Biotechnology Reports 27 (2020) e00484

Contents lists available at ScienceDirect Biotec]
Reports

Biotechnology Reports

journal homepage: www.elsevier.com/locate/btre

Synchronised regulation of disease resistance in primed finger L))

Check for

millet plants against the blast disease i

Savita Veeranagouda Patil®, Belur Satyan Kumudini®, Hosur Gnanaprakash Pushpalathab,
Savitha De Britto“Y, Shin-ichi Ito®", Surya Sudheer®, D.P. Singh", Vijai Kumar Gupta'*,
Sudisha Jogaiah“*

2 Department of Biotechnology, School of Sciences (Block 1), JAIN (Deemed-to-be University), Bengaluru - 560069, Karnataka, India

b Department of Botany, Maharani's Science College for Women, JLB Road, Mysuru-570 001, Karnataka, India

€ Laboratory of Plant Healthcare and Diagnostics, P.G. Department of Biotechnology and Microbiology, Karnatak University, Dharwad - 580003, Karnataka,
India

9 Division of Biological Sciences, School of Science and Technology, University of Goroka, Goroka - 441, Papua New Guinea

€ Laboratory of Molecular Plant Pathology, Department of Biological and Environmental Sciences, Graduate School of Sciences and Technology for Innovation,
Yamaguchi University, Yamaguchi 753-8515, Japan

fResearch Center for Thermotolerant Microbial Resources (RCTMR), Yamaguchi University, Yamaguchi 753-8515, Japan

& Department of Botany, Institute of Ecology and Earth Sciences, University of Tartu, Lai 40, Tartu, Estonia

" Crop Improvement Division ICAR- Indian Institute of Vegetable Research Jakhini (Shahanshapur) Varanasi- 221 305, Uttar Pradesh, India

i AgroBioSciences (AgBS) and Chemical & Biochemical Sciences (CBS) Department, University Mohammed VI Polytechnic (UM6P), Lot 660, Hay Moulay Rachid,
43150, Benguerir, Morocco

ARTICLE INFO ABSTRACT

Article history: Plants, being sessile, are exposed to an array of abiotic and biotic stresses. To adapt towards the changing
Received 14 February 2020 environments, plants have evolved mechanisms that help in perceiving stress signals wherein
Received in revised form 25 May 2020 phytohormones play a critical role. They have the ability to network enabling them to mediate defense

Accepted 31 May 2020 responses. These endogenous signals, functioning at low doses are a part of all the developmental stages

of the plant. Phytohormones possess specific functions as they interact with each other positively or
'ﬁ(eyw"rd?i'l . negatively through cross-talks. In the present study, variations in the amount of phytohormones
nger miie produced during biotic stress caused due to Magnoporthe grisea infection was studied through targeted

:\l/lp:l))q;giﬁgize metabolomics in both primed and control finger millet plants. Histochemical studies revealed callose
phytohormone deposition at the site of pathogen entry in the primed plants indicating its role during plant defense. The
gene expression knowledge on the genetic makeup during infection was obtained by quantification of MAP kinase kinases
induce systemic resistance 1 and 2 (MKK1/2) and lipoxygenase (LOX) genes, wherein the expression levels were high in the primed
plants at 6 hours post-inoculation (hpi) compared to mock-control. Studies indicate the pivotal role of
mitogen-activated protein kinase (MAPK or MAP kinases) during defense signalling. It is the first report to
be studied on MAPK role in finger millet-blast disease response. Temporal accumulation of LOX enzyme
along with its activity was also investigated due to its significant role during jasmonate synthesis in the
plant cells. Results indicated its highest activity at 12 hpi. This is the first report on the variation in
phytohormone levels in fingermillet - M. grisea pathosystem upon priming which were substantiated
through salicylic acid (SA) pathway.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Plant induced defense responses depend on the nature of
* Corresponding authors. phytopathogens and accumulation of host nutrition [1,2]. In
E-mail addresses: savitavpatil@gmail.com (S.V. Patil), general physiological changes and natural structural barriers
kumudini.satyan@jainuniversity.ac.in (B.S. Kumudini), _ present in the host plant responds quickly upon pathogen attack

pushpa_2001@rediffmail.com (H.G. Pushpalatha), debrittos@unigoroka.ac.pg . . . .
(S. De Britto), shinsan@yamaguchi-u.ac jp (S.i. Ito), [3-6]. The essential metabolites for cell proliferation and growth
surya.mudavasseril.sudheer@ut.ee (S. Sudheer), singhdpfarm@gmail.com are the primary metabolites, produced during the process of
(D.P. Singh), vijaifzd@gmail.com (V.K. Gupta), jsudish@kud.ac.in (S. Jogaiah). growth and maintain the fundamental metabolic process like

https://doi.org/10.1016/j.btre.2020.e00484
2215-017X/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.btre.2020.e00484&domain=pdf
mailto:savitavpatil@gmail.com
mailto:kumudini.satyan@jainuniversity.ac.in
mailto:kumudini.satyan@jainuniversity.ac.in
mailto:pushpa_2001@rediffmail.com
mailto:pushpa_2001@rediffmail.com
mailto:debrittos@unigoroka.ac.pg
mailto:shinsan@yamaguchi-u.ac.jp
mailto:surya.mudavasseril.sudheer@ut.ee
mailto:surya.mudavasseril.sudheer@ut.ee
mailto:singhdpfarm@gmail.com
mailto:vijaifzd@gmail.com
mailto:jsudish@kud.ac.in
https://doi.org/10.1016/j.btre.2020.e00484
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.btre.2020.e00484
http://www.sciencedirect.com/science/journal/2215017X
www.elsevier.com/locate/btre

2 S.V. Patil et al./Biotechnology Reports 27 (2020) e00484

photosynthesis and respiration [7]. Thus, the key primary
metabolites with energy sources viz., sugars, amino acids,
tricarboxylic acids, organic acids, nucleic acids and polysacchar-
ides are considered to play a vital role in metabolic process [8-10].
In general, the photosynthetic machinery and primary metabolism
are suppressed during pathogen encounter due to the energy
consumption by the host towards defense response against the
pathogen. However, the recent reports [10] describe that the
primary metabolism also helps in confronting the pathogen attack.

