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Programmed cell death (PCD) is a crucial process both for plant development and responses to biotic and abiotic stress. There is
accumulating evidence that chloroplasts may play a central role during plant PCD as for mitochondria in animal cells, but it is still
unclear whether they participate in PCD onset, execution, or both. To tackle this question, we have analyzed the contribution of
chloroplast function to the cell death phenotype of themyoinositol phosphate synthase1 (mips1) mutant that forms spontaneous lesions in
a light-dependent manner. We show that photosynthetically active chloroplasts are required for PCD to occur in mips1, but this
process is independent of the redox state of the chloroplast. Systematic genetic analyses with retrograde signaling mutants reveal that
39-phosphoadenosine 59-phosphate, a chloroplast retrograde signal that modulates nuclear gene expression in response to stress, can
inhibit cell death and compromises plant innate immunity via inhibition of the RNA-processing 59-39 exoribonucleases. Our results
provide evidence for the role of chloroplast-derived signal and RNAmetabolism in the control of cell death and biotic stress response.

Programmed cell death (PCD) is a universal process
in multicellular organisms, contributing to the con-
trolled and active degradation of the cell. In plants, PCD
is required for processes as diverse as development,

self-incompatibility, and stress response. One well-
documented example is the induction of PCD upon
pathogen attack, allowing the confinement of the infec-
tion, and resistance of the plant. The signaling events
leading to the onset of PCD have been extensively stud-
ied: pathogen recognition triggers activation of mitogen-
activated protein kinase cascades, as well as production
of reactive oxygen species (ROS) and salicylic acid (SA),
which lead to a hypersensitive response (Coll et al., 2011).

From a cellular point of view, several classes of plant
PCD have been described and compared with the ones
found in animal cells (van Doorn, 2011). PCD is thought
to have evolved independently in plants and animals,
and genes underlying these mechanisms are therefore
poorly conserved between the two kingdoms. How-
ever, most cellular features are conserved between
plant and animal PCD that are both characterized
by cell shrinkage, chromatin condensation, DNA lad-
dering, mitochondria permeabilization, and depolar-
ization (Dickman and Fluhr, 2013). In animal cells,
mitochondria play a central role in the regulation of
apoptosis (Czabotar et al., 2014; Mariño et al., 2014),
and this role is likely shared between the two kingdoms
(Lord and Gunawardena, 2012). That said, additional
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mitochondria-independent PCD pathways have clearly
evolved in plants.

Genetic approaches have greatly contributed to our
understanding of cellular pathways governing PCD in
plants. For example, the isolation of lesion mimic mu-
tants (LMMs), in which cell death occurs spontaneously,
has allowed the identification of several negative regu-
lators of cell death (for review, see Bruggeman et al.,
2015b). Interestingly, lesion formation is light dependent
in several of these mutants, which include one of the best
characterized LMMs—lesions simulating disease1 (lsd1;
Dietrich et al., 1994). The LSD1 protein is required for
plant acclimation to excess excitation energy (Mateo
et al., 2004): when plants are exposed to excessive
amounts of light, the redox status of the plastoquinone
pool in the chloroplastic electron transfer chain is thought
to influence LSD1-dependent signaling to modulate cell
death (Mühlenbock et al., 2008). Additionally, we have
previously identified the myoinositol phosphate synthase1
(mips1) mutant as a LMM, in which lesion formation is
also light dependent (Meng et al., 2009). This mutant is
deficient in themyoinositol (MI) phosphate synthase that
catalyzes the first committed step of MI biosynthesis and
displays pleiotropic defects such as reduced root growth,
abnormal vein development, and spontaneous cell death
on leaves, together with severe growth reduction after
lesions begin to develop (Meng et al., 2009; Donahue
et al., 2010). The light-dependent PCD in the mips1 mu-
tant, as observed for lsd1, suggests that chloroplasts may
play a role in the MI-dependent cell death regulation.
Accumulating evidence suggests that chloroplasts may
play a central role in PCD regulation likemitochondria in
animal cells (Wang and Bayles, 2013). First, as described
in the case of lsd1, excess light energy received by the
chloroplast can function as a trigger for PCD. Further-
more, singlet oxygen (1O2), a ROS, can activate the
EXECUTER1 (EX1) and EX2 proteins in the chloroplasts
to initiate PCD (Lee et al., 2007). Likewise, ROS generated
by chloroplasts play a major role for PCD onset during
nonhost interaction between tobacco (Nicotiana tabacum)
and Xanthomonas campestris (Zurbriggen et al., 2009). Fi-
nally, functional chloroplasts have also been shown to be
required for PCD in cell suspensions (Gutierrez et al.,
2014) and in a number of LMMs (Mateo et al., 2004;Meng
et al., 2009; Bruggeman et al., 2015b). Thus, chloroplasts
are now recognized as important components of plant
defense response against pathogens (Stael et al., 2015) and
are proposed to function with mitochondria in the exe-
cution of PCD (Van Aken and Van Breusegem, 2015).
However, the exact signaling and metabolic contribution
of chloroplasts to PCD remain to be elucidated. Further-
more, cross talk between chloroplasts and mitochondria
does occur, such as during photorespiration (Sunil et al.,
2013), but whether such communication functions se-
quentially or in parallel in the control of PCD remains to
be determined (Van Aken and Van Breusegem, 2015).

To further investigate how chloroplasts contribute to
the regulation of cell death, we performed both forward
and reverse genetics on the mips1 mutant. An extragenic
secondary mutation in divinyl protochlorophyllide

8-vinyl reductase involved in chlorophyll biosynthesis
leads to chlorophyll deficiency that abolishes the mips1
cell death phenotype, as do changes in CO2 availability.
These findings provide evidence for a link between
photosynthetic activity and PCD induction in mips1.
Additionally, we investigated the contribution of sev-
eral retrograde signaling pathways (Chan et al., 2015)
to the control of PCD in mips1. This process was in-
dependent of GENOMES UNCOUPLED (GUN) and
EX signaling pathways, but we found that the SAL1-
PAP_XRN retrograde signaling pathway inhibits cell
death as well as basal defense reactions in Arabidopsis
(Arabidopsis thaliana).

