
PP64CH10-ZhangL ARI 28 January 2013 18:55

R
E V I E W

S

I
N

A
D V A

N
C

E

Intracellular Signaling
from Plastid to Nucleus
Wei Chi, Xuwu Sun, and Lixin Zhang
Photosynthesis Research Center, Key Laboratory of Photobiology, Institute of Botany,
Chinese Academy of Sciences, Beijing 100093, China; email: zhanglixin@ibcas.ac.cn

Annu. Rev. Plant Biol. 2013. 64:10.1–10.24

The Annual Review of Plant Biology is online at
plant.annualreviews.org

This article’s doi:
10.1146/annurev-arplant-050312-120147

Copyright c© 2013 by Annual Reviews.
All rights reserved

Keywords

gene expression, membrane-bound transcription factor, retrograde
signaling, signal transduction

Abstract

Intracellular signaling from plastids to the nucleus, called retrograde
signaling, coordinates the expression of nuclear and plastid genes and is
essential for plastid biogenesis and for maintaining plastid function at
optimal levels. Recent identification of several components involved in
plastid retrograde generation, transmission, and control of nuclear gene
expression has provided significant insight into the regulatory network
of plastid retrograde signaling. Here, we review the current knowledge
of multiple plastid retrograde signaling pathways, which are derived
from distinct sources, and of possible plastid signaling molecules. We
describe the retrograde signaling–dependent regulation of nuclear gene
expression, which involves multilayered transcriptional control, as well
as the transcription factors involved. We also summarize recent ad-
vances in the identification of key components mediating signal trans-
duction from plastids to the nucleus.
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Norflurazon (NF):
an inhibitor of
phytoene desaturase, a
carotenoid
biosynthesis enzyme

Lincomycin (LIN):
an inhibitor of
organelle translation
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INTRODUCTION

Chloroplasts are responsible not only for pho-
tosynthesis but also for the synthesis of many
essential compounds, such as fatty acids, vita-
mins, tetrapyrroles, and amino acids (79, 94).
Thus, formation of normal chloroplasts is cru-
cial for the growth and development of vascular
plants. Plant chloroplasts evolved from a free-
living cyanobacterial ancestor following a single
endosymbiotic event (56, 115). After this event,
most genes in the endosymbiont genome were
either lost or transferred into the host nuclear

genome (56, 115). As a result, plastid genomes
of vascular plants encode fewer than 100 open
reading frames, whereas nuclear genomes en-
code the vast majority of plastid proteins, which
are translated in the cytoplasm and imported
into plastids (1). This compartmentalization of
genes and gene products requires the coordina-
tion of plastid and nuclear gene expression to
maintain plastid development and function. It
is postulated that plastid development and gene
expression are largely under nuclear control, re-
ferred to as anterograde control (79, 109, 148).
However, the coordination is also mediated by
retrograde control, which functions in the op-
posite direction. In retrograde control, signals
generated in plastids are transduced to the nu-
cleus and modulate nuclear gene expression.

The concept of plastid retrograde signaling
appears to be simple but has been greatly
expanded since its original conception. Plastid
retrograde signaling was first inferred from the
study of two barley mutants (the albostrians and
Saskatoon mutants of Hordeum vulgare L. cv.
Haisa) that contain undifferentiated plastids
lacking ribosomes (15). These mutants exhibit
reduced accumulation of a set of proteins
encoded by photosynthesis-associated nuclear
genes (PhANGs), including light-harvesting
chlorophyll a/b-binding protein (encoded
by Lhc), the small subunit of ribulose-1,5-
bisphosphate carboxylase/oxygenase (encoded
by RbcS), and Calvin-Benson-cycle enzymes,
suggesting that a signal originating from
plastids is involved in the regulation of nuclear
gene expression (41, 42). Further studies
showed that in addition to occurring in plastids
that are impaired owing to genetic defects, such
a retrograde signal initiates in plastids that are
impaired because a particular process has been
inhibited by chemical treatment. For instance,
retrograde signals are induced by norflurazon
(NF) (96, 97), an inhibitor of the phytoene
desaturase enzyme involved in carotenoid
biosynthesis, and by tagetoxin and lincomycin
(LIN) (114, 132), which affect plastid gene
transcription and translation, respectively.

Perturbation of plastid functions via biotic
stresses can also influence the expression of
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Reactive oxygen
species (ROS):
molecules that are
highly reactive owing
to the presence of
unpaired valence shell
electrons

3′-Phosphoade-
nosine 5′-phosphate
(PAP): a derivative of
AMP that is
phosphorylated at the
3′ position and has a
sulfate group attached
to the 5′ phosphate

Methylerythritol
cyclodiphosphate
(MEcPP): a precursor
of isoprenoids
produced by the
plastidial
methylerythritol
phosphate pathway

Lhcb: a group of
nuclear genes
encoding the
chlorophyll
a/b–binding proteins
of photosystem II

Mg–protoporphyrin
IX (Mg–proto IX): a
chlorophyll
intermediate

several nuclear genes (28, 54, 55, 107). In this
case, the nuclear genes subjected to this control
are not limited to PhANGs, and stress-related
genes are included as well. The signals derived
from plastids under stress conditions have been
considered to be retrograde signals: They act as
stress-induced signals capable of eliciting stress
responses, including changes in nuclear gene
expression. This represents an expansion of
the idea and significance of plastid retrograde
signaling in that it not only coordinates the
expression of nuclear and plastid genes, which
is essential for plastid biogenesis, but also
maintains plastid function at optimal levels
according to fluxes in metabolites and changes
in environmental conditions (18, 81, 110).

During the past decade, genetic and bio-
chemical studies in the unicellular green alga
Chlamydomonas reinhardtii and the model plant
Arabidopsis thaliana have significantly advanced
our understanding of plastid signaling (9, 11,
18, 30, 38, 47, 60, 74, 77, 95, 103, 110, 130,
134, 148). It appears that distinct plastid signals
are produced from different sources and that
multiple, partially redundant plastid-to-nucleus
signaling pathways exist (95). In this review, we
summarize recent progress on identifying the
molecular mechanisms of the origination of ret-
rograde signals in plastids, nuclear responses to
plastid signals, and retrograde signal transduc-
tion from plastids to the nucleus.

GENERATION OF RETROGRADE
SIGNALS IN PLASTIDS

Multiple Plastid Signaling Pathways

Four distinct putative plastid retrograde
signaling pathways have been traditionally
recognized based on the sources of the signals:
tetrapyrrole intermediate biosynthesis, plastid
gene expression (PGE), plastid redox state,
and reactive oxygen species (ROS) (60, 95,
103, 110, 148). However, in addition to these
classical pathways, several novel plastid retro-
grade signaling pathways have been proposed.
The SAL1–3′-phosphoadenosine 5′-phosphate
(PAP) and methylerythritol cyclodiphosphate
(MEcPP) pathways are two examples (29, 150).

The tetrapyrrole intermediate signaling
pathway. Four classes of tetrapyrroles—
chlorophyll, heme, siroheme, and phyto-
chromobilin—are derived from a common
biosynthetic pathway that resides in plastids
(89, 137). In all living organisms, the tetrapyr-
role synthesis begins with the first committed
precursor, 5-aminolevulinic acid (ALA) (89,
137) (Figure 1). Chlorophyll, heme, and
phytochromobilin synthesis share a common
pathway up to protoporphyrin IX (proto IX)
(89, 137). At the point of metal iron insertion,
the pathway diverges: One route is directed
to the synthesis of chlorophyll, and the other
goes on to synthesize heme and phytochromo-
bilin. There are two sets of evidence for the
involvement of tetrapyrrole intermediates in
retrograde signaling. First, inhibitors of several
steps of the tetrapyrrole biosynthesis pathway
can impair the normal expression profiles of
nuclear genes, and this impairment can be
eliminated via feeding-specific tetrapyrrole
intermediates. Second, retrograde signaling is
disrupted in some mutants that are defective in
tetrapyrrole biosynthesis.

