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Downy mildew, caused by Peronosclerospora sorghi is one of the important diseases
affecting maize (Zea mays L.) production worldwide. Several downy mildew resistant maize
lines have been identified. However, variability in the degree of resistance among maize
genotypes to P. sorghi has been reported. In the present study the molecular basis of resist-
ance of maize to P. sorghi was studied by using differential-display reverse transcription
PCR (DDRT-PCR) technique. Maize seedlings of downy mildew resistant (MAI 756) and
susceptible (CM 500) cultivars at two-leaf stage were inoculated with P. sorghi and leaf
samples were collected at 0, 3 and 5 days after inoculation and analyzed for differentially
expressed cDNAs using cDNA-RAPD approach. A total of 17 cDNA fragments correspond-
ing to transcripts that showed alterations during the defence response of maize to P. sorghi
were identified. Genes involved in signal transduction and several genes with unknown
functions were found to be upregulated in maize after infection by P. sorghi. Among 35
random primers tested, OPD-05 has identified a differentially expressed cDNA coding for
serine/threonine kinase protein in resistant maize genotype. Constitutive and high level
expression of serine/threonine kinase gene was observed in the uninoculated plants of resist-
ant genotype, whereas no expression of this gene was observed in uninoculated plants of
susceptible genotype. However, the transcript level was induced 3 days after inoculation in
the susceptible genotype and slightly reduced 5 days after inoculation. This study represents
the first identification of maize serine/threonine kinase gene that is upregulated following
infection by P. sorghi.

Keywords: Zea mays, Peronosclerospora sorghi, downy mildew, transcriptomics, dif-
ferential display RT-PCR

Introduction

Downy mildew of maize (Zea mays L.) caused by the obligate oomycete Peronoscleros-
pora sorghi (Weston & Uppal) C. G. Shaw has become an increasingly important prob-
lem affecting maize production in sub-tropical and tropical regions of Asia (Rashid et al.
2013). Several downy mildew resistant maize lines have been identified for use in resist-
ance breeding programs (Yen et al. 2004; Rashid et al. 2013). Variability in different
maize cultivars with respect to the level of resistance to P. sorghi has been described
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(George et al. 2004), but the mechanism of resistance remains elusive. Disease resistance
and susceptibility of plants are governed by the combination of the host genotype and the
pathogen and depend on a complex exchange of signals and responses between them.
During the process of host-pathogen co-evolution, plants have developed various strate-
gies to perceive pathogen infection and translate the perception into effective defense
responses to protect against pathogen attack (Jones and Dangl 2006). Some of the defense
mechanisms of plants are constitutive (pre-formed) and provide physical and chemical
barriers to impede pathogen infection; others are induced only after infection by patho-
gens. The pre-existing defense molecules, called “phytoanticipins”, include phenolics,
phenolic glycosides, unsaturated lactones, saponins, cyanogenic glycosides, glucosi-
nolates, S-alkylated resorcinols and dienes (Osbourn 1996). Induced plant defense re-
sponses involve a complex network of signal transduction and rapid activation of expres-
sion of various defense genes following pathogen infection (Yang et al. 1997). Plant cell
walls can be reinforced by lignifications, accumulation of callose and hydroxyproline-
rich glycoproteins (HRGPs) (Showalter 1993). Hypersensitive cell death is triggered to
prevent spread of the pathogen (Mittler and Lam 1995). Several antimicrobial compounds
such as phytoalexins (Dixon 1986) and pathogenesis-related proteins (Linthorst 1991) are
then produced to restrict pathogen growth.

A key difference between resistant and susceptible plants is the timely recognition of
the invading pathogen and rapid activation of host defense mechanisms. A resistant plant
is capable of deploying a wide variety of defense responses rapidly to prevent pathogen
colonization. In contrast, a susceptible plant exhibits much weaker and slower responses
that fail to restrict pathogen growth and/or spread. As a result, a susceptible plant is often
severely affected or even killed by pathogen infection. The activation of defense respons-
es in plants is initiated by recognition of pathogen-derived molecules termed pathogen-
associated molecular patterns (PAMPs) by receptor proteins called pattern recognition
receptors (PRRs) in the plant (Boller and Felix 2009). The interaction of PAMPs with
host PRRs leads to signal transduction and activation of a range of defence mechanisms
(Dodds and Rathjen 2010). A number of disease resistance genes from plants that confer
resistance to diverse pathogens, such as fungi (Cf-9, Cf-2, L, M, I, and Rpp5), bacteria
(Pto, RPS2, RPM1 and Xa2l) and virus () have been characterised (Gururani et al.
2012). Interestingly, the products of these resistance genes share structural similarities,
even though these genes confer resistance to diverse pathogens. This finding suggests that
the resistance genes function in common signalling pathways leading to defense against
pathogen invasion.

