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A sustainable balance between defence and growth is essential for optimal fitness under pathogen stress. Plants
activate immune response at the cost of normal metabolic requirements. Thus, plants that constitutively activate
defence are deprived of growth. Arabidopsis thaliana mutant constitutive defence without defect in growth and
development1 (cdd1) is an exception. The cdd1 mutant is constitutive for salicylic acid accumulation, signalling, and
defence against biotrophic and hemibiotrophic pathogens, without having much impact on growth. Thus, cdd1 offers
an ideal genetic background to identify novel regulators of plant defence. Here we report the differential gene
expression profile between cdd1 and wild-type plants as obtained by microarray hybridization. Expression of several
defence-related genes also supports constitutive activation of defence in cdd1. We screened T-DNA insertion mutant
lines of selected genes, for resistance against virulent bacterial pathogen Pseudomonas syringae pv. tomato DC3000
(Pst DC3000). Through bacterial resistance, callose deposition and pathogenesis-associated expression analyses, we
identified four novel regulators of plant defence. Resistance levels in the mutants suggest that At2g19810 and [rom]
At5g05790 are positive regulators, whereas At1g61370 and At3g42790 are negative regulators of plant defence against
bacterial pathogens.
[Swain S, Singh N and Nandi AK 2015 Identification of plant defence regulators through transcriptional profiling of Arabidopsis thaliana cdd1
mutant. J. Biosci. 40 137–146] DOI 10.1007/s12038-014-9498-9

1.

Introduction

In nature, plants encounter a wide array of biotic and abiotic
stresses. To defend themselves, plants developed a sophisticated multilayered immune system. Pathogen recognition is
mediated by cell-surface-localized receptors that are capable
of detecting pathogen-/microbe-associated molecular patterns (P/MAMP) or self-molecules produced due to damage
by the pathogen (DAMP: damage-associated molecular pattern). Recognition of PAMP or DAMP by plant pattern
recognition receptor (PRR) activates a basal defence, known
as pattern-triggered immunity (PTI) (Monaghan and Zipfel
Keywords.

2012). Pathogens release effector molecules to evade or
suppress plant immune system, and for their growth and
survival in the host environment. In the process of co-evolution, plants developed specific resistance (R) proteins that
recognize some of these effectors (avr: avirulent factors) and
mount a strong resistance. Defence activation due to R-avr
recognition (ETI: effector-triggered immunity) is rapid,
strong and often culminates with localized cell death, called
hypersensitive response (HR) (Jones and Dangl 2006; Bent
and Mackey 2007).
Phytohormones play central roles in plant immunity.
Salicylic acid (SA), jasmonic acid (JA) and ethylene (Et)
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control defence signalling output and also regulate plant growth
and development (Pieterse et al. 2012). Other hormones such as
auxin, cytokinin, gibberellins (GA) and brassinosteroids (BR)
are also involved in plant growth immune response (Bari and
Jones 2009; Santner et al. 2009). Thus, there is a high degree of
overlapping and cross-talk between defence and growth signalling. Spontaneous or prolonged activation of defence is mostly
associated with growth retardation and development of spontaneous necrotic cell death. Activation of constitutive SA signalling in lesion mimic mutants such as constitutive for PR 1
(cpr1), cpr5, suppressor of SA insensitive 1 (ssi1) and ssi2,
and activation of Et/JA signalling in constitutive expression of
VSP1(cev1) mount enhanced resistance to one or more group of
pathogens at the cost of normal growth (Bowling et al. 1997;
Shah et al. 1999; Ellis and Turner 2001; Jirage et al. 2001;
Kachroo et al. 2001). Similarly, growing seedlings with methyl
jasmonate (MeJA) or PTI-activating PAMP-molecule flg22 or
elf26 causes severe growth inhibition (Staswick et al. 1992;
Gomez-Gomez et al. 1999; Zipfel et al. 2006).
Arabidopsis cdd1 is an exceptional mutant that is constitutive for resistance against multiple disease, developmentally
accumulates high level of SA and constitutively expresses
pathogenesis related (PR) genes, but maintains a normal WTlike growth (Swain et al. 2011). The mutant is resistant against
hemibiotropic pathogens such as Pst DC3000, biotropic
Hyaloperonospora arabidopsidis and necrotrophic pathogen
Botrytis cinerea, suggesting simultaneous activation of both
SA- and Et/JA-mediated defence signalling. Through gene
expression profiling of cdd1, followed by screening of mutants
of selected genes, we report here identification of four genes
that influence defence response in Arabidopsis.
2.
2.1