RESULTS

Chlorophyll Accumulation Is Required for the Onset of
PCD in mips1

In a genetic screen designed to identify suppressors
of the mips1 cell death phenotype, we isolated a mutant
severely deficient for pigment accumulation: suppressor
of mips1 3 (somi3; Fig. 1A; Supplemental Fig. S1). Rough
mapping of the mutation allowed us to position it at the

Figure 1. somi3 harbors amutation in the PCB2 gene. A, Suppression of
the cell death phenotype in the mips1 somi3 mutant obtained by ethyl
methanesulfonate mutagenesis of themips1mutant. Plants were grown
under SD for 2 weeks and transferred to LD for 6 d to induce lesion
formation. Complementation of mips1 somi3 with a wild-type PCB2
cDNA restores lesion formation. B, Bulked segregants. Analysis allowed
mapping of the somi3 mutation to the region between the CIW18 and
ICE5 markers on chromosome 5. Shore map analysis revealed a single
point mutation at position 84 of the PCB2 gene.
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top of chromosome 5 between markers CIW18 and
ICE5 (Fig. 1B). SHORE mapping revealed a single
mutation in the PALE GREEN AND CHLOROPHYLL B
REDUCED2 (PCB2; AT5G18660) gene (Nakanishi et al.,
2005). PCB2 encodes a divinyl protochlorophyllide
8-vinyl reductase that catalyzes the conversion of divinyl
protochlorophyllide a to monovinyl protochlorophyllide
a (Nakanishi et al., 2005). Transformation of mips1 somi3
mutants with a construct encompassing the wild-type
PCB2 cDNA restored chlorophyll accumulation and le-
sion formation (Fig. 1A), confirming that suppression of
the mips1 phenotype was due to a mutation in PCB2.
Therefore, the somi3mutant allele is hereafter referred to
as pcb2-2.
We have previously reported that themips1 phenotype

was suppressed by inactivation of the GUN4 gene via an
artificial microRNA (Meng et al., 2009). Because inter-
mediates of tetrapyrrole biosynthesis have been involved
in chloroplast to nucleus signaling (Lepistö et al., 2012),
the reduction of cell death associated with GUN4 silenc-
ing and pcb2-2mutation may reflect either a role for this
retrograde signaling pathway in the control of cell death
or the requirement for photosynthetically competent
chloroplasts to trigger cell death in the mips1 mutant. To
discriminate between these two possibilities, the mips1
mutantwas crossedwith three gunmutants that all show
deregulation in retrograde signaling but are differentially
affected in chlorophyll biosynthesis (Susek et al., 1993).
As shown in Figure 2, A and C, the gun1 mutation in a
pentatricopeptide protein that is hypothesized to inte-
grate GUN-mediated retrograde signaling but not chlo-
rophyll biosynthesis (Koussevitzky et al., 2007) had no
effect on the mips1 phenotype. By contrast, mutations in
the GUN4 and GUN5 proteins, which are part of an en-
zyme complex in tetrapyrrole and chlorophyll biosyn-
thesis, rescued the mips1 phenotype to varying degrees.
gun5-1, which is a weak allele (Mochizuki et al., 2001),
had a mild effect on the mips1 phenotype, whereas the
gun4-100mutation that most severely affects chlorophyll
accumulation (Cottage et al., 2008) completely abolished
the cell death phenotype inmips1 1 week after transfer to
long-day (LD) conditions. Hence, control of PCD inmips1
is independent of GUN signaling, and, instead, a corre-
lation exists between the intensity of lesions and chloro-
phyll accumulation (Supplemental Fig. S2).

Redox Changes Associated with Chloroplast Activity Are
Not Responsible for the mips1 Phenotype

The rescue of PCD in mips1 by decreased chlorophyll
content could be directly or indirectly caused by a re-
duction of oxidative stress associated with impaired
light harvesting. We therefore tested the contribution of
several previously described pathways that can lead to
cell death in a light-dependent manner, and have been
connected to oxidative stress or changes in the redox
balance in chloroplasts.
In the light, chloroplasts of plant cells are a major

source of ROS, and EX proteins have been shown to
control PCD in response to 1O2 (Lee et al., 2007). We

therefore generated mips1 ex1 ex2 triple mutants to de-
termine whether PCD was reduced in this context. Sur-
prisingly, themips1 ex1 ex2 triple mutantwas identical to
mips1 (Fig. 2, B and C), indicating that EX proteins do not
participate in the PCD signaling in mips1.

PCD can also be triggered by changes in the redox
status of the chloroplast when plants receive excess
amounts of light, and the LSD1 protein has been shown
to be required for confinement of cell death under these
conditions (Mateo et al., 2004): lsd1mutants show light-
dependent lesion formation like the mips1 mutant. To
genetically test whether MIPS1 could function in the
same pathway, we generated mips1lsd1 double mu-
tants. mips1lsd1 mutants were more severely affected
than the two parents: lesions represented a greater
proportion of the leaf surface, and plant growth was
more severely inhibited (Fig. 3, A and B), pointing to an
additive or even a synergistic effect that is compatible
with the fact the lsd1 has been described as a propagation
mutant that fails to confine cell death once it is initiated
(Jabs et al., 1996). Thus, LSD1 andMIPS1 are not epistatic
and are likely to mediate PCD via parallel pathways.

