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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.
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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. Dalpe, F. A. 
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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, Azcon, 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 (Auge 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 Piche, 1998; Bago, Azcon-Aguilar, and Piche,
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 & F.E. 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 Citemesi, 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 m m '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 &
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N.C. Schenck) C. Walker & F.E. Sanders (Menendez, 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 micmaggregatum 
Koske, Gemma & P.D. Olexia, Glomus coremioides (Berk & Broome)
D. Redecker & J.B. Morton (=Sclerosystis coremioides) (Menendez, 
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; Vandenkoomhuyse, 
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 fim 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 (Becard, 
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 (Buee 
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).



Extraradical Arbuscular Mycorrhizal Mycelia 11

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- 1 (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 Azcon, 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 Gf 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 ASSOCIA TIONS 
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 
(Auge 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 Schuepp 
(1993) found that G. intraradices, Acaulospora laevis Gerd. & Trappe, 
and Gi. margarita associated with maize differed in their ability 
to take up and translocate 15NH4 SC> 4 across a 40 |am 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- 1 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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et al., 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-Cartm 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 Vosatka, 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



20 MYCORRHIZAE IN CROP PRODUCTION

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 at, 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 ^-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-



Extraradical Arbuscular Mycorrhizal Mycelia 25

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 (Vosatka 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 (Auge, 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-1 and 200-5,000 mg P kg-1 respectively, while 
Stevenson and Cole (1986) report values from as little as 100 mg P 
kg - 1 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_1 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 - 1 *) cm2/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 |im) 
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 soil 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 pCC> 2  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 
andFardeau, 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 |iM), and a high-affmity system requiring energy when 
the concentration of the soil solution is low (<1 |J.M). 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-affmity 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 (Triticum 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 few 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, NH4 + is less readily available than NC>3 ~, 
which is not retained on cation exchange sites. NC>3 ~~ 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 NC>3 _N predominates, as NH4 + 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 NC>3 ~ uptake, the percentage of plant N derived 
from fertilizer, and plant N use efficiency (Azcon, 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 92.5
Potassium 2.1 17.9 80.0
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N 03- , 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 NO^-  depletion zones are unlikely to form 
around plant roots (Figure 2.1). Consequently, fairly homogenous lev­
els of NO3 -  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 N0 3 ~ 
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, Azcon, 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

FIGURE 2.1. Calculated concentration gradients around a plant root in soil when 
N03', H2P 04" 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-Amaud, 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-Amaud, and Charest (2004) observed translocation of 
15N from 15NH4 but not from 1 5 N0 3  to the carrot (Daucus carota L.) 
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 NC>3 ~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 NH4+ 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 NC>3 _ uptake and translocation to the host 
plant (Azcon, Ruiz-Lozano, and Rodriguez, 2001; Hawkins and 
George, 2001), but the mycorrhizal effects on NC>3 ~ acquisition have 
sometimes been attributed to better plant P nutrition, as NC>3 ~ reduc­
tion has a high requirement for adenosine triphosphate because it is
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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 N03"N (Hawkins and George, 2001). (B) Levels of N supply that 
are too high (Johansen et al., 1994; Hawkings and George, 2001; Azcon 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 NH4", 
N03~ (Hawkins and George, 2001) and amino acids (a.a.) (Hawkins, Johansen, 
and George, 2000) was shown; it seems that AM hyphae preferentially use NH4+ 
as compared to 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 (Azcon, 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

Soil Nutrient and Water Providers
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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 (Azcon, 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 (Azcon, 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 (Azcon, 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 Schuepp
(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 An 
value of mycorrhizal cotton plants (Gossipium arboreum L.) grown 
in 60 Co-7 -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 An 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 fimol g hyphae- 1 h“ 1 in a 4 mM solution, is in the same 
range as that of inorganic N. Mycorrhizal roots take up approximately 
40 nmol N g root- 1 h - 1 and 20 nmol N g root- 1 h - 1 in 0.2 mM 
NO3 -  and 2.0 mM NO3 -  solution respectively, as compared to ap­
proximately 1 nmol g root- 1 h- 1 for non-mycorrhizal roots. Further­
more, using compartmented growth containers and 1 3 C- and ,5 N- 
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; Weissenhom 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 35so4) 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 SO4  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 (Azcon, 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 Romheld, 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 2 0  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



54 MYCORRHIZAE IN CROP PRODUCTION

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 (Azcon, Ambrosano, and 
Charest, 2003). At low 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 ofMn 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 MnC>2 , 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 soil? 
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 Auge (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 
(Auge 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, Azcon, 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-co\onized 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 (Auge 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; Auge 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 (Auge 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 (Auge, 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-Amaud 

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 (SchiiBler, 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-Amaud, 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 on root 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



TABLE 3.1. Interaction between arbuscular mycorrhizal fungi and soilborne fungal pathogens.
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Prunus persica

Solanum melongena

Tagetes patula

Tagetes erecta
Theobroma cacao
Trifolium sp.
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Graham and Menge, 1982;
Rempel, 1989

Mahmood and Khurshid, 1988
Jalali and Hisar, 1991; 
Kasiamdari et al., 2002
Abdel-Fattah and Shabana, 
2002; Ramaraj et al., 1988; 
Fernando and Linderman, 1997
Newsham etal., 1994,1995

Khadge etal., 1990
Thompson and Wildermuth, 
1989

1 species8

:ies

Mycorrhiza

G. fasciculatus 
G. intraradices

Unidentified spec
G. coronatum 
G. mosseae
G. clarum 
G. etunicatum 
G. intraradices
Glomus sp.

G. mosseae
Wild inoculum

id

Pathogen8

Cochliobolus sativus 
(=Bipolaris sorokiana) 
Gaeumannomyces graminis trit
Root infecting fungi
Macrophomina phaseolina

Macrophomina sp. 
Phytophthora vignae 
Rhizoctonia solani
Embellisia chlamydospora 
Fusarium oxysporum
Rhizoctonia solani
Bipolaris sorokiniana

Crop species

Triticum aestivum

Triticum sp.
Vigna radiata

Vigna unguilata

Vulpia ciliata ssp. 
Ambigua
Zea mays
37 pasture species

TABLE 3.1 (continued)

aSpecies 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, Bartschi, 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-Amaud 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-Amaud 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 6 8  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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Hussey and Roncadori, 1982

Hussey and Roncadori, 1982; 
Sikora and Schonbeck, 1975
Baghel etal., 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 
Sch6nbeck, 1975

Mycorrhizal species8

Gigaspora margarita 
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

Pathogen®

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

Crop species

Arachis hypogaea

Avena sativa

Citrus jambhiri
Citrus limon

Citrus sp.

Cucumis sativus

Cyphomandra betacea

Daucus carota
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Francl and Dropkin, 1985; 
Hussey and Roncadori, 1982; 
Kellam and Schenck, 1980; 
Schenck et al., 1975; Schenck 
and Kinlock, 1974

Hussey and Roncadori, 1977, 
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 etal., 1988

ycorrhizal species8
idogone sp
calospora
. heterogama
. margarita
etunicatus
fasciculatum
macrocarpum

',utellospora heterogama
. margarita 
intraradices

. margarita 
etunicatus
mosseae 
identified species
. margarita 
fasciculatum 
mosseae 
identified species

fasciculatum

M

Er 
E.
Gi
Gi
G.
G.
G.
Sc
Gi
G.

Gi
G.
G.
Ur
Gi
G.
G.
Ur

G.

Pathogena

Heterodera glycines 
Meloidogyne incognita

Meloidogyne incognita 
Pratylenchus brachyurus

Meloidogyne incognita 
Pratylenchus brachyurus

Meloidogyne incognita 
Meloidogyne javanica 
Rotylenchulus reniformis

Radopholus similis

Crop species
Glycine max

Gossypium hirsutum

Gossypium sp.

Lycopersicon esculentum

Musa cv. Dwarf Cavendish
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Fox and Spasoff, 1972; 
Hussey and Roncadori, 1982; 
Sikora and Schonbeck, 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

Gi. gigantea 
G. mosseae
Unidentified species

Unidentified species
G. etunicatum
Gi. margarita 
G. etunicatus
Vesicular-arbuscular 
mycorrhizal fungib
G. epigaeus 
G. fasciculatum
G. fasciculatus
G. fasciculatum

Heterodera solanacearum 
Meloidogyne incognita 
Root-knot nematode

Rotylenchulus reniformis
Meloidogyne incognita
Meloidogyne hapla

Meloidogyne javanica

Heterodera cajani

Meloidogyne arenaria
Meloidogyne arenaria

Nicotiana tabacum

Phaseolus vulgaris
Piper nigrum
Prunus persica

Vida faba

Vigna unguiculata

Vitis sp
Vitis vinifera

aSpecies names are those used in the cited references.

‘’The authors considered Fusarium equiseti and Pythium butleri2 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/?, 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 soilbome 
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 
Fol62 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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1979

1979

1979

jl

1979

References

Schonbeck and Dehne, 1

Feldmann et al., 1989
Schonbeck and Dehne, 1

Meyer and Dehne, 1986; 
Schonbeck and Dehne, 1

Dugassa et al., 1996
Lingua et al., 2002
Gernns et al., 2001; Shai 
etal., 1999

Meyer and Dehne, 1986; 
Schonbeck and Dehne, 1

Rempel, 1989

Mycorrhizal species8

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

Pathogen8

Erysiphe cichoracearum
Microcyclus ulei
Erysiphe graminis 
Helminthosporium sativum
Botrytis cinerea 
Bremia lactucae
Oidium Un i
Stolbur group Phytoplasma
Erysiphe graminis f.sp. hordei 
(=Blumeria graminis f.sp.
hordei)
Botrytis cinerea 
Uromyces phaseoli

Puccinia graminis 
f.sp. tritici

Crop species

Cucumis sativus
Hevea brasiliensis
Hordeum vulgare

Lactuca sativa

Linum usitatissimum
Lycopersicon esculentum
Nicotinia tabacum

Phaseolus vulgare

Triticum aestivum

aSpecies names are those used in the cited references.
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‘Species or virus names are those used in the cited references.

References

Filion, 1998; Garcia-Garrido and 
Ocampo, 1988a, 1988b, 1989; 
Halos and Zorilia, 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; Schonbeck 
and Spengler, 1979
Schonbeck and Dehne, 1979; 
Schonbeck and Schinzer, 1972; 
Shauletal., 1999
Daft and Okusanya, 1973
Jalali and Hisar, 1991

Mycorrhizal species9

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

Pathogen3

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

Crop species

Bacteria
Lycopersicon esculentum

Virus and Phytoplasma
Citrus aurentium
Citrus macrophylla
Fragaria chiioensis ananassa

Lycopersicon esculentum

Nicotiana tabacum

Petunia sp.
Solanum tuberosum



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-CYavi- 
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 (Lingua et al.,
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, intemode 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



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, 
2 0 0 2 b).

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-Amaud 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 T 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-Amaud, 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 E 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 f. 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 et al., 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 (T. 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 (1986c) 
with tomato-Fusarium, reducing the possibility that their results 
were an exception, as suggested by Smith (1988). Trottaet 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, Boiler, 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 2 0  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, 
Boiler, 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 
etal., 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). Kj0 ller 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 Boiler (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 Boiler, 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, 
2 0 0 2 ), 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-Amaud (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 (1986c) 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 (Becard 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-Amaud, 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-Amaud, 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 soilbome 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 f. sp. phaseoli were recently used for direct quantification of 
fungi from soil and roots, using real-time PCR technology (Filion, 
St-Amaud, 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//? 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//? solani interaction.

Mansfeld-Giese, Larsen, and B0dker (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



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-Amaud, 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- 
pathogenic isolate of F. oxysporum strain Fol62 in the biocontrol of 
M. incognita on tomato. While preinoculation of tomato plants with



Arbuscular Mycorrhizal Symbiosis and Plant Diseases and Pests 101

G. coronatum or Fol62 stimulated plant growth and reduced M. in­
cognita infestation, combined application of the fungi enhanced 
mycorrhization of tomato roots but did not increase overall nematode 
control or plant growth.

Multitrophic interactions are highly complex in soil and other 
types of microbiota, mesobiota, and macrobiota have also been 
shown to interact with AM fungi. Fracchia et al. (2003) reported a 
beneficial effect of the soil yeast Rhodotorula mucilaginosa on root 
colonization by G. mosseae in soybean (Glycine max) and Gigaspora 
rosea in red clover (Trifolium pratense). The percentage of root 
length with AM colonization was increased only when the soil yeast 
was inoculated before the AM fungus was introduced, but yeast 
exudates applied to soil similarly increased AM root colonization. 
Ronn et al. (2002) observed that free-living soil bacterial-feeding 
protozoa are significantly reduced in the rhizosphere of pea (P. sati­
vum L. Cv. Solara) colonized with G. caledonium, as compared to 
non-mycorrhizal treatments. They attributed the lower protozoa pop­
ulation to a depressing effect on bacterial production by AM coloni­
zation. Collembolan grazing on AM fungi and its impact on plant 
growth was studied in pea rhizosphere utilizing a mix of AM fungi 
and the dominant collembolan species (Isotoma sp.) indigenous to 
the experimental soil (Schreiner and Bethlenfalvay, 2003). The re­
sults showed that collembolan grazing on mycorrhizae can be detri­
mental to plant growth when other fungal food sources are limited, 
but grazing on mycorrhizal fungi does not occur in these experimen­
tal conditions when ample organic matter and associated saprophytic 
fungi are present in soils. Diaye et al. (2003) found that a soil-feeding 
termite (Cubitermes nikoloensis) influenced the development of sym­
biotic microflora (rhizobia, arbuscular mycorrhizas) associated with 
a fallow leguminous plant, Crotalaria ochroleuca. The results indi­
cated higher contents of available P and mineral-N in the mound wall 
of termite nests, promoting AM spore production and the number of 
rhizobia nodules per root system.

CONCLUSIONS

Although disease management using chemicals has met with good 
success in the past, it is now obvious that a more environmentally
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sound approach should be favored. In this context, biological control 
of plant pathogens through inoculation of antagonistic organisms, or 
by favoring the growth of useful indigenous species already present, 
is one of the most promising ways. Naturally occurring rhizosphere 
microorganisms are choice candidates for biological control because 
they are already part of the equilibrium between plants, pathogens, 
and the soil environment. Moreover, AM fungi play a central role in 
soil biology and contribute to increasing growth, improving nutri­
tional status, and stress tolerance by modifying the host plant metab­
olism, and inducing defense mechanisms against pathogens (Smith 
and Read, 1997). Today, AM fungal inoculum is increasingly avail­
able and is produced by over 30 companies worldwide (Gianinazzi 
and Vosatka, 2004). Despite that and the extensive evidence of the 
beneficial impact of AM fungi in plant health, none of the biocontrol 
products currently on the market contains AM fungi (Whipps, 2004). 
AM fungi are generally registered as biostimulants or biofertilizers to 
avoid the more complex and expensive procedure required for the 
registration of biocontrol products. This situation may have slowed 
down the introduction of mycorrhizal inocula in agriculture. Never­
theless, these ubiquitous fungi exist in almost any soil and play a 
central role in ecosystem functioning (Klironomos, 2002; van der 
Heijden et al., 1998). The understanding of the role played by AM 
fungi in soil microbial population equilibrium and biodiversity is 
therefore a key factor in strategies to modify agricultural practices 
and develop biological control approaches in the context of sustain­
able development (Jeffries et al., 2003; Johansson, Paul, and Finlay, 
2004). AM fungi are major components of soil microbiota and obvi­
ously interact with other microorganisms in the rhizosphere, that is, 
the zone of influence of plant roots on microbial populations and 
other soil constituents. Mycorrhiza formation changes several as­
pects of plant physiology and some nutritional and physical proper­
ties of the rhizospheric soil. These effects modify the colonization 
patterns of the roots or mycorrhizosphere by soil microorganisms. 
The rhizosphere of mycorrhizal plants, in practice a mycorrhizo­
sphere, supports a wide range of microbial activities responsible for 
several key ecosystem processes. Microbial interactions in the rhizo­
sphere of mycorrhizal plants improve plant fitness, soil quality, and 
mycorrhizosphere activity of non-pathogenic organisms against pa­
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thogens, which are critical issues for a sustainable agricultural devel­
opment and ecosystem functioning. In the context of biological 
control of plant diseases, AM fungal agents must be seriously consid­
ered and examined as alternatives to chemical pesticides due to their 
perceived increased level of safety and minimal environmental im­
pacts.
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Over the past decade, inocula of arbuscular mycorrhizal fungi 
(AMF) have become commercially available, but we are still far from 
integrating arbuscular mycorrhiza (AM) into plant production. The 
role of AMF in plant production has been marginalized in high-input 
agriculture through the use of pesticides and fertilizers, creating sce­
narios where the symbiosis may even be causing growth depressions 
when the cost (carbon drain) of the symbiosis becomes higher than 
the benefit (phosphorous uptake) (Ryan and Graham, 2002). More 
recently, the focus has been on areas with little or no AMF inoculum 
potential, such as plant production in horticulture that is based on 
soilless growth media. AMF have also been used in the restoration of 
disturbed landscapes, such as after major construction work (Dodd 
et al., 2002), in the bioremediation of polluted soils (Joner and Ley- 
val, 2003; Vivas et al., 2003), and in the restoration of desertified eco­
systems (Requena et al., 2001).

Since several other reviews on AM and horticulture are available 
(Linderman, 1986; Gianinazzi, Trouvelot, and Gianinazzi-Pearson, 
1990; Azcon-Aguilar and Barea, 1997; Vosatka et al., 1999; Marx, 
Marrs, and Cordell, 2002), this chapter is not an extensive review on
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AMF and horticulture; rather, it is an update presenting the prospects 
and limitations for integrating AMF into horticultural plant produc­
tion, with a focus on compatibility between AMF and plant pro­
duction systems.

ROLE OF AM IN PLANT PRODUCTION

In the early phase of AM research (1960s-1980s), researchers fo­
cused on plant nutrition and tried to promote the commercial use of 
AMF as biofertilizers for plant production. However, this approach 
did not fit into modem agriculture with its intensive use of fertilizers 
and pesticides. More recently, other plant benefits, such as increased 
stress tolerance, have become more important arguments in favor of 
AM integration. This is especially true in plant-production systems 
without AMF, either in soil where AMF have been eradicated by soil 
disinfection or in soilless growth media in greenhouse production, 
where inoculation with AMF can protect the host plant against both 
biotic (Rosendahl and Rosendahl, 1990; St-Amaud et al., 1994; 
Linderman, 2000; Thygesen, Larsen, and B0dker, 2004; Whipps, 
2004) and abiotic stress (Al-Karaki and Hammad, 2001; Cantrell and 
Linderman, 2001; Davies et al., 2002). In modem horticulture, plants 
are often grown in soilless growth media with nutrient solutions that 
are optimal for plant growth. These inert systems are used worldwide 
in horticulture chiefly because they provide precise plant nutrition 
and pathogen management and because these media are much lighter 
than soil and therefore easier to transport and handle in the nursery. 
Over the past ten years, it has become evident that production sys­
tems using inert growth media lack biological buffers against root 
diseases; pathogens, when they invade these systems, have little com­
petition from other microorganisms. Recent results show that fewer 
root diseases develop if the inert growth media are reused (Postma 
et al., 2000), indicating that inert systems can be too clean. Microbial 
biocontrol agents have therefore become more common in green­
house systems (Paulitz and Belanger, 2001). A parallel can be found 
in field-grown systems, where the soil is disinfected to manage pests. 
Here, biological activation with green manure crops and/or inocula­
tion with AMF have been explored (Haas et al., 1987; Kabir and 
Koide, 2002).



POTENTIAL AREAS FOR INTEGRATING AMF 
INTO HORTICULTURE

Most horticultural crops can potentially benefit from AMF, as the 
vast majority of these crops are known to host AMF. In general, AMF 
can be integrated into plant production in two different ways, (1) by 
managing indigenous populations and (2) by inoculating the plant 
growth substrate with known AMF. The applicability of these meth­
ods depends on the individual production system. Indigenous popu­
lations of AMF can be managed using various methods for the pro­
duction of plants in the field, low input of pesticides and P fertilizers, 
reduced tillage, crop rotations avoiding non-mycorrhizal crops, cover 
crops, and intercropping. In systems where the indigenous AMF pop­
ulations have been reduced by soil disinfection, it is possible to rees­
tablish AMF by growing a mycorrhizal cover crop prior to the main 
crop and/or by adding an AMF inoculum to the soil. However, to re­
duce the amount of AMF inoculum needed, it may be more feasible 
to preinoculate transplants with AMF. Preinoculation of transplants 
may also be useful in non-disinfected soil as a way to “kick start” 
transplant growth and/or improve plant establishment, especially for 
high-value crops. In some cases, transplants are produced through 
micropropagation; in those growth systems, AMF inoculation can 
be performed aseptically or simply by mixing an inoculum into the 
growth media during acclimatization (Lovato et al., 1996). AMF can 
also be applied to soilless growth media in the greenhouse either by 
preinoculating transplants in mycorrhiza-conducive media or simply 
by mixing an AMF inoculum into the growth media.

USE OF AMF IN FIELD-GROWN 
HORTICULTURAL CROPS 

Management of Indigenous AMF Populations

Interactions with Other Soil Biota

It is well-known that the soil inoculum potential of AMF is 
affected by common plant production practices (Hayman, 1982; 
Hamel, 1996), but our understanding of the impact of other soil biota 
on the inoculum potential of AMF and how this affects soil/fertility
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is still limited despite enormous interest in this area (Fitter and 
Garbaye, 1994; Jeffries et al., 2003; Johansson, Paul, and Finlay, 
2004; Leake et al., 2004). This may explain why it has been difficult 
to validate P transport by AMF and other functions of AMF in the 
field. AMF spores and mycelium can be subject to parasitism by 
hyperparasitic fungi (Rousseau et al., 1996) and predation by myco- 
phagous soil animals such as collembolans (Larsen and Jakobsen,
1996). Studies on the impact of macroinvertebrates such as earth­
worms on AMF are limited, but new results show that earthworms 
have no effect on root colonization (Wurst et al., 2004) or P transport 
by an AM fungus (Tuffen, Eason, and Scullion, 2002); in fact, in­
creases in external mycelium growth in root-free compartments as a 
result of the presence of earthworms have even been reported (Gorm- 
sen, Olsson, and Hedlund, 2004). Most studies on the interaction be­
tween AMF and soil biota show limited effects on AM fungal growth 
and P transport (Larsen and Jakobsen, 1996; Green et al., 1999; 
Ravnskov et al., 1999, 2003). However, most of these studies have 
been performed under controlled conditions in pots with only a few 
isolates of AMF and soil biota, demonstrating the need for more 
field-oriented studies (Schweiger, Spliid, and Jakobsen, 2001) to 
demonstrate the extent to which interactions with other soil biota 
affect AM functioning in the field.

Crop Rotation

Some plant species, mainly those belonging to the Cruciferae and 
Chenopodiaceae families, do not form symbioses with AMF. The 
P uptake of an AMF-dependent crop can be reduced in particular dur­
ing early growth following those plant species or after a fallow period 
(Thompson, 1994; Gavito and Miller, 1998a). AMF inoculum potential 
in soils that were previously used to grow a non-mycorrhizal crop can 
be increased by growing a mycorrhizal green manure cover crop 
(Boswell et al., 1998). The growth of mycorrhiza-dependent crops 
such as leeks, onions, lettuce, and carrots can respond to the previous 
crop (Sorensen, Larsen, and Jakobsen, 2003; Sorensen, Larsen, and 
Jakobsen, 2005). However, these mycorrhiza-dependent crops often 
have long production times, so in many situations colonization is 
simply delayed and impact on yield is not always apparent. In con­
trast, B0dker and Kristensen (1999) showed that the use of non-
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mycorrhizal green manure crops (Raphanus sativus and Brassica 
campestris) as pre-crops prior to a main crop of peas resulted in an 
unexpected increase in AMF colonization. Suppression of other root- 
inhabiting fungi or soil biota, which is antagonistic to AMF during 
organic matter decomposition, may be responsible for these results; 
this highlights the importance of ensuring that interactions with other 
soil biota are not ignored when the effect of plant production methods 
on AMF inoculum potential is examined. Intercropping can be used 
as a way to link the roots of a transplanted crop to the AM mycelial 
network that is already established. This possibility was studied in 
some detail after it became evident that plants can share the same 
mycorrhizal network (Graves et al., 1997). In a field experiment, we 
tested the role of a black medick cover crop where leek transplants 
were planted.

Tillage

It is well established that tillage reduces the inoculum potential of 
AMF owing to disruption of the extraradical mycelium (McGonigle 
and Miller, 1993). The result may be reduced nutrient uptake, growth, 
and final yield (McGonigle, Evans, and Miller, 1990; Kabir, O’Hal­
loran, Fyles et al., 1998; Mozafar et al., 2000). McGonigle and Miller
(1993) suggested that the roots of newly developing plants become 
connected to the intact mycelium, which then serves as a nutrient ac­
quisition system, obviating the need to develop a new mycelium from 
primary infections. Disturbing only the top 5 cm soil layer did not af­
fect AMF colonization; this finding might be used to develop a tillage 
strategy that is compatible with AM (Kabir, O’ Halloran, Widdens 
et al., 1998). Gavito and Miller (1998b) showed that, compared with 
conventional tillage, no-tillage increases shoot P concentration and 
AMF colonization, but the yield in no-tillage treatments is lower than 
in the conventional tillage treatment.

Pest Management Methods

Pests such as weeds, herbivores, and diseases can potentially cause 
major losses in horticultural plant production. Consequently, growers 
try to manage these pests using pesticides, soil disinfection, crop 
rotation, and resistant varieties. These pest management methods are



128 MYCORRHIZAE IN CROP PRODUCTION

not always compatible with the integration of AMF into plant pro­
duction. The impact of pesticides on AMF has been studied inten­
sively, and it is clear that AMF are sensitive to a broad range of 
fungicides (Larsen et al., 1996; Kjoller and Rosendahl, 2000). Since 
most of the studies have been carried out as pot experiments, under 
conditions in which it can be difficult to convert the recommended 
field application dosage, there is a need for more field-oriented work 
in this area. Schweiger, Spliid, and Jakobsen (2001) examined the ef­
fects of benomyl on hyphal P transport by indigenous AMF popula­
tions in a pea field. In this study, the recommended dosage of 
benomyl actually increased AM hyphal P transport, most likely as a 
result of interactions with saprotrophic fungi, which may have been 
suppressed more by benomyl than the AMF were. AMF should be 
more compatible with foliar pesticides than soil pesticides, since fo­
liar pesticides are applied with little runoff to the soil and are not 
transported from the shoot to the root. However, foliar applications in 
extremely sandy soil may have a stronger impact on AMF. In addi­
tion, persistent pesticides applied to foliage may still be active when 
crop residues are incorporated into the soil. Few pesticides are used 
in soil to manage root diseases in field-grown crops, and in most 
cases these pesticides are used only in limited amounts as a seedcoat. 
It is well-known that soil fumigation to control weeds and soilborne 
diseases reduces AMF root colonization; the effects depend on the 
dosage and depth of penetration of the fumigant (Menge, 1982). 
Other soil disinfection methods, such as steaming (An, Guo, and 
Hendrix, 1998) and solarization (BendavidVal et al., 1997), also ad­
versely affect AMF. Control of weed seeds can be achieved by disin­
fecting the upper 5 cm of the soil, which may not have a strong impact 
on AMF. Recently, it was found that AMF colonization of Alnus 
incana roots in a forest nursery was not affected by disinfection of the 
upper 5 cm of the soil surface using dazomet fumigation, steaming, 
and biofumigation with a Brassica green manure (Welc, Ravnskov, 
and Larsen, unpublished). This finding suggests that this method of 
managing weed seeds may be compatible with AMF.

Fertilizers

High nutrient input in plant production seems to have adverse 
effects on AMF. A negative correlation between soil P concentration



and AM formation has been clearly demonstrated (Hayman, 1982; 
Thomson, Robson, and Abbott, 1992; Olsson, Baath, and Jakobsen,
1997). It has been known for several decades that AM colonization is 
low in agricultural systems in which there is high availability of P in 
the soil (Ryan and Graham, 2002). However, the mechanism under­
lying this reduced colonization in soil with high P is still not fully 
understood. Little is also known about the correlation between colo­
nization and functioning of AM in terms of P transport and stress al­
leviation. In addition, the impact of soil P on AM depends on the 
mycotrophic nature of the host and the P sensitivity of the AM fungus 
(Sylvia and Schenck, 1983). Some AM symbioses are therefore more 
strongly affected by high P levels than others. In contrast, organic nu­
trients seem to affect AMF differently depending on the source of the 
organic matter in question. The response of AMF to organic matter 
seems to depend on the carbon/nitrogen ratio of these organic sub­
strates. Ravnskov et al. (1999) examined the impact of various or­
ganic substrates with and without nitrogen on the growth of the 
external mycelium of Glomus intraradices and found that com­
pounds containing N, such as bovine serum albumin and bakers’ dry 
yeast, increased mycelium growth in G. intraradices, whereas com­
pounds without N, such as cellulose, decreased the growth of the ex­
ternal mycelium. The suppression of mycelial growth in AMF by 
cellulose seems to be related to increased saprotrophic fungi growth 
(Ravnskov et al., 1999). Similarly, Gryndler et al. (2002) found that 
cellulose decreased AM formation in the early phase of plant growth, 
but increased AM formation after a longer period of growth. AM 
seem to accelerate the decomposition of organic matter (Hodge, 
Campbell, and Fitter, 2001), most likely through their modulating ef­
fects on soil microbial communities. It is well established that AMF 
are obligate symbionts and therefore need their host plants to com­
plete their life cycles. However, Hildebrandt, Janetta, and Bothe 
(2002) suggested that AMF might be able to complete their life cy­
cles without their plant partners by establishing consortia with other 
soil microbes instead. Mosse (1988) also suggested the possibility of 
such “saprotrophic” growth of AMF, but such growth of AMF alone 
or in consortia with other microorganisms remains to be demon­
strated.
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Preinoculation of Transplants

Many plants, especially high-value crops, are produced using a 
transplant stage; in such cases, preinoculation with AMF has been 
shown to increase plant growth and vigor. Post-in vitro inoculation 
of micropropagated plants with AMF has resulted in better growth 
and acclimatization as compared to non-inoculated controls (Estaun 
et al., 1999; Jaizme-Vega et al., 2003). Several studies have shown 
that pre-inoculation of vegetable transplants with AMF can increase 
yield not only in low P soil but also in soils with moderate P levels 
(Regvar, Vogel-Mikus, and Severkar, 2003; Sorensen, Larsen, and 
Jakobsen, 2003; Ortas, 2003). However a response to pre-inoculation 
may not be obtained in field soils containing healthy AMF popula­
tions. The authors explained the difference as being due to a more 
abundant and effective indigenous AMF population in the organi­
cally cultivated soil. In contrast, Douds and Reider (2003) found no 
difference in growth response to AMF in preinoculated mycorrhizal 
green pepper plants grown in high P soil that was fertilized with dairy 
cow manure and conventional chemical fertilizer, respectively. They 
tested two kinds of AMF inocula, a single-fungus inoculum consist­
ing of Glomus intraradices, and a mixed inoculum combining Glomus 
mosseae, Glomus etunicatum, and Gigaspora rosea. The experiment 
was repeated over three years. In the first year, the yield of marketable 
fruit was higher from plants inoculated with the mixture of AMF, 
whereas the yield was lower with single-species inoculation using G. 
intraradices as compared to non-inoculated control plants. In the 
third year, both mycorrhizal treatments resulted in an increased yield 
of marketable fruit as compared to non-mycorrhizal plants.

Root Trimming

The roots of transplants are often trimmed to facilitate planting, 
and in theory this practice seems to be incompatible with AM forma­
tion. The use of plug plants instead of bare-root plants would increase 
the benefit of preinoculation with AMF, because the external myce­
lium that develops during the transplant production period of 10 
weeks or more can start working right after transplanting. However, 
the impact of trimming transplant roots on AM functioning remains 
to be examined.
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Soil Disinfection

Outplanting preinoculated seedlings seems to be highly compati­
ble with production systems using soil disinfection, in which the in­
digenous AMF have been eradicated. Linderman and Davis (2001) 
tested the effect of three AMF on seven grapevine rootstock cultivars 
grown in fumigated low-P soil. In general, inoculation with AMF re­
sulted in increased shoot growth in the plants, although the effect of 
AMF on plant growth depended on the combination of plant cultivar 
and AMF. Similarly, higher yield has been found in several other 
crops after inoculation with AMF in fumigated soil (Haas et al., 
1987; Kapulnik et al., 1994; Koch et al., 1997).

Undesired Effects of Introducing Commercial AMF 
to Soil Ecosystems

Most commercial AMF inocula contain a mix of only a few AMF, 
and concern has been raised about whether the introduction of AMF 
inocula to agroecosystems could have undesired effects on indige­
nous AMF populations, reducing diversity not only in the agroecosys­
tems but also in neighboring natural soil ecosystems. Very little work 
has been done in this area to date, but new molecular techniques will 
make it possible to examine such potential undesired effects of inocu­
lation. One way to avoid the potential effects of introducing AM 
inocula to the field could be to use indigenous AMF populations as 
sources of inoculum (Gaur and Adholeya, 2005).

Plant Breeding

In most types of plant production, breeders are constantly provid­
ing growers with new varieties that have desired features such as dis­
ease resistance, taste, and color. Breeding and/or genetic manipula­
tion of this sort will continue, most likely without consideration 
being given to whether the new varieties are compatible with AMF or 
other plant-beneficial microbes. It therefore seems logical to use a 
mixed inoculum of AMF, as is the case with most commercial AMF 
inocula, since AMF inoculum producers are unlikely to produce 
inocula that have the optimal isolates of AMF for every new plant va­
riety. Indeed, one of the main challenges in plant production may be
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to convince breeders to consider AM compatibility when developing 
new varieties (Hetrick, Wilson, and Cox, 1993; Zhu et al., 2001).

Economics

The parasitic-mutualistic continuum of root-inhabiting fungi is 
complex, and even common pathogens have been shown to be mu- 
tualistic in terms of plant growth (Johnson, Graham, and Smith, 
1997; Redman, Dunigan, and Rodriguez, 2001). It is therefore diffi­
cult to perform exact cost-benefit analyses that focus solely on the 
host plant, making the cost-benefit analyses of integrating AMF into 
plant production even more difficult. Miller, McGonigle, and Addy
(1994) performed an economic analysis that considered the potential 
environmental benefits of making better use of AMF in field-grown 
crops. The analysis suggested that the benefit of no-tillage and lower 
P fertilization practices that give mycorrhizal fungi a more significant 
role in plant production would be a cleaner environment. This would 
save the cost of cleaning polluted lakes and rivers after eutrophication 
caused by fertilizer runoff has occurred.

INTEGRA TING AM INTO GREENHOUSE 
PLANT PRODUCTION 

Plant-Beneficial Features of AMF

Greenhouse production of ornamentals and vegetables is to a great 
extent based on soilless growth media, and it is necessary to inoculate 
these production systems in order to benefit from AMF. The main 
benefit of AMF in these systems seems to be increased plant toler­
ance to stress, since the nutritional issue is not important. This is 
because plant nutrients can be given at an optimum dosage with mini­
mal environmental problems if the nutrient solution is recirculated. 
Besides increased stress tolerance, the benefits of AMF in these sys­
tems are early flowering, better rooting of plants propagated from 
cuttings, and biological activation of inert growth media.
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Stress Alleviation

AM can alleviate both abiotic and biotic stress. It is well-known 
that mycorrhizal plants in general are more resistant to and develop 
fewer diseases caused by root pathogens (reviewed e.g., by Linder­
man, 1994; Azcon-Aguilar and Barea, 1996; Graham, 2001; Whipps, 
2004). The role of AM in alleviating biotic stress caused by plant 
pathogens is reviewed by St-Amaud and Vujanovic in Chapter 3 of 
this book. AM have also been shown to increase plant resistance and 
tolerance to high levels of salinity (e.g., Cantrell and Linderman, 
2001) and drought. The role of AM in drought stress has recently 
been reviewed by Ruiz-Lozano (2003). Abiotic stress is most likely 
not as common during plant production in greenhouse systems, since 
water and nutrient solutions are optimized. However, these features 
of AM may be valuable in increasing the longevity of pot plants when 
they are stored before sale in plant nurseries or supermarkets, and in 
their new homes, where they may lack water.

