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Abstract

Communication between cellular compartments is vital for development and environmental adaptation. Signals emanating
from organelles, so-called retrograde signals, coordinate nuclear gene expression with the developmental stage and/or the
functional status of the organelle. Plastids (best known in their green photosynthesizing differentiated form, the chloro-
plasts) are the primary energy-producing compartment of plant cells, and the site for the biosynthesis of many metabolites,
including fatty acids, amino acids, nucleotides, isoprenoids, tetrapyrroles, vitamins, and phytohormone precursors. Signals
derived from plastids regulate the accumulation of a large set of nucleus-encoded proteins, many of which localize to plas-
tids. A set of mutants defective in retrograde signaling (genomes uncoupled, or gun) was isolated over 25 years ago. While
most GUN genes act in tetrapyrrole biosynthesis, resolving the molecular function of GUN1, the proposed integrator
of multiple retrograde signals, has turned out to be particularly challenging. Based on its amino acid sequence, GUN1 was
initially predicted to be a plastid-localized nucleic acid-binding protein. Only recently, mechanistic information on the
function of GUN1 has been obtained, pointing to a role in plastid protein homeostasis. This review article summarizes our
current understanding of GUN-related retrograde signaling and provides a critical appraisal of the various proposed roles
for GUNs and their respective pathways.

Introduction

During photosynthesis, sunlight is converted to chemical en-
ergy and ultimately stored as biomass. In photosynthetic
eukaryotes, the biophysical processes involved in energy con-
version as well as in the biochemical reactions involved in
carbon fixation take place in the chloroplast (plastid). In ad-
dition to being the site of photosynthesis, plastids also har-
bor various pathways of primary and secondary metabolism,
including the biosynthesis of fatty acids, many amino acids,

pigments, and plant hormones, and also have key roles in
nitrogen and sulfur assimilation (Neuhaus and Emes, 2000;
Lopez-Juez and Pyke, 2005). Plastids originated from a free-
living cyanobacterium that, in a phenomenon known as
endosymbiosis, was engulfed by a non-photosynthetic eu-
karyotic cell (Archibald, 2009; Criscuolo and Gribaldo, 2017;
Keeling, 2013). Most genes of the cyanobacterial endosymbi-
ont were subsequently lost or transferred to the nuclear ge-
nome of the host cell (Bock and Timmis, 2008; Bock, 2017).
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Present-day plastids still contain a small genome of 50-200
protein-encoding genes depending on the species (Martin
and Herrmann, 1998, Martin et al, 1998 Ponce-Toledo
et al, 2019). Many protein complexes in plastids (e.g. ribo-
somes and photosystems) comprise subunits encoded by
the plastid genome and others by the nuclear genome. This
dual encoding of multi-subunit protein complexes therefore
necessitates a high degree of synchronization in gene expres-
sion between the nucleus and the plastid to ensure the re-
quired subunit stoichiometry.

The coordinated expression of the two genomes is
ensured by two types of signals: signals from the nucleus
that are sent to the chloroplast and control plastid gene
expression (PGE; so-called anterograde signals), and signals
emanating from plastids that regulate nuclear gene expres-
sion (referred to as retrograde signals; Nott et al, 2006;
Woodson and Chory, 2008; Chan et al, 2016; de Souza et al,,
2017). The retrograde signals identified so far can be
grouped into two classes: (i) “biogenic control” signals that
act predominantly during early chloroplast biogenesis (i.e.
chloroplast differentiation from proplastids or etioplasts),
germination and/or seedling development to inform the nu-
cleus about the developmental status of the plastid and the
resulting demands for nucleus-encoded proteins, and (ii)
“operational control” signals that are mainly generated by
mature chloroplasts in response to environmental stimuli
that alter the demand for nuclear gene products by plastids
(Pogson et al, 2008; Barajas-Lopez et al, 2013; Hernandez-
Verdeja and Strand, 2018).

Important knowledge about biogenic plastid-to-nucleus
signaling has come from the isolation and characterization
of a set of mutants, called genomes uncoupled (abbreviated
as gun mutants) that disrupt this type of retrograde signal-
ing (Susek et al, 1993; Mochizuki et al, 2001; Larkin et al,
2003; Koussevitzky et al, 2007, Woodson et al, 2011).
This review will mainly focus on recent progress in our
understanding of biogenic control and the roles that the
GENOMES UNCOUPLED (GUN) genes play in retrograde
signaling.

Retrograde signaling in biogenic control and the
GUN genes

Chloroplasts can develop directly from proplastids, which
are the undifferentiated progenitor organelles of all type of
plastids, or from etioplasts upon illumination. One of the
most delicate tasks during chloroplast biogenesis is the as-
sembly of the photosynthetic complexes necessary for the
electron transfer reactions of photosynthesis (Nelson and
Ben-Shem, 2004 Woodson and Chory, 2008; Pogson and
Albrecht, 20171; Jarvis and Lopez-Juez, 2013). This task is
achieved by the coordinated expression and assembly of
plastid- and nucleus-encoded protein subunits, and the si-
multaneous incorporation of photosynthetic pigments
(chlorophylls and carotenoids) and redox-active co-factors
(e.g. hemes and iron—sulfur clusters). Inhibition of photosyn-
thetic pigment biosynthesis and perturbation of PGE were
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demonstrated to affect retrograde control of the expression
of photosynthesis-associated nuclear genes (PhANGs;
Barajas-Lopez et al, 2013; Chan et al, 2016, Hernandez-
Verdeja and Strand, 2018). For example, the exogenous ap-
plication of the carotenoid biosynthesis inhibitor norflurazon
(NF; Oelmdiller, 1989) or plastid translation inhibitors such
as lincomycin (Lin; Mulo et al, 2003) trigger strong
responses in nuclear gene expression, and studies with these
inhibitors provided a deeper understanding of biogenic ret-
rograde signaling pathways. Most importantly, inhibitor
experiments revealed a large set of nuclear genes that are
strongly regulated by retrograde signals from developmen-
tally impaired plastids, including many PhANGs, and also
various genes involved in other biological processes.
Prominent PhANGs responsive to retrograde signals are
genes for light-harvesting complex proteins (LHCB) and for
the small subunit of the central carbon-fixing enzyme
Rubisco (RBCS). The expression of these genes is repressed
when chloroplast biogenesis is disturbed by inhibited pig-
ment biosynthesis and/or impaired PGE (Nott et al, 2006;
Chan et al, 2016).

Elegant genetic screens were conducted in Arabidopsis
(Arabidopsis thaliana) to isolate mutants that display dere-
pressed expression of LHCB genes upon NF treatment
(Susek et al., 1993; Woodson et al, 2011). The underlying as-
sumption was that such mutant screens would reveal genes
that encode components of retrograde communication
pathways. A number of mutants with deregulated LHCB
(and RBCS) gene expression were isolated and dubbed gun
mutants. The corresponding genes mapped to six loci in the
Arabidopsis genome (Supplemental Table S1; Mochizuki
et al, 2007; Larkin et al, 2003; Koussevitzky et al, 2007
Woodson et al, 2011). Notably, with a single exception, all
identified GUN genes (GUN2-GUNG) are directly involved in
the tetrapyrrole biosynthesis (TPB) pathway (Figure 1), by
encoding either enzymes or regulator proteins of the path-
way. These findings strongly suggested an important role of
TPB-derived metabolite(s) as retrograde signals in chloro-
plast biogenesis (Strand et al, 2003; Zhang et al, 2015b).
The signaling function of TPB intermediates has also been
demonstrated in the unicellular green alga Chlamydomonas
reinhardtii, suggesting evolutionary conservation (von
Gromoff et al,, 2008; Voss et al,, 2011).