In 1984, Johanningmeier & Howell (51)
found that light induction of Lhcb mRNA accu-
mulation is prevented in Chlamydomonas upon
treatment with the chlorophyll biosynthesis in-
hibitor α,α-dipyridyl, which blocks late steps in
the chlorophyll biosynthesis pathway and leads
to accumulation of the porphyrin intermediate
Mg–proto IX methyl ester. This prevention
was not detected when chlorophyll synthesis
was blocked in early steps prior to the formation
of Mg–proto IX methyl ester, suggesting that
Mg–proto IX methyl ester and its immediate
precursors in chlorophyll synthesis may act as
negative factors required for the repression of
Lhcb transcription (48, 50, 51). The involve-
ment of Mg–proto IX in Chlamydomonas plastid
signaling was further supported by studies
on the expression of two heat shock proteins,
HSP70A and HSP70B, which can be induced
by light via a heat-independent pathway (67,
68). Light induction of HSP70 is impaired in
the brs-1 mutant, which is defective in Mg–
proto IX synthesis owing to a mutation in the
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Figure 1
Plastid retrograde signaling derived from tetrapyrrole biosynthesis and plastid gene expression (PGE). The tetrapyrrole intermediates
are involved in retrograde signaling. GUN6 (ferrochelatase), GUN2 (heme oxygenase), and GUN3 (phytochromobilin synthase) are
involved in the heme branch of tetrapyrrole biosynthesis. Heme acts as a positive regulator of photosynthesis-associated nuclear genes
(PhANGs), but the nuclear components involved in heme signaling and the exact mechanism by which heme reaches the nucleus are
unknown. GUN5/CHLH and GUN4 (which binds the substrate and product of the reaction catalyzed by the Mg-chelatase and
activates the Mg-chelatase) are involved in the biosynthesis of Mg–proto IX from the chlorophyll branch of tetrapyrrole biosynthesis.
Mg–proto IX is suggested to be exported from plastids via an unknown mechanism and then to bind to HSP90 and trigger its changes,
resulting in a HY5-dependent activated repression and/or inhibited activation of PhANG expression. The signals arising from PGE are
largely unknown. Those signals and tetrapyrrole signals may converge on GUN1, which either generates or transmits a second signal.
This signal activates a proteolytic process in which the N-terminal part of the PTM protein (N-PTM) is released. The processed PTM
is able to travel to the nucleus and modulate nuclear gene expression by inducing the ABI4 transcription factor.

gene encoding the H subunit of Mg-chelatase
(CHLH) (67). In addition, the feeding of
Mg–proto IX or its dimethyl ester is sufficient
to induce HSP70 expression in both wild-type
and brs-1 cells. Nevertheless, subsequent study
showed that heme feeding in the dark also
induces the accumulation of HSP70A mRNA

in wild-type cells, although the accumulation
upon heme feeding is delayed compared with
that in Mg–proto IX feeding (141). Thus, both
heme and Mg–proto IX may be involved in
retrograde signaling in Chlamydomonas.

Similar to Chlamydomonas, etiolated cress
(Lepidium sativum) seedlings treated with
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GUN: genomes
uncoupled

thujaplicin, which causes the accumulation of
Mg–proto IX and Mg–proto IX methyl ester,
are inhibited (by at least 50%) in light-induced
accumulation of several Lhcb transcripts (99).
In addition, the light-induced expression of
RbcS and Lhcb is impaired in etiolated barley
seedlings treated with amitrole, which inhibits
carotenoid biosynthesis and increases the
levels of ALA, Mg–proto IX, and Mg–proto IX
methyl ester (75). Tetrapyrrole involvement
in plastid signaling of vascular plants has been
resolved in more depth from the analysis of
genomes uncoupled ( gun) mutants of Arabidopsis.
Wild-type plants grown on NF have low
expression of Lhcb owing to photobleaching of
plastids, whereas gun mutants retain high levels
of Lhcb expression under the same conditions,
suggesting the disruption of plastid signaling
(135). The gun2–gun5 mutants were shown to
have lesions in enzymes involved in tetrapyr-
role biosynthesis (73, 88, 131), whereas gun6 is
a gain-of-function mutant overexpressing the
conserved plastid ferrochelatase 1 (FC1, heme
synthase) (149).

The gun2 [allelic to long hypocotyl 1 (hy1)]
and gun3 (allelic to hy2) mutants have muta-
tions in the genes encoding heme oxygenase
and phytochromobilin synthase, respec-
tively (88) (Figure 1). The biosynthesis of
phytochromobilin is blocked in these two
mutants, leading to heme accumulation.
Mg–proto IX accumulation could be reduced
owing to feedback inhibition of glutamyl-
tRNA reductase by heme when gun2 and gun3
mutants are treated with NF (111, 131, 139).
Instead, gun4 and gun5 are directly associated
with Mg–proto IX biosynthesis (Figure 1).
The gun5 mutant has a leaky point mutation
in the ChlH gene (encoding the H subunit of
Mg-chelatase), which is responsible for the last
step of Mg–proto IX biosynthesis (88). GUN4
encodes an Mg-proto-binding protein that
can significantly activate Mg-chelatase in vitro
(3, 73). Characterization of the gun2–gun5
mutants raises the possibility that Mg–proto IX
acts as a negative factor in retrograde signaling
(Figure 1). Indeed, plastid retrograde signaling
is impaired by lesions in other enzymes leading

up to the biosynthesis of Mg–proto IX, includ-
ing porphobilinogen deaminase (PBD); the D,
L, and M subunits of Mg-chelatase (CHLD, -L,
and -M, respectively); and coproporphyrinogen
oxidase (LIN2) (45, 131). In contrast to Mg–
proto IX, heme may be a positive retrograde
signal in plants, as increased flux through the
heme branch of the tetrapyrrole biosynthesis
pathway increases the expression of PhANGs in
the gun6 mutant (149) (Figure 1; see below for
details).

The plastid gene expression pathway. The
PGE pathway for retrograde signaling was
revealed by the finding that treatment with
inhibitors of PGE, such as LIN, decreases
PhANG expression (114, 132) (Figure 1).
The retrograde signal derived from the PGE
pathway seems to be light independent because
treatment with LIN in the dark can still
repress Lhcb1.2 expression in two constitutively
photomorphogenic mutants: lip1 in pea (Pisum
sativum) and cop1-4 in Arabidopsis (in which
Lhcb1.2 accumulates significantly in the dark)
(132).

Initially, it was proposed that this retro-
grade signaling pathway is active only in young
mustard seedlings (96). Later characterization
of the Arabidopsis prors1 mutant indicated that
the PGE pathway may also persist in mature
leaf tissues (102). This mutant is defective in
the prolyl-tRNA synthetase found in both plas-
tids and mitochondria and exhibits decreased
protein synthesis in both organelles. A specific
light-independent downregulation of PhANGs
is found in mature prors1 plants (102). This
downregulation is not observed in Arabidopsis
prpl11 or mrpl11 mutants (which are impaired
in plastid and mitochondrial ribosomal L11
protein, respectively) (104) but is found in the
prpl11 mrpl11 double mutant. This confirms
that plastid and mitochondrial translation act
together to regulate PhANG expression (102).
Thus, it appears that both plastids and mito-
chondria send retrograde signals when protein
synthesis is impaired, and that their signals are
synergistic.
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Plastoquinone (PQ):
a quinone molecule
involved in the
electron-transport
chain in the
light-dependent
reactions of
photosynthesis

Singlet oxygen (1O2):
the common name for
an electronically
excited state of
molecular oxygen

Plastid redox state and the reactive oxygen
species pathway. The plastid redox signals
are proposed to derive from multiple sources,
including the plastoquinone (PQ) pool, the
acceptor availability of photosystem I (PSI),
and the thioredoxin system (7, 103) (Figure 2).
Several nuclear genes are under the control
of plastid redox signals, but different genes
respond to signals originating from different
sources. For instance, the expression of petE,
Lhcb, and apx is regulated by the redox state
of the PQ pool (28, 54, 107, 128), whereas the
expression of psaD, psaF, ferredoxin, and nitrate
reductase are regulated by components in the
electron-transport chain, distinct from the PQ
pool (105, 108, 128).

