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ABSTRACT: Fusarium verticillioides is best known for its worldwide occurrence on maize resulting in highly variable disease
symptoms, ranging from asymptomatic to severe rotting and wilting and fumonisin production. The aim of this study was to
investigate the influence of hybrid genotypes in the early stages of F. verticillioides infection, and the role of fumonisins as effectors
in the outcome of this complex interaction. Disease symptoms, growth parameters, root morphology, and fungal colonization
were evaluated at 7, 14, and 21 days after planting in seedlings from maize seeds of resistant (RH) and susceptible (SH) hybrids
inoculated with F. verticillioides or watered with solutions of fumonisins. F. verticillioides induced growth enhancement or
retardation depending on the plant genetic background and the fungal colonization rate, while fumonisins caused severe
reduction in biomass and fitness. Seedlings watered with high fumonisin concentrations displayed lesions similar to those seen in
F. verticillioides maize seedling disease, and also elicited inhibitory effects on root growth and morphology and on functional
properties. In summary, these data strongly suggest a dual role for fumonisins in the F. verticillioides−maize interaction, acting as
pathogenic factors at high concentrations, or triggering the plant detoxification mechanisms at low levels.
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■ INTRODUCTION
Fusarium verticillioides is one of the most prevalent seedborne
fungi associated with corn (Zea mays L.), whose effects can
result in highly variable disease symptoms, ranging from
asymptomatic plants to severe rotting and wilting. In addition,
F. verticillioides is a prolific fumonisin producer, with animal and
human health problems related to these mycotoxins being
almost exclusively associated with the consumption of
contaminated maize or of products made from maize
worldwide. The fumonisins B1 (FB1), FB2, and FB3 are the
most common forms, with FB1 being the most important of
the group due to its prevalence and toxicological potency.1 As
F. verticillioides and fumonisins are found in maize debris and
soil, it is reasonable to expect that maize seedlings could
become infected with the fungus and also be potentially
exposed to fumonisins in the field. Moreover, it was reported
that F. verticillioides is also able to produce biologically available
fumonisins in natural soils.2

On the plant host side, genetic resistance appears to be the
best preventive action against fumonisin contamination,
although at present no commercial maize hybrids have been
found to be completely resistant.3,4 The resistance to Fusarium
ear and kernel rot of corn and the mechanisms associated with
the infection have been examined.5−7 Fumonisin concentration
in grain was demonstrated to be moderately correlated with the
severity of Fusarium ear and kernel rot,5 with fumonisins also
having been detected at levels of concern in asymptomatic corn
kernels.6 With respect to this, Presello et al.7 tested a set of
Argentinean hybrids in Canada and Argentina for resistance
against F. verticillioides and F. graminearum, and concluded that
genotype effect was more important than genotype-by-fungal
species or genotype-by-fungal species-by-environment inter-
action effects. Nevertheless, subsequent results indicated that

the role of fumonisins depends on the complex environmental
and genetic contexts present in this plant−pathogen
interaction.8

On the microorganism side, many pathogens employ an
array of strategies to distress, weaken, or kill the plant host in
order to gain access to nutrients, and several “effectors” could
be involved in the process of infection and establishment of a
parasitic fungal−plant interaction (virulence factor or toxin).
Furthermore, these molecules may trigger defense responses
(avirulence factors or elicitors). Many proteic factors have been
described in pathogenic processes, such as cell wall degrading
enzymes (cutinases, hydrolytic enzymes, etc.) and pathoge-
nicity effector proteins that can be transferred into host cells by
haustoria (specialized feeding structure) during infection.9

However, effectors are not restricted to polypeptides, but also
include secondary metabolites such as phytotoxins, which often
participate in the mechanisms of virulence and pathogenicity.
Fungal compounds, for example the trichothecenes, have been
shown to act as virulence factors in infection of plants by
Fusarium spp. Moreover, a differential phytotoxic action of
trichothecenes among their wide molecular structure spectrum
was found. Researchers have suggested that type B
trichothecenes (i.e., nivalenol, deoxynivalenol) can suppress
the defense response, whereas type A trichothecenes (T-2
toxin, diacetoxyscirpenol, for instance) trigger cell death by
activation of an elicitor-like signaling pathway in Fusarium-
susceptible Arabidopsis.10 Likewise, Alternaria alternata lycoper-
sici toxin (AAL) has been described as a pathogenicity factor for
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A. alternata, due to its inducing stem canker disease on
susceptible tomato plants.11 Interestingly, AAL bears toxico-
logical properties and structural characteristics similar to those
of FB1, strongly indicating a direct participation of FB1 in the
Fusarium−maize interaction and phytotoxicity. Nevertheless,
toxicological research suggests that many phytotoxins can have
entirely different effects on target organisms at both low and
high concentrations; in particular, low concentrations of toxins
can often result in improving growth and survival rather than
causing growth inhibition or mortality.12,13