Plant immunity is regulated by the phytohormones through
antagonistic or /and synergistic interactions contingent to the
environmental status. The regulatory mechanism is triggered by
the plant hormones through the pathogen-specific elicitors by
the activation of downstream regulatory mechanisms and R
genes. Hence, the sparking/ elicitors that trigger the defense
system include salicylic acid (SA) and jasmonic acid (JA)
[2,10-12]. SA is a major hormone in the plant immune system
which is crucial to establish local and systemic immune response
against a wide range of pathogens [13]. The biotrophic response
is regulated by SA, while ET and methyl jasmonates play a
significant role in controlling the necrotrophs [14,15]. Gibberellic
acid, abscisic acid and auxins play a role in plant growth and
proliferation [16].

In this section, the secondary metabolite (phytohormone)
variations during the biotic stress posed by Magnoporthe grisea in
primed and control plants was deduced by targeted metabolomics
approach. The genetic makeup during pathogen encounter was
also studied by studying the gene expression of the MAP kinase
kinases 1 and 2 (MKK1/2) and lipoxygenase (LOX) genes were
quantified with the aid of real-time quantitative polymerase chain
reaction (RT-qPCR). The LOX enzyme activity was also studied in
the temporal pattern as the reaction catalysed by this enzyme is
decisive in JA synthesis in the plant cells.

2. Materials and Methods
2.1. Plant Material, Treatments and Sample Collection

Blast disease susceptible finger millet variety (Indaf 9) was
collected from MAS Lab, GKVK, Bengaluru. The pathogen
Magnoporthe grisea (MTCC-1477) was procured from IMTECH,
India. The culture was maintained on oat meal agar until further
use. The beneficial bacteria (inducers) were selected from the
previous study by Patil et al. [17]. The two Pseudomonas aeruginosa
(JUPC113: KX010601) and (JUPW121: KX010602) isolates were
used in the present study.

Finger millet seeds were disinfected and pre-sterilized with
sodium hypochlorite solution (0.2 %) for 5 min and rinsed three
times with sterile distilled water (SDW). The sterilized seeds were
then primed with the corresponding isolates as per Patil et al. [17].
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Then these were grown under green house conditions (temp:
27 + 3 °C; relative humidity (RH): 65 4 5 %), with three replications
for each of the treatments control (un-primed), challenged control
(unprimed, pathogen challenged), JUPC113 and JUPW121 (primed).
Forty-day old plants were challenge inoculated with the spore
suspension of (~ 2 x 10° ml™") of M. grisea by foliar spray method
[17].

Leaf sampling was done at 0, 6, 12, 24, 36, 48, 60 and 72 hours
post-inoculation (hpi) for the biochemical studies. The leaves were
also sampled at 72 hpi for the metabolomic studies of different
hormones (Fig. 1). The samples were freezed at -80 °C until use for
better storage. Leaves collected at 0, 6 and 12 hpi were freezed by
dropping in liquid nitrogen after collection within a fraction of
minute for RNA isolation. This ensures the containment and
integrity of the RNA for real-time quantiative polymerase chain
reaction (RT-qPCR) studies.

2.2. Histochemical localization of defense molecules

For histochemical studies, different set of seedlings were used
for all treatments. Coleoptiles of seedlings were excised after 72
hpi and fixed in acetic acid : ethanol (1:3; v/v). The samples were
macerated with 3 % sodium hydroxide (w/v) for 1 h at 65 +2°C.
The samples were thoroughly washed with SDW and further used
to stain the various host defense compounds. The peelings were
stained with water-soluble 1 % aniline blue for 1 h and mounted
with glycerol as per the method by Shetty et al. [18]. The callose
deposited was visualized under a fluorescence microscope
(Labomed, LX400, India) (A3sp.410 nm) at 100x magnification.
Fresh leaves excised from plants after 72 hpi, were boiled in 95 %
ethanol (v/v) until chlorophyll was decolourised. Further, they
were immersed in 1 % (w/v) sodium dodecyl sulphate (SDS;
Qualigens) for three days at 80°C, in order to sequester the
soluble proteins. After incubation, the samples were stained with
0.1 % (w/v) coomassie blue prepared in ethanol : acetic acid (4:1;
v/v) and washed with the same solution and mounted with
distilled water. The protein cross-linking on the cell wall was
visualized under various magnifications of the fluorescence
microscope [19].

2.3. Targeted metabolomics on phytohormone levels

The phytohormone extraction and Liquid Chromatography-
Tandem Mass Spectrometry (LC-MS/MS) analysis was carried out
as per Panetal. [20] and Jogaiah et al. [2 ] with minor modifications.
Briefly, 3.0 g of leaf sample was completely homogenised with a
mixture of 1-propanol, H,O and concentrated HCl (2:1:0.002;
v/v/v), and mixed for 30 min at 4°C for overnight. Ten ml of
Dichloromethane was added to the homogenate, re-shaken for
30 min and then centrifuged at 12,000 x g for 10 min. The bottom
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Fig.1. Scheme of leaf sampling at different time points. Lipoxygenase (LOX) activity was measured at all time points, hormonal studies was done at 24 hours post-inoculation

(hpi) and gene expression studies was with 0, 6 and 12 hpi.