The redox signal seems to modulate
PhANG expression in response to fluctuating
light conditions. The redox signal originating
from the PQ pool plays an important role in
the long-term adaptation of plants to changes in
light quality (103), whereas the modulation of
PhANG expression in response to short-term
changes in illumination depends mainly on the
redox state of the PSI acceptor site, especially
during early phases of signaling (108). In ad-
dition to responses to excess light, the PQ re-
dox signal may be involved in crosstalk between
light acclimation and immunity via LESION
SIMULATING DISEASE 1 (LSD1) (92).

Little is known about the mechanism of
redox retrograde signaling. At present, the
best candidate for sensing PQ redox signals is
STN7, a thylakoid light-harvesting complex II
(LHCII) membrane protein kinase involved in
state transitions and photosynthetic acclima-
tion (14, 101). The Arabidopsis stn7 mutant ex-
hibits differential expression of PhANGs com-
pared with the wild type, suggesting that STN7
may participate in transduction of the redox sig-
nal from plastids to the nucleus (101). Six redox-
imbalanced Arabidopsis mutants (rimb), in which
the expression of the nuclear gene encoding the
antioxidant enzyme 2-Cys-peroxiredoxin is un-
coupled from the redox state of the PSI acceptor
site, have been isolated to identify components
with a defined role in redox signaling (40).

Nevertheless, none of these RIMB genes have
been cloned. Kindgren et al. (58) recently
identified a chloroplast component, PLASTID
REDOX INSENSITIVE 2 (PRIN2), in-
volved in redox-mediated retrograde signaling
(Figure 2). PRIN2 is a nucleoid protein
associated with the plastid-encoded RNA
polymerase (PEP) machinery. The Arabidopsis
prin2 mutants show misregulation of PhANGs
in response to excess light and inhibition of
photosynthetic electron transport, suggesting a
direct role for PEP activity in redox-mediated
retrograde signaling. Indeed, similar to prin2,
another mutant with impaired PEP activity
also demonstrates reduced Lhcb repression
(58).

When plant cells are under environmen-
tal stress, several chemically distinct ROS
molecules are simultaneously generated in
various intracellular compartments (5). Plastids
are one of the main production sites of several
ROS molecules, including singlet oxygen (1O2),
the superoxide anion (O−•

2 ), hydrogen peroxide
(H2O2), and the hydroxyl radical (HO−•) (6)
(Figure 1). In plastids, ROS molecules can
be generated during photosynthesis when O2

rather than NADP+ accepts either energy
or an electron from the electron-transport
chain (6). Excess excitation can result in the
production of 1O2 from triplet chlorophyll at
photosystem II (PSII) and from O−•

2 and H2O2

at PSI. ROS molecules derived from plastids
are involved in retrograde signaling (5, 35, 81);
however, the ROS signaling pathway might be
used primarily for stress signaling rather than
genome coordination.

Because several chemically distinct ROS
molecules are simultaneously generated in plas-
tids under stress, it is difficult to link a particular
stress response to a specific ROS. However, a
specific function for 1O2 in retrograde signaling
was discovered in the conditional fluorescent
Arabidopsis mutant flu, which allows the induc-
tion of only 1O2 within plastids in a noninvasive
and controlled manner (86) (Figure 2). Global
gene expression studies on flu plants indicated
that 1O2 activates primarily genes encoding
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Figure 2
Plastid retrograde signaling is involved in stress responses of vascular plants. The following distinct retrograde signals are known to be
involved in stress responses of vascular plants. � Redox signals are generated through the reduced state of plastoquinone (PQ) or via
elements on the reducing side of photosystem I (PSI). STN7 may be involved in transmitting the changes in chloroplast redox status to
the nucleus. PRIN2 contributes to the production of plastid redox signals. � H2O2 and 1O2 accumulate during exposure to excess
light and activate distinct signaling pathways. The 1O2 accumulated in the plastid is sensed or transmitted to the nucleus via the
concerted action of two chloroplast proteins, EXECUTER 1 and EXECUTER 2 (EX1 and EX2). In the cytosol/nucleus, the
blue-light photoreceptor CRY1 is involved in 1O2-mediated stress responses, but PRL may act as a general negative regulator of 1O2
signaling. One product of the 1O2 oxidation of carotenoids, β-cyclocitral (β-CC), may act as a second messenger involved in the 1O2
signaling pathway in plants. Reactive oxygen species and redox signaling may also converge on the GUN1-PTM-ABI4 pathway.
� Plant stress triggered by drought or high light inhibits the activity of SAL1 and enhances the accumulation of PAP in the plastid.
PAP is transported to the nucleus by unknown mechanisms and inhibits XNR2 and XNR3 activities, thereby inducing gene expression
associated with stress responses. � MEcPP, an isoprenoid precursor derived from the MEP pathway for isoprenoid biosynthesis in the
plastid, is induced by stress and functions as a sensor and a communication signal to the nucleus that induces selected stress-responsive
genes through alteration of nuclear architecture and functional dynamics.
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components involved in cell death, and fewer
than 15% of the 1O2-responsive genes are pre-
dicted to encode plastid proteins, suggesting
that 1O2 has nonplastid functions (98). Exten-
sive genetic screens to identify constituents
involved in 1O2-mediated plastid-to-nucleus
signaling have found two plastid-localized
proteins, EXECUTER 1 and EXECUTER 2,
that act as sensors and/or mediators of 1O2

accumulation (76, 145) (Figure 2). In contrast,
the screens failed to identify extraplastidic sig-
naling components, suggesting that once 1O2-
mediated signals have been transferred from
the plastid to the surrounding cytoplasm, they
are translocated to the nucleus not through a
single linear pathway but rather through a
complex signaling network (76). However,
a nuclear WD40 repeat protein involved
in this signaling network, PLEIOTROPIC
RESPONSE LOCUS 1 (PRL1), was recently
identified in Arabidopsis via a novel genetic
screening approach (10) (Figure 2). PRL1
may act as a general negative regulator of 1O2

signaling: Inactivation of PRL1 leads to consti-
tutive upregulation of 1O2-responsive genes. In
Chlamydomonas, the basic leucine zipper (bZIP)
transcription factor SINGLET OXYGEN
RESISTANT 1 (SOR1) was recently shown to
be involved in the signal transduction and ac-
tivation of 1O2-mediated response (33). SOR1
regulates the expression of various oxidative
stresses and reactive electrophile species (RES)
detoxification genes in response to RES signals.
This study indicated that RES-stimulated and
SOR1-mediated responses of detoxification
genes are part of the 1O2-induced acclimation
process in Chlamydomonas (33).

Although different ROS molecules activate
distinct signaling pathways, these signaling
pathways do not always operate indepen-
dently but rather merge into a complex
signaling network that integrates various
cues. It appears that 1O2-mediated signaling
interacts with H2O2-mediated signaling, as
overexpression of an H2O2 scavenger en-
hances the intensity of 1O2-mediated stress
responses in the flu mutant (71). In addition,
the network of ROS retrograde signaling

appears to be more complex than expected.
For instance, disruption of plastid protein
homeostasis by attenuating protein synthesis
in Arabidopsis affects 1O2-dependent retrograde
signaling, although the molecular mechanism
for this remains unknown (87, 124).

