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ABSTRACT

LATA TENESACA, Luis Felipe, D.Sc., Universidade Federal de Vigcosa, November 2023.
Physiological, biochemical and molecular aspects of induced resistance in maize against
Bipolaris maydis infection using a zinc-polyphenolic compound and silicon. Advisor: Fabricio
Avila Rodrigues.

Maize leaf blight (MLB), caused by the fungus Bipolaris maydis, has great potential to cause
considerable losses in the growth and yield of maize. Higher foliar concentration of silicon (Si) or
the use of resistance inducers may be promising alternatives for boosting maize resistance against
MLB. The first study investigated the potential of using Semia® [zinc (20%) complexed with plant-
derived pool of polyphenols (10%)] to boost defense reactions on maize leaves infected by B.
maydis. Mycelial growth and conidia germination were reduced by the IR stimulus in vitro. The
IR stimulus-sprayed plants showed reduced MLB symptoms due to less production of
malondialdehyde (MDA), hydrogen peroxide (H»0.), and radical anion superoxide (0:*)
compared to control plants. During the infection by B. maydis, IR stimulus-sprayed plants showed
increased concentrations of sucrose and starch and greater activities of catalase (CAT), glutathione
reductase (GR), and superoxide dismutase (SOD) compared to water-sprayed plants. Less
impairment on the photosynthetic apparatus [higher values for leaf gas exchange (rate of net CO>
assimilation, stomatal conductance to water vapor, and transpiration rate) and chlorophyll a
fluorescence (variable-to-maximum Chl a fluorescence ratio, photochemical yield, and yield for
dissipation by down-regulation) parameters] along with preserved pool of chlorophyll a+b and
carotenoids were noticed for infected and IR stimulus-sprayed plants compared to infected plants
from the control treatment. Defense-related genes (IGL, CHS02, PRI, PAL3, LOX3, CHI, and
GLU) were up-regulated for IR stimulus-sprayed plants compared to control plants infected by B.
maydis. These findings highlight the potential of using this IR stimulus for MLB management. In
the second study, we investigated whether maize plants with higher foliar silicon (Si) concentration
can be more resistant against MLB was investigated in this study. The +Si plants showed reduced
MLB symptoms (smaller lesions and lower disease severity) due to higher foliar Si concentration
and less production of MDA, H>02, and O2*" compared to -Si plants. Higher values for leaf gas
exchange and chlorophyll a fluorescence parameters along with preserved pool of chlorophyll a+b

and carotenoids were noticed for infected +Si plants compared to infected -Si plants. Activities of



defense (chitinase, f-1,3-glucanase, phenylalanine ammonia-lyase, polyphenoloxidase,
peroxidase, and lipoxygenase) and antioxidative (APX, CAT, SOD, and GR) enzymes were higher
for infected +Si plants compared to infected -Si plants. Collectively, this study highlights the
importance of using Si to boost the resistance of maize plants against MLB considering the more
operative defense reactions and the robustness of the antioxidative metabolism along with the

preservation of the photosynthetic apparatus.

Keywords: Antioxidative metabolism. Foliar disease. Host defense responses. Induced resistance.

Photosynthesis.



RESUMO

LATA TENESACA, Luis Felipe, D.Sc., Universidade Federal de Vigosa, novembro de 2023.
Aspectos fisiologicos, bioquimicos e moleculares da resisténcia induzida em milho contra a
infeccao por Bipolaris maydis usando um composto polifendlico de zinco e silicio. Orientador:
Fabricio Avila Rodrigues.

A mancha-foliar-de-Bipolaris (MFB), causado pelo fungo Bipolaris maydis, tem grande potencial
para causar perdas considerdveis no crescimento e produtividade do milho. Uma maior
concentracdo foliar de silicio (Si) e o uso de indutores de resisténcia podem ser alternativas
promissoras para aumentar a resisténcia do milho a MFB. O primeiro estudo investigou o potencial
do uso do Semia® [zinco (20%) complexado com um pool de polifendis derivados de plantas
(10%)] para aumentar os mecanismos de defesa em folhas de milho infectadas por B. maydis. O
crescimento micelial e a germinacdo de conidios foram reduzidos pelo estimulo IR in vitro. As
plantas pulverizadas com estimulo IR apresentaram sintomas reduzidos de MLB devido a menor
producdo de malondialdeido (MDA), peréxido de hidrogénio (H20») e anion radical superéxido
(0O2*) em comparagdo com as plantas do controle. Durante a infeccdo de B. maydis, as plantas
pulverizadas com estimulo IR apresentaram concentra¢cdes maiores de sacarose € amido e
atividades maiores da catalase (CAT), glutationa redutase (GR) e superéxido dismutase (SOD) em
comparacdo com as plantas pulverizadas com &4gua. Menor comprometimento do aparato
fotossintético [valores mais altos para troca gasosas foliares (taxa de assimilacdo liquida de CO-,
condutincia estomdtica ao vapor de dgua e taxa de transpiracdo) e parametros de fluorescéncia da
clorofila a (taxa de fluorescéncia da Chl a varidvel a mixima, rendimento fotoquimico e
rendimento da dissipacdo ndo-regulada)], juntamente com o pool preservado de clorofila a+b e
carotenoides, foram observados em plantas infectadas e pulverizadas com estimulo IR em
comparac¢do com plantas infectadas do tratamento controle. Os genes relacionados a defesa (IGL,
CHSO02, PRI, PAL3, LOX3, CHI e GLU) foram regulados positivamente nas plantas pulverizadas
com estimulo IR em comparacdo com as plantas controle infectadas por B. maydis. Essas
descobertas destacam o potencial do uso desse estimulo de IR para o manejo da MFB. No segundo
estudo, investigamos se as plantas de milho com maior concentracdo foliar de silicio (Si) podem

ser mais resistentes a MFB. As plantas +Si apresentaram sintomas reduzidos de MFB (lesoes



menores € menor gravidade da doenga) devido a maior concentracido foliar de Si e a menor
producdo de MDA, H>O; e O-* em comparagdo com as plantas -Si. Foram observados valores
mais altos para os parametros de trocas gasosas foliares e fluorescéncia da clorofila a, juntamente
com o pool preservado de clorofila a+b e carotenoides para plantas infectadas +Si em comparacao
com plantas infectadas -Si. As atividades das enzimas de defesa (quitinase, B-1,3-glucanase,
fenilalanina amonia-liase, polifenoloxidase, peroxidase e lipoxigenase) e antioxidantes (APX,
CAT, SOD e GR) foram maiores nas plantas infectadas +Si em comparacdo com as plantas
infectadas -Si. Em conjunto, este estudo destaca a importancia do uso do Si para aumentar a
resisténcia das plantas de milho contra a MFB, considerando as rea¢des de defesa mais operantes

e a robustez do metabolismo antioxidante, juntamente com a preservacao do aparato fotossintético.

Palavras-chaves: Metabolismo antioxidante. Doenca foliar. Fotossintese. Respostas de defesa do

hospedeiro. Resisténcia induzida.
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Chapter 1

A zinc-polyphenolic compound increases maize resistance against Bipolaris maydis infection
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ABSTRACT

Maize leaf blight (MLB), caused by the fungus Bipolaris maydis, is an important disease affecting
maize production. The use of nutrient-based resistance inducers may become a very promising
alternative for MLB control to minimizing fungicide sprays. This study investigated the potential
of using Semia® [zinc (20%) complexed with plant-derived pool of polyphenols (10%)] to boost
defense reactions on maize leaves infected by B. maydis. A 2 x 2 factorial experiment was arranged
in a completely randomized design with four replications per sampling time. The factors studied
were plants sprayed with water (control) or Semia® (referred to as induced resistance (IR) stimulus
hereafter) that were non-inoculated or inoculated with B. maydis. Mycelial growth and conidia
germination were reduced by the IR stimulus in vitro. The IR stimulus-sprayed plants showed
reduced MLB symptoms due to less production of malondialdehyde, hydrogen peroxide, and
radical anion superoxide compared to control plants. During the infection by B. maydis, IR
stimulus-sprayed plants showed increased concentrations of sucrose and starch and greater
activities of catalase, glutathione reductase, and superoxide dismutase compared to water-sprayed
plants. Less impairment on the photosynthetic apparatus [higher values for leaf gas exchange (rate
of net CO> assimilation, stomatal conductance to water vapor, and transpiration rate) and
chlorophyll a fluorescence (variable-to-maximum Chl a fluorescence ratio, photochemical yield,
and yield for dissipation by down-regulation) parameters] along with preserved pool of chlorophyll
a+b and carotenoids were noticed for infected and IR stimulus-sprayed plants compared to infected
plants from the control treatment. Defense-related genes (IGL, CHS02, PRI, PAL3, LOX3, CHI,
and GLU) were up-regulated for IR stimulus-sprayed plants compared to control plants infected by
B. maydis. These findings highlight the potential of using this IR stimulus for MLB management.

Keywords: Bipolaris maydis. Antioxidative metabolism. Host defense responses. Induced

resistance. Photosynthesis.
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RESUMO

A mancha-foliar-de-Bipolaris (MFB), causada pelo fungo Bipolaris maydis, ¢ uma doenca
importante que afeta a producdo de milho. O uso de indutores de resisténcia a base de nutrientes
pode se tornar uma alternativa muito promissora para o controle da MFB, minimizando as
pulverizagdes de fungicidas. Este estudo investigou o potencial do uso do Semia® [zinco (20%)
complexado com um pool de polifendis derivados de plantas (10%)] para aumentar 0s mecanismos
de defesa em folhas de milho infectadas por B. maydis. Um experimento fatorial 2 x 2 foi arranjado
em um desenho completamente aleatério com quatro repeticdes por tempo de amostragem. Os
fatores estudados foram plantas pulverizadas com dgua (controle) ou Semia® (denominado como
estimulo de resisténcia induzida (IR)) que foram nao-inoculadas ou inoculadas com B. maydis. O
crescimento micelial e a germinacdo de conidios foram reduzidos pelo estimulo IR in vitro. As
plantas pulverizadas com estimulo IR apresentaram sintomas reduzidos de MLB devido a menor
producdo de malondialdeido, per6xido de hidrogénio e anion radical super6xido em comparagao
com as plantas do controle. Durante a infec¢do de B. maydis, as plantas pulverizadas com estimulo
IR apresentaram concentra¢des maiores de sacarose e amido e atividades maiores da catalase,
glutationa redutase e superéxido dismutase em comparacao com as plantas pulverizadas com dgua.
Menor comprometimento do aparato fotossintético [valores mais altos para troca gasosas foliares
(taxa de assimilacdo liquida de CO», condutincia estomdtica ao vapor de dgua e taxa de
transpiracdo) e parametros de fluorescéncia da clorofila a (taxa de fluorescéncia da Chl a varidvel
a méixima, rendimento fotoquimico e rendimento da dissipacdo nio-regulada)], juntamente com o
pool preservado de clorofila a+b e carotenoides, foram observados em plantas infectadas e
pulverizadas com estimulo IR em comparacdo com plantas infectadas do tratamento controle. Os
genes relacionados a defesa (IGL, CHS02, PRI, PAL3, LOX3, CHI e GLU) foram regulados
positivamente nas plantas pulverizadas com estimulo IR em compara¢do com as plantas controle
infectadas por B. maydis. Essas descobertas destacam o potencial do uso desse estimulo de IR para

o manejo da MFB.

Palavras-chave: Bipolaris maydis. Metabolismo antioxidante. Respostas de defesa do hospedeiro.

Resisténcia Induzida. Fotossintese.
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1. Introduction

Maize (Zea mays L.) is one of the main staple crops, both agriculturally and economically,
which guarantees global food and nutritional security (Ranum et al., 2014). Although maize is
more adaptable to abiotic stresses than other cereals, infection by pathogens has been the main
factor limiting plant growth and productivity (Jaidka et al., 2020). The occurrence of maize leaf
blight (MLB), caused by the fungus Bipolaris maydis (Y. Nisik. & Miyake) Shoemaker, contributes
significantly to yield losses due to photosynthetic impairment, reduced plant growth, and less
allocation of assimilates from leaves to the developing grains (Meshram et al., 2022).

Fungicide spray, use of hybrids with higher levels of basal resistance, plant genome editing
using the CRISPR/Cas9 system, protective formulations using nanotechnology, biological control
methods (e.g., Trichoderma atroviride and Bacillus cereus), crop rotation, and balanced plant
nutrition (e.g., nitrogen and potassium) are some of the available strategies for MLB management
(Daietal.,2018; Kumar et al., 2021; Lai, 2016, Paul, 2021; Worrall, 2018). However, other control
strategies must be provided to growers, especially those from developing countries, to reduce the
cost associated with fungicides and their harmful effects on human health and the environment.
Thinking about more sustainable maize production, the use of resistance inducers may become an
environmentally friendly alternative for MLB management, especially if combined with fungicides
and other biological control options to reduce chemical inputs without losing their efficacy. It is
well known that plants exposed to resistance inducers of abiotic and or biotic nature efficiently
activate defense reactions that will hinder the infection process of pathogens of different lifestyles
(Siah et al., 2018; Reglinski et al.,2023). During the induced resistance, which can be assigned as
systemic acquired resistance (SAR) or induced systemic resistance (ISR), a plethora of signaling
pathways mediated by hormones [e.g., salicylic acid (SA), jasmonic acid (JA), and ethylene (ET)],
with the co-participation of mobile signals (e.g., glycerol-3-phosphate, azelaic acid, pipecolic acid,
and N-hydroxy-pipecolic acid), will take place to coordinate the temporal and spatial action of
different defense mechanisms (Kesel et al., 2021; Vlot et al., 2021; Zeier, 2021). Interestingly, the
spray of nutrient-based resistance inducers has been efficient in reducing the intensities of diverse
fungal diseases in crops such as soybean, tomato, and potato (Han et al., 2021; Silva et al., 2022,
Torres et al., 2023). The zinc (Zn) is involved in the signaling of SAR and ISR that potentiate
different defense reactions in the infection sites of pathogens besides improving the integrity and

the permeability of membrane cell wall (Cabot et al., 2019; Dimkpa and Elmer, 2023). In maize
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challenged with Curvularia lunata and Bipolaris sorokiniana, the application of Zn compounds
was able to induce antioxidant and defense system, promote ROS balance, and improve lignin
accumulation (Choudhary et al., 2019; Tanwar, 2021).

The hypothesis that spraying maize leaves with a zinc-polyphenolic compound could
increase their basal level of resistance (e.g., preservation of the photosynthetic apparatus, boosted
defense reactions, and a better response of the antioxidant enzymes) against B. maydis infection
was investigated in this study using different physiological, biochemical, and molecular
approaches. In this regard, plants non-sprayed or sprayed with this compound and non-infected or
infected by B. maydis were analyzed for their photosynthetic performance, carbohydrate and

antioxidative metabolisms, and expression of defense-related genes.

2. Material and methods

2.1. In vitro assays

Different volumes of a stock solution (40 mL/L) of Semia® [nitrogen (1%) and zinc (20%)
complexed with plant-derived pool of polyphenols (10%); FertiGlobal, Larderello, Italy] were mixed
with 1 mL of a conidial suspension of B. maydis (5 x 10* conidia/mL) to obtain suspensions containing
the concentrations of 1, 2.5, 5, 10, and 15 mL of Semia®/L. A total of 100 puL of conidial suspension

®

containing the different concentrations of Semia™ was transferred to a glass slide that was covered with

a coverslip and also to a Petri dish containing 20 mL of potato-dextrose-agar (PDA) medium. The

conidial suspension of B. maydis without Semia®

corresponded to the control treatment. The conidial
suspension was homogeneously distributed over the PDA medium using a Drigalski glass handle. The
glass slides and the Petri dishes were transferred to a growth chamber (25°C and 12 h light/12 h dark
photoperiod). Each glass slide and Petri dish received 5 pL of lactofuchsin after 12 h to stop conidium
germination. One hundred conidia were randomly examined in each glass slide or Petri dish under light
microscope (Carl Zeiss Axiolmager Al) using bright field at 400 x magnification. Details on conidia
germination were acquired digitally (model AxioCam HR, Germany and Axion Vision software v.

