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Abstract
Chloroplasts produce singlet oxygen (1O2), which causes changes in nuclear gene expression through plastid-to-nucleus retro
grade signaling to increase plant fitness. However, the identity of this 1O2-triggered pathway remains unclear. Here, we identify 
mutations in GENOMES UNCOUPLED4 (GUN4) and GUN5 as suppressors of phytochrome-interacting factor1 (pif1) pif3 in regu
lating the photo-oxidative response in Arabidopsis thaliana. GUN4 and GUN5 specifically interact with EXECUTER1 (EX1) and 
EX2 in plastids, and this interaction is alleviated by treatment with Rose Bengal (RB) or white light. Impaired expression of 
GUN4, GUN5, EX1, or EX2 leads to insensitivity to excess light and overexpression of EX1 triggers photo-oxidative responses. 
Strikingly, upon light irradiation or RB treatment, EX1 transiently accumulates in the nucleus and the nuclear fraction of 
EX1 shows a similar molecular weight as the plastid-located protein. Point mutagenesis analysis indicated that nuclear local
ization of EX1 is required for its function. EX1 acts as a transcriptional co-activator and interacts with the transcription factors 
WRKY18 and WRKY40 to promote the expression of 1O2-responsive genes. This study suggests that EX1 may act in plastid-to- 
nucleus signaling and establishes a 1O2-triggered retrograde signaling pathway that allows plants adapt to changing light en
vironments during chloroplast development.

Received February 04, 2022. Accepted November 16, 2022. Advance access publication November 25, 2022
© American Society of Plant Biologists 2022. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

A
rt

ic
le

 
Re

se
ar

ch
 

https://orcid.org/0000-0002-4299-7772
https://orcid.org/0000-0002-8844-1753
https://orcid.org/0000-0003-1057-5871
https://orcid.org/0000-0002-2209-6416
https://orcid.org/0000-0002-4825-6959
https://orcid.org/0000-0002-1378-4049
https://orcid.org/0000-0002-7309-7101
https://orcid.org/0000-0002-1667-4208
https://orcid.org/0000-0002-4772-7923
https://orcid.org/0000-0002-4643-4889
https://orcid.org/0000-0001-8346-3390
mailto:rclin@ibcas.ac.cn
https://academic.oup.com/plcell/pages/General-Instructions
mailto:rclin@ibcas.ac.cn
https://doi.org/10.1093/plcell/koac330


828 | THE PLANT CELL 2023: 35; 827–851                                                                                                                            Li et al.

IN A NUTSHELL
Background: In response to developmental and environmental cues such as changing light intensity, plastids/chlor
oplasts produce, and emit signals such as singlet oxygen, 1O2. These signals broadly affect the expression of nuclear 
genes, thereby altering chloroplast function to help the plant develop and acclimate to the changing environment. 
This signaling process is termed retrograde signaling. The chloroplast-localized protein EXECUTER1 (EX1) is required 
for 1O2-triggered retrograde signaling.

Question: What are the biochemical properties of EX1 and how is 1O2-mediated retrograde signaling transduced from 
plastids to the nucleus?

Findings: Using a forward genetic screen in Arabidopsis thaliana, we identified GENOMES UNCOUPLED4 (GUN4) and 
GUN5 as two suppressors of a pif1 pif3 double mutant, which lacks the function of PHYTOCHROME-INTERACTING 
FACTOR1 (PIF1) and PIF3. GUN4 and GUN5 interacted with EX1 and its homolog EX2 in plastids, and 1O2 prevented 
this interaction. The gun4, gun5, ex1, and ex2 mutants showed increased tolerance of high light, whereas seedlings 
overexpressing GUN4 or EX1 were sensitive to photobleaching. Upon induction by 1O2, EX1 transiently accumulated 
and translocated from plastids to the nucleus and the nuclear targeting of EX1 was required for its function. In the 
nucleus, EX1 interacted with the transcription factors WRKY18 and WRKY40 and functioned as a transcriptional 
co-activator to promote the expression of 1O2-responsive genes. We propose a working model in which EX1 directly 
mediates retrograde 1O2 signaling from plastids to the nucleus.

Next steps: We are interested in how EX1 is spatially regulated in the retrograde 1O2 signaling pathway.

Introduction
Plastids (such as etioplasts and chloroplasts) are plant and al
gal organelles with their own genetic material that originated 
from an ancient endosymbiotic event between a cyanobac
terium and a eukaryotic cell (Hohmann-Marriott and 
Blankenship, 2011). Because most plastid-localized proteins 
are now encoded by the nuclear genome, the tight coordin
ation of physiological and metabolic processes and the main
tenance of cellular homeostasis in the organelle require 
inter-organellar communication between the nucleus and 
chloroplasts. In response to changing developmental and en
vironmental cues, chloroplasts produce and emit signals that 
broadly affect the expression of nuclear genes, thereby alter
ing chloroplast homeostasis to improve plant growth and ac
climation, a process termed retrograde signaling (reviewed in 
Nott et al., 2006; Chan et al., 2016; de Souza et al., 2017).

The chloroplast-to-nucleus retrograde signaling system is a 
complex network that can be classified into two categories: 
biogenic and operational controls. Biogenic signaling refers 
to signals generated from developing chloroplasts, whereas 
operational signaling reflects those sent from mature chloro
plasts in response to environmental perturbations (reviewed 
in Pogson et al., 2008; Chan et al., 2016; Woodson, 2019). 
Chloroplasts rely on at least four major signals/pathways: sig
nals related to the tetrapyrrole biosynthesis pathway; signals 
triggered by plastid gene expression; signals related to react
ive oxygen species (ROS) and changes in photosynthetic elec
tron transport activity; and signals derived from disturbed 
plastid metabolism (reviewed in Chi et al., 2013; de Souza 
et al., 2017; Hernandez-Verdeja and Strand, 2018).

Photosynthesis-associated nucleus-encoded genes (PhANGs) 
are repressed when chloroplast biogenesis is blocked. The 

Arabidopsis (Arabidopsis thaliana) genomes uncoupled (gun) 
mutants display a partial derepression of some PhANGs follow
ing improper chloroplast development, such as during exposure 
to norflurazon (Susek et al., 1993). GUN1 is a plastid-localized 
protein containing a pentatricopeptide repeat domain 
(Koussevizky et al., 2007), while GUN2–GUN6 are enzymes 
or regulators associated with tetrapyrrole biosynthesis 
(Mochizuki et al., 2001; Larkin et al., 2003; Strand et al., 2003; 
Pfannschmidt, 2010; Woodson et al., 2011). GUN1 is involved 
in regulating plastid protein homeostasis and participates in 
multiple retrograde signaling pathways (Hernandez-Verdeja 
and Strand, 2018; Wu et al., 2019; Hernandez-Verdeja et al., 
2020; Wu and Bock, 2021). GUN4 and GUN5 encode the regu
latory and the CHLH subunit of Mg-chelatase in tetrapyrrole/ 
chlorophyll biosynthesis, respectively (Mochizuki et al., 2001; 
Larkin et al., 2003). GUN4 is a porphyrin-binding protein that 
stimulates GUN5/CHLH activity (Larkin et al., 2003; Tanaka 
et al., 2011). However, the signaling mechanisms mediated by 
GUN4 and GUN5 remain largely unclear (Terry and Smith, 
2013).

Excess amounts of tetrapyrrole metabolic intermediates such 
as protochlorophyllide (Pchlide), which accumulates in the 
dark, trigger singlet oxygen (1O2) production in chloroplasts 
upon light exposure (op den Camp et al., 2003; Wagner et al., 
2004). 1O2 is also generated from chlorophyll triplet excited 
states in photosystem II under high light irradiance 
(Triantaphylides and Havaux, 2009). 1O2 not only acts as a toxic 
oxygen molecule that oxidizes macromolecules and causes cel
lular damage but also initiates a retrograde signaling cascade to 
the nucleus that controls acclimation, stress responses, and cell 
death (Triantaphylidès et al., 2008; Woodson, 2019). Because of 
its short half-life, 1O2 itself is unlikely to be the mobile signal 
that moves across the chloroplast envelope; it may instead 
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interact with other components close to its production site to 
generate more stable signaling molecules (Kim and Apel, 2013). 
Several conditional 1O2-producing mutants were identified in 
genetic studies. For examples, the Arabidopsis fluorescent 
(flu) mutant accumulates photosensitizing Pchlide in the 
dark and rapidly generates 1O2 when transferred into a light 
environment (Meskauskiene et al., 2001). A chlorophyll 
b-deficient mutant, chlorina 1, is particularly sensitive to high- 
light intensity and accumulates 1O2, which leads to the up- 
regulation of hundreds of nuclear genes, followed by cell death 
(Ramel et al., 2013).

Two homologous thylakoid-localized proteins, 
EXECUTER1 (EX1) and EX2, act genetically downstream of 
FLU to regulate 1O2-dependent stress responses (Wagner 
et al., 2004; Lee et al., 2007; Kim et al., 2009). EX1 undergoes 
a 1O2-dependent post-translational oxidative modification 
and is subsequently degraded by the chloroplast-localized 
metalloprotease Filamentation temperature-sensitive H2 
(FtsH2) within the grana margins of chloroplasts. 
FtsH2-mediated EX1 degradation is important for propagat
ing the 1O2 signal (Wang et al., 2016; Dogra et al., 2019). 
Accordingly, EX1 has been proposed to transmit the plastid 
1O2 signal and regulate nuclear gene expression (Tarahi 
Tabrizi et al., 2016; Dogra et al., 2018). Interestingly, EX2 
also undergoes oxidative modification and FtsH-dependent 
turnover, which represses EX1 oxidation and degradation, 
thus attenuating 1O2 signaling (Dogra et al., 2022). 
However, the biochemical properties of EX proteins and their 
downstream signaling pathway remain largely unknown.

We previously revealed that dark-grown (etiolated) 
Arabidopsis seedlings harboring loss-of-function mutations 
in both PHYTOCHROME-INTERACTING FACTOR1 (PIF1) 
and PIF3 are sensitive to high-light irradiance and accumulate 
1O2 in their cotyledons (Chen et al., 2013). Here, in a forward 
genetic screen, we unexpectedly identified gun4 and gun5 
mutants as suppressors of the greening block (and thus 
chloroplast development) characteristic of the pif1 pif3 dou
ble mutant. We showed that GUN4 and GUN5 interact with 
EX1 and EX2 and that 1O2 stress alleviates their interaction. 
After illumination, EX1 rapidly accumulated in the nucleus, 
where it may function as a transcriptional co-activator that 
facilitates WRKY transcription factors in their regulation of 
singlet oxygen-responsive genes (SORG) expression. Our 
study reveals that EX1 is likely a mobile protein that directly 
delivers plastid 1O2 signals to the nucleus to establish a 
1O2-triggered retrograde signaling cascade in plants.

Results
Mutations in GUN4 or GUN5 suppress pif1 pif3 
photobleaching responses
The flu mutant was identified as a conditional mutant that 
generates 1O2 specifically in chloroplasts upon a dark-to-light 
shift and survives only under continuous light conditions 
(Meskauskiene et al., 2001). PIF1 and PIF3 are two key 

components of the light signaling pathway and their double 
loss-of-function mutants (pif1 pif3) grow normally under 
light–dark cycles (Ni et al., 1998; Huq et al., 2004; Chen 
et al., 2013). The dark-grown seedlings of both flu and pif1 
pif3 accumulated Pchlide intermediates, although flu accu
mulated higher Pchlide levels than pif1 pif3 (Meskauskiene 
et al., 2001; Chen et al., 2013; Supplemental Figure S1A). flu 
etiolated seedlings failed to turn green (the percentage 
greening reflects the extent of photobleaching caused by 
chloroplast damage), whereas pif1 pif3 seedlings were sensi
tive to increasing light intensity and severely bleached 
when exposed to relatively high light (∼200 µmol·m−2·s−1; 
Supplemental Figure S1, B–D). pif1 pif3 accumulated high le
vels of 1O2 (as evidenced by its indirect detection with the 
fluorescent probe singlet oxygen sensor green, SOSG; 
Supplemental Figure S1E; Flors et al., 2006; Chen et al., 
2013). Exogenous application of the 1O2 scavenger vitamin 
B6 (Triantaphylides and Havaux, 2009) largely blocked 1O2 

accumulation in the pif1 pif3 mutant seedlings 
(Supplemental Figure S1E). Furthermore, etiolated seedlings 
from the wild-type (WT) Columbia-0 (Col-0) accession also 
produced more 1O2 when exposed to high light 
(∼300 µmol·m−2·s−1) than to mild light (∼80 µmol·m−2·s−1; 
Supplemental Figure S1F). Thus, like the flu mutant, pif1 
pif3 is a new genetic mutant that has advantages for the 
study of the 1O2 response.

