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RESUMO

BERMUDEZ-CARDONA, Maria Bianney, D. Sc., Universidade Federal de Vicosa,
Maio de 2014. Microscopic, biochemical and physiological aspects of the maize-
Stenocarpella macrospora interaction. Orientador: Fabricio Avila Rodrigues.
Coorientador: Gleiber Quintao Furtado.

A mancha de macrospora, causada por Stenocarpella macrospora, ¢ uma importante
doencga do milho. O objetivo geral do presente trabalho foi investigar alguns aspectos
da interacdo milho - S. macrospora ao nivel microscopico, fisioldgico e bioquimico.
No primeiro estudo foram determinados os eventos do processo infeccioso de S.
macrospora em folhas de plantas de milho do cultivar HIB 32R48H, o qual é
altamente susceptivel a S. macrospora. Conidios germinados ndo apresentaram
tropismo positivo em dire¢do aos estomatos. Apds 24 hai, o crescimento dos tubos
germinativos foi seguido pela formacdo do apressorio, sendo que a penetragdo dos
tubos germinativos através da cuticula da folha foi principalmente direta. Apds a
penetracdo, as hifas do fungo colonizaram primeiro as células epidérmicas
adjacentes. Aos 20 dai, foi observado o crescimento proeminente do fungo no
floema, nas células do parénquima, nos vasos do xilema e nas células da bainha
vascular, bem como nos elementos de vaso. Aos 20 dai, nos tecidos foliares
necroéticos foram observadas hifas fungicas saindo através dos estdmatos e picnidios
em diferentes estddios de desenvolvimento. No segundo estudo, em folhas de plantas
de duas cultivares de milho (ECVSCS155 e HIB 32R48H) suscetiveis e altamente
suscetiveis a S. macrospora, foi investigado o efeito da doengca no desempenho
fotossintético através dos parametros de trocas gasosas e andlises dos parametros da
fluorescéncia da clorofila a. A severidade da mancha de macrospora foi
significativamente menor nas folhas das plantas da cultivar ECVSCS155 em relagdo

as folhas das plantas da cultivar HIB 32R48H. Em ambas as cultivares, A, g and E



viii

diminuiram significativamente, enquanto que Cy/C, aumentou nas plantas inoculadas
em relacdo as plantas ndo-inoculadas. Fy e NPQ aumentaram significativamente nas
plantas inoculadas das cultivares ECVSCS155 e HIB 32R48H, respectivamente, em
relacdo as plantas ndo-inoculadas. O Fy, Fy/Fn, gp ¢ ETR diminuiram
significativamente nas plantas inoculadas em relacdo as plantas ndo-inoculadas. Para
ambas as cultivares, as concentracdes de clorofila total (Chl) (a + b) e carotendides e
da relagdo Chl a/b diminuiram significativamente nas plantas inoculadas em relagdo
as plantas ndo inoculadas. No terceiro estudo, foram investigadas as alteracdes
bioquimicas e fisiologicas induzidas por S. macrospora através da andlise das
imagens dos parametros da fluorescéncia da clorofila a, avaliacdo da atividade de
algumas enzimas do estresse oxidativo e concentracdo de ROS. Independentemente
da cultivar de milho, as primeiras mudancas em todos os parametros da fluorescéncia
da clorofila a foram observadas as 48 hai, as quais aumentaram com o progresso da
doenca. Diminuicdo na F,,, F./F,, Y(II) e Y(NPQ) juntamente com o aumento na Fye
Y(NO) foram diretamente relacionados com a perda progressiva da atividade
fotossintética. Em ambas as cultivares os mecanismos enziméticos € ndo-enzimaticos
do sistema antioxidativo foram alterados drasticamente nas folhas das plantas
infectadas. A atividade da SOD, CAT, POX, APX, GR, GPX e GST, bem como a
concentracdo de AsA e GSH + GSSG foram maiores nos estdgios iniciais da doenca,
porém houveram quedas acentuadas com o progresso da doenca, sugerindo uma
resposta inicial por parte do hospedeiro. Nos estdgios mais avancados da doenca a
atividade dessas enzimas e a concentracdo de metabdlitos antioxidantes diminuiram.
Concomitantemente, a concentracdo de H,O, e MDA aumentaram, contribuindo por

tanto para o aumento da peroxidacdo de lipideos das membranas celulares.



ABSTRACT

BERMUDEZ-CARDONA, Maria Bianney, D. Sc., Universidade Federal de Vicosa,
Maio de 2014. Microscopic, biochemical and physiological aspects of the maize-
Stenocarpella macrospora interaction. Orientador: Fabricio Avila Rodrigues.
Coorientador: Gleiber Quintao Furtado.

Macrospora leaf spot (MSL), caused by Stenocarpella macrospora, is an important
disease of maize. The general objective of this work was investigated some aspects
of maize-S. macrospora interaction at microscopic, physiological and biochemical
level. In this first study were determined the events of the infection process of S.
macrospora in leaves of plants from cultivar HIB 32R48H highly susceptible to S.
macrospora. Germinated conidia did not showed positive tropism to stomata. After
24 hai, the germ tubes growth was followed by appressoria formation and the
penetration of the germ tubes through the leaf cuticle was mainly direct. After
penetration, fungal hyphae first colonized adjacent epidermal cells. At 20 dai,
prominent fungal growth was observed in phloem vessels, in the parenchyma cells,
in the xylem vessels and bundle sheath cells as well as in the vessel elements. Fungal
hyphae emerged through the stomata and pycnidia in different developmental stages
were observed in the necrotic leaf tissues at 20 dai. In this second study was
investigated the effect of MLS on the photosynthetic performance through the
photosynthetic gas exchange parameters and chlorophyll a fluorescence parameter in
leaves of plants from two maize cultivars (ECVSCS155 and HIB 32R48H)
susceptible and highly susceptible, respectively, to S. macrospora. MLS severity
was significantly lower in the leaves of plants from cultivar ECVSCS155 relative to
the leaves of plants from cultivar HIB 32R48H. In both cultivars, A, g; and E
significantly decreased, while Ci/C, increased in inoculated plants relative to non-

inoculated plants. Fy and NPQ significantly increased in inoculated plants of the



ECVSCS155 and HIB 32R48H cultivars, respectively, relative to non-inoculated
plants. The Fy,, F./Fn, gp and ETR significantly decreased in inoculated plants
relative to non-inoculated plants. For both cultivars, concentrations of total
chlorophyll (Chl) (¢ + b) and carotenoids and the Chl a/b ratio significantly
decreased in inoculated plants relative to non-inoculated plants. In this third study
were investigated the biochemical and physiological alterations induced by infection
process through the chlorophyll a fluorescence imaging and the activities of some
antioxidative enzymes and the concentration of ROS in leaves of plants from two
maize cultivars (ECVSCS155 and HIB 32R48H) susceptible and highly susceptible,
respectively, to S. macrospora. Regardless of maize cultivar, the first changes were
observed at 48 hai for all parameters of chlorophyll a fluorescence which
prominently increased as the MLS progressed. Decreases in Fy,, Fy/Fy, Y(II) and
Y(NPQ) coupled with increases in Fp and Y(NO were directly related to the
progressive loss of photosynthetic activity. In both cultivars the enzymatic and non-
enzymatic components of the antioxidative system were both dramatically altered on
infected leaves. The SOD, CAT, POX, APX, GR, GPX and GST activities as well as
the concentrations of AsA and GSH+GSSG were quite higher at the early stages of
fungal infection, but suffered accentuated decreases as the MLS progressed
suggesting the occurrence of an initial mechanism defense from the host’s side. As
the symptoms of MLS on maize leaves become more drastic, the activities of these
enzymes, and the concentration of metabolites buffers decreased. Although, H,O,
and MDA concentration increased contributing, therefore, for the intensification of

lipid peroxidation upon damage to cell membranes.
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GENERAL INTRODUCTION

Macrospora leaf spot (MLS), caused by the necrotrophic fungus Stenocarpella
macrospora (Earle) Sutton (syn. Diplodia macrospora Earle) (Latterell and Rossi,
1983; Casa, et al., 1998; White, 1999), is one de major fungal disease of maize (Zea
mays L.), especially in warm and humid conditions in tropical and subtropical
regions worldwilde (Anderson and White, 1987, Dai, et al., 1987).

On leaves, the symptoms the MLS appear as small, water-soaked lesions (Dai, et
al., 1987; Casa, et al., 2006). Under warm and humid conditions, lesions quickly
expand on leaf blades, become elliptical or irregular brown lesions with yellow or
orange edges, which may have dark concentric rings and contain black structures
called pycnidia (Anderson and White, 1987). S. macrospora can overwinter on maize
debris and on seeds in form of the mycelia and pycnidia (Reis and Mario, 2003).
Whenever warm and moist conditions are favorable, conidia are extruded from
pycnidia in long cirri and are disseminated by wind and rain (Anderson and White,
1987; Casa, et al 1998; 2003; 2004). Give of limited efficiency of the fungicides and
the unavailability of resistance cultivars (Olatinwo, et al., 1999; Bampi, et al., 2012),
maize residue management, crop rotation and use of healthy seed are the most
important strategies to control MSL (Casa, et al., 2006).

The fungi causing diseases on several crops have developed a large set of the
strategies and mechanisms to break the cuticle and epidermal cell wall to colonize
the plant tissues (Dean, 1997; van Kan, 2006). The pathogenesis by necrotrophic
plant pathogenic fungi generally starts with conidia adhesion on the leaf blade, which
is followed by germination and penetration, with the sporulation being the last step in

the infection process (Nicholson et al., 1988; Laluk and Mengiste, 2010).
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Necrotrophic pathogens besides penetrate their hosts through natural opening and
wounds, have developed the ability to penetrate directly through the surface by
means of the secretion of non-host selective toxins and lytic enzymes causing
dissolution of cell walls and disintegration of tissue (Kolattukudy, 1985; Have et al.,
2001; Cabanne and Donéche, 2002).

Several studies have shown that the infection by pathogens can directly and
indirectly affect several physiological processes in their host (Owera, et al., 1981).
Fungal infection may reduce the photosynthetic efficiency which is frequently
associated with direct damage to the photosynthetic apparatus (Bastiaans, 1991;
Berger, et al., 2007). A decrease in the photosynthesis rates, frequently, is correlated
with stomatal and mesophyll limitations as well as biochemical alterations induced
by pathogen infection (Berger, et al., 2007; Baron, et al., 2012). Damages to the
photosynthetic apparatus induced by pathogen infection can result in the unbalance
between light energy absorption and light energy utilization via the Calvin-Benson
cycle (Logan et al., 2006; Rolfe and Scholes, 2010). The energy that is not
adequately dissipated can lead to the production of reactive oxygen species (ROS)
(Bowler et al., 1992; Arora et al., 2002; Wilhelm and Selmar), which can lead to the
oxidative processes such as membrane lipid peroxidation, protein oxidation, enzyme
inhibition and DNA and RNA damage (Imlay, 2003; Heller and Tudzynskui, 2011;
Sharma et al., 2012). Additionally, in plants under pathogen attack, oxidative burst is
often identified as the rapid host defense reaction (Bolwell and Wojtaszek, 1997;
Shetty et al., 2008). Plants are provided of the antioxidative systems, that is of
complex arrays of enzymatic and nonenzymatic systems that detoxify the ROS

(Plazek and Zur, 2004; Asada, 2006).
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The physiological state of plants infected by pathogens can be investigated in a
noninvasive way by the simultaneous measurement of leaf gas exchange and
chlorophyll a fluorescence parameter (Berger, et al., 2007). Thus, chlorophyll a
fluorescence imaging is a useful tool to estimate the operating quantum efficiency of
photosystem II (PSII), which can be used to reveal heterogeneous patterns of
photosynthetic performance occurring within of leaf tissue infected with pathogens
(Baker et al., 2001, 2008; Berger et al., 2004; Scholes and Rolfe, 2009). Rapid
alteration in the intensity of chlorophyll a fluorescence in the chloroplast is
correlated with any photooxidative impairment of the photosynthetic apparatus
(Baker et al.,, 2001). Considering the limited information on the maize-S.
macrospora interaction at the microscopic, biochemical and physiological levels, this
study aimed to fill out this gap by studying the events of the infection process of S.
macrospora on maize leaves by using both light and scanning electron microscopy
and by investigating the spatial-temporal alterations, photosynthetic performance and
antioxidative systems on leaves of maize plants during the fungal infection process
through the chlorophyll a fluorescence imaging, the activities of some antioxidative

enzymes and the concentration of ROS.
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CHAPTER 1

Infection process of Stenocarpella macrospora on maize leaves

. . . & .
Maria Bianney Bermudez Cardona , Maria Fernanda Antunes Cruz and

Fabricio Avila Rodrigues

ABSTRACT

Bermudez-Cardona, M., Antunes, M. F. C., and Rodrigues, F. A. 2014. Infection

process of Stenocaperlla macrospora on maize leaves.

Macrospora leaf spot, caused by Stenocarpella macrospora, is an important disease
of maize. Adaxial leaf surface was inoculated with a conidial suspension of S.
macrospora. Samples were collected from 24 to 96 h after inoculation and then again
20 days. Germinated conidia did not showed positive tropism to stomata. After 24
hai, the germ tubes growth was followed by appressoria formation and the
penetration of the germ tubes through the leaf cuticle was mainly direct. After
penetration, fungal hyphae first colonized adjacent epidermal cells as well as the
underlying mesophyll cells. At 20 dai, prominent fungal growth was observed in
phloem vessels, in the parenchyma cells, in the xylem vessels and bundle sheath cells
as well as in the vessel elements. Fungal hyphae emerged through the stomata and
pycnidia in different developmental stages were observed in the necrotic leaf tissues
at 20 dai. Results from this study provide new insights into the infection process of S.

macrospora on maize leaf.
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INTRODUCTION

Maize (Zea mays L.) is one of the most important cereal crops in the world and is
widely cultivated in both tropical and subtropical regions (Lobell et al., 2009;
CIMMYT, 2012). Among the diseases affecting maize production, macrospora leaf
spot (MLS), caused by the fungus Stenocarpella macrospora (Earle) Sutton (syn.
Diplodia macrospora Earle), is one of the greatest economic importance especially
in humid subtropical and tropical regions (Latterell and Rossi, 1983; Dai et al.,
1987).

The symptoms of MLS first appears as small brown spots with chlorotic halo and
with water soaked appearance on maize leaf blades (Dai et al., 1987). As the
infection progresses, the lesions expand and become irregular or elliptical, in color
brown with concentric rings and reddish or yellow halo (Dai et al., 1987; Casa et al.,
2006, Bradley et al., 2010). Inside the necrotic leaf tissues, subepidermal, globose or
elongated pycnidia in color dark brown are produced (Bradley et al., 2010). S.
macrospora survives saprophytically in maize debris in form of mycelia and
pycnidia which constitute the main source of primary inoculum (Casa et al., 2003).
Conidia are often released from pycnidia in cirri and easily spread by wind and rain
(Flett et al., 1992; Casa et al., 1998; Casa et al., 2004). Once little information is
available about chemical control and resistant cultivars, the main measures to control
of MLS are based on the reduction of primary inoculum, crop rotation and the use of
healthy seed (Casa et al., 2006; Bampi et al., 2012).

