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a  b  s  t  r  a  c  t

Fusarium  verticillioides  is a fungal  pathogen  of  maize  that  causes  ear  rot  and  contaminates  the  grains  with
fumonisin  mycotoxins.  Breeding  for resistance  to Fusarium  emerged  as  the  most  economic  and  environ-
mentally  safe  strategy;  therefore  the  discovery  of  resistant  sources  and  effective  molecular  markers  are
a priority.  Ears  of  resistant  (CO441  and  CO433)  and  susceptible  (CO354  and  CO389)  maize  lines were
inoculated  with  F. verticillioides  and  the expression  of  pathogenesis-related  (PR)  genes  (PR1,  PR5,  PRm3,
PRm6)  and  genes  that  protect  from  oxidative  stress  (peroxidase,  catalase,  superoxide  dismutase  and  ascor-
bate  peroxidase)  were  evaluated  in  the  kernels  at 72  h  post  inoculation.  In addition,  the oxidation  level
and  the  enzymatic  activity  of ascorbate-glutathione  cycle,  catalase,  superoxide  dismutase  and  cytosolic
and wall  peroxidases  were  investigated.  The  uninoculated  kernels  of  the  resistant  lines  showed  higher
usarium verticillioides
ea mays

gene  expression  and  enzymatic  activities,  highlighting  the  key  role  of  constitutive  resistance  in limiting
pathogen  attack.  In  contrast,  the susceptible  lines  activated  defensive  genes  only  after  pathogen  inocula-
tion,  resulting  in increased  levels  of  H2O2 and lipid  peroxidation,  as  well  as  lower  enzymatic  activities.  The
constitutive  defenses  observed  in this  study  from  seed  could  be profitably  exploited  to develop  markers
to  speed  up  conventional  breeding  programs  in the selection  of resistant  genotypes.
. Introduction

Ear rots and mycotoxin contamination of the kernels frequently
educe the quality and yield of an economically important and
idely grown crop as maize (Zea mays L.). Fusarium verticillioides

Sacc.) Nirenberg is one of the most common fungal species asso-
iated with maize in temperate regions and produces fumonisins,
onsidered carcinogenic mycotoxins (Santiago et al., 2015). Fumon-
sins are able to disrupt the metabolism of sphingolipids, important
ignaling molecules in animal and plants (Williams et al., 2007). F.
erticillioides enters the ear through silks or through wounds due

o insect injury and mechanical damage and causes ear rot in the
ip or in scattered kernels (Logrieco et al., 2002; Munkvold, 2003a).
he complexity of this pathosystem lies partially in the lifestyle

∗ Corresponding author.
E-mail addresses: valentina.maschietto@unicatt.it (V. Maschietto),

lessandra.lanubile@unicatt.it (A. Lanubile), silvana.deleonardis@uniba.it
S.D. Leonardis), adriano.marocco@unicatt.it (A. Marocco),
ostantino.paciolla@uniba.it (C. Paciolla).

1 V. Maschietto and A. Lanubile contributed equally to this work.

ttp://dx.doi.org/10.1016/j.jplph.2016.06.006
176-1617/© 2016 Elsevier GmbH. All rights reserved.
© 2016  Elsevier  GmbH.  All  rights  reserved.

of pathogen, which is both parasite and saprophyte and it can
be transmitted from seed to plant as a symptomless intercellular
endophyte (Bacon et al., 2008; Munkvold, 2003a). The process of F.
verticillioides infection and mycotoxin accumulation is influenced
by environmental conditions, but also by host resistance and bio-
chemical composition of kernel, including moisture, development
stage and lipid composition (Battilani et al., 2008; Maschietto et al.,
2015; Sagaram et al., 2006; Woloshuk and Shim, 2013).

Agronomic practices for fumonisin content reduction are often
ineffective and breeding for resistance to Fusarium species (par-
ticularly F. verticillioides) emerged as the most economic and
environmentally safe strategy (Munkvold, 2003b). Quantitative
Trait Locus (QTL) mapping studies in maize indicated that Fusar-
ium resistance and fumonisin contamination are quantitative traits
determined by small effect polygenes with moderate to high heri-
tability (Ding et al., 2008; Robertson-Hoyt et al., 2006; Zila et al.,
2013, 2014). Genetic resistance to Fusarium ear rot and fumon-

isin accumulation has been identified in maize lines and hybrids
(Clements et al., 2004; Henry et al., 2009; Kleinschmidt et al.,
2005; Löffler et al., 2010; Lanubile et al., 2011; Pascale et al., 2002;
Santiago et al., 2013), but the complexity of these polygenic traits
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ave so far hampered the development of resistant maize geno-
ypes with high agronomic performance (Bush et al., 2004; Eller
t al., 2008; Zila et al., 2013). Breeding for resistance will benefit
rom the discovery of efficient markers for phenotyping and QTLs
onsistent across populations, but also by a more extensive com-
rehension of the genetic basis underlying maize-F. verticillioides

nteraction.
Plant resistance to pathogen attack is polygenic, involving a

ierarchy of genes that produce proteins and metabolites, either
onstitutive or induced post infection, including the synthesis and
ccumulation of reactive oxygen species (ROS), phytoalexins and
athogenesis-related (PR) proteins (Almagro et al., 2009; Torres,
010). The success of infection depends on the number and abun-
ance of these defense related products and the speed with which
efense responses are mounted.