Singlet oxygen production and reduction of plas-
toquinones are not the only redox changes associated
with photosynthesis: in the light, chloroplasts also
produce superoxide and hydrogen peroxide. Likewise,
photorespiration, a metabolic pathway involving the
cooperation of chloroplasts, mitochondria, and peroxi-
somes, also produces hydrogen peroxide in peroxi-
somes, and deficiency in CATALASE2, the enzyme
responsible for the detoxification of photorespiratory
H2O2, leads to spontaneous cell death (Queval et al.,
2007). We therefore grew the mips1 mutant under high
CO2 to lower photorespiration and thereby H2O2 pro-
duction in peroxisomes (Queval et al., 2007). Surpris-
ingly, this increased the cell death phenotype (Fig. 3C),
suggesting that PCD in mips1 correlates with photo-
synthetic activity rather than with ROS production. To
further demonstrate that lesion formation correlates
with photosynthetic activity in mips1, we measured the
electron transfer rate (ETR) on plants grown in ambient
CO2 under short-day (SD) and LD conditions or under
low CO2 and LD. In the case of plants grown under LD
and ambient CO2, care was taken to measure chloro-
phyll fluorescence on lesion-free leaves. As shown in
Supplemental Figure S3, A and B, in the wild type the
ETR was not different between plants grown under SD
or LD, but was reduced under low CO2. There was no
significant difference between the ETR of wild-type and
mutant plants, indicating that photosynthetic activity
does not differ from the wild type in mips1, even when
plants are grown under LD. Thus, growth under LD
does not affect electron transfer in chloroplasts of the
mips1 mutant, and lesion formation under LD thus
correlates with enhanced carbon fixation per day rather
than with increased damage in the electron transfer
chain. Finally, we performed gas-exchange measure-
ments on fully expanded leaves of plants grown under
SD in ambient air. As shown in Supplemental Figure
S3D, photosynthetic activity varied according to CO2
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availability in the same way in wild-type and mutant
plants: carbon fixation was reduced at a concentration of
100 ppm and reached its maximum around 500 ppm.
Taken together, these results confirm that the intensity of
lesion formation correlates with carbon fixation inmips1.

To determine whether growth under low CO2 may
affect MI accumulation in mips1 or if accumulation of
other metabolites could be modified in these condi-
tions, we performed metabolomic profiling. We found
that MI accumulation was 17% of wild-type levels un-
der low CO2, whereas it was below 4% of wild-type
levels under ambient CO2 (Fig. 3D). In addition, we

found that accumulation of MI derivate galactinol was
increased in mips1 under low CO2 (Fig. 3D). We have
shown previously that the MIPS2 isoform of MI syn-
thase accounts for residual MI biosynthesis in response
to metabolic changes in mips1, whereas the MIPS3 iso-
form was not involved (Bruggeman et al., 2015a). To
determine whether this activity was required for the
rescue of cell death under low CO2, mips1 mips2/+
sesquimutants were grown for 1 week under SD and
then transferred for 10 d under LD in low or ambient
CO2 conditions. As shown in Supplemental Figure S4,
the extreme cell death phenotype of the mips1 mips2/+

Figure 2. PCD in mips1 requires chlorophyll accumulation but is not mediated by EX-dependent singlet oxygen production. A, The cell death phe-
notype ofmips1 is suppressed by the gun4 and gun5mutations, which alter chlorophyll accumulation, but not by the gun1mutation, which does not
(Supplemental Fig. S1). Themips1-1mutant in the Col-0 background was crossed to the gun1-1 and gun5-1mutants, whereas themips1-2mutant, in
the WS background, was crossed to the gun4-100 mutant. Double mutants were identified from the F2 generation. Bars = 1 cm. B, Lesion formation
does not depend on EX-mediated singlet oxygen signaling:mips1 ex1 ex2 triple mutant forms lesions under LD like themips1mutant. Bars = 1 cm. C,
Lesion quantification inmips1,mips1-2, and double mutants. Data are average6 SD frommeasurements performed on at least 12 plants using Image J
software and are representative of two independent experiments. Asterisks indicate significantly different values (Student’s t test, P , 0.001).
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mutants was rescued under low CO2, indicating that
residual MI biosynthesis is likely not responsible for the
inhibition of cell death under these conditions. Finally,
to clarify whether ROS production was affected in
mips1mutants grown under lesion inducing conditions,
we measured reactive oxygen intermediate (ROI) ac-
cumulation by electron paramagnetic resonance (EPR)
spectroscopy using ethanol/a-(4-pyridyl-1-oxide)-N-
tert-butylnitrone (4-POBN) as a specific spin-trapping
system for cOH. This method allows the quantification
of global production of ROIs in leaves because it detects
cOH derived from H2O2 and O2

.2 in the presence of Fe
(II) (Michelet and Krieger-Liszkay, 2012). Because le-
sion formation is associated with local ROI production,
we measured ROI accumulation in the wild type and
mips1 mutants grown either in SD with sufficient light
intensity to induce mild lesion formation on some
leaves, or in LD, where all leaves formed lesions. As
shown in Figure 4 and Supplemental Figure S5, in the
wild type ROI accumulation was higher in SD than in

LD, consistent with previous reports (Michelet and
Krieger-Liszkay, 2012). In mips1, we did not detect a
significant difference between leaves displaying lesions
and healthy leaves. Furthermore, even in LD when le-
sion formation was severe, we did not observe a sharp
increase in ROI accumulation, indicating that ROI
production occurs only locally, consistent with pre-
viously obtained results with 3,39-diaminobenzidine
staining (Bruggeman et al., 2014).

