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Temperature variations impact on the balance between photosynthetic electron transport

and electron-consuming assimilation reactions and transiently increase generation of

reactive oxygen species (ROS). Previous studies demonstrated that the expression of

C-repeat binding factors (CBFs), which activate cold acclimation reactions, respond to

chloroplast ROS signals and that cold deacclimation is partly halted for days after the

transfer of acclimated plants to optimal growth conditions in four Arabidopsis accessions

from cold-continental habitats. We hypothesized that these accessions differ from others

in the regulation of the plastid antioxidant system (PAS). In the present study, we

compared the expression intensity of the 12 most prominent PAS genes for peroxidases,

superoxide dismutase and low molecular weight antioxidant regenerating enzymes in

10 Arabidopsis accessions with regulation of CBF and COR (cold regulated genes)

transcript levels and cold-regulated metabolite levels prior to cold, after 2 week long cold

acclimation and during the first 3 days of deacclimation. In the accessions with prolonged

activation of cold responses, by trend, weaker induction of various cold-inducible PAS

genes and stronger decreases in the expression of negatively cold-regulated PAS genes

were observed. Low PAS gene expression delayed the post-cold decrease in H2O2

levels after transfer of the plants from cold to optimal growth conditions. We conclude

that weaker expression of various PAS genes in the cold is an adapted strategy of

the Arabidopsis accessions N14, N13, Ms-0, and Kas-1 to avoid full inactivation of

cold-responses in the first days after the end of the cold period.

Keywords: cold, Arabidopsis, plastid antioxidant system, reactive oxygen species, natural variation

INTRODUCTION

Photosynthesis dominates plant energy metabolism. However, it also bears a strong risk for
generation of reactive oxygen species (ROS) under instable environmental conditions, such as
variable temperature or light intensity (Baier and Dietz, 1999; Ensminger et al., 2006). Transfer of
energy from excited pigments or transfer of electrons from the photosynthetic electron transport
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chain to oxygen leads to the formation of singlet oxygen (1O2),
superoxide anions (O−

2 ), hydroxyl radicals (HO•) and hydrogen
peroxide (H2O2; Foyer et al., 1994; Asada, 2000). Excess amounts
of ROS damage enzymes and structural cell components (Baier
andDietz, 1999). In parallel and already at lower doses, ROS drive
beneficial signal transduction cascades and stress acclimation
reactions (Desikan et al., 2001; Baxter et al., 2014).

The plastid antioxidant system (PAS) counteracts production
and accumulation of ROS directly inside chloroplasts (Asada,
2000; Baier and Dietz, 2005). The key enzymes are Cu/Zn
superoxide dismutase (Csd2), stromal and thylakoid-bound
ascorbate peroxidases (sAPx and tAPx), 2-Cys peroxiredoxins
(2CPA and 2CPB), peroxiredoxin-II-E (PrxIIE), peroxiredoxin
Q (PrxQ), glutathione peroxidases (GPx), glutathione reductase
(GR), and mono- and dehydroascorbate reductases (MDHAR
andDHAR). These enzymes are interconnected by lowmolecular
weight antioxidants such as ascorbate and glutathione, and redox
proteins, such as thioredoxins and glutaredoxins (Baier et al.,
2010). Csd2 converts O−

2 in the vicinity of thylakoids into H2O2

and O2 (Bowler et al., 1994; Rizhsky et al., 2003). Ascorbate
peroxidases detoxify H2O2 at the expense of ascorbate (Asada,
2000). Peroxiredoxins and glutathione peroxidases reduce H2O2

and alkyl hydroperoxides (Rouhier and Jacquot, 2005; Dietz
et al., 2006). They use small thiol proteins, such as thioredoxins
and glutaredoxins, as co-substrates. MDHAR, DHAR, and GR
regenerate ascorbate and glutathione (Asada, 2000). Most of
these enzymes are located in the chloroplast stroma or are loosely
attached to the thylakoids (Asada, 2000; Dietz et al., 2006), while
PrxQ acts inside the thylakoids (Petersson et al., 2006) and tAPx
is anchored in the thylakoids by a C-terminal transmembrane
helix (Miyake and Asada, 1992).

A sudden drop in temperature causes transient redox
imbalances and increased ROS production especially inside
chloroplasts (Huner et al., 1998; Ensminger et al., 2006). Low
temperatures slow down biochemical reactions more strongly
than electron transport processes (Ensminger et al., 2006). As
a result, photosystem II excitation pressure and the reduction
state of the chloroplast stroma increase. In contrast to e.g., light-
induced photooxidative stress, expression of photosynthesis-
associated genes (PhaGs) remains active under these conditions
(Huner et al., 1998; Strand et al., 1999; Savitch et al., 2001).
CO2-fixation often even slightly increases to support osmolyte
production (Strand et al., 1997; Byun et al., 2014) and re-
stabilization of photostasis (Ensminger et al., 2006).

Abbreviations: 2CPA/2CPB, 2-Cys peroxiredoxin A/B; ACC, plants acclimated
to 4◦C; Antho, anthocyanins; Asc, ascorbate; Asc % red, percentage of reduced
ascorbate; CBF, C-repeat-binding factor; Chl, chlorophyll; Chl a+b, total
chlorophyll; Chl a/b, chlorophyll a/b ratio; COR, cold-regulated; Csd2, Cu/Zn-
superoxide dismutase 2; DAB, 3,3′-diaminobenzidine; DAB%, % of DAB stained
leaf area; DEACC, deacclimation; DHAR, dehydroascorbate reductase; EAS,
extra-plastidic antioxidant system; Fru, fructose; Glc, glucose; GPx, glutathione
reductase; LT50, temperature at which 50% damage occurred; MDHAR,
monodehydroascorbate reductase; NA, non-acclimated plants; NBT, nitroblue
tetrazolium; NBT%, % of NBT stained leaf area; PAS, plastid antioxidant system;
Pro, proline; ROS, reactive oxygen species; sAPx, stromal ascorbate peroxidase;
R•, radical; Raf, raffinose; SD, standard deviation; SEM, standard error; SOD,
superoxide dismutase; Suc, sucrose; tAPx, thylakoid-bound ascorbate peroxidase.

Cold responses are mediated by specific signal transduction
pathways (Thomashow, 1999; Fowler and Thomashow, 2002).
The most prominent is the CBF (C-repeat binding factor)-
regulon (Thomashow, 1999). It drives COR-gene (cold regulated
genes) expression and osmolyte accumulation. Chloroplasts and
especially photosynthesis have been proposed to be the main cold
sensors (Ensminger et al., 2006). Signal transduction takes place
via CBF1-mediated induction of DELLA-protein expression and
activation of gibberellin catabolism and arrests growth and
development (Achard et al., 2008). Acclimation re-establishes
photostasis and antagonizes ROS accumulation (Strand et al.,
1999; Ensminger et al., 2006; Juszczak et al., 2012).

At the end of the cold-period, plants quickly have to
reorganize their metabolism, activate growth, and produce new
leaves to compete successfully with neighboring plants for space
and light. Under laboratory conditions, about half of the genes
that are regulated by cold, are readjusted within 24 h after the
cold period in Arabidopsis thaliana Col-0 (Byun et al., 2014).
In parallel, the cell division and elongation rates increase from
an almost complete arrest to levels close to pre-cold ones
(Byun et al., 2014). Compared to acclimation, the process of
deacclimation has been much less investigated. Our recent study
(Zuther et al., 2015) demonstrated in a series of 10 Arabidopsis
accessions that it is, like acclimation (Hannah et al., 2006),
genetically determined. Expression of CBF- and COR-genes and
biosynthesis of osmolytes quickly decline in all accessions within
the first 24 h. However, after 3 days at ambient temperature,
the levels of cold induced osmolytes and expression of CBF-
controlled genes, especially that of COR78 (RD29A) and GolS3
(encoding galactinol synthase), are still higher in the accessions
N14, N13, Ms-0, Kas-1, and (to a lesser extent) WS than in Col-0,
Van-0, Sah-0, Can-0, and C24. Also the re-setting of metabolite
and transcript levels is halted and osmolyte and transcript
levels remain slightly elevated for 3 days (Zuther et al., 2015).
Activation of cold-responsive genes and metabolite synthesis
are cost-intensive (Browse and Lange, 2004). Consequently,
the cold acclimation response can be assumed to be actively
maintained at slightly elevated levels (as compared to pre-cold
levels) and provide higher freezing tolerance (as indicated by
the LT50; Zuther et al., 2015; Supplementary Table 1), when
cold acclimated plants are transferred back to optimal growth
conditions.

Information about the control of CBF expression at ambient
temperature is available from analysis of transgenics and
mutants: CBF1 expression decreases in response to tAPx
silencing (Maruta et al., 2012). Vice versa, CBF1 is more highly
expressed in gun5-1 and cch mutants, in which chlorophyll-
biosynthesis, chloroplast maturation, and development of the
thylakoid membrane are impaired (Kindgren et al., 2015). While
the latter approach did not impact on regulation of downstream
genes of the CBF-regulon, silencing of tAPx did.

