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Abstract Trichoderma asperellum strain T34 has been
reported to control the disease caused by Fusarium oxy-
sporum f.sp. lycopersici (Fol) on tomato plants. To study
the importance of iron concentration in the growth media
for the activity and competitiveness of T34 and the
pathogen, we tested four iron concentrations in the nutrient
solution [1, 10, 100, and 1000uM provided as EDTA/Fe
(IIT)] in a biological control experiment with T34 and Fol in
tomato plants. The reduction of the Fusarium-infected shoot
by T34 was only significant at 10uM Fe. We hypothesized
that Fe competition is one of the key factors in the
biocontrol activity exerted by T34 against Fol, as an
increase in Fe concentration over 10uM would lead to the
suppression of T34 siderophore synthesis and thus inhibi-
tion of Fe competition with Fol. T34 significantly reduced
the populations of Fol at all the doses of Fe assayed. In
contrast, Fol enhanced the populations of T34 at 1 and 10uM
Fe. Nevertheless, several plant physiological parameters like
net CO, assimilation (4), stomatal conductance (g;), relative
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quantum efficiency of PSII (®pgp), and efficiency of
excitation energy capture by open PSII reactive centers
(Fv'/Fm’") demonstrated the protection against Fol damage
by treatment with T34 at 100uM Fe. The first physiolog-
ical parameter affected by the disease progression was g.
Plant dry weight was decreased by Fe toxicity at 100 and
1,000uM. T34-treated plants had significantly greater
heights and dry weights than control plants at 1,000 uM
Fe, even though T34 did not reduce the Fe content in
leaves or stems. Furthermore, T34 enhanced plant height
even at the optimal Fe concentration (10 uM) compared to
control plants. In conclusion, 7. asperellum strain T34
protected tomato plants from both biotic (Fusarium wilt
disease) and abiotic stress [Fe(III) toxic effects].

Introduction

Iron is an essential micronutrient for all living organisms.
Depending on its solubility, which is affected by soil/
substrate properties such as pH, redox potential, and
abundance, plants develop strategies to overcome the
deficiency and toxicity of this metal [17]. Fe(Il) is relatively
soluble but unstable under oxidized conditions. The
solubility of Fe(Ill) decreases dramatically with increasing
pH. Meanwhile, free Fe(IIl) is soluble up to 10 °M at pH3.3,
while this concentration is only 10~ '"M Fe(IIl) at pH7
[22]. Fe(Ill) concentration for appropriate plant uptake
ranges from 107 to 10°®M Fe [39]. Thus, at the usual
Fe concentration found in non-acidic soils, appropriate
Fe uptake can be explained only by the presence of
mechanisms by which plant roots can uptake soil Fe.
Marschner [22] proposed that all higher plants, except
Gramineae, improve Fe uptake by excreting protons which
acidify the surrounding solution by reducing Fe(Ill) to
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Fe(Il) and by transporting Fe(I) through the cell membrane
by means of Fe transporters. In contrast, Gramineae release
phytosiderophores through roots which specifically chelate
Fe(Ill), with even the phytosiderophore—Fe(Ill) complex
taken up by root cells where Fe(Ill) is reduced to Fe(Il). Soil
microorganisms release sidorephores, which can also contrib-
ute to Fe plant nutrition. In this regard, Arabidopsis plants
incorporate Fe—pyoverdine complexes produced by rhizo-
spheric microbes [36]. Synthetic chelates can also be
effective in providing Fe to plants, which explains their
efficiency in correcting Fe deficiency, e.g., the uptake of
metal complexed to ethylenediaminetetraacetic acid (EDTA)
by plants can account for much of the total metal uptake
when it is supplied in this form. As much as 50% of the total
Fe in the xylem of Brassica juncea is present as Fe-EDTA
[31]. The uptake of metal-EDTA complexes by Phaseolus
vulgaris and Solanum tuberosum and their transport from
roots to shoots has also been described [11, 30].