The oxidative burst is one of the main event associated to biotic
timuli. The accumulation of ROS, in particular hydrogen perox-
de, suppresses pathogen entrance or induces host cell death or
ypersensitive response to contain the pathogen (Baxter et al.,
014; Torres, 2010; Wirthmueller et al., 2013). The amount of ROS
epends on the type and amount of enzymatic and non-enzymatic
cavenging molecules that include: superoxide dismutase (SOD),
scorbate peroxidase (APX), catalase (CAT), peroxidase (POD) and
he antioxidants ascorbate (ASC) and glutathione (GSH) (Mittler
t al., 2004). ASC levels and ASC-GSH cycle components are tightly
inked to plant tolerance to biotic and abiotic stresses (Locato et al.,
013; Paciolla et al., 2004, 2008).

In comparison to vegetative tissues, deeper and continuing
fforts are still needed to unravel the mechanisms of qualitative
nd quantitative resistance in maize kernels against F. verticil-
ioides infection. Candidate genes for host resistance towards this
athogen were searched in the last years thanks to the employment
f maize mutants (Christensen et al., 2013, 2014; Gao et al., 2007)
nd genotypes showing contrasting level of resistance (Lanubile
t al., 2010, 2012a,b, 2014; Maschietto et al., 2015). Both constitu-
ive and induced resistance were proven to be involved in maize
ernel defense against F. verticillioides infection, including the
xpression of PR proteins, lipoxygenases, ribosome-inactivating
roteins (RIPs), WRKY and other transcription factors, jasmonate
nd ethylene signaling-related genes, genes related to primary
nd secondary metabolism, antioxidant enzyme activities and pro-
eins involved in protein synthesis, folding and stabilization (Bravo
t al., 2003; Campos-Bermudez et al., 2013; Christensen et al., 2013,
014; Gao et al., 2007; Guo et al., 1997; Lanubile et al., 2014; Murillo
t al., 1999; Zila et al., 2013, 2014). Host resistance was associated
o a relatively high constitutive gene expression of defense-related
enes in the resistant (CO441) kernels, whereas these genes were
nduced by pathogen attack in the susceptible (CO354) genotype
tarting from 48 h post inoculation (hpi) (Lanubile et al., 2010,
012a,b, 2014). Moreover the resistant (CO433) maize genotype
howed an earlier and enhanced expression of genes of the LOX
athway in comparison to the susceptible (CO354) line after F. ver-
icillioides inoculation (Maschietto et al., 2015). Although hundreds
f genes were detected in the studies reported above, the defense
ases are still unclear, probably due to the complex nature of the
athosystem.

In addition to the previous findings reported above, this
ork extended the evaluation of the molecular and biochemical

esponses against F. verticillioides infection to other two maize
enotypes, showing elevated levels of resistance (CO433) and
usceptibility (CO389) to the pathogen. The study assessed the
xpression profile of selected defense-related genes (PR genes and

enes involved in protection from oxidative stress) and the activ-
ty of the ASC-GSH cycle enzymes and the cell oxidative status

ith the purpose of correlating molecular and biochemical data.
his study validated the results previously observed, confirming
 Physiology 200 (2016) 53–61

the hypothesis that the resistant genotypes have constitutive high
levels of biochemical barriers before inoculation, providing a basal
defense system to the pathogen. The candidate genes and biomark-
ers validated in this study could be applied to speed up conventional
breeding programs for Fusarium resistance.

