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Abstract The effects of inorganic phosphate levels and
the presence of arbuscular mycorrhiza on disease sever-
ity of Aphanomyces euteiches in pea roots were studied.
Disease severity on roots and epicotyl as well as the
oospore number within infected root tissue were corre-
lated with the phosphorus (P) level in the growth me-
dium. The arbuscular mycorrhizal fungus Glomus intra-
radices increased P uptake and the P concentration in
the plant but reduced disease development in peas. Pol-
yacrylamide gel electrophoresis followed by densitome-
try of glucose-6-phosphate dehydrogenase specific to
A.euteiches was used to measure the activity of the pa-
thogen in roots. The enzyme activity increased with dis-
ease severity and disease incidence, except in plants
supplemented with P at the highest level, where a peak
in activity was seen 12 days after inoculation with the
pathogen, followed by a decrease in activity. The epico-
tyl of mycorrhizal plants showed a reduction in disease
severity although this part of the plants was not my-
corrhizal. Thus, an induced systemic factor may be re-
sponsible for increased resistance in mycorrhizal
plants.
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Introduction

Arbuscular mycorrhizas have been reported to have a
suppressive effect on diseases caused by a number of
root-infecting fungi (Dehne 1982; Garbaye 1991; Shar-
ma et al. 1992). Several mechanisms are likely to be in-
volved in the interactions between arbuscular mycorr-
hizal (AM) fungi and soil pathogens, but the back-
ground for the disease suppression is not fully under-
stood (Linderman 1994; Azcon-Aguilar and Barea
1996; Cordier et al 1996; Dumas-Gaudot et al. 1996;
Trotta et al. 1996). Arbuscular mycorrhizas are known
to enhance plant uptake of phosphate (P) and other mi-
neral nutrients (Abbott and Robson 1984). The nutri-
tional superiority of more vigorous AM plants has been
proposed to be a mechanism in reduction of root dis-
eases (Linderman 1994). This enhanced plant develop-
ment may lead to disease escape or to higher tolerance
against soil-borne pathogens (Dehne 1982). However,
the reports on the role of an enhanced P nutrition due
to arbuscular mycorrhizas in host resistance are con-
flicting. The effect of P on the interaction between Phy-
tophthora parasitica and arbuscular mycorrhiza fungi in
tomato showed that the protecting effect of mycorrhiza
was not related to enhanced nutritional status of the
host (Trotta et al. 1996). In other studies, improved P
nutrition was correlated to both a disease increase
(Davis et al. 1979) and a decrease in disease (Graham
and Menge 1982).

The conflicting results from studies on mycorrhiza –
pathogen interactions may be explained by the differ-
ent methods used for recording the disease and the pa-
thogen. Some studies recorded indirect effects of the
pathogen by scoring the symptoms of the host plant
(Graham and Menge 1982), or the loss in dry weight of
diseased plants (Hwang et al. 1993). Others used a di-
rect measurement of the pathogen in the host tissue
(Rosendahl 1985; Cordier et al. 1996). In a recent
study, the effect on a pathogen was measured by re-
cording the enzymatic activity of the pathogen under
influence of the AM fungus (Kjøller and Rosendahl
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1996). The results showed that AM fungi may influence
the activity pattern of the pathogen without reducing
the biomass of the pathogen in the root. This altered
activity pattern resulted in a reduced expression of the
disease in mycorrhizal plants.

Common root rot of peas (Pisum sativum L.) caused
by Aphanomyces euteiches (Drechsl.) is one of the ma-
jor limiting soil-borne pathogens world-wide in pea
production (Papavizas and Ayers 1974; Kraft et al.
1994). Chemical control of the pathogen is insufficient,
but the presence of arbuscular mycorrhiza in pea roots
is known to reduce the disease (Rosendahl 1985; Kjøll-
er and Rosendahl 1996). The aim of the present study
was to determine the effect of inorganic P fertiliser lev-
els on disease severity of A. euteiches in pea to see
whether the enhanced disease tolerance of arbuscular
mycorrhizae is due to improved P supply to the plant.