The fungi causing diseases on several crops have developed a large set of
strategies and mechanisms to break the cuticle and epidermal cell wall to colonize
the plant tissues (Dean, 1997; van Kan, 2006). The infection process by necrotrophic

plant pathogenic fungi generally starts with with conidia adhesion on the leaf surface
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following by germination and penetration and the sporulation being the last step in
the pathogenesis (Nicholson et al., 1988; Prins et al., 2000; Laluk and Mengiste,
2010). Necrotrophic pathogens may penetrate their hosts through wounds, natural
opening and directly through the surface through the secretion of lytic enzymes or
non-host selective toxins causing dissolution of cell walls and disintegration of tissue
(Kolattukudy, 1985; Have et al., 2001; Cabanne and Donéche, 2002; van Kan, 2006).
Oxidases, cutinases and lipases are secreted by the fungi to modify the plant cutin
and wax layer (Movahedi and Heale, 1990; Laluk and Mengiste, 2010). Once the
cuticle has been weakened, proteases, pectinases and specifically polygalacturonases
play a pivotal role for the success of fungal infection as reported by Have et al,
(2001) in tomato leaves infected with Botrytis cinerea.

Considering the importance of MLS in decreasing maize yield and that little
information is available regarding the infection process of S. macrospora on maize
leaves, this study aimed to determine the events of the infection process of S.

macrospora on maize leaves by using both light and scanning electron microscopy.
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MATERIALS AND METHODS

Plant cultivation. Maize seeds from cultivar HIB 32R48H highly susceptible to
S. macrospora was sown in plastic pots containing 2 kg of Tropstrato® (Vida Verde,
Mogi Mirim, Sdo Paulo, Brazil) substrate composed of a 1:1:1 mixture of pine bark,
peat and expanded vermiculite. A total of 1.63 g of calcium phosphate monobasic
was added to each plastic pot. A total of five seeds were sown per pot and each pot
was thinned to three seedlings five days after seedling emergence. Plants were kept
in a greenhouse during the experiments (temperature 28 + 2°C during the day and 12
+ 4°C at night, relative humidity 70 + 5%) and were fertilized weekly with 50 mL of
a nutrient solution composed of 2.6 mM KCI, 0.6 mM K2S04, 1.2 mM MgSO4, 1.0
mM CH4N20, 1.2 mM NH4NO3, 0.0002 mM (NH4)6Mo07024, 0.03 mM H3BO4,
0.04 mM ZnS0O4, 0.01 mM CuSO4 and 0.03 mM MnCI2. The nutrient solution was
prepared using deionized water. Plants were watered as needed.

Inoculum production and inoculation procedure. Plants were inoculated with a
monosporic isolate of S. macrospora (UFV-DFP Sm 01). The isolate of S.
macrospora was grown in Petri dishes containing oat-agar medium and incubated for
35 days in an incubator (22°C, photoperiod of 12 h of light and 12 h of darkness). All
leaves of each plant were inoculated with a conidial suspension of S. macrospora (6
x 10* conidia/ml) at 30 days after emergence (growth stage V5) (Bensch et al., 1992)
using a VL Airbrush atomizer (Poasche Airbrush Co, Chicago, IL). Gelatin (1% w v-
1) was added to the suspension to aid conidial adhesion to the leaf blades.
Immediately after inoculation, the plants were transferred to a growth chamber at 25
+ 2°C, 90 + 5% relative humidity and a 12 h light: 12 h dark photoperiod for 30 h.
After this period, the plants were transferred to a plastic mist growth chamber

(MGC) inside a greenhouse for the duration of the experiments. The MGC was made
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of wood (2 m wide, 1.5 m high and 5 m long) and covered with 100-um thick
transparent plastic. The temperature inside the MGC ranged from 25 + 2°C (day) to
20 + 2°C (night). The relative humidity was maintained at 90 * 5% using a misting
system in which nozzles (model NEB-100; KGF Company Sao Paulo, Brazil)
sprayed mist every 30 min above the plant canopies. The relative humidity and
temperature were measured with a thermo-hygrograph (TH-508, Impac, Sdo Paulo,
Brazil). The maximum natural photon flux density at plant canopy height was
approximately 900 umol m-2 s-1.

Processing of leaf sample for light microscopy. Leaf fragments (= 5 mm?) with
symptoms of MLS were collected at 24, 48, 72 and 96 hai and at 20 dai. The
fragments were placed in glass vials, fixed with 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.2) during 48 h, dehydrated in an ethanol series and
embedded in methacrylate Historesin (Leica Instruments, Heidelberg, Alemanha). A
total of four blocks were made per each treatment and each block contained two leaf
fragments. Cross sections of 5 mm? thick obtained with the help of rotary microtome
auto-advance model RM 2255 (Leica Microsystems Inc., Deerfield, IL, EUA) were
stained with toluidine blue 0.05% (pH 4.7). A total of 25 semi-fine cuts were
obtained per each block which were distributed into six glass slides. The semi-fine
sections were observed under light microscope model AX70RF with photographic
system U-Photo and digital camera Spot Insightcolour 3.2.0 (Diagnostic Instruments
Inc., Merrick, NY, EUA).

Processing of leaf samples for scanning microscopy. Leaf fragments (=~ 5 mm?)
were collected at 24, 48, 72 and 96 hai and at 20 dai. The fragments were placed in
glass vials, fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH

7.2) and stored at 4°C. The samples were post-fixed for 2 h at room temperature with
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osmium tetroxide 1% in sodium cacodylate buffer 0.1 M (pH 7.2). The fragments
were washed with the same buffer for four times each of 10 min and dehydrated in
an ethanol series. After dehydration, the fragments were subjected to a critical point
dryer using the unit "Critical Point Dryer" (CPD 020 Model, Bal-Tec, Balzers,
Liechtenstein). The fragments were mounted on metal stubs with the aid of an
aluminum double-sided tape and coated with colloidal gold in a "Sputter Coater"
apparatus coupled with a "Freezing Drying Unit" (FDUO10 Model, Bal-Tec, Balzers,
Liechtenstein). The fragments were examined by SEM (Leo 1430 VP Model, Zeiss,

Cambridge, UK) operated at 10 kV.
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RESULTS

Macrospora leaf spot symptoms on maize leaf blades. The lesions of MLS of
water-soaked appearance were noticed on the leaf blades at 48 hai. As the lesions
expanded, they became elliptical or irregular of the brown color surrounded by
chlorotic or reddish haloes. At 10 dai, the lesions appeared as large brown parches of
desiccated tissue with darker concentric rings. Pycnidia of different developmental
stages were observed in the necrotic lesions at 20 dai (Fig. 1).

Conidial germination and fungus penetration. At 24 hai, conidia started to
germinate on the leaf blades without a specific pattern. The germ tubes were formed
from one of the conidial cells and eventually germination tended to be bipolar (Fig.
2A). The germ tubes grew along the leaf blade and apparently without any positive
tropism to the stomata. Occasionally, the germ tube grew toward to the stomata
direction without any evidence of direct penetration (Fig. 2B). The weakening of the
leaf surface in the regions around the conidia and germ tubes were observed (Fig.
2A). The germ tubes growth was followed by appressoria formation after 24 hai
suggesting that around 24 hours after the conidia contact with the leaf surface and
under appropriate conditions of humidity and temperature, the germ tube
differentiated into an apressorium. The penetration of the germ tubes directly through
the leaf cuticle was mainly direct.

Fungus colonization and sporulation. Fungal hyphae abundantly colonized inter
and intracellularly the leaf tissues at 20 dai causing, therefore, profound destruction
of the cells (Figs.. 2, 3 and 4). Fungal hyphae first colonized adjacent epidermal cells
as well as the underlying mesophyll cells (Figs. 2C and 3C). Prominent fungal
growth was also observed in phloem vessels (Figs. 4C and E), in the parenchyma

cells (Fig. 4E-H), in the xylem vessels and bundle sheath cells (Figs. 3G and H; 4D)
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as well as in the vessel elements (Fig. 4F-H). Fungal hyphae emerged through the
stomata at 20 dai (Figs. 2F; 3A and B). Pycnidia in different developmental stages

were observed in the necrotic leaf tissues at 20 dai (Figs. 3C-F and 31 and J).
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DISCUSSION

The present study provides, to the best of the author’s knowledgment, the first
microscopic details of the infection process of S. macrospora on maize leaf blades.
There are certain physical and chemical features of host surface that appears to
influence conidia germination, germ tubes growth and appressoria formation in some
fungi causing diseases on several plant species (Wynn, 1982; Howard and Valent,
1996; Dean, 1997). The bicellular conidia of S. macrospora produced one or several
germ tubes from each cell. The germ tube penetrated in maize leaves principally by
direct penetration of the plant cuticle. Kema et al. (1996) and Palme and Skinner
(2002) reported that Mycosphaerela graminicola penetrated the wheat leaves
directly. Occasionally, the germ tubes passed through the stomata without any
evidence of their penetration. For the maize-Cercospora zeae-maydis (Beckman and
Payne, 1982), wheat-Mycosphaerella graminicola (Kema et al., 1996), maize-S.
macrospora (Brunelli et al., 2004) and cassava-Cercospora hennigsii (Babu et al.,
2009) interactions, there was no evidence of fungal penetration through the stomata.

The epicuticular wax layer in the surrounding areas of the conidia and germ tubes
of S. macrospora were dramatically affected. The weakening of the leaf blades at the
locations of conidia deposition and adhesion as well as in regions around the germ
tubes suggests that the action of lytici enzymes secreted by S. macrospora acted on
the modification of leaf surface to ensure the attachment of conidia and germ tubes
and prepare of the host surface for penetration. Similar observations were reported by
Kunoh et al. (1990) and Howard and Valent (1996), respectively, for the barley-
Erysiphe graminis and rice-Magnaporthe grisea interactions. These authors

evidenced that the erosion of the host cuticle occurred due to enzymatic modification
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possibly by hydrolytic enzymes such as cutinases and esterases released by these
fungi.

After fungal penetration, two patterns of tissue colonization were observed. At
early stages of infection, fungal hyphae were less abundant in the epidermal and
subepidermal cells with profound alterations in the integrity of the cell walls
suggesting the participation of non-host selective toxins in this process. Mesophyll
cells of sorghum and wheat were profoundly affected, respectively, by
Colletotrichum sublineolum and M. graminicola infections without the presence of
mycelia of these fungi suggesting that cell wall degrading enzymes and non-host
selective toxins were greatly important for leaf tissue colonization (Wharton and
O’Connell, 2001; Palme and Skinner, 2002).

In the present study, the gradual fungal colonization of the leaf tissues, dissolution
of cell walls and great extension of cells necroses were noticed. Fungal hyphae were
noticed in the epidermis and parenchyma cells, phloem and xylem vessels as well as
in the vessels elements and bundle sheath cells. Extensive growth of hyphae of C.
graminicola in maize leaves and of Rhynchosporium secalis on barley leaves were
reported, respectively, by Mims and Vaillancourt (2002) and Jorgensen et al. (1993).
After massive cell collapse, fungal hyphae emerging through the stomata in the
necrotic leaf tissues were observed suggesting that this was the initial phase for the
pycnidia formation. This finding is in agreement with has been reported for wheat-M.
graminicola (Kema et al., 1996; Palme and Skinner, 2002) and macadamia-
Pseudocercospora macadamiae (Miles et al., 2009) interactions.

Considering the importance of MLS to maize production worldwide and the lack
of information in the literature regarding the infectious process of S. macrospora, the

results from the present study brings novel information for a better understanding of
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the fungal infection process that may help for evolving more effective disease control

strategies.
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535 LIST OF FIGURES
536

(B)

537

538  Fig. 1. Symptoms of macrospora leaf spot, caused by Stenocarpella macrospora, on
539  maize leaf blades. A. small lesions with water-soaked start to develop at 48 hours
540  after inoculation (hai); B. lesions with brown colour surrounded by yellow halos
541  became apparent at 96 hai; C. lesions expanded causing intense leaf tissue necrosis at
542 10 days after inoculation (dai); D. dark brown sub-epidermal pycnidia on the necrotic

543  leaf tissue at 20 dai.
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Fig. 2. Scanning electron micrographs of the surface of maize leaves at 24 hours
after inoculation (A and B) and of fractured leaf samples at 20 days after inoculation
with Stenocarpella macrospora (C-F). A. bipolar-germinated conidium with germ
tubes emerging from each cell. Germ tubes grow through the stomata without any
evidence of penetration. Erosion of the host cuticle around the conidia and germ
tubes on the adaxial leaf surface; B. conidia producing one germ tube with its tip
growing in the direction of the stomata. C-E. profuse hyphal growth in the mesophyll
cells; F. hyphae emerging through stomata. C = conidia; Ep = epidermis; Me =
mesophyll; * = stomata; arrowhead = hyphae; arrow = branching hyphae. Bars: 10

pm.
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Fig. 3. Scanning electron micrographs of the surface of maize leaves at 24 hours
after inoculation (A-E) and of fractured leaf samples at 20 days after inoculation with
Stenocarpella macrospora (F-J). A. fungal hyphae emerging through stomata on the
adaxial leaf surface; B-F. pycnidia formation; G and H. profuse fungal hyphae
colonizing the xylema vessels; I and J. pycnidia formation. C = conidium. arrowhead
— fungal hyphae, arrow = conidia, Py = pycnidia, Xy = xylem vessels. Bars: A, E, J -

10 um, B, C, D, H, I- 20 um, F, G - 100 pm.
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Fig. 4. Light micrographs of transverse (A-D) and longitudinal (E-H) maize leaf
sections at 20 days after inoculation with Stenocarpella macrospora. Sections
obtained from non-inoculated (A) and inoculated plants (B-H). C. fungal hyphae
colonize the epidermal cells and the phloem vessels; D. fungal hyphae colonizes the
xylem vessels and the bundle sheath cells; E. fungal hyphae colonizes the
parenchyma cells and the phloem vessels; F-H. fungal hyphae colonize the entire
vessels element. Ep = epidermis; Pa = parenchymal; Ph = phloem; Xy = xylem; Bsc

= bundle sheath cells; arrowhead = fungal hyphae. Bars: 10 um.
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Leaf Gas Exchange and Chlorophyll a Fluorescence in Maize Leaves Infected

with Stenocarpella macrospora
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ABSTRACT

Bermudez-Cardona, M., Wordell Filho, J. A., and Rodrigues, F. A. 2014. Leaf gas
exchange and chlorophyll a fluorescence in maize leaves infected with Stenocarpella

macrospora. Phytopathology 104:xx-xx

This study investigated the effect of macrospora leaf spot (MLS), caused by
Stenocarpella macrospora, on photosynthetic gas exchange parameters [net CO;
assimilation rate (A), stomatal conductance to water vapor (gs), internal CO,
concentration (Cj) and transpiration rate (E)] and on chlorophyll a fluorescence
parameters [maximum quantum quenching (F\/F,, and F\'/Fy"), photochemical (qp)
and nonphotochemical (NPQ) quenching coefficients and electron transport rate
(ETR)] determined in leaves of plants from two maize cultivars (ECVSCS155 and

