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The redox imbalanced 6mutant (rimb6) of Arabidopsis thaliana was isolated in a genetic

screening approach for mutants with defects in chloroplast-to-nucleus redox signaling.

It has an atypically low activation status of the 2-Cys peroxiredoxin-A promoter in

the seedling stage. rimb6 shows wildtype-like germination, seedling development and

greening, but slower growth and reduced biomass in the rosette stage. Mapping of

the casual mutation revealed that rimb6 carries a single nucleotide polymorphism in

the gene encoding CONSTITUTIVE EXPRESSER OF PATHOGENESIS RELATED (PR)

GENES 1, CPR1 (At4g12560), leading to a premature stop codon. CPR1 is known as

a repressor of pathogen signaling and regulator of microtubule organization. Allelism of

rimb6 and cpr1 revealed a function of CPR1 in chloroplast stress protection. Expression

studies in pathogen signaling mutants demonstrated that CPR1-mediated activation

of genes for photosynthesis and chloroplast antioxidant protection is, in contrast

to activation of pathogen responses, regulated independently from PAD4-controlled

salicylic acid (SA) accumulation. We conclude that the support of plastid function is a

basic, SA-independent function of CPR1.

Keywords: Arabidopsis, chloroplast, CPR1, reactive oxygen species, redox imbalanced mutant, signaling

INTRODUCTION

Plants are prone to generating reactive oxygen species (ROS). Besides ROS-formation in
peroxisomes and at the plasma membrane (Auh and Murphy, 1995; Deliro et al., 1996), the
photosynthetic electron transport chain is one of the main ROS sources in plant cells (Foyer et al.,
1994). ROS, like singlet oxygen (O1

2), superoxide anions (O
−
2 ) and H2O2, are generated in plastids.

If the ROS-levels are insufficiently controlled, membranes, metabolites and proteins get damaged
(Baier and Dietz, 1999a). Even at low doses, ROS also initiate bouquets of signaling cascades
(Vranova et al., 2002; Pfannschmidt, 2003; Baier and Dietz, 2005; Gadjev et al., 2006), induce
biosynthesis of the stress hormone salicylic acid (SA) (Ishiga et al., 2012; Maruta et al., 2012) and
activate systemic immune signaling (Miller et al., 2009; Szechynska-Hebda et al., 2010).

A network of antioxidant enzymes and low-molecular-weight antioxidants counteracts
accumulation of ROS (Foyer et al., 1994; Asada, 2000). 2-Cys peroxiredoxin A (2CPA) is an
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Hedtmann et al. CPR1 Controls Plastid Function

FIGURE 3 | Complementation analysis. (A) CAPS-marker analysis and habitus of 4 cpr1-4 lines expressing the pCPR1::CPR1 complementation construct (#1-#4), 4

non complemented lines out of the same segregating T2 population (#5-#8), untransformed cpr1-4 and Col-0 wildtype plants. The mutant allele gives a 391 bp

fragment. From the wildtype allele, a 233 bp long FokI cleavage product is shown. (B) Relative transcript levels in 28-day-old plants: qRT-PCR was performed in

triplicates with RNA isolated from single plants. For the two sets of 4 biological replicates, the means and standard deviations were calculated (mean 1-4 and mean

5-8) and the data sets were compared for significance of difference by pairwise t-test (P < 0.05; asterisks mark significant differences between the two mean values).

The blue line marks the expression intensity of the respective gene in Arabidopsis thaliana wildtype plants.

Supplementary Figure 3). In cpr1-4, the transcript levels of the

three PAS genes were slightly reduced in 14- and 28-day-old

plants, but were similar to T19-2 at 42 days. The expression of the

three defense genes was higher in cpr1-4mutants than in T19-2 at

all developmental time points (Figure 5B). For PAD4 and SID2,

the difference was strongest in 28-day-old plants.

cpr1-4 Accumulates More ROS and
Activates ROS Signaling Stronger Than
Wildtype Plants
To study the consequences of the cpr1-4 mutation and
insufficient antioxidant protection on ROS-metabolism, we
analyzed the levels of the two major ROS, O−