In the complex interaction between F. verticillioides and
maize, investigation of the potential role of fumonisin
production on the disease and development has produced
controversial results.14,15 Glenn et al.16 and Williams et al.2,17

demonstrated that only strains of F. verticillioides that produced
fumonisins were able to cause foliar disease symptoms on
seedlings of the sweet maize hybrid ‘Silver Queen’, with this
hybrid henceforth being used as the standard susceptible
cultivar in these assays. However, no measurements were made
of root functionality.
Fungal diseases affect plant growth via several different

processes. A pathogen that infects parts of the leaves can reduce
the foliage area, thereby affecting the amount of assimilate
available for growth. Shoot and stem pathogens may reduce
growth by interfering with the movement of water, nutrients,
and assimilates in the stem and branches. A pathogen that
infects and kills part or all of the roots of a plant reduces the
ability of the plant to absorb water and nutrients, thus affecting
growth indirectly, and can result in its wilting and death.18

The present research focused on an evaluation, in a
comparative study, of the influence of hybrid genotypes at
the early stages of F. verticillioides infection and also investigated
the role of fumonisins as effectors in the outcome of the
interaction. The specific objectives were to (i) test whether the
time course for expression of disease symptoms differed
between resistant and susceptible hybrids infected by
fumonisin-producing strain of F. verticillioides (infection
model); (ii) discover whether disease symptoms were
consistent with a direct fumonisin exposure (phytoxicity
model); and (iii) determine the contribution made to the
uptake by localized physiological and morphological responses
of the root systems. Consequently, it is possible using these
data to reconstruct the events that had contributed to the
exploitation of the nutrient and water by the plants.

■ MATERIALS AND METHODS
Chemicals and Reagents. Fumonisin standards were purchased

from PROMEC (Programme on Mycotoxins and Experimental
Carcinogenesis, Tygerberg, Republic of South Africa). Methanol and
acetonitrile were of HPLC grade (Sintorgan, Buenos Aires, Argentina).
The reagents 2-mercaptoethanol and o-phthaldialdehyde were
purchased from Merck and J.T. Baker (Buenos Aires, Argentina),
respectively. A soluble fertilizer, with a composition of 15% N [6.5%
nitrate, 8.5% ammonia], 15% P as P2O5, 15% K as K2O, and 3.2% S,
was obtained from YARA (Buenos Aires, Argentina). All other
chemicals were provided by Sigma-Aldrich (Buenos Aires, Argentina).
Maize Seedlings. The maize seedlings (Zea mays L.) were

obtained by sowing seeds of resistant hybrid (RH, LT 622 MG) and
susceptible hybrid (SH, HX 31P77), which have shown resistance to
and also susceptibility to Fusarium ear rot in the field, respectively.19

The plants were grown under controlled conditions in a greenhouse
with a 14/10 h light/dark cycle at 22 °C.
Fungal Strain. A wild-type toxigenic isolate of Fusarium

verticillioides (RC2024), obtained from carnation leaf-agar by
monosporic isolation, was used in all experiments. This strain was

isolated from maize in Argentina and is deposited in the National
University of Rio Cuarto, Cordoba, Argentina (RC), culture collection
center. Cultures were maintained in 15% glycerol at 80 °C. The ability
to produce fumonisins was quantitatively analyzed by HPLC as
described below.

Inoculum Preparation. Conidia suspensions, prepared with F.
verticillioides RC2024 culture grown at 25 °C for 7 days in potato
dextrose agar (PDA, Oxoid) (toxicogenicity in maize and seed
infections) or in V-8 juice agar (fumonisin production in bioreactor)
and Tween 20 at 2.5% (v/v) in sterile water, were used as inocula.20

The conidial concentration was standardized using a spectropho-
tometer set at an optical density of 0.1 at 600 nm, with this density
representing 1012 cfu/mL. Conidial viability was confirmed by the
standard plate count method using dichloran rose bengal chlor-
amphenicol agar (DRBC).