2. Materials and methods

2.1. Plant material and F. verticillioides inoculation assay

Four maize genotypes with contrasting phenotypes for resis-
tance to Fusarium ear rot were used in this study: the resistant lines
CO441 and CO433 and the susceptible lines CO354 and CO389, as
previously reported (Lanubile et al., 2010; Maschietto et al., 2015;
Reid et al., 2009). All lines were developed by the Eastern Cereal
and Oilseed Research Centre, Agriculture and Agri-Food Canada
(Ottawa, Canada) and were maintained by sibling at the Depart-
ment of Sustainable Crop Production in Piacenza, Italy. Seeds from
each line were planted in pots (40 cm diameter, 35 cm height) and
10 plants were grown up. Before inoculation, pots were trans-
ferred to an environmentally controlled greenhouse with day-time
and night-time conditions of 28 ◦C and 20 ◦C temperatures, respec-
tively, and a light regime of 16 h using lamps, as described in
Lanubile et al., 2015. F. verticillioides inoculation was performed
using the isolate ITEM 1744 (Institute of Sciences of Food Pro-
duction, National Research Council, Bari, Italy), a high fumonisin
producer strain, cultured as previously described by Lanubile et al.
(2010, 2012a). Maize ears were inoculated at 15 days after hand-
pollination (DAP) using a side-needle inoculator, as reported by
Lanubile et al. (2015). For the detection of F. verticillioides, real-time
RT-PCR expression analysis, and enzymatic assays, seeds adjacent
to the inoculated kernels were collected at 72 hpi, in the area around
the point of inoculation, to evaluate fungal growth and coloniza-
tion and to avoid mechanical damage due to needle-prick (Lanubile
et al., 2013, 2014). Control seeds were sampled at the same inoc-
ulation time listed above and considered as uninoculated. Three
pools of kernels for the 72 hpi time-point were prepared, where
each pool derived from the mixing of kernels coming from three
different maize ears.

2.2. RNA isolation and real-time RT-PCR expression analysis

Maize kernels of CO441, CO433, CO354 and CO389 genotypes
were ground in liquid nitrogen with mortar and pestle and total
RNA was  extracted from 2.5 g of seeds using the TRIzol protocol
(Invitrogen, Carlsbad, CA, USA) and purified with the RNA Clean-up
protocol (Qiagen, Valencia, CA, USA), according to the manufac-
turer’s instructions. The amount and the quality of the total RNA
were estimated by fluorometric assay (Qubit, Invitrogen) as well as
by agarose gel electrophoresis.

Real-time RT-PCR experiments were performed on kernels col-
lected at 72 hpi using the 2 x iQ SYBR Green Supermix (Bio-Rad,
Hercules, CA, USA) and the CFX-96 device (Bio-Rad). cDNA synthesis
and relative quantitative analysis by real-time RT-PCR followed the
previous method described by Lanubile et al. (2015). Briefly, 20 ng
of single strand cDNA were used for real-time RT-PCR at the fol-
lowing conditions: 95 ◦C for 3 min  and 40 cycles at 95 ◦C 10 s, 60 ◦C
for 25 s (Lanubile et al., 2015). A melting curve analysis was per-
formed and three technical replicates of each biological replicate
were employed (Lanubile et al., 2015). The gene-specific primers
for PR1, PR5, PRm3, PRm6, POD, CAT, SOD and APX are reported in

Supplementary Table S1. Primers were designed possibly within
consecutive exons, separated by an intron, using Primer3 soft-
ware. Relative quantification of maize genes was normalized to the
housekeeping gene ˇ-actin (Supplementary Table S1) and FC val-
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Fig. 1. Copy number of the calmodulin transcripts in kernels of susceptible (CO389
and  CO354) and resistant (CO441 and CO433) maize lines at 72 h after F. verticillioides
inoculation. Vertical bars indicate ± standard deviation.
V. Maschietto et al. / Journal of

es in gene expression were calculated using the 2−��Ct method
Schmittgen and Livak, 2008). To quantify the fungal growth, the
opy number of calmodulin transcript was detected using real-
ime RT-PCR in inoculated kernels collected at 72 hpi. The primer
airs were designed within a conserved region positioned between
ucleotides 13 and 162 of the calmodulin sequence of F. verticil-

ioides (NCBI GenBank Accession No. HQ412321.1). The real-time
T-PCR thermal cycling conditions were the same as reported
bove. The calmodulin number of copies is related to ng of cDNA
btained from kernel tissues and determined based on the equation
f the linear regression according to the technical manual (Bio-Rad).
ungal cDNA (20 ng) was serially diluted [1:1, 1:5, 1:52, 1:53, 1:54,
:55] in sterile water and 20 ng of each kernel cDNA sample was
ompared to the dilution standard curve to determine fungal cDNA
opy number.

