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 review REVIEW

Introduction

Compartmentalization of the eukaryotic cell into different 
organelles presents new paradigms in regulation of cellular func-
tion compared to prokaryotes, where all the main cellular pro-
cesses happen within the same compartment. This is especially 
true in plant cells where chloroplasts are present in addition to 
mitochondria, Golgi, nucleus, ER and peroxisomes found in 
both plant and animal cells. In the chloroplast, many important 
cellular processes take place including photosynthesis, aspects 
of lipid, amino acid,1 chlorophyll and carotenoid biosynthesis.2 
Intriguingly, however, only about 100 genes encoding for com-
ponents of the chloroplast are present in the chloroplast genome; 
the vast majority are now nuclear-encoded.3

This compartmentalization between gene and gene product 
has led to the general agreement that cross-talk between the chlo-
roplast and the nucleus must occur to co-ordinate sub cellular 
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In order for plant cells to function efficiently under different 
environmental conditions, chloroplastic processes have to be 
tightly regulated by the nucleus. It is widely believed that there 
is inter-organelle communication from the chloroplast to the 
nucleus, called retrograde signaling. Although some pathways 
of communication have been identified, the actual signals 
that move between the two cellular compartments are largely 
unknown. This review provides an overview of retrograde 
signaling including its importance to the cell, candidate 
signals, recent advances and current experimental systems. In 
addition, we highlight the potential of using drought stress as 
a model for studying retrograde signaling.
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processes. Despite considerable research, to date no retrograde 
signal has been conclusively identified. This review is intended 
to be an introduction to retrograde signaling for readers who 
are new to this field. Readers interested in more detailed reviews 
are referred to reference 4–12. Here, we discuss the rationale for 
chloroplast-to-nucleus retrograde signaling, advances (and false 
dawns) in identifying retrograde signals and current experimen-
tal systems used in the study of retrograde signaling. This review 
will also examine the use of drought stress, in conjunction with 
mutagenesis, as a viable strategy to identify retrograde signals.

Chloroplast-to-nucleus Retrograde Signaling

Chloroplasts are endosymbiotic descendants of photosynthetic 
cyanobacteria-like prokaryotes that were incorporated into cells 
more than a billion years ago.13 Over evolutionary time, transfer 
of genes from the chloroplast to the nucleus has taken place,14 
and today the majority of proteins functioning in the chloroplast 
are encoded by nuclear genes.3 These genes include those cod-
ing for components of photosynthesis,4 the sulfate assimilation 
pathway,15 aromatic amino acid biosynthesis,1 carotenoid biosyn-
thesis,2 and fatty acid (FA) biosynthesis.16 Apart from these pro-
cesses, the majority of the genes involved in photosynthesis and 
chloroplast biogenesis are also nuclear-encoded.17

The above processes in the chloroplast are all vital to the 
viability of the plant cell. Photosynthesis converts electrochemi-
cal energy from light into sugars and acts as the carbon source 
of the cell. The sulfate assimilation pathway provides the amino 
acid cysteine and the electron donor/acceptor, glutathione, that 
facilitates aspects of photosynthesis.15 Carotenoids are essential 
for photosynthesis and also provides the precursors to plant hor-
mones such as strigolactones which regulate growth and shoot 
branching18 and abscisic acid (ABA),19 a key regulator of abiotic 
stress response20 and seed germination.21 FA can be modified to 
form integral components of cell and organellar membranes.22

Given the importance of the chloroplast to the plant, tight cou-
pling between nuclear gene expression and chloroplast-localized 
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what is happening in the chloroplast, and then direct the appro-
priate changes in protein synthesis, turnover, post-translational 
modifications and trafficking? A logical hypothesis would be that 
certain molecules that can relay information from the chloroplast 
to the nucleus exist, and depending on the conditions in the chlo-
roplast such molecules may be sent from the chloroplast into the 
nucleus to direct changes in gene expression. Such molecules are 
termed ‘retrograde signals’.