Novel plastid retrograde signaling path-
ways. Besides the above intensively studied
retrograde signaling pathways, a novel SAL1-
PAP retrograde signaling pathway that
functions in drought and high-light responses
was proposed based on characterization of
the Arabidopsis altered apx2 expression 8 (alx8)
mutant (29) (Figure 2). The alx8 mutant is
drought tolerant (119, 147). However, it ex-
hibits constitutive upregulation of 25% of the
high-light-regulated transcriptome, including
ZAT10, DREB2A, ELIP2, and APX2 (119,
147). ALX8 is a phosphatase that modulates
PAP levels, which may be a retrograde signal
that regulates nuclear gene expression by
inhibiting nuclear exoribonucleases that target
certain stress-responsive genes (29).

The methylerythritol phosphate (MEP)
pathway, which is responsible for isoprenoid
biosynthesis, represents another retrograde
signaling pathway in plant adaptation to
stresses (150) (Figure 2). Isoprenoids are
the most diverse group of plant metabolites
reported to date and participate in a wide
range of physiological processes, including
photosynthesis (chlorophyll and carotenoids)
and seed germination [gibberellic acid and
abscisic acid (ABA)] (144). A mutation in the
Arabidopsis HDS gene of the MEP pathway
leads to constitutive expression of HPL, a
stress-inducible nuclear gene encoding the
hydroperoxide lyase plastidic enzyme in the
HPL branch of the oxylipin pathway (20).
HDS functions in the conversion of MEcPP to
hydroxymethylbutenyl diphosphate (HMBPP)
(117). MEcPP therefore accumulates in this
mutant plant as well as increasing under
stresses such as high light and wounding (150).
MEcPP is proposed to serve as a retrograde
signaling metabolite that induces expression of
selected stress-responsive genes but does not
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ABSCISIC ACID–
INSENSITIVE 4
(ABI4): an AP2-type
transcription factor of
Arabidopsis

LONG
HYPOCOTYL 5
(HY5): a bZIP
transcription factor of
Arabidopsis

coordinate PhANG expression (150). In
Chlamydia trachomatis, a small molecule
produced by the MEP pathway, 2-C-methyl-
D-erythritol 2,4-cyclodiphosphate, has been
shown to be directly involved in chromatin
remodeling through disruption of the associ-
ation of histone-like proteins with DNA (39).
The MEcPP of plants has been proposed to
have a similar function (150); however, the
actual mechanism of its participation in gene
expression and stress response remains to be
investigated.

Convergence of Multiple Retrograde
Pathways

Among the original gun mutants, gun1 is unique
because it is the only one to respond similarly
to both NF and LIN treatments (88). Earlier
studies had shown that gun1 gun4 and gun1
gun5 double mutants exhibit enhanced gun
phenotypes and that the transcriptomes of gun1
and gun5 mutants have little similarity to each
other, suggesting that GUN1 is unrelated to
the tetrapyrrole signaling pathway (88). How-
ever, a subsequent study with a stronger allele
found that gun1-9 displays altered responses
to PET-dependent, tetrapyrrole-mediated,
and PGE-mediated retrograde signals (64).
Lhcb derepression was enhanced in NF-treated
gun1-9 gun5 plants, and similar expression
profiles upon treatment with NF were found
in gun1-9 and gun5 plants (64). It seems that
multiple signal transduction pathways are
integrated within the plastids upstream of
GUN1 (Figures 1 and 2). Transcriptomic and
genetic analysis identified the nuclear-localized
APETALA 2 (AP2)–type transcription factor
ABSCISIC ACID–INSENSITIVE 4 (ABI4)
as being downstream of GUN1 in the same
pathway (64). A model has therefore been
proposed in which GUN1 integrates several
signals within the plastid and acts as a master
switch that generates or transmits a signal
that in turn induces ABI4 to bind to promoter
sequences and block the expression of pho-
tosynthetic genes in the nucleus, perhaps by
inhibiting the access of transcription factors

such as LONG HYPOCOTYL 5 (HY5) to
the G box (64) (Figures 1 and 2; see below for
details). However, this model does not involve
the export of Mg–proto IX from plastids, as
suggested by Ankele et al. (4).

GUN1 encodes a plastid-localized protein
with pentatricopeptide repeat (PPR) domains
(64). Such domains comprise tandem repeats
of 35 residues and are thought to mediate
sequence-specific binding to nucleic acids, in
particular to RNA (126). Some PPR proteins
are involved in posttranscriptional processes
such as RNA splicing, editing, processing, and
translation in plastids and mitochondria (126).
How such a protein integrates multiple signals
in plastids remains an open question. So far,
the nature of the secondary signal generated by
the common pathway has not been revealed.
Moreover, not all GUN1-regulated promoters
have an ABI4-binding motif overlapping or in
close proximity to a G box (64), and ABI4 has
no effect on the plastid regulation of reporter
genes driven by particular RbcS promoters (2).
Thus, the data suggest that GUN1-dependent
plastid signals may also regulate nuclear gene
expression through other mechanisms, which
still need to be addressed.

Possible Plastid Signaling Molecules

The nature of the plastid signaling molecules
remains a mystery, although the distinct
retrograde signaling pathways have been
revealed. Mg–proto IX has long been regarded
as the top candidate retrograde signaling
molecule. Several pieces of evidence from the
gun2–gun5 mutants support this hypothesis.
Wild-type Arabidopsis seedlings grown on NF
have approximately 15-fold more Mg–proto IX
than do untreated controls, whereas gun2 and
gun5 seedlings grown on NF accumulate much
less (131). Direct feeding of Mg–proto IX to
leaf protoplasts is sufficient to repress Lhcb ex-
pression, whereas feeding of other tetrapyrrole
intermediates such as porphobilinogen, heme,
or proto IX does not repress the expression
of a luciferase-encoding gene driven by the
Lhcb promoter (131). This suggests that
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Mg–proto IX accumulation is both necessary
and sufficient to regulate PhANG expression.
Confocal laser scanning microscopy analysis
showed that Mg–proto IX accumulates in both
the plastids and the cytosol during stress (4).
This raises the possibility that the signaling
metabolite Mg–proto IX is exported from
the plastid, transmitting a plastid signal to
the cytosol (4). However, the mechanism
of Mg–proto IX transport across the plastid
envelope membranes has not been determined.

Although the evidence might seem com-
pelling, the role of Mg–proto IX in plastid
signaling after NF treatment was critically
reevaluated in two complementary reports
(90, 91). Both studies investigated Mg–proto
IX accumulation following NF treatment,
using either a liquid chromatography–mass
spectrometry system or conventional high-
performance liquid chromatography with fluo-
rescence detection, and concluded that changes
in Mg–proto IX accumulation do not correlate
with changes in Lhcb expression (90, 91). Thus,
doubts about Mg–proto IX functioning as
a mobile signaling molecule have emerged.
However, there are some possible explanations
for the present conflicts in the data. One is that
local or transient concentrations of Mg–proto
IX could be more important than total steady-
state levels in regulating PhANG expression
(89, 149), but they are difficult to detect (89).
Another possibility is that the tetrapyrrole-
generated signal may be directly or indirectly
derived from ROS and/or redox signals because
impaired tetrapyrrole biosynthesis may cause
localized ROS generation or changes in the
plastid’s redox status (90, 91), which might trig-
ger retrograde signaling. Alternatively, ChlH
may be involved in retrograde signaling (88).