.3. Determination of enzymatic activities

Control or inoculated maize kernels of CO441, CO433, CO354
nd CO389 genotypes were ground with a pestle and mortar at
◦C in 50 mM Tris-HCl pH 7.8 containing 0.3 mM mannitol, 1 mM
DTA, and 0.05% (w/v) cysteine (buffer A) in a 1:3 ratio (w/v).
he homogenate was centrifuged at 1000g for 5 min. The super-
atant was re-centrifuged for 20 min  at 25,000g. The resulting
upernatant, assayed as cytosolic fraction, was desalted by dialysis
gainst 50 mM Tris-HCl, pH 7.8 and used for spectrophotometric
nalysis. For wall POD analysis, the pellet resulting from the first
entrifugation step was resuspended in buffer A plus 1% Triton X100
nd centrifuged at 1000g for 5 min. The pellet was washed three
imes in buffer A, centrifuged as described above and then resus-
ended and incubated for 20 min  in 1 M of NaCl and centrifuged

or 20 min  at 20,000g. The supernatant obtained (cell wall prepa-
ation) did not show glucose-6-phosphate dehydrogenase activity,
s assayed according to Löhr and Waller (1974). The activities of
ll enzymes analyzed i.e. cytosolic APX (EC 1.11.1.11), CAT (EC
.11.1.6), cytosolic (c) and wall (w) PODs (EC 1.11.1.7), SOD (EC
.15.11), monodehydroascorbate reductase (MDHAR; EC 1.6.5.4),
ehydroascorbate reductase (DHAR; EC 1.8.5.1) and glutathione
eductase (GR; EC 1.6.4.2) were tested according to Paciolla et al.
2008) and Mastropasqua et al. (2012). For APX, 1 U = 1 nmol of
scorbate oxidized min−1; for CAT, 1 U = 1 nmol of hydrogen perox-
de (H2O2) dismutated min−1; for SOD, 1 U = the activity of enzyme
equired to inhibit the reduction rate of nitro blue tetrazolium
NBT) by 50% at 25 ◦C; for MDHAR, 1U = 1 nmol of NADH oxidized

in−1; for DHAR, 1 U = 1 nmol of dehydroascorbate (DHA) reduced
in−1; for GR, 1 U = 1 nmol of NADPH oxidized min−1; for cytoso-

ic POD, 1U = 1 nmol of 4-methoxy nafthol (MN) oxidized min−1; for
ODw, 1 U = 1 nmol of coniferyl alcohol oxidized min−1. The protein
ontent was determined according to Bradford (1976), using bovine
erum albumin as a standard. Four independent experiments were
onducted with at least five replications.

.4. Determination of ASC and GSH pool content

Control and inoculated kernels were homogenized with two
olumes of cold 5% (w/v) metaphosphoric acid in a porcelain mor-
ar. The homogenate was centrifuged for 15 min  at 20,000g and
he supernatant was collected for analysis of ASC, DHA, GSH and
SSH according to Zhang and Kirkham (1996). Four independent
xperiments were conducted with at least five replications.
.5. H2O2 and lipid peroxidation measurements

The H2O2 level in the kernels was evaluated according to Lee and
ee (2000). For lipid peroxidation, the kernels were ground with
four volumes of 0.1% (w/v) trichloroacetic acid. The homogenate
was centrifuged at 10,000g for 10 min. One milliliter of the super-
natant was diluted with 1 mL  of 20% trichloroacetic acid containing
0.5% (w/v) thiobarbituric acid. The level of lipid peroxidation was
measured in terms of the malondialdehyde (MDA)  content deter-
mined by the thiobarbituric acid reaction as described by Zhang and
Kirkham (1996). Four independent experiments were conducted
with at least five replications.

2.6. Statistical analyses

The reported values for enzymatic activities and non-enzymatic
assays are the average of at least five replications from four inde-
pendent experiments. Two-factor ANOVA was  performed on the
observed means of the enzyme activity/compound content, consid-
ering genotypes and treatments (control and inoculated samples)
as fixed factors to test the significance (P < 0.05) of genotypes,
treatments and their interactions. One-factor ANOVA, followed by
Tukey’s HSD test (P < 0.05), was  performed on the observed means
of the enzyme activity/compound content within each treatment
to set significant differences among genotypes. Differences among
control and inoculated samples within the same genotype were
performed using the Student’s test and were considered to be sig-
nificant at P < 0.05.

3. Results

3.1. Quantification of fungal growth in maize genotypes with
contrasting resistance to F. verticillioides

Absolute quantification of the fungal calmodulin transcripts by
real-time RT-PCR was  carried out in this study, in order to evalu-
ate the growth of F. verticillioides at 72 hpi in maize kernels of two
resistant and two  susceptible genotypes. We  observed that in the
inoculated kernels of the resistant genotypes (CO433 and CO441)
the total calmodulin copy number was  about three times lower
compared to the susceptible ones (CO389 and CO354) (1018 vs.
3286, respectively), as indicated in Fig. 1. The CO433 appeared to be
the most resistant genotype with a calmodulin copy number of 405,
whereas the fungus grew more rapidly in CO389 kernels, where six
times higher levels of transcript copy number (2439) were mea-

sured, indicating the more elevated degree of susceptibility of this
genotype.
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c  with uninoculated control kernels of the susceptible CO389 genotype. Vertical bars
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Fig. 3. Fold change (FC) of differentially expressed genes PR5, PR1, PRm3, PRm6,
Peroxidase (POD), Catalase (CAT), Superoxide dismutase (SOD), Ascorbate peroxidase
(APX),  in kernels of susceptible (CO389 and CO354) and resistant (CO441 and CO433)
ig. 2. Fold change (FC) of differentially expressed genes PR5, PR1, PRm3, PRm6,  P
omparing uninoculated control kernels of CO354, CO441 and CO433 genotypes
ndicate ± standard deviation.

