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Spot blotch (SB) caused by the hemibiotrophic fungal pathogen Cochliobolus sativus is
a destructive disease of barley worldwide. To better understand the mechanisms of resistance
to this disease, the involvements of salicylic acid (SA), hydrogen peroxide (H,0,) and ion
fluxes during the interaction between resistant and susceptible barley seedlings and C. safi-
vus were investigated. Early SA accumulation in leaf tissues was accompanied with an
increase in H,0, concentration in both compatible and incompatible interactions. The resist-
ant cultivar constitutively contained higher levels of H,0, and SA, as well as during the 72 h
as compared with the un-infected control (0 h). However, levels increased rapidly upon
infection in both cultivars. Moreover, a markedly greater increase in ion fluxes from the
compatible material compared with the incompatible one was observed. Results suggest that
SA and H,0, accumulation are important during both compatible and incompatible barley-
C. sativus interactions.
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Introduction

Cochliobolus sativus (Ito & Kurib.) Drechsl. ex Dast. [anamorph: Bipolaris sorokiniana
(Sacc. in Sorok.) Shoem.], the cause of spot blotch (SB), is an economically important
disease of barley (Hordeum vulgare) worldwide (Mathre 1997). C. sativus infection on
barley plants results in various host-specific biochemical responses which show strategies
deployed by the plant to withstand diseases (Kumar et al. 2002; Jawhar et al. 2017). These
responses are regulated by a concerted expression of different plant signaling pathways,
and associated with an oxidative response detectable as the localized accumulation of
reactive oxygen species (ROS) molecules in attacked and/or neighboring cells of the in-
fection site (Leng and Zhong 2015; Rodriguez-Decuadro et al. 2014).

C. sativus has been classified as an hemibiotrophic fungus, and its pathogenesis in-
cludes germination of conidia on the leaf surface and formation of an appressorium at the
tip of the germ tube that supports direct penetration through the host cuticle (Kumar et al.
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2002). The apparently biotrophic growth phase is primarily confined to a single epidermal
cell invaded by infection hyphae, whereas the necrotrophic growth phase starts upon in-
vasion of the mesophyll tissue followed by host cell death, which appears to be a conse-
quence of toxin secretion (Apoga et al. 2002). However, ROS, especially H,O, accumula-
tion at the site of pathogen infection is one of the first cytologically detectable symptoms
of plant pathogen interaction (Nanda et al. 2010).

SA, a plant hormone widely distributed in angiosperms, is known to be a key element
in pathogen defense and its simple and accurate quantification in plants is therefore of
prominent importance (Belt et al. 2017). Different resistance mechanisms related to SA
signaling including hypersensitive response (HR), oxidative burst and pathogenesis-relat-
ed (PR) gene expression have been reported (Héffner et al. 2014; Vasquez et al. 2015).
Additionally, changes in ion fluxes are considered as the first events during the initial
establishment of the HR which can provide a robust method for quantifying cell collapse
(Bestwick et al. 1998).

To complete the picture of barley biochemical responses drawn (Al-Daoude et al.
2013), we investigated in the current study the possible changes of endogenous H,O, and
SA and electrolyte leakage during barley interaction with C. sativus at different time
points.

Materials and Methods
Host genotypes

After an extensive screening of barley (Hordeum vulgare L.) genotypes for more than 15
years in the greenhouse and laboratory experiments, the German cv. Banteng has proved
to be the most resistant genotype to all C. sativus isolates available so far (Arabi and
Jawhar 2003; 2004), therefore, it was used as a plant material in this study. The universal
susceptible control genotype (cv. WI2291) from Australia was also included in the ex-
periments. Barley seedlings were grown in 20-cm pots filled with sterilized peat moss.
Pots were placed in a greenhouse and arranged in a randomized block design with three
replicates for each cultivar (each replicate is one pot containing 10 plants) at 20 °C, 80—
90% relative humidity, with a 16 h-light/8 h-dark cycle.

