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Cold priming uncouples light- and
cold-regulation of gene expression
in Arabidopsis thaliana
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Abstract

Background: The majority of stress-sensitive genes responds to cold and high light in the same direction, if plants face the
stresses for the first time. As shown recently for a small selection of genes of the core environmental stress response cluster,
pre-treatment of Arabidopsis thaliana with a 24 h long 4 °C cold stimulus modifies cold regulation of gene expression for up
to a week at 20 °C, although the primary cold effects are reverted within the first 24 h. Such memory-based regulation is
called priming. Here, we analyse the effect of 24 h cold priming on cold regulation of gene expression on a transcriptome-
wide scale and investigate if and how cold priming affects light regulation of gene expression.

Results: Cold-priming affected cold and excess light regulation of a small subset of genes. In contrast to the strong gene co-
regulation observed upon cold and light stress in non-primed plants, most priming-sensitive genes were regulated in a
stressor-specific manner in cold-primed plant. Furthermore, almost as much genes were inversely regulated as co-regulated
by a 24 h long 4 °C cold treatment and exposure to heat-filtered high light (800 μmol quanta m− 2 s− 1). Gene ontology
enrichment analysis revealed that cold priming preferentially supports expression of genes involved in the defence against
plant pathogens upon cold triggering. The regulation took place on the cost of the expression of genes involved in growth
regulation and transport. On the contrary, cold priming resulted in stronger expression of genes regulating metabolism and
development and weaker expression of defence genes in response to high light triggering. qPCR with independently
cultivated and treated replicates confirmed the trends observed in the RNASeq guide experiment.

Conclusion: A 24 h long priming cold stimulus activates a several days lasting stress memory that controls cold and light
regulation of gene expression and adjusts growth and defence regulation in a stressor-specific manner.
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Background
Plants respond dynamically to a wide range of environ-
mental signals and can adjust to many unfavourable con-
ditions [1–3]. Performance optimization to persisting
shifts is called acclimation or acclimatization. It takes sev-
eral days and involves cost-intensive changes in metabol-
ism, gene expression and sometimes even in the anatomy
and morphology [4, 5]. Specific signalling, such as by the

cold-induced ICE (inducer of CBF expression)-CBF (C-re-
peat binding factor)-pathway [6] and e.g. ROS (reactive
oxygen species) and abscisic acid signalling conjointly
configure the plants towards activation and manifestation
of higher stress tolerance [1, 7]. As soon as the conditions
improve, most acclimation supporting reactions stop
almost immediately and reverting regulation starts [8–10].
If the lag-phases between successive stress events,

which are by themselves too short to establish protec-
tion, are short enough to maintain part of the acclima-
tion responses, several short stimuli can lead to similar
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or higher stress tolerance than a continuous stress
experience [11]. The phenomenon is called entrainment.
By contrast, priming is independent of the persistence

of the stress or of accumulation of primary stress re-
sponses [12]. The stress memory (caused by the priming
stimulus) uses information carriers that are set at low
metabolic costs and modify the response to a later stress
(triggering stress) [12, 13]. Priming has been described
for a wide range of biotic and abiotic stress stimuli [12–
14]. However, in most cases the (precise) nature of the
specific memory mechanism is still unknown. According
to the first records, it can range from meta-stable meta-
bolic imprints to trans-generation stable epigenetic
marks [13, 15, 16].
In our earlier study on cold-priming, we showed that

priming of Arabidopsis thaliana for 24 h at 4 °C differen-
tially regulates genes of the core environmental stress re-
sponse cluster, which are induced in response to various
stressors, including cold [17, 18]. Cold priming weak-
ened the induction of the zinc finger transcription factor
ZAT10 (zinc-finger transcription factor 10; STZ;
At1g27730) (and to a lesser extent BAP1 (BON1-associ-
ated protein 1; At3g61190)) upon a 5 day later cold
stimulus and supported cold activation of CHS (chalcone
synthase; TT4; At5g13930) and PAL1 (phenylalanine
ammonium lyase 1; At2g37040) expression [17]. The
same priming stimulus did not affect cold-induction of
COR15A (At2g42540) [17], which is under control of the
main cold acclimation regulating ICE-CBF-pathway [1].
In this small selection of genes, ZAT10 showed the

strongest primability [17]. ZAT10 expression responds
to a wide range of abiotic stresses, including high light
intensities and cold [17–19]. The transcription factor
mediates secondary gene expression regulation, such as
induction of the non-plastid ascorbate peroxidase APX2
(At1g07890) and chloroplast iron superoxide dismutase
FSD1 (At4g25100) and counteracts full activation of os-
motic and salt tolerance [20].
ZAT10 is hardly expressed under non-stress condi-