Retrograde Signals: Elusive Molecules

Despite recent advances in our understanding of retrograde sig-
naling components, actual retrograde signals have yet to be iden-
tified and there are differing views in the literature (reviewed in 
ref. 4–12 and 87). One of the first candidates for a retrograde 
signal was Mg-protoporphyrin IX (Mg-protoPIX), a chlorophyll 
biosynthetic intermediate. Initially, Mg-protoPIX was suggested 
to be involved in both biogenic and operational control. In seed-
lings, the perturbation of chloroplast differentiation after treat-
ment with the herbicide norflurazon was initially reported to 
result in high accumulation of Mg-protoPIX.33 A similar effect in 
both the chloroplast and the cytoplasm was also observed during 
abiotic stress.34 In addition, Mg-protoPIX was thought to interact 
with gene products of the GENOMES UNCOUPLED (GUN) 
loci, which have been implicated as regulators of retrograde sig-
naling.35,36 gun mutants continue to transcribe nuclear-encoded 
photosynthetic genes even when photosynthesis is inhibited 
by herbicide treatment, implying that retrograde signaling is 
impaired.37 Taken together, the Mg-protoPIX-GUN signaling 
cascade represented an attractive model for retrograde signaling. 
This theory, however, has since been challenged by Moulin et 
al.38 who showed that the Mg-protoPIX accumulation observed 
in previous studies failed to distinguish between Mg-protoPIX 
and its precursors. In the same year Mochizuki et al.39 also pro-
vided evidence that the steady-state level of Mg-protoPIX does 
not control retrograde signaling. Therefore, despite much prom-
ise, Mg-protoPIX is unlikely to be a retrograde signal, although 
the gun mutants have and will continue to provide insight into 
the process.

Another class of molecules that carry considerable interest as 
retrograde signal candidates, particularly in operational control, 
are reactive oxygen species (ROS). For a comprehensive review 
on ROS production, scavenging and signaling, see reference 40. 
In the plant cell ROS are produced from the partial reduction of 
atmospheric triplet oxygen (O

2
). There are four common forms of 

ROS generated by photosynthesis; these are singlet oxygen (1O
2
), 

the superoxide anion (O
2

.-), hydrogen peroxide (H
2
O

2
) and the 

hydroxyl radical (HO-.).40 Metabolically active plant organelles 
such as chloroplasts, peroxisomes and mitochondria generate 
ROS under normal conditions. In the chloroplast, during pho-
tosynthesis ROS can be generated when O

2
, rather than NADP+, 

accepts either energy or an electron from the electron transport 
chain.41 At photosystem (PS) II excess excitation can result in the 
production of singlet oxygen from triplet chlorophyll and at PSI 
the production of O

2
.- and H

2
O

2
. The extremely high reactiv-

ity of ROS enables these molecules to cause oxidative damage 

processes is required. This regulation would necessitate chloro-
plast-nucleus communication, or ‘retrograde signaling’. It is per-
haps instructive to consider this regulation in terms of different 
developmental stages of the chloroplast in the cell. In the sim-
plest categorization, the stages would be immature and mature 
chloroplasts.

Progression from immature to mature chloroplasts, i.e., chlo-
roplast biogenesis, represents the first stage at which chloroplast-
nucleus communication is essential. Assembly of a complete, 
functional chloroplast during chloroplast biogenesis involves 
numerous nuclear-encoded processes including protein import 
into the chloroplast,23 assembly of thylakoid complexes complete 
with photosynthetic apparatus,24 accumulation of chlorophyll25 
and signaling involving photoreceptors.26 Coordination of this 
assembly is crucial to ensure the plant cell does not waste valuable 
resources, for example polypeptides which are energy-intensive to 
synthesize. Therefore, the incomplete chloroplast and the nucleus 
have to communicate to build a complete chloroplast, with the 
plastid providing instructions on gene regulation to the nucleus. 
This retrograde signaling process is termed ‘biogenic control’.4

