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CHANGES IN SALICYLIC ACID AND GENE EXPRESSION LEVELS
DURING BARLEY-BLUMERIA GRAMINIS INTERACTION
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Department of Molecular Biology and Biotechnology, AECS, P. O. Box 6091 Damascus, Syria

SUMMARY

INTRODUCTION

Powdery mildew, caused by Blumeria graminis f. sp.
hordei (Bgh) is a common foliar disease of barley worldwide. To better understand barley mechanisms to resist
this disease, compatible/incompatible barley-Bgh interactions and some marker genes involved in salicylic acid
(SA) pathway were evaluated using qRT-PCR across fourtime points after pathogen challenge. Data showed that
SA level contents of tolerant and susceptible genotypes
increased one day post inoculation (dpi) in comparison
with non-inoculated plants, and that the tolerant genotype
contained three-fold of total SA than the susceptible one.
This might be an evidence that SA plays a positive role in
signaling events during fungal infection by Bgh. In general,
our study shows a remarkable discrepancy in the expression pattern of those marker genes between compatible
and incompatible barley-Bgh interactions. The results of
qPCR revealed that the defense-related genes PR2, PAL
and LSD1 were expressed in the tolerant genotype over
the inoculation time points with 3.8, 4.11 and 3.16-fold increases 6 dpi. Moreover, the increase in gene expression of
the genes was closely related to the activation of SA levels.
Taken together, our results provide an insight into the signaling pathway that accounts for classical gene expression
changes elicited during barley-Bgh interactions.

Powdery mildew caused by an obligate biotrophic fungus, Blumeria graminis f. sp. hordei (Bgh), is an economically important disease of barley. Bgh infection stages in
barley are well characterized (Clark et al., 1993; Hall et al.,
1999), and each stage is a potential recognition point with
the possible release of pathogen or plant-derived signaling
molecules. However, barley infection with Bgh pathogen
triggers the constitutive and induced defence response
which is regulated by a concerted expression of different plant signalling pathways (Kogel et al., 1994; Ge et
al., 2016), including plant hormones such as salicylic acid
and pathogenesis-related (PR) proteins, and the outcome
of this highly coordinated signalling responses determines
ultimately the plant susceptibility/resistance to pathogens
through activating the ROS signaling system inducing expression of defense genes (Chen et al., 1993; Clark et al.,
1993; Kogel and Langen, 2005).
Salicylic acid (SA) is a key defense signal molecule
against biotrophic and hemibiotrophic pathogens in
plants, and its production can be substituted with the
expression profiling of phytohormone-responsive marker
genes. This approach provides information about the time,
strength and kind of responses provoked in plants (Lyons
et al., 2013). Additionally, discovery of SA targets and the
understanding of its molecular modes of action in physiological processes could help in the dissection of the complex SA signalling network, confirming its important role
in both plant health and disease (Vásquez et al., 2015).
A large number of defense-related genes are up- or
down-regulated during plant-pathogen interactions (Jing
et al., 2015; Nayanakantha et al., 2016). The expression levels of pathogenesis-related (PR) proteins such as PR2, PAL
and LSD1 are low or absent in mature healthy plants but
become elevated after pathogen attack (Thomma et al.,
2001). Moreover, it has been reported that after a pathogen
attack, SA levels often increase and induce the expression
of pathogenesis-related proteins and initiate the development of systemic acquired resistance and hypersensitive
response, while SA appears to regulate the delicate balance
between pro- and anti-death functions during hypersensitive response (Dorey et al., 1997; Alvarez, 2000). However,
the molecular events involved in SA signaling are not yet
fully understood, although an increasing number of potentially involved components were determined (Wang et al.,
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Table 1. Properties and nucleotide sequence of primers used in qRT-PCR.
Gene

Amplified fragment (bp)

Sequence

Accession No.

