Breaking Myths
on Arbuscular Mycorrhizas in Vitro Biology

Bert Bago', Custodia Cano!

1
Introduction

“For a critical study of the effects of vesicular-arbuscular mycorrhiza on
plant growth, typical infections must be produced under controlled micro-
biological conditions”. With those initial words, Mosse published in 1962
aresearch article in which the establishment of “vesicular”-arbuscular my-
corrhizas under “aseptic” conditions was first reported. Mosse, together
with Hayman and some other early mycorrhizologists, were pioneers in
suggesting the importance of this mutualistic symbiosis (Mosse 1953, 1956,
1957; Mosse and Hayman 1971; Hayman and Mosse 1971, 1972). Soil mi-
crobiologist and phytopathologist as she was, Mosse was conscious of the
necessity of fully understanding the biology of a given micro-organism, in
order to obtain some indication for its subsequent manipulation and use
in particular situations.

Mosse’s first “aseptic” mycorrhizal cultures were, in fact, dixenic (i.e. the
AM fungus plus two foreign organisms; Williams 1992) cultures between
the AM fungus known at that time as Endogone sp., sterile-raised seedlings
of different plant species, and Pseudomonas sp. The author claimed that
the presence of such soil bacteria was necessary for the symbiosis to be
established (Mosse 1962; see also Mugnier and Mosse 1987). It was not
until 1975 that Mosse and Hepper reported the first in vitro co-culture
between a root organ and a contaminant-free inoculum from a glomalean
species (Endogone mosseae). However, and perhaps due to the difficulty of
maintaining such dual cultures, this in vitro technique was almost forgotten
for more than a decade.

In 1986 and 1987, Strullu and Romand initiated a series of papers
demonstrating the high potential of mycorrhizal root pieces and isolated
intraradical vesicles for the establishment of monoxenic cultures. Both
papers pioneered the use of this intraradical fungal material for in vitro
culturing, nowadays used for some high-number vesicle-forming Glomus
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species (Diop et al. 1994; Simoneau et al. 1994; Declerck et al. 1996, 1998,
2000). Great, but unsuccessful, efforts were made in the meanwhile, mainly
by Hepper and coworkers, to produce AM fungi in axenic cultures from
spores (Hepper and Smith 1976; Hepper 1979, 1981, 1983, 1984, 1987; Hep-
perand Jakobsen 1983). As aresult of these studies, certain physicochemical
conditions, such as a 2% CO, atmosphere, the addition of some organic
acids, amino acids, vitamins, sulphur compounds, root exudates (revised
by Hepper 1984; Azcén-Aguilar et al. 1998) or even suspension-cultured
plant cells (Carr et al. 1985) to the culture media were found to enhance
germ-tube development, but only to a very limited extent. Nowadays, we
still have no choice but to consider glomalean fungi as obligate biotrophs
(Bago and Bécard 2002).

In 1988, Bécard and Fortin reformulated the experimental conditions
for AM monoxenic cultures to be easily maintained, using the idea of
Mugnier and Mosse (1982) of using Ri T-DNA transformed carrot roots
as the host. Unfortunately, little attention and much disbelieve were given
to this major contribution when it was first discussed at the 8th North
American Conference on Mycorrhizas (Jackson Hole, WY, USA; Bécard
and Piché 1990). As a proof of this, few reports of the use of AM monoxenic
cultures were published between 1988 and 1996 (Bécard and Piché 1989a,
b, 1992; Chabot et al. 1992; Diop et al. 1992, 1994; Simoneau et al. 1994;
Elmeskaoui et al. 1995; Mathur and Vyas 1995; Nuutila et al. 1995), most of
them produced by the same research groups and being just modifications
on the experimental systems published earlier. In particular, the Diop et al.
(1994) paper could be considered as the first report of thousands of Glomus
spores produced in vitro (with root pieces as inoculum), and the first
demonstration of the daughter spores being able to re-establish in vitro
and in vivo mycorrhizas.

A crucial date in the widespread use of AM monoxenic cultures was
1996, when an important improvement in this experimental system was re-
ported - by means of bi-compartmented Petri plates, St-Arnaud et al. (1996)
achieved the physical separation of the AM fungal extraradical mycelium
(ERM) from the host root and its immediate environment. This resulted
in the possibility of obtaining large amounts of AM fungal material in one
compartment (the “hyphal compartment”, HC), especially spores, which
nevertheless maintained a symbiotic nature (i.e. the fungus was still con-
nected to the host root, but spatially separated from it). First reports on
AM physiology carried out in vitro were published immediately by using
that system (Bago et al. 1996; Villegas et al. 1996), and other descriptions
on AM fungal cell cycle, ERM morphogenesis and AM fungal colony de-
velopmental dynamics promptly followed (Declerck et al. 1996a, b, 1998,
2000; Bago et al. 1998a, b, 1999). Later on, and combining AM monox-
enic cultures with other powerful techniques, important advances in our
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knowledge of AM fungal cytology, biochemistry and physiology have been
achieved (Jolicoeur et al. 1998; Pfeffer et al. 1998, 1999; Bago et al. 1999a,
b, 2000, 2002, 2003, 2004a, b; Declerck and Van Coppenolle 2000; Hawkins
et al. 2000; Joner et al. 2000; Koide and Kabir 2000; Declerck et al. 2001;
Lammers et al. 2001;Nielsen et al. 2002; Tiwari and Adholeya 2002). More
recently, molecular biologists have realized that AM monoxenics produced
the optimal fungal material to carry out their studies. Indeed, the first suc-
cessful amplification of ribosomal DNA from an AM fungus was done by
using monoxenically produced spores (Simon et al. 1993) and, after bi- and
multi-compartmental monoxenics development, an increased number of
AM molecular biologists adopted these systems (e.g. Lammers et al. 2001;
Maldonado-Mendoza et al. 2001; Gonzdlez-Guerrero et al. 2004). In sum-
mary, a change of mood has occurred in mycorrhizologists quite recently
with respect to AM monoxenic cultures — from profound skepticism to
general acceptance, and from a residual to a widespread use. The danger
of all this consists in researchers using AM monoxenics just as a tool to
get large amounts of fungal material, paying little or no attention to the
type (i.e. developmental stage) and quality of material they are collecting.
Indeed, the unadvertised misuse of AM monoxenics could result in poor
or inappropriate AM material and, consequently, in inaccurate results and
interpretations.

This chapter aims to warn about such misuses, and to address some of
the questions, skepticisms and myths raised by AM monoxenic culturing.
Final take-home messages should be that (1) AM monoxenics are far more
than just a routine technique, (2) easy, but strict protocols should be fol-
lowed for success and, most importantly, (3) some training/expertise on
AM establishment, fungal colony development and hyphal morphogene-
sis under such conditions is mandatory for researchers aiming to use this
technique, to be able to certify the quality of the material obtained and,
consequently, the reliability and accuracy of the results obtained.

2
Questioning AM Monoxenic Cultures

2.1
Are AM Monoxenic Cultures Devices Too Artificial to Trust?

One of the most frequent criticisms against AM monoxenic cultures is
that these are too artificial to trust any results obtained with them. While
recognizing the limitations of the system, which will be addressed below,
it is at least curious that most researchers making such statements use
whole plants growing in pots in highly controlled environments, which have
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little or nothing to do with natural conditions. There are certainly some
differences in AM fungal development when growing in Petri plates versus
pot microcosms and in nature (see below), but these could be minimized
if one is aware of them. Fortunately, the benefits obtained by using AM
monoxenic cultures (in terms of increase in our knowledge of AM fungal
biology) have by now convinced quite a few of these former skeptics.

The most convincing proof supporting the suitability of monoxenic cul-
tures for AM research is the fact that AM fungi form, both intra- and
extraradically, typical symbiotic structures (i.e. appressoria, entry points,
intercellular hyphae, arbuscules, intraradical vesicles and spores; Fig. 1a-c),
and that they successfully complete their life cycle under these conditions
by producing new and infective propagules. It is important to stress here
that a given co-culture of a root organ + an AM fungus should not be con-
sidered a symbiotic monoxenic culture (SMC) unless the fungal life cycle is
completed and new spores, able to establish new AM symbiosis under either
monoxenic or soil conditions, are obtained. This is an important rule which
should be strictly followed to preserve AM culturing credibility. The second
rule is that any report of a new SMC should be presented in a peer-reviewed
article and deposited in an appropriate in vitro bank (e.g. the International
Bank of Glomeromycota BEG, Coleccién Iberoamericana de Micorrizas Ar-
busculares CIMA, Estacién Experimental del Zaidin EEZ, Glomeromycota
In Vitro Collection GINCO, and Mycotheque de I’Université catholique de
Louvain MUCL), and given a deposit code in order to be validated. By
following these two simple rules, one could avoid confusion/uncertainty
about the AM fungal species/ecotypes actually maintained in SMC, a sit-
uation reflected in the following example. When carefully considering the
list of glomalean species claimed to be maintained in monoxenics (Fortin
et al. 2002), we get some uneasy numbers: only 15 of the 27 cultures listed
(55.6%) have been published; to the best of our knowledge, of these 15
at least two (G. caledonium, G. versiforme) are no longer maintained in
monoxenics, and one has serious doubts about the symbiotic status of
some other such cultures (e.g. G. etunicatum, G. mosseae, Gi. gigantea, Gi.
rosea) after carefully considering their associated publications. The latter
thought is frightening, since tests performed in a culture claimed to be
symbiotic, but which is not, will most probably produce misleading results
of unpredictable consequences.

Another frequently made comment about AM monoxenic cultures is
that while they may be useful to study the extraradical phase of the my-
corrhiza formed in vitro (i.e. the fungal extraradical mycelium), this is
probably not the case for its intraradical phase, especially at the level
of the symbiotic plant-fungal interfaces. We may expect that roots in
monoxenic culture have an altered way of acquiring carbohydrates com-
pared to normal roots — their vascular cylinder should be partially or
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Fig. la-c. Intraradical features of three AM fungi grown under monoxenic conditions with
a carrot Ri T-DNA transformed root organ culture (ROC, DC-2 clone). a Glormus intraradices
DAOM 181602. b Glomus proliferum MUCL 41827; ¢ Glomus sp. DAOM 227023. Coloniza-
tion develops quite normally in all the species tested, and characteristic fungal struc-
tures such as entry points (EP), intercellular hyphae, coils, arbuscules (A) and intraradical
spores/vesicles (V) are usually formed. d-g Apical colonization of a DC-2 ROC by Glomus
sp. DAOM 227023 (d), G. sp. CIMA10 (e) or Gigaspora margarita CIMA 11 (f). f-h Pictures
showing hyphae exiting different zones of a carrot ROC (DC-2 clone): Gi. margarita CIMA
10 (f, h, arrows) and G. intraradices DAOM 181602 (g, arrows)
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totally useless, since sucrose is provided to the monoxenic culture ho-
mogeneously through the agar medium. Once this has been taken into
account, there is no further indication that any physiological, metabolic
or genetic process in root organ cells is affected. In a recent work, the cell
structure of root organ cultures (ROC) from a tomato variety (c.v. 76R)
and its reduced mycorrhizal colonization mutant (rmc, Barker et al. 1998;
Gao et al. 2001) have been compared to the corresponding whole-plant
roots growing in soil - no remarkable differences were found (Bago et al.
2004a). Also, ROC from roots expressing a Nod™ Myc~ genotype main-
tained such a phenotype when monoxenically cultured (Balaji et al. 1994).
Finally, we should consider the strict requirements of AM fungi to be-
come symbiotic: firstly, a series of pre-symbiotic dialogues between the
two partners should occur (Bago and Bécard 2002); secondly, the newly
formed interfaces must be fully functional for symbiosis to be established.
It seems therefore clear that unless the physiology and functioning of
ROC epidermal and cortical cells are preserved, the AM fungus would
never acquire its symbiotic status and, consequently, complete its life cy-
cle. In conclusion, while it is crucial to consider case by case the suit-
ability of using AM monoxenic cultures for particular research purposes,
there do not seem to be enough reasons to discard by default the use
of such experimental systems in the study of AM intraradical/interfacial
functioning.

2.2
Are Transformed Root Organs a Good Host Material
to Study AM Fungal Biology?

Most of the monoxenic cultures reported to date in mycorrhizal research
use Ri T-DNA transformed root organs as hosts (Table 1). These naturally
transformed plant roots are obtained by the insertion of the Ri T-DNA
plasmid from the ubiquitous soil bacterium Agrobacterium rhizogenes into
a given plant tissue, which is then induced to morphologically develop
as a root (a condition known as “hairy roots”; Giri and Narasu 2000).
Transformed root organs usually present a greater growth potential than
non-transformed ones, probably due to their modified hormonal balance
(Fortin etal. 2002). Ri T-DNA transformed roots show greater AM intrarad-
ical colonization and sustain higher extraradical hyphal development than
non-transformed ROC, which has led mycorrhizologists to preferentially
use these roots rather than the less known non-transformed cultures. How-
ever,ithas notyetbeen investigated if transformation could somehow affect
AM fungal behaviour, and this is a possibility which should be taken into
account (Bago 1998). Due to the increased secondary metabolite produc-
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Table 1. Root organ cultures used to date as hosts for AM monoxenic cultures

Plant species Ri T-DNA Clone First citation
transformed  orcv

Daucus carota L. Yes DC1 Bécard and Fortin
(1988)

Daucus carota L. Yes DC2? Bécard and Fortin
(1988)°

Medicago truncatula L. Yes Jemalong Boisson-Dernier et al.
(2001)

Lycopersicon esculentum Mill.  Yes - Simoneau et al. (1994)

Pisum sativum L. Yes Lincoln Balaji et al. (1994)

Pisum sativum L. Yes Sparkle E135¢  Balaji et al. (1994)

Pisum sativum L. Yes Sparkle R25¢ Balaji et al. (1994)

Pisum sativum L. Yes Sparkle R72¢ Balaji et al. (1994)

Fragaria x Ananassa Duch. Yes Senga sengana  Nuutila et al. (1995)

Trifolium repens L. Yes New Zealand De Souza and

White Berbara (1999)

Linum usitatissimum L. Yes Atalante Karandashov et al.
(1999)

Tagetes patula L. Yes nana Karandashov et al.
(1999)

Althaea officinalis L. Yes - Karandashov et al.
(1999)

Trifolium pratense L. No S123 Mosse and Hepper.
(1975)

Fragaria ananassa Duch No ananassa Strullu et al. (1986)

Solanum lycopersicon Mill. No Saint-Pierre Strullu and Romand
(1987)

Medicago sativa L. No Europe Strullu et al. (1989)

Lycopersicon esculentum Mill. ~ No Vendor Chabot et al. 1992

Lycopersicon esculentum Mill. ~ No 76R Bago et al. (2004a)

Lycopersicon esculentum Mill. ~ No rmc© Bago et al. (2004a)

Helianthus annus L. No HES Bago et al.
(unpublished data)

2There might be further Ri T-DNA transformed carrot root clones used for AM monoxenic
cultures, but this is not specified in the paper

PThere is no clear mention in this paper on whether the carrot ROC used corresponds to
what it is today known as DC1 or DC2 clones; however, since both clones came from the
same authors/laboratory, we use this as first citation

“Mutant clones usually impaired for AM symbiosis

tion of transformed root organs (Giri and Narasu 2000), one may expect the
final composition of culture media containing such transformed cultures to
be different to those containing non-transformed root organs of the same
plant species. Moreover, by growing different plant root organs in initially
similar culture media, such media will become different in composition,
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since each ROC produces specific compounds (see Giri and Narasu 2000,
Table 1). Rigorous studies comparing the effects of transformed versus
non-transformed root organs on AM fungal development are lacking. Such
studies would be important to perform in order to evaluate and better un-
derstand the basis of AM symbiosis, and even mandatory in assessments
of aspects such as fungal symbiotic gene expression.

2.3
The Downfall of Two Colonization Myths

AM in vitro cultures, in general, and monoxenics, in particular, are ex-
ceptional tools for studying the pre-symbiotic and symbiotic steps of the
colonization process (Bago and Bécard 2002). Observations difficult to
carry out in soil are easily performed in monoxenics, and important in-
formation has been acquired as a result of this (Schreiner and Koide 1993;
Bago 1998; Bago et al. 1998a, b, 2004b; Jolicoeur et al. 1998; de Souza and
Berbara 1999; Declerck et al. 2000, 2001; Nielsen et al. 2002). Taking advan-
tage of this, we want to address very briefly two old “myths” traditionally
accepted by mycorrhizologists as true, which become now challenged by
direct observation with monoxenic cultures:

1. “Primary colonization by AM fungi occurs in young roots, but the
actual root apices are rarely if ever colonized” - it has been thought
for a long time that preferential colonization of roots by AM fungi
occurred in subapical zones (0.5 to 1.5 pm from the root tip; Harley
and Smith 1983; Smith and Read 1997), where the root is growing
most actively and its cell walls are still loose, and that a sort of “ex-
clusion zone” for AM colonization was formed at the root apical level
(see Plate 3, Harley and Smith 1983). Based on colonization mod-
elling, Smith and coworkers (2001) found that such exclusion zones
were minimal or zero in most cases. Monoxenic culture observations
of different AM fungi confirm these theoretical results, as is clearly
shown in Fig. 1d-g. Even more, we could say that apical colonization is
quite frequent. Although one may think at first that the homogeneous
environmental conditions encountered by both root and fungus in
AM monoxenic cultures could make root tips more prone to colo-
nization, the observation of root tips developing in soil also suggests
that apical colonization is not a rare event (C. Cano, pers. observ.),
and that AM fungi have the potential to colonize root apices with
minimal interference on its meristematic growth.

2. Do hyphae exit the root after symbiosis setup? — mycorrhizal “lore”
establishes that, after symbiosis setup, and synchronously with in-
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traradical colonization spreading, the AM fungus acquires a sort of
hyphal “invigoration” which makes it possible to develop and explore
the soil surrounding the root. In other words, this “lore” states that
whereas AM fungal hyphae have the mechanisms to penetrate the
root, they are unable to exit it, using instead the already established
hyphal penetrating network to develop towards the soil. In contrast,
a more intuitive mechanism for AM soil colonization was suggested
by Friese and Allen (1991), who referred to “exiting hyphae” when de-
scribing hyphal spread in the soil from a host root; such a suggestion
has caused some controversy. Monoxenic cultures confirm that AM
hyphae are indeed able to exit the root to explore the surrounding
media (Fig. 1f-h), and that this is a quite common event. This is in
fact no big surprise, since the same mechanisms (both mechanical
and enzymatic) described to be used by AM fungi to penetrate host
roots (Cox and Sanders 1974; Kinden and Brown 1975; Holley and
Peterson 1979; Gianinazzi-Pearson et al. 1981; Garcia-Romera et al.
1990, 1991) could be easily used by the mycobiont to develop in the
opposite direction.

24

Are Branched Absorbing Structures (BAS)

Commonly Formed by all Glomalean Fungi?

Are They Artifacts Formed Only Under in Vitro Conditions?

In the first report of the in vitro co-culture of a root organ and a gloma-
lean species (Mosse and Hepper 1975), ... a form of branching strongly
reminiscent to arbuscules ...” was already described. Since then, different
authors have mentioned such “arbuscule-like structures” (ALS) formed on
extraradical runner hyphae of different AM fungi (Mosse 1988; Bécard and
Fortin 1988; Chabot et al. 1992; Declerck et al. 1996; Bago et al. 1998a).
Strullu et al. (1997) suggested such structures are a thallus emerging from
the intraradical mycelium of AM fungi during the saprophytic phase, thus
being different from the spore-produced pre-symbiotic hyphae. In 1998,
Bago et al. (1998b) studied ALS in depth, finding striking morphological,
cytological and developmental similarities between these and intraradical
arbuscules. ALS were suggested to be preferential sites for nutrient uptake
by the extraradical mycelium of AM fungi (Bago et al. 1998b), and homol-
ogous to arbuscules in the context of AM fungi being highly bipolarized
organisms (Bago 1998). Following the advice of the two referees revising
the paper, Bago et al. (1998b) had to rename arbuscule-like structures to
“branching absorbing structures” (BAS): both referees felt that such struc-
tures were (1) not similar enough to arbuscules, (2) different in function,
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and (3) perhaps artificial structures produced by the AM fungus Glomus
intraradices under highly controlled in vitro conditions.

Since then, the question of BAS being artificial structures has been raised
in different scientific meetings and paper reviewing processes. At the same
time, more and more mycorrhizologists using monoxenic cultures realized
the omnipresence of BAS on AM extraradical runner hyphae (de Souza and
Berbara 1999; Declerck et al. 2000; Nielsen et al. 2002). In this section, we
present graphic evidence of (1) the occurrence of BAS in all of the different
AM fungal isolates successfully cultivated by us in monoxenics (Fig. 2) and
(2) the occurrence of such structures under natural conditions (Fig. 3a-j).
Finally, we will show first evidence confirming the hypothesized homology
between arbuscules and BAS (Fig. 3k, 1).

In Fig. 2, the morphology of extraradical hyphae of 12 different AM
fungal isolates is shown. The most striking feature in all of these is the
presence of BAS at regular intervals on the runner hyphae. In some of the
species/isolates studied, BAS were more difficult to distinguish, due to the
frequent anastomoses suffered by extraradical hyphae, which masked BAS
occurrence (Fig. 2b, G. etunicatum). In all cases, BAS show their typical,
slender morphology, with a dichotomous branching pattern and a hyphal
tip thickness of approx. 1.5 pum. BAS were slightly different in morphology
from one species/isolate to another; this could be of use in the future as
a taxonomic character. In agreement with first descriptions (Bago et al.
1998b), BAS were ephemeral (5-7 day life span) in all isolates tested, ex-
cept for those undergoing spore formation events (“spore-BAS”, Bago et al.
1998b; see Fig. 2, insets). BAS are developed not only by Glomus species, but
also by members of the Gigaspora (Fig. 2j-1), Scutellospora (de Souza and
Declerck 2003) and Acaulospora (Dalpé and Declerck 2002) genera tested
to date. We can now say that BAS are not just artificial structures formed
in vitro by AM fungi - they are also formed under soil ex-vitro condi-
tions, although in such situations they are extremely difficult to observe
(Fig. 3a-j). Bago (1998) proposed that, besides the putative physiological
role of BAS as preferential soil nutrient scavengers, these structures would
also be implicated in maintaining soil structure and aggregate formation,
as their thin branches would grow between soil particles, holding them
together. This could be the reason why they are usually hidden, and their
presence overlooked. Likewise, these structures might also be involved
in the excretion of substances possibly involved in the establishment of
a microbial mycorhizosphere. Such hypotheses, although not sustained at
present, would merit in-depth investigation.

Photomicrographs in Fig. 3a—j illustrate extraradical hyphal structures
formed by two AM fungi as they develop in soil containing vermiculite
particles. The latter semi-transparent substrate is organized in thin layers,
which allows the fungus to develop three-dimensionally between them.
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Fig.2a-1. Branched absorbing structures (BAS, BAS-s) formed by extraradical hyphae of
six different AMF grown under monoxenic conditions with a carrot Ri T-DNA ROC (DC-2
clone). a Glomus intraradices DAOM 181602. b Glomus etunicatum CIMA 07. ¢ Glomus sp.
MUCL 43195. d Glomus proliferum MUCL 41827. e Glomus cerebriforme DAOM 227022.
f Glomus sp. DAOM 227023. g Glomus sp. CIMA 09. h Glomus sp. CIMA 10. i Glomus sp.
CIMA 12. j Gigaspora margarita BEG34. k Gi. margarita CIMA 05.1 Gi. margarita CIMA 11.
While presenting similar general morphogenetic and developmental features (i.e. ephemeral
short structures with dichotomous branching pattern formed by runner hyphae at regular
intervals), BAS from different fungi differ from each other, which might be of taxonomic
interest. In all the cases studied, spore-BAS were observed (a, d, f-h, insets; c, e, i, BAS-
s), except for the Gi. margarita isolates, where auxiliary cells preferentially developed at
the BAS trunk (j, arrow in inset; k, 1, arrows). G. etunicatum CIMA 07 presented the most
differential developmental pattern (b) in which BAS were difficult to observe due to frequent
anastomoses of thin branches (b, inset) (continued on next page)
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Fig.2a-1. (continued)

Such layers seem to be suitable for BAS to be formed, thus allowing us to
show, for the first time, their actual occurrence under ex vitro conditions.
Interestingly, preferential sporulation between vermiculite layers has been
observed (Vidal et al. 1990; C. Cano, pers. observ.; Fig. 3f, g), suggesting
that some or most BAS formed there could, in fact, be spore-BAS.
Arbuscules and BAS do share some features (Bago 1998; Bago et al.
1998b), and this leads us to propose (and this may appear scandalous to
some mycorrhizologists) that they are homologous structures, and bipolar
extremes of one and the same AM fungal colony; if this were true, then
some arbuscules should reflect intraradically the occurrence of spore-BAS
extraradically, by supporting vesicle formation on their branches. This is
indeed the case, as shown, also for the first time, in Fig. 3k. Further obser-
vations should confirm the frequency for such “spore-arbuscules” to occur
within the root; nevertheless, their actual presence gives some additional
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J

Fig.3a-1. Occurrence of branched absorbing structures ex vitro, in either soil, or soil-like
substrates and under greenhouse or natural conditions (photographs in f-i were taken by
C. Cano together with C. Azcén-Aguilar). a-e Glomus intraradices DAOM 181602 grown in
soil:vermiculite:sepiolite (1:1:1). f-i G. viscosum EEZ 34 in sand:vermiculite (1:1). j G. sp.
CIMA 12 extraradical hyphae isolated from natural soil. In all cases, BAS are indicated by
arrows. k-1 Comparison between arbuscule-forming vesicles (k) and spore-BAS (1). Note
the striking morphological and developmental similarities of both structures, suggesting
their homologous origin and confirming once more the AM fungal colony bipolarity. Arrows
Arbuscule or BAS thin branches, V vesicle, S spore
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validation to the above-mentioned hypothesis (cf. Fig. 3k, intraradical, with
Fig. 31, extraradical). Moreover, it is interesting to note here that members
of the Gigasporaceae family typically do not form intraradical vesicles;
in parallel, BAS of such isolates never support spore formation. However,
many of the BAS produced by the Gigaspora species formed auxiliary cells
at the BAS trunk (Fig. 2j, inset, Fig. 21). A recent study has shed some light
on the formation and development of auxiliary cells in the Gigasporaceae
family (Declerck et al. 2004). More research is needed to reveal their real
physiological role, and to understand their possible relationship to BAS.

