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Abstract The effect of Pseudomonas fluorescens DF57
on growth and P uptake of two arbuscular mycorrhizal
(AM) fungi in symbiosis with cucumber plants was
studied in compartmentalised growth systems. Hyphae
of Glomus intraradices Schenck & Smith (BEG87) or
G. caledonium (Nicol. & Gerd.) Trappe & Gerdeman
(BEG15) grew into lateral root-free compartments.
Non-mycorrhizal plants served as control. The soil in
half of the growth units of each mycorrhizal treatment
was inoculated with P. fluorescens DF57. P. fluorescens
DF57 enhanced hyphal length density of one of the
AM fungi, G. caledonium, but this was not reflected in
a higher hyphal transport of P from the root-free soil to
the plant. The total P content was higher in plants
grown in symbiosis with G. intraradices than in plants
in the other treatments. G. caledonium and P. fluoresc-
ens DF57 had a synergistic effect in that total P content
in plants inoculated with G. caledonium was higher in
the presence than in the absence of P. fluorescens
DF57.
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Introduction

Arbuscular mycorrhizal (AM) fungi are an integral part
of the root system of most plants and constitute an im-
portant group of organisms in the soil microbial com-
munity. The AM fungi play a key role in nutrient cy-
cling by transport of nutrients, mainly phosphorus (P),
from the soil to the plant. Hyphal growth and P uptake
are influenced by a range of biotic and abiotic factors

including soil bacteria. Plant-growth-promoting rhizo-
bacteria (PGPR) can influence growth of hyphae from
germinating arbuscular mycorrhizal spores (Burla et al.
1996; Barea et al. 1998), colonisation of plant roots by
AM fungi (Meyer and Linderman 1986), and growth of
external AM hyphae and dehydrogenase activity of the
AM fungus (Gryndler and Vosátka 1996). However,
both stimulatory and inhibitory effects of PGPR on
AM fungal growth have been reported. This variation
may depend on the isolates of bacteria used (Burla et
al. 1996; Requena et al. 1997; Walley and Germida
1997), the time of inoculation (Krishna et al. 1982) or
time of harvest (Staley et al. 1992).

Experiments in compartmentalised growth systems,
where either external hyphae alone or roots together
with associated hyphae were allowed to grow into iden-
tical soil volumes, have shown that the AM hyphal P
uptake can be higher than the combined P uptake by
roots and hyphae (Jakobsen 1995; Ravnskov and Ja-
kobsen 1995). The microbial activity measured by dif-
ferent parameters was markedly higher in soil with
both root and hyphae than in soil with hyphae alone
(Olsson et al. 1996). These results led us to hypothesise
that AM fungi compete for P with the microbial popu-
lation associated with roots.

Pseudomonas fluorescens is a common bacterium in
the rhizosphere and is considered as a PGPR (Höfte et
al. 1991). For possible commercial use of P. fluorescens
as a biocontrol agent it is important to know how it in-
fluences other growth-promoting microorganisms, such
as the AM fungi. The objective of the present study was
to examine the effect of P. fluorescens DF57 on the
growth and P uptake capacity of two AM fungi, Glo-
mus intraradices and G. caledonium.

Materials and methods

Biological materials and treatments

The mycorrhizal fungi G. intraradices Schenck & Smith (BEG87)
and G. caledonium (Nicol. & Gerd.) Trappe & Gerdemann
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(BEG15) were each grown in symbiosis with cucumber, Cucumis
sativus L. (Aminex, F1 hybrid). The fungal inoculum consisted of
soil, roots of Trifolium subterraneum L. colonised by the AM fun-
gi and AM fungal spores. The bacterial inoculant P. fluorescens
DF57, which is resistant to ampicillin and chloramphenicol, was
originally isolated from the rhizosphere of cucumber and is antag-
onistic against Pythium but not higher fungi. The strain has been
used for several studies of the fate and activity of bacteria re-
leased into the soil environment (Binnerup et al. 1993; Kragelund
et al. 1997; Jensen et al. 1998). P. fluorescens DF57 was grown
overnight in Luria broth (0.4% glucose, 1% tryptone, 0.5% yeast
extract, 1% NaCl, pH 7.2) on a rotary shaker (200 rpm) at 30 7C.
Cells were harvested by centrifugation for 10 min at 7000 rpm at
20 7C and resuspended in 0.9% NaCl. Following two washes in
0.9% NaCl, they were resuspended in sterile distilled water and
the resultant cell suspension was used as inoculum.

