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As sessile organisms, plant must be able to sense their surroundings and adjust. One way plants do 24 

this, is by using their energy-producing organelles (chloroplasts and mitochondria). During environmental 25 

stress, these organelles experience metabolic changes that induce signals for acclimation. While many 26 

metabolites have been proposed as signaling factors, reactive oxygen species (ROS) are known to play 27 

prominent roles. In the chloroplast, the ROS singlet oxygen (1O2) is naturally produced during impaired 28 

photosynthesis and can lead to retrograde signaling to the nucleus (to control the expression of hundreds of 29 

genes), chloroplast degradation, and cell death. The mechanisms controlling these pathways have mostly 30 

remained obscure. Recently, Dogra et. al. (2022) have reported a new role for EXECUTER2 (EX2) in these 31 

chloroplast 1O2 signaling pathways, demonstrating EX2 acts as a buffer to prevent premature activation of 32 

1O2 signaling. These exciting findings reveal an unexpected complexity to chloroplast stress signaling, and 33 

identify a decoy mechanism to prevent early activation of cell death.  34 

1O2 has an extremely short half-life, likely confining it within the chloroplast in which it is made. 35 

Therefore, most of the work on 1O2 signaling has focused on how this ROS may signal through secondary 36 

messengers (Woodson, 2019). To identify these mysterious components, researchers often implement 37 

genetic systems that conditionally accumulate chloroplast 1O2. One such mutant is fluorescent in blue (flu), 38 

which accumulates high levels of the photosensitive chlorophyll precursor protochlorophyllide (Pchlide) in 39 

the dark (Meskauskiene et al., 2001). Excess Pchlide not bound to its ternary biosynthetic complex (Pchlide 40 

oxidoreductase (POR)-Pchlide-NADPH) becomes free and produces 1O2 in the light. Thus, when flu 41 

mutants are shifted back into the light, they accumulate 1O2 in their chloroplasts and induce retrograde 42 

signaling and ultimately cell death. 43 

From genetic suppressor screens performed with the flu mutant, researchers identified 44 

EXECUTER1 (EX1), one of the first proteins known to be involved in chloroplast 1O2 signaling (Wagner 45 

et al., 2004). flu ex1 mutants do not exhibit 1O2 signaling or cell death, but still accumulate Pchlide and 1O2. 46 

Thus, EX1 is required to transmit a 1O2 signal from damaged chloroplasts, illustrating that the flu phenotype 47 

is not due to 1O2 toxicity, but 1O2 signaling (Kim et al., 2012). EX1 localizes to the grana margins within 48 
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chloroplasts where photosystem II is repaired and chlorophyll is synthesized. Both of these processes can 49 

produce 1O2, which is sensed by EX1 through the oxidation of tryptophan (Trp) 643 in its Singlet Oxygen 50 

Sensor (SOS) domain (Dogra et al., 2019). EX1 is subsequently degraded by the metalloprotease FtsH 51 

(involved in the turnover of damaged PSII core proteins) to initiate retrograde signaling (Wang et al., 2016). 52 

The signaling mechanism is unknown, but it is tempting to speculate the peptides resulting from EX1’s 53 

degradation act as secondary messengers (Fig. 1A). 54 

Interestingly, most land plants have an EX1 homolog dubbed EX2. This protein’s role in signaling 55 

has not been clear, but evidence suggested it could be a modulator of 1O2 retrograde signaling or act 56 

redundantly with EX1(Lee et al., 2007). For these reasons, Dogra et al. (2022) set out to understand how 57 

EX2 might affect EX1-mediated retrograde signaling. Using previously-published transcriptome data, these 58 

researchers show the ex2 mutation increases the expression of early 1O2 responsive genes, suggesting EX2 59 

represses 1O2 signaling. A genetic analysis showed the ex2 mutation enhanced 1O2 signaling and cell death 60 

in the flu mutant. Together, these results were the first clues EX2 may be antagonizing 1O2 signaling in an 61 

unexpected way. It was then demonstrated EX2 also localizes to the grana margins where it interacts with 62 

the D1 and D2 proteins of PSII, FtsH, and chlorophyll biosynthesis enzymes, suggesting EX2 is part of the 63 

EX1 signalosome to control 1O2 signaling. Further immunoblot and bimolecular fluorescence 64 

complementation analyses demonstrated EX2 also interacts with EX1, opening up the intriguing possibility 65 

that they dimerize with one another. 66 

To understand how EX2 might antagonize EX1 signaling, Dogra et al. looked at what role EX2 67 

plays during 1O2 stress. They found EX2 is oxidized at Trp530 contained within its Domain of Unknown 68 

Function (DUF) domain, and is subsequently degraded by FtsH. The DUF domain of EX2 aligns with the 69 

