6
INTERACTIONS AMONG
MYCORRHIZAL FUNGI,
RHIZOSPHERE ORGANISMS, AND
PLANTS
ELAINE R. INGHAM
Oregon State University
Corvallis. Oregon
RANDY

MOLINA

U.S. Department of Agriculture. Forest Service
Pacific Northwest Research Station
Corvallis. Oregon

I Introduction
2 Plant processes influencedby mycorrhizalcolonization
2.1 Root exudation
2.2 Plant carbon allocation
2.3 Nutrient uptake
3 Mycorrhizosphereinteractions
3.1 Belowgroundfood web
3.1.1 Interactions with nitrogen fixers
3.1.2 Bacteria
3.1.3 Saprophytic fungi
3.1.4 Protozoa
3.1.5 Nematodes
3.1.6 Arthropods
3.1.7 Mammals
3.2 Protection of plants against root pathogen attack
3.2.1 Physicalprotection
3.2.2 Production of antagonistic compounds
Microbial Medialion of Planl-Herbivore Inlera('lion.~.Ediled by Pedro Barbosa. Vera A. Krischik.
and Clive G. Jones
ISBN

0-47 1-6 I 324-X

~, 1991

John

Wiley

& Sons.

Inc.

169

170

MYCORRHIZAL FUNGI, RHIZOSPHERE ORGANISMS. AND PLANTS

3.2.3 Improved plant nutrition
3.2.4 Modificationof root exudation
3.3 Litter decomposition rates and nutrient cycling
3.4 Aboveground herbivore grazing
3.5 Plant growth hormones
3.6 Soil aggregation
3.7 Plant competition, community structure. and succession
4 Summary and conclusions
References

I

INTRODUCTION

In this chapter we discuss interactions of mycorrhizal fungi with rhizosphere
organisms and the consequences of those interactions to belowground and
aboveground organisms. Colonization of roots by mycorrhizal fungi results
in changes in (1) the types and amounts of exudates produced by roots; (2)
the manner in which plant carbon is allocated among leaves. shoots. and roots
of plants; (3) the nutrient status of plants (most notably in concentrations of
phosphorus, nitrogen, micronutrients, and heavy metals), and perhaps, (4)
in drought tolerance or resistance of the plants. These changes affect more
than the symbiotic relationship of the plant and fungus but also influence
other organisms which comprise the below ground food web (Hunt et aI.,
1987). As a result, a broad group of processes, such as nitrogen fixation. litter
decomposition, nutrient cycling, disease or pathogen incidence, soil aggregation, plant competition, and succession, may be directly or indirectly affected.
In this chapter we concentrate on interactions occurring after colonization
occurs, not on factors which influence the mycorrhizal colonization processes.
Related topics are thoroughly addressed in other literature: phylogenetic
relationships, taxonomy, and classification of mycorrhizal fungi (Trappe and
Molina, 1986); biotic and abiotic factors influencing mycorrhizal fungi before
root colonization [Bowen, 1987; Rabatin and Stinner. this volume (Chapter
5)]; and cytological processes during colonization (Harley and Smith, 19X3).
The differences between nonmycorrhizal and mycorrhizal plants are based
on the physiological effects of colonization (or infection) by either vesiculararbuscular mycorrhizal (VAM) or ectomycorrhizal (EM) fungi on the plant
host. In the first part of this chapter we summarize data on the influence of
mycorrhizal colonization on plant processes, such as root exudation, carbon
allocation, and nutrient uptake. In the remainder of the chapter we discuss
the effects of mycorrhizal colonization on (1) the belowground food web
(including bacteria, saprophytic fungi, protozoa. nematodes. and microarthropods); (2) pathogen attack of plants; (3) litter decomposition rates; (4)
aboveground grazing by herbivores; (5) plant growth hormones; (6) soil aggregation; and (7) plant competition. community structure, and succession.

PLANT PROCESSES INFLUENCED BY MYCORRHIZAL COLONIZATION

171

2 PLANT PROCESSES INFLUENCED BY MYCORRHIZAL
COLONIZATION
2.1

Root Exudation

That mycorrhizae modify root exudation seems clear. However. less is known
about the exudate that diffuses into the rhizosphere before colonization. the
amount that is shunted to the fungus. the amount released into the rhizosphere, and whether these amounts vary under different conditions. Changes
in exudation patterns not only affect further colonization by mycorrhizal fungi
but markedly change substrate quality, and thus the growth of pathogens and
beneficial organisms in the rhizosphere [see Benedict et ai., this volume
(Chapter 6)].
Both VAM and EM colonization have been reported to reduce and change
the quality of root exudates. Ratnayke et al. (1978) and Graham et al. (1981)
suggested that increased root exudation by phosphorus (P)-deficient plants
stimulates VAM colonization. Rambelli (1973) showed that following VAM
colonization, root exudation decreased. causing a qualitative change in rhizosphere biota. As colonization occurs, root concentrations of P increase.
leakage of exudates through the plant plasmalemma decrease, and mycorrhizal colonization diminishes proportionately (Harris and Paul. 1987). Mycorrhizal colonization probably changes root exudation from easily utilizable
sugars to more complex amino acids (Katznelson et al.. 1962). Laheurtc and
Berthelin (1986a) found that total monosaccharide release was reduced with
VAM colonization. but the relative amounts of glucose. man nose. and amino
acids (mainly arginine) were higher. At low colonization rates. the growth of
maize was promoted by vesicular-arbuscular mycorrhizae (VAM), and total
root exudation was decreased; at high colonization rates plant growth was
not improved, but root exudation increased (Laheurte and Berthelin. 1986a).
Although root exudation may trigger mycorrhizal colonization. the amount
of plant exudate produced is not sufficient to support continuous mycorrhizal
development (Schwab et ai., 1983).
Pathogens and mycorrhizal fungi compete for plant exudates, and the "winner" often changes plant exudation, presumably to suppress the competitor
or improve its own colonization. Graham and Menge (1982) found that the
decrease in wheat take-all disease, caused by Gaeumannomycesgraminis.
resulted partly from improved plant P levels following VAM colonization,
but mostly from decreased root exudation prior to pathogen attack. Increased
P concentration in the plants decreased net exudation from roots and reduced
pathogen activity. Malajczuk (1979) found that the microflora around ectomycorrhizae of pine suppressed P. cinnamomi. probably as the result of a
change in root exudation. Alternatively. an increase in arginine exudation
following VAM colonization reduced chlamydospore production by Thielaviopsis basicola (Baltruschat and Schonbeck. 1975).

In other cases, pathogens can outcompete mycorrhizalfungi for root exudates. In Verticilliumattack of tomatoes (Baath and Hayman. 19M3).Ver-
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ticillium was a better competitor for root exudates than were VAM fungi.
and once infection was established, Verticilliumreduced root exudation and
VAM colonization,
2.2

Plant Carbon Allocation

The carbon-sink theory states that in plants limited by P (e.g.. nonmycorrhizal
plants), the conversion of sucrose to sucrose-6-P is limited. Basal plant respiration is altered by mycorrhizal colonization (reviewed by Harley and Smith,
1983). Starch, the sucrose precursor, accumulates in the leaves, producing a
feedback signal that slows photosynthesis. Low concentrations of inorganic
P in the chloroplast also reduces the ratio of ADP to ATP, slowing the fixation
of C02' When plant roots are colonized by mycorrhizal fungi. the demand
for plant C increases, mobilizing starch reserves from the leaves and removing
the starch-sink inhibition of photosynthesis. Increased P reduces the ADP/
ATP limitation of photosynthesis, allowing increased photosynthesis. Thus,
increased photosynthesis in colonized plants is not indicative of increased
demand by the symbiont but rather, release of an inhibition (Harris and Paul.
1987).
As sugars, organic acids, and amino acids diffuse into the interface between
plant and fungus, the fungus generates a gradient by converting these compounds into ones not utilized by the plant host. These altered compounds are
thus not susceptible to diffusion back across the fungal membrane (Paul et
aI., 1985). Lewis and Harley (1965) suggested that ectomycorrhizae convert
plant substrates into carbohydrates, such as trehalose and mannitol, not normally metabolized by the host. The strategy of VA mycorrhizae appears to
be the conversion of plant substrates, especially sucrose, into lipids (Cooper
and Losel, 1978; Cox et aI., 1975). Fungal-produced hormones may encourage
passive diffusion of carbohydrates into the interface of plant and fungus,
whereupon either carbohydrates or converted substrates are actively transported into the endophyte, a process involving ATPase activity (Woolhouse.
1975). As a result, polyphosphate is hydrolyzed in the arbusculc and inorganic
P diffuses across the fungal cell membrane. Phosphorus is then actively transported across the plant plasmalemma, utilizing ATPase. However. direct
measurements of both C and P fluxes across the host-fungus interface have
not been performed, and direct evidence of where and how this occurs is
needed before the carbon-sink theory can be validated (Harris and Paul.
1987)

.

The carbon-sink theory has been supported by several studies with VA
mycorrhizae. Snellgrove et a\. (1982) reported that leek plants with mycorrhizae had less dry matter, greater specific leaf area, and photosynthetic rates
13% greater on a dry weight basis than those of P-compensated, nonmycorrhizal plants. Mycorrhizal colonization increased specific leaf area hy increasing leaf hydration, increased P concentrations, and reduced starch in leaves
by 50%, but did not change leaf weight or water content (Harris and Paul.
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1987). Increased translocation and respiration of photosynthate in VAMcolonized roots can range from X to 21% higher than in fertilizcd. nonmycorrhizal plants. Such increases have been observed in mywrrhizal onion
plants (Losel and Cooper. 11)71);Bouleloua gracilis (Allen et al. II)XI); Vida
laba. Glycine max, sorghum, and Allium porrum (Harris and Paul, II)X7;
Kucey and Paul, 19X2);and leek plants (Snellgrove et aI., 19H2). Dccreased
photosynthetic rates have been observed following VAM colonization. although control plants did not emulate the growth of the colonized plants (Paul
et al.. 1985). Maintaining non mycorrhizal controls at the same nutrient levels
as mycorrhizal plants, to differcntiate the nutritional effects of improved P.
nitrogen (N). or micronutrients (see below) from the (' wst of the fungus.
is one of the most difficult experimcntal issucs in mycorrhizal research.
Thc cost of EM colonization may bc as high as 40-SWj(. of total plant
photosynthate, although these estimates were based on high values for spccific
fungal maintenance rates and on the assumption that all hyphae in roots arc
active (Fogel and Hunt, 1979; Harris and Paul, 1987). Paul et al. (1985)
suggested that 4-14% of total plant photosynthate is redirected to VAM
colonized roots, concomitant with an increase of 8- 21% in net photosynthesis
as compared to nonmycorrhizal control plants supplied with P.
A variety of researchers have found that some mycorrhizal fungi reduce
plant carbon (C) levels and growth by significant amounts, especially during
early stages of colonization (Bethlenfalvay et aI., 19X2;Buwalda and Goh.
1982; Janos, 1985; Mosse et al.. 1981; Sparling and Tinker. 11)7X;Stribley et
aI., 1980). Jones and Hendrix (1987) reported a case where Glomus macrocarpum appears to be the causative agent of tobacco stunt disease. Inoculation
of tobacco seedlings with disinfected spores reduced root length and weight
and, at times. reduced shoot weight. Application of benomyl reduced stunt
disease concomitant with reduction in G. Intlcrocarplll1lroot colonization. In
field studies, Modjo et al. (llJX7) found that fumigation of soil with nu.'thyl
bromide and chloropicrin improved tobacco growth, reduced VAM wlonization by a factor of 10. and decreased the number of spores of (i. macrocarpum.
Paul et al. (1985) compared rates of carbon utilization by fungal biomass
(3.6 mg plant C/day as determined by microscopic estimation) with labeled
C02 incorporation in soybeans (3.7 mg plant C/day). suggesting that VAM
fungi use a significant portion of the photosynthate produced by a plant.
Respiration rates for VAM and EM fungi were similar, betwecn 11.0 and
11.7 mg of C02 per gram of hyphae per hour (Harris and Paul, II)R7.).This
C cost must be met by the plant, and if fungal demand is greater than that
available to the plant. the symbiosis becomes negative for the plant.
The cost of EM colonization to the plant may be offset by non-plant-derived
C. Recent studies have shown that the external hyphae of ectomycorrhizae
produce enzymes which degrade lignin. cellulose, and complex organic matcrial (Dighton et al.. 11)86;Griffiths et al.. 11)81);Mossc et al.. IlJ81; Read,
19R7;Trojanowski et al.. 19X4;see Section 3.3). Demonstrations of enzymes
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capable of breaking down complex substrates have been limited for VAM
fungi (Read. 1987; St. John et al.. 1983).
2.3

