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Global transcriptome analyses provide evidence that chloroplast
redox state contributes to intracellular as well as long-distance
signalling in response to stress and acclimation in Arabidopsis
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Abstract Global transcriptome analyses were used to
assess the interactive effects of short-term stress versus
long-term acclimation to high light (HL), low temperature
(LT) and excitation pressure in Arabidopsis. Microarray
analyses indicated that exposure to stress resulted in two
times as many modulated transcripts in both, high-light-
treated and low-temperature-treated plants, compared to
plants that were fully acclimated to either one of these
conditions. We showed that 10.9 % of all transcripts were
regulated in the same way by both stress conditions, and
hence, were categorized as excitation pressure regulated,
rather than regulated by either high-light or low-tempera-
ture stress per se. This group of chloroplast redox-sensitive
genes included various photosynthetic genes as well as
genes known to be associated with cold acclimation (cbf3,
corl5A, corl5B) and gibberellic acid (GA) metabolism and
signalling (ga2oxI, gai). Chemical inhibition of the pho-
tosynthetic electron transport by either DCMU or DBMIB
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indicated that although the plastoquinone pool contributes
significantly to redox regulation of the transcriptome
(8.6 %), it appears that PSI represents the major source of
redox signals (89 %), whereas PSII appears to contribute
only 3.1 %. A comparison of the gene expression profiles
between stress and acclimated plants indicated that 10 % of
the genes induced by a short, 1-h stress were also associ-
ated with long-term acclimation to high excitation pres-
sure. This included the APETALA2/ETHYLENE-
RESPONSIVE-BINDING PROTEIN family, the MYB
domain- and MYB-related transcription factor family as
well as the GRAS transcription factor family important in
GA signalling confirming that acclimation to stress is a
time-nested phenomenon. We suggest that acclimation to
photosynthetic redox imbalance extends beyond the
chloroplast and the leaf cell to systemic ROS signalling.
This is discussed in terms of the control of plant phenotype
through regulation of the nuclear encoded cbf regulon and
GA metabolism.

Keywords Acclimation - Arabidopsis - Chloroplast redox
signalling - Cold - Excitation pressure - High-light - Stress

Abbreviations

Chl Chlorophyll

Cytpes Cytochrome b6/f

DBMIB  2,5-Dibromo-3-methyl-6-isopropyl-p-
benzoquinone

DCMU  3-(3,4-Dichlorophenyl)-1,1-dimethylurea

F, Minimum yield of chlorophyll fluorescence in
open PSII centres

F/Fy, Maximum photochemical efficiency of PSII in
the dark-adapted state

GA Gibberellic acid
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LHCII Light-harvesting chlorophyll a/b-protein
a/b complex of PSII

P700 Reaction centre chlorophyll of PSI

PQ Plastoquinone

PSI Photosystem I

PSII Photosystem II

gN Non-photochemical quenching

qP Photochemical quenching parameter

Qa Primary electron-accepting quinone in PSII
Os Secondary electron-accepting quinone in PSII
ROS Reactive oxygen species

Introduction

To ensure survival and maximum fitness, it is necessary for
plants to exhibit the capacity to sense and subsequently
respond to changes in their abiotic environment such as
irradiance, temperature, water and nutrient availability.
Any sudden, short-term change in the environment typi-
cally results in plant stress which reflects a disruption in
cellular homeostasis. In contrast, plant acclimation is the
re-establishment of a new homeostatic state which usually
necessitates growth and development in response to an
initial stress condition and may lead to an altered pheno-
type (Hopkins and Hiiner 2009). Thus, it has been sug-
gested that plant acclimation represents a temporal
continuum between an initial, stress event and a new, final
steady-state condition established through the complex
integration of myriad biochemical and molecular networks
(Stitt and Hurry 2002). The new homeostatic state repre-
sents the acclimated state. Consequently, Falkowski and
Chen (2003) suggest that acclimation to an environmental
stress such as high light (HL) is a time-nested phenomenon.
We suggest that this notion can be extended to the accli-
mation response to any stress including LT.

HL stress occurs when plants are exposed to an irradi-
ance that exceeds the capacity of photosynthesis to utilize
the absorbed light energy for the reduction of major elec-
tron acceptors such as either CO, or NO3~ (Melis 1991;
Demmig-Adams and Adams 1992; Osmond 1994; Ander-
son et al. 1995). Such a condition leads to the accumulation
of closed PSII reaction centres due to an imbalance
between the rates of PSII photochemistry and the rates at
which PSII-generated electrons are ultimately consumed
by metabolic sinks such as CO, and NO;~ assimilation.
Excitation pressure is a quantitative measure of the relative
proportion of closed (P680" Pheo Qy) versus open PSII
reaction centres (P680 Pheo Q,) which can be estimated
either as 1 — qP (Dietz et al. 1985; Schreiber et al. 1994;
Hiiner et al. 1998; Rosso et al. 2009) or 1 — gL (Kramer
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et al. 2004). Both parameters are considered to estimate the
relative redox state of Qj, the first stable, immobile, qui-
none electron acceptor bound to PSII reaction centres.
Thus, an increase in irradiance induces an increase in PSII
closure estimated as excitation pressure (1 — qP or
1 — gL) (Rosso et al. 2009; Dahal et al. 2012). From light
response curves for excitation pressure, one can estimate
the quantum yield for PSII closure, the inverse of which is
the quantum requirement for PSII closure (Rosso et al.
2009; Dahal et al. 2012).

Prolonged exposure to excess irradiance can lead to
photodamage of PSII reaction centres when the light-de-
pendent rate of D1 damage exceeds the rate of PSII repair
(Krause 1988; Baker 1991; Demmig-Adams and Adams
1992; Osmond 1994; Aro et al. 1993; Long et al. 1994;
Horton et al. 1996; Melis 1999; Murata et al. 2012) and the
rate at which excess light can be dissipated safely as heat
through nonphotochemical quenching processes (NPQ)
(Demmig-Adams and Adams 1992; Horton et al. 1996;
Niyogi 1999; Jahns and Holzwarth 2012; Verhoeven 2014;
Derks et al. 2015). Although PSII is considered to be the
major site of photodamage, PSI is also susceptible to
excess irradiance (Terashima et al. 1998; Ivanov et al.
1998, 2015). Furthermore, exposure to LT stress exacer-
bates the effects of HL stress (Krause 1988; Baker 1991;
Hiiner et al. 1993). HL and LT stress enhance the sus-
ceptibility for PSII closure which is reflected in a decrease
in the quantum requirement for PSII closure (Rosso et al.
2009).

In contrast to HL stress, photoacclimation is the process
by which terrestrial plants, algae and cyanobacteria mod-
ulate the structure and function of the of the photosynthetic
apparatus in response to short and long-term changes in
irradiance (Anderson 1986; Falkowski and Laroche 1991;
Melis 1991; Fujita et al. 1994; Anderson et al. 1995;
Falkowski and Chen 2003; Horton et al. 2008; Li et al.
2009; Dietz 2015). Redox signals are generated in mature
chloroplasts due to the over-reduction of the photosynthetic
electron transport chain (PETC) and transduced to the
nucleus through retrograde regulation to affect nuclear
photosynthetic gene expression in response to the absorp-
tion of excess light energy (Chory 1997; Stoher and Dietz
2008; Woodson and Chory 2008; Chi et al. 2013; Dietz
2015). This alters the structure, composition and function
of the photosynthetic apparatus to ensure energy balance
and the maintenance of cellular homeostasis in a fluctuat-
ing light environment (Sukenik et al. 1987; Falkowski and
Laroche 1991; Escoubas et al. 1995; Anderson et al. 1995;
Pogson et al. 2008; Foyer et al. 2012; Dietz 2015). The
establishment of such a state of energy balance in response
to excess absorbed light energy is called photostasis which
minimizes the potential of the chloroplast to generate
potentially damaging reactive oxygen species (ROS)
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(Melis 1998; Hiiner et al. 2003). It appears that the redox
state of PQ pool (Allen 1993; Escoubas et al. 1995; Max-
well et al. 1995; Durnford and Falkowski 1997,
Pfannschmidt 2003; Foyer and Noctor 2009; Fernandez
and Strand 2008; Petrillo et al. 2014) as well as and the
reducing-side of PSI (Dietz 2003, 2008; Stoher and Dietz
2008; Dietz and Pfannschmidt 2011; Queval and Foyer
2012) are crucial components in the generation of redox
signals as a consequence of chloroplast energy imbalance
which regulate retrograde signal transduction.

Acclimation to temperature change mimics photoaccli-
mation (Maxwell et al. 1994; Machalek et al. 1996; Hiiner
et al. 1998, 2003, 2012, 2013). For example, plants and
algae exposed to LT but moderate irradiance exhibit an
equivalent closure of PSII reaction centres measured as
steady-state, excitation pressure as plants exposed to HL
but warm temperatures (Hiiner et al. 1998). This phe-
nomenon occurs because LT increases excitation pressure
due to a reduction in the rates of energy consumption by
the metabolic sinks with minimal effects on PSII photo-
chemistry (Hiiner et al. 2003; Ensminger et al. 2006;
Wilson et al. 2006; Hiiner and Grodzinski 2011). To
maintain photostasis, winter cultivars of rye and wheat as
well as Brassica napus and Arabidopsis minimize changes
in pigmentation and polypeptide composition of the PETC
but stimulate photosynthetic capacity measured as light
saturated rates of CO, assimilation. This appears to be due
to a combination of increased photosynthetic apparatus per
unit leaf area coupled with the upregulation of photosyn-
thetic carbon metabolism and enhanced source-sink export
in response to acclimation to high excitation pressure
(HEP) induced either by HL or by LT (Gray et al. 1996,
1997; Savitch et al. 1997, 2002; Leonardos et al. 2003;
Dahal et al. 2012, 2014). Furthermore, the up-regulation of
sink capacity is translated into increased biomass accu-
mulation and stimulation of seed yield in winter wheat
(Dahal et al. 2012, 2014). Thus, in contrast to either HL or
LT stress, photoacclimation and LT acclimation decrease
susceptibility to PSII closure by enhancing the capacity for
energy consumption through the upregulation of carbon
metabolism which results in an increase in the quantum
requirement to close PSII reaction centres which minimizes
a dependence on NPQ (Rosso et al. 2009; Dahal et al. 2012,
2014). Consequently, assessment of the quantum require-
ment to close 50 % of PSII reaction centres represents a
very sensitive, quantitative measure which can be used to
differentiate plant stress from plant acclimation in Ara-
bidopsis thaliana (Rosso et al. 2009), winter cereals and
Brassica napus (Dahal et al. 2012, 2014).

In addition to changes in photosynthetic performance,
biomass accumulation and freezing tolerance, cold accli-
mation of overwintering annual plant species such as winter
rye, winter wheat, Brassica napus as well as Arabidopsis

thaliana induces a dwarf growth habit which is governed by a
family of transcription factors called C-repeat-binding fac-
tors (CBFs) (Jaglo-Ottosen et al. 1998; Gilmour et al. 2000;
Penfield 2008; Thomashow 2010; Medina et al. 2011).
Historically, the dwarf phenotype associated with cold
acclimation has been presumed to be governed by LT only
(Levitt 1980; Steponkus 1984). However, growth of winter
wheat and winter rye at moderate temperatures but HL
(20 °C/800 pmol photons m~2 s~") exhibited a similar
dwarf phenotype as those plants grown under typical cold
acclimation conditions of LT but moderate irradiance (5 °C/
250 pmol photons m~> s~ ') (Gray et al. 1997; Hiiner et al.
1998). However, when rye plants were cold acclimated by
growth at 5 °C but at a low irradiance, an elongated pheno-
type similar to that of control plants grown at 20 °C/
250 pmol photons m 2 s~ was observed (Gray et al. 1996,
1997; Hiiner et al. 1998). These results were explained by the
fact that the growth conditions that generated the elongated
phenotype were characterized by a comparable low excita-
tion pressure (LEP), whereas the growth conditions that
generated the dwarf phenotype were characterized by a
comparable HEP (Gray et al. 1997; Hiiner et al. 1998).
Furthermore, excitation pressure has also been shown to
govern the extent of variegation of several variegated
mutants of Arabidopsis including immutans, spotty, varl and
var2 (Rosso et al. 2009).