Early and More Abundant Flowering

AMF have been shown to have an impact on plant flowering. 
Flowering is important not only because it increases the value of or­
namental plants but also because it determines the production period. 
Early flowering due to AM may shorten the production period. The 
fact that more abundant flowering is likewise valuable for plant pro­
ducers means that these benefits of AMF would be highly appreci­
ated. Indeed, AMF have been shown to affect the flowering of both 
ornamentals and vegetables. Sparaxis tricolor that was inoculated 
with AMF flowered at least one week earlier than non-mycorrhizal 
controls (Scagel, 2004). Similar results were obtained with Freesia x 
hybrida (Scagel, 2003a),Abutilon theophrasti (Lu and Koide, 1994), 
and Chrysanthemum morifolium (Sohn et al., 2003). Scagel (2003b) 
also studied the effect of AMF on the flowering of three cultivars of 
Zephyranthes spp. and found that the effect of AMF varied from de­
layed to earlier flowering depending on the plant cultivar. Inoculation 
with AMF has also been shown to prolong flowering (Lu and Koide, 
1994) and result in more flowers in Petunia hybrida, Callistephus 
chinensis, and Impatiens balsamina (Gaur, Baur, and Adholeya, 2000). 
In addition, vegetables such as tomatoes (Lycopersicon esculentum)
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have been shown to produce more flowers after inoculation with AMF 
(Poulton, Koide, and Stephenson, 2001). However, Bryla and Koide
(1990) tested the effect of AMF on 10 different tomato cultivars and 
found that the effect on flowering time, number of flowers, and flower­
ing duration differed from cultivar to cultivar.

Biological Activation of Inert Growth Media

Inert growth systems are deficient in microbial activity, and ap­
plying AMF inocula to these systems may result not only in AM 
formation but also in the introduction of AM-associated bacteria 
(Mansfeld-Giese, Larsen, and B0dker, 2002), which can promote 
plant growth and have biocontrol features (Budi et al., 1999). Isolates 
of Paenibacillus polymyxa and Paenibacillus macerans, from a cu- 
cumber/G. intraradices symbiosis, were shown to be antagonistic to 
the root pathogen Pythium ultimum and to promote cucumber growth 
as well (Larsen, Cornejo, and Barea, unpublished). Similarly, the bio­
logical activation of the growth media is most likely also the reason 
for the growth promotion of Trifolium subterraneum in peat after 
AMF inoculation with no AM formation (Larsen and Ravnskov, un­
published).

Compatibility with Production Systems

Integrating AMF into highly industrialized plant production sys­
tems may be difficult because of various AMF-adverse conditions 
and practices such as the type of growth media and the use of fertiliz­
ers and pesticides.

Growth Media

Most greenhouse plant production systems are based on soilless 
growth media, except in warm areas where field-grown crops are 
simply protected with plastic covers. Most potted plants are produced 
in peat-based substrates, and vegetables and cut flowers are pro­
duced in inactive growth media such as rockwool, perlite, and LECA. 
Peat-based substrates have been shown to suppress AM formation 
(Calvet, Estaun, and Camprudi, 1993; Linderman and Davies, 2003), 
which may be a result of the presence of an antagonistic microflora or 
toxic humic substances. However, Corkidi et al. (2004) examined the
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infectivity of commercial inocula in different growth media and, in­
terestingly, found that three out of six commercial AMF inocula pro­
duced higher colonization in maize grown in peat than in maize 
grown in soil/sand, indicating that some AMF are actually well suited 
for peat-based substrates. Such differences in AMF performance in 
different growth media must be taken into consideration by commer­
cial producers of AMF inoculum when screening for isolates with the 
ability to thrive in the environment in which they are to be applied 
(Feldmann and Grotkass, 2002).

Fertilizers

Plant nutrition in greenhouse production is managed for optimal 
plant growth, and there are high P levels in the nutrient solutions, 
which are incompatible with AMF (e.g., Olsson, Baath, and Jakob­
sen, 1997). New results with AM in pot roses and cucumbers from 
our AM research program suggest that it is possible to reduce the P 
level in the nutrient solution by 50 percent (from 0.50 mM to 0.25 
mM of P), which is compatible with AM development without affect­
ing plant growth (Larsen and Ravnskov, unpublished). Another pos­
sibility is to manage P availability by using slow-release nutrients 
(Graham and Timmer, 1983,1985) or P buffers, which bind P and re­
lease it according to the plant’s requirements (Hansen and Petersen, 
2004). However, more work needs to be done to determine the com­
patibility between P buffers/slow-release P products and AM devel­
opment. It is much easier to manage the P levels in biologically 
inactive growth media such as rockwool, which has also been one of 
the driving forces behind the development of these growth media. 
These systems seem to be compatible with AMF, as P levels can be 
managed. This is because P is mobile in these inert media, unlike in 
soil systems. Also, potential antagonism from other microorganisms 
seems to be limited because of the inert nature of these substrates. It 
is therefore surprising that so little work has been done to integrate 
AMF into these production systems.

Pest Management

Fungicides can be used to manage root diseases in greenhouse sys­
tems either by mixing the fungicides with the growth media or by
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applying them as a drench. In general, AMF are less sensitive to fun­
gicides against Peronosporomycetes (Pythium and Phytophthora), 
such as Previcur, Alliette, and metalaxyl (Seymour, Thompson, and 
Fiske, 1994; Fontanet et al., 1998; Sramek, Dubsky, and Vosatka, 
2000), but are highly sensitive to other fungicides against true fungi 
(e.g., Fusarium and Rhizoctonia), such as carbendazim (Larsen et al., 
1996; Kjoller and Rosendahl, 2000). Seedcoating is also a normal 
practice in horticulture, but since this is performed only to protect the 
seed against pre- and postemergence damping-off, it most likely does 
not affect AMF (Spokes, Hayman, and Kandasamy, 1989). In sys­
tems in which the nutrient solution is recirculated, it is common to 
use disinfectants such as soaps, dihydrogen peroxide, or the release 
of Cu ions. Little is known about the sensitivity of AMF to these dis- 
ease-management methods, except that Cu ions have been shown to 
reduce AM development in maples (Kosuta et al., 2002). Overall, 
more research is needed in order to develop integrated pest manage­
ment systems based on the reduced use of pesticides and the in­
creased use of biological control.

Hormones

Potted-plant production often involves hormonal treatments ap­
plied to the foliage to produce more compact, bushy plants. To our 
knowledge, no research has been conducted to study the effect of 
such hormonal treatments on AM development. Alternative methods 
aimed at retarding plant elongation, especially low P methods using 
P buffers and/or slow-release P, look very promising (Petersen and 
Hansen, 2003) and seem to be compatible with AM development. 
However, more research is needed to clarify whether AM is compati­
ble with P buffers/slow-release P substrates. Hormones are also used 
in the production of ornamental plants to promote the rooting of cut­
tings. Scagel, Reddy, and Armstrong (2003) studied the effect of 
AMF on the rooting of Hick’s yew stem cuttings that were treated 
with a commercial hormone product. They found that, in general, 
adding AMF to the growth substrate promoted root initiation in the 
cuttings, but that the AM inoculum density had a significant impact 
on the effect. In addition, Scagel (2001) found that the effect of AMF 
on root initiation in miniature roses depended on the rose cultivar.
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OTHER OBSTACLES TO INTEGRATING AM 
INTO HORTICULTURE 

Potential Undesired Effects of Inoculation with AMF

In order to gain a balanced view of the prospects for integrating 
AMF into horticulture, it is important not only to focus on the bene­
fits but also to consider possible undesired features of AMF.

Increase in Foliar Pests

Most of the work on interactions between AMF and plant patho­
gens has focused on root pathogens; here, AMF generally suppress 
disease development and/or induce tolerance (Whipps, 2004). The 
impact of AM on foliar diseases has received less attention. Never­
theless, the research that is available shows that AM generally in­
crease foliar diseases caused by fungi, bacteria, and viruses (Whipps, 
2004), which may be related to increased P levels in AM plants as 
compared to non-AM plants (West, 1995). Although mycorrhizal 
plants seem to compensate by increasing disease tolerance (Dugassa 
et al., 1996; Gernns, von Alten, and Poehling, 2001), this may be a 
problem in ornamentals with no tolerance to foliar diseases. Mycor­
rhizal plants have also been reported to be better hosts for aphids 
(Gange, Bower, and Brown, 1999) than non-AM plants but may experi­
ence decreased herbivory by chewing insects (Wamberg, Christen­
sen, and Jakobsen, 2003). Interestingly, AM plants have also been 
reported to be more attractive to predators than non-AM plants (Lin­
gua et al., 2002). In greenhouse systems producing vegetables in 
Denmark, pests such as aphids and spider mites are managed entirely 
with biological control using predators (Eilenberg et al., 2000); this 
success is mainly due to intensive studies of population biology, 
which may need to be redefined with the introduction of AM plants. 
This underscores the need to address pest management development 
in a more holistic fashion.

Growth Depressions

Are growers willing to make an investment in plant biomass in or­
der to achieve plant protection against diseases? This is a crucial 
question for some crops, such as cucumbers, in which AM growth
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depressions are common (e.g., Larsen and Yohalem, 2004). The an­
swer is simple, growers will not accept a parasitic relationship with 
AM, even if there is an opportunity to protect the plants against dis­
eases. Mycorrhiza-induced growth depressions are more pronounced 
in growth systems with high P (Ryan and Graham, 2002) and, in most 
cases, it is possible to reduce the P levels in the nutrient solutions to 
counteract a potential parasitic AM relation.

Inoculum

The beneficial use of AMF in production systems requires an ef­
fective inoculum. Inoculum producers have to perform testing to en­
sure that the inoculum is functionally effective and free of pathogens, 
and they also have to inform users about how to store and use the 
inoculum properly (von Alten et al., 2002; Gianinazzi and Vosatka, 
2004).

Compatibility with Other Microbial Biocontrol Agents

Closed systems such as greenhouse areas are ideal for the intro­
duction of microbial biocontrol agents. In some crops, insect man­
agement is achieved entirely through biological control; this could 
also be a future scenario for disease management, as more and more 
pesticides are being phased out. More than 80 commercial microbial 
biocontrol agents have been marketed (Paulitz and Belanger, 2001), 
mostly as “plant strengthened” and plant-growth promoters, which 
facilitates product registration. However, these microbial products 
are used mainly to manage diseases caused by fungi. Products to 
manage root diseases are mainly based on the fungi Trichoderma and 
Gliocladium and the bacteria Pseudomonas and Bacillus. Develop­
ing a strategy that combines biotrophs (AM) and saprotrophs to man­
age root diseases would be ideal if the combinations are compatible 
(Nemec, Datnoff, and Strandberg, 1996). Several studies have exam­
ined the combination of AMF and Trichoderma species and have 
shown more efficient biocontrol of root pathogens when the fungi 
were combined (Calvet, Pera, and Barea, 1993; Dubsky, Sramek, and 
Vosatka, 2002). However, studies on interactions between G. intra­
radices and Trichoderma harzianum have shown that the two fungi 
are mutually inhibitory and most likely compete for inorganic nutrients 
(Green et al., 1999). In addition, the in vitro parasitism of G. intra­
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radices spores and mycelium by T. harzianum has been demonstrated 
(Rousseau et al., 1996). Mycorrhiza-associated bacteria from the 
genus Paenibacillus have also been shown to increase disease sup­
pression (Budi et al., 1999). In contrast, several combinations of 
AMF and other microbial biocontrol agents have shown no additive 
or even adverse effects on disease control (Vestberg et al., 2004). This 
is therefore another area in which more research is needed in order to 
develop biological disease management strategies. Results from our 
biocontrol research program suggest that combinations of AM and 
foliar biocontrol agents may increase pathogen control (Larsen, un­
published); there is thus a need for further research on the impact of 
AM on microbial communities in the phyllosphere.

Breeding Programs

New varieties of greenhouse crops are constantly being developed. 
A good illustration of the pace at which new varieties are introduced 
is our project on AMF and cucumber functional compatibility, which 
began in 2001 and used the five most commonly grown cucumber va­
rieties at the time. Two years later, when we started another project on 
integrating AM into the production of greenhouse-grown cucumbers 
and tomatoes, none of these varieties were being grown commer­
cially. We consequently had to develop new screening methods for 
functional compatibility between commercial AMF and the new va­
rieties of cucumbers in terms of plant growth and colonization. Such 
a rapid change in cucumber varieties was mainly due to problems 
with disease resistance to mildew. In ornamentals, however, breeders 
are looking for new colors and shapes, since potted plants follow cur­
rent fashion trends. Is it realistic for inoculum producers to keep pace 
with plant breeders? This does not seem possible; with respect to 
AMF in field-grown crops, perhaps it makes more sense to focus on 
AMF mixtures that are compatible with the general practices used in 
plant production systems.

CONCLUSIONS AND PERSPECTIVES

There is no doubt that AMF affect plant growth and health, but we 
are still far from fully understanding how to take advantage of these
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beneficial features in plant production. This is chiefly because we are 
also far from understanding the ecology of AMF. The main reason for 
this lack of knowledge is the biotrophic nature of these fungi. We still 
cannot rule out the possibility that AMF can complete their lives with 
alternative partners, such as their associated bacteria (Hildebrandt, 
Janetta, and Bothe, 2002). The role that inoculum-associated bacteria 
potentially play in the plant benefits that are normally attributed to 
AMF, such as plant-growth promotion and biocontrol of root patho­
gens (Budi et al., 1999), are also worthy of study. Most often, tradi­
tional AM pot experiments are based on disinfected soil and involve 
introducing a known isolate of an AMF as a crude soil inoculum and 
giving the non-mycorrhizal control a filtrate of the crude soil inocu­
lum to create a similar microbial background in the treatments with 
and without AMF. It is important to develop protocols with better 
control of the background microbial communities, which also play an 
important role in plant growth and health. Most of all, however, more 
fieldwork is needed. Jakobsen (1994) provided methods for studying 
AM hyphal P uptake in the field and also used these methods to study 
the impact of fungicides on hyphal P transport (Schweiger, Spliid, 
and Jakobsen, 2001).

In order for AMF to be implemented in horticulture, it is very im­
portant that the strengths and limitations of AMF in the plant produc­
tion systems in question be identified. Grower-based experiments are 
important for validating the beneficial features of AMF. The main 
limitation for AMF in horticulture is the conventional use of agro­
chemicals and peat-based substrates, but slow-release fertilizers andI 
or P buffers and alternative growth media seem to be compatible with 
AMF. Although it is not expected that AMF will be the only players 
in plant protection in horticulture, they should be integrated as an im­
portant component for root health that is compatible with biological 
and chemical disease management methods. It is also important to 
take the potential undesired features of AMF into consideration, 
which requires more holistic examinations of AM in different plant 
production systems. Finally, it is crucial to consider the economics 
not only in terms of plant productivity but also on a larger environ­
mental scale.
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Numerous scientific publications on the benefits of arbuscular 
mycorrhizal (AM) symbioses to plant growth and productivity were 
published during the past few decades (Harley and Smith, 1983; 
Howeler, 1985; Siqueira and Franco, 1988; Gianinazzi-Pearson and 
Gianinazzi, 1989; Marschner and Dell, 1994; George, 2000). The 
vast majority of the experiments reported were conducted under con­
trolled or greenhouse conditions and perhaps without a system per­
spective. These experiments failed to clarify the mechanisms regulat­
ing the AM symbiosis, which could hardly be used to increase 
agricultural plant productivity.

The importance of mycorrhizal symbiosis in the plant kingdom is 
obvious; approximately 80 percent of land plants are colonized by 
some 200 AM fungal species belonging to the Glomeromycota
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(Brundrett, 2002). Some authors pointed out an aspect of AM symbi- 
oses that is of great significance: the level of specificity existing be­
tween AM strains and crop plants is low (Harley and Smith, 1983; 
Siqueira and Franco, 1988). These authors felt that different species 
of AM fungi were unspecific to host plants when conditions were 
conducive to mycorrhizae formation. In the review by Siqueira and 
Franco (1988) it is shown that this concept of low-specificity was 
based mainly on the fact that very few AM species (142 reported at 
the time) could associate with a very large number of plant species 
(300,000), in contrast to the highly specific ectomycorrhizal symbio- 
ses that involves 5,000 fungal species and 2,000 plant species in only 
a few families of the Gymnosperm and fewer families of the Angio- 
sperm.

This concept of low-specificity is largely correct despite the occur­
rence of some preference between associating strains and plant spe­
cies. There has been a lack of study on the preference between strains 
and crop plants. Systematic trials conducted under tropical condi­
tions with a range of crops could clarify the question of symbiotic 
preference of arbuscular mycorrhizae and distinguish the factors 
driving the effectiveness of the associations. The most complete in­
terdisciplinary program made on the management of AM associa­
tions was probably that which was conducted in Colombia in the 
1980s and published by one of its principal investigators, Sieverding
(1991). Important knowledge on the main factors influencing the AM 
symbiosis was gained from this work.

One important aspect of this work was the management of native 
species. It is clear that the AM fungal population of a given location is 
specific and subject to the influence of agronomic practices, hence it 
is possible to increase native AM fungal populations and change the 
species composition of these populations. The effective management 
and evaluation of native populations appears to be very complicated. 
It would require rapid and precise methods to assess the mycorrhizal 
potential of soils, to identify the AM fungal species present, and to 
understand the influence of cropping practices on these species 
(Sieverding, 1991). The management of the symbiosis in crop pro­
duction through inoculation of efficacious strains seems simpler than 
the manipulation of native populations.
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One plant species, Manihot esculentum Crantz, was used for most 
of the experiments of the above-mentioned program, and new findings 
on the effectiveness of AM species or strains and on their adaptability 
to soil fertility conditions were revealed. It was found that plant inocu­
lation with efficacious AM fungal species could lead to the reduction 
of fertilizer application, although the need for some fertilizer input was 
required to ensure adequate yields. The variation in AM fungal strains’ 
effectiveness was revealed in this study, but the influence of soil type 
on strains’ effectiveness remained unknown.

In parallel, research on AM fungi was initiated in the 1980s in 
Cuba. This work not only provided information on the importance of 
AM fungi in plants (Herrera et al., 1984a,b), but established the basis 
for further work on the taxonomy and functionality of AM fungi, and 
produced a document on the functioning of tropical forests (Herrera 
et al., 1995).

SPECIFICITY BETWEEN SOIL AND AM  FUNGI 
AND STRAINS SELECTION

In 1990, a research team with the goal of developing cropping 
practices for the management of the AM symbiosis in crop plants and 
developing new mycorrhizal products was formed in Cuba. The work 
of this team was based on three main areas: (1) crop inoculation with 
efficacious AM fungi, (2) the evaluation of the importance of the soil 
environment in the selection of efficacious AM strains, and (3) the in­
fluence of nutrients on symbiotic effectiveness. The team first sought 
to understand the relationship between symbiotic activity and soil 
type and the importance of nutrient availability on the symbiosis. 
Causal relationships between soil resources and AM fungi function­
ality were expected based on the fact that AM fungi are soil organ­
isms and that one of the main functions of the AM symbiosis is to 
enhance plant root system nutrient absorption capacity. A large body 
of knowledge eventually developed from numerous experiments con­
ducted in Cuba and from validation campaigns carried out in differ­
ent Latin American countries. The results of selected research works, 
which developed knowledge in the three target areas mentioned 
above, are presented in this chapter. The FAO-ISRIC and ISSS



154 MYCORRHIZAE IN CROP PRODUCTION

(1998) international soil classification system is used throughout the 
chapter to refer to the soils used in the different experiments reported.

Coffee Transplants

Some researchers concentrated their effort on the development of 
AM inoculation technologies for the production of coffee (Coffea 
arabica) transplants from 1990 to 2000. They studied the effects of 
AM fungal strains in twelve different soil types under production 
conditions (Table 5.1). The soils used covered a large range of fertil­
ity levels spanning from very low, as indicated by very low cation 
exchange capacity (CEC) like that seen in Haplic Acrisols, to rich 
Eutric Cambisols with CEC of 45 cmolc kg - 1.

TABLE 5.1. Main chemical characteristics of soils used in the different 
experiments.

p2°s K2° Ca Mg Al 
mg 100 g-1 cmolc kg-1

Haplic Acrisol3 4.9 1.35 2.80 6.8 1.5 1.30 2.3 Very low
Distric Nitisolb 4.7 2.48 4.00 5.8 2.7 1.30 - Low
Chromic Luvisoib 5.7 3.22 10.10 12.2 7.3 1.60 - Fair
Chromic Cambisol3 5.8 3.00 13.00 17.7 5.2 1.50 - Fair
Humic Chromic 
Cambisol3

6.9 3.60 15.20 25.8 8.1 1.30 - Fair

Gleyic Cambisolb 6.0 3.45 17.60 19.7 8.1 2.30 - Fair
Eutric Ferralsol0 6.0 3.00 4.30 5.0 12.0 1.10 - Fair
Eutric Nitisold 6.2 1.25 12.10 16.9 18.4 1.85 Fair
Eutric Cambisol3 6.3 3.25 25.00 24.0 14.8 2.00 - High
Humic Eutric 
Cambisol3

6.8 4.10 38.90 37.4 23.5 1.30 - Very high

Calcaric Cambisold 7.8 2.00 3.51 25.7 46.5 4.25 Very high
Eutric Cambisol3 7.3 3.80 57.00 52.8 32.0 7.90 - Very high

aSoils studied in the coffee transplants program from 1990 to 1994. 

bSoils studied in the coffee transplants program from 1994 to 1998. 

cSoils studied in the coffee transplants program from 1997 to 2000. 

dSoils studied in the program of root and tuber crops.
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A positive response to inoculation was obtained under all soil con­
ditions. This response, however, varied depending on three factors
(1) the AM fungal strain, (2) the soil, and (3) the fertilization level, 
which determined the extent of symbiotic development. The consid­
eration of these three intricately related factors determining inocula­
tion effectiveness lead to the initiation of further work to define the 
influence of the soil condition on AM strains’ effectiveness. In these 
experiments, the soil condition was determined by both the soil type 
and the vermicompost used as fertilizer.

All the AM strains tested triggered different growth responses un­
der different soil conditions, indicating that AM strains’ effectiveness 
was soil specific. Soil type appeared to be the fundamental criteria to 
determine which strains or species would be effective. A very thor­
ough research program was conducted on this topic using Distric 
Nitisols, Chromic Luvisols, and Gleyic Cambisols. The performance 
of 15 AM fungal strains was evaluated in each soil over three years 
with vermicompost used in a 5:1 (soil:compost) proportion for fertil­
ization. This proportion was found to be most adequate for AM 
development in these soils (Sanchez, 2001).

Principal component analysis revealed a different effect of crop in­
oculation with different AM fungal strains, and this, in all soil types 
used. Results from the Distric Nitisols are shown in Figure 5.1. 
Strains are clustered in four groups. The first group included very ef­
ficacious strains, which enhanced growth indicators (leaf area, nutri­
ent uptake, and leaf tissue concentrations, height, leaf number, and 
AM root colonization level) as compared to non-inoculated control 
plants (T14), which were given larger amounts of vermicompost (3:1 
ratio) and consequently, more nutrients. This result indicates the 
more effective nutrient uptake ability of coffee plants colonized by 
Group I strains. Group II included strains that lead to the production 
of plants larger or similar to control plants T14. The remaining two 
groups of AM fungal strains triggered little growth enhancement, at 
times even producing traits similar to the non-mycorrhizal and non­
fertilized control plants T15.

In addition to the occurrence of specificity between soil type and 
AM strain, the level of effectiveness achieved by the symbioses after 
inoculation with the best strains for each soil was dependent on the 
fertility of that soil. The best effect, expressed as an index of effec-
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FIGURE 5.1. Effect of inoculation with one of 15 strains of AM fungi on the 
growth of coffee transplants grown in a Distric Nitisol. Strains higher up have a 
stronger positive effect. The experiment was repeated three times (Fields 1 to 3).

tiveness (percent of increase in inoculated plants as compared to the 
non-inoculated control), was reached in the Distric Nitisols (72 per­
cent, 68 percent, and 67 percent), which were among the least fertile 
in this study. Glomus clarum, G. intraradices, and Acaulospora scro- 
biculata were the most effective strains in these soils. In Chromic 
Luvisols, the most effective AM fungi were strains of G. fasciculatum 
and two ecotypes of G. mosseae, which reached about the same index 
of effectiveness, 65 percent and 67 percent. G. intraradices was most 
effective in Gleyic Cambisols, along with one G. mosseae ecotype 
and G. fasciculatum, which had effectiveness indices between 5 per­
cent and 55 percent. The analysis of these results (Sanchez et al.,
2000) clearly indicated the positive effect of inoculation with AM 
strains and the dependence of this effect on soil type (Figure 5.1). 
These effects were repeatedly obtained, indicating the high reproduc­
ibility of positive AM inoculation effects in coffee production.

In the initial work conducted from 1990 to 1994 (Fernandez, 1999) 
in Haplic Acrisols, Chromic Cambisols, and Eutric Cambisols, Glo­
mus species were found to perform well. Tables 5.2 and 5.3 illustrate
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TABLE 5.2. Effect of inoculation with effective AM fungal strains and of the pro­
portion of soil: worm compost on the production of leaf surface area and Index of 
Effectiveness (I.E.) of coffee transplants, using Haplic Acrisols.

Proportion
Experiment of soil:worm Leaf surface Index of
No. AM fungi compost area (cm2) effectiveness9 (%)
1 Glomus clarum 3:1 138.8a* 140

5:1 33.6d -42
Acaulospora scrobiculata 3:1 119.6ab 107

5:1 71.7c 24
Control 3:1 57.7B
Standard error 6.32***

2 Glomus clarum 3:1 210.3a 143
Glomus spA 3:1 213.0a 147
Control 3:1 86.4A
Standard error 8.30***

Source: Data selected from Fernandez (1999).

alndex of effectiveness = (value with AM fungi -  value without fungi )/value without fungi x 100.

*Means with the same higher case or lower case letter are not significantly different according to Duncan 
Multiple Range test p <  0.001.

••‘Significant at P < 0.001.

this fact with the most efficacious strains under each condition stud­
ied. The species of the genus Glomus, according to Barros (1987) and 
Sieverding (1991), possess a good functional stability in soils with 
high or fair fertility where they are competitive and effective. Results 
obtained on coffee indicate that their effectiveness extends to condi­
tions of low to very low fertility. The performance of G. clarum was 
particularly good in these low fertility soils under the various condi­
tions studied. Its application not only produced positive effects on 
leaf area under low soil fertility, but also under fair fertility levels (Ta­
bles 5.2 and 5.3), with indices of effectiveness between 80 percent 
and 257 percent. Inoculation with G. clarum was always effective ex­
cept in highly fertile Humic Eutric Cambisols with percentage of 
base saturation of 25 cmolc kg - 1 to 30 cmolc kg - 1.

Another AM fungal species that triggered very good responses 
was G. fasciculatum. This AM fungus was studied only in Humic 
Eutric Cambisols and in Eutric Cambisols in these initial trials (Fer-
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TABLE 5.3. Effect of inoculation with effective AM fungal strains and of the pro­
portion of soil: worm compost on the production of leaf surface area and Index of 
Effectiveness (I.E.) of coffee transplants, using Humic Eutric Cambisols (experi­
ments 4 and 5) and Eutric Cambisols (experiments 6, 7, and 8).

Proportion of Index of
Experiment soil worm Leaf surface effectiveness9
No. AM fungi compost area (cm2) <%)
3 Glomus clarum 

Glomus fasciculatum
Control 3:1 166.20d
Standard error 5.67"

4 Glomus fasciculatum 
Native strains
Control 3:1 420.1c
Standard error 2.10"

5 Glomus fasciculatum 
Glomus sp. 2
Control 3:1 297.0c
Standard error 12.08*

6 Glomus fasciculatum 
Glomus sp. 2
Control 3:1 295.5c
Standard error 11.90*

7 Glomus fasciculatum 
Glomus mosseae
Control 3:1 341.5bc
Standard error 8.10*

Source: Selected from Fern&ndez (1999).

Note: Means with the same letter are not significantly different according to Duncan Multiple Range test 
p<  0 .001.

alndex of effectiveness = (value with AM fungi -  value without fungi )/value without fungi x 100. 

'Significant at P <  0.001.

nandez, 1999). G. fasciculatum always provided a positive and stable 
response, with increases in leaf surface area ranging from 15 to 86 per­
cent (Table 5.3) as compared to the non-inoculated control. Joao 
(2002) would later show the higher effectiveness of G. fasciculatum as 
compared to G. clarum in Eutric Ferrasols with CEC of about 
20 cmolc kg-1 .

Isolated native species Glomus sp. 1 and Glomus sp. 2 produced 
positive results when inoculated under edaphic conditions similar to
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those of the soil where they originate, but their effect was not as good 
as those of AM ecotypes from collections. Inoculation with A. scrobi- 
culata (Table 5.2) was also assessed. The best response obtained with 
this species was observed in Haplic Acrisols with high aluminum lev­
els (2.3 cmol Al kg - 1 to 2.5 cmol Al kg - 1 of soil). This concurs with 
the results of Barros (1987) who recovered this species from soils 
rich in aluminum.

Table 5.4 contains a summary of the results obtained from these 
experiments. The results show the high level of specificity existing 
between soil type and strain effectiveness in the AM symbioses with 
coffee plants. Soil type appears as the basic criterion for the selection 
of efficacious strains in a given agroecosystem. A regular transition 
of efficacious strains can be observed when soils are ranked accord­
ing to their fertility level or fertility indicator such as the sum of ex­
changeable Ca2+ and Mg2+. The fact that strains were effective in a 
large range of soils also needs to be pointed out. It appears that with 
only two or three efficacious species, very good results can be ob­
tained with AM inoculation in coffee transplant production using 
practically all soils growing this crop in Cuba.

TABLE 5.4. Recommendation of effective AM fungal strains by soil types, for the 
production of coffee transplants.

Soil type
Species and strains of AM fungi 

recommended Ca + Mg cmolc kg 1

Haplic Acrisols G. clarum, Glomus sp. 1 and 
Acaulospora scrobiculata

2.8

Distric Nitisols G. clarum, G. intraradices and 
Acaulospora scrobiculata

4.0

Humic Chromic Cambisols 
and Chromic Cambisols

G. clarum y Glomus sp. 2 6.7-9.4

Chromic Luvisols G. fasciculatum, G. mosseae (5f 
and G. mosseae (8f

8.7

Gleyic Cambisols G. intraradices, G. mosseae (5f 
and G. fasciculatum

10.4

Eutric Ferralsols G. fasciculatum 12-15
Eutric Cambisols and 
Humic Eutric Cambisols

G. fasciculatum 16.8-39.9

Source: Rivera and Fernandez (2003).

aEcotypes of G. mosseae from the collection of the Instituto de Ecologfa y Sistematica, Cuba.
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According to our experience, AM inoculation should be done 
using “simple” inoculants, which contain only one strain. This elimi­
nates the possibility of competition between strains. Because these 
strains are not effective under all edaphic conditions, their successful 
colonization of roots under improper soil conditions would reduce 
the establishment of the most effective strains, and consequently, AM 
effectiveness in crops.

The success of AM inoculation is not only related to the infectivity 
and effectiveness of the strains applied, but also to the number and 
type of native propagules in a soil (Dodd and Thompson, 1994). Most 
reports on the abundance of native propagules in soil dedicated to 
coffee nursery have been realized in Brazil and have indicated low 
concentrations of AM fungi propagules (Lopes, Diaz, and Costa, 
1986; SiqueiraandColozzi-Fhilo, 1986; Siqueiraetal., 1987).These 
reports were corroborated in our conditions by Sanchez (2001) who 
reported approximately 50 spores per 100 g_ 1 of soil.

Roots, Tubers, and Vegetable Crops

A series of experiments (Ruiz, 2001) with objectives similar to 
those for coffee transplant production were conducted from 1993 to 
1999 with two soils, Eutric Ferrasols and Calcaric Cambisols (Table 
5.1). They involved a large variety of crops: cassava (M. esculentum), 
potato (Solarium tuberosum L.), sweet potato (Ipomoea batatas [L.] 
Lam.), yam (Discorea sp.), and two types of malanga (Xanthosoma 
sp. and Colocasia sp.). Tomato (Lycopersicon esculentum L.), cu­
cumber (Cucumis sativus L.), and micropropagated plantain (Musa X 
paradisiaca) were later included in the study, but only grown in 
Calcaric Cambisols. The main difference between these trials and 
those reported earlier is that the source of nutrients applied was min­
eral fertilizers supplying N, P, and K.

Figures 5.2 and 5.3 show the results of a principal component anal­
ysis conducted to evaluate the effectiveness of AM fungal strains in 
the root and tuber crops grown in the two soils. In both cases, only 
one component was necessary to explain 76.55 and 85.85 percent of 
the variability that existed in the trials with Calcaric Cambisols and 
Eutric Nitisols, respectively. Among the most important results ob­
tained was the good performance of the strains in both soils. All
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FIGURE 5.2. Graphic representation of the effect of AM strains inoculated on 
different root and tuber crops growing in Calcaric Cambisols, on the principal 
component C1 (Ruiz, 2001). Strains higher up have a stronger positive effect. 
I, II, and III = first, second, and third crops. 1, control; 2, G. intraradices; 3, 
G. fasciculatum;4, G.mosseae;5, G.manihotis;6, G.occultum;7, A. scrobiculata.

strains enhanced plant development as compared to the controls. But 
the most interesting result was that independently of the crop, there 
was one superior strain with which the best growth response was ob­
tained. Thus, two effects were seen: large soil-strain specificity and 
low crop plant-strain specificity. These results were repeatedly ob­
tained in the different years of the experiments in both soils despite 
the fact that crop species varied, as did their nutritional requirements 
and the availability of soil P and K, which also changed from year to 
year (Ruiz, 2001). This low-specificity between AM strains and crop 
species has important consequences and was very promising for the 
management of AM symbioses in these crops. Low-specificity facili­
tates the selection of efficacious strains and reduces selection criteria 
to one condition, the soil type, which appears to be the fundamental 
factor determining a strain’s effectiveness.
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FIGURE 5.3. Graphic representation of the effect of AM strains inoculated on dif­
ferent root and tuber crops growing in Eutric Nitisols, on the principal component 
C1 (Ruiz, 2001). Strains higher up have a stronger positive effect. I, II, and III = 
first, second, and third crops. 1, control; 2, G. intraradices; 3, G. fasciculatum; 
4, G. mosseae; 5, G. manihotis; 6, G. occultum; 7, A. scrobiculata.

The most effective strain for all crops grown in Calcaric Cambisols 
was G. intraradices. It is worth noting, however, that inoculation with 
G. fasciculatum was also very effective on tuber and root crops in 
Calcaric Cambisols, albeit less so than G. intraradices. Similar re­
sults were found in Eutric Nitisols, but in this case, G. mosseae was 
the most effective, followed closely by G. clarum.

SPECIFICITY BETWEEN EFFICACIOUS STRAINS 
AND CROP SPECIES

Results obtained from root and tuber crops support those obtained 
from coffee. AM fungal strains have a functional specificity for soil 
types. Furthermore, this last series of experiments indicated that a 
strain selected for its performance in a soil effectively enhances 
growth in all crop species that can form an AM symbiosis.
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There were differences between the responses in different crops. 
In Calcaric Cambisols, for example, several strains were effective, 
with G. intraradices, G. fasciculatum, and G. mosseae triggering 
large growth increments in sweet potato, while in taro root, only one 
AM fungal strain, G. intraradices, increased growth as compared to 
the non-inoculated control. In cassava, on the other hand, G. clarum 
enhanced growth similarly in both soils and was as effective as the 
strains that were most effective in each of the two soils. In other words, 
the level of effectiveness of strains effective in a given soil type, was in­
fluenced by the crop species. From these results, which were highly re­
producible across years and soil conditions, it could be concluded that 
root and tuber crops have a similar response to inoculation, which is 
dominated by the AM fungal strain specificity for soil type, supporting 
the general concept of low AM fungi/host plant specificity proposed 
by Siqueira and Franco (1988).

