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Changes in the developmental or metabolic state of chloroplasts or mitochondria can
have profound effects on other cellular compartments and involve massive changes in

the transcript profiles of nuclear genes. The concept of retrograde signalling posits that
signals originating from chloroplasts or mitochondria modulate nuclear gene expression.
Put simply, it claims that signalling factors are generated in the organelles, exported

from the organelles, traverse the cytosol, and act in the nucleus. Pertinent signals are
thought to derive from various sources, including among others the tetrapyrrole pathway,
organellar gene expression, reactive oxygen species, or the redox state of the organelle.
Recent studies have cast doubt on whether each of the candidate signalling molecules is
genuine. Moreover, the unambiguous experimental verification of a signalling molecule is
principally a difficult task to undertake. Therefore, despite some decades of research our

Frontiers in Plant Science

September 2013 | Retrograde Signaling in Plants | 2


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/plant_physiology/researchtopics/retrograde_signaling_in_plants/807

understanding of organellar signalling mechanisms remains limited. Thus, we want to
discuss in this Frontiers Research Topic collection how future research should enable us to
provide an integrated view of organellar-nucleus signalling and how this phenomenon can
be addressed under physiologically relevant conditions and at multiple levels. Moreover,
we want to provide an overview on the set of tentative signalling pathways and molecules
and their potential interaction with each other, including “established” signals as well

as very recent findings. In particular, we invite critical views on organelle-to-nucleus
signalling and want to stimulate a discussion what experimental prerequisites are necessary
and sufficient to define a plastid signal and what role different physiological conditions
play in organelle-to-nucleus signalling and vice versa.
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The term “retrograde signaling” refers to the concept that signals
originating from chloroplasts or mitochondria can modulate
nuclear gene expression (NGE). The evolutionary establishment
of the complex mechanisms underlying retrograde signaling is
likely to have required a long time period (reviewed in: Tanaka
and Hanaoka, 2012). The initial notion, proposed almost 30 years
ago, that a single plastid signal might regulate the expression
of nuclear genes involved in plastid biogenesis (Oelmiiller and
Mohr, 1986) has since expanded to accommodate the insight that
multiple signals are produced by plastids (Gray et al., 2003). While
the ultimate effects of retrograde signaling on NGE have now
been clearly defined, many aspects of the initiation and transmis-
sion of the signals, and their mode of action, remain unresolved,
are a matter of speculation (Estavillo et al., 2012), or are con-
troversial (Kleine et al., 2009). Relevant signals are thought to
derive from various sources, including (1) reactive oxygen species
(ROS), (2) the reduction/oxidation (redox) state of the organelle,
(3) organellar gene expression (OGE), and (4) the tetrapyr-
role pathway, and in the present volume Estavillo et al. (2012)
describe “brand-new” retrograde signaling pathways involving
(5) metabolites—particularly 3’-phosphoadenosine 5’'-phosphate
(PAP) and methylerythritol cyclodiphosphate (MEcPP)—and
(6) a carotenoid derivative (B-cyclocitral [B-CC]).

The collection of Original Research (all conducted with
the model plant Arabidopsis thaliana), Hypothesis and Theory,
Mini Review, Review, and Perspective articles assembled for this
Research Topic reflects not only the progress made in characteriz-
ing the four “classical” signal sources, but also highlights alterna-
tive interpretations of how information transfer from chloroplasts
and mitochondria might be mediated and how the activities
of these two organelles might be coordinated with that of the
nucleus. Taken together, the contributions suggest a framework
for future research in the retrograde signaling field.

PROGRESS IN ROS-ASSOCIATED SIGNALING

Photosynthetic organisms must continuously cope with ROS,
such as singlet oxygen (10,), the superoxide anion radical (0%7),
the hydroxyl radical (OH'), and hydrogen peroxide (H,0O,),
more especially when exposed to stresses (Apel and Hirt, 2004).
Shapiguzov et al. (2012) summarize evidence for the influence
of extracellular and chloroplastic ROS production on NGE and
describe the routes by which such signals might reach the nucleus.
However, the extent to which the precise chemical nature of ROS
and their cellular compartment of origin may contribute to the
multiplicity of responses that occur in plants is still unknown.
Vestergaard et al. (2012) model intracellular H,O; signaling via

diffusion using a H,O, signal originating at the plasma mem-
brane and spreading through the plant cytosol. These authors
conclude that, although diffusion-mediated signaling is theoret-
ically possible, it is unlikely to work in practice, since it requires
a much faster rate of enzymatic degradation and a much lower
cellular background concentration of H,O, than are observed
experimentally. Plants overexpressing peroxisomal glycolate oxi-
dase (GO) in plastids (GO plants) can be exploited to study the
effects of plastid-generated H,O, (Fahnenstich et al., 2008). In
GO plants, genes that respond strongly to an induced, abrupt rise
in levels of plastid-generated H,O, encode proteins involved in
the regulation of anthocyanin biosynthesis, as well as transcrip-
tion factors and their interacting partners that affect development
(Balazadeh et al., 2012).

Partial exposure of low light-adapted plants to excess light
results in systemic acclimation to excess excitation energy and the
attendant photo-oxidative stress in unexposed leaves (Karpinski
et al.,, 1999). Gordon et al. (2012) show that transient changes in
light intensity imprint a “memory” of the event that facilitates
subsequent acclimation responses. Acclimation to high light (HL)
is induced within minutes, and repeated exposure to short-term
HL results in acclimation of the exposed tissue and that of emerg-
ing and young leaves (but not older leaves) to HL and oxidative
stress. The double mutant adglI-1 tpt-2, which is defective in the
small subunit of the ADP-glucose pyrophosphorylase (ADGase;
a key enzyme in the starch biosynthetic pathway) and the triose
phosphate/phosphate translocator (TPT; the major interface for
the distribution of photoassimilates between the chloroplast and
the cytosol), shows impaired acclimation to HL, resulting in
impairments of the diurnal pattern of photoassimilate export
from the chloroplast (Heinrichs et al., 2012). The rescue of this
double mutant by exogenously supplied sugars provides evidence
that chloroplasts are capable of directly sensing the carbohydrate
status, and it raises the question whether retrograde signaling
is actually necessary for sugar-mediated acclimation processes
(Heinrichs et al., 2012).

One target of ROS- and redox-mediated retrograde signals
is the gene for stromal ascorbate peroxidase (sAPX), which is
involved in the chloroplast antioxidant defence system (Oelze
et al,, 2012). Here, it is shown that the transcription factor
ANACO089 is localized to the trans-Golgi network and the ER,
and is released upon treatment with reducing agents and targeted
to the nucleus to bind to the sSAPX promoter. Thus, ANAC089
might function in a negative retrograde signaling loop, lowering
sAPX expression if the cell encounters highly reducing conditions
(Klein et al., 2012).
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PROGRESS IN REDOX-ASSOCIATED SIGNALING

Redox signals from photosynthesis itself report functional dis-
turbances in photosynthesis. Their relation to the environment,
potential transduction pathways to the nucleus and their impact
on NGE are reviewed by Pfalz et al. (2012). Based on a review of
the literature and of publicly available expression data, Tikkanen
et al. (2012) postulate that changes in redox homeostasis at the
thylakoid membrane, governed by thylakoid protein kinase STN7,
reprogram the entire regulatory network in the cell. This idea
underlines the need to consider retrograde signaling as part of
a broader cellular network, instead of viewing it as a set of sep-
arate pathways (Estavillo et al., 2012). Hiiner et al. (2012) focus
on specific examples of acclimation to excess irradiance and tem-
perature to illustrate how excitation pressure sensed within the
chloroplast governs both local and remote molecular events that
affect phenotypic plasticity. Further complexity in the major sig-
naling pathways arises from their multiple interdependencies.
Indeed, a genetic approach has revealed that signals related to
the thylakoid redox state are also fed into the OGE-dependent
retrograde pathway to modulate NGE and adjust the abundance
of chloroplast proteins (Tadini et al., 2012). Lepisto et al. (2012)
discuss evidence showing interaction of retrograde with light
signaling pathways. Moreover, they present a hypothesis which
proposes that heterogeneity in the plastid population can give rise
to elaboration of distinct retrograde signals, based on NGE anal-
ysis of a mutant containing both photosynthetically active and
non-photosynthetic plastids in a single mesophyll cell.

A valuable tool for the dissection of redox-dependent retro-
grade signaling is the immutans mutant, in which a lack of plastid
terminal oxidase (PTOX) causes the formation of white and green
sectors. The report by Foudree et al. (2012) provides an update
on PTOX, the mechanism of immutans variegation, and discusses
findings pertaining to compensatory mechanisms in the mutant.

Remarkably, the cofactors that supply many of the major
post-translational modifications are either central metabolites
or redox-active compounds. Hartl and Finkemeier (2012) eval-
uate the potential of phosphorylation, lysine acetylation, and
glutathionylation not only to regulate organellar processes by
modifying metabolic enzymes, but also to influence NGE. The
retrograde signal transduction network might also encompass
the dynamic, redox-dependent formation of microcompart-
ments, as proposed by Wojtera-Kwiczor et al. (2012). Their
experiments suggest redox-dependent binding of the glycolytic
enzymes cytosolic glyceraldehyde-3-phosphate dehydrogenase
and aldolase to the outer mitochondrial membrane and also to
F-actin.

PROGRESS IN TETRAPYRROLE-ASSOCIATED SIGNALING

How exactly tetrapyrrole biosynthesis is associated with
retrograde signaling and alters NGE remains elusive. Because
of its central role as the rate-limiting step in tetrapyrrole
biosynthesis, Czarnecki et al. (2012) chose to focus on the role of
5-aminolevulinic acid (ALA) biosynthesis in modulating NGE.
These authors have investigated (1) ALA synthesis in the genomes
uncoupled (gun) mutants gunl-gun4 that show uncoupling of
NGE from the physiological state of chloroplasts and assessed
(2) the impact of post-translationally down-regulated ALA

synthesis in gabaculine-treated seedlings and the gun4-1 mutant
by global transcriptome analysis. Another model postulates that
a specific heme pool generated by flux through ferrochelatase
I serves as a signal source (Woodson et al., 2011). Terry and
Smith (2013) propose that this heme-related signal is the primary
positive signal during chloroplast biogenesis. In addition to this
positive signal, aberrant chloroplast development may produce a
negative signal due to accumulation of unbound chlorophyll bio-
synthesis intermediates, such as photo-excited Mg-porphyrins,
which generate '0,. Accordingly, the tetrapyrrole pathway may
provide both positive and inhibitory signals to control NGE.

MITOCHONDRIA AND CHLOROPLAST CROSSTALK

Yet another level of complexity in organelle-nucleus crosstalk
exists in photosynthetic eukaryotes because of the addi-
tional interactions between mitochondria and chloroplasts.
Current evidence suggesting that the transcription factor ABA
INSENSITIVE4 (ABI4) is important for both chloroplast and
mitochondrial retrograde signaling pathways is presented by
Ledn et al. (2012). Van Aken and Whelan (2012) have analysed
27 microarray data sets relating to perturbations of chloroplast
and mitochondrial function. Their results indicate that WRKY
transcription factors play an important role in coordinating sig-
naling from both organelles. Furthermore, new marker genes
have been identified that respond specifically to mitochondrial
and/or chloroplast dysfunction.

DUAL LOCALIZED PROTEINS AS COMMUNICATORS

Proteins that are found both in the energy-producing organelles
and the nucleus are excellent candidates for communicating
information between these compartments. WHIRLY1 is such a
protein, since it can be translocated from chloroplasts to the
nucleus (Isemer et al., 2012b). Here, Isemer et al. (2012a) show
that plastid-located WHIRLY1 enhances the responsiveness of
seeds toward ABA even when ABA is supplied exogenously.
Duchéne and Giegé (2012) review the identified instances of
proteins that are found both in mitochondria and the nucleus,
most of which seem to be related to gene expression regula-
tion, and propose that some of them might act as retrograde
signaling proteins for mitochondrial biogenesis. Further proteins
involved in OGE and, presumably, NGE are proteins of the mito-
chondrial Transcription tERmination Factor (mTERF) family.
Thus, mTERFs represent ideal candidates for coordination of the
expression of organelle and nuclear genomes (Kleine, 2012).

OUTLOOK

Many research efforts have focused on dissecting retrograde sig-
naling pathways using biochemical and genetic approaches. In
addition, metabolomics and systems biology have great potential
to promote hypothesis generation and help dissect signaling net-
works in an unbiased fashion. Here, Caldana et al. (2012) outline
and discuss recent advances in elucidating retrograde signaling
molecules and pathways, with an emphasis on metabolomics- and
systems biology-driven approaches.

The concept of retrograde signaling posits that signaling
factors are generated in the organelles, are exported from
the organelles, traverse the cytosol, and act in the nucleus.
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This notion is critically discussed by Leister (2012), highlight-
ing the alternative scenario of a signaling factor that is actively
exported from the organelle, such that NGE could be altered with-
out changing the total concentration of the signaling molecule.
Furthermore, the possibility must be considered that the signaling
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The plastid signal was originally defined as a pathway that informs the nucleus of the
chloroplast status and results in the modulation of expression of nuclearencoded plastid
protein genes. However, the transfer of chloroplast genes into the nuclear genome is a
prerequisite in this scheme, although it should not have been established during the very
early phase of chloroplast evolution. We recently demonstrated in a primitive red alga that
the plastid-derived Mg-protoporphyrin X activates nuclear DNA replication (NDR) through
the stabilization of a G1 cyclin, which coordinates the timing of organelle and NDR. This
mechanism apparently does not involve any transcriptional regulation in the nucleus, and
could have been established prior to gene transfer events. However, a retrograde signal
mediating light-responsive gene expression may have been established alongside gene
transfer, because essential light sensing and regulatory systems were originally incorpo-
rated into plant cells by the photosynthetic endosymbiont. In this short article, we discuss
the origins, early days and evolution of the plastid retrograde signal(s).

Keywords: cell cycle, checkpoint, chloroplast, DNA replication, nuclear gene transfer, retrograde signal, tetrapyrrole,

transcription

INTRODUCTION

Eukaryotic cells contain various organelles, and continuous mon-
itoring of and responding to their status are critical functions of
the nucleus for managing cell integrity. Thus, eukaryotic cells
have evolved intricate signaling mechanisms from the nucleus
to organelles as well as from organelles to the nucleus (Wood-
son and Chory, 2008). Among such organelles, mitochondria and
chloroplasts originated from symbioses with ancient bacteria, and
show particular complexity in their structure and related signal-
ing processes. Most notably, they contain their own genomes that
were inherited from the ancestral bacteria, and concomitantly,
bacterial-type gene expression and other cellular machineries are
present in each organelle, independent of the nuclear system
(Barbrook etal., 2010). These points discriminate these organelles
from others, and this article mainly deals with chloroplasts.

Since the majority of chloroplast proteins are encoded by the
nuclear genome and targeted into chloroplasts after translation in
the cytoplasm (Bock and Timmis, 2008), communication in the
nucleus-to-organelle direction is easily understandable (antero-
grade signaling). However, organelle-to-nucleus signaling, named
retrograde signaling, has been the subject of controversy despite
decades of research. In plant cells, changes in organelle condition
such as oxidative damage or redox status have been known to mod-
ulate nuclear gene expression (Apel and Hirt, 2004; Pfannschmidt
etal., 2009). Thus, genetic and other cell biological approaches
have been used to clarify the relevant signaling pathway, and a
number of genetic and metabolic components, as well as multi-
ple signaling pathways, have been identified (Inaba etal., 2011).
However, it should be noted that most of this research has
been concentrated on the pathways modulating nuclear gene
expression, and the non-transcriptional aspects of retrograde

signaling have not been extensively examined thus far. We recently
proposed that in a primitive red alga, a plastid-derived tetrapyr-
role signal works to coordinate organelle DNA replication (ODR)
and nuclear DNA replication (NDR), independent of transcrip-
tional regulation in the nucleus (Kanesaki etal., 2009; Kobayashi
etal.,2009,2011). Here, we discuss early days of plastid retrograde
signaling from the standpoint of its origin and evolution.

COORDINATION OF DNA REPLICATION IN PLANT CELLS

In plant cells, three independent organelles — chloroplasts, mito-
chondria, and the nucleus — each contain their own genome. While
only one nucleus is usually present in a cell, dozens of chloroplasts
and mitochondria are found in most land plant cells. The prolif-
eration cycle of plant cells is defined based on the S and M phases,
which correspond to NDR and cell division, respectively, as in
other eukaryotic cells. Similarly, chloroplasts and mitochondria
proliferate by replication of their own genomes and subsequent
division, and are inherited by daughter cells through division
of the cytoplasm. However, abundantly present chloroplasts and
mitochondria asynchronously proliferate throughout the cell cycle
phases of higher plant cells (Birky, 2001), and not only division
but also fusion is frequently observed for mitochondria (Logan,
2006, 2010). Thus, the interrelationship between the cell cycle
and the organelle proliferation cycles remains unclear in plant
cells.

Microscopic analyses of ODR and NDR during leaf and root
development have shown that ODR is extensively activated dur-
ing the early phase of the development of these organs, while
NDR appears to occur after the ODR activation phase (Sakai
etal., 2004). These observations indicate that ODR is not strictly
co-regulated with NDR, but has some flexible links to NDR by
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unknown signaling mechanisms. In addition, a recent report
strongly suggested links between the chloroplasts’ developmen-
tal status and NDR during leaf development; Andriankaja etal.
(2012) reported that differentiation of the chloroplast photosyn-
thetic machinery is important for cell cycle arrest and the onset
of endoreduplication and cell expansion during leaf development
in Arabidopsis. The authors suggested that some retrograde signal
from chloroplasts might be deeply involved in the cell cycle phase
transition.

Organelle DNA replication precedes NDR in plant cells; this
tendency is most evident in unicellular red algae of Cyanidiales
such as Cyanidium caldarium and Cyanidioschyzon merolae, which
contain only one chloroplast and one mitochondrion per cell. In
these cells, ODR in the chloroplast and mitochondria occurs after
the onset of the cell cycle, and NDR always occurs after ODR. Par-
ticularly unique among the unicellular red alga, Cyanidioschyzon
merolae performs binary fission, and the division of each organelle
occurs only once in a cell cycle (Suzuki etal., 1994). In addition,
complete genome sequences of the nucleus, chloroplast, and mito-
chondrion are now available (Ohta etal., 1998, 2003; Matsuzaki
etal., 2004), and tools for molecular genetic analyses have been
extensively developed in Cyanidioschyzon merolae (Ohnuma et al.,
2008, 2009; Imamura et al., 2010). We thus analyzed the intercon-
nection between ODR and NDR using this model cell system. As
the results have already been published in two papers (Kobayashi
etal., 2009, 2011), we only summarize the main points here:

Under dark conditions, the cell cycle of Cyanidioschyzon mero-
lae is arrested at the G1 phase. Initiation of the S phase requires
activation of a cyclin/cdk protein kinase complex, Cyclinl/CDKA,
but Cyclinl is continuously recognized by an F-box protein (Fbx3)
of ubiquitin ligase in darkness, which results in ubiquitination and
degradation of Cyclinl by proteasome and prevention of NDR.
Light illumination activates the cell cycle and prompts entry into
the S phase, however, it is ODR not NDR that is primarily activated
by the light. Activation of ODR somehow results in accumula-
tion of Mg-protoporphyrin IX (Mg-ProtoIX) very likely in the
cytosol, and subsequent interaction of Mg-ProtoIX with Fbx3 pre-
vents the ubiquitination and degradation of Cyclin1, which results
in Cyclinl accumulation, Cyclinl/CDKA activation, and finally
NDR activation. In this working model, Mg-ProtoIX is produced
only in the chloroplast, and thus can be considered a bona fide
retrograde plastid signal. In the case of nuclear gene expression
control, Mg-ProtoIX has long been suggested as a plastid retro-
grade signal (Nott etal., 2006). However, recent reports in the
field of plastid retrograde signaling have denied the specific role of
Mg-ProtoIX in the nuclear transcriptional regulation of vascular
plants (Mochizuki etal., 2008; Moulin etal., 2008). In any case,
the involvement of the tetrapyrrole biosynthetic pathway itself is
likely, and it is intriguing to consider why these compounds are
critical to interorganellar communication.

Prior to endosymbiosis, the cell cycle of the host eukaryote
was probably non-phototrophic and likely driven by the usual
Cyclin/CDK system that is unrelated to the external light condi-
tions for photosynthesis. However, the cyanobacterial endosym-
biont must have required light for proliferation. Thus, the
endosymbiont of the early photosynthetic eukaryote was likely to
be lost under dark conditions, unless some mechanism to couple

the host—symbiont proliferation cycles evolved (Figure 1). The
mechanism for the ODR-NDR coupling described above requires
basically only one specific protein, Fbx3, to be established as an
additional cytoplasmic component. Providing that the evolution
of Fbx3 adequately explains the chloroplast-to-nucleus DNA repli-
cation coupling, this mechanism could have been established at a
very early phase of chloroplast evolution because of its extreme
simplicity. In addition, it should be noted that this mechanism
does not require any gene transfer events from the chloroplast
to the nucleus. Since the well-known plastid retrograde signals
are related to the transcriptional regulation of nuclear genes
encoding chloroplast-targeted proteins, gene transfer events are
prerequisite for their existence. The establishment of endosym-
biosis would have been prior to such gene transfer events, and
our recent findings may have supported the stabilization of the
transition states. A similar coupling mechanism has also been
suggested to be present in vascular plant cells (Kobayashi etal.,
2009), again indicating its common and early origin during plant
evolution.

LIGHT-RESPONSIVE TRANSCRIPTIONAL REGULATION
IN THE NUCLEUS
The significance of the coordination of nuclear and chloroplast
DNA replication, which could have been established during very
early stages of chloroplast evolution after the endosymbiotic
event, is described above. In addition to DNA replication, along
with gene transfer from the chloroplast to the nuclear genome,
light-dependent expression of genetic information should also be
coordinated between the nucleus and chloroplasts to enable suit-
able stoichiometry of gene products that are encoded in separate
genomes (Goldschmidt-Clermont, 1998; Woodson and Chory,
2008). In vascular plants, it has been speculated that such coor-
dination could be mediated by bi-directional (anterograde and
retrograde) signaling pathways (Pogson et al., 2008; Barajas-Lopez
etal,, 2012), and additionally, various types of photoreceptors as
well as light signaling modules are well-known to regulate the
light-dependent expression of a set of nuclear genes (Jiao etal,,
2007). However, it is very difficult to imagine how and when this
coordination and/or light regulation of nuclear gene expression
could have been established in the course of chloroplast evolution
after the endosymbiosis with an ancient cyanobacterial cell.
Before endosymbiosis, an ancient eukaryotic cell with a nucleus
and mitochondria should have some, but not so highly com-
plicated light-responsive regulation of gene expression because
it was unnecessary to respond to the light environment as a
non-photosynthetic organism. Conversely, cyanobacteria, which
require oxygenic photosynthesis for their survival, should have a
set of photosensory and photoregulatory mechanisms. Just after
endosymbiosis, during the early stages of chloroplast evolution,
light-responsive gene expression derived from cyanobacteria must
have been completed inside the chloroplast (symbiont), and the
regulation of nuclear gene expression should have been irre-
spective of the light conditions. However, mutual coordination
of various cellular parameters, including metabolic fluxes, must
have become crucial between the chloroplast and the host cell
(Figure 2). In addition, gene transfer from the chloroplast to the
nuclear genome has gradually occurred. Therefore, in a later phase
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FIGURE 1| Evolution of the coupling between ODR and NDR. (A) Prior to
endosymbiosis, the ancestral cyanobacteria were living phototrophically and
dependent on light, while the host eukaryotic cells were proliferating
independent of light conditions. After the engulfment, the primitive
chloroplast would have required light for proliferation, while the host did not.
Therefore, the uniquely acquired chloroplast may have been lost if the host
cell could proliferate in the dark. A newly evolved checkpoint system, “light
checkpoint” in the figure, prevented host proliferation in the dark to maintain

H—
L(OE)

Loss of Chloroplast

®coka
MgProtolX —I Fbx3

\

ODR

the endosymbiotic association. (B) Architecture of the light checkpoint. Under
dark conditions, an Fbox component of E3-ubiquitin ligase, Fbx3, recognizes
Cyclin1, resulting in ubiquitination and prompt degradation. Cyclin1 is the
cyclin that forms a complex with CDKA and activates NDR, and thus,
degradation of Cyclin1 prevents NDR in the dark. Light illumination somehow
activates ODR and results in the accumulation of Mg-ProtolX in the cytosol.
Interaction of Mg-ProtolX with Fbx3 prevents the ubiquitination of Cyclin1 and
induces the activation of CDKA and NDR.

of chloroplast evolution, light signals should have become trans-
mitted into the nucleus to establish light-responsive coordinated
gene expression as a photosynthetic eukaryote. During the sub-
sequent evolution, plant-type photoreceptors and light signaling
pathways were likely established.

Recently, we hypothesized a primitive mechanism for light
response, as well as light regulation of nuclear gene expression,
based on the analysis of a primitive red alga, Cyanidioschyzon
merolae. Light-dependent transcriptional induction in the nucleus
has been shown to occur in Cyanidioschyzon merolae (Fujiwara
etal., 2009). However, no typical plant-specific photoreceptors
(phytochromes and phototropins) were encoded in the Cyani-
dioschyzon merolae genome (Matsuzaki etal., 2004), although
a group of cryptochrome-like genes are found (Asimgil and
Kavakli, 2012). These lines of evidence suggest that a part of
the photosensing in Cyanidioschyzon merolae occurs inside the
chloroplast and thus light signal(s) could be transmitted into the
nucleus by some retrograde mechanisms. As a candidate mediator

for chloroplast-to-nucleus signaling in vascular plant cells, Mg-
ProtoIX (which has already been mentioned in the previous
section as a possible regulator for coordination of DNA repli-
cation between nuclear and organelle genomes) was examined to
determine whether it could also regulate nuclear gene expression
in Cyanidioschyzon merolae. As is consistent with recent negative
reports for this signaling molecule (Mochizuki et al., 2008; Moulin
etal., 2008), we could not obtain any experimental evidence
supporting this hypothesis (Kanesaki etal., 2009). These obser-
vations also suggest the presence of another, presumably more
primitive but fundamental, signaling pathway in Cyanidioschy-
zon merolae, which can transduce light signals into the nucleus
(Kanesaki et al., 2012).

In bacteria, fungi, and plants, it is well-known that two-
component regulatory systems are involved in the sensing of, and
regulatory responses to, various environmental stimuli. This sys-
tem is normally composed of sensory histidine kinases (HKs) that
perceive environmental signals and response regulators required
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FIGURE 2 | Evolution of the chloroplast retrograde signal for nuclear
transcriptional regulation. After endosymbiosis, the chloroplast performed
photosynthesis, generating photosynthetic metabolites as well as reactive
oxygen species (ROS). The ability to sense and respond to these compounds
in the cytoplasm should have been present even prior to the gene transfer
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event, and thus the nucleus was likely able to cope with them without any
specific evolution (A). After the gene transfer event from the chloroplast to
the nucleus, the location of the gene and its function differentiated. To
modulate the function and amount of the gene product properly, the cell
evolved a regulatory loop through a specific retrograde signaling pathway (B).

for output regulation such as transcriptional regulation (Jung
etal., 2012). There are genes for one histidine kinase (CmHIK)
and two response regulators (Ycf27 and Ycf29) in the Cyanid-
ioschyzon merolae nuclear and chloroplast genomes, respectively
(Ohta etal., 2003; Matsuzaki etal., 2004). They are possi-
bly involved in light-responsive transcriptional regulation in
chloroplasts because their orthologous factors in cyanobacte-
ria are considered to be required for light responses (Ashby
and Mullineaux, 1999; Ashby etal., 2002). Since these factors
and systems are not conserved in the chloroplasts of vascular
plants, it is natural to consider that Cyanidioschyzon merolae
has a more chloroplast-autonomous signaling mechanism, espe-
cially in response to light. This could represent a primitive style
of light response during the course of chloroplast evolution. As
mentioned above, the transcription of most nuclear genes is
also regulated in a light-dependent manner in Cyanidioschyzon
merolae. Thus, in the early days of chloroplast evolution, we
hypothesize that a chloroplast photosensory mechanism(s), such
as the two-component system inherited from cyanobacteria, might
also have been responsible for light-dependent nuclear transcrip-
tion via an unidentified chloroplast-to-nucleus retrograde signal-
ing pathway(s). The establishment of a complex coordination
mechanism for nuclear and organelle gene expression in response

REFERENCES Apel, K., and Hirt, H. (2004). Reac-
Andriankaja, F, Dhondt, S., De Bodt, tive oxygen species: metabolism,
S., Vanhaeren, H., Coppens, F, oxidative  stress, and  signal
De Milde, L., etal. (2012). Exit transduction. Annu. Rev. Plant

Biol. 55,373-399.

Ashby, M. K., and Mullineaux, C. W.
(1999). Cyanobacterial ycf27 gene
products regulate energy transfer

from proliferation during leaf devel-
opment in Arabidopsis thaliana: a
not-so-gradual process. Dev. Cell 22,
64-78.

to light environments likely required a long time period. However,
light-dependent nuclear transcription itself might have evolved
alongside gene transfer to the nucleus. This retrograde signal(s)
could be partly derived from chloroplast photosensory compo-
nents including the two-component system, as well as an event of
photosynthetic electron transfer. In any case, during early phases
of chloroplast evolution, we expect that the development of fun-
damental crosstalk between the nucleus (host) and the chloroplast
(symbiont) was essential to effectively respond to light environ-
ments, and to coordinate DNA replication and transcription of
both genomes.

ACKNOWLEDGMENTS

This work was supported in part by Grants-in-Aid (24117505,
24770037 to Mitsumasa Hanaoka and 23120505, 24248061 to
Kan Tanaka), and a Special Coordination Fund for Promot-
ing Science and Technology (Mitsumasa Hanaoka), from the
Ministry of Education, Culture, Sports, Science and Technol-
ogy of Japan, or Japan Society for the Promotion of Sci-
ence, the Sumitomo Foundation (Mitsumasa Hanaoka), and
the Cooperative Research Program of “Network Joint Research
Center for Materials and Devices” (Kan Tanaka and Mitsumasa
Hanaoka).

from phycobilisomes to photosys- evolution. FEMS Microbiol. Lett. 214,

tems I and II. FEMS Microbiol. Lett. 25-30.
181, 253-260. Asimgil, H., and Kavakli I H.
Ashby, M. K., Houmard, J., and (2012). Purification and character-

Mullineaux, C. W. (2002). The ycf27
genes from cyanobacteria and
eukaryotic  algae: distribution
and implications for chloroplast

ization of five members of pho-
tolyase/cryptochrome family from
Cyanidioschyzon merolae. Plant Sci.
185-186, 190-198.

Frontiers in Plant Science | Plant Physiology

January 2013 | Volume 3 | Article 301 |13


http://www.frontiersin.org/Plant_Physiology/
http://www.frontiersin.org/Plant_Physiology/archive

Tanaka and Hanaoka

Early days of plastid retrograde signaling

Barajas-L6pez, J. D., Blanco, N. E,
and Strand, A. (2012). Plastid-to-
nucleus communication, signals con-
trolling the running of the plant
cell. Biochim. Biophys. Acta doi:
10.1016/j.bbamcr.2012.06.020 [Epub

ahead of print].
Barbrook, A. C., Howe, C. J., Kur-
niawan, D. P, and Tarr, S. J.

(2010). Organization and expression
of organellar genomes. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 365,785-797.
Birky, C. W. Jr. (2001). The inheri-
tance of genes in mitochondria and
chloroplasts: laws, mechanisms, and

models. Annu. Rev. Genet. 35,
125-148.

Bock, R., and Timmis, J. N.
(2008). Reconstructing evolution:

gene transfer from plastids to the
nucleus. Bioessays 30, 556-566.

Fujiwara, T., Misumi, O., Tashiro, K.,
Yoshida, Y., Nishida, K., Yagisawa, E,
etal. (2009). Periodic gene expres-
sion patterns during the highly syn-
chronized cell nucleus and organelle
division cycles in the unicellular red
alga Cyanidioschyzon merolae. DNA
Res. 16, 59-72.

Goldschmidt-Clermont, M. (1998).
Coordination of nuclear and chloro-
plast gene expression in plant cells.
Int. Rev. Cytol. 177, 115-180.

Imamura, S., Terashita, M., Ohnuma,
M., Maruyama, S., Minoda, A,
Weber, A. P, etal. (2010). Nitrate
assimilatory genes and their tran-
scriptional regulation in a unicellu-
lar red alga Cyanidioschyzon mero-
lae:  genetic evidence for nitrite
reduction by a sulfite reductase-
like enzyme. Plant Cell Physiol. 51,
707-717.

Inaba, T., Yazu, E, Ito-Inaba, Y., Kak-
izaki, T., and Nakayama, K. (2011).
Retrograde signaling pathway from
plastid to nucleus. Int. Rev. Cell Mol.
Biol. 290, 167-204.

Jiao, Y., Lau, O. S., and Deng,
X. W. (2007). Light-regulated

transcriptional networks in higher
plants. Nat. Rev. Genet. 8,217-230.

Jung, K., Fried, L., Behr, S., and Heer-
mann, R. (2012). Histidine kinases
and response regulators in networks.
Curr. Opin. Microbiol. 15, 118-124.

Kanesaki, Y., Imamura, S., Minoda,
A., and Tanaka, K. (2012). Exter-
nal light conditions and internal cell
cycle phases coordinate accumula-
tion of chloroplast and mitochon-
drial transcripts in the red alga Cyani-
dioschyzon merolae. DNA Res. 19,
289-303.

Kanesaki, Y., Kobayashi, Y., Hanaoka,
M., and Tanaka, K. (2009). Mg-
protoporphyrin IX signaling in
Cyanidioschyzon merolae: multiple
pathways may involve the retrograde
signaling in plant cells. Plant Signal.
Behav. 4,1190-1192.

Kobayashi, Y., Imamura, S., Hanaoka,
M., and Tanaka, K. (2011). A
tetrapyrrole-regulated ubiquitin lig-
ase controls algal nuclear DNA repli-
cation. Nat. Cell Biol. 13, 483-487.

Kobayashi, Y., Kanesaki, Y., Tanaka,
A., Kuroiwa, H., Kuroiwa, T., and
Tanaka, K. (2009). Tetrapyrrole sig-
nal as a cell-cycle coordinator from
organelle to nuclear DNA replication
in plant cells. Proc. Natl. Acad. Sci.
U.S.A. 106, 803-807.

Logan, D. C. (2006). Plant mitochon-
drial dynamics. Biochim. Biophys.
Acta 1763, 430—441.

Logan, D. C. (2010). The dynamic plant
chondriome. Semin. Cell Dev. Biol.
21, 550-557.

Matsuzaki, M., Misumi, O., Shin-I, T.,
Maruyama, S., Takahara, M., Miyag-
ishima, S. Y., etal. (2004). Genome
sequence of the ultrasmall unicellu-
lar red alga Cyanidioschyzon merolae
10D. Nature 428, 653—657.

Mochizuki, N., Tanaka, R., Tanaka,
A., Masuda, T., and Nagatani, A.
(2008). The steady-state level of Mg-
protoporphyrin IX is not a determi-
nant of plastid-to-nucleus signaling

in Arabidopsis. Proc. Natl. Acad. Sci.
U.S.A. 105, 15184-15189.

Moulin, M., McCormac, A. C., Terry,
M. J., and Smith, A. G. (2008).
Tetrapyrrole profiling in Arabidop-
sis seedlings reveals that retrograde
plastid nuclear signaling is not due
to Mg-protoporphyrin IX accumula-
tion. Proc. Natl. Acad. Sci. U.S.A. 105,
15178-15183.

Nott, A., Jung, H. S., Koussevitzky,
S., and Chory, J. (2006). Plastid-to-
nucleus retrograde signaling. Annu.
Rev. Plant Biol. 57,739-759.

Ohnuma, M., Misumi, O., Fujiwara,
T., Watanabe, S., Tanaka, K., and
Kuroiwa, T. (2009). Transient gene
suppression in a red alga, Cyanid-
ioschyzon merolae 10D. Protoplasma
236, 107-112.

Ohnuma, M., Yokoyama, T., Inouye,
T., Sekine, Y., and Tanaka, K.
(2008). Polyethylene glycol (PEG)-
mediated transient gene expression
in a red alga, Cyanidioschyzon mero-
lae 10D. Plant Cell Physiol. 49,
117-120.

Ohta, N., Matsuzaki, M., Misumi,
O., Miyagishima, S. Y., Nozaki, H.,
Tanaka, K., etal. (2003). Complete
sequence and analysis of the plastid
genome of the unicellular red alga
Cyanidioschyzon merolae. DNA Res.
10, 67-77.

Ohta, N., Sato, N., and Kuroiwa,
T. (1998). Structure and organiza-
tion of the mitochondrial genome
of the unicellular red alga Cyani-
dioschyzon merolae deduced from
the complete nucleotide sequence.
Nucleic Acids Res. 26, 5190-
5198.

Pfannschmidt, T., Briutigam, K., Wag-
ner, R, Dietzel, L., Schroter, Y.,
Steiner, S., etal. (2009). Poten-
tial regulation of gene expression in
photosynthetic cells by redox and
energy state: approaches towards bet-
ter understanding. Ann. Bot. 103,
599-607.

Pogson, B. J., Woo, N. S., Forster, B., and
Small, I. D. (2008). Plastid signalling
to the nucleus and beyond. Trends
Plant Sci. 13, 602—609.

Sakai, A., Takano, H., and Kuroiwa,
T. (2004). Organelle nuclei in
higher plants: structure, composi-
tion, function, and evolution. Int.
Rev. Cytol. 238,59-118.

Suzuki, K., Ehara, T., Osafune, T,
Kuroiwa, H., Kawano, S., and
Kuroiwa, T. (1994). Behavior of
mitochondria, chloroplasts and their
nuclei during the mitotic cycle in
the ultramicroalga Cyanidioschyzon
merolae. Eur. J. Cell Biol. 63, 280-288.

Woodson, J. D., and Chory, J.
(2008). Coordination of gene expres-
sion between organellar and nuclear
genomes. Nat. Rev. Genet. 9,

383-395.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 15 September 2012; accepted:
14 December 2012; published online: 03
January 2013.

Citation: Tanaka K and Hanaoka M
(2013) The early days of plastid retro-
grade signaling with respect to replica-
tion and transcription. Front. Plant Sci.
3:301. doi: 10.3389/fpls.2012.00301

This article was submitted to Frontiers in
Plant Physiology, a specialty of Frontiers
in Plant Science.

Copyright © 2013 Tanaka and Hanaoka.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in other
forums, provided the original authors and
source are credited and subject to any
copyright notices concerning any third-
party graphics etc.

www.frontiersin.org

January 2013 | Volume 3 | Article 301 | 14


http://dx.doi.org/10.3389/fpls.2012.00301
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Physiology/archive

frontiers in
PLANT SCIENCE

HYPOTHESIS AND THEORY ARTICLE
published: 04 January 2013
doi: 10.3389/fpls.2012.00300

=

Reconsidering the nature and mode of action of metabolite
retrograde signals from the chloroplast

Gonzalo M. Estavillo, Kai Xun Chan, Su Yin Phua and Barry J. Pogson*

ARC Centre of Excellence in Plant Energy Biology, Research School of Biology, The Australian National University, Canberra, ACT, Australia

Edited by:

Dario Leister,
Ludwig-Maximilians-University
Munich, Germany

Reviewed by:

Tatjana Kleine,
Ludwig-Maximilians-Universitéat
Mdnchen, Germany

Michel Havaux, Commissariat a
I’Energie Atomique et aux Energies
Alternatives, France

*Correspondence:

Barry J. Pogson, ARC Centre of
Excellence in Plant Energy of
Biology, Research School of Biology,
The Australian National University,
Canberra, ACT 0200, Australia.
e-mail: barry.pogson@anu.edu.au

Plant organelles produce retrograde signals to alter nuclear gene expression in order to
coordinate their biogenesis, maintain homeostasis, or optimize their performance under
adverse conditions. Many signals of different chemical nature have been described in
the past decades, including chlorophyll intermediates, reactive oxygen species (ROS),
and adenosine derivatives. While the effects of retrograde signaling on gene expression
are well understood, the initiation and transport of the signals and their mode of action
have either not been resolved, or are a matter of speculation. Moreover, retrograde
signaling should be considered as part of a broader cellular network, instead of as
separate pathways, required to adjust to changing physiologically relevant conditions.
Here we summarize current plastid retrograde signaling models in plants, with a focus
on new signaling pathways, SAL1-PAR methylerythritol cyclodiphosphate (MEcPP), and
B-cyclocitral (B-CC), and outline missing links or future areas of research that we believe
need to be addressed to have a better understanding of plant intracellular signaling
networks.

Keywords: retrograde signaling, metabolite, drought, high light, gene regulation, 3’-phosphoadenosine

5’-phosphate, methylerythritol cyclodiphosphate, 8-cyclocitral

INTRODUCTION

Chloroplasts originated from free-living cyanobacteria that were
engulfed by the eukaryotic cell ancestor (Delwiche, 1999). This
endosymbiotic event resulted in the transfer of thousands of genes
from the cyanobacterial plastid ancestor into the nuclear genome
of the host (Goksoyr, 1967; Martin et al., 2002). As a result of
this gene transfer, the stoichiometry of nuclear and chloroplas-
tic encoded polypeptides functioning in the plastids requires the
coordination of both genomes. One such regulatory mechanism,
called anterograde signaling, entails the coordination of plastid
gene expression (PGE) by nuclear encoded proteins (Woodson
and Chory, 2008). The reverse mechanism, or retrograde sig-
naling, requires the transfer of signals from the plastids to the
nucleus to regulate the expression of genes encoding both plastid-
localized (Strand et al., 2003) and other proteins involved in many
cellular processes (op den Camp et al., 2003; Koussevitzky et al.,
2007; Pesaresi et al., 2009).

The biogenesis and functioning of plant organelles are coor-
dinated with nuclear gene expression. Early stages of chloro-
plast development require the establishment of “biogenic” signals
to coordinate the production of photosynthetic complexes and
membranes (Oelmuller et al., 1986; Pogson et al., 2008). On the
other hand, “operational” signals are important for the normal
functioning of chloroplasts in mature plants (Pogson et al., 2008).
Mature chloroplasts can act as environmental sensors as adverse
environmental conditions such as high light (HL) and drought
can cause energy imbalances leading to oxidative stress that will
impair organellar and cellular function (Wilson et al., 2006). As
a result, nuclear and plastidic gene regulation is required to reach
homeostasis.

The first evidence that chloroplasts can regulate nuclear gene
expression was obtained in the albostrians barley mutants defi-
cient in plastid ribosomes (Bradbeer et al., 1979) and in Brassica
plants treated with spectinomycin, an inhibitor of organelle pro-
tein synthesis (Zubko and Day, 1998). In both cases, bleached
leaves were produced with decreased amount of nuclear encoded
chloroplast proteins. These observations lead to the proposal that
perturbation in plastidic processes give rise to plastid products, or
signals that can control cytosolic protein translation.

Since then, different types of retrograde signaling pathways,
depending on the trigger sources and signals, have been reported.
One signaling pathway is associated with tetrapyrrole biosynthesis
intermediates, like Mg-ProtoporphyrinIX (Mg-ProtolIX) (Strand
et al., 2003) and haem (Woodson et al., 2011). A second type
is initiated by changes in redox potential at the electron trans-
port chain (Fey et al., 2005; Pfannschmidt et al., 2009). The
production of reactive oxygen species (ROS), such as hydrogen
peroxide (H,O,) and singlet oxygen ('0;) by excess oxidative
power is a third mechanism that can trigger specific changes in
nuclear gene expression (Apel and Hirt, 2004; Galvez-Valdivieso
and Mullineaux, 2010; Suzuki et al., 2012). Finally, there is a type
of retrograde signaling associated with PGE (Bradbeer et al., 1979;
Nott et al., 2006).

The “classical,” or linear, model of retrograde signaling
describes that specific signals produced in the organelles by differ-
ent developmental and environmental cues are able to move into
the nucleus where they elicit specific gene regulation. Although
there is a good understanding of some of the triggers, the nature,
and the final outcomes related to gene expression for some of
these proposed retrograde signals, some of the signals are still
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debated or their mechanism of actions poorly understood. This
Perspectives article presents a synopsis of the current knowledge
of metabolite plant retrograde signals with a focus on the recent
reports of novel signals. We also attempt to identify missing gaps
in current models and provide suggestions for future directions of
research. Readers are referenced to pertinent reviews for further
details regarding other signaling pathways (Apel and Hirt, 2004;
Pogson et al., 2008; Woodson and Chory, 2008; Galvez-Valdivieso
and Mullineaux, 2010; Pfannschmidt, 2010; Barajas-Lopez et al.,
2012).

CLASSICAL RETROGRADE SIGNALS: CHLOROPHYLL
PRECURSORS

Classical retrograde signals in plants generally involved artificially
stressing the plant cells by treating the plants with the herbicide
norflurazon (NF), which is an inhibitor of carotenoid biosyn-
thesis that can perturb chloroplast development (Foudree et al.,
2010). A mutant screen for altered expression of the nuclear
genes encoding plastidic proteins during chloroplast develop-
ment gene led to the discovery of the GENOMES UNCOUPLED
(GUN) mutants (Susek et al., 1993). gun mutants are defective in
the chloroplast-to-nucleus signal transduction that represses the
expression of photosynthesis-associated nuclear genes (PhANG)
genes such as Light Harvesting Complex b (LHCB) during pertur-
bations of chloroplast development by NFE.

At least two intermediates in the synthesis of photosynthetic
pigments can act as plastidic signals to regulate nuclear gene
expression. Treatment of wild type plants with NF not only
inhibits the expression of the PhANG (Susek et al., 1993) but
concomitantly induces 15-fold the levels of Mg-ProtolX, the
first committed precursor of chlorophyll. Genetic inhibition of
Mg-ProtoIX production, such as in the gun2 and gun5 mutants
(Mochizuki et al., 2001), which are defective in tetrapyrrole
biosynthetic enzymes, results in misregulation of 70 out of 182
genes normally down-regulated in NF-treated wild type plants
(Strand et al., 2003). Moreover, pharmacological approaches to
accumulate Mg-ProtolIX, either by increasing its amount in the
gun2 and gun5 mutants, or by feeding it to wild type plants,
strongly support the hypothesis that Mg-ProtoIX is required for
chloroplast-to-nucleus communication during early plant devel-
opment (Strand et al., 2003; Kindgren et al., 2012).

Haem is a product of tetrapyrrole biosynthesis that acts as a
positive retrograde signal from plastids in algae (von Gromoff
et al., 2008). Evidence that haem could also be a potential signal
in higher plants came from over expression of the Ferrochelatase
1 (FC) gene in the gain-of-function gunI-6D mutant. FC1 over
expression leads to the accumulation of PhANGs in the presence
of NF (Woodson et al., 2011). This “gun” phenotype can be res-
cued pharmacologically by decreasing the FC activity with Fe?*
chelator dipyridyl (DP). This response seems to be specific to
the activity of FC1, as over expression of the other chloroplast-
localized FC2 did not increase PhANG expression. Unexpectedly,
and unlike Mg-ProtolIX, a reduction in total haem, rather than
accumulation, occurs in the FC1 OX, and wild type plants after
NF treatment (Woodson et al., 2011). This finding is in agreement
with the ineffectiveness of haem feeding in seedlings to silence
LHCB (Strand et al., 2003), but is in contrast with the effect

of hemin (a more stable Fe substitute), which promoted global
changes in gene expression in Chlamydomonas (von Gromoff
et al., 2008; Voss et al., 2011). It is proposed that FC1 acts on
specific chloroplastic haem pool, which can act as a positive ret-
rograde signal exported from the chloroplasts (Woodson et al.,
2011). Although haem can be exported from isolated chloroplasts
(Thomas and Weinstein, 1990), the actual transport mechanism is
unknown. The fact that there is no correlation between free haem
levels and the gun phenotype indicates that the signaling haem
may be bound to specific targets (Espinas et al., 2012). A possible
scenario is that haem interacts with cytosolic or nuclear factors,
such as in yeast (Zhang and Hach, 1999) or with haem-binding
proteins to regulate gene expression. However, more work is
required to identify downstream targets of haem and their mode
of action.

Although initial evidence indicate that Mg-ProtoIX accumu-
lates under oxidative stress in the cytosol and represses PhANG
expression (Strand et al., 2003; Ankele et al., 2007; Pontier et al.,
2007), some findings suggest a lack of correlation between the
metabolite levels and gene expression (Gadjieva et al., 2005;
Mochizuki et al., 2008; Moulin et al., 2008; Kakizaki et al., 2009;
Zhang et al., 2012). Interestingly, another recent finding shows
that oxidative stress induced by NF can induce transient accu-
mulation of tetrapyrroles with concomitant repression of Lhcb
in adult plants (Zhang et al., 2011). The contradictory results
could be explained by differences in experimental conditions or
technical issues related to the quantification of tetrapyrroles.

Mg-ProtolIX accumulation specifically inhibits the expression
of genes harboring the CUF1 (G-Box) cis-element (Strand et al.,
2003). Two alternative models have been proposed whereby an
increase of Mg-ProtoIX promotes either the release of a transcrip-
tional activator or the binding of a repressor (Gray, 2003; Strand
et al., 2003). While the potential for Mg-ProtoIX to move into
the cytosol has been actively debated, recently more details of a
possible mechanism of action mechanism have been described.
Mg-ProtoIX was found to bind to the cytosolic heat shock 90-
type protein (HSP90) and inhibit the ATPase activity of HSP90
in vitro (Kindgren et al., 2012). Feeding and genetic experiments
confirmed that the gun phenotype triggered by oxidative stress is
partially suppressed when HSP90 is silenced and that it requires
the action of Long Hypocotyl 5 (HY5) (Kindgren et al., 2012).
Interestingly, HY5 binds to the promoter of photosynthetic genes
(Lee et al., 2007). This type of signaling mechanism is analogous
to that in yeast, where haem can interact with the complex HAP1-
HSPs (Hon et al., 2001; Lee et al., 2002), which regulates proteins
required for aerobic growth and oxidative damage control (Zhang
and Hach, 1999). However, no direct interaction between HSP90
and HY5 has been reported yet in plants.

NOVEL RETROGRADE SIGNALING PATHWAYS

Despite a paucity of discovery of retrograde signals in the last
decade, several signaling pathways have been recently proposed
in the past 12 months. These novel signals include products of
secondary metabolism (Estavillo et al., 2011; Xiao et al., 2012),
oxidation products of carotenoids (Ramel et al., 2012), and dual
localized proteins (Sun et al., 2011; Isemer et al., 2012) (Figure 1).
These findings indicate that many metabolic pathways can act as
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FIGURE 1| New metabolic retrograde signaling pathways. The different
components of recently discovered plant retrograde signaling pathways are
shown. (A) B-CC is most likely produced by oxidation of carotenes by 'O, in
the chloroplast and could diffuse through the membrane into the cytosol.
Feeding B-CC results in the up-regulation of genes involved in stress
responses, particularly those triggered by 'O,. It is speculated that the
electrophilic carbonyl group could react with electron donors, such as
sulfhydryl groups; however, the actual targets and mode of action are
unknown. (B) MECPR an intermediary of isoprenoid precursors, is produced
by MDS in the plastidic MEP pathway. MEcPP over accumulating mutants
present high levels of SA and are resistant to biotrophic pathogens. MEcPP
regulates the expression of the HPL and /ICS7 gene, with concomitant
production of SA. Although the transport and action mechanism are
unknown, MEcPP could promote chromatin reorganization and induction of
transcription of target genes. (C) PAP levels are catabolically regulated by

SAL1 in the chloroplast and PAP transport is probably mediated by PAPST1.
Cytosolic PAP could diffuse to the nucleus via the pores (cylinder) where it
inhibits nuclear XRNs and affects gene regulation of stress inducible genes
(i.e., APX2 and ELIP2). This mechanism is thought to play a role during
drought, as PAP levels increase 30-fold. Other potential PAP targets
(Nucleotide diphosphate kinase, NDK, and poly (ADP-ribose) polymerase,
PARR proteins) may mediate other aspects of signaling. The control
mechanism of gene regulation by the XRNs proteins is a matter of
investigation. Red lines, inhibition; black arrows, induction or activation;
proteins involved in the signaling are indicated as ovals. Unknown
components, processes or targets are indicated with red “?" or with dashed
arrows. B-CC, B-cyclocitral; MER Methylerythritol phosphate pathway; MEcPP.
methylerythritol cyclodiphosphate; MDS, MEcPP synthase; IPR isopentenyl
diphosphate; G3P, glyceraldehyde 3-phosphate; SA, salicylic acid; HL, high
light. Figure adapted from Xiao et al. (2012) and Estavillo et al. (2011).

potential sources of chloroplastic signals during different devel-
opmental stages of the plant or upon different stress responses.
More importantly, unlike the previously discovered signals dur-
ing artificial conditions, these new signals were identified during
physiologically relevant stress responses like drought or HL. These
new discoveries further support the concept that chloroplasts can
indeed act as environmental sensors.

THE PHOSPHONUCLEOTIDE THAT ACTS AS RETROGRADE SIGNAL
DURING HIGH LIGHT AND DROUGHT STRESS

The dinucleotide 3’'-phosphoadenosine 5’ -phosphate (PAP) is a
novel metabolite discovered to play a role as a plastid signal dur-
ing drought and HL stress in Arabidopsis (Estavillo et al., 2011).
PAP accumulates in plants lacking the phosphatase SAL1/FRY1,
which degrades PAP into adenosine monophosphate (AMP)
and phosphate (Chen et al., 2011; Estavillo et al., 2011). PAP
is also increased by up to 30 fold in wild type plants during
drought (Estavillo et al., 2011) and exhibits a smaller increase in
response to HL. The sall mutants present up-regulation of 35%

of the HL stress inducible genes, including Ascorbate Peroxidase
2 (APX2) and Early Light Induced Protein 2 (ELIP2), altered
metabolome and 50% increased survival under water limiting
conditions (Rossel et al., 2006; Wilson et al., 2009). PAP is
produced as a byproduct of sulfonation reactions catalysed by
cytosolic sulfo transferases (SOTs), whereby sulphate is trans-
ferred from 3’-phosphoadenosine 5'-phosphosulfate (PAPS) to
several metabolic substrates (Klein and Papenbrock, 2004). PAP
levels are regulated by the dual localized SALI protein in both
chloroplasts and mitochondria. Evidence that PAP can move
between the chloroplast and nucleus was obtained by com-
plementing PAP levels and APX2 expression in sall mutants
with a SAL1 transgene targeted to the nucleus or chloroplast
(Estavillo et al., 2011). Furthermore, a PAPS/PAP chloroplastic
antiporter has now been reported that will facilitate exchange
of PAP between the chloroplast and cytosol (Gigolashvili,
2012).

PAP most likely regulates gene expression by altering RNA
metabolism mediated by 5-3" exoribonucleases (XRNs). There
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are three XRNs in Arabidopsis; two encode the nuclear-localized
XRN2 and XRN3 and are homologues of yeast Xrn2p/Ratlp.
XRN2 and XRN3 act on uncapped RNAs like the excised hair-
pin loops in precursor miRNA transcripts (Kastenmayer and
Green, 2000). The third gene, XRN4, encodes for a cytosolic XRN
(homologous to yeast Xrn2p) that targets the resulting 3" cleav-
age products of miRNA targets (Kastenmayer and Green, 2000;
Souret et al., 2004). SALI and nuclear XRN mutants share sim-
ilar morphological phenotypes (Gy et al., 2007), have improved
drought tolerance and more than 50% of altered genes are co-
regulated (Estavillo et al., 2011). Additionally, PAP can inhibit
yeast XRN activity (Dichtl et al., 1997; van Dijk et al,, 2011)
and transcriptional regulation by HL of ELIP2 and APX2 genes
is similar in Arabidopsis sall mutants (Estavillo et al., 2011). The
mechanism by which XRNs modulate specific transcripts, such
as APX2 during stress (i.e., impact on RNA post-transcriptional
regulation, “degradome,” etc.) is unknown and merits further
research.

ISOPRENOID PRECURSOR MEDIATES ABIOTIC STRESS GENE
REGULATION

A genetic screening for the constitutive expression of the stress
inducible nuclear gene encoding the plastid-localized hydrox-
yperoxidase lyase (HPL) identified the isoprenoid precursor
methylerythritol cyclodiphosphate (MEcPP) as a potential signal
from the chloroplast (Xiao et al., 2012). MEcPP is converted to
hydroxymethylbutenyl diphosphate (HMBPP) by 1-hydroxy-2-
methyl-2-(E)-butenyl-4-diphosphate synthase (HDS) during the
production of universal isoprenoid precursors by the methy-
lerithrytol phosphate (MEP) pathway in plastids (Rodriguez-
Concepcidn, 2006). The mutant cehl (constitutively expressing
HPL 1) accumulates MEcPP and HPL transcript, with up-
regulation of salicylic acid (SA) production, and that of the ICSI
(encoding a SA-biosynthetic enzyme) transcript. This results in
cehl mutants being more resistant to infection by Pseudomonas
syringae, a biotrophic pathogen. Targeted silencing of all the
enzymes in the MEP pathway indicates that only the accumula-
tion of MECPP is responsible for SA accumulation and induc-
tion of HPL. Moreover, feeding experiments demonstrates that
MECPP can directly regulate HPL. Thus, it seems that unlike
the mechanism mediated by chlorophyll precursors where the
flux through the pathway is important for retrograde signaling
(Woodson et al., 2011), the induction of HPL is specifically trig-
gered by MECPP, and not by other intermediaries of the MEP
pathway. Finally, the accumulation of MEcPP is also induced by
wounding and HL stress with concomitant up-regulation of the
HPL gene.