In mature chloroplasts, the need for the chloroplast to com-
municate with the nucleus becomes even more apparent. In 
essence, the chloroplast and nucleus need to communicate to 
keep the chloroplast functioning at optimal levels. That is, pho-
tosynthesis and other metabolic processes have to be coordinated 
according to fluxes in metabolites and changes in environmental 
conditions. This chloroplast-to-nucleus communication, and the 
subsequent changes in nuclear gene expression required to keep 
metabolic processes running “optimally” in mature chloroplasts 
is called ‘operational control’.4

For example, nuclear-encoded photosynthetic genes are sys-
tematically down or upregulated in response to changes in the 
redox status of the chloroplast.27 Similarly, inhibition of pho-
tosynthesis by application of the herbicide norflurazon results 
in downregulation of nuclear-encoded genes.28 Perturbation of 
chloroplast-localized sulfate assimilation29 via mutagenesis was 
also reported to result in global changes in nuclear gene expres-
sion. In the case of FA biosynthesis, de novo FA biosynthesis in 
the chloroplast produces acyl chains which are then transported 
into different cellular compartments; this flux of acyl chains 
is tightly regulated by nuclear genes to match the rate of FA 
biosynthesis.30

In addition to the vital role that retrograde signaling plays in 
regulating chloroplastic processes, it is also apparent that it plays 
a significant role in the plant’s adaptive response to stresses.31 
The chloroplast, by virtue of being a hub of metabolic processes, 
many of which are energy-intensive, is uniquely placed to act as 
an environmental sensor to perceive stress and coordinate the 
nuclear-encoded adaptive stress response. Numerous studies 
have investigated the role of retrograde signaling in light-stress 
response.32 By contrast, the role of retrograde signaling in drought 
stress has received scarce attention and presents fertile ground for 
interrogating the mechanisms of retrograde signal transduction.

What is unclear in biogenic, operational and stress-responsive 
retrograde signaling, however, is how such dynamic chloroplast-
nucleus communication is achieved. How does the nucleus ‘sense’ 
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Could any of the ROS molecules actually be the elusive retro-
grade signal? An important property for a retrograde signal would 
be the ability to move between subcellular compartments. In this 
regard, among the four ROS species H

2
O

2
 would be the most 

ideal candidate as it has high stability and can move between 
cellular compartments.40 Numerous reports point towards the 
involvement of this molecule in inducing changes in nuclear 
gene expression. Furthermore, accumulation of H

2
O

2
 specifically 

in the chloroplast has been shown to induce expression of the 
nuclear-encoded genes, such as cytoplasmic APX2.59 On the other 
hand, to date there is no conclusive evidence to show that H

2
O

2
 

acts directly on the key components of gene transcription and 
translation. These components include RNA polymerases, RNA 
processing enzymes such as exoribonucleases and ribosomes. As 
such, H

2
O

2
, while being an important player in signaling cas-

cades and in generating retrograde signals, by itself is probably 
not a retrograde signal in the strictest sense.

Current Experimental Systems for Studying 
Retrograde Signaling

Chemical treatment. The use of chemicals to inhibit particu-
lar processes specifically in the chloroplast to initiate retro-
grade signaling in both biogenic and operational control has 
been reasonably successful so far. Inhibition of chloroplastic 
gene expression by tagetoxin, which specifically inhibits plastid 
RNA polymerase, results in suppression of several nuclear genes 
induced during normal development, including that coding for 
the small subunit of Rubisco.60 A similar effect was observed 
when plastid translation was inhibited using lincomycin.61 For 
operational control, insights have been gained from the use of 
norflurazon,28 which inhibits chloroplastic processes and lead 
to the repression of nuclear-encoded photosynthetic genes in 
Arabidopsis. Norflurazon treatment results in inhibition of phy-
toene desaturase, a key enzyme in carotenoid biosynthesis.62 As 
carotenoids are ROS scavengers and structural components of 
the photosystems,43 inhibition of carotenoid biosynthesis would 
lead to oxidative destruction of the chloroplast.62 Additionally, 
the loss of carotenoid precursors for ABA biosynthesis19 would 
perturb signaling involving this hormone. The expectation is 
that such dramatic alterations of chloroplast function would lead 
to accumulation of retrograde signals. As discussed previously, 
Mg-protoPIX was first identified as a potential retrograde signal 
through such studies.