TPB-derived retrograde signals

A large body of research has suggested that intermediates of
the TPB pathway serve as plastid retrograde signals
(Figure 1; Kropat et al, 1997 Vasileuskaya et al, 2004). In
seed plants, initial evidence for the involvement of tetrapyr-
roles in plastid-to-nucleus signaling emerged from a genetic
screen for Arabidopsis gun mutants in the presence of the
carotenoid biosynthesis inhibitor NF and the subsequent
identification of the mutated genes (Susek and Chory, 1992;
Susek et al,, 1993; Mochizuki et al,, 2007; Surpin et al,, 2002).
In NF-treated gun mutants, LHCB gene expression was signif-
icantly higher than in NF-treated wild-type plants (but still
lower than in untreated plants). Interestingly, the expression
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Figure 1 Retrograde signals derived from the TPB pathway. The debate about positive versus negative signals from the TPB pathway is not yet re-
solved. A proposed negative model posits that Mg-ProtolX and its monomethylester (Mg-ProtolX-ME) act as possible signaling molecules by leav-
ing the plastid via an unknown transporter (shown in brown at the plastid membrane) and then binding to HSP90 to inhibit its activity. Reduced
HSP90 inhibition results in a gun phenotype, because HSP90 activity is positively correlated with PARANG expression (Strand et al., 2003; Kindgren
et al, 2011; Kindgren et al,, 2012a; Wu et al., 2019b). Under the positive model, heme synthesized specifically by FC1, but not FC2, is exported out
of plastids by an unknown transporter (shown in red at the plastid membrane) and acts as a putative positive signal that actives PhANG expres-
sion (Woodson et al, 2011). In the nucleus, HY5, GLKs, and likely other currently unknown positive or negative transcriptional regulators partici-
pate in the control of PAANG expression. GIuTR, glutamyl-tRNA reductase; POR, pchlide oxidoreductase.

of LHCB was negatively correlated with the levels of magne-
sium protoporphyrin 1X (Mg-ProtolX), an intermediate of
chlorophyll biosynthesis (Figure 1), hinting that Mg-ProtolX
may be the signaling molecule. For example, the gun5-1 mu-
tant harbors a point mutation (A990V) in the gene for the
H subunit of magnesium chelatase, reducing the activity of
the enzyme (Mochizuki et al, 2001). Upon NF treatment,
the gun5-1 mutant accumulates less Mg-ProtolX than the
wild type (Strand et al, 2003). The TPB inhibitor o,o/-dipyr-
idyl (DP), an iron chelator, blocks protoporphyrin flux to
heme and also inhibits the conversion of Mg-ProtolX methyl
ester (Mg-ProtolX-ME) toward chlorophyll (Duggan and
Gassman, 1974). Treatment of the gun5 and gun2 mutants
(GUN2 encodes heme oxygenase, the enzyme conducting
the committed step of phytochromobilin biosynthesis by
catalyzing the oxidative cleavage of heme) with DP increases
Mg-ProtolX levels and abolishes the gun phenotype of both
mutants (Strand et al, 2003), thus suggesting a negative

regulatory role of Mg-ProtolX in plastid retrograde signaling.
Additional studies with seed plants and algae, including
the analysis of mutants in the TPB pathway, the use of
TPB inhibitors, and feeding with 3-aminolevulinic acid (ALA,
an early precursor of all tetrapyrroles), also supported the
correlation between Mg-ProtolX (and Mg-ProtolX-ME) and
the repression of LHCB and RBCS gene expression
(Johanningmeier and Howell, 1984; Oster et al, 1996; Vinti
et al, 2000; La Rocca et al, 2001; Nott et al, 2006; Pontier
et al, 2007).

However, several observations argue against a direct role
of Mg-ProtolX (or Mg-ProtolX-ME) as a plastid retrograde
signal. First, although gun5 and gun4 (encoding an activator
of Mg-chelatase; Larkin et al,, 2003; Peter and Grimm, 2009)
mutants display a gun phenotype, mutants lacking the activ-
ity for another subunit of this enzyme (the | subunit, CHL;
¢s and ch42-1 mutants), although also producing less
Mg-ProtolX, do not develop a gun phenotype, in that they
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do not show derepression of LHCB upon NF treatment
(Mochizuki et al, 2001). Second, LHCB gene expression in
barley is greatly reduced in NF-treated plants, but with no
detectable accumulation of Mg-ProtolX (or Mg-ProtolX-ME;
Gadjieva et al, 2005). Third, although cytoplasmic
accumulation of Mg-ProtolX can be observed by confocal
laser-scanning microscopy, it can only be seen in seedlings
fed with ALA prior to NF treatment (Ankele et al, 2007).
Fourth, detailed quantification of tetrapyrroles in
Arabidopsis seedlings grown in the presence of NF does not
support a correlation of Mg-ProtolX levels with the molecu-
lar phenotypes of several gun mutants (Mochizuki et al,
2008; Moulin et al, 2008), although it was argued later that
the accumulation of Mg-ProtolX may be transient and thus
may still be negatively linked to the gun phenotype
(Kindgren et al,, 2011, 2012a; Zhang et al., 2011).

To resolve the conflicting information obtained from the
different studies addressing a possible negative role of Mg-
ProtolX in plastid retrograde communication, a new gain-of-
function screen was carried out to identify regulator mole-
cules in this signaling pathway (Woodson et al,, 2011). This
screen led to the isolation of the dominant guné-1D mutant
allele that results in the overexpression of plastid ferrochela-
tase 1 (FC7), thereby increasing FC1 enzyme activity.
Overexpression of FCT is expected to enhance the flux of
tetrapyrroles into the heme branch of TPB. The study posi-
tively correlated PhANG expression with the size of the
heme pool. This relationship appears to be specific to FC1,
in that overexpression of FC2 does not produce a gun phe-
notype, even though both ferrochelatase isoforms localize to
plastids (Woodson et al., 2011). Interestingly, heme was also
shown to be emitted as a positive retrograde signal from mi-
tochondria in yeast (Kwast et al, 1998; Zhang et al, 1998;
Zhang and Hach, 1999), and plastids in green algae (von
Gromoff et al, 2008). Based on the knowledge obtained
from the gun6-1D mutant, a model for retrograde signaling
was proposed, in which healthy plastids emit a positive sig-
nal (eg heme) to support the expression of PhANGs
(Figure 1). PhANG expression is lost upon disruption of key
plastid functions (e.g. by NF treatment) that are required to
generate this positive signal (Woodson et al, 2011; Terry
and Smith, 2013). However, the existence of negative signals
cannot be ultimately excluded. ALA feeding experiments
and DP suppression of the gun phenotype of the gun2 and
gun5 mutants still support a negative correlation of PhANG
expression with Mg-ProtolX levels (Strand et al, 2003).
There is also evidence from transcriptome analysis of the
pap7 mutant (defective in a protein associated with the
plastid-encoded RNA polymerase, PEP, thus causing im-
paired plastid transcription) for the additional involvement
of negative signal(s) in retrograde communication (Grubler
et al, 2017).

PGE-dependent retrograde signals

The organellar and nuclear gene expression systems are
tightly coordinated. When PGE is disturbed, the resulting
imbalance triggers a response in nuclear gene expression
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and, for example, leads to repression of many PhANGs.
Experimentally, this can be shown by pharmacological inhi-
bition of PGE, as with tagetitoxin, an inhibitor of plastid
transcription (Rapp and Mullet, 1991) or Lin, a specific in-
hibitor of plastid translation (Mulo et al, 2003). Mutations
in genes encoding components of the PGE machinery (e.g.
transcription, RNA processing, protein biosynthesis, and pro-
tein import; Sullivan and Gray, 1999; Hricova et al, 2006;
Kakizaki et al,, 2009, 2012; Kindgren et al, 2012b; Woodson
et al, 2013; Diaz et al, 2018; Paieri et al, 2018) have also
been extensively used to demonstrate that proper expres-
sion of plastid genome-encoded genes is required to sustain
PhANG expression in the nucleus (Figure 2, A). Interestingly,
the suppressive effects of PGE inhibitor treatments on
PhANG expression are only seen in seedlings, that is within
the first few days after seed germination, indicating that
PGE-derived retrograde signals function mainly during early
chloroplast biogenesis (Oelmiiller et al., 1986).

Five non-allelic GUN loci were identified in the original
screen for gun mutants (Susek et al, 1993). Unlike gun2-
gun5 which affect enzymes (or regulator proteins) of the
TPB pathway, GUN1 encodes a pentatricopeptide repeat
(PPR) protein with a C-terminal small MutS-related (SMR)
domain, which was suggestive of nucleic acid-binding activ-
ity (Koussevitzky et al, 2007). In contrast to all other gun
mutants, which only show a gun phenotype upon NF treat-
ment, gun1 mutations derepress PhANG expression upon
Lin inhibition of PGE as well (Susek et al., 1993; Koussevitzky
et al, 2007). Thus, GUN1 appears to participate in multiple
plastid retrograde signaling pathways and its loss of function
suppresses the reduced PhANG expression seen in mutants
with impaired plastid transcription (e.g. the sigma factor
mutants sig2 and sig6; Woodson et al, 2013), translation
(e.g. prors1; Tadini et al, 2016), protein import (e.g. ppi2;
Kakizaki et al, 2009), or defects in metabolism and chloro-
plast development (e.g. slow greenl, sugar inducible cotyle-
don yellow-192; Hu et al, 2014; Maruta et al, 2015). GUN1
was also implicated in operational control by plastid retro-
grade signaling (Koussevitzky et al., 2007), based on the find-
ings that the high light repression of LHCB expression is
released in gunT mutants, and that the double mutant gun1
prin2 (plastid redox insensitive2, encoding a PEP-associated
protein that appears to participate in high light-mediated
retrograde signaling) alleviates the repressed PhANG expres-
sion seen in the prin2 single mutant (Kindgren et al.,, 2012b).
Together, these findings were interpreted as evidence for
GUNT1 functioning as a central node that integrates signals
from multiple retrograde signaling pathways (Figure 2, B;
Koussevitzky et al,, 2007; Wu et al, 2019b).