2 and H2O2
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FIGURE 4 | Heat-map depicting the log2 of the relative changes in carbohydrate and amino acid contents as determined by GC-MS in 4-week-old, soil-grown cpr1-4

and T19-2. Left: The relative change between 5 and 1 h illumination in T19-2 and cpr1-4. The strongest decrease is presented in dark green (negative numbers), the

strongest increase in orange (positive numbers). Right: The metabolite level in cpr1-4 relative to T19-2. The highest relative level is shown in bright red (positive

numbers), the lowest in blue (negative numbers). Unchanged metabolites are marked in white. Statistically significant regulation is presented in bold and slightly larger

than the other numbers (n = 3 biological replicates; pairwise t-test, P < 0.1).
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FIGURE 5 | Impact of CPR1 on the pathogen defense response and regulation of genes for chloroplast antioxidant enzymes during rosette development. (A) Total

salicylic acid (SA), abscisic acid (ABA), jasmonate (JA) and jasmonate-isoleucine (JA-Ile) levels in 14-, 28-, and 42-day-old soil-grown cpr1-4 and T19-2 plants (n = 6

biological replicates; Different letters show significance of difference; P < 0.05; pairwise Welch’s test). (B) Normalized transcript levels of genes for chloroplast

antioxidant enzymes, and defense response marker genes of cpr1-4 and T19-2 plants during development [3 biological replicates, each measured in triplicate by

qRT-PCR, normalized to At5g15710 (F-box) and At5g08290 (YLS8) transcript levels. P < 0.05; ANOVA].
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FIGURE 6 | ROS metabolism and signaling in cpr1 mutant and T19-2 plants during development. (A) Detection of O−
2 and H2O2. Representative pictures from two

experiments with five replicates each. For 2-week-old plants, the staining intensity in cotyledons was determined. The percentages (means ± s.d.) show staining

intensities in the cotyledons. (B) O−
2 and H2O2 content per rosette area as determined by NBT- and DAB-staining (ANOVA, P < 0.05). (C) Normalized transcript levels

of ROS marker genes BAP1 and ZAT10 in cpr1-4 and T19-2 plants during development. Bars represent the mean and standard errors of three biological replicates,

each measured in triplicate and normalized to At5g15710 (F-box) and At5g08290 (YLS8) transcript levels (Statistically significant differences are labeled with different

letters; ANOVA, P < 0.1).

(Figure 6). Generation of O−
2 at the thylakoids (Mehler, 1951)

increases upon excess excitation pressure (Foyer et al., 1994).
cpr1-4 showed higher O−

2 and H2O2 levels in the cotyledons

of 14-day-old plants than T19-2 (Figure 6A). At an age of 28
d, some staining patterns indicated higher ROS-levels in cpr1-4
(Figure 6A). Quantification of a series of plants showed high
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variability and indistinguishable mean values between T19-2 and
cpr1-4 (Figure 6B). Later, at 42 d, the O−

2 and H2O2 levels again
increased to significantly higher ones than in T19-2 (Figure 6B).

ZAT10, which responds to various types of ROS of plastidic
and extra-plastidic origin, such as to ozone, H2O2 and O2

−

(Rossel et al., 2007), was strongly induced in 28-day-old cpr1-4
plants (Figure 6C) and in cpr1-5 plants of all age (Supplementary
Figure 3). The ROS-inducible gene BAP1 responds to transfer
of excess energy from pigments to oxygen at the thylakoid
membrane (op den Camp et al., 2003). It was expressed more
strongly in leaves of 14- and 28-day-old cpr1-4 plants than
those of T19-2 (Figure 6C) and highly accumulated in 14, 28,
and 42 day old cpr1-5 as compared to the respective wildtype
(Supplementary Figure 3).

