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ABSTRACT

AUCIQUEPEREZ, Carlos Eduardo. D.Sc., Universidade Federal de Vicosa, August,
2016.Wheat resistance to blast using a non-host selective toxin and host metabolic
reprogramming through a successful infection byPyricularia oryzae. Adviser.
Fabricio Avila Rodrigues.

Blast, caused bfyricularia oryzae, has become an economically important disease

in wheat in South America. One of the management strategies for minimizing the
losses caused by blast includes the use of resistant cultivars. Alternatively, the use of
inducers of resistance showed the potentiation to increase wheat resistance to blast.
This study aimedi) to determine the physiological and biochemical alterations in
wheat plants sprayed with a non-phytotoxic concentratiommtolinic acid (PA)

which is a non-host selective toxin producedPbgryzae andii) to egablish the degree

of metabolic manipulation exerted during the infectionPowryzae on plants from
cultivars with different levels of basal resistance to blast. The spray of leaves of plants
with a non-phytotoxic concentration of PA (0.1 mg Hilresulted in less blast
symptoms in association with a better photosynthetic performance, an improvement
on the antioxidant metabolism and reduced concentrations 206, HO,** and
malondialdehyde. The cultivaBR-18 and EMBRAPA-16 were more resistant to
blast in comparison to cultivar BRS-Guamirim. The photosynthetic performance of
the infected plants was altered due to diffusional and biochemical limitations for CO
fixation. During the asymptomatic phaseRooryzae infection, drastic changes in the
carbohydrates metabolism and on the levels of amino acids, intermediates compounds
of Krebs cycle and polyamines occurred on plants from the three cultivars suggesting
a metabolic manipulation exerted by the pathogen. However, amore efficient
antioxidant metabolism was able to help the wheat plants to counteract against the
deleterious effects oP. oryzae infection in association with great phenylalanine
ammonia lyases and polyphenoloxidases activities and high concentrations of
phenolics and lignin. Based on this information, it is possible to concluda tioat
phytotoxic concentration of PA elicited the activation of host defense mechanisms that
reduced blast severity. Likewise, the infection of leavesPbyoryzae inducel
remarkable disturbances in the primary metabolism and some of them were conserved

among the cultivars regardless of their basal level of resistance to blast.
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RESUMO

AUCIQUE PEREZ, Carlos Eduardo. D.Sc., Universidade Federal de Vigosa, agosto
de 2016.Resistencia do trigo & brusone usando uma toxina ndo selectivaoe
sucesso da infec¢ao pdfyricularia oryzae atraves da reprogramacgao metabolica

do hospedeiro Orientador: Fabricio Avila Rodrigues.

A Dbrusone, causada poPyricularia oryzae, é considerada uma doenca
economicamente importante para trigo na América do Sul. Uma das estratégias de
manejo para minimizar as perdas causadas por essa doenca é o0 uso de cultivares
resistentes. Alternativamente, pode-se utilizar indutores de resisténcia para aumentar
o nivel basal de resisténcia do trigo a brus@neresente estudo teve como objetivo

i) determinar as alteracdes fisiologicas e bioquimicas em plantas de trigo pulverizadas
com uma concentra¢ao nao fiwica do acido a-picolinico (AP), o qual é umixina

nao seletiva produzida pBr oryzae eii) verificar a manipulacao metabdlica exercido
porP. oryzae quando infectando cultivares de trigo com diferentes niveis de resisténcia
basal a brusone. Nas folhas de trigo pulverizadas com uma concentrafiéaidédoa

de AP (0.1 mg mt), os sintomas da brusone desenvolveram menos em associacio
com um melhor desempenho fotossintético, melhoria do metabolismo antioxidante e
reducdo nas concentragdes d®K O* e MDA. As cultivareBR-18 e EMBRAPA-

16 foram mais resistentes a brusone do que a cultivar BRS-Guamirim. O desempenho
fotossintético das plantas infectadas foi alterado devido a limitagbes de natureza
difusiva e bioquimica para uma eficiente fixacad&d®». Durante a fase assintomatica

da infeccdo poP. oryzae, mudancas drasticas no metabolismo de carboidratos e nos
niveis de aminoacidos, compostos intermediarios do ciclo de Krebs e poliaminas
ocorreram nas plantas das trés cultivares sugerindo, assim, uma manipulacao
metabdlica exercida pd?. oryzae. No entanto, um metabolismo antioxidativo mais
eficiente foi importante para neutralizar os efeitos deletérios da infeccRoqugrae

em associacdo com maiores atividades da fenilalanina amoénia liase e polifenoloxidase
e maiores concentracdes de compostos fendlicos e lignina. Com base nesses resultados
e possivel concluir que a concentracdo néo fitotoxicaRfeikapaz de potencializar

a defesa das plantas de trigo e reduzir a severidade da brusaieecao do trigo por

P. oryzae ocasionou disturbios no metabolismo priméario das plantas e alguns deles
foram semelhantes entre as cultivares independentemente do nivel basal de resisténcia

delas.



GENERAL INTRODUCTION

Blast, caused by the hemibiotrophic fundlysicularia oryzae, has become an
economically important disease in whekt{jcumaestivumL.). In Brazil, this disease
was first reported on wheat in 1986 in the Northern of Parana State and since then has
negatively affected wheat production in Brazil and in other South American countries
such as Bolivia, Argentina and Paraguay (Igarashi et al., 1986; Goulart and Paiva,
1992). In 2016, blast was reported in eight districts of Bangladesh and affected about
15% of the total area used to grow wheat and yield losses reached around 90% due to
the use of susceptible cultivars (Malaker et al., 2016). Wheat blast is considered a
major quarantine disease and a threat to wheat crops in the United Stétiest(al.,

2011).

The dramatic reductions in grain production are due to fungal infection on spikes
and spikelets leading to the reduction on the translocation of nutrients to the grains
(Goulart et al., 2007). Gray-green and water-soaked lesions with dark green borders
are the symptoms occurring on the leaves (Igarashi et al., 1986). Seedling blight, spike
tip death and bright black spots on the rachis are other common symptoms caused by
P. oryzae (Goulart et al., 2007

Currently, wheat blast management is based on the use of cultivara with
desirable level of resistance in association with fungicide application (Cruz et al.,
2010; Castroagudin et al., 2015; Rios et al., 2016). However, the use of potassium
phosphate and the supply of silicon contributed to decrease blast severity (Aucique-
Pérez et al., 2014; Cruz et al., 2015). Unfortunately, alterations in the genetic structure
of populations ofP. oryzae, in conjunction with the occurrence of environmental

conditions favorable for blast epidemics in most of the wheat growing regions, put the



release of cultivars with high level of partial resistance at increased risk for becoming
more susceptible to the disease (Castroagudin et al., 2016; Cruz et al., 2016).

In general, the primary metabolism of plants infected by pathogens greatly
increased in order to provide the necessary metabolites to be use in the pathways
related to host defense mechanisms (Berger et al., 2007; Torres et al., 2015). However,
pathogens through different strategiesy.( effectors, enzymes, non-host selective
toxins and others compounds) can manipulate theirshogtabolism to acquire the
necessary nutrients to infect the tissues successfully (Major et al., 2010). The non-host
selective toxins are secondary products originated from the primary metabolism of
necrotrophic and hemibiotrophic fungal pathogens and are very important for their
aggressiveness towards their hosts. On plants, the non-selective toxins cause the
suppression of cell division, physiological disorders associated with changes on the
primary metabolism as well as biochemical alterations especially related to the
production of reactive oxygen species (ROS), loss of cellular homeostasis and damage
of the cell membranes that will ultimately result in cell death (Berestetskiy, 2008;
Dong et al., 2012)P. oryzae infecting rice leaves produced non-host selective toxins
as pyricularin, pyriculol, epipyriculol, tenuazonic acid and picolinic acid (Tamari and
Kali, 1954; Iwasaky et al., 1969; Tsurushima et al., 2010). Several studies demostred
the importance of tenuazonic acid and picolinic acid in the development of the
characteristic symptoms of blast (Umetsu et al., 1972; lwahashi et al., 1999; Yoder,
1980). However, the non-host selective toxins could be of some value aiming to
disease control. The pre-spray of non-host selective toxins at non-toxic concentrations
(e.g. tenuazonic acid and picolinic agidn rice leaves, stimulate the production of
reative oxygen species (ROS) inhibitedoryzae hyphae growth on the leaf tissues

(Pasechnik et al., 199Zhang et al., 2004; Aver’yanov et al., 2007), demonstrated



great potential to activate some host defense response against pathogens attack. Zhang
et al. (2004), suggested that NADPH oxidase was involved in the oxidative burst and
high accumulation of transcripts BAL, PIR2 andRCH10 genes of rice plants sprayed
with picolinic acid that exhibited increased resistance to blast.

On the other hand?. oryzae infection collapses the gas exchange of leaves
explained for the lower influx of Cf stomatal closure and consequent reduction in
net carbon assimilation ratd)( Additionally, the maximum rate of carboxylation and
the maximum rate of electron transport used in RuBP regeneration, as well as
disturbances in the photochemical phase are drastically affected by the advance of
lesions caused Y. oryzae. Therefore, strong diffusional limitations and biochemical
character related to CQ@ixation are the factors responsible for the reduction of the
photosynthetic process product damage causeH. loyyzae (Debona et al., 2014;
Aucique-Pérez et al., 2014). This research showed partial resistance to blast related to
minor damage to the photosynthetic process. On the other hand, wheat resistance to
blast was intrinsically associated with an increase in the production of ROS that
favored host defense mechanisms agalstryzae infection (Debona et al., 2012).
However, although there is no evidence showing the metabolic alterations caused by

infection ofP. oryzae in response to the partial blast resistance.

Considering the current need to find alternatives to wheat blast control, this study
aimed to investigate the potential of using a non-toxic concentration of a non-host
selective toxin produced . oryzae asan activator of defense mechanisms. On the
other hand, using metabolomics, biochemical and physiological analysis determine the
level of abundance of metabolites differentially produced in a certain Whegjzae

interaction, specially in cultivars with different levels of basal resistance to blast.
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Chapter 1

Physiological and Biochemical Alterations on Wheat Leavesr®-Treated with

Picolinic Acid and Infected with Pyricularia oryzae



Abstract

The a-picolinic acid (PA), a non-host selective toxin producedPiaycularia oryzae,

plays an important role on the development of blast symptoms on wheat leaves. In this
study, it was investigated the effect of PA at different concentrations on mycelial
growth of P. oryzae, conidia production and their germinationvitro as well as on

the photosynthetic performance of treated wheat plants. Mycelia growth, conidia
production and their germination significantly reduced at PA concentrations higher
than 0.1 mg mtl. There were drastic reductions on gas exchange parameters including
net CQ assimilation rate, stomatal conductance and transpiration rate, as well as on
chlorophyll a fluorescence parameters sunch as maximum PSIl quantum efficiency,
quantum vyield of regulated energy dissipation and photochemical quenching
coeficient. Besides high hydrogen peroxide@) and superoxide anion radicah{

) concentrations on the leaves of wheat plants sprayed with PA at concentrations
greater than 0.3 mg mi The spray of leaves with a non-phytotoxicconcentration of
0.1 mg PAmL? resulted in less blast symptoms in association with a better
photosynthetic performance, an improvement on the antioxidant metabolism and
reduced production of #. and O as well as lower concentration of
malondialdehyde reducing cell damage as well as a lower impact on the photosynthetic
capacity. Based on these findings, concluded that non-phytotoxicconcentrations of PA
contributes significantly to the reduction of blast severity, through the early stimulation
of the antioxidant system to prevent damage associated with the production of ROS

during infection ofP. oryzae.

Key words: elicitor, foliar disease, host defense responses, photosynthesis, non-host

selective toxin, wheat blast



Introduction

Blast, caused by the hemibiotrophic fung®yricularia oryzae Cavara
(teleomorphMagnaporthe grisea (T. T. Hebert) M. E. Barr) (Igarashi et al., 1986;
Goulart and Paiva, 1992), has caused significant yield losses in winéatu
aestivum L.) cultivated in Bangladesh as well as in Argentina, Bolivia, Brazil and
Paraguay (Goulart et al., 1992; Malaker et al. 2016). Upon infectid? byyzae,
gray-green and water-soaked lesions with dark green borders that become light tan in
color with necrotic borders appear on leaves aag-grown lesions are noticed on
both spikes and spikelets amaght black spots are found on the rachis (Reis and Casa,
2005;Cruz et al., 2015; Kohli et al., 201Myarashi et al., 1986; Goulart et al., 2007;
Debona et al., 2012). Yield losses became of great concern when gray-brown lesions
are found on rachis, spikes and spikelets because of the reduction on the translocation
of nutrients to the grains and may explain the great production losses attributed to this
disease due to the underweight grains obtained (Goulart et al., 2007). Treatment of
seeds with fungicides, foliar application of systemic fungicides, potassium phosphate,
the supply of silicon to plants either by soil of foliar spray and the use of resistant
cultivars have been the main strategies for blast coftest(oagudin et al. 2015; Cruz
etal. 2010, 2011, 2015; Maciel et al., 2014; Pagani et al., 2014; Urashima et al., 2004

The infection process of pathogens is favored by the intensive production of both
hydrolytic enzymes and non-host selective toxins at the infection sites (Willis et al.,
1991; Howlett, 2006). The non-host selective toxins are secondary products originated
from the primary metabolism of necrotrophic and hemibiotrophic fungal pathogens
and are very important for their aggressiveness towards their hosts. On plants, the non-
selective toxins cause the suppression of cell division, physiological disorders

associated with changes on the primary metabolism as well as biochemical alterations
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especially related to the production of reactive oxygen species (ROS), loss of cellular
homeostasis and damage of the cell membranes that will ultimately result in cell death
(Berestetskiy, 2008; Dong et al., 2012). The non-host selective toxins pyricularin,
pyriculol, epipyriculol, tenuazonic acid and picolinic acid were producdel bryzae
infecting rice leaves (Tamari and Kali, 1954; Iwasaky et al., 1969; Tsurushima et al.,
2010), and both tenuazonic acid and picolinic acid were of importance for the
development of the characteristic symptoms of blast (Umetsu et al., 1972; lwahashi et
al., 1999; Yoder, 1980). The non-host selective toxins can be of some value aiming to
disease control. The spray of non-host selective toxins at non-phytotoxic
concentrations showed great potential to activate some host defense response against
pathogens attack. Rice leaves sprayed with both tenuazonic acid and picolinic acid
produced ROS that inhibitd® oryzae hyphae growth on the leaf tissues (Pasechnik
et al., 1993;Zhang et al., 2004; Aver’yanov et al., 2007). The mechanism of rice
resistance againgt oryzae infection when plants were either sprayed with picolinic
acid or with a suspension culture of this fungus was associated with an increase on
NADPH oxidase activity, a rapid increase in the concentration of hydrogen peroxide
and the accumulation of transcripts of defense-related genes (Zhang et al., 2004).
Considering the potential of using non-host selective toxins as efficient elicitors
to activate host defense mechanisms and the lack of information about their effect on
the wheatP. oryzae interaction, the present study was carried out to investigate the
potential of picolinic acid, at non-phytotoxicconcentration, to increase wheat
resistance to blast by performing an analysis of the photosynthetic performance and

antioxidant metabolism of the plants.
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Material and Methods

Effect in vitro of the a-picolinic acid (PA) on mycelial growth, conidia production

and conidia germination

The sensitivity oP. oryzae to PA was evaluated vitro using different concentrations

of PA as follows: 0, 0.1, 0.3, 0.5, 1.0, 1.5, 3.0 and 5.0 mg anLboth potato-dextrose-
agar (PDA) and oat-agar (OA) medium. The PA, at the eight concentrations,
incorporated into the PDA or OA medium and then poured into Petri dishes (20 mL
per plate). After 4 h, one PDA plug (5 mm in diameter), containing fungal mycelia
obtained from the edge of a ten-days Bldryzae colony, was placed in the central
region of each Petri dish, which were kept in a growth chamber (25°C and 12 h
photoperiod). At 24 h, fungal colony in each Petri dish measured in two orthogonal
directions using a digital paquimeter in order to obtain its diameter. At 5 days, conidia
production in each Petri dish containing only OA medium with the concentrations of
0, 0.1 and 0.3 mg PA mLwas determined. A total of 20 ml of sterile distilled water
was added to each Petri dish and conidia were carefully disrupted using a camel-hair
brush in a laminar flow chamber. The concentration of conidia was quantified in 500
uL of suspension per each treatment using a hemacytometer.

In order to determine the effect of PA on conidia germination, conidia obtained
from ten-days oldP. oryzae colony in Petri dishes containing OA medium were
removed using a camel-hair brush to obtain a conidial suspension at the concentration
of 1 x 10 conidia mL2. 10 uL of conidial suspension was transferred to five Petri
dishes containing OA with the concentrations of 0, 0.1 and 0.3 mg PAamd. was
homogeneously distributed on each dish using a Drigalski glass stick. Petri dishes were
transferred to a growth chamber at 25°C. After 4 h, lactophenol was added to the plates

to stop conidia germination. Two hundred conidia were randomly examined from each
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Petri dish under a microscope (Carl Zeiss Axiolmager Al) aBdtagnification. A
conidium was considered germinated when the germ tube was longer than its diameter.

The percentage of germination was calculated.

Plant growth

Wheat seeds (cultivar BRS-Guamirim; susceptible to blast) (Cruz et al., 2010) were
surface-sterilized in 10% (v& NaOCI for 2 min, rinsed in sterilized water for 3 min

and germinated on plastic pots (20-cm diameter) filled with 1 kg of substrate made
from a 1:1:1 mixture of pine bark, peat and expanded vermiculite (Tropstrato, Vida
Verde, Mogi Mirim, SP, Brazil). A total of 1.63 g of calcium phosphate monobasic
was added to each plastic pot. A total of nine seeds were sown per pot and at eight
days after seedlings emergence, each pot was thinned to six seedlings. Substrate in
each pot was fertilized with a nutrient solution containing, in'lg @.4 KCI, 3.48

K2SQy, 5.01 MgSQ - 7H0, 2.03 (NH)2CO, 0.009 NHMO7024 - 4H20, 0.054
H3BO;3, 0.222 ZnSQ- 7H:0, 0.058 CuS®: 5H20 and 0.137 MnGl- 4H20 (Xavier-

Filha et al., 2011). A volume of 15 mL of nutrient solution containing 0.27 g of eSO

- 7TH20 and 0.37 g of EDTA bisodictwas also applied after seedlings emergence.
The nutrient solution was prepared using deionized water and applied weekly. Plants

were watered with deionized water as needed.