Materials and method

Soil from an organic fertilised field at Højbakkegård in Tåstrup
was partially sterilised by g-radiation (11 kGy) and mixed with
sand (1 :3). Seeds ofP. sativum L. (c.v. Solara) were surface disin-
fected in 1.5% NaOCl for 8 min, washed three times in water and
planted at a depth of 3 cm with two seeds per pot (600 ml, 760 g
of the soil-sand mix). Before sowing, the growth media [pH 7.5,
0.5% organic matter, 5.3 mg P (Olsen) and 3.0 mg K per kg soil]
were supplemented with 4.5 ml dense Rhizobium leguminosarum
culture (Risø strain 18a) and other minerals (K2SO4 71.0 mg/kg,
CaCl2 71.0 mg/kg, CuSO475H2O 2.0 mg/kg, ZnSO477H2O 5.0 mg/
kg, MnSO47H2O 10.0 mg/kg, CoSO477H2O 0.35 mg/kg, Na-
MoO472H2O 0.18 mg/kg, MgSO477H2O 45.0 mg/kg). Phosphorus
was supplemented at concentrations of 0, 30 and 90 mg KH2PO4/
kg growth medium.

Fungal material

Inoculum of the AM fungus Glomus intraradices Schenck &
Smith, isolate 28A, BEG 87 was produced on maize (Zea mays
L.) cv F1 Spirit in a soil/sand mixture. The soil and root system
were homogenised and 25 g of this mixture, containing colonised
roots, spores and external mycelium, was added to the pots of
mycorrhizal treatments. An equal amount of disinfected soil/sand
mixture was added to pots of the non-mycorrhizal treatments.
Two weeks after sowing, pots with emerged seedlings (two seed-
lings/pot) were inoculated with 30 000 zoospores per pot at the
base of each plant. Zoospores of A. euteiches (strain 63, Dept. of
Mycology, Copenhagen) were produced according to Papavizas
and Ayers (1974).

Experimental design

The experiment consisted of inoculation with A. euteiches as one
factor, application of P at 0, 30 and 90 ppm as the other, and two
additional treatments where plants were preinoculated with the
mycorrhizal fungus G. intraradices and inoculated with A. eu-
teiches or left uninoculated. All treatments were arranged in a
randomised block design with five replications for each treat-
ment. The plants were grown under greenhouse conditions in
June with no light supplement. The pots were watered every sec-
ond day to field capacity (same weight).

Harvest

Plants were harvested 4, 8, 12, 16 and 21 days after inoculation
with A. euteiches. At time of harvest, the shoots were cut off at
the cotyledons and the dry weight of shoots was measured after
drying at 80 7C for 24 h. The P concentration in the shoots was
measured by the vanado-molybdate method after combining all
replicates from the same treatment. The root system was washed
by gently rubbing under running tap water and then kept on ice
(0 7C) for further processing. The roots and epicotyl of each indi-
vidual plant were scored for disease severity as percent softened,
discoloured tissue due to infection by A. euteiches. The roots were
blotted on paper towels, cut into 1.5-cm segments and divided in
two fractions. One fraction was cleared and stained (Phillips and
Hayman 1970). The percentage root length infected with A. eu-
teiches and root length with arbuscular mycorrhiza was measured
by the grid-line intersect method (Giovannetti and Mosse 1980;
Rosendahl 1985). The other fraction was freeze dried and ground
to a fine powder in a mortar. The ground root material (100 mg)
was mixed in a 1.5-ml Eppendorf tube with 1 ml extraction buffer
(20 mM Tris-HCl, 10 mM NaHCO3, 10 mM MgCl2, 0.1 mM
Na2EDTA, 10 mM b-mercaptoethanol, 10% sucrose, 0.1% Triton
X-100, pH 8.0; Rosendahl and Sen 1992) and the suspension was
mixed for 30 s on a vortex mixer at maximal speed. The samples
were centrifuged twice for 20 min at 20 000 g and the supernatant
recovered and frozen in aliquots at –80 7C until use.

