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Abstract Mycorrhiza frequently leads to the control of
root pathogens, but appears to have the opposite effect on
leaf pathogens. In this study, we studied mycorrhizal
effects on the development of early blight in tomato
(Solanum lycopersicum) caused by the necrotrophic fungus
Alternaria solani. Alternaria-induced necrosis and chloro-
sis of all leaves were studied in mycorrhizal and non-
mycorrhizal plants over time course and at different soil P
levels. Mycorrhizal tomato plants had significantly less A.
solani symptoms than non-mycorrhizal plants, but neither
plant growth nor phosphate uptake was enhanced by
mycorrhizas. An increased P supply had no effect on
disease severity in non-mycorrhizal plants, but led to a
higher disease severity in mycorrhizal plants. This was
parallel to a P-supply-induced reduction in mycorrhiza
formation. The protective effect of mycorrhizas towards
development of 4. solani has some parallels to induced
systemic resistance, mediated by rhizobacteria: both
biocontrol agents are root-associated organisms and both
are effective against necrotrophic pathogens. The possible
mechanisms involved are discussed.
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Introduction

Early blight of tomato, caused by the fungus Alternaria
solani, is one of the common foliar diseases of tomatoes.
This disease can occur over a wide range of climatic
conditions, but is most severe in areas with high relative
humidity caused by heavy dew or rainfall combined with
high averaged temperatures. Tomato crops are damaged by
damping-off of seedlings, collar rot, destruction of foliage
as well as direct destruction of fruits by fruit rot and
sunscald of fruits on defoliated plants (Rotem 1994).
Alternaria spp. fungi produce many non-host-specific as
well as host-specific toxins (Thomma 2003), which kill the
host cells before or at the time of invasion and the fungus
subsequently lives as saprophyte on the decaying tissue. In
contrast to such necrotrophic lifestyle, biotrophic fungi
feed on living host cells and are very host specific
pathogens.

Strategies for the control of A. solani include the
activation of various forms of induced resistance. Systemic
acquired resistance (SAR) is activated after infection by a
necrotising pathogen or other biotic and abiotic stresses,
rendering distant, uninfected plant parts resistant towards a
broad spectrum of pathogens (Durrant and Dong 2004).
Certain strains of plant growth promoting rhizobacteria are
able to induce systemic resistance, which extends to the
above-ground plant parts and is phenotypically similar to
SAR. This second type of induced disease resistance is
commonly referred to as rhizobacteria-mediated, induced
systemic resistance (ISR), as reviewed by Van Loon et al.
(1998). Based on work with gene-knockout mutants in
Arabidopsis, SAR and ISR are proposed to confer resis-
tance to pathogens according to their lifestyles, so that SAR
primarily functions against biotrophic pathogens and ISR
against necrotrophic pathogens (Thomma et al. 1998,
2001). Parallel to the induction of resistance, significant
changes in the plant occur: inoculation with root-promoting
Pseudomonas results in a significant increase in phenyl-
propanoid content in sprouts (Leinhos and Bergmann
1995) and root exudates (Azcon-Aguilar and Barea 1995).
ISR can be induced not only by the rhizobacteria
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themselves, but also by bacteria-synthesised macromole-
cules (Romeiro et al. 2005).

Root colonisation by arbuscular mycorrhizal fungi
(AMF) has been frequently reported to reduce root
infection by various soil-borne pathogens (Azcon-Aguilar
and Barea 1996; Smith and Read 1997). The mechanisms
involved in this biocontrol are not clear, but localised and
systemic induced resistance (Cordier et al. 1998) as well as
increase in plant P status in response to mycorrhiza
formation (Graham 2000) appear to be involved. In
contrast, mycorrhiza is generally assumed to increase
susceptibility to leaf pathogens such as fungi, viruses and
aphids (Dehne 1982; Lindermann 1994).

The objective of this work was to investigate effects of
mycorrhiza on foliar susceptibility to A. solani in tomato.
Disease symptoms were studied over time in mycorrhizal
and non-mycorrhizal plants, and the possible role of
mycorrhiza-induced changes in plant P status was
investigated by supplying different amounts of P to both
non-mycorrhizal and mycorrhizal plants.

