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Abstract

Fumonisin B, (FB)) is the most harmful toxin, due to its incidence and high concentrations in maize, along with its toxicity
to humans and animals. To investigate possible mechanisms of FB, phytotoxicity, an RNA-Sequencing based transcriptome
analysis was carried out at 3 h after FB, treatment in the shoots of the CO433 maize line resistant to Fusarium verticillioides.
One thousand four hundred and fifty-nine differentially expressed genes were identified, 13.9% of them playing a role in
defense and cell rescue functional classes. The study of the transcriptional changes was extended to the CO389 genotype
susceptible to F. verticillioides at 3 and 48 h after exposure to FB, for a subset of thirteen genes involved in the antioxidant
metabolism, mycotoxin detoxification, cell death regulation, hormone signaling, and ubiquitination. Moreover, antioxidant
enzymes and compounds were monitored in the same plant material. Defense responses appeared promptly activated in the
shoots of the resistant genotype; particularly, at 3 h, the accumulation of most transcripts and enzymes protecting from oxi-
dative stress and involved in the toxicity response processes as well as the ascorbate content were enhanced, underlining an
earlier and higher attitude in this background to counteract the phytotoxic action of FB,. In contrast, in the susceptible line,
the expression of the majority of genes along with catalase, phenolics and ascorbate levels increased at later treatment time,
conferring a lower readiness in response to the mycotoxin. This work provides useful sources of markers for the development
of successful disease management strategies in maize.

Keywords Fumonisin B, - Zea mays - RNA-sequencing - Phytotoxicity - Antioxidant defense - Programmed cell death

Introduction

Maize (Zea mays L.) is a key crop for food, feed, and indus-
trial applications. It showed the highest production in 2021
with more than 1.2 billion tons harvested and the fastest
growth since 2000 Food and Agriculture Organization of
the United Nations (2021). Across all its cultivation range,
D< Alessandra Lanubile maize is highly exposed to significant constraints due to the

alessandra.lanubile @unicatt.it presence of pathogens limiting grain yield and quality. Fun-
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various mycotoxins that represent important pathogenic-
ity and virulence factors (Logrieco et al. 2021; Munkvold
et al. 2021). One of these harmful mycotoxins is fumoni-
sin B, (FB,), which is the most toxic and prevalent among
other fumonisins, recorded as a potential human carcino-
gen (group 2B) by the International Agency for Research
on Cancer (1993). Moreover, its toxicity was ascertained
in animals, causing diseases such equine leukoencephalo-
malacia, porcine pulmonary edema and hepatic cancer, and
in plants, determining seedling length and dry mass reduc-
tion, chlorosis, necrosis, and programmed cell death (PCD)
(Ismaiel and Papenbrock 2015; Renaud et al. 2021).

Fumonisin B1 (FB,) is the structural analogue of the
sphingoid bases sphinganine and sphingosine and inhibits
metabolism of sphingolipids, the major structural compo-
nents of plasma membrane, by the suppression of ceramide
synthase activity (Wang et al. 2016; Zhao et al. 2022). Per-
turbations in the sphingolipid pathway and PCD in plants
are strongly associated (Zeng et al. 2020). Long-chain bases
(LCBs) serve as building block of sphingolipids and act as
second messengers. It was observed that FB, treatment leads
to an imbalance between free LCBs and ceramides that in
turn cause PCD in a hormone-dependent manner (Asai et al.
2000; Nishimura et al. 2003; Shi et al. 2007). The over-
expression of a sphingoid LCB kinase (LCBK]1) in Arabi-
dopsis induced plant resistance to FB, exposure, conversely
its knockdown conferred hypersensitivity to the mycotoxin
(Yanagawa et al. 2017). Moreover, supplying plants with the
sphingoid bases dihydrosphingosine, phytosphingosine, and
sphingosine efficiently triggered reactive oxygen intermedi-
ate production and cell death (Shi et al. 2007).

During plant-pathogen/elicitor interactions, the produc-
tion of reactive oxygen species (ROS) is rapidly induced
(Igbal et al. 2021; Xing et al. 2013; Ye et al. 2021). ROS
(e.g., H,0,, O,7, and OH’) and nitric oxide generation can
initiate the hypersensitive response (HR), a form of PCD
at the infection site, which results in a rapid and localized
cell death restraining pathogen spread (Igbal et al. 2021).
In addition, protein and chloroplast oxidation, lipid peroxi-
dation, cell and DNA damage can be caused by ROS pro-
duction (Noctor et al. 2018). ROS surplus is regulated by
the expression and activity of several antioxidant enzymes,
including superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), and peroxidase (POD) (Po6r
et al. 2017). Moreover, plants have developed non-enzymatic
defense antioxidants such as ascorbate (ASC), dehydroascor-
bate (DHA), glutathione (GSH) and glutathione oxidized
(GSSH) (Foyer and Noctor 2009). Similarly, as in plant-
pathogen interaction, a significant induction of superoxide
and H,0O, was found under FB, stress in Arabidopsis leaves
(Xing et al. 2013). In parallel, pre-treatments with CAT
and ASC led to a drastic reduction of FB;-induced ROS
burst and salicylic acid levels (Xing et al. 2013). Analogous
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results were reported by Lanubile et al. (2022), where an
even higher accumulation of H,O, and superoxide, as well
as GSH, was measured in cell cultures of the same plant
species 48 h after FB, exposure. Moreover, a plethora of
oxidative stress biomarkers as electrolyte leakage, H,O,,
SOD, POD and thiobarbituric acids was assayed in resist-
ant and susceptible maize seedlings irrigated with FB, (1
and 20 ug mL™!) and sampled up to 21 days after planting
(Otaiza-Gonzélez et al. 2022). Plant redox status was per-
turbated mainly in roots at both mycotoxin concentrations,
though the resistant plants showed a rapid induction of cell
death and major stress at late treatment time indicative of
a more efficient FB| phytotoxicity control strategy (Otaiza-
Gonzilez et al. 2022).