Nutrient Uptake

Ectomycorrhizal fungi distribute fixed C obtained from the plant through an
often widely distributed external fungal mycelium (Bowen, IIJX7;Cox et al..
1975). External hyphae allow plants to obtain nutrients from a larger volume
of soil without the expense of root production by the plant (St. John and
Coleman, 1983). Through this expanded root system, and when particular
nutrients (especially P) are limited, mycorrhizal fungi improve the substrate
quality of leaves, stems, and roots (Stribley, 1987). Moore (1988) found that
once VAM colonization reached 12%, benefit from VAM colonization would
not greatly increase. This suggests that colonization does not have to be
extensive to realize maximum benefit, at least in semiarid grasslands.
Nitrogen can be translocated by VAM fungi (Ames et al.. 1983) and its
uptake improved by both VA and ectomycorrhizae (Bowen and Smith. 1981;
France and Reid, 1983; Read, 1987; Smith et aI., 1986). VA mycorrhizae
enhance, under certain conditions, the uptake of micronutrients by plants.
including Cu, Co, Mg, Ni, Ca, S, and CI (Killham, 1985). Zn and Cu (Lambert
et aI., 1979), Br and CI (Buwalda et aI., 1983), and K (Powell. 1975). Alternatively, Gildon and Tinker (1983) found reduced VAM colonization when
heavy metals were present. The proportion of the total level of p. Zn. Cu.
and Fe taken up by mycorrhizal beans increased as the levels of these nutrients
in soil were decreased (Kucey and Janzen. 1987). Wheat did not show the
same relationship. Kucey and Janzen (1987) suggested that because wheat
has a more fibrous root system than beans, the root-soil contact was similar
between nonmycorrhizal wheat and mycorrhizal beans, allowing both plants
to come in contact with the same amount of nutrient, even as nutrient levels
decreased.
Mycorrhizal plants are more tolerant of drought (Allen and Allen, 1986;
Allen et aI., 1981; Nelsen, 1987), but possibly as a result of the increased soil
volume exploited by mycorrhizal plants and not as a result of increased transfer of water to the plant by mycorrhizae (Nelsen. 1987; Safir, 1987; see Section
3.6). Drought reduces nutrient diffusion in the soil. and only those plants
exploiting a wide volume of soil, and thus nutrients and water, can survive.
Reduced stomatal transpiration has not been shown in mycorrhizal plants.
although increased water use efficiency has been suggested (Allen et at.,
1982). However, Parke et al. (1983) showed that mycorrhizal colonization.
not expanded exploitation of the soil. was involved in recovery of photosynthesis in Douglas-fir colonized by the cctomycorrhizal fungus RhizopoKol/
vinic%r after water stress.
3
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Mycorrhizal colonization results in changes in root exudation. nutrient uptake.
and plant C allocation. As a result. mycorrhizal colonization (I) modifies the

MYCORRHIZOSPHERE INTERA(TIONS

175

belowground food web and selects for certain populations of rhizosphere
bacteria. saprophytic fungi. protozoa. nematodes. and microarthropods; (2)
protects the host plant against root pathogen attack; (3) influences litter
decomposition and nutrient cycling rates; (4) influences aboveground herbivore grazing; (5) changes plant growth hormones; (6) influences soil aggregation; and (7) affects plant competition. community structure. and succession [also see Jones. this volume (Chapter 3); Moore et al.. this volume
(Chapter 4); Rabatin and Stinner, this volume (Chapter 5)].
3.1

Belowground Food Web

Energy in the belowground or soil detrital food web moves through decomposers. grazers. predators. and generalists (see Hunt et al.. 19X7.and Ingham
et al.. 1986. for detailed discussions). Organic inputs to the detrital food web
are provided by plants (leaf litter, root cells, and exudates). by animals (urine
and fecal material). and by all dead organisms (necromass). including aboveground herbivores and predators, and by organisms comprising the detrital
food web. Organic inputs correspond to the producer or first trophic level in
aboveground food chains. Decomposers (i.e., bacteria and fungi) comprise
the second trophic level and utilize dead organic material. producing microbial
biomass, secondary metabolites, and carbon dioxide. Certain bacteria. such
as Rhizobium. Frankia. and Azospirillum. convert atmospheric nitrogen to
organic nitrogen. and other bacteria have been shown to solubilize inorganic
phosphorus to phosphate. Plant-feeding nematodes and microarthropods should
also be included in the second trophic level. as they "short-circuit" the decomposers and feed directly on living plant roots. Bacteria are grazed (alternative terms are eaten or preyed upon) by protozoa and bacterial-feeding
nematodes. whereas fungi are grazed by fungal-feeding amoebae. nematodes.
and microarthropods.
The first-level predators. such as protozoa. microbial-feeding nematodes.
and fungal-feeding microarthropods, are preyed upon by higher-level predators and omnivores. The precise trophic status of higher-level predators is
indistinct. partly because feeding studies h.lVe not been performed for many
nematodes and microarthropods. and partly because many arc omnivorous.
capable of feeding on more than one level of the trophic chain (see Hunt et
aI., 1987). Thus. nematodes observed feeding on fungi could also feed on
plant roots and other nematodes. Microarthropods which consume fungalfeeding nematodes may prey on plant roots or nematode-feeding nematodes.
An example of a known omnivore is the earthworm. which ingests soil in
order to digest the bacteria, fungi, protozoa, nematodes. and microarthropods
contained within pore spaces. All belowground organisms undoubtedly interact with mycorrhizal hyphae which surround plant roots or grow through
the soil [see Rabatin and Stinner, this volume (Chapter 5)1. The following
sections summarize what is known about these interactions.
3.1.1 Interactions with Nitrogen Fixers Inoculations of two different species
of beneficial organisms often result in a synergistic effect on plant growth.

---

176

MYCORRHIZAL FUNGI, RHIZOSPHERE ORGANISMS, AND PLANTS

For example, increased N fixation and nodulation by Rhizobium and actinomycetes occur with VAM colonization (Cluett and Boucher, 19~3). Mycorrhizae provide the high levels of P required by N-fixing bacteria (Bowen,
1987; Miller, 1987). Nitrogen fixers, in turn, improve C supply to mycorrhizae,
by supplying nitrogen to the plant. Miller (1987) summarizes the studies
demonstrating improved N-fixation rates by Rhizobium, increased VAM colonization, and enhanced growth of the host legume, when all three symbionts
occur together. In addition, N-fixing bacteria select for the presence of
P-solubilizing bacteria in the rhizosphere (Azcon et aI., 1970).
Fewer studies have examined the synergism between asymbiotic N-fixers
and mycorrhizae. Asymbiotic N-fixation in the rhizosphere is not stimulated
by EM colonization in oak or pine (Jain and Vlassak, 1975), although some
ectomycorrhizae secrete mannitol, which is utilized by N-fixing rhizosphere
bacteria (Hassouma and Wareing, 1964). Bagyaraj and Menge (197~) reported that Azotobacter chroococcum populations in the tomato rhizosphere
were maintained for longer periods of time if the plants were colonized by
VAM fungi. Li and Hung (1987) attributed enhanced nitrogenase activity of
surface-sterilized ectomycorrhizae of Douglas-fir to increased numbers of
Clostridium and Azospirillum. Li and Castellano (1987) isolated Azospirillum
from sporocarps of three EM fungi and postulated that these N-fixing bacteria
improved N availability during fungal fruiting, which requires high levels
ofN.
Labeled N, fixed by Rhizobium nodules on the roots of a soybean (a
legume), was transferred through VAM hyphae to a maize plant which was
also colonized by the fungus (Van Kessel et aI., 1985). The legume was grown
with half its roots in a soil containing the bacterium and the other half in
separate soil containing VAM fungi and the maize plant. The rates and conditions under which these transfers occur in field situations, whether nitrogen
transfers from N-fixing bacteria through VAM influence plant survival.
succession, or community structure, and what management techniques encourage or eliminate transfers of nitrogen through symbiotic organisms, have
yet to be determined.

