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Abstract

The effects of the arbuscular mycorrhizal (AM)-fungi Glomus intraradices and Glomus claroideum on pea root-rot
development caused by the pathogen Aphanomyces euteiches were investigated in a greenhouse pot-experiment,
over the course of three harvests, using oospores as pathogen inoculum. Signature whole cell fatty acids 16:1ω5c
and 14:1ω9 were used to quantify AM-fungi and A. euteiches, respectively in both roots and soil. Disease incidence
was reduced in AM plants, though this effect was more pronounced in plants with G. intraradices than plants with
G. claroideum, and corresponded with a greater mycorrhiza development, both intra- and extra radical in plants with
G. intraradices than with G. claroideum. At the final harvest, percentage of root length with oospores was similar in
roots of mycorrhizal and non-mycorrhizal plants. Despite the fact that pea root-rot development was only slightly
lower in mycorrhizal plants compared to that of non-mycorrhizal plants, in terms of shoot growth and disease
severity, mycorrhizal plants suffered less. This suggests a possible mycorrhiza-induced tolerance against pea root-rot.
Furthermore, the degree of tolerance induction differed between the two AM-fungi included in the present study.

Introduction

Aphanomyces euteiches causes pea (Pisum sativum)
root-rot and is a serious root pathogen, world wide
(Papavizas and Ayers, 1974; Kraft and Boge, 1994).
Oospores constitute the primary inoculum source,
which after germination produce zoospores constitut-
ing the actual root infective units. After root infection,
the pathogen rapidly spreads in the root cortex by
mycelial growth, followed by oospore formation
(Kjøller and Rosendahl, 1998). Upon decay of the
root, the oospores are released into the soil where they
may remain as an inoculum source for many years
(Oloffson, 1984). Neither fungicides, nor resistant
or tolerant cultivars are commercially available and
this has prompted an interest for biological control
of this pathogen. Antagonists, such as the bacteria
Pseudomonas fluorescens (Bowers and Parke, 1993)
and Burkholderia cepacia (Heungens and Parke, 2001),

have proved effective against A. euteiches. However,
the only efficient ‘control’ of the pathogen is to
avoid infested fields (Heungens and Parke, 2001).
Arbuscular mycorrhizal (AM)-fungi have been shown
to positively affect plant health and having antago-
nistic effects against plant pathogens (Dehne, 1982;
Lindermann, 1994; Azcón-Aguilar and Barea, 1996).
Other reports, however, show no effect or even an
increase in disease severity (St-Arnaud et al., 1995).
Pathogen suppression has been ascribed to both
physiological changes in mycorrhizal plants and
direct interactions between AM-fungi and pathogens.
However, the precise understanding of mechanisms is
poorly understood (Azcón-Aguilar and Barea, 1996).

In most studies with AM-fungi and A. euteiches,
biocontrol requires pre-inoculation of mycorrhiza
(Rosendahl, 1985; Slezack et al., 1999), although
reduction in damage from other pathogens has been
reported upon co-inoculation or post-inoculation of
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mycorrhiza (Caron et al., 1986). Zoospores added to
the epicotyl have constituted the pathogen inoculum
in the majority of studies on A. euteiches/mycorrhiza
interactions. However, it is important to examine the
biocontrol efficacy of mycorrhiza upon co-inoculation
of oospores, as oospores constitute the natural soil
inoculum.

Both indirect and direct methods of quantifying
A. euteiches are available. Indirect methods such as
determination of disease severity index of plants (Parke
and Grau, 1992), in terms of, for example, discolour-
ing of the root system, however, might not be directly
correlated to A. euteiches infection.