To explore the genetic basis of PIF1/PIF3-mediated 1O2 

production, we mutagenized ∼25,000 pif1 pif3 seeds with 
ethyl methanesulfonate (EMS) and performed a suppressor 
screen for suppressor of pif1 pif3 in singlet oxygen (spo) mu
tants. From approximately 10,000 M2 lines, we identified 
over 100 independent lines with increased percentage 
greening compared to the pif1 pif3 mutant. We then 
backcrossed these candidate suppressor lines to pif1 pif3 
and used the resulting segregating F2 populations for 
mapping-by-sequencing. Analysis of the sequencing data 
revealed that many candidate suppressors carry point 
mutations in genes encoding GUN5/CHLH (=SPO1, 18 mu
tations) or its cofactor GUN4 (=SPO2, six mutations), lead
ing to amino acid changes in GUN4 or GUN5 protein 
(Figure 1A). These residues are conserved in GUN4 or GUN5 
across Arabidopsis, rice (Oryza sativa), and poplar (Populus tri
chocarpa; Supplemental Figure S2). The various spo1 and spo2 
alleles (the two representative alleles spo1-14 and spo2-6 in the 
pif1 pif3 background are shown in Figure 1) rescued the photo
bleaching phenotype, ROS-responsive gene expression pat
terns, and cell death observed in pif1 pif3 seedlings (Figure 1, 
B–E; Supplemental Figure S3).

Loss-of-function mutants of GUN4 or GUN5 are seedling le
thal (Huang and Li, 2009; Peter and Grimm, 2009). To further 
validate the identity of these suppressors, we obtained 
T-DNA insertion mutants for gun4 (SALK_011461) and 
gun5 (SAIL_138_B09), which we confirmed as knockdown al
leles (Supplemental Figure S4, A and B). Either gun4 or gun5 
mutation rescued the photobleaching response of pif1 pif3 
(Supplemental Figure S4, C–F). Consistently, a previous study 
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Figure 1 Mutations in SPO2/GUN4 and SPO1/GUN5 suppress the photobleaching phenotype of pif1 pif3 seedlings. A, Schematic diagrams of the 
SPO2 (=GUN4) and SPO1 (=GUN5/CHLH) proteins and the location of the mutations identified in our collection of suppressors. TP, transit peptide. 
B, Cotyledon greening phenotype of pif1 pif3 suppressors. One representative allele each for spo2 and spo1 mutants in the pif1 pif3 background is 
shown. The 6.5-day-old etiolated seedlings were exposed to light (∼80 µmol·m−2·s−1) for 2 days. C, Percentage greening of seedlings grown in the 
dark for the indicated number of days followed by illumination for 2 days. D, Relative transcript levels of three ROS-responsive genes, 
ETHYLENE-RESPONSIVE TRANSCRIPTION FACTOR 4 (ERF4), SIGMA FACTOR-BINDING PROTEIN 1 (SIB1), and ZAT ZINC FINGER PROTEIN 12 
(ZAT12; Chen et al., 2013). Seedlings were grown in the dark for 6.5 days, followed by 1 h of light exposure (∼80 µmol·m−2·s−1). E, Trypan                                                                                                                                                                                            

(continued) 
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showed that gun5 suppresses the greening phenotype of the 
pif3 single mutant (Shin et al., 2009). Together, these data in
dicate that spo2/gun4 and spo1/gun5 are indeed suppressors 
of pif1 pif3 in regulating seedling greening. We also crossed 
the knockdown T-DNA alleles of GUN4 and GUN5 into the 
flu mutant background. Mutation of GUN4 or GUN5 resulted 
in complete or partial suppression of the photobleaching 
phenotype of flu, respectively (Supplemental Figure S5), sug
gesting that GUN4 and GUN5 also genetically interact with 
FLU.

The genetic analyses suggested that the levels of GUN4/ 
SPO2 and GUN5/SPO1 are possibly higher in the pif1 pif3 
mutant background. Consistent with this interpretation, 
the transcript levels of GUN4 and GUN5, but not CHLI1 or 
CHLI2 (encoding the CHLI subunits of Mg-chelatase), rose re
markedly in etiolated pif1 pif3 seedlings relative to the WT 
(Supplemental Figure S6A). Accordingly, the steady-state 
protein levels of GUN4 and GUN5 increased in pif1 pif3 com
pared to WT (Supplemental Figure S6B). Previous studies 
showed that GUN5 is up-regulated in the pifq mutant (har
boring mutations in PIF1, PIF3, PIF4, and PIF5, Shin et al., 
2009) and PIF3 can associate with the GUN5 promoter in a 
chromatin immunoprecipitation (ChIP) assay (Liu et al., 
2013). These results suggest a direct regulation of GUN5 by 
PIF3. Surprisingly, the transcript levels of mutated GUN4 
and GUN5 increased in some spo2 and spo1 alleles, respect
ively (Supplemental Figure S6C), possibly due to a negative 
feedback regulation of both genes. These results indicate 
that PIF1 and PIF3 negatively regulate GUN4 and GUN5 levels 
in the dark.

Knockdown of GUN4 or GUN5 leads to reduced levels 
of Pchlide and 1O2
As GUN4 and GUN5 are the regulator and a subunit of 
Mg-chelatase, respectively (Larkin et al., 2003; Adhikari 
et al., 2011), we measured the level of the Mg-chelatase prod
uct, Mg-protoporphyrin IX (MgP), by high-performance li
quid chromatography (HPLC). The pif1 pif3 seedlings had 
an increased amount of MgP compared to the WT 
(Supplemental Figure S7A). Furthermore, MgP levels were 
moderately reduced in the spo1-14 and spo2-4 alleles and 
drastically decreased in the spo1-16, pif1 pif3 gun5, and pif1 
pif3 gun4 mutants, relative to pif1 pif3 (Supplemental 
Figure S7A). These results indicate that PIF1/PIF3 negatively 
regulates MgP synthesis and that knockdown of GUN4 or 
GUN5 suppresses the response of pif1 pif3 in mediating tetra
pyrrole metabolism.

An accumulation of either free chlorophyll or its precur
sors (e.g. Pchlide and Proto-IX) may generate 1O2 upon light 
irradiation (Apel and Hirt, 2004; Krieger-Liszkay et al., 2008; 
Triantaphylidès and Havaux, 2009). Compared to WT, both 
the gun4 and gun5 mutants had lower levels of total Pchlide 
in seedlings grown in the dark for different lengths 
(Figure 1F; Supplemental Figure S7, B and C). While WT ac
cumulated a certain amount of free Pchlide after 3 min of 
high light (∼300 µmol·m−2·s−1) treatment, Pchlide in gun4 
and gun5 was mostly converted into chlorophyllide 
(Figure 1G; Supplemental Figure S7D). Accordingly, gun4 
and gun5 accumulated less 1O2 than WT upon exposure 
to high light (Figure 1, H and I). Partial loss of GUN4 or 
GUN5 function leads to reduced chlorophyll accumulation 
and growth retardation under normal conditions 
(Mochizuki et al., 2001; Peter and Grimm, 2009). Strikingly, 
after transfer to high light conditions, the percentage green
ing of WT gradually decreased along with a longer dark in
cubation period, whereas those of gun4 and gun5 remained 
high (Figure 1J). In addition, gun4 and gun5 had a higher 
percentage greening than WT when 6-day-old etiolated 
seedlings were exposed to 50 or 300 µmol·m−2·s−1 light in
tensities (Supplemental S7, E and F). The spo2 and spo1 mu
tants responded similarly as gun4 and gun5 and suppressed 
the phenotypes of pif1 pif3 under these conditions (Figure 1, 
F–J; Supplemental Figure S7). We also generated Arabidopsis 
transgenic lines overexpressing GUN4 (35S:GUN4-GFP, 
cloned in-frame with the green fluorescence protein [GFP] 
sequence and driven by the cauliflower mosaic virus 
[CaMV] 35S promoter). Overexpression of GUN4 resulted 
in severe photobleaching and significant 1O2 accumulation 
(Supplemental Figure S8). These results indicate that 
GUN4 and GUN5 promote 1O2 accumulation, likely largely 
through regulating tetrapyrrole metabolism, especially the 
Pchlide level.

GUN4 and GUN5 interact with EX1 and EX2
The fact that GUN4 and GUN5 mutations suppress the 
photobleaching phenotype of pif1 pif3 and flu, and as EX1 
and EX2 are involved in mediating 1O2 signaling in chloro
plasts and their loss of function partially suppresses flu 
(Wagner et al., 2004; Lee et al., 2007; Zhang et al., 2014), we 
set out to test the relationship between PIF1/PIF3 and 
EX1/EX2. We thus generated pif1 pif3 ex1 and pif1 pif3 ex2 tri
ple mutants, as well as the pif1 pif3 ex1 ex2 quadruple mutant. 
Phenotypic analysis showed that the ex1 or ex2 mutation par
tially suppresses photobleaching in pif1 pif3, while their 

Figure 1 (Continued) 
blue staining revealing cell death in 5-day-old etiolated seedlings exposed to light (∼80 µmol·m−2·s−1) for 6 h. Scale bar, 0.5 mm. F, Relative Pchlide 
levels (emission at 636 nm) in seedlings grown in the dark for 5–7 days. G, Relative free Pchlide levels in seedlings treated with 3 min of high light 
(∼300 µmol·m−2·s−1). H, Relative SOSG levels in etiolated seedlings exposed to high light (∼300 µmol·m−2·s−1) for 1 h. More than 100 sampling dots 
(diameter = 100 μm, 10∼15 dots in each cotyledon) were collected from at least 10 seedings for each genotype. I, Representative SOSG fluorescence 
of seedlings shown in (H). Scale bar, 0.5 mm. J, Percentage greening. Seedlings were grown in the dark for different lengths followed by 2 days of high 
light (∼300 µmol·m−2·s−1) exposure. For, C, D, F–H, and J, data are means ± s.d., n = 3 (n > 100 for H). Asterisks indicate significant differences com
pared to WT using Student’s t test (P < 0.01).
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combination completely blocked photobleaching (Figure S2, 
A and B), suggesting that EX1 and EX2 additively and genet
ically interact with PIF1 and PIF3. The ex1 and ex2 single mu
tants and especially the ex1 ex2 (ex1-3 ex2-2) double mutant 
seedlings had lower Pchlide levels than the WT in the dark 
(Supplemental Figure S9A), suggesting that EX1 and EX2 
are involved in regulating Pchlide biosynthesis. The high ac
cumulation of Pchilde in pif1 pif3 was completely lost in 
the pif1 pif3 ex1 ex2 quadruple mutant (Supplemental 
Figure S9B). Notably, the ex1 and ex2 mutants were more 

resistant to high light than the WT, as shown by their per
centage greening; greening was further enhanced in ex1 ex2 
(Figure 2C).

Given the similar responses to high-light stress exhibited by 
their respective mutants and their localization to the chloro
plast, we hypothesized that GUN4/GUN5 and EX1/EX2 might 
physically interact. To test this hypothesis, we first performed 
transient expression and co-immunoprecipitation (co-IP) 
experiments in Arabidopsis protoplasts. GUN4-GFP 
co-immunoprecipitated full-length EX1-HA (tagged with 3× 

Figure 2 GUN4 and GUN5 physically interact with EX1 and EX2. A, Genetic interaction between pif1 pif3, ex1-2, and ex2. Seedlings were grown in the 
dark for 6.5 days, followed by light exposure (∼80 µmol·m−2·s−1) for 2 days. B, Percentage greening of seedlings shown in (A). C, Percentage greening 
of seedlings grown in the dark for 5.5 days, followed by 2-day exposure to high light (∼300 µmol·m−2·s−1). For B and C, data are means ± s.d., n = 3. 
Different lowercase letters indicate significant differences by two-way ANOVA (P < 0.01). D and E, Co-IP assays between GUN4-GFP and EX1-HA (D) 
or EX2-HA (E) in Arabidopsis protoplasts. F and G, Co-IP assays between GUN5-YFP and EX1-HA (F) or EX2-HA (G) in protoplasts. Expression of GFP 
or YFP served as controls. Transfected protoplasts expressing various constructs were incubated in the dark for 16 h. H, Co-IP assay in WT and 35S: 
EX1-GFP. I, LCI assay. The indicated constructs were co-infiltrated into N. benthamiana leaves, followed by 2 days of growth under long-day con
ditions before LUC imaging.
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hemagglutinin [HA]) and EX2-HA when using an anti-GFP 
antibody for immunoprecipitation upon co-transfection of 
protoplasts maintained in the dark (Figure 2, D and E). 
Similarly, GUN5-YFP (yellow fluorescence protein) also pulled 
down EX1-HA and EX2-HA in co-transfected protoplasts 
(Figure 2, F and G). An in vivo co-IP assay showed that 
anti-GFP antibody immunoprecipitates GUN4 in a stable 
35S:EX1-GFP transgenic line (see below for detailed informa
tion), but not in the WT control (Figure 2H). These results in
deed reveal that GUN4/GUN5 interacts with EX1/EX2.