Specificity and Causality of cpr1 on the
Regulation of Genes for Chloroplast
Proteins
The cpr1-4 (rimb6) mutant was isolated for low activation of
2CPA promoter activity at the seedling stage and shown to be
affected in expression of other PAS genes in 3 week old soil
grown plants (Heiber et al., 2007). To test the target spectrum
and the impact of elevated ROS levels, we investigated the
regulation of a series of PAS genes, genes for light-harvesting
complex proteins (LHCA and LHCB), for photosynthetic electron
transport components (PET genes), ribulose-1,5-bisphosphate
carboxylase small subunit (RBCS), sugar metabolism proteins
(APL3 and STP1), stress marker genes (BAP1 and FER1) and
extra-plastidic antioxidant enzymes (APX2 and CAT2) in T19-
2 and cpr1-4 in response to externally applied H2O2 and to
high light (HL) in 9-day-old seedlings on MS-medium optimized
for seedling growth and minimal impact on greening and
PAS gene expression (Heiber et al., 2014) (Figure 7). The
cpr1-4 mutant showed significantly lower expression of genes
for chloroplast peroxidases, monodehydroascorbate reductase
(MDAR) and LHCB2.2 under control conditions. The transcript
levels of the ROS-regulated genes, BAP1 (Bachmann et al.,
2002; op den Camp et al., 2003; Spoel et al., 2003) and
Fer1 (Bachmann et al., 2002; op den Camp et al., 2003;
Spoel et al., 2003), were slightly (BAP1) or significantly
(Fer1) increased in cpr1-4 mutants under control conditions
(Figure 7).

CAT2 (catalase) and APX2 (ascorbate peroxidase), which
encode ROS-inducible extra-plastidic antioxidant enzymes
(Mullineaux et al., 2000; Du et al., 2008), responded to the HL
and H2O2 treatment in T19-2, but showed no difference between
T19-2 and cpr1-4 under control conditions.

In cpr1-4, the transcript levels of PrxQ, tAPX, and LHCB2.2
were lower in control plants and in H2O2- and HL-treated
plants (Figure 7). For PrxQ and tAPx, the mRNA levels were
slightly decreased in H2O2-treated plants and significantly
lower in response to HL. The transcript levels of the
two peroxiredoxin genes 2CPA and 2CPB, of sAPx and
of CuZn superoxide dismutase 2 (CSD2) were lower in
H2O2-treated cpr1-4 than in cpr1-4 under control conditions.
Moderate HL resulted in higher transcript levels. Antagonistic

regulation by light and H2O2 is consistent with the regulatory
model postulated for 2CPA based on identification of distinct
promoter motifs (Baier et al., 2004) and analysis of redox-box
regulation by the transcription factor RAP2.4a (Shaikhali et al.,
2008).

In 28-day-old sterile grown plants, the transcript levels ofmost
PAS, PET and LHC genes and of RBCS were at least slightly
more decreased after 4 h HL treatment than in the control plants
harvested 1 h after onset of light (Figure 8). However, for tAPX,
ECS, GR, PETC and PETM the HL effect was not distinguishable
from the effect of additional 4 h at normal light intensity. sAPX
was expressed at higher levels in cpr1-4 than in T19-2 1 h after
onset of light and indistinguishable from T19-2 after 5 h in
standard growth light or HL. Although sAPX and tAPX are
coregulated by RAP2.4 transcription factors (Rudnik et al., 2017),
sAPX is often inversely regulated to tAPX in response to stress or
metabolite availability (Heiber et al., 2014; Juszczak et al., 2016).
CSD2 transcript levels were not decreased 1h after onset of light
and were less decreased after 5 h illumination in cpr1-4 than in
T19-2.

Ascorbate and Glutathione Status in cpr1-4

under H2O2 and Light Treatments
Ascorbate biosynthesis depends on carbohydrate availability and
stress activation (Bartoli et al., 2003; Pena-Ahumada et al., 2006;
Heiber et al., 2014). The ascorbate levels were higher in 9-day-old
cpr1-4 plants than in T19-2 (Figure 9). Four hours of incubation
with H2O2 or illumination with 800 µmol photons m−2 s−1

(HL) had similar effects on ascorbate consumption and ascorbate
oxidation in both genotypes (Figure 9 and Supplementary Figure
4). During further rosette development, ascorbate accumulated.
In 28-day-old cpr1-4, the reduction state of the ascorbate pool
was attenuated (Figure 9). However, the ascorbate pool size
was decreased in cpr1-4 after 5 h illumination with growth
light intensity (NL) and HL (Figure 9) demonstrating increased
consumption.