4.8.1.). Conidium with germ tube larger than its diameter was considered germinated. The percentage of

conidia germination was calculated per replication of each treatment.
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2.2. Plant growth

Maize seeds from cultivar Colorado SCS 156 (EPAGRI, Santa Catarina, Brazil),
susceptible to B. maydis, were sown in plastic pots containing 2 kg of Tropstrato® (mixture of pine
bark, peat, and expanded vermiculite; Vida Verde, Sao Paulo, Brazil) substrate. A total of 1.63 g
of calcium phosphate was added to each pot to provide phosphorus to plants before sowing. After
seedlings emergence (= five days), two plants were kept per pot. Plants were fertilized with nutrient
solution (100 mL per pot twice a week) prepared according to Hoagland and Arnon (1950), with a
few modifications, as follows: 2.6 mM KCI, 0.6 mM K>SO4, 1.2 mM MgSO4, 1.0 mM CH4N-O,
1.2 mM NH4NO3, 0.0002 mM (NH4)sM07024, 0.03 mM H3BO4, 0.04 mM ZnSOy4, 0.01 mM CuSOs,
0.03 mM MnCl, 0.015 mM FeSO4, and 0.015 mM ethylenediaminetetraacetic acid disodium
(EDTA). Plants were kept in the greenhouse (temperature of 28 + 5°C, relative humidity of 80 +
1

5%, and natural photosynthetically active radiation (PAR) of 900 + 15 umol photons m? s’

measured at midday).

2.3. Foliar spray of plants with Semia®

Maize plants (V6 growth stage, 30 days after seedlings emergence) were sprayed with
Semia® solution (5 mL/L; 12.5 mL per plant in each pot) at 48 h before inoculation with B. maydis
with the aid of a VL Airbrush atomizer (Paasche Airbrush Co., Chicago, IL, USA). This treatment
will be referred to induced resistance (IR) stimulus thereafter according to criteria proposed by

Kesel et al., (2021). Plants sprayed with water served as the control treatment.

2.4. Plant inoculation with B. maydis

Pieces of filter paper (= 1 mm?) containing fungal mycelia of the monosporic isolate of B.
maydis UFV-DPF-Bm12 were transferred to Petri dishes containing PDA medium. The dishes were
places inside of a growth chamber (25°C and photoperiod of 12 h of light and 12 h of dark) for
fungal growth and conidia production during 15 days. Conidia were collected from each dish using
sterile water [0.01% Tween 20 and 0.5% gelatin (w/v)] and the conidial suspension was calibrated
to 1 x 10° conidia/mL using a Neubauer chamber. Plants were inoculated with the conidial
suspension of B. maydis using a VL Airbrush atomizer and maintained inside a mist growth

chamber (25°C and relative humidity of 90 + 5%) for 24 h. After this period, plants were transferred
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to greenhouse (28 + 2°C, relative humidity of 80 + 5%, and natural PAR of 900 + 15 umol photons

m~ s”! measured at midday) until the end of the experiments.

2.5. Evaluation of MLB severity

The fifth expanded leaf, from base to top, of each plant per replication of each treatment
was collected at 156 hours after inoculation (hai) and scanned at 600 dpi resolution. The images
from all leaves were processed using the QUANT software (Fagundes-Nacarath et al., 2018) to

obtain the severity values.

2.6. Determining foliar Zn and N concentrations

At the end of the experiment (156 hai), the fifth and sixth leaves, from base to top, of each
plant per replication of each treatment were collected, washed in deionized water, dried for 72 h at
65°C, and ground in a ball mill (TECNAL TE 350, Piracicaba, SP, Brazil) for 2 min. Leaf samples
were digested with perchloric acid and nitric acid (1:2) solution following the readings in atomic
absorption spectrophotometer to determine Zn concentration (Bataglia et al., 1983). For N
concentration, leaf samples were digested with sulfuric acid and subsequently oxidized with
hydrogen peroxide. Aliquots from the extract were reacted with potassium chloride and Nessler

reagent with reading at 440nm in spectrophotometer (Lang, 1958).

2.7. Determining leaf gas exchange parameters

The net carbon assimilation rate (A), stomatal conductance to water vapor (gs), internal CO»
concentration (C;), and transpiration rate (E) were measured on the fifth leaf, from base to top, of
each plant per replication of each treatment at 12, 60, 108, and 156 hai from 09:00 to 12:00 h using
a portable open-system infrared gas analyzer (LI-6400, LI-COR Inc., Lincoln, NE, USA). These
parameters were evaluated on the fifth leaves of non-inoculated plants at the same evaluation times
mentioned above. All measurements were carried out under the following conditions: leaf
temperature of 25°C, chamber CO> concentration of 420 ppm, PAR of 1200 umol m? s!, and
amount of blue light set with 10% of PAR to optimize stomatal aperture (Marcal et al., 2021).
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2.8. Imaging and quantification of Chl a fluorescence parameters

The Imaging-PAM fluorometer and the Imaging Win software MAXI version (Heinz Walz
GmbH) were used to obtain the images for Chl a fluorescence parameters (variable-to-maximum
chlorophyll a fluorescence ratio (Fv/Fn), photochemical yield [Y(II)], yield for dissipation by
down-regulation [ Y(NPQ)], and yield for non-regulated dissipation [ Y(NO)]) on the fifth leaf, from
base to top, of each plant non-inoculated or inoculated with B. maydis (12, 60, 108, and 156 hai)
per replication of each treatment according to the methodology described by Fagundes-Nacarath

et al., (2018).

2.9. Determining photosynthetic pigments concentration

The concentrations of Chl a, Chl b, and carotenoids were quantified on the leaves used to
obtain the images of Chl a fluorescence parameters. Leaf tissue (50 mg) was ground in liquid
nitrogen using a vibration ball mill (Retsch, Haan, Germany) and the fine powder was homogenized
with 700 uL of methanol. The supernatant was used for quantify concentrations of Chl a, Chl b,
and carotenoids with readings in spectrophotometer at 470, 653, and 666 nm, respectively, using a

saturated solution of methanol as a blank (Picanco et al., 2022).

2.10. Histochemical detection of lipid peroxidation, membrane damage, hydrogen peroxide
(H203), and superoxide anion radical (O2")

The fifth leaf, from base to top, of each plant per replication of each treatment was collected
from both non-inoculated and inoculated plants at 156 hai. Lipid peroxidation, membrane damage,
H»0;, and O;" were visualized using Schiff, Evans’ blue, 3,3’-diaminobenzidine
tetrahydrochloride, and nitro blue tetrazolium solutions, respectively, following the procedures

described by Silva et al., (2022).

2.11. Biochemical assays and gene expression analysis

The fifth leaf, from base to top, of each plant per replication of each treatment was collected
at 12, 60, 108, and 156 hai. Leaves from non-inoculated plants were sampled at these same
evaluation times. Leaf samples were kept in liquid nitrogen during samplings and stored in

ultrafreezer (-80°C) until further analysis.
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2.11.1. Determining sugars and starch concentrations: leaf tissue (50 mg) was ground into a
fine powder as described above and mixed with 700 uL of methanol at 80°C for 20 min. Sugars
and starch were extracted according to Medeiros et al., (2017). Glucose, fructose, and sucrose were
determined in the soluble phase of the methanolic solution and the pellet was used for starch

quantification following the procedures described by Fernie (2001).

2.11.2. Determining of malondialdehyde (MDA) concentration: leaf tissue (100 mg) was
ground as described above and homogenized in 2 mL of trichloroacetic acid solution [0.1% (w/v)]
following centrifugation at 12,000 g at 4°C for 15 min. A total of 750 pL of thiobarbituric acid
solution was added to 250 pL of the supernatant followed homogenization in a thermomixer at
95°C for 30 min. The samples were centrifuged at 9,000 g for 10 min and the absorbance readings
were taken at 600 and 532 nm (Heath and Packer, 1968).

2.11.3. Determining H>O: and O>" concentrations: leaf tissue (100 mg) was ground as described
above and homogenized in 1 mL of solution containing potassium phosphate buffer (50 mM, pH
6.5) and hydroxylamine (1 mM). The homogenate was centrifuged at 10,000 g at 4°C for 15 min.
The supernatant was used to determine H>O> concentration according to Dias et al., (2020). Leaf
tissue (100 mg) was ground as described above and the fine powder was homogenized in 1 mL of
solution containing potassium phosphate buffer (1000 mM, pH 7.2) and sodium
diethyldithiocarbamate (I mM). The homogenate was centrifuged at 22,000 g at 4°C for 20 min

and the supernatant was used to determine O2" concentration according to Chaves et al., (2021).

2.11.4. Determining antioxidant enzyme activities: leaf tissue (100 mg) was ground as described
above and the fine powder was homogenized with 1 mL solution containing 100 mM potassium
phosphate buffer (pH 7.8), 0.1 mM EDTA, 1 mM PMSF, and 0.5% (w/v) PVP. The homogenate
was centrifuged at 13,000 g for 15 min at 4°C and the supernatant was used to determine the
activities of ascorbate peroxidase (APX) (EC 1.11.1.11), catalase (CAT) (EC 1.11.1.6), superoxide
dismutase (SOD) (EC 1.15.1.1), and glutathione reductase (GR) (EC 1.8.1.7) following the
procedure of Debona (2012).
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2.11.5. Gene expression using reverse transcription quantitative real-time PCR (RT-PCR):
leaf tissue (75 mg) was ground as described above and the fine powder was used to extract the
RNA using TRIzol (Invitrogen). Contamination by DNA was eliminated using RQ1 RNase-Free
DNase (Promega). The amount of RNA was measured in a Qubit fluorometer using Qubit RNA
HS assay kit (Invitrogen) and RNA quality and integrity were verified by 1% agarose gel
electrophoresis. Single-stranded cDNAs were synthesized by reverse transcription using 3 pg of
total RNA with oligo(dT) primers in a final volume of 20 pL using the SuperScript First Strand
Synthesis System for RT-PCR (Invitrogen). The qRT-PCR was performed on a Bio-Rad CFX Real
Time Thermal Cycler using SYBR Green PCR Master Mix according to the recommendations of
the manufacturer. All reactions were performed in duplicate and the relative expression values for
each gene studied were calculated using the 222" method (Livak and Schmittgen, 2001).
Expression analysis of genes encoding for indole-3-glycerol phosphate lyase (/GL), chalcone
synthase (CHS02), pathogenesis-related protein 1 (PRI), linoleate 9S-lipoxygenase3 (LOX3),
phenylalanine ammonia-lyase 3 (PAL3), endochitinase (CHI), and endo-1,3(4)-f-D-glucanase
(GLU) were performed using specific primer sequences (Table 1). Expression of the nonribosomal
peptide synthetase gene from B. maydis (Bm) was quantified to confirm fungal infection in maize
leaf tissues (Kang et al., 2018). The gene encoding for cytosolic glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) was used as a reference for normalization (Silveira et al., 2021).

2.12. Experimental design and statistical analysis

For the in vitro assays, the experiment was arranged in a completely randomized design
(CRD) with six treatments (control and five IR stimulus concentrations). A total of six and ten
replications were used for the glass slide and Petri dish assays, respectively. Each replication
corresponded to one glass slide or a Petri dish. A 2 x 2 factorial experiment was arranged in a
CRD with four replications, per evaluation time, to assess disease severity as well to determine the
foliar concentrations of Zn and N. The factors studied were plants sprayed with water (control) or
with IR stimulus and non-inoculated or inoculated with B. maydis. Another 2 x 2 factorial
experiment was arranged in a CRD with six replications, per evaluation time, and the same factors
mentioned above, to evaluate the leaf gas exchange and Chl a fluorescence parameters as well to
quantify the foliar concentration of pigments. Leaf samples for the biochemical assays and gene

expression analysis were obtained from another 2 x 2 factorial experiment arranged in a CRD with
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five replications, per evaluation time, and the same factors mentioned above. Each experimental
unit consisted of one plastic pot with two plants. All experiments were repeated once. Data from
variables and parameters were checked for normality and homogeneity of variance and subjected
to analysis of variance (ANOVA). The treatment means were compared by Tukey or F tests (P <
0.05). Data from all variables and parameters obtained from the four treatments at 156 hai were
used for principal component analysis (PCA). Statistical analysis of all data obtained was carried

out using the Minitab Statistical software (Minitab, Inc., 2021).

3. Results

3.1. Analysis of variance

The factor IR stimulus was significant for most of the variables and parameters studied,
except for Y(NPQ), glucose, fructose, APX, and GR (Table 2). The factor plant inoculation (PI),
sampling time (ST), and the interactions for IR x PI, IR x ST, PI x ST, and IR x PI x ST were

significant for most of the variables and parameters evaluated (Table 2).

3.2. In vitro assay

The size and appearance of fungal colony were affected as the IR stimulus rates increased
from 1 to 15 mL/L (Fig. 1a-f). The ECso obtained was 6.4 mL of IR stimulus/L (Fig. 1g). In
comparison to the control treatment (Fig. 2a), germinated conidia of B. maydis had thin and shorter
germ tubes when exposed to IR stimulus rates ranging from 1 to 15 mL/L (Fig. 2b-f) compared to
the absence of IR stimulus (control treatment) (Fig. 2a). Conidia germination significantly
decreased by 6, 9, 18, 31, and 46% for 1, 2.5, 5, 10, and 15 mL of IR stimulus/L, respectively,

compared to the control treatment (Fig. 3).

3.3. Foliar Zn and N concentrations

Foliar Zn concentration for non-inoculated and IR stimulus-sprayed plants and inoculated
and IR stimulus-sprayed plants significantly increased by 93 and 94%, respectively, compared to
non-inoculated and inoculated plants from the control treatment (Fig. 4a). For inoculated and IR
stimulus-sprayed plants, foliar Zn concentration significantly increased by 27% compared to non-

inoculated and IR stimulus-sprayed plants (Fig. 4a). There was no significant difference for foliar
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N concentration between IR stimulus and control treatments regardless of plant inoculation with

B. maydis (Fig. 4b).

3.4. Symptoms of MLB and disease severity

Many necrotic and elliptical lesions developed in the leaves of maize plants from the control
treatment (Fig. 5a) while the lesions in the leaves of IR stimulus-sprayed plant were of reduced
size and in less number (Fig. 5b). The MLB severity was significantly reduced by 76% for IR

stimulus-sprayed plants compared to plants from the control treatment (Fig. 5c¢).

3.5. Leaf gas exchange parameters

For non-inoculated plants, A, gs, Ci, and E were not affected by IR stimulus and control
treatments regardless of the evaluation time (Fig. 6a, c, e, and g). For inoculated plants from the IR
stimulus treatment, A (31, 35, and 56% at 60, 108, and 156 hai, respectively), gs (26 and 57% at 60
and 156 hai, respectively), and E (30 and 27% at 60 and 156 hai, respectively) were significantly
higher while C; (19, 34, and 26% at 60, 108, and 156 hai, respectively) was significantly lower
compared to inoculated plants from the control treatment (Fig. 6b, d, f, and h). For control
treatment, A (38-73% from 60 to 156 hai), gs (34-75% from 60 to 156 hai), and E (41-48% from
60 to 156 hai) were significantly lower while C; (17 and 19% at 108 and 156 hai, respectively) was
significantly higher for inoculated compared to non-inoculated plants (Fig. 6a-h and e-f). The A
(38 and 43%), gs (32 and 46%), C; (21 and 16%), and E (35 and 25%) were significantly lower at
108 and 156 hai for inoculated plants from the IR stimulus treatment compared to their non-

inoculated counterparts (Fig. 6a-h).

3.6. Imaging and quantification of Chl a fluorescence parameters

Damage to the photosynthetic apparatus was noticed in the leaves of plants from the control
treatment compared to IR stimulus-sprayed plants based on the darker areas in the images for
Fu/Fm, Y(I), Y(NPQ), and Y(NO) parameters (Fig. 7). For non-inoculated plants, there was no
significant difference between control and IR stimulus treatments regardless of the evaluation time
(Fig. 8a, c, e, and g). For inoculated plants, Fv/Fm (12 and 18% at 108 and 156 hai, respectively),
Y(II) (24, 29, and 27% at 60, 108, and 156 hai, respectively), Y(NPQ) (11 and 14% at 108 and 156
hai, respectively), and ETR (20, 19, and 21% at 60, 108 and 156 hai, respectively) were
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significantly higher while Y(NO) (16-21% from 60 to 156 hai) was significantly lower for IR
stimulus-sprayed plants compared to plants from the control treatment (Fig. 8b, d, f, h, and j). For
control treatment, Fv/Fm (6-18% from 12 to 156 hai), Y(II) (13-17% from 12 to 156 hai), and ETR
(30-38% from 60 to 156 hai) were significantly lower for inoculated compared to non-inoculated
plants (Fig. 8a-d and i-j). For IR stimulus treatment, Y(II) (11 and 20% at 108 and 156 hai,
respectively) and Y(NPQ) (11-13% from 60-156 hai) were significantly higher while Y(NO) and
ETR were significantly lower for inoculated plants compared to non-inoculated plants from 60 to

156 hai (Fig. 8c-j).