3,],2 BacteritJ The bacterial community that develops following mycorrhizal colonization is often composed of a greater number of beneficial, as
opposed to pathogenic organisms (Linderman, 1988), possibly because pathogens tend to utilize simple soluble substrates and mycorrhizal colonization
selects for more complex root exudates (see also Section 3.2.2). Mycorrhizal
colonization may change the bacterial community in the rhizosphere from
one requiring simple mineral nutrients to one requiring more complex amino
acids, and reduce the percentage of phosphate-solubilizing bacteria (Katznelson et aI., 1962). Numbers of bacteria, especially fluorescent pseudomonads and actinomycetes, were greater around EM roots of birch (Katznclson
et aI., 1962) and onions (Ames et al.. 19X4) than around non mycorrhizal
plants. Fewer fluorescent pseudomonads and more facultative anaerobes were
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found in the mycorrhizosphere. but higher total numbers of bacteria and
fluorescent pseudomonads occurred on thc surface of the roots (Meyer and
Linderman. 1(86). Foster and Marks (1967) found that increased bacterial
populations were closely associated with the EM mantle and su~gested that
bccause of their proximity to fungal exudates. these bacteria could cxclude
other rhizosphere organisms.
Roots colonized by VA mycorrhizac select for phosphate-soluhilizing hacteria (Azcon et al.. 1976), and certain strains of both EM fungi and rhizobacteria solubilize mineral phosphates such as tricalcium phosphate, ferric
phosphate. and silicate mineral with 1% P (Leyval and Bcrthclin. IIJX6).Dual
inoculation of P-solubilizing bacteria and mycorrhizal fungi can be synergistic.
but there are examples of competition between these beneficial organisms.
For example, Katznelson et al. (1962) found phosphate-solubilizing bactcrial
populations reduced by VAM colonization. Laheurte and Berthelin (19X6b)
reported that powdered rock phosphate could be solubilized by Enterobacter
agglomerans in pure culture, but when grown with plants with or without VA
mycorrhizae. the bacterium did not solubilize rock phosphate. instead competing with roots for P. Krishna et al. (1982) found that a Streptomyces species
improved the growth and P nutrition of finger millet but reduced mycorrhizal
colonization and spore production when inoculated simultaneously with Glomus fasciculatus. Conversely. the presence of the VAM fungus reduced bacterial numbers. Contrary to both these cases. Bagyaraj and Menge (11J7X)
found that VAM colonization increased the number of actinomycetcs in thc
rhizosphere. Thus. at present. the nature of the interaction between specics
of mycorrhizal fungi, plants, and rhizosphere bacteria cannot be predicted.
Case-by-case studies will be necessary until a unifying hypothcsis can be
developed.
3.1.3 Saprophytic Fungi Interactions bctwecn mycorrhizal fungi. saprophytic fungi. and plants have been studied on a case-by-case basis. and cven
fewer cases have been studied than for bacterial interactions. The only example of a positive interaction between saprophytic fungi and mycorrhizal
plants was given by Kucey (1987). in which a P-solubilizing strain of Penicillium bilaji increased plant dry matter production and P uptake by VAMcolonized beans and wheat. Examples of negative interactions include a Pythium-like fungus growing in both internal and external hyphae of GI()mu.~
macrocarpus. a species of Phlyctochytrium growing in the spores of G. macrocarpus but not in G. gigantea (Ross and Ruttencutter. 1977). Humicola
fuscoatra and Anguillospora pseudolongis~'ima parasitizing VAM fungi (Daniels and Mcnge. 19XO).and several other fungal specics parasitizing VAM
fungal spores (Daniels and Trappe, 19XO).thus reducing inoculum potential
for new plants. Antibiotic production protects Leucopaxillu.\' ('ereali.~var.
piceina against Penicillium cinnamomi (Marx. 1973). Attack of mycorrhizal
hyphae and spores by saprophytic (pathogcnic) fungi could seriously reduce
mycorrhizal inoculum potential. relative colonization success. and ability to
exploit thc soil volume.

--

-

--

178

MYCORRHIZAL FUNGI, RHIZOSPIIERE ORGANISMS. AND PLANTS

Parke and Linderman (1980) reported synergistic interactions between VAM
fungi and moss. Fixation of N by moss increased the exudate level released
to the mycorrhizal fungus, and the fungus, in turn, improved plant levels of
P. Many fungal studies concentrate on the effect of mycorrhizae in reducing
fungal pathogen attack (Schenk and Kellam, 1978) and these are discussed
in a following section.

3.1.4 Protozoa Protozoan-mycorrhizal interactions have not been investigated to any extent. Fungal-feeding protozoa and mycorrhizal fungi may,
like most predators and their prey, interact in accord with the grazing optimization theory (Hilbert et aI., 1981). When predator densities are low.
growth of prey may be stimulated. When predator densities are high. prey
numbers may be reduced to suboptimal levels. Interactions which support
only the overgrazing portion of the theory have been reported for protozoa.
Colonization of tree roots by the EM fungus Rhizopogon was depressed by
mycophagous amoebae feeding on the external hyphae (Chakraborty et a!..
1985).VAM fungal spores were attacked by amoebae (Old and Chakraborty.
1986), which reduced colonization of new roots.
3.1.5 Nematodes Mycorrhizal colonization can have no effect, can reduce
or enhance the effect of plant parasitic nematodes (Schenk and Kellam, 197M).
A review of mycorrhizal-plant parasitic nematode interactions concluded
that, in general, endoparasitic nematodes and VAM fungi are mutually inhibitory; although the response depends on plant cultivar. nematode and
fungal species, soil nutrient status, and timing of inoculation and harvest
(Ingham, 1988). Mycorrhizal fungi do not colonize regions of roots already
infected by nematodes, and nematodes only rarely infect regions previously
colonized by VAM fungi. Generally, VA mycorrhizae inhibit nematode penetration and development and increase plant resistance to nematodes. The
mechanisms by which VAM fungi bring about these changes may be either
larger root systems or increased n\ltrient availability for the plant. In some
associations, nematodes reduce the growth stimulation provided by VA mycorrhizae; in other instances, VAM colonization diminishes the growth reduction resulting from nematode parasitism.
Nematodes have been observed feeding on roots colonized by EM fungi.
but only Barham et a!. (1974) studied the interaction between ectomycorrhizae, nematodes, and pathogenic fungi under controlled conditions. Phytophthora cinnamomi did not infect EM roots when nematodes were absent
and infected nearly all roots without ectomycorrhizae, but invaded 27% of
Thelephora terreJtris EM roots and 36% of Pinu.\'taeda roots when nematodes
were present. In another case, root feeding by Praty/el/chlls pnletram decreased the ability of EM fungi to colonize Douglas-fir seedlings. resulting in
greater pathogenic fungal attack of roots (McElroy, 19M9).Thus. ectomycorrhizae appear to protect roots against pathogenic fungi unless nematodes
are present, possibly because nematodes wound roots and augment pathogen
penetration.
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Investigators have observed fungal-feeding nematodes grazing directly on
external mycelia of VA mycorrhizae (Ingham. 1988; Linderman. 19HH).Both
Riffle (1971) and Sutherland and Fortin (I %H) showed that AJ1h(,!(,IIc!IlI.~
lU'C'fllI('and AI'''I'IC'1lc!wicle.\'
ciho/c'mi.\'could feed on and reduce the growth
of a wide variety of EM fungi. although Rhiz0l'0!.:oll ro.\'('o!u.\'appeared to
produce a toxin that prevented nematode feeding and growth. Two specics
of Aphe!enchoide.~. feeding on Suillu.~grcmulatus associated with Pil1tl~j!UJl/derosa, suppressed EM formation in several ways: by feeding on hyphae
before they could reach the roots; by reducing mantle width; or by removing
external hyphae. all of which would reduce the available surface arc.1 for
nutrient absorption. Fungal-feeding nematodes. such as Aphelenchoides. Deleadenus, and Aphe!enchus, feed on VA mycorrhizae (summarized in Ingham.
1988). reduce mycorrhizal colonization. and decrease host plant establishment. In another case, fungal-feeding nematodes destroyed sufficient VAM
hyphae that phosphorus uptake was inadequate for successful nodulation by
nitrogen-fixers (Salawu and Estey, 1979). Additionally, when fungal-feeding
nematode densities were reduced in a short-grass prairie. active arbuscular
colonization was increased by a factor of 6 to 10, and plant nitrogen levels
were increased by a factor of 2 to 5 (Ingham et aI., 1986). This suggests that
nematodes reduce the ability of VAM fungi to colonize roots, but whether
by eating spores. grazing on hyphae, or modifying the root has not been
determined.
J.J.6 Arthropods Microarthropods. such as Collembola or mites, can consume large quantities of external mycorrhizal hyphae and negatively affect
the benefit the fungus gives to plants. without reducing colonization levels
(Moore and Walter. 19HB;Shaw, 19H5). Proturans feed on oak ectomycorrhizae and Collembola have been observed preferentially gmzing on EM
hyphae in pine plantations. Other studies. however. have indicated that Collembola do not graze common VAM or EM fungal species (Moore and Waiter, 1988). Conversely, VAM fungal spores adhere to microarthropods and
earthworms as they move along the surfaces of roots (Coleman. 19H5), dispersing spores to new colonization sites. and thereby increasing colonization
of roots. Additionally, VAM fungi utilize dead arthropods as sites for spore
formation [Rabatin and Rhoades, 19H2; Rabatin and Stinner. this volume
(Chapter 5)J.
The factors involved in determining whether arthropod feeding will be
detrimental, neutral, or beneficial in field situations have not been explored.
As applied to soil interactions. the optimum grazing theory states that low
densities of grazers stimulate external hyphae to further exploit the soil. and
high densities of grazers remove external hyphal biomass at a rate greater
than it could be replaced. reducing nutrient flow to the plant. Overgrazing
means that grazed hyphae must be continuously replaced. placing an increased
carbon demand on the plant. and possibly reducing plant growth. Alternatively, the plant's carbon sink could be further released by increased mycorrhizal demand. increasing photosynthetic rates. and not affecting plant growth
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significantly. At some point, of course, there is a negative impact. but at what
density of protozoa, nematodes, or arthropods is not known.
3.1.7 Mammals Hypogeous fungi depend on mammals. such as marsupials
in Australia and rodents in North America. and on invertebrate feeders to
disperse their spores (Fogel and Trappe. 1978; Malajczuk et al.. 1987). Mycorrhizal fungus mycophagy by small mammals is a more direct transfer of
plant energy than that through the detrital food web (Hunt et al.. 1987). Only
one step is required in small mammal mycophagy. from dead organic carbon.
through fungi, to a small mammal while in the detrital food web the transfer
must start with decomposer fungi, and go through nematodes. microarthropods, and invertebrate feeders (e.g.. centipedes. insect larvae. or beetles) to
small mammals.
Small mammals facilitate the spread of both N-fixing bacteria and spores
of hypogeous fungi. For example. Fogel and Trappe (1978) observed that
small mammals fed on sporocarps. High levels of N-fixing bacteria occur in
sporocarps of several fungal species (Li and Castellano. 1987) and N-fixing
bacteria survive and grow in the feces of small rodents (Li et al.. 1986).
suggesting an important mutualism between the feeding strategy of rodents.
the spread of EM fungi. and N-fixing bacteria.
Interactions of mycorrhizae with other food web organisms are recognized
as important and potentially useful in the control of plant pests. especially as
pesticide use becomes less acceptable. Major difficulties in the use of biotic
interactions to manage crop systems is our lack of knowledge about the
conditions which produce any given result. For example. interaction of plant
parasitic nematodes with VA mycorrhizae depends to a large degree on the
plant species. the specific nematode. and the abiotic conditions involved (Ingham, 1988; Schenk and Kellam. 1978). Specific interactions may occur only
at precise temperatures and moistures or with specific soil rhizosphere communities. Mycorrhizal colonization, hyphal growth through the soil. and translocation of nutrients are influenced by the health of the plant. the availability
of soil nutrients, and the feeding rate of grazers. How do interactions change
as plant, fungal, or other food web species change? Are interactions observed
in temperate climates likely to be the same in tropical systems'! Unless mechanisms for interactions are elucidated. it will continue to be difficult to apply
any of these results to other systems.
3.2

