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ARTICLE INFO ABSTRACT
Keywords: Iodine has been recently defined as a plant nutrient, triggering beneficial outcomes in terms of plant fitness and
Arabidopsis thaliana crop quality. In the present study, we demonstrated that iodine boosts Arabidopsis tolerance against the

Botrytis cinerea
Defence signalling
Iodine

necrotrophic fungal pathogen Botrytis cinerea. At micromolar concentrations, we found that iodine activated a
broad spectrum of immune-like responses, stimulating the transient accumulation of Hy0s, likely acting as a
Plant nutrition second messenger. Iodine activated three major hormonal players involved in plant defence, namely, salicylic
Transcriptomics acid, jasmonic acid and ethylene. Several pathogenesis-related (PR) genes, particularly PR2 and PR5, were also
strongly induced by iodine. The use of Arabidopsis mutants impaired in SA, JA or ET biosynthesis/signalling
allowed us to demonstrate the central role of JA in the iodine-induced resistance to B. cinerea. Nevertheless, the
wide range of defence-like responses triggered by iodine suggests its potential effectiveness against a broad
spectrum of biotic agents. Integrating iodine in plant nutritional programs thus represents a promising, eco-
friendly, and easy-to-apply tool to fight against pathogen attacks, which could be alternative/additional to
using traditional pesticides.

processes in which they are involved (Kiferle et al., 2021; Riyazuddin
et al., 2023).

Abbreviations L. L .

ET ethylene At a transcriptional level, applying iodine in the micromolar range
JA jasmonic, acid regulates the expression of several genes involved in the plant response
PRI post B cinerec; infection to abiotic and biotic stresses (Kiferle et al., 2021; Smolen et al., 2023). A
PIT post ic; dine treatment ’ clear correlation between several iodine-responsive genes and those
PR pathogenesis-related ’ typically modulated in the presence of fungal infection, salicylic acid
SA salicylic acid ’ (SA) or synthetic analogues of SA, has been demonstrated (Kiferle et al.,

2021).

Biochemical determinations support the link between iodine and the
SA pathway, as the addition of micromolar amounts of potassium iodide
(KI) or potassium iodate (KIO3) in nutrient solution increased the SA
content in fruits and roots of iodine-treated tomato plants (Halka et al.,
2019) as well as in the root secretions of lettuce plants (Smolen et al.,
2021).

Salicylic acid is a phytohormone involved in a plethora of mecha-
nisms related to plant growth, metabolism, and development and is also

1. Introduction

Iodine has been recently classified as a plant nutrient (Brown et al.,
2022). In fact, the addition of micromolar amounts of iodized salts to
nutrient culture solutions promotes plant growth and productivity,
flowering time, and abiotic stress resilience. In addition, iodinated
proteins have been identified in shoot and root tissues of Arabidopsis
thaliana, possibly affecting the functionality of several physiological
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considered a key signal molecule involved in abiotic and biotic stress
responses (Dempsey et al., 2011). The protective effect of very low
amounts of iodine against adverse environmental conditions, such as
salinity or heavy metals, is well documented in systematic reviews (e.g.,
Zhang et al., 2023). In contrast, to the best of our knowledge, the pos-
sibility of exploiting iodine, applied at very low concentrations, as a
modulator of plant defence responses has never been investigated.

The correct management of mineral nutrients is crucial for plant
protection (Tripathi et al., 2022) and represents a sustainable tool to
limit the use of pesticides, which constitute the most common and
effective agricultural practice adopted to limit crop diseases (Zubrod
et al.,, 2019). The high economic cost and the impact of synthetic
products on human health, the environment and food quality (“food
safety”) have raised great concern by increasing the demand for alter-
native and more sustainable strategies that are able to ensure crop
protection.

The aim of the present study was to evaluate the protective effect of
iodine-integrated plant nutrition on Arabidopsis plants infected with
Botrytis cinerea, which is a model for the study of necrotrophic fungal
pathogens and is responsible for massive reductions in agricultural
production worldwide (Cheung et al., 2020).

In order to characterize the mechanisms of iodine-enhanced plant
defence, we performed an extensive array of biochemical and molecular
analyses on both the shoot and root tissues of iodine-treated plants prior
to B. cinerea inoculation and after fungal exposure. In detail, we evalu-
ated the endogenous levels of SA and the other two major phytohor-
mones involved in biotic stress tolerance mechanisms, namely, jasmonic
acid (JA) and ethylene (ET) (Ding et al., 2022; Vlot et al., 2021). We also
quantified the tissue content of hydrogen peroxide (H305), which is
considered a signalling molecule that regulates a multitude of physio-
logical processes, including host-pathogen recognition/resistance
mechanisms (Saxena et al., 2016; Smirnoff and Arnaud, 2019).

Finally, we characterized the transcriptional response of genes
related to SA, JA and ET biosynthesis and signalling, and that of
pathogenesis-related (PR) genes, which are strictly involved in plant
defence (Ali et al., 2018; Dos Santos and Luiz Franco, 2023).

2. Materials and methods
2.1. Plant material and cultivation system

Arabidopsis thaliana ecotype Columbia 0 (Col-0) was used throughout
the study. Other genotypes used were sid2-3 (N542603, which is
defective in SA biosynthesis; Pluharova et al., 2019), jar1-1 (N8072,
which is impaired in jasmonyl-i-isoleucine (Ja-Ile) biosynthesis, the
active form of JA; Staswick et al., 1992) and acs2-Iacs6-1 (N8072,
which is defective in ET biosynthesis; Tsuchisaka et al., 2009). All the
mutant lines were purchased from the Nottingham Arabidopsis Stock
Centre (NASC, Nottingham, UK) and were in the Col-0 background. The
segregating lines (sid2-3 and acs2-1acs6-1) were checked for homozy-
gosity via PCR (Supplementary Table S1).

Arabidopsis seeds were sown on rockwool plugs and stratified at 4 °C
in the dark for 48 h. Germinating seeds were then moved to a growth
chamber set as follows: 22 °C day/18 °C night with a 12 h photoperiod, a
quantum irradiance of 100 pmol photons m 25! and a relative hu-
midity close to 35 %. The plants were grown on a floating hydroponic
system using a base nutrient solution, which was prepared by dissolving
ultrapure laboratory salts in double-distilled water: 1.25 mM KNOsg, 1.50
mM Ca(NOs),, 0.75 mM MgSO4, 0.50 mM KH2POy4, 50 pM KCl, 50 pM
H3BOs, 10 pM MnSOy4, 2.0 pM ZnSOs4 1.5 pM CuSO,4 0.075 pM
(NH4)6Mo07024 and 72 uM Fe-EDTA. During the preparation, the elec-
trical conductivity (EC) and pH of the nutrient solution ranged between
0.5-0.6 dS m™! and 5.7-6.0 (adjusted with diluted HySO4), respectively.
The hydroponic trays were covered with black plastic film to avoid light
on the nutrient solution and thus algae formation. The iodine concen-
tration in the solution was below the detection limit (8 nM), as
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determined by ICP-MS analysis.

Arabidopsis plants that were homogeneous in size and number of
leaves were selected and cultured in an iodine-free solution for four
weeks. The plants were then treated with different concentrations of KI
(0, 10 and 30 pM) via the addition of salt to the basal nutrient solution.
The iodine treatments used in the SA, JA- and ET-mutant experiments
were limited to 0 and 30 pM KL

The plants were distributed in two hydroponic trays/treatment, and
a total of 30 plants were cultivated for each experimental condition (15
plants/tray). The nutrient solutions were replaced twice a week to
maintain their nutritional composition, limiting the pH and EC fluctu-
ations as much as possible.

During the growing cycle, a group of plants was subjected to mo-
lecular and biochemical analyses to evaluate the effect of iodine in the
absence of the pathogen (pre-infection characterization), whereas a
subset of plants subjected to a 72 h KI pre-treatment was inoculated with
B. cinerea and subsequently characterized (post-infection characteriza-
tion). In the latter case, KI was generally maintained in the nutrient
solution until the end of the trial, except for a single experiment, where
plants were removed from the KI-containing solution immediately after
pathogen inoculation. Plants were sampled at different time points
depending on the specific goal of each experiment, as fully described in
the devoted sections and summarized in Supplementary Fig. S1.