The PAS is a network of enzymes with overlapping functions
(Asada, 2000; Baier et al., 2010). Based on the observation by
Maruta et al. (2012) that CBF1 and the CBF-regulon can be
induced in response to insufficient plastid peroxidase activity, we
analyzed the same series of 10 Arabidopsis thaliana accessions
as in Zuther et al. (2015) before (NA) and 0 (ACC), 1, 2, and

Frontiers in Plant Science | www.frontiersin.org 2 March 2016 | Volume 7 | Article 305

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


Juszczak et al. Plastid Control of Post-Cold Deacclimation

3 days after a 2-week period at 4◦C (DEACC1–DEACC3) for
regulation of themost prominent genes for PAS enzymes. All data
were arranged along a gradient, which reflects the extent of frost
tolerance acquired by the respective accessions during 2 weeks at
4◦C (LT50; Supplementary Table 1) like in Zuther et al. (2015).
We show that the same accessions, which maintain part of their
cold-responses have a delayed shift in the ROS signature during
deacclimation and lower transcript abundance of genes encoding
specific chloroplast antioxidant enzymes after acclimation.

MATERIALS AND METHODS

Plant Material and Growth Conditions
Arabidopsis thaliana accessions of the NASC (stock numbers:
N1264 and N906) and INRA stock collections (stock numbers:
84AV, 93AV, 161AV, 163AV, 186AV, 233AV, 266AV, and 267AV)
were grown for 42 days on soil in a day/night regime (16 h day; 8 h
night) at 20◦C day temperature and 18◦C night temperature and
200µmol quanta m−2 s−1 as described in Hannah et al. (2006).
They were also transferred to a 4◦C cold chamber for 2 weeks and
illuminated at 90µmol quanta m−2 s−1 in the same day/night
pattern like in Hannah et al. (2006). Afterwards they were
transferred back to the 20/18◦C conditions for deacclimation.
The plant material is identical to or was harvested side by side
with that used in Zuther et al. (2015) at an age of 42 days (NA),
after 14 days cold acclimation (ACC), and after 1, 2, and 3 days of
deacclimation (DEACC1, DEACC2, DEACC3) 6–7 h after onset
of light. The leaf rosettes were either frozen immediately in
liquid nitrogen for metabolite of transcript abundance analysis
or directly stained for H2O2 or radicals.

qRT-PCR Analyses
Total RNA was extracted from frozen plant material. For each
of the three biological replicates, which were grown at different
times of the year (spring, summer, and autumn), material from
five plants was pooled. Extraction was performed with either
Trizol reagent (Invitrogen) or tissue lysis buffer (100mM Tris-Cl
pH 8.5–9.0; 25mMEDTA, 25mMEGTA, 2% (w/v) SDS, 100mM
2-mercaptoethanol) supplemented with 1 volume phenol, 1
volume chloroform and 1/24 volume isoamylalcohol. RNA
quality control, DNase digestion, first strand DNA synthesis,
and cDNA quality controls were performed as described in
Juszczak et al. (2012). Quantitative PCR was performed with
an ABI PRISM7900 HT 384-well plate Sequence Detection
System (Applied Biosystems, Darmstadt, Germany). Each sample
contained 2.5µl 2x SYBR Green Master Mix (Fast Power SYBR
Green, Applied Biosystems), 0.5µl cDNA (5-fold diluted) and
2µl of 0.5µM primers (Supplementary Table 2). The Ct values
of the genes of interest were normalized by subtracting the mean
Ct of the four reference genes (Act2, GAPDH, EXPRS, PDF2;
Supplementary Table 1). All normalized expression values are
listed in Supplementary Figure 1.

Histochemical Analyses of Superoxide and
Hydrogen Peroxide Accumulation
Histochemical analyses of radical (R•) and hydrogen peroxide
(H2O2) levels were performed according to Juszczak and Baier

(2014) with nitroblue tetrazolium [NBT; 1mg/ml NBT in 10mM
NaN3, 8% (m/v) NaCl, 0.2% (w/v) KCl, 1.44%(w/v) Na2HPO4

and 0.24% (w/v) KH2PO4; pH 7.4] and 3,3-diaminobenzidine
[DAB; 1mg/ml DAB in 8% (m/v) NaCl, 0.2% (w/v) KCl,
1.44%(w/v) Na2HPO4 and 0.24% (w/v) KH2PO4; pH 7.4]. All
leaves were transferred immediately into the staining solution
upon harvest and infiltrated at very low light intensity with the
staining solutions. The staining was continued under soft shaking
in darkness. Background staining was removed in a 1:1:3 mixture
of acetic acid, glycerol and ethanol at 60–80◦C. The staining
intensity was quantified on digital images after 32-bit gray scale
transformation by using the “mean gray value” analysis tool of
the ImageJ software package (Schneider et al., 2012).

Determination of Chlorophyll and
Anthocyanin Contents
Total chlorophyll contents and chlorophyll-a/chlorophyll-b
ratios (Chl a/b) were determined spectrophotometrically in
acetone extracts of 10–20mg of plant material according to
Porra et al. (1989). Anthocyanin contents were determined
spectrophotometrically in acidic methanol extracts as described
by Mancinelli et al. (1975).

Determination of Ascorbate Contents and
the Redox State of the Ascorbate Pool
The levels of reduced and total ascorbate were quantified
enzymatically with ascorbate oxidase as described in Baier et al.
(2000) from the difference of the sample absorptions prior and
30 s after addition of ascorbate oxidase. The amount of enzyme
was optimized that it is sufficient to oxidize all ascorbate in the
sample within less than 20 s. The recovery rate was calculated
from the comparison of extracts and reference samples, for which
plant material was mixed with ascorbate standards prior to the
extraction. Calibration was performed with dilution series for
ascorbate and (9+1), (8+2), and (7+3) mixes of ascorbate and
dehydroascrobate.

Statistical Analyses and Additional Data
Tukey Post-hoc tests, Students t-Test, Pearson correlation
analysis (rP) and regression analysis were performed with crude
data sets and cumulated data (means and differences) using
SPSS22. Data on proline (Pro), glucose (Glc), fructose (Fru),
sucrose (Suc), and raffinose (Raf) levels and the LT50 values
for the various Arabidopsis accession after acclimation were
taken from the analysis of Zuther et al. (2015), which was
performed with the same or parallel grown plant material.
The LT50 was determined using an electrolyte leakage assay on
detached leaves frozen to various temperatures between −1◦C
and −25◦C. Spearman rank order correlation analysis (as
depicted in Figures 7, 8 and in Supplementary Figures 3, 4)
was performed in R using the command rcorr from the package
Hmisc. P-values were set to 0.05.

RESULTS

Arabidopsis almost fully arrests its growth when it is transferred
to 4◦C (Scott et al., 2004). Consequently we compared the
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data obtained for the 10 investigated accessions after the cold
treatment (ACC and DEACC) with the pre-cold status (NA)
of the accessions, to avoid developmental effects, such as by
comparing 2 week long cold-treated and growth arrested plants
with untreated ones of the same age (8 weeks).

Chlorophyll Levels upon Long-Term Cold
Stress
Chloroplasts are one of the main integration sites of acclimation
processes to various types of environmental stress (Crosatti et al.,
2013). Limitations in the recovery of plastid function, such as
mutations in chlorophyll biosynthesis and chloroplast translation
(Kindgren et al., 2015), and excess ROS (Maruta et al., 2010;
Kurepin et al., 2013) induce CBF expression. As indicators for
the chloroplast status, the chlorophyll levels (Chl a+b) and
the chlorophyll a/b ratios (Chl a/b ratio) were compared in 10
Arabidopsis accessions.

The total chlorophyll content serves as an indicator for the
overall availability of photoreaction centers and chlorophyll-
binding antenna proteins, while the Chl a/b ratio provides
information on the compositions of the photosystems, e.g.,
on the antenna size (Ballottari et al., 2007). For additional
comparison of the cold and deacclimation responses within the
accessions, the ACC and DEACC values depicted in Figure 1

were normalized on the NA levels of the respective accession
and depicted in Supplementary Figure 5. Regression analysis
did not show any general trend relative to the LT50 value (data
not shown). However, 14 days of cold treatment decreased
the chlorophyll levels in Kas-1, WS, Van-0, Sah-0, Can-0, and
C24 significantly, but not in N14, N13, and Ms-0 (Figure 1A).
N14, N13, and Ms-0 over-compensated the chlorophyll levels
during the deacclimation phase (DEACC plants; Figure 1A;
Supplementary Figure 5A) excluding CBF-regulation due to
limitations in the thylakoid recovery potential (Kindgren et al.,
2015).

The Chl a/b ratio was not significantly changed in any
accession during cold acclimation and it was only decreased
below starting levels during deacclimation in WS and Col-0
(Figure 1B; Supplementary Figure 5B). These data show that
the treatments were mild enough not to exhaust regulation of
the plastid encoded photoreaction centers and themainly nuclear
encoded antenna proteins.