Materials and methods

Plants growth conditions and chemical treatment

Arabidopsis thaliana plants were grown in environment controlled growth chamber as described earlier (Singh et al. 2014).
In brief, plants were grown in a soil mixture containing soilrite
and vermiculite (5:1). The growth chamber was maintained at
22°C and 60% humidity with alternate light (80 μE/m2/s) and
dark periods of 12 h each. For flg22 sensitivity, seeds were
placed on plates with Murashige and Skoog (MS) medium
supplemented with flg22 peptide (Genescript, USA) at varied
concentrations, as indicated in the text. Seedling growth inhibition measured after 2 weeks of germination.
2.2

Pathogen inoculation

Overnight-grown bacterial cultures of Pseudomonas
syringae pv. tomato DC3000 were harvested by centrifugation and re-suspended in 10 mM MgCl 2 with desired
J. Biosci. 40(1), March 2015

dilutions. The bacterial samples were pressure infiltrated into
leaf abaxial surface with a needleless syringe. Growth of
bacteria in the leaves was monitored as described earlier
(Swain et al. 2011; Singh et al. 2013). Only 10 mM MgCl2
was used as control whenever required.
2.3

RNA isolation, quantitative reverse-transcription PCR
and transcription profiling

RNA isolation from the harvested samples was done by the
guanidinium–thiocyanate–phenol–chloroform method
(Chomczynski and Sacchi 1987). The cDNA was synthesized from 2 μg of RNA by using 200 units of Revert Aid
MuLV reverse transcriptase (Fermentas, USA) after DNaseI
treatment. Reverse-transcription PCR was done with appropriate cycle for each gene. ACTIN2 (At3g18780) gene transcript is used as endogenous control. Real-time PCR was
performed as described by Giri et al. (2014). The sequences
of the primers used in this study are given in the supporting
information (see supplementary table 4). Microarray-based
gene expression profiling was carried out by using Agilent,
USA, platform that included whole Arabidopsis genome
(44k). Labelling with Cy3 and Cy5 was done using Agilent’s
Quick Amp kit (cDNA synthesis and in vitro transcription).
Scanning, normalization and statistical analyses were carried
out using Agilent’s GeneSpring GX v 10.0. software.
2.4

Staining for callose

Callose staining was carried out as described previously by
Desclos-Theveniau et al. (2012) with modifications. Leaves
of 5-week old soil-grown plants were infiltrated with Psm
106 CFU/mL suspended in 10 mM MgCl2 or only with
10 mM MgCl2 as mock. After 9 h, leaves were collected
and floated in 95% ethanol for overnight. The next day, the
leaves were washed three times with distilled water for 2 h
during each wash. The leaves were stained in 0.01% aniline
blue in 0.15 M sodium phosphate buffer pH9.5 for 24 h, and
observed under UV light in a standard laboratory microscope
(Nikon E200).
3.
3.1