The role of GUN1 in plastid protein homeostasis
and retrograde signaling

Because of its unique features and, especially, its response to
both Lin and NF treatments, the gun1 mutant attracted tre-
mendous interest among plant biologists. Yet, the molecular
function of GUN1 has remained elusive for more than
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Figure 2 PGE-dependent retrograde control of nuclear gene expression. (A) In green tissues where chloroplast biogenesis is completed, PEP is re-
sponsible for the transcription of most plastid-encoded genes (including all PhAPGs: photosynthesis-associated plastid genes), while NEP mainly
transcribes the rpoB/C1/C2 operon and a few genes containing only NEP promoters (e.g. accD, the only plastid-encoded gene involved in fatty
acid metabolism). Positive regulators such as HY5 and GLKs activate PhANG transcription, the resulting mRNAs are translated in the cytosol and
the protein products imported into chloroplasts through the TOC-TIC apparatus. GUN1 has no function at this stage and is rapidly degraded by
the Clp protease upon import through the action of the chaperone ClpC1 (Wu et al.,, 2018). Chloroplast-derived redox signals related to PET activ-
ity regulate cytosolic mRNA stability by promoting the translation of specific mRNAs (e.g. Fed-1), thus preventing their ribonucleolytic degrada-
tion (Petracek et al, 1998). The light green ribosomes denote translation of PhAPGs in the chloroplast, the dark green ribosomes represent the
translation of PAANGs in the cytosol. (B) When PGE is impaired (e.g. upon inhibition of translation with Lin), GUN1 interacts with cpHSC70-1, a
motor protein of the TIC complex, and facilitates import of plastid-targeted proteins to maintain proteostasis of the plastid under stressful condi-
tions (and preventing aberrant accumulation of preproteins in the cytosol). GUN1 clients (i.e. proteins whose import is GUN1-dependent) include
proteins involved in various steps of plastid protein metabolism, and several enzymes of the TPB pathway (Wu et al,, 2019a, 2019b). In the absence
of GUN1, unimported preproteins accumulate in the cytosol, where their presence causes folding stress and triggers the accumulation of the cyto-
solic HSP90/HSP70 chaperone complex, which, in turn, derepresses PhANG expression. Thus, HSP90 activity is positively correlated with PhANG
expression (Wu et al, 2019b), and may act by either activating positive or inhibiting negative transcriptional regulators in the nucleus. PhANGs
and ribosomal proteins were shown to be regulated translationally (e.g. RBCS and LHCA4 are translationally repressed upon Lin treatment) and/or
post-translationally either in a GUN1-dependent or independent manner (Wu et al., 2019a). GUN1 was also reported to be able to directly bind
NEP to promote the expression of NEP-dependent genes (Tadini et al., 2020), although this possible function is likely independent of the gun phe-
notype of gun1 mutants. The gray ribosomes denote the translation of house-keeping genes in the plastid, the dark green ribosomes represent the
translation of PhANGs in the cytosol.

25 years, and has only recently started to unfold (Jia et al,
2019). A major obstacle to all efforts toward elucidating the
function of GUNT1 has been its extremely low protein levels
in most tissues and developmental stages. In fact, the GUN1
protein had never been seen in any proteomic study (Plant
Proteome DataBase; http://ppdb.tc.cornell.edu/).

This unfortunate situation changed with a recent study
that discovered a developmental window in which GUNT1

protein accumulation occurs, by systematically investigating
developmental stages, tissues, and environmental conditions
(Wu et al, 2018). The protein was shown to accumulate
only when active chloroplast biogenesis takes place, for ex-
ample, in cotyledons and shoot apical meristems very early
(36-72 h) after germination. GUN1 accumulation initiates
prior to cotyledon greening, when the cotyledons are still
largely enclosed by the seed coat, and peaks 72 h after
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germination (when the cotyledons rapidly transition from
pale green to green), suggesting a connection to active chlo-
roplast biogenesis (Wu et al., 2018). Consistent with this in-
terpretation, the GUN1 protein is also highly expressed in
the basal part of newly emerging true leaves, where expan-
sion growth occurs and active chloroplast biogenesis takes
place, and upon interference with plastid retrograde signal-
ing (e.g. by Lin or NF treatment). Interestingly, at the tran-
script level, GUNT is highly expressed in various tissues and
developmental stages, indicating that post-transcriptional
mechanisms control the accumulation of the GUN1 protein.
This post-transcriptional regulation is achieved through the
rapid degradation of GUN1 by the stromal Clp protease,
with strong involvement of the chaperone ClpC1 (Figure 2,
A; Wu et al,, 2018; Pesaresi and Kim, 2019).

GUNT1 contains PPR tracts and a C-terminal SMR domain.
PPR proteins form a large protein family whose members
are involved in various steps of organellar gene expression,
including transcript processing, mRNA editing, RNA stability,
and translational regulation (Lurin et al, 2004; Kotera et al,
2005; Schmitz-Linneweber et al, 2005 2006, Schmitz-
Linneweber and Small, 2008; Zoschke et al,, 2013). By con-
trast, the SMR domain is a DNA-binding motif that is pre-
sent in proteins participating in DNA repair and
recombination, but also in a few organellar proteins related
to RNA metabolism (Moreira and Philippe, 1999; Wu et al,
2016; Zhou et al, 2017). When the GUNT gene was identi-
fied, it was therefore suggested that GUN1 may act as a nu-
cleic acid-binding protein that may regulate PGE, plastid
DNA metabolism, or DNA repair (Koussevitzky et al, 2007).
This assumption misguided many subsequent studies on
GUNT1, and thus the realization that GUN1 interacts with
proteins rather than nucleic acids was an important finding
that changed the direction of investigations (Tadini et al,
2016; Jia et al., 2019; Wu et al., 2019b). However, a new com-
plication arose from the large number of putative physical
GUN1-interacting partners (Table 1), which may indicate
that GUN1 is either a rather promiscuous or an unusually
sticky protein. Putative GUN1-interacting proteins include
enzymes of the TPB pathway and several proteins that par-
ticipate in PGE and protein homeostasis (proteostasis) such
as plastid chaperones (cpHSC70, ClpC1, CPN60) and ribo-
somal proteins (Tadini et al, 2016). The identity of these pu-
tative interactors raised the intriguing possibility that they
provide a direct mechanistic link between GUN1 and the
TPB and PGE pathways of retrograde signaling.

Although evidence has accumulated for GUN1 engaging
in protein—protein interactions, the mechanism of action
and the origin of the gun phenotype in gun1 mutants has
remained elusive. A new entry point into the elucidation of
the molecular function of GUN1 was provided by a recent
study that implicates GUNT1 in the control of plastid protein
import under conditions that interfere with retrograde sig-
naling (Wu et al, 2019b). Indeed, when GUN1 function is
dispensable (e.g. in mature, unstressed leaves), the GUN1
protein is rapidly degraded after its entry into the chloro-
plast. Degradation is mediated by the Clp protease and
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triggered by direct interaction between GUN1 and the chap-
erone ClpC1 (Figure 2, A). By contrast, GUNT1 interacts with
cpHSC70-1, a motor protein of the chloroplast protein im-
port apparatus (Shi and Theg, 2010; Su and Li, 2010; Liu
et al, 2014), and facilitates efficient protein import when
the demand for nucleus-encoded proteins in the plastid is
particularly high. This is the case, for example, when active
chloroplast biogenesis occurs, or under stress conditions
that lead to disturbed plastid proteostasis (Figure 2, B; Wu
et al, 2018, 2019b). The precise mechanism behind how
GUNT1 stimulates protein import, and the physiological role
of its interaction with cpHSC70, is currently unknown.
Besides acting as a motor protein in protein import,
cpHSC70 functions as a canonical chaperone in plastids.
cpHSC70 may therefore interact with GUN1 and stabilize it
possibly in competition with ClpC1.