To account for the enhanced photosynthetic perfor-
mance coupled with the regulation of the dwarf phenotype
of cold-acclimated overwintering plants by excitation
pressure, we recently proposed a model whereby redox
input signals from leaf chloroplasts manifested as modu-
lation of the redox state of the PQ pool (Kurepin et al.
2013; Hiiner et al. 2014), are transduced to the nucleus via
retrograde regulation that stimulate the expression of
CBFs, a member of the APETALA2/ETHYLENE-
RESPONSIVE-BINDING PROTEIN (AP2/EREBP) tran-
scription factor family in Arabidopsis (Licausi et al. 2013).
The model proposes that redox regulation of CBF expres-
sion not only governs photosynthetic performance,
cytosolic carbon metabolism, respiration and biomass
production (Dahal et al. 2012, 2014) but also governs the
observed phenotypic plasticity associated with cold accli-
mation (Kurepin et al. 2013). The latter suggestion is
consistent with the literature (Peng et al. 1997, 1999; Peng
and Harberd 1997; Hussain and Peng 2003) whereby CBFs,
activate GA2o0x genes which decreases the levels of
growth-active gibberellic acids (GAs) and maintains levels
of DELLA proteins such that growth and stem elongation
are repressed to generate a dwarf phenotype (Feng et al.
2008; Kurepin et al. 2013). To test this proposed model that
attempts to account for the apparent system-wide, pheno-
typic response to chloroplast redox imbalance, we per-
formed global transcriptome expression analyses of
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Arabidopsis thaliana exposed to either a short-term stress
induced by a sudden shift to either HL or LT and compared
the stress responses to plants acclimated to either HL or LT
through long-term growth and development. As a control,
we also compared the effects of abiotic environmental
modulation of excitation pressure with the effects of
chemical modulation of excitation pressure under constant
environmental conditions. This allowed us to address the
following questions regarding the role of chloroplast redox
sensing/signalling in the response of Arabidopsis to stress
versus acclimation to excitation pressure induced either by
HL or LT. First, what are the major redox sensors/regula-
tors within the PETC involved plant stress responses to
excitation pressure? Second, are the genes modulated by
short-term HEP stress different from those associated with
long-term growth and development at HEP to establish the
fully acclimated state, that is, photostasis? Last, does
excitation pressure regulate CBF expression and its regulon
as well as GA metabolism to account for the dwarf phe-
notype (Gray et al. 1997; Hiiner et al. 1998)?

Materials and methods
Growth conditions
Stress experiment

Arabidopsis thaliana (Columbia) seeds were surface ster-
ilized with 20 % (v/v) bleach and 0.05 % (v/v) Tween 20,
sown on moistened and autoclaved soil and imbibed at
4 °C in the dark for 3 days. On the third day the seeds were
shifted to a growth cabinet (GCW15, Environmental
Growth Chambers, Chagrin Falls, Ohio) where they were
exposed to a growth temperature of 25 °C and a light
intensity of 50 pmol photons m—2 s~' (25/50) with a 8-h/
16-h (light/dark) photoperiod at 50 % humidity until mid
log-phase of vegetative growth. Plants were watered every
second day with half strength Hoagland’s solution.

All subsequent treatments were performed 4 h into the
photoperiod and lasted for 1 h. Control plants (25 °C/
50 pmol photons m 2 s~ 25/50) were shifted to either
25 °C with 750 pmol photons m2 s~ (HL, 25/750) or 5 °C
with 50 pmol photons m™2 s™' (LT, 5/50), respectively.
During the inhibitor treatments, detached leaves were
vacuum infiltrated with either H,O for control, 10 uM 3
DCMU or 6 uM DBMIB and incubated for 1 h. After each
treatment, the plant material was immediately frozen in
liquid nitrogen and stored at —80 °C until further pro-
cessing. Control grown plants (25/50) were incubated with
the respective inhibitor for 1 h after infiltration at either
25 °C/50 pmol photons m~2 s~ or in darkness at 25 °C to
correct for any pleiotropic effects of the inhibitors.
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Acclimation experiment

Arabidopsis thaliana (Columbia) seeds were treated with
20 % (v/v) bleach and 0.05 % (v/v) Tween 20 for surface
sterilization, sown on moistened and autoclaved soil and
imbibed at 4 °C in the dark for 3 days. On the third day the
seeds were shifted to a growth cabinet (GCW15, Envi-
ronmental Growth Chambers, Chagrin Falls, Ohio) where
they were exposed to their respective growth temperature
of either 25 or 12 °C and light intensity of either 50 or
450 pmol photons m™2 s~ (25/50; 25/450; 12/50 and
12/450, respectively) with a 8-h/16-h (light/dark) pho-
toperiod at 50 % humidity until mid-log phase of vegeta-
tive growth. This ensured that plants were at a comparable
developmental age despite the differing growth conditions.
Plants were watered every second day with half strength
Hoagland’s solution. Plants were harvested during mid-
photoperiod, rapidly frozen in liquid nitrogen and stored at
—80 °C until further processing.

Growth rates

Growth of Arabidopsis were estimated nondestructively as
described in detail previously by measuring total rosette
leaf area as a function of time (Rosso et al. 2009). Rosette
leaf area was measured using a dissecting microscope
(LeicaWild M3B) at x4, x10, and x40 magnification
attached to a CCD camera. Digital photos were taken, and
rosette leaf area was analysed using imaging analysis
software (Northern Eclipse Image Analysis Software 7.0;
Empix Imaging). Rosette leaf area was measured by tracing
and measuring the area of each leaf per plant. The image
analysis software was calibrated with an object of known
size for each magnification, and the number of pixels was
divided by the appropriate conversion factor. Exponential
growth rates of Arabidopsis rosette leaf expansion were
calculated by linear regression analysis on log-transformed
data of leaf area (mm?) versus time. One-way analysis of
variance (ANOV A) was performed to determine statistical
significance between genotypes (P < 0.05) followed by a
Bonferroni test to test for differences between group means
at a 95 % confidence interval (Microcal Origin Lab 7.5;
Origin Lab).

Modulated chlorophyll a fluorescence measurements

Plants were dark adapted for 20 min in order to perform
steady-state fluorescence measurements using a Heinz
Walz Imaging PAM (Effeltrich, Germany). The dark-
adapted leaves of acclimated (25/50; 25/450; 12/50 and
12/450) and stressed plants (control, HL and LT) and
detached leaves (H,O, DBMIB and DCMU infiltrated)
were pulsed with an 800 ms pulse of saturating blue light
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(. = 470 nm; 6000 pmol photons m~2 s~ '), supplied by
the Imaging PAM photodiode (IMAG-L; Heinz Walz) as
a light source. The fluorescence parameters were calcu-
lated according to Schreiber et al. (1994). The tempera-
ture and measuring light intensity of all plants matched
their respective growth conditions, except the HL- and
LT-treated plants, which were measured at the light and
temperature conditions applied by their respective stress
treatment (HL: 25 °C/750 pmol photons m? s~ LT: or
5 °C with 50 pmol photons m~2 s™1). For the acclimated
plants, light response curves for excitation pressure were
generated at their respective growth temperature (either
12 or 25 °C). Excitation pressure, measured as the rela-
tive reduction state of Q, of PSII reaction centres, was
estimated as either, 1 — qP (Dietz et al. 1985; Hiiner
et al. 1998, 2003) or 1 — qL (Kramer et al. 2004; Baker
2008) and used as an estimate for the relative reduction
state of the PETC. Statistical differences were assessed
using a one-way ANOVA (P = 0.05) coupled with a
Bonferroni test to determine significant differences
between group means (Microcal Origin Lab 7.5; Origin
Lab).

P700 measurements

The redox state of P700 measured as AAgyg_ggo Was
monitored under ambient O, and CO, conditions on
detached leaves in vivo using a dual wavelength emitter—
detector ED-P700DW unit and PAM-102 units (Heinz
Walz, Germany), as previously described by Ivanov et al.
(2006). Far-red light was provided by a FL-101 light
source (Anax = 715 nm, 10 W m~2, Schott filter RG 715)
and used to fully oxidize P700 to P700". Subsequent
single turnover (ST, 14 ps) and multiple turnover (MT,
50 ms) saturating light flashes were applied with XMT-
103 and XST-103 power control units, respectively, in
order to reduce P700™ to P700. The redox state of P700/
P700" was assessed as the change of absorbance at
820 nm and the signals were recorded using an oscillo-
scope card (PC-SCOPE T6420, Intelligente Messtechnik
GmbH, Backnang, Germany) installed in an IBM-PC. The
peak area under the oxidation curve following the ST and
MT flashes and the steady-state P700" signal was used to
assess the inhibition of intersystem PETC by DBMIB and
DCMU.

RNA extraction

Leaf material of three individual plants from each growth
condition was pooled into one sample, ground to a fine
powder using liquid nitrogen and RNA was extracted using
the RNeasy Plant Minikit (Qiagen). Residual DNA was

digested on-column utilizing the matching RNase-free
DNase kit (Qiagen). Three biological replications were
performed, meaning for each experimental condition we
used three different samples, each containing the leaves of
3 plants.

RNA quality assessment, probe preparation
and GeneChip hybridization

The quality of the extracted RNA was examined using the
Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Palo
Alto, CA) and the RNA 6000 Nano kit (Caliper Life Sci-
ences, Mountain View, CA). Biotinylated complementary
RNA (cRNA) was generated from 500 ng of total RNA
following the Affymetrix GeneChip 3’ IVT Express Kit
Manual (Affymetrix, Santa Clara, CA). A total of 10 pg of
labelled cRNA was hybridized to the Affymetrix Ara-
bidopsis ATH1 Genome Arrays for 16 h at 45 °C as
described in the Affymetrix GeneChip 3’ IVT Express Kit
Manual (Affymetrix, Santa Clara, CA). The first step of
GeneChip staining was performed by using Streptavidin—
Phycoerythrin, the second step by an antibody solution and
then finally another Streptavidin—Phycoerythrin solution,
with all liquid handling being performed by a GeneChip
Fluidics Station 450. GeneChips were then scanned by
means of the Affymetrix GeneChip Scanner 3000 7G
(Affymetrix, Santa Clara, CA) using Command Console
vl.1.

Probe level (.CEL file) data were generated using the
Affymetrix Command Console v1.1. Probes were sum-
marized to the gene level data in Partek Genomics Suite
v6.5 (Partek, St. Louis, MO) using the RMA algorithm
(Irizarry et al. 2003). Partek was used to determine gene
level ANOVA P values, fold changes and false discovery
rate (FDR).