Transcript abundance analysis showed stronger expression
of GR and slightly stronger expression of ECS (γ-glutamyl-
cysteine synthase), which are involved in glutathione reduction
and biosynthesis, respectively, in 9 day old cpr1-4 mutants
in response to H2O2 application and lower expression in 28
day old cpr1-4 after 5 h illumination with standard light and
high intensities demonstrating that the regulatory effect is
light intensity independent. Quantification of the glutathione
content and determination of the redox state of the glutathione
pool (Figure 9) and calculation of the GSSG/GSH ratio
(Supplementary Figure 4) demonstrated that the glutathione pool
was, in contrast to the ascorbate pool, not significantly affected in
cpr1-4.

Impact of Regulators of Pathogen Defense
Response on the Expression of
Chloroplast Antioxidant Enzymes
Various PAS genes and pathogen response genes were regulated
inversely in cpr1-4 as compared to T19-2 (Figure 6). To test
whether the expression of the immune regulators affect PAS gene
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FIGURE 7 | Transcript levels of genes encoding chloroplast antioxidant enzymes, photosynthetic proteins, sugar-related enzymes and marker genes for oxidative

stress and wounding upon H2O2 and high light (HL) treatment in 9-day-old seedlings of cpr1-4 and T19-2 grown in sterile culture. The seedlings were infiltrated with

10 mM H2O2 or exposed to 800 µmol photons m−2 s−1 (HL) while floating on MS-medium for 4 h. Bars represent the mean and standard deviation of four to seven

biological replicates by qRT-PCR and normalized to actin2 (At3g18780) transcript levels. Statistically significant differences are indicated with different letters (ANOVA,

P < 0.1).
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FIGURE 8 | Transcript levels of genes encoding chloroplast antioxidant enzymes, photosynthetic proteins, sugar related enzymes and marker genes for oxidative

stress and wounding in 4-week old, sterile grown cpr1-4 and T19-2 in response to high light (HL). Four-week-old plants were harvested 1 and 5 h after exposure to

100 µmol photons m−2 s−1 or after exposure to 800 µmol photons m−2 s−1 (HL) for 4 h starting 1 h after the beginning of the light-phase. Bars represent the mean

and standard deviation of four to seven biological replicates by qRT-PCR and normalized to actin2 (At3g18780) transcript levels. Statistically significant differences are

labeled with different letters (ANOVA, P < 0.1).
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FIGURE 9 | Ascorbate and glutathione contents and redox states in 9-day-old seedlings and 4-week-old rosette plants. Sterile grown 9-day-old seedlings were

infiltrated with 10 mM H2O2 or exposed to 800 µmol photons m−2 s−1 (HL), while floating on MS-medium for 4 h. The 4-week-old plants were exposed to 100 µmol

photons m−2 s−1 (control conditions) or 800 µmol photons m−2 s−1 (HL) for 4 h starting 1 h after onset of the light-phase to which the plants were acclimated. The

ascorbate and glutathione contents and the redox states (amount of reduced form/total amount of glutathione or ascorbate) of the ascorbate pool were determined

for 8–12 plants per treatment and genotype. Statistically significant differences are labeled with different letters (ANOVA, P < 0.1). Dehydroascorbate/ascorbate and

GSSG/2× GSH ratios calculated from the same data are depicted in Supplementary Figure 4.

expression in absence of pathogens, as CPR1 does, we analyzed
the transcript levels of 2CPA, MDAR, and sAPX in comparison to
CPR1 and the defense genes PAD4 and PR2 during development

in wt plants and the immune signaling mutants npr1 (Cao et al.,
1997), pad4 (Jirage et al., 1999), and rps2 (Cheng et al., 2011) at
three developmental stages.
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CPR1 transcript levels decreased with age in Col-0
(Figure 10). PAD4 levels tended to increase. The wildtype
CPR1 pattern was maintained in the pad4 and rps2 mutants.
In the npr1 mutant, CPR1 transcript levels were increased as
compared to Col-0 at an age of 28 d and 42 d. The PAD4 mRNA
levels were elevated in npr1 at 28 d and in rps2 at 28 d and 42 d.