Unless otherwise specified, all the analytical determinations per-
formed and described below were conducted on the Col-0 genotype.

2.2. Plant inoculation with Botrytis cinerea

The B. cinerea strains used in the present work, as well as the methods
followed for pathogen cultivation and inoculum preparation, are those
reported by Valeri et al. (2021). Arabidopsis plants were inoculated with
B. cinerea three days post iodine treatment (PIT). Plant inoculation was
conducted by placing 5 pl of a spore suspension (1 x 10° conidia m1™1)
on the leaf surface (hereafter, 1 drop). The number of inoculated leav-
es/plant as well as that of drops/leaves varied depending on the specific
experimental goals, as specified in the subsections below for each
experiment. In all the cases, one group of plants, pre-treated or not
pre-treated with KI, whose leaves were infiltrated only with the buffer
alone (mock), was used as a negative control. After inoculation, the
plants were placed in plastic boxes enclosed with cling film in the
presence of a steam source (to maintain high humidity) and cultured in a
biological incubator (Percival Scientific, Perry, IA, USA) under the same
environmental conditions previously reported for the growth chamber.

2.3. Symptom evaluation

The progression of fungal infection was monitored by characterizing
the pathogenic lesions that originated over time after B. cinerea
inoculation.

All the rosette leaves were inoculated (1 drop/leaf), and three days
post B. cinerea infection (PBI), a quantitative analysis of lesions was
performed on Col-0 plants by scanning infected leaves and measuring
the lesion area using ImageJ v1.53k (https://imagej.nih.gov/ij/). The
percentage of symptomatic leaves was also calculated by counting the
number of diseased leaves and reporting it to the total number of
inoculated ones. A qualitative image-based evaluation of the symptoms
was performed on Col-0 and SA-, JA- and ET- mutants at five days PBI by
scoring the lesion types according to the following scale: 1, no infection;
2, light browning corresponding to the inoculum droplet; 3, strong
browning in the local lesion/yellow leaf; and 4, dark brown/necrotic
leaf. The percentage of leaves belonging to the different classes was then
calculated. Determinations (quantitative and qualitative analyses per-
formed at 3 and 5 days of PBI, respectively) were performed by sampling
and characterizing all the leaves from 15 plants.

To evaluate the residual effect of iodine on fungal growth, leaf
symptoms were also characterized in plants (Col-0), which, once
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inoculated, were transferred to an iodine-free nutrient solution, which
was used until the end of the trial. In this case, five fully expanded and
equally aged leaves were inoculated (1 drop/leaf), and the lesions were
visually scored at five days PBI, as previously described.

2.4. Fungal growth

The effect of iodine on fungal growth was daily characterized via
microscopy (Leica MZ FLUI stereomicroscope equipped with a Leica DC
300F digital camera). Leaves (Col-0) were analysed starting from
B. cinerea inoculation until the onset of fungal sporulation. Six biological
replicates, each consisting of a single leaf, were observed at each time
point for all the KI treatments.

2.5. Invitro effect of iodine on Botrytis cinerea mycelial growth

Agar plugs (¢ 0.5 cm) made from actively growing colonies of
B. cinerea were transferred to potato dextrose agar (PDA) plates enriched
with four different KI concentrations (0, 10, 30 and 100 pM - 10 plates/
treatment). To avoid contamination, the KI solutions were filtered (MF-
Millipore™ membrane filter; 0.22 um pore size) before being added to
the growing media. Dishes were randomly distributed in an incubator
under the same growing conditions used for pathogen propagation
(Valeri et al. 2021). The fungal radial growth was measured daily until
colonies reached the edge of the plates, and the morphology of the
fungus was visually monitored within the same timeframe.

2.6. Quantification of salicylic acid and jasmonic acid contents

The SA and JA contents were determined in Col-0 plants collected at
3 days PIT or 5 days PBI (1 drop/leaf). In the latter case, determinations
were also performed on mock-treated plants.

Analytical determinations were performed on root and leaf samples,
which were immediately frozen in liquid nitrogen at collection and
stored at —80 °C until further analysis.

The conjugated and free SA contents were determined according to
Pellegrini et al. (2013), with some modifications. Frozen samples (100
mg) were added to 1 m1 90 % (v/v) methanol, vortexed and sonicated for
10 min. After centrifugation at 10,000 g for 15 min at room temperature,
the supernatant was transferred, and the pellet was re-extracted in 0.5
ml 100 % (v/v) methanol following the same procedure. The superna-
tants from both extractions were combined and evaporated under vac-
uwum at 35 °C (RVC 2-25 CDplus, Martin Christ
Gefriertrocknungsanlagen GmbH, Germany). The residue was resus-
pended in 0.25 ml of 5 % (w/v) trichloroacetic acid (TCA) and parti-
tioned twice into 0.8 ml of a 1:1 (v/v) mixture of ethyl
acetate/cyclohexane. The upper phase containing free SA was concen-
trated at 35 °C under vacuum, and the lower aqueous phase (with
conjugated SA) was hydrolysed by adding 0.3 ml of 8 N HCI and incu-
bating for 60 min at 80 °C. Salicylic acid collected from the upper phase
and recovered from the lower phase was combined and dissolved in 600
ul of the mobile phase, which contained 0.2 M sodium acetate buffer (pH
5.5), water (90 %) and methanol (10 %). The separation was performed
at 40 °C by an ultra-high pressure liquid chromatography (UHPLC)
Dionex UltimMate 3000 system equipped with an Acclaim 120 C18
column (5 pm particle size, 4.6 mm internal diameter x 150 mm length)
and an UltiMateTM 3000 fluorescence detector (Thermo Scientific,
Walyham, MA, USA) with excitation at 305 nm and emission at 407 nm.
The flow rate was 0.8 ml min~'. To quantify the SA content, known
amounts of pure standard (0.1-25 pg ml™!) were injected into the
UHPLC system, and an equation correlating the peak area to the SA
concentration was formulated (Supplementary Figure S2). The quanti-
fications reported in the present paper refer to the total SA (sum of free
and conjugated SA).

Jasmonic acid was determined via GC—-MS according to Huang et al.
(2015), with minor modifications. Frozen samples (100 mg fresh weight,
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FW) were added to 1 mL of 80 % methanol, sonicated for 10 min, vor-
texed for 1 h and centrifuged at 13,000 g for 30 min at 4 °C. The su-
pernatants were filtered and evaporated at 35 °C under vacuum, and the
residue was resuspended in ethyl acetate. The extract was injected into a
GC-MS (Agilent 8890B gas chromatograph, equipped with an Agilent
5977B single quadrupole mass detector and an Agilent DB-5MS (UI)
capillary column (30 m x 0.25 mm; coating thickness 0.25 um; Agilent
Technologies Inc., Santa Clara, CA, USA). The analytical conditions were
as follows: the carrier gas was helium with a flow rate of 1 ml min !, and
the injector and the transfer line were set at 250 °C. The temperature
program was as follows: the initial column temperature was set at 70 °C
for 4 min, which was increased to 300 °C at 10 °C min~!. The source and
quadrupole temperatures were set at 230 and 150 °C, respectively. The
mass data were collected in the electron impact mode at 70 eV with a
scan range of 40-500 m/z, and the quantification was performed in the
selected-ion monitoring mode at m/z 210 amu by comparison with the
reference standard using a MassHunter Workstation (version 10.0,
Agilent Technologies Inc.).

The endogenous levels of SA and JA were expressed as ug g~! FW,
representing the mean of three replicates, each consisting of a pool of
samples derived from five different plants.

2.7. Quantification of ethylene production

Three different experiments were performed to measure the effects of
iodine and B. cinerea treatments, alone or in combination, on Arabi-
dopsis (Col-0) ET production.

First, a pre-infection experiment was performed to quantify ET pro-
duction due to iodine treatments (0, 10 and 30 pM KI). Determinations
were performed at T-0 (immediately prior to B. cinerea inoculation) and
at0.5,1, 2, 4, 8,12, 24, 48 and 72 h. A second experiment was run to
identify the peak of ET emission due to B. cinerea infection by measuring
the gaseous emissions of mock and inoculated plants in the absence of
iodine. In this experiment, all the leaves were inoculated (1 drop/leaf),
and ET emission was quantified at T-0 and after 0.5, 1, 2, 3, 4, 8, 12, 24
and 48 h PBI. In the third experiment, the combined effect of iodine and
B. cinerea was studied. ET emission was measured at 1, 2 and 3 h
following pathogen inoculation, which was performed on all leaves (1
drop/leaf — Col-0) of previously iodine-treated plants (72 h PIT - 0, 10 or
30 pM KI; a group of mock plants was inserted).