Assessment of F. verticillioides RC2024 Toxicogenicity in
Maize. The toxigenicity of F. verticillioides RC2024 was obtained by
measuring the fumonisin levels in the aqueous extracts prepared from
maize kernels inoculated with the fungus and fermented for 28 days
according to a procedure described by Theumer et al.21

Fumonisin Production in Bioreactor. The fermentor vessel (10
L glass stirred jar) (New Brunswick Scientific Co., Inc., Edison, NJ)
containing sterilized MYRO medium (1 g of (NH4)2HPO4, 3 g of
KH2PO4, 2 g of MgSO4·7H2O, 5 g of NaCl, 40 g of sucrose, and 10 g
of glycerin in 1 L of distilled water)22 was inoculated with the conidia
suspension and maintained at 28 °C with 120 rpm agitation. Dissolved
oxygen was maintained using a stir rate and an air flow rate of 2
standard liters per minute (SLPM). A pH of 3.5 was sustained by
automatic adjustment with 0.1 M H3PO4 or 0.1 M NaOH, and
incubation was carried out for 28 days. The fermented liquid medium
was autoclaved and then filter clarified through a 0.45 μm filter. A
sample of the filtrate was used for fumonisin quantitation, and the
remaining volume was kept at −20 °C until use.

Quantitation of Fumonisins. The fumonisins were quantitated in
aqueous extracts from fermented maize as well as in the fermented
MYRO medium. The samples were diluted with acetonitrile HPLC
grade at a 1:1 ratio, and the quantitation of the diluted extracts was
determined following a methodology proposed by Shephard et al.23

and Sydenham et al.24 The latter method was successfully validated
through collaborative studies and has been adopted as the official
method by the Association of Official Analytical Chemists Interna-
tional (AOAC). Briefly, an aliquot (50 μL) of the diluted samples was
derivatized with 200 μL of an o-phthaldialdehyde solution obtained by
adding 5 mL of 0.1 M sodium tetraborate and 50 μL of 2-
mercaptoethanol to 1 mL of methanol containing 40 mg of o-
phthaldialdehyde. The derivatized samples were analyzed by means of
a Hewlett-Packard series 1100 HPLC system, having a loop of 50 μL,
with an isocratic pump (G1310A) coupled with a fluorescence
detector (Agilent Technologies series 1200), using wavelengths of 335
and 440 nm for excitation and emission, respectively. The column
used was a 150 mm × 4.6 mm i.d., 5 μm, Luna 100 RP-18, with a 20
mm × 4.6 mm i.d. guard column of the same material (Phenomenex,
Torrance, CA, USA). The mobile phase was methanol:0.1 M
NaH2PO4 at a 75:25 ratio (v/v), the pH was set at 3.35 ± 0.20
with o-phosphoric acid, and a flow rate of 1.5 mL/min was used. The
quantitation of fumonisins was carried out by comparing the peak
areas obtained from samples with those corresponding to analytical
standards of FB1, FB2, and FB3 (purity >95%), using HP
Chemstation Rev. A.07.01 software.

The HPLC method was verified using both pure standards and
spiked samples. Limit of detection (LOD) was established at a signal-
to-noise ratio of 3 (S/N = 3), while a S/N = 10 was considered for
limit of quantification (LOQ). Therefore, considering sample dilution,
LOD was 0.01 μg/g while LOQ was 0.03 μg/g. Quantitation was
performed using linear regression from a calibration plot constructed
with analytical standards (r2 = 0.995). Spiked samples were used to
evaluate the recovery percentage of the method, which was above 90%
considering two different concentrations (0.1 μg/g and 1.0 μg/g).

The FB1:FB2:FB3 ratio produced by F. verticillioides RC2024 in
maize was 88:5:7.
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■ EXPERIMENTAL DESIGN
In order to evaluate the F. verticillioides−maize interaction and the
participation of fumonisins as effectors, HR/HS maize seedlings from
seeds infected with F. verticillioides (infection model) and noninfected
seeds watered with fumonisin solutions (phytotoxicity model) were
harvested on days 7, 14, and 21. Previously, seeds had been surface-
disinfected for 2 min in 100% bleach (0.4% hypochlorite), rinsed three
times with sterile water, and blotted dry on paper toweling. To avoid
potential problems with fungicide residues, maize seed without
fungicide treatments was used. In the infection model, inoculations
were performed by placing sterilized seeds in a Petri dish (100 mm)
and flooding them with 15 mL of sterile phosphate buffered saline
(PBS, pH: 7.4) (control) or with the fungal conidial suspension
prepared as previously described. The seeds were incubated overnight
at 28 °C, and the decontamination efficiency of ClO2 and the
percentage of infection were evaluated in grains randomly selected and
seeded directly on Petri dishes containing DRBC. The infected and
noninfected seeds (three replicates of 10 seeds each) were sown in 24
cm diameter pots containing washed autoclaved sand.
A soluble fertilizer was applied before planting and also twice a week

