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Abstract

Plastids are critical organelles in plant cells that perform diverse functions and are central to many 

metabolic pathways. Beyond their major roles in primary metabolism, of which their role in 

photosynthesis is perhaps best known, plastids contribute to the biosynthesis of phytohormones 

and other secondary metabolites, store critical biomolecules, and sense a range of environmental 

stresses. Accordingly, plastid-derived signals coordinate a host of physiological and developmental 

processes, often by emitting signalling molecules that regulate the expression of nuclear genes. 

Several excellent recent reviews have provided broad perspectives on plastid signalling pathways. 

In this review, we will highlight recent advances in our understanding of chloroplast signalling 

pathways. Our discussion focuses on new discoveries illuminating how chloroplasts determine life 

and death decisions in cells and on studies elucidating tetrapyrrole biosynthesis signal transduction 

networks. We will also examine the role of a plastid RNA helicase, ISE2, in chloroplast signalling, 

and scrutinize intriguing results investigating the potential role of stromules in conducting signals 

from the chloroplast to other cellular locations.

Different cell, different plastid: signalling networks vary with cell and 

plastid type

Plastids are the organelle descendants of ancient prokaryotic endosymbionts that retain a 

fragment of their ancestral bacterial genomes. Approximately 3000 different proteins can be 

found in plastids, the vast majority of which (>95%) are encoded by the nuclear genome 

[1,2]. Plastid genomes have retained ~100 genes that encode parts of the machinery for 

plastid genome expression (i.e. ribosomal proteins, RNA polymerase subunits, rRNAs, and 
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tRNAs), protein import from the cytosol, photosynthesis, and fatty acid biosynthesis. All 

plant cells contain plastids, which can differentiate into a variety of distinct types with 

concordant differences in plastid genome expression. Significant research efforts have 

focused on unravelling the complex signalling networks that coordinate nuclear and plastid 

genome expression and differentiation of plastid types [3–5].

Plastids are usually named for their colour or composition: green plastids are chloroplasts, 

translucent plastids are leucoplasts, colourfully pigmented plastids are chromoplasts, starch-

storing plastids are amyloplasts, and others. This nomenclature can cause confusion, both 

because these names are often overlapping (e.g. amyloplasts are clear, and thus fall under the 

umbrella term ‘leucoplast’), and because there can be significant morphological and 

physiological variation within each plastid type. For example, leaves contain at least four 

distinct populations of plastids: (i) ground tissue chloroplasts, which are large, 

photosynthetic powerhouses that supply sugars to the entire plant, (ii) epidermal guard cell 

chloroplasts, which are smaller and primarily support only the guard cell, (iii) epidermal 

pavement cell leucoplasts, which are proposed to be degenerate chloroplasts and 

occasionally contain trace thylakoid structures and chlorophyll, and (iv) vascular leucoplasts 

that are small and relatively amorphous. Moreover, these plastid types can vary between 

species. In the ground tissue of plants with Kranz anatomy that supports C4 photosynthesis, 

e.g. maize, bundle sheath cells have chloroplasts with unstructured thylakoids and large 

starch granules, contrasted with mesophyll chloroplasts that are filled with thylakoid grana. 

As another example, some species, including tobacco and its relatives, have chloroplasts 

throughout the epidermis, including pavement cells, and thus do not have epidermal 

leucoplasts.

Plastid differentiation can be controlled by the nuclear genome. For example, ectopic 

expression of a GATA-type nuclear transcription factor, GNC, in the epidermis of 

Arabidopsis is sufficient to promote chloroplast identity instead of leucoplast identity in 

pavement cells [6]. Differences in plastid type can have key physiological consequences: 

epidermal pavement cell plastids in Arabidopsis are impervious to photosynthetic electron 

transport chain (pETC) inhibitor-induced reactive oxygen species (ROS), but epidermal 

pavement cell plastids in Nicotiana benthamiana are strongly oxidized under identical 

conditions [7]. These differences in plastid physiology can be harnessed as a sort of ‘natural 

variation’ to experimentally dissect signalling networks. An example of an experimentally 

useful difference is that during stress signalling, Nicotiana epidermal cells can all generate 

ROS from the pETC, but Arabidopsis epidermal pavement cells cannot. Most research on 

plastid signalling focuses exclusively on chloroplast signalling pathways, and among these 

chloroplast signalling pathways, the focus is placed on how chloroplasts can sense various 

environmental stresses and then promote stress responses.