Like plants, fungi can take up Fe before reduction and
reduce it before uptake. Many fungi secrete specific
hydroxamate siderophores in Fe-deficient media. This
strategy is more efficient at low Fe concentrations, but
both mechanisms, internal and external reduction, are
important in many fungi [14]. In Fusarium graminearum,
iron permeases and siderophore transporters have been
described [26, 27]. However, permeases do not play a
significant role in the pathogenicity of this fungus. Side-
rophore production by Fusarium venenatum decreased with
the addition of 1 uM soluble Fe(Ill) to the medium and was
almost completely repressed by the addition of 7uM
soluble Fe(Ill). These observations reveal that the activity
of this mechanism is decreased at increased Fe concentra-
tion in the media [38].

Some Trichoderma atroviride strains isolated from
contaminated soil accumulate 4.5 mg g ' of Fe when the
medium is amended with up to 1 g L' Fe(III) [18]. Dutta et
al. [16] reported that the Trichoderma strains studied
(Trichoderma viride, Trichoderma harzianum, and Tricho-
derma lignorum) were better siderophore producers than the
Fusarium strains tested (Fusarium solani and F. oxysporum)
and that the optimal siderophore production was found at a
concentration of between 1.5 and 21.0uM Fe(IIl). Under
conditions of Fe deficiency, the culture filtrate of six
Trichoderma strains from different species contained the
siderophores coprogen, coprogen B, and ferricrocin [5]. In
addition, two of them produced siderophores of fusigen type.
On the other hand, 7. harzianum strain T22 solubilizes
insoluble Fe by producing Fe chelates and through redox
activity, but not through changes in pH [4].

According to Alabouvette [2], low Fe availability in the
substrate can induce siderophore production and competi-
tion for Fe, a mechanism used by certain antagonists of
Fusarium wilt. The biological control agent (BCA) Tricho-
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derma asperellum strain T34 has been reported to control
Fusarium wilt of tomato [12]. Some Trichoderma BCAs
produce highly efficient siderophores that chelate Fe and
stop the growth of other fungi [9]. In addition, 7. harzianum
strain T35 controls F. oxysporum by competing for both
rhizosphere colonization and nutrients, with biocontrol
becoming more effective as the nutrient concentration
decreases [34]. However, the mechanisms by which
biocontrol agents from the genus Trichoderma control
fungal diseases have not been fully defined and are strain-
specific [37].

Fe toxicity is a severe growth-limiting factor in flooded
rice, as the excess of water-soluble Fe retards crop growth.
Fe toxicity is a widespread problem for rice cultivation in
India and Southeast Asia [6].

Our aims were: (1) to examine whether the capacity of 7.
asperellum strain T34 to control F. oxysporum f.sp.
lycopersici in tomato plants depends on the Fe concentra-
tion in the growth media (perlite) and (2) to study putative
competition for Fe (in the plant growth media) between the
BCA T asperellum strain T34 and the plant pathogen F.
oxysporum.

Material and Methods
Fungal Strains and Inoculum Preparations

T asperellum strain T34 (T34) [35] stored in silica gel at
4°C was grown in a liquid medium containing 10 g/L malt
for 5 days at 25°C. The medium was agitated in a
horizontal shaker at 150 rpm. The culture was filtered
through a 50-pm nylon mesh to remove the mycelium and
centrifuged at 10,000xg (4°C) in a J-21 C Beckman
centrifuge. The pellet was washed twice in sterile distilled
water to obtain medium-free conidia. A conidia suspension
was prepared in distilled water to inoculate perlite
(Europerl, Europerlita Espafiola S. A., Barcelona, Spain)
at the final concentration of 10* conidia per milliliter of
perlite. Inoculated perlite was kept at 25°C for 2 weeks
before beginning the bioassay.

Fusarium oxysporum f. sp. Iycopersici (Fol) was grown
and prepared as described for T34. A conidia suspension
was prepared in water in order to inoculate the plant growth
media at 10° conidia per milliliter of perlite.

