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Mitochondria and chloroplasts depend upon each other; photosynthesis
provides substrates for mitochondrial respiration and mitochondrial metabolism
is essential for sustaining photosynthetic carbon assimilation. In addition, mito-
chondrial respiration protects photosynthesis against photoinhibition by
dissipating excess redox equivalents from the chloroplasts. Genetic defects in
mitochondrial function result in an excessive reduction and energization of the
chloroplast. Thus, it is clear that the activities of mitochondria and plastids
need to be coordinated, but the manner by which the organelles communicate
to coordinate their activities is unknown. The regulator of alternative oxidase
(ra01) mutant was isolated as a mutant unable to induce AOX1a expression in
response to the inhibitor of the mitochondrial cytochrome c reductase (complex
IMT), antimycin A. RAO1 encodes the nuclear localized cyclin-dependent kinase
E1 (CDKEL). Interestingly, the ra01 mutant demonstrates a genome uncoupled
phenotype also in response to redox changes in the photosynthetic electron trans-
port chain. Thus, CDKE1 was shown to regulate both LIGHT HARVESTING
COMPLEX B (LHCB) and ALTERNATIVE OXIDASE 1 (AOX1a) expression in
response to retrograde signals. Our results suggest that CDKEL1 is a central
nuclear component integrating mitochondrial and plastid retrograde signals
and plays a role in regulating energy metabolism during the response to stress.

1. Introduction

Plant cells harbour two distinct membrane enclosed organelles, mitochondria and
chloroplasts. These organelles evolved from free-living prokaryotic organisms via
independent endosymbiotic events. The organelles have retained their own dis-
tinct genomes but the gradual conversion from endosymbiont to organelle has
been accompanied by a dramatic reduction in genome size as the organelles
have either lost or transferred most of their genes to the nucleus. Genes that
remain in the chloroplastic and mitochondrial genomes encode proteins involved
in photosynthesis and respiration, respectively, or encode components of the
organelle gene expression machinery (rRNA, tRNA and some ribosomal pro-
teins). The majority of organellar proteins are encoded in the nucleus and both
organelles are dependent on the nucleus to provide proteins required for the
functions carried out in mitochondria and chloroplasts. The presence of genes
encoding organellar proteins in different cellular compartments presents the com-
plex problem of coordinating the activities of the different genomes of the plant
cell. In order to achieve this coordination, mechanisms to orchestrate nuclear
and organellar gene expression have evolved and these include both anterograde
(nucleus-to-organelles) and retrograde (organelles-to-nucleus) controls [1]. Ante-
rograde mechanisms coordinate gene expression in the organelle with cellular
and environmental cues that are perceived and choreographed by genes in the
nucleus. Retrograde (organelle-to-nucleus) signalling, on the other hand, coordi-
nates the expression of nuclear genes encoding organellar proteins with the
metabolic and developmental state of the chloroplasts and mitochondria.
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It is clear that the organelles produce multiple signals at
different times of their development and in response to
changes in the environment, and these signals orchestrate
major changes in nuclear gene expression [2]. The retrograde
signals are not only essential for coordinating gene expression
in the nucleus and in the organelles but they are also essential
for balancing cellular energy metabolism and mediating plant
stress responses. Many of the plastid signals identified so far
can be linked to specific stress conditions such as changes in
the redox state of the chloroplast, accumulation of reactive
oxygen species (ROS) or accumulation of tetrapyrroles and
phosphonucleotides [3,4]. Less is known about the mitochon-
dria retrograde regulation (MRR) in plants. However, several
studies indicate that, similar to the plastid signals, MRR is trig-
gered by mitochondrial dysfunction such as disruption of the
electron transport and accumulation of ROS [5].