2.5
Are There Any Differences in AM Fungal Development
in Monoxenics Versus Soil?

While insisting that AM monoxenic cultures are valid experimental sys-
tems to study AM fungal biology, we cannot deny that highly controlled
in vitro conditions could somehow affect fungal development. This is in
fact the case for all in vitro-cultured micro-organisms, as they develop in
nutrient-supplied, homogeneous agar media under optimal environmental
conditions. Concerning AM fungi, observations by Pawlowska et al. (1999)
and Dalpé (2001) indicate that monoxenically produced spores may be
smaller and less pigmented than soil-borne spores (Fortin et al. 2002). We
have also observed that a differential response to Melzer’s staining usually
occurs in soil versus monoxenically raised spores (Fig. 4a, b, e, f). Perhaps
related to this, an important reduction in spore wall thickness is noted
under monoxenic conditions (Fig. 4c, d, g, h). The latter could be observed
at first as a frightening result, since one may think that monoxenically
produced spores are weaker than those obtained from soil. However, this
is absolutely not the case - monoxenically produced propagules have been
shown to be even more effective in colonizing either seed-raised or micro-
propagated plants under greenhouse conditions than soil-raised inoculum
(Vimard et al. 1999; Filion et al. 2001; Declerck et al. 2002; Jaizme-Vega
et al. 2003; C. Cano, pers. observ.), and such material was shown effective
to improve growth of plants under greenhouse conditions. Interestingly,
tests performed in our laboratory indicate that AM fungi adapt to exist-
ing environmental conditions surprisingly quickly. Plants inoculated with
monoxenically obtained, thin-walled spores and cultured in soil under
greenhouse conditions produced a new generation of thick-walled AM
fungal spores (C. Cano and B. Bago, unpubl. data). Such a result indi-
cates once more the incredible plasticity of fungi; AM fungi in particular
have been demonstrated to quickly adapt to a changing environment while
preserving the integrity of the fungal colony (Bago et al. 2004b).
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Fig.4a-h. Comparison between spores of Glomus intraradices DAOM 181602 (a-d) and
G. sp. CIMA 12 (e-h) produced either in soil (a, ¢, e, g) or under monoxenic cultures (b, d, f,
h). Spores were extracted from the substrate and treated with either Melzer’s reagent (a, b,
e, f,h) or PVLG (c, d, g). Note the intense Melzer’s staining of soil-borne spores compared
to those obtained from monoxenic cultures (a vs. b, and d vs. e). This could be due at least
partially to the dramatic reduction in cell wall thickness of soil- compared to monoxenically
raised spores (c vs. d, and g vs. h, arrows)
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Thus, careful observations of AM fungal developmental features should
be performed in monoxenics in parallel to any physiological or molecular
tests we may want to carry out. Fungal morphogenesis is a good indicator
of any fungal response, and it is important to have eyes wide open during
data interpretation to avoid misleading conclusions. Only on this basis will
monoxenic cultures be of value for the advance of our understanding of
AM symbioses.

2.6
Are AM Monoxenic Liquid Cultures Accurate?

As indicated above, more and more researchers now have a different per-
ception of AM monoxenic cultures, and consider this experimental sys-
tem as an extremely useful tool to work with, especially for fine research
such as biochemistry and molecular biology of the AM symbiosis. Con-
sequently, modifications of the original monoxenic culture described by
Bécard and Fortin have been developed. A clear example of this is the
bi-compartmented system (St-Arnaud et al. 1998), allowing the physical
separation of extraradical hyphae from the influence of roots, or the multi-
compartmented system (Bago et al. 2004b), which allows the testing of the
physiological abilities of different parts of a single AM fungal colony grow-
ing on spatially heterogeneous media. Another modification of the system,
which is now being widely used, is the replacement of the solid medium in
the hyphal compartment by a liquid medium. Such a modification was first
reported by Maldonado-Mendoza et al. (2001), and is extremely useful for
pulse-chase experiments.

Nevertheless, and taking into account the warning notice expressed at the
end of the previous section, when observing morphogenesis of extraradical
hyphae growing in liquid culture, dramatic morphological changes are
noted (Fig. 5). Indeed, the regular pattern of development, with runner
hyphae extending from the fungal colony radially, and producing BAS at
regular intervals (Fig. 5a, b), is lost in liquid cultures, in which runner
hyphae are predominant (Fig. 5¢, d) and BAS are scantly and appear much
less branched (Fig. 5e). Zones of fine hyphal networks, which could be
the consequence of multiple BAS anastomoses, appear instead (Fig. 5f),
and on these preferential sporulation seems to take place (Fig. 5g, h).
Liquid-growing fungal hyphae are extremely fragile, and it is common to
inadvertently stop development of extraradical mycelia simply by slightly
moving the Petri plate.

It would be important to make sure that the important morphological
changesinduced byliquid media do not affect the extraradical fungus either
cytologically or functionally. For instance, one may think that under liquid
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Fig.5a-h. Developmental features of the extraradical mycelium of Glomus intraradices
DAOM 181602 growing monoxenically in hyphal compartments containing either solid (a-
b) orliquid (c-h) M-C culture media. When developing in solid medium, the extraradical AM
fungal mycelium consists of straight, leading runner hyphae (rh) supporting differentiated
BAS or BAS-s at regular intervals. However, the liquid medium modifies such patterns:
runner hyphae become more generalized and prominent (c, d), and bend easily in the
liquid medium (c, arrows). BAS are formed, but they are less profusely branched (e, arrows).
Disorganized branching events become frequent in the extraradical mycelium (f, arrows),
and seem to be preferential sites for spore formation under these special conditions (g).
Sporulation is in no case affected by the liquid state of the medium (h)
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conditions transport proteins would be distributed differently, that cell wall
structure would adapt to the new environment, and that gene expression
could be consequently affected. We are not challenging the validity of liquid
cultures at all; we just warn researchers once more about the importance
of considering their working material before just collecting and using it.
Much additional information could be obtained, and many misleading
results avoided by following this simple practice. On the other hand, the
application of cutting edge techniques such as suppression subtractive
hybridizations (SSH, Diatchenko et al 1996; Gianinazzi-Pearson et al. 2004),
to test whether morphological changes in AM fungi indeed reflect changes
in their gene expression, would be of great use.

2.7
The Danger of Contamination in AM Monoxenic Cultures

As is the case for all in vitro cultivation techniques, undesired contamina-
tion (either of fungal or bacterial origin) is the most important handicap for
AM monoxenic culturing. Adequate manipulation knowledge, exhaustive
contamination screening, and immediate removal of the affected plates are
sine qua non conditions for any laboratory using AM monoxenic cultures.
Even so, the occurrence of some contamination is unavoidable, but this
should never exceed 5% as a maximum to ensure reliability of the manip-
ulator. Our experience indicates that, in most cases, just one or two types
of contaminating fungi, and two or three different contaminating bacteria
appear in AM monoxenic cultures. Preliminary fatty acid profiling analysis
of these (Larsen, Cano and Bago, unpubl. data) resulted in the identification
of two bacterial isolates, a Paenibacillus sp. and a Bacillus subtilis. Inter-
estingly, both of these bacteria are well-known PGPRs; moreover, another
Paenibacillus isolate (P. validus, Hildebrandt et al. 2002) has been recently
pointed out as an important inducer of morphological differentiation in
G. intraradices. More research is needed because of the consistent presence
of these bacteria in AM monoxenic cultures, which is linked somehow to
the Mugnier and Mosse (1987) claim that the presence of some “helper
bacteria”, may be necessary to succeed in culturing certain AM fungi. In
any case, the development of molecular kits for early detection of bacte-
rial contaminations in AM cultures would probably be of great interest,
especially for high-quality, certified in vitro AM inoculum production.
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2.8
What Else Have Monoxenic Cultures to Offer
on the Study of AM Fungal Biology?

Figure 6a shows a general view of AM extraradical mycelium as it develops
monoxenically on a hyphal compartment. Here, it is easy to distinguish two
phases in the development of extraradical hyphae (separated by the dashed
line in the photograph). During the “absorptive phase” (Fig. 6a, ABS), BAS
are the predominant fungal structure. This phase is at the forefront of
the fungal colony, and it is easy to relate it with the substrate-scavenging
abilities shown by AM fungi. Behind this absorptive phase, and probably
formed after a given signal which might well be the arrival of storage lipids
at important rates (Bago et al. 2002, 2003), we found the sporulative phase
(Fig. 6a, SP). On this, the most frequent structures found are spore-BAS
and spores which are formed in sporulation waves, according to sporula-
tion dynamics described for AM and most other fungi (Bago et al. 1998;
Declerck et al. 2001). It is important to stress here that genes of each of
those two developmental phases (i.e. absorptive and sporulative) probably
express differentially, according to the stage of hyphae, and therefore ac-
cording to the younger versus older parts of the colony. As a consequence,
caution should be taken when using extraradical hyphae for molecular bi-
ology studies — one must be sure of the physiological and developmental
situation of the extraradical mycelium in order to avoid a mixture of gene ex-
pressions which may lead, once more, to misinterpretation of the obtained
results.

Undoubtedly, there are still many surprises reserved for us concerning
AM fungal biology. Monoxenic cultures could well be ideal tools for further
advances in such knowledge. To conclude this chapter, we would like to show
some “strange” growing patterns usually found in monoxenic cultures, but
rarely reported due to the difficulty in identification and/or explanation.

2.8.1
Interwoven Hyphae of Glomus Intraradices Forming Sporocarp-Like Structures

Such a morphological event (Fig. 6b-f) occurs quite frequently at late
developmental stages of monoxenically grown G. intraradices. It consists of
a sudden re-growth of thin, newly formed hyphae emerging from a given
point of a hypha on which, quite frequently, an anastomosis has taken place
(Fig. 6b arrow). Such long, thin and tortuous hyphae interweave, giving rise
to what we could name “hyphal knots” (Fig. 6¢), which grow more compact
(Fig. 6d) to support sporulation at latter stages (Fig. 6e), being at the
end extremely reminiscent of sporocarps (Fig. 6f). Since the occurrence
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Fig.6a-o0. Morphogenetic events of interest in mature (a) and late (b—o) stages of AM fungal
extraradical mycelium as revealed by monoxenic cultures. a Transition from absorptive
(ABS) to sporulative (SP) phases. Note the well-differentiated limit between both develop-
mental stages, which allows one to easily follow the “sporulation wave” undergone by the
fungal colony. b—f Hyphal knots formed by the extraradical mycelium, usually after an anas-
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tomosis event (b, arrow): hyphae interweave and curl progressively (see transition from b
to f) to finally form a sporocarp-like structure in which preferential sporulation occurs (f).
g-k “Protrusion-and-re-growing” events in old extraradical AM hyphae. Hyphae burst at
given points with no apparent cause, and frequent cytoplasmic protrusion occurs (closed
arrows); from these same points, newly formed, thin hyphae re-grow radially (open arrows).
Occasionally, hyphal bridges are formed to bypass the affected zone (i, hb). -0 “Protrusion
and re-germination” events in mature spores. Spores burst at their distal pole with cytoplasm
loss, while newly formed, thin hyphae re-grow from the exploded sites (arrows)
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of sporocarps in G. intraradices has never been described under either
greenhouse or natural conditions, we may conclude that (1) the observed
structure has a different function than sporocarps, and simply resembles
them, or (2) G. intraradices has the potential to form sporocarps, but such
apotential is rarely used under the experimental/natural conditions studied
up to now.

2.8.2
Protrusion and Re-Growing Events

These processes usually occur in older parts of the fungal colony as well.
They consist of a burst of a runner hypha in non-apical zones, with pro-
trusion of cytoplasmic material (Fig. 6g-k, closed arrows), which is some-
times followed by “hyphal bridging” (Gerdemann1955; Mosse 1988) events
(Fig. 6i). Either from, or at the protruded portion of hyphae, new thin
hyphae re-grow (Fig. 6g-k, open arrows), usually in a quite unorganized
manner. The most extreme situation of these protrusion and re-growing
events is exploded spores (Fig. 61-0). In this case, it is the distal pole of
a given spore which bursts, liberating parts of its content from which new,
thin, interwoven hyphae develop (Fig. 61-o, arrows). This protrusion and
re-growth in spores has been noted in all the AM fungal isolates revised, but
its real cause/significance remains absolutely obscure to us. It is important
to stress here that there is no indication that the bursting and protrusion of
either hyphae or spores are a consequence of contamination of the monox-
enic cultures by exogenous bacteria — contaminated plates are routinely
discarded and never used in our studies.

2.8.3
Are There Sexual Processes Waiting to Be Described in AM Fungi?

Unfortunately, we have no pictures to answer this controversial question; it
is, nevertheless, tempting to speculate that, similarly to the fact that there
are morphogenetic processes which had never been described to occur in
AM fungi before, there might be other significant processes waiting to be
described. Could it be that the hyphal knots formed from an anastomosis
are in fact the result of a genetic exchange of nuclei within a given hypha?
Reports by several authors (Bago et al. 1999a; Giovannetti et al. 1999) seem
to support such a possibility since, in very close hyphal tips, nuclei seem
to sense and attract each other. Nevertheless, recent reports suggest that
no sexual exchange occurs in AM fungi (Sanders 1999; Pawlowska and
Taylor 2002), although such observations remain to be fully confirmed.
Hopefully, new powerful techniques (molecular/microscopy) will answer
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such questions - no doubt monoxenic cultures will be, once again, the
selected experimental system to carry out such studies.

3
Conclusion

In this chapter, we tried to give a brief overview on subjects of poten-
tial interest for those using, or willing to use, AM monoxenic cultures.
This experimental system has already opened, and can further open in
the future, new avenues in our knowledge and understanding of AM sym-
biosis; it has also uncalculated potential as an inoculum source for either
scientific or commercial purposes. Nevertheless, only by following some
simple common sense rules, monoxenic cultures will retain liability and
appropriateness for these purposes. Therefore, caution is needed not to
misuse a system which, we could say, has promoted a quiet revolution in
the fascinating research field of arbuscular mycorrhizas.
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8 Host and Non-Host Impact
on the Physiology of the AM Symbiosis

Horst Vierheilig', Bert Bago?

1
Introduction

Whereas in soil (i.e. under non-sterile conditions) the physiology of arbus-
cular mycorrhizal (AM) associations has been studied quite in detail, few
data are available from in vitro systems. Before focusing on this subject, it
is important to define correctly what we understand by “in vitro systems”
when referring to AM fungi. In fact, “in vitro” is a general term used to
describe a series of different experimental systems which should be strictly
differentiated. Thus, in vitro systems should be referred to as “axenic sys-
tems” when just one organism (the AM fungus) is growing under aseptic
conditions; “monoxenic systems” should be used when two organisms (an
AM fungus and a root organ) are growing together; the term “dixenic sys-
tems” indicates that an AM fungus, a root organ and another organism are
grown on the same Petri plate, usually to study the interaction of the AM
symbiosis on the third organism or vice versa (Williams 1992; St.-Arnaud
etal. 1995; Bago et al. 1996; Elsen et al. 2001, 2003; Villegas and Fortin 2001,
2002).

In this review, we will discuss axenic and monoxenic experimental sys-
tems. Dixenic experimental systems are discussed in another chapter of
this book (see Chap. 12).

Two types of monoxenic mycorrhizal systems can be distinguished:
(1) monoxenic mycorrhizal systems in which the fungus has penetrated
the root organ and established a functional symbiosis; below we will
call such cultures “symbiotic monoxenic cultures” (SMC); (2) monox-
enic mycorrhizal systems where the fungus and the root organ are not
in physical contact but signals can be exchanged; below we will call this
experimental setup “pre-symbiotic monoxenic cultures” (pre-SMC). By
using and combining these two monoxenic systems, different aspects of
the symbiosis can be studied. Whereas in SMC the symbiotic phase of
the mycorrhizal association can be studied in more detail, in pre-SMC
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signalling events before the establishment of the symbiosis can be investi-
gated.

Pot experiments under greenhouse or growth chamber conditions pro-
vide fast and, in general, homogeneously colonized mycorrhizal plant ma-
terial in relevant quantities; however, in such systems, pure fungal material
is difficult to obtain. Moreover, plant and fungal material produced un-
der these conditions are accompanied by other micro-organisms, which
might affect physiological measurements and observations. In contrast,
SMC and pre-SMC are more time-consuming to establish, but provide ex-
cellent systems to study the different phases of the establishment of the
AM symbiosis under strictly controlled conditions, excluding the presence
of other possibly interacting micro-organisms. Despite the relatively low
root colonization in SMC compared to soil systems, there are indications
that the AM symbiosis is fully functional under these restricted condition
(see Chap. 7), which make SMC and pre-SMC the only options to obtain
pure (microbial-free or pathogen-free) AM fungal material, and SMC the
only option to produce higher quantities of fungal material to perform
consistent analyses.

Several phases of the root-AM fungal interaction can be identified and
have been studied, at least partially, by using in vitro systems: (1) the asym-
biotic phase of the AM fungus, when the fungus germinates and grows in
the absence of plant signals (axenic cultures); (2) the pre-symbiotic phase,
when the AM fungus germinates and shows hyphal growth in the pres-
ence of signals exuded by plants (pre-SMC); and finally (3) the symbiotic
phase, when the fungus has penetrated the root and formed its intrarad-
ical structures such as the arbuscules (SMC). Whereas axenic AM fungal
cultures and even pre-SMC are relatively easy to handle and thus have been
used in many studies, the setup of SMC is more complex and, thus, fewer
physiological data are available.

2
Asymbiotic AM Fungal Growth

To study the asymbiotic phase of AM fungi, spores are usually surface-
sterilized and thereafter grown under axenic conditions on agar-like sub-
strates. The asymbiotic phase is characterized by the spore germination
and a limited hyphal growth in the absence of a host root (Azcén-Aguilar
et al. 1999). Therefore, only abiotic chemical and physical factors such as
pH, temperature, light and CO, levels can affect spore germination and
hyphal asymbiotic growth of AM fungi (Smith and Read 1997; Giovannetti
2000).
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2.1
pH

Optimal pH conditions for spore germination differ between species and
genera. Acaulospora laevis germinates best between pH 4 and 5 (Hepper
1984), Gigaspora spp. at a pH from 4 to 6, and Glomus spp. between pH 6
and 9 (Green et al. 1976). The optimal pH for spore germination seems to
be somewhat linked to the pH of the soil where the AM fungus is isolated
(Giovannetti 2000).

Since the first step to initiate AM monoxenic cultures is to germinate ei-
ther spores, isolated vesicles or mycorrhizal surface-sterilized roots under
in vitro conditions, the initial pH of the agar medium is an important fac-
tor to consider. Nevertheless, our experience indicates that despite testing
a wide pH range, there are occasionally AM isolates whose propagules do
not germinate, even when spores seem healthy and ready to do so. Two ex-
amples are different isolates of Glomus mosseae and Gigaspora margarita,
which during certain periods of the year do not germinate in agar media
despite changing pH and other environmental conditions (such as those
described below; C. Cano and B. Bago, pers. observ.). This indicates that
other factors besides the environment could influence AM fungal asymbi-
otic growth. It is tempting to suggest that, as is the case for most organisms,
AM fungi could have “biological clocks” which enable them to germinate
and search for a new host root to colonize, just when environmental con-
ditions are best. More research is needed to confirm this hypothesis.

2.2
Temperature

There are some data on the effect of temperature on spore germination and
hyphal elongation under axenic conditions. Optimal temperatures seem to
vary between AM fungi. Whereas G. mosseae and Acaulospora leavis can
germinate between 10-18 and 30 °C with an optimum between 20 and 25 °C,
Gigaspora germinates between 10 and 30 °C with an optimum between 20
and 30 °C (Safir 1986), and germination was best at 10-25 °C for G. caledo-
nium (Tommerup 1983) and at 25 °C for G. epigaeum (Graham 1982). The
optimal germination temperature seems to depend on the environment
where the fungus has been isolated (this seems similar to the pH). G. coral-
loidea and G. heterogama, both isolated in Florida (USA), germinated best
at 34 °C, whereas a G. mosseae isolate from cooler regions showed maximal
germination at 20 °C and failed to germinate at 34 °C (Schenck et al. 1975).

Few data are available on the effect of low temperatures on AM fungi.
Recent tests, on the in vitro growth of two AM fungi (G. intraradices and
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G. proliferum) at different temperatures ranging from 4 to 30 °C, clearly
showed that AM fungi germinations were impaired at temperatures below
12 °C, thus preventing root colonization and development of SMC (Gavito,
Bago and Azcén-Aguilar, unpubl. data). A negative effect of low tempera-
tures on AM fungi has been reported before by Safir in 1986: hyphal growth
of Gigaspora calospora was 50% reduced at 15 °C, and lower temperatures
(5-10°C) reduced hyphal elongation even more.

Apart from a direct effect of temperature on AM fungal spore germi-
nation and hyphal growth, the temperature to which dormant spores are
exposed can affect spore germination (Hepper and Smith 1976; Gemma
and Koske 1988), spore mortality and the hyphal growth pattern (Juge
et al. 2002). Cold storage (4 °C) of spores of G. intraradices for longer than
14 days increased spore germination, reduced spore mortality and resulted
in the growth (at a temperature of 25 °C) of a clearly distinguishable, several
centimetre-long main hypha with few branches, whereas hyphal growth of
spores stored at a higher temperature (25 °C) was without a visible domi-
nant hypha, and the hyphae emerging from the spore continuously curled
and branched heavily (Juge at al. 2002).

2.3
0,

Depending on factors such as soil structure and water content, CO, levels
in the soil are increased (around 2%) compared to the CO, concentration of
ambient air (0.03%). Although released by roots, CO, cannot be regarded
as a plant-specific signal for AM fungi, as CO; levels in the soil can also
be increased from other sources such as the respiration of soil organisms.
When initiating AM monoxenic cultures, an enriched CO, atmosphere is
most surely developed in the Petri plate due to root organ respiration.
This CO, increase is probably an activator of spore germination and of
asymbiotic hyphal growth under these conditions.

The CO, effect on AM fungi seems concentration-dependent. Whereas in
axenic systems CO, levels ranging from 0.5 to 2.5% stimulate hyphal growth
of Gi. margarita (Bécard et al. 1989; Bécard and Piché 1989a; Bécard et al.
1992; Poulin et al. 1993), a CO; level of 0.1% showed no effect on hyphal
growth (Poulin et al. 1993), and high CO, levels (5%) irreversibly inhibited
in vitro growth of G. mosseae (Le Tacon et al. 1983).

Interestingly, AM fungi hyphal growth was highest at CO, levels around
2% (Bécard et al. 1992; Poulin et al. 1993), a concentration which usually is
found in most soils. Bécard and Piché (1989) suggested that during germi-
nation CO, may be a net source of C for anabolic processes of the spore.
Indeed, Bago et al. (1999; 2000) have demonstrated recently that a sig-
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nificant rate of trehalose, a short-term fungal storage carbohydrate, was
13C-labelled when >CO, was supplied to asymbiotic spores. However, af-
ter deciphering the metabolic pathways involved, these authors concluded
that such *C incorporation occurred via dark fixation, a side part of glu-
coneogenesis which does not lead to net gain of C. Nevertheless, such dark
fixation seems to have an important role in anaplerotic reactions, thus ex-
plaining the better pre-symbiotic AM fungal development shown in the
presence of CO,.

24
Light

In nature, the exposure of soil-borne AM fungi to light is an extremely
unlikely event (see Chap. 6), as underground roots are the colonized plant
organ. Surprisingly, light treatment affects the growth pattern of axeni-
cally growing hyphae. Light induced hyphal branching in developing germ
tubes of Gi. gigantea, Gi. rosea and G. intraradices (Nagahashi et al. 2000).
In a study with Gi. gigantea, wavelengths in the blue to UV range were
identified as the responsive ones (Nagahashi and Douds 2003). Blue light
has been found to regulate all known differentiation processes in Basid-
iomycetes (Kues et al. 1998). The biological relevance of these findings in
nature still remains unclear, and it has been suggested that a general mech-
anism of stress response could be implicated (Kues et al. 1998); in any case,
in vitro systems are ideal to further study such intriguing questions.

3
Pre-Symbiotic AM Fungal Growth

More than 80% of all plant species are hosts for AM fungi. Depending on the
host status, plant signals perceived by AM fungi differ. Whereas there are
abundant data on the stimulatory effects of plant signals from host plants
on AM fungal spore germination, hyphal growth and branching, there are
contradictory reports on the effect of signals from non-host plants on AM
fungi (Giovannetti and Sbrana 1998; Vierheilig et al. 1998; Giovannetti
2000). To our knowledge, although AM fungi can grow to some extent in
the presence of AM non-host plants, in general, they do not grow on their
root surface and do not form appressoria on them. As the pre-symbiotic
phaseis characterized by the presence of both root and AM fungji, still in the
absence of physical contact between them, it can be concluded that the non-
host status of plants to AM fungi is determined during the pre-symbiotic
stage of the symbiosis.
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Apart from plant signals perceived by the fungus, more and more data
indicate that signal exchange between plants and AM fungi is not unidi-
rectional, but that fungal signals are perceived by plants before the hyphae
are in direct contact with the root (Gadkar et al. 2001; Vierheilig and Piché
2002; Vierheilig 2004).

3.1
Plant-to-Fungus Signals

In this section, we will distinguish between two classes of compounds
released by roots which might act as signals for AM fungi: gaseous com-
pounds which below we will name root volatiles, and liquid compounds
which below we will name root exudates. Different approaches have been
taken to study a possible signalling effect of compounds released by roots
on AM fungi. A more generalistic approach is to study the effect of root
volatiles and root exudates on spore germination and hyphal growth. This
is usually done under in vitro conditions (see reviews by Fortin et al. 2002;
Vierheilig et al. 1998). Depending on the experimental system, different
fractions of root volatiles/exudates are studied.

Co-culture of roots and AM fungi in the same agar medium of a closed
Petri plate system means exposing the AM fungi to a combination of root
volatiles and exudates. To study the exclusive effect of volatiles on AM
fungi, monoxenic closed experimental systems are used where AM fungi are
exposed to volatiles, but are physically separated from root exudates (pre-
SMCQ). To study the exclusive effect of root exudates, exudates are collected
and thereafter applied to AM fungi under axenic conditions (Vierheilig
et al. 1998).

A more specific approach is to test the effect of compounds isolated
and identified from root exudates (e.g. in studies on the rhizobial-legume
interaction) on the above-described AM fungal parameters.

3.1.1
Signals from AM Host Plants Towards the AM

More than 15 years ago, first reports on the stimulatory effect of collected
root exudates from whole citrus and white clover plants on axenic AM
spore germination and hyphal growth were published (Graham 1982; Elias
and Safir 1987). Thereafter, this effect of root exudates was confirmed with
a wide range of host plants (see review by Vierheilig et al. 1998), such
as clover (Gianinazzi-Pearson et al. 1989), alfalfa (El-Atrach et al. 1989),
onion (Tawaraya et al. 1996) and carrot (Poulin et al. 1993), and with root
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exudates collected from Ri T-DNA-transformed carrot root organ cultures
(Nagahashi et al. 1996).