tions [17, 21]. In response to photooxidative stress,
which occurs upon sudden cold or excess light [22–24],
it is induced by reactive oxygen species (ROS), presum-
ably by H2O2 [25]. In high light, ZAT10 induction is
supported by PAP (3′-phosphoadenosine 5′-phosphate)
that accumulates upon photooxidative inhibition of the
PAP-dephosphorylating chloroplast stroma localized
phosphatase SAL1 (At5g63980) [26]. In the cold, CBF-
dependent induction of the transcription factor CZF1
(At2g40140) activates ZAT10 expression [27, 28]. The
various ZAT10 regulating pathways are differently con-
trolled by chloroplast antioxidant protection. Whereas,
for example, SAL1 regulation by ROS depends more on
stromal ascorbate peroxidase (sAPX) function than on
thylakoid ascorbate peroxidase (tAPX) activity [26], cold

regulation of CBF genes is antagonized by tAPX [29]
and cold priming of ZAT10 is solely mediated by transi-
ent post-cold accumulation of tAPX and can be antago-
nized by tAPX RNA silencing [17, 30].
Cold mainly slows down enzymatic reactions, whereas

excess light increases the excitation pressure in the
photosynthetic light reaction with only low impact on
energy consumption [22–24], Despite the different
nature of both perturbations, cold and excess light cause
both imbalances between photosynthetic electron trans-
port and redox energy consuming chloroplast metabol-
ism. Consistent with the high similarity of the effects on
photosynthesis, the two stress types regulate 87% of the
responsive genes in the same direction in naïve plants
[31]. Many cold-responsive genes, e.g. BAP1 and the
ZAT (Zinc finger of Arabidopsis thaliana) transcription
factors ZAT6 (At5g04340), ZAT10 and ZAT12
(At5g59820) [20, 32–34] belong to the group of “core en-
vironmental stress response genes” that are induced in re-
sponse to various stresses and mediate stress response
regulation and acclimation processes [18]. The high over-
lap between transcriptome regulation in response to cold
and light stress [31] suggests a strong trans-effect of cold-
priming on light-regulation of gene expression. On the
contrary, the complexity of regulation of primary stress
responsive genes, like ZAT10, let assume cis- and trans-
specific effects. In the present study, we compare the effect
of 24-h cold priming on the response to a 5 day later
applied 4 °C or temperature-controlled high light
(800 μmol photons m− 2 s− 1) triggering stimulus, first, on
frequently with ZAT10 co-regulated genes and, finally, in
a transcriptome wide scale to investigate the specificity of
cold-priming on future gene expression regulation.

Results
Cold priming results in decreased cold activation of
specific ZAT genes
ZAT10 showed in the previous study strongest primability
of the selected cold-responsive genes [17]. To identify
similarly regulated genes in Arabidopsis thaliana, publicly
available data resources on transcript abundance regula-
tion were scanned with GENEMANIA for ZAT10-like
regulated genes [35]. The 15 highlighted genes (Fig. 1a) in-
cluded BAP1, which is, like ZAT10, cold-priming sensitive
and less inducible by cold 5 days after 24 h cold priming at
4 °C, as shown before [17]. Additionally, GENEMANIA
also named the genes for the zinc-finger transcription fac-
tors ZAT6 (Zinc finger protein 6; At5g04340), ZAT11
(At2g37430), ZAT12 (At5g59820), ZAT5 (At2g28200),
ZAT18 (At3g53600), the WRKY transcription factors
WRKY33 (At2g38470) and WRKY40 (At1g80840), the
AP2-type transcription factors ERF6 (Ethylene response
factor 6; At4g17490), ERF13 (At2g44840) and ERF104
(At5g61600), the mitochondrial uncoupling protein
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PUMP4 (At4g24570) and the Ca2+-binding protein encod-
ing gene At4g272800. A similar analysis on the STRING
v.11 platform [36] showed also ACS6 (1-aminocyclopro-
pane-1-carboxylate synthase 6; At4g11280), that is
involved in ethylene biosynthesis, as a ZAT10 co-
expressed gene (Fig. 1). All these genes respond, like
ZAT10, to a wide range of abiotic stress stimuli and to
oxidative stress [20, 37–43].
STRING v.11 further indicates protein-protein interac-

tions (Fig. 1; orange lines). Via feed-back effects, they
could impact on transcript abundance regulation. The
ZAT10 transcription factor interacts with the MAP ki-
nases MPK3 (At3g45640) and MPK6 (At2g43790), which
are elements of a core plant stress signal transduction

pathway responding to biotic and abiotic signals [44, 45].
MPK6 and MPK3 also phosphorylate ZAT6 [46], ERF6,
ERF104 [41, 43], WRKY33 [47], WRKY40 [41] and
ACS6 [48]. Additionally, ZAT10 interacts with the tran-
scriptional co-repressors TOPLESS (TPL, At1g15750)
and TOPLESS-RELATED-4 (At3g15880) [44, 49–51].
TPL binds also ZAT6 [50]. To test ZAT10-like regulated
genes for the cold-primability of their cold regulation,
we selected genes with different affinity to MPK6 /
MPK3 and / or TPL, namely ZAT10, ZAT6, ACS6 and
WRKY40 for a qPCR (quantitative polymerase chain re-
action)-based priming analysis. We further included the
gene for the bi-functional enolase LOS2 (At2g36530),
which is a negative upstream transcriptional regulator of