HIB 32R48H) susceptible and highly susceptible, respectively, to S. macrospora.
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MLS severity was significantly lower in the leaves of plants from cultivar
ECVSCSI155 relative to the leaves of plants from cultivar HIB 32R48H. In both
cultivars, A, gs and E significantly decreased, while Ci/C, increased in inoculated
plants relative to non-inoculated plants. Fy and NPQ significantly increased in
inoculated plants of the ECVSCS155 and HIB 32R48H cultivars, respectively,
relative to non-inoculated plants. The Fy,, F\/Fn, gp and ETR significantly decreased
in inoculated plants relative to non-inoculated plants. For both cultivars,
concentrations of total chlorophyll (Chl) (a + b) and carotenoids and the Chl a/b ratio
significantly decreased in inoculated plants relative to non-inoculated plants. In
conclusion, the results from the present study demonstrate, for the first time, that
photosynthesis in the leaves of maize plants is dramatically impacted during the
infection process of S. macrospora, and impacts are primarily associated with

limitations of a diffusive and biochemical nature.
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INTRODUCTION

Maize (Zea mays L.) is one of the world’s most important and widely grown
cereal crops and serves as a staple human food, feed for livestock and raw material
for many industrial products (19,33). Macrospora leaf spot (MLS), caused by the
necrotrophic fungus Stenocarpella macrospora (Earle) Sutton (syn. Diplodia
macrospora Earle) (15,32,58), is one the major diseases affecting maize yield
worldwide (2,18,22,39), mainly when maize is grown under warm and humid
conditions in tropical and subtropical regions (24,58). On leaves, MLS symptoms
appear as small, water-soaked lesions (18,22). As the elliptical lesions expand, they
become brown in color with yellow or reddish edges that may have darker concentric
rings and contain black structures called pycnidia (2,18). The mycelia and pycnidia
of S. macrospora can overwinter on maize debris and on seeds (47). Under warm and
moist conditions, conidia are extruded from pycnidia in long cirri and are
disseminated by wind, rain and insects, favoring severe MLS epidemics and great
yield losses (2,15,16,17). The major strategies to control MLS are maize residue
management, use of healthy seed and crop rotation (18). To date, there are no
fungicides registered for the control of MLS, and information about the resistance of
commercial hybrids is scarce (6,41).

Pathogens can directly and indirectly affect several physiological processes in
their hosts (42). The alteration in the rate of physiological processes in asymptomatic
leaf tissue may be proportional to, proportionally greater or proportionally smaller
than the corresponding infected leaf tissue caused by a certain disease (42,54). The
physiological state of plants infected by pathogens can be investigated in a
noninvasive way by the simultaneous measurement of leaf gas exchange and

chlorophyll a fluorescence parameters (12). A decrease in the photosynthetic
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efficiency and stomatal and mesophyll conductance limitations as well as
biochemical alterations are the primary effects caused by pathogen infection (7,12).
Fungal infection may reduce photosynthesis rates through a number of potential
mechanisms: impairment of the functional leaf area and reduction in the
photosynthetic efficiency of the remaining green leaf area, as reported for
interactions between barley and Rhynchosporium secalis (36) and bean and
Colletotrichum lindemuthianum (34); alterations in chloroplasts and a reduction in
chlorophyll concentration, as reported in barley leaves infected with Puccinia hordei
(42); stomatal closure, as reported in potato leaves infected with Verticillium dahlias
(14); and impairment of the photosynthetic apparatus or disruption in photosynthetic
metabolic pathways, as reported in poplar leaves infected with Marsonia brunnea
f.sp. brunnea (23). Measurement of chlorophyll a fluorescence is an important tool
for assessing the photosynthetic performance of the leaves of plants submitted to
many types of abiotic and biotic stresses (4,11,50,53). Analysis of chlorophyll a
fluorescence is a quantitative measure of both photochemical and non-photochemical
energy dissipation processes occurring in leaves (29,49). Changes in the intensity of
chlorophyll a fluorescence in the chloroplasts reflect its functional state (30) and
provide important information related to the composition of the pigment systems,
excitation energy transfer, physical changes in pigment-protein complexes, primary
photochemistry and kinetics and rates of electron transfer reactions in photosystem II
(28). Several studies reported that the infection of plants by pathogens often leads to
complex alterations in chlorophyll a fluorescence that can be related to changes in
the efficiency of photosynthetic processes (50,53). Measurements of chlorophyll a
fluorescence have shown that the maximum fluorescence (Fp), maximum

photochemical efficiency of PSII (F\/F,) of dark-adapted leaves and electron
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transport rate (ETR) are often decreased during the infection process of pathogens, as
described for Phaeoisariopsis griseola and Uromyces appendiculatus in bean (9) and
Bremia lactucae in lettuce (46). The fraction of absorbed light energy that was
thermally dissipated (NPQ) increased in tomato leaves infected with Odium
neolycopersici (45).

Due to the importance of MLS in decreasing maize yield, this study was designed
to examine how the infection process of S. macrospora could affect the
photosynthetic performance of plants using a combination of gas exchange and
chlorophyll a fluorescence measurements along with an analysis of chlorophyll

pools.
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MATERIALS AND METHODS

Plant cultivation. Maize seeds from cultivars ECVSCS155 and HIB 32R48H,
susceptible and highly susceptible, respectively, to S. macrospora, were sown in
plastic pots containing 2 kg of Tropstrato® (Vida Verde, Mogi Mirim, Sao Paulo,
Brazil) substrate composed of a 1:1:1 mixture of pine bark, peat and expanded
vermiculite. A total of 1.63 g of calcium phosphate monobasic was added to each
plastic pot. A total of five seeds were sown per pot, and each pot was thinned to three
seedlings five days after seedling emergence. Plants were kept in a greenhouse
during the experiments (temperature 28 + 2°C during the day and 12 + 4°C at night,
relative humidity 70 + 5%) and were fertilized weekly with 50 mL of a nutrient
solution composed of 2.6 mM KCl, 0.6 mM K;SO4, 1.2 mM MgSO4, 1.0 mM
CH4N,0, 1.2 mM NH4NO3, 0.0002 mM (NH4)sM07054, 0.03 mM H3BO4, 0.04 mM
ZnS04, 0.01 mM CuSOy4 and 0.03 mM MnCl,. The nutrient solution was prepared
using deionized water. Plants were watered as needed.

Inoculum production and inoculation procedure. Plants were inoculated with a
monosporic isolate of S. macrospora (UFV-DFP Sm 01). The isolate of S.
macrospora was grown in Petri dishes containing oat-agar medium and incubated for
35 days in an incubator (22°C, photoperiod of 12 h of light and 12 h of darkness). All
of the leaves on each plant were inoculated with a conidial suspension of S.
macrospora (6 X 10* conidia/ml) at 30 days after emergence (growth stage V5) (10)
using a VL Airbrush atomizer (Poasche Airbrush Co, Chicago, IL). Gelatin (1% w v’
") was added to the suspension to aid conidial adhesion to the leaf blades.
Immediately after inoculation, the plants were transferred to a growth chamber at 25
+ 2°C, 90 + 5% relative humidity and a 12 h light: 12 h dark photoperiod for 30 h.

After this period, the plants were transferred to a plastic mist growth chamber
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(MGC) inside a greenhouse for the duration of the experiments. The MGC was made
of wood (2 m wide, 1.5 m high and 5 m long) and covered with 100-um thick
transparent plastic. The temperature inside the MGC ranged from 25 + 2°C (day) to
20 * 2°C (night). The relative humidity was maintained at 90 + 5% using a misting
system in which nozzles (model NEB-100; KGF Company Sao Paulo, Brazil)
sprayed mist every 30 min above the plant canopies. The relative humidity and
temperature were measured with a thermo-hygrograph (TH-508, Impac, Sao Paulo,
Brazil). The maximum natural photon flux density at plant canopy height was
approximately 900 pmol mZs™.

Assessment of MLS severity. The fourth leaves (counted from the base to the
top) of each plant per replication of each treatment were marked and collected to
evaluate MLS severity at 48, 72, 96, 120 and 168 hours after inoculation (hai). The
collected leaves were scanned at 300 dpi resolution and the obtained images were
processed using QUANT software (55) to obtain severity (chlorosis and necrosis
symptoms) values. The area under disease progress curve (AUDPC) for each leaf in
each plant was computed using trapezoidal integration of the MLS progress curves
over time using the formula proposed by Shaner and Finney (52).

Photosynthetic measurements. The leaf gas exchange parameters were
simultaneously determined by conducting the measurements of chlorophyll a
fluorescence using a portable open-flow gas exchange system (LI-6400XT, LI-COR,
Lincoln, NE, USA) equipped with an integrated fluorescence chamber head (LI-
6400-40, LI-COR Inc.). The net carbon assimilation rate (A), stomatal conductance
to water vapor (gs), transpiration rate (E£) and internal to ambient CO, concentration
ratio (Ci/C,) were measured for the fourth leaf of each plant per replication of each

treatment at 48, 72, 96, 120 and 168 hai from 10:00 to 13:00 hours (solar time),
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which is when A was at its maximum under artificial PAR (i.e., 1,200 umol photons
m? s at leaf level and 400 umol atmospheric CO, mol™"). All of the measurements
were performed at 25°C and the vapor pressure deficit was maintained at
approximately 1.0 kPa, while the amount of blue light was set to 10% of the
photosynthetic photon flux density to optimize the stomatal aperture. Previously
dark-adapted leaves (30 min) were illuminated with weak modulated measuring
beams (0.03 pmol m> s"l) to obtain the initial fluorescence (Fy). Saturating white
light pulses of 8,000 pmol photons m™ s were applied for 0.8 s to ensure maximum
fluorescence emissions (Fp,), from which the variable to maximum chlorophyll
fluorescence ratio, F\/Fn, = [(Fn — Fo)/Fm)], was calculated. In light-adapted leaves,
the steady state fluorescence yield (F;) was measured following a saturating white
light pulse (8.000 pmol m? s, 0.8 s) that was applied to achieve the light-adapted
maximum fluorescence (Fy,"). The actinic light was then turned off and far-red
illumination was applied (2 umol m™ s”') to measure the light-adapted initial
fluorescence (Fy"). Using these parameters, the capture efficiency of the excitation
energy by the open PSII reaction centers (F,/Fy,") was estimated as FV’/Fm’ = (Fn'™—
Fo')/Fy". The coefficient for photochemical quenching (gp) was calculated as gp =
(Fn” — Fy/(Fny” — Fy"), while that for non-photochemical quenching (NPQ) was
calculated as NPQ = (Fu/Fn") — 1. The actual quantum yield of PSII electron
transport (®psry) was computed as Opsyy = (Fi” — Fy)/Fy”, from which the electron
transport rate (ETR) was calculated as ETR = @pg;+PPFD-+f+a, where fis a factor that
accounts for the partitioning of energy between PSII and PSI and is assumed to be
0.5, which indicates that the excitation energy is distributed equally between the two
photosystems, and o is the absorbance by the leaf photosynthetic tissues and is

assumed to be 0.84 (37).
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Determination of the concentration of photosynthetic pigments. The
concentrations of chlorophylls (Chl) a and b and carotenoids were determined using
dimethyl sulfoxide (DMSO) as an extractor (51). Five leaf disks (10-mm in diameter)
were punched from the fourth leaves at 48, 72, 96, 120 and 168 hai. The collected
disks were immersed in glass tubes containing 5 ml of saturated DMSO solution and
calcium carbonate (CaCOs3) (5 g L'l) (57) and kept in the dark at room temperature
for 24 h. The absorbances of the extracts were read at 480, 649.1 and 665.1 nm using
a saturated solution of DMSO and CaCOQOs as a blank.

Experimental design and data analysis. A 2 x 2 factorial experiment, consisting
of two maize cultivars (ECVSCS155 and HIB 32R48H) and non-inoculated or
inoculated plants, was arranged in a completely randomized design with six
replications. The experiment was repeated three times. Each experimental unit
corresponded to a plastic pot containing three plants. A total of 120 plants were used
in each experiment (24 plants per treatment at each evaluation time). All variables
were subjected to an analysis of variance (ANOVA) and the treatment means were
compared by Tukey’s test (P < 0.05) using SAS software (SAS Institute Inc., Cary,
NC). For MLS severity, the ANOVA was considered to be a 2 x 5 factorial
experiment, consisting of two maize cultivars and five evaluation times. For the
photosynthetic measurements, the concentration of total Chl (a + b), concentration of
carotenoids and the Chl a/b ratio, ANOV A was considered to be a 2 x 2 x 5 factorial
experiment, consisting of two maize cultivars, non-inoculated or inoculated plants
and five evaluation times. For each cultivar, the Pearson correlation was used to
determine relationships among the photosynthetic measurements and MLS severity,
as well as among the concentration of total Chl (a + b), concentration of carotenoids

and the Chl a/b ratio and MLS severity.
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RESULTS

MLS severity and AUDPC. The factors cultivar and evaluation time as well as
their interaction had significant effects (P < 0.05) on MLS severity (Table 1).
Cultivar was the only significant factor (P < 0.05) for AUDPC (Table 1). MLS
severity was significantly lower on the leaves of plants from cultivar ECVSCS155
relative to the leaves of plants from cultivar HIB 32R48H (Fig. 1A). From 48 to 168
hai, MLS severity increased from 0.5 to 5.1% on the leaves of plants from cultivar
ECVSCS155 and from 1.4 to 8.0% on the leaves of plants from cultivar HIB
32R48H. For plants of cultivar ECVSCS155, AUDPC was significantly reduced by
34.5% compared to plants from cultivar HIB 32R48H (Fig. 1B).

Photosynthetic parameters. At least one of the evaluated factors (cultivar, plant
inoculation and evaluation time) as well as some of their interactions were significant
(P £0.05) for A, g, E and Ci/C,. Plant inoculation was the most important factor due
to its higher F values, and it explained the variation in all variables evaluated. The
interaction cultivar X plant inoculation x evaluation time was significant only for A,
gsand E (Table 1).

For both cultivars, A, gs and E significantly decreased from 48 to 168 hai for
inoculated plants relative to their non-inoculated counterparts (Fig. 2A-F). Relative
to plants of cultivar ECVSCSI155, reductions in the values of the above parameters
were greater at 168 hai for plants of cultivar HIB 32R48H, with decreases of 56 and
52% for A, 49 and 41% for gs and 46 and 41% for E in the inoculated plants relative
to the non-inoculated ones, respectively. For Ci/C,, the highest values occurred in the
inoculated plants, with significant differences between non-inoculated and inoculated
plants of cultivar ECVSCS155 occurring at 96 and 168 hai. For plants of cultivar

HIB 32R48H, significant differences occurred only at 168 hai (Fig. 2G and H). The
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Ci/C, increased by 33 and 30% at 168 hai for the inoculated plants of cultivars
ECVSCS155 and HIB 32R48H, respectively, compared to the non-inoculated plants.

