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Abstract Arbuscular mycorrhizal (AM) fungi interact with
bacteria (AM fungi-associated bacteria, AMB) in the mycor-
rhizosphere. We previously identified a set of AMB that
enhance AM fungal colonization, plant growth, and inhibit
pathogens. Here, we used transformed carrot root cultures in a
two-compartment plate system for further in vitro studies on
interactions taking place among Glomus irregulare (syn.
Glomus intraradices), AMB, and plant pathogens. We found
that exudates of G. irregulare stimulated growth of all ten
AMB isolates tested in multi-well plates. AMB growth
stimulation was observed also during co-cultivation of three
of these AMB with G. irregulare in the hyphal compartment.
In addition, co-cultivation stimulated growth of G. irregulare
hyphae and spore production, as well as G. irregulare root
colonization. GC/MS analysis in a preliminary screening of
metabolites revealed differences in concentrations of several
identified but also unidentified compounds in G. irregulare
hyphal exudates. Exudates in presence of three different
AMB isolates co-cultivated with G. irregulare contained
several additional compounds that differed in amount
compared with G. irregulare alone. The results indicate that
G. irregulare exudates contain carbohydrates, amino acids,
and unidentified compounds that could serve as a substrate
to stimulate AMB growth. With regard to effects on plant
pathogens, growth inhibition of Rhizoctonia solani, Verti-

cillium dahliae, and Pectobacterium carotovorum ssp.
carotovorum was evident in the presence of the AMB
isolates tested together with the G. irregulare exudates.
These in vitro studies suggest that G. irregulare and AMB
stimulate growth of each other and that they together seem to
provide an additive effect against growth of both fungal and
bacterial pathogens.
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Introduction

Arbuscular mycorrhizal (AM) fungi are ubiquitous soil
inhabitants and constitute an integral component of terrestrial
ecosystems by forming obligate symbiotic associations with
plant root systems (Smith and Read 1997). The AM fungi
interact with bacterial communities in the rhizosphere and on
their own hyphal network, commonly referred to as the
“mycorrhizosphere” (Rambelli 1973; Meyer and Linderman
1986a; Barea et al. 2005; Linderman 2008; Pivato et al.
2008). Members of bacterial families like Pseudomonadaceae,
Paenibacillaceae, and Oxalobacteriaceae have been identified
to occur in these AM-associated communities (Bharadwaj et
al. 2008a; Offre et al. 2008; Nazir et al. 2010). Some of these
bacteria can directly influence plant physiology while others
may create a more indirect synergism in the mycorrhizosphere
to support plant growth (Barea 1997; Bharadwaj et al. 2008b).
The indirect synergism may be due to improved nutrient
acquisition with the bacteria, thus acting as plant growth-
promoting bacteria (PGPB; Barea et al. 2002). On the other
hand, some bacteria have been reported to stimulate spore
germination and hyphal growth rate and enhance the extent of
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AM fungal colonisation. These are called mycorrhiza helper
bacteria (MHB) (Mayo et al. 1986; Meyer and Linderman
1986b; Carpenter-Boggs et al. 1995; Barea et al. 2002; Frey-
Klett et al. 2007; Bharadwaj et al. 2008b; Nazir et al. 2010).
They are mostly fungal-specific but can also be host plant-
specific (Garbaye 1994; Bharadwaj et al. 2008a; Pivato et al.
2009). Production of volatile compounds that can positively
influence germination of AM spores, provision of nitrogen
through nitrogen fixation, solubilization of soil phosphate
sources, detoxification of the fungal microhabitat, change of
pH and level of siderophores are some of the proposed
mechanisms underlying stimulation of mycorrhization. An
additional mechanism that has been investigated is their
ability to produce cell wall-degrading enzymes that may
soften the root cell walls and make it easier for the AM fungi
to penetrate the roots (Mosse 1962; Garbaye 1994; Gryndler
et al. 2000; Bharadwaj et al. 2008a, 2008b; Nazir et al. 2010).

Certain MHB bacteria have been demonstrated to exert
strong antagonistic ability against fungal pathogens in the
mycorrhizosphere. A Paenibacillus bacterium isolated from
the mycorrhizosphere of Sorghum bicolor when grown in
the presence of Glomus mosseae was shown to inhibit
different fungal pathogens, as well as stimulate AM
colonization (Budi et al. 1999). Li et al. (2007) also
reported that a Paenibacillus strain isolated from the
mycorrhizosphere of cucumber plants or the hyphosphere
of Glomus intraradices reduced damping-off in cucumber
caused by Pythium aphanidermatum. Bacteria belonging to
the genera Pseudomonas, Stenotrophomonas, and Bacillus
isolated from surface-decontaminated spores of G. mosseae
and G. intraradices have been found to inhibit the growth
of fungi and bacteria pathogenic to potato (Bharadwaj et al.
2008a, 2008b). Thus, some bacteria associated with AM
fungi are increasingly interesting as an unexploited novel
resource for sustainability in agriculture and horticulture.