Next, we visualized their interaction by infiltrating 
Nicotiana benthamiana leaves. For an unknown reason, the 
expression level of full-length EX1 in N. benthamiana was 
very low. We thus divided EX1 and EX2 into their 
N-terminal fragments (278 amino acids [aa] containing the 
chloroplast transit peptide and the UvrB/C motif 
[pfam02151]; designated EX1N and EX2N) and C-terminal 
portions containing the DUF3506 domain (406 aa for EX1; 
373 aa for EX2; designated EX1C and EX2C; Supplemental 
Figure S10A). A luciferase (LUC) complementation imaging 
(LCI) assay showed that GUN4-cLUC (GUN4 fused to the 
C-terminal fragment of LUC) and GUN5-cLUC interact 
with EX1N-nLUC (EX1N fused to the N-terminal part of 
LUC) to reconstitute luciferase activity in N. benthamiana 
leaves (Figure 2I). A bimolecular fluorescence complemen
tation (BiFC) assay showed that co-infiltration of 
EX1N-nYFP (encoding EX1N fused to an N-terminal frag
ment of YFP) and GUN4-cYFP (encoding GUN4 fused to 
a C-terminal fragment of YFP) reconstituted functional 
YFP, as evidenced by yellow fluorescence in the 
chloroplasts of N. benthamiana leaves (Supplemental 
Figure S10B). Furthermore, both EX1N and EX2N (fused 
to the yeast GAL4 activation domain), but not EX1C or 
EX2C, interacted with GUN4 (fused to the GAL4 
DNA-binding domain) in a yeast two-hybrid assay 
(Supplemental Figure S10C). However, full-length EX1 
and EX2 failed to interact with GUN4, possibly due to 
the masking effect of the EX1 C terminus in yeast cells. 
These results confirm that EX1 and EX2 directly interact 
with GUN4 and GUN5 via their N termini.

The GUN4/GUN5-EX1 interaction is alleviated by RB 
and light treatments
We then asked whether the 1O2 signal regulated the inter
action between GUN4/GUN5 and EX1. Rose Bengal (RB) 
functions as a photosensitizer by transferring energy to O2, 
yielding 1O2 (Lamberts and Neckers, 1985). To confirm the 
specificity of RB action in chloroplasts, we grew 5-day-old 
WT seedlings in the dark and exposed them to light 
(∼80 µmol·m−2·s−1) for 30 min in the absence or presence 
of 100 μM RB. We quantified 1O2 levels in different tissues 
and cellular fractions by measuring SOSG 
fluorescence (Flors et al., 2006). We observed that the 
amounts of SOSG fluorescence in cotyledons (generally har
boring developed chloroplasts) are remarkedly higher after 

light treatment and further increase in the presence of RB, 
compared to darkness. However, fluorescence signals in the 
hypocotyls (mostly with plastids) were very low regardless 
of light and RB treatments (Supplemental Figure S11, A 
and B). In particular, SOSG fluorescence levels in chloroplasts 
increased upon light and RB treatments, whereas cytoplas
mic SOSG levels remained very low within cotyledon cells 
(Supplemental Figure S11, C and D). Consistently, RB treat
ment significantly activated the expression of 1O2 marker 
genes (Supplemental Figure S11E). These results suggest 
that RB treatment triggers 1O2 production largely in chloro
plasts. We therefore used this treatment in the following 
experiments.

First, we applied RB to Arabidopsis protoplasts in the light 
after transfection and 16 h of dark incubation and performed 
a co-IP experiment. In the absence of RB, GUN4-GFP or 
GUN5-YFP pulled down EX1-HA in protoplasts, as shown 
in Figure 2; however, a 10- to 15-min treatment with 
50 µM RB strongly decreased the amount of immunoprecipi
tated EX1-HA (Figure 3, A and B). Second, we irradiated 
dark-incubated protoplasts with 40 µmol·m−2·s−1 white light 
and determined that less EX1-HA is co-precipitated 
by GUN4-GFP or GUN5-YFP after light illumination for 
10–30 min relative to those kept in the dark (Figure 3, C 
and D). Furthermore, we conducted the co-IP assays using 
an ex1 proEX1:gEX1-GFP complementation line, in which 
the genomic EX1 region was cloned in-frame with GFP and 
was driven by the EX1 promoter (Wang et al., 2016). We at
tempted the experiment using dark-grown seedlings, fol
lowed by light treatment of various durations; however, 
GUN4 did not accumulate much in the dark, precluding 
any conclusive analysis. We thus grew seedlings under differ
ent light intensities. Notably, the amounts of GUN4 
co-immunoprecipitated by EX1-GFP gradually decreased un
der increasing light intensities (from 5 to 50 µmol·m−2·s−1), 
possibly due to increased production of 1O2 (Figure 3E). 
Thus, we propose that GUN4/GUN5 interact with EX1 in 
the absence of 1O2 stress and that the 1O2 signal alleviates 
this interaction.

EX1 localizes to the nucleus upon RB and light 
treatments
To further investigate the signal transduction mechanism 
mediated by EX1, we generated multiple EX1 overexpression 
transgenic lines: 35S:EX1-GFP (encoding full-length EX1 fused 
to GFP), 35S:TP-GFP-EX1 (encoding the EX1 transit peptide 
fused to GFP at the N terminus of EX1), and 35S:EX1-FLAG 
(encoding EX1 fused to a FLAG tag; Supplemental 
Figure S12A). Pchlide levels increased moderately upon over
expression of EX1 (Supplemental Figure S9C). We deter
mined that all etiolated transgenic seedlings exhibit a lower 
percentage greening after light exposure (∼80 µmol·m−2·s−1) 
when compared to the WT (Figure 4A), suggesting that over
expressing EX1 confers a photo-oxidative response and inhi
bits seedling greening. Importantly, constitutive expression 
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of EX1 (35S:EX1-FLAG and 35S:TP-GFP-EX1) rescued the ex1 
mutant phenotypes (Supplemental Figure S12, B and C), 
demonstrating that the transgenes have a similar function 
as endogenous EX1.

We then examined the subcellular localization of the GFP 
fusion proteins and detected GFP fluorescence in chloro
plasts of 35S:EX1-GFP in the absence of RB treatment. 
Notably, we detected fluorescence in both chloroplasts and 
nuclei after RB treatment (Figure 4B). The GFP fusion protein 
in ex1 proEX1:gEX1-GFP exhibited a similar dual localization 
pattern in the presence of RB, whereas we detected no nu
clear GFP fluorescence in 35S:GUN4-GFP after RB application 
(Figure 4B). Furthermore, we observed GFP signals only in 

plastids of dark-grown ex1 proEX1:gEX1-GFP seedlings; how
ever, we detected GFP fluorescence in both chloroplasts 
and nucleus after light illumination (∼200 µmol·m−2·s−1; 
Figure 4C).

EX1 undergoes oxidative post-translational modification 
and FtsH2 protease-mediated degradation (Wang et al., 
2016; Dogra et al., 2019). We thus extracted total and nuclear 
proteins and examined their dynamic regulation by immuno
blot assays. RB treatment resulted in a rapid rise in total EX1 
protein levels, followed by a decrease in ex1 proEX1:gEX1-GFP 
and 35S:EX1-FLAG seedlings; this pattern was unique to EX1, 
as other tested chloroplast-localized proteins were not af
fected by RB treatment (Supplemental Figure S13, A and B). 

Figure 3 The GUN4/GUN5-EX1 interaction is repressed by RB and light treatments. A and B, Co-IP assays between EX1-HA and GUN4-GFP (A) or 
GUN5-YFP (B) in protoplasts upon RB treatment. Transfected protoplasts were incubated in the dark for 16 h and treated with 50 µM RB for the 
indicated time. C and D, Co-IP assays between EX1-HA and GUN4-GFP (C) or GUN5-YFP (D) in protoplasts upon light treatment. Transfected pro
toplasts were incubated in the dark for 16 h and illuminated (∼40 µmol·m−2·s−1) for up to 30 min. Arrows indicate the GUN5-YFP bands. E, Co-IP 
assay of Col-0 (WT) and ex1 proEX1:gEX1-GFP seedlings grown under different light intensities and long-day conditions for 7 days.

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac330#supplementary-data
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Intriguingly, the GFP fusion proteins showed a rapid (15 min) 
and pronounced increase in abundance in the nucleus in 35S: 
TP-GFP-EX1 seedlings upon RB treatment (Figure 4D). 
EX1-GFP abundance also increased (15 min) and then 

decreased (30 min) in the nucleus of ex1 proEX1:gEX1-GFP 
seedlings after light irradiation (∼80 µmol·m−2·s−1; 
Figure 4E). Nuclear EX1-GFP levels also increased and then 
slightly decreased in 35S:EX1-GFP (Figure 4F), while the total 

Figure 4 EX1 is present in the nucleus upon RB and light treatments. A, Percentage greening of seedlings grown in the dark for 6.5 days followed by 
light exposure (∼80 µmol·m−2·s−1) for 2 days. Data are means ± s.d., n = 3. Asterisks indicate significant differences from WT using Student’s t test 
(P < 0.01). B, Subcellular localization. Seedlings were grown in white light (∼80 µmol·m−2·s−1) for 6 days and then incubated with 100 µM RB for 
15 min or mock-treated (equal volume of liquid MS). The magenta channel indicates chlorophyll (Chl) autofluorescence and 
4’,6-diamidino-2-phenylindole (DAPI) staining shows nuclei. Arrowheads point to nuclei. Scale bars, 20 µm. C, Subcellular localization. ex1 
proEX1:gEX1-GFP seedlings were grown in the dark for 6.5 days followed by darkness or illumination (∼200 µmol·m−2·s−1) for 30 min. 
Arrowheads point to nuclei. Scale bars, 20 µm. D, Immunoblot analysis. 35S:TP-GFP-EX1 seedlings were grown in white light (∼80 µmol·m−2·s−1) 
for 6 days and treated with 100 µM RB for up to 60 min. E and F, Immunoblot analysis. ex1 proEX1:gEX1-GFP (E) and 35S:EX1-GFP (F) seedlings 
were grown in the dark for 5.5 days, followed by illumination (∼80 µmol·m−2·s−1) for up to 30 min. For D–F, total and nuclear fraction proteins 
were probed with various antibodies. Histone 3 (H3) antibody indicates nuclear proteins and RbcL antibody indicates chloroplast proteins.
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Figure 5 The nuclear fraction of EX1 likely relocates from the plastids. A, Time course of GFP fluorescence within the same cell in ex1 proEX1: 
gEX1-GFP and 35S:GUN4-GFP seedlings during a dark-to-light transition. The seedlings were first grown in the dark for 6.5 days and then transferred 
to light (∼200 µmol·m−2·s−1) for the indicated time. Dashed circles indicate nuclei (Nu) and “P” stands for plastids. Scale bars, 20 µm. B, 
Quantification of GFP signal levels in the nucleus and plastids in (A). Relative levels in the nuclei and plastids before light treatment were set to 
1.0. Data are means ± s.d. from at least six cells. C, Subcellular localization. Seedlings were treated with 150 µM CHX for 1.5 h, followed by incubation 
with 100 µM RB for 15 min. Chl, chlorophyll autofluorescence. Arrowheads point to nuclei. Scale bars, 25 µm. D and E, Immunoblot analysis of pro
teins isolated from plastids (P) and nuclei (Nu) of ex1 proEX1:gEX1-GFP (D) or WT (E) seedlings grown in the dark for 6 days followed by 15 min of 
light exposure (∼80 µmol·m−2·s−1). Anti-Histone H3 antibody indicates nuclear proteins and anti-RbcL or anti-D1 (a core subunit of photosystem II 
reaction center) antibodies indicate chloroplast proteins.
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and plastid fraction levels increased with 30 min of light ex
posure (Supplemental Figure S13C). Different 1O2 produc
tion caused by RB concentrations or light intensities may 
account for the different peaks of EX1 accumulation in these 
experiments. These data together suggest that EX1 localizes 
in plastids/chloroplasts in the absence of the 1O2 signal 
and is present in the nucleus in response to 1O2.