Strong evidence supports the hypothesis that MEcPP is an
operational signal, and like PAP, demonstrates that mature
chloroplasts can respond to external perturbations under phys-
iologically relevant conditions. The gene response to MECPP is
specific and it does not involve regulation of PhANGs (Xiao
etal.,2012). Comparative global gene expression analysis between
cehl relative to wild type is needed to determine the extent
of the signaling cascade by MEcPP and potential overlaps
with other retrograde networks. Interestingly, oxidative stress
in bacterial cultures induced MECPP production (Ostrovsky

et al., 1998) and MECPP has been involved with the disrup-
tion of the interaction between chlamydial histone-like proteins
and DNA. This would suggest that MEcPP could affect chro-
matin remodeling and gene expression (Grieshaber et al., 2006).
However, direct evidence for MEcPP movement and its mech-
anism of action in plants is still lacking and deserves further
investigation.

A VOLATILE RETROGRADE SIGNAL

Carotenoids are considered to be one of the first lines of defense
against !0, produced by the triplet excited chlorophyll during
HL stress. Direct measurement of 'O, and its regulated genes,
indicates that production of 'O, is one of the early responses
to HL stress in Arabidopsis (Gonzdlez-Pérez et al., 2011; Ramel
et al,, 2012). Excess 'O, under this condition leads to the pro-
duction of oxidation products of carotenes. One of them, the
volatile B-cyclocitral (B-CC), accumulates more than 1.5-fold
after 1h of stress treatment, which is accompanied by the induc-
tion of 'O, stress-responsive genes (Ramel et al., 2012). More
significantly, increasing doses of this volatile compound induces
the up-regulation of '0,, but not of H,O,, responsive genes.
Microarray data also shows a striking specificity and similar-
ity between gene expression profiles of 3-CC plants and the flu
mutant, which accumulates protochlorophyllide and presents a
constitutive production of genes involved in oxidative stress by
10, (op den Camp et al., 2003). Finally, incubation of plants
with B-CC prior to HL and cold stress prevented accumulation
of lipid peroxidation and deterioration of PSII photochemical
efficiency in a dose dependent manner, suggesting that B-CC
increases photoxidative damage tolerance mechanisms. $-CC is a
volatile short-chain compound, making diffusion a possible way
of distribution from the place of origin to other parts of the cell.
A likely action mechanism for p-CC is by reacting with sulthydryl
groups of proteins but more work is required to identify the target
proteins and mode of action. Finally, it is possible that f-CC is a
signal intermediate of the cascade triggered by 'O, that relays the
information to the cytosol.

MOBILE PROTEINS

The signals described above could be considered as metabolite
signals, which in some instances are capable of moving out from
the organelle to regulate nuclear gene expression. However, two
examples of chloroplast-localized transcription factors (TF) that
translocate to the nucleus and alter gene expression under specific
conditions have been recently described. Arguably, metabolite sig-
nals that could be modulated by specific proteins better fit in the
“signal” category (Leister, 2012), but identification of the exis-
tence of the mobile TF involved in retrograde signaling confirms
the complexity of the mechanisms required to regulate nuclear
gene expression.

The chloroplast envelope-bound PTM (PHD type
transcription factor with transmembrane domains) is involved
in retrograde signal pathways that regulate PhANGs expression
under different types of stress conditions (Sun et al., 2011).
The plant homeodomain (PHD) specifically binds methylated
histones (H3K4me3) to promote transcription of downstream
genes (De La Paz Sanchez and Gutierrez, 2009). Under normal
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conditions, PTM resides in the outer membrane of the chloro-
plast. However, a shorter version of PTM protein lacking the
transmembrane domain can be found in the nucleus after
stress treatment with NE, lincomycin and HL. Stress conditions
induce proteolytic cleavage of the full length protein and its
translocation to the nucleus. Interestingly, the ptm mutant has
reduced expression of ABI4 and displays a gun phenotype (i.e.,
de-repression of LHCB in the presence of NF) similar to that
of gunl, and abi4 during HL treatment. The involvement of
PTM in the same pathway as GUNI and ABI4 was confirmed by
analyses of the corresponding double mutants. Interestingly, the
levels of H3K4m3 methylation in the ABI4 promoter increased
with the same stress treatments activating the PTM-dependent
transcription of the ABI4 gene. An unexpected observation was
the lack of constitutive repression of LHCB in the absence of NF
in plant expressing soluble PTM. Although this may indicate that
additional GUN1 mediated signals may be required, this work
demonstrates that PTM mediates several retrograde signaling
pathways.

Another mobile protein that could potentially be involved
in retrograde signaling is Whirlyl protein (Isemer et al., 2012).
Arabidopsis Whirly proteins (AtWhyl and 3) are required for
plastid genome stability (Marechal et al., 2009) and the bar-
ley homologue interacts with intron-containing plastidic RNA
(Melonek et al., 2010). The barley Whirly 1 (HvWhy1) protein is
dual localized to both chloroplast and mitochondria (Grabowski
et al., 2008) with the same molecular weight for both forms.
Unlike PTM, the AtWhirlyl protein of the same molecular weight
was found in both chloroplasts and nucleus of the same cell. It
was recently shown that recombinant AtWhirlyl can move from
chloroplasts to the nucleus by transformation of tobacco plastids
with a HA-AtWhirlyl fusion protein (Isemer et al., 2012). This
clever approach demonstrated that HA-AtWhirlyl protein can
translocate from the plastid to the nucleus via an unknown mech-
anism. Although pathogenesis related genes are up-regulated in
the transgenic lines (Isemer et al., 2012), suggesting the possible
involvement of Whirlyl in retrograde signaling during pathogen
attack, the movement mechanism of Whirly [i.e., via stromules,
diffusion, transport (Krause et al., 2012)], and gene targets have
to be further investigated.

DISSECTING SIGNALING PATHWAYS

It is relatively easy to envision a linear type of mechanism whereby
the available pool of signal interacts with target proteins to regu-
late gene expression (Estavillo et al., 2011; Kindgren et al., 2011;
Xiao et al., 2012). The other option is that one signal can target
many proteins or regulate the expression of many genes involved
in different pathways. Rather than a linear succession of events,
this would represent an intricate network which could provide
more subtle levels of regulation under different and specific con-
ditions (Leister, 2012). We outline some of the approaches utilized
to discover new retrograde signaling pathways and components
(Table 1).

TRIGGERING AND MOVEMENT OF THE SIGNAL
Unlike the case of photosynthetic derived signals, it is less clear
how the different triggers are sensed in most retrograde signaling

Table 1| Investigation of retrograde signaling pathways.

1. Signal sensing
o Triggers for retrograde signals are not always clear
o What are the actual “stress sensors”?
2. Signal movement
o Confirmation of the movement: modulators targeted to specific
compartments (Estavillo et al., 2011); genetically encoded
biosensor; non-aqueous fractionation protocol coupled to MS.
o ldentification of transporters (Gigolashvili, 2012) and study of their
regulation in mutant plants or under different stress conditions.
3. Signal targets and elucidating mechanisms of action.
o Affinity chromatography coupled to proteomic analyses (Kindgren
etal., 2011).
o Revertant screenings (Wagner et al., 2004; Simkova et al., 2012).
o Global changes in gene expression during fluctuating conditions
(Brautigam et al., 2009; Voss et al., 2011).
o Investigation of epigenetic control during retrograde signal (Sun
etal., 2011).
4. Elucidating cross talk between signaling pathways
o Comparison of global gene expression between different
signaling mutants or under different triggering conditions
(Schwarzlander et al., 2012)
o Study of epistasis (i.e., multiple mutants).
5. Developing new systems for signal discovery.
o ldentification of new signals triggered by real physiological
conditions or changing environments, like drought, light intensity
and quality (Chan et al., 2010).
o Genetic screens

Table indicating potential fields of research in retrograde signaling (1-5), and
suggested approaches. Some examples are cited.

pathways. For example, how is the protease mediated cleav-
age of PTM regulated by HL (Sun et al,, 2011), or the accu-
mulation and transport of PAP induced by drought and HL
(Estavillo et al., 2011)? These are difficult questions to address
as they may involve the interaction of many different signaling
networks.

The movement of the signal between organelles is a key
feature of a metabolite, or protein capable of conveying infor-
mation into the nucleus. Passive diffusion and active trans-
port are the two most likely scenarios depending on the type
of signal. However, monitoring this movement can be techni-
cally challenging. Analytical methods for metabolic profiling,
such as cell fractionation in conjunction with non-aqueous
fractionation, GC/MS- and LC/MS-based, and HPLC, or con-
focal microscopy for specific signals can be attempted. For
instance, the observation that Mg-ProtoIX can accumulate in
both chloroplast and cytosol suggests that this metabolite can
be exported from site of origin, which may result in the repres-
sion of photosynthetic genes under stress (Ankele et al., 2007;
Zhang et al., 2011). However, such approaches may be too
harsh for labile signals or may not be possible due to cross-
contamination of organelles (Estavillo et al., 2011; Woodson et al.,
2011).

An alternative to direct measurements of the signal is the
use of genetic approaches. Genetically encoded biosensors spe-
cific for putative signals, such as those developed for sugars
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and hormones (Frommer et al., 2009), could be used to mea-
sure the dynamics of the signal movement in different com-
partments. In a similar approach, the levels of the signal can
be manipulated by targeting “sensors,” or “modulator” proteins
to specific compartments and monitoring the changes in phe-
notypes. For example, targeting of a PAP degrading enzyme
to the nucleus complements the molecular and morphologi-
cal phenotype of sall mutants, supporting the hypothesis that
PAP moves in between organelles (Estavillo et al., 2011). Clearly,
multiple lines of evidence are required to understand signal
movement.

Identification of transporters that regulate the flux of the
signal from the plastid into the cytosol is critical for under-
standing a signal transduction pathway. Although some of the
proposed signals, like B-CC, could freely diffuse from the site of
origin (Ramel et al., 2012), movement of others, like the highly
charged PAP, or tetrapyrrole intermediates must necessitate spe-
cific transporters. There is good evidence that haem can leave
intact chloroplasts (Thomas and Weinstein, 1990) and that Mg-
ProtoIX can be found in the cytoplasm under stress conditions
(Ankele et al., 2007). Although a couple of transport mechanisms
have been proposed for Mg-ProtoIX (Moller et al., 2001; Larkin
et al., 2003; Ankele et al., 2007), no chloroplast transporter has
been described for haem. Very recently, co-expression analyses
of genes related to glucosinolate metabolism lead to identifica-
tion of PAPS transporter 1 (PAPST1), a transporter belonging to
the mitochondrial carrier family that localizes to both the thy-
lakoid, and plastid envelope (Gigolashvili, 2012). PAPST1 can
transport ADP/ATP or PAPS /ATP, or PAP in an antiport man-
ner in vitro. It still remains unclear whether this transporter
plays any role in the PAP signaling pathway, especially during
abiotic stress. Modulation of the transporter activity could be a
major point of flux control, as also considered elsewhere (Leister,
2012).

HUNTING FOR SIGNALING MECHANISMS AND COMPONENTS

Affinity chromatography against putative signals coupled to pro-
teomic analyses is a logical approach to dissect the components
of the retrograde signaling pathways. This strategy rendered a
large number of proteins associated to oxidative stress that bound
to Mg-ProtoIX covalently linked gel matrix (Kindgren et al,
2011). This led to the proposal that a regulatory complex com-
posed of HSP90 and Mg-ProtoIX could mediate gene expression
(Kindgren et al., 2012). However, results can be misleading by
non-specific interaction and proper controls and other additional
lines of evidence are required (i.e., mutant analyses of potential
targets, etc.).

Some of the retrograde mechanisms have been identified using
inducible reporter genes, a common strategy for dissecting signal-
ing pathways (Susek et al., 1993; Rossel et al., 2006; Estavillo et al.,
2011). Another strategy to dissect new signaling components
in order to understand mechanism of action is by performing
reverse genetic screens of known signaling mutants (Simkova
et al., 2012). However, the associated phenotypic screening can
be misleading due to the potential pleiotropic effects of the
signals. Additionally, study of co-regulated genes in a pathway
can lead to the discovery of newer components (Gigolashvili,
2012).

CROSS-TALK BETWEEN PATHWAYS: LINEAR OR “ONE SIGNAL, MANY
TARGETS"?

Although the general view of retrograde metabolic signals is
that of the “classical” model, where one signal acts through a
rather linear pathway; it is likely that a “one signal, many targets”
scenario is more common than anticipated, especially when con-
sidering metabolites that could bind to proteins. For example,
60% of genes misregulated in the SAL1 mutant alx8 mutant
do not seem to be affected by XRNs (Estavillo et al., 2011).
This implicates that additional PAP targets exist in plants that
may be important in controlling gene expression during stress.
In fact, in plants and other organisms PAP can bind to other
proteins, such as SOTs (Klaassen and Boles, 1997), nucleoside
diphosphate kinase (Schneider et al., 1998) and poly(ADP-ribose)
polymerase 1 (Toledano et al., 2012).

There are several recent examples of some classical retrograde
signals converging with other networks such as light signaling
(Ruckle and Larkin, 2009), plant immune signaling (Nomura
et al., 2012), transition from cell proliferation to cell expansion
(Andriankaja et al., 2012), cold acclimation (Crosatti et al., 2012),
and ABA signaling (Koussevitzky et al., 2007) to name a few. It
would be interesting to investigate whether the newer metabolic
signals interact with other pathways (such as stomata regulation)
that could be modulated by ABA, which levels increase upon HL,
or drought stress.

CONCLUDING REMARKS

Several new metabolite retrograde signals have been recently pro-
posed (Estavillo et al., 2011; Ramel et al., 2012; Xiao et al., 2012).
New knowledge about the mechanism of other signaling path-
ways has also been gained (Fischer et al., 2012; Kindgren et al.,
2012; Maruta et al., 2012; Simkova et al., 2012). Yet, none of the
pathways are complete and for some transport or movement has
yet to be demonstrated. Consequently, signal sensing and mod-
ulation is an important area of research. Additional efforts in
analytical techniques for signal quantification and movement are
critical for assessing the true “signal” nature of a metabolite. The
fact that two new signaling pathways involve post-transcriptional
regulation (Estavillo et al., 2011) and histone modifications (Sun
et al., 2011) open an unexplored area for research: are there
other cases of chloroplast-to-nucleus regulation where these types
of gene regulation occur? The combination of deep sequencing
technologies with the traditional reporter gene screen and mul-
tiple mutant approaches (including revertants) can give a more
detailed picture of specific and overlapping networks for gene reg-
ulation. Finally, the development of new experimental conditions
(i.e., controlled drought, finer manipulation of light quality and
intensity) and technologies (i.e., biosensors, phenomics, revertant
screening, and proteomics) will be instrumental in the discovery
of new, true signaling components.
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The production of reactive oxygen species (ROS) in different plant subcellular compart-
ments is the hallmark of the response to many stress stimuli and developmental cues.
The past two decades have seen a transition from regarding ROS as exclusively cytotoxic
agents to being considered as reactive compounds which participate in elaborate signaling
networks connecting various aspects of plant life. We have now arrived at a stage where it
has become increasingly difficult to disregard the communication between different types
and pools of ROS. Production of ROS in the extracellular space, the apoplast, can influ-
ence their generation in the chloroplast and both can regulate nuclear gene expression.
In spite of existing information on these signaling events, we can still barely grasp the
mechanisms of ROS signaling and communication between the organelles. In this review,
we summarize evidence that supports the mutual influence of extracellular and chloroplas-
tic ROS production on nuclear gene regulation and how this interaction might occur. We
also reflect on how, and via which routes signals might reach the nucleus where they are
ultimately integrated for transcriptional reprogramming. New ideas and approaches will be
needed in the future to address the pressing questions of how ROS as signaling molecules
can participate in the coordination of stress adaptation and development and how they are

involved in the chatter of the organelles.

Keywords: ROS signaling, apoplast, chloroplasts, retrograde signaling, Arabidopsis thaliana

INTRODUCTION

During their life plants face a vast set of environmental chal-
lenges: extreme changes in ambient illumination, temperature,
and humidity, differences in soil salinity, attack by pathogens and
herbivores, mechanical wounding, etc. To withstand all these chal-
lenges, plants have developed a repertoire of signaling pathways
that is unparalleled in its complexity among living organisms. Sig-
naling through plant hormones (Vanstraelen and Benkovd, 2012),
cell surface receptors (Geldner and Robatzek, 2008), and light
perception by plastids and photoreceptors (Kami etal., 2010) are
integrated in the cell to eventually reprogram gene expression and
metabolism and shape strategic decisions on plant stress response
and development (Jaillais and Chory, 2010).

A critical role in this signal integration and decision-making
is played by a class of reactive forms of the molecular oxygen,
collectively referred to as reactive oxygen species (ROS; Murphy
etal., 2011; Kangasjirvi etal., 2012). ROS, including singlet oxy-
gen (10,), superoxide (037), hydrogen peroxide (H,0,), and
hydroxyl radical (*OH) are unavoidable by-products of aerobic
metabolism (Imlay, 2003, 2008; Ogilby, 2010) which have tradi-
tionally been regarded mainly as damaging cytotoxic agents. In
line with this view, life has developed a plethora of ROS scav-
enging systems including the low-molecular weight compounds
ascorbic acid and glutathione (Foyer and Noctor, 2011) as well
as different classes of antioxidant enzymes (Apel and Hirt, 2004).
During the recent years, however, a new concept has emerged
where ROS play important signaling roles during development
and stress responses, and controlled production of ROS acts as a

signal. ROS are generated in many compartments of plant cells.
Whereas the “ROS landscape” of the animal cell is dominated by
mitochondria as the main source of ROS (Marchi et al., 2012), the
role of these organelles in ROS production in plants is more sub-
tle (Dutilleul etal., 2003; Suzuki etal., 2012) and is not addressed
in this review. Apart from mitochondria, ROS are produced in
the chloroplasts, the peroxisomes, and the apoplast, as well as in
less commonly known locations, the nucleus and the endoplasmic
reticulum (Overmyer et al., 2003; Ashtamker et al., 2007; Foyer and
Noctor, 2009; Jaspers and Kangasjérvi, 2010; Mazars etal., 2010).
Yet uncharacterized signaling networks between the organelles that
employ ROS as second messengers have recently raised consider-
able interest (Figure 1). For example, ROS that are produced in
the chloroplast have been implicated as intermediates in retrograde
signaling from chloroplast to nucleus during acclimation of pho-
tosynthesis (Nott etal., 2006; Galvez-Valdivieso and Mullineaux,
2010). Intriguingly, however, it has recently been realized that the
role of this signaling goes beyond optimization of photosynthesis:
chloroplastic ROS production and photosynthetic functions are
also regulated by cues that are perceived in the cell wall, frequently
referred to as the extracellular space or the apoplast (Padmanab-
han and Dinesh-Kumar, 2010). Thus, the sensu stricto retrograde
signaling (from chloroplast to nucleus) can also be regarded as a
part of a larger network where apoplastic signals induce the gener-
ation of ROS in the chloroplast, which in turn leads to regulation
of nuclear gene expression by several still uncharacterized, but
at least partially chloroplast-derived, ROS-dependent retrograde
signals.
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ROS signals from apoplast to chloroplast to nucleus

Abiotic §tress

Biotic stress

Chloroplast

Systemic signaling

FIGURE 1 | Reactive oxygen species (ROS)-talk in plant cells. Biotic and
abiotic stimuli lead to the generation of ROS in the apoplast which is
subsequently communicated to the inside of the cell where the signal leads
to an increase in chloroplastic ROS production. The chloroplast can further
amplify the signal and transmit it to the nucleus via various cytosolic signaling

networks. Apoplastic ROS signaling can also reach the nucleus through
cytosolic pathways directly. Yellow arrows demonstrate intracellular
transmission of apoplastic and chloroplastic ROS-induced signals where they
connect neighboring cells (local signaling) or participate in long-distance
(“systemic") signaling throughout the plant (red arrows).

ROS IN THE APOPLAST
Likely candidates involved in the apoplast-to-chloroplast signal-
ing are ROS produced in the cell wall. Their accumulation in
response to different abiotic and biotic stimuli during the so-
called apoplastic “oxidative burst” depends on several classes of
enzymes, including cell wall peroxidases (Bindschedler et al., 2006)
and plasma membrane NADPH oxidases (Figure 2; Torres etal.,
2002; Suzuki etal., 2011). The latter enzymes, commonly known
as respiratory burst oxidase homologs (Rboh) are transmembrane
flavoproteins that oxidize cytoplasmic NADPH, translocate elec-
trons across plasma membrane and reduce extracellular ambient
(triplet) oxygen to yield O3~ in the cell wall. Due to its charge, this
short-lived ROS is unable to passively cross the lipid bilayer and
remains in the apoplast, where it is rapidly converted into another
species, HyO3, either spontaneously or in a reaction catalyzed by
the superoxide dismutase (SOD; Browning et al., 2012). The func-
tions of plant NADPH oxidases stretch beyond stress responses
and include roles in development (Sagi and Fluhr, 2006; Takeda
etal,, 2008), in sodium transport in the xylem sap (Jiang etal,
2012), and intriguingly also in long-distance (“systemic”) ROS sig-
naling (Miller etal., 2009). In Arabidopsis wounding, heat stress,
high light, and increased salinity result in RbohD-dependent sys-
temic spread of the oxidative burst along the rosette leaves. The
signal is triggered by intracellular Ca®>* spiking at the wounding
site. It is propelled by accumulation of ROS in the apoplast and
by — still unidentified — symplastic signals, one of which might
be ROS production in chloroplasts: results by Joo etal. (2005)
suggest that chloroplastic ROS is required for intercellular ROS
signaling. This ROS “wave” travels across an Arabidopsis rosette
at a rate of approximately 8 cm per minute (Miller etal., 2009).
Taken together, the currently available data suggests different roles
for ROS in strictly localized signaling events but also in systemic
signaling.

We have obtained a good understanding of the processes in
which apoplastic ROS are involved, but how they are perceived

by plant cells remains unclear. It is not known how the signal
is transmitted to the cytoplasm, the chloroplasts and eventually
the nucleus and what are the interactions between the differ-
ent subcellular compartments. The possibility of O3~ itself being
the mediator of downstream signaling would require superoxide-
specific extracellular receptors or anion channels in the direct
vicinity to the site of O}~ production (Browning etal., 2012).
Anion channels have been shown to mediate superoxide import
in mammalian cells (Hawkins etal., 2007) thereby linking extra-
cellular and intracellular ROS signaling. Analogous systems in
plants have so far not been identified. Unlike superoxide, the
H,0, molecule is relatively stable (with a half-life of ~1 ms)
under physiological conditions and in many respects resem-
bles a molecule of water. Its dipole moment, similar to that of
H,O, limits passive diffusion of H,O, through biological mem-
branes. Possible candidates for the import of apoplastic H,O,
are aquaporins (Figure 2), a ubiquitous family of channel pro-
teins that has undergone an extensive expansion in vascular plants
(Zardoya, 2005; Soto etal., 2012). Recent studies have identified
several aquaporins as specific HyO, transporters in Arabidopsis
(Bienert etal., 2007; Dynowski etal., 2008; Hooijmaijers etal.,
2012). However, further research is required to assess the role
of H,O; transport during the oxidative burst. In addition to
transport across membranes, O3~ and H,O, may be sensed by
a number of apoplastic compounds. Oxidation of extracellu-
lar pools of glutathione and ascorbic acid might play a role in
transmitting the redox signal to the cytosol (Destro etal., 2011;
Foyer and Noctor, 2011; Noctor etal., 2012). ROS can also be
perceived by the apoplastic proteins and/or plasma membrane-
localized receptors through redox modification of their cysteine
residues (Figure 2). Those putative receptors or other sensory sys-
tems for extracellular ROS in plants have so far remained elusive,
but for example, several classes of receptor-like protein kinases
(RLKs) with cysteine-rich extracellular domains (most notably
the CYSTEINE-RICH RLKs, CRKs) have been suggested to be
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Peroxidases

FIGURE 2 | Reactive oxygen species (ROS) signaling networks
connecting apoplast, chloroplast and nucleus. Apoplastic ROS are
produced by extracellular peroxidases (hydrogen peroxide; HoO5) and plasma
membrane-bound NADPH oxidases, Rboh. Superoxide (O{) is then
converted to HyO;. Hy O, (and possibly O57) might enter the cell through
plasma membrane channels (aquaporins, AQP) and/or react with extracellular
(apoplastic protein, AP) or transmembrane sensor proteins (e.g., receptorlike
kinases, RLKs) ultimately resulting in changes in gene expression through
intracellular signaling pathways, involving, for example, MAPKs
(mitogen-activated protein kinases). Extracellular ROS production is sensed
via yet unknown mechanisms in the chloroplast where ROS generation by the

electron transfer chain (ETC) subsequently increases. Singlet oxygen (105)
and 03~ /H, 0, are produced in different domains of ETC. Elevated ROS
inside the chloroplast results in transcriptional reprogramming through
identified (e.g., EXECUTER1/2, EX1/EX2, rupture of chloroplast envelope) and
unknown components of the retrograde signaling but also through hormone
signaling, e.g., increased production of the stress hormone salicylic acid (SA).
Channel proteins (AQP) might also allow ROS leak from the chloroplast to the
cytoplasm. Calcium (CaZ™) is involved in the regulation of ROS production in
the apoplast and the chloroplast. In the latter case it acts through the sensory
protein CALCIUM-SENSING RECEPTOR (CAS) but the mechanisms are still
unclear.

involved in ROS perception (Shiu and Bleecker, 2003; Wrzaczek
etal., 2010).

FROM BEYOND TO HERE, SIGNALS FROM THE
EXTRACELLULAR SPACE

What happens in the plant cell after an extracellular oxidative burst
has been triggered? A connection of apoplastic and chloroplas-
tic ROS into common signaling networks during the plant stress

response is evident in various model systems and processes (Joo
etal., 2005; Vahisalu etal., 2010), although it is mechanistically
still largely unexplained. The results suggest that the apoplastic
ROS signal is transduced to the chloroplasts, where a secondary
ROS production is initiated. This signal transmission might use
cytosolic signaling components. Also, the location of chloroplasts
close to the plasma membrane might facilitate direct communica-
tion between the two organelles. Thus, the chloroplast can act as
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an “amplifier,” or “execute” the signal received from the apoplast
(Figure 1).

One of the examples of such a role of chloroplasts is the plant
immune response to pathogens that is accompanied by a bi-phasic
accumulation of ROS. The first phase occurs within tens of min-
utes from the onset of infection. It is mostly apoplastic and is
tightly linked to NADPH oxidase activity (Figure 2). The sec-
ond increase in ROS production happens several hours after the
pathogen attack (Lamb and Dixon, 1997; Jones and Dangl, 2006).
During this stage of response the infected cells might undergo pro-
grammed cell death (PCD) leading to the collapse of the infected
tissue and, in the case of biotrophic pathogens, to suppression
of pathogen growth. This specialized form of pathogen-triggered
PCD is a part of the hypersensitive response (HR). Different
subcellular compartments including apoplast, chloroplasts, mito-
chondria, and peroxisomes contribute to ROS production during
HR, but a growing amount of evidence suggests a crucial role
for the chloroplast in this process (Yao and Greenberg, 20065
Liu etal.,, 2007; Zurbriggen etal., 2009, 2010). Silencing of the
chloroplast redox proteins peroxiredoxin and NADPH-dependent
thioredoxin reductase C that scavenge chloroplastic H,O; led to
spreading PCD in response to application of coronatine, a phy-
totoxin with structural similarity to jasmonic acid produced by
several pathogenic strains of Pseudomonas (Ishiga etal., 2012).
The involvement of chloroplasts in plant immunity is further sup-
ported by the observation that the pathogen resistance of plants
differs between light and dark (Roden and Ingle, 2009) and by
the fact that several bacterial and viral elicitors interact with
chloroplast-targeted proteins or are imported into chloroplasts
(Padmanabhan and Dinesh-Kumar, 2010). Thus, not only the
apoplast and the cytosol, but also the chloroplasts are strategic
battlefields during the defense against pathogens (Padmanabhan
and Dinesh-Kumar, 2010).

Chloroplast-generated ROS are not only involved in initiat-
ing and promoting cell death during the HR, but also in the
up-regulation of defense-related genes, down-regulation of pho-
tosynthesis genes and even in limiting the spread of the cell death
(Straus etal., 2010). For example, a significant portion of the
genes induced by artificial metabolic overproduction of H,O, via
expression of glyoxylate oxidase in the chloroplasts (Balazadeh
etal., 2012), are also induced by chitin, a well-known elicitor of
the apoplastic oxidative burst and downstream pathogen defense
responses. Similarly, silencing of thylakoid ascorbate peroxidase
(tAPX) led to an increase in H,O; production and to activation
of defense responses (Maruta etal., 2012), including the accumu-
lation of the stress hormone salicylic acid (SA), a central mediator
of plant pathogen defense. These examples underline that H,O,
accumulation in the chloroplast and the related retrograde signal-
ing are involved in the activation of defense genes during responses
to pathogens.

CHLOROPLASTS AS THE PET PEEVE OF THE PLANT CELL

Why does the plant cell involve the chloroplast, the major site
of energy production and biosynthesis in stress responses? One
explanation is that photosynthesizing chloroplasts continuously
produce ROS due to numerous electron transfer reactions in the
presence of oxygen (Foyer and Noctor, 2003; Asada, 2006). Hence,

in the photosynthesizing plant tissues chloroplasts are able to pro-
duce the most massive pools of ROS among different subcellular
compartments.

Generation of ROS in the chloroplasts depends on multiple
aspects of chloroplast physiology including photosynthesis, gene
expression, chlorophyll (tetrapyrrole) biosynthesis, and hormonal
control (Asada, 2006; Sierla etal., 2012). For example, the pro-
duction of O57/H,0; by photosystem I (PS I) varies according
to changing photosynthetic electron transfer and CO, fixation
rate. Extracellular stimuli, such as recognition of bacterial com-
ponents by the plasma membrane receptors, can rapidly regulate
chloroplastic functions. During plant—pathogen interactions the
cues perceived in the apoplast trigger MAPK cascades (Figure 2)
and result in fast down-regulation of photosynthetic genes and
accumulation of H, O, in chloroplasts that is necessary for initia-
tion of HR-mediated cell death (Liu et al., 2007). Another example
is the transient decrease in the ability of PS II to dissipate exces-
sive light energy as heat via non-photochemical quenching (NPQ)
at an early stage of pathogen recognition. This decrease in NPQ
makes chloroplasts more predisposed to the production of ROS,
which might be a priming mechanism for chloroplast ROS sig-
naling at later stages of immune response (Gohre etal., 2012).
Several chloroplastic redox hubs, including the plastoquinone as
well as the glutathione pools and the thioredoxin system, pro-
vide not only dynamic local regulation of photosynthesis, but also
might communicate the chloroplast redox status to the cytosol
(Marty et al., 2009; Bashandy et al., 2010; Foyer and Noctor, 2011;
Noctor etal., 2012; Rochaix, 2012). For example, the redox state
of plastoquinone, a component of photosynthetic electron trans-
fer chain, is monitored through the thylakoid-associated protein
kinase STATE TRANSITION 7 (STN7). STN7-dependent phos-
phorylation of chloroplast proteins leads on the one hand to
optimization of photosynthesis in response to changing light con-
ditions (via the reversible reallocation of light-harvesting antennae
called state transitions) and on the other hand to a retrograde
signal (Bonardi etal., 2005; Rochaix, 2012). Another chloroplast
protein kinase, CHLOROPLAST SENSOR KINASE (CSK), cou-
ples plastoquinone redox state to the regulation of chloroplast gene
expression (Puthiyaveetil etal., 2012). The soldat8 mutation in the
chloroplastic RNA polymerase SIGMA SUBUNIT 6 (SIG6) gene
increases the tolerance of seedlings to ! O, (Coll et al., 2009), which
links chloroplast transcriptional control to the ROS signaling. The
RNA-binding chloroplast protein GENOMES UNCOUPLED 1
(GUN1) is implicated both in chloroplast translation and tetrapyr-
role biosynthesis and is somehow involved in retrograde signaling
(Czarnecki etal., 2011; Woodson etal., 2012). GUN1, and one of
the key components of tetrapyrrole biosynthesis, the ChlH sub-
unit of magnesium chelatase, are also involved in abscisic acid
signaling (Shen et al., 2006; Koussevitzky etal., 2007; Cutler etal.,
2010; Shang etal., 2010). The heme, the product of a side branch
of tetrapyrrole biosynthesis, exits chloroplasts to be used as a
cofactor by numerous hemoproteins in the cell and to provide
positive feedback on transcription of nuclear genes that encode
chlorophyll-binding proteins of chloroplasts (Nott etal., 20065
Woodson etal., 2011, 2012; Czarnecki and Grimm, 2012). The dis-
turbance of the cell affects the delicate physiological equilibrium
of the chloroplasts resulting in elevated ROS production.
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CHLOROPLASTIC ROS AS SIGNALS

Plant cells have over the course of evolution learned to use
chloroplastic ROS for signaling purposes. Several studies have
demonstrated a central role for the highly reactive singlet oxy-
gen (10,) as a chloroplastic signal involved in the regulation of
plant cell death. PS II and its light-harvesting antennae produce
10, when light-excited chlorophylls adopt the rare triplet state and
then reduce triplet oxygen (Krieger-Liszkay etal., 2008). Produc-
tion of !0, is enhanced when the light-excited electrons cannot
escape PS II chlorophylls because the downstream components
of electron transfer chain (mainly the plastoquinone pool) are
already over-reduced, a situation typical of excessive illumination.
10, readily reacts with lipids, proteins, and pigments and is rapidly
quenched by water, which makes its diffusion distance from the
site of production shortest among all ROS (Asada, 2006). For that
reason 'O, is unlikely to leave the chloroplasts, but several prod-
ucts of '0,-dependent lipid or carotenoid oxidation, including
oxylipins (op den Camp etal., 2003; Przybyla etal., 2008) and
volatile B-cyclocitral (Ramel etal., 2012), are suspected to act as
the '0,-dependent retrograde signal.

The Arabidopsis flu mutant (Meskauskiene etal., 2001) has
been used as a genetic tool to identify ' O,-responsive genes and to
dissect signaling pathways triggered by ' O, production in chloro-
plasts. The chloroplast-localized FLU protein inhibits one of the
early enzymes of tetrapyrrole biosynthesis. Fluseedlings are unable
to control the biosynthetic pathway through negative feedback and
accumulate the chlorophyll precursor protochlorophyllide in the
dark. Being transferred to light, the seedlings bleach and die due to
the massive generation of 'O, in their chloroplasts. This death is
primarily caused by a profound reprogramming of nuclear tran-
scription rather than by mere chemical toxicity of 'O, (op den
Camp etal., 2003). In addition, shortly after the exposure of flu
seedlings to light, their chloroplasts rupture releasing the soluble
stroma into the cytosol — this resembles the leakage of mitochon-
drial proteins to the cytosol during the mitochondria-triggered
PCD. Two homologous chloroplast proteins EXECUTER1 and
EXECUTER?2 (Figure 2) conserved in higher plants are involved in
this process, although their exact role is unknown (Wagner etal.,
2004; Lee etal., 2007; Kim etal., 2012). It should be noted that
although ! O,-dependent PCD is significantly exacerbated in flu, it
is not confined to the mutant but is also observed in wild-type Ara-
bidopsis under severe light stress (Kim etal., 2012). The sensory
and signaling systems involved in the transmission of the chloro-
plastic ' O,-dependent signal to nucleus have not been identified,
but it has been suggested that nuclear topoisomerase VI could
act as an integrator of ' O,-dependent signal in regulating nuclear
gene expression (Simkova etal., 2012).

Apart from triggering PCD, the transcriptional reprogramming
of flu induces many genes of stress response and leads to rapid
accumulation of SA, inducing a defense pathway characteristic of
plant reaction to pathogens or wounding (Ochsenbein et al., 2006;
Lee etal., 2007). One of the mechanisms triggering this pathway
exploits the calcium-sensing protein CAS localized to chloroplast
thylakoids (Figure 2). Regulation of CAS activity is linked to the
state of photosynthetic electron transfer chain. CAS has earlier
been shown to be involved in high light acclimation of the green
alga Chlamydomonas reinhardtii (Petroutsos etal., 2011) and it is

phosphorylated by the thylakoid protein kinase STN8 (Vainonen
etal., 2008), a paralog of STN7, which suggests a link between
the CAS activity and the redox state of the plastoquinone pool.
However, CAS is not only involved in light-dependent retrograde
signaling: also various abiotic or biotic stress stimuli activate CAS
through a yet unknown mechanism. This activation leads to real-
location of Ca?* ions within the chloroplast and to accumulation
of '0,, which, in turn, initiates defense responses through an
unidentified retrograde signal (Nomura etal., 2012). Thus, CAS
appears to act in the !0,-dependent retrograde signaling pathway
discussed above.

Another source of ROS in chloroplasts is PS L. Its electron-
donor side generates O3~ that is scavenged by chloroplast SOD
to form H,O, (Asada, 2006). H,O,, in turn, is reduced to water
by a number of enzymes including ascorbate peroxidase (APX),
peroxiredoxin, and glutathione peroxidase. H,O, produced in
chloroplasts gives rise to retrograde signals. The signaling is not
well understood and might be a combination of passive diffusion
of H,O,with indirect pathways including hormonal (abscisic acid)
signaling (Mullineaux and Karpinski, 2002; Galvez-Valdivieso and
Mullineaux, 2010). The possibility of H,O; leakage from chloro-
plasts is supported by the fact that a knockout of cytosolic APX1
leads to hypersensitivity of the photosynthetic apparatus to light
stress (Davletova etal., 2005). Diffusion of H,O, from chloro-
plasts has also been demonstrated in vitro (Mubarakshina etal.,
2010). Aquaporins in the chloroplast envelope (Figure 2) seem to
be involved in this H,O; leakage (Borisova etal., 2012), but how
the aquaporins are regulated is unknown. In any case, H,O; itself
is not likely to be the retrograde signaling substance that directly
affects nuclear gene expression. More probably, it is sensed by
compartment-specific redox-sensitive components, which medi-
ate the signal to the nucleus (Sierla et al., 2012). Oxidized proteins
or peptides have been suggested as one of the possible downstream
mediators of such H,O, signaling (Wrzaczek etal., 2009; Moller
and Sweetlove, 2010).

THE FRUSTRATING COMPLEXITY OF ROS RESPONSES
One of the most frequently employed tools to investigate the role
of O™ in the chloroplast is the herbicide methyl viologen (MV;
also known as paraquat). MV accelerates the production of O3~
by PS I and inhibits APX, leading to the accumulation of H,O; in
MV-treated plants (Mano etal., 2001). Comparison of the tran-
scriptional responses to 'O, and H,O, using the flu mutant and
the plants treated with MV demonstrated the specific and to a large
extent antagonistic effect of these two chloroplastic ROS on gene
expression (op den Camp etal., 2003; Gadjev etal., 2006; Laloi
etal., 2007). Interestingly, the transcriptional response to apoplas-
tic H,O, produced during oxidative burst has little similarity to
the effect of either chloroplastic O3~ /H,O; or chloroplastic 10,
(Gadjev etal., 2006; Miller etal., 2009; Petrov etal., 2012; Sierla
etal., 2012). This illustrates a remarkable specificity of cellular
responses to different types and subcellular sources of ROS pro-
duction. This also demonstrates the complexity of ROS signaling
and raises the question of the mechanisms responsible for such
specificity.

Clustering results of microarray experiments involving ROS
production in different subcellular compartments reveals distinct
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temporal signatures. For example, the gene expression profiles
4 h after elicitation with flg22 (a 22-amino acid fragment of the
bacterial flagellar protein flagellin, which induces an apoplastic
oxidative burst via the activation of NADPH oxidase) have sim-
ilarities to the profiles induced by ozone, while 12 h after flg22
treatment the expression profile resembled that of chloroplastic
ROS production induced by MV (Sierla etal., 2012). Ozone trig-
gers generation of ROS in the apoplast, which leads to subsequent
chloroplastic ROS production and transcriptional up-regulation
of 25 (out of 44) Arabidopsis CRK genes, but the activation profile
of these genes differs from that induced by high light (Wrzaczek
etal., 2010). Thus, both temporal and spatial aspects appear to
be involved in determining the specificity of ROS. In addition,
the outcome is most likely dictated by the specific combinations
of ROS (05™, H,0,, or 10,). Tt is unlikely that, for example,
merely a change in the cytoplasmic redox state could carry the
information about the subcellular source of H,O,. Therefore, as
proposed (Moller and Sweetlove, 2010), the signal transduction
would require specific and distinct sensory systems for the different
ROS in diverse subcellular compartments.

The involvement of chloroplasts in plant systemic signaling has
also started to emerge recently (Joo etal., 2005; Szechyfiska-Hebda
etal.,2010). Excessive illumination of Arabidopsis rosettes resulted
in the propagation of an electric signal as measured by changes in
plasma membrane potential of bundle sheath cells of leaf central
veins. The signal was systemic, i.e., it also spread over the shaded
leaves of the entire rosette. It correlated with transients of H,O;
concentration and was altered in the mutant deficient in cytoso-
lic APX2. Besides, the signal was deregulated by the inhibitors of
photosynthetic electron transfer and blocked by a Ca>* channel
inhibitor. These observations suggest that information on light
conditions perceived by the chloroplast photosynthetic apparatus
is communicated to the cell, most likely through ROS production,
and then propagated along the plant in a Ca?* -channel dependent
way (Szechynska-Hebda etal., 2010). The possible integration of
this pathway with a systemic NADPH oxidase-dependent signal
(Miller etal., 2009) is the subject of further research.

The high focused localization of ROS signaling events raises the
issue of organelle spatial organization inside the cell. Stromules,

the transient protrusions of organellar surfaces that are known
to be induced by stress, could be one of the mediators of this
focused organellar cross-talk (Leister, 2012). Besides, all organelles
move and dynamically associate with each other, and the role of
this movement in stress response starts to be recognized (Suzuki
etal., 2012). For example, the bacterial elicitor harpin leads to HR
accompanied by redistribution of mesophyll cell chloroplasts in
tobacco (Boccara etal., 2007). During the last 15 years the laws of
organellar movement have started to be revealed, but the conse-
quences of dynamic physical proximity and contact between the
organelles are unknown (Suetsugu etal., 2010; Sakai and Haga,
2012). Recent studies demonstrate impairment of stress reactions
in the Arabidopsis mutants which are unable to move chloroplasts
in response to light stimuli or to dock them to the plasma mem-
brane (Schmidt von Braun and Schleiff, 2008; Goh etal., 2009;
Oliver etal., 2009; Lehmann etal., 2011).

CONCLUDING REMARKS

Research performed over the last two decades has made it clear
that ROS signaling connects events that take place in very dif-
ferent subcellular locations, most importantly (but not limited
to) the apoplast, the chloroplast, and the nucleus. To achieve the
elaborate and fine-tuned responses to biotic and abiotic stimuli
that we observe on transcriptional, biochemical, and physiologi-
cal level, intense and strictly controlled communication between
the subcellular “crime scenes” must take place. While some com-
ponents of this information exchange have been proposed, we still
lack a thorough understanding on how the apoplast, the chloro-
plast, and the nucleus keep in touch. It will be perhaps one of the
major challenges of ROS research in plants to understand ROS-
induced signaling pathways between different organelles. Once we
find out which components transmit information under specific
conditions, we will be able to generate an integrated view of ROS
signaling and its role in environmental adaptation.
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INTRODUCTION

Amplitude- and frequency-modulated waves of Ca2™ ions transmit information inside cells.
Reactive Oxygen Species (ROS), specifically hydrogen peroxide, have been proposed to
have a similar role in plant cells. We consider the feasibility of such an intracellular commu-
nication system in view of the physical and biochemical conditions in plant cells. As model
system, we use a HyO, signal originating at the plasma membrane (PM) and spreading
through the cytosol. We consider two maximally simple types of signals, isolated pulses
and harmonic oscillations. First we consider the basic limits on such signals as regards
signal origin, frequency, amplitude, and distance. Then we establish the impact of ROS-
removing enzymes on the ability of H,O, to transmit signals. Finally, we consider to what
extent cytoplasmic streaming distorts signals. This modeling allows us to predict the con-
ditions under which diffusion-mediated signaling is possible. \We show that purely diffusive
transmission of intracellular information by H,O5 over a distance of 1 um (typical distance
between organelles, which may function as relay stations) is possible at frequencies well
above 1 Hz, which is the highest frequency observed experimentally. This allows both fre-
quency and amplitude modulation of the signal. Signaling over a distance of 10 um (typical
distance between the PM and the nucleus) may be possible, but requires high signal ampli-
tudes or, equivalently, a very low detection threshold. Furthermore, at this longer distance
a high rate of enzymatic degradation is required to make signaling at frequencies above
0.1 Hz possible. In either case, cytoplasmic streaming does not seriously disturb signals.
We conclude that although purely diffusion-mediated signaling without relaying stations
is theoretically possible, it is unlikely to work in practice, since it requires a much faster
enzymatic degradation and a much lower cellular background concentration of HoO, than
observed experimentally.

Keywords: diffusion, hydrogen peroxide, modeling, intracellular signaling, waves

not based on any mathematical modeling. More recently, Mittler

It has long been clear that hydrogen peroxide is involved in signal-
ing in plant cells, and a variety of mechanisms have been proposed
for the information transmission (Neill et al., 2002). In a meta-
analysis of gene expression induced by a range of localized stress in
Arabidopsis leaves, Gadjev et al. (2006) showed that all, or almost
all, localized stress treatments activated a large group of genes,
which they named general oxidative stress response markers. How-
ever, each treatment regulated a unique group of genes, indicating
that origin-specific signals were transmitted within the cell. This
demonstrates a fundamental signaling phenomenon, which could
be operating in any organs, in any cell type in response to any
environmental condition.

We have proposed that oxidized peptides are better suited
for transmitting specific information to the nucleus than hydro-
gen peroxide, the most likely signaling molecule in the Reactive
Oxygen Species (ROS) family (Moller and Sweetlove, 2010). In
that analysis, we concluded that the combination of cytoplasmic
streaming and hydrogen peroxide degradation would make signal-
ing via waves of hydrogen peroxide difficult, but the conclusion was

etal. (2011) proposed that “the ROS signal itself carries within it
a decoded (Note: the authors must have meant “encoded” here)
message, much like calcium signals that have specific oscillation
patterns within defined cellular locations. The specific features of
the signal (amplitude, frequency, and/or localization) could then
be perceived and decoded by specialized mechanisms to trigger
specific gene expression patterns.”

We here consider to what extent intracellular hydrogen per-
oxide signaling via diffusion is possible, given the physical and
biochemical conditions in the cytosol of plant cells. The proposed
mechanism is similar to signaling in plant cells by calcium ions,
where typically an external stimulus — an invading organism or a
nearby cell — causes an influx of calcium ions across the plasma
membrane (PM). These calcium ions diffuse through the cytosol
to cause the release of calcium ions — either directly or indirectly
via inositol triphosphate — from intracellular stores, typically the
endoplasmic reticulum, which therefore acts as a relay station to
maintain/amplify the signal. When release at the PM ceases, pos-
sibly via a negative feedback effect of the calcium ions, recovery
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occurs as calcium ions are pumped out of the cell or into intracel-
lular stores. The calcium ion signal is received and decoded, e.g., by
transcription factors, to change gene expression (Berridge, 1993;
Parekh, 2011).

Here the cytoplasm (cytosol plus organelles) acts as an excitable
medium, a non-linear dynamical system, and has the capacity to
propagate a pulse, while it cannot support the passing of another
pulse until it has had time to recover (known as the refrac-
tory time). The amplitude and propagation speed of the pulse
is affected by the buffering capacity of the cytosol and molecular
crowding (Jafri and Keizer, 1995; Dargan and Parker, 2003; Falcke,
2003; Mironova and Mironov, 2008).

When plant cells, e.g., detect an invading organism at the cell
wall, one of a cell’s first responses is the recruitment of NADPH
oxidase to the PM adjacent to the invasion site and the initia-
tion of superoxide formation and ultimately hydrogen peroxide
formation immediately outside the PM. The hydrogen perox-
ide can enter the cell via aquaporins in the PM (Bienert et al,,
2007) and the cell could produce an amplitude- and/or frequency-
modulated signal by synchronized modulation of the opening state
of the aquaporin molecules in a membrane patch via phosphory-
lation/dephosphorylation (Maurel et al., 2009). We here address
the propagation of such a signal, without which such a signal would
make no sense.

We note that the presence of relaying stations in the cytosol is
a prerequisite for calcium-mediated signaling in animal cells. We
further note that no such relaying stations for H;O, have been
found in plant cells. We consequently consider how a diffusion-
mediated signal propagates from the PM across the cytosol to the
nucleus in a plant cell in the absence of relaying stations, and we
investigate whether and when the signal can be delivered to the
nucleus by diffusion alone.

We break the problem into its constituent parts and analyze it
by starting with the simplest possible model, adding parts (and
thus complexity) one at a time.

METHODS — THEORY AND MODELING

This section contains derivations of the theoretical description
of diffusion-mediated signaling on which the results presented
in Section “Results” are based. A list of the symbols used in the
modeling is presented in Table 1.

THE DIFFUSION EQUATION
The dynamics of the concentration ¢ of a species of diffusing
molecules is described by the diffusion equation

260 = DVelr ), (1)

where r = (x, y, z) denotes the position in space, ¢ parameterizes
time, and v is the Laplace operator,

, 9r 3t 9

=— 4+ —+ —. 2
9x2 + ay?  09z2 @

INSTANTANEQOUS POINT-LIKE EMITTER, THE FUNDAMENTAL SOLUTION
Consider a point-like emitter which emits an instantaneous pulse
of ny molecules at time ¢ = 0. The concentration that is measured

at a given distance r = \/x2 + y% + z? from the point of emission
after a time t has elapsed, is then

2

G(l‘, t) = ﬁeim) (3)
(4mtDt)?2

which is the fundamental solution (http://en.wikipedia.org/wiki/
Fundamental_solution, 2012-11-25) of the diffusion equation

(Eq. 1).

EMISSION FROM A SINGLE CHANNEL IN A FLAT MEMBRANE

We next consider a single water channel in an infinite, flat imper-
meable membrane. We refer to this geometry as the open geometry.
An aquaporin is less than 10 nm wide and is therefore effectively
point-size compared to the distances over which the signal is
transmitted (1-10 jum). We assume that the channel lets an instan-
taneous pulse of 19 molecules cross the membrane. The geometry
is the same as above except for the membrane, which restricts the
molecules to one half of space. The concentration in that half is
hence twice that given in Eq. 3,

2

o, t) = e i, (4)

(4nDt)?

Equation 4 is the fundamental solution of the diffusion equa-
tion in the open geometry with its closed boundary condition at
the membrane at x =0,

o ((O,y, z), t)

9% =0. (5)

SYNCHRONIZED EMISSION FROM ALL CHANNELS IN AN AREA ON THE
MEMBRANE

Now assume that channels are distributed evenly over the cell
membrane. We denote by p, the surface density of these channels.
If in an area of size a x a all of these emit simultaneously, then the
emitted signal can be found by adding up the concentrations from
all emitters in that area, using ¢ for each emitter. That is, we find
the concentration as the convolution of the fundamental solution
(Eq. 4) with the constant density profile over the emission area.

Zn()pa Bt Vs B Gt AP W

e, t)—/ / #y & (6)
$J-9 (4T[Dt)2

At a point on the x-axis a distance x from the membrane —i.e.,
on the normal through the center [(y, z) = (0, 0)] of the area con-
taining channels (Figure 1A) — the measured concentration after
emission is thus

c(x, t) =

M & f( a )2 7)
e L er E— 5
v tDt 44/ Dt

where Ny = p,ng and erf denotes the error function,

erf(x) = % /Ox e ds. (8)
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Table 1| List of symbols used in the mathematical modeling.

Parameter Explanation Parameter Explanation
D Diffusion coefficient At Time-interval during which the emitters (aguaporins) in the
membrane stay open during the emission of a short pulse
v2 Laplace operator, V2 = % + % + % tp Characteristic diffusion time
r Vector describing the coordinates of a point in 3D space Crax Peak concentration of the signal measured at the target
relative to the center of the source
X Distance from the source along the direction perpendicular  Cyough Maximal concentration at which a consecutive signal can be
to the cell membrane on which the source is located detected after emission of an initial signal
t Time after emission of a signal o Ratio between cyough and cmax. Defined here to be either 1/10
or 1/100
G Fundamental solution to the diffusion equation trmax Time after emission at which the peak concentration is achieved
no Amount of H, O, molecules emitted by a single channel tref Refraction time. Defined as the point in time when the
during a single pulse concentration reaches Ciough
Pa Density of emitters (aquaporins) in the area on the f Frequency of signal emission
membrane which constitutes the source
a Linear dimension of the source (area=a x a) V max Maximal enzymatic degradation rate
L Length of the cell (in the closed geometry) Km Michaelis constant
erf The error function, erf(x) = \/Lﬁ I3 e ds v Flow speed in a cytoplasmic stream
erfc The complementary error function, erfc(x) =1 — erf(x) d Width of a cytoplasmic stream
Jo Amplitude of the flux over the membrane Pe Péclet number, which quantifies the relative importance of a
flow compared to diffusion, Pe = vd/D
shape of the emission area is not important. Signals emitted from
A B a square, circular, or differently shaped areas all look alike as long
as the dimensions of the areas are roughly the same.
Source of size axa
y Source
p [ Target Target OPEN AND CLOSED GEOMETRIES
For simplicity, we have assumed above that the dimensions of the
cell are much larger than g, the linear extent of the area emitting
the signal, i.e., the cell is effectively infinitely large (Figure 1A).

FIGURE 1 | Geometries of the two models considered, seen from
above (the z-direction points out of the plane). (A) Open geometry: a
square source emits into an infinite half-space. The target is situated at a
distance x from the center of the source. (B) Closed geometry: the source
fills the whole end-wall of a cell and the target is situated at a distance x
from the center of the end-wall. All the cell walls are closed boundaries.

Note that when we are far enough away from the source
(approximately when x is larger than a), the signal looks the same
no matter what the source looks like; the forms of signals from
different emission areas are very similar, the only difference is
the scale, which is determined by the total number of molecules
emitted. The same similarity of signals occurs even close to the
emission area at late times, when the initial shapes of all signals
have disappeared by diffusion and all signals are described by Eq. 4
(albeit with different amplitudes). This also means that the specific

We refer to this case as the open geometry, because most of the cell
membrane is absent, effectively, being too far away to matter in the
diffusive dynamics of concentrations of signaling molecules. In the
Results section, Figures 3—7 present results for this geometry.

We shall see below that for the signal to be detectable at the
target (~10 wm from the source), the area of emission must be of
the same order (~10 wm x 10 wm) as the dimension of an epider-
mal cell (~10m x 20 wm x 100 wm). In an extreme example,
the whole end-wall (10 pm x 20 pm) of the cell emits a synchro-
nized signal and the cell walls act as closed (reflecting) boundaries
(Figure 1B). Because of the closed boundary conditions the con-
centration inside the cell does not depend on the y- and z-
coordinates and this geometry is mathematically equivalent to a
point source emitting in one dimension. Then the concentration
measured at time ¢ after emission only depends on the distance in
the x-direction from the source and on the length L of the cell, e.g.,
L =100 pm. It is calculated using the method of images (Griffiths,
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1999) and is

23

(x—2mL)?

e b 9)

c(x, t) =

s VD1

In the Section “Results,” Figures 8—12 present results from such
a closed system. Note that while the sum in Eq. 9 in principle is
infinite, only a few terms with values of m near 0 contribute in
practice.

REFRACTORY TIME

The refractory time ff is the time it takes, after detection of a
pulse signal, for the concentration in a given point to drop to a
sufficiently low value to allow detection of a new pulse signal. We
define this threshold concentration to be some fraction o of the
peak concentration cpmay attained at that point in consequence of
an emitted signal, the trough/peak ratio. This peak concentration
occurs at ty,y by definition of this time. In the simplest possible
case of the point source, this time is equal to the diffusion time,
defined as tp = x%/(6D) in three dimensions. In the simple case of
an open geometry, one arrives at the same result, approximately, in
cases where the target is further from the source than the size of the
emission area. This approximation improves with distance from
the source. In a closed geometry, tmax is approximately equal to
x2/(2D), which is the diffusion time in one dimension. In general
fmax must be found numerically.