Experiments involving other crops were then undertaken in Cal­
caric Cambisols. These experiments had a similar design and tested 
almost the same AM fungal species. G. spurcum, which seemed to 
possess desirable attributes for inoculation purposes, was also stud­
ied.

The results obtained form the univariate statistical analysis of yield 
and biomass data, transformed as relative effectiveness indices, are 
presented in Table 5.5. The similarity of results obtained for root and 
tuber, and vegetable crops despite differences in nutritional require­
ments between these two crop groups, strongly supports the fact that 
while crop-strain specificity has relatively little importance, selecting 
strains for their effectiveness in given soil types is crucial.

The inclusion of G. spurcum in the trial revealed the good function 
of this AM species in Calcaric Cambisols. The superior effectiveness 
of G. intraradices was observed once more and the performance of 
G. fasciculatum was again very good. Tomato studies showed how 
the specificity between crop and strain is expressed. G. intraradices 
was the most effective strain for tomato as well as for all other crops 
grown in this soil, but G. mosseae also performed very well with this 
crop. G. mosseae was found particularly effective in Eutric Ferrasols 
(Medina, 1994; Hernandez, 2000).

The results of both research programs indicate that some AM fun­
gal strains are adequately effective on a large group of crops in given
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TABLE 5.5. Index of effectiveness of AM fungal species inoculated on different 
crops in Calcaric Cambisols.

AM fungal 
strains

Index of effectiveness (%)a
Sweet

Potato Cassava potato Malanga Yam Plantain Tomato Pepper
Cucum­

ber
G. intraradices 43.9a 48.8a 397.6a 110.0a 47.8a 68.0a 148.5a 77.7a 74.2a
G. fasciculatum 31.2ab 27.4bc 319.5b 6.6bc 39.8b 56.3a 28.3c 38.2b 44.5b
G. mosseae 24.7bc 1.1d 186.5c 20.0b 29.5c 10.5cd 92.1b 37.6b 9.4c
G. clarum 18.0bc 38.0a 7.3d 3.3bc 35.4bc 29.2bc 23.2c 26.1c 18.7c
G. occultum 5.4c 29.8bc 3.6d 18.3b 22.5d 17.9cd - - -
A. scrobiculata 1.8d 20.2c O.Od 10.0c 17.7d 45.2ab - - -
G. aggregatum - - - - - - 89.8b 32.8bc 43.0b
G. spurcum - - - - - - 130.0a 73.1a 71.2a
cv % 12.8 7.1 6.9 8.6 3.5 12.6 6.35 4.95 11.31

Source: Ruiz and Rivera (2001).

Note: Means with the same letter are not significantly different according to Duncan Multiple Range test P <  0.001. 

alndex of effectiveness = (value with AM fungi -  value without fungi )/value without fungi x 100.

soil conditions. The expression “adequately effective” is a more gen­
eral criteria than “effective,” which was used to refer to the most ef­
fective strains in a given soil type. Table 5.4 shows how the transition 
between a strain’s effectiveness as a function of soil type is a gradual 
phenomenon in which strains are effective or adequate in a range of 
more or less similar soil types, depending on the genotype of the 
strain. For example, G. fasciculatum was effective in soils of average 
to high fertility, G. clarum in soils of low to average fertility, and 
A.scrobiculata only in soils of low fertility. G. intraradices is effective 
in a wide range of soils, but no one strain was effective in all soil types.

Subsequently, we found that G. fasciculatum functions adequately 
on soils with high base saturation and high salinity (1,300 |lS cm-1 - 
2,400 |iS cm- 1) associated with vegetable crops and pastures. These 
results concur with general reports on the beneficial effect of the AM 
symbiosis in saline environments (Azcon-Aguilar and Barea, 1997; 
Subba Rao and Dommergues, 1998) and indicate that efficacious AM 
fungal strains can establish effective symbioses in such environments 
even if they were not isolated from a saline soil, as reported by Tian 
et al. (2004).
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Sieverding (1991) classified strains on a scale ranging from high to 
low effectiveness, notwithstanding how soil type influence strain ef­
fectiveness. The results presented here provide a better criterion for a 
more precise selection of strains for crop inoculation purposes. One 
strain will be effective in a certain range of soils, which is larger or 
narrower depending on the strain.

More knowledge on the functional specificity of AM strains would 
be useful to optimize taro root production or that of other crop species 
with strong preference for AM fungal strains. But the general scheme 
of “effective” and “adequately effective” strains in a soil type will re­
main valid and sufficient for the effective inoculation of most crops.

INFLUENCE OF NUTRIENT AVAILABILITY 
ON MYCORRHIZAL EFFECTIVENESS

An important factor for the management of effective AM associa­
tions in crop production is the availability of nutrients. These nutri­
ents may be derived from the intrinsic fertility of soils or from the 
application of organic or mineral fertilizers that are required to com­
pletely fulfill plant growth requirements.

Influence of Organic Fertilizers on Mycorrhizal 
Effectiveness in Coffee

The nutrient source studied in the coffee transplant production 
program was vermicompost. The influence that the amount of com­
post has on the effectiveness of AM fungal strains was evaluated. Fig­
ure 5.4 and Tables 5.2 and 5.3 present selected results obtained by 
soil type and AM strain. In order to correctly interpret these results, it 
is important to know that the amount of vermicompost recommended 
for coffee plant production is three parts of soil for one part of com­
post (Rodnguez, 1992). Figure 5.4 shows that lower effectiveness of 
inoculation with different efficacious strains was obtained with this 
proportion in all soil types (Distric Nitisol, Chromic Luvisol, and 
Gleyic Cambisol). Better AM effectiveness was obtained with a pro­
portion of 5:1. Lower additions of nutrients, like in a soil: vermicom­
post proportion 7:1, were also inadequate in these soils. A similar 
effect was observed by Fernandez (1999) with Chromic Cambisols
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FIGURE 5.4. Influence of the proportion of soil and worm compost on the effec­
tiveness of symbioses formed in coffee transplants inoculated with effective AM 
fungal strains, in soils of different types. Coffee plants were grown in 1,000 cm3 
to 1,200 cm3 bags. A, Distric Nitisol; B, Chromic Luvisol; C, Gleyic Cambisols 
(Adapted from Sanchez, 2001).

and Humic-Chromic Cambisols where growth enhancement was op­
timal with a proportion of 5:1 for inoculated coffee plants, but de­
creased with a proportion of 3:1. In Eutric Cambisols with high 
fertility (CEC > 25 cmolc kg- ' ), a proportion of 5:1 is not conducive 
to the establishment of effective AM symbioses and a proportion of 
7:1 must be used.

The results indicate that for an AM symbiosis to be effective, nutri­
ent availability level must be lower than that required for optimal pro­
duction of non-mycorrhizal coffee plants. This corresponds to gen­
eral information on the relationship between AM effectiveness and 
nutrient availability (Pacovsky et al., 1986; Siqueira and Franco, 
1988). The only soils where a proportion of three parts of soil to one 
part of compost was appropriate for the creation of effective AM 
symbioses were Haplic Acrisols with low fertility. The small growth 
response obtained in these soils suggests that the proportion 3:1 was 
still too low. Obviously, the production of transplants with optimal
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vigor produced using less organic fertilizer is attributable to the in­
creased nutrient absorption effectiveness in AM inoculated plants re­
sulting in a better nutrient use efficiency.

High nutrient availability reduces the development of mycorrhizal 
structures in roots (Fernandez, 1999; Sanchez, 2001), expressed in 
terms of endophytic mass or in percentage of root colonization 
(Phillips and Hayman, 1970), which indicates that the reduction in 
AM effectiveness is a consequence of a malfunction or inhibition of 
symbiosis development. Again, it is important to stress that the 
amount of fertilizer material for optimal AM effectiveness with inoc­
ulated crops depends on the soil’s inherent fertility.

Criteria to interpret measurements of endophytic mass—an indi­
cator to evaluate the intensity of the symbiosis—were established. 
Values indicative of effective AM symbiosis were relatively similar 
and ranged from 18 mg g-1 to 22 mg g-1 in all soils with average 
and high fertility levels, increased to 30 mg g-1 to 32 mg g-1 in 
Distric Nitisols of low fertility, and increased even more in infertile 
Acrisols (37 mg g~ *-39 mg g~1). This suggests that in soils with low 
fertility, or when some nutritional factors are limiting, a greater abun­
dance of fungal structures is required to ensure the proper function of 
the symbiosis.

Table 5.6 presents the results obtained from these fertilization 
trials. It appears that mycorrhizal plants require the application of an 
optimal level of nutrients—defined here by the proportion of soil and 
compost in the substrate mix in relation to the inherent fertility of the 
soil used—in order to develop effective mycorrhizae, favor the good 
functioning of the AM symbiosis, and optimize coffee transplants 
growth. Suboptimal compost application rates resulted in slow growing 
transplants bearing fewer AM fungal structures and consequently, 
with reduced AM function.

It appears clear from these results that AM effectiveness does not 
only depend on the selection of efficacious AM fungal strains, but 
also on the level of fertilizer applied and the soil type used. Here 
again, the soil type appears as the determinant factor in effective 
management of AM symbioses through inoculation. The soil type de­
termined both the strain’s effectiveness and the amount of organic 
fertilization (soil:vermi compost proportion) required for the de­
velopment of effective symbioses.
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TABLE 5.6. Proportion of soihworm compost permitting optimal AM effective­
ness of inoculated coffee transplants grown in 1,000 cm 3 to 1,200 cnrT3 bags, 
and some chemical properties of these soils.

Soil type
Ca + Mg 

cmolc kg"1
Al

cmolc kg 1

Optimal 
proportion soil: 
worm compost

Optimal 
endophytic 

mass mg g-1
Acrisols 2.5-2.8 >2.3 3:1 37-39
Distric Nitisols 4.0-6.5 0.5-1.0 5:1 29-31
Chromic Luvisols 8.0-10.0 - 5:1 20-22
Chromic Cambisols 7.0-9.5 - 5:1 21-22
Gleyic Cambisols 10.5-12.0 - 5:1 21-22
Eutric Ferralsols 13.0-15.0 - 5:1 22
Eutric Cambisols 16.0-17.0 - 5:1-7:1 18-20
Humic Eutric 
Cambisols

25.0 - 7:1 18-20

Humic Eutric 
Cambisols

40.0 - 7:1 19

Source: Rivera and Fernandez (2003).

We recently found that the size of the growth bag and the rate of 
nutrient uptake by the crop plant are other factors to be considered in 
the establishment of the optimal proportion of soil and compost 
(Rivera, Ruiz, and Calderon, 2006). In 1000 cm3 bags, micropropa­
gated banana requires a soil:compost proportion of 3:1 for optimal 
AM development, but this proportion increases to 1:3, in plants 
placed in 180 cm3 containers at the adaptation stage. Larger propor­
tions of compost are required in smaller containers because nutrient 
absorption by plants and AM effectiveness respond more to the 
amount of available nutrients than to the concentration of available 
nutrients.

Influence of Mineral Fertilizers on Mycorrhizal Effectiveness 
in Root, Tuber, and Vegetable Crops

The experiments selected to illustrate this theme were conducted 
in Calcaric Cambisols. In these experiments, the influence of mineral 
N, P, and K fertilization on the effectiveness of G. intraradices was
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studied. G. intraradices, as seen earlier, is the most effective in 
Calcaric Cambisols. In each experiment, the optimal fertilization 
rates, which were derived from the “Research Program on the Nutri­
tion and Mineral Fertilization of Root and Tuber Crop” (Portieles et 
al., 1982; Portieles, Ruiz, and Sanchez, 1983; Rufz and Portielles, 
1985; Ruiz, Milian, and Portieles, 1990), were used as positive con­
trols. Here, these treatments are referred to as the “100% NPK” treat­
ments.

The different crops studied responded in a similar way. The re­
sponses of cassava and sweet potato are presented in Figures 5.5 and 
5.6, where five important observations can be made: (1) A positive 
response to inoculation with the efficacious strain was expressed by 
an increase in AM root colonization levels and in yields as compared 
to non-inoculated controls; (2) Lower fertilizer rates improved sym­
biotic effectiveness, as expressed by increased AM colonization and 
yield in all crops. The optimal fertilization rates, that is, those produc­
ing the best yields in plants inoculated with efficacious strains, were 
lower than the rates required to produce similar yields in non-inocu­
lated plants; (3) The application of fertilizer rates higher than optimal 
for inoculated plants reduced mycorrhizal colonization, and conse­
quently, symbiotic development, up to nearly complete inhibition 
with the 100 percent NPK rate. Yields did not decline, however, indi­
cating that plants were fulfilling their nutritional requirements al-

FIGURE 5.5. Influence of mineral fertilization with N, P, and K on the AM symbio­
ses of cassava inoculated with G. intraradices and grown in Calcaric Cambisols 
(Adapted from Ruiz, 2001).
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FIGURE 5.6. Influence of mineral fertilization with N, P, and K on the AM symbio­
ses of sweet potato inoculated with G. intraradices and grown in Calcaric 
Cambisols (Adapted from Ruiz, 2001).

though less efficiently than with better mycorrhizal development; 
(4) the optimal fertilization rates for inoculated plants depended on 
the crop species; and (5) optimal nutrient availability allows an 
efficacious strain to function effectively.

The AM symbiosis appears as a mechanism allowing plants to ful­
fill their nutritional requirements and to reach their yield potential, 
which is determined by their genotype, the climate, and cultural prac­
tices. Depending on the resources of the soil or growth substrate, 
larger or lesser amounts of organic or mineral fertilizer are required.

The influence of mineral fertilization (N, P, and K) on the AM ef­
fectiveness of 10 crops is presented in Tables 5.7 and 5.8. These ta­
bles show the yields of the non-inoculated controls, the 100 percent 
NPK controls, and the inoculated treatments receiving the N, P, and 
K level that produced the best AM effectiveness and yields, which 
were similar to those obtained with 100 percent NPK. The good re­
sponse to inoculation of crops with the efficacious strain selected for 
this soil, G. intraradices, and the high reproducibility of the effects 
through time are worth pointing out. In all crops, fertilization was 
necessary for the expression of optimal AM effectiveness, although 
the necessary amounts varied with crop species. Only 25 percent of 
the recommended N, P, and K rates were required by inoculated cas­
sava, whereas sweet potato, malanga (Colocasia and Xanthosoma 
spp.), yam, and cucumber required about 50 percent of the recom-
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TABLE 5.7. Optimal rates of mineral fertilizer (N, P, K) for different inoculated 
field-grown crops, in Calcaric Cambisols.

First season 

t ha-1 IE %a

Second season 

t ha-1 IE %
Control 35.5cb - 37.06c -

AMF + 25% NPK 48.8a 37.80 52.5a 41.7
100% NPK 50.3a 41.60 52.0a 40.3
cv % 9.9 - 4.4 -

Control 18.8c - 27.2c -

AMF + 50% NPK 36.1a 92.60 40.1a 47.4
100% NPK 38.3a 99.36 41.4a 47.6
cv % 4.4 - 7.0 -

Control 25.5c - 29.0 -
AMF + 50% NPK 36.7a 43.90 40.9a 41.0
100% NPK 38.3a 50.10 41.4a 42.7
cv % 5.9 - 4.7 -
Control 17.9c - 23.2d -

AMF + 50% NPK 40.1a 124.20 42.7a 84.1
100% NPK 40.3a 125.10 43.2a 86.2
cv % 4.3 - 5.7 -
Control 17.8c - 25.1d -

AMF + 50% NPK 26.9a 51.00 33.0a 31.5
100% NPK 27.9a 56.40 32.8a 30.7
cv % 6.8 - 4.3 -

Control 5.9c - 7.0c -
AMF + 50% NPK 13.1a 122 15.43a 120.4
100% NPK 13.35a 126.70 15.56a 122.3
cv % 3.88 - 2.52 -

Source: Ruiz (2001).

alndex of effectiveness = (value with AM fungi -  value without fungi)/value without fungi x  100.

bMeans with the same letter are not significantly different according to Duncan Multiple Range test 
p <  0.001.

mended rates for non-inoculated plants. The rate of 75 percent N, P, 
and K was required by other crops (potato, tomato, pepper [Capsi­
cum annuum L.], and plantain).

Thus, while improving plant nutrient uptake, the use of AM inocu­
lation could lead to reduction in fertilizer use and to the reduction of 
nutrient seepage into the environment, an important potentially nega-



172 MYCORRHIZAE IN CROP PRODUCTION

TABLE 5.8. Optimal rates of mineral fertilizer (N, P, K) for different inoculated 
field-grown crops, in Calcaric Cambisols.

First season 

t ha”1 IE %a

Second season 

t ha-1 IE %
Control 18.0db - 20.5d -
AMF + 75% NPK 29.2a 61.7 36.8a 79.6
100% NPK 30.1a 66.9 37.2a 81.2
cv % 7.5 - 8.6 -
Control 18.6e - 20.1e -
AMF + 75% NPK 40.9a 119.6 41.9a 108.9
100% NPK 41.1a 120.9 42.0a 109.0
cv % 4.8 - 4.4 -
Control 15.9d - 17.2d -
AMF + 75% NPK 37.3a 134.0 41.6a 141.8
100% NPK 37.4a 134.0 41.9a 143.4
cv % 3.6 - - -
Control 15.6d - - -
AMF + 75% NPK 29.6a 89.7 - -
100% NPK 29.7a 89.7 - -
cv % 6.9 - - -

Source: Ruiz (2001).

alndex of effectiveness = (value with AM fungi -  value without fungi)/value without fungi x 100.

bMeans with the same letter are not significantly different according to Duncan Multiple Range test 
p < 0 .001.

tive impact of agriculture. The maintenance of high yield despite re­
duction of fertilizer application is achieved through improvement of 
crop nutrient uptake capacity, or in other words, increased nutrient 
use efficiency.

The influence of fertilization on the AM effectiveness of a range of 
crops inoculated with an efficacious AM fungal strain were similar to 
those obtained with coffee transplants, although in the latter, an or­
ganic fertilizer was used. These results underline the compatibility of 
AM inoculation with mineral fertilization. Plant response depends on 
the type of soil, on nutrient availability, and on the yield potential of 
crops. These are key factors to the effective management of AM 
symbioses in productive agroecosystems.
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AM  FUNGI-RHIZOBACTERIA COINOCULATION

In Cuba, research on the use of microbial inoculant containing 
rhizobacteria has been very successful. This work evaluated the in­
fluence of nitrogen-fixing rhizobacteria such as Rhizobium and Bra- 
dyrhizobium species for legumes, and plant-growth promoting rhizo­
bacteria (PGPR) including Azotobacter chroococcum for vegetable 
crops, species of Azospirillum for rice (Oryza sativa L.), maize (Zea 
mays L.), sorghum (Sorghum bicolor [L.] Moench.), Burkholderia 
cepacia for maize, and Pseudomonas fluorescens for various crops. 
Commercial forms of these inoculants exist under the names Biofert®, 
Azofert®, Dimargon®, Fosforina®, and others.

PGPRs have different modes of action. B. cepacia controls plant 
pathogens, P. fluorescens solubilizes phosphorus, and A. chroococcum 
and Azospirillum species fix atmospheric nitrogen. These rhizobact­
eria also stimulate plant growth.

Research work to evaluate the effects of coinoculation of different 
rhizobacteria and AM fungi was initiated in the early 1990s, in Cuba. 
This work was based on the observations of these microorganisms in 
the rhizosphere of AM plants and on reports of their mutualistic rela­
tionships (Fitter and Garbaye, 1994; Hoflich, Wiehe, and Kuhn 1994; 
Gryndler, 2000). Furthermore, PGPRs have been found in spores of 
Gigaspora (Bianciotto et al., 2000; Minerdi et al., 2001) and most re­
cently in G. clarum (Mirabal, Ortega, and Rodes, 2002). In the early 
program of coffee transplant production, we observed that the steril­
ization of the substrate before inoculation trials reduced the effective­
ness of inoculation (Rivera et al., 1997). This lower effectiveness in 
sterilized soil could be due to the elimination of rhizospheric organ­
isms associated with coffee, which may have contributed somehow to 
AM effectiveness.

The first results from this program of coinoculation of PGPRs and 
AM fungi were presented by Rivera et al. (1997) and Fernandez 
(1999). Coinoculation of A. chroococcum with efficacious AM fungal 
strains was tested in Eutric Cambisols. The rhizobacterium signifi­
cantly enhanced the effect of inoculation with one AM strain without 
increasing the development of fungal structures in plants, suggesting 
that the two organisms have complementary modes of action. In 
Haplic Acrisols of low fertility, the impact of coinoculation was al­
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ways negative, with worse effects than inoculation with any of the 
microorganisms alone. These results were explained on the basis of 
the low nutrient availability in this soil, which could limit the devel­
opment of AM fungal structures in plants. Based on these results co­
inoculation of A. chroococcum was recommended only in soils of fair 
to high fertility and with one part of vermicompost for five parts of 
soil.

The best and more consistent results were probably obtained in the 
tripartite symbiosis AM fungi-Rhizobium-legume. Symbiotic rela­
tionships seemingly provide better exchange between partners result­
ing in larger plant growth promotion than relationships based on non- 
symbiotic associations. The plant symbiosis with both Rhizobium 
and AM fungi mobilizes N2  through biological fixation on the one 
hand and enhancement of P uptake, an element very important for ef­
fective nitrogen fixation and plant growth on the other hand. The in­
ternational literature (Pacovsky, Bethlenfalvay, and Paul, 1986) and 
the local literature alike (Corbera and Hernandez, 1997; Corbera, 
1998) contain numerous reports on the benefits of such coinocula­
tions that are still being demonstrated in large production areas in 
Bolivia (INCA, 1999).

Based on the previous results and those related to AM fungi 
coinoculation with Azotobacter spp. in maize, sunflower (Helianthus 
annuus L.), tomato, and bean (Phaseolus vulgaris L.) (Terry et al., 
2002), with A. brasilense in maize and sorghum (Medina et al., 1999), 
with A. lipoferum in tomato and sorghum (Terry, Pino, and Medina, 
1998), and with B. cepacia in potato (Hernandez-Zardon, 2001) in 
which coinoculation was better than single inocula, it was appropri­
ate to recommend the practice of coinoculation. Coinoculation is 
considered as a practice for the management of AM associations in 
crop production. Coinoculation practices always take into account 
the specificity that exists between the different crop species and the 
rhizobacteria, and a bacterium is added with AM fungal inoculum 
only for the inoculation of receptive crops.

AM INOCULATION AND CROP ROTATION

Although experiment results on the persistence of inoculation ef­
fects in crop sequences or crop rotation either in research plots or in
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the field are rare, the persistence of inoculation effects is a very im­
portant subject. It is also a very promising subject considering the 
low level of specificity existing between efficacious AM strains and 
crop species.

In the extensive review by Sieverding (1991), there are only two 
reports of research work conducted to assess the possible residual ef­
fects of AM inoculation. No residual effect of inoculation was re­
ported although inoculation had initially triggered positive growth 
response in inoculated crops. Different results were obtained in the 
research program on root and tuber production conducted by Ruiz
(2001) in Calcaric Cambisols. The residual effect of G. intraradices, 
a highly effective AM strain in this soil type, was studied in a crop ro­
tation composed of potato-sweet potato-cassava-sweet potato grown 
in microplots, in the field. Two cycles of the rotation were completed. 
Table 5.9 shows the yields and AM root colonization percentages av­
eraged over the two cycles of the trial. Inoculation always signifi­
cantly enhanced both variables as compared to the non-inoculated

TABLE 5.9. Persistence of the effect of Glomus intraradices, an effective strain 
inoculated in the yield and percentage of AM root colonization of the crops of 
a rotation established on Calcaric Cambisols.

Potato Sweet potato Cassava Sweet potato

Treatment
Yield 

(kg m 2)

AM
roots
(%)

Yield 
(kg m 2)

AM
roots
<%)

Yield
(kg m 2)

AM
roots
(%)

Yield, 
(kg m 2

AM
roots 

!> (%>
Control 2.0ba 3c 2.1b 5c 2.1c 7C 1.8b 4c
All crops 2.6a 76ab 2.8a 75a 3.1a 81a 2.5a 79a
inoculated
Inocula­ 2.6a 77ab 2.5a 70b 3.1a 79a 2.2a 71a
tion of every 
2 crops 
Inoculation 2.6a 75b 2.5a 71b 2.7ab 69b 2.3a 79a
of every 3
crops
Inoculation 2.6a 79a 2.5a 70b 2.6b 67b 2.0b 34b
of every 4 
crops 
cv % 18.1 2.9 18.3 4.1 16.6 5.0 17.7 3.2

Source: Ruiz (2001).

aMeans with the same letter are not significantly different according to Duncan Multiple Range test 
p <  0.001.
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control, confirming the positive effect of inoculation with G. intrara­
dices in all crops growing in this soil.

At the end of the experiment there was no significant difference in 
yield or AM root colonization percentages whether inoculation was 
done in all rotation phases, every other phase, or every third phase of 
the rotation. When inoculation was only performed every fourth 
phase (i.e., once per rotation), the yield (2 kg m-2) and percentage of 
colonization (34 percent) obtained in the last phase were significantly 
less than those obtained with more frequent inoculation, but was still 
better than the values obtained in the non-inoculated control. These 
results reveal the contribution of an inoculum to two or three subse­
quent crops as a consequence of the low level of specificity between 
efficacious AM strains and crop species. Thus, when an efficacious 
strain is introduced into a soil, it is able to colonize different crops, re­
produce and build a population of propagules large enough to colo- 
ni2e subsequent crops.

The persistence of AM inoculation effects is certainly linked to a 
range of soil management and cropping practice-related factors. 
Fertilization and pesticide application, crop species used, and their 
mycorrhizal dependency, as well as planting pattern are all factors 
that may influence the production of propagules of the efficacious 
strain introduced, and thus, the capacity of the latter to colonize a 
subsequent crop.

The “self-repair” capacity of the extraradical mycelium, with 
which areas of the mycelium can be reconnected to the main hyphal 
network through a phenomenon of hyphal fusion known as anasto­
mosis (see Chapter 2 of this book), is most developed in Glomus spe­
cies (Providencia et al., 2005). This mechanism may also contribute 
to the good functionality of the symbiosis and may also be a factor in­
volved in the persistence of inoculation effects in crop sequences.

Riera (2003) conducted some rotation experiments under field 
conditions, in Eutric Ferrasols. The effectiveness of inoculation with 
G. clarum, expressed by yield enhancement, was evaluated over two 
rotation cycles (Table 5.10). Results generally concurred with the 
previous ones except that in this case, the effects of inoculation only 
persisted up to the second rotation phase. The density of mycorrhizal 
structures observed in roots (Trouvelot, Kough, and Gianinazzi- 
Pearson, 1986), an indicator of the extent of AM functionality, was
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TABLE 5.10. Effect of field inoculation of different rotation crops with Glomus 
clarum on the yield and percentage of density of AM structures (DV%) in the 
roots of these crops grown in rotations, on Eutric Ferrasols.

Soybean

Yield DV 
0 h a 1) (%)

Maize

Yield DV 
( th a 1) (%)

Sweet potato

Yield DV 
(tha '1) (%)

Control 1.83ba 1.4b 5.15b 2.6b 20.3b 1.9c
1st crop inoculated 2.00ab 3.7a 5.37ab 2.8b 20.9b 2.5bc
1st and 2nd crops 
inoculated

2.02ab 4.4a 5.62a 4.8a 23.4a 3.4b

All crops inoculated 2.12a 4.4a 5.67a 5.1a 24.95a 5.7a
Standard error 0.06 0.2 0.11 0.35 0.59 0.39

Soybean Sunflower Sorghum
Control 1.91b 1.6b 1.71b 2.8c 2.64c 0.6c
1 st crop inoculated 2.08ab 4.9a 1.77ab 5.7b 2.72b 1.5bc
1st and 2nd crops 
inoculated

2.10a 4.9a 1.91a 7.9a 2.73b 2.2ab

All crops inoculated 2.16a 4.6a 1.94a 8.4a 2.82a 2.9a
Standard error 0.05 0.25 0.05 0.30 0.02 0.30

Rice Dry bean Sweet potato
Control 1.09b 0.9c 1.59b 0.5b 22.6c 1.4c
1st crop inoculated 1.13ab 1.5bc 1.60b 0.7b 23.3c 2.3bc
1st and 2nd crops 
inoculated

1.18a 2.1ab 1.77a 2.1a 25.5b 4.2ab

All crops inoculated 1.19a 2.3a 1.78a 2.1a 27.3a 5.7a
Standard error 0.02 0.19 0.03 0.21 0.5 0.57

Source: Riera (2003).

aValues are the means of two years. Means with the same or lower case letter are not significantly differ­
ent according to Duncan Multiple Range test p <  0.001.

always reduced in absence of inoculation, although densities ob­
served in the subsequent crop were close to those measured in the in­
oculated crop.

The information available on the persistence of inoculation effects 
through crop sequence is limited. The literature that does exist refers 
to the influence of cropping practices on the conservation of native 
AM populations (Primavesi, 1990; Sieverding, 1991; Chu and Diek- 
mann, 1994; Sivila and Herve, 1994). The results presented here are
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the first to report on the persistence of AM inoculation effects 
through the phases of crop rotations.

The work of Riera (2003) also evaluated the dynamics of the AM 
spore population, as influenced by crop species and treatments, and 
showed that inoculation significantly increased spore number in all 
rotation phases. The extent of this increase depended on the fre­
quency of inoculation, the genotype of the crop species inoculated, 
and the genotype of the subsequent crop. Spore density could reach 
800 to 900 spores g” 1 of soil under inoculated sweet potato and sun­
flower, while initial population densities were approximately 50 
spores g_1 of soil.

INFLUENCE OF EFFICACIOUS AM  
ON SOIL AGGREGATION

In Cuba, pioneering work on the influence of AM inoculation on 
soil aggregation was conducted by Riera (2003) as a part of his re­
search on crop rotations in Eutric Ferrasols. He found that the treat­
ments favoring AM effectiveness also increased the proportion of 
larger class size soil aggregates and their stability. These treatments 
reduced the soil coefficient of dispersion, which prevented the pro­
gressive decline in soil physical quality associated with continuous 
cropping. Increases in the proportion of soil bound into aggregates 
was positively correlated to the indicators of AM functionality such 
as AM root colonization, suggesting the involvement of enhanced 
AM development in soil structural quality. These results concur with 
current understanding of the role of AM fungi in the formation of soil 
aggregates (Miller and Jastrow, 1992; Rillig and Wright, 2002) in re­
lation to their production of glomalin, a glycoprotein excreted by AM 
fungi that is involved in the formation and stabilization of aggregates 
(Wright et al., 2001).

A study was recently conducted in Cuba (Morell, 2005) to charac­
terize the degradation of Eutric Nitisols. This study revealed better 
soil aggregation, larger amounts of glomalin, and an AM fungal ac­
tivity more intense in soil profiles showing less degradation, giving 
greater support to the fact that AM fungi have a beneficial influence 
on soil physical properties.
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GREEN MANURE USE 
AND MYCORRHIZAL EFFECTIVENESS

A series of experiments was conducted from 1995 to 1998 (San­
chez, 2001) to define the use of green manure crops as a component 
of coffee transplant production systems. These crops are grown to be 
incorporated into the soil as a source of nutrients and organic matter. 
Green manure production could be used to reduce or replace the use 
and transport of traditional sources of organic fertilizers (vermi­
compost and manure) and to reduce farmers’ dependence on off-farm 
inputs.

The following work was conducted in Gleyic Cambisols, Chromic 
Luvisols, and Distric Nitisols with characteristics similar to those 
presented in Table 5.1. Each species of green manure had different 
characteristics (Table 5.11). Sorghum and crotalaria (Crotalaria jun- 
cea L.) presented interesting characteristics both exhibiting high dry 
matter and nutrient yields. Crotalaria is richer in N and sorghum con­
tains more P and K. Canavalia (Canavalia ensiformis [L.] DC.) had 
lower nutrient and dry matter yields, which were nevertheless better 
than dolicho (Lablab purpureus L.). The soil type studied did not 
have a different influence on the productivity of these crops

Table 5.12 presents a summary of the results obtained from three 
crops of coffee transplants grown in Gleyic Cambisols. Results, 
which were reproducible in time, revealed marked differences be-

TABLE 5.11. Characteristics of the green manure crops under study.

Green
manure
crop

Fresh 
biomass 
(tha 1)

Dry
biomass
(tha’ 1)

N
(kg ha 1)

P
(kg ha 1)

K
(kg ha 1)

Dolicho3 14.69db 2.60d 85.93c 9.65d 31.12d
Canavalia 28.6-33.4 4.2-4.64 143.7-160.4 13.0-15.2 49.8-56.8
Crotalaria 37.8-47.1 6.46-7.38 165.0-201.9 17.17-18.7 98.9-110.0
Sorghum 60.1-70.5 8.95-9.53 145.6-164.8 24.2-30.5 151.6-167.3

Source: Sanchez (2001). 

aOnly used in Gleyic Cambisols.

bNumbers are means of three growth cycles and three soil types.
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TABLE 5.12. Effect of green manure crops and inoculation with Glomus mosseae 
ecotype 1 (AM) on the vigor, percentage of AM root colonization, and AM 
endophytic biomass in roots of coffee transplants produced in Gleyic Cambisols.

1995-1996 1996-1997 1997-1998

Treatments

Leaf
surface

area
(cm2)

Leaf
surface

area
(cm2)

AM
col.
(%)

AM 
endophyte 
(m9 g 1)

Leaf
surface

area
(cm2)

AM
col.
(%)

AM 
endophyte 
(mg g~1)

Soil 223da 251 d 16.5e 7.0d 254e 17.7f 9.2c
Soil + AM 240c 255d 28.0cd 8.1d 276de 24.0e 9.1c
Dolicho 250c 270c 24.05d 12.0c 286d 18.0f 13.6b
Dolicho f AM 307b 346b 31.05c 15.2b 346c 38.3c 16.0b
Canavalia 285bc 281c 32.35c 13.0c 295d 30.0d 15.3b
Canavalia + AM 372a 424a 50.7a 19.6a 396ab 48.0b 19.0a
Crotalaria 312b 341b 33.0c 15.5b 338c 37.3c 15.9b
Crotalaria + AM 381a 443a 58.3a 20.0a 417a 58.3a 19.2a
Sorghum 322b 430a 42.0b 18.4a 380b 44.7bc 19.4a
Sorgo + AM 379a 433a 52.3a 19.5a 413a 57.0a 20.2a
3:1 (soil:com- 
post)b

385a 451a 24.3d 12.0c 415a 20.0f 13.4b

3:1 (soil: 
compost) + AM

389a 448a 25.3d 12.2c 404a 25.0e 14.1b

cv % 9.54 10.01 8.15 6.24 5.66 5.66 9.66
Standard error 12.34"" 11.28"" 1.15"" 0.49" 11.95"" 0.87** 0.88**

Source: Sanchez (2001).

aMeans with the same or lower case letter are not significantly different according to Duncan Multiple 
Range test p <  0.001.

b3:1 (soihcompost), recommended fertilization in conventional production of coffee transplants. 

"Treatment effect is significant according to ANOVA p <  0.01 level.

""Treatment effect is significant according to ANOVA p <  0.001 level.

tween treatments. When dolicho or canavalia green manure crops 
were used, a slight improvement in coffee growth was seen, but cof­
fee development was still much less than when grown with the con­
ventional production method (the use of a 3:1 soil:vermi compost 
mix [Rodriguez, 1992]). Crotalaria showed a better performance, al­
though it was still inferior to that produced by the conventional 
method. Green manure treatments combined with soil inoculation
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with an efficacious AM fungal strain markedly enhanced coffee 
transplant growth, and this was true with crotalaria or canavalia. The 
performance of the green manures + AM inoculation treatment did 
not differ significantly from that of the conventional production con­
trol treatment, indicating that the green manure crop could fulfill cof­
fee transplants’ nutritional requirement. Incorporation of sorghum 
produced better results than those found with the other green ma­
nures. The transplants obtained with sorghum green manure had as 
much as 84 percent to 95 percent of the leaf surface area as those with 
conventional production control treatment and AM inoculation with 
sorghum green manure treatment produced plants similar to conven­
tional production control treatment.

