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PRR2, a pseudo-response 
regulator, promotes salicylic acid 
and camalexin accumulation during 
plant immunity
C. Cheval1,4, M. Perez1, L. J. Leba1,5, B. Ranty1, A. Perochon  1,6, M. Reichelt2, A. Mithöfer3, E. 
Robe1, C. Mazars1, J. P. Galaud1 & D. Aldon1

Calcium signalling mediated by Calmodulin (CaM) and calmodulin-like (CML) proteins is critical to plant 
immunity. CaM and CML regulate a wide range of target proteins and cellular responses. While many 
CaM-binding proteins have been identified, few have been characterized for their specific role in plant 
immunity. Here, we report new data on the biological function of a CML-interacting partner, PRR2 
(PSEUDO-RESPONSE REGULATOR 2), a plant specific transcription factor. Until now, the physiological 
relevance of PRR2 remained largely unknown. Using a reverse genetic strategy in A. thaliana, we 
identified PRR2 as a positive regulator of plant immunity. We propose that PRR2 contributes to salicylic 
acid (SA)-dependent responses when challenged with the phytopathogenic bacterium Pseudomonas 
syringae. PRR2 is transcriptionally upregulated by SA and P. syringae, enhances SA biosynthesis and 
SA signalling responses; e.g. in response to P. syringae, PRR2 induces the production of SA and the 
accumulation of the defence-related protein PR1. Moreover, PRR2 overexpressing lines exhibit an 
enhanced production of camalexin, a phytoalexin that confers enhanced resistance against pathogens. 
Together, these data reveal the importance of PRR2 in plant immune responses against P. syringae and 
suggest a novel function for this particular plant specific transcription factor in plant physiology.

Plants have a great potential to adapt their growth and development to environmental changes. This phenotypic 
plasticity relies on the ability to simultaneously integrate a wide variety of abiotic stimuli (light, temperature, 
nutrients…) and biotic interactions (pathogens, symbionts and others), through a network of signalling pathways 
mediated by second messengers and phytohormones.

Downstream of these complex signalling networks, a multitude of transcription factors (TFs) regulate the 
expression of stress-responsive genes. These TFs have been associated to plant defence against pathogens or 
to plant adaptation in response to abiotic stresses and their abundance and specificity depends on the nature 
and strength of the stress challenge1, 2. In many cases, these TFs are regulated at both transcriptional and 
post-translational level such as phosphorylation and ubiquitination but also by protein-protein interactions3–5.

A clear link between the Ca2+ signalling pathway and transcriptional reprogramming is now well established. 
The calmodulin (CaM), an ubiquitous calcium sensor found in all eukaryotes is a central regulator of TFs dynam-
ics. In plants, the CaM orchestrates the activity of several TFs such as CAMTAs, WRKYs and MYBs that directly 
interact with the CaM6–9.

Functional analyses of some of these CaM-interacting TFs support their roles in stress signalling path-
ways induced by both abiotic and biotic cues8, 10. For instance, the camta3 loss-of-function mutants displayed 
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an increase resistance to pathogens associated with elevated salicylic acid (SA) levels and enhanced expres-
sion of defence-related genes11, 12. On the contrary, cbp60g knockout mutants were shown to be defective in the 
accumulation of SA in response to pathogen infection13. These data illustrate a first level of complexity where 
CaM-interacting TFs play antagonistic roles in plant immunity by modulating the production of SA. Compared 
to other eukaryotes, plants also present a range of calmodulin-related proteins (CMLs) which interact with a 
broad spectrum of target proteins including many TFs14, 15. This considerable number of CaM/CMLs-interacting 
TFs creates another level of complexity. In most cases, the biological relevance of these CML-TFs interactions 
remains to be elucidated.

A reverse genetic approach in the plant model Arabidopsis thaliana using gain and loss of function transgenic 
lines provided evidence for a role of CML9 in abiotic stress responses16 but also in plant immunity17. The search 
for CML9-regulated components identified the Pseudo-Response Regulator 2, (PRR2) as a CML9-interacting 
protein18. PRR2 is an atypical pseudo-response regulator (PRRs). PRRs were reported to be associated to the 
two-component system19 and several PRRs such as TOC1 have been shown to play a key role in the circadian 
clock mechanism20, whereas very little is known about the role of other PRRs. PRR2 possesses a Myb-like DNA 
binding domain also referred to a GARP domain and localizes to the nucleus18. However, the physiological func-
tion of PRR2 still remains unknown. The data obtained on the putative tomato orthologue of PRR2, SlPRR2, 
indicate its contribution to fruit pigmentation and ripening21.

In the present study, by using knock-down mutant lines and transgenic Arabidopsis plants exhibiting an 
ectopic expression of PRR2, we bring evidences that PRR2 is involved in defence responses against the phytopath-
ogenic bacteria Pseudomonas syringae. We show that PRR2 contributes to SA-dependent defence responses and 
enhances the production and the accumulation of camalexin.

Results
PRR2 is mainly expressed in aerial parts during plant development. In order to detail PRR2 gene 
expression patterns, we investigated PRR2 gene expression at the organ level using Real-Time Quantitative 
Reverse Transcription PCR (RT-QPCR) and its spatio- temporal regulation using transgenic plants carrying the 
ProPRR2::uidA gene fusion. RT-QPCR analyses indicated that PRR2 is expressed in all major organs of adult plants, 
but mainly in rosette leaves, inflorescence stems, flowers, and siliques (Fig. 1A). We generated independent trans-
genic plants carrying the ProPRR2::uidA gene fusion composed of a 2.3 kb region upstream of the start codon of 
PRR2 coding sequence fused to the GUS reporter gene. GUS staining was performed on five independent lines 
and similar GUS staining patterns were obtained. Histochemical GUS staining revealed the localization of PRR2 
expression in tissues (Fig. 1B to G). In four-day-old seedlings, GUS activity was observed throughout the cotyle-
dons, hypocotyls, but not in the root tip (Fig. 1B). Significant expression of ProPRR2::uidA was detected in young 
leaves (Fig. 1C to E) with a strong GUS staining associated to the vasculature (Fig. 1C,E and G) and in epidermal 
specialized leaf structures such as guard cells (Fig. 1F). These data confirm the available information coming from 
several microarray databases concerning PRR2 gene expression22. All together, these expression analyses support 
that PRR2 is likely to play a role in aerial parts of the plant throughout development and morphogenesis.

PRR2 gene expression is induced in a SA-dependent manner in response to P. syringae (Pst 
DC3000). PRR2 was firstly identified as a CML9-interacting partner. We have previously demonstrated that 
CML9 regulates plant defence responses when challenged with Pst DC300017. Therefore we have investigated the 
regulation of PRR2 gene expression in response to this particular bacterial pathogen. We infiltrated Arabidopsis 
WT leaves (accession Col0) with the virulent Pseudomonas syringae pv tomato (Pst) strain DC3000 and PRR2 
gene expression was quantified using RT-QPCR. Upon foliar inoculation, a moderate (2-fold) but significant 
up-regulation of PRR2 is observed after 30 min. This induction of gene expression is transient and decreases below 
its basal level 1 h and 3 h post-inoculation (Fig. 2A). Since phytohormones like salicylic acid (SA) and jasmonic 
acid (JA) were clearly shown to orchestrate the plant defence responses to Pst23, we investigated the regulation of 
PRR2 gene expression in response to these hormonal compounds. PRR2 gene expression level was quantified in 
wild-type plants (Col) and in mutants or transgenic lines altered in the production of SA (nahG, sid1, sid2), JA 
signalling (jar1) following inoculation with Pst DC3000 (Fig. 2B). In response to Pst, the establishment of plant 
defence responses relies on the perception of pathogen-associated molecular patterns (PAMPs) through pattern 
recognition receptors (PRRs). Therefore, we also evaluated the possible contribution of the two receptors involved 
in the perception of the flagellin (FLS2) and the elongation factor EF-Tu (EFR) in the regulation of PRR2 gene 
expression using the corresponding fls2 and efr mutant lines (Fig. 2B). RT-QPCR analyses revealed that PRR2 gene 
expression is not significantly modified in jar1, fls2 and efr mutants compared to WT plants (Fig. 2B). PRR2 gene 
induction is therefore independent from the JA-signalling pathway and not regulated by the functional receptors 
FLS2 and EFR in response to Pst. In contrast, data clearly demonstrated that an alteration of SA production in 
nahG transgenic line and sid mutants leads to a significant reduction of PRR2 gene transcription (Fig. 2B). These 
results indicate that PRR2 gene expression depends on an activated SA-signalling pathway during A. thaliana–Pst 
interaction. To support these data, the effect of an exogenous SA application (50 µM) on PRR2 gene expression 
was quantified in in vitro grown seedlings (12 day-old plants) (Fig. 2C). In this experimental design, we previously 
confirmed that SA exogenous treatments induce the expression of the SA-dependent marker gene PR1 in WT 
plants (data not shown). PRR2 gene expression is transiently induced 1 h after treatment (3-fold induction) and 
decreases below its initial level within 3 h (Fig. 2C). These data confirm that PRR2 gene induction is controlled by 
the SA-dependent signalling pathway.