Similar results were reported when AM fungi were grown under in vitro
conditions in the vicinity of living roots (pre-SMC) by Hepper (1984),
Mosse (1988), Bécard and Piché (1989a, b) and Bécard et al. (1989). These
root organ cultures are excellent experimental systems to study the pres-
ence of signalling compounds from living roots under sterile conditions.
However, effects on AM fungal growth observed in root organ cultures can
not exclusively be attributed to root exudates, but also to root volatiles.
A combination of exudate and volatile factors showed a synergistic stim-
ulatory effect (Bécard et al. 1989; Bécard and Piché 1989a, 1989b, 1990).
Between the volatiles released by roots, CO, seems to be a key factor for the
stimulation of the growth of AM fungi, although the role of other volatile
root factors cannot be discarded (Bécard and Piché 1989a).

Apart from affecting hyphal growth, compounds released by host roots
have been demonstrated to induce branching of AM hyphae in in vitro
and pot experiments (Mosse and Hepper 1975; Powell 1976; Mosse 1988;
Giovannetti et al. 1993a, 1994). The data obtained indicated that fungal
branching can occur without direct contact between the AM fungi and the
root. Recently, Nagahashi and Douds (1999) developed a rapid bioassay to
detect compounds in root exudates active on hyphal branching. Using this
bioassay, active signals have been reported from a wide range of host plants
such as carrot, tobacco, corn, sorghum, pea and tomato (Buee et al. 2000;
Nagahashi and Douds 2000). As the presence of AM non-host roots was not
effective in inducing hyphal branching, hyphal branching has been pro-
posed as a prerequisite for a successful root colonization (Giovannetti and
Sbrana 1998; Buee etal. 2000). The active branching compound(s) has(have)
not been identified yet. Recently, Tamasloukht et al. (2003) determined the
time course of action of the root-exuded factor. Gene activation in the AM
fungi by the root factor occurs after 0.5-1 h, alterations at the physiological
level can be measured after 1.5-3 h, and the morphological response - the
branching of the hypha - is first visible after 5 h.

Plant roots release a wide range of compounds. Although some of these
compounds have been identified, many still remain unknown. Secondary
plant compounds, specifically flavonoids, are found in root exudates and
have been reported to play a role in the signalling of various plant-microbe
interactions. A chemotactic effect towards flavonoids released by peas has
been reported for Aphanomyces euteiches (Yokosawa et al. 1986), and to-
wards flavonoids released by soybean growing with Phytophthora sojae
(Morris and Ward 1992; Tyler et al. 1996). Moreover, flavonoids stimulate
spore germination of various fungal pathogens (Straney et al. 2002).

As flavonoids are also key signals in the formation of the rhizobial sym-
biosis (reviewed by Phillips and Tsai 1992), and activate the bacterial nod
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gene expression required for subsequent events in nodulation, they have
been suggested as important candidates for signalling during the AM sym-
biosis (Phillips and Tsai 1992; Morandi 1996).

Many flavonoids have been tested for their effect on spore germination
and hyphal growth under axenic conditions (reviews by Morandi 1996, and
Vierheilig et al. 1998). In a first report, the effect of apigenin, naringenin
and hesperitin on AM fungi was tested by Gianinazzi-Pearson et al. (1989).
Whereas all three compounds showed a clear stimulatory effect on hyphal
growth of Gi. margarita, only apigenin and hesperitin stimulated spore
germination.

There are indications that the effect of these compounds on AM fungi is
flavonoid-, concentration- and AM fungal-specific (reviewed by Vierheilig
etal. 1998). Chrysin has always been found to inhibit hyphal growth (Bécard
et al. 1992; Chabot et al. 1992), whereas quercetin was nearly always stim-
ulatory at low and at high concentrations (Tsai and Phillips 1991; Bécard
et al. 1992, 1995; Chabot et al. 1992; Kape et al. 1992; Morandi et al. 1992;
Poulin et al. 1993). Naringenin has been reported stimulatory at low con-
centrations (Gianinazzi-Pearson et al. 1989), but inhibited hyphal growth
at a high concentration (Poulin et al. 1993).

A certain AM fungal specificity has been observed with quercetin and
biochanin A. Quercetin seems to stimulate hyphal growth of different Glo-
mus spp. and Gi. gigantea (see review by Vierheilig et al. 1998), whereas
biochanin A inhibits hyphal growth of Gi. gigantea and Gi. margarita
(Bécard et al. 1992; Chabot et al. 1992; Baptista and Siqueira 1994), and
stimulates hyphal growth of Glomus spp. (Nair et al. 1991; Vierheilig et al.
1998).

So far, two flavonoids, quercetin (Tsai and Phillips 1991) and 4',7-
dihydroxyflavone, have been reported to induce hyphal branching. How-
ever, flavonoids seem not to be the active signals in root exudates of host
plants inducing AM hyphal branching (Nagahashi and Douds 1999, 2000;
Douds and Nagahashi 2000; Buee et al. 2000).

3.1.2
Signals from AM Non-Host and Myc~ Plants Towards the AM Fungi

Non-Host Plants.

Although most land plants are hosts for AM fungi, some plant families,
e.g. the Brassicaceae and the Chenopodiaceae, are reported as non-AM
plants (Smith and Read 1997). The mechanism responsible for the non-
susceptibility of these plants to AM fungi is still controversial. The hy-
pothesis (see Fig. 1) has been put forward that root exudates of some AM
non-host plants lack signals essential for root colonization by AM fungi,
whereas root exudates of other AM non-host plants contain compounds



Host and Non-Host Impact on the Physiologyof the AM Symbiosis 147

Root exudates
S .
pge Lack of stimulatory compounds or the
presence of inhibitory compounds result
in no or reduced spore germination

Spore germination

Germinated spore
b Lack of stimulatory compounds
results in limited hyphal growth
Presence of inhibitory compounds
) results in reduced hyphal growth

No hyphal branching in vicinity of roots of non-host and pmi plants,
no hyphal growth on root surface and no appressoria formation

Hyphal growth

Fig. 1. Effects of root exudates of non-host plants and myc™ (pmi) plants on spore germina-
tion and hyphal growth

inhibitory to AM fungi (reviewed by Giovannetti 2000; Giovannetti and
Sbrana 1998; Vierheilig et al. 1998).

Similarly to the studies with AM host plants, root exudates of non-
host plants have been tested under axenic and monoxenic conditions for
their effect on AM fungi. Working with root organ cultures of three non-
mycothrophic plants, Brassica kaber, B. niger and sugar beet and the my-
cotrophic carrot, Schreiner and Koide (1993a) reported that all roots ...
stimulated germination and hyphal growth of Glomus etunicatum ... how-
ever, only roots of the mycothophic species (carrot) supported continued
hyphal exploration...”.

Working with sugar beet (a member of the non-mycothrophic Chenopo-
diaceae) and carrot (mycothrophic) root organ cultures, Bécard and Piché
(1990) found that roots of both plants stimulate hyphal growth through
root volatiles, and suggested CO, as the active factor, whereas the effect of
root exudates of the mycothrophic and non-mycothrophic plants seemed
to differ. In their experiment, in contrast to carrot root exudates, sugar
beet root exudates did not exhibit a stimulatory effect on hyphal growth. In
recent studies, not only the lack of stimulatory compounds in root exudates
of sugar beet but also the presence of inhibitory compounds have been sug-
gested. In the presence of exudate from Ri T-DNA-transformed sugar beet
roots, David-Schwartz et al. (2003) found a drastic inhibition of spore ger-
mination of G. intraradices, and Nagahashi and Douds (2000) reported an
inhibition of hyphal tip growth of Gi. gigantea by sugar beet root exudates.
The release of inhibitory compounds by members of the non-mycothrophic
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Chenopodiaceae has been suggested previously in studies performed under
soil conditions. Vierheilig et al. (1995) found that hyphal spreading through
the rhizosphere of spinach plants was negatively affected, and recently it
has been reported that the application of root exudates of sugar beet to
cucumber plants inoculated with G. mosseae resulted in reduced root col-
onization (Vierheilig et al. 2003). The presence of compounds in spinach
root inhibiting AM spore germination has been shown before (Vierheilig
and Ocampo 1990).

Inhibitory compounds in root exudates also have been suggested for
members of the Brassicaceae and for Urtica dioica, a member of the Ur-
ticaceae family. Observing the retraction of cytoplasm from the hyphal tip
of G. etunicatum in proximity to transformed roots of B. nigra, Schreiner
and Koide (1993a) suggested ... the involvement of inhibitory compounds
in the rhizoplane interaction of G. etunicatum with the nonmycotrophs
...”. This hypothesis was confirmed by experiments in soil using the filter
“sandwich” method (Tommerup 1984), where spore germination of G. in-
traradices was inhibited in the presence of intact living roots of B. kaber
and B. nigra (Schreiner and Koide 1993b), and under axenic conditions
volatiles released by B. oleraceae inhibited spore germination of G. mosseae
(El-Atrach et al. 1989). Moreover, in greenhouse experiments, spreading of
G. mosseae through the rhizosphere of B. napus (Vierheilig et al. 1995) and
Urtica dioica was reduced (Vierheilig et al. 1996), and the application of
root exudates of B. nigra to cucumber plants inoculated with G. mosseae
resulted in reduced root colonization (Vierheilig et al. 2003).

Lupins are exceptions in the mycorrhizal host family of the Leguminosae
as they do not form the AM symbiosis (Avio et al. 1990). Several works
on lupins have been performed with Lupinus albus (Gianinazzi-Pearson
et al. 1989; Vierheilig et al. 1995, 2003), showing no signs of inhibitory
compounds released by the roots. This was confirmed in a recent work by
Oba etal. (2002) on the axenic growth of Gi. margarita, showing no negative
effect of root exudates of L. albus. However, when testing root exudates of
anumber of other Lupinus species, it was found that root exudates of lupins
in general do exhibit an inhibitory effect on hyphal growth.

To summarize, although there are still some contradictory reports, recent
data from in vitro experiments point towards the presence of inhibitory
compounds in root exudates of most AM non-host plants. However, this
does not exclude that factors other than root exudates are involved in the
determination of the non-host status of these plants.

Myc™ Plants

The rhizobia-legume symbiosis has been explored in detail using mutants
which fail to form nodules, the so-called nod™ mutants. In AM symbioses,
due to the obligate status of the fungal symbiont, the control exercised
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by each symbiont is poorly understood. When compared to the rhizobia-
legume interaction, the use of myc™ mutants in AM research is just at the
beginning. Several reports using myc™ mutants (to cite only the earliest
papers, Duc et al. 1989; Gianninazzi-Pearson et al. 1991) have shown the
potential of plant mutants to give us new insight into the biology of the
mycorrhizal symbiosis.

Several types of myc™ mutants have been identified so far. The “early
myc~” or myc ! mutants are characterized by an enhanced number of
appressoria on the root surface and on aborted infection. The “late myc™”
or myc ™% show a normal root colonization pattern, but arbuscule formation
is blocked (Gianinazzi-Pearson et al. 1991).

Most recently, mycorrhizal mutants from non-legume systems have been
identified. So-called premycorrhizal infection (pmi) tomato mutants are
resistant to colonization by single spores and colonized roots (David-
Schwartz et al. 2001, 2003). Besides these, the colonization pattern of the
“highly reduced mycorrhizal colonization” (rmc) tomato mutants in soil
consists of the blockage of AM fungal penetration at root surface or outer
root layers for species such as G. intraradices, whereas for other AM fungi
species such as G. versiforme, colonization is established normally after
a certain resistance from the root (Barker et al. 1998).

Working with pre-SMC of myc™" peas, Balaji et al. (1995) reported that
root volatiles from these mutants significantly stimulated Gi. margarita
hyphal growth, whereas root exudates produced by both myc™ mutants
and wild-type peas inhibited hyphal growth. This is in contrast to a later
report by Buee et al. (2000) where in axenic culture purified root exudates
from of myc™ and myc™ roots exhibited a similar branching activity as
root exudates of wild-type pea roots. These data are in agreement with
those obtained in pot experiments. Giovannetti et al. (1993b) reported that
root exudates of whole myc™ pea plants had the same stimulatory effect
on hyphal growth of G. mosseae as exudates from wild-type pea plants.

Interestingly, the myc™ status of the pmi tomato mutants, apparently
blocked in a very early event of their symbiotic potential, seems to be
regulated differently (Fig. 1). Whereas volatiles of root organ cultures of
pmi myc~ tomato mutants and tomato wild-type plants exhibited a similar
effect on hyphal growth (Gadkar et al. 2003) as that known from other host
plants (Bécard et al. 1989; Bécard and Piché 1989a, b, 1990), root exudates
of transformed and non-transformed pmi tomato mutants reduced spore
germination of G. intraradices (David-Schwartz et al. 2003), and retarded
the proliferation of G. intraradices in vitro (Gadkar et al. 2003). A pre-
liminary characterization of the exudates with polyvinyl polypyrrolidone
suggested that the inhibitory compounds are of phenolic nature.

In a very recent work, Bago et al. (2005) have compared the coloniza-
tion features of the AM fungus G. intraradices growing monoxenically on
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wild-type or rmc mutant tomato root organ cultures. When in monox-
enic culture, the rmc phenotype showed an increased resistance to fungal
penetration, which led the fungus to multiply “attempts” to penetrate.
Only few of these attempts were successful, and in such cases the infec-
tion unit was rather spatially restricted compared to those formed in the
wild type. Since fluorescence microscopy of the rmc root organs showed
no signs of increase in cell wall thickness compared to the wild-type root
organs, the authors suggested that some type of unknown barrier, other
than physical, is involved in the blockage of root colonization by the rmc
mutant.

To summarize, some AM non-host plants and the pmi myc™ plants
seem to share certain mechanisms affecting their susceptibility to AM
fungi, at least at the pre-symbiotic phase of the symbiosis when signals are
exchanged between the plant and the AM fungi. The data discussed above
clearly show the importance of root exudates favourable to AM fungi for
a successful establishment of the AM association.

3.2
AM Fungus-to-Plant Signals

First reports on the perception of AM fungi by the plant before root colo-
nization date about 10 years back. Whereas Simoneau et al. (1994) reported
the appearance of new polypeptides in Ri T-DNA-transformed tomato roots
challenged with a spore extract of G. intraradices, Vierheilig et al. (1994)
observed activity changes of two hydrolases, a 3-1,3-glucanase and a chiti-
nase, in roots of an AM fungi-inoculated non-host plant. The hypothesis of
AM fungus-derived signals perceived by the plant prior to root coloniza-
tion has been confirmed by recent studies reporting the accumulation of
glucosinolates in a range of non-host Brassicaceae plants (Vierheilig et al.
2000), and alterations of the accumulation pattern of several flavonoids in
alfalfa roots challenged with spores and hyphal fragments of G. intraradices
(Larose et al. 2002).

Recently, by using pre-SMC of several AM fungi and M. truncatula which
were physically separated, Kosuta et al. (2003) have shown that a diffusible
factor from different AM fungi induces symbiosis-specific MtENODI11 ex-
pression in roots of M. truncatula. The diffusible AM fungal factor seems
specific to AM fungi, as no MtENODI11 induction was observed with several
fungal pathogens.

It is tempting to speculate on the function of changes promoted in roots
of AM host plants by AM fungus-derived signals before root penetration.
Larose et al. (2002) hypothesized that a more favourable environment for
root penetration is created by the host through changes in the flavonoid



Host and Non-Host Impact on the Physiologyof the AM Symbiosis 151

pattern in the presence of fungal signals. Further studies are needed to
understand the early signalling events during the formation of the AM
association. Possibly, the signal exchange cascade between AM fungi and
their host plants is as complex as that between rhizobial bacteria and
legumes (Vierheilig and Piche 2002), with every step being essential for the
outcome of a functional symbiosis.

4
Symbiotic AM Fungal Growth

After reaching the host plant root, AM fungi grow on its surface, form
appressoria, penetrate, and finally form intraradical structures such as
intercellular hyphae, arbuscules and, in some cases, vesicles. The establish-
ment of the symbiosis in AM non-host plants is stopped at the stage just
before a direct contact between the plant and the fungus occurs. Neither
hyphal growth on the root surface nor the formation of appressoria can
be observed in transformed (Bécard and Piché 1990; Schreiner and Koide
1993a) or non-transformed roots of AM non-host plants (Giovannetti et al.
1993b; Vierheilig et al. 1994, 2000). However, both gene regulation (Yap
and Schultze 2003) and the physiology (Vierheilig et al. 1994, 2000a) of the
non-host plant are altered in the presence of AM fungi.

Using SMC, the development of the fungus after root penetration can
be followed. After root colonization, runner hyphae spread through the in
vitro agar media, forming at regular intervals so-called branched absorbing
structures (BAS) and spores (Diop et al. 1992; Bécard et al. 1995; Bago et al.
1998a, b).

Further information on sporulation can be acquired from recent exper-
iments in which the intra- and extraradical colonization features of rmc
root organ growing monoxenically with G. intraradices were examined. As
stated above, the AM fungus was able to penetrate and establish symbio-
sis with the rmc root organ, although the extent of such colonization was
greatly reduced (Bago et al. 2005). Intraradical colonization structures in
rmc (i.e. coils, arbuscules) appeared normal, as were extraradical struc-
tures such as runner hyphae and BAS. However, reflecting the decreased
intraradical colonization extent, a reduction in extraradical mycelial devel-
opment was evident. The authors suggested that a limitation in C uptake
and/or translocation by the AM fungus could be at the basis of this, since
one of the most significant effects observed was a dramatic reduction in
sporulation by extraradical hyphae in rmc compared to wild-type cultures.
Nevertheless, this possibility is still to be confirmed.

Interestingly, the hyphal and spore density of the extraradical mycelium
is also affected by the presence of the root. When in SMC the extraradical
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mycelium of G. intraradices is physically separated from the Ri T-DNA-
transformed carrot root, hyphal density and spore density are more than
doubled (St.-Arnaud et al. 1996), in the absence of sugar and root exu-
dates. St.-Arnaud et al. (1996) suggested that root exudates from colonized
roots inhibit extraradical hyphal growth and sporulation in the proximal
compartment.

A modification of the bi-compartmental monoxenic system of St.-Arnaud
et al. (1996), replacing the physical separation by a nylon screen (60-pm
mesh size), thus restricting root growth to one compartment but allowing
hyphal growth and the movement of root exudates in both compartments,
resulted in a reduction of sporulation on the root-free side compared to
sporulation in root-free compartments where root exudates from the Ri
T-DNA carrot root were physically excluded (Garcia-Garrido and Ocampo,
pers. comm.). These data suggest a negative effect of root exudates of my-
corrhizal roots on the sporulation of AM fungi, although the production
of self-regulatory compounds by the extraradical mycelium could not be
excluded. Filion et al. (1999) reported the presence of biologically active
substances in the extraradical mycelium of G. intraradices.

In soil systems, alterations of the microbial population around mycor-
rhizal compared to non-mycorrhizal roots point towards a changed exu-
dation pattern of mycorrhizal roots (Linderman and Paulitz 1990; Bansal
and Mukerji 1994; Andrade et al. 1997; Vazquez et al. 2000; Marschner et al.
2001). Data from in vitro systems seem to confirm an altered root exu-
dation of mycorrhizal plants. Root exudates collected from mycorrhizal
strawberry plants have been shown to exhibit a reduced stimulatory effect
on the sporulation of the fungal pathogen Phytophthora fragariae, com-
pared to root exudates of non-mycorrhizal plants (Norman and Hooker
2000). Recently, it has been shown that root exudates collected from non-
mycorrhizal tomato root organ cultures exhibit a higher attracting effect on
zoospores of Phytophthora parasitica than root exudates from mycorrhizal
tomato root organ cultures (Lioussanne et al. 2003). An inverse effect was
observed with the chemotactic response of plant growth-promoting bacte-
ria. Root exudates collected from non-mycorrhizal tomato plants exhibited
a lower attracting effect on Azobacter chroococum and Pseudomonas fluo-
rescens than exudates from mycorrhizal plants (Sood 2003).

Root exudates of mycorrhizal plants also show an altered effect on AM
fungi. Root exudates collected from mycorrhizal cucumber plants exhibited
a reduced stimulatory effect on the axenic growth of AM hyphae (Pinior
etal. 1999), whereas in a soil system root exudates of mycorrhizal cucumber
plants exhibited a suppressive effect on root colonization by AM fungi
(Pinior et al. 1999; Vierheilig et al. 2003).

The importance of the altered effect of root exudates of non-mycorrhizal
and mycorrhizal plants still remains unclear. It has been suggested recently
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that an altered root exudation is possibly involved in the autoregulation of
mycorrhization and the enhanced resistance of mycorrhizal plants towards
soil-borne pathogens (Vierheilig and Piché 2002; Vierheilig 2004).

5
Conclusion

In this review, data obtained from soil, asymbiotic, pre-symbiotic and sym-
biotic in vitro AM cultures have been discussed. Such data show the great
possibilities offered by the in vitro culturing approach to study different
aspects during the formation of the symbiosis. In many cases, data ob-
tained with in vitro systems have been confirmed or do confirm results
obtained in non-axenic experimental systems. However, besides a huge
potential to answer questions on asymbiotic and pre-symbiotic events, few
data on symbiotic events from in vitro systems are available as yet. Al-
though somehow artificial, it is obvious that in vitro cultures offer new
avenues in our understanding of the plant-AM fungus dialogue leading to
AM establishment and functioning.
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Carbon Metabolism,
Lipid Composition and Metabolism
in Arbuscular Mycorrhizal Fungi
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1
Introduction

Arbuscular mycorrhiza (AM) is a compatible interaction between plant
roots and fungi (Glomeromycota), and the most widespread symbiosis of
land plants in all terrestrial ecosystems. This mutualistic interaction has
important implications for plant nutrition, plant health and vegetation dy-
namics (Smith and Read 1997). The interaction between both symbionts
at the cellular, biochemical and molecular levels has received increased
interest, with the development of a range of molecular and physiological
microtechniques allowing investigations of symbiotic processes at a more
and more refined scale (Franken 1999; van Buuren et al. 2000; Bago et al.
2002a; Gollotte et al. 2002). However, obtaining information on the physi-
ology of the two partners of the symbiosis is difficult for technical reasons.
The fungus is obligatory biotrophic, and therefore necessitates the pres-
ence of the plant partner to fulfil its life cycle, and only small amounts
of fungal material is available for analysis [spores, extraradical mycelium
(ERM), intraradical mycelium (IRM)]. In addition, the conventional pot
culture production of ERM and IRM cannot ascertain the absence of un-
desirable microbial contaminants, neither in the rhizosphere nor in the
host root. In recent decades, the development of monoxenic culture sys-
tems (see review by Fortin et al. 2002) and the successful maintenance
of tens of strains belonging to most genera have greatly influenced our
understanding of the AM symbiosis. In this chapter, we will review the
major findings made with monoxenic culture systems in fungal physiol-
ogy and metabolism, and the differential expression of genes in IRM and
ERM.
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2
Sugar Metabolism in AMF

It has been estimated that up to 20% of the photosynthetically fixed car-
bon would be transferred from the plant to the AM fungi (Jakobsen and
Rosendahl 1990). The biochemical nature of the transferred form was de-
termined by '*C nuclear magnetic resonance (NMR) spectroscopy. AM
fungus-colonized leek roots were perfused in a solution containing '*C;
glucose (Bago et al. 2000). NMR spectra indicated the transformation of
glucose by the fungus into glycogen and trehalose. Isolated arbuscules
were also shown to use glucose for respiration (Solaiman and Saito 1997).
NMR spectroscopy of AM monoxenic cultures revealed information on
the sugar fluxes between the AM partners when using cultures grown in
divided Petri plates, following the model of St Arnaud et al. (1996). With
such systems, the isotopically labelled substrates could be added either to
the colonized roots or to the extramatrical hyphae in physically separated
compartments. The labelling patterns of each of these samples revealed the
carbon metabolic pathways in IRM and ERM (Bago et al. 2000). Intrarad-
ical hyphae rapidly assimilated hexose but extraradical hyphae appeared
unable to take up sugars (Douds et al. 2000; Bago et al. 2000). Such a strong
duality between IRM and ERM implies an efficient uptake of plant-derived
hexose, the conversion to typical fungal storage forms, i.e. trehalose and
glycogen, and active translocation processes to the ERM (Bago et al. 2000).
The labelling experiments were consistent with the enzymatic determina-
tions and molecular techniques, all indicating the functioning of glycolysis,
tricarboxylic acid cycle and the pentose phosphate pathway in intraradical
structures, whereas a substantial gluconeogenic flux fuelled by the glyoxy-
late cycle is present in ERM (reviewed by Bago et al. 2000, 2002b). Using
the lipid-specific fluorochrome Nile Red, Bago et al. (2002a, c¢) analysed
the flux of triacylglycerides from IRM to ERM, postulating that these neu-
tral lipids were the main products fuelling the metabolism of extraradical
hyphae.

The understanding of how the AM symbiosis functions is a key issue
in plant development and physiology. However, molecular analyses of the
fungus in the symbiotic stages of development were hampered by tech-
nical limitations to obtain fungal material, particularly when located in
roots. Nevertheless, the combination of advanced molecular techniques
and monoxenic cultures of AM fungi with transformed roots has re-
sulted in the recent identification of a number of genes involved in AM
functioning (van Buuren et al. 2000; Burleigh 2001; Franken and Re-
quena 2001; Golotte et al. 2002; Delp et al. 2003). Cloning of the sym-
biosis genes was obtained by targeted approaches investigating molecules
with known gene sequences and protein functions. The fungal genes
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isolated to date range from nutritionally to morphologically important
genes (review in Harrier 2001; Golotte et al. 2002). More recently, non-
targeted approaches have been used to isolate AM fungal genes. They
include differential display, differential screening, and large-scale EST
sequencing (Gollotte et al. 2002). The use of mycorrhizal defective mu-
tants and the application of high-density array technology are promising
tools to isolate genes involved in the different steps of plant-AM interac-
tions.

Concerning genes involved in carbon metabolism and transport, the
nature of the plant transporters or fungal transporters involved in the
movement of glucose from the cortical cells to the interface compart-
ment and to arbuscules and hyphae are still unknown. A gene encoding
a transmembrane sugar transporter (Mtst1) was cloned from mycorrhizal
roots of Medicago truncatula. This transporter was designed as a hexose
transporter by activity measured in yeast (Harrison 1996). In situ hy-
bridization showed that the sugar transporter transcripts were induced
in cells containing arbuscules and in adjacent cells, suggesting that the
gene may be active in the process of hexose transport towards colonized
plant cells. A phosphoglycerate kinase (PGK) cDNA was isolated from
tomato mycorrhizas by differential display (Harrier et al. 1998). Quantita-
tive immunoblotting using a polyclonal antibody specific for the G. mossae
PGK protein revealed a significantly higher accumulation of the protein
during symbiosis compared with presymbiotic development (Harrier and
Sawczak 2000). These results suggested that there is a differential regula-
tion of fungal genes during symbiosis. Analysis of the Gmpgk fungal pro-
moter showed several regulatory elements homologous to carbon source-
controlled upstream activating elements from Saccharomyces cerevisiae
(Harrier 2001).