thereafter. Pots were watered every 3 days with sterile water, except for
the groups exposed to the fumonisins in the phytotoxity model, in
which the plants were watered with 100 mL of fumonisin solutions
(FB1: 1 and 20 μg/mL in sterile water) on days 2, 4, and 6 after
planting, and then watered every 3 days with sterile water. Assays were
performed under controlled greenhouse conditions. After harvest: (a)
visual inspections of disease symptoms were assessed and images were
taken using a Sony Cyber-shot DCS-S700 digital camera with a
resolution of 7.2 megapixels; (b) the lengths of the primary root and
shoot (where shoot length was defined from the seed attachment site
to the tip of the longest leaf) were measured, and the roots were
carefully separated from the aerial parts and the seeds removed; (c)
digital pictures of the roots were obtained individually by HP
Photosmart Scan 3110; (d) plant parts were oven-dried at 60 °C for
72 h for biomass determination; and (e) the leaf dry matter content
(LDMC) indices were calculated as the ratio of leaf dry mass to fresh
mass (only for groups exposed to 20 ppm fumonisin concentration).
In the infection model, parts of the plants were used for fungal

isolation and others were stored in ethanol 50% (v:v) at 4 °C for
microscopy studies.
Time-Course Assessment of the Infection: Fungal Isolation

and Microscopy. 1. Fungal Isolation. The fungal distribution was
determined weekly, by placing duplicates of surface-disinfected
segments from the root, mesocotyl, node, stem, and oldest leaf on
the PDA. Segments from which the fungus grew on the PDA were
scored as positive, and the percentage of positive responses was
calculated for each plant part.12

2. Microscopic Examination of Roots and Leaves. Roots were
thoroughly washed under running tap water and cut into 1 cm pieces.
These segments were stained with 0.05% trypan blue dye following the
procedure of Sahay and Varma.25 Leaves were cleared with ethanol
and stained following the same procedure. The samples were observed
with a Nikon Eclipse TE2000-U (Tokyo, Japan) microscope. The
pictures were taken by a color video camera Nikon DS-5 M with a
supported resolution up to 2560−1920 pix (Capture).

Root Morphology. Root systems from each treatment were rinsed
with water to remove any adhering sand, and they were then put into a
tray submerged in water and spread out with the help of tweezers to
minimize overlap. The roots were immediately scanned on a flatbed
scanner at a resolution of 200 dpi, and a good contrast between
“white” roots and a black background was obtained. Software Root
Image Analyzer (USA)26 was used to determine the total root length.
The test was conducted using metal wires of known lengths as
standards. The SRL was calculated as the ratio of total root length to
root dry mass.

Statistical Evaluation. Data from the toxicity studies were
analyzed by a two-tailed ANOVA followed by a post hoc test
(Bonferroni multiple comparisons), when the data pull presented
homoscedasticity. In some cases, due to lack of homoscedasticity, a
nonparametric comparison was also performed using the Kruskal−
Wallis test (p < 0.05). The seedling growth of the infection model data
were analyzed using the two-tailed Student’s t test. Differences were
considered statistically significant for p values ≤0.05. The GraphPad
InStat software version 3.01 (La Jolla, CA 92037, USA) was used for
the analyses.

■ RESULTS AND DISCUSSION
Analysis of Growth Responses in Infection Model. The

growth effects related to in vivo resistance or susceptibility to a
fumonisin-producing strain of F. verticillioides infection, for
height and primary root length, at 7, 14, and 21 days after
planting (dap), are summarized in Table 1. Growth-promoting
activities were observed in RH-infected plants, with seedling
height being significantly higher for infected than for
noninoculated kernels (p < 0.0001 at 7 and 14 dap and p <
0.05 at 21 dap). Moreover, the roots from the treated plants at
14 and 21 days also exceeded that of the controls (p < 0.0001).
Conversely, a reduced growth of aerial part plants (21 dap) and
primary roots (14−21 dap) was recorded in SH-inoculated
seedlings compared to noninfected ones. In Figure 1,
representative images of the differential responses of root
development can be observed for inoculated (Figure 1A) and
noninoculated (Figure 1B) SH at 21 dap.
Similar results were also found from the measurements of the

dry weight of the plant fractions (aerial parts and roots) and
total biomass (Figure 2), with the latter data being useful for
evaluating resource allocation patterns of the plants under
environmental stress in order to maximize acquisition of the
particular resource that limits growth. Related to this, the mass
of the plant organ tends to reflect its cost of construction and
thereby the effort expended on it. In the present research, F.
verticillioides significantly enhanced the dry matter accumulation
in RH, in which the RH total biomass of infected seedlings
exceeded that of nontreated plants at 7 and 14 dap, with this
increase being due to the above-ground biomass contribution.
In contrast, F. verticillioides negatively affected the SH-seedling
growth at 14 days, and this alteration persisted until day 21