In all the experiments, ET production was measured by enclosing a
single plant (isolated by gently removing the rockwool plug from the
cultivation system, being careful not to damage the root system) in an
air-tight glass container (15 ml). Gas samples (1 ml) were taken from the
headspace of containers (through a hypodermic syringe) and analysed
after 2 h of incubation at room temperature. The ET concentration in
each sample was measured via GC-MS (as previously reported) with an
Agilent HP-PLOT/Q-PT capillary column (30 m x 0.32 mm; coating
thickness, 20 um; Agilent Technologies Inc., Santa Clara, CA, USA). The
analytical conditions were as follows: the oven temperature of the GC
was set to 36 °C, the injector temperature was 170 °C, the transfer line
temperature was 180 °C, and the carrier gas was helium with a flow rate
of 1 ml min~". The quantification was obtained by comparison with the
reference standard using a MassHunter Workstation (version 10.0;
Agilent Technologies Inc.).

Data on ET quantification, expressed as nl g’1 FWh™}, represent the
mean of three biological replicates, each consisting of a single plant.

2.8. Total RNA extraction, processing and gene expression analysis (RT-
gPCR)

The plant transcriptional response was characterized at 12 and 72 h
PIT (0, 10 and 30 pM KI) and 48 h PBI, which was performed by inoc-
ulating all rosette leaves (1 drop/leaf — Col-0). In the latter case,
expression analysis was conducted on mock- and B. cinerea-inoculated
plants.
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To characterize the involvement of iodine in the SA, JA and ET
pathways, the transcriptional response of Kl-treated Arabidopsis plants
was determined on the basis of a pool of genes involved in their
biosynthesis, regulation or response. The first group included SID2,
PAL1, PAL2, PAL3, PAL4 (SA biosynthesis — Lefevere et al., 2020), LOX2,
AOS, AOC2 (JA biosynthesis — Wasternack and Hause, 2013) and ACS,
ACO1, ACO2 (ET biosynthesis — Pattyn et al., 2021). The second group
included SARD1 and NPR3, which encode SA transcription factors
(Dempsey et al., 2011; Ding et al., 2018), and the third group included
several plant defence genes related to the SA (PR1, PR2, PR5) or ET/JA
(PDF1.2, PR3, PR4, PR12) pathways (Ali et al., 2018; Huffaker, et al.,
2006).

Genes involved in a broad spectrum of responses related to abiotic
stresses, such as salinity (DREB2A, SOS1; Park et al., 2016), oxidation
(ZAT12, APX1, Rizhsky et al., 2004) and hypoxia (ADH1, Loreti et al.,
2018), were also analysed to verify the specificity of iodine in the
defence response, excluding its involvement in the activation of a gen-
eral stress response. After B. cinerea inoculation, the expression of PAD3,
encoding the biosynthesis of the antifungal phytoalexin camalexin
(Zhou et al., 1999), was included in the analysis, as it is considered a
marker gene for the biotic stress-related response.

Gene expression was determined in shoot and root tissues. Each
sample consisted of a pool of rosettes or roots collected from five
different plants, which were immediately frozen in liquid nitrogen and
stored at —80 °C until further analysis.

Total RNA from the rosettes was extracted as described by Perata
et al. (1997), whereas RNA from the roots was extracted with Spec-
trum™ Plant Total RNA Kit (Sigma-Aldrich), according to the manu-
facturer’s instructions. For both tissues, a TURBO DNA-free kit (Thermo
Fisher Scientific) was used to remove contaminant DNA, and a Maxima
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) was used for
RNA reverse-transcription. Expression analysis was performed by
real-time PCR using an ABI Prism 7300 sequence detection system
(Applied Biosystems). Quantitative PCR was performed using 33 ng of
c¢DNA and iQTM SYBR® Green Supermix (Bio-Rad Laboratories). Rela-
tive expression levels were calculated using the geometric averaging
method (GeNorm: https://genorm.cmgg.be/), with UBQ10 as a refer-
ence gene. The full list of the primers used and their sequences are re-
ported in Supplementary Table S2.

Real-time PCR analysis was also used to quantify fungal growth on
B. cinerea-inoculated plants (three days PBI), which was measured as the
ratio of the expression of the Botrytis Actin gene (BcActin) to that of the
Arabidopsis UBQI10 gene.

Three biological replicates and two technical replicates were ana-
lysed for all the genes and conditions tested.

2.9. Quantification of hydrogen peroxide (H202)

Hydrogen peroxide was measured in the leaf and root extracts of
Arabidopsis Col-0 plants at 2 and 72 h PIT (0, 10 and 30 pM KI) and 2 h
PBI, which was performed on all rosette leaves using six droplets/leaf.
The Hy04 content was determined using the Amplex® Red Hydrogen
Peroxide/Peroxidase Assay Kit (Thermo Fisher Scientific).

A total of 15 plants were used for the assay to generate five biological
replicates, each consisting of a pool of 15 detached leaves (one leave/
plant for each replica), or a pool of roots collected from three plants. The
Hy0, assay was performed on frozen tissues, which were ground to
powder and processed according to the manufacturer’s instructions.
Briefly, each sample (100 mg FW) was mixed with 500 pl of phosphate
buffer (50 mM KyHPOy4, pH 7.4), and after centrifugation (10,000 rpm
for 10 min at 4 °C), 50 pl of the supernatant was mixed with 50 pl of
working solution consisting of 100 pM Amplex Red reagent and 0.2 U
ml ™! horseradish peroxidase. The HyO, concentration was quantified on
the basis of a calibration curve and determined spectrophotometrically
after 30 min of incubation at 37 °C in the dark. The fluorescence of the
standards and experimental samples (two technical replicates/each) was
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read at 545/560 nm (excitation/emission wavelength) by using a
microplate reader (Thermo Scientific™ Multiskan™ GO Microplate
Spectrophotometer).

In addition, in situ HoO- accumulation was determined in fresh
samples using 3,3-diaminobenzidine (DAB) staining. All leaves of KI-
treated plants (0, 10 and 30 pM) were analysed at 72 h PIT and 12, 24
and 48 h PBI (two droplets/leaf; six plants/treatment).

Due to the cultivation system used (the hydroponic system) the roots
were entangled and thus did not provide clear results in terms of HoO»
distribution as a result of the DAB staining. Therefore, we decided to
perform this specific quantification on Arabidopsis seedlings grown on
vertical plates.

Arabidopsis seeds were sterilized with 70 % ethanol (v/v - 30 s.),
washed three times with sterile distilled water, incubated for 6 min with
a 20 % NaClO (v/v) solution under agitation and rinsed seven times. A
total of 12-13 sterilized seeds were equidistantly sown on 12 cm square
vertical plates containing homemade half-strength Murashige & Skoog
(MS) media lacking KI (Supplementary Table S3). After two days of
vernalization at +4 °C in the dark, the plates were placed in a plant
incubator set to 25 °C with a 12-h photoperiod, a quantum irradiance of
60 pmol photons m~2 s~! and a relative humidity close to 50 %. After
seven days of cultivation, the seedlings were gently moved from the
iodine-deficient medium to new growth media differing in KI content (0,
10 and 30 pM) and subjected to DAB staining after an additional 72 h of
cultivation (n = 15). Since B. cinerea grows on the aerial part of the
plant, the Arabidopsis seedlings were not subjected to fungal
inoculation.

The DAB powder (Sigma-Aldrich) was freshly dissolved in H20 (1 mg
ml™) by acidification with HCI (pH 3.8 with HCl). The plant tissues
(leaves/seedlings) were completely immersed in the DAB solution
(naturally stabilized at pH 6.8-7), incubated overnight at room tem-
perature and shaken on an oscillator (80-100 rpm) in the dark. After
incubation and DAB staining solution removal, the tissues were washed
with sodium phosphate buffer (0.1 M, pH 7.2), then bleached in 10 %
EtOH solution (v/v) for 10 min at 100 °C and subsequently stored in 70
% EtOH solution (v/v) until images were taken. Positive controls were
obtained by immersing detached leaves/seedlings which had not been
treated with KI nor inoculated with B. cinerea in a 35 % Hy05 solution
(v/v) for 1 h. As an additional positive control, detached leaves of non-
inoculated and iodine-untreated plants were subjected to heat stress (1 h
at 45 °C) before DAB staining.