AM fungi could cause changes in the regulation of plant genes in roots.
Ravnsknov et al. (2003) demonstrated a higher gene expression of both
SusI and Sh1, the two isoforms of sucrose synthase cleaving sucrose into
hexoses, in maize roots colonized by different AM fungal isolates. Higher
sucrose synthase gene expression was not related to the concentrations
of sucrose, reducing sugars or starch in the root tissue whereas increas-
ing soil phosphorus concentrations decreased this gene expression. The
higher gene expression of gene coding for sucrose synthase in AM roots
was measured during the earliest phase of root colonization by fungal
isolates.
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3

Monoxenic Cultivation Techniques

as a Tool for the Establishment

of the Lipid Composition of AM Fungi

It is obvious that the knowledge of AM fungi lipid composition was a pre-
requisite for studies on lipid metabolism in AM fungi. Likewise, the biosyn-
thetic lipid pathways could not be analysed as long as the composition of
the final products was unknown. The monoxenic culture system offers sev-
eral advantages for the investigation of the lipid profile of AM fungi. First,
the production of these fungi is contaminant-free. Mycoparasites or sapro-
phytic fungal organisms were described in the cell wall of AM fungi (Jeffries
and Young 1994; Rousseau et al. 1996) and inside surface sterilized healthy
spores isolated from pot cultures (Hijri et al. 2002). Secondly, monoxenic
cultures allow the substantial production of fungal biomass that is quick
and easy to harvest and permit different biochemical analyses. Finally, the
use of divided Petri plates allows the production of extraradical mycelium
physically separated from the mycorrhizal roots (St Arnaud et al. 1996),
therefore, without interference with the latter.

AM fungi are characterized by thick-walled spores where lipid droplets
are predominant in the cytoplasm (Cooper and Losel 1974). Ultrastructural
microscopy (Sward 1981) and biochemical studies confirmed that lipids
constitute up to 45% of the dry mass (Beilby 1980; Beilby and Kidby 1980;
Jabaji-Hare 1984). Many lipid analyses were conducted on AM fungiisolated
from plant roots grown in pot cultures. Relative proportions of lipid classes
were determined (Beilby and Kidby 1980; Jabaji-Hare 1984, 1988; Gaspar
and Pollero 1994; Gaspar et al. 1994). Total fatty acid (FA) composition of
AM fungal spores, auxiliary cells and vesicles were measured (Beilby 1980;
Beilby and Kidby 1980; Jabaji-Hare 1984; Sancholle and Dalpé 1993; Gaspar
and Pollero 1994; Gaspar et al. 1994; Bentivenga and Morton 1994; Graham
et al. 1995; Bentivenga and Morton 1996; Grandmougin-Ferjani et al. 1997;
Jansa et al. 1999; Madan et al. 2002). FA profiles from different polar and
neutral lipid fractions, such as phospholipids (PL), glycolipid and sphin-
golipid, mono-, di-, triacylglycerols (TAG), free FA (FFA) and sterol ester
FA were also determined (Beilby and Kidby 1980; Jabaji-Hare 1984, 1988;
Olsson et al. 1995; Olsson 1999). Few sterol analyses of different species of
Glomales were realized (Beilby 1980; Beilby and Kidby 1980; Grandmougin-
Ferjani et al. 1999). A recent review has assembled information available
on the lipids of mycorrhizal associations and on the possible implication
of these substances in mycorrhizal associations (Sancholle et al. 2001).

To date, very few lipid analyses have been performed with AM fungi
propagated in monoxenic cultures. Here, we present the first comparative
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lipid analyses of AM fungi produced under monoxenic culture and in
vivo conditions, with Glomus intraradices, the unique AM fungus which
is available for lipid data, both from mycelium obtained from pot and
monoxenic culture.

3.1
Lipid Classes of Glomus Intraradices

Relative proportions of individual lipid classes were reported in intraradical
spores isolated from pot cultures by Jabaji-Hare et al. (1988). The most
abundant lipid class was TAG (78%), followed by FFA (11%). Major lipid
classes of G. intraradices extraradical hyphae and spores produced under
monoxenic culture conditions were also reported as TAG (57%) and FFA
(26%; Fontaine et al. 2001a). PL represented a minor fraction of lipids,
about 2% of the total present in spores isolated from roots grown in pot
culture or in monoxenic culture.

Radiolabelling experiments using (1-'*C) sodium acetate as a lipid pre-
cursor were performed with G. intraradices grown in monoxenic culture
under different experimental conditions, i.e. fungus attached to the host
plants, fungus separated from the roots, and at germinating stage (Fontaine
etal. 2001a). It was concluded that the fungus in all three stages was able to
synthesize de novo its own lipid classes: 1,2- and 1,3-DAG, TAG, PL, sterols
and FFA.

3.2
Total FA Profiles of G. Intraradices

Table 1 shows the comparison between the FA compositions obtained from
pot and monoxenic cultures of G. intraradices. The major FA in the 12
strains analysed, except for DAOM 184739 (Sancholle and Dalpé 1993),
was the Cl16:105 (Graham et al. 1995; Fontaine 2001). This FA occurs
widely in other species of AM fungi (Jabaji-Hare 1988; Graham et al. 1995;
Olsson et al. 1995; Grandmougin-Ferjani et al. 1997; Jansa et al. 1999;
Madan et al. 1999). C16:0 is the second most-abundant FA, and a significant
percentage of C18:1 was present in the different isolates. A highly similar FA
composition for differentisolates of G. intraradices grown in pot culture and
under monoxenic culture conditions was shown. The FA profiles of fungal
isolates grown on plant species transformed by Agrobacterium rhizogenes
or not were similar, suggesting that plant host is not a significant factor in
modifying the FA profile of AM fungi.

Bentivenga and Morton (1994) demonstrated the stability of the FA pro-
file of one species subjected to different conditions of growth, except with
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spores with along period of storage. Apparently healthy spores may harbour
different parasites, which cause differences in FA analysis. In this context,
monoxenic cultures appear of particular interest. Each fungal sample must
not necessarily be examined closely for signs of hyperparasitism before the
analysis. Different authors (Jabaji-Hare et al. 1988; Grandmougin-Ferjani
et al. 1997) detected changes due to spore age in the FA profile, whereas
Olsson and Johansen (2000) detected no large differences between 1- and
3-month-old mycelium. Studies performed with monoxenic cultures could
highlight the correlation between lipid analysis and the stage of growth of
the cultures.

Very few analyses were performed with other species of AM fungi pro-
duced under monoxenic culture. The total FA profile of a recent species
described, Glomus proliferum (Declerck et al. 2000), was published. The
same major FA were found - C16:0 and C16:1w5 represented respectively
34 and 41% of the total content.

3.3
FA Profiles of G. Intraradices
After Separation of Different Lipid Fractions

Total lipid extracts could be fractionated by chromatography (thin layer
chromatography, silica column). Different lipid fractions were obtained
depending of the method employed.

3.3.1
Phospholipid FA

Table 2 shows major FA in the PL fraction: C16:0, C16:105, C18:0 and C18:1.
FA PL presented significant differences between G. intraradices grown in
monoxenic cultures and in pot cultures. Higher proportions of 18:0 were
detected in monoxenic cultures. The presence of C18:2, the dominant FA
of saprophytic fungi (Larsen et al. 1998), was detected for G. intraradices
grown in pot cultures. Surprisingly, this FA was also present in mycelia
obtained from monoxenic cultures. So, this excluded a saprophytic fun-
gal origin. Nevertheless, C16:1w7 detected in pot culture was missing in
monoxenic cultures, implying that this FA could have originated from some
contaminant micro-organisms of AM fungi in pot cultures.
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3.3.2
Neutral Lipid FA

This fraction contains lipids of storage as main lipids. TAG are the major
type of neutral lipids found in large amounts in spores and vesicles. These
lipids are enriched in 16-carbon FA as compared to PL (Tables 2 and 3). C16
FA represent 75-95% of the FA profile. Homogeneity of FA composition was
observed between the lipid analyses obtained from mycelia grown in pot
cultures and in monoxenic cultures.

There are few reports detailing the FA content of neutral lipid fractions:
mono-, di-, TAG, FFA (Beilby and Kidby 1980). The results obtained by
Fontaine (2001) on G. intraradices isolated from monoxenic cultures were
in agreement with data reported by Beilby and Kidby (1980) on G. caledo-
nius spores isolated from non-monoxenic cultures. The predominant FA
remains C16:1 in all the fractions, except for the FFA. The proportions of
Cl16:1 in DAG and sterol ester FA decrease in comparison with the TAG
fraction.

34
Phospholipid Composition

Very little information is available on the PL of AM fungi. Phosphatidyl-
ethanolamine was the major PL described in AM fungal spores of G. mosseae
(Cooper and Losel 1978), G. caledonius (Beilby and Kidby 1980) and G. ver-
siforme(Gaspar etal. 1994) obtained from plant cultures, and G. intraradices
(Fontaine et al. 2001a) grown in monoxenic culture. Other PL detected were
phosphatidylcholine, diphosphatidylglycerol, phosphatidylglycerol, phos-
phatidylserine and phosphatidic acid (Cooper and Losel 1978; Beilby and
Kidby 1980).

3.5
Sterol Composition

Little attention hasbeen paid to the sterol composition of AM fungi. The first
analyses on sterol content of AM fungi were performed by Beilby (1980),
Beilby and Kidby (1980) and Nordby et al. (1981) on three different species -
G. caledonius, G. mosseae and Acaulospora laevis - and revealed 24-ethyl-
cholesterol as major sterol. Grandmougin et al. (1999) studied the sterol
distribution in spores of 16 species of AM fungi, including representatives
of Glomaceae, Gigasporaceae and Acaulosporaceae propagated in pot cul-
tures. The main sterol identified in all the species was 24-ethylcholesterol.
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Other sterols identified were cholesterol, 24-methylcholesterol, 24-methyl-
cholesta-5,22-dienol and A5-avenasterol. Ergosterol was not detected in any
of the analysed species, except for traces in G. mosseae (Nordby et al. 1981),
despite the fact that this sterol was recognized to be the most common
sterol found in fungi (Weete 1989). Generally, the presence of ergosterol
was restricted to the more advanced fungal taxa (Weete and Gandhy 1997).
Nevertheless, the presence of ergosterol in roots colonized by AM fungi and
in extraradical mycelia was published by Frey et al. (1992, 1994), Antibus
and Sinsabaugh (1993) and Fujiyoshi et al. (2000). Methods which used
ergosterol analysis to estimate AM fungal biomass in the root and soil were
proposed (Hart and Reader 2002a, 2002b). These different experiments
were conducted with material obtained from pot cultures susceptible to
have been contaminated with some saprophytic or parasitic fungal organ-
isms.

The use of monoxenic cultures allowed the investigation of sterol content
without contaminating fungi. The sterol composition of G. intraradices and
G. proliferum spores was established (Declerck et al. 2000; Fontaine et al.
2001b, 2004). Predominant sterols were found to be 24-alkylsterols. No
detectable ergosterol was found. Recently, Olsson et al. (2003) estimated
the ergosterol content of G. intraradices and Gigaspora margarita mycelia
as well as colonized and non-colonized roots developing in monoxenic
cultures. They used two different methods, but neither revealed the pres-
ence of ergosterol, consistent with the earlier findings of Fontaine et al.
(2001b, 2004). The monoxenic culture of AM fungi also allowed the explo-
ration of the particular sterol metabolism of these fungi as G. intraradices
under different experimental conditions (Fontaine et al. 2001b). Feeding
experiments with a labelled precursor of lipids were performed. A de novo
synthesis of two main AM fungal sterols, 24-methylcholesterol and 24-
ethylcholesterol, and different metabolic intermediates, lanosterol and 24-
methylenelanosterol, was detected for the first time. Absence of synthesis
of ergosterol was pointed out.

A5-sterols - terminal products of the sterol pathway - found in G. in-
traradices developing in pot cultures and in monoxenic cultures were
cholesterol, 24-methylcholesterol, 24-ethylcholesterol-5,22-dienol, 24-
ethylcholesterol and 24-ethylidenecholesterol (Grandmougin-Ferjani et al.
1999; Fontaine et al. 2001b, 2004). However, changes in the relative pro-
portions of main sterol were observed between the sterol profiles obtained
in spores of G. intraradices grown in pot cultures and in monoxenic cul-
tivation systems (Grandmougin-Ferjani et al. 1997; Fontaine et al. 2001b,
2004). This change is still poorly understood. It could be hypothesized that
the sterol metabolism could be affected by culture conditions or during
the ontogeny of spores, as described in a biotrophic pathogen Blumeria
graminis (Muchembled et al. 2000).
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4
Monoxenic Culture Techniques as a Tool
for the Establishment of Lipid Indicators
of the Presence of AM Fungi in Roots

The abundance of lipids in AM fungi is a potential tool to evaluate AM
fungi in host root tissue. Root staining methods, followed by microscopic
examinations, are traditionally used to evaluate the presence of AM fungi
and root colonization levels. However, these methods, based on differential
staining of roots and estimation of the percentage or total length of the
root, are all tedious, time-consuming (Sylvia et al. 1994) and dependent on
the visualization technique employed (Gange et al. 1999). For these fungi,
the signature FA C16:1@5 was proved to be a tool for the estimation of AM
fungal biomass in soil and in roots. This point was the subject of a review
by Olsson (1999).

Schmitz et al. (1991) have observed a significant increase of 24-methyl/
methylenecholesterol upon mycorrhizal colonization of roots obtained
from pot cultures. A recent study, which used monoxenic cultures, es-
tablished that the increment of 24-methyl/methylene sterols was an appro-
priate indicator of AM colonized transformed roots (Fontaine et al. 2004).

5
Lipid Metabolism

Lipids are the main sources of carbon in AM fungi, and therefore they
are in the centre of the C metabolism. Isotopic labelling has long provided
apowerful approach to study metabolism in living systems. The application
of these methods to study AM systems was made difficult because of the
obligate biotrophic nature of these fungi, and the necessity to culture them
in the presence of their plant partner. The first studies using labelled pre-
cursors were performed during the 1970s with whole plants. Ho and Trappe
(1973) demonstrated the transfer of photosynthates labelled by *CO, to
mycelium of Glomus mosseae. In 1975, Cox et al., using autoradiography of
mycorrhizal roots and external mycelium, showed that hyphae, vesicules
and arbuscules contained a greater proportion of '*C, after translocation of
4C-labelled photosynthate. These authors suggested that photosynthates
were used by the mycorrhizal fungus for lipid synthesis. Bevege et al.
(1975) examined the assimilation of '*C-labelled photosynthates and its
distribution among carbohydrates and other fractions in AM fungi and in
non-mycorrhizal roots. They concluded that much of the *C-lipid fraction
was concentrated in extraradical hyphae. Losel and Cooper (1979) were
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the first to demonstrate that lipids of mycorrhizal onion became labelled
when plants photosynthesised in presence of '*CO, or were supplied with
labelled lipid precursors (acetate, glycerol, sucrose).

These experiments provided information on the classes of compounds
labelled in colonized roots by 1*CO, or by different substrates, but they did
not elucidate the lipid metabolism of AM fungi and did not perceive where
the synthesis of lipids took place.

In the last years, the development of the monoxenic cultivation systems
stimulated interest in the lipid metabolism of AM fungi. The use of AM
monoxenic cultures has allowed longer-term labelling experiments without
interference with other micro-organisms, and has also facilitated the selec-
tive application of labelled substrates to either the extraradical mycelium
or to the mycorrhizal roots in using bi-compartmented Petri plates. Two
types of isotope labelling were used to study AM fungi lipid metabolism,
i.e. "Cand the 1*C.

5.1
14C Labelling

Acetate is the universal precursor of lipid synthesis. Labelled acetate is
frequently used to study the lipid metabolism of plants or fungi. The lipid
labelling in these organisms is obtained after short period (hours or days)
of radiolabelled precursor application. The first study on AM fungi using
[1-*C] acetate was realized in 1983 by Beilby on germinating spores. Pre-
vious biochemical works have shown that AM fungi contained between
45 and 72% of lipids, with TAG as major lipid class (Beilby and Kidby
1980). During germination, the concentration of these neutral lipids was
decreased while the polar lipids increased (Beilby and Kidby 1980; Gaspar
et al. 1994). In the same way, free sterol fraction was obtained in greater
quantity than sterol ester in germinating spores (Beilby and Kidby 1980),
these esters being considered to be a storage form for sterols in fungi (Parks
and Weete 1991). The lipid synthesis during germination of G. caledonium
spores isolated from soil was shown by Beilby (1983). The incorporation of
[1-'*C] acetate into the lipids was detected 2 h after spore imbibition. By
5 h, all lipid class contained low levels of isotope. The rate of incorpora-
tion into TAG and DAG increased significantly between 19 and 35 h, while
the label of other lipid fractions showed little variation (FFA, PL, sterols).
No label was detected in either the sterol ester or the monoacylglyceride
fractions. Therefore, these results supported biochemical works described
above. Under monoxenic culture conditions, Fontaine et al. (2001a, 2001b)
have shown that in germinating spores of G. intraradices, [1-'*C] acetate
was incorporated predominantly into the PL and free sterol fractions. This
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asymbiotic phase is characterized by a high synthesis of membranes for
the development of the germ tube. This strong synthesis requires the use
of lipid reserves, probably under the action of hydrolytic enzymes of the li-

Acétyl CoA

HO™ )<,

24-methylene lanosterol

N

Episterol

HO'
24-methylene cholesterol

HO

24-methyl desmosterol

Y\/\
|

HMGR

Mevalonate Squalene

Mévinoline +
NS
- Q
O N |

Squalene epoxyde

Lanosterol

HO'
24-ethyl cholesterol

HO

A5 avenasterol

HO
24-ethyl cholesta 5,22 dienol

HO

24-methyl cholesterol

Fig. 1. Possible biosynthetic pathway of sterols in Glomus intraradices
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pase type as described by Gaspar et al. (1997b), but also a de novo synthesis
of polar lipids and free sterols from exogenous precursors. Labelling ex-
periments using [1-'*C] acetate were realized also on ERM (Fontaine et al.
2001a), and have shown an incorporation into various lipid classes (FFA,
DAG, TAG, PL and sterols). The AM fungus was therefore able to synthesize
its own lipids in this symbiotic phase, with a major rate of incorporation
into PL, DAG, TAG and sterols. These results were in agreement with those
of Gaspar et al. (1994a) who demonstrated that when the fungus was in
symbiotic stage, the development of ERM (hyphae and spore maturation)
needs a high amount of TAG and PL. When acetate was added to the fungal
compartment, a part of radioactivity was rapidly found in lipids of mycor-
rhizal roots. This result demonstrated that a slight part of [1-'*C] acetate
uptake by ERM or of labelled lipids could be transferred to IRM. The study
of the distribution of radioactivity among the sterol classes (free sterols and
sterol ester) showed that radioactivity was associated with the two main
AM fungal sterols, 24-methyl cholesterol and 24-ethyl cholesterol, but also
with biosynthetic intermediates, lanosterol and 24-methylene lanosterol
(Fontaine et al. 2001b). By using mevinolin, a competitive inhibitor of 3-
hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, a high inhi-
bition of the radioactivity incorporation in AM fungal sterols was shown.
These results indicated that acetate was metabolised into sterols by the
classical mevalonate pathway, as in filamentous fungi (Dish and Rohmer
1998). Labelled biosynthetic intermediates identified in the extracts of G.
intraradicesERM allowed to propose a hypothetical sterol pathway (Fig. 1).
So, AM fungi synthesize sterols though the mevalonic acid pathway via
HMG-CoA from an acetyl-CoA carbon source.

5.2
13C Labelling

In order to investigate the ability of AM fungi to synthesize lipids, labelling
experiments using 1*C labelling and NMR spectroscopy were performed by
several workers. NMR spectroscopy is among the most informative meth-
ods allowing the study of several metabolisms at the same time. In order to
work for long periods of time and without possible contamination, these ex-
periments have been realized under monoxenic culture conditions. In 1999,
Bago et al. demonstrated that the synthesis of storage lipids in the asym-
biotic stage of G. intraradices was not significant. None of the substrates
(glucose or acetate) provided during spore germination resulted in de-
tectable labelling of storage fungal lipids, in spite of the label of acetyl-CoA
or trehalose. These authors concluded that the synthesis of storage lipid was
blocked or greatly reduced in the asymbiotic fungus, and thatlipid synthesis
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was largely or entirely confined to lipid constituents of the membranes. In
1999, Pfeffer et al. showed that when >C-Glc was added to the root compart-
ment of the bi-compartmental monoxenic culture system (St Arnaud et al.
1996), neutral lipids from both the root and fungal compartment were la-
belled. Glucose taken up by the IRM was metabolized via glycolysis and was
labelled from acetyl-CoA, from labelled pyruvate. When !*C-glucose was
added to the fungal compartment, neither fungal nor root compartment
contained labelled lipids, nor other labelled compounds. They concluded
that glucose was taken up by the fungus only within the root, and was me-
tabolized to storage lipids. On the other hand, the extraradical mycelium
was unable to take up exogenous sugars. Curiously, in using >C-acetate,
these researchers obtained low levels of labelling in both host and fungi
extracted from the root compartment when acetate was added to the root
compartment. No labelling was observed in fungal or host storage lipids
when acetate was added to the fungal compartment in spite of the uptake of
acetate by the ERM demonstrated by the labelling of trehalose in IRM. Us-
ing H,0 labelling, a more permeable precursor than acetate, they demon-
strated that little or no storage lipid synthesis occurred in AM extraradical
mycelium. AM lipids were synthesized in IRM and then transferred from
IRM to ERM. Bago et al. (2002c) showed a significant bidirectional translo-
cation of lipid bodies containing storage lipids. They concluded that large
amounts of lipids were translocated between IRM and ERM, with a possible
recirculation of these lipid bodies throughout the fungus.

5.3
Lipid Synthesis in Arbuscular Mycorrhizae: the Controversy

Actually, lipid metabolism of AM fungi appears still unclear. Results from
4C and 3C labelling seem to be contradictory. In NMR studies, only the
most abundant FA, i.e. C16:105, was used to follow the lipid metabolism
in AM fungi. This FA, predominantly associated with storage lipid, cannot
be used in order to study lipid metabolism as a whole. The studies with
the 'C labelling used a global label on lipid compounds, and not only on
one FA. Using [1-'*C] acetate, recent studies have shown that germinating
spores and extraradical hyphae were completely unable to synthesize 16-
carbon FA, but were able to elongate and desaturate FA already present
(Trépanier et al. 2003). These results could explain the controversy and
showed that, in using [1-'*C] acetate or [1-'*C] sucrose, AM fungi were
able to synthesize their own FA only inside the root. FA synthase genes of
AM fungi could hypothetically be exclusively expressed in the intraradical
mycelium. Trépanier et al. (2003) suggested that root signal or massive
hexose influx could activate the fungal FA synthase.
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6
Conclusions

The use of AM monoxenic cultures in combination with isotopic labelling
techniques has been primordial to clarify the lipid metabolism of AM fungi,
and may be at the cutting edge of technologies used to understand the obli-
gate biotrophic nature of these fungi. Bago et al. (2000) have suggested that
AM fungi are characterized by morphologic and metabolic differentiations
between IRM and ERM. The differentiation program could be induced by
specific physical or chemical factors in the particular environment where
the IRM developed, the root apoplast (Bago and Bécard 2002). In order to
understand why the IRM is biosynthetically competent, genes encoding the
key enzymes governing lipid metabolism, such as FA synthase, should be
examined and host signal(s) should be identified. To date, studies on lipid
metabolism under monoxenic culture conditions have been realized on
G. intraradices Schenck & Smith (DAOM 197198). Futures studies should
be extended to other AM fungal genera.

AM monoxenic cultures have also offered unique advantages for inves-
tigating carbon metabolism (*C-*C labelling) and lipid translocation in
hyphae. In the future, this technique will continue to provide contaminant-
free plant and fungal materials.

The most recent results obtained in the understanding of the AM sym-
biosis by using different molecular biological techniques (Franken and
Requena 2001; Harrier 2001; Burleigh 2001; Delp et al. 2003) have demon-
strated a spatial and temporal regulation of the expression of plant and
fungal genes. There is a mutualistic control of gene expression when
symbiosis is established. The presence of IRM and arbuscules in plant
cortical root cells modulates the expression patterns of plant genes in-
volved in carbon metabolism (sucrose synthase: Ravnskov et al. 2003),
and genes involved in nutrient transport (Burleigh 2001). Quantification
of fungal genes in mycorrhizal roots is possible when using a combina-
tion of molecular techniques (quantitative RT-PCR and immunoblotting).
Unfortunately, antibodies corresponding to fungal proteins have been uti-
lized in an attempt to identify specific fungal species or detect AM fungi
in plant roots (Harrier 2001). There is also a lack of data on proteins
corresponding to functional metabolic genes. It is of crucial importance
to develop new tools to understand nutrient transport and carbon and
lipid metabolism in AM symbiosis. AM monoxenic cultures offer unique
advantages for investigating the differential expression of genes in IRM
and ERM. The genome sequencing of G. intraradices will allow, from
identified genes, the design of specific primers for quantitative expres-
sion and recombinant protein and antibody production for immunodetec-
tion.
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From RMN studies of lipid metabolism, Bago et al. (1999) and Bago
and Bécard (2002) hypothesized that the failure of AM fungi to complete
their life cycle in the absence of plants (obligate biotrophy) could be due
to a lack (or insufficient ability) of neutral lipid biosynthesis of both ERM
and germinating spores. Cloning and expression analyses, at both mRNA
and protein levels, of genes encoding enzymes involved in lipid biosynthe-
sis are required to support or invalidate this hypothesis. RMN studies after
labelling of ERM or IRM in transformed monoxenic cultures demonstrated
that the hyphae in both phases of development behave differently with re-
spect to carbon metabolism and glucose transport (Bago et al. 2000, 2002b;
Bago and Bécard 2002). Germ tubes produced during germination are able
to take up limited amounts of hexose (Bago et al. 1999), and hexose trans-
porters should be present in the fungal membrane. Intraradical AM fungal
hyphae acquire hexose very efficiently from the plant, and the expression
of hexose transport proteins should be correspondingly high. Extraradical
hyphae which are produced after the colonization of roots behave differ-
ently, ERM being unable to acquire exogenously provided hexose. Are the
glucose transporter proteins absent in ERM? Are the corresponding genes
down-regulated in ERM? It could be postulated that when associated to
plant cells, the fungal nuclei undergo a plant imprinting leading to a modi-
fied expression of fungal genes. This plant imprinting could be maintained
in nuclei of ERM produced by successive division of nuclei originating
from IRM, but should disappear during spore formation. Thus, the base of
the obligate biotrophy of AM fungi could originate from the control by the
plant of fungal genes involved in carbon transport and metabolism, rather
than in intrinsic limitations of AM fungi in these processes.
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1 Monoxenic Culture as a Tool
to Study the Effect
of the Arbuscular Mycorrhizal Symbiosis
on the Physiology of Micropropagated
Plantlets in Vitro and ex Vitro

Yves Desjardins’, Cinta Herndndez-Sebastia?, Yves Pich¢?

