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Preface

It has been a revelation that, strictly speaking, most plants do not
have roots but rather mycorrhizae, a fact that has had tremendous
consequences on the life of plants and the evolution of soil-plant sys-
tems. The research on arbuscular mycorrhizal (AM) symbioses has
been intensive over the past forty years and we have learned a lot on
the physiology, biology, ecology, and genetics of the symbiosis and
the fungi involved in it. Most important, it appeared that cropping
systems could be more sustainable with the management of AM
fungi and reduced reliance on agrochemicals. The extraradical mycelia
of AM fungi are an essential link between the plants, which are the
consumers, and the soil, which is the provider. They are key organs
enhancing plant uptake of nutrients, particularly phosphorus in high
P-fixing soils, and consequently reducing crop dependence on fertil-
izers. They also improve soil quality. Thus, the nature of AM extra-
radical mycelia must be considered in the design of cropping practices
that optimize the contribution of AM fungi to crop production. The
nature and role of AM mycelia as plant providers are discussed in
Chapters 1 and 2. How AM fungi reduce disease incidence in plants
has not been clarified, but what appears clear from the extensive liter-
ature review presented in Chapter 3 is that AM fungi do provide an
important level of bioprotection to plants.

All research efforts on the study of AM do not translate into bio-
technologies for agriculture and forestry in all parts of the world. In
developed countries, the availability of agrochemicals at prices that
farmers can afford has limited AM-related biotechnologies almost
exclusively to soilless horticultural production. Arbuscular mycor-
rhizal inoculation has more impact in soilless than in field systems
where native AM fungi are present. Chapter 4 reports on how AM
fungi could be best used in horticultural production.

Mycorrhizae in Crop Production
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Incentives to increase fertilizer use efficiency were larger in coun-
tries with weaker economies. This was true in Cuba where an impor-
tant research group has been successful in developing better practices
for crop inoculation with effective AM strains since the early 1990s,
as reported in Chapter 5. Chapter 6 presents numerous reports, some
of which are difficult to access directly, indicating that AM biotech-
nologies would be advantageously applicable in a large number of
tropical crops. Plant nutrition and health and soil quality benefit from
AM in tropical settings. Chapter 7 summarizes the mycorrhizal re-
search conducted in India, where the use of AM inoculants is rapidly
expanding. India has been a leader in the development of AM tech-
nologies for crop production, where AM inoculants are used not only
in crop production but are also very useful in soil rehabilitation.

Evidence of negative impacts of human activities, including crop
production, on the environment and climate of the Earth are pre-
sented in Chapter 8, in a warning call reestablishing the need for AM
agricultural research and development in wealthier countries. This
book was prepared to serve as the basis for a second round of research
efforts to improve cropping systems’ sustainability throughout the
world.

The editors would like to thank all reviewers for their precious con-
tribution to the scientific quality of the texts. They are: Y. Dalpé, F. A.
de Souza, D. D. Douds, E. Dumas-Gaudot, E. George, M. Giovannetti,
N. Goicoechea, M. Gryndler, A. Fitter, J. A. Fortin, K. Hanson,
Y. Kapulnic, R. Linderman, M. Ryan, and F. Selles. The contribution
of the staff of the Agriculture and Agri-Food Canada Translation and
Revision Services of the Communication and Consultations Team
is also gratefully acknowledged. These people have made reading the
following chapters enjoyable. We also thank Michelle Waldron,
Administrative Assistant, and Dr. Amarjit S. Basra, former editor-in-
chief FPP, and all other staff at The Haworth Press who made this
publication possible.



Chapter 1

Extraradical Arbuscular
Mycorrhizal Mycelia:
Shadowy Figures in the Soil

Chantal Hamel

Arbuscular mycorrhizal (AM) fungi have coevolved with plants
and soils for over 400 million years to become part of the root system
of a very large number of terrestrial plant species (Taylor et al., 1995)
and the “backbone” of the soil (Barea, Azc6n, and Azcon-Aguilar,
2002). At some point in evolution, other types of mycorrhizal associ-
ations appeared under the selection pressure of their environment
(Read and Perez-Moreno, 2003). While certain plant species, partic-
ularly primary colonizing species, are known to be non-mycorrhizal
(Janos, 1980), it is a fact that most of today’s terrestrial plant species
use leaves to fulfill their C needs and mycorrhizae to take up water
and nutrients.

It might be wise to capitalize on the mechanisms developed by
plants to better use environmental resources for tomorrow’s agricul-
tural production. Plant production biotechnology allows remarkable
achievements and can bring us closer to agricultural sustainability.
While the genes that code for the fungal part of mycorrhizae are not
contained in a plant seed, several genes that control AM fungi devel-
opment and mycorrhizae function are. Although it is challenging, it
will be effective in the long run to build on mycorrhizae in the devel-
opment of highly performing plants and cropping systems, because
they are the result of a long natural selection in the plant-soil system.

Mycorrhizae in Crop Production
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2 MYCORRHIZAE IN CROP PRODUCTION

An investment in the improvement of AM symbioses in crop produc-
tion will certainly yield economically and environmentally high-per-
formance crop plants and cropping systems. Furthermore, effective
enhancement of water utilization by crops is a feature provided by my-
corrhizal fungi which is difficult to reproduce with current technolo-
gies.

What the cropping systems of tomorrow will look like is still un-
clear, but what is clear is that to effectively manage the AM symbio-
sis, we must first understand its nature and function. The extraradical
phase of AM fungi, a key component of the performance of the AM
symbiosis, is still poorly understood. In the early 1980s, Bethlenfalvay,
Bayne, and Pacovsky (1983) gave us an insight into the importance of
AM extraradical hyphae in an experiment using a range of P levels to
create various mycorrhizal associations, from parasitic to mutualistic
to parasitic, between soybean [Glycine max (L.) Merrill.] and Glomus
fasciculatum (Thaxt.) Gerd. & Trappe emend. C. Walker & Koske. In
this experiment, the greatest ratio of extra- to intraradical mycelium,
which was found at the intermediate P levels, was coincident with
plant growth enhancement. The importance of the extraradical hyphae
of mycorrhizae has since been repeatedly demonstrated. Although
AM-derived effects on plant growth cannot be entirely attributed to
the function of the extraradical AM mycelium, the latter is clearly
very important. The extraradical phase of AM fungi is involved in
water and nutrient uptake by most plants, and is at the forefront of
microbe-plant interactions and soil aggregate stabilization, a process
that has considerable bearing on aeration, water relations (Augé et al.,
2001; Rillig and Steinberg, 2002), and soil quality (Lupwayi et al.,
2001). This chapter presents our current understanding of the nature
and development of the extraradical AM mycelium. The reader is
referred to Chapter 2 of this book for information on the role of the
AM mycelium in nutrient uptake.

NATURE OF THE EXTRARADICAL
ARBUSCULAR MYCORRHIZAL MYCELIUM

An extraradical AM mycelium appears as a simple structure made
of coenocytic multinuclear hyphae. These hyphae grow three-dimen-
sionally through the soil while older hyphal segments are being emp-
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tied from their cytoplasm. Hyphal regions isolated from the rest of
the mycelium by evacuated hyphae may reconnect to the network
by means of anastomosis formation, at least in the Glomeraceae and
Gigasporaceae. Figure 1.1 shows numerous lateral hyphae linking,
through anastomoses, runner hyphae of Glomus intraradices N.C.
Schenck & G.S. Sm. traveling through the bulk soil, while other lat-
eral hyphae produce spores singly or in small groups and, in this case,
some infrequent branched absorbing structures. These structures of
G. intraradices extraradical mycelium were also observed in vitro in
monoxenic culture with carrot (Daucus carota L.) roots (Bago, Azcon-
Aguilar, Goulet, and Piché, 1998; Bago, Azcén-Aguilar, and Piché,
1998). Thinner, lower-order hyphae were found to anastomose and

FIGURE 1.1. Network of Glomus intraradices N.C. Schenck & G.S. Sm. hyphae
associated with alfalfa (Medicago sativa L.) roots. R1, runner hyphae extruding
from the roots toward remote soil areas; R2, one of the lateral hyphae sent
toward the root surface at intervals by hyphae running parallel to roots; R3,
hyphae running parallel to the root; A, point of anastomosis; S, spores; BAS,
branched absorbing structure; IHF, infective hyphal fan and appressoria forma-
tion on the root surface.
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to bear auxiliary cells, and branched absorbing structures and to un-
dergo swelling in Scutellospora reticulata (Koske, D.D. Mill. &
C. Walker) C. Walker & FE. Sanders grown in monoxenic culture
with Ri T-DNA transformed carrot roots (de Souza and Declerck,
2003). It appears from the observation of these mycelia that anasto-
mosis formation is both a healing process involved in the reconnec-
tion of broken, evacuated, or obstructed hyphae and a way to ensure
good resource distribution in the network.

Anastomosis: A Determinant of AM Fungal Population
Composition in Cropping Systems?

In vitro and in vivo experiments have revealed that numerous anas-
tomoses were seen linking hyphae of compatible Glomus isolates into
a network (Giovannetti, Azzolini, and Citernesi, 1999; Giovannetti
et al., 2001). Anastomoses bridge hyphal sections and allow for the
transport of nuclei and cytoplasmic elements from one part of the
mycelium to another. The extraradical AM mycelium is able to form
numerous anastomoses. Giovannetti et al. (2001) found 0.46 anasto-
moses mm~ 1 and 0.51 anastomoses mm ™~ 1 of Glomus mosseae (T.H.
Nicolson & Gerd.) Gerd. & Trappe hyphae developing on Prunus
cerasifera and Thymus vulgaris, respectively. Anastomoses also occur
between mycelia originating from different plant species, suggesting
that a mycelial network is an indefinitely large structure, even under
mixed plant communities (Giovannetti et al., 2004). Protoplasmic
continuity and the presence of nuclei in the hyphal connections con-
firmed the viability of anastomosed hyphae. Anastomosis formation
has not been described between different AM fungal species and was
not seen in all AM fungal isolates studied. It was observed in mycelia
from the same or different spores of the same isolate of three Glomus
species (Giovannetti et al., 1999), but no anastomosis was formed be-
tween the hyphae of Gigaspora rosea T.H. Nicolson & N.C. Schenck
or Scutellospora castanea C. Walker, even when the hyphae origi-
nated from the same spore, suggesting that different taxa have differ-
ent growth habits. The observation of precontact tropism, protoplasm
retraction from the tip and septum formation in the incoming hyphae,
in incompatible reactions between isolates of G. mosseae from differ-
ent geographical areas (Giovannetti et al., 2003) suggests, interest-
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ingly, that specific recognition signals may be involved in anastomo-
sis formation.

Anastomosis formation could have ramifications in agricultural
fields. It could be useful in speeding up the reestablishment of frag-
mented AM hyphal networks in soil after tillage operations, crack
formation in drying soil, or grazing by microarthropods, for example.
In disturbed systems, the capacity of species to form anastomoses
may be an important competitive advantage for the AM fungal species
which possess this ability. Without this ability to reconnect fragments,
AM hyphae that are far from roots, their C source, may become ex-
hausted and disappear. Hyphal networks formed by isolates that can
form anastomoses are likely to be large and to extend over a whole
root system and even beyond, to link the root systems of several
plants. The networks of fungal isolates that are unable to form anasto-
moses are likely to be smaller in size and to extend over only part of
a root system.

A differential capacity of isolates from different genera to form
anastamoses could possibly explain why the Glomus species were
more abundant than non-Glomus species in tilled agricultural soils
(Jansa, Mozafar, Anken et al., 2002; Jansa et al., 2003). Chlamydo-
spores of Glomus and Acaulospora spp. were prevalent in soil shortly
after the establishment of perennial asparagus plantations, while
Gigaspora spp. predominated in asparagus plantations over twelve
years of age (Wacker, Safir, and Stephenson, 1990). According to
Bianciotto et al. (2004), anastomoses have been observed mainly in
Glomus spp., although they were also reported in Scutellospora
reticulata (de Souza and Declerck, 2003), Gi. margarita, and Gi.
rosea (de la Providencia et al., 2005). The ability to form anastomo-
ses may not be a characteristic of AM fungal genera, however, as sug-
gested by the results of a study on the impact of cultivation on AM
fungal biodiversity (Hamel et al., 1994). Both Gi. margarita and
Glomus caledonium (T.H. Nicolson & Gerd.) Trappe & Gerd. disap-
peared after the onset of cultivation of an old meadow, an event more
likely to occur with AM fungal species unable to reconnect through
anastomosis formation. At the same time, Scutellospora aurigloba-
like and G. clarum appeared, while eight other Glomus species ap-
peared to be relatively unaffected. Tillage was reported to favor
G. mosseae, Glomus sp 6, Scutellospora pellucida (T.H. Nicolson &



6 MYCORRHIZAE IN CROP PRODUCTION

N.C. Schenck) C. Walker & F.E. Sanders (Menéndez, Scervino, and
Godeas, 2001), and species of the Glomus etunicatum group (Douds
et al., 1995), while no-tillage appeared to favor Acaulospora denticu-
lata Sieverd. & S. Toro, Entrophospora spp., Glomus spp. 1-5, Glomus
aggregatum N.C. Schenck & G.S. Sm., Glomus microaggregatum
Koske, Gemma & P.D. Olexia, Glomus coremioides (Berk & Broome)
D. Redecker & J.B. Morton (=Sclerosystis coremioides) (Menéndez,
Scervino, and Godeas, 2001), and species of the Paraglomus occul-
tum (C. Walker) J.B. Morton & D. Redecker (=Glomus occultum)
group (Douds et al., 1995; Galvez et al., 2001). Merryweather and Fit-
ter (1998) report the particular sensitivity of Acaulospora morpho-
types to soil disturbance although, in their study, all AM populations
were negatively affected. Clearly, more study is required on the for-
mation of anastomoses in AM fungi mycelium. It is possible that the
ability to form anastomoses is an isolate-specific feature, or a univer-
sal phenomenon that can be inhibited by certain environmental con-
ditions, such as those prevailing in vitro, and that some AM fungal
isolates are somehow more susceptible to disturbance although they
form anastomoses. Whether soil disturbance selects for AM fungal
taxa with anastomosis formation ability still needs to be demon-
strated.

AM Mycelial Network Heterogeneity

A number of studies suggest the occurrence of genetic (Sanders,
Clapp, and Wiemken, 1996) and phenotypic (Bever and Morton, 1999;
Redecker, 2002) variations within populations of AM fungi. Recombi-
nation is a rare event in these presumably asexual and seemingly hap-
loid (Hijri and Sanders, 2004; but see Pawlowska and Taylor, 2004)
organisms, and the many nuclei contained in each AM fungal individ-
ual seem to have genetically diverged from each other through muta-
tions to form a population of multiple genomes (Kuhn, Hijri, and
Sanders, 2001; Sanders, Koch, and Kuhn, 2003; Vandenkoornhuyse,
Leyval, and Bonnin, 2001). The multigenomic nature of AM networks
could cause considerable spatial heterogeneity in each network. It is
likely that heterogeneity in the mycelial network develops with its ex-
pansion. Specific nuclei assemblages may be segregated by chance in
different parts of the network or selected by small-scale variations in
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the soil environment, giving rise to phenotypic variation within a net-
work. If this is true, variation in topography or drainage, for example,
may modify the soil environment and select for particular fungal
traits in localized areas of a large network. Nuclei were found to be
regularly spaced at 36 pm from each other within cytoplasm-filled
AM hyphae sections (Bago et al., 2002). Thus, one centimeter of ac-
tive hyphae contains approximately 300 nuclei; the size of these AM
hyphal networks has not been measured but it is theoretically as large
as the land area covered by host plants in AM species, especially if
anastomosis formation occurs (Giovannetti et al., 2004). Thus, there
is considerable room for heterogeneity in the AM mycelial networks
developing in a farmer’s field. Soil tillage disturbs the soil and we
can foresee that it may increase genetic diversity by breaking AM
mycelial networks into isolates, or in contrast, homogenize the AM
mycelial networks of isolates able to form anastomoses. Koch et al.
(2004) found phenotypic and genotypic variations among the isolates
of a population of G. intraradices in soils under either tillage or no-
tillage management. The results of this recent study, showing a
higher level of variability at the genotype level than in quantitative
traits, suggest that a high level of genetic redundancy in AM fungi
can buffer the effect of high-genetic variability among isolates. The
practical consequences of tillage on AM mycelial network heteroge-
neity are still unclear.

Formation of anastomoses could facilitate the distribution of endo-
phytes in AM mycelial networks. The endophytic bacteria Candidatus
Glomeribacter gigasporarum (Bianciotto et al., 2003) and strains of
Burkholderia (Levy et al., 2003) were observed in spores and hyphae
of a number of Gigaspora and Scutellospora spp. The role of these
endophytes still needs to be clarified, but some evidence suggests that
they could be involved in nutrient exchange between the partners in
this consequently tripartite AM symbiosis (Minerdi, Bianciotto, and
Bonfante, 2002) and stimulate AM spore germination (Bianciotto
et al., 2004). The vertical transmission of Candidatus G. gigasporum
through the generation of vegetative spores in Gigaspora margarita
W.N. Becker & I.R. Hall grown in vitro on root culture has shown
that the endobacteria can travel within hyphae to forming spores.
Endobacteria were described in Gigaspora and Scutellospora spp.,
which belong to the Gigasporaceae, a family where anastomosis
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formation is reported. Endobacteria existing in AM fungal species
with anastomosis formation capacity could possibly move from one
mycelium to another via hyphal bridges.

The extraradical mycelium appears to have a simple structure, but
various parts of this mycelium may be morphologically, structurally,
and functionally different. Bonfante-Fasolo and Grippiolo (1982) ob-
served a gradual thinning of the extra- to intraradical hyphae, changes
in ultrastructural architecture of hyphal wall, and different responses
to cytochemical reactions, suggesting a gradual simplification of the
wall components from the extraradical to the intraradical hyphae. It
would also probably be worthwhile to compare the structural archi-
tecture of the branched absorbing structures and the runner hyphae
making up the extraradical phase of AM mycelia.

AM Mycelium Differential Morphologies and Responses:
A Matter of Spatial Organization

The occurrence of different morphologies and the observation of
different hyphal behaviors within localized portions of the extraradical
AM mycelium suggest both the specialization of some segments and
probably the occurrence of differential plant-fungus exchanges of
signal molecules at different locations along the roots. For example,
three types of coarse running hyphae are recognized. Some incoming
running hyphae undergo branching in the vicinity of a root surface,
before contacting the root, as if they were responding to a signal emit-
ted by the root (Smith and Read, 1997). Such a differential morpholog-
ical response to root vicinity was strongly expressed by the hyphae of
G. mosseae from germinated spores (Giovannetti et al., 1993). Other
coarse hyphae run along the roots, sending lateral hyphae toward the
root surface at irregular intervals (R2 in Figure 1.1). Coarse hyphae
running along the roots’ surface appear to be involved in the infection
of elongating roots. Still other coarse hyphae come out of infection
points heading straight off to remote areas of the soil (R1 in Figure
1.1). These hyphae grow into the bulk soil at a high elongation rate.
While creating mycorrhizae from spores on carrot root culture, these
fast growing hyphae protruding through the root surface indicate that
a mycorrhizal association was formed. Friese and Allen (1991) have
described these growth patterns from root observation chambers. In
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vitro cultivation of mycorrhizae has also permitted observation of the
development of these AM fungal structures (Fortin et al., 2002).

These differential growth patterns could be explained by differen-
tial signaling within the mycorrhizae. Different signals between the
root and the AM fungi could be exchanged depending on the specific
physiological status of different root and hyphal segments at given
times. Conversely, the same message from one organism could trig-
ger different responses in the recipient organism depending on its
physiological status. The localization in space and time of fungi-root
signal exchanges or an impact of recipient physiological status on the
response triggered could explain the simultaneous attraction to root
(R2 in Figure 1.1), parallel development of root and hyphal sections
(R3 in Figure 1.1), and repulsion from root demonstrated by AM
hyphae associated with a zone of a host root system (e.g., R1 in
Figure 1.1). The co-occurrence of such contrasting behavior is re-
quired for the network to be fully functional. Infection events, which
are transient and thus must be reiterated throughout the life span of a
symbiosis, are favored by attraction of the fungi to roots. Proximity
and parallel growth of hyphae and roots may synchronize mycorrhizal
root infection spread and root growth. Finally, efficient foraging for
water and nutrients by AM hyphae may take place away from the
root, outside of its surrounding depletion zone.