As a read-out for induction of immunity responses, PR2
transcript levels were analyzed. They increased in all genotypes
at an age of 42 d, but reached higher levels in npr1 and rps2 and
lower levels in pad4 compared to Col-0.

The PAS genes 2CPA, sAPX and MDAR showed highest
expression at 28 days in Col-0. 2CPA expression, which was the
reporter used for selecting the rimb-mutants (Heiber et al., 2007),
was not significantly affected in any of the three immunemutants
(Figure 10). sAPX showed slightly higher levels in npr1 and pad4
mutants in 14-day-old seedlings, but the general developmental
pattern was maintained. MDAR expression showed the wt
developmental pattern in pad4, but not in npr1 and rps2
(Figure 10). None of the genes for PAS enzymes was disregulated
in these defense signaling mutants to the same extent as in cpr1-4
(Figures 5, 10). We conclude that the CPR1-mediated regulation
of defense responses and PAS genes occur independently and
this partially depends on the developmental stage of the
plants.

To test the hypothesis, we compared 2CPA, PR1, and PR2
expression in wildtype plants, cpr1-4 and pad4 single and cpr1-4 x
pad4 double mutants after 10 days of growth on 0.5 MS medium,
which were the conditions for the rimb-mutant screen (Heiber
et al., 2007). pad4 was crossed into the cpr1-4 background to
avoid activation of the SA biosynthesis, while maintaining basic
SA biosynthesis and SA sensitivity (Zhou et al., 1998). The pad4
mutation widely restored the leaf habitus and rosette growth
defects of cpr1-4 (Figure 11). At an age of 28 days, the rosette
diameter of cpr1-4mutants was about 50% of wildtype Col-0 and
had 29.5± 3.7% fewer leaves, while the double mutants were only
14.3 ± 2.4% smaller in diameter and had formed on average 2.1
± 0.5 fewer leaves than Col-0.

Despite the high data noise due to low expression intensity
of PR1 and PR2 in wildtype plants, the transcript levels of
PR1 and PR2 were significantly (pairwise t-test; p < 0.01)
increased in the cpr1-4 mutants. The strong induction effect
was lost in cpr1-4 x pad4 double mutants, demonstrating that
transcript accumulation of both genes depends on activation
of the PAD4-mediated SA loop (Figure 11). On the contrary,
lack of PAD4 did not (significantly) affect the cpr1-4 mutant
effect on 2CPA expression (Figure 11), showing that low
expression of 2CPA in the cpr1-4mutant is independent from SA
accumulation.

DISCUSSION

CPR1 is part of an SCF-E3-ubiquitin ligase complex. As an
F-box protein, it controls the substrate specificity. It was
shown experimentally to mediate the proteasomal turnover
of the R-proteins SNC1 and RPS2 (Gou et al., 2009, 2012;
Cheng et al., 2011) and other proteins (Wang et al., 2014).

R-protein degradation counteracts induction of effector triggered
immunity (Clarke et al., 2001; Jirage et al., 2001). Furthermore,
CPR1 regulates microtubule arrangement (Han et al., 2015)
and supports degradation of the chloroplast Hsp100 chaperon
ClpC1 and of glutamine synthase 1 (Wang et al., 2014).
Mapping of the rimb6 mutation to the CPR1 locus identified
rimb6 as a cpr1 allele (Figure 2) and revealed that CPR1 is
also essential for full transcriptional activation of PAS genes
and genes encoding components of photosynthetic electron
transport chain and for carbon assimilation in absence of
pathogens (Figures 7, 8). This function is linked to avoiding
and antagonizing ROS accumulation (Baier and Dietz, 1999b;
Baier et al., 2000; Heiber et al., 2007; Kangasjärvi et al.,
2008; Pulido et al., 2009). The effects of CPR1 on PAS gene
expression were strongest in young plants and preceded the
maximum effect on the SA-biosynthesis-related genes PAD4
and SID2 (Zhou et al., 1998; Wildermuth et al., 2001)
(Figure 5B).