Effect of PA spray on the photosynthetic performance of wheat plants

Plants (35 days after emergence; growth stage 39) (Lancashire et al., 1991) were
sprayed with PA solutions at the concentrations of 0, 0.1, 0.3, 0.5, 1.0, 1.5, 3.0 and 5.0
mg mLL. The leaf gas exchange parameters net &3imilation rateA), stomatal
conductance to water vapag), internal CQ concentration@;) and transpiration rate

(E) were measured by using a portable open-flow gas exchange system (LI-6400XT,;

Li-Cor Inc., Lincoln, NE) at the attached fourth leaf, from the top to the base, of each
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plant per replication of each treatment from 0900 to 1100 h (solar time) at 24 and 48
hours after spray the eight PA solutions. At those tirAagas at its maximum under
artificial photosynthetically active radiation (i.e., 1000 pumol photodshat the leaf
level and 400 pmol atmospheric €®ofl). All measurements were performed at
25°C and the vapor pressure deficit was maintained at approximately 1.0 kPa and the
amount of blue light was set to 10% of the photosynthetic photon flux density to
optimize the stomatal.

The imaging of the chlorophyll (Ch)fluorescence parameters were determined
by using the Imaging-PAM MAXI chlorophyll fluorometer and the software
ImagingWIN (version 2.32) (Heinz Walz GmbH, Effeltrich, Germany). The sensor
system consisted of 44 LED's lamp high power (450 nm) required to apply
fluorescence excitation, actinic illumination and saturation pulses. These LEDs were
arranged in pairs, with each pair featuring a red (660 nm) and a near-infrared (780 nm)
LED. A CCD camera with 640 x 480 resolution pixels was located above the plants
canopies at a distance of 13.5 cm to give an image area of 10 x 13 cm. Plants from the
different experiments were adapted to darkness for 45 min (Baker, 2008) and the
minimum fluorescence imag€&d) was obtained from the fourth leaf, from the top to
the base, of each plant per replication of treatment after being exposed to a light pulse
intensity of 0.5 umol Ms? (1Hz) at 24 and 48 hours after spray the eight PA solutions.
Next, a saturating pulse of blue light (470 nm) of 2400 pmbktrintensity (10 Hz)
was delivered at 0.8 s in order to obtain the maximum fluorescence imagd lte
software performed the calculation and image of the fluorescent quantum efficiency
(Fv/Fm = (Fm-Fo)/Fm) (Baker, 2008). Leaves were subsequently exposed to actinic
photon irradiance (110 pmolfrs?) for 300 s to obtain the steady-state fluorescence

yield (Fs), after which a saturating white light pulse (2400 umdl s%; 0.8 s) was
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applied to achieve the light-adapted maximum fluorescerg®d. (The light-adapted

initial fluorescenceKo’) was estimated according to Oxborough and Baker (1997).
Following the calculations of Kramer et al. (2004), the energy absorbed by PSII for
the following three yield components for dissipative processes was determined: the
effective PSII quantum vyield [Y(Il) =Rw’-Fs)/Fm’)], the quantum yield of regulated
energy dissipation [Y(NPQ) =F¢Fn’) - (F¥/Fm)] and the quantum yield of non-
regulated energy dissipation [Y(NO)R/Fn]. For semi-quantitative analyses of Chl
afluorescence parameters, a total of five areas of interest?(@amh) were randomly
selected in each leaf of plant per replication of each treatment at 24 and 48 hours afte

spray the eight PA solutions.

Histochemical localization of hydrogen peroxide (HO2) and superoxide anion
radical (O2*") on wheat leaves sprayed with PA

In order to examine the presence ey five fragments of the fourth and fifth leaves

(= 10 cm of length), from the top to the base, of each plant per replication of each
treatment were collected at 24 hours after spray the PA solutions, placed in glass vials
containing a solution of 3,3"-diaminobenzidine tetrahydrochloride (1 mg) mL
(Sigma-Aldrich, Séo Paulo, Brazil) and kept in the dark at 25°C for 12 h. After this
period, the leaf fragments were cleared in boiling ethanol for 60 min and then stored
in glycerol solution (70%). For detection of the presence #f, Give fragments
obtained from of the fourth and fifth leaves 10 cm of length), from the top to the
base, of each plant per replication of each treatment were collected at 24 hours after
spray the eight PA solutions, placed in glass vials and infiltrated with a solution of
0.1% nitroblue tetrazolium (Sigma-Aldrich, Sdo Paulo, Brazil) in 20 mM potassium
phosphate buffer (pH 6.8) for 40 min. Thereafter, leaf fragments were cleared in

boiling 95% ethanol for 60 min and then stored in glycerol solution (70%).
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Inoculum production, PA application and plant inoculation with P. oryzae

A pathogenic isolate oP. oryzae (UFV/DFP Po-01), obtained from the spikes of
wheat plants (cultivar BR-18), was used to inoculate the plants (Debona et al., 2012).
Disks of filter paper containing fungal mycelia were transferred to Petri gishe
containing oat-agar medium. After growing the disks containing mycelia, the media
with the fungus were transferred to new Petri dishes containing the same medium. The
dishes were incubated in a growth chamber at 25°C with a 24 h photoperiod for 10
days. After this period, conidia were carefully removed from the Petri dishes with a
soft bristle brush using water containing gelatin (1% \he conidial suspension

was calibrated with a hemacytometer to obtain a concentration of 1cedi@lia mL

1 At 24 h after plant inoculation, they were sprayed with a solution of PA at the
concentration of 0.1 mg mi(35 mL per plant). This concentration was used based
on data obtained from a preliminary experiment aimed to determine the effect of the
different PA concentrations on the photosynthetic performance of the plants. The
conidial suspension was sprayed with an atomizer (Paasche Airbrush Co., Chicago,
IL, USA) on the adaxial surface of the leaves of wheat plants at growth stage 39. After
inoculation, plants were kept in a mist chamber under darkness at 25°C during 24 h.
After this period, plants were transferred to a greenhouse with relative humidity of 80
+ 5% and temperature of 25 + 3°C and natural photosynthetically active radiation
(PAR) of 900 umol photons As’that was measured at midday.

Assessment of blast severity

The fourth and fifth leaves, from the top to the base, of each plant per replication of
each treatment were marked and used to evaluate blast severity at 48, 72 and 96 hours

after inoculation (hai) using the scale proposed by Rios et al. (2013).
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Photosynthesis measurements and histochemical localization of®k and O*
The leaf gas exchange and the &liluorescence parameters were measured on the
attached fourth leaf, from the top to the base, of each plant per replication of each
treatment as described above at 48, 72 and 96 hai. The histochemical localization of
H>O.and Q°* was performed at 24, 48 and 72 hai as previously described.
Determination of enzymes activities
The fourth and fifth leaves, from the base to the top, of each plant per replication of
each treatment were collected at 48, 72 and 96 hai. Leaf samples were kept in liquid
nitrogen during sampling and then stored at -80°C until further analysis. To determine
the activities of superoxide dismutases (SOD, EC 1.15.1.1), catalases (CAT, EC
1.11.1.6), peroxidases (POX, EC 1.11.1.7), glutathBhensferases (GST, EC
2.5.1.18), ascorbate peroxidases (APX, EC 1.11.1.11) and glutathione peroxidases
(GPX, EC 1.11.1.9), a total of 0.3 g of leaf tissue was ground into a fine powder in a
mortar and pestle with liquid nitrogen. The fine powder was homogenized in an ice
bath in 2 mL of a solution containing 100 mM potassium phosphate buffer (pH 6.8),
0.1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 2% (wt¥ol
polyvinylpolypyrrolidone (PVPP). The homogenate was centrifuged at 12Qd0rx
15 min at 4°C and the supernatant was used as a crude enzyme extract. To determine
the glutathione reductases (GR, EC 1.8.1.7) activity, a total of 0.3 g of leaf tissue was
ground as described above. The fine powder was homogenized in an ice bath in 2 mL
of a solution containing 100 mM potassium phosphate buffer (pH 7.5), 0.1 mM EDTA,
1 mM DL-dithiothreitol, 1 mM PMSF and 2% (wt v§lPVPP. The homogenate was
centrifuged as described above.

The SOD activity was determined by measuring its ability to photochemically

reduce thep-nitrotetrazole blue (NTB) (Del Longo et al., 1993). The reaction was
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started after the addition of 60 L of the crude enzyme extract to 1.94 mL of a mixture
containing 100 mM potassium phosphate buffer (pH 7.8), 13 mM methionine, 75 uM
NTB, 0.1 mM EDTA and 2 uM riboflavin. The reaction occurred at 25°C under a 15W
lamp light. After 10 min of light exposure, the light was interrupted and the production
of formazan blue, which resulted from the photoreduction of NTB, was monitored by
the increase in absorbance at 560 nm in spectrophotometer (Giannopolitis and Ries,
1977). The reaction mixture for the control samples was kept in darkness for 10 min
and the absorbance measured at 560 nm. The values obtained were subtracted from the
values obtained from the samples of the replications of each treatment exposed to light.
One unit of SOD was defined as the amount of enzyme necessary to inhibit NBT
photoreduction by 50% (Beauchamp and Fridovich, 1971).

The CAT activity was determined following the method of Cakmak and
Marschner (1992). The reaction mixture consisted of 100 mM potassium phosphate
buffer (pH 6.8) and 20 mM #D2 in a volume of 1.95 mL. The reaction was initiated
after the addition of 50 pL of the crude enzyme extract and the CAT activity was
determined by the rate of.8> decomposition at 240 nm for 1 min at 25°C. An
extinction coefficient of 36 M cm? (Anderson et al., 1995) was used to calculate
CAT activity, which was expressed as pmol thing? of protein.

The POX activity was assayed following the colorimetric determination of
pyrogallol oxidation according to Kar and Mishra (1976). The reaction mixture
contained 50 mM potassium phosphate (pH 6.8), 20 mM pyrogallol and 2040M H
in a volume of 1.98 mL. The reaction was started after the addition of 15 uL of the
crude enzyme extract and the POX activity was determined through the absorbance of

colored purpurogallin recorded at 420 nm for 1 min at 25°C. An extinction coefficient
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of 2.47 mM! cmi? (Chance and Maehley, 1995) was used to calculate POX activity,
which was expressed as mmol of purpurogallin produced min' of protein.

The GST activity was determined using the methodology proposed by Habig et
al. (1974). A total of 150 pL of the crude enzyme extract was added to 1.35 mL of the
mixture containing 50 mM potassium phosphate buffer (pH 6.5) and 50 mM reduced
glutathione (GSH). The reaction was initiated after the addition of 500 pL of 30 mM
1-chloro-2,4-dinitrobenzene and then incubated for 4 min at 25°C. The absorbance
was measured at 340 nm over 3 min. An extinction coefficient of 9.6 anivt (Habig
et al., 1974) was used to determine GST activity, which was expressed as prhol min
mg? of protein.

The APX activity was determined according to method of Nakano and Asada
(1981). The reaction mixture consisted of 50 mM potassium phosphate buffer (pH 6.8),
1 mM HO: and 0.8 mM ascorbate in a volume of 1.95 mL. The reaction was started
after the addition of 50 pL of the crude enzyme extract. The APX activity was
measured by the rate of ascorbate oxidation at 290 nm for 1 min at 25°C. An extinction
coefficient of 2.8 mM cm? (Nakano and Asada, 1981) was used to calculate APX
activity, which was expressed as pmol thing? of protein.

To determine the GR activity, the reaction was started after the addition of 100
puL of the crude enzyme extract to a volume of 1.9 mL of a mixture containing 100
mM potassium phosphate (pH 7.5), 1 mM EDTA, 1 mM oxidized glutathione (GSSG)
and 0.1 mM NADPH prepared in 0.5 mM Tris-HCI buffer (pH 7.5) according to
Carlberg and Mannervik (1985). The decrease in absorbance was determined at 340
nm for 1 min at 30°C. An extinction coefficient of 6.22 mNm?* (Foyer and
Halliwell, 1976) was used to calculate GR activity, which was expressed as pumol min

Y mg? of protein.
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The GPX activity was estimated after the addition of 100 pL of the crude enzyme
extract to a mixture containing 50 mM potassium phosphate buffer (pH 7.0), 1 mM
EDTA, 0.114 M NaCl, 1 mM GSH, 0.2 mM NADPH, 0.25 mM® and 1 U of GR
(Nagalakshmi and Prasad, 2004). The decrease in absorbance was measured at 340 nm
for 1 min at 30°C. An extinction coefficient of 6.22 ritdm* (Anderson and Davis,

2004) was used to calculate GPX activity, which was expressed as priahgirof
protein.

For each enzyme, four separate extractions were performed for samples from
each treatment. Each extraction was read three times. A boiled extract was used as the
blank treatment during the determination of the activity of each enzyme. The soluble
protein concentration of each extract was measured according to (Bradford, 1976)
using bovine serum albumin as the standard protein.

Determination of malondialdehyde (MDA) concentration

Oxidative damage in the leaf cells was estimated as the concentration of total 2-
thiobarbituric acid (TBA) reactive substances and expressed as equivalents of MDA
according to Cakmak and Horst (1991). A total of 100 mg of leaf tissue was ground
into a fine powder using a mortar and pestle with liquid nitrogen. The fine powder was
homogenized in 2 mL of 0.1% (wt vl trichloracetic acid (TCA) solution in an ice

bath. The homogenate was centrifuged at 12009 fer 15 min at 4°C. After
centrifugation, a total of 0.5 ml of the supernatant was reacted with 1.5 mL of TBA
solution (0.5% in 20% TCA) for 30 min in a boiling water bath at 95°C. After this
period, the reaction was stopped in an ice bath. The samples were centrifuged at 9000
x g for 10 min and the specific absorbance was determined at 532 nm. The nonspecific
absorbance was estimated at 600 nm and subtracted from the specific absorbance

value. An extinction coefficient of 155 mivem® (Heath and Packer, 1968) was used
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to calculate the MDA concentration, which was expressed as nhaflfgesh weight
(FW).

Experimental design and data analysis

A 2 x 8 factorial experiment (Experiment 1), consisting of two media (PDA and OA)
and eight PA concentrations, was arranged in a completely randomized dekign wit
eight replications to evaluate the effect of the different PA concentrations on mycelial
growth and conidia production. An experiment (Experiment 2), consisting of three PA
concentrations, was arranged in a completely randomized design with eight
replications to evaluate the effect of PA concentrations on conidia germination.
Another experiment (Experiment 3) aiming to determine the effect of PA on the
parameters of leaf gas exchange andaGhlorescence was arranged in a completely
randomized design with eight treatments (corresponding to the eight PA
concentrations) and eight replications. Another experiment (Experiment 4) was
performed to determine the effect of PA ofOzand Q production in the leaf tissue

and was arranged in a completely randomized design with eight treatments
(corresponding to the eight PA concentrations) and eight replications. An experiment
(Experiment 5) aiming to determine the effect of PA on the parameters of leaf gas
exchange and CH fluorescence was arranged in a completely randomized design
with four treatments [plants sprayed with water (control), plants sprayed with PA (PA),
plants sprayed with PA and inoculated withoryzae (PA/Po) and plants inoculated

with P. oryzae (Po)] and eight replications. An experiment (Experiment 6) aiming to
determine the effect of PA orpB&, and Q* production in the leaf tissue was arranged

in a completely randomized design with four treatments (control, PAd#&idPo)

and eight replications. Another experiment (Experiment 7) was performed to obtain

the leaf samples for the biochemical analysis and consisted of four treatments (control,
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PA, PAPo andPo) and was arranged in a completely randomized design with four
replications. All experiments were repeated twice. Each experimental unit
corresponded to a plastic pot containing six plants. Data obtained from Experiments 1
to 7 and their repetitions were analyzed using the MIXED procedure of the SAS
software (Release 8.02 Level 02MO for Windows, SAS Institute, Inc., 1989, Cary, NC,
USA) to determine if data from the repeated experiments could be combined (Moore
and Dixon, 2015). Data from all variables and parameters were analyzed by ANOVA
and means from the treatments were compared eithefFwElunnet or Tukey tests

(P< 0.05) using SAS (version 6.12; SAS Institute, Inc., Cary, NC). Data from each
parameter and variables obtained from the treatments PA aRd BIExperiment 5,

and its repetition, were correlated among them using Pearson correlation.
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Results

In vitro effect of the PA on mycelia growth, conidia production and conidia
germination

Mycelial growth was reduced by 70 and 22%, respectively, on PDA and OA media
amended with 0.3 mg PA miLin comparison to the control treatment (Fig. 1A).
Mycelial growth was visually reduced on Petri dishes containing both PDA and OA
media amended with 0.1 mg PA rhin comparison to the control treatment (Fig 1B).
Indeed, mycelial growth was completely inhibited on Petri dished containing PDA and
OA media amended with PA at the concentrations ranging from 0.5 to 5rLmg
}(data not shown). Conidia production and germination were significantly reduced by
66 and 58%, respectively, on PDA and OA media amended with0.3 mg PAmmL

comparison to the control treatment (Fig. 1C and D).

Effect of PA at different concentrations on leaf gas exchange

There were significant reductions of 13, 25, 26, 33, 41 and 52%Adtihe
concentrations of 0.3, 0.5, 1.0, 1.5, 3.0 and 5.0 mg PA, mdspectively, compared

to the concentrations of 0 and 0.1 mg PAT{Eig. 2A). Thegs significantly decreased

by 26, 23, 37, 34 and 53% at the concentrations of 0.5, 1.0, 1.5, 3.0 and 50 mg P
mLL, respectively, compared to the concentrations of 0, 0.1 and 0.3 mg P@ig\L

2B). There were significant reductions of 26, 23, 37, 34 and 53% fat the
concentrations of 0.5, 1.0, 1.5, 3.0 and 5.0 mg PA méspectively, compared to the
concentrations of 0, 0.1 and 0.3 mg PAh(Eig. 2A).