Gene description

PAL

137

5' CTTGCTTTGGCTTCATCAATGG 3'
5' CCGTCAACGATAACCCACTCAT 3'

AY005474

Phenylalanine ammonialyase

PR2

385

5' CAGCGAATGCTCCAATGAAGA 3'
5' CTACCCTGCCGTGAACATCAAG 3'

AF030771

Beta1,3-glucanase2

LSD1

93

5' AGGGAGCAAACCAATCCACT 3'
5' TCAGTGCGTGAATTGGTACG 3'

EU545234

lysine-specific demethylase1

EF1-α

167

5' TGTTGTCACCCTCAAATCCA 3'
5' GATTGGTGGTATTGGAACGG 3'

AT1G07920

Elongation factor 1-alpha

2011; Singh and Singh, 2016). Therefore, quantitative PCR
(qPCR) would be an effective method of detection since
it allows the measuring of the relative expression level of
a particular transcript and determines its expression after
exposure to a specific alteration, such as infection by a
pathogen (Derveaux et al., 2010).
The present study aimed at evaluating the changes in
SA and the induction of some well-known defense-related
genes, viz. PR2, PAL and LSD1 genes, during barley-Bgh
interactions deploying a qPCR approach.
MATERIAL AND METHODS

Plant materials and inoculation. Bgh-highly tolerant
(Banteng) and Bgh-highly susceptible (WI 2291) barley
(Hordeum vulgare L.) genotypes (Arabi and Jawhar, 2012)
were used as plant material. Seeds of each cultivar were
sown 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 17°C,
with a 16 h-light/8 h-dark cycle. Leaves of 10 to12-dayold seedlings were inoculated at the middle part of their
abaxial surface with conidiospores of a virulent Bgh isolate by employing a soft hair brush to give about 10-20
conidia per one microscope field at ×150 magnification
(Chaure et al., 2000). Inoculated plants were then returned to a dedicated growth chamber, while uninoculated control plants were transferred to a separate “clean”
growth chamber and kept under plastic boxes to avoid
infection with Bgh. Mildew infections were scored according to the scale 0-100 described by Moseman and
Baenziger (1981).
Quantification of SA in plant samples. SA was measured at different time points 1, 2, 4 and 6 days post inoculation (dpi) using the method described by Trapp et
al. (2014) with minor modifications. Briefly, 100 mg of
plant material were dried overnight in a freeze drier at
−42°C. The extraction was achieved by adding 1.0 ml of
either ethyl acetate, dichloromethane, isopropanol, MeOH
or MeOH:water (8:2) into each tube containing dry or
fresh plant material. Samples were shaken for 30 min and

centrifuged at 16,000 g and 4°C for 5 min. The supernatant
was transferred into a new 1.5 micro-centrifuge tube and
dried in speed vac. After drying, 100 μl of MeOH was added to each sample, homogenized under vortex and centrifuged at 16,000 g and 4°C for 10 min. The supernatant was
analyzed by a high performance liquid chromatography
(HPLC-MS/MS) system (Agilent Technologies, Germany).
The ability of quantification of this method to discriminate
the analyte from the other sample components was tested
using the procedure described by Green (1996). Where
no additional MS/MS spectrum peaks for the band correspondent to the analyte in the matrix compared with
the MS/MS spectrum of original standards were obtained,
the method was considered selective. Changes in SA were
compared with the control for the same day. Five independent repetitions were performed for each time point. Data
was statistically evaluated using the standard deviation and
t-test methods.
RNA isolation and cDNA synthesis. Primary leaves
were collected at 1, 2, 4 and 6 dpi and were immediately
frozen in liquid nitrogen. At the same time points, samples
from mock-inoculated plants were collected as controls.
Mock inoculation was done by spraying plants with pathogen-free water. mRNA was extracted from samples (100200 mg) with the Nucleotrap mRNA mini kit (MachereyNagel, Germany) following the manufacturer’s protocol.
RNA was used for cDNA synthesis with the Quanti Tect
Reverse Transcription Kit (Qiagen, Germany) following
the manufacturer’s instructions and the obtained cDNA
was stored at −20°C.
Quantitative real-time PCR (qPCR). Gene expression
was assayed in Step One Plus, 96 well using SYBR Green
Master kit (Roche, USA). All cDNA samples, standards
and controls (which were tested not to contain genomic
DNA) were assayed in triplicate for each target gene in
a single run. Five dilutions were prepared to cover the
expected range of expression within our samples. Three
known defense-related PR2, PAL and LSD1 genes were
analyzed. The sequence information for all RT-PCR primers is given in Table 1. The threshold cycle (Ct) value was
automatically determined for each reaction by the real
time PCR system with default parameters. For accurate
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estimation of PCR efficiency, the standard curve was determined using the Step one Plus software (v2.3). In our
triplicate experimental conditions, a standard curve slope
of –3.32 indicated a PCR reaction with 100% efficiency
whereas, slopes more negative than –3.32 (e.g. –3.9) indicated reactions that are less than 100% efficient.
Data analysis. Raw data of fluorescence levels and the
specificity of the amplicons were checked by qRT-PCR
dissociation curve analysis using step one software (v2.3).
The fluorescence readings of three replicated samples were
averaged, and the blank value (from no-DNA control) was
subtracted. Relative expression levels were determined
using the average cycle threshold (Ct). Average Ct values
were calculated from the triplicate experiment conducted
for each gene, with the ΔCT value determined by subtracting the average Ct value of genes from the Ct value of
the EF1α gene. Finally, the equation 2−ΔΔCT was used to
estimate relative expression levels (Livak and Schmittgen,
2001). Standard deviation was calculated from the replicated experimental data. The statistical analysis was conducted through the Tukey’s test at the 0.05 level.
RESULTS AND DISCUSSION