The nuclear fraction of EX1 likely relocates from the 
plastids
A previous mass spectrometry study showed that the mature 
EX1 protein in chloroplasts lacks the N-terminal 46-aa signal 
peptide (Dogra et al., 2019). To determine whether nucleus- 
localized EX1 protein was derived from plastids, we did the 
following experiments. First, we monitored EX1-GFP fluores
cence within the same cell in the ex1 proEX1:gEX1-GFP seed
lings to trace the dynamic translocation of EX1 during the 
dark-to-light transition. In the dark, we clearly detected 
GFP fluorescence in the plastids. However, upon light expos
ure, EX1-GFP signal levels gradually increased in the nucleus, 
while they slightly decreased in the plastids (Figure 5, 
A and B), providing cellular evidence that EX1 is likely trans
ported from the plastids to the nucleus. As a negative con
trol, we observed constitutive GUN4-GFP fluorescence in 
the plastids (Figure 5, A and B). Second, we investigated 
the subcellular localization of EX1-GFP in 35S:EX1-GFP, 35S: 
TP-GFP-EX1, and ex1 proEX1:gEX1-GFP seedlings treated 
with cycloheximide (CHX), which inhibits new protein trans
lation. We established that CHX has no effect on the nuclear 
localization pattern of EX1-GFP upon RB treatment (Figures 
5C and 4B), further indicating that the accumulation of EX1 
in the nucleus is possibly caused by physical relocation rather 
than by new translation. Third, we isolated proteins from the 
plastid/chloroplast and nuclear fractions from ex1 proEX1: 
gEX1-GFP and performed an immunoblot assay. As shown 
in Figure 5D, the molecular weight of EX1-GFP in the nuclear 
portion was similar to that in the plastid fraction. Moreover, 
we generated an anti-EX1 polyclonal antibody, which recog
nized an approximately expected 65-kD band in the WT and 
a much fainter band in the ex1 mutant (Supplemental 
Figure S13D). We performed an immunoblot assay in WT 
seedlings using anti-EX1 antibody and determined that nu
clear EX1 has the same apparent molecular weight as 
plastid-localized EX1 (Figure 5E), further suggesting that nu
clear EX1 likely does not contain the transit peptide, and thus 
does not come directly from the cytosol after new transla
tion. Therefore, we propose that the 1O2 signal triggers 
the relocation of EX1 from plastids/chloroplasts to the 
nucleus.

Four lysine residues are required for EX1 nuclear 
targeting
Next, we wished to identify the nuclear localization signal 
(NLS) of EX1 using cNLS Mapper (https://nls-mapper.iab. 
keio.ac.jp/cgibin/NLS_Mapper_form.cgi; Kosugi et al., 2009). 

A putative bipartite NLS sequence was predicted in aa 474– 
504. We thus generated GFP-fusion constructs harboring 
various deletions and investigated GFP localization upon 
their transient expression in N. benthamiana epidermal leaf 
cells (Figure 6A). Deletion of the C-terminal fragments 
(EX1-N506-GFP, contains the N-terminal 506 aa including 
the transit peptide; and EX1-N474-GFP) showed GFP fluores
cence in the nucleus (Figure 6B), suggesting that the pre
dicted NLS (aa 474–504) is not essential for EX1 nuclear 
targeting. We then checked the EX1 sequence in more detail 
and identified four lysine residues from aa 256 to 265 
(Figure 6A). Expression of EX1-N278-GFP (encoding the 
N-terminal 278 aa of EX1) resulted in GFP fluorescence in 
the nucleus and chloroplasts, whereas expression of 
EX1-N251-GFP abrogated the nuclear GFP signals 
(Figure 6B), suggesting that the fragment from aa 252-278 
is required for nuclear targeting. Importantly, point muta
tions of the lysine residues to alanine in EX1–N278 
(EX1-N278K256A,K257A-GFP, EX1-N278K263A,K265A-GFP, or 
EX1-N278K256A,K257A,K263A,K265A-GFP [EX1-N2784KA-GFP]) 
also abolished the nuclear localization of the corresponding 
fusion proteins (Figure 6C). These data suggest that 
the four lysine residues in the 256–265 aa sequence of 
EX1 are essential for its nuclear localization. Consistently, 
expressing TP-EX1-C-GFP (containing the transit peptide 
and the aa 279–684 fragment) produced fluorescence only 
in chloroplasts (Figure 6B).

To further confirm the biological function of these lysine 
residues, we generated 35S:EX1K256A,K257A,K263A,K265A-GFP 
(35S:EX14KA-GFP) transgenic plants with comparable pro
tein abundance to 35S:EX1-GFP in the ex1 mutant back
ground (Supplemental Figure S12D). We observed no GFP 
fluorescence in the nucleus of 35S:EX14KA-GFP, compared 
to 35S:EX1-GFP, after RB or light treatments (Figure 6, D 
and E). Strikingly, 35S:EX14KA-GFP failed to rescue the green
ing phenoty pe of the ex1 mutant (Figure 6F). These results 
demonstrate that nuclear localization of EX1 is required for 
its function.

EX1 interacts with WRKY transcription factors
The subcellular destination of EX1 in the nucleus prompted 
us to investigate how it might execute its molecular function. 
A previous study showed that 1O2 induces the expression of 
over 160 SORGs (Dogra et al., 2017). Sequence analysis re
vealed that SORG promoters are highly enriched in putative 
W-boxes (TTGACC/T; Supplemental Figure S14A), which are 
recognized by WRKY-type transcription factors (Rushton 
et al., 2010). We hypothesized that EX1 might associate 
with WRKY transcription factors to enact its molecular func
tion in the nucleus. To test this possibility, we selected several 
WRKYs whose expression patterns respond to ROS and per
formed a yeast two-hybrid assay (Laloi et al., 2007). Indeed, 
we observed an interaction between EX1N or EX2N fused 
to the GAL4 activation domain (GAD) and WRKY15, 
WRKY18, WRKY40, WRKY60, and WRKY70 fused to the 
GAL4-binding domain (GBD) in yeast cells (Supplemental 
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Figure S14B). We selected WRKY18 and WRKY40 due to the 
availability of available genetic materials to characterize their 
interaction with EX1 in more detail. In a transient co-IP assay, 
WRKY18-GFP and WRKY40-GFP immunoprecipitated more 
EX1-HA in Arabidopsis protoplasts after light exposure 

(∼40 µmol·m−2·s−1) than in the dark (Figure 7, A and B). 
Similarly, WRKY18-GFP and WRKY40-GFP, but not GFP 
alone, pulled down an increased amount of EX1-HA, upon 
RB treatment (Figure 7, C and D). An LCI assay showed 
that co-expression of EX1N-nLUC and WRKY40-cLUC 

Figure 6 Identification of EX1 nuclear localization signal. A, Schematic diagrams of EX1 and its truncations. B and C, Transient protein localization 
assay. Various constructs encoding deletions (B) or point mutations (C) were co-infiltrated with a plasmid harboring mCherry into N. benthamiana 
epidermal leaf cells and allowed to be expressed under LD conditions for 2 days. Chl, chlorophyll autofluorescence. Arrowheads point to nuclei. Scale 
bars, 20 µm. D, Subcellular localization. Seedlings were grown in white light (∼80 µmol·m−2·s−1) for 6 days and then incubated with 100 µM RB for 
15 min or mock-treated (equal volume of liquid MS). Arrowheads point to nuclei. Scale bars, 20 µm. E, Subcellular localization. Seedlings were grown 
in the dark for 6.5 days and then transferred to light (∼200 µmol·m−2·s−1) for 30 min. Scale bars, 20 µm. Arrowheads point to nuclei. F, Greening 
phenotype of seedlings grown in the dark for 6.5 days followed by light exposure (∼80 µmol·m−2·s−1) for 2 days.
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produces luciferase signals in N. benthamiana leaves 
(Supplemental Figure S14C). Furthermore, an in vivo co-IP 
assay showed that WRKY18-HA immunoprecipitates EX1 
in proWRKY18:WRKY18-HA (W18-HA) transgenic seedlings 
after light irradiation (∼80 µmol·m−2·s−1) but not in non
transgenic seedlings (Supplemental Figure S14D). We con
clude that EX1 and WRKY18/40 physically interact and 
that their interaction is promoted by the 1O2 signal, likely 
due to the increased import of EX1 into the nucleus.

Next, we sought to examine whether both WRKY factors 
are involved in regulating the photo-oxidation response. 
Transgenic seedlings expressing W18-HA or proWRKY40: 
WRKY40-HA (W40-HA) exhibited a photobleaching 

phenotype, whereas the wrky18 wrky40 double mutant 
showed reduced sensitivity to high light (∼300 µmol·m−2·s−1) 
compared to the WT, as evidenced by the significantly high
er percentage greening of the double mutant (Figure 7, E 
and F). However, mutations or transgenes of WRKY18 
and WRKY40 did not drastically affect Pchlide levels or 
1O2 accumulation (Supplemental Figure S9D; Figure 7G). 
Genetic analysis further showed that W18-HA suppresses 
the high percentage greening of ex1 and ex2 mutants 
(Figure 7, H and I), indicating that WRKY18 acts down
stream of EX1 and EX2. These results reveal that WRKY18 
and WRKY40 are indeed involved in regulating the photo- 
oxidation response.

Figure 7 EX1 interacts with WRKY18 and WRKY40 and both WRKYs regulate seedling greening. A and B, Co-IP assays between EX1-HA and 
WRKY18-GFP (A) or WRKY40-GFP (B) in Arabidopsis protoplasts during light exposure (∼40 µmol·m−2·s−1). C and D, Co-IP assays between 
EX1-HA and WRKY18-GFP (C) or WRKY40-GFP (D) in protoplasts upon 50 µM RB treatment. Expression of GFP serves as control. Transfected pro
toplasts were incubated in the dark for 16 h. E, Greening phenotype of the double mutant and transgenic lines of WRKY18 and WRKY40. 
F, Percentage greening of seedlings shown in (E). G, SOSG fluorescence. Scale bar, 0.5 mm. H, Greening phenotype showing the genetic relationship 
between ex1-2, ex2, and WRKY18-HA. I, Percentage greening of seedlings shown in (H). For E-I, seedlings were grown in the dark for 5.5 days, followed 
by illumination (∼300 µmol·m−2·s−1) for 2 days (E, F, H, and I) or 1 h (G). For F and I, data are means ± s.d., n = 3. Asterisks indicate significant dif
ferences using Student’s t test (P < 0.01).
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EX1 and WRKY18/40 regulate SORGs expression
To dissect the biochemical function of the EX1-WRKY18 
interaction, we determined the regulation of three 
SORGs: WRKY33 (At2g38470), NDR1/HIN1-LIKE 3 
(NON-RACE-SPECIFIC DISEASE RESISTANCE1 [NDR1], 
HAIRPIN-INDUCED [HIN1]-LIKE3 or NHL3, At5g06320), and 
At3g29000 (Dogra et al., 2017). Their transcript levels were 
significantly up-regulated in 35S:EX1-GFP, W18-HA, and 
W40-HA transgenic seedlings upon 1 h of light treatment 
(∼80 µmol·m−2·s−1), but not in the dark (Figure 8A). The 

expression of these three genes was down-regulated in the 
ex1 ex2 double mutant after 1 h of light exposure 
(Figure 8B). Next, we examined whether WRKY18 directly 
regulated SORGs expression. A yeast one-hybrid assay 
showed that AD-WRKY18 (WRKY18 fused to the B42 acti
vation domain) and AD-WRKY40 can bind to the promo
ters of WRKY33, NHL3, and At3g29000 and activate the 
transcription of the downstream LacZ reporter 
(Figure 8C). Furthermore, a ChIP assay using W18-HA seed
lings and an anti-HA antibody indicated that WRKY18 as
sociates with SORGs promoter regions containing the 

Figure 8 EX1 and WRKY18/40 coregulate SORGs expression. A and B, RT-qPCR analysis of three selected SORGs. Seedlings were grown in the dark 
for 5.5 days (A), followed by high light exposure (B, ∼300 µmol·m−2·s−1) for 1 h. Asterisks indicate significant differences from Col-0 (WT) using 
Student’s t test (P < 0.01). C, Y1H assay. AD-WRKY18, AD-WRKY40, or AD control and various LacZ reporters were co-transformed in yeast strain 
EGY48. D, Schematic diagram of W-boxes (bars) and PCR amplicons in the promoter regions of SORGs. E, Chromatin immunoprecipitation (ChIP) 
assay. W18-HA seedlings were grown in the dark for 6.5 days, followed by light exposure (∼200 µmol·m−2·s−1) for 1 h. Data are means ± s.d., n = 3. 
Asterisks indicate significant differences from amplicon “X0” using Student’s t test (**P < 0.01 or *P < 0.05). F and G, Transcriptional activation 
assay of full-length (F) and N-terminal EX1 (G). GAL4 DNA-binding domain (BD)-fusion constructs were co-transfected with the GAL4pro:LUC 
reporter construct into Arabidopsis protoplasts. Relative LUC activity was normalized to the activity of the GUS control (35S:GUS). Data are 
means ± s.d., n = 3. Asterisks indicate significant differences from BD using Student’s t test (P < 0.01).
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W-box (Figure 8, D and E), suggesting that WRKY18 directly 
binds to SORG chromatin. Remarkably, EX1 fused to the 
GAL4 DNA-binding domain (BD-EX1) significantly acti
vated a GAL4pro:LUC reporter when transfected into 
Arabidopsis protoplasts, relative to BD alone (Figure 8F). 
BD-EX1N also strongly activated LUC expression, even 
with the addition of the repressor domain from 
ETHYLENE-RESPONSIVE FACTOR 3 (Figure 8G). These re
sults indicate that EX1 has intrinsic transcriptional activa
tion activity. Hence, EX1 interacts with WRKY 
transcription factors and activates the expression of 
SORGs in the nucleus in response to the 1O2 signal.