AM fungi have also been shown to be involved in the
reduction of harmful effects of several plant pathogens (Azcón-
Aguilar and Barea 1996; Singh et al. 2000; Whipps 2004).
Fungal pathogens belonging to the genera Phytophthora
(Mark and Cassells 1996; Norman et al. 1996; Trotta et al.
1996; Cordier et al. 1998), Fusarium (Zambolim and Schenck
1983), Aphanomyces (Rosendahl 1985), Sclerotium (Krishna
and Bagyaraj 1983), and Rhizoctonia (Berta et al. 2005) have
been reported to be controlled by AM fungi. Several
mechanisms have been suggested to be involved in the
reduction of plant pathogens in mycorrhized plants. These
include competition, improved plant nutrient status, changes
in root morphology, changes in microbial flora in the
rhizosphere, and induced resistance in plants (Azcón-Aguilar
and Barea 1996; Whipps 2004). It has also been found that
the chemical composition of root exudates changes as a result
of mycorrhizal establishment (Lioussanne et al. 2008).
Exudates of mycorrhizal roots have been found to affect

germination, chemotactic response, growth and sporulation of
pathogenic fungi (Meyer and Linderman 1986a; Norman and
Hooker 2000; Lioussanne et al. 2008), and thus mycorrhizal
exudates may play an important role in the reduction of plant
pathogens by AM fungi.

The majority of plant–microbe interactions in the soil rely
on the release of various compounds from roots that can affect
the growth and activity of microbes (Hartmann et al. 2009).
Root exudates of mycorrhizal plants also contain hyphal
exudates and deposition of AM fungal mycelial products that
could serve as substrates for bacterial growth and impose a
direct influence on bacterial communities in the mycorrhizo-
sphere. Filion et al. (1999) suggested that mycelial exudates
released by G. intraradices could have both antagonistic and
stimulatory effects on fungi and bacteria depending on the
organism. Toljander et al. (2007) found that mycelial
exudates of G. intraradices increased bacterial growth and
vitality but also changed bacterial community composition.
The effects of interactions between AM fungi and bacteria
associated with AM fungi (AMB, AM fungi-spore associated
bacteria; Bharadwaj et al. 2008a) on production of exudates
and growth of AM fungi and AMB, as well as their
interaction effects on fungal and bacterial pathogens, have
not received much attention. In our previous studies, we
found that the composition of an AMB community depended
on the type of interacting AM fungal species and plant
species (Bharadwaj et al. 2008a). Some of the AMB we
studied strongly inhibited the growth of fungal and bacterial
pathogens and affected plant growth and AM fungal
colonization in potato (Bharadwaj et al. 2008a, 2008b). They
were also shown to produce an array of different hydrolytic
enzymes as well as indole acetic acid (IAA) and siderophores
depending upon the isolate (Bharadwaj et al. 2008b).

The present study examined the interactions occurring
among AM fungi, bacteria, and plant pathogens under in
vitro conditions. The aims were to determine: (1) the effect
of Glomus irregulare (syn. G. intraradices) exudates on the
growth of selected AMB, (2) the effect of AMB on the
growth of G. irregulare, and (3) interaction effects of AMB
and G. irregulare on some fungal and bacterial pathogens.
We also made an attempt to investigate differences and
identities of compounds released as a result of interaction in
the G. irregulare hyphosphere in the absence or presence of
added AMB.

Materials and methods

Microorganisms and culturing conditions

A total of ten previously isolated and characterized AMB
isolates (FWC14, FWC94, FWC101, LWC2, and LYC39
(Stenotrophomonas maltophilia), FWC16 (Pseudomonas
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putida biotype B), FWC30 (P. fluorescens biotype F),
FWC42 (Bacillus subtilis), FWC70 (P. putida biotype A),
and FWC110 (Arthrobacter ilicis) (Bharadwaj et al. 2008a,
2008b) were used. They were selected on the basis of their
multifunctional characteristics, including antagonistic activ-
ity against four different potato pathogens (Bharadwaj et al.
2008a, 2008b). The isolates were cultured on diluted tryptic
soy broth agar (TSA10, per liter 10 g tryptic soy broth, 15 g
agar, Difco Ltd) for 24 h at 22°C and suspended in sterile
phosphate buffer saline solution (PBS; 0.14 M NaCl,
0.003 M KCl, and 0.01 M phosphate buffer in 1,000 mL,
pH 7.4) so as to obtain 107 colony forming units (cfu)/mL
in the inocula used in different experiments.

The AM fungus Glomus irregulare Blaszk Wubert, Renker
and Busco (Stockinger et al. 2009; syn. G. intraradicesMUCL
41833) and root organ culture of Ri T-DNA transformed (T-)
roots of carrot (Daucus carota L.) without AM fungus was
obtained from the Glomeromycota in vitro collection (GINCO)
(http://www.mbla.ucl.ac.be/ginco-bel). The roots with and
without G. intraradices were multiplied on modified minimal
(MM+) medium (Filion et al. 1999) in the dark at 25°C. The
MM+ medium, pH 5.5, contained (milligrams per liter)
MgSO4·7H2O 731; KNO3 80; Ca(NO3)2·4H2O 288; KCl 65;
KH2PO4 4.8; Na-FeEDTA 8; KI 0.75; MnCl2·4H2O 6;
ZnSO4·7H2O 2.65; H3BO3 1.5; CuSO4·5H2O 0.13;
Na2MoO4·2H2O 0.0024; glycine 3; thiamine 0.1; pyridoxine
0.1; nicotinic acid 0.5; and myoinositol 50, and 10 g/L sucrose.
The medium was solidified using 0.4% (w/v) gellan gum
(Phytagel™ Sigma Chemicals, St. Louis, MO, USA).

