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Plants are hosts to a diverse group of pathogens belonging to different kingdoms of life. In absence of active
immune system, plants have evolved several layers of defense to combat individual pathogen strain and evolving
pathogen populations. Management of various plant pathogen infections necessitates the use of multiple resistance
(R) genes, which requires efficient and accurate practices for identification, isolation and characterization of R
genes. This knowledge helps to probe R gene(s) in a host plant and sort out their functional redundancy and
specificity. Pearl millet [Pennisetum glaucum (L.) R. Br.] is highly nutritive, summer-annual forage crop, drought
tolerant cereal, staple food crop of the semi-arid tropics but is highly susceptible to the downy mildew disease
caused by oomycetous Sclerospora graminicola (Sacc.) schroet. Earlier studies have identified several resistance
gene analogues (RGAs) in pearl millet which may be involved in resistance against downy mildew. Of these, a
clone RGPM213 was shown to encode resistant protein having serine threonine kinase domain and its transcript
was upregulated following S. graminicola infection and p-amino butyric acid an abiotic inducer treatment. Here
we have shown the accumulation of transcripts of RGPM 213 in pearl millet during treatment with Chitosan, a
chitin derivative, a known inducer of plant defense which is completely safe, characterized by unique properties,
like bioactivity and biocompatibility.

1. INTRODUCTION

and sacrifice some host components as the representative of
severe cause [1]. Depending on the severity of the responses, a

Plants cope with pathogen infection through various
complex adaptive responses. Some of the responses are
constitutive and pathogen non-specific, but most of them are
induced after recognition of the pathogen. In plants, stimuli like
pathogen, biotic and abiotic elicitors perturb the redox balance of
the cell and further induce the expression of defense-related genes.
Most of the plant pathogen interactions symbolically mimic a war.
In this, plants employ two layers of defense against the invaders
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plant may succumb to the invaders (compatible interactions), or
prevent the pathogen from colonizing it (incompatible
interactions).

This perturbation in plants activates sophisticated
recognition system [Resistance (R) proteins] to detect pathogen
specific elicitors [Avirulence (Avr) proteins] in a highly specific
manner by gene for gene interaction (R-Avr interaction).

The majority of R-proteins that are activated upon effector
recognition are categorized into 7 distinct classes depending upon
the combination of the structural motifs [2]. These plant proteins
share a similar structure characterized by a nucleotide binding
site (NBS) and leucine-rich repeats (LRR).
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Currently, cloning of resistance (R) genes using
degenerate primer based technique has made the availability of
cloned R genes for genetic transformation and their modification.
This has opened the possibility of direct transfer into elite lines
within a single generation. The introduction of R genes by plant
transformation also removes the barriers presented when inter-
species infertility prevents gene introduction by traditional plant
breeding.

This makes it feasible to identify a useful R gene in a
wild plant species and transfer the gene into a crop plant.
Plant transformation also offers the immediate possibility of
introducing simultaneously several different R gene alleles
that are effective against a single pathogen species. In theory, this
should slow the process of microbe evolution, because the various
R genes should be overcome only if all the corresponding
avirulence (Avr) gene products mutate simultaneously within a
single pathogen isolate [3-13]

Pennisetum glaucum (L.) R. Br. is the most widely
grown millet has had an important impact on small farmer welfare
in India. It is highly adaptable to extreme conditions like drought
and serves as staple food crop of semiarid tropical region. It is
endowed with high protein content and energy density [14]. It’s
succumbed to the infection caused by oomycetous Sclerospora
graminicola (Sacc) shroet. The resistance gene analog (RGA)
RGPM 213 has shown 56% identity to rice R-proteins.

This RGA is identified to encode for serine threonine
protein  kinase [15], upregulated following Sclerospora
graminicola infection and -amino butyric acid (BABA) an abiotic
inducer treatment [16]. To unravel the functional role of RGPM
213 gene in pearl millet host pathogen interaction, the present
investigation was made to elucidate transcriptional expression of
this RGCs followed by seed treatment with chitosan a known
inducer of resistance in pearl millet.

Radiolabelled RGPM 213 cDNA was used as a probe to
know the up/down regulation of transcripts in an inducer treated
pearl millet following inoculation with pathogen S. graminicola.
Previously raised polyclonal antibodies against His-tagged RGPM
213 fusion protein [15] were used in immuno-localization studies
of Pennisetum glaucum resistant protein (PgRP).