Heme, another tetrapyrrole intermediate,
has also been implicated in retrograde control
of nuclear gene expression. Yeast (Saccha-
romyces cerevisiae) has been shown to use heme
synthesized in the mitochondria to regulate
transcription of nuclear genes encoding mito-
chondrial proteins (85, 152). In Chlamydomonas,
a shift from dark to light results in a transient
reduction in heme levels, and heme feeding to

cultures in the dark activates HSP70A, suggest-
ing that heme may also serve as a plastid signal
to regulate the expression of nuclear genes
(141). Heme molecules appear to play evo-
lutionarily conserved roles in interorganellar
communication. The identification of heme as a
retrograde signaling molecule in vascular plants
was confirmed in the gun6 gain-of-function
mutant of Arabidopsis (149). This mutant over-
expresses FC1, an enzyme that inserts iron into
proto IX to form heme. Genetic and biochemi-
cal approaches demonstrated that heme but not
proto IX/Mg–proto IX synthesis is primarily
responsible for the regulation of PhANG
expression in gun6, although a role for the
latter has not been completely ruled out (149).

Heme could be considered a more likely
candidate than Mg–proto IX to be the ret-
rograde signaling molecule, in part because
heme is known to be exported from plastids,
whereas the evidence for Mg–proto IX export
by healthy plastids is less convincing (140).
Moreover, Mg–proto IX is photodynamic and
produces toxic ROS in the presence of light,
whereas heme is photodynamically inactive
(89, 137). If heme really acts as a positive ret-
rograde signal in plastids, then the retrograde
signaling mechanism of gun mutants needs to
be reevaluated. A role for heme as a positive
regulator of PhANG expression could provide
an alternative explanation for the gun mutant
phenotypes: The phenotypes of gun2–gun5
mutants might result from increased heme
levels rather than decreased Mg–proto IX
levels. Indeed, the introduction of the fc1
allele into gun5 partially repressed PhANG
expression, suggesting that gun5 mutants may
increase FC1-produced heme by blocking
the chlorophyll branch of the tetrapyrrole
biosynthesis pathway (149). Nevertheless,
tetrapyrrole metabolism is complex and regu-
lated at multiple levels; further examination of
tetrapyrroles as signaling molecules requires
more intensive work with novel approaches.

In addition to tetrapyrroles, two small
metabolites, PAP and MEcPP, are synthesized
in plastids and thought to serve as signals to
communicate perturbations in the subcellular
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environment to the nucleus. PAP was orig-
inally regarded as a by-product with no
physiological role in plant cells, but it accumu-
lates under drought or exposure to excess light
in Arabidopsis (29). To reach the nucleus, PAP
must exit the plastid and enter the nucleus. A
line of genetic evidence supports the movement
of PAP between cellular compartments: PAP is
assumed to be synthesized in plastids, but the
expression of SAL1 (which dephosphorylates
PAP to AMP) in the nucleus lowers the total
PAP contents (29). However, in vivo move-
ment of PAP between organelles has not yet
been observed. Similarly to PAP, the potential
involvement of MEcPP in plastid retrograde
signaling not only provides new insights into
the communication between plastids and the
nucleus but also raises new questions (150).
For instance, how MEcPP might sense abiotic
stresses and how it could be transported to
the nucleus remain a mystery. Discovering
the underlying gene regulatory mechanisms
triggered by the MEcPP signaling pathway is
an exciting project for the future.

Based on current data, metabolites are the
most likely candidates to be the retrograde
signaling molecules, although at present it
is difficult to unambiguously verify that any
specific metabolite is a signaling molecule (77).
The idea of a metabolite signal seems reason-
able because the plastid could continuously
communicate its metabolic state to the cytosol
via the exchange of various metabolites, and
changes in the metabolic profile could be sensed
by cytosolic or nuclear receptors and lead to the
alteration of nuclear gene expression (77, 106).
Several metabolites, such as carbohydrates and
redox valves, have therefore been regarded as
potential candidates for retrograde signaling
molecules (60). Nevertheless, the assignment of
a metabolite as a retrograde signaling molecule
should be more cautious (106). For example,
alteration of the plastids’ redox state results
in a transient increase in intracellular sucrose
concentration in Arabidopsis; however, this
transient accumulation has a different biologi-
cal role and seems to not be a retrograde signal
(16).

ROS molecules are also considered
candidate retrograde signaling molecules. An
important characteristic of a signaling molecule
is the ability to move across subcellular com-
partments. In this regard, H2O2 is the best
candidate. It has high stability and can move
between cellular compartments, whereas 1O2

is thought to react close to its production site
and is unlikely to serve as a long-distance signal
because of its high reactivity, short half-life,
and limited diffusion ability (63, 66, 93).

Nevertheless, ROS molecules are produced
at different sites in the cell and respond to
various stimuli. Therefore, a significant task
is to envision how plastid-generated ROS
could specifically participate in the commu-
nication between the nucleus and plastids.
The toxicity of ROS molecules, which causes
the oxidation of biomolecules, should also be
considered. One product of the 1O2 oxidation
of carotenoids, β-cyclocitral, has been identi-
fied as a likely messenger involved in the 1O2

signaling pathway in Arabidopsis, as it could
induce changes in the expression of a large set
of genes that have been identified as responsive
to 1O2 (113) (Figure 2). β-cyclocitral is a
volatile derivative; thus, it has the potential
ability to traverse the cytosol to regulate gene
expression in the nucleus. It could therefore
function as a retrograde signal that acts as a
downstream messenger of or proxy for rising
1O2 levels (113).

NUCLEAR RESPONSES TO
PLASTID RETROGRADE SIGNALS

Nuclear Genes Regulated by Plastid
Signals

The expression of a subset of nuclear genes
encoding plastid-localized proteins, such as
Lhcb genes, is frequently analyzed to dissect the
response of nuclear genes to plastid retrograde
signals (135). Recent studies using large-scale
analysis of transcript profiles have revealed
that the retrograde signals induce massive
reprogramming in the transcriptome (31, 64,
69, 98, 143). Large sets of nuclear genes are
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possible targets of the retrograde signaling.
These include not only PhANGs but also
genes involved in many different processes,
such as stress responses, cell death, and cellular
metabolism (16, 98, 143).

The first study of transcriptome responses
to plastid retrograde signaling was carried out
on the Arabidopsis ppi1 mutant, which lacks the
chloroplast protein import receptor AtToc33
(69). Transcriptomic analysis of nuclear genes
encoding plastid proteins in ppi1 indicated that
the mutation in PPI1 specifically causes the
downregulation of PhANGs but not of genes
in other functional categories, suggesting the
existence of retrograde signaling networks co-
ordinating plastid protein import and PhANG
expression (69). Microarray analyses identified
more than 1,000 nuclear genes that were dif-
ferentially expressed in gun1 or gun5 compared
with the wild type grown on NF (64). Approxi-
mately 500 of these genes were repressed by NF
treatment in the wild type, of which 330 were
expressed in both gun1 and gun5, suggesting
that the retrograde signaling regulates a large
number of nuclear genes with diverse functions
(64). In Chlamydomonas, global changes of gene
expression in response to heme and Mg–proto
IX feeding indicate that the expression levels
of almost 1,000 genes change transiently but
significantly (143). Among them were only a
few genes for photosynthetic proteins, suggest-
ing that both tetrapyrroles play signaling roles
as secondary messengers for adaptive responses
affecting the entire cell (143).

The transcriptomic responses to redox and
ROS retrograde signals have also been analyzed
in great detail. Shifting conditions between
PSI light and PSII light changes the plastid
redox state, and 286 genes among 3,292 probe
spots specifically respond to the reduced plastid
redox state in Arabidopsis (31). Within 30 min
of the release of 1O2 in plastids, approximately
300 nuclear genes are rapidly upregulated at
least threefold in flu plants compared with the
wild type (98). Many of those genes have been
previously shown to be under the control of
phytohormones, in particular ABA, ethylene,
methyl jasmonate, and salicylic acid. Bräutigam

et al. (16) dissected the time-dependent impact
of redox signals on the transcriptome and
metabolome of Arabidopsis. They found that
plastid redox signaling is highly dynamic and
induces differential and specific expression
patterns for genes associated with photosyn-
thesis and metabolism. It appears that the
redox signal coordinates photosynthesis, gene
expression, and metabolism in the long-term
response of the plants (16).