The AM symbiosis is the result of a controlled infection expressed
through modification of root metabolism to control the extent of fun-
gal development as well as its growth pattern. The involvement of
plant produced flavonoids in recognition and development of the AM
symbioses has been proposed (Lum and Hirsch, 2002). AM fungi
were found to react when exposed to flavonoid compounds (Bécard,
Douds, and Pfeffer, 1992; Douds, Nagahashi, and Abney, 1996; Tsai
and Phillips, 1991), which were identified as signal molecules in other
symbiotic systems. A host-plant produced signaling factor triggering
a presymbiotic response in AM fungi, namely germ tube branching
and nuclear division, however, was not flavonoidic in nature (Buée
et al., 2000). Although the nature of signaling factors involved in the
AM symbiosis is unknown, it appears that diffusible root-produced
compounds are involved in AM hyphal growth control. This is further
suggested by the fact that the growth and sporulation of the AM myce-
lium is much more prolific when the latter is located in a compartment
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other than that of the root (St-Arnaud et al., 1996) (Figure 1.2). Thus, it
is very likely that the development pattern of the AM hyphal network
is affected by the conditions affecting diffusion in soil, that is, tem-
perature, distance and path tortuosity, and the presence of functional
groups on the soil solid surfaces that could adsorb signal molecules.
According to the laws of diffusion, AM hyphae would be sent forag-
ing at greater distance from the root in a warm, light soil and at
shorter distance in a cool, clay-rich soil, if the production of signal
molecules is the same in both soils. Such behaviors would maximize
the efficiency of nutrient recovery from soil as fine textured soils are
more fertile.

In addition to the involvement of compounds diffusible in water, it
appears that some volatile compounds may also be involved in chemo-
tactic responses of AM fungi. The germ tube of Gigaspora gigantea
(T.H. Nicolson & Gerd.) Gerd. & Trappe responded to maize root-
produced volatile compounds (Suriyapperuma and Koske, 1995). In-

FIGURE 1.2. Differential growth of Glomus intraradices N.C. Schenck & G.S. Sm.
in root-containing and in root-free Petri dish compartments. This differential growth
pattern may indicate the repression of G. intraradices growth by roots (From
M. St-Arnaud et al., 1996 with permission).
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terestingly, the strength of the germ tube response to the presence of
root-produced volatiles differed with maize cultivars and depended
also on the P level of the growth medium. Some level of specificity is
to be expected in the response of different AM fungal species to plant
produced signals, as it would reflect the subtle plant-fungus speci-
ficity observed in the AM symbiosis (e.g., Helgason et al., 2002;
Klironomos, 2003; Sylvia et al., 2003).

AM Mycelium Dynamics

The extraradical AM mycelium is a dynamic structure which can
spread in soil at a rate of 0.2 mm day ~1 to 2.5 mm day ~! (Smith and
Read, 1997). Schubert et al. (1987) observed that the mycelium
of Glomus clarum T.H. Nicolson & N.C. Schenck associated with
Trifolium repens increased steadily, reaching maximum length eight
weeks after inoculation. They observed that hyphal viability decreased
from 100 percent to less than 15 percent during this time, starting in
the second week following inoculation. This concurs with the results
of a recent study reporting the dynamic nature of extraradical AM
hyphae; in Glomus spp., the extraradical AM hyphal turnover rate
has been estimated as five to six days in the absence of predators
(Staddon et al., 2003). Branched absorbing structures and arbuscules
were reported to have a similar “life span” in vitro (Fortin et al., 2002).
The rapid disappearance of cytoplasm and hyphal structure was some-
times seen as the result of apoptotic processes within AM fungi (Fortin
et al., 2002). However, hyphal turnover in AM fungi may not be
apoptotic, that is, related to programed cell death. Filamentous fungi
are special organisms known to move their cytoplasm within their
hyphal tubes to more favorable areas (Klein and Paschke, 2004). For
example, the nutrient level can be reduced, or metabolites excreted by
the hyphae could reduce the suitability of a soil microsite after some
time. While sections of hyphal tubes are indeed abandoned, the living
portion of the fungi contained within the cell membrane simply moves
from one place to another within the tubular cell wall. A one-week
“life span” of extraradical hyphal segments coupled with constant
growth would maximize the exploitation of the soil volume in time
and space. Another potential benefit of “travelling” AM fungi could
be the avoidance of parasite buildup that would likely occur around
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a stationary fungus. The cost to rapid hyphal turnover could be con-
siderable, although it is mitigated by the withdrawal of cytoplasm
from the old hyphal segments. The cost-effectiveness of AM hyphae
turnover has not been evaluated. In any case, it appears to be effective,
overall, since it exists.

Extraradical AM hyphae influence their biological environment
directly and indirectly. The hyphosphere, the zone of soil immedi-
ately surrounding AM hyphae, is colonized by selected rhizosphere
bacteria (Vancura et al., 1990). Since many of these bacteria require
amino acid and growth factors presumably provided by AM fungi,
the size of these bacterial populations may fluctuate with the appear-
ance and disappearance of AM hyphae in the soil volume. The impact
of AM fungi on the overall microbial community, however, is less
clear. AM fungi were found to have little effect or negative impact on
total soil bacterial number and activity. In a study (Olsson et al.,
1996), bacterial number as measured by direct count of viable bacte-
ria, and bacterial activity as measured by 3H-labeled thymidine in-
corporation, were highest in cucumber root compartments but were
not affected by AM mycelium, after 30 days of growth. After harvest,
disconnected AM hyphae still did not have a significant impact on
bacterial activity, and did not affect bacterial phospholipid fatty acids
(PLFA). In contrast, Marschner and Baumann (2003) found a signif-
icant influence of AM fungi on the soil bacterial 16S rDNA commu-
nity composition. In another study, also involving direct bacterial
counts and 3H-labeled thymidine incorporation (Christensen and
Jakobsen, 1993), the presence of AM fungi decreased the rate of bac-
terial DNA synthesis and bacterial biomass. Discrepancy in results
may depend on differences in scale in the various studies reported.
An increase in the number of a few cultivable bacteria associated
with AM hyphae, for example, may go unnoticed in the bulk soil bac-
terial population. While numerous researchers report changes in the
quality of the soil microbial community (Marschner and Baumann,
2003) and variations in the size of specific microbial populations (e.g.,
Amora-Lazcano, Vazquez, and Azcén, 1998; Andrade, Linderman,
and Bethlenfalvay, 1998; Andrade et al., 1998; Edwards, Young, and
Fitter, 1998; Filion, St-Arnaud, and Fortin, 1999; Green et al., 1999;
St-Arnaud et al., 1997), the impact of AM fungi on soil microorgan-
isms is not well understood and no general trend emerges from the
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published literature. Complex competitive interactions between AM
fungi, plants, and soil microorganisms, in conjunction with the in-
fluence of resource availability on the system, determine the fate of
soil microbial populations. This system is very complex, and it is
unrealistic to expect an absolute mycorrhizal effect on soil micro-
organisms. Interested readers will find more information on the sub-
ject of microbial interaction with AM fungi, as reviewed by Hodge
(2000).

AM fungal mycelium and spores are also the source of a cell surface
glycoprotein, glomalin, which is believed to improve soil physical
quality. This glycoprotein and its immunoreactive degradation prod-
ucts appear to be recalcitrant to decomposition in soil, where they
accumulate, as determined by their long-lasting detection with a
monoclonal antibody. Glomalin is sometimes (Franzluebbers, Wright,
and Stuedemann, 2000) but not always related to total soil organic
matter levels (Rillig et al., 2001). It seems, nevertheless, that glomalin
could contribute significantly to soil organic matter. First, AM fungi
are abundant in soil, accounting for approximately 25 percent of total
soil microbial biomass (Hamel, Neeser et al., 1991; Olsson et al.,
1999) and up to 90 percent of root biomass (Hamel, 2004). Second,
they have a fast turnover rate of 5 to 7 days (Fortin et al., 2002; Stad-
don et al., 2003), and their glomalin seems to somehow bypass the
microbial processing imposed on most plant residues, contributing
directly to the stable pool of soil organic matter. Carbon dating indi-
cated that the Bradford-reactive-soil-protein (BRSP) pool extracted
from tropical soils, had a minimum residence time of 6 to 42 years.
This supports the hypothesis of an important contribution of glo-
malin-related soil proteins to the stable soil organic matter pool
(Rillig et al., 2001). The abundance of BRSP was estimated to reach
over 60 mg cm™3 of soil (approximately 2.7 percent) in tropical for-
ests, and the C and N it contained amounted to approximately 4 to 5
percent of total soil C and N. Glomalin was found to be closely re-
lated to stable soil aggregate formation (Wright and Upadhyaya,
1998), except in highcarbonate soils where soil aggregate stability
depends on carbonates rather than on soil organic materials (Franz-
luebbers et al., 2000). Thus, AM fungi hyphal networks seem to pos-
sess the ability to modify the physical quality of their habitat, through
their important contribution to soil organic matter buildup and stabili-
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zation of soil aggregates. This environmental impact of extraradical
AM mycelia may, in turn, impact on other soil microorganisms.

SPECIFIC ASSOCIATIONS
WITH SPECIFIC OUTCOMES

It is important to bear in mind that the term “arbuscular mycor-
rhizae” refers to a group of associations taking place between geneti-
cally diverse plants and fungal species, the extent and efficiency of
which varies with environmental conditions (see Chapter 5) as well
as partners’ genotypes. As such, the effect of the symbiosis on plant
uptake of nutrients and water may vary. For example, drought toler-
ance in chili ancho pepper was provided by Glomus species, but not
by G. fasciculatum (Davies et al., 2002). Plants colonized by a mix of
AM fungi from a semiarid area had a higher level of drought tolerance
than those colonized by G. intraradices from a culture collection
(Augé et al., 2003), indicating a selective effect of the environment on
fungal performance. Nutrient uptake and translocation efficacy is
also influenced by the fungal isolate. For example, Frey and Schué€pp
(1993) found that G. intraradices, Acaulospora laevis Gerd. & Trappe,
and Gi. margarita associated with maize differed in their ability
to take up and translocate 15NH4SOy, across a 40 um nylon barrier.
Glomus versiforme (P. Karst.) S.M. Berch produced a larger extra-
radical mycelium than G. aggregatum and G. intraradices on four ap-
ple rootstocks grown in high-P soil (644 kg ha—! Bray extractible P)
(Morin et al., 1994). Mycorrhizal efficiency, as expressed by plant
growth enhancement, was related to external hyphal development.

AM fungi play numerous roles in the soil-plant system. They ab-
sorb water and nutrients, stimulate plant growth through hormone
production, provide protection against plant pathogens, and improve
soil structural quality. Different fungal species, and therefore differ-
ent mycelial networks, probably have a different ability to perform
different tasks. In a field situation, several AM fungal species are
usually present. While some AM fungi can inhibit the positive effect
of a co-occurring species, presumably through interspecific competi-
tion, others can be without effect (McGonigle, Yano, and Shinhama,
2003) or have positive effects. The specific beneficial influence of a
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species may be complemented by that of other co-occurring species
(Hart and Klironomos, 2002).

The targeted selection of AM fungal isolates for inoculation pur-
poses is desirable to optimize the success of specific applications,
such as the production of drought tolerant transplants or transplants
with improved ability to use soil nutrients. However, this task is com-
plicated by the fact that the host plant is also a determinant of my-
corrhizal development and efficacy. It would be important to consider
the improvement of crop mycorrhizal efficacy in plant breeding
(Tawaraya, 2003). Mycorrhizal efficacy of crops may not be a prior-
ity in an agriculture based on abundant fertilizer supply. But it would
certainly be an asset for the implementation of sustainable and envi-
ronmentally sound cropping systems.

The roots of mycorrhizal plants are connected to networks consist-
ing of the hyphae of AM fungal isolates extending over a distance in
soil. Different AM hyphal networks are likely to coexist in most units
of surface soil volume, as several fungal species can associate with a
given host plant species. One AM fungus can colonize the roots of
many plant species, and conversely, the roots of one plant species can
be connected to several AM networks. Because specific plant-AM
fungus interactions have a differential impact on the development of
the fungi and the plants involved, and thus on their competitivity in a
biodiverse environment, the coexistence of AM hyphal networks
probably has an important bearing on plant ecology in mixed stands.
According to the model proposed by Bever and collaborators (Bever,
Westover, and Antonovics, 1997; Bever, Pringle, and Schultz, 2002),
differential affinities and influences between soil microorganisms as-
sociated with plants modifies plant-to-plant interactions in a popula-
tion. AM fungi, because of their intimate relationship with plants, are
particularly influential on these interactions. Figure 1.3 explains the
possible impact of AM fungi on the interaction between two plants of
different species. A plant X influences the AM networks associated
with its root system, which in turn influences plant X productivity
and competitive ability against a neighboring plant Y. The same pat-
tern of mutual influence (indicated by vertical arrows pointing up and
down) drives the growth of plant Y and its associated fungi. In the ex-
ample of Figure 1.3, plant X and Y share three AM hyphal networks.
Plant X differentially favors the development of fungus A and plant
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FIGURE 1.3. Graphical representation of the way the different affinities that may
exist between AM fungi and plant species in a mixed stand may modify plant-to-
plant interactions. Arrows represent the influence of organisms on one another.
Different plants may enhance the development of some AM fungal species that
grow less well on other plant species. The fungal species whose development is
favored most by a plant will have a larger influence on neighboring plants. Thus,
plants in a mixed stand have direct influence on each other and an indirect influ-
ence via their specific impact on AM fungi development.

Y favors the development of fungus C, while the development of fun-
gus B is influenced to the same extent by plant X and plant Y. The
promotion of fungus C by plant Y increases the influence of this fun-
gus on plant X, and conversely the promotion of fungus A by plant
X increases the influence of this fungus on plant Y. We can also see
from Figure 1.3 that the uneven distribution of the hyphae of fungi
A and C is a source of soil heterogeneity. AM fungi are important
components of soil quality; consequently their uneven distribution
creates heterogeneity in the soil, increases the number of available
niches over a given area, and in this way favors biodiversity (Reynolds
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etal., 2003). High AM fungal richness has increased plant biodiversity,
nutrient capture, and productivity (van der Heijden et al., 1998; see
also Cuenca et al., 2004).

Networks of extraradical mycelium link plants of the same or dif-
ferent species. Mycorrhizae-assisted transfer of C, N, and P between
plants has been well demonstrated using isotopic techniques. This
topic was reviewed by Simard, Jones, and Durall (2002). In almost all
reports, the C transferred from one AM plant to a neighboring AM
plant could not reach the shoot but rather remained in roots, presum-
ably in fungal structures. Pfeffer et al. (2004) showed in vitro that C
flow was unidirectional from the plant to the fungus and while C could
move within the fungus from one metabolically active root to another,
it remained within the fungus. N also appears to move unidirection-
ally, but from the fungus to the plant. N-transfer between mycorrhizal
plants occurs indirectly through N release from roots to soil and
subsequent mycorrhizae-assisted N-uptake (George, Marschner, and
Jakobsen, 1995; Hamel, Barrantes-Cartin et al., 1991). Thus, the
nursing effect of a larger plant on smaller plants connected through
hyphal links, which would be expected if resources moved from
source to sink as had been hypothesized, may never happen. Accord-
ingly, AM fungi had no influence on the belowground interaction be-
tween a N and C stressed soybean seedling and an older nonstressed
soybean plant, in an experiment using pots compartmentalized by
screen barriers of varying permeability (Franson et al., 1994). The
disturbance of extraradical hyphal links between nurse Calamagrostis
epigejos plants and seedlings of the same species had no effect on
seedling growth in industrial waste substrates (Malcova, Albrechtova,
and Vosdtka, 2001), an observation that does not support the role of
AM hyphae in intraspecific interactions. Although N-transfer be-
tween mycorrhizal plants is indirect and proceeds through release in
soil and subsequent uptake, the phenomenon of a common network is
likely to be a very important factor in plant dynamics. Research re-
sults have shown that even though a network is shared between
plants, the presence of this AM network gives more competitive abil-
ity to one plant than another. It favors the plant that benefits most
from the symbiosis, that is, the plant with highest mycorrhizal de-
pendency (Hamel, 1992; van der Heijden, 2002). While N-transfer
between plants may have an obvious impact on the proportion of
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plant species in pastures of mixed hay fields including legumes, it
may also have a bearing on the competitive interactions between
nonlegumes and crops and weeds. The outcome of such interaction
depends on the quality of specific AM-crops and AM-weeds rela-
tionships. Specificity in the AM symbiosis was recently reviewed by
Sanders (2002).

INFLUENCES ON THE DEVELOPMENT
OF THE EXTRARADICAL MYCELIUM
IN CROPPING SYSTEMS

The extraradical mycelium of AM fungi is a normal absorbing or-
gan in most plants. This component of AM symbiosis is therefore
very important for normal plant growth. The AM extraradical myce-
lium is responsible for a large portion of nutrient uptake in plants, and
in some cases, could even be responsible for 100 percent of plant
P uptake. Smith, Smith, and Jakobsen (2004) proposed that the AM
symbiosis may, in specific fungus-plant associations, shut off the
P absorption mechanism in roots. The AM fungi have evolved in soil-
plant systems with a certain level of plant diversity under relatively
undisturbed conditions. In contrast, agricultural soils tend to support
low levels of plant biodiversity and are highly disturbed notably by
tillage operations. Thus, mycorrhizal efficacy may be influenced by
different factors in agricultural soils. This section examines the influ-
ences shaping the development of the extraradical AM fungal myce-
lium in agricultural soils.

The Influence of the Crop

In agricultural fields under monoculture of annual crops a strong
seasonal cycle is imposed on soil biological activity as these succeed-
ing crops are the main providers of C to underground life. AM fungi,
which are obligate biotrophs and need the support of a living host
plant to exist, are also subjected to the seasonal cycle imposed by
crop succession, and consequently the development of the AM fungi
indigenous to these soils is closely linked to plant phenology (Bohrer,
Friese, and Amon, 2004; Kabir, O’Halloran, Fyles et al., 1998), in
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addition to being influenced by plant nutrition. This phenomenon has
a particularly significant bearing under monocropping systems since
the development of all plants in a field is synchronized. The abundance
of AM hyphae in soil typically increases during the development of
roots and photosynthetic tissues up to the plant reproduction stage and
decreases thereafter, until the next cropping cycle. Kabir, O’Halloran,
Fyles et al. (1998) observed that the proportion of viable hyphae also
increased during vegetative growth up to flowering, in maize, and de-
creased thereafter. This can be explained by the fact that grain crops
reallocate their resources to seed production, at the expense of source
elements, after their vegetative and generative stages (Peltonen- Sainio,
1999). This reallocation of resources in the plant is followed by se-
nescence and death. A similar development pattern, where resources
are first allocated to source elements followed by a shift toward allo-
cation to sinks and finally by leaf senescence, is also seen in crops
such as potato (Vos, 1999). Whether the AM hyphal development
pattern follows that of a source element involved in the production of
yield in tuber and root crops remains to be seen.

The fungal component of the crop root system remains alive in soil
after crop senescence and can colonize the roots of the following crop,
regardless of whether the latter is planted immediately after harvest of
the first crop, under warm climates, or after overwintering for several
months, under cool climates. The rate of mycorrhizal development
in the new crop depends on the abundance of AM mycelium and
propagules left by the preceding crop and on the soil conditions. In
annual cropping systems, seedlings become colonized and connected
to AM hyphal networks as they send their roots in the vicinity of
active AM mycelium or germinating propagules. Active mycelium,
root fragments, spores, and even vesicles can serve as propagules.
Klironomos and Hart (2002) have shown, however, that while their
isolates of the genera Glomus and Acaulospora could produce infec-
tion from spores, root pieces, and extraradical hyphae, Gigaspora
and Scutellospora isolates could not produce infection from extra-
radical hyphae and produced limited infection from root fragments.
Isolates with less flexibility in their propagation strategy would be at
a disadvantage in disturbed environments where plant colonization
must be reestablished every spring. The different propagation strate-
gies in different AM fungi appear to be a likely explanation for the
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scarcity of Gigaspora and Scutellospora in agricultural fields, where
mycorrhizal associations have to be reinitiated each year.

Influences on Propagule Survival Between Crops
and Reinfection

The importance of the different AM propagules as sources of in-
fection depends on their abundance in soil. Several factors can affect
propagules survival in agricultural fields. Winter can be an important
factor under cool-temperate climates. The AM mycelium in Canadian
maize fields retained infectivity in frozen soil over winter (Addy,
Miller, and Peterson, 1997; Kabir, O’Halloran, and Hamel, 1997).
Spores, in contrast, did not seem to be an effective inoculum after
the winter (Addy et al., 1997). The persistence of AM propagules
may also vary with species. The inoculums of different AM fungi re-
sponded differently to wetting and drying cycles. The infectivity of
Acaulospora laevis Gerd. & Trappe and Glomus monosporum Gerd. &
Trappe increased, that of Scutellospora calospora (T.H. Nicolson &
Gerd.) C. Walker & F.E. Sanders was not affected by wetting and dry-
ing, while that of mycorrhizal root fragments of Glomus invermaium
Hall and Scutellospora calospora (T.H. Nicolson & Gerd.) C. Walker
& F.E. Sanders decreased and increased, respectively (Braunberger,
Abbott, and Robson, 1996). G. invermaium hyphae were no longer in-
fective after a wetting and drying period. The ability of AM prop-
agules of different species to survive between cropping seasons
appears to be a key determinant of the structure of the mycorrhizal
population selected by the production of annual agricultural plants.

