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Plants, when challenged with pathogens, induce strong 
resistance at the site of infection to control the spread of the 
pathogen. In addition, plants often retain the infection memory 
to activate faster defense responses that provide SAR against 
subsequent infections.1 The effect of SAR is long lasting and 
protects against a wide range of pathogens. At the primary infection 
site, plants synthesize mobile signals, such as salicylic acid and its 
methylated derivative, azelaic acid, glycerol-3-phosphate, dehydro-
abietinalditerpenoid, and pipecolic acid that move to the distal 
tissues to induce SAR.2-7 The distal tissues upon receiving the SAR 
inducing signals achieve preparedness for mounting faster defense 
response during secondary infections, a phenomenon referred to as 
priming.8 There is substantial evidence that priming is associated 
with epigenetic modifications at the promoters of defense related 
genes.9,10 Epigenetic modifications can be long lasting and inherited 
through meiosis over successive generations.9 Despite knowing the 
large numbers of mobile signals and their interactions, it is not 

known how these mobile signals link to alteration chromosomal 
compositions associated with SAR development.

Earlier we had shown that the FLD gene is required for SAR 
activation in Arabidopsis.11 Through mutagenesis of wild-type 
(WT) Arabidopsis and screening for SAR deficient mutants, we 
identified reduced systemic immunity 1 (rsi1) that is defective 
in SAR but not in local resistance. Through further map-
based positional cloning we identified rsi1 as allelic to FLD. 
FLD functions at the downstream of mobile signals in the 
distal tissues to activate SAR. Similar to fld loss-of-function 
plants, the rsi1 mutant shows delayed flowering phenotype.11,12 
FLD codes for a homolog of human lysine specific demethylase 
1 (LSD1). In accordance, the fld mutants contain higher levels 
of H3K4me2.13 Further we reported that rsi1/fld mutation 
affects H3K4me2 accumulation at the promoters of several 
WRKY genes.14 However, it was not known whether histone 
demethylase activity of FLD is required for SAR activation.
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Plants often learn from previous infections to mount higher level of resistance during subsequent infections, a 
phenomenon referred to as systemic acquired resistance (SAR). During primary infection, mobile signals generated at 
the infection site subsequently move to the rest of plant to activate SAR. SAR activation is associated with alteration 
in the nucleosomal composition at the promoters of several defense-related genes. However, genetic regulations 
of such epigenetic modifications are largely obscure. Recently, we have demonstrated that Reduced Systemic 
immunity1/FLOWERING LOCUS D (RSI1; alias FLD) a homolog of human histone demethylase, is required for SAR 
development in Arabidopsis. Here, we report that exogenous application of a histone demethylase inhibitor trans-2-
phenylcyclopropylamine (2-PCPA) mimics rsi1/fld loss-of-function phenotypes in terms of SAR and associated histone 
demethylation at the promoters of PR1, WRKY 29, and WRKY6 genes, and as well as flowering phenotypes. Our results 
suggest histone demethylase activity of FLD is important for controlling SAR activation.
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In order to investigate the requirement of histone-
demethylase activity for SAR, we exogenously applied trans-2-
phenylcyclopropylamine (2-PCPA), which is widely used for 
inhibiting LSD1 activity15,16 and followed SAR activation in 
Arabidopsis. Five-week-old Arabidopsis plants were SAR induced 
with Pseudomonas syringae pv tomato DC3000 carrying AvrRpt2 
gene (Avr-Pst) at 107 CFU/ml concentration, suspended in 10 mM 
MgCl

2
, or mock induced with 10  mM MgCl

2
 by infiltrating 

3 lower leaves.11,14,17 After 3 days of primary inoculation, both 
SAR and mock induced plants were treated with same dose 
of Pseudomonas syringae pv maculicola ES4326 (Psm) (5 X 105 
CFU/ml) and bacterial numbers were determined after 3 days 
of secondary inoculation. To study the effect of inhibitor, in 
parallel sets, 2-PCPA was co-applied along with either primary 
or secondary inoculations at 10mM final concentrations. We 
observed that the exogenous 2-PCPA application, either during 
primary or secondary inoculations, effectively blocks SAR 
induction in Arabidopsis (Fig. 1A). However, 2-PCPA does not 
affect growth of bacteria in plants (Fig. 1B), suggesting that the 
effect of 2-PCPA is SAR specific, similar to fld/rsi1 mutant.