Chloroplasts choosing between life and death: PAPs and EXECUTORs in 

oxidative stress

Plant cells undergo programmed cell death (PCD) due to developmental programs or in 

response to stress. Most famously, during the hypersensitive defence response in leaves, cells 
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that recognize infection by pathogens initiate PCD to limit pathogenesis and thus form small 

lesions of dead cells. Lesion formation has long been known to be light-dependent, 

stimulating the hypothesis that chloroplasts contribute to PCD signalling. Genetic screens 

for mutants that produce spurious lesions (i.e. lesions in the absence of any stress or 

infection) in the light, but not in the dark, have been powerful tools for investigating 

chloroplast control of PCD. flu mutants accumulate excess protochlorophyllide (Pchlide) in 

the dark due to deregulation of tetrapyrrole biosynthesis [8,9]. Pchlide is a photosensitizing 

agent that triggers singlet oxygen (1O2) formation in the light. Subsequent studies 

demonstrated that when flu mutants are exposed to light at dawn the accumulated Pchlide 

causes 1O2 generation, which then initiates PCD in the absence of a standard environmental 

stress trigger [9]. A suppressor screen identified EXECUTER1 (EX1) and EX2, which both 

encode plastid proteins of unknown function, as necessary for transducing the flu 1O2 signal 

that causes PCD ([10]; Figure 1A). Despite intense investigation, little is known about the 

molecular functions of EX1/EX2 beyond this genetic evidence. A recent report 

demonstrated that EX1 is degraded in flu mutants, that this degradation is dependent on the 

FtsH2 protease, and that stabilization of EX1 in flu ftsh2 double mutants prevents PCD 

[11,12]. This is perhaps surprising, since depletion of EX1 in ex1 mutants and stabilization 

of EX1 in ftsh2 mutants both prevent EX1-dependent flu 1O2 PCD signalling. These results 

suggest that declining EX1 levels, or perhaps a specific FtsH2-dependent degradation 

product of EX1, are required for this signal transduction pathway.

EX1/EX2 is not required for all chloroplast-triggered PCD pathways, however. ex1 ex2 
double mutants cannot rescue the ROS-dependent necrotic phenotype of fc2 mutants 

(discussed at length below) nor the lesion mimic phenotype of mips1 (myoinositol 
phosphate synthase1) mutants. Like several other lesion mimic mutants, mips1 lesion 

formation is light- and chlorophyll-dependent [13], and can be suppressed in the dark or in 

mutant backgrounds defective in chlorophyll biosynthesis (including mutants defective in 

Mg chelatase activity, gun4 and gun5, and a mutant defective in divinyl protochlorophyllide 

8-vinyl reductase activity, pcb2) [14]. A reverse genetic screen for suppressors of the mips1 
lesion formation identified sal1/fiery1 as a strong suppressor of mips1 PCD [14]. SAL1 

localizes to chloroplasts and mitochondria, where it dephosphorylates PAP (3′ 
phosphoadenosine 5′ phosphate) into AMP, but sal1 mutants hyperaccumulate PAP without 

dramatic effects on the levels of PAP precursors [15] (Figure 1C). SAL1 enzymatic activity 

is attenuated during oxidative stress by dimerization, by disruptive disulfide bridges that 

form within the SAL1 protein, and by glutathionylation, leading to accumulation of PAP in 

oxidative environments, e.g. chloroplasts during high light and drought stresses. PAP then 

moves from the chloroplast to the cytosol and nucleus, where it inhibits the activity of 5′ 3′ 
exoribonucleases (XRNs), raising levels of XRN-sensitive transcripts. Many of the XRN-

sensitive transcripts are targets of microRNA-guided post-transcriptional cleavage, including 

a number of stress-related genes (Figure 1C). Through the suppression of gene silencing, 

and perhaps other transcripts that are sensitive to XRN activity, PAP causes increased 

expression of high light- and drought-inducible genes. Supporting this model, mips1 xrn2 
xrn3 xrn4 quadruple mutants, which lack all Arabidopsis XRN enzymes (there is no 

Arabidopsis orthologue of eukaryotic XRN1), also suppresses the mips1 light-dependent cell 
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death phenotype [14]. Thus, loss of XRN activity by either PAP inhibition in the sal1 
background or genetic mutation prevents PCD in the mips1 background.

Mutual decisions: GUN1 coordinates genomes

When chloroplast function is disrupted, the expression of specific nuclear genes changes. 

This chloroplast-to-nucleus signalling is commonly called ‘chloroplast retrograde 

signalling’, and several of these signal transduction pathways have been characterized [2,16–

20]. In a classic forward genetic screen to uncover mechanisms of chloroplast-to-nucleus 

signalling, a mutagenized population of Arabidopsis thaliana was treated with norflurazon, 

an inhibitor of carotenoid biosynthesis that consequently causes strong free radical photo-

oxidation [21]. In wild-type plants, norflurazon treatment represses expression of both the 

chloroplast genome and a set of nuclear genes that encode proteins involved in 

photosynthesis (often called ‘photosynthesis-associated nuclear genes’, or PhANGs). 