2.10. Statistical analysis

Data following a normal distribution (Shapiro-Wilk test) and satis-
fying the assumption of homogeneity of variance (Bartlett’s test) were
subjected to two-way and/or one-way analysis of variance (ANOVA),
followed by Tukey’s post-hoc test (95.0 % confidence level). Pairwise
comparisons were performed by Student’s t-test (95.0 % confidence
level). Percentage data were analysed via the Kruskal-Wallis test
(nonparametric statistic) followed by Dunn’s multiple comparison test
(95.0 % confidence level). All the statistical analyses were performed
using GraphPad Prism (v. 8.0.0 for Windows, GraphPad Software, San
Diego, CA, USA).

3. Results
3.1. Effects of iodine on B. cinerea growth and pathogenic activity

The effects of iodine (0, 10 and 30 pM KI) on B. cinerea growth were
characterized in vivo, by performing a visual symptom scoring of Ara-
bidopsis leaves at 5 days PBI (Fig. 1).

The plants did not suffer from the addition of iodine to the nutrient
solution, as they did not show toxicity symptoms, irrespectively of the KI
concentration used (mock, +KI, Fig. 1a). In contrast, the KI treatments
strongly increased plant resistance to B. cinerea (Fig. 1a). The number of
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Fig. 1. In vivo evaluation of the effect of iodine (0, 10 and 30 uM) against Botrytis cinerea. (a) Phenotypes of mock- and Botrytis-infected Arabidopsis plants (Col-0) at
5 days post B. cinerea infection; all the leaves were inoculated. (b) Pie charts showing the percentages of the different lesion types according to four classes of
symptoms: 1, no infection; 2, light browning corresponding to the inoculum droplet; 3, strong browning in the local lesion/yellow leaf; and 4, dark brown/necrotic
leaf. The plant phenotype and symptoms were characterized on 15 plants/experimental condition.

class 2 leaves (local lesions/light browning corresponding to the infec-
tion site) increased with increasing concentrations of KI (22.3 % and
40.4 % in 10 and 30 puM Kl-treated plants, respectively vs 6.7 % of the
controls; Fig. 1b, Supplementary Table S4). Conversely, control (KI-
untreated) plants were severely affected by the pathogen. In fact, 38.6 %
of the leaves belonged to class 4 (most severe symptoms, consisting of
dark brown/large necrotic areas), which represented only 2.9 % of the
10 pM Ki-treated plants and was completely absent in the 30 uM KI-
treated plants (Fig. 1b, Supplementary Table S4). Compared with that
in the control plants, the increased proportion of class 3 leaves (inter-
mediate disease level; strong browning in the local lesion/yellow leaf) in
the Kl-treated plants was due mainly to the reduction in the percentage
of class 4 leaves (Fig. 1b, Supplementary Table S4).

At an earlier stage of infection (3 days PBI), the percentage of
symptomatic leaves did not differ between the control and KI-treated
plants, constituting, on average, 80 % of the total (Fig. 2a). Neverthe-
less, compared with those of the control plants, the leaf lesion sizes of
the 10 and 30 pM Kl-treated plants decreased by 26.4 % and 24.6 %,
respectively, and the expression level of the Botrytis-Actin gene was
reduced by 56.6 % and 62.0 %, respectively (Fig. 2a).

At 1 day PBI, the observation of the leaf surface allowed visualization
of local browning at the inoculation site, irrespectively of the KI treat-
ment (Fig. 2b). The differences between the treatments became more
pronounced over time. At 5 days PBI, the control leaves were completely
colonized by the fungus and mostly necrotized, whereas iodine strongly
antagonized B. cinerea spread, limiting necrotic events, especially in the
30 pM Kl-treated plants (Fig. 2b). At 9 days PBI, the pathogen started to
sporulate profusely on the dead tissue of the control leaves and mini-
mally on the 10 uM Kl-treated leaves, where the conidia were almost
limited to the infection site. The fungus never reached the sporulation
stage in the 30 uM Kl-treated plants (Fig. 2b; the daily progression of
fungal growth is reported in Supplementary Fig. S3).

The effect of iodine against B. cinerea was also evaluated by removing

the plants from the KI-containing nutrient solution immediately after
fungal inoculation (Supplementary Figure S4, Supplementary Table S5).
Most of the inoculated leaves pre-treated with KI were scarcely affected
by the pathogen and belonged to classes 1 or 2. Conversely, the leaves of
control (KI-untreated) inoculated plants were severely damaged by
B. cinerea and were mainly from class 4. The fungal spread was antag-
onized by KI treatment in a dose-responsive manner.

To rule out the possibility of a direct biocidal effect of KI against
B. cinerea, mycelial discs were inoculated in vitro on PDA plates sup-
plemented with increasing concentrations of KI (0, 10, 30 and 100 pM).
No significant differences were observed in mycelial growth due to
iodine treatment (Supplementary Fig. S5a), as also demonstrated by the
fungal growth curves, which were almost identical in all the growing
media (Supplementary Fig. S5b).

To elucidate the major physiological mechanisms underlying the
observed enhanced plant resistance to the pathogen triggered by KI, we
performed several biochemical and molecular analyses on plants prior to
B. cinerea inoculation to evaluate the genuine effect of iodine (pre-
infection characterization), and on infected plants, which were pre-
treated or not pre-treated with KI (post-infection characterization).

3.2. Pre-infection characterization

3.2.1. Effects of iodine on salicylic acid and jasmonic acid contents, and
ethylene production

To investigate the effects of iodine on the accumulation of the key
signalling molecules involved in plant resistance to biotic stress, the SA,
JA, and ET shoot and root contents were quantified in Arabidopsis (Col-
0) plants at 72 h PIT (0, 10 and 30 pM KI; Supplementary Fig. S1). The
relatively short-term exposure of plants to KI increased the contents of
SA and JA in both shoot (Fig. 3a) and root tissues (Fig. 3b).

In leaves, both signalling molecules were iodine-induced in a dose-
responsive manner. Compared with the controls, SA increased by 37
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Fig. 2. Botrytis cinerea-induced lesion spreading on Arabidopsis leaves pretreated with or without iodine (0, 10 and 30 uM KI) 72 h prior to fungal infection. (a)
Percentage of symptomatic leaves, lesion size and B. cinerea growth (measured by the ratio of BcActin/AtUBQ10 expression level) determined at 3 days post B. cinerea
infection (PBI). Morphological determinations were performed on all the leaves of 15 plants/experimental condition, whereas fungal growth was determined on 3
biological replicates, consisting of a pool of 5 plants. The values indicated by different letters significantly differ from each other (according to one-way ANOVA,
Tukey’s post hoc test, P < 0.05). n.s.: P > 0.05. The error bars are shown in the graphs. (b) Stereomicroscopic observations (1X and 10X magnification scale, n = 6) of
the lesions at selected days PBI. Conidiophores visualized at 9 days PBI are indicated by yellow arrows.

% in the 10 pM Kl-treated plants, and was more than doubled in the 30
uM Kl-treated plants, whereas the JA content increased by 12 and 37.6
% (Fig. 3a). In the roots, the increase in SA and JA accumulation was not
correlated with the KI concentration used. The SA content in the 10 and
30 uM Kl-treated plants was approximately 5- and 4-fold greater than
that in the control plants, respectively, whereas the same KI treatments
increased JA by 56 % and 19 %, respectively (Fig. 3b).

To verify whether iodine can act as a facilitator of general defence
responses in plants, ET production was measured in addition to SA and
JA accumulation. A time course experiment was performed to measure
the ET emissions of the plants at different time points ranging from 1 to
72 h from the onset of the KI treatments (Fig. 3c). All the plants emitted
ET, but whereas the KlI-treated plants presented a peak in ET production
a few hours after its application, the release of ET was lower and quite
constant in the control plants (Fig. 3c). The timing of the ET peak was
also affected by the KI concentration used: it was detected early in 30 uM
KI-treated plants (2 h PIT), and 8 h PIT in 10 uM Kl-treated plants.