The chloroplasts and mitochondria are functionally
tightly linked and balancing the activities of the two energy
organelles is essential to the plant. By using inhibitors of mito-
chondrial electron transport and mutants with impaired
mitochondrial activity it was demonstrated that mito-
chondrial metabolism is essential for photosynthesis [6].
Photosynthesis provides substrates for mitochondrial respir-
ation and translocators located on the envelope membranes
of chloroplasts and mitochondria mediate the metabolite
exchange which generates an important channel of communi-
cation between the organelles [6]. Possibly, a close association
between plastid stromules and mitochondria reported by flu-
orescence microscopy with GFP-labelled plastids in tobacco
might facilitate this communication [7]. Furthermore, a
study of large-scale gene expression datasets related to pertur-
bations of chloroplast and mitochondrial function showed a
highly significant overlap between gene expression changes
triggered by the chloroplast and mitochondrial perturbations
[8]. This also suggests that the retrograde signals from each
respective organelle are integrated to balance the activities
of the organelles. However, the manner by which the orga-
nelles communicate and coordinate their activities is
unknown but there are indications of interplay between plas-
tid and mitochondrial retrograde signalling pathways. It is
possible that the signals from each respective organelle are
coordinated and mediated via the nucleus. The transcription
factor abscisic acid insensitive 4 (ABI4) was shown to regulate
LIGHT HARVESTING COMPLEX B (LHCB) expression in
response to plastid signals and ALTERNATIVE OXIDASE 1
(AOX1a) expression in response to mitochondrial signals,
supporting the model of interplay between retrograde signal-
ling pathways [9,10]. Recently, another component involved
in the regulation of AOX1a in response to MRR was identified
from a genetic screen, REGULATOR OF ALTERNATIVE OXI-
DASE1 (RAO1). The raol mutant was isolated as a mutant
unable to induce AOX1 expression in response to the inhibitor
of the mitochondrial cytochrome ¢ reductase (complex III),
antimycin A (AA) [11]. RAO1 encodes the nuclear localized
cyclin-dependent kinase E1 (CDKE1l) and CDKEl was
described to be a central nuclear component integrating mito-
chondrial retrograde signals under various stress conditions,
regulating a significant number of genes in the MRR regulon
[11]. Here, we show that the ra01 mutant alleles also demon-
strate a genome-uncoupled phenotype in response to redox
changes to photosynthetic electron transport. Thus, CDKE1
responds both to plastid and mitochondrial signals. Our
results suggest that CDKEL1 is a central nuclear component

integrating mitochondrial and plastid retrograde signals, [ 2 |

and it plays an essential role in regulating cellular energy
metabolism in response to changes in growth conditions
and to stress.

2. Antimycin inhibits electron transport in both
mitochondria and chloroplasts

The raol mutant showed impaired induction of AOXI
expression in response to 50 uM of the inhibitor AA [11].
AA inhibits mitochondrial electron transport by binding to
the Q; site of the mitochondrial complex III [12]. In addition,
AA has been demonstrated to inhibit photosynthetic electron
transport by binding to the plastidic cytochrome bsf complex
stromal-facing Qi pocket [12,13]. To quantify the effect of this
inhibitor on plastid electron transport chain (PETC) activity,
we evaluated the impact of increasing AA concentration
using chlorophyll fluorescence. The concentration used to
trigger AOX1a induction, 50 uM, resulted in a strong inhi-
bition of plastid electron transport activity (figure 1a).
Considering the shape of the fluorescence traces, the binding
site of AA and the putative impact on cyclic electron flow
[13], AA perturbs the initial photochemical electron flow
during the transition from dark to light. The direct conse-
quence of AA action is the interruption of cyclic electron
transport flow around photosystem I (PSI) which results in
a more reduced PSI reaction centre P700 [14]. This type of
redox perturbation was described as a high light sensitivity
in the pgr5 mutant (PROTON GRADIENT REGULATION 5)
with impaired PSI cyclic electron transport [15]. A high sen-
sitivity to fluctuating light intensities especially at the
seedling stage was observed in Arabidopsis pgr5 [16], and a
redox imbalance in the stroma was detected in the same
mutant in rice [14]. Thus, the AA-induced plastid signal could
be triggered by the impaired electron partitioning or acceptor
side limitation affecting the redox poise of the PETC at PSI.
The effect on plastid electron transport was also investigated
for myxothiazol, another inhibitor of the complex III, but with
a different binding site (Q,) [12]. The treatment with myxothia-
zol did not result in any alteration of the chlorophyll a
fluorescence (figure 1b). Taken together, these results indicate
that the AA-dependent mitochondrial retrograde signal used
to select the ra0 mutants probably also contains a plastidic com-
ponent with the potential to also stimulate induction of AOX1
expression.