Several mutants were identified that repress chloroplast genome expression after treatment 

with norflurazon, as expected, but do not fully inhibit PhANG expression. Since these 

mutants are defective in the coordinated expression of the chloroplast and nuclear genomes, 

they were named genomes uncoupled (gun) mutants.

The gun mutants can be divided into two classes: gun1 encodes a pentatricopeptide repeat 

protein (PPR) [22] and gun2 through gun6 encode proteins involved with tetrapyrrole 

biosynthesis ([23–26], Figure 2 ). The GUN1-dependent chloroplast-to-nucleus signalling 

pathway is at least partly distinct from the tetrapyrrole biosynthesis (GUN2/3/4/5/6)-

dependent pathway [23,27]. For example, lincomycin specifically inhibits the prokaryotic-

type plastid ribosomes, effectively inhibiting plastid translation, and when treated with 

lincomycin, both wild-type plants and gun2/3/4/5/6 mutants repress PhANG expression, but 

gun1 mutants do not [28,29]. This, and similar findings, led to the current model that GUN1 

integrates a number of chloroplast signals to control downstream nuclear gene expression 

(reviewed in [30]). The molecular activity of GUN1 remains unresolved, however. Initially, 

GUN1 was suspected to promote RNA processing because almost all PPR proteins in the 

chloroplast are involved in highly specific recognition of nucleic acid sequences to guide 

RNA processing [31–33]. Curiously, GUN1 has not been found to associate with any nucleic 

acids [34]. While many molecular functions for GUN1 have been proposed, the current 

predominant hypothesis is that GUN1 interacts with other chloroplast proteins to control 

their stability or activity. Indeed genetic interactions between gun1 and mutants involved in 

organelle gene expression including mterf4/bsm/rug2 [35] and prors1 [34] have been 

reported, and GUN1 was found to interact with proteins with roles in chloroplast translation 

and protein homoeostasis including several plastid ribosomal proteins [34].

The signal transduction pathway downstream from GUN1 is currently under investigation. 

Previous models suggested that a chloroplast membrane-anchored transcription factor called 

PTM acted downstream of GUN1 to control the activity of the nuclear transcription factor, 

ABI4 [36]. However, thorough efforts by multiple independent labs to reproduce the 

experiments arguing for a role of PTM in chloroplast-to-nucleus signalling have 

demonstrated that PTM is most likely not involved [37]. At least two major transcription 

factors are probably involved in mediating nuclear responses to the GUN1-dependent 
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signal(s) (Figure 2B): ABI4, which is in the family of ERF/AP2 transcription factor family 

and represses the expression of PhANGs [22], and the GOLDEN 2-LIKE1 (GLK1) and 

GLK2 Myb transcription factors that promote PhANG expression [38]. abi4 mutants show a 

genomes uncoupled phenotype, as they do not fully repress PhANG genes after treatment 

with lincomycin or norflurazon (similar to gun1 mutants), genetically placing ABI4 in the 

genomes uncoupled pathway [22].

A recent study illustrates the relevance of the GUN1-controlled transcriptional networks to 

plant development and the complexity of the GUN1 signalling network. When dark-grown 

seedlings are transferred to the light in the presence of lincomycin, they remain etiolated, 

with pale yellow and unopened embryonic leaves (cotyledons). Under normal conditions, 

loss of the light-sensitive PHYTOCHROME-INTERACTING FACTOR (PIF) transcription 

factors that promote the etiolation developmental program (skotomorphogenesis) allows 

cotyledons to open even if seedlings are grown in complete darkness; lincomycin treatment, 

however, prevents cotyledon opening in pif mutants [39]. This sensitivity to lincomycin 

treatment is abrogated in gun1 mutants. In addition, the strong repression of GLK1 
expression seen in wild-type plants treated with lincomycin is completely reversed in gun1 
mutants. Moreover, overexpression of GLK1 is sufficient to confer lincomycin insensitivity 

during de-etiolation. Thus, GUN1 acts through unknown mechanisms to promote GLK1 

expression in the nucleus, which then promotes photomorphogenesis and antagonizes the 

PIF-mediated skotomorphogenetic program (Figure 2B). Supporting previous studies 

arguing that GUN1 integrates distinct upstream signals, this process is independent of the 

tetrapyrrole gun2/3/4/5/6 pathway, since gun5 mutants do not rescue lincomycin sensitivity 

during de-etiolation. Moreover, abi4 mutants are also sensitive to lincomycin at this stage, 

suggesting that the signalling network downstream from GUN1 diverges, and that ABI4 is 

not involved in the GUN1-promoted repression of GLK1/2 during lincomycin-induced stress 

[39].