The fungal pathogens Rhizoctonia solani Kühn and Verti-
cillium dahliae Kleb., the causal organisms of black scurf/stem
canker and wilt in potato, respectively, were obtained from our
own culture collection. Their pathogenicity was confirmed in
potato before starting the experiments. They were routinely
multiplied on potato dextrose agar (PDA, Oxoid Ltd). A small
circular disc (5 mm) of freshly grown culture was inoculated
aseptically to the potato dextrose broth (PDB) at 20°C to
obtain stationary broth cultures. After 1 week, the mycelial mat
was cut into a homogeneous suspension in PBS solution using
a sterile scalpel before use in different experiments. The
bacterial pathogen Pectobacterium carotovorum ssp. caroto-
vorum, the causal organism of soft rot in potato, was also
obtained from our own culture collection and its pathogenicity
was confirmed before the start of the experiments (Bharadwaj
et al. 2008b). P. carotovorum ssp. carotovorum was multiplied
on King's medium B agar (KBA, King et al. 1954), and a
suspension was prepared in PBS solution in the same manner
as described above for AMB.

Two-compartment Petri plate system

A two-compartment Petri plate system was set up as
previously described (St-Arnaud et al. 1996; Filion et al.

1999; Toljander et al. 2007). In brief, the plate (90×
15 mm2) consisted of a root and a hyphal compartment.
The root compartment contained the sterile MM+ medium
with all its ingredients. A slope was created in the hyphal
compartment using MM+ medium lacking sucrose, EDTA,
and vitamins, referred to here as MM−. The G. irregulare-
mycorrhized or the non-mycorrhized T roots (control) were
inoculated aseptically in the root compartment and incu-
bated at 26°C for 8 weeks in the dark. Plates were placed at
an angle of 45º to allow G. intraradices mycelium to grow
over the slope of MM− in the hyphal compartment (Fig. 1).
Only G. irregulare mycelium was allowed to grow into the
hyphal compartment, and roots were cut manually when
needed. The liquid present in contact with hyphae in the
non-gellan gum area in the hyphal compartment was
considered G. irregulare exudate in MM− leachate (G.
irregulare exudate) and was collected aseptically and stored
at −18°C until use in several experiments. About 80 μL
exudates was collected per plate from at least 60 plates in
total and pooled and used in all experiments described
below. Plates with T carrot roots only were maintained
as controls and the liquid present in the non-gellan gum
area in the hyphal compartment was considered
MM− gellan gum leachate in the absence of G. intraradices
(MM− leachate).

Effect of G. irregulare exudate on the growth of AMB

Using multiwell plate system

Multiwell plates (24 wells/plate) were used to study the
growth of AMB in the presence of G. irregulare exudate at
one time point. For this purpose, exudate was collected
aseptically and carefully from the hyphal compartment
8 weeks after inoculation of mycorrhizal roots into the root
compartment (Fig. 1). Ten microliters of each AMB
suspension were inoculated to a mixture of 50 μL G.
irregulare exudate in MM− broth+50 μL MM− broth and
100 μL KB broth. The corresponding controls consisted of
a mixture of 50 μL of MM− leachate+50 μL MM− broth
and 100 μL KB broth. The KB broth was added to prevent
nutrient starvation conditions, if any, during AMB growth.
Four replicates per treatment combination were prepared.
Plates were incubated while shaking at 150 rpm at 22°C for
48 h. Growth of each AMB was recorded by measuring
absorbance at 560 nm wavelength at different time intervals
up to 48 h.

Using two-compartment plate system

The effect of co-cultivation of G. irregulare and AMB on
the growth of AMB was also examined for the four isolates
FWC30, FWC42, FWC70, and LWC2. This was done in
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two-compartment plates prepared as above (Fig. 1) to
determine the growth of AMB in the presence of
continuous growth of G. irregulare hyphae, i.e., at different
time points. The AMB isolates were selected based on their
strong antagonistic activity against potato pathogens in our
previous studies (Bharadwaj et al. 2008a, 2008b). Control
plates were prepared accordingly but without AMB. After
8 weeks of incubation, 2 mL of MM− broth and 100 μL of
each AMB suspension were added to the hyphal compart-
ment. The growth of AMB was estimated in two replicates
of each after 8 and 24 h using the classical dilution plate
counting method. For this, the serial dilutions were spread
on TSA 10 in duplicate plates, incubated for 48 h and
colony-forming units per milliliter was estimated. All the
steps were carried out in aseptic conditions. The pH in the
hyphal compartment was recorded using a pH electrode
(Mettler Toledo AB, Stockholm) at each time-point and for
each combination.