Table 1. Seedling Growth Changes of Susceptible and Resistant Maize Hybrids at 7 Day Intervals after Inoculation with F.
verticillioides, as Assessed by the Length of the Aerial and Root Plant Partsa

height (cm) primary root length (cm)

variety (treatment)b 7c 14c 21c 7c 14c 21c

RH (ni) 1.9 ± 0.1 10.9 ± 0.4 20.8 ± 1.3 4.8 ± 0.4 7.4 ± 0.4 10.6 ± 0.6
RH (i) 3.3 ± 0.3 dd 16.5 ± 0.7 d 25.6 ± 1.7 c 5.8 ± 0.4 12.8 ± 0.4 d 14.2 ± 0.6 d
SH (ni) 3.5 ± 0.2 13.3 ± 0.2 27.8 ± 0.6 6.7 ± 0.2 12.6 ± 0.3 17.1 ± 0.5
SH (i) 3.2 ± 0.2 13.8 ± 0.6 25.2 ± 0.9 c 7.1 ± 0.2 11.4 ± 0.4 c 15.4 ± 0.6 c

aData are means ± standard error (n ≥ 10). bRH (ni): Resistant hybrid noninoculated. RH (i): Resistant hybrid inoculated. SH (ni): Susceptible
hybrid noninoculated. SH (i): Susceptible hybrid inoculated. cDays after inoculation. dLetters c and d indicate that value is significantly (c, p < 0.05;
d, p < 0.0001) different from the corresponding noninoculated (ni) group.
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after planting (p < 0.001 and p < 0.0001, respectively). The
severe decrease in total biomass reflected a tendency to
distribute fewer resources to both the roots and aerial parts in
infected plants.
In this study, F. verticillioides did not suppress maize resistant

seedling growth and may even have enhanced plant develop-
ment. This result was unexpected during the first few days after
germination from infected seeds, since the fungus and seedling
may compete for the same food reserves stored in the kernel
endosperm, according to the findings of Yates et al.12 However,
these authors described this growth repression as temporary,
and in fact noted increases in the shoot diameter, root dry
weight, and plant weight of infected maize seedlings that
exceeded noninfected seedlings at 4 weeks after planting. These
effects of growth promotion are similar to results obtained in
2005 by this same group, in a trial realized under yield
conditions.27 On the other hand, the findings in treated SH are
in agreement, at least in part, with the negative effects of
infection in maize reported by Williams et al.2,17 and Glenn et
al.,16 who observed that a fumonisin-producing strain of F.
verticillioides (MRC 826) caused leaf lesions, developmental
abnormalities, stunting, and sometimes death of susceptible
sweet maize seedlings (Silver Queen).

Timing and Spatial Dynamics of Host Colonization:
Fungal Isolation and Microscopy. A microscopic examina-
tion of plant tissues revealed a moderate to heavy infection with
F. verticillioides. The fungal growth was mainly intercellular,
with the structures being detected inside roots (Figure 3A). An

equally efficient invasive growth occurred on the leaf tissues,
showing branching septate hyphae between cell walls (Figure
3B). In addition, hyphae were found throughout the stomas
(Figure 3C).
The host colonization process of F. verticillioides at 7, 14, and

21 dap is shown in Figure 4. The endophytic colonization
strategy of disseminating migration observed by microscopy
was further investigated by fungal isolation of different plant
sections (root, mesocotyl, node, stem, and oldest leaf),
superficially disinfected and placed on top of PDA medium
(Figure 4A). The fungal development was microscopically
analyzed in order to confirm the presence of the fructification
structures that characterize F. verticillioides (Figure 4B).
F. verticillioides was recovered from both below-ground and

above-ground tissues of the infected RH and SH at each
sampling date (Figure 4C), with the highest infection frequency
being found in SH. For the specific segments, greater rates of
isolation were evident in roots, mesocotyls (the tissue

Figure 1. Morphological responses induced in seedling hybrids
infected with Fusarium verticillioides. (A) Reduced root development in
a susceptible hybrid 21 days after planting of seeds inoculated with
1012 cfu/mL of the fumonisin-producing F. verticillioides strain
RC2024. (B) A control seedling growth from noninfected seeds.
Bars: (A) 7.5 mm; (B) 10 mm.

Figure 2. Effects of Fusarium verticillioides infection on the seedling
growth as assessed by the mass of the aerial and root plant parts.
Increased growth in height (A) and root mass (B) in the resistant
hybrids grown from seeds inoculated with the fungus (RH (i)) and
harvested after 7, 14, and 21 days. Reduced growth of (A) aerial plant
parts (leaves and stems) and (B) roots was found in susceptible
hybrids grown from seeds inoculated with F. verticillioides (SH(i)). (C)
Changes in total biomass for both RH and SH in plants grown from
uninoculated or inoculated seeds. Values are means ± SD (n ≥ 10). ap
< 0.05, bp < 0.01, cp < 0.001, dp < 0.0001, when the infected plants
were compared with the noninoculated groups for the indicated
harvest date.