Tetrapyrrole biosynthesis in chloroplast signalling: new insights

Genetically disrupting tetrapyrrole biosynthesis affects the accumulation of PhANGs after 

norflurazon treatment [40], but the precise molecular pathway between tetrapyrrole 

biosynthesis and nuclear gene expression remains unresolved, and has been the topic of 

several recent reviews [20,1–44]. Broadly, the gun2/3/4/5/6 mutants all affect a key branch 

point in tetrapyrrole biosynthesis: protoporphyrin IX (PPIX) is chelated either with iron (by 

FER-ROCHELATASE 1, FC1, or by FC2) or with magnesium (by an enzyme with three 

subunits, called ChlD, ChlH, and ChlI), yielding haem or Mg-PPIX, respectively. Once 

chelated with iron, the tetrapyrroles may remain haems or be further processed to generate 

phytochromobilin, the light-sensitive cofactor of phytochromes. If instead chelated with 

magnesium, the tetrapyrroles are further modified to become chlorophylls. Mutants that 

prevent chelation with magnesium (gun4/5), that promote FC1-mediated chelation with iron 

(gun6-1D), or that prevent the conversion of haems into phytochromobilin (gun2/3) can all 

cause genomes uncoupled phenotypes [45]. This has led to the proposals that Mg-PPIX 

could act as a negative regulator of PhANG expression [25], that haem could act as a 

positive regulator of PhANG expression, or that both molecules could participate [45]. 

Alternatively, differential accumulation of these molecules or flux through these enzymatic 
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pathways might act through as-yet unknown secondary messengers to affect nuclear gene 

expression [41].

Surprisingly, whereas overexpression of FC1 is sufficient to derepress PhANG expression in 

plants treated with norflurazon, overexpressing FC2 does not have the same effect [45]. This 

result suggested that, although the two enzymes perform the same biochemical function, 

they somehow generate biologically distinct pools of haem (Figure 2A). Both FC1 and FC2 
are deeply conserved, implying their divergent functions. fc1 mutants are embryo-defective, 

typically arresting at very early stages of embryogenesis (our observations and [46]) while 

fc2 mutants are chlorotic but viable [45,47]. Importantly, overexpression of one of the 

ferrochelatases cannot complement for loss of the other. These results further support the 

hypothesis that FC1 and FC2 perform non-redundant functions. The inability to isolate 

homozygous fc1 null alleles has hindered progress on distinguishing the roles of these two 

enzymes, but studies with weak alleles of fc1 and both null and weak alleles of fc2 indicate 

that FC1 generates haem cofactors for proteins throughout the cell, whereas FC2 specifically 

generates haems involved in photosynthesis, such as the haem incorporated in the 

cytochrome b6f complex of the photosynthetic electron transport chain [46]. This finding is 

especially appealing because FC2 is primarily expressed in photosynthetic tissues, FC2 has a 

conserved hydrophobic C-terminal extension that is related to the light harvesting complex 

(LHC) motif that binds chlorophyll [48], and FC1 (but not FC2) generates the putative 

chloroplast-to-nucleus haem signal that promotes PhANG expression under normal growing 

conditions [45].

Recently, a distinct tetrapyrrole chloroplast signalling pathway was identified based on 

physiological studies of the fc2 mutant [49]. In contrast with wild-type plants, fc2 mutant 

seedlings are unable to de-etiolate, and exposing etiolated fc2 seedlings to light causes 

photo-oxidative stress, eventually leading to cell death. fc2 mutants are also unable to green 

under short day photoperiods (4 or 8 h light/day) due to widespread chloroplast degradation, 

but are nearly wild-type under longer day photoperiods. The fc2 ex1 double mutant does not 

rescue these phenotypes, demonstrating that this pathway is distinct from the EX1-

dependent 1O2 signalling pathway. Instead, tetrapyrrole profiling suggests that fc2 
specifically over-accumulates the tetrapyrrole protoporphyrin IX (PP IX) by an order of 

magnitude. PP IX causes generation of 1O2 in the light, and indeed, the 1O2 scavenger 

vitamin B6 rescued the fc2 seedling phenotypes. Moreover, genetic disruption of enzymes 

required to generate tetrapyrrole precursors also rescued the fc2 phenotype. These results 

support a model where FC2 is required to limit PP IX accumulation under specific light 

conditions, and in the absence of FC2, PP IX-generated 1O2 triggers chloroplast degradation. 

