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Abstract

Roots and mycorrhizal fungi may not associate with soil bacteria randomly, but rather in a hierarchical structure
of mutual preferences. Elucidation of such structures would facilitate the management of the soil biota to enhance
the stability of the plant-soil system. We conducted an experiment utilizing two isolates of soil bacteria to deter-
mine their persistence in distinct mycorrhizal regions of the root zone, and their effects on general rhizosphere
populations of fluorescent pseudomonads (FP). Split-root sorghum (Sorghum bicolorL.) plants were grown in
four-compartment containers, constructed so that the soils in individual compartments held either (1) roots colo-
nized by the arbuscular-mycorrhizal (AM) fungusGlomus mosseae(M), (2) nonAM roots only (R), (3) hyphae
of G. mosseae(H), or (4) no mycorrhizal structures (S). The soils were inoculated (107 cells g−1 dry soil) with
antibiotic-resistant (rifampicin, rif; streptomycin, sm) strains of the soil bacteria,Alcaligenes eutrophus(rif r50)
or Arthrobacter globiformis(smr250), or were left uninoculated as control.A. eutrophushad been isolated from
a specific source (hyphosphere soil ofG. mosseae), andA. globiformisfrom mycorrhizosphere soils of two AM
fungi. After 10 wk of growth, the presence ofA. eutrophuswas barely detectable (<10 cfu g−1 dry soil) in nonAM
(R and S) soils, but persisted well (104 cfu g−1 dry soil) in AM (H and M) soils. Numbers ofA. globiformiswere
more evenly distributed between all soils, but were highest in the presence of AM roots (M soil). There were varied
bacterial effects on root and AM-hyphal development:A. eutrophusdecreased hyphal length in H soil, whileA.
globiformisstimulated root length in M soil. The two bacterial inoculants did not affect numbers of FP in H, R,
and M soils, but the AM status of the soils did: the numbers of FP increased in the order M>R>H>S. There was
a positive correlation of FP numbers with both bacterial inoculants in M and H soils. Numbers of FP changed
with root or hyphal lengths, an effect that was related to changes in the numbers of the inoculated bacteria. The
results indicate that the hyphosphere-specificA. eutrophusdepended on the presence ofG. mosseae, but that the
nonspecificA. globiformisdid not. The mycorrhizal status of soils may selectively influence persistence of bacterial
inoculants as well as affecting the numbers of other native bacteria.

Introduction

The rhizosphere (Hiltner, 1904) had been defined for
almost a century as the narrow zone of soil subject to
the influence of living roots, characterized by intense
bacterial activity as a result of a leakage or exudation
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of substances from the root (Curl and Truelove, 1986).
Subsequently, the rhizosphere concept was expanded
to include the root’s ever-present mycorrhizal fungal
associates (Rawlings, 1958). In the mycorrhizosphere
(Oswald and Ferchau, 1968), two different zones are
discernible: that under the joint influence of the root
and fungal components of the mycorrhiza, and that
affected by the mycelium of the mycorrhizal fungus
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only. This second zone, the hyphosphere (Marschner,
1995), is part of the over-all mycorrhizosphere but
may support biotic activities distinct from those in
soils under joint root and fungal influence (Linderman,
1988). Since microbial activity may differ in mycor-
rhizosphere, hyphosphere, rhizosphere and bulk soils
(Andrade et al., 1997), we will here use the terms ‘rhi-
zosphere’ to refer to soil surrounding nonmycorrhizal
roots only, and ‘bulk soil’ to refer to soil free of both
the plant and fungal components of the mycorrhiza
(Andrade et al., 1997).

Reports of interactions between microorganisms
and arbuscular mycorrhizal (AM) fungi include both
negative and positive effects of the fungi on bacter-
ial activity: Glomus fasciculatumin association with
Zea maysor Trifolium subterraneumreduced the vi-
able counts of fluorescent pseudomonads (FP) but
increased total bacterial numbers compared to nonAM
plants (Meyer and Linderman, 1986), while the to-
tal viable counts of bacteria in the rhizoplane of
guinea grass was reduced byAcaulospora laevisbut
increased byG. fasciculatum(Secilia and Bagyaraj,
1987). Differences between bacterial communities in
rhizosphere, hyphosphere, and mycorrhizosphere soils
are also expected to exist due to quantitative and qual-
itative differences in nutrients derived from the plant,
the fungus, or from both, but so far the spatial dif-
ferentiation of bacteria in the root zone has been only
superficially explored (Andrade, 1997; Olsson et al.,
1996).