Plant Material and Bioassay

Plant material was treated as described in Nogues et al. [24]
with some modifications. Tomato plants (Lycopersicon
esculentum Mill. cv. Roma) from Semillas Fit6 (Barcelona,
Spain) were grown in a controlled environmental chamber
(EGC walk-in chamber). Tomato seeds were first germi-
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nated in sterile perlite trays for 10 days, and when the
second true leaf appeared, seedlings were transplanted to 80
pots of 0.4 L (four plants/pot).

Microorganism Treatments

Half the pots (40) were filled with perlite that had been
previously inoculated with the BCA T34 and the remaining
pots were filled with untreated perlite. Next, half of the
untreated and T34-treated pots were inoculated with Fol
conidial suspension to obtain an inoculum of 10° conidia
per milliliter of perlite, thus obtaining four treatments:
control, T34, T34 + Fol, and Fol. This point was considered
the beginning of the bioassay.

Fe Treatment

At the beginning of the bioassay, the 80 pots were separated
into four Fe treatments. During the 21 days of the bioassay,
the plants were watered with a modified half-strength
Hoagland solution (7 mM NO;, 1 mM NH,", 1 mM
PO, ™, 3 mM K", 2 mM Ca"", 0.5 mM Mg'", 0.5 mM
SO472, 15uM Mn, 5uM Zn, 9uM B, 5uM Cu, 0.9 uM Mo,
and 0.3 uM Co) containing four concentrations of Fe (1, 10,
100, and 1,000 uM) provided as EDTA/Fe(IIl). Ten micro-
molars is a standard Fe concentration for plant nutrient
solutions. pH was adjusted to 6.0-6.5. These four Fe
treatments crossed with the four treatments described above
produced a total of 16 combinations with five pots each
(each one containing four plants) with a total of 320 plants.
The bioassay was performed twice in separate periods of
time. Plants received 25 mL of nutrient solution every
3 days during the first week, every 2 days during the second
week, and every day during the third week of the bioassay.
Plants were watered with distilled water when required. The
photosynthetically active photon flux density in the growth
chamber was 200pumol m 2 s~ during the 16-h photoperiod
and the temperature was maintained at 25°C.

Assessment of Disease Severity

Disease symptoms were observed 14 days after Fol
inoculation (beginning of the bioassay), and 7 days later,
the bioassay was finished. Disease severity was scored as
the percentage of infected shoot length by cutting cross-
sections of the shoot every 1 cm beginning from the bottom
and measuring the length of browned xylem, which
indicates the presence of the pathogen [12].

Determination of Fungal Populations

At the end of the experiment, samples from the growth
media were serially diluted and plated onto semi-selective

media for Trichoderma spp. [10] and Fusarium spp. [20] to
determinate the populations of the BCA T34 and the
pathogen Fol, respectively.

Leaf Gas Exchange and Fluorescence Analysis

Fourteen days after the beginning of the bioassay (at the
onset of disease symptoms), leaf gas exchange measure-
ments and fluorescence analysis were performed using an
infrared gas analyzer (model LI-6400, Li-Cor Inc., Lincoln,
NE, USA). The youngest fully expanded leaves were used
for all measurements. Four plants were randomly selected
for each treatment. Net CO, assimilation (4), stomatal
conductance to water vapor (g;), the efficiency of excitation
energy capture by open PSII reactive centers (Fv'/Fm’), the
maximum quantum efficiency of PSII photochemistry
(Fv/Fm), the relative quantum efficiency of PSII electron
transport (Ppgyr), and photochemical quenching (g,) were
measured. Measurements of Fv/Fm were made after dark
adaptation of plants for 15 min [24].

Height and Dry Weight Measurements

At the end of the experiment, we recorded the height and
the dry weight of the aerial part of each plant. This part was
dried at 60°C until constant weight to measure dry weight.

Fe Content Measurement in Tomato Plants

Fourteen days after the beginning of the bioassay, Fe
content was measured in leaves and stems and roots as
described previously [33]. Fe determination was performed
by inductively coupled plasma optical emission spectrom-
etry using a Perkin-Elmer apparatus, model Optima-
3200RL. Three plants per treatment were randomly selected
and used as replicates.