Quantitative real-time RT-PCR

First strand cDNA was generated using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
CA). Real-time PCR was then performed using TagMan
Gene Expression Assays (Applied Biosystems, CA) for
each of the displayed genes (Table S1) 15 ng of cDNA and
the 7900HT Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) using the standard run conditions
recommended by the manufacturer (50 °C: 2 min; 95 °C:
10 min; x40 (95 °C: 15 s; 60 °C: 1 min). The total reac-
tion volume was 20 pl and the relative cDNA levels were
calculated using the relative standard curve method
according to the manufacturer’s recommendations. The
expression of each gene was normalized to the expression
of act2.
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Functional analysis of differentially regulated genes

The MapMan program was used in order to classify and
display genes into metabolic pathway groups and to
quantify the genes active in cellular responses (Thimm
et al. 2004). The Affymetrix probeset ID’s were matched
utilizing the appropriate gene annotation files for the ATH1
gene chip and either displayed in the context of the major
metabolic pathways, or cellular responses.

Results
Short-term stress
Assessment of the relative reduction state of the PETC

For the stress experiment, we compared the effects of a
short-term (1 h) shift of 45-50 day old control plants
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By [9)]
o o

N
o
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0 20 40
Time [days]
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b ——50 12°C

—=—150

00
2 ——450
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100 -

Total Leaf Area [mm?]

0 20 40 60 80
Time [days]

Fig. 1 Arabidopsis growth curves. The growth of Arabidopsis (Col-
0) plants grown at different light (50, 150, and 450 pmol pho-
25 Y and temperature (a 25 °C and b 12 °C) regimes were
quantified as total rosette leaf area throughout the plants’ vegetative
development utilizing digital images. These data show representative
results from two independent experiments, and each data point

represents the average from 5 to 15 individual plants + SE
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grown at 25 °C/50 pmol photons m™~ s (25/50)
(Fig. 1a; diamonds) to either HL (750 pmol pho-
tons m > s~') at 25 °C or LT (5°C) at 50 pmol pho-
tons m~ 2 s~'. Since maximum, exponential growth rates
of Arabidopsis to irradiance was saturated at
450 umol m~2 s 'at25 °C (Fig. 1a; Table 1), a shift to an
irradiance of 750 pmol m~2 s™' at 25 °C was considered
sufficient to induce photosynthetic redox stress. To verify
this, we performed chlorophyll a fluorescence induction
measurements to assess the extent of excitation pressure
induced by a short-term shift to either HL or LT stress. The
results illustrated in Fig. 2 indicate that growth of plants at
25/50 (control) induced a relatively LEP (1 — qP = 0.15),
whereas exposure of control plants to either HL (750 pmol
photons m~2 s™") at 25 °C or LT (5 °C) at 50 pmol pho-
tonsm 2s ' for 1h induced a comparable fourfold
increase in excitation pressure (HL: 1 — qP = 0.57; LT:
1 — gP = 0.59) relative to controls (Fig. 2a). Thus, a 1-h
shift of control plants exposed to the HL stress at 25 °C
generated a comparable excitation pressure to a 1-h shift of
control plants to LT stress (5°C) at 50 pmol
photons m~% s~ ",

P700 measurements were performed to assess the effects
of the DCMU and DBMIB on the intersystem PETC
(Fig. 2b). After exposure of a control leaf infiltrated with
H,O to far red light (FR, Fig. 2b), the AAgo_geo Signal
increased rapidly due to the photo-oxidation of P700 to
P700". Application of a single-turnover (ST) and a mul-
tiple turnover (MT) saturating light flash resulted in a
sudden but transient decrease in the AAgyq gy signal
indicating the transient reduction of P700" to P700 due to
electrons generated by PSII. Although infiltration with H,O
did not impair intersystem electron transport (Fig. 2a,
H,0), leaves infiltrated with either 10 uM DCMU or 6 pM
DBMIB inhibited the transient reduction of P700" to P700
by the ST and MT saturating flashes (Fig. 2b). However, as
expected, the absolute AAg,o_geo signal in the presence of
DCMU was approximately 25 % lower than that observed
in the presence of DBMIB due to the contribution of
stromal-reducing equivalents to the reduction of P700" in
the presence of DCMU but not in the presence of DBMIB
(Asada et al. 1993; Ivanov et al. 2006). Thus, these con-
centrations of DCMU and DBMIB were sufficient to
completely block intersystem photosynthetic electron
transport. This is consistent with the Chl a fluorescence
data which indicated that excitation pressure was at the
theoretical maximum (1 — qP = 1.0) in the presence of
either 10 uM DCMU or 6 uM DBMIB (Fig. 1a) indicating
that all PSII reaction centres were completely closed at
these concentrations of inhibitors. The absolute values of
excitation pressure varied minimally when the relative
reduction state of Q4 was measured as 1 — gqP (Dietz et al.
1985; Schreiber et al. 1994; Hiiner et al. 1998) or as
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Table 1 Logarithmic growth

-2 —1 . : . o 23,
rate constants and maximum PPFD (umol m™“s™ ") Logarithmic growth rate constant (mm~/day) FJF,
photosynthetic efficiency of 25 °C 12 °C 25 °C 12 °C
PSII
50 0.10 0.07 0.76 0.82
150 0.21 0.11 0.79 0.82
450 0.23 0.12 0.78 0.77

The effects of differential growth irradiance (photosynthetic photon flux density; PPFD) and Temperature
(°C) on the growth rates (mm?day) of wild-type Arabidopsis plants was quantified using logarithmic
growth rate constants. Exponential growth rates were calculated by linear regression analysis of In-trans-
formed data of leaf area (mm?) over time. In addition, maximum photochemical efficiency was quantified
as F\/Fy,, using chlorophyll a fluorescence. Two—three measurements per plant were performed on three
individual plants grown under each experimental condition and the averages are displayed

1 — gL (Kramer et al. 2004; Baker 2008) (see Supple-
mental Fig. S1).

Differential gene expression

Our experimental design entailed the assessment of 15
different conditions each in triplicate. First, a principal
component analysis plot of the Robust Multi-array Average
(RMA) was used to assess the consistency and repro-
ducibility of the primary microarray data generated by the
45 Affymatrix ATHI genome arrays (Supplemental
Fig. S2). As expected for the 15 different conditions used
to generate the primary microarray data, each group of
triplicate microarrays clustered together indicating minimal
discrepancy within each of the 15 conditions. Second, to
assess an appropriate cut-off level for global gene expres-
sion analyses, we examined differentially regulated genes
at different fold-change cut-off levels (1.5x, 2.0x, 2.5x and
3.0x) on a functional level using MapMan (Thimm et al.
2004). As expected, the higher fold cut-off reduced the
number of genes differentially expressed under HL and LT
stress as well as the number of genes associated with the
intersection of both HL. and LT stressed samples for both
up- and down-regulated genes (Supplemental Fig. S3A, B).
While choosing various fold-change values as potential
cut-off levels did affect the total number of genes that were
differentially expressed, the ratios between up- and down-
regulated genes and the intersections between the com-
pared treatments remained the same, indicating that the
choice of a cut-off level of 1.5 fold did not skew the results
in any particular direction (Supplemental Figs. S3A-C,
S4A-F). Based on these results (Fig. 3a—c, Supplemental
Fig. S4A-F), a cut-off value of 1.5x with a statistical sig-
nificance of P = 0.01 was chosen for all subsequent gene
expression analyses.

Quantitative real-time RT-PCR was performed in order
to verify the microarray expression analysis for the
transcripts for (spal, drebla, ndal and tub8) for
microarrays used for short-term stress (Supplemental
Fig. S9) as well as for long-term acclimation

(Supplemental Fig. S10; Table S1). All four transcripts
showed the same trend in both the Affymetrix ATH-1
microarray and the qPCR experiment for the majority of
experimental treatments.

Changes in global transcript abundance in response to HL
and LT stress

The shift to either HL or LT resulted in the radical repro-
gramming of gene expression including both up-regulated
and down-regulated genes, compared to the control
(Fig. 3a—c). Out of the 22,800 probes monitored, ca.
19.9 % were differentially expressed as a result of the HL
treatment, or, more precisely, 2073 transcripts were up-
regulated (Fig. 3a) and 2456 were down-regulated
(Fig. 3b). This is congruent with previous experiments
performed by Ruckle et al. (2012) which found that 20 %
of the Arabidopsis transcriptome is regulated by light.
However, under the LT stress treatment, approximately
29.2 % of the genes were differentially expressed that
reflected 2493 up-regulated (Fig. 3a) and 4174 down-reg-
ulated transcripts (Fig. 3b). Thus, HL and LT stress in
Arabidopsis resulted in a greater proportion of down-
regulated than up-regulated transcripts. Furthermore, LT
caused a 20 % greater up-regulation (Fig. 3a, ¢) and a
70 % greater down-regulation than the HL stress treatment
(Fig. 3b, ¢).

The following mRINAs that are typically down-regulated
by HL were captured by our HL treatment: lhcb2.1: —1.6x;
lheb2.3: —14.6x; lheb3: —2.0x; lheb5: —1.8x; lhcb4.2:
—7.9x; lheb6: —3.1x; lheal: —1.6x; lhca2: —1.5x; lhca4:
—2.6x; lhca6: —2.6x; elipl 9.6x; elip2: 7.1x; petEl:
—4.3x. In addition, several transcripts that are known to be
cold-induced, such as the cold-regulated (cor) genes and
the cbf transcription factors were all up-regulated in our LT
shift experiment (corlS5a: 2.1x; corl5b: 2.5x; cord7: 6.2x;
cbfl: 8.4x; cbf2: 9.8x; cbf3/drebla: 10.4x; cbf4: 2.3x). The
expected changes in expression of these internal control
genes were used to validate our experimental design for the
imposition of a short-term stress.

@ Springer



294

Photosynth Res (2016) 128:287-312

a 1 c c
0.8 -
b b
a 064 I I
o
~ 04- d
o2 @
I
[V} . . . . . s
Control  HL IT DCMU DBMIB HO
® 100 Ho
S\J;I' %T FR off
~ N e
I
50 | R
g
A <
TFRon

+ DCMU
100

AA 0860 (MY)
3

0 p
100 | * DBMIB ik ik ik |

Fig. 2 a Quantification of excitation pressure in Arabidopsis leaves
after various stress treatments. Excitation Pressure was measured as
1 — gP in all treatments. Control plants and plants infiltrated with
DCMU, DBMIB and water were measured at 25 °C and 50 pmol
photons m~2 5!, while plants exposed to HL and LT were measured
at 25 °C and 750 pmol photons m~> s~! and 5 °C and 50 pmol
photons m s, respectively. Data represent the mean + SE
calculated from three to six different plants per treatment. Letters
represent statistically significant differences between means at the
95 % confidence interval. b Intersystem electron transport in response
to inhibitor treatment. P700 traces measured as AAg,y in detached
leaves that were vacuum infiltrated with either DBMIB and DCMU or
water and incubated for 1 h at 25 °C and at 50 pmol photons
m~2s”'. After a steady-state level of P700" was achieved by
illumination with far-red light (FR), a saturating white light single
turnover flash (ST) and a multiple turnover (MT) flash pulse were
applied. Each trace shows a representative result chosen from three
individual measurements from three distinct plants
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Fig. 3 Number of genes regulated by HL and LT. Venn diagrams
displaying the total number of genes (a) up- or (b) down-regulated in
total after shift to high light (HL) and low temperature (LT) in
comparison with control plants (25/50). ¢ Heatmap of 2489 stress-
regulated transcripts. Blue colour represents down-regulated genes
and red colour represents up-regulated genes. Genes were considered
changed at a fold-change value >1.5x and P < 0.01

Changes in global transcript abundance in response
to the reduction state of the PETC