.2. Differential expression of PR and oxidative stress-related
enes among genotypes before and after F. verticillioides
noculation

Expression profiles of four PR genes (PR5, PR1, PRm3 and PRm6)
nd four genes involved in response to the oxidative stress (POD,
AT, SOD and APX) were analyzed by real-time RT-PCR. In order to
xplore constitutive differences among the resistant and suscep-
ible genotypes, fold changes (FCs) were measured by comparing
ninoculated control CO433, CO441 and CO354 samples with the
ninoculated control plants of the CO389 genotype (Fig. 2). Inter-
stingly, we observed enhanced expression values for all tested
enes in the two resistant genotypes (CO433 and CO441) before
ungal inoculation. The resistant lines clearly showed higher FCs
or PR1, PRm6 and POD transcripts compared to CO389 control sam-
les, with values ranging from 124 to 6.7, and from 28.6 to 10.3 for
he CO441 and CO433 genotypes, respectively. Constitutive higher
xpression values were also measured for the remaining genes
n control samples of the resistant genotypes, although the lev-
ls of transcripts were lower. Concerning the comparison between
he two susceptible genotypes (CO354/CO389), less marked differ-
nces were detected and significant FCs were observed only for
Rm6, PRm3 and PR1 genes (Fig. 2). These findings suggest that the
esistance to F. verticillioides infection in the resistant genotypes
ould be potentially related to the highest constitutive expression
f defense/stress-related genes, not found for the susceptible geno-
ypes.

Gene expression changes induced after F. verticillioides inocula-
ion were also investigated at 72 hpi in the four maize genotypes
nd shown in Fig. 3 as FCs in relation to uninoculated plants.
he up-regulation of all assayed genes occurred in the resistant
CO433 and CO441) and susceptible (CO354 and CO389) geno-
ypes, excluding SOD which was significantly down-regulated in
O433 (FC = 0.31). Among the PR genes, the most highly induced
as PR1 with an induction up to 1789-fold in the susceptible CO389

enotype. A similar trend was detected for PRm6 gene, showing
 strong increase up to 1,409.5-fold in the same genotype. Genes
nvolved in the oxidative-stress reactions were induced with lower
ntensity and only CAT and POD were significantly up-regulated in
ll genotypes. Among them, POD gene reached the highest levels
f induction, with values ranging from 1.9 (CO433, resistant) to
1.5 (CO389, susceptible), whereas CAT FC values ranged from 2.2

CO433) to 5.5 (CO389).

The comparison of the induction levels among genotypes high-
ighted that, remarkably, the maximal levels of expression were
eached by the susceptible CO354 and CO389 lines (Fig. 3). The
maize lines at 72 h after F. verticillioides inoculation. Vertical bars indicate ± standard
deviation.

strongest induction was observed in CO389 kernels for all tested
genes, followed by CO354, while in contrast F. verticillioides inocu-
lation elicited weaker alterations in the resistant CO441 and CO433
genotypes. The greatest differences were measured for PR1 gene,
whose expression increased of about 24 times in CO389 compared
to the resistant CO433 genotype. PRm3, POD and PRm6 genes were
similarly up-regulated, showing transcript levels about 20, 17 and
13 times more elevated, respectively, comparing the same two
genotypes.

In general, pathogen infection caused lower values of FC in the
resistant genotypes (CO441 and CO433) at 72 hpi compared to the
susceptible ones (Fig. 3), probably due to the highest constitutive
levels of gene expression observed before inoculation (Fig. 2).

3.3. Enzyme activities and products related to oxidative stress in
control and inoculated kernels

The enzymatic and not-enzymatic components of ascorbate-

glutathione cycle, including ASC-GSH contents, APX, MDHAR,
DHAR, GR, and other antioxidant systems (SOD, CAT, PODc and
PODw) involved in the ROS detoxification and oxidative burst, were
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nalysed in the kernels of the four maize genotypes, comparing
ninoculated and inoculated samples at 72 hpi with F. verticillioides.

Two-factor analysis of variance (ANOVA) revealed significant
P < 0.001) differences between the four genotypes in the observed

eans for all tested enzyme activities and compounds, with SOD
s the only exception (Supplementary Table S2). Moreover, F. ver-
icillioides inoculation led to a significant (P < 0.001) change in the

eans for all compounds and enzyme activities and the interaction
etween genotype and treatment was significant (P < 0.001) in all
ases, excluding the MDA  and oxidized glutathione (GSSG) contents
Supplementary Table S2).