Two barley genotypes were used in this study, including
Bgh-highly susceptible barley phenotype (S), and a tolerant
genotype with an immune phenotype (T). Our first notable results were the phenotypic differences between Bgh-S
and T genotypes. Infected leaves of susceptible WI 22091
plants showed the typical small, yellow spots of Bgh 4 dpi
compared with the control (non-inoculated) genotypes.
Several days later, a white fluffy fungus could be seen in
these spots (Fig. 1A). The tolerant genotype Banteng, in
contrast, showed normal growth in comparison with WI
2291 as well as the uninoculated plants even at 14 dpi. Infection responses of the two selected barley genotypes to
Bgh are shown in Fig. 1B. The results are in agreement
with our observations under natural field conditions during the past several years (Arabi and Jawhar, 2012).
In order to determine the biochemical and physiological
changes between the defense responses to Bgh infection
of susceptible and tolerant barley genotypes, the total SA
content and the induction of some known defense-related genes viz., PR2, PAL and LSD1genes, were assayed in
barley leaves (Fig. 2 and 3). The SA level contents of infected WI2291 and Banteng leaves increased one dpi in
comparison with non-inoculated plants (Fig. 2). Indeed, it
was found that Banteng contained higher levels of total
SA than WI2291 at every time point investigated (Fig. 2).
These results indicated that SA should be expected to play
a positive role in signaling events during fungal infection
by Bgh. However, considering the ambivalent expression
of SA-related genes in the highly tolerant and highly susceptible genotypes, it can be speculated that the role of

Fig. 1. A. Powdery mildew symptoms on the barley highly tolerant Banteng and highly susceptible WI2291 genotypes. B. Frequency of disease reactions incited on barley (a) highly tolerant
genotype Banteng and (b) highly susceptible genotype WI2291
by Bgh. Mildew infections were scored according to the scale
0-100 described by Moseman and Baenziger (1981).

Fig. 2. Quantification of total salicylic acid in barley leaves
6 days post inoculation with Bgh. (a) Banteng and (b)
WI2291. Error bars are representative of the standard error
(Mean ± SD, n = 3).

SA in inducing systemic defence in barley upon Bgh infection is less direct than that of other defence regulatory
phytohormones.
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Fig. 3. Relative expression profiles of marker genes in the highly tolerant genotype Banteng (a) and in the highly susceptible genotype WI2291 (b) during the time course following Blumeria graminis infection. Error bars are representative of the standard error
(Mean ± SD, n = 3). Data are normalized to Elongation factor 1α (EF-1α) gene expression level (to the calibrator, Control 0 h, taken
as 1.00).