Approximately 10.9 % of all measured transcripts showed
the same altered gene expression in both, the HL and LT
treatment of which 817 were up-regulated (Fig. 3c) and
1672 down-regulated (Fig. 3c). Since both HL and LT
stressed plants were exposed to comparable excitation
pressure (I — qP) (Fig. 2), we concluded that the overlap
between HL and LT gene populations reflected those genes
whose expression was regulated by excitation pressure
rather than either HL or LT per se. For example, several of
the transcripts that were annotated to be cold induced such
as cbf3, corl5A and corl5b were also found up-regulated
by the HL stress and transcripts annotated to be HL regu-
lated responded in the same way to the LT stress treatment
(i.e. lhcb4.1 (down); lhcb6 (down); lhca6 (down); elip2
(up); petEl (down). In addition, other genes affected by
excitation pressure were associated with phytochrome
sensing/signalling and included the two phytochromes
phyA (down) and phyE (up), as well as the phytochrome
associated transcripts pap2 (down), pks2 (down), pif4
(down) and basl (down). Furthermore, excitation pressure
also appeared to regulate the expression of transcripts
associated with GA metabolism. ga2ox] was up-regulated,
whereas ga3 was down-regulated the combination of which
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would result in a decrease in the accumulation of growth-
active GAs (Kurepin et al. 2013). In addition, transcripts
involved in GA signalling [GAI (down); gasa4 (down) and
gasa5 (down)] were also captured in the analyses of genes
responding to HEP. The gene, GAI, encodes DELLA pro-
teins which normally repress growth in the absence of
growth-active GAs (Hussain and Peng 2003). Also, the
plastidic RNA-polymerase subunits, known as sigE and
sigC were induced, while other sigma-factors remained
unaltered. In addition, a multitude of ROS scavenging
enzymes were affected by HEP [i.e. fAPx (down), APx4
(down), csdl (down), gpx5 (down), gpx6 (up), grl (up),
gpxI (down), gpx3 (down), prxIIF (down) in addition to the
known zinc finger ROS scavenging regulators zat/0 (up)
and zat6 (up) (Mittler 2006; Perez and Brown 2014)].

Effects of DCMU and DBMIB on global transcript
abundance

In order to distinguish which genes are regulated by the
PQ-pool and which ones were altered due to the infiltration
process or to possible nonspecific effects of the inhibitors,
plants were infiltrated with either DCMU, DBMIB or
water, respectively, and then incubated for 1 h in either
control growth light conditions (50 pmol photons m 2> s~ ")
or in the darkness. An ANOVA was performed in order to
create gene lists comparing the inhibitor and water infil-
tration effects in the light compared to dark controls. The
resulting lists of genes altered only by infiltration with
either inhibitor in the light were compared to the list of
genes altered by H,O infiltration only in the light and
duplicates were removed in order to create lists of genes
that were truly regulated by either DCMU or DBMIB. Both
inhibitors were used at the minimal concentrations neces-
sary to inhibit the PETC on the one hand (Fig. 2) but, on
the other hand, avoid potential pleiotropic effects at higher
concentrations of these inhibitors.

Infiltration with either DCMU or DBMIB resulted in a
more specific change in the gene expression profiles. While
about 9.3 % of all genes (1057 up-regulated and 1071
down-regulated) were differentially expressed after treat-
ment with DBMIB (Supplemental Fig. S4A, B), only about
3.1 % of the monitored transcripts (285 up-regulated and
420 down-regulated) were altered in response to the
DCMU inhibition (Supplemental Fig. S4C, D).

Contribution of PQH, and PSII(Q4 ) to changes in global
transcript abundance

The site for DCMU inhibition of PETC is the Qg-binding
site of the D1 polypeptide of PSII (Ke 2001; Kurepin et al.
2013). Since the PQ-pool was already fairly oxidized
(1 — qP =~ 0.15) (Fig. 2) during the control, LEP growth

conditions (Fig. 1, diamonds), the addition of DCMU on
the redox state of PQ would be expected to be minimal
since DCMU inhibits electron transfer from PSII into the
PQ pool but allows PQH, to be oxidized by PSI via the Cyt
belf complex (Ke 2001; Kurepin et al. 2013). The major
effect of the addition of this inhibitor was to close PSII
reaction centres (1 — qP = 1.0; Fig. 2) which indicates
that Q, is fully reduced. However, the site for DBMIB
inhibition of the PETC is the Qo-binding site of the Cyt bs/f
complex (Ke 2001). In the presence of DBMIB, PSII
reduces the PQ pool but electron transfer from PQH, to PSI
is inhibited. Thus, DBMIB not only closed all PSII reaction
centres (Fig. 2) but concomitantly, results in the accumu-
lation of PQH, (Ke 2001; Kurepin et al. 2013; Petrillo et al.
2014). Hence, in order to distinguish the list of genes that
was purely regulated by PQH, from those regulated by
PSII(Qy), the list of DCMU-regulated genes, that is, genes
regulated solely by PSII(Qj), was subtracted from the list
of DBMIB-regulated genes, that is genes regulated by
PSII(Q4) plus PQH, (Fig. 4). The number of genes regu-
lated by PQH, was still about 8.6 % of the total with 970
up-regulated and 1000 down-regulated transcripts (Fig. 4,
Supplemental Fig. S4). Many photosynthetic transcripts
were up-regulated, such as lhcal; lhca3; lhca5; lhcab;
lheb2.1; lheb2.3; lheb4.2 and lheb6, while none of them
appeared to be down-regulated by PQH,. Genes that have
been previously reported to be involved in plastid retro-
grade signalling, such as gun5 (Koussevitzky et al. 2007)
and stn7 (Pesaresi et al. 2011) were up-regulated by PQH,
about 1.8 fold and 2.0 fold, respectively, but not up-
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Fig. 4 Comparison of differentially expressed genes in different
groups. Number of genes altered in each treatment compared to its
respective control condition and comparisons of different treatments.
HEP = genes that are equally regulated by high light and low
temperature; PQH, = genes regulated by plastoquinol; PSII = genes
regulated by photosystem II; N = intersection between two gene lists.
The black part of the bars represents down-regulated genes and the
white part represents the up-regulated genes. Genes were considered
altered at a fold-change level of 1.5x and P = 0.01
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regulated by any of the other treatments. In addition, the
transcripts of c¢bfI and cbf3 normally associated with cold
stress were up-regulated by PQH,, along with the GA
related transcript kao2. Other transcripts associated with
GA biosynthesis and signalling were down-regulated by
PQH,; (kaol and gasa4) as were the phytochrome tran-
scripts phyB and phyD.

In order to identify those genes strictly regulated by
excitation pressure, that is by PSII(Qy), the gene expres-
sion data from DCMU-treated plants were used since
DCMU closes all PSII reaction centres (Fig. 2), but keeps
the PQ pool in the oxidized state (Kurepin et al. 2013;
Petrillo et al. 2014). Thus, this list of genes was inferred to
be regulated by PSII(Qa) (Fig. 4). Genes up-regulated
directly by PSII(Q,) included the following: the PSII core
antennae transcript psbB; another smaller subunit of PSII,
psbTN; and two nuclear-encoded subunits of the plastidic
RNA polymerase complex, namely sigC and sig4.

By definition, excitation pressure is the a measure of
the proportion of closed PSII reaction centres (P680™
Pheo Qx’ which reflects the relative reduction state of Qx
(Qa/Qa + Qa) (Dietz et al. 1985; Hiiner et al. 1998;
Ensminger et al. 2006; Hiiner et al. 2013). Theoretically,
the list of genes regulated by HEP should be the same as
the list of genes regulated by PSII(Q4). However, when
we compared the set of genes regulated by HEP with that
regulated solely by PSII(Q4) (HEP N PSII), there was an
overlap of only 5.5 % (51 up- and 86 down-regulated
genes) between the two groups (Fig. 4). This included the
corl5A gene which was up-regulated and the sigC subunit
of the plastidic RNA polymerase. Similarly, a comparison
of the list of genes regulated by HEP with that regulated
by PQH, (HEP N PQH,) indicated an overlap of only
5.7 % (47 up-regulated and 95 down-regulated), (Fig. 4)
which included the up-regulated cbf3 transcript, as well
as varl which encodes the protease, FtsHS, involved in
PS II reaction centre repair (Yu et al. 2007; Miura et al.
2007).

Functional analysis of the differentially regulated genes
in response to HEP stress

The genes that were differentially regulated as a result of
HEP stress (HL N LT) appeared to be ubiquitously dis-
tributed over all of the most important metabolic processes,
regardless of their cellular localization (Fig. 5a; see also
Table S2). Similarly, that set of genes regulated by PQH,
(Fig. 5b; see also Table S3) also appeared to be distributed
amongst all major metabolic pathways. However, although
genes regulated by PQH, accounted for 79 % of the HEP
genes, HEP appeared to inhibit gene expression, while
PQH; increased transcript abundance, sometimes for the
same genes (e.g. lhcb6, Ipa2, lhcb4.2, lhcab, atpd, ted4).

@ Springer

Only aoat2 seemed to be up-regulated by both regulators
(see Tables S2, S3).

The impact of PSII(Q4) on regulating gene expression
in the major metabolic pathways remained distinctly
smaller than the impact of either HEP or PQH,. However,
there appeared to be no apparent concentration of regulated
transcripts in the photosynthesis related pathways of genes
controlled by PSII(Q4) (Fig. 5c; see also Table S4).

The additional MapMan analysis of the effects of short-
term stress on cellular responses showed that in spite of the
different total number of regulated genes, all three redox
regulators (HEP, PQH, and PSII(QA) modulated gene
expression involved with most general cellular response
processes (Fig. 6). However, ROS signalling was the pre-
dominant process affected by HEP stress followed by cell
cycle, cell division, abiotic and cell development processes
regardless of the chloroplast redox regulator (Fig. 6). PQH,
appeared to contribute to a similar extent to the modulation
of genes associated with abiotic stress as HEP, whereas
processes associated with biotic stress were the least
affected by HEP stress (Fig. 6).

Long-term acclimation

Acclimation entails long-term growth and development to
establish a new, homeostatic state. To ensure comparison
of acclimated plants at comparable developmental states
(Krol et al. 1984; Claeys et al. 2014), comparative growth
curves were used to estimate the time required to achieve a
comparable vegetative growth stage under the various
growth regimes (Fig. 1a, b). Based on the growth curves
(Fig. 1) and the exponential growth rates (Table 1), an
irradiance of 450 pmol photons m~2 s~ was sufficient to
saturate the growth response of Arabidopsis thaliana at
either 25 °C (Fig. 1a) or 12 °C (Fig. 1b). In contrast, the
growth response at 50 pmol photons m~> s~ ' exhibited an
extensive lag time and an exponential rate that was
approximately 50 % lower than that observed at either 150
or 450 pumol photons m~> s~ ' at 25 °C (Fig. 1a). Based on
the growth curves, Arabidopsis grown at 25/50 for
45-50 days were at a comparable vegetative growth state
as plants grown for 18-20 days at either 25/150 or 25/450
(Fig. 1a). Similar trends were observed for growth at
12 °C. Plants grown for 70-75 days at 12/50 were at a
comparable vegetative growth stage as those grown
between 42 and 48 days at either 12/150 or 12/450
(Fig. 1b). Thus, our growth analyses allowed us to choose
an appropriate time for leaf sampling which minimized
differences in vegetative growth state regardless of the
growth condition.