The timing of mycorrhizal development in spring seems to be de-
termined by soil temperature. In cool-temperate climates, air temper-
ature increases faster than soil temperature in spring, and at seeding
soil temperature is often low. Few studies have tested the impact
of soil temperature on mycorrhizae formation. Inhibition of AM de-
velopment at temperatures allowing plant growth was repeatedly re-
ported. AM colonization was strongly repressed at a soil temperature
of 15°C in soybean and sorghum (Sorghum bicolor L.) roots (Zhang
et al., 1995), and inhibited at 10°C in barley (Hordeum vulgare L.)
(Baon, Smith, and Alston, 1994), and sorghum (Liu, Wang, and
Hamel, 2003). Both root and G. intraradices hyphae on carrot root
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culture grew at 10°C, although at a reduced rate as compared to higher
temperatures, suggesting that low soil temperatures specifically inhibit
the formation of symbiosis. Winter wheat did not form mycorrhizae
after seeding in fall, when soil temperatures were low, although
mycorrhizae developed in spring (Mohammad, Pan, and Kennedy,
1998). Pea plants did not develop extraradical AM hyphae at 10°C
but did at 15°C (Gavito, Schweiger, and Jakobsen, 2003). The myce-
lium developed at 15°C could take up and translocate 33P. In another
study, G. intraradices increased 32P in leek (Allium porrum L.) over a
non-mycorrhizal control both at 23°C and 15°C, but not at 0°C (Wang
et al., 2002).

The formation of mycorrhizae at low soil temperatures may also
vary with the fungal species involved and this variation may stem
from adaptation of isolates to the specific climatic conditions prevail-
ing where they live. For example, Baon et al. (1994) found reduced
colonization by G. intraradices in barley roots held at 15°C, but
Volkmar and Woodbury (1989) found no negative effect of low root
zone temperature on barley root colonization by AM species indige-
nous to the Canadian prairie. Even higher colonization levels were
found at 12°C than at 16°C or 20°C when the inoculum was placed
5 cm below the soil surface rather than dispersed throughout the soil.
Similarly, AM fungi indigenous from a Denmark field soil were more
active at translocating 33P to pea at 15°C than a G. caledonium isolate
from the BEG collection of mycorrhizal fungi (Gavito et al., 2003).
Interestingly, Daft, Chilvers, and Nicolson (1980) reported mycor-
rhizal development in dormant bulbous spring-flowering forest floor
plants, English bluebells (Endymion non-scriptus L.), during winter
months, when soil temperature was close to 5°C. While the growth
habit of a plant may dictate the rules for its mycorrhizal development,
it seems that the origin of the host plant is unlikely to be responsible
for the inhibition of mycorrhiza formation in cool soils, as mycor-
rhizae formation were repressed at 15°C-16°C in three cool season
species, Medicago trunculata, Trifolium subterraneum, and barley
(Smith and Bowen, 1979), just as it was in two species of tropical ori-
gin, soybean (Zhang et al., 1995) and sorghum (Liu et al., 2003),
when their root zone temperature was maintained at 15°C. It makes
sense that selection plays in favor of the AM fungal isolates that are
more effective at forming symbioses under low soil temperature con-
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ditions, in agricultural soils under cool-temperate climates, since
spring after spring, the cold tolerant isolates would be favored. Thus,
the problem with delayed mycorrhizae formation in agricultural soil
might not be a problem in normal springs, at least when indigenous
AM fungal species are involved.

Influence of Soil Tillage

In soils under no-tillage management, active mycelial networks
will rapidly become connected to new roots. Studies conducted in
Canada have shown the importance of mycelial networks as AM
propagules in agricultural fields (Miller, 2000). It seems, however,
that fragmentation of the mycelial networks by tillage per se does not
reduce soil AM infectivity, although it may reduce translocation of nu-
trients to plants. Rather, mycelium fragmentation would reduce the
length of time hyphal fragments can survive before the next crop is
planted (Kabir, O’Halloran, and Hamel, 1997, 1999). The impact of
tillage on AM mycelium may therefore result in delayed AM coloni-
zation, particularly when there is a fallow period or winter in between
two crops, in soil with medium to low levels of inoculum. The impact
of tillage, however, may not be seen in soils where the level of AM
inoculum is saturating (Jasper, Abbott, and Robson, 1991; McGonigle
and Miller, 2000). The ability to survive soil disturbance appears to
depend on the AM fungal taxonomic group. Glomeraceae seem to
tolerate soil disturbance better than other groups, and observed till-
age-related shifts in AM fungal population structure indicate the pro-
liferation of members of this group in agricultural fields (Jansa,
Mozafar, Banke, et al., 2002; Jansa et al., 2003), although variation
may occur at the species level (Galvez et al., 2001; Douds et al., 1995).

Even when there is no difference in root colonization between
plants produced under no-tillage and conventional tillage systems,
plants under no-tillage usually benefit from the presence of a non-dis-
rupted AM mycelial network and usually have better early P uptake.
The detrimental effects of soil disturbance on early plant P uptake is
well documented (Galvez et al., 2001; Gavito and Miller, 1998; Goss
and de Varennes, 2002; Kabir, O’Halloran, Fyles et al., 1998; Miller,
2000; Mozafar et al., 2000). Soil disturbance-induced reduction in
plant P uptake was shown to vary with the AM fungal species indicat-
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ing a differential sensitivity of AM fungal species to soil disturbance
(McGonigle et al., 2003). G. mosseae stimulated maize P uptake to the
same extent whether or not the soil was disturbed before seeding.This
was not the case for G. aggregatum, or Gi. margarita. It remains that
under conventional tillage management, the viability of the extra-
radical AM hyphae in spring may be reduced, root colonization may
be delayed; early P uptake by crops and yields may also be reduced
(Kabir, O’Halloran, Fyles et al., 1998). Although AM-enhanced P
uptake at early plant development stage is often seen under no-tillage,
positive impacts on yield have been rare. Miller (2000) explained that
in order for better P nutrition to lead to better yield, the negative im-
pact of no-tillage on other soil variables, which limit yield, must be
eliminated. No-tillage soils are typically more compact and take
more time to warm up in spring, which is an important consideration
under cool climates. Although it has proven difficult to isolate the im-
pact of AM fungi in a field situation, it appears that consequences of
good mycorrhizae development on crop production can be signifi-
cant, especially in legumes where the AM and diazotrophic symbio-
sis often interact synergistically. For example, soybean colonization
by both AM fungi and Bradyrhizobium japonicum developed faster
as shown by a root nodule biomass almost four times larger in soybean
grown in undisturbed soil and a higher level of mycorrhizal coloni-
zation of roots which was maintained beyond pod-filling stage (Goss
and de Varennes, 2002). Germinated spores of four AM species were
found to synthesize a diffusible factor capable of triggering the expres-
sion of an early nodulin gene in Medicago truncatula Gaertn. (Kosuta
et al., 2003). This indicates that the response of legume N-fixation
could be attributed to the production of enhancing signal molecules
by AM fungi, in addition to improved P nutrition (Stribley and
Snellgrove, 1986).

Reduced tillage, in the form of discing the soil to prepare the seed
bed in spring, in contrast to mouldboard ploughing in the fall and
discing in the spring, has had a reduced impact on mycorrhizae devel-
opment in maize. This moderate impact on mycorrhizal development
can be attributed to the placement of the extraradical AM mycelium
in the soil. Kabir, O’Halloran, Widden et al. (1998) found that
most of this mycelium is located in the top 20 cm of soil, in a maize
field at grain-filling stage (Figure 1.4). A depth of 20 cm corresponds
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FIGURE 1.4. Distribution of total and active AM hyphae in the soil profile, as influ-
enced by conventional tillage (CT), which involves moldboard ploughing to a
depth of 20 cm in fall and disking in spring, and no-tillage (NT) soil management
systems.

to ploughing depth. Hence, the AM mycelial networks are thoroughly
disturbed by moldboard ploughing, while much of the networks
and their connections to old root systems would remain intact after
a discing operation, which works the soil at shallower depths. Myce-
lium distribution was similar in tilled and no-tillage soils, except that
hyphal density was higher in the uppermost layer of no-tillage soil.
Higher hyphae density was attributed to the more stable soil moisture
and temperature conditions under no-tillage, where accumulating
organic matter on the soil surface acts as protective mulch. Higher
densities might also be due to an organic matter-related AM fungal
growth stimulation in the top soil layer.

Other Influences

The stimulation of AM fungi by organic matter has been reported.
Compost amendment significantly increased the number of AM fungi
infective propagules in the root zone of inoculated shrubs, planted in
desertified soil (Palenzuela et al., 2002). Cellulose (Gryndler et al.,
2002) and chitin (Gryndler et al., 2003) stimulated sporulation and ex-
traradical hyphae length development. Autoclaved mycelium of Fusa-
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rium oxysporum also stimulated AM fungi growth. In these studies, it
is difficult to conclude that the observed effects are those of the organic
matter per se rather than the effect of some “mycorrhizae-helper
bacteria” that use these organic compounds to multiply. For example,
Bacillus thuringiensis (Vivas, Marulanda, Gomez, et al., 2003) and
Bacillus spp. (Vivas, Marulanda, Ruiz-Lozano, et al., 2003) en-
hanced both AM fungi development and the benefit of the symbiosis.
The saprophytic bacteria Agrobacterium radiobacter also stimulated
root colonization by and metabolic activity of the extraradical myce-
lium of G. fasciculatum (Vosétka et al., 1995). In a study in which
water extract of composted grape pomace enhanced onion (Allium
cepa L.) root colonization by G. intraradices in a low P soil, it was
unclear whether the stimulating effect of the extract was attributable
to a P input or to a microbial effect (Linderman and Davis, 2001).
N and P fertilization can increase AM fungal biomass in nutrient lim-
ited soil, especially in isolates adapted to high soil fertility. Some AM
fungi genotypes are better adapted to high soil fertility than others
(Treseder and Allen, 2002). It must be emphasized, however, that it is
the high levels of soil-available nutrients, particularly P, which usu-
ally limit AM development in farmlands in the Western world. Other
factors that may limit AM development in agricultural soils are inade-
quate soil pH (van Aarle, Olsson, and Soderstrom, 2002; van Aarle,
Soderstrom, and Olsson, 2003) and high salinity (Carvalho et al.,
2003). However, under most field conditions, AM fungi develop and
it seems that the management of the AM symbiosis has potential in
crop production. Although we can produce high yields without con-
sideration of AM symbiotic development, and hence, we may not
need its input for this specific purpose, we may want to include AM
management in crop production to reduce fertilizer inputs and the im-
pact of agriculture on environmental quality, to improve water use ef-
ficiency (Augé, 2001), and to improve soil quality (Jeffries et al.,
2003).

CONCLUSIONS

The extraradical mycelium of AM fungi is a key feature of AM
symbiosis. It is largely responsible for the uptake function of mycor-
rhizae and for translocation of nutrients and water from the soil to the
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plant. Furthermore, the extraradical AM mycelium is an important
component of soil quality. While we have a relatively good under-
standing of the general functioning of this mycelium, especially if the
fungal species used as test models are representative of the whole
group, it would appear that much work remains to be done on the phys-
iology of the AM root and on the ecology of these fungi. The study of
mycorrhizal ecology is the important challenge we are now facing. It
may yield additional information leading to the design of cropping
practices that best valorize the contribution of mycorrhizae to sus-
tainable crop production. Progress in AM physiology and genetics
would provide information required by plant breeders to produce
plant cultivars with efficient mycorrhizae. The requirements for AM
fungi development are generally compatible with conditions required
for the growth of the plants with which they have coevolved. AM
extraradical extensions to roots are an integral part of most plant root
systems and a feature that has persisted for 400 million years, pre-
sumably due to its efficiency. It makes sense to consider mycorrhizae
in the future of crop plants. Although working with two organisms
simultaneously is more complicated, in the long run the results should
be rewarding.
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Chapter 2

Soil Nutrient and Water Providers:
How Arbuscular Mycorrhizal
Mycelia Support Plant Performance
in a Resource-Limited World

Aiguo Liu
Christian Plenchette
Chantal Hamel

Arbuscular mycorrhizal (AM) fungi are an essential component of
natural soil-plant systems. While it is possible to design systems de-
void of AM fungi, as in greenhouse production, for example, it is
clear that cropping systems that fully utilize AM symbiosis are the
most efficient, sustainable, and environmentally sound large-scale
methods for food production. The contribution of AM fungi to soil
structural quality—which promotes water infiltration, limits erosion,
and creates soil heterogeneity that is conducive to biodiversity—is
well recognized. Most important, AM fungi can extract soil nutrients
and water efficiently, allowing good crop yields to be produced from
soils with limited fertility. Thus, AM fungi are essential for the de-
sign of cropping systems that have a low impact on the environment.
Advances in molecular biology techniques have made it possible to
develop diagnostic tools to estimate the potential contribution of AM
fungi in a soil to a given crop yield. The determination of soil
mycorrhizal potential as a component of routine soil testing will lead
to more accurate fertilizer recommendations and the safe reduction of
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fertilizer inputs. The production of good yields with reduced fertilizer
use will translate into reduced nutrient seepage from farmland into
the environment. A good understanding of how AM fungi contribute
to plant nutrient uptake will facilitate the calibration of fertilizer rec-
ommendations in accordance with this novel soil testing approach as
well as the design of efficient and environmentally sound cropping
systems. This chapter summarizes the current state of knowledge of
nutrient and water uptake by AM fungal mycelia.

PHOSPHORUS UPTAKE
P in Soil

Phosphorus is not a rare element in the Earth’s crust: it is 11th in
order of abundance. However, its quantity in soil varies considerably
depending on the nature of the parent material, the degree of weather-
ing, and the extent to which P has been lost through leaching and run-
off. There is therefore much variability in the soil P content reported
by different authors. Tisdale, Nelson, and Beaton (1985) and Barber
(1995) report that the P content in surface soils varies between 200-
1,000 mg P kg~! and 200-5,000 mg P kg~! respectively, while
Stevenson and Cole (1986) report values from as little as 100 mg P
kg~! in sandstone to over 2,000 mg P kg—1 in high-phosphate lime-
stone.

Although phosphorus is relatively abundant in soil, total soil P
content bears little relation to the amount of P that is available to
plants (Stevenson and Cole, 1986). In soil, phosphorus is mainly
chemically fixed, sorbed to clay, or linked with Al, Fe, or Ca in often
highly insoluble compounds or bound in organic complexes; P is un-
available to plants in both circumstances, as plants absorb only phos-
phorus anions from the soil solution. Phosphorus is certainly one of
the least available plant nutrients in the rhizosphere, and phosphorus
deficiency is one of the major limitations in crop production in nu-
merous parts-of the world, particularly in the tropics.

As a result of the strong P fixation power of soils, the size of the
bioavailable P pool is not sufficient to ensure maximum crop yields
(Fardeau, 1996). Also, soil solution, which usually has an average
concentration of 0.05 mg L—1 (Tisdale, Nelson, and Beaton, 1985),
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rarely exceeds 0.31 mg L—! in non-fertilized soils (Bieleski, 1973).
Soil solution P is in equilibrium with P sorbed to the solid phase. This
equilibrium is regulated by the buffering power of the soil (Barber,
1980). Soil solution P is rapidly absorbed by plants, and a P depletion
zone, as large as the length of the root hairs, arises around the roots
(Lewis and Quirk, 1967; Nye and Tinker, 1977). To replenish this
zone, P ions need to be desorbed and transported toward the roots.
Two mechanisms are involved in depletion zone replenishment: P
diffusion and mass flow. The presence of P depletion zones in the soil
around roots shows that P uptake by plants is faster than its supply by
diffusion or mass flow. Because of the low concentration of P in solu-
tion, mass flow, that is, the quantity of ions transported by the water
absorbed by plants, provides less than 5 percent of plant P require-
ments. On the scale of a growing period diffusion occurs over only a
few millimeters, since the diffusion constant of P ions in soil is very
low (D = 10(—8—11) cm?/s) (Barber, Walker, and Vasey, 1963).

To meet their P requirements, plants need to grow more roots that
are able to intercept a maximum of P ions. It is well-known that
better-rooted species have the ability to take up more P. On one hand,
there is the soil P supply, which can be described as the quantity of P
ions able to leave the soil. On the other, there is the plant with its P re-
quirements, which can be described as the quantity of P ions that may
enter the plant. In an ideal situation, these two quantities would be
equal. In fact, this is rarely the case, and fertilizer needs to be applied
to supplement soil P supply capacity. In most cases, however, only
15 percent or less of P fertilizers are used by crops during the year of
application, the remaining part being sorbed, fixed, or retrograded
(Morel, 1988).

This panoramic view of the behavior of phosphorus will help us
understand the role of extraradical arbuscular mycorrhizal mycelia.

Absorption

Plant species fulfill their P requirements using different strategies:
rapid root growth, root elongation, root hair proliferation, and modi-
fications of rhizosphere conditions (Smith, Dickson, and Smith, 2001).
AM roots, in addition, have external mycelia that can be considered
an extension of the roots. Mycorrhizal plants have been shown to ab-
sorb more P than non-mycorrhizal plants (Gerdemann, 1964; Daft
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and Nicolson, 1966; Baylis, 1967). Evidence that AM roots are more
efficient at P uptake is provided by the higher P concentration in AM
plant tissues. It has been shown that AM roots have an increased effi-
ciency of absorption per unit of root tissue and that they are capable
of maintaining this rate of absorption over longer periods than non-
mycorrhizal roots are capable of doing (Smith et al., 1986). Non-
mycorrhizal plants absorb rhizospheric P rapidly, and a P depletion
zone occurs around the roots. Studies using 32P have demonstrated
the ability of external mycelia to absorb P ions at a distance well be-
yond the P depletion zone (Pearson and Jakobsen, 1993). The effi-
ciency of external hyphae at acquiring P from soil solution with a low
P concentration is certainly related to their small diameter (<10 pm)
compared to that of roots or root hairs, which reduces the distance of
P ion diffusion and the formation of P depletion zones. The allevia-
tion of P depletion zones allows for continuous uptake during the
growing period. Moreover, the thin hyphae proliferate extensively
and penetrate smaller pores of soil than roots do, with the result that
the volume of sail prospected by a root system is larger in mycorrhizal
plants than in non-mycorrhizal plants.

As they grow, roots and extraradical AM hyphae intercept soil vol-
ume that contains orthophosphate ions, which are taken up by the
roots and hyphae. With their high surface-to-volume ratio and high
turnover rate AM hyphae efficiently increase the volume of soil that
is exploited during plant development. Hyphae take up orthophosphate
ions and translocate most of this P to their host plant. It has been hy-
pothesized that mycorrhizal plants can access pools of soil P that are
unavailable to non-mycorrhizal plants. Tracer studies have shown no
differences in the specific activity of mycorrhizal and non-mycorrhizal
plants despite a large difference in P uptake indicating that, while all
the plants were obtaining their P from the same soil P pools, the
mycorrhizal plants were extracting P more effectively (Plenchette
and Morel, 1994; Morel and Plenchette, 1994). Not only are external
hyphae extremely efficient absorbing organs, they also contribute to
the P nutrition of plants by increasing the soil P supply in two other
ways. It has been shown that mycorrhizae can acidify the rhizosphere
through increased proton efflux and pCO; enhancement (Rigou and
Mignard, 1994). Of course, these mechanisms act in calcareous soils
and release P that is bound to calcium. In acid soils, P is mainly bound
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to Fe and Al, and chelating agents excreted in greater quantities by
mycorrhizal roots can also release some bioavailable P and contribute
to P supply enhancement (Haselwandter, 1995). Phosphatases are also
excreted in greater quantities in the mycorrhizosphere and contribute
to the mobilization of organic P (Tarafdar and Marschner, 1994; Koide
and Kabir, 2000). The equilibrium between P in soil solution and P in
solid phase is controlled by the buffering power of the soil. Greater
P uptake by mycorrhizal plants induces faster replenishment of the
P depletion zone and therefore increases the soil P supply, since my-
corrhizae are particularly efficient in high-P-fixing soils (Plenchette
and Fardeau, 1988).

Epstein (1972) showed that there are two uptake systems for P: a
low-affinity uptake system operating at a high concentration of soil
solution (>1 uM), and a high-affinity system requiring energy when
the concentration of the soil solution is low (<1 uM). Both systems
have also been shown to operate with mycorrhizal plants (Schweiger
and Jakobsen, 1999).

Orthophosphate uptake by AM hyphae operates through energy-
dependent systems, as the large concentration gradient that exists
between the low concentration of the soil solution and the high con-
centration in the fungal cytoplasm needs to be overcome. AM fungal
hyphae have been found to possess high-affinity transport systems
for orthophosphate uptake (Ezawa, Smith, and Smith, 2002) that al-
low them to take up orthophosphate at soil solution concentrations
below the threshold concentration required for P uptake by most
plant roots (Mosse, Hayman, and Arnold, 1973). Within AM hyphae
orthophosphate is rapidly transformed into polyphosphate, a transfor-
mation that helps maintain effective hyphal orthophosphate uptake. In
P-starved Glomus intraradices, N.C. Schenck & G.S. Sm. polyphos-
phate accumulation was detectable five hours after P application
(Viereck, Hansen, and Jakobsen, 2004). In P-starved Archeospora
leptoticha, hyphal polyphosphate content doubled within one to three
hours after P application (Ezawa et al., 2004). The proportion of
hyphae containing polyphosphate increased from 25 percent to a maxi-
mum of 50 percent; it is possible that 50 percent was the proportion of
active hyphae in the system. AM hyphae turn over rapidly (Staddon
et al., 2003), as a result of which a large proportion of the network is
normally inactive (Kabir et al., 1998; Schubert et al., 1987).
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Transport

Within hyphae, polyphosphates as well as orthophosphates and
some organic phosphates appear to be packaged into vacuoles that
serve as storage spaces (spherical vacuoles) or vehicles (tubular vac-
uoles) (Ashford and Allaway, 2002). It appears that P is translocated
within these vehicle vacuoles along extraradical AM hyphae (Uetake
et al., 2002), which are non-septate, up to the arbuscules (Ezawa
et al., 2004). Evidence obtained in ectomycorrhizal systems suggests
that these P-filled tubular membranes move by means of cytoplasmic
streaming and ultimately reach the arbuscules, where the P can be
broken down enzymatically and moved across the symbiotic inter-
face into the host cells (Ashford and Allaway, 2002).