Anthocyanin Accumulation
Anthocyanin (Antho) levels combine information on excess
excitation (Chalker-Scott, 1999), cold responses (Catalá
et al., 2011) and carbohydrate availability (Laby et al., 2000).
Anthocyanins accumulate preferentially in the epidermis and
shield the photoreaction centers in the mesophyll from red,
blue, and UV-light (Leyva et al., 1995). The anthocyanin
contents strongly varied in the tested accessions prior to the cold
treatment (NA), and generally increased during cold acclimation
(ACC; Figure 1C). The lowest levels prior to the cold-treatment
were observed in N14, Van-0, and C24, the smallest increases
in N14, Sah-0, and Can-0 and the strongest increases in Van-
0, WS, and Col-0. During the course of deacclimation, the
anthocyanin levels quickly decreased in most genotypes. In

Kas-1 and Can-0 they increased on the first day of deacclimation
(DEACC1), before they also declined. In Ms-0, WS, and Col-0,
they increased transiently on the second day of deacclimation
(DEACC2), in N14, N13, Kas-1, C24, and Can-0 on the third day
of deacclimation (DEACC3), but do not indicate a trend relative
to the freezing tolerance of the accessions.

Reactive Oxygen Species Production upon
Long-Term Cold Stress
Singlet oxygen, reactive radicals and hydrogen peroxide
accumulate, if the PAS does not fully counteract photosynthetic
imbalances. Here, staining with nitroblue tetrazolium (NBT) and
3,3′-diaminobenzidine (DAB) was applied to detect changes in
the ROS ratios. NBT staining mainly responds to radicals (R•),
such as O−

2 . In all accessions the staining intensity was similar
before and after 14 days at 4◦C, demonstrating acclimation
of the antioxidant system and of photosynthesis (Figure 2A).
Differences were observed in the post-cold period: The NBT
staining intensity showed the highest increase in the accessions
with the lowest LT50 (N14, N13, and Ms-0; Zuther et al., 2015)
and in C24, while Kas-1 showed the smallest increase.

DAB-staining mainly records H2O2 levels. The staining
intensities did not differ much between the accessions before the
cold treatment (Figure 2B). In the accessions with lowest and
highest LT50, it decreased during deacclimation to levels lower (at
DEACC3) than those prior to the cold-treatment (NA). In N14,
N13, Kas-1, Van-0, and Sah-0 stronger decreases were observed
on the second day after the cold period than on the first day,
indicating that H2O2 detoxification was delayed.

As an indicator for the efficiency of coupling H2O2

detoxification to radical accumulation, theNBT staining intensity
(NBT%) was analyzed relative to the DAB staining intensity
(DAB%) and normalized to the starting values (NA values;
Figure 2C). In the accessions with lowest LT50, Can-0, Sah-0,
and C24, the R•/H2O2-ratio increased on DEACC1. In all other
accessions, it increased from DEACC2 onwards, except WS,
in which generally the smallest changes in the ROS-signature
were observed and the R•/H2O2-ratio was similar to non-treated
plants after DEACC1.

Activation Level of ROS Signaling Marker
Genes
To test the activation of ROS-signaling cascades, the transcript
levels of the zinc finger transcription factor ZAT10 and the
ferritin complex protein Fer1 were analyzed. ZAT10 is a
chloroplast ROS-marker gene, which controls extra-plastidic
stress tolerance mechanisms, such as activation of ascorbate
peroxidase APx2 (Op den Camp et al., 2003; Mittler et al., 2006;
Rossel et al., 2007), while Fer1 is a superoxide and H2O2 marker
gene involved in iron metabolism (Op den Camp et al., 2003).
The ZAT10 transcript levels (Figure 3A) were slightly increased
in all accessions, except Sah-0, after 2 weeks at 4◦C, consistent
with the regulation observed by Barah et al. (2013). After shifting
the plants back to 20◦C, the transcript levels in most accessions
decreased first and then increased again demonstrating first
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FIGURE 1 | Chlorophyll contents (A), Chl a/b ratio (B), and anthocyanin contents (C) in the rosettes of the 10 investigated Arabidopsis accessions per

g freshweight (FW). Plants were harvested before (NA) or after (ACC) 14 days of cold acclimation at 4◦C and after 1, 2, or 3 days of deacclimation (DEACC1,

DEACC2, and DEACC3) at 20/18◦C day/night temperatures. Accessions were ordered from the lowest LT50 after cold acclimation on the left to the highest on the

right. Bars represent means ± standard deviation (n = 9). Statistically significant changes (Tukey post-hoc, Student t-Test; P < 0.1) relative to the previous day are

labeled with an asterisk.

re-adjustment and then response to secondary ROS-production.
No correlation with freezing tolerance was observed.

Fer1 transcript levels increased only in some of the analyzed
accessions after cold acclimation, e.g., N13, WS, Van-0, Col-0,
and Can-0 (Figure 3B). The transcript levels decreased quickly
in most accessions in the deacclimation phase and transiently
re-increased to NA levels at DEACC2. No trend along the LT50

profile was observed for Fer1 prior to and after acclimation.
However, N14, N13 and Ms, and Kas-1 showed a similar “down-
up-down”-pattern during the first 3 days of the post-cold period.

Ascorbate Levels and Redox State
Ascorbate (Asc) is the major aqueous soluble low molecular
weight antioxidant in plants. The ascorbate levels increased
during cold acclimation (Figure 4A). The strongest induction
was observed in C24 (2.6-fold), Ms-0 (2.3-fold), and Van-
0 (2.2-fold), the weakest in Kas-1 (1.3-fold). The ascorbate
levels quickly declined in the post-cold phase (Figure 4A). N14,
Kas-1, Col-0, Van-0, Can-0, and Sah-0 reached the NA levels
within 3 days at 20◦C. In N13, Ms-0, and C24, the ascorbate
levels were higher after 3 days of deacclimation and in Col-0
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FIGURE 2 | The relative R•-level (determined as percentage of NBT stained leaf area) (A), the relative H2O2-level (determined as percentage of DAB

stained leaf area) (B) and the R•/H2O2 ratio (as determined based on the NBT and DAB staining data) (C) in the rosettes of the 10 investigated

Arabidopsis accessions. Plants were harvested before (NA) or after (ACC) 14 days of cold acclimation at 4◦C and after 1, 2, or 3 days of deacclimation (DEACC1,

DEACC2, and DEACC3) at 20/18◦C day/night temperatures. Accessions were ordered from the lowest LT50 after cold acclimation on the left to the highest on the

right. Bars represent means ± standard derivation (n = 5). Statistically significant changes (Tukey post-hoc, Student t-Test; P < 0.1) relative to the previous day are

labeled with an asterisk.

lower than before the stress. No trend was observed along the
LT50 axis.

The ascorbate pool was around 80% reduced prior to the cold-
treatment (Figure 4B). In the cold, the ascorbate reduction state
(Asc% red) increased in parallel to the ascorbate level. It declined
again during deacclimation, but the effect was less than on the
ascorbate pool size. After 3 days of deacclimation, the reduction
state of the ascorbate pool was still higher than in NA plants in

the four accessions with the lowest and the three with the highest
LT50 values, demonstrating correlation with the change in the
R•/H2O2 ratio (Figure 2). In Col-0, despite the fast decrease in
the ascorbate concentration, the redox state of the ascorbate pool
also declined only slowly.

The Spearman correlation coefficient (rs) between the level
of the low molecular weight antioxidant ascorbate and the
reduction state of the ascorbate pool was high prior to (rs =
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FIGURE 3 | Transcript level of ZAT10 (A), and Fer1 (B) in the rosettes of the 10 investigated Arabidopsis accessions relative to the transcript level in

Col-0 prior to the cold treatment. Plants were harvested before (NA) or after (ACC) 14 days of cold acclimation at 4◦C and after 1, 2, or 3 days of deacclimation

(DEACC1, DEACC2, and DEACC3) at 20/18◦C day/night temperatures. Accessions were ordered from the lowest LT50 after cold acclimation on the left to the highest

on the right. Bars represent means ± standard error (n = 3).

0.845) and 3 days after the cold treatment (rs = 0.800; Figure 7).
In between, 24 h after the end of the cold period, it dropped to
0.209 due to the fast decrease in the ascorbate level, but slower
re-adjustment of the ascorbate redox state.

Regulation of Genes Encoding Chloroplast
Antioxidant Enzymes
All chloroplast antioxidant enzymes are nuclear encoded and
post-translationally targeted to chloroplasts (Pitsch et al., 2010),
where they form a network system (Asada, 2000). All, except the
thylakoid peroxidase PrxQ, are encoded by small gene families
and have, besides PrxQ and the 2CPs, also non-chloroplast
isoforms. Stronger than the cytosolic isoforms, the chloroplast
ones are prone to oxidative inactivation (Baier et al., 2010). The
instability requires a constant supply of de novo synthesized
proteins (Muthuramalingam et al., 2013).