The phenotypes of plants acclimated to different levels
of excitation pressure induced by growth under varying
levels of light and temperature indicated that with
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Fig. 5 MapMan display of
major metabolic pathways
affected by short-term
photosynthetic stress. MapMan
software (Thimm et al. 2004)
was used to display significant
changes in transcript abundance
of genes associated with major
metabolic pathways. a The
differentially expressed genes
that were affected by HEP.

b The genes that were regulated
by PQH, and c the genes that
were differentially expressed by
PSII. Red squares represent up-
regulated transcripts, blue
squares represent down-
regulated transcripts, while
white squares represent
transcripts that remained
unaltered in comparison to the
control
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Fig. 6 Display of cellular responses affected by short-term photo-
synthetic stress. MapMan software (Thimm et al. 2004) was used to
display an overview of significant changes in transcript abundance of
genes associated with cellular responses, showing the percentage of
genes altered in each category. Shown are the differentially expressed
genes that were regulated by HEP, PQH, and closed PSII reaction
centres

increasing excitation pressure the petioles tended to be
shorter and the leaves exhibited decreased Chl (Fig. 7a)
consistent with previous results for Arabidopsis (Rosso
et al. 2006). All of these growth effects appear more pro-
nounced at 12 °C than at 25 °C and with increased growth
irradiance.

Previous results have shown that photoacclimation typ-
ically results in an increase in the quantum requirement for
PSII closure as indicated by an increase in the number of
photons required to close 50 % of the PSII reaction centres
(Rosso et al. 2009; Dahal et al. 2012, 2014). Consequently,
to assess the extent of photosynthetic acclimation under our
different growth regimes, we compared the light response
curves for excitation pressure in plants developed under
our various growth regimes (Fig. 7b, Supplemental
Fig. S5). Plants grown under HL conditions (450 pmol
photons m~? s") at 25 °C required an irradiance of about
1200 pmol photons m 2 s, whereas those grown at low
light (50 umol photons m~2 s~ ') at the same growth
temperature required an irradiance of only 650 pmol pho-
tons m > s~ to close 50 % of PSII reaction centres. Thus,
as expected, the quantum requirement for PSII closure for
plants acclimated to HL was almost double that of plants
acclimated to LL (Fig. 7b). Similar trends in quantum
requirement for PSII closure were observed for plants
grown at either HL or LL but 12 °C (Supplemental
Fig. S5). In addition, the maximum photochemical effi-
ciencies of PSII (F,/F,,) of all the plants grown at the
various light and temperature regimes were comparable at
a value of about 0.8 (Table 1), demonstrating that neither
of the growth regimes induced chronic photodamage.
These results are consistent with the designation of plants
grown at either 12/50 or 25/50 as acclimated to LEP,
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Fig. 7 a Representative photographs of Arabidopsis acclimated to
various light and temperature regimes. Plants were grown to mid-log
phase of vegetative growth at their respective growth regime in order
to have them at a comparable developmental age. Photos display
representative plants from each growth regime. b The effects of
growth irradiance and temperature on excitation pressure and
photoacclimation. Excitation pressure (1 — qP) light response curves
were performed for Arabidopsis leaves grown at 25 °C under varying
growth light regimes [25/50 (squares), 25/450 (diamonds)]. Mea-
surements were performed on attached leaves at the respective growth
temperature of the plant, with increasing irradiance from 0 to
1550 pmol photons m~> s~'. Plants were grown with an 8/16-h day/
night cycle, and attached leaves were measured 4 h into the
photoperiod. Data represent the mean £ SE calculated from 2 to 4
measurements per plant in 3 to 5 different plants per treatment

whereas those plants grown at either 12/450 or 25/450 were
acclimated to HEP.

Acclimation to either LT or HL versus acclimation to HEP

In order to distinguish genes that were differentially
expressed as a result of acclimation to HEP from differ-
ential gene expressions due to acclimation to either light or
temperature, we used plants grown at 25/50 as our LEP
control group. As illustrated in Fig. 8a, we then compared
this control group to plants that were grown at the same
irradiance but LT (12/50) to assess changes in transcript
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abundance due to acclimation to LT. To assess the effects
of acclimation to HL on transcript abundance, we com-
pared control plants (25/50) with plants grown at the same
temperature but at high irradiance (25/450). Finally, to
assess the combined effects of HL and LT (HL + LT) on
transcript abundance, we compared control plants (20/50)
with plants grown at 12/450 (Fig. 8a). Two-way ANOVAs
were used in all comparisons. Only genes that increased or
decreased their expression levels with a fold-change value
>1.5 and P < 0.01 were considered differentially expres-
sed. This resulted in three separate gene lists that were
differentially expressed due to acclimation to either low
growth temperature (LT), high growth light (HL) or both

[

‘ ANOVA 25/50

Fig. 8 Determination of differential gene expressions as a result of
acclimation to HEP. a A two-way ANOVA was performed between
the microarray gene expression data from the plants grown at 12 °C
and 50 pmol photons m~2s~! (12/50) and the control plants grown
under 25 °C and 450 pmol photons m™2 s™' (25/50); the resulting
gene list was considered to be regulated by acclimation to low
temperature (LT). The same process was applied to plants grown
under 25 °C and 450 pumol photons m 2 s~! (hight light; HL) and
plants grown under 12 °C and 450 pmol photons m~2 s~ (high light
and low temperature; HL/LT). Transcripts were considered changed
at a fold-change value of 1.5x and P < 0.01. b Transcripts that were
altered in the same manner due to both lower growth temperature LT
and higher growth irradiance (HL) were considered to be regulated by
high excitation pressure (HEP). As a control, the HEP list was
compared to those of the genes regulated by high light and low
temperature at the same time (HL/LT). ¢ Heatmap of and 735
acclimation altered transcripts. Blue colour represents down-regulated

genes and red colour represents up-regulated genes. Genes were
considered changed at a fold-change value >1.5x and P < 0.01

|M :@@

(HL + LT) (Fig. 8a). Differentially expressed genes that
overlapped both HL and LT were considered to be altered
due to acclimation to HEP (Fig. 8b, c). These HEP accli-
mation genes were compared to HL + LT as another test
to verify whether the genes associated with acclimation to
HEP were also found to be regulated in the plants accli-
mated to 12/450 (Fig. 8b).

Acclimation to HL resulted in 12 % of the transcriptome
being differentially expressed with 1282 up- and 1547
down-regulated genes (Figs. 8c, 9), including, as expected,
various light harvesting genes (i.e. [hcb2.3: down; lhcb6:
down; [hcb4.3: up; lhca6: down; lhcb4.2: down), tran-
scripts for subunits of both, PSII (psbP2: down; psbH: up;
psbY: down; psbK: down; psbQ: down) and PSI (psaD2:
down; psaE2: down; psaHI: down; psaH2: down), Calvin-
Benson cycle enzymes (rbcL: up; gapcpl: up; rpe: down)
and many more photosynthesis-associated genes (petG:
down; atpl: up; atpA: down; fnr2: up; ndhO: down).

Acclimation to LT (Fig. 8c) resulted in 10 % of all
genes being regulated differentially, with 1162 up- and
1127 down-regulated genes (Fig. 9). Apart from a range of
photosynthetic genes (lhcb4.3: up; lhca6: down; psbE:
down; psaD2: down; atpH: up), the expression of several
genes associated with LT acclimation were up-regulated
and included cor47, corl5A, corl5B, cordl4-tml, cbfl-3,
and icel. cbf-b was down-regulated. As expected, accli-
mation to HL 4 LT resulted in the largest change in gene
expression in comparison to the control (Fig. 8a) with
approximately 16 % of the genome altered (1764 up- and
1931 down-regulated) (Fig. 9). Transcripts related to
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Fig. 9 Comparison of differentially expressed genes in plants
acclimated to varying light and temperature regimes. Number of
genes altered in plants grown at hight light (HL), in plants grown at
low temperature (LT), in plants grown at high light and low
temperature at the same time (HL + LT), the list of common genes
(HEP) between HL and LT and the intersection of genes regulated by
HL + LT and HEP. The black part of the bars represents down-
regulated genes and the white part represents the up-regulated genes.
Genes were considered changed at a fold-change value >1.5x and
P <0.01
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photoacclimation (lhcb4.2, psbN, lhcab, psaA, petE) were
generally down-regulated in response to HL 4+ LT except
for ndhA which was up-regulated. In contrast, transcript
abundance of genes associated with LT acclimation (cor47,
corl5A, cordl4-TM1, corl5B, cordl13-PM1, cor314-TM2,
cbfl, and cbf3) were all up-regulated in response to
HL + LT.

The overlap between HL and LT (HL N LT) (Fig. 8b)
was designated as the source of genes regulated by accli-
mation to HEP (Table 1) which constituted approximately
3 % of all differentially expressed mRNAs (344 up- and
391 down-regulated) (Fig. 9). About 79 % of these HEP
acclimation genes were also found modulated in the plants
grown at 12/450 (HEP N 12/450) corroborating the valid-
ity of designating this list of genes as associated with
acclimation to HEP (Fig. 9). Interestingly, the list of
transcripts associated with acclimation to HEP included
several transcripts not only associated with the PETC such
as subunits of PS II (lhcb4.3: up; psbp2: down), PS I (lh-
ca6: down; psad2: down, ycf3: up) and the Cyt bgjf com-
plex (petg: down), but also components of the thylakoid
ATP synthase (atpa: down; atph: up). In addition to these
photosynthetic transcripts, some of the transcripts associ-
ated with cold acclimation were also present in this HEP
acclimation list such as corl5A: up, cori5B: down in
addition to two phytochrome associated transcripts, hfr!
(down), eprl (down). This indicates that many transcripts
that have previously been ascribed to either light or tem-
perature regulation, are indeed regulated by HEP rather
than either HL or LT per se. According to the MapMan
software (Thimm et al. 2004) ca 11 % of the transcripts in
the HEP acclimation gene list encode transcription factors.

In plants exposed to the short-term (1 h) HEP stress, we
determined that about 11 % of the entire Arabidopsis
transcriptome was changed (Fig. 4). Hence, we asked what
proportion of the list of short-term, HEP stress genes was
still present in the gene list for plants acclimated to long-
term growth under HEP. To answer this question, we made
a comparison between the lists of genes that were involved
in HEP stress with the gene list associated with acclimation
to HEP (Fig. 10). Out of the 735 genes that were differ-
entially expressed as a result of acclimation to HEP, almost
one third (224 transcripts) were transcripts that were
induced by the 1-h HEP stress (Fig. 10). Amongst those
genes were the following down-regulated photosynthetic
transcripts, lhca6, psad2 and psbp2, and the up-regulated,
cold-induced transcripts, corl5A, cori5b, as well as a
variety of transcription factor families including the ABI3/
VPI-related B3-domain family, the APETALA2/ETHY-
LENE-RESPONSIVE-BINDING PROTEIN family (AP2/
EREBP), MYB domain and MYB-related transcription
factor family as well as the GRAS transcription factor
family important in GA signalling (Table 2).
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Fig. 10 Common gene expression in HEP stress and acclimation.
a Venn Diagramm comparison of genes differentially regulated by
short-term (1 h) HEP stress and long-term HEP acclimation. Genes
were considered changed at a fold-change value >1.5x and P < 0.01.
b 2991 transcripts are displayed in this figure. Grey colour represents
unaltered genes, while blue colour represents down-regulated genes
and red colour represents up-regulated genes. Green arrows indicate
co-regulated genes, while the purple arrow indicates genes that
display a negative correlation between the stress response and the
acclimation response. Genes were considered changed at a fold-
change value >1.5x and P < 0.01