Electrophoresis

Electrophoresis was carried out in a discontinuous, vertical elec-
trophoresis system (Hoefer SE 250-Mighty Small II) with
80!70!0.7 mm polyacrylamide gels. The separation gel was
7.5% acrylamide, 375 mM Tris-HCl, pH 8.8; the stacking gel was
3.75% acrylamide, 124 mM Tris-HCl, pH 6.8 and the electrode
buffer was 25 mM Tris and 192 mM glycine at pH 8.3. The gels
were run at 200 V and 15 mA per gel for 75 min with cooling to
4 7C and 10 ml extract was loaded in each well. The gels were
stained for glucose-6-phosphate dehydrogenase (Gd) (Soltis and
Soltis 1989) and bands were scanned with a densitometer (Hoef-
er, model GS 300) in order to quantify the activity. The enzyme
activity was expressed arbitrarily as the peak height of the densi-
tometric tracings of the gels (Kjøller and Rosendahl 1996).

Statistical analysis

The dry weight data for shoots and roots were analysed with a
two-factor analysis of variance (ANOVA) with a Student New-
man-Keuls test of the mean. The infection and disease data are
presented in graphs with standard error bars, and the effect of P
was tested in a two-factor ANOVA by using only the data from
non-mycorrhizal plants. The effect of mycorrhiza was also tested
in a two-factor ANOVA using the mycorrhizal treatment and the
non-mycorrhizal treatment without P application.

Results

Application of P increased the percentage root length
with oospores of A.euteiches as well as the disease sev-
erity index of the root (Figs. 1, 2). In mycorrhizal
plants, the pathogen developed fewer oospores than in
non-mycorrhizal plants (Fig. 1). This effect was statisti-
cally significant between the mycorrhizal treatment and
the non-mycorrhizal treatment without added P (Ta-
ble 1). The effect of mycorrhiza on the disease index of
the root was not statistically significant (Table 1), but at
day 12 plants supplemented with 30 and 90 ppm P
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Fig. 1 Development of percent infected root length of pea with
oospores of Aphanomyces euteiches at three P fertiliser levels or
the addition of the arbuscular mycorrhizal (AM) fungus Glomus
intraradices at 4, 8, 12, 16 and 21 days after inoculation. [ c AM
0 ppm P, ! AM, 0 ppm P, g AM 30 ppm P, l AM 90 ppm P;
bars standard errors

Fig. 2 Disease severity index of the root of pea inoculated with a
zoospore suspension of A. euteiches for three different P fertiliser
levels or the addition of the AM fungus G. intraradices as a func-
tion of days after inoculation. [ c AM 0 ppm P, ! AM, 0 ppm
P, g AM 30 ppm P, l AM 90 ppm P; bars standard errors

Table 2 The result of two-way ANOVA testing the significance of P application and harvest time on the measurements of the disease
caused by Aphanomyces euteiches (NS not significant P 1 0.05)

Treatment % Root length Disease severity Disease severity G6PDH
with oospores of the root of the epicotyl activity

Phosphate (P) * * NS NS
Harvest time (H) * * * *
Interaction P!H * * NS NS

*P~0.001

Table 1 Two-way ANOVA testing the significance of mycorrhiza
application and harvest time on the measurements of disease
caused by Aphanomyces euteiches. The mycorrhizal treatment

was tested by using the treatment with no added P as the non-
mycorrhizal treatment (Gd Glucose-6-phosphate dehydrogenase,
NS not significant P 1 0.005)

Treatment % Root length Disease severity Disease severity Gd
with oospores of the root of the epicotyl activity

Mycorrhiza (M) ** NS * NS
Harvest time (H) ** ** ** **
Interaction M!H ** NS NS NS

*P~0.05
**P~0.001

showed a higher disease severity index than both my-
corrhizal and non-mycorrhizal plants without P addi-
tion (Fig. 2). The disease development in roots was de-
layed 4 days compared with disease development in the
epicotyl. The disease severity of the epicotyl was not
affected by P (Table 2; Fig. 3), but mycorrhizal plants
had a significantly lower disease index at all harvests
(Table 1; Fig. 3).