Effect of AMB on G. irregulare-colonized carrot roots
and G. irregulare spore production

The effect of actively growing AMB in the hyphal
compartment on the growth of G. irregulare-mycorrhized
T roots and on spore production in the hyphal compartment
was also studied (Fig. 1). One hundred microliters of each
AMB suspension plus 2 mL of TSB 10 (per liter 10 g
tryptic soy broth, Difco Ltd) were inoculated in the hyphal
compartment of 8-week-old G. irregulare cultures and then
incubated for 2 weeks at 22°C. Five replicates were
prepared for each combination. The plates were sealed
with parafilm to retain any water-soluble bacterial volatile

metabolites produced. Total number and length of newly
formed G. irregulare-mycorrhized T roots were assessed in
relation to marked positions in the plate and recorded as
measures of the impact of AMB on the growth of
mycorrhizal root. The effect on spore production in the
hyphal compartment was evaluated for the three isolates,
FWC30, FWC70, and LWC2. The spores were counted
manually under a light microscope. The plates without
AMB were used as controls for comparison.

Analysis of exudates by gas chromatography/mass
spectroscopy

The exudates from the experiments using the two-
compartment plate system described above were used to
screen for differences in compounds produced during the in
vitro growth of G. irregulare in the presence and absence of
the AMB isolates FWC30, FWC70, and LWC2. In this
initial study, we analyzed the following samples using a
metabolomic approach: (1) sterile MM− broth (control); (2)
MM− leachate collected from the hyphal compartment from
plates with non-mycorrhized T roots in the root compart-
ment (control); (3) G. irregulare exudate collected from the
hyphal compartment; (4) leachate from the hyphal com-
partment where AMB was co-cultivated with G. irregulare;
and (5) sterile suspension of gellan gum (control). The
samples were collected from five replicates for each
treatment and filtered through micropore filters (pore size
0.20 μm, Pall Corporation, Gelman Laboratory, Michigan).
All the above samples were subjected to extraction for
metabolites, treated with trimethylsilyl (TMS) and analyzed
using a metabolomics protocol adapted for qualitative

Fig. 1 Illustration of the two-compartment plate system used in the
present study. Root compartment: transformed (T) carrot root
mycorrhized with Glomus irregulare (syn G. intraradices) on
modified minimal medium (MM+, Filion et al. 1999) in gellan gum.
Hyphal compartment: extraradical G. irregulare hyphae grow across a

slope of MM− medium (MM+ lacking vitamins, EDTA, and sucrose)
in gellan gum into a non-gellan gum area that was initially empty.
MM− leachate or G. irregulare exudates in MM− leachate were
collected in the non-gellan gum area (asterisk)
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detection of organic acids, amino acids, fatty acids, amines,
mono- and disaccharides, and sterols among other com-
pounds, using a Pegasus III time-of-flight mass spectrom-
eter GC/TOFMS at the metabolomic facility at Umeå Plant
Science Centre, Umeå University, Sweden. The data
obtained was processed as described by Gullberg et al.
(2004) and Jonsson et al. (2005).

Effect of AMB on growth of pathogens in G. irregulare
exudate

The interactive effects of G. irregulare with the four AMB
isolates, FWC30, FWC42, FWC70, and LWC2 on the
growth of potato pathogens were studied in sterile 24-
multiwell plates. The bacterial suspensions were prepared
by culturing them in half-strength KB broth and shaking at
150 rpm at 22°C for 24 h. Ten microliters of each AMB
suspension were inoculated to a mixture containing 50 μL
G. irregulare exudates+50 μL MM− broth+100 μL half-
strength PDB in case of fungal pathogens. Equal portions
(1 mm2) of the actively growing mycelium from freshly
cultured R. solani or V. dahliae on PDA were transferred
separately to each well. Four replicates per treatment were
prepared. After 1 week of incubation at 20°C, the effect on
the pathogen was measured in terms of mycelial dry weight
after drying the mycelial mat at 60°C for 24 h. The growth
of the fungal pathogens was compared with their growth in
two different controls with either PDB only or G. irregulare
exudate only.

In order to further investigate the effect of combined
inoculation of AM fungal exudates and AMB on the growth
of the bacterial pathogen P. carotovorum ssp. carotovorum,
10 μL of each AMB suspension were inoculated into a
mixture of 50 μL G. irregulare exudate+50 μL MM− broth+
100 μL half-strength KB broth, followed by 10 μL of P.
carotovorum ssp. carotovorum suspension in 24-well plates.
The controls were prepared with 100 μL MM− broth and
without G. irregulare exudate. The plates were then incubated
at 20°C for 48 h, with three replicates per treatment. Using
dilution plate counting, the growth of P. carotovorum ssp.
carotovorum and AMB were assessed. Serial dilutions were
thus spread on KBA or TSA10 plates and incubated at 22°C
for 48 h. KBAwas used to distinguish the fluorescent colonies
of FWC30 and FWC70 from non-fluorescent P. carotovorum
ssp. carotovorum colonies, and TSA10 was used to distin-
guish the morphologically different colonies of FWC42,
LWC2, and P. carotovorum ssp. carotovorum. All data were
transformed to colony-forming units per milliliter.