Although expression of various PAS genes was decreased,
the antioxidant system was not massively overwhelmed in 14
and 28 day old plants (Figure 6). Increased ROS levels could
only be detected in the oldest leaves by ROS staining, which
integrates information on ROS-levels over time (Figure 6).
However, the highly ROS-sensitive marker gene BAP1 (op den
Camp et al., 2003; van Buer et al., 2016), which responds
to increased chloroplast ROS production by the EXECUTER-
regulated chloroplast-to-nucleus signaling pathway (Lee et al.,
2007), was increased in 14, 28, and 42 day old cpr1-4 (Figure 6B).
The other chloroplast ROS marker gene ZAT10 (Mittler et al.,
2006; van Buer et al., 2016) was increased from 28 days
onwards in cpr1-4 and even earlier and stronger in the T-
DNA insertion line cpr1-5 (Supplementary Figure 3). Insufficient
antioxidant protection in cpr1 mutants coincided also with
higher reduction states of metabolites (Figure 4), and early
accumulation of the low molecular weight antioxidant ascorbate
(Figure 9). Cellular redox and metabolite imbalances lead to
microtubule disaggregation (Livanos et al., 2012) and could
explain the cell shape defects, as observed by Han et al.
(2015) and in this study (Figure 1E), as a redox imbalance
effect in absence of pathogens. The main question arising
from the identification of rimb6 as a mutant allele of CPR1
is how the signal transduction pathways suppressing immune
defense and activating chloroplast antioxidant protection are
linked.

Since activation of ETI decreases chloroplast function
(Zimmerli et al., 2004; Prokopova et al., 2010; Kyselakova
et al., 2011), it is tempting to assume that the CPR1-controlled
immune signaling pathway directly or indirectly controls PAS
gene expression. To test this hypothesis, we analyzed PAS gene
expression in a selection of loss of function mutants of ETI-
mediating factors, including the rps2 mutant, which is defective
for the RPS2 protein that is normally negatively regulated by
CPR1 (Cheng et al., 2011), and in npr1 and pad4 mutants
which are impaired in downstream components of ETI signaling
(Cao et al., 1997; Jirage et al., 1999; Zhang et al., 2003). In our
study, the experiments were performed in absence of pathogens
to avoid CPR1-independent pathogen-induced ETI effects. PAS
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FIGURE 10 | Transcript levels of genes encoding chloroplast antioxidant enzymes and marker genes for the pathogen defense response in 2-, 4-, and 6-week old

npr1, pad4, rps2, and wildtype (Col-0). Bars represent the mean and standard error of three biological experiments, each measured in triplicate by qRT-PCR and

normalized to At3g18780 (F-box) and At5g15710 (YLS8). Statistically significant differences between developmental time points for a single genotype are indicated

with an asterisk (ANOVA, P < 0.1).

gene expression was not significantly affected in rps2 mutants
(Figure 10) excluding that the CPR1 target RPS2 promotes PAS
gene expression in absence of pathogens. If the expression of
PAS genes are inversely regulated by NPR1 or PAD4, then
a lack of these factors should increase their transcript levels.
However, no effect (as compared to wt) was observed for
2CPA, which was the reference gene for isolation of the cpr1-
4 (rimb6) mutant in the rimb-screen (Heiber et al., 2007), in
npr1 and pad4 mutants on soil (Figure 10). Only in 10-day-
old seedlings under aseptic conditions, slightly higher 2CPA
transcript levels were observed in the pad4 mutant (Figure 11).
sAPx transcript levels were increased only in 14-day-old plants
and MDAR transcripts were even decreased in 28-day-old plants
(Figure 10).