Andrade et al. (1997) found qualitative differ-
ences in the composition of the microflora in myc-
orrhizosphere and hyphosphere soils of different AM
fungal isolates, suggesting preferential associations
between some bacteria and the conditions provided by
their individual fungal hosts. Bacterial colonization of
the mycorrhizosphere and hyphosphere may thus dif-
fer with the AM fungi that colonize a given plant’s
root zone. Since microbial activity in soil is stimu-
lated by root exudates (Bowen and Rovira, 1991), root
colonization by AM fungi may alter bacterial growth
by changing exudation patterns (Azaizeh et al., 1995).
The fungi themselves may promote bacterial growth
in the soil directly, by exuding nutrients transferred
from the roots to soil microsites not accessible to roots
(Hobbie, 1992; Söderström, 1992).

Deleterious effects of AM root and soil coloniza-
tion on soil bacteria have also been observed, sug-
gesting C competition (Marschner and Crowley, 1996;
Paulitz and Linderman, 1989). But other interpre-
tations of AM-fungal inhibition of distinct bacterial

populations, functional groups, or taxa also exist and
include: (1) the influence of the fungi on the pat-
terns and availability of plant-derived C-sources and
their utilization by microbial communities (Garland,
1996; Washkies et al., 1994), (2) the enhancement of
competing bacterial populations (Ames et al., 1984),
(3) the creation of unfavorable physico-chemical soil
conditions, and (4) the stimulation of predator pop-
ulations. An understanding of such multiple-factor
interactions and their reduction to the most plausible
cause-effect relations would be facilitated if hierar-
chical specificity or preference structures could be
elucidated between associated organisms. Such prefer-
ences have been shown to exist between certain plants
and AM fungi (ecological specificity, McGonigle and
Fitter, 1990) and are suggested by the occurrence of
distinct bacterial communities associated with myc-
orrhizosphere and hyphosphere soils of different AM
fungi (Andrade et al., 1997).

The purpose of the present study was to assess: (1)
the preference of two bacterial strains isolated from
the hyphosphere or mycorrhizosphere of the AM fun-
gusG. mosseaefor the soil zone from which they were
isolated, (2) the effects of the massive inoculation of
these organisms on mycorrhiza development, and (3)
the proliferation of a third soil bacterial type, FP, that
is a general rhizosphere inhabitant.

Material and methods

Experimental unit and design

Plants were grown in containers consisting of four
compartments described elsewhere (Andrade et al.,
1998). Roots were split over a central solid barrier
and trained to grow into the soils of the two (inside)
compartments on either side of the solid barrier. The
soil in one of the inside compartments was inocu-
lated with an arbuscular-mycorrhizal (AM) fungus;
the other was not (nonAM). The soils of each of these
two inside compartments was contiguous with the soil
of an outside compartment but were separated from
the outside compartment by a screen (43µm). The
screens prevented root penetration into the two out-
side compartments but permitted the growth of hyphae
and an exchange of the soil microflora and of the soil
solution. The four compartments thus contained either
bulk soil (S, no roots, no AM hyphae, outside compart-
ment) or rhizosphere soil (R, nonAM roots only, inside
compartment) on the nonAM side, and hyphosphere
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soil (H, AM hyphae only, outside compartment) or
mycorrhizosphere soil (M, AM roots and AM hyphae,
inside compartment) on the AM side of the central
solid barrier.

There were nine such experimental units, each
containing S, R, M and H soils. The soils (≈1 kg
per compartment) were spread out in a thin (1 cm)
layer before potting and sprayed with suspensions (107

cells g−1 soil) of the Gram-negative bacteriumAlcali-
genes eutrophus(Ae) or the Gram-positive actinobac-
teriumArthrobacter globiformis(Ag) or with the ster-
ile medium (Ringer’s solution) as control (CON). Each
suspension was used to treat all of the four soils of
three of the nine experimental units. This procedure
resulted in 12 treatments in a 3×4 factorial design,
with bacterial inoculation (Ae, Ag and CON) and my-
corrhizal status (S, R, M and H) as factors. Upon
removal from the containers, the soil clumps were cut
in two, and each half was sampled separately. The data
from these subsamples were averaged and the result-
ing three replications were used to evaluate treatments
by analysis of variance, regression analysis, and or-
thogonal contrasts. We presented actual probability
values (p) instead of arbitrary probability levels (p
≤ 0.05 orp ≤ 0.01) where applicable, to permit the
reader to interpret significance (Nelson, 1989).