Figure 3. Systemic colonization by Fusarium verticillioides strain
RC2024 in maize at 21 days after planting of susceptible seeds
inoculated with 1012cfu/mL. Hyphae were observed running in parallel
within intercellular root spaces (A), among leaf tissue (B), and
emerging through stomas (C). Stained in 0.05% trypan blue solution.
(Magnification: 400×.) Bars: (A−C) 50 μm.
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connecting the emerging root with the emerging shoot), and
nodes, with lower values found in leaves and stems.
Analysis of Growth Responses in Phytoxicity Model.

Phytotoxic effects were observed on seedling growth and
development. The shoot growth and primary root length
measured in RH and SH watered with 0, 1, and 20 μg/mL of
FB1 are shown in Table 2. Seedlings exposed at 1 μg/mL of
FB1 showed a massive-effect of growth inhibition in maize
shoots in both RH and SH, but no effects of the toxin on day
21 were detected. A statistically significant (p < 0.05) decrease
in root length was only observed at 7 days in the SH. The
treatment with the highest FB1 concentration induced a severe
inhibition of both parameters, with the strongest effects on
plant growth in the fumonisin-treated SH group. Nonetheless,
the height was significantly (p < 0.01) increased in RH for the
20 ppm treated group at 21 days compared with this group at 7
days, indicating that, although inhibited, shoot growth
continued after 7 days at a reduced rate. No difference was

registered in primary root lengths of RH when the 20 ppm
treated group at 21 dap was compared to this group at 7 days,
denoting growth inhibition. The comparison of both growth
parameters between the 20 ppm treated group at 21 dap vs this
group at 7 dap also was valid for SH.
The phytotoxic action of fumonisins in the growth and

morphology of host plants was investigated. Visual symptoms
of disease included stunting, wilting, mild bleaching, leaf-rolling,
and necrotic leaf and root lesions, which were evident as early
as 7 days and persisted for at least 21 dap in RH and SH
watered with 20 μg/mL of FB1 (Figure 5). The root system
exhibited a reduced growth of the primary, seminal, and lateral
roots. In addition, a lack of root hair development was
observed. The lesions were similar to those seen in F.
verticillioides maize seedling disease, in the absence of the
pathogen.
The effect of both concentrations of the fungal toxin on the

dry weight accumulation of the whole plant or plant parts was

Figure 4. Time-course isolation of F. verticillioides in specific plant parts. (A) Frequency of fungal isolation from tissue segments of resistant and
susceptible corn seedlings grown from inoculated kernels. (B) Recovery of F. verticillioides from the root (R), mesocotyl (M), node (N), stem (S),
and oldest leaf (L) of susceptible plants grown from inoculated kernels and harvested after 21 days on potato dextrose agar (PDA). (C) Microscopic
examination of mycelium developed on agar 1% medium, showing microconidia in long chains (arrow) and in false head (arrowhead) characteristic
of this Fusarium species. (Magnification: 400×.) Bar: (B) 100 μm.

Table 2. Effect of Treatment with Fumonisins on the Development of Resistant and Susceptible Maize Seedlings, as Assessed by
the Length of the Aerial and Root Plant Partsa

height (cm) primary root length (cm)

varietyb FB1 (μg mL −1) 7c 14c 21c 7c 14c 21c

RH 0 15.4 ± 0.7 38.7 ± 0.4 52.4 ± 2.5 16.0 ± 0.5 23.4 ± 2.2 32.3 ± 4.0
1 7.2 ± 0.4 dd 29.4 ± 2.1 53.9 ± 1.3 12.6 ± 0.9 20.3 ± 0.9 28.9 ± 2.6
20 10.7 ± 1.2 c 16.6 ± 1.5 d 24.0 ± 2.1 dfe 7.1 ± 1.3 d 5.2 ± 0.8 df 7.2 ± 1.3 df

SH 0 16.6 ± 0.6 38.2 ± 1.1 49.5 ± 0.9 17.6 ± 0.7 20.0 ± 0.9 32.6 ± 0.9
1 7.4 ± 0.5 d 32.3 ± 1.1 c 49.0 ± 1.1 9.2 ± 0.7 c 20.2 ± 1.3 27.4 ± 1.5
20 10.3 ± 0.5 de 18.4 ± 2.1 bf 27.0 ± 2.6 df 4.9 ± 0.2 de 8.3 ± 0.9 df 7.9 ± 1.9 df

