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Multiple pathways mediate chloroplast singlet oxygen stress signaling
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Abstract
Key message  Chloroplast singlet oxygen initiates multiple pathways to control chloroplast degradation, cell death, 
and nuclear gene expression.
Abstract  Chloroplasts can respond to stress and changes in the environment by producing reactive oxygen species (ROS). 
Aside from being cytotoxic, ROS also have signaling capabilities. For example, the ROS singlet oxygen (1O2) can initiate 
nuclear gene expression, chloroplast degradation, and cell death. To unveil the signaling mechanisms involved, researchers 
have used several 1O2-producing Arabidopsis thaliana mutants as genetic model systems, including plastid ferrochelatase 
two (fc2), fluorescent in blue light (flu), chlorina 1 (ch1), and accelerated cell death 2 (acd2). Here, we compare these 
1O2-producing mutants to elucidate if they utilize one or more signaling pathways to control cell death and nuclear gene 
expression. Using publicly available transcriptomic data, we demonstrate fc2, flu, and ch1 share a core response to 1O2 accu-
mulation, but maintain unique responses, potentially tailored to respond to their specific stresses. Subsequently, we used a 
genetic approach to determine if these mutants share 1O2 signaling pathways by testing the ability of genetic suppressors of 
one 1O2 producing mutant to suppress signaling in a different 1O2 producing mutant. Our genetic analyses revealed at least 
two different chloroplast 1O2 signaling pathways control cellular degradation: one specific to the flu mutant and one shared 
by fc2, ch1, and acd2 mutants, but with life-stage-specific (seedling vs. adult) features. Overall, this work reveals chloroplast 
stress signaling involving 1O2 is complex and may allow cells to finely tune their physiology to environmental inputs.
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Introduction

Plants experience a variety of cellular stresses, such as reac-
tive oxygen species (ROS) produced within their energy-
producing organelles (i.e., chloroplasts and mitochondria). 
Within chloroplasts during photosynthesis, harnessed light 
energy can lead to ROS production, causing damage to 
nearby macromolecules (e.g., lipids, proteins, DNA). Plants 

detoxify ROS through several enzymatic and non-enzymatic 
mechanisms (e.g., ROS scavenging enzymes, antioxidant 
production) (Apel et al. 2004; Noctor et al. 2018). However, 
these safety measures can be overwhelmed, especially under 
various environmental stresses including excess light (EL) 
(Triantaphylides et al. 2008), drought (Chan et al. 2016), 
salinity (Suo et al. 2017), and pathogen attack (Lu et al. 
2018).

Photosynthesis produces the ROS hydrogen peroxide 
(H2O2) and superoxide (O2

−) primarily at Photosystem I 
(PSI) and singlet oxygen (1O2) primarily at Photosystem II 
(PSII) (Asada 2006; Triantaphylides et al. 2008). These mol-
ecules can inhibit photosynthesis by causing photo-oxidative 
damage to photosynthetic machinery leading to photoinhibi-
tion (Asada 2006). Although ROS are cytotoxic molecules, 
they can report on a plant’s current environment (Chan et al. 
2015; Foyer 2018; Mittler 2017). For instance, 1O2 can lead 
to signals that initiate cellular degradation (chloroplast deg-
radation and cell death) and nuclear gene reprogramming via 
retrograde (chloroplast-to-nucleus) signaling (D'Alessandro 
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et al. 2020; Dogra et al. 2019; Woodson 2022). As 1O2 has 
an extremely short half-life (~ 0.5–1.0 µsec (Ogilby 2010)), 
the bulk of chloroplast 1O2 likely remains within the orga-
nelle of origin. Thus, secondary messengers are expected 
to be involved in propagating the chloroplast 1O2 signal(s) 
to affect nuclear gene expression and cellular degradation 
(Dogra et al. 2019; Woodson 2022). Researchers have dis-
covered several signaling factors, but their mechanisms still 
remain mostly unclear.

A major challenge in deciphering ROS signaling in 
plant cells is that natural stresses can lead to the produc-
tion of multiple types of ROS (Noctor et al. 2014; Pospíšil 
2016) in multiple sub-cellular compartments (Choudhury 
et al. 2017; Rosenwasser et al. 2013). To specifically under-
stand how 1O2 signals, researchers use several Arabidopsis 
thaliana mutants that conditionally accumulate chloroplast 
1O2 under specific growth conditions to dissect the genetic 
and biochemical attributes of 1O2 signaling pathways. The 
fluorescent in blue light (flu-1, referred to as flu hence-
forth) mutant was one of the first 1O2-producing mutants 
described (Meskauskiene et al. 2001). The flu mutant over-
accumulates the tetrapyrrole (e.g., chlorophyll and heme) 
intermediate protochlorophyllide (Pchlide) when grown in 
the dark. When the mutant is exposed to light, the ener-
gized Pchlide (like other free tetrapyrroles) reacts with 
nearby ground-state oxygen (3O2) to produce 1O2 within 
the thylakoid membranes (Wang et al. 2016). This burst of 
1O2 leads to the reprogramming of hundreds of genes in 
the nucleus through a retrograde signal, followed by initia-
tion of bleaching and cell death (op den Camp et al. 2003; 
Wagner et al. 2004). A smaller set of 168 genes, called Early 
Singlet Oxygen Response Genes (ESORGs), may represent 
the initial response (within 60 min) to chloroplast 1O2 sig-
nals in flu mutants (Dogra et al. 2017). A forward genetic 
screen for signaling components in this pathway identified 
EXECUTER1 (EX1) as playing an important role (Lee et al. 
2007; Wagner et al. 2004). When the ex1-2 loss-of-function 
mutation (referred to as ex1 henceforth) is introduced into 
the flu background, induction of nuclear gene expression 
and cell death (but not the accumulation of Pchlide or 1O2) 
is blocked (Lee et al. 2007). This breakthrough discovery 
was among the first evidence that 1O2-induced cell death and 
cellular degradation is due to a genetically encoded response 
rather than 1O2 toxicity.

Recent studies reveal EX1 may physically sense 1O2 in 
the grana margins (site of tetrapyrrole synthesis and pho-
tosystem II repair) through oxidation of tryptophan 643 in 
a domain of unknown function (DUF) (Dogra et al. 2019). 
The chloroplast metalloprotease FtsH2 degrades this oxi-
dized EX1 protein, which is necessary for EX1 signaling 
(Dogra et al. 2017; Wang et al. 2016). These studies hypoth-
esize an EX1 degradation peptide may act as a signaling 
factor. A conserved homolog of EX1, EX2 plays a role in 

1O2 signaling (Lee et al. 2007; Page et al. 2017). Like EX1, 
EX2 undergoes oxidation by 1O2 at a conserved tryptophan 
residue and is subsequently degraded by FtsH2. However, 
degraded EX2 does not initiate retrograde signaling and cell 
death like EX1 (Dogra et al. 2022). Thus, EX2 may act as 
a decoy to protect EX1 and attenuate 1O2 signals to pre-
vent excessive responses. Researchers also demonstrated, 
using flu protoplasts, the blue light photoreceptor CRYP-
TOCHROME 1 (CRY1) is involved in transducing the 1O2 
cell death signal, leading to the possibility that blue light 
is involved in chloroplast stress signaling (Danon et al. 
2006). However, such a signal only represents part of the 
1O2 response as the impact of cry1 on 1O2–induced nuclear 
gene expression is limited.

A second 1O2 over-producing mutant is chlorina 1 (ch1-1, 
referred to as ch1 henceforth). This mutant lacks chlorophyll 
b and does not have a properly functioning/assembled pho-
tosystem II antennae complex that could protect the reaction 
center and quench 1O2 (Ramel et al. 2013). When ch1 is 
grown under EL conditions (≥ 1100 μmol photons m−2 s−1), 
PSII accumulates 1O2 in its reaction center located in the 
grana core. As in the flu mutant, the 1O2 initiates retrograde 
signaling to the nucleus and causes cell death. When ch1 
mutants experience a mild level of photo-oxidative stress 
(≥ 450 μmol photons m−2 s−1) prior to EL treatments, they 
are more tolerant to subsequent EL stress, suggesting low 
levels of 1O2 can lead to stress acclimation (Ramel et al. 
2013; Shumbe et al. 2017). In the case of the ch1 mutant, 
EX1 and EX2 appear to be dispensable for 1O2 signaling 
(a ch1 ex1 ex2 mutant still experiences cell death under EL 
stress) (Ramel et al. 2013). Instead, 1O2-triggered nuclear 
gene expression and cell death depends on oxidative signal 
inducible 1 (OXI1), a nuclear-localized serine/threonine 
kinase originally identified for its role in pathogen defense 
(Shumbe et al. 2016). Furthermore, accumulation of volatile 
carotenoid oxidation products [e.g., β-cyclocitral (β-cc)] pro-
duced by 1O2 accumulation at PSII are another part of this 
response (Ramel et al. 2012; Shumbe et al. 2014). Interest-
ingly, signals induced by β-cc trigger nuclear gene expres-
sion and acclimation, but do not cause cellular degradation 
(Ramel et al. 2012). As such, we hypothesize that 1O2 signal-
ing is a complex network controlling multiple physiological 
responses in the cell.

A third 1O2-producing mutant is accelerated cell death 
2 (acd2-2, referred to as acd2 henceforth). This mutant 
experiences 1O2 bursts when grown under standard growth 
light conditions and produces seemingly random cell death 
lesions that spread across leaves (Mach et al. 2001). The 
acd2 mutant accumulates the chlorophyll breakdown inter-
mediate, red chlorophyll catabolite (RCC) (Pruzinská et al. 
2007). Similar to Pchlide accumulated in flu mutants, pho-
tosensitive RCC can absorb light energy and produce 1O2 
in the cell (Pattanayak et al. 2012; Pruzinská et al. 2007). 
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While the bulk (if not all) 1O2 in flu and chl mutants likely 
accumulates in chloroplasts (the grana margins and the grana 
cores, respectively), the acd2 mutants produce at least some 
1O2 in the mitochondria. Previous work did not reveal how 
this 1O2 may signal or lead to cell death, but this pathway 
acts independently of EX signaling (acd2 ex1 ex2 mutants 
have similar lesion formation as acd2) (Pattanayak et al. 
2012).

