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SUMMARY

Fusarium wilt of tomato, caused by Fusarium oxysporum f.
sp. lycopersici (Fol) is a common disease in tomato. The ar-
buscular mycorrhizal fungus (AMF) Rhizophagus intraradices
(previously called Glomus intraradices) was evaluated on its
bioprotective ability against Fol in tomato cv. Missouri plants.
Pathogenicity assays with Fol isolates from races 1, 2 and 3,
showed that races 2 and 3 are the most aggressive for this cul-
tivar, being the isolate R;C;s from race 3 the most virulent one.
The results using this isolate showed that root rot index (RRI)
caused by Fol is lower in tomato mycorrhizal plants grown un-

der a low phosphate (20uM) fertilization regime (Fol +AMF
+Pi 20uM) compared to non-colonized plants (Fol +Pi 20uM).
Fol infested plants subjected to high phosphate (200uM) fertil-
ization (Fol +Pi 200uM) had an intermediate RRI value that
was not significantly different in the two treatments. These
findings suggest that R. intraradices confers tolerance to Fol in
tomato cv. Missouri plants and that this mechanism may par-
tially be influenced by improved phosphate nutrition.

Introduction

Tomato is an important hor-
ticultural species worldwide
(Giaconi and Escaff, 1995).
This crop is cultivated in more
than 100 countries with a
yearly production close to
2x10° metric tons, and Mexico
occupies the tenth place (FAO-
STAT, 2010). During the au-
tumn-winter 2009-2010 crop
season, a total of 53572ha of
tomato were cultivated in
Mexico, and Sinaloa State con-
tributed with 28.63% of the
grown area in the country
(SIAP, 2010).

Tomato is susceptible to a
wide variety of plagues and
diseases, such as the ones
caused by pathogenic fungi
(Apodaca-Sanchez et al., 2002;
Carrillo-Facio et al., 2003).
The most important fungal
disease in tomatoes is Fusari-
um wilt caused by Fusarium
oxysporum Schlechtend.: Fr. f.

sp. lycopersici (Sacc.) W.C.
Snyder & H.N. Hans (Fol),
which can affect yield up to
60%, as well as fruit quality
(Agrios, 2004). Three patho-
genic races have been de-
scribed for this fungus: race 1
(Saccardo, 1886), race 2 (Alex-
ander and Tucker, 1945) and
race 3 (Grattidge and O’brien,
1982). Fusarium wilt of tomato
is a hypoplastic disease, which
causes reduced development,
and is similar in most respects
to vascular fusarioses of vari-
ous other plants. However, in
Fusarium wilt no cortical ne-
crosis of the root system oc-
curs under any set of environ-
mental conditions that have
been tested (Walker and Fos-
ter, 1946).

Practices to control Fol dis-
ease include the employment
of chemical fungicides (Song
et al., 2004). However, their
application is becoming more
restricted due to the negative

side effects on the environ-
ment and human health. Other
alternatives are the use of re-
sistant varieties, management
practices such as flooding and
solarization, and most recently,
biological control (Mandal et
al., 2009). The most common-
ly used microorganisms for
biological control include some
fungal and bacterial species,
such as Trichoderma and Ba-
cillus spp. (Gonzalez et al.,
2004). Some of the microor-
ganisms exhibiting biological
control of Fol are able to de-
velop symbiotic interactions
with plants, such as the arbus-
cular mycorrhiza fungi (Stein-
kellner et al., 2011), a mutual-
istic interaction that is estab-
lished between members of the
phylum Glomeromycota and
vascular plants (reviewed in
Harrison, 1997). Arbuscular
mycorrhiza fungi (AMF) are
an essential component of the
rhizosphere and they have

been identified as organisms
causing beneficial effects in
growth and yield of different
crops (Cavagnaro et al., 2006).
AMF improve the uptake of
different nutrients such as
phosphorus, nitrogen, micronu-
trients and others (Clark and
Zeto, 2000; Javaid, 2009).
AMF play an important role in
disease tolerance (Akhtar and
Siddiqui, 2008) and have been
used to decrease soil pathogen
incidence from genera such as
Aphanomyces, Cylindrocladi-
um, Fusarium, Macrophomina,
Phytophthora, Pythium, Rhi-
zoctonia and Verticillium (Har-
rier and Watson, 2004).
There is a wide range of
plant diseases that AMF are
able to affect by diminishing
their effects. Pepper plants
pre-colonized with Rhizopha-
gus intraradices (previously
named Glomus intraradices)
showed lower severity and
higher survival (100%) of the
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PROTECCION INDUCIDA POR Rhizophagus intraradices CONTRA LA MARCHITEZ DEL TOMATE CAUSADA POR