3.2.2. Effects of iodine on gene expression
The transcriptional effect of KI treatments was explored in leaf and
root tissues sampled at an early stage (12 h PIT) and 72 h after PIT.

The response triggered by KI in the shoot at the mRNA level of
selected transcripts was generally less pronounced than that in the roots,
especially when the tissues were sampled at 12 h PIT (Fig. 4).

In the shoot, the short application of 30 uM KI (12 h PIT) triggered
the expression of the SA-biosynthetic genes PALI1, PAL2 and PAL3
(Fig. 4a, Supplementary Table S6). Genes related to JA and ET biosyn-
thesis were not affected, apart from LOX2 and ACO1, which were
significantly upregulated by 30 uM KI (Fig. 4a; Supplementary
Table S6). Neither genes related to SA-regulation (SARD1 and NPR3) nor
SA-responsive PR genes were affected by KI treatments, whereas PR3
and PR4 (JA/ET-responsive genes) were significantly upregulated by the
highest KI concentration tested (Fig. 4a, Supplementary Table S6).

At 72 h PIT, iodine preferentially stimulated the expression of genes
related to JA biosynthesis (LOX2, AOS and AOC2). ET-biosynthetic
genes and SA-biosynthetic genes were not affected by the treatments,
with the exception of PAL2 and PAL4, which were downregulated by 30
uM KI (Fig. 4a, Supplementary Table S7).

Iodine clearly stimulated the expression of both SA- and JA/ET-
responsive PR genes, more than doubling the expression of PR2 and
PR5 (SA-responsive), and PR3 and PR4 (JA/ET-responsive) compared
with that of the controls. These genes were particularly induced by 30
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Fig. 3. Effects of iodine (0, 10 and 30 puM KI) on salicylic acid (SA), jasmonic
acid (JA) and ethylene (ET) accumulation/release. Shoot (a) and root (b) SA
and JA contents quantified at 3 days post iodine treatment (PIT). The data are
the means of three replicates, each consisting of a pool of samples derived from
5 plants. (c) Plant ET release measured at different time points following the
onset of iodine treatment (n = 3). The values indicated by different letters
significantly differ from each other (according to one-way ANOVA, Tukey’s
post hoc test, P < 0.05). Statistical analysis of ET release was conducted at each
time point. Error bars are shown.

uM KI (Fig. 4a, Supplementary Table S7). None of the abiotic stress-
related genes were significantly affected by KI, irrespective of the
duration of the treatment (12 h or 72 h PIT) or the KI concentration used
(Fig. 4a, Supplementary Tables S6, S7).

In roots, KI rapidly (12 h PIT) triggered the activation of SA
biosynthetic genes (SID2, PAL1, PAL2 and PAL3) and SA transcription
factors (SARD1 and NPR3), together with the downregulation of SA-
responsive PRs (PR1, PR2 and PR5), irrespectively of the KI concentra-
tion used (Fig. 4b, Supplementary Table S8). In contrast, genes involved
in JA or ET biosynthesis were scarcely affected by KI or even down-
regulated (LOX2, AOC2 and ACO2), whereas JA/ET-responsive PRs
(PR3, PR4 and PR12) were induced by 10 and/or 30 uM KI (Fig. 4b,
Supplementary Table S8).

A very different transcriptional response was observed later (72 h
PIT). In fact, genes related to SA biosynthesis were downregulated by KI
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treatments (PALI, PAL2, and PAL4), whereas there was a very strong
upregulation of SA-responsive PRs (Fig. 4b, Supplementary Table S9). In
particular, the expression of PR1 was approximately 300 to 1400-fold
higher than that of the controls in 10- and 30-KI-treated plants,
respectively, and was approximately 1000 to 6100-fold higher in the
case of PR5 (Supplementary Table S9). In addition, the JA/ET respon-
sive genes PR3 and PR4 were downregulated by KI treatments (Fig. 4b,
Supplementary Table S9).

The transcription of abiotic stress-related genes, which were used as
controls to assess the possible impact of iodine on pathways unrelated to
biotic stress responses, was not univocally regulated by the KI treat-
ments. ZAT12, ADH and DREB2A were upregulated by 30 uM KI at both
sampling times (12 h and 72 h PIT), whereas APX1 and SOS1 were not
affected by the treatments (Fig. 4b, Supplementary Tables S8, S9).

3.3. Post-infection characterization

3.3.1. Effects of iodine on salicylic acid and jasmonic acid contents and
ethylene production in the presence/absence of Botrytis cinerea infection

The experiments described in the previous subsections demonstrated
the positive role of iodine in SA and JA accumulation in both the shoots
and roots (Fig. 3a, b) of healthy plants (Fig. 1) and revealed how iodine
regulates the timing and amount of ET released from the whole plant
(Fig. 3c). The quantification of the three hormones was then repeated on
B. cinerea-inoculated Col-0 plants, which were cultivated in nutrient
solution with or without KI (0, 10 and 30 puM KI) (Fig. 5).

The SA and JA quantifications were performed on leaf and root tis-
sues sampled at 5 days PBI (8 days PIT), once symptoms were already
present on the plants. ET emissions were determined for the whole plant
at 1, 2 and 3 h PBI, which resulted in the optimal time window for
sampling, as we demonstrated that B. cinerea induced a peak of ET
emission at 2 h PBI (Supplementary Figure S6).

In the absence of the pathogen (mock plants), KI had no clear effect
in terms of SA and JA accumulation in the shoot (Fig. 5a) and did not
alter plant ET emission (Fig. 5¢). Nevertheless, 30 uM KI stimulated SA
accumulation in the roots, which was approximately 11-fold greater
than that of the controls, and reduced JA accumulation by approxi-
mately 4-fold (Fig. 5b).

In the absence of iodine (0 uM KI or control), the shoot SA content did
not differ between mock- and B. cinerea-infected plants (Fig. 5a). On the
other hand, B. cinerea triggered JA accumulation in the shoot (the part of
the plant of interest for fungal growth), which was up to 6-fold higher
than that of the mock control samples (Fig. 5a).

In iodine-untreated roots, the SA and JA contents of B. cinerea
infected plants were almost doubled and halved, respectively, compared
with those of their related mock plants (Fig. 5b).

In the presence of iodine, B. cinerea-inoculated plants accumulated
more SA and less JA in the shoot than did their related controls (0 uM KI
— B. cinerea-inoculated plants) (Fig. 5a). Specifically, the SA content of
B. cinerea-inoculated plants treated with 10 and 30 uM KI was 5- and 2-
fold higher than that of the control, respectively, whereas JA content
was reduced on average >3-fold (Fig. 5a). In roots, the SA and JA
contents of B. cinerea-inoculated plants was not affected by KI treat-
ments (Fig. 5b). Iodine-treated plants also produced less ET than the
controls did, as demonstrated by the flattening of the B. cinerea-induced
ET emission peak observed at 2 h PIT (—34 % and —20 % compared with
the controls in 10 and 30 uM Kl-treated plants, respectively — Fig. 5c¢).

3.3.2. lodine effect on gene expression in the presence/absence of Botrytis
cinerea infection

To gain insight into the effects of iodine and B. cinerea on defence-
related gene expression, the transcriptional response of the previously
selected genes (Fig. 4) was analysed in Col-0 shoots and roots sampled at
48 h PBI (corresponding to 5 days PIT) (Fig. 6). The expression of PAD3,
involved in the biosynthesis of the antifungal phytoalexin camalexin,
was included in the analysis.
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Fig. 4. Transcriptional regulation triggered by iodine treatments (0, 10, and 30 pM KI). Heatmap showing the relative expression levels of selected genes related to
salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) biosynthesis/signalling or as markers of biotic and abiotic stress. Determinations were performed on shoot
(a) and root (b) tissues at 12 h post iodine treatment (PIT) and 72 h PIT (reference: iodine-untreated tissues). The numerical expression values and statistical
significance are shown in Supplementary Tables S6, S7, S8, and S9. The data are the means of three biological replicates, each consisting of a pool of samples derived

from 5 plants. Two technical replicates were included in the analysis.