The difference between the contrasting effects of inoculation with 
green manure crops on coffee growth was explained by two indica­
tors of AM functionality: the concentration of AM endophyte in roots 
and the percentage of coffee transplant root colonization. Surpris­
ingly, the production and incorporation of green manure in the 
absence of inoculation enhanced mycorrhizal development, as mea­
sured by the amount of AM endophyte and percentage of AM coloni­
zation of coffee plant roots. These effects were directly related to 
green manure crop growth and dry matter yield, indicating that larger 
green manure yields were followed by more extensive AM develop­
ment in non-inoculated coffee transplants, in other words, the greater 
effectiveness of native AM endophytes. Sorghum green manure in­
creased the AM endophytic mass of coffee plants to as much as 18 
mg g~1 to 20 mg g~1 of roots, levels that were associated with high 
AM symbiotic effectiveness. Inoculation with sorghum green ma­
nure did not increase further AM development and symbiotic effec­
tiveness.

Other important conclusions from these experiments were that 
conventional organic fertilizers could be replaced by green manure 
crops used alone or in combination with AM inoculation, which re­
sulted in optimal coffee transplant development. Green manure crops 
could entirely fulfill the nutritional requirements of the mycorrhizal 
coffee transplants and support optimal AM functionality. This was 
the case for canavalia, crotalaria, and sorghum, but not for dolicho.

Sorghum green manure increased the AM endophytic mass from 
less than 10 mg to almost 20 mg g~1 of roots, a level associated with
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high AM symbiotic effectiveness, and inoculation did not further in­
crease AM development. This indicates that although there were dif­
ferences in the amounts of nutrients brought by the different green 
manure crops, the main reason for the difference seen in the interac­
tion between green manure crops and AM inoculation was the effect 
of the green manure crops on native AM fungi. Green manure crops 
may influence the production of propagules by native AM fungi dif­
ferently. For example, sorghum is one of the host plants most used for 
the propagation of AM fungal inoculum (Sieverding, 1991) and the 
data suggests that sorghum, and to a lesser extent canavalia and crota­
laria may have raised the level of native inoculum in soil. The concen­
tration of AM spores increased from 60 to 90 spores 100 g " 1 of soil 
up to 450 spores 100 g_ 1 of soil with sorghum or crotalaria (Sanchez,
2001). Although in two out of the three years of the study coffee 
growth did not respond to inoculation with sorghum green manure, it is 
safe to recommend inoculation of coffee transplants with efficacious 
AM strains in production systems using green manure, in Gleyic 
Cambisols.

The effect of green manure in coffee transplant production in the 
lower fertility Chromic Luvisols and in Distric Nitisols (Table 5.13) 
was similar to that observed in Gleyic Cambisols, with regard to their 
positive effects on coffee growth and stimulation of native AM fungal 
populations. However, effects were smaller and probably related to 
the lower fertility of these soils. Sorghum and crotalaria, when used 
alone, produced the largest AM endophytic biomass in coffee roots, 
but this biomass was lower than what is considered indicative of an 
effective AM symbiosis, that is, 20 mg g ~ 1 to 22 mg g~1 in Chromic 
Luvisols and 30 mg g_ 1 to 32 mg g_ 1 in Distric Nitisols (Table 5.6). 
This indicates that the production and incorporation of green manure 
does not ensure the effectiveness of native AM fungi on coffee trans­
plants. Similarly, coffee transplants showed reduced growth in AM 
inoculated soil amended with green manure as compared to control 
plants under conventional production management, indicating that 
green manure crops could not completely fulfill the needs of inocu­
lated coffee transplants.

The results obtained from other experiments where green manure 
treatments were complemented with different amounts of organic 
fertilizers revealed the reason for different treatment effects in differ-
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TABLE 5.13. Effect of green manure crops (GM) and inoculation with Glomus 
intraradices (AM) on the vigor, percentage of AM root colonization, and AM 
endophytic biomass in roots of coffee transplants produced in Distric Nitisols.

1996-1997 1997-1998

Treatments

Leaf
surface

area
(cm2)

AM col. 
(%)

AM
endophyte 
(mg g~ )

Leaf
surface

area
(cm2)

AM
AM col. endophyte 

(%) (mg g" )
Soil 141ea 23f 6.1h 153f 24g 5.8f
Soil + AM 144e 25f 6.1h 154f 31 e 7.9e
Soil + GM 
Canavalia

223d 27de 7.2f 215e 30ef 9.8d

Soil + GM 
Canavalia + AM

251 d 40c 12.1e 261 de 47b 14.1c

Soil + GM 
Crotalaria

243d 33d 13.1d 257de 36d 12.3cd

Soil + GM 
Crotalaria + AM

290c 56a 17.0b 297bc 51a 17.0b

Soil + GM 
Sorghum

285c 46b 13.0d 266cd 40c 16.8b

Soil + GM 
Sorghum + AM

321b 55a 21.2a 330b 49ab 19.2a

3:1 (soil:compost)b 410a 27de 16.9b 416a 28f 16.0b
3:1 (soikcompost) + 
AM

432a 28de 19.4ab 440a 30ef 18.8a

cv % 6.37 7.72 4.06 9.08 5.85 6.93
Standard error 10.08** 1.19** 0.279** 14.64** 0.905* 0.519**

Source: (Sanchez, 2001).

aMeans with the same or lower case letter are not significantly different according to Duncan Multiple 
Range test P <  0.001.

b3:1 (soil:compost), recommended fertilization in conventional production of coffee transplants. 

‘Treatment effect is significant according to ANOVA p <  0.01 level.

ent soils. In Distric Nitisols (Table 5.14) the comparison of the best 
inoculated treatment (7:1, soil + green manure:vermi compost + AM 
inoculation) and AM inoculation with green manure only indicated 
that, effectively, in these soils a green manure crop alone could not ful­
fill mycorrhizal coffee transplants’ nutritional requirements. Fertiliza­
tion with vermicompost in addition to green manure and AM inocula­
tion produced a much better growth response in coffee and a more
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TABLE 5.14. Effect of a green manure crop of sorghum (GM), worm compost 
addition (C), and inoculation with Glomus intraradices (AM) on the vigor, per­
centage of AM root colonization, and AM endophytic biomass in roots of coffee 
transplants produced in Distric Nitisols.

Treatments

1996-1997 1997-1998

Leaf surface 
area (cm2)

Leaf surface 
area (cm2)

AM col.
(%)

AM endophyte 
(m9 9 1)

Soil 141da 153g 24e 5.8g
Soil + AM 144d 157g 31d 7.9f
Soil + GM 285c 286f 40c 16.8d
Soil + GM + AM 321c 330de 49b 19.2c
(Soil + GM): C9;1b 313c 306ef 36c 14.3e
(Soil + GM): Cĝ  + AM 360b 357cd 50ab 23.3b
(Soil + GM): C7M 374b 381 be 39c 13.9e
(Soil + GM): C7!1 + AM 421a 446a 54a 30.4a
(Soil + GM): C5!1 430a 441a 38c 16.7d
(Soil + GM): C&1 + AM 434a 445a 46b 17.4d
Conventional Soil-C31 410a 417ab 28de 16.0d
Soil-C31 + AM 432a 440a 30d 23.4b
c.v % 6.68 6.63 7.20 5.20
Standard error 13.07* 13.27* 1.21* 0.48*

Source: Sanchez (2001).

aMeans with the same or lower case letter are not significantly different according to Duncan Multiple 
Range test p <  0.001.

b3:1 proportion of soil to worm compost; 5:1, 7:1, and 9:1, proportion of (soil + GM) to worm compost. 

‘Treatment effect is significant according to ANOVA p <  0.01 level.

"Treatment effect is significant according to ANOVA p <  0.001 level.

functional AM symbiosis. It was necessary to complement this soil 
with organic fertilizer in a 7:1 (soil + green manurexompost) propor­
tion to obtain optimal coffee transplant growth.

The amount of fertilizer required for mycorrhizal coffee transplant 
production was reduced from 5:1 to 7:1 through the use of green ma­
nure crops. This production system allows for less off-farm inputs as 
compared with the 3:1 soilxompost mix traditionally recommended 
for coffee transplant production with these soils. Furthermore, the 
high response of AM inoculation to the presence of green manure and 
vermicompost (7:1 soilxompost) suggests either that green manure 
crops did not effectively stimulate the production of native AM prop-
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agules or that the native AM fungi were ineffective. Nevertheless, it 
was possible in these soils to reduce organic fertilizer application by 
about half using AM inoculation with efficacious strains and still ob­
tain optimal growth. This last experiment also showed that the use of 
more than one part of vermicompost with seven parts of soil concur­
rently with green manure did not further increase leaf area, but re­
duced AM endophytic occupation of roots. This negative effect of 
excessive nutrient availability on mycorrhizal effectiveness was re­
ported in earlier experiments.

In Chromic Luvisols, which have a fertility level between that of 
Gleyic Cambisols and Distric Cambisols, experimental results showed 
that the use of one part of vermicompost in nine parts of soil with 
green manure crops was appropriate to optimize the effect of inocu­
lated AM strains and insure vigorous plant growth. Thus, approxi­
mately 60 percent of the amount of organic fertilizer previously 
recommended could be replaced by green manure and AM inocula­
tion in coffee transplant production. Also, in these soils, higher 
amounts of compost reduced the functionality of the AM fungi intro­
duced through inoculation.

The growth and incorporation of sorghum and crotalaria green ma­
nure crops prior to coffee production offers large economic benefits 
and is a practice that can be perfectly integrated in the production of 
AM coffee transplants. The use of green manure should not be lim­
ited to the inoculation of coffee with efficacious AM strains at seed­
ing. It may be better to inoculate the green manure crop and to obtain 
in this way additional benefits in the multiplication of efficacious AM 
strains propagules, thus reducing the cost of AM transplant production.

USE OF THE AM SYMBIOSIS 
ON A PRODUCTION SCALE

This section presents some results derived from the effective man­
agement of the AM symbiosis in agriculture using the inoculant 
EcoMic®, a product formulated for the application of 1 kg ha- 1 to 
10 kg ha- 1 of the product as a seedcoating (INCA, 1999). This prod­
uct can be used in high-input agricultural systems as well as in low- 
input traditional family farming systems. In all cases presented, 
G. fasciculatum was used based on previous results showing the ef­
fectiveness of this strain in soils of fair to high fertility.
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High-Input Agriculture

Examples from high-input systems were taken from results ob­
tained from the Bolivian province of Santa Cruz de la Sierra in Eutric 
Regosols (INCA, 1999). In high-input systems, the biofertilizer is 
mechanically applied on seeds and this seedcoating is compatible 
with mechanical seeding.

All crops responded to inoculation with increased productivity 
in the range of 16 percent to 78 percent and averaging 43.5 percent 
(Table 5.15). The seedcoated inoculant was applied at rates from 6 to 
10 percent of the seed weight. It is important to note the range of 
crops used in the test, which included cotton, wheat, soybean, sun­
flower, bean, maize, sorghum, hot pepper, and lentil, verifying once 
more the low level of specificity between efficacious AM strains and 
crops species.

Crops were produced in high-input systems on land areas as large 
as 1,000 ha. This demonstrates the compatibility of the AM inocula­
tion practice with large-scale production systems. Furthermore, co­
inoculation of the AM strain and Rhizobia was successfully done in

TABLE 5.15. Results of experiments testing the inoculant EcoMic® (Glomus 
fasciculatum) applied as seedcoating at a rate of 6 percent to 10 percent of seed 
weight in different crops and soil types under high-input production systems.

Crop-Country Soil type
Validation 
Area ha

AM
tha 1

Control 
t ha-1

Yield 
increase (%)

Rice-Colombia Eutric Fluvisol 16 4.80 2.70 77.7
Cotton-Bolivia Eutric Regosol 94 0.94 0.69 38.0
Maize-Cuba Eutric Ferralsol 16 2.84 2.34 21.3
Maize-Cuba Eutric Ferralsol 16 5.41 3.04 77.9
Maize-Bolivia Eutric Regosol 150 2.92 2.16 35.1
Maize-Bolivia Eutric Regosol 150 3.12 2.51 24.3
Wheat-Bolivia Eutric Regosol 50 3.19 2.75 16.0
Wheat-Bolivia Eutric Regosol 50 3.12 1.82 71.4
Soybean-Bolivia Eutric Regosol 150 2.73 1.94 40.7
Soybean-Bolivia Eutric Regosol 150 2.20 1.78 23.5
Soybean-Bolivia Eutric Regosol 1,000 2.93 2.32 26.3
Bean-Bolivia Eutric Regosol 11 1.71 0.96 78.1
Sunflower-Bolivia Eutric Regosol 40 1.23 0.86 43.1

Source: Rivera and Fernandez (2003).
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soybean and bean. This shows that efficacious AM inoculation can be 
advantageously integrated with established high-input production 
systems.

Low-Input Agriculture

Examples of the successful use of EcoMic® on low-input family 
farms come from small farms on Eutric Fluvisols in Casanares, 
Colombia (Sosa, 1999), on Eutric Regosols in Santa Cruz de la Si­
erra, Bolivia (Hemandez-Zardon, 2005) and from farms on Cuban 
Eutric Ferrasols. Soils were highly fertile and grew various crops in­
cluding dry bean, cassava, maize, and rice. In all cases, yield in­
creases between 12 and 78 percent and averaging 46.9 percent were 
attributable to AM inoculation with EcoMic® seedcoating (Table 
5.16). These results are similar to those obtained under high impact 
production conditions. Coinoculation of soybean and bean with the 
AM strain and Rhizobium or Bradyrhizobium species was also suc­
cessful. Under low-input agriculture AM inoculation was highly ef-

TABLE 5.16. Results of experiments testing the inoculant EcoMic® (Glomus 
fasciculatum) applied as seedcoating at a rate of 10 percent of seed weight in dif­
ferent crops and soil types under low-input production systems.

Crop-Country Soil type Area ha
AM

tha 1
Control 
t ha-1

Yield 
increase (%)

Rice-Cuba Petroferric Gleysol 1.0 6.80 4.60 47.8
Rice-Colombia Eutric Fluvisol 2.0 2.15 1.30 65.3
Rice-Colombia Eutric Fluvisol 2.0 2.40 1.40 71.4
Cotton-Colombia Molic Gleysol 1.5 2.60 2.20 18.2
Cotton-Colombia Molic Gleysol 1.5 2.50 1.90 31.5
Maize-Colombia Eutric Fluvisol 1.0 2.96 1.64 80.5
Bean-Colombia Eutric Fluvisol 1.0 0.50 0.29 72.4
Bean-Cuba Eutric Ferralsol 1.0 1.00 0.70 42.8
Potato-Bolivia3 Eutric Cambisol 0.5 80.00 50.00 60.0
Soybean-Cuba Eutric Ferralsol 0.5 2.63 1.50 75.3
Maize-Cuba Eutric Ferralsol 3.0 2.83 2.44 12.4
Peanut-Cuba Eutric Ferralsol 1.2 1.12 1.00 12.0
Tomato-Cuba Eutric Ferralsol 2.3 27.30 21.80 20.0

Source: Rivera and Fernandez (2003); Hernandez-Zardon (2005). 

aSeed potatos were inoculated with 1 kg EcoMic® 50 kg 1.
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fective producing higher yield through enhanced nutrient uptake, but 
also probably through improved tolerance to drought stress, which is 
commonly encountered in these systems.

In low-input systems, seedcoating and seeding are done manually. 
Seedcoating is done in a container or on a sheet of polyethylene, de­
pending on the amounts of seeds that need to be treated. It is recom­
mended to immerse vegetative propagules like those of sweet potato 
or cassava in a thin paste made with EcoMic® and water.

The positive results obtained in the testing of EcoMic® in both 
high- and low-input systems were based on the fundamental princi­
ples driving AM effectiveness: the use of AM strains adapted to soil 
types, the low level of specificity existing between AM strains and 
crops, the maintenance of optimal AM effectiveness through ade­
quate fertilization, the coinoculation of AM strains and rhizobium 
inoculants, as well as the effective and practical seedcoating formula­
tion of EcoMic®.

CROPPING SYSTEMS 
WITH EFFICACIOUS AM  STRAINS

The importance of the AM symbiosis in plant growth was demon­
strated throughout this chapter. The AM symbiosis increases plant 
nutrient and water uptake capacity and allows them to better tolerate 
nutritional and water stresses, but this does not mean that this symbi­
osis can be advantageously used only under stressful conditions. It is 
clear that the AM symbiosis is as useful to plant growth as rhizobia 
are for legumes, and enough information is available for the design 
and application of cropping systems based on the model of effective 
AM symbiosis. We have seen that such systems can be adapted to 
low-input as well as to highly mechanized, large-scale production. In 
both cases soil biological quality is enhanced, and the negative im­
pacts of drought on crop plants are reduced, as are the risks of envi­
ronmental impacts linked to crop fertilization. Results presented in 
this chapter are a guide for the successful management of the AM 
symbiosis in crop production, which is based on the selection of effi­
cacious strains according to the type of soils, their inoculation, and 
the adoption of cropping practices that optimize AM effectiveness.
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The observation of growth response upon inoculation with effica­
cious strains of AM fungi in a large range of soils indicates the preva­
lence of low numbers of effective native AM propagules in the 
cropping systems studied; this demonstrates the importance of the 
AM symbiosis beyond conditions of low soil fertility and degraded or 
eroded soils. Inoculation with efficacious strains is necessary to en­
sure the sufficient abundance of efficacious AM propagules.

The benefits obtained under experimental and production condi­
tions using recommended AM strains, which were mostly extrane­
ous, not only provide a strong basis for the elaboration of sound 
research objectives, but also provide basic principles for the effective 
management of AM symbioses.

The low level of specificity existing between AM strains and crop 
species simplifies management and allows efficient use of AM inocu­
lation in crop rotations. The effect of inoculation on one crop can per­
sist into a subsequent crop. Inoculation of green manure can be 
employed to enhance its productivity and thus its input as a nutrient 
and organic matter source, but these crops may also be used as a 
means to propagate efficacious AM strains for the benefit of a subse­
quent crop.

A new concept of efficient soil fertility management for mycor­
rhizal plants was established. Efficient fertilization of AM crops 
leads to the production of high yields using mineral or organic fertil­
izers at lower rates than those required for the production of similar 
yields in non-inoculated plants. The rates recommended for non-in- 
oculated plants limit AM development and functionality. This stems 
from two important considerations: (1) the compatibility between the 
AM symbiosis and the proper management of soil fertility, and
(2) the need to redefine the fertilizer requirements of efficiently 
mycorrhized crops and the critical levels of soil nutrients.

The concept of rhizosphere expands to a concept of hyphosphere 
and mycorrhizosphere establishing mutually beneficial relationships 
with different microbial groups (Fitter and Garbaye, 1994; Gryndler, 
2000). This is the basis on which the tripartite associations estab­
lished through coinoculation with AM fungi and Rhizobium in 
legumes; Azospirillum spp. in rice, tomato, and maize; B. cepacia in 
potato; and A. chroococcum in coffee, tomato, maize, and vegetable 
crops in general, provided good results under experimental and large
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scale production conditions (Rivera, 1993; Medina, 1994; Corbera 
and Hernandez, 1997; Rivera et al., 1997; INCA, 1999; Sanchez et 
al., 1999; Hernandez, 2000; Terry et al., 2002).

From the universality of the AM symbiosis (Harley and Smith, 
1983; Brundrett, 2002) and from different results obtained emerges 
the concept of efficient AM cropping systems (Rivera, 2000), which 
are constructed around the model of the effective mycorrhizal plant, 
through inoculation with efficacious strains and management prac­
tices optimizing their efficiency. This symbiosis has always been 
present in the life of plants (Pate, 1994; Fitter and Moyersoen, 1996), 
even in agricultural soils where it is not efficient and almost always 
unnoticed. The proposition is to recognize and support this phenome­
non effectively as a basis in crop production. The productive basis is 
effectively mycorrhized plants, and around them, cultural practices 
developed to support and optimize the system. Finally, it is important 
not to consider the inoculation of AM fungi as another agricultural 
input, but as a concept central to plant production. An agroecological 
and conservationist agriculture that protects the environment, sus­
tains the soil resources, and ensures high yields corresponds to the 
economical, environmental, and social expectations that the twenty- 
first century demands.
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The most widely distributed mycorrhizal symbiosis in tropical 
agroecosystems is the arbuscular mycorrhizal symbiosis. This sym­
biosis is established between plant root systems and fungi (Figure 6.1) 
which belong to the phylum Glomeromycota (Schiibler, Schwarzott, 
and Walker, 2001). The name of this symbiosis is based on the pres­
ence of specific fungal structures, called arbuscules, which colonize 
the cortical cells of roots. Based on current root analysis, it is consid­
ered that arbuscular mycorrhizal symbiosis is present in more than 80 
percent of all known terrestrial plants. The importance of arbuscular 
mycorrhizal (AM) fungi is related not only to their beneficial effect 
on plant growth and nutrition but to the fact that these fungi appear to 
have played a role in plant evolution and adaptation (Malloch, Pyro- 
sinsky, and Raven, 1980; Taylor et al., 1995). According to fossil evi-
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FIGURE 6.1. (A) Abundant vesicles of G. intraradices in inoculated roots of the 
tropical fruit tree C.a papaya (“papaya”); (B) Glomus sp. spore from a degraded 
arid tropical zone in Puebla, Mexico; (C, D) Mycorrhizal spores associated 
with tropical grasses in petroleum-contaminated areas of Mexico; (C) Acaulo­
spora aff. mellea from Villahermosa; (D) Gi. margarita associated with Panicum 
sp. in Minatitlan; (E, F) Mycorrhizal spores associated with the tropical fruit 
tree Anonna muricata (“soursoap”) in Veracruz, Mexico; (E) Scutelospora sp.; 
(F) Glomus aggregatum.

dence (Redecker, Kodner, and Graham, 2000) and DNA molecular 
clock estimates (Berbee and Taylor, 1993), these fungi could be simi­
lar in age to the first land plants, that is, around 460 million years old 
(Brundrett, 2002). AM fungi are an important component of soil 
biota and could account for 5 to 50 percent of the total microbial bio­
mass in agricultural soils (Olsson et al., 1999). Survival and disper­
sion of AM fungi in soils are commonly dependent on their establish­
ment in the root system, and these fungi are considered obligate 
symbionts, requiring carbon compounds synthesized by the host 
through photosynthesis. Only a few species, such as Glomus intrara­
dices (Figure 6.1 A), Glomus versiforme, and Gigaspora margarita 
(Figure 6 .ID), have been successfully propagated using in vitro cul­
tures with host roots (Bago et al., 1998; Becard and Fortin, 1988; 
Declerck et al., 1996; Mohammad and Khan, 2002). This physiologi­
cal limitation on AM fungi poses a challenge to the large-scale pro­
duction of low-cost inoculum for agricultural purposes.
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The importance of tropical ecosystems in providing biodiversity, 
carbon reservoirs, and regulating weather has been clearly demon­
strated at the global scale (Lovelock, 1995a,b). Despite this impor­
tance, the study of arbuscular mycorrhizal symbiosis in tropical areas 
is still in its infancy. Paradoxically, the study of mycorrhizal associa­
tions in tropical plants is as old as the word “mycorrhiza” itself. The 
same year that Frank (1885) coined the word mycorrhiza, Treub 
(1885) recorded vesicular arbuscular mycorrhizal association in sugar 
cane in Java (Redhead, 1980). Eleven years later, Janse (1896) car­
ried out an extensive survey of the occurrence of mycorrhizal associ­
ations in tropical plants and found that 69 of 75 plant species studied, 
including all the woody species, were characteristically colonized by 
AM fungi. More than 30 years later, Pyke (1935) and Laycock (1945) 
reported the presence of AM fungi in cocoa (Theobroma cacao L.) 
roots. Finally, working in Trinidad in 1949, Johnston found that 80 of 
93 tropical plant species, including 13 species of forest trees, also 
presented AM colonization. Most of the studies conducted in the 
tropics are more recent than these detailed pioneering surveys and 
were concentrated in the last four decades of the past century.

In this chapter, a number of basic and applied aspects related to 
AM fungi in tropical agriculture are discussed. Tropical environ­
ments are characterized by the prevalence of poor soil conditions 
(particularly a critical lack of phosphorus), extremely high bio­
diversity and lack of dormant biological stages, and the cultural, eco­
nomic, and social systems in such areas differ from those of other 
regions. As a result, aspects such as the visible spread of diseases, 
soil erosion, and land pollution are of critical importance to long­
term crop production in the tropics. In this context, the chapter dis­
cusses the possible implications of AM fungi for crop growth, phos­
phorus acquisition, and increased resistance to diseases, and presents 
an initial analysis of the relevance of AM fungi in sustainable tropical 
agriculture. In addition, because soil degradation and pollution are 
factors in long-term crop production in various tropical regions, and 
because there is a growing recognition that AM fungi could play an 
important role in “soil health” (Bethlenfalvay and Linderman, 1992; 
Wright, 2004), the importance of AM fungi in soil conservation and 
restoration is also discussed.
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MYCORRHIZAE AND SUSTAINABLE 
TROPICAL AGRICULTURE

The dilemma of how to increase crop productivity in tropical areas 
while preserving the environment has highlighted the importance of 
sustainable food production. The establishment of agroecosystems 
geared not only to high productivity but also to sustained production 
and environmental benefits (e.g., agroecosystems that enhance soil 
fertility and structure) is an urgent requirement in tropical regions. 
So-called “low external input agroecosystems” are good examples 
and have been maintained for centuries in various developing coun­
tries. As opposed to conventional agroecosystems, in low external in­
put systems, the levels of disturbance are minimized because the 
systems are characterized by high genetic and cultural diversity, mul­
tiple use of resources, and efficient nutrient and material recycling 
(Altieri, 1987). The great abundance and importance of AM fungi in 
these kinds of agroecosystems has been reviewed (Perez-Moreno and 
Ferrera-Cerrato, 1997).

Tropical cropping systems are established in areas previously oc­
cupied by ecosystems rich in AM fungi species, including mainly:
(1) lowland rainforests, (2) savannas, (3) montane cloud forests, and 
(4) degradation stages of these ecosystems (Janos, 1980; Lovelock et 
al., 2003; Muthukumar, Udaiyan, and Manian, 1996; Onguene and 
Kuyper, 2002; Schmidt and Stewart, 2003). As is the case in temper­
ate areas (Helgason et al., 1998), native AM fungal diversity gener­
ally appears to decrease when natural ecosystems are converted to 
agroecosystems (Alvarez-Solis and Anzueto-Martmez, 2004; Sie- 
verding, 1990; Siqueira, Colozzi-Filho, and Oliveira, 1989). This 
pattern in native AM fungal communities could be related to: (1) re­
duced diversity in plant communities (Bethlenfalvay and Linderman, 
1992; Oehl et al., 2003), (2) influence of cultural practices (Johnson, 
1993; Johnson and Pfleger, 1992), (3) duration of fallow or grazing 
(Duponnois et al., 2001), and (4) modification of soil properties 
(Brundrett, Jasper, and Ashwath, 1999). However, a number of ex­
ceptions to the pattern have been reported. For example, in Nicaragua 
and Costa Rica, AM fungal diversity did not significantly decline fol­
lowing conversion of lowland evergreen forests to pastures (Picone, 
2000), and in Venezuela, diversity of AM fungal communities was
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reported to be similar to that in natural undisturbed ecosystems 
(Cuenca and Meneses, 1996).

In a pattern similar to that seen when natural ecosystems are con­
verted to agroecosystems, diversity of AM fungi in tropical areas also 
appears to decrease as the intensity of agricultural practices in­
creases. In Brazil, Zaire, and Mexico, it has been shown that low ex­
ternal input agroecosystems have greater diversity of AM fungi than 
comparable agroecosystems with high external inputs (Alvarez-Solis 
and Leon-Martmez, 1997; Sieverding, 1990; Trejo-Aguilar, 1997). 
Because isolates of AM fungi differ enormously in their effects on 
plants, from mutualistic to parasitic (Johnson, Graham, and Smith, 
1997), a highly diverse community of AM fungi may be desirable to 
increase possible options while fulfilling multifunctional purposes in 
a context of sustained productivity. In general, it has been shown that 
AM fungal spore populations (Eason, Scullion, and Scott, 1999; 
Galvez et al., 2001; Kurle and Pfleger, 1994) and colonization levels 
(Dann et al., 1996; Douds, Janke, and Peters, 1993; Mader et al., 
2000) are higher in low external input agroecosystems than in those 
conventionally managed, with high inputs. Interest in the develop­
ment of less intensively managed systems is also presenting new op­
portunities for adapting agricultural production systems to enhance 
the benefits of the networks established by the AM fungal mycelium. 
These mycorrhizal networks can make an important contribution to 
sustainability, primarily by increasing nutrient uptake efficiencies, 
reducing diseases caused by root pathogens, and improving soil-ag- 
gregate stability and soil physical properties (Leake et al., 2004). For 
example, a positive correlation has been demonstrated between hyphal 
lengths and P-uptake efficiency (Schweiger and Jakobsen, 2000), and 
in certain cases, even crop yield (Kabir and Koide, 2002). Various 
practices commonly associated with sustainable agriculture in tropi­
cal areas have resulted in increased “soil health” and enhancement of 
AM functioning in field crops. As reviewed elsewhere (Johnson and 
Pfleger, 1992), these practices include no-tillage or reduced tillage, 
crop rotation, cover crops, intercropping, manure addition, and, in 
some cases, reduced use of fertilizers or pesticides. Although the cur­
rent state of knowledge of AM fungi in tropical agroecosystems 
makes it difficult to generalize accurately, information obtained mainly 
in nontropical areas could be used to make assumptions about the po-
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tential benefits for tropical crops of certain agricultural practices af­
fecting AM fungal populations.

For example, it has been demonstrated that soil tillage is generally 
related to reduced mycorrhizal colonization, and in some cases, is 
also related to decreased mineral nutrition and lower crop yields in 
the field (Anderson, Milner, and Kunishi, 1987; Mulligan, Smucker, 
and Safir, 1985; O’Halloran, Miller, and Arnold, 1986). Mechanical 
tillage may limit root colonization by reducing the frequency of con­
tact between inoculum sources and new roots, or by disrupting AM 
fungal networks, thereby reducing nutrient translocation to plants 
(Evans and Miller, 1988; Vivekanandan and Fixen, 1991). Con­
versely, no-tillage or reduced tillage increases the length of AM fun­
gal networks associated with field crops (Kabir, O’ Halloran, Fyles 
et al., 1998; Kabir, O’Halloran, Widden et al., 1998).

In addition to the yield benefits and soil fertility enhancement 
achieved by crop rotation, positive benefits for AM colonization and 
spore production have been reported in various cropping sequences 
(Dodd et al., 1990a,b; Harinikumar and Bagyaraj, 1988; Sieverding 
and Leihner, 1984; Vivekanandan and Fixen, 1991). Selecting crop 
rotations that are beneficial to AM fungi can improve productivity, 
for example, in maize (Karasawa, Karahara, and Takebe, 2002). 
Some cover crops or intercropping combinations can substantially 
improve soil health and AM fungi functioning in field crops (Guz­
man, Ferrera-Cerrato, and Bethlenfalvay, 1992; Kabir and Koide, 
2002; Quiroga-Madrigal, 1996). It has even been proposed that some 
sustainable cropping systems could manage AM fungal inoculum 
densities and species composition through the use of cover crops and 
intercropping strategies that are more responsive to AM fungal popu­
lations (Dodd et al., 1990a,b; Johnson, Pfleger et al., 1991; Johnson, 
Zaketal., 1991; Kormanik, Bryan, and Schultz, 1980). Because crop 
productivity can be differentially affected by AM fungal species, se­
lection of appropriate cover crops or intercropping combinations 
would be of critical importance to sustainable production in the trop­
ics.

In general, addition of manure significantly increases crop yield, 
and in certain cases, such increases have been related to AM fungal 
populations (Matias-Crisostomo and Ferrera-Cerrato, 1993; Muthu- 
kumar and Udaiyan, 2002). It has been shown that addition of
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manure significantly increases AM colonization; however, when ma­
nure is applied with nitrogen (N), phosphorus (P), and potassium (K) 
fertilizers, mycorrhizal colonization is significantly reduced (Vej- 
sadova, 1992). AM fungal populations seem to be differentially af­
fected by manure amendments. In India, Muthukumar and Udaiyan
(2002) found that the addition of sheep manure significantly in­
creased the populations of some AM fungal species, such as Glomus 
aggregatum and Scutellospora calospora, but dramatically reduced 
others, including Glomus sinuosum and Acaulospora scrobiculata. 
In Mexico, Matias-Crisostomo and Ferrera-Cerrato (1993) found 
that in the reclamation of tepetates (“hardened soil layers”) with 
polycultures, the addition of cow dung significantly increased AM 
colonization and yields of Zea mays, Phaseolus vulgaris, and Vicia 
faba. Maximum colonization rates (up to 65 percent) where seen in V 
faba. In Rwanda, Heizemann, Sieverding, and Diederichs (1992) 
found that the combined application of rock phosphate and manure 
significantly enhanced the proliferation of AM fungal spore popula­
tions, mainly those of G. fasciculatum, G. aggregatum, and G. geo- 
sporum. Another practice, used frequently in certain tropical agro­
ecosystems, is terracing. In African tropical highlands, Heizemann, 
Sieverding, and Diederichs (1992) also found that the formation of ter­
races differentially affected AM fungal population, enhancing Glomus 
callosum and G. aggregatum and suppressing G. fasciculatum and 
G. occultum.

EFFECTS OF AM FUNGI ON PLANT GROWTH, 
PHOSPHORUS UPTAKE, AND INCREASED 

RESISTANCE TO DISEASE 
IN TROPICAL AGRICULTURE

Plant Growth

Initial interest in and practical use of mycorrhiza began in the late 
1800s and, until the 1970s, was concentrated mainly in forest produc­
tion (Mikola, 1980). More recently, however, knowledge related to 
plants of agricultural and horticultural importance, including those in 
tropical areas, has developed at a rapid pace (Bethlenfalvay and 
Lindermann, 1992). AM fungi have been experimentally managed in
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tropical crop production systems by the deliberate addition of fungal 
propagules to soils. The goal of inoculation has been to enhance crop 
production by using beneficial strains of AM fungi to improve 
mycorrhizal colonization. The success of inoculation efforts appears 
related to initial soil fertility, population densities of indigenous AM 
fungi, the ability of inoculant fungi to rapidly form extensive mycor­
rhizal associations, mycorrhizal soil receptiveness (Plenchette, 2000), 
and the ability of the fungal inoculant to persist in soil (Abbott and 
Robson, 1981, 1982; Abbott, Robson, and Hall, 1983). It has been 
demonstrated that, in certain cases, inoculation with AM fungi dra­
matically improves yields of nursery tropical plants and specialty 
crops such as citrus (Eissenstat et al., 1993; Kleinschmidt and Gerde­
mann, 1972), papaya (Carica papaya L.) (Sanchez-Espindola et al.,
1996) (Figure 6.1 A), and guava (Psidium guajava) (Chacon and 
Cuenca, 1998). It has also been reported that vesicular arbuscular 
mycorrhizal fungi (VAM) inoculation has resulted in up to triple 
yields of field crops such as maize in Nigeria and Pakistan (Khan, 
1972; Mosse and Hayman, 1980), rice in Nigeria (Sanni, 1976), 
beans (Aguilar et al., 2000; Ferrera-Cerrato, 1995) and papaya in 
Mexico (Escalona et al., 2000), and cassava in Colombia (Howler, 
Sieverding, and Saif, 1987). Furthermore, it has been demonstrated 
that inoculation with AM fungi can potentially increase pasture pro­
duction (Cuenca, Andrade, and Escalante, 1998). AM fungi produce 
dramatic responses in the growth of some tropical plants; however, 
many basic ecological and physiological aspects of mycorrhizal sys­
tems need to be better understood before AM fungi can be success­
fully applied as inoculants on a large-scale.