ETI and its CPR1-dependent regulation are widely associated
with SA accumulation (White, 1979; Lovelock et al., 2016;
Van Wersch et al., 2016). SA mediates local and systemic
protection against biotic and abiotic stress (Durrant and Dong,
2004). Furthermore, accumulation of SA causes dwarfism (Van

Wersch et al., 2016) and affects thylakoid organization, the
redox state of the plastoquinone pool (Gawronski et al., 2013),
ROS-signaling (Rivas-San and Plasencia, 2011) and the activity
of catalase and chloroplast and cytosolic ascorbate peroxidases
(Durner and Klessig, 1995). Consequently, the low 2CPA
expression in cpr1/rimb6 mutants could be due to indirect
secondary effects of SA accumulation on the cellular redox
poise and redox signaling (Figures 4B, 7, 8), although the
2CPA promoter is insensitive to short-term SA treatments
(Heiber et al., 2007). The importance of SA and its effect
on plant development (Van Wersch et al., 2016) and 2CPA
expression were tested by crossing the pad4 mutation into
the cpr1-4 background (Figure 11). PAD4 functions upstream
of SA biosynthesis (Zhou et al., 1998; Feys et al., 2001).
While basal SA biosynthesis and SA sensing are unaffected,
the pad4 mutant does not accumulate SA (Zhou et al., 1998;
Feys et al., 2001). The high expression levels of PR1 and
PR2 (observed in cpr1-4 mutants; Figure 5B) were reduced to
wildtype levels in the cpr1-4 x pad4 double mutant (Figure 11)
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FIGURE 11 | Effect of PAD4-mediated SA induction on the habitus and gene expression regulation of cpr1-4. cpr1-4 was crossed with pad4. cpr1-4xpad4 double

mutants were selected from the F2 population. (Left) Habitus of 28-day-old cpr1-4, pad4, and cpr1-4xpad4 mutants compared to Col-0 wildtype plants. (Right)

2CPA, PR1, and PR2 transcript levels in 10-day-old Col-0, cpr1-4, pad4, and cpr1-4xpad4 plants grown aseptically on MS-medium. The means were calculated from

3 technical replicates per probe and 1–3 probes per 3 independently grown plant sets. For each probe, RNA was extracted from 50 seedlings. Statistically different

results are indicated for each gene with different letters (ANOVA, p < 0.01).

demonstrating the effect of SA on regulation of the ETI genes.
On the contrary, the 2CPA transcript level in the cpr1-4 x
pad4 double mutant was similar to the cpr1-4 single mutant
(Figure 11). We conclude that the cpr1-4 effect on 2CPA
expression is independent of PAD4-mediated immune signaling
and therefore the regulation of 2CPA is independent from SA
biosynthesis.

CPR1 expression is strongest in young seedlings (Figure 10),
which are exceptionally sensitive to redox and metabolite
imbalances (Sanchez-Fernandez et al., 1997; Francis and Halford,
2006; Hiltscher et al., 2014; Schippers et al., 2016) because
antioxidant protection is limiting (Pena-Ahumada et al., 2006).
ROS-triggered activation of SA biosynthesis increases the
risks of damage (Kangasjärvi et al., 2005; Gou et al., 2009)
(Figure 5A). The support of PAS activation by CPR1 in wildtype
plants (Figures 3B, 5, 7, 8, 10) can help to protect the
young tissues from accumulation of ROS (Figure 6), and the
subsequent inappropriate activation of ROS-signaling (Figure 6)
and defense responses (Figure 11). ROS accumulation in cpr1
mutants (Figure 6) disturbs cell development (Han et al.,
2015; Figure 1) and contributes to protein oxidation (Heiber

et al., 2007). ROS damage of PAS enzymes (Heiber et al.,
2007; Baier et al., 2010), further increases ROS accumulation
(Figure 6) until ROS levels reach a threshold that will
activate defense signaling (Figures 5B, 6B). As a side-effect
of these processes, the expression of a wider set of genes
for plastid proteins becomes disregulated (Figures 7, 8), and
H2O2 accumulates throughout the rosettes in older cpr1-
4 mutants (Figure 6B—42 day old plants). In parallel, the
expression of two main drivers of SA biosynthesis, SID2 and
PAD4 (Zhou et al., 1998; Wildermuth et al., 2001), increases
(Figures 5, 10). Accumulation of SA further promotes defense
activation.