Protection of Plants against Root Pathogen Attack

Protection from pathogens is measured as less damage to the plant. decreased
incidence of disease. or inhibition of pathogen development (Dehne. 1982).
Five mechanisms appear important in mycorrhizal protection of roots from
fungal and nematode pathogens. No information was found for bacterial
pathogens. The mechanisms include (1) external hyphae as a physical barrier;
(2) production of antagonistic chemicals; (3) competition between mycorrhizal
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fungi or mycorrhizosphere associates and pathogens (discussed in the first
part of the chapter); (4) improved plant nutrition. increasing host resistance
to pathogen attack or tolerance to pathogens; and (5) modification of root
exudation. These five mechanisms are similar to those discussed by Zak
(1964), Marx (1973), and Bowen (1978). All. one. or several mechanisms
may be involved in protection by mycorrhizae. although prior colonization
by the fungus is usually necessary for protection to occur.
Toxic substance production may be a common mechanism in protection
by ectomycorrhizae (Chakravarty and Unestam. 1986). whereas a common
mode of protection for VA mycorrhizae has not been found. In general. VA
mycorrhizae protect tomatoes. cotton, poinsettia. soybean. citrus. and wheat
from Fusarium. Gaeumannomyces, Pythium. and Rhizoctonia. sometimes
from Phytophthora. but not from Verticillium-caused diseases (Baath and
Hayman. 1983; Schenck and Kellam. 1978). More research is needed to
determine the mechanism(s) in specific situations.
3.2.1 Physical Protection Physical protection of roots has been invoked as
a possible explanation of reduced disease incidence or severity in mycorrhizal
plants. Ectomyeorrhizal fungi produce massive external hyphae in the form
of interwoven mats and rhizomorph structures that could limit pathogen advance. Although VAM fungi can produce an abundant external mycelium.
mats and rhizomorphs are not formed. and thus physical protection is not as
likely as with EM fungi. Nematodes, microarthropods, and larval insects are
more likely to be physically excluded than are bacteria or saprophytic fungi.
Examples of prevention of pathogen contact by physical exclusion are rare.
In their studies. Sinclair et at. (1982), Dehne and Dehne (1986). and Chakravarty and Unestam (1986) found no evidence of physical protection of roots
by mycorrhizae. However. Perrin and Garbaye (1983) observed that the fungal mantle of Hebe/oma crustuliniforme. an EM fungus. provided a barrier
against the entry of Pythium u/timum into short feeder roots of beech seedlings. Similarly. more callosities develop in VAM than non mycorrhizal onion
plants and delay the spread of Pyrenochaeta terrestris (see Schenk and Kellam.
1978). Physical exclusion of pathogens were also suggested when Phytophthora cinnamomi was excluded by VA mycorrhizae. although antibiotics
were produced as well (Marx. 1(73). and a VAM fungus induced tissue
incompatibility between plant root cells and pathogens (Dehne and Dehne.
1986).
3.2.2 Production of Antagonistic Compounds Mycorrhizal hyphae can produce antibiotics, and toxins. such as phenols. terpenoids. tannins. glyceollin.
isoflavenoids (Bowen, 1978; Marx. 1(73). phytoallexin. and allclopathic substances (Bowen. 1978; Gianinazzi-Pearson and Gianinazzi. 1(86). Some ectomycorrhizal fungi produce high levels of laminarinase. an enzyme that hydrolyzes 13-1,3glucan linkages which are important in secondary wall structures
of pathogenic fungi. thus possibly suppressing pathogenic fungi (Griffiths ct
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aI., 1989). The tannin layer produced in conjunction with some ectomycorrhizae is postulated to be highly toxic, providing a chemical barrier which
most pathogens cannot penetrate (Foster and Marks, 1967). Metabolites of
Laccaria laccata can induce deposition of phenolic compounds in radicles
before mycorrhiza formation occurs, probably protecting seedlings with a
chemical barrier (Sinclair et aI., 1982). Oxalic acid, produced by mat-forming
EM hyphae (Cromack et aI., 1979), releases high levels of exchangeable Al
and Fe within the mats, and precipitates calcium crystals in large quantities
around the roots and hyphae (Malajczuk and Cromack, 1982). These elements
may be toxic to other soil organisms and perhaps form a barrier against the
entrance of other organisms. High peroxidase activity found in EM mats may
interact with halides and phenolics to produce products toxic to root pathogens
(Griffiths et aI., 1989). Kaye et al. (1984) suggested that hyphal accumulation
of Mn by Glomus fasciculatum protected poinsettia against Pythium ultimum.
Ectomycorrhizal fungi produce chelators of various kinds. such as hydroxamate siderophores (Szaniszlo et aI., 1981). Chelators scavenge and reduce
the availability of metal ions essential as enzyme cofactors, such as Fe)~ ,
inhibiting the growth and survival of other soil organisms, including pathogens
(Szaniszlo et aI., 1981).
Although antagonistic compounds of various types appear to mediate all
or a part of mycorrhizal reduction of pathogen attack, Koch's postulates have
not been satisfied. More quantitative work is needed to identify the antagonistic compounds responsible for mycorrhizal protection of plants from pathogens.

3.2.3 ImprovedPlant Nutrition When plants are not stressed by nutrient
deficiency, roots usually are able to resist or tolerate disease-causingorganisms. Citrus tolerates increased levels of Phytophthora parasitica root rot
because of VA mycorrhizae improved plant P nutrition (Davis and Menge,
1980). Plant resistance to root and collar rots, wilt diseases, and nematodes
was increased by VAM colonization (Schenk and Kellam, 1978), yet plant
susceptibility to leaf pathogens and viruses may be increased because the
quality of leaf material is higher. Dehne (1982)noted three reports of greater
damage when plants were mycorrhizal:Two casesinvolvedPhytophthoraroot
rot and the other involved tobacco mosaic virus. In viral shoot and leaf
diseases, increased susceptibility of aboveground portions of plants results
from better nutrition for pathogen development rather than from increased
frequency of infection. However, plants that are genetically resistant are not
susceptible, even when nutrition improves followingmycorrhizalcolonization
(Dehne, 1982).
3.2.4 ModifICation of Root Exudation As discussed earlier. mycorrhizal colonization changes root exudate production; both amounts and lypes of compounds produced. Obviously, pathogens dependent on root substrates, especially labile compounds, will be disadvantaged as mycorrhizae change root
exudates to more complex substrates (see Section 2.1).
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Starch is mobilized. reducing levels in leaves and roots, when photosynthesis is stimulated by mycorrhizal colonization (Harris and Paul, 19X7).Pathogens utilizing starch will be less able to infect a mycorrhizal plant. whereas
pathogens that utilize the C substrates produced by mycorrhizal colonization
may be selected by mycorrhizal colonization. Dehne (1982) suggested that
VAM-colonized roots (1) contain more lignin, which restricts parasite invasion; (2) increase chitinolytic activity of root cells during degradation of arbuscules, increasing the degradation of other fungal pathogens entering this
area; and (3) produce and accumulate metabolites inhibitory to pathogens
compared to non-V AM-colonized roots (Baltruschat and Schonbeck. 1975).
These suggestions, however, have not been validated.
3.3

Litter Decomposition Rates and Nutrient Cycling

Gadgil and Gadgil (1975) directed attention to the effects that mycorrhizal
colonization of roots have on decomposition processes. They found that EM
colonization of roots reduced the rate of litter decomposition. In contrast,
Trojanowski et al. (1984) showed that many species of EM fungi directly
decompose wood and leaf material. Dighton et al. (1986) found that the
presence of roots. with or without ectomycorrhizae, enhanced decomposition
of several substrates. Roots colonized by Suil/us lutells enhanced decomposition more than those colonized by Hebe/oma sp. or nonmycorrhizal roots.
Increased decomposer activity by Suil/us was suppressed by a saprotrophic
fungus, whereas phosphate-solubilizing bacteria increase the decomposer activity of Pisolithus (Chakly and Berthelin, 1982). Conversely. Harmer and
Alexander (1985) found that digging trenches to remove active roots, and
mycorrhizal hyphae connected to roots, had no apparent effect on decomposition rates. Dighton et al. (1986) suggested reasons why all of these types
of observations could be true. Certain species of mycorrhizal fungi, rhizusphere organisms, and plants may interact such that there is a net immohilization of nutrients which slows decomposition. Other comhinations of organisms may not affect the equilibrium of either nutrient cycling or
decomposition, or may interact to increase nutrient quality of litter and therehy
decomposition rates.
Nitrogen is released in the form of ammonium or organic nitrogen when
microbes, including external hyphae of mycorrhizal fungi. arc grazed (Coleman et aI., 1983). While ammonium can be used by plants directly, organic
nitrogen must be cycled again through the detrital food web. Some mycorrhizal fungi can "short-circuit" this cycle of nutrient immobilization-mineralization by directly decomposing organic material (Coleman et aI., 19X3;
Hunt et aI., 1987; Janos, 1985). Dighton et al. (1986) suggested that these
fungi invest more energy in producing and maintaining a large and complex
biomass with, presumably, an increase in saprophytic capahilities. Thus, organic N released from roots or due to grazing processes can be directly utilized
by EM fungi to reduce the trophic steps and energetic investment needed to

convert organic N into plant-available N. These saprophytic capilhilitieshave
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not been demonstrated for VAM fungi and it is unlikely that VAM fungi can
short-circuit N cycling processes in this fashion. Those comhinations of organisms which reduce or increase either litter decomposition or nutrient cycling, depending on what is desired in specific circumstances, could he determined and utilized in management practices to improve soil fertility.
3.4

Aboveground Herbivore Grazing

In field studies, heavily grazed crested-wheatgrass had up to 50% lower VAM
colonization and lower VAM fungal biomass, and its rhizosphere soil had
fewer spores than lightly grazed wheatgrass areas (Bethlenfalvay et al.. 1985;
Bethlenfalvay and Dakessian, 1984). This was interpreted to mean that reduced plant material results in less photosynthate available to the fungal
symbiont. In other studies, grazing increased the density of mycorrhizal vesicles in Bouteloua gracilis roots (Reece and Bonham, 1978), and clipping
increased the biomass of mycorrhizal hyphae in Lo/ium perenne roots, improving aggregate stability (Tisdall and Oades, 1979). Both tillering and a
prostrate growth habit were promoted following VAM colonization, allowing
a plant to tolerate increased grazing (Bethlenfalvay and Dakessian. 1984;
Miller, 1987; Wallace et aI., 1982). These disparate responses could be the
result of different plants, grazers, fungal symbionts, rhizosphere food web
populations, or abiotic conditions. A continuum of responses probahly exists
and could be related to mycorrhizal dependency (Janos, 1985. 1987). If a
plant is a facultative associate or nonmycorrhizal, grazing may reduce the
amount of photosynthate shunted into the roots and thus reduce mycorrhizal
colonization. Alternatively, when obligately mycorrhizal plants are grazed,
the proportion of photosynthate to roots may be increased. to increase nutrient uptake from the soil for growth of new shoot material.
Improved nutrition might cause preferential grazing of mycorrhizal plants
by herbivores (Wallace et al.. 1982). This may be offset by the fact that plants
with a higher nutritive value are less utilized because grazer nutritional needs
are met by less of the total plant population. Alternatively, the negative effects
of grazing (clipping in lab trials) are probably reduced by mycorrhizalmediated improvement of plant nutrition (Bethlanfalvay et aI., 1985; Wallace
et aI., 1982). Another possible interaction is decreased grazer growth rates
following grazing of mycorrhizal plants. For example, VAM colonization
induced a decreased growth rate in defoliating lepidopteran but not phloemfeeding insects on soybean (Pacovsky et at.. 1985). This might be the result
of toxic substances or modifications of plant hormones which affect the insect
grazers.