In the present study, an extensive view of the impact of
FB, was investigated in resistant (CO433) and susceptible
(C0O389) to Fusarium verticillioides maize shoots at 3 and
48 h after treatment. RNA-Sequencing (RNA-Seq), real-time
reverse transcription-quantitative PCR (RT-qPCR) analysis
and enzymatic and compound measurements were combined
to identify genes and antioxidant clues correlated with the
phytotoxicity elicited by FB,.

Materials and Methods
Plant Material and Fumonisin B, Treatment

Two maize genotypes with contrasting phenotypes for resist-
ance to Fusarium ear rot were used in this study: the resistant
line CO433 and the susceptible line CO389, as previously
reported (Maschietto et al. 2016). Seeds were obtained from
the Eastern Cereal and Oilseed Research Centre, Agriculture
and Agri-Food Canada (Ottawa, Canada) and were main-
tained by sibbing at the Department of Sustainable Crop
Production, Universita Cattolica del Sacro Cuore, Piacenza,
Italy.

Seeds of the two lines were planted in pots (40 cm diam-
eter, 35 cm height) and plants of each line were grown in
an environmentally controlled greenhouse with day- and
night-time conditions of 28 °C and 20 °C temperatures,
respectively, and a light regime of 16 h using lamps at
500 umol m~2 s~! (Master TLD 58 W/830, Royal Philips
Electronics, Eindhoven, The Netherlands) as described in
Lanubile et al. (2015). At the three-leaf stage, 40 sterile
shoots of both lines were spiked by HPLC syringe injec-
tion with fumonisin B; (FB;) (AppliChem, Germany), dis-
solved in Phosphate Buffered Saline (PBS) pH="7.4 at the
final concentration of 1 mg mL~!, in the part of the stem
between the collar and the insertion of the first leaf. In paral-
lel, control shoots were inoculated with PBS without FB;.
Shoots were collected at 3 and 48 h after FB; and buffer
treatment and analyzed. Four pools of shoots for the 3 and
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48 h time-points were prepared, where each pool derived
from the mixing of 10 plants of FB, and buffer inoculated
CO0433 and CO389 lines.

RNA-Seq analysis was conducted only on shoots of
the CO433 genotype collected at 3 h after FB; and buffer
treatment considering three biological replicates. To assess
whether FB,| treatment, by mimicking an HR response,
caused a premature modulation of cell death responsive
genes and a high level of oxidative stress, a very early time-
point (3 h) after fumonisin elicitation was considered for
the RNA-Seq experiments. Indeed, plants hypersensitive
response by an incompatible pathogen interaction is char-
acterized by an early oxidative and nitrosative burst. Moreo-
ver, maize shoot tissues were selected based on the results
of a previous work by Desjardins et al. (1995), where the
inoculation of a similar concentration of fumonisin resulted
in decreased shoot emergence and seedling height compared
with treatment without the mycotoxin.

Real-time reverse transcription-quantitative PCR (RT-
gPCR) and enzymatic and other parameters analysis were
performed on shoots of both genotypes at 3 and 48 h after
FB, or buffer treatment. RT-qPCR experiments refer to three
independent biological replicates as for RNA-Seq analysis,
whereas biochemical experiments refer to four independent
biological replicates.

RNA Isolation and Library Preparation

The collected shoots were ground in liquid nitrogen with a
pestle and mortar and total RNA isolations were performed
according to Lanubile et al. (2013) using TRIzol™ proto-
col (ThermoFisher SCIENTIFIC, Waltham, MA, USA).
RNA was then purified with the RNA Clean up protocol
(Qiagen, Valencia, CA, USA), according to the manufac-
turer's instructions. The extracted RNA was quantified using
a fluorometric assay (Qubit, Thermo Fisher Scientific Inc.
Waltham, MA, USA) and the integrity was checked using
gel electrophoresis. Furthermore, total RNA samples were
assessed for quality using an RNA 6000 Nano Kit (Agilent,
Wokingham, UK) and 2.5-pg were utilized for the prepara-
tion of a non-directional Illumina RNA-Seq library using
the TruSeq RNA Sample Prep Kit v2 (Illumina Inc., San
Diego, CA, USA). The quality of the library was checked
with a High Sensitivity DNA Kit (Agilent). Libraries were
sequenced with an Illumina HiSeq 1000 sequencer (Illu-
mina) and 100-bp paired-end sequences were generated.
Raw sequences are available in the National Center for Bio-
technology Information (NCBI) Sequence Read Archive
(SRA) under accession number PRINA1190998.

Bioinformatic Analysis

Raw and processed sequence data were assessed using
FastQC v0.11.9 (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc, February 2024). TrimGalore v0.6.7
(https://github.com/FelixKrueger/TrimGalore, Febru-
ary 2024) and Cutadapt v3.4 (Martin 2011) were used for
adapter and quality trimming for paired-end data with Phred
quality score > 20 and minimum read length of 35 bp. Pro-
cessed reads were aligned to the maize Zm-B73-REFER-
ENCE-NAM-5.0 downloaded from Ensembl Plants Release
58 using STAR v2.7.9a (Dobin et al. 2013) in two-pass mode
and transcript abundances were quantified using Salmon
v1.5.2 (Patro et al. 2017). SAMtools v1.15.1 (Li et al. 2009)
was used for sorting and indexing alignments. Data was
processed using nf-core/rnaseq v3.14.0 (Patel et al. 2024)
executed with Nextflow v23.05.0-edge (Di Tommaso et al.
2017). Quantification and statistical inference of systematic
changes were investigated using DESeq2 v1.38.0 (Love et al.
2014). Differentially expressed genes (DEGs) were selected
with adjusted p-value threshold of 0.05 and selecting genes
with Log2FC > 0.5 or Log2FC < — 0.5. The procedure of
p-value adjustment for multiple testing was according to
Benjamini and Hochberg (1995) as implemented in DESEq2
package.