The experiment was carried out as a two-factorial (mycorrhi-
za!P. fluorescens DF57) experiment with six treatments. The
mycorrhizal treatments included plants associated with G. intrara-
dices or G. caledonium as well as non-mycorrhizal plants. The soil
of all mycorrhizal treatments was either inoculated with P. fluo-
rescens DF57 or not. All treatment had four replicates.

Experimental setup

Plants were grown in compartmentalised growth units, consisting
of a central root compartment and two lateral root-free compart-
ments (Larsen and Jakobsen 1996). The compartments were sep-
arated by a mesh with 20-mm openings. The central root compart-
ment was filled with 740 g of an irradiated (10 kGy, 10 MeV elec-
tron beam) 1 :1 (w:w) sandy loam (Jakobsen and Nielsen 1983)
and sand mixture containing 8 mg P kg–1 soil of 0.5 M NaHCO3-
extractable P (Olsen et al. 1954). The soil for half of the growth
units was watered to 30% of water holding capacity with the cell
suspension of P. fluorescens DF57, whereupon the bacteria were
uniformly mixed into the soil to a density of approximately
2!108 cells g–1 soil. Soil for the rest of the growth units was sup-
plied with sterile distilled water only. The root compartments
contained a bottom layer of 300 g soil, a middle layer of 245 g soil
plus 75 g fungal inoculum and a top layer of 120 g soil. The fungal
inoculum was replaced by the soil:sand mixture in control plants
without mycorrhizas. The lateral root-free compartments were
filled with 60 g of the same soil but in a 1 :4 soil:sand mixture
containing 3 mg P kg–1 soil of 0.5 M NaHCO3-extractable P. Nu-
trients were mixed into all soil volumes before the soil was filled
into the growth units (mg kg–1 dry soil): K2SO4, 71.0;
CaCl2.5H2O, 71.0; CuSO4.5H2O, 2.0; ZnSO4.7H2O, 5.0;
MnSO4.H2O, 10.0; CoSO4.7H2O, 0.35; Na2MoO4.2H2O, 0.18;
MgSO4.7H2O, 20.0.

Ten ml of a filtrate of the fungal inoculum was added to all
growth units in order to obtain similar microbial populations
apart from AM fungi and P. fluorescens DF57. The filtrate was
obtained by mixing 100 g of each fungal inoculum, suspending it
in 400 ml water and sieving it through a 20-mm mesh.

An aqueous solution of carrier-free H3
33PO4 was mixed into

the soil at 4 kBq g–1 soil in one of the root-free compartments of
each growth system (Larsen and Jakobsen 1996). All growth units
were watered to 65% of water holding capacity and incubated for
5 days before sowing.

Two pregerminated seeds of cucumber were sown in each
growth unit and plants were thinned to one per unit after emer-
gence. The growth units were placed in a growth chamber with a
16/8 h light/dark cycle, a photosynthetic photon flux density of ap-
proximately 500 mmole m–2 s–1 (Osram HQI-T 250 W/D) and day/
night temperatures of 20/16 7C. The growth units were watered
daily to 65% of water holding capacity. Nitrogen was supplied as
an NH4NO3 solution at 25 mg N per plant once a week. Four re-
plicates of each treatment were harvested 33 days after planting.

Plant analyses and mycorrhiza measurements

Dry weights of shoots and roots were determined after drying at
80 7C for 24 h. Ground samples of shoots and roots were digested
in a 4 :1 nitric acid:perchloric mixture and the 33P content in the
digests was measured by liquid scintillation counting (Packard TR
1900). Total P content of the digests was determined by a molyb-
date blue method (Murphy and Riley 1962) on a Technicon Au-
toanalyzer II.