Understanding the resistance mechanisms involved in plant—pathogen interactions can
help in the development of new pathogen-resistant crop cultivars. The recent develop-
ments of microarray-based expression profiling methods, together with the availability of
genomic and/or ESTs (expressed sequence tags) sequence data for some plant species has
allowed significant progress in the characterization of plant pathogenesis-related respons-
es (Al-Taweel and Fernando 2011). Interaction transcriptome studies are widely used to
understand the responses of both the pathogen and the host during the infection process
(Birch and Kamoun 2000; Wise et al. 2007; Mosquera et al. 2009; Kim et al. 2010). Sev-
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eral methods of transcript profiling such as DNA microarray (Clarke and Zhu 2006), dif-
ferential hybridization, subtractive hybridization, differential display (DD) RT-PCR (Li-
ang and Pardee 1992), serial analysis of gene expression(SAGE) (Velculescu et al. 1995),
Massive Parallel Signature Sequencing (Brenner et al. 2000), Gene Calling (Shimkets et
al. 1999), RNA-Seq (Wang et al. 2009), cDNA-amplified fragment polymorphism (cD-
NA-AFLP) (Bachem et al. 1996) and cDNA-RAPD (Lovejot et al. 2015) are widely used
to study plant—pathogen interactions (Donson et al. 2002). DDRT-PCR, cDNA-AFLP and
cDNA-RAPD are gel-based transcript profiling systems based on electrophoretic finger-
printing of amplified cDNA fragments (Liang 2002). The DDRT-PCR technique which
allows identification and isolation of eukaryotic cDNAs expressed differentially under
various conditions has been successfully exploited to analyse many plant-pathogen inter-
actions, such as potato-Phytophthora infestans (Collinge and Boller 2001), pepper-Phy-
tophthora capsici (Munoz and Bailey 1998), olive-Spilocaea oleagina (Benitez et al.
2005), wheat-Tilletia indica (Tripathi et al. 2013), periwinkle (Catharanthus roseus)-
mollicutes, viz. Spiroplasma citri, Candidatus Phytoplasma aurantifolia and stolbur phy-
toplasma (Jagoueix-Eveillard et al. 2001), soybean-Pseudomonas syringae pv. glycinea
(Seehaus and Tenhaken 1998), Vigna radiata and Vigna umbellate-Mungbean yellow mo-
saic virus (Lovejot et al. 2015). To improve the understanding of defence responses, the
molecular response of susceptible (CM-500) and resistant (MAI-756) maize genotypes
after inoculation with P. sorghi was studied by DDRT-PCR using cDNA- RAPD ap-
proach.

Materials and Methods
Greenhouse studies

Seeds of downy mildew susceptible (CM 500) and resistant (MAI 756) maize genotypes
obtained from the Indian Institute of Maize Research, New Delhi, were sown in 30 cm
diameter pots filled with sterilized maize field soil (clay loam with a pH of 7.5) at the rate
of 5 seeds per pot and the plants were grown in a growth chamber maintained at 18-20 °C
temperature and >90% relative humidity.

For the preparation of inoculum of P. sorghi, maize leaves (CM 500) showing symptoms
of downy mildew were collected from the experimental farms of Tamil Nadu Agricultural
University, Coimbatore, India and cut into 4-5 cm lengths and placed with their abaxial side
facing up in 9 cm diameter Petri dishes lined with wet filter paper on both the sides. The
plates were incubated in the dark for 67 h at 20 °C for sporulation (Narayana et al. 1995).
Conidia were harvested from the surface of leaves by gently washing them into cold dis-
tilled water using a camel hair brush. The concentration of conidia was adjusted to 1x108
conidia ml~!. The wetting agent, Tween 20 (0.02%) was mixed with the conidial suspension
before inoculation. The seedlings at two-leaf stage were spray inoculated with conidial
suspension using a hand-held sprayer until run-off (Sireesha et al. 2015). The inoculated
plants were incubated in a growth chamber at 20 °C and >90% RH. Uninoculated control
plants were maintained separately under the same growing conditions.
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Sampling

Leaves of 3 individual plants were collected from the susceptible and resistant plants at 0,
3 and 5 days after inoculation, frozen immediately in liquid nitrogen and stored at —70 °C
until RNA isolation.