2. MATERIALS AND METHODS
2.1 Host and Pathogen

Pearl millet cultivars IP18296 (highly resistant) with 0 %
downy mildew disease incidence (DMDI) and 7042S (highly
susceptible) with >25 % DMDI were used. Oomycetous
Sclerospora graminicola isolated from pearl millet cv 7042S and
maintained on the same cultivar under green house conditions was
used for all inoculation experiments.

2.2 Inducer treatment

2.2.1 Chitosan treatment

Seeds of pearl millet cv 7042S were treated with 0.3 %
Chitosan with stirring at 26 °C (+2°C) for 9 h with chitosan [17].
Distilled water treated 7042S seeds served as control.

2.2.2 g-amino butyric acid (BABA) treatment.

Seeds of cv 7042S were treated with 50mM DL-f-
aminobutyric acid (BABA, Sigma Chemical Co, St Louis, USA)
with stirring at 26 = 2 °C for 6 h [18]. Distilled water treated
7042S seeds served as control.

2.3 Preparation of samples

The seeds of chitosan-treated samples were surface
sterilized in 0.1 % sodium hypochlorite solution for 15 min,
washed thoroughly with sterile distilled water and germinated on
moist filter paper under aseptic conditions at 25 + 2 °C in the dark
for two days. The two-day-old seedlings were root dip inoculated
with 4 x 10* zoospores mlI™ suspension of S. graminicola [19].
The inoculated seedlings were harvested at 0, 3, 6, 9, 12 hour post
inoculated (h.p.i). Uninoculated seedlings dipped in sterile distilled
water served as control. The seedlings were immediately wrapped
in aluminium foil and stored at —70 °C.

2.4 RNA isolation

To avoid RNase contamination during RNA extraction
glass wares were treated with 0.1 % diethylpyrocarbonate (DEPC)
water, sterilized and baked at 160°C overnight. All the reagents
were prepared with DEPC treated water. Total RNA was extracted
according to the standard protocol of Chomzynski et al. [20] and
stored at —70°C.

The extracted RNA was quantified using
spectrophotometer and purity was checked by electrophoresing on
1.2 % formaldehyde agarose (FA) in 1X MOPS (Morpholino
Propane Sulphonic acid containing 2 mM MOPS, 0.5 mM sodium
acetate and 0.1 mM EDTA) buffer pH 7.

2.5 Northern blotting

RNA (20 pg) was denatured, separated by
electrophoresis, transferred to Hybond-N1 membrane (Amersham
Pharmacia, Piscataway, USA) in 20xSSC (3 M sodium chloride,
0.3 M sodium citrate) and fixed to the membrane by baking for 90
min at 80 °C. RNA gel blots were prehybridized in a solution
containing 0.25 M sodium phosphate (pH 7.2), 0.25 M sodium
chloride, 7 % sodium dodecyl sulphate (SDS, w/v) and 1 mM
EDTA at 65 °C for 3 h.

The blots were hybridized with 5 p Ci of a -**P-labeled
clone RGPM213 (AF513969) probe in the same solution overnight
at 42° C. The membranes were washed at 42° C twice for 20 min
each in 0.2 % SSC and 0.1 % SDS (w/v). The hybridized blots
were exposed to Phospho imager plates for 2-3 h and scanned
with Multifunctional Image Analysis System (FLA 5000,
FujiFilm, Tokyo, Japan). Equal loading of total RNA is
represented by ethidium bromide stained gel.

2.6 Confocal-immunofluorescence microscopy-Pennisetum
glaucum resistant protein (PgRP) localization.

The tissue preparation for confocal-immunofluorescence
microscopic studies was carried out according to the protocol of
the Prestamo et al. [21] with minor modifications. The two-day-
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old pearl millet seedlings of BABA, chitosan inducer treated
resistant and susceptible samples were harvested at 6 h.p.i along
with their respective control sample.