Fresh root subsamples were cleared and stained as in Kor-
manik and McGraw (1982), except that trypan blue was used in-
stead of acid fuchsin, and the fraction of root lengths colonised by
the AM fungus were determined. Root lengths were measured in
accordance with the technique described by Newman (1966). Hy-
phal length density of the AM fungi in root-free soil was mea-
sured by a gridline-intersect method as in Jakobsen et al.
(1992).

Detection of bacteria

The number of P. fluorescens DF57 was determined by immuno-
fluorescense microscopy (IFM). Soil samples (1 g) were sus-
pended in 10 ml of a 2% formaldehyde solution and stored at 5 7C
for a maximum of 2 weeks. Soil suspensions were then sonicated
for 5 min (Ultrasons, P Selecta), shaken for 20 min at 300 rpm
and diluted 100-fold in a 2% formaldehyde solution. The suspen-
sions were filtered through a black 0.2-mm-pore-size polycarbon-
ate filter (Nuclepore; Costar, Cambridge, Mass.). The immunos-
taining procedure was modified after Kragelund and Nybroe
(1996) with a 20-min blocking step, a 24-h incubation with prima-
ry antibody (1 :1000, Hansen et al. 1997) and a 3 h incubation with
FITC-conjugated secondary antibody (Dako, F0205, 1 :20). Filters
were mounted on a microscope slide in No Fade medium (John-
son and de Noguira Araujo 1981) and the number of P. fluoresc-
ens DF57 cells was counted at!1000 magnification using a Zeiss
Axiovert 35M fluorescence microscope.

Total numbers of bacteria in root and root-free compartments
were determined by direct counting of bacteria after staining with
acridine orange (AODC). Bacteria were prepared for staining as
described for immunodetection above. The polycarbonate filters
were placed on a 0.04% AODC solution diluted in 2% formalde-
hyde for 5 min and the total number of bacteria then counted by
fluorescence microscopy as described above.

Results

Effects of P. fluorescens DF57 on growth of the
mycorrhizal fungi

The root length colonised by each AM fungus was
unaffected by the presence of P. fluorescens DF57, but
a greater length of root was colonised by G. intraradices
than by G. caledonium (Table 1).

The hyphal length density of G. intraradices was
about 23 m hyphae g–1 dry soil and was also unaffected
by P. fluorescens DF57, whereas the hyphal length den-
sity of G. caledonium was significantly higher in soil
with P. fluorescens DF57 than in soil without the bacte-
ria (Fig. 1). The average hyphal length density in soil of
non-mycorrhizal plants was 3.08B0.22SE m g–1 dry
soil. Hyphal measurements were corrected for this
background value. The stimulating effect of P. fluoresc-
ens DF57 on hyphal growth of G. caledonium was also
observed in a preliminary experiment (data not
shown).
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Table 1 Dry weights, root lengths and colonised root lengths of
cucumber plants within three different mycorrhizal treatments.
Letters after figures refers to a multiple range test (LSD0.05). The

No AM fungus treatment was not included in statistical analysis
of root length colonised by AM

Mycorrhizal treatment Pseudomonas
fluorescens DF57

Shoot dry
weight
(g)

Root dry
weight
(g)

Total root
length
(m)

Root length
colonised by AM
(m)

No AM fungus P 2.47 0.40a 15.3abc 0
c 2.49 0.42a 13.1a 0

Glomus intraradices P 2.18 0.57b 17.7c 16.9b
c 2.46 0.74c 16.0bc 15.0b

Glomus caledonium P 2.26 0.47ab 13.6ab 10.2a
c 2.53 0.47ab 15.1abc 10.8a

Two-way Anova
Mycorrhiza P 0.622 *** * ***
P. fluorescense DF57 P 0.153 P 0.111 P 0.309 P 0.560
Interaction P 0.674 P 0.179 P 0.129 P 0.265