P unloading at the plant-fungus interface could be coupled with
hexose acquisition by the hyphae. These hexoses are transformed
into storage lipids and translocated throughout the AM hyphal net-
work as triacylglycerols in bodies. Multiphoton microscopy has re-
vealed these bodies, called oleosomes, as they move bi-directionally
within AM hyphal tubes (Bago et al., 2002). The motion of oleosomes,
similar to that of tubular membranes but in contrast to the movement
of nuclei, seems related to cytoplasmic streaming. The higher abun-
dance of oleosomes, observed in AM hyphae close to plant roots than
in hyphae in distal areas, suggests that stored lipids are being used as
they travel away from their source. Using 13C-labeling in a compart-
mented-pot experiment, Gavito and Olsson (2003) measured less
photosynthesis-derived 13C in AM hyphae in nutrient-rich compart-
ments than in hyphae growing in hyphal compartments filled with
washed quartz sand. This finding supports the role of oleosomes as
providers of the energy required for hyphal uptake of nutrients. The
low concentration of oleosomes in the branched absorbing structures
is consistent with the presumed absorbing role of these hyphae.

Some reports attribute 70 to 80 percent of plant P to AM fungal up-
take and translocation (Smith and Read, 1997), while others report a
smaller contribution, such as 38 percent in wheat (Zriticum aestivum
L.) (Yao et al., 2001). Using 33P, Smith, Smith, and Jakobsen (2004)
found that G. intraradices delivered 100 percent of the P in three
plant species with varying mycorrhizal dependency, while Glomus
caledonium (T.H. Nicolson & Gerd.) Trappe & Gerd. and Gigaspora
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rosea T.H. Nicolson & N.C. Schenck delivered lesser amounts. In
this experiment, the amounts of AM fungi-derived P in plants were
unrelated to colonization, growth, and P response.

The factors related to the importance of AM contribution to plant P
uptake have been well reviewed by Smith and Read (1997). P inflow in
host plants is often related to the density in soil of the associated extra-
radical AM hyphae, which represent the fungal portion of mycorrhizal
uptake capacity, and sometimes to root colonization, the bottleneck
through which P is transferred to plants. The size of the extraradical
AM network and the extent of root colonization depend on the fungal
and plant species as well as on environmental conditions. The rate of
P transfer from AM mycelia to root cells varies with the fungal or
plant species. The ability of the root itself to take up P is an obvious
determinant of plant response to AM colonization. This ability varies
with the root transporters’ affinity for orthophosphate (Harrison and
van Buuren, 1995) as well as with the extent of root development.
The general postulate that AM fungi are more important to plant spe-
cies with thick, unbranched roots bearing féw or short root hairs than
to species with finely branched roots bearing long and abundant root
hairs has usually proven to be true. P availability is known to control
the extent of arbuscular mycorrhizae and root development. High P
availability inhibits mycorrhizal development and stimulates root
growth. The percentage of viable hyphae in a network, a factor that
certainly affects the network’s function, was shown to decline with
soil depth (Kabir et al., 1998) and may well be affected by other envi-
ronmental conditions such as soil pH or aeration or by the abundance
of organisms, such as collembolans, that graze on fungi.

NITROGEN UPTAKE

It has only been recently realized that AM fungi could have a sig-
nificant impact on N uptake in non-legume plant species. The role
and impact of extraradical AM mycelia in the uptake of N are not
well defined. N uptake by mycorrhizae is much more complex than P
uptake. Both plant roots and AM hyphae can take up N easily. Plant-
available N exists in more than one form, and N nutrition has been
shown to influence the development of both AM mycelia and roots.
Furthermore, these effects are modulated by the level of soil-available
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P and the effect of P nutrition on plant physiology. And, of course, the
contribution of AM fungi to plant N nutrition also depends on the ge-
notypes of the plants and fungi involved in the symbiosis. A careful
examination of the literature on the effects of extraradical AM my-
celia on plant N nutrition, including the effect of available N levels on
the development and uptake capacity of these mycelia, may help clar-
ify this question.

Inorganic N Ion Uptake and Translocation

Two main forms of mineral N exist in soil. Both forms, ammonium
(NH4*) and nitrate (NO3 ™) can be used by plants, but the NH4* ion
binds to and is retained on soil particles, which generally have a nega-
tive charge. Therefore, NH4t is less readily available than NO3~,
which is not retained on cation exchange sites. NO3 ™ is more soluble
and more mobile in soil and is therefore the main form of N assimi-
lated by plants (Jansson and Persson, 1982). This is particularly true
in agricultural soils where NO3; ~N predominates, as NH, * is rapidly
nitrified at pH near neutrality.

It has recently been shown that AM fungi can contribute signif-
icantly to plant N nutrition in soil where NO3;~ N dominates, by
increasing plant NO3~ uptake, the percentage of plant N derived
from fertilizer, and plant N use efficiency (Azcén, Ruiz-Lozano, and
Rodriguez, 2001). The effects of AM fungi were unexpected given the
mobile nature of the NO3 ™~ ion. There should be little benefit in having
an extensive root system for the uptake of nutrients that are readily
mobile in soil such as NO3~. In contrast to P, which moves in soil
mainly by diffusion, N is largely carried by mass flow (Table 2.1), and
transpiration can bring to the roots large amounts of N in particular

TABLE 2.1. Relative importance of root interception, diffusion, and mass flow in
the supply of nutrients to maize (Calculated from Jungk, 1996, p. 531).

Proportion (%) of the nutrients supply by

Root interception Mass flow Diffusion
Nitrogen 1.1 78.9 20.0
Phosphorus 2.5 5.0 925

Potassium 21 17.9 80.0
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NO;~, which is more readily moved than NH4* (Jungk, 1996). Fur-
thermore, the solubility of NO3 ~ is such that its diffusion rate is much
faster than that of P, and NO3~ depletion zones are unlikely to form
around plant roots (Figure 2.1). Consequently, fairly homogenous lev-
els of NO;~ are expected in the root zone, and the root densities
needed to draw soil-available N are much lower than those required for
adequate plant P nutrition. Theoretically, the presence of AM hyphae
should not improve the N nutrition of plants growing where NO3 ™~
predominates, as there is little impediment to NO3~ uptake by the
roots unless the effect of AM hyphae is not that of a NO3 ™~ transporter.
Contrary to common belief, Azcén, Ruiz-Lozano, and Rodriguez
(2001) have clearly shown using 15N techniques, that AM fungi may
greatly improve plant NO3~ uptake and use efficiency. This may
simply demonstrate that at least some plants need mycorrhizae to
function properly.

Germinating spores of eight AM species belonging to four genera
have been shown to possess NO3~ reductase activity (Tilak and
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FIGURE 2.1. Calculated concentration gradients around a plant root in soil when
NO,”, H,PO,” and K" are carried mainly by diffusion (Redrawn from Jungk, 1996,
p. 538).
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Dwivedi, 1990), suggesting that the ability to use NO3 ™ is a general
trait of AM fungi. AM fungi have been found to metabolize NH4* as
well, through glutamine synthetase activity (Smith et al., 1985; Tous-
saint, St-Arnaud, and Charest, 2004). In vitro, G. intraradices was
shown to take up NO3~ and NH4* to convert these N forms into
arginine, which was translocated to intraracidal AM hyphae (Govin-
darajulu et al., 2005). Arginine could then be broken down by urease
and ornithine aminotransferase, and the ammonia liberated passed into
plant tissues through ammonia channels. In a similar in vitro system,
Toussaint, St-Arnaud, and Charest (2004) observed translocation of
I5SN from 15NH, but not from 15NOj5 to the carrot (Daucus carotaL.)
root culture supporting it. G. intraradices hyphae took up and trans-
located to the plant 15N from NO3;~ and NH4+ sources equally well
in compartmentalized growth containers (Johansen, Jakobsen, and
Jensen, 1993). These results suggest that NH4~N could be assimi-
lated preferentially by AM fungi, which—at least sometimes—also
have the ability to use NO3 ~N. Less energy expenditure is involved in
the use of NH4 ~N, as it is already in a reduced form. However, it ap-
pears that NH;+ may have a direct toxic effect on extraradical AM
hyphal length development, reducing the mycorrhizal contribution to
plant N nutrition (Hawkins and George, 2001). NH4+ may also have
a direct deleterious effect on plant growth and nutrition, at least in
some species. Consequently, results from experiments involving
NH4* as the sole N source should be regarded with caution. Figure
2.2 summarizes the interaction between roots, AM hyphae, and soil
N as it relates to N uptake.

Mechanisms for Plant N Uptake Enhancement

Some studies have shown that AM mycelia can absorb and translo-
cate large amounts of N to the host plant. In an experiment under con-
trolled conditions, 30 percent of the N measured in maize (Zea mays
L.) was attributed to the action of AM hyphae (George, Marschner,
and Jakobsen,1995). Longer extraradical mycelia have been associ-
ated with better NH4 + and NO5 ~ uptake and translocation to the host
plant (Azcén, Ruiz-Lozano, and Rodriguez, 2001; Hawkins and
George, 2001), but the mycorrhizal effects on NO3 ~ acquisition have
sometimes been attributed to better plant P nutrition, as NO3 ™~ reduc-
tion has a high requirement for adenosine triphosphate because it is
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(B) N ./ Organic"‘“‘" (D)

FIGURE 2.2. Graphical summary of the process of N uptake from different
sources by arbuscular mycorrhizae. The size of the arrow is proportional to N
uptake and a dashed line indicates that we know little about the importance of
the N uptake pathway. (A) NH,™ reduces extraradical AM mycelium development
as compared to NO, N (Hawkins and George, 2001). (B) Levels of N supply that
are too high (Johansen et al., 1994; Hawkings and George, 2001; Azcén et al.,
2003 ) or too low (Liu et al., 2000) reduce extraradical AM development and N
uptake by plants. (C) The ability of plant roots and AM hyphae to absorb NH,",
NO,” (Hawkins and George, 2001) and amino acids (a.a.) (Hawkins, Johansen,
and George, 2000) was shown; it seems that AM hyphae preferentially use NH,”
as comparedto NO,™ (Toussaint et al., 2004). (D) AM hyphae were seen to prolif-
erate preferentially in the vicinity of organic matter patches (Hodge et al., 2001),
compete effectively against soil microorganisms for the uptake of the N released
through mineralization (Hodge et al., 2001; Feng et al., 2002), translocate N from
organic sources to the plant (Ames, Reid et al., 1983; Hodge et al., 2001), stimu-
late mineralization (Hodge, 2001; Hodge et al., 2001), and improve N uptake by
roots (Hodge, 2003a,b).

an energy intensive process. No unique pattern for the impact of AM
fungi on host-plant N nutrition emerges from the literature at this
time. AM fungal development can be limited by N availability, as N is
also essential for fungal growth (Treseder and Allen, 2002). High soil
N levels can reduce the development of the extraradical mycelia of
AM fungi, and this in turn reduces the ability of the mycorrhizae
to take up nutrients, including mineral N (Azcén, Ambrosano, and
Charest, 2003; Hawkins and George, 2001; Johansen, Jakobsen, and
Jensen,1994). It seems that N levels that are too low are no better than
levels that are too high, as both situations reduce hyphal development
and nutrient uptake (Liu, Hamel, Hamilton, and Smith, 2000). The
observation of plant N deficiency associated with reduced hyphal
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length and 15N uptake by hyphae (Hawkins and George, 2001) sup-
ports this hypothesis. A further complication stems from the fact that
the effect of N fertilization seems to be differentially expressed depen-
ding on soil P level, AM fungal species (Azcén, Ambrosano, and
Charest, 2003), and plant genotype (Liu, Hamel, Hamilton, and Smith,
2000). It has been postulated that reduced N uptake by mycorrhizal
plants at unsuitable soil N levels can also be attributed to an AM fungi-
induced modification of plant ionic regulation, leading to changes in
root-shoot transport dynamics, or to a modification of the rhizosphere
environment with an impact on soil microorganisms (Azcén, Ambro-
sano, and Charest, 2003). What is clear, however, is that inadequate
levels of N or P can reduce the uptake of nutrients, including N, P, K,
Ca, Fe, Cu, Zn, and Mn, in mycorrhizal plants (Azcén, Ambrosano,
and Charest, 2003; Liu, Hamel, Hamilton, Ma, and Smith, 2000).

Inorganic N Sources and AM Fungi

Large amounts of N are stored in soil organic matter, and much of
the N used by crops can be derived from crop residues or from organic
amendments such as animal manure. A study by Frey and Schuépp
(1993) revealed no evidence for organic N use by G. intraradices.
However, contrasting results have also been obtained. A 15N method
was used to determine whether mycorrhizal and non-mycorrhizal
cotton plants take up N from fertilizer and from the soil N pool in the
same proportion (Feng et al., 2002). Mycorrhizal colonization in-
creases the availability of soil N, as demonstrated by the higher Ay
value of mycorrhizal cotton plants (Gossipium arboreum L.) grown
in 60 Co-vy-irradiated loam soil in the greenhouse in comparison with
the value of the non-mycorrhizal controls. In an earlier experiment,
also conducted in the greenhouse, a higher Ay value was also found
in mycorrhizal sorghum (Sorghum bicolor L.) plants, but only at in-
termediate rates of fertilization, that is, where plant growth and N de-
mand were largest (Ames, Porter et al., 1983). Since most soil N is in
organic forms, these results suggest that AM fungi increase organic
N availability.

Both plant roots and AM hyphae can take up amino acids, at least
to some extent. The ability of the extraradical mycelia of AM fungi to
take up and translocate the amino acids glycine and glutamine has
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been demonstrated in vitro (Hawkins, Johansen, and George, 2000).
The uptake rate of these organic forms of N by the fungal hyphae, ap-
proximately 4 pmol g hyphae —! h—1in a4 mM solution, is in the same
range as that of inorganic N. Mycorrhizal roots take up approximately
40 nmol N g root=! h—! and 20 nmol N g root=1 h—1 in 0.2 mM
NO3;~ and 2.0 mM NOj3~ solution respectively, as compared to ap-
proximately 1 nmol g root~! h—1 for non-mycorrhizal roots. Further-
more, using compartmented growth containers and 13C- and 15N-
labeled leaf material, it has been shown that AM fungi can not only
increase the recovery of N from organic residues (Hodge, 2003b) but
also enhance organic matter mineralization (Hodge, 2001; Hodge,
Campbell, and Fitter, 2001). It has been observed that the extraradical
hyphae of Glomus hoi proliferate abundantly in a residue patch
(Hodge, Campbell, and Fitter, 2001). In that experiment, hyphae pro-
liferation in the compartment that contained residues was much
greater than proliferation in an adjacent, non-inoculated plant com-
partment, suggesting that the AM fungus was foraging for something
other than a host plant. It is also possible that hyphae development in
the adjacent, non-amended compartment was nutrient-limited, while
the hyphae growing in the organic patch compartment were using nu-
trients released by decomposers. The nutrient needs of plants are well
understood, but those of AM fungi are rarely questioned (Treseder
and Allen, 2002). It has been concluded that AM hyphae, which are
in close proximity to mineralizing microorganisms, compete effi-
ciently with those organisms for the N released by mineralization.
This is consistent with the conclusions of Feng et al. (2002): AM
hyphae appear to be effective competitors for the release of nutrients
from organic matter mineralization.

The influence of AM fungi on plant uptake of N from organic
sources is still unclear. Extraradical AM hyphae have been shown to
take up glycine in vitro (Hawkins, Johansen, and George, 2000) but
not in soil (Hodge, 2001). AM fungi have improved plant uptake of
N from complex organic materials (Hodge, 2003b), and the decom-
position of organic residues can be enhanced by the presence of AM
fungi (Hodge, 2001; Hodge, Campbell, and Fitter, 2001). This may
indicate that, although plant roots may not always need AM fungi to
take up glycine, they may sometimes benefit from the enhancing
effect of AM fungi on organic residue decomposition. This impact of
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AM fungi on organic matter decomposition may be important, as sug-
gested by a study in which plant N uptake from an organic source was
enhanced by AM fungi in Brassica napus, a plant that is considered
a non-host species (Hodge, 2003a).

The capture of N from organic sources has sometimes been related
to root length (Hodge, 2003a,b), but it has also been related to extra-
radical hyphae length when root growth has been contained in divided
growth containers (Hodge, 2001; Ames, Reid et al., 1983), indicating
that extraradical mycelia do translocate N from organic sources to the
host plant. This function, however, may be insignificant when the or-
ganic N source is not located in a root exclusion zone and when the
competition for N between plants and microorganisms is low.

Extraradical AM hyphae can enhance N mineralization and com-
pete effectively for uptake and translocation of N to the host crop. In
light of the previous text, it appears that better N nutrition may ex-
plain earlier results from a field experiment conducted in soil where
N had been immobilized by straw addition. A strong mycorrhizal ef-
fect, which doubled maize biomass production in that field, could not
be replicated with P fertilizer applications (Hamel and Smith, 1991).

N Uptake Under Dry Conditions

On a more specific note, the ability of AM plants to extract more
soil water may lead to better N nutrition in dry seasons or dry areas.
The scarcity of soil water effectively limits the mobility of soil nutri-
ents, including nitrogen. Subramanian and Charest (1998) found
higher activities of nitrate reductase, glutamine synthetase, and gluta-
mate synthase in mycorrhizal maize roots than in non-mycorrhizal
roots after a period of water stress. Total amino acids, soluble pro-
teins, and total N content were also higher in AM maize, suggesting
better N nutrition for mycorrhizal maize under water stress.

UPTAKE OF OTHER NUTRIENTS

AM fungi can enhance plant acquisition of potassium, calcium,
magnesium, sulfur, zinc, copper, and iron (Clark, 1997; Clark and
Zeto, 2000; Liu, Hamel, Hamilton, Ma, and Smith, 2000; Liu et al.,
2002; Persad-Chinnery and Chinnery, 1996). However, reduced up-
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take of Mn and/or other plant nutrients by AM plants has also been
reported (Posta, Marschner, and Romheld, 1994; Weissenhorn et al.,
1995). The effect of AM fungi on the uptake of nutrients other than N
and P has been variable, and the reason for this variability is unclear.
Experiments have often been conducted under conditions of defi-
ciency of P and other nutrients where non-AM plants are smaller than
AM plants, and it is difficult in these conditions to define the impact
of AM fungi on nutrient uptake. The following sections review the
literature on the uptake of nutrients other than N and P.

Uptake of K, Ca, Mg, and S

Although plants require K, Ca, Mg, and S in relatively large
amounts, these nutrients are rarely deficient in soil. Only a few exper-
iments have therefore been designed to study the role of AM fungi in
plant K, Ca, Mg, and S uptake, with the result that little is known on
the subject. There are few reports available, and they are sometimes
inconsistent. The concentrations of K, Ca, and Mg in AM plants have
either increased or decreased as compared with those in non-AM
plants (Buttery et al., 1988; El-Shanshoury et al., 1989; Kothari,
Marschner, and Romheld, 1990; Medeiros, Clark, and Ellis, 1994;
Pinochet et al., 1997). In general, the results have shown that, when
the availability of these nutrients is low, AM fungi enhance their up-
take, and when the availability of these nutrients is high, there is no
difference between AM and non-AM plants.

Enhanced uptake of K, Ca, Mg, and S in AM plants has been dem-
onstrated in different experiments. The use of labeled Ca and S (45Ca
and 35S04) has shown that AM hyphae can absorb and transport Ca
and S to the host plant (Rhodes and Gerdemann 1978; Cooper and
Tinker, 1978). The capacity of extraradical AM mycelia to transport
K, Ca, and S has also been demonstrated under controlled conditions
(Marschner and Dell, 1994). The importance of the AM fungi contri-
bution to the uptake of these nutrients varies, however, because these
nutrients differ in general availability and properties. The contribu-
tion of the symbiosis to plant uptake of K, a plant nutrient with low
mobility in soil, is likely to be more important than its contribution to
Ca, Mg, or S uptake. Ca and Mg are usually abundant and the S ion is
highly mobile in soil, with the result that plants are unlikely to depend
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on AM extensions for the uptake of these nutrients. However, when
the Ca, Mg, or SOy availabilities are low (e.g., Ca in acid soil), the
contribution of AM fungi to plant Ca, Mg, and SO4 acquisition can
become significant. AM fungi effectively enhance plant uptake of
nutrients in poor soils (Siqueira and Saggin, 1995; Clark and Zeto,
1996). For example, Clark (1997) reports that AM plants enhance the
uptake of Ca, Mg, and K in an acid soil, in which Ca, Mg, and K levels
are deficient. In another experiment, Raju et al. (1990) found enhanced
uptake of S in AM sorghum plants compared to non-AM plants.
Studying the effects of excess Mn on mineral uptake in sorghum,
Medeiros, Clark, and Ellis (1994) found that AM plants had a higher
Ca concentration in shoots and a higher Mg concentration in roots
than non-AM plants did.