Consistent with the proposed function of GUN1 in plastid
protein import, unimported precursor proteins (preproteins)
accumulate in the cytosol of gun1 mutants upon Lin or NF
treatment. This accumulation of preproteins cannot be
explained by the derepressed expression of PhANGs, since
the expression of the genes encoding these unimported pre-
proteins does not differ substantially between the wild type
and the gun1 mutant (Wu et al, 2019b). The accumulation
of unimported precursors does not affect all plastid-targeted
proteins equally, in that the preproteins encoded by several
PhANGs (e.g. LHCB, RBCS) remain undetectable also in the
gun1 mutant (Wu et al, 2019a). Whether this is due to the
lower stability of their precursors in the cytosol or, alterna-
tively, some substrate selectivity of the import apparatus,
remains to be investigated. In any case, the currently avail-
able data suggest that the physiological role of GUN1 is to
promote protein import under stressful conditions, thus
maintaining plastid protein homeostasis upon rising
demands for nucleus-encoded gene products.

Loss of GUN1 function impairs the capacity of the protein
import to adjust to stressful conditions, thus causing imbal-
ances in plastid proteostasis and, at the same time, disturb-
ing cytosolic proteostasis by the accumulation of plastid
preproteins. In response to this perturbation, cytosolic
HSP90 (and, to a lesser extent, HSP70) chaperones highly ac-
cumulate in gun1 mutant plants under these conditions.
The activity of HSP90 is positively correlated with PhANG
expression, and was proposed to be directly involved in the
development of the gun phenotype seen in gun1 mutants
(Wu et al, 2019b). Notably, HSP90 can interact with Mg-
ProtolX in an in vitro pull-down assay (Kindgren et al,
2011). Further studies revealed that the binding of Mg-
ProtolX to HSP90 can inhibit the ATPase activity of the
HSP90 chaperone. In addition, knock-down of HSP90 by
RNA interference partially suppresses the gun phenotype of
the gun5 mutant (Kindgren et al., 2012a). The model derived
from these findings suggests that Mg-ProtolX acts as a nega-
tive signal that exits from stressed plastids (Ankele et al,
2007) and binds HSP90 to inhibit its activity (Figure 1). In
the gun5 mutant, the reduced contents of Mg-ProtolX (and
Mg-ProtolX-ME) result in less inhibition of HSP90 activity
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Table 1 Proposed functions of GUN1 and current controversies (see text for details)
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Proposed Molecular interactions

function

Suggested mechanism

Possible problems

References

Nucleic acids Plastid DNA

binding

Regulation of PGE

Plastid translation ma-
chinery (PRPS1, FUG1)

Regulation of plastid
proteostasis

Protein binding

Plastid chaperones
(CIpC1, cpHSC70-1)

Interaction with ClpC1 for rapid
turnover of GUN1, interaction

with cpHSC70-1 to regulate
protein import and maintain

Nucleic acid-binding activity was not
confirmed in later studies.

No evidence for participation in PGE
was obtained.

Function in signaling of proposed
downstream TFs (and gun pheno-
types of mutants) was not confirmed
(ABI4, PTM).

No obvious connection to gun phe-
notype and RS.

Mutants of core TOC-TIC subunits
do not show a gun phenotype.

(Koussevitzky et al., 2007;
Sun et al, 2011; Tadini
et al, 2016; Page et al.,
2017; Wu et al,, 2019b;
Kacprzak et al,, 2019)

(Tadini et al., 2016; Marino
et al, 2019)

(Tadini et al., 2016; Wu
et al, 2018, 2019a,
2019b)

plastid proteostasis

NEP Activation of NEP activity upon
depletion of PEP
MORF2 Regulation of plastid RNA

editing

Tetrapyrroles
and TPB
enzymes

Tetrapyrroles and related
enzymes (CHLD,

PBGD, UROD?2, FC1) TPB

® Stimulation of FC1 activity
® Reduction of the flux through

® No obvious connection to gun phe-  (Tadini et al,, 2020)

notype and RS.

® Unclear specificity and functional (Zhao et al,, 2019b)
significance of RNA editing defects
in the gun1 mutant.
® MORF2-OE lines show gun pheno-
type only under NF, but not upon
Lin treatment.

. (Tadini et al, 2016;

Shimizu et al., 2019)

Unclear specificity and low affinity
for tetrapyrrole binding.

® Contradiction between enhanced
FC1 activity and decreased heme
levels.

RS, retrograde signaling; OE, overexpression; TF, transcription factor; CHLD, D subunit of Mg-chelatase; PBGD, porphobilinogen deaminase; UROD2, uroporphyrinogen IlI

decarboxylase.

and elevated expression of PhANGs, since HSP90 activity is
positively correlated with the expression of PhANGs (Wu
et al, 2019b).

The cytosolic chaperone HSP90 participates in both the
TPB and PGE pathways of retrograde signaling (Kindgren
et al, 2011, 2012a; Wu et al, 2019b), and also in various
other signaling pathways in yeast, animals, and plants
(Picard et al,, 1990; Cutforth and Rubin, 1994; Kimura et al,
1995; Zhang et al, 2015a; Wang et al, 2016). Thus, HSP90
may represent a central cytosolic transducer of plastid retro-
grade signals (Wu et al.,, 2019b). Intriguingly, the efficient im-
port of several key enzymes of the TPB pathway is
dependent on GUN1 function, providing a potential mecha-
nistic explanation for the role of GUNT1 in retrograde regula-
tion by TPB-derived signals (Figure 2, B; Wu et al, 2019b).
Inhibition of the PGE pathway induces expression of chloro-
plast chaperones (e.g. ClpB3 and cpHSC70-2), presumably to
increase protein folding activity in the plastid. This, in turn,
improves the solubility of deoxyxylulose 5-phosphate syn-
thase (DXS), the enzyme that catalyzes the initial (and rate-
limiting) step of the methylerythritol 4-phosphate (MEP)
pathway of isoprenoid biosynthesis, and increases the resis-
tance of seedlings to treatment with inhibitors of the MEP
pathway (Llamas et al, 2017). Interestingly, Lin treatment
leads to increased resistance to MEP pathway inhibitors in

wild-type Arabidopsis seedlings, but not in the gun1 mutant,
despite similar transcriptional induction of the chloroplast
chaperones in the two genotypes (Llamas et al, 2017). This
finding is consistent with the hypothesis that GUN1 acts as
a pivotal component of global plastid proteostasis. Taken to-
gether, the protein import model of GUN1 function sug-
gests straightforward explanations for (i) how GUN1
regulates plastid proteostasis (Llamas et al, 2017), by facili-
tating the import of key chaperones, and (ii) the hypersensi-
tivity of gun1 mutants to Lin and NF, and many other stress
treatments (Cottage et al, 2010; Llamas et al, 2017; Song
et al, 2018; Zhao et al,, 2018; Wu et al., 2019b).