While the pathway downstream from 1O2 generation remains unknown, one recently 

proposed candidate is β-cyclocitral (β-CC), which can be a by-product of carotenoid 

exposure to 1O2, and which can induce transcriptional changes that are remarkably similar to 

the transcriptional changes induced by singlet oxygen [50]. Direct demonstration that β-CC 

accumulates in response to 1O2 in the chloroplast (e.g. in the fc2 mutants described here), 

and that β-CC is required for the activation of 1O2 downstream responses, are still lacking, 

however, and will be needed before this molecule can be considered a bona fide retrograde 

signal.
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In an effort to uncover the molecular mechanisms downstream of fc2 signalling, a 

suppressor screen revealed that fc2-triggered chloroplast degradation is dependent on an 

ubiquitin E3 ligase, PLANT U-BOX 4 (PUB4). The screen identified several more 

suppressive mutations, including loss-of-function alleles of the chloroplast protein import 

machinery (TOC33 and TOC159), which probably broadly disrupt chloroplast biogenesis 

and signalling. Unexpectedly, however, recessive gun5 alleles also suppressed chloroplast 

degradation in fc2 mutants. GUN5 is the catalytic ChlH subunit of the magnesium chelatase 

that converts PP IX to Mg-PPIX [23]; under constant light conditions, mutants with the 

weak gun5-1 allele can accumulate nearly twice as much PP IX as can wild-type plants. 

Further characterization of these fc2 gun5 double mutants will clarify whether PP IX over-

accumulation is sufficient to trigger PUB4-dependent chloroplast degradation, or, if PP IX 

also over-accumulates in this double mutant, a more complex model is required. A recent 

biochemical study demonstrated that, when GUN5 is oxidatively damaged (as is the case in 

fc2 mutants), GUN5 and PP IX synergistically interact to produce 10-fold more singlet 

oxygen than PP IX can on its own [51]. Thus, one appealing hypothesis is that, while the fc2 
gun5 mutant might accumulate somewhat higher PP IX levels, these PP IX molecules are 

less photosensitizing in the double mutant, and thus do not trigger the light-dependent 

necrosis observed in fc2 single mutants. This hypothesis is further supported by the recent 

observation that gun5 can suppress expression of 1O2-responsive genes after treatment of 

dark-grown seedlings with either far-red light followed by white light or norflurazon in 

white light, and indeed that gun5 mutants do not accumulate high levels of 1O2 under these 

inductive conditions, both of which suggest that GUN5 is required to generate sufficient 1O2 

to trigger downstream signalling events in fc2 mutants [52].

ISE2: elucidating the chloroplast-to-plasmodesmata connection

Plasmodesmata (PD) are narrow, membrane-bound pores in plant cell walls that connect the 

cytosol of adjacent cells, and permit molecules ranging from ions to proteins (typically up to 

~80 kDa) to move from cell to cell [53,54]. Trafficking of molecules through PD is regulated 

both developmentally (e.g. in wild-type plants, PD transport rapidly decreases at the mid-

torpedo stage of embryogenesis) and physiologically (e.g. PD trafficking decreases in 

response to cold stress). The Arabidopsis ise2 mutant was first described as defective in 

restricting plasmodesmatal (PD) transport at the mid-torpedo stage of embryogenesis [55]. 

In addition to increasing PD trafficking during embryogenesis, ISE2 also controls PD 

trafficking in adult leaves: silencing ISE2 increases PD trafficking and stimulates biogenesis 

of new PD [56], while overexpressing ISE2 decreases PD trafficking [57] (Figure 3 ). 

Unexpectedly, ISE2 was revealed to encode a conserved DEVH-box RNA helicase that is 

required for embryogenesis in Arabidopsis [58]. The organelle-to-PD signalling pathway 

(dubbed ‘ONPS’ [59]) that connects this plastid RNA helicase with PD transport remains 

unresolved, but several groups are investigating the mechanism of ISE2 in plastid RNA 

metabolism and the possible connections between ISE2 and PD transport.

The first clue to the role of ISE2 in controlling PD transport came from a transcriptomic 

study of ise2 and ise1 mutants. ISE1 is a conserved mitochondrial RNA helicase that is also 

essential for embryogenesis [60]. Unexpectedly, the transcriptomes of both ise1 and ise2 are 

remarkably similar: nearly half of the ~3000 differentially expressed genes (DEGs) in ise1 

Brunkard and Burch-Smith Page 7

Essays Biochem. Author manuscript; available in PMC 2018 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



are also differentially expressed in ise2, and of those DEGs, 93% are similarly affected (up- 

or down-regulated in both transcriptomes) [59]. These similarities are not simply due to 

embryo-lethality, because several transcriptomes of other embryo-lethal mutants at 

comparable developmental stages show no significant overlap with the ise1 or ise2 
transcriptomes. Within this dataset of >1000 similarly regulated genes, the most striking 

pattern is broad repression of PhANG expression, with consistent down-regulation of genes 

encoding components of the photosynthetic light harvesting complexes and pETC, as well as 

genes encoding enzymes in the tetrapyrrole biosynthesis pathway. Thus, mitochondrial 

dysfunction can trigger similar changes in nuclear gene expression as plastid dysfunction, 

implying that either both signalling pathways converge or loss of ISE1 disrupts chloroplast 

functions, triggering the ise2 chloroplast-to-nucleus signalling pathway.