Sequences of DEGs were compared with NCBI non
redundant (NR) database with a Blast E-value of 10~ and
were functionally annotated using Blast2GO (Gotz et al.
2008) assigning a GO term and a metabolic pathway in
the Kyoto Encyclopaedia of Genes and Genomes (KEGG)
to the query sequences. Sequences were classified into 13
functional categories (Cell component; Cell wall; Electron/
Energy; Metabolic process; Miscellanea; Photosynthesis;
Proteolysis; Response to stress; Resistance; Secondary
metabolism; Signal transduction; Transport; Unknown func-
tion) based on GO annotation.

Real-Time RT-qPCR Gene Expression Analysis

As already mentioned above, RT-qPCR experiments were
performed on shoots collected at 3 and 48 h after FB, and
buffer treatment for the genotypes CO433 and CO389 using
the FluoCycleTM II SYBR Green master mix (EuroClone
S.p.a., Milan, Italy) and the CFX-96 device (Bio-Rad,
Hercules, CA, USA). One pg of total RNA was taken for
cDNA synthesis using the High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). For real-time
RT-qPCR, 20 ng of single strand cDNA determined by fluo-
rometric assay (Qubit, Thermo Fisher Scientific). RT-qPCR
was performed under the following conditions: 95 °C for
3 min and 40 cycles at 95 °C for 15 s, specific annealing
temperatures for 30 s, followed by a melting curve analysis.
For each of the three biological replicates, three technical
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replicates were employed for each FB, treated sample and
buffer treated controls. When possible, gene-specific prim-
ers were designed within consecutive exons, separated by
an intron, using Primer3 software and their sequences are
listed in Supplementary Table 1. Relative quantification was
normalized to the housekeeping control gene (f-actin) and
fold change (FC) values in gene expression were calculated
using the 2722 method (Schimittgen and Livak 2008) and
calibrated on the buffer treated control.

Enzymatic Activity Determination

Fumonisin B, and buffer treated shoots of CO433 and
CO389 genotypes were ground with a pestle and mortar at
4 °C in 50 mM Tris—HCI pH 7.8 containing 0.3 mM man-
nitol, 1 mM EDTA, and 0.05% (w/v) cysteine in a 1:3 ratio
(w/v). The homogenate was centrifuged at 1000 X g for
5 min and the supernatant was re-centrifuged for 20 min
at 25,000 x g. The resulting supernatant, assayed as cyto-
solic fraction, was desalted by dialysis against 50 mM
Tris—HCI, pH 7.8 and used for spectrophotometric analysis.
The activities of enzymes ascorbate peroxidase (APX; EC
1.11.1.11), catalase (CAT; EC1.11.1.6), peroxidase (POD;
EC 1.11.1.7), superoxide dismutase (SOD; ECI1.15.11),
glutathione reductase (GR; EC 1.6.4.2), dehydroascorbate
reductase (DHAR; EC 1.8.5.1) and monodehydroascorbate
reductase (MDHAR; EC 1.6.5.4) were tested according to
Paciolla et al. (2008) and Mastropasqua et al. (2012). For
APX, 1 U=1 nmol of ascorbate oxidized min~'; for CAT,
1 U=1 nmol of hydrogen peroxide dismutated min~"; for
POD, 1 U=1 nmol of 4-methoxy nafthol (MN) oxidized
min~'; for SOD, 1 U=the activity of enzyme required to
inhibit the reduction rate of nitro blue tetrazolium (NBT)
by 50% at 25 °C; for GR, 1 U=1 nmol of nicotinamide ade-
nine dinucleotide phosphate oxidized (NADPH) min~"'; for
DHAR, 1 U=1 nmol of dehydroascorbate (DHA) reduced
min~'; and for MDHAR, 1 U=1 nmol of NADH oxidized
min~!. The protein content was determined according to
Bradford (1976), using bovine serum albumin as a standard.

Ascorbate and Glutathione Pool Content
Determination

Plant samples were homogenized with three volumes of
cold 5% (w/v) metaphosphoric acid in a porcelain mortar.
The homogenate was centrifuged for 15 min at 20,000 X g
and the supernatant was collected for the analysis of ascor-
bate (ASC), dehydroascorbate (DHA), glutathione (GSH)
and glutathione oxidized (GSSH) according to Zhang and
Kirkham (1996).
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Phenol Content Determination

Phenol content was measured by homogenizing 0.5 g of
plant samples with 80% ethanol solution in a 1:8 w/v ratio.
The homogenate was centrifuged at 7000 X g for 10 min, and
to 0.05 mL of supernatant were added 0.95 mL of distilled
water and 0.05 mL of a 1:1 water diluted Folin-Ciocalteu
reagent. After 3 min, 100 mL of a 0.1 M NaOH solution
containing 20% (w/v) Na,CO; was added, and the mixture
was incubated at 25 °C for 90 min in darkness (Singleton
et al. 1999). The absorbance was spectrophotometrically
measured at A =760 nm. Total phenols were expressed as
mg of gallic acid equivalent (GAE) on fresh weight.

Total Antioxidant Content Determination

2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) radical-scavenging activity of the hydrophilic frac-
tions was determined by a procedure reported by Teow et al.
(2007). Plant samples (0.2 g) were homogenized with 85%
ethanol in a 1:6 (w/v) ratio and centrifuged at 20,000 X g for
15 min. The total antioxidant activity of supernatant was
measured using ABTS as radical reacting with the antioxi-
dant molecules and measuring the absorbance at A=730 nm
after 1 min reaction.