The finding that GUNT1 regulates plastid proteostasis
gained further support from the proteomic comparison of
the wild type and the gun1 mutant upon Lin treatment
(Wu et al, 2019a). Although the wild-type and gun1 mutant
proteomes are relatively similar under unstressed conditions,
they show dramatic differences when the seedlings are
grown in the presence of Lin. Most of the proteins display-
ing lower abundance in gunT are nucleus-encoded plastid
proteins, including many proteins implicated in diverse pro-
cesses in protein metabolism like translation, folding, post-
translational modification, translocation, and degradation
(Wu et al, 2019a). These proteins represent possible clients
whose import is regulated by GUN1.
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A recent study has shown that the gun1 mutation aggra-
vates the phenotype of the fugl? mutant (defective in a
nucleus-encoded plastid translation initiation factor) under
normal growth conditions and under cold stress (Marino
et al, 2019). However, plastid translation activity is similar in
the guni fugl double mutant and the fugl single mutant.
One possible explanation may call upon inefficient protein
import in the gun1 fug? double mutant, which would exac-
erbate the imbalance in plastid proteostasis already seen in
the fug1 single mutant. Interestingly, GUN1 regulates protein
import only upon interference with retrograde signaling
(Wu et al, 2019b), which is consistent with the idea that
GUNT1 does not represent a constitutive component of the
protein import apparatus, but rather functions as a condi-
tional modulator of import and, consequently, proteostasis.
In fact, GUN1 has no role under harmonious conditions
(when it is rapidly degraded by the Clp protease; Wu et al,
2018) and the gun1 mutant is undistinguishable from the
wild type, but functions as an important regulator when
plastid proteostasis is disturbed. Such disturbances may re-
sult from genetic lesions, including mutations in genes for
Clp subunits (clpc1, clpr1), chHSC70-1, components of the
Translocon at the Inner (or Outer) Chloroplast membrane
(tic40, toc33 [also called plastid protein import 1, ppi1] and
toc159 [also called ppi2]; Kakizaki et al, 2009; Wu et al,
2019b; Tadini et al, 2020), plastid ribosomal proteins
(prpl11, prpl24, and prps17; Tadini et al, 2016; Paieri et al,
2018), plastid translation initiation factors (fugl; Marino
et al, 2019), FtsH proteases (var1 and var2; Marino et al,
2019; Tadini et al, 2020), the nucleus-encoded plastid RNA
polymerase (NEP; sca3-1; Supplemental Table S1; Tadini
et al, 2020) as well as stress resulting from Lin and NF treat-
ment or environmental cues such as cold stress (Marino
et al, 2019; Wu et al, 2019b). The protein import-related
function of GUN1 was recently confirmed by an indepen-
dent study (Tadini et al, 2020).

Open questions related to the gun phenotype in
gun1 and the import model of GUN1 function

An unresolved issue in the import model of retrograde sig-
naling control by GUNT relates to the, at first glance, puz-
zling observation that mutants for core subunits of the
chloroplast protein import apparatus do not show a gun
phenotype upon Lin or NF treatment. Mutants that have
been tested include ppi1 (defective in the TOC component
TOC33), toc75-11I-3, and tic40-4 (Wu et al, 2019b). All three
mutants show a pale green phenotype (Jarvis et al, 1998;
Kovacheva et al, 2005 Huang et al, 2011). TOC33 was
shown to be particularly important for the import of
photosynthesis-related proteins. Considering that tic and toc
mutants do not show a classic gun phenotype, whether
preprotein accumulation (and induction of HSP90) in these
mutants occurs under conditions that interfere with
retrograde signaling (e.g. Lin or NF treatment) should be in-
vestigated. In particular, preproteins that are known to accu-
mulate in gunT upon Lin and NF treatment (e.g. preClpD)
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should be analyzed to see if they also accumulate in these
(and potentially other) tic and toc mutants.

Proteomic analysis of the ppi2 mutant (lacking TOC159
function) revealed that several plastid preproteins accumu-
late in the cytosol of ppi2. In addition, HSP90.1 was signifi-
cantly upregulated at the protein level in the ppi2 mutant
(Bischof et al, 2011), somewhat resembling gun1 mutants
upon Lin or NF treatment. Inhibition of plastid protein im-
port in the ppi2 mutant was shown to repress PhANG ex-
pression (Kakizaki et al, 2009), possibly because the loss of
TOC159 disrupts general chloroplast functionality, and may
consequently prevent the emission of the (positive) retro-
grade signal. Interestingly, introduction of the gun1 mutation
into the ppi2 background partially restores PARANG expres-
sion (Kakizaki et al, 2009). It will be worth examining
whether the HSP90 and HSP70 chaperones accumulate to
higher levels in the gun1 ppi2 double mutant relative to the
ppi2 single mutant.

Reduced PhANG expression in the ppi2 mutant is not me-
diated by the nucleus-encoded transcription factor
ABISCISIC ACID INSENSITIVE 4 (ABI4, which, according to a
recent study, is unlikely to have a role in plastid retrograde
signalingg Kacprzak et al, 2019), but rather by the
GOLDEN2-LIKE1 (GLK1) transcription factor. GLK transcrip-
tional activators positively regulate the expression of a large
number of PhAANGs in plants (Yasumura et al,, 2005; Waters
et al, 2009). The expression of GLK1 is upregulated in the
guni ppi2 double mutant compared with the ppi2 single
mutant, possibly suggesting that GLK1 represents a master
regulator of plastid retrograde signaling to control PhANG
expression in the nucleus (Table 2).

Somewhat counterintuitively, the phenotype of the guni
ppi2 double mutant is aggravated in comparison to the ppi2
single mutant, and this despite restored PhANG expression
in the gun1 ppi2 double mutant (Kakizaki et al, 2009). This
observation may indicate that, in this genetic background,
the functional significance of GUN1 is not related to the re-
pression of PhANG expression, but rather to the mainte-
nance of proteostasis by, for example, promotion of the
import of relevant nucleus-encoded proteins. Since PhANG
expression is positively correlated with HSP90 activity, it
seems possible that the increased expression of PhANGs
(i.e. the gun phenotype) in the gun1 mutant merely repre-
sents a secondary consequence of impaired protein import
and the resulting overaccumulation of preproteins and
HSP90. If this scenario can be bolstered by additional experi-
mental data, it would question the proposed role of GUN1
as central integrator of plastid retrograde signaling. Instead,
GUN1 would solely act as a regulator of protein import and
plastid proteostasis whose loss of function will cause protein
folding stress in the cytosol and trigger the accumulation
of HSP90.

Other proposed functions for GUN1

In addition to the cpHSC70-1 chaperone, many other puta-
tive GUNT interacting partners have been suggested
(Table 1 and Supplemental Table S1). These include the
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Table 2 Nuclear transcriptional regulators with proposed roles in plastid retrograde signaling

TF Proposed function and key evidence

Possible problems Reference

ABl4 Binds CCAC motifs and inhibits the binding of light-
responsive factors to the G-box cis-element.

PTM The C-terminal part of PTM travels to the nucleus
and activates ABI4.
HY5 Binds to the promoter of PAANGs and activates their

expression. The hy5 mutant does not respond to

Mg-ProtolX feeding to inhibit PhANG expression.
GLK1 Binds to the promoter of PAANGs and activates their

expression. OE of GLK7 produces a gun phenotype.

The function of ABI4 in RS has since
been questioned.

The ptm mutant does not show a gun
phenotype in independent studies.

(Koussevitzky et al., 2007;
Kacprzak et al., 2019)
(Sun et al, 2011; Page et al., 2017)

- (Kindgren et al., 2012a)

- (Kakizaki et al., 2009)

TF, transcription factor; RS, retrograde signaling; OE, overexpression.

plastid ribosomal protein S1 (PRPS1) and several TPB
enzymes (Tadini et al, 2016), the auxiliary subunit of plastid
RNA editing complexes MULTIPLE ORGANELLAR RNA
EDITING FACTOR2 (MORF2; Zhao et al,, 20193, b), the RNA
polymerase NEP (Tadini et al, 2020), and even various tetra-
pyrroles (Shimizu et al,, 2019). These interactions would lend
support to the previously raised hypothesis that GUN1 may
act as a scaffold protein that promotes protein complex for-
mation in various biological contexts (Colombo et al., 2016).
However, it should be noted that some of the proposed
macromolecular interactions are not supported by strong
experimental evidence, and the presented protein interac-
tion assays often lack essential controls (for accepted com-
munity standards, see, e.g Kudla and Bock, 2016; Table 1).
Below, we explore some of the proposed GUN1 interactors
and speculate as to how they may help explain the gun phe-
notype of gun1 mutants.

Is RNA editing in gun1 mutants linked to retrograde
signaling?

It was recently proposed that GUNT1 interacts with MORF2
and regulates plastid RNA editing (Zhao et al, 2019b).
The possible link to RNA editing was postulated based on
the observation that the editing efficiency at multiple sites is
altered in the gun1 mutant upon NF or Lin treatment.
Whether these quantitative effects on RNA editing are pri-
mary or secondary consequences of the gun1 mutation is
currently unclear. RNA editing efficiency is known to be sen-
sitive to various stresses, physiological disturbances and, es-
pecially, to inhibition of plastid protein biosynthesis (e.g.
Karcher and Bock, 1998; Nakajima and Mulligan, 2007;
Karcher and Bock, 2002a, 2002b). The stress sensitivity of
the gun1 mutant (Cottage et al, 2010) may therefore explain
the observed quantitative changes in editing efficiency upon
treatment with NF and Lin.