A complementary genetic screen for mutants defective in PD transport isolated a thioredoxin 
m3 mutant [61], which led to the discovery that plastid oxidative stress can also decrease PD 

trafficking. Mitochondrial oxidative stress, on the other hand, increases PD trafficking [62]. 

To test whether ISE1 and ISE2 could trigger organelle redox signalling pathways to control 

PD transport, a redox-sensitive GFP probe that senses the redox status of glutathione pools 

was targeted to plastids, mitochondria, or the cytosol in plants silencing ISE1 or ISE2 and 

compared with controls [62]. Silencing either RNA helicase caused a reductive shift in 

chloroplasts and increased PD transport, which is consonant with the finding that an 

oxidative shift in chloroplasts decreases PD transport. In agreement with previous results, 

silencing ISE1 also caused an oxidative shift in mitochondria, but silencing ISE2 did not 

affect the redox status of mitochondria. Importantly, loss of ISE2 also caused a significant 

reductive shift in the cytosolic redox status, but silencing ISE1 had no effect.

The molecular functions of ISE2 in plastid RNA metabolism have recently been illuminated. 

ISE2–GFP fusion proteins localize to punctae within the plastid stroma, which is consistent 

with its previous identification in plastid nucleoids [63]. It is now clear that ISE2 has 

multiple roles in plastid RNA processing (Figure 3): (i) ISE2 promotes splicing of some, but 

not all, group II introns [64,65], (ii) ISE2 is required for C-to-U post-transcriptional RNA 

editing, (iii) ISE2 controls the steady-state levels of dozens of plastid transcripts, broadly 

promoting accumulation of transcripts encoding pETC components but repressing 

accumulation of several transcripts encoding ribosomal proteins and RNA polymerase, (iv) 

ISE2 is similarly required for accumulation of plastid-encoded pETC proteins, and (v) ISE2 

is necessary for ribosomal RNA processing and accumulation [65]. In RNA 

immunoprecipitation experiments, ISE2 was shown to interact with over half of plastid RNA 

species, including nearly all of the transcripts that require ISE2 for proper splicing and C-to-

U editing, suggesting that ISE2 acts directly on a number of RNA species (in concert with 

other proteins) to regulate plastid RNA metabolism. Moreover, the strong effect of ISE2 on 

ribosomal RNA processing and accumulation probably causes extensive defects in plastid 

translation, triggering the canonical chloroplast-to-nucleus retrograde signalling pathways. 

Genetic experiments will reveal whether ise2 and the genomes uncoupled pathways are 

epistatic and contribute to the chloroplast-to-PD signalling pathway, in addition to the 

putative role of redox signalling in ise1 and ise2 mutants.
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Beyond its roles in chloroplast RNA metabolism and regulation of PD transport, ISE2 also 

participates in disease resistance (Figure 3). Eighteen hours after infection with Tobacco 
mosaic virus (TMV, a tobamovirus) or Turnip mosaic virus (TuMV, a potyvirus), ISE2 
transcripts are induced by as much as 30-fold compared with uninfected plants [57]. This led 

to the hypothesis that ISE2 induction could affect the progress of viral infections. 

Surprisingly, silencing or overexpressing ISE2 increases the susceptibility of Nicotiana 
benthamiana to TMV and TuMV. Overexpressing ISE2 in Arabidopsis thaliana similarly 

increased susceptibility to nematode infection. In contrast, altered expression of ISE2 had 

neither effect on growth of Pseudomonas syringae DC3000 nor any apparent effect on 

defence responses in the N. benthamiana host in the absence of pathogen infection. Further 

studies will be needed to clarify how modulating ISE2 expression affects disease resistance, 

and whether other plastid signalling pathways, such as the GUN1 or SAL1/PAP pathways, 

are involved.

Stromules: reaching out to communicate?

All plastids can generate narrow, membrane-bound, stroma-filled tubular extensions from 

the main plastid body called ‘stromules’ (Figure 4 ). Initially discovered in cytological 

studies over five decades ago [66], stromules were rediscovered when illuminated by studies 

using stroma-targeted GFP. These enigmatic structures are ubiquitous across cell types and 

species [67], but no clear function has yet been assigned to stromules. Stromule morphology 

and frequency are tightly regulated with developmental stages, physiological conditions [67–

69], and cellular contexts, indicating that stromules perform conserved roles in plastid 

biology. Since their function(s) remain unknown, the term ‘stromule’ is used broadly to 

describe a variety of structures that may have different functions, including de novo 
extensions from the plastid surface, tubular connections that link recently divided or actively 

dividing plastids, and tubular extensions that ‘shed’ globular, stroma-filled vesicles 

(reviewed in [70]).