* P~0.05, np4
*** P~0.001, np4

Fig. 1 Hyphal length density of Glomus intraradices and G. cale-
donium in root-free soil without and with Pseudomonas fluoresc-
ens DF57. LSD0.05 value for the data set was 2.8 m hyphae g–1

soil. Small bars represents SEM. Asterisks above the bars refer to
a one-way analysis of variance between treatments without P. flu-
orescens DF57 and with P. fluorescens DF57 (***P~0.001,
np4)

Fig. 2 Contents of 33P (a) and total P (b) in cucumber plants with
three different mycorrhizal treatments: none, Glomus intraradices
and G. caledonium. The two bars within each mycorrhizal treat-
ment represent two bacterial treatments, one without and one
with Pseudomonas fluorescens DF57. LSD0.05 values for the data
were 106 cpm and 0.67 mg in a and b, respectively. Bars represent
SEM. The asterisk above the bar refers to a one-way analysis of
variance between treatments without P. fluorescens DF57 and
with P. fluorescens DF57 (*P~0.05, np4)

Effects of P. fluorescens DF57 on AM fungal P
uptake and total P content in plants

The AM fungal transport of 33P from root-free com-
partments to cucumber plants was unaffected by the
presence of P. fluorescens DF57 (Fig. 2a). The 33P up-
take from root-free compartments was, however,
markedly higher with G. intraradices than with G. cale-
donium (Fig 2a).

The total P content was significantly higher in cu-
cumber inoculated with G. intraradices than in plants
without mycorrhizas or in plants colonised by G. cale-
donium (Fig. 2b). The P content in plants was not af-
fected by P. fluorescens DF57 only, but plants with dual
inoculation of P. fluorescens DF57 and G. caledonium
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Table 2 The influence of Glomus intraradices on the number of
P. fluorescens DF57 estimated by immunofluorescens microscopy
(IFM) in root-free compartments and on total number of bacteria

stained with acridine organe (AODC) in root-free and root com-
partments, respectively. Letters after figures refers to a multiple
range test (LSD0.05)

Mycorrhizal
treatment

Pseudomonas
fluorescens DF57

IFM: root-free soil
(cells gP1 soil)

AODC: root-free soil
(cells gP1 soil)

AODC: soil with roots
(cells gP1 soil)

No AM fungus P P 9.00B108a 7.43!108a
c 1.55!107a 1.09!109ab 7.77!108a

Glomus intraradices P P 1.11!109b 1.18!109bc
c 2.16!107b 1.16!109b 1.34!109c

Glomus caledonium P P 1.19!109b 1.20!109bc
c 2.04!107b 2.02!109c 1.06!109b

Two-way Anova
Mycorrhiza ** *** ***
P. fluorescens DF57 P *** P 0.792
Interaction P *** P 0.181

** P~0.01, np4
*** P~0.001, np4

had a higher P content than plants inoculated with G.
caledonium alone (Fig. 2b). Shoot P concentrations and
P contents (data not shown) responded to mycorrhizas
and to P. fluorescens DF57 similar to total plant P con-
tents.

Effects of AM fungi and P. fluorescens DF57 on plant
growth

Neither the AM fungi nor P. fluorescens DF57 affected
shoot dry weights, but G. intraradices enhanced root
dry weights compared with control plants (Table 1).
Root dry weights of plants with dual inoculation of G.
intraradices and P. fluorescens DF57 were significantly
higher than those of plants in other treatments (Ta-
ble 1). Root lengths of non-mycorrhizal plants with P.
fluorescens DF57 were significantly lower than those of
plants colonised by G. intraradices. Root lengths of
plants inoculated with G. caledonium alone were signif-
icantly lower than those of plants inoculated with G.
intraradices alone (Table 1).