The expression of AOX1a, the marker gene for MRR, is
regulated by the transcription factor ABI4 [10]. ABI4 was
shown to respond also to plastid signals to regulate LHCB
expression, and possibly AOX1a expression is also regulated
by signals originating in the plastids [9,10]. To test this,
AOX1a expression was determined following treatment with
the two inhibitors AA and myxothiazol (figure 1c). A stronger
induction of AOX1 expression was observed following treat-
ment with AA compared to the treatment with myxothiazol,
indicating that a signal triggered by the inhibition of PETC
also contributes to the induction of AOXIa. By contrast,
expression of QCR7, a MRR marker gene responding to altered
electron flow in the mitochondria [8], showed the same
expression level for both inhibitors (figure 1c). Thus, AOX1a
expression is sensitive to perturbations in the redox/energy
status of both plastids and mitochondria.
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Figure 1. Effect on photosynthetic electron transport and nuclear gene
expression of the mitochondrial complex Il inhibitors AA and myxothiazol.
Traces showing chlorophyll fluorescence in wild-type plants treated with
increasing concentrations of AA (a) and myxothiazol (b). (a) No treatment
(black trace) and treatments with 25 M (grey trace), 50 M (red trace)
and 100 M (yellow trace) of AA. (b) Untreated plants (black trace) and treat-
ment with 50 .M myxothiazol (red trace). Black and white boxes above the
curves represent absence or presence of actinic light (135 mol m~2s™")
during the measurements. (c) Log2 expression of AOX7a (At3g22370) (left
panel) and QCR7 (At4g32470) (right panel) following treatment with
50 .M AA (black bars) or 50 M myxothiazol (white bars) in 16-day-old seed-
lings. The expression was compared with untreated seedlings and the relative
expression was calculated using PP2a (At1g13320) as a reference gene. Data
represent mean (= s.d.) from at least three independent biological replicates.
AOXTa expression was significantly different following AA and myxothiazol
treatments as demonstrated by Student’s t-test: ***p<< 0.001.

3. (DKE1 integrates mitochondrial and plastid

retrograde signals

To investigate whether RAO1/CDKE1 responds to sig-
nals triggered by perturbations of the redox/energy status,
not only in the mitochondria but also in plastids, we
exposed the 0l mutant alleles to conditions affecting exclu-
sively the plastids. Two well-defined inhibitors of PETC,
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and 2,5-
dibromo-3-methyl-6-isopropyl-benzoquinone (DBMIB) [17],

were used to evaluate the response to plastid signals in the
raol mutant. DCMU blocks the plastoquinone binding site at
photosystem II (PSII) leaving the plastoquinone pool oxidized,
and DBMIB inhibits electron transfer from plastoquinone to
the cytochrome bgf complex, resulting in a more reduced inter-
system. PETC activity was monitored by chlorophyll a
fluorescence to confirm that inhibition of PETC was similar
in wild-type and in the r0l.1 mutant (figure 2). Following
treatment with the inhibitors an increase in chlorophyll fluor-
escence and the ‘closed’ status of the PSII reaction centres
were determined by the gL parameter [18]. No difference in
the response to DCMU or DBMIB between wild-type and
the rm01.1 mutant could be observed (figure 2).

DCMU treatment results in induction of LHCB expression
and DBMIB treatment in repression [19,20]. Thus, expression of
LHCB2.4 (At3g27690) and AOX1a (At3g22370) was investi-
gated in wild-type and in the r0l.1 and ra0l.2 mutants
following treatments with these inhibitors (figure 3). In
addition to the pharmacological approach, we also evaluated
gene expression in response to a 3 h high light exposure
(1000 wmol m ™2 s~ ) (figure 3). The DCMU treatment inhibits
the transfer of electrons from PSII, generating an almost com-
pletely oxidized plastoquinone pool. As a consequence, not
only downstream components of the PETC remain oxidized,
but there is also a higher NADP"/NADPH ratio and a more
oxidized stroma. Thus, in addition to an inhibition of photo-
synthesis, DCMU generates an induced starvation scenario
for the plant [21]. In wild-type a significant induction of
LHCB2.4 expression was observed following DCMU treat-
ment, whereas in the 70l mutant alleles this induction was
significantly impaired (figure 3). In wild-type, also AOX1a
expression was induced following the DCMU treatment com-
pared to the control conditions. However, this AOXIa
induction was completely absent in the ra0l mutant plants
(figure 3).