S.V. Patil et al./Biotechnology Reports 27 (2020) e00484 3

layer was mixed with 5 ml of sodium sulphate and evaporated by
the evaporating chamber. The dried sample was dissolved in 80 %
methanol and passed through the C18 solid-phase extraction (SPE)
cartridges. The SPE process involves the preconditioning, adsorp-
tion and elution steps. Finally, the obtained elute (5mL) was
evaporated to dryness and dissolved in a mixture of 500 pL
methanol and 0.05 % formic acid (1:1; v/v). The solution was
filtered using a nylon filter paper pore size (0.22 wm size) and
injected into LC-MS for further analysis.

The LC-MS/MS composed of an initial gradient with the
mobile phase of solvent A as water, acetonitrile and acetic acid
(95:5:0.05; v/v/v)and solvent B as acetonitrile, water and acetic
acid (95: 5: 0.05; v/v/v). Then 85 % of solvent A and 15 % of
solvent B was mixed and kept for 1 min, at 12 minute the
gradient mixture changed to 15 % of A and 85 % of B and kept for
1 min, followed by linear gradient mixture containing 85 % of A
and 15 % of B at 14™ minute for 0.5 min. The system was finally
returned to initial conditions at 15™ minute and equilibrated for
1 min before the next injection. The flow rate was maintained at
0.2 mL/min. The analytical column of 2.1 x 50 mm UPLC BEH-C18
column (Waters, USA) with 1.7 wm particles, protected by a
vanguard BEH C-18 with 1.7 wm was used for the study. The
temperature was maintained at 25°C. The elution was moni-
tored using a TQD-MS/MS (Waters, USA) system, optimized for
the hormone analysis.

2.4. Gene expression studies

Total RNA was isolated using the plant RNA kit from Qiagen
(74904) according to the manufacturer’s instructions. Isolated RNA
was resuspended in nuclease-free water and the integrity was
analysed with 1 % agarose denaturing gel. The concentration of the
total RNA content was determined using a nanodrop (Denovix DS-
11, USA). First cDNA synthesis was carried out as per the
instructions using the PrimeScript RT-PCR Kit from TaKaRa
(Condalab, Barcelona, Spain) with the 1pmg of total RNA
concentration.

The real-time qRT-PCR was carried out using the Corbett
thermocycler and analysed as per the manufacturer’s instructions.
The cDNA samples were diluted prior to the PCR setup with
nuclease-free water. Reactions were carried out using the SYBR
Premix Ex Taq kit from TaKaRa (Condalab), instructions followed
on Corbett, Rotar Gene 6000 series. For the relative gene
expression, action was used as endogenous control and the
gene-specific primer for MAP kinase kinases 1 and 2 (MKK1/2) and
lipoxygenase (LOX) were used as listed in (Table 1). The PCR
conditions were 94 °C for 30 s, 53 °C for 30 s and extension for 30 s
at 72 °C with 40 cycles. The PCR conditions were optimized after
checking the primer efficiency at different concentrations and
temperatures in our laboratory. The standard curve was generated
using the control samples, and the relative gene expression was
expressed as fold change by 2722 method [21].

2.5. Enzymatic activity of Lipoxygenase (LOX)

The leaves were ground in the freezed mortar and pestle
using liquid nitrogen. To the powdered samples 0.2 M sodium

phosphate buffer (pH 6.5) was added and the LOX activity was
measured as per Borthakur et al. [22]. The substrate, linoleic
acid was prepared according to the method of Axelord et al.
[23]. Briefly, 70 wL of linoleic acid and an equal amount of
Tween-20 with 3.0 mL of distilled water. The solution was
cleared by adding 2 N NaOH, and final volume was made upto
25 mL with distilled water. The reaction mixture includes
2.7 mL of sodium phosphate buffer (0.2 M, pH 6.5 +£0.02) and
0.3 mL of the linoleic acid substrate. The absorbance was read
at 234 nm after the addition of 2 mL of enzyme extract, and the
activity was expressed as absorbance at 234 min ! mg™!
protein.

2.6. Statistical Analyses

The experimental design was randomized throughout the
study, consisting of three replications in greenhouse studies. Graph
Pad Prism 8.2.0 version was used to generate graphs, and data were
subjected to two-way ANOVA. Significance between the primed
and control plants was obtained using Tukey’s HSD testatp < 0.05.
The clustering of heatmap and the Pearson correlation among
treatments was examined using “corrplot” in R version 4.3.2
(www.r-project.org).

3. Results and Discussion

Plant-plant growth-promoting rhizobacteria (PGPR) inter-
action can induce physiological and biochemical changes in
plants resulting in disease resistance [24]. Various studies
[25-28] have shown that biological stress induces the
production of defense-related antioxidant enzymes, which
are further augmented by PGPR-mediated induction of disease
resistance [29]. The augmented disease resistance elicits cell
wall strengthening by limiting the pathogen progression. The
major mechanical barriers posed by the host are lignification,
callose deposition and crosslinking of proteins in the cell wall
[30]. Thus in this study, the cell wall strengthening compounds
deposited like callose and cross-linking proteins accumulated
were studied histochemically. The phytohormonal variations
incurred during induction of resistance and other signaling
cascades by MAP kinase and LOX genes were studied
quantitatively.