There were significant differences between non-inoculated plants of cultivars
ECVSCS155 and HIB 32R48H in A, g, E and Ci/C,. A was 7 and 6% higher for
plants of cultivar HIB 32R48H than for plants of cultivar ECVSCS155 at 48 and 120
hai, respectively (Fig. 2A and B). g, was significantly higher for plants of cultivar
HIB 32R48H than for plants of cultivar ECVSCS155 at 48 (18%), 72 (11%), 96
(20%) and 120 (16%) hai (Fig. 2C and D). E was significantly higher in plants of
cultivar HIB 32R48H than for plants of cultivar ECVSCS155 by 9, 30 and 10% at
48, 96 and 120 hai, respectively (Fig. 2E and F). Ci/C, was higher at 48 (27%) and 72
hai (33%) for plants of cultivar HIB 32R48H than for plants of cultivar ECVSCS155
(Fig. 2G and H). g, and Ci/C, were significantly higher by 21 and 27%, respectively,
at 48 hai (Fig. 2C, D, G and H) for the inoculated plants of cultivar HIB 32R48H
compared to the inoculated plants of cultivar ECVSCSI155.

At least one of the evaluated factors (cultivar, plant inoculation and evaluation
time) as well as some of their interactions were significant (P < 0.05) for Foy, Fi,
F/Fn, F,/Fy,', gp, NPQ and ETR (Table 1). The interaction cultivar x plant
inoculation x evaluation time was significant only for Fy and F,/Fy, (Table 1). At 48
hai, Fy significantly increased by 18 and 27% for inoculated plants of cultivars
ECVSCSI155 and HIB 32R48H, respectively, in comparison to their non-inoculated
counterparts (Fig. 3A and B). Fy,, F\/Fn, gp and ETR significantly decreased in the
inoculated plants in comparison to their non-inoculated counterparts (Fig. 3C-F, 4C,
D, G and H). However, the reductions in those parameters were larger at 168 hai for
plants of cultivar HIB 32R48H than for plants of cultivar ECVSCS155, with

decreases of 21 and 19% for Fy, (Fig. 3C and D), 22 and 19% for gp (Fig. 4C and D)
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and 31 and 22% for ETR (Fig. 4G and H). The reductions in F\/F,, were greater at
96, 120 and 168 hai for plants of cultivar HIB 32R48H than for plants of cultivar
ECVSCS155, with decreases of 4 and 2%, 5 and 3% and 11 and 6%, respectively
(Fig. 3E and F). NPQ increased for inoculated plants of both cultivars in comparison
to their non-inoculated counterparts (Fig. 4E and F). In plants of cultivar HIB
32R48H only, NPQ significantly increased at 120 and 168 hai by 11 and 17%,
respectively. In the non-inoculated plants, significant differences in F,/Fy, occurred
between cultivars at 48 hai (Fig. 3E and F). For the inoculated plants, significant
differences between cultivars occurred at 168 hai in F\/Fy, (Fig. 3E and F) and at 120
hai in F,'/Fy,' (Fig. 4A and B).

Concentrations of leaf pigments. At least one of the factors examined (cultivar,
plant inoculation and evaluation time) as well as some of their interactions were
significant (P < 0.05) for the concentrations of total Chl (a + b) and carotenoids and
for the Chl a/b ratio (Table 1). For both cultivars, concentrations of total Chl (a + b)
and carotenoids significantly decreased for the inoculated plants relative to the non-
inoculated ones. The reduction in total Chl (a + b) concentration was higher for
plants of cultivar ECVSCS155 than for plants of cultivar HIB 32R48H, with
decreases of 58 and 49%, respectively. The reduction in the concentration of
carotenoids was higher for plants of cultivar HIB 32R48H than for plants of cultivar
ECVSCSI155, with decreases of 40 and 17% at 168 hai, respectively. The Chl a/b
ratio significantly increased in inoculated plants in comparison to non-inoculated
plants of both cultivars.

Pearson correlations. For both cultivars, A was positively correlated with g, and
E, and g, was positively correlated with E, but A, g; and E were negatively correlated

with MLS severity (Table 2). In plants of cultivar HIB 32R48H, Ci/C, was positively
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correlated with gs, while in plants of cultivar ECVSCS155, C/C, was positively
correlated with MLS severity (Table 2). For both cultivars, there were significant
positive correlations between F,/F,, and NPQ, total chlorophyll and carotenoids,
between ¢gp and ETR, and between concentrations of total Chl (¢ + b) and
carotenoids. For both cultivars, significant negative correlations occurred between
F,/F, and Chl a/b ratio, F,'/F,' and NPQ, between total Chl (a + b) and Chl a/b ratio
and between Chl a/b ratio and concentration of carotenoids. In both cultivars, Fp,
F\/Fy, and total Chl (@ + b) concentration were negatively correlated with MLS

severity (Table 3).
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DISCUSSION

This study provides, to the best of the authors” knowledge, the first physiological
evidence associated with the infection process of S. macrospora on maize leaves. A
decrease in photosynthesis caused by pathogen infection has been reported to occur
in several plant species (1,8,9,48,54). In the present study, there was a progressive
decline in A, g; and E in leaves of inoculated plants compared to leaves of non-
inoculated plants of both cultivars tested, which was supported by the negative
correlation between MLS severity and these parameters. Moreover, the reduction in
A at the early stages of fungal infection was proportionally greater than the MLS
severity; severity values ranging from 5 to 8% reduced A by 52 and 56% at 168 hai
for plants of cultivars ECVSCS155 and HIB 32R48H, respectively. This finding is in
agreement with what was reported for interactions between maize and
Phaeosphaeria maydis (27), bean and Colletotrichum lindemuthianum (38) and
Eucalyptus globules and Micosphaerella spp (43). The reduction in A was
proportionally greater than was expected from the apparent reduction in green leaf
tissue as a result of the pathogen infection, and therefore evidenced that
asymptomatic tissue was also affected by fungal infection. Concomitantly, as
reported for other necrotrophic pathogens, the decrease in A in maize leaf tissue
asymptomatic for MLS may be explained by the secretion of lytic enzymes or non-
selective toxins by S. macrospora that easily diffuse into uncolonized leaf tissue,
causing maceration and compromising translocation of water and photoassimilates
throughout the leaf tissue (31,35,54).

The concomitant decrease in both g and E during the infection process of S.
macrospora in the leaf blades of plants of both cultivars may be associated with

stomatal closure and is in accordance with reports on interactions between wheat and
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Puccinia recondita f.sp. tritici (35) and tomato and Oidium neolicopersici (45).
Additionally, in the present study, desiccation of the leaf blades was observed as the
MLS progressed, suggesting that the stomata of the infected leaves were closed to
prevent excessive water loss and therefore contributed to the observed decrease in E
values. Resende et al. (48) reported that E dramatically decreased in sorghum leaves
infected by Colletotrichum sublineolum as a method of keeping the stomata closed
and maintaining a favorable water status within the leaf blades.

Reductions in g are usually associated with decreases in C; and in CG/C,
(21,25,26). By contrast, data from the present study showed that despite a
concomitant decrease in A and gs, there was a progressive increase in Ci/C,, which
may suggest that the decrease in A cannot be explained solely by reduction in g, but
may also be due to a decrease in mesophyll conductance and impairment of the
biochemical capacity of the leaves to adequately assimilate CO,. Reductions in A and
gs related to an increase in Ci/C, have been reported to occur during interactions
between Eucalyptus urophylla and Puccinia psidii (1), bean and Uromyces
appendiculatus (34) and barley and Rhynchosporium secalis (36). According to these
authors, the reduction in A was unlikely to have been solely associated with less CO,
entry into leaves, but rather with some biochemical limitation to CO, fixation at the
chloroplast level. Frequently, alterations in leaf photochemistry and carbon
metabolism are related to reduced activity of ribulose bisphosphate carboxylase and
changes in the capacity for ribulose bisphosphate regeneration (38,40).

Regardless of the maize cultivar, both F; and NPQ tended to be higher in the
leaves of inoculated plants than in the leaves of non-inoculated plants, suggesting
that the PSII reaction centers were somehow damaged or that the transfer of

excitation energy from the antenna to the reaction center was impaired (5,13,37).
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According to Plazek et al. (44), an increase in the F values on barley leaves infected
with Bipolaris sorokimiana was an indicator of antenna damage.

Despite the observed increases in NPQ values, the non-photochemical dissipation
was insufficient to avoid photoinhibitory damage, which was evidenced in decreases
in Fy, and F\/Fy, values in the leaves of inoculated plants from both cultivars and was
also supported by the negative correlations of Fy, and F,/F,, with MLS severity. ETR
and gp decreased in the leaves of inoculated plants of both cultivars, as indicated by
the negative correlations of ETR and gp with MLS severity. The observed decreases
in gp could be related to increases in the fraction of reduced Q4 (Qa ") in PSII, which
indicates an increased possibility for photoinhibition to be affected (5) and, therefore,
the electron transport chain to PSI via the cytochrome bg/f complex and plastocyanin
(13). Additionally, the decreases in F\/F, were accompanied by decreases in F,/Fy,",
suggesting that the ability of the S. macrospora infected leaves to capture and to
transfer collected energy was dramatically compromised.

The concentration of pigments was negatively impacted in the leaves of
inoculated plants from both cultivars as the MLS progressed. The concentration of
total Chl (a + b) decreased with the progress of MLS, which may have led to an
increase in the Chl a/b ratio. The reduction in chlorophyll concentration could be
associated with the action of lytic enzymes and non-selective toxins released in the
infected tissues by S. macrospora, in accordance with reports on maize leaves
infected with Exserohilum turcicum (20). Additionally, the decrease in total Chl (a +
b) concentration would lead to a reduction in the ability and the efficiency of the
leaves to capture the energy required for the photochemical reactions in

photosynthesis (20).
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In conclusion, the results from the present study demonstrate, for the first time,
that photosynthesis in the leaves of maize plants is dramatically impacted during the
infection process of S. macrospora, and impacts are primarily associated with
limitations of a diffusive and biochemical nature.
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TABLE 1. Analysis of variance on the effects of cultivar (C), plant inoculation (PI),
and evaluation time (ET) and their interactions for the variables macrospora leaf spot
severity (Sev), area under the disease progress curve (AUDPC), photosynthetic gas
exchange parameters [net carbon assimilate rate (A), stomatal conductance to water
vapor (gs), transpiration rate (E), internal to ambient CO, concentration ratio (Ci/C,)],
chlorophyll a fluorescence parameters [initial fluorescence (Fp), maximum
fluorescence (Fp,), maximum PSII quantum efficiency (F\/Fy), capture efficiency of
excitation energy by the open PSII reaction centers (F,/F,"), coefficient for
photochemical quenching (gp), non-photochemical quenching (NPQ) and electron
transport rate (ETR)] and concentrations of total chlorophyll a +b (Chl) and

carotenoids (Car) and chlorophyll a/b ratio.
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‘ C PI ET CxPI CxET PIXET CxPIxET
Variables F-based P values”
Sev <0.001 - <0.001 - <0.001 - -
AUDPC <0.001 - - - - - -
A 0.011 <0.001 <0.001 0.472 0.001 <0.001 0.002
gs <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001
E <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
C/C, <0.001 <0.001 <0.001 0.066 0.003 <0.001 0.076
Fy 0.243 <0.001 <0.001 0.020 0.270 <0.001 0.035
Fn 0.413 <0.001 0.002 0.398 0.458 <0.001 0.771
FJFy, 0.001 <0.001 <0.001 <0.001 0.008 <0.001 <0.001
FJIF, <0.001 <0.001 0.070 0.981 0.135 0.461 0.273
qp 0.169 <0.001 <0.001 0.874 0.809 0.001 0.174
NPQ 0.002 <0.001 0.779 0.358 0.041 <0.001 0.304
ETR 0.130 <0.001 <0.001 0.445 0.698 0.282 0.181
Chl 0.293 <0.001 <0.001 0.272 0.671 <0.001 0.823
Car 0.028 <0.001 <0.001 0.069 0.042 <0.001 <0.001
Chl a/b 0.006 <0001 <0001 0.523 <0001 <0001 0.014

“Levels of probability: ™ = not significant, * = 0.05
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TABLE 2. Pearson correlation coefficients among the net carbon assimilation rate
(A), stomatal conductance to water vapor (gs), transpiration rate (E), internal to
ambient CO, concentration ratio (Ci/C,) and macrospora leaf spot severity (Sev) on

the leaves of plants from two maize cultivars.

Variables A gs E Gi/C, Sev
A 0.781" 0.729" -0.391 -0.867
gs 0.753" 0.743" 0.255 -0.608"
E 0.762"" 0.643" -0.033 -0.5517
Ci/C, -0.239 0.425" -0.106 0.462"
Sev -0.870" 0.617" -0.571" 0.240

The values above and below the diagonal are the measurements made on plants from ECVSCS155
and HIB 32R48H cultivars, respectively. Levels of probability * = 0.05 and ** = 0.01.
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1283 TABLE 3. Pearson correlation coefficients among the initial fluorescence (Fj),

1284  maximum fluorescence (Fp), maximum photochemical efficiency of PSII (F\/Fy,),

1285  capture efficiency of excitation energy by the open PSII reaction centers (Fy/Fy"),

1286  coefficient for photochemical quenching (gp), non-photochemical quenching (NPQ),

1287  electron transport rate (ETR), concentrations of total chlorophyll a +b (Chl) and

1288  carotenoids (Car) and chlorophyll a/b ratio and macrospora leaf spot severity (Sev)

1289  on the leaves of plants from two maize cultivars.