To study the regeneration capacity, we determined the
transcript levels by qRT-PCR with isoform-specific primers
(Supplementary Table 2). Special attention was given to the
main chloroplast superoxide dismutase Csd2, the eight main
chloroplast peroxidases (sAPx, tAPx, 2CPA, 2CPB, PrxQ,
PrxIIE, GPx1, and GPx7) and to the low molecular weight
antioxidant regenerating enzymes MDHAR, DHAR, and GR.
The log2 of the transcript levels relative to the NA-levels
(Supplementary Figure 1) in the respective accession was
compared on a heat map (Figure 5; details enlarged in
Supplementary Figure 2A). Because the relative change in the
strength of a parameter is often more relevant in signaling
and regulation than the absolute level, all transcript regulation
data were also further normalized on the transcript level in
Col-0 NA plants in each biological replicate to emphasize
the relative intensity of regulation (Figure 6): Like all other
data in this study, the transcript abundances were arranged
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FIGURE 4 | Ascorbate content (A), and the redox state of the ascorbate pool (B) in the rosettes of the 10 investigated Arabidopsis accessions. Plants

were harvested before (NA) or after 14 days of cold acclimation at 4◦C (ACC) and after 1, 2, or 3 days of deacclimation (DEACC1, DEACC2, and DEACC3) at

20/18◦C day/night temperatures. Accessions were ordered from the lowest LT50 after cold acclimation on the left to the highest on the right. Bars represent means ±

standard deviation (n = 5). Statistically significant changes (Tukey post-hoc, Student T-Test; P < 0.05) relative to the previous day are labeled with an asterisk.

along the LT50-gradient for acquired freezing tolerance after
acclimation (Supplementary Table 1) according to Zuther et al.
(2015), to facilitate the comparison with CBF and COR transcript
abundance and metabolite level regulation obtained there.

For GPx7, which encodes a weakly expressed peroxiredoxin
of the glutathione peroxidase type, an overall gradual trend
was observed in NA-plants (Figure 6). The transcript abundance
almost constantly increased from hardly detectable levels in N14
and N13 to well detectable levels in accessions with higher LT50.
The gradient was widely maintained in the cold and during
deacclimation.

For DHAR more than 10-fold differences in the log2 of
transcript abundance were observed between WS and the other
accessions. The data are depicted in Figure 6, but excluded from
Figure 5, since such accession-specific differences, which are
several-fold higher than the regulation amplitudes in response to
acclimation and deacclimation within the accessions, would have
masked the information on the variation in the other accessions.

For the same reason, GPx7-data are only shown in Figure 6, but
not in Figure 5. Most genes for plastid antioxidant enzymes were
strongly expressed in the absence of stress with transcript levels
close to those of e.g., actin (according to calibrated qRT-PCR
data). On top of this high background, changes in the range of
1.2- to 1.5-fold represent strong absolute changes in the PAS.

In response to cold, bidirectional regulation of transcript
levels was observed for PAS genes: sAPx, MDHAR and GR
transcript levels were increased in all accessions (Figures 5, 6).
As indicated by lighter red color in the heat map (Figure 5;
for the acclimation response see also Supplementary Figure 2A),
sAPx and MDHAR increased less at 4◦C in accessions with
more stronglymaintained freezing tolerance, e.g., N14,Ms-0, and
Kas-1, than in those which lost their freezing tolerance entirely
within 24 h (Zuther et al., 2015; Supplementary Table 1). tAPx,
2CPB, GPx1, PrxIIE, PrxQ, and Csd2 transcript levels declined
by average stronger in N14, N13, Ms-0, and WS (Figures 5, 6).
The mRNAs for the three peroxiredoxins 2CPA, PrxQ, and
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FIGURE 5 | Heat-map depicting the log2-fold change in relative gene

expression (Supplementary Figure 1) between non-acclimated (NA),

cold-acclimated plants (ACC) and 1–3 day long deacclimated plants

(DEACC1–DEACC3) on the scale from −3 (blue) to 3 (red). Data below

detection level are labeled in gray. Accessions are ordered from the lowest

LT50 after cold acclimation on the left to the highest on the right.

PrxIIE showed higher accumulation in most of the other
accessions.

For statistical evaluation of the significance of the observed
trends, we performed cluster analysis of the accessions based
on Tukey-HSD variance analysis (p < 0.1) of the difference
between the transcript levels (normalized to the NA-level in
Col-0 as in Figure 6) in acclimated (ACC) and naïve plants
(NA) in the three independently cultivated plant sets. In the
overall pattern, regulation in N14, N13, Ms-0, and Kas-1
(blue in Supplementary Figure 2B) generally separated from
regulation of the accessions with highest LT50 (orange in
Supplementary Figure 2B). Exceptions from the general pattern
are the genes for low molecular weight antioxidant regenerating
enzymes MDHAR and GR as well as GPx7 and PrxIIE. For
MDHAR, N13 grouped with the high LT50 accessions Sah-
0 and C24. For GR, N13 and Ms-0 formed an independent
cluster, which is more similar to the cluster formed by Van-0
and Sah-0 than that formed by N14 and Kas-1, demonstrating
accession specific regulation. GPx7 expression was highly
variable throughout the experiment. Due to the high variances
in the expression levels between the experiments, no statistically
significant clusters could be formed. Similarly, expression
regulation of most genes was more variable in Kas-1, Van-0,
and Can-0 than in other accessions. No second cluster could be
formed for PrxIIE, although all other regulation patterns differed
significantly from that of N13 and N14. Despite some gene-
specific or accession-specific regulation, the analysis confirmed
the pattern according to which in N14, N13, Ms-0, and Kas-1
the expression of plastid antioxidant enzymes is by average either
significantly less induced or significantly stronger decreased the
end of the acclimation period.

After shifting the plants back to 20◦C, most transcript
levels were inversely regulated on DEACC1 relative to the cold
acclimation response (Figure 6). tAPx showed the strongest
response (Figure 6). Transcript levels increased during the first
day of deacclimation and were higher in DEACC1 than in NA
plants in Sah-0 and Can-0 and in DEACC3 plants in C24,
demonstrating over-compensation of the decrease during the
acclimation period.

Links in the Regulation of the PAS Genes
Spearman correlation coefficients (rS; Figure 7;
Supplementary Figure 3) were calculated for all data sets
obtained in this study and for fructose (Fru), glucose (Glc),
sucrose (Suc), and raffinose (Raf) levels determined in Zuther
et al. (2015) to analyze them for similarity in regulation.
Consistent with the network structure of the chloroplast
antioxidant system with redundant, supportive, and successively
acting elements (Asada, 2000), the transcript abundance of genes
for chloroplast antioxidant enzymes was only weakly linked
in NA-plants (Figure 7A). The highest correlation coefficients
were observed for the transcript levels of sAPx, 2CPB, PrxQ,
Csd2, and GR (NA; Figure 7). Cold stress adjusted the system:
After 2 weeks at 4◦C (ACC-plants), correlation was observed
for 2CPA, 2CPB, PrxIIE, PrxQ, and MDHAR (Figure 7A).
The transcript levels of the two 2-Cys peroxiredoxins were
linked to glucose and fructose (Figure 7A). tAPx, 2CPB, PrxQ,
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FIGURE 6 | Transcript levels of genes encoding chloroplast antioxidant enzymes in the rosettes of the 10 investigated Arabidopsis accessions relative

to the transcript level in Col-0 prior to the cold treatment. Plants were harvested before (NA; white) or after (ACC; blue) 14 days of cold acclimation at 4◦C and

after 1, 2, or 3 days of deacclimation (DEACC1; red, DEACC2; orange and DEACC3; yellow) at 20/18◦C day/night temperatures. Accessions were ordered from the

lowest LT50 after cold acclimation on the left to the highest on the right. Bars represent means ± standard error (n = 3).

and Csd2 formed a partly overlapping second regulatory
unit, in which the transcript levels correlated best with the
R• levels (NBT%). Correlation with H2O2-levels was not
observed.

After the shift to optimal growth temperatures at the end
of the cold period less correlations were observed. 2CPA,
2CPB, GPx1, PrxIIE, PrxQ, and Csd2 negatively correlated
with the ascorbate levels on DEACC1, while the sAPx levels
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FIGURE 7 | Spearman correlation matrix with the numerical values of the correlation coefficients (rS) of all pair-wise correlations for the transcript

levels of tested genes and metabolites under non-acclimated conditions (NA; A, left) and after cold acclimation (A, right) and subsequent

deacclimation for 1 or 3 days (B–D). Significant negative correlations are marked in orange and positive in green. The p-values are listed in

Supplementary Figure 3.
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were linked to R• accumulation (NBT%; Figure 7B). On
DEACC3, the transcript levels of the peroxidase genes (APx
and the peroxiredoxins GPx1, 2CPA, 2CPB, PrxQ, and PrxIIE)
were significantly negatively correlated with the redox state
of the ascorbate pool (Figure 7D). On the contrary, in the
transient post-stress phase on DEACC1 and DEACC2, they were
stronger linked to the ascorbate pool size showing an inverse
control of enzymatic and non-enzymatic antioxidant protection
(Figures 7B,C).

Six weeks old plants are close to bolting. Under our growth
conditions, WS, Col-0, Van-0, and C24 had already formed small
inflorescences prior to the cold (Supplementary Table 3). Non-
flowering Sah-0 and Can-0 showed only little similarity with N14,
N13, Ms-0, and Kas-1 in the regulation of PAS genes in the cold
(Supplementary Figure 2B) and Sah-0, which still did not bolt
at the end of the experiment, resembled strongest bolting C24 in
PAS regulation, excluding correlation between the developmental
state of the plant material and PAS gene regulation.