PAP Signaling Negatively Regulates Cell Death in mips1
as Well as Plant Basal Immunity

One chloroplast metabolite known to function in
retrograde light stress signaling is 39-phosphoadeno-
sine 59-phosphate (PAP): this molecule accumulates
under high light and drought stress, and is thought to
inhibit the activity of exoribonucleases (XRNs), thereby
altering RNA metabolism and promoting stress re-
sponse networks (Estavillo et al., 2011). The sal1/fry1/

Figure 3. Lesion formation depends on chloro-
plast metabolic activity rather than redox status.
A, The phenotype of the mips1 mutant is en-
hanced in the lsd1 background. Bar = 1 cm. B,
Lesion quantification in mips1, lsd1, and mips1
lsd1mutants.We observed 4-fold increase in the
relative surface of lesions in the double mutant
compared with the parent lines. Data are aver-
age 6 SD from measurements performed on at
least 12 plants using Image J software and are
representative of two independent experiments.
Asterisks indicate significantly different values
(Student’s t test, P, 0.001). C, The severity of the
mips1 phenotype is enhanced by CO2 avail-
ability.Wild type (Col-0) andmips1mutant were
grown under ambient CO2 and SD conditions for
15 d, and then transferred to LD conditions un-
der ambient, low (130 ppm), or high (3000 ppm)
CO2 for 10 and 15 d, respectively. Bars = 1 cm.
Under low CO2, lesion formation was com-
pletely suppressed, while it was more severe
under high CO2. D, Growth under low CO2

partially restores MI and galactinol accumula-
tion in mips1. Values are average 6 SD of four
biological replicates. Different letters indicate
statistically significant differences (Student’s t
test, P , 0.001).
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alx8 mutants lack the enzyme that dephosphorylates
PAP into AMP, resulting in constitutively high levels of
PAP (Estavillo et al., 2011). We crossed a null allele,
fry1-6 (Gy et al., 2007), withmips1 to test the role of PAP
signaling in the control of PCD. As shown in Figure 5A,
lesion formation was completely abolished in the dou-
ble mutant as well as the SA accumulation character-
istic of the mips1 phenotype (Meng et al., 2009; Fig. 5B),
although basal SA levels were unchanged in fry1-6
(Supplemental Fig. S6). Because themips1mutant shows
pleiotropic defects, we also tested whether the fry1-6
mutation could restore normal root growth and cotyle-
don development in mips1, but found that these defects
were still present or even exacerbated in the double
mutants (Supplemental Fig. S7). In agreement with
these observations,MI accumulationwas not restored in
themips1 fry1-6mutant (Fig. 5C). One simple hypothesis
would be that transfer to LD conditions induces in-
creased PAP production in the wild type and thatmips1
mutants are deficient in this regulation. However, PAP
quantification did not reveal any changes in PAP accu-
mulation in mips1 compared with the wild type (Fig.
5D), but we were able to detect the expected elevated
levels of PAP in fry1-6 and fry1-6 mips1 (Supplemental
Fig. S8).

We next asked whether the fry1-6 mutation is a
general suppressor of PCD. To this end, we crossed the
fry1-6 mutant with lsd1, which promotes PCD inde-
pendently ofmips1, and withmap-kinase4 (mpk4), which
shows constitutive activation of defense response
(Pitzschke et al., 2009). The fry1-6 mutation partially
restored the phenotype of the mpk4 mutant (Fig. 6A),
but did not prevent lsd1-mediated cell death although

PAP levels were identical in fry1-6 and fry1-6 lsd1 mu-
tants (Fig. 6B; Supplemental Fig. S9).

MPK4 is a regulator of plant immunity (Colcombet
and Hirt, 2008) and appears to modulate MIPS1 ex-
pression in response to the bacterial peptide flagellin
(Latrasse et al., 2013). We therefore asked if suppression
of PCD in mpk4 by fry1-6 could concurrently impact
plant immunity. Wild type and fry1-6 were infiltrated
with the virulent strain of Pseudomonas syringae pv to-
mato DC3000, and bacterial growth was followed for
2 d. As shown in Figure 6C, fry1-6 displayed high sus-
ceptibility toward this pathogen, indicating that PAP
overaccumulation has a negative impact not only on
cell death but also on pathogen defense mechanisms.

Finally, to gain insight into the mechanisms allowing
cell death suppression in the mips1 fry1-6 mutant, we
tested the contribution of the inhibition of XRN activity
by PAP overaccumulation (Estavillo et al., 2011). To this
end, the mips1 mutant was crossed with the xrn2-2
xrn3-3 xrn4-1 mutant and quadruple mutants were
isolated. As shown in Figure 6, D and E, the loss of
XRN2-4 activity drastically reduced lesion formation in
mips1, providing evidence for the role of posttrans-
criptional regulatory mechanisms in the control of cell
death. Some lesions could still be observed in quadru-
ple mutants, either because the xrn3-2 mutant is only a
knockdown (Gy et al., 2007) or because XRN-independent
mechanisms participate in the cell death suppression
associated with PAP signaling. To try and identify can-
didate genes whose deregulation in xrn and fry1mutants
may account for the suppression of themips1 phenotype,
we took advantage of availablemicroarraydata.Although
we found a significant enrichment for genes associated
with chloroplast function and immune response among
repressed genes in alx8 (also a null sal1/fry allele; Estavillo
et al., 2011) and xrn2 xrn3 mutants (Supplemental Fig.
S10A), we did not find significant overlap between
deregulated genes in mips1 and alx8 or xrn2 xrn3mutants
(Supplemental Fig. S10B). Hence, the identity of the key
actor(s) of the suppression of cell death inmips1 xrn2-4 and
mips1 fry1-6 mutants remains a future question.

DISCUSSION

As chloroplasts are the sites of light energy capture
and a hub for metabolic pathways, they are ideally
suited to perceive changes in environmental conditions.
Indeed, there is accumulating evidence that these or-
ganelles play a critical role in plant response to various
types of stress (Xiao et al., 2013) and in the control of
PCD (Kim et al., 2012). However, the molecular basis
for the chloroplast’s contribution to PCD and the in-
tersection of PCD and abiotic stress signaling by the
chloroplast is poorly understood.