The activity of the A. euteiches Gd isozyme in pea
roots during development of the infection paralleled
disease severity and disease incidence (Fig. 4). The den-
sitometer readings (peak values) varied considerably,
but a significant difference between plants with 0 and
90 ppm P was seen at day 12 (Fig. 4). The enzyme activ-
ity increased in all treatments after inoculation with the
pathogen, but after day 12 the activity decreased in
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Fig. 3 Disease severity index of the epicotyl of pea inoculated
with a zoospore suspension of A. euteiches for three different P
fertiliser levels or the addition of the AM fungus G. intraradices
as a function of days after inoculation. [ c AM 0 ppm P, ! AM,
0 ppm P, g AM 30 ppm P, l AM 90 ppm P; bars standard er-
rors

Fig. 4 Activity of glucose-6-phosphate dehydrogenase (Gd) as an
arbitrary densitometer reading (peak heights) in pea roots after
inoculation with a zoospore suspension of A. euteiches at three
different P fertiliser levels or the addition of the AM fungus G.
intraradices as a function of day after inoculation. [ c AM
0 ppm P, ! AM, 0 ppm P, g AM 30 ppm P, l AM 90 ppm P;
bars standard errors

Table 3 Influence of soil phosphorus (0, 30, 90 ppm P) or arbus-
cular mycorrhizas (AM) (Glomus intraradices) on the growth of
peas measured as dry weight of the shoots of control and Apha-
nomyces euteiches-inoculated pea plants. The column headings

show number of days between inoculation with the pathogen and
harvest. Column means followed by the same letter are not signif-
icantly different (P~0.05)

Treatment Shoot dry weight (g/plant)

Control Inoculated

4 8 12 16 21 4 8 12 16 21

0P, cAM 0.52a 0.81b 1.09b 1.72b 2.03c 0.52c 0.79b 1.02c 1.45c 1.61b
0P, PAM 0.57a 0.77b 1.18b 1.80b 2.41b 0.59b 0.88ab 1.16b 1.60b 1.83ab

30P, PAM 0.59a 0.88ab 1.35a 1.75b 2.37b 0.61ab 0.92a 1.30a 1.79a 1.97a
90P, PAM 0.61a 1.02a 1.45a 2.19a 2.83a 0.65a 0.90a 1.30a 1.79a 1.86ab

plants fertilised with 90 ppm P. ANOVA did not detect
significant effects of either P or mycorrhiza on the Gd
activity (Tables 1, 2).

The mycorrhizal colonisation developed rapidly and
reached 87% of root length 20 days after inoculation
with the pathogen. Inoculation with the pathogen did
not decrease the mycorrhizal colonisation significantly
(data not shown). The shoot dry weights showed a re-
sponse to increases in P fertiliser for non-inoculated
control plants, but this effect was not seen in the A. eu-
teiches-inoculated plants at the last harvest (Table 3).
Inoculation with the AM fungus did not increase dry
weights of shoots and even decreased them at the last
harvest in plants without A. euteiches. The root weight
was not influenced by arbuscular mycorrhiza in either
A. euteiches–inoculated plants or in non-inoculated

plants (Table 4). The P contents of the shoots were in-
creased by application of phosphate fertiliser (Table 5),
but inoculation with G. intraradices resulted in a higher
P content than application of 90 ppm P.

Discussion

This experiment confirms earlier findings, that the pres-
ence of mycorrhizal fungi reduces root rot of peas
caused by A. euteiches (Rosendahl 1985; Kjøller and
Rosendahl 1996). The increased uptake of P due to
AM colonisation of the root systems was not responsi-
ble for the increased disease resistance, as increased P
levels in non mycorrhizal plants following P fertiliser
application had a negative influence on host resistance
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Table 4 Influence of soil phosphorus (0, 30, 90 ppm P) or arbus-
cular mycorrhizas (AM) (Glomus intraradices) on the growth of
peas measured as dry weight of the roots of control and A. eu-
teiches-inoculated pea plants. The column headings show number

of days between inoculation with the pathogen and harvest. Co-
lumn means followed by the same letter are not significantly dif-
ferent (P~0.05)

Treatment Root dry weight (g/plant)