In addition to cell death and retrograde signaling, 1O2 
can lead to chloroplast degradation. plastid ferrochelatase 
two (fc2) mutants accumulate the tetrapyrrole intermediate 
protoporphyrin-IX (Proto) immediately after dawn (Papen-
brock et al. 2001; Woodson et al. 2015). Like Pchlide, Proto 
absorbs light energy and produces 1O2. The 1O2 leads to 
chloroplast degradation, retrograde signaling, and eventu-
ally cell death (Woodson et al. 2015). Even under permis-
sive constant light conditions, a subset of chloroplasts (up 
to 35%) are selectively degraded in otherwise healthy cells, 
likely due to moderately high levels of Proto and 1O2 (Fisher 
et al. 2022). To understand the molecular signal in the fc2 
mutant, we previously conducted a forward genetic screen to 
identify suppressors of 1O2–triggered cell death and identi-
fied 24 ferrochelatase two suppressor (fts) mutations that 
allow fc2-1 (hereafter referred to as fc2) seedlings to survive 
under diurnal cycling light conditions (Woodson et al. 2015).

When we cloned these fts mutants, we identified an 
important role for plastid gene expression in initiating the 
1O2 signal in fc2 chloroplasts. Mutations affecting PEN-
TATRICOPEPTIDE REPEAT CONTAINING PROTEIN 30 
(PPR30) or “MITOCHONDRIAL” TRANSCRIPTIONAL 
TERMINATION FACTOR 9 (mTERF9) block cell death and 
the induction of nuclear stress genes when 1O2 accumulates 
in chloroplasts (Alamdari et al. 2020). These mutations lead 
to a broad reduction of plastid-encoded RNA-polymerase 
(PEP)-encoded transcripts, which is likely due to the pre-
dicted functions of PPR and mTERF proteins in post-tran-
scriptional gene expression within plastids (Barkan et al. 
2014; Wobbe 2020). In addition, we identified a third gene, 
CYTIDINE TRIPHOSPHATE SYNTHASE 2 (CTPS2), that 
is necessary for 1O2 signaling in the fc2 mutant (Alamdari 
et al. 2021). ctps2 mutants are deficient in chloroplast dCTP, 
leading to reduced chloroplast DNA content and plastid tran-
scripts. Based on these mutations decreasing plastid gene 
expression, we hypothesized that a chloroplast-encoded pro-
tein (or RNA) is essential for the fc2 1O2 signaling pathway 
(Woodson 2022).

The same genetic screen revealed the cellular ubiquitina-
tion machinery is involved with 1O2 signaling in fc2 mutants. 
FTS29 encodes the cytoplasmic plant U-box E3 ubiqui-
tin ligase (PUB4) protein, which is necessary to induce 
1O2-dependent cell death (Woodson et al. 2015). As an E3 
ligase, PUB4 is likely responsible for controlling the place-
ment of ubiquitination modifications on a group of proteins 

in the cell (Callis 2014). Although its targets are unknown, 
1O2-stressed chloroplasts do accumulate ubiquitin-tagged 
proteins. Thus, PUB4 may lead (directly or indirectly) to 
the ubiquitination of proteins associated with the chloro-
plast envelope during 1O2 and photo-oxidative stress (Jeran 
et al. 2021; Woodson et al. 2015). Together, these conclu-
sions suggest posttranslational modifications are a possible 
mechanism a cell could use to identify damaged chloroplasts 
for turnover or repair (Woodson 2019).

Although researchers have identified several signaling 
1O2 factors, they primarily study these components in the 
1O2 accumulating genetic backgrounds in which they were 
identified. Presently, some evidence suggests these pathways 
are independent; ex1 does not suppress cell death in the fc2 
(Woodson et al. 2015), ch1 (Ramel et al. 2013), or acd2 
mutants (Pattanayak et al. 2012). As such, we hypothesize 
that multiple chloroplast 1O2 signaling pathways exist to 
control cellular degradation and nuclear gene expression. 
Here, we compare the fc2, flu, ch1, and acd2 mutants to test 
if they elicit separate chloroplasts signals. A meta-analysis 
of transcriptional responses in these mutants suggests a core 
response with unique signatures exists. However, a genetic 
analysis of these mutants and their suppressors revealed 
two major 1O2 signaling pathways. The flu mutant likely 
uses one distinct EX-dependent signal, while fc2, ch1, and 
acd2 share a second 1O2 signaling pathway with life-stage-
specific (seedling vs. adult) features. Together these results 
demonstrate chloroplast 1O2-signaling is complex and may 
depend on the exact sites of 1O2 production, even within a 
single chloroplast.

Methods

Biological material, growth conditions, 
and treatments

The Arabidopsis ecotype Columbia (Col-0) was used as 
wt and the genetic background for all lines. Mutant lines 
used in this study are listed in Table S1. The fc2-1 T-DNA 
insertion line (GABI_766H08) (Woodson et al. 2011) and 
the oxi1 T-DNA insertion line (GABI_355H08) (Camehl 
et al. 2011) used were from the GABI (Kleinboelting et al. 
2012) T-DNA collections and were described previously. 
The ex1-2 (SALK_002088), ex2-2 (SALK_021694), and 
ex2-3 (SALK_121009) T-DNA insertion lines used were 
from the SALK T-DNA collections (Alonso et al. 2003). 
SALK_002088 (Lee et  al. 2007) and SALK_021694 
(Uberegui et  al. 2015) were previously described. The 
cry1-304 (Bruggemann et al. 1996), pub4-6 (Woodson et al. 
2015), acd2-2 (Mach et al. 2001), flu-1 (Meskauskiene et al. 
2001), ppr30-1 (Alamdari et al. 2020), and ch1-1 (Havaux 
et  al. 2007) mutants were described previously. Higher 
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order mutant combinations were generated by crossing and 
confirmed by PCR genotyping where applicable (primer 
sequences listed in Table S2).

Seeds were surface sterilized and plated using one of two 
methods; (1) a previously described liquid bleach washing 
protocol (Alamdari et al. 2020). Briefly, seeds were washed 
in 30% bleach with 0.04% Triton X-100 (v/) and then rinsed 
with sterile water three times by pelleting seeds at 3500×g 
for 1 min. (2) Chloride gas sterilization. For chloride gas 
surface sterilization, approximately 25–100 µl of seed was 
placed in 2 mL microcentrifuge tubes and placed in an air-
tight chamber with their lids open. Five mL of concentrated 
HCl were added to 150 mL of bleach (3.33% v/v) and the lid 
to the chamber was put on immediately. Seeds were removed 
24 h later and allowed to air out for 15 min before plat-
ing. Sterilization Method 1 was used for plants monitored 
or assayed in the seedling stage. Sterilization Method 2 was 
used for growing plants for bulking seed, genotyping, and 
adult-stage experiments. Seeds were plated on Linsmaier 
and Skoog medium pH 5.7 (Caisson Laboratories North 
Logan, UT) with 0.6% micropropagation type-1 agar pow-
der. Seeds were stratified for 4 to 5 days in the dark at 4 °C 
and were germinated in control conditions: constant white 
light (~ 120 μmol photons m−2 s−1) at 22 °C. To initiate 
stress signaling in fc2 mutant seedlings, plates were germi-
nated under 6 h light/18 h dark diurnal light cycling condi-
tions. To initiate cell signaling in flu seedlings, plates were 
germinated under control conditions, shifted to the dark after 
5 days for up to 24 h (by wrapping in aluminum foil), and 
re-exposed to light.

To test adult phenotypes, seedlings were grown under 
seedling control conditions, transferred to soil, and grown 
under adult control conditions (100 μmol photons m−2 s−1 of 
constant light at 22 °C). To initiate stress signaling in fc2 and 
flu adult mutants, plants were shifted to 16 h light/8 h dark 
diurnal light cycling conditions when 21 days old. Seeds 
used for experiments were harvested from plants of a similar 
age. Photosynthetically active radiation was measured using 
a LI-250A light meter with a LI-190R-BNC-2 Quantum 
Sensor (LiCOR). All above experiments were performed in 
chambers with cool white fluorescent bulbs.

To initiate and monitor EL signaling in seedlings, plants 
were grown as described above, but in a Percival LED-30L1 
with white LED lights at 120 μmol photons m−2 s−1. When 
7 days old, the seedlings were then transferred to an EL 
chamber (a Percival LED 41L1 chamber with SB4X All-
White SciBrite LED tiles) and exposed to 1200 μmol pho-
tons m−2 s−1 white light at 10 °C for 24 h. Maximum PSII 
quantum yield (Fv/Fm) was monitored in a FluorCam cham-
ber (Closed FluorCam FC 800-C/1010-S, Photon Systems 
Instruments) as previously described (Lemke et al. 2021). 
For adult plants, seven-day-old seedlings were transferred 
to soil and grown under 70 μmol m−2 s−1 white light from 

LED panels until plants were 18 days old. The plants were 
then exposed to 1300 μmol photons m−2 s−1 white light at 
10 °C in the EL chamber. Fv/Fm was monitored the same as 
for the seedlings.

Transcriptome data analysis

Previously published microarray expression data was gath-
ered from studies describing fc2 (Woodson et al. 2015), flu 
(op den Camp et al. 2003), ch1 (Ramel et al. 2013), and 
ß-cc treated wt plants (Ramel et al. 2012). RNAseq data of 
flu mutant seedlings to identify ESORGs was from (Dogra 
et  al. 2017). As the Affymetrix GeneChip Arabidopsis 
ATH1 Genome Array (fc2 and flu datasets, Table S3) and 
the CATv5 microarray (ch1 and ß-cc datasets, Table S4) 
have different gene coverage, only genes contained in both 
were used in the analysis. Gene groups recognized by a sin-
gle probe were also removed as expression values could not 
be assigned to one specific gene. Finally, organellar gene 
transcript levels were removed from the analyses and only 
nuclear-encoded transcripts were considered. This left a total 
19,895 genes for comparative analyses (Table S5).