PRR2 is a positive regulator of plant defence in response to P. syringae infection. To identify 
the biological function of PRR2 in response to P. syringae, we carried out a reverse genetic approach in planta. 
Two homozygous Arabidopsis lines harboring a T-DNA insertion in PRR2 gene (prr2.1 (Col) and prr2.2 (WS)) 
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Figure 1. PRR2 gene expression patterns analyses. (A) RT-QPCR analysis of PRR2 transcript levels in different 
organs of Arabidopsis thaliana (Col) plants. Total RNAs purified from different tissues of plants grown under 
long-day conditions were subjected to RT-QPCR with specific primers for PRR2. The data were obtained by 
the comparative 2−ΔΔCT method using actin8 as a reference gene. The illustrated values are means ± SD of four 
independent experiments. (B to G) Histochemical GUS staining in tissues of transgenic plants transformed 
with PRR2 promoter::uidA reporter construct. (B) 4-day-old seedling; (C) 16-day-old seedling; (D) 3-week-old 
plant; (E) adult leaf; (F) leaf epidermal tissue and guard cells (arrows); (G) floral stalk and developing siliques. 
T3 generation plants were grown under long-day conditions and subjected to GUS staining overnight. The 
observations illustrated are representative of patterns obtained with five independent transgenic lines.
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were characterized (Supplemental Informations 1 and 2). These mutants only present a down-regulation of PRR2 
gene expression (Supplemental Information 1) since no T-DNA insertion lines that lead to a complete knockout 
of PRR2 were available. We generated Arabidopsis (Col) transgenic lines expressing the coding sequence of PRR2 
fused to a hemagglutinin (HA) tag under the control of the constitutive 35S promoter (p35S::cdsPRR2-HA). Two 
independent lines (OE-PRR2.1 and OE-PRR2.2) displaying a constitutive and strong PRR2 expression both at the 
transcript and protein levels were characterized and selected (Supplemental Information 2). No morphological 
and developmental defects were observed in these transgenic lines compared to WT plants under normal growth 
conditions (Supplemental Information 3).

To determine whether PRR2 plays a role in defence responses against P. syringae, we firstly examined the 
behavior of prr2.1 mutant line and overexpressors of PRR2 (OE-PRR2.1 and OE-PRR2.2) after spray inoculation 
of leaves with 5 × 107 cfu.mL−1 of the virulent strains of Pst DC3000 (Fig. 3A,B). Chlorosis symptoms observa-
tions after seven days clearly indicate that the prr2.1 line exhibits more pronounced symptoms in comparison 
to the WT or OE-PRR2.1 (Fig. 3A). In planta bacterial growth was then quantified in infected leaves and results 

Figure 2. PRR2 gene expression analyses in response to Pseudomonas syringae inoculation and to salicylic 
acid treatment. (A) PRR2 gene expression in response to P. syringae infection. Leaves of 4-week-old Col plants 
were inoculated with Pst DC3000 at 5.107 cfu.mL−1. Samples were collected at 0, 0.5, 1 and 3 h post-inoculation 
(hpi). (B) PRR2 gene expression in mutants defective for hormonal production and MAMP perception. PRR2 
expression was monitored 0.5 h after Pst DC3000 inoculation in 4-week-old Arabidopsis mutants defective 
for SA production (sid1, sid2 and a line carrying the nahG transgene), JA (jar1) signalling pathways but also 
in mutants altered in flagellin (fls2) or EF-Tu (efr) perception. (C) Time-course of PRR2 gene expression in 
response to exogenous application of salicylic acid (SA 50 µM). Seedlings were collected at 0, 0.5, 1 and 3 h after 
SA treatment. All the expression analyses are presented as a fold change relative to mock treatment. Relative 
transcript quantification was assayed by quantitative real-time PCR and calculated by the comparative 2−ΔΔCT 
method using actin8 as a reference gene. Data illustrated represent the mean ± SE of three biological replicates 
from two independent experiments. Asterisks (*) above histograms (ANOVA, p-value 0.05) indicate significant 
changes of PRR2 gene expression in these different genetic backgrounds compared to WT (Col).
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indicate no bacterial growth difference between the genotypes just after spraying (0 dpi). However, prr2.1 mutants 
plants display a 4-fold increase in bacterial titer compared to WT-infected plants after 1 dpi (Fig. 3B) whereas 
bacterial growth is 44-fold lower in the OE-PRR2s (Fig. 3B). Using Pst DC3000 syringe-infiltration method, sim-
ilar results were obtained (data not shown). These experiments were also performed in the WS accession and 
results indicate a significant increase of in planta bacterial growth in prr2.2 compared to WT plants after 1 dpi 
(Supplemental Information 4A). To support and strengthen these data, infection assays were performed using 
another virulent pathogen Pseudomonas syringae pv maculicola, a crucifer-specific bacterial strain. Results were 
comparable to those obtained with the DC3000 strain (Fig. 3C). Together, these pathoassays demonstrate an 
enhanced susceptibility of prr2 mutants and an increased disease resistance of OE-PRR2 lines compared to WT 

Figure 3. Altered susceptibility to Pseudomonas syringae in prr2 knock-down mutants and in transgenic lines 
overexpressing PRR2. (A) Disease symptoms observed in 4-week-old Arabidopsis leaves (WT (Col), OE-PRR2.2 
and prr2.1) caused by Pst DC3000 infection. Leaves were sprayed with 5.107 cfu.mL−1 of Pst DC3000 and 
pictures were taken 7 days post-infection. Arrows indicate leaves exhibiting pronounced chlorosis symptoms. 
(B and C) Quantification of in planta bacterial growth were performed at 0 and 1 dpi with Pst DC3000 (B) 
or Pseudomonas syringae pv maculicola (C) in WT (Col), prr2.1 mutant and over-expressing transgenic lines 
OE-PRR2.1 and OE-PRR2.2. Data are representatives of 8 replicates from three independent experiments 
(n = 24). Error bars indicate SE. P values were calculated using the two-tailed Mann-Whitney U-test to indicate 
significant differences in bacterial growth in these different genetic backgrounds compared to WT (*p < 0.05, 
**p < 0.01).
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plants in response to P. syringae (Figs 3 and SI 4). This indicates that PRR2 contributes to disease resistance in 
response to P. syringae infection.

Expression of defence-associated markers is altered in prr2 genotypes following P. syringae 
inoculation. The present study indicates that PRR2 is induced in a SA-dependent manner. To evaluate the 
contribution of PRR2 to SA-dependent responses, we examined several molecular and biochemical markers asso-
ciated to SA in prr2 transgenic lines. We firstly performed expression analyses of genes associated to defence 
responses following Pst infection. Only early time points after infection were analyzed as these have been found to 
be most significant contributors to the outcome of infection24. Those selected genes encode transcription factors 
and proteins known to be involved in phytoalexin production, SA synthesis and signalling. Gene expression was 
evaluated by RT-QPCR using RNA extracted from WT (Col), prr2.1 mutant and OE-PRR2.1 plants, at different 
time points after inoculation with Pst.