There are different layers of retrograde
control over the transcriptional expression
of nuclear genes encoding plastid proteins,
and two distinct mechanisms are probably
involved in this control (77). One is a proposed
“master switch” that induces or represses the
same large set of nuclear genes in a binary
manner (12, 116). The other is coregulation
of nuclear and plastid genes for photosynthetic
and plastid components (12, 82), which seems
to be widely conserved in eukaryotes (125).
Indeed, large-scale analysis of the transcript
profiles of plastid- and mitochondrion-related
genes in Arabidopsis showed that the activity
of gene sets involved in organellar energy
production or organellar gene expression in
each of the organelles and the nucleus is highly
coordinated (78).

Possible Cis-Elements Responsive to
Retrograde Signals

The regulation of nuclear gene expression
by plastid signals occurs mainly at the tran-
scriptional level, and cis-elements within the
promoters of the nuclear genes are involved
in this process. Several studies have identified
cis-elements required for retrograde regula-
tion. Interestingly, these cis-elements are either
identical to or largely overlapping with light-
responsive elements. In every case that has been
examined, the light- and plastid-responsive
elements (PREs) are inseparable (13, 70, 129,
142). In Chlamydomonas, a PRE with qualities
of an enhancer was identified in the HSP70A
promoter (141). PRE mediates induction of
HSP70A by heme, Mg–proto IX, and light.
Thus, these signals are proposed to converge
onto one pathway involving PRE (141).
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In vascular plants, G-box and GATA
elements are found in many nuclear genes and
respond to both light and plastid retrograde
signals. Within the promoters of Lhcb genes,
two light-responsive elements were identified:
a GATA element and the cab upstream factor
1 (CUF1) element, which is similar to a G
box (112). Luciferase accumulation under the
control of an Lhcb1 promoter with a mutated
CUF1 element was reduced to wild-type levels
in gun5 seedlings grown on NF, confirming the
involvement of CUF1 in retrograde signaling
(131). Regarding the Rbcs promoter, CMA5—a
light-responsive unit that not only positively
responds to light signals but also negatively re-
sponds to sugars and ABA—was identified (2).
CMA5 contains a G box and a putative ABI4-
binding site (named the S box) that is closely as-
sociated with the G box (2). Close association or
even overlap of the ABI4-binding site with the
G box has been found not only in Rbcs promot-
ers but also in the promoters of several Lhcb and
plastocyanin-encoding genes (2). Based on this
evidence, Rook et al. (118) proposed a model
for a negative regulatory mechanism involving
competition for binding between activators and
repressors. As light- and plastid-specific signals
appear to act on the same cis-element, this
mechanism could also be suitable for plastid
signaling responses. Indeed, analysis of the pro-
moters of 330 genes that are expressed in both
gun1 and gun5 grown on NF indicated that the
association of the G box and the ABI4-binding
site is common to most of them but that this
ABI4-binding site is significantly smaller than
previously described ABI4-binding sites (64).

Transcription Factors Involved in
Plastid Retrograde Signaling Pathways

The G box, which commonly exists in light-
regulated promoters, is essential for plastid
retrograde signaling–controlled transcriptional
activity. Several transcription factors have been
identified through screens for G-box binding
proteins (84, 136). Two of them, HY5 and
GLK, were found to act downstream of plas-
tid retrograde signaling.

GLK, defined as GOLDEN 2 in maize (Zea
mays), encodes a GARP nuclear transcription
factor (120). GLK is present in diverse groups
of vascular plants, and each species contains at
least two GLK genes (34, 151). In Arabidop-
sis and moss (Physcomitrella patens), each gene
acts largely redundantly to promote PhANG
expression in all photosynthetic cell types (34,
151). GLK proteins regulate a large set of genes
encoding photosynthetic thylakoid membrane
proteins, and this regulation may depend on
its direct binding to the promoters of genes
such as Lhcb (136, 146). GLK genes are sen-
sitive to plastid-derived retrograde signals, at
least one of which is term-InTextGUN1term-
InText independent (146). GLK1 may act as a
positive regulator in the plastid-to-nucleus sig-
naling pathway that coordinates plastid protein
import and nuclear gene expression in response
to the functional state of plastids, but this path-
way is not associated with ABI4 activation (53).

HY5 is a bZIP transcription factor that
acts downstream of several photoreceptors,
including CRY1, to induce PhANG expression
(49). CRY1 is involved in the 1O2-mediated
regulation of nuclear gene expression and
programmed cell death response, suggesting
its role in plastid-to-nucleus signaling (23)
(Figure 2). Genetic screens have identified four
mutants with subtle gun phenotypes, which
turned out to be allelic to the cry1 mutant (122).
The cry1 mutants treated with LIN accumulate
approximately 5–10% of the Lhcb mRNA
levels that accumulate in wild-type seedlings
untreated with LIN, in contrast to the 2–3%
that accumulates in LIN-treated wild-type
seedlings. The cry1 gun1 double mutant shows
much stronger derepression of Lhcb when
grown on LIN than did either single mutant
(122). These results indicate that CRY1 acts
as a negative factor to repress Lhcb expression
when plastid biogenesis is blocked. In addition,
CRY1 and GUN1 act synergistically to repress
most, if not all, Lhcb repression under blue light
(122). Like cry1, hy5 is a subtle gun mutant, but
a hy5 cry1 double mutant is indistinguishable
from either single mutant in blue light, sug-
gesting that CRY1 and HY5 operate in the
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same pathway. A follow-up experiment showed
that the conversion of CRY1 from a positive
to a negative regulator of Lhcb results largely
from the conversion of HY5 from a positive to
a negative regulator of Lhcb, possibly assisted
by an unknown factor (74, 122).

The CRY1-HY5 model seems to conflict
with the previous GUN1-ABI4 model, in which
HY5 may act as a positive factor (64). It appears
that ABI4 and HY5 are simultaneously required
for plastid-dependent repression of Lhcb or that
at least one of these factors represses Lhcb by an
indirect mechanism (74). Future studies aimed
at detecting ABI4 or HY5 binding to the Lhcb
promoter in vivo in seedlings treated with in-
hibitors of plastid function will be helpful to
address this question. The integration of light
and plastid signals is not surprising (74, 80, 121–
123), as plastid signals and light signals can reg-
ulate the expression of PhANGs using common
or adjacent promoter elements (13, 64, 70, 129,
141, 142). Such integration appears to be es-
sential not only for chloroplast biogenesis but
also for chloroplast maintenance under stress
conditions (74, 121, 122).

The ABI4 protein is a nuclear-localized
AP2-type transcription factor that was origi-
nally identified as playing a role in ABA signal-
ing (32). Dijkwel et al. (26) fused the promoter
of the nuclear-encoded plastocyanin gene
to the luciferase reporter gene and screened
for mutants defective in the sugar-responsive
repression of the transgene. One of these
sucrose uncoupled (sun) mutants, sun6, is allelic to
abi4, suggesting an additional role for ABI4 in
sugar signaling (46). ABI4 has been found to be
associated with plastid retrograde signaling in
several cases. PET-induced gene expression is
inhibited by sugar, and this inhibition requires
ABI4, as evidenced by the finding that in the
sun6 (abi4) mutant, exogenous sucrose does
not inhibit PhANG expression (100). The
wide distribution of ABI4-binding sites in
the promoters of plastid signaling–responsive
genes suggests that it may play a general role in
plastid retrograde signaling (64). In agreement
with this, it is supposed based on gun1 mutant

phenotypes that ABI4 may be a component of
the previously proposed master switch required
for the regulation of nuclear genes in response
to developmental cues and environmental
signals integrated within plastids (64).