Fusarium
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Ignacio Eduardo Maldonado-Mendoza
RESUMEN

La marchitez del tomate causada por Fusarium oxysporum
1 sp. lycopersici (Fol) es una enfermedad comun del tomate.
El hongo micorrizico arbuscular (HMA) Rhizophagus intrara-
dices (previamente denominado Glomus intraradices) fue eva-
luado en cuanto a su capacidad bioprotectora contra Fol en
plantas de tomate cv. Missouri. Los ensayos de patogenicidad
con aislados de Fol de las razas 1, 2 y 3, mostraron que las
razas 2 y 3 fueron las mas agresivas para este cultivar, siendo
el aislado R;Csde la raza 3 el mas virulento. Los resultados
de proteccion inducida usando R. intrarradices contra el ais-
lado de Fol R;C; mostraron que el indice de pudricion radical

causado por Fol es mas bajo en plantas de tomate micorriza-
das (Fol +HMA +Pi 20uM) creciendo en un régimen de bajo
fosfato (20uM) comparado a plantas no colonizadas con HMA
(Fol +Pi 20uM). Las plantas infectadas con Fol y sometidas a
fertilizacion con 200uM de fosfato (Fol +Pi 200uM) tuvieron
un valor del indice de pudricion radical intermedio que no fue
diferente estadisticamente en los dos tratamientos. Esto sugiere
que R. intraradices confiere tolerancia a Fol en plantas de to-
mate cv. Missouri y que este mecanismo puede ser parcialmen-
te influido por una mejora en la nutricion fosfatada.

PROTECAO INDUZIDA PELO Rhizophagus intraradices CONTRA O APODRECIMENTO DE TOMATE CAUSADO

PELO Fusarium

Rosario Alicia Fierro-Coronado, Mercedes Guadalupe Castro-Moreno, Rey David Ruelas-Ayala, Miguel Angel Apodaca-Sanchez e

Ignacio Eduardo Maldonado-Mendoza
RESUMO

O apodrecimento causado pelo Fusarium oxysporum f sp.
lycopersici (Fol) é uma doenga frequente do tomate. O fun-
go micorrizico arbuscular (FMA) Rhyzophagus intraradices,
(antes denominado Glomus intraradices) fue avaliado por sua
capacidade bio-protetora contra o Fol nas plantas de tomate
cv Missouri. Os testes de patogenicidade com as amostras do
Fol das cepas 1, 2 y 3 mostraram que as cepas 2 y 3 foram
mais agressivas para este tipo de cultivar, sendo as amostras
R;C; da cepa 3 as que sdo mais virulentas. O resultados de
prote¢do induzida usando R. intrarradices contra isolado Fol
R;C; revela que o indice de podriddo radical causado pelo Fol

é mais baixo nos cultivos de tomate micorrizadas (FOL +FMA
+Pi 20uM) crescendo num meio baixo em fosfato (20uM) com-
parado a plantas nao enxertadas com FMA (FOL +Pi 20uM).
As plantas tocadas com o FOL e submetidas a fertilizagdo com
200uM de fosfato (FOL +Pi 200uM) tiveram um valor de indi-
ce de podriddo radical intermediario, que nao difere estatisti-
camente nos dois tratamentos. Isto revela que R. intraradices
concede tolerancia a Fol nos cultivos de tomate cv. Missouri,
e que este mecanismo pode ser parcialmente beneficiado pela
melhoria na nutrigdo fosfatada.