The expression profiles of marker genes associated with SA (WRKY6 and CBP60G) and camalexin synthesis 
(MYB51 and PAD3) are illustrated (Fig. 4A to D). In control conditions (T0), no significant difference in gene 
expression level is observed between genotypes for any of these genes. However, we observed significant changes 
in gene expression at early and/or late-time points following Pst infection.

In our experiments, WRKY6, that encodes a transcription factor involved in plant defence25, is induced at 
late time-points (12 h–24 hpi) in WT plants. In comparison, we observed a rapid (early time-points, 1 to 9 hpi) 
and strong induction of this gene in OE-PRR2.1 lines and a significant and constant repression in prr2.1 lines 
(Fig. 4A). CBP60g is a positive regulator of plant immunity that promotes the production of SA13. CBP60g gene 
induction is not significantly modified by the over-expression of PRR2 in OE-PRR2.1 lines compared to the WT 
whereas a significant and constant repression is observed in prr2.1 lines (Fig. 4B).

We identified similar patterns of expression for genes involved in camalexin synthesis (Fig. 4C and D). MYB51 
gene expression increases strongly and significantly at early time-points (1 to 9 hpi) in OE-PRR2.1 compared to 
WT and prr2.1 (Fig. 4D). CYP71B15 (PAD3) gene encodes the enzyme catalyzing the final step of the camalexin 
biosynthetic pathway26, 27. The CYP71B15 (PAD3) gene is rapidly, strongly and significantly expressed 1 hpi in 
OE-PRR2 compared with WT and prr2.1. CYP71B15 expression level increased with time, up to 12 hpi before 
going back to the basal level at 24 hpi. (Fig. 4D).

All these results indicate that PRR2 regulates gene expression associated to SA homeostasis and the produc-
tion of camalexin in response to Pst.

To support this data, we examined the Pathogenesis-Related protein 1 (PR1) accumulation in Arabidopsis 
rosette leaves of WT, prr2.1 and OE-PRR2s lines infected with Pst DC3000 (2.108 cfu.mL−1) (Fig. 4E). PR1 is an 
antimicrobial protein considered as a key marker of defence responses associated to SA28, 29. Immunoblots with 
anti-PR1 antibody revealed that PR1 protein accumulates 24 h post-infection in the WT (Col) (Fig. 4E- lanes 
WT). In the same experimental conditions, PR1 was not detected at all in the prr2 mutant, (Fig. 4E – lanes prr2.1). 
In contrast, PR1 production is detected from 12 hpi in OE PRR2.1 lines (i.e. earlier than in WT plants) with a 
significant enhanced PR1 accumulation compared to WT plants 24 hpi (Fig. 4E – lanes OE-PRR2.1). This result 
confirms that PRR2 positively regulates SA-dependent defence responses upon infection with P. syringae.

PRR2 is involved in salicylic acid production and/or accumulation in response to P. syrin-
gae. Data clearly showed that PRR2 gene expression is SA-dependent and that reciprocally, knocking-down 
or over-expressing PRR2 alters the expression of SA-associated defence genes and PR1 protein accumulation 
in the context of P. syringae infection. In Arabidopsis, an accumulation of SA is essential to the activation of 
SA-dependent responses and complete resistance against P. syringae23. Hence, we determined whether SA level 
is altered in prr2 lines. Total SA quantification was performed in leaf tissues under control conditions and at dif-
ferent time-points after inoculation with Pst DC3000 (Fig. 5A). As already reported following Pst infection, SA 
content increased by about 16-fold in inoculated leaves of WT plants (Col) after 12 hpi compared to T0 (Fig. 5A). 
SA level remains elevated in the WT at 24 hpi (∼20-fold) and 48 hpi (25-fold). Compared to WT plants, no 
significant change was quantified in prr2 mutant, although SA content appears to be slightly but not signifi-
cantly reduced after 12 hpi. On the contrary, the level of SA concentration is transiently higher (1.5 to 2.5-fold) 
in OE-PRR2.1 and OE-PRR2.2 lines compared to the WT after 12 hpi. After 48 h, SA levels are not significantly 
different between WT and PRR2 over-expressing lines.

According to these results, we propose that PRR2 contributes to a transient accumulation of SA in response to 
Pst DC3000. This leads to enhanced defence responses associated to SA and increased disease resistance against 
P. syringae.

PRR2 modifies camalexin content in response to Pseudomonas syringae pv tomato infec-
tion. Camalexin, one of the major phytoalexin produced by Arabidopsis thaliana is essential for resistance 
to fungal plant pathogens but also to bacteria such as Pseudomonas syringae30. Camalexin is produced from 
tryptophan through the activities of several enzymes31. Those include the cytochrome P450 monooxygenase 
CYP71B15/PAD3 whose expression appears to be altered in prr2 genotypes (Fig. 4D). To evaluate the role of 
PRR2 in camalexin accumulation (Fig. 5B), we measured camalexin content in prr2 mutants and OE-PRR2s 
transgenic lines in response to Pst infection and results were compared to those obtained in WT plants (Fig. 5B). 
Following Pst infection, camalexin levels in WT increases by about 20-fold and 60-fold at 24 hpi and 48 hpi, 
respectively. Interestingly, a significantly higher increase is observed in OE lines with up to 6-fold more camalexin 
at 24 hpi (Fig. 5B). A reduced but not significant camalexin content was quantified in prr2.1 mutant compared 
to the WT 48 hpi. No significant difference was observed for other time-points. These results correlate with the 
expression profile of genes involved in camalexin production in prr2 lines and confirm the function of PRR2 as a 
positive regulator of camalexin production.

http://4


www.nature.com/scientificreports/

7Scientific RepoRts | 7:  6979  | DOI:10.1038/s41598-017-07535-8

Discussion
Since A. thaliana genome initiative and its annotation releases, the gene AT4G18020 (PRR2) has been described 
as a Pseudo-Response Regulator that belongs to a small family of plant specific transcription factors32. This clas-
sification is based on the occurrence of a (pseudo-) receiver domain similar to the receiver domain encoun-
tered in Authentic Response Regulators (ARRs) involved in plant hormone signal transduction32, 33. Despite their 
structural similarity with ARRs, PRRs lack essential residues required for the phospho-accepting activity in the 