RNA isolation

Total RNA was isolated from leaves of susceptible and resistant plants using Plant Total
RNA kit according to the supplier’s instructions (Sigma Aldrich, Co., St. Louis, USA)
followed by a DNase (Invitrogen, San Diego, CA, USA) treatment to degrade residual
genomic DNA. All solutions used were treated with diethyl pyrocarbonate (DEPC, Sigma
Aldrich). RNA integrity was checked by gel electrophoresis on a 0.8% denaturing aga-
rose gel (Sambrook et al. 2001) and quantified using NanoDrop ND-3300 Fluorospec-
trometer (NanoDrop products, Thermo Scientific, Wilmington, DE, USA) at 260 nm.

First-strand cDNA synthesis

Two pg of total RNA from each sample was used as the template for First-strand cDNA
synthesis using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Wilm-
ington, DE, USA) according to the manufacturer’s instructions.

Differential display RT-PCR (DDRT-PCR)

The single strand cDNA was used as template for PCR using 35 random decamer primers
(Operon, Cologne, Germany) (Table S1*). The reaction mixture contained 10 pl of 2X
PCR Master mix (Smart prime, USA), 1 pl of the diluted (1:10) cDNA synthesis reaction
and 2 pl of 10-mer oligonucleotide primer (10 pmol/ul) in 20 pl final volume. Amplifica-
tions were performed in an Eppendorf Master Cycler ep-gradient S (Eppendorf, AG,
Hamburg, Germany) with the following thermal cycle profile: initial denaturation for 5
min at 94 °C, followed by 40 cycles of denaturation at 94 °C for 1 min, annealing at 42 °C
for 1 min, extension at 72 °C for 1 min, and final extension at 72 °C for 10 min. The PCR-
amplified products were separated on 1.5% agarose gel containing 0.5 pg/ml of ethidium
bromide in Tris-acetate-EDTA (TAE) buffer (0.04 M Tris-acetate, 0.001 M EDTA, pH
8.0). The PCR products were visualized under UV light and gel images were acquired
with an Alpha Imager 2000 (Alpha Innotech, San Leandro, CA, USA). Differentially
displayed DNA bands were excised and purified from the gel using the Genei Gel extrac-
tion kit (Genei, Merck specialities Pvt. Ltd., Mumbai) following the manufacturers’ in-
structions. The DNA was cloned in the pGEM-T Easy Vector (Promega Corporation,
Madison, WI, USA), following the manufacturer’s instructions. The insert was sequenced
from both ends by using forward and reverse primers (SP6 and T7). Sequencing was done
at Chromous Biotech Pvt. Ltd., Bangalore, India. The experiment was repeated twice and
PCR reactions were performed in duplicate.

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Sequence analysis

The sequences were compared with those in the GenBank database using the BlastX pro-
gram (Altschul et al. 1997) (http: //www. ncbi.nlm.nih.gov/blast).

Results

The PCR amplified bands obtained from the amplification of cDNA synthesized from the
total RNA extracted from both resistant (MAI 756) and susceptible (CM 500) maize
genotypes at 0, 3 and 5 days after inoculation using 35 random 10-mer primers clearly
indicated differences in the profiles of susceptible and resistant genotypes. Some of the
bands, however, were unique to either susceptible or resistant genotypes. Seventeen dif-
ferentially amplified PCR products were excised from the agarose gel, purified, cloned
and sequenced. The nucleotide sequences of the cDNA clones were compared with those
in GenBank database using BlastX search to reveal similarities (Table 1). Of the 17 dif-
ferentially amplified cDNA fragments, one showed significant similarity (92%) to serine/
threonine kinase protein and another one showed similarity (41%) to LRR receptor-like
serine/threonine-protein kinase, seven showed similarity to previously sequenced protein
genes and eight showed no similarity to known sequences in the database. The sequence
of the DNA band at ~600 bp (Fig. 1), which had been amplified by the primer OPD-05
(band h) from P. sorghi-infected resistant genotype, had strong homology (92% identity)
with serine/threonine kinase from maize. A higher expression level of this gene was ob-
served in uninoculated plants of the resistant genotype, indicative of constitutive expres-
sion; whereas no expression of this gene was observed in uninoculated plants of the sus-
ceptible genotype. However, the transcript level in the susceptible genotype was induced
3 days after inoculation with P. sorghi and slightly reduced 5 days after inoculation. The
amplification profiles of differentially expressed transcripts obtained with primers OPC-

Susceptible Resistant

kb

1.0 —

0.1 —

Figure 1. Amplification profile of differentially expressed transcripts obtained with primer OPD-05 in suscep-
tible (CM 500) or resistant (MAI 756) maize genotypes inoculated with P. sorghi. Numbers indicate days after
inoculation. Arrow shows a differentially expressed cDNA. Letter (h) indicates band ID as per Table 1
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09, OPD-03 and OPD-06 are shown in Fig. S1. The basal level expression of some genes
in the uninfected resistant genotype was higher than in the susceptible one, suggesting
constitutive expression of defense responses.