Control Inoculated

4 8 12 16 21 4 8 12 16 21

0P, cAM 0.25a 0.32a 0.37a 0.45a 0.52a 0.27a 0.31a 0.34a 0.37a 0.36a
0P, PAM 0.30a 0.30a 0.41a 0.47a 0.57a 0.31a 0.33a 0.36a 0.41a 0.41a

30P, PAM 0.18b 0.32a 0.38a 0.40a 0.48a 0.29a 0.33a 0.44a 0.40a 0.43a
90P, PAM 0.28a 0.33a 0.39a 0.48a 0.51a 0.30a 0.33a 0.37a 0.38a 0.38a

Table 5 Phosphorus contents in the shoots at the final harvest
(AM Inoculated with Glomus intraradices, APH inoculated with
A. euteiches)

Treatment P(mg/plant)

0 ppm P, APH 2.42
30 ppm P, APH 3.44
90 ppm P, APH 3.72
AM 4.35
AM, APH 4.84

to A. euteiches. This is in agreement with Kaye et al.
(1984), who concluded that the mechanisms of disease
tolerance of mycorrhizal plants appear to be distinct
from improved plant nutrition. Trotta et al. (1996) also
found that resistance to Phytophthora parasitica was in-
creased in mycorrhizal tomato plants, and that im-
proved P nutrition had little effect on the disease.

Quantification of the activity of plant pathogens in
roots previously done with A. euteiches in peas (Kjøller
and Rosendahl 1996) showed that the Gd activity of A.
euteiches increased with time after inoculation. Howev-
er, in the present study, Gd activity decreased 12 days
after inoculation in plants supplemented with 90 ppm P
where disease development was greatest. This pattern
was also seen for the highest zoospore concentration in
the study of Kjøller and Rosendahl (1996), indicating
that in severely diseased plants the fungus changes
from an active to a resting stage.

The increased P uptake in mycorrhizal plants did not
result in increased shoot dry weight and at the last har-
vest the shoot dry weight was significantly lower in my-
corrhizal plants (Table 1). Although this reduction in
dry weight was not seen in root biomass, the negative
effect of mycorrhiza is unexpected. The roots were
heavily colonised by G. intraradices and the symbiosis
was clearly established since P uptake by plants was in-
creased. The presence of pathogenic microorganisms in
the mycorrhizal inoculum may explain the result,
though we did not find other fungi in the roots.

The epicotyls, which are not colonised by the AM
fungus, showed a reduction in disease severity caused
by A. euteiches in mycorrhizal plants. This reduction

could be the result of improved plant vigour, but as P
fertilisation stimulated disease development this is not
likely. Alternatively, an induced systemic factor may be
responsible for the disease suppression in the epicotyls.
This was previously suggested by Rosendahl (1985),
where the AM fungus decreased oospore production in
non-mycorrhizal parts of a split-root system. In another
experiment, mycorrhiza protected cucumber plants
against post emergence damping off by Pythium ulti-
mum before mycorrhizal colonisation occurred (Rosen-
dahl and Rosendahl 1990). In contrast, Davis and
Menge (1980) showed no systemic induced resistance in
a split-root experiment with citrus and Phytophthora
cinnamomi, indicating that several factors are involved
in increased resistance in mycorrhizal plants.

Aphanomyces euteiches was applied as zoospores to
the soil surface. Zoospores give rise to infections start-
ing at the epicotyl and extending downward in the root
system. In the mycorrhizal plants and in the plants with
no added P fertiliser the downward development of the
disease was reduced. This resulted in a lower disease
severity and incidence when the entire root system was
examined. Mycorrhizal colonisation of the roots did not
prevent pathogenic infection of the roots, but reduced
the downward growth of the pathogen in the roots.
This reduction could be caused by competition between
the two fungi for physical space in the root, but may
also be the result of antimicrobial compounds produced
by the plant (Morandi et al. 1984), or induced host de-
fence responses in mycorrhizal systems (Cordier et al.
1996). Zoospores are not the natural inoculum source
of the pathogen. Under field conditions, the inoculum
consists of oospores which infect the entire root at the
same time and future experiments should use this ino-
culum to confirm the results of the present study.
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