1
Introduction

The development of in vitro culture systems for arbuscular mycorrhizal
(AM) fungi has revolutionized the way we approach the complexity of my-
corrhizal interaction, and has provided a powerful model for the study of
the relationship between the mycorrhizal partners. In their recent review,
Fortin et al. (2002) provide an in-depth overview of the impact that these
systems have had on research in the field of AM symbiosis. Indeed, as ex-
plained in other chapters of this book, the development of such systems has
been used extensively in AM fungal systematics, in mycelium development
and sporulation studies, in signalling studies between symbiotic partners,
in physiological studies of the fungal partner, in microbial-free inoculum
production, and in the study of interactions between soil micro-organisms,
including soil-borne pathogens, and mycorrhizal roots. Another area where
this technique has been used with some success is the study of the impact
of the mycorrhizal symbiosis on the physiology of host plants. For instance,
Elmeskaoui et al. (1995) described an in vitro culture system, named “tri-
partite”, consisting of the culture of a strawberry plantlet, an AM fungus
(G. intraradices) and a carrot root organ under in vitro conditions. With this
system, it has been possible to study the impact of mycorrhizal inoculation
on water relations, mineral nutrition and carbon metabolism of plantlets
produced in vitro. We will thus describe in this chapter (1) how this system
has been adapted to carry out physiological research on mycorrhiza, and
(2) the effect of mycorrhizal colonization on in vitro whole-plantlet physi-
ology. The main scope of this chapter is to demonstrate how this tripartite
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culture system can constitute a powerful tool for the study of many complex
physiological whole-plant responses under aseptic conditions.

2
The Tripartite Culture System

Despite a few successful pioneer reports of AM fungal inoculation on clover
seedlings germinated in vitro or on tomato roots (MacDonald 1981; St-John
etal. 1981; Strullu and Romand 1986), attempts to inoculate in vitro micro-
propagated plants using surface-sterilized germinated spores of AM fungi
placed close to in vitro-formed roots have generally been less successful
(Pons et al. 1983; Ravolanirina et al. 1989; Chavez and Ferrara-Cerrato 1990;
Cassells et al. 1996). This approach may have failed for a number of reasons
which include (1) the different nutrient requirements of both organisms,
i.e. the plant for root initiation, and the fungus for AM establishment
(Rapparini et al. 1994; Vestberg and Estaun 1994), (2) the complex and
time-consuming manipulation of the AM propagules (MacDonald 1981),
and (3) the very low rate of colonization due to the limited number of
propagules normally used to inoculate plantlets (St-John et al. 1981).

The presence of high sucrose and nutrient (N and P) contents in con-
ventional tissue culture media - for example, 60 mmol NO;~ in Murashige
and Skoog (MS) medium (Murashige and Skoog 1962) vs 3.8 mmol in MSR
(Declerck et al. 1998) - generally inhibits the germination of spores or the
establishment of mycorrhizal roots in vitro (Schubert et al. 1987; Lubraco
et al. 2000; Bressan 2002). The presence of 3% sucrose in the medium
reduced hyphal growth compared to media with lower concentrations of
sucrose (Bécard and Fortin 1988). Bressan (2002) observed that high salt
concentrations in the medium prevented mycorrhizal colonization of sweet
potato grown on different substrates (vermiculite, agar, hydroxyethyl cel-
lulose). Media with a higher salt content and, in particular, with a higher N
and P content, like MS medium and Hoagland solution (Hoagland and
Arnon 1950), completely inhibited root colonization (Bressan 2002). Pons
et al. (1983) found that the presence of sterilized soil was necessary to
successfully inoculate propagated plants of Prunus avium L. grown on
agar-solidified media.

Cassells et al. (1996) developed a successful system to establish AM fungi
in vitro. This system took into consideration some of the pitfalls described
above, which have hindered the formation of mycorrhiza in vitro. The orig-
inality of their approach was in the use of an autotrophic culture system
alleviating the necessity to supplement sugar in the medium, concurrently
decreasing the risks of bacterial contamination and competition in the cul-
tures. However, apart from showing that the in vitro inoculation improved
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the growth of plantlets during acclimatization, and that the mycorrhizal
symbiosis had no effect on in vitro photosynthesis, the system was not
used further in physiological studies.

Using the same premises and in order to induce active symbiosis before
transfer to the acclimatization stage, Elmeskaoui et al. (1995) developed
a system by which it was possible to rapidly and consistently achieve a very
high level of in vitro mycorrhization. The basis of this system is to place
actively growing roots from micropropagated plantlets directly in contact
with actively growing mycorrhizal hyphae originating from monoxenic
cultures. AM fungi associated with a root organ provide a vigorous and
uniform fungal mycelium capable of faster root colonization than isolated
germinated spores or surface-sterilized AM colonized root fragments (Bé-
card and Piché 1992). This tripartite culture system was demonstrated to
be useful for physiological studies, while only having limited usefulness
in a practical micropropagation setup since it is technically demanding,
requiring the simultaneous culture of three actively growing partners. In-
novations are still sought to improve its efficiency and profitability for
large-scale operations.

The tripartite culture system has been described in detail by Elmeskaoui
et al. (1995), and was used by Herndndez-Sebastia (1998) and Herndndez-
Sebastia et al. (1999; 2000). Briefly, spores of an AM fungus are obtained
from a monoxenic carrot (Daucus carota L.) root culture. This monox-
enic culture was routinely produced on minimal (M) medium (Bécard and
Fortin 1988), according to the procedure described by Chabot et al. (1992).
In vitro micropropagated explants are established according to a normal
tissue culture protocol and, following subculture, these explants are trans-
ferred to Sorbarod cellulose plugs (Baumgartner Papiers SA, Lausanne,
Switzerland) in test tubes containing a rooting liquid medium. The cellu-
lose plug acts as a support for the plant in vitro cultures, and also permits
the rapid medium exchange necessary for the following steps of the tripar-
tite culture. These liquid cultures are incubated for 2 weeks in a growth
room (23 &+ 1°C), under a photosynthetic photon flux density (PPFD) of
60 pmolm™2s~! for a photoperiod of 16 h, provided by cool-white fluores-
cent lamps until inoculation, or until the onset of roots on the explant. At
the same time, in separate culture containers (Magenta boxes, Chicago),
7-cm-long Ri T-DNA transformed roots of carrot (Daucus carota L.) are
inoculated with 40 monoxenically produced spores of Glomus intraradices
inoculated in the middle of a Magenta vessel on M medium (Figs. 1A, 2A).
The vessels are sealed and incubated at 27 °C in the dark for 5 weeks. After
the induction of roots on micropropagated plantlets on the paper plugs,
and mycorrhizal establishment on the carrot root organs, the colonization
of micropropagated plantlets is achieved as follows. The rooting medium
is removed from the cellulose plugs by suction and by rinsing three times
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Fig.1A-D. Invitro tripartite culture system used for establishment of mycorrhizae on micro-
propagated plantlets. A Inoculation of Ri T-transformed carrot roots (primary inoculation).
B Micropropagation of plantlets. C Transfer of plantlets to rooting medium on Sorbarod
plugs. D Inoculation of plantlets on Sorbarod plugs onto the primary inoculated roots to
establish the tripartite culture (secondary inoculation)

with sterile distilled water under a laminar flow hood (Fig. 1C). After wash-
ing, liquid M medium is added aseptically to the Sorbarods supporting
micropropagated plantlets. The cellulose plugs are then placed in contact
with the mycorrhizal carrot root organs in culture vessels under aseptic
conditions (Figs. 1D and 2B, E). Tripartite cultures are normally grown at
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Fig.2. A Monoxenic culture on a Petri plate. B Strawberry plantlets on Sorbarod plugs in
a tripartite culture system. C Strawberry plantlets transferred from tripartite culture system
to PEG solutions to induce water stress. D Arbuscules in a mycorrhizal strawberry root.
E Potato plantlets on Sorbarod plugs in the tripartite culture system. F Glomus intraradices
hyphae actively growing in the tripartite culture system

25°C in small growth chambers with a PPFD of 60 pmols™ m™ provided
by cool-white fluorescent lights, for a 16-h photoperiod (Laforge et al. 1990)
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Fig. 3. Percentage of strawberry plants colonized with AM mycorrhizal fungi after 5, 10, 20,
30 days following in vitro inoculation in the presence or absence of 5000 ppm CO,. (Adapted
from Elmeskaoui et al. 1995)

with 5000 ppm CO,. This high CO, concentration has been shown to en-
hance colonization of roots by the AM fungi (Poulin et al. 1993; Elmeskaoui
etal. 1995). In the case of strawberry plants, root colonization was observed
after 10 days, and a high level of colonization was obtained after 20 days
(Fig. 3). We anticipate that any AM-susceptible host plant, if micropropa-
gated without difficulties, especially in the rooting phase, should provide
high rates of AM colonization in the tripartite culture.

Elmeskaoui et al. (1995) demonstrated that the age of the mycorrhizal
carrot root organs is an important factor to optimize the colonization of
plantlets in vitro. For instance, 30-day-old mycorrhizal carrot roots offer
abetter source of inoculum than younger ones. These authors attributed the
higher colonization potential to a more infective mycelium possessing the
secondary infective structure described by Friese and Allen (1991). More-
over, older roots may also support more hyphae which, in turn, provide
higher inoculation potential.
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One of the most interesting features of the tripartite culture system is the
possibility to obtain mycorrhizal plantlets in vitro, allowing the study of
the physiology and behaviour of these plants in controlled environments. It
provides, for example, an interesting model system to study the hypothesis
that colonization of roots in vitro could provide a certain degree of stress
tolerance during acclimatization ex vitro.

3
The Tripartite Culture System to Study the Adaptation
of Plants to Water Stress

Despite the potential usefulness of measuring the water status of tissue-
cultured plants for understanding physiological changes occurring during
acclimatization, such data are seldom provided (Diaz-Pérez et al. 1995).
One reason for this may be the inherent difficulty of measuring the water
status of small, fragile, in vitro plantlets with classical analytical instru-
ments. Furthermore, very few studies have investigated the potential use
of beneficial rhizospheric micro-organisms, such as AM fungi, to reduce
drought stress during acclimatization. This may be due to the absence of an
in vitro model to study the effect of AM fungal colonization on the water
status of in vitro-produced plantlets under controlled conditions.

AM fungi, especially species belonging to Glomus, are able to modify wa-
ter relations in native plants (Augé 2001). For instance, the stomatal conduc-
tance (Gs), transpiration rate and leaf water potential (y) are often higher
in mycorrhizal plants under drought conditions, due to a higher water up-
take (Augé et al. 1987) which allows mycorrhizal plants to maintain higher
rates of photosynthesis and higher water contents than non-mycorrhizal
controls. However, the mechanisms involved in the modification of wa-
ter relations induced by AM fungi remain uncertain. The effects of AM
fungi on plant water parameters are frequently subtle, transient and sub-
ject to highly variable conditions, including the degree of colonization,
the inherent resistance of the plant species to water stress, the efficacy and
competence of the fungus (Ruiz-Lozano and Azcén 1995), soil types and pH
(Al-Agely and Reeves 1995). A number of different hypotheses have been
tested: (1) an indirect effect of improved P nutrition in mycorrhizal plants
(Koide 1993; Wright et al. 1998), (2) an improvement of water uptake by
mycorrhizal root systems, either via the extraradical hyphal phase (Ruiz-
Lozano and Azc6n 1995), by increasing effective root hydraulic conductivity
(Sands et al. 1982), or by modifying root architecture (Kothari et al. 1990),
(3) a biochemical modification of water control in the host plant following
changes in hormonal signalling (Duan et al. 1996; Goicoechea et al. 1997),
and (4) an induction of osmoregulatory responses in mycorrhizal plants
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compared to non-inoculated controls (Augé et al. 1986; Goicoechea et al.
1997). However, the results of these studies are inconclusive.

Augé et al. (1986) showed that leaves of mycorrhizal rose plants were
able to enhance their osmotic adjustment under water deficits. Moreover,
in a preliminary study using the tripartite culture system, Elmeskaoui et al.
(1995) showed that colonization with G. intraradices induced changes in
the water status of strawberry leaves and root tissues, under low vapour
pressure deficits (Fig. 4). These authors were able to show that AM fungi
could induce an osmotic adjustment in vitro in the absence of stress, as
indicated by Sdnchez-Diaz (1994). It was suggested that this adjustment
could have contributed to the improved adaptation to ex vitro transfer
observed in mycorrhizal plants. However, the mechanism of this adaptation
is still unknown.

Hernandez-Sebastia et al. (1999) took this investigation one step further
and evaluated the osmotic potential (y 1) of leaves and root tissues, as well
as the relative water content (RWC) of whole plants, leaf discs and roots,
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Fig. 4. Effect of inoculum source on the osmotic potential of strawberry plants after in vitro
inoculation in the presence of 5000 ppm CO,. Squares Control non-mycorrhizal plants,
circles mycorrhizal carrot roots. Mean separation is by Duncan multiple range test (Pv
< 0.05). (Redrawn from Elmeskaoui et al. 1995)
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and the leaf stomatal conductance (Gs) of mycorrhizal plants cultured in
the tripartite culture system under high humidity levels. The authors also
evaluated whether modification of the plant water status of tissue-cultured
mycorrhizal plants was associated with differences in plant mineral nu-
trition. Their results showed that G. intraradices increased the RWC of
whole plantlets. Since neither turgid weight nor dry weight were affected
by the fungal inoculation, it was concluded that mycorrhizal colonization
did not alter the plantlet’s maximal water retention capacity, but rather
allowed it to hold more water during normal growth (Fig. 5). Since foliar
RWC (leaf blade and petiole of plantlets) was not affected by the inocu-
lation treatment, enhanced RWC of the whole plantlet was attributed to
an increase in water retention in the roots. Several possible mechanisms
have been advanced to explain the higher water volume recorded in myc-
orrhizal roots. Duan et al. (1996) suggested that mycorrhizal root systems
have an improved ability to scavenge water in drier soil. Such an ability
could be the result of an increase in turgor in AM roots, or a decrease in
xylem-sap abscisic acid (ABA) concentrations of mycorrhizal plants dur-
ing drought. Higher root water content in AM colonized plants could be
due to changes in biochemical or metabolic pathways which alter the root
osmoregulation process. Mycorrhizal fungi have previously been shown to
alter root cytokinins (Driige and Schonbeck 1992; Goicoechea et al. 1995)
and calcium concentrations (Augé et al. 1992). It seems conceivable that AM
could also modify water partitioning between the apoplast and symplast
in roots (Augé and Stodola 1990; Bonfante and Perotto 1995). Diaz-Perez

. Dw
Fw-Dw **
D Tw-Fw **

Am whole plantlets

Non-AM controls

: —
o1 02 03 04 05 06
(9)

Fig.5. Compartments of dry matter (Dw), absolute freshwater content (Fw-Dw) and water
absorbed during full hydration in deionized water (Tw-Fw) for inoculated (AM) whole
plants and non-inoculated (non-AM) controls. ** Highly significant between inoculated
and control plants (P < 0.001). (Redrawn from Herndndez-Sebastia et al. 1999)

o
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et al. (1995) reported that higher RWC in leaves of micropropagated apple
plants were correlated with improved resistance to transplantation stress,
although the mechanism involved remains unknown.

3.1
Intraradical Phase of AM Fungi

In a further investigation using the tripartite system, Herndndez-Sebastia
et al. (2000) investigated whether the increase in RWC caused by the myc-
orrhizal colonization in vitro could confer an advantage to plants subjected
to the sudden water stress encountered during ex vitro acclimatization.
To do so, mycorrhizal plantlets produced in the tripartite culture system
were transferred to a polyethylene glycol (PEG) solution to simulate and
induce rapid water stress. Transfer of the plantlets from the Sorbarod plugs
to the PEG solution resulted in the loss of the fragile extraradical phase
of G. intraradices, which remained within the plugs. Consequently, colo-
nization comprised only intraradical hyphae, arbuscules and vesicules (see
Fig. 2D). Under the PEG-induced water stress, the authors observed no sig-
nificant differences in water stress adaptations between mycorrhizal and
non-mycorrhizal plantlets under in vitro conditions. It was concluded that
the extraradical phase of the fungus played an important role in improving
water stress. Despite the difficulty of showing reduced water potential in
roots and leaves, the authors were able to show important changes in amino
acid metabolism as a result of the concomitant presence of the mycorrhiza
and the application of an osmotic stress. The intraradical phase of G. in-
traradices caused a large increase in the total amino acid pool under water
stress, while there was no increase in non-mycorrhizal controls. More pre-
cisely, mycorrhizal plants showed a marked increase in asparagine in the
roots, and a corresponding decrease in the leaves (Table 1). The inverse
response was observed in non-mycorrhizal plants. These results suggest
the presence of an important mobile pool of asparagine which moves from
leaves to roots, and vice versa, in response to drought stress, depend-
ing on the plant’s mycorrhizal status. Simultaneously with the increase
in asparagine concentration in mycorrhizal roots, the authors recorded an
increase in starch accumulation within roots. The results thus strongly sug-
gest that the mycorrhizal association induces a coordinated adjustment of
the nitrogen and carbon metabolism, representing an adaptation to water
stress. However, the adaptive response of plantlets to water stress revealed
by the authors is of limited efficiency, and has been largely overwhelmed
by the severity of the PEG-induced osmotic stress of this study. The authors
restricted the scope of their findings to the induction of an adaptation to
water stress induced by the presence of the intraradical phase of the fungi,
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Table 1. Effect of the intraradical phase of G. intraradices on concentrations of asparagine
(Asn), aspartic acid (Asp) and starch in leaves and roots (mmol kg_l) of in vitro strawberry
plantlets cultured in a tripartite culture system, and submitted or not to a strong water stress
caused by a 15% PEG solution for 4 h?. (Adapted from Herndndez-Sebastia et al. 2000)

Leaves Roots

In vitro
mycorrhizal PEG (%) Asn Asp Asn Asp Starch
inoculation
Control 0 128+ 0.6 3.2+0.1 2954+0.2 344+1.1 9.7 £0.2

15 32.7+0.6 2.040.1 174+0.2 2.0+1.1 7.84+0.2
Glomus 0 69.54+0.7 3.440.1 6.0+0.2 34+£1.1 6.6 0.2
intraradices

15 1194+0.7 54+0.1 525+0.2 59411 33.6+0.2

@ Means + SE

and suggested that a different response might have been observed in the
presence of the extraradical mycelium.

3.2
Extraradical Phase of AM Fungi

The extraradical phase of mycorrhizal fungi appears to play an important
role in determining the adaptation of the plants to stress conditions. How-
ever, it is still not clear as to the mechanism by which the AM symbiosis
contributes to water uptake. Some AM fungi have been shown to improve
water uptake and conductivity through the soil-plant-atmosphere contin-
uum via the hyphae in the soil (Ruiz-Lozano and Azcén 1995). By contrast,
Georges et al. (1992) showed that given the small diameter of the hyphae
and the considerable transpiration flux of the plant, the hyphae cannot sup-
ply enough water to improve plant performance significantly. With this in
mind, Herndndez-Sebastia (1998) investigated the potential role of a pre-
existing extraradical mycelium of G. intraradices in the acclimatization
substrate in improving water relations, osmotic adjustment, photosyn-
thetic rate and mineral uptake of plantlets during their transfer to soil and
adaptation to drought cycles. To test this, AM and non-AM strawberry
plantlets under the tripartite culture system were transferred to substrates
containing, or not containing, the same strain of an extraradical mycelium
of G. intraradices. The plants were exposed weekly to drought-re-watering
cycles.

In short, in order to compare the effect of the presence of the extrarad-
ical mycelium on stress adaptation during acclimatization, 1 liter recycled
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Table 2. Mineral content of non-mycorrhizal (Nmmix) and mycorrhizal (Mycorimix) peat
substrates used to compare the effect of the presence of active mycorrhizal hyphae on growth
and stress adaptation of non-mycorrhizal and mycorrhizal strawberry plantlets grown in
vitro, under a tripartite culture system. (Adapted from Herndndez-Sebastia 1998)

N P K Ca Mg Fe Zn
NMmix 103 6 59 138 26 1.32 0.16
(5)b ) (7) (8) () (0.06) (0.02)
Mycorimix 127 5 61 151 35 1.55 0.20
(30) 1 (6) (34) (5) (34) (0.04)
Cu Mn B Na pH EC?
NMmix <0.1 0.47 0.33 21 5.31 1.25
(0.04) (0.03) (4) (0.14) (0.07)
Mycorimix <0.1 0.56 0.33 28 5.56 1.30
(0.09) (0.04) (3) (0.08) (0.17)

3Electrical conductivity (mmho cm™)
Mineral contents are in ppb (SE); note that 1%=10,000,000 ppb

cellulose culture pots were filled with a peat substrate (Mycorimix, Pre-
mier Tech Inc., Rivieres-du-Loup, Québec, Canada) containing at least four
propagules of G. intraradices DAOM 181602 (as dry pieces of colonized leek
roots) per gram of peat. Control pots were filled with an identical but non-
mycorrhizal peat mix (NMmix). Substrate nutrient concentrations, pH and
conductivity are shown in Table 2.

To obtain peat soil substrate with AM mycelia well developed at the be-
ginning of the experiment, rooted non-mycorrhizal strawberry plantlets
were transplanted into the Mycorimix and NMmix pots (three plants per
pot). The strawberry plantlets were fertilized weekly with 250 mlpot™ of
Long Ashton solution modified by Hewitt (1966). After 1 month in a growth
chamber, the strawberry plantlets were cut at the base of the stems, leaving
their roots in the soil. The presence of mycorrhiza was verified in each pot by
sampling one whole root system. Mycorrhizal colonization exceeded 25%
in plantlets grown on Mycorimix. All NMmix plants were non-mycorrhizal.
Invitro plantlets, grown in the presence or absence of mycorrhiza under the
tripartite culture system, were transplanted to the two acclimatization sub-
strates. The authors assumed that formation of anastomoses between the
hyphae already in the soil and those present in or on the roots of the in vitro
plantlets could occur, as AM mycorrhizae are known to undergo anasto-
mosis between compatible hyphae (Tommerup and Sivasithamparam 1990;
Giovannetti et al. 2001). The rational was that anastomoses could provide
the in vitro-produced mycorrhizal plantlets with an important extrarad-
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Table 3. Effect of the presence of the extraradical phase of G. intraradices in the acclimati-
zation substrate, and of in vitro inoculation of in vitro strawberry plantlets cultured in a
tripartite culture system, on leaf water potential (y,,), stomatal conductance to H,O, wa-
ter use efficiency (WUE) and leaf sucrose concentration under different irrigation regimes
(control and 20% water saturation). (Adapted from Herndndez-Sebastia 1998)

Ex vitro mycorrhizal Water stress Yo Gs H,0 WUE
inoculation (MPa) (mms™1) (mol CO,
mmol~! H,0)
NM? - -0.73 £0.03 36.03 +2.37 1.58 £0.29
+ -1.30 £0.03 17.96 +2.37 2.63£0.29
Glomus intraradices - -0.77 £0.03 36.91+£2.37 1.55+0.29
+ -1.614+0.03 7.04+2.37 3.90+£0.29
Ex vitro mycorrhizal In vitro mycorrhizal Sucrose concentration in leaves
inoculation inoculation (mgg™! dry weight)
NM substrate - 223164
+ 22.5+ 6.4
Mycorimix - 16.8 & 6.4
343+ 6.4

#Non-mycorrhizal. Means + SE

ical structure, thus replacing that lost during transfer to acclimatization,
thereby conferring an added advantage under drought. The results of this
study confirmed the crucial role of the extraradical phase in water uptake,
mineral absorption and osmotic adjustment of strawberry plants adapted
to drought. We suggest, even if we did not observe it as such, that a well-
developed AM fungus in the acclimatization substrate may have formed
anastomosis with in vitro mycorrhizal hyphae of G. intraradices, which
may have contributed to the modified water relations of acclimated straw-
berry plantlets with a water deficit. Under dry cycles, where pots were
left to dry for 3-4 days until the substrate had reached 20% water satu-
ration, leaf water potential (¥,,), stomatal conductance and transpiration
rates were lower in plants grown in a substrate containing the extraradi-
cal mycelium of an AM fungus than in controls (Table 3). Under drought,
both stomatal conductance and intercellular CO, were reduced by the My-
corimix treatment. However, the rates of carbon dioxide assimilation (A)
were maintained at levels similar to those of the plants growing on NM-
mix. This resulted in higher instantaneous water use efficiency (WUE) in
the Mycorimix-grown plants under drought stress conditions, compared
to those growing on NMmix. Interestingly, simultaneous use of in vitro
mycorrhizal planlets and ex vitro acclimatization mycorrhized substrate
caused an increase in compatible osmolytes, most noticeably of sucrose,
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in the leaves (Herndndez-Sebastia 1998). The results thus demonstrate the
value of the tripartite culture system with mycorrhizal monoxenic cultures
to test complex hypotheses under controlled conditions.

4
The Tripartite Culture System
to Study Sink—Source Relationships

The tripartite culture system has also proved useful in the study of the
benefits of the mycorrhizal association for carbon metabolism, and the
stimulation of photosynthetic C uptake by plants. It is generally assumed
that the increased photosynthetic rates exhibited by mycorrhizal plants
is the result of increased P uptake (Fitter 1991). However, such potential
increases of photosynthesis are modulated by a number of other environ-
mental factors, including atmospheric CO, and light levels. For the host
plant, these factors can modify the cost-benefit balance of a mycorrhizal
relationship. For example, long-term CO, enrichment - which otherwise
would stimulate photosynthesis through the suppression of photorespira-
tion (Gerbaud and André 1980) - can, in a situation of insufficient sink
strength, cause sugar accumulation in source leaves and trigger down-
regulation of photosynthesis (Bowes 1991). Some authors have suggested
that mycorrhizal fungi constitute a significant sink for excess assimilates
(Hodges 1996; Wright et al. 1998), which is sufficient to decrease the plant’s
susceptibility to the down-regulation of photosynthesis under prolonged
exposure to elevated CO,. Other authors have suggested that mycorrhiza
can further delay down-regulation of photosynthesis by increasing the up-
take of nutrients required to sustain the stimulated plant growth and the
formation of new sink organs (Lewis and Strain 1996).