Interestingly, MORF9, another plastid MORF protein that,
similar to MORF2, affects almost all RNA editing sites in
plastids (Takenaka et al, 2012) was not identified in co-
immunoprecipitation experiments with GUN1 and MORF2
(Zhao et al, 2019b). This is surprising, because MORF9 inter-
acts with MORF2, and the two proteins are believed to be
jointly present in RNA editing complexes (dubbed

editosomes; Takenaka et al, 2012; Zehrmann et al, 2015;
Sun et al, 2016). In this context, it would be interesting to
determine if morf9 mutants or MORF9-overexpression lines
display a gun phenotype. RNA editing efficiency at multiple
but distinct sites have been shown to be up or down in
gun1 mutants upon NF or Lin treatment, which makes it
somewhat difficult to propose a consistent model of how
these editing events may correlate with retrograde signaling.
Moreover, the differences in RNA editing between guni and
the wild type are very different upon Lin versus NF treat-
ment (with only four editing sites showing similar trends).
Compared with gun1 mutants, MORF2-overexpression lines
show dramatically impaired RNA editing in plastids, but de-
velop only a relatively mild gun phenotype (Zhao et al,
2019b), possibly indicating that the editing changes are not
directly related to retrograde signaling. More importantly,
the gun phenotype of MORF2-overexpression lines can only
be seen when they are treated with NF, but not with Lin
(Zhao et al., 2019b), which is difficult to reconcile with the
proposed central function of GUN1 in multiple retrograde
signaling pathways (Koussevitzky et al, 2007; Hernandez-
Verdeja and Strand, 2018). In summary, the effects of the
gun1 mutation on plastid RNA editing represent an interest-
ing observation, but the underlying mechanistic basis and
functional significance remain to be elucidated.

Can interaction between GUN1 and NEP explain the gun
phenotype?

Interestingly, mRNAs transcribed by NEP are induced in the
wild type treated with Lin, a response that is compromised
in the gun1 mutant (Wu et al, 2019b; Tadini et al, 2020).
GUN1 was found to physically interact with NEP and is pos-
tulated to promote NEP activity (Tadini et al, 2020). This
proposed function would provide a reasonable explanation
for the observed differential expression of NEP-transcribed
genes. However, the induction of NEP-dependent transcripts
and the difference between the wild type and the guni
mutant are seen only upon Lin treatment, but not upon NF
treatment (Wu et al, 2019b). Furthermore, a mutation
inactivating the NEP-encoding gene RpoTp (in the sca3-1
mutant) does not lead to a gun phenotype (Tadini et al,
2020). These findings suggest that neither reduced NEP
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activity nor reduced expression of NEP-dependent genes are
the cause of the gun phenotype of the gun7 mutant.

Does GUNT1 specifically bind tetrapyrroles?

A recent study suggests that GUN1 may bind various inter-
mediates in TPB (heme, ProtolX, and Mg-ProtolX) and acti-
vates the enzyme FC1 (Shimizu et al, 2019). The seemingly
appealing aspect of this hypothesis is that it potentially links
GUNT1 function to the TPB pathway and, as such, would
connect it to the functions of all other classical GUN factors
(GUN2-GUNG). The effects of GUN1 on the flux through
the tetrapyrrole pathway were determined in dark-grown
seedlings (Shimizu et al, 2019). The use of dark-grown mate-
rial was justified by the claim that GUNT is rapidly degraded
in white light (Shimizu et al, 2019), which represents a mis-
understanding of the study (Wu et al, 2018) cited in sup-
port of this claim. Indeed, the cited work demonstrated the
dependence of GUN1 turnover on the developmental status
of the plastid, and not on light quality or quantity.
Moreover, a significant accumulation of protochlorophyllide
(Pchlide) in gun1 mutants can only be seen upon exogenous
ALA feeding. By contrast, in the absence of exogenous ALA
application, a difference in Pchlide levels relative to the wild
type is detectable only in the weak allele guni-1, but not in
a knock-out allele (guni-103 T-DNA insertion mutant).
Hence, Pchlide contents do not correlate with GUNT activ-
ity, as the weak guni-1 allele accumulates more Pchlide than
the strong gun1-103 allele (Shimizu et al, 2019). Moreover,
reduced Pchlide accumulation was observed only in one of
the two GUNT overexpression lines analyzed, although
GUNT transcript levels were similar in both lines.

GUNT1 was further proposed to stimulate FC1 activity by
enhancing substrate affinity (Shimizu et al, 2019). However,
contradictory to the suggested positive effect of GUNT on
FC1 activity, the heme content in the gunl mutant
increases, while it decreases in GUNT overexpression lines. It
was further suggested that GUNT may enhance FC1 activity
via a similar mechanism to how GUN4 stimulates Mg-
chelatase activity, that is by binding heme, the product of
the reaction. However, GUN1 was proposed to not only
bind heme as the reaction product, but also the substrate
(ProtolX) and the reaction product of the chlorophyll
branch  (Mg-ProtolX; synthesized by Mg-chelatase).
Furthermore, GUN1 binding to tetrapyrroles is more than
10-fold weaker than that of GUN4 to Mg-ProtolX, thus rais-
ing questions about the possibility that GUN1 regulates FC1
activity in a similar manner.

Finally, heme-binding assays and FC1 activity assays need
to be interpreted with caution, given that even bovine se-
rum albumin (BSA) binds heme in vitro (Hargrove et al,
1996). Future attempts to verify tetrapyrrole binding to
GUNT1 should include stringent negative controls, including
a related PPR protein and an inactive GUN1 variant. The re-
moval of the N-terminal domain abolishes the ability of
GUNT1 to complement the gun phenotype of the gun1 mu-
tant (Wu et al,, 2018). This finding raises the possibility that

G.-Z. Wu and R. Bock

the (N-terminally truncated) GUNT1 protein variant used for
the in vitro heme-binding and FC1 activity assays (Shimizu
et al, 2019) was, in fact, non-functional. Thus, more work
will be needed to substantiate the proposed link between
GUNT1 function and metabolites of the TPB pathway and,
most importantly, test the intuitively appealing hypothesis
that tetrapyrroles mediate altered retrograde signaling in all
identified gun mutants. As discussed above, while metabo-
lites from the chlorophyll branch of the TPB pathway were
initially proposed as negative retrograde signals, later re-
search has cast considerable doubt on this mode of regula-
tion. Instead, heme was suggested more recently to act as
positive signal based on the study of the gun6-1D mutant
(Woodson et al, 2011). Overall, additional evidence from
well-designed studies on the effects of TPB metabolites on
the function of GUN proteins is needed to ultimately clarify
the role(s) of protein-metabolite interactions in retrograde
signaling.

Post-transcriptional regulation by retrograde
signaling
The majority of published studies on retrograde signaling fo-
cused on the transcriptional control of nuclear genes by
plastid-derived signals. Recently, post-transcriptional regula-
tion by retrograde signals has started to draw more atten-
tion. Ferredoxin | (Fed-I) transcript levels are positively
correlated with their translation by cytosolic ribosomes in
tobacco (Nicotiana tabacum), presumably because their as-
sociation with ribosomes in the light protects the mRNAs
from ribonucleolytic degradation, an effect that has been at-
tributed to the activity of photosynthetic electron transport
(PET) in the chloroplast (Elliott et al, 1989; Dickey et al,
1998; Petracek et al, 1998). Translational responses in retro-
grade signaling were also studied in Arabidopsis plants
shifted from low to high light, a treatment that triggers op-
erational retrograde signaling (Oelze et al, 2014).
Accumulation of GLK1, the transcription factor mentioned
earlier that controls the expression of many PhANGs and
participates in GUN1-dependent retrograde signaling
(Kakizaki et al., 2009; Waters et al., 2009), is regulated post-
translationally by protein degradation via the ubiquitin pro-
teasome system (Tokumaru et al, 2017). Moreover, accumu-
lation of the (nucleus-encoded) plastid ribosomal protein
PRPS1 is regulated by GUN1 in a manner that is indepen-
dent of PRPS1 transcript accumulation (Tadini et al,, 2016).
Recently, a systematic correlation analysis between tran-
scripts and their protein products was carried out for wild-
type Arabidopsis plants and gun1 mutant plants to explore
the extent of post-transcriptional regulation in plastid retro-
grade signaling (Wu et al, 2019a). Remarkably, while the
gunT mutant accumulates high transcript levels for many
PhANGs, the corresponding PhANG proteins did not overly
accumulate. Many proteins related to various steps in pro-
tein metabolism (translation, folding, modification, transloca-
tion, and degradation) accumulate to lower levels in the
gun1 mutant upon Lin treatment, supporting a pivotal
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function for GUN1 in maintenance of plastid proteostasis
under these conditions (Wu et al, 2019a). Highly transla-
tionally or post-translationally regulated (HiToP) genes,
whose regulation at the protein level is much stronger than
at the transcript level, were also identified in the wild type.
These findings indicate that post-transcriptional regulation
likely represents a general mechanism employed by plants
during retrograde communication between plastids and the
nucleus. Interestingly, HiToP PhANGs are regulated transla-
tionally in a manner dependent on the action of GUNT1
(Figure 2, B), whereas HiToP-encoded ribosomal proteins are
regulated post-translationally and likely independently of
GUNT1 function (Wu et al,, 2019a).