Furthermore, disease symptoms may be a delayed
response of the proliferation of the pathogen inside
the root (Pfender, 1984). A more direct quantification
of A. euteiches can be obtained by methods based on
serology (Slezack et al., 1999; Kraft and Boge, 1994),
biochemistry (polyacrylamid gel electrophoresis and
densitometry) (Kjøller and Rosendahl, 1997; Bødker
et al., 1998), and microscopy after staining with trypan
blue (Phillips and Hayman, 1970) or for alkaline phos-
phatase (Tisserant et al., 1993; Kjøller and Rosendahl,
1998). These direct methods can also be used to
quantify AM-fungi. Recently, signature fatty acids
have been used to quantify biomass and energy reserves
of A. euteiches and AM-fungi in roots, using phospho-
lipid fatty acids (PLFAs) and neutral lipid fatty acids
(NLFAs), respectively, (Larsen et al., 2000; Larsen and
Bødker, 2001). Fatty acid analysis using PLFAs and
NLFAs is very laborious, and alternatively whole cell
fatty acids (WCFA) analysis representing the sum of
all fatty acids present in the microbes can provide a fast
and easy way to screen for and quantify A. euteiches
(Larsen et al., 2000) and AM-fungi (Peng et al., 1993).

The objective of this study was to investigate whether
two mycorrhizal species, Glomus intraradices and
Glomus claroideum, have an effect on pea upon co-
inoculation of A. euteiches oospores. Interactions of
these fungi were examined in both root and soil using
signature WCFA 16:1ω5c and 14:1ω9.

Materials and methods

Experimental design

The experiment had a randomised three-factorial
design with the root pathogen A. euteiches as one
factor (without and with), mycorrhiza as the second
(non-AM, G. intraradices, G. claroideum), and harvest

time as the third (days 19, 26, and 33). Five replicate
pots from each treatment were randomly arranged in
temperature-regulated containers providing a constant
soil temperature. The pots were rearranged every other
day to avoid variations within blocks.

Soil and biological materials

Sandy loam soil from an organic grown field
(Snubbekorsgård, Tåstrup, Denmark) was partially
sterilised by irradiation (10 kGy, 10 MeV electron
beam) and mixed with quartz sand obtaining a ratio
of 1 : 3 soil : sand (w/w). Basal nutrients were mixed
into the soil in the following amounts (mg kg−1

soil): K2SO4 (75), CaCl2 (75), CuSO4 × 5H2O (2.1),
ZnSO4 ×7H2O (5.4), MnSO4 ×H2O (10.5), CoSO4 ×
7H2O (0.39), NaMoO4 × 2H2O (0.18), and MgSO4 ×
H2O (45). The soil : sand mixture had a pH 6.1 and
contained 18 mg Olsen P kg−1. Inoculum of the AM-
fungi G. intraradices Schenck & Smith (BEG 87)
and G. claroideum Schenck & Smith (BEG 14) were
obtained from 3-month-old pot cultures of maize and
leek, respectively. The colonised root length in the
pot cultures of G. intraradices and G. claroideum
was 88% and 78%, respectively. Crude inoculum of
G. intraradices and G. claroideum containing soil,
roots, and spores was homogeneously mixed into the
soil : sand mix resulting in a final inoculum concen-
tration of 4% and 6% in the respective mycorrhiza
treatments. Oospore-based inoculum of A. euteiches
Dreschler (ATCC 2016 84), was produced by growing
the fungus in oatmeal broth (0.5% oatmeal in deminer-
alised water) at 20 ◦C in the dark for 8 weeks. There-
after, the suspension with mycelium and oospores was
homogenised for 2 min in a blender and filtered twice
through gauze. The suspension was washed with a ster-
ile dilute salt solution (Fuller and Jaworski, 1987) three
times by centrifugation at 3000 rpm for 4 min and the
oospores were counted in a haemocytometer. Finally,
the suspension containing 6.25 × 105 oospores was
allowed to dry on 100 g quartz sand, and thereafter
mixed homogeneously into the soil : sand mix result-
ing in a concentration of 390 oospores g−1 soil in the
A. euteiches treatment. A similar amount of quartz sand
without oospores was added to the treatments with-
out A. euteiches. Seeds of P. sativum (cv. Bodil) were
surface sterilised in 1.5% NaOCl for 8 min, washed
three times in demineralised water, pre-germinated for
three days, and sown at a depth of 3 cm with three
seeds per 1.25 l pot (12 cm diameter, 14 cm height),
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containing 1600 g soil : sand mix, both with and with-
out fungal inoculum. At sowing, 1.6 ml of a dense
Rhizobium leguminosarum (Risø strain 18a) culture
was added to each pea seed. Rhizobium was cultured
in sterile yeast mannitol broth (g l−1): K2HPO4×3H2O
(0.66), MgSO4×7H2O (0.20), NaCl (0.10), d-mannitol
(10.0) yeast extract (0.40); and pH was set to 8.0. Pea
seedlings were thinned to one per pot after 5 days.