Effect of PA at different concentrations on imaging and parameters of Cha
fluorescence

At 48 hai, necrotic lesions were noticed on the leaves of plants sprayed with PA

solutionsat concentrations ranging from 0.3 to 5.0 mg' mhile on the leaves of
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plants sprayed with 0.1 mg PA mithey were imperceptible (Fig. 3). Alterations in

the imaging of the parametdfs/Fm, Y(NO) andgr became more pronounced as the
concentrations of PA increased from 0.3 to 5.0 mg'rdlue to the bigger necrotic
lesions. By contrast, these alterations were less discernible on the leaves of plants
sprayed with PA at the concentration of 0.1 mg’mAt the concentrations of 3.0 and

5.0 mg PA mL?, there were significant decreases of 9 and 11% f5m and of 10

and 18% forgp, respectively, in comparison to the other PA concentrations (Fig. 2B
and F). The Y(NO) significantly increased by 28 and 34% at the concentrations of 3.0
and 5.0 mg PA mt, respectively, in comparison to the other PA concentrations (Fig.
2D).

Histochemical localization of HO2 and Oz*

Effect of different PA concentrations

At 24 hai, BO, and Q production, as indicated by the brown color, increased as the
concentrations of PA increased from 0.3 to 5.0 mg'nRy contrast, on the leaves of
plants sprayed with 0.1 mg PA mLthe brown color was less remarkable resembling

the leaves from plants from the control treatment (Figs. 4 and 5).

Effect of a non-phytotoxic PA concentration and plant inoculation withP. oryzae

The production of KHO2 and Q*, as indicated by brown color, was more noticeable
on the leaves of plants from tRe treatment in comparison to the P&/treatment,
especially at 72 hai (Figs. 6 and 7).

Wheat blast severity

Blast severity significantly decreased by 59 and 23% at 72 and 96 hai, redpective
for plants sprayed with PA in comparison to the non-sprayed plants (Fig. 8A). On
leaves of plants non-sprayed with PA, many necrotic lesions with intense chlorosis

and coalescence were noticed as the disease developed. By contrast, on leaves of plants
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sprayed with PA, the number and size of the necrotic lesions were reduced and there

was less lesion coalescence and much less chlorosis (Fig. 8B).

Effect of a non-phytotoxic PA concentration and plant inoculation withP. oryzae
on leaf gas exchange
A significantly decreased by 32, 60 and 82% forRbdreatment and by 20, 50 and
57% for the PAPo treatment, respectively, at 48, 72 and 96 hai in comparison to the
control treatment. At 96 had\ significantly decreased by 58% for the treatnfemin
comparison to the PRb treatment (Fig. 9A). At 72 and 96 hgi,was significantly
reduced by 60 and 67% for th® treatment and by 37 and 39% for the P&/
treatment, respectively, in comparison to the control treatmsighificantly
decreased by 84% for the treatm®otin comparison to the PRb treatment (Fig.
9B).

At 48 hai,C; significantly increased by 13% for tRe treatment in comparison
to the control treatmenC; significantly increased by 7% for the F¥/ treatment in
comparison to the control treatment. There were significant increa€esfi23 and
18% for the PAPo and PA treatments, respectively, in comparison to the control
treatment. For th@o treatmentC; significantly increased by 10% in comparison to
the PA treatment (Fig. 9C). There were significant decreasaoir3 and 5% for the
PA/Po andPo treatments, respectively, in comparison to the PA treatment at 72 hai.
For thePo treatmentE significantly increased by 49% in comparison to the control
treatment. At 96 hak was significantly reduced by 29 and 63% for theFdndPo
treatments, respectively, in comparison to the control treatment (Fig. 9B). At 86 hai,
significantly decreased by 49% for tiR® treatmentin comparison to the A&/

treatment (Fig. 9D).

25



Effect of a non-phytotoxicPA concentration and plant inoculation wih P.
oryzaeon imaging and parameters of Chh fluorescence
Fv/Fm significantly decreased by 9, 7 and 10% for theH®Afeatment and by 8, 8 and
24% for thePo treatment, respectively, at 48, 72 and 96 hai in comparison to the
control treatment. At 96 hak,/Fm significantly decreased by 15% for the treatment
Po in comparison to the PRb treatment (Fig. 9E). At 96 hai, Y(II) significantly
decreased for thPo treatment in comparison to the other treatments. There were
significant decreases of 17 and 47% for theH@/dndPo treatments, respectively, in
comparison to the PA treatment at 96 hai. At 96 hai, Y(NO) significantly increased by
61 and 98% for the PRb andPo treatments in comparison to the control treatment.
Y(NO) significantly increased by 23% for tHeo treatment in comparison to the
PA/Po treatment at 96 hai.

The first alterations on the parametB¢fm, Y(II), Y(NPQ) and Y(NO), based
on the images of Cld fluorescence, were noticed at 72 hai and were more evident on
the leaves of plants from th® treatment in comparison to leaves of plants from the
PA/Po treatment. At 96 hai, decreases for the param&gFs, Y(Il) and Y(NPQ)
along with increase for Y(NO) parameter were closely related with reductions in the
light energy dissipated for the photosynthetic process as indicated by the black areas
in the images, especially on the leaves of plants fronPdhiteeatment in comparison
to leaves of plants from the FAd treatment (Fig. 9).
Enzymes activities
Activities of APX, GR and GST at 48 hai and GR activity at both 48 and 96 hai were
significantly higher for the P& treatment compared to the other ones (Fig. 11A, F
and G). APX and GST activities, respectively, at 72 and 96 hai were significantly

higher for the PA?o andPo treatments in comparison to the control treatment (Fig.
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11A). Activities of APX, CAT and SOD at 96 hai and POX activity at 48, 72 and 96
hai were significantly higher for the PRd andPo treatments in comparison to the
other treatments (Fig. 11A, B and D). SOD, GPX and GST activities were significantly
higher at 48, 96 and 72 hai, respectively, in comparison to the control treatment (Fig.
11D, E and G). At 48 hai, CAT activity was significantly higher for the PA an®®A/
treatments in comparison to the other treatments. At 72 hai, CAT activity was
significantly higher for the PAo and Po treatments in comparison to the PA
treatment and also for tHeo treatment in comparison to the control treatment (Fig.
11B). At 48 hai, SOD activity was significantly higher for the P&AAndPo treatments

in comparison to the PA treatment. At 72 hai, SOD activity was significantly higher
for thePo treatment in comparison to the control and PA treatments (Fig. 11D). At 48
hai, GPX activity was significantly higher for the control and PAfreatments in
comparison to the other treatments. At 72 hai, GPX activity was significantly lower
for the Po treatment in comparison to the other treatments (Fig. 11E). At 48 hai, GR
activity was significantly lower for the PA arféb treatments in comparison to the
control treatment. At 72 hai, GR activity was significantly lower for the FeA/
treatment in comparison to the control and PA treatments (Fig. 11F). At 48 hai, GST
activity was significantly lower for the PA treatment in comparison to the control
treatment (Fig. 11G). The MDA concentration was significantly higher for thed?A/
treatment in comparison to the PA treatment at 48 hai and fdPahieeatment in
comparison to the other treatments at 96 hai (Fig. 11H).

Pearson correlations

For thePo treatment, the correlation of blast severity with the activities of APX, CAT,
GR and with the parametefs gs, Ci, E, Fv/Fm and Y(Il) was significantly negative,

but significantly positive with the parameter Y(NO) and MDA concentration. For the

27



PA/Po treatment, the correlation of blast severity with the activities of APX, GR, GST,
POX and SOD and with the parametéss Y(II) and Y(NPQ) was significantly

negative, but significantly positive with the parame&teand Y(NO) (Table 1).
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Discussion

The present study provides, to the best of the authors’ knowledge, novel
physiological and biochemical evidences that the non-host selective toxin PA
contributed positively to wheat resistance agaisoryzae infection based on the
greater efficience of the antioxidative metabolism as well as reduced losses in the
photosynthetic capacity of the infected plants.

The non-selective host toxins play pivotal role in the changes on the
physiological and biochemical processes occurring in plants. For instance,
pyricularina, tenuazonic acid as well as the filtratd>0bryzae culture sprayed into
rice leaves resulted in the typical blast symptoms besides affecting plant growth
(Tamari and Kaji, 1959; Umetsu et al., 1972; Singburaudom et al., 1998). In the present
study, necrotic lesions were formed on wheat leaves after 48 hours of spraying them
with a solution of PA at the concentration of 0.3mig?. In comparison to the typical
blast symptoms, these necrotic lesions did not have their central region of a grayish
color. The necrotic lesions in rice leaves and in suspension cells culture developed due
to a high concentration of2. (Zhang et al., 2004).

In the present study, the spray of PA solutions at concentrations above 0.3 mg
mL* caused the necrosis of leaf tissue that resulted in drastic reductions in the values
of A andE due to diffusive limitations that were associated with loggevalues.
Similar results demonstrated that high concentrations of toxins produced by
Helminthosporium maydis caused a rapid reduction of the photosynthesis due to
stomatal closure associated to limitations in the potassium uptake by the guard cells
(Artzen et al., 1973). In the case of the fusaric acid at a concentration of 100 ppm, a
non-host selective toxin produced by Rilsarium species caused drastic reductions

in stomatal conductance and transpiration rate on the leaves of banana plants
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compromising, therefore, the water balance of the infected plants (Gong et al., 2012).
In the present study, the reductions in the valués/éf, andgr were accompanied to
increases in the values of Y(NO), an indication of damage to the PSII photosynthetic
machinery, for plants sprayed with PA at concentrations greater than 3 \a@aded

on these results, the direct or indirect effects of exogenous application of PA into the
leaves of wheat and subsequent inoculation Ritbryzae were tested. Based on the

in vitro scenario, fungal mycelial growth, sporulation and conidia germination were
affected using 0.3 mg PA miLin the culture medium suggesting, therefore, that the
PA may interfere with fungal growth. In this regard, Pasechnik et al. (1993)
demonstrated that concentrations of 1 to 3 mM of PA caused a drastic decrease in the
conidia germination oP. oryzae. In the present study, the use of 0.3 mg PA'mias

not considered due to the occurrence of necrotic lesions coupled with drastic
reductions in the photosynthesis of plants.

An efficient antioxidant system, especially based on the high activities of APX,
POX, SOD and GST involved in the removal of ROS, limited the cell damage caused
by P. oryzae infection on wheat leaves contributing, therefore, to a reduced blast
severity (Debona et al., 2012). In the present study, the antioxidative metabolism of
wheat plants in responseRooryzae infection was due to a significant increase in the
activities of all enzymes studied, except GPX, indicating alterations in cellular
homeostasis due to the high production of ROS associated with host defense responses
and the restoration of cellular oxidative balance (Torres et al., 2006; Torres, 2010). In
addition, this response was greater for plants sprayed with a solution of PA at the
concentration of 0.1 mg mi. especially during the first hours after inoculation
suggesting, therefore, the involvement of this non-selective toxin in favor a more

efficient antioxidant metabolism that culminated in reduced blast severity. The better

30



antioxidative metabolism of inoculated plants that were sprayed with PA can be
explained to a high activity of NADPH oxidase. It is known that NADPH oxidase was

involved in the oxidative burst of rice plants sprayed with PA that exhibited increased
resistance to blast (Zhang et al., 2004).

Different cellular compartments in the plant cells are responsible for the
metabolism of ROS, a fact that is closely linked to the metabolic processes that are
involved in their production (Mittler, 2002; Lima et al., 2002; Das and Roychoudhur,
2014). In the present study, wheat plants sprayed with PA and inoculate®.with
oryzae showed increased activities of APX, POX, SOD, GR GPX and GST at 48 hai
demonstrating, therefore, that different ROS detoxification pathways were operating
in response to PA spray. In addition, these results confirmed the importance of SOD
and APX as the major ROS-scavenging enzymes and that a balance on their activities
is of detrimental importance to determine the state of metabolizing the superoxide
radicals and kD, (Asada and Takahashi, 1987; Bowler et al., 1992; Willenkens et al.,
1997). An increase in the resistance of plants against pathogens infection are strongly
linked to their greater antioxidative metabolism (Resende et al., 2012; Cavalcanti et
al., 2006). In the case of CAT, its activity was high for both non-inoculated and
inoculated plants that were sprayed with PA indicating the contribution of this enzyme
for ROS metabolism. The CAT activity increased on wheat plants sprayed with
abscisic acidsalicylic acid, calcium and #- (Agarwal et al., 2005). The POX is
considered one of the antioxidant enzymes that are involved in the plant defense
response to pathogens infection (Milavec et al.,, 2001). In the present study, POX
activity increased from 48 to 96 hai on plants sprayed with PA and inoculated.with
oryzae in comparison to the non-inoculated plants. Similar results were reported for

the Cucurbita pepo-zucchini yellow mosaic virus interaction using the salicylic acid
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as an inducer (Radwan et al., 2007). The GPX and GST are important enzymes
involved in the reduction of the oxidative stress in plant cells by using the GSH to
reduce HO. and other hydroperoxides (Gill and Tuteja, 2010; Noctor et al., 2002).
For wheat plants sprayed with PA and inoculated Ritbryzae, there was a consistent
increase in the activities of GPX and GST during the infection procd3sooyzae.

For the soybeaorynespora cassiicola interaction, SOD, CAT, POX, APX, GPX,

GR and GST activities were greater especially for a moderately resistant cultivar
(Fortunato et al., 2015). In wheat cultivars partially resistant to blast in comparison to
the most susceptible ones, GST activity was significantly higher and was considered
to be the most important antioxidant enzyme among the other ones evaluated (Debona
et al., 2012). Therefore, it seems reasonable to assume that GPX and GST played a
key role in increasing wheat resistance to blast mediated by PA through the removal
of H202 and, consequently, reducing lipid peroxidation. The GR is an enzyme located
mostly in the chloroplasts in comparison to the mitochondria and cytosol. The GR is
involved in the ASH-GSH cycle and plays an essential role in the plant defense system
against ROS by sustaining the reduced status of GSH (Gill and Tuteja 2010). In the
present study, GR activity was higher for inoculated plants in comparison to the non-
inoculated ones. At 48 hai, plants sprayed with PA showed greater GR aictivity
comparison to plants non-sprayed with PA. The GR activity was also high in melon
plants from a cultivar resistant @olletotrichum lagenarium and wheat plants from a
cultivar partially resistant to blast (Ge et al., 2013; Debona et al., 2012). Several studies
reported the pivotal role of GR in promoting the resistance of plants to different types
of stress considering the role of this enzyme in regenerating glutathione (GSH) which
is important to protect the cells against the oxidative stress by maintaining the ascorbic

acid (ASH) pool (Noctor et al., 2012; Gill and Tuteja 2010; Ding et al., 2009).
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The MDA is considered to be one of the best lipid peroxidation products that
indicates the level of cell damage caused by the oxidative stress generated during
pathogens infection and an indirect indication of the ability of plants to counter act
their infection (Weber et al., 2004; Debona et al., 2012; Resende et al., 2012; Bispo et
al., 2014; Fortunato et al., 2015). In the present study, the MDA concentration was
higher in the leaves of plants infected withoryzae at 96 hai in comparison to the
non-inoculated plants. Similarly, the inoculated plants previously sprayed with PA
showed a reduction in the MDA concentration in comparison to plants infected with
P. oryzae.

In the present study, the gas exchange and &fluorescence imaging
parameters were virtually non-affected on wheat plants sprayed with PA and further
inoculated withP. oryzae in contrast to the drastic alterationson the values of these
parameters on the leaves of plants non-sprayed with PA. Indeed, the valggsfor
Ci andE were reduced in the leaves of plants non-sprayed with PA due to the greater
blast severity in comparison to plants sprayed with PA. Debona et al. (2014) reported
that the efficient activities of the enzymes involved in the antioxidant metabolism of
wheat plants from a cultivar partially resistant to blast was strongly associated with
their better photosynthetic performance dufh@ryzae infection.

The infection of leaves by pathogens increase the resistar@@;tdiffusion
that culminates in loweys values (Erickson et al., 2003; Resende et al., 2012; Ge et
al., 2013; Aucique-Pérez et al., 2014, Bispo et al., 2014). In the present study, the
values ofgs andE were drastically reduced for inoculated plants in comparison to the
non-inoculated ones. However, the greatest impdet afyzae occurred in the values
of gs andE on plants non-sprayed with PA. In fact, reductions in the valugsawid

E caused significant increases in thevalues on the leaves of wheat plants infected
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with P.oryzae and corroborates with the results from the c8&emocarpella
macrospora, wheatP.oryzae and grapevinéasmopara viticola interactions
(Letousey et al., 2010; Debona et al., 2012; Bermudez-Cardona et al., 2015). In the
leaves of wheat plants infected wikh oryzae, reduction in the values &k was
associated with dysfunctions at the level of the biochemical reactions involving CO
fixation (Debona et al., 2014).

The imaging of the Chd fluorescence parameters showed heterogeneity in the
metabolic perturbations caused Byoryzae infection on the leaves of plants non-
sprayed or sprayed with PA being of less impact on the leaves of the former. The
values ofF/Fm, Y(II), Y(NPQ) and Y(NO) can increase or decreaseas reported for
Arabidopsis thaliana, corn, rice and coffee infected H§seudomonas syringae,
Senocarpella macrospora, Monographella albescens and Hemileia vastatrix,
respectively (Bonfig et al., 2006; Tatagiba et al.,, 2014; Bermudez-Cardona et al.,
2015;Honorato et al., 2015). Decreases in the valués/Bf, in plants infected by
pathogens suggest that reactions at the PSII were damaged (Baker, 2008).
Additionally, reductions in the values of Y(II) and Y(NPQ) coupled with an increase
in the values of Y(NO) at 96 hai for plants non-sprayed with PA and inoculated with
P. oryzaein contrast to plants sprayed with PA and inoculated Ritiryzae indicated
that the necrotrophic phaseRforyzae significantly compromised the ability of leaves
on the photochemical energy conversion. Decreases in the values of Y(NPQ) in
contrast to an increase in the values of Y(NO) suggest an inhibition in the electron flux
necessary for the primary electron transport reactions of photosynthesis that resulted
in irreversible damage (Bonfig et al., 2006). Therefore, the results from the present
study indicated th&. oryzae infection caused drastic alterations in the photosynthetic

machine of the wheat plants compromising, therefore, the dissipation mechanisms for
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the photosynthetic process and photo-protection mechanisms and leading to oxidative
stress coupled to increases in heat dissipation. However, these effects were relieved by
anefficient antioxidant metabolism on plants sprayed with PA at the early stages of
fungal infection.