Figure 4. Expression analysis of defence marker genes and detection of PR1 protein in prr2 knock-down 
mutants and in transgenic line overexpressing PRR2. (A,B,C and D) Analyses of WRKY6 (A), CBP60G (B), 
MYB51 (C), CYP71B15/PAD3 (D) marker genes in different prr2 genetic backgrounds. Leaves of 4-week-old 
Arabidopsis WT (Col), mutant prr2.1, and OE-PRR2.1 were inoculated with 5 × 107 cfu.mL−1 of Pst DC3000 and 
harvested at 0, 1, 3, 6, 9, 12 and 24 hours post-inoculation (hpi). The fold changes relative to the mock treatment 
were determined by RT-Q PCR. The values are means ± standard deviation of three independent experiments. 
Asterisks (*) above histograms indicate significant changes of PRR2 gene expression in these different genetic 
backgrounds compared to WT (Col) (student t-test with p-value < 0.05 (*) or p-value 0.01 (**)). (E) Detection 
of PR1 by immunoblot experiment in WT plants and prr2 genotypes. PR1 accumulation was detected in leaves 
of 3-week-old plants at 0, 6, 12, 24 hpi after spraying with Pst DC3000 (2 × 108 cfu.mL−1). Equal loading was 
confirmed by immunoblot detection of GAPDH and Ponceau S staining of the membrane (middle and lower 
panels). The illustrated blot is representative of three biological replicates.
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receiver domain and exhibit other motifs and/or domains34. Thus in A. thaliana, 9 PRRs have been identified and 
ranged into two groups according to the occurrence or not of a CCT motif (first characterized in CONSTANS, 
a key regulator of plant flowering) in the carboxy-terminal end of the protein35. PRRs belonging to this group 
(PRR9, PRR7, PRR5, PRR3 and PRR1/TOC1) are involved in circadian rhythm and some of them have been 
proposed to regulate the circadian clock system by repressing clock-associated genes expression36, 37. The availa-
ble data concerning the second group of PRRs is even more scattered. PRR2, PRR4 and PRR6 that belong to this 
group are characterized by the presence of a MYB related DNA-binding domain34. Interestingly, PRR2 presents 
the common features of PRRs and a conserved GCT box only encountered in GLKs (Golden2-Like) proteins 
that are plant specific transcription factors involved in chloroplast biogenesis38, 39. According to bioinformatic 
analyses, PRR2 relatives are only found in plants and more specifically in dicotyledonous. Until recently, the role 
of this PRR still remains unknown. Pan et al.21 showed that SlPRR2 influences fruit pigmentation and ripening 
in tomato. The SlPRR2 overexpressing lines accumulate more carotenoid than WT in tomato fruit and possess 
plastids with enhanced size and chlorophyll content21.

We previously identified PRR2 as an interacting partner of the calcium sensor CML918 which is involved in 
plant immunity in response to P. syringae17. Therefore, we evaluated the contribution of PRR2 in plant defence 
responses against this bacterial pathogen. Gene expression analysis indicates that PRR2 is expressed in all aerial 
organs of Arabidopsis adult plants and up-regulated in response to the infection with P. syringae. Our data also 
show that the modulation of PRR2 expression lead to changes in the level of susceptibility to Pseudomonas syrin-
gae. This suggests that PRR2 counteract the effect of virulence factors and is likely to regulate plant resistance 
processes.

SA biosynthesis and signalling have been demonstrated to be critical for resistance against Pst40–42. PRR2 
exhibits features associated to TFs, we therefore expected that an overexpression of this gene would lead to alter-
ation in gene expression. We indeed observed significant changes in the transcription of marker genes associated 
to SA metabolism and signalling. PRR2 over-expressing lines exhibit early and enhanced expression of these 
genes compared to WT following Pst infection (Fig. 4). These modifications mainly affect genes involved in SA 
production (CBP60g)43 or in SA signalling (WRKY6)44. The PR1 protein, a classical SA-associated marker28, is 
detected earlier and at higher level in the OE-PRR2 lines upon infection (Fig. 4E). These data are consistent with 
SA quantification showing a rapid and enhanced production of SA in OE-PRR2 lines compared to WT plants 
following Pseudomonas inoculation (Fig. 5A). Together, these data indicate that PRR2 potentiates plant defence 

Figure 5. Quantification of total SA and camalexin content in prr2 genotypes in response to Pseudomonas 
syringae inoculation. (A) Quantification of SA levels in leaves of 4-week-old plants of Arabidopsis thaliana in 
control conditions or after inoculation with Pst DC3000. SA quantifications were performed at 0 h, 12 h, 24 h 
and 48 h post-inoculation in WT (Col) and prr2 plants (prr2.1, OE-PRR2.1 and OE-PRR2.2) with Pst DC3000 
at 107 cfu.mL−1. (B) Quantification of camalexin levels in leaves of 4-week-old plants of Arabidopsis thaliana in 
control conditions or after inoculation with Pst DC3000. Camalexin content was measured in WT, prr2 and OE-
PRR2 lines after inoculation with Pst DC3000. For A and B, each bar represents the mean and standard error of 
three biological replicates. Bars sharing the same letter are not significantly different according to Dunnett’s test 
(p-value < 0.05).
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responses by regulating SA homeostasis. The regulation of SA accumulation/signalling by a CML-binding TF 
increases the complexity of the regulation of host immune responses. Indeed, several CaM-binding proteins act 
as transcriptional regulators and participate in plant immunity by regulating SA-associated responses. Among 
them, CAMTA3 acts as a negative regulator of SA-associated defences11, 12 whereas CBP60g positively contributes 
to SA accumulation in a pathogenic context13, 45. We also reported that PRR2 significantly enhances the transcrip-
tion of genes encoding for enzymes involved in the production of camalexin (MYB51, PAD3). These expression 
patterns are consistent with the quantification of camalexin showing that PRR2 contributes to the accumulation 
of this metabolite in response to P. syringae (Fig. 5B). Camalexin was previously described to be produced by 
Arabidopsis in response to the infection with bacterial pathogens and to disrupt the integrity of bacterial mem-
branes31, 46. Regarding the enhanced camalexin accumulation in OE-PRR2 lines, it would be of particular interest 
to test the susceptibility of these transgenic lines to other pathogens such as fungi or oomycetes46.

The present study and data published by Pan et al.21 support the hypothesis that PRR2 plays a dual role in 
plant physiology both in plant development and in response to pathogens as previously described for GLKs38, 47. 
So far, the mechanisms by which PRR2 respond to developmental and environmental stimuli in both tomato and 
Arabidopsis are unknown. We cannot rule out that these responses share common features related to chloroplast 
function since SA and camalexin productions are initiated in these organelles known to be key elements in plant 
stress responses48, 49. Moreover, de Torres-Zabala et al. recently showed that chloroplast is a key component of 
early immune responses in the A. thaliana – Pseudomonas pathosystem50.

Analyses of the Arabidopsis interactome bring new data indicating that plant TFs might function in a combi-
natorial fashion5 and according to these data, PRR2 might interact with TCP1951. TCPs are involved in various 
developmental pathways52 and more recently certain have been associated with plant immunity53. Interestingly, 
according to Mukhtar et al.54 and Weßling et al.55, four TCPs including TCP19 have been found to be directly 
targeted by effectors from Pst and other pathogens54, 55. This information suggests that a subset of TCP proteins 
interacting with PRR2 can modulate plant defence and/or susceptibility responses regulating both plant devel-
opment and immunity. We hypothesize that PRR2 could affect plant defence response and/or susceptibility by 
acting as cofactor in transcriptional complexes that might also recruit calcium sensors such as CMLs for exam-
ple. Activation of such complex transcription regulatory networks is transient and not sustained over the time 
course of an infection. This would explain why PRR2 expression level (i.e. prr2.1 vs OE-PRR2) rather modulates 
the timing and amplitude of defense responses than their sustainability. It is also worth considering the fact that 
PRR2 interacts with CML9 in the plant nucleus18. We previously showed that CML9 acts as a negative regulator 
in the flagellin signalling pathway leading to plant defence processes17. In this work, we also showed that CML9 
acts as a positive regulator of the plant defence against virulent bacteria (Pst DC3000). These observations led 
us to hypothesize that this complicated role of CML9 in plant immunity could be conceived by its repertoire of 
target proteins17. In this hypothesis, we can imagine that the PRR2-CML9 complex could contribute to limit the 
effector-triggered susceptibility. How the activity of PRR2 is regulated by Ca2+/CML9 and the biological relevance 
of this interaction is yet to be determined and will considerably increase our understanding of the contribution of 
Ca2+ signalling in modulating SA-dependent defence responses.

Thus, the next challenge will be to better understand the physiological relevance of the PRR2-CML9 interac-
tion, taking into account the redundancy between CMLs since it has been shown that PRR2 can also interact with 
other CMLs (CML8 and CML11) the closest relatives of CML918. Interestingly, we recently have demonstrated 
that CML8 is also involved in plant immunity as a positive regulator of defence responses associated to SA56. 
Finally, forthcoming work will rely on a strategy devoted to the identification of target genes of this transcription 
factor in order to better decipher the biological relevance of PRR2.