Perturbation of the redox state of the chloroplast via chemical 
treatment has also yielded useful results. The redox state of the 
photosynthetic electron transport chain in the chloroplast can 
influence nuclear gene expression.27 In particular, the redox state 
of the plastoquinone (PQ) pool, which mediates electron trans-
fer between photosystems, is a critical regulator of retrograde 
signaling. This was discovered through the use of the chemicals 
DCMU and DBMIB, which block electron transport before and 
after the PQ pool in the PET chain respectively. This results in 
the accumulation of mostly oxidised PQ pool in DCMU-treated 
plants and mostly reduced PQ in DBMIB-treated ones, mim-
icking the effect of low- and high-light intensities respectively. 

to multiple cellular components including proteins, lipids and 
DNA.42 As such, under normal conditions the plant maintains 
ROS to relatively low levels using a suite of ROS-scavenging 
proteins such as Ascorbate Peroxidase and antioxidants such as 
carotenoids.43 Nonetheless, the long-standing connotations of 
“oxidative-damage” associated with ROS are increasingly juxta-
posed by the realization that ROS are essential for the well-being 
of organisms, including humans.44

What is interesting in the context of retrograde signaling, are 
the changes in nuclear gene expression that result from fluctua-
tions in specific ROS concentrations. Different abiotic stresses 
ranging from drought and excess light (EL) to nutrient depriva-
tion all decrease the maximum photosynthetic capacity of the 
chloroplast,32 which enhances ROS production.41,45 During abi-
otic stress, impaired NADP+ regeneration through the Calvin 
cycle causes an over reduction of the photosynthetic electron 
transport (PET) chain, resulting in higher leakage of electrons to 
O

2
 and consequently more ROS.
Among the four ROS species, H

2
O

2
 has probably been the 

best studied. This molecule has been implicated in modulat-
ing nuclear gene expression, possibly by inducing protein phos-
phorylation by mitogen-activated protein kinases (MAPKs),46 
which are involved in signaling pathways regulating gene expres-
sion.47 Additionally, H

2
O

2
 mediates ABA signaling in response 

to drought stress.48,49 H
2
O

2
 is sensed by Arabidopsis glutathione 

peroxidase 3 (ATGPX3), which in turn modulates activities of 
phosphatases (e.g., ABI1), protein kinases (OST1), transcription 
factors and ion channels involved in ABA signaling pathways.49 
In agreement with this, transcriptomic analyses of Arabidopsis 
plants have revealed hundreds of H

2
O

2
-responsive genes.50,51

Other ROS species are also involved in the generation of retro-
grade signals. Accumulation of 1O

2
 in the Arabidopsis fluorescent 

(flu) mutant results in altered expression of 70 nuclear genes.52 
FLU is a negative regulator of tetrapyrrole metabolism; the 
mutant over accumulates the photosensitizer protochlorophyllide 
in the dark and consequently generates 1O

2
 once illuminated.53 

Light-exposed flu plants exhibit induction of programmed cell 
death in leaves; however this is suppressed in the double mutant 
of flu crossed with executer 1 (ex1).54 The ex1 flu double mutant 
still over accumulates protochlorophyllide in the dark and 
releases 1O

2
 upon illumination, but no longer undergoes cell 

death.55 Taken together, these observations implicate EX1, and 
more importantly 1O

2
, in mediating a retrograde pathway that 

amongst other functions can regulate programmed cell death in 
plants.55

Gene expression arrays56 and mutations in chloroplastic cop-
per-zinc superoxide dismutase (CuZn-SOD)57 have also suggested 
a role for O