The refractory time is found as the solution to the equation

c(x, tref) = ac(X, tmax)» (10)

and is

Ip

tref = - 2
(=)

in the simple cases of a point source as well as for an open geome-
try resembling a point source. Here W is the Lambert-W function,
defined implicitly by W (x) V(x)=x.

(11)

SHORT PULSE SIGNAL

Aninstantaneous pulse is a mathematical abstraction, which is easy
to work with, but which does not exist in reality, since an instanta-
neous emission of a signal of some amplitude Ny would imply an
infinite flux over the membrane. Instead, the channels stay open
for a duration At during which a flux jy passes through, giving
a total signal amplitude of Ny = joAt. In the geometry described
by Eq. 7, we cannot solve the diffusion equation analytically, and
we must solve the diffusion equation (Eq. 1) numerically. This is
done using Comsol Multiphysics, a finite element solver for physics
and engineering applications.

However, for short times after emission, in the closed geometry
or close to the source in the open geometry (i.e., in a point located
ata distance from the source which is much smaller than the spatial
extent of the source), the system is mathematically equivalent to
that of a point source emitting in one dimension. Furthermore, at
long times or far from the source in the open geometry, the system

is equivalent to that of a point source emitter in three dimensions.
Both these cases can be solved analytically. In the 1D case, for times
t < At, the solution is

jo | [4Dt _ 2 x
Cr<at(x,t) = oy e ipr — x erfc T

where erfc is the complementary error function, erfc=1 — erf. For
t > At, the solution is

(12)

A% 1) = c<ar (%, 1) — cr<nr(x,t — AlL). (13)
In the 3D case, the concentration measured at a distance x
from the source along a line perpendicular to the membrane is for

<At

Cepnr(x, t) = jioerfc X R (14)
- 21t Dx 4Dt

and for t > Af,

C>nt(%, 1) = cr<ar (%, 1) — i< (X, t — At). (15)

Figure 3 illustrates these analytical results. As long as At is
approximately equal to or shorter than the characteristic diffusion
time of an instantaneous pulse, the signal does not differ signifi-
cantly from that of an instantaneous pulse. We refer to a signal of
this type as a short pulse signal.

IS THE FLUX OVER THE MEMBRANE CONSTANT?
As far as we know, H, O, is mainly transported over the membrane
by aquaporins. These are passive channels, so the concentration
inside the membrane cannot exceed the concentration coyt out-
side the membrane. Furthermore, if the concentration inside the
membrane approaches the outside concentration, the flux will
diminish.

The maximal concentration on the inside of the membrane is
found at time At and is (from Eq. 12)

4At

Dr (16)

c(0, At) = jo

This means that jo must be much smaller than /T D/4Atcoyt;

nDc?

or equivalently At <« —22 for the flux to stay constant during
O

the time that the channels are open.

DEGRADATION OF H,0,

Hydrogen peroxide is degraded by enzymes inside the cell. We
assume Michaelis—Menten kinetics. Then the evolution of the
concentration is described by the reaction-diffusion equation

Vinaxc(x, t)

_maxr o 4 pv? ).
Km + c(x, t) * € 1)

d
imﬂ=— (17)

The reaction-diffusion equation is non-linear, and no known
analytical solution exists. We solve the equation numerically using
Comsol.
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HARMONICALLY OSCILLATING SIGNAL

We also consider a harmonically oscillating signal in the closed
geometry, that is, a harmonically oscillating flux over the end
membrane (x =0) of the cell. This is described mathematically
by the boundary condition

2—2(0, 1) = ]'50(1 — cos 27ft), (18)

where jo is the average flux and fis the frequency of the signal.
We solve the diffusion equation with degradation (Eq. 17) in one
dimension numerically using Comsol with the boundary condition
given by Eq. 18 at x =0 and a closed boundary at x = 100 pm.

CYTOPLASMIC STREAMING

We investigate the effect that cytoplasmic streaming may have on
signaling. A cytoplasmic stream can be modeled as a roughly cylin-
drical stream of infinite extent in the open geometry (Figure 2A).
If a signaling molecule diffuses into this stream, it will be translated
in the direction of the stream with a speed approximately equal
to the average speed v found in a cross-section of the stream until
the molecule diffuses out of the stream again. As Figure 2A shows,
molecules can circumvent the stream and many will reach the tar-
get without having crossed the stream. Those whose do cross it
will spend an amount of time in the stream which is on the order
of the characteristic diffusion time,

d2

=5 (19)

p

where d is the width of the stream or the distance between the
source and the target, whichever is smaller. During this time, a
particle in the stream is translated a distance

vd? Pe

Ay=rC Ty
V=D T

(20)
in the direction of the stream (the y-direction). Here Pe is the
Péclet number. In biological cells Pe is typically much smaller
than one.

Since d is smaller than the distance from the source to the tar-
get, Ay is negligible compared to the source-target distance if Pe is
smaller than one. Thus, as long as Pe is smaller than one, the effect
of cytoplasmic streams is negligible.

EXTREME EXAMPLE: AN INFINITE CYTOPLASMIC STREAM

In the previous subsection, we showed that cytoplasmic streaming
has a negligible effect on signal transmission via diffusion in plant
cells, by using an order-of-magnitude argument. The present sub-
section provides a more rigorous proof. It is rather equation-heavy
and can be skipped.

We consider a cytoplasmic stream which fills the entire inside
of the “cell” in the open geometry, moving with velocity v every-
where (Figure 2B). This is an extreme case; it is not physically
realistic, but any realistic stream will do less transport of signaling
molecules. So if we can show that this stream only has negligible
effect on the signal measured at the target, then we know that a

A Cytoplasmic stream B
Point source X
° ® Point source
Target Ta;g i
ZQ
y
x X

FIGURE 2 | Model systems considered for investigating the effect of
cytoplasmic streams. In both cases a point source emits into a cell which
is of effectively infinite size (open geometry). (A) A roughly cylindrical
cytoplasmic stream of effectively infinite extent along the y-axis and of
diameter d is situated between the source and the target. The direction of
the stream is perpendicular to the line between source and target. (B) A
cytoplasmic stream fills up the entire cell. The direction of the stream is
perpendicular to the line between source and target.

more realistic cytoplasmic stream, smaller and roughly cylindrical,
e.g., has an even smaller effect.

At time ¢ after emission of a short pulse signal from a point-like
emitter located at (x,3,z) = (0,0,0), the concentration at the point
r inside this cell is equal to
c(r, t) = i 6_%

3 (21)
(4t Dt)2

The time #max when the concentration reaches its peak at the
point r, is found by setting the derivative of Eq. 21 to zero and
solving for t. This gives

r
fmax = —0, (22)
1%
where
3\? 3
= — 1—— 23
¢ (Pe) + Pe (23)

and Pe is defined in Eq. 20. Measured at a distance x from the
source and perpendicular to the stream (y, z) = (0, 0), the peak
signal is then
Pe(1+¢%)
e T
Cmax (%) = ———.

4nDxc \ 2
v

This should be compared to the peak signal in the absence of a
cytoplasmic stream,

(24)

o,max (X) = (25)

Thus, the cytoplasmic stream decreases the peak concentration
by a factor of

2 pe(1+¢2
ont). _ ()] 80 o

€0,max (%) B 67;
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Even for a Péclet number of one, corresponding to a stream
speed of 100 ums™! (the highest reported in literature) and a
source-target distance of 10 um (the longest considered), this fac-
tor is equal to 0.96. The cytoplasmic stream only decreases the peak
signal by 4% in this extreme case. Furthermore, in this case the time
at which the peak concentration is measured is 0.97 times tp, the
time at which the peak concentration is measured in the absence
of cytoplasmic streaming. So we can conclude that the effect of
cytoplasmic streaming on the signal is completely negligible in
more realistic, less extreme, scenarios.

TYPICAL BIOLOGICAL PARAMETER VALUES

The values of the various parameters introduced above and the
way they influence the hydrogen peroxide signal, will be treated
stepwise in the Results section. Table 2 shows typical values of
these parameters.

RESULTS

Two properties of the emitted signal determine whether it can
be detected at the target: (i) the peak concentration, cyay, of the
signaling molecules, which needs to be higher than the minimal
detectable concentration, cgetect> and (ii) the refractory time of the
signal, which is the time one must wait between emission of sig-
nals for successive signals to be discernible. We defined this period

as the time it takes for the concentration at the target to drop to
say 1/10 (or, alternatively, to 1/100) of its maximal concentration.
Exactly to what fraction of its peak that the signal must drop to
before a new signal can be discerned is unknown and probably
varies between cells. We therefore discuss results for both the rel-
atively low and high arbitrarily chosen peak/trough ratios of 10
and 100.

If we assume that the resting concentration of H,O; in the
cytosol is 0.1 wM (by analogy with free calcium ions in cells) and
that the peak concentration must at least be ten times higher than
this to be detected, then the minimal detectable concentration at
the target is 1 wM for a peak/trough ratio of 10 and 10 uM for a
peak/trough ratio of 100.

MAXIMAL FLUX OVER THE CELL MEMBRANE

H,0; crosses the PM through aquaporins. The maximal
flux through a single aquaporin channel is on the order
of 10° molecules channel™!s™! (Jensen and Mouritsen, 2006)
while the number of channels per wm? is on the order
of 30 (Li et al, 2011). This gives a maximal flux per
pm? of 3 x 109 moleculespm™2s™!, or in units of moles:
5 % 107 mol pm~2s~!. If we assume that the aquaporins allow
H;0; and water molecules to pass with rates proportional to

their respective concentrations and we further assume that the

Table 2 | Parameters used in the modeling.

Parameter

Interval studied

Comment and/or reference

Diffusion coefficient

Frequency
Distance from source to target

Size of area on PM emitting
synchronized pulse

Assumed peak/trough ratio
required to transmit signal

Minimal detection
concentration

Maximal flux through a
membrane channel

Channel density

Maximal HyO5 flux per pm?

Maximal degradation rate

Michaelis constant

Cytoplasmic streaming speed

Cytoplasmic stream width

D=10""m2s~" =103 pm?2 s’

0.01-1 Hz
1-10 um

Single channel = 10 pm x 10 um

10-100-fold

1-100 uM

109 molecules s~
channel~"=1.7 x 10~ mols~’
channel™"

pa =230 channel pm—2

10~ molpm=2s~"

Vimax = 1-100pM s~

20 uM for H, Oy, values in the
range 2-200 uM are considered

1-100 pms~!

1-10 pm

For diffusion in aqueous buffer D=1.7 x 10~ m2s™ (van Stroe-Biezen et al., 1993);
molecular crowding decreases D by approx. 20-50% (Straube and Ridgway, 2009)

Assumed to lie in the same range as for CaZ* (Jaffe, 1993)
Typical cellular distances

Relevant cellular dimensions

Lower boundary is ten times the min. Ca2* concentration measured in animal cells
(Alberts et al., 1994); upper boundary is at the lower end of the average
concentration measured in plant cells (Moller et al., 2007)

Total flux for both water and H, O,

Lietal. (2011)

Calculated using the maximal flux and the channel density and assuming no
selectivity of the channels

Lowest level estimated from Bonifacio et al. (2011)

20 uM is the average for ascorbate peroxidases reviewed in Raven (2003)

Goldstein et al. (2008)

Kristiansen et al. (2009)
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concentrations outside the PM are 100 mM for H,O, (very high)
and 55M for water (standard), then the maximal flux of H,O,
over the cell membrane is 1071 mol pm—2 s~ 1.

A prerequisite for attaining this maximal flux is that the con-
centration of H,O; outside the membrane is much higher than
the concentration inside, since the aquaporins are passive chan-
nels. This is, however, always the case in practice, since even if we
let the channel stay completely open for 1 s, the concentration will
maximally reach 4 mM inside the cell.

SHORT PULSE SIGNAL

A signal is emitted at the PM by opening the aquaporins for a while.
We first consider signals consisting of short pulses. All other types
of signals can be constructed by adding short pulses and they are
the type of signal, which allows the fastest frequency modulation.
A short pulse is obtained by fast opening and closing of the chan-
nels in the membrane. For mathematical convenience this can be
idealized to an instantaneous pulse where the channels are opened
and closed infinitely fast and the flux over the membrane is infinite
during this infinitesimal time-interval.

Increasing the time the channels stay open naturally increases
the signal amplitude. At long times after emission, there is a simple
proportionality between the time the channels stay open (and thus
the total signal) and the concentration measured at the target; as
with the different emission areas the curves describing the con-
centration all collapse to the same on curve (Figure 3), except for
a scaling factor determined by the total amount of H,O; emitted.
That is, at sufficiently long times the curves become equal except
for a scaling factor.

For times shortly after the emission of the signal, it is another
story. Longer opening time flattens out the peak of the concen-
tration, and the peak concentration, relative to the concentration
measured at long times, is decreased. This in turn increases the
refractory time.

When we consider a target that is 1 um away, the signal can
be considered a short pulse as long as the time during which
the aquaporins stay open is approximately 1 ms or shorter, since
its relative amplitude does not differ significantly from that of
an instantaneous pulse (Figure 3A). The maximal amount of
H,0, that can be released in a single short pulse per unit
area, i.e., the maximal amplitude of a short pulse signal, is then
10! mol um™2. At a distance of 10 m, the signal can be consid-
ered a short pulse, if the aquaporins stay open for approximately
10ms or less (Figure 3B), i.e., the maximal amplitude of such
a short pulse is 107! mol um™2. Here, where the source-target
distance (10 um) is comparable to the dimensions of the source
(10 pm x 10 wm), we also see that the signal received at the target
is well approximated by the analytical solution for a point source
(Figure 3B).

THE SIZE OF THE EMISSION AREA

The size of the activated area on the PM, the area creating the
synchronized signal, may vary depending on, e.g., what caused the
signal. This gives different signals. We consider emission area sizes
ranging from a single channel to 100 pm?: (i) a single channel, (ii)
l1um x 1 pum (a small patch), and (iii) 10 pm x 10 pm (a large
patch extending over a major fraction of one side of a plant cell).
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FIGURE 3 | How opening time of the channels influence the signal
received at the target. Concentration as a function of time measured at a
distance of 1 um (A) and 10 um (B) from a square emission patch of size
10 um x 10 wm in the open geometry. The curves have been rescaled such
that they correspond to the same total signal, i.e., the flux is adjusted such
that the total amount of H,O, emitted is the same for the different opening
times and equal to 107 mol wm~2. The time-interval in which the channels
stay open is varied between 0 and 25ms (A) and 0 and 0.25s (B). Solid
curves represent exact results for a 10 um x 10 um area obtained from
Comsol simulations while dashed lines represent analytical results for a
point source. (A) Dotted lines represent the analytical (1D) solution for an
infinite source area. Note how the exact results agree well with the
analytical solutions for an infinite source for short times, since we are so
close to the source that it effectively feels infinite at this short time-scale.
At long times the analytical solutions corresponding to emission from a
point source agree well with the exact results and all the curves collapse on
the same curve. The diffusion time t, of a signal emitted in an
instantaneous pulse is equal to 1 ms. (B) At a distance of 10 um from the
source, the exact results are well approximated by the analytical solution
for a point source emitter. The peak signal from a point source is slightly
higher than from the 10 um x 10 um area since the initial point source
signal is more concentrated. However, the curves are qualitatively similar
and they all collapse to the same curve at long times as in (A). The diffusion
time tp for an instantaneous pulse signal is here equal to 25ms.

Varying the area of the patch from where molecules are
emitted, affects the total amplitude of the signal, if other para-
meters are kept constant (Figure 4). Furthermore, a larger
emission area means slower decay, i.e., longer refractory time
(Figures 5 and 6).

For a signal emitted by a single channel, it is clear that we would
need a very high initial signal amplitude to be able to detect the
signal, even as close as 1 um away. If we assume that the resting
concentration of HyO, is 0.1 wM and that we can detect the signal
ata concentration 10-fold higher than this, we need a signal twenty
times larger than what a single channel can emit in a short pulse,
to be able to detect the signal from a single channel at 1 wm from
the source. Thus, in the following we will only consider emission
from sources of size 1 um X 1 wum and 10 wm x 10 wm.
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Distance (um)

FIGURE 4 | Concentration of H,0, as a function of distance from the
membrane in the open geometry. Snapshots of the concentration profile at
different points in time after emission of a single pulse of 10~ mol um=2 from
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areas of varying size: (A) for a single channel; (B) for an area of 1 um x 1 pum
(containing 30 channels); (C) for an area of 10 um x 10 wm (3,000 channels).
(D-F) Same plots as in (A-C) shown with logarithmic y-axis.

FIGURE 5 | Influence of the emission area on the measured signal at a
target 1 um from the source in the open geometry. Concentration of H,0,
as a function of time at a distance of 1 wm from the source after emission of a
single pulse of 107" mol wm~=2 from areas of varying size. The blue (red) lines
mark 1/10th (1/100th) of the peak concentration and the time at which it is
obtained. (A) for a single channel (signal: 3 x 10~%' mol) the refractory times
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are 1.9 and 9.6 ms depending on whether the peak/trough ratio is 10 or 100,
respectively. (B) For a 1 um x 1 um area (30 channels, total signal: 10" mol),
refractory times: 2.3 and 11 ms. (C) For a 10 wm x 10 um area (3000 channels,
total signal: 10~ mol), refractory times: 19 and 100 ms. Note that the signal
froma 1um x 1 uwm area (B) and a point emitter (A) are almost identical when
measured at a distance of 1 um. This is also reflected in the refraction times.

DISTANCE FROM THE SOURCE

The refractory time does not depend on the signal amplitude, but
depends highly on distance from the source and emission patch
size (Figures 5 and 6). Increasing the distance between the source
and the target increases the refractory time and, additionally, dras-
tically decreases the amplitude of the signal (Figures 5 and 6). In
the open geometry the main obstacle to signaling is the difficulty
of attaining a peak concentration at the target which is sufficiently
high to be detected.

At a distance of 1pum (Figure 5), emission of a pulse of
10~ molum~2 from an area of 1 um x 1um (total signal is
10~ mol) creates a detectable signal with a refractory time of
2.3ms for a peak/trough ratio of 10 (11 ms for a ratio of 100),
indicating that in the open geometry frequencies of up to 500 Hz

are feasible even without enzymatic degradation of H,O,. When
the area is larger, 10 um x 10 wm (total signal: 10~'7 mol), the
signal is considerably stronger, but the refractory time increases to
19 ms (100 ms for a peak/trough ratio of 100), indicating that here
frequencies up to 50 Hz are possible.

With distance, the wave broadens, thereby increasing the refrac-
tory time. At a distance of 10 um (Figure 6), only an emission from
the largest area considered (10 pm x 10 pm) is detectable, even if
the detection limit is as low as 1 WM. Here the refractory time
is 0.22 s for a peak/trough ratio of 10 (1.1s for a ratio of 100),
indicating that signaling with frequencies up to 5 Hz is feasible.

In general, as long as the distance between the target and
the source is greater than or equal to the dimensions of the
area of emission, the signal is well approximated by the signal

Frontiers in Plant Science | Plant Physiology

December 2012 | Volume 3 | Article 295 | 40


http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive

Vestergaard et al.

Intracellular signaling by diffusion in plant cells

FIGURE 6 | Influence of the emission area on the measured signal at a
target 10 o m from the source. Concentration of H,0, as a function of
time at a distance of 10 um from the source after emission of a single
instantaneous pulse of 10-® molwm~? H,0, from areas of varying size in
the open geometry. The blue (red) lines mark 1/10th (1/100th) of the peak
concentration and the time at which it is obtained. (A) For a single channel
(signal: 3 x 1072 mol) the refractory times are 0.19 and 0.96 s depending
on whether the peak/trough ratio is 10 or 100, respectively. (B) For a
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1um x 1 um area (total signal: 10~"® mol), refractory times: 0.19 and
0.96's. (C) For a 10 wm x 10 um area (total signal: 10~'® mol), refractory
times: 0.22 and 1.1 s. The time after signal emission where the
concentration has dropped to 1/10 and 1/100 of its maximal value, are
marked by vertical lines. All the three curves look almost identical except
for the scale factor, i.e., the signals in (B,C) are practically indistinguishable
from that of a point source (A). Comparison of the refraction times in the
three cases also shows this.
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FIGURE 7 | Recorded signal at a distance of 10 um from emitter
of a train of pulses in the open geometry. The individual pulse
amplitude is 107"® mol um~2 emitted from a 10 um x 10 wm area (total
individual signal: 10~'® mol). The blue (red) lines mark 1/10th (1/100th)
of the peak concentration and the time at which it is obtained. (A) For
an emission frequency of 0.1 Hz both a 10-fold and a 100-fold
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decrease of the signal is easily detected between emission of
signals. (B) For an emission frequency of 1 Hz, a 100-fold difference is
no longer obtained, the concentration only has time to decrease by a
factor of 85 before the arrival of a new signal. (C) For an emission
frequency of 10 Hz, only a maximal peak/bottom ratio of around two is
seen at the target.

from a point source (compare Figures 5A,B and 6A-C) and
the refractory times are given approximately by the analytical
result for a point emitter (Eq. 11). In this case, for a source-
target distance of 1um, the refractory times for the signal to
reach 1/10th and 1/100th of its peak value for a point source
are 1.9 and 9.6 ms respectively. For a source-target distance of
10 wm, the refractory times for a point source are 0.19 and
0.96s.

SIGNALING WITH TRAINS OF SHORT PULSES

Figure 7 shows what a train of short pulses emitted from a
10 wm x 10 wm area looks like at a distance of 10 um from the
source. At a low frequency, say 0.1 Hz, the H,O; concentration
has time to return to the resting level (Figure 7A), at 1 Hz, the
level does not quite return to 1/100th of the peak value since
the refractory time is 1.1 ms (Figure 7B), and at a frequency of
10Hz there is a build-up of H,O, and only a twofold differ-
ence between peak and trough, insufficient for the signal to be
deciphered (Figure 7C).

FINITE CELL SIZE AND REMOVAL OF H,0,

We have until now assumed that the cell is so large that there is
no effect of cell walls on the distribution of H,O,, except from
the wall through which it enters the cell. In reality, and especially
when we look at repeated pulses and other cases of continuous
signaling, H,O, will build-up in the cytosol and thereby prevent
further signaling, unless it is removed.

We consider a closed geometry in which the signal is emitted
from the whole end-wall of the cell, e.g.,an area of 10 um x 20 pum.
This is the most restricted geometry that one can imagine, i.e., it
complements the open geometry treated above and thereby delim-
its the range of possible phenomena. This is the geometry in which
one can have the highest signal amplitudes, but on the other hand
also the longest refractory times.

If no H,O; is removed or degraded, signaling over 10 j.m is not
possible since the cell fills up with H,O, and the concentration set-
tles at a constant value throughout the cell of approximately 20%
of Cpeak as measured at 10 wm from the source. However, there are
several mechanisms by which H,O; can be removed — transport
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FIGURE 8 | The effect of enzymatic degradation of H,O, on a short
pulse signal. The signal is recorded at a distance of 10 um from the source
in the closed geometry. Enzymatic degradation of H,0, reduces the
refractory time, but does not significantly reduce the peak concentration. A
signal of amplitude 107" mol wm=2 is emitted from the whole end-wall

(10 wm x 20 wm area, total signal: 2 x 10~ mol) of a 100 um long cell and
measured at a distance of 10 um. H,0; is reflected by the sides of the cell.
(A) No degradation. (B) For degradation with V.., =10 uMs~" and
Kn=20uM. (C) V\o =1 nMs" and K, =20uM. (D) V., =100 pM s~
and K, =20 M. Here the refraction times are 0.4 s and 0.8 for 1/10th (blue
lines) and 1/100th (red lines) of the peak concentration ¢..... (E) For
Kn=200puMand V o, =10puMs™". (F) K, =2puM and V., =10 uM s7'.
Here the refraction time to reach 1/10th of the peak concentration is 0.57 s.
The effect of lowering (raising) K, is qualitatively equivalent to the effect of
raising (lowering) V..

out of the cell or into organelles, chemical reactions, and enzymatic
reactions. We cannot evaluate the magnitude of the former two and
if transport out of the cell is passive it will counter the effect of the
cell walls to some extent, i.e., the system will be described by the
open geometry or some intermediary between the closed and open
geometries. So here we will let H,O, removal consist entirely of
enzymatic degradation to analyze how H,O; removal affects sig-
naling. The cytosol contains several enzymes capable of removing
hydrogen peroxide, e.g., ascorbate peroxidase. When we include
removal of HO, by Michaelis—Menten kinetics in the model, we
see that signaling over 10 pm becomes possible at frequencies up
to 2.5 Hz (for a peak/trough ratio of 10) when the removal rate is
100 uM s~! (Figures 8D and 9A). At a much lower removal rate
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FIGURE 9 | Frequency-modulated signals consisting of short pulses.
The range of frequencies at which signaling is possible in the closed
geometry, depends strongly on the maximal degradation rate of H,0O,.
Concentration measured at 10 wm distance from an area of 10 um x 10 um,
which emits short pulses; the signaling molecules are enzymatically
degraded in a reaction with K, =20puM and V., =1-100 uM s, the
amount of H,0, released by each pulse is Ny = 10" mol wm=2. (A) For fast
degradation (V.. = 100 wM s~") high frequency (f = 1 Hz) and high
amplitude signaling is possible; (B) for an intermediate degradation rate
(Ve = 10 LM s77) signaling is not possible at the highest frequencies (i.e.,
f =1Hz), since the signal’s refractory time is too long; (C) at frequencies
lower than 0.2 Hz signaling is possible for V., =10 uMs~'; (D) For slow
degradation (V.. = 1M s™") only low frequency signaling is possible
(f=0.01Hz).

(1uMs~!) only signaling at rates up to 0.06 Hz is possible (for
a peak/trough ratio of 10, 0.01 Hz for a ratio of 100, Figure 8C).
Since the diffusion of H,O; is fast on intracellular length scales,
degradation does not affect the maximal concentration of H,O,
much (Figure 8), though it significantly decreases the refractory
time. At an intermediate removal rate (10 uM s™!), similar to the
one reported by Bonifacio et al. (2011) signaling at 0.2 Hz is pos-
sible (Figures 9B,C). In all cases peak concentrations of 50 uM at
the target can be reached.

The Michaelis constant K, may change as well, i.e., due to
molecular crowding (see Effect of Molecular Crowding). We have
considered a ten-fold increase or decrease in K, (i.e., to 200 or
2 M) and see that the effect of an increase in K, is qualitatively
the same as the effect of a corresponding decrease of Vy,y and
vice versa (Figures 8E,F).

Frequencies, amplitudes, and background H,O; concentra-
tions, which make signaling possible are listed in Tables 3 and 4.

HARMONICALLY OSCILLATING SIGNAL

Thanks to the late French physicist Joseph Fourier (the inventor
of Fourier analysis), we know that any signal can be constructed
as a sum of harmonic functions, i.e., sines and cosines. This
type of signal is complimentary to the short pulse, since it is
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Table 3 | Possible parameter values for signaling over a distance of
1m using short pulses (open geometry).

Parameter Approx. max. value Comments
Frequency 500 Hz For cmax/Ctrough = 10
90 Hz For ¢max/Ctrough = 100
Amplitude 10-50 uM Fora 1 ms pulse and
depending on the size of the
emission area (1-100 pm?)
20-250 uM For a 10 ms pulse; here the
max. frequency is decreased
by a factor two
Maximum 5-25uM For a 10 ms pulse and
background Cmax/Ctrough = 10

concentration

Table 4 | Possible parameter values for signaling over a distance of
10 .um using short pulses (closed geometry).

Parameter Approx. max. value Comments
Frequency 1-2 Hz For Vmax =100 uMs~",
depending on Cmax/Ctrough
0.2Hz For Vimax =10 M s~
0.01 Hz For Vimax=1nMs™!
Amplitude 50 uM For 10 ms pulses
500 uM For 0.1's pulses, only possible
for Vimax=100pMs~", and a
max. frequency of 0.5 Hz
Maximum 5uM For 10 ms pulses and
background Crmax/Ctrough = 10

concentration

regulated gradually, whereas the short pulse is regulated by an
abrupt open/close mechanism. The manner in which such a signal
propagates thus gives us a new angle on the problem of signal
transmission. This angle is the natural one to use in an investiga-
tion of the propagation of pulse trains, because a harmonic signal
is the simplest possible periodic pulse train as seen from a mathe-
matical point of view, and because more complicated pulse trains
can be viewed as super-positions of these simple ones for analyt-
ical purposes. That is the essence of Fourier analysis. Add to this
that harmonic signals are the carrier waves for signals encoded by
frequency modulation.

While the non-linear kinetics of the Michaelis—Menten degra-
dation term prevents us from solving the kinetic equation using
Fourier analysis, that analysis still applies to the emitted sig-
nal. It is the interactions of different Fourier components of
the propagating signal in the degradation term that bars Fourier
analysis.

Figure 10 shows what a signal with a harmonic source looks like
throughout the cell at different points in the emission cycle, i.e.,
snapshots of the concentration profile at different points in time.
No spatial wave-like pattern is seen. This is a signature feature of
diffusive transport in a non-excitable medium. This is because sig-
nal propagation is only driven by concentration gradients and the
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FIGURE 10 | Snapshots of the concentration profile in a cell of length
100 »m (closed geometry) of a signal from a harmonically (sinusoidal)
emitting source, taken at different times in the emission cycle. No
wave-like pattern is seen. This is a signature feature of signal propagation by
diffusion. The wave is only in the time-domain and can be seen if one
continuously monitors the concentration of H,O, at a given distance, e.g.,
at 10 um from the source. The period of the flux is 1 Hz, its amplitude is
10" molpm=2s~', and V. is 100puMs".

concentration of signaling molecules thus always will be highest
at the source. The wave-pattern is only seen in the time-domain,
e.g., when we follow the concentration in a single point over time
(Figure 11). To see spatial wave-patterns in diffusion-mediated
signaling a non-linear, excitable medium is required.

Though harmonic signals in theory allow much higher sig-
naling amplitudes, they are limited by the refractory time, and
the possible peak concentrations are lower for harmonic signals
than for short pulse at similar frequencies (Figure 11; Table 5).
Figures 12A,B shows possible signaling frequencies as a func-
tion of V. for signaling using short pulses (Figure 12A) and
a harmonically oscillating flux (Figure 12B).

EFFECT OF MOLECULAR CROWDING

Molecular crowding effectively lowers the diffusion coefficient of a
molecular species in the cytosol compared to its value in water. For
calcium ions in animal cells, this effect is of the order of 20-50%
(Straube and Ridgway, 2009). We have assumed a similar effect on
the diffusion coefficient of H,O; in plant cells, lowering the dif-
fusion coefficient of H,O5 from 1,700 pm? s~! (van Stroe-Biezen
etal., 1993) to 1,000 um? s~ !. Excluding the effect of degradation,
a twofold increase of the diffusion coefficient will simply decrease
the characteristic diffusion time and refractory times by a factor
two, but will not influence signal amplitudes; an increase of the
diffusion coefficient diminishes the influence of degradation, since
it reduces the time-scale of signaling.

Molecular crowding may also affect the binding rates and rates
of catalysis of enzymes and thus change K, and V pax (Zhou et al,,
2008). A change of the rate of catalysis changes both K, and
V max in the same direction, which means that these two effects
largely cancel each other in this case (Figure 8). A change in the
association rate between signaling molecules and the degradation
enzymes only affects K, and will thus to a larger extent affect
reaction kinetics. The effect of crowding varies highly for different
enzymes (Norris and Malys, 2011) and is unknown for enzymes
degrading H,O; in plant cells. So we have considered a wide range
of possible values for K, (2-200 wM, Figure 8).
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FIGURE 11 | Harmonically oscillating signals in theory allows much is so high that the concentration of molecules build-up over time and no
higher signaling amplitude than short pulses. However, in practice the signaling is possible; (B) for a lower flux of 107 mol um=2s~" the
amplitude needs to be limited to allow signaling at relevant frequencies, concentration no longer builds up over time, but fast signaling is still not
thus harmonic signals actually allow a lower signaling amplitude than short possible (f =1 Hz) due to the long refractory time; (C) for a lower
pulses at similar frequencies. Concentration measured at a distance of frequency (f = 0.5 Hz) signaling is possible (With Crex/Cuougn = 10); (D) if the
10 wm from the emission area of 10 um x 10 wm in the closed geometry, degradation rate is lower (V. =10 WM s™') signaling at 0.5 Hz is no longer
which emits a harmonic (sinusoidal) flux with amplitude j, and frequency possible; (E) the frequency must be lowered accordingly to allow signaling
f =1-0.01 Hz; the signaling molecules are enzymatically degraded in a (f =0.05 Hz); (F) for a degradation rate of 1 wMs~" no signaling is possible,
reaction with K, =20uM and V.., = 1-100 uM s~". (A) Even for maximal even with the lowest relevant frequencies (f=0.01 Hz) and at very low
degradation rate (V,,,, = 100 uM s~") the maximal flux of 10-® mol pm-2?s~" amplitude (j, = 107" molpum-2s~").

Table 5 | Possible parameter values for signaling over a distance of
10 um using harmonic signals (closed geometry).

Parameter Approx. max. value Comments
Frequency 0.5Hz For Vmax = 100 uM s~
0.05Hz For Vimax = 10 uM s~
<0.01Hz For Vimax=1pMs™!
Amplitude 10-20 M For Vimax =100 uMs~" and
f =0.5Hz. Can be higher for
lower frequencies; lower
V max implies lower amplitude
Maximum 1-2uM For ¢max/Ctrough = 10 and
background depending on Vmax

concentration

EFFECT OF CYTOPLASMIC STREAMING

Finally, we have investigated what effect cytoplasmic streaming
may have on signaling. We have considered a roughly cylin-
drical cytoplasmic stream in between the source and the target
(Figure 2A). A simple order-of-magnitude argument showed that
the influence of the stream is negligible if the Péclet number is
on the order of one or smaller. Here the Péclet number is defined
as the ratio between the stream’s width times the stream veloc-
ity and the diffusion coefficient. Considering the maximal stream
speed reported in the literature, v =100 wm (Goldstein et al.,
2008; Table 2), and considering a stream which is as wide as the

No signaling

No signaling

10?

Vinax (uMs™)

Vmax (HM Sil)

FIGURE 12 | Possible signaling frequencies f in the closed geometry as
a function of V,,. Shown for trough/peak ratios of a = 1/10 (blue) and
a=1/100 (green). (A) Possible frequencies for short pulse signaling. (B)
Possible frequencies for harmonic signaling. Higher frequencies are
obtainable for short pulse signaling than for harmonic signaling. In both
(A,B), the signal detection threshold is 1 wM for a = 1/10 and 10 uM for
a=1/100, and K, is 20 uM.

largest distance between the source and the target, 10 um, we get a
Péclet number of one. This means that even in this extreme case,
cytoplasmic streaming does not significantly disturb signaling.
Thus, cytoplasmic streaming does not hinder intracellular sig-
naling by diffusion, since the diffusion coefficient is so large com-
pared to typical values of the cytoplasmic stream width and speed
(Table 2). On the contrary, it lowers the refractory time, because
the stream has a stronger delaying effect on the signal molecules
that arrive late at the target than it has on the early arrivers, due to
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the former spending more time in the stream than the latter. The
net effect is a sharper profile of concentration plotted against time,
similar to the situation in which signal molecules are degraded.

DISCUSSION

Our modeling shows that diffusion-mediated frequency- and
amplitude-modulated signaling with H,O, over distances of up
to 10 wm is possible if we assume that the detection limit is low
(on the order of 1 wM), the synchronized emission area is large
(Figures 6 and 8), the flux over the membrane is high, and the
removal rate is high (Figures 8 and 9). Under these conditions,
signaling with a frequency of up to 2 Hz at 10 m is possible with
amplitudes up to 50 uM (Figures 8,9, and 12A; Table 4).

The effect of enzymatic degradation of H,O, is the opposite
of what was proposed by Moller and Sweetlove (2010). Instead
of making signaling difficult, a high rate of H,O, degradation is
actually a prerequisite for signaling as it reduces the refractory
time (Figures 7-9 and 11). Other possible removal mechanisms
are uptake into organelles and/or transport out of the cell, neither
of which has been described for plant cells and both of which have
the same overall effect as degradation, in as much as they would
reduce the refractory time. The rate of HyO, removal is a para-
meter that the plant cell may modulate to accommodate a wider
range of signaling frequencies.

Also contrary to what was proposed by Moller and Sweetlove
(2010), cytoplasmic streaming does not distort the H,O, signal
too much, because cytoplasmic stream speeds are slow compared
to diffusion over the short cellular distances that are relevant.

The maximal amount of H,O, emitted in a pulse at the PM
depends on the density of aquaporins able to transport H,O, as
well as on the flux per channel in the opened state. The density
of aquaporins has been estimated to be 30 molecules per um? (Li
et al.,, 2011) and the flux per channel is assumed to be 10° mol-
ecules s (Jensen and Mouritsen, 2006). The channel density in
the PM is probably a parameter that the plant needs to be able
to regulate in response to long-term changes in the water supply.
The question is how many of the molecules passing through the
aquaporins are HO;, and how many are water. We assumed no
selectivity, but there could be some, which would alter the maximal
possible flux. We assumed an external concentration of 100 mM
H,0O; and that could well be an overestimate. We also assumed
that all the aquaporins in the PM can transport H,O,, which is
probably not the case (Bienert et al., 2007; Maurel et al., 2009).
Thus, it is possible that the maximum flux possible across the PM
turns out to be a limiting factor for H, O, signaling by diffusion.

Opening times for the synchronized channels down to 1ms
were considered and were required for emission of short pulses
over a distance of 1 um (Figure 3A). Since opening of aquapor-
ins is regulated by reversible phosphorylation/dephosphorylation,
this would require that the protein kinase and phosphatase
involved can complete their work in considerably less than 1 ms.
We do not know whether this is possible.

An alternative to signaling by short pulses is HyO, signals
that resemble harmonic oscillations, which allow for longer open-
ing/closing times for the PM aquaporins that produce these sig-
nals. However, in order to produce an harmonic oscillation, it is
required that channel closing starts just as the maximal opening

state has been achieved, and that may be more difficult to imagine
in terms of enzyme kinetics. In this connection, it is interesting that
a theoretical study has shown that aquaporin opening may also be
voltage gated (Hub et al., 2010). Furthermore, while harmoni-
cally oscillating signals are able to create higher signal amplitudes
since the channels stay open longer than for short pulse signaling
(Figure 11) they have longer refraction times and only allow for
signaling at much lower frequencies (Figures 11 and 12B).

The concentration of H,O, in plant tissues has been reported
to be in the micromolar to low millimolar range and usually
higher under stress conditions, assuming an even distribution in
all cells and cell parts including the vacuole (Halliwell and Gut-
teridge, 2007; Moller et al., 2007; and references therein). However,
the observation that the ROS probe CM-H,DCFDA [(5-(and-6)
chloromethyl-2’7" dichlorodihydrofluorescein diacetate] does not
give a signal in the vacuole (Bienert et al., 2007) may indicate that
the vacuole contains little H, O, which in turn indicates that the
concentration in the rest of the cell, where signaling occurs, is even
higher. We assume that the vast majority of this H,O, is free (not
bound), i.e., we assume the opposite of what is the case for Ca®*
for which the concentration of free cytosolic ions is three orders
of magnitude lower than the total tissue content, due mainly to
binding and sequestering inside organelles (e.g., Jafri and Keizer,
1995).

If H,O; signaling via diffusion with resting levels below 1 pM
is a general phenomenon, the waves would indeed have to contain
very high peak concentrations in order to give a tissue average
hundreds or thousands of times above the resting level. As we
have demonstrated, that is very likely not the case, unless relay-
ing stations exist. At higher resting levels in the cytosol for H,O,
the flux across the PM would become limiting and so would enzy-
matic degradation. In other words, the relatively high average levels
of H,O, observed to be present in plant tissues makes it highly
improbable that information is transmitted via diffusing H,O»,
unless relaying stations exist in the cytoplasm.

The tissue concentrations of HyO; referred to above are, of
course, averages and probably differ considerably between cell
types. If we take a C3 leaf in the light, the photosynthetically active
cells, such as the palisade cells, would have a massive turnover of
ROS in the chloroplasts and in the peroxisomes as a result of pho-
torespiration (Foyer and Noctor, 2003) and probably a relatively
high cytosolic ROS concentration. In contrast, the leaf epidermal
cells, which in many species contain no chloroplasts, would be
expected to have a ROS concentration much lower than the aver-
age for the leaf. The epidermal cells are also often the first cells to
confront invading pathogens, where ROS production is an early
response, so it may be significant that it is also in these cells that
the transmission of information from the PM by ROS diffusion
would be more likely to take place because of a lower background
concentration of H,O,.

It is a common observation that the cellular ROS production
increases in plants in response to stress (Apel and Hirt, 2004). In
non-photosynthetic cells, the presence of the mitochondrial alter-
native oxidase in the mitochondria is very important for keeping
the cellular ROS level low, probably because it lowers the reduction
level of the electron transport components that are responsible
for mitochondrial ROS production (Maxwell et al., 1999; Moller,
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2001). Consistent with this, the alternative oxidase is often induced
by stress treatments (Gadjev et al., 2006) presumably to prevent
the rise in ROS levels. It follows that ROS signaling is likely to
occur in unstressed non-photosynthetic cells.

Relaying stations, such as the endoplasmic reticulum and
the vacuole (Berridge, 1993; McAinsh and Hetherington, 1998;
Stael et al, 2012), make up an important component in
Ca’*signaling, but none has been identified for hydrogen per-
oxide in plant cells. In animal cells, mitochondria are possi-
ble relaying stations (Zhou et al., 2010) for superoxide sig-
naling, which may or may not work for plant mitochondria,
given that the properties essential for the mechanism are not
well described for plant mitochondria (Meoller, 2001; Reape and
McCabe, 2008).

In plant cells, mitochondria, peroxisomes, and plastids are
potential relaying stations for H,O; signaling, as they are known
to produce ROS (Moller, 2001; Foyer and Noctor, 2003; Apel and
Hirt, 2004). In fact, recently it was observed that the membrane

potential of individual mitochondria oscillates in vivo as well as
in vitro with pulse intervals of 5-50s (i.e., frequencies of 0.02—
0.2 Hz) and that this oscillation was affected by the redox state of
the mitochondria (Schwarzlinder et al., 2012). This could be an
indication of a signaling network possibly involving ROS.

Even if H,O, signaling by frequency- and amplitude-
modulated waves occurs, we have little idea of how these signals
are decoded. H,O, is able to regulate genes as demonstrated in
bacteria. A general trend in this regulation is that it involves the oxi-
dation of a transcription factor thereby affecting its DNA-binding
affinity (Lee and Helmann, 2006; Imlay, 2008). Whether such a
system can decode a frequency- or amplitude-modulated signal is
not known.
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Glycolate oxidase (GO) catalyses the oxidation of glycolate to glyoxylate, thereby
consuming O, and producing HyO,. In this work, Arabidopsis thaliana plants expressing
GO in the chloroplasts (GO plants) were used to assess the expressional behavior of
reactive oxygen species (ROS)-responsive genes and transcription factors (TFs) after
metabolic induction of HyO, formation in chloroplasts. In this organelle, GO uses the
glycolate derived from the oxygenase activity of RubisCO. Here, to identify genes
responding to an abrupt production of HoO5 in chloroplasts we used quantitative real-time
PCR (gRT-PCR) to test the expression of 187 ROS-responsive genes and 1880 TFs
after transferring GO and wild-type (WT) plants grown at high CO, levels to ambient
CO; concentration. Our data revealed coordinated expression changes of genes of
specific functional networks 0.5h after metabolic induction of HyO, production in
GO plants, including the induction of indole glucosinolate and camalexin biosynthesis
genes. Comparative analysis using available microarray data suggests that signals for
the induction of these genes through HyO, may originate in the chloroplast. The TF
profiling indicated an up-regulation in GO plants of a group of genes involved in the
regulation of proanthocyanidin and anthocyanin biosynthesis. Moreover, the upregulation
of expression of TF and TFinteracting proteins affecting development (e.g., cell
division, stem branching, flowering time, flower development) would impact growth and
reproductive capacity, resulting in altered development under conditions that promote the

formation of HyO5.

Keywords: glycolate oxidase, H,02, ROS-responsive genes, transcription factors

INTRODUCTION

Photosynthetic organisms are confronted with reactive oxygen
species (ROS), such as singlet oxygen (10,), the superoxide anion
radical (O} ), the hydroxyl radical (OH-), and hydrogen peroxide
(H,03;), which may cause oxidative stress and damage to impor-
tant biological molecules (Apel and Hirt, 2004; Moller et al,
2007). Plants in their natural environments are often exposed to
sudden increases in light intensity, which results in the absorption
of excitation energy in excess of that required for metabolism. In
chloroplasts, when absorbed energy is in excess at photosystem II
(PSII), O is produced during the Mehler reaction by Fd-NADPH
oxidase at PSI and is dismutated by superoxide dismutase (SOD)
to H,O, (Ort and Baker, 2002; Asada, 2006). The photorespi-
ratory pathway consumes photosynthetic reducing energy and
produces H,O; in the peroxisomes through the action of gly-
colate oxidase (GO) (Maurino and Peterhansel, 2010). H,O, is
also produced during a variety of different reactions under stress
conditions, often through the detoxification of 10, and O; . The
generated H,O, is scavenged by different antioxidant/enzyme
reactions: the ascorbate and glutathione cycles, ascorbate perox-
idase (APX), catalase, and peroxiredoxin (PRX) (Tripathi et al.,
2009).

ROS generated in the chloroplast have been implicated as trig-
gers of signaling pathways that influence expression of nuclear-
encoded genes, which may initiate responses such as cell death
or acclimation depending on the degree of the stress (Karpinski
et al., 1999; Fryer et al., 2003; Op den Camp et al., 2003; Danon
et al., 2005). HyO, can take part in signaling acting as mes-
senger either directly (e.g., by reversibly modifying critical thiol
groups in target proteins; Neill et al., 2002) or by using an oxi-
dized product as a secondary messenger (Moller et al., 2007). The
H,0,-scavenging enzymes APX and dehydroascorbate reductase
(DHAR) may act as highly efficient initiators of oxidative signal-
ing by generating transient bursts of reduced glutathione. This
in consequence triggers glutaredoxin-mediated protein oxidation
(Neill et al., 2002). Crosstalk between redox pools of differ-
ent cellular compartments, possibly transmitted by a redox shift
in cellular components, has also been suggested to be impor-
tant for control of the expression of nuclear genes (Baier and
Dietz, 2005; Leister, 2005). A generalized model of H,O; sig-
nal transduction pathways suggests that H,O, may also directly
oxidize transcription factors (TFs) in either the cytosol or the
nucleus. Alternatively, H,O,-mediated activation of a signal-
ing protein such as a protein kinase may activate TFs (Mittler
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et al., 2004; Miao et al., 2007). TFs would interact with cog-
nate H,O,-response elements in target gene promoters thereby
modulating gene expression (Foyer and Noctor, 2005). Recently,
Mpoller and Sweetlove (2010) put forward the hypothesis that
H,0; itself is unlikely to be the signaling molecule that selec-
tively regulates nuclear-encoded chloroplastic genes but rather
that oxidized peptides deriving from proteolysis of oxidized pro-
teins would act as second messengers during retrograde ROS
signaling. On the other hand, using spin trapping EPR spec-
troscopy in addition to chemical assays (employing Amplex Red
reagent), Mubarakshina et al. (2010) showed that 5% of the H,O,
produced inside chloroplasts at high light intensities can actu-
ally be detected outside the organelles. This process may involve
the pass of H,O, through aquaporins (Bienert et al., 2007) and
might be sufficient to trigger signaling processes outside the
chloroplasts.

Desikan et al. (2001) showed that approximately 1% of the
transcriptome was altered in H,O,-treated Arabidopsis thaliana
(A. thaliana) cell cultures. Although H,O;-responsive promot-
ers have been identified (Desikan et al., 2001), specific HyO,-
regulatory DNA sequences and their cognate TFs have not been
isolated and characterized. In more recent studies genes involved
in H,O, signal transduction have been identified or proposed,
including mitogen-activated protein kinases (MAPKs), various
TFs of e.g., the NAC, ZAT, and WRKY families, miRNAs and
others (Van Breusegem et al., 2008; Li et al., 2011; Petrov and
Van Breusegem, 2012). Moreover, using genome-wide analysis of
catalase deficient A. thaliana, H,O, was inferred to regulate the
expression of genes encoding specific small heat shock proteins,
several TFs and candidate regulatory proteins (Vandenabeele
et al., 2004; Vanderauwera et al., 2005).

To date, it is not known to which extent the chemical specificity
of the ROS and the cellular compartment of their release may
contribute to the multiplicity of responses that occur in plants.
A major challenge is to dissect the genetic networks that con-
trol ROS signaling and to assess specific and common responses
toward different types of ROS signals. To this end, the molec-
ular, biochemical and physiological responses of A. thaliana to
elevated in planta levels of HyO, were and are being investi-
gated in various types of model systems including mutants altered
in the ROS scavenging machinery (Maurino and Fliigge, 2008).
However, the analysis of dynamic physiological processes using
(knock-out) mutants may not always be straightforward, espe-
cially when compensatory cellular mechanisms are induced. With
respect to ROS-related mutants, changing the balance of scav-
enging enzymes may induce compensatory mechanisms such
that signaling and oxidative damage effects may not be eas-
ily separated. Moreover, invasive experimental setups like the
application of oxidative stress-causing agents may induce a non-
specific oxidative stress that acts throughout the cell and triggers
additional responses that may complicate the analysis of ROS
signal transduction pathways (Maurino and Fliigge, 2008). We
have recently developed a tool to functionally dissect the action
of plastid-generated H,O;, using plants overexpressing GO in
plastids (GO plants; Fahnenstich et al., 2008). During photosyn-
thesis, the oxygenase activity of ribulose 1,5-bisphosphate car-
boxylase/oxygenase (RubisCO) produces glycolate 2-phosphate

within the chloroplasts, which is then dephosphorylated to glyco-
late by phosphoglycolate phosphatase (Maurino and Peterhansel,
2010). In GO plants, glycolate is oxidized to glyoxylate by the plas-
tidic GO, with the parallel production of H,O,. When growing
under moderate photon fluxes and ambient CO, concentration
(photorespiratory conditions) the GO plants remain smaller than
the wild type, presenting a reduced rosette diameter and yellow-
ish leaves due to H,O, accumulation (Fahnenstich et al., 2008).
In contrast, in non-photorespiratory conditions (e.g., at high
CO; concentration) the oxygenase activity of RubisCO is abol-
ished and thus, the metabolic flux through GO is suppressed,
allowing GO plants to grow like wild type (Fahnenstich et al.,
2008). Transferring GO plants from high to ambient CO, concen-
tration specifically induces H,O, formation in the chloroplasts
(Fahnenstich et al., 2008). These properties permit the modula-
tion of plastidic produced H,O; levels by changing light intensity
and/or CO; levels (Maurino and Fliigge, 2008). Moreover, H,O,
is specifically generated without a concomitant accumulation
of superoxide or singlet oxygen, which are common precur-
sors of H,O, during ROS generation in chloroplasts. A similar
experimental set-up was employed in previous studies using
catalase null mutants in which the production of peroxisomal
H,0; is induced by changing the conditions of plant growth
from non-photorespiratory to photorespiratory conditions (e.g.,
high light intensity) (Dat et al., 2000; Vandenabeele et al., 2004;
Vanderauwera et al., 2005). The metabolic production of H,O,
may avoid the pleiotropic effects discussed above but it cannot
be ruled out that ROS-unrelated pleiotropic reactions may occur
in both approaches due to abrupt changes in CO; level or light
intensity.

In this work we attempted to identify genes strongly respond-
ing to an abrupt production of H;O, in chloroplasts of
A. thaliana. To this end we tested the expressional changes
of 187 nuclear-encoded ROS-responsive genes and 1880 TFs,
using quantitative real-time (qRT)-PCR (Czechowski et al., 2004;
Balazadeh et al., 2008; Wu et al., 2012) upon transfer of high
CO;-grown GO and wild-type (WT) plants to ambient CO, con-
centration. Our data revealed a rapid and coordinated expression
response of ROS-affected genes of specific functional networks
in GO including an early induction of indole glucosinolate and
camalexin biosynthesis genes and an up-regulation of a group of
genes involved in the regulation of proanthocyanidin and antho-
cyanin biosynthesis. Moreover, the upregulation of expression
of TF and TF-interacting proteins affecting development (e.g.,
cell division, stem branching, flowering time, flower develop-
ment) would impact growth and reproductive capacity, resulting
in altered development under conditions that promote the forma-
tion of H,0,.

MATERIALS AND METHODS

PLANT MATERIAL

Arabidopsis thaliana (L.) Heynh. ecotype Columbia-0 (Col-0,
wild-type) constitutively expressing glycolate oxidase (GO,
At3g14420) in the plastids (GO plants) under the cauliflower
mosaic virus 35S promoter were generated in our previous work
(Fahnenstich et al., 2008). In these plants to direct the expression
of GO to the chloroplats the stromal targeting presequence from
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Arabidopsis thaliana phosphoglucomutase (At5g51820) was used
(Fahnenstich et al., 2008). WT and GO transgenic plants were
grown in pots containing 3 parts of soil (Gebr. Patzer KG, Sinntal-
Jossa, Germany) and one part of vermiculite (Basalt Feuerfest,
Linz, Austria) under a 16 h-light/8 h-dark regime at photosyn-
thetically active photon flux densities (PPFD) of 75 pmol quanta
m~2 s7! at 22°C day/18°C night temperatures and a CO, con-
centration of 3000 ppm. After 3 weeks of growth plants were
transferred to ambient CO, concentration (380 ppm) and the
same PPFD. Whole rosettes were harvested at different time
points after transfer, immediately frozen in liquid nitrogen
and stored at —80°C until use for RNA isolation and H,0O,
measurements.

ISOLATION OF RNA AND REAL-TIME PCR ANALYSIS

For the large-scale qRT-PCR analysis, total RNA was extracted
from 100 mg leaves (fresh weight) using RNeasy Plant Mini
kit (Qiagen, Valencia, USA) according to the manufacturer’s
protocol. DNAse I digestion was performed on 20-30pg of
total RNA using TURBO DNase Kit (Ambion, Cambridgeshire,
UK) according to manufacturer’s instructions. RNA integrity
was checked on 1% (w/v) agarose gels and concentration mea-
sured with a Nanodrop ND-1000 spectrophotometer before
and after DNAse treatment. Absence of genomic DNA was
confirmed subsequently by quantitative PCR using primers
that amplify an intron sequence of the gene At5g65080
(forward 5-TTTTTTGCCCCCTTCGAATC-3’ and reverse 5'-
ATCTTCCGCCACCACATTGTAC-3'). First-strand cDNA was
synthesized from 8 jug to 10 ug of total RNA using RevertAid™
First Strand c¢DNA Synthesis Kit (Fermentas, St. Leon-Rot,
Germany) following the manufacturer’s protocol. The efficiency
of ¢cDNA synthesis was estimated by qRT-PCR using two dif-
ferent primer sets annealing to the 5 and 3’ ends, respec-
tively, of a control gene (At3g26650, GAPDH, glyceraldehyde-3-
phosphate dehydrogenase). Primer sequences were as follows: for
GAPDH3/, forward 5'-TTGGTGACAACAGGTCAAGCA-3’ and
reverse 5'-AAACTTGTCGCTCAATGCAATC-3; for GAPDH5/,
forward 5'-TCTCGATCTCAATTTCGCAAAA-3’ and reverse 5'-
CGAAACCGTTGATTCCGATTC-3". Transcript levels of each
gene were normalized to ACTIN2 (At3g18780) transcript abun-
dance (forward 5-TCCCTCAGCACATTCCAGCAGAT-3" and
reverse 5-AACGATTCCTGGACCTGCCTCATC-3"). A total of
187 ROS-responsive genes (Wu et al,, 2012) and 1880 TFs
(Czechowski et al., 2004; Balazadeh et al., 2008) were ana-
lyzed by qRT-PCR as previously described (Caldana et al., 2007;
Balazadeh et al., 2008). PCR reactions were run on an ABI
PRISM 7900HT sequence detection system (Applied Biosystems,
Darmstadt, Germany), and amplification products were visual-
ized using SYBR Green (Applied Biosystems).

H202, MEASUREMENTS

Levels of H,0, were determined using the Amplex® Red
Technology (Life Technologies, Darmstadt, Germany) follow-
ing the manufacturer’s instructions. Amplex Red (N-acetyl-
3,7-dihydroxyphenoxazine) reacts with H,O, in the presence
of horseradish peroxidase and forms the fluorescent product
resorufin. For the determinations, 100 mg leaves (fresh weight)

were ground in liquid nitrogen into a fine powder and resus-
pended with 0.15mL extraction buffer prepared as indicated by
the manufacturer. This suspension was centrifuged at 4°C at
13,000 rpm for 15 min. Five pL of the supernatant, 45 pL dis-
tilled water and 50 WL of Amplex® Red solution were added to
a microtitre plate. After 30 min incubation in the dark fluores-
cence was measured by excitation at 560 nm and emission reads
at 590 nm. A calibration curve was established with known H,O,
concentrations.