Statistical Treatment

The percentage of infected shoot length, 4, g,, Fv'/Fm’,
Ppsi, Fv/Fm, gy, plant height, plant dry weight, and Fe
content were subjected to analysis of variance (ANOVA)
for factor Fe concentration/treatment, for each treatment, or
for each Fe concentration. When significant differences
were observed (P=0.05), Duncan’s multiple range test was
performed. Data were analyzed by SPSS 11.5 software.

Results
Plants inoculated with Fol (T34 + Fol and Fol treatments)

showed browning of the xylem as a result of pathogen
colonization of the tissue (Fig. 1). The percentage of
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Figure 1 Infected shoot length (%) of tomato plants at the end of the
bioassay (21 days) amended with nutrient solution containing a range
of Fe concentrations supplied as EDTA—Fe. Control, non-inoculated
control plants; 734, plants inoculated with 7. asperellum strain T34 at
10* cfu mL™" growth media; 734 + Fol, plants inoculated with T
asperellum strain T34 at 10* cfu mL™' growth media and F
oxysporum f.sp. lycopersici at 10° cfu mL™' growth media; Fol,
plants inoculated with F oxysporum f.sp. lycopersici at 10° cfu mL™!
growth media. Within each Fe concentration, different lowercase
letters represent significant differences. Within each treatment,
different capital letters show significant differences across Fe
concentrations

infected shoot length was higher as the Fe concentration in
the nutrient solution increased; however, the percentage of
infected shoot length for Fol-treated plants at 10 and 100 pM
Fe were not significantly different and neither were the values
for T34 + Fol plants at 1, 10, and 100uM Fe. Plants in
the T34 + Fol treatment showed a lower percentage of
infected shoot than those in the Fol treatment; however,
the protective effect of T34 was significant (p<0.05)
only at 10uM Fe. Plants not inoculated with the pathogen
did not show signs of disease (Fig. 1).

Pathogen populations in the growth media of Fol-treated
plants at the end of the experiment were higher with
increased Fe concentration in the nutrient solution (Fig. 2).
In contrast, populations of Fol in the substrate treated with
T34 + Fol did not show a significant increase across the Fe
treatments (Fig. 2). Accordingly, the T34 + Fol treatment
significantly reduced the populations of Fol compared to
Fol treatment alone across all the Fe concentrations tested.
Substrates not treated with Fol did not contain populations
of the pathogen.

T34 populations were not significantly affected by the Fe
treatments (Fig. 3). However, Fe treatments influenced the
way in which Fol affected T34 populations: at 1 and 10uM
Fe, the presence of Fol increased T34 populations, whereas
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Figure 2 F oxysporum f.sp. lycopersici colony-forming units per
milliliter of growth media of tomato plants at the end of the bioassay
(21 days) amended with nutrient solution containing a range of Fe
concentrations supplied as EDTA-Fe. Control, non-inoculated
control plants; 734, plants inoculated with 7. asperellum strain T34
at 10* cfu mL™" growth media; 734 + Fol, plants inoculated with 7.
asperellum strain T34 at 10* cfu mL™' growth media and F
oxysporum f.sp. lycopersici at 10° cfu mL™' growth media; Fol,
plants inoculated with F. oxysporum f.sp. lycopersici at 10° cfu mL ™
growth media. Within each Fe concentration, different lowercase
letters represent significant differences. Within each treatment,
different capital letters show significant differences across Fe
concentrations

at 100uM Fe, populations were not affected by Fol, and at
1,000uM Fe, they were decreased by the pathogen
compared with T34-inoculated media without Fol.

The presence of Fol significantly affected the growth of
the plant, as expected (Figs. 4 and 5). In general, plants
treated with Fol were shorter and had lower dry weights
than non-infected plants. However, plants in the T34 + Fol
treatment had significantly greater heights and weights than
those that received Fol alone (except for 1uM Fe and dry
weight).