Growth conditions

Plants were maintained in a greenhouse from May
to June with no light supplement. Minimum air
temperature was 22 ◦C. The pots were placed in a
temperature-regulated container providing a constant
soil temperature of 20 ◦C. Each pot was watered to
field capacity at least every second day.

Harvests and analyses

Plants were harvested 19, 26, and 33 days after sow-
ing. At harvest, plants were gently removed from the
soil, washed and visually examined for disease sever-
ity of the root and epicotyl (discolouration) and shoot
(chlorosis and wilting) by scoring percentage area of
the respective plant parts with symptoms. The shoot
was cut off just above the cotyledons, dried (80 ◦C
for 24 h) and weighed. The root system was weighed
and cut into 5 mm pieces, and a subsample of 0.5 g
was stained according to the procedure of Kormanick
and McGraw (1982), except that acid fuchsin was
substituted by a 0.05% solution of trypan blue in lac-
toglycerol. Total root length, root length with oospores
of A. euteiches and mycorrhizal structures, as well
as percentage root length with these fungal struc-
tures were determined by the line-intercept method
(Giovannetti and Mosse, 1980). The remaining root
system was freeze-dried for 4 days, weighed, and
homogenised by vortex-mixing with a steel mill ball
in teflon test tubes with liquid nitrogen and kept in the
freezer at −80 ◦C until further processed. Similarly,
soil samples without roots were freeze-dried for four
days and kept in the freezer.

Whole cell fatty acid extraction was performed
according to Sasser (1990) and quantification of the
individual fatty acids was done according to Larsen
et al. (2001). About 10 mg of the freeze-dried root
homogenate or 3 g of freeze-dried soil was used for the
extractions. Identification of fatty acid methyl esters
was performed using the software package Sherlock

Version 3.1 (MIDI Inc.) with the HP Chemstation and
a HP5890 CG fitted with a 25 m fused silica capillary
column (HP part no.19091B-102) and hydrogen as car-
rier gas. In roots and soil, WCFA 16:1ω5c was used
to estimate mycorrhiza colonisation levels, whereas
WCFA 14:1ω9 was used as indicator of A. euteiches
root infection levels.

Statistics

Analysis of variance, using General Linear Model
(GCM), and Least Significant Means analysis were
used to analyse data, using SAS 8e (SAS Institute Inc.,
1999). All percentage values were arcsine transformed
before GLM analysis, and the remaining values were
log transformed.

Results

Thirty-three days after sowing, all measured plant
parameters, shoot (Figure 1A) and root dry weights
(Figure 1B), and root length (Figure 1C) (P < 0.0001)
were reduced by A. euteiches inoculation. At the
last harvest, plants inoculated with AM-fungi were
less affected by A. euteiches inoculation compared to
treatments without mycorrhiza inoculation (P ≤ 0.01).
However, shoot dry weight (Figure 1A) and total root
length (Figure 1C) of plants with G. intraradices
were unaffected by A. euteiches, in contrast to plants
with G. claroideum (P ≤ 0.01). Furthermore, shoot
dry weight and total root length of plants with
G. claroideum were less affected by A. euteiches
inoculation, than the corresponding non-mycorrhizal
plants. Finally, root dry weight of plants with
G. claroideum and non-AM plants were equally
reduced by A. euteiches (Figure 1B). In treatments
without A. euteiches, all measured plant growth param-
eters were unaffected by mycorrhiza.