3.5 Plant Growth Hormones
Mycorrhizal fungi produce plant growth hormones (Allen ct aI., IlJHO,IlJH2;
Barea, 1986; Slankis, 1973). Consistent with production of plant growth-
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promoting hormones is the modification of bud-break. caused by EM colonization in young woody plants (Garbaye. 1(86). Even at very low colonization rates. l,ucCtlr;u luccutu produced earlier bud-hreak. hy as much as 6
days. compared to nonmycorrhilal pl.mts. n,£'/ephora terrt'.\"tr;.\"
was not effective in changing the datc of bud-break.
Cell-free supernatants from rhizosphere bacterial cultures. as well as the
bacteria themselves. contained plant growth regulators (Alcon et al.. 1(78).
These growth regulators increased the rate of root growth. dry weights of
plants. and VAM colonization. Strezelczyk et al. (1985) found that certain
actinomycetes produced cytokinin-like substances that stimulated EM formation. Othcr researchers reported stimulation of EM formation by extracellular products of Tr;choderma. Azotohucter. and fluorescent pseudomonads. whereas failures to form ectomycorrhizae were attributed to gliotoxin
production by penicillia (in Strezelczyk et al.. 1985).
Current knowledge of hormonal effects by mycorrhizae on plants can be
summarized as follows (paraphrased from Read. 1987): Hormones are produced by VAM and EM fungi and hormonal changes occur in plants colonized
by mycorrhizae. As yet. though. no unequivocal evidence shows that fungal
hormones exert a direct effect in the plant.
3.6

Soil Aggregation

Tisdall and Oades (1982) found mycorrhizal hyphae to he important in the
formation of water-stable soil aggregates. improving soil water-holding capacity by producing large (20-200 mm diameter) aggregates with large pore
spaces. Such aggregates hold sufficient water to prevent moisture deficits
around plant roots during dry periods but allow sufficient drainage to prevent
waterlogging during wet periods (Miller. 1987). Increased aggregation of sanddune soil and organic fractions occurred when external VAM hyphae were
present (Sutton and Sheppard. 1976).
Soils high in clay and highly compacted soils can reduce hy XWk'EM hyphal
growth into soil (Skinner and Bowcn. 1974). Use of heavy machinery. continuous foot traffic. and high erosion ratcs can incrcase soil compaction and
reduce the ability of mycorrhizal fungi to colonizc plants. Alternatively. plowing of compacted soils ought to increasc the ahility of mycorrhizae to grow
through the soil and improve plant nutrition.
3.7

Plant Competition, Community Structure, and Succession

Mycorrhizal hyphae encounter roots of the same and other plants and can
colonilC them. producing connections within. and hetween. plant root systems
(Finlay and Read. 1986; Francis and Read. 1984; Read. IlJ87). Carbon and
P can be transferred between plants via shared mycorrhizal hyphae (Chiariello
et al.. 1982; Heap and Newman. 1980; Whittingham and Read. 1982). and
nutrients can be exchanged between two plants (Newman. 1485; Strihley.
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1987). However, indirect transfer, in which root exudate from the labeled
plant is taken up by external mycorrhizal hyphae from a second plant, has
not been ruled out completely.
,,
Mycorrhizal fungal connections and m'ovement of nutrients between plants
may play an important role in determining plant distribution and successional
patterns. Since significant amounts of nutrients can be moved from a donor
to a recipient, young seedlings connected to an existing root network by
mycorrhizal fungi could be supplied with carbohydrates, p, N, micronutrients,
and perhaps water, thereby improving its chance of establishment (Finlay and
Read, 1986; Stribley, 1987). Plants limited in C, by shading for example. act
as sinks, increasing C transfer to the C-limited plant (Read. lYX7).
Janos (1985, 1987) and Reeves (1985) proposed a continuum in the dependence of plants on mycorrhizal fungi. Plant competition is influenced by
the degree to which host plants depend on mycorrhizae (Allen and Allen.
1986; Janos, 1987). Mycorrhizal interactions influence the composition of
plant communities by (1) the presence of fungal species that enables plants
to grow on low-fertility sites, and (2) by the relative cost of the mycorrhizal
symbiont to obligate versus facultative mycotrophs. Nonmycorrhizal plants
never or rarely become infected because they (1) reject colonization, (2)
produce substances that inhibit mycorrhizal formation, or (3) lack infective
sites on their roots. To overcome P deficiency in soil, non mycorrhizal species
utilize a variety of strategies. Fine, highly branched root systems and root
hairs search out Pin low-P soil (Miller, 1987), much as mycorrhizal hyphae
explore and utilize nutrients in the soil volume around roots. Nonmycorrhizal
plants may secrete organic acid from their roots to solubilize occluded P. may
increase root phosphatase production. may tolerate low mineral P levels, or
may have slow growth rates in order to overcome low-P soil conditions.
Facultative mycobionts (i.e., plant hosts) are colonized only when nutrient
levels are low (Janos, 1987; Reeves, 1985). When growing in soil with adequate soil P, but not colonized by mycorrhizae, facultative plants produce
the same dry mass as when growing in soil deficient in P. but arc colonized.
Obligate mycotrophs are mineral-limited and must have mycorrhizae to ohtain
P or other essential nutrients.
Janos hypothesized that more photosynthate is needed to maintain facultative mycorrhizae than obligate symbionts, and therefore the cost of mycorrhizal colonization is lower for obligate than for facultative mycotrophs.
Thus, the less mycorrhizal dependent of two competing plant species will
grow more slowly. As an example, plants with greater colonization were
poorer competitors when two competing grass species were grown together
(Allen and Allen, 1986). The poorer competitor sustained greater colonization
when grown with an obligate mycorrhizal species than when grown with the
mycorrhizal fungus alone. Seemingly, ohligate species increase their competitive ability by "encouraging" colonization of the less dependent plants.
If the less dependent plant could reject colonization, removing the cost of
the symbiont, it would be a better competitor. In the case wherl' mycorrhizal
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dependence is similar between two species. sharing the mycorrhizal fungus
between the two plants encourages coexistence (Janos. \9X5).
The physiology of crop plants is different from many noncultivated plants
(Chapin. 19HO).and mycorrhizal interactions with cultivated plants could he
noticeably different from interaction with noncrop plants. Miller (19X7)pointed
out that cultivated crops are bred to grow as rapidly as possihle. directing
most energy into fruit production. When nutrients are increased. crop plants
grow faster. If nutrients are limited. the plant continues to grow but shows
symptoms of nutrient deficiency. Plants adapted to poor soils do not exhihit
these deficiencies. In nutrient-limiting situations. their growth rate is reduced.
As nutrients increase. tissue concentrations of nutrients increase rather than
growth rate. If nutrients are increased heyond the plant's ahility to detoxify.
symptoms of toxicity will result. Thus. work performed on mycorrhizal plants
may not he completely applicahle to all plants growing in natural ecosystems.
especially those exhihiting different nutrient response strategies.
4

SUMMARY AND CONCLUSIONS

Many interactions occur between mycorrhizal fungi and rhizosphere organisms. Linderman (1988) suggested that mycorrhizal plant responses involve
the entire mycorrhizosphere. not just the fungus alone. "Companion" fungi
or bacteria. present in the mycorrhizosphere. promote plant growth through
a variety of mechanisms. The microbial community may stimulate the development of EM hyphae and rhizomorphs or decrease the growth of pathogens (Linderman. 1988; Sutton and Sheppard. 1976). However. observations
about some interactions are conflicting. For example. some ohservers have
found that after mycorrhizal colonization. certain groups of hacteria were
increased. whereas others showed that numbers of these same hacteria decreased. The explanation may be that interactions vary with plant and fungal
species. with microhial and grazer populations in the mycorrhizosphere. with
ahiotic conditions, and with sampling lime after inoculation or colonization.
These factors need to he held constant when investigating the effects of
mycorrhizal colonization.
Food web interactions can be indirect. and correlations bctwccn incrcasing
mycorrhizal colonization and decreased plant growth do not neccssarily mcan
that colonization is detrimental to plant health. For example. decreased Glomus marc:rocarpum colonization and spore counts correlated with dccrcascd
tobacco stunt disease (Jones and Hendrix. \YX7; Modjo et OIL.IlJX7). but
alternative explanations are possible. Reduction in mycorrhizal fungi hy henomyl application may force microarthropod grazers that normally feed on
mycorrhizal fungi to switch and feed on pathogenic fungi, and as a result.
increased plant growth might be observed after reduction in VAM colonization. Alternatively. as mycorrhizal colonization changes. root exudation is
changed. and this may select for beneficial or plant pathogenic organisms. In

--

188

MYCORRHIZAL FUNGI, RHiZOSPHERE ORGANISMS, AND PI.ANTS

this particular instance, mycorrhizal colonization may have selcctcd for pathogenic organisms.
Paul et al. (1985) suggested that mycorrhizal plants should be comparcd
to plants fertilized to the same nutrient levels. Fertilization of non mycorrhizal
plants might be inadequate if the plant can only utilize ammonium and N is
applied as ammonium nitrate. The improved growth of mycorrhizal plants
would be incorrectly attributed to the mycorrhizae (F. B. Reeves. Departmcnt
of Botany, Colorado State University; personal communication). A more
realistic basis of assuring equal access to nutrients would be to measure the
nutrient-absorbing surfaces of both plants (i.e., measure root, or root and
hyphal, surface areas).
Several conclusions can be made about mycorrhizal interactions:
1. Plant health often improves, and beneficial rhizosphere populations are
selected. following mycorrhizal colonization. These interactions increase the ability of the plant to withstand disease and changc plant
palatability to various herbivores, including microarthropods, insects,
and nematodes. Alternatively. mycorrhizae can reduce plant growth.
even apparently causing tobacco stunt disease in the case of Glomus
macrocarpum. Janos (1985, 1987) has suggested a continuum of plant
dependence on mycorrhizae which gives a framework for categorizing
positive to negative interactions.
2. Fungal-feeding protozoa, nematodes. and arthropods can reduce both
VAM and EM colonization and external hyphae, reducing nutrient
concentrations in the plant. Studies have not investigated whether low
densities of grazers stimulate mycorrhizal colonization. as suggested by
the optimum grazing hypothesis.
3. Mycorrhizae protect plants from some pathogens, although the mechanisms of protection are not clear.
4. Mycorrhizosphere associates, or mycorrhizal fungi themselves, produce
plant-growth-promoting substances. The relationship between production Qf these compounds and their influence on plant growth has not
been established.
5. Plant-parasitic nematodes compete with mycorrhizal fungi for root exudates in the initial stages of colonization. After colonization of roots,
plant parasites and mycorrhizae arc mutually inhihitory.
ACKNOWLEDGMENTS

Our thanks to Drs. Carolyn Bledsoe, Brent Reeves. and C. P. P. Reid for
reviewing this manuscript.