Stromules have frequently been observed extending from chloroplasts toward other cellular 

locations, including the nucleus, endoplasmic reticulum, and cell wall, prompting 

speculation that stromules could serve as conduits for targeted signal transduction ([70,71], 

Figure 4A). Three recent discoveries support this hypothesis. First, chloroplasts extracted 

from cells and in simple buffers are able to generate stromules de novo. This suggests both 

that stromule formation does not necessarily rely on an external structure in the cytoplasm, 

and that stromules could initiate in response to signals within the chloroplast [7,72]. Second, 

when leaves are treated with photosynthesis inhibitors that specifically trigger ROS 

formation within the chloroplast, stromule frequency dramatically increases. Silencing 

expression of the plastid redox-signalling hub, NADPH THIOREDOXIN REDUCTASE C 
(NTRC), causes oxidative stress and markedly increases stromule formation, further 

demonstrating that redox signalling within the chloroplast controls stromule frequency [7]. 

A further line of evidence comes from silencing CHLOROPLAST UNUSUAL 
POSITIONING 1 (CHUP1) [73]; in chup1 leaves, the chloroplasts are no longer able to 

move away from light to prevent oxidative stress, and stromule frequency increases. Thus, a 

likely explanation for the silenced chup1 stromule phenotype is that excess ROS are 

generated by the pETC, triggering stromule formation. Third, proteins have been observed 
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moving from chloroplasts to the nucleus, and H2O2-sensitive fluorophores show that H2O2 

concentrations within the nucleus are highest near stromule–nuclear contact points during 

chloroplast oxidative stress [73], implying that oxidative signals (perhaps H2O2 per se) move 

from the chloroplast to the nucleus via stromules (Figure 4C). Moreover, overexpression of 

cytosolic ascorbate peroxidase, which scavenges H2O2, does not have a strong impact on 

transfer of ROS from the chloroplast to the nucleus, suggesting that the ROS move directly 

from the chloroplast into the nucleus [74]. While these findings certainly do not exclude 

other hypotheses for stromule function, they strongly support the possibility that stromules 

participate in chloroplast signalling pathways.

Chloroplasts are known to associate with PD under certain circumstances to facilitate 

intercellular transport of metabolites, particularly in C4 plants with Kranz anatomy, 

stimulating speculation that stromules might also associate with PD under very specific 

conditions. We, and others, have observed that stromules sometimes extend from 

chloroplasts to the cell wall (Figure 4B), prompting us to test whether stromules could 

participate in chloroplast-to-plasmodesmata signalling triggered by loss of ISE2 or oxidative 

stress. Although we sometimes observed stromules co-localizing with PD markers, silencing 

ISE2 did not have any clear effect on stromule frequency or localization, and under 

conditions tested, chloroplast oxidative stress did not strongly increase the frequency of 

stromule/PD co-localization. Further studies taking advantage of the growing toolbox of 

fluorophore-tagged plastids across diverse plant species will be needed to determine whether 

stromules regulate PD-mediated cell–cell signalling and transport.

Conclusions

Plastids employ distinct signals and regulatory pathways to mediate responses to a variety of 

developmental and environmental cues. Not all of these pathways could be covered here, but 

several recent, comprehensive reviews have summarized some of the pathways we did not 

address [17,19,20,75]. Most research, up to now, has focused on chloroplast-generated 

signals and their pathways; it is likely that other plastids have their own, unique signal 

transduction networks that are yet to be identified and characterized. A particularly 

intriguing finding about chloroplast signalling is the existence and differential functioning of 

two haem populations; this finding suggests that plastid metabolites may sub-functionalize, 

and thereby increase biochemical and signalling pathway diversity. While the role of plastid 

gene expression in plastid signalling had long been established, new GUN1 and ISE2 

findings highlight gaps in our understanding of the pathways that transduce signals from the 

plastid to the nucleus. Stromules were first observed over 50 years ago, and while there is 

copious evidence to show that they respond to changes in the cellular environment, we are 

only beginning to elucidate their possible roles in plastid signalling. Experiments that 

definitively demonstrate the function of stromule contacts with other cell compartments are 

eagerly awaited. Indeed, it is clear that many aspects of plastid signalling remain to be 

unravelled. The range of recent findings in this field herald coming years with many exciting 

new discoveries that will contribute to better understanding of the fundamentals of the 

signalling networks central to plant metabolism. As climate change progresses, we will need 

this understanding to predict plant responses to changes in the environment, and further, to 

develop plant varieties able to weather the change.
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ISE2 INCREASED SIZE EXCLUSION LIMIT2
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Summary

• Multiple plastid-to-nucleus retrograde signalling pathways regulate PCD.