Statistical analysis

The effect of inoculation on total root length, number of
T carrot roots, and mycelial dry weight of R. solani and

V. dahliae was analyzed using ANOVA and Tukey's
pairwise comparisons (P<0.05) in Minitab statistical
software, Release 14 (Minitab Inc. 2003, State College,
Pennsylvania).

Results

Effect of G. irregulare exudate on the growth of AMB

The growth of all AMB isolates studied was found to be
improved in the presence of G. irregulare exudates. No
apparent negative effect of G. irregulare exudate was found
on the growth of any of the bacterial isolates in multiwell
plates. The growth pattern of all ten AMB isolates showed
that the log phase was extended in the presence of
G. irregulare exudate compared with that in their absence.
Data for three isolates (FWC30, FWC70, and LWC2) are
shown in Fig. 2. The growth pattern of isolate FWC42 was
not scored because its mucoid morphology made it
impossible to distinguish individual colonies in a satisfac-
tory way. The growth patterns of the remaining six AMB
were similar to those shown in Fig. 2. There was a tendency
for continued increased growth of these AMB isolates
during co-cultivation of AMB with G. irregulare in the
hyphal compartment compared with growth in the absence
of G. irregulare both after 8 and 24 h (Table 1). No change
in pH was observed during bacterial growth in the presence
or absence of G. irregulare.

Fig. 2 Growth of some arbuscular mycorrhizal fungal spore-
associated bacteria (AMB; data shown for the three isolates FWC30,
FWC70, and LWC2) in the presence and absence of Glomus
irregulare (syn G. intraradices) exudates in MM− leachate. Patterns
were similar for the remaining seven AMB isolates. Error bars
represent standard errors of means of bacterial growth (n=4)
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Effect of AMB on G. irregulare-colonized carrot roots
and G. irregulare spore production

None of the AMB showed an inhibitory effect on root
growth. The presence of actively growing FWC70 in the
hyphal compartment resulted in a significant (P<0.05, n=
5) increase in the growth of G. irregulare mycorrhized T
roots in the root compartment when evaluated as increase in
the total number of newly formed roots (+133%) and length
of roots (+129%) compared with the untreated controls. No
significant effects of the other nine AMB tested were
observed on the growth of T roots, although a positive
tendency was observed in the presence of FWC94,
FWC101, and FWC110.

In addition, spore formation by G. irregulare in the
hyphal compartment increased by 55%, 80%, and 15%,
respectively, in the presence of the three isolates FWC30,
FWC70, and LWC2 compared with that in the AMB-free
control (P<0.05, n=5).

Analysis of exudate by gas chromatography/mass
spectroscopy

In this preliminary screening of changes in the content of a
range of compounds using gas chromatography/mass
spectroscopy (GC/MS), the compounds detected were
asparagine, β-D-methylglucopyranoside, cadaverine, citric
acid, fructose, glucose, glutamine, hypoxanthine, inositol,
leucine, pinitol, proline, pyroglutamic acid (a putative
derivative artefact from glutamate), raffinose, succinic acid,
sucrose, trehalose, tryptophan, tyrosine, uric acid, and
several unidentified TMS derivatives.

Further comparisons focused only on compounds and
TMS derivatives that were at least 30-fold higher or lower

in amount between treatments. This level was chosen
subjectively to reduce risk for over-interpretation of the
results. Based on this, the levels of fructose and four
unidentified TMS derivates were found to increase in G.
irregulare exudate in MM− leachate in the hyphal compart-
ment (Fig. 1) compared with that in MM− leachate without
G. irregulare, while the levels of lactose, lysine, and three
unidentified TMS derivates decreased. Uric acid and two
unidentified TMS derivatives that were present in MM−

leachate without G. irregulare disappeared in the presence
of G. irregulare. In the presence of the three AMB isolates,
FWC30, FWC70, and LWC2 with G. irregulare, the levels
of fructose and two of the four TMS derivatives were
found to decrease, while the levels of lactose, lysine,
uric acid, and four of the five unidentified compounds
were found to increase. In the presence of at least one AMB
isolate, tryptophan, tyrosine, and 13 TMS derivatives
increased.

On the other hand, the amounts of some compounds
were found to decrease. Six compounds (fructose, sucrose,
β-D-methylglucopyranoside, asparagine, pinitol, raffinose)
decreased in the presence of all three isolates. In the
presence of at least one AMB isolate, citric acid, trehalose,
tyrosine, and five unidentified TMS derivatives decreased.