3.7. Photosynthetic pigments

Concentrations of Chl a+b and carotenoids for non-inoculated plants were not affected by
IR stimulus and control treatments regardless of the evaluation time (Fig. 9a and c). For inoculated
plants, concentrations of Chl a+b (22-30%) and carotenoids (21-38%) were significantly higher
for IR stimulus-sprayed plants compared to plants from the control treatment from 60 to 156 hai
(Fig. 9b and d). For control treatment, concentrations of Chl a+b (24-36%) and carotenoids (21-
46%) were significantly lower for inoculated compared to non-inoculated plants (Fig. 9a-d). For
IR stimulus treatment, concentration of carotenoids was significantly reduced by 18% for

inoculated compared to non-inoculated plants at 156 hai (Fig. 9a-d).

3.8. Carbohydrates

For non-inoculated plants, there was no significant difference between control and IR
stimulus treatments regardless of the evaluation time (Fig. 10a, c, e, and g). For inoculated and IR
stimulus-sprayed plants, glucose (13% at 108 hai), fructose (15% at 108 hai), sucrose (14 and 22%
at 108 and 156 hai, respectively), and starch (34, 31, and 51% at 12, 60, 156 hai, respectively)
concentrations were significantly higher compared to inoculated plants from the control treatment
(Fig. 10b, d, f, and h). For control treatment, concentrations of glucose (17 and 14% at 12 and 108
hai, respectively), sucrose (15 and 27% at 108 and 156 hai, respectively), and starch (52% at 156
hai) were significantly lower for inoculated compared to non-inoculated plants (Fig. 10a-b and e-
h). For IR stimulus treatment, concentration of starch significantly increased by 26% for inoculated

compared to non-inoculated plants at 12 hai (Fig. 10g-h).
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3.9. Histochemical assay

No sign of cellular perturbation on leaves of non-inoculated and IR stimulus-sprayed plants
was noticed based on the absence of staining for lipid peroxidation, membrane damage as well as
depositions of H>O> and O, compared to the leaves of non-inoculated plants from the control
treatment (Fig. 11a-d). Lipid peroxidation (pink color), membrane damage (blue color), and
depositions of H>O,, (brown color) and O>" (blue color) were less intense in the leaves of
inoculated and IR stimulus-sprayed plants than on leaves of inoculated plants from the control

treatment at 156 hai (Fig. 11a-d).

3.10. Concentrations of MDA, H20:, and O2™

Concentrations of MDA, H>O», and O>" for non-inoculated plants were not affected by IR
stimulus and control treatments regardless of the evaluation time (Fig. 12a, ¢, and e). For inoculated
plants, MDA (10-18% from 60 to 156 hai), H>O> (15 and 16% at 108 and 156 hai, respectively),
and O2" (20-25% from 60 to 156 hai) were significantly lower for IR stimulus-sprayed plants
compared to plants from the control treatment (Fig. 12b, d, and f). For control treatment, MDA
(19-34%), H202 (20-26%), and O," (24-48%) were significantly higher for inoculated plants
compared to non-inoculated plants from 60 to 156 hai. For IR stimulus treatment, MDA (10, 22,
and 14% at 60, 108, and 156 hai, respectively), H2O> (14 and 15% at 60 and 156 hai, respectively),
and O2" (16 and 28% at 108 and 156 hai, respectively) were significantly higher for inoculated

compared to non-inoculated plants (Fig. 12a-f).

3.11. Antioxidant enzymes

For non-inoculated plants, there was no significant difference between control and IR
stimulus treatments regardless of the evaluation time (Fig. 13a, c, e, and g). For inoculated plants,
SOD (14, 11, and 19% at 12, 108, and 156 hai, respectively), APX (33% at 156 hai), CAT (14, 50,
and 41% at 12, 108, and 156 hai, respectively), and GR (12 and 27% at 12 and 156 hai, respectively)
activities were significantly higher for IR stimulus-sprayed plants compared to plants from the
control treatment (Fig. 13b, d, f, and h). Activities of APX (10% at 12 hai) and GR (16 and 18% at
60 and 108 hai, respectively) were significantly lower for inoculated and IR stimulus-sprayed
plants compared to inoculated plants from the control treatment (Fig. 13d and h). For control

treatment, activities of APX (58, 27, and 29% at 12, 60, and 108 hai, respectively) as well as of
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CAT and GR (49 and 33% at 12 hai, respectively) were significantly higher for inoculated
compared to non-inoculated plants (Fig. 13c-h). For IR stimulus treatment, SOD (14% at 12 hai),
APX (53, 29, and 21% at 12, 60, and 108 hai, respectively), CAT (49, 16, and 46% at 12, 108, and
156 hai, respectively), and GR (36 and 21% at 12 and 156 hai, respectively) were significantly

higher for inoculated compared to non-inoculated plants (Fig. 13a-h).

3.12. Gene expression

Comparing non-inoculated vs. inoculated plants for control and IR stimulus treatments

For control treatment, expressions of PRI, PAL3, LOX3, CHI, and GLU at 12 hai, IGL, CHS02,
PRI, LOX3, CHI, and GLU at 60 hai, PRI, PAL3, LOX3, CHI, and GLU at 108 hai, and IGL, PR,
PAL3, CHI, and GLU at 156 hai were significantly higher for inoculated plants compared to non-
inoculated plants. Expressions of LOX3 at 108 and 156 hai were significantly reduced for
inoculated plants compared to non-inoculated plants of the control treatment (Fig. 14a and c).
Expressions of PRI, PAL3, and CHI at 12 hai, IGL, CHS02, PRI, PAL3, LOX3, CHI, and GLU at
60 and 156 hai, and IGL, PRI, LOX3, CHI, and GLU at 108 hai were significantly lower for
inoculated plants compared to non-inoculated plants of the IR stimulus treatment. For IR stimulus
treatment, LOX3 expression was significantly reduced for inoculated plants compared to non-

inoculated plants at 108 and 156 hai (Fig. 14b and d).

Comparing IR stimulus and control treatments for non-inoculated and inoculated plants

For non-inoculated plants, expressions of CHS02, PAL3, CHI, and GLU at 12 hai, CHS02, PAL3,
and GLU at 60 hai as well as CHS02, PRI, PAL3, and GLU at 108 hai were significantly reduced
for IR stimulus treatment compared to the control treatment (Fig. 14a-b). For inoculated plants,
expressions of PRI and PAL3 at 12 hai, IGL, PAL3, and GLU at 60 hai, /GL and CHI at 108 hai as
well as IGL, CHS02, PAL3, and GLU at 156 hai were significantly reduced for IR stimulus
treatment compared to the control treatment (Fig. 14c-d). Expressions of LOX3 at 12 and 60 hai
and Bm from 60 to 156 hai were significantly reduced for IR stimulus treatment compared to the

control treatment (Fig. 14c-d).
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3.13. PCA analysis

According to the cluster analysis with complete linkage and Pearson distance, three clusters
were generated: inoculated plants from control treatment, inoculated plants from IR stimulus
treatment, and non-inoculated plants from control and IR stimulus treatments (Fig. 15). One
principal component (PC) explained most of data variation (PC1 =51.1% and PC2 = 45.8%) (Fig.
13). The PC1 indicated negative scores for C;, glucose, MDA, H,0,, O,*, CAT, IGL, CHS02, PRI,
PAL3, LOX3, CHI, and GLU while positive scores were obtained for Zn, N, A, gs, E, Fv/Fn, Y(II),
Y(NPQ), Y(NO), ETR, Chl a+b, carotenoids, fructose, sucrose, starch, SOD, APX, and GR. The
PC2 was characterized by negative scores for Zn, N, F\/Fm, Y(II), Y(NPQ), Chl a+b, carotenoids,
glucose, fructose, sucrose, starch, O,*", SOD, AOX, CAT, GR, IGL, CHS02, PRI, PAL3, LOX3,
CHI, and GLU while positive scores were obtained for A, gs, Ci, E, Y(NO), ETR, MDA, and H>O»
(Fig. 15).

4. Discussion

The use of IR stimuli represents a sustainable alternative to complement the currently
recommended control methods for destructive diseases affecting profitable crops such as maize
(Reglinski et al., 2023). In the present study, MLB symptoms and fungal colonization on leaf
tissues were reduced for IR stimulus-sprayed plants. The potential of the IR stimulus to trigger
maize defense reactions against B. maydis was clearly confirmed at the physiological, biochemical,
and molecular levels. Interestingly, the IR stimulus negatively affected the mycelial growth of B.
maydis as well as conidia germination in vitro. Some IR stimuli such as different formulations of
phosphites, oxalic acid, saccharin, and a copper-polyphenolic compound were capable to exert an
antimicrobial effect against different pathogens mainly through the rupture of hyphae cell wall that
caused great electrolyte leakage (Fagundes-Nacarath et al., 2018b; Novaes et al., 2019; Chaves et
al., 2021; Mejri et al., 2021; Rodrigues et al., 2023).

In the present, IR stimulus-sprayed plants infected by B. maydis displayed higher Zn foliar
concentration in contrast to the non-infected ones. The reduced foliar symptoms of MLB for IR
stimulus-sprayed plants can be accounted to higher Zn concentration. The Zn is a catalytic and
structural protein cofactor of certain enzymes such as superoxide dismutase and alcohol
dehydrogenase, in addition to its key structural functions in the protein domains of metallothionein

that act as antioxidants against reactive oxygen species (ROS) produced due to pathogen infection
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(Bastakoti, 2023; Dimkpa and Elmer, 2023). The Zn finger proteins (Znf), which contain one or
more Zn ions to stabilize their structure, are involved in the regulation of plant defense reactions
against pathogen infection (Han et al., 2021). A meta-analysis study to understand the role of Znf
in proteins of resistance (R), gene found 70 proteins related to the resistance of various crops
against different diseases and among them, 37% contained Znf domains (Gupta et al., 2012). The
Zn increased resistance and inhibited the mycelial growth of Curvularia lunata, Alternaria grandis
and Fusarium solani on maize, potato and wheat, respectively (Choudhary et al., 2019;
Khoshgoftarmanesh et al., 2010; Machado et al., 2018).

The limitations imposed by infection of pathogens of different lifestyles on photosynthesis
are associated with lower synthesis and translocation of photoasimilates as well as altered
transpiration on stomata (Horbach et al., 2011; Dias et al., 2020). Changes in host metabolism can
be monitored by the chlorophyll fluorescence kinetics linked with the outcome of the gas exchange
parameters measurements (Rolfe and Scholes, 2010). Particularly in maize, leaf infection by B.
maydis seriously compromised photosynthesis as illustrated by changes in leaf gas exchange (lower
A, gs, and E values) and Chl a fluorescence [lower Fv/Fm, Y(II), Y(NO), and ETR values)
parameters associated with great reduction in the pool of photosynthetic pigments (Altaf et al.,
2016). In the present study, the harmful effect caused by B. maydis infection on photosynthesis of
maize plants was alleviated by the IR stimulus. Higher A, gs and E values obtained for diseased
leaves of IR stimulus-sprayed plants indicated reflected their better physiological status due to the
preservation of stomatal function and reduction in biochemical and dysfunctional limitations.
Considering the photosynthetic apparatus, diseased leaves of IR stimulus-sprayed plants displayed
smooth alterations in the photochemical performance of photosynthesis based on the great values
obtained for Fv/Fm, Y(II), and Y(NPQ). In barley leaves infected by Blumeria graminis f. sp.
hordei, the relationship between ETR values and relative CO> assimilation rates was intrinsically
linear (Swarbrick et al., 2006). In the present study, there was a balance between ETR and A
indicating the occurrence of the flow of electrons and the rate of CO assimilation during the
photosynthetic process on infected leaves of IR stimulus-sprayed. According to Klughammer and
Schreiber (2008), Y(NO) indicates the fraction of energy that is dissipated through unregulated
extinction processes (e.g., heat and fluorescence) due to closed reaction centers in the PSII at
saturated light intensity. Interestingly, the Y(NO) values were lower for infected and IR stimulus-

sprayed plants compared to infected and water-sprayed plants. This finding may reflect in less



28

photodamage on leaf tissues due to the decrease in the amount of energy dissipated through the
non-extinction of energy regulated at the PSII level as reported by Rolfe and Scholes (2010).
Similar findings were found for common bean plants sprayed with oxalic acid and infected by
Sclerotinia sclerotiorum (Fagundes-Nacarath et al., 2018b) and soybean plants sprayed with
phosphite combined with free amino acids and infected by Phakopsora pachyrhizi (Picango et al.,
2022). The reduction in MLS symptoms in the leaves of IR stimulus-sprayed plants was associated
with higher concentration of photosynthetic pigments (Chl a+b and carotenoids) indicating greater
preservation of their photosynthetic apparatus and an efficient use of light energy for carbon
fixation. Different IR stimuli attenuated the stress imposed by infection of fungal pathogens on the
photosynthetic capacity of their hosts due to greater pool of chlorophylls and carotenoids
(Fagundes-Nacarath et al., 2018a; Dias et al., 2020; Silva et al., 2022; Rodrigues et al., 2023).
The response of plants against pathogen infection occurs through the activation of different
sets of defense reactions that demand an abundant and constant supply of energy derived mainly
from the carbohydrate metabolism (Rojas et al., 2014). In general, infected and water-sprayed
plants showed reduced pools of sugars and starch compared to infected and IR stimulus-sprayed
plants. Down-regulation of genes encoding for photosynthetic proteins associated with PSI and
PSII reaction centers, ATP synthase, RuBisCo activase, and phosphoribulose kinase contributed to
lower the foliar concentrations of sugars and starch in pathogen-challenged plants (Bilgin et al.,
2010). The reduction in the foliar pool of sucrose was greater in comparison to hexose, fructose,
and glucose for tomato plants infected by Botrytis cinerea due to negative expression of
photosynthetic-related genes and impaired photosynthesis (Berger et al., 2004). Along with carbon
depletion due to reduced photosynthesis, fungal pathogens (Botryosphaeria dothidea and Valsa
sordida) causing canker symptoms affected the distribution of carbohydrates in the stem of poplar
plants (Li et al., 2019). Foliar concentrations of glucose, fructose (at 108 hai), and sucrose (at 108
and 156 hai) for infected and IR stimulus-sprayed plants were kept higher compared to infected
and water-sprayed plants. The starch concentration, the main reserve of carbon in plant tissues, in
infected leaves of IR stimulus-sprayed plants was higher. In various host-fungal pathogens
interactions, the concentrations of soluble sugars and starch provide the carbon skeletons to act as
signals for the functioning of different metabolic pathways responsible for the synthesis of diverse
defense-related metabolites (Lecompte er al., 2013; Kanwar and Jha, 2019). Higher sugars

concentration at the infection sites of Magnaporthe oryzae in rice leaves played an important role
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in the constitutive and induced chemical defense (Sun et al., 2014). An increase in the concentration
of soluble sugars seemed to be a determining factor in the defense response of tomato plants
sprayed with a phosphite combined with free amino acids against septoria leaf spot (Silva et al.,
2022). Taken together, these findings suggest a possible increase in the flux of carbon in IR
stimulus-sprayed plants for an increased resistance against B. maydis infection.