Differentially expressed genes (DEGs) (induced or 
repressed) were identified from each dataset. For the fc2 
dataset, 4-day-old etiolated wt and fc2 seedlings were com-
pared 2 h after light exposure (Table S6). For the flu data-
set, wt and flu adult plants were compared after 8 h dark 
and 1 h light re-exposure (Table S7). For the ch1 dataset, 
ch1 adult plants were treated with 2 days of EL and com-
pared to untreated ch1 (Table S8). For the ß-cc treatment 
dataset, wt plants treated with ß-cc for 4 h were compared 
to water-treated controls (Table S9). For these datasets, we 
applied cutoff values of ±  ≥ twofold mean expression and 
adjusted (Bonferroni) p-value ≤ 0.05. However, for the adult 
flu mutant dataset (op den Camp et al. 2003), an unreported 
significance cutoff was already applied by the authors. For 
the ESORG dataset, flu seedlings were placed in the dark 
for 4 h and then exposed to 30 or 60 min of re-illumination 
and compared to flu seedlings without re-illumination. A 
list of 168 ESORGs were identified (≥ twofold induction, 
FDR ≤ 0.05 cutoffs) that overlapped with an earlier analysis 
of induced transcripts in the flu mutant (Chen et al. 2015) 
(Table S10). These gene lists were then compared using 
the program Venny 2.1 by Juan Carlos Oliveros (https://​
bioin​fogp.​cnb.​csic.​es/​tools/​venny/​index.​html) [Oliveros 
(2007–2015)]. Genes overlapping between mutants are listed 
in Tables S11 (up-regulated) and S12 (down-regulated), 
between mutants and ß-cc treatment are listed in Tables 
S13 (up-regulated) and S14 (down-regulated), and between 
mutants and ESORGs are listed in Table S15. Table S16 
displays additional details regarding plant growth, and RNA 
extraction/processing to generate the published datasets.

https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://bioinfogp.cnb.csic.es/tools/venny/index.html
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Gene ontology enrichment analyses

Using gene lists from Tables S11–15, gene ontology (GO) 
terms were identified using GO::TermFinder (https://​go.​
princ​eton.​edu/​cgi-​bin/​GOTer​mFind​er) (Boyle et al. 2004) 
and GO terms were selected based on a p-value ≤ 0.01. Qual-
ifying GO terms were exported to REVIGO for visualization 
(http://​revigo.​irb.​hr) (Supek et al. 2011).

Polymerase chain reactions and genotyping

Approximately 100 mg of fresh tissue was flash-frozen in 
liquid nitrogen for 5 min and crushed using 2 silica beads 
in a Mini-BeadBeater (Biospec Products) for 1 min in 2 mL 
microcentrifuge tubes. DNA was extracted using 750 μL of 
2xCTAB (2% w/v) solution (1.4 M NaCl, 100 mM Tris–Cl 
pH 8.0, 20 mM EDTA) with 0.3% v/v beta-mercaptoethanol. 
Samples were incubated for 20–24 h at 65 °C. Debris was 
pelleted for 5 min at 10,000×g at room temperature. 700 
uL of the supernatant was moved to a clean tube and a 1:1 
chloroform extraction was performed. Tubes were mixed for 
2 min and left to rest for 5 min. Next, tubes were centrifuged 
for 10 min at 10,000×g to separate the aqueous and organic 
phases. 600 μL of the aqueous layer was moved to a new 
tube containing 240 μL 5 M NaCl and 840 μL of 100% iso-
propyl alcohol. Tubes were mixed for 2 min, incubated at 
room temperature for 10 min, and incubated at 4 °C for 24 h. 
DNA samples were pelleted for 30 min at 4 °C at 21,000×g. 
Two 1 mL 75% ethanol washes were performed, mixing the 
tubes by hand and pelleting for 2 min at 4 °C at 21,000×g, 
pouring the supernatant off each time. The tubes were spun 
at 21,000×g for 30 s and the supernatant was removed. DNA 
pellets were dried for 2 h in a laminar flow hood and resus-
pended in 75 μL of DNAse-free water, incubating for 24 h 
at 4 °C.

PCR samples were amplified using GoTaq Green Master 
Mix (Promega) according to the manufacturer’s instructions. 
20 μL reactions were performed, using 10 μL of GoTaq 
Green Master Mix, 1 μL of 10 μM primer A, 1 μL of 10 μM 
primer B, 6 μL of sterile water, and 2 μL of genomic DNA 
sample. For PCR samples not requiring restriction enzyme 
digestion (see below), DNA fragments were separated in a 
1% (w/w) agarose gel containing 0.625 mg/mL ethidium 
bromide for 30 min at 120 V. Gels were imaged using a UV 
box. For unknown reasons, we were unable to amplify the 
left border of the oxi1 T-DNA (GABI_355H08) using prim-
ers specific to the left T-DNA border and the OXI1 sequence 
(JP1291/JP285). Instead, this mutation was confirmed by the 
inability to amplify wt OXI1 using the primer set JP1291/
JP1292 and 100% resistance (no segregation) to 5 µg/ml 
sulfadiazine (the antibiotic marker cassette in GABI T-DNA 
sequences).

For genotyping requiring a restriction enzyme digestion 
(dCAPs), 10 μL digestions were performed. In a new tube, 
5 μL of PCR product, 4.4 μL of nuclease-free water, 0.5 μL 
of the appropriate 10 × buffer, and 0.1 μL of the appropriate 
enzyme were combined and mixed gently by hand. Samples 
were incubated at 37 °C overnight. DNA fragments were 
separated in a 3% agarose gel containing 0.625 mg/mL eth-
idium bromide until the dye front was at the end of the gel. 
The gel was imaged using a UV box. Table S2 lists enzymes 
and expected fragment sizes.

RNA extraction and real‑time quantitative PCR

Total RNA extraction, cDNA synthesis, and RT-qPCR 
was performed as previously described (Alamdari et al. 
2020), using the RNeasy Plant Mini Kit (Qiagen), Maxima 
first strand cDNA synthesis kit for RT-qPCR with DNase 
(Thermo Scientific), and the SYBR Green Master Mix (Bio-
Rad), respectively, according to the manufacturers’ instruc-
tions. RT-qPCR experiments were all performed using a 
CFX Connect Real Time PCR Detection System (Bio-Rad). 
For expression analyses, all genes were normalized using 
ACTIN2 as a standard. The primers used for RT-qPCR are 
presented in Table S2.

Chlorophyll measurements

Chlorophyll was measured as previously described (Alam-
dari et al. 2021). Briefly, seeds were stratified for 5 days 
and counted prior to germination. Seedlings were collected 
7 days after germination. Approximately 30–60 seedlings 
were used per seed line, and at least 3 biological replicates 
were collected for both constant light and diurnal cycling 
light conditions. Seedlings were flash-frozen in liquid 
nitrogen for 5 min and crushed using a Mini-BeadBeater 
(Biospec Products) for 1 min. Constant light samples were 
extracted in 1.2 mL of 100% ethanol, and diurnal light 
samples were extracted in 0.150 mL of 100% ethanol. Cell 
debris was pelleted and removed at 12,000×g for 30 min at 
4 °C. The debris removal process was repeated twice before 
readings were taken. Chlorophyll was measured spectropho-
tometrically at 652 nm and 665 nm with a Varioskan LUX 
spectrophotometer with optically clear 96 well plates. Path 
corrections were calculated and chlorophyll concentrations 
were determined based on a previously described protocol 
(Warren 2008). Each biological replicate is a mean of 3 tech-
nical replicates. Total chlorophyll content was normalized to 
the number of seedlings collected.

Protochlorophyllide measurements

Protochlorophyllide (Pchlide) was measured as previously 
described (Shin et al. 2009). Briefly, seeds were stratified 

https://go.princeton.edu/cgi-bin/GOTermFinder
https://go.princeton.edu/cgi-bin/GOTermFinder
http://revigo.irb.hr
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for 4 days and counted prior to germination, which was ini-
tiated with 1 h of white light in control conditions. Seed-
lings were grown in the dark for 4 days at 22 °C. Tissue 
(10 seedlings per replicate) was collected in dim green light 
and stored in amber 1.5 mL tubes containing 2 silica beads 
after flash-freezing with liquid nitrogen. Seedlings were 
crushed using a Mini-BeadBeater (Biospec Products) for 
1 min. Pchlide was extracted using 1 ml of 80% acetone 
(v/v). In a black plastic 96-well plate (Grenier Bio-One), 
200 µl of sample was loaded, with 3 biological replicates 
per genotype. The fluorescence of the samples was measured 
(excitation 440 nm/emission at 638 nm) with a Varioskan 
LUX spectrophotometer.

Singlet oxygen measurements

Singlet oxygen was measured as previously described 
(Alamdari et al. 2020). Briefly, seedlings were grown on 
plates in 6 h light/18 h dark diurnal cycling light conditions. 
As day three concluded, seedlings were moved to 1.5 ml 
microcentrifuge tubes containing 250 µl of ½-strength Lins-
maier liquid media, wrapped in foil, and incubated at 22 °C 
for 18 h in the dark. An hour prior to subjective dawn on 
day four, 50 µM of 1.5 mM Singlet Oxygen Sensor Green 
(SOSG, Molecular Probes) and 0.1% Tween 20 (v/v) was 
added to the medium under dim, green light (final concen-
tration of 250 µM). Seedlings were vacuum infiltrated for 
30 min in the dark. After 30 additional min, seedlings were 
exposed to light for 3 h. Seedlings were washed once with 
1 ml of ½-strength Linsmaier and Skoog medium pH 5.7 
prior to imaging with a Zeiss Axiozoom 16 fluorescent ste-
reo microscope equipped with a Hamamatsu Flash 4.0 cam-
era and a GFP fluorescence filter. At least 12 seedlings from 
each genotype were monitored and average fluorescence per 
mm2 was quantified using ImageJ, choosing the brightest 
cotyledon per seedling.

Assessment of cell death

Cell death was measured in plant tissue as previously 
described (Woodson et al. 2015). Briefly, tissue was stained 
with a trypan blue solution [10 ml phenol, 10 ml glycerol, 
10 ml lactic acid, 10 ml H2O, and 0.02 mg trypan blue 
(Sigma)] diluted with 2 volumes of 100% ethanol. The tissue 
in the staining solution was boiled for 2 min at 100 °C and 
incubated at room temperature overnight. Non-specific stain 
was removed using 2 overnight chloral hydrate (25 g/10 mL 
water) incubations. Tissue was moved to 30% glycerol for 
imaging. The intensity of the trypan blue stain was meas-
ured with ImageJ using at least 6 seedlings from each geno-
type and was normalized to the area of the cotyledon and 
then wt. The darkest cotyledon per seedling was chosen for 
measurements.