H,0, and Lipid Peroxidation Level Determination

H,0, level was evaluated according to Lee and Lee (2000).
For lipid peroxidation, plant samples were ground with four
volumes of 0.1% (w/v) trichloroacetic acid. The homogenate
was centrifuged at 10,000 X g for 10 min. One mL of 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 determined by the thiobarbituric acid reac-
tion as described by Zhang and Kirkham (1996).

Statistical Analysis

For gene expression analysis, three biological replicates
were considered and plotted values represent the respec-
tive means and standard deviation of the means. One-factor
analysis of variance (ANOVA), followed by Tukey’s HSD
test (p <0.05), was performed on the observed means of FC
gene expression values to set significant differences between
genotypes (CO433 and CO389) within each time of treat-
ment and between times of treatment (3 and 48 h) within
each genotype.

For enzymatic activities and compound measurements,
four different replicates of four independent experiments
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were considered and the error bars represent standard devia-
tion of the means. One-factor ANOVA, followed by Tukey’s
HSD test (p <0.05), was performed to set significant differ-
ences among samples. The statistical package IBM SPSS
statistics 27 (IBM Corp., Armonk, NY, USA) was used for
data analysis.

Results and Discussion

Fumonisin B, is a strong inducer of PCD, and much of the
advance in this field was done in the experimental model
A. thaliana (Igbal et al. 2021; Zeng et al. 2020). In this
regard, Lanubile et al. (2022) reported that FB, treatment
induced a rapid cell death as well as oxidative and nitro-
sative bursts in Arabidopsis cell cultures. Besides, authors
observed a differential modulation of genes involved in PCD
regulation, antioxidant metabolism, and pathogenesis, along
with glutathione accumulation. This study for the first time
extends the use of RNA-Seq and real-time RT-qPCR analy-
sis to identify transcripts related to FB, exposure in shoots
of resistant and susceptible maize inbred lines. Moreover,
biochemical signatures were explored in the same plant
material.

Cell component
Secondary Metabolism
Photosynthesis
Proteolysis

Cell wall
Electron/Energy
Resistance
Response to stress
Miscellanea
Transport

Signal transduction

Unknown function

Metabolic process

Transcriptional Changes in Response to Fumonisin
B1

Transcriptome analysis was carried out at 3 h after FB, treat-
ment in the maize genotype CO433, previously classified
as resistant to F. verticillioides (Maschietto et al. 2016).
Sequencing of libraries obtained from maize shoots either
buffer (control) and FB, treated produced 129,381,999 and
135,886,464 100 bp paired-end reads, respectively, cor-
responding to about 25.9 Gbps and 27.2 Gbps. Details on
paired-end reads statistics for each of the three replicates
in each treatment are shown in Supplementary Table 2. On
average of 93% of the total reads mapped uniquely to ref-
erence Zm-B73-REFERENCE-NAM-v5.0 maize genome
sequence. The expression of each of the 44,303 current
official maize gene models was extracted as Transcripts
Per Kilobase Million (TPM) counts after reads mapping.
Eight-thousand three hundred and ten genes had TPM counts
equal to zero in all samples. Twenty-six thousand five hun-
dred and forty-four and 27,078 genes were expressed (TPM
counts >0.5) in CO433 genotype after buffer and FB1 treat-
ment, respectively (Supplementary Table 3). Differentially
expressed genes between the two treatments were screened
by applying an adjusted p-value threshold of 0.05, and
logarithmic fold-change threshold values equal to 0.5 and
—0.5, revealing a total number of 1,459 genes, of which
1,040 and 419 were up- and down-regulated in the fumoni-
sin treatment, respectively (Supplementary Table 4). To

B Induced
O Repressed

Fig. 1 Functional categories of differentially expressed genes in sam-
ples of CO433 genotype at 3 h after fumonisin B, (FB,) treatment.
Induced genes are represented in black, while repressed ones are

17.9%
D 22.5%
D 24.2%
50 100 150 200 250 300 350 400

in white. The total percentage of modulated transcripts within each
functional category is also shown. The complete list of genes is avail-
able in Supplementary Table 4
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better understand their functionality, DEGs were annotated
using Blast2GO software (G6tz et al. 2008) and classified
in 13 broader functional categories (Fig. 1; Supplementary
Table 4).

After removing genes with unassigned function, the
largest proportion of DEGs belonged to metabolic process
(24.2%), signal transduction (17.9%) and defense-related
functional classes (13.9% in total), such as resistance,
response to stress, cell wall and secondary metabolism.
These last classes consisted of several DEGs encoding
putative thaumatin-like proteins, metacaspases, heat shock
proteins, and pectinesterases, the majority of them induced
after fumonisin exposure and with a pectin methyltransferase
showing the highest 10g2FC values of 10.3 (Fig. 1; Sup-
plementary Table 4). Besides these two classes, the second
largest group of DEGs was related to signal transduction
and included several genes encoding putative transcription
factors as those belonging to AP2 (APETALA2)-EREBP

40 ,

Relative expression

APX CAT POD SoD SME

Fig.2 RT-qPCR analysis of Zea mays genes upon fumonisin B,
(FB,) treatment. Relative expression between FB, and buffer treated
samples of CO433 and CO389 genotypes (black and white bar
graphs, respectively) for 3 and 48 h. ascorbate peroxidase (APX);
catalase (CAT); peroxidase (POD); superoxide dismutase (SOD);
small multi-drug export protein (SME); stress enhanced protein
chloroplastic-like (SEP); inhibitor of apoptosis-like protein (IAP);
metacaspase (MET); AP2-EREBP-transcription factor 98 (EREB);
SAUR33-auxin-responsive  SAUR family member (SAUR); prolyl
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SEP IAP

(ethylene-responsive element binding proteins), MYB, NAC,
WRKY and TIFY families (Supplementary Table 4).