Though putative function of FLD is to remove methylations 
from histones, the fld mutants accumulate reduced levels of 
H3K4me2 at the promoters of several WRKY genes including 
WRKY29 and WRKY6.14 It was predicted to be an indirect 
effect of FLD on defense-related promoters.14 Nevertheless, 
in order to examine whether 2-PCPA application exerts 
similar effects on these promoters, we performed Chromatin-
immuno-precipitation (ChIP) using anti-H3K4me2 antibody, 
as described earlier.14 Arabidopsis leaves were infiltrated with 
10 mM 2-PCPA and samples were harvested after 48 hours for 
the ChIP experiment. Chromatins were precipitated using anti-
H3K4me2 antibody (Cat#16–157, Millipore, USA). Relative 
occupancy of H3K4me2 was determined by quantitative 
real-time PCR (qRT-PCR) and plotted as fold difference 

with ACTIN2 (At3g18780).14 As shown in 
Figure 2, 2-PCPA application effectively reduces 
H3K4me2 accumulation at the promoter of 
PR1, WRKY29, and WRKY6 genes. This effect 
of 2-PCPA is also highly similar to fld loss-of-
function phenotypes.

FLD negatively regulates floral repressor FLC 
and thus promotes flowering. Therefore, the fld 
mutants are delayed in flowering.11,12 However, 
the flowering phenotype of FLD is not associated 
with SAR development. The flowering phenotype 
is rescued in fld flc double mutant but not the 
SAR phenotype.11 However, since FLD affects 
both the phenotypes, we anticipated that 2-PCPA 
would also affect flowering phenotype. We grew 
Arabidopsis under normal growth conditions for 
3 weeks, after which we applied 10 µl of 2-PCPA 
(10 mM dissolved in water) per leaf, in 3 leaves of 
each plant. The control plants received only water. 
The treatment was repeated once a week until 
plants showed transition. We found significant 
delay in flowering in the 2-PCPA treated plants, 

Figure 1. Effect of 2-PCPA on SAR and local resistance. (A) Bacterial num-
bers and disease symptoms after 3 d of challenge inoculation with Psm 
(2°). The plants were either pre-treated with 10 mM MgCl2 or Avr-Pst (1°) 
at 1 X 107cfu/ml with or without 2-PCPA 3 d before the challenge inocula-
tion. Secondary challenge inoculation in all plants were performed with 
Psm at 5 X 105 CFU/ml (2 o). 1- 1° treatment with 10 mM MgCl2 and 2° treat-
ment with Psm. 2- 1° treatment with Avr-Pst and 2° treatment with Psm, 
3 - 1° treatment with Avr-Pst + 2-PCPA and 2° treatment with Psm, 4 - 1° 
treatment with Avr-Pst, and 2° treatment with Psm+ 2-PCPA. (B) Psm counts 
from locally inoculated leaves and disease symptom at 3 dpi with or with-
out 2-PCPA.Inoculation was done at 5X105 CFU/ml. Each bar represents the 
mean ± standard deviation (SD) of 4 samples each carrying 5 leaf discs 
of 5 mm diameters randomly taken from different plants. Letters above 
the bars indicate values that are significantly different (P < 0.05) from each 
other as analyzed by one-way ANOVA (post hoc Holm Sidak method).

Figure  2. Effect of 2-PCPA on H3K4me2 occupancy in promoters of defense related 
genes. Five-week-old wild type plants were infiltrated with either 10mM MgCl2 (M) or 
10 mM of 2-PCPA. Three days later upper untreated leaves were harvested, and chroma-
tin isolated from these leaves was precipitated with anti-H3K4me2 antibody. Abundance 
of individual target loci (relative to ACTIN 2) that were associated with H3K4me2 was 
determined by real-time PCR. Each bar represents the mean ± SD (n = 3). Different letters 
above the bars indicate values that are significantly different (P < 0.05) from each other 
as determined by one-way ANOVA (Holm-Sidak method).
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compared with water treated plants. In our growth conditions, 
at 12 h-12 h light-dark cycle, Arabidopsis plants flower at the 
end of 5 weeks. The 2-PCPA treated plants took 7 to 9 weeks 
to flower, and also produced more rosette leaves (Fig. 3).

Our results altogether suggest that 2-PCPA application 
inhibits FLD function in Arabidopsis, and with the 
established role of histone demethylase inhibition activity of 
2-PCPA, we may infer that histone-demethylase activity is 
required for SAR activation.
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Figure 3. Effect of 2-PCPAon flowering. (A) Flowering phenotypes after 
treatment with water or 2-PCPA. Arrow indicates flowering in water treated 
plants. (B) Rosette leaves number at the time of transition. Leaves were 
counted just before the transition took place. Plants were kept in photo-
period condition 12 h-12 h, light-dark condition. Letters above the bars 
indicate values that are significantly different (P < 0.05) from each other as 
analyzed by one-way ANOVA (post hoc Holm Sidak method).
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