Louche-Tessandier et al. (1999) have used the tripartite culture system to
investigate the interactive effects of different CO, concentrations (350 and
10,000 ppm) and PPFD (60 and 300 pmolm™s7') on the relationship be-
tween the AM fungus G. intraradices and potato plantlets (Solanum tubero-
sumy). Using this system, these authors were able to show how changes in
the mycorrhizal colonization rate and in plant source-sink relationships
alter cost-benefit in mycorrhizal potato plantlets. For example, the effect
of AM on weight accumulation was highly dependent on the CO, enrich-
ment and light levels during tri-culture. Under normal CO, concentrations,
the AM fungus had no effect on dry matter production, stomatal conduc-
tance or pigment content. Under a CO,-enriched atmosphere and high
light levels, however, the presence of the AM fungus increased dry weight
accumulation of the plantlets by 25 % (Table 4). At the same time, the in-
creased availability of photosynthates under high light and CO, increased
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Table 4. Effect of in vitro inoculation with Glomus intraradices and of different levels
of CO, and photosynthetic photon flux (PPF) on percent root colonization, production
of dry matter (DM), chlorophyll a+b content, and maximum quantum efficiency of PSII
photochemistry (Fv/Fm) of potato plantlets cultured in a tripartite culture system. (Adapted
from Louche-Tessandier et al. 1999)

CO, PPF In vitro Percent  Drymatter Chla+b Fv/Fm
enrichment mycorrhiza colonization (28 days)
(ppm) (pmol (8) (mgg™
m2s71) FW)
350 60 NM? 0 429+ 6.1 32+£0.8 0.760 £ 0.005
M 44406 433% 9.0 3.3+£0.9 0.770 4+ 0.003
300 NM 0 91.8£36 1.9+£0.6 0.725+0.005
M 48+06 90618 1.9+£0.3 0.750=£0.014
10,000 60 NM 0 614+ 9.4 32+0.9 0.763 +0.008
M 57+£07 439+14 3.74+0.9 0.761 & 0.002
300 NM 0 122 £19 0.5+£0.2 0.514+£0.054
M 78+1.0 136 +36 0.8+0.6 0.580+0.111

2 NM, Non-mycorrhizal plantlets; M, mycorrhizal plantlets. Means + SE
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Fig.6. Effect of the presence (closed symbols) or absence (open symbols) of Glomus in-
traradices and of different levels of CO, and photosynthetic photon flux (PPF) on the
quantum yield of photosystem II electron transport (AF/Fm'; circles) and photochemical
quenching (qn; triangles) of in vitro potato plantlets. (Adapted from Louche-Tessandier
et al. 1999)
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AM colonization rates. In general, plantlets submitted to high light and
CO, showed symptoms of photoinhibition (estimated by the chlorophyll
fluorescence ratio Fv/Fm) caused by insufficient sink activity. The negative
effects ofhighlight and CO, werelower in theleaves of mycorrhizal plantlets
than in those from non-mycorrhizal plantlets grown under the same condi-
tions. The presence of mycorrhiza also protected the photosynthetic system
from over-reduction and photoinhibition problems, showed by a smaller
decrease in the effective photochemical yield of photosystem II electron
transport (estimated by the parameter Fv/Fm’; Genty et al. 1989; Fig. 6).
These results demonstrated not only that the CO, concentration during the
tripartite culture affected the degree of mycorrhizal colonization in in vitro
potato roots, but also that the mycorrhiza affected the physiology of the
potato plantlets. On a practical side, the authors concluded that high CO,
should be maintained at least in the first week of the tri-culture in order to
stimulate mycorrhizal colonization, and that light levels should be adjusted
so that the source capacity matches the sink strength of the plantlets.

5
Conclusions

In this chapter, we have highlighted some examples of the useful application
of the monoxenic culture system and its extension, the tripartite culture
system, to study the effects of mycorrhization on micropropagated plantlet
physiology under controlled in vitro conditions. This system alleviates
some of the problems encountered in sampling roots for in vivo studies
and, particularly, under conditions of water stress. This simplified in vitro
model constitutes a versatile approach allowing the study of metabolites
involved in the symbiosis or induced by mycorrhizal plants under different
types of stress. The tripartite culture system could also be interesting for
the study of molecular and genetic interactions involved in the mycorrhizal
symbiosis, since it allows the analysis of the response of both partners under
sterile conditions.
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1 1 Uptake, Assimilation and Translocation
of Mineral Elements
in Monoxenic Cultivation Systems
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1
Introduction

While searching for optimal means to study the transport processes of nu-
trients and non-essential elements, diverse in vivo systems were developed
using bi-compartmental containers where extraradical mycelium (ERM) of
mycorrhizal fungi was separated from the plant roots. These systems gen-
erated some major results (reviewed in Smith and Read 1997), but suffered
several limitations such as (1) the presence of undesirable micro-organisms
which could influence element bioavailability or the transport processes;
(2) the difficulty to visualize the ERM dynamic development and the bi-
directional translocation processes in hyphae; (3) the difficulty to collect
ERM and to distinguish thin hyphae of arbuscular mycorrhizal (AM) fungi
from other fungi. As a consequence, some innovative approaches were
tried out, such as the system of Pearson and Tinker (1975), used by Cooper
and Tinker (1978) to study the transport of P, Zn and S by AM fungi.
This system was based on a bi-compartment Petri plate in which a myc-
orrhizal plant (Trifolium repens L.) was grown on sterilized soil, while the
ERM was allowed to cross the partition wall to develop in an agar medium
without roots. This ingenious system kept the plant and the AM fungus
(Glomus mosseae) under sterile conditions but, as the seedling developed,
a hole was made in the lid and the plant grew out from it, making the
system difficult to maintain free from other micro-organisms. This sys-
tem was improved by St Arnaud et al. (1996), by growing the AM fungus
in bi-compartmental Petri plates under monoxenic culture conditions on
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a synthetic medium. This major technical progress, which allowed the spa-
tial separation of mycorrhizal roots growing in a root compartment (RC)
and the ERM ramifying into a neighbour, root-free hyphal compartment
(HC), rapidly became a powerful system for studies of physiological and
element transport processes in AM symbioses.

In transport studies, the medium added in the HC containing, for ex-
ample, a labelled element, may be either liquid or solid, depending on
the experimental objective. On the one hand, a solid medium facilitates the
manipulation of the cultures and repeated measurements at specific sites to
monitor hyphal growth and observations of branching patterns are feasible
(Bago et al. 1998). Indicator dyes, which can reveal active sites of enrich-
ment/depletion of specific ions or molecules, may also be included (e.g.
for pH, see Bago et al. 1996). On the other hand, a liquid medium allows
the modification of the concentration of specific ions at any given time,
for example, when studying the effect of nutrient starvation (Joner et al.
2000). In addition, a liquid medium allows precise control of the elements
added, avoiding disturbance by ions commonly present in the gelling agent
of solid media. These elements may be problematic while working under
carrier-free conditions or may cause confounding effects with analogous
ions (e.g. K for Cs, see below). Finally, the recovery of AM fungal biomass
is easier in liquid medium, and prevents possible leakage of elements into
the medium during extraction from a gel.

In summary, the monoxenic culture system offers three major advantages
for element transport studies:

1. The element in question may be provided at a highly precise con-
centration and will not interact with any matrix which reduces its
bioavailability, as it is the case in soil-based systems. This allows
bio-sorption and affinity studies at low concentrations.

2. The element may be supplied as defined species, so that any modi-
fication of its speciation would be due only to its interactions with
the AM fungus. The measurements of uptake from organic sources
or chemically precipitated forms are highly relevant in this context.

3. Specific uptake rates and flux rates may be determined with a high
precision, as labelled or unlabelled elements may be provided over
a short period of time, and hyphal length and cross-sections area of
living runner hyphae can be determined simultaneously.

Before continuing, a precise definition of element transport by AM fungi is
necessary to clearly identify the different processes behind this term. Here,
we adopt the definition proposed by Cooper and Tinker (1978) and by Smith
and Smith (1990), which comprises three distinct steps: (1) the uptake of
an element by the extraradical hyphae; (2) the translocation of the element
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from the site of uptake to the intraradical hyphae; (3) the transfer of the
element from the intraradical hyphae to the adjacent plant cell apoplasm.

In this chapter, we will present and discuss available data on monox-
enic studies involving the uptake and translocation of elements by AM
fungi. These elements include the nutrients P and N, and the non-essential
elements U and Cs.

2
Nutrient Uptake and Translocation by AM Fungi

2.1
Phosphorus

Phosphorus is a major plant nutrient with limited availability in soil, due to
its slow diffusion and its propensity to fix more or less irreversibly to various
components of the soil matrix. The function of roots in the uptake of this
element, and the mechanisms involved have been the subject of hundreds
of studies. Similarly, the role of mycorrhizal fungi in the acquisition of this
element by plants has been widely investigated and remains today a major
area of research on AM fungi.

Phoshorus transport in soil-filled compartmental systems began in 1973
(Hattingh et al. 1973), and saw an expansion in the 1990s. Transport stud-
ies in monoxenic cultures first started in the late 1990s. For instance, two
studies on the transport of P originating from organic sources brought
an end to the controversy of AM fungal capacity for exploiting organic P
sources (Joner et al. 2000; Koide and Kabir 2000). Thereafter, the hyphal
efficiency in P translocation has been determined in some studies. Nielsen
et al. (2002), using compartmented Petri plates and gelled medium con-
taining 50 kBq **P and a concentration of 50 pM non-radioactive P, found
a maximum P flux rate corresponding to 2.9 x 107> molm™s™! based on
the cross-section area of active (confirmed by cytoplasmic streaming) run-
ner hyphae of G. intraradices. Translocation by G. intraradices during this
9-day transport study accounted for 96% of the P added to HC, whereas
a less efficient fungus, G. proliferum, had depleted the HC by only 58%
of the added *?P. In a similar system, but using a liquid medium con-
taining 0.4 kBq **P at 50 pM P in the HC and the fungus G. intraradices,
Rufyikiri et al. (2004c) observed a translocation to the root compartment
(RC) corresponding to 70% of the initially supplied **P. Here, activity in
hyphae located in the HC was also measured, and accounted for an addi-
tional 16% of the label. Resulting P flux rates in hyphae were estimated
on the basis of the hyphae cross-section area at the partition between the
two compartments (0.013 mm?, calculated for the average 137 crossing hy-
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phae). For the 14-day duration of the experiment, the average P flux rate
was 3.8 x 107> molm™s7!. This value represents about 13% of the P flux
rate reported by Nielsen et al. (2002). It should be noted that in this later
experiment, **P was observed in the RC already after 14 h for both fungi,
with an almost complete depletion of **P in the HC after 60 h in the case
of G. intraradices. The maximum flux rate noted by Nielsen et al. (2002)
was based on flux during this most active period, and should thus not be
compared as such to the data of Rufyikiri et al. (2004c). Nielsen et al. (2002)
further elegantly demonstrated P transfer from fungal cells to root cells by
using two imaging techniques carried out on actively growing monoxenic
cultures at 24-h intervals. For a start, the cultures were photographed with
a digital camera and thereafter, they were placed in a digital scintillation
imager which registered the location and intensity of **P irradiation over
6 h. When the two images were superimposed, the **P activity could be
quantified at precise locations, i.e. in < 1-mm-long root segments. By com-
paring images recorded on consecutive days, growing root apexes were
observed to contain significant amounts of *2P. Since actively growing root
apexes were not mycorrhizal, the activity emanating from them could only
be contained within plant cells, thus following P transfer from the fungus
to the host.

2.2
Nitrogen

Nitrogen is perhaps the element which limits plant growth to the largest
extent in most terrestrial ecosystems, but N transport has still received
far less attention than P transport in the mycorrhizal literature (Hawkins
et al. 2000). One reason for this may be the high cost and cumbersome
analysis of the stable isotope >N which is used as a tracer in such studies.
Nitrogen transport by AM fungi was first demonstrated in compartmented
pots by Ames et al. (1983), using '°N-labelled NH,. The mean N flux rate
through hyphae of G. mosseae over a 30-day labelling period was calculated
to be 7.4 x 10°® molem™s7!, and accounted for 25% of the added *N.
This value was quite similar to the P flux value of 3.8 x 10® molcm™2s7!
obtained with soil-based systems some years earlier (Sanders and Tinker
1973). The amount of N transported to the host plant was highly correlated
to the number of hyphae crossing into the labelling compartment, and to
the total hyphal length in the labelling compartment at harvest. In later ex-
periments, transport of NH,, NOs and amino acids (Hawkins etal. 2000) has
been demonstrated in different compartmented systems featuring whole
plants on solid substrates. In monoxenic cultures, uptake and translocation
have been demonstrated for the amino acids glycine and glutamate, with
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the highest uptake/translocation efficiency observed for glycine (Hawkins
et al. 2000). Further, it was shown that NO; was a competing N source
which reduced N uptake from amino acids when present in similar con-
centrations. The use of a proton gradient uncoupler (carbonyl cyanide
m-chlorophenyl hydrazone) to distinguish between active and passive up-
take of amino acids into hyphae showed that uptake was only partially an
active process, and that as much as 50% of the absorbed N from glycine
and glutamate was entering the hyphae, in spite of the lack of a proton
gradient. This was also the case for the uptake of ammonium, whereas the
uptake of nitrate was mainly a passive process (Hawkins et al. 2000). In
their experiments on N uptake in monoxenic cultures, the comparison of
root uptake and hyphal uptake showed that roots were apparently far more
efficient in the absorption of both amino acids, but in these comparisons
no account was made for the fact that hyphal biomass, and particularly the
hyphal cross-section area available for translocation, was far lower than
for roots (Hawkins et al. 2000). Contrary to amino acids, for which both
hyphal uptake and translocation have been shown, only uptake has been
demonstrated for NH, (Villegas et al. 1996) and NO; (Bago et al. 1996).
These experiments were carried out by analysing remaining N in a hyphal
compartment, without any regard for whether N was adsorbed or absorbed
by hyphae, nor to which extent absorbed N was translocated towards roots.
The capacity of hyphae to extrude OH™ to maintain electrochemical charge
when N was taken up as NO; was clearly demonstrated (Bago et al. 1996),
and complements the previous finding of Li et al. (1991) that extraradical
hyphae can extrude H* when NHj, is the dominant form of N taken up from
soil. It is known that uptake of NH4 and NOs is to some extent followed by
incorporation of N into amino acids, as demonstrated in excised hyphae
(Johansen et al. 1996). But overall very little precise information is available
on the N transport processes (see Hawkins et al. 2000). There is thus a great
potential in describing N transport based on monoxenic cultures.

3
Non-Essential Element Uptake
and Translocation by AM Fungi

3.1
Uranium

Uranium is the most abundant of the naturally occurring actinides, the
others being actinium, thorium and protactinium. Its concentration in the
earth’s crust ranges from 1-4 mgkg™ in sedimentary rocks, to tens or even
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hundreds mgkg™ in phosphate-rich deposits (Langmuir 1997; Qureshi
et al. 2001) and in U ore deposits (Plant et al. 1999). Although there is no
known biological function of U, the accumulation of this element has been
reported in living organisms including plants (Ebbs et al. 1998; Huang et al.
1998; Shahandeh et al. 2001; Rufyikiri et al. 2004a), bacteria, algae, lichens
and fungi (Abdelouas et al. 1999; Suzuki and Banfield 1999). Among fungi,
recent studies, using monoxenic culture systems, demonstrated the ability
of AM fungi to take up U (Fig. 1; Rufyikiri et al. 2002, 2003, 2004c). This
uptake was influenced by the pH of the growth medium in the HC. Indeed,
Rufyikiri et al. (2002) demonstrated that U uptake by the ERM of the AM
fungus G. intraradices was two times higher at pH 5.5 than at pH 4 or
pH 8.

The pH of the bathing solution contained in the HC is a determinant
factor on the process of U uptake because of its simultaneous effects on
surface charges of the mycelium (Gadd 1990; Zhou 1999) and on U specia-
tion (Grenthe et al. 1992; Suzuki and Banfield 1999). Dominant U species in
the HC were predicted within the pH range 4.0-8.0 (Bethke 2001), and the
thermodynamic data of U (Grenthe et al. 1992). These dominant species
were identified as uranyl cation and uranyl-sulphate at pH 4.0, uranyl-
phosphate at pH 5.5, and anionic uranyl-carbonate at pH 8.0 (Rufyikiri
et al. 2002). Furthermore, living hyphae can induce pH changes due to
NH," and NOj; uptake, thereby affecting U speciation. An increase in pH
of the growth medium was reported when the extraradical hyphae of G. in-
traradices developed in the presence of NO; as source of N, either in the
absence (Bago et al. 1996) or in the presence of U (Rufyikiri et al. 2003),
while a decrease is to be expected in the presence of NH, as source of N.

The relative extent of U uptake by ERM was compared to that of mycor-
rhizal and non-mycorrhizal roots (Rufyikiri et al. 2004c), and by comparing
the hyphal U uptake to that of P (Rufyikiri et al. 2003). It was observed that
the U concentrations for hyphae were 5.5 and 9.7 times higher than for
mycorrhizal roots and non-mycorrhizal roots respectively. The higher U
concentration in fungal mycelium than in roots could partially be explained
by differences in their respective cation exchange capacity (CEC), which
were reported to be four times higher for AM mycelium (187 cmol kg™ dry
weight) than for the carrot host roots (47 cmol.kg™! dry weight; Rufyikiri
et al. 2003). At the same time, Cu-extractable U was 15 times higher for
AM fungal mycelia than for carrot roots. However, the contribution of the
CEC to the U accumulation appeared to be low, as the Cu-extractable U
represented only 6 and 15% of the total U contents in roots and mycelia
respectively. A large proportion, representing 47 and 67% of the U contents
of carrot roots and AM fungal mycelia respectively, could not be desorbed
after successive treatments with 0.01 M CuSOy4, 0.01 M HCIl and 0.1 M HCL
This suggested that other mechanisms of accumulation in hyphae and
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Fig.1a, b. A bi-compartment monoxenic culture system allowing the spatial separation of
a central root compartment (RC) for the growth of mycorrhizal roots from a neighbouring
external hyphal compartment (HC) where extraradical mycelia and/or roots were allowed to
grow (a). The synthetic growth medium was solid in the RC, while the HC contained a liquid
growth medium lacking sucrose and vitamins. Numerous hyphae crossed the partition
between the RC and HC. Once in contact with the liquid growth medium, an abundant
branched mycelium developed, and thousands of spores were produced. Magnified view of
hyphae and spores in the HC b
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roots were involved, and the formation of stable complexes or precipitates
seemed to be the main mechanism of U accumulation in fungal hyphae
and roots.

Despite the relatively high capacity of hyphae to take up U, the total
fraction of U removed from the labelled medium by the hyphae was very
low compared to the capacity of the same hyphae to take up P (Rufyikiri
et al. 2004c¢).

The monoxenic culture system in bi-compartment Petri plates also al-
lowed to demonstrate that the ERM of AM fungi can translocate U towards
the host roots (Rufyikiri et al. 2002). These authors observed that the
amount of translocated U was higher at pH 4 than at pH 5.5 or pH 8. It was
suggested that soluble uranyl cations or uranyl-sulphate species which are
stable under acidic conditions were translocated to a higher extent by the
fungal hyphae, while phosphate and hydroxyl species, dominating under
acidic to near-neutral conditions or carbonate species dominating under
alkaline conditions, were rather immobilized by hyphal structures. The
efficiency of AM fungal hyphae to translocate U appeared higher than that
of carrot roots grown under the same experimental conditions (Rufyikiri
et al. 2003). Indeed, on the basis of the average diameter of hyphae (11 pm;
Nielsen et al. 2002) and roots (1000 pm), and the number of hyphae (147)
and roots (5) connecting the HC to the RC, the total section area of roots
at the crossing point was 281-fold higher than that calculated for hyphae,
while the amounts of U translocated were 9 times higher for hyphae than
for roots (Rufyikiri et al. 2004b).

In another experiment, the efficiencies of hyphae to translocate U and
P were compared (Rufyikiri et al. 2004c). To do so, the liquid medium in
the HC was labelled with both 23U (total concentration of 0.1 pM) and **P
(in a concentration 50 pM of non-radioactive P). After 2 weeks of contact,
9.8 and 79% of U and *’P initially supplied were translocated to the RC
via hyphae respectively. High hyphal efficiency for P translocation was
reported in other studies. Cooper and Tinker (1978) compared the uptake
and translocation of **P, ©Zn and **S by the AM fungus G. mosseae with
Trifolium repens L. as host growing in bi-compartment Petri plates. They
found that the molar amounts of P, S and Zn translocated were in the ratio
35:5:1.

The addition of formaldehyde (2% v/v) to the solutions in the HC, 24h
before U was supplied, killed the mycelia. These formaldehyde-killed AM
hyphae accumulated U but did not translocate it to roots developing in
the root compartment (Rufyikiri et al. 2002, 2003, 2004c). Thus, the U
translocation by the extraradical fungal hyphae was not a passive process.
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3.2
Caesium

Because of its long half-life (30.2 years), high mobility and chemical be-
haviour similar to that of potassium, '*’Cs is one of the most threatening
radio-pollutants released in the environment by nuclear weapon testing
(1950s and 1960s) and nuclear accidents (e.g. Chernobyl, 1986; Avery 1996).
The chemical similarities between radiocaesium and potassium, the latter
being a major plant nutrient, imply an important risk of contamination of
the aboveground vegetation (Korobova et al. 1998), as root uptake mecha-
nisms appear to be closely related for these elements (White and Broadley
2000; Zhu and Smolders 2000). Furthermore, as rhizospheric processes in-
volving soil micro-organisms influence root uptake of radiocaesium (Gadd
1996), the obligate AM fungal symbionts could play a key role in plant
uptake of radiocaesium (Entry et al. 1996, 1999), even if their participation
in plant K nutrition appears to be controversial (Smith and Read 1997).
Indeed, if recent results show that K is taken up by extraradical hyphae and
could be translocated concurrently with P (Ezawa et al. 2002), transfer of
K is not yet demonstrated. Furthermore, Ryan et al. (2003) suggested that
the high concentrations of K in intraradical hyphae and arbuscule trunk
hyphae could play the role of balancing cation for the predominant P forms,
and could be involved in maintaining high hyphal turgor to help hyphae
invaginate the root cell plasma-membrane. Therefore, following uptake
and translocation, radiocaesium could be accumulated in AM intraradical
structures while implicated in these processes. The hypothesis of Berreck
and Haselwandler (2001) that AM fungi could sequester radiocaesium ra-
diocaesium could consequently find some support.

In order to decipher the role of AM fungi in the acquisition of radio-
caesium by plants, studies have been performed using various in vivo cul-
tivation systems with contaminated soils or nutrient solutions. However,
the results obtained have given rise to different conclusions. For instance,
Dighton and Terry (1996) observed an increased concentration of radio-
caesium in AM Festuca ovina, but a decrease in AM Trifolium repens.
Since plain pot experiments like these assess not only Cs transport but also
a whole range of mycorrhizal effects including confounding growth effects,
studies on hyphal transport in compartmented pots with soil were under-
taken by Joner et al. (2004). Here, different fungus/host plant combinations
were used together with double labelling with radiocaesium and either
32/3p or ©Zn to verify symbiotic transport activity. The results from three
independent experiments unanimously showed that Cs was not transported
to the host plants by the AM fungi G. mosseae and two different isolates of
G. intraradices, while all three fungi were highly active in nutrient trans-
port. However, the pot experimental conditions might not have been met
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to demonstrate whether AM fungi can actually transport Cs or sequester it.
Therefore a clear identification of the transport and sequestration of Cs by
AM fungi was required. Monoxenic cultures of AM fungi were considered
as the optimal mean to achieve this as K concentrations in the media can be
precisely determined and the bioavailability of Cs does not depend on the
presence of other micro-organisms or soil characteristics. The monoxenic
culture systems were similar to those described for P, N ans U transport
studies, but the MSR medium was slightly adapted to decrease the concen-
tration of K. Indeed, increasing the concentration of K in the soil solution
results in the rapid decrease in radiocaesium uptake by plants (Smolders
etal. 1996, 1997; Delvaux et al. 2001), and analogy of the effect of K concen-
tration was thus assumed for AM radiocaesium uptake. The concentration
of K in the RC was thus reduced to 0.18 mM, while the liquid MSR medium
in the HC was K-free. Declerck et al. (2003) demonstrated that the ERM of
G. lamellosum could take up and translocate radiocaesium towards their
host root. The uptake represented 1.5% of the initial radiocaesium supply,
and 55% of the radiocaesium taken up was translocated towards the roots
contained in the RC. However, it was suggested by the authors that the
translocation of radiocaesium might have been partially impaired by the
low number of hyphae crossing the partition wall between the RC and HC,
as the radiocaesium concentration of the ERM (Bq/cm of hyphae) in the HC
was much higher than that of the ERM in the RC. Consequently, a slightly
modified system was employed in a second study (Dupré de Boulois et al.,
2005, in press) in order to assess Cs uptake and translocation under con-
ditions of increased number of hyphae crossing the partition wall, and
higher fungal biomass in HC. These authors used pre-colonised, actively
growing mycorrhizal roots instead of roots which had to be inoculated
with AM fungal spores, and raised the level of the solid medium in the RC
to 2 mm above the partition wall, as described by Rufyikiri et al. (2003).
The length of hyphae in the RC and HC was increased four and six times
respectively compared to those of Declerck et al. (2003), and the number
of hyphae crossing the partition wall reached 39, which was comparable
to the study by Nielsen et al. (2002) on P transport. The uptake of radio-
caesium thus reached 5.2% of the initial radiocaesium supply. From this
uptake, 81% of the radiocaesium was translocated to the roots contained
in the RC. Accordingly, this study confirmed that AM fungi can translo-
cate radiocaesium towards their host root. Furthermore, statistical analysis
showed that the uptake of radiocaesium was positively correlated with the
length of hyphae contained in the HC, and that radiocaesium translocation
by AM fungal hyphae was correlated to the number of hyphae crossing the
partition wall. The rather low translocation of radiocaesium in the study
of Declerck et al. (2003), and the apparent high accumulation of radio-
caesium in the ERM of the HC could thus be explained by a bottleneck
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effect due to the low number of hyphae crossing the partition wall. Still,
a substantial sequestration of radiocaesium in the ERM may be possible, as
the radiocaesium content of the ERM of the HC was positively correlated
with the length of hyphae present in this compartment (Declerck et al.
2003).

In the study of Dupré de Boulois et al. (2005, in press), the relative
contribution of AM hyphae, mycorrhizal and non-mycorrhizal roots to
the uptake and translocation of radiocaesium was compared. The results
obtained showed that if mycorrhizal or non-mycorrhizal roots could take
up 33% of the initial radiocaesium supply, its translocation was similar to
that of the ERM alone. While 81% of the radiocaesium taken up by the
hyphae alone was translocated to the roots in the RC, only 19 and 16%
of the radiocaesium taken up by mycorrhizal and non-mycorrhizal roots
respectively were translocated towards the roots contained in the RC. The
authors thus concluded that AM fungal hyphae have a high radiocaesium
translocation capacity compared to roots. However, the low translocation
of radiocaesium within the roots could be linked to the lack of shoots in the
monoxenic system, which would act as a sink for radiocaesium. Another
aspect which might have reduced radiocaesium translocation in roots is
the proximity of actively growing root apexes. It has been observed that K
taken up by the first centimetres behind the root apexes is poorly translo-
cated, and rather allocated to these apexes (Richter and Marschner 1973).
Furthermore, the low K supply might have inhibited the KOR (potassium
outwards-rectifying) channels which are responsible for the efflux of ra-
diocaesium from the root cells. This inhibition was suggested to prevent
leakage of K from the root cells (Maathuis and Sanders 1997), and could
have consequently decreased radiocaesium loading into the xylem.