Although some AM fungi can tolerate certain agronomic practices 
carried out in intensively managed fields on an exceptional basis 
(Sieverding, 1991), in general, AM fungal populations in high-input 
agroecosystems are either suppressed or, if they proliferate, are infe­
rior mutualists (Johnson, 1993; Johnson, Graham, and Smith, 1997). 
As a result, in these high-input agroecosystems, there may be little 
scope for AM fungi involvement in agricultural production, since 
most fungal species are potentially eliminated (Daniell et al., 2001; 
McGonigle and Miller, 2000; Ryan and Graham, 2002). In heavily 
fertilized banana and coffee plantations in tropical areas, the AM 
fungi present could be expected to play only a marginal role in terms
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of benefiting plants or agroecosystems. For example, in studying cof­
fee plantations in Eastern Mexico, Trejo-Aguilar (1997) and Trejo- 
Aguilar et al. (2000) found very low diversity in AM fungal popula­
tions, and colonization rates ranging from 8 percent to 18 percent in 
heavily fertilized plantations. Conversely, communities were much 
more diverse and colonization rates ranged from 50 to 65 percent in 
comparable low-input coffee plantations grown in the shade of trees 
(mainly legumes such as Inga).

The advantages of mycorrhizal inoculation of plants are often 
related to increased exploitation of the soil volume beyond the root 
nutrient-depletion zone, enhanced uptake and assimilation of nutri­
ents with low solubility and mobility, such as phosphorus, calcium, 
and zinc (Smith and Read, 1997), and improved usage of fertilizer 
when applied in low doses in plant production systems (Bethlen­
falvay and Linderman, 1992). Additional benefits of mycorrhizal 
fungi have been related to inducing plant tolerance to root diseases, 
drought and salinity stress, and heavy metals and organic pollutants 
in the soil (Cabello, 2001; El-Tohamy et al., 1999; Jakobsen, Smith, 
and Smith, 2002; Meharg, 2001). Because aspects of these benefits 
are also of enormous agricultural interest, it can now be assumed, 
with a degree of certainty, that AM fungi are not only important to 
plants but also to the soil itself, or in other words, to what has been 
called “the soil-plant system” (Bethlenfalvay, 1992).

Use of Mycorrhizae in Tropical Nurseries and Plantations

In the eighteenth century, truffles were added to the planting holes 
of oak seedlings in new plantations to enhance natural truffle produc­
tion. These first attempts to form mycorrhizas on seedlings were 
made long before the term “mycorrhiza” was coined (Malencon, 
1938; Trappe, 1977). More recently, spores of ectomycorrhizal fungi 
have been used in tropical areas (Brundrett et al., 1996; Mikola, 1970, 
1980; Theodorou and Bowen, 1970) in a variety of forms, including 
ground fresh or dried fruitbodies, to infest soils or inoculate seeds or 
seedlings in nurseries and containers. Basidiomycetous fungi, in­
cluding species in the genera Rhizopogon, Scleroderma, and Piso- 
lithus, have been successfully used because of the massive quantities 
of spores that can be obtained from their fruitbodies (from 106 to 109 
spores per gram of ground fruitbody) (Martfnez-Reyes et al., 2005;



Marx and Bryan, 1975). In addition, pure mycelial inoculum of 
ectomycorrhizal fungi, including Suillus, Rhizopogon, and Pisolithus, 
has been used successfully in tropical plant production (Brundrett 
et al., 1996; Garcia-Rodriguez et al., 2005; Marx, 1980; Mikola, 
1980; Vozzo and Hackslayo, 1971).

The large-scale application of AM fungi under field conditions 
has been limited, in part, by the current lack of extensive ecological 
and physiological knowledge about these microorganisms (Bagyaraj, 
1992). Under tropical conditions, which are commonly characterized 
by poor soils, extreme temperatures, high humidity or drought, and 
the presence of many pathogens, the use of AM fungi can be espe­
cially beneficial to perennial crops because: (1) most perennial plants 
in these areas establish arbuscular mycorrhizal symbiosis (Smith and 
Read, 1997); (2) most perennial tropical plants are propagated from 
seeds or cuttings in nurseries before they are planted in the field; and 
(3) it has been demonstrated that AM fungi not only improve the 
growth of various tropical crops, but also have the potential to in­
crease the host’s resistance to root pathogens and to reduce the sever­
ity of foliar disease (Declerck et al., 2002; Elsen, Declerck, and De 
Weale, 2001; Jaizme-Vega et al., 1997, 1998; Schwob, Ducher, and 
Coudret, 1999); (4) mycorrhizal plants seem to have reduced sensi­
tivity to transplantation stress, which is of particular importance to 
nurseries and to micropropagation from tissue cultures (Hooker, 
Jaizme-Vega, and Atkinson, 1994); and (5) plants can be produced 
using a small amount of fertilizers (Bethlenfalvay and Linderman, 
1992). AM fungi can produce three kinds of propagules: (1) spores 
(Figure 6.1), (2) hyphae emerging from dead root fragments, and
(3) hyphae associated with living plants (Friese and Allen, 1991). 
AM fungal inoculum in soil containing pieces of roots, spores, and 
hyphae, maintains its effectiveness for long periods when stored in 
cold rooms under slightly moist conditions. For example, Howeler, 
Sieverding, and Saif (1987) reported that AM fungal inoculum main­
tained under these conditions was found to be effective even after 
three years of storage. Studies involving tropical plants have shown 
that AM fungal species vary widely in terms of mycorrhizal coloniza­
tion and spore production. Native mycorrhizal colonization can range 
from 20 percent to 80 percent of fine root length (Alexander, 1989; 
Howeler et al., 1987; Redhead, 1980; St John, 1980), and some AM
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fungi can produce large numbers of spores (Johnson and Wedin, 
1997; Louis and Lim, 1987; Lovelock, Andersen, and Morton, 2003). 
At low levels of P, mycorrhizal dependence of tropical crops is highly 
variable, ranging, for example, from 95 percent in cassava (M. escu- 
lenta), 72 percent in beans (Phaseolus vulgaris), and 26 percent in 
maize (Z. mays) (Howeler, Sieverding, and Saif, 1987). In general, it 
appears that certain plants with thick, fleshy roots and few root hairs, 
such as cassava (Howeler, Sieverding, and Saif, 1987), citrus (Alarcon 
and Ferrera-Cerrato, 1999; Gonzalez-Chavez and Ferrera-Cerrato, 
1994), and papaya (Sanchez-Espfndola et al., 1996), frequently have 
high mycorrhizal dependency. It is important to note, however, that 
the efficiency of AM fungal species is highly variable and is not al­
ways correlated with high colonization rates. In certain tropical 
plants, inoculation with certain AM fungal species did not produce 
positive effects in terms of plant growth or P uptake. For example, 
Howeler et al. (1987) found that Acaulospora laevis, A. mellea, A. 
morrowae, and Gigaspora heterogama were not effective in the inoc­
ulation of cassava plants. These ecophysiological differences could 
be important in the selection of strains of AM fungi for large-scale in­
oculation.

A variety of tropical plants are highly responsive to inoculation 
with AM fungi in nurseries; these include soursop (Franco-Ramfrez 
et al., 2004) (Figure 6. IE, F), avocado (Reyes, 2000), pineapple 
(Guillemin, Gianinazzi, and Trouvelot, 1992; Lovato, Guillemin, and 
Gianinazzi, 1992), papaya (Sanchez-Espfndola et al., 1996), citrus 
(Alarcon and Ferrera-Cerrato, 1999; Gonzalez-Chavez and Ferrera- 
Cerrato, 1994), cacao (Azizah-Chulan and Ragu, 1986; Cuenca, 
Herrera, and Meneses, 1990; Ezeta and Santos, 1981), and coffee 
(Fernandez et al., 1992; Gonzalez-Chavez and Ferrera-Cerrato, 1996; 
Howeler, Sieverding, and Saif, 1987; Lopes et al., 1983). In general, 
one of the main limitations on the use of AM fungi is the high cost of 
inoculum production (Bagyaraj, 1992). Despite this limitation, in a 
number of tropical countries, such as Colombia and Brazil (Feld­
mann and Idczak, 1992; Sieverding, 1991), AM fungi are already an 
important factor in certain commercial cultivation systems, diminish­
ing the cost of plant production. Feldemann and Idczak (1992) suc­
cessfully conducted an interesting inoculum production experiment 
using expanded clays in the humid tropical region of Amazonas,
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Brazil. They found that the use of these expanded clays as inoculum 
carriers facilitated the following: (1) maintenance of inoculum purity,
(2) transportation and distribution of large quantities (because of low 
weight), (3) long-term storage, and (4) application (because of the 
nature of the material). The inoculum was successfully applied to the 
following perennial tropical plants: H. brasiliensis (rubber, serin- 
gueira), C. papaya (papaya, mamao), M. esculenta (cassava, manfoca), 
Citrus spp. (orange, laranja), Theobroma cacao (cacao), Theobroma 
grandiflorum (cupuacu), and Guilielma gassipaes (pupunha).

AM fungal inoculum production systems have now evolved from 
relatively simple technologies to more sophisticated ones. They range 
from soil plots in nurseries, containers with various substrates, aero- 
ponic systems, and propagation of in vitro roots (Gianinazzi and 
Vos&tka, 2004). Before application, fungal propagules are placed in a 
range of carriers, primarily vermiculite, peat, sand, clays, and perlite. 
Optimum AM fungal inoculation is a function of the crop, its plant­
ing system, the growth cycle, and the availability of technological 
tools (Sieverding, 1985). In short-season, row-planted crops, AM 
fungal inoculum can be applied in a continuous band under the seed 
at the time of planting. Fertilizers can be side-banded at the time of 
planting or after germination. Small seeds can be pelleted with 
inoculum. In tree crops, the inoculum can be placed under the stake 
or seedling at time of planting (Howeler, Sieverding, and Saif, 1987). 
Inoculum can be mixed with sand to increase its spatial distribution 
below the plants and to reduce the costs of transporting bulky inoc­
ulum if sand is available locally.

Another important area of concern is AM fungal inoculation in 
tropical fruit plants (Perez-Moreno and Ferrera-Cerrato, 1993) ob­
tained by micropropagation and other techniques (e.g., seeds and cut­
tings). It has been demonstrated that, in micropropagated plants, 
inoculation with AM fungi initially increases nutrition and growth, 
and subsequently enhances survival after transplantation and adapta­
tion to stress (Alarcon et al., 2000; Gonzalez-Chavez et al., 2000; 
Lovato et al., 1996). These enhancements have been demonstrated in 
various micropropagated tropical plants, including banana (Declerck, 
Plenchette, and Strullu, 1995; Jaizme-Vega et al., 2002; Yano-Melo 
et al., 1999), pineapple (Guillemin, Gianinazzi, and Trouvelot, 1992; 
Lovato, Guillemin, and Gianinazzi, 1992), papaya (Alarcon et al.,
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2002; Quinones-Aguilar et al., 1998; Sanchez-Espindola et al., 1996), 
guava (Chacon and Cuenca, 1998; Estrada-Luna, Davies, and Egilla, 
2000), kiwi (Calvet et al., 1989), citrus (Alarcon, Gonzalez-Chavez, 
and Ferrera-Cerrato, 2003; Hernandez-Meza et al., 1998), avocado 
(Salazar-Garcfa, 2002), and coffee (Gonzalez-Chavez and Ferrera- 
Cerrato, 1993).

Phosphorus Uptake

Formation of AM symbiosis is important for P acquisition in most 
tropical plants (Smith and Read, 1997). However, a variety of factors 
affect acquisition of this nutrient, including: soil fertility levels, vari­
ations within plant species, cultivars and within isolates of AM fungi 
(Clark and Zeto, 2000). For example, it has been shown that, in soils 
with high P content, G. intraradices is even able to induce growth de­
pression in citrus (Graham and Eissenstat, 1998; Peng, Eissensat, and 
Graham, 1991), and Sclerocystis spp. quickly disappeared in limed 
and P-fertilized areas converted from natural forests to agroeco­
systems (Sieverding, 1990). In general, the adverse effect of high soil 
P levels on AM formation is well documented (Abbott, Robson, and 
DeBoer, 1984; Baath and Spokes, 1989; Boddington and Dodd, 
1998; Menge et al., 1978; Mosse, 1973). It has been shown that high 
P levels inhibit AM fungi directly by reducing spore germination and 
hyphal growth from germinated spores (Miranda and Harris, 1994; 
Nagahashi, Douds, and Abney, 1996). A high-affmity P transporter is 
expressed in the extraradical mycelium of the AM fungus G. versi- 
forme (Harrison and Van Buuren, 1995). In G. intraradices, a similar 
P transporter is regulated by P availability in the external medium and 
possibly also by the P status of the host root (Maldonado-Mendoza, 
Dewbre, and Harrison, 2001). Like high P concentrations, very low 
concentrations of P also appear to inhibit the benefits of AM fungi for 
associated plants. With the application of 50 kg of P ha- 1 to 100 kg 
of P ha-1 , Howeler and Sieverding (1983) reported increased yields 
of cassava (M. esculenta) as a result of AM fungi inoculation under 
field conditions in Colombia. However, no significant yield increases 
were observed with applications of 0 kg of P ha- 1 or 50 kg of P ha- 1. 
AM fungal species and strains have been reported to dramatically dif­
fer in their effectiveness in terms of increasing P uptake and plant
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growth in tropical fruit trees (Chacon and Cuenca, 1998; Declerck, 
Plenchette, and Strullu, 1995).

Increased Resistance to Disease

A number of studies have shown that, in addition to having a bene­
ficial effect on nutrient acquisition and increasing resistance to such 
abiotic stresses as aluminum toxicity (Rufyikiri et al., 2000), AM 
fungi may improve resistance to biotic stresses in tropical plants. Ba­
nanas have shown increased resistance, for example, to nematodes 
(Elsen, Declerck, and De Weale, 2001, 2002; Jaizme-Vega et al.,
1997), Fusarium oxysporum f.sp. cubense, the causal agent of Panama 
disease (Jaizme-Vega et al., 1998), and the root pathogen Cylindro- 
cladium spathiphylli (Declerck et al., 2002). In rubber tree planta­
tions in Brazil, Schwob, Ducher, and Coudret (1999) found an in­
verse relationship between AM fungi in Hevea brasiliensis roots and 
populations of the root-knot nematode Meloidogyne exigua. This in­
verse relationship was also seen in the surrounding soil. In addition, 
microscopic observations of roots showed mutual exclusion with his­
tological specificity of the two organisms. Since mycorrhizal rubber 
tree roots are more lignified than non-mycorrhizal roots, and because 
it has been demonstrated that lignification can protect roots against 
other pathogens (Morandi, 1996), the authors proposed that AM fun­
gal populations in roots of rubber trees are able to indirectly affect 
parasitic nematode populations. They also found that certain cover 
crops, such as Brachiaria decumbens and Vernonia sp., commonly 
intercropped with H. brasiliensis, harbor significant AM fungal pop­
ulations and therefore have an indirect detrimental effect on parasitic 
nematode populations. Working in Sri Lanka, Waidyanatha (1980) 
had previously reported that legumes of the genera Pueraria, Centro- 
sema, Calopogonium, Desmodium, and Stylosantlies grown as ground 
cover under rubber plantations were heavily colonized by AM fungi. 
Like Schwob, Ducher, and Coudret (1999), Waceke, Waudo, and 
Sikora (2001) found significantly lower nematode (Meloidogyne hapla 
Chitwood) gall indices and fewer females, eggs, and juveniles on py- 
rethrum plants (Chrysanthemum cinerariefolium Vis.) in Kenya in­
oculated with a variety of AM fungi. In general terms, the possible 
mechanisms involved in increased resistance to disease as a result
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of AM fungi could range from: (1) increased P and N nutrition 
(Declerck et al., 2002); (2) activation of the plant defense system and 
disease resistance (Benhamou et al., 1994; St. Amaud et al., 1994);
(3) direct or indirect competition in the rhizosphere (St-Amaud et al., 
1994) and enhancement of protective rhizosphere microorganisms 
(Linderman, 1988, 1992, 1993); (4) biochemical changes in the 
plant, and anatomical changes in the roots (Benhamou et al., 1994; 
Hooker, Jaizme-Vega, and Atkinson, 1994) (e.g., increased produc­
tion of phenolic compounds or lignin [Dehne and Schonbeck, 1979; 
Suresh, Bagyaraj, and Reddy, 1985] or alteration of protein metabo­
lism leading to increases in amino acids with nemastatic properties, 
such as serine, phenylalanine, and arginine [Ingham, 1988]); (5) com­
petition for host resources in root tissues (Hooker, Jaizme-Vega, and 
Atkinson, 1994); and (6 ) altered chemotactic attraction to plant roots 
brought about by quantitative or qualitative modification of root 
exudates (Francl, 1993).

AM FUNGI AND REHABILITATION 
OF DEGRADED SOILS IN TROPICAL AREAS 

AM Fungi and Soil Structure

AM fungi develop extensive networks that grow away from the 
roots into the soil and constitute an important component of the plant- 
soil system (Leake et al., 2004). These networks enhance soil struc­
ture (Miller and Jastrow, 1992a; Tisdall, 1991) and water relations 
(Auge, 2001), which are important to soil aggregation. Aggregate 
stability is a prerequisite for healthily managed agroecosystems. This 
is particularly true in the case of soils prone to erosion (Miller and 
Jastrow, 1992a), which are especially abundant in tropical regions. 
Soil aggregation may be attributed to physical binding by roots and 
AM fungal hyphae, to gluing by microbially produced polysaccha­
rides, or to physical-chemical interactions between clay surfaces and 
partially decomposed organic matter (Strickland et al., 1988; Tisdall 
and Oades, 1982). In many situations, loss of soil aggregation and 
structure reduces the capacity of soil to store nutrients and water 
(Rose, 1988; Schimel, 1986), thereby increasing its erosion potential
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(White, 1985). AM fungal networks vary in their ability to enhance 
soil stability, and it has been proved that this ability is more important 
than root length or bacterial populations in stabilizing soil aggregates 
(Schreiner et al., 1997). It has been demonstrated that when soils are 
fallowed, or virgin soils are cultivated, the result is a loss of soil car­
bohydrates (Dalai and Henry, 1988), aggregates (Perry et al., 1989), 
and AM fungal populations (Thompson and Wildermuth, 1988). 
Thomas et al. (1986) and Thomas, Franson, and Bethlenfalvay (1993) 
demonstrated that, in contrast to non-arbuscular mycorrhizal plants, 
arbuscular mycorrhizal plants can increase the abundance of water- 
stable macroaggregates. Therefore, by improving soil structure, AM 
fungi may also affect plant growth and hence crop yield, particularly 
in tropical regions (Miller and Jastrow, 1992b). Past emphasis has 
been on plants, but interest is currently also growing in the effects of 
AM fungi on soil and their influence on so-called soil nutrition 
(Bethlenfalvay, 1993).

A number of recent studies have shown that AM fungi produce a 
recalcitrant glycoprotein (or group of closely related compounds) 
known generically as glomalin, which acts as an insoluble glue to sta­
bilize soil aggregates (Wright, 2000; Wright and Upadhyaya, 1996, 
1999; Wright, Upadhyaya, and Buyer, 1998; Wright, Starr, and 
Paltineaunu, 1999; Wright et al., 1996) and may also represent a re­
calcitrant pool of C in some soils (Rillig, Wright, and Evanir, 2002; 
Rillig, Wright, and Torn, 2001). It has been demonstrated that aggre­
gate stability and glomalin are linearly correlated (Wright and Ander­
son, 2000; Wright and Upadhyaya, 1998). AM fungal species and 
soil types vary in their production of glomalin, ranging from 2 . 8  mg 
g _ 1  to 14.8 mg g- l of soil (Rillig and Allen, 1999; Rillig, Wright, 
and Tom, 2001; Wright and Upadhyaya, 1998). Although informa­
tion in tropical areas is very scarce (Lovelock et al., 2003), it can be 
assumed that agricultural management practices that disturb AM 
fungal networks, and therefore reduce glomalin production, will neg­
atively affect aggregate stability. Conversely, enhancement of glo­
malin production by AM fungal hyphae, and hence increased aggre­
gate stability, could be achieved by promoting agricultural practices 
that influence the development of appropriate AM fungal popula­
tions.
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Rehabilitation of Disturbed Soils

The combined effect of anthropogenic activities such as intensive 
agricultural practices, induced forest fire, land management, over- 
grazing and mining can generate problems related to desertification, 
salinization, and contamination by heavy metals. These problems are 
of particular importance in tropical areas where human pressure on 
natural ecosystems is a growing problem because of high birth rates. 
Such negative processes bring about drastic changes in plant commu­
nities, which lose their fertility and productive capacity. In order to 
restore and rehabilitate them, the main disturbance factor and the 
original composition of the natural plant communities must be identi­
fied. In general, this information is fundamental to the introduction of 
specific reforestation programs in which plants that establish arbus­
cular mycorrhizal symbiosis could be of critical importance (Carpen­
ter et al., 2001; Kyllo, Velez, and Tyree, 2003; Rashid et al., 1997).

The selection of plants to be propagated and utilized is considered 
a keystone of the soil restoration process. Plants that are likely to form 
AM symbiosis are the most appropriate, because it is well-known 
that the establishment of AM fungi in root systems enhances plant 
adaptation to and survival under adverse soil conditions (Caimey and 
Meharg, 1999; Van Duin, Griffioen, and Ietswaart, 1991), including 
the following: (1) compaction (Dew et al., 2003; Nadian et al., 1997), 
(2) drought (Azcon and Tobar, 1998; Davies et al., 2002; Henderson 
and Davies, 1990; Sylvia and Williams, 1992), (3) heavy metal toxic­
ity (through avoidance, tolerance [Davies et al., 2001; Griffioen and 
Ernst, 1989; Meharg and Caimey, 2000; Perotto and Martino, 2001; 
Yang and Goulart, 2000] or metal binding by glomalin [Gonzalez- 
Chavez et al., 2004]), (4) pesticide (Smith, Harnett, and Rice, 2000) 
and petroleum hydrocarbon toxicities (Hemandez-Acosta et al., 2000; 
Joner and Leyval, 2001,2003; Leyval and Binet, 1998), and (5) salin­
ity (Cantrelli and Linderman, 2001; Copeman, Martin, and Stutz, 
1996; Rufz-Lozano, Azcon, and G6 mez, 1996). Plant inoculation 
with AM fungi (Figure 6 .1B) would ensure the long-term success of 
soil restoration efforts and could significantly stimulate microbial ac­
tivity, thereby enhancing the chemical and physical characteristics of 
the soil.

An evaluation of the intrinsic infectivity potential of native AM 
fungi is required for any site to be restored. In situ AM fungi charac­
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terization can be used to manage various strategies for stimulating the 
activity of native fungi or for introducing competitive AM fungi un­
der adverse soil conditions. Land recuperation can be enhanced by 
specific cultural practices, including the following: ( 1 ) rational use of 
fertilizers and pesticides to help preserve some of the physical, and 
chemical characteristics of the soil (Douds and Miller, 1999; Jeffries 
et al., 2003), (2) amendments of organic matter, (3) crop coverage, 
and (4) crop rotations (Johnson and Pfleger, 1992). Legume plants 
are an excellent choice for inclusion in a soil restoration project be­
cause of their ability to make a significant contribution through bio­
logical nitrogen fixation and microbiological changes in their rhizo­
sphere. Because legumes tend to form a double symbiosis with 
nitrogen-fixing bacteria, such as Rhizobium and AM fungi, they can 
play a fundamental role in the assimilation and cycling of both nitro­
gen and phosphorus in plants and soil (Gardezi and Ferrera-Cerrato, 
1989; Gardezi, Ferrera-Cerrato, and Lara, 1988). In general, prac­
tices such as no-tillage or reduced tillage, amendments of organic 
matter from animal manure or plants, and crop rotation and inter­
cropping, not only reduce physical soil losses but also help maintain 
niches that allow the conservation of AM fungi and many other bene­
ficial microorganisms (Bethlenfalvay and Linderman, 1992; Jeffries 
et al., 2003; Perez-Moreno and Ferrera-Cerrato, 1996).

AM fungal inoculation with species in the genera Acacia (Martin- 
Laurent et al., 1999; Michelsen, 1993; Founoune et al., 2002), Casu- 
arina (Duponnois et al., 2003), and Eucalyptus (Brundrett et al., 
1996; Chen, Brundrett, and Dell, 2000) has been attempted with 
promising results in the rehabilitation of tropical areas of Africa and 
Australia. In Mexico, 20 tropical plant species (including a number 
of the genera mentioned above) with potential for use in the rehabili­
tation of degraded lands were shown to be highly responsive to native 
strains of AM fungi (Table 6.1). Field inoculation with mycorrhizal 
propagules from pot cultures was shown to benefit revegetation, with 
an introduced grass, of degraded tropical lands in Venezuela (Cuenca, 
Andrade, and Escalante, 1998), and prairie environments in other ar­
eas (Smith, Charvat, and Jacobson, 1998). Cuenca, Andrade, and 
Escalante (1998) found that rehabilitation of degraded lands in La 
Gran Sabana was not possible with the application of chemical fertil­
izers alone. It was evident that mycorrhizas were required to achieve



TABLE 6.1. Plant and fungal combinations that are highly responsive to mycorrhizal inoculation in terms of plant growth and 
nutrient content, and have potential for use in the restoration of disturbed lands in tropical and subtropical areas of Mexico.
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References

(Gardezi etal., 1995,1996)

(Gardezi and Ferrera-Cerrato, 
1989)

(Gardezi, Ferrera-Cerrato, 
and Lara, 1988)

(Gardezi etal., 1990)
(Gardezi, Guzman-Plazola, 
Ferrera-Cerrato, 1991)
(Gardezi and Ferrera-Cerrato, 
1992)
(Guzm6n-Plazola et al.,1984, 
1987,1988; Lara-Fernandez 
and Ferrera-Cerrato, 1986)

(Rey et al., 1992)

Experimental condition

Addition of organic matter and rock 
phosphate amendments
Three levels of P fertilization and
inoculation with double symbiosis
(including Rhizobium sp.), in acid soils
P fertilization and inoculation with 
double symbiosis (including 
Rhizobium sp.), in acid soils
Three different soil types
P-fertilization

Low-fertility soils

Reduced defoliation during 
transplanting, application of rock 
phosphate and dual inoculation, 
and higher mycorrhizal dependency
in acid soils with fertilizer application
Increased survival when established
in Tepetate (hardened volcanic
ash-derived soils)

Inoculated arbuscular 
mycorrhizal fungi

Consortium of Glomus spp. (Zac-19a)

Consortium of Glomus spp. (Zac-8b)

Consortium of Glomus spp. (Zac-8b)

Two consortia of Glomus spp.b
Glomus fasciculatum and several
consortia of Glomus spp.
Glomus fasciculatum and several 
consortia of Glomus spp.
Glomus intraradices and consortia 
of Gigaspora spp. and Glomus spp. 
(including Glomus Zac-19)

Consortium of Glomus spp. (Zac-3b)

Plant species

Legumes
Erytrhina
americana
Acacia saligna

Acacia
cyanophylla

Acacia farnesiana
Pithecellobium
dulce
Caesaipinia
cacalaco
Leucaena
leucocephala

Eysenhardtia 
polystacya, Mimosa
biuncifera, and 
Dodonaea viscosa
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Consortium integrated by three Glomus species: GI. claroideum, Gi diaphanum, and GL albidum (Chamizo, Ferrera-Cerrato, and Varela, 1998). 

bFungal species not identified.

References

(Rios-Garay, 1994)

(Alarcon and Ferrera-Cerrato,
1996)

(Ferrera-Cerrato and Jaen, 
1989)
(Sanchez-Gallen and
Guadarrama, 2000)

(Zulueta et al., 2000)

(Sanchez etal., 1986)

Experimental condition

Tepetate soil and organic matter 
application

Forest and agricultural soil

Fertilization with 15 kg N and 
10 kg Pha-1 per year
Differential responses between
pioneer and persistent species 
due to plant genotype

Differential enhancement of plant 
growth and plant biomass production 
(higher for Tabebuia donell-smithii)
Efficient use of rock phosphate
in acidic soils

■)

, b)

Inoculated arbuscular
mycorrhizal fungi

Glomus aggregatum and several 
consortia of Glomus spp.b

Glomus aggregatum, Glomus 
intraradices and consortium 
Glomus spp. (Zac-2b)
Glomus fasciculatum and 
consortium of Glomus spp. (Zac-19£
Native fungi from mexican tropical 
regions in Veracruzb

Consortium of Glomus spp. (MTZ-V 
from a tropical region in Veracruz

Glomus macrocarpum

Plant species

Acacia schaffneri

Non-legumes
Casuarina
equisetifolia

Cupressus lindleyi

Stemmadenia denell-
smithii, Heliocarpus 
appendiculatus, 
Poulsenia armata, 
and Nectandra 
ambigens
Cedrela odorata,
Tabebuia
donell-smithii.
Manihotis esculenta
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rehabilitation through introduction of the grass B. decumbens. The 
importance of AM fungi to the restoration of such lands is supported 
by the authors’ finding that, of the native plants reestablished by the 
various treatments, 81 percent were mycorrhizal.

Phytoremediation of Petroleum-Contaminated Soils

It appears that AM fungal populations could also play an impor­
tant role in the phytoremediation of petroleum- and polycyclic aro­
matic hydrocarbon (PAH)-contaminated soils, which are a severe 
problem in some tropical areas. In certain cases, increases in mycor­
rhizal root colonization have been reported when the contaminant is 
dispersed from the rhizosphere by the action of ̂ -fixing free-living 
hydrocarbonoclastic bacteria (Garcia et al., 2000; Hemandez-Acosta 
et al., 1998, 2000). It has been shown that, in some cases, AM fungi 
can increase the survival and tolerance of plants when PAHs are pres­
ent in the rhizosphere (Binet, Portal, and Leyval, 2000; Leyval and 
Binet, 1998), but in others, AM fungal colonization can be drastically 
affected by the presence of PAHs (Joner and Leyval, 2001). It is pri­
marily oxidative enzymes that are responsible for initiating degrada­
tion and ring fission in the case of PAHs present in soil. AM fungi 
seem to be able to increase the release of 2,7-diaminoflourene- 
peroxidases, and the activity of these enzymes may contribute to the 
degradation of anthracene (Criquet et al., 2000).

A number of studies have been conducted in Mexico to clarify the 
role of AM fungi in tropical areas where plants are established in sub­
strates contaminated with petroleum hydrocarbons (Figure 6 .1C, D). 
It has been found that a strain of Gi. margarita, isolated from petro­
leum-contaminated soil from Veracruz, Mexico, is able to germinate 
at 100 |ig g~1 of benzo[a]pyrene (BaP) (Alarcon, Davies, and Ferrera- 
Cerrato, 2003a). On the other hand, the AM symbiosis between this 
fungus and Echinochloa polystachya is not affected by the presence 
of BAP. In this particular case, the mycorrhizal condition of E. poly­
stachya is a significant factor in dehydrogenase activity, but not in the 
activity of polyphenol oxidase or the dispersion of this PAH from the 
rhizosphere (Alarcon, Davies, and Ferrera-Cerrato, 2003b). The pre­
cise physiological mechanism by which E. polystachya affects BaP- 
degradation has not been elucidated. There is evidence that AM fungi



show tolerance to PAH-contaminated soil, which is likely related to the 
adaptation, survival, establishment, and fitness of plants under condi­
tions of soil contamination. Joner et al. (2001) propose the following 
mechanisms by which AM fungi may contribute to the dispersion/deg­
radation of organic contaminants: ( 1 ) mycorrhizal modification of 
plant and microbial metabolism, (2 ) enhanced root peroxidase activity, 
and (3) modification of the microbial composition of the rhizosphere 
as a consequence of the establishment of AM symbiosis. The latter 
mechanism is related both qualitatively and quantitatively to the modi­
fication of root biomass and exudation patterns; it is also related to the 
synthesis of simple phenolic compounds in roots that could act as in­
ducers of PAH-degradation, and to the formation of abundant extra­
radical mycelium that allows the exudation of organic compounds 
such as glomalin and other non-characterized compounds (Wright and 
Upadhyaya, 1999). These hyphae-derived compounds may enhance 
specific bacterial activity, which can drive cometabolic degradation of 
persistent and recalcitrant organic contaminants.
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FUTURE RESEARCH

Investigation of AM fungi in tropical agriculture remains incom­
plete. The need for experimental research is particularly evident in 
certain areas, including the following: (1) studies of AM fungal 
mycelial networks under field conditions; (2 ) taxonomic work on 
AM fungi based not only on morphotypes, but also on direct determi­
nations in host plant roots using molecular tools; (3) ecophysio- 
logical studies of the influence of AM fungal populations on the 
functioning of tropical agroecosystems, particularly those with low 
inputs; (4) in situ ecological studies of the interrelationships between 
AM fungi and other organisms, mainly plant-growth-promoting rhi­
zobacteria and meso- and microfaunal components; and (5) develop­
ment of large-scale AM fungal inoculum production techniques 
adapted to tropical conditions.

Determination of the structure and functioning of AM fungal pop­
ulations in tropical ecosystems is an enormous challenge. The diffi­
culties involved in identifying field-collected spores and detecting 
non-sporulating members of populations (Douds and Miller, 1999) 
add more complexity to the problem. Experimental research on AM
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fungal mycelial networks associated with tropical plants is in its in­
fancy. Research on these networks could be of paramount importance 
to an understanding of the functioning of certain tropical agroeco­
systems, particularly those with low inputs, because the networks 
provide interconnections among plant roots, extend far beyond the 
conventional “rhizosphere,” and provide important pathways for nu­
trient and C movement (Leake et al., 2004). Because AM fungal 
hyphae are involved in the mobilization of carbohydrates from plants 
into the soil and the release of enzymes, exudates, and dead cells, 
they may differentially influence the structure and functioning of 
other components of the soil micro- and mesobiota, such as bacteria, 
fungi, and animals. In general, in situ biotic interrelationships among 
AM fungi and other soil organisms in tropical areas are very poorly 
understood. A number of studies, however, may indicate that certain 
microbial groups, such as ^-fixing bacteria (Azcon, 2000; Barea, 
Azcon, and Azcon-Aguilar, 1992; Sanchez-Colm and Ramirez, 2000) 
and mycophagous nematodes (Hussey and Roncardi, 1981; Salawu 
and Esty, 1979; Smith, Harnett, and Rice, 2000), could significantly 
affect AM fungi functioning in agroecosystems. At the present time, 
large-scale use of AM fungi in tropical areas is limited to a few situa­
tions in which plants are transplanted or produced in nursery beds or 
greenhouses (Perez-Moreno, Alvarado-Lopez, and Ferrera-Cerrato,
2002). One reason for this limited use of AM fungi in tropical crop 
production is the high cost and bulk of inoculants. The development, 
preferably in situ, of cheaper methods of producing less bulky AM 
fungal inoculum, adapted to tropical conditions, is currently an ur­
gent need.
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Arbuscular mycorrhizal (AM) fungi by virtue of their ubiquity and 
their key role as biofertilizers, bioregulators, and bioprotectors are 
essential components of the soil biota (Dodds, 2000). The production 
of many agricultural, horticultural, and fruit crops in soil are depend­
ent on the formation of AM fungi, making this symbiosis an essential 
factor in low-input sustainable agriculture. AM fungi are commonly 
described as “the universal plant symbiont,” and are found in practi­
cally every taxonomic group of plants. About 80 percent of all terres­
trial plant species form this type of symbiosis. Widespread distribu­
tion in habitats and host species, symbiotic existence, enhancement 
of host growth and protection, obligate nature and specificity for 
hosts, and positive and negative interaction with other rhizosphere 
microbes are a few characteristics of AM fungi that lead to the study 
of these microorganisms. Arbuscular mycorrhizal fungi are widely 
distributed and usually abundant in soil (Mukerji and Rani, 1989). 
Their population varies greatly in size and composition according to 
habitat, and type of soil and vegetation. Because of their beneficial ef­
fect on plant growth, AM fungi are important for natural and man­
aged ecosystems (Brundrett et al., 1996).
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With the development of isolation techniques, mass production 
methods, and inoculations, AM fungi have been a boon for agricul­
ture, forestry, and the restoration of disturbed ecosystems (Quilambo,
2003). The diversity in soil and climate and the vast cultivable land in 
India provide tremendous scope for conducting a range of research 
focused on mycorrhiza. Scientists in India extensively studied the 
AM fungi association in a great variety of plant species grown and 
cultivated in India, including cereals, pulses, fruits, vegetables, and 
other beneficial crops.