Correlations between the Transcript Levels
of PAS Genes and CBF/COR Genes
For analysis of the impact of the regulation of various
PAS genes on the regulation on C-repeat binding factors
(CBF) and their cold-regulated target genes (COR), transcript
abundance regulation upon acclimation and deacclimation
of CBFs and COR genes (taken from Zuther et al., 2015)
were compared with the transcript abundance regulation of
PAS genes and metabolic indicators for the chloroplast redox
effect (Figure 8; Supplementary Figure 4). After 2 weeks of
cold acclimation, the transcript levels of all tested CBFs

and COR genes, except COR6.6, were significantly negatively
correlated with H2O2-levels (DAB%; Figure 8). This result
is consistent with the observation that insufficient H2O2

detoxification slows CBF1 and COR expression (Maruta et al.,
2012).

CBF1, CBF3, COR6.6, and COR78 were widely co-regulated
with DHAR (Figure 8), which promotes ascorbate recycling
and, consequently, ascorbate peroxidase function in chloroplasts.
CBF1 was weakly negatively linked to 2CPA which is a
highly abundant alkyl hydroperoxidase and H2O2 detoxifying
chloroplast peroxidase (König et al., 2002). 2CPA transcripts
increased in cold strongest in the accessions with lowest
induction of CBF- and COR-genes (WS-C24) pointing out 2CPA
as a driver of H2O2-controlled CBF- and COR-gene regulation.

On DEACC1, the links to 2CPA transcript levels diminished
and those to GPx1, another chloroplast peroxiredoxin, got
stronger (Figure 8). On the next day (DEACC2), the ascorbate
level had an increased impact on CBF-regulation and the
transcript abundance of CBF and COR genes correlated more
negatively with tAPx regulation (Figure 8).

DISCUSSION

Cold deacclimation is a fast process, as compared to cold
acclimation (Kalberer et al., 2006). It is assumed to be mainly
passive and to require hardly any energy resources (Thomashow,
1999; Browse and Lange, 2004). Recently, we observed that
the metabolic pattern is largely, but not completely, re-set
after 1 day of deacclimation in those Arabidopsis accessions
that had lowest LT50 temperatures after cold acclimation

FIGURE 8 | Spearman correlation matrix with the numerical values of the correlation coefficients (rS) between the transcript levels of cold-marker

genes and all here tested genes and metabolites after cold acclimation (A) and subsequent deacclimation for 1 or 3 days (B–D). Significant negative

correlations are marked in orange and positive in green. The p-values are listed in Supplementary Figure 4.
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(Zuther et al., 2015). In the present study we showed in the
same plant material that in the accessions that halted cold
deacclimation for days at optimal growth temperature (N14–
Kas-1), expression of various PAS genes is lower after cold
acclimation than in the other accessions. The transcript levels
for the ROS-detoxifying PAS enzymes were in general either
more strongly decreased or were less activated in the accessions
with low LT50 (Figures 5, 6; Supplementary Figure 2). For the
genes encoding the low-molecular weight regenerating enzymes
MDHAR and GR the same regulation trend was observed
in N14, Ms-0, and Kas-1 or N14 and Kas-1, respectively,
indicating a wider general effect of lower expression of PAS
genes in accessions with low LT50, but accession specific
exceptions. The ROS levels did not differ significantly between
the accessions after acclimation (Figure 2), indicating that the
low PAS capacity was compensated e.g., by cold-induction of the
extra-plastidic antioxidant system (EAS; Distelbarth et al., 2013;
Chen et al., 2014). Downregulation of PAS and up-regulation
of EAS shift the ROS detoxification potentials within the cell
and can impact on ROS detoxification upon the shift from
cold to optimal growth conditions. A higher risk for Mehler-
reaction activity (Mehler, 1951) strains the PAS upon the on-
set of the deacclimation phase. Consistently, R• accumulated
in the deacclimation phase (Figure 2A), while the H2O2 levels
decreased (Figure 2B) by the action of cold-induced extra-
plastidic peroxidases and catalase (O’Kane et al., 1996; Du et al.,
2008).

Accession-Specific Csd2 Regulation
In the comparison of the Arabidopsis accessions, R• levels
increased stronger in most accessions with low LT50. In the same
lines, the decrease in the H2O2 levels was delayed, demonstrating
that the post-cold-stress correlates with photooxidative
ROS formation and delayed superoxide detoxification. In
chloroplasts, Csd2 is the main chloroplast superoxide dismutase
in Arabidopsis and essential during photooxidative stress
(Kliebenstein et al., 1998; Yabuta et al., 2002; Sales et al., 2013).
Here, Csd2 transcript levels remained low in all accessions
during deacclimation (Figure 6), although the gene is strongly
stress-inducible (Kliebenstein et al., 1998; Xing et al., 2013),
mainly transcriptionally controlled in response to temperature
changes (Juszczak and Baier, 2012) and responds gradually to
temperature variation (Juszczak and Baier, 2012). That Csd2
transcript levels were not restored in any accession during
deacclimation (Figures 5, 6), demonstrates down-regulation
depending on the previous acclimation process. The accessions
with the lowest LT50 after cold acclimation showed the largest
decrease in Csd2 transcript abundance in the cold and de-
regulation after deacclimation was strongest in N14 and N13
(Figures 5, 6; Supplementary Figure 2). Escaping O−

2 by
transiently insufficient Csd2 activity results in a severe reduction
of photosynthetic activity and plant growth retardation and
promotes O−

2 signaling (Bowler et al., 1994; Ogawa et al.,
1997; Xing et al., 2013). Accumulation of R• during the first
days of deacclimation (Figure 2), demonstrated that low Csd2
expression was also not compensated by other antioxidant
enzymes.

The CBF Regulon under PAS Control
Microarray analysis of Csd2-knockdown plants gives no
indication for regulation of the CBF genes and their downstream
genes by O−

2 (Rizhsky et al., 2003).CBF1 expression and the CBF-
regulon are suppressed by chloroplast H2O2 in tAPx-silenced
plants (Maruta et al., 2012) and by insufficient extra-plastidic
H2O2 detoxification in catalase-knockdown lines (Vanderauwera
et al., 2005) at ambient temperature, suggesting regulation of this
signal transduction pathway by H2O2 of chloroplast and of extra-
plastidic origin. O−

2 and H2O2 drive distinct signal transduction
cascades (Gadjev et al., 2006). Maintenance of CBF1-expression
slightly above the levels prior to cold was only observed in N14,
N13, Ms-0, and Kas-1 (Zuther et al., 2015). Prolonged CBF1
activationwas accompanied by weaker expression of the genes for
chloroplast peroxidases and CSD2 at the end of the cold-period
(Figures 5, 6; Supplementary Figure 2) and a delayed onset of
the shift in the R•/H2O2 ratio during deacclimation (delayed to
DEACC2; Figure 2).

tAPx transcript levels correlated negatively with CBF1
transcript levels and with transcript levels of several COR genes
on DEACC2 (Figure 8), suggesting that the regulatory circuitry
on CBF-regulation postulated by Maruta et al. (2012) either
does not apply in the post-cold deacclimation regulation or,
as already discussed by Maruta et al. (2012), is not specific to
tAPx. Our data support the latter assumption: In our experiment,
most genes encoding PAS enzymes were on the average either
less induced or more decreased at the end of the cold period
in the accessions which incompletely switch off their cold-
acclimation responses during deacclimation (N14–Kas-1; Zuther
et al., 2015; Figures 5, 6; Supplementary Figure 2). Correlation
analysis on 10 accessions after cold acclimation and during
de-acclimation indicates that the halted expression of various
cold-marker genes depends on the post-cold capacity and
enzyme composition of the PAS (Figure 7). Already one of
the first publications on transgenic Arabidopsis with modified
expression levels of chloroplast antioxidant enzymes (Allen
et al., 1997) showed that the regulation of stress protection
depends on a delicate balance of the antioxidant protection
mechanisms. In N14, N13, Ms-0, and Kas-1 the PAS transcript
composition was shifted relative to the NA-status (Figures 5, 6;
Supplementary Figure 2). This regulation might weaken the
chloroplast-intrinsic protection against photo-oxidative stress
upon variation in the environmental conditions, such as the
transfer of cold and lower light intensity acclimated plants to
optimal growth conditions.

In the series of 10 Arabidopsis accessions (Figure 6;
Supplementary Figure 2) strongest differences between N14,
N13, Ms-0, Kas-1 (accessions with low LT50 after cold
acclimation), and the other accessions in ACC plants were
observed for 2CPA and sAPx. 2CPA is the most abundant
chloroplast peroxidase, sAPx the one with the highest catalytic
activity (König et al., 2002; Dietz et al., 2006). At optimal
temperature, these two genes are regulated by feed-back loops
according to which low activity of one enzyme activates
expression of the other gene (Baier et al., 2000; Kangasjärvi
et al., 2008; Pulido et al., 2010). In the cold, weaker expression
of both genes demonstrates loss of the feed-back effects, which
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FIGURE 9 | Prolonged activation of CBF-controlled cold-responses

(CBF) as a consequence of decreased activity of the plastid

antioxidant system (PAS). (A) Prior to cold (NA plants), the plastid, and

extra-plastidic antioxidant systems (PAS and EAS) are balanced. Light (yellow

flash) induced ROS (red flash) are widely antagonized by the PAS activities and

only a small amount of ROS pass the PAS. (B) In the acclimated state (ACC

plants), the PAS capacity is stronger decreased in the accessions with low

LT50. The decrease in chloroplast peroxidase activities strongest correlates

with post-cold CBF regulation. Attenuation by EAS induction antagonizes (red

arrow) accumulation of H2O2 (purple → blue waved line). (C) Upon the on-set

of deacclimation (DEACC), cold-induction of CBF stops. The inactivation is

slowed by the shift (purple line compared to blue line) in H2O2 detoxification in

the lines with lower LT50 due to cold-dependent setting of the antioxidant

capacities inside chloroplasts (PAS) and in other cellular compartments (EAS).