Liu et al. (2002) found that AM fungi increase field-grown plant
acquisition of K, Ca, and Mg in soils where the availabilities of K,
Ca, and Mg, as well as P, are low. They also found that a correlation
between the abundance of extraradical hyphae and the concentrations
of Ca and Mg in maize shoots existed only in soils where the avail-
able Ca or Mg was relatively low (Liu et al., 2002). The concentration
of K in maize shoots was positively correlated with extraradical
hyphal length in both soils. These correlations suggest that plant K,
Ca, and Mg can be taken up and transported by extraradical hyphae
and that, in nutrient-limiting situations, the more developed the hyphal
network, the more K, Ca, and Mg the AM plants take up. Because
high soil P availability limits extraradical hyphal development, the
contribution of AM fungi to the uptake of these nutrients is reduced
with increasing P fertilization (Azcén, Ambrosano, and Charest, 2003;
Liu et al., 2002).

Uptake of Cu and Zn

It has commonly been reported that AM fungi increase plant
Cu and Zn uptake (Biirkert and Robson, 1994; Clark and Zeto, 1996;
Marschner and Dell, 1994; Liu, Hamel, Hamilton, Ma, and Smith,
2000). A good example of this is the study by Pacovsky, Paul, and
Bethlenfalvay (1986), in which more Cu and Zn were measured in
mycorrhizal soybean plants than in P-supplemented non-mycorrhizal
soybean plants of the same size, in soil with low levels of Cu and Zn.
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65Zn was used by Biirkert and Robson (1994) to show that hyphae of
AM fungi can absorb and transport labeled Zn to the host plants. Using
pots divided into root and hyphal compartments with mesh of differ-
ent dimensions, it was possible to conclude that the extraradical AM
hyphal contribution to Cu uptake by Trifolium repens could reach
62 percent of total uptake (Li, Marschner, and Rémheld, 1991).
Marschner and Dell (1994) report that Glomus mosseae contributes
from 16 to 25 percent of total Zn uptake by maize grown in calcare-
ous soil and from 52 to 62 percent of total Cu uptake by clover plants
grown in the same soil, when extraradical AM hyphae have access to a
volume of soil from which roots were excluded. Thus, better uptake
of these elements by AM plants has been attributed to the more thor-
ough exploitation of the soil volume by mycorrhizal roots.

Soil usually contains low levels of available Cu and Zn, and Cu
and Zn ions have very low mobility in soil. Thus, similar to what is
seen with P, zones of Cu and Zn depletion readily develop around
plant roots, and the AM-enhanced uptake of Cu and Zn by plants
seems to rely on the ability of the AM roots to exploit a larger volume
of soil than roots alone. As such, P fertilization, which reduces AM
mycelium development, reduces the uptake of Zn and Cu. Interac-
tions between P and Zn or Cu have been observed by Gardiner and
Christensen (1991) using pear (Pyrus communis L.), by Lambert,
Baker, and Cole (1979) using maize and soybean (Glycine max (L.)
Merr.), and by Liu, Hamel, Hamilton, Ma, and Smith (2000) using
maize. In all cases, AM colonization and concentrations of Cu and Zn
decreased with P fertilization in AM plants. The proposed mecha-
nism is that high P likely suppresses the development of AM fungi
and thus reduces the contribution to the uptake of Cu and Zn in AM
plants (Persad-Chinnery and Chinnery, 1996).

Liu, Hamel, Hamilton, Ma, and Smith (2000) explain the greater
uptake of Cu and Zn by maize grown under low levels of P and micro-
nutrients by the greater development of extraradical mycelia. AM
fungi extraradical mycelia and root colonization were reduced by ap-
proximately 20 percent with micronutrient application in a nutrient
poor soil-sand mix. This indicates that high levels of both P and mi-
cronutrients inhibit mycorrhizal development, resulting in the re-
duced uptake ability of extraradical hyphae. In this experiment, the
difference between the levels of Zn and Cu uptake between AM and
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non-AM maize decreased with the increasing micronutrient level, be-
coming nonsignificant at the high level of application.

The availability of P, micronutrients, and also N in soil influences
AM development in plants (differential AM development, as seen
previously). Reduced AM development may, in turn, affect the ability
of plants to take up nutrients. The impact of N and P fertility on AM
development, and consequently, on nutrient acquisition in mycor-
rhizal lettuce has recently been assessed (Azcén, Ambrosano, and
Charest, 2003). Atlow P and N levels, AM colonization increased spe-
cific root absorption of Cu and Zn, as well as that of other nutrients. At
high N and P levels, however, AM development was reduced, and
furthermore, AM plants took up less Zn and other nutrients (N, K, Fe,
and S) per mg of root compared to non-AM plants; in other words,
AM colonization reduced the ability of roots to take up these nutri-
ents. This suggests that the occurrence of AM colonization has an im-
pact on plant physiology in a way that is not yet understood. Interest-
ingly, this reduced nutrient uptake in AM lettuce did not result in
reduced growth.

The contribution of extraradical AM mycelia to plant uptake of
nutrients with low availability is an important component of the AM
effect on plant uptake. However, evidence suggests that there are phys-
iological differences between AM and non-AM plants that result in
reduced uptake of Zn and Cu by AM plants under conditions of abun-
dance of these nutrients (El-Kherbawy et al., 1989; Weissenhorn
et al.,, 1995). Notwithstanding a physiological effect of AM coloniza-
tion on nutrient uptake, it appears that there is not much benefit in
having AM root extensions for the uptake of a nutrient that is readily
available and abundant.

AM fungi reduce plant acquisition of Zn and other metals com-
pared to non-AM plants when the plants are grown in soils containing
high toxic levels of these elements (Heggo, Angle, and Chaney, 1990).
This suggests that AM fungi may take up nutrients selectively de-
pending on the availability of the specific nutrient in the soil and the
plant’s requirements. How this occurs is not clear. In order to explain
the reduction of Zn toxicity by mycorrhizal fungi, Denny and Wilkins
(1987) have proposed that hyphal cell wall and/or plant-fungus
interfaces may sorb Zn, and in this way, reduce the severity of its tox-
icity; this mechanism was deduced from research on ectomycorrhizal
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fungi. Persad-Chinnery and Chinnery (1996) suggest that the mecha-
nism proposed by Denny and Wilkins (1987) may also be applicable
to AM fungi, since the uptake of nutrients by both ectomycorrhizal
and AM fungi involves extraradical hyphae. However, there are im-
portant differences in morphology and function between arbuscular
mycorrhizae and ectomycorrhizae, and the mechanisms for AM-
mediated reduction in metal uptake by plants under toxic conditions
remain to be experimentally demonstrated.

Uptake of Mn and Fe

Only a few studies have looked at Fe and Mn acquisition by AM
plants. AM plants generally have lower Mn content than non-AM
plants, although cases of enhanced Mn uptake have also been reported
(Al-Karaki and Clark, 1999; Clark, Zobel, and Zeto, 1999; Pirazzi,
Rea, and Bragaloni, 1999). AM fungi have enhanced plant acquisi-
tion of Fe in alkaline soil, where Fe availability was low, but not in
acid soil, where Fe was more available (Clark and Zeto, 1996).

Extraradical AM mycelia enhance the absorbing capacity of plant
roots. Therefore, AM plants are intuitively expected to take up more
nutrients than non-AM plants. However, reduced Mn uptake in AM
plants has been reported in most studies. The reduction in the concen-
tration of a nutrient in an AM plant as compared to a non-AM plant
can sometimes be attributed to a dilution effect related to the increased
biomass of the AM plant. However, experimental results cannot al-
ways be explained by a dilution effect (Nielsen and Jensen, 1983).
The AM-related reduction in plant Mn acquisition has been attributed
to enhanced Mn oxidation in the rhizosphere (Arines, Porto, and
Vilarino, 1992; Posta, Marschner, and Romeld, 1994). The availabil-
ity of Mn and Fe in soil depends on both soil pH value and soil oxida-
tion-reduction potential. The reduced forms of these elements are
more available to plants (Marschner, 1988). Kothari, Marschner, and
Romheld (1991) report that Mn acquisition is decreased in AM
plants. AM fungi have been found to reduce the activity and number
of Mn-reducing bacteria (Posta, Marschner, and Romeld, 1994) or
to increase the number of Mn-oxidizing bacteria in the rhizosphere
(Arines, Porto, and Vilarino, 1992), thereby indirectly reducing soil
oxidation-reduction potential and the availability of Mn and Fe in the
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mycorrhizosphere. Another explanation, proposed by Bethlenfalvay
and Franson (1989), is that the greater root exudates found in non-
AM plants are causally related to the increased acquisition of Mn in
non-AM plants. These exudates can mobilize and chelate available
forms of manganese, such as MnO,, leading to increased levels of
available Mn in the rhizosphere of non-AM plants and to higher up-
take. It appears that AM fungi can indirectly reduce plant acquisition
of Mn by somehow creating a rhizosphere environment in which
Mn is less available. In other words, the reduced uptake of Mn in
AM plants may be attributed to the reduced availability of Mn in the
rhizosphere, which is likely due to the indirect effects of AM fungi.

Mn and Fe share some chemical properties. Both nutrients may
exist in different oxidation states in soil, and both are more soluble
and available in their reduced form and more soluble at low pH. Why,
then, do AM fungi reduce plant Mn uptake in most soil conditions but
increase Fe uptake in alkaline soil and reduce Fe uptake in acid s0il?
Liu, Hamel, Hamilton, Ma, and Smith (2000) propose the simulta-
neous occurrence of two opposite AM influences on Mn and Fe dy-
namics. AM fungi may reduce Mn and Fe availability by increasing
the soil oxidation-reduction potential or by reducing the production
of nutrient-mobilizing root exudates in the rhizosphere, while their
hyphae also enhance the ability of roots to exploit the resources of the
soil. The overall influence of AM fungi on plant acquisition of Mn or
Fe depends on which of these two influences dominates under a given
set of conditions. This would explain how AM fungi can both in-
crease plant Fe uptake when micronutrient abundance or availability
(in alkaline soil) is low, and decrease Mn uptake when micronutrient
levels are high (Clark and Zeto, 1996; Liu, Hamel, Hamilton, Ma,
and Smith, 2000).

AM fungi not only enhance plant acquisition of P, K, Ca, Mg, Cu,
and Zn when the level of these nutrients is low but also reduce the
toxicity of Mn and/or other metals when the concentration of these
metals is too high (Clark, Zobel, and Zeto, 1999; Medeiros, Clark,
and Ellis, 1994). Since Mn toxicity often occurs in acid soil, an expla-
nation for the reduced Mn acquisition in AM plants grown in acid soil
is that AM plants may have a greater ability than non-AM plants to
resist acquisition and/or increase their protection against the toxicity
of Mn (Bethlenfalvay and Franson, 1989; Medeiros, Clark, and Ellis,
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1994; Azaizeh et al., 1995; Clark, Zobel, and Zeto, 1999). This sug-
gests that AM plants can regulate their acquisition of K, Ca, Mg, Fe,
and Mn according to the availability of these nutrients in the soil.
Whether mycorrhizal plants enhance or even reduce the uptake of
these nutrients depends on the levels of these nutrients. When the
availability of these nutrients is high or even toxic, AM plants do not
enhance or even reduce the uptake of these nutrients; however, when
the availability of these nutrients in the soil is low, mycorrhizal plants
enhance the uptake of these nutrients. Unfortunately, the regulation
mechanisms involved are not clear.

Water Uptake

The impact of AM fungi on water uptake is briefly summarized as
the effect of AM fungi on plant water relations and has recently been
reviewed by Augé (2001) and Ruiz-Lozano (2003). Several mecha-
nisms are involved in the reduction of water stress in mycorrhizal
plants. Many mechanisms are related to the physiology of the host
plant, but some are also related to the extraradical AM mycelia. AM
hyphae can absorb water, as demonstrated by the difference in tran-
spiration flux in AM clover (Trifolium pratense L.) and leek (Allium
porrum L.) plants with and without extraradical hyphae (Hardie,
1985).

Some studies have concluded that the enhanced drought tolerance
provided by AM fungi is probably due to drought avoidance rather
than to a change in the ability of leaves to withstand dehydration
(Augé et al., 2001; Davies et al., 2002). The enhanced ability of
mycorrhizal plants to absorb water is related to the length of their
extraradical mycelia. Marulanda, Azcén, and Ruiz-Lozano (2003)
found that different AM fungal species depleted soil water to differ-
ent degrees. For example, 0.6 percent of soil water (volumetric) was
used by G. mosseae—colonized lettuce, while 0.95 percent of soil water
was used by G. intraradices—colonized lettuce plants of the same size.
Soil water uptake was related to the abundance of soil hyphae. Path
analysis has revealed that the density of the extraradical AM hyphae
in soil best explains the variation in both leaf and soil lethal water
potential (Augé et al., 2003). The variability explained by hyphal
length is greater than that explained by the level of root mycorrhizal
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colonization, suggesting that, in this case at least, water extraction
from the soil is the limiting factor and that there is no bottleneck in the
arbuscules for the transport of water from the fungus to the host plant.

The better hydraulic conductance of mycorrhizal plants can be at-
tributed to a number of factors. AM hyphae can increase soil root
contact during drying. Upon drying, the soil often retracts and roots
may shrink by as much as 30 percent, creating gaps between the soil
and the plant’s roots (Brady and Weil, 2001). The mycorrhizal hyphae
are well anchored in the soil matrix around and in the roots and may
help prevent or reduce the extent of gap formation, complementing
the action of the root hairs. Extraradical AM hyphae may also im-
prove the capacity of a root system to extract soil water by giving it
access to micropore water. Because of their small diameter, hyphae
can enter pores that are too small for root hairs to access. Further-
more, AM hyphae proliferate well beyond the limit of root hairs, giv-
ing plants access to more water-filled pores.

Lastly, AM mycelia could improve soil water-holding capacity
through enhanced soil aggregation (Tisdall, 1991; Augé et al., 2001).
Improved soil structure generally improves soil moisture-retention
properties related to the amount of mesopores and smaller pores. As a
result, mycorrhizal soil may hold more water at a given soil water
potential than non-mycorrhizal soil (Augé et al., 2001), and plants
growing in arbuscular mycorrhizae—colonized soil have access to a
larger reservoir of soil water. Mycorrhizal soil, however, has recently
been found to hold a slightly reduced amount of soil-available water
at field capacity and to hold soil water more tightly as compared to
non-mycorrhizal soil (Augé, 2004). More research needs to be done
on the impact of AM hyphae on the availability of soil water to plants.
In particular, the impact of AM fungi on soil hydraulic properties and
on the movement of water in soil upon drying needs to be determined.

CONCLUSION

Numerous studies have demonstrated the beneficial role that AM
fungi play in plant nutrient and water uptake. While the mechanisms
of AM mycelium uptake of P are well understood, the often conflicting
results of studies targeting other nutrients have underlined the occur-
rence of nutrient interactions that influence mycelium development,
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and consequently, alter the impact of AM fungi on nutrient uptake.
The development of AM mycelia is largely controlled by soil fertility,
with the result that, in a fertile soil, the contribution of AM fungi to
plant nutrition is reduced. Studies conducted under controlled condi-
tions using a single species of AM fungi have generated most of our
knowledge about AM-assisted plant nutrient and water uptake. Ac-
cording to these studies, the contribution of AM fungi to plant nutri-
tion is highly sensitive to soil fertility conditions. In the field, however,
AM fungal biodiversity should make the mycorrhizal system more
robust than it may appear from studies under controlled conditions.
AM fungal species are distinct and respond differently to environ-
mental conditions, including soil fertility, and when soil conditions
are less favorable to the development of some AM species, other AM
species are likely to prevail. While this requires further demonstra-
tion, little doubt remains at this time about the important role of AM
fungi in the uptake of nutrients by plants.
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Chapter 3

Effects of the Arbuscular
Mycorrhizal Symbiosis
on Plant Diseases and Pests

Marc St-Arnaud
Vladimir Vujanovic

Today, plant disease control measures are highly significant due to
the intimate relationship between plant health and the well-being of
people, animals, and the environment (Harrington, 1995). To safely
meet the food needs of the growing human population, we will have
to continue to develop better management practices and sustainable
plant disease management strategies. Plant diseases can significantly
reduce crop yield and quality, and can also affect human and animal
health through the accumulation of toxic residues in consumable
products. Highly efficient, environmentally sound control strategies
are therefore critical to the future of agriculture, with a strong empha-
sis on the need for biological-based approaches of disease man-
agement. Apart from being effective in controlling plant pathogens,
biocontrol products should not negatively impact non-target organ-
isms (Brimner and Boland, 2003), or create tolerance development in
pest organisms (Gossen and Rimmer, 2001). We should find ade-
quate and efficient alternatives to chemical pesticides with minimal
environmental impact (Ekelund, Westergaard, and Soe, 2000). Of
various potential pathways, arbuscular mycorrhizal (AM) fungi man-
agement has raised considerable interest in the sustainable agricul-
ture community (Bethlenfalvay and Linderman, 1992; Schreiner and
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Bethlenfalvay, 1995). Mycorrhizas constitute the most important
mutualistic symbioses on earth (Strack et al., 2003). The most com-
mon type, arbuscular mycorrhiza, develops in the roots of up to 80
percent of all terrestrial plant species and involves more than 150 spe-
cies of the Glomeromycota (Schii8ler, 2002). It is now well established
that AM fungi exhibit no host specificity, but rather host preference.
These soil organisms play key roles in the diversity and productivity
of natural ecosystems’ (Hart and Klironomos, 2002; Hart, Reader, and
Klironomos, 2003; van der Heijden et al., 1998), and are associated
with most agricultural crops (Smith and Read, 1997). AM fungi are
major components of the rhizosphere that can affect both the inci-
dence and severity of plant diseases in agriculture and horticulture.
Several reviews and books have been published over the years, gener-
ally reporting on specific aspects of interactions between AM fungi
and plant pathogens (Dehne, 1982; Garcia-Garrido and Ocampo,
2002; Graham, 1986; Linderman, 1992, 1994, 2000, 2001; Miller,
Rajapakse, and Garber, 1986; Perrin, 1990, 1991; Schonbeck, 1979;
Smith, 1988; St-Arnaud and Elsen, 2005; St-Arnaud, Hamel, Caron,
and Fortin, 1995). The purpose of the present chapter is to summarize
the research on various agricultural crops, with particular emphasis
on the modes of action through which AM fungi could reduce plant
disease damage in agriculture.

EFFECT OF AM FUNGI ON ROOT DISEASES

Soilborne diseases are by far the most difficult to manage, and no
efficient control measures are generally available on a long-term ba-
sis. The main soilborne pathogens belong to the fungi or nematodes
groups, and most plant disease studies dealing with AM fungi were
focused onroot diseases. The interactions between mycorrhizal fungi
and root diseases are well documented in scientific literature (see
Table 3.1). Overall, most of the crop-pathogen combinations exam-
ined benefited from mycorrhizal inoculation and showed lower dis-
ease symptoms or higher yields when plants were mycorrhizal. The
effect of AM fungi on the pathogen population or on disease develop-
ment processes at infection sites is, however, less clear. Of the re-
ported interactions with fungal pathogens, very few were unfavorable
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TABLE 3.1. Interaction between arbuscular mycorrhizal fungi and soilborne fungal pathogens.

Crop species

Pathogen®

Mycorrhizal species®

References

Albizia procera

Allium cepa

Agrostis stolonifera
Ananas comosus
Arachis hypogaea

Arachis sp.
Asparagus officinalis
Brassica napus

B. oleracea

Cajanus cajan

Carica papaya
Cassia tora

Fusarium oxysporum

Fusarium oxysporum
f.sp.cepa

Phoma terrestris
Pyrenochaeta terrestris
Sclerotium cepivorum
Thielaviopsis basicola

Microdochium nivale
Phytophthora cinnamomi

Sclerotium rolsfii
Fusarium solani
Rhizoctonia solani

Sclerotium rolsfii

Fusarium oxysporum
Fusarium sp.
Helicobasidium mompa

Rhizoctonia solani

Fusarium monoliforme
Rhizoctonia solani

Fusarium udum
Phytophthora dreschleri

Phytophthora palmivora
Fusarium oxysporum

Glomus fasciculatus
G. tenuis

Glomus sp.
Unidentified species

Wild population
Glomus sp.