Here, we have taken advantage of the conditional
mips1 mutant to investigate the role of chloroplasts in
the control of PCD, and we show that the photosyn-
thetic capacity of the plant appears to be required for
cell death to occur. Similar observations have been
reported in a number of LMMs, but the underlying

Figure 4. ROI production is not enhanced in mips1. Wild-type and
mutant plants were grown in SD for 15 d under SD conditions at low
light intensity (60 mmol photons m22 s21), and then transferred to either
SDwith high light intensity (about 250mmol photonsm22 s21) to induce
mild cell death or LD for 10 d. Global ROI production was measured in
mature leaves with and without lesions by EPR as described in “Mate-
rials and Methods” on whole leaves, and EPR/leaf fresh weight ratios
were calculated. Values are average 6 SD obtained on three biological
replicates. Different letters indicate statistically significant differences
(Student t test, P , 0.05).
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mechanisms likely differ between mutants because our
genetic analysis demonstrates that LSD1 and MIPS1
function in different pathways. In the case of the lsd1
mutant, reduced chlorophyll content likely suppresses
cell death by avoiding the accumulation of reduced
plastoquinone, whereas photosynthetic activity rather
than redox changes appears to play a crucial role for
PCD onset in mips1. Indeed, the mips1 phenotype is
more severe when plants are grown under high CO2,
whereas these growth conditions suppress cell death in
lsd1 (Mateo et al., 2004) and in catalase2 (Queval et al.,
2007), making the mips1 cell death phenotype unique
and providing evidence for a yet undescribed PCD
regulation pathway in plants. Together, our results
suggest that photosynthetic activity itself is the trigger
for PCD induction in mips1 and that reducing carbon
fixation either by lowering the chlorophyll content in
chloroplasts or by growing plants under low CO2 is
sufficient to avoid cell death to occur. This was the case
even in mips1 mips2/+ sesquimutants, in which MI accu-
mulation is further reduced compared with mips1 single

mutants. Data reported here do not support a role for
oxidative stress in the onset of PCD in mips1, in line with
the finding that the cellular redox status is not altered in
mips1 under LD conditions (Bruggeman et al., 2014).

The latter hypothesis is further confirmed by the ob-
servation that EX-dependent 1O2 signaling is not in-
volved in triggering cell death in mips1. Recent progress
in our understanding of singlet oxygen response in plants
has revealed that EX-mediated signaling is not the only
pathway that regulates cell death and that most of the
singlet oxygen-regulated genes actually respond to loss
of chloroplast integrity due to singlet oxygen production.
In addition, b-cyclocitral has also been shown to regulate
1O2-responsive genes independently of the EX pathway
(Ramel et al., 2012). 1O2 production does not differ be-
tween SD- and LD-grown plants (Michelet and Krieger-
Liszkay, 2012), or between plants grown under high or
low CO2 (Triantaphylidès et al., 2008), suggesting that
enhanced 1O2 accumulation is likely not the trigger for
PCD onset inmips1. Nevertheless, 1O2 has been shown to
play a central role in the onset and execution of excess

Figure 5. Lesion formation is suppressed by the
fry1-6 mutation. A, The phenotype of the mips1
mutant is rescued by the fry1-6 mutation. Wild
type (Col-0), mips1, fry1-6, and mips1 fry1-6
double mutants were grown under SD for 15 d
and transferred to LD for 10 d. Bar = 1 cm. B, SA
accumulation upon transfer to LD conditions is
suppressed in the mips1 fry1-6 mutant. SA ac-
cumulationwasmeasured 4 d after transfer to LD
conditions. Values are average6 SD obtained on
four biological replicates. Asterisks indicate
statistically significant differences from the
control (Student’s t test, P , 0.001). C, MI ac-
cumulation is not restored in the mips1 fry1-6
double mutant. Values are average 6 SD from
four biological replicates. Asterisks indicate
statistically significant differences from the
control (Student’s t test, P , 0.001). D, PAP
content in the wild type (Col-0) and mips1 4 h
and 4 d after transfer to LD conditions. Controls
are plants kept under SD conditions. Values are
average 6 SD obtained from three biological
replicates.
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light energy-induced cell death (Triantaphylidès et al.,
2008) and thus likely contributes to later steps of lesion
formation in mips1. On the contrary, basal levels of ROS
production in mips1 may be required to dampen cell
death. Indeed, Laloi and colleagues have shown that
improving H2O2 detoxification in the chloroplast by
overexpression of the thylakoid-associated ascorbate
peroxidase dramatically increases plant cell death and
growth inhibition in response to 1O2 production, sug-
gesting that different ROS can have opposing effects on
the same cellular response (Laloi et al., 2007). Reduction
ofH2O2 production under highCO2may thus contribute
to the increased severity of the mips1 phenotype via
perturbations in ROS sensing/signaling. In linewith this
hypothesis, direct measurement of ROI accumulation in
mips1 using EPR spectroscopy did not reveal a global
increase in ROI production, even after lesions appeared.
We have shown that local ROI production does occur at

the site of lesion formation (Bruggeman et al., 2014).
However, we have also reported that the mips1 mutant
is more tolerant than the wild type to oxidative stress
(Meng et al., 2009). Together, previous results and data
presented here support the view that cell death in mips1
is not triggered by ROI production but rather induces
expression of the antioxidant system (Meng et al., 2009),
leading to reduced ROI accumulation except in dying
cells.