The intense cellular damage caused by infection of necrotrophic and hemibiotrophic
pathogens in the tissues of their hosts originates an excessive production of ROS and the activation
of an enzymatic antioxidant system takes place to reduce lipid peroxidation (Meisrimler et al.,
2020). In the present study, discrete depositions of H>O> and O2°" on leaf tissues and their lower
concentrations associated with less membrane damage and lipid peroxidation (lower MDA
concentration) were noticed for IR stimulus-sprayed plants as a result of reduced MLB symptoms.
In general, higher SOD, CAT, and GR activities for IR stimulus-sprayed plants attenuated the
excessive production of H2O» and O>*" and, consequently, lower the pool of MDA during B. maydis
infection. Interestingly, great SOD activity during the foliar infection by B. maydis for IR stimulus-
sprayed plants contributed to catalyze the dismutation of H>O, and O>*". In this scenario, CAT
activity played the pivotal role in the eliminating of H,O» rather than APX activity, which seemed
to be higher at an advance stage of B. maydis infection. Both APX and GR activities did not
increase in the leaves of soybean plants sprayed with a copper-polyphenolic compound and
infected by Phakopsora pachyrhizi possibly linked to the lower production of singlet oxygen and
hydroxyl radicals (Rodrigues et al., 2023). Plants such as common bean, rice, soybean, tomato, and
wheat exposed to different IR stimuli (e.g., picolinic acid, glutamate, phosphites, and a
copper-polyphenolic compound) developed a more robust antioxidant machinery that involved
great SOD, APX, CAT, and GR activities to interfere with the infection by pathogens of different
lifestyles (Aucique-Pérez et al., 2019; Dias et al., 2020; Fagundes-Nacarath et al., 2018a; Silva et
al., 2022; Rodrigues et al., 2023).

Interestingly, most of the genes studied in the present study were up-regulated for IR
stimulus-sprayed plants compared to water-sprayed plants indicating the potential of this IR
stimulus to elicit maize defense responses in the absence of B. maydis infection. Notably, the
pattern of gene expression for infected plants was more evident upon their exposition to the IR
stimulus. Interestingly, /GL (from 60 to 156 hai), CHSO2 (at 156 hai), PRI (at 12 hai), PAL3 (at
12, 60, and 156 hai), CHI (at 108 hai), and GLU (at 60 and 156 hai) were strongly up-regulated in
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maize leaves of IR stimulus-sprayed plants facing B. maydis infection highlighting their
contribution to increased resistance against MLB. Plants exogenously exposed to different IR
stimuli encountered profound changes at the physiological, transcriptional, and metabolic levels to
have their defense capacity boosted against pathogen infection (Mauch-Mani et al., 2017; Kesel et
al.,2021). The enzymatic roles of indole-glycerolphosphate lyases (a maize enzyme catalyzing the
conversion of indole-3-glycerol phosphate to indole, which is subsequently converted into the
benzoxazinoid secondary metabolites (DIBOA [2,4-di-hidroxi-2H-1,4- benzoxazin-3(4H)-ona]
and its derivative methoxy DIMBOA [2,4-dihidroxi-7-metoxi-2H-1,4-benzoxazin-3(4H)-ona])
originated from /GL expression were similar to those enzymes coded by Bx/ (benzoxazin 1) (Frey
et al., 2009; Neal et al., 2012). The contribution of benzoxazinoids is not only limited to their
biocidal properties, but their role as regulatory signals to activate host defense responses against B.
maydis and Exserohilum turcicum infections in maize (Zhou et al., 2018). The importance of
flavonoids and isoflavonoids for plant resistance against diseases is well recognized and CHS02
expression plays a key role in the regulation of their biosynthesis (Dao et al., 2011). Soybean plants
sprayed with a copper-polyphenolic compound showed up-regulation of CHIBI indicating the
biosynthesis of flavonoids in response to P. pachyrhizi infection (Rodrigues et al., 2023). The PRI
was up-regulated only at 12 hai in infected maize leaves of IR stimulus-sprayed plants. Manghwar
et al., (2018) reported up-regulation of PRI in leaves infected by Bipolaris sorokiniana
highlighting its role for the increased resistance of maize plants. In tomato leaves sprayed with a
phosphite combined with free amino acids and infected by S. lycopersici, the PRIbl was up-
regulated (Silva et al., 2022).

For IR stimulus-sprayed plants, the phenylpropanoid pathway was important for their
increased resistance against MLB considering the up-regulation of PAL3 at 12, 60, and 156 hai.
The PAL converts the aromatic amino acid phenylalanine to frans-cinnamic acid from which a
plethora of phenolics, flavonoids, and phytoalexins are originated along with lignin production
(Hyun et al., 2011). Maize resistance against B. maydis infection was dependent on higher PAL
activity (Schauffler et al., 2022). In the present study, up-regulations of CHI and GLU at 108 and
156 hai, respectively, for infected and IR stimulus-sprayed plants was linked to their increased
resistance against MLB. In maize plants, expression of classes I and II of chitinase genes belonging
to the PR-4 family contributed to their resistance against Fusarium moniliforme infection (Bravo

et al., 2003). Expression of Chit2 in maize calluses affected the colonization by Fusarium
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graminearum (Dowd et al., 2018). Maize genotypes resistant to Fusarium verticillioides infection
exhibited great f-1,3-glucanase activity (Zhang et al., 2023). The resistance of wheat plants against
Fusarium graminearum infection was linked to great expressions of TaPR3 and TaGlu2 that
encode for chitinase and f-1,3-glucanase, respectively (Gunupuru et al., 2019). In the present
study, lower LOX3 expression occurred for infected and water-sprayed plants at 12 and 60 hai. In
plant tissues infected by pathogens, especially the necrotrophic ones, the lipoxygenases catalyze
the oxidation of polyunsaturated fatty acids released by ROS-induced lipid peroxidation to produce
oxylipins that will be enzymatically metabolized into traumatin and jasmonates (Shi et al., 2020).
Interestingly, down-regulation of LOX3 for infected and IR stimulus-sprayed plants may be
attributed to the lower production of MDA and ROS in the smaller foliar lesions caused by B.
maydis infection.

In conclusion, the zinc-polyphenolic compound showed potential to increase maize
resistance against MLB considering collectively the physiological, biochemical, and molecular
evidences reported in the present study. Based on the PCA analysis, infected leaves of maize plants
responded differently to water and IR stimulus treatments. For IR stimulus-sprayed plants, in
particular, a set of well-portrayed mechanisms such as a more preserved photosynthetic apparatus,
expression of genes involved in the host defense reactions, and a more robust antioxidant
metabolism was of extreme relevance to impair the infection process of B. maydis. It is tempting
to assume that using this IR stimulus, combined with well-known control strategies, could become
a promising alternative for MLB management in field conditions from the perspective of a more

sustainable agriculture.
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7. Tables and Figures

Table 1. Genes, and their primer sequences, analyzed in the leaves of maize plants non-inoculated
or inoculated with Bipolaris maydis and sprayed with water (control) or with induced resistance
(IR) stimulus by using real-time quantitative reverse transcription PCR. Abbreviations: indole-3-
glycerol phosphate lyase (IGL), chalcone synthase (CHS02), pathogenesis-related protein 1 (PR1),
phenylalanine ammonia-lyase 3 (PAL3), linoleate 9S-lipoxygenase 3 (LOX3), endochitinase (CHI),
endo-1,3(4)-f-D-glucanase (GLU), nonribosomal peptide synthetase from B. maydis (Bm), and
cytosolic glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Genes GenBank Id. Primer sense 5'-3' Primer antisense 5'-3'
IGL NM_001301469.1 GCCTCATAGTTCCCGACCTC GAATCCTCGTGAAGCTCGTG
CHS02 NM_001155550.1 TCACCGACCTCAAGGAGAAGTT TGTACCGCTTCCGGATCATC
PRI U82200.1 CCTACGGCGAGAACCTCTT TCGTAGTACTGCTTCTCGGACA
PAL3 XM_020537583.3 AAGGTGTTCGTCGGCATC TCCCACTCCTTGAGGCACT
LOX3 NM_001112045.1 CGCCAACTCCTGGGTCTAC TCTGGCTTGGCAGGTACG
CHI NM_001165432.1 GGTGCGAACGTGGCTAAT CCGGGTGTAGAAGTTCTTGC
GLU NM_001316316.1 CAGACCGGTCCATCCACGG AGTACCCTGCCTTTGCAACCT
Bm MN783607 TCTCGACAAGCAAATCAAAC AGATGATTGCAGTGGTGTTG

GAPDH NM_001111943.1 AAGCCGGTCACCGTCTTT CATCTTTGCTTGGGGCAGA
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Table 2. Analysis of variance for the effects of induced resistance (IR) stimulus, plant inoculation
(PI), sampling time (ST), and the interactions IR x PI, IR x ST, PI x ST, and IR x PI x ST on
conidia germination (CG), foliar concentrations of zinc (Zn) and nitrogen (K), severity of maize
leaf blight (Sev), leaf gas exchange parameters [rate of net CO: assimilation (A), stomatal
conductance to water vapor (gs), internal CO, concentration (Ci), and transpiration rate (E)],
chlorophyll a fluorescence parameters [maximum PSII quantum efficiency (£v/Fm), photochemical
yield (Y(II)), yield for dissipation by down-regulation (Y (NPQ), yield for non-regulated dissipation
(Y(NO), and electron transport rate (ETR)], concentrations of photosynthetic pigments
[chlorophyll a+b (Chl a+b) and carotenoids (Car)], carbohydrates (glucose, fructose, sucrose, and
starch), metabolites [malondialdehyde (MDA), hydrogen peroxide (H20>), and superoxide anion
radical (027)], activities of antioxidative enzymes [superoxide dismutase (SOD), ascorbate
peroxidase (APX), catalase (CAT), and glutathione reductase (GR)], and gene expression [indole-
3-glycerol phosphate lyase (IGL), chalcone synthase (CHS02), pathogenesis-related protein 1
(PR1I), phenylalanine ammonia-lyase 3 (PAL3), linoleate 9S-lipoxygenase3 (LOX3), endochitinase
(CHI), endo-1,3(4)-p-D-glucanase (GLU), and nonribosomal peptide synthetase from Bipolaris
maydis (Bm)].

Variables/ F values
Parameters IR x PIx
IR PI ST IRxPI IRxST PIxST ST
CG 257.11 - - - - - -
Zn 538.14 15.23 - 13.67 - - -
N 5.5 0.21 - 0.04 - - -
Sev 356.82 - - - - - -
A 23.68 195.83 53.04 16.92 2.69 24.10 0.96
8s 12.91 104.08 27.75 7.07 1.35 19.15 1.52
(& 25.35 0.64 11.30 39.58 3.07 5.24 3.66
E 6.31 135.58 59.30 19.46 1.16 17.20 1.25
FuFn 29.34 49.06 5.96 19.26 5.53 3.12 3.82
YD 38.12 2.21 4.05 32.68 4.93 5.16 2.31
Y(NPQ) 0.66 12.34 22.18 6.83 3.00 0.59 0.81
Y(NO) 14.48 18.81 8.03 15.86 2.19 2.77 2.67
ETR 21.59 128.81 19.25 10.70 0.54 17.61 1.66
Chl a+b 11.43 27.98 19.02 12.56 0.66 2.23 1.73
Car 31.09 45.87 20.88 23.84 4.62 10.19 2.55
Glucose 1.76 7.28 3.15 1.12 0.36 2.26 0.48
Fructose 2.97 2.08 2.17 1.78 1.36 0.06 0.40
Sucrose 8.32 26.16 4.07 3.91 1.50 1.72 1.63
Starch 18.03 2.03 4.74 9.52 1.75 5.64 2.72
MDA 10.19 73.67 3.82 11.56 0.75 14.27 1.22
HO» 6.26 51.65 20.69 6.71 2.98 6.54 1.35
0" 16.55 83.57 1.06 15.60 1.69 11.39 1.80
SOD 25.94 2.05 97.98 6.12 1.22 3.28 0.95
APX 3.83 103.23 15.93 0.06 4.29 16.25 0.67

CAT 21.09 44.83 30.02 11.79 2.72 21.81 0.29



GR 1.66
IGL 605.22
CHS02 455.89
PRI 15.23
PAL 248.36
LOX3 703.29
CHI 880.89
GLU 856.29
Bm 1347.40

0.09
346.10
416.65
1640.19
272.56
1575.64

7865.54
2431.59

4.41
552.93
243.43
485.40
178.72

1086.47
2222.63
200.44
521.55

0.03
521.24
1.84
4.10
640.09
706.18
553.67
259.86

391
226.65
73.54
9.35
125.68
363.10
704.37
209.98
223.10

38.09
318.52
441.98
281.32
251.93
458.14

2026.00
238.50

3.52
547.09
269.13

12.79
248.84
382.61
757.34
353.30

“Bold values are significant (P < 0.05)
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Figure 1. Mycelial growth of Bipolaris maydis in Petri dishes containing potato-dextrose-agar
amended with 0 (a), 1 (b), 2.5 (¢), 5 (d), 10 (e), and 15 (f) mL of induced resistance (IR) stimulus
per liter. Effective concentration (ECso) of IR stimulus inhibiting the mycelial growth of B. maydis

in 50% (g).
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Figure 2. Visual aspect of conidia germination from Bipolaris maydis previously exposed to 0 (a),
1 (b), 2.5 (¢), 5 (d), 10 (e), and 15 (f) mL of induced resistance (IR) stimulus per liter. Scale bars =
10 pm.
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Figure 3. Conidia germination of Bipolaris maydis (a) previously exposed to 0, 1, 2.5, 5, 10, and
15 mL of induced resistance (IR) stimulus per liter. Means followed by different letters are
significantly different according to Tukey’s test (P < 0.05). Bars represent the standard error of the