plants 12 days after infection
than non-colonized plants (Es-
pinosa-Victoria et al., 2004).
Medicago truncatula plants
associated to R. intraradices
showed a tolerance increase
against Xanthomonas campes-
tris pv. vesicatoria, which was
correlated with the differential
regulation of genes involved in
defense responses in the aerial
part of the plants (Liu et al.,
2007). A significant decrease
in severity and incidence of F.
solani in common bean has
also been documented when
using a mixture of AMF that
included R. intraradices, Glo-
mus mosseae, G. clarum, Gi-
gaspora gigantea and Gi. mar-
garita (Askar and Rashad,
2010). Tomato plants infected
with Fol showed reduced se-

verity of disease 20 days post
inoculation when associated
with Glomus macrocarpum
75% and G. fasciculatum 78%
(Kapoor, 2008). In tomato cv.
Oogatafukuju, susceptible to
Fol race 1, the inoculation
with G. etunicatum sup-
pressed the Fusarium propa-
gule number in the rhizo-
sphere soil of tomato and de-
creased the Fusarium wilt
severity causing an increase
in the numbers of both actino-
mycetes and bacteria, com-
pared to the non-inoculated
control (Ren et al., 2010).

In Sinaloa State, Mexico,
Fusarium wilt of tomato
caused by Fol has been de-
tected over the last years caus-
ing over 50% crop loss in
some fields (Apodaca-Sanchez,
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2006). Fol isolates affecting
tomato have been grouped in
three races according to their
ability for infecting different
cultivars (Reis et al., 2004).
Races 1, 2, and 3 were charac-
terized and reported in Culia-
can Valley, Sinaloa (Valenzue-
la-Ureta et al., 1996; Ascencio-
Alvarez et al., 2008). Recent
studies using genotyping of 26
Fol isolates collected in the
2008-2009 agricultural cycle
in Sinaloa showed that 23 iso-
lates belonged to race 3 and
were widespread throughout
Sinaloa, while the three iso-
lates identified as race 2 came
from the Culiacan Valley
(Sanchez-Pefia and Cauich-
Pech, 2010). The main goal of
this study was to evaluate the
protective effect that AMF

may exert against Fol. The
present work, reports the bio-
protective effect of R. intrara-
dices against a highly virulent
Fol race 3 isolate in tomato
cultivar Missouri. In addition,
some Fol isolates obtained
from different tomato fields
affected by Fusarium wilt in
Culiacan Valley in 2004-2005
were characterized molecularly
and their race identity con-
firmed by genotyping as be-
longing to races 1, 2 and 3.

Materials and Methods

Fol pathogenicity assays on
tomato cv. Missouri

Fusarium isolates were ob-

tained from infected tomato
stem tissue collected in Culia-
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can Valley, Sinaloa, Mexico,
during the crop season 2004-
2005. Once isolates were puri-
fied, they were maintained in
sterile river sand/or crio-pre-
served in a sterile solution of
glycerol 15% at -70°C. Isolates
used were previously identified
as Fol by ITS rDNA sequenc-
ing and races determined by
differential tomato genotyping.
To confirm susceptibility of
the tomato cv. Missouri (Sem-
inis), three isolates per race
were selected for races 1
(R,C, R,C,, R,C;) and race 2
(R,C,, R,C5, R,C5); and for
race 3 two isolates were cho-
sen (R,;C, and R,C;). Pathoge-
nicity assays consisted in in-
oculating Fol isolates 21 days
after germination of tomato
seeds in pots. The pots con-
tained 250g of a 3:1 mix of
sterile sand and vermiculite.
Fol inoculum was obtained
from plates grown at 25°C on
water-agar medium for two
weeks. After conidia formation
a suspension in sterile water
was obtained and adjusted to
6x10° conidia/ml. Fol inocula-
tion consisted on the applica-
tion of 2ml of the conidia wa-
ter suspension directly to 21-
day seedling roots. The plants
were grown under greenhouse
conditions (~13h of natural
light), with temperatures be-
tween 15 and 25°C. Irrigation
and fertilization was per-
formed once every three days
using 50ml of Hoagland’s so-
lution (Millner and Kitt, 1992).
The substrate pH was typically
6.5. Twenty days post-inocula-
tion the Fusarium wilt symp-
toms were evaluated according
to a severity scale designed to
evaluate symptoms on the aer-
ial part of the plant (Marlatt et
al., 1996). The pathogenicity
assay consisted in a complete
randomized design with five
replicates per treatment, nine
treatments in total (three iso-
lates per race) and a control.
Experiments were performed
twice with similar results.