The optimal concentration of Fe for control plants in
terms of plant dry weight was 10uM (Fig. 5). Plant dry
weight was significantly decreased by Fe toxicity at 100
and 1,000pM and only at 1,000uM for plant height.
However, plants from the T34 treatment were significantly
taller (Fig. 4) and showed greater dry weights (Fig. 5) than
control plants at 1,000uM Fe. Furthermore, T34-treated
plants were taller than control plants even at the optimal Fe
concentration (Fig. 4). At 1,000uM Fe, most of the plants
showed bronzing, consisting of numerous pinpoint spots
that start off yellow and quickly turn bronze [3].

In a similar way, both Fol and Fe toxicity affected plant
gas exchange parameters (Table 1). The tendencies in A
were almost identical to those observed in plant height or
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Figure 3 T asperellum strain T34 colony-forming units per milliliter
of growth media of tomato plants at the end of the bioassay (21 days)
amended with nutrient solution containing a range of Fe concen-
trations supplied as EDTA-Fe. Control, non-inoculated control plants;
T34, plants inoculated with 7. asperellum strain T34 at 10* cfu mL™
growth media; 734 + Fol, plants inoculated with 7. asperellum strain
T34 at 10* cfu mL™" growth media and F. oxysporum f.sp. Iycopersici
at 10° cfu mL™' growth media; Fol, plants inoculated with F
oxysporum f.sp. Iycopersici at 10° cfu mL™" growth media. Within
each Fe concentration, different lowercase letters represent significant
differences. Within each treatment, different capital letters show
significant differences across Fe concentrations

weight. However, at 1 uM Fe, no differences were observed
between treatments (although plants were diseased), and at
10uM, no significant differences in A4 were observed
between control, T34, and T34 + Fol-treated plants. At
10, 100, and 1,000uM Fe, the 4 values of plants treated
with Fol were severely affected. At 100uM Fe, T34
protected plants against the negative effects induced by
Fol on 4, even though A values were lower than in control
plants. At 1,000uM, Fe toxicity affected 4 values in all
treatments; however, T34-treated plants were protected to
some extent (Table 1). The plant parameter g, showed
identical trends as those of 4, except that at 1 uM Fe, plants
in the T34 + Fol and Fol treatments had lower g5 values
than control plants (Table 1).

No significant differences between treatments were
found in Fv/Fm values (Table 1). &pgy and Fv'/Fm’ values
had a trend almost identical to that of 4 (Table 1). ¢, values
were negatively affected by Fe concentration and Fol
treatment; however, in this case, T34 treatment protected
plants from Fol, but not from high Fe concentrations
(Table 1).

Fe content in the leaves and stems of tomato plants rose
at increased concentrations of Fe in the nutrient solution in
all treatments (Fig. 6). However, the trends differed
depending on the treatment. At 1 and 10uM Fe, plants
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Figure 4 Height of tomato plants at the end of the bioassay (21 days)
amended with nutrient solution containing a range of Fe concen-
trations supplied as EDTA—Fe. Control, non-inoculated control plants;
T34, plants inoculated with 7. asperellum strain T34 at 10* cfu mL™"'
growth media; 734 + Fol, plants inoculated with 7. asperellum strain
T34 at 10* cfu mL™' growth media and F. oxysporum f.sp. lycopersici
at 10° cfu mL™' growth media; Fol, plants inoculated with F
oxysporum fsp. lycopersici at 10° c¢fu mL™' growth media Within
each Fe concentration, different lowercase letters represent significant
differences. Within each treatment, different capital letters show
significant differences across Fe concentrations

treated with Fol alone had higher concentrations of Fe than
the rest of the plants. Fe content in the roots increased with
increasing Fe concentration in the nutrient solution in all
treatments, but in higher amounts than in leaves and stems
(Fig. 6). At 10uM Fe, plants treated with Fol alone had
higher root Fe content than the rest of the plants, although at
100 uM Fe, the opposite occurred. Interestingly, at 1,000 uM
Fe, plants treated with T34 (alone or in combination with
Fol) had higher root Fe contents than control or Fol-
treated plants (Fig. 6).