The trend of the components of ASC-GSH cycle is shown in Fig. 4.
ccording to one-factor ANOVA (P < 0.05), no significant differences

n the analysed components were observed between the suscepti-
le maize lines (CO389 and CO354) before inoculation, except for
SH and GR that were significantly higher in CO354 (Fig. 4C–D). In
ontrast, significant constitutive difference was  found among the
esistant lines (CO441 and CO433) in all the studied parameters.
articularly, CO441 showed significantly higher MDHAR and DHAR
nzymatic activities and GSH content, while CO433 higher ASC and
SSG contents and GR enzymatic activity (Fig. 4A–F). Interestingly,
ll components of the ascorbate-glutathione cycle, except for the
SSG content, were significantly enhanced in the control of the

esistant lines in comparison to the susceptible ones. After inocula-
ion, the MDHAR activity significantly decreased (Student’s t-test,

 < 0.05) in both susceptible and resistant lines, with the highest
ecrement in the latter (Fig. 4A). A different trend was  shown
y DHAR, which reconverts DHA to ASC, similarly to MDHAR: a
ignificant increase and decrease occurred in susceptible and resis-
ant lines, respectively (Fig. 4B). GR, the enzyme of conversion of
SSG into GSH, significantly increased post inoculation in the resis-

ant genotypes, while no significant change was  observed in the
usceptible lines (Fig. 4C). The contents of ASC (Fig. 4F) and GSH
ere significantly higher after inoculation in all lines, although
ith greater induction for the susceptible ones and particularly for

O389 (Fig. 4D). The content of GSSG, the oxidized form of GSH, did
ot show changes after inoculation in the susceptible lines, while

 significant increase in both resistant genotypes was observed
s compared to the respective controls (Fig. 4E). In general, the
nzymes MDHAR, DHAR and GR showed higher constitutive activ-
ty in the resistant lines in comparison to the susceptible controls,
orresponding also to the highest constitutive contents of GSH and
SC. After F. verticillioides inoculation a significant decrement of
DHAR and DHAR enzymatic activity was observed in all four lines,
hilst a significant increment of GR activity was detected only for

he resistant genotypes.
Dehydroascorbate (DHA) content and activity of APX were very

ow or undetectable in our experimental design (data not shown).
AT, PODc and PODw and SOD are also enzymes involved in the
ontrol of H2O2 level in plant cell. In uninoculated kernels, the spe-
ific activity of these enzymes was significantly (one-factor ANOVA,

 < 0.05) higher in the CO441 and CO433 resistant lines than the sus-
eptible CO389 and CO354 (Fig. 4G–I). Before fungal inoculation,
imilar activity was observed between the susceptible genotypes
or CAT, PODc and PODw (Fig. 4G–I), while different activity was
etected between the two resistant lines for CAT and PODw. The
ighest CAT and PODw activity was revealed in CO441 and CO433
enotypes, respectively. After inoculation with F. verticillioides, all
hree enzyme activities increased significantly in comparison to
ontrols and reached greater values in the resistant lines (Fig. 4G–I).
articularly, the increase of PODw was higher for the resistant lines

n CO433 and for the susceptible lines in CO354 (Fig. 4I). For SOD

nzyme activity, except in CO441 where no change was  observed,
he inoculation with pathogen caused a significant reduction of
ts activity in the other lines with the highest decrease in CO389
enotype as compared to the respective controls (Fig. 4J). On the
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other hand, in uninoculated kernels similar constitutive levels for
SOD activity were observed in CO354, CO441 and CO433, while the
highest level of this enzyme was measured in CO389 line.

The basal level of H2O2 (Fig. 5A) and MDA  (Fig. 5B) contents was
significantly higher in the resistant lines than the susceptible ones
(one-factor ANOVA, P < 0.05). The pathogen inoculation caused sig-
nificant (Student’s t-test, P < 0.05) enhanced levels of H2O2 and lipid
peroxidation in the susceptible genotypes in respect to controls,
whilst no significant changes occurred in the resistant genotypes
(Fig. 5A-B).