Methods
Plant materials, growth conditions and hormone treatments. Seeds from Arabidopsis thaliana 
accession Columbia (Col), T-DNA insertion line (prr2-1) from the GABI-Kat mutant collection (http://www.
gabi-kat.de) and mutant lines impaired in salicylic acid (sid1, sid2, nahG), jasmonic acid (jar1) and PAMP percep-
tion (fls2 and efr) were purchased from the Nottingham Arabidopsis Stock Center (http://arabidopsis.info). The 
WS accession and the prr2-2 mutant line were obtained from INRA (http://www.international.inra.fr). T-DNA 
insertions occurred at a single locus in the prr2-2 line and at several loci in the prr2-1 line. Detection and tran-
scripts quantification of PRR2 were performed in prr2-1 and prr2-2 mutants using both RT-PCR and quantitative 
RT-PCR, and expression level of Actin8 was used as a quantifying control (see Supplemental Informations 1 and 2).

Seeds, seedlings and adult plants were used for experiments described in this work. To avoid variations in 
seed quality, all the plants were grown in identical conditions at the same period and seeds were harvested and 
stored in the same way. To obtain seedlings, seeds were surface-sterilized and sown on agar plates containing 0.8% 
Murashige and Skoog (MS) medium. The plates were incubated for 3 days at 4 °C to break any residual dormancy 
of seeds, and then transferred into a growth chamber at 20–22 °C with a 16 h photoperiod. Exogenous SA appli-
cation (50 µM) was sprayed on 2-week-old seedlings cultivated on solid MS medium and results were compared 
to H2O (mock treatment). To obtain adult plants, Arabidopsis plants were grown in pots filled with TKS2 peat 
Floratorf under growth chamber conditions at 20 °C with 16/8 h light/dark photoperiod given by fluorescent tubes 
36 W (12 W m−2) and 60% humidity.

Generation of PRR2 over-expressing transgenic lines. Transgenic Arabidopsis (Col) plants were 
transformed with p35S::cdsPRR2-HA fused to 3HA epitope. The construct was obtained from the full length 
PRR2 cDNA amplified by PCR and cloned into the pAM-PAT Gateway vector before plant transformation57. 
Two homozygous independent lines (OE-PRR2.1 and OE-PRR2.2) were obtained and characterized to check for 
the presence of the transcript by quantitative RT-PCR with specific primers (Table S1). The 3HA-tagged PRR2 
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protein was detected by western blot using an antibody directed against the 3HA epitope on total protein extracts 
(Supplemental Information 2).

PRR2 promoter-uidA reporter gene expression in transgenic plants. To generate the PRR2 pro-
moter::uidA construct, the 5′ flanking DNA region of the PRR2 coding sequence was PCR-amplified using the 
primers described in table S1 (Supplemental Data) to obtain a DNA fragment of 2.3 kb in size ranging from the 
initiation ATG codon to the upstream region corresponding to PRR2 promoter sequence. This fragment was 
cloned into the destination vector pMDC16258 to create ProPRR2::uidA. After DNA sequencing, the resulting plas-
mid was introduced into Agrobacterium tumefaciens (strain C58C1 (pMP90)), and used for transformation of A. 
thaliana accession Col by floral dipping57. Transgenic lines were selected by sowing seeds on selective medium 
and progeny fully resistant to hygromycin were selected and used for further experiments. For GUS staining, 
various tissues from T3 transgenic reporter lines were treated as reported by Magnan et al.16. Plant samples were 
then cleared of chlorophyll in ethanol and photographs of histochemical localizations of GUS activity were taken 
using a digital camera either under the microscope (Zeiss) or stereo-microscopy (Leica).

Gene expression analyses. These analyses were performed as previously described by Leba et al.17. RNA 
extraction from leaves and reverse transcription were conducted as recommended by the manufacturers’ pro-
tocols (respectively with the Nucleospin RNA plant kit from Macherey-Nagel and the superscript reverse tran-
scriptase II from Invitrogen). Quantitative PCR was run on a Roche lightcycler system (Roche Diagnostics) using 
specific pairs of primers (listed in Table S1). Each value obtained is an average of three independent biological 
replicates, and the experiment was repeated two times for each biological repeat. The measurements obtained for 
the reference gene, actin8, were used for data standardization. Expression analyses of defence-induced marker 
genes (Table S1) were performed by quantitative PCR with Fluidigm Biomark® technology (Genomic GenoToul). 
First-strand cDNA templates were pre-amplified with TaqMan preamp master mix and reactions were achieved 
in a Fluidigm Biomark® BMK-M-96.96 plate according to the manufacturer’s recommendations. Relative gene 
expression values were determined using the 2−∆∆CT method from Livak and Schmittgen59. The expression anal-
yses data are an average of four independent replicates. As described before, the actin8 gene expression levels 
were used for data standardization. In all these experiments, the wild-type plant (Col) was used as the reference.

Plant inoculations and in planta bacterial growth determination. Pseudomonas syringae strains 
used in this study were grown at 28 °C on LB medium supplemented with the appropriate antibiotics: 50 μg/mL 
of rifampicin (Pst DC3000 and Ps pv maculicola). To homogenize and enhance infection efficiency, the plants 
were placed in high humidity atmosphere 12 h before infection with bacterial inoculum prepared at the indicated 
densities and sprayed directly on leaf surfaces. Quantification of in planta bacterial growth was performed as 
previously described60.

Immunoblot assays and detection of PR1 protein. Three-week-old plants sprayed with Pseudomonas 
syringae DC3000 (2.108 cfu.mL−1) were harvested and total protein extraction was performed by tissue homog-
enization in extraction buffer (50 mM HEPES NaOH (pH7,5), 1% (v/v) plant anti protease (Sigma P9599), 
5 mM NaF, 50 mM K4P2O7, 10 mM Na3VO4, 10 mM MgCl2, 1 mM DTT, 2 µM Leupeptine, 100 µM PMSF, 50 µM 
MG132). Proteins were separated on a 15% SDS-polyacrylamide gel and were detected by immunoblot analyses 
using either anti-PR1 (AGRISERA) or anti-GAPDH (as loading control) (COVALAB) antibodies.

Salicylic acid and camalexin quantification in Arabidopsis leaves. SA and camalexin determina-
tions were performed on three biological replicates consisting of a minimum of five infected or mock-treated 
leaves from five different plants. Samples were collected at indicated times, frozen immediately in liquid nitrogen. 
Tissues were then ground to a powder and hormone extraction was performed as described by Vadassery et al.61 
with an internal standard D4-SA added in the extraction buffer (Santa Cruz Biotechnology). The homogenate 
was mixed for 30 min and centrifuged at 14,000 rpm for 20 min at 4 °C. After the supernatant was collected, 
the homogenate was re-extracted with 500 µL of methanol, mixed, and centrifuged, and supernatants were 
pooled. The combined extracts were evaporated in a SpeedVac at 30 °C and re-dissolved in 500 µL of metha-
nol. Chromatography was performed on an Agilent 1200 HPLC system (Agilent Technologies). Separation was 
achieved on a Zorbax Eclipse XDB-C18 column (50 × 4.6mm, 1.8 µm; Agilent). Formic acid (0.05%) in water and 
acetonitrile were employed as mobile phases A and B, respectively. The elution profile was as follows: 0 to 0.5 min, 
5% B; 0.5 to 9.5 min, 5% to 42% B; 9.5 to 9.51 min, 42% to 100% B; 9.51 to 12 min, 100% B; and 12.1 to 15 min, 5% 
B. The mobile phase flow rate was 1.1 mL.min−1. The column temperature was maintained at 25 °C. An API 3200 
tandem mass spectrometer (Applied Biosystems) equipped with a turbospray ion source was operated in the neg-
ative ionization mode. The instrument parameters were optimized by infusion experiments with pure standards, 
where available. The ion spray voltage was maintained at −4,500 eV. The turbo gas temperature was set at 700 °C. 
Nebulizing gas was set at 60 ψ, curtain gas at 25 ψ, heating gas at 60 ψ, and collision gas at 7 ψ. Multiple reaction 
monitoring was used to monitor analyte parent ion → product ion: mass-to-charge ratio [m/z] 136.9 → 93.0 (col-
lision energy [CE], −22 V; declustering potential [DP], −35 V) for salicylic acid; m/z 140.9 → 97.0 (CE, −22 V; 
DP, −35 V) for D4-salicylic acid. Both Q1 and Q3 quadrupoles were maintained at unit resolution. Analyst 1.5 
software (Applied Biosystems) was used for data acquisition and processing. Linearity in ionization efficiencies 
was verified by analyzing dilution series of standard mixtures. SA was quantified relative to the signal of their 
corresponding internal standard.