1O2 SOS domain of EX1, suggesting these domains might have similar functions. To test this, 70 

complementation constructs of EX2 lacking the DUF domain or with Trp530 changed to leucine residue 71 

(which is insensitive to 1O2 oxidation) were tested. Both mutant constructs failed to complement an ex2 72 

mutant and reduce 1O2 signaling. Ultimately, these results suggested EX2 senses 1O2 in a similar way as 73 
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EX1, and the oxidation of EX2 is necessary for its ability to suppress 1O2 signaling. However, these altered 74 

proteins did not completely localize to the grana margins, suggesting the DUF domain is also required for 75 

proper localization and/or anchoring into the thylakoid membrane. A similar pattern was observed with 76 

EX1 proteins lacking the SOS domain (Dogra et al., 2019). This may indicate the DUF domain plays a dual 77 

function, to antagonize 1O2 signaling and for proper localization of the EX2 protein. 78 

Since EX1 and EX2 are both degraded by FtsH following 1O2 oxidation, why does EX2 have a 79 

different function compared to EX1? Interestingly, Dogra et al. (2022) show EX1 oxidation is dependent 80 

on the level of present EX2 protein; the absence of EX2 (or EX2 missing the DUF domain or Trp530) leads 81 

to increased EX1 oxidation while EX2 overproduction protects EX1 from oxidation. Therefore, EX2 82 

functions as a shield or decoy to prevent EX1 from being oxidized and the EX1-mediated retrograde 83 

signaling pathway from being activated (Fig. 1B). Interestingly, an evolutionary analysis suggested EX2 84 

may have evolved this function secondarily after the emergence of land plants, possibly to dampen 1O2 85 

signaling. Overall, this work highlights how seemingly redundant homologs can have unexpected and 86 

interesting roles in cell physiology and signaling. 87 

There are several new questions regarding the EX-dependent signaling. Do the EXECUTER 88 

proteins oligomerize with each other or do they simply act as separate units that share an interactome? Does 89 

EX2 merely act as a shield to EX1, or does EX2 degradation initiate its own signaling? How does EX2 90 

interact with SAFEGUARD 1, a recently identified protein that suppresses 1O2 signaling from the grana 91 

margins (Wang et al., 2020)? These questions will help point the field of chloroplast retrograde signaling 92 

into a deeper mechanistic understanding of how 1O2 signaling pathways operate from the grana margins. 93 

Studies involving the flu mutant are only one piece of the chloroplast retrograde signaling puzzle. 94 

Other 1O2-producing mutants exist that do not use EX1-mediated retrograde signaling to regulate nuclear 95 

gene expression and cell death. The chlorina 1 (ch1) mutant cannot synthesize the antennae complex of 96 

photosystem II, leading to the production of 1O2 at PSII in the grana core (Ramel et al., 2013). The plastid 97 

ferrochelatase two (fc2) mutant accumulates the 1O2-generating tetrapyrrole intermediate protoporphyrin-98 
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IX, but does not use EX1-mediated signaling (Woodson et al., 2015). How ch1 and fc2 mutants lead to 99 

different 1O2 signals is unknown, but they may accumulate 1O2 in alternate locations within the chloroplast 100 

(e.g. the grana core and envelope membranes). Thus, different types of stresses leading to different 101 

mechanisms of 1O2 generation may trigger their own unique responses allowing chloroplasts and 102 

photosynthesis to be precisely adjusted to match the environment. Further work in this exciting field should 103 

reveal these mechanisms and provide opportunities to maximize photosynthesis efficiency and stress 104 

tolerance in plants. 105 

 106 

Figure legend 107 

Model for singlet oxygen signaling from the grana margins in chloroplasts. 108 

A) Singlet oxygen (1O2) is formed at the grana margins in chloroplasts during photosystem II (PSII) repair 109 

and tetrapyrrole (e.g., hemes and chlorophylls) biosynthesis. In the grana margins, the EXECUTER1 (EX1) 110 

protein localizes and associates with chlorophyll biosynthesis enzymes, damaged PSII, and the ATP-111 

dependent zinc metalloprotease FtsH2. Chlorophylls in damaged PSII or chlorophyll precursors in the 112 

biosynthetic pathway generate 1O2, which can oxidize Trp643 in EX1 leading to FtsH-dependent 113 

degradation. This leads to an unknown signal to the nucleus to change gene expression and induce cell 114 

death. B) In the presence of EXECUTER2 (EX2), 1O2 attacks Trp530 in EX2 leading to the degradation of 115 

EX2 instead of EX1. However, instead of inducing a genetic response similar to EX1, EX2 acts 116 

antagonistically and suppresses 1O2 signaling. This extra layer of protection might help prevent the 117 

premature activation of chloroplast retrograde signaling and cell death.  POR, NADPH:protochlorophyllide 118 

oxidoreductase. 119 
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