Discussion

In plants receptor-like kinases (RLKs) play fundamental roles in perceiving external
stimuli, activating downstream signalling pathways, and regulating cellular behaviour in
response to pathogen infection. Most plant RLKs are composed of an extracellular do-
main, a transmembrane domain, and a cytoplasmically localized domain with serine/
threonine kinase activity. The extracellular domain is thought to function in recognition
and binding of a specific ligand, the transmembrane domain to anchor the protein in a
membrane, and the protein kinase domain to transduce the signal (Walker 1994; Hardie
1999). RLK proteins are known to be involved in plant—pathogen interactions and plant
defense responses such as the rice bacterial blight resistance gene Xa2/ (Song et al. 1995)
and A. thaliana flagellin perception gene FLS2 (Gomez-Gomez and Boller 2000). Song
etal. (1995) isolated the rice Xa21 gene, which confers resistance to Xanthomonas oryzae
pv. oryzae race 6, by positional cloning. The sequence of the predicted protein, which
carries both a leucine-rich repeat motif and a serine-threonine kinase-like domain, sug-
gests a role in cell surface recognition of a pathogen ligand and subsequent activation of
an intracellular defense response. The discovery that the tomato Pto resistance gene en-
code serine/threonine protein kinases further suggests a central role for protein phospho-
rylation in signal perception and transduction in disease resistance (Martin et al. 1993).

In the present study, it was observed that the serine/threonine kinase gene was induced
3 days after inoculation with P. sorghi in the susceptible genotype. Similar induced ex-
pression of R gene has been reported by Yoshimura et al. (1998). The authors reported
that Xal gene in rice which confers resistance to Japanese race 1 of Xanthomonas oryzae
pv. oryzae, the causal pathogen of bacterial blight (BB) was induced upon inoculation
with the bacterial pathogen and wounding. Yang et al. (2013) reported that a wheat
cysteine-rich receptor kinase (CRK) gene, 7aCRK, isolated from Rhizoctonia cerealis-
resistant wheat CI112633 was highly expressed in resistant (CI112633) than in susceptible
(Wenmai 6) genotype after R. cerealis infection and exogenous abscisic acid (ABA) treat-
ment. Narsai et al. (2013) demonstrated that inoculation of rice with X. oryzae pv. oryzae,
caused significant induction of several signalling components, membrane bound receptor
kinases and specific WRKY and NAC transcription factors within 24 h of inoculation. For
the first time, we have shown that serine/threonine kinase gene was constitutively ex-
pressed in resistant maize genotype and activated in susceptible genotype upon infection
by P. sorghi. The expression of serine/threonine kinase gene may be involved in enhance-
ment of resistance against the pathogen.

Furthermore, in the present study it was observed that the transcript level was slightly
reduced 5 days after inoculation in the susceptible genotype. In general, plant cell repro-
gramming has been observed in several pathosystems, including maize-Ustilago maydis,
rice-Magnaporthe oryzae and Medicago truncatula-Colletotrichum trifolii (Torregrosa et
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al. 2004; Dochlemann et al. 2008; Marcel et al. 2010). Studies of biotrophic pathogens
have shown that they actively suppress plant defenses after an initial microbe-associated
molecular pattern-triggered activation (Caldo et al. 2006; Doehlemann et al. 2008). For
example, transcriptional profiling of maize genes during infection by a biotrophic ba-
sidiomycete, viz. U. maydis revealed a transient induction of pathogenesis-related genes
(PR genes), chitinases, and glucanases at 12 h after infection that were repressed 24 h
after the infection began (Doehlemann et al. 2008). Similar patterns of plant defense gene
induction, followed by suppression, have been observed in other biotrophic pathosystems
(Caldo et al. 2006; Doehlemann et al. 2008) and the hemibiotrophic Mycosphaerella
graminicola (Adhikari et al. 2007). However, Vargas et al. (2012) reported that mRNAs
of several defense-related genes, reactive oxygen species, and antimicrobial compounds
in maize started to accumulate early in the infection process of Colletotrichum gramini-
cola and continued to accumulate during the biotrophic stage. Further studies are needed
to completely characterize the gene (such as full length identification, influence of biotic
stress on gene expression etc.). Studies, in this direction are in progress.
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