Radicals (R•) accumulate in parallel. Correlation analysis links H2O2

detoxification, but not R•, to CBF-regulation.

are essential to stabilize the overall plastid peroxidase activity.
In response, plastid ROS may activate ROS signaling cascades
stronger (Gechev et al., 2002; Rossel et al., 2007). Induction
of extra-plastidic protection, such as induction of catalase and
peroxidases, during cold periods has been well described in
literature for many plants, including Arabidopsis (O’Kane et al.,
1996; Du et al., 2008). Cold-acclimation widely attenuated the
overall H2O2 levels in all accessions (Figure 2).

Our data let us to the hypothesis depicted in Figure 9:
The EAS effect is shown by shifting the H2O2 levels from
higher (purple line) to lower levels (blue line; Figure 9B).
When the accessions with weaker PAS and stronger EAS
activities (ACC plants) were shifted back to normal growth
temperatures and light intensities, the PAS got more strained

and was (transiently) overwhelmed e.g., by photooxidative ROS
production, as noticeable by the delay in the decrease in the H2O2

levels from DEACC1 to DEACC2 (Figure 2–accessions with low
LT50). The high EAS activity, as acquired during the cold period
(O’Kane et al., 1996; Du et al., 2008), can be expected to have
counteracted H2O2 accumulation in the cytosol. Compared to
accessions with less inactivation of the PAS and, consequently,
weaker compensation of the EAS in the cold (the high LT50

accessions), the shift in the PAS-EAS-activities keeps the extra-
plastidic H2O2 pool lower in the accessions with low LT50, while
the plastidic H2O2 pool might be elevated due to insufficient PAS
activity. In response, CBF-expression is less inhibited and enables
prolonged CBF-expression after the transfer to optimal growth
conditions (Figure 9C).

In summary, we conclude that the driving forces for prolonged
activation of cold-acclimation responses in N14, N13, Ms-0,
and Kas-1 were established already in the cold by weaker
expression of PAS genes and secondary activation of EAS. The
accessions originate from cold-continental habitats in Russia and
the Kashmir mountains, where the plants face late springs and
short vegetation periods. In these areas, stronger inactivation of
the PAS may be a strategy to keep cold-acclimation reactions
partly activated and ease their re-activation by future cold stresses
for some days.
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Supplementary Table 1 | List of the means for LT50 values obtained in the

study by Zuther et al. (2015) in the 10 accession prior to the cold treatment

(NA), after cold acclimation (ACC) and 1 and 3 days after re-transfer of the

plants to optimal growth conditions. Freshly harvested leaves were frozen to
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various temperatures between −1 and −25◦C. The LT50 was determined based

on electrolyte leakage.

Supplementary Table 2 | List of primers used in this study. The primer pair

marked with an asterisk was used for amplification of sAPx only in Kas-1.

Supplementary Table 3 | Developmental effect on bolting. Range of

inflorescence lengths of the 10 accession prior to the cold treatment (NA), after

cold acclimation (ACC) and 2 days after re-transfer of the plants to optimal growth

conditions (DEACC2).

Supplementary Figure 1 | Relative expression (2−1Ct) of all genes

indicated in Figures 5, 6. Transcript abundances were determined by qRT-PCR

and normalized on the transcript abundance of four reference genes. Relative

transcript abundance of all genes normalized on the transcript levels in Col-0 prior

to the cold treatment. The data represent the means from three independent

experiments, each with five plants per treatment.

Supplementary Figure 2 | (A) Heat-map depicting the log2-fold change in

relative gene expression between non-acclimated and cold-acclimated plants on

the scale from −3 (blue) to +3 (red) as extracted from Figure 5 for better

comparison. Accessions are ordered from the lowest LT50 after cold acclimation

on the left to the highest on the right. (B) Cluster and significance analysis of

transcript level changes during acclimation (ACC–NA) in the 10 Arabidopsis

accessions based on Tukey-HSD test (p < 0.1). The numbers give the means of

the difference of ACC and NA transcript values after normalization of the data on

the respective NA-level in Col-0 (as in Figure 6). Statistically significant changes

(Tukey-LSD, p < 0.1, n = 3) are written with straight numbers, non-significant

changes in italics. The “minus” in front to the numbers demonstrates that

transcript level decreased in the accession during cold acclimations. The various

colors stand for different significance groups according to the Tukey-HSD test

(p < 0.1) on similarities and differences of the regulation pattern of the respective

gene in the 10 Arabidopsis accessions. In each lane, the prominent cluster for low

LT50 accessions is marked blue and the prominent cluster for the high LT50
accessions is marked orange.

Supplementary Figure 3 | p-values of the correlation coefficients of all

pair-wise correlations for the transcript levels of tested genes and

metabolites under non-acclimated conditions (NA; A, left) and after cold

acclimation (A, right) and subsequent deacclimation for 1 or 3 days (B–D).

p < 0.001 are labeled in red, <0.01 in orange and <0.05 in yellow.

Supplementary Figure 4 | p-values of the correlation coefficients of all

pair-wise correlations for the transcript levels of tested genes and

metabolites under non-acclimated conditions (NA; A, left) and after cold

acclimation (A, right) and subsequent deacclimation for 1 or 3 days (B–D).

p < 0.001 are labeled in red, <0.01 in orange and <0.05 in yellow.

Supplementary Figure 5 | Data depicted in Figure 1 normalizes for each

accession on the levels of NA plants, Chlorophyll contents (A), Chl a/b

ratio (B), and anthocyanin contents (C). Bars represent means ± standard

deviation (n = 9).

REFERENCES

Achard, P., Gong, F., Cheminant, S., Alioua, M., Hedden, P., and Genschik,
P. (2008). The cold-inducible CBF1 factor-dependent signaling pathway
modulates the accumulation of the growth-repressing DELLA proteins
via its effect on gibberellin metabolism. Plant Cell 20, 2117–2129. doi:
10.1105/tpc.108.058941

Allen, R. D.,Webb, R. P., and Schake, S. A. (1997). Use of transgenic plants to study
antioxidant defenses. Free Radic. Biol. Med. 23, 473–479. doi: 10.1016/S0891-
5849(97)00107-X

Asada, K. (2000). The water-water cycle as alternative photon and electron
sinks. Philos. Trans. R. Soc. Lond. B Biol. Sci. 355, 1419–1431. doi:
10.1098/rstb.2000.0703

Baier, M., and Dietz, K.-J. (1999). The costs and benefits of oxygen for
photosynthesizing plant cells. Prog. Bot. 60, 282–314. doi: 10.1007/978-3-642-
59940-8_11

Baier, M., and Dietz, K. J. (2005). Chloroplasts as source and target of cellular redox
regulation: a discussion on chloroplast redox signals in the context of plant
physiology. J. Exp. Bot. 56, 1449–1462. doi: 10.1093/jxb/eri161

Baier, M., Noctor, G., Foyer, C. H., and Dietz, K. J. (2000). Antisense suppression
of 2-cysteine peroxiredoxin in Arabidopsis specifically enhances the activities
and expression of enzymes associated with ascorbate metabolism but not
glutathione metabolism. Plant Physiol. 124, 823–832. doi: 10.1104/pp.124.2.823

Baier, M., Pitsch, N. T., Mellenthin, M., and Guo, W. (2010). “Reguation of genes
encoding chloroplast antioxidant enzymes in comparison to regulation of the
extra-plastidic antioxidant defense system,” in Ascorbate-Glutathione Pathway

and Stress Tolerance in Plants, eds N. A. Anjum, M.-T. Chan, and S. Umar
(Dortrecht; Heidelberg; London; New York, NY: Springer), 337–386.