Lesion counting

To assess leaf lesion formation in adult plants, plants were 
grown under 16 h light/8 h dark diurnal cycling light con-
ditions until lesions became apparent in some plants (day 
18). Lesions were counted for each plant for an additional 
18 days.

Results

Singlet oxygen accumulation in the fc2, flu, 
and ch1 backgrounds leads to overlapping nuclear 
transcriptomic responses

The Arabidopsis fc2 (Woodson et al. 2015), flu (op den 
Camp et al. 2003), and ch1 (Ramel et al. 2013) mutants 
produce excess 1O2 in the chloroplast, which leads to the 
induction of nuclear genes and cell death. However, we do 
not know if these three mutants utilize the same 1O2 signal-
ing pathways to promote these outcomes. To test if these 
mutants share 1O2 pathways, we assessed the similarity of 
the nuclear responses to chloroplast 1O2 accumulation. We 
mined publicly available gene expression datasets to identify 
targets of the 1O2 signal in each genetic background [i.e., 
differentially expressed genes (DEGs)]. For the fc2 dataset, 
4-day-old etiolated (dark-grown) seedlings were exposed 
to light for 2 h (Woodson et al. 2015). The flu dataset was 
generated using plants grown to the rosette life stage, incu-
bated in the dark for 8 h, and then collected 1 h post light 
re-exposure (op den Camp et al. 2003). The ch1 dataset was 
from plants grown for 5–8 weeks and exposed to 8 h of EL 
for 2 days (Ramel et al. 2013). We also analyzed datasets 
from β-cc-treated wt plants. These plants were grown for 
4 weeks and exposed to β-cc for 4 h before sample collec-
tion (Ramel et al. 2012). Finally, we compared the list of 
ESORGs identified in flu seedlings grown for 5 days under 
constant light, dark incubated for 4 h, and re-exposed to 
light for 30 or 60 min before sample collection (Dogra et al. 
2017). Unfortunately, there is not a publically available tran-
scriptome dataset for the acd2 mutant. Additional informa-
tion on the datasets is listed in Table S16.

Next, we filtered the datasets to identify DEGs using cut-
offs of ≥ twofold difference and an adjusted p-value ≤ 0.05 
(Tables S6–10). Finally, we compared these lists of genes 
for each background/treatment group to identify DEGs 
shared between groups (Tables S11–15). Of the identified 
1633 DEGs from the mutants, the majority of upregulated 
and downregulated DEGs were unique (Fig. 1 A and B, 
Table S17). At the same time, a subset of DEGs were shared 
between the mutants (between 28.8 and 40.9% of total DEGs 
from one mutant overlapped with another). While the over-
lap appeared similar between the three mutants (8.5–31.0% 
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DEGs within a set), the overlap between the flu and ch1 
DEGs was slightly larger (31.0% of flu DEGs and 23.1% of 
ch1 DEGs) than with fc2 (13.8% and 8.5% of flu and ch1 
DEGs, respectively). In general, we observed more overlap 
between up-regulated DEGs than down-regulated DEGs 
among the three genetic backgrounds.

Furthermore, we compared these DEGs to those identi-
fied in β-cc–treated wt plants (Fig S1A, B and Table S18). 
While we observed overlap with each mutant (8.0–18.7%), 

the largest overlap was observed between β-cc–treated 
wt plants and EL treated ch1 mutants (18.7%). ESORGs 
identified in flu seedlings also showed a degree of over-
lap with each mutant (4.8–11.7%), but the largest overlap 
was observed with adult flu mutants (11.7%) (Fig. S1C and 
Table S19). Together, these results suggest that a core tran-
scriptional response to chloroplast 1O2 occurs regardless of 
stress type, life stage, or stress duration.

To uncover roles of the overlapping gene expression, we 
conducted Gene Ontology (GO) term enrichment analyses. 
Only 25 and 11 genes were up-regulated or down-regulated, 
respectively, within all three mutant datasets (Table S20). 
The small number of genes limited our ability to perform 
robust GO-term analyses. However, within the up-regu-
lated genes we did observe an enrichment for three terms 
(adjusted p-values ≤ 0.05):  “cellular response to hypoxia,” 
“response to chitin,” and “transcription.” The latter is due 
to the presence of eight transcription factors including three 
ethylene response factors (ERFs), two WRKY transcription 
factors, and two zinc-finger proteins. Of the 11 down-reg-
ulated genes, the only significantly enriched GO term was 
“chloroplast” and four of these genes encode chloroplast-
localized proteins. These included two involved in tetrapy-
rrole synthesis; CH1 (discussed herein) and GENOMES 
UNCOUPLED 4 (GUN4). The latter encodes a positive 
regulator of chlorophyll synthesis that binds Proto (Larkin 
et al. 2003) and affects photo-oxidative stress in chloroplasts 
(Li et al. 2021).

To increase the number of genes in our analyses, we next 
focused on genes upregulated in at least two genetic back-
grounds (fc2, flu, or ch1) and found a diverse array of GO 
terms (Fig. S2A). However, the majority clustered around 
“response to stress,” “regulation of cellular processes,” and 
“aromatic compound biosynthetic process.” For genes down-
regulated in two or more genetic backgrounds (Fig. S2B), we 
identified fewer GO terms and they had lower significance 
scores. Nonetheless, we observed four terms associated with 
photosynthesis: “pigment metabolic process,” “porphyrin-
containing compound metabolic process,” “tetrapyrrole 
metabolic process,” and “photosynthesis, light harvesting in 
photosystem I.” Our result is consistent with earlier studies 
indicating 1O2 signals reduce the expression of photosyn-
thesis protein-encoding genes to minimize photo-oxidative 
damage in the light (Page et al. 2017).

Continuing our GO term enrichment analysis, we tested 
the DEGs in common with β-cc-treated wt and at least one 
other genetic background (fc2, flu, or ch1). For up-regulated 
genes, we observed an enrichment for many GO terms found 
in common between the genetic backgrounds (Fig. S3A), 
with one large cluster around “response to chemical.” Some 
small differences include GO terms related to “sulfur com-
pound metabolic process” and “plant organ senescence.” 
Despite these differences, the overall similarity suggests 
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Fig. 1   Meta-analysis of transcriptome expression data from three 
chloroplast 1O2-producing mutant backgrounds. Transcriptome data-
sets from three Arabidopsis thaliana 1O2-producing mutants were 
analyzed; fc2 (Woodson et al. 2015), flu (op den Camp et al. 2003), 
and ch1 (Ramel et al. 2013). Shown are Venn diagrams of differen-
tially expressed genes (DEGs) A up-regulated or B down-regulated 
during chloroplast 1O2 stress in fc2, flu, and ch1. A ≥ twofold change 
and ≤ 0.05 adjusted p-value cutoffs were applied for all datasets where 
applicable. Additional information on the experiments are provided in 
Table S16. Tables S11 and 12 list the DEGs. Within each circle are 
the number of shared DEGs and the percentage of total DEGs (1019 
up-regulated and 614 down-regulated) from the analysis
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β-cc induces a similar response to the genetic backgrounds 
under photo-oxidative stress, further implicating this sec-
ondary metabolite in photo-oxidative stress signaling. As 
before, we found fewer GO terms with less significance 
with the down-regulated genes, yet we identified three terms 

associated with cell wall modifications (Fig. S3B). These 
results indicate plants may change their cell walls during 
1O2 stress.

Finally, we performed a GO term enrichment analysis 
of ESORGs (Dogra et al. 2017) up-regulated in at least 

a
24 h light

6 h light / 
18 h dark 

wt
fc2 fc2

ex
1 e

x2
-2 fc2

pp
r30

-1 fc2
ox

i1fc2

cry
1-3

04fc2

pu
b4

-6

e

h

400

300

200

100

0re
la

tiv
e 

si
ng

le
t o

xy
ge

n
se

ns
or

 g
re

en
 in

te
ns

ity
 (%

w
t)

wt
fc2

fc2
 ex

1

ex
2-2

a
a

b
f

250

200

150

100

50

0re
la

tiv
e 

pr
ot

oc
hl

or
op

hy
lli

de
le

ve
ls

 (%
 w

t)

wt
fc2

fc2
 ex

1

fc2
 ex

2-2

fc2
 ex

1

ex
2-2

ab

b

a

c
c

1.25

1.00

0.75

0.50

0.25

0.00to
ta

l c
hl

or
op

hy
ll 

(µ
g)

 / 
se

ed
lin

g

wt
fc2

fc2
 ex

1 e
x2

-2 

fc2
 ex

2-2

fc2
 ex

1
ex

1
ex

2-2

ex
1 e

x2
-2

a
a

a

b

bd

b

de

e

g

wt
fc2

fc2
 ex

1

ex
2-2

c

wt
fc2

re
la

tiv
e 

in
te

ns
ity

 o
f t

ry
pa

n
bl

ue
 s

ig
na

l (
%

w
t 2

4h
 li

gh
t)

***

2000

1500

1000

500

0

***

***

***

fc2

ex
1 e

x2
-2fc2

pp
r30

-1 fc2
ox

i1fc2

cry
1-3

04fc2

pu
b4

-6

ns
ns

ns

ns

ns

ns ns

ns

24 h light
6 h light / 18 h dark

wt
fc2 fc2

ex
1 e

x2
-2 fc2

pp
r30

-1 fc2
ox

i1fc2

cry
1-3

04fc2

pu
b4

-6

re
la

tiv
e 

ex
pr

es
si

on
 / 

A
C

TI
N

2 
st

an
da

rd
 (%

w
t)

d
SIB1
HSP26.5

BAP1
ATPase

ZAT12
CYC8100,000

10,000

1,000

100

10

***
***

*** *

**

***

***

*** ***

**

***

*** ***

***

b

wt
fc2 fc2

ex
1 e

x2
-2fc2

pp
r30

-1 fc2
ox

i1fc2

cry
1-3

04fc2

pu
b4

-6

6 h light / 
18 h dark 

24 h light



175Plant Molecular Biology (2023) 111:167–187	

1 3

one genetic background (Fig. S4). We observed a strik-
ing similarity with GO terms identified through compar-
ing mutants (Fig. S2A), having clusters around “response 
to stress,” “regulation of response to stress,” and “aromatic 
compound biosynthetic process.” We partly expected this 
result as Dogra et al. (2017) identified these ESORGs from 
flu seedlings. However, we also observed an enrichment for 
the GO terms “cellular response to hypoxia” and “cellular 
ketone metabolic process,” the latter suggesting a role for 
secondary metabolite synthesis or signaling.