In shoots, the transcriptional response was strongly affected by the
presence of B. cinerea and far less influenced by KI treatments (Fig. 6a,
Supplementary Table S10). Except for PR5 (Supplementary Table S10),
fungal infection positively affected the expression of all the analysed
genes, whereas iodine significantly affected the expression of a small
group of genes, particularly the SA-responsive PR2 and PR5 genes
(Fig. 6a, Supplementary Table S10). In mock-treated plants, the
expression of PAD3 and ZAT12 decreased with increasing KI. The two
genes were strongly activated by B. cinerea, although both 10 and 30 uM
KI significantly reduced the expression of ZAT12 compared with that of
its related control (Fig. 6a, Supplementary Table S10).

Compared with that of the shoots, the transcriptional response of the
roots was almost the opposite, as it was scarcely influenced by the
presence of B. cinerea (Fig. 6b, Supplementary Table S11), and largely
mirrored that observed at 72 h PIT due to Kl-treatments (Fig. 4b). In
both mock-treated and inoculated plants, the expression of genes related
to JA and ET biosynthesis was scarcely affected or downregulated by 10
and 30 uM KI, with the exclusion of SID2, which was induced by KI
treatments (Fig. 6b, Supplementary Table S11). Iodine triggered the
activation of PR2 and PR5 (SA-responsive genes), and that of PR3 and
PR4 (JA/ET-responsive genes), although to a lesser extent. Iodine clearly
induced PAD3 expression, irrespectively of the concentration used,
whereas ZAT12 was significantly activated by 30 uM KI (Fig. 6b; Sup-
plementary Table S11).

3.4. Effects of iodine on plant redox homeostasis and hydrogen peroxide
(H202) accumulation in the presence/absence of Botrytis cinerea

To explore the possible role of iodine in H,O2 metabolism, which is
involved in the plethora of physiological mechanisms associated with
plant resistance against biological attacks (Saxena et al., 2016; Smirnoff
and Arnaud, 2019), the shoot and root HyO5 contents were determined

in KI-treated plants (0, 10 and 10 uM - Col-0) sampled at 2 h and 72 h PIT
and immediately after B. cinerea inoculation (2 h PBI; Fig. 7a).

Iodine feeding did not alter the shoot or root HoO5 content after a
short exposure time (2 h PIT; Fig. 7a). Conversely, 30 uM KI significantly
affected H,O- accumulation at 72 h PIT, which exceeded 50 % of that of
the control in the shoot and was almost doubled in the root (Fig. 7a).

In contrast, KI appeared to prevent H,O, accumulation in the shoots
of B. cinerea-infected plants, as the contents of 10 and 30 uM KI were 57
% and 86 % lower than those of the control, respectively (Fig. 7a),
reaching values well below those recorded before fungal infection.

The presence of the pathogen did not affect HyO2 accumulation in
the roots, whose content was stimulated by 30 uM KI (Fig. 7a).

The Hy0-, levels after B. cinerea infection correlated well with ZAT12
transcriptional activity (Fig. 7b). Increasing KI concentrations progres-
sively decreased the expression of ZAT12 in the shoot, whereas 30 uM KI
significantly promoted its expression in the root compared with that of
the control.

The DAB staining assay performed on detached leaves at 72 h PIT
and after B. cinerea infection (12, 24 and 48 h PBI) did not reveal dif-
ferences in terms of HyO, accumulation due to KI treatments (Fig. 7c). A
similar response was also observed in the root tissues of Arabidopsis
seedlings sampled at 72 h PIT (Fig. 7d).

3.5. Effects of iodine on the tolerance of salicylic acid- jasmonic acid- and
ethylene-mutants when challenged with Botrytis cinerea

To elucidate the role of SA, JA and ET in the iodine-induced plant
defence response, we tested the effect of KI treatment (0 or 30 uM) on
Arabidopsis mutants impaired in SA, JA or ET biosynthesis/signalling
and infected with B. cinerea (Supplementary Figure S7). The tolerance
experiment previously described for Col-0 was performed using sid2-3,
which is defective in SA biosynthesis (Pluharova et al., 2019), jarl-1,
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Fig. 5. Effects of iodine (0, 10, and 30 pM KI) on salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) accumulation/release in Arabidopsis plants (Col-0) infected
with Botrytis cinerea. Non-infected plants (mock) were included in the analysis. (b) SA and JA contents quantified at 5 days post B. cinerea infection (PBI). The data
are the means of three replicates, each consisting of a pool of samples derived from 5 plants. (c¢) Plant ET release measured at different time points following B. cinerea
inoculation (n = 3). The data were subjected to two-way and one-way analysis of variance (ANOVA). The significance of the two-way ANOVA results is reported in
the graphs. The values indicated by different letters significantly differ from each other (according to one-way ANOVA, Tukey’s post hoc test, P < 0.05). Statistical
analysis of ET release was conducted at each time point. Error bars are shown.

which is defective in JA signalling (Staswick et al., 1992), and
acs2-1acs6-1, which is defective in ET biosynthesis (Tsuchisaka et al.,
2009) (Supplementary Figure S8).

All the genotypes were affected by B. cinerea infection, although
sid2-3 plants presented a good degree of tolerance, even in the absence
of iodine (Fig. 8a, b). The sum of leaves belonging to class 1 and class 2
(healthier leaves) indicated that KI treatment increased resistance to the
pathogen in the Col-0 and acs2-1acs6-1 genotypes but did not affect
resistance in the sid2-3 and jar1-1 genotypes (Fig. 8c). While the lack of
iodine effects on sid2-3 was due to their intrinsic high tolerance to
B. cinerea, the response of jar1-1 was comparable to that of the wild type
in the absence of iodine, with the latter failing to induce tolerance when
applied.

4. Discussion

Brown et al. (2022) redefined the term “plant nutrient” as follows: A
mineral plant nutrient is an element which is essential or beneficial for plant
growth and development or for the quality attributes of the harvested product
of a given plant species grown in its natural or cultivated environment. A plant
nutrient may be considered essential if the life cycle of a diversity of plant
species cannot be completed in the absence of the element. A plant nutrient
may be considered beneficial if it does not meet the criteria of essentiality, but
can be shown to benefit plant growth and development or the quality attri-
butes of a plant or its harvested product.

Considering this new definition, iodine is considered a plant nutrient
(Brown et al., 2022). Plant nutrients play a crucial role in plant pro-
tection against biotic attacks (Tripathi et al., 2022). Therefore, as a
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Fig. 6. Transcriptional regulation triggered by iodine (0, 10, and 30 uM KI) in Arabidopsis plants (Col-0) infected with Botrytis cinerea. Non-infected plants (mock)
were included in the analysis. Heatmap showing the relative expression levels of selected genes related to salicylic acid (SA), jasmonic acid (JA) and ethylene (ET)
biosynthesis/signalling or as markers of biotic and abiotic stress. Determinations were performed on shoot (a) and root (b) tissues at 48 h post B. cinerea infection
(PBI) (reference: iodine-untreated tissues-mock plants). The numerical expression values and statistical significance are shown in Supplementary Tables S10 and S11.
The data are the means of three biological replicates, each consisting of a pool of samples derived from 5 plants. Two technical replicates were included in the

analysis. CNT = control: iodine-untreated samples.

modern “physiological” syllogism, we might conclude that iodine could
play a role in plant protection against biotic attacks.

The direct evidence of the protective role of iodine against biotic
attacks in plants is missing (Riyazudding et al., 2023). Then, to validate
our deduction, we initially demonstrated that iodine treatments pro-
tected Arabidopsis plants against the necrotrophic fungus B. cinerea, and
that a comparable degree of protection was achieved both in the
continuous presence of iodine (KI was maintained both in the solution
until the end of the trial; Fig. 1, Supplementary Table S4) and by
removing iodized salt immediately after pathogen inoculation (Supple-
mentary Figure S4, Supplementary Table S5).

We found that iodine limited fungal spread but did not prevent plant
infection (Fig. 2). The Botrytis cinerea pathogenic process occurs in three
phases: (1) appressorium-mediated penetration of the host cuticle, (2)
the formation of local necrotic lesions and fungal biomass accumulation,
and (3) a late phase involving lesion spread and sporulation (Bi et al.,
2023; Cheung et al., 2020).