In conclusion, lesions formed on the leaves of wheat plants sprayed with PA
compromised their photosynthetic performance, which became more pronounced as
the PA concentration increased. However, a low PA concentration was able to increase
the efficiency of the antioxidative metabolism of the infected plantsleading, therefore,
to a rapid removal of the ROS generated during fungal infection and a reduction of the
oxidative damage in the infected cells which culminated to a greater wheat resistance
to blast. Additionally, the reduction of the oxidative stress in plants imposed by fungal
due to PA spray reflected in a better photosynthetic performance of the plants. Future
research should focus on the biochemical and molecular analyzes to elucidate the
mechanism that allows a greater antioxidative response of plants sprayed with PA in
connections with possible changes in both primary and secondary metabolism to

obtain an increase on wheat resistance to blast.

35



Acknowledgments

Profs. Rodrigues and DaMatta thank the National Council for Scientific and
Technological Development (CNPq) for their fellowships. Mr. C. E Aucique-Pérez
was supporteby the “Programa de Estudante-Convénio de PdSsraduagao” (PEC-

PG) from CAPES.This study was support®dgrants from CAPES, CNPq and the
Fundacdo de Amparo a Pesquisa do Estado de Minas Gerais (FAPEMIG) to Prof.
Rodrigues.We thank Mr. V. S. Rios and Mrs. P R. Silveira for their technical

assistance.

References

Agarwal, S., Sairam, R. K., Srivastava, G. C., Tyagi, A., Meena, R. C., 2005. Role of
ABA, salicylic acid, calcium and hydrogen peroxide on antioxidant enzymes induction

in wheat seedlings. Plant Science 169, 559-570.

Anderson, D., Prasad, K., Stewart, R., 1995. Changes in isozyme profiles of catalase,
peroxidase and glutathione reductase during acclimation to chilling in mesocotyls of

maize seedlings. Plant Physiology 109, 1247-1257.

Anderson, J. V., Davis, D. G., 2004. Abiotic stress alters transcript profiles and activity
of glutathione-S-transferase, glutathione peroxidase, and glutathione reductase in

Euphorbia esula. Plant Physiology 120, 421-433.

Arnzet, C. J., Haugh, M. F., Bobick, S., 1973. Induction of stomatal closure by

Helminthosporium maydis pathotoxin. Plant Physiology 52, 569-574.

Asada, K., Takahashi, M., 1987. Production and scavenging of active oxygen in

photosynthesis. In: Photoinhibition (Kyle, D.J. et al., eds), pp. 227-287.

36



Aucique-Pérez, C. E., Rodrigues, F. A., Moreira, W. R., DaMatta, F. M., 2014. Leaf
gas exchange and chlorophglifluorescence in wheat plants supplied with silicon and

infected withPyricularia oryzae. Phytopathology 104, 143-149.

Aver’yanov, A. A., Lapikova, V. P., Lebrun, M.H., 2007. Tenuazonic acid, toxin of
rice blast fungus, induces disease resistance and reactive oxygen production in plants.

Russian Journal Plant Physiology 54, 749-754.

Baker, N.R., 2008. Chlorophyll fluorescence: a probe of photosynthesis in vivo.

Annual Review Plant Biology 59, 89-113.

Beauchamp, C., Fridovich, I., 1971. Superoxide dismutase: improved assays and an

assay applicable to acrylamide gels. Analytical Biochemistry 44, 276-287.

Bermudez-Cardona, M. B., Wordell-Filho, J. A., Rodrigues, F. A., 2015. Leaf gas
exchange and chlorophwylfluorescence in maize leaves infected viténocarpella

macrospora. Phytopathology 105, 26-34.

Bermudez-Cardona, M. B., Bispo, W. M. S., Rodrigues, F. A., 2015. Physiological
and biochemical alterations on maize leaves infecteftdnpcarpella macrospora.

Acta Physiologiae Plantarum 37, 158-164.

Bispo, W. M. S., Aradijo, L., Bermudez-Cardona, M. B., Cacique, I. S., Rodrigues, F.
A., DaMatta, F. M., 2014Ceratocystis fimbriata-induced changes in the antioxidative

system of mango cultivars. Plant Pathology 64, 627-637.

Bonfig, K. B., Schreiber, U., Gabler, A., Roitsch, T., Berger, S., 2006. Infection with
virulent and avirulenP. syringae strains differentially affects photosynthesis and sink

metabolism inArabidopsis leaves. Planta 225, 1-12.

37



Bouizgarne, B., EI-Maarouf-Bouteau, H., Frankart, C., Reboutier, D., Madiona, K.,

Pennarun, M., Monestiez, M., Trouverie, J., Amiar, Z., Briand, J., Brault, M., Rona, J.
P., Ouhdouch, Y., El Hadrami, I., Bouteau, F., 2005. Early physiological responses of
Arabidopsisthaliana cells to fusaric acid: toxic and signaling effects. New Phytologist

169, 209-218.

Bowler, C., Montagu, M. V., Inzé, D., 1992. Superoxide dismutases and stress

tolerance. Annual Review Plant Physiology and Plant Molecular Biology 43, 83-116.

Bradford, M. N., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical

Biochemistry 72, 248-254.

Cakmak, L., Horst, W. J., 1991. Effect of aluminum on lipid peroxidation, superoxide
dismutase, catalase, and peroxide activity in root tip of soyliagairfie max). Plant

Physiology 83, 463-468.

Cakmak, ., Marschner, H., 1992. Magnesium deficiency and high light intensity
enhance activities of superoxide dismutase, ascorbate peroxidase and glutathione

reductase in bean leaves. Plant Physiology 98, 1222-1227.

Cavalcanti, F. R., Resende, M. L. V., Lima, J. P. M. S., Silveira, J. A. G., Oliveira, J.
T. A., 2006. Activities of antioxidant enzymes and photosynthetic responses in tomato
pre-treated by plant activators and inoculated Xgnthomonas vesicatoria.

Physiological and Molecular Plant Pathology 68, 198-208.

Carlberg, C., Mannervik, B., 1985. Glutathione reductase. Methods in Enzymology

113, 488-495.

38



Chance, B., Maehley, A. C., 1955. Assay of catalases and peroxidases. Methods in

Enzymology 2,764-775.

Cruz, C. D., Peterson, G. L., Bockus, W. W., Kankanala, P.,Dubcovsky, J., Jordan, K.
W., Akhunov, E., Chumley, F., Baldelomar, F. D., Valent, B., 2016. The 2NS
translocation fronfegilops ventricosa confers resistance to theiticum pathotype of

Magnaporthe oryzae. Crop Science 56, 1-11.

Cruz, M. F. A, Silva, L. A. F., Rios, J. A., Debona, D., Rodrigues, F. A., 2015.
Microscopic aspects of the colonizationRyfricularia oryzae on the rachis of wheat

plants supplied with silicon. Bragantia DOI:10.1590/1678-4499.0023.

Cruz, M. F. A., Diniz, A. P. C., Rodrigues, F. A., Barros, E. G., 2011. Aplicacéo foliar
de produtos na reducao da severidade da brusone do trigo. Tropical Plant Pathology

36, 424-428.

Cruz, M. F. A,, Prestes, A. M., Maciel, J. L. N., Scheeren, P. L., 2010. Resisténcia
parcial a brusone de gendtipos de trigo comum e sintético nos estadios de planta jovem

e de planta adulta. Tropical Plant Pathology 35, 24-31.

Das, K., Roychoudhury, K., 2014. Reactive oxygen species (ROS) and response of
antioxidants as ROS-scavengers during environmental stress in plants. Frontiers in

Environmental Science 2, 1-13.

Daub, M. E. 1986. Tissue culture and the selection of resistance to pathogens. Annual

Review Phytopathology 24, 159-186.

39



Debona, D., Rodrigues, F. A., Rios, J. A., Nascimento, K. J. T., 2012. Biochemical
changes in the leaves of wheat plants infecteByicularia oryzae. Phytopathology

102, 1121-1129.

Del Longo, O. T., Gonzélez, C. A., Pastori, G. M., Trippi, V. S., 1993. Antioxidant
defences under hyperoxygenic and hyperosmotic conditions in leaves of two lines of

maize with differential sensitivity to drought. Plant Cell Physiology 34, 1023-1028.

Ding, S., Lu, Q., Zhang, Y., Yang, Z., Wen, X., Zhang, L., Lu, C., 2009. Enhanced
sensitivity to oxidative stress in transgenic tobacco plants with decreased glutathione
reductase activity leads to a decrease in ascorbate pool and ascorbate redox state. Plant

Molecular Biology 69, 577-592.

Dong, X., Ling, N., Wang, M., Shen, Q., Gou, S., 2012. Fusaric acid is a crucial factor
in the disturbance of leaf water imbalancd-usarium-infected banana plantBlant

Physiology and Biochemistry 60, 171-179.

Duveiller, E., Hodson, D., Tiedmann, A., 2010. Wheat blast caus&tbggaporthe
grisea: A reality and new challenge for wheat research. In: Int. Wheat Conf. 8. Vavilov

Research Institute of Plant Industry, St. Petersburg.pp, 247-248.

Erickson, J. E., Stanosz, G. R., Kruger, E. L., 2003. Photosynthetic consequences of
Marssonina leaf spot differ between two poplar hybrids. New Phytologist 161, 577-
583. Fortunato, A. A., Debona, D., Bernardeli, A. M. A., Rodrigues, F. A., 2015.
Changes in the antioxidant system in soybean leaves infectedotyyespora

cassiicola. Phytopathology 105, 1050-1058.

40



Foyer, C. H., Halliwell, B., 1976. The presence of glutathione and glutathione
reductase in chloroplasts: a proposed role in ascorbic acid metabolism. Planta 133, 21-

25.

Ge, Y., Bi, Y., Guest, D. I, 2013. Defense responses in leaves of resistant and
susceptible melon Gucumis melo L.) cultivars infected with Colletotrichum

lagenarium. Physiological and Molecular Plant Pathology 81, 13-21.

Giannopolitis, C. N., Ries, S. K., 1977. Superoxide dismutases I. Occurrence in higher

plants. Plant Physiology 59, 309-314.

Gill, S. S., Tuteja, N., 2010. Reactive oxygen species and antioxidant machinery in

abiotic stress tolerance in crop plants. Plant Physiology and Biochemistry 48, 909-930.

Goulart, A. C. P., Sousa, P. G., Urashima, A. S., 2007. Danos em trigo causados pela

infeccdo dePyricularia grisea. Summa Phytopathologica 33, 358-363.

Goulart, A. C. P., Paiva, F. A., Andrade, P. J. M., 1995. Relationship between the
incidence of blast on wheat spikes and the presend®yrodularia grisea in the

harvested seeds. Fitopatologia Brasileira 20, 184-189.

Habig, W. H., Pabst, M. J., Jakoby, W. B., 1974. GlutathBt@nsferases. The first
enzymatic step in mercapturic acid formation. The Journal of Biological Chemistry

249, 7130-7139.

Heath, R. L., Packer, L., 1968. Photoperoxidation in isolated chloroplast. I. Kinetics
and stoichometry of fatty acid peroxidation. Archives of Biochemistry and Biophysics

125, 189-198.

41



Honorato, J. J., Zambolim, L., Aucique-Pérez, C. E., Resende, R. S., Rodrigues, F. A.,
2015. Photosynthetic and antioxidative alterations in coffee leaves caused by
epoxiconazole and pyraclostrobin sprays biethileia vastatrix infection. Pesticide

Biochemistry and Physiology 123, 31-39.

Howlett, B. J., 2006. Secondary metabolite toxins and nutrition of plant pathogenic

fungi. Current Opinion in Plant Biology 9, 371-375.

Igarashi, S., Utiamada, C. M., Igarashi, L. C., Kazuma, A. H., Lopes, R. S., 1986.
Pyriculariasp. em trigo. Ocorréncia deyricularia sp. no Estado do Parana.

Fitopatologia Brasileirall, 351-352.

Islam, M. T., Croll, D., Gladieux, P., Soanes, D., Persoons, A., Bhattacharjee, A.,
Hossain, S., Gupta, D., Rahman, M. M., Mahboob, M. G., Cook, N., Salam, M.,
Bueno-Sancho, V., Maciel, J. N., Nani, A., Castroagudin, V., Reges, J. T. A., Ceresini,
P., Ravel, S., Kellner, R., Fournier, E., Tharreau, D., Lebrun, M. H., McDonald, B.,
Stitt, T., Swan, D., Talbot, N., Saunders, D., Win, J., Kamoun, S., 2016. Emergence
of wheat blast in Bangladesh was caused by a South American lineédagnajporthe

oryzae.BioRxiv. DOI:10.1101/059832.

Iwahashi, H., Kawamori, H., Fukushima K, 1999. Quinolinic acid, alpha-picolinic
acid, fusaric acid, and 2,6-pyridinedicarboxylic acid enhance the Fenton reaction in

phosphate buffer. Chemico-Biological Interactions 118, 201-215.

Kar, M., Mishra, D., 1976. Catalase, peroxidase, and polyphenoloxidase activities

during rice leaf senescence. Plant Physiology 57, 315-319.

Kato, H., Yamamoto, M., Yamaguchi-Ozaki, T., Kadouch, H., Ilwamoto, Y.,
Nakayashik, H., Tosa, Y., Mayama, S., Mori, N., 2000. Pathogenicity, mating ability

42



and DNA restriction fragment length polymorphisms Ryfricularia populations
isolated fromGramineae, Bambusideae andZingiberaceae plants. Journal of General

Plant Pathology 66, 30-47.

Kramer, D. M., Johnson, G., Kiirats, O., Edwards, G. E., 2004. New fluorescence
parameters for the determination ofa Qedox state and excitation fluxes.

Photosynthesis Research 79, 209-218.

Letousey, P., Balllieul, F., Perrot, G., Rabenoelina, F., Boulay, M., Vaillant-Gaveau,
N., Clément, C., Fontaine, F., 2010. Early events prior to visual symptoms in the

apoplectic form of grapevine esca disease. Phytopathology 100, 424-431.

Lima, A. L. S., DaMatta, F. M., Pinheiro, H. A., Totola, M. R., Loureiro, M. E., 2002.
Photochemical responses and oxidative stress in two cloQesfed canephora under

water deficit conditions. Environmental and Experimental Botany 47, 239-247.

Malaker, P. K., Barma, N. C. D., Tiwari, T. P., Collis, W. J., Duveliller, E., Singh,P.
K., Joshi, A. K., Singh, R. P., BrauH,-J., Peterson, G. L., Pedley, K. F., Farman, M.
L., Valent, B., 2016. First Report of Wheat Blast Causedviagnaporthe oryzae
Pathotypetriticum in Bangladesh. Plant Disease. DOI:10.1094/P083-6-0666-

PDN.

Milavec, M., Ravnikar, M., Kovac, M., 2001. Peroxidases and photosynthetic
pigments in susceptible potato infected with potato virus YNAlaht Physiology and

Biochemistry 39, 891-898.

Mittler, R., 2002. Oxidative stress, antioxidants and stress tolerance. Trends in Plants

Science 7, 405-410.

43



Nagalakshmi, N., Prasad, M. N. V., 2001. Responses of glutathione cycle enzymes
and glutathione metabolism to copper stresScemedesmus bijugatus. Plant Science

160, 291-299.

Nakano, Y., Asada, K., 1981. Hydrogen peroxide is scavenged by ascorbate-specific

peroxidase in spinach chloroplasts. Plant Cell Physiology 22, 867-880.

Noctor, G., Gomez, L., Vanacker, H., Foyer, H. C., 2002. Interactions between
biosynthesis, compartmentation, and transport in the control of glutathione

homeostasis and signalling, Journal Experimental Botany 53, 1283-1304.

Oxborough, K., Baker, N. R., 1997. Resolving chlorophyll a fluorescence imaging of
photosynthetic efficiency into photochemical and non-photochemical components -
calculation ofge andF,’/Fn’ without measuring Fo’. Photosynthesis Research 54, 135-

142.

Pasechnik, T. D., Sviridov, S. I., Aver’yanov, A. A.,Lapikova, V. P., 1993.Picolinic
acid toxicity for Pyricularia oryzae Cav. spores and self-inhibition of their

germination. Mikologiyaifitopatologiya 27, 38-42.

Radwan, D. E. M., Fayez, K. A.,, Mahmoud, S. Y., Hamad, A., Lu, G., 2007.
Physiological and metabolic change<oturbita pepo leaves in response to zucchini
yellow mosaic virus (ZYMV) infection and salicylic acid treatments. Plant Physiology

and Biochemistry 45, 480-489.

Rios, J. A., Debona, D., Duarte, H. S. S., Rodrigues, F. A., 2013. Development and
validation of a standard area diagram set to assess blast severity on wheat leaves.

European Journal of Plant Pathology 136, 603-611.

44



Singburaudom, N., Chaudhary, R. N., Sommartyal, T., Sarobol, E., 1998. Effects of
plant age on symptom development producedyrycularia oryzae toxin. Kasetsart

Journal (Natural Science) 32, 90-101.

Tamari, K., Kaji, J., 1959. The accumulation of coumarin in stunted rice plant caused
by the ill-effects of piricularin. Journal of the Agricultural Chemical Society of Japan,

33, 181-183.

Tamari, K., Kaji, J., 1954. Nippon NogeikagakuKaishi. 28, 25.

Tatagiba, S. D., Rodrigues, F. A., DaMatta, F. M., 2014 Leaf gas exchange and
chlorophyll a fluorescence imaging of rice leaves infected wiflonographella

albescens. Phytopathology 105, 180-188.

Thordal-Christensen, H., Zhang, Z., Wei, Y. D., Collinge, D. B., 1997. Subcellular
localization of HO- in plants. HO. accumulation in papillae and hypersensitive

response during the barlgyowdery mildew interaction. Plant Journal 11, 1187-1194.

Torres, M. A., 2010. ROS in biotic interactions. Physiologia Plantarum 138, 414-429.

Torres, M. A., Jones, J. D. G., Dangl, J. L., 2006. Reactive oxygen species signaling

in response to pathogens. Plant Physiology 141, 373-378.

Tosa, Y., Tamba, H., Tanaka, K., Mayama, S., 2006. Genetic analysis of host species
specificity of Magnaporthe oryzae isolates from rice and wheat. Phytopathology 96,

480-484.

Tsurushima, T., Minami, Y., Miyagawa, H., Nakayashiki, H., Tosa, Y., Mayama, S.,
2010. Induction of chlorosis, ROS generation and cell death by a toxin isolated from

Pyricularia oryzae. Bioscience, Biotechnology, and Biochemistry 74, 2220-2225.