Discussion
Our study establishes a 1O2-triggered plastid retrograde sig
naling pathway consisting of the GUN4/GUN5-EX1-WRKYs 
module that bridges the long-standing communication gap 
between the plastids and the nucleus (Chi et al., 2013; 
Brzezowski et al., 2015; Chan et al., 2016; Dogra et al., 
2018). We propose a working model whereby, in the absence 
of 1O2 (darkness), GUN4 and GUN5 interact with EX1 and 
EX2; however, the dark-accumulated free Pchlide (photosen
sitizer) induces a burst of 1O2 following light irradiation, 
which alleviates the GUN-EX1 association. EX1 is then re
leased from the plastids by an unknown mechanism and re
locates to the nucleus, where it physically interacts with 
WRKY transcription factors (such as WRKY18 and 
WRKY40) and activates SORGs expression, resulting in 
photo-oxidative responses (Figure 9). We observed an inter
action between GUN4 and EX1/2 homologs from various 
species from the green lineage, including Chlamydomonas 

reinhardtii, Physcomitrium patens, and rice, suggesting that 
this singlet oxygen signaling cascade may be evolutionarily 
conserved across the plant kingdom (Supplemental 
Figure S15; Supplemental Table S1). This work provides not 
only clues as to the signals that facilitate communication be
tween the nucleus and other organelles but also a model that 
integrates pathways of anterograde light signaling and retro
grade 1O2 signaling in response to changing light 
environments.

GUN4 and GUN5 are involved in 1O2 retrograde 
signaling
The 1O2-mediated plastid-to-nucleus retrograde signaling is 
largely unknown. In this study, we developed a system for 
1O2-mediated retrograde signaling during heterotrophic- 
to-photoheterotrophic growth upon light and RB treatments. 
By using this system, we identified multiple gun4 and gun5 mu
tations as suppressors of pif1 pif3, suggesting an important role 
for GUN4 and GUN5 in regulating 1O2-mediated retrograde sig
naling. Early genetic screens for retrograde signaling mutants 
identified five out of six GUN genes belonging to the tetrapyrrole 
biosynthesis pathway, highlighting the involvement of the pro
teins/intermediates of this pathway in retrograde signaling; 
however, their roles and underlying mechanisms remain mostly 
unknown (Susek et al., 1993; Mochizuki et al., 2001; Larkin et al., 
2003; Strand et al., 2003; Pfannschmidt, 2010; Woodson et al., 
2011).

As components of Mg-chelatase, GUN4 and GUN5 partici
pate in 1O2 signaling most likely through affecting the en
zymatic function and tetrapyrrole biosynthesis flow and 
consequently 1O2 production. It has been demonstrated 
that the accumulation of photosensitizing tetrapyrrole 

Figure 9 A working model depicting the EX1-mediated 1O2 signaling pathway. In the dark (no 1O2), relatively low amounts of GUN4 and GUN5 
interact with EX1 in plastids (etioplasts). Light exposure induces 1O2 formation by tetrapyrrole intermediates (e.g. Pchlide) that releases EX1 from 
the GUN4/5-EX1 complex and triggers its translocation to the nucleus, where EX1 physically interacts with WRKY transcription factors (such as 
WRKY18 and WRKY40) to regulate SORGs expression and ultimately photo-oxidative responses. FtsH2-mediated EX1 proteolysis is also important 
for propagating the singlet oxygen signal as previously proposed (Dogra et al., 2019). ALA, 5-aminolevulinic acid; PPIX, protoporphyrin IX; MgP, 
Mg-protoporphyrin IX. How EX1 transports from the plastid to the nucleus remains unknown.

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac330#supplementary-data
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intermediates, such as free Pchlide, can produce 1O2 upon il
lumination, which acts as a retrograde signal to modulate nu
clear gene expression (op den Camp et al., 2003; Wagner 
et al., 2004; Terry and Smith, 2013; Woodson, 2019). 
Etiolated pif1 pif3 seedlings accumulated an excess amount 
of free Pchlide, perhaps due to increased expression levels 
of GUN4 and GUN5 as well as the other tetrapyrrole metab
olism genes, thus enhancing metabolic flow (Moon et al., 
2008; Stephenson et al., 2009; Zhong et al., 2009; this study). 
Indeed, PIF3 directly regulated GUN5 expression (Liu et al., 
2013). Genetic studies suggest that GUN4/GUN5 act down
stream of PIF1/PIF3 in regulating Pchlide accumulation and 
1O2 production (Figure 1; Supplemental Figures 3, 4, 
and 7). Similarly, gun5 was also isolated as a suppressor of 
the plastid ferrochelatase 2 (its enzyme catalyzes the heme 
branch) mutant, which accumulated 1O2 after light irradi
ation (Woodson et al., 2015). Mutations in GUN4 and 
GUN5 can reduce Mg-chelatase activity and in consequence 
result in a low supply of product and levels of downstream 
intermediates, such as MgP and Pchlide. While knock-out 
mutations of GUN4 or GUN5 are seedling lethal (Huang 
and Li, 2009; Peter and Grimm, 2009), their individual knock
down leads to reduced levels of MgP and Pchlide and de
creased 1O2 accumulation (Supplemental Figure S7). 
Similarly, a mutant in the rice GUN4 homolog had reduced 
levels of Pchlide and 1O2 compared to WT, especially under 
high-light conditions (Li et al., 2021). Consequently, the gun4 
and gun5 knockdown mutants had higher greening percen
tages even under high light intensities (Figure 1). 
Furthermore, GUN4 may function through regulating the 
subcellular and intraorganellar localization of Mg-chelatase 
and the post-translational control of the tetrapyrrole biosyn
thesis pathway (Peter and Grimm, 2009; Mochizuki et al., 
2010).

In addition, GUN4 and GUN5 are involved in 1O2 retro
grade signaling by interacting with EX1. EX1 mainly resides 
at the grana margin regions on the thylakoid membrane, 
close to the site of chlorophyll biosynthesis, where the 
GUN4–GUN5 complex localizes (Wang and Grimm, 2015; 
Wang et al., 2016), providing the spatial opportunity for 
EX1 to physically interact with GUN4 and GUN5. We showed 
that GUN4/GUN5 interacted with EX1 and that the inter
action was inhibited by RB treatment or illumination 
(Figure 3), suggesting that GUN4/GUN5-EX1 interaction 
can be regulated by the 1O2 signal. During this process, the 
1O2 signal might be sensed by the putative sensor EX1, there
by causing its post-translational modification (Wang et al., 
2016; Dogra et al., 2018, 2019; Wang and Apel, 2019). In add
ition, GUN4 and GUN5 themselves are modified by oxidative 
molecules (Wittmann et al., 2021), which might also contrib
ute to the release of the GUN4/GUN5-EX1 interaction.

1O2 signal triggers the relocation of EX1 from plastids 
to the nucleus
Our molecular and cellular data suggest that EX1 likely serves 
as a mobile macromolecule that translocates from plastids/ 

chloroplasts to the nucleus. These evidence include: (1) im
munoblot assays showing that EX1 accumulated in the nu
clear fractions upon RB or light treatments; (2) real-time 
GFP imaging revealing that EX1-GFP signals gradually in
creased in the nucleus but concomitantly decreased in the 
plastid after light exposure; (3) CHX treatment not affecting 
the nuclear accumulation of EX1-GFP; (4) mutation of four 
lysine residues abolishing the nuclear localization and func
tion of EX1; and (5) the possible cleavage of the transit pep
tide of nuclear EX1 (Figures 4–6). The advantage of, EX1 
being first imported to plastids may help the protein sense 
the plastid-derived 1O2 signal, which is then relayed to the 
nucleus to control gene expression through the subsequent 
relocation of EX1. If EX1 directly moved from the cytoplasm 
(the site where EX1 is initially translated) to the nucleus, plas
tid 1O2 signal would not be carried by EX1. Therefore, EX1 
may act as a “ferryboat” to transmit the plastid 1O2asignal ef
ficiently from the plastid to the nucleus, despite the asso
ciated high energy cost. EX1 might relocate to the nucleus 
via several routes: via an unknown protein export channel lo
cated in the chloroplast envelope; by shedding of vesicles 
from stromules; or through vesicle-mediated protein efflux 
(Krupinska et al., 2020; Mullineaux et al., 2020). How EX1 is 
exported from plastids and enters the nucleus remains 
open and will be of great interest for future studies. Several 
proteins have also been reported to show similar localization 
patterns as EX1. The single-stranded DNA-binding protein 
Whirly1 (WHY1) in barley (Hordeum vulgare) was implicated 
as an intracellular mobile protein (Grabowski et al., 2008; 
Isemer et al., 2012). HEMERA (also named pTAC12, 
[PLASTID TRANSCRIPTIONALLY ACTIVE 12]), NUCLEAR 
CONTROL OF PEP ACTIVITY, REGULATOR OF 
CHLOROPLAST BIOGENESIS, and PAP8 (PEP-ASSOCIATED 
PROTEIN 8, also named pTAC6) are also dually localized to 
the plastids and nucleus (Nevarez et al., 2017; Yang et al., 
2019; Yoo et al., 2019; Liebers et al., 2020). Dual localization 
is thought to be a strategy to tighten and coordinate 
genome-related functions in organelles and the nucleus 
(Krupinska et al., 2020).

FtsH2-dependent EX1 turnover in chloroplasts is necessary 
for mediating retrograde 1O2 signaling and the conditional 
flu mutant lacking functional FtsH2 protease impairs 
1O2-triggered and EX1-regulated responses (Wang et al., 
2016; Dogra et al., 2017). Here we revealed that intact EX1 
may directly relay the chloroplast 1O2 signal to the nucleus, 
raising the question as to how EX1 can be both degraded 
in chloroplasts and translocated to the nucleus. There might 
be at least two possibilities that need further investigation. 
First, EX1 is probably not fully degraded in chloroplasts or 
its complete degradation may take a relatively long time 
(Wang et al., 2016). We observed that EX1 is transiently up- 
regulated before its turnover begins (Figure 4; Supplemental 
Figure S13) and that EX1 relocation from chloroplasts to the 
nucleus is relatively rapid, less than 30 min as tested 
(Figure 5). We propose that, upon 1O2 induction, EX1 transi
ently accumulates and a certain amount of EX1 may rapidly 

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac330#supplementary-data
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translocate to the nucleus and initiate changes in SORGs ex
pression, while its subsequent degradation in chloroplasts 
likely attenuates long-term photo-oxidative responses that 
otherwise limits plant growth. We are uncertain whether 
EX1 turnover is mediated by FtsH2 under our experimental 
materials and conditions. Second, FtsH2-mediated degrad
ation and nuclear targeting of EX1 might mediate different 
signaling pathways under varied developmental stages or cir
cumstances. In previous studies, EX1 stability was examined 
in the flu mutant background grown under continuous 
light conditions followed by dark and light treatments 
(Wang et al., 2016; Dogra et al., 2019). It remains unknown 
whether the degraded EX1 fragments might regulate the 
WRKY18/40-mediated signaling pathway as observed in 
our study. In our experiments, we used etiolated seedlings 
of transgenic lines in the WT background for light and RB 
treatments. Thus, different sources of 1O2 may be produced 
by tetrapyrrole metabolites from grana margin or 3Chl from 
the reaction center in grana core (Krieger-Liszkay et al., 2008) 
that may cause the translocation and degradation of EX1 to 
mediate different pathways.