Effect of AMB on growth of pathogens in G. irregulare
exudate

Actively growing AMB in the presence of the G. irregulare
exudate inhibited growth of the fungal pathogens. Growth
of both R. solani and V. dahliae in PDB medium with G.
irregulare exudate and AMB was significantly reduced, by
15% and 55%, respectively, compared with their growth in
PDB only (Table 2). Furthermore, compared with growth in
G. irregulare exudate as substrate, the presence of AMB in
the nutrient-rich PDB still resulted in lower growth. For R.
solani, the increase in mycelium biomass was reduced by
46%, 81%, 46%, and 73% in the presence of FWC30,
FWC42, FWC70, and LWC2, respectively, compared with
biomass in G. irregulare exudate alone. For V. dahliae, the
corresponding figures were 33%, 59%, 33%, and 44%,
respectively (Table 2). The fungal biomass of R. solani in
G. irregulare exudate was reduced by 62% compared
with in PDB alone, but there was no difference in
fungal biomass of V. dahliae in G. irregulare exudate and
in PDB.

The growth of the bacterial pathogen P. carotovorum
ssp. carotovorum (measured as colony-forming units per
milliliter) was also reduced in the presence of G. irregulare
exudate alone. The numbers of viable cells of P. carotovo-
rum ssp. carotovorum were further reduced by two
(FWC30 and FWC70) of the three AMB isolates in the
presence of G. irregulare exudate compared with the

Table 1 Effect of Glomus irregulare (syn G. intraradices) on AMB
growth during co-cultivation in the compartment plate system at 8 and
24 h of incubation (growth compared as the total number of colony-
forming units (cfu) formed)

AMB
isolatea

Cfu×107/mL after 8 h Cfu×107/mL after 24 h

−G.
irregulare

+G.
irregulare

−G.
irregulare

+G.
irregulare

FWC30 18±1 a 40±2 b 153±4 a 212±3 b

FWC70 27±2 a 47±3 b 180±4 a 268±3 b

LWC2 21±4 a 33±2 a 169±4 a 228±3 b

Data is presented as means±standard error (n=2 for each time point).
Different letters indicate significant differences in response to the G.
intraradices alone (P<0.05)
a AMB: bacteria associated with the arbuscular mycorrhiza spores.
The data for AMB FWC42 was not included because the mucoid
growth habit of this isolate made it impossible to score individual
colonies
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numbers in G. irregulare exudate alone or in KB alone
(Table 3). The third isolate (LWC2) reduced the growth of
P. carotovorum ssp. carotovorum only when compared with
that in KB alone. The environment in the growth plate was
favorable for growth of P. carotovorum ssp. carotovorum
and of four AMB isolates (Table 3), but the mucoid growth
habit of FWC42 made it impossible to score individual
colonies for this strain on these two media.

Discussion

In the present study, the effect of G. irregulare exudate on
the growth of selected AMB isolates and vice versa, and the
combined effects of G. irregulare exudate and AMB on
fungal and bacterial plant pathogens, were investigated
under in vitro conditions. Most of the AMB isolates tested

in this study belong to the phylum γ-Proteobacteria
(Bharadwaj et al. 2008a). In a previous study, one of these
selected AMB isolates; FWC70 (P. putida), was shown to
stimulate root colonisation both by G. mosseae in γ-
sterilized field soil and by a native AMF community in the
field (Bharadwaj et al. 2008b). This AMB also stimulated
primary and lateral root development, root and shoot
length, and number of leaves per plant in potato in
gnotobiotic condition, in addition to antagonism to the
potato pathogens P. carotovorum ssp. carotovorum, Phy-
tophthora infestans, R. solani, and V. dahliae (Bharadwaj et
al. 2008b). The other AMBs in the same study also
stimulated some of these traits depending on the isolate
(Bharadwaj et al. 2008b).

When these AMB, including FWC30, FWC70, and
LWC2, were inoculated into G. irregulare exudate in the
present study, the growth of all ten isolates was signifi-
cantly stimulated for up to 12 h. A similar pattern of
stimulation was observed for the three isolates when co-
cultivated with G. irregulare in the hyphal compartment up
to 24 h. No change in pH was observed during bacterial
growth in the presence or absence of G. irregulare.
Overall, these results indicate that G. irregulare secrete
compounds that make the environment favorable for
supporting the growth of bacteria, including those belong-
ing to the γ-Proteobacteria. Synergistic interactions
between γ-Proteobacteria and AM fungi, resulting in
increased AM colonization and nutrient uptake in plants,
have been reported (Arthurson et al. 2006). Filion et al.
(1999) and Toljander et al. (2007) also reported that G.
irregulare exudate increases bacterial growth, particularly
in terms of the frequency of occurrence of the γ-
Proteobacteria.

The AMB isolate FWC70 significantly increased the
total number and length of G. irregulare-inoculated carrot
roots and also enhanced production of spores by G.
irregulare under in vitro conditions. In our previous

Table 3 Effect of Glomus irregulare (earlier G. intraradices)
exudates in MM− leachate and four selected actively growing AMB
isolates (see Table 1 for details) on the growth (colony forming units,

cfu) of Pectobacterium carotovorum ssp. carotovorum (P. carotovo-
rum ssp. carotovorum) pathogenic to potato

Treatments P. carotovorum ssp. carotovorum
(cfu×107 per mL)

AMB (cfu×107 per mL)

KB+P. carotovorum ssp. carotovorum 87±2.7 a 0 a

KB+P. carotovorum ssp. carotovorum+G. irregulare 49±1.5 b 0 a

KB+P. carotovorum ssp. carotovorum+G. irregulare+FWC30 39±1.9 c 67±2.3 b

KB+P. carotovorum ssp. carotovorum+G. irregulare+FWC70 18±2.0 d 79±1.7 c

KB+P. carotovorum ssp. carotovorum+G. irregulare+LWC2 45±1.8 bc 51±3.2 d

Data is presented as means±standard error (n=3). Different letters indicate significant differences between means (P<0.05)

KB half-strength Kings B broth

The data for AMB FWC42 was not included because the mucoid growth habit of this isolate made it impossible to score individual colonies.