To gain more insight into the potential mechanisms
underlying cell death caused by FB, exposure, the analysis
of transcriptional changes for a set of twelve genes involved
in the antioxidant metabolism, mycotoxin detoxification,
PCD regulation, hormone signaling, and ubiquitination,
was extended by RT-qPCR at 3 and 48 h in the resistant
and susceptible genotypes CO433 and CO389, respectively
(Fig. 2). Ten genes resulted as differentially regulated from
RNA-Seq investigation (Supplementary Table 4) and an
exact agreement between the two techniques was found.
Further two genes encoding for ascorbate peroxidase (APX)
and catalase (CAT), previously considered along with super-
oxide dismutase (SOD) as markers for the stress response to
several fungal pathogens (Maschietto et al. 2016; Lanubile
et al. 2015, 2017), were included in the panel of genes to
be monitored in the wider expression analysis. The relative

WCO4333h []CO3893h
[ CO43348h []C0O38948h

ba

ap
EREB98 SAUR PEP UPL

MET

endopeptidase (PEP); ubiquitin-protein ligase (UPL). Vertical bars
indicate + sd. The same letters over the bar graphs state not significant
differences between means of the two genotypes (CO433 and CO389)
within each time of treatment (3 and 48 h) (Latin letters) and the two
times of treatment within each genotype (Greek letters), as resulting
from Tukey’s honestly significant difference test (p <0.05). Experi-
ments refer to three independent biological replicates. Bars indicate
the mean and error bars indicate the SD
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expression profiles were calculated as fold change (FC) of
FB, over buffer treated samples.

Regarding genes protecting from oxidative stress, tran-
scripts encoding APX, CAT, SOD, and peroxidase (POD),
all showed increased expression levels for both genotypes at
early FB, treatment time, more enhanced in CO433, with the
exception of SOD where no significant differences between
genotypes were observed (FC of about 10.4 for both inbred
lines; Fig. 2). At late exposure time APX, CAT, and POD
were down-regulated in CO433, whereas the susceptible line
displayed a higher induction in the expression level of 3.5
and 2.3-fold for APX and CAT, respectively. Once again, no
significant variation was displayed by SOD between CO433
and CO389 at this treatment time (Fig. 2).

The production of reactive oxygen species (ROS) is rap-
idly induced in host plant after recognition of a pathogen
or elicitor like FB,, and its accumulation was previously
reported in several plant species (A. thaliana, tobacco,
tomato, and maize) and target organs (leaves, root, seedlings,
and cell cultures) (Harvey et al. 2008; Lanubile et al. 2022;
Otaiza-Gonzailez et al. 2022; Qin et al. 2017; Stone et al.
2000; Wu et al. 2015; Xing et al. 2013; Zhao et al. 2015). A
key role in ROS detoxification is carried out by antioxidant
enzymes as SOD that catalyses the conversion of O, to
0O, and H,0, (Alscher et al. 2002). The latter is degraded
by the concerted action of peroxisome-localised CAT, cyto-
solic or chloroplastic APX, along with POD (Czarnocka and
Karpinski 2018).

It was reported that the antioxidant gene APX displayed
an abundant transcript accumulation in Arabidopsis cells
during the late FB, treatment time more enhanced at higher
fumonisin concentrations (Lanubile et al. 2022). Igbal et al.
(2023) described a significant induction of SOD-CuZn,
SOD-Mn, CAT2 and CAT3 isoforms along with APX/ and
APX?2 in fusaric acid treated tomato seedlings particularly
after 72 h exposure, whereas SOD-Fe and CAT1 genes were
down-regulated throughout the examined time-course.
Moreover, transcripts encoding a class III plant POD
increased at higher levels in wheat coleoptiles of a deox-
ynivalenol resistant cultivar but not in the susceptible one
(Ansari et al. 2014).

For the successful survival to mycotoxin exposure, plants
have to activate not only their antioxidant system to reduce
ROS effects, but also utilize detoxification approaches to
attenuate the impact of toxin accumulation. In this regard,
the expression of a gene encoding for a small multi-drug
export protein (SME) was also evaluated deeper in response
to FB, in different genotypes and at different time points
upon treatment (Fig. 2). Again, a down-regulation occurred
in the resistant genotype CO433 at late treatment time (FC of
—2.8) differently from the susceptible genotype, whereas it
did not show any significant transcriptional change between
3 and 48 h in the CO389 line (Fig. 2).

The exposure to FB, also initiates PCD in a process
involving multiple pathways such as the activation of spe-
cific plant proteases and nucleases causing DNA fragmen-
tation (Zeng et al. 2020). The transcriptional changes of
three genes related to PCD regulation were also considered
in this work (Fig. 2). All three genes were up-regulated in
the CO433 line at 3 h with FC ranging from 1.7 for the
gene encoding an inhibitor of apoptosis-like protein (IAP)
to 15.7 for the metacaspase (MET), whereas more attenu-
ated or even repressed levels of transcripts were observed
at late timepoint. An opposite trend was found for the
susceptible line CO389 where FB, treatment resulted
in a lower expression at early timepoint followed by an
increase after 48 h, with the highest gene induction for
MET (FC of 19.7). Metacaspases are a class of cysteine-
dependent proteases that orchestrate cell suicide and plant
defense responses. In maize, the localization of MET with
previously identified quantitative trait loci (QTL) associ-
ated to disease resistance showed that most of them co-
localize with at least one QTL for resistance to southern
and northern leaf blight, grey leaf spot or Fusarium ear rot
(Ma et al. 2021). Different modulation levels of MET were
found against Cochliobolus heterostrophus and F. verticil-
lioides by RNA-Seq analysis (Ma et al. 2021).