EX1 and EX2 interact with each other and both have simi
lar sequences and structural domains (Dogra et al., 2022). We 
revealed that both EX1 and EX2 controlled 1O2 retrograde 
signaling (Figure 2; Supplemental Figure S9). EX1 and EX2 ad
ditively regulated Pchlide accumulation in the dark, possibly 
through affecting the levels and/or activity of GUN4/GUN5 
since they physically interact in the plastids. In agreement 
with this observation, the inactivation of both EX1 and EX2 
function abrogates the up-regulation of almost all 
1O2-responsive genes in the flu mutant background (Lee 
et al., 2007). EX1 and EX2 also redundantly prevent seedling 
greening after a far-red pretreatment (Page et al., 2017). EX1 
is post-translationally oxidatively modified on tryptophan 
643, which is required for 1O2 perception (Dogra et al., 
2019). EX2 also undergoes oxidative modification and 
FtsH-mediated degradation, which surprisingly counteracts 
EX1 turnover by reducing EX1 oxidation levels, suggesting 
that there is an antagonistic effect of EX1 and EX2 in response 
to 1O2 (Dogra et al., 2022). The relationship between EX1 and 
EX2 is possibly more complicated than expected under differ
ent circumstances.

EX1 acts as a transcriptional coregulator to control 
SORGs expression with WRKY transcription factors
Our study elucidates the biochemical and molecular func
tion of EX1 that both its full-length and N terminus possess 
intrinsic transcriptional activation activity and thus EX1 
functions as a transcriptional co-activator that helps WRKY 
transcription factors control downstream gene expression 
(Figure 8). We showed that EX1 directly interacted with 
WRKY transcription factors, such as WRKY18 and 
WRKY40. WRKY18 and WRKY40 have been implicated in 
regulating the transcriptome in response to both abiotic 
and biotic stresses (Chen et al., 2010; Birkenbihl et al., 
2017). Similarly, WRKY40 and WRKY63 control the 

expression of nuclear genes that respond to chloroplast 
and mitochondrial dysfunction (van Aken et al., 2013). EX1 
may be recruited to a different set of 1O2-responsive genes 
by forming multiple heterodimers with various WRKY pro
teins. These WRKYs may additively or redundantly regulate 
SORGs expression and 1O2 responses. In agreement with 
this notion, increased expression of WRKY18 or WRKY40 
confers photo-oxidative responses (Figure 7). Strikingly, the 
N-terminal end of EX1 contains a uvrB/C motif, which is im
plicated in DNA-binding and protein interaction (Skorvaga 
et al., 2004), although it remains to be determined whether 
EX1 could directly regulate downstream gene expression in 
the nucleus. Our genetic analysis further indicated that 
WRKYs act downstream of EX1 to relay the 1O2 signaling 
(Figure 7). The transcription of many WRKY genes is also un
der the regulation of 1O2-triggered signaling (Gadjev et al., 
2006). In addition, EX1 might modulate the 1O2 signaling 
pathway by interacting with other transcription factors in
volved in ROS responses (Gadjev et al., 2006; Chen et al., 
2013; Vogel et al., 2014). Our study also suggested that, in 
addition to their previously known role in regulating 
PhANGs expression (Susek et al., 1993), GUN4 and GUN5 
are also involved in mediating the expression of SORGs, 
which further indicate that both proteins might integrate 
the biogenic and operational retrograde networks.

In summary, since 1O2 accumulates at relatively low levels 
and has a short lifespan in WT seedlings during the transition 
from heterotrophic-to-autotrophic growth under normal 
light conditions, 1O2 sensing by EX1 may offer the advantage 
of amplifying the primary 1O2 signal and generating a more 
stable molecular message in the chloroplasts. EX1 likely 
serves as a molecule that transports the signal from the chlor
oplasts to induce nuclear SORGs expression, thereby provid
ing a direct link to the 1O2-triggered signaling pathway.

Materials and methods
Plant materials
All mutants and transgenic plants were in the Arabidopsis 
(Arabidopsis thaliana) Columbia (Col-0) accession. The pif1 
pif3 (Chen et al., 2013), flu (Li et al., 2019), and wrky18 
wrky40 (Birkenbihl et al., 2017) mutants and the transgenic 
lines ex1 proEX1:gEX1-GFP (Wang et al., 2016), WRKY18-HA, 
and WRKY40-HA (Birkenbihl et al., 2017) were described pre
viously. The T-DNA insertion mutants ex1-2 (SALK_002088), 
ex1-3 (SALK_022735C, shown as ex1 in all experiments), ex2-2 
(SALK_021694C), gun4-2 (SALK_011461, Peter and Grimm, 
2009), and gun5-10 (SAIL_138_B09) were obtained from 
the Arabidopsis Biological Resource Center. The double, tri
ple, and higher-order mutants were generated by genetic 
crossing and genotyping of the progeny. Homozygous lines 
were used throughout the study.

Plant growth conditions
Seeds were surface-sterilized and sown on Murashige and 
Skoog (MS) medium supplemented with 1% (w/v) sucrose 
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and 0.8% (w/v) agar. Seeds were stratified at 4°C for 3 days in 
the dark, then transferred to white light (∼80 µmol·m−2·s−1) 
for 10 h to promote germination before transfer to a con
trolled growth chamber set at 22 ± 2°C under a long-day 
photoperiod (LD, 16-h light/8-h dark) or in the dark. 
Seedlings were transferred to soil when needed and allowed 
to grow and set seeds in LD conditions with 75% humidity. N. 
benthamiana plants were grown individually in a tray in the 
same growth conditions as Arabidopsis.

Bacterial and yeast growth
Escherichia coli strain DH5 or BL21 (DE3) harboring the cor
responding plasmids were grown in LB medium containing 
50 μg mL−1 ampicillin at 37°C overnight. Agrobacterium 
(Agrobacterium tumefaciens) strain GV3101 harboring the 
corresponding vectors were cultured in liquid LB with the ap
propriate antibiotics at 28°C under constant shaking over
night. Yeast (Saccharomyces cerevisiae) strain EGY48 or 
Y2H-Gold cells were cultured in YPD medium at 28°C. The 
yeast cells harboring the plasmids were selected and grown 
on synthetic defined (SD) dropout medium lacking the ap
propriate nutrients at 28°C.

Generation of transgenic plants
Binary constructs were introduced into Agrobacterium 
strain GV3101 by electroporation and the resulting positive 
Agrobacterium colonies were used to transform 
Arabidopsis WT Col-0 or ex1-2 plants via the floral dip 
method (Clough and Bent, 1998). Transgenic plants were 
selected on MS plates containing 50 μg mL−1 kanamycin 
or 20 μg mL−1 Basta. Homozygous lines were confirmed 
based on the segregation of antibiotic resistance and PCR 
genotyping. At least two representative transgenic lines 
were used for all experiments.

Determination of percentage greening
Seedlings were grown in the dark for 5–8 days before 
transfer to the growth chamber in constant light and 
under a normal (∼80 µmol·m−2·s−1) or high fluence rate 
(∼300 µmol·m−2·s−1) for 2 days. When appropriate, different 
concentrations of vitamin B6 (25–100 μM) were added to 
the MS medium. The percentage greening was determined 
by scoring the number of seedlings that had developed 
two green cotyledons from approximately 50 seedlings for 
each genotype. The percentage greening of mutants/trans
genic lines was always compared to that of WT from the 
same batch of experiment. Three independent experiments 
were performed. Images from representative seedlings were 
taken on an agar plate using a digital camera (Olympus).

Mutagenesis, genetic screening, and mapping of 
suppressors
EMS mutagenesis of pif1 pif3 mutant seeds (∼25,000) was 
performed according to a previously published method 
(Kim et al., 2006). M1 seeds were sown evenly on soil (divided 
into 80 trays) and allowed to grow in LD conditions as 

described above. M2 seeds were harvested and bulked into 
320 pools. Approximately 100 M¥ seeds per pool were 
surface-sterilized before being plated on MS medium, al
lowed to germinate, grown in the dark for 6 days, and 
screened for the suppressor mutant phenotype after growth 
in white light (∼80 µmol·m−2·s−1) for 2 days. Seedlings with a 
fully or partially restored greening phenotype were selected 
as putative spo mutants and transferred to soil to recover 
and set M3 seeds. Most seedlings failed to turn green, as 
would be expected for the pif1 pif3 double mutant. After 
phenotypic verification, the M3 plants were backcrossed to 
the pif1 pif3 double mutant to yield a segregating F2 popula
tion after selfing of the F1 progeny. The genetic segregation of 
the seedling greening phenotype was determined for all can
didate spo mutants, to select suppressors caused by a single 
recessive mutation. F2 plants with a normal greening ability 
were grown on soil and their homozygous nature was con
firmed based on the lack of segregation in the F3 generation. 
Genomic DNA was isolated from the leaves of BC1F2 plants 
and the concentration of the extracted DNA was determined 
before pooling DNA from 24–30 plants evenly for MutMap 
mapping as described (Abe et al., 2012).

The pooled DNAs were subjected to Illumina whole- 
genome sequencing with over 20× coverage. Mutations 
and polymorphisms (relative to the pif1 pif3 parent) not re
lated to the phenotype should segregate in a 1:1 ratio. 
Mutations and polymorphisms linked to the phenotype 
should show an increased proportion of the nonreference al
lele. Initially, mutations in spo1-1 (G113R), spo1-2 (P170L), 
spo1-4 (G248R), spo1-5 (P279L), spo1-7 (M295T), spo1-9 
(P440L), spo1-11 (G594R), and spo1-14 (P969S) were mapped 
to the GUN5 locus and spo2-4 (S121F) and spo2-5 (L175F) 
were mapped to GUN4 locus (Figure 1A). The DNA frag
ments covering GUN5 or GUN4 were then amplified from 
the other spo1 and spo2 alleles by PCR, and point mutations 
were identified by sequencing. The PCR primers for fine- 
mapping are listed in Supplemental Data Set S1.

RB treatment
Arabidopsis seedlings were grown for 6 days in LD before 
transfer to liquid MS medium containing 100 μM RB and in
cubation in white light (∼80 µmol·m−2·s−1) for different per
iods as indicated. For protoplast experiments, RB was added 
to the protoplast solution to a final concentration of 50 μM 
and incubated in white light (∼40 µmol·m−2·s−1) for differ
ent periods as indicated in the text.

Determination of Pchlide and chlorophyll levels
Seedlings were grown in the dark for different periods as indi
cated in the text, homogenized in 500 µL ice-cold 80% (v/v) 
acetone, and incubated in the dark overnight at 4°C. After cen
trifugation at 13,523 rcf at 4°C for 5 min, 77K fluorescence of the 
samples was determined by excitation at 440 nm and scanning 
from 600 to 750 nm in a fluorescence spectrophotometer 
(Hitachi). Emission of Pchlide and chlorophyllide peaks at 636 
and 675 nm, respectively. For chlorophyll measurements, 
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seedlings were grown in the dark for 6.5 days and exposed to 
light (∼80 µmol·m−2·s−1) for 2 days. Fifty seedlings were col
lected, homogenized in 1 mL ice-cold 80% (v/v) acetone, and in
cubated in the dark overnight at 4°C. After centrifugation at 
13,523 rcf at 4°C for 5 min, absorption at 665 nm (OD665) 
and 649 nm (OD649) was determined in a spectrophotometer. 
Chlorophyll contents were calculated using formulas chloro
phyll a (Chl a) = 13.95 × OD665 − 6.88 ×OD649 and Chl b = 
24.96 × OD649–7.32 × OD665.

Determination of MgP levels
HPLC analysis was performed as previously described (Wang 
et al., 2020). Seedlings were grown under long-day conditions 
for 3 weeks and 100 mg leaves were collected and ground to 
powder. Samples were mixed with 1 mL ice-cold extraction 
buffer (acetone: 0.1 M NH4OH [9:1; v/v]) and then centri
fuged at 16,000 g, 4°C for 20 min. Supernatants were filtered 
through a 0.22-μm filter and pigments were analyzed by a 
Waters 2545Q system equipped with fluorescence detectors 
and a diode array. MgP levels were quantified with the au
thentic standards.

Determination of SOSG fluorescence
Etiolated seedlings were exposed to white light 
(∼80 µmol·m−2·s−1) for 1 h before immersion in a 10-mM 
SOSG (Invitrogen) solution for 2 h in the dark. The seedlings 
were then exposed to white light (80–300 µmol·m−2·s−1) for 
another 0.5–1 h before visualization of SOSG fluorescence 
with excitation at 488 nm and emission at 532 nm. Images 
were captured on a Zeiss LSM 980 with an Elyra7 confocal 
microscope and fluorescence intensity was quantified with 
the measure tool of Zeiss LSM 980 after background subtrac
tion. To measure SOSG fluorescence in cotyledons and hypo
cotyls, at least 100 sampling dots (diameter = 100 μm, 10∼15 
dots in each cotyledon or hypocotyl) were collected from at 
least 10 seedings for each genotype. To measure SOSG fluor
escence in chloroplasts and cytoplasm, signals from at least 
100 sampling dots (diameter = 100 μm) in chloroplasts or 
cytoplasm from at least 50 cells were collected for each geno
type. Regions of high autofluorescence were avoided. The 
parameters were set consistently.