2
.- in retrograde signaling. The specific generation of 

O
2

.- in the absence of H
2
O

2
 accumulation revealed a subset of 

nuclear encoded genes that are likely to be specific to an O
2

.- sig-
naling pathway.56 In CuZn-SOD mutants, O

2
.- accumulation 

results in activation of chloroplast-encoded genes not stimulated 
by other ROS species.57 Concomitant with this is an upregulation 
in nuclear-encoded anthocyanin biosynthesis genes.58 These find-
ings suggest a possible role for O

2
.- in mediating some aspects of 

retrograde signaling as well.
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responses, including that for drought, are likely to share com-
mon underlying signaling mechanisms or components.43 This 
is perhaps intuitively obvious considering that different abiotic 
stresses ranging from drought and excess light to nutrient defi-
ciency all decrease the maximum photosynthetic capacity of the 
chloroplast32 which enhances ROS production,41,45 thus necessi-
tating retrograde signaling.

However, drought stress—in particular soil-based dehydration 
experiments—presents a critical difference to chemical and EL 
systems for the study of retrograde signaling. While chloroplastic 
processes are indeed all perturbed in drought, chemical treat-
ment and EL stress, this disruption typically occurs on a much 
faster timescale in the latter two systems. In contrast to the faster 
chemical treatment and EL experiments which have timescales of 
hours, soil-based dehydration experiments typically occur over 
a period of days.69,70 In mutagenic screens, measurement of the 
accumulation of a number of potential retrograde signals over a 
longer timeframe may allow better discrimination between mol-
ecules that only accumulate transiently and those which accumu-
lation corresponds with a change in gene expression.

The activation of retrograde signaling via progressive reduc-
tion of soil water content during drought is arguably more physi-
ologically relevant than some chemical treatments. Chemical 
treatments can be at doses that are lethal to the plant. Under 
such artificial conditions, the significance of alterations observed 
in retrograde signaling mutants cannot be overestimated. For 
instance, there are significant differences between the gene 
expression profiles of gun1 and wild type when treated with lin-
comycin. However, in untreated 7-day-old seedlings, only one 
transcript varies between the mutant and wild type regardless 
of whether or not light was present.71 In the case of EL stress, 
prolonged constant exposure to high light intensities may not 
mimic the situation in nature of some plants, where they may be 
exposed to high sunlight in fits and bursts. In contrast, soil-based 
drought is not an uncommon phenomenon to many plant spe-
cies. A slow, cumulative perturbation of the chloroplast during 
drought is both evolutionarily and physiologically relevant. The 
question then is how does the chloroplast, a well-placed sensor 
of abiotic stress, communicate with the nucleus during drought?

During drought, there is a gradual reduction in soil water con-
tent. The adverse effect of this on plants is perhaps best illustrated 
by considering the changes in water potential (Ψ

w
) of the soil rela-

tive to the plant water potential. The direction of the movement 
of water is driven by the gradient in Ψ

w
 between the plant cell and 

the soil. Due to the presence of solutes in the cytoplasm, plant 
cells have a more negative Ψ

w
 compared to well-watered soil (Ψ

w
 

of pure water is zero). As water moves from regions of high Ψ
w
 to 

regions of lower Ψ
w
, there is a net flow of water from the soil into 

plant cells, until equilibrium is established. During drought, the 
reduction in soil water content decreases soil Ψ

w
72 to values closer 

to or lower than those of the Ψ
w
 of plant cells. The reduction of 

the Ψ
w
 gradient during drought affects water uptake by the plant, 

leading to dehydration and eventual death should an effective 
response against drought be absent.73

A reduction in soil water availability is first sensed by the root 
system. The phytohormone abscisic acid (ABA), one of the major 

Under a combination of DCMU and light treatments, almost 
300 nuclear-encoded genes were found to be specifically regu-
lated by the redox state of the PQ pool.27

However, chemical treatment becomes a far more powerful 
tool when coupled with mutagenic screens. The involvement of 
the GUN loci in modulating retrograde signaling was first eluci-
dated through the differential response of gun1-gun5 to chemical 
treatment. These mutants express nuclear photosynthetic genes 
such as Light Harvesting Complex B (LHCB) genes despite nor-
flurazon treatment,63 suggesting an impairment or alteration in 
retrograde signaling in these mutants