GENE EXPRESSION NETWORK ANALYSIS

The two genes that were most strongly induced under photores-
piratory conditions in GO plants at the 0.5 and 6 h time points
(At3g02840 and Atlgl7180, respectively) were used as baits to
identify globally coexpressed genes using the ATTED-II database
(http://atted.jp), which allows evaluating genes that are coex-
pressed under five experimental conditions (tissue, abiotic stress,
biotic stress, hormones, and light conditions) (Obayashi et al.,
2009).

RESULTS AND DISCUSSION

INDUCTION OF H,0, FORMATION IN GO PLANTS

The production of H,O; in leaves of plants overexpressing GO in
the plastids (Fahnenstich et al., 2008) was analyzed after activa-
tion of photorespiration by transferring high CO,-grown plants
to ambient-CO; conditions. As shown in Table 1, higher levels
of H,O, were determined in GO than in WT plants at 0.5 and
4h after transfer while GO and WT plants maintained under
non-photorespiratory conditions (3000 ppm CO;) showed sim-
ilar H,O; levels at both time points (Table1). Note, that as
the measurements were performed using whole-leaf extracts the
expected differences in chloroplastic H, O, levels between GO and
WT plants under photorespiratory condition may be higher than
determined here.

EXPRESSION PROFILING OF ROS MARKER GENES IN GO AND
WILD-TYPE PLANTS AFTER THE INDUCTION OF H,0, FORMATION

IN CHLOROPLASTS

To study the impact of an abrupt production of H,O, in chloro-
plasts on nuclear gene expression, we analyzed transcript level
changes of 187 ROS-responsive genes using a previously estab-
lished qRT-PCR platform (detailed in Wu et al., 2012). The genes

Table 1| Levels of H,0, measured in whole rosettes (umol/g FW)
after shifting high CO2-grown wild-type and GO plants to ambient
CO> concentration for 0.5 and 4 h.

05h 4 h
High CO, Ambient CO, High CO, Ambient CO,
WT 24+0.2 2.3+£0.2 25+04 2.7+0.1
GO 25+0.3 3.0£0.3 2.6+£0.2 3.4+0.0

Samples from control plants maintained in high CO, were processed in parallel.
Values indicate the mean + SE of three independent samples and those set in
bold face indicate significant differences to the corresponding wild-type value
calculated by Student’s t-test (P < 0.05). WT, wild type.
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included in the platform were chosen from published reports and
our own experiments and represent four different groups that
were already shown to be rapidly induced by (1) superoxide rad-
ical (O3 ; 18 genes), (2) singlet oxygen (10,322 genes), (3) H,O,
(53 genes), or (4) different types of ROS (general ROS-responsive
genes; 94 in total).

Gene expression was analyzed in whole rosettes of 3-week-old
WT and GO plants at 0.5, 4, 6, and 12 h after shifting high-CO,-
grown plants (non-photorespiratory condition) to ambient CO,
concentration (photorespiratory condition). Expression profiling
was performed in two biological replicates and log-fold change
(log2 FC) ratios of expression changes were calculated for GO
and WT plants by comparing gene expression levels before and
after the CO, concentration shift. A total of 131 genes were
expressed in all examined samples (Table A1 in Appendix). The
remaining 56 genes did not yield detectable PCR amplicons,
indicating no or marginal expression under our experimental
conditions.

Considering a 3-fold expression difference cut-off, 120 genes
displayed differential expression in GO and/or WT plants upon
transfer from high to ambient CO, concentration; the vast major-
ity of the affected genes (116 in total) were up-regulated, and
only four genes were down-regulated (Figurel, Table Al in
Appendix). Most noticeably, expression of 58 genes was induced
in GO plants already within 0.5h after the transfer to ambient
CO; condition, whilst only a single gene was induced in the
wild type at the same time point (Figure 1). Importantly, how-
ever, many genes showed also high expression in the wild type
at later time points after the CO, concentration shift, but the
expressional changes were in most cases more pronounced in GO
than WT plants (Figure 1, and section “Early Induction of Indole
Glucosinolate and Camalexin Biosynthesis Genes in GO Plants”).
Thus, our data indicate that similar sets of ROS-responsive genes

responded to the CO; shift in GO and WT plants; however, the
dynamics of the transcriptional responses were clearly different
in the two types of plants, being faster and more prominent in the
GO plants.

EARLY INDUCTION OF INDOLE GLUCOSINOLATE AND CAMALEXIN
BIOSYNTHESIS GENES IN GO PLANTS

To identify transcripts responsive to metabolically produced
H,0, we focused our analysis on the 0.5- and 6-h time points.
Genes were considered differentially expressed when the fold
change was more than 3-fold (log, > 1.56).

At 0.5 h after shifting plants to ambient CO; concentration, 58
of the 131 expressed genes were induced in GO plants by more
than 3-fold, whilst in the wild type the expression change was
less than 3-fold, suggesting that these genes participate in early
signaling steps triggered by the production of H,O; under pho-
torespiratory conditions (Table 2). After 6 h, seven of these genes
showed WT levels of expression (below 3-fold), while 29 were fur-
ther overexpressed only in GO (Table 2). Although at 6h after
transfer to ambient CO, the expression fold-change (FC) of the
remaining 22 genes was higher than 3 in both, GO and WT plants,
the expression change between GO and WT (FCgo/FCwr) was
higher than 2 for 16 of these genes (Table 2), indicating that their
higher expression in GO plants was triggered by the elevated levels
of H202 .

Later responding genes, which were affected only after 6h
under photorespiratory conditions, were also identified. From the
23 genes that showed an expression change of above 3-fold in GO,
13 were only induced in GO, while 10 genes were induced in both,
GO and WT. The FC ratio in GO and WT (FCgo/FCwr) was
above 2 for the 10 genes (Table 3), indicating that their expression
in GO plants is controlled by the higher levels of H,O,, similar to
the early-responsive genes.

0.5 h (ambient CO,/high CO,)

1 up 58 up 0 down 0 down
6 h (ambient CO,/high CO,)

2 down

4 h (ambient CO,/high CO,)
GO
50 up 62 up 4 down 0down
12 h (ambient CO,/high CO,)
104 up 100 up 0 down 0 down

FIGURE 1 | Venn diagram of the number of ROS-responsive genes differentially expressed in wild-type and GO plants at different time points (0.5, 4,
6, and 12 h) after the transfer of plants grown at high CO, concentration (3000 ppm) to ambient CO, concentration (380 ppm).
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Table 2 | ROS-responsive genes (58 in total) the expression of which was enhanced by more than 3-fold in GO plants 0.5 h after shifting plants
grown at high CO; concentration (3000 ppm) to ambient CO2 concentration (380 ppm).

AGI 05h 6h Annotation

FCwr FCgo FCgo/FCwt FCwr FCgo FCgo/FCwt

UP-REGULATED IN GO AT 0.5 H

At1g69890 1.3 15.9 12.0 1.2 2.2 1.8 Protein of unknown function

At2g40000* 0.9 10.2 1.2 1.6 2.1 1.3 Ortholog of sugar beet HS1 PRO-1 2 (HSPRO2)
At2g18210 1.0 8.4 8.2 1.1 2.9 2.6 Protein of unknown function

At1g18570 1.2 6.8 5.7 0.7 2.5 3.6 Myb-type transcription factor (HIG1/MYB51)
At1g21100 1.6 6.9 4.2 0.7 1.5 2.2 Indole glucosinolate O-methyltransferase (IGMT1)
At5g64310 1.2 3.8 3.1 3.1 1.1 0.4 Arabinogalactan protein (AGP1C) of unknown function
At5g28630 1.4 4.0 29 0.3 0.4 1.5 Protein of unknown function

UP-REGULATED IN GO AT 0.5H AND 6 H
CHANGE IN GENE EXPRESSION IN WT AT 6H <3

At3g02840* 1.1 79.3 71.2 2.9 65.4 22.8 Putative U-box-type E3 ubiquitin ligase

At29g37430* 0.9 53.3 62.7 1.9 190.8 100.9 C2H2 and C2HC zinc fingers superfamily protein (ZAT11)
At1g05575* 1.5 45.6 29.9 0.6 4.3 6.8 Protein of unknown function

At2g38470 1.4 31.5 22.3 1.8 7.5 4.3 WRKY-type transcription factor (WRKY33)
At4g17490 1.5 21.56 14.7 1.3 6.9 5.2 Ethylene-responsive element binding factor (ERF6)
At5g47230 1.3 17.4 13.8 1.5 4.4 3.0 Ethylene-responsive element binding factor (ERF5)
At1g66060 1.3 17.5 13.2 2.7 5.1 1.9 Protein of unknown function

At2g32030 1.3 16.4 12.2 1.9 24.5 12.9 Putative GNAT-type N-acetyltransferase

At2g26530* 1.2 13.3 10.7 2.1 5.4 25 Protein of unknown function; AR781

At1921120 1.0 9.9 10.3 0.7 15.9 221 Indole glucosinolate O-methyltransferase (IGMT2)
At1g35210 1.1 1.2 10.2 2.9 14.4 4.9 Protein of unknown function

At3g55980* 1.4 14.3 10.1 1.2 4.0 33 Salt-inducible zinc finger 1, SZF1 (C3H47)
At2g33710 1.0 7.5 77 0.8 12.6 15.0 Putative ERF-type transcription factor

At2g25735* 1.8 10.8 5.9 0.6 3.2 5.7 Protein of unknown function

At5g54490 1.5 7.8 5.3 15 4.1 2.8 PBP1, Pinoid Binding Protein 1

At1g19020* 1.8 9.3 5.1 1.9 27.7 145 Protein of unknown function

At5g51190 1.4 6.8 4.9 1.8 5.0 2.7 Putative ERF-type transcription factor

At3g02800* 1.1 5.0 45 1.2 4.1 3.4 Tyrosine phosphatase (ATPFA-DSP3)

At5g64905 1.4 6.0 4.4 2.1 33.0 16.0 Putative peptide elicitor Pep3 precursor protein (ProPep3)
At1g76600* 1.4 5.8 4.3 1.7 11.0 6.3 Protein of unknown function

At3g23230 2.2 9.4 4.2 2.3 171 75 Putative ERFtype transcription factor (ERF98)
At1g59590 1.3 5.2 4.1 1.4 5.2 3.8 Zinc finger protein (ZCF37) of unknown function
At4g18880* 1.6 6.5 4.0 1.9 4.6 24 Heat stress-type transcription factor (HsfA4a/HSF21)
At2g41640 1.1 4.0 3.7 2.2 6.0 2.7 Protein of unknown function

At1928190* 1.1 3.9 35 24 5.6 23 Protein of unknown function

At5g57220 2.8 9.1 33 1.3 6.9 5.2 Cytochrome P450 monooxygenase (CYP81F2)
At1926380* 1.2 3.4 3.0 2.1 39.0 189 UDP-N-acetylmuramate dehydrogenase of unknown function
At2g31945 1.3 3.5 2.7 2.3 5.1 22 Protein of unknown function

At4g11280 1.5 3.0 2.0 1.4 5.9 4.3 1-Aminocyclopropane-1-carboxylate synthase (ACS6)
CHANGE IN GENE EXPRESSION IN WT AT 6H > 3

At1g80840 1.1 38.0 35.4 5.5 56.4 10.3 WRKY-type transcription factor (WRKY40)
At5g04340* 0.8 27.5 32.6 7.3 8.6 1.2 C2H2-zinc-finger-TF (C1-2iD-04) of unknown function
At2g22880 1.7 50.8 29.4 6.2 28.1 45 Protein of unknown function

At19g27730 1.1 30.1 26.8 6.0 28.0 4.7 C2H2-zinc-fingerTF (ZAT10/STZ)

At5g27420 1.2 32.7 26.3 3.0 15.0 5.0 Putative ubiquitin ligase, ATL subfamily (ATL31)
At1g61340 1.5 24.3 16.3 6.6 10.5 1.6 ATFBS1. F-Box stress induced 1 of unknown function
At5g59820 1.0 14.3 141 4.6 61.7 13.5 C2H2-zinc-finger-TF (ZAT12)

At5924110* 1.0 13.3 13.8 3.3 91.2 28.0 WRKY-type transcription factor (WRKY30)
At4g24570 1.4 18.8 13.6 3.6 3.3 0.9 Dicarboxylate carrier (DIC2)

(Continued)
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Table 2 | Continued

AGI 05h 6h Annotation

FCwt FCgo FCgo/FCwrt FCwt FCco FCgo/FCwr
At3g10930 1.7 19.0 15 8.5 38.8 4.6 Protein of unknown function
At3g25250* 1.5 17.3 1.4 1.1 153.6 13.8 Putative protein kinase (AGC2/0XI1)
At4g39670* 1.3 14.3 10.7 31.7 184.9 5.8 Sphingosine transfer protein; accelerated death 11 (ACD11)
At1g77450%* 0.8 7.3 9.5 5.6 6.9 1.2 NAC-type transcription factor (ANAC032)
At1g72520 1.7 15.7 9.3 4.8 9.7 2.0 Lipoxygenase (LOX4)
At3g48650 1.9 14.8 7.6 6.2 7.4 1.2 14a-related protein of unknown function
At4g21390 1.8 13.0 7.0 6.5 28.9 4.4 Putative S-domain-type receptor protein kinase
Atbg63790* 0.8 5.4 7.0 3.1 1.1 3.6 NAC-type transcription factor (ANAC102)
At4g37370 1.4 7.0 5.0 2.8 67.5 24.1 Cytochrome P450 monooxygenase (CYP81D8)
At19g63720 1.5 5.0 3.2 3.1 6.1 1.9 Hydroxyproline-rich glycoprotein family protein
At2g18690 1.5 4.4 3.0 6.6 24.7 3.7 Protein of unknown function
At1g05340* 1.2 3.4 2.7 4.3 7.9 1.8 Protein of unknown function
At1g57630 1.4 3.4 2.4 20.2 36.0 1.8 Protein of unknown function

Genes are listed according to the difference of the expression change between GO and wild-type (WT) plants (FCgo/FCy1) at 0.5 h. FCgo/FCwr values higher than

2 are shown in bold face. AGI: gene identification number given by the Arabidopsis Genome Initiative. Genes also induced in catalase loss-of function mutants are

highlighted with an asterisk (*) (Inzé et al., 2012). Genes included in the same gene coexpression network of At3g02840 (putative U-box-type E3 ubiquitin ligase)

are highlighted in bold face (http://atted.jp, Obayashi et al., 2009). The gene annotation was retrieved from TAIR (http://arabidopsis.org/index.jsp).

The most highly up-regulated gene in GO plants at 0.5h
after induction of H,O, production was At3g02840 (encoding
a putative U-box-type E3 ubiquitin ligase, known to respond
immediately-early to fungal elicitation) (Table 2). We used the
ATTED-II database (http://atted.jp; Obayashi et al., 2009) to dis-
cover genes coexpressed with At3g02840 and observed that 45
of the 58 genes induced at 0.5h after induction of H,O, pro-
duction cluster together (Table 2), indicating that metabolically
produced H,O; in GO plants induces the coordinate expression
of functionally related genes. A similar analysis using the most
highly expressed gene at 6 h after induction of H,O, production
(Atlgl7180, encoding glutathione S-transferase Tau 25) indicated
that another group of eight genes are coordinately expressed in
GO plants at this later time point (Table 3).

Recently, Inzé et al. (2012) listed the 85 most strongly
H,O;-responsive genes in catalase loss-of-function mutants
shifted from low- to high-light conditions, where H,O; is pro-
duced in peroxisomes by the action of photorespiratory GOs.
Interestingly, 23 of the 81 genes, which changed their expres-
sion in the GO plants were also differentially expressed in
catalase loss-of-function mutants (Tables 2 and 3), indicating
that they respond to enhanced levels of H,O, independent of
the site of its generation; the remaining genes may then rep-
resent candidates preferentially responsive to H,O, produced
in chloroplasts. Many of the genes up-regulated in GO plants
encode proteins or TFs of currently unknown specific func-
tions. Interestingly, however, several of the early-responsive genes
are involved in tryptophan-derived biosynthesis of the phy-
toanticipins camalexin and indole glucosinolates, i.e., secondary
metabolites that have antifungal and insect-deterring functions
(Kliebenstein et al., 2001; Bednarek et al., 2009). These genes
encode (1) the transcription factor WRKY33 (At2g38470), which
is involved in controlling camalexin biosynthesis (Birkenbihl

etal., 2012); (2) the Myb-type transcription factor HIG1/MYB51
(At1g18570) involved in the positive regulation of indole
glucosinolate biosynthesis by activating several target genes
(Gigolashvili et al., 2007); (3) the O-methyltransferases IGMT1
(At1g21100) and IGMT?2 (At1g21120), which catalyze the trans-
fer of a methyl group to the hydroxy indole glucosinolate
hydroxyindol-3-ylmethylglucosinolate (4 and 10H-I3M, respec-
tively) to form methoxyindol-3-ylmethylglucosinolate (4 and
IMO-I3M, respectively) (Pfalz et al., 2011); and (4) cytochrome
P450 monooxygenase CYP81F2 (At5g57220), that is essential
for the pathogen-induced accumulation of 4-methoxyindol-3-
ylmethylglucosinolate (4MI3G) (Bednarek et al., 2009). Our
data thus show the early induction of indole glucosinolate
and camalexin biosynthesis genes in GO plants after metabolic
formation of H,O, through the activation of genes encoding
enzymes involved in intermediate metabolite conversions and
of TFs that act on several target genes of these biosynthetic
pathways.

TRANSCRIPTION FACTOR PROFILING

To understand the potential effects of overexpression of GO in
chloroplasts on the nuclear transcriptional program, we next
broadened our analysis by testing the expression of 1880 TFs
using a highly sensitive quantitative real-time PCR (qRT-PCR)
platform (Czechowski et al., 2004; Balazadeh et al., 2008).
Considering the data obtained from the profiling of the ROS-
responsive genes, we analyzed the expression at 0.5 h after induc-
tion of H,O, production to capture the early-responsive TFs.
Expression profiling was performed in two biological replicates
and log-fold change (log2 FC) ratios of expression changes were
calculated for GO and WT plants by comparing gene expression
levels before and after the transfer of plants grown at high CO, to
ambient CO;.
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Table 3 | ROS-responsive genes (23 in total) the expression of which was enhanced more than 3-fold in GO plants 6 h after shifting plants

grown at high CO2 concentration to ambient CO2 concentration.

AGI 05h 6h Annotation
FCwr FCgo FCgo/FCwr FCwr FCgo FCgo/FCwt
UP-REGULATED IN GO AT 6 H
CHANGE IN GENE EXPRESSION IN WT < 3
At1926420 1.5 1.6 1.1 2.4 17.6 73 Putative reticuline dehydrogenase
At2g15480 1.0 2.8 2.8 1.2 7.2 6.0 UDP-dependent glycosy! transferase (UGT73B5)
At1g10040 1.2 1.8 1.5 2.1 10.4 5.0 Putative hydrolase
At2g29490 0.7 1.9 2.8 2.3 10.4 45 Tau glutathione S-transferase (GSTU1)
At5g46080 1.1 1.9 1.8 1.2 3.7 3.1 Putative protein kinase
At1g80820 1.2 1.5 1.3 2.5 7.8 3.1 Cinnamoyl CoA reductase, involved in lignin biosynthesis
At3g09410 1.2 0.8 0.7 1.2 3.2 2.7 Putative pectin acetylesterase
At2g29500* 1.0 1.1 1.2 1.5 3.8 25 HSP20-type protein (HSP17.6B-Cl); unknown function
At4g22530* 1.3 0.8 0.7 2.4 5.9 24 Putative methyltransferase
At4g15975 1.7 1.3 0.7 1.6 3.7 2.4 Putative ubiquitin ligase (RRE4/ATL17)
At2g38340 1.0 0.7 0.7 2.7 6.1 22 Putative AP2-type transcription factor (DREB2E)
At3g13790 1.3 1.3 1.1 2.5 5.0 2.0 Putative cell wall invertase (CwINV1)
At1g76070 1.2 2.6 2.2 1.6 3.3 2.0 Protein of unknown function
CHANGE IN GENE EXPRESSION IN WT > 3
At1g17180 0.6 0.9 1.4 7.5 104.0 13.8 Tau glutathione S-transferase (GSTU25)
At1g15520 1.2 0.8 0.7 12.4 111.9 9.0 ABC transporter (ABCG40/PDR12)
At1g17170 1.0 1.3 1.4 5.7 40.4 70 Tau glutathione S-transferase (GSTU24)
At1974360 1.0 2.2 2.2 4.2 14.2 34 Putative LRR-type receptor protein kinase
At2g38250% 1.2 1.7 1.4 4.4 13.7 3.1 Putative trihelix-type transcription factor
At5g51060 1.3 1.0 0.7 14.4 44.0 3.1 Respiratory burst oxidase homolog (AtRBOHC/RHD2)
At5g20230 1.5 2.8 1.8 9.9 28.3 29 Senescence associated gene (BCB/SAG14)
At2g41380 1.1 1.2 1.1 9.6 21.2 2.2 Putative S-adenosyl-l-methionine-dependent methyltransferase
At1g13340 1.0 2.1 2.0 3.4 6.8 2.0 Protein of unknown function
Atbg48850 1.1 0.8 0.7 3.3 7.4 22 Protein of unknown function (ATSDI1)

Genes are listed according to the difference of the expression change between GO and wild-type (WT) plants (FCgo/FCyr) at 6h. FCso/FCwr values higher than

2 are shown in bold face. AGl: gene identification number given by the Arabidopsis Genome Initiative. Genes also induced in catalase loss-of function mutants
are highlighted with an asterisk (*) (Inzé et al., 2012). Genes included in the same gene coexpression network of At1g17180 (GSTUZ25) are highlighted in bold face

(http.//atted.jp; Obayashi et al., 2009). The gene annotation was retrieved from TAIR (http:/arabidopsis.org/index.jsp).

TFs most strongly responding to H, O, were identified by com-
paring their expression FC in GO and WT plants. A TF was
considered differentially expressed when the FC in GO was more
than 3-fold (log, > 1.56) and less than 2-fold in the wild type
(logy > 1.0) (Table 4). Analysis of transcript profiles revealed that
the expression of 1449 genes, representing 77% of all TF genes
tested, could be detected (Table A2 in Appendix). The remain-
ing 23% (431 of the 1880 TFs) did not yield detectable PCR
amplicons, indicating no or very weak expression in the tested
material.

At 0.5h after shifting plants to ambient CO, concentration,
78 of the 1449 genes were induced by more than 3-fold in GO
plants, whereas in WT plants the expression changes of the same
genes were less than 2-fold (Table 4). Using published data the
involvement/participation of the TFs in specific biological pro-
cesses (Table 4) could be assessed, which allowed the classification
of the TFs into five functional groups (FG) enriched with specific
gene ontology categories (Figure 2). FG1 contains TFs involved in
the regulation of proanthocyanidin and anthocyanin biosynthesis

(Table4 and Figure2). The TFs TT8 and MYB75 affecting
the gene expression of dihydroflavonol 4-reductase (Debeaujon
et al., 2003) are included in this FG. FG2 contains TFs affecting
developmental processes like lateral root formation (GATA23),
flowering (FD1, ANAC089, TEM2 and SNZ), shoot branching
(MYB2 and BRC2), senescence (ANAC092/ORE1) and cell divi-
sion (ANAC068 and HAT4) (Table 4 and Figure 2). The activa-
tion of these TFs in GO plants would result in altered growth and
flowering (see below and Fahnenstich et al., 2008). FG3 includes
TFs and TF-interacting proteins negatively regulating jasmonate
(JA) signaling (JAZ7, JAZS8, JAZ9, JAZ10, WRKY50, and WRKY51;
Chico et al., 2008; Staswick, 2009; Gao et al., 2011) (Table 4 and
Figure 2). JAZ proteins bind directly to the key transcription fac-
tor MYC2 and thereby prevent JA-dependent gene transcription
(Chini et al., 2007; Pauwels et al., 2010). At the same time JAZ
genes are rapidly induced by JA and some are MYC2-regulated.
This feedback loop regulation would provide a rapid on and off
switch of the pathway involving JA. Transcriptional activation
of JAZ genes was found to occur in response to several biotic
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Table 4 | Transcription factors the expression of which was enhanced by more than 3-fold in GO plants, but less than 2-fold in wild-type plants

0.5 h after shifting plants grown at high CO; concentration to ambient CO, concentration.

AGI 0.5 h after transfer Gene family Annotation Function FG
to ambient CO;
FCwt FCgo FCgo/FCwt
Atbg19790 0.2 26.9 176.5 AP2/EREBP RAP2.11 Modulates response to low potassium 4
At5g56200 0.1 14.5 169.0 C2H2 C1-4iB-01 Unknown function 5
At5g32460 1.3 123.7 92.9 B3 B3 Unknown function 5
At4g09820 0.8 34.4 45.5 bHLH TT8 Regulation of proanthocyanidin and anthocyanin 1
biosynthesis; affects dihydroflavonol 4-reductase
gene expression.
At2g37430 1.9 80.4 43.3 C2H2 ZAT1 Unknown function 5
At1g48150 0.1 3.6 38.9 MADS AGL74 Unknown function 5
At2g34600 0.4 8.4 24.1 ZIM JAZ7 Jasmonate signaling; cambium regulator 3
At3g07260 0.8 19.0 22.7 FHA Unknown function 5
At1g66380 1.9 40.0 21.6 MYB MYB114 Regulates later steps of anthocyanin biosynthesis 1
At1g27730 1.8 36.3 20.5 C2H2 ZAT10/STZ Involved in plant defense responses 4
At1g56650 0.6 121 20.1 MYB MYB75 Involved in anthocyanin metabolism; regulates 1
dihydroflavonol reductase expression
Atbg37415 0.5 8.8 17.6 MADS AGL105 Unknown function 5
At3g53340 0.4 6.5 17.5 CCAAT-HAP3 NF-YB10 Unknown function 5
At4g00250 0.4 6.3 16.8 GeBP - Indirect regulation of cytokinin response genes 2
At5g26930 0.7 9.6 13.5 C2C2(Zn)GATA  GATA-23 Controls lateral root founder cell specification 2
At4926930 0.4 4.6 13.0 MYB MYB97 Unknown function 5
At1g48000 1.3 13.8 ma MYB MYB112 Unknown function 5
Atbg51190 1.9 18.5 9.9 AP2/EREBP - Unknown function 5
Atbg43540 0.4 3.2 8.8 C2H2 C1-1iAf-03 Unknown function 5
At3g55980 1.9 15.7 8.4 C3H SZF1 Regulates salt stress responses 4
At1g74080 0.5 4.0 8.3 MYB MYB122 Activator of the indole glucosinolate biosynthesis 4
At1g68880 0.6 5.1 8.1 bZIP bZIP8 Unknown function 5
At4g35900 1.0 7.5 8.0 bZIP bZIP14/FD-1 Required for regulation of flowering 2
At1g30135 0.8 5.9 7.6 ZIM JAZ8 Represses jasmonate-regulated growth and defense 3
responses
At4g01350 0.6 4.6 7.5 CHP-rich - Intracellular signal transduction, oxidation-reduction 4
process, response to chitin
At1g43160 1.2 8.8 7.5 AP2/EREBP RAP2.6 Regulation of development 2
Atbg26170 0.8 6.3 7.5 WRKY WRKY50 Repression of jasmonate-mediated signaling 3
At1g29280 0.8 5.5 7.2 WRKY WRKY65 Unknown function 5
At1g75540 0.8 5.2 6.8 C2C2(zn)CO STH2 Positive regulation of photomorphogenesis 4
At2g33710 1.9 1.4 5.9 AP2/EREBP ERF112 Unknown function 5
At3g01600 0.6 3.6 5.8 NAC ANACO044 Unknown function 5
Atbg27050 1.4 8.2 5.7 MADS AGL101 Unknown function 5
At5g01380 0.9 5.3 5.7 Trihelix - Unknown function 5
At1g65130 1.2 6.4 5.5 C2H2 C2-1iB-03 Unknown function 5
At5g23260 1.0 5.4 5.4 MADS AGL32/TT16 Regulates proanthocyanidin biosynthesis 1
At3g11580 0.9 4.6 5.4 ABI3/VP1 AP2/B3-like Seed development 2
At3g56770 0.8 4.5 5.3 bHLH - Unknown function 5
At1g65110 0.6 3.2 5.1 C2H2 C2-1iB-01 Unknown function 5
At2g47190 1.2 6.0 4.9 MYB MYB2 Inhibits cytokinin-mediated branching at late stages of 2
development
At5g52260 1.0 4.7 4.8 MYB MYB19 Unknown function 5
At5g39610 1.1 5.5 4.8 NAC ANAC092/ORE1 Regulator of leaf senescence 2
At4g188380 1.6 7.4 4.6 HSF HsfAd4a/HSF21 Unknown function 5
(Continued)
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Table 4 | Continued

AGI 0.5 h after transfer Gene family Annotation Function FG
to ambient CO,
FCwt FCgo FCgo/FCwrt
At4g37610 1.1 4.8 4.3 TAZ BTB5 Unknown function 5
At1g18960 1.3 5.4 4.3 MYB - Unknown function 5
Atbg02470 0.8 3.2 4.0 E2F/DP DPA Endoreduplication control 2
Atbg26880 1.0 3.8 3.9 MADS AGL26 Unknown function 5
At1g68800 0.9 3.5 3.8 TCP TCP12/BRC2 Prevents axillary bud development and outgrowth 2
At5g07500 1.9 7.0 3.7 C3H C3H54 Required for heart-stage embryo formation 2
At4g01540 1.3 4.2 3.4 NAC ANAC068 Mediates cytokinin signaling during cell division 2
Atbg51780 1.6 5.4 3.3 bHLH - Unknown function 5
At2g42150 1.1 3.5 3.2 BD - Unknown function 5
Atbg13220 1.1 3.4 3.2 ZIM JAZ10/TIFY9 Jasmonate signaling repressor 3
At5g22290 1.2 3.8 3.1 NAC ANAC089 Negative regulator of floral initiation 2
At2g13150 1.0 3.1 3.1 bZIP bZIP31 Unknown function 5
At1g70700 1.1 3.3 3.0 ZIM JAZ9 Jasmonate signaling repressor 3
Atbg62320 1.2 3.5 3.0 MYB MYB99 Unknown function 5
At4g39070 1.2 3.5 2.9 C2C2(zn)CO DBB2 Unknown function 5
At2g30250 1.6 4.4 2.8 WRKY WRKY25 Involved in response to various abiotic stresses 4
Atbg64810 1.7 4.8 2.8 WRKY WRKY51 Repression of jasmonate-mediated signaling 3
At3g05800 1.9 5.3 2.7 bHLH AIF1 Involved in brassinosteroid signaling 4
At3g01970 1.4 3.8 2.6 WRKY WRKY45 Unknown function 5
At1g75490 1.7 4.4 2.7 AP2/EREBP DREB2D Unknown function 5
At1g68840 1.2 3.1 2.5 AP2/EREBP RAV2/TEM2 Repressor of flowering 2
At1g79180 1.4 3.3 2.5 MYB MYB63 Activates secondary wall biosynthesis 2
At4g09460 1.7 3.6 2.2 MYB MYB8 Unknown function 5
At1g66600 1.4 3.0 2.1 WRKY WRKY63 Involved in the regulation of responses to ABA and 4
drought stress
At2g43500 1.5 3.1 2.1 NIN-like - Unknown function 5
At4g01520 1.8 3.7 2.0 NAC ANAC067 Unknown function 5
At1g21000 1.6 3.2 2.0 PLATZ - Unknown function 5
At3g27810 1.7 3.4 2.0 MYB MYB21 Petal and stamen development 2
At5g67300 1.6 3.1 1.9 MYB MYB44 Regulates ethylene signaling 4
At2g39250 1.7 3.1 1.8 AP2/EREBP SNZ Represses flowering 2
At4g16780 1.7 3.1 1.8 HB HB2/HAT4 Involved in cell expansion and cell proliferation 2
At4924240 1.8 3.2 1.8 WRKY WRKY7 Involved in plant defense responses 4
At4g01930 1.8 3.1 1.7 BPC/BRR - Unknown function 5
At5g62020 1.8 3.1 1.7 HSF HsfB2a/HSF6 Unknown function 5
At2g43000 1.9 3.2 1.7 NAC JUB1/ANAC042 Regulates camalexin biosynthesis and longevity 4
At4g17785 1.9 3.2 1.6 MYB MYB39 Unknown function 5

Genes are listed according to the difference of the expression change between GO and wild-type (WT) plants (FCso/FCwr). AGI: gene identification number given

by the Arabidopsis Genome Initiative. A function was described for a gene when its involvement in a biological process/function was experimentally backed up as

described in PubMed (www.ncbi.nlm.nih.gov/pubmed) or TAIR (http.//arabidopsis.org/index.jsp). FG: functional group.

and abiotic challenges (Yan et al., 2007). JAZ proteins would
also exert their effects on post-wound inhibition of vegetative
growth in A. thaliana (Yan et al, 2007) and as repressors of
necrosis and/or programmed cell death during development in
tobacco (Oh et al., 2012). In GO plants, the action of JAZ genes
together with those of FG2 would impact growth and reproduc-
tive capacity, resulting in altered development under conditions
that promote the formation of H,O,. FG4 includes TFs with

diverse functions in plant defense and signaling, e.g., activators of
tryptophan-derived biosynthesis of camalexin (JUB1/ANAC042)
and indole glucosinolates (MYB122), as well as regulators of
photomorphogenesis (STH2) (Table 4 and Figure 2). The early
activation of camalexin and indole glucosinolate biosynthesis was
also observed in the analysis performed with the ROS-responsive
gene platform (Table 1). Finally, FG5 includes TFs with currently
unknown functions (Table 4 and Figure 2).
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FG5
unknown functions

'\_ 39

distinct biological function has not been reported yet.

FG1
Proanthocyanidin and anthocyanin biosynthesis
e.g., TT8, TT16, MYB75, MYB114

!

11

SN >

FG2
Developmental processes
e.g., GATA23, FD1, ANACO089, SNZ,
MYB2, BRC2, NAC2, ANACO68

FG3
Repression of JA signaling
e.g., JAZ7,JAZ8, JAZ9, JAZ10,
WRKY50, WRKY51

FG4
Functions in defense and signaling
e.g., ZAT10/STZ, ANAC042/JUB1,
MYB122, STH2

FIGURE 2 | Pie chart representation of the five functional groups (FG) of early H,0;-responsive TFs in GO plants. FG5 includes genes for which a

Table 5 | Transcription factors the expression of which was reduced by more than 3-fold in GO plants 0.5 h after shifting plants grown at high

CO> concentration to ambient CO, concentration.

AGI 0.5 h after transfer Gene family  Annotation Function
to ambient CO,
FCwr FCgo FCwr/FCgo

At3g02310 47.1 0.12 380.8 MADS SEP2/AGL4 Flower and ovule development

At3g13850 2.0 0.02 129.5 AS2 (LOB) | ASL30/LBD22 Unknown function

At4g00260 21.6 0.23 92.1 B3 MEE45 Maternal effect embryo arrest 45

At4g27330 2.4 0.03 78.6 NzZ NZZ/SPL Controls stamen identity

At1g54760 1.6 0.31 37.6 MADS AGL85 Unknown function

At3g60460 4.6 0.26 17.9 MYB DUO1 Plays essential role in sperm cell specification

At2g45650 3.4 0.20 17.3 MADS AGL6/RSB1 Involved in axillary bud formation; control of flowering time and
lateral organ development

Atbg26950 2.0 0.17 12.2 MADS AGL93 Unknown function

At3g15170 1.9 0.16 1.9 NAC ANAC054/CUC1 Shoot apical meristem formation and auxin-mediated lateral root
formation; formation of organ boundary

At5g5b8280 0.8 0.15 5.3 B3 - Unknown function

Atbg15800 1.0 0.21 5.0 MADS SEP1/AGL2 Involved in flower and ovule development

At3g56660 1.3 0.26 5.0 bZIP bZIP49 Unknown function

At5g23000 0.6 0.18 3.3 MYB MYB37/RAX1 Regulates axillary meristem formation; earliest spatial marker for

future axillary meristems

Genes are listed according to the difference of the expression change between wild-type (WT) and GO plants (FCywr/FCgo). A function was described for a
gene when its involvement in a biological process/function was experimentally backed up as described in PubMed (www.ncbi.nlm.nih.gov/pubmed) or TAIR

(http://arabidopsis.org/index.jsp).
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The analysis of the transcript profiles at 0.5 h after induction
of HyO, production in GO plants (Table A2 in Appendix) also
revealed a group of 13 genes that are down-regulated in GO rela-
tive to WT plants (Table 5). The function of five of these genes is
currently unknown, but interestingly, the remaining eight genes
positively control developmental processes. The down-regulation
of expression of these TFs in GO plants together with the up-
regulation of expression of TFs negatively affecting development
(see FG2, Table 3) would act in concert to arrest growth and
especially to delay the transition from the vegetative to the repro-
ductive phase. Consistently, our previous results showed that GO
plants growing under photorespiratory conditions are smaller
than WT plants, presenting a reduced rosette diameter and a delay
in flowering time (Fahnenstich et al., 2008).

CONCLUDING REMARKS

The metabolic induction of H,O, formation in chloroplasts of
GO plants under photorespiratory conditions triggered a faster
and more prominent transcriptional response of ROS-responsive
genes in these plants than in wild type. The changes of the tran-
scriptional activities observed in GO plants early after induction

of H,O, production in chloroplasts suggest the establishment
of responses that resemble those occurring at early times after
wounding or herbivore attack, where H,O, is also produced
(Orozco-Cardenas and Ryan, 1999). These responses include (1)
the retardation of development, which in part would be linked to
JA signaling, and (2) the production of the phytoanticipins indole
glucosinolates and camalexin. As in the case of herbivore attack,
the retardation of development such as reductions in growth and
reproduction observed in GO plants could be regarded as a strat-
egy to allow more resource allocation to support defense and
tolerance responses (Zavala and Baldwin, 2006). The data also
suggest that signals for the early induction of indole glucosino-
late and camalexin biosynthesis genes in GO plants through H,O,
may originate in chloroplasts as these genes showed no modified
expression in catalase loss-of-function mutants (Inzé et al., 2012).
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APPENDIX

Table A1 | Expression profile of 131 ROS-responsive genes in wild-type (WT) and GO plants after transferring seedlings to ambient
CO; concentration.

AGI log2 FCh
05h WT 0.5h GO 4hWT 4h GO 6hWT 6h GO 12h WT 12h GO

At1902450 1.64 0.53 2.04 1.21 4.35 2.28 4.78 2.50
At1g05340 0.31 1.77 1.81 2.40 2.10 2.98 6.07 4.71
At1g05575 0.61 5.51 —1.36 1.90 —0.65 2.1 3.67 2.46
At1g10040 0.21 0.85 1.27 1.05 1.06 3.38 4.88 3.04
At1g13340 0.07 1.07 1.64 1.37 1.78 2.77 3.92 3.92
At1g14040 0.20 0.05 0.37 —0.24 0.42 0.28 1.64 0.51
At1g14200 —0.37 —0.568 —0.20 —-1.26 0.38 0.52 1.92 1.20
At1g15520 0.22 —0.24 4.12 3.10 3.64 6.81 8.06 5.72
At1g16030 0.34 —0.29 0.1 0.71 0.18 0.13 0.95 0.22
At1g17170 —0.06 0.39 2.44 2.31 2.52 5.34 8.73 7.58
At1g17180 —0.65 —0.18 2.77 2.79 2.91 6.70 8.30 6.36
At1g18570 0.26 2.76 —1.48 —-0.37 —0.53 1.33 3.99 2.48
At1g19020 0.87 3.21 0.34 1.88 0.93 4.79 6.83 5.94
At1921100 0.72 2.78 —-1.31 0.21 —0.56 0.61 1.18 1.88
At1921120 —0.06 3.31 0.51 1.19 —-0.47 3.99 4.94 3.88
At1922400 0.08 —0.51 —0.563 —0.80 0.23 0.31 2.96 2.64
At1926380 0.20 1.78 0.44 1.10 1.04 5.28 6.15 5.05
At1926420 0.62 0.69 0.20 1.21 1.26 4.14 5.88 5.17
At1927730 0.17 4.91 2.63 3.85 2.58 4.81 4.55 4.42
At1928190 0.13 1.95 0.88 1.70 1.28 2.49 4.54 3.45
At1g35210 0.12 3.48 1.42 2.99 1.56 3.85 4.89 3.67
At1g35230 0.86 1.16 3.10 3.56 4.79 5.14 5.71 4.79
At1g53540 1.07 —0.58 3.69 2.64 1.84 0.61 3.25 2.09
At1g54050 —0.32 —0.27 1.45 0.96 0.99 0.38 —0.94 —0.35
At1g57630 0.50 1.78 3.62 3.63 4.34 5.17 7.31 5.93
At1g59590 0.34 2.37 —0.49 1.78 0.45 2.38 4.38 3.47
At1g61340 0.58 4.60 3.49 4.09 2.73 3.39 3.14 2.37
At1g61820 1.12 —0.18 0.36 —0.31 0.44 1.35 0.67 —0.26
At1g62300 0.81 1.45 1.78 2.26 2.80 3.71 4.75 4.20
At1963720 0.63 2.31 1.45 1.89 1.65 2.61 4.47 3.77
At1966060 0.40 4.13 0.65 1.31 1.45 2.35 3.48 3.19
At1969890 0.40 3.99 —0.98 0.72 0.30 1.17 2.46 1.52
At1g72520 0.76 3.97 2.97 2.83 2.25 3.28 2.90 2.46
At1g73010 —-1.19 —-0.41 3.01 0.07 2.30 0.83 0.28 —-0.72
At1g74310 —0.20 0.23 0.36 —1.58 —0.38 —0.02 0.93 0.89
At1974360 —0.03 1.13 1.65 1.64 2.06 3.83 4.91 4.33
At1g74590 0.04 —0.20 0.60 0.27 0.58 0.26 2.51 1.39
At1g76070 0.21 1.38 0.63 1.49 0.71 1.72 2.85 2.14
At1g76600 0.44 2.54 0.51 2.42 0.81 3.45 5.35 4.45
At1g77450 —0.38 2.87 3.24 2.02 2.49 2.79 3.49 2.98
At1g80820 0.21 0.59 2.97 2.05 1.34 2.97 2.65 2.13
At1g80840 0.10 5.25 1.19 3.41 2.45 5.82 7.28 6.96
At2g15480 0.00 1.47 0.06 0.79 0.25 2.84 5.35 4.25
At2g18210 0.05 3.07 0.43 0.96 0.17 1.65 0.61 0.22
At2g18690 0.59 2.15 2.04 2.34 2.73 4.62 6.05 5.59
At2g20560 —0.17 0.21 0.92 —0.31 —0.15 0.05 2.15 1.16
At2922470 0.09 —0.19 2.37 1.46 2.77 1.30 1.04 1.13

(Continued)
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Table A1 | Continued

AGI log2 FCh
0.5h WT 0.5h GO 4hWT 4h GO 6h WT 6h GO 12h WT 12h GO

At2922880 0.79 5.67 1.97 3.69 2.64 4.81 4.38 4.64
At2924540 0.42 1.13 8.22 7.56 4.97 5.63 0.77 2.64
At2925735 0.86 3.43 —2.23 0.62 —-0.84 1.68 3.57 3.00
At2926150 —0.59 —0.02 1.64 —0.56 0.65 —0.58 2.39 1.80
At2g26530 0.32 3.73 0.82 3.15 1.07 2.42 2.44 212
At2g29490 —0.54 0.94 2.15 1.63 1.22 3.38 4.92 4.77
At2g29500 —0.04 0.17 1.43 1.02 0.63 1.94 0.96 1.79
At2g31945 0.40 1.82 1.06 1.22 1.17 2.34 1.79 2.25
At2g32030 0.42 4.03 0.48 2.74 0.93 4.61 5.56 4.93
At2g32120 0.46 0.37 —0.52 —0.09 —0.06 —0.86 —0.30 0.07
At2g33710 —0.04 2.90 —0.19 1.56 —0.25 3.66 3.87 3.13
At2g37430 —0.23 5.74 1.35 4.97 0.92 7.58 5.62 5.59
At2g38250 0.25 0.77 1.49 2.30 2.15 3.77 5.55 4.43
At2g38340 —0.07 —0.61 1.12 1.13 1.44 2.60 6.22 4.70
At2g38470 0.50 4.98 0.67 2.14 0.82 2.92 4.44 3.37
At2g40000 -0.14 3.35 —-0.m 0.23 0.71 1.09 1.44 1.20
At2g41380 0.19 0.27 2.95 2.64 3.26 4.41 5.92 4.88
At2g41640 0.12 2.02 0.91 1.01 1.17 2.59 2.84 2.49
At2g43820 0.50 -0 —1.38 —0.24 0.09 0.68 3.02 3.05
At2g47000 0.15 0.22 0.59 2.57 0.55 4.43 7.60 6.33
At3g02800 0.14 2.31 0.32 0.24 0.24 2.02 2.39 2.03
At3g02840 0.16 6.31 2.03 3.30 1.52 6.03 5.78 4.98
At3g09270 0.63 0.34 1.67 1.09 0.99 0.59 3.57 2.16
At3g09350 —0.39 -0.12 1.10 —0.76 0.47 0.18 3.05 1.71
At3g09410 0.28 -0.27 0.22 0.81 0.22 1.66 1.46 —0.32
At3g10320 —0.36 0.84 2.31 1.49 3.05 2.85 6.78 3.90
At3g10930 0.72 4.25 1.97 3.89 3.08 5.28 7.56 5.90
At3g11840 1.19 1.22 1.67 0.87 0.88 1.81 3.81 2.49
At3g12580 1.37 —1.54 2.02 —0.52 —0.04 0.17 3.40 3.04
At3g13790 0.33 0.40 1.26 1.25 1.30 2.33 3.74 4.00
At3g15950 0.61 0.49 —0.10 0.56 —0.48 —0.36 0.16 —1.29
At3g16530 0.75 1.15 —0.28 0.06 —1.28 0.54 4.65 1.65
At3g17690 0.46 —0.81 3.25 1.73 2.59 2.74 6.04 3.25
At3923230 1.17 3.23 0.32 0.93 1.19 4.09 5.32 4.06
At3924500 —0.21 —0.49 0.36 —1.09 —-0.42 —0.04 1.97 0.95
At3g925250 0.60 an 3.64 5.31 3.47 7.26 8.67 7.12
At3926830 0.15 1.47 2.83 1.84 2.1 6.03 9.569 7.36
At3928210 0.46 0.60 1.23 2.06 1.51 1.83 3.96 3.45
At3g46230 0.47 —-0.41 2.47 2.16 1.53 0.83 1.95 1.24
At3g48650 0.96 3.89 1.28 2.32 2.62 2.89 4.03 4.23
At3g49580 —0.33 0.23 0.36 1.50 1.69 2.34 —0.07 0.17
At3g53230 0.98 —0.30 1.79 0.98 2.59 1.30 3.39 2.56
At3g55980 0.51 3.84 —0.17 0.94 0.26 1.99 3.60 2.75
At4g11280 0.62 1.69 0.86 1.13 0.45 2.56 4.27 3.03
At4g12400 0.07 -0.19 0.03 —0.76 -0.78 —-0.16 1.54 0.28
At4g15975 0.79 0.36 —0.56 1.46 0.64 1.89 2.25 1.54
At4g17490 0.54 4.42 —0.563 2.52 0.41 2.78 3.29 2.20
At4g18880 0.71 2.71 0.86 2.34 0.92 2.21 3.85 2.85
At4g21390 0.88 3.70 2.50 3.44 2.71 4.86 4.60 4.41
At4g21990 —0.31 0.65 1.41 0.59 0.41 1.39 1.64 0.92

(Continued)
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AGI log2 FCh
0.5h WT 0.5h GO 4h WT 4h GO 6h WT 6h GO 12h WT 12h GO

At4g22530 0.38 —0.24 0.47 1.22 1.28 2.57 5.23 3.65
At4g24160 0.26 0.81 0.44 0.42 0.93 1.16 2.30 1.45
At4924380 0.35 1.30 1.66 2.38 1.72 1.98 1.16 1.32
At4g24570 0.47 4.23 0.83 1.58 1.84 1.74 3.07 2.49
At4g37370 0.49 2.81 1.93 3.87 1.49 6.08 7.75 6.09
At4g39670 0.42 3.84 4.90 4.92 4.99 7.53 7.85 7.52
At5g04340 —0.25 4.78 3.28 3.13 2.87 3.10 5.35 4.22
At5g05730 0.52 0.78 1.40 2.23 0.49 1.27 2.95 1.99
Atbg12020 0.23 —0.51 5.32 2.84 4.18 2.59 3.09 4.15
At5g12030 -0.18 0.07 3.39 1.03 1.22 1.97 2.90 3.00
Atbg14700 0.19 1.14 2.48 2.1 1.69 1.74 1.49 0.80
Atbg14730 0.43 0.40 —2.54 0.66 —1.85 1.42 3.48 2.00
At5g20230 0.60 1.47 2.40 3.33 3.30 4.82 6.06 5.41
At5g24110 —0.06 3.73 3.44 2.57 1.70 6.51 5.79 5.52
Atbg25450 0.56 0.10 0.28 0.71 —0.36 0.63 3.48 1.90
At5g26220 0.28 —-0.92 3.63 3.72 3.07 3.70 1.03 2.45
Atbg27420 0.31 5.03 1.59 2.62 1.58 3.90 5.10 4.47
Atbg28630 0.49 2.02 —2.90 —-1.34 —1.83 —-1.21 0.61 —-0.72
Atbg35320 —0.22 —0.13 0.67 —0.22 0.35 0.34 1.39 0.90
Atbg46080 0.08 0.91 0.12 0.83 0.24 1.88 2.22 1.80
Atbg47230 0.33 4.12 —0.05 2.21 0.55 2.13 3.61 2.44
Atbg48570 0.33 —0.17 0.75 —-0.27 —0.33 0.15 1.24 0.09
Atbg48850 0.08 —0.39 1.07 1.52 1.74 2.90 —0.01 —0.41
At5g51060 0.40 —0.06 3.50 1.86 3.84 5.46 3.43 3.85
At5g51190 0.48 2.77 0.08 2.40 0.88 2.31 3.88 2.30
At5g51440 0.34 -0.29 0.65 1.16 -0.44 3.85 7.36 6.33
At5g52640 0.06 -0.18 0.96 —0.98 0.22 1.21 2.80 2.26
At5g54490 0.56 2.96 0.57 2.85 0.59 2.05 4.01 3.20
At5g57220 1.48 3.18 —1.68 0.44 -1.37 2.76 4.81 3.61
At5g59820 0.03 3.84 2.65 4.19 2.19 5.95 5.87 4.99
At5g63790 -0.37 242 1.55 1.69 1.63 3.47 3.56 3.23
Atbg64310 0.29 1.92 1.568 1.13 1.61 0.13 0.53 0.54
Atbg64510 —0.16 0.22 1.38 0.09 0.88 0.80 1.18 1.12
Atbg64905 0.44 2.568 1.89 2.56 1.04 5.04 6.27 4.05

Numbers indicate log2 fold-change (FCh) expression ratio of genes after transferring plants to ambient CO, concentration compared to high CO, concentration.
Values are means of two biological replicates.
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Table A2 | Continued

compared to high CO, concentration. Acl Gene family log2 FCh
AGI Gene family log2 FCh 0.5h WT 0.5h GO
05h WT 05h GO At1g01250 AP2/EREBP —0.28 0.58
At4g17490 AP2/EREBP 4.25 5.93
At1g01030 ABI3/VP1 0.74 0.97 At1g03800 AP2/EREBP 1.34 0.43
At3916280 AP2/EREBP 0.34 0.49 At4g17500 AP2/EREBP 1.21 2.79
At3g16770 AP2/EREBP 0.28 0.61 At1g07900 AS2 (LOB) | 1.44 2.66
At2g30470 ABI3/VP1 —0.01 —0.02 At1g16530 AS2 (LOB) | 1.40 0.91
At3g20310 AP2/EREBP 0.82 0.98 At4g33280 B3 0.70 0.00
At2g36080 ABI3/VP1 0.53 1.08 At1g31320 AS2 (LOB) | 0.77 0.35
At2g46870 ABI3/VP1 —0.03 —0.16 At4g34400 B3 2.13 -0.37
At3g11580 ABI3/VP1 —0.23 2.19 At1965620 AS2 (LOB) | 0.21 0.09
At3923230 AP2/EREBP 1.28 4.67 Atbg18000 B3 -1.97 —0.43
At3925730 AP2/EREBP 0.05 0.61 At5g18090 B3 —0.20 —0.09
At3g61970 ABI3/VP1 —-0.1 0.10 At5g32460 B3 0.41 6.95
At3925890 AP2/EREBP 0.18 0.54 At2g19820 AS2 (LOB) | 0.64 1.07
At4g01500 ABI3/VP1 0.92 0.50 At5g58280 B3 -0.34 —2.35
At3g50260 AP2/EREBP 4.28 4.54 At2g28500 AS2 (LOB) | 2.53 4.01
At4921550 ABI3/VP1 —1.81 —3.72 At5g60130 B3 —1.04 0.36
At3g54320 AP2/EREBP 0.63 0.32 At5g60140 B3 0.34 0.37
At5g60450 ARF 0.02 —0.28 At2g30340 AS2 (LOB) | 0.19 0.81
At3g18990 B3 —0.02 0.53 At1g06160 AP2/EREBP -0.34 1.14
At5g62000 ARF 0.38 0.47 At4g23750 AP2/EREBP 0.75 0.56
At3g46770 B3 —1.65 0.31 At4g25470 AP2/EREBP 6.18 6.85
At1g04880 ARID 0.01 —0.59 At1g12630 AP2/EREBP —0.01 0.40
At3g53310 B3 —0.46 0.31 At4g25480 AP2/EREBP 6.17 5.68
At1g20910 ARID 0.22 0.32 At1g12890 AP2/EREBP 1.89 2.51
At4g00260 B3 4.43 —2.09 Atdg27950 AP2/EREBP 0.73 —0.08
At4g01580 B3 —0.21 0.06 At1g13260 AP2/EREBP 0.63 1.06
At1g76110 ARID 0.00 0.43 At4g28140 AP2/EREBP 5.79 8.83
At1g76510 ARID 0.03 0.81 At4g31060 AP2/EREBP —0.16 —0.16
At4931620 B3 1.67 —0.99 At1g16060 AP2/EREBP 0.22 0.42
At2g46040 ARID 0.14 0.29 At4g32800 AP2/EREBP —0.09 0.94
At3g13350 ARID —0.31 0.31 At1g19210 AP2/EREBP 3.96 4.18
At3g43240 ARID —0.01 0.03 At4g34410 AP2/EREBP 6.02 8.13
At4931650 B3 —0.28 -0.17 At1g21910 AP2/EREBP —0.50 0.27
At4932010 ABI3/VP1 0.36 0.21 At4g36900 AP2/EREBP 0.31 1.15
At5g06250 ABI3/VP1 —0.53 —0.16 At1g22190 AP2/EREBP 5.46 2.69
At3g57600 AP2/EREBP 0.24 0.25 At4g36920 AP2/EREBP —0.12 0.06
At1g14510 Alfin 0.10 0.17 At1g22810 AP2/EREBP 6.10 7.03
At3960490 AP2/EREBP 0.06 1.23 At4g37750 AP2/EREBP 0.16 0.01
At2902470 Alfin 0.29 0.45 At1g01260 bHLH 0.40 0.98
At3961630 AP2/EREBP 0.68 0.94 At2g40470 AS2 (LOB) | —0.03 1.14
At3g11200 Alfin —0.15 0.33 At1g02340 bHLH —0.38 0.48
At4g06746 AP2/EREBP 1.76 3.06 At1g03040 bHLH 0.05 0.42
At3g42790 Alfin —0.01 0.42 At1g05805 bHLH 0.26 0.69
At4g11140 AP2/EREBP —0.16 —0.03 At1g06150 bHLH 0.09 -0.14
At5g05610 Alfin 0.10 0.51 At2g45420 AS2 (LOB) | —0.51 1.14
At4g13040 AP2/EREBP 0.29 0.88 At1g06170 bHLH —-0.71 0.30
At5g20510 Alfin —0.54 0.10 At1g09250 bHLH —0.08 0.96
At59g26210 Alfin —-0.11 0.58 At3g11090 AS2 (LOB) | —0.12 0.14
At4g16750 AP2/EREBP —0.56 1.65 At1g09530 bHLH 0.01 0.32
(Continued) (Continued)
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Table A2 | Continued

AGI Gene family log2 FCh AGI Gene family log2 FCh
0.5h WT 0.5h GO 0.5h WT 0.5h GO