Variables Fo F,, FJF,  F,/Fy ap NPQ ETR Chl Chl a/b Car Sev
F, 0.757" 0.137 0.055 -0.267 0.455" -0.165 -0.036 0.024 -0.022 0.110
F., 0.205 0.747" 0.041 0.085 0.164 0.066 0.493" -0.276 0.398 -0.460"

F.JF,, -0.615™ 0.641" -0.001 0.383 0.407 0247 0778  -0.430" 0.480°  -0.814"

F,7Fy -0.049 -0.141 0.043 0.021 -0.5917  0.689"  -0.248 0.251 -0.396 -0.140
gp -0.355 0.027 0.301 -0.456" 0.039 0.721" 0.420" -0.165 0.349 -0.501
NPQ -0.273 0.353 0.665™ -0.447" 0.330 -0.484" 0.306 -0.289 0.360 0.006
ETR -0.308 -0.083 0.209 0.273 0.692" -0.069 0.119 0.059 -0.024 -0.451°
Chl 0.546" 0.248 0.625™ -0.188 0.294 0.129 0.212 -0.796" 0.855™ -0.718™

Chl a/b 0.565™ -0.402" -0.763™ 0.115 -0.148 -0.207 -0.071 -0.827" -0.876™ 0.361
Car -0.477" 0.386 0.668™ -0.331 0.304 0.271 0.108 0.918™ -0.941" 0.396
Sev 0.401° -0.615™ -0.814™ 0.142 -0.371 -0.089 0.288 -0.591™ 0.749™ -0.683™

1290  The values above and below the diagonal are the measurements made on plants from ECVSCS155

1291 and HIB 32R48H cultivars, respectively. Levels of probability * = 0.05 and ** = 0.01.
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Fig. 1. Macrospora leaf spot progress curves (A) and area under disease progress

curve (AUDPC) (B) on leaves of plants from maize cultivars ECVSCS155 and HIB

32R48H. Means from cultivars ECVSCS155 and HIB 32R48H followed by an

asterisk (*) for each evaluation time are significantly different (P < 0.05) by Tukey's

test. Bars represent standard errors of the means. n = 5. Three experiments were

conducted with consistent results; results from one representative experiment are

shown.
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Fig. 2. Leaf gas exchange parameters, including net carbon assimilation rate (A) (A
and B), stomatal conductance to water vapor (g;) (C and D), transpiration rate (E) (E
and F) and internal to ambient CO, concentration ratio (Ci/C,) (G and H) determined
in leaves of maize plants from cultivars ECVSCS155 (A, C, E, G) and HIB 32R48H
(B, D, F, H) non-inoculated (NI) or inoculated (I) with Stenocarpela macrospora.
Means for the NI and I treatments for each cultivar followed by an asterisk (*) at
each evaluation time are significantly different (P < 0.05) by Tukey’s test. The
symbols A and V indicate differences between the cultivars ECVSCS155 and HIB
32R48H, respectively, for NI and I treatments at each evaluation time according to
Tukey’s test (P < 0.05). Bars represent standard errors of the means. n = 6. Three
experiments were conducted with consistent results; results from one representative

experiment are shown.
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Fig. 3. The initial fluorescence (Fy) (A and B), maximum fluorescence (Fy,) (C and
D) and maximum PSII quantum efficiency (F,/Fy,) (E and F) determined in leaves of
maize plants from cultivars ECVSCS155 (A, C, E) and HIB 32R48H (B, D, F) non-
inoculated (NI) or inoculated (I) with Stenocarpela macrospora. Means for the NI
and I treatments for each cultivar followed by an asterisk (*) at each evaluation time
are significantly different (P < 0.05) by Tukey’s test. The symbols A and ¥ indicate
differences between cultivars ECVSCS155 and HIB 32R48H, respectively, for NI
and I treatments at each evaluation time according to Tukey’s test (P < 0.05). Bars
represent standard errors of the means. n = 6. Three experiments were conducted

with consistent results; results from one representative experiment are shown.
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Fig. 4. The capture efficiency of excitation energy by the open PSII reaction centers
(Fy'IFy") (A and B), coefficient for photochemical quenching (gp) (C and D), non-
photochemical quenching (NPQ) (E and F) and electron transport rate (ETR) (G and
H) determined in leaves of maize plants from cultivars ECVSCS155 (A, C, E, G) and
HIB 32R48H (B, D, F, H) non-inoculated (NI) or inoculated (I) with Stenocarpela
macrospora. Means for the NI and I treatments for each cultivar followed by an
asterisk (*) at each evaluation time are significantly different (P < 0.05) by Tukey’s
test. The symbols A and V¥ indicate differences between cultivars ECVSCS155 and
HIB 32R48H, respectively, for NI and I treatments at each evaluation time according
to Tukey’s test (P < 0.05). Bars represent standard errors of the means. n = 6. Three
experiments were conducted with consistent results; results from one representative

experiment are shown.
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CHAPTER 3
Physiological and biochemical alterations on maize leaves infected

by Stenocarpella macrospora

Maria Bianney Bermudez Cardona*, Wilka Messner da Silva Bispo and

Fabricio Avila Rodrigues

Universidade Federal de Vigosa, Departamento de Fitopatologia, Laboratério da
Interacdo Planta-Patégeno, Vicosa, Minas Gerais State, Zip Code 36.570-900,

Brazil

ABSTRACT

Bermudez-Cardona, M., Messner, W. S. B., and Rodrigues, F. A. 2014.
Physiological and biochemical alterations on maize leaves infected by Stenocarpella
macrospora. Phytopathology 104:xx-xx

This study aimed to analyze the photosynthetic performance and antioxidative
systems through the chlorophyll a fluorescence imaging, the activities of some
antioxidative enzymes and the concentration of ROS in leaves of plants from two
maize cultivars (ECVSCS155 and HIB 32R48H) susceptible and highly susceptible,
respectively, infected with Stenocarpella macrospora. Regardless of maize cultivar,
the first changes were observed at 48 hai for all parameters of chlorophyll a
fluorescence which prominently increased as the MLS progressed. Decreases in
maximum fluorescence, maximum PSII quantum efficiency, effective PSII quantum
yield and quantum yield of regulated energy dissipation coupled with increases in
initial fluorescence and quantum yield of nonregulated energy dissipation were

directly related to the progressive loss of photosynthetic activity. In both cultivars the
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enzymatic and non-enzymatic components of the antioxidative system were both
dramatically altered on infected leaves. The SOD, CAT, POX, APX, GR, GPX and
GST activities as well as the concentrations of AsA and GSH+GSSG were quite
higher at the early stages of fungal infection, but suffered accentuated decreases as
the MLS progressed suggesting the occurrence of an initial mechanism defense from
the host’s side. As the symptoms of MLS on maize leaves become more drastic, the
activities of these enzymes, and the concentration of metabolites buffers decreased.
Although, H,O, and MDA concentration increased contributing, therefore, for the

intensification of lipid peroxidation upon damage to cell membranes.
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INTRODUCTION

Macrospora leaf spot (MLS), caused by Stenocarpella macrospora Earle) Sutton
(syn. Diplodia macrospora Earle) (26,57,96), has resulted in maize yield losses
mainly in the tropical and subtropical regions worldwide (3,29,31,69). Under warm
and humid conditions, elliptical brown lesions with yellow or orange edges, which
may have dark concentric rings, quickly expand on leaf blades (3,29). Pycnidia are
produced on the necrotic lesions from which conidia are extruded in long cirri and
easily dispersed by insects, rain and wind (3,26,27,28). Maize residue management,
use of healthy seed and crop rotation are the most important strategies to control
MLS (29) considering the limited efficiency of the fungicides and the unavailability
of resistant cultivars (13,72).

Pathogen infection can leads to decrease in photosynthetic efficiency, which is
frequently associated with direct damage to the photosynthetic apparatus and
consequently with alteration in the balance between light energy absorption and light
energy utilization via the Calvin-Benson cycle (60,82). This unbalance can cause
inactivation of electrons transport and irreversible photodamage to the reaction
centers proteins, with direct effect on the operating efficiency of PSII (®psy) (7,65).
The photosynthetic electron transport system is considered one of the major sources
for photoreduction of molecular oxygen, with higher potential to generate reactive
oxygen species (ROS) (8,21,60,95). Which involves the production of superoxide
anion (O;’), hydroxyl radical (HO") as well as nonradical molecules like hydrogen
peroxide (H»O») and singlet oxygen ('0,) (6,86). One other hand, the rapid host
defense reaction against pathogen infection is also related with the oxidative burst
induction (20,88,97). It is widely know that the ROS can lead to the oxidative

destruction of the cells (8,10,19), which can result from oxidative processes such as
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membrane lipid peroxidation, protein oxidation, enzyme inhibition and DNA and
RNA damage (45,48,86).

Nevertheless, plants are provided of different protection and repair mechanism to
prevent photodamage and to maintain the physiological integrity of photosynthetic
apparatus (60). The first protection mechanism is related with regulatory energy
dissipation of excess absorbed light (95). Thus, chlorophyll a fluorescence imaging is
a useful tool to estimate the operating quantum efficiency of photosystem II (PSII),
which can be used to reveal heterogeneous patterns of photosynthetic performance
occurring within of leaf tissue infected with pathogens (11,18,90). Rapid alteration in
the intensity of chlorophyll a fluorescence in the chloroplast is correlated with any
photooxidative impairment of the photosynthetic apparatus (11). The underlying
theoretical base of this technique is the fact that the chlorophyll a fluorescence yield
of PSII is variable as a result of competition with photochemical and non-
photochemical processes and this interaction that allows changes in chlorophyll a
fluorescence yield to be used to measure photosynthetic function (53,81,82).

According to Rolfe and Scholes (82), infection by pathogens often leads to
complex alteration in fluorescence emission; however, a typical host response
observed in an host-fungal interaction is an initial reduction in the operating
efficiency of PSII of light adapted leaves (®pgyy), an decrease in the maximum PSII
quantum efficiency (F\/F,) and increase in the non-photochemical quenching
(NPQ), but at advanced stages of fungal infection, the values of these parameters
decline because the photosynthetic apparatus is destroyed. These findings were
confirmed by Meyer (66), who examined the impact of the necrotrophic phase of
Colletotrichum lindemuthianum on bean leaves by measurements of chlorophyll a

fluorescence imaging. According to the author, in the necrotic tissues, the
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photosynthetic apparatus was largely destroyed, concomitantly, F,/Fy, decreased and
NPQ increased in neighboring green tissue.

The second protection mechanism is the effective re-oxidation of the reduction
equivalents, which includes the water-water cycle, the photorespiration, the malate
valve and the antioxidative system (36,95). The antioxidative systems is of complex
arrays of enzymatic and nonenzymatic systems that detoxify the ROS (10,76).
Enzymatic ROS scavenging mechanisms in plants include the enzymes superoxide
dismutase (SOD), catalase (CAT), the ascorbate-glutathione (AsA-GSH) and
glutathione peroxidase (GPX) cycles (6,19). The SOD act as the first line of defense
again ROS, dismutating O, to H,O; in the cytosol, chloroplast and mitochondria (2).
The CAT is the primary H,O, scavenger in the peroxisomes and mitochondria (76).
Moreover, H,O, generated in the cytosol, chloroplast, mitochondria and peroxisomes
i1s also scavenged by enzymes of AsA-GSH cycle such as ascorbate peroxidase
(APX) and glutathione reductase (GR) and by GPX cycle (6,86). Complementarily,
nonenzymatic ROS scavenging mechanisms include the major cellular redox buffer
ascorbate (AsA) and glutathione (GSH) (9,71). Able (1) reported increases in the
concentration of H,O, and O, in barley leaves infected by Pyrenophora teres.
Accumulation of H,O, and enhanced activities of H,O, scavenging enzymes
occurred on leaves of Lactuca spp. infected with Bremia lactucae (84). Additionally,
the ROS can also be considered as secondary messengers involved in the activation
of stress-response signal transduction defense pathway (6,37,47,67).

Considering the limited information on the maize-S. macrospora interaction at the
biochemical and physiological levels, this study aimed to fill out this gap by
investigating the spatial-temporal alterations on photosynthetic performance and

antioxidative systems on leaves of maize plants during the fungal infection process
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through the chlorophyll a fluorescence imaging, the activities of some antioxidative

enzymes and the concentration of ROS.
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MATERIALS AND METHODS

Plant cultivation. Maize seeds from cultivars ECVSCS155 and HIB 32R48H,
susceptible and highly susceptible, respectively, to S. macrospora, were sown in
plastic pots containing 2 kg of Tropstrat0® (Vida Verde, Mogi Mirim, Sao Paulo,
Brazil) substrate composed of a 1:1:1 mixture of pine bark, peat and expanded
vermiculite. A total of 1.63 g of calcium phosphate monobasic was added to each
plastic pot. A total of five seeds were sown per pot, and each pot was thinned to three
seedlings five days after seedling emergence. Plants were kept in a greenhouse
during the experiments (temperature 28 + 2°C during the day and 12 + 4°C at night,
relative humidity 70 + 5%) and were fertilized weekly with 50 mL of a nutrient
solution composed of 2.6 mM KCl, 0.6 mM K;,SO4, 1.2 mM MgSO4, 1.0 mM
CH4N,0, 1.2 mM NH4NO3;, 0.0002 mM (NH4)sM070,4, 0.03 mM H3;BO4, 0.04 mM
ZnS0y4, 0.01 mM CuSOy4 and 0.03 mM MnCl,. The nutrient solution was prepared
using deionized water. Plants were watered as needed.

Inoculum production and inoculation procedure. Plants were inoculated with a
monosporic isolate of S. macrospora (UFV-DFP Sm O01). The isolate of S.
macrospora was grown in Petri dishes containing oat-agar medium and incubated for
35 days in an incubator (22°C, photoperiod of 12 h of light and 12 h of darkness). All
of the leaves on each plant were inoculated with a conidial suspension of S.
macrospora (6 x 10* conidia/ml) at 30 days after emergence (growth stage V5) (17)
using a VL Airbrush atomizer (Paasche Airbrush Co, Chicago, IL). Gelatin (1% w v”
") was added to the suspension to aid conidial adhesion to the leaf blades.
Immediately after inoculation, the plants were transferred to a growth chamber at 25
+ 2°C, 90 + 5% relative humidity and a 12 h light: 12 h dark photoperiod for 30 h.

After this period, the plants were transferred to a plastic mist growth chamber
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(MGC) inside a greenhouse for the duration of the experiments. The MGC was made
of wood (2 m wide, 1.5 m high and 5 m long) and covered with 100-um thick
transparent plastic. The temperature inside the MGC ranged from 25 + 2°C (day) to
20 + 2°C (night). The relative humidity was maintained at 90 + 5% using a misting
system in which nozzles (model NEB-100; KGF Company Sao Paulo, Brazil)
sprayed mist every 30 min above the plant canopies. The relative humidity and
temperature were measured with a thermo-hygrograph (TH-508, Impac, Sdo Paulo,
Brazil). The maximum natural photon flux density at plant canopy height was
approximately 900 pmol mZs™.

Assessment of MLS severity. The fourth leaves (counted from the base to the
top) of each plant per replication of each treatment were marked and collected to
evaluate MLS severity at 48, 72, 96, 120 and 168 hours after inoculation (hai). The
collected leaves were scanned at 300 dpi resolution and the obtained images were
processed using QUANT software (94) to obtain the severity (chlorosis and necrosis
symptoms) values. The area under disease progress curve (AUDPC) for each leaf in
each plant was computed using trapezoidal integration of the MLS progress curves
over time using the formula proposed by Shaner and Finney (85).