4. Discussion

In this study we  reported the key role of the constitutive host
resistance in the outcome of F. verticillioides-maize interaction. The
analyzed resistant CO433 and CO441 lines showed higher expres-
sions of genes related to oxidative stress protection in comparison
to the susceptible CO389 line in the uninoculated controls. Even
higher differences with the CO389 expression levels were found in
the resistant controls for the PR genes (FC up to 124 times for PR1 in
CO441). Regarding the changes occurring in the kernels after inoc-
ulation, surprisingly, gene expression was higher in the susceptible
lines compared to the resistant ones for all tested genes. However,
smaller differences in the induction of genes of the antioxidant
cycle were detected between resistant and susceptible lines, and
APX and SOD were even not affected by inoculation in the resistant
lines. An earlier activation of these genes or the exploitation of the
constitutively present proteins can explain the lack of induction in
the resistant lines after F. verticillioides inoculation. PR genes were
strongly induced by pathogen inoculation in all genotypes and the
highest FCs (inoculated/control) were associated with these genes.
In particular, induction was  greater in the CO389 line, which was
highly colonized by fungal growth. It is possible that in the sus-
ceptible lines, especially in CO389, PR transcripts were delayed in
comparison to resistant genotypes.

In this investigation, the highest constitutive levels of PR tran-
scripts were observed for PR1 and PRm6 in the resistant genotypes.
Maize PRms genes were found to be expressed in seed tissues before
F. verticillioides mycelium was  visible, confirming that tissues dis-
play defense mechanisms before colonization (Shu et al., 2014).
After infection by F. verticillioides and other fungal pathogens, PR1
proteins accumulate in maize seedlings primarily in those cell
types that are in contact with the pathogen and, as a second bar-
rier, in papillae at inner parts of the infected tissue (Murillo et al.,
1999). The role of PR proteins in several plant-pathogen interac-
tions was  also demonstrated by overexpressing PR1,  PR5 and PRm3
genes to enhance resistance to F. graminearum (Chen et al., 1999;
Makandar et al., 2006). Moreover, constitutively overexpression
of maize PRms showed a broad-spectrum resistance to infection
by bacterial and fungal pathogens, including F. verticillioides, dis-
playing a basal expression level of endogenous defense genes and
stronger and quicker defense responses during pathogen infection
(Gómez-Ariza et al., 2007).

Regarding the enzymatic activity and concentration of the com-
ponents related to the oxidative stress, significant differences were
detected among the genotypes, with SOD as the only exception. In
general, the level of transcripts related to oxidative stress fit with
their enzymatic activities: higher enzymatic activities were found
in the control and inoculated kernels of the resistant lines, confirm-
ing that the late activation of defense responses in the susceptible
lines resulted in a delay in protein synthesis.
Enzymatic activity and concentration of most of the ASC-GSH
pathway components were significantly affected by F. verticillioides
inoculation, in comparison to the respective controls. ASC-GSH
cycle is involved in stress tolerance in plant since key part of the
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Fig. 4. Monodehydroascorbate reductase (MDHAR, A), dehydroascorbate reductase (DHAR, B), and glutathione reductase (GR, C) activities, reduced glutathione (GSH, D),
oxidized glutathione (GSSG, E) and ascorbate (ASC, F) contents, catalase (CAT, G), cytosolic peroxidase (PODc, H), cell wall peroxidase (PODw, I) and superoxide dismutase
(SOD,  J) activities in kernels of susceptible (CO389 and CO354) and resistant (CO441 and CO433) maize lines before (control) and 72 h after F. verticillioides inoculation.
Values represent the mean of at least five replications from four independent experiments. Values represent the mean of at least five replications from four independent
experiments. Same letters over the histograms state no significant differences between means of control genotypes (greek letters) and inoculated genotypes (latin letters),
as  resulting from Tukey’s HSD test (P < 0.05).* indicate significant differences among control and inoculated means within the same genotype, according to Student’s test
(P  < 0.05).
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Fig. 5. Hydrogen peroxide (H2O2, A) and malondialdehyde (MDA, B) contents in kernels of susceptible (CO389 and CO354) and resistant (CO441 and CO433) maize lines
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efore  (control) and 72 h after F. verticillioides inoculation. Values represent the me
istograms state no significant differences between means of control genotypes (g
P  < 0.05).* indicate significant differences among control and inoculated means wit

etwork of pathways for ROS scavenging in plants (Anjum et al.,
010; Mittler 2002). The enzymes MDHAR, DHAR and GR maintain
he cellular pool of antioxidant ASC and GSH in their reduced state
Mittler et al., 2004), and, interestingly, they showed higher consti-
utive activity in the resistant lines in comparison to the susceptible
ontrols, corresponding also to the highest constitutive contents of
SH and ASC (reduced forms). Moreover, F. verticillioides inocula-

ion led to a significant decrement of MDHAR and DHAR enzymatic
ctivity in all four lines, whilst a significant increment of GR activity
as detected only for the resistant genotypes. This enzymatic pat-

ern highlighted that the main maize reconversion pathway related
o F. verticillioides detoxification did not involve the ascorbate, but
he glutathione. The latter, in reduced form, has an essential role in

any crucial biochemical reactions, as preventing the compound
xidation and the perturbations in any of step of thiol metabolism
uring penetration of fungi and possible diffusion of their myco-
oxins. After pathogen inoculation, a different scenario is depicted
n the susceptible lines where to the GSH content increment did
ot correspond a decrease of GSSG and an increase in GR activity,
uggesting a de novo GSH synthesis due to a possible imbalance of
he redox state in the cytosol (Foyer and Noctor 2005).