At3g13850 AS2 (LOB) | 1.00 —6.02 At5g51190 AP2/EREBP 0.91 4.21
At1g10120 bHLH —0.24 —0.09 At1968840 AP2/EREBP 0.32 1.62
At3926620 AS2 (LOB) | 0.44 1.02 At1943770 bHLH —0.44 0.19
At1g10610 bHLH —0.31 -0.23 At3g02550 AS2 (LOB) Il 0.40 —0.76
At3927650 AS2 (LOB) | —0.85 0.20 At3g49940 AS2 (LOB) Il 1.10 1.64
At1912860 bHLH -0.38 0.00 At1g51070 bHLH 0.12 0.63
At1922985 AP2/EREBP —0.01 0.73 At4g37540 AS2 (LOB) Il 0.47 1.39
At4g39780 AP2/EREBP 1.31 1.31 At1g51140 bHLH —0.08 0.61
At5g05410 AP2/EREBP 2.04 2.95 Atbg67420 AS2 (LOB) Il 1.15 1.20
At1925560 AP2/EREBP —0.64 0.28 At19g59640 bHLH 0.02 —0.10
At5g07580 AP2/EREBP —-1.35 -0.87 At1g04100 Aux/IAA —0.74 0.52
At5g10510 AP2/EREBP 0.85 —0.42 At19g04240 Aux/IAA -0.77 0.28
At1928360 AP2/EREBP 1.36 0.70 At19g62975 bHLH 0.22 0.71
At5g11190 AP2/EREBP -0.20 0.55 At19g04250 Aux/IAA —0.33 0.99
At1928370 AP2/EREBP 4.77 6.09 At1963650 bHLH —0.09 0.44
At5g11590 AP2/EREBP 0.72 1.28 At1904550 Aux/IAA 0.18 0.50
At1933760 AP2/EREBP 2.49 3.60 At1g15050 Aux/IAA 0.46 0.92
At5g13330 AP2/EREBP 0.32 0.69 At1968240 bHLH 0.35 0.59
At1936060 AP2/EREBP 1.26 0.20 At1g15580 Aux/IAA 0.12 1.26
At5g13910 AP2/EREBP —0.26 —0.89 At1968810 bHLH —0.02 0.74
At1943160 AP2/EREBP 0.23 3.13 At1951950 Aux/IAA —0.20 0.45
At1944830 AP2/EREBP -2.15 -0.73 At1968920 bHLH -0.18 0.15
At1946768 AP2/EREBP 1.17 1.07 At1g71130 AP2/EREBP —0.06 0.73
At3927940 AS2 (LOB) | —0.16 0.39 At5g52020 AP2/EREBP 1.59 2.60
At1g18400 bHLH —-0.34 0.85 At5g53290 AP2/EREBP 0.94 -0.17
At1922490 bHLH 0.09 0.48 At1g71520 AP2/EREBP 3.60 5.02
At3g50510 AS2 (LOB) | —0.42 —0.90 At5g57390 AP2/EREBP 0.39 0.17
At4g00210 AS2 (LOB) | —0.04 —0.62 At1972360 AP2/EREBP —0.55 0.43
At1926260 bHLH 0.27 0.61 At5g60120 AP2/EREBP 0.40 0.42
At4g00220 AS2 (LOB) | 0.19 0.64 At5g61590 AP2/EREBP —2.96 —1.76
At1927660 bHLH -0.17 0.58 At1g74930 AP2/EREBP 4.49 4.80
At4g22700 AS2 (LOB) | 2.94 6.51 Atbg61600 AP2/EREBP 2.71 3.70
At1929950 bHLH —0.04 0.21 At1975490 AP2/EREBP 0.73 2.15
At5g63090 AS2 (LOB) | —0.61 1.16 At5g61890 AP2/EREBP 1.25 1.22
At1931050 bHLH -0.13 0.66 At1977200 AP2/EREBP —0.98 0.45
At1932640 bHLH 1.91 2.86 At59g64750 AP2/EREBP 2.48 2.27
At1935460 bHLH 0.12 0.70 At1977640 AP2/EREBP 0.09 —0.48
At5g19790 AP2/EREBP —2.72 4.75 At5g65130 AP2/EREBP 0.56 0.64
At1950640 AP2/EREBP 1.59 1.23 At1g78080 AP2/EREBP 2.43 2.50
At5g25190 AP2/EREBP 0.01 0.99 At5g65510 AP2/EREBP —0.63 —1.49
At5g25390 AP2/EREBP —1.43 1.04 At1g79700 AP2/EREBP —0.22 0.66
At5g25810 AP2/EREBP —0.56 0.18 At1952830 Aux/IAA —-0.12 0.08
At1g53170 AP2/EREBP 2.63 3.00 At1g69010 bHLH 0.15 0.79
At1g53910 AP2/EREBP 0.13 0.61 At1g80390 Aux/IAA 1.08 1.72
At5g44210 AP2/EREBP 1.55 1.59 At2g01200 Aux/IAA 0.54 1.25
Atbg47220 AP2/EREBP 1.15 2.75 At1972210 bHLH 1.02 —0.58
At1g63040 AP2/EREBP 1.40 1.52 At2922670 Aux/IAA 0.01 0.19
Atbg47230 AP2/EREBP 4.34 4.94 At1g73830 bHLH -1.22 -0.72
At1g64380 AP2/EREBP 4.20 4.16 At2g33310 Aux/IAA 0.04 0.16
At1g68550 AP2/EREBP 0.10 —0.13 At2g46990 Aux/IAA 0.07 1.22

(Continued) (Continued)
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AGI Gene family log2 FCh AGI Gene family log2 FCh
0.5h WT 0.5h GO 05h WT 0.5h GO

At3g04730 Aux/IAA —0.10 0.48 At2g46310 AP2/EREBP 0.82 0.82
At3g15540 Aux/IAA —0.25 0.47 At3g61830 ARF 0.10 0.06
At2g18300 bHLH —0.68 0.05 At2g47520 AP2/EREBP 0.66 0.34
At3g16500 Aux/IAA 0.10 0.71 At4g23980 ARF 0.23 0.39
At2920095 bHLH —0.12 —0.12 At3g11020 AP2/EREBP 2.08 1.74
At3g17600 Aux/IAA -0.27 1.57 At4g30080 ARF —0.25 0.49
At2g20180 bHLH —0.53 —0.23 At3g14230 AP2/EREBP -0.02 0.72
At3g23030 Aux/IAA 0.77 1.53 At3g15210 AP2/EREBP 3.50 4.06
At3g23050 Aux/IAA —0.39 0.82 At5g37020 ARF 0.16 0.28
Atbg67180 AP2/EREBP —0.23 —-0.32 At1g49480 B3 —0.09 0.45
At2g20880 AP2/EREBP 5.11 7.22 At2g42280 bHLH 0.28 0.96
Atbg67190 AP2/EREBP 0.53 1.47 At2g42300 bHLH —0.56 —0.31
At2922200 AP2/EREBP 2.28 3.07 At2g24650 B3 —0.39 -0.14
At1919220 ARF 0.14 —0.07 At2g43010 bHLH —0.31 0.16
At2923340 AP2/EREBP 0.86 0.80 At2g24680 B3 —0.08 —0.28
At1919850 ARF 0.49 —0.37 At2g43140 bHLH 0.57 —0.38
At2925820 AP2/EREBP 0.00 1.42 At2g24690 B3 -0.13 0.18
At1930330 ARF —0.01 0.08 At2g46510 bHLH 0.71 1.44
At2928550 AP2/EREBP 0.34 0.56 At2g24700 B3 0.73 -1.17
At2931230 AP2/EREBP 0.80 1.51 At2g46810 bHLH —0.30 0.56
At2g33710 AP2/EREBP 0.95 3.51 At2g35310 B3 -0.37 -1.10
At2g35700 AP2/EREBP 0.17 0.93 At2g46970 bHLH —0.05 0.23
At2g38340 AP2/EREBP 0.45 —0.20 At3g06160 B3 —0.09 -0.37
At2g39250 AP2/EREBP 0.76 1.64 At2g47270 bHLH 2.01 2.21
At3g62100 Aux/IAA 0.32 0.57 At3g06220 B3 0.29 —-1.37
At2922770 bHLH —-0.12 0.93 At3g05800 bHLH 0.95 2.40
At4g14550 Aux/IAA —0.28 0.76 At3g06120 bHLH —0.05 0.15
At2924260 bHLH 0.79 0.38 At3g18960 B3 —7.62 —0.50
At4g14560 Aux/IAA 0.83 1.05 At3g06590 bHLH -0.13 0.39
At2927230 bHLH —-0.04 0.21 At3g07340 bHLH —0.64 —0.30
At4g28640 Aux/IAA -0.1 0.17 At1g03970 bZIP 0.13 0.69
At2928160 bHLH —0.42 0.10 At3g17100 bHLH —0.45 0.12
At4929080 Aux/IAA -0.18 0.62 At1g06070 bzIP 0.42 0.19
At4932280 Aux/IAA -1.14 0.38 At3g19500 bHLH —0.26 1.20
At5g25890 Aux/IAA 0.21 1.03 At1g06850 bzIP —0.43 —0.02
At2931220 bHLH -0.84 —0.45 At3g19860 bHLH 0.41 0.25
At5g43700 Aux/IAA —0.45 0.70 At3920640 bHLH 0.33 0.92
At2g31280 bHLH 0.10 0.00 At1g13600 bzIP -1.07 0.97
At5g65670 Aux/IAA —0.05 0.63 At3g21330 bHLH 0.35 0.61
At2g40200 bHLH —0.23 —0.03 At1g19490 bzIP 0.84 0.90
At1916640 B3 0.06 0.46 At3g22100 bHLH 1.18 3.16
At2g41130 bHLH 0.08 1.1 At1g22070 bZIP —0.40 0.67
At2g41240 bHLH —-0.57 -0.87 At3g23210 bHLH 0.99 0.86
At1g59750 ARF 0.07 0.03 At1g32150 bZIP 0.47 0.72
At2g41710 AP2/EREBP 0.18 0.38 At3g23690 bHLH —0.16 0.26
At2g28350 ARF —0.62 —-0.35 At3g24140 bHLH 0.40 0.37
At2g44840 AP2/EREBP 3.55 6.34 At3g25710 bHLH 0.75 0.89
At2g33860 ARF 0.69 —1.21 At1g43700 bZIP -0.04 0.56
At2g44940 AP2/EREBP —-1.71 0.13 At2g24790 C2C2(Zn) CO-like 0.18 0.97
At2g46530 ARF 0.16 0.35 At1g65110 C2H2 -0.67 1.69
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At2g31380 C2C2(Zn) CO-like 0.59 0.81 At1907640 C2C2(zZn) DOF 0.08 -0.17
At2g33500 C2C2(Zn) CO-like 0.1 0.65 At1929600 C2H2 0.08 -0.17
At1901930 C2H2 0.09 0.61 At1930970 C2H2 0.68 —0.31
At2g47890 C2C2(Zn) CO-like 1.09 0.50 At1926790 C2C2(zn) DOF 3.01 —0.64
At1902030 C2H2 0.55 0.82 At1934370 C2H2 0.69 0.88
At1g02040 C2H2 —0.50 0.39 At4g00050 bHLH 0.72 0.13
At3g07650 C2C2(Zn) CO-like 0.87 1.08 At2916770 bZIP —0.20 0.52
At1g03840 C2H2 —0.66 —0.15 At2g17770 bZIP 0.58 -0.17
At3921150 C2C2(Zn) CO-like 2.51 2.93 At4g00480 bHLH —0.33 0.45
At1904445 C2H2 2.53 0.68 At2g18160 bZIP —-0.71 —0.12
At3921880 C2C2(Zn) CO-like 2.16 2.79 At4g00870 bHLH 0.28 —-0.84
At19g04990 C2H2 0.57 0.90 At2921230 bZIP —0.06 0.48
At3921890 C2C2(Zn) CO-like 2.59 3.55 At4g01460 bHLH 0.42 0.87
At19g08290 C2H2 0.59 0.38 At4g02590 bHLH 0.46 0.34
At1g11490 C2H2 —0.51 0.33 At2922850 bzIP 0.04 0.88
At3926744 bHLH 0.13 0.20 At4g05170 bHLH —0.31 0.75
At1945249 bZIP 0.80 1.01 At2g31370 bzIP —0.02 0.42
At3g47640 bHLH 0.72 0.61 At4g09180 bHLH —0.09 0.20
At1949720 bZIP 0.49 0.83 At4g09820 bHLH —0.41 5.10
At1958110 bZIP 0.45 0.86 At2g35530 bzIP 0.91 0.48
At3956220 bHLH -1.25 0.07 At4g14410 bHLH 0.02 0.67
At1968640 bZIP -1.16 0.31 At2g36270 bzIP 1.10 -1.17
At3g56770 bHLH —0.24 2.17 At4g16430 bHLH 0.11 0.77
At1g68880 bZIP —0.67 2.34 At2g40620 bZIP 0.26 0.07
At3g56970 bHLH 0.1 0.05 At4g17880 bHLH -0.77 0.12
At1g75390 bZIP —0.43 -0.27 At2g40950 bZIP 0.28 0.42
At3g56980 bHLH 0.00 -1.18 At1g28310 C2C2(zn) DOF —0.03 0.26
At1g77920 bZIP —0.42 1.26 At1929160 C2C2(zn) DOF 0.1 0.40
At3g57800 bHLH -0.13 0.19 At1g43850 C2H2 0.68 0.58
At2g04038 bZIP —0.54 —0.49 At1g43860 C2H2 —0.09 0.69
At3g59060 bHLH 0.26 0.45 At1947655 C2C2(zn) DOF 0.24 0.22
At3g61950 bHLH —0.02 —0.58 At1g47860 C2H2 0.41 0.36
At3962090 bHLH —1.46 1.29 At1g51700 C2C2(zZn) DOF 1.89 2.29
At2g13150 bZIP 0.01 1.62 At1964620 C2C2(zZn) DOF 0.58 0.47
At49g27310 C2C2(Zn) CO-like 0.45 0.48 At1g55110 C2H2 1.08 1.07
At4938960 C2C2(Zn) CO-like 0.48 1.05 At1969570 C2C2(zZn) DOF —0.38 0.90
At1914580 C2H2 2.14 0.20 At1965120 C2H2 0.37 0.81
At4g39070 C2C2(Zn) CO-like 0.25 1.79 At2g28510 C2C2(zZn) DOF 0.91 0.81
At1924625 C2H2 —0.61 0.31 At1965130 C2H2 0.21 2.67
At5g15840 C2C2(Zn) CO-like 0.78 0.61 At2g28810 C2C2(zZn) DOF 0.55 0.14
At1924630 C2H2 —0.54 0.33 At1966140 C2H2 —0.06 0.25
At5g15850 C2C2(Zn) CO-like 0.53 1.05 At2g34140 C2C2(zn) DOF -0.27 0.52
At1925250 C2H2 0.37 0.91 At1g67030 C2H2 0.79 0.65
At5g24930 C2C2(Zn) CO-like 0.28 0.89 At2g37590 C2C2(zn) DOF 0.52 0.87
At1926590 C2H2 —1.62 0.50 At1g68130 C2H2 0.45 0.38
At5g48250 C2C2(Zn) CO-like —0.69 0.48 At2g46590 C2C2(zn) DOF -0.20 0.1
At1926610 C2H2 0.12 1.22 At1g68360 C2H2 —-0.13 0.27
Atbg54470 C2C2(Zn) CO-like 1.52 1.54 At4g20970 bHLH -0.07 0.90
At1927730 C2H2 0.82 5.18 At2g41070 bZIP 0.53 0.53
Atbg57660 C2C2(Zn) CO-like 0.19 0.82 At2g42380 bZIP —0.86 0.03
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At2g46270 bzIP 1.20 1.64 At2g27100 C2H2 0.54 —0.21
At3g10800 bzIP 0.40 0.74 At5g02460 C2C2(zn) DOF 0.21 0.68
At4925410 bHLH -0.12 0.27 At5g39660 C2C2(zZn) DOF 0.40 1.33
At3912250 bzIP 0.20 0.05 At2g28200 C2H2 0.07 0.17
At4928790 bHLH —0.73 0.03 At5g60200 C2C2(zn) DOF 0.27 0.77
At3g17609 bZIP 0.95 1.16 At2g28710 C2H2 —0.51 0.59
At3g19290 bZIP 0.69 0.77 At5g60850 C2C2(zn) DOF 0.19 0.86
At4g29100 bHLH 0.23 0.41 At2g29660 C2H2 —0.46 0.39
At4g29930 bHLH 0.81 1.31 At5g62430 C2C2(zn) DOF 0.67 1.18
At4g30180 bHLH -0.72 1.33 At2g32930 C2H2 1.70 0.92
At3g51960 bZIP 0.19 0.90 At5g62940 C2C2(zn) DOF 0.06 0.71
At4g30980 bHLH 1.72 0.14 At2g36480 C2H2 1.21 0.13
At3g54620 bZIP 0.29 0.62 At5g65590 C2C2(zn) DOF —0.42 1.18
At3921270 C2C2(zn) DOF —0.33 0.48 At2g36930 C2H2 0.44 0.09
At1968480 C2H2 1.49 —0.70 At5g66940 C2C2(zn) DOF —0.38 —0.49
At3g45610 C2C2(zZn) DOF 0.40 0.68 At2g37430 C2H2 0.89 6.33
At1g72050 C2H2 0.28 0.53 At1g08000 C2C2(zZn) GATA 0.96 0.62
At3g47500 C2C2(zZn) DOF 0.49 0.62 At1g08010 C2C2(zZn) GATA 1.05 0.41
At1g75710 C2H2 0.00 0.15 At2g41940 C2H2 —0.76 —0.76
At3g50410 C2C2(zZn) DOF —0.05 0.48 At5g10570 bHLH —0.02 0.94
At3952440 C2C2(zZn) DOF 1.88 5.20 At4g38900 bZIP 0.12 0.61
At2901940 C2H2 —0.65 0.35 At5g15160 bHLH -0.19 0.27
At3g55370 C2C2(zZn) DOF 0.29 0.63 At5g04840 bZIP —0.06 0.25
At2g02070 C2H2 1.78 0.18 At5g38860 bHLH —0.35 0.30
At3g61850 C2C2(zn) DOF —0.38 0.07 At5g06950 bZIP —-3.42 0.81
At2g02080 C2H2 0.73 0.09 At5g39860 bHLH 0.12 0.52
At4g00940 C2C2(zn) DOF -0.37 0.42 At5g06960 bZIP -0.07 0.40
At2924500 C2H2 0.08 0.74 At5g41315 bHLH 1.22 1.01
At3g56660 bZIP 0.37 —1.96 At5g10030 bZIP 0.35 0.31
At4g34530 bHLH 0.09 0.38 At5g46690 bHLH —-0.39 -0.34
At3g56850 bZIP 0.60 0.69 At5g11260 bZIP 0.99 1.14
At4g36060 bHLH 0.04 0.50 At5g46760 bHLH —0.05 0.14
At3g58120 bzIP —1.62 —0.95 At5g15830 bZIP —0.61 0.39
At4936540 bHLH —0.04 0.55 At5g46830 bHLH —1.47 0.32
At3962420 bzIP —0.33 0.61 At5g24800 bZIP 0.20 1.07
At4936930 bHLH 0.44 —0.33 At5g48560 bHLH 0.03 0.29
At4g01120 bzIP 0.23 0.87 At5g28770 bZIP -0.12 0.14
At4g02640 bzIP —0.01 0.50 At1g51600 C2C2(zZn) GATA 0.23 0.85
At4934000 bzIP 1.1 1.02 At2g18380 C2C2(Zn) GATA 0.38 0.38
At5g01310 bHLH 0.43 0.70 At2g45120 C2H2 0.20 0.28
At4934590 bzIP -0.18 0.39 At2g28340 C2C2(Zn) GATA 0.97 —0.02
At4g35040 bZIP —-0.47 0.57 At2g45050 C2C2(Zn) GATA —0.39 0.90
At5g08130 bHLH 1.02 0.38 At3g01460 C2H2 1.21 0.34
At4g35900 bZIP —0.08 2.91 At3g06740 C2C2(Zn) GATA -1.20 —0.64
At5g09460 bHLH -0.34 0.36 At3g02790 C2H2 0.01 0.28
At4g36730 bZIP 0.26 0.51 At3g16870 C2C2(Zn) GATA 0.02 —-0.47
At4g37730 bZIP 0.45 0.62 At3g02830 C2H2 0.22 0.54
At4g24060 C2C2(zn) DOF —0.08 0.64 At3g05760 C2H2 0.05 0.63
At2926940 C2H2 0.02 0.88 At3g21175 C2C2(Zn) GATA 0.07 0.55
At4g38000 C2C2(zn) DOF —0.99 1.49 At3g24050 C2C2(Zn) GATA 0.60 0.45
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At3g10470 C2H2 0.41 —0.30 At1g28050 C2C2(Zn) CO-like —0.09 1.01
At3g13810 C2H2 0.29 1.00 Atbg67110 bHLH 0.27 —0.20
At3g50870 C2C2(Zn) GATA 0.44 —0.02 At1g49130 C2C2(Zn) CO-like —-0.17 1.01
At3g14740 C2H2 0.23 0.41 At1g14685 BPC/BRR 0.13 0.32
At3g51080 C2C2(Zn) GATA 0.43 0.39 At1g68120 BPC/BRR 0.25 0.02
At3g19580 C2H2 2.44 2.95 At1g68190 C2C2(Zn) CO-like —-0.39 0.54
At5g50010 bHLH —0.53 0.99 At2921240 BPC/BRR —0.01 0.58
Atbg50915 bHLH 0.50 1.15 At1g68520 C2C2(Zn) CO-like —0.58 0.18
At5g51780 bHLH 0.72 2.43 At2g35550 BPC/BRR 0.12 0.92
At5g44080 bZIP 0.05 0.31 At1g73870 C2C2(Zn) CO-like 0.59 0.68
At5g51790 bHLH —0.57 0.21 At4g01930 BPC/BRR 0.85 1.64
At5g49450 bZIP —0.04 1.02 At1g75540 C2C2(Zn) CO-like —0.40 2.37
At5g60830 bZIP 2.50 1.55 At1g78600 C2C2(Zn) CO-like 0.62 0.33
Atbgb54680 bHLH 0.45 0.44 Atbg42520 BPC/BRR 0.34 0.40
At5g65210 bzZIP —0.10 0.17 At2g21320 C2C2(Zn) CO-like —0.09 0.69
Atbgb6960 bHLH 2.39 3.26 At5g49300 C2C2(Zn) GATA —-0.24 1.01
At1g19350 BZR 0.89 0.72 At3g53600 C2H2 2.47 3.37
Atbg57150 bHLH 0.27 0.55 Atbgb6860 C2C2(Zn) GATA —-0.18 0.00
At1g75080 BZR 1.20 0.95 Atbg66320 C2C2(Zn) GATA 2.87 0.64
At1g78700 BZR 1.74 0.50 At3g57480 C2H2 0.08 0.73
Atbg61270 bHLH 0.44 0.46 At1g08465 C2C2(Zn) YABBY —0.20 0.56
At3g50750 BZR —-0.10 0.34 At3g57670 C2H2 0.41 0.16
At5g62610 bHLH 0.28 0.85 At3g58070 C2H2 0.09 1.07
At4g18890 BZR 0.53 0.42 At3g60580 C2H2 -0.19 0.51
At5g64340 bHLH —0.31 -0.18 At2926580 C2C2(Zn) YABBY 0.37 0.81
At4g36780 BZR 0.65 0.53 At3962240 C2H2 1.63 0.15
At3g54810 C2C2(Zn) GATA —0.02 -0.20 At2g45190 C2C2(Zn) YABBY 0.77 0.16
At3g60530 C2C2(zZn) GATA —0.45 0.31 At4g02670 C2H2 0.69 0.56
At4g17570 C2C2(zZn) GATA —0.05 0.49 At4g00180 C2C2(Zn) YABBY 0.58 0.26
At4g24470 C2C2(Zn) GATA 0.48 0.09 At4g12240 C2H2 -0.34 0.18
At4926150 C2C2(Zn) GATA 0.65 0.37 At1g13400 C2H2 -0.19 —0.76
At3g44750 C2H2 0.06 0.23 At4g15420 C2H2 0.12 0.83
At4g32890 C2C2(Zn) GATA 0.18 —-0.17 At4g16610 C2H2 0.00 0.90
At3g45260 C2H2 —0.02 0.1 At4g17810 C2H2 —0.51 0.32
At4g34680 C2C2(Zn) GATA 0.23 0.40 At3g14020 CCAAT-HAP2 1.21 0.92
At4g36240 C2C2(Zn) GATA 0.02 0.26 At4g25610 C2H2 0.40 —-0.74
At3g46080 C2H2 1.17 3.27 At3g20910 CCAAT-HAP2 0.32 0.82
At4g36620 C2C2(Zn) GATA 0.51 0.01 Atbg06510 CCAAT-HAP2 0.02 —0.06
At3g46090 C2H2 2.29 3.65 At4g27240 C2H2 —0.26 —-0.1
At5g25830 C2C2(Zn) GATA —-0.1 —-0.10 Atbg12840 CCAAT-HAP2 0.72 0.84
At3g47890 C2H2 —0.01 0.20 At4g31420 C2H2 —-0.12 0.80
At5g26930 C2C2(Zn) GATA —0.49 3.26 At2g13570 CCAAT-HAP3 -0.16 0.24
At3g49930 C2H2 0.75 0.06 At2927470 CCAAT-HAP3 0.09 —0.03
At5g47140 C2C2(Zn) GATA 0.04 0.70 At5g01160 C2H2 0.90 0.52
At3g50700 C2H2 —-0.32 1.30 At2g37060 CCAAT-HAP3 0.13 0.74
At5g65320 bHLH —0.83 —0.16 At2g38880 CCAAT-HAP3 0.42 0.78
At19g06040 C2C2(Zn) CO-like 0.05 0.86 At5g03150 C2H2 0.34 -0.17
At5g65640 bHLH 0.04 0.79 At1952150 HB 1.63 —0.43
At1925440 C2C2(Zn) CO-like —0.45 0.31 At3g46640 GARP-G2-like -0.17 -0.95
Atbg67060 bHLH —0.44 0.21 At1962360 HB —2.54 —1.92
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At1962990 HB 0.07 0.92 Atbg16470 C2H2 —0.01 0.53
At4g13640 GARP-G2-like 0.27 0.30 At5g43250 CCAAT-HAP5 —0.08 0.78
At1969780 HB —0.93 0.70 Atbg16540 C2H2 0.15 0.85
At1970920 HB 0.28 1.29 At5g50470 CCAAT-HAP5 1.23 0.96
At4928610 GARP-G2-like 0.50 0.62 At5g18550 C2H2 1.57 0.12
At1g73360 HB —0.50 0.20 At5g50480 CCAAT-HAPS 1.61 0.40
At4g37180 GARP-G2-like 0.53 1.36 At5g63470 CCAAT-HAPS —0.08 0.94
At1g75410 HB 0.09 0.62 At5g25160 C2H2 -1.33 —0.40
At5g05090 GARP-G2-like —0.21 0.30 At5g26610 C2H2 0.09 0.31
At5g06800 GARP-G2-like 0.46 0.73 At4g01350 CHP-rich -0.70 2.21
At1g79840 HB —0.06 0.26 At5g37890 C2H2 0.30 0.61
At5g16560 GARP-G2-like —0.68 —0.18 At5g39550 C2H2 0.42 0.01
At2g01430 HB 0.89 —0.31 At2g20110 CPP(Zn) 0.14 —0.03
At5g03510 C2H2 -0.33 —0.01 At3g04850 CPP(Zn) —0.01 0.08
At3g53340 CCAAT-HAP3 —1.44 2.69 At5g40710 C2H2 -0.13 0.95
At5903740 C2H2 0.13 0.28 At3g16160 CPP(Zn) -0.23 0.67
At4g14540 CCAAT-HAP3 -0.19 0.56 At2g36340 GeBP —0.40 0.23
At5g04340 C2H2 3.93 5.44 At3g04930 GeBP 0.10 0.87
At5g47640 CCAAT-HAP3 0.91 1.44 At2g34710 HB 1.04 0.32
At5g04390 C2H2 —0.65 —1.44 At4g00250 GeBP —1.42 2.65
At5g47670 CCAAT-HAP3 0.54 —0.21 At2g35940 HB 0.53 0.95
At1907980 CCAAT-HAP5 —0.06 0.39 At4g00270 GeBP 0.08 1.08
At1908970 CCAAT-HAP5 0.23 0.74 At2g36610 HB -3.29 1.15
At5g06650 C2H2 0.41 —0.09 At4g00270 GeBP —0.40 0.57
At1g54830 CCAAT-HAPS 0.67 0.82 At2g44910 HB —0.16 —-0.13
At5g09740 C2H2 0.15 0.51 At4g00390 GeBP 0.62 1.34
At1g56170 CCAAT-HAPS 0.58 0.90 At2g46680 HB 1.05 1.08
At5g10970 C2H2 -1.15 —-0.37 At3g01220 HB 0.78 1.01
At3g12480 CCAAT-HAPS 0.65 0.46 At3g01470 HB 0.33 0.28
At3g48590 CCAAT-HAPS 0.52 0.54 At4g25210 GeBP 0.14 0.80
At5g14140 C2H2 —0.05 1.09 At5g14280 GeBP 0.06 0.25
At5g27910 CCAAT-HAPS —1.06 1.1 At3g03660 HB 0.86 0.97
At5g38140 CCAAT-HAP5 -0.17 —0.05 At5g28040 GeBP 0.49 0.46
At5g18240 GARP-G2-like 0.09 0.67 At3g11260 HB 0.27 —0.71
At5g29000 GARP-G2-like 0.10 0.92 At5g28040 GeBP 0.46 0.71
At2902540 HB 0.05 0.06 At3g18010 HB 0.78 1.05
At5g42630 GARP-G2-like -1.156 0.23 At3g22760 CPP(Zn) —0.35 0.13
At2g16400 HB 0.65 0.56 At5g43170 C2H2 0.48 1.24
At5g44190 GARP-G2-like 0.01 0.22 At3g22780 CPP(Zn) 0.13 0.19
At5g45580 GARP-G2-like —0.96 0.18 At5g43540 C2H2 —1.44 1.69
At2g18550 HB —1.44 1.14 At4g14770 CPP(Zn) 0.27 0.00
At5g59570 GARP-G2-like 0.60 0.87 At5g44160 C2H2 0.35 0.50
At2922430 HB 1.79 1.63 At4g29000 CPP(zn) 0.27 0.47
At2g22800 HB 0.69 0.49 At5g25790 CPP(Zn) 0.21 1.24
At1g44810 GeBP -0.70 0.32 At5g52010 C2H2 0.1 0.44
At2g23760 HB 0.03 0.55 At1g47870 E2F/DP 0.33 0.46
At1g61730 GeBP 0.28 0.49 At2g36010 E2F/DP 0.62 0.57
At2g27990 HB -1.10 0.32 At3g01330 E2F/DP -0.37 —-0.25
At2g28610 HB —0.64 0.68 At5g54630 C2H2 -0.29 0.21
At2g25650 GeBP —0.03 0.63 At3g48160 E2F/DP —0.08 0.23
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At5g56200 C2H2 —3.54 3.86 At2g04890 GRAS —-0.18 0.67
Atbg02470 E2F/DP —-0.34 1.65 At4g04890 HB 0.38 0.19
Atbgb7520 C2H2 —1.45 —0.52 At2g37650 GRAS 0.28 0.40
Atbg03415 E2F/DP 0.41 0.22 At2g45160 GRAS 0.09 0.04
At5g59820 C2H2 1.49 4.74 At4g16780 HB 0.80 1.65
At5g14960 E2F/DP 1.08 0.27 At3903450 GRAS —0.19 0.08
At19g05055 General Transcription 0.47 0.27 At4g17460 HB —1.60 —-0.47
At3g19510 HB —0.08 0.1 At3g13840 GRAS 0.16 1.57
At4g26170 General Transcription -0.18 0.70 At3g46600 GRAS 1.92 2.71
At3g49530 HB 1.86 2.55 At4g21750 HB 0.60 0.64
At1g01160 GIF 0.22 0.35 At3g49950 GRAS 0.50 -0.70
At4g00850 GIF 0.69 1.16 At2g40140 C3H 3.19 3.95
At5g28640 GIF —0.23 0.13 At2g41900 C3H 0.16 0.46
At1907520 GRAS 1.57 2.32 At1g67710 GARP-ARR-B -0.71 0.17
At3g56560 HB 1.09 2.02 At3g06410 C3H 0.98 0.96
At1g07530 GRAS 0.23 0.71 At2g01760 GARP-ARR-B —0.85 0.18
At3g60390 HB 0.53 1.21 At3g12130 C3H 0.44 0.68
At1g14920 GRAS 0.18 -0.M At2g25180 GARP-ARR-B 0.26 —0.07
At3g61150 HB 0.73 0.72 At3g12680 C3H 0.33 0.26
At1g21450 GRAS 0.23 1.07 At3g16857 GARP-ARR-B 0.16 —0.01
At3g61890 HB 1.26 1.68 At3g19360 C3H 0.64 0.38
At1g50420 GRAS 0.21 0.69 At3g48440 C3H 0.68 0.39
At1g50600 GRAS 0.17 0.95 At4g16110 GARP-ARR-B —-0.01 0.37
At4g00730 HB 0.50 0.57 At3g51120 C3H —0.03 0.35
Atbg60470 C2H2 —-0.13 1.25 At4931920 GARP-ARR-B -0.21 0.10
At5g22220 E2F/DP 0.47 0.72 At3g55980 C3H 0.90 3.97
At1973730 EIL 1.23 0.52 At5g07210 GARP-ARR-B 1.57 0.85
At5g63280 C2H2 —0.03 0.21 At4g00305 C3H 0.46 0.93
At2g27050 EIL —0.16 0.35 At4g01020 C3H 0.93 0.40
At5g64610 C2H2 —0.18 0.52 At4g29190 C3H 0.72 1.36
At3g20770 EIL 0.08 0.88 At1g13300 GARP-G2-like 1.44 0.56
At5g66730 C2H2 0.28 0.22 At3g50650 GRAS 0.15 -0.27
Atbg67450 C2H2 2.15 3.36 At4g29940 HB 0.07 0.46
At1g32360 C3H 0.19 0.70 At3g54220 GRAS 0.61 0.37
At1g60700 FHA —0.01 0.07 At4g32040 HB 0.01 0.84
At1g68200 C3H 0.27 0.51 At3g60630 GRAS 0.16 0.50
At2g19810 C3H 0.75 1.30 At4g32880 HB 1.66 0.24
At3g07220 FHA 0.37 0.45 At4g00150 GRAS 0.57 0.58
At2g25900 C3H —0.44 0.97 At4g32980 HB —0.66 0.12
At3g07260 FHA —0.25 4.25 At4g08250 GRAS 2.1 2.28
At2g35430 C3H 0.1 0.74 At4g34610 HB 0.27 0.20
At3g54350 FHA 0.28 0.42 At4g17230 GRAS 4.77 2.92
At1g55580 GRAS —-0.24 -1.77 At4g35550 HB 0.22 0.40
At4g01520 HB 0.88 1.90 At4g36710 GRAS 0.22 0.75
At1g63100 GRAS -0.14 —0.04 At4g37650 GRAS 0.29 0.47
At4g01550 HB —0.43 1.47 At4g36870 HB 0.1 0.05
At1g66350 GRAS —0.06 0.34 At5g17490 GRAS 0.26 1.26
At4g02560 HB 0.48 0.40 At4g37790 HB 1.19 1.58
At2g01570 GRAS 0.21 0.34 At5g41920 GRAS 0.10 0.47
At4g03250 HB 0.32 0.63 At4g40060 HB —0.01 0.70
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At5g48150 GRAS 0.42 0.67 At5g09410 CAMTA 0.51 0.60
At5g02030 HB 0.12 0.55 At2g40260 GARP-G2-like 0.10 0.09
At5g52510 GRAS 0.08 0.98 Atbg64220 CAMTA 0.29 0.82
At5g03790 HB —0.21 0.18 At2g40970 GARP-G2-like 0.23 0.85
At5g06420 C3H —0.39 0.04 At5g08190 CCAAT-DR1 0.01 0.22
At1g14600 GARP-G2-like 0.32 0.97 At5g23090 CCAAT-DR1 —0.08 0.65
At5g06770 C3H 0.55 0.30 At3g04030 GARP-G2-like 0.06 —0.23
At1925550 GARP-G2-like 1.12 1.73 At1g17590 CCAAT-HAP2 0.04 0.59
At5g07060 C3H 0.17 1.35 At3g04450 GARP-G2-like —0.09 0.61
At1932240 GARP-G2-like 0.08 0.67 At1g30500 CCAAT-HAP2 0.08 0.60
At5g07500 C3H 0.91 2.80 At3g10760 GARP-G2-like —0.58 -0.19
At1949560 GARP-G2-like -0.29 0.60 At1g54160 CCAAT-HAP2 0.71 -0.27
At5g12850 C3H 1.02 0.22 At3g12730 GARP-G2-like 0.35 —-0.04
At1g68670 GARP-G2-like 0.47 1.19 At1g72830 CCAAT-HAP2 —0.59 0.48
At5944260 C3H -0.37 —0.47 At3g13040 GARP-G2-like —0.06 0.79
At1969580 GARP-G2-like 0.03 0.48 At2g34720 CCAAT-HAP2 0.51 0.77
At5958620 C3H 1.06 1.156 At3g05690 CCAAT-HAP2 0.08 —0.43
At1979430 GARP-G2-like 0.39 0.03 At3g24120 GARP-G2-like 0.25 0.59
At4g16150 CAMTA 0.23 1.05 At1g17920 HB —0.71 —0.02
At2g01060 GARP-G2-like 0.56 0.68 At1920693 HMG 0.09 0.62
At1967310 CAMTA 0.52 0.74 At1g19700 HB 0.25 0.60
At2g02060 GARP-G2-like 0.25 0.47 At1920696 HMG 0.12 0.51
At1967910 CAMTA 0.33 0.68 At1g20700 HB 0.24 0.40
At2g03500 GARP-G2-like 0.93 -0.19 At2g17560 HMG 0.01 0.52
At2g22300 CAMTA 0.44 1.20 At2g34450 HMG 0.28 0.23
At2g20400 GARP-G2-like 0.26 0.40 At1g23380 HB —0.88 1.05
At2g22900 CAMTA —-0.41 0.60 At3g28730 HMG 0.80 0.27
At2g20570 GARP-G2-like 0.51 0.46 At19g26960 HB —0.45 1.02
At5g59450 GRAS 1.21 1.78 At3g51880 HMG 0.10 0.53
Atbg66770 GRAS —0.12 —0.01 At1g27050 HB 0.49 0.55
At5g06710 HB 0.66 0.31 At4g11080 HMG —-0.35 0.29
At29g06200 GRF —1.16 —-1.07 At1g28420 HB —0.31 0.62
At5g11060 HB 0.00 0.76 At4g23800 HMG 0.21 —0.23
At2922840 GRF 0.20 -0.25 At1g30490 HB 0.09 —0.23
At5g11270 HB 0.13 0.33 At4g35570 HMG 0.18 0.53
At2g36400 GRF 0.03 0.56 At5g23420 HMG 0.00 0.63
At5g15150 HB —1.34 —0.12 At1g46480 HB —0.16 0.19
At2g45480 GRF —0.05 —0.23 At5g56780 HRT-like —0.12 0.31
At3g13960 GRF 0.16 0.03 At1g32330 HSF 0.43 0.53
At3g52910 GRF —0.03 0.64 At1g46264 HSF —0.15 -0.27
At5g19520 HB -1.33 1.17 At1g67970 HSF 1.40 2.26
At4g24150 GRF 0.35 0.22 At3g54340 MADS —0.63 —1.55
At5g25220 HB 0.55 1.12 At1g74250 HSF 0.02 0.25
At4g37740 GRF 0.97 —0.01 At3g57230 MADS 0.04 0.67
At5g53660 GRF —1.00 1.00 At1g77570 HSF 0.15 1.19
At5g46880 HB 1.22 0.16 At3g57390 MADS -0.14 0.40
At1g05230 HB 0.28 0.17 At2g26150 HSF 0.06 0.46
At5g60690 HB 0.21 0.33 At3g58780 MADS -0.13 0.61
At3g16940 CAMTA 1.12 1.06 At3g02990 HSF 0.97 1.27
At2g38300 GARP-G2-like 0.10 0.95 At3g24520 HSF 2.41 2.91
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At4g11250 MADS 3.71 2.40 At2936960 MYB 0.12 0.37
At5g02320 MYB 0.03 0.74 At5g35550 MYB —0.24 —0.93
At5g03780 MYB -0.17 0.43 At2g37630 MYB 1.40 0.21
At1973410 MYB 0.81 -0.27 At5g43840 HSF 1.08 1.36
At5g04110 MYB 0.04 0.24 At5923260 MADS 0.00 2.43
At1g74080 MYB -1.03 2.02 Atbg45710 HSF 0.21 0.73
At5g06100 MYB 0.33 0.38 At5g26630 MADS —0.68 0.91
At1974430 MYB —0.15 1.02 At5g62020 HSF 0.86 1.65
At5g06110 MYB 0.30 0.61 At1908620 JUMONUJI 0.44 0.43
At1974650 MYB —0.10 0.98 At5g26870 MADS —0.06 1.91
At5g07690 MYB —0.55 0.45 At1g30810 JUMONUJI 0.82 0.40
At1979180 MYB 0.43 1.73 At5g26950 MADS 1.01 —2.59
At5g07700 MYB -0.27 0.92 At5g27050 MADS 0.51 3.03
At2902820 MYB —0.09 0.79 At5g27070 MADS —0.01 1.39
At5g10280 MYB 0.85 0.40 At2g38950 JUMONUJI 0.36 0.45
At2g03470 MYB —0.26 0.94 At3g20810 JUMONUJI 1.48 0.30
At5g11510 MYB 0.34 0.01 At3g48430 JUMONUJI 0.64 0.46
At3g51910 HSF 0.45 0.79 At5g27580 MADS 0.09 —0.58
At4g11880 MADS —1.34 0.22 At2g39880 MYB -0.19 —0.40
At4g18960 MADS -0.27 -0.42 At5g40330 MYB 0.07 0.38
At4g11660 HSF 0.41 0.50 At2g42150 MYB 0.15 1.82
At4922950 MADS -0.32 -0.37 At2944430 MYB 0.23 0.22
At4g13980 HSF -0.12 -0.47 At5g40360 MYB 1.31 0.44
At4g24540 MADS 0.1 0.42 At2g47190 MYB 0.30 2.58
At4g17600 HSF 0.15 0.65 At2g47210 MYB 0.52 0.58
At4g36590 MADS —-1.41 1.10 At5g41020 MYB 0.10 0.26
At4g17750 HSF 0.42 0.38 At2947460 MYB -1.20 1.24
At4g37940 MADS -0.17 1.43 Atbg45420 MYB —-0.21 0.71
At4g18880 HSF 0.70 2.89 At2947620 MYB -0.10 0.15
At5g10140 MADS -1.26 0.83 At5g47290 MYB 2.40 1.34
At4g36990 HSF 0.06 1.02 At3g01140 MYB -0.14 0.93
At5g13790 MADS —0.09 0.52 At5g49330 MYB 0.40 0.53
At5g03720 HSF 0.69 1.22 At3g01530 MYB 1.43 1.13
At5g15800 MADS 0.06 -2.27 At5952260 MYB —0.05 2.22
At5g16820 HSF 0.53 0.95 At3g05380 MYB 0.92 -0.13
At5920240 MADS —1.28 —3.08 At5g52600 MYB -1.74 —1.43
At2916720 MYB 0.32 1.27 At3g06490 MYB —2.33 1.21
At5g14750 MYB -1.85 0.49 At5954230 MYB —0.96 —1.03
At2923290 MYB -1.90 -1.21 At5g04240 JUMONUJI —0.05 0.65
At5g15310 MYB 0.05 0.29 At5g46910 JUMONUJI 0.88 1.37
At5g16600 MYB 0.75 0.84 At5g37415 MADS —1.00 3.14
Atbg16770 MYB 0.76 -0.23 At5g63080 JUMONUJI —0.08 0.56
At5g17800 MYB -0.71 —0.65 At1g01780 LIM 0.92 0.41
At2g31180 MYB —0.09 1.35 At1g10200 LIM 0.03 0.71
At5g18620 MYB 0.93 —1.05 At2g39900 LIM —-0.17 0.21
At5g23000 MYB —-0.74 —2.44 At2g45800 LIM 0.19 0.84
At2g33610 MYB —0.16 0.22 At3g55770 LIM —0.45 0.57
At5g23650 MYB 0.40 -0.73 At5g48670 MADS —-0.47 0.54
At2g36890 MYB —0.40 1.54 At4g32551 LUG 0.14 0.39
At5g26660 MYB —0.40 1.47 At5g49420 MADS 0.51 0.07
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At5g65070 MADS —0.07 0.94 At3g58680 MBF1 0.1 0.85
At5g51860 MADS 1.09 0.89 At1g47760 MADS —0.02 0.30
At3g08500 MYB -0.72 —0.10 At1g06180 MYB 0.39 0.55
At5g55020 MYB 2.33 5.47 At1g48150 MADS -3.43 1.85
At3g09370 MYB 0.32 0.47 At1g06910 MYB 0.95 1.06
At3g10113 MYB —0.54 —0.73 At1g54760 MADS 3.53 -1.70
At3g11440 MYB 0.67 0.76 At1g59810 MADS —-0.54 0.67
At5g60890 MYB 0.94 1.21 At1g08810 MYB -0.22 0.30
At3g11450 MYB -0.14 1.07 At1g09540 MYB 2.23 1.43
Atbg61420 MYB -0.22 0.34 At1g09710 MYB 0.83 —1.33
At3912560 MYB 0.20 0.13 At1g13880 MYB -0.17 0.99
At5g62320 MYB 0.21 1.80 At1g14350 MYB 0.09 0.63
At5g62470 MYB 1.39 2.19 At1g16490 MYB —0.25 0.85
At3912820 MYB —0.50 —0.05 At1g17950 MYB 0.48 0.55
At5g65230 MYB 0.79 1.02 At3g46130 MYB -0.32 —0.09
At3g13540 MYB 0.80 1.04 At1g72650 MYB-related -0.27 0.56
At5g67300 MYB 0.70 1.61 At3g47600 MYB 0.27 0.89
At1g18750 MADS 0.75 0.66 At1g72740 MYB-related 0.41 0.92
At1922590 MADS 0.89 0.28 At3g47680 MYB 0.34 0.06
At5g60440 MADS —0.25 0.00 At1g74840 MYB-related 0.1 0.96
At1924260 MADS —0.54 —0.31 At3g48920 MYB 2.56 2.79
At5g60910 MADS 0.69 0.02 At1g75250 MYB-related 0.57 0.81
At5g62165 MADS —1.47 —1.31 At3g49690 MYB 0.14 0.48
At1928450 MADS —1.54 1.09 At2g21650 MYB-related 0.06 0.47
At5g65050 MADS 0.05 0.25 At3g50060 MYB 0.62 1.24
At1928460 MADS -0.17 1.43 At3g52250 MYB 0.16 0.70
At5g65060 MADS 0.51 0.20 At2g30420 MYB-related 0.31 —0.02
At1929960 MADS —0.15 0.61 At2g38090 MYB-related —0.26 0.52
At5g65080 MADS 0.62 —-0.97 At3g55730 MYB -0.1 0.52
At2g42680 MBF1 —0.05 0.84 At2g46410 MYB-related -0.19 0.79
At3g24500 MBF1 —0.19 0.35 At3g57980 MYB 0.10 0.08
At3915320 MYB —0.12 0.63 At2g46830 MYB-related 0.09 0.65
At19g01060 MYB-related 0.19 0.95 At3g60460 MYB 2.21 —1.95
At3g18100 MYB 0.27 0.44 At3g09600 MYB-related 0.08 0.46
At1901380 MYB-related -0.22 0.91 At3g61250 MYB —0.69 -0.17
At3923250 MYB 2.02 4.29 At1g18570 MYB 1.43 3.26
At19g01520 MYB-related 1.62 1.67 At1g69540 MADS 0.14 0.1
At1g09770 MYB-related 0.41 0.38 At1g18710 MYB 1.17 2.64
At3927220 MYB —1.04 -0.13 At1g71692 MADS —0.65 1.13
At1g15720 MYB-related 0.34 0.39 At1g18960 MYB 0.33 2.42
At1917460 MYB-related 0.71 0.61 At1g19510 MYB 0.08 0.54
At3g27810 MYB 0.79 1.76 At1g77080 MADS —0.16 0.37
At3927920 MYB 0.15 0.47 At1g21700 MYB 0.00 0.32
At1g18330 MYB-related —0.49 —0.63 At1922640 MYB 0.33 1.00
At1g19000 MYB-related -0.21 1.13 At2g03060 MADS 1.28 0.51
At3g28910 MYB 0.20 0.99 At19g26580 MYB —0.08 0.26
At1949950 MYB-related —0.08 0.73 At2g03710 MADS -0.02 0.89
At1g70000 MYB-related -0.29 0.22 At2g14210 MADS 0.85 —0.08
At1g71030 MYB-related -0.27 0.77 At2g22540 MADS —0.03 0.50
At1g33070 MADS 0.19 1.12 At3g10590 MYB-related —1.36 0.27
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At3g11280 MYB-related -0.04 0.62 At5g58900 MYB-related 0.09 0.41
At4g01680 MYB —0.95 0.94 At5g47370 NAC 0.73 0.99
At3g16350 MYB-related 1.18 0.64 Atbg67580 MYB-related -0.17 0.60
At4g01980 MYB 1.156 -0.75 At1g01010 NAC 0.48 1.17
At39g24870 MYB-related -0.34 0.16 At5g53950 NAC 1.66 —1.00
At4g05100 MYB 1.03 2.63 At1g01720 NAC 2.88 2.70
At3g49850 MYB-related -0.32 0.38 At5g53980 NAC 0.30 —0.46
At4g09460 MYB 0.75 1.86 At5g56620 NAC 0.93 1.00
At4g01060 MYB-related -0.77 0.32 At1902220 NAC —0.30 0.77
At4g12350 MYB 1.00 0.22 At5g59340 HB 2.22 1.42
At4g01280 MYB-related 0.45 0.96 Atbg61430 NAC 0.49 —0.05
At4g16420 MYB 0.12 0.48 At5g62380 NAC 0.14 0.82
At4g11400 MYB-related 0.16 0.67 At5g63790 NAC 1.41 3.14
At4g36570 MYB-related -0.93 0.12 At1912260 NAC 9.20 0.96
At4g17785 MYB 0.95 1.66 At5g64060 NAC -0.12 —-0.11
At4939250 MYB-related 1.23 —0.59 At5g64530 NAC 0.08 1.20
At5g01200 MYB-related —0.30 0.17 At1919790 SRS —0.88 -0.17
At1g48000 MYB 0.32 3.79 At2918120 SRS 0.43 0.73
At1g49010 MYB 0.04 -0.22 At1966600 WRKY 0.53 1.60
At2926880 MADS 1.64 0.81 At2921400 SRS —0.27 1.28
At1956650 MYB -0.73 3.60 At1969310 WRKY 0.63 0.51
At2928700 MADS —1.04 1.44 At3954430 SRS -0.14 0.26
At1957560 MYB 0.14 1.31 At1969810 WRKY 0.89 1.49
At2g34440 MADS 0.35 0.09 At4936260 SRS 0.33 0.12
At1g58220 MYB 0.97 0.51 Atbg12330 SRS —2.00 0.13
At1g63910 MYB 0.06 —0.06 At1980840 WRKY 1.49 6.06
At2g42830 MADS —2.35 -1.26 At5g33210 SRS 0.21 0.79
At1g66230 MYB —0.64 0.17 At2g03340 WRKY 0.12 0.13
At2g45650 MADS 1.77 —2.34 At5g66350 SRS —0.18 0.07
At2g45660 MADS 0.07 0.45 At2g04880 WRKY 0.04 0.72
At1966380 MYB 0.89 5.32 At1905690 TAZ —0.02 0.84
At3902310 MADS 5.56 -3.02 At1925580 NAC 0.08 0.68
At1966390 MYB 0.04 —0.20 At5g65310 NAC —0.10 0.20
At4921440 MYB 1.72 2.48 At5g66300 NAC 0.03 0.77
At5g02840 MYB-related -0.12 0.57 At1928470 NAC —0.82 0.54
At4922680 MYB 0.57 1.29 At1932510 NAC 0.43 0.42
At5g04760 MYB-related 0.64 1.18 At5g39690 NAM 1.18 1.50
At5g05790 MYB-related —0.26 0.39 At5g50820 NAM 0.53 0.50
At4926930 MYB —1.50 2.20 At1932870 NAC 0.38 0.81
At5g08520 MYB-related 0.58 —0.03 At1933060 NAC 0.16 0.31
At4g28110 MYB 1.18 2.55 At1920640 NIN-like 0.52 —0.06
At5g17300 MYB-related 0.42 1.05 At1g34180 NAC 0.22 0.15
At4g32730 MYB 0.83 0.08 At1g64530 NIN-like 0.25 0.25
At5g37260 MYB-related 2.68 3.28 At1934190 NAC 0.1 0.92
At4g34990 MYB 0.24 0.09 At1974480 NIN-like —2.56 1.54
At5g52660 MYB-related 0.73 1.50 At1952880 NAC —0.10 0.56
At4g37260 MYB 0.31 1.47 At1g76350 NIN-like —0.30 0.48
At5g53200 MYB-related 0.34 0.57 At1952890 NAC 2.82 3.69
At5g56840 MYB-related -0.33 0.62 At2g17150 NIN-like 0.82 -0.12
At4g38620 MYB 0.41 0.47 At4g37610 TAZ 0.17 2.27
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At2923320 WRKY 2.07 3.14 At5g08330 TCP —0.52 —0.21
At5g63160 TAZ 2.00 2.10 At4g04450 WRKY 0.96 —0.24
At2924570 WRKY 0.55 0.82 At5g23280 TCP —0.67 0.09
At5g67480 TAZ —0.44 1.05 At1969490 NAC 2.94 4.59
At2g25000 WRKY —0.33 0.07 At1g71930 NAC 0.51 0.16
At1g30210 TCP —0.05 0.41 At5g35770 Orphan (SAP) —2.53 —1.58
At2g30250 WRKY 0.63 2.13 At1g76420 NAC —-3.79 -0.14
At1935560 TCP 0.03 0.91 At1g14410 PBF-2-like(Whirly) 0.60 0.20
At2g30590 WRKY —0.44 0.40 At1g77450 NAC 2.40 2.71
At19g53230 TCP 0.24 0.83 At1g71260 PBF-2-like(Whirly) 0.05 0.22
At1g58100 TCP 0.14 0.37 At2g02740 PBF-2-like(Whirly) 0.00 0.35
At2g37260 WRKY —0.50 0.63 At2g02450 NAC 0.98 1.08
At19g67260 TCP —2.70 -0.70 At1g05380 PHD finger 0.18 0.22
At2g38470 WRKY 1.50 5.33 At2g36720 PHD finger 0.04 0.40
At1968800 TCP —0.10 1.83 At2g18060 NAC 0.14 —0.31
At2940740 WRKY 0.70 —0.15 At3g14980 PHD finger —0.05 0.09
At1969690 TCP —0.80 0.28 At2924430 NAC 2.76 2.38
At2g40750 WRKY 0.49 0.37 At3g53680 PHD finger 0.29 0.79
At19g72010 TCP 0.43 0.61 At2g27300 NAC -0.16 1.23
At2944745 WRKY —1.08 0.27 At4g14920 PHD finger 0.70 0.50
At2g31070 TCP 0.01 0.02 At2g33480 NAC —1.81 0.06
At1954330 NAC —0.82 0.42 At5g12400 PHD finger 0.91 0.58
At2g43500 NIN-like 0.60 1.64 At2g43000 NAC 0.92 1.67
At1g56010 NAC —0.50 0.39 At5g22260 PHD finger 4.59 0.75
At2g43500 NIN-like 0.46 0.49 At5g41030 TCP 0.84 1.27
At3g59580 NIN-like —0.41 0.14 At4g12020 WRKY 0.71 0.40
At4g24020 NIN-like 0.79 0.45 At5g51910 TCP -0.29 0.09
At4g35270 NIN-like 0.54 0.54 At4g18170 WRKY 1.99 3.02
At4g35590 NIN-like 0.71 0.81 At5g60970 TCP 0.14 0.27
At1g62700 NAC 0.10 1.52 At1g13450 Trihelix 0.07 0.60
At1g64105 NAC —0.07 0.47 At4g23550 WRKY —0.28 —0.03
At1g65910 NAC 0.50 0.67 At1g21200 Trihelix -0.14 0.45
At4g27330 Nzz 1.25 —5.05 At4g23810 WRKY 3.77 4.73
At2g37000 TCP 0.43 0.10 At4g24240 WRKY 0.88 1.69
At2g46400 WRKY 1.44 4.82 At1g31310 Trihelix 0.89 0.55
At2g45680 TCP —0.06 —0.07 At1g33240 Trihelix —0.65 —0.47
At2947260 WRKY 0.30 0.53 At4g26640 WRKY 1.45 —0.24
At39g02150 TCP -0.14 1.23 At1g54060 Trihelix —0.26 0.43
At3g01080 WRKY —0.10 1.38 At4g30935 WRKY 0.1 0.42
At3g15030 TCP —0.20 —0.06 At1g76880 Trihelix 0.98 0.08
At3g01970 WRKY 0.53 1.93 At4g31550 WRKY 2.07 2.38
At3g04670 WRKY —0.07 0.62 At1g76890 Trihelix —0.54 -0.10
At3g27010 TCP 0.50 1.13 At4g31800 WRKY 1.41 2.71
At3g56400 WRKY 0.86 1.42 At2g33550 Trihelix 0.61 0.52
At3g58710 WRKY 0.79 0.92 At4g39410 WRKY —0.03 0.99
At3947620 TCP 0.33 0.89 At5g35210 PHD finger 0.07 0.70
At4g18390 TCP 0.17 0.44 At3g01600 NAC -0.70 1.83
At4g01250 WRKY 2.23 2.87 At3g03200 NAC —2.55 0.74
At5g08070 TCP 0.09 0.22 At5g58610 PHD finger —1.39 —1.08
At4g01720 WRKY 2.13 1.22 At3g04060 NAC 0.37 0.02