REFERENCES

189

REI<'ERENCES

Allen, E. B. and Allen, M. F. 1986.Water relations of xeric grasses in the tield:
Interactions of mycorrhizasand competition. New Phytol. 1I14:5.W-571.
Allen. M. F., Moore. T. S., Jr. and Christensen. M. 1980.Phytohormonechanges in
BOUie/ollagracili.finfected by vesicular-arbuscularmycorrhiZ<le.I. Cytokinin increases in the host plant. Canad. J. Bot. 58:371-374.
Allen, M. F., Smith, W. K.. Moore, T. S.. Jr. and Christensen. M. 1981.Comparative
water relations and photosynthesis of mycorrhizaland nonmycorrhizal BCJ/lt('/olla
gracilisH.B.K. Lag ex Steud. New Phytol. 88:683-693.
Allen. M. F., Moore. T. S.. Jr. and Christensen. M. 1982.Phytohormone changes in
BOllIe/ollagracilisinfected by vesicular-arbuscularmycorrhizae. II. Altered levels
of gibberellin-like substances and absisic acid in the host plant. Canad. J. Bot.
60:468-471.
Ames, R. N.. Reid, C. P. P.. Porter. L. K. and Cambardella. C. 1983.Hyphal uptake
and transport of nitrogen from two '~N-Iabelledsources by G/omus mosseae, a
vesicular-arbuscularmycorrhizalfungus. New Phytol. 95:381-396.
Ames, R. N.. Reid, C. P. P. and Ingham, E. R. 1984.Rhizospherehm:terialpopulation
responses to root colonization by a vesicular-arbuscularmycorrhizalfungus. New
Phytol. 96:555-563.
Azcon, R.. Barca. J. M. and Hayman. D. S. 1976. Utilization of rock phosphute in
alkaline soils by plants inoculated with mycorrhizal fungi and P solubilizing hacteriu.
Soil BioI. Biochem. 8: 135-138.

.

Azcon, R., Azcon-G de Aguilar, C. and Barea. J.M. 1978. Effel'ts of plant hormones
present in bucterial cultures on the formation and responses to VA endomycorrhiza.
New Phytol. 80:359-363.
Baath. E. and Hayman. D. S. 1983. Plant growth responses to vesicular-arbuscular
mycorrhiza. XIV. Interactions with Verticillium wilt on tomato plants. New Phytol.
95:419-426.
Bagyaraj, D. J. and Menge. J. A. 1978. Interaction between a VA mycorrhiza and
Azotobacter and their effects on rhizosphere microflora and plant growth. New
Phytol. 80:567-574.
Baltruschat, H. and Schonbeck. F. 1975. The influence of endotrophic mycorrhiza on
the infestation of tobacco by Thie/aviopsi~;basieo/a. Phytopathol. Z. 84: 172-188.
Barea. J. M. 1986. Importance of hormones and root exudates in mycorrhizal phenomena. In Physiological and Genetical Aspects of Mycorrhizae. Gianinazzi-Pearson. V. and Gianinazzi. S. (editors). pp. 177-187. Institut National de la Recherche
Agronomique. Paris, France.
8arham, R. 0.. Marx, D. H. and Ruehle. J. L. 1974. Infection of ectomycorrhizal
and nonmycorrhizal roots of short leaf pine by nematodes and /'hyto/Jlrt/wrtl cillnamomi. Phytopathology 64: 12bO-12M.
Bethlenfalvay, G. J. and Dakessian, S. 1984. Grazing effects on mycorrhizal colonization and floristic composition of the vegetation on a semiarid range in northern
Nevada. J. Runge Manage. 37:312-316.

---

190

MYCORRHIZAL FUNGI, RHIZOSPHERE ORGANISMS, AND PLANTS

Bethlenfalvay, G. J., Brown, M. S. and Pacovsky, R. S. 1982. Parasitic and mutualistic
associations between a mycorrhizal fungus and soybean: The effect of phosphorus
on host plant-endophyte interactions. Physiol. Plant S7:543-54tJ.
Bethlenfalvay, G. J., Evans, R. A. and Lesperance, A. L. ItJK5.Mycorrhizal colonization of crested wheatgrass as influenced by grazing. Agron. J. 77:233-236.
Bowen, G. D. 1978. Dysfunction and shortfalls in symbiotic responses. Plant Dis.
3:231-256.
Bowen, G. D. 1987. The biology and physiology of infection and its development. In
Ecophysiology of VA Mycorrhizal Plants. Safir, G. R. (editor). pp. 27-5K CRC
Press, Inc. Boca Raton, FL, U.S.A.
Bowen, G. D. and Smith, S. E. 1981. The effects of mycorrhizas on nitrogen uptake
by plants. Ecol. Bull. (Stockholm) 33:237-247.
Buwalda, J. G. and Goh, K. M. 1982. Host fungus competition for carbon as a cause
of growth depression in vesicular-arbuscular mycorrhizal ryegrass. Soil BioI. Biochem.
14:103-106.
Buwalda, J. G., Stribley, D. P. and Tinker, P. B. 1983. Increased uptake of bromide
and chloride by plants infected with vesicular-arbuscular mycorrhizas. New Phytol.
93:217-225.
Chakly, M. and Berthelin, J. 1982. Role of an ectomycorrhiza "Piso/ithlls tintoriu.~Pinus caribea" and a rhizosphere bacterium in the mobilization of phosphorus from
insoluble mineral or organic phosphates. In Mycorrhizae, An Integral Part of
Plants: Biology and Perspectives for Their Use. Vol. 13. pp. 215-220. Institut
National de la Recherche Agronomique. Paris, France.
Chakraborty, S., Theodorou, C. and Bowen, G. D. 1985. Mycophagous amoebae
reduction of root colonization by Rhizopogon. N. Amer. Conf. Mycorrhizae 6:275.
Chakravarty, P. and Unestam, T. 1986. Role of mycorrhizal fungi in protecting damping-off of Pinus .~ylvestrisL. seedlings. In Physiological and Genetical Aspects of
Mycorrhizae. Gianinazzi-Pearson, V. and Gianinazzi, S. (editors). pp. KII-K14.
Institut National de la Recherche Agronomique. Paris, France.
Chapin, F. S., III. 19KO.The mineral nutrition of wild plants. Annu. Rev. Ecol. Syst.
11:223-260.
Chiariello, N., Hickman, J. C. and Mooney, H. 1982. Endomycorrhizal role for
interspecific transfer of phosphorus in a community of annual plants. Science 217:
941-943.
Cluett, H. C. and Boucher, D. H. 1983. Indirect mutualism in the legume-Rhizobiummycorrhizal fungus interaction. Oecologia 59:405-408.
Coleman, D. C. 1985. Through a ped darkly: An ecological assessment of root-soilmicrobial-faunal interactions. In Ecological Interactions in Soil. Fitter, A. if.,
Atkinson, D., Read, D. J., and Usher, M. B. (editors). pp. 1-22. Blackwell
Scientific Publications. London, U.K.
Coleman, D. c., Reid, C. P. P. and Cole, C. V. 19K3.Biological strategies of nutrient
cycling in soil systems. Adv. Ecol. Res. 13:1-55.
Cooper, K. M. and Lose!, D. M. 1978. Lipid physiology of vesicular-arbuscular mycorrhiza. I. Composition of lipids in roots of onion, clover and ryegrass infected
with Glomus mosseae. New Phytol. 80: 143-151.
Cox, G., Sanders, F. E., Tinker, P. B. and Wild, J. A. ItJ75. Ultrastructural evidence
relating to host-endophyte transfer in a vesicular-arbuscular mycorrhiza. In En-

REFERENCES

191

domycorrhizas. Sanders, F. E., Mosse, B. and Tinker, P. B. (editors). pp. 297302. Academic Press. London, U.K.
Cromack, K., Jr., Sollins, P., Graustein, W. c., Speidel, K., Todd, A. W., Sphycher,
G., Li. C. Y. and Todd, R. L. 1979.Calciumoxalate accumulationand soil weathering in mats of the hypogeousfungus Hysterangiumcrassum. Soil BioI. Biochcm.
11:463-468.
Daniels, B. A. and Menge, J. A. 1980. Hyperparasitismof vesicular-arbuscularmycorrhizal fungi. Phytopathology70:584-588.
Daniels, B. A. and Trappe, J. M. 1980. Factors affecting spore germination of the
vesicular-arbuscularmycorrhizalfungus Glomu.~epigaeus.Mycologia72:457-471.
Davis. R. M. and Menge.J. A. 1980.Influcnccof Glomu.~fas(,;(,lIltltlls
and phosphorus
on Phytophthoraroot rot of citrus. Phytopathology70:447-452.
Dehne, H. W. 1982.Interaction between vesicular-arbuscularmycorrhizalfungi and
plant pathogens. Phytopathology72:1115-1119.
Dehne. B. and Dehne. H. W. 1986. Development of VA mycorrhizal fungi and
interactions with Cochliobolus.~ativusin roots of gramineae. In Physiologicaland
Genetical Aspectsof Mycorrhizae.Gianinazzi-Pearson,V. and Gianinazzi.S. (editors). pp. 773-775. Institut Nationalde la RechercheAgronomiquc. Paris. Francc.
Dighton. J.. Thomas. E. D. and Latter. L. M. 1986.Interactions bctwccn tree roots.
mycorrhizas, a saprotrophic fungus. and the decomposition of organic substratcs
in a microcosm. BioI. Fert. Soils 4:145-150.
Finlay. R. D. and Read, D. J. 1986.The structure and function of the vegetative
mycelium of ectomycorrhizal plants. I. Translocation of '4C-labelledcarbon between plants interconnected by a common mycelium.New Phytol. 103:143-156.
Fogel. R. and Hunt, G. 1979. Fungal and arboreal biomass in a western Oregon
Douglas-fir ecosystem: Distribution patterns and turnover. Canad. J. For. Res.
9:245-256.
Fogel, R. and Trappe. J. M. 1978.Fungusconsumption(mycophagy)by smallanimals.
Northwest Sci. 52:1-31.
Foster. R. C. and Marks. G. C. 1967.Observationson the mycorrhizasof forest trees.
II. The rhizosphere of Pinus radiataD. Don. Aust. J. BioI. Sci. 20:915-926.
France, R. C. and Reid. C. P. P. 1983. Interactions of nitrogen and carbon in the
physiologyof ectomycorrhizae. Canad. J. Bot. 61:964-984.
Francis, R. and Read, D. J. 1984.Direct transfer of carbon between plants connccted
by vesicular-arbuscularmycorrhizalmycelium.Nature 307:53-56.
Gadgil. R. and Gadgil. P. D. 1975.Suppressionof litter decompositionby mycorrhizal
roots of Piml.~radiata. N.Z. J. For. Sci. 5:33-41.
Oarbayc. J. 1986.Effectsof mycorrhizalstatus on hud-bn:ak of heech and oak seedlings. In Physiologicaland Genetical Aspectsof Mycorrhizae.(jianinazzi-J>ear~on.
V. and Gianinazzi. S. (editors). pp. 493-496. Institut National de la Rcchen:hc
Agronomique. Paris. France.
Gianinazzi-Pearson. V. and Gianinazzi, S. 1986.Physiologicaland genetical aspects
of mycorrhizae. Proc. 1st European Symposiumon Mycorrhizae. Institut National
de la Recherche Agronomique. Paris. France.
Gildon, A. and Tinker, P. B. 1983. Interactions of vesicular-arbuscularmycorrhizal
infection and heavy metals in plants. I. The effects of heavy mctals on the development of vesicular-arbuscularmycorrhizas. New Phytol. 95:247-261.