means.
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Figure 4. Foliar concentrations of zinc (Zn) (a) and nitrogen (N) (b) for maize plants non-
inoculated or inoculated with Bipolaris maydis and sprayed with water (control) or with induced
resistance (IR) stimulus. Means for NI and I treatments followed by an inverted triangle (V) and
for control and IR stimulus treatments followed by an asterisk (*), at each evaluation time, are
significantly different according to F'test (P < 0.05). Bars represent the standard error of the means.
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Figure 5. Symptoms of maize leaf blight (a and b) and disease severity (c) for maize plants non-
inoculated or inoculated with Bipolaris maydis and sprayed with water (control) or with induced
resistance (IR) stimulus. Means from control and IR stimulus treatments (graph c) followed by an
asterisk (*) are significantly different (P < 0.05) according to F test. Bars represent the standard
error of the means. Disease symptoms and severity are representative of plants at 7 days after
inoculation with B. maydis.
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Figure 6. Leaf gas exchange parameters: net carbon assimilation rate (A) (a and b), stomatal
conductance to water vapor (gs) (c and d), internal CO2 concentration (C;) (e and f), and
transpiration rate (E) (g and h) determined on the leaves of maize plants non-inoculated (NI) (a, c,
e, and g) or inoculated (I) (b, d, f, and h) with Bipolaris maydis and sprayed with water (control)
or with induced resistance (IR) stimulus. Means for NI and I treatments followed by an inverted
triangle (V) and for control and IR stimulus treatments followed by an asterisk (*), at each
evaluation time, are significantly different (P < 0.05) according to F test. Bars represent the
standard error of the means.
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Figure 7. Images of chlorophyll a fluorescence parameters maximum PSII quantum efficiency
(Fv/Fm), photochemical yield [Y(II)], yield for dissipation by down-regulation [Y(NPQ)], and yield
for non-regulated dissipation [ Y(NO)] for leaves of maize plants non-inoculated or inoculated with
Bipolaris maydis and sprayed with water (control) or with induced resistance (IR) stimulus.
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Figure 8. Quantification of chlorophyll a fluorescence parameters maximum PSII quantum
efficiency (Fv/Fm) (a and b), photochemical yield [Y(II)] (c and d), yield for dissipation by down-
regulation [Y(NPQ)] (e and f), yield for non-regulated dissipation [Y(NO)] (g and h), and electron
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transport rate (ETR) (i and j) on leaves of maize plants non-inoculated (NI) (a, c, e, g, and i) or
inoculated (I) (b, d, f, h, and j) with Bipolaris maydis and sprayed with water (control) or with
induced resistance (IR) stimulus. Means for NI and I treatments followed by an inverted triangle
('¥) and for control and IR stimulus treatments followed by an asterisk (*), at each evaluation time,
are significantly different (P < 0.05) according to F test. Bars represent the standard error of the
means.
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Figure 9. Concentrations of chlorophyll a+b (Chl a+b) (a and b) and carotenoids (c and d)
determined on leaves of maize plants non-inoculated (NI) (a and c) or inoculated (I) (b and d) with
Bipolaris maydis and sprayed with water (control) or with induced resistance (IR) stimulus. Means
for NI and I treatments followed by an inverted triangle (V) and for control and IR stimulus
treatments followed by an asterisk (*), at each evaluation time, are significantly different (P <0.05)
according to F test. Bars represent the standard error of the means.
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Figure 10. Concentrations of glucose (a and b), fructose (c and d), sucrose (e and f), and starch (g
and h) determined on leaves of maize plants non-inoculated (NI) (a, c, e, and g) or inoculated (I)
(b, d, f, and h) with Bipolaris maydis and sprayed with water (control) or with induced resistance
(IR) stimulus. Means for NI and I treatments followed by an inverted triangle ('¥) and for control
and IR stimulus treatments followed by an asterisk (*), at each evaluation time, are significantly
different (P < 0.05) according to F test. Bars represent the standard error of the means. FW = fresh
weight.
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Figure 11. Histochemical detection of lipid peroxidation (a), membrane damage (b), hydrogen
peroxide (c), and superoxide anion radical (d) on leaves of maize plants non-inoculated or at 156
hours after inoculation (hai) with Bipolaris maydis that were previously sprayed with water
(control) or with induced resistance (IR) stimulus.
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Figure 12. Concentrations of malondialdehyde (MDA) (a and b), hydrogen peroxide (H20:) (c and
d), and superoxide anion radical (O:") (e and f) determined on leaves of maize plants non-
inoculated (NI) (a, c, and e) or inoculated (I) (b, d, and f) with Bipolaris maydis and sprayed with
water (control) or with induced resistance (IR) stimulus. Means for NI and I treatments followed
by an inverted triangle (V') and for control and IR stimulus treatments followed by an asterisk (*),
at each evaluation time, are significantly different (P < 0.05) according to F test. Bars represent the
standard error of the means. FW = fresh weight.
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Figure 13. Activities of superoxide dismutase (SOD) (a and b), ascorbate peroxidase (APX) (c and
d), catalase (CAT) (e and f), and glutathione reductase (GR) (g and h) determined on leaves of
maize plants non-inoculated (NI) (a, c, e, and g) or inoculated (I) (b, d, f, and h) with Bipolaris
maydis and sprayed with water (control) or with induced resistance (IR) stimulus. Means for NI
and I treatments followed by an inverted triangle (V) and for control and IR stimulus treatments
followed by an asterisk (*), at each evaluation time, are significantly different (P <0.05) according
to F test. Bars represent the standard error of the means.
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Figure 14. Expression profile of genes for leaves of maize plants non-inoculated (NI) (a and b) or
inoculated (I) (c and d) with Bipolaris maydis and sprayed with water (control) (a and c) or with
induced resistance (IR) stimulus (b and d). Color cells represent the relative transcript levels
ranging from blue (-2) to red (2). Amplification of GAPDH from maize plants was the internal
control for data normalization. Fold changes for expression of each gene were calculated based on
the transcript level obtained from leaves of NI plants from the control treatment at 12 hours after
inoculation (hai), except for Bm. For Bm, transcript level obtained from leaves of I plants from the
control treatment at 12 hai was used in the calculation. Four biological replications, with three
technical replicates each, were used for each leaf sample. Means for NI and I plants followed by
an inverted triangle (V) and for control and IR stimulus treatments followed by an asterisk (*), at
each evaluation time, are significantly different (P < 0.05) according to F test. Abbreviations:
indole-3-glycerol phosphate lyase (/IGL), chalcone synthase (CHS02), pathogenesis-related protein
1 (PRI), phenylalanine ammonia-lyase 3 (PAL3), linoleate 9S-lipoxygenase3 (LOX3),
endochitinase (CHI), endo-1,3(4)-f-D-glucanase (GLU), nonribosomal peptide synthetase from B.
maydis (Bm), and cytosolic glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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Figure 15. Score and loading plots of principal component analysis (PCA) for variables and
parameters determined on leaves of maize plants non-inoculated (NI) (a and b) or inoculated (I) (c
and d) with Bipolaris maydis and sprayed with water (control) (a and c) or with induced resistance
(IR) stimulus. Numbers in the loading plots are as follow: foliar concentrations of Zn and N (1 and
2, respectively), leaf gas exchange (3, 4, 5, and 6, respectively, to A, g, Ci, and E) and chlorophyll
a fluorescence (7, 8, 9, 10, and 11, respectively, to Fy/Fm, Y(II), Y(INPQ), Y(NO), and ETR)
parameters, concentrations of photosynthetic pigments (12 and 13, respectively, to Chl a+b and
Car), carbohydrates (14, 15, 16, and 17, respectively, to glucose, fructose, sucrose, and starch), and
metabolites (18, 19, and 20, respectively, to MDA, H>02, and O;"), activities of antioxidant
enzymes (21, 22, 23, and 24, respectively, to SOD, APX, CAT, and GR), and genes expression
(25, 26, 27, 28, 29, 30, and 31, respectively, to IGL, CHS02, PRI, PAL3, LOX3, CHI, and GLU).
Groups were generated from cluster analysis with complete linkage and Pearson distance. Data
from variables and parameters used in the PCA analysis were obtained from NI and I plants at 156

hours after inoculation.
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ABSTRACT

Maize leaf blight (MLB), caused by the fungus Bipolaris maydis, has potential to cause
considerable yield losses in maize production. The hypothesis that maize plants with higher foliar
silicon (Si) concentration can be more resistant against MLB was investigated in this study. This
goal was achieved through an in-depth analysis of the photosynthetic apparatus (parameters of leaf
gas exchange and chlorophyll (Chl) a fluorescence and pool of photosynthetic pigments) and
changes in activities of defense-related enzymes and those involved in the antioxidative
metabolism in leaves of maize plants non-supplied (O mM) or supplied (2 mM) with Si and non-
challenged or challenged with B. maydis. The +Si plants showed reduced MLB symptoms (smaller
lesions and lower disease severity) due to higher foliar Si concentration and less production of
malondialdehyde, hydrogen peroxide, and radical anion superoxide compared to -Si plants. Higher
values for leaf gas exchange (rate of net CO» assimilation, stomatal conductance to water vapor,
and transpiration rate) and chlorophyll a fluorescence (variable-to-maximum Chl a fluorescence
ratio, photochemical yield, and yield for dissipation by down-regulation) parameters along with
preserved pool of chlorophyll a+b and carotenoids were noticed for infected +Si plants compared
to infected -Si plants. Activities of defense (chitinase, f-1,3-glucanase, phenylalanine ammonia-
lyase, polyphenoloxidase, peroxidase, and lipoxygenase) and antioxidative (ascorbate peroxidase,
catalase, superoxide dismutase, and glutathione reductase) enzymes were higher for infected +Si
plants compared to infected -Si plants. Collectively, this study highlights the importance of using
Si to boost the resistance of maize plants against MLB considering the more operative defense
reactions and the robustness of the antioxidative metabolism along with the preservation of the

photosynthetic apparatus.

Keywords: Antioxidative metabolism. Host defense responses. Photosynthesis. Plant nutrition.

Reactive oxygen species.
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RESUMO

A mancha-foliar-de-Bipolaris (MFB), causada pelo fungo Bipolaris maydis, tem grande potencial
para causar perdas considerdveis no rendimento e producao do milho. A hipétese de que as plantas
de milho com maior concentracdo foliar de silicio (Si) podem ser mais resistentes a MFB foi
investigada neste estudo. Esse objetivo foi alcangado por meio de uma andlise aprofundada do
aparato fotossintético (parametros de trocas gasosas foliares, fluorescéncia da clorofila (Chl) a e
pool de pigmentos fotossintéticos) e mudangas nas atividades de enzimas relacionadas a defesa e
aquelas envolvidas no metabolismo antioxidante em folhas de plantas de milho ndo supridas (0
mM) ou supridas (2 mM) com Si e ndo desafiadas ou desafiadas com B. maydis. As plantas +Si
apresentaram sintomas reduzidos de MFB (lesdes menores e menor gravidade da doenga) devido
a maior concentragdo foliar de Si e a menor produgao de malondialdeido, peréxido de hidrogénio
e anion radical superéxido em comparacdo com as plantas -Si. Foram observados valores mais
altos para os parametros de trocas gasosas foliares (taxa de assimilacao liquida de CO, condutancia
estomdtica ao vapor de dgua e taxa de transpiragdo) e fluorescéncia da clorofila a (taxa de
fluorescéncia da Chl a varidvel a maxima, rendimento fotoquimico e rendimento da dissipacao
ndo-regulada), juntamente com o pool preservado de clorofila a+b e carotenoides para plantas
infectadas +Si em comparacdo com plantas infectadas -Si. As atividades das enzimas de defesa
(quitinase, B-1,3-glucanase, fenilalanina amonia-liase, polifenoloxidase, peroxidase e
lipoxigenase) e antioxidantes (ascorbato peroxidase, catalase, superéxido dismutase e glutationa
redutase) foram maiores nas plantas infectadas +Si em comparacdo com as plantas infectadas -Si.
Em conjunto, este estudo destaca a importancia do uso do Si para aumentar a resisténcia das plantas
de milho contra a MFB, considerando as reacOes de defesa mais operantes e a robustez do

metabolismo antioxidante, juntamente com a preservagdo do aparato fotossintético.

Palavras-chave: Metabolismo antioxidante. Respostas de defesa do hospedeiro. Fotossintese.

Nutricao mineral. Espécies reativas de oxigénio.



60

1. Introduction

Maydis leaf blight (MLB), caused by the fungus Bipolaris maydis (Y. Nisik. & Miyake)
Shoemaker, is the most important and widespread foliar disease of maize and represents a potential
threat to global maize production (Dai et al., 2020; Manamgoda et al., 2014). During the fungal
infection process, the germ tubes formed from a germinated conidium penetrate the leaves through
stomata or directly through the cuticular walls with the aid of hydrolytic enzymes (Wheeler, 1977).
The major MLB symptoms are rectangular to elliptical necrotic lesions of brown to tan colors that
develop on both abaxial and adaxial leaf surfaces (Smith ez al., 1970). Yield losses caused by MLB
are greatly associated with the damage to the photosynthetic apparatus due to an extensive leaf area
with larger necrotic lesions surrounded by intense chlorosis, reduced plant growth, and poor
allocation of assimilates from leaves to the developing grains (Dai et al., 2020). The management
of MLB has been achieved using resistant maize genotypes considering that available commercial
hybrids exhibit low basal level of resistance to this disease (Meshram et al., 2022). Foliar sprays
of different fungicides and crop rotation are key strategies used for MLB control (Dai et al., 2018;
Kumar et al., 2021). The disease epidemic rate can be slowed by keeping adequate levels of macro
and micronutrients in the plant tissues during the different plant growth stages (Tripathi et al.,
2022). Silicon (Si) provides numerous beneficial effects for plants facing different types of abiotic
and biotic stresses after being absorbed from the soil solution in the form of monosilicic acid
(H4Si04) and transported to shoots (Debona et al., 2023). The passive mechanism of Si uptake by
plants occurs via mass flow (Ma and Yamaji, 2006). Particularly in maize, plants are able to
actively uptake and accumulate high amounts of Si on leaves due to the expression of ZmLsil and
ZmLsi2 genes (Mitani et al., 2009). The proteins allow that the H4SiO4 pass through the root cells
to shoots via transpiratory flow and the discharge into the xylem vessels occurs through the
expression of ZmLsi6 (Mitani et al., 2009). The effect of Si on plant-pathogen interactions has
centered around two main mechanisms known as physical and or biochemical/molecular (Debona
et al., 2017, 2023). The physical role of Si is due to the accumulation of this element below the
cuticle of epidermal cells to act as a stronger physical barrier (polymerized H4Si04) that may
prevent or delay the penetration of some pathogens (Debona et al., 2017, 2023). The biochemical
resistance mediated by Si is associated with the potentiation of defense-related enzymes (e.g.,
chitinases, f-1,3-glucanase, phenylalanine ammonia-lyase, polyphenoloxidase, and peroxidase)

and metabolites (e.g., dopamine, phenolics compounds, flavonoids, phytoalexin, and lignin), and a
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more robust antioxidative metabolism (Debona et al., 2017, 2023; Rodrigues and Datnoff, 2015).
Physiological processes enhanced by Si are related to the improved photosynthetic performance of
stressed plants by pathogen infection along with regulation of their carbohydrate metabolism
(Debona et al., 2017, 2023). Notably, maize plants supplied with Si showed more operative
photosynthetic machinery and more efficient antioxidant metabolism during infection by
Exserohilum turcicum and Stenocarpella macrospora (Hawerroth et al., 2019; Silveira et al.,
2021).

Taking into consideration the mechanistic basis behind the potentiation of resistance of
different profitable crops against diseases mediated by Si as well as the lack of information on the
physiological and biochemical process taking place in the maize-B. maydis interaction, the present
study hypothesized that Si could allow maize plants to respond against fungal infection more
efficiently. This strategy could be linked to earlier and stronger defense reactions as well as better
photosynthetic performance in combination with the well-coordinated and efficient regulation of
carbohydrate metabolism and changes in antioxidant metabolism to minimize the damage caused

by B. maydis on Si-supplied plants.

2. Material and methods

2.1. Plant growth and Si supply

Seeds of the maize hybrid B2433PWU (Brevant, Sao Paulo, Brazil), susceptible to B.
maydis, were sown in plastic pots containing 2 kg of Tropstrato® (mixture of pine bark, peat, and
expanded vermiculite; Vida Verde, Sao Paulo, Brazil) substrate. The concentration of Si in the
substrate was 4.6 mg kg™ A total of 1.63 g of calcium phosphate was added to each pot to provide
phosphorus to plants before sowing. After the emergence of seedlings (= five days), only two plants
were kept per pot. Plants were fertilized with the nutrient solution (100 mL per pot twice a week)
proposed by Hoagland and Arnon (1950), with a few modifications, as follow: 2.6 mM KCl, 0.6
mM K>SOy, 1.2 mM MgSOs, 1.0 mM CH4N20, 1.2 mM NH4NOs3, 0.0002 mM (NH4)sMo07024,
0.03 mM H3BOg4, 0.04 mM ZnSOq4, 0.01 mM CuSOy4, 0.03 mM MnClz, 0.015 mM FeSOs, and
0.015 mM ethylenediaminetetraacetic acid disodium (EDTA). Deionized water was used to prepare
the nutrient solution. Potassium silicate (PS) (FertiSil®, PQ Corporation, Sao Paulo, Brazil; 13%

K20 and 26.59% Si02) was used as the Si source. The two plants per pot received 200 mL of a PS
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solution (0.34 mL PS/L; 2 mM Si, pH 6.5 + 0.2 by adding either an HC] or NaOH solution at 0.5
M) prepared with deionized water daily for 30 days. For the control treatment, plants in each pot
received 200 mL of a KCI solution (1.19 mL KCI/L; 1.53 mM K, pH 6.5 + 0.2 adjusted as
mentioned above) daily for 30 days. The K concentration between plants receiving either PS or
KClI was kept the same (1.53 mM K). Plants were kept in the greenhouse (temperature of 28 + 5°C,
relative humidity of 80 £+ 5%, and natural photosynthetically active radiation (PAR) of 900 + 15

umol photons m™? s”! measured at midday).

2.2. Inoculum production and plant inoculation

Stripes of filter paper containing fungal mycelia of the monosporic isolate of B. maydis
UFV-DPF-Bm12 were transferred to Petri dishes containing potato-dextrose-agar. The dishes were
incubated in a growth chamber (25°C and 12 h light/12 h dark photoperiod) for 15 days. Conidia
produced in each dish were collected using sterile water containing 0.01% Tween 20 and 0.5%
gelatin (w/v). The conidial suspension was calibrated to 1 x 10° conidia/mL using a
hemacytometer. Plants at the V6 growth stage (30 days after emergence) were inoculated with a
conidial suspension of B. maydis using a VL Airbrush atomizer (Paasche Airbrush Co., Chicago,
IL, USA). After inoculation, plants were kept inside a mist growth chamber (25°C and relative
humidity of 90 + 5%) for 24 h. After this period, plants were transferred to the greenhouse (28 +
2°C, relative humidity of 80 + 5%, and natural PAR of 900 + 15 pmol photons m™ s measured at

midday) until the end of the experiments.

2.3. Evaluation of MLB severity

The fifth expanded leaf, from base to top, of each plant per replication of each treatment
was collected at 156 hours after inoculation (hai), scanned at 600 dpi resolution, and the images
were processed using the QUANT software (Fagundes-Nacarath er al., 2018) to estimate the values

of severity.