(Continued) (Continued)
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Table A2 | Continued

AGI Gene family log2 FCh AGI Gene family log2 FCh
0.5h WT 0.5h GO 0.5h WT 0.5h GO

At3g04070 NAC —0.45 0.76 At1902065 SBP 0.44 -0.72
At1921000 PLATZ 0.65 1.67 At3g54390 Trihelix —0.39 —-0.11
At1931040 PLATZ —1.87 0.25 At5g46350 WRKY 0.26 1.24
At3g04420 NAC -0.17 0.64 At3g58630 Trihelix 0.00 0.16
At1932700 PLATZ —0.16 1.10 At5g49520 WRKY 1.74 2.73
At1g43000 PLATZ 2.53 3.44 At4g17050 Trihelix —-0.24 0.41
At3g10480 NAC 0.88 0.14 At5g52830 WRKY 0.93 1.22
At1g76590 PLATZ 1.42 1.77 At4g31270 Trihelix -0.37 0.59
At3g10490 NAC 0.81 0.07 At5g56270 WRKY —0.06 —0.03
At2g27930 PLATZ 1.89 1.39 At5g01380 Trihelix —0.10 2.40
At3g10500 NAC 0.26 0.94 At5g64810 WRKY 0.78 2.26
At3g60670 PLATZ —0.09 0.31 At5g03680 Trihelix —-0.41 0.87
At3g15170 NAC 0.95 —2.63 At1914440 ZFHD -0.18 -0.17
At4g17900 PLATZ 1.01 1.84 At5g05550 Trihelix —0.01 0.38
At2g35640 Trihelix 2.40 2.93 At1914687 ZFHD 0.06 0.36
At5g01900 WRKY 1.78 5.60 At5g14540 Trihelix 3.1 0.00
At29g38250 Trihelix 0.84 0.37 At5g28300 Trihelix -0.18 —0.58
At5g07100 WRKY 2.13 1.12 At1974660 ZFHD —0.26 0.00
At2944730 Trihelix 0.14 0.61 At5g38560 Trihelix 0.48 0.69
At3g01560 Trihelix 1.10 0.47 At1975240 ZFHD —0.45 -0.13
At5g22570 WRKY 0.59 1.16 At5g47660 Trihelix 0.02 0.15
At3g10040 Trihelix —1.27 -0.35 At2902540 ZFHD —0.10 0.60
At5g24110 WRKY 1.46 4.27 At5963430 Trihelix 0.35 0.47
At3g11100 Trihelix -0.20 0.44 At2g18350 ZFHD 0.34 0.27
At5g26170 WRKY -0.25 2.65 At4g35580 NAC 0.59 0.36
At3g14180 Trihelix 0.07 0.81 At1920980 SBP 0.39 0.60
At5g28650 WRKY —0.01 —0.61 At4g36160 NAC 0.08 1.12
At3g19020 Trihelix 1.43 1.18 At1927360 SBP 0.91 0.64
At3924490 Trihelix —-0.22 0.42 At5g04400 NAC 1.31 1.79
At5g43290 WRKY 0.27 0.87 At1927370 SBP 0.56 0.01
At3924860 Trihelix —0.07 0.35 At5g04410 NAC 0.21 0.52
Atbg45050 WRKY 0.37 0.28 At1953160 SBP —0.561 —0.46
At3925990 Trihelix 0.10 0.31 At5g07680 NAC —0.71 —0.44
At5g45270 WRKY 0.76 0.96 At1969170 SBP —0.24 0.19
At3g15500 NAC 2.51 3.62 At5g08790 NAC 1.66 1.81
At5g46710 PLATZ 1.85 2.23 At2g33810 SBP —0.01 0.12
At3g15510 NAC 0.51 0.57 At5g09330 NAC 0.76 0.34
At3g17730 NAC 0.40 1.19 At2g42200 SBP —0.45 —0.37
At4902020 Polycomb Group (PcG) 0.28 0.50 Atbg13180 NAC —0.45 0.17
At3929035 NAC —0.40 1.40 At2g47070 SBP 0.22 0.60
At4g16845 Polycomb Group (PcG) —0.08 0.09 Atbg 14000 NAC —0.57 —0.15
At5g51230 Polycomb Group (PcG) 0.26 0.22 At3g15270 SBP —0.561 —0.35
At3g27700 RRM-containing 0.52 0.78 At3g57920 SBP 0.27 —0.36
At4g01540 NAC 0.33 2.07 Atbg17260 NAC 0.22 0.79
At3g47120 RRM-containing 0.1 0.39 At3g60030 SBP 0.22 0.30
At4g27410 NAC 1.65 3.18 At5g18270 NAC 0.31 0.84
At2g37120 S1Fa-like —1.00 0.63 Atbg18830 SBP 0.04 0.26
At4g28500 NAC -0.19 —0.07 At1g16070 TUB —0.19 —0.25
At3g53370 S1Fa-like 0.1 0.66 At3928920 ZF-HD 0.06 0.23
At4g28530 NAC —0.38 0.93 At1925280 TUB 0.80 0.36

(Continued) (Continued)
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AGI Gene family log2 FCh
0.5h WT 0.5h GO

At3g50890 ZF-HD —-0.47 —0.58
At4g24660 ZF-HD —0.36 —0.01
At1g47270 TUB 0.35 0.68
Atbg15210 ZF-HD —-0.12 0.01
Atbg39760 ZF-HD 0.84 0.07
Atbg42780 ZF-HD —-0.17 —-0.33
At1g76900 TUB 1.50 0.46
At2g18280 TUB 0.19 0.55
Atbg65410 ZF-HD 1M 0.15
At2g47900 TUB 1.25 0.1
At1g17380 ZIM 1.91 3.30
At3906380 TUB —0.02 0.64
At1g19180 ZIM 2.60 4.54
Atbg18680 TUB —0.10 0.44
At1g30135 ZIM -0.37 2.56
At1g48500 ZIM 1.18 0.17
Atbg18300 NAC —0.83 —-0.13
Atbg43270 SBP —0.64 —-0.77
At5g22290 NAC 0.28 1.92
Atbgb0570 SBP 0.26 1.42
At5g22380 NAC 3.76 4.76
Atbgb0670 SBP 0.30 0.91
At5g24590 NAC 1.15 1.63
At1g05830 SET-domain 0.18 —0.06
At5g39610 NAC 0.19 2.46
At2g31650 SET-domain 0.27 0.57
At5g39820 NAC 1.91 0.05
At4g27910 SET-domain 0.29 0.60
At5g41410 NAC 0.08 —0.03
At4g30860 SET-domain -0.13 0.71
At5g09790 SET-domain 0.48 0.50
At5g24330 SET-domain —0.05 0.27
Atbg46590 NAC 0.08 1.50
At5g53430 SET-domain 0.30 0.17
At4g28190 ULT —0.26 0.02
At1g70700 ZIM 0.14 1.73
At1g28520 VOZ 0.32 0.75
At1g72450 ZIM —-0.27 1.16
At2g42400 VOZ 0.24 0.44
At1g74950 ZIM 0.27 0.93
At2g34600 ZIM —1.53 3.07
At3g17860 ZIM 0.10 1.25
At1g29280 WRKY —0.40 2.45
At3g43440 ZIM 0.15 0.16
At1929860 WRKY —0.16 1.03
At4g14713 ZIM 0.94 0.1
At4g14720 ZIM —0.01 0.21
At4g32570 ZIM 0.50 0.50
At1g62300 WRKY 2.04 2.08
Atbg13220 ZIM 0.10 1.75
At5g20900 ZIM 0.22 1.13

Values are means of two biological replicates.
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Chloroplasts of leaves under high light stress initiate signals to the nuclei of both exposed
and distal leaves in order to acclimate against the potential threat of oxidative damage: a
process known as high light systemic acquired acclimation (HL SAA). This study explores
the nature of HL SAA, synergistic interactions with other environmental stresses, and the
impact of repeated HL stress on the acclimation response of exposed and distal leaves.
This necessitated the development of novel experimental systems to investigate the initi-
ation, perception, and response to HL SAA. These systems were used to investigate the
HL SAA response by monitoring the induction of mRNA in distal leaves not exposed to the
HL stress. Acclimation to HL is induced within minutes and the response is proportion-
ally dependent on the guality and quantity of light. HL SAA treatments in conjunction with
variations in temperature and humidity reveal HL SAAis influenced by fluctuations in humid-
ity. These treatments also result in changes in auxin accumulation and auxin-responsive
genes. A key question in retrograde signaling is the extent to which transient changes
in light intensity result in a “memory” of the event leading to acclimation responses.
Repeated exposure to short term HL resulted in acclimation of the exposed tissue and

that of emerging and young leaves (but not older leaves) to HL and oxidative stress.

Keywords: systemic acquired acclimation, high light, photoprotection, retrograde signaling, oxidative stress

INTRODUCTION
Acclimation to changes in the environment is required for opti-
mal plant performance under adverse conditions. Factors such as
light, temperature, drought, mineral concentrations, and biotic
infection are all capable of causing extensive damage to plants as
well as inducing short and long term acclimation responses (Stitt
and Hurry, 2002; Durrant and Dong, 2004; Bartels and Sunkar,
2005; Atkin et al., 2006; Gorsuch et al., 2010; Biswal et al., 2011).
High light (HL) causes damage to DNA, proteins, and lipids,
including components of the photosynthetic apparatus (Kalbin
et al., 2001; Takahashi and Badger, 2011). Exposure to prolonged
periods of HL increases the generation of reactive oxygen species
(ROS) and alters the redox state of photosynthetic components
such as the electron carrier, plastoquinone (Karpinski et al., 1997;
Asada, 2006). These components provide important retrograde
signals that communicate the chloroplast status to the nucleus
proving important information to drive transcriptional activa-
tion of defense systems (Pogson et al., 2008; Ramel et al., 2012).
Recently, evidence for novel HL retrograde signals including the
SAL1-PAP pathway and an oxidative by-product of beta-carotene
has been published (Estavillo et al., 2011; Ramel et al., 2012).
Chloroplastic and retrograde signaling in response to HL
induces (1) pathways that allow for the dissipation of excess
energy; (2) systems that detoxify the harmful by-products of HL;
and (3) mechanisms that reduce the amount of light absorbed
by the plant. Plants have also evolved different mechanisms that
facilitate the dissipation of accumulated excess energy absorbed

under HL conditions, including chlororespiration, cyclic electron
flow (CEF), photorespiration, and non-photochemical quenching
(NPQ; Rumeau et al., 2007; Bauwe et al., 2010; de Bianchi et al.,
20105 Johnson, 2011). Depending on light conditions, NPQ can
account for 50% or more of the absorbed energy (Demmig-Adams
et al., 1996) and thus is one of the main avenues for excess energy
dissipation under HL exposure. On the other hand, to detoxify
accumulating ROS plants can also use enzymes or plant pigments
to convert ROS into more benign molecules. Superoxide dismu-
tase (SOD) and ascorbate peroxidase (APX) are responsible for
directly detoxifying ROS, superoxide (03~), and hydrogen per-
oxide (H,0,), respectively. In contrast, plant pigments such as
carotenoids and tocopherols remove ROS via chemical and phys-
ical quenching (Conn et al., 1991; Kobayashi and Della Penna,
2008).

From dawn till sunset plants are subjected to varying light
intensities due to the angle of the sun and transient shade from
clouds, leaves, and neighboring plants. Living in such an environ-
ment creates “hot spots” of solar energy that have the potential
to cause extensive local photo-oxidative damage to plants. More-
over, such hotspots can trigger rapid acclimation in tissues directly
experiencing high irradiance stress, and in distal tissues still under
partial shade (i.e., leaves that do not experience HL stress). Accli-
mation of metabolism in distal leaves occurs as a result of a 15-
to 60-min short term HL exposure, termed high light systemic
acquired acclimation (HL SAA), in which HL stressed tissues of
individual plants communicate to the distal parts of the plant
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initiating stress acclimation. Even though research over that last
decade has significantly progressed the understanding of HL SAA
many unknowns still exist in regards to the identity of the retro-
grade signal(s) and the acclimation processes which they govern.
Also unclear is the exact nature of the synergistic relationships
between different stresses, how they affect the initiation of HL SAA
and subsequent acclimation processes against multiple stresses
(Koussevitzky et al., 2007; Mullineaux and Baker, 2010).

By exposing 1/3 of the Arabidopsis rosette to non-specific HL,
research has shown that SAA seems to be tightly regulated by retro-
grade signals initiated through changes in photosynthesis during
HL stress, specifically changes to the PQ pool redox state and ROS
production (Karpinski et al., 1997; Rossel et al., 2007; Muhlenbock
et al., 2008). H,O, accumulates rapidly under HL and remains
a likely signaling candidate as H,O,-signaling components have
been implicated in triggering HL SAA (Mateo et al., 2004; Muhlen-
bock et al., 2008; Miller et al., 2009) and are associated with induc-
ing defense responses under both abiotic and biotic stress (Van-
derauwera et al., 2005; Miller et al., 2007, 2010; Muhlenbock et al.,
2008). Additionally, recent publications suggest the involvement
of light-wavelength-specific electrochemical and memory-based
signaling systems influenced by both calcium-mediated signaling
and glutathione (GSH; Karpinski and Szechynska-Hebda, 2010;
Szechynska-Hebda et al., 2010). Nonetheless, specific components
and connections between these different processes, particularly
from a temporal perspective, remain to be clarified.

Microarray data shows that distal protective mechanisms in
response to short term non-specific HL exposure in 1/3 of the
Arabidopsis rosette are controlled by the transcriptional regula-
tion of many HL-, ROS-, pathogen infection-, hormone-, and
drought-responsive genes (Mullineaux et al., 2000; Rossel et al.,
2007; Muhlenbock et al., 2008). Among these genes are transcripts
responsible for ROS detoxification and signal transduction such as
zinc finger transcription factors (ZAT), APXs, and pathogenesis-
related proteins (PRs). The induction of these transcripts and sub-
sequent acclimation is known to impart enhanced tolerance to two
distinct types of stress: pathogen infection and HL oxidative stress
(Rossel et al., 2007; Muhlenbock et al., 2008; Szechynska-Hebda
etal.,2010). The relationship between HL SAA, the transcriptional
activation of these many genes, their role in specific HL signaling,
and acclimation processes however remains less clear.

In addition to short term transient HL SAA the growth of
young, unstressed developing leaves can be altered by changing
the environment in which the mature leaves are maintained. This
process of developmentally linked long term acclimation allows
plants to exhibit further phenotypic changes to improve perfor-
mance of new tissue to that which the mature leaves were exposed;
whether through differences in irradiance, CO;, or temperature
(Yano and Terashima, 2001; Coupe et al., 2006; Gorsuch et al.,
2010). These modifications to new leaves include modifying leaf
structure, growth rates, leaf and palisade tissue thickness, epider-
mal cell shape and size, as well as chloroplast number and density in
the developing leaves (Lake et al., 2001; Yano and Terashima, 2001;
Thomas etal., 2004; Coupe et al., 2006; Miyazawa et al., 2006; Araya
et al., 2008; Jiang et al., 2011; Woo et al., 2011). Even though the
exact mechanisms and signaling processes from mature leaves to
meristems remain elusive there is evidence suggesting the possible

involvement of retrograde signaling components such as ROS, the
redox status of the PQ pool, other plant hormones, or microRNAs
(Yano and Terashima, 2001; Thomas et al., 2004; Coupe et al., 2006;
Jiang et al., 2011).

Many questions persist in regards to the mechanisms control-
ling short term HL SAA, the synergistic relationships with other
stresses, and its role in acclimation processes that occur during a
single day and over longer periods of time (several days). This is a
study in two parts, firstly, the investigation of how light and envi-
ronmental conditions affect HL SAA and secondly, the study of
repeated HL treatments on signaling in exposed and distal mature
leaves. This was achieved through (1) the development of a novel
treatment system to further characterize the short term HL SAA
gene activation in existing tissues under varying ambient quali-
ties such as the duration of treatment, light intensity, temperature,
and relative humidity (RH), as well as to determine the spatial
distribution of oxidative stress tolerance across the rosette; (2)
investigation of whether and how repeated, transient, and local-
ized HL treatments can alter acclimation responses within existing
mature leaves.

MATERIALS AND METHODS

GROWTH CONDITIONS AND LIGHT EXPERIMENTS

For all experiments Arabidopsis thaliana (Col-0) plants
were cultivated in soil under a 12-h photoperiod of
150 4 25 pumol photons m =2 s~1, 23/22 4 2°C day/night tempera-
tures, and 70 £ 10% day/night RH. All HL treatments utilized a
new light emitting diode (LED)-array system and mature (approx-
imately 4 weeks old) Arabidopsis plants. Arabidopsis leaf posi-
tion for tissue collection were counted according to Arabidopsis
phyllotaxy (Jurgens, 2001).

The HL SAA LED-array system consisted of nine white Lux-
eon III star LEDs (Lumileds Lighting)! controlled by current
limiters and focusing lenses which produced a light spot with
1 cm radius (Karpinski et al., 1999; Rossel et al., 2007; Muh-
lenbock et al., 2008; Szechynska-Hebda et al., 2010). For initial
HL treatments, HL LED-array validation and HL SAA tran-
scriptional analysis, individual leaves of nine plants were simul-
taneously exposed to HL (1500 % 50 wmol photonsm~=2s~!) or
to LL conditions (40 & 25 pmol photons m~2 s~ 1). Subsequently,
HL, control, and distal tissues from three treated individual
plants were pooled to yield three “biological” replicates per tissue,
immediately frozen in liquid N, and stored at —80°C. Dur-
ing analysis of environmental effects on HL SAA, plants were
subjected to: HL exposure (1500 = 50 mol photonsm=2s™1)
for either 5, 30, 60, and 120 min; varied irradiances of 250,
500, 1000, or 1500 % 50 pmol photons m =2 s~! for 60 min. Light
quality treatments were performed with white, ultra violet A
(400 nm), blue (460 nm), green (515nm), yellow (600 nm), red
(680nm), and far-red (720nm) specific light. The wavelength
and irradiance of the specialized LEDs (Roithner LaserTech-
nik, Vienna, Austria) was verified by a spectrophotometer
(Figure 1). For the repeated medium-term treatments, mature
Arabidopsis plants were either subjected to HL array treatment

Uhttp://www.philipslumileds.com/
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FIGURE 1 | High light systemic acquired acclimation-array, spectral
output of specific LEDs and schematic overview of experiments
conducted throughout the research article. (A) HL LED-array. Inset depicts
a close-up image of a single treated Arabidopsis plant. Components of the HL
LED-array include (i) power supply, (ii) current limiters for each LED, {iii)
individual movable LED stage with heat sink, and (iv) light focusing lens. (B)
Measured irradiance spectra from colored LEDs, n= 3. (C) Schematic

diagram of the main areas of study, light treatments, and methods of analysis
conducted throughout the research article. For all light treatment mature
plants of approximately 4 weeks old grown under normal light conditions as
detailed in Section “Materials and Methods” are used. For more detail on
each individual treatment and analysis refer to Section “Materials and
Methods.” *Experiment conducted irrespective of leaf position.
**Experiment conducted taking leaf position in to account.
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(1500 4 50 wmol photons m 2 s~!) three times a day for 60 min
(separated by 120 min), for eight consecutive days, or remained
untreated in the same growth environment.

All variable humidity and temperature specific HL SAA
treatments were performed in a controlled environment cham-
ber (Conviron S10H, Conviron, Ltd., Winnipeg, MB, Canada).
Plants were subjected to either HL LED-array exposure
(1500 & 50 umol photons m~2s~!) under varied humidity levels
(30, 55, and 90% RH) at 21°C or at increasing temperatures (21,
28, and 32°C) at 55% RH.

RT-qPCR ANALYSIS

For gene transcript analysis, RNA was extracted from frozen sam-
ples using an RNeasy Plant Mini Kit (Qiagen, Ltd.) as instructed
by the manufacturer’s instructions. RNA was converted to cDNA
using SuperScript III Reverse Transcriptase (Invitrogen), and RT-
qPCR performed using a LightCycler 480 (Roche) with either the
LightCycler Universal ProbeLibrary or Sybr green specified by the
manufacturer’s instructions. The LightCycler 480 software appli-
cation (Roche; version 1.5.0) was used to determine crossing-point
values for each reaction, amplification efficiency of each primer set,
validation of each reaction, and relative expression values obtained
as described (Pfaffl, 2001). For initial RT-qPCR experiments and
primer validation target transcript levels were normalized to both
reference genes, CYCLOPHILIN 5 (CYP5) and PROTEIN PHOS-
PHATASE 2A (PP2A). In subsequent experiments target transcript
level were normalized to one of the aforementioned reference
genes. List of primers are outlined in Table 2. Statistical signifi-
cance of results was tested by conducting paired student t-tests
(between LL controls and other samples) and one-way analyses
of variance (ANOVA) on all samples using the scientific statistical
analysis program, SigmaPlot12 (Systat Software, Inc.). Least sig-
nificant difference (LSD) post hoc tests were used where one-way
ANOVAs indicated significant differences between factors.

IN VITRO AND /N VIVO STRESS TOLERANCE ASSAYS AND
PHOTOSYNTHETIC MEASUREMENTS
The in vitro photo-oxidative stress tolerance assay was performed
after short term HL SAA treatments and at the end of the 8-day
period of the repeated, HL SAA study, using a method adapted
from Rossel et al. (2007). Leaf disks from each of the treated plants
were removed and floated (abaxial side down) on 0.5M H,0; in
a clear 200 L 96-well plate. The leaf disks were then exposed
to HL (1500 = 50 jumol photons m~2 s~!) for 60 min and moved
to LL growth conditions for 24 h while remaining in H,O; solu-
tion, during which time photographs were taken periodically every
2h to determine the extent of bleaching of the leaves. Analysis
of the photos was performed using ImageJ? and Microsoft Excel
(Microsoft, Washington, USA). The percentage of healthy (green),
and bleached (white) tissue in each leaf disk was calculated and
compared over time.

Plants subjected to the in wvivo HL-stress tolerance
assay were exposed to the HL spot treatment (leaf 4
@ 1000 = 50 wmol photonsm~—2s~!) for 60min or remained

Zhttp://rsbweb.nih.gov/ij/

untreated under LL growth conditions. Following the initial HL
SAA treatment, treated and untreated whole plants were placed in
a controlled growth environment chamber (Conviron S10H, Con-
viron, Ltd., Winnipeg, MB, Canada) under HL growth conditions
for 24 h (1500 £ 25 pmol photons m~2s~!, 23/22 £2°C). Plants
remained well watered for the duration of the 24-h treatment. Dur-
ing the 24-h HL treatment photographs were taken periodically to
assess the first appearance photobleaching.

Chlorophyll fluorescence measurements were taken during the
repeated, HL SAA study using an IMAGING-PAM chlorophyll flu-
orometer and analyzed with the ImagingWin software application
(Walz, Effeltrich, Germany) as described (Krause and Weis, 1991;
Oxborough, 2004; Baker, 2008). Tissue was sampled from existing
mature tissues, as well as from the treated leaf as outlined in the
transient HL SAA experiments.

MICROARRAY DATA COMPARISON AND TRANSCRIPT ANALYSIS
Microarray data from Rossel et al. (2007) was directly compared to
six different studies of auxin microarray experiments (Sawa et al.,
2002; Zhao et al., 2003; Redman et al., 2004; Overvoorde et al.,
2005; Nemhauser et al., 2006; Lee et al., 2009). Only gene tran-
scripts that demonstrated significant changes in gene expression
(as determined in each respective article) were considered in this
comparison. The functional characterization was based on gene
ontology (GO) descriptions available on TAIR 10 (2012). As all
transcripts had numerous GO descriptions, preference was given
to auxin-related or stress networks.

AUXIN DETECTION USING DR5:GUS TRANSGENICS

DR5:GUS transgenic lines were provided by Dr. Christopher Caz-
zonelli (ANU). Mature DR5:GUS transgenic plants were either
treated with LL conditions (40 = 25 pmol photons m~2s7 1), or
with HL spot (1500 50 wmol photonsm=2s~!) for 60 or
120 min. GUS staining and localization was performed using a
modified version of the GUS visualization assay (Stomp, 1992).
Each plant was divided into separate 2 ml microfuge tubes.

RESULTS

TRANSCRIPTIONAL REGULATION OF GENES SPECIFIC TO HL SAA

A new HL SAA LED-array system was developed to enable repeated
exposure of a leaf without altering the growth conditions of other
leaves (Figure 1). This treatment applied a spot of light in the
absence of heat and shading, facilitating a more environmentally
relevant and specific test of HL-induced SAA compared to previ-
ous light treatment methods (Karpinski et al., 1999; Rossel et al.,
2007; Muhlenbock et al., 2008; Szechynska-Hebda et al., 2010).
Due to the specific nature of the treatment it also allows differen-
tiation between retrograde signals derived from other stresses and
solely HL.

It was necessary to validate the new method given the dif-
ferences in light regimes between this and previous HL and HL
SAA treatments. Thus, a detailed analysis of transcript changes in
response to HL spot treatment of numerous genes involved in a
range of plant processes from light signaling to ROS metabolism
was performed. This provided (1) a greater understanding of the
genetic regulation of HL retrograde responses governing the initi-
ation and perpetuation of SAA; (2) identification of SAA marker
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genes that could be used in this study for an efficient quantifica-
tion of HL SAA activation under different treatment regimes; and
(3) identification of genes which are specifically induced in distal
leaves, but not exposed leaves, which may give novel insight into
the mechanisms or role of HL SAA in Arabidopsis.

For this analysis, genes were selected based on one of two fac-
tors: if they were reported to be involved in HL or SAA in previous
studies (Karpinski et al., 1999; Mullineaux et al., 2000; Rossel
et al., 2002, 2007); and according to their relative importance and
involvement in light and stress signaling pathways in Arabidop-
sis (Rapp and Mullet, 1991; Yamaguchi-Shinozaki and Shinozaki,
1993; Braam et al., 1997; Hutin et al., 2003; Barrero et al., 2006; Lee
et al., 2007; Zhu et al., 2010). Over 45 transcripts induced in both
HL and distal leaf tissue, as well as genes reported to be induced
in distal, but not HL-exposed leaves, were chosen for confirma-
tion with RT-qPCR (Table 1). The vast majority of genes reported
to be induced by HL SAA in microarrays and other experiments
when a 1/3 of the rosette is exposed to HL were confirmed to be
induced by the single spot of the HL LED-array system. However,
all except one of the reported SAA specific inducible genes were
also induced in the exposed tissue. The single gene that exhibited
distal-specific expression, Gretchen Hagen 3.3 (GH3.3; Table 1),
encodes an enzyme involved in maintaining auxin homeostasis by
auxin conjugation with amino acids (Staswick et al., 2005), which
will be addressed later in this manuscript. REDOX RESPONSIVE
FACTOR 1 (RRTFI) and ZAT10 were selected as marker genes for
HL SAA in subsequent experiments as both transcripts exhibited
strong, relatively consistent transcript induction under short term
HL spot treatment.

INFLUENCE OF LIGHT QUALITY, QUANTITY, AND DURATION ON
TRANSIENT HL SAA

Light intensity, quality, and duration of exposure all influence the
generation of retrograde signals that in turn influence and acti-
vate different developmental and acclimation responses of treated
tissues (Franklin and Whitelam, 2004; Li et al., 2009). Thus a
series of experiments was conducted to explore the relationship
between specific light qualities and specific HL SAA (Figure 1C).
SAA induction was analyzed in plants treated with HL for 5, 30, 60,
and 120 min, respectively. Both ZAT10 and RRTFI transcript levels
increased significantly within 5 min in both HL-treated and distal
tissues and remained elevated for at least 60 min (Figures 2A,B),
largely confirming earlier findings using different HL systems.
However, after 2h of HL exposure, transcript levels declined to
pre-HL levels in both treated and distal tissues. Even though both
SAA marker genes exhibit significant gene induction within 5 min
(fourfold), RRTF1 mRNA accumulation was highest after 60 min
(60-fold). Since treatment for 60 min showed the maximal increase
in both marker genes, this treatment time was applied for all
subsequent analyses.

Previous studies analyzed SAA-induced gene expression using
relatively high, and ultimately damaging, light intensities in the
order of 1500 pmol photons m~2s! (Karpinski et al., 1999;
Rossel et al., 2007; Muhlenbock et al., 2008). With such elevated
light intensities to what extent this reflected severe photo-oxidative
stress or changes in the electron transport rate and redox poise
could not be evaluated. Consequently, 60 min HL LED-array

treatments were performed on Arabidopsis plants at different
light intensities (250, 500, 1000, and 1500 pmol photons m—2s~!,
respectively). RRTF1 and ZAT10 were induced at already rela-
tively small changes in light intensity (Figures 2C,D). Significantly,
treatment with 250 pmol photons m ™2 s~! was sufficient to sig-
nificantly increase mRNA-levels for both genes in HL-treated and
distal tissues. As the light intensity increased, RRTF]I transcript
levels in both HL and distal tissues increased proportionally. In
contrast, ZAT10 showed a relatively small but significant increase
in gene expression in both HL-treated and distal tissues under light
intensities lower than 1500 wmol photons m=2 s~ 1.

Light quality (wavelength) also plays an important role in HL
response, acclimation, and plant developmental processes (Li et al.,
2009). The HL-specific SAA response to different wavelengths was
investigated using colored LEDs. The white LEDs exhibited two
maximum peaks of emission (460, 570 nm). Each colored LED
had a single specific peak of wavelength irradiance, namely: UVA
(400 nm), blue (460 nm), green (515 nm), yellow (600 nm), red
(680nm), and far-red (720 nm; Figure 1). The relative expres-
sion levels of RRTFI and ZAT'10 were analyzed after HL treatment
under the different light qualities using various statistical tests:
independent ¢-tests for each time point, and LSD post hoc tests
from one-way ANOVA combining all tissue-light treatment com-
binations. As expected, independent samples t-tests for each light
quality treatment showed white light caused the most statistically
significant SAA gene induction, followed by blue light, while UVA,
yellow, and red light had less prominent induction of both ZAT10
and RRTFI(Figures 2E,F). LSD tests from one-way ANOVA reveal
that for both RRTFI and ZAT10 white light caused the most promi-
nent SAA gene induction (P <0.05). Under blue light RRTFI
also shows significant induction in comparison to the majority
of the other light treatments (P < 0.05). On the other hand the
significance of transcriptional changes of ZAT10 between differ-
ent light qualities becomes less apparent due to small relative fold
changes and experimental variance. The results clearly demon-
strate that the degree of HL SAA induction of the marker genes is
wavelength-dependent.

THE INVOLVEMENT OF HEAT AND HUMIDITY ON THE INDUCTION OF
TRANSIENT HL SAA

High light stress in a natural environment rarely occurs with-
out changes in temperature and humidity, both of which are
also powerful inducers of separate retrograde signaling and accli-
mation defense responses (Fryer et al., 2003; Zhou et al., 2004;
Allakhverdiev et al., 2008). Consequently, we investigated the effect
of heat and humidity in the induction of HL SAA. Relative tran-
script levels were normalized to LL at 21°C for each temperature
(Figure 3A). Both RRTFI and ZAT10 transcript levels increased
after HL exposure in both treated and distal tissues under all ana-
lyzed temperatures. Interestingly, expression of RRTFI at 28°C was
already increased in untreated LL plants compared to LL 21°C. In
contrast, at 32°C RRTFI showed a significant reduction of tran-
script levels in all tissues. At the same time, ZAT10 exhibited a
slightly more linear response to HL SAA and heat. The results
demonstrate that while the ambient temperature has a significant
effect on the induction of HL SAA marker genes HL SAA still
occurs at elevated temperatures.
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Table 1 | Analysis of gene transcript abundance after 60 min HL LED-array treatment.

Gene locus Annotation (TAIR10) HL mRNA fold change Standard error DL mRNA fold change Standard error Ref*
AT1G43160 RAP2.6 2395 1606 450.4 253.1 i
AT4G15210 ATBETA AMY 1090.3 2773 85.7 9.9 i, il
AT3G22840 ELIPT 791 8 73 1.7 i
AT4G34410 RRTF1 68.9 13.8 28.2 5 jii
AT5G20230 BCB 39.8 7.3 65.8 175 jii
AT4G28140 Unknown (F26K10.20) 34.8 6.8 10.4 2.5 i
AT1G52890 ANACO19 31.6 12.6 10.5 0.8 jii
AT3G63060 EDL3 29.5 6.7 4.9 0.5 jii
AT1G12610 DDF1 21.2 3.9 10.3 3.1 i
AT5G05410 DREB2A 15.5 1.5 4.2 0.6 i, i
AT1G02400 DTAT 12.2 1.7 9 2.6 jii
AT1G28370 ERF11 10 4 8.3 2.2 jii
AT5G59820 ZAT12 9.9 1.4 1.2 0.4 i
AT5G04340 ZAT6 9.3 3 3.8 0.3 jii
AT1G01480 ACS2 8.6 0.8 71 1.7 jii
AT5G67300 MYB44 8.4 0.4 4.9 1.7 jii
AT2G42360 Putative zinc finger protein 8.2 2.6 45 1.2 i
AT1G27730 ZAT10 76 0.8 6.2 19 i
AT1G21550 Put. calcium binding protein 6.6 0.9 3.7 0.4 jii
AT2G38870 PR6-like 5.9 2.5 8.7 3.2 i
AT4G18170 WRKY28 5.5 0.5 4.3 0.4 i
AT3G46660 UGT76E12 5.4 1.2 2.2 0.4 jii
AT5G47220 ERF2 5.2 1.6 6.5 1.4 jii
AT3G14440 NCED3 3.8 0.4 4.3 1.4 i
AT2G35980 NHL10 3.8 0.9 22 0.3 i
AT4G35090 CAT2 3.3 0.4 25 0.2 i
AT4G21680 NRT1.8 2.6 0.4 3.6 0.4 jii
AT5G50760 Unknown (MFB16.16) 2.2 0.1 2.8 0.5 i
AT2G23170 GH3.3 13 0.5 6.2 0.9 i
AT2G47730 GST6 2.6 0.3 2.12 0.2 i
AT5G57560 TCH4 2.2 0.2 21 0.3 ji
AT5G52310 RD29a 2 0.5 19 0.2 i
AT3G09640 APX2 258.5 234.2 1.2 0.6 i
AT4G14690 ELIPZ 100.5 18.4 0.7 0.1 i
AT1G67090 RBCS1A 2.2 0.1 1.1 0.7 ji
AT2G22470 AGP2 19 0.2 1.6 0.2 i
AT1G17170 GST24 18 0.6 09 0.1 jii
AT2G31570 GPX2 17 0.4 1.2 0.2 i
AT1G05680 UGTHME2 14 0.1 09 0.2 i
AT1G29910 LHCB1.2 13 0.1 14 0.2 il
AT2G27030 CAM5 1.1 0.1 1.1 0 i
AT4G33630 EX1 11 0.1 14 0.1 i
AT3G57260 PR2 0.7 0.4 0.8 0.3 il

References used for gene selection: i. Karpinski et al. (1999), Mullineaux et al. (2000), Rossel et al. (2007), Rossel et al. (2002), ii. Rapp and Mullet (1991), Yamaguchi-
Shinozaki and Shinozaki (1993), Braam et al. (1997), Hutin et al. (2003), Barrero et al. (2006), Lee et al. (2007), Zhu et al. (2010), iii Rossel et al. (2007).

Bold indicates gene fold change.

To assess the role of humidity in the induction of HL SAA,
different humidity levels were used (30, 55, and 90% RH). Nor-
malizing transcript levels of HL spot exposed plants to LL 90%
RH revealed that humidity directly affects the induction of HL
SAA. Even though independent samples ¢-tests for each treatment

show statistically significant differences between LL samples at
90% humidity, LSD tests on one-way ANOVAs on all sample
groups reveal that the difference between the expression of both
marker genes under lower levels of humidity in LL and DL tissues
is not statistically disparate (P > 0.05; Figure 3B). This is especially
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Table 2 | Real-time RT-PCR primers and Universal ProbeLibrary probes (Roche) used for quantitative transcript analysis.

Target sequence anotation Gene locus Universal Probe Library probe Primer sequences
ACS2 AT1G01480 80 F CGACGACTTTACGAGGATGG

R GCTCGGAGAAGAGGTGAGTG
AGP2 AT2G22470 15 F GGTTGCTTCTCCTCCTCAGA

R TGGAGTTAATCCAGCGGAAG
ANOCO19 AT1G52890 143 F CAACAACGGTACTTCGTCCA

R TTGTCGATCTCTTGATGAAACG
APX2 AT3G09640 10 F TCATCCTGGTAGACTGGACAAA

R CACATCTCTTAGATGATCCACACC
ATBETA AMY AT4G15210 115 F CCCGTTTACGTTATGCTTCC

R ACGTTTAAGCTGCGTTTCAAG
BCB AT5G20230 3 F GTAGGCGACGAGCTCGAAT

R TTCTGATACAACTGCCACATCA
CAM5 AT2G27030 103 F TGTCAAAGTTATGATGGCAAAGA

R GAATTGCTACTACGCTTTGCTG
CAT2 AT4G35090 25 F TCTGGTGCTCCTGTATGGAA

R TGGTAATCCTCAAGAAGGATAGGA
CYCLO AT2G29960 103 F GGCAGTTCCTAAAACTGCAGAA

R TTCCCTTGTAGTGTAGAGGTTTCC
DDF1 AT1G12610 12 F CGGAGATGAGGCCTAAGAAG

R TGCCTCTGTAAACTGGGTGA
DREB2A AT5G05410 121 F GATTTTCAAATTTCGTCCCCTA

R TGTTCTGTTTCTATCTCCACTCTGA
DTA1 AT1G02400 141 F TCATGATGATCCTTTCAAGTTCAG

R CCAAATCTCTAACCGTGCGTA
EDL3 AT3G63060 28 F ATTGTCCGGCGAAGATCC

R CAGAAGAACATGAGTTTCGCTAAC
ELIP1 AT3G22840 126 F GCACAAAGTTTAGCGACTTGC

R CGCAACGAATCCAACCAT
ELIP2 ATAG14690 101 F CCACCACAAATGCCACAG

R GCAAATCTCCAAACTTCGTACTC
ERF11 AT1G28370 82 F CGTCAAAACCAACGAAGGTAA

R ACGTCCCCATGGTCTCTTC
ERF2 AT5G47220 82 F TTACGGAGACGGCAGTGAA

R AATTTCCCCCACGGTCTCT
EX1 AT4G33630 116 F AGAAAGAGAAGAAGATTTCTGTCAAGA

R ATTTTGTCAAACCCGACAGC
GH3.3 AT2G23170 148 F CATCACAGAGTTCCTCACAAGC

R GTCGGTCCATGTCTTCATCA
GH3.5 ATAG27260 148 F CATCTCTGAGTTCCTCACAAGC

R GGAACGAACTGGCTCATCA
GPX2 AT2G31570 91 F CCTGATGGCAAGGTCTTACAG

R GCAGTTTGAATGTCCTTCTCG
GST6 AT2G47730 15 F AAGCAAGAGGCCCACCTT

R TCTTGACTCGAAAAGCGTCA
GST24 AT1G17170 12 F AGACTTGGCCCGACAATAAC

R TCCTTCTCGCCGTAACATTC
LHCB1.2 AT1G29910 110 F CCCATTGGGTCTTGCTACC

R CCGTTCTTGAGCTCCTTCAC
MYB44 AT5G67300 98 F ACCTTCCGTTGAGCTTTTCA

R AGGAAGCGGTAGCACAACAG
NCED3 AT3G14440 22 F TCGTCGTGATAGGGTCCTG

R

TTCTCGTCAGACTCGTTGAAAA

(Continued)
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Table 2 | Continued

Target sequence anotation Gene locus Universal Probe Library probe Primer sequences
NHL10 AT2G35980 24 F GCCTTCTACGGTCCATCAGT

R GTGCCCACGTCGGTAGTAG
NRT1.8 AT4G21680 47 F TGTGCACCATGAAGAGTTGAA

R TGTAACAATAGCAGCTCTATCCAAG
PIN3 AT1G70940 59 F TCTTGGAATGGCAATGTTTAGTT

R CTAACCGCCATGGCAAAC
PIN4 AT2G01420 159 F TGCCCAAAATATTACAACAATCC

R TGGGTTGAAGTGCCATGA
PIN7 AT1G23080 159 F TGGGCTCTTGTTGCTTTCA

R TCACCCAAACTGAACATTGC
PP2A AT1G13320 29 F GACCGGAGCAACTAGGAC

R AAAACTTGGTAACTTTTCCAGCA
PR2 AT3G57260 m F GCTTAGCCTCACCACCAATG

R CCCGTAGCATACTCCGATTT
PR6-like AT2G38870 165 F GACGAGTCGTGGTTGGTTAGT

R AACTTTAGGCATCAGTAACACAGAAA
Putative calcium binding protein AT1G21550 63 F GATGTGTTGGAACGGCTAGG

R CATTCTCCCACAATCCCAAG
Putative zinc finger protein AT2G42360 35 F AAACCAGGCTGAACTTGACTG

R CCGGGGATACAACTGTTTTG
RAP2.6 AT1G43160 140 F GGACGATGGGTCATAAGAGAGA

R TGAGCTTTCACATTCTTTAGTCACA
RBCS1A AT1G67090 8 F CGCTCCTTTCAACGGACTTA

R AGTAATGTCGTTGTTAGCCTTGC
RD29a AT5G52310 69 F ACGTCGAGACCCCGATAAC

R CAATCTCCGGTACTCCTCCA
RRTF1 AT4G34410 68 F TCGGGTATGCATTATCCTAACA

R AAGCTCTTGCTCCGGTGA
TCH4 AT5G57560 6 F GCTCAACAAAGGATGAGATGG

R CCTCTTCGCATCCGTACAAT
UGT76E12 AT3G46660 138 F TCTTTGGTTACCACTCTCTAACAAGA

R CTCTTCGTCACAACATGTGAATC
UGTHE2 AT1G05680 29 F TGTGTGGAAGGTTGGGGTA

R TCTTCTCTTCTCACAAACCCATC
Unknown (F26K10.20) AT4G28140 143 F TCGTCCTAAACCCTATTTCCAA

R AAAGGGAAAGCCTCTAACGAA
Unknown (MFB16.16) AT5G50760 152 F CAAAAGGAAAGCCGAAGAAA

R GGACCAACGTAAACCGTGAA
WRKY28 AT4G18170 70 F AGGACGGCAGCTTATACTAACG

R CACTTTGTCCATATCCATAATCCA
ZAT6 AT5G04340 8 F CTCGCGACGGAGATAGAAAC

R AAGCAGAGGAGGTGAAGACG
ZAT10 AT1G27730 31 F GGACAAAGGGTAAGCGATCTAA

R AGAAGCATGAGGCAAAAAGC
ZAT12 AT5G59820 103 F CCCACGGTGACTACGTTGA

R TCAAATTGTCCACCATCCCTA

apparent at 30% RH, where the ability to induce distal expression
of both RRTF1 and ZAT10 is almost abolished. Therefore, both
humidity and temperature have an impact on the induction of HL
SAA in distal leaves; with low humidity largely abolishing HL SAA
compared to untreated, low humidity exposed plants.

LEAF AGE SPECIFIC RESPONSES TO SHORT TERM HL SAA

In a prior study, treating 1/3 of the rosette with HL for 60 min
increased the tolerance to H,O;-mediated bleaching of leaf
disks (Rossel et al, 2007). The new treatment system how-

ever exposes a much smaller area of a single leaf with HL,
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and thus a preliminary investigation into whether this has an
impact on the HL SAA physiological response was assessed. The
capacity of plant tissues to resist oxidative damage was mea-
sured by conducting an in vitro photo-oxidative stress tolerance
assay which determines the degree of bleaching in response to
HL and exogenous H;O, (Forster et al., 2005; Rossel et al,

2007). As described in the Section “Materials and Methods”
this assay uses HL and H;O; as powerful reducing agents to
extenuate and rapidly cause oxidative damage to plant tissues,
thus inducing pigment bleaching. The extent and the rate at
which bleaching occurs can thus be used to estimate the extent
of photo-oxidative stress tolerance in plant tissues. However,

www.frontiersin.org

January 2013 | Volume 3 | Article 303 | 86


http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive

Gordon et al.

Systemic HL stress-induced signalling

A Normalised to LL, 21°C

@\D 30 4 o ?R 10 -

g 55 | § "

<= 25 sk < 8 -

(9] [}

] i . 9 .

g% = €61 u -

< 15 - < . .

3.9 %« *
E 5 4 * Hok 2.6 E 2 1
0.2

§ (0 -emiE e § (. . .
21 28 32 21 28 32
Temperature (°C) Temperature (°C)

Normalised to LL, 90% relative humidity
80 - 30 -
60
40

20

RRTFI mRNA (fold change) @
ZAT10 mRNA (fold change)

55%
Relative humidity

30%

90%
Relative humidity

90% 55%  30%

FIGURE 3 | Analysis of RRTF1 and ZAT10 transcripts under 21, 28, and
32°C and 90, 55, and 30% relative humidity during HL SAA. LL control
(black), HL (white), and distal (grey). In (A) the data are normalized to LL
21°C, for each sample, for (B) the data are normalized to LL 90% relative
humidity, for each sample n=6, *p <0.005, **p <0.001, n.s., not
significant, error bars indicate standard error. LSD post hoc tests from
one-way ANOVAs show that for both RRTF1 and ZAT10 plants under 55 and
30% humidity LED treatments the differences between LL and DL tissues
is not statistically significant (P > 0.05).

variability between replicates was greater than variability between
treatments (Figure 4A).

The variability between leaf disks was hypothesized to be
a result of sampling leaves at different developmental stages.
Indeed, an in vitro oxidative stress tolerance assay investigating
leaf positional effects across an Arabidopsis rosette under nor-
mal LL growth conditions indicated basal leaf age-dependent
tolerance in younger leaves (Figures 4B,C). Consequently, leaf
age-dependent HL SAA transcriptional responses in the exposed
and adjacent leaves were measured. Mature, fully expanded leaf
6 (Figures 5A—C) or 5 (Figures 5D,E) were also exposed to the
HL LED-array, and the distal response quantified in two ways: tis-
sue was either sampled from within the same leaf, immediately
above (younger) and below (older; Figures 5B,C), or sampled
only from the three younger leaves (Figures 5D,E). Indepen-
dent samples t-tests for each leaf show statistically significant
induction of the two marker genes in all treated tissues com-
pared to LL controls (Figures 5B—E). More specifically, LSD tests
on one-way ANOVAs combining all tissues show significant dif-
ferences between leaf 5 and 7 when leaf 6 is treated with HL
(P < 0.05; Figures 5B,C) and also between leaf 5, 6, and 8 when
leaf 5 is treated (P < 0.05; Figures 5D,E). Thus revealing that
in general, distal tissue within the treated leaf, or immediately

HL-SAA
Control

Distal

—_ O
==

16 h
20h
24 h

Time after SAA treatment >

Control LL

Bpre-HL

50 1 020h HL

10 4

FIGURE 4 | In vitro photo-oxidative tolerance of leaf disks during HL
SAA and control LL conditions. (A) Representative image of leaf disks
sampled from LL (black), HL spot treated leaves (white), and distal leaves
(gray). (B) Leaf disk assay of basal resistance to photo-oxidative stress
across the Arabidopsis rosette in leaves under control LL growth conditions.
(C) Analysis of (B) using ImageJ software to distinguish between bleached
(white) and unbleached (green) tissues. Plants were either treated to HL
spot treatment or remained under LL condition, as explained in Section
“Material and Methods.” Following treatment leaf disks were floated on
H,O, (0.5 M) in a 96-well plate, Hl-treated for 60 mins, then returned to
150 wmol photons m~2 s~' for 24 h. Photographs were taken throughout the
24-h period, experiment was performed in triplicate, n=3.

adjacent, had comparable accumulation of transcripts to the
exposed leaf, whereas transcript levels then decreased consistently
in progressively younger leaves.

Based on the results of Figures 4 and 5, oxidative stress tolerance
was investigated using the in vitro photo-oxidative tolerance assay
taking leaf position into account (Figure 6A). Leaf 4 was treated
with HL spot, leaf disks sampled from all leaves and the assay per-
formed as described in Section “Materials and Methods.” Results
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significant differences between Leaf 5 and 7 when leaf 6 is treated with HL
(B,C) and also between leaf 5, 6, and 8 when leaf 5 is treated [(D,E);

P <0.05].

from this in vitro assay did not indicate any substantial difference
in photobleaching development between HL SAA acclimated and
non-acclimated plants; however, there was a general trend of
increased oxidative tolerance in younger tissues (Figure 6A).
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FIGURE 6 | Leaf position-dependent oxidative stress tolerance during
HL SAA. (A) /n vitro photo-oxidative stress tolerance leaf disk assay,
Arabidopsis plants were either HL SAA treated at leaf position 4 (white bar,
yellow circle) or remained untreated (black). Leaf disks were then taken
from all leaves, including distal (gray), floated on H,0O,, and assayed as in
Figure 5. Photographs of the leaf disks taken after 20 h and were analyzed
using ImagedJ software to calculate the percentage of healthy and bleached
tissue, n=23. (B) First signs of photobleaching during the in vivo assay. (C)
In vivo temporal assay of photobleaching development based on leaf
position comparing HL SAA treated (top panels) and non-acclimated control
plants (lower panels), n=9.
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Age-dependent HL SAA was then investigated in vivo by deter-
mining the first appearance of photobleaching in intact leaves
subject to continuous HL after the HL spot treatment. This treat-
ment was used to determine whether there is a specific spatial and
age-dependent pattern of the onset of photobleaching as a result of
HL SAA. Arabidopsis plants were either treated with HL SAA or left
non-acclimated. The entire rosette was then subjected to 20 h HL
and appearance of photobleaching recorded after 0, 4, 6, 16, and
20 h (Figures 6B,C). In both treated and untreated plants there was
less and a slower rate of induction of bleaching in younger leaves.
Interestingly, the temporal aspect of this assay revealed a slight dif-
ference between HL SAA acclimated and control, non-acclimated
plants in that most HL SAA plants developed photobleaching at
20h, whereas photobleaching in control plants appeared more
rapidly and sporadically across the rosette under HL (indicated by
increased number of darker shaded boxes). The temporal aspect of
this assay indicates that HL SAA may be responsible for the coor-
dinated acclimation of leaves across the rosette that could confer
resistance to stress within the duration of a natural day length.

THE INFLUENCE OF REPEATED, TRANSIENT HL SAA ON ACCLIMATION
IN EXISTING LEAVES

As plants exposed to short term HL SAA treatments failed to
generate a strong acclimation response, we hypothesized that
repetitive treatments are required to generate stronger acclima-
tion responses. Under long term HL conditions systemic signaling
from mature leaves influences the development of new, emerging
tissues mediating changes in leaf structure and thickness, chloro-
plast prevalence, and growth rates (Coupe et al., 2006; Araya et al.,
2008; Jiang et al., 2011). However, how existing leaves respond to
repeated, short term HL spot treatments in distal and exposed
leaves is unknown. Plants were subject to three, 1h HL spot
treatments per day for 8 days (Figure 7). Interestingly, analysis
of HL SAA treated plants showed that the exposed leaf (6) and
young emerging leaves (11+) of the HL-treated plants exhibited
a statistically significant increased tolerance to oxidative stress
after repeated, transient stress than their respective LL controls
(Figure 7). By contrast, leaves 3—5 and 7-10 showed no signifi-
cant difference between the respective HL-treated and non-treated
tissues.

To determine if the acclimation response to repeated 1h HL
treatments was also reflected in changes to photosynthesis and
photoinhibition, two photosynthetic parameters, ¢ppsy (Figure 8)
and NPQ (Figure 9), were measured at the end of the 8-day
treatment. The measurements were undertaken at both 150 and
500 wmol photons m~2 s~!. Under both light intensities, all leaves
from HL-exposed and untreated plants exhibited relatively similar
¢ps values (Figure 8), except for leaf 6 of the HL-exposed plants,
which had slightly increased levels of ¢pgs;. On the other hand,
NPQ was markedly higher in the exposed leaf 6 and significantly
higher in distal (HL SAA) tissue than in controls for the younger
leaves (Figure 9). These observations indicate that repeated tran-
sient HL SAA treatments result in long term acclimation to HL in
both exposed and distal leaves.

HL SAA AND AUXIN
Our initial analysis of different HL SAA marker transcript levels
demonstrated specific distal expression of GH3.3 (Table 1), an
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FIGURE 7 | In vitro photo-oxidative stress tolerance assay of repeated,
transient HL SAA. Arabidopsis plants were either HL SAA treated for

60 min three times a day for 8 days (HL) or remained untreated (LL). Leaf
disks were then taken from all leaves, floated on H,0O, and assayed as in
Figure 5. Photographs were analyzed using ImageJ software, as in

Figure 5, to calculate the percentage of healthy (green) and bleached
(white) tissue. Pairwise t-tests were performed comparing the extent of
bleaching between LL samples and the respective Hl-treated leaves, n=3.
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FIGURE 8 | Comparison of photoinhibition and recovery in plants after
the repeated, transient HL SAA acclimation experiment exposed to 150
and 500 pmol photons m~2s~". Treated plants were subjected to three
separate 1 h HL LED-spot treatments per day for 8 days prior to
measurement. (A) F,/F,, and ¢ps; measurements of both HL LED-array
treated (circle) and untreated plants (square) subsequently exposed to either
150 (closed symbol) or 500 pmol photons m=2s~" (open symbol) and dark for

the indicated time are shown. The leaf position is indicated. The entire
experiment was performed in triplicate, one representative is shown for
which n=3. (B) A representative false colour image of F,/F,, and dpg
(measured at 420 s) from HL LED-array exposed (HL) and untreated (LL)
plants under 100 and 500 wmol photons m~2s~". The colored scale bar
represents the corresponding value of ¢pg, or F,/F,,, increasing in value from
left (red) to right (pink).

www.frontiersin.org

January 2013 | Volume 3 | Article 303 | 90


http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive

Gordon et al.

Systemic HL stress-induced signalling

100 pumol
photons m?2 s!

500 pmol

n
Fll
=
72}
2
S
8
S
=
a.

A 3 . Light period Dark period
25
w distal (HL-SAA)
A 2
g 1.5
ﬁ 1
0.5
0
3
s exposed (HL-SAA)
2 control
= s
T L5
QL
=
0.5
=g
= 0
4 3 -
o | 251 distal EHL-SAA)
in contro
2 4
-}
8| 15
>
s
I
0.5
0 o
3
distal (HL-SAA)
\ control
2
+
-
-
w2
21
[
%]
q o
O o
0 100 180 260 340 420 470 560 740 1110
Time (seconds)
B

HL LED-array

FIGURE 9 | Non-photochemical quenching induction and relaxation in
plants after repeated, transient HL SAA. Treated plants were subjected
to three separate 1 h HL LED-spot treatments per day for 8 days prior to
measurement. (A) NPQ measurements of both HL LED-array treated
(circle) and control plants (square) subsequently exposed to either 150
(closed symbol) or 500 pmol photons m~2s~" (open symbol) and dark for
the indicated time are shown. The leaf position is indicated. The entire

experiment was performed in triplicate, one representative is shown for
which n=3. (B) A representative false color image of NPQ (measured at
420s) from HL LED-array exposed (HL) and untreated (LL) plants under
100 and 500 pmol photons m=2s~". The colored scale bar represents the
corresponding value of NPQ increasing in value from left (red) to right
(pink). The circle of dark blue on the treated leaf six is indicated with an
arrow.
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important gene in regulating auxin homeostasis (Staswick et al.,
2005). This may indicate connections between HL SAA and devel-
opmental processes mediated by auxin. To determine the influence
of HL SAA on auxin-regulated transcripts, we compared the genes
that exhibited significant changes in the distal leaves of HL SAA
plants (Rossel et al., 2007) with data from six different auxin treat-
ment studies (Sawa et al., 2002; Zhao et al., 2003; Redman et al.,
2004; Overvoorde et al., 2005; Nemhauser et al., 2006; Lee et al.,
2009). The analysis revealed that a subset of 123 (out of 602)
SAA transcripts were co-expressed with auxin-responsive genes
(total of 1188; Figure 10; Table 2). This was a significantly higher
overlap of genes than expected by random chance (two-sample z-
statistic = 15.6, equivalent p = 0.01). Using GO annotation (TAIR
10, 2012) it became evident that the co-expressed genes in both
HL SAA and two or more auxin treatment experiments exhibited
a large proportion of genes involved in either auxin-related (29%)
or plant stress processes (29%).