Chlorophyll a fluorescence imaging. Images and parameters of chlorophyll a
fluorescence were obtained on the 4™ leaves, from the base to the apex, at 48, 72, 96,
120 and 168 hai using the MAXI version of the Imaging-PAM fluorometer and the
Imaging Win software (Heinz Walz GmbH, Effeltrich, Germany). The Chl
fluorescence emission transients were captured by a CCD (charge-coupled device)
camera with a resolution of 640 x 480 pixels in a visible sample area of 24 x 32 mm
on each leaf. Initially, the leaves were dark-adapted for 30 min, after which they

were carefully and individually fixed in a support at a distance of 18.5 cm from the
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CCD camera. The leaf tissues were then exposed to a weak, modulated measuring
beam (0.5 pmol m~>s?, 100 us, 1 Hz) to determine the initial fluorescence (F) when
all the PS II reaction centers are "open". Next, a saturating white light pulse of 2,400
umol m? s (10 Hz) was applied for 0.8 s to ensure the maximum fluorescence
emission (F,) when all the PS II reaction centers were "closed". From these initial
measurements, the maximum PS II photochemical efficiency of the dark-adapted
leaves was estimated through the variable-to-maximum Chl fluorescence ratio, F\/Fp,
= [(Fm - Fo)/Fn)]. The leaf tissues were subsequently exposed to actinic photon
irradiance (185umol m™ s™) for 120 s to obtain the steady-state fluorescence yield
(F,), after which a saturating white light pulse (2,400pumol m™ s™; 0.8 s) was applied
to achieve the light-adapted maximum fluorescence (Fp,’). The light-adapted initial
fluorescence (Fy’) was estimated according to Oxborough and Baker (74). Following
the calculations of Kramer et al. (52), the energy absorbed by PS II for the following
three yield components for dissipative processes were determined: the effective PS 11
quantum yield [Y(I) = (Fn’ - F)/Fn’)], the quantum yield of regulated energy
dissipation [Y(NPQ) = (FyJ/Fy’) - (F¢/Fn)] and the quantum yield of nonregulated
energy dissipation [Y(NO) = F/Fy]. To quantitatively estimate the values of the Chl
a fluorescence imaging parameters, four leaves per treatment per each evaluation
time were selected and five circular leaf areas of 0.78 cm?” were defined on each leaf.

Biochemical assays. Samples from the fourth leaves from the base of each plant
(a total of four leaves per replication of each treatment) were collected at 48, 72, 98,
120 and 168 hai. The leaf samples were kept in liquid nitrogen during sampling and
the stores at -80°C until further analysis.

Enzyme extraction and assays. Leaf samples of inoculated and non-inoculated

plants from cultivars ECVSCS155 and HIB 32R48H at 24, 48, 72, 96, 120 and 168
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hai were flash frozen in liquid nitrogen and subsequently stored at -80°C until further
analysis. For the assays of superoxide dismutases (SOD, EC 1.15.1.1), catalases
(CAT, EC 1.11.1.6), non-specific peroxidases (POX, EC 1.11.1.7) and ascorbate
peroxidases (APX, EC 1.11.1.11) and a total of 0.3 g of leaf tissues was ground in
liquid nitrogen into a fine powder and homogenized in a 2 mL solution containing
0.5 M potassium phosphate buffer (pH 6.8), 0.1 M ethylenediaminetetraacetic acid
(EDTA), 0.1% Triton X, 3 mM DL-dithiothreitol (DTT) and 1% (w/v)
polyvinylpyrrolidone (PVP). For glutathione reductases (GR, EC 1.8.1.7),
glutathione peroxidases (GPX, EC 1.11.1.9) and glutathione-S-transferases (GST,
EC 2.5.1.18), the fine powder was homogenized in 2 mL of a solution containing 100
mM potassium phosphate buffer (pH 7.5), 0.1 mM EDTA, 1 mM DL-dithiothreitol
(DTT), 1 mM PMSF and 2% (w V’l) PVP. The extracts were centrifuged at 12,000 g
at 4°C for 15 min for SOD, CAT, POX, APX, GR, GPX and GST. The supernatants
were used for the enzymes activities assays. All steps were performed at 4°C.

The total SOD activity was determined by measuring its ability to inhibit
photochemical reduction of nitroblue tetrazolium (NBT) as described by Beauchamp
and Fridovich (15). The reaction was started after the addition of 20 puL of the crude
enzyme extract to 980 pL of a mixture containing 50 mM potassium phosphate
buffer (pH 7.8), 13 mM methionine, 75 uM NTB, 0. mM EDTA and 2 uM
riboflavin. The samples were exposed to 10 min of light and the production of
formazan blue, resulting from the photoreduction of NBT, was measured at 560 nm.
The absorbance at 560 nm of a reaction mixture with the same composition, but kept
in the dark for 10 min, served as a blank. One unit of SOD was defined as the

amount of enzyme necessary to inhibit NBT photoreduction by 50%.
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The CAT activity was determined by adding 50 uL of the crude enzyme extract to
950 uL of a reaction mixture consisting of potassium phosphate buffer 50 mM (pH
7.0) and 12.5 mM hydrogen peroxide (H,O,) (44). The decrease in absorbance at 240
nm was measured for 2 min and the enzyme activity was calculated from the initial
rate of the enzyme using the extinction coefficient of 40 mM™ cm™ at 240 nm.

The POX activity was assayed using the colorimetric method by determining the
pyrogallol oxidation as proposed by Kar and Mishra (50). The reaction was started
after the addition of 20 pL of the crude enzyme extract to 980 uL of a reaction
mixture containing 25 mM potassium phosphate (pH 6.8), 20 mM pyrogallol and 20
mM H;0,. The activity was determined through the absorbance of colored
purpurogallin recorded for 2 min at 420 nm and the enzyme activity was calculated
from the initial rate of the enzyme using the extinction coefficient of 2.47 mM" cm™
(30).

The APX activity assay was conducted as described by Nakano and Asada (70). A
total of 20 puL of the crude enzyme extract was added to 980 puL of the mixture
containing 50 mM phosphate buffer (pH 7.0), 1 mM H;O, and 0.8 mM sodium
ascorbate. The rate of ascorbate oxidation recorded by the decrease in the absorbance
at 290 nm was measured for 2 min and the enzyme activity was calculated from the
initial rate of the reaction using the extinction coefficient of 2.8 mM™ cm™ for
ascorbate.

The GR activity was assayed according to Carlberg and Mannervik (25). The
reaction was started after the addition of 50 pL of the crude enzyme extract to a
volume of 950 pL 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). The decrease in absorbance was determined at 340
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nm for 2 min and GR activity was calculated from the initial rate of its activity using
an extinction coefficient of 6.22 mM™ c¢m™! (35).

The GPX activity was estimated according to Lawrence and Burk (58). The reaction
mixture consisted of 50 mM potassium phosphate buffer (pH 7), | mM EDTA, 1.14
mM NaCl, 0.2 mM NADPH, 1 U/ml GSSG-reductase, 1 mM GSH, 0.25 mM H,0,
and the enzyme source in a total volume of 1 mL. All components were combined at
the beginning of the assay, except for the enzyme source and H,0,. A total of 50 pL
of the crude extract was added to the above mixture and allowed to incubate for 5
min at 25°C and the reaction was initiated by the addition of 100 pL of a H,0,
solution. The decrease in absorbance was measured at 340 nm for 5 min and the
extinction coefficient of 6.22 mM™ cm’ (4) was used to calculate GPX activity.

The GST-like activity was determined using the methodology proposed by Habig et
al. (43). A total of 10 puL of the crude enzyme extract was added to 990 pL of the
mixture containing 97 mM potassium phosphate buffer (pH 6.5), 0.97 mM EDTA,
2.5 mM reduced glutathione (GSH) and 1.0 mM 1-chloro-2,4-dinitrobenzene
(CDNB). The absorbance was measured at 340 nm over 5 min. The extinction
coefficient of 9.6 mM ™' cm™ was used to determine the enzyme activity.

All enzyme activities were expressed on a protein basis and the soluble protein
concentrations of the extracts were measured by the method of Bradford (22) using
bovine serum albumin as the standard protein.

Lipid peroxidation assay. The oxidative damage to lipids was estimated as the
concentration of the total amount of 2-thiobarbituric acid (TBA) reactive substances
and expressed as equivalents of malondialdehyde (MDA) according to Cakmak and
Horst (24) with a few modifications. A total of 0.1 g of leaf tissues was ground into a

fine powder and homogenized in a 2 mL 0.1% (w/v) trichloroacetic acid (TCA)
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solution at 4°C following centrifugation at 10,000 g for 15 min. The supernatant was
used for the MDA assay. A total volume of 250 uL was added to 750 uLL of TBA
(0.5% in 20% TCA) and the mixture was incubated for 30 min in a mixer (300 rpm)
with control temperature set to 95°C. The reaction was stopped by immersion in an
ice bath. The samples were centrifuged at 9.000 g for 10 min and the absorbance of
the supernatant was recorded at 532 nm. The non-specific absorbance was estimated
at 600 nm and subtracted from the specific absorbance values. An extinction

!'was used to calculate the MDA concentration.

coefficient of 155 mM™ cm™

Determination of hydrogen peroxide (H,0;) concentration. A total of 0.2 g of
leaf tissues was ground in liquid nitrogen into a fine powder and homogenized in 2
mL of a mixture containing 50 mM potassium phosphate buffer (pH 6.5) and 1 mM
hydroxylamine. The homogenate was centrifuged at 10,000 g for 15 min at 4°C (55)
and the supernatant was used as the crude extract. A total of 50 uL of the supernatant
was then added to a reaction mixture containing 100 uM ferric ammonium sulfate
(FeNH4[SO4]), 25 mM sulfuric acid, 250 uM xylenol orange and 100 mM sorbitol in
a final volume of 2 mL (39). After 30 min of dark incubation at room temperature,
the absorbance of the samples was determined at 560 nm. The controls for the
reagents and crude extracts were prepared under the same conditions and subtracted
from the sample. A standard curve of H,O, (Sigma-Aldrich, Sdo Paulo, Brazil) was
used to determine the H>O, concentration.

Determination of ascorbate (AsA) concentration. A total of 0.1 g of leaf tissues
was ground in liquid nitrogen into a fine powder and homogenized in 2 mL of a 6%
trichloroacetic acid (TCA) (w/v) solution. The homogenate was centrifuged at

15,000 g for 5 min at 4°C (49). An aliquot of 25 puL from the supernatant was then

added to a 0.02 M sodium phosphate buffer (pH 7.4) solution and the resulting
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mixture was incubated at 42°C for 15 min. Subsequently, a reaction mix consisting
of 0.02 M sodium phosphate buffer (pH 7.4) solution, 5% TCA (w/v), 8.4% H3POy4
(v/v), 0.8% 2,2'-dipyridyl (w/v) and 0.3% FeCl; (w/v) was added to the mixture and
brought to a final volume of 1 mL. After agitation, the solution was again incubated
at 42°C for 40 min and the reaction was stopped in ice bath. The absorbance was
recorded at 525 nm and the concentration of AsA was determined according to a
calibration curve of AsA (Sigma-Aldrich, Sao Paulo, Brazil).

Determination of total glutathione concentration (GSH+GSSG). A total of 0.2
g of leaf tissues was ground in liquid nitrogen and the obtained powder was
homogenized in 2 ml of a mixture consisting of 0.1 M HCI and 1 mM EDTA. The
homogenate was centrifuged at 12,000 g for 10 min at 4°C (Anderson, 1985). In
order to determine the total glutathione (GSH+GSSG) concentration, 50 puL of the
supernatant was added to a reaction mixture consisting of 125 mM sodium phosphate
buffer (pH 7.5), 6.3 mM EDTA, 0.3 mM NADPH and 6 mM 5,5'-dithio-bis-2-
nitrobenzoic acid (DTNB) in a total volume of 1 mL. After incubation for 5 min at
30°C, 10 pL of glutathione reductase enzyme (50 U ml™") was added to the mix and
the absorbance was determined at 412 nm during 2 min. The concentration of
GSH+GSSG was determined by using a calibration curve of glutathione (Sigma-
Aldrich, Sao Paulo, Brazil) according to Griffith (42).

Determination of electrolyte leakage (EL). The EL was determined according to
the methodology of Lima et al. (59) with a few modifications. A total of 20 leaf discs
(o mm in diameter) were collected from the fourth leaves from the base of each plant
per replication and treatment at 48, 72, 96, 120 and 168 hai. The leaf discs were
thoroughly washed in deionized water immediately after being sampled. Then, the

leaf discs were left to float on 60 mL of deionized water in sealed glass for 4 h at
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25°C. After this period, the first value of conductivity (reading one) was obtained
using a conductivity meter (Tecnopon mCA-150; MS Tecnopon Instrumentagdo
Cientifica, Sdo Paulo, Brazil). Next, the vials were transferred to an oven for 2 h at
90°C to obtain a new value for conductivity (reading two). The EL, given as a
percentage, was obtained by dividing the value of reading one by the value of
reading two.

Experimental design and data analysis. A 2 x 2 factorial experiment, consisting
of two maize cultivars (ECVSCS155 and HIB 32R48H) and non-inoculated or
inoculated plants was arranged in a completely randomized design with six
replications. The experiment was repeated three times. Each experimental unit
corresponded to a plastic pot containing three plants. A total of 120 plants were used
in each experiment (24 plants per treatment at each evaluation time). All variables
were subjected to an analysis of variance (ANOVA) and the treatments means were
compared by Tukey's test (P < 0.05) using the SAS software (SAS Institute Inc.,
Cary, NC). For MLS severity, the ANOVA was considered to be a 2 x 5 factorial
experiment, consisting of two maize cultivars and five evaluation times. For the
photosynthetic measurements, the activities of the seven antioxidative enzymes, the
concentrations of MDA, H,0,, reduced AsA and total glutathione (GSH+GSSG) and
the EL values, ANOVA was considered to be a 2 x 2 x 5 factorial experiment,
consisting of two maize cultivars, non-inoculated and inoculated plants and five

evaluation times.
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RESULTS

MLS severity and AUDPC. The factors cultivars and evaluation times as well as
their interaction were significant (P < 0.05) for MLS severity (Table 1). Cultivar was
the only significant factor (P < 0.05) for AUDPC (Table 1). MLS severity was
significantly lower on the leaves of plants from cultivar ECVSCS155 relative to the
leaves of plants from cultivar HIB 32R48H (Fig. 1A). From 48 to 168 hai, MLS
severity increased from 0.4 to 4.2% on the leaves of plants from cultivar
ECVSCS155 and from 1.4 to 7.5% on the leaves of plants from cultivar HIB
32R48H. For plants of cultivar ECVSCS155, AUDPC was significantly reduced by
54.4% compared to plants from cultivar HIB 32R48H (Fig. 1B).

Imaging of chlorophyll a fluorescence. Semi-quantitative and quantitative
examination of the Chl a fluorescence images were used to study the photosynthetic
performance of maize leaves of non-inoculated and inoculated plants. Using the
approach of a semi-quantitative examination, visual changes on the images of the Chl
a fluorescence on the leaves of inoculated plants was detected. The first changes
were observed at 48 hai for all parameters of Chl a fluorescence which prominently
increased as the MLS progressed (Fig. 2 and 3). Nevertheless, changes in Fy was less
perceptible at 48 hai (Fig. 2 and 3 ag-as), whereas for Fy,, F\/Fy,, Y(II), Y(NPQ) and
Y(NO), the first changes became evident at 48 hai and the greater changes occurred
at 120 and 168 hai (Fig. 2 and 3 by-bs, co-cs, do-ds, ep-es and fy-fs). Indeed, decreases
in F, FJ/Fy, Y(II) and Y(NPQ) coupled with increases in Y(NO) were directly
related to the progressive loss of photosynthetic activity as indicated by the black
areas in the images.