Functional analysis of the acclimation response to HEP

The set of genes that were responsible for the acclimation
to HEP displayed very little accumulation of altered tran-
scripts related to any one specific metabolic pathway when
it was plotted using MapMan. Interestingly, it seems that
particularly processes associated with energy metabolism
such as photosynthesis, photorespiration, and respiration
appeared mostly unchanged in the acclimated plants
(Fig. 11a). Of the 136 genes associated with PETC, only
eight were affected by acclimation to HEP; /hcbh4.3 and
atph were up-regulated, while the remainder (psbp-2,
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Table 2 Transcription factors affected by long-term acclimation to HEP
Family Locus Tag ~ Name/description Up/down
ABI3/VPI-related B3-domain- at2g46870  Symbols: NGA1 | NGA1 (NGATHAL); transcription factor Down
containing transcription factor family
AP2/EREBP, APETALA2/Ethylene- at1g68840 Symbols: RAV2, RAP2.8, TEM2 | RAV2 (REGULATOR OF THE Down
responsive element-binding protein ATPASE OF THE VACUOLAR MEMBRANE); DNA-
family binding/transcription factor/transcription repressor
at2g39250  Symbols: SNZ | SNZ (SCHNARCHZAPFEN); DNA- Down
binding/transcription factor
ARR at2g25180  ARR12 (ARABIDOPSIS RESPONSE REGULATOR 12); transcription ~ Down
factor/two-component response regulator
Basic Helix-Loop—Helix family at2g20180  PILS (PHYTOCHROME INTERACTING FACTOR 3-LIKE 5); DNA-  Down
binding/phytochrome-binding/transcription factor
atlg73830  Symbols: BEE3 | BEE3 (BR ENHANCED EXPRESSION 3); DNA- Up
binding/transcription factor
at5g39860  Symbols: PRE1 | PRE1 (PACLOBUTRAZOL RESISTANCEL); DNA-  Down
binding/transcription factor
at5g04150 Symbols: BHLH101 | BHLH101; DNA-binding/transcription factor Down
at3g47640 Basic helix—loop-helix (bHLH) family protein Down
at5g54680 Symbols: ILR3 | ILR3 (iaa-leucine resistant3); DNA-binding/transcription Down
factor
atlg51140  Basic helix—loop-helix (bHLH) family protein Down
atlgl8400  Symbols: BEEI | BEE1 (BR Enhanced Expression 1); transcription factor Up
bZIP transcription factor family at3g10800 Symbols: BZIP28 | BZIP28; DNA-binding/transcription factor Down
at5g24800  Symbols: ATBZIP9, BZO2H2, BZIP9 | BZIP9 (BASIC LEUCINE Down
ZIPPER 9); DNA-binding/protein heterodimerization/transcription
factor
C2C2(Zn) CO-like, Constans-like zinc at2g47890  Zinc finger (B-box type) family protein Up
finger family at1g28050  Zinc finger (B-box type) family protein Up
at5g48250  Zinc finger (B-box type) family protein Up
C2C2(Zn) DOF zinc finger family at1g29160  Dof-type zinc finger domain-containing protein Up
C2H2 zinc finger family at3g50700  Symbols: AtIDD2 | AtIDD2 (Arabidopsis thaliana Indeterminate(ID)- Up
Domain 2); nucleic acid-binding/transcription factor/zinc ion binding
atlg67030  Symbols: ZFP6 | ZFP6 (ZINC FINGER PROTEIN 6); nucleic acid- Down
binding/transcription factor/zinc ion binding
at4g17810  Nucleic acid-binding/transcription factor/zinc ion binding Down
at2g29660  Zinc finger (C2H2 type) family protein Down
at3g58070  Symbols: GIS | GIS (GLABROUS INFLORESCENCE STEMS); nucleic Up
acid-binding/transcription factor/zinc ion binding
at1g04990  Zinc finger (CCCH-type) family protein Up
at4g05330  Symbols: AGD13 | AGD13 (ARF-GAP domain 13); ARF GTPase Up
activator/zinc ion binding
CCAAT box-binding factor family, at1g30500  Symbols: NF-YA7 | NF-YA7 (NUCLEAR FACTOR Y, SUBUNIT A7); Down
HAP2 specific transcriptional repressor/transcription factor
G2-like transcription factor family, at2g40970 myb family transcription factor Down
GARP at3g10760  myb family transcription factor Down
Homeobox transcription factor family at2g22800  Symbols: HAT9 | HAT9; DNA-binding/transcription factor Down
at5g47370  Symbols: HAT2 | HAT2; DNA-binding/transcription factor/transcription ~ Down
repressor
atlg75410  Symbols: BLH3 | BLH3 (BEL1-LIKE HOMEODOMAIN 3); DNA- Down
binding/transcription factor
at4g40060  Symbols: ATHB-16 | ATHB16 (ARABIDOPSIS THALIANA Down

HOMEOBOX PROTEIN 16); sequence-specific DNA-
binding/transcription activator/transcription factor

@ Springer



302

Photosynth Res (2016) 128:287-312

Table 2 continued

Family Locus Tag ~ Name/description Up/down
MADS box transcription factor family at2g03710 Symbols: SEP4, AGL3 | SEP4 (SEPALLATA 4); DNA- Down
binding/transcription factor
at5g10140 Symbols: FLC, FLF, AGL25 | FLC (FLOWERING LOCUS C); specific Down
transcriptional repressor/transcription factor
MYB domain transcription factor family at4g37260  Symbols: MYB73, ATMYB73 | MYB73 (MYB DOMAIN PROTEIN 73); Up
DNA-binding/transcription factor
at1g22640  Symbols: ATMYB3, MYB3 | MYB3 (MYB DOMAIN PROTEIN 3); Down
DNA-binding/transcription factor
at5g07690  Symbols: MYB29, ATMYB29, PMG2 | ATMYB29 (ARABIDOPSIS Down
THALIANA MYB DOMAIN PROTEIN 29); DNA-
binding/transcription factor
at5g59780  Symbols: MYB59, ATMYB59-3 | MYB59 (MYB DOMAIN PROTEIN  Down
59); DNA-binding/transcription factor
MYB-related transcription factor family at5g47390  myb family transcription factor Down
at1lg71030  Symbols: ATMYBL2, MYBL2 | MYBL2 (ARABIDOPSIS MYB-LIKE  Down
2); DNA-binding/transcription factor
atlg74840  myb family transcription factor Down
at1gl8330  Symbols: EPR1 | EPR1 (EARLY-PHYTOCHROME-RESPONSIVEL1); Down
DNA-binding/transcription factor
atlgl9000  myb family transcription factor Down
GRAS transcription factor family at1g63100 Scarecrow transcription factor family protein Up
Heat-shock transcription factor family at2g26150  Symbols: ATHSFA2, HSFA2 | ATHSFA?2; DNA-binding/transcription Down
factor
at5g43840 Symbols: AT-HSFA6A, HSFA6A | AT-HSFA6A; DNA- Down
binding/transcription factor
atlg67970  Symbols: AT-HSFAS, HSFA8 | AT-HSFAS8; DNA-binding/transcription ~ Up
factor
at5g62020  Symbols: AT-HSFB2A, HSFB2A | AT-HSFB2A; DNA- Down
binding/transcription factor
Triple-Helix transcription factor family — at1g76880 trihelix DNA-binding protein, putative Up
WRKY domain transcription factor at2g37260 Symbols: TTG2, ATWRKY44, WRKY44, DSL1 | TTG2 Up
family (TRANSPARENT TESTA GLABRA 2); transcription factor
Auxin/IAA family at4g32280  Symbols: IAA29 | IAA29 (INDOLE-3-ACETIC ACID INDUCIBLE 29); Down
transcription factor
at4g14550  Symbols: IAA14, SLR | IAA14 INDOLE-3-ACETIC ACID INDUCIBLE Down
14); protein-binding/transcription factor
ELF3 at2g25930  Symbols: ELF3, PYK20 | ELF3 (EARLY FLOWERING 3); protein Up
C-terminus-binding/transcription factor
B3 transcription factor family at3g53310  Transcriptional factor B3 family protein Down
at4g01580,  atdg01580: transcriptional factor B3 family protein at3g18960: Up
at3g18960  transcriptional factor B3 family protein
Global transcription factor group at5g14270  Symbols: ATBET9 | ATBET9 (Arabidopsis thaliana Bromodomain and ~ Up
Extraterminal Domain protein 9); DNA binding
DNA synthesis/chromatin at5g02560  Symbols: HTA12 | HTA12; DNA binding Down
structure:histone
PHD finger transcription factor at3g14980  PHD finger transcription factor, putative Up
Pseudo ARR transcription factor family — at5g24470  Symbols: APRRS5, PRR5 | APRR5 (ARABIDOPSIS PSEUDO- Up
RESPONSE REGULATOR 5); transcription regulator/two-component
response regulator
at5g60100  Symbols: APRR3, PRR3 | APRR3 (ARABIDOPSIS PSEUDO- Up

RESPONSE REGULATOR 3); transcription regulator/two-component
response regulator
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Table 2 continued

Family Locus Tag Name/description Up/down
at5g61380 Symbols: TOC1, APRR1, PRR1 | TOC1 (TIMING OF CAB EXPRESSION 1); transcription Up
regulator/two-component response regulator
General at2g22840 Symbols: AtGRF1 | AtGRF1 (GROWTH-REGULATING FACTOR 1); transcription Up
Transcription activator
at4g37740 Symbols: AtGRF2 | AtGRF2 (GROWTHREGULATING FACTOR 2); transcription Up
activator
SNF7 at5g44560 Symbols: VPS2.2 | VPS2.2 Up
Putative atl1g44770 Unknown protein Down
transcription at2g45820 DNA-binding protein, putative Down
regulator at2g41870 Remorin family protein Down
at4g01780, at4g01780: XH/XS domain-containing protein Up
at3g48670 at3g48670: XH/XS domain-containing protein/XS zinc finger domain-containing protein
at5g54930 AT hook motif-containing protein Up
at3g61260 DNA-binding family protein/remorin family protein Down
Unclassified at1g76590 Zinc-binding family protein Up
at5g61190 Zinc finger protein-related Up
at1g51200 Zinc finger (AN1-like) family protein Down
at2g33845 DNA-binding protein-related Down
at4g27000 Symbols: ATRBP45C | ATRBP45C; RNA binding Down
at4g30410 transcription factor Down
at3g53460 Symbols: CP29 | CP29; RNA binding/poly(U) binding Up
at2g34620 Mitochondrial transcription termination factor-related/mTERF-related Down
at5g12440 Nucleic acid binding/nucleotide binding/zinc ion binding Up

List of transcription factors and their families according to MapMan, which are either up- or down-regulated (>1.5x, P < 0.01) by acclimation to

HEP in A. thaliana

lhca6b, psad2, petg and atpa) were all down-regulated.
Furthermore, two oxygen scavenging transcripts were
down-regulated (gpx! and apx3). Unlike lipid metabolism,
cell wall biogenesis and the secondary metabolism path-
ways where both up- and down-regulation of transcripts
were observed, only up-regulated transcripts in starch and
sucrose metabolism were detected (Fig. 11a).

Figure 11b illustrates that out of the 224 genes regulated
by both stress and acclimation to HEP (Fig. 10), there was
a paucity of genes (12 %) on this list associated with any
major metabolic pathway. Only three of the genes involved
in photosynthetic processes (lhca6b, psbp-2, psad-2; all
down-regulated) appeared on this list of genes common to
both stress and acclimation to HEP (Fig. 11b). While this
list contained a few genes in pathways involved in cell wall
biogenesis and lipid metabolism, genes associated with
other pathways, such as amino acid anabolism and cata-
bolism, nucleotide metabolism, the Krebs cycle, N-, S- and
C,-metabolism were noticeably absent from it. In contrast,
genes involved in sucrose and starch metabolism (bam3,
pwd & susl), glycolysis and the OPP cycle (pfk7 & gbpd2)
were present in this common list and were all up-regulated
by HEP.