Discussion

T. asperellum strain T34 protected tomato plants from both
Fusarium wilt disease and the toxic effects of Fe(IIl) in
soilless culture conditions. The reduction of the infected
shoot was apparent only at 10uM Fe. However, at 100 uM
Fe, T34 protected several plant physiological parameters
(4, g5, Ppsy, FV'/Fm') against the damage induced by Fol.
Siderophore production by Trichoderma spp. is higher than
in Fusarium spp. and is inhibited at high concentrations of
Fe in the media [16, 38]. This observation implies that at
10uM Fe (which has been shown to be an optimal
concentration in the growing media), T34 competes for Fe
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Figure 5 Dry weight of tomato plants at the end of the bioassay
(21 days) amended with nutrient solution containing a range of Fe
concentrations supplied as EDTA-Fe. Control, non-inoculated control
plants; 734, plants inoculated with 7. asperellum strain T34 at 10* cfu
mL™" growth media; 734 + Fol, plants inoculated with 7. asperellum
strain T34 at 10* cfu mL™" growth media and F. oxysporum f.sp.
Iycopersici at 10° cfu mL™' growth media; Fol, plants inoculated with
F oxysporum f.sp. lycopersici at 10° c¢fu mL™" growth media. Within
each Fe concentration, different lowercase letters represent significant
differences. Within each treatment, different capital letters show
significant differences across Fe concentrations

more efficiently than Fol. We hypothesize that the increment
of Fe concentration to 100 uM would lead to the suppression
of T34 siderophore synthesis and thus inhibition of Fe
competition with Fol. Thus, we propose that Fe competition
is one of the key factors in T34 biocontrol activity against
Fol. However, in contrast to what is observed in T.
harzianum strain T35 [34], strain T34 did not reduce
disease under low Fe availability (1uM). This finding can
be attributed to the reduced disease severity detected in Fol-
treated plants at 1uM Fe. According to previous observa-
tions, a minimum degree of disease severity is required to
obtain a significant reduction by T34 [12]. The low
availability of Fe at this concentration could be responsible
for the poor performance of both microorganisms. Although
we observed that T34 controlled Fol populations even at high
Fe concentrations (100 and 1,000uM), Fe enhanced Fol
virulence and the pathogen escaped the biocontrol effect at
the two highest Fe concentrations tested. These observations
support the notion that T34 controls Fol through Fe
competition independently of other fungistatic or fungitoxic
mechanisms which regulate Fol populations in the media. It
is well established that Fe availability in the soil or growth
substrate affects the virulence of Fusarium wilt diseases [8,
40]. Fe, together with other 11 elements (C, H, O, N, P, K,
Mg, S, Mn, Mo, Zn), are essential for the normal growth,
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sporulation, and survival of the fungus [40]. The observa-
tion that T34 populations are increased by Fol under 1 and
10uM Fe suggests the occurrence of mycoparasitism
(Fig. 3). Both mycoparasitism and competition for nutrients
have been reported as biocontrol mechanisms exerted by
Trichoderma strains [7]. The presence of T34 in the perlite
during the bioassay significantly reduced the number of Fol
colonies compared to Fol alone: by 46% at 1uM Fe, by
68% at 10uM Fe, by 66% at 100uM Fe, and by 73% at
1,000 uM Fe. These findings reinforce the statement that T34
either parasite Fol and/or compete with the pathogen for
nutrients, including Fe.

In addition to direct effects on pathogen populations,
T34 induces resistance to further pathogen attacks [32].

Another interesting mechanism has been described in the
biocontrol of Fol by a strain of Penicillium oxalicum. P.
oxalicum-treated plants took up more nutrient solution than
non-treated plants when both were infected with Fol. This
observation suggests that P. oxalicum partially prevents the
blocking or collapse of xylem vessels in infected plants
[15]. Furthermore, P. oxalicum treatment protected the
plants infected with Fol from losing their cambium, thus
favoring the formation of additional secondary xylem while
reducing the number of bundles [13].