From comparison of PR1, PR2 and 2CPA regulation in
cpr1-4 single and cpr1-4 x pad4 double mutants (Figure 11)
we conclude that PAS and ETI are regulated by differentially
controlled CPR1-dependent signaling cascades. Very little is
known about CPR1 functions apart from its effect on ETI (Jirage
et al., 2001; Cheng et al., 2011) and cell shape (Han et al.,
2015). Proteome comparisons identified the plastid-localized
Hsp100 chaperone ClpC1 as one of two proteins that are
directly destabilized by CPR1 (Wang et al., 2014). The other
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was glutamine synthase 1 (GSR1), which is involved in plastid
N-assimilation and might explain the higher amination status
in cpr1-4 mutants (Figure 4). ClpC1 is an anti-chlorosis factor
and stabilizer of photosynthesis proteins (Sjorgen et al., 2004).
Higher availability of ClpC1 may explain why cpr1-4 leaves
stay green for longer than rimb1/rcd1-6 leaves (Heiber et al.,
2007), but does not explain the lower expression of PAS genes
relative to RBCS and LHC- and PET-genes, which are under
control of the turn-over of chlorophyll a/b-binding proteins
via tetrapyrrole-signaling (Strand et al., 2003; Nott et al., 2006;
Figures 7, 8).

The PAS is an active system antagonizing ROS accumulation
and maintaining the cellular redox homeostasis (Asada, 2006).
Most PAS genes, first of all 2CPA, are highly expressed even
under non-stress conditions (Baier and Dietz, 1997; König et al.,
2002; Baier et al., 2010). Slight redox imbalances, as observed
for ascorbate and glutathione (Figure 9) keep the activating
transcription factor Rap2.4a in its active dimeric form and
PAS gene expression high (Shaikhali et al., 2008). Our study
demonstrated that the cytosolic CPR1 (Gou et al., 2009; Cheng
et al., 2011) is necessary for the full induction of PAS genes
and genes for other chloroplast proteins. The effect of CPR1
on PAS may indirectly affect ETI responses. In nature, ETI
occurs as a result of receptor-mediated pathogen recognition
(Jones and Dangl, 2006) and this activates ROS synthesis
(Zimmerli et al., 2004; Prokopova et al., 2010; Kyselakova

FIGURE 12 | CPR1 supports growth and avoids activation of pathogen

responses via regulation of PAS gens. CPR1 antagonizes activation of ETI in

absence of pathogens by marking R-genes for degradation (thin lines). Via

their impact on the cellular ROS levels, PAS enzymes impact on

SA-biosynthesis and induction of ETI (bold lines). Here, we showed that CPR1

is essential for full induction of PAS genes and that CPR1-controlled PAS

regulation is independent of SA accumulation (red lines). We conclude that

CPR1 controls two interacting signaling pathways, in which full expression of

PAS genes antagonizes accumulation of ROS, which are signals activating

biotic and abiotic stress responses. The chloroplast loop is supposed to help

wildtype plants to avoid activation of cost-intensive and growth limiting

defense reactions in absence of biotic and abiotic stressors.

et al., 2011) and stabilizes pathogen response reactions (Sharma
et al., 1996). Various experiments have demonstrated, that ROS
signals, e.g., due to photooxidation or lower detoxification of
chloroplast ROS, can stimulate ETI responses in absence of
pathogens (Mühlenbrock et al., 2008; Straus et al., 2010; Han
et al., 2013a,b). Consistently, we hypothesize that the effect of
CPR1 on the control of chloroplast function (Figures 7, 8) and
stabilization of the cellular redox and metabolite homeostasis
(Figures 4, 9) prevents inappropriate activation of defense
responses in the absence of pathogens and supports CPR1-
controlled suppression of R-protein mediated induction of ETI
(Figure 12).

CONCLUSION

CPR1 is involved in full activation of PAS gene expression
in young leaves. The SA-insensitive chloroplast antioxidant
protection system antagonizes ROS accumulation and
subsequent stimulation of SA-biosynthesis, which otherwise
could activate ETI (Figure 12). We conclude that CPR1-
dependent regulation of 2CPA (and other PAS genes) serves
as a reinforcement mechanism supporting R-protein mediated
suppression of ETI in absence of pathogens.
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