Trypan blue staining
Six-day-old etiolated seedlings were exposed to white light 
(∼80 µmol·m−2·s−1) for 1 day. The seedlings were stained 
with a lactophenol trypan blue solution (1.8 mL phenol, 
2 mL lactic acid, 2 mL glycerol, and 2 mL of 1 mg mL−1 try
pan blue stock solution) preheated to 65°C and 
vacuum-infiltrated three times for 5 min each. The samples 
were boiled for 3 min and rinsed gently with chloral hydrate 
for 4–8 h. Representative seedlings were mounted on slides 
and photographed on a dissecting microscope.

RT–qPCR analysis
Total RNA was extracted using an RNA Pure Plant Kit 
(Tiangen) and quantified spectrophotometrically at 260 nm 

using a Nanodrop 2000 (Thermo Fisher Scientific). Total 
RNA (1 µg) was treated with RNase-free DNase I (Thermo 
Fisher Scientific) and then subjected to first-strand cDNA syn
thesis using reverse transcriptase MLV (Invitrogen). 
Quantitative PCR was performed using a TB Green Premix 
ExTaq Kit (Takara) in a Light Cycler 480 instrument (Roche) 
according to the manufacturers’ instructions. Relative tran
script levels were calculated using the comparative delta-Ct 
method with normalization to ACTIN2 transcript levels. 
Expression analysis was performed with three independent 
samples; primer sequences are shown in Supplemental Data 
Set S1.

Plasmid construction
The full-length open reading frames or fragments of EX1, EX2, 
GUN5, GUN4, and WRKY15/18/40/60/70 were amplified by 
PCR from Col-0 cDNA. The full-length coding sequences 
or fragments of GUN4 and EX1 homologs from 
Chlamydomonas renhardtii, Physcomitrium patens, and rice 
(Oryza sativa) were also amplified from their corresponding 
cDNAs. The EX1 N termini of these homologs were deter
mined using the MAFFT program (Katoh et al., 2017) based 
on the position of the EX1 N terminus in Arabidopsis. 
Appropriate restriction sites were included within the primers 
for follow-up cloning after subcloning the DNA fragments into 
the pEASY-Blunt Simple vector (TransGen). All clones were 
validated by sequencing. The following vectors were used: 
pGBK-T7 (Clontech), pGAD-T7 (Clontech), pB42AD 
(Clontech), pLacZi2µ (Lin et al., 2007), p1302-nYFP/cYFP 
(Walter et al., 2004), p1300-nLUC/cLUC (Chen et al., 2008), 
pUC-3HA (Chen et al., 2013), pSAT-EGFP-N1 (Tzfira et al., 
2005), pMAL-c5X (NEB), pGEX-5X-1 (GE Healthcare), 
pSAT-GAL4BD, pGAL4DB-ERF3RD (Jing et al., 2013), and 
pCAMBIAKaBar-cFlag (Lin et al., 2016). The vectors of 
pRI-GFP, pRI-3FLAG, and pRI-mCherry were modified from 
pRI101-AN (Takara).

Specifically, for the construction of 35S:TP-GFP-EX1 and 
35S:TP-EX1C-GFP, the 46-aa EX1 chloroplast transit peptide 
sequence was cloned and introduced in-frame into the plas
mids. When generating the 35S:TP-GFP-EX1 construct, a frag
ment of EX1 lacking the transit peptide sequence was 
amplified, as the transit peptide sequence was already pro
vided by the vector at the 5′ end of GFP. Primers for all con
structs generated in this study are listed in Supplemental 
Data Set S2.

Yeast assays
Experiments for yeast one-hybrid (Y1H) and two-hybrid 
(Y2H) assays were performed following the Yeast Protocols 
Handbook (Clontech). For Y1H assays, the corresponding 
B42AD activation domain fusion constructs and various 
LacZ reporter plasmids (pLacZi2µ) were co-transformed 
into yeast strain EGY48. Positive colonies were selected on 
SD medium lacking Trp and Ura (−Trp–Ura) and transferred 
to SD medium –Trp–Ura containing 1×BU salts, 2% (w/v) 
galactose, 1% (w/v) raffinose and 0.1 mg mL−1 X-gal 

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac330#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac330#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac330#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac330#supplementary-data
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(5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) for col
or development. Blue colonies indicate positive protein-DNA 
interaction. For Y2H assays, the respective combinations of 
GAD-fusion and GBD-fusion plasmids were co-transformed 
into yeast strain Y2H-Gold (Clontech) and colonies were se
lected on SD medium –Leu–Trp. To assess protein interaction, 
the transformed colonies were suspended in liquid SD medium 
–Leu–Trp to an OD600 value of 1.0. Four microliters of yeast cell 
suspension was spotted onto SD medium –Leu–Trp or SD me
dium –Leu–Trp–His–Ade and incubated at 30°C for 2–3 days. 
Growth on SD medium–Trp–Leu–His–Ade indicates positive 
protein–protein interaction.

Luciferase Complementation Imaging (LCI) assay
Agrobacterium-mediated transient LCI assays were carried 
out as previously described, with modifications (Walter 
et al., 2004). LB medium was inoculated with 
Agrobacterium strain GV3101 harboring the appropriate 
construct and incubated overnight at 28°C. The p19 plasmid 
of tomato bushy stunt virus was used to inhibit gene silen
cing. The bacterial cultures were collected by centrifugation 
and resuspended in infiltration buffer (10 mM MES, pH 5.7, 
10 mM MgCl2) to a final cell density of OD600 = 1.5, or 
OD600 = 1.0 for bacteria harboring p19. The appropriate bac
terial suspensions were mixed in equal volumes and 200 µM 
acetosyringone was added before incubation at 28°C for 3– 
5 h. The Agrobacterium suspensions were co-infiltrated 
into fully expanded young leaves of 4-week-old N. benthami
ana with a syringe. The plants were grown under LD condi
tions at 22°C for 2 days before luciferase signals were 
analyzed on a Night SHADE LB985 (Berthold Technologies) 
according to the manufacturer’s instructions.

Transient LUC expression assay
To analyze the transcriptional activation activity of EX1, the 
GAL4pro:LUC reporter, BD-fusion effectors (BD-EX1, 
BD-EX1N, and BD-EX1N-ERF3), and 35S:GUS internal control 
were co-transfected into Arabidopsis protoplasts using poly
ethylene glycol (PEG)-mediated transient transfection as pre
viously described (Yoo et al., 2007). The transfected 
protoplasts were incubated in the dark for 16 h, collected by 
centrifugation, and incubated in 100 μL 1× cell culture lysis re
agent (Promega). Five microliters of the homogenate was 
mixed with 15 μL of luciferase (LUC) Assay Substrate and lu
minescent signals were monitored using a GloMax 20/20 
Luminometer equipped with a luminescence kit (Promega). 
To determine the internal GUS activity, 5 μL of the cell hom
ogenate was mixed with 45 μL GUS assay buffer (1 mM 
4-methylumbelliferyl β-D-glucuronide, 50 mM sodium phos
phate pH 7.0, 10 mM β-mercaptoethanol, 10 mM EDTA, 
0.1% [w/v] SDS and 0.1% [v/v] Triton X-100). The samples 
were incubated at 37°C for 30 min before terminating the re
action by the addition of 950 μL 0.2 M Na2CO3. GUS activity 
was measured with a luminometer equipped with an ultravio
let fluorescence optical kit (Promega). The relative LUC re
porter level was expressed as LUC/GUS ratio.

BiFC assay
Agrobacterium colonies carrying the nYFP- and cYFP-fusion 
constructs were infiltrated into N. benthamiana leaves using 
the method described above. YFP fluorescence was captured 
using a confocal microscope (Leica TCS SP5) with excitation 
at 514 nm and emission collected at 520–550 nm.

GFP fluorescence imaging
For transient GFP localization assays, the constructs were 
introduced into N. benthamiana leaves via Agrobacterium- 
mediated infiltration. The plants were then allowed to recover 
for the transgenes to express under LD conditions at 22°C for 
2 days. Leaf discs were mounted on a slide and fluorescence 
captured with a Zeiss LSM 980 with Elyra7 confocal micro
scope (settings: GFP, excitation 489 nm, emission 500– 
550 nm; mCherry, excitation 580 nm, emission 600–610 nm). 
Histone H3 fused to mCherry was used as a nuclear marker. 
For stable Arabidopsis transgenic lines, seedlings were treated 
with 100 µM RB or 150 µM cycloheximide (CHX) before 
mounting on a slide. Fluorescence was captured by confocal 
microscopy (Zeiss LSM 980 with Elyra7) with the same settings 
as above for GFP. As a nucleus marker, DAPI (4′, 
6-diamidino-2-phenylindole) fluorescence was detected with 
excitation at 405 nm and emission at 410–490 nm.

Production of recombinant proteins
The constructs were introduced into E. coli (BL21 strain) and 
recombinant protein was induced by the addition of 0.5 mM 
isopropyl β-D-1-thiogalactopyranoside at 37°C for 4 h. The 
pelleted bacterial cells were lysed by sonication in lysis buffer 
(20 mM Tris–HCl pH 7.5, 150 mM NaCl). The supernatants 
were then incubated with nickel-nitrilotriacetic acid agarose 
(QIAGEN, for His fusion proteins), Glutathione Sepharose 
4B (GE Healthcare, for GST fusion proteins), or Dextrin 
Sepharose (GE Healthcare, for MBP fusion proteins) accord
ing to manufacturer’s instructions. The beads were washed in 
wash buffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl) and the 
recombinant proteins were eluted with elution buffer 
(20 mM Tris–HCl pH 7.5, 150 mM NaCl, and 100∼200 mM 
imidazole [for His-tagged proteins], 10∼100 mM reduced 
glutathione [for GST-tagged proteins], or 10∼100 mM mal
tose [for MBP-tagged proteins]).

Generation of antibodies
Rabbits were immunized with recombinant protein frag
ments corresponding to aa 47-278 of EX1 and aa 70-265 
of GUN4 to generate EX1 and GUN4 polyclonal antibodies, 
respectively, at PhytoAB (Beijing). The EX1 and GUN4 im
mune sera were purified against GST-EX1N or His-GUN4 re
combinant proteins, respectively, by affinity filtration 
chromatography.

Total plant protein extraction and immunoblot 
analysis
Arabidopsis seedlings were ground into a fine powder in li
quid nitrogen and homogenized in phosphate-buffered 
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saline (PBS) buffer containing 20 mM sodium phosphate, 
150 mM NaCl, pH 7.4, 1% (v/v) Triton X-100, and 1× com
plete protease inhibitor cocktail (Roche) on ice for 15 min. 
The samples were centrifuged at 13,523 rcf at 4°C for 
15 min. The supernatants were mixed with 10× loading buf
fer (125 mM Tris–HCl pH 6.8, 12% [w/v] SDS, 10% [v/v] gly
cerol, 22% [v/v] β-mercaptoethanol, 0.001% [w/v] 
bromophenol blue), boiled at 95°C for 10 min, and centri
fuged at 13,523 rcf for 5 min at room temperature. After 
SDS-PAGE separation, the proteins were transferred onto a 
polyvinylidene fluoride membrane using a trans-blot turbo 
transfer system (Bio-Tad Laboratories). Immunoblotting 
was performed with anti-GFP (N21021, TransGen, 1:1000), 
anti-FLAG (F3165, Sigma, 1:1000), anti-HA (M180-3, MBL, 
1:10000), anti-EX1 (1:300), anti-GUN4 (1:1000), anti-ACT 
(CW0264M, CWBIO, 1:10000), anti-Tic110 (AS08293, 
Agrisera, 1:1000), anti-Cpn60 (AS122613, Agrisera, 1:1000), 
anti-D1 (PHY0057, PhytoAB, 1:1000), anti-LhcB3 (AS01002, 
Agrisera, 1:1000), anti-Cf1β (AS05085, Agrisera, 1:1000), and 
anti-RbcL (AS03037A, Agrisera, 1:1000) primary antibodies. 
HRP-conjugated goat anti-rabbit (CW0103, CWBIO, 
1:10000) or HRP-conjugated goat anti-mouse (CW0102, 
CWBIO, 1:10000) antibodies were used as the secondary anti
bodies. The blotting signals were captured with a 
Chemiluminescence Imaging System (Biostep) according to 
the manufacturer’s instructions.