G. fasciculatum
G. mosseae

Unidentified species

G. fasciculatum
Glomus sp.
Gigaspora margarita

Unidentified species

G. mosseae
Unidentified species

Glomus sp.
Gi. Calospora

Unidentified species
G. fasciculatus G tenuis

Chakravarty and Mishra, 1986b

Becker, 1976; Cole and Lim
in Dehne, 1982; Cole and
Mokhtar in Dehne, 1982;
Safir, 1968; Torres-Barragan
etal., 1996

Gange and Case, 2003
Guillemin et al., 1994

Abdalla and Abdel-Fattah, 2000;
Krishna and Bagyaraj, 1983

Jalali and Hisar, 1991

Hamel et al., 2004; Matsubara
et al., 2000, 2001, 2002; Wacker
et al., 1990; Yergeau, 2004

Igbal and Mahmood, 1986;
Mahmood and Igbal, 1982

Igbal et al., 1987, 1988a, 1988b
Jalali and Hisar, 1991

Ramirez, 1974
Chakravarty and Mishra, 1986a
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TABLE 3.1 (continued)

Crop species

Pathogen®

Mycorrhizal species®

References

Chamaecyparis
lawsoniana

Cicer arietinum
Citrus sp.

C. sinensis

Corchorus ollitorius
Cucumis sativum

Cymbopogon
winterianus

Dalbergia sissoo

Daucus carota

Phytophthora cinnamomi

Fusarium oxysporum

Fusarium oxysporum
Phytophthora parasitica
Thielaviopsis basicola

Phytophthor. Parasitica
Thielaviopsis basicola

Fusarium solani

Fusarium oxysporum
f.sp. cucumemerinum

Pythium aphanidermatum

Fusarium solani

Fusarium oxysporum
f.sp. chrysanthemi

Wild population
G. mosseae

G. fasciculatum

G. etunicatum
G. intraradices
G. fasciculatus
Unidentified species

Gi. margarita

G. constrictus

G. fasciculatum

G. intraradices

G. mosseae
Sclerocystis sinuosa

G. macrocarpum
Unidentified species

G. aggregatum
G. fasciculatus

G tenuis
G. intraradices

Bartschi et al., 1981

Jalali and Hisar, 1991

Davis, 1980; Davis and Menge,
1980; Davis et al., 1978, 1979;
Graham, 1988; Nemec, 1979;
Schenck et al., 1977

Davis, 1980; Davis and Menge,
1981; Graham and Egel, 1988;
Nemec et al., 1996

Bali and Mukeriji, 1988
Dehne, 1977

Ratti et al., 1998

Chakravarty and Mishra,
1986b

Benhamou et al., 1994;
St-Arnaud, Hamel, Vimard,
etal, 1995
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Dianthus caryophyilus

Elettaria cardomomum
Euphorbia pulcherrima

Fragaria vesca

Fragaria x ananassa

Glycine max

Gossypium hirsutum

Gossypium
barbadense

Hordeum sp.
Hordeum vulgare

Fusarium oxysporum
f.sp. dianthi

Fusarium moniliformae

Pythium ultimum
Rhizoctonia solani

Phytophthora fragariae

Phytophthora fragariae

Fusarium solani
Macrophomina phaseolina
Phytophthora megasperma
P. megasperma

f.sp. glycinea

Pythium ultimum
Rhizoctonia solani

Fusarium oxysporum
f.sp. vasifectum
Sclerocystis sinuosa
Thielaviopsis basicola
Verticillium dahliae

Verticillium dahliae

Cochliobolus sativus
Bipolaris sorokiniana

G. intraradices

G. fasciculatum

G. fasciculatum
Unidentified species

G. caledonium
G. mosseae
G. fistulosum

G. etunicatum
G. fasciculatum

G. mosseae

G. etunicatus
Endogone sp

E. mosseae
Unidentified species

G. macrocarpum
G. versiforme

G. mosseae

G. fasciculatus
S. sinuosa

G. mosseae
Q. versiforme
S. sinuosa

G. etunicatum

G. dimorphicum
G. intraradices
G. mosseae
Glomus sp.

St-Arnaud et al., 1997

Thomas et al., 1994

Idczak et al., 1991; Kaye et al.,
1984; Stewart and Pfleger, 1977

Baah and Hayman, 1983;
Mark and Cassells, 1996

Norman et al., 1996

Chou and Schmitthener, 1974;
Ross, 1972; Stewart and Pfleger,
1977; Whatley and Gerdemann,
1981; Zambolim and Schenck,
1981, 1983

Bali and Mukerii, 1988; Davis
etal., 1979; Liu, 1995;
Schénbeck and Dehne, 1977

Liu, 1995

Dehne, 1987

Boyetchko and Tewari,
1988, 1990
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TABLE 3.1 (continued)

Crop species

Pathogen®

Mycorrhizal species®

References

Lactuca sativa

Liriodendron tulipifera
Lycopersicon esculentum

Linum usitatissimum
Medicago sativa

Musa acuminata
Nicotiana tabacum

Olpidium brassicae

Cylindrocladium scoparium

Fusarium oxysporum

f.sp. lycopersici

F. oxysporum {.

sp. radicis-lycopersici
Phytophthora nicotinae
f.sp. parasitica
Pyrenochaeta lycopersici
Pythium aphanidermatum
Verticillium albo-atrum
Verticillium dahliae

Fusarium oxysporum f.sp. lini

Fusarium oxysporum f sp.
Medicaginis

Phytophthora megasperma
Pythium paraecandrum
Verticillium albo-atrum

Cylindrocladium spathiphylli

Olpidium brassicae
Pythium sp.
Thielavioipsis basicola

G. mosseae
Unidentified species

Unidentified species

G. caledonium

G. etunicatum

G. intraradices

G. mosseae
Unidentified species

G. intraradices

G. fasciculatus
G. mosseae
Glomus sp.

Glomus sp.

G. microcarpum

G. monosporum

G. mosseae
Unidentified species

Schénbeck and Dehne,
1979, 1981

Barnard, 1977

Baath and Hayman, 1983;
Bochow and Abou-Shaar, 1990;
Caron et al., 1985, 19864,
1986b, 1986¢c, Caron et al.,
1986; Dehne and Schénbeck,
1975, 1979a; Jalali and

Hisar, 1991; Karagiannidis et al.,
2002; Lioussanne et al., 2003;
McGraw, 1983; McGraw and
Schenck, 1981; Nemec et al.,
1996; Pozo et al., 1996;
Ramaraj et al., 1988

Dugassa et al., 1996

Davis et al., 1978; Hwang,
1988; Hwang et al., 1992

Declerck et al., 2002

Baltruschat and Schénbeck,
1972; 1975; Giovannetti et al.,
1991; Jalali and Hisar, 1991;
Schénbeck and Dehne, 1979;
Tosi et al., 1988
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Onobrychis viciifolia
Persea Americana
Pisum sativum

Phaseolus vulgaris

Pisum sativum

Poncirus trifoliata X
Citrus sinensis

Prunus persica
Solanum melongena
Tagetes patula

Tagetes erecta
Theobroma cacao
Trifolium sp.

Pythium spp.
Phytophthora cinnamomi
Rhizoctonia solani
Fusarium solani

Fusarium solanif.sp. phaseoli
Rhizoctonia solani

Aphanomyces euteiches

Phytophthora parasitica

Cylindrocarpon destructans
Verticillium dahliae
Pythium ultimum

Pythium ultimum
Ganoderma pseudoferreum
Fusarium avenaceum

G. fasciculatus
G. intraradices

G. fasciculatus

G. mossae

G. intraradices
G. macrocarpum

G. fasciculatum
G. intraradices
G. mosseae
Wild inoculum

Gi. Margarita
G. constrictus
G. fasciculatus
G. mosseae
S. sinuosa

G. aggregatum
G. intraradices

Gi. Etunicatum
G mosseae

G. intraradices

G. mosseae
Unidentified species
Unidentified species

Hwang et al., 1993

Davis et al., 1978; Mataré and
Hattingh, 1978

Morandi et al., 2002

Filion et al., 2003b; Gongalves
etal., 1991a, 1991b; Guillon
etal., 2002

Bedker et al., 2002; Kjoller and
Rosendahl, 1996; Larsen and
Badker, 2001; Rosendahl, 1985

Davis and Menge, 1981

Traquair and Pohlman, 1990;
Traquair, 1995

Karagiannidis et al., 2002;
Matsubara et al., 1995

St-Arnaud, 1998;
St-Arnaud et al., 1994

Calvet et al., 1993
Chulan et al., 1990
Cole and Lim in Dehne, 1982
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TABLE 3.1 (continued)

Crop species Pathogen® Mycorrhizal species® References

Triticum aestivum Cochliobolus sativus G. fasciculatus Graham and Menge, 1982;
(=Bipolaris sorokiana) G. intraradices Rempel, 1989
Gaeumannomyces graminis tritici

Triticum sp. Root infecting fungi Unidentified species Mahmood and Khurshid, 1988

Vigna radiata

Vigna unguilata

Vulpia ciliata ssp.
Ambigua

Zea mays
37 pasture species

Macrophomina phaseolina

Macrophomina sp.
Phytophthora vignae
Rhizoctonia solani

Embellisia chlamydospora
Fusarium oxysporum

Rhizoctonia solani
Bipolaris sorokiniana

G. coronatum
G. mosseae

G. clarum
G. etunicatum
G. intraradices

Glomus sp.

G. mosseae
Wild inoculum

Jalali and Hisar, 1991;
Kasiamdari et al., 2002

Abdel-Fattah and Shabana,
2002; Ramaraj et al., 1988;
Fernando and Linderman, 1997

Newsham et al., 1994, 1995

Khadge et al., 1990

Thompson and Wildermuth,
1989

®Species names are those used in the cited references.
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to the host plant. In most cases, mycorrhizal plants showed less sig-
nificant disease impacts, while in many cases, the pathogen inoculum
or the number of infection sites were not necessarily reduced.

The need for significant mycorrhizal colonization prior to patho-
genic infection is not a clearly established condition for disease inhi-
bition. Several studies have found that a high level of mycorrhizal
root colonization prior to infection by the pathogen was essential for
effective biocontrol. For example, Bértschi, Gianinazzi-Pearson, and
Vegh (1981) observed that mycorrhizal inoculation did not protect
Chamaecyparis lawsoniana roots against Phytophthora cinnamomi
unless the mycorrhizal infection was well established prior to patho-
gen inoculation. This observation was corroborated by the results of
Rosendahl (1985) on mycorrhizal peas infected with Aphanomyces
euteiches. More recently, Slezack et al. (2000), working with the
same organisms, showed that the bioprotection effect coincided with
an induction of mycorrrhiza-related chitinolytic enzymes, and ap-
peared to depend on a fully established mycorrhizal symbiosis. Many
studies have also shown that a minimum colonization level is not al-
ways required for mycorrhizal-induced disease reduction. For exam-
ple, Caron, Fortin, and Richard (1986b) infected tomato plants with
Fusarium oxysporum f. sp. radicis-lycopersici four weeks before,
simultaneously with, and four weeks after inoculation with the AM
fungus Glomus intraradices. They noted a reduction in Fusarium root
necroses in all cases, even when G. intraradices was inoculated four
weeks after infection with the pathogen. Similarly, St-Arnaud et al.
(1994) studied Tagetes patula plants inoculated with G. intraradices
and infected with the root pathogen Pythium ultimum. Mycorrhizal
colonization significantly lowered pathogen development in roots in-
dependently of the extent of mycorrhizal colonization. In a later
study, Dianthus caryophyllus, a non-mycorrhizal species, was shown
to be protected against the root pathogen F. oxysporum f. sp. dianthi
when the plant was grown in coculture with a mycorrhizal species
colonized by G. intraradices. Disease symptoms and plant mortality
were significantly reduced even if D. caryophyllus plants were sown in
a soil preinfested with both AM fungus and pathogen, and then ex-
posed to the two fungi simultaneously (St-Arnaud et al., 1997). Cur-
rent data also suggest the importance of cultivar-related AM efficiency.
In plantlets of two micropropagated potato cultivars infected with
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Rhizoctonia solani, inoculation with G. etunicatum or G. intraradices
significantly reduced the mortality rate by 77 and 26 percent respec-
tively in the cv Goldrush, whereas mycorrhizal colonization did not
change the mortality rate in the cv LP89221 (Yao, Tweddell, and
Desilets, 2002).

The literature also contains many studies on AM fungi interaction
with parasitic nematodes (see Table 3.2). As for fungal root patho-
gens, most studies showed that being mycorrhizal was beneficial to the
host plant, and to our knowledge, no one interaction showed an in-
crease in the extent of nematode root infection. In roughly one quarter
of the cases, nematode population was increased, but the plant biomass
was also higher than in non-mycorrhizal control plants. Management
of the antagonistic potential of AM symbiosis to suppress nematodes
in agricultural ecosystems was proposed more than a decade ago
(Sikora, 1992). The biocontrol effects observed varied from very low
to very high, depending on the plant species, nematode species, and
the AM fungal species involved (Roncadori, 1997). Of the AM fungi,
some species, such as G. mosseae, were more consistently effective
than others in suppressing plant parasitic nematodes. Under controlled
conditions, this species reduced damage to papaya by the root-knot
nematode Meloidogyne javanica by 37 percent. Similarly, the same
fungus reduced M. incognita damage to white clover by 68 percent.

Compensation for nematode damage in mycorrhizal plants is fre-
quently observed. For example, Little and Maun (1996) measured a
significant improvement in foliar growth rate and root dry weight of
mycorrhizal Ammophila breviligulata plants infected with nema-
todes. More recently, Talavera, Itou, and Mizukubo (2001) reported
that mycorrhizas did not protect tomato plants from M. incognita
when inoculated simultaneously with AM fungi. However, if tomato
seedlings were inoculated with nematodes three weeks after inocula-
tion with AM fungi, there was compensation for the reduction of
plant growth caused by nematode infection. Similar results were ob-
tained with carrot roots infected with Pratylenchus penetrans, where
mycorrhizas compensated for the damage caused by nematodes.
Moreover, nematode counts in soil were reduced by 49 percent in
pots inoculated with the AM fungus. Furthermore, various authors
have recently provided evidence supporting an effect of AM symbio-
sis on nematode biology. Ryan et al. (2000) observed that hatching
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TABLE 3.2. Interaction between arbuscular mycorrhizal fungi and nematodes.

Crop species

Pathogen®

Mycorrhizal species®

References

Arachis hypogaea
Avena sativa

Citrus jambhiri
Citrus limon

Citrus sp.

Cucumis sativus

Cyphomandra betacea

Daucus carota

Meloidogyne arenaria
Meloidogyne incognita

Tylenchulus semipenetrans

Radopholus similis
Tylenchulus semipenetrans

Radopholus similis
Tylenchulus semipenetrans

Meloidogyne incognita
Pratylenchus penetrans

Meloidogyne incognita

Meloidogyne hapla
Pratylenchus coffeae
Radopholus similis

Gigaspora margatrita
Glomus etunicatus

G. mosseae
Unidentified species

G. mosseae

G. etunicatum
G. mosseae

G. etunicatus

G. fasciculatus

G. mosseae
Unidentified species

Unidentified species

Gi. margarita

G. fasciculatum

G. mosseae

G. tenue
Unidentified species

G. mosseae
Unidentified species

Hussey and Roncadori, 1982

Hussey and Roncadori, 1982;
Sikora and Schénbeck, 1975

Baghel et al., 1990
O’Bannon and Nemec, 1979

Hussey and Roncadori, 1982;
O’Bannon and Nemec, 1979

Priestel, 1980

Cooper and Grandison, 1987

Elsen et al., 2001, 2003; Hussey
and: Roncadori, 1982; Sikora and
Schénbeck, 1975
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TABLE 3.2 (continued)

Crop species Pathogena Mycorrhizal species? References
Glycine max Heterodera glycines Endogone sp Francl and Dropkin, 1985;
Meloidogyne incognita E. calospora Hussey and Roncadori, 1982;

Gi. heterogama Kellam and Schenck, 1980;
Gi. margarita Schenck et al., 1975; Schenck
G. etunicatus and Kinlock, 1974
G. fasciculatum
G. macrocarpum
Scutellospora heterogama

Gossypium hirsutum Meloidogyne incognita Gi. margarita Hussey and Roncadori, 1977,

Gossypium sp.

Lycopersicon esculentum

Musa cv. Dwarf Cavendish

Pratylenchus brachyurus

Meloidogyne incognita
Pratylenchus brachyurus

Meloidogyne incognita
Meloidogyne javanica
Rotylenchulus reniformis

Radopholus similis

G. intraradices

Gi. margarita

G. etunicatus

G. mosseae
Unidentified species

Gi. margarita

G. fasciculatum

G. mosseae
Unidentified species

G. fasciculatum

1978; Roncadori and Hussey,
1977; Smith et al., 1986

Hussey and Roncadori, 1977,
1978, 1982; Roncadori and
Hussey, 1977

Bagyaraj et al., 1979; Hussey
and Roncadori, 1982; Jalali and
Hisar, 1991; Orolfo, 1990;
Sikora, 1979; Sikora and
Schonbeck, 1975; Singh et al.,
1990; Sitaramaiah and

Sikora, 1982

Umesh et al., 1988
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Nicotiana tabacum

Phaseolus vulgaris
Piper nigrum
Prunus persica

Vicia faba
Vigna unguiculata

Vitis sp
Vitis vinifera

Heterodera solanacearum
Meloidogyne incognita
Root-knot nematode

Rotylenchulus reniformis
Meloidogyne incognita
Meloidogyne hapla

Meloidogyne javanica
Heterodera cajani

Meloidogyne arenaria
Meloidogyne arenaria

Gi. gigantea
G. mosseae
Unidentified species

Unidentified species
G. etunicatum

Gi. margarita
G. etunicatus

Vesicular-arbusc%lar
mycorrhizal fungi

G. epigaeus
G. fasciculatum

G. fasciculatus
G. fasciculatum

Fox and Spasoff, 1972;
Hussey and Roncadori, 1982;
Sikora and Schdnbeck, 1975;
Subhashini, 1990

Sitaramaiah and Sikora, 1982
Sivaprasad et al., 1990
Hussey and Roncadori, 1982

Salem et al., 1984
Jain and Sethi, 1987

Hussey and Roncadori, 1982
Atilano et al., 1976

“Species names are those used in the cited references.

®The authors considered Fusarium equiseti and Pythium butleri® as vesicular-arbuscular mycorrhizal fungi.
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activity of the cyst nematode Globodera pallida was increased in the
presence of root leachates from mycorrhizal potato plants. Mycor-
rhizal inoculation of potato microplants with a mix of three AM fun-
gal species (Glomus spp.) resulted in an increased hatch of G. pallida,
but not G. rostochiensis (Ryan et al., 2003). Number of feeding nema-
todes and plant biomass were similarly increased in mycorrhizal
plants, suggesting an increased tolerance to potato cyst nematodes of
the mycorrhizal plants. Elsen, Declerck, and De Waele (2001) also
stressed the importance of G. intraradices in decreasing the repro-
duction of the burrowing nematode (Radopholus similis). In carrot
roots grown in vitro, the AM fungus suppressed the R. similis popula-
tion by almost 50 percent, while there was no correlation between
nematode population density and either AM fungus internal root col-
onization or extraradical mycelium development. The same approach
was used to study the interaction between G. intraradices and the le-
sion nematode Pratylenchus coffeae (Elsen, Declerck, and De Waele,
2003). In the presence of mycorrhizas, the nematode population was
similarly reduced as in the previous experiment.

Arbuscular mycorrhizas have also been shown to control plant para-
sitic nematodes in combination with non-pathogenic strains of soilborne
pathogens. Because AM fungi and non-pathogenic fungi improve
plant health by different mechanisms, the combination of two such
microbes with complementary mechanisms might increase the over-
all control efficiency, and therefore, provide an environmentally safe
alternative to nematicide application. Experiments conducted by
Diedhiou et al. (2003) showed a positive interaction between the AM
fungus G. coronatum and the non-pathogenic F. oxysporum strain
Fo162 in the control of Meloidogyne incognita on tomato.

EFFECT OF AM FUNGI ON DISEASES CAUSED
BY FOLIAR OR SYSTEMIC PATHOGENS

Very few reports are available in the literature on these topics (Ta-
bles 3.3 and 3.4), as compared with root diseases. Plant colonization
by AM fungi usually causes an increase in the activity of biotrophic
leaf pathogens (Gernns, von Alten, and Poehling, 2001) and of disease
symptoms. Schonbeck and Dehne (1979) compared the effect of
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TABLE 3.3. Interaction between arbuscular mycorrhizal fungi and foliar fungal pathogens.

Crop species

Pathogen®

Mycorrhizal species®

References

Cucumis sativus
Hevea brasiliensis
Hordeum vulgare

Lactuca sativa

Linum usitatissimum
Lycopersicon esculentum
Nicotinia tabacum

Phaseolus vulgare

Triticum aestivum

Erysiphe cichoracearum
Microcyclus ulei

Erysiphe graminis
Helminthosporium sativum

Botrytis cinerea
Bremia lactucae

Oidium lini
Stolbur group Phytoplasma

Erysiphe graminis f.sp. hordei
(=Blumeria graminis f.sp.
hordei)

Botrytis cinerea

Uromyces phaseoli

Puccinia graminis
f.sp. tritici

Glomus mosseae
G. etunicatum
G. mosseae

G. mosseae
G. etunicatum

G. intraradices
G. mosseae

G. etunicatum
G. intraradices

G. mosseae
G. constrictum
G. etunicatum

G. intraradices

Schoénbeck and Dehne, 1979
Feldmann et al., 1989
Schoénbeck and Dehne, 1979

Meyer and Dehne, 1986;
Schénbeck and Dehne, 1979

Dugassa et al., 1996
Lingua et al., 2002

Gernns et al., 2001; Shaul
etal., 1999

Meyer and Dehne, 1986;
Schénbeck and Dehne, 1979

Rempel, 1989

“Species names are those used in the cited references.
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TABLE 3.4. Interaction between arbuscular mycorrhizal fungi and bacteria, virus or phytoplasma causing systemic diseases.