However, the marked increase in SA during barley infection may be explained by SA roles in the regulation of
physiological and biochemical processes during the entire
lifespan of the plant (Vásquez et al., 2015; Bindschedler
et al., 1998). Therefore, SA accumulation has been widely
used as a reliable marker of elevated defense responses and
is closely associated with redox homeostasis, hypersensitive cell death, or systemic acquired resistance (Alvarez,
2000; Dong, 2004).
Our analysis showed that PR2, PAL and LSD1 genes in
the tolerant and susceptible genotypes of barley exhibited
a differential expression by P = 0.01, and were closely related to the activation of SA levels. All of these genes were
inversely regulated 24 h post inoculation i.e. they were repressed in the susceptible cultivar WI2291 while being
induced in the tolerant genotype Banteng (Fig. 3). However
6 dpi, PR2, PAL and LSD1 were all significantly expressed
with 3.8, 4.11 and 3.16-fold increases, respectively in the
tolerant genotype. We also observed that PR2 was induced
to a higher level in the susceptible genotype than in the
tolerant one (Fig. 3), which might indicate that PRs are related to the severity of symptom rather than to resistance
(Edreva, 1990). However, the Bgh tolerant genotype Banteng used for this study proved to be the most resistant
genotype to all Bgh isolates available so far. The higher
activities of the selected defense genes such as PR2 and the
higher level of SA in infected Banteng leaves tissue compared with the susceptible genotype WI 2291 may explain
its high level of resistance. PR2 encodes 1,3-β-glucanase
throughout the plant kingdom (Simmons, 1994) and

belongs to the glycoside hydrolases family (Opassiri et al.,
2010). 1,3-β-glucanase hydrolyses the β-O-glycosidic bond
of β-glucan in plant cell walls, causing cell wall loosening
and expansion (Akiyama et al., 2009). This effect may be
the cause of barley cell wall leakage during Bgh infections.
Additionally, our results were supported by previous
works indicating that the SA is involved in the regulation
of induced immunity in barley after induction of PR protein expression locally and systemically, in which SA effect
induced the PR protein, chitinase, β-1, 3-glucanase and
peroxidase enzyme activity (Bindschedler et al., 1998). In
addition, the selected marker genes, which are relevant
to the SA pathway, showed similar expression patterns in
cultivars with varying susceptibility, suggesting that the SA
signaling pathway is efficiently activated in the susceptible
cultivar, which is in line with Zhang et al. (2016). Furthermore, previous works indicate that PR genes are associated
with MLO powdery mildew resistance (Peterhänsel et al.,
1997; Opalski et al., 2005; Tayeh et al., 2015) that should be
further investigated to support the current results. However, exogenous SA application induced resistance in cereals
against powdery mildew (Kogel et al., 1994; 1995; Görlach
et al., 1996). Similar reactions were observed in rice against
Magnaporthe grisea (Schweizer et al., 1997), and in maize
against the downy mildew fungus Peronosclerospora sorghi
(Morris et al., 1998).
The results of this study showed that SA is an elicitor
that stimulates the accumulation of PAL transcripts in barley leaves. This gene codes for an enzyme catalyzing biosynthetic reactions from defensive compounds (Sgarbi et
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al., 2003; Zhao and Davis, 2005). It has been suggested that
SA inhibits catalase activity, leading to increased levels of
H2O2 (Chen et al., 1993), which in turn induces PAL gene
expression (Desikan et al., 1998) and synthesis of phenolic
compounds (Dorey et al., 1997). However, this does not indicate that the endogenous SA level in a plant is the main
cause of susceptibility versus resistance in barley because
pathogen infection may induce plant responses regulated
by SA, jasmonic acid, ABA, ethylene and even auxin in a
complicated manner (Häffner et al., 2014).
Our study demonstrated that SA signaling pathways
probably work together in the activation of defense responses to Bgh attack. It was also noteworthy that PR2,
PAL and LSD1 genes had higher constitutive expression
and faster induction in the tolerant genotype as compared
with the susceptible one. Our results suggested that not
only SA is important for the induction of the defense-like
responses, but in the absence of pathogen attack, SA may
sustain basal levels of genes associated with resistance responses and keep the defense system primed. We were
able to identify this role for SA, because the sensitivity
of the qRT-PCR gene expression assay allows detection
of low-abundance transcripts that are below the detection
threshold of widely used assays such as RNA gel blots and
other microarray techniques (Derveaux et al., 2010).
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