aData are means ± standard error (n ≥ 10). Plants were watered with 100 mL solutions of each concentration of fumonisins on days 2, 4, and 6 after
planting. bRH: resistant hybrid. SH: susceptible hybrid. cDays after planting. dLetters c and d indicate that value is significantly (c, p < 0.05; d, p <
0.001) different from the corresponding control group. eLetters e and f indicate that value is significantly (e, p < 0.05; f, p < 0.001) different from the
corresponding 1 μg mL −1 FB1 treated group.
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evaluated (Figure 6). Statistically significant decreases of dry
weight of root, but not aerial part growth, were registrated from
7 dap in SH and 14 dap in RH (Figure 6A and 6B), whereas
their contribution to the total biomass was much lower (Figure
6C). On the 21st dap, above-ground biomass (dry matter)
declined significally in both hybrids.
Despite all of the fumonisin-treated seedlings presenting a

severe reduction in biomass and of the fitness parameters, the
plants watered with a lower concentration of fumonisins were
able to reverse the negative effects to a toxin-untreated
phenotype on 21 dap.
The Leaf Dry Matter Content (LDMC). Changes in a leaf

dry matter content, in which high LDMC (the ratio of leaf dry
mass (mg) to fresh mass (g)) might suggest slow-growing
plants, were strongly influenced by the highest FB1
concentration treatments. The mean ± SD values of LDMC
(n ≥ 10) for fumonisin-exposed RH and fumonisin-nontreated
RH, respectively, were 86.1 ± 7.3 and 68.0 ± 5.8 at 7 dap, 87.9
± 7.5 and 79.2 ± 1.5 at 14 dap, and 99.0 ± 9.3 and 88.3 ± 3.5
at 21 dap. LDMC means were significantly affected by the toxin
for the three dap but only slightly declined at 14 and 21 days (p
< 0.001 (day 7), p < 0.01 (days 14, 21)). For fumonisin-treated
SH and fumonisin-nontreated SH respectively, the mean ± SD
values of LDMC (n ≥ 10) were 89.9 ± 5.8 and 70.9 ± 3.2 at 7
dap, 102.8 ± 8.1 and 85.1 ± 5.9 at 14 dap, and 129.6 ± 16.2
and 89.3 ± 3.1 at 21 dap. These results showed a pronounced
and significant increase of LDMC of the treated plant
compared to the controls at 7, 14, and 21 dap (p < 0.0001).
The toxin altered the leaf dry matter content in both hybrids,

revealing a tendency for the plant to have similar strategies in
retaining resources and having a slow turnover of plant parts
(to a slightly greater extent in SH than in RH).

Measurement of Root Morphology. Due to nutrient
uptake being more closely related to root length than to root
biomass, a higher specific root length can imply a greater ability
to obtain below-ground resources. The specific root length
(SRL) showed an important differential functional response
between hybrids (Figure 7), with this parameter being altered
in RH only when the highest FB1 concentration was tested.
However, the toxin, for SH treatment with 1 and 20 μg/mL of
FB1, interfered with the nutrient and water uptake capacities of
the roots, which was mainly due to a reduction in the SRL
parameter.
In annual and fast-growing species such as maize, plants are

expected to be able to maximize resource acquisition as this is
imperative to fast growth and to complete their life cycle in a
short period of time.28 These species are characterized by a set
of leaf traits that enable high carbon acquisition and roots with
a high specific root length, which is usually associated with
rapid rates of root elongation, high relative growth rate, large
nutrient and water uptake capacities, and high metabolic
activities.29

In this study, resistant and susceptible maize seedlings from
seeds inoculated with the fumonisin-producing strain of F.
verticillioides differed in terms of growth parameters, with the
same strain inducing growth enhancement or retardation
depending on the genetic background of the plant and the
rate of colonization of the fungus. The resistant and susceptible

Figure 5. Morphological responses induced in resistant and susceptible hybrids (RH/SH) watered with fumonisin solutions (FB1: 20 μg/mL) at 7
day intervals after planting (dap). Reduced growth of the primary, seminal, and lateral roots and the lack of root hair development were observed (A,
B, F, G, and I). Necrotic root lesions are denoted by the arrows at 14 and 21 dap (B, D, G, and I). For the aerial part, reduced shoot growth and
wilting are shown (A, F). Also, leaf-rolling (A, E, F, and J), mild bleaching (C, H, and J) and necrotic leaf lesion (E, J) were observed. Bars: (C, E, H,
I, J) 5 mm; (D, F) 7.5 mm; (A, B, G) 10 mm.
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assignments of the hybrids were consistent with previous
experiments in the field19 in the case of Fusarium ear rot, where
conidial suspensions of F. verticillioides P364 were injected into
the silk channel.
The development of the fungus in susceptible plants was

correlated with a reduced seedling growth, which was more
pronounced at root systems. Therefore, this may result in less
efficiency in terms of the acquisition of mobile resources than
in the case of the uninfected seeds and resistant hybrids.
These varying responses in the outcome of F. verticillioides−