Disease severity of shoot and root, caused by
A. euteiches, was in general lower in mycorrhizal plants
than in non-mycorrhizal plants 26 and 33 days after
sowing, although the disease severity of the shoot in
the third harvest was unaffected by G. claroideum. The
disease severity of epicotyls was unaffected by myc-
orrhiza in all harvests (Table 1). In mycorrhizal roots,
A. euteiches developed a lower percentage of oospores
than in the corresponding roots of non-mycorrhizal
plants 26 days after sowing (P = 0.001) (Figure 2A).
At the final harvest, however, percentage oospores
was not reduced in mycorrhizal plants. Furthermore,
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Figure 1. Shoot (A) and root dry weight (B) and total root length (C) of pea inoculated without and with oospores of A. euteiches (Ae);
without (non-AM) and with the AM-fungi G. intraradices and G. claroideum 19, 26, and 33 days after sowing and inoculation. Bars
indicate standard errors.

the concentration (nmol g−1 root dw.) of the
A. euteiches marker WCFA 14:1ω9 was not reduced in
mycorrhizal roots compared to that of non-mycorrhizal
roots in any harvests (Figure 2B). No WCFA 14:1ω9
was found in plants without A. euteiches.

In the final harvest, 33 days after sowing, root length
with oospores was higher in mycorrhizal plants, than
in non-mycorrhizal plants (P = 0.0052) (Figure 2C).
Root length with oospores in non-mycorrhizal plants

decreased between the second and third harvest
(P = 0.027), whereas no difference was observed
in mycorrhizal plants between the second and third
harvest. Mycorrhizal colonisation was unaffected by
A. euteiches inoculation (Figure 3A,B). Percent root
colonisation of G. intraradices was higher than that
of G. claroideum (P < 0.0001), so that 33 days
after sowing 78% and 39% root colonisation was
found in the respective treatments (Figure 3A).
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Table 1. Disease severity index of the epicotyl, root, and shoot
of pea inoculated with and without oospores of Aphanomyces
euteiches (Ae); with and without the arbuscular mycorrhizal
(AM) fungi G. intraradices (Gi) and G. claroideum (Gc) 19, 26,
and 33 days after sowing and inoculation

Treatment Disease severity index

Harvest AM Ae Epicotyl Root Shoot
(Days) (%) (%) (%)

19 − − 0 0 0
− + 71.25a 39.50a 0
Gi − 0 0 0
Gi + 68a 24a 0
Gc − 0 0 0
Gc + 37.5a 24a 0

26 − − 0 0 0
− + 97.5a 85a 77.5a
Gi − 0 0 0
Gi + 78a 52b 14b
Gc − 0 0 0
Gc + 68a 62ab 17b

33 − − 0 0 0
− + 100 99.5a 82.5a
Gi − 0 0 0
Gi + 100 61b 2.6b
Gc − 0 0 0
Gc + 100 75.4c 52a

One-way general linear model p-values
19 AM 0.622 0.652 —
26 AM 0.522 0.04 0.001
33 AM — <0.0001 0.001

Within a column, numbers from the individual harvests with the
same letter are not statistically different (LS-Means analysis).

Similarly, the concentration of the mycorrhiza marker
WCFA 16:1ω5c in roots in treatments with both
G. intraradices and G. claroideum was unaffected
by A. euteiches inoculation and the amount of
16:1ω5c in plants with G. intraradices was higher
than in plants with G. claroideum (P < 0.0001)
(Figure 3B). Root length with mycorrhiza was in all
harvests generally higher in plants with G. intraradices
than in plants with G. claroideum (P ≤ 0.0026)
(Figure 3C).