Inoculum preparation and inoculation

A single spore isolate (Pt4) of C. sativus used in the study and was the most virulent avail-
able pathotype as described by Arabi and Jawhar (2003). The fungal mycelia were trans-
ferred from a stock culture into Petri dishes containing potato dextrose agar (PDA, DIF-
CO, Detroit, MI, USA) and incubated for 10 days at 21 &+ 1 °C in the dark. Then, conidia
were collected with 10 mL of sterile distilled water. The conidial suspension was adjusted
to 2 x 10* conidia/mL using hemacytometer counts of conidia to provide estimates of the
inoculum concentration. A surfactant (polyoxyethylene-20-sorbitan monolaurate) was
added (100 pL/L) to the conidial suspension to facilitate dispersion of the inoculum over
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the leaf surfaces. The primary leaves of 12-day-old seedlings were inoculated by uni-
formly spraying each plant with the conidial suspension using a hand-held spray bottle.
Plants were covered for one night with plastic bags to increase humidity and plants were
kept in the same greenhouse at 20 °C with a 16-h photoperiod.

Histochemical detection of H,O,

Histochemical detection of H,O, in barley leaf tissues was carried out by following the
method of Orczyk et al. (2010). Leaf samples were stained with DAB (3, 30-diaminoben-
zidinetetrahydrochloride) and with Calcofluor White. The stained samples were exam-
ined under a fluorescence microscope (Olympus-ix21 station, X400, Japan). H,O, was
localized due to dark blue coloration in the periplasmic space of the cells (Fig. 1). Obser-
vations were made for at least 20 infection sites per leaf sample collected from two to five
inoculated plants. The number of cells with H,O, in 25 random microscopic fields was
counted and percentage calculated (Bestwick et al. 1997). Five fields at high magnifica-
tion (%200) were randomly chosen.

Oh 24h 48h 72h

Figure 1. Localization of H,0, (a) and SB symptoms (b) in tissues of barley leaves; resistant (I) and susceptible
(IT) at 0, 24, 48 and 72 hours post inoculation with C. sativus of three replicates SE
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Figure 2. Changes in SA, H,0, and ion fluxes in barley resistant ‘Banteng’ and susceptible ‘WI2291” seedlings
inoculated C. sativus. Data represents the mean of three replicates and SE
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Quantification of endogenous salicylic acid

The leaf tissue (1.0 g) was collected at different time points; 0, 24, 48 and 72 hours post
inoculation (hpi) and ground in 2.5 mL of 90% methanol using a pre-chilled pestle and
mortar. SA was measured using the method described by Trapp et al. (2014) with minor
modifications. Extraction was achieved by adding 1.0 mL of ethylacetate, dichlorometh-
ane, isopropanol and MeOH:H,O (8:2) into each. The extract was centrifuged at 4 °C at
16,000 g for 5 min. The supernatant was transferred into a new 1.5 mL micro-centrifuge
tube and dried in speed vac. After drying, 100 ul of MeOH:H,O was added to each sam-
ple, homogenized under vortex and centrifuged at 16,000 g and 4 °C for 10 min.

SA was quantified by a high performance liquid chromatography (HPLC-MS/MS) sys-
tem (Agilent Technologies, Germany). The ability of quantification by this method was
tested using the procedure described by Green (1996). Since no additional MS/MS spec-
trum peaks except for the band corresponding to the standards for the analyte were ob-
tained, the method was considered selective.

Electrolyte leakage from leaf segments

Segments of barley leaves (ca. 1 cm) of each genotype put into 20 ml of deionised water
in a test tube and washed slowly using a rotary shaker (100 rpm) at room temperature to
remove solutes from both leaf surfaces and damaged cells due to cutting. Electrical leak-
age was measured at 0, 24, 48 and 72 hpi using a LF 92 conductimeter (WTW GmbH,
Weilheim, Germany) by as described by Kwon et al. (1996).