Other biogenic retrograde signals and their
interaction with GUN proteins
The identification of the genes GUN2 to GUN6 pointed to a
close link between photosynthetic pigment biosynthesis and
PhANG expression in the nucleus. The herbicide NF used in
the initial genetic screens for gun mutants inhibits phytoene
desaturase, an enzyme involved in carotenoid biosynthesis
(Oelmdiller, 1989). Remarkably, several compounds derived
from carotenoid metabolism (including carotenoid cleavage
products, so-called apocarotenoids) have been demonstrated
to act as signaling molecules that regulate chloroplast bio-
genesis and leaf development (Avendano-Vazquez et al,
2014). For example, in the (-carotene desaturase/chloroplast
biogenesis5 (zds/clb5) mutant, defective carotenoid biosyn-
thesis results in the repression of PhANGs and several
plastid-encoded genes (rpo genes, clpP1), thus blocking
chloroplast biogenesis. Mutant characterization provided evi-
dence for a signaling role of a phytofluene and/or (-caro-
tene-derived apocarotenoid in the control of chloroplast
biogenesis (Avendano-Vazquez et al, 2014). A recent study
with the carotenoid biosynthesis mutant carotenoid chloro-
plast regulation2 (ccr2) suggests that apocarotenoid(s)
derived from cis-carotenes regulate both etioplast develop-
ment and chloroplast biogenesis (Cazzonelli et al, 2020).
Whether there is crosstalk between apocarotenoid signals
and tetrapyrrole signals, or any other interaction of
carotenoid-derived signals with the GUN-dependent path-
ways of retrograde communication, is currently unknown.
The redox state of the PET chain actively participates in
the regulation of nuclear gene expression in response to al-
tered chloroplast homeostasis, as triggered by environmental
cues such as excess light (operational control). The prin2
mutant, identified through a forward genetic approach,
shows misregulated PhANG expression under high light or
when treated with PET inhibitors, suggesting that PRIN2
participates in retrograde control via redox signaling
(Kindgren et al, 2012b). The PRIN2 gene encodes a protein
associated with PEP, and itself is a redox-regulated protein.
In the prin2 mutant, the expression of plastid-encoded
genes that are transcribed by PEP is disturbed and chloro-
plast biogenesis is impaired (Diaz et al, 2018), thus revealing
a potential link between operational control and biogenic
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control. Interestingly, PhANG expression in the prin2 mutant
is rescued by the introduction of the guni mutation, al-
though PEP-dependent PGE is not restored (Kindgren et al,
2012b), confirming that GUN1 is not involved in the regula-
tion of (PEP-dependent) PGE.

Biogenic control and retrograde signaling in non-
green plastids

In contrast to chloroplast development, the biogenesis of
non-green plastids (e.g. chromoplasts in flowers and fruits,
amyloplasts in tubers and roots) is much less studied. Also,
very little is known about the role of biogenic retrograde sig-
nals during the differentiation of non-photosynthetic plastid
types. The differentiation of carotenoid-storing chromoplasts
is regulated by multiple environmental factors and develop-
mental cues (Sadali et al, 2019). Studies on chromoplast de-
velopment during fruit ripening in tomato (Solanum
lycopersicum) have revealed massive reprogramming of the
nuclear transcriptome during chloroplast-to-chromoplast
conversion (Vrebalov et al, 2002; Klee and Giovannoni,
2011; Matas et al, 2011; Nguyen et al, 2014; Shinozaki et al,,
2018).

The tomato plastid genome encodes 114 genes, compris-
ing 61 genetic system genes (encoding components of the
transcriptional apparatus and the translation machinery), 47
photosynthesis-related genes, and a few other genes and
conserved open-reading frames (Kahlau et al, 2006).
Chromoplast differentiation is accompanied by the loss of
photosynthetic activity and the stimulation of carotenoid
and lipid biosynthesis (Pesaresi et al., 2014). During chromo-
plast development, plastid photosynthesis-related genes are
largely repressed. By contrast, the expression of accD, the
only plastid gene involved in lipid biosynthesis (encoding a
subunit of acetyl-CoA carboxylase, the rate-limiting enzyme
of fatty acid biosynthesis), is upregulated (Kahlau and Bock,
2008). Whether this distinct gene expression profile serves as
a source of a retrograde signal that contributes to the ad-
justment of nuclear gene expression to the needs of chro-
moplast formation is not known, but given the availability
of plastid genome engineering in tomato (Ruf et al, 2001),
this question is addressable by conditional knock-down of
accD expression during fruit ripening (Verhounig et al,
2010).

It was recently shown that overexpression of a bacterial
phytoene synthase (crtB), the enzyme that catalyzes the
committed step of carotenoid biosynthesis, can induce the
transition from chloroplasts to chromoplasts in various tis-
sues of different plant species (Llorente et al, 2020). This is
likely due to the reduction of chloroplast photosynthetic
competence as caused by excessive metabolic flux into ca-
rotenoid biosynthesis. It seems conceivable that a retrograde
signal emitted from carotenoid-accumulating plastids may
reprogram nuclear gene expression to support chromoplast
formation. B-Cyclocitral, an apocarotenoid produced upon
carotenoid degradation, was identified as an operational
retrograde signal (D’Alessandro et al, 2018) in response to
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excess light. B-Cyclocitral was also shown to participate in
developmental processes such as root branching and lateral
root development (Van Norman et al, 2014; Dickinson
et al, 2019). However, whether carotenoids and/or their deg-
radation products also act in the biogenic control of plastid
differentiation remains to be established.

Interaction of plastid retrograde signals with light
signals and developmental signals

One of the most challenging tasks for plants is to manage
the transition from skotomorphogenesis (development in
the dark, before etiolated seedlings reach the soil surface) to
photomorphogenesis (light-mediated development).
Exposure to light requires the rapid generation of photosyn-
thetically active chloroplasts to facilitate autotrophic growth
while, at the same time, avoiding photooxidative damage
from reactive oxygen species that are produced by an in-
completely assembled photosynthetic machinery. It has long
been established that plastid-derived biogenic retrograde sig-
nals cross-talk with light signals during photomorphogenesis
(Pogson et al,, 2015). Of the five GUN loci identified through
the original genetic screen (Susek et al,, 1993), GUN2 (encod-
ing heme oxygenase 1) and GUN3 (encoding phytochromo-
bilin synthase) are also known as ELONGATED HYPOCOTYL
1 (HY1) and HY2, respectively (Figure 1). Because the defects
in the gun2 and gun3 mutants affect the biosynthesis of
phytochromobilin, the chromophore of the red and far-red
light photoreceptors phytochromes (Bae and Choi, 2008; Li
et al, 2011), both hy1 and hy2 were initially identified as key
components of light signaling pathways (Chory et al, 1989;
Parks and Quail, 1991). Their later identification as gun
mutants indicated a close link between light and retrograde
signaling (Ruckle et al, 2012; Larkin, 2014).

It was suggested that the nucleus-encoded transcription
factor ABI4 responds to plastid retrograde signals and medi-
ates downstream transcriptional responses. ABI4 binds to
the cis-element CCAC, which is often found in close proxim-
ity to a G-box (ACGT), the cis-element that acts as binding
site for transcription factors conferring light-regulated gene
expression (e.g. HY5; Lee et al, 2007). It was proposed that
ABI4 directly competes with the transcription factors medi-
ating light regulation, thereby suppressing PhANG expres-
sion (Koussevitzky et al, 2007). Although seemingly
appealing, this model has been called into question by the
finding that the abi4 mutant does not show a gun pheno-
type (Kacprzak et al, 2019; Mhamdi and Gommers, 2019).
In a second genetic screen for additional gun mutants (using
the more sensitive reporter gene luciferase), mutations in
CRYPTOCHROME 1 (CRYT), the blue-light photoreceptor,
were identified as gun mutants. Loss of cryptochrome
function was suggested to confer repression of PhANG ex-
pression by converting HY5 from a positive to a negative
regulator of PhANG transcription (Figure 3; Ruckle et al,
2007; Ruckle and Larkin, 2009).