Bioprotection of tomato
plants with R. intraradices

against Fol

The material used in this
study was obtained from
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monoxenic cultures consisting
of hairy root cultures of
Daucus carota clone DC2 col-
onized with the AM fungal
species R. intraradices (Bé-
card and Piché, 1992). Spores
produced under these in vitro
conditions were used for in-
oculation of tomato roots. R.
intraradices was established in
culture with transformed car-
rot roots as described by Bé-
card and Fortin (1988) and
Doner and Bécard (1991).
Spore suspensions were pre-
pared as previously described
by St-Arnaud et al. (1996). Six
hundred R. intraradices spores
were applied to each tomato
cv. Missouri plant eight days
post-germination. Plants not
receiving AMF spores were
mock inoculated (these re-
ceived the last spore wash
containing residual spore exu-
dates). Plants were watered
and fertilized with half ionic
strength Hoagland’s solution
modified with 20 (Millner and
Kitt, 1992) and 200uM
(Chrispeels et al., 1999) phos-
phate; this last concentration
was used for the high phos-
phate treatments. The high
phosphate treatment normally
inhibits AMF colonization, but
it becomes an important con-
trol in mycorrhizae research
since it is used as a control of
the nutritional status of the
plant, allowing discrimination
between physiological respons-
es caused by AMF coloniza-
tion or affected by phosphate,
which includes biotic respons-
es such as pathogen defense.
The plants were kept under
greenhouse conditions (~13h
under natural light) from De-
cember to February, with tem-
peratures between 12 and
25°C. Pots were watered three
times a week with two fertil-
izations per week (50ml of
Hoagland’s solution with the
different phosphate treatments).

Forty days post-inoculation
(dpi) of R. intraradices, plant
roots were stained with trypan
blue and used to calculate ef-
ficiency of colonization using
the intersect method (McGo-
nigle et al., 1990). At that
time, plants were inoculated
with 1ml of a water suspen-
sion containing 1.2x107 Fol

conidia/ml from the R,C; iso-
late, which showed the highest
severity of the disease on the
previous bioassay. A complete
randomized design was ap-
plied using ten replicates per
treatment. Six treatments were
set up. A treatment with high
phosphate (Pi 200uM); a treat-
ment with high phosphate and
the fungal pathogen (Fol +Pi
200uM); an absolute control
(Pi 20uM); a fungal pathogen
control (Fol +Pi 20uM); and
two treatments with arbuscular
mycorrhiza: AMF +Pi 20uM
and Fol +fAMF +Pi 20uM.
Phosphate was supplemented
as potassium phosphate.

Fifty five days post-inocula-
tion, six out of the ten repli-
cates were harvested for each
treatment and were used to
obtain dry weight of shoots
and roots. Measurement of
root rot index was based on
the severity scale described by
Gardezi et al. (2001). The rest
of the replicates were harvest-
ed and their roots obtained
and stained with trypan blue,
after clarification of root tissue
(Phillips and Hayman, 1970),
to evaluate colonization effi-
ciency of R. intraradices (Mc-
Gonigle et al., 1990).

Statistical analysis of data

The data of experiments
with completely randomized
designs were analyzed by
ANOVA test and the means
were separated using the min-
imum significant differences
test (LSD) and considered
significant at P<0.05. SAS
version 9.0 was used for sta-
tistical analyses.

Results

Fol pathogenicity assays on
tomato cv. Missouri

Tomato cv. Missouri was
susceptible to R,C,, R,C;,
R4C, and R,C; isolates, which
were identified as Fol races 2
and 3 and tolerant to R,C,,
R,C,, R,C; isolates which are
Fol race 1 and to the Fol 2
isolate R,C; (Table I). Forty
five days after inoculation
with R,C,, R,C,, or R,C; race
1 isolates, plants only showed

TABLE 1
Fusarium WILT OF
TOMATO MEASURED AS
SEVERITY INDEX
(MARLATT ET AL., 1996)
IN TOMATO SEEDLINGS
CV. MISSOURI 45 DPI
AFTER INOCULATION
WITH FOL ISOLATES