The harvested samples were fixed in 4% (w/v)
formaldehyde in 50 mM phosphate buffered saline (PBS) for 2 h at
room temperature. Samples were then washed three times 10 min
each in PBS. Sections (30 mm thick) were obtained via
vibratome (Bio-Rad) and placed onto glutaraldehyde activated and
3-amino propyl trietoxy silane coated slides. Sections were
permeabilised with 2 % (w/v) cellulase in TBS (25 mM Tris—HClI,
pH 7.4,140 mM NaCl, 3 mM KCI) for 30 min at room
temperature. After washing the sections in TBS thrice, 5 min each,
the sections were blocked in TBS containing 5 % BSA for 30 min
and then incubated separately with the primary antibodies
(antiPgRP; diluted 1:5000 in TBS) for 1 h at room temperature.
Post three washes in TBS, 15 min each, the sections were treated
with the secondary antibody (goat anti-rabbit 1gG-Atto488
antibody whole molecule produced in goat: diluted 1:2000 in TBS)
for 1 h at room temperature. Finally the sections were washed in
TBS as mentioned earlier.

After the final washing step, tissue sections were
observed for fluorescence using suitable filter sets for
excitation (485 nm) and emission (506-538 nm) under a LSM-710
laser scanning confocal microscope (Carl Zeiss, Germany). An
objective magnification of 20X with a numeric aperture of 1.3 U
was employed. Fluorescent images were acquired through a
mounted CCD camera and processed using ZEN 2011 software.

3. RESULTS

3.1 Northern analysis

In 0.3 % chitosan-treated pearl millet seedlings, the
expression pattern of the RGPM 213 was observed as a
strong signal at 3 h.p.i followed by a subsequent increase at 6 h.p.i
(Fig. 1). This strong signal appeared to likely reduce at
the other time intervals of 9 and 12 h.p.i. However in the
chitosan-treated control seedlings, a uniform level of transcript
of RGPM 213 was recorded. This level was marginally
stronger than that observed in the susceptible control.

The expression of the RGPM 213 gene in different
regions like coleoptiles and roots of pearl millet seedlings was
studied. The expression of RGPM 213 transcript was three times
higher in coleoptile region after inoculation with pathogen S.
graminicola (Fig. 2).

3.2 Confocal-immunofluorescence microscopy

To gain information of the intracellular localisation of
RGPM 213 resistant protein, immunofluorescence technique was
carried out using confocal laser scanning microscope on
coleoptiles of 2-day-old pearl millet seedlings harvested at 6 h.p.i.
Cross-sections of inoculated seedlings of cv. IP18296 treated with
RGPM 213 specific antibody showed strong accumulation of pearl
millet resistant protein (PgRP) compared to the control (Fig. 3).
The pathogen-induced immunofluoresence was observed in outer

epidermal cells, cortical regions with the signals being more
intense in the vasculature.

Copious level of immunofluorescence signals were
recorded only in the seedlings of cv. IP18296 and inducer (BABA
and chitosan) treated seedlings upon S. graminicola infection.
Seedlings of cv.7042S on the other hand showed poor localisation
intensities for PgRP across the tissue cross section with no
significant increase post pathogen-treatment (Fig. 3 SC and SI).
Negligible signals were observed BABA and Chitosan-treated
control coleoptiles cross sections for PgRP specific antibodies (Fig
BC and CC). Comparatively significant fluorescence was observed
in the inducer inoculated samples (Fig. Bl and CI). Treatment of
the sections with only secondary-antibody showed no signals (data
not shown).
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Fig. 1: Accumulation pattern of RGPM213 transcripts in pearl millet after
inducer chitosan treatment: Sl-susceptible inoculated; SC-susceptible control ;
Cl — inducer treated 7042S seeds with chitosan and inoculated with S.
graminicola ; CC - inducer treated 7042S seeds with chitosan and mock
inoculated with distilled water. The last gel shows total RNA loading which is
represented by ethidium bromide stained gel.
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Fig. 2: Accumulation of RGPM213 transcripts in different region of pearl
millet seedlings. Northern hybridization of RNA with RGPM213 clone of pearl
millet. 1-Coleoptile control; 2-coleoptile inoculated; 3-root control and 4-root
inoculated.
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Fig. 3: Immunolocalization of PgRP in cv. 7042S and cv. 1P18296 pearl millet
seedlings. Cross sections of coleoptile region from two-day-old resistant
control (RC), resistant inoculated (RI), susceptible control (SC), susceptible
inoculated(S1), BABA control (BC), BABA inoculated (BI), chitosan control
(CC), chitosan inoculated (CI) respectively were immunostained using anti-
PgRP polyclonal antibodies followed by goat anti-rabbit IgG-Atto488 antibody
treatment. Tissue sections were observed for green fluorescence using suitable
filter sets for excitation (485 nm) and emission (506-538 nm) under a LSM-
710 laser scanning confocal microscope.