45



Umetsu, N., Kaji, J., Tamari, K., 1972. Investigation on the toxin production by several
blast fungus strains and isolation of tenuazonicacid as a novel toxin. Agricultural and

Biological Chemistry 36, 859-866.

Urashima, A. S., Igarashi, S., Kato, H., 1993. Host range, mating type and fertility of

Pyricularia grisea from wheat in Brazil. Plant Disease 77, 1211-1216.

Urashima, A. S., Leite, S. F., Galbieri, R., 2007. Efficiency of airborne spread in

Pyricularia grisea. Summa Phytopathologica 33, 275-279.

Wang, C. F., Huang, L. L., Buchenauer, H., Han, Q. M., Zhang, H. C., Kang, Z. S.,
2008. Histochemical studies on the accumulation of reactive oxygen spegiaadO
H20») in the incompatible and compatible interaction of whaateinia triiformis f.

sp.tritici. Physiological and Molecular Plant Pathology 71, 230-239.

Weber, H., Chétela, T. A., Reymond, P., Farmer, E. E., 2004. Selective and powerful
stress gene expression Amabidopsis in response to malondialdehyde. The Plant

Journal37, 877-888.

Willekens, H., Chamnongpo, S., Davey, M., Schraudner, M., Langebartels, C.,
Montagu, M. V., Inzé, D., Camp, W. V., 1997. Catalase is a sink @ tldnd is

indispensable for stress defence gplants. The EMBO Journal 16, 4806-4816.

Willis, D. K., Barta, T. M., Kinscherf, T. G., 1991. Genetics of toxin production and

resistance in phytopathogenic bacteria. Experientia 47, 765-771.

Wolpert, T. J., Dunkle, L. D., Cuiffetti, L. M., 2002. Host-selective toxins and
avirulence determinant®hat’s in a Name? Annual Review of Phytopathology 40,

251-285.

46



Xavier-Filha, M. S., Rodrigues, F. A., Domiciano, G. P., Oliveira, H. V., Silveira, P.
R., Moreira, W. R., 2011. Wheat resistance to leaf blast mediated by silicon.

Australasian Plant Pathology 40, 28-38.

Yoder, O. C., 1980. Toxins in pathogenesis. Annual Review Phytopathology 18, 103-

129.

Zhang, H., Zhang, X., Mao, B., Li, Q., He, Z., 2004. Alpha-picolinic acid, a fungal
toxin and mammal apoptosis-inducing agent, elicits hypersensitive-like response and

enhances disease resistance in rice. Cell Research 14, 27-33.

a7



List of Tableand Figures

Table 1. Pearson correlation coefficients among ascorbate peroxidases (APX),
catalases (CAT), glutathione peroxidases (GPX), glutathione reductases (GR),
glutathioneS-transferases (GST), peroxidases (POX), superoxide dismutases (SOD),
net CQ assimilation rateX), stomatal conductance to water vapmj,(internal CQ
concentration@;), transpiration rate), maximum PSII quantum efficienci#(Fm),
effective PSII quantum yield Y(Il), quantum vyield of regulated energy dissipation
Y(NPQ), quantum yield of non-regulated energy dissipation Y(NO), malondialdehyde
(MDA) concentration and blast severity (SEV) determined on the leaves of wheat
plants that were either non-sprayed (0 mg PAY(EPA) or sprayed (0.1 mg PA mL

1y (+PA) with picolinic acid (PA).

Fig. 1. Effectin vitro of different concentrations of picolinic acid (PA) on micelial
growth (A and B), conidia production Bfricularia oryzae (C) and their germination

(D). Means of the treatments followed by an asterisk (*) are significantly different
(P<0.05) according to Dunnet’s test. Bars represent the standard desviation of the

means from two pooled experimems= 10.

Fig. 2. Leaf gas exchange [net carbon assimilation ra€¢A), stomatal conductance

to water vapords) (C) and transpiration raté€e)] and chlorophylla fluorescence
[maximum PSII quantum efficiency={Fm) (B), yield of non-regulated dissipation
energy (Y(NO) (D) and photochemical quenching coeficiepl (F)] parameters
determinedat 48 hours after spray of wheat leaves with different concentrations of
picolinic acid (PA). Means of the treatements followed by an asterisk (*) are
significantly different P < 0.05) according to Dunnet’s test. Bars represent the

standard desviation of the means from two pooled experinrent$0.
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Fig. 3. Lesions and images of the chlorophglfluorescence parameters maximum
PSII quantum efficiencyHy/Fm), yield of non-regulated dissipation enefg(NO)]
and photochemical quenching coeficieqt) (determined at 48 hours after spray of

wheat leaves with different concentrations of picolinic acid.

Fig. 4. Histochemical detection of hydrogen peroxideon the leaves of wheat plants at

24 hours after spray with different concentrations of picolinic acid.

Fig. 5. Histochemical detection of superoxide anion radical on the leaves of wheat

plants at 24 hours after spray with different concentrations of picolinic acid.

Fig. 6.Histochemical detection of hydrogen peroxideonthe leaves of wheat plants that
were either non-sprayed with picolinic acid and inoculated ®ytticularia oryzae

(Po) and sprayed with picolinic acid and inoculated viAtloryzae (PA/Po).

Fig. 7. Histochemical detection of superoxide anion radicalonthe leaves of wheat
plants that were either non-sprayed with picolinic acid and inoculatedPyvittularia

oryzae (Po) and sprayed with picolinic acid and inoculated ViAtloryzae (PA/Po).

Fig. 8 Blast development (A) and symptoms (B) onthe leaves of wheat plants that
were non-sprayed (0 mg PA m)(-PA) or sprayed (0.1 mg PA ). (+PA) with
picolinic acid (PA) and further inoculated wiyricularia oryzae. Means for the -PA

and +PA treatments followed by an asterisk (*), ateach evaluation time, are
significantly different according tb test £<0.05). Bars represent the standard error

of the means from two pooled experiments. 10.

Fig. 9. Net CQ assimilation rateA) (A), stomatal conductance to water vapgy (
(B), internal CQ concentration @) (C), transpiration rateE) (D), maximum PSII
quantum efficiencyRv / Fm) (E), effective PSII quantum yield Y(Il) (F), quantum
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yield of regulated energy dissipation Y(NPQ) (G) and quantum yield of non-regulated
energy dissipation Y(NO) (H) determined in the leaves of wheat plants that were
sprayed with water (control), sprayed with 0.1 mg of picolinic acid (PA} (HA),

only inoculated withPyricularia oryzae (Po) and sprayed with 0.1 mg PA mland
inoculated withP. oryzae (PA/Po). Means from the treatments followed by different
letters are significantly different according to Tukey’s test (P<0.05). Bars represent

the standard error of the means from two pooled experiment&2.

Fig. 10. Images of the parameters of chlorophglifluorescence: maximum PSII
quantum efficiencyRy / Fm), effective PSII quantum yielgy'(11) ], quantum yield of
regulated energy dissipatidgiY(NPQ)] and quantum yield of non-regulated energy
dissipation Y(NO) determined in the leaves of wheat plants that were sprayed with
water (control), sprayed with 0.1 mg of picolinic acid (PA)h{PA), only inoculated

with Pyricularia oryzae (Po) and sprayed with 0.1 mg PA mland inoculated with

P. oryzae (PA/Po). Two experiments were conducted with consistent results; results

from one representative experiment are shown.

Fig. 11. Activities of ascorbate peroxidases (APX) (A), catalases (CAT) (B),
peroxidases (POX) (C), superoxide dismutases (SOD) (D), glutathione peroxidases
(GPX) (E), glutathione reductases (GR) (F) and glutathi®transferases (GST) (G)

as well as concentration of malondialdehyde (MDA) determined in the leaves of wheat
plants that were sprayed with water (control), sprayed with 0.1 mg of picolinic acid
(PA) mLY(PA), only inoculated wittPyricularia oryzae (Po) and sprayed with 0.1 mg

PA mL! and inoculated witlP. oryzae (PA/Po). Means from the treatments followed

by different letters are significantly different according to Tukey’s test (P<0.05).Bars
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represent the standard error of the means from two pooled experimeris FW =

fresh weight.

Table 1

Variables/Parameters -PA +PA
APX -0.81 -0.57
CAT -0.67 -0.10
GPX 0.05 -0.44
GR -0.53 -0.63
GST 0.11 -0.73
POX 0.43 -0.60
SOD 0.11 -0.63
A -0.95 -0.66

Os -0.65 0.29

Ci 0.65 0.84

E -0.77 0.07
Fu/Fm -0.67 -0.34
Y(I) -0.91 -0.67
Y(NPQ) 0.11 -0.54
Y(NO) 0.80 0.83
MDA 0.86 0.32

* = significantat 0.05.
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Chapter 2

Metabolic Manipulation on the Leaves of Different Wheat Cultivars caused by

Pyricularia oryzae Infection Reduce their Basal Level of Resistance to Blast
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Abstract

Blast, caused byyricularia oryzae, can negatively affect wheat production. This
study assessed the contrasting behavior of three wheat cultivars (BR-18, EMBRAPA-
16 and BRS-Guamirim) differing in their basal level of resistance to blast in terms of
changes in the carbohydrates and amino acids pools as well as on their photosynthetic
performance and antioxidative metabolism. At 120 hours after inoculation, blast
severity was significantly lower by 45 and 33% for cultivars EMBRAPA-16 and BR-

18 in comparison to cultivar BRS-Guamirim. The photosynthetic performance of
infected plants was altered due to diffusional and biochemical limitations fer CO
fixation. During the asymptomatic phaseRobryzae infection, drastic changes in the
carbohydrates metabolism and on the levels of amino acids, intermediates compounds
of the TCA cycle and polyamines occurred on plants from the three cultivars
suggesting a metabolic manipulation exerted by the pathogen. However, a more
efficient antioxidant metabolism was able to help the wheat plants to counteract against
the deleterious effects #. oryzae infection in association with great phenylalanine
ammonia lyases and polyphenoloxidases activities and high concentrations of

phenolics and lignin.

Keywords: GC-MS, host resistance, mechanisms of defense, metaboliteprofi

primary metabolism.
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Introduction

Blast, which is caused by the hemibiotrophic funBuscularia oryzae Cavara
(teleomorphViagnaporthe grisea (T. T. Hebert) M. E. Barr) has negatively influenced
wheat {riticum aestivum L.) production in Brazil and in other South American
countries such as Bolivia and Paraguay (Igarashi et al., 1986; Goulart and Paiva, 1992).
In agricultural regions of Bolivia, Brazil and Paraguay where the climatic conditions
(intense rainy periods, temperatures ranging from 21 to 27°C, cloudy days and high
relative humidity) are favorable for the occurrence of blast epidemics, yield losses
have been greater than 60% (Goulart et al., 2007; Kohli et al., 261Bangladesh,
blast occurred in about 15% of the total area used to grow wheat and yield losses
reached around 90% due to the use of susceptible cultivars (Malaker et al., 2016).
Since blast was reported in Brazil, breeding programs have been carried out in an effort
to identify sources of resistance to be used in obtaining cultivars with a desirable level
of resistance to blast (Cruz et al., 2010). Since then, most of the released cultivars
showed susceptibility to blast with a few exceptions such as BRS 229, BRS 179, CNT
8, BRS 120, BRS Buriti, BR-18, MGS 3, Brilhante and EMBRAPA-16, which
exhibited a high level of partial resistance to the disease under field conditions even
though with some variations occurring according to the different regions of Brazil
(Macielet al., 2008; Cruz et al., 2010).

The primary metabolism of plants infected by pathogens is greatly alterated in
order to provide the necessary metabolites to beused in the pathways related to host
defense mechanisms (Berger et al., 2007; Torres et al., 2015). Alterations in the levels
of the hormones ethylene, jasmonic acid and salicylic acid, changes in the

antioxidative metabolism and an increase in the production of phenylpropanoids and
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phytoalexins are the remarkable alterations occurring in the secondary metabolism of
plants when infected by pathogens of different life styles (Dixon and Paiva, 1995).
The infection of wheat leaves By oryzae results in dramatic reductions in the
values of the leaf gas exchange parameters net &6imilation rate, stomatal
conductance to water vapor and transpiration t&aen( parallel with an increase in
the internal C@ These changes are more pronounced for cultivars susceptible to blast
than for the most resistant ones suggesting, therefore, that biochemical limitations
likely related to a reduced Rubisco activity, rather than diffusive limitations, had better
explain the alterations on these parameters (Debona et al., 2014). Indeed, a range of
dysfunctions at the photochemical level occurred in the leaves of wheat plants infected
with P. oryzae. The fungal infection caused a strong decrease in the maximum
photochemical efficiency of photosystemMFm), in the efficiency of the excitation
energy captured by the open PSII reaction centers and on the photochemical quenching
coefficient indicating a chronic photoinhibition as well as the failure of the infected
leaves for fully capture and exploit the absorbed energy to be used in photosynthesis
(Krause and Weis 1991; Aucique-Pérez et al., 2014). A more efficient antioxidative
metabolism in the removal of the excess of hydrogen peroxide and superoxide anion
radical on the leaves of wheat plants infecte®lyryzae played a pivotal role in their
resistance to blast (Debona et al., 2012). Wheat cultivars inoculated with non-adapted
and adapted isolates Bf oryzae showed a differential expression of genes related to
cell rescue, host defense pathways, plant metabolism, cellular transport and regulation
of transcription (Tufan et al., 2009). Metabolomic analysis allows the qualitative
and/or quantitative characterization of metabolites differentially produced in a certain
host-pathogen interaction and the metabolite profiling obtained determines a group of

related compounds involved in several metabolic pathways being the most ones related
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to host defense mechanisms (Fukusaki and Kobayashi, 2005; Balmeret al., 2013;
Kushalappa and Gunnaiah, 2013). Metabolomic platforms have been used to obtain
information for the ricd?. oryzae, sunflowerSclerotinia sclerotiorum, wheat-
Fusarium graminearum and Zymoseptoria tritici interactions (Paker et al., 2009;
Peluffo et al., 2010; Gunnaiah et al., 2012).

Considering the importance of blast to decrease wheat yield, it is suitable to
determine whether wheat resistance to this disease could be possibly associated with
alterations in the host metabolism during the infection procd3soo§zae. Therefore,
this study assessed the contrasting behavior of three cultivars differing on their basal
level of resistance to blast in terms of changes in the carbohydrates and amino acids

pools as well as on the photosynthetic performance and antioxidative metabolism.
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Material and Methods

Plant growth

Wheat seeds from cultivaBR-18, EMBRAPA-16 and BRS-Guamirim were surface-
sterilized in 10% (v ¥) NaOCI for 2 min, rinsed in sterilized water for 3 min and
germinated on plastic pots (20-cm diameter) filled with 1 kg of substrate made from a
1:1:1 mixture of pine bark, peat and expanded vermiculite (Tropstrato, Vida Verde,
Mogi Mirim, SP, Brazil). The cultivars BR-18 and EMBRAPA-16 are moderately
resistant to leaf blast while the cultivar BRS-Guamirim is susceptible (Urashima et al.,
2004; Reis et al., 2006; Cruz et al., 2010). A total of 1.63 g of calcium phesphat
monobasic was added to each plastic pot. A total of nine seeds were sown per pot and
at eight days after seedlings emergence, each pot was thinned to six seedlings.
Substrate in each pot was fertilized with a nutrient solution containing, ity §.4

KCI, 3.48 K:SQy, 5.01 MgSQ - 7H20, 2.03 (NH)2CO, 0.009 NHMO7024 - 4H20,

0.054 BBOs3, 0.222 ZnS®@ - 7H.0, 0.058 CuS®- 5H,0 and 0.137 MnGl- 4H.O
(Xavier-Filha et al., 2011). A volume of 15 mL of nutrient solution containing 0.27 g

of FeSQ - 7H,0O and 0.37 g of EDTA bisodictwas also applied after seedlings
emergence. The nutrient solution was prepared using deionized water and applied
weekly. Plants were watered with deionized water as needed. Plants were grown in a
greenhouse (relative humidity of 75 + 5%, temperature of 25 + 3°C during day and 22
+ 2°C during night and natural photosynthetically active radiation of 900 + 15 pmol
photons i s* measured at midday) until they were inoculated Witbryzae.

Inoculum production and plant inoculation with P. oryzae

A pathogenic isolate oP. oryzae (UFV/DFP Po-01), obtained from the spikes of
wheat plants (cultivar BR-18), was used to inoculate the plants (Debona et al., 2012).

Disks of filter paper containing fungal mycelia were transferred to Petri dishes
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containing oat-agar medium. After growing the disks containing mycelia, the media
with the fungus were transferred to new Petri dishes containing the same medium. The
dishes were incubated in a growth chamber at 25°C with a 24 h photoperiod for 10
days. After this period, conidia were carefully removed from the Petri dishes with a
soft bristle brush using water containing gelatin (1% wi/v). The conidial suspension
was calibrated with a hemacytometer to obtain a concentration of lcedidlia mL

! The conidial suspension was sprayed with an atomizer (Paasche Airbrush Co.,
Chicago, IL, USA) on the adaxial surface of the leaves of wheat plants at growth stage
39 (35 days after emergence) (Lancashire et al., 1991). After inoculation, plants were
kept in a mist chamber under darkness at 25°C during 24 h and thereafter to a
greenhouse (relative humidity of 80 + 5%, temperature of 25 + 2°C during day and 22
+ 1°C during night and natural photosynthetically active radiation of 915 + 10 pmol

photons 1 s* measured at midday).

Assessment of blast severity
The fourth and fifth leaves, from the top to the base, of each plant per replication of
each treatment were marked and used to evaluate blast severity at 48, 72 and 96 hours

after inoculation (hai) using the diagrammatic scale proposed by Rios et al). (2013

Leaf gas exchange measurements

The leaf gas exchange parameters nei &Similation rateA), stomatal conductance

to water vapords), internal CQ concentration @) and transpiration ratee) were
measured by using a portable open-flow gas exchange system (LI-6400XT; Li-Cor
Inc., Lincoln, NE) at the attached fourth leaf, from the top to the base, of non-
inoculated and at 72, 96 and 120 hours after inoculation of plants (growth stage 39)
from 0900 to 1100 h (solar time). At this tinfewas at its maximum under artificial

photosynthetically active radiation (1000 pmol photorfsstat the leaf level and 390
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+ 10 umol atmospheric GOnolY). All measurements were performed at 25°C and
the vapor pressure deficit was maintained at approximately 1.0 kPa and the amount of
blue light was set to 10% of the photosynthetic photon flux density to optimize the

stomatal aperture.