Isolate Severity index
Control 1.0 ¢
RIC1 1.8 be
R1C2 1.8 be
RIC3 1.8 be
R2C2 2.4 ab
R2C3 2.6 ab
R2C5 1.8 be
R3C2 2.8 ab
R3C5 34a

Similar letters indicate that the treat-
ments with those isolates do not differ
statistically. The data were analyzed
by ANOVA test and the means were
separated using LSD, a= 0.05.

slight rot symptoms and some
shortening with respect to the
control (Figures la, b). Sever-
ity index analysis (Marlatt et
al., 1996) showed that they
were statistically similar be-
tween both control and all
three Fol race 1 (R,C,, R,C,,
R,C;) infected plants (Table
I). R,C, and R,C; Fol isolates
showed slight unilateral wilt-
ing in older leaves (Figure
lc). Fol race 3 isolate R;C,
showed Fusarium wilt symp-
toms in tomato cv. Missouri
and was different to control
non-inoculated plants (Figure
1d). Fol race 3 isolate R;C;
showed the most severe
symptoms with chlorosis,
wilting, dwarfism and death
of the plants (Figure le).

In terms of severity index of
disease (Marlatt et al., 1996),
the isolate belonging to race 3
R,C; was statistically similar
to the R;C, R,C, and R,C,
isolates (Table I). Race 3 iso-
lates were different to the con-
trol plants, R,Cs and race 1
isolates (R,C,, R,C,, and R,C;).
Tomato cv. Missouri was toler-
ant to R,C,, R,C,, R,C; and
R,C; isolates, showing very
mild symptoms that were not
statistically different from the
control non-inoculated plants
and a lower tolerance to race 2
isolates (R,C, and R,C;). Race
3 Fol isolates were the most
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Figure 1. Pathogenicity tests with different Fol races on tomato cv. Missouri plants.
a: non-inoculated control, no apparent symptoms were observed (severity class 1); b:
Fol isolates R,C, (left) and R,C, (right), only some wilting of the leaves and shorten-
ing of the stem is observed; c: Fol isolates R,C, (left) and R,C; (right), unilateral
wilting of the foliar tissue is shown in basal leaves; d: Fol isolate race 3 (R;C,), show
shortening and high levels of wilting and shortening of the plant; e: Fol isolate race

3 (R5C;), which showed the highest levels of pathogenicity.

TR iy

Figure 2. Bioprotection assays in tomato cv. Missouri, 45 days post-inoculation of Fol
isolate R;C;, average temperature 15-25°C. a: Pi 200uM; b: AMF +Pi 20uM; c: Pi

-FOL

20uM; d: Fol +Pi 200uM; e: Fol +AMF +Pi 20uM; f: Fol +Pi 20pM.

virulent to this cultivar, par-
ticularly isolate R;C;.

Disease protection of tomato
plants with R. intraradices
against Fol

Bioprotection assays were
initiated once the fungal col-
onization with R. intraradi-

ces had been established for
five weeks. Efficiency of
colonization at this time av-
eraged 23.33% of the root
system. The Fol isolate used
for this assay was R;C;,
since it presented the highest
level of damage to the plants
when analyzed in the previ-
ous assay.

INERCIENLIA JAN 2013, VOL. 38 N° 1

+FOL

Typical Fol symp-
toms obtained at the
end of this assay
were coincident with
those observed in
the previous patho-
genicity assays. Ab-
solute control plants
did not show any
symptoms of Fol
disease (Figure 2a).
Even though all
treatments without
Fol did not present
any characteristic
symptoms associated
to the pathogen, leaf
rolling and dark leaf
coloration was ob-
served in those
treatments were Pi
20uM  was used
(Figures 2b, c¢).
These symptoms
were attributed to
nutritional stress for
phosphate (Taiz and
Sieger, 2010) and the
limitations of
growth in the root
tissue due to the
length of time that
the plants needed to
be maintained in the
pots. Control plants
inoculated with Fol
+Pi 20uM suffered
plant death (not
shown) and, in some
cases, moderate
chlorosis, wilting,
shortening and defo-
liation compared to
the absolute control
: plants (Figure 2d).

g Uninfested AMF

colonized plants

(AMF +Pi 20uM)

did not show any
f disease symptoms
(Figure 2b) and
showed a better fo-
liar appearance with
respect to the abso-
lute control plants
(Pi 20uM; Figure
2¢). In Fol infested mycorrhi-
zal plants (Fol +AMF +Pi
20uM) symptoms were found
only in one out of five plants,
showing chlorosis, wilting and
plant shortening. The other
replicates only showed a
slight wilting of basal leaves,
and chlorosis was absent (Fig-
ure 2e).