Results and discussion

cdd1 mutant is constitutive for PTI

Arabidopsis cdd1 mutant is constitutive for SA accumulation,
SA signalling, expression of PR genes and defence responses
(Swain et al. 2011). To examine whether cdd1 mutant is also
constitutive for PTI, we monitored transcript accumulation of
FLG22-INDUCED RECEPTOR-LIKE KINASE 1 (FRK1), a
PTI marker gene (Asai et al. 2002; Po-Wen et al. 2013). The
cdd1 mutant accumulates much higher FRK1 transcript than
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the corresponding WT under normal growth conditions
(figure 1A), suggesting that PTI is constitutively activated in cdd1 plants. Since cdd1 escapes growth defects
despite having constitutive PTI, it was intriguing to
investigate the effect of exogenous PTI inducer such as
flg22. Growing Arabidopsis seedling in the presence of a
conserved 22-amino-acid peptide flg22, which is a part
of bacterial flagellin, causes seedling growth inhibition
(Gomez-Gomez et al. 1999). We grew cdd1 and WT
seedlings, in the presence or absence of flg22 supplementation. As expected, cdd1 has normal WT-like seedling growth in the absence of flg22 (figure 1B).
Interestingly, cdd1 is responsive towards exogenously
applied flg22 in terms of root growth inhibition. The
effect of flg22 on root length inhibition was slightly
higher in cdd1 than WT plants, especially at higher
concentrations (figure 1B and 1C), which may be due
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to additive effect of flg22 and constitutive PTI in these
plants. The results suggest that cdd1 is not impaired for
defence-mediated growth inhibition, but activation of
defence responses are kept below a threshold level that
does not cause a growth inhibition.

3.2

Transcriptional profiling supports constitutive defence
activation in cdd1 mutant

To delineate the mechanism of cdd1-mediated plant defence,
we compared the global gene expression pattern of cdd1
with the corresponding WT plants (Nossen ecotype). Differential transcript accumulation profile between cdd1 and WT
plants was determined by microarray hybridization. The array
experiment was carried out two times from two different
batches of plants. For both the experiments, each sample

Figure 1. The cdd1 mutant has enhanced FRK1 mRNA accumulation and flg22-mediated growth inhibition. (A) Semi-quantitative RTPCR showing FRK1 expression in cdd1 and WT plant. (B) Seedling growth inhibition by flg22 peptide. Photographs were taken after 2
weeks of germination. (C) Graphical representation of (B) comparing root growth inhibition. Each point represents average and standard
deviation of root length from n=10 seedlings.
J. Biosci. 40(1), March 2015
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consisted of about 144 leaves randomly taken from 36 healthy
plants, which provided a biological average of large number of
plants. Results from both the experiments were merged to
generate the differential gene expression profile. There were
266 and 109 genes that showed significant (P≤0.05) increased
and reduced expression respectively in cdd1 mutant than in WT
plants (see supplementary data file). The array experiment is
further validated by reverse-transcription-PCR for several randomly selected genes (figure 2).
Altered expression profile of several defence-related
genes supported constitutive activation of SA-mediated defence in cdd1 plants (table 1). Notably, positive regulators of

SA mediated defence responses, MODIFIER OF SNC1,7
(MOS7) (Cheng et al. 2009), RESPONSE REGULATOR 2
(ARR2) (Choi et al. 2010), ARABIDOPSIS THALIANA
NUCLEOSIDE DIPHOSPHATE LINKED TO SOME MOIETY
X 6 (ATNUDX6) (Ishikawa et al. 2010), and MOS4-ASSOCIATED COMPLEX 3A (MAC3A) (Monaghan et al.
2009) were significantly up-regulated; whereas negative
regulators such as RESPONSIVE TO DESICCATION 26
(RD26) (Zheng et al. 2012) and AT-HOOK MOTIF
NUCLEAR-LOCALIZED PROTEIN 20 (AHL20) (Lu
et al. 2010) were down-regulated in the cdd1 plant.
Interestingly, the mutants of BDA1, MOS7 and MAC3A
genes function as suppressor of npr1, similar to that of
cdd1 (Cheng et al. 2009; Monaghan et al. 2009; Swain
et al. 2011; Yang et al. 2012). ARR2, a cytokinininduced transcription factor, interacts with TGA3 and
binds to promoter of PR1, and thereby induces its expression and defence against Pst DC3000 (Choi et al.
2010). Similarly, AtNUDX6, the gene encoding ADPribose (Rib)/NADH pyrophosphohydrolase, was shown
to positively modulate NPR1-dependent SA signalling
(Ishikawa et al. 2010). Here we provide evidence that
AHL20, an AT-hook containing DNA-binding protein,
negatively regulates PTI. AHL20 negatively regulates
PTI (Lu et al. 2010). Over-expression of AHL20 in
Arabidopsis suppresses PAMP-induced NHO1 and
FRK1 expression, and supports enhanced growth of virulent bacterial pathogens (Lu et al. 2010). The transcription profile justifies constitutive defence activation in
cdd1.
3.3