Consequently, we assessed the gene lists associated with
acclimation to HEP with respect to known transcription
factors. Within this list, 79 genes (11 %) were differen-
tially regulated transcription factors (31 up- and 48 down-
regulated) from various families (Table 2). Apart from 15
putative and unclassified transcription factors, the families
with the most altered transcripts were the “Basic Helix—
Loop—Helix family” (8), “C2H2 zinc finger family” (7),
“MYB-related transcription factor family” (5), “MYB
domain transcription factor family” (4), “Heat-shock
transcription factor family” (4), “Homeobox transcription
factor family” (4), “C2C2(Zn) CO-like, Constans-like zinc
finger family” (3) and the “Pseudo ARR transcription
factor family” (3). A comparison of this list with the list of
224 genes common to both stress and acclimation to HEP
indicated a common pool of 28 differentially expressed
transcription factors: 17 down- and 11 up-regulated
(Table 3). While “MYB-related transcription factor fam-
ily” had already 4 altered transcripts 1 h into the HEP
stress, none of the actual “MYB domain transcription
factor family” transcripts were activated or repressed
during this early stage. The only two other notable families
with >2 members altered were “C2C2(Zn) CO-like,
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Constans-like zinc finger family” (3) and “Pseudo ARR
transcription factor family” (3).

Discussion

Our recent model (Kurepin et al. 2013) predicted that the
redox state of the PQ pool would represent the major
sensor/regulator within the PETC involved in the regula-
tion of genes in response to HEP stress. This was assessed
by examining changes in gene expression in the presence
of either DCMU or DBMIB (Kurepin et al. 2013; Petrillo
et al. 2014). The most striking result of this investigation
was the huge impact of both HL stress and LT stress on
overall gene expression (Figs. 3, 4) and the large overlap of
genes that are regulated in the same way, by either factor.
Based on the present experimental design and our previous
research on the role of excitation pressure on cold accli-
mation and photoacclimation in green algae (Maxwell et al.
1994, 1995; Wilson and Hiiner 2000, 2003), cyanobacteria
(Miskiewicz et al. 2000; 2002) and winter cereals (Gray
et al. 1997; Hiiner et al. 1998; Dahal et al. 2012), we
suggest that these overlapping genes should be considered
to be regulated by HEP stress rather than on either HL or
LT per se. However, our results show clearly that, in spite
of an almost equally large number of PQH,-regulated
genes, there is only a 7 % overlap between the gene
complement regulated by PQH, and the total gene com-
plement regulated by HEP stress. One explanation for this
apparent incongruence might be the differential degree of
reduction applied through our experimental design. While
exposure to either HL. and LT stress effectively cause the
reduction of the PETC, they only close ca. 60 % of all PSII
reaction centres (1 — qP =~ 0.6), whereas the chemical
inhibitors, DCMU and DBMIB, cause complete closure of
PSII reaction centres (1 — qP = 1.0; Fig. 2a). Thus, the
chemical inhibitors presumably create a more severe, and
therefore, a slightly different stress condition than either
LT or HL stress alone. Alternatively, exposure to either HL
or LT stress induces myriad interconnected, signal trans-
duction pathways (Penfield 2008; Yamaguchi-Shinozaki
and Shinozaki 2006; Medina et al. 2011; Dietz 2015) that
might override signalling from the chloroplast PQH, pool.
In comparison with the PQH, pool, it is interesting to note
how few genes appear to be regulated by PSII(Qj%). This
may be partially explained by the fact that the life time of
redox state of the PQH, pool (ms) is much longer than that
of PSII(QA) (100 ps) (Ke 2001). Consequently, on the time
scale of transcription and signal transduction, the contri-
butions of the redox state of Q4 may be inseparable from
those of the PQH, pool. Nevertheless, in contrast to the
report of Piippo et al. (2006), our results confirm that the
redox state of the PQ pool makes a significant contribution,

and therefore, is an important component of redox sig-
nalling in Arabidopsis.

Although previous experiments have reported that lhcbl
and rbcS respond to photosynthetic redox signalling (Pi-
ippo et al. 2006; Kindgren et al. 2012; Ruckle et al. 2012),
our experimental design for the induction of short-term
stress did not result in a differential accumulation of either
one of these transcripts, even though many other light
harvesting complex transcripts of both PSII and PSI were
affected (HEP: lhca6, lhcb4, lhcb6 are down-regulated,;
PQH,: lheal, lhea3, lheal, lhea6, lheb2.1, lheb4, Iheb2. 3,
are up-regulated; PSII: no /hc’s were affected). This may
be due to the fact that we used a comparatively short
exposure time (1 h) of the plants to the respective stress
condition, in order to detect potentially transient, primary
transcript targets of redox signalling. This suggests that in
Arabidopsis, both rbcS and lhcbl are not primary targets of
redox regulation within the first hour of a shift in temper-
ature or irradiance. Our results for changes in transcript
abundance under a 1-h stress condition are consistent with
published functional and biochemical data which indicate
that, in the time frame of the short-term exposure to tem-
perature or light stress, cold-tolerant plants such as rye,
wheat, Arabidopsis and Brassica exhibit minimal changes
in total Chl content, Chl a/b ratio, Lhcbl and Rubisco
contents (Hiiner et al. 1984; Pocock et al. 2001; Savitch
et al. 2002; Rosso et al. 2006; Dahal et al. 2012).

We conclude that short-term redox sensing/signalling
through chloroplast excitation pressure is part of a complex
network of sensors and signal transducers that are integrated
and partially redundant (Yamaguchi-Shinozaki and Shi-
nozaki 2006; Penfield 2008; Medina et al. 2011; Koscy et al.
2013; Kurepin et al. 2013; Holmstrom and Finkel 2014;
Dietz 2015). However, there appear to be at least three
sensors within the PETC that affect distinct target genes.
We suggest that both PQH, and PSII (Q,) are important
components of this sensing/signalling machinery in contrast
to the conclusions of Piippo et al. (2006). However, together
these two sensors regulate only up to 11.7 % (PSIIL: 3.1 %;
PQH,: 8.6 %) of the entire Arabidopsis genome which
indicates that there must be additional major player(s) in
chloroplast redox sensing/signalling. We suggest that a
prime candidate that can fulfil the role of a major redox
sensing/signalling component within the chloroplast is PSI.
Thus, we predict that the remaining 89 % of the HEP-
induced gene regulation is probably regulated by PSI and/or
the myriad acceptor-side redox components of PSI (Dietz
2008; Brautigam et al. 2009). Since there are no specific
inhibitors of PSI, the contribution of PSI to sensing/sig-
nalling in response to short-term HEP was difficult to assess
in our experimental design.

Khandelwal et al. (2008) examined the regulation of
redox homeostasis in Arabidopsis thaliana by comparing
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Table 3 Transcription factors altered by both short-term and long-term exposures to HEP

Family Locus tag  Name/description Up/down
AP2/EREBP, APETALA2/Ethylene- at1g68840 Symbols: RAV2, RAP2.8, TEM2 | RAV2 (REGULATOR OF THE Down
responsive element-binding protein ATPASE OF THE VACUOLAR MEMBRANE); DNA-
family binding/transcription factor/transcription repressor
Basic Helix-Loop—-Helix family at2g20180 PIL5S (PHYTOCHROME INTERACTING FACTOR 3-LIKE 5); DNA- Down
binding/phytochrome-binding/transcription factor
at5g04150 Symbols: BHLH101 | BHLH101; DNA binding/transcription factor Down
C2C2(Zn) CO-like, Constans-like zinc at2g47890 Zinc finger (B-box type) family protein Up
finger family at1g28050 Zinc finger (B-box type) family protein Up
at5g48250 Zinc finger (B-box type) family protein Up
C2H2 zinc finger family atlg67030 Symbols: ZFP6 | ZFP6 (ZINC FINGER PROTEIN 6); nucleic acid Down
binding/transcription factor/zinc ion binding
MYB-related transcription factor family  at5g47390 myb family transcription factor Down
at1g71030 Symbols: ATMYBL2, MYBL2 | MYBL2 (ARABIDOPSIS MYB-LIKE 2); Down
DNA binding/transcription factor
at1g19000 myb family transcription factor Down
at1g22640 Symbols: ATMYB3, MYB3 | MYB3 (MYB DOMAIN PROTEIN 3); DNA Down
binding/transcription factor
G2-like transcription factor family, at2g40970 myb family transcription factor Down
GARP
ARR at2g25180 ARR12 (ARABIDOPSIS RESPONSE REGULATOR 12); transcription Down
factor/two-component response regulator
Heat-shock transcription factor family atlg67970 HSFAS8 | AT-HSFAS8; DNA binding/transcription factor Up
ELF3 at2g25930 Symbols: ELF3, PYK20 | ELF3 (EARLY FLOWERING 3); protein Up
C-terminus binding/transcription factor
Aux/IAA family at4g32280 Symbols: IAA29 | IAA29 (INDOLE-3-ACETIC ACID INDUCIBLE 29); Down
transcription factor
at4g14550 Symbols: IAA14, SLR | IAA14 (INDOLE-3-ACETIC ACID INDUCIBLE Down
14); protein binding/transcription factor/transcription repressor
Global transcription factor group at5g14270 ATBET9 (Arabidopsis thaliana Bromodomain and Extraterminal Domain ~ Up
protein 9); DNA binding
DNA synthesis/chromatin at5g02560 Symbols: HTA12 | HTA12; DNA binding Down
structure:histone
Pseudo ARR transcription factor family  at5g24470 Symbols: APRRS, PRR5 | APRRS (ARABIDOPSIS PSEUDO-RESPONSE  Up
REGULATOR 5); transcription regulator/two-component response
regulator
at5g60100 Symbols: APRR3, PRR3 | APRR3 (ARABIDOPSIS PSEUDO-RESPONSE  Up
REGULATOR 3); transcription regulator/two-component response
regulator
at5g61380 TOC1 (TIMING OF CAB EXPRESSION 1); transcription regulator/two- ~ Up
component response regulator
Unclassified atlg76590 Zinc-binding family protein Up
at4g30410 Transcription factor Down
at2g34620 Mitochondrial transcription termination factor-related/mTERF-related Down
Putative transcription regulator atlg44770 Unknown protein Down
at2g41870 Remorin family protein Down
at5g54930 AT hook motif-containing protein Up

Intersection of A. thaliana transcription factors, according to MapMan, that are either up- or down-regulated (> 1.5 x, P < 0.01) by both
acclimation to HEP and HEP short-term stress (1 h)

exposure of plants to either short-term, photoinhibitory HL
conditions or to the inhibition of PSII by DCMU. They
concluded that 20 % of the Arabidopsis transcriptome is
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regulated by HL, our results show that PSII(Q4) regulates
only 3.1 % of the Arabidopsis transcriptome. We suggest
that Khandelwal et al. (2008) overestimated the contribu-
tion made by PSII to redox sensing/signalling due to the
fact that they did not correct their PSII contribution to
redox signalling by correcting for the contribution made by
the PQ pool since these authors did not complement the
effects of inhibition of the PETC by DCMU with that of
DBMIB. Both inhibitors must be used to quantify redox
signalling by the PETC accurately (Escoubas et al. 1995;
Kurepin et al. 2013; Petrillo et al. 2014).