---

191

MYCORRHIZAL FUNGI, RHiZOSPHERE ORGANISMS, AND PLANTS

Graham, J. H. and Menge, J. A. 1982.Influenceof vesicular-arbuscularmycorrhizae
and soil phosphorus on take-all disease of wheat. Phytopathology72:95-9X.
Graham. J. T., Leonard, R. T. and Menge,J. A. 1981.Membrane-mediateddecrease
in root exudation responsible for phosphorus inhibition of vesicular-arbuscular
mycorrhiza formation. Plant Physiol. 6X:548-552.
Griffiths. R. P.. Caldwell, B. A.. Cromack, K., Jr. and Morita, R. Y. 1989.Microbial
dynamicsand chemistryin soilscolonizedby ectomycorrhizalmats associated with
Douglas-fir. I. Seasonal variation in nitrogen chemistry and nitrogen cycle transformation rates. Oreg. Agric. Exp. Stn. Tech. Pap. Vol. 83, 7 pp.
Harley, J. L. and Smith, S. E. 1983.MycorrhizalSymbioses.AcademicPress. London.
U.K.
Harmer, R. and Alexander, I. J. 1985. Effects of root exclusion on nitrogen transformations and decomposition processes in spruce humus. In Ecological Interactions in Soil. Fitter, A. H., Atkinson, D., Read, D. J. and Usher, M. B. (editors).
pp. 267-277. BlackwellScientificPublications. London, U.K.
Harris, D. and Paul. E. A. 1987. Carbon requirements of vesicular-arbuscularmycorrhizae, In Ecophysiologyof VA MycorrhizalPlants. Safir. G. R. (editor). pp.
93-106. CRC Press. Boca Raton, FL, U.S.A.
Hassouma. M. G. and Wareing, P. F. 1964. Possible role of rhizosphere bacteria in
the nitrogen of Ammophila arenaria.Nature (London) 202:467-496.
Heap, A. J. and Newman,E. I. 1980.Linksbetweenroots by hyphaeof vesiculararbuscular mycorrhizas.New Phytol. 85:169-172.
Hilbert, D. W., Swift, D. M., Detling, J. K. and Dyer, M. I. 1981. Relative growth
rates and the grazing optimization hypothesis. Oecologia 51:14-18.
Hunt, H. W., Coleman. D. c., Ingham, E. R.,lngham, R. Eo, Elliot, E. T.. Moore.
J. c., Reid, C. P. P. and Morley, C. R. 1987.The detrital food web in a shortgrass
prairie. BioI. Fert. Soils 3:57-68.
Ingham, R. E. 1988. Interactions between nematodes and vesicular-arbuscularmycorrhizae. Agric. Ecosyst. Environ. 24:169-182.
Ingham, E. R., Trofymow,J. A., Ames. R. N.. Hunt. H. Wo,Morley, C. R.. Moore.
J. C. and Coleman, D. C. 1986. Trophic interactions and nitrogen cycling in a
semiarid grassland soil. II. System responsesto removal of different groups of soil
microbes or fauna. J. Appl. Ecol. 23:615-630.
Jain, M. K. and Vlassak, K. 1975.Study of nitrogenase activity in the mycorrhizal
rhizosphere of pine and oak. Ann. Microbiol. (Inst. Pasteur). 126A:119-122.
Janos, D. P. 1985. Mycorrhizalfungi: Agents or symptoms of tropical community
succession?N. Amer. Conf. Mycorrhizae6:98-103.
Janos. D. P. 1987.VA mycorrhizasin humid tropical ecosystems. In Ecophysiology
of VA MycorrhizalPlants. Safir, G. R. (editor). pp. 107-134. CRC Press. Boca
Raton, FL, U.S.A.

Jones, K. and Hendrix,J. W. 1987.Inhibitionof root extensionin tobaccoby the
mycorrhizalfungusGlomus macrocarpumand its preventionby benomyl.Soil BioI.
Biochem. 19:297-300.

Katznelson,H., Rouatt,J. W. and Peterson,E. A. 1962.The rhizosphere effect of
mycorrhizal and non-mycorrhizal roots of yellow birch seedlings. ('anad. J. Hot.
40:377-382.

REFERENCES

193

Kaye.J. W.. Pfleger.F. L. and Stewart. E. L. 1984.Interactionof Glomll.tfu.tdC'ulatum
and Pythium ultimum on greenhouse-grownpoinsettia. Canad. J. Bot. 62:15751579.
Killhilm. K. 19M5.Vesicular-;Irbusculilrmycurrhizillmediation of tmce and minor
element uptake in perennial grasses: Relation to livestockherhage. In Ecological
Interactions in Soil. Fitter. A. H.. Atkinson. D.. Read. D. J. and Usher. M. 8.
(editors). pp. 225-232. BlackwellScientificPublications. London. U.K.
Krishna. K. K.. Balakrishna. A. N. and Bagyaraj. D. J. 1982.Interaction between a
vesicular-arbuscularmycorrhizalfungus and Streptomycescinnamomeou.tand their
effects on finger millet. New Phytol. 92:401-405.
Kucey. R. M. N. 1987. Increased phosphorus uptake by wheat and field beans inoculated with a phosphorus-solubilizingPenicilliumbilajistrain and with vesiculararbuscular mycorrhizalfungi. Appl. Environ. Microbiol. 53:2699-2703.
Kucey. R. M. N. and Janzen. H. H. 1987. Effects of VAM and reduced nutrient
availabilityon growth and phosphorus and micronutrient uptake of wheat and field
beans under greenhouse conditions. Plant Soil 104:71-78.
Kucey. R. M. N. and Paul, E. A. 1982.Carbon flow. photosynthesisand N2fixation
in mycorrhizal and nodulated faba beans (Vicia faba L.). Soil BioI. Biochem.
14:407-412.
Laheurte. F. and Berthelin, J. 1986a.Influence of endomycorrhizalinfection by Glomus mosseaeon root exudation by maize. In Physiologicaland Genetical Aspects
of Mycorrhizae.Gianinazzi-Pearson.V. and Gianinazzi.S. (editors). pp. 426-429.
Institut National de la Recherche Agronomique. Paris. France.
Laheurte. F. and Berthelin. J. 1986b. Interactions between endomycorrhizas and
phosphate solubilizingbacteria: Effectson nutrition and growth of maize. In Physiologicaland Genetical Aspects of Mycorrhizae.Gianinazzi-Pearson.V. and Gianinazzi, S. (editors). pp. 339-343. Institut National de la Recherche Agronomique.
Paris, France.
Lambert, D. H.. Baker. D. E. and Cole. H. 1979.The role of mycorrhiz"aein the
interactions of phosphorus with zinc. copper and other elements. Soil Sci. Soc.
Amer. J. 43:976-980.
Lewis, D. H. and Harley. J. L. 1965.Carbohydrate physiologyof mycorrhizalroots
of beech. II. Utilizationof exogenoussugars by uninfectedand mycorrhizalroots.
III. Movement of sugars between host and fungus. New Phytol. 64:238-255.
256-269.
Leyval, C. and Berthelin, J. 1986.Comparison between the utilizationof phosphorus
from insoluble mineral phosphates by ectomycorrhizalfungi and rhizobacteria. In
Physiologicaland Genetical Aspects of Mycorrhizae. Gianinazzi-Pearson.V. and
Gianinazzi. S. (editors). pp. 345-349. Institut National de la Recherche Agronomique. Paris. France.
Li. C. Y. and Castellano. M. A. 1987.Azo.tpirillumisolated from within sporocarps
of the mycorrhizal fungi Hebeloma cru.ttuliniforme.Laccarialu('('ataand Rltizopogon vinicolor.Trans. Br. Mycol. Soc. 88:563-566.
Li, C. Y. and Hung. L. L. 1987.Nitrogen-fixing(acetylene-reducing)hacteria associated with ectomycorrhizaeof Douglas-fir. Plant Soil 98:425-428.

194

MYCORRHIZAL

FUNGI. RHiZOSPUERE

ORGANISMS,

ANI> PLANTS

Li, C. Y., Maser. C, Maser, Z. and Caldwell. B. A. 19H6.Role of three rodents in
forest nitrogen fixation in western Oregon: Another aspect of mammal- mycorrhizal
fungus-tree mutualism. Great Basin Natur. 46:411-414.
Linderman. R. 19XX.Mycorrhizal interactions with the rhizosphere microflora: The
mycorrhizosphere effect. Phytopathology 7X:366-371.
Losel, D. M. and Cooper. K. M. 1979. Incorporation of I'C-Iahclkd substratcs by
uninfccted and VA mycorrhizal roots of onion. New Phytol. X3;..H5. 422.
Malajczuk. N. 1979. The microflora of unsuberized roots of EIIL'Ulyplllsculophylla R.
Br. and E. marginuta Donn ex Sm. seedlings grown in soils suppressive and conducive to PhytoptllOrtl cinnamomi Rands. II. Mycorrhizal roots and associated
microflora. Aust. J. Bot. 27:255-272.
Malajczuk, N. and Cromack, K.. Jr. 1982. Accumulation of calcium oxalate in the
mantle of ectomycorrhizal roots of Pinu~ radiata and Eucalyptlls lIIurginata. Ncw
Phytol. 92:527-53\.
Malajczuk, N.. Trappe, J. M. and Molina. R. 1987. Interrelationships among some
ectomycorrhizal trees. hypogeous fungi and small mammals: Western Austntlian
and northwestern American parallels. Aust. J. Ecol. 12:53-55.
Marx, D. J. 1973. Mycorrhizae and feeder root discase. In Ectomycorrhizae. Marks.
G. C. and Kozlowski, T. T. (editors). pp. 351-3XlJ. Academit. Pfl'SS. New York.
NY, U.S.A.
McElroy, F. D. 1989. Nematodes. In Diseases and Insect Pests in Pacifit' Northwest
Bare Root Nurseries. Hamm, P. B., Campbell. S. J. and Hansen. E. M. (cditors).
pp. 1-80. PNW Forestry Research Laboratory. Corvallis, OR. U.S.A.
Meyer, J. R. and Linderman, R. 1986. Selective influence on populations of rhizosphere or rhizoplane bacteria and actinomycetes by mycorrhizas formed by Gl()mll.~
fasciculatum. Soil BioI. Biochem. 18:191-195.
Miller, R. 1987. VAM in grasslands. In Ecophysiology of VA Mycorrhizal Plants.
Safir, G. R. (editor). pp. 250-275. CRC Press. Boca Raton. FL. U.S.A.
Modjo, H. S.. Hendrix, J. W. and Nesmith. W. C. 19X7.Mycorrhizal fllngi in relation
to control of tobacco stunt disease with soil fumigants. Soil BioI. Biochem. 19:
289-296.
Moore, J. C. 1988. Plant succession in semiarid grasslands and rcsponse to mycorrhizal
colonization. Abstracts Ecological Society of America Meeting. Davis. CA. U.S.A.
p.312.
Moore. J. C. and Walter. D. E. IlJ8H.Arthropod regulation of milTo- and mesohiota
in below-grolll1ll detrital food webs. Annll. Rt'v. Entomol. .HAII) 4.N.
Mosse, B. Stribley. D. P. and LeTacon. F. 19XI. Ecology of mycorrhizae and mycorrhizal fungi. Adv. Microb. Ecol. 5: 137-210.
Nelson, C. E. 19X7.The water relations of vesiclliar-arbuscular mycorrhizal systems.
In EcophysiologyofVA Mycorrhizal Plants. Safir. G. R. (editor). pp. 71-92. eRC
Press. Boca Raton. FL. U.S.A.
Newman, E. I. 1985. The rhizosphere: Carbon sources and microbial populations. In
Ecological Interactions in Soil. Fitter, A. H.. Atkinson. D.. Read. D. J. and Usher.
M. B. (editors). pp. 107-121. Blackwell Scientific Publications. I.ondon. U.K.
Old. K. M. and Chakraborty, S. 1986. Mycophagous soil amocbac: Their biology and
significance in the ecology of soil-borne plant pathogens. Prog. I'rotistol. I: \(1.1194.