Overall, the similarity between the GO term analyses of 
up-regulated genes within the datasets suggest plants have 
a core transcriptional response to 1O2 stress to induce the 
expression of genes broadly involved with stress, signal-
ing, and secondary metabolites and to down-regulate genes 
involved in chloroplast function and tetrapyrrole synthe-
sis. However, our analysis shows a large number of unique 
DEGs attributed to each mutant and condition suggesting 
that plants use different pathways depending on the specific 
source and site of chloroplast 1O2 stress. To delve deeper 
into the uniqueness of each genotype’s response to chloro-
plast stress, we identified the top 28 significant GO terms 
associated with DEGs unique to each background totaling 61 
different GO terms (Table S21). We did not include down-
regulated genes in this analysis as the flu dataset contained 
41 genes, too few for a robust enrichment analysis. Each 
mutant had GO terms unique to itself (64%, 50%, and 43% 
of the GO terms for fc2, flu, and ch1, respectively). For the 
fc2 mutant, GO terms involving heat and hypoxia were 

unique including “response to heat” “response to hypoxia” 
and “response to decreased oxygen levels.” For the flu 
mutant, GO terms involving defense were unique including 
“response to bacterium,” “defense response to bacterium,” 
and “regulation of defense response.” The ch1 mutant had 
the fewest unique GO terms, but they included “response 
to hormone,” “response to abscisic acid,” and “response to 
jasmonic acid.” Despite these differences, we found a 28% 
overlap of the GO terms present in at least two mutants and 
a 10% overlap among all three mutants (notable GO terms 
include “response to stimulus,” “response to stress,” and 
“response to chemical.”) These results illustrate these mutant 
backgrounds activate similar responses (as indicated by 
shared and related GO terms), but utilize unique gene sets.

Testing genetic interactions with the fc2 signaling 
pathway in seedlings

Because the fc2, flu, and ch1 1O2-producing backgrounds all 
conditionally trigger cell death and have overlapping nuclear 
responses (Fig. 1), we tested if they employ the same mecha-
nisms to transmit chloroplast stress signals. Therefore, we 
tested if genetic suppressors identified for one 1O2-producing 
mutant would suppress the others. First, we introduced the 
ppr30, cry1, oxi1, pub4, ex1, and ex2 mutant alleles into 
the fc2 background. We previously demonstrated that ex1 
alone could not suppress cell death or nuclear signaling in 
the fc2 mutant (Woodson et al. 2015) and repeated those 
results here (Fig. S5A–C). Because EX1 and EX2 may have 
partially redundant functions (Page et al. 2017), we also 
introduced two alleles of ex2 (ex2-2; SALK_021694 and 
ex2-3; SALK_121009) with T-DNA insertions in the eighth 
exon and tenth intron, respectively) (Fig. S6A). Research-
ers previously showed ex2-2 is a null allele (Uberegui et al. 
2015), and our analysis confirmed this conclusion. A semi-
quantitative analysis of EX2 transcripts did not detect full-
length transcript in ex2-2 (Fig. S6B). On the other hand, 
ex2-3 produced normal length transcripts and a sequenc-
ing analysis of the amplified ex2-3 cDNA revealed normal 
splicing across the tenth intron. Furthermore, a RT-qPCR 
analysis showed wt levels of EX2 transcript in the ex2-3 
mutant (Fig. S6C). As such, we continued our analysis with 
the ex2-2 null allele.

When grown under constant 24 h light, fc2 mutant seed-
lings appear pale, but healthy (Fig. 2A). However, when 
they grow under 6 h light/18 h dark diurnal cycling light 
conditions, the seedlings bleach and die, whereas wt is unaf-
fected. As reported, the ppr30-1 and pub4-6 mutations sup-
press the bleaching phenotype and keep the seedlings green 
and alive. However, we did not observe any suppression of 
bleaching by cry1-304, oxi1, or the ex1 ex2-2 allele combi-
nation. To confirm these phenotypes, we stained the seed-
lings with trypan blue to assess cell death in cotyledons. As 

Fig. 2   Genetic analysis of singlet oxygen signaling in fc2 mutant 
seedlings. Genetic suppressors of 1O2-producing mutants were tested 
for their ability to suppress the stress phenotypes of fc2 seedlings. A 
Shown are six-day-old seedlings grown under constant light (24  h) 
or diurnal cycling light (6  h light/18  h dark) conditions. B Shown 
are representative trypan blue stains of these seedlings. The dark 
blue color is indicative of cell death. C Shown are mean intensities 
of trypan blue (± SE, n ≥ 4 seedlings) from (B). D RT-qPCR analy-
sis of stress gene markers of four-day-old seedlings grown under 
6 h light/18 h dark conditions harvested 1 h after dawn. Shown are 
mean expression values (± SE, n = 3 biological replicates). Statisti-
cal analyses in (C and D) were performed using a one-way ANOVA 
followed by a Tukey HSD test. Statistical significance in respect to 
wt is indicated as follows: n.s. = p-value ≥ 0.05, * = p-value ≤ 0.05, 
** = p-value ≤ 0.01, *** = p-value ≤ 0.001. E Mean levels of total 
chlorophyll (per seedling) of seven-day-old seedlings grown in 24 h 
light (± SE, n = 3 replicates). F Mean levels of protochlorophyllide 
(Pchlide) of four-day-old dark grown (etiolated) seedlings (± SE, 
n = 3 replicates). G Shown are representative images of four-day-
old seedlings stained with Singlet Oxygen Sensor Green (SOSG). 
Seedlings were grown for 3 days in 6 h light/18 h dark diurnal light 
cycling conditions, dark incubated at the end of day three, and re-
exposed to light on day four. Pictures were acquired 3 h post-dawn. 
H Shown are mean SOSG intensities (± SE, n ≥ 12 seedlings) of these 
seedlings. Statistical analyses in (E, F, and H) were performed using 
a one-way ANOVA followed by a Tukey HSD test. Different letters 
indicate statistical differences (p ≤ 0.05). In bar graphs, closed circles 
represent individual data points

◂
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expected, fc2 mutants stained dark blue after growing under 
6 h light/18 h dark diurnal cycling light conditions, con-
firming cell death (Fig. 2B and C). In line with their visual 
phenotypes, ppr30-1 and pub4-6 significantly reduced cell 
death in fc2, while cry1-304 and oxi1 did not. Surprisingly, 
the fc2 ex1 ex2-2 mutant did not suffer significant levels of 
cell death despite having a bleached appearance.

Next, we tested if these mutations affect retrograde sign-
aling to the nucleus and alter the transcriptional response. 
We measured steady state transcript levels in four-day-old 
seedlings grown under 6 h light/18 h dark diurnal cycling 
light conditions one hour post subjective dawn using RT-
qPCR, probing for six previously identified chloroplast stress 
marker genes [SIB1 and HSP26.5 identified in 1O2-stressed 
fc2 seedlings (Woodson et al. 2015), BAP1 and ATPase 
identified in 1O2-stressed flu seedlings (op den Camp et al. 
2003), and general oxidative stress markers ZAT12 and GST 
(Baruah et al. 2009)]. As shown in Fig. 2D, photo-oxidative 
stress significantly induces expression of five of the six stress 
marker genes (excluding the flu marker BAP1) in fc2 com-
pared to wt. As expected of suppressors, both ppr30-1 and 
pub4-6 reduce induction of these marker genes. In line with 
their bleached phenotypes, cry1-304 and oxi1 did not hugely 
impact of expression of the marker genes. Compared to wt, 
fc2 cry1-304 and fc2 oxi1 experienced significant induc-
tion of all marker genes (except for ZAT12 in fc2 cry1-304). 
Despite its pale appearance, the fc2 ex1 ex2-2 mutant tran-
scriptionally resembled the suppressors (fc2 ppr30-1 and 
fc2 pub4-6) with no significant induction of stress marker 
genes compared to wt. Together, these results suggest nei-
ther CRY1 nor OXI1 play a major role in 1O2-triggered 
cell death or retrograde signaling in fc2 mutant seedlings. 
However, the results reveal a potential genetic interaction 
between fc2 and the ex1 ex2-2 combination.

We did not expect the ex1 ex2-2 combination to suppress 
cell death and transcriptomic responses in fc2 as ex1 does 
not partially suppress these fc2 phenotypes alone [(Woodson 
et al. 2015) and Fig. S5A–C]. To distinguish if ex1 and ex2-2 
additively suppress cell death or if ex2-2 alone is sufficient, 
we generated an fc2 ex2-2 mutant. Under 6 h light/18 h dark 
diurnal cycling light conditions, the fc2 ex2-2 mutant was 
visually similar to the fc2 mutant (Fig. S5A). Furthermore, 
trypan blue stains confirmed the ex2-2 mutation alone did 
not suppress cell death in the fc2 background (Fig. S5B and 
C).

One possible mechanism to suppress cell death in fc2 is 
through reducing tetrapyrrole biosynthesis (either directly 
or by reducing general chloroplast development). Second 
site mutations can accomplish this reduction by decreas-
ing flux through the tetrapyrrole pathway and avoiding 1O2 
accumulation (e.g. plastid protein import and tetrapyrrole 
biosynthesis mutants) (Woodson et al. 2015). Indeed, the fc2 
ex1 ex2-2 mutant appeared very pale even under permissive 

24 h constant light conditions (Fig. 2A). As expected, these 
mutant seedlings had significantly reduced levels of total 
chlorophyll compared to fc2 (Fig. 2E). ex2-2 alone reduced 
chlorophyll levels in fc2, but the ex1 ex2-2 combination 
reduced chlorophyll levels further. This additive effect was 
independent of fc2 as ex1 ex2-2 mutants accumulated less 
chlorophyll than wt. To determine if light-induced degrada-
tion or decreased tetrapyrrole synthesis caused a reduction 
in chlorophyll levels, we measured steady-state protochlo-
rophyllide (Pchlide) levels in etiolated (dark grown) seed-
ling to gauge the flux through the tetrapyrrole pathway. As 
previously shown, fc2 mutants accumulate two-to-three-fold 
excess Pchlide compared to wt [(Woodson et al. 2015) and 
Fig. 2F]. ex1 alone reduced Pchlide levels in fc2, but the 
ex1 ex2-2 combination further lowered Pchlide to wt levels. 
Next, we measured bulk 1O2 levels in four-day-old seedlings 
grown under 6 h light/18 h dark diurnal cycling light condi-
tions using Singlet Oxygen Sensor Green (SOSG) (Fig. 2G 
and H). Two hours after subjective dawn, fc2 mutants accu-
mulated excess 1O2 compared to wt. However, the fc2 ex1 
ex2-2 mutant had wt 1O2 levels. Together, these results sug-
gest the ex1 and ex2-2 mutations additively block fc2 pheno-
types by reducing tetrapyrrole synthesis and 1O2 production 
rather than by directly affecting a signaling mechanism as 
shown in the flu mutant.