Growth conditions

Each compartment was filled with 1.5 L (1 kg) of
a steam-pasteurized (75◦C, 3 h) mix of sand and
sandy-loam soil (v:v, 1:1) described elsewhere (An-
drade et al., 1998). Spores of the AM fungusGlomus
mosseae(Nicol. & Gerd.) Gerd and Trappe (INVAM1

isolate # CA 110) were obtained from soil cultures
with sorghum (Sorghum bicolorL.), surface steril-
ized, and tested for germination rates. The soils of
the M compartments were inoculated with 150 of these
spores. Surface-sterilized (ethanol, 70%, v:v, 2 min),
pre-germinated sorghum seeds were used, and the
roots of the seedlings were split to grow into R- and
M-compartment soils (Andrade et al., 1998).

Plants were grown in a greenhouse at Corvallis,
OR, and harvested after 10 wk of growth. The soils
of the inside (R and M) compartments were watered
daily with tap water and those of the outside com-
partments (S and H) once a week to keep them at
similar moisture contents (field capacity). Sunlight

1 International Collection of Arbuscular and Vesicular-
Arbuscular Mycorrhizal Fungi, Division of Plant and Soil Sciences,
University of West Virginia, Morgantown, WV 26526-6057, USA.

was supplemented by 1000 W phosphor-coated metal
halide lamps, providing 16 h of photosynthetically ac-
tive radiation (450µmol m−2 sec−1) at soil surface
level. Temperatures were kept within 18 and 21◦C by
automatic controls.

Marking and inoculation with mycorrhizosphere and
hyphosphere bacteria

The strains of bacteria used as inoculants were iso-
lated from our experimental soil. Isolates ofA. eu-
trophus were obtained from the hyphosphere and
those ofA. globiformisfrom the mycorrhizosphere of
sorghum roots colonized byG. mosseae(Andrade et
al., 1997). TheA. eutrophusstrain occurred only in
the hyphosphere ofG. mosseae, while the A. glob-
iformis strain originally colonized rhizosphere and
hyphosphere soils of more than one AM fungus. In
addition to the hyphosphere ofG. mosseae, it was
also found in the bulk soil of nonAM plants, and in
the mycorrhizosphere of another AM fungus,Glo-
mus intraradices(Schenck and Smith) Koske. Stable
antibiotic-resistant mutants ofA. eutrophusand A.
globiformiswere obtained spontaneously by exposure
to rifampicin (rif) and streptomycin (sm), respectively.

The mutants were obtained as follows. Concen-
trated (1010 cfu mL−1) cell suspensions ofA. eutro-
phusandA. globiformiswere exposed to concentration
gradients of rif (25–150µg mL−1) or sm (50–250µg
mL−1) on Tryptic-Soy Agar (TSA) medium and incu-
bated at 25◦C for 10 d. Bacteria surviving the high-
est concentrations of the bactericides were subjected
five times to single-colony isolation on antibiotic-
supplemented TSA to test for stability before soil inoc-
ulation. The inocula were prepared in TSA broth (plus
rif 50 or sm 250). The cells were washed three times
with one-quarter strength Ringer’s solution (centrifu-
gation, 10,000g, 20 min), resuspended in Ringer’s
solution and sprayed on thin layers of soil to ob-
tain a final soil concentration of approximately 107

cfu g soil−1. The inoculated soils were mixed before
potting.

Isolation ofA. eutrophus, A. globiformisand
fluorescent pseudomonads (FP)

Two 1-g samples of homogenized soil were taken
from each of the 12 treatments to estimate the pop-
ulations ofA. eutrophusrif r 50, A. globiformissmr

250 and native FP (Zuberer, 1994). Samples from R
and M compartments also contained root fragments.
The samples were suspended in 9 mL of one-quarter
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Table 1. Statistical evaluation of mycorrhiza effects on populations of the soil bacteriaA. eutrophus
and A. globiformis. All soils (bulk soil, S; rhizosphere soil, R; mycorrhizosphere soil, M; and
hyphosphere soil, H) were inoculated with one of the two bacteria (107 cfu g−1 dry soil)