Biochemical assays

The fourth and fifth leaves, from the base to the top, of each plant per replication of
each treatment were collected between 1200@0 (sblar time) at 72, 96 and 120 hai,
immediately frozen in liquid nitogen during samplings and then stored 4@ +8Qil

further analysis. Leaf samples were also collected from non-inoculated plants at the

same sampling times.

Determination of the concentrations of sugars, starch, malate, fumarate and
amino acids

A total of 10 mg of leaf tissue was lyophilized and homogenized with 500 pL of 100%
ethanol, 500 pL of 80% ethanol and 500 pL of 50% ethanol and the mixture was
incubated at 8T for 30 min. The mixture was centrifuged at 1300during 5 min

and the supernatant was used to determine the concentrations of sucrose (Suc), fructose
(Fru) and glucose (Glu) through NADeduction (Stittet al., 1989; Tretheweyet al.,
1998). The pellet was washed with 1 mL of 80% ethanol, re-suspended with 400 pL
of 1M KOH, incubated at 9& for 60 min and neutralized with 70uL of 1M acetic

acid to determine starch concentration (Tretheweyet al., 1998; Fernie et al., 2001). The
concentrations of malate and fumarate were determined as described by Nunes-Nesiet

al. (2007) and of proteins and amino acids according to Gibon et al. (2004).
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Determination of the concentrations of total soluble phenolics (TSP), lignin-
thioglycolic acid (LTGA) derivatives, malondialdedyde (MDA) and hydrogen
peroxide (H202)

A total of 15 mg of leaf tissue was lyophilized and used to determine the concentrations
of total soluble phenolics and LTGA derivatives according to Dallagnol et al. (2011).
A total of 200 mg of fresh leaf tissue per sample was ground into a fine powder in a
mortar and pestle with liquidNand used to determine the concentrations@htdnd

MDA as described by Cakmak & Horst (1991) and Bispo et al. (2015), respectively.

Determination of enzyme activities involved in the carbon and antioxidative
metabolisms

A total of 300 mg of fresh leaf tissue per sample was ground into a fine powder in a
mortar and pestle with liquid nitrogen to determine the activities ofascorbate
peroxidases (APX, EC 1.11.1.11), catalases (CAT, EC 1.11.1.6), glutathione
peroxidases (GPX, EC 1.11.1.9), glutathione reductases (GR, EC 1.8.1.7), glutathione-
Stransferases (GST, EC 2.5.1.18), peroxidases (POX, EC 1.11.1.7), phenylalanine
ammonia-lyases (PAL, EC 4.3.1.5), polyphenoloxidases (PPO, EC 1.10.3.1) and
superoxide dismutases (SOD, EC 1.15.1.1) according to Bispo et al. (2015). The
activities of sucrose-phosphate synthase (SPS, EC 2.4.1.14), fructose-1,6-
bisphosphatase (FBPase, EC 3.1.3.11), ADP-glucose pyrophosphorylase (AGPase,
EC 2.2.7.27), sucrose synthase (Susy, EC 2.4.1.13) as well as acid and alkaline
invertases (EC 3.2.1.26) were determined according to Praxedes et al. (2006). The
concentration of soluble proteins was determined following the method of Bitadfor

(1976) using bovine serum albumin as a standard.
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Metabolite profiling determined

The metabolite profiling was determined using an established gas chromatography-
mass spectrometry (GC-MS) system. The extraction, derivatization, standard addition
and samples injection were performed as described by Lisec et al. (2006). The
metabolites were identified in comparison to database entries of authentic standards
(Kopka et al., 2005). The metabolite levels were determined in a targeted fashion using
the TargetSearch software package (Cuadros-Inostroza et al., 2009). In order to
determine alterations of selected metabolites and visualize the metabolite profile heat
maps, the package g plots in R and the web-based pipeline MetaboAnalyst version 3.0
was used (Xia et al., 2015).

Experimental design and data analysis

A 3 x 2 factorial experiment (Experiment 1), consisting of three wheat cultiB&-s (

18, EMBRAPA-16 and BRS-Guamirim) and non-inoculated and inoculated plants,
was arranged in a completely randomized design with six replications to evaluate blast
severity and the parameters of leaf gas exchange. Anoth@rfactorial experiment
(Experiment 2), consisting of three wheat cultivars and non-inoculated and inoculated
plants, was arranged in a completely randomized design with six replications to obtain
the leaf samples for the biochemical assays. All experiments were repeated at least
twice. Considering that there was no significant effect of the factors cultivar (C) and
sample time (ST), as well as the interactiorx GT for most of the variables and
parameters evaluated for the non-inoculated plants (Table S1), their values were
averaged per each evaluation and further used as the unique control treatment for the
comparisons with the inoculated plants. Each experimental unit corresponded to a
plastic pot containing six plants. Data from the variables and parameters evaluated

were analyzed by ANOVA and means from the treatments were compared using the
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test ofF, Student’$ and TukeyP<0.05) (SAS version 6.12; SAS Institute, Inc., Cary,

NC).
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Results
Blast severity
Blast severity was significantly influenced by the factors cultivars (C), sampling times
(ST) and the interaction C x ST (Table 1). Blast severity on plants from the three
cultivars were similar on the two experiments=(0.97,P< 0.01) (Fig. 1A). Blast
severity on plants from cultivar BRS-Guamirim was significantly higher by 40% in
comparison to plants from cultivar EMBRAPA-16 at 96 hai. On plants from cultivars
EMBRAPA-16 and BR-18, blast severity was significantly lower by 45 and, 33%
respectively, in comparison to plants from cultivar BRS-Guamirim at 120 hai (Fig.
1B).
Leaf gas exchange parameters
The parameters, gs, Ci andE were significantly influenced by at least one of the
factors studied and their interaction (Table 1). For the non-inoculated plants, there was
no significant difference among cultivars for none of the leaf gas exchange parameters
evaluated regardless of the evaluation time (Fig. SF)gnificantly increased by 23
and 29% for cultivars EMBRAPA-16 and BR-18, respectively, in comparison to
cultivar BRS-Guamirim at 96 hai. At 120 hAisignificantly increased by 32 and 23%
for cultivars EMBRAPA-16 an@8R-18, respectively, in comparison to cultivar BRS-
Guamirim (Fig. 2A). There were significant decreases of 8 and 1434foncultivars
EMBRAPA-16 and BRS-Guamirim, respectively, in comparison to cultivar BR-18
(Fig. 2B). ForCi, there were significant increases of 11 and 1%@¥oclltivars
EMBRAPA-16 and BRS-Guamirim, respectively, in comparison to cultivar BR-18.

A, gs andE significantly decreased at 72, 96 and 120 hai in comparison to 0 hai
regardless of the cultivar (Fig. 2@). significantly decreased at 72 hai in comparison

to O hai regardless of the cultivar (Fig.)2C
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Concentrations of carbohydrates, malate, fumarate and amino acids

The concentrations of carbohydrates (Glu, Fru, Suc and starch), malate, fumarate and
amino acids were significantly influenced by at least one of the factors studied and
their interaction (Table 1). For the non-inoculated plants, there was no significant
difference among cultivars for the concentrations of carbohydrates, malate, fumarate
and amino acids regardless of the evaluation time (Fig. S2). The Glu concentration
significantly increased by 38 and 44%, respectively, for cultivars EMBRAPA-16 and
BRS-Guamirim in comparison to cultivar BR-18 at 0 hai. At 96, Glu concentration
significantly decreased by 75 and 201%, respectively, for cultivars BR-18 and
EMBRAPA-16 in comparison to cultivar BRS-Guamirim. At 120 hai, Glu
concentration significantly decreased by 67 and 40%, respectively, for cultivars BR-
18 and BRS-Guamirim in comparison to cultivar EMBRAPA-16. The Fru
concentration significantly decreased by 188 and 179% at 0 hai, by 59 and 152% at 96
hai and by 45 and 205% at 120 hai for cultivars BR-18 and EMBRAPA-16,
respectively, in comparison to cultivar BRS-Guamirim. At 120 hai, Fru concentration
significantly increased by 53 and 67%, respectively, for cultivars BR-18 and BRS-
Guamirim in comparison to cultivar EMBRAPA-16. The Suc concentration
significantly increased by 38 and 39% at 96 hai and by 47 and 38% at 120 hai for
cultivars BR-18 and BRS-Guamirim, respectively, in comparison to cultivar
EMBRAPA-16. For cultivar BR-18, the starch concentration significantly decreased
by 102% in comparison to cultivar BRS-Guamirim at 72 hai. At O hai, fumarate
concentration significantly increased by 20 and 26%, respectively, for cultivars BR-
18 and EMBRAPA-16 in comparison to cultivar BRS-Guamirim. At 72 hai, fumarate
concentration significantly increased by 37 and 31%, respectively, for cultivars BR-

18 and BRS-Guamirim in comparison to cultivar EMBRAPA-16. At 120 hai, fumarate
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concentration significantly increased by 57 and 49% for cultivars EMBRAPA-16 and
BRS-Guamirim, respectively, in comparison to cultivar BR-18. The amino acids
concentration significantly decreased by 50% for cultivar BR-18 in comparison to
cultivar EMBRAPA-16 at 120 hai.

The Glu, Fru and malate concentrations significantly increased at 72, 96 and
120hai in comparison to 0 hai regardless of the cultivar. The Suc concentration
significantly increased at 72 hai, but decreased at 96 and 120 hai in compafison to
hai regardless of the cultivar. At 72 hai, starch concentration significantly increased in
comparison to 0 hai regardless of the cultivar. In comparison to 0 hai, fumarate
concentration significantly increased at 72 hai only for cultivars BR-18 and BRS-
Guamirim and at 96 hai for all cultivars, but significantly decreased only for cultivar
BR-18 at 120 hai. In comparison to 0 hai, the amino acids concentration significantly
increased at 96 hai regardless of the cultivar and at 120 hai only for cultivars

EMBRAPA-16 and BRS-Guamirim.

Activities of enzymes involved in the carbon metabolism

The SPS, acid invertase, alkalin invertase, SuSy, AGPase and FBPase activities were
significantly influenced by at least one of the factors studied and their interaction
(Table 1). For the non-inoculated plants, there was no significant difference among
cultivars for none of the enzymes involved in the carbon metabolism regardless of the
evaluation time (Fig. S3). At 0 hai, SPS, alkaline invertase, SuSy, AGPase and FBPase
activities were significantly reduced by 37, 35, 93, 72 and 41% for cultivar
EMBRAPA-16 and by 27, 33, 43, 51 and 106% for cultivar BRS-Guamirim,
respectively, in comparison to cultivar BR-18. At 72 hai, alkaline invertase and
AGPase activities were significantly reduced by 53 and 128% for cultivar EMBRAPA-

16 and by 27 and 39% for cultivar BRS-Guamirim, respectively, in comparison to
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cultivar BR-18. At 96 hai, FBPase activity was significantly reduced by 68 and 46%,
respectively, for cultivars EMBRAPA-16 and BRS-Guamirim in comparison to
cultivar BR-18. The SPS activity significantly decreased by 75 and 32% for cultivars
BR-18 and BRS-Guamirim, respectively, in comparison to cultivar EMBRAPA-16 at
72 hai. The SPS activity significantly decreased by 33% for cultivar BR-18 in
comparison to cultivar BRS-Guamirim at 72 hai. The acid invertase activity
significantly decreased by 33 and 30% at 96 hai, respectively, for cultivars BRR}18 a
EMBRAPA-16 in comparison to cultivar BRS-Guamirim. The alkaline invertase
activity significantly decreased by 114 and 43%, respectively, for cultivars BR-18 and
BRS-Guamirim in comparison to cultivar EMBRAPA-16 at 96 hai. The SuSy activity
significantly decreased by 35% for cultivar EMBRAPA-16 in comparison to cultivar
BRS-Guamirim at 0 hai. The SuSy activity was significantly increased by 69 and 71%,
respectively, for cultivars BR-18 and BRS-Guamirim in comparison to cultivar
EMBRAPA-16 at 72 hai and by 68 and 61% for cultivars EMBRAPA-16 and BRS-
Guamirim, respectively, in comparison to cultivar BR-18 at 96 hai. The AGPase
activity significantly decreased by 64% for cultivar EMBRAPA-16 in comparison to
cultivar BRS-Guamirim at 72 hai. The FBPase activity significantly decreased by 46%
for cultivar BRS-Guamirim in comparison to cultivar EMBRAPA-16 at O hai.

In comparison to 0 hai, SPS activity significantly increased only for cultivars
EMBRAPA-16 and BRS-Guamirim at 72 and 96 hai and for all cultivars at 120 hai.
At 72 and 120 hai, acid invertase, alkaline invertase and SuSy activities increased for
all cultivars in comparison to 0 hai. At 96 hai, acid invertase activity increased for all
cultivars in comparison to 0 hai. In comparison to 0 hai, AGPase activity significantly
increased only for cultivars EMBRAPA-16 and BRS-Guamirim and the FBPase

activity significantly increased only for cultivar BRS-Guamirim at 120 hai.
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Activities of enzymes involved in the antioxidative metabolism

The APX, CAT, POX, SOD, GPX, GR and GST activities were significantly
influenced by at least one of the factors studied and their interaction (Table 1). For the
non-inoculated plants, there was no significant difference among cultivars for none of
the enzymes involved in the antioxidative metabolism regardless of the evaluation time
(Fig. S4). POX activity significantly increased by 39 and 36%, respectively, for
cultivars EMBRAPA-16 and BRS-Guamirim in comparison to cultivar BR-18 at 72
hai, by 37% for cultivar BRS-Guamirim in comparison to cultivar BR-18 at 96 hai and
by 88% for cultivar EMBRAPA-16 in comparison to cultivar BRS-Guamirim at 120
hai. GPX activity significantly increased by 57% for cultivar BR-18 in comparison to
cultivar BRS-Guamirim at 0 hai and by 82 and 85%, respectively, for cultivars BR-18
and BRS-Guamirim in comparison to cultivar EMBRAPA-16 at 72 hai. There were
significant decreases of 93 and 85% for GPX activity at 96 hai and of 436 and 353%
at 120 hai, respectively, for cultivars BR-18 and BRS-Guamirim in comparison to
cultivar EMBRAPA-16. GR activity significantly decreased by 120 and 217% at O hai
and by 144 and 55% at 96 hai, respectively, for cultivars BR-18 and BRS-Guamirim
in comparison to cultivar EMBRAPA-16. There were significant increases of 51 and
38% at 72 hai and of 26 and 39% at 120 hai, respectively, for cultivars EMBRAPA-
16 and BRS-Guamirim in comparison to cultivar BR-18. GR activity significantly
increased by 36% for cultivar BRS-Guamirim in comparison to cultivar BR-18 at 96
hai. GST activity significantly decreased by 120 and 73% at O hai and by 68 and 27%
at 96 hai, respectively, for cultivars EMBRAPA-16 and BRS-Guamirim in comparison
to cultivar BR-18. GST activity significantly increased by 24% for cultivar BRS-
Guamirim in comparison to cultivar EMBRAPA-16 at 96 hai and by 35% for cultivar

EMBRAPA-16 in comparison to cultivar BR-18 at 72 hai.
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In comparison to 0 hai, APX and CAT activities did not significantly increase
only for cultivars BR-18 and EMBRAPA-16 at 72 hai. At 72, 96 and 120 hai, POX
activity significantly increased in comparison to 0 hai regardless of the cultivar. In
comparison to 0 hai, GPX activity did not significantly increase only for cultivar BRS-
Guamirim at 72 hai and for cultivars BR-18 and BRS-Guamirim at 120 hai. At 72 hai,
GR and GST activities significantly increased only for cultivars BRS-Guamirim and
EMBRAPA-16 in comparison to O hai. In comparison to 0 hai, GR activity
significantly increased for all cultivars at 96 and 120 hai. At 120 hai, GST activity

significantly increased only for cultivar EMBRAPA-16 in comparison to 0 hai.

Concentrations of HO2 and MDA
The concentrations of 4@, and MDA were significantly influenced by at least one of
the factors studied and their interaction (Table 1). For the non-inoculated plants, there
was no significant difference among cultivars for the concentrationgfahd MDA
regardless of the evaluation time (Fig. S4). The concentration®@f $ignificantly
decreased by 66 and 83% for cultivars BR-18 and BRS-Guamirim, respectively, in
comparison to cultivar EMBRAPA-16 at 96 hai. At 120 hai, the concentratiop@f H
significantly increased by 52 and 55% for cultivars EMBRAPA-16 and BRS-
Guamirim, respectively, in comparison to cultivar BR-18. The MDA concentration
significantly increased by 29 and 26% at 72 hai and by 40 and 30% at 96 hai for
cultivars EMBRAPA-16 and BRS-Guamirim in comparison to cultivar BR-18.

In comparison to 0 hai, 8. concentration significantly increased only for
cultivar EMBRAPA-16 at 96 hai and for cultivars EMBRAPA-16 and BRS-Guamirim
at 120 hai. In comparison to 0 hai, MDA concentration significantly increased only for

cultivar EMBRAPA-16 at 96 hai and for all cultivars at 120 hai.
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Concentrations of TSP and LTGA derivatives and the PAL and PPO activities

The concentrations of TSP and LTGA derivatives and the activities of PAL and PPO
were significantly influenced by at least one of the factors studied and their interaction
(Table 1) For the non-inoculated plants, there was no significant difference among
cultivars for the concentrations of TSP and LTGA derivatives as well as for the
activities of PAL and PPO regardless of the evaluation time (Fig. S5). The TSP
concentration significantly increased by 22 and 28% for cultivars BR-18 and BRS-
Guamirim, respectively, in comparison to cultivar EMBRAPA-16 and by 7% for
cultivar BRS-Guamirim in comparison to cultivar BR-18 at 0 hai. At 120 hai, the TSP
concentration significantly increased by 20% for cultivar EMBRAPA-16 in
comparison to cultivar BRS-Guamirim. The LTGA derivatives concentration
significantly increased by 23 and 37% at O hai and by 23 and 24% at 96 hai,
respectively, for cultivars EMBRAPA-16 and BRS-Guamirim in comparison to
cultivar BR-18. The LTGA concentration significantly increased by 19 and 9% at O
and 120 hai, respectively, for cultivar BRS-Guamirim in comparison to cultivar
EMBRAPA-16. The LTGA concentration significantly increased by 13 and 36%,
respectively, for cultivars BR-18 and EMBRAPA-16 in comparison to cultivar BRS-
Guamirim at 72 hai. The LTGA concentration significantly decreased by 59 and 44%,
respectively, for cultivars EMBRAPA-16 and BRS-Guamirim in comparison to
cultivar BR-18 at 120 hai. PAL activity significantly decreased by 52 and 72% at O ha
and by 111 and 72% at 96 hai, respectively, for cultivars EMBRAPA-16 and BRS-
Guamirim in comparison to cultivar BR-18. At 72 hai, PAL activity significantly
decreased by 156 and 167%, respectively, for cultivars BR-18 and BRS-Guamirim in
comparison to cultivar EMBRAPA-16. PPO activity significantly decreased by 29 and

61%, respectively, for cultivars BR-18 and BRS-Guamirim in comparison to
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EMBRAPA-16 and by 25% for cultivar BRS-Guamirim in comparison to cultivar BR-
18 at 0 hai. PPO activity significantly increased by 47 and 42% at 72 hai and by 19
and 32% at 96 hai, respectively, for cultivars EMBRAPA-16 and BRS-Guamirim in
comparison to cultivar BR-18. PPO activity significantly increased by 27% for cultivar
EMBRAPA-16 in comparison to cultivar BRS-Guamirim at 72 hai and significantly
decreased by 47 and 33% for cultivars EMBRAPA-16 and BRS-Guamirim,
respectively, in comparison to cultivar BR-18.