maize interaction may be mediated by a conflicting activity of
effectors and has been widely studied in plant−microbial
pathosystems,30 in which signal molecules play an essential role
during the early stages.31 Coronatine, produced by Pseudomonas
syringae, is an example of a compound with several identities,
since, depending on the type of interaction, coronatine can be
seen as a toxin, an elicitor, or a plant hormone in Arabidopsis
plants.30 There was contradictory evidence when attempting to
elucidate a precise role for the fumonisins in maize
pathogenicity. Experiments involving spraying maize leaves
with concentrations of FB1 as high as 1,000 μg/mL did not
cause any signs of pathology.14 However, Lamprecht et al.15

observed a significant reduction in the growth of maize
seedlings grown on water agar containing 10 μM FB1.
Desjardins et al.32 concluded that fumonisin plays a role in
virulence, but that was not necessary or sufficient for virulence
on maize seedlings. In contrast, Williams et al.17 and Glenn et
al.16 reported that fumonisin production is an important
contributor to the F. verticillioides maize seedling disease
expression and is required for the induction of leaf lesions in
the sweet susceptible maize line.
In the present study, the dose−responses of fumonisin

concentrations have been analyzed within a temporal context.
In the case of a low dose (1 ppm), there was an adaptive
response (21 dap) following an initial disruption in homeo-
stasis, resulting in restored vegetative growth parameters in the
affected systems. According to the results, the detoxification/
excretion processes could be an adaptive strategy for the host to
achieve the compensatory response. Such results are of special
interest, and future research should be focused on further
characterization of these effects. On the other hand, effects of
the fumonisins (20 ppm), such as leaf yellowing, necrosis, and
wilting, may be associated with the process called senescence.
This is considered to be an indicator of life span in plants,
which denotes the processes that lead to the programmed death
of individual cells at the end of their life stage. In addition to
age, senescence can be triggered by external factors such as
pathogen attack, phytohormone application and continuous
darkness.33 By considering the toxins that may affect the
developmental timing of the seedlings, it is possible to infer that
fumonisins could induce early senescence in maize. Interest-
ingly, this association is in agreement with previous study by

Figure 6. Comparative analysis of phytotoxic effects of FB1 (1 and 20
μg mL−1) observed in resistant (RH) and susceptible hybrids (SH)
harvested at 7, 14, and 21 days. Bars represent the means ± SE (n ≥
10) of the changes (fold) in the aerial part weight (A), the root weight
(B), and the biomass (C) in seedlings watered with the FB1-
containing solutions, with regard to their respective unexposed
seedlings. ap < 0.05, bp < 0.01, cp < 0.001, dp < 0.0001, when plants
watered with the smallest FB1 concentration were compared with their
respective treatment with 20 μg mL−1 of FB1 for both RH and SH.

Figure 7. Specific root length (SRL) of maize resistant (RH) and
susceptible hybrids (SH) harvested at 7, 14, and 21 days. Bars are
means ± SE (n ≥ 10). ap < 0.05, bp < 0.01, cp < 0.001, dp < 0.0001,
when treated groups were compared with their controls.
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Brandwagt et al.,34 who determined that the overexpression of
genes that enhanced insensitivity to FB1 and Alternaria toxin
(AAL) also increased resistance to the induction of senescence
in tomato plants. The autoclaved culture materials containing
known levels of fumonisins have been widely used to
characterize the toxicity of these chemicals in laboratory and
farm animals35,36 as well as in plants.32 However, in addition to
fumonisins, F. verticillioides can produce other biologically active
compounds, such as fusaric acid,37,38 fusarin C, beauvericin
(which is produced by a low percentage of isolates), and
moniliformin (a weak mycotoxin and phytotoxin).38 Although
some phytotoxicity effects have been shown to be attributable
to fusaric acid in the pathogenesis of corn seedling, on a liquid
culture medium, only members of the mating population C
(species of Fusarium isolated of rice), isolates of F. oxysporum
and F. solani produced this toxin.37

Differences in fungal development in maize and the
treatment with fumonisins may reflect variations in the growth
rates, aggressiveness, and the time at which the appearance of
disease symptoms occurred. In the present study, the data
suggest that the production of fumonisins may favor pathogenic
development and the switch to a more aggressive phase, thus
accelerating the transition from a symptomless to a
symptomatic phase. These observations are in agreement with
and reinforce the results of Oren et al.39 However, it would be
important to determine the underlying events that convert the
pathogen to the saprophytic state, where the produced
fumonisins are not acting as phytotoxin. In this regard, and
also taking into account that the phenomenon of competitive
exclusion indicates that no two ecological homologues can
occupy the same niche at the same time, novel strategies of
control need to be developed to focus on modulating the
toxicogenesis, but at the same time preserving the infection.
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