The connection between HL SAA and auxin was further inves-
tigated by analyzing the expression of auxin-responsive genes and
the spatial distribution of auxin. Five transcripts were chosen
(GH3.3, GH3.5, PIN-FORMED3 (PIN3), PIN4, and PIN7). After
the LED-spot treatment, independent samples #-tests show that
both GH3 transcripts exhibited statistically significant induction
in the distal leaves (Figures 11A,B). The induced expression of
the GH3 transcripts is also specifically limited to that of the distal
tissues, as LSD tests on one-way ANOVAs combining all tissues
show significant differences between LL, DL, and HL-treated tis-
sues (P < 0.05). Whereas PIN4 and PIN7 were down-regulated in
HL and distal tissues and PIN3 exhibited no significant changes in
transcript levels (Figures 11C~E). Auxin distribution was inferred
by using the auxin-responsive DR5:GUS transgene. Under LL,
plants exhibited typical DR5:GUS staining, mainly localized to the
leaf borders, hydathodes, and main vascular tissues (Figure 11F).
In contrast, after HL spot treatment the distal leaves showed
increased distribution of DR5:GUS in secondary vasculature and
mesophyll cells (Figure 11F).

DISCUSSION

In this study we shed light on the processes which govern the initia-
tion of HL SAA and retrograde signaling and provided evidence for
acclimation in treated and young, distal leaves that include changes
to photo-oxidative stress tolerance, NPQ, and auxin-responsive
gene expression in response to repeated 1 h HL treatments.

HL SAA TRANSCRIPTIONAL RESPONSE AND SIGNAL INITIATION

Different lengths of HL treatment revealed that the induction of
HL-responsive genes is abolished after 120 min, even under light
stress (Figures 2A,B), highlighting the transient nature of the
response to short term HL treatments. HL SAA induction was
also proportional to light intensity (Figures 2C,D), suggesting a
direct relationship between HL SAA signaling and retrograde sig-
naling derived from photosynthesis in the HL-treated leaf. This
hypothesis is supported by previous studies which have shown
that pre-treatment with the photosynthetic inhibitor, 3-(3,4-
dichlorophenyl)-1,1-dimethylurea (DCMU) was able to attenuate
the SAA induction of two well-known marker genes APX1 and
APX2 (Muhlenbock et al., 2008; Szechynska-Hebda et al., 2010).

However, given the disparate nature of the HL treatment systems
and marker genes used in this study, further DCMU treatments
with our system would have to be conducted to support this the-
ory. We demonstrated that the signal was initiated at low increases
in light intensity, not just in response to severe stress of more than
10x of normal growth light as used in earlier studies (Karpinski
etal., 1999; Mateo et al., 2004; Rossel et al., 2007; Muhlenbock et al.,
2008; Miller et al., 2009; Szechynska-Hebda et al., 2010). Further-
more, the induction of these transcripts in distal tissues using a
small area of applied light at moderate intensity indicates that the
signaling of HL stress is not an average integration of shade and
light signals generated across the plant, but a response to HL in a
specific portion of a single leaf.

UVA, blue, yellow and red light-exposed plants exhibited sig-
nificant systemic induction of ZAT10 and RRTFI transcripts
(Figures 2E,F), however the increase in mRNA under these con-
ditions is a fraction of the observed response under white HL
(Figure 2C). This may reflect the impact of the specific wave-
lengths on the rate of photosynthesis in the treated leaf (McCree,
1972),but would require additional photosynthetic measurements
for confirmation. That is, while the intensity was the same for
all treatments as in this study (1500 # 50 Lmol photons m=2 s~ 1),
the narrow wavelength would result in a lower overall total pho-
tosynthetic available radiation (PAR) available for capture by
chlorophylls and carotenoids. Interestingly, for both UVA and blue
light the lack of systemic response is in despite of an observed
strong physiological photobleaching response in the treated tissue
(data not shown). This indicates the presence of separate ret-
rograde signaling systems which activate HL SAA independent
from those that govern blue light responses and photodamage
acclimation responses (Franklin and Whitelam, 2004; Suetsugu
and Wada, 2007; Takahashi et al., 2010; Lehmann et al., 2011).
This is further supported by the observation that the white
LEDs do not produce any UV spectra yet exhibit the highest
induction of HL SAA and that HL SAA induction occurs at
intensities as low as 250 pmol photons m~2s~!, Such intensities
are unlikely to even induce the xanthophyll cycle as zeaxanthin
typically accumulates in response to 400 jLmol photons m™2s~!
and above (Demmig-Adams et al., 1989). Thus, the induction
at 250 wmol photonsm~2s~! indicates that changes in photo-
synthetic parameters and subsequent retrograde signals initiate
HL SAA, not oxidative stress and damage, although the latter
may contribute to the intensity of the response at higher light
intensities.

Interestingly, blue light treatments resulted in increased tran-
script induction for both RRTFI and ZATI0 compared to the
other wavelengths (Figures 2E,F). This may be attributed to the
known role of blue light in multiple acclimation responses (Lis-
cum and Briggs, 1995; Folta and Spalding, 2001; Jarillo et al.,
2001; Danon et al., 2006; Matsuda et al., 2008). Contrary to
this hypothesis, it was shown that under HL the systemic induc-
tion of APXI and APX2 exhibit no apparent attenuation and
dependency of blue light perception via cryptochrome photore-
ceptors in double mutants cryl/cry2 (Szechynska-Hebda et al,,
2010). The discrepancy between the analyses and results presented
in this study highlight the complexity of HL SAA and possible
involvement of different retrograde signals including ROS and
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FIGURE 10 | Comparative analysis of HL SAA (distal) and
auxin-responsive genes. (A) Venn diagram of all transcripts that exhibit
significant co-expression between 60 min HL SAA treatment microarray data
(Rossel et al., 2007) and at least two of the following auxin arrays (Sawa et al.,
2002; Zhao et al., 2003; Redman et al., 2004; Overvoorde et al., 2005;
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Nemhauser et al., 2006; Lee et al., 2009). *The percentage of co-expressed
genes is greater than would be expected by chance by a two-sample
z-statistic (equals 15.6, equivalent p=0.01). (B) GO annotation (TAIR 10,
2012) of co-expressed genes between HL SAA and two or more auxin
treatment experiments.

photosynthesis-mediated signaling pathways. Two major forms of
ROS, H,0; and 'O, trigger different transcriptional responses
including induction of ZAT10 and RRTF]I, respectively (op den
Camp et al., 2003; Gadjev et al., 2006). Under HL SAA the down-
stream transcriptional regulation of APX isoforms may be influ-
enced by both H,O,-derived and blue light ! O,-derived signaling
and be dependent on how these different ROS signaling pathways
interact.

THE INFLUENCE OF TEMPERATURE AND HUMIDITY ON HL SAA

Even though heat exposure is able to cause photoinhibition
(Allakhverdiev et al., 2008; Sainz et al., 2010) and to be synergistic
to photo-oxidative stress (Rossel et al., 2002; Mittler, 2006), our
study reveals that moderate heat stress does not influence HL SAA
induction. That is, the increase in induction of RRTFI and ZAT10
in distal leaves was similar at all analyzed temperatures (Figure 3),
although at 32°C there was a suppression of RRTFI transcripts
relative to 21°C in all three tissues, including the control.

In contrast to increased temperatures lower RH levels propor-
tionally inhibited HL SAA induction in distal leaves (normalized to
LL 90% RH; Figure 3B). This is surprising as 70% of HL inducible
genes are also induced by drought stress and there are common
regulators of both pathways that alter the expression of ZAT10
and APX2, such as SALI (Kimura et al., 2003; Wilson et al., 2009;
Estavillo etal.,2011). Furthermore, low humidity is already known
to induce APX2 (Karpinski et al., 1997; Fryer et al., 2003; Hether-
ington and Woodward, 2003; Szechynska-Hebda et al., 2010); that
is if anything a synergistic or additive effect of low RH and HL
may have been expected. Yet, there was no additive induction in
distal leaves at lower RH. This either reflects an epistatic effect, or
the lower RH impairs the propagation of the SAA signal to dis-
tal leaves. With respect to epistasis, as noted above, both drought
and HL have similar impacts on ABA induction and expression of
genes such as APX2 and ZAT10 (Rossel et al., 2006) and it could

be low RH and HL SAA act via the same pathway. Contradictory
to this, there is an additive increase in gene expression in HL-
treated leaves at low RH (Figure 3B). Furthermore, the drought
and HL stress signaling SAL1 mutant, alx8, also retains the additive
increase in APX2 and ELIP2 gene expression under drought and
light stress (Rossel et al., 2006; Estavillo et al., 2011). This suggests
that the loss of HL SAA induction under low RH is more consistent
with impaired propagation than epistasis. This is intriguing as HL
SAA acts via the vasculature, but most likely not in the xylem as
it is observed in upper and lower leaves (Figure 5). Proposed SAA
signals include ROS and electrochemical gradients, none of which
are directly impacted by changes in transpiration. How exactly low
RH impacts HL SAA signaling still needs further investigation.

THE RESPONSE TO REPEATED, SHORT TERM, LOCALIZED HL

To date, the study of acclimation processes and function of HL
SAA has been restricted to evaluation of the immediate adaptation
responses to one or several hours of HL (Rossel et al., 2007; Muh-
lenbock et al., 2008; Szechynska-Hebda et al., 2010). However, our
study demonstrates that the single application of a highly localized
signal did not result in any observable distal acclimation in vitro
beyond the transcriptional changes (Figures 4-6). This is in con-
trast to earlier reports using 1/3 rosette HL treatment that resulted
in distal acclimatory changes with respect to H,O, tolerance and
NPQ (Karpinski et al., 1999; Rossel et al., 2007; Szechynska-Hebda
et al., 2010). Significantly, repeated, short term applications of
the HL spot treatment over 8 days resulted in enhanced tolerance
to HyO, and elevated NPQ capacity compared to LL controls
(Figures 7-9). Key to these observations was that the acclimatory
response was increased in younger leaves as they had lower lev-
els of RRTFI and ZAT10 mRNA accumulation (Figure 7), and
higher basal resistance to H,O, bleaching compared to LL con-
trol plants (Figure 5). Younger leaf tissues are already described to
exhibit increased resistance to numerous other stress conditions
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FIGURE 11 | Analysis of GH3 and PIN transcript accumulation during HL
SAA. Relative transcript levels of (A) GH3.3, (B) GH3.5, (C) PIN4, (D) PIN7,
and (E) PIN3 after the HL SAA treatment of leaf 6 (yellow circle). Distal tissue
was sampled from leaves 5, 6, and 7 (grey), distal tissue was also sampled
from within the HL:treated leaf (red bar), (F) Localization and distribution of
auxin visualized by DR5:GUS after HL SAA. Representative images from four
different plants showing leaves 4-8 (left to right) from DR5:GUS transgenics

following illumination with either LL conditions

(40 £ 25 pmol photons m=2s~"), HL LED-array treatment of leaf 6

(1500 4 50 wmol photons m=2s~") for either 60 (HL 60), or 120 min (HL 120).
Pairwise t-tests were performed comparing the transcript levels in HL and DL
samples with those of LL samples yielding p-values as shown Error bars
indicate standard error, for each sample type, n=6, *p <0.05, **p <0.001,
n.s., not significant. n=28 Per leaf for two independent auxin experiments.
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including salt, drought, temperature, and ROS (Takagi et al., 2003;
Jung, 2004; Muhlenbock et al., 2008; Hajlaoui et al., 2010; Yoon
etal.,2011). The processes governing their acclimation in response
to stress, however, are unclear (Takagi et al., 2003; Jung, 2004; Yoon
etal., 2011).

Auxin is a well-established regulator of many plant processes
including organ patterning, root and shoot architecture, vascu-
lar development, growth, and tropic responses (Benjamins and
Scheres, 2008; Zhao, 2010). Our study describes how HL SAA is
able to regulate distal-specific auxin-related gene transcription as
well as free auxin distribution (Aloni et al., 2003) in both HL-
treated and distal tissues (Figure 11). The GH3.3 and GH3.5
were exclusively expressed in distal tissue in response to HL SAA
(Figure 11) and are from a class of proteins directly responsi-
ble for the maintenance of auxin homeostasis (Staswick et al.,
2005). Over-expression of GH3.5 alters the balance between free
and conjugated auxin enhancing tolerance to pathogen infec-
tion and abiotic stresses such as drought, salinity, and tempera-
ture (Park et al., 2007; Zhang et al., 2007). Even though GH3.3
is induced under pathogen infection its role in plant stress is
relatively undefined (Gonzélez-Lamothe et al., 2012). The pro-
posed integration between auxin, oxidative stress, and ROS was
reviewed recently (Tognetti et al., 2012). Auxin is capable of
influencing ROS homeostasis by regulating proteins involved

in ROS detoxification, including transcription regulators, the
DELLA proteins and the ROS detoxifying enzymes, glutathione
S-transferases (Laskowski et al., 2002; Paponov et al., 2008). Con-
versely, ROS produced under various stress conditions greatly
influences auxin biosynthesis, metabolism, transport, and signal
transduction pathways in exposed tissues (Tognetti et al., 2012).
It is now evident that distal tissues of plants subjected to repeated
HL spot treatments may exhibit similar changes in auxin-mediated
processes.

In conclusion localized HL treatments and repeated, localized
HL treatments initiate retrograde signals that lead to transcrip-
tional and acclimatory responses in both treated and distal tissue.
However, a single 1 h HL spot treatment is not sufficient to alter
the acclimation response in distal tissues. HL SAA requires either
a 1/3 of the rosette to be treated (Rossel et al., 2007), or a single leaf
to be repeatedly subject to 1 h HL treatments. Questions remain
as to whether the response to repeated HL SAA is at the cellular
or subcellular level? What is the nature of the memory of repeated
HL, is it for example due to changes in chromatin? Is the response
reversible and does auxin contribute directly to the acclimation
response? Why do young and old leaves respond differently to HL
SAA? The nature of the signal and the respective roles of auxin
and oxidative stress responsive genes in HL SAA from a temporal
perspective, all require further investigation.
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INTRODUCTION

An Arabidopsis thaliana double mutant (adg7-1/tpt-2) defective in the day- and night-path
of photoassimilate export from the chloroplast due to a knockout in the triose phos-
phate/phosphate translocator (TPT; tpt-2) and a lack of starch [mutation in ADP glucose
pyrophosphorylase (AGPase); adgi-7] exhibits severe growth retardation, a decrease in
the photosynthetic capacity, and a high chlorophyll fluorescence (HCF) phenotype under
high light conditions. These phenotypes could be rescued when the plants were grown
on sucrose (Suc) or glucose (Glc). Here we address the question whether Glc-sensing
hexokinase1 (HXK1) defective in the Glc insensitive 2 (gin2-1) mutant is involved in the
sugar-dependent rescue of adg1-1/tpt-2. Triple mutants defective in the TPT, AGPase, and
HXK1 (adg1-1/tpt-2/gin2-1) were established as homozygous lines and grown together
with Col-0 and Landsberg erecta (Ler) wild-type plants, gin2-1, the adg1-1/tpt-2 double
mutant, and the adgi-1/tpt-2/gpt2-1 triple mutant [additionally defective in the glucose
6-phosphate/phosphate translocator 2 (GPT2)] on agar in the presence or absence of
50 mM of each Glc, Suc, or fructose (Fru). The growth phenotype of the double mutant
and both triple mutants could be rescued to a similar extent only by Glc and Suc, but
not by Fru. All three sugars were capable of rescuing the HCF and photosynthesis pheno-
type, irrespectively of the presence or absence of HXK1. Quantitative RT-PCR analyses of
sugarresponsive genes revealed that plastidial HXK (pHXK) was up-regulated in adg1-1/tpt-
2 plants grown on sugars, but showed no response in adg1-1/tpt-2/gin2-1. It appears likely
that soluble sugars are directly taken up by the chloroplasts and enter further metabolism,
which consumes ATP and NADPH from the photosynthetic light reaction and thereby res-
cues the photosynthesis phenotype of the double mutant. The implication of sugar turnover
and probably signaling inside the chloroplasts for the concept of retrograde signaling is
discussed.

Keywords: sugar signaling, photosynthesis, chlorophyll fluorescence, carbohydrate metabolism, chloroplasts

signaling has been introduced (Beck, 2005; Koussevitzky et al.,

Plants are exposed to a variety of environmental factors includ-
ing stresses such as excessive light or drought. In order to survive
even harsh conditions, plants have developed strategies to adapt to
changing environmental conditions (Eberhard et al., 2008). The
chloroplasts are particularly sensitive to the light intensity and the
photosynthesis apparatus therein has to respond rapidly (short
term response) or in the long term (acclimation) in order to adapt
to changing light (Kleine et al., 2009).

Chloroplasts derive from cyanobacterial ancestors, but contain
only a limited number of photosynthesis-related genes in their
plastome, whereas the vast majority of chloroplast proteins are
nuclear-encoded (Leister, 2003). Hence a constant communica-
tion between the chloroplasts and the nucleus is required to co-
ordinate the expression of nuclear- and plastome-encoded photo-
synthesis genes and thus to adapt photosynthesis to the demand
and to environmental cues. In order to describe this form of
chloroplast to nucleus communication, the concept of retrograde

2007; Kleine et al., 2009). Studies on mutant and wild-type plants
revealed at least six possible signals chloroplasts might emit to
trigger yet unknown signaling pathways or cascades. The list of
these signals comprises (i) tetrapyrroles as intermediates of chloro-
phyll and heme biosynthesis (Surpin et al., 2002; Beck, 2005), (ii)
chloroplast-generated redox signals (Pfannschmidt et al., 1999),
(iii) reactive oxygen species (ROS; Kim et al., 2008; Foyer and
Noctor, 2009; Miller et al., 2009; Triantaphylides and Havaux,
2009), (iv) plastid gene expression (Ahlert et al., 2003), (v) the
production of abscisic acid (ABA) as response to an enhanced
xanthophyll cycle (Baier et al., 2004; Baier and Dietz, 2005), and
chloroplast-derived metabolite signals including carbohydrates
(Smeekens, 1998, 2000; Rolland et al., 2002, 2006; Briutigam et al.,
2009), which accumulate as a consequence of photosynthetic CO,
assimilation.

In the light, photoassimilates are exported from the chloro-
plast stroma in form of triose phosphates (TP) mediated by the
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TP/phosphate translocator (TPT; Fliege et al., 1978) in a strict
counter exchange with inorganic phosphate (P;). In contrast to
this day-path, the night-path of photoassimilate export com-
mences with the biosynthesis of transitory starch during the light
period and its subsequent mobilization in the dark by B-amylase,
debranching enzyme, and disproportionating enzyme 1 (DPEI;
Zeeman et al., 2010). The resulting maltose and glucose (Glc) are
exported by respective transporters of the inner envelope mem-
brane (Weber et al., 2000; Niittyl4 et al., 2004; Weise et al., 2004)
and can enter further metabolism. Maltose is converted to Glc
and Glc1P by the action of cytosolic DPE2 (Lu and Sharkey, 2004,
2006) involving a heteroglycan (Fettke et al., 2008), cytosolic glu-
can phosphorylase (PSH2), and the phosphorylation of Glc by
hexokinase. A disturbed day-path of photoassimilate export (i.e.,
diminished or lack of TPT activity) can be completely compen-
sated by the night-path (Hausler et al., 1998; Schneider et al., 2002;
Walters et al., 2004). A block in both paths can be brought about
by a combined inhibition of TP export and starch biosynthesis
[e.g., in the absence of ADP glucose pyrophosphorylase (ADG),
the key enzyme of starch biosynthesis]. Two alleles of a double
mutant defective in the TPT and ADG (adgl-1/tpt-1; Schneider
et al., 2002; Héusler et al., 2009; and adgl-1/tpt-2; Schmitz et al.,
2012) were still viable, albeit reduced in size. Moreover the double
mutants exhibit a high chlorophyll a fluorescence (HCF) pheno-
type only when grown under high light (HL) condition. Low light
(LL) grown plants were indistinguishable from the wild-type or
the single mutants (Schmitz et al., 2012). The HCF phenotype is
based on the accumulation of light harvesting complex proteins
(LHCs) not associated with the core components of PSII or PSI.
Biochemical analyses revealed that the adgl-1/tpt-2 double mutant
is deprived of soluble sugars and hence represents a plant suffering
from carbohydrate starvation. Sugar depletion leads to an arrest
of growth and a redirection of metabolism toward basic processes
such as respiration based on amino acids and lipids rather than
on glycolysis. Highly energy-consuming reactions such as pro-
tein biosynthesis are switched off (Yu, 1999; Contento et al., 2004;
Blasing et al., 2005; Ishizaki et al., 2005). Strikingly growth on
sucrose or glucose not only rescued the growth retardation but
also (at least partially) the HCF phenotype of the double mutant.
This rescue was independent from the induction of a glucose 6-
phosphate/phosphate translocator (GPT) as triple mutants, which
lack GPT?2 expression could also be rescued by externally supplied
sugars. GPT2 expression responds strongly to elevated sugar levels,
e.g., in low starch mutants such as pgm1I (see MapMan; Thimm
et al., 2004; Blising et al., 2005) or adgl-1 (Kunz et al., 2010).
Whilst the rescue of the growth phenotype of the adgl-1/tpt-2
double mutant in the presence of externally supplied sugars can be
partially explained by the provision of carbon skeletons as build-
ing blocks and energy supply, the rescue of the HCF phenotype
remains obscure.

Glucose is capable of modulating the expression of nuclear-
encoded PS genes (such as LHCs) by signaling pathways involving
hexokinasel (HXKI; Jang and Sheen, 1994; Jang et al., 1997;
Smeekens, 1998; Xiao et al., 2000; Moore et al., 2003). The car-
bohydrate status of the mesophyll indirectly depends both on the
rate of CO; assimilation and carbohydrate consumption (i.e., by
export to the sinks). Hence, it is likely that the carbohydrate status

is directly involved in acclimation of plants to the environment.
Sugar sensing has been extensively studied in plants. A complex
regulatory network has emerged integrating metabolic signals and
environmental stimuli on the basis of the interaction of plant hor-
mones such as abscisic acid (ABA), ethylene, or cytokinins and
auxins (Rolland et al., 2006). In particular sugar and ABA sens-
ing overlap to a large extent (Dekkers et al., 2008). The majority
of studies on sugar and plant hormone interactions have been
done during early seedling development (Le6n and Sheen, 2003;
Gibson, 2005). HXK1 defective in the gin2 mutant appears to
be the core component of plant Glc-sensing and signaling (Jang
et al., 1997; Moore et al., 2003; Yanagisawa et al., 2003). HXK1
functions upstream of GIN1/ABA2 in the glucose signaling path-
way (Zhou et al., 1998). Despite of the impaired glucose sensing
gin2 mutants accumulate wild-type like levels of sugar phosphates
based on the residual activity of glucokinase. HXK activity has
also been detected in the cytosol and associated with chloro-
plasts (Wiese et al., 1999) or mitochondria (Giege et al., 2003).
However HXK1 can also translocate to the nucleus (Yanagisawa
et al., 2003). Besides HXK1 and HXK2 which are localized out-
side of the chloroplasts, there is also evidence for the occurrence
of a functional hexokinase in the plastid stroma (Karve et al,,
2010), which has been proposed to be involved in plastid gene
expression (Zhang et al., 2010). Apart from HXKs, plants contain
several fructokinases, some of which might also be involved in
sugar sensing (Pego and Smeekens, 2000). The gin2 mutant, for
instance, is still susceptible to fructose and sucrose (Rolland et al.,
2006).

In this report we have addressed the question, whether the
sugar-dependent rescue of the adgl-1/tpt-2 growth and HCF phe-
notypes is mediated by the sugar sensing HXK1 defective in gin2.
For this purpose a homozygous triple mutant defective in TPT,
ADG, and HXK1 (adgl-1/tpt-2/gin2) has been generated and the
effect of external Glc, Suc, and Fru supply on the growth, HCF
phenotypes, and photosynthetic electron transport rate (ETR)
has been studied. Our data suggest that HXK1 does not play a
major role in the sugar-dependent rescue of the double mutant
phenotypes.

MATERIALS AND METHODS
PLANT MATERIAL, GROWTH CONDITIONS, AND SAMPLING
Seeds of Arabidopsis thaliana ecotypes Col-0, and Landsberg erecta
(Ler) were obtained from the Nottingham Arabidopsis Stock Cen-
tre (NASC). In addition, the following mutant lines defective in the
gene indicated were used: gpt2-1 (At1g61800; Niewiadomski et al.,
2005), adgl-1 (At5g48300; Lin et al., 1988), and gin2-1 (Moore
et al., 2003) defective in HXK1 (At4g29130). The identification
and isolation of the #pt-2 mutant allele (At5g46110) and the estab-
lishment of adgI-1/tpt-2 double mutants and agdl-1/tpt-2/gpt2-1
triple mutants has been described elsewhere (Schmitz et al., 2012).
Plants were germinated and grown on sterile 1/2 Murashige—
Skoog (MS) agar or on 1/2 MS agar supplemented with 50 mM
of each Glc, Suc, or Fru for 3 weeks in a growth chamber at a
light/dark cycle of 16 h/8 h, a day/night temperature of 22°C/18°C,
and a photon flux density (PED) of 300 pmolm~2s~!. As an
osmotic control plants were also germinated and grown on 1/2
MS agar supplemented with 50 mM sorbitol.
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For all further analyses 3-week-old plants were used. Photosyn-
thesis measurements of dark-adapted plants were performed after
the plants had been exposed to the light for 5h. Similarly, plant
material for starch and sugar determination or RNA extraction
was harvested after 5h in the light.

RNA EXTRACTION AND qRT-PCR

RNA was extracted according to Logemann et al. (1987). After
treatment with DNA-free DNase (Ambion), oligo (dt)-primed
cDNA of total RNA was synthesized using the BioScript reverse
transcriptase (Bioline). The transcript abundance of GPT2,
LHCBI, the genes encoding sedoheptulose 1,7-bisphosphatase
(SBP), a nitrate reductase (NR1), and the plastidial HXK (pHXK)
was analyzed by quantitative RT-PCR with the SYBR Green PCR
Master Mix (Applied Biosystems) in combination with the 7300
Sequence Detection System (Applied Biosystems). Relative tran-
script amounts were quantified with the A AC; method (Ramakers
etal.,2003). As a control actin2 (ACT2, At3g18780) was used. The
primers used in this study are listed in Table 1.

CARBOHYDRATE DETERMINATION

Starch and soluble sugars were isolated from frozen leaf material
according to Lin et al. (1988) and determined with a coupled enzy-
matic assay (Stitt et al., 1989) in an InfiniTe 200 Pro plate reader
(TECAN, Germany) in the absorbance mode.

IN VIVO DETERMINATION OF PHOTOSYSTEM Il PERFORMANCE
Photosynthetic performance of PSII was determined by Chl a
fluorescence measurements with the pulse amplitude modula-
tion fluorometer Imaging-PAM (Walz, Effeltrich, Germany). The
individual fluorescence parameters determined by the “saturation-
pulse-method” are defined according to Schreiber etal. (1986). The
photosynthetic ETR was calculated from the parameter ®PSII as
described by Genty et al. (1989). In order to compare maximum
fluorescence (Fp,) and ground fluorescence (F,) directly between
the different plant lines and conditions, care was taken that the
distance between the surface of the leaf rosettes and the optics of
the video camera as well as the settings of the PAM fluorometer
were kept constant in all experiments.

Table 1| Oligonucleotide primers used for the determination of -DNA
mutants by qRT-PCR.

AGI code Name Sequence 5'-3’
At3g18780 ACT2 fwd CTT GCA CCA AGC AGC ATC AA
ACT2 rev CCG ATC CAG ACA CTGTACTTC CTT
At1g61800 GPT2 fwd TGC CCT CGGTGCTGC CATTG
GPT2 rev TCCT CACTGCTTC GCCTGT GAGT
At1929920 LHCBT1 fwd TTC CCT GGA GACTAC GGATG
LHCB1 rev CCCACCTGCTTG GAT AACT
At3g55800 SBP fwd GTT CTC ACC AGG AAA CTT AAG AGC
SBP rev GGT GTATCG CAGTGT GTATTT CTC
At1g77760 NRT fwd GAT GGG CTA GTA AGC ATA AGG AGA
NR1 rev ACA GCTTCA GTT ATA AAC CCG GTA
At1g47840 pPHXK fwd GAATAT GAATGC AAG GAG GAG AGT
pHXK rev CTT CTC CAG AATTGC CACTAT ACC

STATISTICAL EVALUATION OF EXPERIMENTAL DATA

The data are expressed as mean values+ standard error (SE)
of the indicated number of independent measurements. Signif-
icant differences between more than two data sets were ana-
lyzed using single site ANOVA combined with the post hoc
Tukey—Kramer test, which allows the comparison of unequal
sample sizes and identifies those pairs of values, which are sig-
nificantly different from each other (Ludbrook, 1998). For data
plotting and fitting, SigmaPlot 10.0 for Windows (SPSS Inc.)
was used. All statistical analyses are given in Supplementary
Material.

RESULTS

GENERATION AND PROPERTIES OF HOMOZYGOUS adg1-1/tpt-2/

gin2-1 TRIPLE MUTANTS

The gin2-1 mutant (Moore et al., 2003), which had been isolated
from an EMS mutagenized A. thaliana population in the Ler back-
ground, contains a translational stop codon after position 1296
downstream of the start codon leading to a non-functional pro-
tein. The identity of the mutant was confirmed by sequencing
and by the response of seedlings to germinate and grow on high
Glc concentrations (Figures 1D,I,N). The gin2-1 mutant has been
crossed to the adgl-1/tpt-2 double mutant (Col-0 background)
and a homozygous triple mutant has been generated. Like gin2-1,
seedlings of the adgl-1/tpt-2/gin2-1 triple mutant were less sensi-
tive to high Glc concentrations (Figures 1E,},0), whereas both
wild-type lines and the adgl-1/tpt-2 double mutant showed a
severe growth retardation (Figures 1A—-C,F-H,K-M). Similar to
the adgl-1/tpt-2 double mutant, the adgl-1/tpt-2/gin2-1 triple
mutant was retarded in growth and dark-adapted plants exhibited
a HCF phenotype (Figure 2G). There was no additional visible
phenotype of the triple mutant compared to the double mutant,
when plants were grown on soil or on MS agar plates in the absence
of sugars.

THE ABSENCE OF HXK1 HAD ONLY LITTLE EFFECT ON THE
SUGAR-DEPENDENT RESCUE OF THE GROWTH PHENOTYPE OF
adg1-1/tpt-2

The retarded growth phenotype of the adgl-1/tpt-2 double mutant
could be rescued when the plants were grown on 50 mM Suc or Glc
(Schmitz et al., 2012). The effect of Fru on plant growth and per-
formance has not been investigated so far. Col-0 and Ler wild-type
plants, gin2-1, adgl-1/tpt-2, and adgl-1/tpt-2/gin2-1 were grown
either on 1/2 MS agar (control) or on 1/2 MS agar supplemented
with 50 mM each of Glc, Suc, and Fru. In addition we investi-
gated the response of the adgl-1/tpt-2/gpt-2 triple mutant toward
growth on the individual sugars. This triple mutant lacks the activ-
ity of GPT2 (Kunz et al., 2010), which is inducible by increased
levels of endogenous sugars (like in low starch mutants) or by
exogenous sugar supply.

Col-0 wild-type plants grown on Glc or Suc showed an about
40% increase in the total rosette area 21 days post germination.
In contrast, Fru was ineffective in promoting vegetative growth
(Figure 2A). Interestingly, the Ler wild-type background lacked
any promoting effect of Glc or Suc on the total rosette area
(Figure 2D). Likewise in the gin2-1 single mutant the promoting
effect of Glc and Suc on vegetative growth was less pronounced and
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FIGURE 1 | Effect of 5-7% Glc on germination and seedling growth of
Col-0 (A,FK) and Ler (B,G,L) wild-type plants as well as on adg1-1/tpt-2
(C,H,M), gin2-1 (D,I,N), and the adg1-1/tpt-2/gin2-1 triple mutant (E,J,0).

adg1-1/tpt-2

The plants were grown for 11 days on 1/2 MS agar plates supplemented with
5% (A-E), 6% (F-J), or 7% (K-0) Glc at a PFD of 150 pumolm=2s~'. The bar in
(A) represents 0.5cm.

the presence of Fru resulted even in a substantial growth inhibition
by more than 50% (Figure 2E).

The total rosette area of the adgI-1/tpt-2 double mutant as well
as the adgl-1/tpt-2/gpt2-1 and adgl-1/tpt-2/gin2-1 triple mutants
was diminished by 60-70% in the absence of sugars compared
to wild-type plants (Figures 2B,C,F). In all these lines growth on
Glc or Sug, but not on Fru resulted in a substantial recovery in
the total rosette area (Figures 2B,C,F). Moreover, there were some
further qualitative and quantitative differences between the lines.
Whereas growth on Glc and Suc fully restored the growth retar-
dation of the adgl-1/tpt-2 double mutant (Figure 2B), this effect
was less pronounced with both sugars in the adgl-1/tpt-2/gpt2-1
triple mutant (Figure 2C). Interestingly, growth on Glc completely
restored the growth retardation of the adgl-1/tpt-2/gin2-1 triple
mutant (Figure 2F) to a level comparable to that of the gin2-1 sin-
gle mutant (Figure 2E). However, this rescue was significantly less
pronounced compared to adgl-1/tpt-2 grown on Glc, which prob-
ably reflects the lowered response toward both sugars observed in
the Ler background. Moreover, in the presence of Suc the adgl-
1/tpt-2/gin2-1 triple mutant even gained more than 50% of the
total rosette area compared to the gin2-1 single mutant grown
in the absence of sugars (Figures 2D,E) and showed no signifi-
cant difference to the adgl-1/tpt-2 double mutant and the adgl-
1/tpt-2/gpt2-1 triple mutant grown on Suc. A statistical ANOVA
analysis of differences in total rosette areas between the plants and
treatments is provided in Table S1 in Supplementary Material.

THE RESCUE OF THE HCF PHENOTYPE AND OF PHOTOSYNTHETIC ETR
IS INDEPENDENT FROM HXK1 IN THE adg1-1/tpt-2 BACKGROUND
Similar to the growth phenotype, the HCF phenotype could be par-
tially rescued when adgl-1/tpt-2, adgl-1/tpt-2/gpt2-1, and adgl-
1/tpt-2/gin2-1 were grown on Glc and Suc (Figure 2G). Interest-
ingly, although Fru failed to rescue the growth retardation or even

inhibited growth in the background of Ler and gin2-1, it caused
some improvement of the HCF phenotype in the adgl-1/tpt-2
double mutant and both the adgl-1/tpt-2/gpt2-1 and adgl-1/tpt-
2/gin2-1 triple mutants. Figure 2G shows examples of false color
images of maximum and ground Chl a fluorescence yield (i.e. Fp,
and F,) as well as the F,/Fp, ratio of all lines grown on MS, Glc,
Sug, or Fru obtained with the Imaging-PAM fluorometer.

From similar Chl a fluorescence images basic photosynthe-
sis parameters were derived. The Fp, and F, values shown in
Figures 3A-F refer to the mean Fy, values of Col-0 wild-type
plants grown on MS agar plates in the absence of sugars (which
was set to unity). The growth on Glc and Suc had no substan-
tial effect on the Fp, and F, values of Col-0 wild-type plants,
whereas in the presence of Fru both Fy, and F, were diminished
(Figure 3A). Such a Fru-dependent decrease in Fp, and F, was
absent in the Ler background (Figure 3D). Despite the differences
in the relative Fy, and F, values, the F,/Fy, ratio of Col-0 and Ler
remained unaffected by growth on sugars (Figures 3G,J). In the
absence of externally supplied sugars, Fp, and most pronounced F,
were substantially increased in the double mutant and both triple
mutants (Figures 3B,C,F) resulting in a decrease in the F,/Fp, ratio
from about 0.78 in the wild-type to below 0.4 (Figures 3H,LL).
The growth on all three individual sugars caused a substantial
decrease in Fy, and F, and a recovery of the F,/Fy, ratio in
the double and triple mutants. Strikingly Fr,, F,, and the Fy/Fp,
ratio of the adgl-1/tpt-2/gin2-1 triple mutant responded similarly
to growth on Glc, Suc, and Fru as adgl-1/tpt-2 and adgl-1/tpt-
2/gpt2-1 suggesting that the sugar-dependent rescue of the HCF
phenotype occurs independently from HXK1 signaling. Moreover,
the sugar-dependent recovery of Fy,, F, and F,/Fp, is not a con-
sequence of osmotic stress exerted on the plants in the presence
of exogenously supplied sugars. In plants grown on 50 mM sor-
bitol (as an osmotic control), the F,/Fy, ratios in adgl-1/tpt-2 and
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measured with an Imaging-PAM fluorometer and are presented as false color
images in response to external sugars (G). The plants were grown for

3 weeks at a light/dark cycle of 16 h/8h and a PDF of 300 umolm=?s~"'. The
bar in (G) represents the numeric values of the false color images. The
determination of the above parameters was conducted after 5 h in the light.

adgl-1/tpt-2/gin2-1 remained significantly below both wild-type
lines and gin2-1 (Figure 4). The statistical analysis of the data
shown in Figure 3 is given in Table S2 in Supplementary Material.
The response of photosynthesis toward growth on different sugars
was further analyzed by induction kinetics (Figure 5) and light
response curves (Figure 6) of ETR.

In the Col-0 background externally supplied sugars acceler-
ated the establishment of steady state ETR (Figure 4). While, in
the absence of sugars, the half time (¢1/2) to approach steady
state was in the range of 80s, t1, was below 50s in the pres-
ence of Glc, Suc, and Fru. Moreover, the steady state ETR was
significantly higher in the presence of Glc and Suc, but not Fru,
compared to the control plants grown on MS agar in the absence
of sugars. In contrast to Col-0, externally supplied sugars showed
neither a large effect on the f1/, nor on the maximum ETR in
the Ler background. However, steady state ETR was significantly
lower when Ler plants were grown on Fru compared to the un-fed
control. For the adgl-1/tpt-2 double mutant and the adgl-1/tpt-
2/gpt2-1 triple mutant the kinetics of ETR induction were very

similar. In the absence of externally supplied sugars, the steady
state ETR was significantly lower compared to the wild-type con-
trol, and the adgl-1/tpt-2/gpt-2 triple mutant showed even a delay
in the induction of ETR compared to the adgl-1/tpt-2 double
mutant. The steady state ETR in the presence of all three sug-
ars recovered substantially in the adgl-1/tpt-2 double and the
adgl-1/tpt-2/gpt2-1 triple mutant plants and approached values
similar to the Col-0 wild-type. However, in the presence of Suc
the induction of ETR was slightly slower in adgl-1/tpt-2/gpt2-1
compared to adgl-1/tpt-2. The lack of response of ETR induction
to externally supplied sugars in the gin2-1 mutant resembled that
of the Ler wild-type background, despite a delay in ETR induc-
tion in the presence of Suc. Like in Ler the steady state ETR was
slightly lower in gin2-1 plants grown on Fru. Interestingly, the
adgl-1/tpt-2/gin2-1 triple mutant exhibited a pronounced delay
in ETR induction in the absence of externally supplied sugars
and the steady state ETR after 240 s in the light was significantly
lower compared to the adgl-1/tpt-2 double mutant or the adgl-
1/tpt-2/gpt2-1 triple mutant. Strikingly, the recovery of ETR with
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FIGURE 4 | Effect of growth on 50 mM sorbitol on the F,/F,, ratios of
14-day-old Col-0 (black bars) and Ler (white bars) wild-type plants as
well as adg1-1/tpt-2 (red bars), gin2-1 (green bars), and
adg1-1/tpt-2/gin2-1 (blue bars). The data are expressed as mean + SE of
between 5 and 10 individual measurements. An ANOVA/Tukey—-Kramer
analysis of the data sets revealed that the F,/F, ratio of adg7-1/tpt-2 and
adg1-1/tpt-2/gin2-1 were significantly different (P < 0.01) from those of the
other lines.

all three externally supplied sugars was significantly less pro-
nounced in the adgl-1/tpt-2/gin2-1 triple mutant compared to
adgl-1/tpt-2 and adgl-1/tpt-2/gpt2-1. Moreover, all three exter-
nally supplied sugars resulted in a similar level of ETR recovery
in the adgl-1/tpt-2/gin2-1 triple mutant. The statistical analysis
of the data in Figure 5 is given in Table S3 in Supplementary
Material.

The light response curves of ETR (Figure 6) of all lines in
this study resembled to some extent the induction kinetics of
ETR (Figure 5). In the Col-0 background, growth on Glc or Suc
significantly promoted the maximum ETR at the highest PFD
applied, whereas Fru had only little additional effect on maxi-
mum ETR. Likewise, there was no substantial effect of Glc and
Suc on the light response curves of ETR in the Ler background,
while maximum ETR was slightly decreased in the presence of
Fru. The light response curves of ETR determined for the gin2-
I mutant resembled for all treatments those of the respective
Ler wild-type plants. In the absence of externally supplied sug-
ars, maximum ETR was substantially inhibited in adgl-1/tpt-2
and more so in adgl-1/tpt-2/gpt2-1. Strikingly, in the adgl-1/tpt-
2/gin2-1 triple mutant high PFDs inhibited ETR completely. The
optimum ETR of about 18 jumol m~2 s~! was attained at approxi-
mately 200 umol m~2 s~! and decreased with a further increase in
the PDE. For the adgl-1/tpt-2 double mutant, growth on Suc, and
less pronounced on Glc and Fru, almost completely rescued ETR,
which approached a similar level as in the un-fed wild-type (Col-
0) control. Interestingly, all three sugars similarly promoted the
light response of ETR in the adgl-1/tpt-2/gpt2-1 triple mutant. As
for the induction kinetics, the rescue of maximum ETR was signif-
icantly lower in the adgi-1/tpt-2/gin2-1 triple mutant compared
to adgl-1/tpt-2 and adgl-1/tpt-2/gpt2-1. Similar to adgl-1/tpt-2,
Suc rather than Glc or Fru had the most pronounced promoting
effect on ETR recovery in adgl-1/tpt-2/gin2-1. A statistical analy-
sis of the data in Figure 6 is given in Table S4 in Supplementary
Material.
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the absence or presence of externally fed sugars. The data represent the
mean =+ SE of 10-20 individual plants per line and treatment. The plants were
grown for 3weeks at a light/dark cycle of 16 h/8 h and a PDF of

300 wmolm~2s~". ETR determinations were conducted after 5h in the light.

ENDOGENOUS SUGAR CONTENTS IN WILD-TYPE AND MUTANT
PLANTS REFLECT THE EXOGENOUS SUPPLY WITH CARBOHYDRATES
The rescue of the HCF and growth phenotype in adgl-1/tpt-2 is
largely independent from the presence or absence of HXK1. In
contrast, ETR in the adgl-1/tpt-2/gin2-1 triple mutant was signif-
icantly lower compared to adgl-1/tpt-2 and adgl-1/tpt-2/gpt2-1
grown on either of the three sugars. In order to further

elucidate this observation, we analyzed the steady state con-
tents of endogenous sugars and starch in leaves of mutant
and wild-type plants (Table 2). The steady state levels of Glc,
Suc, and Fru in MS-grown double mutant and both triple
mutant plants were appreciably lower compared to both wild-
type ecotypes. However, compared to growth on soil (Schmitz
et al., 2012), endogenous carbohydrate contents in adgl-1/tpt-2
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FIGURE 6 | Light dependency of photosynthetic electron transport (ETR)
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mean =+ SE of 10-20 individual plants per line and treatment. The plants were
grown for 3weeks, at a light/dark cycle of 16 h/8h and a PDF of
300 wmolm~2s~". ETR determinations were conducted after 5h in the light.

were only moderately diminished. Hence, plants grown on agar
appear to be less severely limited by endogenous carbohy-
drates.

For all lines, the steady state levels of those sugars the plants
were grown upon, were significantly increased. While feeding of
Glc and Fru particularly increased the respective levels of these

sugars, the supply of Suc had a larger effect on the steady state
contents of Glc and Fru rather than on Sug, reflecting the activ-
ities of various invertases, which are capable of converting Suc
into the two monosaccharides Glc and Fru. In contrast, growth
on Fru resulted in a significant decrease in Glc levels in Ler, gin2-
1, the adgl-1/tpt-2 double mutant, and the adgl-1/tpt-2/gin2-1
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Table 2 | Contents of soluble sugars and starch in rosette leaves of Col-0, adg1-1/tpt-2, adg1-1/tpt-2/gpt2-1, Ler, gin2-1, and adg1-1/tpt-2/gin2-1.

Biotype Treatment  Glc (pmol C6-g~1 FW) Suc (pmol C6-g~1 FW) Fru (wmol C6-g~" FW) Starch (wmol C6-g~"' FW)
Col-0 (a) MS 6.594+0.79 9.70+0.63 2.454+0.20 19.22+2.48
Gle 17.64 +1.58 10.194+0.46 3.444+0.35 39.36+724
Suc 19.56 +£0.80 13.44 +0.47 8.74+0.61 74.36 +8.22
Fru 5.00£ 143 5.43+0.55 10.92 +£ 0.56 5793+ 10.75
adg1-1/tpt-2 (b) MS 4.20+£0.26 6.39+0.37 1.104+0.05 0.61+0.14
Glc 13.89+1.74 5.56+0.79 1.10+0.21 0.494+0.07
Suc 12.31+£0.97 11.75+0.77 6.05+0.60 0.73+0.05
Fru 1.79+0.14 4.18+0.61 24.02 +1.26 0.42+0.12
adg1-1/tpt-2/gpt2-1 (c) MS 3.98+0.39 4.724+0.26 0.924+0.08 1.01+0.18
Glc 12.22 + 0.40 5.68+0.21 1.28+£0.08 0.65+0.09
Suc 10.70+0.72 9.82+0.23 6.57+0.30 0.60+0.03
Fru 3.18+0.25 6.56+0.77 2159+ 1.1 0.5684+0.20
Ler (d) MS 8.33+£0.21 5.27+0.21 4.65+0.37 26.14 +3.07
Glc 13.98 + 1.22 8.62+0.34 746 £0.50 55.08£8.37
Suc 8.565+3.98 13.81+6.52 735+0.33 324.96 +£9.51
Fru 2.694+0.98 4.564+0.21 10.90 + 1.40 75.80£11.21
gin2-1 (e) MS 12.08+0.14 12.15+1.03 6.87+0.11 66.22 £3.20
Glc 15.89 +0.88 14.24 £1.63 8.67+1.36 63.82+14.73
Suc 18.96 +£0.66 21.29+2.26 15.06 +£0.65 145.67 +18.64
Fru 5.156+1.14 9.05+ 145 12.27 +2.50 88.24 +£23.09
adg1-1/tpt-2/gin2-1 (f) MS 2.03+0.44 5.12+0.42 0.84+0.13 0.06+0.02
Gle 8.21+2.39 10.24+0.78 3.214+0.40 0.014+0.00
Suc 3.97+0.86 9.691+0.90 6.60+1.48 0.00+0.00
Fru 0.560+0.38 4.284+0.47 24.77 +4.52 0.03+0.00

The leaf samples were taken after 5h in the light. The data represent the mean+ SE of three to six independent experiments. A detailed statistical analysis

(ANOVA/Tukey—Kramer) of the data is contained in Table S5 in Supplementary Material. Bold numbers indicate the contents of those sugar species the plants

were grown on.

triple mutants, whereas in Col-0 and the adgI-1/tpt-2/gpt2-1 triple
mutant Glc levels were less affected.

A closer analysis of the steady state contents of individual sug-
ars between the lines and the physiological effects exerted by their
external supply (i.e., final rosette size of the plants or the recovery
of photosynthesis parameters) revealed a heterogeneous picture.
For instance, Fru failed to promote growth of the double mutant
and both triple mutant plants. The steady state level of Fru in
these lines was at least doubled compared to Col-0 and Ler or the
gin2-1 single mutant, suggesting that the turnover of Fru is slow
compared to that of Suc or Glc. Hence, Fru is insufficient to rescue
the mutants growth phenotype. Strikingly, the levels of Glc were
significantly lower in double and triple mutants (particularly in
adgl-1/tpt-2/gin2-1) when grown on Glc or Suc, compared to the
respective wild-type or single mutant (i.e., gin2-1) control. More-
over, feeding of exogenous sugars promoted starch biosynthesis in
both wild-type ecotypes and gin2-1. The most pronounced effect
of external sugar-dependent starch biosynthesis has been observed
in the Ler background, in particular when the plants were grown
on Suc. Starch contents in Suc-grown Ler increased more than
10-fold compared to plants grown on MS. A significant (but less
marked compared to Ler) increase in starch contents was also

evident for the gin2-1 mutant grown on Suc. All three sugars had
only little impact on the residual starch levels in the low starch
background. Interestingly, residual starch in the adgl-1/tpt-2/gin2-
1 triple mutant was barely detectable under all growth conditions.
Hence, this triple mutant represents a true starch-free plant. A
statistical analysis of the data in Table 2 is given in Table S5 in
Supplementary Material.

ETR IN THE adg1-1/tpt-2, adg1-1/tpt-2/gpt-2, AND adg1-1/tpt-2/gin2-1
CORRELATES WITH THE CARBOHYDRATE STATUS IN THE MESOPHYLL
The most surprising outcome of our study was the observation
that all three sugars were capable of rescuing not only the HCF
phenotype of the double and triple mutants, but also ETR. In
order to further elucidate this unexpected finding we plotted the
steady state ETR of all lines in this study, obtained after the induc-
tion of photosynthesis (see Figure 5), against the average contents
of Glc, Suc, and Fru (see Table 2). However, the plots shown in
Figures 7A—C revealed only a poor correlation. The scattering of
the data points appeared to be arbitrary and not linked to the
contents of the individual sugars. Surprisingly, a plot of ETR vs.
the sum of all soluble sugars resulted in an improved curve fit
(Figure 7D). In a next step ETR was plotted against the sum of

www.frontiersin.org

November 2012 | Volume 3 | Article 265 | 106


http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive

Heinrichs et al.

Acclimation and carbohydrates in Arabidopsis thaliana

100
A B Col-0
— Ler
o gin2-1
=S
S 60 adg1-1/tpt-2
i adg1-1/tpt-2/gpt2-1
g = adg1-1/tpt-2/gin2-1
w
20

10 15

20 0 5

10 15 20

FIGURE 7 | Plots of photosynthetic ETR, obtained from steady state
values in Figure 4, vs. the average content of Glc (A), Suc (B), and Fru (C)
as well as the sum of contents of soluble sugars (D), and total
carbohydrates, including starch (E). The black lines represent curve fits of
the data points to single rectangular three parameter hyperbolas

(f =a-x/lb+ x]+ c-x), whereas the gray lines derive from a linear regression

0 5 25
Glc (umol C6-g™" FW) Suc (umol C6-g™ FW)
100
c D
~—~ 80
E
I=)
£
2
o
|-
L
0 1‘0 2‘0 3.0 0 2IO 4I0 6‘0
Fru (umol C6-g™" FW) Soluble sugars (umol C6-g”" FW)
100 T T T
E
:: » 80 — — ——
€ =
E w ; 100
€ i 80
& 60
x 40 S
5 40 Lo
5t 20
0 (]
0 10 20 30 40 50
00 1!;0 2:)0 3(;0

Soluble sugars + starch (umol C6-g™ FW)

400

analysis of all data points at total carbohydrate contents below 50 wmol
C6-g~' FW [see inset in (E)]. For the linear regression analysis a correlation
coefficient of R =0.874 was obtained. The individual plant lines are
represented by different colors and are defined as Col-0 (red), Ler (blue),
gin2-1 (light green), adg1-1/tpt-2 (dark red), adg1-1/tpt-2/gpt2-1 (dark purple),
and adg1-1/tpt-2/gin2-1 (dark green).

the contents of all soluble sugars including the content of starch
(expressed as C6 units). As might be expected, the ETR of all lines
containing a substantial amount of starch clustered together at
a constant average ETR of about 70 wmol m—2 s~ Interestingly,
at a threshold well below 70 jLmol C6-g~ ! fw total carbohydrates,
there was a linear correlation between ETR and the total carbohy-
drate content (Figure 7E). A regression analysis of all data below
this threshold level resulted in a line with a correlation coeffi-
cient of R =0.874. Similar curve fits were performed for the data

deriving from the light dependency of ETR (Figure 6). Again, lin-
ear regression analyses of the data below the threshold level of total
carbohydrates delivered a good linear correlation with R-values of
up to 0.944 (not shown).

By plotting ETR against total carbohydrate contents we could
separate plant lines containing sufficient amounts of starch from
the low starch mutants. In the presence of starch, ETR appears to
be independent from the total carbohydrate status of the meso-
phyll, whereas in mutants defective in the day- and night-path of
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photoassimilate export from the chloroplasts ETR shows a direct
correlation. Moreover, the moderate rescue of ETR observed in the
adgl-1/tpt-2/gin2-1 plants in the presence of externally supplied
sugars would be consistent with lower contents of total carbohy-
drates in this line (compare Table 2) rather than with the defect
in HXK1.

IMPACT OF GROWTH ON CARBOHYDRATES ON THE EXPRESSION OF
SUGAR-RESPONSIVE GENES

It is well established that the supply of exogenous sugars suppresses
the expression of photosynthesis-related genes (Smeekens, 1998;
Xiao et al., 2000; Moore et al., 2003). HXK1 has been shown to be
involved in the sugar-dependent suppression of CAP1 (LHCBI)
and for instance the gene encoding the Calvin Cycle enzyme
SBP. In the gin2-1 mutant, this sugar-dependent suppression of
photosynthesis-related genes was largely abolished (Moore et al.,
2003). Moreover, a nitrate reductase (NRI; Jang et al., 1997) and
GPT2 (e.g., Kunz et al.,, 2010; Schmitz et al., 2012) are induced
in the presence of excess carbohydrates. Furthermore, there are
indications that the gene encoding pHXK is also induced by
exogenously supplied sugars (Zhang et al., 2010).

Here, we address the question, whether the sugar-dependent
gene repression/induction is still operational in the double mutant
background and whether GPT2 and pHXK induction is mediated
via HXK1-dependent signaling.

The expression level of GPT2, LHCBI, SBP, NRI, and pHXK
has been determined in all lines (with the exception of adgl-
1/tpt-1/gpt2-1) grown on the individual sugars compared to the
MS control by qRT-PCR. The relative transcript abundance (log2
ratios) of the individual genes in the mutant and wild-type plants
grown on Glc, Suc, or Fru have been compared to the MS control
(i.e., in the absence of sugars; Figure 8A). Moreover, Figure 8B
shows a detailed comparison of the relative transcript abundance
between the individual lines in the absence or presence of Glc, Suc,
and Fru in the growth medium.

Glucose 6-phosphate/phosphate translocator2 is only poorly
expressed in photoautotrophic tissues (efp browser, http://bbc.
botany.utoronto.ca/efp/; Winter et al., 2007; Kunz et al., 2010)
and its expression was strongly induced in the Col-0 background
grown on Glc, Suc, or Fru (Figure 8A). Surprisingly in Ler and
gin2-1, the sugar-dependent induction of GPT2 was less marked
compared to Col-0. This diminished response to growth on exoge-
nous sugars is probably due to the fact that in Ler and gin2-1 the
basic expression level of GPT2 was already increased compared to
Col-0 in the absence of sugars (Figure 8B). Strikingly, the sugar-
dependent up-regulation of GPT2 in the adgl-1/tpt-2/gin2-1triple
mutant was not significantly different from the adgl-1/tpt-2 dou-
ble mutant, suggesting that HXK1 does not play a major role in
the regulation of GPT2 expression.

Light harvesting complex protein BI expression is supposed
to be suppressed by sugars. Indeed in all lines, with the excep-
tion of adgl-1/tpt-2/gin2-1, growth on Glc moderately sup-
pressed LHCBI expression, whereas growth on Suc and Fru
resulted in an up-regulation of LHCBI. Surprisingly, the down-
regulation of LHCBI in Ler as a response toward growth on
Glu was also present in gin2-1 (Figure 8A). The only significant
change in the Glc-response of LHCBI expression was observed

between adgl-1/tpt-2 (down-regulation of LHCBI) and adgl-
1/tpt-2/gin2-1 (no effect on LHCBI expression), suggesting that
HXK1 might be involved in this response. Hence, the lack of dif-
ference between the Glc-response of LHCBI expression between
Ler and gin2-1 would exclude an involvement of HXKI, whereas
the de-suppression of LHCBI expression in adgl-1/tpt-2/gin2-1
compared to adgl-1/tpt-2 would support sensing and signaling
by HXK1.