2.4. Determination of foliar Si and K concentrations
At the end of the experiment (156 hai), the fifth and sixth leaves, from base to top, of each
plant per replication of each treatment were collected, washed in deionized water, dried for 72 h at

65°C, and ground in a ball mill (TECNAL TE 350, Piracicaba, SP, Brazil) for 2 min. The Si
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concentration was determined by the colorimetry method with hydrochloric acid, oxalic acid, and
ammonium molybdate in a spectrophotometer at 410 nm (Korndorfer et al., 2004). The K
concentration was determined by digestion in nitric perchloric acid solution followed by optical
emission spectrophotometer with inductively coupled plasma reading (ICP-OES) (DV8300,
PerkinElmer) (Mesquita et al., 2019).

2.5. Detection of Si and K on leaves using the X-ray microanalysis

The energy dispersive X-ray spectroscopy (EDS) using a scanning electron microscope
(LEO 1430VP; Carl Zeiss, Germany) with an attached X-ray detector system (Tracor TN5502,
Middleton, WI) was used to determine the insoluble composition and relative levels of Siand K in
the adaxial surface of infected leaves from -Si and +Si plants at 156 hai. Leaf samples were
carefully placed in envelopes inside a desiccator with silica gel for 15 days. After complete
dehydration, a total of four leaf fragments (= 1 x 1 cm?) containing MLS lesions were mounted
onto one aluminum stub (two stubs per treatment) and coated with a thin film of evaporated carbon
(Quorum Q150 T, England, UK). The EDS microanalysis of all samples was performed at the
magnification of 200 x with an accelerating voltage of 20 kV and a working distance of 10 mm.
The distribution patterns of Si and K were based on secondary electron images, X-ray emission
spectra, and corresponding X-ray elemental maps according to the methods of Goldstein et al.,
(2003) and Williams et al., (2002). A total of six images were obtained from the fragments of each

treatment.

2.6. Determination of leaf gas exchange parameters

The net carbon assimilation rate (A), stomatal conductance to water vapor (gs), internal CO>
concentration (Cj), and transpiration rate (E) were measured on the fifth leaf, from base to top, of
each plant per replication of each treatment at 12, 60, 108, and 156 hai from 09:00 to 12:00 h using
a portable open-system infrared gas analyzer (LI-6400, LI-COR Inc., Lincoln, NE, USA). These
parameters were also evaluated on the same leaves of non-inoculated plants at the evaluation times
mentioned above. All measurements were carried out under the following conditions: leaf
temperature controlled at 25°C, chamber CO, concentration of 420 ppm, PAR of 1200 pmol m™ s’
!, and the amount of blue light set with 10% of PAR to optimize stomatal aperture (Margal et al.,
2021).
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2.7. Imaging and quantification of Chl a fluorescence parameters

The Imaging-PAM fluorometer and the Imaging Win software MAXI version (Heinz Walz
GmbH) were used to obtain the images and parameters of Chl a fluorescence using the fifth leaf,
from base to top, of each plant per replication of each treatment at 12, 60, 108, and 156 hai and
also from non-inoculated plants at these same evaluation times. The methodology described by
Fagundes-Nacarath et al., (2018) was used to determine the parameters variable-to-maximum
chlorophyll a fluorescence ratio (Fv/Fn), photochemical yield [Y(II)], yield for dissipation by
down-regulation [Y(NPQ)], yield for non-regulated dissipation [Y(NO)], and electron transport
rate (ETR).

2.8. Determination of photosynthetic pigments concentration

The concentrations of Chl a, Chl b, and carotenoids were determined using methanol as the
solvent. Leaf tissue (50 mg) obtained from the leaves used to determine the parameters of Chl a
fluorescence was ground in liquid nitrogen using a vibration ball mill (Retsch, Haan, Germany)
and the fine powder was homogenized in 700 pL of methanol. The supernatant was used for
quantify concentrations of Chl a, Chl b, and carotenoids at 470, 653, and 666 nm, respectively,

using a saturated solution of methanol as a blank (Wellburn, 1994).

2.9. Biochemical assays

The fifth leaf, from base to top, of each plant per replication of each treatment was collected
at 12, 60, 108, and 156 hai. Leaves from non-inoculated plants were sampled at these same
evaluation times. Leaf samples were kept in liquid nitrogen during sampling and stored at -80°C

until further analysis.

2.10. Determining sugars and starch concentrations: leaf tissue (50 mg) was ground into a fine
powder as described above and mixed with 700 uL of methanol at 80°C for 20 min to extract sugars
and starch according to Medeiros et al., (2017). Glucose, fructose, and sucrose were determined in
the soluble phase of the methanolic solution while starch was determined in the pellet following

the methodology proposed by Fernie (2001).
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2.11. Determining malondialdehyde (MDA) concentration: leaf tissue (100 mg) was ground as
described above and homogenized in 2 mL of 0.1% (w/v) trichloroacetic acid solution and the
homogenate was centrifuged at 12,000 g for 15 min at 4°C. After centrifugation, 250 uL of the
supernatant was added to 750 pL of thiobarbituric acid solution and homogenized in a thermomixer
for 30 min at 95°C. The samples were centrifuged at 9,000 g for 10 min and the absorbances were

obtained at 600 and 532 nm (Heath and Packer, 1968).

2.12. Determining H>O: and O:" concentrations: leaf tissue (100 mg) was ground as described
above and homogenized in 1 mL of a mixture containing 50 mM potassium phosphate buffer (pH
6.5) and 1 mM hydroxylamine. The homogenate was centrifuged at 10,000 g for 15 min at 4°C.
The supernatant was used to determine H>O» concentration following the procedures of Dias et al.,
(2020). Leaf'tissue (100 mg) was ground as described above and the fine powder was homogenized
in 1 mL of a solution containing 100 mM potassium phosphate buffer (pH 7.2) and 1 mM sodium
diethyldithiocarbamate. The homogenate was centrifuged at 22,000 g for 20 min at 4°C and the

supernatant was used to determine O>" concentration according to Chaves et al., (2021).

2.13. Determining defense-related enzymes activities: leaf tissue (100 mg) was ground as
described above and homogenized in 1 mL of a solution containing 50 mM potassium phosphate
buffer (pH 6.8), 0.1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 0.5% (w/v)
polyvinylpyrrolidone (PVP). The homogenate was centrifuged at 13,000 g for 15 min at 4°C and
the supernatant was used to determine chitinase (CHI; EC 3.2.1.14), f-1,3-glucanase (GLU; EC
3.2.1.39), phenylalanine ammonia-lyase (PAL; EC 4.3.1.24), polyphenoloxidase (PPO; EC
1.10.3.1), peroxidase (POX; EC 1.11.1.7), and lipoxygenase (LOX; EC 1.13.11.12) activities
following the procedures described by Fortunato et al. (2014).

2.14. Determining total soluble phenolics (TSP) and lignin thioglycolic acid (LTGA)
derivatives: leaf tissue (100 mg) was ground as described above and homogenized in 1 mL of 80%
(v/v) methanol solution. The extract was homogenized in a thermomix at 25°C for 12 h and the

mixture was centrifuged at 13,000 g for 30 min. The methanolic extract was used to determine the
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TSP concentration and the pellet was kept at 20°C to determine the concentration of LTGA

derivatives according to Fortunato et al., (2015).

2.15. Determining antioxidant enzyme activities: leaf tissue (100 mg) was ground as described
above and the fine powder was homogenized with 1 mL solution containing 100 mM potassium
phosphate buffer (pH 7.8), 0.1 mM EDTA, 1 mM PMSF, and 0.5% (w/v) PVP. The homogenate
was centrifuged at 13,000 g for 15 min at 4°C and the supernatant was used to determine the
activities of ascorbate peroxidase (APX) (EC 1.11.1.11), catalase (CAT) (EC 1.11.1.6), superoxide
dismutase (SOD) (EC 1.15.1.1), and glutathione reductase (GR) (EC 1.8.1.7) following the
procedure of Debona (2012).

2.16. Experimental design and data analysis

A 2 x 2 factorial experiment, consisting of plants non-supplied (-Si) or supplied with Si
(+S1) and non-inoculated or inoculated with B. maydis, was arranged in a completely randomized
design with four replications per evaluation time to assess disease severity as well to determine
the foliar concentrations of Si and K. Another 2 x 2 factorial experiment with the same factors
mentioned above and six replications was carried out to evaluate the parameters of leaf gas
exchange and Chl a fluorescence as well to quantify the foliar concentration of pigments. Leaf
samples for the biochemical assays were obtained from another 2 x 2 factorial experiment with
the same factors described above and five replications. Each experimental unit consisted of one
plastic pot with two plants. All experiments were repeated once. Data from variables and
parameters were checked for normality and homogeneity of variance and subjected to analysis of
variance. The treatment means were compared by the F test (P < 0.05). Data from all variables
and parameters obtained from the four treatments at 156 hai were used for principal component
analysis (PCA). The Minitab Statistical software was used for the statistical analysis mentioned

above (Minitab, Inc., 2021).
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3. Results

3.1. Analysis of variance
The factor Si rates (Si) was significant for severity, A, Fv/Fn, Y(II), ETR, MDA, O,", PAL,
and LTGA derivatives and the factor plant inoculation (PI) and the Si x PI interaction were

significant for most of the variables and parameters evaluated (Table 1).

3.2. Foliar Si and K concentrations and X-ray microanalysis

Foliar Si concentration significantly increased by 70 and 72% for non-inoculated +Si plants
and inoculated +Si plants, respectively, compared to their counterparts (Fig. 1a). There was no
significant difference between -Si and +Si plants regardless of plant inoculation with B. maydis for
foliar K concentration (Fig. 1b). There was a differential pattern of Si deposition on the adaxial
surface of leaves from -Si and +Si plants at 156 hai based on X-ray microanalysis (Fig. 2). The
levels of Si deposition in the infected leaves of +Si plants was 90% higher (8.35 wt %) compared
to -Si plants (0.81 wt %) (Fig. 2a and b). The K deposition was similar between the adaxial surface
of leaves of -Si and +Si plants (Fig. 2c and d).

3.3. Symptoms of MLB and severity

In the leaves of -Si plants, disease symptoms (number and size of the necrotic and elliptical
lesions, lesions coalescence, and chlorosis) were remarkably more expressive in contrast to the
leaves of +Si plants (Fig. 3a-b). The severity of MLB was significantly reduced by 47% for +Si
plants compared to -Si plants (Fig. 3c).

3.4. Leaf gas exchange parameters

For non-inoculated plants, A, gs, Ci, and E were not affected by Si treatments regardless of
the evaluation time (Fig. 4a, c, e, and g). For inoculated -Si plants, A (15, 21, and 35% at 12, 108,
and 156 hai, respectively), gs (23, 57, and 37% at 12, 108, and 156 hai, respectively), and E (17,
44, and 19% at 12, 108, and 156 hai, respectively) were significantly lower while gs, C;, and E (39,
29, and 23% at 60 hali, respectively) were significantly higher compared to inoculated +Si plants
(Fig. 4b, d, f, and h). The A (15-58% from 12 to 156 hai), gs (39 and 51% at 108 and 156 hai,
respectively), and E (10, 29, and 23% at 12, 108, and 156 hai, respectively) were significantly
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lower for inoculated -Si plants compared to non-inoculated -Si plants (Fig. 4a-d and g-h).
Significant and lower values for A (17 and 39% at 60 and 156 hai, respectively) and gs (30% at 156

hai) occurred for inoculated +Si plants compared to non-inoculated +Si plants (Fig. 4a-d).

3.5. Imaging and quantification of Chl a fluorescence parameters

Remarkable changes in the images for Fv/Fm, Y(II), Y(NPQ), and Y(NO), based on the
darker areas, were noticed in the leaves of -Si plants compared to the leaves of +Si plants from 12
to 156 hai indicating damage to the photosynthetic apparatus (Fig. 5). For non-inoculated plants,
FJ/Fm, Y(II), Y(NPQ), Y(NO), and ETR parameters were not affected by -Si and +Si treatments
regardless of the evaluation time (Fig. 6a, c, e, and g). For inoculated +Si plants, Fv/Fm (6, 14, and
10% at 60, 108, and 156 hai, respectively), Y(II) (24 and 26% at 108 and 156 hai, respectively),
Y(NO) (15% at 60 hai), and ETR (27 and 26% at 108 and 156 hai, respectively) were significantly
higher while Y(NO) (15% at 156 hai) was significantly lower compared to inoculated -Si plants
(Fig. 6b, d, f, h, and j). For -Si plants, Fv/Fn (8-16% from 60 to 156 hai), Y(II) (24% at 108 hai),
Y(NO) (22% at 60 hai), and ETR (29% at 108 hai) were significantly lower while Y(NPQ) (33 and
35% at 60 and 156 hai, respectively) was significantly higher for inoculated plants compared to
non-inoculated plants (Fig. 6). For +Si plants, Fv/F was significantly lower by 8% and Y(NPQ)
was significantly higher by 34% at 156 hai for inoculated plants compared to non-inoculated plants

(Fig. 6a-b, e-1).

3.6. Photosynthetic pigments

Concentrations of Chl a+b and carotenoids for non-inoculated plants were not affected by
Si treatments regardless of the evaluation time (Fig. 7a and c). Concentrations of Chl a+b and
carotenoids (34 and 47% at 156 hai, respectively) were significantly higher for inoculated +Si
plants compared to inoculated -Si plants (Fig. 7b and d). For -Si plants, concentrations of Chl a+b
(23 and 44% at 108 and 156 hai, respectively) and carotenoids (23 and 29% at 108 and 156 hai,
respectively) were significantly lower for inoculated plants compared to non-inoculated plants
(Fig. 7a, b, c, and d). For +Si plants, concentrations of Chl a+b (22 and 23% at 108 and 156 hai,
respectively) and carotenoids (25 and 15% at 108 and 156 hai, respectively) were significantly

lower for inoculated plants compared to non-inoculated plants (Fig. 7a, b, ¢, and d).
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3.7. Carbohydrates

Concentrations of glucose, fructose, sucrose, and starch for non-inoculated plants were not
affected by Si treatments regardless of the evaluation time (Fig. 8a, c, e, and g). For inoculated +Si
plants, glucose (38 and 39% at 108 and 156 hai, respectively), fructose (125% at 156 hai), sucrose
(27 and 54% at 108 and 156 hai, respectively), and starch (23-34% from 60 to 156 hai)
concentrations were significantly higher while fructose concentration (33 and 24% at 60 and 108
hai, respectively) was significantly lower compared to inoculated -Si plants (Fig. 8b, d, f, and h).
For -Si plants, concentrations of glucose (70% at 156 hai) and sucrose (38 and 60% at 108 and 156
hai, respectively) were significantly lower while starch concentration (67 and 58% at 12 and 60
hai, respectively) was significantly higher for inoculated plants compared to non-inoculated plants
(Fig. 8a-b, e-h). For +Si plants, concentrations of glucose (53% at 156 hai) and sucrose (20% at
108 hai) were significantly lower while the concentration of starch (79, 59, 29, and 28% at 12, 60,
108, and 156 hai, respectively) was significantly higher for inoculated plants compared to non-

inoculated plants (Fig. 8a-b and e-h).

3.8. Concentrations of MDA, H202, and O2"

Concentrations of MDA, H>O», and O™ for non-inoculated plants were not affected by Si
treatments regardless of the evaluation time (Fig. 9a, c, and e). For inoculated plants, MDA (18,
27, and 28% at 60, 108, and 156 hai, respectively), H.O> (15, 15, and 24% at 60, 108, and 156 hai,
respectively), and O™ (62, 33, and 29% at 60, 108, and 156 hai, respectively) concentrations were
significantly lower for +Si plants compared to inoculated -Si plants (Fig. 9b, d, and f). For -Si
plants, MDA (8, 44, and 34% at 12, 108, and 156 hai, respectively), H2O2 (25% at 156 hai), and
02" (47-68% from 12 to 156 hai) were significantly higher for inoculated plants compared to non-
inoculated plants (Fig. 9). For +Si plants, O2™ was significantly higher by 40 and 53% at 108 and

156 hai, respectively, for inoculated plants compared to non-inoculated plants (Fig. 9¢ and f).