In contrast to short-term stress, acclimation typically
requires growth and development under the stress regime
which results in system-wide reprogramming of plant
development and metabolism through modulation of
complex interacting signal transduction pathways (Gray
et al. 1997; Gray and Heath 2005; Penfield 2008; Wingler
2015; Dietz 2015). We hypothesized that the family of
genes whose expression is modulated by short-term stress
to HEP are distinct and not associated with changes in gene
expression associated with long-term growth and accli-
mation to HEP. However, we found that about 10 % of all
genes regulated by short-term HEP stress were still cap-
tured in the gene expression profile associated with long-
term acclimation to HEP. This indicates that a significant
overlap exits between gene expression regulated by short-
term stress versus long-term acclimation to HEP. The AP2/
EREPB transcription factors represent a large gene family
implicated not only in abiotic and biotic stress responses
but they also govern plant growth and development (Li-
causi et al. 2013). Vogel et al. (2014) convincingly showed
that several AP2/EREPBs respond extremely rapidly
within 10 min upon a shift of low-light grown Arabidopsis
to HL. We note that AP2/EREPBs were modulated both by
short-term (1 h) HEP stress as well as long-term acclima-
tion to HEP (Tables 2, 3). We suggest that this is consistent
with the fact that AP2/EREPBs are known to be important
not only in regulating short-term stress response (Vogel
et al. 2014) but also the regulation of plant growth and
development which is required for long-term plant accli-
mation and the establishment of photostasis. From the
onset of a short-term stress event, plants integrate infor-
mation generated by the modulation of these interacting
signal transduction pathways over time to establish a new,
homeostatic acclimated state. Acclimation is a stochastic
response which involves a complex network(s) of genes
over developmental time induced by an initial stress event.
Thus, our global transcriptome analyses are consistent with
the thesis that plant acclimation to HEP stress is a time-
nested phenomenon (Falkowski and Chen 2003; Brautigam
et al. 2009; Dietz 2015).

However, the global transcriptome response associated
with HEP stress differed significantly from that associated

with acclimation to HEP. First, the major cellular responses
associated with HEP stress were associated with ROS
signalling (27 %) followed by genes involved in the reg-
ulation of the cell cycle (18 %), cell division (14 %) and
abiotic stress (13 %) (Fig. 6). In contrast, the global tran-
scriptome response to acclimation to HEP resulted in the
modulation of genes primarily associated with cell cycle
(8 %) and developmental processes (7 %) rather than ROS
signalling (4 %) and abiotic stress (2 %) (Supplemental
Fig. S8). The greater modulation of various transcripts
involved in ROS signalling in response to short-term HEP
stress compared to long-term acclimation to HEP is cor-
roborating evidence that sudden exposure to HEP results in
a significant perturbation of the cellular redox poise, which
can eventually be re-adjusted and dampened through
acclimation to the respective growth condition. Second,
HEP stress appeared to result in the regulation of 2489
genes (Fig. 1) which generally reflected a down-regulation
of most of the major metabolic pathways (Fig. 5a),
whereas acclimation to HEP resulted in the modulation in
70 % fewer genes (735) than the global transcriptome
response to HEP stress (Fig. 10). We interpret these dif-
ferences in the quality and quantity of the global tran-
scriptome response for stress and acclimation to HEP to
reflect the fact that the short-term stress causes a significant
negative, perturbation of the homeostatic state, whereas
long-term acclimation to the same stress reflects the
establishment of a new, homeostatic state, that is, the
establishment of photostasis. These results are consistent
with the functional results illustrated for growth (Fig. 1)
and the light response curves for excitation pressure
(Fig. 7b, Supplemental Fig. S5) as well as previously
published physiological and biochemical responses to
stress versus acclimation (Krol et al. 1984; Hiiner et al.
1993, 1998, 2003; Savitch et al. 2001; Gray and Heath
2005; Ensminger et al. 2006; Hiiner et al. 2012). Further-
more, a detailed nontargeted, metabolomic analysis of
cold-stressed versus cold-acclimated Arabidopsis indicated
that plants shifted to LT exhibit dynamic changes in their
metabolomes, whereas plants grown and developed at LT
exhibit a distinct and more stable complement of metabo-
lites than cold-stressed plants (Gray and Heath 2005),
which is consistent with our data for the global modulation
of the Arabidopsis transcriptome in response to stress and
acclimation to either LT or HL.

One objective of this study was to test our proposed
model (Kurepin et al. 2013) linking chloroplast redox
regulation to the dwarf phenotype associated with growth
at either HL or LT (Gray et al. 1997; Dahal et al. 2012,
2014). Consistent with this proposed model, we observed
that cbf3, corl5A and corl5b, genes which had previously
been reported to be regulated primarily by LT (Chin-
nusamy et al. 2007; Penfield 2008; Yamaguchi-Shinozaki
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and Shinozaki 2006; Thomashow 2010; Medina et al.
2011) are also regulated by short-term HEP stress (Fig. 3).
These results are consistent with the previous reports that
WCS19, a cold-regulated gene in winter wheat, is also
regulated by excitation pressure rather than by LT as pre-
viously assumed (Gray et al. 1997; Ndong et al. 2001). As
expected, the list of genes regulated by LT stress included
cbf1-4. In contrast, only c¢fb3 of the cbf family was detected
in the list of genes regulated under short-term HEP. Fur-
thermore, we show for the first time that PQH, is the
chloroplast redox sensor/regulator that governs the
expression of cbf3. Concomitantly, PQH, up-regulates
gun5 and stm7, genes involved in plastid retrograde sig-
nalling (Koussevitzky et al. 2007; Pesaresi et al. 2011). The
up-regulation of cbf3, gun5 and stn7 by PQH, is coupled to
the up-regulation by HEP of GA20x, an important enzyme
in GA catabolism resulting in a shift in the biosynthesis of
growth- active GAs to growth- inactive GAs (Hedden
2003; Kurepin et al. 2013). Thus, these results are consis-
tent with our model linking chloroplast redox signalling to
CBF expression and GA biosynthesis in Arabidopsis. Our
global transcriptome analyses provide further evidence that
the dwarf phenotype associated with cold acclimation is
regulated by a complex signal transduction pathway which
involves chloroplast redox status (Gray et al. 1997; Kure-
pin et al. 2013; Hiiner et al. 2014). Although plant
responses to LT stress and cold acclimation have been
thoroughly reviewed (Levitt 1980; Steponkus 1984; Guy
1990; Guy et al. 2006; Yamaguchi-Shinozaki and Shi-
nozaki 2006; Penfield 2008; Patel and Franklin 2009;
Thomashow 2010; Medina et al. 2011; Wingler 2015),
these reviews fail to acknowledge the important role that
the chloroplast plays in redox sensing/signalling to estab-
lish the cold-acclimated state.

Photosynthetic acclimation to chloroplast redox imbal-
ance results in increased resistance to photoinhibition in
overwintering annuals which is accounted for by an
enhanced photosynthetic capacity (Hiiner et al. 1993, 1998;
Ensminger et al. 2006; Hiiner et al. 2013). The apparent up-
regulation of genes associated with starch/sucrose meta-
bolism (bam3, pwd, and susl), glycolysis and the OPP
cycle (pfk7 and gbpdh) upon establishment of photostasis
after acclimation to HEP (Fig. 11) is consistent with the
reported enhanced sink capacity required to maintain a
balance in cellular energy budget during cold acclimation
in Arabidopsis (Stitt and Hurry 2002; Strand et al. 2003) as
well as winter rye and wheat (Gray et al. 1996; Dahal et al.
2012, 2014). This is consistent with the data in Fig. 7b and
Supplemental Fig. S5, which indicate that plants accli-
mated to HEP exhibit significant resistance to closure of
PSII reaction centres compared to control plants. The
ability to re-establish photostasis in response to an initial,
stress-induced chloroplast redox imbalance is reflected in a
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70 % decrease in the perturbation of global transcript
abundance during long-term growth and development
under the stress condition compared to the energy imbal-
ance induced by the short-term (1 h) shift (Fig. 10). Failure
to acclimate and compensate for such an energy imbalance
has dire consequences since it affects plant survival and
fitness (Kulheim et al. 2002).

Excitation pressure is defined as the relative redox state
of Q4, the first stable quinone electron acceptor in the PSII
reaction centre (Dietz et al. 1985; Hiiner et al. 2003, 2013).
However, based on our global transcriptome analyses, Qa
contributes minimally to the overall chloroplast redox
signalling process (Fig. 4). Thus, to suggest that photo-
synthetic performance and phenotypic plasticity associated
with chloroplast redox signalling is governed by excitation
pressure per se is misleading. Although plants do respond
to environmental modulation of chloroplast redox imbal-
ance the extent of which can be estimated by excitation
pressure measured as 1 — qP, this reflects the overall
reduction state of the entire PETC, not just the redox state
of Qs (Hiiner et al. 2003, 2012; Ensminger et al. 2006;
Rosso et al. 2009). Thus, the term excessive excitation
energy (EEE), first suggested by Karpinski et al. (1999), is
probably a more appropriate term to describe the driving
force for environmental modulation of chloroplast redox
status rather than excitation pressure per se.

How are the signals generated by chloroplast redox
imbalance transmitted over long distances between the leaf
chloroplast and meristematic tissue to affect plant growth
habit during long-term acclimation? Karpinski et al. (1999)
were the first to report that the signal generated by
chloroplast redox imbalance measured as excitation pres-
sure (1 — gP) in an Arabidopsis leaf stressed by HL can be
transmitted systemically to nonstressed leaves of the same
plant to induce a HL-acclimation response. Such a response
has been called systemic acquired acclimation (SAA) with
ROS playing a major role in signalling associated with
SAA (Karpinski et al. 1999; Baxter et al. 2014). Our global
transcriptome analyses indicate that modulation of ROS
processes dominated the short-term stress response to HEP
(Fig. 6), whereas this ROS dependence on gene regulation
appeared to have been dampened due to long-term accli-
mation to HEP (Supplemental Fig. S8). We suggest that
this is consistent with the conversion of a physiological
stressed state, initially characterized by chloroplast redox
imbalance quantified by HEP measured as 1 — qP (Fig. 2),
to the establishment of photostasis upon growth and
development under the stress condition (Fig. 7B, Supple-
mental Fig. S5). ROS signalling is a complex cellular
communication process (Apel and Hirt 2004; Miller et al.
2008; Galvez-Valdivieso and Mullineaux 2010; Kim and
Apel 2013) that is spatially propagated systemically
throughout the plant as a ‘ROS wave’ to affect gene
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expression to short-term stress as well as long-term accli-
mation to abiotic stress (Mittler et al. 2004, 2011; Baxter
et al. 2014). Our global transcriptome data are consistent
with this suggestion. Consequently, we suggest that
chloroplast redox imbalance is one important component
involved in the regulation of photosynthetic performance
as well as plant phenotype through a combination of
intracellular retrograde control of CBF expression com-
bined with long distance, systemic pathways involved in
ROS and GA signalling. Thus, the chloroplast exhibits a
dual function: not only is it the primary energy transformer
but it is also a primary redox sensor modulated by envi-
ronmentally induced changes in EEE (Anderson et al.
1995; Hiiner et al. 1998, 2012, 2014; Pfannschmidt 2003;
Wilson et al. 2006; Murchie et al. 2009; Dietz 2015).
However, further research is required to confirm the pro-
posed mechanistic links between changes in EEE, CBF
expression, GA biosynthesis and phenotypic plasticity
through  long-distance intercellular =~ ROS  signal
transduction.
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