SOD, APX, CAT and POD are key enzymes to control the level
f ROS, such as H2O2 and superoxide anion, in planta.  Interest-

ngly, SOD is the only component of the ROS-scavenging systems
hat did not show a significant difference in constitutive activity
mong controls of resistant (CO441 and CO433) and susceptible
CO354) lines, whilst significant higher levels were associated to
O389. Moreover at 72 hpi SOD activity significantly decreased in
ll genotypes (excluding CO441), and, in contrast, H2O2 contents
ignificantly increased only in the susceptible genotypes, causing
n oxidative burst in these genotypes. Therefore, other processes
uch as photorespiration, might contribute to the H2O2 production
Noctor et al., 2002). The resistant CO441 line showed a similar
rend of SOD activity in seedlings inoculated with F. verticillioides
Lanubile et al., 2012b) and kernels inoculated with F. proliferatum,
. subglutinans and Aspergillus flavus (Lanubile et al., 2015), as well
s in sheath tissue of wheat infected by F. proliferatum (Kwon and
nderson 2001), suggesting that SOD activation occurs at earlier
tages of pathogen infection prior to 72 hpi.

The resistant genotypes showed a constitutive higher level of
AT, PODc and PODw, which significantly increased after inoc-
lation, contributing to the efficient H2O2 scavenging. The high
onstitutive and induced PODw activity could be important in

he resistant genotypes for the regulation of cell wall cross-links,
roviding higher stiffening to wall and acting as physical barrier
gainst fungal pathogens (Paciolla et al., 2008).
t least five replications from four independent experiments. Same letters over the
etters) and inoculated genotypes (latin letters), as resulting from Tukey’s HSD test
e same genotype, according to Student’s test (P < 0.05).

In this sense, the oxidative burst detected in the susceptible
genotypes may  be due to a delayed activation of the CAT and POD
enzyme activities, both induced by inoculation and constitutively
less active in the controls. The oxidative burst, observed in the sus-
ceptible lines, could favor necrotrophic phase of F. verticillioides
infection. Babaeizad et al. (2009) showed that overexpression of a
gene encoding a cell death suppressor, BAX inhibitor-1, retarded
F. graminearum (hemibiotroph) colonization of barley seedlings.
Moreover, a higher catalase activity was associated to the resis-
tance of maize roots to F. verticillioides-colonization (Kumar et al.,
2009).

According to our study, the constitutive higher antioxidant con-
tent appeared to be crucial in maize kernels in preparation of
pathogen attack. As a confirmation of our findings, enzyme activi-
ties involved in protection of plant tissues against oxidative damage
and ROS detoxification, as represented by CAT, SOD and glutathione
transferase were not constitutive and only induced upon F. ver-
ticillioides inoculation in susceptible maize germinating embryos
(Campo et al., 2004). Additionally, resistant maize rachis to A. flavus
inoculation showed higher levels of proteins involved in oxidative
stress protection in comparison to a susceptible line already in the
controls (Pechanova et al., 2011). Constitutive or wound–inducible
defenses were more likely the driving force for the greater ker-
nel resistance of CO441 in comparison to a susceptible line, since a
reinforcement of PR proteins, chitinases, peroxidases, xylanase and
proteinase inhibitors, already present in the mock-treated kernels,
was observed at 48 hpi with F. graminearum (Mohammadi et al.,
2011).

This study demonstrated that the seed constitutive defenses
could be profitably exploited to develop useful markers for breed-
ing. Resistant genotypes to F. verticillioides could be selected based
on the expression levels of genes related to protection from the
oxidative stress and PR genes. Therefore, the employment of mark-
ers developed from candidate genes linked to the resistance could
be used for speeding marker assisted selection of resistant maize
genotypes. The inbred lines chosen in this study showed analogous
levels of resistance to F. graminearum and F. verticillioides inocu-
lation (Reid et al., 2009). Moreover, the candidate genes tested in
this study discriminated efficiently the susceptibility and resistance
responses of the CO354 and CO441 lines, respectively, after inoc-
ulation with F. proliferatum, F. subglutinans and Aspergillus flavus
(Lanubile et al., 2015). Further investigation of maize overexpress-
ing PR1 and PRm6, the best PR genes candidate for resistance in

our study, could confirm their roles in F. verticillioides and broad-
spectrum resistance.
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