The first stage of pathogenesis was not affected by iodine, as local
lesions were present at the site of inoculation of both the control and KI-
fed plants (Fig. 2b), involving the same percentage of leaves (Fig. 2a).
However, the protective action of iodine became increasingly evident
over time. At 3 days PIT, we observed a significant reduction in fungal
growth (Fig. 2a) and a decrease in the size of the related fungal lesions
(Fig. 2a). Towards the end of the trial, the KI-treated plants, especially
the 30 uM-fed plants, were only marginally affected by the presence of

10

the fungus, which in contrast generally reached the sporulation phase in
the control plants, with total necrotization of the leaf tissues (Fig. 2b,
Supplementary Fig. S3).

Once the antifungal activity of KI had been excluded in vitro (Sup-
plementary Figure S5), we investigated the possible physiological
mechanisms triggered by iodine at the basis of the acquired plant
tolerance observed in vivo. We focused on the main mechanisms
involved in the plant pathogenic response, such as the accumulation of
SA, JA and ET, which are the three major hormonal players (Ding et al.,
2022), the transcriptional response of selected genes related to their
biosynthesis or signalling, and the HyO, accumulation, due to its dual
role in plant metabolism, acting both as oxidative and signalling mole-
cule during biotic-stress responses (Saxena et al., 2016; Smirnoff and
Arnaud, 2019).

In the absence of the pathogen (pre-infection characterization), we
found that iodine promoted the accumulation of SA and JA in shoots and
roots (Fig. 3a, b) and stimulated plant ET release within a relatively
short time (72 h PIT - Fig. 3c).

From a transcriptional point of view, plants responded to iodine
treatments by modulating the SA, JA and ET pathways, affecting the
expression of both biosynthetic and signalling-related genes to a
different extent depending on the gene and tissue analysed, the time of
KI exposure (12 h, 72 h) and the KI concentration used (Fig. 4).
Nevertheless, the genes most responsive to iodine treatments were those
encoding PR proteins, which play crucial roles in plant resistance against
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Fig. 7. Effects of iodine (0, 10 and 30 uM KI) on the oxidative status of Arabidopsis (Col-0) plants. Non-infected plants (mock) were included in the analysis. Shoot
and root hydrogen peroxide (H20,) content (n = 5) (a) and Zat12 expression levels (n = 3) (b). The data were subjected to two-way and one-way analysis of variance
(ANOVA). The significance of the two-way ANOVA results is reported in the graphs. The values indicated by different letters significantly differ from each other
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leaves from 6 plants) and (d) Arabidopsis seedlings (n = 15) via 3,3-diaminobenzidine (DAB) staining. PIT: post iodine treatment. PBI: post B. cinerea infection.

11



S. Beltrami et al.

Botrytis cinerea

a) Col-0 sid2-3 jar1-1 acs2-1acs6-1
(ET)

(WT) (SA)

Kl 30 uM Control
o
)‘

(JA)

Plant Stress 15 (2025) 100723

b)

Control

4.6%
18.2% ﬁ
38.1% ‘@

11.6% 5.1%

K1 30 uM

6.7% 2.9%
30.0%

[ class 1 [Jclass 2 [ class 3 M class 4

c) 100 - ﬂ] n.s.
80 r
60
40 -

20-Il|
0 d

ns

class 1+ class 2 (%)

4

*

Col-0 s:d2 3 jar1 1 acsZ-
acs6-1

1 Control
I KI 30 uM
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salicylic acid (SA) biosynthesis], jar1-1 [defective in jasmonic acid (JA) signalling] and acs2-1acs6-1 [defective in ethylene (ET) biosynthesis]. (a) Plant phenotype
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fungal pathogens by preventing or limiting their invasion and spread.
Unlike their structures and activities, PR proteins can deteriorate the
structure and functionality of several fungal components, including the
cell wall, the plasma membrane and several intracellular targets, such as
ribosomes, thus altering protein synthesis and, in turn, the fate of fungal
cells. Several plant peroxidases are also classified among the PR protein
families, as they can contribute to plant cell wall reinforcement by
promoting lignification and callose deposition, leading to enhanced
resistance against pathogens and stimulating the synthesis of signal
molecules involved in plant defence, such as HoO5 (Ali et al., 2018; Dos
Santos and Luiz Franco, 2023).

In our trial, KI treatments particularly stimulated the expression of
the SA-responsive PR2 and PR5 genes (Fig. 4), which encode for the
f—1,3 glucanase enzyme, which is involved in fungal cell wall degra-
dation (Ali et al., 2018; Dos Santos and Luiz Franco, 2023), and for a
thaumatin-like protein, which impairs the fungal plasma membrane
through the formation of transmembrane pores (Ali et al., 2018; Dos
Santos and Luiz Franco, 2023). We found that KI induced the expression
of some abiotic stress-responsive genes in the root (Fig. 4b), which is the
entry point for iodine, as KI was added to the plant nutrient solution. In
particular, KI triggered the up-regulation of ZAT12 (72 h PIT; Fig. 7b,
Fig. 4b, Supplementary Table S9), which is involved in reactive oxygen
and abiotic stress signalling (Davletova et al., 2005). This up-regulation
correlated well with the increased HoO5 content quantified in the roots,
but also in the shoots of the Kl-treated plants at 72 h PIT (Fig. 7a).

Like any chemical compound or nutrient, iodine can result in
phytotoxic effects when applied at high concentrations, especially in the
iodide form, leading to an over-accumulation of reactive oxygen species
(ROS) and related cellular damage (Zhang et al., 2023).

Iodine does not appear to act as a generic abiotic stress agent for
plants on the basis of three observations in our experiments: 1. The
effective concentrations of KI in the nutrient solution used were in the
micromolar range. 2. KI did not activate the transcriptional response of
abiotic stress marker genes in the shoot (e.g., APX1, ADH, SOS1; Fig. 4a).
3. DAB staining performed at 72 h PIT did not reveal any differences in
terms of H,0, accumulation in the leaves or roots of Arabidopsis plants
or seedlings (Fig. 7c, d).

Considering the central role of HyO5 as a signalling molecule and the
fine-tuned balance between H20, production and scavenging that is
required to maintain HyO; levels under the toxicity threshold (Hossain
et al., 2015), the increased HoO4 content induced by KI (spectrophoto-
metrically determined - Fig. 7a), together with the upregulation of
ZAT12 (Fig. 7b), would seem to be related to its role as a secondary
messenger rather than a consequence of oxidative stress.

All the described processes due to KI treatments induced systemic
plant immunity because KI was administered to the roots and exerted a
protective action on the aerial part of the plant, which is the one asso-
ciated with B. cinerea infection.

In general, the systemic immune response triggered by necrotrophic
pathogens is mainly mediated by JA and ET, whereas the SA pathway is
stimulated against biotrophic and hemi-biotrophic pathogens (Vlot
et al.,, 2021). In both the cases, once a biotic stimulus has been
perceived, pants trigger massive transcriptional reprogramming, which
typically results in the upregulation of PR genes and leads to the pro-
duction of antimicrobial secondary metabolites, such as phytoalexins. In
addition, plants respond to pathogenic attacks by increasing the pro-
duction of reactive oxygen species (ROS), including HyO9 (Jung and
Cecchini, 2023). All these responses resemble those induced by iodine in
the present study.

Another common and key phenomenon of the plant systemic im-
mune response is defence priming, which consists of a physiological
state induced in plants pre-experienced with biotic agents, allowing
them to respond more rapidly and/or efficiently to subsequent pathogen
attacks (Honig et al., 2023; Jung and Cecchini, 2023). Together with
biotic agents, systemic resistance and priming can be triggered by the
exogenous application of chemicals, which may activate the plant

13

Plant Stress 15 (2025) 100723

immune response due to structural similarity with natural biotic elicitors
or irrespective of that (Honig et al., 2023; Zhou and Wang, 2018). Our
data collected after B. cinerea infection suggest a genuine role of iodine
in plant priming against biotic stresses.

With respect to the three hormones playing a predominant role in
plant pathogen resistance, in the absence of disease pressure (mock
plants), prolonged (8 days) plant exposure to KI did not result in
increased accumulation of SA and JA in the shoot compared with the
control (Fig. 5a) and did not affect plant ET release over a period of three
hours following 72 h pre-inoculation (Fig. 5¢). The transcriptional data
corroborated these findings. In fact, the genes related to SA, JA and ET
biosynthesis in samples from mock plants were essentially unaffected by
prolonged KI exposure in the shoot (Fig. 6a). Nevertheless, significant
upregulation of the SA-related PR2 and PR5 genes was observed in
response to KI treatment (Fig. 6a; Supplementary Table S10).