Camalexin was analyzed from the same extract as salicylic acid (see above). Chromatography was performed 
on an Agilent 1200 HPLC system (Agilent Technologies, Boeblingen, Germany). Separation was achieved on 
a Zorbax Eclipse XDB-C18 column (50 × 4.6 mm, 1.8 µm, Agilent, Germany). Formic acid (0.05%) in water 
and acetonitrile were employed as mobile phases A and B respectively. The elution profile was: 0–0.5 min, 5%B; 
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0.5–1 min, 5–100% B in A; 1–2 min 100% B and 2.1–4. 5 min 5% B. The mobile phase flow rate was 0.8 ml/min. 
The column temperature was maintained at 25 °C. An API 3200 tandem mass spectrometer (Applied Biosystems, 
Darmstadt, Germany) equipped with a turbospray ion source was operated in positive ionization mode. The 
ionspray voltage was maintained at 5500 V. The turbo gas temperature was set at 700 °C. Nebulizing gas was set at 
70 psi, curtain gas at 35 psi, heating gas at 70 psi and collision gas at 2 psi. Multiple reaction monitoring (MRM) 
was used to monitor analyte parent ion → product ion: m/z 201.09 → 59.01 (collision energy (CE) 45 V; decluster-
ing potential (DP) 51 V). Both Q1 and Q3 quadrupoles were maintained at unit resolution. Analyst 1.5 software 
(Applied Biosystems, Darmstadt, Germany) was used for data acquisition and processing. Data are expressed as 
peak area of the LC-MS/MS trace per mg plant weight.

Statistical analysis. All statistical analyses were performed using the software Statgraphics Centurion XV 
(SigmaPlus, France).

Accession numbers. PRR2 (AT4G18020); Actin8 (AT1G49240); WRKY6 (AT1G62300); MYB51 
(AT1G18570); CYP71B15/PAD3 (AT3G26830), CBP60G (AT5G26920).

References
 1. Tsuda, K. & Somssich, I. E. Transcriptional networks in plant immunity. New Phytol 206, 932–947, doi:10.1111/nph.13286 (2015).
 2. Nakashima, K., Ito, Y. & Yamaguchi-Shinozaki, K. Transcriptional regulatory networks in response to abiotic stresses in Arabidopsis 

and grasses. Plant Physiol 149, 88–95, doi:10.1104/pp.108.129791 (2009).
 3. Buscaill, P. & Rivas, S. Transcriptional control of plant defence responses. Curr Opin Plant Biol 20C, 35–46, doi:10.1016/j.

pbi.2014.04.004 (2014).
 4. Schutze, K., Harter, K. & Chaban, C. Post-translational regulation of plant bZIP factors. Trends Plant Sci 13, 247–255, doi:10.1016/j.

tplants.2008.03.002 (2008).
 5. Bemer, M., van Dijk, A. D., Immink, R. G. & Angenent, G. C. Cross-Family Transcription Factor Interactions: An Additional Layer 

of Gene Regulation. Trends Plant Sci 22, 66–80, doi:10.1016/j.tplants.2016.10.007 (2017).
 6. Finkler, A., Ashery-Padan, R. & Fromm, H. CAMTAs: calmodulin-binding transcription activators from plants to human. FEBS Lett 

581, 3893–3898, doi:10.1016/j.febslet.2007.07.051 (2007).
 7. Galon, Y., Finkler, A. & Fromm, H. Calcium-regulated transcription in plants. Mol Plant 3, 653–669, doi:10.1093/mp/ssq019 (2010).
 8. Kim, M. C., Chung, W. S., Yun, D. J. & Cho, M. J. Calcium and Calmodulin-Mediated Regulation of Gene Expression in Plants. Mol 

Plant 2, 13–21, doi:10.1093/mp/ssn091 (2009).
 9. Fromm, H. & Finkler, A. Repression and De-repression of Gene Expression in the Plant Immune Response: The Complexity of 

Modulation by Ca(2)(+) and Calmodulin. Mol Plant 8, 671–673, doi:10.1016/j.molp.2015.01.019 (2015).
 10. Cheval, C., Aldon, D., Galaud, J. P. & Ranty, B. Calcium/calmodulin-mediated regulation of plant immunity. Biochim Biophys Acta 

1833, 1766–1771, doi:10.1016/j.bbamcr.2013.01.031 (2013).
 11. Du, L. et al. Ca2+/calmodulin regulates salicylic-acid-mediated plant immunity. Nature 457, 1154–1158, doi:10.1038/nature07612 

(2009).
 12. Galon, Y. et al. Calmodulin-binding transcription activator (CAMTA) 3 mediates biotic defense responses in Arabidopsis. FEBS Lett 

582, 943–948, doi:10.1016/j.febslet.2008.02.037 (2008).
 13. Wang, L. et al. Arabidopsis CaM binding protein CBP60g contributes to MAMP-induced SA accumulation and is involved in disease 

resistance against Pseudomonas syringae. PLoS Pathog 5, e1000301, doi:10.1371/journal.ppat.1000301 (2009).
 14. Zhu, X., Dunand, C., Snedden, W. & Galaud, J. P. CaM and CML emergence in the green lineage. Trends Plant Sci 20, 483–489, 

doi:10.1016/j.tplants.2015.05.010 (2015).
 15. Popescu, S. C. et al. Differential binding of calmodulin-related proteins to their targets revealed through high-density Arabidopsis 

protein microarrays. Proc Natl Acad Sci USA 104, 4730–4735, doi:10.1073/pnas.0611615104 (2007).
 16. Magnan, F. et al. Mutations in AtCML9, a calmodulin-like protein from Arabidopsis thaliana, alter plant responses to abiotic stress 

and abscisic acid. Plant J 56, 575–589, doi:10.1111/j.1365-313X.2008.03622.x (2008).
 17. Leba, L. J. et al. CML9, an Arabidopsis calmodulin-like protein, contributes to plant innate immunity through a flagellin-dependent 

signalling pathway. Plant J 71, 976–989, doi:10.1111/j.1365-313X.2012.05045.x (2012).
 18. Perochon, A. et al. Interaction of a plant pseudo-response regulator with a calmodulin-like protein. Biochem Biophys Res Commun 

398, 747–751, doi:10.1016/j.bbrc.2010.07.016 (2010).
 19. Gardner, M. J., Hubbard, K. E., Hotta, C. T., Dodd, A. N. & Webb, A. A. How plants tell the time. Biochem J 397, 15–24, doi:10.1042/

BJ20060484 (2006).
 20. Nakamichi, N. et al. The Arabidopsis pseudo-response regulators, PRR5 and PRR7, coordinately play essential roles for circadian 

clock function. Plant Cell Physiol 46, 609–619, doi:10.1093/pcp/pci061 (2005).
 21. Pan, Y. et al. Network inference analysis identifies an APRR2-like gene linked to pigment accumulation in tomato and pepper fruits. 