3.9. Activities of defense enzymes

Activities of CHI, GLU, PAL, PPO, POX, and LOX activities for non-inoculated plants
were not affected by Si treatments regardless of the evaluation time (Fig. 10a, c, e, g, 1, and k). The
CHI (24 and 38% at 12 and 108 hai, respectively), GLU (20% at 108 hai), PAL (15-38% from 12
to 108 hai), PPO (15% at 108 hai), and POX (17-21% from 12 to 108 hai) activities were
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significantly higher for inoculated +Si plants compared to inoculated -Si plants (Fig. 10b, d, f, g,
h, and j). The CHI, PAL, PPO, and POX activities were significantly lower at 156 hai for inoculated
+Si plants compared to inoculated -Si plants (Fig. 10b, f, h, and j). The GLU (24% at 12 hai) and
LOX (26 and 20% at 60 and 156 hai, respectively) activities were significantly lower for inoculated
+Si plants compared to inoculated -Si plants (Fig. 10d and 1). The GLU (69% at 108 hai), PAL
(49% at 156 hai), PPO (44, 51, and 20% at 60, 108, and 156 hai, respectively), POX (31 and 28%
at 108 and 156 hai, respectively), and LOX (38, 46, and 51% at 12, 60, and 108 hai, respectively)
activities were significantly higher for inoculated -Si plants compared to non-inoculated -Si plants
(Fig. 10c-1). The activities of CHI (31 and 25% at 12 and 108 hai, respectively), GLU (76% at 108
hai), PAL (17 and 54% at 12 and 108 hai, respectively), PPO (29 and 62% at 60 and 108 hai,
respectively), POX (30, 33, and 43% at 12, 60, and 108 hai, respectively), and LOX (37 and 53%
at 12 and 108 hai, respectively) were significantly higher for inoculated +Si plants compared to

non-inoculated +Si plants (Fig. 10a-1).

3.10. Concentrations of TSP and LTGA derivatives

For non-inoculated plants, TSP and LTGA derivatives concentrations were not affected by
Si treatments regardless of the evaluation time (Fig. 11a and c). For inoculated plants, the
concentrations of TSP (16 and 11% at 108 and 156 hai) and LTGA derivatives were significantly
higher (33, 25, 33, and 37% at 12, 60, 108, and 156 hai, respectively) for inoculated +Si plants
compared to inoculated -Si plants (Fig. 11b and d). The TSP concentration was significantly higher
(13 and 23% at 60 and 156 hai, respectively) while the LTGA derivatives concentration was
significantly lower (33, 45, and 57% at 12, 108, and 156 hai, respectively) for inoculated -Si plants
compared to non-inoculated -Si plants (Fig. 12a-d). The concentrations of TSP (27% at 156 hai)
and LTGA derivatives (28% at 60 hai) were significantly higher for inoculated +Si plants compared
to non-inoculated +Si plants (Fig. 11a-d).

3.11. Antioxidant enzymes

Antioxidant enzyme activities for non-inoculated plants were not affected by Si treatments
regardless of the evaluation time (Fig. 12a, c, e, and g). For inoculated plants, SOD (22 and 28%
at 12 and 60 hai, respectively), APX (26% at 12 hai), CAT (21-35% from 12 to 108 hai), and GR
(28-49% from 12 to 108 hai) activities were significantly higher for +Si plants compared to -Si
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plants (Fig. 12b, d, f, and h). There were significant increases in SOD (28% at 156 hai), APX (24-
37% from 60 to 156 hai), and GR (55% at 156 hai) activities for inoculated -Si plants compared to
inoculated +Si plants (Fig. 12b, d, and h). Activities of SOD (30 and 44% at 108 and 156 hai,
respectively), APX (38, 45, and 58% at 60, 108, and 156 hai, respectively), CAT (40, 44, and 42%
at 60, 108, and 156 hai, respectively), and GR (50% at 156 hai) were significantly higher for
inoculated -Si plants compared to non-inoculated -Si plants (Fig. 12a-h). Activities of SOD (29%
at 108 hai), APX (35 and 37% at 12 and 156 hai, respectively), CAT (48, 58, and 30% at 60, 108,
and 156 hai, respectively), and GR (32% at 108 hai) were significantly higher for inoculated +Si

plants compared to non-inoculated +Si plants (Fig. 12a-h).

3.12. PCA analysis

Three clusters were generated (NI plants for -Si and +Si treatments, I plants for -Si
treatment, and I plants for +Si treatment) based on the cluster analysis with complete linkage and
Pearson distance. One principal component (PC) explained most of the variation in the data
analyzed (PC1 =75.1% and PC2 =21.6%) (Fig. 13). The PC1 showed negative scores for A, gs, E,
FJ/Fm, Y(II), ETR, Chl a+b, carotenoids, glucose, fructose, sucrose, and LTGA derivatives and
positive scores for other variables and parameters evaluated. The PC2 was characterized by
negative scores for E, sucrose, Y(II), ETR, fructose, starch, Ci, Y(NPQ), LTGA derivatives,
glucose, 0%, APX, CAT, and PAL, and positive scores for other variables and parameters

evaluated (Fig. 13).

4. Discussion

It is well known that Si plays a key role in plant resistance against an array of pathogens
infecting a diversity of profitable crops (Debona et al., 2023). In this study, new pieces of evidence
at the physiological and biochemical levels clearly explain the reduction of MLB symptoms by Si.
A higher foliar Si concentration for +Si plants reduced the progress of MLB as a result of lower
cellular oxidative damage (lower concentrations of MDA, H»0,, and O,*). Different reports
highlighted that the intensity of innumerable diseases in gramineous plants such as rice, sugarcane,
wheat, and maize were negatively correlated with higher foliar Si concentration when this element
was supplied to plants through the roots (Debona et al., 2017, 2023; Hawerroth et al., 2019). In

maize, the uptake and translocation of Si from the roots to the shoots is governed by the presence
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of the transporters ZmLsil and ZmLsi6, which operates in the active Si uptake mechanism besides
a passive mechanism that occurs through the transpiratory flux of water (Debona et al., 2017,
Mitani et al., 2009).

Photosynthesis is the physiological process mostly affected in plants infected by pathogens
of different lifestyles that negatively affect the photosynthetic machinery and its functionality
reducing, therefore, the efficiency of light capture, energy production, and the synthesis of
photoassimilates that could be used by the plant to mount defense reactions (Berger et al., 2007).
The photosynthetic parameters such as leaf gas exchange and chlorophyll a fluorescence are good
physiological indicators that provide quantitative information on the extent and nature of the impact
imposed by the pathogen on host physiological processes (Scholes and Rolfe, 2009; Kumudini et
al., 2018). In the present study, Si supply reduced the negative effect of B. maydis infection on the
photosynthetic capacity of maize plants as indicated by the higher values of A, gs, and E. In contrast,
there was a significant effect of Sion C; only at 108 hai for infected leaves. In general, +Si infected
plants showed a proportional increase in A and gs simultaneously with unchanged values for C; at
156 hai indicating that increases in A values during the infection process of B. maydis in the leaves
of +Si plants were not strongly associated with limitations in CO; influx into the stomata for
photosynthesis. Thus, changes in A were probably not caused by the obtained values for g
considering the concomitant increases in the values of these parameters throughout the B. maydis
infection process without strongly changes in Ci. Therefore, the effect of Si to mitigate the
decreases in A should be explained by alleviating the dysfunctions that may take place at the level
of biochemical reactions in the chloroplasts that involves CO> fixation for a better photosynthetic
performance of maize plants. Similar reports have shown the positive effect of Si on keeping a
better photosynthetic performance by monitoring the changes in the leaf gas exchange parameters
in the following interactions rice-Pyricularia oryzae and Monographella albescens (Domiciano et
al., 2015; Tatagiba et al., 2016) as well as wheat-P. oryzae (Aucique-Pérez et al., 2014). The
impairment of A in maize plants may also have been associated with the release of hydrolytic
enzymes and non-host selective toxins by B. maydis into the leaf tissues that can lower CO;
assimilation due to the destruction of stomata, damage the photosynthetic apparatus, and
degradation of photosynthetic pigments (Tsuge et al., 2013). However, these dysfunctions were
attenuated by Si due to the formation of a thick silica layer below the cuticle that acted as a physical

barrier that inhibited or delayed B. maydis penetration and its growth over the leaf surface as shown
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by the X-rays microanalysis contributing, therefore, to the preservation of the photosynthetic
apparatus (Debona et al., 2023).

In addition to the impact on the biochemical function of CO; fixation, changes in the
photochemical capacity of photosynthesis were more prominent at later stages of B. maydis
infection for -Si plants. Based on the imaging of Chl a fluorescence parameters, early damage of
fungal infection against photosynthesis can be visualized in a non-invasively way before the
symptoms are noticed (Scholes and Rolfe, 2009; Silveira et al., 2021; Silva et al., 2022). The
parameters Fv/Fn and Y(II) represent the capacity of photon energy absorbed by the PSII to be
used in photochemical processes and are considered physiological markers to understand the effect
of biotic stress-induced photoinhibition and the level of disease impact on photosynthesis
(Calatayud et al., 2013). In addition, photoinhibition occurring at the PSII level may affect the
redox balance of electron transport components for the production of reducing power and
consequently the deactivation of RuBisCO (Rochaix, 2011). Interestingly, the infected leaves of
+Si plants suffered less photooxidative damage as clearly indicated by the higher values of F\/Fm,
Y(II), and ETR concomitantly without significant changes in Y(NPQ) and Y(NO) values
indicating, therefore, that the functionality of the photosynthetic apparatus was preserved. The
higher linear electron flow and the Y(II) parameter indicate a key role of the dissipative
mechanisms mainly modulated by Si to bring sufficient photochemical energy to be used to support
the higher photosynthetic performance of leaves infected with B. maydis. The maize and wheat
plants supplied with Si and infected by E. furcicum and P. oryzae, respectively (Domiciano et al.,
2015; Silveira et al., 2021) showed higher values of Fy/Fn, Y(II), and ETR indicating the positive
contribution of this element to reduce the dysfunctions at the photochemical level. Plants under
stress and supplied with Si displayed greater amount of open PSII reaction centers that resulted in
higher excitation energy in the electron flow thus improving the photochemical efficiency of
photosynthesis (Rastogi et al., 2021). Studies at the transcriptomic level in Brassica napus (Etienne
et al., 2021) and Cucumis sativus (Holz et al., 2019) showed that Si promoted the differential
expression of genes encoding proteins that were involved in photochemical reactions mainly those
associated with the light-harvesting complex, PSII, and the electron transport chain resulting in a
better integrity of chloroplasts and the photosynthetic apparatus overall.

In addition to the parameters related to Chl a fluorescence, the quantification of the pool of

photosynthetic pigments is a stronger indicator of the decreased efficiency of the photosynthetic
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apparatus of plants infected by hemibiotrophic and necrotrophic pathogens due to the action of
hydrolytic enzymes and selective non-host toxins that directly affect chloroplasts and their protein
complexes (Aucique-Pérez et al., 2020; Silva et al., 2022). The loss of functionality of the
photosynthetic pigments is one of the main effects caused by B. maydis infection in maize leaves
(Meshram et al., 2022). The reduction of MLB symptoms in the leaves of +Si plants was closely
linked to a higher pool of photosynthetic pigments (Chl a+b and carotenoids) at 156 hai, a later
stage on the B. maydis infection process, evidencing less damage to the photosynthetic apparatus.
Previous studies emphasized that Si plays a crucial role in maintaining the integrity of chloroplasts
in the leaves of plants exposed to cellular oxidative stress caused by diseases which will result in
the preservation of the photosynthetic pigments pool (Rodrigues and Datnoff, 2015; Tatagiba et
al., 2016).

Besides photosynthesis, the metabolism of carbohydrates in plants plays a detrimental role
during the pathogen infection process (Zaynab et al., 2019). The metabolism of soluble sugar
represents a very complex physiological process in several host-pathogen interactions considering
that the flow of photoassimilates to trigger defense reactions at the pathogen infection sites is
greatly demanded by the plants (Zaynab et al., 2019; Silva et al., 2022). In addition, changes in the
levels of photoassimilates may greatly affect the pathogen infection process considering that sugars
serve as nutrients and signals during the colonization of host tissues by the pathogens (Kanwar and
Jha, 2019). In the present study, down-regulation of photosynthesis may have reduced the pool of
sugars and starch in the infected leaves of -Si plants that displayed expressive symptoms of MLB.
In general, for infected +Si plants, higher concentrations of glucose and sucrose were found at later
stages of fungus infection while starch concentration was kept higher almost during the entire time-
course evaluated. These findings clearly indicate a possible effect of Si in enhancing maize
resistance against MLB through the modulation of carbohydrate metabolism rather than favoring
fungal infection. In rice, Si conferred resistance to brown spot by regulating the expression of
photosynthetic genes (e.g. RuBisCO production) and those related to nitrate and nitrite reductases
as well as nitrate transporter (Van Bockhaven et al., 2015). Rice plants supplied with Si showed
increased sucrose concentration in response to B. oryzae infection (Dallagnol et al., 2013). The
expression of Calvin cycle-related genes such as those coding for fructose-1,6-bisphophate
aldolase, phosphate isomerase, sedoheptulose-1,7-bisphosphatase, glyceraldehyde-3-phosphate

dehydrogenase, fructose-1,6-bisphosphatase, and RuBisCO was repressed in cucumber plants
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infected with Fusarium oxysporum (Sun et al., 2022). However, the expression of the above-
mentioned genes increased and improved the pool of soluble sugars and the resistance of cucumber
against Fusarium wilt for Si-supplied plants. Interestingly, fructose concentration for infected +Si
plants decreased at earlier times of B. maydis infection and increased later on. Similar results for
fructose accumulation were found for wheat plants supplied with Si and infected with P. oryzae
indicating a possible use of fructose to favor fungal infection (Peixoto et al., 2019). Considering
these findings related to the regulatory role of Si on physiological attributes conferring increased
resistance of maize against MLB, the pattern of both sugar metabolism and photosynthetic capacity
can be used as benchmark markers for the positive effect of Si on maize-B. maydis interaction.

It is well known that the great production of MDA in host tissues infected by pathogens
results from an intense lipid peroxidation on cell membrane caused by an excess of H2O2 or O2*
(Mayer et al., 2001). In response to this oxidative stress due to pathogen infection, an enzymatic
antioxidant system with the action of SOD, APX, CAT, and GR activities take place to keep the
generation of reactive oxygen species (ROS) at physiologically accepted levels (Dumanovi¢ et al.,
2021). In the present study, MDA concentration was lower for infected leaves of +Si plants from
60 to 156 hai and was linked to reduced production of H>O> or O,*". In addition, SOD, APX, CAT,
and GR activities were greatest at 12 hai with subsequent increase in SOD activity up to 60 hai and
CAT and GR activities up to 108 hai. The literature is rich in reports showing that Si can stimulate
the enzymatic antioxidant metabolism of pathogen-challenged plants by restricting the oxidative
stress caused by an excess of ROS associated with less lipid peroxidation in the infected cells
(Rodrigues and Datnoff, 2015; Debona et al., 2017, 2023; Song et al., 2016; Silveira et al., 2021;
Sun et al., 2022). In the present study, APX activity was higher for infected -Si plants in contrast
to infected +Si plants from 60 to 156 hai possibly due to the higher availability of H>O, that needed
to be detoxified. The greater concentration of H>O> accompanied by O»*" may be an indirect
indication of the oxidative stress (e.g., action of several hydrolytic enzymes and non-host selective
toxins) generated by the colonization of maize leaves of -Si plants by B. maydis. Both CAT and
APX act in the elimination of H2O», however, it has been suggested that moderate concentrations
of H>0; are eliminated mainly by APX with the aid of various reductants such as ascorbate and
glutathione (Mittler et al., 2022).