In soil, 33 days after sowing, the amount of WCFA
16:1ω5c was highest in both of the treatments with
G. intraradices, and also the G. claroideum treatment
with A. euteiches, than in any other treatment
(P = 0.003) (Figure 4). These treatments were unaf-
fected by A. euteiches. No difference in amount of
WCFA 16:1ω5c was found between treatments with
G. claroideum and non-mycorrhizal controls. Only

small amounts of WCFA 14:1ω9 were detected in soil
inoculated with A. eiteiches (data not shown).

Discussion

To our knowledge, this is the first study to show
that co-inoculation of AM-fungi and A. euteiches in
terms of oospores results in reduced root-rot in pea
plants. This is in contrast to other studies on these
interactions, which showed that pre-inoculation of
mycorrhiza is important to achieve any disease con-
trol (Rosendahl et al., 1985; Slezack et al., 2000).
Furthermore, this is the first study that compared
the influence of two AM-fungi on pea root-rot. Both
G. intraradices and G. claroideum reduced disease
incidence of the shoot and root of pea plants. This effect
was most pronounced at the final harvest in plants with
G. intraradices, where the root length and shoots were
as large as plants that had not been inoculated with
A. euteiches.

Disease incidence of the plants in the first two har-
vests did not differ much, except for non-AM plants
with A. euteiches being more diseased than the rest
in the second harvest. In contrast, greater differences
were observed in the final harvest, where focus there-
fore will remain. Roots inoculated with A. euteiches
were infected with the same percentage of oospores.
However, since A. euteiches-inoculated plants with
mycorrhiza had fewer above ground disease symptoms,
and a much larger plant biomass than the correspond-
ing non-AM plants, this might suggest that tolerance
against the pathogen somehow was induced in
mycorrhizal plants, as has also been suggested in other
studies (Dugassa et al., 1996; Kjøller and Rosendahl,
1996). The underlying mechanisms for this supposed
tolerance induction is not clear and needs further
examination. However, this adds to the list of possi-
ble mechanisms for the control of Aphanomyces pea
root-rot such as induced resistance (Rosendahl 1985),
general physiological changes (Kjøller and Rosendahl,
1996), and competition for nutrients (Larsen and
Bødker, 2001). Moreover, increased P nutrition in AM
plants does not seem to be involved in suppression of
pea root-rot (Bødker et al., 1998). Most likely, the bio-
control activity of AM-fungi against pea root-rot relies
on a combination of the various proposed modes of
actions.

We cannot completely rule out the possibility that
microbes accompanying the mycorrhiza inocula also
played a role in the observed biocontrol. However,
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Figure 2. Percentage root length with oospores (A), concentration of WCFA 14:1ω9 (B), and root length with oospores (C) of A. euteiches;
without (non-AM) and with the AM-fungi G. intraradices and G. claroideum 19, 26, and 33 days after sowing and inoculation. Bars
indicate standard errors.

the microbial communities in the different treatments
without Aphanomyces did not differ as examined using
WCFA profiles (data not presented).

Arbuscular mycorrhizal symbiosis is reported to
affect plant water relations by increasing drought resis-
tance and/or tolerance (Augé, 2001). The symptoms
of pea root-rot are similar to that of water stressed
plants resulting in shoot wilting. Consequently, it could
be that some of the mechanisms involved in drought
resistance and tolerance are similar to those found in
the present experiment where the shoot of plants with
G. intraradices did not wilt even if the root system
almost had the same root-rot development as found
in non-mycorrhizal plants. On the other hand, plants
with G. intraradices had longer roots than that and a

greater intra- and extraradical mycorrhiza development
than that of plants with G. claroideum, which might
explain the difference in tolerance induction by these
two AM-fungi. The present experiment was conducted
under controlled conditions with daily watering pro-
viding a sufficient water supply. However, this may not
be the case under field conditions where the amount
of water may be limited for periods. Consequently,
in order to extrapolate the results obtained in the
present experiment to field conditions more studies are
needed to examine the role of soil water content on
the observed tolerance induction. Moreover, more field
studies are needed in this area to study disease sup-
pression/tolerance induction by introducing species of
AM-fungi selected for this feature.