3.1. Histochemical localization of defense molecules

The present study revealed the deposition of callose in the
site of pathogen entry in primed finger millet plants which was
highly significant when compared to mock-control plants
(Fig. 2). Thus this study emphasized the role of cell wall
appositions during induction of disease resistance. The study
also focussed on the deposition of callose, which can decipher
the direct effect of antibiosis factors from the host and the
inducer on the pathogen. The plant cells were stained for cross-
linking proteins after pathogen challenge at 72 hours post-
inoculation (hpi). The blue spots on the cell-walls (Fig. 3) are the
cell-wall proteins stained by Coomassie blue which were not

Table 1

Primer sequences used for the quantitative Real Time (qRT) -PCR studies
Primer Forward (5’-3") Reverse (5’-3") Reference
Actin GCCCTCCTCCTCCTCCTC GATTATGGAGCGGGTGATGC Kotapati et al. [44]
MAP kinase kinases 1 and 2 (MKK1/2) CAGAAGGAGAAGGTTGGATAAGCT GCAGGAAGGTGGTGGCTGATC Li et al. [45]
Lipoxygenase (LOX) CAGGCG TGGTGGAAGGAG GGACATCACGCCCGAGTC Kotapati et al. [44]
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Fig. 2. Callose deposition at the cell wall region upon challenge inoculation in (A) mock-control and (B) primed leaves after 72 hours post-inoculation (hpi).
Arrows (+) indicate the callose deposited on the cell walls.
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Fig. 3. Cross-linking proteins in the cell walls of (A) mock-control; (B) JUC113-primed and (C) JUPW121-primed after 72 hours post-inoculation (hpi).
Arrows (¢) indicate deposition of cross-linking proteins on the cell walls.
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Fig. 4. Concentrations of phytohormones (A) salicylic acid (SA) and (B) jasmonates in mock-control and primed (JUPC113 and JUPW121) plants after 72 hours post-
inoculation (hpi).

Vertical bar represents mean =+ standard error (SE) (n=3) at p < 0.0001 using Tukey’s HSD test. Different letters (a, b, c) indicate the significant differences between the
treatments.
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Fig. 5. Time dependent MAP kinase kinases 1 and 2 (MKK1/2) gene expression in mock-control and primed (JUPC113 and JUPW121) plants at (A) O; (B) 6 and (C) 12 hours post-

inoculation (hpi).

Vertical bar represents Mean =+ standard error (SE) (n=3) at p < 0.0001 using Tukey’s HSD test. Different letters (a, b, c) indicate the significant differences between the

treatments.

extracted out from the SDS. Thus, these proteins are efficiently
required for retaining the wall proteins and cell structure,
without damaging the cell components. These proteins include
glycine-rich molecules involved in plant defense [31]. The cross-
linking proteins also play a major role in the formation of wall
apposition and hinder pathogen progression. Hence altogether
these visual appositions against the pathogen is an important
aspect for induction of resistance, by the signalling cascade of
reactions from the preliminary hypersensitive reaction (HR) and
lower levels of oxidative stress at the early hours of pathogen

infestation.

3.2. Targeted metabolomics on phytohormone levels

Plant growth and the stress response is mediated by the
secondary metabolites called phytohormones, which maintain
the plant homeostasis to grow and sustain [32,33].Therefore in
this study, the phytohormones salicylic acid (SA), jasmonic
acid (JA) known for their disease regulatory networks were
studied through targeted metabolomics using Liquid Chroma-
tography-Tandem Mass Spectrometry (LC-MS/MS). The study
evidenced the increase in levels of both the hormones in
primed plants compared to the mock-control plants (Fig. 4).
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Fig. 6. Time course activity of lipoxygenase (LOX) in mock-control and primed (JUPC113 and JUPW121) plants.
Vertical bar represents mean =+ standard error (SE) (n=3) at p < 0.0001 using Tukey’s HSD test. Stars indicate the significant differences between the treatments at different

time interval.

The plants primed with JUPW121 showed the highest amount
of SA which is highly significant compared to the mock control
plants at p value < 0.05. JA levels were high in JUPC113-primed
plants followed by JUPW121-primed and mock-control plants.
Therefore, these studies demonstrated the role of SA-mediated
defense response being imposed when primed with P. aeruginosa
isolates. This is the first report on the study of variation in
phytohormone levels in control and primed plants in finger
millet - Magnoporthe grisea pathosystem which were substantiat-
ed through SA pathway.

3.3. Role of MAP kinase in plant defense

Mitogen-activated protein kinase (MAPK or MAP kinases)
are the major regulators of any stress response in plants at an
early period. They further signal the networked mechanism of
disease resistance and pathogen regulation [34]. They are
activated upon redox signal, and express through HR by
Programmed cell death and in the host cells [35]. Therefore, to
witness the regulation of M. grisea infection in finger millet
plants, gene expression of MAP kinase kinases 1 and 2 (MKK1/2)
was performed at 0, 6 and 12 hpi in mock and primed plants. The
expression levels were high in both the primed plants at 6 hpi
compared to mock-control (Fig. 5). The maximum fold change was
observed at 12 hpi in JUPC113-primed plants (~5 fold) and
followed by JUPW121 (~4 fold). Thus from this study, it was
evident that MAPK plays a pivotal role in defense network
signalling. It is the first report to be studied on MAPK role in finger
millet-blast disease response. Studies revealed the presence of
MAP3Ks (74), MAPKKs (9) and MAPKs (19) in maize plants through
functional genomic studies [36]. Hence it was revealed that these
MKKT1 played a major role in pathogen defense response in both
biotrophic and necrotrophic system where it played a differential
function in necrotrophic versus biotrophic pathogen defense
responses. Immunoblot studies by Melvin et al. [37] observed
differential expression of MAPK related during the compatible and
incompatible interactions between pearl millet and Sclerospora
graminicola, a downy mildew pathogen. Hence, protein phosphor-
ylation and dephosphorylation activates the defense alteration
through MAPK cascade of signalling from external stimuli to the
internal defense response.