4. DISCUSSION

Abiotic elicitor-mediated activation of plant resistance
response to pathogen stress is popularly being used as an
environment-friendly option in sustainable agriculture. It has
earlier been exploited in pearl millet defence against the downy
mildew pathogen. Abiotic elicitors such as acetyl salicylic acid
[22], BABA [23], H,0O,, CaCl, [24] and chitosan have been
reported to offer good protection against the pathogen under both
greenhouse and field conditions by inducing various defence-
related proteins [17]. Immunolocalization study in pearl millet
mitogen-activated protein kinase 1 (PgMPK1) during an
incompatible interaction has shown high expression of protein in
the epidermal and vascular bundle tissue. Further H,O,, BABA

and chitosan inducers showed a strong early induction of PgMPK1
in pearl millet host-pathogen interaction [25]. Microscopic
localization study in sunflower has shown that, CC-NBS-LRR
class of plant resistance gene transcripionally gets expressed in an
incompatible interaction against Plasmopara halstedii [26].

Chitosan, a linear B 1,4 glucosamine-polymer derived
from chitin is nontoxic, ecofriendly , biodegradable, deacetylated
derivative of chitin [27]. Chitosan has shown to have inhibitory
effect on growth of many plant pathogens [28, 29]. This compound
has shown properties, such as bioactivity and biocompatibility
[30]. The research out come from the literature have shown that,
when used in plants, chitosan can increase the yield [31], reduce
transpiration [32] and induce a range of metabolic changes as a
result of which, plants become more resistant to viral, bacterial and
fungal infections [33]. In addition, plants treated with chitosan
may be less prone to stress stimulated by unfavourable conditions,
such as drought, salinity, low or high temperature [34 and 35].

Localization studies on pearl millet defense protein
polygalacturonase-inhibitor proteins (PGIPs) has shown very high
levels of fluorescence in the epidermal and vascular bundle tissues,
with less intense accumulation in the parenchyma beneath in 24
h.p.i samples [36]. In Chorispora bungeana, immunolocalization
of defense-related proteins in leaves, stems and roots have shown
copious fluorescence in leaves, mainly localized in epidermis, and
recorded high in vascular bundles of stems and roots. The
fluorescence signal of the control was nearly absent in stem, but
not in leaf and root [37]. In Phaseolus vulgaris, during compatible
interactions, no significant accumulation of defense-related protein
was observed in hypocotyls and a very weak accumulation seen in
leaves during lesion formation in Phaseolus vulgaris [38]. During
incompatible interaction studies have shown a rapid, intense and
transient accumulation of defense-related protein expression in
epidermal cells proximal to the site of infection and, less intense,
within the cortical parenchyma underneath [39].

Studies on chitosan induced resistance, has shown that it
could offer a protection of upto 73 % in pearl millet downy
mildew interaction [17]. In pearl millet foliar spray of
commercially prepared chitosan preparation has showed 67 % crop
protection. In combination of seed treatment and foliar spray to 2-
day-old seedlings has recorded 71% protection [40]. The
investigation on nature of disease control mechanisms has
indicated that it is due to induction of systemic resistance [40].
Although pearl millet roots and coleoptiles regions are easily
available for S. graminicola infection, majority of the pathogenic
microbes are inhabitants of mesocotyl and shoot regions in
seedling stage [41]. In northern analysis, detectable RGPM 213
transcript signals were not observed in root region and hence
coleoptile region was selected for immnolocalization studies.

5. CONCLUSION

In the present study, abiotic inducers like chitosan,
BABA and biotic stress of S. graminicola on pearl millet RGA
was investigated. A significantly higher level of accumulation of
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RGPM 213 transcripts in BABA induced samples [16] and
chitosan induced samples is reported. PgRP transcript expression
is induced following treatment with the above abiotic inducers of
defense. Confocal-immunofluorescence microscopic analysis
indicated an accumulation of pearl millet resistant protein (PgRP)
in epidermal cells proximal to the site of infection. Thus, with
present experimental outcome with PGRP prominently expressed
in BABA-treated pearl millet among the tested inducers, it could
be stated that BABA-induced resistance could be a PgRP mediated
phenomenon.
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