Effects of AM fungi on number of bacteria

The number (IFM) of P. fluorescens DF57 was signifi-
cantly higher in root-free soil with mycorrhizal hyphae
than in soil containing no AM fungal hyphae (Table 2).
The mean background value of IFM counts in soil with-
out P. fluorescens DF57 was 1.1!106 cells g–1 soil. The
total number of bacteria estimated by AODC was gen-
erally higher in soil with mycorrhizal fungi than in soil
without the fungi, both in the root-free and the root
compartments. In root-free soil, the total number of
bacteria estimated by AODC was higher with G. cale-
donium and P. fluorescens DF57 than in the other
treatments (Table 2).

Discussion

Pseudomonas fluorescens DF57 did not affect AM fun-
gal colonisation of plants in the present experiment.
This is in accordance with results of Burla et al. (1996),
who showed that two different strains of P. fluorescens
did not affect colonisation of cotton by G. mosseae.
However, another plant growth-promoting bacterium,
P. putida, which is taxonomically closely related to P.
fluorescens (Palleroni 1984), increased colonisation of
roots by AM fungi (Meyer and Linderman 1986;
Gryndler and Vosátka 1996). P. fluorescens DF57 did
stimulate hyphal length density of external hyphae of
G. caledonium in the present experiment. This is in ac-
cordance with results of Gryndler and Vosátka (1996),
who found a stimulating effect of P. putida not only on
hyphal growth but also on dehydrogenase activity of G.
fistulosum. They tested the effect of whole bacteria
cells and also effects of different culture fractions of P.
putida on AM fungal growth. Their results indicate that
the stimulating effect of the bacterium on the AM fun-
gus was due to release of biologically active molecules
from the bacteria.

Stimulated AM hyphal growth should result in an
increase in hyphal P uptake from soil, but the increased
hyphal growth of G. caledonium observed in this study
did not produce a higher uptake of 33P from the hy-
phosphere soil. This might be explained by immobilisa-
tion of P in other microorganisms, as the total number
of bacteria in the hyphosphere soil was significantly
higher in the treatment with both G. caledonium and P.
fluorescens DF57 than in other treatments. However,
since P. fluorescens DF57 did not influence AM fungal
P uptake from hyphosphere soil in the present experi-
ment, there appeared to be no competition for P be-
tween this particular bacterium and the two AM fungi.
A further explanation is that the fungus used more P
for its own growth and metabolism or that the stimu-
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lated growth of the external mycelium of the fungus
caused a delay in P transport to the plant.

Pseudomonas fluorescens DF57 did not affect plant
growth but increased the total P content in plants co-
lonised by G. caledonium. A synergistic effect of dual
inoculation with a mix of different species of AM fungi
and P. putida on P concentrations in plants was also
observed by Meyer and Linderman (1986). However,
dual inoculation with P. fluorescens DF57 and G. intra-
radices led to no synergistic effect on plant P uptake in
the present work. These contrasting results might be re-
lated to the use of different AM species. Andrade et al.
(1997) showed that six AM fungal isolates had different
effects on the composition of the microbial community
in the rhizosphere. Similarly, Secilia and Bagyaraj
(1987) found that the effect of four species of AM fungi
on the microbial community in soil varied. They sug-
gested that different AM fungi affect the release of root
exudates differently and that this is responsible for the
different effects of the AM fungi on the microbial com-
munity. However, a change in the microbial community
responsible for decomposition of organic matter could
also lead to changes in the amounts of nutrients availa-
ble to the plants and, thereby, the release of inorganic
nutrients in soil.

The AM fungi generally increased the number of
bacteria both in rhizosphere and hyphosphere soil in
the present experiment. These results are in contrast to
those of Christensen and Jakobsen (1993), who re-
ported an adverse effect of AM on number of bacteria
in the rhizosphere. Olsson et al. (1996) used two differ-
ent AM fungal species and found either no effect or a
stimulating effect of AM on total number of bacteria in
the rhizosphere, and either no effect or an adverse ef-
fect of AM fungi in hyphosphere soil. These three stud-
ies are similar in their use of AODC to obtain the total
number of bacteria, and cucumber was grown in the
same field soil in all experiments. However, it can not
be excluded that the use of different soil:sand ratios in-
fluenced the results, as the results were similar when
the same AM fungus and the same substrate was used
as in the present experiment and in the study of Olsson
et al. (1996). Both experiments showed a stimulating ef-
fect of AM on the total number of bacteria in the 1 :1
(soil:sand) rhizosphere of cucumber in symbiosis with
G. caledonium. Thus the influence of AM on the num-
ber of bacteria in soil may depend on both the combi-
nation of species in the symbiosis and the composition
of the substrate.