Together, our results show that chloroplast photo-
synthetic activity rather than changes in redox equi-
librium is the trigger for PCD inmips1, but the nature of
the signal remains an open question. Several molecules
originating from both primary and secondary metabo-
lism have been shown to act as retrograde signaling
elements. For example, Vogel et al. have recently shown
that transport of triose-phosphates to the cytoplasm is
likely instrumental in promoting changes in nuclear

Figure 6. PAP signaling is not a general suppressor of cell death but a negative regulator of defense response. A, The phenotype
of thempk4mutant is partially rescued by the fry1-6mutation. Plants were grown under SD for 2 weeks and transferred to LD for
15 d. Bars = 1 cm. B, The phenotype of the lsd1mutant is not modified in the fry1-6 background. Plants were grown under SD for
2 weeks and transferred to LD for 7 d. Bars = 1 cm. C, Twenty-eight-day-old Col-0 and fry1-6 plants were grown in SD and
infiltrated with a suspension of P. syringae pv tomato DC3000, and bacterial growth was followed for 2 d. The number of colony
forming units (cfu) was already significantly higher in fry1-6 than in the wild type (Col-0) 24 h after inoculation, and this difference
becamemore obvious after 48 h. Asterisks indicate significantly different values (Wilcoxon signed-rank test, * P, 0.01, ** P, 0.001).
Data are average 6 SD from five biological replicates and are representative of two independent experiments. D, Suppression of cell
death inmips1 fry1-6 can be reproduced in XRN-deficientmutants. Themips1mutant was crossedwith the xrn2-2 xrn3-3 xrn4-1 triple
mutants, and quadruple mutants were selected from the F3 generation. Lesion formation in the quadruple mutant was drastically
reduced,while plant growthwas restored. Plantswere grownunder SD for 2weeks and transferred to LD for 15d. Bars =1 cm. E, Lesion
quantification inmips1 andmips1 xrn2-2 xrn3-3 xrn4-1 quadruple mutants. Values are average6 SD (n = 12) and are representative of
two independent experiments. The relative surface of lesions was significantly reduced in mips1 xrn2 xrn3 xrn4 quadruple mutants
(Student’s t test, P , 0.001).
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gene expression when plants are transferred from low
to high light conditions (Vogel et al., 2014), and awealth
of plastid-derived metabolites have been shown to
modulate plant response to abiotic stress (Xiao et al.,
2013). Among those, PAP plays a role in plant tolerance
to high light (Estavillo et al., 2011) while it affects the
accumulation of molecules involved in plant defense:
sal1 mutants accumulate high levels of jasmonate
(Rodríguez et al., 2010) and low levels of glucosinolates
(Lee et al., 2012). PAP was thus an excellent candidate
to oppose the signaling pathway leading to cell death in
mips1. PAP overaccumulation due to the fry1-6 muta-
tion completely abolished lesion formation in mips1,
and this effect was specific to the mips1 and mpk4 mu-
tants that have previously been shown to participate in
the same pathway (Latrasse et al., 2013), whereas PAP
had no effect on cell death induced by lsd1 mutation.
This finding indicates that PAP overaccumulation does
not antagonize all types of cell death or SA production,
but rather opposes cellular responses related to plant
defense mechanisms, consistent with the observation
that fry1-6 mutants are hypersensitive to P. syringae.
Indeed, although the fry1-6 mutation suppresses SA
hyperaccumulation in mips1, if PAP signaling directly
inhibited PCD by decreasing SA accumulation, the
fry1-6 mutation should have also suppressed the lsd1
cell death phenotype that is also SA dependent (Aviv
et al., 2002). Hence, we postulate that PAP signaling
opposes events occurring upstream of the induction of
SA production in mips1 and mpk4 mutants. The ques-
tion is how is this PAP-dependent complementation
accomplished? Accumulation of a number of metabo-
lites and phytohormones is altered by PAP, including
MI, putrescine, and jasmonic acid (JA; Rodríguez et al.,
2010). However, we did not detect restoration of MI
accumulation inmips1 fry1-6, nor didwe detect increase
in MI accumulation in the fry1-6 allele used in this
study. SA and JA signaling are generally regarded as
antagonistic pathways for a number of physiological
responses (Kunkel and Brooks, 2002), and production
of coronatine, a phytotoxin that structurally mimics JA,
has been shown to act as a virulence factor forPseudomonas
(Xin and He, 2013). However, if JA overaccumulation
were the mechanism, the fry1-6 mutation would be ex-
pected to rescue other mutants displaying SA-dependent
cell death, such as lsd1. Perturbation of glucosinolate
metabolism and/or signaling can cause compensatory
enhanced cell death in response to pathogen challenge
(Bednarek et al., 2009). Thus, whether the altered glu-
cosinolate homeostasis due to PAP overaccumulation
(Lee et al., 2012) also contributes to suppression ofmips1
PCD is an open question. However, lesion formation
was also suppressed in xrn2 xrn3 xrn4 background in
which glucosinolate accumulation is not modified, sug-
gesting that change in glucosinolate levels is not the
primary cause for cell death suppression. It is worth
noting that cell death was only reduced in mips1 xrn2
xrn3 xrn4 quadruple mutants, whereas it was com-
pletely abolished in mips1 fry1 mutants. This could be
due either to a contribution of glucosinolates to PCD

regulation, or to the fact the xrn3-3 mutant is only a
knockdown and not a null mutant (Gy et al., 2007).

Finally, the finding that mutations in XRN2, XRN3,
and XRN4 also suppressed lesion formation in mips1
opens the intriguing possibility that posttranscriptional
regulations targeting defense response genes are in-
volved in PCD onset inmips1. XRNs have been involved
in various posttranscriptional regulatory pathways in-
cluding microRNA biogenesis and posttranscriptional
gene silencing because they are required to degrade bi-
ogenesis intermediates (Gy et al., 2007). It is now clear
that posttranscriptional regulations play a key role in the
control of plant immunity (Staiger et al., 2013) and that
XRN4 contributes to plant defenses against viruses (Gy
et al., 2007; Jaag and Nagy, 2009), indicating that micro-
RNAs, posttranscriptional gene silencing, or both could
thus be involved in the regulation of PCD. We recently
reported that the CPSF30 subunit of the polyadenylation
complex was required for lesion formation in mips1
(Bruggeman et al., 2014), providing further evidence
for the role of posttranscriptional mechanisms in the
regulation of plant PCD. However, we showed that
CPSF30 is required for cell death in all tested LMMs,
suggesting that CPSF30 acts on much more general
pathways than PAP.