3.4. Lipoxygenase (LOX)

LOX activity was found to be higher in primed plants with
highest being in JUPC113-primed plants followed by JUPW121-
primed and mock-control plants. The highest activity was observed
at 24 hpi in JUPC113-primed plants. Previous studies using
chemical elicitors reported an increased expression of LOX mRNA
in pearl millet [38] which showed a maximum increase of LOX.
Likewise, in the present study, an elevated LOX activity was
observed at 24 hpi (Fig. 6) which was supported by a reduced blast
disease incidence in finger millet. In addition, LOX gene expression
was also found to be high in primed plants at 12 and 24 hpi in
JUPC113-primed plants followed by JUPW121-primed (Fig. 7). The
fold change was high at 12 hpi compared to 6 hpi in all treatments.
Its expression also has been studied by Jacob et al. [39] in ragi -
M. grisea infection.

Linoleic acid used for nutraceutical purposes, is a biologi-
cally beneficial functional lipid [40]. The biocidal effect of
linoleic acid against gram-positive bacteria was reported by
Dilika et al. [41]. Root treatment with linoleic acid significantly
decreased the soft rot disease in tobacco at higher concen-
trations but was toxic to tobacco plants. Studies by Sumayo
et al. [42] suggests that this can be more effective in eliciting
ISR at lower concentrations, which also inhibited mycelial
growth of Alternaria solani, Fusarium oxysporum f. sp. Lycopersici
and E oxysporum f. sp. Cucumerinum and exhibited an antifungal
activity against Crinipellis perniciosa. Although it is reported that
LOX is a principal player during induction of disease resistance,
studies using microbial elicitors on LOX variation in plants are
scarce (Enebe and Babalola [43]. Henceforth, the present study is
important in the aspect of LOX-elicited-ISR in finger millet against
blast disease. Though the LOX level was high in primed plants,
both at gene and protein levels, it was not effective enough to
synthesize JA due to compartmentalization. Hence, it can be
plausible that LOX regulates other secondary metabolite and
induce defense response against blast pathogen in finger millet
plants.

Taken together, the results of phytohormone, gene expression
and defense enzymes showed highly significant (p <0.05)
interaction within treatments and between different time points.
At 0 hpi, both treatments (JUPC113 and JUPW121) did not show any
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Fig. 7. Time dependent lipoxygenase (LOX) gene expression in mock-control and primed (JUPC113 and JUPW121) plants at (A) 0; (B) 6 and (C) 12 hours post-inoculation (hpi).
Vertical bar represents Mean =+ standard error (SE) (n=3) at p < 0.0001 using Tukey’s HSD test. Different letters (a, b, ¢) indicate the significant differences between the

treatments.

significant variation as compared to control (Fig. 8). However,
JUPC113 showed significantly higher value (5.3), followed by
JUPW121 (4.32) at 12 hpi as compared to control. Principal
component analysis (PCA) was performed to check the variability
within the treatment with respect to different time points. PCA
result showed a total of 99.35 % inertia in the dim1, which indicates
the maximum variability within different treatments. All the
vectors showed positive loadings in both axes (dim1 and dim2),
while higher positive loading was recorded in MOCK (33.52),
followed by JUPC113 (33.33) and JUPW121 (33.14) (Fig. 9). Overall,
0 hpi (49.51) and 12 hpi (50.48) contributed more in the dim1 as
compared to 6 hpi (0.004). In addition, correlation analysis (CA)
also depicted positive correlation between all treatments with

respect to increased time interval. All the treatments showed high
positive correlation (R?=0.98) during different time intervals
(Fig. 10).

The current study evidently suggests the role of key signalling
plant hormones in induction of resistance, thereby enhancing the
inducible protein synthesis and restricting the pathogen entry.
Thus the signal cascade involves the various factors to direct the
cell to attain the resistance power against the intruder, which
needs to be further studied in with certain specific networks of
inducible proteins. Nevertheless, the study has portrayed the SA
mediated defense mechanism involved in the induction of
resistance in finger millet plants against blast pathogen M. grisea
by using the P. aeruginosa isolates as inducers for seed priming.



S.V. Patil et al./Biotechnology Reports 27 (2020) e00484

g

12 bpi

& >
(9 o
N &

~
Qs‘\
®

Fig. 8. Heatmap cluster among primed and non-primed plants after 0, 6 and 12 hours post-inoculation (hpi).The scale indicates: red color for higher and blue color for lower
expression in comparison with the mock control (0 h) plants. Scale is the mean values of Log2 after normalization (n=4).

PCA - Biplot
[
02=- 10 NPt
"
|
1
1
1
1
1
1
1
1
1
|
1
E
Q1= I
1
|
—~ |
g |
S JUPW121 !
~ i
£ |
a] |
O = e e e e e e e e e e b e e e o —— —— —— ———————————
Mock
JUPC113 i
1
1
1
1
|
12 hpi
- 0 hpi
=5 4 § H

Dim1 (99.4%)

Fig. 9. Plots of principal component (PC1 and PC2) results are obtained from relative gene expression and defense enzymes expressed in primed and mock plants (p <0.05).



S.V. Patil et al./ Biotechnology Reports 27 (2020) e00484 9

08
Mock
06

|0

JUPC113

JUPW121

N\
N\
N\

Fig. 10. Pearson'’s correlation coefficient (PCC) analysis of relative gene expression
and defense enzymes in primed and mock plants (p<0.05).

Funding

This work was supported by the Department of Science and
Technology (YSS/2015/001905), the Science and Engineering
Research Board (SERB), New Delhi, India.

Author contributions

Experiment design and monitor: BSK, SJ, VKG. Performed the
experiments: SVP. Data compilation: SVP, BSK, S-il, DPS, S]. Supply
of reagents/consumables: SS, BSK. Manuscript writing: SVP, BSK,
HGP, SDB, SS, VKG, S]. Preparation of Figures/Graphs: BSK, SJ. All the
authors read and approved the manuscript.