The antagonistic treatments using DBMIB and high light,
both generating a highly reduced cue in the chloroplast, trig-
gered the opposite response regarding LHCB2.4 expression.
DBMIB treatment resulted in a very strong repression of
LHCB2.4 expression in wild-type plants. This repression
was completely absent in both ra01.1 and raol.2 mutants
(figure 3). Exposure to high light also resulted in a significant
repression of LHCB2.4 expression. In the raol mutants the
repression of LHCB2.4 was not as strong as it was for wild-
type (figure 3). The discrepancy in the response between
the DBMIB and high light treatments regarding LHCB
expression in the raol mutants could be explained by the
fact that exposure to excess light, in addition to triggering
the redox-mediated plastid signal, also triggers the cryl-
dependent pathway which is independent of the chloroplast
status [22]. In contrast, the DBMIB treatment, in the short
term, exclusively triggers the signal originating from the
block in photosynthetic electron transfer and CDKE1/
RAO1 most probably responds to pure redox/energy signals
directly linked to PETC. Similarly to the DCMU treatment,
AOX1a expression was significantly induced also by DBMIB
and high light treatments. Thus, these results suggest that
AOX1 expression is also regulated by signals originating in the
plastids. In addition, the ra0l mutants demonstrated impaired
regulation of AOX1a in response to all three treatments perturb-
ing plastid redox and energy levels. Thus, CDKE1 responds
both to plastid and mitochondrial signals and regulates both
AOX1a and LHCB2 4 expression.
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Figure 2. Changes in electron flow measured through chlorophyll a fluorescence and the gL parameter following 3 h treatment with DCMU and DBMIB in wild-type
(a,ce) and in the raol.7 mutant (b,d,f). Fluorescence traces (filled lines) and gL (symbols) in (a,b) untreated control plants, (¢d) in response to 50 .M DCMU and
(ef) in response to 100 M DBMIB. Black and white boxes above the curves represent absence or presence of actinic light (135 pmol m%s during the
measurements. Data represent mean from at least three independent biological replicates.

4. The raoT mutants are sensitive to changes
in light and redox conditions

The raol mutants showed impaired response to perturbations
in the redox/energy status of both the plastids and the mito-
chondria, suggesting that CDKE1 plays a role in regulating
energy metabolism and balancing the activities of the two

organelles. Thus, we investigated the phenotype of the
mutants in response to changing light conditions.

The initial characterization of ra0l mutants did not reveal
any phenotype under control conditions. However, when the
light intensity was shifted to 180 wmol photons m™ %5, the
rao mutants experienced growth penalties during the initial
stages of heterotrophic growth (figure 4a). To understand the
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Figure 3. Log2 expression of LH(B2.4 (At3927690) and AOXTa (At3g22370) in 16-days-old seedlings of wild-type, Col:Luc (black bars), rao1.7 (pale grey) and rao1.2
(dark grey) following 3 h treatment with 50 M DCMU, 100 .M DBMIB and exposure to high light intensity (1000 mol m~2s™"). The expression was compared
with untreated seedlings for each genotype and the relative expression was calculated using PP2a (At1g13320) as a reference gene. Data represent mean ( +s.d.)
from at least five independent biological replicates. LH(B2.4 and AOXTa expression was significantly different in the rao7.7 and rao7.2 mutants compared with

wild-type as demonstrated by Student’s t-test: ***p << 0.001, **p << 0.005.