Testing genetic interactions with the fc2 signaling 
pathway in adult plants

As life stage could affect the ability of these mutations to 
suppress the fc2 cell death phenotype, we tested for suppres-
sion of cell death in adult plants. We grew plants for 21 days 
under 24 h constant light conditions and shifted them to 16 h 
light/8 h dark diurnal cycling light conditions for 6 days. As 
a control, we kept another set of plants in 24 h constant light 
for the full 27 days. Under constant 24 h light, fc2 plants 
appeared relatively healthy and do not present any indica-
tions of obvious cell death lesions (Fig. 3A). However, after 
shifting to 16 h light/8 h dark diurnal cycling light condi-
tions, fc2 mutants developed leaf lesions. A trypan blue stain 
confirmed these lesions are areas of cell death (Fig. 3B and 
C). If a mutation causes suppression of 1O2 signaling in fc2, 
we expect a reduction in the appearance of leaf lesions under 
these conditions. We found, as expected, that the ppr30 and 
pub4-6 mutations suppressed the fc2 cell death phenotype, 
having fewer observable lesions and less trypan blue stain-
ing than the fc2 single mutant (Fig. 3A–C). Surprisingly, we 
found the oxi1 mutation significantly suppressed lesion for-
mation in the fc2 mutant, suggesting OXI1 may play a role in 
1O2 signaling in fc2 adult plants. The ex1 ex2-2 combination 
did not suppress cell death in adult leaves, consistent with 
these mutations leading to developmental (rather than sign-
aling) defects. As in seedlings, cry1-304 did not suppress 
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cell death, further suggesting CRY1 does not play a strong 
role in 1O2 signaling in the fc2 mutant.

Testing genetic interactions in flu mutant seedlings

To continue our assessment of potential genetic interactions 
of known chloroplast 1O2 suppressors in other 1O2-gener-
ating backgrounds, we monitored phenotypes of 1O2 sign-
aling mutations in the flu mutant background. Previously, 
researchers determined flu mutants accumulate chloroplast 
1O2 proportionally to increasing lengths of time in the dark 
(Wang et al. 2020). To experimentally determine the length 
of time in the dark needed to induce cell death, we treated 
5-day-old wt and flu seedlings to various lengths of time in 

the dark (0, 4, 8, 12, and 24 h) and re-exposed the seedlings 
to light for 36 h. Based on the outcomes shown in Fig. S7A, 
we decided 12 h of dark was adequate to completely bleach 
most flu seedlings within 36 h of light exposure. Therefore, 
we crossed in 1O2 signaling mutations (ex1, pub4-6, cry1-
304, and oxi1) into the flu background to test which muta-
tions may block 1O2 signaling phenotypes.

As expected, the ex1 mutation suppressed bleaching 
in the flu seedlings after a 12 h dark treatment (Fig. 4A), 
while the other mutations did not obviously appear to affect 
bleaching. To confirm our visual assessment, we performed 
a trypan blue stain using the 12 h time point to confirm flu 
mutants experience extensive cell death in their cotyledons, 
and the ex1 mutation significantly reduces this effect to near 

a 

27 days
24 h light

21 days 24 h light,
6 days

16 h light / 8 h dark 

wt
fc2 fc2

ex
1

ex
2-2

 fc2
 

pp
r30

-1 fc2
ox

i1 fc2

cry
1-3

04fc2

pu
b4

-6

re
la

tiv
e 

in
te

ns
ity

 o
f t

ry
pa

n
bl

ue
 s

ig
na

l (
%

w
t i

n 
24

 h
 li

gh
t)c

400

300

200

100

0

16 h light/
8 h dark

24 h light

ns ns
ns

ns

ns

ns

***
***

p value ≤ 0.05

wt
fc2 fc2

ex
1

ex
2-2

 fc2
 

pp
r30

-1
fc2
ox

i1 fc2

cry
1-3

04fc2

pu
b4

-6

***

**

ns

ns

b

27 days 
24 h light

21 days 24 h light,
6 days

16 h light / 8 h dark 

wt
fc2 fc2

ex
1

ex
2-2

 fc2
 

pp
r30

-1 fc2
ox

i1 fc2

cry
1-3

04fc2

pu
b4

-6

Fig. 3   Genetic analysis of singlet oxygen signaling in fc2 mutant 
adult plants. Genetic suppressors of 1O2-signaling were tested for 
their ability to suppress the cell death phenotype of fc2 adult plants. 
A Shown are representative 27-day-old plants grown under constant 
light (24 h) or under 24 h light for 21 days and then shifted to diurnal 
cycling light conditions (16  h light/8  h dark) for 6 additional days. 
White arrows indicate lesions. B Shown are representative trypan 

blue cell death stains for both sets of plants. The dark blue color is 
indicative of cell death. C Shown are mean intensities of trypan blue 
(± SE, n ≥ 3 leaves) from (B). Statistical analyses within each light 
treatment were performed using a one-way ANOVA followed by a 
Tukey HSD test. Statistical significance in respect to wt is indicated 
as follows: ** = p-value ≤ 0.01, *** = p-value ≤ 0.001, not significant 
(ns) = p-value ≥ 0.05. Closed circles represent individual data points
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wt levels (Fig. 4B and C). Consistent with their bleached 
phenotypes, flu pub4-6 and flu oxi stained similarly to flu. 
However, we found flu cry1-304 stained significantly lower 
than flu (p value ≤ 0.001), confirming CRY1 plays at least 
a minor role in 1O2 signaling in flu mutants (Danon et al. 
2006).

Next, we tested if our double mutants activated 1O2–trig-
gered retrograde signaling by measuring the expression of 
stress marker genes [as for fc2 (Fig. 2D)]. Here, we also 
included NOD1, another gene induced in flu mutants (op den 
Camp et al. 2003). We placed 5-day-old seedlings in the dark 
for 12 h and exposed them to 1 h light prior to tissue col-
lection for RNA extraction. In the flu mutant, we observed 

significant induction of all three flu-specific stress marker 
gene transcripts (Fig. 4D). However, this effect was reduced 
by ex1. pub4-6 and cry1-304 did not significantly reduce any 
one of these transcripts. However, oxi1 lowered levels of two 
transcripts (ATPase and NOD1). We tested the other four 
stress marker transcript levels in the flu mutant. We observed 
higher transcript levels compared to wt, but they were not 
significant (Fig. S7B). Furthermore, none of the suppressor 
mutations significantly reduced expression of these marker 
genes. Together, these results suggest PUB4 does not play a 
significant role in facilitating the 1O2 signal in flu mutants, 
while CRY1 plays a minor role in regulating cell death in 
flu seedlings. OXI1 does not play a major role in triggering 
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cell death in the flu mutant, yet it may play a minor role in 
transmitting the retrograde signal to the nucleus.

Testing genetic interactions in flu adult plants

As with the fc2 mutant, we assessed if life stage affected 
1O2-signaling in the flu mutant. We grew wt, flu, and the 
double mutant plants under 24 h constant light conditions 
to avoid 1O2 stress. We then shifted them to 16 h light/8 h 
dark diurnal cycling light conditions for 3 days to accu-
mulate Pchlide and 1O2. As in seedlings, the flu plants 
developed lesions under these conditions, whereas wt 
appeared normal (Fig. 5A). flu ex1 plants exposed to 16 h 
light/8 h dark diurnal cycling light conditions for 5 days 

did not develop leaf lesions, consistent with EX1 playing 
a role in 1O2-triggered cell death regardless of life stage 
(Wagner et al. 2004) (Fig. 5A). As in seedlings, we did not 
observe obvious suppression of the cell death phenotype 
by cry1-304, pub4-6, or oxi1 in adult plants. We confirmed 
these cell death phenotypes with a trypan blue cell death 
stain (Fig. 5B and C). Together, we conclude 1O2 signal-
ing in the flu mutant utilizes the EX1-dependent pathway 
rather than the PUB4 (and possibly OXI1)-dependent 
chloroplast quality control pathway implemented by fc2. 
However, OXI1 may contribute to the retrograde signal-
ing in seedlings to control some nuclear gene expression 
in the flu mutant.
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Testing genetic interactions with the chlorina1 
signaling pathway

Previously, researchers demonstrated that growing the ch1 
mutant under EL stress (≥ 1,100 µmol photons m−2 s−1) 
induces 1O2 signaling (Ramel et al. 2013). The generated 
1O2 initiates cell death, which the oxi1 mutation blocks in 
adult plants (Shumbe et al. 2016). Furthermore, research-
ers demonstrated EX1 and EX2 are not involved in ch1’s 
1O2 signaling since ch1 ex1 ex2 mutants suffer from a com-
parable level of EL-triggered cell death to ch1 (Ramel 
et al. 2013). Here, we tested the involvement of PUB4 
in transmitting this 1O2 signal. We grew seedlings under 
permissive light conditions (120 µmol photons m−2 s−1) 
for 7 days and shifted them to 1200 µmol photons m−2 s−1 
for 24 h. We lowered the ambient temperature to 10 °C to 
avoid any incidental heat stress caused by the increased 
radiation. Within 2 h, all seedlings experienced a decrease 
in maximum photosystem II quantum efficiency (Fv/
Fm), which continued to decrease for 24 h of treatment 
(Fig.  6A). Furthermore, we observed photo-bleaching 
of cotyledons after 12 h of EL. Photo-bleaching wors-
ened after 24 h (Fig. 6B). At the same time points, we 
observed increased susceptibility (lowered Fv/Fm values 
and increased bleaching) of the ch1 mutant to EL stress, 
consistent with its chloroplasts experiencing increased 
photo-damage (Ramel et al. 2013). The pub4-6 mutation 
partially reversed these effects (increased Fv/Fm values at 
2 and 6 h EL and delayed bleaching at 12 h EL), while 
the oxi1 mutation did not reverse them. Additionally, we 
observed increased tolerance of the pub4-6 single mutant 
to EL compared to wt, having higher Fv/Fm values at 2 and 
6 h EL and delayed bleaching at 12 h EL (Fig. 6A and B). 
Together, these results suggest PUB4 may be involved in 
EL-triggered 1O2 signaling in the seedling stage.