Biochemically, the enhancement of the resistance of crops challenged by pathogens by Si

is associated with the joint action of defense-related enzymes and the production of phenolic
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compounds (Debona et al., 2017, 2023; Islam et al., 2020). The defense proteins CHI and GLU,
which catalyze the hydrolysis of key fungal cell wall components (chitin and B-1,3-glucan,
respectively), are important for the resistance of several plant species infected by fungal pathogens
of different lifestyles (Sundaresha et al., 2010). In the present study, CHI activity was highest at
12 hai while GLU was highest only at 108 hai for infected +Si plants. The results of the present
study are corroborated by the findings of Fortunato et al., (2014) who found higher CHI and GLU
activities in the roots of banana plants supplied with Si. Products of secondary metabolism such as
phenolic compounds, lignin, phytoalexins, and flavonoids are dependent on the initial activity of
PAL through the phenylpropanoid pathway (Dixon and Paiva, 1995). The PPO and POX play key
roles in the oxidation of polyphenols to quinones which are highly toxic against several and in the
lignification of cell walls with a caution participation of H>O> (Thipyapong et al., 2004). In the
present study, PAL and POX activities followed the same increasing trend from 12 to 108 hai, but
PPO activity was higher only at 108 hai for infected +Si plants. The Si-mediated resistance in
perennial ryegrass against Magnaporthe oryzae infection was associated with higher activities of
PAL, POX, and PPO (Rahman et al., 2015). Increased LOX activity is known to occur in response
to the oxidation of fatty acids released by ROS-induced lipid peroxidation that leads to the
biosynthesis of jasmonic acid considered to be a signaling molecule for induced systemic resistance
against pathogen attack (Viswanath et al., 2020). In the present study, lower LOX activity was
evidenced for infected -Si plants at 60 and 156 hai. The low LOX activity may be related to lower
levels of lipid peroxidation and ROS accumulation during the infection of leaves from +Si plants
by B. maydis (Kim et al., 2014).

For +Si plants, the production of LTGA derivatives increased throughout the B. maydis
infection process while higher TSP concentration occurred only at later stages of fungal infection.
It is known that plants supplied with Si display an increased concentration of phenolics and lignin
due to a potentiation of the phenylpropanoid pathway to efficiently counteract the infection process
of pathogens of different lifestyles (Debona et al., 2017, 2023; Ahanger et al., 2020). For example,
in maize leaves and banana roots infected with S. macrospora and F. oxysporum f. sp. cubense,
respectively, Si potentiated the phenylpropanoid pathway by increasing the production of phenolic
compounds and lignin and significantly reducing the damage caused by these pathogens on host
tissues (Fortunato et al., 2014; Hawerroth et al., 2019). The PAL and POX are pivotal enzymes in

the biosynthesis of phenolic compounds and lignin (Dixon and Paiva, 1995; Thipyapong et al.,
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2004) and their higher activities as evidenced in the present study may have greatly contributed to
the strengthening of the cell wall in the leaves of +Si plants that may impair the colonization process
of B. maydis. On top of that, greater production of carbohydrates may have also contributed as
respiratory substrates to be used in the formation of energy-rich compounds (e.g., ATP) as well as
intermediate compounds that could be linked to the increased resistance of leaves of +Si plants to
MLB.

Taken together, the results of the present study integrate physiological and biochemical
pieces of evidence for the beneficial role played by Si in enhancing the resistance of leaves of
maize against MLB. Based on the PCA analysis, the isolation of the cluster inoculated +Si plants
from the other two clusters (NI plants from -Si and +Si treatments as well as I -Si plants) highlights
the peculiar effect of this element on the outcome of variables and parameters investigated in the
present study. In this regard, plants supplied with Si had a more preserved photosynthetic
apparatus, a more robust antioxidative metabolism, greater response of defense-related enzymes,
and regulation of carbohydrate metabolism that worked all together in favor of the increased

resistance of leaves from +Si plants infected by B. maydis.
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7. Table and Figures

Table 1. Analysis of variance for the effects of silicon (Si), plant inoculation (PI), and the Si x PI
interaction for foliar concentrations of Si and potassium (K), Bipolaris leaf spot severity (Sev), leaf
gas exchange parameters [rate of net CO; assimilation (A), stomatal conductance to water vapor
(gs), internal CO> concentration (C;), and transpiration rate (E)], chlorophyll a fluorescence
parameters [variable-to-maximum chlorophyll a fluorescence ratio (Fv/Fm), photochemical yield
(Y(I)), yield for dissipation by down-regulation (Y(NPQ), yield for non-regulated dissipation
(Y(NO), and electron transport rate (ETR)], concentrations of photosynthetic pigments
[chlorophyll a+b (Chl a+b) and carotenoids (Car)], carbohydrates (glucose, fructose, sucrose, and
starch), malondialdehyde (MDA), hydrogen peroxide (H20:), and superoxide anion radical (O2"),
total soluble phenolics (TSP) and lignin-thioglycolic acid (LTGA) derivatives as well as activities
of defense [chitinase (CHI), p-1,3-glucanase (GLU), phenylalanine ammonia-lyase (PAL),
polyphenoloxidase (PPO), peroxidase (POX), and lipoxygenase (LOX)] and antioxidative
[superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), glutathione reductase
(GR)] enzymes.

Variables/ F values*
Parameters Si PI ST Six PI Six ST PIxST SixPIxST

Si 545.7 1.5 0.02

K 1.9 1.6 0.2

Sev 136.3

A 12.8 113.7  22.7 8.5 0.9 11.6 0.2
8&s 10.6 0.5 28.4 1.7 5.6 17.0 5.7
(& 0.6 9.1 26.4 0.3 8.8 1.1 64
E 5.5 4.4 11.3 53 7.4 2.2 6.2
FuFn 30.6 89.9 3.9 23.9 6.3 20.3 9.2
YD 13.1 2.2 9.3 1.4 3.5 4.9 0.5
Y(NPQ) 0.3 10.2 34 0.7 0.6 4.5 0.2
Y(NO) 0.2 0.3 17.6 0.2 4.8 9.3 3.7
ETR 19.1 7.7 11.9 6.0 5.7 7.9 0.2
Chl a+b 0.2 304 15.6 1.5 2.3 3.1 0.6
Car 0.0 14.3 15.3 0.6 1.9 4.5 04
Glucose 55 29.8 4.3 0.1 3.0 20.2 1.5
Fructose 3.1 3.5 18.5 1.0 3.5 0.6 3.5
Sucrose 5.0 17.2 4.6 7.3 2.0 52 1.0
Starch 2.3 195.5 8.2 0.8 3.3 19.3 3.1
MDA 16.4 20.2 0.2 17.3 3.1 6.0 0.9
H>O» 1.3 3.6 1.4 1.9 2.2 2.0 14
0,* 85.4 298.8 85.5 83.1 1.7 43.9 1.3
SOD 0.0 234 11.5 0.4 3.5 9.7 3.5
APX 8.2 87.8 32.2 13.3 3.5 11.0 5.8
CAT 4.1 122.5 60.8 2.1 1.8 18.3 3.0
GR 0.4 0.9 16.7 0.5 19.9 15.9 18.4



CHI 2.9 21.6
GLU 0.02 41.1
PAL 7.1 65.9
PPO 3.2 103.4
POX 0.9 71.2
LOX 0.1 217.2
TSP 0.3 15.5
LTGA derivatives 17.4 25.0

18.9
44.6
5.2
47.6
24.6
156.3
28.2
11.7

5.8
0.0
4.6
0.0
1.4
2.1
2.8
33.0

9.0
6.9
5.9
44
4.5
7.1
3.7
0.9

194
37.4
11.3
44.8
5.7
92.7
18.1
11.2

6.5
31
8.5
3.3
44
6.6
3.8
0.8
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*Bold values are significant at P < 0.05
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Figure 1. Foliar concentrations of silicon (Si) (a) and potassium (K) (b) for maize plants non-
supplied (-Si) or supplied (+Si) with silicon (Si) and non-inoculated (NI) or inoculated (I) with
Bipolaris maydis. Means for -Si and +Si treatments followed by an asterisk (*) and for NI and I
treatments followed by an inverted triangle (') are significantly different (P < 0.05) according to
the F test. Bars represent the standard error of the means.
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Figure 2. X-ray maps for silicon (Si) (a and b) and potassium (K) (c and d) in the leaves of maize
plants non-supplied (-Si) (a and c¢) or supplied (+Si) (b and d) with silicon (Si) at 156 hours after
inoculation with Bipolaris maydis. In the X-ray maps, purple (a and b) and green (c and d)
fluorescent dots correspond to the accumulation of Si and K, respectively. Black is the absence of
Si and K. The intensity of Si and K depositions were obtained based on the X-ray emission spectra
of the X-ray maps [Si = 0.81, error (E) = 0.04 (a); Si=8.35, E =0.09 (b); K=5.91, E=0.09 (c);
and K = 4.25, E = 0.07 (d)] compared to other chemical elements such as carbon, oxygen,
magnesium, phosphorus, sulfur, and chlorine.
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Figure 3. Symptoms of Bipolaris leaf spot (a and b) and severity (c) for maize plants non-supplied
(-Si) or supplied (+Si) with silicon (Si). Means for -Si and +Si treatments (graph c¢) followed by an
asterisk (*) are significantly different (P <0.05) according to the F test. Bars represent the standard
error of the means. Imaging of leaves with disease symptoms and the assessment of severity were
performed seven days after plant inoculation with Bipolaris maydis.
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Figure 4. Leaf gas exchange parameters net carbon assimilation rate (A) (a and b), stomatal
conductance to water vapor (gs) (c and d), internal CO2 concentration (C;) (e and f), and
transpiration rate (E) (g and h) determined on the leaves of maize plants non-inoculated (NI) (a, c,
e, and g) or inoculated (I) (b, d, f, and h) with Bipolaris maydis and non-supplied (-Si) or supplied
(+Si) with silicon (Si). Means for NI and I plants followed by an inverted triangle (V) and for -Si
and +Si treatments followed by an asterisk (*), at each evaluation time, are significantly different
(P <0.05) according to the F test. Bars represent the standard error of the means.
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Figure 5. Images of chlorophyll a fluorescence parameters variable-to-maximum chlorophyll a
fluorescence ratio (Fv/Fum), photochemical yield [Y(II)], yield for dissipation by down-regulation
[Y(NPQ)], and yield for non-regulated dissipation [Y(NO)] obtained from the leaves of maize
plants non-supplied (-Si) or supplied (+Si) with silicon (Si) and non-inoculated (NI) or at different
times after inoculation with Bipolaris maydis.
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Figure 6. Quantification of chlorophyll a fluorescence parameters variable-to-maximum
chlorophyll a fluorescence ratio (Fv/Fm) (a and b), photochemical yield [Y(II)] (c and d), yield for
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dissipation by down-regulation [Y(NPQ)] (e and f), yield for non-regulated dissipation [Y(NO)] (g
and h), and electron transport rate (ETR) (i and j) determined on the leaves of maize plants non-
inoculated (NI) (a, c, e, g, and i) or inoculated (I) (b, d, f, h, and j) with Bipolaris maydis and non-
supplied (-Si) or supplied (+Si) with silicon (Si). Means for NI and I plants followed by an inverted
triangle ('¥) and for -Si and +Si treatments followed by an asterisk (*), at each evaluation time, are
significantly different (P < 0.05) according to the F test. Bars represent the standard error of the
means.
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Figure 7. Concentrations of chlorophyll a+b (Chl a+b) (a and b) and carotenoids (c and d)
determined on the leaves of maize plants non-inoculated (NI) (a and c) or inoculated (I) (b and d)
with Bipolaris maydis and non-supplied (-Si) or supplied (+Si) with silicon (Si). Means for NI and
I plants followed by an inverted triangle ('¥) and for -Si and +Si treatments followed by an asterisk
(*), at each evaluation time, are significantly different (P < 0.05) according to the F test. Bars
represent the standard error of the means. FW = fresh weight.



93

B-Si B+Si (a) (®)
= 4
2 ,
g
9 2 + \ 3
g
=
[D 1 | ' | v
0 . . . . . .
1.2
©) (d)
z09 | .
—él) E3
§_046 . . 1
£03 -
0 . . . . . .
5
) ®

Sucrose (umol g'! FW)

130

\£S *
2y i v
v
1 F L
0 . . . . . .
©

(G

v
104 | y
\ &
BT \ £
v
Nt
) j - . l
0 . . . : : .
12 60 12 60

A\ £]
108 156 108 156
Hours after inoculation Hours after inoculation

Starch (umol g FW)

Figure 8. Concentrations of glucose (a and b), fructose (¢ and d), sucrose (e and f), and starch (g
and h) determined on the leaves of maize plants non-inoculated (NI) (a, c, e, and g) or inoculated
(D (b, d, £, and h) with Bipolaris maydis and non-supplied (-Si) or supplied (+Si) with silicon (Si).
Means for NI and I plants followed by an inverted triangle (V) and for -Si and +Si treatments
followed by an asterisk (*), at each evaluation time, are significantly different (P < 0.05) according
to the F test. Bars represent the standard error of the means. FW = fresh weight.
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Figure 9. Concentrations of malondialdehyde (MDA) (a and b), hydrogen peroxide (H20:) (c and
d), and superoxide anion radical (O2") (e and f) determined on the leaves of maize plants non-
inoculated (NI) (a, c, and e) or inoculated (I) (b, d, and f) with Bipolaris maydis and non-supplied
(-Si) or supplied (+Si) with silicon (Si). Means for NI and I plants followed by an inverted triangle
(V) and for -Si and +Si treatments followed by an asterisk (*), at each evaluation time, are
significantly different (P < 0.05) according to the F test. Bars represent the standard error of the
means. FW = fresh weight.
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Figure 10. Activities of chitinase (CHI) (a and b), f-1,3-glucanase (GLU) (c and d), phenylalanine
ammonia-lyase (PAL) (e and f), polyphenoloxidase (PPO) (g and h), peroxidase (POX) (i and j),
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and lipoxygenase (LOX) (k and 1) determined on the leaves of maize plants non-inoculated (NI)
(a, ¢, e, and g) or inoculated (I) (b, d, f, and h) with Bipolaris maydis and non-supplied (-Si) or
supplied (+Si) with silicon (Si). Means for NI and I plants followed by an inverted triangle (V)
and for -Si and +Si treatments followed by an asterisk (*), at each evaluation time, are significantly
different (P < 0.05) according to the F test. Bars represent the standard error of the means.
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Figure 11. Concentrations of total soluble phenolics (TSP) (a and b) and lignin-thioglycolic acid
(LTGA) derivatives (c and d) determined on leaves of the maize plants non-inoculated (NI) (a and
¢) or inoculated (I) (b and d) with Bipolaris maydis and non-supplied (-Si) or supplied (+Si) with
silicon (Si). Means for NI and I plants followed by an inverted triangle (¥) and for -Si and +Si
treatments followed by an asterisk (*), at each evaluation time, are significantly different (P <0.05)
according to the F test. Bars represent the standard error of the means. FW and DW = fresh weight
and dry weight, respectively.
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Figure 12. Activities of superoxide dismutase (SOD) (a and b), ascorbate peroxidase (APX) (c and
d), catalase (CAT) (e and f), and glutathione reductase (GR) (g and h) determined on the leaves of
maize plants non-inoculated (NI) (a, c, e, and g) or inoculated (I) (b, d, f, and h) with Bipolaris
maydis and non-supplied (-Si) or supplied (+Si) with silicon (Si). Means for NI and I plants
followed by an inverted triangle (V) and for -Si and +Si treatments followed by an asterisk (¥), at
each evaluation time, are significantly different (P < 0.05) according to the F test. Bars represent
the standard error of the means.
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Figure 13. Score and loading plots of principal component analysis (PCA) for variables and
parameters determined on the leaves of maize plants non-inoculated (NI) or inoculated (I) with
Bipolaris maydis and non-supplied (-Si) or supplied (+Si) with silicon (Si). Numbers in the leading
plot are as follow: leaf gas exchange (1, 2, 3, and 4, respectively, to A, gs, Ci, and E) and chlorophyll
a fluorescence [5, 6, 7, 8, and 9, respectively, to Fv/Fn, Y(II), Y(NPQ), Y(NO), and ETR]
parameters, concentrations of photosynthetic pigments (10 and 11, respectively, to Chl a+b and
Car), carbohydrates (12, 13, 14, and 15, respectively, to glucose, fructose, sucrose, and starch), and
metabolites (16, 17, 18, 29, and 30, respectively, to MDA, H20, O,", TSP, and LTGA derivatives),
activities of antioxidant (19, 20, 21, and 22, respectively, to SOD, APX, CAT, and GR) and defense
(23, 24, 25, 26, 27, and 28, respectively, to CHI, GLU, PAL, PPO, POX, and LOX) enzymes.
Groups were generated from cluster analysis with complete linkage and Pearson distance. Data
from variables and parameters used in the PCA analysis were obtained from NI and I plants at 156
hours after inoculation.
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