Materials and methods
Experimental design

Two experiments were carried out: experiment 1 had four
treatments: 0 P, 25 P, 75 P, and 0 P + AMF (numbers refer
to milligrams of P added kg soil). Experiment 2 had eight
treatments resulting from combining four P levels with the
presence or absence of mycorrhizas: 0 P, 0 P+ AMF, 3 P, 3
P+ AMF, 6 P, 6 P + AMF, 24 P, and 24 P + AMF. The
experiments were conducted in a completely randomised
design and repeated once. In general, all treatments had
four replicates as indicated by figures and tables. For
experiment 2, seven plants per treatment were grown and
three of these were harvested before inoculation with A.
solani, reducing the replications to three for these data.
Later data of this experiment were obtained from the four
remaining plants.

Biological materials

Lycopersicon esculentum cv. Frembgens Rheinlands Ruhm
was grown in both experiments. Seeds were surface-
sterilised (95% EtOH, soaked in 4% NaOCI (v:v) for
10 min and a final rinse in distiled H,O) and pre-
germinated on wet filter paper for 2 days. Mycorrhizal
plants were established in both experiments by inoculation
with Glomus intraradices (BEG 87), which had been
propagated on Trifolium subterraneum. The dry inoculum
consisted of soil, hyphae, spores and colonised root pieces.
The A. solani isolate Greece-1 was kindly provided by
Simon Pérez Martinez, CENSA, Cuba, and was cultured on
potato dextrose agar at 25°C. To harvest the spores, 10-
day-old cultures were brushed gently to loosen the spores
and then rinsed with a 0.01% Tween 20 solution. The
resulting spore suspension was filtered through a fine cloth,

quantified using a haemocytometer and adjusted to 10*
spores ml .

Experimental setup

Plants were grown in square pots (8 cm side length) lined
with plastic bags and filled with 400 g growth medium,
which was a 1:1 (w:w) mixture of quarts sand and
irradiated soil (10 kGy, 10 MeV electron beam). The
growth medium, hereafter referred to as soil, had nutrients
uniformly incorporated at the following concentrations
(milligram per kilogram dry soil): K,SO,4 75.0; CaCl,-2H,O
75.0; CuSO45H,0 2.1; ZnSO47H,O 5.4; MnSO4H,O
10.5; CoSO47H,0 0.39; MgSO4-7H,0 45.0; Na;MoO,4-2
H,0 0.18; and NH4NO5 30.0 (Viereck et al. 2004). The soil
had a bicarbonate-extractable P content of 9.8 pg P g
(Olsen et al. 1954). The various P levels in the two
experiments were established by thorough mixing of
KH,PO, into the soil. Mycorrhizal treatments (+ AMF)
had 32 g of the soil replaced by G. intraradices inoculum.
The soil was moistened to 60% of water holding capacity,
and pots were left for 1 week for incubation of AMF
inoculum. Three pre-germinated seeds were planted in each
pot and were thinned to one plant per pot after establishment.
The soil surface was covered with plastic beads. Plants were
grown in a climate chamber with a 16: 8 h light:dark cycle
with 24-26:18-20°C temperatures, respectively, and wa-
tered daily to 60% water holding capacity. Plants were
inoculated 35 days after sowing by spraying with spore
suspension until run-off occurred. To ensure high relative
humidity that is needed during spore germination, the plants
were placed in tight closing clear plastic containers for 24 to
48 h.

Monitoring of disease severity, harvest and analyses

Early blight disease severity was assessed daily and every
second day in experiments 1 and 2, respectively, by
assigning a grade in the range 1-12 reflecting the
percentage of leaf area with necrotic spots and chlorosis,
respectively, of all unfolded leaves. Grade 12 was assigned
to dead and shed leaves. For each time point, arithmetic
means for individual plants were calculated. Tomato shoots
were harvested 5 and 8 days after infection (dai) with A.
solani in experiments 1 and 2, respectively, and weighed
after drying at 70°C for 2 days. Ground shoot material was
digested in a 4:1 mixture (v:v) of nitric and perchloric
acids. Total P content was measured by the molybdate blue
method (Murphy and Riley 1962) on a Technicon Auto-
analyser II (Technicon Autoanalysers, Analytical Instru-
ments Recycle, Golden, CO, USA). Root systems were
washed and root samples of mycorrhizal tomatoes were
cleared with 10% KOH and stained with 0.05% trypan blue
in lactoglycerol (Phillips and Hayman 1970) with the
omission of phenol from the solutions and HCI from the
rinse. Percentage of AMF colonisation was determined



using a gridline intersection method (Giovanetti and Mosse
1980).