It was observed that the metacaspase-coding sequences
like AtMC3, AtMC8, and AtMC9 were also expressed
within 24 h upon 10 pM FB, infiltration of 6-week-old
Arabidopsis leaves (Kwon and Hwang 2013). Moreo-
ver, the degree of cell death decreased in tomato cell
suspension exposed to FB, after treatment with caspase
(lysophosphatidyl ethanolamine) and serine protease
(4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride)
inhibitors (Iakimova et al. 2004, 2013).

Caspase activation is prevented by the inhibitor of
apoptosis IAP. The transgenic expression of JAP in tomato
determined resistance to lesions caused by FB, (Li et al.
2010), and an enhanced antiapoptotic activity resulted
in Arabidopsis IAP overexpressing plants when exposed
to FB, (Kim et al. 2011). Recently, Lanubile et al. 2022
reported that Arabidopsis cell cultures displayed IAP
induction especially 48 h after fumonisin treatment more
enhanced at 5 UM compared to lower concentrations, con-
firming the role of this gene as PCD mediator in several
species.

Plant susceptibility to FB, is well known to be associated
with hormone signaling. In this regard, the expression pro-
files of genes encoding AP2-EREBP-transcription factor 98
(EREB) and SAUR33-auxin-responsive (SAUR) were tested
(Fig. 2). EREB was induced in both genotypes at 3 h, but to
a more marked extent in the resistant line CO433 (FC=2.9),
whereas a down-regulation characterized the late time of FB,
treatment with FC of —1.9 and —2.4 for CO433 and CO389,
respectively (Fig. 2). A similar pattern was displayed by
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SAUR in the two genotypes at late timepoint. Interestingly,
the gene was also negatively regulated of 4.2-fold at 3 h
in the resistant line (Fig. 2), suggesting that it could act as
a susceptibility factor whose induction would favour more
likely PCD progress rather than its containment. In line with
this, Wang et al. (2012) reported the down-regulation of five
genes associated to the auxin pathway in Arabidopsis leaves
after ochratoxin A treatment. Moreover, it was demonstrated
that FB, restricts Arabidopsis root growth by reducing the
expression of several PIN-FORMED auxin carriers (Zhao
et al. 2022). Expression experiments of additional auxin-
associated genes and functional studies with plant mutants
should help to better understand how this hormone partici-
pates in the FB;-induced cell death.

By contrast, a higher number of works focused on the role
of the hormone ethylene in plant responses to FB, and myco-
toxins in general are available. It was found that Arabidopsis
mutants having defective ethylene biosynthesis or signaling
presented a more elevated chlorophyll degradation and cell
death boosting (Plett et al. 2009). In addition, the ethylene
receptor mutant Never ripe of tomato showed a more abun-
dant activation of antioxidant enzymes such as SOD, APX
and glutathione S-transferase compared to wild-type plants
(Igbal et al. 2023). However, Mase et al. (2013) observed
also an increased expression of ethylene response factor
I and 102 within 24 h in FB,-treated Arabidopsis leaves.
Interestingly, FB,-induced PCD was significantly reduced
by exogenous treatment with ethylene precursor 1-aminocy-
clopropane-1-carboxylic acid (ACC) (Wu et al. 2015), and
an enhanced transcript accumulation of ACC oxidase was
observed in the late times of fumonisin exposure in Arabi-
dopsis (Lanubile et al. 2022).

Plant hormone signaling is also regulated by the ubiqui-
tin—proteasome complex (Santner and Estelle 2010). The
expression of two genes that may play a role in this process
was considered in this study: the prolyl endopeptidase (PEP)
and the ubiquitin-protein ligase (UPL) (Fig. 2). Both genes
were induced in the CO433 line at 3 h, whereas a down-reg-
ulation occurred at 48 h. Conversely, transcript accumulation
of PEP and UPL was maintained high in the susceptible
genotype CO389 throughout the time course. The ubiqui-
tination pathway is required for protein recycling with the
aim to maintain protein balance in response to several stim-
uli including plant-microbe interactions (Zeng et al. 2006).

Different transcripts directly implicated in the ubiquitina-
tion process or acting as regulatory or structural elements
of the proteasomal system accumulated in barley after F.
graminearum-derived trichothecene accumulation (Boddu
et al. 2007) as well as in Arabidopsis leaves in response to
ochratoxin A treatment (Wang et al. 2012). Furthermore,
the ubiquitin ligases ring domain ligase 3 (RGLG3) and
RGLG4 coordinately and positively regulated FB -triggered
PCD by suppressing salicylic acid and modulating jasmonic
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acid signaling pathway in Arabidopsis (Zhang et al. 2015).
Similarly, the pepper E3 ubiquitin ligase RINGI gene was
required for cell death and the salicylic acid-mediated
defense responses (Lee et al. 2011), emphasizing the role of
this gene category in regulating PCD along with hormone
crosstalk.

Oxidative Status Regulation in Response
to Fumonisin B,

Different enzymes and compounds involved in the oxidative
burst and ROS detoxification processes were considered in
this study to assess the effect of FB, on the antioxidant activ-
ities of resistant and susceptible maize genotypes (Figs. 3
and 4).

In the line CO433, a strong correlation was found between
the trend of gene expression and that of enzymatic activ-
ity of APX, CAT, POD and SOD at both treatment times
(Fig. 3A-D).