Plant Physiol 161, 1476–1485, doi:10.1104/pp.112.212654 (2013).
 22. Hruz, T. et al. Genevestigator v3: a reference expression database for the meta-analysis of transcriptomes. Adv Bioinformatics 2008, 

420747, doi:10.1155/2008/420747 (2008).
 23. Pieterse, C. M., Van der Does, D., Zamioudis, C., Leon-Reyes, A. & Van Wees, S. C. Hormonal modulation of plant immunity. Annu 

Rev Cell Dev Biol 28, 489–521, doi:10.1146/annurev-cellbio-092910-154055 (2012).
 24. de Torres, M., Sanchez, P., Fernandez-Delmond, I. & Grant, M. Expression profiling of the host response to bacterial infection: the 

transit ion from basal  to induced defence responses in RPM1-mediated resistance.  Plant J  33 ,  665–676, 
doi:10.1046/j.1365-313X.2003.01653.x (2003).

 25. Robatzek, S. & Somssich, I. E. Targets of AtWRKY6 regulation during plant senescence and pathogen defense. Genes Dev 16, 
1139–1149, doi:10.1101/gad.222702 (2002).

 26. Schuhegger, R. et al. CYP71B15 (PAD3) catalyzes the final step in camalexin biosynthesis. Plant Physiol 141, 1248–1254, 
doi:10.1104/pp.106.082024 (2006).

 27. Bottcher, C. et al. The multifunctional enzyme CYP71B15 (PHYTOALEXIN DEFICIENT3) converts cysteine-indole-3-acetonitrile 
to camalexin in the indole-3-acetonitrile metabolic network of Arabidopsis thaliana. Plant Cell 21, 1830–1845, doi:10.1105/
tpc.109.066670 (2009).

 28. Zhou, N., Tootle, T. L., Tsui, F., Klessig, D. F. & Glazebrook, J. PAD4 functions upstream from salicylic acid to control defense 
responses in Arabidopsis. Plant Cell 10, 1021–1030 (1998).

 29. Gamir, J. et al. The sterol-binding activity of PATHOGENESIS-RELATED PROTEIN 1 reveals the mode of action of an 
antimicrobial protein. Plant J, doi:10.1111/tpj.13398 (2016).

 30. Ahuja, I., Kissen, R. & Bones, A. M. Phytoalexins in defense against pathogens. Trends in Plant Science 17, 73–90, doi:10.1016/j.
tplants.2011.11.002 (2012).

 31. Glawischnig, E. Camalexin. Phytochemistry 68, 401–406, doi:10.1016/j.phytochem.2006.12.005 (2007).

http://dx.doi.org/10.1111/nph.13286
http://dx.doi.org/10.1104/pp.108.129791
http://dx.doi.org/10.1016/j.pbi.2014.04.004
http://dx.doi.org/10.1016/j.pbi.2014.04.004
http://dx.doi.org/10.1016/j.tplants.2008.03.002
http://dx.doi.org/10.1016/j.tplants.2008.03.002
http://dx.doi.org/10.1016/j.tplants.2016.10.007
http://dx.doi.org/10.1016/j.febslet.2007.07.051
http://dx.doi.org/10.1093/mp/ssq019
http://dx.doi.org/10.1093/mp/ssn091
http://dx.doi.org/10.1016/j.molp.2015.01.019
http://dx.doi.org/10.1016/j.bbamcr.2013.01.031
http://dx.doi.org/10.1038/nature07612
http://dx.doi.org/10.1016/j.febslet.2008.02.037
http://dx.doi.org/10.1371/journal.ppat.1000301
http://dx.doi.org/10.1016/j.tplants.2015.05.010
http://dx.doi.org/10.1073/pnas.0611615104
http://dx.doi.org/10.1111/j.1365-313X.2008.03622.x
http://dx.doi.org/10.1111/j.1365-313X.2012.05045.x
http://dx.doi.org/10.1016/j.bbrc.2010.07.016
http://dx.doi.org/10.1042/BJ20060484
http://dx.doi.org/10.1042/BJ20060484
http://dx.doi.org/10.1093/pcp/pci061
http://dx.doi.org/10.1104/pp.112.212654
http://dx.doi.org/10.1155/2008/420747
http://dx.doi.org/10.1146/annurev-cellbio-092910-154055
http://dx.doi.org/10.1046/j.1365-313X.2003.01653.x
http://dx.doi.org/10.1101/gad.222702
http://dx.doi.org/10.1104/pp.106.082024
http://dx.doi.org/10.1105/tpc.109.066670
http://dx.doi.org/10.1105/tpc.109.066670
http://dx.doi.org/10.1111/tpj.13398
http://dx.doi.org/10.1016/j.tplants.2011.11.002
http://dx.doi.org/10.1016/j.tplants.2011.11.002
http://dx.doi.org/10.1016/j.phytochem.2006.12.005


www.nature.com/scientificreports/

1 2Scientific RepoRts | 7:  6979  | DOI:10.1038/s41598-017-07535-8

 32. Makino, S. et al. Genes encoding pseudo-response regulators: insight into His-to-Asp phosphorelay and circadian rhythm in 
Arabidopsis thaliana. Plant Cell Physiol 41, 791–803 (2000).

 33. Mizuno, T. Two-component phosphorelay signal transduction systems in plants: from hormone responses to circadian rhythms. 
Biosci Biotechnol Biochem 69, 2263–2276, doi:10.1271/bbb.69.2263 (2005).

 34. Schaller, G. E., Kieber, J. J. & Shiu, S. H. Two-component signaling elements and histidyl-aspartyl phosphorelays. Arabidopsis Book 
6, e0112, doi:10.1199/tab.0112 (2008).

 35. Mizuno, T. Plant response regulators implicated in signal transduction and circadian rhythm. Curr Opin Plant Biol 7, 499–505, 
doi:10.1016/j.pbi.2004.07.015 (2004).

 36. Nakamichi, N. et al. PSEUDO-RESPONSE REGULATORS 9, 7, and 5 are transcriptional repressors in the Arabidopsis circadian 
clock. Plant Cell 22, 594–605, doi:10.1105/tpc.109.072892 (2010).

 37. Farre, E. M. & Liu, T. The PRR family of transcriptional regulators reflects the complexity and evolution of plant circadian clocks. 
Curr Opin Plant Biol 16, 621–629, doi:10.1016/j.pbi.2013.06.015 (2013).

 38. Chen, M. et al. GOLDEN 2-LIKE Transcription Factors of Plants. Front Plant Sci 7, 1–5, doi:10.3389/fpls.2016.01509 (2016).
 39. Fitter, D. W., Martin, D. J., Copley, M. J., Scotland, R. W. & Langdale, J. A. GLK gene pairs regulate chloroplast development in 

diverse plant species. Plant J 31, 713–727 (2002).
 40. Delaney, T. P. et al. A central role of salicylic Acid in plant disease resistance. Science 266, 1247–1250, doi:10.1126/

science.266.5188.1247 (1994).
 41. Glazebrook, J., Rogers, E. E. & Ausubel, F. M. Isolation of Arabidopsis mutants with enhanced disease susceptibility by direct 

screening. Genetics 143, 973–982 (1996).
 42. Vlot, A. C., Dempsey, D. A. & Klessig, D. F. Salicylic Acid, a multifaceted hormone to combat disease. Annu Rev Phytopathol 47, 

177–206, doi:10.1146/annurev.phyto.050908.135202 (2009).
 43. Zhang, Y. et al. Control of salicylic acid synthesis and systemic acquired resistance by two members of a plant-specific family of 

transcription factors. Proc Natl Acad Sci USA 107, 18220–18225, doi:10.1073/pnas.1005225107 (2010).
 44. Robatzek, S. & Somssich, I. E. A new member of the Arabidopsis WRKY transcription factor family, AtWRKY6, is associated with 

both senescence- and defence-related processes. Plant J 28, 123–133, doi:10.1046/j.1365-313X.2001.01131.x (2001).
 45. Wang, L. et al. CBP60g and SARD1 play partially redundant critical roles in salicylic acid signaling. Plant J 67, 1029–1041, 

doi:10.1111/j.1365-313X.2011.04655.x (2011).
 46. Rogers, E. E., Glazebrook, J. & Ausubel, F. M. Mode of action of the Arabidopsis thaliana phytoalexin camalexin and its role in 

Arabidopsis-pathogen interactions. Mol Plant Microbe Interact 9, 748–757 (1996).
 47. Murmu, J. et al. Arabidopsis GOLDEN2-LIKE (GLK) transcription factors activate jasmonic acid (JA)-dependent disease 

susceptibility to the biotrophic pathogen Hyaloperonospora arabidopsidis, as well as JA-independent plant immunity against the 
necrotrophic pathogen Botrytis cinerea. Mol Plant Pathol 15, 174–184, doi:10.1111/mpp.12077 (2014).