To summarize, our results show that chloroplasts can
contribute to the regulation of plant PCD via at least two
distinct mechanisms: cell death induction in MI-deficient
plants requires photosynthetically active chloroplasts,
and can be negated by lowering photosynthesis by re-
ducing either chlorophyll accumulation or CO2 avail-
ability. In addition, PAP accumulation is a negative
regulator of MI-dependent PCD and plant basal immu-
nity via its effect on XRN activity. This result sheds light
on the complex question of how plants can deal with
multiple stresses, since signaling pathways activated by
one stress can have detrimental outcomes to fight other
adverse conditions. Because the SAL1 enzyme is located
both in chloroplasts and in mitochondria, our results
provide an exciting platform to interrogate the specific
roles for chloroplasts, and cross talk between chloro-
plasts and mitochondria, in the control of PCD.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Seeds were surface-sterilized by treatment with Bayrochlore (Bayrol) for
20 min, and washed and imbibed in sterile water for 2 to 4 d at 4°C to obtain
homogeneous germination. Seeds were sown on commercially available 0.53
Murashige and Skoog medium (Basal Salt Mixture M0221; Duchefa) supple-
mented or not with Suc (1%, w/v) solidified with 0.8% (w/v) agar (Phyto-Agar
HP696; Kalys) and grown in a LD (16 h light, 8 h night, 21°C) growth chamber.
After 2 weeks, the plants were transferred to soil in a glasshouse or in a growth
chamber under SD conditions (8 h light 20°C, 16 h night at 18°C) for 2 weeks
before being transferred to LD conditions. Seeds of the ex1 (SALK_026475), ex2
(SALK_112295), and fry1-6 (SALK_020882; Alonso et al., 2003) mutants were
obtained from the Nottingham Arabidopsis Stock Centre. Seeds of the gun1-1,
gun4-100, and gun5-1mutantswere a gift from J. Jouhet. xrn2-2 and xrn3-3mutants
were described by Gy et al. (2007), and xrn4-1 was described by Gazzani et al.
(2004). The xrn2 xrn3 xrn4 triple mutant was a gift from A. Mallory. For geno-
typing, plant genomic DNA was extracted according to Edwards et al. (1991).
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Primers used for PCR analysis are listed in Supplemental Table S1, and PCR
conditions used for genotyping are indicated in Supplemental Table S2.

Bulked Segregant Analysis and SHORE Map

To map the somi3 mutation, mips1-1 somi3 plants in the Columbia (Col)-0
background were crossed with the mips1-2 mutant in the Wassilewskija (WS)
background. First, a Bulked Segregant Analysis was performed using F2 plants
without (n = 22) or with lesions (n = 22) in LD. Primer sequences that flank
polymorphismmarkers between Col-0 andWSwere described by Păcurar et al.
(2012). Second, fine mapping of the somi3 mutation was performed by a high-
throughput sequencing of nuclear DNA obtained from a bulk of 100 F2 plants
without lesions in LD. Whole Arabidopsis (Arabidopsis thaliana) genome rese-
quencing was performed by the company BGI Tech using Illumina HiSeq2000
technology. The software CLC genomic workbench (www.clcbio.com) was
used to analyze sequence and identify single-nucleotide polymorphism by
comparison with the Col-0 genome as reference (TAIR10).

Cloning Methods

The coding sequence of PCB2 (At5g18660) was amplified from Col-0 ge-
nomic DNA using the primers listed in Supplemental Table S1. The PCB2
coding sequence was cloned into the Gateway-compatible pEntr3C vector
(Invitrogen) and transferred into the binary vector pB7FWC;2 using LR
clonase (Invitrogen) according to manufacturer’s instructions. In this plas-
mid, the expression of cDNA is under the control of the 35S promoter and
encoded proteins are fused with CFP.

SA Quantification, Metabolite Extraction, and
GC-MS Analysis

SA was quantified as described by Bruggeman et al. (2014).
For metabolome analysis, analytical procedures were adapted from

Roessner-Tunali et al. (2003).
About 100mg of rosette leaves of the indicated lines were harvested 4 d after

transfer in LD conditions. Samples were lyophilized and ground, and metab-
olites were extracted by adding 500 mL of cold methanol containing 250 mM

ribitol as internal standard. Extracts were then warmed at 70°C for 15 min and
vortexed regularly. Chloroform (500 mL) was added, and samples were vor-
texed and warmed at 37°C for 5 min. Then, 450 mL of ultrapure water, con-
taining 250 mM ribitol, was added on extracts that were centrifuged for 5 min at
13,200 rpm, at 4°C, to separate phases. The upper phase was collected (600 mL),
and 50 mL of these supernatants was evaporated overnight under vacuum.

Sample Derivatization

Fifty microliters of a pyridine solution containing 20 mg/mL of methoxyamine
hydrochloride and 5 mL/mL of a 2 mg/mL n-alkanes mixture (retention index
standards: decane, dodecane, pentadecane, octadecane, nonadecane, docosane,
octacosane, dotriacontane, and hexatriacontane) was added. The tubes were
sealed and heated to 40°C for 90 min. Then 80 mL of N,O-bis(trimethylsilyl)-
trifluoroacetamide was added for silylation to perform during 30 min at 40°C.

GC-MS Analysis

Analyses were performed by gas chromatography (Agilent 6890) and
quadrupole mass spectrometry with electron impact ionization (Agilent 5973
Network). A volume of 1 mL was injected on an Agilent J&W HP-5ms column
(diameter: 0.25 mm; film thickness: 0.25 mm; length: 30 m) with a 0.6 mL/min
heliumflow. The injection parameterswere as follows: splitless injection at 230°C
with a 1-min purge at 20 mL/min. The temperature gradient was as follows:
1 min at 70°C; 9°C min until 320°C, then 10 min at 320°C; and solvent delay of
5.4 min. The source was set to 250°C and 70 eV, scanning at 20 scans/min, from
70 to 600 m/z. Acquisition was performed with Chemstation software (Agilent).