At symptom onset, the Fv/Fm of tomato plants remained
unaffected across all the treatments. Decreases in Fv/Fm are
indicative of photo-inhibitory damage in response to stress
[23]. Accordingly, Nogues et al. [24] described no changes
in the Fv/Fm of tomato plants infected with Fol compared
with controls until 31 days after the beginning of a
bioassay, similar to that described in the present article
(using a standard nutrient solution containing 10uM Fe).
They also described an earlier decrease in @pgy;, Fv'/Fm’,
and ¢, induced by Fol infection, findings also made in the
present work. It has been suggested that the large decreases
in A accompanied by more moderate decreases in Fv'/Fm’
indicate that the demand for reductants and ATP have
largely decreased in the plant and that this is a major factor
in the closure of PSII reaction centers [25]. Interestingly, g
is the first parameter to be affected by disease progression.
At low disease severity (1 uM), Fol-treated plants showed a
decrease in g compared to control plants, while the other
physiological parameters showed no differences between
treatments. As proposed by Nogues et al. [24], leaf water
deficit caused by Fol could account for the decreases in gas
exchange caused by stomatal closure. It has been widely
demonstrated that vascular pathogens increase resistance to
water movement as a result of the reduced diameter of
conductive elements [1].

T34 also protected plants against Fe toxicity. At the
highest Fe concentration assayed, T34 exerted a protective
effect, thus yielding higher dry weight, height, 4, g, and
Fv//Fm’' than control plants (Table 1, Figs.4 and 5).
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Table 1 Gas exchange and chlorophyll fluorescence parameters of plants 14 days after the beginning of the bioassay

EDTA/Fe(Ill)  Treatment 4° A Fv/Fm® Dpsi® Fv//Fm’ qp"

concentration

(uM)

1 Control 1568 a B 035 b B 081 a B 030 a B 055 a B 064 a B
T34 1365 a B 031 ab A 081 a B 028 a A 053 a A 0.61 a B
T34+Fol 1573 a C 024 a A 08 a B 033 a B 055 a B 071 a C
Fol 1473 a B 023 a B 08 a B 032 a B 055 a C 069 a B

10 Control 1450 b B 035 b B 079 a B 034 b B 054 b B 063 b B
T34 1351 b B 029 b A 08 a A 031 b A 052 b A 060 b B
T34+Fol 11.02 b BC 023 b A 08 a A 027 b B 052 b AB 051 b B
Fol 1.70 a A 004 a A 079 a A 011 a A 041 a A 026 a A

100 Control 1408 ¢ B 045 ¢ B 08 a B 032 ¢ B 054 ¢ B 060 b B
T34 1390 ¢ B 047 ¢ A 08 a A 030 c A 053 ¢ A 056 b AB
T34 + Fol 785 b AB 016 b A 079 a A 023 b B 048 b A 048 b B
Fol 082 a A 0.02 a A 078 a A 007 a A 043 a AB 017 a A

1,000 Control 331 a A 0.07 a A 074 a A 014 ab A 043 a A 032 a A
T34 9.05 b A 029 b A 08 a A 023 b A 053 b A 043 a A
T34 + Fol 349 a A 0.10 a A 079 a A 011 a A 047 a A 024 a A
Fol 232 a A 004 a A 079 a A 011 a A 045 a B 025 a A

Data are the means of four replicates. Significant differences between treatments for each Fe concentration are indicated by different lowercase
letters and differences across Fe concentrations for each treatment by capital letters (ANOVA analysis, P<0.05, and Duncan’s multiple range test)
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Figure 6 Fe concentration in the leaves and stems (a) and roots (b) of
tomato plants 14 days after the beginning of the bioassay amended
with nutrient solution containing a range of Fe concentrations supplied
as EDTA-Fe. Control, non-inoculated control plants; 734, plants
inoculated with 7. asperellum strain T34 at 10* cfu mL™' growth
media; 734 + Fol, plants inoculated with T. asperellum strain T34 at