Finally, Dupré de Boulois et al. (2005, in press) observed a positive
correlation between the radiocaesium content of the mycorrhizal roots in
contact with radiocaesium and the frequency of root length colonization
in the labelled compartment, and a negative correlation for the roots in
the RC. On the basis of these results, they suggested that AM intraradical
fungal structures might reduce translocation of radiocaesium within the
roots.

4
Conclusion

This chapter has synthesized available information on monoxenic stud-
ies of element uptake and translocation by AM fungi. Compartmented
monoxenic culture systems using root organs were shown to be useful in
studies involving essential elements such as P and N, and non-essential
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ones such as the radionuclides U and Cs. Results published showed that
AM fungi are able to take up and translocate these elements. However, the
relative extent of these processes depends on the nature of the element, and
on other factors such as the pH of the growth media. The transport and
sequestration of radionuclides by the extraradical mycelium can have an
ecological significance, as AM fungi are part of the rhizospheric biomass.
Mycorrhizal fungi can thus play a role in the interception of radionuclides
which may temporarily influence their migration in the soil profile and
their accumulation by growing plants.

The monoxenic culture system could also be used to characterize differ-
ent AM fungi with respect to transport efficiency, to study the capacity of
fungi to exploit certain forms of a nutrient (precipitated P, organic forms of
N or P), and to verify transport of elements for which the role of mycorrhiza
is less well or not yet documented.
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1 2 Interaction
of Arbuscular Mycorrhizal Fungi
with Soil-Borne Pathogens
and Non-Pathogenic
Rhizosphere Micro-Organisms

Marc St Arnaud’, Annemie Elsen?

1
Introduction

The rhizosphere is a site of complex interactions between plants and micro-
organisms, where environmental factors such as soil physico-chemical pa-
rameters as well as fertilization or cultivation practices may have large
effects on microbial and microfauna communities. Interactions between
arbuscular mycorrhizal (AM) fungi and other rhizosphere microbes have
numerous impacts on the host plant. Among these, the alleviation of root
diseases and the facilitated access to nutrients through synergistic interac-
tions with N-fixing and P-solubilizing soil microbes are currently of high
interest in sustainable agriculture and for the development of better man-
agement practice strategies. It is likely that complex species associations
play key roles in the stability of natural ecosystems, and contribute to both
plant (van der Heijden et al. 1998) and AM fungal diversity (Johnson et al.
2004). Different soluble molecules, mucilage and gas are lost by roots as
exudates, lysates or dead cells. Rhizosphere depositions in particular are de-
terminant in structuring and maintaining microbial populations (Grayston
etal. 1997; Knee et al. 2001), yet the concentration of active molecules could
be extremely low, if taken back by roots or by rhizosphere microbes. While
studies have generally focused on bacteria or fungi, many animals also live
in the soil and interact with these organisms (Klironomos et al. 1999; Ma-
raun et al. 2003; Schreiner and Bethlenfalvay 2003; Wamberg et al. 2003a, b),
but have received far less attention. Multitrophic studies involving more
than two microbial organisms are also scarce in the mycorrhiza literature,
especially as related to interaction mechanisms.
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The AM in vitro systems, referred to as axenic, monoxenic or dixenic,
are powerful tools to scrutinize and highlight the fundamental effects of
this ubiquitous symbiosis on rhizosphere microbes, and to characterize
the mechanisms regulating the plant-microbe as well as microbe-microbe
interactions. This rather simplified microcosm has important advantages
over soil systems. It is by far easier to precisely place the interacting or-
ganisms, monitor changes and sample accordingly, also permitting non-
destructive in situ observations of the interactions (St-Arnaud et al. 1995,
1996; Elsen et al. 2001; Pfeffer et al. 2001; Bago et al. 2002; Elsen et al. 2003).
Each factor can be adjusted and closely controlled, an attractive way to test
hypotheses. Even more important, the use of AM in vitro systems is the
most effective way to achieve monoxenic or dixenic experimental condi-
tions with AM fungi, as well as to resolve the problem of appropriate AM
fungal controls, since it is now accepted that non-axenically produced AM
inocula frequently harbour an associated and often unnoticed microflora
(Ruiz-Lozano and Bonfante 2000; Xaviera and Germida 2003). Close asso-
ciations of specific bacteria with the AM mycelium were often described
(Bianciotto et al. 1996b; Bianciotto et al. 2000; Gryndler et al. 2000; Minerdi
etal. 2002; Artursson and Jansson 2003; Levy et al. 2003). From this perspec-
tive, AM in vitro systems allow the isolation of the organisms under study
from other biotic and abiotic effects present in most, if not all, other exper-
imental systems. Of course, the observations gained from such simplified
microcosms should always be confirmed in soil mycorrhizosphere systems
in order to avoid studying in vitro artefacts. While the understanding of
the complex relations between AM fungi, other components of the soil mi-
crobial biomass and plants is a prerequisite for sustainable development,
the AM in vitro systems are key tools to unravel complex and multitrophic
interactions between soil inhabitants.

2
Interaction Between AM Fungi and Soil Bacteria

When the first in vitro growth of AM fungi was achieved more than 40 years
ago (Mosse 1962), it was reported that a Pseudomonas isolate was essential
for AM root colonization and growth of the AM fungus under aseptic con-
ditions. Various types of growing medium filtrates showed a similar effect.
Later, many other soil bacteria were shown to promote AM fungi spore ger-
mination and hyphal growth, either with or without direct contact between
the organisms (Table 1). For example, unidentified bacteria isolated from
soil, as well as spore-associated bacteria including Corynebacterium sp. and
Pseudomonas sp. enhanced Glomus mosseae and G. versiforme spore ger-
mination, hyphal growth and sporulation in vitro (Mayo et al. 1986; Azcén
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Table 1. Interaction between AM fungi and bacteria in vitro

Bacteria species®

Azospirillum brasilense

Bacillus chitinosporus;

B. pabuli and other
spore-associated
bacteria

Clavibacter
michiganensis ssp.
michiganensis
Corynebacterium sp.
Escherichia coli

Paenibacillus validus

Pseudomonas sp.
Pseudomonas sp.
P. aeruginosa

P. chlororaphis
P fluorescens

P. putida

Rhizobium
leguminosarum
Serratia plymutica

Streptomyces
avermitilis
S. avermitilis

S. griseus
S. orientalis

S. orientalis
S. orientalis

Spore-associated
bacteria
Unidentified soil
bacteria

AMF species®

Glomus intraradices

G. clarum

G. intraradices
G. versiforme
G. intraradices
G. intraradices
Endogone sp.
G. versiforme

G. intraradices

G. intraradices
Gigaspora margarita

G. intraradices
Gi. margarita
G. intraradices
G. mosseae
Scutellospora
heterogama

G. mosseae

Gi. margarita

G. mosseae
S. heterogama

G. versiforme

G. mosseae

Interaction
type
Neutral
Positive,
neutral or
negative
Neutral
Positive
Neutral
Positive
Positive
Positive

Positive

Positive
Positive

Positive or
neutral
Positive
Neutral
Positive

Negative

Positive
Positive

Positive
Negative or
positive
Positive

Positive

2 Species names are those used in the cited references
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Reference

Hildebrandt et al.
(2002)

Xavier and Germida
(2003)

Filion et al. (1999)

Mayo et al. (1986)
Hildebrandt et al.
(2002)
Hildebrandt et al.
(2002)

Mosse (1962)
Mayo et al. (1986)
Villegas and Fortin
(2001, 2002)

Filion et al. (1999)
Bianciotto et al.
(1996b)

Villegas and Fortin
(2001, 2002)
Bianciotto et al.
(1996b)

Villegas and Fortin
(2001, 2002)

Tylka et al. (1991)

Tylka et al. (1991)

Tylka et al. (1991)
Mugnier and Mosse
(1987); Tylka et al. (1991)
Tylka et al. (1991)

Tylka et al. (1991)

Mayo et al. (1986)

Azcon (1987, 1989)
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1987, 1989). Streptomyces avermitilis, S. griseus and S. orientalis were also
shown to increase spore germination of Gigaspora margarita or G. mosseae
(Mugnier and Mosse 1987; Tylka et al. 1991). Azcdén (1987) further reported
that cell-free fractions from rhizosphere bacteria cultures have the same
stimulatory effect as living bacteria. These results were used to support the
involvement of volatile or diffusible factors excreted by bacteria (Azcén-
Aguilar et al. 1986; Azcén 1989). On the other hand, S. avermitilis and
S. orientalis were shown to suppress Scutellospora heterogama spore ger-
mination when grown in the same growth compartment, but to increase
germination in different compartments (Tylka et al. 1991). In this case, the
inhibitory effect was attributed to a pH increase in the growth medium,
caused by bacterial growth, while the stimulatory effect in a different com-
partment was postulated to result from a volatile, but without further direct
evidences.

Some bacteria were shown to live in close association with AM fungi, and
even as obligatory intracellular endophytes of Gigaspora margarita spores
(Bianciotto et al. 1996a). Other species, such as Pseudomonas fluorescens
and Rhizobium leguminosarum, adhere to and colonize the surface of ger-
minating spores and growing hyphae (Bianciotto et al. 1996b). While these
results support the observation that interactions between AM fungi and
rhizosphere bacteria may be mediated by either soluble factors or physical
contact, these authors hypothesized that AM fungi may be a vehicle for
the colonization of plant roots by soil rhizobacteria. Recently, Hildebrandt
etal. (2002) have reported that Paenibacillus validus frequently develops on
surface-sterilized spores of Glomus intraradices. The bacteria supported the
growth of the fungus on the agar Petri plates, and induced hyphal branch-
ing, development of coiled structures and production of new spores. Under
the same conditions, Escherichia coli and Azospirillum brasilense did not
display any similar effect. Among various bacteria isolated from spores
of Glomus clarum, Xavier and Germida (2003) found that most bacteria
did not alter AM fungus spore function, while some bacteria inhibited
or stimulated spore germination. Moreover, they reported that stimula-
tion of spore germination occurred only when bacteria were in contact
with spores, and inhibition of spore germination was the result of volatile
bacterial metabolites.

Using the split-plate approach (following St-Arnaud et al. 1995, 1996)
to grow G. intraradices extraradical mycelia separated from the colonized
roots, Filion et al. (1999) concentrated crude extracts from the growing
medium of the extraradical mycelial compartment, presumably containing
soluble biologically active substances, and tested these against various soil
bacteria and fungi. Growth of Pseudomonas chlororaphis was stimulated
while Clavibacter michiganensis was unaffected. Two fungal species were
also differentially affected (see below). The measured effects were generally
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in direct correlation with extract concentrations. In this case, volatiles were
not involved, since the extracts were previously lyophilized before dilution
to the desired concentration. Differences in pH were noted between the
extracts from the AM fungus mycelium colonized media and the non-
AM control. However, no significant pH influence was noted on bacterial
growth, which strongly suggested that non-volatile substances, released by
the AM fungus in the growth medium, were the main factor explaining
differential growth of the micro-organisms tested.

The AM in vitro systems were also helpful to study the capacity of the
extraradical mycelium of AM fungi to interact with soil bacteria to take
up insoluble forms of phosphate. Using the two-compartment Petri plate
approach with NH; or NOjJ as N sources, both G. intraradices colonized
transformed carrot roots or AM fungus extraradical mycelium alone sig-
nificantly altered the pH of the growth medium, but the magnitude and
direction of this change were dependent on the N source available. While in
the presence of NH; the pH was reduced from 5.5 to around 4.5, when NO3
was used, pH was increased from 5.5 to 8.0 after 13 weeks of growth. How-
ever, these pH changes were not sufficient to solubilize Ca-P in the presence
of the AM fungus alone. On the other hand, species-specific interactions
were obtained when G. intraradices was grown along with Pseudomonas
aeruginosa, P. putida or Serratia plymutica. While the inherent ability of
the fungus and the bacteria to solubilize a recalcitrant form of Ca-P was
low, P. aeruginosa and P. putida interacting with the extraradical mycelium
markedly increased P availability in the growth medium, and this increase
was dependent on the N source (Villegas and Fortin 2001, 2002).

3
Interaction Between AM Fungi and Other Fungi

To the best of our knowledge, no data reported interactions between AM
fungi and other fungal species in monoxenic cultures before the 1990s,
when different research groups undertook to study the effect of various
soil fungi on AM fungi spore germination in vitro, and vice versa (Ta-
ble 2). Calvet et al. (1992) examined the effect of six fungal species isolated
from various organic substrates on G. mosseae spore germination and hy-
phal growth. They observed that G. mosseae development was stimulated
by two isolates of Trichoderma aureoviride and one T. harzianum, while
isolates of Aspergillus fumigatus and Penicillium decumbens inhibited AM
fungus germination. McAllister et al. (1994, 1995, 1996) reported similar
species-specific interactions. They analysed the effect of several soil fungi
on G. mosseae spore germination and growth, as well as the effect of the
AM fungus germinating spores on saprobe development. Aspergillus niger
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Table 2. Interaction between AM fungi and other fungi species in vitro

Fungus species®

Alternaria alternata

Aspergillus fumigatus
A. niger

Bipolaris sorokiniana
Fusarium equiseti

F. oxysporum f. sp.
chrysanthemi
E o. chrysanthemi

E solani
E solani

Gaeumannomyces graminis
Gliocladium roseum
Ophiostoma ulmi
Paedilomyces farinosus

Penicillium decumbens

Phytophthora sp.

P. nicotianae

Pythium ultimum
Pyrenochaeta terrestris
Rhizoctonia solani
Rhodotorula
mucilaginosa
Sclerotinia sclerotiorum
Thielaviopsis basicola
Trichoderma aureoviride
T. harzianum

T. harzianum

T. harzianum

T. harzianum

T. koningii

T. pseudokoningii
Verticillium albo-atrum
V. dahliae

Wardomyces inflatus
Unidentified soil fungi

AME species®

G. mosseae

G. mosseae
G. mosseae
Gi. margarita®
G. mosseae

G. intraradices

G. intraradices

Gi. margarita®
G. mosseae

Gi. margarita®
G. mosseae
Gi. margarita®
G. mosseae

G. mosseae

Gi. margarita®
G. intraradices
Gi. margarita®

G. mosseae
Gi. rosea

Gi. margarita®

mosseae
. intraradices
. mosseae
. mosseae
. intraradices
mosseae

Q QOO0 Q

. mosseae
Gi. margarita®

G. mosseae
G. mosseae

Interaction type

Negative,

neutral or positive
Negative

Negative

Neutral

Negative,

neutral or positive
Negative

Positive

or negative
Neutral
Neutral

or positive
Neutral
Neutral
Neutral
Positive

or neutral
Negative
Neutral
Negative
Neutral

Positive

Neutral

Positive
Positive
Positive
Neutral
Negative
Negative
or neutral
Neutral

Neutral

Negative
Positive

 Species names are those used in the cited references
b This isolate is now recognized as G. rosea (Bago et al. 1998)

Reference

McAllister et al. (1996)

Calvet et al. (1992)
McAllister et al. (1995)
Chabot (1991)
McAllister et al. (1996)

Benhamou et al. (1994);
Filion et al. (1999)
St-Arnaud et al. (1995)

Chabot (1991)
McAllister et al. (1994)

Chabot (1991)
Fracchia et al. (1998)
Chabot (1991)
Fracchia et al. (1998)

Calvet et al. (1992)
Chabot (1991)
Lioussanne et al. (2003)
Chabot (1991)

Fracchia et al. (2003)

Chabot (1991)

Calvet et al. (1992)

Filion et al. (1999)

Calvet et al. (1992)

Fracchia et al. (1998)
Rousseau et al. (1996)
McAllister et al. (1994, 1996)

Fracchia et al. (1998)
Chabot (1991)

Fracchia et al. (1998)
Azcén-Aguilar et al. (1986)

induced a significant decrease in spore germination and length of germi-
nating hyphae of G. mosseae, while the AM fungus germinated spores did
not affect the growth of the saprophytic fungus on water-agar. Similarly,
Trichoderma koningii inhibited the germination of G. mosseae but did not
reduce its mycelial development. Alternaria alternata and Fusarium equi-
seti also inhibited AM fungal spore germination but had no effect on, or
even induced a marked stimulation of the AM fungus hyphal growth, while
G. mosseae had no effect on A. alternata, F. equiseti and T. koningii hy-
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phal growth. Fracchia et al. (1998) isolated various fungi from sporocarps
of G. mosseae. The recovered fungal species were Gliocladium roseum,
Paecilomyces farinosus, Trichoderma pseudokoningii, T. harzianum, War-
domyces inflatus and an unidentified, dark sterile mycelium. After inocula-
tion with G. mosseae spores on water-agar, W. inflatus decreased the percent
germination of the AM fungus spores, while G. roseum, T. pseudokoningii
and T. harzianum had no effect. W. inflatus also significantly decreased
germinating hyphal length, but not the other species tested. By contrast,
P. farinosus and the dark sterile mycelium isolate were shown to increase
G. mosseae spore germination. More recently, Fracchia et al. (2003) have ex-
amined the effect of the soil yeast Rhodotorula mucilaginosa on G. mosseae
and Gi. Rosea mycelium growth. Hyphal length of G. mosseae and Gi. rosea
spores increased significantly in the presence of the yeast culture. As for
bacteria, the role of soluble and volatile compounds on these interactions
was often suggested (Calvet et al. 1992; McAllister et al. 1994, 1996). Here
again, Fracchia et al. (2003) clearly showed that the exudates of R. mucilagi-
nosa alone, as well as yeast cells, stimulated the hyphal growth of G. mosseae
and Gi. rosea spores. Moreover, an increase in hyphal length of G. mosseae
coincided with an increase in R. mucilaginosa exudates. It appears, there-
fore, that there is a differential effect of rhizosphere micro-organisms on
AM fungi, which might be induced by microbial metabolite production. In
these studies, however, the AM fungi were always represented by germi-
nating spores (i.e. at a pre-symbiotic stage and with a minimal biomass),
which may underestimate the potential impact of a functional AM fungal
mycelial network on other fungi growth dynamics in soil.

To the best of our knowledge, Chabot (1991) was the first to use a well-
developed AM fungal mycelium grown on transformed roots in vitro fol-
lowing Bécard and Fortin (1988), to test the effect of a mycorrhizal root
system on fungal isolates under dixenic conditions. She used gel plugs
containing exudates from a well-colonized root-organ culture of D. carota
inoculated with Gi. rosea (formerly identified as Gi. margarita in her work)
or from equivalent uninoculated control roots, to test for antibiosis-like
effects on 25 isolates from 12 different fungal plant pathogenic species (the
species list is detailed in Table 2). No growth inhibition or abnormal hyphal
development was observed with any of the tested fungi. However, while the
gel plugs contained exudates of a functional extraradical mycelium and of
the AM root system, they also contained sucrose, which may have masked
any inhibitory effect. Benhamou et al. (1994) also successfully used this in
vitro system to study the effect of mycorrhizal colonization on plant disease
processes induced by a fungal pathogen. A strong stimulation of disease
resistance was shown in mycorrhizal carrot roots when challenged with an
isolate of Fusarium oxysporumf. sp. chrysanthemi. Growth of this pathogen
was restricted to the root epidermis and outer cortex. By contrast, exten-
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sive growth within the root and degradation of plant cells were observed
in non-AM control roots. However, in this study, the carrot roots and AM
fungus were bathing in the sugar-containing medium required to sustain
root growth. As the fungal pathogen used was normally not pathogenic on
carrot under soil conditions, it remains possible that the high level of sugar
had enhanced its aggressiveness under these conditions. While the results
have clearly shown the potential capacity of AM colonization to enhance
host disease responses, they also illustrate the requirement to design an
experimental system free of sugar.

With this objective, St-Arnaud et al. (1995) modified the Bécard and
Fortin (1988) system to study the direct interaction between G. intraradices
and soil micro-organisms under monoxenic conditions. The aim was to
separate the functional extraradical mycelium network from the root com-
partment containing sugars and root exudates. This approach was used
to study the impact of the functional AM extraradical network on the
conidial germination, hyphal growth and sporulation of the root pathogen
F. oxysporum f. sp. chrysanthemi. In the absence of root exudates, spore
germination of the pathogenic fungus was strongly enhanced after 5 h of
incubation with the active and symbiotic G. intraradices mycelium. Hyphal
growth of the pathogen was also significantly, albeit slightly enhanced,
whereas significant negative correlations were found between new conidia
formation and the densities of both AM fungal hyphae or AM fungus spore
in the gel. While the results suggested that AM fungal exudates might be
involved, the experimental design did not permit to rule out the possibility
of a pH change in the medium, or of a CO, buildup in the agar Petri plates
induced by fungal growth.

To test these hypotheses, using the same experimental approach, Fil-
ion et al. (1999) concentrated crude extracts from the extraradical mycelial
compartment, presumably containing soluble biologically active substances,
and tested these on various soil microbes. As the exudates were first
lyophilized before dilution to the expected concentrations, volatiles were
excluded and only soluble substances released by the extraradical mycelium
of G. intraradices were considered. Under these conditions, as for bacteria
(see above), species-specific responses occurred, with conidial germina-
tion of F. oxysporum f. sp. chrysanthemi being decreased and T. harzianum
germination being enhanced. Differences in pH were noted between ex-
tracts from AM and non-AM samples, but no significant influence of pH
on growth or conidial germination was measured within the experimental
pH range. These results therefore supported the hypothesis that substances
released by the AM fungus in the growth medium induced the differen-
tial growth responses of the organisms tested. Recently, the tomato-AM
fungus-Phytophthora nicotianae association was chosen as a model for
the purification of bioactive fractions of the root and mycelium exudates.
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The study aimed at characterization of the molecules secreted by the my-
corrhiza which potentially provoke shifts in microbe populations. It was
found that the attraction of zoospores by exudates from mycorrhizal roots
is significantly different from that of non-colonized roots (Lioussanne et al.
2003).

Rousseau et al. (1996) investigated the effect of a T. harzianum isolate on
a functional mycelium of G. intraradices growing on pea roots in vitro. In
this study, however, both the root and root-free compartments used to sepa-
rate the fungi from the roots contained sugar. Under these conditions, TEM
observations and gold labelling of cell wall constituents showed a marked
antagonism of T. harzianum on G. intraradices spores and hyphae. The my-
coparasite proliferated on the spore surface, penetrated the cell wall, and
massively colonized the AM fungal hyphae, inducing disorganization, loss
of protoplasm, hyphal bursting, and finally death of the G. intraradices hy-
phae. This study showed that the extraradical phase of AM fungi may also be
adversely affected by certain biocontrol micro-organisms, and highlights
the necessity to consider this phenomenon when developing biocontrol
strategies. However, positive (Datnoff et al. 1995) and neutral (Fracchia
et al. 1998) as well as negative (McGovern et al. 1992) interactions be-
tween Trichoderma species and AM fungal root colonization or biocontrol
potential have been reported in soil systems. Therefore, the strong antag-
onistic interaction described in vitro might not entirely reflect the in vivo
situation, and could have been emphasized by the aggressiveness of the
biocontrol strain selected or by the in vitro growth conditions. This again
highlights the complexity of microbial interactions within the rhizosphere
community, and emphasizes the need for additional research.

4
Interaction Between AM Fungi and Nematodes
Until the work by Elsen et al. (2001), no study had reported the interaction

between AM fungi and nematodes in AM in vitro systems (cf. Table 3).
However, the in vitro hatching activity of the cyst nematode Globodera

Table 3. Interaction between AM fungi and nematodes in vitro

Nematode species® AMEF species? Interaction type Reference

Globodera pallida Glomus sp. Positive Ryan et al. (2000)
Radopholus similis G. intraradices Negative Elsen et al. (2001)
Pratylenchus coffeae G. intraradices Negative Elsen et al. (2003)

2Species names are those used in the cited references
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pallida has been studied using filter-sterilized root leachates from in vivo
potato plants (Ryan et al. 2000). In the presence of root leachates from myc-
orrhizal potato plants, hatching activity was significantly higher compared
to hatching in the presence of root leachates from non-mycorrhizal plants.
These first results indicated that mycorrhizal inoculation of potato plants
could stimulate hatching chemicals.

Recently, non-compartmentalized AM dixenic cultures have been used
to study the interaction between AM fungi and nematodes (Elsen et al. 2001,
2003). Ri T-DNA transformed carrot roots colonized with G. intraradices
were infected with the burrowing nematode Radopholus similis (Elsen et al.
2001). Although the two organisms were able to complete their life cycle
in dixenic culture, the nematode population density was reduced by 50%
relative to that in non-mycorrhizal controls. However, the results were not
significant for all developmental stages of the nematode, and the reduced
population density was not correlated with AM fungal root colonization,
or with mycelial or spore densities. The same non-compartmentalized AM
dixenic cultures were used to study the interaction between G. intraradices
and the lesion nematode Pratylenchus coffeae (Elsen et al. 2003). In the
presence of the AM fungus, the P. coffeae population was reduced to the
same extent as in the experiment with R. similis. The impact of the AM
fungus on the nematode population density was more pronounced in the
roots than in the medium. The nematodes, on the other hand, had no impact
(at least in terms of visual observations) on the intra-root and extraradical
development of the AM fungus under dixenic culture conditions.

While the mechanisms involved in the nematode population reduction
were not elucidated, these studies support the potential of the AM dixenic
culture system for isolating the factors involved in the interaction between
nematodes and AM fungi.

5
Conclusion

The increased ratio of microbes in bulk soil as compared to rhizosphere
in AM plants (Posta et al. 1994; Ravnskov et al. 1999) suggests that carbon
of plant origin is brought into soil by AM hypha (Johnson et al. 2002).
The difference in physiological activity and exudation of AM host roots
might also be involved in mycorrhizosphere microbial population shifts
(Olsson et al. 1996; Andrade et al. 1997; Ronn et al. 2002). Recently, AM
colonized plants were shown to regulate further AM root colonization
through altered root exudation (Pinior et al. 1999; Vierheilig et al. 2000) and
systemic signalling (Ludwig-Muller et al. 2002; Herrera-Medina et al. 2003),
suggesting that symbiosis regulation might also impact other soil microbes.
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To efficiently use the AM in vitro culture systems to model the interaction
between the AM symbiosis and its environment, it is therefore urgent to
thoroughly characterize and assess the variability in growth, nutritional
kinetics and physiology of the model organisms. Until recently, most in
vitro experiments characterizing mycorrhizas were done with only one
transformed root line and very few plant species, including the carrot hairy
root line established by Bécard and Fortin (1988), the tomato (Simoneau
et al. 1994; Khaliq and Bagyaraj 2000), strawberry (Nuutila et al. 1995)
and, more recently, Medicago truncatula (Boisson-Dernier et al. 2001). The
nitrogen metabolism was recently analysed in mycorrhizal transformed
roots. This study showed a significant alteration in N key enzyme activities,
N transfer and assimilation between the symbiotic partners, and different
GS isoforms in roots and AM mycelium (Toussaint et al. 2004). Labour
etal. (2003) also compared several hairy root lines and showed that growth,
nutrient uptake rates and mycorrhizal receptiveness of the lines were highly
variable. Such results point to the role of intracellular storage and use
efficiencyin regulating symbiosis, as well as to the importance of controlling
these parameters in a model system.