Data Treatment

Semiautomated integration of chromatograms was performed with Quan-
lynx software (Waters) after conversion of the raw data into NetCDF format. A
model ion was chosen manually to perform a correct integration for 138 peaks,
with the following criteria: Gaussian shape, high relative abundance in themass
spectrum, and absence of saturation in any sample. Three very abundant

compounds, however, gave saturated signal for any ion: Suc, citrate, andmalate;
the samples where thus reinjected in split mode (1:30) to integrate these com-
pounds. Metabolites were annotated according to the Chemical Analysis
Working Group (Sumner et al., 2007): 41 metabolites identified using pure
reference standards, 34 putatively annotated compounds on the basis of both
spectral and retention index matches with a public database (The Golm
Metabolome Database; Kopka et al., 2005), 41 compounds related to known
compounds or chemical classes on the unique basis of spectral match, and 10
unknown analytes. Peak surfaces were then normalized according to internal
standard peak surface (ribitol) and sample fresh weight, to obtain semiquan-
titative data. A fully quantitative analysis was performed for myoinositol and
Glc with calibration curves (0, 0.01, 0.05, 0.1, and 1 g/L).

Adenosine Extraction and Quantification

PAP was quantified according to Estavillo et al. (2011). In brief, 100 mg of
leaf tissue was flash-frozen in liquid nitrogen, ground to powder with Tissue
Lyzer II (Qiagen) at 25Hz for 1min, and extracted in 0.1 MHCl for 15min at 4°C.
After two rounds of centrifugation at maximum speed at 4°C, the clarified
supernatant was derivatized in a citric-phosphate bufferwith chloroacetaldehyde
at 80°C for 10 min. Following centrifugation at maximum speed for 45 min, the
adenosineswere resolved on a reverse-phase C18 column and detected by release
of fluorescence at 410 nm following excitation at 280 nm. Authentic PAP standard
(Sigma-Aldrich) was concurrently run for quantification.

Spin-Trapping EPR Measurements

Spin-trapping assays with ethanol/4-POBN (Sigma-Aldrich) were carried
out using whole leaves. Leaves were vacuum-infiltrated with the buffer con-
taining the spin-trap reagents prior to the illumination and then floating on the
same buffer during the illumination. Samples were illuminated for a given time
with white light (150 mmol photons m22 s21) in the presence of 50 mM 4-POBN,
4% ethanol, 50 mM Fe-EDTA, and buffer (25 mM HEPES, pH 7.5, 5 mM MgCl2,
0.3 M sorbitol). EPR spectra were recorded at room temperature in a standard
quartz flat cell using an E-Scan (9.73 GHz) spectrometer (Bruker). The following
parameters were used: microwave frequency, 86 GHz; modulation frequency,
86 kHz; modulation amplitude, 1 G; microwave power, 1.4 mW; receiver
gain, 5 3 102; time constant, 40.96 ms; and number of scans, 2.

Image Analysis and Statistical Analysis

Quantification of lesion surface was performed using Image J software (rsbweb.
nih.gov/ij/). Ratios were calculated for each plant between total lesion surface and
total leafsurfaceoftherosette.AllstatisticalanalyseswereperformedusingRsoftware.

Detailed Procedure for Pathogen Resistance Assays

Virulent Pseudomonas syringae pv tomato DC3000 strains obtained from
J. Glazebrook (University of Minnesota, St. Paul, MN). Bacteria were grown
overnight at 30°C in Luria-Bertani medium with appropriate antibiotics
(kanamycin 25 mg mL21 and rifampicin 50 mg mL21). Bacteria were washed in
10 mMMgCl2 and prepared for inoculations as described by Langlois-Meurinne
et al. (2005). Whole leaves of 6- to 7-week-old plants, grown in SD conditions,
were infiltratedwith P. syringae pv tomatoDC3000 at the concentration of 105 cfu
mL21, using a 1-mL syringe without a needle. Leaf discs (0.28 cm2 each) were
harvested from inoculated leaves at 0, 24, and 48 h postinoculation. For each
time point, five samples were made by pooling four leaf discs from different
treated plants. The leaves of five different plants were harvested at each time
point. To monitor bacterial growth, leaf discs were homogenized in 400 mL of
sterile water, and six serial dilutions (1:10) were performed for each sample.
Eight 10-mL aliquots of these 1:10 serial dilutions were spotted on solid
Luria-Bertani medium containing kanamycin (25 mg mL21) and rifampicin
(50 mg mL21), and colony numbers were quantified after 2 to 3 d of incubation at
30°C. Statistical analyses of the differences between twomeans of log-transformed
data were performed according to Wilcoxon signed-ranked test.

Accession Numbers

Accession numbers for genes mentioned in this work are as follows: MIPS1
(AT4G39800), FRY1 (AT5G63980), XRN2 (AT5G42540), XRN3 (AT1G75660),
XRN4 (AT1G54490), LSD1 (AT4G20380), GUN1 (AT2G31400), GUN4
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(AT3G59400), GUN5 (AT5G13630), PCB2 (AT5G18660), MPK4 (AT4G01370),
EX1 (AT4G33630), and EX2 (AT1G27510).
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4-POBN/ethanol as spin trap.

Supplemental Figure S6. Basal levels of SA are not modified in the fry1-6
mutant.

Supplemental Figure S7. mips1 developmental defects are not suppressed
by the fry1-6 mutation.

Supplemental Figure S8. PAP content in wild type (Col-0) and mips1 4 h
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