10* cfu mL™" growth media and F. oxysporum f.sp. lycopersici at
10% cfu mL™' growth media; Fol, plants inoculated with £ oxysporum
f.sp. lycopersici at 10° cfu mL™' growth media. Within each Fe
concentration, different lowercase letters represent significant differ-
ences. Within each treatment, different capital letters show significant
differences across Fe concentrations. N.d. Not determined
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However, the Fe concentration found in the leaves and
stems of the plants at 1,000uM Fe was similar in all the
treatments. This observation indicates that T34 does not
affect Fe accumulation in leaves. The concentrations of 100
and 1,000uM Fe showed toxic effects on plant dry weight.
Similarly, Nicotiana plumbaginifolia plants excised from
roots treated with 100pM Fe(III)-EDTA quickly developed
a bronzing phenotype [19]. Moreover, Fe overload (500
uM) of Brassica napus causes the accumulation of
ascorbate peroxidase transcripts, thus documenting a link
between Fe metabolism and oxidative stress [36]. The
normal Fe concentration in all tomato plant tissues ranges
from 0.03 to 0.3 mg g ' dry weight [28]. In our bioassays,
the Fe concentrations in the leaves and stems of plants at
14 days were within this range, except the control and T34-
treated plants at 1,000uM Fe. Although the Fe concen-
trations measured in the plants exposed to 1,000uM Fe
were not in the critical range (0.4-1.0 mg g ' dry weight),
typical symptoms of Fe toxicity were observed. When Fe
availability is in excess, the accumulation of this metal in
plant tissues increases with time [21]. It can be assumed
that higher concentrations of Fe would have been found if
the analysis had been performed after a longer assay.
Although plants treated with 1 M Fe were under subopti-
mal growth conditions, they did not show symptoms of Fe
deficiency (the concentration of Fe in the leaves and stems
was over 50pug g ' plant dry weight, which is considered to
be the limit for Fe deficiency). In contrast, at 1,000 uM Fe,
the dry weight per plant was higher in T34-treated plants
than in controls (188% increase); thus, the total amount of
Fe accumulated per plant was higher in the former. This
observation calls for further studies using heavy metals as it
may be relevant in the field of phytoremediation. Fe content
in roots rose with increasing Fe concentration in the
nutrient solution in all treatments, but more intensely in
leaves and stems. Similarly, the concentration of Fe in rice
shoots in a range of Fe concentrations was lower than that
of root, which is explained by higher Fe accumulation by
the latter [6]. It has been reported that Fe toxicity is caused
by higher concentration of this metal in the root zone and
not by a higher concentration in leaves [29]. However, in
the present study, T34-treated plants, which showed
greater root Fe at 1,000uM Fe than control plants,
appeared to be healthier. Interestingly, for Fe toxicity to
occur, the metal must pass the oxidation barrier of the
rhizosphere before it is taken up by the root system. If
Fe escapes the oxidative barrier and penetrates the root,
part of it is retained in this organ and the remainder may
be translocated to the shoots via xylem after passing the
barrier of the casparian strip [6].

The higher Fe content found for plants in the T34 and
T34 + Fol treatments at 1,000uM Fe can be explained
either by the attachment of T34 mycelia (rich in Fe) to root

@ Springer

surfaces or by the increased plant capacity to accumulate Fe
induced by the presence of T34.

The higher Fe content found in the leaves and stems of
Fol-treated plants compared to the other treatments can be
explained by the reduction of biomass produced by the
pathogen. However, we cannot exclude the presence of the
fungi itself inside the plant tissue, which may contain
considerable amounts of the nutrient, or even the produc-
tion of siderophores by Fol, which could increase nutrient
assimilation.

In conclusion, in tomato plants, T34 protects plants
against Fusarium wilt disease through Fe competition and
also exerts a strong protective effect against Fe(III) toxicity.
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