Although ABI4 is involved in plastid ret-
rograde signaling, such involvement does not
appear to be associated with its role in ABA
signaling. Unlike abi4, other abi mutants do
not show gun phenotypes (64). Moreover,
the addition of ABA, with or without NF,
inhibits the accumulation of Lhcb transcripts in
wild-type and gun1 seedlings but has no effect
on abi4 seedlings. It seems that ABA might
not be a plastid-derived retrograde signal (64).
However, the involvement of ABI4 in plastid
retrograde signaling is likely to be associated
with its role in sugar signaling, as an obscure
connection between sugar and retrograde
signaling has been reported (22, 64, 100). For
instance, 7% glucose significantly reduces Lhcb
expression when applied to three-day-old wild-
type seedlings but not when applied to gun1
seedlings (64). Sucrose and LIN have an addi-
tive effect in repressing Lhcb expression in wild-
type seedlings, whereas LIN partially releases
Lhcb from sucrose repression in gun1 seedlings
(22). In addition, ABI4 is a regulator of mito-
chondrial retrograde signaling (36) and there-
fore likely serves as an integration point for
organellar retrograde signals and sugar signals.

RETROGRADE SIGNAL
TRANSDUCTION FROM
PLASTIDS TO THE NUCLEUS

Retrograde signals are produced in plastids, but
how retrograde signals are perceived in the cy-
tosol and communicated to the nucleus remains
largely unknown. Retrograde signals involved
in stress responses are presumed to interact
with stress signaling pathways at some level.
Therefore, it appears reasonable that plastid
retrograde signals could utilize known cytosolic
components of stress signaling pathways. How-
ever, there are also specific signal transduction
pathways for plastid retrograde signaling.
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Protein Movement from Plastids to
the Nucleus

The GUN1-derived plastid retrograde sig-
nal raises the question of how this signal
is transmitted to nuclear-localized ABI4 to
repress nuclear gene expression. A study
by Sun et al. (133) provided genetic and
biochemical evidence that PTM, a plastid
envelope–bound plant homeodomain (PHD)
transcription factor, functions in this process
(Figures 1 and 2). PTM acts downstream of
GUN1 and has a role in transmitting multiple
chloroplast-derived signals to the nucleus,
similar to ABI4 and GUN1. The PTM protein
has N-terminal DNA-binding homeobox and
different transcription factors (DDT) and PHD
domains with highly conserved secondary and
tertiary structures and four transmembrane
domains at its C terminus. Full-length PTM
was detected exclusively in the plastid outer
envelope membrane, whereas an N-terminal
fragment (N-PTM) without transmembrane
domains was detected in nuclear fractions
(133). Treatments with NF and LIN, as well as
exposure to high light, increased the detection
of the N-terminal fragment in the nuclear frac-
tions. In vitro experiments with cycloheximide
and protease inhibitors confirmed that N-PTM
is derived from full-length PTM, which can
be processed by an unidentified protease. The
proteolytic cleavage of PTM occurs in response
to retrograde signals, and the N-PTM release
to the nucleus is dependent on plastid signals
(133).

The ptm mutant showed a gun phenotype
when treated with NF and LIN. In addition,
when exposed to high light, the ptm mutant
maintained expression of Lhcb compared with
the wild type. PTM may therefore have a
role in multiple plastid-derived signals to the
nucleus, similar to ABI4 and GUN1. Analysis
of ptm gun1 and ptm abi4 double mutants
showed that PTM, GUN1, and ABI4 are
involved in the same signaling pathway. The
gun1 phenotype can be suppressed by consti-
tutive expression of N-PTM, and the level
of processed N-PTM in gun1 is lower under

stress compared with the wild type, suggesting
that PTM acts downstream of GUN1 (133).

ABI4 expression is reduced in the ptm
mutant. In addition, in transgenic plants
expressing N-PTM proteins fused with a
glucocorticoid receptor to control its nuclear
localization, the expression of ABI4 is recovered
only in the presence of dexamethasone (133).
These results indicate that the nuclear local-
ization of PTM is required for normal ABI4
expression. Further experiments indicated that
N-PTM can activate ABI4 transcription in
a PHD-dependent manner associated with
histone modification, which is necessary for the
suppression of term-InTextLhcbterm-InText
in response to retrograde signals. Thus, it is
clear that PTM plays a critical role in medi-
ating retrograde signals from plastids to the
nucleus.

PTM belongs to a family of membrane-
bound transcription factors (MTFs) that
have been shown to regulate diverse cellular
functions through an intriguing regulated
proteolytic activation mechanism (21, 44, 127).
In Arabidopsis, MTFs characterized to date
belong to either the bZIP or the NAC family,
and most of them are associated with the
endoplasmic reticulum and plasma membranes
(21, 127). The relocalization of an MTF to
associate with plastids was first demonstrated
for a plastid envelope DNA-binding protein,
PEND (138). However, the functions of
most MTFs associated with plastid envelope
membranes remain elusive. Studies on PTM
raise the possibility of a novel mechanism
for plastid-to-nucleus signal transduction via
the relocalization of transcription factors.
Indeed, the relocalization of regulatory factors
may represent a general mechanism in signal
transduction. For instance, the cytoplasmic
and nuclear relocalization of NRIP1 (a protein
that directly interacts with the 50-kDa helicase
domain of tobacco mosaic virus) from plastids
is necessary for pathogen recognition (17).
Another example is the Whirly1 protein,
which is translocated from the plastid to the
nucleus, where it affects the expression of PR
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genes such as PR1 (24). However, Whirly1
appears to not behave like other MTF proteins,
because it is the same size in both plastids and
the nucleus (37). Further analysis regarding
how PTM senses retrograde signals within
the plastids and how the PTM transcription
factor is activated will be of great interest in
understanding retrograde signaling in plants.

The Tetrapyrrole-HSP Complex

Although the tetrapyrrole intermediates have
been revealed to be involved retrograde
signaling, it is not clear how they regulate the
expression of nuclear photosynthetic genes.
One possibility is that they directly interact with
cytosolic and/or nuclear transcription factors,
as in yeast and humans. In yeast, heme acts as an
important retrograde signal resulting from dys-
functional mitochondria via stringent controls
of the transcription factor HAP1 (85, 152). In
the cytosol, newly synthesized HAP1 forms a
complex with chaperone proteins, including
HSP90, HSP70, Sro9, and Ydj1 (43, 72). How-
ever, the association of HSP90 with this com-
plex is transient (43, 72). As this complex binds
to heme, which is released from dysfunctional
mitochondria, the association of HSP90 with
the HAP1 multichaperone complex is enhanced
and leads to the activation of HAP1 (72). Recent
studies have demonstrated the interaction be-
tween Mg–proto IX and three cytosolic HSP90
proteins in vitro (57, 59). Based on genetic anal-
ysis, a regulatory Mg–proto IX–HSP90–HY5
complex, analogous to HSP70-HSP90-HAP1
in yeast, was proposed, although no direct
interaction was found between HSP90 and
HY5 (59). Nevertheless, it appears likely that
HSP90 and HY5 are involved in the regulation
of PhANGs in response to perturbations of
tetrapyrrole biosynthesis (Figure 1).