Ethical approval
This research does not involve human participants or animals.
Declaration of Competing Interest

All the contributing authors here with confirm no conflicts of
interest connected to this work.

Acknowledgements

Authors are thankful to JAIN (Deemed-to-be University)for the
infrastructural support and Department of Science and Technolo-
gy, Govt. of India for providing the financial assistance under SERB-
YSS scheme (YSS/2015/001905). All the authors are also grateful to
the facilities provided at Laboratory of Plant Healthcare and
Diagnostics, Karnataka University, Dharwad. Authors thank Dr. K.S.
Shivashankar, Principal Scientist and Dr. GA Geetha, Senior
Research Fellow, Division of Biochemistry and Physiology, IITHR
for their assistance in LC/MS-MS studies. Authors thank Dr. H.C.
Lohithashwa, Associate Professor and Dr. Prasanna Kumar, Assis-
tant Professor for the timely help. Thanks to Dr. Muhammad
Salman Haider, College of Horticulture, Nanjing Agricultural
University, Nanjing, China for heatmap, PCA and correlation
analysis.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in
the online version, at doi:https://doi.org/10.1016/j.btre.2020.
e00484.

References

[1] D. Pandey, S.R. Rajendran, M. Gaur, PK. Sajeesh, A. Kumar, Plant defense
signaling and responses against necrotrophic fungal pathogens, J. of Plant
Growth Reg. 35 (2016) 1159-1174.

[2] S. Jogaiah, M. Abdelrahman, L.-S.P. Tran, S.-I. Ito, Different mechanisms of
Trichoderma virens-mediated resistance in tomato against Fusarium wilt
involve the jasmonic and salicylic acid pathways, Molecular Plant Path. 19
(2018) 870-882.

[3] S. Berger, A.K. Sinha, T. Roitsch, Plant physiology meets phytopathology: Plant
primary metabolism and plant-pathogen interactions, J. of Experimental Bot.
58 (2007) 4019-4026.

[4] S. Zeilinger, V.K. Gupta, T.E.S. Dahms, R.N. Silva, H.B. Singh, R.S. Upadhyay, E.V.
Gomes, C.K.M. Tsui, C.S. Nayak, Friends or foes? Emerging insights from fungal
interactions with plants, FEMS Microbiol. Rev. 40 (2016) 182-207.

[5] S. Jogaiah, A. Mostafa, L.-S.P. Tran, S.-I. Ito, Characterization of rhizosphere
fungi that mediate resistance in tomato against bacterial wilt disease, J. of
Experimental Bot. 64 (2013) 3829-3842.

[6] M. Abdelrahman, F. Abdel-Motaal, M. El-Sayed, S. Jogaiah, M. Shigyo, S-i. Ito, L.-
S.P. Tran, Dissection of Trichoderma longibrachiatum-induced defense in
onion (Allium cepa L.) against Fusarium oxysporum f. sp. Cepa by target
metabolite profiling, Plant Science 246 (2016) 128-138.

[7] K. Apel, H. Hirt, Reactive oxygen species: Metabolism, oxidative stress, and
signal transduction, Ann. Rev. Plant Biol. 55 (2004) 373-399.

[8] H. Tettelin, K.E. Nelson, L.T. Paulsen, J.A. Eisen, Complete genome sequence of a
virulent isolate of Streptococcus pneumoniae, Science 293 (2001) 498.

[9] E. Zientz, T. Dandekar, R. Gross, Metabolic interdependence of obligate
intracellular bacteria and their insect hosts, Microbiol. Mol. Biol. Rev. 68
(2004) 745-770.

[10] B.S. Kumudini, N.S. Jayamohan, S.V. Patil, M. Govardhan, Primary Plant
Metabolism During Plant-Pathogen Interactions and Its Role in Defense, in: P.
Ahmad, M.A. Ahanger, V.P. Singh, D.K. Tripathi, P. Alam, M.A. Alyemeni (Eds.),
Plant Metabolites and Regulation Under Environmental Stress, 2018, pp. 215-
229, doi:http://dx.doi.org/10.1016/B978-0-12-812689-9.00011-X.

[11] C.MJ. Pieterse, A. Leon-Reyes, E. SVd, S.C.M.V. Wees, Networking by small-
molecule hormones in plant immunity, Nature Chem. Biol. 5 (2009) 308-316.

[12] K. Kazan, R. Lyons, Intervention of phytohormone pathways by pathogen
effectors, The Plant Cell 26 (2014) 2285-2309.

[13] M. Alazem, N.S. Lin, Roles of plant hormones in the regulation of host-virus
interactions, Molecular Plant Path. 16 (2015) 529-540.

[14] D.K. Grobkinsky, E. van der Graaff, E. Roitsch, Abscisic acid-cytokinin
antagonism modulates resistance against Pseudomonas syringae in tobacco,
Phytopath. 104 (2014) 1283-1288.

[15] B.S. Kumudini, N.S. Jayamohan, S.V. Patil, Integrated Mechanisms of Plant
Disease Containment by Rhizospheric Bacteria: Unravelling the Signal
Crosstalk between Plant and Fluorescent Pseudomonas, in: V.S. Meena, P.K.
Mishra, J.K. Bisht, A. Pattanayak (Eds.), Agriculturally Important Microbes for
Sustainable Agriculture, Springer Nature, Singapore, 2017, pp. 263-291, doi:
http://dx.doi.org/10.1007/978-981-10-5343-6_9.