Overall, these results show that the effect of P. fluo-
rescens DF57 on growth of the AM fungi varies with
the AM fungal species and that a stimulating effect on
growth of external mycelium of the fungus is not neces-
sarily reflected in a higher P uptake of the AM fungus.
This emphasises that a quantification of fungal struc-
tures can be a poor measure of mycorrhizal function-
ing. The absence of increased hyphal P uptake in re-
sponse to the hyphal growth increase could be due to
competition for P between the AM fungus and micro-

organisms other than P. fluorescens DF57, but this
needs further investigation.

References

Andrade G, Mihara KL, Linderman RG, Bethlenfalvay GJ
(1997) Bacteria from rhizosphere and hyphosphere soils of
different arbuscular-mycorrhizal fungi. Plant Soil 192 :71–79

Barea JM, Andrade G, Bianciotto V, Dowling D, Lohrke S, Bon-
fante P, O’Gara F, Azcon-Aguilar C (1998) Impact on arbus-
cular mycorrhiza formation of Pseudomonas strains used as
inoculants for biocontrol of soil-borne fungal plant pathogens.
Appl Environ Microbiol 64 :2304–2307

Binnerup SJ, Jensen DF, Thordal-Christensen H, Sørensen J
(1993) Detection of viable, but not culturable Pseudomonas
fluorescens DF57 in soil using a microcolony epifluorescens
technique. FEMS Microbiol Ecol 12 :97–105

Burla M, Goverde M, Schwinn FJ, Wiemken A (1996) Influence
of biocontrol organisms on root pathogenic fungi and on the
plant symbiotic microorganisms Rhizobium phaseoli and Glo-
mus mosseae. J. Plant Dis Prot 103 :156–163

Christensen H, Jakobsen I (1993) Reduction of bacterial growth
by a vesicular-arbuscular mycorrhizal fungus in the rhizos-
phere of cucumber (Cucumis sativus L.). Biol Fertil Soils
15 :253–258

Gryndler M, Vosátka M (1996) The response of Glomus fistulo-
sum-maize mycorrhiza to treatments with culture fractions
from Pseudomonas putida. Mycorrhiza 6 :207–211

Hansen M, Kragelund L, Nybroe O, Sørensen J (1997) Early col-
onization of barley roots by Pseudomonas fluorescens studied
by immunofluorescence technique and confocal laser scanning
microscopy. FEMS Microbiol Ecol 23 :353–360

Höfte M, Boelens J, Verstraete W (1991) Seed protection and
promotion of seedling emergence by the plant growth benefi-
cial Pseudomonas strains 7NSK2 and ANP15. Soil Biol Bio-
chem 23 :407–410

Jakobsen I (1995) Transport of phosphorus and carbon in VA
mycorrhizas. In: Varma A, Hock B (eds) Mycorrhiza. Spring-
er, Berlin Heidelberg, pp 297–325

Jakobsen I, Nielsen NE (1983) Vesicular-arbuscular mycorrhiza
in field-grown crops. 1. Mycorrhizal infection in cereals and
peas at various times and soil depths. New Phytol
93 :401–413

Jakobsen I, Abbott LK, Robson AD (1992) External hyphae of
vesicular-arbuscular mycorrhizal fungi associated with Trifol-
ium subterraneum L. 1. Spread of hyphae and phosphorus in-
flow into roots. New Phytol 120 :371–380

Jensen LE, Kragelund L, Nybroe O (1998) Expression of a ni-
trogen regulated lux gene fusion in Pseudomonas fluorescens
DF57 studied in pure culture and in soil. FEMS Microbiol
Ecol 25 :23–32