In comparison to 0 hai, the TSP and LTGA derivatives concentrations did not
significantly increase only for cultivar BRS-Guamirim at 72 hai. The TSP
concentration significantly increase only for cultivar BR-18 at 96 hai and for cultivars
BR-18 and BRS-Guamirim at 120 hai in comparison to 0 hai.The LTGA derivatives
concentration significantly increased only for cultivar EMBRAPA-16 at 96 hai and for
cultivars BR-18 and EMBRAPA-16 at 120 hai in comparison to 0 hai. PAL activity
did not significantly increase only for cultivar EMBRAPA-16 at 72 hai, but
significantly increased for all cultivars at 120 hai in comparison to 0 hai. The PPO
activity did not significantly increase only for cultivar BR-18 at 72 hai and for cultivars
BR-18 and EMBRAPA-16 at 96 hai in comparison to 0 hai.

Metabolic profile

The levels of the metabolites classified in the groups of amino acids, organic acids,
sugars, sugar-alcohols and polyamines were significantly influenced by at least one of
the factors studied and their interaction (Table BPhe metabolite profile of
theinoculated plants from the three cultivars resulted in the identification of
57annotated metabolites which inohadl8 amino acids, 19 organic acids, 11 sugars,

7 sugar alcohols and 2 polyamines. The significance in terms of abundance of the non-

identified metabolites associated factors (cultivars and sampling times and their
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interaction) are shown in Table 2 and Fig. 7A, C and E.Considerable differences in the
levels of amino acids were found for the inoculated plants. The levels of alanine
arginine, cysteine, glutamine, histidine, homoserine, isoleucine, leucine, methionine,
ornithine, phenylalanine, proline, tryptophan and valine were higher on the leaves of
plants from the 3 cultivars at 96 and 120 hai in comparison to the non-inoculated plants
(0 hai). There was a significant increase in the level of glycine only at 72 hai regardless
of the cultivar. For plants from cultivars EMBRAPA-16 and BRS-Guamirim, the level

of serine vashigher at 72 and 96 hai and the level of thymine at 120 hai (Fig. 7B). In
comparison to plants from cultivars EMBRAPA-16 and BRS-Guamirim, plants from
cultivar BR-18 showed higdr increases in the levels of butanoic acid, fumaric acid,
gluconic acid, glutaric acid, guanosine, malonic acid, malic acid, ribonic acid and
succinic acid at 96 and 120 hai. On the other hand, significant reductions in the levels
of aconitic acid, glycolic acid and citric acid occurred at 72, 96 and 120 hai forplants
from cultivars EMBRAPA-16 and BRS-Guamirim in comparison to the non-
inoculated plants from these cultivars. For cultivar BR-18 at 120 hai, the levels of
cinnamic acid and oxaloacetate were higher in contrast to the other two cultivars (Fig.
7D). For inoculated plants from the three cultivars, there were significant reductions
in the levels of inositol, loganin, sorbitol, galactinol and raffinose at 120 hai in
comparison to the non-inoculated plants. The levels of fructose, glucose, mannose,
mannitol, arabinose, idose, erythritol and ribose were high for the inoculated plants
from cultivarsBR-18 and BRS-Guamirim. The levels of mannitol, idose, erythritol
and ribose were higher only for plants from cultivar EMBRAPA-16 at 120 hai.
Considerable increases in the levels of sophorose, glycerol and maltose occurred for

inoculated plants from cultiva8R-18 (Fig. 7F).
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The relative content of putrescine significantly decreased by 82 and 64% at 72
hai and by 67 and 93% at 96 hai for cultivars BR-18 and EMBRAPA-16 in comparison
to cultivar BRS-Guamirim. At 120 hai, the relative content of putrescine significantly
increased by 50 and 53%, respectively, for cultivars BR-18 and BRS-Guamirim in
comparison to cultivar EMBRAPA-16. At 72 hai, the relative content of spermidine
significantly increased by 32 and 35%, respectively, for cultivars BR-18 and BRS-
Guamirim in comparison to cultivar EMBRAPA-16 (Fig. S6).

In comparison to 0 hai, therelative content of putrescine significantly increased for all
cultivars at 72, 96 and 120 hai. In comparison to 0 hai, therelative content of
spermidine significantly increase for all cultivars at 72 hai, only for cultivars BR-18

and EMBRAPA-16 at 96 hai and only for cultivar BR-18 at 120 hai (Fig. S6).
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Discussion
The present study brings novel insights into the alterations on the leaves of wheat
plants from three cultivars differing on their basal level of resistance to blast at
biochemical, physiological and metabolic levels upon being infecteld. loyyzae.
Currently, wheat blast management is based on the use of cultivars with a desirable
level of resistance in association with fungicides application (Cruz et al., 2010;
Castroagudin et al., 2015; Rios et al., 2016). However, alterations in the genetic
structure of populations oP. oryzae, in conjunction with the occurrence of
environmental conditions favorable for blast epidemics in most of the wheat growing
regions, put the release of cultivars with high level of partial resistance at increased
risk for becoming more susceptible to the disease (Castroagudin et al., 2016; Cruz et
al., 2016; Maciel et al., 2014). In the present study, the cultivars BR-18, EMBRAPA-
16 and BRS-Guamirim showed differential response to blast being the cultivar BRS-
Guamirim more susceptd to blast in comparison to cultivarBR-18 and
EMBRAPA-16 confirming, therefore, their level of partial resistance to the disease as
previousy reported (Maciel et al., 2008; Cruz et al., 2010).

Since the beginning of fungal infection, reductionthe values dfcoupled with
the lower values for botlys andE were more evident for cultivar BRS-Guamirim,
considered to be the most susceptible to blast, in contrast to cui®ai8 and
EMBRAPA-16. It has been reported that an increase on blast severity was negatively
correlated with botlA andgs suggesting, thereforthe deleterious effect d?. oryzae
infection to lower tle photosynthetic performance of the plants (Debona et al., 2014;
Aucique-Pérez et al., 2014). Additionally, the increase inGhealues at advanced
stages of fungal infection, especially for cultivar BRS-Guamirim, coefirtie

biochemical limitationghat were associated with the reduction of Rubisco activity to
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restrict the CQ@influx into the carboxylation sites in the chloroplasts (Debona et al.,
2014). This finding corroborates with what was reported for the nSpecarpella
macrospora, riceP. oryzae and oil palmPhytophthora palmivora interactions
(Moreno-Chacon et al., 2013, Bermudez-Cardona et al., 2015; Domiciano et al., 2015).
Moreover, the reduced photosynthetic performance of the infected plants was
associated with both structural and functional damage to the photochemical
machinery. For the whe&-oryzae interaction, there was a chronic photoinhibition of
the photosynthesis (lowé/Fm values) coupled to decreases in the efficiency of the
excitation energy captured by the open PSII reaction centers foWier’ values as
well as perturbation in the electron transfer rate (Id&ER values) and higher non-
photochemical quenching (high NPQ values) (Aucique-Pérez et al., 2014).
Perturbations in th&CO, assimilation on leaves infected by pathogens are
coupled with changes in the carbohydrate metabolism in a way of manipulate the
host’s physiologyin benefit of the pathogen to acquirethe necessary nutrients to infect
the tissues successfully (Major et al., 2010). In the present study, different events
determined the alterations onthe carbohydrate metabolism of the infected plants.
During the asymptomatic phase Bf oryzae infection (from 24 to 72 hai), high
concentrations of sucrose and starch and greater SPS and AGPase activities (except
FBPase) were the common features for the three cultivars. An increase in the
concentrations of sucrose, glucose and fructose was noticed on the leaves of different
grasses before the occurrence of blast symptoms (Parker et al., 2009). This finding
corroborates with the decrease in fhealues on leaves infected by many pathogens
and the accumulation of carbohydrates disrupts, therefore, the translocation of
assimilates to the sink sources (Berger et al., 2004; Moreno-Chacén et al.,T2@13).

susceptibility of mango plants from cultivar Palmer cultivar to infection by
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Ceratocystis fimbriata was associated with spatial and temporal inability of the
infected plants to mobilize the carbon skeletons necessary for the production of
compounds related to host defense and their reduced photosynthetic performance
(Bispo et al., 2016).

Here, higher activities of SuSy, acid invertase and alkaline invertase on infected
leaves of plants from the three cultivars correspondedto an increase in the pools of
glucose and fructose and ardecrease on the export of assimilates from the infected
tissues. This findings confirms the importance for plants of maintaining a high
invertase activity upon infection by pathogens (Biemelt and Sonnewald, 2006; Bolton,
2009; Bispo et al., 2016). The repression of invertase in the roots of tobacco plants
impaired and delayed defence-related processes in respongytiaphthora
nicotianae infection suggesting the importance of hexoses as a component of the
signaling system during host defense (Essmann et al., 2008). However, pathogens are
able to use sucrose from their hosts as a source of hexoses due to the action of
sucrolytic enzymesa fact that establishes a dichotomy of the origin of hexoses during
the infection process of the pathogens (Bolton, 2009). In the leaves of sunflower
infected withSclerotinias clerotiorum, the decrease in the concentration of sucrose
was linked with the expression of the genes coding for invertase and its corresponding
enzyme (Jobic et al., 2007). The manipulation of the metabolism of plants by the
effectors released during the infection process of pathogens may suppress the invertase
activity in order to prevent hexose-mediated defense signaling (Biemelt and
Sonnewald, 2006). The relationship between an increase on invertase activity and the
success of the infection of a certain pathogen on its host need to be better investigated

(Berger et al., 2007).
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The inositol, galactinol, raffinose and sorbitol are involved in helping plants
suffering from osmotic stress (Nishizawa et al., 2008). In the present study, reduction
in the abundance of these metabolites were related to the metabolic failure of wheat
plants to counteract agairidt oryzae infection coupled with their lower antioxidant
capacity that was not sufficient to minimize the metabolic problems.

Plants respond against pathogen infection through the generation of reactive
oxygen species (ROS), especially the hydrogen peroxige,JKTorres et al., 2006;
Torres, 2010)At the beginning of the infection process, the ROS are involved in the
activation of host defense mechanisms, but can show antimicrobial properties at
advanced stages of pathogen infection (Heller and Tudzynski, 2011). An imbalance on
water status on the plant tissues andith&ation on the concentration &fO; in the
chloroplasts coupled with an excess of light andiecrease in the consumption of
electrons released by the oxidation ofwater during the photochemical process favor the
formation and accumulation of ROS in the steelgslants (Das and Roychoudhury,
2014). In the present study, the increase in tf@ldoncentration on the leaves of
infected plants from cultivars BRS-Guamirim and EMBRAPA-16 at advanced stages
of fungal infection was associated with lower activities of SOD, APX, CAT and POX
involved in the metabolism of the ROS. Therefore, the inability of the antioxidant
metabolism of the infected plants to metabolize the excesg®bfdfieatly contributed
to the increase in the MDA concentration. High blast severity on plants from a
susceptible cultivar was associated with the lower antioxidant capacity of these plants
(reduced activities of SOD, POX, APX, GST, GR, and CAT) in contrast to plants from
a more resistant cultivar (Debona et al., 2012). In the present study, increases in APX,
CAT, POX, SOD, GR and GST activities occurred on plants from the three cultivars

at 72 hai explaining, therefore, the reduced concentrations of bgh &hd MDA that

87



resembled the non-inoculated plants. This finding indicates an early participation of
these enzymes to counteract the deleterious actiBnanfzae infection, which were

of less importance as the disease developed. On plants from cultivar EMBRAPA-16,
blast severity was reduced due to the greater antioxidant capacity of these plants in
comparison to the other cultivars. This finding confitiveg an efficient antioxidative
system that relieve the oxidative stress genert@dyzae infection is an important
component of wheat resistance to blast (Debona et al., 2012). On plants suffering from
biotic stress, the GPX plays a pivotal role in the biosynthesis of lignin as well as
preventing the degradation of indole acetic acid by usip@.Hn the process.
Meanwhile, the GR activity is of crucial importance on the ASC-GSH cycle for being
involved in the formation of a disulfide bond in glutathione disulfide in order to
maintain a high cellular GSH/GSSG ratio (Das and Roychoudhury, 2014). According
to Ge et al. (2013), the GR activity in the leaves of melon plants from a resistant
cultivar was higherin response @olletotrichum lagenarium infection. In the present
study, the GPX and GR activities were considerably higher on infected plants from
cultivar EMBRAPA-16 confirming its high level of resistance to blast.

The production of defense compounds by plants to relieve the negative effects
of both abiotic and biotic types of stress demand a great amount of carbon skeletons
and nutrients from primary metabolism, therefore a balance between the allocation of
photoassimilates and nutrients must exist between plant growth and their strategies for
defense (Sumbele et al., 2012). Thehenylalanine is converted toans-cinnamic
acid by PAL resulting, therefore, in the synthesis of various phenolics with the lignin
as the final product (Campbell and Sederoff, 1996). PPO and POX are involved in the
polymerization of phenolics that culminates in the production of lignin (Mohammadi

and Kazemi, 2002). According to the present study, the increase in the concentrations
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of TPS and LTGA derivatives for plants from cultivars EMBRAPA-16 BRd18 was
supported by the greater PAL and PPO activities, especially in the former cultivar. An
increase of 9 folds in the expression of the g&ewas noticed on the leaves of wheat
plans infected witl®. oryzae confirming, therefore, the importance of the PAL enzyme

for wheat resistance to blast (Cruz et al. 2016). Cai et al. (2008) found that reduced
blastseverity on rice plants from an isogenic line was associated with higher PAL and
PPOactivities and great lignin concentration.

The analyses of the metabolic profile of plants is an interesting way to better
understand the mechanisms involved in their resistance when exposed to conditions of
abiotic or biotic stress. Comparative metabdtoanalyses of rice and other grasses
with blast symptoms highlights that the biochemical alterations were conserved in the
different host species ®yricularia sp. (Parker et al., 2009; Jones et al., 2011). In the
present study, the levels of amino acids, organic acids and sugar were raised on the
infected leaves indicating that the metabolism of plants was reprogrammed and
confirms what was reported for the riBeoryzae and Brachypodium distachyon-P.
grisea interactions (Parker et al., 2009; Jones et al., 2011). It is important to stress out
that the differential response of the three wheat cultivars adinsyzae infection
allowed to confirm their resistance or susceptibility to blast based on the analyses of
the metabolic profile.

The amino acid metabolism has been associated with the resistance of plants to
pathogens (Zeier, 2013). In the present study, thelevels of amino acids derived from
glycolytic intermediatesg(g. alanine, cysteine, phenylalanineand valine) were greater
for infected plants from cultivarBR-18 and BRS-Guamirim in comparison to their
counterparts. Likewise, the levels of methionine, proline, histidine and tryptophan also

increased for infected plants from cultiv®R-18 and BRS-Guamirim in comparison
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to their counterparts. Rice plants were more susceptible adgaingtisea and
Rhizoctonia solani due to an increase in the levels of glutamate, glutamine, aspartate,
pyruvate, GABA, glycine, histidine, phenylalanine, serine, tryptophan and tyrosine
(Parker et al., 2009; Suharti et al., 2016). According to Salomon et al. (2003), high
levels of methionine, arginine, tryptophan, cysteine, proline and histidine were
important for the nutrition of biotrophic pathogens on their hosts. It is plausible to
hypothesize that at the hemibiotrophic phade. ofyzae, there will be a manipulation

of the wheat plants by the fungus to obtain the necessary amino acids to favor infection
and, consequently, a greater disease development.

Polyamines are amines involved in the control of cells division, plant growth,
differentiation of leaves and flowers as well as in the host defense responses against
pathogens infection (Aribaud et al., 19%alters, 2003). In the present study, it was
observed drastic alterations in the metabolism of polyamines on infected leaves,
especially for plants from cultivar BRS-Guamirim which culminated with great levels
of putrescine and spermidine and with their precursor ornithine. It can be salygest
that both putrescine and spermidine were rapidly accumulated in the infected leaf
tissues and reflected in a more susceptibility of plants to blast, especially from cultivar
BRS-Guamirim. An increase in the level of putrescine occurred in the rodtgpafma
at advanced stage dPhytophthora palmivora infection whereas the levels of
spermidine and spermine were kept at high levels during the entire infection process
of the pathogen (Moreno-Chacoén et al., 2013). For many host-pathogen interactions,
the accumulation of ¥D> on infected tissues results from the polyamines catabolism
and nitric oxide due to the induction of spermine/spermidine signaling pahway

(Walters, 2003; Yamasaki and Cohen, 2006; Hussain et al., 2011).
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In comparison to the non-inoculated plants, the metabolism of organic acids was
not a common pattern among cultivars even though some metabolites showed slight
increase on their levels during the infection proced$a ofyzae. For cultivarBR-18,
some metabolic intermediates of the TCA cycle such asoxaloacetic acid, malic acid,
fumaric acid and succinic acid increased their levels on infected leaves, but for
cultivars EMBRAPA-16 and BRS-Guamirim the levels of these metabolites was kept
stable or tended to decrease during the infection procdasoojzae. Reductions in
the levels of citric acid and aconitic acid on plants from cultivars EMBRAPA-16 and
BRS-Guamirim suggested that the TCA cycle was compromised with consequent
reduction in the levels of other metabolites necessary for the synthesis of amino acids
that are possibly involved in host defense responses. Interestingly, the continuous
accumulation of malate on infected leaves indicated the importance of this metabolite
as a source of energy to keep the several metabolic processes active (Casati et al.,
1999). From the malate catabolism, £/@yruvate and NADPH are produced which
become important for respiration and compounds related to host defense such as
phenolics, lignin and flavonoids (Casati et al., 1999). Paker et al. (2009) reported that
an increasein the number of TCA cycle intermediates occurred during the
asymptomatic phase @&. oryzae on rice leaves and indicated the capacity of the
fungus to reprogram the metabolism of its host as well as to promote the transport of
metabolites to the non-colonized tissues.