Excess light (EL) stress. In the search for retrograde signals, 
another method routinely used to perturb chloroplast function 
to induce operational control is the application of EL stress onto 
plants. EL stress is caused by absorption of light energy in excess 
of the plant’s photosynthetic capacity;64 in nature this occurs on 
a daily basis as plants are exposed to fluctuating light intensi-
ties from the sun. Similar to other abiotic stresses, EL causes a 
decrease in photosynthetic capacity and a concomitant increase 
in ROS production. Accordingly, this photo-oxidative stress from 
EL also induces the generation of retrograde signals and the cor-
responding changes in nuclear gene expression. For example, the 
ROS scavenger APX2 shows strong induction within 15 minutes 
of EL stress.65 The cpSRP43 protein, which facilitates assembly 
of light-harvesting antennae in chloroplasts, is also responsive to 
EL and inhibition of photosynthesis.66 These findings suggest a 
strong relationship between retrograde signal-mediated regula-
tion and light-responsive genes.

The use of EL in mutant screens has also highlighted the inter-
action of photoreceptors with retrograde signaling pathways.26 
Photoreceptors, such as phytochromes and cryptochromes, 
are wavelength-specific cytosolic proteins. These proteins can 
undergo conformational changes in response to alterations in 
light to interact with downstream signaling partners.44 Among 
these photoreceptors, the protein CRY1 has been identified to 
regulate the activities of transcription factors that control expres-
sion of retrograde-controlled genes such as Early Light-Induced 
Protein 2 (ELIP2).26 Four cry mutant alleles were identified that 
all exhibited subtle gun phenotypes, indicating an integration 
between photoreceptors and photosynthesis signaling.26

However, retrograde signaling can also proceed via photore-
ceptor-independent pathways,67 and thus it is likely that signals 
from the chloroplast regulate only a subset of all light-responsive 
genes.27 This is illustrated in the cry1 mutant where the induc-
tion of ELIP2 by EL stress is strongly attenuated, but not that of 
APX2. This suggests a critical role of CRY1 in modulating ELIP2 
expression but not that of the classic EL-responsive gene APX2.67

Drought Stress as a Model System  
for Studying Retrograde Signaling

Little is known about chloroplast to nucleus retrograde signal-
ing in drought-stressed plants. However, 69% of genes induced 
EL are also induced by drought,68 suggesting a strong intercon-
nection between the responses to these two types of stresses 
that occur simultaneously in most cases. Many abiotic stress 
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two-fold or greater for 1,008 genes, of which 46% were upregu-
lated. Comparison between different microarray experiments for 
drought stress identified a group of co-regulated genes. These 
include genes involved in cellular metabolism, cellular transport, 
signal transduction and transcriptional regulation; as well as 
those coding for gene products of unknown function.77 In con-
trast, genes coding for enzymes involved in cell wall biosynthesis 
and expansion were downregulated,77 which is consistent with 
the reduction of growth during drought.73

It is very likely that retrograde signaling is involved in the 
plant drought response. The first instance is when the plant ini-
tiates drought avoidance in shifting to a water-saving strategy 
by triggering stomatal closure. Ironically, while this enables the 
plant to reduce water loss via transpiration through stomata, it 
also impairs the uptake of carbon dioxide (CO

2
).40 Reduction 

in CO
2
 uptake leads to limited CO

2
 fixation in photosynthesis 

and thus impacts on NADP+ regeneration through the Calvin 
cycle. As discussed earlier, this triggers enhanced production of 
ROS.45 The involvement of ROS in signaling pathways during 
drought is well documented (reviewed in ref. 40); however, what 
is unclear is if ROS accumulation results in the accumulation 
of other chloroplast-localized molecules which may then act as 
retrograde signals.