underlying problem with the light shift in the 201 mutants, we
analysed the photosynthetic parameters using chlorophyll a flu-
orescence and measurements of PSI activity simultaneously.
The data collected from rosette plants clearly indicated that
the raol mutants do not suffer from photoinhibition, neither
was any severe damage to the components of PSII that can be
related to light sensitivity observed (see electronic supplemen-
tary material, table S1). However, a more detailed analysis of
the parameters of PSI [23] showed a decrease in the operating
efficiency of PSI as a consequence of a higher energy loss by
acceptor side limitation. The higher values of Y(NA) (the quan-
tum yield of non-photochemical energy dissipation in the PSI
reaction centre) recorded for the a0l mutants compared with
wild-type indicate that these plants have an impaired capacity
to remove electrons from PSI which is reflected by a more
reduced P700 reaction centre. Similar condition, known as
acceptor side limitation, was reported in mutants that lack the
STIN7 kinase. Under fluctuating light conditions the stn7
mutant demonstrated a remodelling of the PETC by a reduction
in the amount of PSI [24,25]. Similar phenotype has been
observed also in other mutants affected in proteins of the accep-
tor side of PSI [26]. Possibly, the limitation in the electron flow
from PSI observed in the ra01 mutants could be explained by
a more reduced stroma and lower availability of oxidized elec-
tron acceptors. In addition, this condition is prone to be
exacerbated when dissipative mitochondrial mechanisms not
efficiently consume the excess reducing equivalents produced
in the plastids [27]. To test this assumption, the activities of
PSII and PSI were evaluated in wild-type and mutant plants
after a high light recovery experiment designed to challenge
the mechanism behind the plasticity to react to fast redox
changes [19]. Again the ra0l mutants did not show any perma-
nent damage to PSII or associated LHC that could be linked to
photoinhibition (parameter F,/F,,) (figure 4b). However, the
operating efficiency of both photosystems was affected by the
high light treatment and the effect was especially strong in
both raol alleles for PSI, which is in line with the hypothesis
of an acceptor side limitation in the mutants (figure 4c,d). The

mutants showed severely impaired ability to recover photosys-
tem efficiency following the exposure to high light and probably
amore reduced redox status of the chloroplast. This observation
supports the phenotype triggered by exposure to higher light
intensities during the initial stages of growth (figure 4a).
Under such conditions when plants undergo the transition
from heterotrophic to autotrophic growth, a delicate balance
of the cellular energy metabolism is essential. Taken together,
these results suggest that the ra0l mutants are unable to
correctly balance the usage of energy owing to an impai-
red coordination of the metabolic activities of the energy
producing organelles.

5. The link between ABI4 and (DKET

Our results suggest that CDKE1 integrates signals originating
in both plastids and mitochondria. The activity of this kinase
represents a switch that is needed to adapt nuclear gene
expression to fluctuations in the energy production and con-
sumption. The transcription factor ABI4 has also been shown
to respond to signals originating in both the chloroplast and
mitochondria regulating expression of LHCB and AOXla,
respectively [9,10]. To genetically test the interaction between
ABI4 and CDKE1, double mutants were generated for raol
and abi4.1. Expression of the two marker genes, LHCB2.4 and
AOX1a was investigated in the raol.1abi4.1 and raol.2abi4.1
double mutants and compared with the respective single
mutants (figure 5). The plants were again exposed to DCMU,
DBMIB and high light and the expression was related to the
control levels for each genotype. The abi4 single mutant
demonstrated impaired response regarding LHCB expression
compared to wild-type following the different treatments
affecting the redox status of the chloroplasts as also has been
described previously [9]. In the rao0l.1abi4.1 and raol.2abi4.1
double mutants the phenotype was significantly enhanced fol-
lowing the treatment with DCMU and the exposure to high
light, resulting in a total insensitivity to redox changes and
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Figure 4. Sensitivity to moderate and high light intensities of illumination in
the rao7 mutants. The effect of different light intensities on plant growth
in wild-type (Col:Luc), rao7.7 and raol.2 (a). Photosynthetic parameters
F,/F, (b), and quantum yields of PSII Y(PSII) (c) and PSI Y(PSI) (d) following
exposure to high light (1000 mol m~2 s~ ") and with subsequent recovery
to normal growth light intensity (150 wmol m~2s™"). Filled symbols cor-
respond to wild-type and open triangles correspond to rao7.7 and open
boxes rao1.2. All photosynthetic measurements were conducted on rosette
plants. Each point represents mean (+s.d.) of at least five independent
measurements on individual plants. The YPSII and YPSI were significantly
different following the recovery phase in the raol.7 and raol.2 mutants
compared to wild-type as demonstrated by Student’s t-test: ***p << 0.001.

no change in LHCB2.4 expression compared to control con-
ditions (figure 5). Regarding the DBMIB treatment, the effect
on LHCB expression was completely abolished already in the
raol single mutants so no further effect could be detected in
the rao1.1abi4.1 and raol.2abi4.1 double mutants following the
treatment (figure 5). Thus, the analysis of the double mutants
demonstrated an additive effect regarding the expression phe-
notype, suggesting that ABI4 and CDKE1 both respond to
plastid signals and regulate LHCB expression but operate in
two independent regulatory pathways.