The relative transcript abundance of SBP delivered a heteroge-
neous picture (Figure 8A). It was slightly up-regulated in Col-0
grown on Glc, but nearly unchanged in Ler under the same con-
ditions. The most prominent down-regulation of SBP expression
was observed in gin2-1 grown on Fru. Like for LHCBI, the down-
regulation of SBP in the adgl-1/tpt-2 double mutant grown of Glc
was reverted in the adgl-1/tpt-2/gin2-1 triple mutant.

In contrast to earlier observations NRI transcript abundance
was decreased to a different extent in all lines grown on sug-
ars compared to the MS-controls (Figure 8A). Strikingly, the
sugar-dependent moderate suppression of NRI expression in
the adgl-1/tpt-2 double mutant was slightly relieved in the
adgl-1/tpt-2/gin2-1 triple mutant.

The relative transcript abundance of pHXK responded only
moderately to the presence of sugars in the growth medium of
Col-0 and Ler (Figure 8A). For Col-0, Ler, and gin2-1 the most
pronounced effect on pHXK expression levels were apparent for
plants grown on Fru. However, while growth in Fru resulted in
a slight induction of pHXK in Col-0, the opposite was the case
for Ler and most pronounced for gin2-1. Most strikingly, pHXK
expression was induced in adgl-1/tpt-2 grown on either of the
three sugars, whereas the induction of pHXK was appreciably
diminished in the adgl-1/tpt-2/gin2-1 triple mutant (Figure 8A).
A statistical analysis of the data in Figure 8 is given in Table S6 in
Supplementary Material.

DISCUSSION

In this report we have addressed the question whether or not the
carbohydrate-dependent rescue of the growth and HCF pheno-
type as well as of diminished photosynthetic ETR of adgl-1/tpt-2
observed under HL-conditions is mediated by the sugar sensing
HXKI1 defective in the gin2-1 mutant. For this purpose an adgl-
1/tpt-2/gin2-1 triple mutant has been generated and established
as homozygous line. We compared the final size, photosynthetic
performance, carbohydrate contents, and the expression of sugar-
responsive genes of 21-day-old plants grown either on 1/2 MS agar
in the absence or presence of 50 mM Glc, Suc, or Fru. In order to
obtain a maximum degree of reproducibility, all photosynthesis
measurements as well as the harvest of leaf material for further
analyses, such as carbohydrate determinations or gene expression
studies, were done approximately 5 h in the light.

The results of our experimental setup can be summarized as
follows: (1) Growth on Glc and Suc, but not on Fru, could res-
cue the retarded growth phenotype of double and triple mutants
defective in the day- and night-path of photoassimilate export
from the chloroplast. The presence or absence of HXK1 does not
exert any severe effect on the recovery of the final size of adgl-
1/tpt-2 plants grown on Glc or Suc (compare Figure 2). The lack
of growth promoting effect of Fru is not understood, but might be
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FIGURE 8 | Quantitative RT-PCR analyses of the relative transcript
abundance of sugar-responsive genes (GPT2, LHCB1, SBP NR1, and
pHXK) in Col-0, Ler, gin2-1, adg1-1/tpt-2, and adg1-1/tpt-2/gin2-1.

(A) The sugar-dependent regulation of the individual genes was assessed
from their relative transcript abundance in plants grown on Glc (blue bars),
Suc (gray bars), or Fru (light gray bars) compared to the MS control. The
relative transcript abundance was expressed as log?2 ratio. (B) Comparison of
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sugardependent gene regulation between the lines (i.e., referred to Col-0 or
Ler) for plants grown on 1/2 MS (black bar), Glc (blue bars), Suc (gray bars), or
Fru (light gray bars). The data represent the mean + SE of two biological and at
least four technical replicates. The determination of C, values was considered
independent for each control or treatment. For the assessment of log2 ratios
a cross comparison between controls and treatments has been conducted
resulting in n=4 log2 ratios per treatment and biotype.

linked to product inhibition of invertases (Kingston-Smith et al.,
1999). (2) Surprisingly all three sugars were capable of rescuing the
HCEF phenotype. Again, HXK1 is unlikely to play a prominent role
in this rescue as adgl-1/tpt-2/gin2-1 triple mutant plants showed
an identical response as the double mutant (compare Figure 3).
(3) Photosynthetic ETR in adgl-1/tpt-2 and adgl-1/tpt-2/gpt2-1
plants grown on either of the three sugars recovered almost to wild-
type level. In contrast, this recovery was less pronounced in the
adgl-1/tpt-2/gin2-1 triple mutant, suggesting that the deficiency
in HXK1 could have some impact on this diminished response of
ETR (compare Figures 5 and 6). (4) Growth on individual sugars
perturbed the steady state levels of endogenous soluble carbohy-
drates and starch to a different extent. For instance, growth on Glc
had the most pronounced promoting effect on its own endoge-
nous levels, whereas growth on Suc resulted only in a moderate
increase in its own levels, but had a larger impact on the steady

state contents of Glc and Fru, indicating a significant cleavage of
Suc by various invertases. Moreover growth on Suc resulted in a
dramatic increase in starch contents only in Ler and to a lesser
extent in the gin2-1 mutant. Furthermore growth on Fru dimin-
ished the abundance of Glc and to some extend also of Suc in the
different plantlines. In summary, the rescue of the HCF phenotype
and ETR cannot be attributed to increased endogenous levels of
individual sugars (compare Table 2), but it was directly correlated
with the overall carbohydrate status of the mesophyll (compare
Figure 7). This surprising observation deserves further attention
in the future. (5) The expression profiles of genes known to be
regulated by sugars delivered heterogeneous results in that they
revealed only little response to the absence or presence of HXK1.
It has to be considered that most expression studies involving gin
mutants have been conducted at relatively high exogenously sup-
plied Glc concentrations (2—6%) and/or in transient (i.e., 8—48 h)
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feeding systems (e.g., Moore et al., 2003). The plants in our study
have been grown on the individual sugars and could hence adapt
to the constant supply with exogenous carbohydrates. Moreover,
there were also ecotype-dependent differences in gene expression
between Col-0 and Ler. For instance GPT2 expression, which was
induced in the presence of all three sugars in Col-0, remained
almost unchanged in Ler grown on Glc. Moreover, the expression
level of GPT2 was already appreciably higher in the Ler com-
pared to the Col-0 background grown on 1/2 MS. The genome
of the Col-0 and Ler ecotypes has been compared and a num-
ber of insdels (insertion deletions) discovered (Ziolkowski et al.,
2009). Ler for instance is a natural occurring low level B-amylase
(Iba) mutant, which is less sensitive to the sugar-induced expres-
sion of B-amylase (Mita et al., 1997). As B-amylase is the major
enzyme for starch breakdown, the high levels of starch found in
Ler and gin2-1 grown in Suc, might be explained by this defi-
ciency. However, in the starch-free backgrounds of our study, a
deficiency in the sugar-triggered induction of starch mobilizing
enzymes appears to be less relevant. The most striking outcome of
our expression analyses can be attributed to the sugar-dependent
induction of pHXK in adgl-1/tpt-2 and the lack of response in the
adgl-1/tpt-2/gin2-1 triple mutant (compare Figure 8).

VARIOUS PATHWAYS ARE INVOLVED IN SUGAR SENSING AND
SIGNALING

In our approach, we investigated the impact of a deficiency in
Glc-sensing HXK1 on the sugar-dependent rescue of the growth
and photosynthesis phenotypes of adgl-1/tpt-2. Although HXK1
appears to play a central role in sugar sensing and signaling (Jang
and Sheen, 1994; Moore et al., 2003; Cho et al., 2006, 2007), there
are indications for numerous HXK1-independent sugar sensing
and signaling mechanisms (Price et al., 2004; Rolland et al., 2006),
also involving sensing of Suc (Rook et al., 1998; Vaughn et al,,
2002) or Fru (Cho and Yoo, 2011; Li et al., 2012), components
of the plasma membrane, like “regulator of G-protein signaling”
(RGS; Chen and Jones, 2004), or sucrose non-fermenting related
protein kinases (Snfl; Halford and Hey, 2009). Recently FRUC-
TOSE INSENSITIVE] has been shown to act as a regulatory factor
in Fru signaling and has been identified as cytosolic fructose 1,6-
bisphosphatase (FbPase; Cho and Yoo, 2011). Like for the gin
mutants the ability of mutant plants to overcome a developmental
arrest in the presence of high Fru concentration (6%) was used as
ascreen. The diversity of various sugar sensing pathways and their
interaction with hormonal signaling (Rolland et al., 2006) ham-
per the assessment of the sugar response in our system. Future
work will also include the knockdown of further known compo-
nents of carbohydrate sensing and signaling in the background of
adgl-1/tpt-2.

CAN ANABOLIC PROCESSES WITHIN THE PLASTID STROMA BE FUELED
BY IMPORTED CARBOHYDRATES?

Despite the presence of exogenously supplied sugars, the major
constraints in the day- and night-path of carbohydrate export
from the chloroplast are far away from being rescued in the
double and triple mutants. In the absence of externally sup-
plied sugars, the adgl-1/tpt-2 double mutant presumably survives
because of the alternative TP transport activity of the xylulose

5-phosphate/phosphate translocator (XPT, Eicks et al., 2002).
Hence, the low ETR observed in adgl-1/tpt-2 grown on soil
or on 1/2 MS is the consequence of a limited capacity of this
transporter to export TP for sucrose biosynthesis in the cytosol.
Moreover, GPT2, which could export both Glc6P and TP, is not
induced in adgl-1/tpt-2 due to low endogenous sugar levels in the
double mutant (compare Figure 8B). In contrast, when carbo-
hydrates are supplied externally, the double and triple mutants
gain biomass and the constraints in photosynthesis (i.e., ETR
and the HCF phenotype) are almost completely rescued. How-
ever, biomass production requires not only carbon skeletons and
energy, which can derive from glycolysis and subsequent respi-
ration of exogenous supplied carbohydrates, but it also depends
on the provision of specific compounds, such as fatty acids or
certain amino acids (e.g., aromatic- or branched-chained amino
acids). A number of anabolic pathways, such as de novo fatty
acid biosynthesis (Ohlrogge et al., 1979; Ohlrogge and Jaworski,
1997), the production of aromatic- (Herrmann, 1995; Schmid
and Amrhein, 1995; Herrmann and Weaver, 1999) or branched-
chained amino acids (Schulze-Siebert et al., 1984) are confined to
the plastid stroma. Furthermore, the biosynthesis of phytol as a
part of Chl molecules and carotenoids depend on the mevalonate-
independent way (DOXP/MEP) of isoprenoid biosynthesis, which
is also located in the plastid stroma (Lichtenthaler, 1999). If
these anabolic reactions in the stroma ceased, biomass production
would collapse.

In principle, the chloroplasts should be able to use imported
carbon for anabolic metabolic sequences and thereby consume
energy and reducing power generated by the photosynthetic
light reaction. Moreover, excessive stromal NADPH could also
be exported to the cytosol via the malate valve (Scheibe et al.,
2005; Taniguchi et al., 2005) and, depending on the concentra-
tion gradients, ATP could exit the chloroplast via the nucleoside
triphosphate transporter (NTT; Haferkamp et al., 2011; Weber
and Linka, 2011). However, in the presence of exogenously sup-
plied sugars, energy and reducing equivalents could be provided
by cytosolic glycolysis via substrate chain phosphorylation and
subsequently by mitochondrial respiration.

For the import of carbon into the chloroplast, GPT2 would be a
candidate, particularly as its expression is induced in the presence
of elevated sugar levels. The import of cytosolic Glc6P deriving
from the phosphorylation of Glc by HXK might be sufficient to
drive anabolic processes within the chloroplast stroma. However,
even in the absence of GPT2, ETR recovers in the adgl-1/tpt-
2/gpt-2 triple mutant when carbohydrates are supplied, ruling
out a prominent function of carbon import into the chloroplast
by GPT2. Furthermore, 3-phosphoglyceric acid (3-PGA), as an
intermediate of cytosolic glycolysis, could be imported into the
chloroplast by the TPT and/or the GPT. However, both func-
tions are missing in the adgl-1/tpt-2/gpt2-1 triple mutant. In
contrast, although capable of transporting TP, the XPT cannot
transport 3-PGA (Eicks et al., 2002). Finally phosphoenolpyru-
vate (PEP) or pyruvate produced in the final steps of glycolysis
might enter the chloroplast via a PEP/phosphate translocator
(PPT; Fischer et al., 1997) or a pyruvate transporter. For the
latter, to date, only a Na-dependent transporter has been iden-
tified (Furumoto et al., 2011). The A. thaliana genome contains
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two PPT genes, which are expressed in leaves, i.e., PPT1 and
PPT2 (Knappe et al, 2003). PPT1, which is defective in the
chlorophyll a/b binding protein underexpressed]l (cuel) mutant
(Streatfield et al., 1999) has been proposed to provide chloro-
plasts and non-green plastids with PEP as a precursor for the
shikimate pathway. Chloroplasts and some non-green plastids
are unable to provide PEP via plastidial glycolysis because of
a lack of enolase (Prabhakar et al., 2009). Moreover, PEP can
serve as substrate for de novo fatty acid biosynthesis and other
anabolic pathways after conversion to pyruvate. Strikingly, an A.
thaliana double mutants defective in both PPT1 and plastidial
enolase was lethal (Prabhakar et al., 2010). PEP, besides of pyru-
vate, would be the only known products of glycolysis that might
enter the chloroplast in the presence of exogenously supplied
sugars.

It is, however, more likely that soluble sugars are directly taken
up by the chloroplast, are converted to hexose-P by pHXK in the
stroma and enter further metabolism. Strikingly, the expression of
PHXK is appreciably induced in the adgl-1/tpt-2 double mutant
in the presence of sugars. Moreover, in the absence of HXK1 (i.e.,
in the adgl-1/tpt-2/gin2-1 triple mutant) the induction of pHXK
is much less pronounced compared to the double mutant (com-
pare Figure 8A). Thus, a lowered rate of Glc6P production by
pHXK would diminish energy and reducing equivalent consump-
tion generated by the photosynthetic light reaction and thereby
inhibits photosynthetic ETR. This scenario is consistent with an
only moderate increase in ETR observed in the adglI-1/tpt-2/gin2-
I mutant grown on sugars. Moreover, the most promoting effect
on ETR in the adgl-1/tpt-2/gin2-1 triple mutant has been achieved
in plants grown on Suc (compare Figure 6), which could deliver
double the amount of hexoses upon cleavage by invertases com-
pared to Glc or Fru. Again, this observation indicates that ETR in
the double and triple mutants is limited by carbon supply from
the cytosol. It is tempting to speculate that CO, assimilation in
adgl-1/tpt-2 plants grown on sugars is reduced to a minimum,
while the photosynthetic light reaction provides energy and reduc-
ing power for the metabolization of imported sugars. As both,
Glc and Fru were equally effective in rescuing the photosynthe-
sis phenotype of the double mutant, it would be required that at
least both hexoses can enter the chloroplast. The uptake of a vari-
ety of soluble sugars into isolated spinach chloroplasts, including
Glc, Fru, and even C4 sugars like arabinose, has been described
more than three decades ago (Schifer et al., 1977). However, the
plastidial Glc transporter, which has been identified and char-
acterized more than two decades later, does not seem to accept,
e.g., Fru as a substrate (Weber et al., 2000). Provided that a yet
unknown translocator is capable of transporting Fru along a con-
centration gradient, both hexoses might be sensed and further
metabolized via pHXK (Zhang et al., 2010). There is further evi-
dence for the occurrence of a plastidial invertase (Vargas et al,,
2008), which could convert sucrose into Glc and Fru. However, so
far no plastidial sucrose transporter has been identified. Figure 9
illustrates the role of exogenously supplied sugars in the rescue
of the adgl-1/tpt-2 double mutant according to our hypothetical
model. Please note, that uptake systems for Suc and Fru depicted in
Figure 9D are merely speculative and lack any direct experimental
proof.

IS RETROGRADE SIGNALING NECESSARY FOR SUGAR MEDIATED
ACCLIMATION PROCESSES?

The concept of retrograde signaling presumes that certain signals
generated within the chloroplasts are transmitted to the cytosol
and trigger the expression or repression of nuclear-encoded genes
required in the chloroplast. Exposure of LL-adapted plants to
HL inevitably results in the temporary accumulation of carbo-
hydrates in the mesophyll. Besides of the known sugar signaling
pathways, there is increasing evidence that chloroplasts are capa-
ble of directly sensing the carbohydrate status in the cytosol. It has
been demonstrated that pHXK of A. thaliana could act as a hexose
sensor within the plastid stroma. Studies on plastidial gene expres-
sion (PGE) as a retrograde signal revealed that chloramphenicol
or lincomycin treatment (i.e., to inhibit PGE specifically) com-
bined with 3% Glc feeding repressed nuclear LHCB expression
only in wild-type plants, but not in a mutant defective in pHXK
(Zhangetal., 2010). Hence pHXK appears to work in concert with
GENOME UNCOUPLEDI1 [GUNI, a chloroplast-located penta-
tricopeptide (PPR) protein] and ABA INSENSITIVE4 (ABI4, a
sugar response transcription factor) in order to converge sugar
and plastid derived PEG.

We could previously show that in HL-grown adgl-1/tpt-2
plants the abundance of plastome- encoded PSII core compo-
nents such as PsbB (CP47), PsbD (D2), PsbA (D1), and PsbC
(CP43) were hardly detectable, whereas the abundance of PSII-
associated LHCB proteins, as well as the oxygen evolving complex
(OEC; PsbO), which are nuclear-encoded, remained unaffected
(Schmitz et al., 2012). Considering that the day- and night-path
of photoassimilate export from the chloroplast is blocked in the
double mutant, this form of photoinhibition would be largely
based on a diminished consumption of light reaction-derived
reducing power and energy by the Calvin cycle. In contrast, low
sugar contents in double mutant plants would keep the expres-
sion of nuclear-encoded, sugar-responsive photosynthesis genes,
and the abundance of their respective products at a high level.
Growth on Suc resulted in a recovery of D1 and D2 abundance
and rescued the HCF phenotype (Schmitz et al., 2012). As the data
in this report suggest, the sugar-dependent recovery of photosyn-
thesis of adgl-1/tpt-2 is most likely due to the uptake of soluble
sugars into the chloroplasts and their further metabolization in
the stroma, which consumes NADPH and ATP delivered by the
photosynthetic light reaction and thereby counteracts photoinhi-
bition. As for instance, apoplastic sugars would not be accessible
to chloroplasts, a direct correlation between ETR and the overall
carbohydrate status, as observed here, can only be brought about,
when there are at least equal proportions of all soluble sugars in
the various compartments of the mesophyll [i.e., the apoplast (cell
wall and vacuole), the cytosol, the mitochondrial matrix, and the
chloroplast stroma].

Assuming the presence of uptake systems for various sugars in
the inner envelope of the chloroplasts, it is tempting to speculate
that chloroplasts might be capable of sensing the carbohydrate sta-
tus in the surrounding cytosol. In the adgI-1/tpt-2 double mutant,
the uptake of cytosolic sugars into the chloroplast can be indi-
rectly detected by an increase in ETR (compare Figures 6 and 7).
However, in wild-type plants a similar uptake of sugars into the
chloroplasts as in adgl-1/tpt-2 would not be accessible to detection
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FIGURE 9 | Main metabolic paths of carbon metabolism in wild-type and
adg1-1/tpt-2 mutant plants in the absence or presence of exogenously
supplied sugars during the light period. (A) Wild-type plants invest energy
and reducing power deriving from the photosynthetic light reaction for CO,
assimilation and the subsequent export of TP to support sucrose biosynthesis
in the cytosol and its export via the phloem (day-path of assimilate export
from the chloroplast). Simultaneously transitory starch is formed, which is
degraded during the dark period (night-path of assimilate export from the
chloroplast). (B) The adg1-1/tpt-2 double mutant, defective in the day- and
night-path survives because some TP can be exported via the XPT. The low
rate of carbon export from the chloroplasts inhibits ETR and leads to
photoinhibition under Hl-conditions. (C) Chloroplasts of wild-type plants
grown on exogenously supplied sugars can probably sense increased levels
of cytosolic carbohydrates. The main route for NADPH and ATP consumption
is still the Calvin cycle and starch biosynthesis. (D) According to our

hypothesis, in the adg1-1/tpt-2 double mutant externally supplied sugars are
taken up by chloroplasts and used for anabolism within the stroma, probably
involving 2-PGA/PEP exchange across the inner envelope membrane via a
PPT (Fischer et al., 1997). Most likely CO, assimilation is reduced to a
minimum. Additional abbreviation used here are defined as follows: AAA,
aromatic amino acids; ADG, ADPglucose pyrophosphorylase; FA, fatty acids;
FRK, fructokinase; GIcT, glucose transporter; HT, hexose transporter; HXK,
hexokinase; INV, invertase; N, nucleotides; PGI, phosphoglucose isomerase;
PPT, phosphoenolpyruvate/phosphate translocator; SUT, sucrose transporter;
TPT, triose phosphate/phosphate translocator; XPT, xylulose
5-phosphate/phosphate translocator. For the sake of clarity, processes taking
place in the vacuole or at the tonoplast membrane have been omitted. Please
note that the flow of metabolism in (D) is purely hypothetical and not
necessarily supported by experimental data (e.g., the import of Fru or Suc into
the chloroplasts).

on a whole leave scale. ETR in wild-type plants is governed by the
Calvin Cycle and the subsequent export of TP as well as the synthe-
sis of transitory starch. Hence, the adgI-1/tpt-2 double mutant can
be considered as a test system for studying the impact of exogenous
sugars on metabolism and sugar sensing in the chloroplast.
Provided that the cytosol, including the nucleus, and the chloro-
plasts are equipped with sugar sensors and signaling pathways that
control the expression of plastome- and/or nuclear-encoded pho-
tosynthesis genes, both genomes might be regulated independently

from each other on the basis of the response toward a varying
carbohydrate status in the mesophyll. Such an autonomous
sugar-based regulation of both genomes would also synchronize
the response of chloroplasts that are at various physiological states.

CONCLUSION

Our data suggest that chloroplast can take up exogenously supplied
sugars and use them as an alternative source for anabolic processes
when the day- and night-path of photoassimilate export is blocked.
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Moreover, in the adgl-1/tpt-2 system a direct correlation of ETR
with the carbohydrate status in the mesophyll exists, which poses
the question, whether chloroplasts are capable of sensing the meta-
bolic state in the cytosol. The data in this report scratch only at the
surface and need to be supported by future experiments. Com-
bined knockdowns of known plastidial carbohydrate consuming
enzymes, such as pHXK and pINV, as well as plastidial sugar
transporters (i.e., the glucose transporter) in the adgl-1/tpt-2 and
wild-type background are on the way. Moreover, the overexpres-
sion of a hexose-P phosphatase targeted to the chloroplasts should
counteract the sugar-dependent rescue of ETR in the adgl-1/tpt-2
background by a futile cycle at the site of pHXK. Future experi-
ments will also focus on the transient feeding of various sugars at
different concentrations and the assessment of their fate in metab-
olism by 13C-flux measurements, combined with metabolome and
transcriptome analyses.
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Table S1 | Statistical analysis (ANOVA/Tukey—Kramer) of total rosette areas
of wild-type and mutant plants grown either an 1/2 MS (control) or on

50 mM each of Glc, Suc, or Fru (see Figure 2). (A) The rosette leaf areas of the
individual lines were compared for each treatment (i.e., growth on MS, Glc, Suc,
or Fru) and biotype. The biotypes are denoted, a = Col-0; b = adg1-1/tpt-2,
c=adg1-1/tpt-2/gpt2-1, d = Ler, e = gin2-1, f = adg1-1/tpt-2/gin2-1. (B) The
response of total rosette area toward the individual treatments was compared
within each biotype with a=MS, b =Glc, ¢ =Suc, d = Fru. The significance levels
of P <0.05 or P <0.01 are indicated by light or dark blue colors.

Table S2 | Statistical analysis (ANOVA/Tukey-Kramer) of photosynthesis
parameters (Fm, Fo, Fv/Fm) in rosette leaves of wild-type and mutant
plants grown either on 1/2 MS (control) or on 50 mM each of Glc, Suc, or
Fru (see Figure 3). (A) The photosynthesis parameters of the individual biotypes
were compared for each treatment (i.e., growth on MS, Glc, Suc, or Fru) and line.
The biotypes are denoted, a = Col-0; b = adg1-1/tpt-2, ¢ = adg1-1/tpt-2/gpt2-1,
d=Ler, e =gin2-1, f=adg1-1/tpt-2/gin2-1. (B) The response of photosynthesis

parameters toward the individual treatments was compared within each biotype
with a=MS; b =Glc, c=Suc, d=Fru. The significance levels of P <0.05 or
P <0.01 are indicated by light or dark blue colors.

Table S3 | Statistical analysis (ANOVA/Tukey—-Kramer) of maximum ETR
after induction of photosynthesis in rosette leaves of wild-type and
mutant plants grown either on MS (control) or on 50 mM each of Glc, Suc,
or Fru (see Figure 3). (A) The ETR of the individual lines was compared for each
treatment (i.e., growth on MS, Glc, Suc, or Fru) and line. The lines are denoted,
a=Col-0; b =adg’-1/tpt-2, c = adg1-1/tpt-2/gpt2-1, d = Ler, e = gin2-1,
f=adg1-1/tpt-2/gin2-1. (B) The response of ETR toward the individual
treatments was compared within each line with a=MS; b =Glc, c=Suc, d =Fru.
The significance levels of P <0.05 or P <0.01 are indicated by light or dark blue
colors.

Table S4 | Statistical analysis (ANOVA/Tukey—Kramer) of ETR at three
different PFDs taken from the light curves measured in rosette leaves of
wild-type and mutant plants grown either on MS (control) or on 50 mM
each of Glc, Suc, or Fru (see Figure 4). (A) The ETR of the individual lines was
compared for each treatment (i.e., growth on MS, Glc, Suc, or Fru) and line. The
lines are denoted, a= Col-0; b = adg1-1/tpt-2, ¢ = adg1-1/tpt-2/gpt2-1, d = Ler,

e =gin2-1, f=adg1-1/tpt-2/gin2-1. (B) The response of ETR toward the individual
treatments was compared within each line with a=MS; b =Glc, ¢ =Suc, d =Fru.
The individual PFDs are given in parenthesis. The significance levels of P <0.05
or P <0.01 are indicated by light or dark blue colors.

Table S5 | Statistical analysis (ANOVA/Tukey-Kramer) of sugar and starch
contents in rosette leaves of wild-type and mutant plants grown either on
1/2 MS (control) or on 50 mM each of Glc, Suc, or Fru (see Table 2). (A) The
sugar and starch contents of the individual biotypes were compared for each
treatment (i.e., growth on MS, Glc, Suc, or Fru) and line. The biotypes are
denoted, a=Col-0; b = adg1-1/tpt-2, c = adg1-1/tpt-2/gpt2-1, d = Ler, e = gin2-1,
f=adg1-1/tpt-2/gin2-1. (B) The response of sugar and starch contents toward
the individual treatments was compared within each biotype with a=MS;

b =Glc, ¢ =Suc, d=Fru. The significance levels of P <0.05 or P <0.01 are
indicated by light or dark blue colors.

Table S6 | Statistical analysis (ANOVA/Tukey-Kramer) of the relative
transcript abundance (log2 ratio) of sugar-responsive genes in rosette
leaves of wild-type and mutant plants grown either on 1/2 MS (control) or
on 50 mM each of Glc, Suc, or Fru (see Figure 8). (A) The log2 ratios () the
sugars indicated were compared between each biotype. The biotypes are
denoted, a=Col-0; b= Ler, c=adg1-1/tpt-2, d = gin2-1, e = adg 1-1/tpt-2/gin2-1.
(B) Comparison of log2 ratios between the biotypes grown either on MS, Glc,
Suc, or Fru. The biotypes compared with each other are denoted: a= Ler vs.
Col-0; b = adg1-1/tpt-2 vs. Col-0, ¢c = gin2-1 vs. Col-0, d = adg1-1/tpt-2/gin2-1 vs.
Col-0; e = adg1-1/tpt-2 vs. Ler; f=gin2-1vs. Ler; g=adg1-1/tpt-2/gin2-1 vs. Ler.
The significance levels of P <0.05 or P <0.01 are indicated by light or dark blue
colors.
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INTRODUCTION

Photosynthetic metabolism involves light driven electron trans-
fer reactions, production of metabolic intermediates with high
reducing potential and the generation of reactive oxygen species
(ROS). The photosynthesizing chloroplast is equipped with an
intricate redox sensory system, a multilayered antioxidant defense
and diverse repair mechanisms to minimize ROS-dependent dam-
age. On the one hand, appropriate sensing allows for using
redox and ROS information to adjust photosynthetic metabolism
and tune gene expression in the plastids but also in the nuclear
genome by retrograde signal transfer from the chloroplast to the
nucleus (Baier and Dietz, 2005). Pogson et al. (2008) distinguished
retrograde signaling in developmental and operational control.
Operational control coordinates nuclear gene expression with the
actual needs of photosynthetic metabolism. Analyses of transcrip-
tional dynamics in response to environmental or pharmacological
perturbations and elaborated mutant screenings have allowed
researchers to pinpoint to signaling cues triggering retrograde
signaling in operational control (Leister, 2012). Accumulation
of singlet oxygen, changes in redox state of intersystem elec-
tron transport chain, redox state of metabolites or proteins as

Abbreviations: 3-AT, 3-amino-1,2,4-triazol; DTT, dithiothreitol; CFP, (enhanced)
cyan fluorescent protein; EMSA, electrophoretic mobility shift assay; FRET,
Forster/fluorescence resonance energy transfer; MTTE, membrane-tethered tran-
scription factors; ROS, reactive oxygen species; sSAPX, stromal ascorbate peroxidase;
SOD, superoxide dismutase; TF, transcription factor; YFP, (enhanced) yellow

fluorescent protein.

The stromal ascorbate peroxidase (sAPX) functions as central element of the chloroplast
antioxidant defense system. Its expression is under retrograde control of chloroplast signals
including redox- and reactive oxygen species-linked cues. The sSAPX promoter of Arabidopsis
thaliana was dissected in transient reporter assays using mesophyll protoplasts. The study
revealed regulatory elements up to —1868 upstream of the start codon. By yeast-one-
hybrid screening, the transcription factor ANAC089 was identified to bind to the promoter
fragment 2 (—1262 to —1646 bp upstream of translational initiation). Upon mutation of
the cis-acting element CACG, binding of ANAC089 was abolished. Expression of a fused
fluorescent protein version and comparison with known endomembrane markers localized
ANACO089 to the trans-Golgi network and the ER. The transcription factor was released
upon treatment with reducing agents and targeted to the nucleus. Transactivation assays
using wild type and mutated versions of the promoter showed a partial suppression of
reporter expression. The data indicate that ANAC089 functions in a negative retrograde
loop, lowering sAPX expression if the cell encounters a highly reducing condition. This
conclusion was supported by reciprocal transcript accumulation of ANAC089 and sAPX
during acclimation to low, normal, and high light conditions.

Keywords: ascorbate peroxidase, gene expression, redox regulation, retrograde signaling, transcription factor

for example thioredoxin downstream of photosystem I, interme-
diates of chlorophyll synthesis and hormone precursors such as for
abscisic acid are linked to specific changes in transcript abundance
of nuclear encoded chloroplast proteins (Pfannschmidt, 2010).
While ROS generation in the illuminated chloroplast is mostly
governed by primary light reactions and counteracted by mecha-
nisms that quench excess excitation energy (Liet al.,2009), ROS are
decomposed by high capacity antioxidant systems (Asada, 1999;
Dietz et al., 2006).

Superoxide is dismutated by CuZn- and Fe-SOD, and hydrogen
peroxide decomposed by thylakoid-bound and stromal ascor-
bate peroxidase (tAPX, sAPX; Nakano and Asada, 1981) or
thiol-dependent peroxidases (Dietz, 2011). It has been estimated
that thiol-dependent peroxidase activity reaches about 40% and
ascorbate-dependent activity about 60% of total hydrogen perox-
ide decomposition activity in chloroplasts (Dietz et al.,2006). Both
systems are prone to inhibition and thus are subjected to turnover,
sAPX and tAPX in particular if ascorbate concentrations are low
(Miyake and Asada, 1996). Their expression in the nucleus must
be under retrograde control to cope with demand for antioxidant
capacity (Oelze etal., 2012).

sAPX and tAPX are encoded by separate nuclear genes in
Arabidopsis thaliana. Complete deletion of sAPX and tAPX is
compensated in A. thaliana under regular growth conditions
(Kangasjarvi etal., 2008). Symptoms of oxidative stress in these
plants develop in stressful environment and in particular dur-
ing early seedling development. sAPX and tAPX transcript levels
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are regulated in dependence on developmental state of the leaves
(Pena-Ahumada et al., 2006) and environmental cues, such as light
intensity (Oelze etal., 2012). After transfer of low or normal light
acclimated A. thaliana to 100- or 10-fold higher light intensity,
respectively, sSAPX-mRNA levels start to increase after 30 min and
reach a maximum at 3—6 h after transfer to high light (Oelze et al.,
2012). In contrast to transcript regulation, sAPX and tAPX protein
levels respond much less.

Signaling pathways often innervate transcription factors that
modulate target gene expression in response to environmental
stimuli (Golldack etal., 2011). However despite the importance
of chloroplast ascorbate peroxidases in antioxidant defense, tran-
scription factors involved in their regulation have not been
described. Based on transcript regulation it can be assumed, that
redox and ROS signals might be involved in regulating fapx and
sapx gene expression. Transcriptome analyses have differentiated
O /H,0,-dependent regulation from singlet oxygen-dependent
regulation (op den Camp etal, 2003). sAPX was not among
the significantly regulated transcripts responding to methylvi-
ologen or to illumination of protochlorophyllide accumulating
flu mutants (op den Camp etal,, 2003). Compensatory ret-
rograde regulation is apparent from knock down lines of A.
thaliana deficient in the alternative H,O;-detoxifying 2-Cys per-
oxiredoxin (Baier etal., 2000) where sAPX and tAPX transcripts
were up-regulated, and in double knock out of tAPX and
sAPX (Kangasjirvi etal., 2008) where 2-Cys peroxiredoxin pro-
tein levels were increased. Apparently there is a delicate feedback
from the chloroplast antioxidant defense system to nuclear gene
expression.

The aim of the study was to approach a better and mechanistic
understanding of sapx gene expression regulation. The promoter
was analyzed for regulatory regions. The transcription factor
ANACO089 identified in a yeast-one-hybrid (Y1H) screening was
subjected to a more detailed inspection for binding site and reg-
ulatory properties. The specific promoter region sapx2-1 proved
to be responsive to oxidative versus reductive cues by ANAC089.
The obtained data indicate a role of ANAC089 as repressor of sapx
gene activity under highly reducing conditions where the need for
sAPX expression or sAPX turnover might be low.

MATERIALS AND METHODS

PLANT GROWTH AND LIGHT TREATMENT

Arabidopsis thaliana was grown in a growth chamber at a pho-
toperiod of 10 h with 80 jLmol quanta m~2 s~! and 21°C, and a
dark phase of 14 h at 18°C, both at 50% relative humidity. The
pots contained Spezialsubstrat (Stender AG, Schermbeck, Ger-
many), Osmocote Start as fertilizer (Scotts Australia PTY Ltd, Bella
Vista, Australia), and one tablet of Lizetan (Bayer, Leverkusen,
Germany) per L soil. Three week old plants were either trans-
ferred to 8 pmol quanta m~2 s~! (low light, L-light) or kept
at 80 wmol quanta m~2 s~! (normal light, N-light) for another
10 days. Then the 4.5 week old plants were exposed to high light
(H-light, 800 wmol quanta m~2 s~!) 1 h after onset of light (9
am). Control plants were kept in L- or N-light. At 3 p.m. complete
rosettes of 4-12 plants from the four treatments were harvested,
frozen in liquid nitrogen, and stored at —80°C until further
processing.

TRANSCRIPT ANALYSIS

RNA isolation, cDNA synthesis, and semi-quantitative RT-PCR
analysis were performed according to Wormuth etal. (2006)
using primers as described in Table 1. Equal loading of cDNA
was adjusted with ACTIN2 amplificate. Annealing temperatures
and amplification cycle numbers were optimized for each target
transcript (Oelze etal., 2012).

GENERATION OF YEAST-ONE-HYBRID LIBRARY AND SCREENING

cDNA synthesis, construction of Y1H library and screening were
performed using the Clontech Matchmaker system as described in
Klein and Dietz (2010). To achieve a wide coverage of conditionally
expressed transcripts, RNA was isolated from a set of differentially
stress-treated A. thaliana seedlings. The treatments were as follows:
(1) Control: 1 h at 120 pwmol quanta m~2 s~!; (2) combined
oxidative and high light stress: 1 h at 5 mM H,0O; and 1140 pmol
quanta m~2 s~!; (3) drought stress and high light: 1 h drought
and 1140 wmol quanta m~2 s™!; (4) heat stress: 1 h at 40°C
and 84 wmol quantam~2 s~!; (5) cold and darkness: 1 h at 4°C in
darkness; (6) cold in light: 1 hat4°C and 32 pmol quanta mZs1;
(7) UV-illumination: 3 x UV for 10 s each with regeneration for
30 min at 120 pmol quanta m~2 s~'; (8) dark-light transition:
1 h darkness followed by 30 min 120 wmol quanta m~2 s~1; (9)
high light: 1 h at about 1100 wmol quanta m~2 s~!; and (10) low
salt: 1 h at 5 mM NaCl and 1100 pmol quanta m~2 s~!. The bait
DNA sequence was cloned into the pHis2 vector using the Smal
and Sacl endonucleases, while the pGADT7-Rec2 was used as the
prey vector. Both vectors were cotransformed into yeast strain
Y187. Interaction between fusion protein and DNA-sequence was
scored on SD medium supplemented with the appropriate amino
acids, i.e., SD/-His/-Leu/-Trp. To suppress leaky His3 activity, 3-
amino-1,2,4-triazol (3-AT) was added, for the promoter fragments

Table 1 | Oligonucleotide primers used for (a) cloning of the sAPX
promotor fragments into the p35SYFP vector using BamHI and Ncol
restriction sites and (b) transcript analysis.

Sequence

Promoter fragment

sAPX-1-for 5-AAAAAGGATCCTTTCGGACCTGGAGAG-3
sAPX-2-for 5-AAAAAGGATCCGCACGTCTAGTGAAAGATCC-3
SAPX-2-mut-for 5-AAAAAGGATCCGAAAATCTAGTGAAAGATCC-3
SAPX-3-for 5-AAAAAGGATCCTGTCAACCAAGTCGCCTTG-3'
sAPX-b-for 5-AAAAAGGATCCCCCGTCACCATTACCATC-3
sAPX-6-for 5-AAAAAGGATCCCTCTATGGACTTTATTGG-3
SsAPX-rev 5-AAAAACCCATGGTTCTGAGGGGTATAATAGTAAT-3

Transcript analysis

ANAC089-for 5'-ATGGACACGAAGGCGGTT-3'
ANAC089-DB-rev  5'-CAATCAGACGGGCTCCCTG-3’
SAPX-for 5'-ATGCTGCTAACGCTGGTCTT3
SAPX-rev 5'-CCTAACGTGTGAGCACCAGA-3'
Actin-2-for 5-TTGGTAGGCCAAGACATCAT3'
(At3g18780)

Actin-2-rev 5'-GGAGCCTCGGTAAGAAGAAC-3'
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sapx2-1 and sapx2-1,,,, the 3-AT concentration was adjusted to
15 mM.

AMPLIFICATION OF sapx PROMOTER FRAGMENTS

sapx (At4g08390) promoter fragments were amplified by poly-
merase chain reaction using the primers listed in Table 1. Ampli-
fication products were separated by agarose gel electrophoresis,
eluted and used for cloning. For transient reporter assays they
were fused to EYFP as described in Shaikhali etal. (2008). As
reference construct, CFP was fused downstream of the p35S-
promoter (Shaikhali etal., 2008). Correctness of constructs was
confirmed by DNA sequencing (MWG Biotech, Eberswalde or
CeBiTec, Bielefeld, Germany).

RECOMBINANT PRODUCTION OF ANAC089 PROTEIN AND
ELECTROPHORETIC MOBILITY SHIFT ASSAY

The anac089 coding sequence was amplified using forward
(ANAC089-for: 5'-AAAAAAGGATCCATGGACACGAAGGCG-
GTTG-3’) and reverse primers (ANAC089-rev: 5'-AAAAACTCG-
AGTTCTAGATAAAACAACATTG-3") and directionally cloned
into pET28a vector using BarmHI and Xhol restriction sites. The
vector was transformed into BL21 (DE3) pLysS Escherichia coli
cells. Following inoculation with preculture the main culture
was grown to OD = 0.6, induced with 400 pM isopropyl-f-
D-thiogalactopyranoside and further incubated for 4 h. Cells
were sedimented, frozen, and thawn, resuspended in lysis buffer
(50 mM Na-phosphate buffer, pH 8, 300 mM NaCl, 10 mM imi-
dazole, 1 mg/ml lysozyme), sonified, incubated and cell debris
sedimented by centrifugation. The Hise-tagged ANAC089 protein
was purified by Ni-nitrilotriacetic acid chromatography (Qiagen,
Hilden, Germany). Following washing of loosely bound proteins,
ANACO089 protein was eluted with elution buffer (50 mM Na-
phosphate buffer, pH 8, 300 mM NaCl, 250 mM imidazole).
Recombinant protein was dialyzed against 40 mM K-phosphate
buffer, pH 7, using dialysis tubing with 10 kDa cutoff. Pro-
tein was quantified with BioRad reagent (BioRad Laboratories,
Miinchen, Germany) with bovine serum albumin as standard.
An electrophoretic mobility shift assay (EMSA) was performed
with the DIG Gel Shift Kit (2nd generation, Roche, Mannheim,
Germany): target DNA was the sAPX promoter fragment 2-1
at an amount of 8 ng per lane. As indicated unlabeled com-
petitor DNA was added at 2 g concentration and ANAC089
protein at 100 ng. An additional label free EMSA was per-
formed as well. Here recombinant ANAC089 protein equivalent
to 360 WM concentration was incubated with 25 ng promotor
fragment sapx-2 (or sapx-2,,;) in 20 pl EMSA buffer (100 mM
HEPES, pH 7.5, 500 mM KCl, 25% glycerol, 5 mM dithiothre-
itol) at 22°C for 30 min. The assay mix was subsequently loaded
on 4% agarose gels and the DNA separated by electrophoresis
at 80 V. DNA was visualized by ethidium bromide staining and
documented.

CONSTRUCTS FOR FLUORESCENCE MICROSCOPY

ANACO089 was fused to fluorescent proteins for various cell imag-
ing experiments. In each case the enhanced variants of CFP and
YFP (ECFP, EYFP) were used for the construction of the vectors.
In the following, the short versions CFP and YFP are used in the

text. In the transactivation analysis of Figure 7, mCherry was fused
to ANACO089 (Seidel etal., 2010). The constructs were p35S:CFP:
ANACO089, p35S:YFP:ANAC089, p35S:ANAC089:CFP, p35S:
ANACO089:YFP, p35S:YFP:ANACO089:CFP, and p35S:mCherry:
ANACO089. The cloning strategy included the insertion of the
anac089 gene upstream of the fluorophore gene into the p35S:CFP-
NOST and the p35S:YFP-NOST vector using the ANAC089-for
(5'-AAAAAAGGATCCAATGGACACGAAGGCGGTTG-3') and
ANAC089-rev (5'-AAAAAACCGGTTCTAGATAAAACAACATT-
GC-3') primers for gene amplification. The anac089 gene was then
fused to the vector utilizing the BamHI and Agel endonucleases.
The p35S:CFP:ANAC089 and p35S:YFP:ANACO089 constructs
were created using the ANAC089-for (5'-AAAAAGCGGCCG-
CATGGACACGAAGGCGGTT-3") and ANACO089-rev (5'-AAAA-
AGAATTCTTATTCTAGATAAAACAACA-3') primers for the gene
amplification which was inserted into the vector using the NotIand
EcoRI endonucleases. The generation of the p35S:YFP:ANACO089:
CFP construct was performed in two steps. First the anac089:cfp
hybrid gene was amplified using the p35S:ANAC089:CFP vector
as DNA template. The ANAC089-for (5'-AAAAAAGCGGCC-
GCATGGACACGAAGGCGGTT-3') and CFP-rev primer (5'-
AAAAAGAATTCTTACTTGTACAGCTCGTC-3') allowed to insert
the amplified hybrid gene into the NotI and EcoRI restric-
tion sites of the p35S:YFP-C vector, resulting in the p35S:
YFP:ANACO089:CFP construct. The various psAPX-YFP promoter
fragments were generated using the primer combinations from
Table 1. The deletion fragments were finally cloned into the pEYFP
vector. Gos12 was cloned into 35S-CFP-Nost using the oligonu-
cleotides Gos12-BamHI-for (5'-AAAAGGATCCAATGACAGAA-
TCGAGTCTGGAT-3') and Gos12-Agel-rev (5-AAAAACCGGT-
GATTTTGAGAGCCAGTAGATGAT-3’).  Sarl (Sarl-BamHI-
for 5'-AAAAGGATCCAATGTTCCTGGTGGATTGG-3'; Sarl-
Agel-rev 5-TTTTACCGGTCCGTCGATATATTGAGA-3'), and
Clathrin light chain (ClathrinLC-BamHI-for 5'-AAAAGGATCC-
AATGTCGTCAACCTTGAGC-3'; ClathrinLC-Agel-rev 5’ -TTTT-
ACCGGTCCCAACTTCTCTGTAAC-3") were cloned into 35S-
CFP-NosT and 35S-YFP-NosT using BamHI and Agel restriction
sites and plasma membrane ATPase AHA1 (AHA1-BamHI-For
5'-AAAAGCGGCCGCATGTCAGGTCTCGAAGAT-3';  AHAI-
EcoRI-rev 5-TTTTTGAATTCTACACAGTGTAGTGATG-3') was
cloned into 35S-CFP-C and 35S-YFP-C, respectively, using NotI
and EcoRI restriction sites. Emissions of fused fluorescent protein
in cotransfection or transactivation experiments were quantified
in the appropriate detector channel of the confocal laser scanning
microscope as described in Shaikhali etal. (2008).

REDOX REGULATION OF THE sAPX PROMOTER

Protoplasts were prepared from At7 cell suspension culture of
A. thaliana (Seidel etal., 2010). Five days after passage to new
medium, cells were sedimented, washed in 50 ml 240 mM CaCl,,
digested and transfected with sapx:YFP promoter constructs as
described in Seidel et al. (2004). After incubation at 26°C in dark-
ness for 16 h the different batches were adjusted to the final H,O,
concentration of 5 mM and DTT of 10 mM, respectively, or left
as controls and incubated for further 2 h in darkness at 26°C for
16 h. The relative YFP and CFP emission intensities were mea-
sured using the confocal laser scanning microscope (Leica SP2
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Heidelberg, Germany). Finally, out of those three different samples
the YFP/CFP was calculated.

CELL IMAGING OF SUBCELLULAR ANAC089 LOCALIZATION

AND PROCESSING

Protoplasts prepared from the At7 cell suspension culture were
transfected either with the construct combination 35S:ANAC089:
CFP and 35S:ANAC089:YFP or 35S:CFP:ANACO089 and 35S:YFP:
ANAC089. Homodimerization of ANACO089 in vivo was analyzed
by Forster resonance energy transfer (FRET; Seidel etal., 2005).
Fluorescence of single protoplasts was imaged with a confocal
laser scanning microscope (Leica SP2, Heidelberg, Germany).
Calculation of FRET efficiency was done as described in Seidel
etal. (2005).

BIOINFORMATIC ANALYSIS OF PROMOTER SEQUENCES

AND AMINO ACID SEQUENCES

sapx promoter sequences were searched for the presence of puta-
tive cis-elements with the program Matinspector!. The promoters
of 27416 A. thaliana genes with a length of 3000 bp were
downloaded from TAIR? and screened for the ATGCACGTC
motif allowing for 1 bp mismatch with the program CLC Main
Workbench?. Search for transcripts co-expressed with sAPX
was performed using the online tool offered at http://www.
arabidopsis.leeds.ac.uk/act/coexpanalyser.php. Cleavage site pre-
diction of ANAC089 was performed with ProP1.0* and resulted
in two hits, a peculiar Arg/Lys-specific site at amino acid position
163 and a second site at position 297 just close to the membrane
spanning a-helix based on prediction from mammalian protease
processing sites.

RESULTS

The promoter region of sapx was cloned as assumed full length or
truncated form and fused to enhanced yellow fluorescent protein
(YEP) as reporter gene. The selected sapxI DNA sequence started
from —1868 bp upstream of the translational initiation site down
to —1, sapx3 from —1321 to —1, sapx5 from —691 to —1 and
sapx6 from —263 to —1. At7-protoplasts were co-transfected with
these EYFP reporter constructs simultaneously with a p35S:CFP
construct as reference to correct for variable expression levels. The
normalized ratios of YFP/CFP were calculated and plotted against
the DNA fragment length (Figure 1). Transcriptional enhancers
were present in all segments since reporter activity decreased
with each truncation. H,O, stimulated expression driven by each
fragment significantly.

Since the data of Figure 1 did not reveal a clear and restricted
redox regulation site, the sapx promoter was fragmented into five
overlapping segments (Figure 2) and used for a Y1H screening. 3-
AT concentrations to suppress for leaky His3-expression without
transactivator were adjusted for each construct and were within
recommended concentration range for sapxl and sapx2 with
15-20 mM, and already quite high for sapx3 and sapx4 (80 and

!http://www.genomatix.de
2ftp://ftp.arabidopsis.org
3http://www.clcbio.com/
4http://www.cbs.dtu.dk/services/ProP/
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FIGURE 1 | Deletion fragments of the sapx promoter constructed for
promoter activation assay in A. thaliana protoplasts. (A) Schematics of
the sapx promoter fragments. (B) Expression of the YFP reporter gene
fused downstream to the sapx promoter deletion fragments under control,
oxidizing (6 MM HoO2) and reducing conditions (10 mM DTT) normalized to
CFP accumulation under control of the 35S promoter. (1) Promoter
fragment psapx1; (2) promoter fragment psapx3; (3) promoter fragment
psapx5; and (4) promoter fragment psapx6. Intensities of CFP and YFP
were quantified in the respective emission channels of the CLSM (Shaikhali
etal., 2008). The results are means + SD of 60-80 protoplasts. Different
letters mark groups of significant difference with p < 0.05 (Student'’s t-test).

110 mM, respectively). The sapx5 fragment remained leaky even
at >120 mM 3-AT. This may explain why reliable and specific bind-
ing of promising candidates could not be observed for sapx3 to 5.
Among the many positive clones only the gene encoding ANAC089
(At5g22290) which was identified as activator of sapx2 fragment
driven reporter expression in yeast appeared promising for further
analysis. Retransformation of yeast cells with isolated bait and prey
vectors reproduced the interaction between ANAC089 and sapx2.
Bioinformatic analysis identified two potential binding sites for
NAC transcription factors in sapx2 (sequence position —1646
till —1431, original sequence: GCACGTCTAGTGAAAGATCC,
mutated sequence: GAAAATCTAGTGAAAGATCC; second possi-
ble binding site was the motive CATCCC at —1627 till —1622).
Subcloning confined the transactivation to the sapx2-1 frag-
ment of 216 bp length (Figure 2B, C1) and mutation of the
upstream located CACG motif to AAAA (position —1645 to
—1642) abolished transactivation of HIS3 reporter in the sapx2-
1 HIS3 reporter construct after cotransfection with ANAC089
(Figure 2, C3).

Analysis of the in silico translated cDNA allowed the iden-
tification of the N-terminal NAC domain and a putative C-
terminal membrane anchor (Figure 3A). ANACO089 protein was
recombinantly expressed in E. coli as Hisg-tagged protein and
purified by Ni-affinity chromatography (Figure 3B). Binding of
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sAPX Fragment 2-1mut

FIGURE 2 | Schematics of the promoter of sapx used for yeast-
one-hybrid screening and binding to the specific cis-element.

(A) Fragment psapx1 (—1563 to —1868 bp); psapx2 (—1262 to —1646 bp);
psapx3 (—954 to —1321 bp); psapx4 (—609 to —1018 bp); psapx5 (—246 to
—691 bp); psapx6 (—1 to —263 bp). Division of psapx2 for localization of

the ANAC-binding cis-element: pHis2:sapx2-1/mut (—1432 bis —1646),
pHis2:sapx2-2 (—1432 bis —1451). The potential target element for binding
of ANAC089 is marked as hatched and the mutagenized region in white box.

A @ sAPX Fragment 2-2
sAPX Fragment 2-1
o -
-1646 -1500 -1262
............ SAPX Fragment 2 ‘....".-“‘
sAPX-Fragment 1 SAPX Fragment 3 <
-2000 -1500 -1000
sAPX Fragment 4 St R Frapments
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B

(B) Experimental identification of the binding site of ANAC089 within
promoter segment pHis2:sapx2 using the Y1H system on
SD/-Trp/-His/-Leu/+3 AT selective medium (C1, C2, C3) and for control on
SD/-Trp/-Leu selective medium (C1-C, C2-C, C3-C). (C1) p His2:sapx2-1;
(C2) pHis2:sapx2-1mut; and (C3) p His2:sapx2-2. All cells grew under
non-stringent selection showing their viability, while under stringent
conditions only the cells grew that were harboring the wild type sapx2-1
fragment and expressing ANACO089.

Hiss-ANACO89 to sapx2-1 promoter fragment in vitro was stud-
ied using the EMSA (Figure 3C). A shift was seen upon addition
ANACO089 protein and the shift was abolished upon addition of
250-fold excess competitor DNA. Mutation of the binding site
abolished the ANACO089-dependent gel shift (not shown).

At7 protoplasts were transfected with constructs of
P35S:ANAC089:CFP and p35S:ANACO089:YFP (Figure 4). Both
constructs were co-expressed and the reporter fluorescence
was observed in the plasma membrane and membrane vesi-
cles (Figures 4B,C). Analysis for protein—protein interaction
by FRET between the CFP- and YFP-fused ANACO089 revealed
homooligomer formation (Figure 4G). FRET efficiency was sig-
nificantly above the threshold which was defined as 10% from
transfection results with free CFP and YFP (Seidel etal., 2005).
FRET was higher if CFP and YFP were fused to the N-terminus of
ANACO089. In this case, the fluorophore must have rested in the

cytosol. Apparently, also the membrane-associated transcription
factor is able to oligomerize. FRET between CFP:ANAC089 and
YFP:ANACO089 was at about 28%, whereas the fusion the CFP
and YFP fluorophores to the C-terminus of the ANAC089 resulted
in 14% FRET efficiency, a value also above the threshold. Lower
FRET might be explained by steric constraints, higher distance, or
less stable interaction at the C-terminus of ANAC089 and cannot
be distinguished by this in vivo method.

ABI5, a transcription factor with established localization in
the nucleus (Lopez-Molina etal., 2003), was used as a control
(Figure 4F) and accumulated at a site distinct to ANAC089. Anal-
ysis of the coding region with the program TMHMM Server v.
2.0 at http://www.cbs.dtu.dk/servicess TMHMM-2.0/ allowed for
the identification of a putative transmembrane domain at the C-
terminus (Figure 4H, see also Figure 3A). ANAC089 has been
reported before to be a member of a subgroup within the family of
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FIGURE 3 | Structure of ANAC089, generation of recombinant
Hisg-ANAC089 and EMSA. (A) Primary structure of the ANAC089
transcription factor. The N-terminal ANAC domain consists of three a-helices
and eight B-sheets in conserved arrangement (A-E). The bioinformatically
predicted transmembrane a-helix (T) of the ANAC089 protein is localized at
amino acid position 319-339. Putative protein cleavage sites are indicated
with arrows. Hisg-ANAC089 was expressed in E. coli and purified by Ni-NTA
affinity chromatography. (B) Heterologous expression and purification of
His6-tagged ANAC089. The recombinant ANAC089 protein was expressed
in BL21 (DE3) pLysS E. coli cells which were induced with 400 pM
isopropyl-p-D-thiogalactopyranoside for 4 h. By SDS PAGE the time-dependent
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expression of the recombinant ANACO089 protein, as well as the purification
process was analyzed. (1) Prestained protein ladder (Fermentas); (2) O h after
IPTG induction; (3) 2 h after IPTG induction; (4) 4 h after IPTG induction;

(5) cell extract; (6) cell pellet; (7-10) column wash fractions; (11) first fraction
of ANAC089 elution; and (12) second fraction of ANAC089 elution. (C)
Electrophoretic mobility shift assay: ANAC089 promoter fragment interaction
in vitro using the DIG Gel Shift Kit (2nd generation, Roche). Verification of the
specificity of ANAC089 binding to the cis-element within the sAPX promoter
fragm