root-to-shoot stress signals, is then conveyed from the root to 
other parts of the plant74 to initiate a response. Plant responses 
to drought can be broadly categorized as either drought avoid-
ance or tolerance.73 Drought avoidance is characterized by main-
taining tissue Ψ

w
 and water content close to unstressed levels by 

increasing water up-take and limiting water loss, at the expense 
of growth of photosynthetic tissue. On the other hand, tolerance 
to drought involves acclimation responses that allow the plant 
to maintain high water content and photosynthesis at lower 
Ψ

w
. Nevertheless, a common feature of both types of drought 

response is that they invoke a suite of physiological modifications. 
In drought avoidance a high Ψ

w
 is maintained via stomatal clo-

sure followed by an increase in root growth, and hence the root/
shoot ratio. In drought tolerance, physiological changes including 
intracellular accumulation of solutes to raise the osmotic gradi-
ent, alteration of cell wall permeability to water and accumula-
tion of membrane-stabilizing proteins such as dehydrins.75 These 
changes in metabolism and physiology allow plants to survive 
with less water.

These physiological changes occur as a result of large-scale 
alterations in gene expression in response to drought. Microarray 
analysis of 8,100 genes in Arabidopsis plants under drought 
stress by Kreps et al.76 revealed changes in gene expression by 

Figure 1. Model for retrograde signaling during drought and EL stress. Drought shares a common feature with EL stress in that both stresses induce 
ABA-mediated signaling, which activates transcription of stress response genes such as ZAT10, APX2 and ELIP2. The production of ROS species during 
drought can also induce changes in gene expression leading to a drought response. At PSII, 1O2 accumulation can induce programmed cell death; this 
is also regulated by EXECUTER (EX), but the pathway beyond the chloroplast is unknown. ROS produced at PSI also influence gene transcription. O2

- 
accumulation can influence gene transcription but the mechanism is unclear. While the role of H2O2 in stress response, particularly in ABA-signaling, is 
well-studied, it is unknown if H2O2 can directly move to the nucleus to influence transcription. Another interesting possibility is that retrograde signals 
may actually be metabolites normally regarded as by-products and broken down by catabolic enzymes; these molecules may accumulate during 
stress and influence nuclear transcription (question mark). All dashed lines indicate areas that require more research.
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with hitherto no assigned functions, might accumulate during 
stress and participate in retrograde signaling. Therefore, it is pos-
sible that retrograde signaling is altered in mutants lacking cer-
tain catabolic enzymes that degrade by-products of the numerous 
chloroplastic processes. In such mutants, accumulation of their 
substrates could result in amplified retrograde signaling and pos-
sibly the phenotypes discussed above. Nevertheless, if one were 
to go by the strict definition of retrograde signals, such substrates 
would have to be able to interact directly with key components of 
gene expression such as transcription factors, protein kinases and 
RNA processing enzymes.

High-throughput metabolite profiling of retrograde signal-
ing mutants may assist the search for retrograde signals. While 
metabolomics is still a relatively new field compared to transcrip-
tomics, high-throughput methods are emerging. Many different 
techniques, mostly variants of mass spectrometry that can study 
the metabolome of different organisms, including plants,88,89 
yeast,90 mice and humans91 with high sensitivity and efficiency 
have been described in the past few years. As sensitivity of metab-
olomic techniques increase, so does the probability of finding ret-
rograde signals that may be present at low concentrations.

Nevertheless, careful interpretation of the biological signifi-
cance of results from metabolite profiling is required. This is 
aptly illustrated in studies by Brautigam et al.92 where a PSI-II 
light shift experiment, which alters the redox state of the chlo-
roplast, resulted in a transient increase in intracellular sucrose 
concentration. At the first glance this could have been easily 
interpreted as a retrograde signal participating in operational 
control. However, detailed investigation by the authors combin-
ing transcript studies of photosynthetic genes, measurement of 
starch accumulation and mutant analysis led to the conclusion 
that this transient sucrose accumulation has a different biological 
role and is unlikely to be a retrograde signal.92