This chapter aims to summarize the work done by Indian research­
ers in identifying the benefits of AM fungi to Indian agriculture and 
the role of these fungi in environmental protection. The viability and 
efficacy of AM fungi and their role in Indian agriculture has been 
studied taking into account various factors. This information is pre­
sented within the following six broad topics: fungal diversity; inocula 
and inoculation; crop management; environmental influences; ef­
fects of pollution; and microbial interactions, including symbiotic 
nitrogen fixers and pathogens.

MYCORRHIZAL DIVERSITY AND EFFICACY 
IN  INDIAN AGRICULTURE

Arbuscular mycorrhizal associations have been found in the ma­
jority of agricultural crops in India. Arbuscular mycorrhizal fungi are 
present in the soil as extraradical hyphae and resting spores, and as 
intraradical mycelium in colonized roots. Extensive surveys have 
been carried out to explore the AM fungi diversity associated with the 
main agricultural crops. Out of ten known genera, Glomus is the most 
frequently encountered genus. The large number of species isolated 
are included in the genus Glomus. Among these, G. fasciculatum and 
G. macrocarpum are the dominant species, with a frequency of oc­
currence of 46 and 40 percent, respectively (Mukerji and Rani, 
1989).

Geographically, India can be divided into six ecological zones in 
which some 288 AM fungal species have been reported. The highest 
number of mycorrhizal species diversity is found in the forests, fol­
lowed by agricultural soils. Glomus is the genus most commonly 
occurring in forest ecosystems. Casuarina equisetifolia, a species of
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tree, was associated with 35 species of mycorrhizal fungi. The indig­
enous Dalbergia sissoo hosted all the genera of mycorrhizal fungi 
(Verma et al., 1998). Generally, when a particular plant species/vari- 
ety/cultivar/genotype produces greater biomass in association with 
specific AM fungi than in its absence, under a given set of conditions, 
it is considered to be mycorrhiza dependent (Singh, 2001) (Table 
7.1). Furthermore, to achieve the best yield results, it is also essential 
to know the soil phosphorus (P) level at which maximum myco- 
rrhizae-derived benefit may be provided to a plant. Generally, the ef­
ficiency of mycorrhizal infection in a plant is inversely proportional 
to the level of phosphorus in the soil. This section deals with the di­
versity of AM fungi and the selection of efficient mycorrhizal fungi 
for a variety of agricultural plants.

Throughout India, various agricultural crops-AM fungal species 
combinations have been tested in field and greenhouse experiments. 
The agricultural crops tested include cereals, pulses, vegetables, and 
oil seed crops, all of which, with mycorrhizal partners, showed in­
creases in yield and decreases in phosphate fertilizer requirement. 
Some crops showing enhanced production after mycorrhizal inocula­
tion are shown in Figure 7.1.

Cereal Crops

Alfalfa (Medicago sativa). The biomass of alfalfa increased by 20 
percent after inoculation with a native AM fungi consortium in a low 
phosphorus sandy loam field soil (Subhashini, Rana, and Potty, 1988; 
Gaur and Adholeya, 2002).

Berseem (Trifolium alexandrium). Berseem showed a mycorrhizal 
dependency of 72 percent in a low phosphorus sandy loam field soil. 
Inoculation with a native AM fungi consortium increased its biomass 
by 57 percent, (Subhashini, Rana, and Potty, 1998; Gaur and Adhol­
eya, 2 0 0 2 ).

Finger millet (Eleusine coracana). Inoculation of finger millet with 
G. caledonium increased its root colonization and plant biomass 
compared to those of control plants in the greenhouse. Mycorrhizal 
inoculation also increased plant shoot mineral content and uptake of 
phosphate, nitrogen, zinc, and copper (Tewari, Johri, and Tandon, 
1993; Krishna et al., 1985).
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Glomus mosseae, G. aggregatum, 
Gigaspora aibida and 
Pisolithus tinctorius
G. fasciculatum and seven 
other VAM fungi
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TABLE 7.1. List of efficient AM fungi for different agricultural crops.
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FIGURE 7.1. Yield enhancement achieved by (a) 30 percent in Glycine max 
(b) 15 percent in Cajanus cajan and (c) wheat grown on raised beds.

Maize (Zea mays). Inoculation with an AM fungi consortium 
increased maize shoot biomass by 28 percent in a non-sterile, P-defi- 
cient, sandy loam field soil amended with organic matter. Root colo­
nization reached 54, 50, and 58 percent following inoculation with 
G. margarita, G. fasciculatum, and the AM fungi consortium, re­
spectively (Singh, Singh, and Johri, 2002).

Oat (Avena sativa). Oat increased by 50 percent in biomass upon 
inoculation with a native AM fungi consortium in a low phosphorus 
sandy loam field soil (Subhashini, Rana, and Potty, 1998; Gaur and 
Adholeya, 2002).

Rice (Oryza sativa). Sondergaard and Lindegaard (1977) first re­
ported the presence of mycorrhizae in aquatic plants. Since then my­
corrhizae have been found in aquatic macrophytes colonizing lakes
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and streams (Beck-Nilsen, and Madsen, 2001). At the Ganges river, 
mangroves and other plants known as non-mycotrophic under natural 
conditions were found to be mycorrhizal (Sengupta and Chaudhuri, 
2002). Most of the studies in India on mycorrhizal association in rice 
have been conducted on upland rice. Inoculation of cv. Prakash with 
G. fasciculatum and G. intraradices caused 8  and 1 1  percent increase 
respectively in yield under field conditions compared to the un­
inoculated plants. Further, the quantity of phosphate fertilizer usually 
applied to the rice crop was reduced by 50 percent, without affecting 
the grain yield. The low phosphorus tolerant variety RCPL (101) re­
sponded to mycorrhiza up to a soil phosphorus level of 2 0  kg ha-1 , 
whereas the susceptible variety RCPL (104) responded to a level of 
up to 80 kg P ha - 1. The variety requiring high phosphorus levels de­
pended on AM fungi at higher soil phosphorus levels. In upland rice, 
Glomus species are more efficient in colonizing roots, forming vesicles 
and spores, and increase plant biomass and grain yield when compared 
to Acaulospora species. Within the Acaulospora, A. spinosa was more 
effective than A. scrobiculata. AM fungal association has also been re­
ported in the wetland rice “Kranti,” which yielded more with mycor­
rhizal association (Gupta and Ali, 1993; Secilia and Bagyaraj, 1994; 
Singh and Mishra, 1995).

Sorghum (Sorghum vulgare). In a low phosphorus sandy loam field 
soil, inoculation with a native AM fungi consortium increased the bio­
mass of sorghum by 6  percent; sorghum mycorrhizal dependency was 
5.7 percent (Subhashini, Rana, and Potty, 1998; Gaur and Adholeya, 
2002). Root AM colonization varied from 25 percent to 95 percent in 
various cultivars (PD-3-1-11, PVR-10, M-148, and RS-71).

Wheat (Triticum aestivum). Wheat cultivars and varieties have a 
differential response to mycorrhizal infection. Singh and Adholeya 
(2002a,b,c; 2004) studied the symbiotic performance of modem, 
high yielding wheat cultivars; ancient landraces; varieties including 
the six modern hexaploid wheat varieties of Triticum aestivum 
(UP2338, HW2004, HD2687, PBW343, HW2045, and Kundan), two 
tetraploid wheats (T. dicoccoides and T. turgidum), and five diploid 
wheats (Aegilops squarrosa, A. speltoides, A. sharonensis, T. uratu, 
and T. monococcum). These were tested against G. caledonium (AM 
WG 08), G. etunicatum (AM WG 14), G. intraradices (AM WG 19), 
G. mosseae (AM WG 23), and Scutellospora calospora (AM WS 26).
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They reported that the old hexaploid wheat landraces and tetraploid 
cultivars showed higher growth response toward mycorrhizal symbi­
osis than did modern cultivars.

Oilseed Crops

Coconut (Cocos nucifera). Seventeen tall and dwarf cultivars and 
four hybrids of coconut showed 56.8 to 95.2 percent root coloniza­
tion respectively; higher root colonization was generally concurrent 
with abundant sporulation (Thomas and Ghai, 1987).

Groundnut (Arachis hypogeae). In greenhouse-grown groundnut 
crops (Arachis hypogeae), G. fasciculatum lead to the greatest root 
and shoot length, dry weight, phosphorus content, and percentage of 
root colonization compared to eight indigenous AM fungal species in 
nonphosphorus fertilized soil (Vijaykumar and Bhiravamurthy, 1999).

Groundnut, soybean, coconut, and sunflower are four important 
oilseed crops in India. These crops responded well to mycorrhizal in­
oculation and confirmed that the use of AM fungi as biofertilizer as 
the potential to increase oilseed production (Manoharachary, Sulo- 
chana, and Ramaro, 1990).

Soybean (Glycine max). Inoculation of pot-grown soybean with 
G. margarita in a phosphorus deficient soil to which the equivalent of 
80 kg of phosphorus fertilizer ha- 1  was added resulted in a higher 
seed yield than a crop without phosphorus fertilization, with or with­
out G. margarita (Lingaraju, Srinivasa, and Bablad, 1994). This re­
sult shows that AM symbiosis requires enough soil-available P for 
optimum performance.

Sunflower (Helianthus annuus). G. fasciculatum was the most effi­
cient AM species on sunflower crops. Inoculation with this fungus 
produced root colonization, in the range of 74.6 percent to 8 8  per­
cent. Greenhouse-grown sunflower plants inoculated with G. fasci­
culatum and given 38 kg of phosphorus fertilizer ha - 1 produced a 
yield similar to uninoculated plants supplied with 75 kg of phospho­
rus fertilizer ha~ 1 (Chandrashekars, Patil, and Sreenivasa, 1995).

Pulses

Pulses are important crops in India. They rely on symbiotic rhi- 
zobia for their nitrogen nutrition, but their phosphorus and moisture
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requirements are fulfilled partially by mycorrhizal fungi (Gautam 
and Mahmood, 2002a) (Figure 7.1b).

Chickpea (Cicer arietinum). Studies on chickpea crops (“Avrodhi” 
variety) inoculated with various AM fungi (G. mosseae, G. aggrega­
tum, G. constrictum, G. fasciculatum, Gigaspora gigantea, and Acaul­
ospora scrobiculata) in greenhouses showed that AM inoculation 
improved not only mycorrhizal colonization of roots but also nodu- 
lation, plant biomass, and nutrient status (Adholeya, 1988). G. fasci­
culatum increased plant nitrogen, phosphorus, and potassium most 
effectively, while G. mosseae was the species with the second highest 
degree of performance (Gautam and Mahmood, 2002a,b).

Black gram (Vigna mungo) and green gram (Vigna radiata). Rao 
and Rao (1996) inoculated black gram and green gram crops with 
Acaulospora spinosa, A. morroweae, and G. versiforme. They reported 
root colonization levels ranging from 6 8  to 89 percent for black gram, 
and from 69 to 93 percent for green gram. Colonization in both species 
was lowest in pots inoculated with A. morroweae + superphosphate 
and highest with G. versiforme without phosphorus.

Vegetable Crops

Various studies in India have revealed that many vegetables are 
highly responsive to mycorrhizal infection.

Amorphophallus (Amorphophallus baionifolius). The tuber yield 
of Amorphophallus was increased per plant by inoculation with a 
mix of G. mosseae and G. aggregatum (Ganesan and Mahadevan, 
1994).

Brinjal (Solanum writti). Brinjal genotypes PS-8 , Dorli, Pragati, 
and Borgaon 1 were more responsive to inoculation with G. fasci­
culatum than Vaishali, Manjari, Gota, Annamali, Krishnakathi, and 
PP long, as tested by Indi, Konde, and Sonar (1990) in pot culture.

Carrot (Daucus carrota). G. mosseae inoculated on two carrot va­
rieties, a local carrot and the SKG cultivar, increased shoot and root 
dry and fresh weight. The yield of the local variety was 270 percent 
greater than that of uninoculated control plants and the yield of the 
SKG cultivar was 42 percent greater (Reddy and Gudige, 1999).

Cassava (Manihot esculenta). A G. mosseae and G. aggregatum 
inoculum mix increased tuber yield per cassava plant (Ganesan and
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Mahadevan, 1994). In alluvial soils, cassava inoculated with AM and 
fertilized with 50 kg P fertilizer ha- 1 had similar dry matter produc­
tion than uninoculated cassava fertilized with 75 kg P fertilizer ha-1 . 
The phosphorus content of cassava recorded for 100 kg P fertilizer/ha 
with and without AM fungi was similar to 75 kg P fertilizer/ha with 
AM fungi (Tholkappian, Sivasaravanan, and Sundaram, 2000).

Coco yam (Colocasia esculenta). Coco yam crops inoculated with 
a mix of G. mosseae and G. aggregatum had higher tuber yield per 
plant than those without inoculation (Ganesan and Mahadevan, 1994). 
Coco yam inoculated with G. fasciculatum had higher shoot and 
root dry weight, plant height, and AM fungi infection than coco 
yam inoculated with other AM fungi such as G. mosseae, G. con- 
strictum, G. etunicatum, or A. morroweae (Tholkappian, Sivasara­
vanan, and Sundaram, 2000).

Garlic (Allium sativum). Kunwar, Reddy, and Manoharachary 
(1999) defined the AM fungal population associated with garlic. 
Thirty-five AM fungal species were isolated from rhizosphere soils 
and identified. There were 11 species of Acaulospora, 1 species of 
Entrophospora, 4 species of Gigaspora, 16 species of Glomus, and 
3 species of Scutellospora, reflecting the mycorrhizal dependency of 
the plant. Four garlic varieties, namely Pusa white flat, Pusa white 
round, Early grano, and Pusa madhvi, were inoculated with a mix of 
indigenous AM species or left uninoculated, and grown in phospho­
rus deficient alfisol at two phosphorus levels (25 kg P ha- 1 and 50 kg 
P ha- ! ) (Sharma and Adholeya, 2000). At harvest, all the inoculated 
garlic varieties had larger bulb diameter, shoot dry weight, shoot phos­
phorus content and bulb yield than did uninoculated plants. Early 
grano and Pusa white flat plants exhibited maximum mycorrhizal de­
pendency at 50 kg P ha- 1 whereas Pusa madhvi and Pusa white round 
plants exhibited maximum mycorrhizal dependency at 25 kg P ha- 1.

Pepper (Capsicum annuum). Studies conducted with six pepper cul­
tivars reported a good response to inoculation with G. macrocarpum 
(Sreenivasa and Gaddagimath, 1993). The Byadagi cultivar had the 
highest percentages of root colonization and spore counts while the 
G-3 cultivar had the lowest level of colonization. Similar trends were 
observed on shoot phosphorus concentration, plant dry mass, and 
yield. Gaur, Adholeya, and Mukerji (1998) assessed various inocu­
lum formulations (soil based, soil bead, sheared root, and fly ash
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beads) of mixed indigenous species and G. intraradices on pepper 
and tuberose (Polianthes tuberosa). The soil based and soil beads 
inocula produced the highest response, and G. intraradices produced 
the best yield in both crops (tuberose showed a 5 percent increase in 
spike length and pepper showed a 1 1 2  percent increase in fruit yield).

Tomato (Lycopersicon esculentum). Gaur, Sbarma, and Adholeya. 
(2003) tested the theory that multiple-strain inocula may be more ef­
fective than single-strain inocula on tomato crops. Indeed, inocula­
tion with a mix of G. constrictum, G. fasciculatum, and G. mosseae 
produced the best growth stimulation in greenhouse-grown tomatoes. 
A mix of G. mosseae and G. constrictum constituted the best two- 
species inoculum, followed by a mix of G. constrictum and G. fasci­
culatum, and a mix of G. mosseae and G. fasciculatum. G. mosseae 
produced the largest plant growth stimulation and spore count of sin­
gle-strain inocula, followed by G. constrictum and G. fasciculatum 
(Iqbal and Mahmood, 1998).

Micropropagated Plants

Mycorrhizal associations enhance the rooting and promote the 
growth of edible-fruit plants raised from cuttings or by tissue culture.

Banana (Musa Xparadisiaca) and Alocasia. Tissue culture plantlets 
of banana and Alocasia species inoculated with native G. fasciculatum 
and G. etunicatum had better growth, vigor, and biomass production 
during acclimatization. These fungi improved the establishment of 
Alocasia from 73.6 to 100 percent and of banana from 68.5 to 92 per­
cent, and considerably increased plant phosphorus and zinc content 
(Thaper and Fasrai, 2002).The shoot length of mycorrhizal plantlets 
increased by more than 83 percent and shoot weight by 85 percent 
over those of non-mycorrhizal plants. Root weight increased by 115 
percent and root length by 17.14 percent. The leaves of mycorrhizal 
plants were also longer by 53 percent and wider by 63 percent, had a 
159 percent larger area, and a chlorophyll content increase of 42 per­
cent compared to those of control plants. The benefits of AM fungi in 
field-grown banana are well-known: 1 0 , 0 0 0  producers used a com­
mercial G. intraradices inoculant.

Dracaena sp. Inoculation of micropropagated Dracaena with the 
multiple AM strain formulation had a beneficial influence at the ac­
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climatization and weaning stages, and saved almost five days in the 
Dracaena hardening process (Gaur and Adholeya, 2000a).

Lilium sp. The effect of three AM inocula with respective available 
phosphorus levels increased the growth, flowering, phosphorus up­
take, and root colonization of micropropagated lily bulblets (Varsh- 
ney et al., 2 0 0 2 ).

Nephthytis (Syngonium podophyllum) and Dracaena sp. Inocula­
tion with a multiple AM strain formulation had a significantly favor­
able effect on the acclimatization of micropropagated plantlets at the 
weaning stage, reducing the total hardening process by almost 15 
days (Gaur and Adholeya, 2000a).

Strawberries (Fragaria x ananassa). Inoculation of strawberry plants 
with a mixture of indigenous AM fungi, mainly Glomus, Gigaspora, 
and Scutellospora species, resulted in higher fruit yield, fruit mass, 
number of runners, shoot dry matter, and shoot phosphorus content 
compared to those of uninoculated plants (Sharma and Adholeya,
2004). Inoculation relieved the negative effects of alfisols in semiarid 
India, where low soil organic carbon and phosphorus levels com­
bined with high fixation power drastically affects the availability of 
phosphorus (Adholeya and Gheema, 1990).

Medicinal Plants

There is a dearth of reports on mycorrhizal colonization and its 
role in essential medicinal plants in India (Selvaraj, Murugan, and 
Bhaskaran, 2001).

Acacia nilotica. Mycorrhizal dependency was negatively corre­
lated with soil phosphorus levels (Sharma, Bhatia, and Adholeya, 
2001).

Albizzia lebbeck. Mycorrhizal dependency was negatively corre­
lated with soil phosphorus levels (Sharma, Bhatia, and Adholeya, 
2001).

Chanca piedra (Phyllanthus fraternus Webster synonym: Phyllan- 
thus niruri L.). This is an annual herbaceous plant with very high me­
dicinal values in the Ayurvedic system. Earlier reports had shown 
that the species of Phyllanthus such as Phyllanthus madraspatensis, 
Phyllanthus simplex, and Phyllanthus niruri were non-mycorrhizal 
plants, but recent studies on P. fraternus (Mulani, Prabhu, and Din-
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karan, 2002) showed 75 to 80 percent mycorrhizal colonization of 
roots.

Indian borage (Plectranthus amboinicus). This is an important me­
dicinal plant used for the treatment of urinary diseases, epilepsy, 
chronic asthma, cough, bronchitis, and malarial fever. It also acts as 
a powerful aromatic carminative. Hemalatha and Selvaraj (2003) 
screened eight AM fungi on Indian borage. Inoculation with G. ag­
gregatum produced larger plant biomass, percentage of root coloni­
zation, number of spores, and enhanced plant uptake of phosphorus 
and potassium more so than the other AM fungi tested.

Kashini (Cichorium entybus) is an important medicinal plant com­
mercially cultivated in the Vellore district of Tamil Nadu, India. 
Kashini leaves and roots are used in the treatment of stomach ail­
ments, as a diuretic, and to treat fever, vomiting and joint pain. 
Kashini also helps in the enrichment and purification of blood. 
Murugan and Selvaraj (2003) screened eight native AM fungi on 
Kashini for symbiotic response. They reported that G. margarita best 
stimulated plant growth, followed by G. aggregatum, G. mosseae, 
and G. macrocarpum.

Other Plants

Ornamentals. Petunia (Petunia hybrida), China aster (Callistephus 
chinensis), and balsam (Impatiens balsamina) were inoculated with a 
mix of indigenous AM fungi and grown in marginal wasteland 
amended with organic matter. Mycorrhizal inoculation improved 
flower number and dry matter markedly in all three plants. Petunia 
plants had three times more flowers when mycorrhizal as when not, 
while balsam and China aster had twice as many (Gaur and Ad­
holeya, 2 0 0 0 d).

Sugarcane (Saccharum officinarum) CO 419 variety was inoculated 
with one of four AM fungal species (G. fasciculatum, G. mosseae, G. 
margarita, or Acaulospora laevis). G. margarita and A. laevis im­
proved plant root and shoot biomass, plant height, and leaf area more 
effectively than the other AM fungal inocula. The intensity of mycor­
rhizal root colonization was almost 1 0 0  percent with all the inocu- 
lants (Reddy et al., 2004).
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INOCULUM PRODUCTION AND APPLICATION

An inoculum is a material that carries infective propagules in a us­
able form, that is, packaged AM fungal spores and hyphae, and colo­
nized root fragments. Inocula can be produced using various methods 
such as soil based inoculum production (Gaur and Adholeya, 2000c), 
aeroponic culture, the nutrient film technique, and in vitro culture 
(Adholeya, Verma, and Bhatia, 1997; Tiwari and Adholeya, 2001). In 
India, a soil-based inoculum is commonly produced directly in the 
nurseries or fields of the crops that are to be inoculated. The fact that a 
soil-based inoculum is bulky and heavy, which may cause problems 
with transport and commercial distribution, makes in vitro culture a 
very desirable production method.

An inoculum or inoculant product gives the best results where in­
digenous soil populations of AM fungi are low or where native AM 
fungi are no longer effective. It is particularly important to inoculate 
plants when out-planting to nonirrigated sites, wastelands, or dis­
turbed soils where the establishment of plants’ root systems is im­
paired. The efficiency of inoculum or inoculant products varies with 
products, environmental conditions, delivery methods (broadcasting, 
seedcoating, root dipping, and in-furrow application), and a number 
of other variables. The amount of inoculum to apply, that is, the num­
ber of AM fungal propagules per plant or per area, is calculated based 
on various parameters such as the following: ( 1 ) the weight or vol­
ume of the material; (2) the concentration of AM fungal propagules 
in the material; (3) where the inoculum is applied, that is, to the seed 
or to the soil; (4) the extent of adhesion of the product to the seed; and 
(5) the seeding rate (Adholeya, Tiwari, and Singh, 2005).

The application of AM fungi in Indian agriculture is limited by the 
availability of bulk quantities of AM fungi inoculum. The mass pro­
duction of AM fungal inoculum through the in vitro culture tech­
nique by The Energy and Resources Institute (TERI) overcame the 
major part of this problem. Efforts for the conservation and multipli­
cation of strains started with a culture depository set up in 1993 at 
TERI, with the support of the Department of Biotechnology of the 
Government of India (DBT, 1993-1997). It now maintains Asia’s 
largest germplasm bank, the Center for Mycorrhizal Culture Collec­
tion (CMCC), that contains over 450 isolates of mycorrhizal fungi
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from 12 out of 20 of the agroecological zones of India (Gadkar and 
Adholeya, 2000; Tiwari and Adholeya, 2001,2003). TERI has trans­
ferred this technology to four companies for the mass production of 
inoculum for large-scale application by producers, rehabilitation 
agencies, and other agro industries. Two are agro-based companies 
(KCP Sugar and Industries Limited, Andhra Pradesh, and Majestic 
Agronomics, Himachal Pradesh), and two are pharmaceutical com­
panies (Cadilla Pharmaceuticals Limited, Gujrat, and Cosme Phar­
ma, Goa).

In India, the centralized production of AM fungal inocula is feasi­
ble. At this time, however, the business is at the concept selling stage, 
and product penetration at the regional level and demonstrations 
must be done. Once the product is tested in various agro-climatic 
zones and regions of the country and its potential proven, consolida­
tion may occur.

EFFECT OF MANAGEMENT PRACTICES 
ON AM FUNGI

AM fungi play an important role in ecosystems and they could be 
managed for economic or environmental purposes. In spite of consid­
erable research on the large-scale production of AM fungi, field- 
scale inoculation has been limited. Currently, the commercial use of 
AM fungi is limited to special locations where the natural population 
has been destroyed. Though it is possible to manipulate the indige­
nous populations of AM fungi by means of appropriate crop and soil 
management practices, little systematic work has been done in this 
area in India. The following section deals with the effects of manage­
ment practices such as tillage, cropping patterns, organic amend­
ments, and the application of fertilizers and pesticides on the mycor­
rhizal association of crop plants. Thereafter, management practices 
that affect mycorrhizal associations and crop production are identi­
fied.

Tillage Practices

Tillage operations disturb the soil and change its physical, chemi­
cal, and biological properties, thereby affecting AM fungal coloniza­
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tion (Table 7.2). In a study by Maiti, Variar, and Singh (1996) on the 
effect of three tillage practices on rice crops, namely, conventional 
tillage (CT, soil disturbed up to 5 to 10 cm depth twice consecutively 
prior to seeding), deep tillage (DT, soil disturbed up to 20 to 25 cm 
depth), and no tillage (NT), the highest population of infective 
propagule and percentage of colonization was obtained in CT. In DT, 
the drastic reduction in the population and efficacy was attributed to 
the disruption of the mycelial network in the soil, as evidenced by re­
duced percentage of root colonization. In NT, the mycelial network 
established with the roots of predominant weed species was affected 
by the destruction of these hosts with herbicide. The build-up phase 
of the AM fungal population was adversely affected by the low den­
sity of roots for colonization and multiplication of the AM fungi. 
Given the minimum soil disturbance of shallow ploughing depth in 
CT, however, there was minimum disruption of the established my­
celial network. The minimum disruption resulted in a comparatively 
more steady buildup of the native AM fungal population in the soil 
over a period of time (five years in this study), which in turn increased 
the percentage of root colonization (Maiti et al., 1997).

One of the newly emerging issues related to increasing mechaniza­
tion in the rice-wheat areas of India is the management of straw after 
combine harvesting of rice. Singh and Adholeya (2004) studied the 
impact of rice straw mulches and burnt straw on the AM fungal popu­
lation in the NT fields. They reported a higher microbial and AM fun­
gal spore count in the straw mulched fields than in the burned fields. 
No significant difference in pH and electrical conductivity was ob-

TABLE 7.2. Effect of different tillage practices on AM fungi and plant growth.

Management
practices

Crops
used

Effect on 
crops

Effect on 
mycorrhizal fungi References

Conventional tillage Rice +ve +ve Maiti et al., 2000
Deep tillage Rice -ve -ve Maiti et al., 2000
No tillage Rice -ve -ve Maiti etal., 1996
Mulching Wheat +ve +ve Singh and 

Adholeya, 2004
Residue burned Wheat -ve -ve Singh and 

Adholeya, 2004
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served between fields. However, organic carbon, nitrogen, phospho­
rus, and potassium contents were significantly higher in the straw 
mulched fields. Thus, this study suggests that straw mulched fields 
are better for soil microbes and soil fertility.

Cropping Pattern

Crop management can affect indigenous AM fungal populations 
positively or negatively, as these fungi are obligate symbionts. Crop 
species differ in their ability to form AM associations and the inclu­
sion of appropriate plant species in crop rotation, or intercropping, 
can increase the native population of AM fungi (Table 7.3), which of­
ten is the objective of inoculation Harinikumarand Bagyaraj (1989). 
Kale and mustard, two nonhost species, introduced in a crop rotation 
reduced the AM colonization of barley, the succeeding crop, to the 
same extent as did the following (Bagyaraj, 1992). After the harvest 
of a crop of mustard, spore density was very low (180 spores/ 1 0 0  g of 
soil) compared to the density found after a potato crop (Solanum 
tuberosum L.) (430 spores/100 g of soil). Wheat after mustard had only 
40 percent colonization whereas after potato, colonization reached 85 
percent (Ghosh, Bhattacharya, and Verma, 2004).

TABLE 7.3. Effect of cropping pattern on AM fungi and plant growth.

Cropping pattern
Subsequent

crop
Effect on 

crops
Effect on 

mycorrhiza References

Castor + groundnut Sunflower -i-ve +ve Kumar and 
Bagyaraj, 1989

Cowpea + Finger millet Sunflower -ve -ve Kumar and 
Bagyaraj, 1989

Rice (variety: Vandana) +  
Tomato

Rice +ve +ve Harinikumar and 
Bagyaraj, 1989

Rice + maize Rice -ve -ve Maiti et al., 2000
Rice + okra Rice -ve -ve Maiti et al., 2000
Rice + Red gram Rice -ve -ve Maiti et al., 2000
Rice (variety: Brown gora) + 
Red gram (variety: Laxmi)

Rice +ve +ve Maiti etal., 1997

Mustard Barley -ve -ve Bagyaraj, 1994
Potato Wheat +ve +ve Ghosh et al., 2004
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In another study, on the effects on the population dynamics of na­
tive AM fungi of intercropping rice (local variety, Brown Gora) with 
red gram (Cajanus cajan L., local variety, Laxmi), it was demon­
strated that rice-red gram intercropping leads to a substantial increase 
in the native AM fungal population, which declined during the off­
season (Maiti, Variar, and Singh, 1996), but remained higher than un­
der onocultured rice. In the first season (1993), only a marginal yield 
increase was measured, but in the subsequent season (1994), the in­
crement was statistically significant. When upland rice (variety, Van- 
dana) was intercropped with maize, okra (Abelmoschuc esculentus 
L.) and red gram, in a rice intercrop row ratio of 4:1, rice had lesser 
affinity for AM fungal colonization than the intercrops. When used 
as monocultures, all the intercrop plant species stimulated AM fungal 
spore production compared to when they were intercropped with 
rice, and after one and two growing seasons, there were more spores 
in soil under monoculture than intercropped. Little difference in 
spore production was found among the intercrops. These results were 
attributed to the lower affinity between rice and AM fungi than be­
tween the intercrops tested and AM fungi (Maiti, Singh, and Saha, 
2000).

Precropping with plant species with various mycotrophy levels 
can also modify the AM fungal potential of soils and the performance 
of any subsequent mycorrhiza-dependent plants. The net growth ben­
efit due to precropping with maize, paspalum (Paspalum vaginatum), 
millet, soybean, onion, tomato, mustard, and ginger or weeds varied 
from 0 to 50 percent, depending on the mycorrhizal root mass, AM 
fungi spore number, and infective inoculum density remaining in the 
soil following the preceding crops and weeds (Panja and Chaudhary, 
1998). This rotation effect can be taken into consideration in the design 
of more effective crop rotation sequences.

Organic Amendments

Organic fertilization enhances the biological activity of soil. In a 
study by Harinikumar and Bagyaraj (1989) it was reported that fertil­
ization with 7.5 tonnes ha- 1  of farmyard manure significantly in­
creased the numbers of AM fungi in the soil and AM root colonization 
in the second and third season of application. When onion (Allium
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cepa), potato, and garlic were inoculated with AM fungi in nutrient 
deficient soil amended with composted leaves of albizzia (Albizzia 
lebek), Poplar (Populus deltoids), and Leucaena (Leucaena leuco- 
cophala), colonization in onion was approximately 85 percent, and 
that of garlic and potato was 65 percent. The best yield increase due 
to inoculation was in onion (70 percent), while garlic and potato yield 
increased by 30 and 48 percent (Gaur and Adholeya, 2000c). Four or­
ganic amendments (leaf compost, vegetable compost, poultry com­
post, and sewage sludge) applied at four rates (40, 80, 100, and 120 
tonnes ha-1) were evaluated for their effect on three varieties of cit- 
ronella oil (Cymbopogon winterianus) (varieties Manjusa, Mandakini, 
and Bio-13). Poultry compost, applied at 100 tonnes ha-1 , most ef­
fectively increased herbage yield, essential oil content, and dry mat­
ter yield, and was followed by sewage sludge. Bio-13 performed 
better and produced the highest herbage, essential oil, content and 
dry matter yield. The highest number of AM fungal propagules was 
recorded in the leaf compost amended plots in all three varieties. 
Among the varieties, the highest native mycorrhizal inoculum was 
recorded in Bio-13 (DBT, 1998-2002a; Tanu, Prakash, and Adho­
leya, 2004).

Pesticides and Fungicides

Pesticides may affect the growth of AM fungi (Parvati, Venkates- 
warlu, and Rao, 1985). In India, a few studies done concluded that, 
generally, systemic fungicides adversely affect AM fungi and such 
effects were specific to a particular combination of the host and the 
AM fungal species (Table 7.4). The mode of fungicide application 
also governs the severity of the fungicide effect on AM fungal infec­
tion. It has been observed that the application of fungicides as seed 
treatment had no effect on mycorrhizal infection (in maize), whereas 
fungicides applied as soil drenches inhibited mycorrhizal infection 
(Vyas and Singh, 1992). In another study on maize, the growth of 
maize plants was reduced by benomyl (fungicide) at a low but not at a 
high soil phosphorus supply, demonstrating that benomyl has no det­
rimental effect on maize growth, but affects the phosphorus supply of 
the plant (Amitava et al., 2002).
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TABLE 7.4. Effect of fungicides on establishment of AM fungi in host plants.

Fungicides Crop AM fungi Effect on AM fungi References
Thiram Wheat G. mosseae -ve Jalali, 1979
Benomyl Onion G. mosseae -ve Manjunath and 

Bagyaraj, 1984
Benomyl Onion G. intraradices -ve Parvathi etal., 1985
Fosetyl-AI Soybean G. mosseae +ve Vyas et al., 1990
Metalaxyl Soybean G. mosseae +ve Vyas etal., 1990

EFFECT OF EDAPHO-CLIMATIC FACTORS 
ON MYCORRHIZAL COLONIZATION 

AND PLANT GROWTH

The occurrence of AM fungal species in agricultural soils varies 
with edaphic and climatic factors such as soil moisture, texture, tem­
perature, pH, and light, which affect the efficacy and diversity of 
mycorrhizal fungi. AM fungi may increase the resistance of plants to 
drought, waterlogged conditions, soil salinity, and extreme pH condi­
tions by a number of mechanisms such as increased root hydraulic 
conductivity, stomatal regulation, hyphal water uptake, osmotic 
adjustment, nutrient transportation, phytohormone production, and 
through augmented root surface. Studies have been carried out on the 
effect of various edaphic and climatic factors on AM colonization 
and plant growth. The following section highlights the work done re­
garding the effect of edapho-climatic factors on the development of 
AM fungi in various agricultural crops.