• GUN1 participates in several pathways to control nuclear gene expression.

• There are many distinct pathways for tetrapyrrole-mediated retrograde 

signalling.

• ISE2, a chloroplast RNA helicase involved in plastid gene expression, 

probably acts in a chloroplast-to-nucleus signalling pathway to control the 

flux of metabolites through plasmodesmata.

• Stromules are potential routes for plastid signalling to other organelles.
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Figure 1. GENOMES UNCOUPLED (GUN) chloroplast proteins regulate the expression of 
nuclear genes
(A) Tetrapyrroles are synthesized in the plastid from glutamyl-tRNA precursors. At a key 

branch point, PP IX is converted either into haem by the Fe chelatases or into Mg PP IX by 

the Mg chelatase complex (composed of ChlH = GUN5, ChlI, ChlD, and GUN4), which is 

then dedicated to chlorophyll biosynthesis. FC2-synthesized haem remains in the 

chloroplast, where it associates with pETC proteins. FC1 synthesizes haem for the rest of the 

cell. Nuclear genes that encode photosynthesis-associated proteins (PhANGs) are positively 

regulated by FC1-generated haem and/or negatively regulated by Mg PP IX accumulation. 

(B) GUN1 integrates diverse signals to control nuclear gene expression. Severe disruption of 

chloroplast function, such as inhibition of plastid translation or oxidative stress caused by 

inhibition of carotenoid biosynthesis, triggers a retrograde signalling pathway from the 

chloroplast to the nucleus that requires GUN1. GUN1 promotes the activity of ABI4, a 

transcription factor that repress PhANG expression, and represses transcription of GLK1/2, 

transcription factors that promote photomorphogenesis by antagonizing PIF transcription 

factors.
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Figure 2. Chloroplast signaling networks regulate stress responses and programmed cell death
(A) flu mutants are unable to regulate tetrapyrrole biosynthesis, leading to overaccumulation 

of Pchlide in the dark. In the light, Pchlide generates 1O2, which then promotes the FtsH2-

dependent proteolytic degradation of EX1 and EX2. This degradation is sensed through 

unresolved mechanisms that trigger programmed cell death. (B) In wild-type chloroplasts, 

PP IX is chelated with iron by FC1 and FC2, yielding haem (top). In mutants without FC2 

(grey, bottom), PP IX accumulates. PP IX generates singlet oxygen in the light, which 

activates PUB4-mediated polyubiquitination and degradation of the chloroplast. This 

pathway is invoked at low frequency in wild-type plants as a quality control measure to 

degrade photo-damaged chloroplasts. (C) In wild-type plants, monomeric SAL1 

dephosphorylates PAP to yield AMP (left). Under oxidative stress, such as high light, SAL1 

undergoes inactivating conformational changes, including dimerization, that subsequently 

raise PAP levels. PAP leaves the chloroplast and interferes with XRN activity, likely due to 

its structural similarity to the 5′ ends of uncapped RNA. Stress-inducible transcripts are 

stabilized by PAP-mediated inactivation of XRNs, increasing plant stress tolerance and 

suppressing programmed cell death.
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Figure 3. Roles of ISE2 in chloroplast metabolism and signaling
ISE2 is a plastid RNA helicase that contributes to many processes related to RNA 

metabolism within the chloroplast (pink boxes), and affects diverse processes outside of the 

chloroplast (blue boxes).
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Figure 4. Stromules may participate in chloroplast signaling pathways
(A) Chloroplast stromal GFP (green) reveals the presence of stromules, stroma-filled tubular 

extensions from the main body of the chloroplast. Here, chloroplasts are surrounding the 

nucleus (stained with propidium iodide, magenta) and extending stromules to the cell wall 

(also stained with propidium iodide, magenta; stromules associated with the cell wall 

indicated with white arrowheads). (B) Stromules are occasionally observed in close physical 

association with plasmodesmata. Tobacco mosaic virus movement protein P30 was 

fluorescently tagged with GFP (green) and transiently expressed in a transgenic N. 
benthamiana line expressing a chloroplast stromal Cerulean marker (cyan); chlorophyll 

autofluorescence is also shown (red). An example of a stromule extending from a 

chloroplast to associate with a PD (marked with P30-GFP) is indicated with a white 

arrowhead. Images were obtained by the authors with a Zeiss LSM 710 confocal scanning 

laser microscope. (C) During the hypersensitive response, chloroplasts generate large 

quantities of H2O2 that can travel through stromules to be released in the nucleus. High 

levels of H2O2 then promote the hypersensitive response genetic program, leading to 

programmed cell death.
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