The finding that gun1 mutants display delayed greening
when etiolated seedlings are illuminated (Mochizuki et al,
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1996; Wu et al,, 2019a) suggests an interaction between light
signals and plastid signals during de-etiolation. A mechanis-
tic model was proposed in which a retrograde signal
transduced by GUN1 in concert with PHD-TYPE
TRANSCRIPTION FACTOR WITH TRANSMEMBRANE
DOMAINS (PTM) and ABI4 modulates the light signal trans-
duced by CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1)
and HY5 (Xu et al, 2016). However, the GUN1-PTM-ABI4
model has been questioned by two independent studies
that show that neither ptm nor abi4 mutants have a gun
phenotype (Page et al, 2017; Kacprzak et al, 2019; Table 2).
The delayed greening of gun1 mutant seedlings during de-
etiolation may be instead explained by a slower import of
nucleus-encoded plastid proteins (Wu et al, 2019b).

Retrograde signaling is also mechanistically connected to
red and far-red light perception. The localization of phyto-
chrome B (phyB), the major red light photoreceptor in
Arabidopsis, to nuclear bodies, is regulated by HEMERA
(HMR, also named PLASTID TRANSCRIPTIONALLY ACTIVE
CHROMOSOME PROTEIN 12, pTAC12; Chen et al, 2010).
HMR appears to be dually localized to plastids and the nu-
cleus (Figure 3; Nevarez et al, 2017). The dual localization of
HMR, and possibly other proteins that participate in PEP
complex  assembly  (including ~ REGULATOR  OF
CHLOROPLAST BIOGENESIS [RCB], NUCLEAR CONTROL
OF PEP ACTIVITY [NCP], and PAPS; Figure 3 and
Supplemental Table S1; Yang et al, 2019; Yoo et al, 2019;
Liebers et al, 2020), suggests a link between the PGE path-
way of retrograde signaling and phyB-mediated light signal-
ing. Recently, the ALBOSTRIANS gene in barley (Hordeum
vulgare) was found to encode the transcription factor
CONSTANS, CO-LIKE, and TOC1 (CCT) MOTIF FAMILY 7
(HVCMF7; Li et al, 2019). HYCMF7 and its Arabidopsis
ortholog CHLOROPLAST IMPORT APPARATUS 2 (CIA2;
Gawronski et al, 2020) localize to both chloroplasts and the
nucleus and affect chloroplast biogenesis, possibly by regu-
lating plastid ribosome assembly. The growing number of
transcriptional regulator proteins identified as being dually
localized may well turn out to provide a list of important
players in intracellular communication.

The plastid-derived retrograde signaling metabolite meth-
ylerythritol cyclodiphosphate (MEcPP) was proposed to par-
ticipate in operational control of nuclear gene expression
(Xiao et al, 2012). MEcPP influences hypocotyl length
under red light by regulating phyB protein levels in a
calcium-dependent manner, via CALMODULIN-BINDING
TRANSCRIPTIONAL ACTIVATOR 3 (CAMTAS3; Jiang et al,
2019, 2020). GLK1, a key transcriptional regulator of photo-
morphogenesis (Fitter et al, 2002; Waters et al., 2008, 2009),
is also a major nuclear regulator of plastid retrograde signals
(Kakizaki et al,, 2009). The GLK1 locus is also a direct target
of PHYTOCHROME-INTERACTING FACTOR4 (PIF4 Oh
et al, 2012), one of the main repressors of photomorpho-
genesis regulated by phytochrome (Bae and Choi, 2008;
Jeong and Choi, 2013). It was proposed that, during
photomorphogenesis, phytochrome-mediated degradation
of PIFs releases the repression of GLKT expression, thus
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Figure 3 Interaction of light and plastid signals during chloroplast biogenesis. In the dark, active plastid-encoded genes are mainly transcribed by
NEP. GUN1 was reported to directly bind NEP and promote the expression of NEP-dependent genes upon inhibited plastid translation (Tadini
et al., 2020). Upon illumination, the activated form of blue-light and red-light photoreceptors (CRY and phy) degrade negative regulators (COP1
and PIFs, respectively) of photomorphogenesis, thus activating the expression of positive transcriptional regulators (e.g. HY5 and GLKs), thereby
promoting the expression of PhRANGs and TPB genes. The PhANG-encoded proteins and TPB enzymes are imported into plastids (proplastids,
etioplasts, and etiochloroplasts) through the TOC-TIC apparatus. GUN1 facilitates protein import during chloroplast biogenesis, and is degraded
by the Clp protease when chloroplast biogenesis is complete. PEP is the major RNA polymerase in chloroplasts, and its activity requires the plas-
tid-encoded core components RpoA, RpoB, RpoC1, and RpoC2, and nucleus-encoded accessory factors, including bacterial-type Sigma factors
(SIGs) for promoter recognition. Other nucleus-encoded factors support complex assembly (e.g. pTACs [PAPS8, HMR], REGULATOR OF
CHLOROPLAST BIOGENESIS [RCB], and NUCLEAR CONTROL OF PEP ACTIVITY [NCP]) and regulate PEP activity, for example, PLASTID REDOX
INSENSITIVE2 (PRIN2) that is involved in redox regulation of PEP activity (Diaz et al., 2018). The nucleus-encoded Sigma factor SIG5 communi-
cates circadian information from the nucleus to the chloroplast and controls expression of at least 12% of all chloroplast-encoded genes
(Noordally et al, 2013). Chloroplast-derived signals promote PhANG expression through positive signaling molecules such as heme, regulate alter-
native splicing of transcripts from nuclear genes (through the redox status of the plastoquinone pool, PQ; Petrillo et al,, 2014), and facilitate nu-
clear body-localization of the red-light photoreceptor phyB and the degradation of negative regulators (PIFs; Chen et al, 2010; Galvao et al,, 2012;
Yang et al, 2019; Yoo et al., 2019).

promoting the expression of photosynthesis-related genes In addition to cross-talk with photoreceptor-mediated
(Martin et al, 2016). Under stress conditions and when plas-  light signals, chloroplast signals are also involved in rhythmic
tids are dysfunctional, GLKT expression will be repressed ina  gene expression. For example, the plastid genome-encoded
GUN1-dependent manner (a negative signal was proposed  psbD transcripts are regulated by the circadian clock via the
by the authors), antagonizing the phytochrome signal and  sigma factor SIG5, a nucleus-encoded component of the PEP
attenuating photomorphogenesis (Martin et al., 2016). complex (Noordally et al, 2013; Figure 3), and the diurnal
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variation in thermotolerance and alternative splicing of
nucleus-encoded genes was shown to be dependent on
chloroplast-derived signals (presumably the redox status of the
plastoquinone pool; Petrillo et al, 2014; Dickinson et al., 2018).

Outlook

The major challenge in the field of plastid retrograde signal-
ing will be to obtain a complete picture of individual signal-
ing pathways. At present, our understanding of retrograde
signaling is rather fragmented. It is clear that several path-
ways exist and a few of their constituents have been identi-
fied. What is lacking in all cases is a complete logic chain
connecting the signal generator in the chloroplast to the sig-
nal receiver in the nucleus. Of key importance will be the
identification of the transducer molecules that travel be-
tween compartments or relay the signal across the double
membrane of the plastid. Previous studies have yielded con-
flicting evidence with respect to both the TPB intermediates
that may act as signals and the nature of the signal (positive
or negative). An FC1-specific heme pool was proposed as a
positive signal (Woodson et al, 2011). A future challenge
will be to identify the parts of the signaling chain that link
heme with PhRANG expression in various environmental con-
ditions and developmental states.

The recent determination of the accumulation pattern of
GUNT1 protein and the identification of the cytosolic trans-
ducer HSP90 (Wu et al, 2018, 2019b) have provided fresh
entry points into the study of GUN1 molecular function(s)
and its role in retrograde signaling. Future studies should be
directed toward the elucidation of the precise mechanism
by which GUN1 affects plastid protein import and proteo-
stasis in response to environmental stimuli and developmen-
tal cues. Finally, the exact mechanism that underlies HSP90
regulation of PhANG expression in cooperation with the
gene expression machinery in the nucleus remains to be
elucidated.
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