Table 2 Effect of AMB isolates actively growing in Glomus
irregulare (syn G. intraradices) exudates in MM− leachate on growth
(mycelial dry weight) of Rhizoctonia solani and Verticillium dahliae
pathogenic to potato

Treatments R. solani
(μg/well)

V. dahliae
(μg/well)

MM− leachatea 200±41 bc 600±58 ab

G. irregulare 325±111 b 675±48 a

PDB 850±104 a 700±71 a

PDB+G. irregulare+FWC30b 175±32 bc 450±64 b

PDB+G. irregulare+FWC42 62±12 c 275±48 b

PDB+G. irregulare+FWC70 175±25 bc 450±29 b

PDB+G. irregulare+LWC2 88±12 c 375±48 b

Data is presented as means±standard error (n=4). Different letters
indicate significant differences between means (P<0.05)

PDB half-strength of potato dextrose broth
a See Fig. 1 and text for description
b AMB—see Table 1 for details
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study, the same isolate was found to enhance AM fungal
colonization of potato roots both in greenhouse and outdoor
experiments (Bharadwaj et al. 2008b). Root growth of the
AM host plant potato and radicle length of the AM non-
host oilseed rape were beneficially affected by FWC70
(Bharadwaj et al. 2008b). This AMB was identified as P.
putida (Bharadwaj et al. 2008a), a species that has previously
been reported to enhance mycorrhizal colonization in
subterranean clover (Meyer and Linderman 1986b). The
possible explanation behind this stimulation might be its
ability to produce compounds such as siderophores and IAA
(Bharadwaj et al. 2008b), which could contribute to promote
carrot root growth. Furthermore, in response to inoculation
of FWC70 in the hyphal compartment containing G.
irregulare, increased production of G. irregulare spores
was observed. Although not quantified here, the amount and
branching of hyphae per plate also appeared to visually
increase. A direct effect of compounds produced by AMB on
the production of hyphae and spores cannot be excluded, but
it is also possible that compounds from the AMB, such as
auxins and siderophores, could have been transported
through G. irregulare hyphae to the root, leading to
increased root growth and as a consequence a stimulation
of extraradical G. irregulare growth. Plant growth affecting
bacteria are also known to produce volatile compounds such
as hydrogen cyanide (HCN), ethylene (C2H4), and ammonia
(NH3) (Alström 1987). Recently, Bernier et al. (2011)
suggested that NH3 may be a “universal” signal in long-
range interactions between physically separated bacteria. The
role of ammonia and ethylene in AMB–AM fungi–host plant
interactions remains vastly unexplored. Although production
of HCN by the studied AMBs was not detected previously
(Bharadwaj et al. 2008b), the possibility cannot be excluded
that unidentified volatile metabolites produced by AMB
during their growth could be involved in stimulation of root
growth, irrespective of the presence of G. irregulare
mycelium.

First indications of possible metabolic interactions
occurring between AM fungi and AMB come from our
results from the GC/MS analysis. Some differences in the
composition and amounts of compounds in hyphal exudates
between G. irregulare alone and in presence of AMB were
observed when compared with the amounts detected in
uninoculated MM− leachate. The major compounds
detected were carbohydrates, organic acids, amino com-
pounds, and several unidentified compounds and/or un-
identified TMS derivatives formed during the derivatization
process. The analyses suggest that fructose, sucrose, β-D-
methylglucopyranoside, asparagine, pinitol, raffinose, citric
acid, trehalose, glutamine, and tyrosine, and other uniden-
tified compounds supported bacterial growth. Increased
growth of pseudomonads in the presence of AM fungal
exudates has also been reported previously (Toljander et al.

2007), particularly in mycorrhizosphere soils (Andrade et
al. 1997; Mansfeld-Giese et al. 2002).

Compounds such as tryptophan (precursor in IAA
biosynthesis), lactose, lysine, uric acid, and some uniden-
tified compounds were found in higher amounts when
AMB were co-cultivated with G. irregulare, but were
markedly absent from G. irregulare exudates. These
findings seem to indicate that these compounds are
involved in, or result from, the interactions among the
AMB, AM fungi, and the host plant, as exemplified by the
stimulation by AMB of root growth, hyphal growth, spore
production, and root colonization discussed above. A more
detailed analysis of the identity and location of biosynthesis
of the compounds found in the hyphal exudates should give
insight into their possible functional role in the interactions
among AMB, G. irregulare, and the host roots. Although
the G. irregulare exudates were collected from the root-free
hyphal compartment, it is possible that the presence of roots
in the root compartment affected the composition of
exudates through an action of their volatiles, e.g., CO2. It
is well known that CO2 produced by plant roots can affect
hyphal growth and spore germination (e.g., Becard and
Piche 1989), but other volatiles produced by carrot roots
such as terpenes (Rosenfeld et al. 2004) can also be present
and could have an effect on AM fungal growth and/or
physiology. To what extent such volatiles were produced in
the mycorrhized and non-mycorrhized roots in the com-
partment system used in the present study, and the
magnitude of their effect on G. irregulare exudation, needs
further study.