Cytoplasmic Kinases and
Phosphatases

Several pieces of evidence indicate that cy-
toplasmic kinases and phosphatases may be
involved in the transduction of redox retro-

grade signals from plastids. With regard to
vascular plants, both kinase and phosphatase
inhibitors affect GUS reporter gene expression
driven by the spinach PsaF promoter, which is
regulated by the PET redox signal (19). In the
green alga Dunaliella tertiolecta, the phosphatase
inhibitor okadaic acid can block the low-light
accumulation of cellular chlorophyll controlled
by the redox state of the PQ pool (28). In addi-
tion, Lhcb and CAO induction after a shift from
high light to low light is blocked by a protein
kinase inhibitor (83). A model that involves
the action of cytosolic kinase activities in the
control of Lhcb expression has been proposed
for D. tertiolecta (28). Protein phosphorylation
may also be involved in ROS-mediated plastid-
to-nucleus signal transduction (Figure 2).
H2O2 is assumed to activate a mitogen-
activated protein kinase (MAPK) cascade in
the cytosol that subsequently affects gene
expression in the nucleus (5, 65), which would
represent an example of ROS retrograde signal
transduction.

CONCLUSION AND
PERSPECTIVES

Our understanding of the mechanisms involved
in plastid-to-nucleus signaling has advanced
greatly over the past few years. One of the ma-
jor breakthroughs is the identification of more
candidate signal molecules. However, along
with that, more open questions and/or subjects
of debate have been raised. PGE and the
plastid redox state have been considered to be
sources of retrograde signals for several years,
but we still know nothing about the nature of
the signal(s) they produce. The involvement
of tetrapyrrole intermediates in plastid ret-
rograde signaling has also been challenged.
Nevertheless, it is clear that perturbation
of tetrapyrrole biosynthesis alters PhANG
expression. Whether this is due to a direct
effect of the mutations or a secondary effect
should be investigated further. Besides the role
of tetrapyrrole intermediates, roles of other
metabolites in plastid-to-nucleus signaling
are also emerging. However, how they act as
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retrograde signals to coordinate communica-
tion between plastids and the nucleus is still
obscure. For theoretically ideal signals like
metabolites, dynamic correlations between
the signal at the molecular level and nuclear
gene expression should be established. At
present, this appears to be very difficult owing
to technical limitations, but systematic biology
approaches may open novel ways to overcome
them (8, 52).

How retrograde signals are transduced from
plastids to the nucleus also remains largely un-
known. An idealized route for retrograde sig-
nal transduction could be that signal molecules
are produced in and exported from plastids and
then enter the nucleus to regulate gene expres-
sion. This route seems perfect but might be
too simplistic because no in vivo movement
of any retrograde signal molecule across the
plastid, cytosol, and nucleus has yet been de-
tected. Some retrograde signal molecules, like
1O2, may be restricted largely to plastids and
transfer information to the cytosol and nucleus
via downstream messengers and/or a complex
signaling network, representing another route
for retrograde signal transduction. A third route
for retrograde signal transduction may occur
through the movement of proteins, especially
transcription factors like PTM, PEND, and
Whirly1, from plastids to the nucleus. It seems
that PTM is in a position where distinct ret-
rograde signals converge and plays an impor-
tant role in transmitting common signals from
plastids to the nucleus. Further study on the
molecular mechanism of PTM action will be of

great interest to enhance our understanding of
retrograde signal transduction.

At present, distinct retrograde signaling
pathways are proposed based on research using
different approaches and different experimental
models. Therefore, reconstruction of signaling
networks and the synergistic and antagonistic
integration of diverse retrograde inputs will be
a significant challenge for the near future. In
this regard, dissection of the gene regulatory
network mediated by key transcription factors
is promising. ABI4 has been shown to be
involved in the integration of three plastid
retrograde signals as well as mitochondrial
retrograde signals. Another transcription
factor, AP2/EREBP, was assigned a novel role
in the integration of metabolic, hormonal, and
environmental signals in stress acclimation
and retrograde signaling (25). Whereas this
function is established, many details of signal
integration remain elusive (25). In addition
to regulating the expression of nuclear genes,
plastid-to-nucleus signaling is involved in
other cellular processes, ranging from the
coordination of organelle and nuclear DNA
replication (61, 62) to amyloplast differentia-
tion (27). The underlying signal transduction
for the coordination of these processes ap-
pears to be intrinsically associated with that
involved in the coordination of nuclear gene
expression in various contexts. Thus, further
elucidation of the integration of distinct
signal transduction pathways will be helpful to
understand plastid retrograde signaling more
comprehensively.

SUMMARY POINTS

1. In addition to Mg–proto IX, heme is a possible retrograde signal that positively regulates
nuclear gene expression.

2. PAP and MEcPP are two novel possible retrograde signals involved in stress responses.

3. Plastid-to-nucleus retrograde signaling involves multiple and partially redundant signal-
ing pathways, but they might converge to regulate nuclear genes.

4. Nuclear responses to plastid retrograde signals involve several layers of transcrip-
tional controls mediated by key transcription factors and cis-elements of nuclear gene
promoters.
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5. The retrograde signal transduction from plastids to the nucleus involves distinct routes,
one of which is protein movement from plastids to the nucleus.
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131. Strand Å, Asami T, Alonso J, Ecker JR, Chory J. 2003. Chloroplast to nucleus communication triggered

by accumulation of Mg-protoporphyrinIX. Nature 421:79–83
132. Sullivan JA, Gray JC. 1999. Plastid translation is required for the expression of nuclear photosynthesis

genes in the dark and in roots of the pea lip1 mutant. Plant Cell 11:901–10
133. Provides the first
evidence for movement
of PTM, an MTF, in
transmitting plastid
signals to the nucleus.

133. Sun X, Feng P, Xu X, Guo H, Ma J, et al. 2011. Chloroplast envelope-bound PHD transcription
factor mediates chloroplast signals to the nucleus. Nat. Commun. 2:477

134. Surpin M, Larkin RM, Chory J. 2002. Signal transduction between the chloroplast and the nucleus. Plant
Cell 14:S327–38

135. Susek RE, Ausubel FM, Chory J. 1993. Signal-transduction mutants of Arabidopsis uncouple nuclear CAB
and RBCS gene-expression from chloroplast development. Cell 74:787–99

136. Tamai H, Iwabuchi M, Meshi T. 2002. Arabidopsis GARP transcriptional activators interact with the
Pro-rich activation domain shared by G-box binding bZIP factors. Plant Cell Physiol. 43:99–107

137. Tanaka R, Tanaka A. 2007. Tetrapyrrole biosynthesis in higher plants. Annu. Rev. Plant Biol. 58:321–46
138. Terasawa K, Sato N. 2009. Plastid localization of the PEND protein is mediated by a noncanonical

transit peptide. FEBS J. 276:1709–19
139. Terry MJ, Kendrick RE. 1999. Feedback inhibition of chlorophyll synthesis in the phytochrome

chromophore-deficient aurea and yellow-green-2 mutants of tomato. Plant Physiol. 119:143–52
140. Thomas J, Weinstein JD. 1990. Measurement of heme efflux and heme content in isolated developing

chloroplasts. Plant Physiol. 94:1414–23
141. von Gromoff ED, Alawady A, Meinecke L, Grimm B, Beck CF. 2008. Heme, a plastid-derived regulator

of nuclear gene expression in Chlamydomonas. Plant Cell 20:552–67
142. Vorst O, Kock P, Lever A, Weterings B, Weisbeek P, Smeekens S. 1993. The promoter of the Ara-

bidopsis thaliana plastocyanin gene contains a far upstream enhancer-like element involved in chloroplast-
dependent expression. Plant J. 4:933–45

143. Voss B, Meinecke L, Kurz T, Al-Babili S, Beck CF, Hess WR. 2011. Hemin and magnesium-
protoporphyrin IX induce global changes in gene expression in Chlamydomonas reinhardtii. Plant Physiol.
155:892–905
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