Ballottari, M., Dall’Osto, L., Morosinotto, T., and Bassi, R. (2007). Contrasting
behavior of higher plant photosystem I and II antenna systems during
acclimation. J. Biol. Chem. 282, 8947–8958. doi: 10.1074/jbc.M606417200

Barah, P., Jayavelu, N. D., Rasmussen, S., Nielsen, H. B., Mundy, J., and Bones,
A. M. (2013). Genome-scale cold stress response regulatory networks in ten
Arabidopsis thaliana ecotypes. BMC Genomics 14:722. doi: 10.1186/1471-2164-
14-722

Baxter, A., Mittler, R., and Suzuki, N. (2014). ROS as key players in plant stress
signalling. J. Exp. Bot. 65, 1229–1240. doi: 10.1093/jxb/ert375

Bowler, C., Vancamp, W., Vanmontagu, M., and Inze, D. (1994). Superoxide-
dismutase in plants. CRC. Crit. Rev. Plant Sci. 13, 199–218. doi:
10.1080/713608062

Browse, J., and Lange, B. M. (2004). Counting the cost of a cold-blooded
life: metabolomics of cold acclimation. Proc. Natl. Acad. Sci. U.S.A. 101,
14996–14997. doi: 10.1073/pnas.0406389101

Byun, Y. J., Koo, M. Y., Joo, H. J., Ha-Lee, Y. M., and Lee, D. H.
(2014). Comparative analysis of gene expression under cold acclimation,
deacclimation and reacclimation in Arabidopsis. Physiol. Plant. 152, 256–274.
doi: 10.1111/ppl.12163

Catalá, R., Medina, J., and Salinas, J. (2011). Integration of low temperature and
light signaling during cold acclimation response in Arabidopsis. Proc. Natl.
Acad. Sci. U.S.A. 108, 16475–16480. doi: 10.1073/pnas.1107161108

Chalker-Scott, L. (1999). Environmental significance of anthocyanins in
plant stress responses. Photochem. Photobiol. 70, 1–9. doi: 10.1111/j.1751-
1097.1999.tb01944.x

Chen, Y., Jiang, J., Chang, Q. S., Gu, C. S., Song, A. P., Chen, S. M., et al. (2014).
Cold acclimation induces freezing tolerance via antioxidative enzymes, proline
metabolism and gene expression changes in two Chrysanthemum species.Mol.

Biol. Rep. 41, 815–822. doi: 10.1007/s11033-013-2921-8
Crosatti, C., Rizza, F., Badeck, F. W., Mazzucotelli, E., and Cattivelli, L. (2013).

Harden the chloroplast to protect the plant. Physiol. Plant. 147, 55–63. doi:
10.1111/j.1399-3054.2012.01689.x

Desikan, R., Mackerness, S. A. H., Hancock, J. T., and Neill, S. J. (2001). Regulation
of the Arabidopsis transcriptome by oxidative stress. Plant Physiol. 127,
159–172. doi: 10.1104/pp.127.1.159

Dietz, K. J., Jacob, S., Oelze,M. L., Laxa,M., Tognetti, V., deMiranda, S.M. N., et al.
(2006). The function of peroxiredoxins in plant organelle redox metabolism.
J. Exp. Bot. 57, 1697–1709. doi: 10.1093/jxb/erj160

Distelbarth, H., Nagele, T., and Heyer, A. G. (2013). Responses of antioxidant
enzymes to cold and high light are not correlated to freezing tolerance in natural
accessions of Arabidopsis thaliana. Plant Biol. 15, 982–990. doi: 10.1111/j.1438-
8677.2012.00718.x

Du, Y. Y., Wang, P. C., Chen, J., and Song, C. P. (2008). Comprehensive functional
analysis of the catalase gene family in Arabidopsis thaliana. J. Integr. Plant Biol.
50, 1318–1326. doi: 10.1111/j.1744-7909.2008.00741.x

Ensminger, I., Busch, F., and Huner, N. P. A. (2006). Photostasis and cold
acclimation: sensing low temperature through photosynthesis. Physiol. Plant.
126, 28–44. doi: 10.1111/j.1399-3054.2006.00627.x

Fowler, S., and Thomashow, M. F. (2002). Arabidopsis transcriptome profiling
indicates that multiple regulatory pathways are activated during cold
acclimation in addition to the CBF cold response pathway. Plant Cell 14,
1675–1690. doi: 10.1105/tpc.003483

Frontiers in Plant Science | www.frontiersin.org 15 March 2016 | Volume 7 | Article 305

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


Juszczak et al. Plastid Control of Post-Cold Deacclimation

Foyer, C. H., Lelandais, M., and Kunert, K. J. (1994). Photooxidative stress in
plants. Physiol. Plant. 92, 696–717. doi: 10.1111/j.1399-3054.1994.tb03042.x

Gadjev, I., Vanderauwera, S., Gechev, T. S., Laloi, C., Minkov, I. N., Shulaev,
V., et al. (2006). Transcriptomic footprints disclose specificity of reactive
oxygen species signaling in Arabidopsis. Plant Physiol. 141, 436–445. doi:
10.1104/pp.106.078717

Gechev, T., Gadjev, I., Van Breusegem, F., Inzé, D., Dukiandjiev, S., Toneva, V.,
et al. (2002). Hydrogen peroxide protects tobacco from oxidative stress by
inducing a set of antioxidant enzymes. Cell. Mol. Life Sci. 59, 708–714. doi:
10.1007/s00018-002-8459-x

Hannah, M. A., Wiese, D., Freund, S., Fiehn, O., Heyer, A. G., and Hincha, D.
K. (2006). Natural genetic variation of freezing tolerance in Arabidopsis. Plant
Physiol. 142, 98–112. doi: 10.1104/pp.106.081141

Huner, N. P. A., Öquist, G., and Sarhan, F. (1998). Energy balance and
acclimation to light and cold. Trends Plant Sci. 3, 224–230. doi: 10.1016/S1360-
1385(98)01248-5

Juszczak, I., and Baier, M. (2012). The strength of the miR398-Csd2-CCS1
regulon is subject to natural variation in Arabidopsis thaliana. FEBS Lett. 586,
3385–3390. doi: 10.1016/j.febslet.2012.07.049

Juszczak, I., and Baier, M. (2014). Quantification of superoxide and hydrogen
peroxide in leaves.Methods Mol. Biol. 1166, 217–224. doi: 10.1007/978-1-4939-
0844-8_16

Juszczak, I., Rudnik, R., Pietzenuk, B., and Baier, M. (2012). Natural genetic
variation in the expression regulation of the chloroplast antioxidant system
among Arabidopsis thaliana accessions. Physiol. Plant. 146, 53–70. doi:
10.1111/j.1399-3054.2012.01602.x

Kalberer, S. R., Wisniewski, M., and Arora, R. (2006). Deacclimation and
reacclimation of cold-hardy plants: current understanding and emerging
concepts. Plant Sci. 171, 3–16. doi: 10.1016/j.plantsci.2006.02.013

Kangasjärvi, S., Lepistö, A., Hannikäinen, K., Piippo, M., Luomala, E. M., Aro, E.
M., et al. (2008). Diverse roles for chloroplast stromal and thylakoid-bound
ascorbate peroxidases in plant stress responses. Biochem. J. 412, 275–285. doi:
10.1042/BJ20080030

Kindgren, P., Dubreuil, C., and Strand, Å. (2015). The recovery of plastid function
is required for optimal response to low temperatures in Arabidopsis. PLoS ONE
10:e0138010. doi: 10.1371/journal.pone.0138010

Kliebenstein, D. J., Monde, R. A., and Last, R. L. (1998). Superoxide dismutase in
Arabidopsis: an eclectic enzyme family with disparate regulation and protein
localization. Plant Physiol. 118, 637–650. doi: 10.1104/pp.118.2.637

König, J., Baier, M., Horling, F., Kahmann, U., Harris, G., Schurmann, P.,
et al. (2002). The plant-specific function of 2-Cys peroxiredoxin-mediated
detoxification of peroxides in the redox-hierarchy of photosynthetic electron
flux. Proc. Natl. Acad. Sci. U.S.A. 99, 5738–5743. doi: 10.1073/pnas.072644999

Kurepin, L. V., Dahal, K. P., Savitch, L. V., Singh, J., Bode, R., Ivanov, A. G., et al.
(2013). Role of CBFs as integrators of chloroplast redox, phytochrome and plant
hormone signaling during cold acclimation. Int. J. Mol. Sci. 14, 12729–12763.
doi: 10.3390/ijms140612729

Laby, R. J., Kincaid, M. S., Kim, D., and Gibson, S. I. (2000). The Arabidopsis
sugar-insensitive mutants sis4 and sis5 are defective in abscisic acid synthesis
and response. Plant J. 23, 587–596. doi: 10.1046/j.1365-313x.2000.00833.x

Leyva, A., Jarillo, J. A., Salinas, J., and Martinez-Zapater, J. M. (1995). Low-
temperature induces the accumulation of phenylalanine ammonia-lyase and
chalcone synthase messenger-RNAs of Arabidopsis thaliana in a light-
dependent manner. Plant Physiol. 108, 39–46.

Mancinelli, A. L., Yang, C.-P. H., Lindquist, P., Anderson, O. R., and Rabino, I.
(1975). Photocontrol of anthocyanin synthesis. III. The action of streptomycin
on the synthesis of chlorophyll and anthocyanin. Plant Cell Physiol. 55,
251–257. doi: 10.1104/pp.55.2.251

Maruta, T., Noshi, M., Tanouchi, A., Tamoi, M., Yabuta, Y., Yoshimura, K.,
et al. (2012). H2O2-triggered retrograde signaling from chloroplasts to nucleus
plays specific role in response to stress. J. Biol. Chem. 287, 11717–11729. doi:
10.1074/jbc.M111.292847

Maruta, T., Tanouchi, A., Tamoi, M., Yabuta, Y., Yoshimura, K., Ishikawa, T., et al.
(2010). Arabidopsis chloroplastic ascorbate peroxidase isoenzymes play a dual
role in photoprotection and gene regulation under photooxidative stress. Plant
Cell Physiol. 51, 190–200. doi: 10.1093/pcp/pcp177

Mehler, A. H. (1951). Studies on reactions of illuminated chloroplasts.
1. Mechanism of the reduction of oxygen and other Hill reagents.