Additionally, assessment of the photosynthesis was performed by means the

quantitative examination of Chl a fluorescence images. At least one of the evaluated
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factors (cultivars, plant inoculation and evaluation times) as well as some of their
interactions were significant (P < 0.05) for Fo, Fin, Fv/Fr, Y(II), Y(NPQ) and Y(NO).
Plant inoculation was the most important factor due to its higher F values explaining,
therefore, the variation in all variables evaluated. The interactions cultivars x plant
inoculation x evaluation times was significant only for Fy, Y(II) and Y(NO) (Table
D).

For both cultivars, Fp and Y(NO) significantly increased for the inoculated plants
relative to their non-inoculated counterparts (Fig. 4A and B; 5E and F). Increases in
the values for the above parameters were greater at 168 hai for plants of cultivar HIB
32R48H than for plants of cultivar ECVSCS155 with increases of 29 and 23% for F
(Fig. 4A and B) and 84 and 51% for Y(NO) (Fig. 5E and F) in the inoculated plants
relative to the non-inoculated ones, respectively. The F,, F\/Fn, Y(II) and Y(NPQ)
significantly decreased for the inoculated plants in comparison to their non-
inoculated counterparts (Fig. 4C, D, E and F; 5A, B, C and D). Reductions in the
values of the above mentioned parameters were greater at 168 hai for plants of
cultivar HIB 32R48H than for plants of cultivar ECVSCS155 with decreases of 69
and 62% for F,, (Fig. 4C and D) 45 and 41% for F./F, (Fig. 4E and F), 57 and 45%
for Y(II) (Fig. SA and B) and 51 and 32% for Y(NPQ) (Fig. 5C and D). For the non-
inoculated plants, significant differences between cultivars occurred at 48, 72, 96,
120 and 168 hai for F, (Fig. 4C and D) and at 72 and 168 hai for Y(II) (Fig. 5A and
B). For the inoculated plants, significant differences between cultivars occurred at 72
hai for Y(II) (Fig. SA and B) and at 96 and 168 hai for Y(NO) (Fig. SE and F).

Antioxidative systems. At least one the factors (cultivars, plant inoculation and
evaluation times) as well as some of their interactions were significant (P < 0.05) for

SOD, CAT, POX, APX, GR, GPX, GST, MDA, H,0,, AsA, (GSH+GSSG) and EL
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(Table 1). The interaction cultivar x plant inoculation x evaluation times was not
significant only for the SOD, CAT, MDA and GSH (Table 1). The SOD activity was
higher for the inoculated plants of cultivars ECVSCS155 and HIB 32R48H
compared with the non-inoculated plants at 48, 72, and 96 hai (Fig. 6A and B). The
inoculated plants of cultivars ECVSCS155 and HIB 32R48H showed increases of
149 and 123% at 48 hai, 171 and 151% at 72 hai and 94 and 40% at 96 hai,
respectively, for SOD activity compared with the non-inoculated plants. Differences
between the inoculated and non-inoculated plans for CAT activity occurred at 48, 72,
96 and 120 hai for cultivar ECVSCS155 and only at 72 and 96 hai for cultivar HIB
32R48H, with the highest values occurring for the inoculated plants (Fig. 6C and D).
Increases in CAT activity were greater at 72 and 96 hai for plants of cultivar
ECVSCSI155 than for plants of cultivar HIB 32R48H with increases of 145 and
111% at 72 hai and 157 and 54% at 96 hai, respectively, on inoculated plants in
comparison to the non-inoculated ones.

The inoculated plants of cultivars ECVSCS155 and HIB 32R48H showed a
significant increase in POX activity compared with the non-inoculated plants at 96
and 120 hai (Fig. 6E and F). Increases of 72 and 69% at 96 hai and 131 and 72% at
120 hai were obtained for the inoculated plants of cultivars ECVSCS155 and HIB
32R48H, respectively, compared with the non-inoculated plants.

The APX activity was higher for the inoculated plants of both cultivars compared
to the non-inoculated plants at 72 and 96 hai (Fig. 6G and H). The inoculated plants
of cultivars ECVSCS155 and HIB 32R48H showed increases of 44 and 43% and 41
and 38% at 96 hai, respectively, for APX activity compared with the non-inoculated

plants.
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There was a significant increase in GR activity for the inoculated plants of
cultivars ECVSCS155 and HIB 32R48H at 72 and 96 hai compared with the non-
inoculated plants (Fig. 61 and J). For the inoculated plants of cultivars ECVSCS155
and HIB 32R48H, there were increases of 80 and 69% at 72 hai and 76 and 66% at
96 hai, respectively, for the GR activity compared with the non-inoculated.

The inoculated plants of both cultivars showed a significant increase in GPX
activity compared with the non-inoculated plants at 48, 72, 96 and 120 hai for
cultivar ECVSCS155 and only at 72, 96 and 120 hai for cultivar HIB 32R48H with
the highest values occurring for the inoculated plans (Fig. 6K and L). The GPX
activity increased by 93 and 81% at 72 hai, 86 and 66% at 96 hai and 29 and 26% at
120 hai for the inoculated plants of cultivars ECVSCS155 and HIB 32R48H,
respectively, compared with the non-inoculated plants.

Differences between the inoculated and non-inoculated plants for GST activity
were found at 48, 72, 96 and 120 hai for cultivar ECVSCS155 and only at 48, 72 and
96 hai for cultivar HIB 32R48H, with the highest values occurring for the inoculated
plants (Fig. 6M and N). However, increases in the GST activity were greater at 72
hai for plants of cultivar HIB 32R48H than for plants of cultivar ECVSCS155 with
increases of 104 and 80%, respectively, on inoculated plants in comparison to the
non-inoculated ones.

Regarding the AsA and GSH+GSSG concentrations, there was significant
difference between the inoculated and non-inoculated plants at 48 and 72 hai for AsA
and 48, 72 and 96 hai for GSH, with the higher values occurring for the inoculated
plants of the cultivar ECVSCS155 (Fig. 7A-D).

For the MDA and H,0, concentrations, there was a significant difference between

the inoculated and non-inoculated plants for cultivars ECVSCS155 and HIB 32R48H
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at 48, 72, 96, 120 and 168 hai, with the highest values occurring for the inoculated
plants of the cultivar HIB 32R48H (Fig. 8A-D). The inoculated plants of both
cultivars showed a significant increase in the EL values compared with the non-
inoculated plants at 48, 72, 96, 120 and 168 hai, with the highest values occurring for
the inoculated plants (Fig. 9A and B). Increases in the EL values were greater at 120
and 168 hai for plants of cultivar HIB 32R48H than for plants of cultivar
ECVSCS155 with increases of 190 and 140% at 120 hai and 225 and 165% at 168

hai, respectively, on inoculated plants in comparison to the non-inoculated ones.
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DISCUSSION

The results from the present study provide, to the best of the authors’
knowledgment, novel information about the physiological features that were
associated with alterations on the photosynthetic performance and antioxidative
systems arising from the colonization of maize leaves by the necrotrophic fungus S.
macrospora. Different studies using the chlorophyll a fluorescence imaging
monitored the spatial patterns of the operating efficiency of PSII revealing, therefore,
different patterns of damage to the photosynthetic machinery on leaves infected with
pathogens of different life styles (11,18,90). In the present study, there was a
progressive increase in Fy values for the infected leaves in comparison to the leaves
of non-inoculated plants regardless of cultivars. This finding indicates that there was
some photoinhibitory process that led to oxidative damage in the reaction center of
PSII or that the transfer of excitation energy from the antenna system to the reaction
center was dramatically impaired. According to Plazek et al. (76), the increase in the
Fo values on barley leaves infected by Bipolaris sorokiniana suggested the
occurrence of damage to the photosynthetic antenna system. Concomitant decreases
in F, and F,/Fy, as the MLS progressed were also observed leading to the conclusion
of an proportional decrease in the rate constant for photochemistry and a direct
photodamage to PSII reaction centers (7,75). Kuckenberg et al. (54) reported that Fj
increased and F,/F,, decreased on wheat leaves infected by Puccinia recondite and
Blumeria graminis f.sp. tritici. Also, for the maize-Colletotrichum graminicola (16),
tomato-Botrytis cinerea (18) and wheat-Mycosphaerella graminicola (90)
interactions, the reduction in F,/F;, values were associated with the degradation of

the photosynthetic apparatus caused by these pathogens.
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Regardless of maize cultivar, there was a progressive decrease in Y(II) and
Y(NPQ) coupled with increase in Y(NO) in the infected leaves in contrast to the
leaves of non-inoculated plants suggesting that the ability for photochemical energy
conversion was strongly compromised due to fungal infection. According to Melis
(65) the photodamage may be consequence of the impairment of the primary charge
separation between P680 and pheophytin and subsequent alteration in electron-
transfer reactions due to the increase in the fraction of reduced Q4. Concomitantly,
decrease in Y(NPQ) coupled with increase in Y(NO) as MLS progressed suggest that
the mechanisms of energy dissipation via the regulated photoprotective NPQ-
mechanism were inefficient. Therefore, the chances to occur photodamage in the
PSII as indicated by lower values of Fy, F\/Fn and Y(II) on the infected leaves
increased. Early increases in Y(INO) that was correlated with the impairment of the
PSII were reported to occur on wheat leaves infected with Puccinia triticina (23).

Stronger photoinhibition on the infected leaves of plants from the two cultivars
was noticed as the MLS progressed leading to the hypothesis that both the energy
assimilation and the energy dissipation capacities of the photosynthetic apparatus
were negatively impaired. This damage in the photosynthetic apparatus may have
favored oxygen molecular reduction and induced subsequent generation of ROS in
the infected leaves. Several studies reported changes in the antioxidative system on
infected leaves of many plant species as a strategy to afford the oxidative stress
provoked by pathogens infection (38,45,47,80).

The enzymatic and non-enzymatic components of the antioxidative system were
both dramatically altered on infected leaves. Indeed, the SOD, CAT, POX, APX,
GR, GPX and GST activities as well as the concentrations of AsA and GSH+GSSG

were quite higher at the early stages of fungal infection, but suffered accentuated
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decreases as the MLS progressed suggesting the occurrence of an initial mechanism
defense from the host’s side. As the symptoms of MLS on maize leaves become
more drastic, the activities of these enzymes, and the concentration of metabolites
buffers decreased. Although, H,O, and MDA concentration increased contributing,
therefore, for the intensification of lipid peroxidation upon damage to cell
membranes.

Regardless of maize cultivar, the SOD, CAT and APX activities showed an initial
increase in the infected leaves than on the leaves of non-inoculated plants,
confirming that they were the first line of defense mounted by the host to cope with
S. macrospora infection. It is known that the SOD is the multimeric metalloprotein
catalyzing the dismutation of the O, to molecular oxygen and H,O; (9,40). The SOD
activity increased at early stages of S. macrospora infection, but decreased thereafter,
which contributed to an accumulation the O, in the chloroplasts that resulted in
photooxidative damage. The SOD and POX activities did not change on lettuce
leaves infected with Bremia lactucae (84).

The CAT, POX and APX are main H;O,-scavenging enzymes in plant leaves
(36,64). The CAT is responsible for H,O, removal generated during mitochondrial
electron transport, f-oxidation of fatty acids and in the photorespiratory oxidation
(21,73). The CAT activity increased in the infected maize leaves of both cultivars,
but decreased as the MLS progressed in a scenario where the H,O, concentration was
kept at high levels. This finding confirms the key role played by CAT in the H,O,
scavenger in the peroxisomes and mitochondria in maize plants (77,78,83). The CAT
and POX activities increased while the H,O, concentration increased on the necrotic
tissue from roots and shoots of pea plants infected with Fusarium oxysporum f.sp.

pisi and F. solani (61).
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In plants, POX is a heme-containing glycoprotein encoded by a large multigene
family and plays a significant role in tissue lignification that helps to slow pathogens
colonization (79). POX was important for maize resistance at the early stages of S.
macrospora infection regardless of the basal resistance of the cultivars used.
According to Hong-xia et al. (46), POX activity was higher on plants of a resistant
wheat cultivar to Rhizoctonia cerealis in contrast to the susceptible one.

The AsA-GSH cycle involve successive oxidation and reduction of AsA, GSH
and NADPH catalyzed by the enzymes APX, monodehydroascorbate reductase,
dehydroascorbate reductase and GR (6). The APX is a central component of AsA-
GSH cycle and plays a key role in the H>O, removal in mitochondria, chloroplasts
and peroxisomes (86) using two molecules of AsA as a specific electron donor to
reduce H,O; to water (36). In the present study, APX activity increased in response
to S. macrospora infection, but decreased at advanced stages of fungal infection. El-
Zahaby et al. (34) reported that the APX activity markedly increased on barley leaves
of a susceptible cultivar infected with Erysiphe graminis while remained unchanged
on the leaves of a resistant cultivar.

The GR belongs to a group of flavoenzymes and acts as an antioxidant due to its
participation in enzymatic as well as nonenzymatic oxidation-reduction cycles
(19,86). GR is responsible to catalyze the reduction of oxidized glutathione (GSSG)
to GSH and, thus, maintains high cellular GSSG/GSH ratio (Asada, 2006). The GR
activity increased in the leaves of maize plants in response to S. macrospora
infection, but declined at advanced stages of fungal infection. By contrast, GR
activity remained unchanged during the infection process of Erysiphe graminis f.sp.

hordei on barley leaves (34).
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GPX is a family of isoenzymes that uses GSH to reduce H,O, to water forming
GSSG besides participating in lignin biosynthesis (9,63,68). GPX activity was high
on infected leaves than on the leaves of non-inoculated plants. SOD, CAT, GPX,
APX and GR activities were higher at early stages of Botrytis cinerea infection on
tomato leaves, but decreases as the disease symptoms become more severe (56). The
APX, GR and GPX activities also increased in the roots of plants from a susceptible
cultivar of chickpea infected with Fusarium oxysporum (38).

GST catalyzes the conjugation of GSH to a variety of hydrophobic, electrophilic
and citotoxic substrates and participates in the detoxification of fatty acids
hydroperoxides produced during lipid peroxidation (63,91). In this present study, the
GST activity was kept higher at early stages of S. macrospora infection and
decreased at MLS symptoms increased in comparison to what was observed for the
leaves of non-inoculated plants.

AsA is involved in the removal of H,O, via AsA-GSH cycle because of its ability
to donate electrons in a number of enzymatic and nonenzymatic reactions (8,86).
Additionally, AsA provides membrane protection by directly reacting with O, and
H,0; (14). In maize leaves, there is differential compartmentation of antioxidants,
which need the transport of reduced forms of AsA and GSH from the mesophyll to
the bundle sheath cells (71). Additionally, proteins in the bundle sheath are much
more susceptible to oxidative damage than those of found in the mesophyll
suggesting that stress conditions may lead to a deficit in the antioxidant ability of
bundle sheath cells (33,51).