Figure 2. Validation of microarray results. Total RNA was isolated from 4-week-old soil-grown plants, and constitutive expression of the indicated genes was determined by RT-PCR using gene
specific primers, for genes that are up-regulated (A) and downregulated (B) in cdd1 as per microarray results.
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Identification of novel plant defence regulators

For identifying novel defence regulators of Arabidopsis,
we mainly focused on the differentially regulated transcription factors (supplementary table 1) and kinasecoding genes (supplementary table 2). Reported literature
analysis revealed that approximately 20% of these genes
were previously associated with defence responses (supplementary tables 1 and 2). The genes that were not
previously associated with defence response, and for
which confirmed homozygous T-DNA insertion mutant
lines were available from Arabidopsis stock centre, were
selected for screening against bacterial pathogen. By keeping in view the balanced growth and defence in cdd1, we
further selected the plants with no apparent morphological
defect as shown for SALK_151571 (supplementary
figure 1A). Integration of T-DNA in the selected lines
was confirmed by PCR with T-DNA-specific primers as
shown for SALK_151571 (supplementary figure 1B). All
the selected mutants were grown along with WT control
and screened for their defence against bacterial pathogen
Pseudomonas syringae pv. tomato DC3000 (Pst DC3000).

Defence regulators identified by mRNA profiling of cdd1 mutant
Out of the mutants of total 22 genes that were tested,
mutations in 5 genes showed to influence defence (supplementary table 3). The gene At4g13040 belongs to AP2/
EREBP family and has been recently reported as a positive
regulator for SA accumulation and basal defence against
bacterial pathogens (Giri et al. 2014). Thus, four genes,
At2g19810, At5g05790, At3g42790 and At1g61370, were
identified through this work as novel plant defence regulator in Arabidopsis. Mutants of At2g19810 and
At5g05790 harboured more bacterial growth and showed
more severe disease symptoms than WT plants (figure 3A
and B), suggesting that these genes function as positive
regulator of plant defence. On the contrary, mutants of
At3g42790 and At1g61370 were more resistant than WT
plants (figure 3C and D), and thus likely to function as
negative regulator of plant defence. In order to support the
observation of bacterial growth, we determined callose
deposition after another inoculation by a virulent bacterial
pathogen, Pseudomonas syringae pv. maculicola ES4326
(Psm ES4326). As expected, the resistant mutants of
At1g61370 and At3g42790 showed more callose deposition than WT plants, whereas the susceptible mutant of
At5g05790 showed reduced callose deposition (figure 4A
and B). The results also suggested that observed phenotypes of disease resistance in the mutant lines were not
restricted to only Pst DC3000. To further investigate
whether expression of these genes were associated with
pathogenesis, we infected the WT plant with the Psm
ES4326 and monitored their transcript accumulation by
quantitative real-time PCR. As a control, we monitored
accumulation of PR1 transcript in the samples that showed
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enhanced accumulation after pathogen inoculation (supplementary figure 2). All the four genes showed
pathogen-induced expression but at varying pace (figure 5).
The expression of At2g19810 and At5g05790 genes increased with peak at 24 and 12 hpi respectively and
decreased with longer time point. In contrast, mRNA
accumulation of At3g42790 and At1g61370 genes enhanced with time (figure 5).
At2g19810 codes for a CCCH-type zinc finger protein
(Wang et al. 2008). The protein localizes to the plasma
membrane and is necessary for oxidative stress tolerance
(Huang et al. 2010). Transgenic plants over-expressing
this gene are hypersensitive to ABA and more resistant
to drought stress than untransformed plants (Lee et al.
2012). At5g05790 encodes a putative DNA-binding protein, belonging to duplicated homeodomain-like superfamily protein (www.Arabidopsis.org), with no previous
biological function known. It is likely to modulate defence through transcriptional reprogramming. At3g42790
codes for ALFIN-LIKE3 (AL3), the plant-specific Alfin1like family of nuclear-localized plant homeodomaincontaining protein. All members of the family, except
AL3, bind to H3K4me3/2, the active histone markers in
plants (Lee et al. 2009). Thus, it remains to investigate
whether At3g42790 is involved chromatin modification.
At1g61370 encodes S-locus lectin protein kinase family
protein. Interestingly, expression of this gene is also upregulated in Arabidopsis seedling with response to flg22
(Navarro et al. 2004) and oomycete MAMP Nep1-like
protein (for necrosis and ethylene-inducing peptide1)
(Qutob et al. 2006).