Isolation of nuclear proteins
Seedlings were grown under the conditions specified in the 
text. One gram of Arabidopsis seedlings was ground into a 
fine powder in liquid nitrogen and divided equally into 
four 1.5-mL tubes. The powder in each tube was resuspended 
in 1 mL of 4°C precooled lysis buffer (20 mM Tris–HCl, pH 
7.4, 25% [v/v] glycerol, 20 mM KCl, 2 mM EDTA, 2.5 mM 
MgCl2, 250 mM sucrose, 5 mM DTT, and 1× protease inhibi
tor cocktail). The samples were incubated on ice for 15 min 
to ensure complete lysis of the cells, followed by filtration 
through one layer of Miracloth (Merck Millipore) twice. 
After centrifugation at 1,902 rcf at 4°C for 10 min, the pellets 
were washed five times with 1 mL of precooled nuclear resus
pension buffer I (20 mM Tris–HCl, pH 7.4, 25% [v/v] glycerol, 
2.5 mM MgCl2, and 0.2% [v/v] Triton X-100), followed by 
centrifugation at 1,902 rcf at 4°C for 3 min. The pellets 
from the four tubes were combined and resuspended in 
600 µL of precooled buffer II (250 mM sucrose, 10 mM 
Tris–HCl, pH 7.5, 10 mM MgCl2, 1% [v/v] Triton X-100, and 
1× protease inhibitor cocktail). The resuspended pellet was 
carefully overlaid on top of 600 µL pre-cooled buffer III 
(1.7 M sucrose, 10 mM Tris–HCl, pH 7.5, 2 mM MgCl2, 
0.15% [v/v] Triton X-100, and 1× protease inhibitor cocktail) 
before centrifugation at 13,523 rcf for 45 min at 4°C. The final 
nuclear pellets were resuspended in 100 μL nuclei lysis buffer 
(50 mM Tris–HCl, pH 8.0, 10 mM EDTA, 1% [w/v] SDS) and 
incubated on ice for 15 min to ensure complete lysis of the 
nuclei. The nuclear protein samples were mixed with 10 μL 
10× loading buffer, boiled at 95°C for 10 min, centrifuged 

for 5 min at 15,871 rcf at room temperature, separated by 
SDS-PAGE, followed by immunoblot analysis. Anti-RbcL anti
body was used as the chloroplast marker, and anti-Histone 
H3 (07690, Millipore) antibody was used as the nuclear marker.

Co-immunoprecipitation (Co-IP) assay
Arabidopsis protoplasts were co-transfected with combina
torial sets of plasmids. Transfected protoplasts were treated 
with white light as indicated in the text or RB (50 μM) and 
incubated for different periods before sampling. The proto
plasts were collected by centrifugation and resuspended in 
1 mL Co-IP buffer (25 mM Tris–HCl, pH 7.5, 150 mM NaCl, 
1 mM EDTA, 1% [v/v] Triton X-100, and 1× complete prote
ase inhibitor cocktail). After incubation in the dark on ice for 
10–15 min, the samples were centrifuged at 13,523 rcf at 4°C 
for 10 min. A 100-μL aliquot of the supernatants was col
lected for input controls and 20 μL of anti-GFP–agarose 
beads (LABLEAD, Beijing) added to the remaining super
natant, which was incubated for 45–60 min with gentle shak
ing at 4°C in the dark. The beads were collected and washed 
four times with wash buffer (25 mM Tris–HCl, pH 7.5, 
150 mM NaCl, 1 mM EDTA, 0.5% [v/v] Triton X-100). 
Immunoprecipitates were analyzed by SDS-PAGE separation 
followed by immunoblotting with anti-HA (M180-3, MBL) 
and anti-GFP antibodies.

For the interaction between GUN4 and EX1, total proteins 
were extracted from 7-day-old Col-0, 35S:EX1-GFP, or ex1 
proEX1:gEX1-GFP transgenic seedlings in Co-IP buffer 
(10 mM Tris–HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl2, 
1 mM EDTA, 5% [v/v] glycerol, 0.4% [v/v] NP-40, 1% [v/v] 
Triton X-100, 1× complete protease inhibitor cocktail, and 
50 μM MG132). Proteins were immunoprecipitated with 
20 μL anti-GFP–agarose beads by gentle shaking for 1 h at 
4°C in the dark. The pellets were washed with wash buffer 
four times before subjecting the immunoprecipitates to 
SDS-PAGE separation followed by immunoblotting with 
anti-GFP and anti-GUN4 antibodies.

For the interaction between EX1 and WRKY18, total pro
teins were extracted from Col-0 and WRKY18-HA transgen
ic seedlings in Co-IP buffer (10 mM Tris–HCl, pH 7.5, 
100 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 5% [v/v] gly
cerol, 0.4% [v/v] NP-40, 1× complete protease inhibitor 
cocktail, and 50 μM MG132). Proteins were incubated 
with 1 μL of anti-HA antibody at 4°C for 1 h, followed by 
incubation with 20 μL protein G beads for another 2 h. 
The pellets were washed in wash buffer (10 mM Tris– 
HCl, pH 7.5, 50 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 
5% [v/v] glycerol, 0.2% [v/v] NP-40) four times. Protein 
samples were separated by SDS-PAGE followed by transfer 
to membrane for immunoblotting with anti-HA and 
anti-EX1 antibodies.

Chromatin Immunoprecipitation (ChIP) assay
WRKY18-HA seedlings were grown in the dark for 6.5 days 
and transferred to high light (200 µmol·m−2·s−1) for 1 h. 
Seedlings (1 g) were crosslinked for 10 min in extraction 
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buffer 1 (400 mM sucrose, 10 mM Tris–HCl, pH 8.0, 5 mM 
β-mercaptoethanol) with 1% (v/v) formaldehyde under 
vacuum. Crosslinking was stopped by adding glycine to a fi
nal concentration of 125 mM. The crosslinked seedlings 
were ground into a fine powder in liquid nitrogen and resus
pended in 30 mL of pre-cooled extraction buffer 1 with 
0.1 mM PMSF and 1× protease inhibitor cocktail (Roche). 
The samples were filtered through Miracloth (Merck 
Millipore) and centrifuged at 2,880 ×g 4°C for 20 min. The 
nuclear pellets were resuspended and washed twice with 
1 mL of pre-cooled extraction buffer 2 (250 mM sucrose, 
10 mM Tris–HCl, pH 8.0, 10 mM MgCl2, 1% [v/v] Triton 
X-100, 5 mM β-mercaptoethanol, 0.1 mM PMSF and 1× 
protease inhibitor cocktail) followed by centrifugation at 
12,000 ×g at 4°C for 10 min. The pellets were resuspended 
in 300 µL of pre-cooled extraction buffer 3 (1.7 M sucrose, 
10 mM Tris–HCl, pH 8.0, 2 mM MgCl2, 0.15% [v/v] Triton 
X-100, 5 mM β-mercaptoethanol, 0.1 mM PMSF and 1× 
protease inhibitor cocktail). These resuspensions were care
fully overlaid on top of 300 µL pre-cooled extraction buffer 
3. The samples were centrifuged at 16,000 ×g 4°C for 1 h. 
The final nuclear pellets were resuspended in 300 μL nuclei 
lysis buffer (50 mM Tris–HCl, pH 8.0, 10 mM EDTA, 1% [w/ 
v] SDS, 0.1 mM PMSF, and 1× protease inhibitor cocktail). 
The chromatin complexes were sonicated to shear DNAs 
into 0.5 to 2 kb fragments before centrifugation at 16,000 
×g 4°C for 5 min. Input DNA was aliquoted at this stage. 
The sonicated chromatin complex was then diluted ten 
times using dilution buffer (1.1% [v/v] Triton X-100, 
1.2 mM EDTA, 16.7 mM Tris–HCl, pH 8.0, 167 mM NaCl, 
0.1 mM PMSF and 1× protease inhibitor cocktail) and im
munoprecipitated using anti-HA antibodies at 4°C with 
gentle agitation overnight. The samples were incubated 
with protein G agarose (Roche) for 3 h at 4°C with gentle 
agitation. The immunoprecipitated samples were washed 
with pre-cooled low salt wash buffer (150 mM NaCl, 0.1% 
[v/v] SDS, 1% [v/v] Triton X-100, 2 mM EDTA, and 
20 mM Tris–HCl, pH 8.0), high salt wash buffer (500 mM 
NaCl, 0.1% [v/v] SDS, 1% [v/v] Triton X-100, 2 mM EDTA, 
and 20 mM Tris–HCl, pH 8.0), LiCl wash buffer (250 mM 
LiCl, 1% [v/v] NP-40, 1% [w/v] sodium deoxycholate, 
1 mM EDTA, and 10 mM Tris–HCl, pH 8.0), and TE buffer 
(10 mM Tris–HCl, pH 8.0, and 1 mM EDTA). The cross
linked chromatin was eluted with 125 µL of freshly pre
pared elution buffer (1% [w/v] SDS and 0.1M NaHCO3) 
twice. The crosslinking of the eluates as well as the input 
was reversed by adding 10 µL of 5 M NaCl at 65°C overnight. 
After reverse crosslinking, the samples were treated with 
1 µL of 20 mg mL−1 proteinase K (Thermo Fisher 
Scientific) as well as 5 µL of 0.5 M EDTA and 10 µL of 1M 
Tris–HCl (pH 6.5) for 1 h at 45°C. The DNA was purified 
using QIAquick PCR Purification Kit (QIAGEN) and ana
lyzed by quantitative PCR. The values were normalized to 
the input DNA. Primers for the ChIP-qPCR are listed in 
Supplemental Data Set S1.

Evolutionary analysis
The Arabidopsis EX and GUN4 protein sequences were used 
as queries to search for related proteins in 58 plant species 
(Supplemental Table S1), represented in Phytozome 
(https://phytozome.jgi.doe.gov/), and in Norway spruce 
(Picea abies; Nystedt et al., 2013), following a previously re
ported method (Guo, 2013).

Statistical analysis
Two-tailed paired Student’s t tests and two-way analysis of 
variance (ANOVA) were performed in Microsoft Excel. 
Asterisks indicate statistical significance * for P < 0.05 and 
** for P < 0.01. All related analyses are shown in Supplemental 
Data Set S3.

Accession numbers
DNA sequences of all genes in this study were extracted 
from TAIR with the gene ID listed below: PIF1 (At2g20180), 
PIF3 (At1g09530), EX1 (At4g33630), EX2 (At1g27510), FLU 
(At3g14110), GUN4 (At3g59400), GUN5 (At5g13630), ERF4 
(At3g15210), SIB1 (At3g56710), ZAT12 (At5g59820), 
WRKY33 (At2g38470), WRKY18 (At4g31800), WRKY40 
(At1g80840), WRKY60 (At2g25000), WRKY15 (At2g23320), 
WRKY70 (At3g56400), NHL3 (At5g06320), and At3g2900.

Supplemental data
The following materials are available in the online version of 
this article.

Supplemental Figure S1. Establishment of the light- 
triggered seedling greening system using pif1 pif3.

Supplemental Figure S2. Sequence alignment of GUN4 
and GUN5.

Supplemental Figure S3. Suppressor screening for spo 
mutants.

Supplemental Figure S4. Characterization of the gun4 or 
gun5 mutations and their effects on pif1 pif3.

Supplemental Figure S5. Genetic interaction with the flu 
mutant.

Supplemental Figure S6. PIF1 and PIF3 regulate the ex
pression levels of GUN4 and GUN5.

Supplemental Figure S7. Determination of tetrapyrrole 
biosynthesis intermediates and seedling greening.

Supplemental Figure S8. Etiolated seedlings overexpres
sing GUN4 are sensitive to light.

Supplemental Figure S9. Analysis of Pchlide levels in dark- 
grown seedlings.

Supplemental Figure S10. GUN4 interacts with 
N-terminal EX1/EX2.

Supplemental Figure S11. Determination of the specifi
city of RB treatment.

Supplemental Figure S12. Characterization of EX1 trans
genic lines.

Supplemental Figure S13. Immunoblot analysis of EX1 
and chloroplast-localized proteins.
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Supplemental Figure S14. Interaction between EX1/EX2 
and WRKY transcription factors.

Supplemental Figure S15. Evolutionary analysis of the 
EX-GUN4 interaction.

Supplemental Table S1. List of plant species used in the 
evolutionary analysis.

Supplemental Data Set S1. List of oligonucleotides used 
in this study.

Supplemental Data Set S2. List of primers for construct
ing plasmids.

Supplemental Data Set S3. Statistical analysis.
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