In the present study, the AsA concentration increased in the leaves in response to
S. macrospora infection, but was lower that for the non-inoculated plants. This

finding is in agreement with Dias et al. (32) who reported that AsA concentration
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was high at early stages of Moniliophthora perniciosa infection on the cacao leaves
of a susceptible cultivar while was kept stable during the fungal infection process on
the s of a resistant cultivar. AsA concentration decrease in the barley leaves of a
susceptible cultivar infected with Erysiphe graminis f.sp. hordei but remained stable
on the leaves of a resistant cultivar explaining, therefore, the strong APX activity on
the infected leaves (34).

GSH acts as disulphide reductant to protect thiol groups on enzymes, regenerate
AsA and react directly with '0, and HO (8). Plants increase the activity of GSH
biosynthetic enzymes and GSH concentration in response to pathogens infection
(71). The GSH+GSSG concentration increased in the early stages of S. macrospora,
but decreased with the intensification of the MLS symptoms. On barley leaves
infected with Erysiphe graminis f.sp. hordei, GSH concentration increased at 3 and 4
dai followed by a sharp decrease as disease progressed (34).

The concomitant decrease in GR activity and GSH+GSSG concentration at
advanced stage of S. macrospora infection on leaves of plants from both cultivars
highlights the importance of GR to maintain the high cellular GSSG/GSH ratio.
Additionally, for the inoculated plants of both cultivars, there was a consistent
decrease in the GPX and GST activities coupled with decrease in GSH+GSSG
concentration during fungal infection confirming, therefore, the key role of GHS as a
specific electron donor by maintain the GPX and GST activities at desirable levels
The APX and GR activities as well as the concentrations of AsA and GSH were
dramatically decreased in tomato leaves infected with Botrytis cinerea (56). It was
postulated that B. cinerea was able to trigger changes in the antioxidative system
leading to a collapse of the protective mechanism at advanced stages of fungal

infection.
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The H,0,, unlike other oxygen radicals, can readily cross biological membranes
and consequently cause oxidative damage far from the site of its production (84,86).
At high concentration, H,O, can oxidize the cysteine or methionine residues and
inactivate enzymes by oxidizing their thiol groups such as the enzymes of the Calvin
cycle (36,86). In the present study, the H,O, concentration increased in the infected
leaves, especially at advanced stages of fungal infection while the activities of all
enzymes dramatically decreased. Several studies have suggested that the redox status
of a certain host may play a major role in the facilitation of hemibiotrophic and
necrotrophic fungal infections for the bean-Botrytis cinerea (92,93), barley-
Rhynchosporium secalis (1), japanese pear-Alternaria alternata (89) and wheat-
Septoria tritici (87) interactions.

Lipid peroxidation is a biochemical marker for the free radical in response to
abiotic and biotic types of stress (21) According to Mandal et al. (62), the
peroxidation of unsaturated lipids of biological membranes is the most prominent
signal of oxidative stress in plants. Several studies have shown that the lipid
peroxidation, measured as the concentration of MDA, is induced upon pathogens
infection (41). In the present study, the increase in H,O, concentration that
contributed to the higher concentration of MDA and the higher EL values occurred
on the leaves infected with S. macrospora. Mandal et al. (62) reported a high MDA
concentration on the tomato roots infected with Fusarium oxysporum f.sp.
lycopersici.

The results of the present study indicated that the photosynthetic apparatus as well
as the antioxydative system in the leaves of maize plants were dramatically altered

during the infection process of S. macrospora causing an impairment on the
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2027  protective mechanism of the maize plants that could be used to counteract the fungal
2028 infection.
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TABLE 1. Analysis of variance on the effects of cultivars (C), plant inoculation (PI),
and evaluation times (ET) and their interactions for the variables macrospora leaf
spot severity (Sev), area under disease progress curve (AUDPC), superoxide
dismutase (SOD), catalase (CAT), peroxidase (POX), ascorbate peroxidase (APX),
glutathione reductase (GR), glutathione peroxidase (GPX), glutathione-S-transferase
(GST), malondialdehyde (MDA), hydrogen peroxide (H»O,), reduced ascorbate
(AsA), total glutathione (GSH+GSSG) and electrolyte leakage (EL), chlorophyll a
fluorescence parameters initial fluorescence (Fjp), maximum fluorescence (Fy),
maximum PSII quantum efficiency (F\/Fy), effective PS II quantum yield Y(II),
quantum yield of regulated energy dissipation Y(NPQ) and quantum yield of

nonregulated energy dissipation Y(NO).
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) C PI ET C x PI CxET PIXET CxPIxET
Variables F-based P values"
Sev (%) <0.001 - <0.001 - <0.001 - -
AUDPC <0.001 - - - - - -
SOD 0.942 <0.001 <0.001 0.824 0.595 <0.001 0.714
CAT 0.597 <0.001 <0.001 0.448 0.621 <0.001 0.988
POX 0.036 <0.001 <0.001 0.001 <0.001 <0.001 <0.001
APX 0.165 <0.001 <0.001 0.061 0.003 <0.001 0.038
GR 0.004 <0.001 <0.001 0.001 0.002 <0.001 <0.001
GPX 0.016 <0.001 <0.001 0.630 <0.001 <0.001 <0.001
GST <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
MDA 0.538 <0.001 <0.001 0.003 0.147 <0.001 0.058
H,0, <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001
AsA 0.734 <0.001 <0.001 0.399 <0.001 <0.001 <0.001
GSH 0.235 <0.001 <0.001 <0.001 <0.001 <0.001 0.068
EL(%) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Fo <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Fn 0.147 <0.001 0.017 0.007 0.231 <0.001 0.481
FJ/Fy, 0.955 <0.001 <0.001 0.007 0.173 <0.001 0.118
Y(IT) <0.001 <0.001 <0.001 0.348 0.001 <0.001 0.780
Y(NPQ) <0.001 <0.001 0.054 0.015 0.005 <0.001 <0.001
Y(NO) 0.056 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

“Levels of probability: " = not significant, * = 0.05
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Fig. 1. Macrospora leaf spot progress curves (A) and area under disease progress
curve (AUDPC) (B) on leaves of plants from maize cultivars ECVSCS155 and HIB
32R48H. Means from cultivars ECVSCS155 and HIB 32R48H followed by an
asterisk (*) for each evaluation time are significantly different (P < 0.05) by Tukey’s
test. Bars represent standard errors of the means. n = 5. Three experiments were
conducted with consistent results; results from one representative experiment are

shown.
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Fig. 2. Parameters of chlorophyll a fluorescence, initial fluorescence (Fy) (ap-as),
maximum fluorescence (Fy,) (bo-bs), maximum PSII quantum efficiency (Fy/Fp,) (co-
cs), effective PS II quantum yield Y(II) (do-ds), quantum yield of regulated energy
dissipation Y(NPQ) (ep-es) and quantum yield of nonregulated energy dissipation
Y(NO) (fo-fs), determined on leaves of maize plants from cultivar HIB 32R48H. 0
hai (plants non-inoculated) and 48, 72, 96, 120 and 168 hai for plants inoculated.
Three experiments were conducted with consistent results; results from one

representative experiment are shown.
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Fig. 3. Parameters of chlorophyll a fluorescence, initial fluorescence (Fy) (ap-as),
maximum fluorescence (Fy,) (bo-bs), maximum PSII quantum efficiency (F/Fp,) (co-
cs), effective PS II quantum yield Y(II) (do-ds), quantum yield of regulated energy
dissipation Y(NPQ) (ep-es) and quantum yield of nonregulated energy dissipation
Y(NO) (fo-fs), determined on leaves of maize plants from cultivar ECVSCS155. 0
hai (plants non-inoculated) and 48, 72, 96, 120 and 168 hai for plants inoculated.
Three experiments were conducted with consistent results; results from one

representative experiment are shown.
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Fig. 4. The initial fluorescence (Fy) (A and B), maximum fluorescence (Fy,) (C and
D) and maximum PSII quantum efficiency (F\/Fy,) (E and F) determined on leaves of
maize plants from cultivars ECVSCS155 (A, C and E) and HIB 32R48H (B, D and
F) non-inoculated (NI) or inoculated (I) with Stenocarpela macrospora. Means for
the NI and I treatments for each cultivar followed by an asterisk (*) at each
evaluation time are significantly different (P < 0.05) by Tukey’s test. The symbols A
and V indicate differences between cultivars ECVSCS155 and HIB 32R48H,
respectively, for NI and I treatments at each evaluation time according to Tukey’s
test (P < 0.05). Bars represent the standard errors of the means. n = 20. Three
experiments were conducted with consistent results; results from one representative

experiment are shown.
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Fig. 5. The effective PS II quantum yield Y(II) (A and B), quantum yield of
regulated energy dissipation Y(NPQ) (C and D) and quantum yield of nonregulated
energy dissipation Y(NO) (E and F) determined on leaves of maize plants from
cultivars ECVSCS155 (A, C and E) and HIB 32R48H (B, D and F) non-inoculated
(NI) or inoculated (I) with Stenocarpela macrospora. Means for the NI and I
treatments for each cultivar followed by an asterisk (*) at each evaluation time are
significantly different (P < 0.05) by Tukey’s test. The symbols A and V¥ indicate
differences between cultivars ECVSCS155 and HIB 32R48H, respectively, for NI
and I treatments at each evaluation time according to Tukey’s test (P < 0.05). Bars
represent the standard error of the means. n = 20. Three experiments were conducted

with consistent results; results from one representative experiment are shown.
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Fig. 6. Activities of superoxide dismutase (SOD) (A and B), catalase (CAT) (C and
D) and peroxidase (POX) (E and F), ascorbate peroxidase (APX) (G and H),
glutathione reductase (GR) (I and J), glutathiones peroxidase (GPX) (K and L) and
glutathione-S-transferase (GST) (M and N) determined on leaves of maize plants
from cultivars ECVSCS155 (A, C, E, G, I, K and M) and HIB 32R48H (B, D, F, H,
J, L and N) non-inoculated (NI) or inoculated (I) with Stenocarpela macrospora.
Means for the NI and I treatments for each cultivar followed by an asterisk (*) at
each evaluation time are significantly different (P < 0.05) by Tukey’s test. The
symbols A and V¥ indicate differences between cultivars ECVSCS155 and HIB
32R48H, respectively, for NI and I treatments at each evaluation time according to
Tukey’s test (P < 0.05). Bars represent the standard error of the means. n = 5. Three
experiments were conducted with consistent results; results from one representative

experiment are shown.
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Fig. 7. Concentrations of reduced ascorbate (AsA) (A and B) and total glutathione
(GSH+GSSG) (C and D) determined on leaves of maize plants from cultivars
ECVSCS155 (A and C) and HIB 32R48H (B and D) non-inoculated (NI) or
inoculated (I) with Stenocarpela macrospora. Means for the NI and I treatments for
each cultivar followed by an asterisk (*) at each evaluation time are significantly
different (P < 0.05) by Tukey’s test. The symbols A and V indicate differences
between cultivars ECVSCS155 and HIB 32R48H, respectively, for NI and I
treatments at each evaluation time according to Tukey’s test (P < 0.05). Bars
represent the standard error of the means. n = 5. Three experiments were conducted

with consistent results; results from one representative experiment are shown.
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Fig. 8. Concentrations of malondialdehyde (MDA) (A and B) and hydrogen peroxide
(H,0,) (C and D) determined on leaves of maize plants from cultivars ECVSCS155
(A and C) and HIB 32R48H (B and D) non-inoculated (NI) or inoculated (I) with
Stenocarpela macrospora. Means for the NI and I treatments for each cultivar
followed by an asterisk (*) at each evaluation time are significantly different (P <
0.05) by Tukey’s test. The symbols A and ¥ indicate differences between cultivars
ECVSCS155 and HIB 32R48H, respectively, for NI and I treatments at each
evaluation time according to Tukey’s test (P < 0.05). Bars represent the standard
error of the means. n = 5. Three experiments were conducted with consistent results;

results from one representative experiment are shown.
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Fig. 9. Electrolyte leakage (EL) determined on leaves of maize plants from cultivars
ECVSCS155 (A) and HIB 32R48H (B) non-inoculated (NI) or inoculated (I) with
Stenocarpela macrospora. Means for the NI and I treatments for each cultivar
followed by an asterisk (*) at each evaluation time are significantly different (P <
0.05) by Tukey’s test. The symbols A and ¥ indicate differences between cultivars
ECVSCS155 and HIB 32R48H, respectively, for NI and I treatments at each
evaluation time according to Tukey’s test (P < 0.05). Bars represent the standard
error of the means. n = 5. Three experiments were conducted with consistent results;

results from one representative experiment are shown.
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GENERAL CONCLUSIONS

. Histopathological observations showed that S. macrspora massively colonized the

leaf tissue of maize plants of the susceptible cultivar HIB 32R48H, starting from
the epidermal cells and continued to the phloem vessels, the xylem vessels and the
bundle sheath cells, the parenchyma cells, the phloem vessels amd the fungal

hyphae colonize the entire vessels element.

. SEM observations showed bipolar-germinated conidium with germ tubes

emerging from each cell. Germ tubes grow through the stomata without any
evidence of penetration. Erosion of the host cuticle around the conidia and germ
tubes on the adaxial leaf surface and evidence for the direct penetration. As well

as pycnidia formation into the necrotic regions of the leaf blades.

. The progressive decline in A, g; and E as the MLS progressed demonstrate, for the

first time, that photosynthesis in the leaves of maize plants is dramatically
impacted during the infection process of S. macrospora, and impacts are primarily

associated with limitations of a diffusive and biochemical nature.

. The observed decreases in Fy, F\/Fn, F,/F,, ETR and gp suggesting that the

ability of the S. macrospora infected leaves to capture and to transfer collected

energy was dramatically compromised.

. The concentration of pigments was negatively impacted in the leaves of

inoculated plants from both cultivars as the MLS progressed. The reduction in
chlorophyll concentration could be associated with the action of lytic enzymes

and non-selective toxins released in the infected tissues by S. macrospora.

. Decreases in Fy,, F,/Fy, Y(II) and Y(NPQ) coupled with increases in F, and

Y (NO) were directly related to the progressive loss of photosynthetic activity.
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2539 7. The accentuated decreases of the SOD, CAT, POX, APX, GR, GPX and GST

2540 activities as well as the concentrations of AsA and GSH+GSSG as the MLS
2541 progressed indicated that the antioxydative system in the leaves of maize plants
2542 were dramatically altered during the infection process of S. macrospora causing
2543 an impairment on the protective mechanism of the maize plants that could be used
2544 to counteract the fungal infection.

2545 8. Considering the importance of MLS to maize production worldwide and the lack

2546 of information in the literature regarding maize-S. macrospora interaction, the
2547 results from the present study brings novel information for a better understanding
2548 of the fungal pathogenesis as well as some alterations at biochemical and
2549 physiological level that may help for evolving more effective disease control

2550 strategies.



