
The acclimation response to high light is initiated within seconds
as indicated by upregulation of AP2/ERF transcription factor network
in Arabidopsis thaliana
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High light acclimation implicates
mechanisms on various molecular

levels and time scales. The recently iden-
tified small transcription factor network
of APETALA 2/ETHYLENE
RESPONSE FACTOR (AP2/ERF) tran-
scription factors is triggered upon trans-
fer of Arabidopsis to high light and
depends on metabolite export and mito-
gen activated protein kinase activation.
An experimental design was developed
consisting of a low light to high light and
back to low light illumination. This
allowed the determination of the time
point of no return post high light transfer
which activates transcription of the AP2/
ERF network. Within 10 seconds of high
light treatment transcript levels of ERF6,
ERF104, ERF105 and RRTF were trig-
gered to increase from low to high levels
within the next 10 minutes witnessing an
ultrafast retrograde pathway with a very
early time point of no return. This
response differed profoundly from other
high light-responsive transcripts such as
stromal ascorbate peroxidase (sAPX)
which accumulated in a dose-dependent
manner or COR47.

Plants are part of a complex environ-
ment where multiple chemical, physical
and biotic parameters change continu-
ously. Tailored acclimation of plants min-
imizes resource investments and optimizes
growth. This depends on weighing
and integrating multiple input signals in a
timely manner. The response speed
depends on stress type and intensity. Light
and heat may fluctuate within short peri-
ods and require fast response.1-3 In high
light (H-light) overreduction of the

electron transport chain takes place which
may generate reactive oxygen species
(ROS).4 To reduce photooxidative dam-
age plants activate defense mechanisms
such as non-photochemical quenching or
detoxify ROS via the chloroplasts water-
water cycle in an ascorbate-dependent or
-independent pathway involving peroxire-
doxins.5-7 Since all enzymatic antioxidants
are encoded in the nucleus, their transcrip-
tional regulation depends on retrograde
signaling form the chloroplast to the
nucleus. This information delivery path-
way allows for responses upon changing
conditions e.g. under H-light. Retrograde
signaling represents a multifactorial pro-
cess where singlet oxygen, H2O2, metabo-
lites, hormones and lipid derivatives form
a metabolite network that tunes the
appropriate expressional response.8-11

Upon shift to H-light the H2O2 concen-
tration increases within minutes and serves
as rapid retrograde signal.12 Sugars play an
important role on a longer timescale.13,14

Recently, it has been shown that the pre-
dominant assimilate transporter, the trio-
sephosphate-phosphate translocator
(TPT), participates in rapid information
transmission controlling transcript accu-
mulation.15 Rapid regulation relies on
existing transcription factors (TF) which
conditionally adjust gene expression in
response to stress stimuli.16 Downstream
inducible TFs realize the acclimation
response. A subgroup of the AP2/ERF TF
family is transcriptionally induced within
10 min after light shift.15 Such rapid
response systems serve as immediate reac-
tion to counter the effects of fluctuating
conditions and are important to allow for
subsequent long term acclimation.
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Deep insight into early acclimation
processes requires knowledge on the chro-
nological order of events. The identifica-
tion of points of no return e.g., those that
control transcript accumulation is a pow-
erful method to pinpoint to crucial pro-
cess steps. Therefore, A. thaliana (Col 0)
plants were subjected to L-light to H-light
transfer (L!H). This approach provides
information on the time tx [min] needed
to achieve a particular response strength
Rx. The point of no return is the shorter
HL period tx¡y [min] needed to trigger
the same response Rx even after transfer of
the plants back to low light for ty [min].
This treatment is called L-light to H-light
to L-light condition (LH!L).15 The pre-
viously identified early responding AP2/
ERF-TF network with ERF6
(At4g17490), ERF104 (At5g61600),

ERF105 (At5g51190) and RRTF1
(At4g34410) as elements was chosen as
indicator of successful signal transmission
(Fig. 1). These AP2/ERF TFs accumulate
upon L!H-transfer with a maximum at
10 min.15 Here the point of no return for
the reaction could be resolved in detail.
The shortest time period that was tested
for triggering transcript up-regulation was
10s H-light, followed by 9 min 50s of low
light prior to transcript quantification.
Three out of 4 AP2/ERFs were triggered
to be significantly up-regulated after this
short period witnessing an ultrafast retro-
grade pathway with a very early time point
of no return. The maximal reaction of
ERF6 and ERF105 depended on very
short exposures to H-light. Slightly longer
H-light exposure was required to for
ERF104 and RRTF1.