Soil Moisture

Mycorrhizal association is known to help plants under drought 
conditions. In moong (Phaseolus mungo), water stress affects not 
only the microbial spectrum of the rhizosphere but also the intensity 
of root infection and the population of AM spores in the root region 
(Kehri and Chandra, 1995). G. fasciculatum showed maximum root 
colonization and sporulation in severe water stressed conditions (wa­
tering filled to capacity once in five days) in cowpea grown in pots; 
the number of spores and infective propagules decreased when the 
pots were maintained at 50 percent of field capacity (Pai, Bagyaraj, 
and Prasad, 1990). In water stressed maize, grown on sterilized and
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unsterilized soil and inoculated and not inoculated with AM fungus 
(G. caledonium or indigenous AM fungal population), Ramakrishnan, 
Johri, and Gupta (1990) reported that the leaf water potential at various 
levels of water stress was nearly of the same order in both mycorrhizal 
and non-mycorrhizal plants. Photosynthetic and photorespiratory ac­
tivities decreased with increasing osmotic stress but the chlorophyll 
content remained the same. There was no significant increase in photo­
synthesis under various conditions in unstressed plants, but it increased 
significantly in G. caledonium and indigenous AM fungi + G. cale­
donium treated plants than it did in the other treatments. Some in­
crease in chlorophyll a and chlorophyll b content was observed in G. 
caledonium, indigenous AM fungi + G. caledonium and phosphorus 
amended unstressed plants. At osmotic potentials of 0 bars, —2 bars, 
—5 bars, and —10 bars (leaf water potentials of —3 bars, —5 bars, — 8  

bars, and — 1 2  bars, respectively), free proline content increased mark­
edly with decrease in leaf water potential. This increase was greatest in 
phosphorus amended non-mycorrhizal plants followed by G. cale­
donium and then indigenous AM fungi + G. caledonium inoculated 
plants. Further, Ramakrishnan, Johri, and Gupta (1990) worked on 
maize plants that were five weeks old (non-AM fungal and AM fun­
gal plants inoculated with G. caledonium) and exposed to osmotic 
potentials of 0 bars, - 2  bars, —5 bars, and —10 bars. After eight hours 
of exposure, the leaf water potentials were about — 3  bars, —5 bars, — 8  

bars, and — 12 bars in both AM fungal and non-AM fungal plants. Net 
photosynthesis did not increase significantly at 0  bars, — 2  bars, and 
—5 bars osmotic potentials, but at — 1 0  bars osmotic potential, there 
was a significant increase in the assimilation of carbon dioxide by 
AM plants (10 percent to 36 percent). On lowering the water poten­
tials, the rate of decrease in the assimilation of carbon dioxide in AM 
fungal plants was lower compared to the rate of decrease in non-AM 
fungal plants. However, among the AM and non-AM fungal plants, 
the differences in the total chlorophyll content were not significant at 
various low osmotic potentials.

Soil Texture and pH

Soil type and physicochemical properties have a great impact on 
the occurrence and efficiency of AM fungi. Most AM fungi adapt to a 
broad spectrum of edaphic conditions, but few of them are specially
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adapted to the extremes of soil pH conditions. In Ipomoea batatas 
and Manihot esculenta, a higher soil pH and phosphorus retarded the 
growth and establishment of AM fungi. However, artificial inocula­
tion with spores and colonized roots in an inert carrier (lignite) was 
effective. Arbuscular mycorrhizal root colonization levels of 80 per­
cent to 91 percent in Ipomoea batata and of 80 to 85 percent in 
Manihot esculenta were measured within 15 to 25 days of inocula­
tion. In soybean grown in acidic soil (pH 5.1), AM inoculation in­
creased plant dry matter production and phosphorus uptake. Shoot 
dry matter increased with the rate of phosphorus application while 
the root dry matter was highest with the lowest rate of phosphorus ap­
plication. Shoot phosphorus uptake increased up to 20 g P g - 1  soil, 
and root phosphorus uptake increased up to 40 g P kg - 1 soil (Singh 
and Reddy, 1994). Mycorrhizal presence in soil is also influenced by 
soil texture. A compact soil texture affects the partial atmospheric 
pressure and moisture levels and inhibits the germination and hyphal 
growth of AM fungi (Bhatia, Sundari, and Adholeya, 1996).

Soil Salinity

Indian research studies on the effects of mycorrhizal inoculation 
on plant metabolism in a saline environment have been scarce. A few 
plants, such as moong and mulberry, have been studied; they showed 
a positive response to AM colonization. Mycorrhizal inoculation had 
a beneficial effect on moong (cv. ML-131) metabolism under NaCl 
salinity with an increase in chlorophyll content and proline accumu­
lation. The concentration of potassium, zinc, iron, and manganese 
was also improved in mycorrhizal plants under salt stress (12.5 mM 
NaCl) (Jindal et al., 1992; Theoder and Vivekanandan, 1994).

Simiyon, Theoder, and Vivekanandan (1994) studied the occur­
rence of salt tolerant AM fungi in 11 mulberry varieties planted in the 
coastal region of Tamil Nadu. Mycorrhizal infection was highest in 
S-36, BC2-59, and MR-2 (81 to 8 6  percent), moderate in S-30, ACC- 
235, S-41, M-5, and Tr-10 (70 to 78 percent), and was lowest in Tr-4, 
Tr-8 , and C-1 (60 to 70 percent). Hyphal density was positively corre­
lated with the level of root colonization and Glomus spore density. 
Phenol and phosphate content were concurrently higher, supporting 
favorable AM fungal symbiotic associations.
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Abdi and Dube (2003) reported that Suaeda mudiflora, a Cheno- 
podiaceae, could be colonized by AM fungi (Glomus sp. 18 RA, G. 
microaggregatum, G. sp. 12 RA, and G. sp 3 RA). This plant could 
survive and tolerate soil salinity up to 75,000 mg g- The perennial 
plant along with Glomus spp. colonizes saltpan habitats with a salt 
concentration that no other plant can tolerate.

Seasonal Variation

Studies on the seasonal fluctuations of AM fungi on some com­
monly cultivated crops at various locations in Aligarh (India) re­
vealed that the predominant AM fungal species were G. mosseae, 
G. constrictum, and G. fasciculatum (Iqbal and Mahmood, 1998). 
Species of G. aggregatum, G. gigantia, and A scrobiculata rarely oc­
curred and their abundance differed from one location to another. The 
intensity of AM fungal colonization and spore formation varied with 
locations and seasons. At all locations, the level of AM colonization 
was very high from February to the first week of May, and from the 
end of July to September, being highest in August and September, 
occasionally reaching 90 percent. Arbuscule density in the roots 
showed similar fluctuations and was also highest in August and Sep­
tember, reaching 57 percent in some locations. Arbuscule myco­
rrhizal fungal spore abundance was negatively related with root 
colonization. In all locations, plant roots were extensively colonized 
by AM fungi throughout the growing season, when AM fungal spore 
density in soil was very low. Khade and Rodrigues (2004) studied 
seasonal variations in the mycorrhizal colonization of banana. They 
found the largest spore densities of AM fungi premonsoon season 
(426 spores per 100 g of soil), average densities during monsoon sea­
son (384 spores per 100 g of soil), and the lowest densities post­
monsoon season (250 spores per 1 0 0  g of soil).

EFFECT OF POLLUTION 
AND METAL TOXICITY ON MYCORRHIZAL 

COLONIZATION AND PLANT GROWTH

The discharge of industrial effluents into the soil, mining opera­
tions, and deposits of acids, sulfur, or ammonia on the soil surface or
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the addition of heavy metals to the soil cause pollution and metal tox­
icity. These pollutants affect the mycorrhizal colonization and diver­
sity as well as plant growth. The soils of disturbed sites are frequently 
low in available nutrients and lack the nitrogen-fixing bacteria and 
mycorrhizal fungi usually associated with plant roots (Cooke and 
Lefor, 1990). Land restoration in semiarid areas, therefore, faces a 
number of constraints related to soil degradation and water shortage 
(Vallejo et al., 2000). Degraded soils, the common targets of revege­
tation efforts in the tropics, often exhibit low densities of AM fungi 
(Michelsen and Rosendahl, 1990). These low densities may limit the 
degree of mycorrhizal development of transplanted seedlings and 
consequently hamper their plant establishment and growth in those 
areas.

Mining Operations

Mining operations and surface subsidence due to underground 
mining operations, have a serious impact on the growth of the vegeta­
tion and the general landscape of an area. Microorganisms benefit 
plant growth in coal wastes, and AM fungi are especially important 
(Reeves et al., 1979). In limestone mine spoils, soil inoculation with 
G. mosseae has significantly enhanced plant growth and biomass 
production (Rao and Tak, 2002), as it has in coal mine spoils. Coal 
wastes are generally deficient in nutrients and the plant cover is often 
difficult to establish. A study conducted in the coal wastes of Kotha- 
gudam showed that the pH and electrical conductivity of coal wastes 
may fluctuate from 5.2 to 5.6 and from 0 . 1  to 0 .2 , respectively 
(Andhra Pradesh, South India). There were 5.25 mg K 100 g_ 1 coal 
waste, 1 . 6  jxg Zn g~1, 17.2 |ig Fe g~1, 3.75 |ig Mn g~ 1, and 0.43 jig 
Co g ~ 1 (Ganeshan and Mahadevan, 1994). Eighteen plant species 
from 11 families were examined for AM fungal association; 12 spe­
cies had mycorrhizal infection. Root colonization ranged from 1 to 
8 6  percent. Spores of Acaulospora foveata, Entrophosphora colom- 
biana, G. ambisporum, G. aggregatum, G. botryoides, G. fascicula­
tum, G. claroideum, G. heterosporum, G. hoi, G. mosseae, G. Micro­
carpus, and S. rubiformis were isolated. Spores were generally dark 
brown, globose to subglobose, and filled with oil droplets and gas.
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Industrial Effluents

Industrial waste, sewage sludge, and automobile effluents severely 
affect plant and soil microorganisms. Research on AM fungal strains 
tolerant to industrial effluents has provided evidence for their rapid 
adaptation to contaminated soils. A study on crops such as maize, 
sorghum, sugarcane, and coco yam cultivated in petro-effluent-irri- 
gated fields (Joseph and Kothari, 1993) showed that all four crops 
had AM fungal association. The highest level of colonization was 
seen in coco yam (98 percent), followed by sorghum (90 percent), 
maize (73 percent), and sugarcane (73 percent). Glomus and Giga­
spora species dominated the rhizosphere of the plants growing in 
the petro-effluent-irrigated fields. Selvaraj and Bhaskaran (1996) 
reported that among the 20 species of AM fungi belonging to five 
genera found in soils contaminated by paper mill effluents, G. intra­
radices was the dominant AM species. In Vetiver zizanioides, inocu­
lation with G. fasciculatum increased the percentage of root infection 
and number of AM fungal spores compared to inoculation with G. 
mosseae or non-inoculated control plants. This study indicates that 
petro-effluents do not necessarily inhibit mycorrhizal development in 
V. zizanioides.

Arul and Vivekanandan (1994) studied the occurrence of AM fun­
gal colonization in legumes grown in a soil polluted with dust from 
the cement kiln exhausts of the Tamil Nadu Cements Corporation 
Limited. The population of beneficial microbes was not affected by a 
soil pH of 8.7, and AM fungal infection was observed in all legume 
crops examined, that is, Vigna mungo, Vigna catjung, Cajanus cajan, 
Arachis hypogea, and Glycine max. Root infection ranged between 
50 and 62 percent. Glomus spores were abundant in the polluted soil. 
Generally, spores were globose to subglobose in shape with two to 
three layered walls. Among 49 plants grown in soil polluted with in­
dustrial waste, sewage sludge, and automobile effluents, all the exam­
ined plants were colonized by AM fungi, except Amaranthus viridis, 
Portulaca oleraceae, and P. quadrifides (Lakshman, 2000). The sta­
bilization of soils polluted by industries and automobiles depended 
on the choice of plant community and AM fungi.
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Metal Toxicity

Soil pollution caused by heavy metals severely affects mycorrhizal 
colonization and plant growth (Gaur and Adholeya, 2004a,b). A 
study conducted at Chennai University, in India, showed that ten 
Glomus, two Gigaspora, two Acaulospora, and one Sclerocystis spp. 
isolated from soils polluted by heavy metals had a variable level of 
tolerance to heavy metal pollution (Singh, 1996). A survey of soil 
polluted by heavy metals (Cu, Pb, Ni, and Cd, but particularly Zn) in 
Tamil Nadu by Sambandan, Kannan, and Raman (1992) revealed that 
16 of 18 plant species examined were mycorrhizal, and 10 of 15 AM 
fungi observed were Glomus spp., two were Gigaspora or Acaulospora, 
and one was a Sclerocystis spp. Mycorrhizal colonization may en­
hance heavy metal tolerance in Sorghum bicolor (L.) Moeneh. AM 
fungi could protect plants against heavy metal toxicity only up to the 
“LD-50” dose, namely 50 |0.M (Senthil and Arockiasamy, 1994). In 
another experiment, Sharma et al. (1992) reported that the absorption 
of Zn by mycorrhizal maize was greater at low concentrations (less 
than 4 mM-3 ) and decreased at higher levels.

Effects of Fire

Forest fires may drastically change the population of soil mi­
crobes. The effects of fires on AM fungi are not well documented in 
India. Deka, Mishra, and Sharma (1990) studied the effects of slash 
and burn cultivation on endomycorrhizal fungi and their influence on 
the early colonizing plant species. The study was carried out at Burni- 
hat (Meghalaya), which is dominated by bamboo trees (Dendrocal- 
amus hamiltonii). The AM fungi associated with a few early coloniz­
ers (Eupatorium odoratum, Bothriochola intermedia, Desmodium 
trifolium, Dendrocalamus hamiltonii, Imperata cylindrical, Osbeckia 
crinata, Panicum maximum, Setaria palmiflora, and Xanthium strau- 
marium) were extracted from burnt soil and studied to evaluate the ef­
fects of fire. The intensity of AM colonization and the density of AM 
spores were drastically reduced after the fire. After the emergence of 
seedlings in the burnt area, root colonization with G. fasciculatum ex­
panded as the plants grew older.
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Fly Ash Pollution and Reclamation: A Success Story

New coal-based power plants have been established to meet the in­
creasing demands for electricity. However, these power plants annu­
ally generate up to 150 million tonnes of fly ash that is usually 
dumped in wastelands. It destroys the vegetation in addition to being 
a source of groundwater contamination. Fly ash contains toxic metals 
such as Pb, Cr, Co, and Cu.

Researchers at TERI worked on the reclamation of the fly ash 
pond of Badarpur (Figure 7.2), New Delhi. This work led to the de­
velopment of a technology that uses the association of AM fungi with 
flowering plants and trees and enables producers and plantation com­
panies to grow plants of economic value on fly ash. A variety of 
plants that could grow on fly ash with the help of a suitable mycor­
rhizal fungus were screened. Five species of herbaceous plants, four 
trees (eucalyptus, poplar, acacia, and prosopis), and a mycorrhizal 
fungus (G. intraradices AM 1004) were identified. Thorough evalua­
tion of the biological material was first done under greenhouse or nurs­
ery conditions. Strains with high nutrient uptake ability, that is, the

FIGURE 7.2. Mycorrhiza application in reclamation of fly ash overburdens: 
Fugitive dust emission and restoration of green cover.



266 MYCORRHIZAE IN CROP PRODUCTION

ability to increase the yield of plants, and a good shelf life in fly ash 
were selected. The application doses of organic amendments and 
mycorrhizal biofertilizer were optimized. Seedlings of suitable flower­
ing plants were grown in a nursery. The plant roots were inoculated 
with various rates of in vitro cultured AM fungi inoculum. Compost 
and manure were added at various rates (3 kg and 5 kg) in the root zone 
to enhance the capacity of fly ash to retain moisture and support plant 
growth. Other than supplying nutrients, organic matter has another 
benefit: as it decomposes, it produces acids that combine with the 
heavy metals to form compounds that are less mobile, therefore less 
likely to pollute surface and groundwater. Seedlings were transplanted 
in six treatment blocks. The study showed that, with the help of a suit­
able AM fungi and plants, fly ash can be transformed into a substrate 
fit for plant production, without the use of costly and wasteful chemi­
cals (Gaur and Adholeya, 2004a,b). This technology is expected to 
turn waste into wealth (The Tribune, 2004).

In another study on the reclamation of fly ash ponds at Korba, 
Chattisgarh (NTPC, 2001-2004), the same technology was used and 
AM and ectomycorrhizal (EM) fungi isolates were screened for their 
adaptability and efficacy, under pot and field conditions (Ray et al.,
2005). Drawing on their large collection of mycorrhizal fungi cul­
tures, TERI researchers identified EM and AM fungal species that 
seemed most likely to help bind the fine ash particles and sequester 
heavy metals in the ash pond. Various amounts of organic matter 
were added near the roots to enhance the capacity of the fly ash to re­
tain moisture and support plant growth (Tables 7.5 and 7.6).

Proper management of the site improved the physical, chemical, 
and biological properties of the substrate. The porosity and water- 
holding capacity increased over time. The availability of phosphorus, 
nitrogen, and potassium also increased. Soil dehydrogenase activity 
and total microbial population were measured two years after plant­
ing. The heavy metal toxicity of fly ash also decreased after two years 
of planting. The technology developed at TERI allows the growth of 
plants on polluted sites, and also helps prevent leaching of heavy 
metal pollutants in groundwater. It was found that the heavy metal 
content of the lechates decreased drastically as a result of reclamation 
activities (Fly ash mission, TIFAC project report, 1997-2000, 1997- 
2001, 1999-2004; NTPC project report, 2001-2004).
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TABLE 7.5. Comparison of fly ash properties before and after applying mycor­
rhizal technology at Badarpur and Korba sites.

Source: NTPC Korba and Fly ash mission, technology information forecasting and assessment council 
funded project report (2000 and 2004).

Note: ns, non-significant.

Another study on fly ash demonstrated the importance of the root- 
associated AM fungus G. mosseae and nodulating Rhizobia on the 
establishment, growth, and yield of the black gram variety T9 in the 
enriched and abandoned ash ponds of the Neyveli Thermal Power 
Plant. The best effects came from inoculation with the AM fungus

Source: National thermal power corporation limited (NTPC, 2001), Korba and Fly ash mission; Technol­
ogy information forecasting and assessment council (TIFAC) funded project report (1997a, 1997b, and 
1999).

TABLE 7.6. Percentage of reduction in heavy metal profile after two years of 
applying mycorrhizal technology at Badarpur and Korba sites.

Properties of fly ash Badarpur Korba
Zero time After two years 

of mycorrhizal 
technology 
application

Zero time After two years 
of mycorrhizal 
technology 
application

pH 7.4 6.6 8.7 8.1
Available phosphorus
t o g " 1)

11.7 20.5 7.1 21.1

Total nitrogen (%) 0.01 0.3 0.1 0.6
Organic carbon (%) 0.6 1.8 0.2 0.9

Heavy metal Badarpur Korba
Aluminum - 62
Chromium 36 90
Manganese ns 44
Iron ns 27
Cobalt ns 50
Nickel ns 64
Copper 75 44
Zinc 33 32
Arsenic ns 43
Lead 59 53
Cadmium - 97
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G. mosseae and the Rhizobium sp. PAB-1, which produced the high­
est level of mycorrhizal colonization (88 percent), largest plant height, 
dry weight, grain nitrogen, and phosphorus content, and pod yield 
(Sheela and Sundaram, 2003).

INTERACTION OF MYCORRHIZAE 
WITH SOIL MICROORGANISMS

The soil microflora consists of free-living microorganisms of a 
ubiquitous nature and specific microbial communities in the rhizo­
sphere and rhizoplane regions. All the microorganisms, including 
fungi, actinomycetes, bacteria, rhizobacteria promoting plant growth, 
chitin-decomposing bacteria, acid-producing bacteria, soil-inhabiting 
pseudomonads, nitrogen-fixing bacteria, and phosphorus-solubiliz­
ing bacteria, affect mycorrhizal growth. These organisms may either 
promote or inhibit mycorrhizal development in plant roots and their 
survival in soil. These interactions, overall, have a positive effect on 
plant growth. The most important interactions involve AM fungi, and 
nitrogen fixers (including bacteria and actinomycetes) or phospho- 
rus-solubilizing bacteria and fungus, as these interactions promote 
plant growth in many ways.

Nodule-Forming Nitrogen Fixers

Studies conducted in various research laboratories in India and 
worldwide have shown that the dual inoculation of plants with AM 
fungi and nitrogen-fixing nodule-forming organisms improves plant 
growth parameters such as plant biomass, dry matter, leaf biomass, 
leaf number, seed yield, and the nitrogen and phosphorus contents, in 
comparison to inoculating plants with the AM fungi alone, to inocu­
lating them with nitrogen-fixing nodule-forming organism alone, or 
not to inoculating them at all. The yield of 60-day-old moong bean 
plants dually inoculated with Glomus caledonium and Rhizobium 
(strain KM-[1]) was 22 g, 14.2 g in plants inoculated only with Rhizo­
bium, 15.65 g in plants inoculated only with AM fungi, and 10.83 g in 
uninoculated control plants (Adholeya, 1988). Dual inoculation with 
Rhizobium and the AM fungi also increases the total nitrogen in plants. 
Tilak (1985) conducted experiments involving the combined inocula­
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tion of Cenchrus ciliaris and Macroptilium atropurpureum with AM 
fungi and Rhizobium (TAL555) and the application of 15N as labeled 
ammonium sulfate, at a rate of 10 kg N ha-1 . Dual inoculation in­
creased the total annual dry matter yield of plants over that of uninoc­
ulated plants from 19.2 t h a"1 to 23.9 t ha-1 , and the total nitrogen 
yield from 250 kg ha- 1 to 300 kg ha- 1 in the first year, reaching 297 
kg ha - 1 N in the second year. The amount of fixed nitrogen was re­
duced from 79 kg ha-1 in the first year to 39 kg ha-1 in the second 
year. Dual inoculation with AM fungi and Rhizobium also resulted in 
maximum use of phosphorus from the soil. Combined inoculation of 
chick pea crops (Cicer arietinum) with AM fungi and Rhizobium 
resulted in better use of phosphorus from mono- and di-calcium phos­
phate compared to the phosphorus use in plants inoculated with AM 
fungi alone (Chaturvedi et al., 1989).

The presence of AM fungi in nodulated legumes often increases 
the efficiency of Rhizobium, resulting in increased nodulation and 
nitrogenase activity. Combined inoculation of red gram, grown in 
phosphorus-deficient tropical soil, with G. fasciculatum and Rhizo­
bium increased nodulation by 178 percent and nitrogenase activity by 
185 percent, compared to inoculation with Rhizobium alone (Chatur­
vedi et al., 1989).

Some strains of a species of Rhizobium have better symbiotic ca­
pabilities than others. Bhandal, Gupta, and Pandher (1989) showed 
that the inoculation of pea crops (Pisum sativum) with Rhizobium 
leguminosarum B164 (hup+, or hydrogenase positive) enhanced all 
symbiotic parameters, while inoculation with strain 23 (hup-  or 
hydrogenase negative) increased only nitrogenase activity and plant 
nitrogen content. Enhanced nitrogenase activity with the hup-  strain 
resulted in increased plant dry matter production and nitrogen con­
tent in the PB88 and PG3 cultivars. Inoculation with an AM fungus 
and the hup+ strain resulted in significantly better symbiotic charac­
teristics than did a single inoculation. Experiments with red gram 
showed that dual inoculation with the hup+ Rhizobium strain and G. 
fasciculatum increased nodulation, nitrogenase activity, plant bio­
mass, and nitrogen and phosphorus content compared to inoculation 
with the hup-  strain and G. fasciculatum or single inoculation with ei­
ther of the organisms. Nodules formed by the hup+ parent strain
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showed more nitrogenase activity and hup activity, and more leghemo- 
globin than the hup-  strain.

Free-Living Nitrogen Fixers

A variety of free-living, nitrogen-fixing microorganisms can be 
found in agricultural soils. Such organisms are not or are only loosely 
associated with plant roots and thus do not form any root nodules. 
These free-living nitrogen fixers may be present in rhizosphere soil 
or may be intimately associated with mycorrhizal roots. The most 
common free-living nitrogen fixers associated with mycorrhizal roots 
are species of Azospirillum, Azotobacter, and Klebsiella.

Azospirillum species are known to fix atmospheric nitrogen and 
enhance plant growth. Dual inoculation of onion plants with Azo­
spirillum brasilense and AM fungi (Glomus sp. and Gigaspora sp.) 
in phosphorus deficient soil in pot culture resulted in increased plant 
biomass production. Nitrogen and phosphorus in shoots and bulbs 
also increased following dual inoculation compared to the content in 
plants following inoculation with single cultures and the content 
in non-inoculated controls (Konde, Tambe, and Ruikar, 1988). Screen­
ing of 60 sweet potato cultivars showed that dual inoculation of sweet 
potato with A. brasilense and AM fungi (G. fasciculatum and G. 
mosseae) in pots significantly increased plant growth, nitrogen and 
phosphorus content, tuber weight, and starch content. Infection by 
AM fungi varied from 13.89 percent to 46.42 percent, depending on 
the genotype (Tilak et al., 1982). Pearl millet crops subjected to dual 
inoculation, with A. brasilense and G. margarita or A. brasilense, and 
G. fasciculatum in unsterile, phosphorus-deficient soil, had increased 
shoot and root biomass, and phosphorus uptake compared to the non­
inoculated controls. Dual inoculation of finger millet with A. brasilense 
and G. caledonium improved shoot and root dry matter production and 
the level of mycorrhizal infection by 75 percent (Tewari, Tandon, and 
Johri, 1987). Dual inoculation of palmarosa (Cymbopogon martini 
var. motia) with G. aggregatum and A. brasilense increased growth, 
yield, and oil content more so than inoculation with AM fungi alone, 
Azospirillum alone, or no inoculation (Ratti and Janardhanan, 1996).

Inoculation with Azospirillum stimulates the growth of cuttings 
when they are planted in a soil inoculated with AM fungi. Mulberry
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cuttings dipped in a peat-based slurry of A. brasilense for 15 minutes, 
dried in the shade, and planted in soil inoculated with 100 g of G. 
fasciculatum (260 spores/100 g of soil), 2.5 cm below the cuttings, 
increased plant biomass production and leaf weight, in a pot experi­
ment. Interestingly, inoculation with Azospirillum alone or AM fungi 
alone had little effect on the development of cuttings (Nagarajan et al.,
1989).

Azotobacters are other free-living, nitrogen-fixing bacteria. Like 
Azospirillum, Azotobacter has a positive effect on plant growth when 
combined with AM fungi, phosphorus-solubilizing microbes, or Rhi­
zobium. In experiments on linseed crops, the maximum improvement 
in shoot biomass production and in nitrogen and phosphorus content 
was obtained by triple inoculation with a P-solubilizing fungus (As­
pergillus niger), an AM fungus (G. aggregatum), and Azotobacter 
chroococcum. Single and dual inoculations of seeds improved plant 
growth and nitrogen and phosphorus uptake compared to no inocula­
tion, but inoculation with G. aggregatum alone produced mycor­
rhizal colonization levels higher than those produced with dual and 
triple inoculations (Kehri and Chandra, 1995). Inoculation of Trigo- 
nella foenum-graecum with G. macrocarpum, Rhizobium meliloti, and 
A. chroococcum resulted in maximum growth and yield of plants 
whereas dual or single inoculation or non-inoculation did not (Bhatta- 
cherjee and Mukerji, 1981). The dual inoculation of three varieties of 
mulberry with an AM fungus and Azotobacter yielded superior re­
sults than did inoculation with single organisms or no inoculation 
(Gowda etal., 1995).

Phosphorus-Solubilizing Microorganisms

A number of phosphorus-solubilizing microorganisms, both bac­
teria and fungi, enhance the effects of AM fungi. These organisms 
not only increase the supply of phosphorus to plants but also increase 
the efficiency of their associated AM fungi. The highest mean grain 
yield, biomass production, and phosphorus uptake in lentils (Lens 
culinaris) were from plants inoculated with G. fasciculatum com­
bined with Pseudomonas striata (a phosphorus-solubilizing bacte­
rium). The next highest yields were from plants inoculated with a 
phosphorus-solubilizing fungus (Aspergillus awamori) alone (Sattar 
and Gaur, 1985). The inoculation of wheat with P. striata, Agrobact­
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erium radiobacter, and AM fungi (G. fasciculatum and G. margarita) 
improved the dry matter yield; maximum yield was derived from in­
oculation and phosphorus and nitrogen fertilization (Gaur and Rana,
1990). The combined inoculation of chili plants with G. macro­
carpum and Bacilluspolymyxa yielded better results than did individ­
ual inoculation and produced the highest fruit yield. It was possible to 
replace 25 percent of the phosphorus with combined inoculation 
compared to individual inoculation (Chandraghatgi and Srinivasa, 
1995).

Phosphorus-solubilizing bacteria improved the efficiency of AM 
fungi. This improvement was observed in an experiment in which the 
inoculation of mission grass (Pennisetum pedicillatum) seeds with a 
phosphorus-solubilizing bacterium and a nitrogen-fixing bacterium 
increased root volume, AM fungal colonization, and number of 
spores in the presence of G. macrocarpum. However, such stimula­
tion was more significant with the nitrogen-fixing bacterium than 
with the phosphorus-solubilizing bacterium (Singh, 1995).

Interaction with Other Soil Microflora

The effect of mycorrhiza on soil microflora is very pronounced. 
Mycorrhizal roots encourage the development of their own micro­
flora in the mycorrhizosphere or mycorrhizoplane. Cladosporium 
herbarum was very abundant in pot cultures of G. fasciculatum, 
G.margarita, A. laevis, and Glomus dussii. The total bacterial popu­
lation, number of nitrogen fixers and gram-negative bacteria were 
significantly higher in pot cultures of G. fasciculatum, G. margarita, 
and S. dussii than in control pots devoid of AM fungi. Spore formers 
decreased and urea hydrolyzers increased in all these cultures and 
in the pot cultures of A. laevis. Pot cultures of G. fasciculatum and 
A. laevis contained a large number of actinomycetes antagonistic to 
pathogens. Fusarium solani, Raustonia solanacearum, and pot cul­
tures of G. margarita contained a large number of actinomycetes an­
tagonistic to the pathogen Xanthomonas compestris var. Vignicola 
(Secilia and Bagyaraj, 1989). Several pathogenic fungi-like species 
of Fusarium, Pythium, and Veticillium occurred more frequently on the 
rhizosphere and rhizoplane of non-mycorrhizal plants than did the root 
zone fungi of mycorrhizal plants (Bansal and Mukerji, 1994).



Fluorescent Pseudomonads are known to promote plant growth. 
They interact positively with AM fungi, further enhancing plant 
growth. Fluorescent pseudomonads which are plant growth promoting 
rhizobacteria (PGPRs) and Bacillus species interacted with indige­
nous AM fungi synergistically increasing the growth and the economic 
yield of wheat plants (Kumar, Gaikwad, and Singh, 1995).

FACTORS AFFECTING EFFICIENCY 
OF TRIPARTITE SYSTEMS

Various factors such as fertilization, soil reaction, moisture, toxic­
ity, and beneficial soil microflora may affect the efficiency of tripar­
tite systems involving plants, AM fungi, and nitrogen fixers. Phos­
phorus fertilization increases the efficiency of the tripartite system in 
phosphorus deficient soils. Dual inoculation of pigeon pea plants or 
cowpea plants grown on phosphorus-deficient, nonsterile soil cou­
pled with the application of 22 kg P ha- 1 increased nodulation, the 
abundance of AM spores in the root zones, plant shoot dry weights, 
and plant nitrogen and phosphorus content (Manjunath and Bagyaraj, 
1986). Similarly, in moong bean plants grown in phosphorus-defi- 
cient soil, seed inoculation with Rhizobium and soil inoculation with 
G. fasciculatum in combination with the application of 40 kg P ha-1 
resulted in the highest yield (Gaur, 1985).

The application of nitrogen and phosphorus fertilizers in phospho­
rus deficient soils also improved the efficiency of the tripartite system. 
Dual inoculation of Leucaena with G. fasciculatum and Rhizobium 
strains R4 and R5 in combination with the application of phosphorus 
and nitrogeri fertilizers improved growth, nodulation, and nitrogen 
fixation of the plant, in addition to increasing its nitrogen and phos­
phorus content, compared to single inoculation with any one of the 
organisms (Chaturvedi and Singh, 1989).

The application of gypsum to the soil also increased the efficiency 
of the tripartite system. The increase in groundnut growth, AM fun­
gal colonization, and nutrient content was maximum with dual inocu­
lation with Rhizobium and AM fungus, together with the application 
of 150 kg ha- 1 of gypsum. Mycorrhizal root colonization, however, 
decreased with larger applications of gypsum up to 450 kg ha-1 
(Gaur and Rana, 1990).
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Certain phosphorus-solubilizing soil organisms increase the effi­
ciency of the tripartite system when inoculated with a combination of 
AM fungi and Rhizobium/Bradyrhizobium. Inoculation of chickpea 
plants with Rhizobium, G. fasciculatum, and Bacillus polymyxa (a 
phosphorus-solubilizing microbe) resulted in significantly greater 
dry matter production and phosphorus uptake, compared to single or 
dual inoculation with any of the test organisms (Chaturvedi et al., 
1989).

INTERACTION WITH PLANT PATHOGENS

Arbuscular mycorrhizae formation generally reduces the inci­
dence of soilborne diseases in plants. Phytoprotection conferred by 
AM fungi varies with the nature of the host plant, mycorrhizal symbi­
onts, and plant pathogens involved, as well as on the conditions of the 
soil environment. Positive research results on the suppression of 
soilborne pathogens by AM fungi have opened up prospects for their 
application in plant production. Several reports have indicated in­
creased resistance to a number of root disease pathogens upon AM 
inoculation of plants. In India, studies have been carried out on the ef­
fectiveness of mycorrhizal fungi against fungal pathogens attacking 
cereals, pulses, vegetables, cash crops, fiber crops, and oilseed crops.

Pathogenic Fungi

Foot root rot of wheat caused by Sclerotium (Corticium) rolfsii 
was controlled by inoculation with G. fasciculatum. S. calospora in 
glass-house pot culture experiments had an inhibitory effect on the 
development of pigeon pea blight caused by Phytopthora drechsleri 
f. sp. Cajani; however, the presence of AM fungi had no effect on
Fusarium wilt of pigeon peas when a high level of Fusarium udum 
was present in the soil (Bisht et al., 1985; Reddy, Rao, and Krishna, 
1988). G. etunicatum induced cowpea tolerance against Macropho- 
mina root rot. Disease incidence was 16 percent in inoculated plants 
compared to 33 percent in uninoculated plants (Ramraj, Shanmugan, 
and Dwarkanath, 1988). Dual inoculation of moong bean plants with 
G. mosseae and Macrophomina phaseolina reduced disease incidence 
from 77.9 percent in plants inoculated with only the pathogen, to 13.3 
percent. Dual inoculation also resulted in an increase in total dry mat­
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ter production and nitrogen, phosphorus, and potassium content of 
plants compared to inoculation with the pathogen (Jalali, Chabra, and 
Singh, 1990). Simultaneous inoculation of pigeon pea plants with 
G. mosseae, G. constrictum, or G. monosporum, and Fusarium oxy­
sporum had no effect on the incidence of wilt in the susceptible and 
the resistant genotypes. However, in the wilt-tolerant genotype, AM 
inoculation reduced wilt severity by 25 percent (Reddy, Rao, and 
Krishna, 1989).

Arbuscular mycorrhizal inoculation also reduces disease inci­
dence in vegetable, oil, and fiber cash crops. Inoculation of tomato 
plants with Glomus mosseae reduced Fusarium wilt from 45 percent, 
in non-mycorrhizal plants, to 11 percent (Ramraj et al., 1988). Coloni­
zation of cumin (Cuminum cyminum) plants by Gigaspora calospora, 
Glomus fasciculatum, G. mosseae, or Acaulospora laevis alone or in 
association with Fusarium oxysporum f. sp. Cumini enhanced nutri­
ent uptake and reduced the severity of wilt in phosphorus-deficient 
sandy loam soils (Sharma and Bagyaraj, 1993). Mycorrhizae reduced 
disease severity caused by Fusarium oxysporum f. sp. vesinfectum in 
cotton (Gossypium herbaceum) and by F. solani in jute (Corchorus 
capsularis) (Bali and Mukerji, 1988). G. fasciculatum reduced the 
number of sclerotia produced by Sclerotium rolfsii in groundnuts in 
pot culture experiments. The mycorrhizal fungus reduced the percent­
age of root infection and chlamydospore production of the pathogen. 
Root and shoot dry weights and phosphorus content of groundnut 
plants were highest in AM plants non-inoculated with the pathogen 
and lowest in plants inoculated with the pathogen only. Further, inoc­
ulation of the mycorrhizal fungus and the pathogen reduced the se­
verity of the disease (Krishna and Bagyaraj, 1983).