Non-inoculated plants with
200uM phosphate (Pi 200M)
did not show any symptoms
and developed more biomass
compared to the plants grown
on 20uM phosphate either
AMF colonized (Figures 2e,
f) or non-colonized (Figures
2b, c¢). Two out of five plants
infested with Fol (Fol +Pi
200uM) and fertilized with
200uM phosphate showed
severe chlorosis, wilting and
plant shortening (not shown)
with respect to the Fol unin-
fested ones with high phos-
phate control (Pi 200pM; Fig-
ure 2a). The other replicates
showed wilting in basal
leaves and plant shortening
(Figure 2d).

Biomass measured as dry
weight in control plants and
plants infected with Fol, and
colonized or not-colonized
with AMF, did not differ sta-
tistically among all 20uM
phosphate treatments (Table
II). Variance analysis for bio-
mass in shoots and roots
showed that plants grown un-
der a high phosphate regime
developed much better and
were statistically different
when compared to the 20pM
plant treatments.

R. intraradices decreased
significantly the disease sever-
ity measured as root rot index
(RRI; Gardezi et al., 2001) of
AMF colonized plants growing
in Fol infested soil. Arbuscular
mycorrhiza decreased plant
damage under a low phosphate
fertilization regime (20uM).
The RRI in Fol infested plants
grown under high phosphate
(Fol +Pi 200uM) was statisti-
cally similar to both the Fol
+Pi 20uM and the Fol +AMF
+Pi 20uM low phosphate treat-
ments, whereas these last two
conditions were different
among them (Table II).

By the end of the experi-
ments (75 days post inocula-
tion with R. intraradices)
when differential responses
were observed, plants colo-
nized with AMF (Fol +AMF
+Pi 20uM; AMF +Pi 20uM)
had an efficiency of coloniza-
tion of 93.3 and 90% respec-
tively (Table II). All types of
AMF internal structures and a
good external hyphal network
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TABLE II
BIOPROTECTION OF TOMATO PLANTS INOCULATED
WITH Rhizophagus intraradices AGAINST FOL 45 DPI
AFTER INOCULATION WITH FOL ISOLATE R,C;

Shoot dr Root dr Myc
Treatments weight (g}; weight (g) RRI* (%)
Pi 20uM 0.845 b 0.447 b 1.0 ¢ 0.0
Fol +Pi 20uM 0.593 b 0.290 b 36a 00
AMF +Pi 20uM 0.863 b 0472 b 1.0c 90.0 a
Fol +AMF +Pi 20uM 0755 b 0437 b 23b 933 a
Pi 200uM 3223 a 2.907 a 1.0 ¢ 0.0
Fol +Pi 200pM 3.680 a 4.078 a 3.0ab 0.0

*According to the scale reported by Gardezi et al. (2001).

Similar letters indicate that treatments with those isolates do not differ
statistically. The data were analyzed by ANOVA test and the means were
separated using LSD, o= 0.05. RRI: root rot index, Myc: mycorrhization.

were observed at this time
(data not shown).

Discussion

In several regions of the
world, tomato plants are at-
tacked by Fol, generating great
economical losses (Ascencio-
Alvarez et al., 2008). This dis-
ease is considered one of the
most important affecting this
crop, and its control can be
difficult. This difficulty has
stimulated the search for alter-
natives of biological control
(Fravel et al., 2003).

We tested the susceptibility
of tomato cv. Missouri in
pathogenicity assays and found
that it was tolerant to race 1,
but susceptible to races 2 and
3 of Fol. A race 3 isolate
(R5Cs) was identified as the
most pathogenic one to tomato
cv. Missouri (Table I) among
the tested isolates.