Data analysis

The data generated for H,O,, SA and electrolyte leakage were the average of the three
replicates each. Comparison of means between genotypes was performed using analysis
of variance (ANOVA) at the 5% level in the software package Statistica 6.1. When the
main effect was significant, differences between means were evaluated for significance
by using the Scheffe F-test. The standard deviation was calculated.

Results

SB severity symptoms (chlorosis and necrosis) was always more obvious in the compat-
ible barley ‘W12291° compared with the incompatible one ‘Banteng’ (Figure 1). To better
understand these interactions, changes in H,0,, SA and electrolyte leakage during infec-
tion at 0, 24, 48 and 72 hpi were investigated. Seedlings inoculated with distilled water
were also analyzed at 0 h. H,O, and SA level were observed post inoculation of seedlings
in both compatible and incompatible interactions.

However, significant variations and disparity (P = 0.001) in the values of these param-
eters were found among different time points (Figure 2). There was also a marked in-
crease in electrolyte leakage following the interaction between barley leaves and the fun-
gal pathogen, C. sativus. However, this leakage was higher in the susceptible barley com-
pared with the resistant one.
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Discussion

Inoculation with C. sativus virulent pathotype (Pt4) induced a marked increase in the
amount of H,0,, SA and ion fluxes when compared to seedlings before inoculation, in
both susceptible and resistant barley cultivars (Fig. 2). The earliest detection of H,0,
might be in relation to the earliest signs of HR after inoculation (Bindschedler et al.
2006). Similar results were found in rice (Xiong and Yang 2003) and wheat (Hulbert et al.
2007).

C. sativus is a hemibiotrophic with an initial biotrophic stage during disease develop-
ment. Data showed that SA contents of compatible and incompatible barley leaves in-
creased 24 hpi in comparison with non-inoculated plants at the start of the experiment.
These results indicate that SA is be expected to play a role in signaling events during
fungal infection by C. sativus, which might be attributed to the involvement of SA in
plant defense responses which binds and inhibits catalase activity and consequently ele-
vates cellular levels of H,O, (Shim et al. 2003). However, oxidative burst largely pre-
cedes the local and systemic accumulation of SA in pathogen-inoculated plants undergo-
ing HR (Apel and Hirt 2004).

It is suggested from this study that host-generated H,O, during the necrotrophic phase
contributes to resistance since, when the total number of cells showing H,0, localization
in test seedling was considered, it was observed that the number of cells localized in the
incompatible host ‘Banteng’ were greater than the ones in the compatible host “W12291°.
Bradley et al. (1992) reported that the increase of H,0, levels can affect plant defense in
several ways, presumably by stimulating cross-linking of proline-rich proteins of the cell
wall, and by inducing several plant genes involved in cellular protection and defense
(Forman et al. 2003).

Over time, also ion fluxes increased but they were higher in the susceptible genotype
WI2291 as compared with the resistant one, which might suggest somewhat enhanced
cell death in the compatible reaction, even though the conductivity values were much
lower than reported for typical HR (Keisa et al. 2011). Demidchik et al. (2014) reported
that electrolyte leakage is mainly related to K* efflux from plant cells, which is mediated
by plasma membrane cation conductances.

In conclusion, this study illustrated that significant increases in SA and H,0, were
found upon barley challenged with C. sativus, with values being consistently higher in
the incompatible host. The patterns of H,O, accumulation clearly differentiated during
the time course of inoculation and corresponded to SA and inversely to ion fluxes re-
sponse profiles in compatible and non-compatible host tissue, which could indicate that
these changes might have roles in barley compatible and incompatible interactions. This
study serves to broaden our understanding of the molecular cellular basis of barley-
C. sativus interactions but more studies, including also more susceptible and resistant
barley genotypes, are needed to better understand the mechanisms for susceptibility and
resistance.
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