Johnson GD, de Noguira Araujo GM (1981) A simple method of
reducing the fading of immunofluorescence during microsco-
py. J Immunol Meth 43 :349–350

Kormanik PP, McGraw AC (1982) Quantification of vesicular-ar-
buscular mycorrhiza in plant roots. In: Schenck NC (ed)
Methods and principles of mycorrhizal research. Am Phytopa-
thol Soc, St. Paul, Minn, pp 37–45

Kragelund L, Nybroe O (1996) Competition between Pseudo-
monas fluorescens Ag 1 and Alcaligenes eutrophus JMP134
(pjP4) during colonization of barley roots. FEMS Microbiol
Ecol 20 :41–51

Kragelund L, Hosbond C, Nybroe O (1997) Distribution of meta-
bolic activity and phosphate starvation response of lux-tagged
Pseudomonas fluorescens reporter bacteria in the barley rhi-
zosphere. Appl Environ Microbiol 63 :4920–4928

Krishna KR, Balakrishna AN, Bagyaraj DJ (1982) Interaction be-
tween a vesicular-arbuscular mycorrhizal fungus and Strepto-
myces cinnamomeous and their effect on finger millet. New
Phytol 92 :401–405



334

Larsen J, Jakobsen I (1996) Interactions between a mycophagous
collembolla, dry yeast and external mycelium of an arbuscular
mycorrhizal fungus. Mycorrhiza 6 :259–264

Meyer JR, Linderman RG (1986) Response of subterranean clov-
er to dual inoculation with vesicular-arbuscular mycorrhizal
fungi and a plant growth-promoting bacterium, Pseudomonas
putida. Soil Biol Biochem 18 :185–190

Murphy J, Riley JP (1962) A modified single solution method for
the determination of phosphate in natural water. Anal Chim
Acta 27 :31–36

Newman EI (1966) A method of estimating the total length of
root in a sample. J Appl Ecol 3 :139–145

Olsen SR, Cole CV, Watanabe FS, Dean LA (1954) Estimation
of available phosphorus in soils by extraction with sodium bi-
carbonate. USDA Circular 939 :1–19

Olsson PA, Bååth E, Jakobsen I, Söderström B (1996) Soil bacte-
ria respond to presence of roots but not to mycelium of arbus-
cular mycorrhizal fungi. Soil Biol Biochem 28 :463–470

Palleroni NJ (1984) Family 1. Pseudomonaseae Winslow, Broad-
hurst, Buchanan, Krumwiede, Rogers and Smith 1917. In:
Krieg NJ, Holt JG (eds) Bergey, manual of systematic bacteri-
ology, (vol 1) Williams & Wilkins, Baltimore London, pp
141–174

Ravnskov S, Jakobsen I (1995) Functional compatibility in arbus-
cular mycorrhizas measured as hyphal P transport to the plant.
New Phytol 129 :611–618

Requena N, Jimenez I, Toro M, Barea JM (1997) Interactions be-
tween plant-growth-promoting rhizobacteria (PGPR), arbus-
cular mycorrhizal fungi and Rhizobium spp. in the rhizosphere
of Anthyllis cytisoides, a model legume for revegetation in me-
diterranean semi-arid ecosystems. New Phytol 136 :667–677

Secilia J, Bagyaraj DJ (1987) Bacteria and actinomycetes asso-
ciated with pot cultures of vesicular-arbuscular mycorrhizas.
Can J Bot 33 :1069–1073

Staley TE, Lawrence EG, Nance EL (1992) Influence of a plant
growth-promoting pseudomonad and vesicular-arbuscular my-
corrhizal fungus on alfalfa and birdsfoot trefoil growth and
nodulation. Biol Fertil Soils 14 :175–180

Walley FL, Germida JJ (1997) Response of spring wheat (Triti-
cum aestivum) to interactions between Pseudomonas species
and Glomus clarum NT4. Biol Fertil Soils 24 :365–371