Establishment of mycorrhizal symbiosis occurs earlier and more 
rapidly in disease-resistant cultivars than in disease-susceptible culti­
vars. The potato cultivars SSC 1174 and Kafri jyoti range from highly 
resistant to resistant to Phytophthora infestans; AM fungi develop­
ment occurs earlier and more quickly in these cultivars than in highly 
susceptible cultivars. Primary infection was observed at 19 and 12 days 
after emergence in highly resistant and resistant cultivars, respec­
tively (Bhatarai and Mishra, 1984). Diseased plants have rarely been 
found to bear more mycorrhizal infection than healthy plants, but 
horsebean (Vicia faba) plants attacked by F. oxysporum had more
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AM fungal infection than did healthy plants. Soil samples from the 
vicinity of diseased roots contained higher endomycorrhizal spores 
than soil samples collected from healthy root environments (Singh, 
Varma, and Mukerji, 1987).

The soil phosphorus level affects the efficiency of mycorrhizal 
fungi in imparting resistance to plants against diseases. At 0 P kg - 1 
and 40 mg P kg - 1 soil, chickpea plants inoculated with G. aggregatum 
and the wet pathogen F. oxysporum f. sp. Ciceri, 80 and 20 percent of 
healthy chickpea plants exhibited yellowing 45 days after seeding 
(Singh and Singh, 1988). At 80 mg P kg- 1 soil, however, 40 percent 
of plants were found to be healthy and 60 percent showed yellowing. 
The trend remained more or less similar after 75, 105, and 130 days 
of sowing. Root colonization at all three phosphorus levels was more 
or less similar.

Nematodes

Nematodes are widely present in the Indian soils. Numerous spe­
cies of parasitic nematodes feed on living plants and cause a variety 
of plant diseases. The role of AM fungi in reducing the harmful ef­
fects of crop root infestation by many parasitic nematodes has been 
studied in India by many mycorrhiza specialists. In nature, AM fungi 
and plant parasitic nematodes may coexist with or without significant 
influence on each other. Jain and Hasan (1986,1988), in their studies 
on nematodes, showed that AM spores and nematodes occurred in 
every sample of root and rhizosphere soil collected from 25 locations 
of five districts in the Bundelkhand region, which grows berseem and 
various forage legumes and grasses. The spiral nematodes (Helicoty- 
lenchus dihystera) and stunt nematodes (Tylenchorynchus vulgaris) 
were the most common plant parasitic nematodes found. G. mosseae 
was the most common AM fungus. Abundant ectoparasitic nema­
todes were associated with high mycorrhizal counts, indicating that 
these nematodes do not negatively affect AM fungi, and vice versa. 
However, in some crops such as gram, cow pea, and pigeon pea, a low 
incidence of root knot nematode in the roots with a high level of AM 
fungi was observed. Jain and Hasan (1986) had also observed earlier 
that the presence of nematodes did not adversely affect AM fungi 
sporulation. Soil and root samples collected from forage sorghum 
plantations revealed the presence of G. fasciculatum and G. mosseae,
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and three predominant nematodes— Helicotylenchus dihystera, Pra­
tylenchus zeae, and Tylenchorhynchus vulgaris. The number of nem­
atodes was lower where there was 50 percent root colonization by 
AM fungi. Jain and Sethi (1987) observed that Heterodera cajini, 
G. fasciculatum, and G. epigaeus coexisted in cowpea plants. An 
increase in nematode inoculum invariably resulted in reduced root in­
fection and spore production by mycorrhizal fungi. G. fasciculatum 
had a profoundly negative effect on cyst production and nematode 
multiplication, while G. epigaeus tended to stimulate nematode ac­
tivity (Mishra and Shukla, 1995).

The adverse effects of AM fungi on nematodes may either be 
physical or physiological in nature. Reduction in the severity of dis­
ease caused by nematodes may occur through improved plant vigor, 
physiological alteration of root exudates, or through direct impact 
of mycorrhiza on the development and reproduction of nematodes 
within the root tissues. Competition for occupancy may be involved, 
as suggested by the rapid colonization of roots by the AM fungi com­
pared to the slow establishment of nematodes in roots. Nematodes in­
troduced 20 days prior to AM fungi had sufficient time to penetrate 
and establish themselves on the root system, leaving little space for 
the fungus to spread mycelium within the root tissues. When AM in­
oculation was done 20 days before nematode inoculation, fungus es­
tablishment in the root system made it harder for the nematodes to 
proliferate and negatively affect plant growth (Baghel, Bhatti, and 
Jalali, 1990). Root extracts from plants colonized by G. fasciculatum 
caused about 50 percent mortality in the larvae of Meloidogyne 
incognita present in tomato roots, but mycorrhizal roots were not 
shielded against penetration by the nematode larvae. Singh, Singh, 
and Sitaramaiah (1990) showed that the preoccupation of tomato (va­
riety Pusa Ruby) roots by G. fasciculatum, which was coupled with 
biochemical changes including increased lignin deposition and phe­
nol levels, made tomato resistant to the root-knot nematode Meloido­
gyne incognita.

ADOPTION OF MYCORRHIZAE BY PRODUCERS

The fertility of most of the Indian soils is insufficient for crops to 
reach their full yield potential, and phosphorus is particularly limit­
ing. This infertility is the driver behind the development and use of



278 MYCORRHIZAE IN CROP PRODUCTION

agricultural products that ensure a better supply of nutrients to plants. 
In India, the Mycorrhiza Network, headquartered in TERI, New 
Delhi, has been active since 1989. This network brings producers, 
researchers, and policy makers together in an effort to improve the In­
dian agricultural industry. Research throughout the country has dem­
onstrated that AM fungi can play a major role in plant production. 
The results of multilocation trials conducted within an Integrated 
Nutrient Management network project supported by the Department 
of Biotechnology (DBT) also support this conclusion (DBT, 1998- 
2002b). It was also evident from the literature that species of the ge­
nus Glomus are the most abundant and functionally efficient in the 
various agro-climatic conditions of India. Therefore, technology for 
the mass production of G. intraradices on root organ culture was de­
veloped by TERI. The technology was then licensed to industries in 
India. Presently, four industries are engaged in the production of 
inocula through TERI licenses. This development has opened up a 
new era for agricultural crop production. The present production ca­
pacity and projections up to 2006 are indicated in Figure 7.3.

CONCLUSION

AM fungi are ubiquitous and have been recorded on the majority 
of agricultural crops. Mycorrhizae offer several benefits to the host

FIGURE 7.3. Industrial production of Mycorrhiza product in India based on TERI- 
DBT Technology.
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plants, including faster growth, greater drought resistance, improved 
nutrition, and protection from pathogens. Plants are dependent on 
mycorrhiza for growth and productivity. G. intraradices is the most 
efficient at improving rice yield and G. versiforme enhances shoot 
dry weight, nitrogen, and phosphorus concentration in grams. Inocu­
lation boosts root and shoot dry weight and plant height in plants such 
as colocasia, and brinjal, while for onions it results in greater bulb di­
ameter, and dry and fresh weights. Mycorrhizal inoculation increases 
the mineral content of plants. Mycorrhizal association has been 
found to enhance rooting and promote growth of plants propagated 
from cuttings or by tissue. Mycorrhizal plants can do well under wa­
terlogged conditions where AM inoculation may also increase yields. 
Inoculated medicinal plants are taller and more productive than non- 
inoculated ones. The nutrient requirements of pulses are met through 
Rhizobium while their phosphorus and moisture requirements are 
better fulfilled with the assistance of AM fungi. AM fungi interac­
tions with microorganisms of the rhizosphere of host plants generally 
result in better plant growth, and dual or multi-organism inoculation 
is preferable to single inoculation. Mycorrhizal associations also pro­
tect plants against soilborne diseases caused by bacteria, fungi, and 
nematodes.

A low supply of inoculum for large-scale field trials has limited 
the application of AM fungi in agriculture. TERI has overcome 
this hurdle by developing a commercially viable technology for 
mass production of AM inocula. (Tiwari, Prakash, and Ad­
holeya, 2003)

TERI also maintains a vast AM fungi collection in its germplasm 
bank, the Center for Mycorrhizal Culture Collection. This collection 
of mycorrhizal fungi, the largest in Asia, was developed to enhance 
agricultural production in an economical and sustainable manner. 
Major successes have been achieved with the large-scale production 
of sugarcane, banana, vegetables, and cash crops, due to the geo­
graphic location of their production and their current market penetra­
tion. Slowly but gradually, more and more cropping sequences are 
being studied and evaluated within AM management-based cropping 
systems. The adoption of new practices and the confidence of re-
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searchers regarding the future success of AM technologies in India is 
driven by the fact that the economic strength of growers is very weak 
and more than 70 percent of producers are in the category of marginal 
producers. The ever-rising costs of widely used agrochemicals is a 
major problem in India, and any net input cost-reduction is most wel­
come for producers, a vast group in a country such as India, where ap­
proximately 25 percent of the GDP is dependent on agriculture.

The effect of tillage, cropping systems, organic amendments, and 
application of fertilizers and pesticides on the mycorrhizal associa­
tions of crops may have an important impact on yields. Residue- 
mulched fields, in contrast to residue-burned fields, are conducive to 
soil microbial activity and have enhanced fertility. The association of 
mycorrhiza with host plants is influenced by edaphic and climatic 
factors affecting root colonization, AM fungi sporulation, and plant 
uptake of minerals. Indian agriculture depends heavily on rainwater 
and G. fasciculatum shows maximum root colonization and sporula­
tion in severe water stressed conditions. Arbuscular mycorrhizal 
fungi are found in high pH as well as in saline soils. They enhance 
host plant growth in adverse conditions, which is very helpful in the 
reclamation of wastelands. Mycorrhizal associations also vary sea­
sonally, influencing crop yield. The negative impact of industrial dis­
charges, pollution, and metal toxicity of soil can be reduced by 
mycorrhizal colonization. The reclamation of fly ash ponds using 
mycorrhizal biotechnology is convenient, as the country is rapidly 
developing its capacity to produce electricity.

We have seen that AM fungi benefit many agricultural crops 
grown in India, including cereals, coarse cereals, pulses, oilseeds, 
cash crops, and a wide range of fruits and vegetables. Arbuscular 
mycorrhizal fungi also interact with other microorganisms and, through 
these interactions, may have multiplier effects on plant growth and 
protect them from pathogens. Thus, AM associations increase plant 
productivity and ultimately enhance yield to meet the requirements 
of growing populations in an increasingly constrained environment. 
The future of Indian agriculture therefore depends on the success of 
these research efforts, which ultimately means returning to nature 
and reducing the dependence of agriculture on agrochemicals.
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Chapter 8

Mycorrhizae and Crop Production 
in a World of Rapid Climate Change: 

A Warning Call
Mayra E. Gavito

There have been many reviews of the arbuscular mycorrhizal asso­
ciation and global climate change in the past ten years (Staddon and 
Fitter, 1998; Rillig and Allen, 1999; Fitter, Heinemeyer, and Staddon, 
2000; Treseder and Allen, 2000; Staddon, Heinemeyer, and Fitter, 
2002; Fitter et al., 2004). In contrast, relatively few research papers 
have been published on the subject. Roughly 40 papers have been 
published on the increase in atmospheric CO2 , fewer than ten on the 
increase in temperature, and fewer than ten on N deposition, UV-B 
radiation, or ozone effects. Fewer than half of those papers have di­
rect relevance to crop production and only a handful of those are field 
experiments. Almost everything that can be said at the moment has 
already been said in one way or another in previous reviews and little 
material is available for a discussion of what is specifically relevant to 
crop production. I must say that when I was first invited to write this 
chapter, I was going to decline. The main reason I accepted the job 
was to provide what had been missing in previous reviews, that is, to 
provide a clear idea of what is coming, to identify knowledge gaps, 
and to redefine the most pressing issues accordingly. In regard to the 
general biology of the arbuscular mycorrhizal association, Fitter’s re­
cently published review (Fitter et al., 2004) accomplishes that task 
nicely. One of the two main goals of this chapter is to attempt to focus 
on what is relevant to crop production.
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The other reason for taking the job was that through this book 
about mycorrhizae and crop production, I thought I might be able to 
reach a forum that has been abandoning mycorrhizal research over 
the past ten years. The exodus of agronomists from mycorrhizal re­
search has been justified, as we failed to show that the arbuscular 
mycorrhizal association was important to crop production in con­
ventional, high-input agriculture. Ryan and Graham (2002) suggested 
that in many production-oriented agricultural systems, the C-costs 
derived from the establishment of arbuscular mycorrhizal associa­
tions outweighed any benefits to crop plants. The role of the arbuscular 
mycorrhizal association in agriculture remains, however, controver­
sial because of other examples where mycorrhizal benefits were 
found (Gavito and Miller, 1998; Goicoechea et al., 2004) and because 
of the increasing fertilizer, tillage, and pesticide regulations pushing 
toward more sustainable agriculture. Sustainable agriculture is a sce­
nario where mycorrhizae have a better chance of showing their bene­
fits and where yields are not the main criterion of success.

At the last international conference on mycorrhizae held in Mon­
treal, Canada, in 2003, although inoculation trials, inoculant produc­
tion, and yield enhancements were the subject of a symposium and 
numerous papers (Janos, 2004), pest control, bioremediation, and 
landscape restoration had clearly taken over the field of applied 
mycorrhizal research. This was also justified. We have been better at 
showing that the arbuscular mycorrhizal association is extremely 
useful in fixing environmental problems and that mycorrhizal fungi 
are consistently useful organisms whenever plants and almost any 
form of stress are combined. Not surprisingly, one of the most com­
prehensive recent reviews of agroecosystem responses to global cli­
mate change does not include a single word about mycorrhizae 
(Fuhrer, 2003). Nevertheless, it is becoming increasingly clear that 
mycorrhizae have many important functions in ecosystem sustain­
ability (including, of course, agroecosystems) apart from the old, 
plant-centered, biofertilizer function that most agronomists wished 
to find in them. Fortunately, with the increasing awareness of envi­
ronmental damage, many countries are adopting new agricultural 
policies that place increasing importance on sustainability. The sec­
ond main goal of this chapter is to call on agronomists and others in­
terested in crops or applied aspects of mycorrhizal research to renew
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their interest in mycorrhizae because there will be a plethora of 
sources of crop stress in the near future. Unless we give up growing 
crops in open land, tackling environmental stress will be the chal­
lenge of the coming years and the arbuscular mycorrhizal association 
will likely regain its importance in crop production.

The review papers cited synthesize most of what has been done 
and what is known on the subject of mycorrhizae and global climate 
change and I strongly encourage readers to read them. I will attempt 
to focus exclusively on the information most relevant to crop produc­
tion and on my two main goals.

GLOBAL CLIMATE CHANGE: 
WHAT IS REALLY COMING 

AND WHY SHOULD WE WORRY?

A few months ago, in a presidential address in the Journal of Ecol­
ogy, John Grace (2004) described the evolution of public concern 
about environmental change. The story is quite recent, having started 
in the 1960s, and I am proud to say I belong to the generation that was 
bom at the dawn of environmental consciousness. The most discour­
aging message of Grace’s contribution was perhaps that the develop­
ment of public awareness of environmental change has been far too 
slow to make us fully conscious of the magnitude of the problem.

Human activity since the beginning of the Industrial Era is un­
doubtedly changing the climate of our planet at an unprecedented rate 
(IPCC, 2001a). Atmospheric CO2  increased from 280 ppm (years 
1000-1750) to 368 (year 2000) and is predicted to reach almost 
1,000 ppm by year 2100. The global mean temperature increased by 
0.6°C + 0.2°C over the last century and will likely gradually increase 
by 1.4°C-5.8°C in this century (IPCC, 2001b). Even considering the 
beneficial effects of increasingly stringent environmental regulations 
and various compensatory activities, there is strong evidence that sig­
nificant global changes relative to those observed in previous centu­
ries will continue in the near future. Evidence continues to build that, 
despite the concerted efforts to reduce greenhouse gas emissions and 
to increase C sequestration, emissions will continue to exceed the 
Earth’s sink capacity and global climate will continue to change for a
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long time. Even if we managed to stabilize atmospheric CO2  at levels 
between 450 and 1,000 ppm in this century, it is likely to take several 
centuries to reach the equilibrium temperature rise (IPCC, 2001a).

The rate of global climate change has raised concerns about the 
performance and, in some cases, even the survival of some organisms 
that have no time to migrate or to adapt to rapidly changing environ­
ments. If the observed changes in biological and physical indicators 
of alterations in the Earth’s atmosphere, climate, and biophysical 
system during the last century were not alarming enough for the sep- 
tics, there are two words that comprehensively define the predictions 
for the world’s climate during this century: extreme and variable. 
Briefly, we are expecting higher maximum and minimum tempera­
tures, more hot days and heat waves, drought, fewer cold days, and 
fewer frost days and cold waves over nearly all land areas. Significant 
disruptions of ecosystems from disturbances such as fire, drought, 
pest infestation, invasion of species, floods, storms, and soil erosion 
are also expected to increase (IPCC, 2001a).

Most papers and reviews dealing with climate change and crop 
production in the past ten years have concentrated on the fertilizer ef­
fect of increasing atmospheric CO2 , increasing temperature, predicted 
yield increases, and potential yield limitations (Rogers, Runion, and 
Krupa, 1994; Fuhrer, 2003). This picture of the climate change sce­
nario for this century is a definite eye-opener: the most pressing is­
sues in crop production now have much to do with the risk of crop 
damage and survival.

The priority areas for mycorrhizal research and crop production in 
the future should include risk of damage by drought, heat, pests, 
wind, flooding, invasive species, and erosion. It will be of little use to 
continue to investigate atmospheric CO2  or temperature increases 
without considering the potential accompanying events associated 
with climate change. Although the benefits of mycorrhizal associa­
tions have been demonstrated in crops under stress conditions in nu­
merous experiments carried out in controlled environments, few field 
studies have been conducted. Field experiments manipulating tem­
perature, water, pest injury, wind exposure, soil quality, and weed 
invasion are badly needed to test the potential of mycorrhizal associa­
tions to help plants and soils to overcome extreme and variable cli­
mates.
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HISTORICAL DEVELOPMENT

Most of the early research involving the response of mycorrhizal 
fungi or mycorrhizal plants to global climate change factors was pub­
lished in the 1990s and was related mainly to the increase in atmo­
spheric CO2 . It was hypothesized that the fertilizing effect of CO2  

would result in an increased supply of C for mycorrhizal fungi, fun­
gal growth promotion (Treseder and Allen, 2000), and consequently 
greater benefits for the host plant as a result of the enhancement in 
fungal activity (Fitter, Heinemeyer, and Staddon, 2000). However, 
this turned out to be a disappointment. The overall conclusions of 
earlier studies have been that, because increases in atmospheric CO2  

were perceived by mycorrhizal fungi only through their effects on 
host plants, the fungal responses were dependent on the direction and 
magnitude of the plant’s response to atmospheric CO2  enrichment 
(Fitter et al., 2004). The response was only indirect. Fungal develop­
ment was always proportional to the growth response of the host 
plant (Figure 8.1), and the response trends of the intraradical and 
extraradical mycorrrhizal mycelium to fertility treatments, for exam­
ple, were not altered by the CO2  or CO2 + warming treatments (Fig­
ure 8.2). Staddon, Graves, and Fitter (1999) tested and confirmed the 
proportionality between plant and fungal development at two levels 
of atmospheric CO2  using ten host plant species. Fungal function, ex­
emplified by hyphal P uptake, was not altered by exposing the host 
plant to increased atmospheric CO2  (Table 8.1; Gavito, Bruhn, and 
Jakobsen, 2002; Gavito, Schweiger, and Jakobsen, 2003). Moreover, 
there was a very interesting and intriguing response in total plant P 
uptake. Total plant P uptake was similar in non-mycorrhizal plants, 
low mycorrhizal colonization plants, and high mycorrhizal coloniza­
tion plants at ambient atmospheric CO2 , but increased linearly with 
the degree of mycorrhizal colonization when grown with atmo­
spheric CO2  enrichment (Figure 8.3a). This indicated that mycorr­
hizal colonization helped plants to increase their root P uptake 
capacity even though it was determined that hyphal P uptake was not 
directly responsible for this response. Mycorrhizal colonization may 
alter the capacity of roots to take up P independently of the fungal 
contribution to P uptake, and the lack of correlation between 
mycorrhizal P uptake and host growth or host total P uptake has re-
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FIGURE 8.1. Root (a) and mycorrhizal hyphae (b) length density values (mean ± 
SE) from soil and winter wheat measured during the growing season in field 
plots in Foulum Denmark at ambient or elevated (500 ppm) atmospheric [C02]. 
Elevated atmospheric [C02] was achieved by C 02 fumigation in FACE (Free 
atmospheric [C02] enrichment) rings. Mean minimum soil temperature was 5°C 
and maximum soil temperature was 17°C during the growing season.

cently been demonstrated with several host and fungal species (Smith, 
Smith, and Jakobsen, 2004). In addition, it was shown that neither 
mycorrhizal colonization nor atmospheric CO2  enrichment had strong 
effects on the root dynamics of the host plant that might have contrib­
uted to this response (Gavito et al., 2001). The conclusion of those 
studies was that it is the host plant that sometimes is limited by C avail­
ability (as expected at least for most plants with C3 photosynthesis) 
and that is why it is the host plant that responds to atmospheric CO2

enrichment, not mycorrhizal fungi. A significant benefit of being 
mycorrhizal when atmospheric C availability was increased for a C-
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FIGURE 8.2. Root (a) and mycorrhizal hyphae (b) length density values (mean + 
SE) from soil and spring wheat root samples taken from 20 kg soil columns main­
tained at ambient atmospheric [C02], elevated (700 ppm) atmospheric [C02], or 
elevated atmospheric [C02] +4°C in soil and air temperature. Wheat plants were 
grown at field planting density in growth rooms simulating outdoor temperature 
changes during the growing period in Denmark and soil temperatures were 
achieved by placing the soil columns in air-cooling chambers placed inside the 
growth rooms. Plants were harvested and soil and roots were sampled when 
they reached a fixed phenological Zadok’s stage in the treatment with better 
growth. Soils with the different fertilization treatments were collected from adja­
cent long-term fertilization plots in Askov, Denmark.

limited host plant resided in the possibility of maintaining its C fixa­
tion capacity and growth potential through the enhanced C sink 
strength exerted by the activity of the fungus (Figure 8.3b; Staddon, 
Fitter, and Robinson, 1999; Syvertsen and Graham, 1999; Jifon et al.,
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TABLE 8.1. Total P and 33P activity concentration and content, and P-use effi­
ciency in shoots of nodulated pea plants growing at ambient or elevated atmo­
spheric [C 02], 10°C or 15°C soil temperature and inoculated with Glomus 
caledonium or the native AMF from field soil. All plants were harvested 74 days 
after emergence. 33P activity originated from mycorrhizal hyphae penetrating the 
mesh of a 33P labeled root exclusion compartment. There was basically no 
hyphal growth in the root exclusion compartment at 10°C Mean (SE, n = 4).

Treatment mg g
[^P activity] 

Bq g 1
Total P 

mg pot 1
activity 

KBq pot

P-use 
efficiency 

g d w mg” P
10°C
Ambient C02
Glomus
caledonium

1.56 (0.04) 12(7) 66 (6) 0(0) 0.71 (0.02)

Field soil 1.53 (0.06) 19(26) 47 (6) 0.116(0.112) 0.74 (0.05)
Elevated C02
Glomus
caledonium

1.48 (0.04) 2(4) 71 (8) 0,088 (0.173) 0.79 (0.03)

Field soil 1.55 (0.13) 32 (39) 52 (11) 0.392 (0.676) 0.78 (0.04)
15°C
Ambient C02
Glomus
caledonium

1.54 (0.05) 402 (73) 116(6) 17.88(5.07) 0.69 (0.03)

Elevated C02
Glomus
caledonium

1.50 (0.09) 309 (77) 121 (2) 14.19(4.88) 0.73 (0.05)

Field soil 1.89 (0.10) 1,692 (395) 99(14) 45.31 (16.09) 0.56 (0.05)

Source: From Gavito, Schweiger, and Jakobsen (2003) with permission.

2002). This benefit allowed plants to achieve greater growth through 
sustained greater plant nutrient and water uptake under elevated at­
mospheric CO2 . Mycorrhizal fungi, in turn, were growing and func­
tioning as usual (perhaps encountering a new root to colonize more 
often than at ambient atmospheric CO2 , allowing them to grow a little 
more) and had not even noticed, so to speak, that something was go­
ing on aboveground.

Few studies have dealt with mycorrhizae and global climate change 
factor interactions, but those that have indicate that atmospheric CO2

will likely interact with water availability (Rillig et al., 2001; Staddon 
et al., 2003) and not so much with increasing temperature (Gavito,
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FIGURE 8.3. Shoot-P content in 33 and 57-day-old pea plants, (a). Light-satu- 
rated C 02 assimilation rates measured at the growth [C02] from pea plants (b). 
The C 02 assimilation rate is an average of three measuring dates (27, 31, and 
44 days after emergence). Plants were grown in 20 kg soil columns at ambient 
(open bars) or elevated (shaded bars) atmospheric [C02], and inoculated with 
0 percent (non-mycorrhizal, NM), 1 percent (low inoculum, LM) or 5 percent 
(high inoculum, HM) of soil dry weight with a mixture of three Glomus species. 
Bars denote mean ± SE, n = 5 (From Gavito, Bruhn, and Jakobsen, 2002, with 
permission).

Schweiger, and Jakobsen, 2003). Nutrient availability or a small in­
crease in temperature (Figure 8.2) seemed not to interact with atmo­
spheric CC>2 (Gamper et al., 2004). Unfortunately, most other pub­
lished papers examining interactions with other factors deal only with 
temperate forest tree species.
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After being neglected during the first ten years of climate change 
research, more attention has finally been given to the predicted in­
crease in temperature. Temperature is the global climate change fac­
tor that may have the most significant effects on the arbuscular 
mycorrhizal association because it directly affects most living organ­
isms as well as abiotic processes. The arbuscular mycorrhizal associ­
ation is expected to respond to increasing temperature when either 
plants or mycorrhizal fungi are below or above their temperature op­
tima. Plants grow typically within a 5°C to 50°C temperature range 
and mycorrhizal fungi are expected to have a similar temperature 
range. Indeed, most studies indicate that arbuscular mycorrhizal 
fungi develop well within 5°C and 37°C (Staddon, Heinemeyer, and 
Fitter, 2002), at least inside the roots, and responded positively to 
temperature increases when they were below their optima (Liu, 
Wang, and Hamel, 2004) or negatively when they were above their 
optima (Monz et al., 1994; Heinemeyer et al., 2003; Staddon et al., 
2003). Unfortunately, very few studies have reliable, or any, mea­
surements of fungal development in soil and it seems that intraradical 
and extraradical mycorrhizal development is impaired at both low 
(Gavito, Bruhn, and Jakobsen, 2002; Gavito, Schweiger, and Jakob­
sen, 2003 and unpublished; Liu, Wang, and Hamel, 2004) and high 
(Staddon et al., 2003) temperatures. Evidence that the intraradical 
and extraradical mycelium have different optimum temperatures is 
starting to build and further research is needed to understand this ba­
sic response and its mechanisms.

Although the first direct effects of temperature on host plants and 
mycorrhizal fungi were reported just a few months ago (Heinemeyer 
and Fitter, 2004), it appears that at least part of the response measured 
in the fungus is attributable to the response of the host plant (Gavito 
et al., unpublished). This means that there are likely both direct and 
indirect effects of temperature on the mycorrhizal association. The 
proportion of each should be investigated in the most natural condi­
tions possible in order to obtain realistic estimates. A small increase 
in temperature affecting only the upper centimeters of the soil layer 
had little effect on growth or composition of the arbuscular mycor­
rhizal fungal community of a native grassland (Heinemeyer et al., 
2003), but a larger temperature increase affecting a larger soil volume 
may produce a significant change. Mycorrhizal function, exemplified



again as P uptake, translocation, and transfer to the host plant, was 
little affected within a 10°C to 25°C range (Wang et al., 2002; Gavito 
et al., unpublished) although temperatures near the freezing point 
prevented P movement to the plant (Wang et al., 2002). Temperature 
effects on fungal development did not seem to interact with P (Figure 
8.4) or light availability (Heinemeyer et al., 2003) but did with water 
availability (Staddon et al., 2003).

There have been few studies dealing with other climate change 
factors, such as UV-B radiation (van den Staaij et al., 2001). Ozone 
and N deposition have been investigated in tree species only. Our 
knowledge in these areas is still too limited to draw any conclusions.
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NEGLECTED AND NEW RESEARCH AREAS

The most important gaps in the general biology of the arbuscular 
mycorrhizal association hampering our progress toward a better under­
standing of the functioning of the symbiosis in current or future condi-

FIGURE 8.4. Intraradical colonization percentages (mean ± SE) measured in 
roots of spring wheat plants grown at three soil temperatures commonly experi­
enced in the field at the beginning of the growing season in temperate areas. 
Plants were grown in 20 kg soil columns at field planting density and placed in 
growth rooms with controlled conditions. Soil temperatures were achieved by 
placing the soil columns in air-cooling chambers placed inside the growth rooms. 
Plants were harvested and soil and roots were sampled when the plants reached 
flowering in the treatment with better growth (15°C).



304 MYCORRHIZAE IN CROP PRODUCTION

tions were addressed in a recent review (Fitter et al., 2004). Besides 
those gaps and the already mentioned gaps in studies investigating 
global climate change factor interactions, there have been too few stud­
ies on other components or side effects of global climate change, such 
as ozone, UV-B radiation, water availability, soil fertility, and soil pro­
tection. The latter three deserve particular attention in crop production 
in view of the expected climate variability.

High-performance plants growing on healthy soils will be required 
to face extreme conditions. Promising results have been gathered in 
the area of soil stabilization and protection (Rillig et al., 1999; Rillig 
et al., 2001; Treseder et al., 2003), but more experiments are still 
needed. Arbuscular mycorrhizal fungi are effective and highly resis­
tant soil stabilizing agents and their numerous environmental and 
plant nutritional benefits on crop production and soil quality are just 
being realized. This is a very important and promising research area 
and merits greater attention. The potential of the arbuscular mycor­
rhizal association in pest control has, fortunately, already been exam­
ined in numerous studies as a result of the increasingly stringent 
environmental regulations on the use of agrochemicals. New re­
search should be focused on combining these studies with realistic 
scenarios incorporating climate changes and their consequences.

It is also important to develop new research areas in the field of 
crop production. It is becoming crucial to explore crop resistance to 
climatic stress and to examine the potential for establishing and man­
aging mycorrhizal associations for crop and soil protection. Field 
evaluations are urgently needed to evaluate:

• the susceptibility of crops, mycorrhizal fungi, and soils to cli­
mate variability and extreme conditions;

• the potential of the arbuscular mycorrhizal association to in­
crease crop resistance to climate variability, and extreme condi­
tions; and

• the potential of the arbuscular mycorrhizal association to reduce
soil erosion and improve soil quality under highly variable and
extreme climate conditions.

These evaluations should be combined with simulations of other 
relevant consequences of climate change, such as drought, pest infes­
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tation, invasion of species, floods, storms, soil erosion, and alter­
ations in soil quality.

Other neglected areas in crop production are, for example, the in­
teractions between mycorrhizae and other root symbionts whose 
combined activities may be synergistic or antagonistic since they im­
prove nutrition but compete for plant photosynthate, such as nitro­
gen-fixing bacteria. The complexity of the response of symbiotic N2  

fixation to climate change factors, especially elevated CO2 , has been 
well documented (Luscher et al., 2000, and references therein). How­
ever, these kinds of interactions are extremely important to crop per­
formance and we have to make an effort to obtain key information on 
the interaction of such organisms. Unfortunately, the required experi­
ments involving several organisms and climate change factors are not 
only cost prohibitive, but are also so complex and difficult to design, 
conduct, and interpret that new approaches have to be explored to 
address this problem.

As suggested recently by Norby and Luo (2004), interactive mod­
eling and experimentation targeted at improving parameterization are 
an affordable and powerful alternative tool for exploring responses to 
multiple changing factors at a larger scale. Simple experiments with 
one or two factors may be quite useful if they are designed specifi­
cally to strengthen parameterization and fill important gaps. Mycor­
rhizae have rarely been included in modeling efforts, and once again 
this seems justified in view of the complexity and fragmentation of 
the existing information (see review by Woodward and Osborne, 
2000), but we clearly have to make a greater effort. Mycorrhizal re­
search related to climate change should be incorporated into the 
above-mentioned parameterization and modeling efforts and we have 
to open a dialogue with modelers to generate the key information 
needed.

Perhaps the two most important outcomes of the studies conducted 
in this field to date are (1) that we have learned that the arbuscular 
mycorrhizal symbiosis is proving to be an indivisible unit and (2) that 
we are handicapped in making any serious predictions by the numer­
ous gaps and methodological limitations in studying this complex in­
divisible unit. Both plants and mycorrhizal fungi grow and function 
differently when the symbiosis is established and our initial efforts to 
provide modelers with independent estimates of the response of
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plants and mycorrhizal fungi to climate change factors proved to be 
useless. A growing body of evidence shows that plant-fungi specific­
ity exists and must be considered when studying mycorrhizal associ­
ations (Fitter et al., 2004). If we want to give meaningful estimates of 
their responses to global climate change factors, we have to use the 
plant-fungi combinations as established in the field and think of 
plants and mycorrhizal fungi as a single unit.

This would by no means diminish previous approaches or attempts 
to investigate each symbiotic partner independently. Those studies 
have been extremely useful in providing an understanding of how 
each partner works. However, we must bear in mind that although the 
processes and mechanisms operating might be the same when they 
live together, the numbers will not necessarily match, add or multiply 
in a straightforward manner. For example, attempts to expose the 
extraradical mycelium locally to temperature treatments may be a 
useful way to test for the fungus’ own capacity to respond to the treat­
ment and understand how each partner contributes to the response, 
but even this localized response is unavoidably linked to C supply 
from the host plant, which may also be influenced by the treatments. 
We know that arbuscular mycorrhizal fungi and host plants respond 
directly to temperature changes within the range tested and we know 
the direction of their response, but the ultimate balance of what they 
will do in field conditions should be tested and measured. Most 
important, it should be measured in directly comparable units. The 
development of reliable methods using molecular techniques for ac­
curately identifying and quantifying known and unknown (uncultiv- 
able) fungi in roots and soil is impatiently awaited and the first field 
studies using molecular tools to trace mycorrhizal fungi in global cli­
mate change studies are now being published (Staddon et al., 2003; 
Heinemeyer et al., 2004). Radioactive isotopes (Gavito, Bruhn, and 
Jakobsen, 2002; Gavito, Schweiger, and Jakobsen, 2003) and stable 
isotopes (Staddon, 2004), either alone or in combination with bio­
chemical analyses, such as signature fatty acids (Gavito and Olsson,
2003), are also useful tools for marking and especially quantifying 
mycorrhizal fungi or their activity in roots and soil. They do not dis­
tinguish what fungal species is responsible for the observed values 
measured, but this is not always relevant, and we may still provide 
valuable answers. Stable isotope probing (SIP), the separation of nu­
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cleic acids of different organisms according to their abilities to use 
substrates labeled with stable isotopes, is developing quickly and 
provides a very powerful research tool in microbial ecology (Ander­
son and Cairney, 2004). This method is very promising and has the 
added benefit of identifying the active microorganisms involved in 
each process.

CONCLUDING REMARKS

Despite the many difficulties involved in working with arbuscular 
mycorrhizal symbiosis and despite the large number of researchers 
who have abandoned this field of research, there are still many faith­
ful enthusiasts working in this field. We have reason to be happy 
about that because there is indeed much material to keep us busy for 
many years. I hope those interested in crop production will find their 
way back to mycorrhizal research and I am confident that mycor­
rhizal plants growing on stable soils will cope better with the rapidly 
changing climate.
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