Bacteria ANOVA Orthogonal contrasts

S vs. R S vs. M S vs. H R vs. M R vs. H M vs. H

A. eutrophus <0.001 0.858 <0.001 <0.001 <0.001 <0.001 0.869

A. globiformis 0.020 0.437 0.159 0.713 0.045 0.673 0.089

Figure 1. Graphical representation of two-factor interactions for
bacterial numbers ofAlcaligenes eutrophusandArthrobacter glob-
iformis in soils of different mycorrhizal status. A. Points denoting
bacteria numbers in hyphosphere (H) and mycorrhizosphere (M)
soils, and in bulk soil (S) and rhizosphere soil (R) are connected
to illustrate that the Mycorrhiza Factor is the same at each level of
the Root Factor. B. Points denoting bacteria numbers (as above) are
connected to illustrate the failure of the Mycorrhiza Factor to be the
same at each level of the Root Factor.

strength Ringer’s solution (plus 0.05% agar) and main-
tained at 5◦C until the serial dilutions were made.
Aliquots (100µL) of ten-fold dilutions were spread
on duplicate plates of TSA medium plus rifampicin

50µg mL−1 or streptomycin 250µg mL−1 for count-
ing the marked strains (Kirchner et al., 1993) and on
P1 medium (Katoh and Itoh, 1983) for the FP. Plates
were incubated at 25◦C and cfu were counted after 5
d.

Mycorrhiza assay

Roots were washed and cut into 1-cm segments. Sub-
samples (1 g) were cleared in KOH solution (5%
KOH, w:v, 30 min, 90◦C), and stained with trypan
blue (0.05%) in lacto-glycerol (water:glycerol:lactic
acid, 1:1:1, 10 min, 90◦C). Total and AM-colonized
root length was estimated by the grid-line intersect
method (Giovanetti and Mosse, 1980). Two samples
from each treatment soil were used for a determina-
tion of fungal hyphal length by the grid-line intersect
method (Sylvia, 1992), as modified by Andrade et al.
(1998). Hyphal length was determined in the nonAM
treatments also and these hyphae were considered to
be residual dead AM and nonAM hyphae. This value
was subtracted from the hyphal length of the AM treat-
ments.

Results

A. eutrophusrif r50 andA. globiformissmr250
populations

The mycorrhizal status of the soils affected the marked
populations ofA. eutrophusand ofA. globiformisdif-
ferently (Figure 1, Table 1).A. eutrophusshowed a
marked preference for soils containing AM hyphae (M
and H), and its numbers therein exceeded those found
in the nonAM (S and R) soils by four orders of magni-
tude. Populations ofA. globiformiswere more evenly
distributed, but were higher in the M than in the other
soils. The numbers of bothA. eutrophusandA. globi-
formisdeclined in all soil treatments from the original
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Figure 2. Relationship of fluorescent pseudomonads (FP) with hy-
phal length of the arbuscular-mycorrhizal (AM) fungusGlomus
mosseaein soils inoculated with antibiotic-resistance marked iso-
lates ofAlcaligenes eutrophusor Arthrobacter globiformis. A data
point (two samples from each of the three replications) repre-
sents one observation in mycorrhizosphere (closed symbols) or
hyphosphere (open symbols) soils.

value (107 cfu g−1 dry soil). The near elimination of
A. eutrophusfrom nonAM soils showed a preference
of this organism for AM hyphae, from which it was

isolated, and in whose presence it persisted throughout
the experiment in numbers ten thousand-fold higher
than in their absence. On the other hand,A. globi-
formis, a nonspecific colonist of the bulk soil (Andrade
et al., 1997), persisted well in all soils, although with
a preference for the M soil.

The difference in the responses of these bacteria
to soils of different AM status are best shown by the
graphical representation of the interactions provided
by ANOVA (Figure 1). When evaluated as a 2× 2
factorial with AM fungus (presence [H, M] or absence
[S, R]) and host root (presence [R, M] or absence [S,
H]) as factors, the effect of the AM factor onA. eu-
trophuswas the same at each level of the root factor.
The factors were therefore independent of one another,
the interaction was not significant (p = 0.992), and
it was the AM (and not the root) status of the soil
that affected the proliferation of this organism (Fig-
ure 1A). ForA. globiformis, on the other hand, the
AM effect was different at each level of the root factor
(Figure 1B). Thus, the factors were not independent of
one another, the responses were different in direction
and magnitude, and the interaction was significant (p
= 0.087). In this case, bacterial numbers were affected
by both the AM and the root status of the soils.

AM responses to bacteria

Bacterial inoculation had significant effects on some,
but not all, of the root and AM traits (Table 2).
AM hyphal length in hyphosphere soil was lower in
the Ae treatment than with the other two treatments,
while in mycorrhizosphere soils bacterial treatments
had no significant effects on hyphal development. The
presence of Ag stimulated hyphal development in the
hyphosphere, and inhibited it in the mycorrhizosphere.
In rhizosphere soil, root length in the Ag treatment
was lower (p = 0.094) than that of the control treat-
ment. In the mycorrhizosphere,A. eutrophusenhanced
root growth (p = 0.086) compared to the control.
Specific fine root length was most developed in the
mycorrhizosphere and significantly enhanced both by
A. eutrophus(p = 0.034) and byA. globiformis(p =
0.007).