In the presence of the pathogen, the major hormonal responses
occurred in the shoot, which is the part of the plant of interest for fungal
growth, as also highlighted by the broad transcriptomic rearrangement
observed in this tissue compared with mock and B. cinerea-infected tis-
sues (Fig. 6a; Supplementary Tables S10).

Plant defences activated against necrotrophic pathogens, such as
B. cinerea, are mainly mediated by the JA and ET signalling pathways
(Vlotetal., 2021; Li et Cheng, 2023). Therefore, the notable induction of
JA in infected control shoots (place of infection - Fig. 5a), as well as that
of ET (quantified in the whole plant - Fig. 5¢), was expected.

The shoot JA content of B. cinerea-infected plants, treated with KI,
was much lower than that of their controls (B. cinerea-infected, KI-
untreated plants; Fig. 5a), and a similar response was observed in
terms of ET release (Fig. 5c). These findings suggest that Kl-treated
plants were scarcely induced to activate JA- and ET-mediated defence
responses, as the presence of the pathogen was strongly restrained in this
group of plants (Fig. 1). In contrast, plants pre-experienced with iodine
were induced to accumulate higher levels of SA in the shoot than were
observed in the controls (Fig. 5a), possibly because of the memory
(Oberkofler et al., 2021) of the initial application of KI, which was
perceived by the plant as a stimulus triggering IR-like responses (pre--
infection characterization).

The shoots of B. cinerea-infected plants treated with KI had a lower
H30, content than those of the control plants (Fig. 7a). This finding
correlated well with the dampening of ZAT12 expression levels observed
in Kl-treated plants (Fig. 7b; Fig. 6a; Supplementary Table S10), sug-
gesting that iodine treatments are able to limit the occurrence of
pathogen-driven oxidative stress.

Roots were not affected by B. cinerea infection. Consequently, the
transcriptional profiles in this tissue were unrelated to the presence/
absence of the pathogen, as they were almost identical in mock-infected
and B. cinerea-infected plants and fully dependent on KI treatments
(Fig. 6b; Supplementary Tables S11). Here, the most interesting output
of the transcriptional analysis was the role of KI in promoting the
expression of the SA-related genes PR2 and PR5 (Fig. 6b). We also
observed a strong induction of PAD3, which is crucial for the biosyn-
thesis of the antimicrobial compound camalexin (Zhou et al., 1999),
and, to a lesser extent, that of ZAT12 (Fig. 6b). This is consistent with the
higher H,0, content quantified in the roots of 30 uM Kl-treated plants
(Fig. 7a). We also noted some competition between SA and JA/ET
biosynthetic genes in Kl-treated plants, in favour of SA (Fig. 6a, b;
Supplementary Tables S10, 11). Hormonal quantification data sup-
ported this evidence, as 30 uM KI stimulated SA accumulation in the
roots of mock-treated plants, reducing that of JA (Fig. 5b).

To the best of our knowledge, no previous studies have explicitly
aimed to evaluate the effect of iodine on SA metabolism. Nevertheless,
the association between iodine and SA emerged indirectly in the liter-
ature. The application of micromolar amounts of iodine, supplied as
KIO3 and/or KI, has been shown to increase SA accumulation in tomato
fruits and roots (Halka et al., 2019) and in the root secretions of lettuce
(Smolen et al., 2021). In addition, gene expression profiles based on
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microarray or next-generation sequencing (RNA-seq) technologies
revealed the presence of a cluster of genes commonly regulated by
KI/KIO3 and SA treatments in the roots of several plant species (ie.,
Arabidopsis - Kiferle et al., 2021; lettuce - Smolen et al., 2023). The
experiment on Arabidopsis mutants was used as a tool to reveal the
preferential role of SA, JA and ET in the iodine-driven resistance against
B. cinerea infection. In our selection, sid2-3 plants are defective in the SA
INDUCTION-DEFICIENT2 (SID2) gene (also named isochorismate syn-
thase 1 (ICS1) (Pluharova et al., 2019). The encoded enzyme converts
chorismate to isochorismate, representing a crucial step in the SA
biosynthesis (Rekhter et al. 2019). The jar1-1 mutant is impaired in the
JASMONATE RESISTANT 1 (JAR1) gene, which encodes a JA-amino
synthetase that activates JA by conjugating it to isoleucine (Ile), hav-
ing a central role in JA signalling (Staswick et al., 1992). acs2-1acs6-1 is
double knock-out mutant of two members of the multigene family
encoding for 1-aminocyclopropane-1-carboxylate synthase (ACS)
(Tsuchisaka et al., 2009), which converts S-adenosyl-i-methionine
(SAM) to 1-aminocyclopropane-1-carboxylic acid (ACC), the immediate
precursor of ethylene (Bleecker and Kende, 2000).

As a consequence, the mutation of SID2, JAR1 and two members of
the ACS multigene family, in our selected mutant lines leads to drastic
decreases in the SA, Ja-Ile and ET levels, respectively, as widely reported
in literature (e.g. sid2-3: Abreu et al., 2009; Pluharova et al., 2019;
jarl-1: Suza and Staswick, 2008; acs2-lacs 6-1: Schellingen et al.,
2014).

The analysis of the tolerance degree of the selected mutants provided
a clear indication on the contribution of each hormone to the defense
mechanism driven by iodine. Our results highlight that there is no
preferential role of SA in tolerance to B. cinerea driven by iodine.
Compared with that in wild-type plants, the impaired SA biosynthesis in
sid2-3 plants (Pluharova et al., 2019) increased their resistance to the
pathogen, irrespectively of KI treatment, suggesting a negative role of SA
in the tolerance mechanism (Fig. 8c).

In the context of the well-characterized antagonism between SA and
JA (Aerts et al., 2021; Kunkel and Brooks, 2002), the increased tolerance
of sid2-3 plants can be attributed to an increase in the JA pathway,
which is crucial for plant tolerance to necrotrophic fungi, such as
B. cinerea (Vlot et al., 2021; Li et Cheng, 2023). On the other hand, the
impairment of JA signalling in jarl-1 plants (Staswick et al., 1992),
which were severely affected by the fungus, negates the positive effect of
KI on their resistance (Fig. 8c), suggesting the preferential involvement
of JA in the tolerance induced by iodine. Ethylene was not crucial for
iodine-driven tolerance, as KI promoted the resistance of acs2-1acs 6-1
plants (Fig. 8c), which are defective in ET synthesis (Tsuchisaka et al.,
2009).

5. Conclusion

Iodine has recently been demonstrated to be involved in plant
nutrition, increasing plant fitness when it is applied at low concentra-
tions and enhancing plant resistance when it is exposed to several
abiotic stresses.

Our findings demonstrated a role of iodine in plant protection, as the
addition of low amounts of KI (in the micromolar range) to the nutrient
solution triggered, systemically, a wide range of defence-like responses.
The main outcomes were the stimulatory effect of iodine on SA, JA and
ET production, which are the three principal hormonal players in the
pathogenic response, and the massive expression of several PRs encod-
ing genes, possibly also mediated by H,O5 signalling. Iodine induced a
similar response in both shoot and root tissues, even though it was more
pronounced in roots, as the roots were the entry point for KI due to the
cultivation system used.

The combined pattern of the results of all analysed parameters,
which contrasted between iodine-supplemented and iodine-deficient
plants, suggests that plant defence responses were pre-activated
several days before the introduction of the pathogen. In the presence
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of B. cinerea, the pre-activation of the defence machinery, which is
mostly JA dependent, did not prevent fungal infection but strongly
limited its spread.

The protective effects of iodine against B. cinerea infection could be
stronger in the absence of the induction of SA biosynthesis triggered by
iodine itself. However, the iodine-driven SA induction might represent a
valuable resource to induce tolerance not only to necrotrophic fungi but
also to biotrophic pathogens. Therefore, we believe that iodine is as an
eco-friendly and safe priming agent having a great potential in agri-
culture to control a broad spectrum of plant diseases, newly underlining
the benefits related to a proper integration of the element in plant
nutritional programs.
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