Statistical analysis

Data for dry weight, phosphate content and mycorrhizal
colonisation were analysed using GLM and Tukey’s test.
Necrosis and chlorosis data, which were surveyed over
several days in all experiments, were analysed with a
linear mixed model for repeated measurements, using the
auto-regressive covariance structure which fitted best with
respect to the experimental structure and minimised
values for Akaike’s Information Criterion (AIC) and
other information criteria. This statistical approach
compares the treatments during the whole period of
data collection and not only at certain time points by
estimation of new means which are representing the
whole time course and are therefore slightly different to
the measured values. Degrees of freedom were estimated
according to Satterthwaite’s formula (Satterthwaite 1946
after Hocking 1996). Levels of P addition and inocula-
tion with G. intraradices were set as fixed factors,
whereas the intervals between the assessments were used
as covariates. Treatments were compared using LSD test
with Bonferroni correction. All calculations were per-
formed using SPSS (SPSS for Windows, Rel. 12.0.1,
2003. Chicago, SPSS).

Results

In experiment 1, the 4. solani development was determined
(1) on non-mycorrhizal tomato plants with increasing P
supplies and (2) on mycorrhizal and non-mycorrhizal
tomato plants given no additional P. Disease severity in
terms of necrosis (P=0.005) and chlorosis (P=0.000) was
significantly reduced by mycorrhiza. Whereas, the effect of
increased P supply to non-mycorrhizal plants was not
significant (P=0.208 and P=0.089 for necrosis and chlo-
rosis, respectively) (Fig. 1; Table 1). Necrosis and chlorosis
increased significantly (both P=0.000) over time in all
treatments. Interactions could not be tested due to the
incomplete experimental design. The increased degree of
necrosis in response to P addition was not significant. For
the range of concentrations used in this study, phosphate
nutrition had no influence on severity of early blight. The
more pronounced effect on disease development arose
from the addition of G. intraradices to the 0 P treatment (0
P + AMF) such that mycorrhizal tomato plants had
significantly less Alternaria symptoms in terms of necrosis

and chlorosis than non-mycorrhizal plants (Fig. 1, Table 1).

To test whether the reduced Alternaria symptoms in the
mycorrhizal plants in the first experiment were caused by
an improved phosphate level, a second experiment was set
up where mycorrhiza was combined with all phosphate
levels in the range between 0 and 24 mg kg™, resulting in a
complete factorial design. Phosphate concentrations in
shoots were analysed to study whether disease severity was
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Fig. 1 Necrosis (a) and chlorosis (b) caused by Alternaria solani
infection monitored over 5 days after inoculation (dai) of tomato
leaves. 0, 25 and 75 P represent non-mycorrhizal plants with
different levels of phosphate (P) supply (0, 25, 75 mg kg ' soil) and
0 P + AMF represents mycorrhizal plants. Data points show
arithmetic means with n=4

somehow correlated to any change in leaf P status caused
by AMF inoculation or P supply.

A two-way statistical analysis showed that discase
severity was significantly influenced by the addition of
AMEF (P=0.000 for both necrosis and chlorosis). Mycor-
rhizal plants had significantly less disease symptoms
(Fig. 2a and Table 2). Necrotic symptoms did not differ
at various levels of P supply (P=0.253) but chlorosis of

Table 1 Necrosis and chlorosis ranking of mycorrhizal (+ AMF?
and non-mycorrhizal tomato plants supplied (25 and 75 mg kg~
soil) or not (0 P) with phosphate and estimated over a time period of
5 days after infection with Alternaria solani

Treatment Necrosis Chlorosis
oP 3.16 b 4.55b
25 P 331b 558 b
75 P 392b 5.83b
0 P + AMF 1.64 a 1.86 a