Crop species

Pathogen®

Mycorrhizal species®

References

Bacteria
Lycopersicon esculentum

Virus and Phytoplasma
Citrus aurentium

Citrus macrophyfla

Fragaria chiloensis ananassa

Lycopersicon esculentum

Nicotiana tabacum

Petunia sp.
Solanum tuberosum

Erwinia carotovora pv carotovora

Pseudomonas solanacearum
Pseudomonas syringae

Clavibacter michiganensis subsp.

Michiganensis

CLRV-2 Tristeza virus T3
Tristeza virus T1
Arabis mosaic virus

Tobacco mosaic virus
Potato virus X Phytoplasma
of the Stolbur group

Tobacco mosaic virus

Arabis mosaic virus
virus

Glomus mosseae
G. intraradices
Unidentified species

G. etunicatum
G. etunicatum

Endogone macrocarpa
var. geospora

E. macrocarpa var. geospora
G. mosseae

Glomus sp.

Unidentified species

G. mosseae
G. intraradices

E. macrocarpa var. geospora
Unidentified species

Filion, 1998; Garcia-Garrido and
Ocampo, 1988a, 1988b, 1989;
Halos and Zorilla, 1979

Nemec and Myhre, 1984
Nemec and Myhre, 1984
Daft and Okusanya, 1973

Daft and Okusanya, 1973;
Jabaji-Hare and Stobbs, 1984;
Lingua et al., 2002; Schénbeck
and Spengler, 1979

Schénbeck and Dehne, 1979;
Schdnbeck and Schinzer, 1972;
Shaul et al., 1999

Daft and Okusanya, 1973
Jalali and Hisar, 1991

2Species or virus names are those used in the cited references.
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G. mosseae on several foliar diseases in various plant hosts and noted
that, in all cases, mycorrhizal inoculation increased the disease sym-
ptoms. When Phaseolus vulgaris was infected with Uromyces phase-
oli, the production of spores was also increased on mycorrhizal
plants, a result also noted by Meyer and Dehne (1986). Observing
a similar effect on the symptoms of Bremia lactucae inoculated on
Lactuca sativa, these authors suggested-that the effect was related to
a symbiosis-related hormonal modification that delayed senescence
of the leaves. Rempel (1989) reported a similar effect on Triticum
aestivum infected by Puccinia graminis f. sp. tritici and under the in-
fluence of G. intraradices. Contrary to the previously cited studies,
Feldmann, Junquiera, and Lieberer (1989) observed a reduction in
the diameter of the lesions and sporulation of Microcyclus ulei, the
causal agent of South American leaf blight on Hevea brasiliensis,
even if the number of lesions was not influenced. They suggested that
mycorrhizal colonization had caused a physiological change enhanc-
ing plant defense mechanisms.

Only a handful of studies have been conducted on diseases caused
by bacteria. Garcia-Garrido and Ocampo (1988a, 1988b, 1989) stud-
ied the impact of G. mosseae colonization on two species of patho-
genic bacteria in tomato plants, Erwinia carotovora pv carotovora and
Pseudomonas syringae. In both cases, mycorrhizal colonization sig-
nificantly decreased the pathogenic bacterial population in the rhizo-
sphere. Interestingly, no relationship was found between phosphorus
concentration in plant tissue and the above results. Moreover, the
time lapse between inoculation with the pathogen and inoculation
with the AM fungus was found to have no effect. A compensation of
the plant dry weight loss induced by P. syringae or E. carotovora was
also observed when pathogenic bacteria and AM fungus were inocu-
lated simultaneously. Filion (1998), using a polyclonal anti-Clavi-
bacter michiganensis subsp. michiganensis antibody in DAS-ELISA,
observed that C. m. michiganensis population was significantly re-
duced in the mycorrhizosphere of mycorrhizal tomato plants as com-
pared to AM hyphosphere and bulk soil compartments. In contrast,
the population of C. m. michiganensis was not significantly different
between rhizosphere, hyphosphere, and bulk soil compartments in
the non-mycorrhizal systems.
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With viral infections, results are comparable to those obtained
with foliar pathogenic fungi, though more variable. Viral diseases are
often more prominent in vigorously growing plants. The available
reports suggest that mycorrhizal plants become more susceptible to
viral infections, possibly due to the improvement in plant nutrient
status resulting from the symbiosis. Daft and Okusanya (1973) noted
an increase in the number of particles of three different viruses in the
leaves and roots of three different host plants, when the plants were
colonized by Endogone macrocarpa geospora (=Glomus). They ob-
tained similar results by increasing the amount of phosphorus in the
nutrient solution and thus suggested that the increase in viral particles
was a consequence of the increased P absorption in AM plants.
Schonbeck and Spengler (1979) used immunofluorescence to observe
Tobacco Mosaic Virus (TMV) particles, and noted that they were
mainly present in the arbuscule-containing cells. Jabaji-Hare and
Stobbs (1984) tested the possible transfer of virus between plants via
the mycorrhizal fungal hypha, but were unable to show any viral par-
ticles in arbuscules or transfer between mycorrhizal plants. Schonbeck
and Dehne (1981) reported an increase in local lesions typical of TMV
infection in mycorrhizal plants. Similarly, Nemec and Myhre (1984)
observed that mycorrhizal infection was unable to minimize the
extent of viral infections in Citrus, as expected. As in the case of nem-
atodes, viruses seem therefore to benefit from the mycorrhizal host-
fungus association, even though plant yield is also often increased.

A protective effect induced by AM fungi against a phytoplasma of
the Stolbur group has recently been observed in tomato (Linguaetal.,
2002). Symptoms induced by the phytoplasma were less severe when
the plants also harbored AM fungi. Morphological parameters such
as shoot and root fresh weights, shoot height, internode length, leaf
number, and adventitious root diameter were closer to those of healthy
plants when arbuscular mycorrhiza was present. Reduced nuclear
senescence was also observed in AM plants infected with the phyto-
plasma. The percentage of nuclei with different ploidy levels was in-
termediate between AM and phytoplasma-infected plants. While the
mechanisms underlying these interactions are not clear, it appears
that arbuscular mycorrhizal colonization delays nucleus senescence
in colonized roots (Lingua et al., 1999).
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EFFECT OF AM FUNGI ON INSECTS
AND OTHER INVERTEBRATES

AM fungi impact on plant diseases cannot be fully understood
without considering all multitrophic interactions between host plants
and their environment. Over the past decade, many papers have been
published on mycorrhiza-herbivore interactions, covering a large
spectrum of interactions between AM fungi and phytophagous or soil
insects and other fauna. More details can be found in various review
papers (Gange, 2000; Gange and Bower, 1997; Gange and Brown,
2002a; Gehring and Whitham, 2002). Different studies examined
whether insect herbivory affects arbuscular mycorrhizal symbiosis.
For example, Gange, Bower, and Brown (2002) reported that foliar-
feeding herbivores reduced AM root colonization level. The authors
observed that a mycotrophic plant had little damage by herbivory,
whereas a non-mycotrophic plant was affected more. In another study,
Plantago lanceolata, a plant species that is naturally highly mycor-
rhizal and suffers low continual insect damage over a growing season,
was compared with Senecio jacobaea, a weakly mycorrhizal species
that is frequently subject to rapid and total defoliation by moth larvae.
Herbivory was found to reduce AM colonization in P. lanceolata, but
had no effect in S. jacobaea (Gange, Bower, and Brown, 2002). In-
terestingly, AM colonization reduced the level of leaf damage in
P. lanceolata but not in S. jacobaea.

Other studies were focused mainly on the effect of mycorrhizal
colonization on the plant response to herbivory. Gange, Brown, and
Sinclair (1994) reported a reduction in black vine weevil (Otiorhyn-
chus sulcatus) larval growth by AM infection in Taraxacum officinale.
In strawberry (Fragaria x ananassa) plants, mycorrhizal coloniza-
tion by G. mosseae and G. fasciculatum reduced larval survival and
biomass when inoculated singly, but not together (Gange, 2001). In
P. lanceolata, infection by AM fungi lowered damage caused by
foliar-feeding insects (Arctia caja and Myzus persicae). The authors
suggested that AM infection can alter the carbon/nutrient balance of
plants, leading to an increased allocation to carbon-based defenses
(Gange and West, 1994).

In Cirsium arvense infested by the thistle gall fly (Urophora car-
dui), mycorrhizal colonization reduced fly performance presumably
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by modifying the nutritive value of gall tissues (Gange and Nice,
1997). In contrast, in another experiment where two aphid species
(Myzus ascalonicus and M. persicae) were reared on P. lanceolata
plants, AM colonization increased aphid weight and fecundity (Gange,
Bower, and Brown, 1999). The relation between a leaf-mining insect
(Chromatomyia syngenesiae) and a parasitoid (Diglyphus isaea) was
studied with Leucanthemum vulgare inoculated with three species of
AM fungi (Gange, Brown, and Aplin, 2003). Results showed that the
parasitism rate was mycorrhizal fungal species-dependent. Some AM
fungal-host combinations increased parasitism, some decreased it,
while others had no effect. It was concluded that the cause of these
differences was most likely plant size, with parasitoid-searching effi-
ciency being reduced on the larger plants, resulting from certain AM
fungal species combinations. However, a mycorrhizal effect on herbi-
vore-produced plant volatiles cannot be ruled out. A similar result was
obtained by Goverde et al. (2000) showing that AM fungi influenced
life history traits of a lepidopteran herbivore. This study examined the
interaction between larvae of common blue butterfly (Polyommatus
icarus) and AM fungi. Survival of larvae fed with AM plants was
greater than those fed with non-mycorrhizal plants.

Wamberg, Christensen, and Jakobsen (2003) suggested complex
multitrophic interactions between foliar-feeding insects, mycorrhizas,
and rhizosphere protozoa on pea plants. Feeding of adult weevils
(Sitona lineatus) on pea plants (Pisum sativum) stimulated G. intrara-
dices pea root colonization at the first harvest and stimulated rhizo-
sphere protozoa in the absence of AM fungus. At the second harvest,
herbivory decreased AM fungus colonization and had no effect on
rhizosphere protozoa. AM colonization had no effect on herbivory at
the first harvest but decreased herbivory at the second harvest. Below-
ground respiration was stimulated by herbivory and this effect was
most pronounced during vegetative growth. The results therefore
suggest that herbivory stimulated belowground carbon transfer in
young plants in the nutrient acquisition phase as opposed to the repro-
ductive phase, where herbivory had no such effect. This herbivory-
induced carbon transfer will benefit the AM fungus symbiont when
present and the free-living rhizosphere microorganisms—here repre-
sented by a bacterivorous protozoa—in the absence of the AM fungus.
Based on these studies, it was recently proposed that AM fungi can
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affect the composition of insect assemblages on plants, and should
therefore be considered as a factor in the evolution of insect specialism
(Gange, Stagg, and Ward, 2002). Strong links exist between above-
and belowground food webs, and would also affect the structure and
development of successional plant communities (Gange and Brown,
2002b).

EFFECT OF PATHOGENS ON AM FUNGI

Baath and Hayman (1983), Davis and Menge (1980), Krishna and
Bagayraj (1983), and Rosendahl (1985) , observed a reduction of AM
colonization by various plant pathogens. These authors suggested
that this inhibition would be related to the reduction of the photo-
synthetic effectiveness of the plant leaves and thus of root exudation.
Hwang, Chang, and Chakravarty (1992) noted a reduction of AM
colonization and number of vesicles produced in the presence of
F. oxysporum f. sp. medicaginis and of Verticillium albo-atrum in the
roots of Medicago sativa. Afek et al. (1991) also observed a reduc-
tion of root infection by G. intraradices in the presence of P. ultimum
in the field. However, St-Arnaud et al. (1994) observed no inhibition
of colonization by G. intraradices on T. patula roots in the presence
of P. ultimum in containers. Similarly, Garcia-Garrido and Ocampo
(1988a, 1988b, 1989) observed no inhibition of G. mosseae when
tomato plants were infected with Pseudomonas syringae or E. caroto-
vora. Ravnskov, Larsen, and Jakobsen (2002) reported no impact of
the biocontrol bacterium Burkholderia cepacia on either mycorrhiza
formation or the functioning of the AM fungus G. intraradices in
terms of P transport, whereas the results suggested that mycorrhiza
might have adverse effects on B. cepacia, with the presence of myce-
lium of G. intraradices reducing the biomass of three out of five
B. cepacia strains. Nemec and Myhre (1984) observed a reduction
in root colonization by G. etunicatum in Citrus macrophylla and
C. aurantium infected by the Tristeza virus but not in C. paradisii
infected by the Clrv-2 virus; they suggested that the reduction in AM
colonization might have resulted from the deterioration of the roots
caused by the viral infection. On the contrary, Kaye, Pfleger, and
Stewart (1984) reported greater colonization of roots of poinsettia by
G. fasciculatum in the presence of P. ultimum than in the absence of
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the pathogen. Moreover, Caron Fortin, and Richard et al. (1986b)
found an increase in AM colonization of tomato roots when plants
were infected by F. oxysporum f. sp. radicis-lycopersici simulta-
neously or four weeks before inoculation with G. intraradices, but
not when the pathogen was inoculated four weeks after inoculation
with the AM fungus. While the authors cannot explain this effect, they
indicated that it clearly demonstrated the capacity of the AM fungus
to colonize roots extensively despite the presence of the pathogen.
Muller (2003) recently studied the infection of Lolium perenne by
endophytes of the Clavicipitaceae that live in aboveground parts
of many grasses of temperate regions. The two fungal endophytes,
Epichloe typhina and Neotyphodium lolii, significantly decreased root
mycorrhizal colonization. This decrease was in some cases correlated
with alterations of growth. Depending on the endophyte strain and on
the mycorrhizal status, shoot-root biomass ratios were also signifi-
cantly affected. The authors concluded that effects of endophytes
may be enhanced or counterbalanced in the presence of AM fungi.
AM fungi could also be the target of mycoparasitic microorgan-
isms used to biologically control plant diseases (Brimner and Boland,
2003). Biological control agents could interact with pathogens
through different mechanisms, including mycoparasitism, produc-
tion of antibiotics or enzymes, competition for nutrients, and induc-
tion of plant host defenses. While useful for controlling pathogens,
these organisms may pose risks to non-target species, such as AM
fungi. For example, the interaction between the biocontrol organism
T. harzianum and G. intraradices growing on pea roots was studied in
vitro (Rousseau et al., 1996) using a compartmented root-organ cul-
ture system (Fortin et al., 2002). A marked antagonism of 7. har-
zianum to G. intraradices spores and hyphae was described. This
study shows that the extramatrical phase of AM fungi may be ad-
versely affected by biocontrol microorganisms, which should be con-
sidered when developing biocontrol strategies. However, positive
(Datnoff, Nemec, and Pernezny, 1995), neutral (Fracchia et al,,
1998), and negative (McGovern, Datnoff, and Tripp, 1992) interac-
tions between Trichoderma species and AM fungi root colonization
or biocontrol potential have also been reported. Ravnskov, Larsen,
and Jakobsen (2002) studied the impact of the biocontrol bacterium
B. cepacia on G. intraradices. This bacterium is known to suppress a
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broad range of root pathogenic fungi. In root-free soil compartments,
the AM fungus reduced the biomass of three out of five B. cepacia
strains as determined using specific phospholipid fatty acids (PLFA)
and neutral lipid fatty acids (NLFA) profiles. However, B. cepacia
had no impact on AM fungal biomass and energy reserves. Further,
Larsen, Ravnskov, and Jakobsen (2003) examined the combined ef-
fect of the same AM fungus and biocontrol bacterium against the root
pathogen P. ultimum. Both the bacterium and AM fungus reduced the
population density of the pathogen, while B. cepacia biomass was
also reduced by G. intraradices, but not the AM fungus which was
not significantly affected by the biocontrol bacterium.

ROLES AND MECHANISMS OF AM FUNGI
IN BIOCONTROL

More than 30 years ago, knowledge of the role of AM symbiosis in
biocontrol of plant diseases could be summarized by the following
sentence by Gerdemann (1968, p. 414) in a paper published in the An-
nual Review of Phytopathology: “‘Vesicular-arbuscular mycorrhizae
may have no significant effect on the susceptibility of plants to disease,
but without evidence we must not assume that this is true.” Some years
later, the same author (Gerdemann, 1975) tried to define the mecha-
nisms involved in the observed reduction of disease symptoms in AM
colonized plants, on the basis of a few pioneering studies. He sug-
gested, on a purely speculative basis, that many mechanisms pro-
posed by Zak (1964) to explain the increased resistance to diseases of
ectomycorrhizal plants might also apply to the AM symbiosis. These
mechanisms included (1) production of antibiotics by the AM fun-
gus, (2) production of inhibiting molecules by the host plant in re-
sponse to AM infection, (3) change in root exudation reducing
attraction for zoospores, and (4) modification of rhizosphere micro-
bial populations, that is, more non-pathogenic microorganisms and
fewer pathogens.

The role of AM fungi in disease resistance then became the subject
of more studies, and some years later, Dehne (1982) published a syn-
thesis in Phytopathology. In that paper, he stated that (1) AM fungi
could delay pathogen development in roots but the effect would be
limited to the colonized tissues, (2) AM fungi could also increase
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the disease symptoms systemically, especially in the non-colonized
portions of the plant. He concluded by proposing that the main, if not
the only, mechanism involved in the response of AM colonized plants
to pathogens would be the increased assimilation of nutrients, as a
result of increased plant growth and physiological activity. He also
indicated that other mechanisms might be involved, but are minor and
strictly limited to the area colonized by the AM fungus. Since that
time, there has been an explosion of research interest in this subject,
and our view of the mechanisms regulating the interaction between
AM plants and pathogens has evolved considerably.

The impact of AM fungi was examined under various ecological
conditions and in a large number of host-pathogen associations (Ta-
bles 3.1-3.4). The literature indicates that plant diseases may be
strongly influenced by AM fungi and generally by the combined
action of one or more mode of actions (Linderman, 1994, 1996; St-
Arnaud et al., 1995). These could be described as direct actions
through direct competition or inhibition of the pathogen; and indirect
actions including (1) alleviation of abiotic stress including enhanced
nutrition, (2) biochemical induced changes, and (3) interactions with
microbiota. The many studies. published in the past few decades tend
to largely confirm reduced disease incidence as a result of AM colo-
nization. Exceptions in this regard, however, also exist. Such con-
trasting reports of mycorrhiza-pathogen interactions appear to be the
result of the various mechanisms involved. It appears that more than
one mechanism may be operative in a single AM fungus-plant-patho-
gen-microbiota combination, and any such interaction should be con-
sidered to have a continuum of possible modes of action. In the fol-
lowing sections, we will attempt to synthesize the current knowledge
and to describe the main pathways involved.

Enhanced Assimilation of Nutrients

Enhancement of the ability of an AM plant to access nutrients, es-
pecially phosphorus, is well-known (Smith and Read, 1997) and was
often postulated to be the main mechanism to explain the lower level
of disease development in AM plants. More than 30 years ago, Daft
and Okusanya (1973) observed an increase in the number of three dif-
ferent viruses in leaves and roots of different crops when inoculated
with a mycorrhizal fungus. As similar results were obtained by in-
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creasing phosphorus fertilization, it was suggested that the increase
in viruses was the result of the higher P level in AM plants. In con-
trast, a mycorrhiza-mediated increase in plant tolerance to fungal
root pathogens has often been attributed to a concurrent increase in
root P concentration (Davis and Menge, 1980; Graham and Menge,
1982). According to Graham and Menge (1982), a reduction in root
exudation induced by increasing P content in AM roots (Graham,
Leonard, and Menge, 1981) was the key mechanism by which the ac-
tivity of Gaeumannomyces graminis var. tritici could be reduced.
Schwab, Menge, and Leonard (1983) showed that, as P fertilization
increased, AM colonization may lower the concentration of carbohy-
drates, carboxylic acids, and amino acids in root exudates. Compari-
sons between exudation rates and AM fungal growth also suggested
that the AM fungus is able to change membrane permeability and ac-
celerate exudation. Through increased P nutrition, AM fungi also en-
hance root growth, increase absorptive capacity of the root system for
nutrients and water, and affect cellular processes in roots (Smith and
Gianinazzi-Pearson, 1988). Such mycorrhiza-induced processes may
change both the quantity and quality of exudates released from roots
and involved in the changes of pathogen attraction observed in AM
colonized plants (Norman and Hooker, 2000; Lioussanne, Jolicoeur,
and St-Arnaud, 2003).