Interestingly the opposite result was found for AOX1
expression, where the expression levels were similar in the
raol.1abi4.1 and raol.2abi4.1 double mutants compared to
the respective single mutants (figure 5). Thus, no enhanced
suppression of AOXIa induction could be found in the
double mutant compared to the single mutants, supporting
the suggestion that ABI4 and CDKEL1 are genetically linked
and act in concert to regulate AOX1a expression in response
to plastid signals. However, no direct physical interaction
was detected between ABI4 and CDKE1 in a co-immunopreci-
pitation experiment in Arabidopsis protoplasts (see electronic
supplementary material, figure S1). Thus, another com-
ponent(s) must be involved in the pathway regulating AOX1a
expression. CDKE1 was identified as a clear activator of
AOX1a expression [11], whereas ABI4 was defined as a conver-
gent point of stress signals acting as a repressor of AOX1a in
response to mitochondrial signals and abscisic acid [10]. How-
ever, the result from the abi4 single mutant suggests that in
response to plastid signals, ABI4 might act as an activator of
AOX1a expression similarly to CDKEL since the induction of
AOX1a expression in response to plastid redox changes was
impaired compared to wild-type in the abi4 mutant (figure 5).
There is also compelling evidence that suggests that ABI4 is
able to both repress and induce transcription upon DNA bind-
ing [28]. Moreover, an additional developmental signal that
varies between seedling and adult plant stages in combination
with a regulation of transcription factors by CDKE1 as part of
the mediator complex [29] are elements that cannot be ignored.

6. Concluding remarks

Mitochondria and chloroplasts depend upon each other for
exchange of metabolites and energy equivalents. Photosynthetic
carbon assimilation is essential for sustaining mitochondrial
metabolism, and mitochondrial respiration protects photo-
synthesis against photoinhibition by dissipating excess redox
equivalents from the chloroplasts [30,31]. AOXla and
LHCB2.4 are two components involved in energy metabolism
in the plant cell. LHCB2 4 is involved in the photosynthetic gen-
eration of reducing power by harvesting solar energy whereas
AOXla is involved in the dissipation in the mitochondria of
the same reducing power in response to cellular demands. We
have shown that the kinase CDKE1 is involved in the regulation
of both AOX1a and LHCB2 .4 in response to signals originating
in both the mitochondria and the chloroplasts. Analysis of the
raol.1abi4.1 and raol.2abi4.1 double mutants showed that the
regulation of LHCB2.4 by CDKEL is not mediated via ABI4,
and thus CDKE1 and ABI4 operate in two independent regulat-
ory pathways in response to redox changes in the chloroplast
(figure 5). ABI4 expression was shown to be activated by PHD
type transcription factor with transmembrane domains (PTM),
a transcription factor associated with the chloroplast envelope
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Figure 5. Log2 expression of AOXTa (At3g22370) and LH(B2.4 (At3g27690) in 16-days-old seedlings of Col:Luc (black bars), abi4 (open bar), raol.7 (pale grey),
raol.2 (dark grey), abi4.1rao1.1 (vertical stripes) and abi4.7rao1.2 (diagonal stripes) following 3 h treatment with 50 M DCMU, 100 .M DBMIB and exposure to
high light intensity (1000 wmol m~2s™"). The expression was compared with untreated seedlings for each genotype and the relative expression was calculated
using PP2a (At1g13320) as a reference gene. Data represent mean (+s.d.) from at least three independent biological replicates. LH(B2.4 expression was signifi-
cantly different in the abi4.Traol.7 and abi4.1rao1.2 mutants compared with the abi4, raol.17 and raol.2 single mutants as demonstrated by Student’s t-test:

*xx) < 0,001, **p < 0,005

membrane. Furthermore, PTM was shown to be processed in
response to chloroplast stress and an N-terminal fragment of
the full length protein released to the nucleus where it activates
ABI4 expression, necessary for the suppression of LHCB [32].
Our data suggest that CDKE1 represents a novel and indepen-
dent pathway not linked to PTM and ABI4 [32]. Regarding the
AOX1a regulation, analysis of the ra01.1abi4.1 and raol.2abi4.1
double mutants suggests that ABI4 and CDKEI are genetically
linked and act in concert to regulate AOXI expression in
response to plastid signals (figure 5). Moreover, our data also
suggest that ABI4 acts as positive regulator of AOX1a in
response to retrograde signals originating in the plastids.
CDKE]1 is a component of the kinase module of the plant
mediator complex that relays regulatory signals between
specific transcription factors bound to the promoter and
RNA polymerase II [29]. CDKEI is thereby in a perfect setting
to integrate signals from both organelles and our results
suggest that CDKE1 plays an essential role in regulating cel-
lular energy metabolism in response to stress and changes in
growth conditions. The ra0l mutants demonstrated severely
impaired ability to recover photosystem I and II efficiency fol-
lowing exposure to high light and highly reduced redox
status of the chloroplast (figure 4). The mutant alleles also
showed a phenotype when exposed to higher light intensities
during the initial stages of plant development (figure 4).
Thus, the phenotype of the ra0l plants with impaired ability
to integrate signals originating in the different organelles
emphasizes the importance to balance or buffer redox imbal-
ance during energy metabolism. The interplay between
energy producing and consuming pathways is clearly
achieved not only by the exchange of metabolites, e.g.
malate [33], but also at the level of gene expression. The cel-
lular ability to synchronize regulation of components targeted
to the mitochondria and the chloroplasts presents an extra
level of complexity to the concept of retrograde signalling.

7. Material and methods

(a) Plant material and growth conditions

All genotypes are in the Columbia ecotype. Seedlings of Arabidopsis
thaliana were grown on 1 x B5 medium including 1% sucrose. All

plant material was grown in long day conditions (16 L: 8 D).

Seedlings were grown at 50-80 wmol photonsm *s~' and

rosette plants were grown at 150 or 180 pmol photons m 25~ '.
High light exposure (3 h, 1000 pmol photons m~>s ™) started in
the middle of the light period and the control was sampled at
the same time point. Inhibitor concentrations were used as
follows: AA, three increasing concentrations (25 pM, 50 pM and
100 uM) and 50 pM myxothiazol [11]; 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU), 50 uM for 3h; 2,5-dibromo-3-
methyl-6-isopropyl-benzoquinone (DBMIB), 100 pM for 3 h.
DBMIB and AA were reapplied every hour to overcome possible
degradation of these compounds. 16-days old seedlings of wild-
type and mutant line were transferred from MS plates to plates
with Whatman filters soaked with corresponding inhibitors or
water for the control conditions.

(b) PSII and PSI photochemistry

In vivo chlorophyll fluorescence was measured using a modulation
fluorometer DUAL-PAM-100 (Heinz Walz GmbH, Effeltrich,
Germany) from the adaxial side of the attached leaf material. The
nomenclature and interpretation of the results were conducted
based on Baker [18] and Klughammer & Schreiber [23]. The maxi-
mal photochemical efficiency of PSII photochemistry in the dark
acclimated state was evaluated as F,/F,, = (F,,—F,)/F, after
30 min acclimation to darkness. In both the light and dark accli-
mated states, the minimal fluorescence intensity was measured by
analytic modulated light, the maximal fluorescence intensity by
saturating pulses (flash light intensity approx. 4000 pmol
photons m~2s™") of 0.8 s duration.

() RNA isolation, ¢(DNA synthesis and real-time PCR

Total RNA was isolated using the Plant RNA Mini kit (Omega).
cDNA was synthesized using the iScript cDNA Synthesis Kit
(Bio-Rad). cDNA was used in a iQ SYBR Green Supermix reac-
tion (Bio-Rad). At least three biological replicates were used for
each data point and all reactions were performed in technical tri-
plicates. RT PCR was run in CFX96 Real time system (Bio-Rad)
and monitored by using the CFX Manager (Bio-Rad). Data
were analysed by using LinRegPCR [34,35]. Primer sequences:
PP2aFw, TAACGTG GCCAAAATGATGC; PP2aRv, GTTCTCC
ACAACCGCTTGGT; LHCB24Fw, GCCATCCAACGATCTCCTC;
LHCB24Rv, TGGTCCGTACCAGATGCTC; AOXlaFw, AGCAT
CATGTTCCAACGACGTTTC; AOXlaRv, GCTCGACATCCAT
ATCTCCTCTGG; QCR7Fw, TCCGCAGATACGGTCTTAGA
TACG; QCR7Rv, GCTGGTTCCGAGCATCAACAATC. The
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reference gene PP2a was chosen based on analysis conducted by
[36]. No change in PP2a expression was detected for any of the

treatments used.
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