A concurrent proteomic approach may also complement exist-
ing and new strategies, including drought. While the literature 
contains relatively few examples of the direct involvement of 
post-translational modification in retrograde signaling, some 
findings are instructive. For instance, analysis of the maize chlo-
roplast proteome identified seven chloroplast-localized proteins, 
including an unknown protein, that were post-translationally 
modified during chloroplast biogenesis.93 These proteins, and the 
metabolic network in which they are located, would therefore be 
prime targets for further investigation into signals in biogenic 
control. Of course, whether such post-translational modifica-
tions actually represent the starting point or the consequence of 
retrograde signaling is open to debate; nevertheless they repre-
sent an additional focal point in the search for retrograde signals. 
For example, would analysis of the chloroplast proteome during 
drought reveal post-translationally modified proteins that help to 
generate retrograde signals or act as retrograde signals themselves?

Concluding Remarks

Retrograde signaling is undeniably an important facet of plant 
biology, coordinating the multitude of processes between different 
cellular compartments. Chloroplast-to-nucleus communication, 

The stomatal closure-induced reduction in NADP+ regenera-
tion through the Calvin cycle will naturally impact on photosyn-
thesis. As drought severity increases, prolonged stomatal closure 
will cause a dramatic reduction in photosynthetic efficiency. This 
can be measured by quantifying the availability of the reaction 
centers in Photosystem II, for example using chlorophyll fluo-
rescence.78 The decrease in photosynthetic efficiency may also 
impact on other chloroplastic processes. For instance, pathways 
which utilize the NADP+/NADPH pools, such as FA biogene-
sis,79 will be perturbed. The disruption of multiple processes in 
the chloroplast during drought would therefore necessitate one 
or more retrograde signals for the plant to initiate compensa-
tory mechanisms. A possible model for retrograde signaling in 
drought and EL stress is summarized in Figure 1.

Towards Identifying Retrograde Signals  
in the Plant Drought Response

A potential strategy for identifying retrograde signals is to employ 
a forward genetic screen to identify mutants defective or enhanced 
in retrograde signaling. Consider a hypothetical mutant defective 
in retrograde signaling. Ideally this mutant should have perturba-
tions in either chloroplast function or morphology, since retro-
grade signaling has been strongly linked to photosynthesis4 and 
chloroplast biogenesis.17,26 In addition, the mutant should display 
alterations in gene expression, consistent with the role of retro-
grade signaling in modulating gene expression.4,17 Perturbations 
in the chloroplast and gene expression may also combine to cause 
changes in leaf morphology and overall development.

Given that retrograde signaling also likely occurs in response 
to perturbation of chloroplast function during drought, the same 
mutant may also exhibit a significantly altered drought response, 
which may translate to either enhanced sensitivity or tolerance 
to drought. This change in drought sensitivity could be due to 
modifications in various drought response properties including 
altered stomatal conductance,80 accumulation or loss of osmo-
protectants,81 changes in expression of drought-response genes69 
and altered uptake of water from roots.82-84 Since abiotic stress 
responses in the plant are likely to be integrated43 and 69% of 
the drought-responsive genes are also activated in EL stress,68 this 
mutant may also show differential sensitivity to EL and it should 
exhibit a change in EL-induced gene expression. Indeed, an EL 
screen for mutations perturbed in retrograde signaling identified 
13 lesions, of which 4 showed altered degrees of drought toler-
ance.43,85 Indeed, one of these had already been identified in abi-
otic stress screens.69,86 Thus, the converse screen or a systematic 
analysis of mutations that alter drought stress signaling may yield 
new insights into retrograde signaling.

Pfannschmidt in a recent review87 raised an interesting point 
in that the ‘retrograde signals’ may simply be metabolites accu-
mulating to a certain threshold recognized by the cell as ‘metabo-
lite signatures’, which then triggers changes in gene expression. 
At the same time, the role of by-products in negative feedback 
regulation of various chloroplast-localized pathways is well-docu-
mented. Building on from these observations, another interesting 
possibility would be that by-products of chloroplastic processes, 
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