Rosendahl (1985) observed no differences in the production of
oospores by A. euteiches between AM-colonized and non-colonized
parts of pea roots in a split-root system, while P concentration was
higher in the portion colonized by the AM fungi. Garcia-Garrido and
Ocampo (1988b) also reported that the protection of tomato plants
against Erwinia carotovora and the reduction of the bacterium popu-
lation in the rhizosphere of the AM plants were not associated with
P concentration in the host plant. Caron, Fortin, and Richard (1986c¢)
were the first to demonstrate, with a F. oxysporum f. sp. radicis-lyco-
persici—tomato system inoculated or not with G. intraradices—that
P nutrition is not the only factor involved in disease reduction and
consequently that other mechanisms should necessarily be involved.
It has been further shown, using two distinct plant-pathogen associa-
tions, that increased P assimilation is not essential to AM-mediated
disease protection. The growth of P. ultimum in the roots and soil
of T. patula plants was shown to be inhibited by G. intraradices in-
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oculation, unrelated to P availability (St-Arnaud et al., 1994). More
significant is the demonstration that a wilt disease caused by F. oxy-
sporum {. sp. dianthi in the non-mycorrhizal species D. caryophyllus
could be controlled by growing a companion plant colonized by
G. intraradices in the same pot (St-Arnaud etal., 1997). Because car-
nation is a non-mycorrhizal species that did not develop functional
AM colonization, the possibility that disease suppression was related
to a nutritional effect was virtually nil. The absence of arbuscule de-
velopment in carnation roots and the similar nutrient content (N, P, K,
Ca, Mg, B, Zn, Fe, Mn, and Cu) among plants inoculated or not with
the AM fungus, but growing in close contact with the mycorrhizal
host (7. patula), strongly supported the hypothesis that the biocontrol
effect was not related to symbiosis-mediated changes in host plant
metabolism and was clearly not related to nutrition. To our knowl-
edge, this work was the first and only demonstration that AM fungi
could lower disease development in a non-AM plant species. These
results strongly supported those of Caron, Fortin, and Richard (1986¢)
with tomato-Fusarium, reducing the possibility that their results
were an exception, as suggested by Smith (1988). Trotta et al. (1996)
also observed a reduction in disease caused by Phytophthora nico-
tianae in tomato plants colonized by G. mosseae, unrelated to P avail-
ability. Niemira, Hammerschhnidt, and Safir (1996) similarly reported
a suppression of postharvest damages caused by Fusarium sambuci-
num on potato minitubers, without a corresponding increase in P nu-
trition in AM inoculated plants. Marschner and Baumann (2003) also
reported that the observed effect of mycorrhizal colonization on the
bacterial community structure changes in the rhizosphere of maize
may be, at least in part, plant-mediated, since two P levels in the non-
mycorrhizal treatments had no significant effect on the bacterial
communities.

Morphological and Biochemical Induced Changes
and Defense Mechanisms

Triggering of defense responses have been repeatedly proposed
to explain the lower level of disease development in AM hosts. AM
fungi may induce a slight and transient activation of the defense-
related metabolic pathways (Harrison and Dixon, 1993; Volpin et al.,
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1994; Garcia-Garrido and Ocampo, 2002) taking place during sym-
biotic recognition, but suppression of defense pathways has also been
shown (Dassi, Dumas-Gaudot, and Gianinazzi, 1998; Guenoune et
al., 2001). Research on this topic has therefore produced contradic-
tory results over the years (Shaul et al., 2000). Earlier studies pro-
posed that the increased resistance in AM plants was determined by
the induced synthesis of inhibiting compounds by the host (Bal-
truschat and Schonbeck, 1975; Krishna and Bagyaraj, 1983). Rosen-
dahl (1985) had postulated a systemic effect of G. fasciculatum on
P. sativum infected by A. euteiches. The AM fungus lowered root ne-
crosis both on colonized and non-colonized roots when inoculated
with the pathogen in the same pot, but only on the colonized root
parts in a split-root system. However, zoospore production by A.
euteiches was reduced in mycorrhizal plants even if the AM fungus
and pathogen were inoculated in different compartments. Caron,
Richard, and Fortin (1986) reported that the roots of tomato plants in-
oculated with F. oxysporum f{. sp. radicis-lycopersici showed less root
necroses when transplanted into a substrate in which an AM fungus
was preestablished. The authors suggested that disease inhibition oc-
curred following a stimulation of defense mechanisms. Feldmann,
Juquiera, and Lieberei (1989) reported the accumulation of cyanoglu-
cosides to a level comparable to that obtained by the infection of Tha-
natephorus cucumeris in the roots of Hevea brasiliensis colonized by
a strain of Glomus etunicatum. However, the root content in scopo-
letin (a phytoalexin), increased by the pathogen, was significantly de-
creased by one AM fungus strain, but not by another strain. Other
defense responses were also reported in AM plants subjected to
pathogen infection, such as formation of papillae (Nehemiah, 1977
in Lieberei and Feldmann, 1989), synthesis of chitinases (Dehne,
Schonbeck, and Baltruschat, 1978), and lignification and increase in
peroxidase activity (Dehne and Schonbeck, 1979b). Other reports in-
dicated little or no synthesis of phytoalexins or hydrolytic enzymes
(Morandi, Bailey, and Gianinazzi-Pearson, 1984; Dumas, Giani-
nazzi-Pearson, and Gianinazzi, 1989; Wyss, Boller, and Wiemken,
1989; Dumas et al., 1990) or deposition of callose or phenolic com-
pounds around AM fungal hyphae (Maffei et al., 1986; Spanu and
Bonfante-Fasolo, 1988). In Glycine max, Rhizoctonia solani induced
an increase in glyceollin 20 days after inoculation, while no accumu-
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lation was noted in similar plants colonized by G. mosseae only.
However, when the AM fungus was inoculated along with Tricho-
derma harzianum, the level of phytoalexin accumulation was compa-
rable to that obtained with R. solani or T. harzianum only (Wyss,
Boller, and Wiemken, 1992). Spanu and Bonfante-Fasolo (1988)
monitored the activity of peroxidases from the beginning of the AM
infection to the maturity of the roots in Allium porrum. They showed
an increase in peroxidase activity at the beginning of interaction, in
response to the penetration and intercellular growth of the fungal
hyphae. Peroxidase activity later quickly fell to a level comparable to
that observed in non-colonized roots. They concluded that the cellu-
lar walls were not modified by the symbiotic interaction and were not
acting as barriers to fungal penetration.

Some authors have hypothesized that AM fungal colonization may
impact soilborne plant pathogens through alteration in root architec-
ture, which may contribute to protection against fungal pathogenic
infections (Fusconi et al., 1999; Matsubara, Ohba, and Fukui, 2001)
and nematodes (Fassuliotis, 1979). Localized morphological effects
have been shown to occur in AM roots. For example, morphological
and physical changes, such as cell wall lignification and production
of other polysaccharides, have been reported to prevent tomato, on-
ion, and cucumber cell penetration by F oxysporum or Phoma ter-
restris (Sharma and Johri, 2002).

Direct involvement of defense responses in the disease resistance
of AM plants has rarely been suggested (Benhamou et al., 1994;
Slezack et al., 2000), but induction of PR protein by AM fungi has
been extensively demonstrated (Blilou, Bueno et al., 2000; Guillon
et al.,, 2002; Pozo et al., 1998; Pozo, Cordier et al., 2002; Pozo,
Slezack-Deschaumes et al., 2002; Shaul et al., 1999; Slezack et al.,
1999, 2000, 2001). Kjgller and Rosendahl (1996) observed that
although pea root infection by A. euteiches was not modified by inoc-
ulation of G. intraradices, the plants preinoculated with G. intra-
radices showed no symptoms of severe root rot. Tests with split-root
systems, where AM fungi and AM infected roots are separated from
the site of pathogen challenge, have clearly indicated that systemic
induced resistance can occur (Pozo, Cordier et al., 2002).

In the past decade, a great deal of research has been conducted in
the field of molecular genetics and biochemical technologies, allow-
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ing identification of changes in gene expression and detection of spe-
cific molecules associated with disease biocontrol in field conditions.
The rapid recognition between plants and AM fungi include signal
perception, signal transduction, and defense gene activation (Garcia-
Garrido and Ocampo, 2002). Salzer and Boller (2000) pointed out
that AM fungi, as with ectomycorrhizal fungi, secrete chitin elicitors,
which could induce a defense response. For instance, the elicitor de-
rived from an extract of extraradical mycelium of G. intraradices was
able to induce phytoalexin synthesis in soybean cotyledons (Lambais,
2000). Moreover, in Medicago truncatula, the same fungus was able
to induce the expression of a chalcone synthase, the first enzyme in
the metabolism of flavonoid compounds, such as phytoalexin (Bona-
nomi et al., 2001). Furthermore, a hypersensitive-like response, an
oxidative burst, could be observed in compatible AM associations at
sites where hyphal tips of G. intraradices attempted to penetrate cor-
tical root cells (Salzer, Corbiere, and Boller, 1999). During early
stages of AM formation, both an increase in catalase and peroxidase
activity in roots of tobacco and onion and a salicylic acid accumula-
tion were observed and correlated with an increase in the expression
of genes encoding lipid transfer protein and phenylalanine ammonia-
lyase, indicating that the first reaction of the root cells to the invasion
of AM fungi is a defense response (Blilou, Ocampo, and Garcia-
Garrido, 2000). In this context, the induction of defense gene expres-
sion could be considered to be a result of fungal elicitor recognition
and signal transduction pathway activation. Also, according to Strack
et al. (2003), colonization of root cells by AM fungi induces many
dramatic changes in cytoplasmic organization: vacuole fragmenta-
tion, transformation of the plasma membrane to a peri-arbuscular
membrane covering the arbuscule, increase in cytoplasm volume and
in number of cell organelles, as well as movement of the nucleus into
central position. In some of these changes, microtubules are most
likely involved in changes of host cell morphology and cytoplasmic
architecture (Balestrini et al., 1994). With regard to the molecular
crosstalk between the two organisms (Garcia-Garrido and Ocampo,
2002), a number of phytohormones (cytokinins, abscisic acid, jasmo-
nate) as well as various secondary metabolites, such as isopropan-
oids, have also been observed characterizing specific symbiotic path-
ways. The triggering of defense-related metabolic pathways by AM
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fungi remains therefore one of the main hypotheses to explain dis-
ease inhibition in AM hosts, and may constitute an important contrib-
uting factor after a pathogen has contacted and begun penetrating
plant tissues.

Interaction with Pathogens and Other Soil Microbiota

The rhizosphere is the soil zone surrounding the roots of plants in
which complex relations exist among the plant, the soil, and microor-
ganisms (Curl and Truelove, 1986). The roots provide nutrients that
influence the activity of a broad range of microbiota (Marschner and
Baumann, 2003). Altered exudation induces changes in the composi-
tion of microbial populations (Linderman, 1988). Physiological changes
of AM roots are major, but have not yet been completely character-
ized. Recently, Labour, Jolicoeur, and St-Arnaud (2003) conducted a
rigorous comparison of nutrient metabolism and AM receptiveness
between transformed and non-transformed tomato root lines. Many
root lines, produced from different Agrobacterium strains and tomato
cultivars, were characterized for their growth kinetics, nutrient use,
and responsiveness to AM colonization. The results showed a large
variability in growth responses among lines from similar origin.
More importantly, mycorrhizal responsiveness was unrelated to root
line origin or nutrient-uptake efficiency, but depended instead on ini-
tial P availability. This pointed to the role of intracellular storage and
use efficiency in regulating symbiosis. The nitrogen metabolism was
also analyzed and results showed a significant alteration in the N-key
enzyme activities, N transfer, and assimilation between the symbiotic
partners, and different glutamine synthetase isoforms in roots and
AM mycelium (Toussaint, St-Arnaud, and Charest, 2004).

These changes in root physiology certainly have significant im-
pacts on the rhizosphere microflora through alteration of root exu-
dation and other nutrition-related mechanisms. The changes are so
significant that the term mycorrhizosphere was created to describe
the soil zone influenced by the AM mycorrhizas (Linderman, 1988;
Rambelli, 1973). Linderman and Paulitz (1990) further suggested
that space distribution of microbes residing on or close to the AM
hyphae might be strongly influenced. In a study of the impact of three
AM species on Sorghum bicolor rhizosphere, Andrade et al. (1997)
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observed that AM mycelium development had little influence on the
composition of the microflora in the hyphosphere, but AM root colo-
nization was positively correlated with bacterial numbers in the hy-
phosphere and with the presence of Pseudomonas in the rhizosphere.
On the basis of these results, they suggested that root exudates would
be more important to rhizobacteria population than the development of
AM mycelia. Further, they showed that both the root and fungal com-
ponents of mycorrhizae enhance water-stable soil aggregates stability,
which affect microorganism numbers indirectly by providing a favor-
able habitat (Andrade et al., 1998). Caron, Fortin, and Richard (1985),
based on the interaction between F. oxysporum f. sp. radicis-lyco-
persici and tomato colonized by G. intraradices, suggested that there
is probably a direct interaction between the AM fungi and the patho-
gens near the mycorrhizal mycelium in the soil. Other authors had
made a similar suggestion after having noted that G. mosseae reduces
the population of Pseudomonas and Erwinia bacteria in tomato, that
the AM fungi precedes the pathogenic bacterium or that the inocula-
tion is simultaneous therefore under conditions where it was not very
probable that the effect of AM fungi was mediated via nutritional ef-
fects on the host plant (Garcia-Garrido and Ocampo, 1988b, 1989).
Caron, Fortin, and Richard (1986¢) underlined the need for research
on the possible production of antibiotics or inhibiting substances by
the AM fungi or associated plant host. A direct stimulation or inhibi-
tion of microbial activity by AM fungi had often been postulated
(Caron, Fortin, and Richard, 1985; Garcia-Garrido and Ocampo,
1988b, 1989; Linderman, 1988, 1992, 1994; Linderman and Paulitz,
1990) but the lack of an adequate experimental system has long pre-
vented any direct experimental evidence. Based on the technology of
root-organ culture of AM fungi in vitro (Bécard and Fortin, 1988), an
appropriate axenic system has been designed (St-Arnaud et al., 1996)
and used to demonstrate a direct interaction between G. intraradices
and F. oxysporum (St-Arnaud, Hamel, Vimard, et al., 1995). Differential
effects of exudates from AM mycelium have been further shown on var-
ious soil fungal and bacterial species (Filion, St-Arnaud, and Fortin,
1999), supporting the existence of mechanisms independent of the root
colonization in the AM-mediated biocontrol. The in vitro culture of AM
has been proven to be a tool of choice that has greatly influenced our un-
derstanding of this symbiosis (Fortin et al., 2002), and its use to analyze
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the interaction between AM fungi and soilborne pathogens or non-
pathogenic rhizosphere microorganisms has also been recently reviewed
(St-Arnaud and Elsen, 2005).

As pointed out by Mathesius (2003), plant root development and
performance are largely affected by a multitude of soil microorgan-
isms to which they are exposed. Their interactions can be of a symbi-
otic, neutral, or pathogenic nature, and occur with the plant, as well as
between microbial species. These rhizospheric interactions involve a
variety of bacteria, fungi, and nematodes and can very well have an
effect on pathogenic interactions via various mechanisms such as
antibiosis, competition for space or nutrients, or parasitism. This
highly complex situation stresses the need to examine the AM fungi-
pathogen interactions within multispecific and multitrophic plant mi-
crobial systems, in non-sterile soil conditions, and in various field
conditions. Highly specific and sensitive biochemical or molecular
tools to quantitatively analyze microbial interactions are increasingly
available. For example, PCR primers specific to G. intraradices or to
F. solani £. sp. phaseoli were recently used for direct quantification of
fungi from soil and roots, using real-time PCR technology (Filion,
St-Arnaud, and Jabaji-Hare, 2003a). This approach, combined with
the use of axenically produced AM fungus spores (Vimard et al.,
1999) and a compartmentalized soil microcosm simulating the AM
mycorrhizosphere (Filion et al., 2001) was used to examine the AM
fungus/F. solani interaction in the bean rhizosphere. Results showed
a reduction in root rot symptoms and pathogen biomass in roots, as
well as a differential effect on the pathogen in the AM rhizosphere
compared to the hyphosphere (Filion, St-Arnaud, and Jabaji-Hare,
2003b). Using the same host, a concurrent study showed that the AM
fungus may also induce a systemic alteration of defense-related gene
transcripts (Guillon et al., 2002). However, the lack of any clear rela-
tion with root rot supports the involvement of mechanisms other than
host defense responses in the AM fungus/F. solani interaction.

Mansfeld-Giese, Larsen, and Bgdker (2002) studied a bacterial
population associated with the mycelium of the AM fungus G. intra-
radices. They found that G. intraradices influences the culturable
aerobic-heterotrophic bacterial communities in the rhizosphere and
hyphosphere of cucumber plants (Cucumis sativus). In this study,
1,400 bacterial colonies were isolated and identified by fatty acid
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methyl ester (FAME) analysis, 87 species within 48 genera being
identified with a similarity index >0.30. Pseudomonas, Arthrobacter,
and Burkholderia were the genera most frequently encountered.
Large differences in bacterial community structure were observed
between rhizosphere soil, root-free soil/sand, and washed sand ex-
tract, whereas major differences between mycorrhizal and nonmy-
corrhizal treatments were observed for a few bacterial species only.
Isolates identified as Paenibacillus spp. were more frequently found
in the mycorrhizal treatment with mycelium of G. intraradices, indi-
cating that bacteria of this genus may live in close association with
mycelium of AM fungi. Similarly, Andrade, Linderman, and Beth-
lenfalvay (1998) studied the persistence of Alcaligenes eutrophus
and Arthrobacter globiformis, two bacteria isolated from AM hypho-
sphere or mycorrhizosphere soils, in the rhizosphere of S. bicolor.
Ten weeks after inoculation, populations of two species were found
at a high level in the AM hyphosphere and mycorrhizosphere soil,
while they were barely detectable near non-AM roots or in noncolo-
nized soil compartments. Furthermore, Sood (2003) found a chemo-
tactic response of plant-growth-promoting bacteria toward roots of
arbuscular mycorrhizal (G. fasciculatum) tomato plants. A signifi-
cantly higher number of bacterial cells of wild strains were attracted
toward mycorrhizal tomato roots compared to non-mycorrhizal roots.
Substances exuded by roots served as chemo-attractants for these
bacteria. In particular, P. fluorescens showed strong chemotactic re-
sponses toward citric and malic acids, which were predominant con-
stituents in root exudates of tomato plants. The attraction of zoo-
spores of P. nicotianae by exudates from mycorrhizal tomato roots
was recently found to differ significantly from non-colonized roots
(Lioussanne, Jolicoeur, and St-Arnaud, 2003, 2004). In P, lanceolata
rhizosphere soil, van Aarle, Soderstrom, and Olsson (2003) observed
an increased microbial biomass in the presence of AM fungal
hyphae, as measured from increased amount of NLFA. They con-
cluded that AM fungal hyphae can thus stimulate microorganisms. A
competition between AM fungi and root pathogens for carbon com-
pounds derived from photosynthesis and stored in roots was also re-
cently proposed as a potential mechanism of pathogen inhibition in
AM plants (Graham, 2001).
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A large-scale study of commercial asparagus fields was used to
study the impact of mutual feedback interactions between plants and
soil microorganisms on a crown and root rot disease of asparagus
(Hamel et al., 2004) associated with large pathogenic and non-patho-
genic Fusarium communities (Vujanovic et al., 2006). Results showed
an association between disease incidence and reorganization of the soil
microbial community. Microbial biodiversity as well as bacterial and
fungal abundance decreased sharply with the onset of disease, fol-
lowed by a similar decrease in the AM fungi population. Biodiversity
and microbial population size then increased to finally reach a new
equilibrium. The authors hypothesized that higher disease incidence is
a consequence of the soil microbial community reorganization. They
also suggested that successful disease management strategies may be
based on cultural practices that would dilute the negative influence of
asparagus on the soil microbial community. Using molecular primers
specific to Fusarium (Yergeau et al., 2005) and AM fungi species
(Kowalchuk, de Souza, and Van Veen, 2002), Yergeau (2004) studied
the relation between these two groups in asparagus fields. Fusarium
and AM fungi species were assessed using PCR-DGGE (denaturing
gradient gel electrophoresis) in both short- and long-term experi-
ments. Results showed that sampling locality and plant age signifi-
cantly influenced both AM fungi and Fusarium communities. Some
species are clearly associated with plants of a specific age and almost
absent on others. Particular Fusarium taxa are also reported as being
inversely linked to various AM fungi taxa.

Various levels of synergism between biocontrol agents or plant-
growth-promoting-rhizomicroorganisms (PGPRs) and AM fungi have
been reported with various crops. For example, Srinath, Bagyaraj,
and Satyanarayana (2003) studied the influence of the AM fungus
G. mosseae inoculated alone or with the PGPRs Bacillus coagulans
and Trichoderma harzianum on the growth of Ficus benjamina. The
plants showed maximum plant height, biomass, P content, mycor-
rhizal root colonization, AM fungal spore numbers, and populations
of T. harzianum and B. coagulans in root zone soil when all three or-
ganisms were inoculated together. On the other hand, Diedhiou et al.
(2003) studied the interaction between G. coronatum and a non-
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