We then exemplarily explored slower
response patterns in H-light acclimation
(Fig. 2). To this end transcript accumula-
tion of stromal ascorbate peroxidase
(sAPX, At4g08390) as ROS marker and
cold regulated and light sensitive gene
(COR47, At1g20440) as ABA marker was
investigated during 360 min of H-light
exposure (L!H-condition) and in paral-
lel in LH!L-treatment where plants were
transferred back to low light to complete
the 360 min period prior to harvest. As
shown before long-term acclimation to H-
light was accompanied by higher sAPX lev-
els and decreasing COR47 amounts.17,18

ERF6 was used as reference with fast point
of no return. ERF6 transcript amounts
reached a maximum after 10 min and
dropped to initial levels after 60 min. Sig-
nificant differences between L!H- and
LH!L-treatments were not seen at later
time points. The sAPX level increased
steadily to the maximum at 360 min in
the L!H-treatment. Most importantly,
transcript accumulation in the LH!L-
experiment followed the same steady
increase and significant differences to
L!H were not established (Fig. 2B).
Apparently cumulative light stress deter-
mines the reaction amplitude and the
transcript level likely remains unchanged
after transfer back to L-light suggesting a
simple effector/dose dependency and long
half life time of transcript.

COR47 decreased with H-light dura-
tion to the minimal level at 180 min that
was maintained subsequently. COR47 lev-
els also dropped in the LH!L-experi-
ment but with lower amplitude (Fig. 2).
This suggests cumulative suppression of
COR47 transcript accumulation in H-
light and significant reversal to the initial
level after return to L-light. Like in the
case of sAPX a point of no return was not
apparent in this experiment.

A model for ultrafast retrograde signal-
ing is suggested based on the presented
and previous results15 (Fig. 3). TPT, the
prime photosynthate exporter, rapidly
equilibrates metabolite state of the glycer-
aldehde-3-phosphate reduction reaction
between stroma and cytosol enabling
instantaneous information exchange on
the NAD(P)H and ATP system thus ener-
gization state,19 and may activate mitogen
activated protein kinase 6 (MPK6).15
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Figure 1. Point of no return for high light-induced transcript accumulation of 4 AP2/ERF TFs. ERF6,
ERF104, ERF105 and RRTF1 mRNA levels were quantified by qPCR in wild type plants after various
periods of H-light-treatment e.g. 10 s followed by 9 min 50 s of low light, or maintained in L-light
(0 min). All plants were harvested after 10 min of H-light (LH!L) or transferred at indicated time
points back to L-light. Thus the x-axis gives the time period in H-light. Data are means § SE from
n D 3 plus replicates (for t D 10 min n D 8) independent experiments, asterisks indicate significant
difference to t D 0 min control (Student’s t-test P < 0.05).
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Especially the highly responsive AP2/
ERF-TF network is regulated via this
pathway. Phosphorylation of MPK6 is
delayed in tpt KO mutants, but still occurs
indicating the existence of TPT-indepen-
dent pathways for H-light-dependent
MPK6 phosphorylation. Lack of MPK6
phosphorylation excludes a function at
later time points. Metabolome and tran-
scriptome data indicate far reaching accli-
mation to H-light at these functional
levels after 360 min.17,20 The dose-depen-
dent and persistent increase in sAPX levels
is consistent with previous results.21,22

sAPX takes part in redox homeostasis.
Thus it is reasonable that they integrate
the dose and thus the average stress level
under fluctuating conditions.23 Other
genes like cor47 are fine-tuned more
slowly. The ultrarapidly responsive mem-
bers of AP2/ERF-TFs are candidates as
regulators of early needed downstream tar-
gets. The ‘point of no return’-experiments
improve our understanding of the H-light
acclimation kinetics and advance our con-
cept of multiple pathways and time scales
involved in plant acclimation to H-light.
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Figure 2. Expression level of ERF6, COR47 and sAPX after LH!L- or L!H-treatment. Transcript lev-
els were quantified by qPCR in response to L!H shift at indicated time points. Parallel samples
were transferred back to L-light after H-light-treatment and harvested at t D 360 min. Data are
means § SE of nD 3 independent experiments (with replicates), asterisks indicate significant differ-
ence to t D 0 min (Student’s t-test P < 0.05).
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Figure 3. Summarizingmodel of signal transmission in early H-light-response. Both transport via trio-
sephosphate/phosphate translocator (TPT) and mitogen activated protein kinases 6 (MPK6) partici-
pate in ultrafast retrograde signaling. As a consequence of increased light energy availability
dihydroxyacetone phosphate (DHAP), ATP and NAD(P)H levels in the cytosol increase. The signal
transmission via protein phosphorylation cascades (MPK6) to the nucleus and subsequent activation
of constitutive transcription factor (TF) leads to expression of the early responsive AP2/ERF-TFs. In
addition, TPT independent pathwaysmay activateMAPK-dependent signaling pathways in a delayed
manner. Additional retrograde pathways regulate nuclear gene expression on a longer time scale.
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