Estimated means were calculated in a mixed model with repeated
measures data. The standard errors of necrosis means are SE=0.34
for 0 P and SE=0.29 for all other treatments. For chlorosis data,
the standard errors are SE=0.41 and SE=0.36. Degrees of freedom
are df=11.89 for necrosis data and df=11.81 for chlorosis. Means
followed by equal letters are not significantly different
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leaves was significantly influenced by the amount of
additional P (P=0.014). Also, there were significant
interactions between mycorrhiza and the level of P supply,
with P=0.019 and P=0.002 for necrosis and chlorosis,
respectively. These interactions were very obvious as an
increase in P supply caused more early blight symptoms in
mycorrhizal plants. At the 24 P supply level, mycorrhizal
and non-mycorrhizal tomatoes did not differ significantly
(Table 2). Seven days after inoculation with A. solani, the
remaining non-mycorrhizal tomato plants had lost between
13 and 22% of their dry matter, as many chlorotic leaves
were shed. Mycorrhizal tomato plants suffered much less,
resulting in higher dry weights after infection with early
blight, though this difference was only significant at the O P
level due to high variability of the data (Fig. 2b).

The dry weight of mycorrhizal and non-mycorrhizal
tomatoes was quantified before and after inoculation with
A. solani (Fig. 2¢,d). Before inoculation with 4. solani, dry
matter of plants was slightly higher when more phosphate

Table 2 Necrosis and chlorosis ranking of mycorrhizal (+ AMF?
and non-mycorrhizal tomato plants supplied (3, 6 and 24 mg kg~
soil) or not (0 P) with phosphate and estimated over a time period of
third to seventh day after infection with Alternaria solani

Treatment Necrosis Chlorosis
0OP 442 d 450 b
0 P + AMF 1.35 ab 1.63 a
3P 331 cd 375b
3P+ AMF 1.15a 1.50 a
6P 348 cd 438 b
6 P+ AMF 1.29 ab 2.00 a
24 P 3.08 bed 3.88b
24 P + AMF 2.50 abc 375b

Estimated means were calculated in a mixed model with repeated
measures data. The standard error of necrosis means is SE=0.37 and
the degrees of freedom are df=25.79 for all treatments, whereas
the values are SE=0.33 and df=24.00 for chlorosis data.

Means followed by equal letters are not significantly different
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was added, and non-mycorrhizal tomatoes were generally
larger than mycorrhizal ones even if these differences were
rarely significant (see Fig. 2c). The P content in milligram
per gram dry weight in shoots before infection was nearly
at the same level for all treatments (Fig. 2e); only the
treatments 0 P + AMF and 3 P contained significantly
lower phosphate than plants of treatment 24 P. As expected,
mycorrhizal colonisation was significantly reduced when
more phosphate was added (Fig. 2f), and this reduction
could explain the described interactions.

Discussion

The presence of mycorrhiza in tomato roots led to
significantly lower infection levels of A4. solani than
observed in non-mycorrhizal plants in two separate
experiments. Bioprotection of AM-colonised plants against
soil-borne pests like nematodes and various root diseases is
commonly observed (Cordier et al. 1996; Boedker et al.
1998). Some studies have shown mycorrhizal protection of
tomato plants against, for example, the root pathogens
Phytophthora parasitica, Erwinia carotovora and Pseu-
domonas syringae (Garcia-Garrido and Ocampo 1988,
1989; Cordier et al. 1996, 1998). In contrast, susceptibility
to leaf pathogens is often higher in mycorrhizal than in
non-mycorrhizal plants (Lindermann 1994). Dehne (1982)
suggested that the systemic influence of AMF may be
attributed to enhanced nutrition, plant growth and physi-
ological activity of mycorrhizal plants, and therefore, with
increased levels of assimilates, such plants can serve as
improved nutrient sources for plant parasitic organisms.
Shaul et al. (1999) provided an alternative mechanism by
explaining the increased disease severity by the suppres-
sion of the plant defence response by AMF shortly after the
early events of root colonisation. However, mycorrhiza
may induce qualitative or quantitative changes in plant
performance that could compensate higher disease suscep-
tibility. Hence, although mycorrhiza formation in barley
resulted in increased leaf infection by Blumeria graminis f.
sp. hordei, mycorrhizal plants suffered less than non-
mycorrhizal plants in terms of reductions in grain number,
ear yield and thousand-grain weight (Gernns et al. 2001).