Some of the compounds found, e.g., trehalose, are
associated with extra-radical mycelium of AM fungi (Bago
et al. 2003) and may therefore have been produced by G.
irregulare. The presence of low-molecular weight sugars
and organic acids in G. irregulare exudates has previously
been reported (Toljander et al. 2007). Elevated levels of
certain amino acids (e.g., glutamic acid, aspartic acid,
asparagine) during the most active stages of overall root
mycorrhization in Medicago truncatula have also been
demonstrated (Schliemann et al. 2008). Pinitol is a
carbohydrate known to participate in osmotic adjustment
during stress in plants (Sheveleva and Bohnert 1998; Ruiz-
Lozano 2003). It is possible that the pinitol, inositol,
fructose, and glucose detected here in G. irregulare
exudates moved from the root compartment to the hyphal
compartment via G. irregulare mycelium, since these
compounds were detected in the MM+ medium in the root
compartment. In MM− leachate without G. irregulare, there
was no mycelial connection between the two compart-
ments. In the root compartment where gellan gum was used
as a solidifier, sucrose (fructose+glucose) and inositol were
present in the MM+ medium. Gellan gum is known to
contain the glucopyranoside and glucose, and thus it is
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possible that these compounds originated from solubiliza-
tion of the gellan gum.

Mycelial exudates of G. irregulare have been demon-
strated to affect bacterial and fungal plant pathogens in a
few studies (Filion et al. 1999; Ravnskov et al. 1999). With
this in mind, we investigated the interaction between G.
irregulare exudates and four selected AMB on two fungal
pathogens (V. dahliae and R. solani) and one bacterial (P.
carotovorum ssp. carotovorum) plant pathogen. The AMB
isolates were two Pseudomonas isolates (FWC30, FWC70),
one Stenotrophomonas isolate (LWC2), and one Bacillus
isolate (FWC42), selected on the basis of their strong in
vitro antagonistic ability against four potato pathogens
(Bharadwaj et al. 2008b). In the present study, we
specifically investigated whether G. irregulare and AMB
could have an interacting effect on the growth of the
pathogens, and we found combined effects on inhibition of
plant pathogens. The results showed that the growth of R.
solani, but not of V. dahliae, was lower in the presence of
G. irregulare exudates alone compared with the growth on
PDA. Growth of both fungal pathogens was strongly
inhibited in the presence of the AMB isolates together
with G. irregulare exudates. A possible explanation for
this difference in behavior between the two fungal
pathogens may lie in their differing growth rates and
strong competition for nutrients by AMB to which the
more slow-growing V. dahliae could be less sensitive. For
P. carotovorum ssp. carotovorum, a combined effect of G.
intraradices exudate and AMB in inhibiting growth of the
bacterial pathogen was also observed. Several mechanisms
could be involved in this inhibition including siderophore-
mediated competition for nutrients and production of P.
carotovorum ssp. carotovorum growth inhibitors.

The AMB isolates FWC30, FWC42, FWC70, and
LWC2 produce extracellular enzymes and bioactive com-
pounds, e.g., protease(s), chitinase(s), and siderophores
(Bharadwaj et al. 2008b). These AMB seem to be
competitive due to production of these compounds, but
several mechanisms are possible for the antagonism to
pathogens. Competition for nutrients could be one impor-
tant mechanism against all three pathogens tested here. The
role of the G. irregulare exudates could be to stimulate
AMB growth, but also to produce unidentified metabolites
that could have antibacterial and antifungal effects. Further
analysis of the compounds found in hyphal exudates and
biological tests would unravel the mechanisms involved in
antagonism.

To summarize, the beneficial role of AM fungi both in
terms of promoting plant growth and antagonism to plant
pathogens may partly be due to beneficial traits of bacterial
associates such as AMB. Our earlier studies (Bharadwaj et
al. 2008a, 2008b) in combination with the present in vitro
experiment-based study provides further evidence that G.

irregulare interacts positively with AMB and vice versa.
This interaction seems to take place partly through the
hyphal exudates of the AM fungus containing several
metabolites produced during their interaction, independent
of the presence of living roots. None of the AMB tested
seemed to have a deleterious effect on plant growth. We
anticipate that combining G. irregulare with AMB can
provide an additive or synergistic effect against a broad
spectrum of plant pathogens. To our knowledge, this is the
first attempt to examine interactions taking place between
AM fungi and AMB at the metabolite level and their
interactions with pathogens. Further experimentation com-
bined with analysis using molecular techniques will help
reveal the mechanisms underlying interactions between
AMB and G. irregulare and the plant host in natural
environments.
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