Particularly, at 3 h an augmented expression and activity
of these enzymes was observed, whereas at 48 h a contempo-
raneous drop of both occurred, highlighting an earlier acti-
vation of defense responses in the resistant genotype. The
contemporaneous increase of APX and SOD after 3 h of FB,
treatment underlined the presence of an efficient mechanism
of superoxide anion removal, the latter a reactive oxygen
species strongly toxic for plant cell. In CO433, the higher
accumulation of hydrogen peroxide (H,0,) observed, poten-
tially toxic for cell, can be due in part to the increased dis-
mutation reaction of the toxic O,- catalyzed by SOD enzyme
(Fig. 3D, E).

However, H,0, presence was counteracted by a higher
APX activity along with an ASC increase (Figs. 3A and 4A,
respectively) that participate in this reaction by supplying
reducing equivalents (Paciolla et al. 2019).

Furthermore, the early enhanced levels of CAT and POD,
the other enzymes utilizing and scavenging H,0,, contrib-
uted to avoid its higher and toxic accumulation (Fig. 3B,
C). In addition, the parallel decrease of GSH observed in
the first hours after treatment (3 h) underlined the prompt
availability of ASC than GSH one, the other antioxidant
metabolite of the cycle, indicating an earlier activation of
ascorbate biosynthetic pathway rather than GSH one, in the
complex ascorbate—glutathione cycle (Fig. 4B; Foyer and
Noctor 2011). This trend confirmed the known primary role
of the ascorbate system in the defense responses (Foyer and
Noctor 2005). On the other side, the reduction of GR activ-
ity, enzyme of GSH reconversion by GSSG (Sabetta et al.
2017), further supported this behavior (Fig. 4C). Interest-
ingly, the non-involvement of the enzymes of reconversion
of DHA to ASC, namely DHAR and MDHAR (Loi et al.
2020a, b), whose activity decreased, pointed out an ex novo
synthesis of ASC (Fig. 4D, E).
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At later treatment time (48 h), even though a decrease
of CAT and POD activities occurred (Fig. 3B, C), a non
significant change in the H,O, content and lipid peroxida-
tion level was found (Fig. 3E, F). This was probably due
to a valuable APX activity after FB, treatment that did not
change compared to the control (Fig. 3A). It is known that
APX, CAT and POD are enzymes contributing to control the
H,0, level in the cell. A decrease in their activity could lead
to an increase of hydrogen peroxide and possible damage
to the biological membranes with consequent increase in
peroxidation lipid level. On the other hand, due to its higher
affinity for H,0O, than CAT and POD (Paciolla et al. 2016),

APX was able to counteract H,O, accumulation after FB,
treatment.

The enhancement of GR and DHAR enzymes did not
cause any decrease in GSH and ASC compared to the con-
trol samples (Fig. 4A—D). DHAR has a key role in maintain-
ing the reduced levels of ASC avoiding DHA degradation
(Gallie, 2013) and GR has an important role in keeping the
normal balance between reduced GSH and ASC pools (Ding
et al., 2009). SOD enzyme maintained higher its activity also
at 48 h (Fig. 3D).

Besides H,0, scavenging and ascorbate—glutathione
cycle enzymes and components, total antioxidants and
phenols were measured in this work (Fig. 4F, G). At early
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Fig.4 Production of com-
pounds involved in the
ascorbate—glutathione cycle A
ascorbate (ASC) and dehy-
droascorbate (DHA) (black
and white bars, respectively),
and B glutathione (GSH) and
glutathione oxidized (GSSH)
(black and white bars, respec-
tively), enzyme activity of C
glutathione reductase (GR),

D dehydroascorbate reduc-
tase (DHAR) and E mono-
dehydroascorbate reductase
(MDHAR), and content of

F total antioxidants and G
phenols in buffer (control, C)
and fumonisin B, (FB,) treated
samples of CO433 and CO389
genotypes (black and white
bars, respectively) for 3 and

48 h. One unit (U) of enzyme
activity corresponds to 1 nmol
of the substrate metabolized in
1 min. TE: Trolox Equivalents;
GAE: Gallic Acid Equivalents;
FW: Fresh Weight. Vertical bars
indicate + sd. Different letters
over the bar graphs indicate
significant differences among
samples, as resulting from
Tukey’s honestly significant
difference test (p <0.05). As
regards the ascorbate—glu-
tathione cycle compounds,
different Latin and Greek letters
over the bar graphs indicate
significant differences among
samples for the compounds
ASC and GSH, and DHA and
GSSH, respectively. Experi-
ments refer to four independ-
ent biological replicates. Bars
indicate the mean and error bars
indicate the SD
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Resistant genotype: early response to fum@
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Fig.5 Hypothetical model of the transcriptional and biochemical
effects of fumonisin B, (FB,) on the resistant (CO433) and suscep-
tible (CO389) maize shoots at early (3 h) and late (48 h) stages after
treatment. Weak and strong responses are denoted by thinner and
thicker arrows, respectively. Moreover, red or green arrows indicate
the increase and decrease of the different components, respectively.
Eth, ethanol;, EREB9S, AP2-EREBP-transcription factor 98; ROS,

treatment time, the production of both compounds was sig-
nificantly fallen in the resistant line, whereas at longer time
raised (total antioxidants, Fig. 4F) or remained unchanged
(phenols, Fig. 4, G). This opposite trend suggests the pres-
ence of possible endogen mechanisms useful to balance and
maintain the antioxidant capacity of the cell system in a
steady state (Paciolla et al. 2016).