The results from the present study allow to conclude that the infection of wheat
leaves byP. oryzae induced remarkable disturbances in the primary metabolism and
some of them were conserved among the cultivars regardless of their basal level of
resistance to blast. Moreover, for the most resistant cultivar, low concentrations of

sucrose and starch, less damage to the photosynthesis and an improved antioxidative
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metabolism that lowered the production of ROS allowed the plants to better counteract
againstP. oryzae infection through an investment in mechanisms of defense such as

greater PAL and PPO activities and the high concentrations of phenolics and lignin.
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different ( < 0.05) according to Tukey’s test. Bars represent the standard deviation of
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Figure 2Net CQ assimilation rateA) (A), stomatal conductance to water vapmj (

(B), internal CQ concentration@;) (C) and transpiration rat&) (D) determined in

the leaves of wheat plants from cultivars BR-18, EMBRAPA-16 (EMB-16) and BRS-
Guamirim (BRS-G) non-inoculated (0 hours after inoculation (hai) or at 72, 96 and
120 hai withPyricularia oryzae. Means from the three cultivars, at each evaluation
time, followed by different letters are significantly differeRt< 0.05) according to
Tukey’s test.For each parameter, mean from each cultivar at 72, 96 and 120 hai with

an asterisk (*) is significantly different from the respective cultivar at 0 hai according

to Ftest P<0.05).Bars represent the standard deviation of means. n = 6.

Figure 3. Concentrations of glucose (A), fructose (B), sucrose (C), starch (D), malate
(E), fumarato (F) and amino acids (G) in the leaves of wheat plants from cuiRars

18, EMBRAPA-16 (EMB-16) and BRS-Guamirim (BRS-G) non-inoculated (0 hours
after inoculation (hai) or at 72, 96 and 120 hai vAtmicularia oryzae. Means from

the three cultivars, at each evaluation time, followed by different letters are
significantly different P <0.05) according to Tukey’s test. For each parameter, mean

from each cultivar at 72, 96 and 120 hai with an asterisk (*) is significantly different
from the respective cultivar at O hai accordind-ttest P < 0.05).Bars represent the

standard deviation of meams= 6. DW = dry weight.

Figure 4. Activities of sucrose-phosphate synthase (SPS) (A), acid invertase (B),
alkaline invertase (C), sucrose synthase (Susy) (D), ADP-glucose pyrophosphorylase
(AGPase) (E) and fructose 1,6-bisphosphatase (FBPase) (F) in the leaves of wheat

plants from cultivars BR-18, EMBRAPA-16 (EMB-16) and BRS-Guamirim (BRS-G)
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non-inoculated (0 hours after inoculation (hai) or at 72, 96 and 120 hai with
Pyricularia oryzae. Means from the three cultivars, at each evaluation time, followed
by different letters are significantly differem € 0.05) according to Tukey’s test. For

each parameter, mean from each cultivar at 72, 96 and 120 hai with an asterisk (*) is
significantly different from the respective cultivar at 0 hai according test P <

0.05).Bars represent the standard deviation of mean$. FW = fresh weight.

Figure 5. Activities of ascorbate peroxidase (APX) (A), catalase (CAT) (B),
peroxidase (POX) (C), superoxide dismutase (SOD) (D), glutathione peroxidase
(GPX) (E), glutathione reductase (GR) (F) and glutathitr@nsferase (GST) (G) as
well as concentrations of hydrogen peroxided@kJ(H) and malondialdehyde (MDA)

(D) in the leaves of wheat plants from cultivars BR-18, EMBRAPA-16 (EMB-16) and
BRS-Guamirim (BRS-G) non-inoculated (O hours after inoculation (hai) or at 72, 96
and 120 hai witlPyricularia oryzae. Means from the three cultivars, at each evaluation
time, followed by different letters are significantly differeRt< 0.05) according to
Tukey’s test. For each parameter, mean from each cultivar at 72, 96 and 120 hai with

an asterisk (*) is significantly different from the respective cultivar at 0 hai according
to F test P < 0.05).Bars represent the standard deviation of means. n = 6. FW = fresh

weight.

Figure 6. Concentrations of total soluble phenols (TSP) (A) andlignin-thioglycolic
acid derivatives (LTGA; B) as well as activities of phenylalanine ammonia-lyases
(PAL) (C) and polyphenoloxidases (PPO) (D) in the leaves of wheat plants from
cultivars BR-18, EMBRAPA-16 (EMB-16) and BRS-Guamirim (BRS-G) non-
inoculated (0 hours after inoculation (hai) or at 72, 96 and 120 haiPwitbularia

oryzae. Means from the three cultivars, at each evaluation time, followed by different
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letters are significantly differentP(< 0.05) according to Tukey’s test. For each
parameter, mean from each cultivar at 72, 96 and 120 hai with an asterisk (*) is
significantly different from the respective cultivar at 0 hai according test P <

0.05).Bars represent the standard deviation of mean$. FW = fresh weight.

Figure 7. Metabolic profiles of amino acids, organic acids, sugars and sugar-alcohols
in the leaves of wheat plants from cultivars BR-18, EMBRAPA-16 (EMB-16) and
BRS-Guamirim (BRS-G)] non-inoculated (0 hours after inoculation (hai) or at 72, 96
and 120 hai wittPyricularia oryzae. Heat maps represent the significant changes in
metabolites for each cultivar at 0, 72, 96 and 120 hai) (B, D and F). Normalized signal
intensities (log transformed) can be visualized as a color spectrum and the scale from
least abundant to highest ranges is from -3.0 or -2.0 to 2.0 or 3.0. The red and green
colors of thetitle indicate, respectively, high and low abundance of the detected
metabolites. Venn diagram shows the amount of metabolites that are signifi€antly (
<0.05) for the factors cultivar, sampling time and their interaction for amino acids (A),

organic acids (C) and sugars and sugar-alcohols (E).
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Supplementary Material

Table and Figures

Table S1.Analysis of variance of the effects of cultivars (C), sampling times (ST) and
the interaction C x ST for non-inoculated plants on leaf gas exchange parameters (net
CO, assimilation rate 4], stomatal conductance to water vapgd,[internal CQ
concentration@i] and transpiration raté]); concentration of carbohydrates (glucose,
fructose, sucrose and starch), malate, fumarate and amino acids; activities of enzymes
involved in the carbon metabolism (acid invertase, alkaline invertase, sucrose-
phosphate synthase [SPS], sucrose synthase [SuSy], fructose-1,6-bisphosphatase
[FBPase] and ADP-glucose pyrophosphorylase [AGPase]) and in the antioxidative
metabolism (ascorbate peroxidase [APX], catalase [CAT], peroxidase [POX],
superoxide dismutase [SOD], glutathione peroxidase [GPX], glutathione reductase
[GR] and glutathionestransferase [GST]); concentrations of hydrogen peroxide
(H202), malondialdehyde (MDA), total soluble phenolics (TSP) and lignin-
thioglycolic acid (LTGA) derivatives as well as activities of phenylalanine ammonia-

lyases (PAL) and polyphenoloxidases (PPO).

Figure S1.Net CQ assimilation rateA) (A), stomatal conductance to water vapor

(9s) (B), internalCO; concentration@) (C) and transpiration rat&) (D) determined

in the leaves of wheat plants from cultivars BR-18, EMBRAPA-16 (EMB-16) and
BRS-Guamirim (BRS-G) non-inoculated wiRyricularia oryzae. Plants from each
cultivar were evaluated at the same time as for the inoculated plants (72, 96 and 120

hours after inoculation). Bars represent the standard deviation of mea#s.

Figure S2.Concentrations of glucose (A), fructose (B), sucrose (C), starch (D), malate

(E), fumarato (F) and amino acids (G) determined in the leaves of wheat plants from
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cultivars BR-18, EMBRAPA-16 (EMB-16) and BRS-Guamirim (BRS-G) non-
inoculated withPyricularia oryzae. Plants from each cultivar were evaluated at the
same time as for the inoculated plants (72, 96 and 120 hours after inoculation). Bars

represent the standard deviation of means6.

Figure S3. Activities of sucrose-phosphate synthase (SPS; A), acid (B), alkaline
invertase (C), sucrose synthase (Susy; D), ADP-glucose pyrophosphorylase (AGPase;
E) and fructose 1,6-bisphosphatase (FBPase; F) determined in the leaves of wheat
plants from cultivars BR-18, EMBRAPA-16 (EMB-16) and BRS-Guamirim (BRS-G)
non-inoculated wittPyricularia oryzae. Plants from each cultivar were evaluated at

the same time as for the inoculated plants (72, 96 and 120 hours after inoculation).

Bars represent the standard deviation of meanss.

Figure S4. Activities of ascorbate peroxidase (APX) (A), catalase (CAT) (B),
peroxidase (POX) (C), superoxide dismutase (SOD) (D), glutathione peroxidase
(GPX) (E), glutathione reductase (GR) (F), glutathione-S-transferase (GST) (G) as
well as concentrations of hydrogen peroxide(ki(H) and malondialdehyde (MDA)
(Ddetermined in the leaves of wheat plants from cultivars BR-18, EMBRAPA-16
(EMB-16) and BRS-Guamirim (BRS-G) non-inoculated wRirricularia oryzae.

Plants from each cultivar were evaluated at the same time as for the inoculated plants
(72, 96 and 120 hours after inoculation). Bars represent the standard deviation of

meansn = 6.

Figure S5.Concentrations total soluble phenols (TSP) (A) andlignin-thioglycolic acid
derivatives (LTGA,; B) as well as activities of phenylalanine ammonia-lyases (PAL)
(C) and polyphenoloxidases (PPO) (D) determined in the leaves of wheat plants from

cultivars BR-18, EMBRAPA-16 (EMB-16) and BRS-Guamirim (BRS-G) non-
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inoculated withPyricularia oryzae. Plants from each cultivar were evaluated at the
same time as for the inoculated plants (72, 96 and 120 hours after inoculation). Bars

represent the standard deviation of means6.

Figure S6.Relative concentrations of putrescine (A) and spermidine (B) on the leaves
of wheat plants from cultivars BR-18, EMBRAPA-16 (EMB-16) and BRS-Guamirim
(BRS-G) non-inoculated (0 hours after inoculation (hai) or at 72, 96 and 120 hai with
Pyricularia oryzae. Means from the three cultivars, at each evaluation time, followed
by different letters are significantly differem® € 0.05) according to Tukey’s test. For

each parameter, mean from each cultivar at 72, 96 and 120 hai with an asterisk (*) is
significantly different from the respective cultivar at 0 hai according to Studdasis

(P <0.05).Bars represent the standard deviation of maan<s.
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Table 1

. . P values
Categories Variables/Parameters c ST CxST
Disease Blast <0.001 <0.001 <0.001
A <0.001 <0.001 <0.001
Leaf gas exchange Os 0.534 <0.001 0.042
G 0.085 <0.001 <0.001
E 0.228 <0.001 0.079
Glucose <0.001 <0.001 <0.001
Carbohydrates Fructose <0.001 <0.001 <0.001
Sucrose 0.044 <0.001 0.006
Starch 0.157 <0.001 0.002
Malate 0.807 <0.001 0.035
Fumarate 0.006 <0.001 <0.001
Aminoacids 0.039 <0.001 0.030
Acid invertase <0.001 <0.001 0.025
Alkalin invertase <0.001 <0.001 <0.001
SPS <0.001 <0.001 <0.001
SuSy <0.001 <0.001 <0.001
FBPase <0.001 <0.001 0.004
AGPase <0.001 <0.001 0.003
APX 0.056 <0.001 0.581
CAT <0.001 <0.001 0.019
POX <0.001 <0.001 <0.001
Biochemical SOD 0.144 <0.001 0.086
GPX <0.001 <0.001 <0.001
GR <0.001 <0.001 <0.001
GST 0.023 <0.001 <0.001
H202 <0.001 <0.001 <0.001
MDA <0.001 <0.001 <0.001
LAGT 0.120 <0.001 <0.001
TSP 0.003 <0.001 <0.001
PAL <0.001 <0.001 <0.001
PPO <0.001 <0.001 <0.001

112



Table 2

. P values
Groups Metabolites C ST CxST
Ornithine 0.012 <0.001 0.012
Asparagine 0.012 <0.001 0.365
Serine 0.023 0.002 0.005
Lysine 0.032 <0.001 0.264
Tryptophan 0.042 <0.001 0.149
Glutamicacid 0.042 0.051 0.641
Histidine 0.052 <0.001 0.330
Isoleucine 0.080 <0.001 0.762
Thymine 0.089 0.001 0.013
Amino acids Homoserine 0.123 <0.001 0.024
Leucine 0.195 0.006 0.886
Glutamine 0.215 <0.001 0.176
Phenilalanine 0.289 <0.001 0.589
Glicine 0.347 0.031 0.024
Valine 0.470 <0.001 0.792
Proline 0.489 0.010 0.785
Alanine 0.533 <0.001 0.909
Methionine 0.680 <0.001 0.018
Cysteine 0.939 <0.001 0.446
Ferulicacid <0.001 <0.001 0.038
Citricacid <0.001 <0.001 0.004
Cinnamicacid <0.001 0.057 0.088
Gluconicacid <0.001 <0.001 0.189
Nicotinicacid 0.002 0.060 0.337
Ribonicacid 0.003 <0.001 0.485
Aconitic acid 0.006 <0.001 0.004
Malonicacid 0.007 <0.001 0.843
Organic acids Oxalqa_ceta_te 0.012 0.016 0.246
Succinicacid 0.014 <0.001 0.080
Glycolicacid 0.026 <0.001 0.076
Glutaricacid 0.046 0.003 0.470
Malicacid 0.047 <0.001 0.002
Nicotinamide 0.052 <0.001 0.124
Fumaricacid 0.052 <0.001 0.117
Guanidine 0.312 0.233 0.047
Butanoicacid 0.368 <0.001 0.808
Guanosine 0.690 <0.001 0.457
Maltitol <0.001 0.006 0.960
Sedoheptulose <0.001 0.034 0.295
Glycerol <0.001 <0.001 <0.001
Sophorose <0.001 <0.001 0.018
Inositol <0.001 <0.001 0.320
Arabinose 0.007 <0.001 0.015
Mannose 0.021 <0.001 0.015
Ribose 0.028 <0.001 0.318
sugars and sugar Loganin 0.044 <0.001 0.083
alcohols Erythritol 0.053 <0.001 0.006
Maltose 0.075 0.009 0.099
Glucose 0.092 <0.001 0.036
Idose 0.104 <0.001 0.332
Galactinol 0.400 <0.001 0.665
Fructose 0.576 <0.001 0.001
Raffiinose 0.647 0.027 0.905
Mannitol 0.820 0.009 0.979
Sorbitol 0.988 0.027 0.694
Polyamines Putres_ci'ne <0.001 <0.001 <0.001
Spermidine 0.066 <0.001 <0.001
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Table S1

. . P values
Categories Variables/Parameter: c ST CxST
A 0.044 0.105 0.919
Physiological Os 0.003 0.092 0.042
Ci 0.393 0.119 0.735
E 0.414 0.430 0.483
Glucose <0.001 0.390 0.580
Carbohydrates Fructose <0.001 0.051 0.138
Sacarose 0.531 0.366 0.829
Starch 0.771 0.893 0.650
Malate 0.243 0901 0.727
Fumarate <0.001 0.108 0.003
Amino Acids 0.630 0.441 0.591
LAGT <0.001 0.325 0.851
TSP <0.001 0.054 0.006

Acid invertase 0.009 0.125 0.186
Alkalin invertase 0.014 0.065 0.241

SPS <0.001 0.110 0.628
SuSy <0.001 0.069 0.545
Biochemical FBPase <0.001 0.363 0.427
AGPase <0.001 0.279 0.562
APX 0.103 0.171 0.015
CAT <0.001 0.212 0.104
POX 0.002 0.082 0.024
SOD 0.058 0.078 0.133
GPX <0.001 0.381 0.583
GR <0.001 0.139 0.426
GST <0.001 0.124 0.384
H20> 0.650 0.394 0.236
MDA 0.023 0.818 0.767
PAL <0.001 0.449 0.719
PPO <0.001 0.850 0.532
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GENERAL CONCLUSIONS

Wheat blast, caused Byricularia oryzae currently considered one of the major
threat that limit the production of wheat grain. Since their first discovered in Parana
State, Brazil in 1986, wheat blast has been the cause of reductions of 10-100% in
yields, similar situations have been reported in neighboring countries like Bolivia,
Paraguay and Argentindhe application of foliar fungicides and the use of genetic
resistance are the strategies most widely recommended for minimizing losses caused
by wheat blast.

From the results obtained by this investigation, is concluded that picolinic acid
(aggressive factor ofP. oryzae) spray on wheat leaves with a non-
phytotoxicconcentration of 0.1 mg miresulted in less blast symptoms in association
with a better photosynthetic performance, an improvement on the antioxidant
metabolism and reduced concentrations gd410,*” and malondialdehyde.

On the other hand, in three wheat cultivars (BR-18, EMBRAPA-16BR&
Guamirim) was verified differences in basal level of resistance to blast. In addition,
the photosynthetic performance of infected plants was altered and during the
asymptomatic phase d?. oryzae infection, drastic changes in the carbohydrates
metabolism and on the levels of amino acids, intermediates compounds of the TCA
cycle and polyamines occurred on plants from the three cultivars suggesting a
metabolic reprogramming exerted by the pathogen. However, a more efficient
antioxidant metabolism was able to help the wheat plants to counteract against the
deleterious effects oP. oryzae infection in association with great phenylalanine
ammonia lyases and polyphenoloxidases activities and high concentrations of

phenolics and lignin.
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