Interactions with fluorescent pseudomonads (FP)

Populations of FP were significantly influenced by the
AM and root status of the soils (Table 3), which stim-
ulated FP numbers in the order: M>R>H>S. The
presence of the AM fungus caused FP numbers to in-
crease by at least an order of magnitude (compare M
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Table 2. Root and arbuscular-mycorrhizal (AM) responses to bacterial inoculation.
Soils (hyphosphere soil, H; rhizosphere soil, R; and mycorrhizosphere soil, M) were in-
oculated with the soil bacteriaAlcaligenes eutrophus(Ae) or Arthrobacter globiformis
(Ag) at a rate of 107 cfu g−1 dry soil, or were left uninoculated (control). Tertiary
roots were used to determine specific fine root length (SFRL). ANOVA refers to the
Bacterium×AM (3×2) factorials

Treatment AM hypha Root length SFRL

(m/g dry soil) (m/kg dry soil) (m/kg dry soil)

H-soil M-soil R-soil M-soil R-soil M-soil

Control 21.8 19.6 72.3 82.9 46.6 48.2

A. eutrophus 15.7 19.0 54.3 123.2 41.5 62.9

A. globiformis 25.0 15.7 42.3 86.1 40.5 94.9

ANOVA (p-values)

Bacterium 0.391 0.261 0.132

AM 0.223 0.003 0.007

B×AM 0.090 0.136 0.053

Orthogonal contrasts (p-values)

C vs. Ae 0.104 0.824 0.427 0.086 0.749 0.258

C vs Ag 0.343 0.261 0.094 0.520 0.706 0.007

Ae vs. Ag 0.026 0.342 0.660 0.255 0.953 0.034

Table 3. Effects of bacterial inoculation and AM status
on native populations of fluorescent pseudomonads (FP).
Soils (bulk soil, S; rhizosphere soil, R; mycorrhizosphere
soil, M; and hyphosphere soil, H) were inoculated withAl-
caligenes eutrophus(Ae) orArthrobacter globiformis(Ag)
at a rate of 107 cfu g−1 dry soil, or were left uninoculated
(control)

Treatment AM status of soils ANOVA

FP (log cfu g−1 dry soil)

S H R M

Control 0.38 4.76 5.83 6.83 <0.001

Ae 0.38 4.81 5.64 6.03 <0.001

Ag 3.52 4.92 5.75 6.62 <0.001

ANOVA <0.001 0.922 0.967 0.312

vs. R soils, and also H vs. S soils of the Ag treatment).
Bacterial inoculation affected FP only in the root-free
bulk soil, where it occurred in only very small num-
bers in the control and Ae treatments, but increased a
thousand-fold in the presence ofA. globiformis.

There was a significant positive correlation be-
tween FP and AM hyphal length in the Ae treatment,
a negative one in the Ag treatment, while the correla-
tion was not significant in the control (Figure 2). Since
the presence of the bacterial inoculants affected hyphal

development (Table 2), but not FP numbers (Table 3),
the hyphal effect on FP numbers may be interpreted as
an indirect effect of the two bacterial inoculants.

In Ae soils, FP numbers increased from very low
levels in the bulk soil to the higher levels in the H,
R and M soils (Table 3). Since this effect was paral-
leled in Ae treatments by an increase in hyphal length
from zero in the bulk soil (not shown) to the high-
est level in the M soil (Table 2), the increase in FP
numbers (M>H>S) could have been influenced by
the proximity of the AM roots or by the more devel-
oped AM mycelium. At the same time, protagonism
betweenA. eutrophusand FP was also shown by the
direct, positive correlation between the two organisms
(Figure 3A).

Fluorescent pseudomonads were also positively
correlated withA. globiformis(Figure 3B), but their
relationship with AM hyphal development was neg-
ative (Figure 2B), resembling their behavior in the
uninoculated control soils (Figure 2C). This compar-
ison indicates that regardless of the presence ofA.
globiformis, it was root, rather than hyphal develop-
ment, that stimulated FP. In the light of these data, the
correlations between FP and hyphal length appear to
be due to the effects ofA. eutrophusandA. globiformis
on hyphal development.
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Figure 3. Relationship of fluorescent pseudomonads (FP) with antibiotic-resistance marked isolates ofAlcaligenes eutrophusandArthrobacter
globiformis in mycorrhizosphere ( ) or hyphosphere (#) soils.