Alternaria fungi are saprophytes and facultative para-
sites with necrotrophic nature that may explain why they
require a weakened, stressed or senescent host plant for
infection (Rotem 1994). Rotem et al. (1990) showed for
Alternaria macrospora that the disease severity of cotton
plants grown in cool regime, causing delayed aging, was
lower than for those grown under hot conditions (causing
accelerated aging). This demonstrates that physiological
rather than chronological age governs the age-conditioned
susceptibility. AM fungi constitute a sink for the carbon
resources of the host and mycorrhizal plants require
improved production of assimilates (Smith and Read
1997; Gernns et al. 2001). As carbon costs can be as
high as 20% (Jakobsen and Rosendahl 1990; Douds et al.
2000; Graham 2000), competition for carbon between
hosts and AM fungi can be strong. This competition can
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result in a growth reduction of mycorrhizal plants
compared to non-mycorrhizal ones, especially under light
deficiency or other photosynthesis-limiting condition. An
age delaying effect of AMF on senescence has been
observed in leaves (Gernns et al. 2001) and roots (Gavito et
al. 2001; Lingua et al. 2002) of crop plants. In our
experiments, the tomato plants colonised by an AMF did
not show a positive growth effect due to mycorrhization
and even a slight growth depression was observed in terms
of fresh and dry matter (before inoculation with early
blight), which is similar to that observed in previous studies
in our laboratory (Burleigh et al. 2002; Smith et al. 2004).
Competition for carbon compounds could have been a
cause for decreased pathogen development in mycorrhizal
plants as the growth of both symbiotic and pathogenic
organisms depends on host photosynthates (Azcon-Aguilar
et al. 2002). The nutritional status can be an important
factor influencing the disease susceptibility of plants. Our
experiments demonstrated that additional P did not
increase early blight symptoms, but only reduced forma-
tion of mycorrhiza. The phosphate concentration of
mycorrhizal tomato was not increased by G. intraradices.
Thus, the increase in resistance in the treatments with AMF
cannot be explained by a better P supply. Other nutrients
such as nitrogen, potassium or zinc were not measured
during the studies, as only surplus supplies of N are known
to reduce early blight symptoms (Vintal et al. 1999).

An early mycorrhizal inoculation, previous to pathogen
attack, has been shown to be a successful practice to
increase disease tolerance/resistance in economically
important crop species mainly for those involved in
horticultural and fruit production systems (Lovato et al.
1996; Pinochet et al. 1998). In tomato plants infected with
P. parasitica, only a well-established mycorrhizal coloni-
zation could protect plants (Cordier et al. 1996), and
bioprotection by Glomus mosseae against Aphanomyces
euteiches was shown to depend on a fully established
symbiosis with presence of arbuscules (Slezak et al. 2000).
In our first experiment, mycorrhizal colonisation was as
high as 79% with no difference due to phosphate levels.
The level of mycorrhizal development in our second study
did depend significantly on P supply to the tomato plants
and the decrease in root colonisation due to additional P
could be an explanation for the lack of induced resistance
in the treatment with high P supply.

Different organisms can stimulate plants and activate
either pathogen-induced SAR or rhizobacteria-mediated
ISR. Parallel to ISR, mycorrhizal fungi interact with the
host plant’s roots and influence the whole plant including
the above-ground parts. ISR is effective against necro-
trophic pathogens and it seems possible that similar
mechanisms reduce susceptibility of mycorrhizal plants
towards necrotrophic leaf pathogens like A. solani.
Rhizobacteria, which were inevitably added together with
the mycorrhiza inoculum in the + AMF pots, could
probably be involved in the observed effects. Lindermann
(2000) states that AMF-induced changes in the mycor-
rhizosphere could be involved in reduced disease of soil-
borne pathogens, but they may also be involved in the ISR
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effect. However, the reduced mycorrhiza formation in the
plants of treatment 24 P + AMF of experiment 2 showed
reduced mycorrhiza-induced resistance. This hints that
mycorrhiza development itself is responsible for the
observed reduction in foliar susceptibility to 4. solani, as
root protection against pathogens (Cordier et al. 1996,
1998) by AM fungi is necessary for protection.

We conclude that mycorrhization of tomato roots can
induce reduced susceptibility to necrotrophic leaf pathogen
A. solani. This effect is indirectly influenced by phosphate
supply which reduces mycorrhizal development and leads
to reduced resistance. The effect resembles the rhizobac-
teria-mediated, induced systemic resistance that is also
effective against necrotrophic pathogens.
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