417

–Ae +Ae–Ae +Ae–Ae +Ae

Pe
rc

en
ta

ge
 o

f 
ro

ot
 le

ng
th

 
w

ith
 m

yc
or

rh
iz

a 
(%

)

0

15

30

45

60

75

90

G. intraradices
G. claroideum

A

–Ae +Ae

C
on

c.
 o

f 
(W

C
FA

) 
16

:1
ω

5c
(n

m
ol

es
 g

–1
 ro

ot
 d

ry
 w

ei
gh

t)

0

5000

10000

15000

20000

25000

G. intraradices
G. claroideum

–Ae +Ae–Ae +Ae

B

Days after sowing

33 

–Ae +Ae

26 

–Ae +Ae

19

–Ae +Ae

R
oo

t l
en

gt
h 

w
ith

 m
yc

or
rh

iz
a 

(c
m

)

0

2000

4000

6000

8000

G. intraradices
G. claroideum

C

Figure 3. Percentage of root length with mycorrhizal structures (A), concentration of WCFA 16:1ω5c (B) and root length with mycorrhizal
structures (C) in pea inoculated with and without oospores of A. euteiches (Ae); with the AM-fungi G. intraradices and G. claroideum
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Bødker et al. (2002) also used oospores as
A. euteiches inoculum in a field study to examine the
interactions between A. euteiches and indigenous pop-
ulations of AM-fungi reporting a negative correlation
between mycorrhiza colonisation and root infection
with oospores, but the degree of mycorrhiza coloni-
sation did not correlate with disease severity in terms
of root-rot development. In the present study, the soil
temperature was kept constant at 20 ◦C, whereas the
soil temperature under field conditions in Denmark is
ranging from 5 to 15 ◦C in the pea growing period from
April to July. Hence, in the field situation, oospores
of A. euteiches and chlamydospores of AM-fungi are

interacting at much lower temperatures than used in the
present experiment, calling for more controlled exper-
iments examining the influence of soil temperature on
the interactions between AM-fungi and A. euteiches.

The percentage of mycorrhizal colonisation was
measured using the traditional grid-line intersect
method (Giovannetti and Mosse, 1980) and similar
results were obtained using WCFA 16:1ω5c analy-
sis. Percentage mycorrhizal root colonisation was not
reduced by A. euteiches. All in all, it seems that
in the present study there was no direct interaction
between A. euteiches and AM-fungi in the form of
competition for nutrients or space. This is in contrast to
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another study on interaction between the AM-fungus
G. mosseae and A. euteiches, where mutual inhibition
was observed using signature fatty acids (Larsen and
Bødker, 2001). Indeed, the results from the present
study show the importance of studying functional com-
patibility between AM-fungi and host plants, not only
in terms of plant nutrients and growth responses, but
also in terms in biocontrol activity.

In the final harvest, root length with oospores was
higher in treatments with mycorrhiza than without
mycorrhiza. However, since root length with oospores
in treatments without mycorrhiza decreased between
the second and the third harvest, this could suggest
that the root had rotted and released oospores to the
soil. Nevertheless, we cannot rule out the possibil-
ity that mycorrhizal plants host a greater number of
oospores per plant due to a larger root system than
the non-mycorrhizal plants and thereby increase the
soil inoculum potential of the pathogen. These results
clearly demonstrate the importance of considering root
length measurements when evaluating the biocontrol
effect of AM-fungi against root pathogens. Future stud-
ies should address this question on the influence of
AM-fungi on pathogen inoculum potential.

In conclusion, AM-fungi included in the present
study differed in their ability to induce tolerance
emphasising the importance of including ‘disease
control’ assessments in future studies on functional
compatibility in AM symbioses.
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