[16] C. Wang, S. Jogaiah, W.Y. Zhang, M. Abdelrahman, J.G. Fang, Spatio-temporal
expression of miRNA159 family members and their GAMYB target gene during
the modulation of gibberellin-induced grapevine parthenocarpy, J. of
Experimental Bot. 69 (2018) 3639-3650.

[17] S.V. Patil, N.S. Jayamohan, B.S. Kumudini, Strategic assessment of multiple
plant growth promotion traits for short listing of fluorescent Pseudomonas
spp. and seed priming against ragi blast disease, Plant Growth Reg. 80 (2016)
47-58.

[18] H.S.Shetty, M.S. Sharada, S. Jogaiah, S.J. Aditya Rao, M. Hansen, H,J.L. Jergensen,
L.-S.P. Tran, Bioimaging structural signatures of the oomycete pathogen
Sclerospora graminicola in pearl millet using different microscopic techniques,
Scientific Rep. 9 (2019) 15175, doi:http://dx.doi.org/10.1038/s41598-019-
51477-2.

[19] AJ. Bidhendi, Y. Chebli, A. Geitmann, Fluorescence visualization of cellulose
and pectin in the primary plant cell wall, ] Microsc. (2020), doi:http://dx.doi.
org/10.1111/jmi.12895.

[20] X. Pan, R. Welti, X. Wang, Quantitative analysis of major plant hormones in
crude plant extracts by high-performance liquid chromatography-mass
spectrometry, Nature Protocols 5 (2008)986992.

[21] KJ.Livak, T.D. Schmittgen, Analysis of relative gene expression data using Real-
Time Quantitative PCR and the 2"*2<T method, Methods 25 (2001) 402-408.

[22] A.B. Borthakur, B. Bhat, C.S. Ramasoss, The positional specifications of the
oxygenation of linoleic acid catalyzed two forms of lipoxygenase isolated from
Bengal gram (Cicera rietinum), J. of Biosci. 11 (1987) 257-263.

[23] B. Axelord, TM. Cheesbrough, S. Zimmer, Lipoxygenase from soybeans,
Methods in Enzymol. 71 (1981) 441-451.

[24] A.N.Babu, S. Jogaiah, S.-i. Ito, K.A. Nagraj, L.-S.P. Tran, Improvement of growth,
fruit weight and early blight disease protection of tomato plants by
rhizosphere bacteria is correlated with their beneficial traits and induced


https://doi.org/10.1016/j.btre.2020.e00484
https://doi.org/10.1016/j.btre.2020.e00484
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0005
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0005
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0005
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0010
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0010
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0010
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0010
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0015
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0015
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0015
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0020
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0020
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0020
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0025
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0025
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0025
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0030
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0030
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0030
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0030
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0035
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0035
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0040
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0040
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0045
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0045
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0045
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0050
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0050
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0050
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0050
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0050
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0055
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0055
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0060
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0060
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0065
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0065
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0070
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0070
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0070
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0075
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0075
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0075
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0075
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0075
http://dx.doi.org/10.1007/978-981-10-5343-6_9
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0080
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0080
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0080
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0080
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0085
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0085
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0085
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0085
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0090
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0090
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0090
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0090
http://dx.doi.org/10.1038/s41598-019-51477-2
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0095
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0095
http://dx.doi.org/10.1111/jmi.12895
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0100
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0100
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0100
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0105
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0105
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0110
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0110
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0110
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0115
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0115
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0120
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0120
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0120

10 S.V. Patil et al./Biotechnology Reports 27 (2020) e00484

biosynthesis of antioxidant peroxidase and polyphenol oxidase, Plant Sci. 231
(2015) 62-73.

[25] M.L.Tonelli, A. Furlan, T. Taurian, S. Castro, A. Fabra, Peanut priming induced by
biocontrol agents, Physiol. Mol. Plant Path. 75 (2011) 100-105.

[26] A. Singh, B.K. Sarma, R.S. Upadhyaya, H.B. Singh, Compatible rhizosphere
microbes mediated alleviation of biotic stress in chickpea through enhanced
antioxidant and phenylpropanoidactivitie, Microbiol. Res. 168 (2013) 33-40.

[27] S.Jogaiah, K.S. Roopa, H.G. Pushpalatha, H. Shekar Shetty, Evaluation of plant
growth-promoting rhizobacteria for their efficiency to promote growth and
induce systemic resistance in pearl millet against downy mildew disease, Arch.
Phytopath. Plant Prot. 43 (2010) 368-378.

[28] N.S. Jayamohan, S.V. Patil, B.S. Kumudini, Reactive oxygen species (ROS) and
antioxidative enzyme status in Solanum lycopersicum on priming with
fluorescent Pseudomonas spp. against Fusarium oxysporum, Biologia 73 (2018)
1073-1082.

[29] S. Nakkeeran, S. Vinodkumar, P. Renukadevi, S. Rajamanickam, S. Jogaiah,
Bioactive molecules from Bacillus spp.: an effective tool for plant stress
management, in: S. Jogaiah, M. Abdelrahman (Eds.), Bioactive molecules in
plant defense, Springer, Berlin, 2019, pp. 1-23.

[30] B. Nandini, H. Puttaswamy, H.S. Prakash, S. Adhikari, S. Jogaiah, N. Geetha,
Elicitation of Novel Trichogenic-Lipid Nanoemulsion Signaling Resistance
Against Pearl Millet Downy Mildew Disease, Biomolecules 10 (1) (2020) 25.

[31] M. Czolpinska, M. Rurek, Plant Glycine-Rich Proteins in Stress Response: An
Emerging, Still Prospective Story, Front Plant Sci. 9 (2018) 302, doi:http://dx.
doi.org/10.3389/fpls.2018.00302.