References

Andrade G, Mihara KL, Linderman RG, Bethlenfalvay GJ (1997) Bacteria from rhizosphere
and hyphosphere soils of different arbuscular-mycorrhizal fungi. Plant Soil 192:71-79

Artursson V, Jansson JK (2003) Use of bromodeoxyuridine immunocapture to identify
active bacteria associated with arbuscular mycorrhizal hyphae. Appl Environ Microbiol
69:6208-6215

Azcén R (1987) Germination and hyphal growth of Glomus mosseae in vitro: effects of
rhizosphere bacteria and cell-free culture media. Soil Biol Biochem 19:417-419

Azcén R (1989) Selective interaction between free-living rhizosphere bacteria and vesicular-
arbuscular mycorrhizal fungi. Soil Biol Biochem 21:639-644

Azcén-Aguilar C, Diaz-Rodriguez R, Barea JM (1986) Effects of soil microorganisms on
spore germination and growth of the vesicular-arbuscular mycorrhizal fungus Glomus
mosseae. Trans Br Mycol Soc 86:337-340

Bago B, Azcén-Aguilar C, Goulet A, Piché Y (1998) Branched absorbing structures (BAS):
a feature of the extraradical mycelium of symbiotic arbuscular mycorrhizal fungi. New
Phytol 139:375-388

Bago B, Zipfel W, Williams RM, Jun ], Arreola R, Lammers PJ, Pfeffer PE, Shachar-Hill Y
(2002) Translocation and utilization of fungal storage lipid in the arbuscular mycorrhizal
symbiosis. Plant Physiol 128:108-124

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

Benhamou N, Fortin JA, Hamel C, St-Arnaud M, Shatilla A (1994) Resistance responses of
mycorrhizal Ri T-DNA-transformed carrot roots to infection by Fusarium oxysporum f.
sp. chrysanthemi. Phytopathology 84:958-968



228 M. St Arnaud and A. Elsen

Bianciotto V, Bandi C, Minerdi D, Sironi M, Tichy HV, Bonfante P (1996a) An obligately
endosymbiotic mycorrhizal fungus itself harbors obligately intracellular bacteria. Appl
Environ Microbiol 62:3005-3010

Bianciotto V, Minerdi D, Perotto S, Bonfante P (1996b) Cellular interactions between arbus-
cular mycorrhizal fungi and rhizosphere bacteria. Protoplasma 193:123-131

Bianciotto V, Lumini E, Lanfranco L, Minerdi D, Bonfante P, Perotto S (2000) Detection and
identification of bacterial endosymbionts in arbuscular mycorrhizal fungi belonging to
the family Gigasporaceae. Appl Environ Microbiol 66:4503-4509

Boisson-Dernier A, Chabaud M, Garcia F, Bécard G, Rosenberg C, Barker DG (2001) Agrobac-
terium rhizogenes-transformed roots of Medicago truncatula for the study of nitrogen-
fixing and endomycorrhizal symbiotic associations. Mol Plant Microb Interact 14:695-
700

Calvet C, Barea JM, Pera J (1992) In vitro interactions between the vesicular-arbuscular
mycorrhizal fungus Glomus mosseae and some saprophytic fungi isolated from organic
substrates. Soil Biol Biochem 24:775-780

Chabot S (1991) Utilisation d’un systéme de culture monoxénique, comme modele pour
I’étude des endomycorhizes a vésicules et arbuscules. Thése MSc, Université Laval,
Québec

Datnoff LE, Nemec S, Pernezny K (1995) Biological control of Fusarium crown and root
rot of tomato in Florida using Trichoderma harzianum and Glomus intraradices. Biol
Control 5:427-431

Elsen A, Declerck S, De Waele D (2001) Effects of Glomus intraradices on the reproduction of
the burrowing nematode (Radopholus similis) in dixenic culture. Mycorrhiza 11:49-51

Elsen A, Declerck S, De Waele D (2003) Use of root organ cultures to investigate the inter-
action between Glomus intraradices and Pratylenchus coffeae. Appl Environ Microbiol
69:4308-4311

Filion M, St-Arnaud M, Fortin JA (1999) Direct interaction between the arbuscular myc-
orrhizal fungus Glomus intraradices and different rhizosphere microorganisms. New
Phytol 141:525-533

Fracchia S, Mujica MT, Garcia-Romera I, Garcia-Garrido JM, Martin J, Ocampo JA, Godeas A
(1998) Interactions between Glomus mosseae and arbuscular mycorrhizal sporocarp-
associated saprophytic fungi. Plant Soil 200:131-137

Fracchia S, Godeas A, Scervino JM, Sampedro I, Ocampo JA, Garcia-Romera I (2003) Inter-
action between the soil yeast Rhodotorula mucilaginosa and the arbuscular mycorrhizal
fungi Glomus mosseae and Gigaspora rosea. Soil Biol Biochem 35:701-707

Grayston SJ, Vaughan D, Jones D (1997) Rhizosphere carbon flow in trees, in comparison
with annual plants - the importance of root exudation and its impact on microbial
activity and nutrient availability. Appl Soil Ecol 5:29-56

Gryndler M, Hrselova H, Striteska D (2000) Effect of soil bacteria on hyphal growth of the
arbuscular mycorrhizal fungus Glomus claroideum. Folia Microbiol 45:545-551

Herrera-Medina M]J, Gagnon H, Piche Y, Ocampo JA, Garcia-Garrido JM, Vierheilig H
(2003) Root colonization by arbuscular mycorrhizal fungi is affected by the salicylic
acid content of the plant. Plant Sci 164:993-998

Hildebrandt U, Janetta K, Bothe H (2002) Towards growth of arbuscular mycorrhizal fungi
independent of a plant host. Appl Environ Microbiol 68:1919-1924

Johnson D, Leake JR, Read DJ (2002) Transfer of recent photosynthate into mycorrhizal
mycelium of an upland grassland: short-term respiratory losses and accumulation of
14C. Soil Biol Biochem 34:1521-1524

Johnson, D, Vandenkoornhuyse PJ, Leake JR, Gilbert L, Booth RE, Grime JP, Young JPW,
Read DJ (2004) Plant communities affect arbuscular mycorrhizal fungal diversity and
community composition in grassland microcosms. New Phytol 161:503-515



Interaction of Arbuscular Mycorrhizal Fungi 229

Khaliq A, Bagyaraj DJ (2000) Colonization of arbuscular mycorrhizal fungi on Ri T-DNA
transformed roots in synthetic medium. Indian ] Exp Biol 38:1147-1151

Klironomos JN, Bednarczuk EM, Neville ] (1999) Reproductive significance of feeding on
saprobic and arbuscular mycorrhizal fungi by the collembolan, Folsomia candida. Funct
Ecol 13:756-761

Knee EM, Gong FC, Gao MS, Teplitski M, Jones AR, Foxworthy A, Mort AJ, Bauer WD
(2001) Root mucilage from pea and its utilization by rhizosphere bacteria as a sole
carbon source. Mol Plant Microb Interact 14:775-784

Labour K, Jolicoeur M, St-Arnaud M (2003) Arbuscular mycorrhizal responsiveness of in
vitro tomato root lines is not related to growth and nutrient uptake rates. Can ] Bot
81:645-656

Levy A, Chang BJ, Abbott LK, Kuo J, Harnett G, Inglis TJJ (2003) Invasion of spores of the
arbuscular mycorrhizal fungus Gigaspora decipiens by Burkholderia spp. Appl Environ
Microbiol 69:6250-6256

Lioussanne L, Jolicoeur M, St-Arnaud M (2003) Effects of the alteration of tomato root exu-
dation by Glomus intraradices colonization on Phytophthora parasitica var. nicotianae
zoospores. In: Proc 4th Int Conf Mycorrhizae, Montréal

Ludwig-Muller J, Bennett RN, Garcia-Garrido JM, Piché Y, Vierheilig H (2002) Reduced
arbuscular mycorrhizal root colonization in Tropaeolum majus and Carica papaya after
jasmonic acid application can not be attributed to increased glucosinolate levels. ] Plant
Physiol 159:517-523

Maraun M, Martens H, Migge S, Theenhaus A, Scheu S (2003) Adding to ’the enigma of
soil animal diversity’: fungal feeders and saprophagous soil invertebrates prefer similar
food substrates. Eur J Soil Biol 39:85-95

Mayo K, Davis R, Motta ] (1986) Stimulation of germination of spores of Glomus versiforme
by spore-associated bacteria. Mycologia 78:426-431

McAllister CB, Garcia Romera I, Godeas A, Ocampo JA (1994) In vitro interactions between
Trichoderma koningii, Fusarium solani and Glomus mosseae. Soil Biol Biochem 26:1369-
1374

McAllister CB, Garcia-Romera I, Martin J, Godeas A, Ocampo JA (1995) Interaction between
Aspergillus niger van Tiegh and Glomus mosseae (Nicol and Gerd) Gerd and Trappe.
New Phytol 129:309-316

McAllister CB, Garcia-Garrido JM, Garcia-Romera I, Godeas A, Ocampo JA (1996) In vitro
interaction between Alternaria alternata, Fusarium equiseti and Glomus mosseae. Sym-
biosis 20:163-174

McGovern R]J, Datnoff LE, Tripp L (1992) Effect of mixed infection and irrigation method
on colonization of tomato roots by Trichoderma harzianum and Glomus intraradices.
Proc Fla State Hortic Soc 105:361-363

Minerdi D, Bianciotto V, Bonfante P (2002) Endosymbiotic bacteria in mycorrhizal fungi:
from their morphology to genomic sequences. Plant Soil 244:211-219

Mosse B (1962) The establishment of vesicular-arbuscular mycorrhiza under aseptic condi-
tions. ] Gen Microbiol 27:509-520

Mugnier ], Mosse B (1987) Vesicular-arbuscular mycorrhizal infections in transformed
Ri T-DNA roots grown axenically. Phytopathology 77:1045-1050

Nuutila AM, Vestberg M, Kauppinen V (1995) Infection of hairy roots of strawberry (Fra-
garia x Ananassa Duch) with arbuscular mycorrhizal fungus. Plant Cell Rep 14:505-509

Olsson PA, Baath E, Jakobsen I, Soderstrom B (1996) Soil bacteria respond to presence of
roots but not to mycelium of arbuscular mycorrhizal fungi. Soil Biol Biochem 28:463-470

Pfeffer PE, Bago B, Shachar-Hill Y (2001) Exploring mycorrhizal function with NMR spec-
troscopy. New Phytol 150:543-553



230 M. St Arnaud and A. Elsen

Pinior A, Wyss U, Piché Y, Vierheilig H (1999) Plants colonized by AM fungi regulate further
root colonization by AM fungi through altered root exudation. Can J Bot 77:891-897

Posta K, Marschner H, Romheld V (1994) Manganese reduction in the rhizosphere of
mycorrhizal and nonmycorrhizal maize. Mycorrhiza 5:119-124

Ravnskov S, Nybroe O, Jakobsen I (1999) Influence of an arbuscular mycorrhizal fungus
on Pseudomonas fluorescens DF57 in rhizosphere and hyphosphere soil. New Phytol
142:13-122

Ronn R, Gavito M, Larsen J, Jakobsen I, Frederiksen H, Christensen S (2002) Response of
free-living soil protozoa and microorganisms to elevated atmospheric CO? and presence
of mycorrhiza. Soil Biol Biochem 34:923-932

Rousseau A, Benhamou N, Chet I, Piché Y (1996) Mycoparasitism of the extramatrical phase
of Glomus intraradices by Trichoderma harzianum. Phytopathology 86:434-443

Ruiz-Lozano JM, Bonfante P (2000) A Burkholderia strain living inside the arbuscular
mycorrhizal fungus Gigaspora margarita possesses the vacB gene, which is involved in
host cell colonization by bacteria. Microb Ecol 39:137-144

Ryan NA, Duffy EM, Cassells AC, Jones PW (2000) The effect of mycorrhizal fungi on the
hatch of potato cyst nematodes. Appl Soil Ecol 15:233-240

Schreiner RP, Bethlenfalvay GJ (2003) Crop residue and Collembola interact to determine
the growth of mycorrhizal pea plants. Biol Fertil Soils 39:1-8

Simoneau P, Louisy-louis N, Plenchette C, Strullu DG (1994) Accumulation of new polypep-
tides in Ri T-DNA-transformed roots of tomato (Lycopersicon esculentum) during the
development of vesicular-arbuscular mycorrhizae. Appl Environ Microbiol 60:810-1813

St-Arnaud M, Hamel C, Vimard B, Caron M, Fortin JA (1995) Altered growth of Fusarium
oxysporumf. sp. chrysanthemiin an in vitro dual culture system with the vesicular arbus-
cular mycorrhizal fungus Glomus intraradices growing on Daucus carota transformed
roots. Mycorrhiza 5:431-438

St-Arnaud M, Hamel C, Vimard B, Caron M, Fortin JA (1996) Enhanced hyphal and spore
production of the arbuscular mycorrhizal fungus Glomus intraradices in an in vitro
system in the absence of host roots. Mycol Res 100:328-332

Toussaint JP, St-Arnaud M, Charest C (2004) Nitrogen transfer and assimilation between
the arbuscular mycorrhizal fungus Glomus intraradices Schenck & Smith and Ri T-
DNA roots of Daucus carota L. in an in vitro compartmented system. Can ] Microbiol
50:251-260

Tylka GL, Hussey RS, Roncadori RW (1991) Axenic germination of vesicular-arbuscular
mycorrhizal fungi - effects of selected Streptomyces species. Phytopathology 81:54-759

van der Heijden MGA, Klironomos JN, Ursic M, Moutoglis P, Streitwolf-Engel R, Boller T,
Wiemken A, Sanders IR (1998) Mycorrhizal fungal diversity determines plant biodiver-
sity, ecosystem variability and productivity. Nature 396:69-72

Vierheilig H, Garcia-Garrido JM, Wyss U, Piché Y (2000) Systemic suppression of mycor-
rhizal colonization of barley roots already colonized by AM fungi. Soil Biol Biochem
32:589-595

Villegas J, Fortin JA (2001) Phosphorus solubilization and pH changes as a result of the
interactions between soil bacteria and arbuscular mycorrhizal fungi on a medium
containing NHI as nitrogen source. Can ] Bot 79:865-870

Villegas J, Fortin JA (2002) Phosphorus solubilization and pH changes as a result of the
interactions between soil bacteria and arbuscular mycorrhizal fungi on a medium
containing NO3 as nitrogen source. Can ] Bot 80:571-576

Wamberg C, Christensen S, Jakobsen I (2003a) Interaction between foliar-feeding insects,
mycorrhizal fungi, and rhizosphere protozoa on pea plants. Pedobiologia 47:281-287



Interaction of Arbuscular Mycorrhizal Fungi 231

Wamberg C, Christensen S, Jakobsen I, Muller AK, Sorensen SJ (2003b) The mycorrhizal
fungus (Glomus intraradices) affects microbial activity in the rhizosphere of pea plants
(Pisum sativum). Soil Biol Biochem 35:1349-1357

Xavier LJC, Germida JJ (2003) Bacteria associated with Glomus clarum spores influence
mycorrhizal activity. Soil Biol Biochem 35:471-478



Part IV
Root Organ Culture of Ectomycorrhizal Fungi



1 3 Cistus incanus Root Organ Cultures:
a Valuable Tool
for Studying Mycorrhizal Associations

Andrew P. Coughlan!, Yves Piché!

1
Introduction

The origin of the ectomycorrhizal (ECM) symbiosis, so important in tem-
perate and boreal biomes (Erland and Taylor 2002), dates back approx-
imately 130 x 10° years (Axelrod 1986; Berbee and Taylor 1993). This
symbiotic association is, therefore, much more recent than that formed by
the arbuscular mycorrhizal (AM) fungi considered in most of the other
chapters of this volume.

While only approximately 190 species from the Glomeromycota are rec-
ognized as forming AM associations (http://www.tu-darmstadt.de/fb/bio/
bot/schuessler/amphylo/amphylogeny.html), at least 6000 species from the
Basidiomycotina and Ascomycotina are considered to form ectomycor-
rhiza (Molina et al. 1992). In contrast to AM fungi, which are obligate
biotrophs, many species of ECM fungi exhibit a certain capacity for sapro-
phytic growth under axenic conditions. This, it has been suggested, makes
them useful experimental organisms (Satyanarayana et al. 1996) and has al-
lowed the nutrition, and growth and development of known fungal species
to be studied under different physically and/or chemically controlled con-
ditions. The results obtained from certain studies have been extrapolated
and used to make inferences about the likely nutrient uptake capabilities
and behavioural responses of ECM plants growing in natural ecosystems
(e.g. Kernaghan et al. 2002). However, like AM fungi, ECM fungi are un-
able to complete their life cycle in the absence of a host plant. It therefore
seems probable that the enzymes, phytohormones and other secondary
compounds produced while growing saprophytically, differ from those
produced when growing symbiotically. This theory is supported by differ-
ences in nutrient utilization (Rygiewicz et al. 1984; Scheromm et al. 1990;
Smith and Read 1997) and fungal gene expression between these two states
(Nehls and Martin 1995; Soderstrom et al. 2003). Therefore, it is not clear to
what extent the conclusions drawn from axenic studies with a given ECM
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fungus can be accurately applied to plants colonized by the same fungus
growing in the field.

Even though there is a current effort to replace traditional “reduc-
tionist” techniques used to investigate the ECM association with exper-
imental approaches that have greater ecological relevance (Read 2002),
certain fundamental aspects of the symbiosis (e.g. molecular signalling,
gene expression, and morphological changes to fungal hyphae prior to,
or following, root contact) can only realistically be investigated under
simplified aseptic conditions. Furthermore, in vitro techniques can also
be used to overcome the problems associated with trying to single out
the effects of an individual biotic or abiotic factor on mycorrhizal forma-
tion.

Over the last 50 years, a number of aseptic, or semi-aseptic, techniques
have been developed which go some way towards palliating the potential
bias introduced by the use of axenic ECM fungal cultures for investigating
the ECM association. The evolution of these techniques towards the use
of isolated roots is briefly reviewed, before highlighting a new method for
ECMresearch based on Ri T-DNA transformed root organ cultures of Cistus
incanus (Fig. 1).

Fig.1. Typical club-shaped ectomycorrhiza
(star) of Tuber maculatum on a Cistus incanus
root organ. Note the non-mycorrhizal short root
to the right
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2
Evolution of Monoxenic Techniques
for Investigating ECM Associations

2.1
Whole-Plant Techniques

Many early experimental systems were based on axenically grown seedlings
inoculated with a given ECM fungus and grown under aseptic conditions
in Erlenmeyer flasks (Marx and Zak 1965; Abuzinadah et al. 1986) or glass
tubes (Molina 1979). However, the seeds of certain host species are difficult
to sterilize due to endogenous contaminants, and germination rates vary
considerably. Furthermore, enclosed systems may be CO, limiting (but see
Richard and Fortin 1975) and prone to the accumulation of compounds
such as ethylene (Peterson and Chakravarty 1991), both of which can sig-
nificantly affect plant growth rates, root morphology (Reid 1987; Orcutt
and Nilson 1996) and, potentially, mycorrhizal formation. These systems
also allow the excessive accumulations of root exudates, which may affect
fungal activity. Moreover, these systems require growth cabinet conditions
and, as with field-grown plants, observation of mycorrhizal roots involves
destructive harvesting of the experimental unit.

The use of vented Mason storage jars (Trappe 1967) or modified Petri
plates (e.g. Duddridge 1986; Wong and Fortin 1989) allow mycorrhizal roots
of whole plants to develop in an aseptic environment, while allowing the
shoot to grow under ambient conditions, thereby overcoming the problem
of CO, acquisition and ethylene accumulation. Nevertheless, the experi-
mental system still requires growth cabinet conditions, and the methods
(e.g. sterile lanolin) used to keep the rooting zone contaminant free are
not always effective, as certain fungi and bacteria can pass intercellularly
via the stem tissue into the rooting zone. Furthermore, these systems are
also affected by genetic differences between individual host plants within
a given seed lot.

Many of the problems outlined above can be overcome using elaborate
experimental systems comprising individual growth units ventilated with
filtered forced air and coupled with clonal plant material issued from so-
matic embryos (e.g. Diez et al. 2000) or microcuttings (e.g. Tonkin et al.
1989). Nevertheless, these can be space-consuming and expensive to estab-
lish.

Recently, many investigations into the mechanisms underlying the func-
tioning of the AM symbiosis have used an inexpensive and more easily
manipulated culture system based on the in vitro co-culture of a clonal
root organ culture associated with contaminant-free inoculum from a glo-
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malean species. This system, used either in standard or compartmentalized
Petri dishes, and maintained under identical conditions to those used for
growing axenic fungal cultures, has provided answers to important ques-
tions regarding host/fungus signalling, gene expression, growth and de-
velopment, and nutrient uptake (for recent review, see Fortin et al. 2002).
Similar questions could be usefully addressed using root organ cultures
of ECM plants associated to ECM fungi in vitro. Such an approach would
improve our understanding of the ECM symbiosis and, in certain cases,
allow greater accuracy when drawing conclusions about the likely response
of a plant colonized by a given ECM fungus growing in the field.

2.2
Non-Transformed Root Organs and Root Hypocotyl Organs

Ectomycorrhizal host plants are, with few exceptions, trees (Smith and Read
1997). The first root organs of ECM plant species were obtained in the 1940s
(Bonner 1942; Slankis 1948a). Unfortunately, one of the main problems
limiting the use of these non-transformed root organs for ECM fungal
research was that the roots of ECM host plants, which grow well under
certainliquid culture techniques, grow relatively poorly on solidified media.
This phenomenon is principally linked to the need for pre-treatments with
exogenous hormones. For example, the method used by Ulrich (1962)
required that roots of Pinus ponderosa be incubated in a nutrient solution
amended with TAA to initiate the formation of root initials; once achieved,
the roots were washed and returned to an IAA-free nutrient medium to
allow elongation. Manipulations of this type are practical neither for roots
grown on agar-solidified media, nor for ECM studies. Furthermore, certain
isolated non-transformed tree roots are highly sensitive to light, and even
short exposure can induce senescence (Ulrich 1962).

Slankis (1948b), investigating the effect of ECM fungi on plant roots,
grew root organs of Pinus sylvestris in liquid culture with mycelium of the
ECM fungus Boletus variegatus. However, although dichotomous branch-
ing of short roots was observed, it is unclear as to whether or not true
ectomycorrhiza were formed (Fortin 1966), or whether the branching was
due to a build up of ethylene in the root or in response to fungal exudates.

In a further attempt to develop a simple monoxenic system for ECM re-
search, Fortin (1966) adapted the method developed by Raggio and Raggio
(1956) for bean (Phaseolus vulgaris) roots, and applied it to P. sylvestris
roots. Briefly, this technique involved applying different media to the two
ends of the excised root - the part closest to the hypocotyl was inserted
into a medium containing an organic carbon source (i.e. mimicking shoot-
derived nutrients), while the distal part was allowed to develop in a carbon-
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free medium amended with mineral nutrients. This system recreated the
polarity occurring naturally in plants, and allowed roots to develop under
conditions closer to those found in nature. While this polarity is not essen-
tial for the growth of pine roots in liquid culture, it appears to be a prereq-
uisite for their successful growth on solidified media. However, acceptable
levels of root growth were obtained only when part of the hypocotyl was
left in place, or replaced by IAA. The system was successfully used to pro-
duce mycorrhizas between Pinus strobus and four species of ECM fungi, i.e.
Pisolithus tinctorius, Suillus granulatus, Suillus tormentosus and Leccinum
chromapes (Fortin and Piché 1979), and between Eucalyptus pilularis and
P. tinctorius (Bailey and Peterson 1988). Although this method allowed
ECM formation under aseptic conditions and in the absence of the aerial
part of the host plant, the need for hypocotyl tissue meant that clonal root
organs could not be developed.

The first attempt to use truly clonal root organs on solid medium for
ECM studies was by Louis and Scott (1987). The authors used hormonal
regulators (naphthalene acetic acid and 6-benzylamino purine) to produce
root organs from a tissue culture of the tree species Shorea roxburghii
(Dipterocarpaceae). These root organs were subsequently inoculated with
mycelium of an ECM fungus from the genus Rhodophyllus. The results
obtained were widely reported as the first formation of ectomycorrhiza
on a root organ clone. However, at harvest, the 5-month-old roots were
approximately the same length as those placed in the Petri plates at the
beginning of the experiment and, while the fungal mycelium had grown,
perhaps preferentially, over the root surface, there was no clear indication
of ECM formation. The lack of root growth and the presence of intracellular
hyphae, but no Hartig net, suggest that the ECM fungus might have been
using the cell contents for saprophytic growth, as is observed in individ-
ual excised ectomycorrhiza. Nevertheless, the fact that these studies were
attempted highlighted the need for a model system based on root organs,
which would allow the study of certain aspects of the ECM symbiosis which
cannot be investigated in situ.

2.3
Ri T-DNA Transformed Root Organs

Although Mosse and Hepper (1975), working with AM fungi, were the first
to obtain mycorrhiza using host-plant root organs, it was Mugnier and
Mosse (1987) who realized the potential value of Ri T-DNA transformed
root organs for the study of mycorrhiza. Transformed root organs result
from the natural incorporation into the plant’s genome of the Ri T-DNA
plasmid from the ubiquitous soil-borne bacterium Agrobacterium rhizo-
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genes. This plasmid induces the production of growth hormones in the root,
hence removing the need to incorporate plant hormones into the culture
medium. The resulting transformed roots exhibit increased growth rates
and increased branching (Tepfer 1989). While this bacterium can induce
the formation of so-called hairy roots in a number of forb, shrub and tree
species, its use is limited to work on angiosperms, for it does not naturally
infect gymnosperm species. Of the 115 plants listed by Tepfer (1989) as
having been transformed by A. rhizogenes, only two represent plants ca-
pable of forming ectomycorrhiza: Eucalyptus gunnii and Populus tremula
x Populus alba. Work in our laboratory indicates that root organs of tree
species have a much higher carbon (i.e. sucrose) requirement for normal
growth than those of forbs, which could influence studies into the ECM
association. While excised roots of woody species are difficult to grow in
vitro, not all ECM plants are trees — some are woody shrubs and others,
forbs. This provides the pos