Arch. Biochem. Biophys. 33, 65–77. doi: 10.1016/0003-9861(51)
90082-3

Mittler, R., Kim, Y., Song, L., Coutu, J., Coutu, A., Ciftci-Yilmaz, S., et al. (2006).
Gain- and loss-of-function mutations in Zat10 enhance the tolerance of plants
to abiotic stress. FEBS Lett. 580, 6537–6542. doi: 10.1016/j.febslet.2006.11.002

Miyake, C., and Asada, K. (1992). Thylakoid-bound ascorbate peroxidase in
spinach chloroplasts and photoreduction of its primary oxidation product
monodehydroascorbate radicals in thylakoids. Plant Cell Physiol. 33, 541–553.

Muthuramalingam, M., Matros, A., Scheibe, R., Mock, H. P., and Dietz, K. J.
(2013). The hydrogen peroxide-sensitive proteome of the chloroplast in vitro

and in vivo. Front. Plant Sci. 4:54. doi: 10.3389/fpls.2013.00054
O’Kane, D., Gill, V., Boyd, P., and Burdon, R. (1996). Chilling, oxidative stress and

antioxidant responses in Arabidopsis thaliana callus. Planta 198, 371–377. doi:
10.1007/BF00620053

Ogawa, K., Kanematsu, S., and Asada, K. (1997). Generation of superoxide
anion and localization of CuZn-superoxide dismutase in the vacuolar tissue of
spinach hypocotyls: their association with lignification. Plant Cell Physiol. 38,
1118–1126. doi: 10.1093/oxfordjournals.pcp.a029096

Op den Camp, R. G., Przybyla, D., Ochsenbein, C., Laloi, C., Kim, C., Danon,
A., et al. (2003). Rapid induction of distinct stress responses after the
release of singlet oxygen in Arabidopsis. Plant Cell 15, 2320–2332. doi:
10.1105/tpc.014662

Petersson, U. A., Kieselbach, T., García-Cerdán, J. G., and Schroder, W.
P. (2006). The Prx Q protein of Arabidopsis thaliana is a member
of the luminal chloroplast proteome. FEBS Lett. 580, 6055–6061. doi:
10.1016/j.febslet.2006.10.001

Pitsch, N. T., Witsch, B., and Baier, M. (2010). Comparison of the chloroplast
peroxidase system in the chlorophyte Chlamydomonas reinhardtii, the
bryophyte Physcomitrella patens, the lycophyte Selaginella moellendorffii and
the seed plant Arabidopsis thaliana. BMC Plant Biol. 10:133. doi: 10.1186/1471-
2229-10-133

Porra, R. J., Thompson, W. A., and Kriedemann, P. E. (1989). Determination
of accurate extinction coefficients and simultaneous-equations for assaying
chlorophyll-a and chlorophyll-b extracted with four different solvents -
verification of the concentration of chlorophyll standards by atomic absorption
spectroscopy. Biochim. Biophys. Acta 975, 384–394. doi: 10.1016/S0005-
2728(89)80347-0

Pulido, P., Spínola, M. C., Kirchsteiger, K., Guinea, M., Pascual, M. B., Sahrawy,
M., et al. (2010). Functional analysis of the pathways for 2-Cys peroxiredoxin
reduction in Arabidopsis thaliana chloroplasts. J. Exp. Bot. 61, 4043–4054. doi:
10.1093/jxb/erq218

Rizhsky, L., Liang, H., and Mittler, R. (2003). The water-water cycle is essential for
chloroplast protection in the absence of stress. J. Biol. Chem. 278, 38921–38925.
doi: 10.1074/jbc.M304987200

Rossel, J. B., Wilson, P. B., Hussain, D., Woo, N. S., Gordon, M. J., Mewett, O. P.,
et al. (2007). Systemic and intracellular responses to photooxidative stress in
Arabidopsis. Plant Cell 19, 4091–4110. doi: 10.1105/tpc.106.045898

Rouhier, N., and Jacquot, J. P. (2005). The plant multigenic family
of thiol peroxidases. Free Radic. Biol. Med. 38, 1413–1421. doi:
10.1016/j.freeradbiomed.2004.07.037

Sales, C. R., Ribeiro, R. V., Silveira, J. A., Machado, E. C., Martins, M. O., and
Lagôa, A. M. (2013). Superoxide dismutase and ascorbate peroxidase improve
the recovery of photosynthesis in sugarcane plants subjected to water deficit
and low substrate temperature. Plant Physiol. Biochem. 73, 326–336. doi:
10.1016/j.plaphy.2013.10.012

Savitch, L. V., Barker-Astrom, J., Ivanov, A. G., Hurry, V., Oquist, G., Huner, N. P.
A., et al. (2001). Cold acclimation of Arabidopsis thaliana results in incomplete
recovery of photosynthetic capacity, associated with an increased reduction
of the chloroplast stroma. Planta 214, 295–303. doi: 10.1007/s0042501
00622

Schneider, C. A, Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ:
25 years of image analysis. Nat. Methods 9, 671–675. doi: 10.1038/nmeth.2089

Scott, I. M., Clarke, S. M., Wood, J. E., and Mur, L. A. (2004). Salicylate
accumulation inhibits growth at chilling temperature in Arabidopsis. Plant
Physiol. 135, 1040–1049. doi: 10.1104/pp.104.041293

Strand, A., Hurry, V., Gustafsson, P., and Gardestrom, P. (1997). Development of
Arabidopsis thaliana leaves at low temperatures releases the suppression
of photosynthesis and photosynthetic gene expression despite the

Frontiers in Plant Science | www.frontiersin.org 16 March 2016 | Volume 7 | Article 305

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


Juszczak et al. Plastid Control of Post-Cold Deacclimation

accumulation of soluble carbohydrates. Plant J. 12, 605–614. doi:
10.1046/j.1365-313X.1997.00605.x

Strand, Å., Hurry, V., Henkes, S., Huner, N., Gustafsson, P., Gardeström, P.,
et al. (1999). Acclimation of Arabidopsis leaves developing at low temperature.
Increasing cytoplasmic volume accompanies increased activities of enzymes in
the Calvin Cycle and in the sucrose-biosynthesis pathway. Plant Physiol. 119,
1387–1397. doi: 10.1104/pp.119.4.1387

Thomashow, M. F. (1999). Plant cold acclimation: freezing tolerance genes and
regulatory mechanisms. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 571–599.
doi: 10.1146/annurev.arplant.50.1.571

Vanderauwera, S., Zimmermann, P., Rombauts, S., Vandenabeele, S., Langebartels,
C., Gruissem, W., et al. (2005). Genome-wide analysis of hydrogen peroxide-
regulated gene expression in Arabidopsis reveals a high light-induced
transcriptional cluster involved in anthocyanin biosynthesis. Plant Physiol. 139,
806–821. doi: 10.1104/pp.105.065896

Xing, Y., Cao, Q. Q., Zhang, Q., Qin, L., Jia, W. S., and Zhang, J. H. (2013).
MKK5 regulates high light-induced gene expression of Cu/Zn superoxide
dismutase 1 and 2 in Arabidopsis. Plant Cell Physiol. 54, 1217–1227. doi:
10.1093/pcp/pct072

Yabuta, Y., Motoki, T., Yoshimura, K., Takeda, T., Ishikawa, T., and Shigeoka, S.
(2002). Thylakoid membrane-bound ascorbate peroxidase is a limiting factor
of antioxidative systems under photo-oxidative stress. Plant J. 32, 915–925. doi:
10.1046/j.1365-313X.2002.01476.x

Zuther, E., Juszczak, I., Lee, Y. P., Baier, M., and Hincha, D. K. (2015).
Time-dependent deacclimation after cold acclimation in Arabidopsis thaliana

accessions. Sci. Rep. 5:12199. doi: 10.1038/srep12199

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Juszczak, Cvetkovic, Zuther, Hincha and Baier. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) or licensor are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Plant Science | www.frontiersin.org 17 March 2016 | Volume 7 | Article 305

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	Natural Variation of Cold Deacclimation Correlates with Variation of Cold-Acclimation of the Plastid Antioxidant System in Arabidopsis thaliana Accessions
	Introduction
	Materials and Methods
	Plant Material and Growth Conditions
	qRT-PCR Analyses
	Histochemical Analyses of Superoxide and Hydrogen Peroxide Accumulation
	Determination of Chlorophyll and Anthocyanin Contents
	Determination of Ascorbate Contents and the Redox State of the Ascorbate Pool
	Statistical Analyses and Additional Data

	Results
	Chlorophyll Levels upon Long-Term Cold Stress
	Anthocyanin Accumulation
	Reactive Oxygen Species Production upon Long-Term Cold Stress
	Activation Level of ROS Signaling Marker Genes
	Ascorbate Levels and Redox State
	Regulation of Genes Encoding Chloroplast Antioxidant Enzymes
	Links in the Regulation of the PAS Genes
	Correlations between the Transcript Levels of PAS Genes and CBF/COR Genes

	Discussion
	Accession-Specific Csd2 Regulation
	The CBF Regulon under PAS Control

	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