Concerning the susceptible line CO389, in general the
activities of H,O, scavenging enzymes correlated in a less
marked way to the gene expression pattern. At 3 h from the
treatment with FB, fewer striking differences were observed
in the activities of APX, CAT and POD in comparison with
the control samples (Fig. 3A-C), except for SOD, where a
significant reduction was found (Fig. 3D). The augmented
H,0, levels after FB, exposure at 3 and 48 h were not sup-
ported by an increase in SOD activity, suggesting that other
processes, such as photorespiration, might contribute to the
H,0, production (Fig. 3E; Noctor et al. 2002). In a recent
study, Otaiza-Gonzalez et al. (2022) explored the FB, phy-
totoxicity in two maize hybrids with contrasting phenotypes
to Fusarium ear rot. In general, both hybrids showed an acti-
vation of several oxidative status biomarkers in seedlings
treated with FB; over a time-course of 21 days. However,
using a hydroponic model at 24 h after exposure the myco-
toxin caused a decrease in the activities of SOD and guaiacol
POD in the susceptible hybrid, whereas the opposite was

Susceptible genotype: late response to fu@
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reactive oxygen species; APX, ascorbate peroxidase; CAT, catalase;
POD, peroxidase; SOD, superoxide dismutase; SME, small multi-
drug export protein; ASC, ascorbate; SEP, stress enhanced protein
chloroplastic-like; IAP, inhibitor of apoptosis-like protein; MET, met-
acaspase; UPL, ubiquitin-protein ligase; DHAR, dehydroascorbate
reductase; DHA, dehydroascorbate

detected in the resistant plants highlighting the complexity
of FB,-induced signaling network in plants.

Regarding the two enzymes involved in the reconversion
of DHA in ASC, whereas MDHAR increased its activity
at 3 h and decreased a 48 h, DHAR did not change at 3 h
and increased at 48 h from the treatment, underlining the
presence of a different action timing for these two enzymes
(Fig. 4D, E). This enzymatic trend favored the reduction of
DHA that at longer time significantly decreased, while in
contrast a corresponding ASC increment occurred (Fig. 4A).

The weak GR increase and decrease at 3 and 48 h, respec-
tively, did not contribute positively to the GSH recovery
that at later time-point significantly dropped (Fig. 4B, C). In
addition, the parallel higher GSSH production contributed to
shift the redox state of this metabolite versus the oxidative
form (Fig. 4B; Sabetta et al. 2017). On the other hand, the
reduction of APX and POD activities after 48 h further con-
tributed to the higher oxidized cell status. In the susceptible
line, however, together with an ASC increase, the positive
involvement of other compounds in the cell defense system
was observed at 48 h (Fig. 4F, G). Indeed, the augmented
content of phenolic compounds as well as the increased CAT
activity levels appeared as a tentative to control the signifi-
cant accumulation of H,0,, speculating the attempt of the
CO389 genotype to counteract the metabolic perturbations
induced by FB;.
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The induction of oxidative burst by FB,; was previously
explored in other species (Igbal et al. 2021). Arabidopsis
plants elicited with 10 pm FB; mounted an HR that included
the generation of ROS intermediates, the accumulation of
phenols, callose and phytoalexins, as well as the expres-
sion of PR genes (Stone et al. 2000). Antioxidant enzymatic
defense mechanisms were also activated by FB, in tomato
plants in an ethylene-dependent manner, where increased
levels of SOD, APX and gluthathione-S-transferase activi-
ties were reported (Igbal et al. 2022). Similar effects were
observed in the same tomato genotypes after fusaric acid
treatment (Igbal et al. 2023; 2024). Moreover, an elevated
content of ROS and MDA was measured in Arabidopsis
leaves after ochratoxin A treatment, whereas deoxynivalenol
exposure induced PCD supported by ROS generation along
with a mitochondrial disfunction in tobacco cells (Yekkour
et al. 2015).

The antioxidant response is not the only mechanism of
tolerance to Fusarium spp. and their mycotoxins produc-
tion. Six major groups of compounds derived from plant
primary and secondary metabolism and potentially able to
counteract toxigenic Fusaria and mycotoxins accumulation
in cereals were described, and included fatty acids, aminoac-
ids and derivatives, carbohydrates, amines and polyamines,
terpenoids and phenylpropanoids (Gauthier et al. 2015).
Further studies investigated the impact of a-tocopherol and
carotenoids on mycotoxin production, and highlighted how
these two metabolites significantly affected the production
of fumonisins (Picot et al. 2013) and type B trichothecene
(Atanasova-Penichon et al. 2016), respectively. Additional
experiments focusing on the metabolite composition of
resistant and susceptible genotypes challenged or not with
FB, will clarify our findings more accurately in light of these
previous studies.

Conclusion

In summary, in this work, it was shown that albeit FB,
exposure did not cause shoot suffering in both resistant
and susceptible maize lines, it resulted in notably differ-
ent transcriptional and biochemical perturbations (Fig. 5).
Defense responses promptly appeared activated in the shoots
of CO433 genotype. More in detail, at 3 h after treatment,
FB, induced ROS generation, particularly H,0,, whose
accumulation was hindered by the enhanced expression and
activities of genes and enzymes involved in the xenobiotic
detoxification processes (APX, CAT, POD, SOD and SME),
and combined with a higher content of ASC. Moreover, ROS
accumulation, probably mediated by an ethylene-dependent
signaling transduction pathway, determined an upregulation
of genes engaged in PCD regulation (SEP, IAP and MET)
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and ubiquitination (PEP and UPL) events. In contrast, in the
CO389 susceptible line, most of assayed genes, enzymes
and compounds increased their levels only at later treat-
ment time, conferring a lower readiness in response to the
mycotoxin. A weaker attempt to counteract ROS produc-
tion was supplied by the xenobiotic detoxification genes
and enzymes, thus determining a higher accumulation of
transcripts associated to PCD and ubiquitination processes.

These data provide useful key candidate genes and bio-
markers for the detection of FB, exposure and could speed
up the development of successful plant protection and dis-
ease management strategies also towards other mycotoxins.
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