REFERENCES

195

Pacovsky. R. S., Rabin, L. B. Montllor, C. B. and Waiss, A. c.. Jr. 11)85.Hostplant resistance to insect pests altered by Glomus fasdeulatum colonization. N.
Amer. Conf. Mycorrhizae6:288.
Parke, J. L. and Linderman. R. G. 1980.Associationof vesicular-arbuscularmycorrhizal fungi with the moss Funariahygrometriea.Canad. J. Bot. 58:181)8-1904.
Parke. J. L.. Linderman. R. G. and Black. C. H. 11)83.The role of ectomycorrhizae
in drought tolerance of Douglas-firseedlings. New Phytol. 1)5:83-1)5.
Paul. E. A., Harris, D. and Fredeen, A. 11)85.Carbon flow in mycorrhizal plant
associations. N. Amer. Conf. Mycorrhizae6:165-169.
Perrin. R. and Garbaye, J. 1983.Influenceof ectomycorrhizaeon infectivityof Pythill11l-infestedsoils and substrates. Plant Soil 71:345-351.
Powell. C. L. 11)75.Potassium uptake by endotrophic mycorrhizas. In Endomycorrhizas. Sanders, F. E.. Mosse. B. and Tinker, P. B. (editors). pp. 461-475. Academic Press. New York, NY, U.S.A.
Rabatin, S. C. and Rhoades, L. H. 11)82.Acalllo.~p()ra
hireticlIlatainsideorbatid mites.
Mycologia74:851)-861.
Rambelli. A. 1973.The rhizosphereof mycorrhizae.In Ectomycorrhizae:Their Ecology and Physiology.Marks. G. L. and Koslowski.T. T. (editors). pp. 2W--343.
Academic Press. New York, NY, U.S.A.
Ratnayake, R. T.. Leonard, R. T. and Menge, J. A. 1978.Root exudation in relation
to supply of phosphorus and its possible relevance to mycorrhizalformation. Ncw
Phytol. 81:543-552.
Read. D. J. 1987. Non-nutritional effects of mycorrhizalinfection. In Physiological
and Genetical Aspects of Mycorrhizae. Gianinazzi-Pearson.V. and Gianinazzi, S.
(editors). pp. 169-176. Institut National de la Recherche Agronomique. Paris,
France.
Reece, P. E. and Bonham, C. D. 1978. Frequency of endomycorrhizalinfection in
grazed and ungrazed blue grama plants. J. Range Manage. 31:149-155.
Reeves, F. B. 1985. Survival of VA mycorrhizal fungi: Interactions of secondary
succession,mycorrhizaldependency in plants and resource competition. N. Amer.
Conf. Mycorrhizae6:110-113.
Riffle, J. W. 1971. Effect of nematodes on root-inhabiting fungi. In Mycorrhizae.
Hacskaylo, E. (editor). pp. 97-113. USDA For. ServoMisc. Publ. 1181).
Ross,J. P. and Ruttencutter, R. 1977.Populationdynamicsof twovesicular-arhuseular
endomycorrhizal fungi and the role of hyperparasitic fungi. Phytopathology 07:
490-490.
Safir. G. R. 11)87.Ecophysiologyof VA MycorrhizalPlm1ls.CRC Press. Hoca Rallm,
FL, U.S.A.
Salawu. E. O. and Estey, R. H. 1979.Observations on the relationships hctwecn a
vesicular-arbuscularfungus, a fungivorousnematode and thc growth of soybcans.
Phytoprotection 60:99-102.
Schenk, N. C. and Kellam. M. K. 1978. The influence of vesicular-arhuscularmycorrhizae on disease development. Agric. Exp. Stn.. Univ. Fla. Gaincsville. Bull.
798. 16 pp.
Schwab. S. M., Menge, J. A. and Leonard, R. T. 1983.Quantitative and qualitativc
effectsof phosphoruson extracts and exudatesof sudangrassin relation to vesiculararbuscular mycorrhiza formation. Plant Physiol. 73:761-765.

196

MYCORRHIZAL FUNGI, RHIZOSPHERE ORGANISMS, AND PLANTS

Shaw, P. J. A. 1985.Grazingpreferencesof Onychiurusarmatus(Insecta: Collembola)
for mycorrhizaland saprophyticfungiof pine plantations. In EcologicalInteractions
in Soil. Fitter, A. H., Atkinson, D., Read, D. J. and Usher. M. B. (editors). pp.
333-337. BlackwellScientificPublications. London, U.K.
Sinclair, W. A., Sylvia, D. M. and Larsen, A. O. 1982. Disease suppression and
growth promotion in Douglas-firseedlingsby the ectomycorrhizalfungus Laccaria
faccata.For. Sci. 28:191-201.
Skinner, M. F. and Bowen. G. D. 1974.The penetration of soil hy mycelial strands
of ectomycorrhizalfungi. Soil BioI. Biochem. 6:57-61.
Slankis, V. 1973. Hormonal relationships in mycorrhizal development. In Ectomycorrhizae: Their Ecology and Physiology. Marks, G. C. and Kozlowski. T. T.
(editors). pp. 151-205. Academic Press. New York, NY. U.S.A.
Smith, F. A., Smith, S. E., St. John, B. J. and Nicholas. D. J. D. IlJX6.Inflow of N
and P into roots of mycorrhizaland non-mycorrhizalonions. In Physiologicaland
Genetical Aspects of Mycorrhizae.Gianinazzi-Pearson,V. and Gianinazzi.S. (editors). pp. 371-375. Institut Nationalde la RechercheAgronomique. Paris. France.
Snellgrove, R. c.. Splittstoesser, W. E., Stribley, D. P. and Tinker, P. B. 19H2.The
distribution of carbon and the demand of the fungal symbiont in leek plants with
vesicular-arbuscularmycorrhizas.New Phytol. 92:75-81.
Sparling, G. P. and Tinker, P. B. 1978. Mycorrhizalinfection in Pennine grassland.
1. Levels of infection in the field. J. Appl. Ecol. 15:943-950.
St. John, T. and Coleman, D. C. 1983. The role of mycorrhizae in plant ecology.
Canad. J. Bot. 61:1005-1014.
St. John, T. V., Coleman, D. C. and Reid, C. P. P. 1983.Association of vesiculararbuscular mycorrhizalhyphae with soil particles. Ecology 64:957-960.
Stribley, D. P. 19X7.Mineral nutrition. In Ecophysiologyof VA MycorrhizalPlants.
Safir, G. R. (editor). pp. 59-70. CRC Press. Boca Raton, FL, U.S.A.
Stribley, D. P.. Tinker, P. B. and Rayner, J. H. 1980.Relation of internal phosphorus
concentration and plant weight in plants infected hy vesicular-arhuscularmycorrhizas. New Phytol. 86:261-266.
StrezeIczyk, E.. Kampert, M. and Michalski, L. 1985. Production of cytokinin-like
substances by mycorrhizal fungi of pine (Pinus ~'yfvestrisL.) in cultures with and
without metabolites of actinomycetes. Acta Microhiol. Polonica 5:177-I XO.
Sutherland, J. R. and Fortin, A. 1968. Effect of the nematode AphelencJlIIsavenae
on some ectotrophic mycorrhizalfungi and on a red pine mycorrhizalrelationship.
Phytopathology58:519-523.
Sutton, J. C. and Sheppard, B. R. 1976.Aggregation of sand-dune soil by endomycorrhizal fungi. Canad. J. Bot. 54:326-333.
Szaniszl0, P. J., Powell, E. P., Reid, C. P. P. and Cline, G. R. 19XI.Production of
hydroxamate siderophore chelators by ectomycorrhizalfungi. Mycologia72:11581174.
Tisdall, J. M. and Oades, J. M. 1979. Stabilization of soil aggregates by the root
system of ryegrass. Aust. J. Soil Res. 17:429-451.
Tisdall, J. M. and Oades, J. M. 1982.Organic matter and water-stahle aggregates in
soils. J. Soil Sci. 33:141-163.

REFERENCES

197

Trappe, J. M. and Molina, R. 1986.Taxonomy and genetics of mycorrhizal fungi:
Their interactions and relevance. In Physiologicaland Genetical Aspects of Myeorrhizae. Gianinazzi-Pearson, V. and Gianinazzi, S. (editors). pp. LB-14l1. Institut National de la Recherche Agronomique. Paris, France.
Trojanowski. J.. Haider. K. and Huttermann, A. 19M.Decomposition of '4C-lahelled
lignin. holocellulose and lignocellulose by mycorrhizal fungi. Arch. Microhiol.
139:202-206.
Van Kessel, c., Singleton, P. W. and Hoben, H. J. 1985.Enhanced N-transfer from
a soybeanto maizeby vesicular-arbuscularmycorrhizal(VAM) fungi.Plant Physiol.
79:562-563.
Wallace, L. L., McNaughton. S. J. and Goughenhour, M. B. 1982.The effects of
clipping and fertilization on nitrogen nutrition and allocation by mycorrhizal and
nonmycorrhizalPa/Jicltrnc%raturn L., a C4 grass. Oecologia 54:68-75.
Whittingham, J. and Read. D. J. 1982. Vesicular-arbuscularmycorrhiza in natural
vegetation systems. III. Nutrient transfer between plants with mycorrhizalinterconnections. New Phytol. 90:277-284.
Woo1house,H. W. 1975.Phosphate physiologyof vesicular-arbuscularmycorrhizas.
In Endomycorrhizas.Sanders, F. E., Mosse. B. and Tinker, P. B. (editors). pp
209-239. Academic Press. London. U.K.
Zak, B. 1964. Role of mycorrhizae in root disease. Annu. Rev. Phytopathol. 2:
377-392.

~