[32] B.S. Kumudini, S.V. Patil, Role of Plant Hormones in Improving Photosynthesis,
in: P. Ahmad, M.A. Ahanger, P. Alam, M.N. Alyemeni (Eds.), Photosynthesis,
Productivity, and Environmental Stress, John Wiley & Sons Ltd., 2019, pp. 215-
240, doi:http://dx.doi.org/10.1002/9781119501800 ch11..

[33] M. Abdelrahman, M. El-Sayed, S. Jogaiah, D.J. Burritt, L.-S.P. Tran, The “STAY-
GREEN” trait and phytohormone signaling networks in plants under heat
stress, Plant Cell Rep. 36 (2017) 1009-1025.

[34] X.Meng, S. Zhang, Mapk cascades in plant disease resistance signalling, Annual
Rev. of Phytopath. 51 (2013) 245-266.

[35] M.D.E. Frederickson, G.J. Loake, Redox regulation in plant immune function,
Antioxid. Redox. Signal. 21 (9) (2014) 1373-1388, doi:http://dx.doi.org/
10.1089/ars.2013.5679.

[36] X. Kong, ]. Pan, D. Zhang, S. Jiang, G. Cai, L. Wang, D. Li, Identification of
mitogen-activated protein kinase kinase gene family and MKK-MAPK
interaction network in maize, Biochem. Biophy. Res. Comm. 441 (2013)
964-969.

[37] P. Melvin, S.A. Prabhu, C.P. Anup, S. Shailashree, H.S. Shetty, K.R. Kini,
Involvement of mitogen-activated protein kinase signalling in pearl millet-
downy mildew interaction, Plant Sci. 214 (2014) 29-37.

[38] H.G. Pushpalatha, ]J. Sudisha, N.P. Geetha, K.N. Amruthesh, H.S. Shetty,
Thiamine seed treatment enhances LOX expression, promotes growth and
induces downy mildew disease resistance in pearl millet, Biologia Plantarum
55 (2011) 522-527.

[39] J. Jacob, M. Pusuluri, B. Domathoti, I.K. Das, Magnaporthe grisea infection
modifies expression of anti-oxidant genes in finger millet [Eleusine coracana
(L.) Gaertn.], J. of Plant Path. 101 (2018) 129-134.

[40] N.A. Helal, H.A. Eassa, AM. Amer, M.A. Eltokhy, I. Edafiogho, M.I. Nounou,
Nutraceuticals’ Novel Formulations: The Good, the Bad, the Unknown and
Patents Involved, Recent Pat. Drug Deliv. Formul. 13 (2) (2019) 105-156.

[41] FE. Dilika, P.D. Bremner, J.J. Meyer, Antibacterial activity of linoleic and oleic
acids isolated from Helichrysum pedunculatum: a plant used during
circumcision rites, Fitoterapia 71 (2000) 450-452, doi:http://dx.doi.org/
10.1016/s0367-326x(00)00150-7.

[42] M. Sumayo, M.S. Hahm, Y. Ghim, Determinants of plant growth-promoting
Ochrobactrum lupini KUDC1013 involved in induction of systemic resistance
against Pectobacterium carotovorum sub sp. carotovorum in tobacco leaves,
Plant Path. J. 29 (2013) 174-181.

[43] M.C. Enebe, 0.0. Babalola, The impact of microbes in the orchestration of
plants’ resistance to biotic stress: a disease management approach, Appl
Microbiol. Biotechnol. 103 (2019) 9-25.

[44] K.V.Kotapati, B.K. Palaka, A. Kandukuri, R.R. Pamuru, D.R. Ampasala, Response
of antioxidative enzymes and lipoxygenase to drought stress in finger millet
leaves (Eleusinecoracana(l.) Gaertn), Int. ]. of Plant Animal and Env. Sci. 4 (2014)
644-653.

[45] Z.Y. Li, N. Wang, L. Dong, H. Bai, ].Z. Quan, L. Liu, Z.P. Dong, Differential gene
expression in foxtail millet during incompatible interaction with Uromyces
setariae-italicae, PLoS One 10 (2015)e0123825.


http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0120
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0120
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0125
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0125
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0130
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0130
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0130
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0135
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0135
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0135
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0135
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0140
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0140
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0140
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0140
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0145
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0145
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0145
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0145
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0150
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0150
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0150
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0155
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0155
http://dx.doi.org/10.3389/fpls.2018.00302
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0160
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0160
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0160
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0160
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0165
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0165
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0165
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0170
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0170
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0175
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0175
http://dx.doi.org/10.1089/ars.2013.5679
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0180
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0180
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0180
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0180
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0185
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0185
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0185
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0190
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0190
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0190
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0190
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0195
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0195
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0195
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0200
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0200
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0200
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0205
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0205
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0205
http://dx.doi.org/10.1016/s0367-326x(00)00150-7
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0210
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0210
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0210
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0210
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0215
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0215
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0215
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0220
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0220
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0220
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0220
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0225
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0225
http://refhub.elsevier.com/S2215-017X(20)30118-1/sbref0225

	Synchronised regulation of disease resistance in primed finger millet plants against the blast disease
	1 Introduction
	2 Materials and Methods
	2.1 Plant Material, Treatments and Sample Collection
	2.2 Histochemical localization of defense molecules
	2.3 Targeted metabolomics on phytohormone levels
	2.4 Gene expression studies
	2.5 Enzymatic activity of Lipoxygenase (LOX)
	2.6 Statistical Analyses

	3 Results and Discussion
	3.1 Histochemical localization of defense molecules
	3.2 Targeted metabolomics on phytohormone levels
	3.3 Role of MAP kinase in plant defense
	3.4 Lipoxygenase (LOX)

	Funding
	Author contributions
	Ethical approval
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