Discussion

The difference in the proliferation of the soil bacte-
ria A. eutrophusandA. globiformisin AM or nonAM
soils was the salient finding of our experiment. The
‘mycorrhizobacterium’A. eutrophus, isolated from
the hyphosphere of the AM fungusG. mosseae, es-
tablished itself in both hyphosphere and mycorrhi-
zosphere soils in numbers ten thousand times greater
than in soils not containing the fungus. Its success in
H and M soils did, therefore, not depend on the pres-
ence of the host root, but on AM hyphae (Table 1).
This effect also suggests that this bacterial isolate has a
preference forG. mosseaeas its AM-fungal host. This
preference may not be mutually advantageous, how-
ever, as AM hyphal length declined in the presence of
the bacterium.

Preferences (ecological specificities) in the my-
corrhizosphere have been shown to exist between
the host plant and its AM-fungal associates (McGo-
nigle and Fitter, 1990), and they may thus extend to
the AM fungus-soil bacterium association also. Such
bacterium-AM fungus preferences may not be gen-
eralized, however, as shown by the behavior of the
nonspecific isolate,A. globiformis. Although it pro-
duced the greatest cell numbers in mycorrhizosphere
soil, it persisted equally well in both AM and nonAM
soils, probably due to the improvement in growth-
substrate availability by the fungus-root association
(Wright and Upadhaya, 1996).

The relationships between the mycorrhiza and a
bacterial associate may affect other members of the
mycorrhizosphere community. The potential of soil
bacteria to control pathogens is being exploited in
agriculture (Pankhurst et al., 1994), but the success
rate has been inconsistent. There is a need for more
data on basic soil-community dynamics (Garland,
1996). Such an entry into the database was provided
by our observation that numbers of FP soil bacteria
as a function of AM hyphal length differed in the
presence ofA. eutrophusor A. globiformis. Different
AM fungi have been shown by others to have different
effects on populations of FP, a phenomenon that has
been attributed to competition for growth substrates,
which can lead to a starvation of the bacterium in the
rhizosphere (Marschner and Crowley, 1996). It was
unexpected, however, to find FP numbers correlated
both positively and negatively with hyphal develop-
ment of the same AM fungus (Figure 2), apparently
depending on the presence or absence ofA. eutrophus
or A. globiformis. The positive correlations of FP with
bothA. eutrophusandA. globiformis(Figure 3), and
the lack of a significant relationship between hyphal
length and FP in control soil (Figure 2C) indicated
that FP numbers were independent of the hyphae.
The large increase of FP numbers in S soil treated
with A. globiformis(Table 3) is obscure, as a similar
enhancement was not observed in the other soils.

In a multi-factor system, such as the soil, infer-
ences drawn from insufficient data have little predic-
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tive value, because effects observed may be due to,
or at least influenced by, yet another little-known,
or unknown factor. For example, in considering the
composition of FP populations associated with roots,
one may conclude that soil type is a dominant fac-
tor if AM fungi are not one of the factors evaluated
(Latour et al., 1996). When evaluating the effects of
introduced soil bacteria on plants, alterations in root-
ing patterns and AM colonization are noted (Table 2,
Ames et al., 1983; Andrade et al., 1995; Germida and
Walley, 1996) that may be plant-growth promoting in
one sense, but may also alter the optimal function-
ing of established associations. Such associations may
be as manifold as the organisms of which they are
composed: plant–fungus, plant–bacterium, fungus–
bacterium, and plant–fungus–bacterium associations
ranging from the highly specific to the mildly pref-
erential. Upon disturbing the balance of this large
assemblage of associations, significant, although tran-
sient, perturbations occur (De Leij et al., 1995; Gilbert
et al., 1996) that may interrupt natural interactions be-
tween soil populations and may prevent a consistent,
full exploitation of the benefits derived from inocu-
lation with plant–growth–promoting rhizobacteria or
bacterial biocontrol agents (Ryder et al., 1994).

An establishment of a hierarchical system of speci-
ficities and preferences that relate associated soil or-
ganisms to one another may become necessary as
varying levels of interdependence between the mem-
bers of specific associations become known. Un-
derstanding the mechanisms through which soil or-
ganisms interact is crucial for the management of
sustainable agricultural systems (Hamel, 1996).
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