Table 1. Differentially expressed defence-related genes between cdd1 and WT plants
Accession number

Common name

Fold change (cdd1/WT)

Reference

AT5G54610
AT4G16110
AT1G31280
AT1G04510
AT2G14560
AT3G22231
AT2G14610
AT5G05680
AT5G25980
AT1G65730
AT2G04450
AT3G57270
AT4G27410
AT4G14465

BDA1
ARR2
AGO2
MAC3A
LURP1
PCC1
PR1
MOS7
TGG2
YSL7
ATNUDX6
BG1
RD26
AHL20

3.0
2.77
2.42
2.31
2.96
3.45
4.01
2.7
5.71
3.36
3.19
0.49
0.45
0.27

Yang et al. 2012
Choi et al. 2010
Zhang et al. 2011
Monaghan et al., 2009
Knoth and Eulgem 2008
Mir et al. 2013
Seo et al. 2008
Cheng et al. 2009
Barth and Jander 2006
Hofstetter et al. 2013
Ishikawa et al. 2010
Dong et al. 1991
Zheng et al. 2012
Lu et al. 2010

The accession numbers and name are as per TAIR 10 annotation. The list includes the previously reported defence-related genes having a
significant fold change (P≤0.05).
J. Biosci. 40(1), March 2015
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Figure 3. Bacterial numbers and symptoms of disease in the mutants of (A) At2g19810, (B) At5g05790, (C) At3g42790, (D) At1g61370.
Four-week-old soil-grown plants were infiltrated with overnight-grown bacterial cultures of Pseudomonas syringae pv. tomato (Pst)
DC3000 at 105 colony-forming units (CFU)/mL re-suspended in 10 mM MgCl2. The photographs of infected leaves were taken at 3 dpi.
Samples were harvested at 3 days post-inoculation (dpi) and CFUs/disc were determined. Each bar represents the average and standard
deviation obtained from four samples, each containing five leaf discs of 7 mm in diameter. The asterisk (*) represents significant difference
by two-tailed Student’s t-test.
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Figure 4. Callose deposition in WT and mutant lines. (A) Leaves of indicated genotypic plants were infiltrated with Psm ES4326 or mock
infiltrated with 10 mM MgCl2, and callose deposition was observed under UV light in a microscope at 40× magnification. (B) Number of
callose per unit field of observation was counted by imageJ software. Each bar represents mean ± standard deviation of five samples. The
different letters above the bars indicate statistically different mean (P<0.05) as determined by one way ANOVA (Holm-Sidak method). The
experiment was repeated two times with similar results.

4.

Conclusion

The cdd1 mutant of Arabidopsis is constitutive for PTI that
maintains normal growth through an optimal regulation of
defence regulators. Thus, cdd1 offers an ideal genetic background to identify novel plant defence regulators. Transcriptional profiling, followed by screening for mutants with
altered defence response, identified four genes that modulate
resistance against Pseudomonas syringae pv. tomato
DC3000. At2g19810, a CCCH-type zinc finger protein, and

At5g05790, a homeodomain-like superfamily protein coding
genes, positively regulate defence; whereas putative S-locus
lectin protein kinase gene At1g61370 and the Alfin1-like
member gene At3g42790 negatively regulate plant defence
against virulent bacterial pathogens.
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Figure 5.

Relative mRNA accumulation after pathogen inoculation.
Four-week-old plants were inoculated with Psm ES4326 and transcript
levels of indicated genes was determined at 0, 12, 24 and 48 hpi qRTPCR in relative abundance with ACTIN2. Each bar represents mean ±
standard deviation of 3 biological samples with 2 technical replications
of each. All the experiments were repeated at least twice with similar
results.
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