The interaction between
plant roots and arbuscular my-
corrhiza can increase the toler-
ance to some biotic and abiotic
stress factors. Different mecha-
nisms involved in this toler-
ance include a higher capabil-
ity of the arbuscular mycor-
rhiza to incorporate water,
toxic compounds, mineral nu-
trients and to tolerate diseases
(Augé 2001; Elsen et al., 2003;
Quoreshi and Khasa, 2008;
Hernandez-Ortega et al., 2012).
The bioprotective effect of R.
intraradices against Fol (iso-
late R;C;) showed typical Fol
invasion symptoms in some
plants (data not shown). Nev-
ertheless, at the end of the
bioassay the symptoms were
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less severe than in non-mycor-
rhizal plants infected with Fol
(Figure 2). Similar observa-
tions are described with other
biological control agents, such
as Paenibacillus lentimorbus
and Trichoderma sp. used
against F. solani in tomato
(Gonzalez et al., 2004), as well
as with arbuscular mycorrhiza
used against F. oxysporum f.
sp. gladioli in Gladiolus gran-
diflorus (Gardezi et al., 2001).

Previous work using G.
mosseae (Steinkellner et al.,
2011) and R. intraradices (Ak-
képrii and Demir, 2005)
showed a bioprotective effect
against Fol. Fol infected plants
colonized by R. intraradices
showed higher phosphate lev-
els either when alone or com-
bined with different rhizobac-
teria compared to Fol infected
plants grown under a low
phosphate regime (Akkopri
and Demir, 2005). This sug-
gests that the severity of Fol
disease might be affected by
the phosphate status of the
plants. In the present study it
was found that arbuscular my-
corrhiza caused a protective
effect against Fol, but when
compared with the plants
growing in high phosphate it
was observed that phosphate
also increased tolerance to Fol
(Table II). This suggests that
the tolerance mechanism me-
diated by R. intraradices may
be at least partially due to an
improved phosphate status of
the plant. These results agree
with those of other authors
who also suggest that the in-
creased tolerance by AMF can
be associated with improved

nutrients, especially phosphate
concentration (Davis and
Menge, 1980; Graham and
Menge, 1982). However, some
researchers presumed that the
increased tolerance by AMF
might not be completely re-
lated to this factor (Caron et
al., 1986; Akkoprii and Demir,
2005; Kapoor, 2008). Several
hypotheses have been pro-
posed to explain the mecha-
nisms of the increased resis-
tance in mycorrhizal plants:
improvement of plant nutrition
(Davis and Menge, 1980; Gra-
ham and Menge, 1982), com-
petition for space (Azcon-
Aguilar and Barea, 1996),
modified microbial flora in the
rhizosphere (Filion et al.,
1999; Ren et al., 2010), and
induced systemic resistance in
the plant (Whipps, 2004).
The profuse root coloniza-
tion by R. intraradices, as
shown in this study, could
have helped to protect the
plant tissue against the patho-
gen by competing for the
same niche. At the end of the
bioprotection assay the root
tissue was completely colo-
nized by the AMF (>90%).
The AM fungal symbiont
probably can compete for
space with any other organ-
isms that invade the root sys-
tem when the percentage of
root colonization is high. Nev-
ertheless, in this case, at the
time the plants were infected
with Fol, the percentage of
colonization was only 23%.
Thus, explaining the induction
of tolerance to Fol in tomato
cv. Missouri only by space
competition would be insuffi-
cient. It has been shown that
the pattern of global gene ex-
pression is modified when a
plant interacts with R. intrara-
dices (Paszkowski et al., 2006;
Liu et al., 2007), indicating
that there is a systemic re-
sponse that allows for the pro-
tection of the root system, as
well as the induction of toler-
ance to foliar pathogens such
as Xanthomonas campetris pv.
vesicatoria in Medicago trun-
catula (Liu et al., 2007). This
induced protection by AMF
colonization is accompanied
by an induction on the expres-
sion of a great number of

phosphate-related and defense-
related genes.

In conclusion, the present
results suggest that AMF colo-
nization shows a bioprotective
effect against Fol in tomato cv.
Missouri and that this mecha-
nism may be partially mediat-
ed by an improved phosphate
nutritional state. These find-
ings suggest that AMF some-
times may act as bioprotective
agents especially in soils
where phosphate might be low
or unavailable by increasing
the nutritional status of the
plants.
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