 48. Stael, S. et al. Plant innate immunity–sunny side up? Trends Plant Sci 20, 3–11, doi:10.1016/j.tplants.2014.10.002 (2015).
 49. Trotta, A., Rahikainen, M., Konert, G., Finazzi, G. & Kangasjarvi, S. Signalling crosstalk in light stress and immune reactions in 

plants. Philos Trans R Soc Lond B Biol Sci 369, 20130235, doi:10.1098/rstb.2013.0235 (2014).
 50. de Torres Zabala, M. et al. Chloroplasts play a central role in plant defence and are targeted by pathogen effectors. Nature plants 1, 

15074, doi:10.1038/nplants.2015.74 (2015).
 51. Arabidopsis Interactome Mapping, C. Evidence for network evolution in an Arabidopsis interactome map. Science 333, 601–607, 

doi:10.1126/science.1203877 (2011).
 52. Martin-Trillo, M. & Cubas, P. TCP genes: a family snapshot ten years later. Trends Plant Sci 15, 31–39, doi:10.1016/j.

tplants.2009.11.003 (2010).
 53. Lopez, J. A., Sun, Y., Blair, P. B. & Mukhtar, M. S. TCP three-way handshake: linking developmental processes with plant immunity. 

Trends Plant Sci 20, 238–245, doi:10.1016/j.tplants.2015.01.005 (2015).
 54. Mukhtar, M. S. et al. Independently evolved virulence effectors converge onto hubs in a plant immune system network. Science 333, 

596–601, doi:10.1126/science.1203659 (2011).
 55. Weßling, R. et al. Convergent targeting of a common host protein-network by pathogen effectors from three kingdoms of life. Cell 

Host Microbe 16, 364–375, doi:10.1016/j.chom.2014.08.004 (2014).
 56. Zhu, X. et al. CML8, an Arabidopsis Calmodulin-Like Protein, Plays a Role in Pseudomonas syringae Plant Immunity. Plant Cell 

Physiol, doi:10.1093/pcp/pcw189 (2016).
 57. Clough, S. J. & Bent, A. F. Floral dip: a simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant 

J 16, 735–743, doi:10.1046/j.1365-313x.1998.00343.x (1998).
 58. Curtis, M. D. & Grossniklaus, U. A gateway cloning vector set for high-throughput functional analysis of genes in planta. Plant 

Physiol 133, 462–469, doi:10.1104/pp.103.027979 (2003).
 59. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta 

C(T)) Method. Methods 25, 402–408, doi:10.1006/meth.2001.1262 (2001).
 60. Lorrain, S. et al. Vascular associated death1, a novel GRAM domain-containing protein, is a regulator of cell death and defense 

responses in vascular tissues. Plant Cell 16, 2217–2232, doi:10.1105/tpc.104.022038 (2004).
 61. Vadassery, J. et al. CML42-mediated calcium signaling coordinates responses to Spodoptera herbivory and abiotic stresses in 

Arabidopsis. Plant Physiol 159, 1159–1175, doi:10.1104/pp.112.198150 (2012).

Acknowledgements
The University Toulouse, the CNRS supported this work. CC and MP are fellows from the French Ministry 
of National Education and Research. We thank the technical services of the laboratory for plant material and 
technical assistance. This work was supported by the French Laboratory of Excellence project “TULIP” (ANR-10-
LABX-41; ANR-11-IDEX-0002-02).

Author Contributions
C.C., M.P., L.J.L. conducted the experiments, A.P. and E.R. characterized the prr2 mutants, R.M. and A.M. 
realized and contributed to the metabolite profiling analyses. D.A., C.C., B.R., J.P.G. and C.M. designed the 
experiments, D.A. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-07535-8
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1271/bbb.69.2263
http://dx.doi.org/10.1199/tab.0112
http://dx.doi.org/10.1016/j.pbi.2004.07.015
http://dx.doi.org/10.1105/tpc.109.072892
http://dx.doi.org/10.1016/j.pbi.2013.06.015
http://dx.doi.org/10.3389/fpls.2016.01509
http://dx.doi.org/10.1126/science.266.5188.1247
http://dx.doi.org/10.1126/science.266.5188.1247
http://dx.doi.org/10.1146/annurev.phyto.050908.135202
http://dx.doi.org/10.1073/pnas.1005225107
http://dx.doi.org/10.1046/j.1365-313X.2001.01131.x
http://dx.doi.org/10.1111/j.1365-313X.2011.04655.x
http://dx.doi.org/10.1111/mpp.12077
http://dx.doi.org/10.1016/j.tplants.2014.10.002
http://dx.doi.org/10.1098/rstb.2013.0235
http://dx.doi.org/10.1038/nplants.2015.74
http://dx.doi.org/10.1126/science.1203877
http://dx.doi.org/10.1016/j.tplants.2009.11.003
http://dx.doi.org/10.1016/j.tplants.2009.11.003
http://dx.doi.org/10.1016/j.tplants.2015.01.005
http://dx.doi.org/10.1126/science.1203659
http://dx.doi.org/10.1016/j.chom.2014.08.004
http://dx.doi.org/10.1093/pcp/pcw189
http://dx.doi.org/10.1046/j.1365-313x.1998.00343.x
http://dx.doi.org/10.1104/pp.103.027979
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1105/tpc.104.022038
http://dx.doi.org/10.1104/pp.112.198150
http://dx.doi.org/10.1038/s41598-017-07535-8


www.nature.com/scientificreports/

13Scientific RepoRts | 7:  6979  | DOI:10.1038/s41598-017-07535-8

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	PRR2, a pseudo-response regulator, promotes salicylic acid and camalexin accumulation during plant immunity
	Results
	PRR2 is mainly expressed in aerial parts during plant development. 
	PRR2 gene expression is induced in a SA-dependent manner in response to P. syringae (Pst DC3000). 
	PRR2 is a positive regulator of plant defence in response to P. syringae infection. 
	Expression of defence-associated markers is altered in prr2 genotypes following P. syringae inoculation. 
	PRR2 is involved in salicylic acid production and/or accumulation in response to P. syringae. 
	PRR2 modifies camalexin content in response to Pseudomonas syringae pv tomato infection. 

	Discussion
	Methods
	Plant materials, growth conditions and hormone treatments. 
	Generation of PRR2 over-expressing transgenic lines. 
	PRR2 promoter-uidA reporter gene expression in transgenic plants. 
	Gene expression analyses. 
	Plant inoculations and in planta bacterial growth determination. 
	Immunoblot assays and detection of PR1 protein. 
	Salicylic acid and camalexin quantification in Arabidopsis leaves. 
	Statistical analysis. 
	Accession numbers. 

	Acknowledgements
	Figure 1 PRR2 gene expression patterns analyses.
	Figure 2 PRR2 gene expression analyses in response to Pseudomonas syringae inoculation and to salicylic acid treatment.
	Figure 3 Altered susceptibility to Pseudomonas syringae in prr2 knock-down mutants and in transgenic lines overexpressing PRR2.
	Figure 4 Expression analysis of defence marker genes and detection of PR1 protein in prr2 knock-down mutants and in transgenic line overexpressing PRR2.
	Figure 5 Quantification of total SA and camalexin content in prr2 genotypes in response to Pseudomonas syringae inoculation.