As researchers previously studied the ch1 EL-treated 
phenotype in adult plants and leaves (Ramel et al. 2013; 
Shumbe et al. 2016), we tested EL sensitivity in 18-day-
old plants. We grew plants under permissive light condi-
tions (70 µmol photons m−2 s−1) for 18 days. Next, we 
shifted them to 1300 µmol photons m−2  s−1 at 10  °C. 
Similar to seedlings, all plants experienced an immediate 
decrease in Fv/Fm values indicating photo-damage (Fig. 
S8A). Again, the ch1 mutant was particularly susceptible. 
oxi1 and pub4-6 did not significantly affect Fv/Fm values 
in the ch1 background (although pub4-6 single mutants 
had significantly higher Fv/Fm values compared to wt at 6 
and 12 h EL). However, oxi1 and pub4-6 attenuated photo-
bleaching in both wt and ch1 backgrounds (Figs. 6C and 
S8B). Together, our results suggest both OXI1 and PUB4 
play a role in transmitting EL-triggered stress signals, but 
OXI1 may play a stage-specific role in adult leaves.

Onset of lesions in the acd2 mutant was slowed 
by pub4‑6

As pub4-6 mitigated 1O2-induced cell death in the fc2 and 
ch1 mutants, we investigated if it can affect lesion formation 
caused by other sources of ROS. Therefore, we examined 
the effect of the pub4-6 mutation in the ROS and lesion 
accumulating acd2 mutant. Prior work determined that a 
cry1 mutation or an ex1 ex2 combination did not signifi-
cantly alter the accumulation of lesions, suggesting the flu 
signaling pathway is not being used in acd2 to induce cell 
death (Pattanayak et al. 2012). As PUB4 appears to represent 
another separate 1O2 pathway, we tested if PUB4 plays a 
role in lesion formation in acd2 mutants by generating acd2 
pub4-6 double mutants and growing them alongside wt and 
the corresponding single mutants under 16 h light/8 h dark 
diurnal light cycling conditions. Initially, acd2 mutant plants 
appeared healthy and comparable to wt. However, after 
18 days, acd2 mutants began to randomly develop lesions 
of cell death on their leaves, which accumulated until senes-
cence (Figs. 7A and B and S9). Conversely, we observed the 
acd2 pub4-6 double mutant appeared healthier than the acd2 
single mutant, and developed fewer leaves with lesions over 
time. At 36 days, we stopped the experiment as we could 
not reliably distinguish between acd2-specific and normal 
leaf senescence lesions. This early senescence was particu-
larly apparent in pub4-6 as previously reported (Woodson 
et al. 2015). Together, these data suggest PUB4 is involved 
in regulating ROS-induced lesion formation in acd2 plants.

Discussion

Despite knowing chloroplast 1O2 has signaling capabilities, 
natural stresses complicate its study by causing complex 
ROS signatures in plant cells (Choudhury et al. 2017; Rosen-
wasser et al. 2013). Thus, to dissect 1O2 signals, research-
ers use several Arabidopsis mutants that conditionally and 
specifically produce this ROS, including fc2 (Woodson et al. 
2015), flu (Meskauskiene et al. 2001), ch1 (Ramel et al. 
2013), and acd2 (Pruzinská et al. 2007). To assess how 
similar these signaling pathways are, we compared publicly 
available transcriptomic data for the fc2, flu, and ch1 mutants 
(the acd2 mutant did not have an available dataset for com-
parison). We found each mutant shared a proportion of their 
DEGs with the other two mutants (Fig. 1). Between all three 
data sets, 25 and 11 were shared among the up-regulated and 
down-regulated genes, respectively, which may indicate a 
core response to 1O2. The small number of genes limited 
our analysis, but it was noteworthy that many of the up-
regulated genes encoded well-studied proteins involved in 
stress and defense, which indicates 1O2 signals converge into 
cellular stress networks (Table S20). These included MAP 
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KINASE KINASE 9 (MKK9) [encodes a kinase involved in 
inducing leaf senescence via MPK6 (Zhou et al. 2009)], 
ORTHOLOG OF SUGAR BEET HS1 PRO-1 2 (HSPRO2) 
[encodes a protein involved in basal defense against bac-
terial pathogens (Murray et al. 2007)], IDA-LIKE7 (IDL7) 
[encodes a negative regulator of stress-induced ROS (Vie 
et al. 2017)], STRESS-ASSOCIATED PROTEIN 12 (SAP12) 
[encodes a protein involved in stress responses and is a tar-
get of the nematode effector protein MiPDI1 (Zhao et al. 
2020)], DEHYDRATION-RESPONSIVE ELEMENT BIND-
ING PROTEIN 2 (DREB2) [encodes a transcription fac-
tor involved in heat and dehydration stress (Sakuma et al. 
2006)], ZAT12 [encodes a zinc finger transcription factor and 
is a commonly used marker gene for 1O2 and photo-oxidative 
stress (Baruah et al. 2009)], WRKY22, and WRKY18 [encode 
transcription factors involved in defense responses to aphids 
and microbial pathogens, respectively (Kloth et al. 2016; Xu 
et al. 2006)]. Of the down-regulated genes, the only GO-
term enriched was “chloroplast.” Notably, two of these genes 
encode enzymes in tetrapyrrole synthesis (CH1 and GUN4) 
suggesting that turning down tetrapyrrole synthesis may be a 

common response to chloroplast 1O2 stress, possibly to avoid 
further 1O2 accumulation.

Many more genes were shared by only two mutants 
(Fig. 1), which were enriched with GO-terms related to 
stress (up-regulated genes) or photosynthesis and tetrapy-
rroles (down-regulated genes). We were surprised by this 
level of overlap since the datasets represent samples col-
lected from different ages (seedling vs. adult) and grown in 
different conditions to elicit 1O2 stress in the chloroplasts. 
Therefore, we hypothesize these genotypes share a core 
transcriptomic response and that the different sources of 
1O2 converge on some transcriptomic responses. To further 
support our hypothesis, we found ß-cc responsive genes and 
ESORGs in the mutant datasets (Fig. S1A-C). Notably, as 
we found ß-cc responsive genes in the fc2 and flu datasets, 
we can hypothesize these mutants produce ß-cc. Such meas-
urements, however, have not yet been reported.

Notwithstanding the similarities found in the transcrip-
tomic meta-analysis, we identified DEGs specific to each 
background (Fig. 1A). Although these DEGs were unique, 
we found they produced similar GO-terms between mutants 
for up-regulated genes (Table S21). These GO terms include 
“response to stimulus,” “response to stress,” and “response 
to chemical.” These results may indicate these mutants 
employ different sets of genes with similar functions for 
the cell to respond or acclimate appropriately to a specific 
stress. As each of these mutants produce 1O2 differently, we 
hypothesize such ROS signatures may mimic those caused 
by different types of environmental stress (Rosenwasser et al. 
2013).

Our meta-analysis revealed the potential for the exist-
ence of multiple 1O2 signaling pathways in these mutants. 
Therefore, we took a genetic approach to identify potential 
converging points of these pathways. We hypothesized that if 
a secondary suppressor mutation for one mutant background 
has a genetic interaction within a different mutant back-
ground, these two mutant backgrounds may share a portion 
of their signaling cascades. First, with fc2 mutant seedlings, 
we observed the ppr30-1 and pub4-6 mutations suppressed 
cell death and retrograde signaling as previously described 
(Alamdari et al. 2020; Woodson et al. 2015). Initially, we did 
not notice obvious suppression of the fc2 cell death pheno-
type by suppressors of the flu or ch1 backgrounds (Fig. 2A). 
Nonetheless, with further analysis, we found fc2 ex1 ex2-2 
seedlings had blocked cell death and retrograde signaling 
even though they were bleached white (Fig. 2A-C).

These results surprised us as we previously demonstrated 
ex1 alone does not block 1O2 controlled retrograde signal-
ing or cell death in fc2 seedlings or adults (Woodson et al. 
2015). Indeed, both the fc2 ex1 and fc2 ex2-2 double mutants 
had similar levels of cell death to fc2, suggesting the sup-
pression in the triple mutant was additive (Fig. S5A–C). 
We hypothesize the mechanism of suppression is indirect, 
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as the fc2 ex1 ex2-2 accumulated less bulk 1O2 compared 
to fc2 (Fig. 2G and H). The observed suppression is likely 
due to a delay in chloroplast development and a decrease in 
tetrapyrrole synthesis: ex1 ex2-2 led to a decrease in chlo-
rophyll and Pchlide levels (Fig. 2E and F). Furthermore, the 
ex1 ex2-2 combination failed to block cell death in adult fc2 
mutants, which suggests that once chloroplasts become fully 
developed, the ex1 ex2-2 combination does not affect the 
fc2 phenotype. How the ex1 ex2 combination affects chloro-
plast development is not clear as these proteins are primarily 
implicated in ROS signaling. Interestingly, we also observed 
that ex1 and ex2 affect chloroplasts differently and each lead 
to reduced Pchlide and chlorophyll levels in fc2, respectively 
(Fig. 2E and F). This may mean EX1 has a stronger effect on 
tetrapyrrole synthesis while EX2 is more generally involved 
in chloroplast development. Alternatively, the proteins may 
play different roles in etiolated and de-etiolated seedlings. 
Adding to the complexity, recent work suggests these two 
proteins have different functions. EX2 may act as a decoy to 
protect EX1 from oxidation and prevent premature signaling 
(Dogra et al. 2022). Thus, a double mutant may have a more 
complicated phenotype than previously assumed. Even so, 
we conclude the EX proteins do not play a direct role in 1O2 
signaling in the fc2 mutant.

To our surprise, the oxi1 mutation suppressed the cell 
death phenotype in fc2 adult plants (similarly to the ppr30-1 
and pub4-6 mutations). Due to the signaling role of OXI1 in 
ch1 mutants, we expect the oxi1 mutation is blocking a simi-
lar 1O2 signal in fc2. However, it is also possible OXI1 may 
be indirectly affecting local Proto or 1O2 accumulation by an 
unknown mechanism. Interestingly, oxi1 did not affect cell 
death or retrograde signaling in seedlings. To date, research-
ers have primarily studied the role of OXI1 in 1O2 signaling 
in adult plants and leaves (Shumbe et al. 2016). However, 
some research indicates OXI1 plays a role in basal defense 
against oomycete pathogens in seven-day-old seedling coty-
ledons (Rentel et al. 2004) indicating that OXI1 is present 
in this tissue. This may mean that OXI1 only participates in 
chloroplast 1O2 signaling in true leaf mesophyll cells, which 
is consistent with our EL experiments where the oxi1 muta-
tion only mitigated cell death in adult leaves (Fig. 6A–C). 
Prior work indicates chloroplast physiology differs between 
the embryonic cotyledons in seedlings and the mesophyll 
cells in true leaves (Albrecht et al. 2008). Whether a differ-
ent serine/threonine kinase is used in cotyledons, or there 
is another mechanism altogether, will require further study.

Next, we performed similar experiments in the flu mutant. 
In seedlings, we observed suppression of cell death by the 
ex1 and cry1-304 mutations, and ex1 reduced expression of 
all three nuclear marker genes (Fig. 4A–D). Neither pub4-6 
or oxi1 reduced cell death, although oxi1 did have a minor 
effect on retrograde signaling. While EX1 is necessary for 
1O2 signaling in flu mutants (Dogra et al. 2019), researchers 

have previously demonstrated CRY1’s involvement only in 
protoplasts (Danon et al. 2006). In protoplasts, the effect 
of the cry1 mutation was equally strong compared to ex1 
in terms of cell death. In our study, the effect of the cry1 
mutation was noticeably weaker than ex1 in seedlings, and 
cry1 did not significantly suppress cell death in the adult 
phase (Fig. 5B and C). These results may be due to a differ-
ence between systems (in vitro protoplasts vs in planta). The 
protoplast study also used the Landsberg erecta ecotype with 
different flu and cry1 alleles (this study was performed in the 
Columbia background), which may also account for some 
of the differences. When researchers performed a microar-
ray analysis of 1O2-responsive transcripts in flu protoplasts, 
they found the cry1 mutation affected only ~ 3% of the DEGs 
in flu (Danon et al. 2006). When we pair this finding with 
our work here, we hypothesize CRY1 plays a minor role 
in the 1O2 retrograde signal, which can be uncoupled from 
cellular degradation. Overall, however, our results suggest 
the flu mutant emits a functionally unique signal that does 
not involve PUB4 or OXI1 to control cellular degradation.

To continue our investigation of 1O2 signaling, we next 
tested the ch1 mutant that produces 1O2 due to unprotected 
PSII reaction centers (Ramel et al. 2013) and signals for cell 
death with OXI1 (Shumbe et al. 2016). Previously, research-
ers showed cellular degradation in this background is inde-
pendent of EX1 and EX2; ch1 ex1 ex2 mutants still suffer 
EL-induced lesions and PSII photo-inhibition (Ramel et al. 
2013). Accordingly, we assessed if the fc2 pathway is active 
in ch1 mutants by testing the role of PUB4 in EL stress. In 
EL-stressed seedlings, pub4-6 attenuated cotyledon bleach-
ing and the reduction in Fv/Fm values in the wt and ch1 back-
grounds (Fig. 6A and B). Somewhat surprisingly, the oxi1 
mutation did not affect these phenotypes, further suggesting 
OXI1 is not involved in 1O2 signaling in seedlings. In the 
adult phase, both oxi1 and pub4-6 attenuated EL-induced 
lesions in the wt and ch1 backgrounds (Fig. 6C), confirming 
earlier reports on OXI1 (Shumbe et al. 2016) and suggesting 
fc2 and ch1 mutants share a 1O2 signaling pathway induced 
by natural EL stress.

Finally, as pub4-6 can block 1O2-induced cell death in 
fc2 and ch1 mutants, we tested if we would observe a simi-
lar trend in the acd2 mutant, which produces leaf lesions 
due to the accumulation of chlorophyll breakdown products 
(such as RCC) that can produce 1O2 (Pruzinská et al. 2007). 
Remarkably, the acd2 pub4-6 double mutant had delayed 
onset of lesions compared to the acd2 single mutant, sug-
gesting acd2 mutants activate the same pathway as fc2 and 
ch1 mutants (Fig. 7A and B). Previously, researchers demon-
strated neither cry1 or an ex1 ex2 combination could reduce 
lesion formation in the acd2 background (Pattanayak et al. 
2012), further indicating the 1O2-signaling pathway used 
by flu mutants is distinct. This result also led the authors 
to conclude chloroplast 1O2 and ROS were not responsible 
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for cell death. As 1O2 was detected in acd2 mitochondria, 
these researchers hypothesized these organelles may trigger 
a cell death signal instead. Nevertheless, the observation that 
pub4-6 reduces lesion formation in acd2 opens the possibil-
ity for the involvement of chloroplast 1O2 during lesion for-
mation in acd2 mutants. On the other hand, we cannot rule 
out the possibility that PUB4 plays a second role in mito-
chondrial ROS signaling. Plant chloroplasts may export the 
heme precursor protoporphyrinogen IX (Jacobs et al. 1993), 
which can then be imported into mitochondria and converted 
to Proto by the mitochondrial-localized protoporphyrino-
gen IX oxidase (Lermontova et al. 1997; Watanabe et al. 
2001). Thus, mitochondria may also be able to accumulate 
Proto and 1O2, leading to the induction of a PUB4-dependent 
stress pathway. The measurement of Proto from separately 
isolated chloroplasts and mitochondria from fc2, acd2, ch1 
mutants may help to address this possibility.

Overall, our work suggests chloroplasts use at least two 
1O2 signaling pathways to control cellular degradation. One 
pathway depends on the PUB4 protein to control cellular 
degradation and is employed by fc2, ch1, and acd2 mutants 
along with EL-stressed wt plants. At least in fc2 and ch1 
mutants, the OXI1 protein participates in this pathway (its 
role in acd2 was not tested), but is restricted to true leaves 
in adult tissue. flu mutants utilize an alternative 1O2 signal-
ing pathway. Instead, their 1O2 signal requires EX1 and (at 
least in seedlings) CRY1 to initiate cell death. Retrograde 
signaling to the nucleus to alter the transcriptome follows a 
similar, yet more complex, pattern. For instance, the cry1 
and oxi1 mutations partially reduce the expression of some 
stress marker genes in the fc2 and flu backgrounds, respec-
tively, despite no effect on cell death. As these effects on 
transcript levels were relatively mild, we hypothesize some 
crosstalk may exist between these two 1O2 pathways.

As the fc2, flu, and ch1 mutants produce 1O2 within 
chloroplasts that leads to retrograde signaling (to control 
similar sets of genes), cell death, and (at least in flu and fc2) 
chloroplast degradation, we were initially surprised multi-
ple pathways can be activated by this specific ROS. One 
possibility is that the exact location of 1O2 production deter-
mines which signal is activated. In flu mutants, this likely 
occurs in the thylakoid grana margins where the EX proteins 
localize (Dogra et al. 2022; Wang et al. 2016). These grana 
margins are the site of PSII repair and tetrapyrrole synthe-
sis, both potential sources of 1O2 in the light. On the other 
hand, ch1 mutants produce 1O2 within the grana core, the 
site of active PSII (Ramel et al. 2013). Researchers have not 
yet determined the exact site of 1O2 production in fc2 and 
acd2 mutants. However, some work suggests Proto accu-
mulates in the chloroplast envelope and stromal fractions 
of pea and beet, respectively (Mohapatra et al. 2002, 2007). 
Thus, 1O2 in fc2 may represent a more advanced stage of 
photo-oxidative stress where damage has spread throughout 

the chloroplast. Another possibility for multiple pathways 
could be that the kinetics of 1O2 accumulation affects signal-
ing. 1O2 is produced almost instantly after light exposure in 
flu mutants due to the accumulation of Pchlide in the dark 
(Meskauskiene et al. 2001). On the other hand, 1O2 produc-
tion in the other mutants is slower and accumulates over time 
(Ramel et al. 2013; Woodson et al. 2015). The identification 
of additional signaling components should help resolve these 
possibilities.

Ultimately, we do not yet know why chloroplasts require 
multiple 1O2 signaling pathways to respond to stress or 
what the roles of these pathways are under natural environ-
mental stresses. However, some experiments have offered 
clues. Under severe photo-inhibitory conditions that lead to 
bleaching and cell death, the fc2/ch1 pathway may prevail. 
pub4-6 (shown here) and oxi1 (shown here and (Shumbe 
et al. 2016)) mitigate cell death under EL stress. We have 
demonstrated other suppressors of fc2 cell death slow 
light-induced photo-bleaching in leaves (i.e., ppr30, mterf9 
(Alamdari et al. 2020) and cotyledons (i.e. ctps2) (Alam-
dari et al. 2021)). Under milder, non-photo-inhibitory light 
stress, plants may utilize the flu pathway. ex1 blocks the for-
mation of microlesions under moderate light stress that did 
not associate with non-enzymatic lipid peroxidation (Kim 
et al. 2012). Furthermore, these pathways could integrate 
different types of stress signals. Prior work links PUB4 and 
OXI1 to basal defense pathways (Rentel et al. 2004; Wang 
et al. 2022), and PUB4 plays a role in nitrogen and carbon 
starvation (Kikuchi et al. 2020). These findings suggest the 
fc2/ch1 pathway might integrate with defense and senes-
cence pathways. On the other hand, researchers have shown 
EX1 has a role in systemic acquired acclimation responses 
to EL stress (Carmody et al. 2016), suggesting plants use the 
flu pathway for distal signaling. These results along with our 
current findings demonstrate that chloroplast 1O2 signaling is 
a complex process requiring additional investigation. How-
ever, the existence of two (or more) chloroplast pathways 
may allow plants to better respond to their surroundings and 
to thrive in stressful and dynamic environments.
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