Fig. 1 a Genes frequently coregulated with ZAT10 (green) and proteins interacting with ZAT10 (orange) according to GENEMANIA and STRING.
The thicker the connecting lines are drawn, the more studies reported co-regulation or interaction. Filled circles highlight the genes that were
chosen for qPCR analysis. b Effect of 24 h cold priming at 4 °C on cold-regulation of 4 genes co-regulated with ZAT10 in various studies and of
the ZAT10 upstream-regulator LOS2. Regulation of the relative transcript abundances (standardized on YLS8; mean ± standard deviation) in control
plants (C), only cold-primed (P), only cold-triggered (T) and cold-primed + cold-triggered plants (PT) immediately after triggering. Different letters
label statistical significance of differences based on data obtained with 3 independently cultivated and treated biological replicates (Tukeys post
hoc test; p < 0.05)
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ZAT10 [52]. The transcript levels of these genes were
analysed by qPCR immediately after triggering in previ-
ously naive plants (T) and in plants that were cold-
primed 5 days before cold triggering (PT). As controls,
untreated plants (C) and plants (P) that perceived 5 days
earlier the priming cold-treatment, but were not cold-
triggered, were analysed.
Like ZAT10, the transcript levels of ZAT12 and ZAT6

were significantly decreased in PT-plants as compared to
T-plants, demonstrating priming-sensitivity (Fig. 1b).
ACS6 and WRKY40 were not sensitive to the triggering
stimulus, independent of whether the plants were cold-
primed or not. Regulation of LOS2, which binds the
ZAT10 promoter and controls ZAT10-mediated cold-
induction of the cold and drought marker gene RD29
[52], was strongly cold-inducible (comparison of tran-
script levels in C- and T-plants), but not priming-
regulated (comparison of transcript levels in T- and PT-
plants). The analysis gave no indication that interaction
with known ZAT10-interacting proteins controls prim-
ing, but demonstrated that cold-priming affects specific
genes, even in a group of genes which are otherwise
widely co-regulated with ZAT10 [17–19] (Fig. 1).

The effect of cold priming on the regulation of the ZAT
genes upon high light triggering
For comparison of the cold-priming effect on cold and
high light triggering, we established a heat filtered high
light set-up (800 μmol quanta m− 2 s− 1) (Fig. 2a), which
increases H2O2 levels and damages photosystem II (as
indicated by the maximum quantum yield of photo-
system II) to a similar extent as the 4 °C treatment used
for cold priming and cold triggering does (Fig. 2b and c).
The set-up was further evaluated by qPCR for its im-

pact on regulation of well characterized light and heat
regulated genes. After 2 h in high light, the transcript
levels of the light-inducible genes ELIP2 (early light in-
duced protein 2, At4g14690 [53];), GPX7 (glutathione
peroxidase 7, At4g31870 [54];) and PAL1 (phenylalanine
ammonium lyase 1, At2g37040) were increased (Fig. 2d).
The heat filter was sufficient to counteract significant ac-
tivation of the heat sensitive genes HSFA7a (At3g51910)
and HSFA7b (At3g63350) [55, 56] (Fig. 2e).
Besides induction of ZAT10, the light treatment in-

creased the ZAT6 transcript levels almost as strong as
the 24 h cold treatment (T-plants in Figs. 1b and 2f).
ZAT12 showed only a very weak (but also significant) re-
sponse to the light treatment (Fig. 2f). In cold-primed
plants, the mean transcript levels of ZAT6 were lower in
PT-plants than in T-plants, indicating primability, al-
though the effect was not significant due to strong vari-
ation of the gene induction level. On the contrary, the
transcript levels of ZAT10 and ZAT12 were more simi-
larly regulated by light triggering in primed and non-

primed plants (Fig. 2f). Consequently, cold priming did
not have any or had only very little effect on the light
triggering response of these genes.

Photosynthetic performance after triggering
The differences between the cold and the light triggering
response of the ZAT genes in cold-primed plants (Figs.
1b and 2f), especially ZAT10, could result from effects of
priming on the photosynthetic electron transport effi-
ciency. To test this hypothesis, we compared the photo-
synthetic performance of photosystem-II in cold-primed
plants after cold and light triggering by chlorophyll-a
fluorescence analysis. Triggered (T) and primed + trig-
gered (PT) plants were analysed side-by-side by 2-
dimensional chlorophyll-a fluorescence imaging in
middle-aged leaves, which show strongest priming sensi-
tivity in 4-week-old plants [30] (Fig. 3).
After cold and light triggering, the maximal quantum

yield of photosystem-II (FV/FM; 0 min in Fig. 3 top) was
similar in dark-acclimated T- and PT-plants, demon-
strating that the triggering responses were unaffected by
cold priming. Upon illumination with a photosynthetic
photon flux density (PPFD) of 185 μmol quanta m− 2 s− 1,
the quantum yields of photosystem II (ΦPS-II) and
photochemical and non-photochemical quenching (qP
and NPQ) also did not differ between primed and non-
primed plants, both, after cold- and after light-triggering
(T- and PT). It demonstrated that the priming treatment
did not reduce the response to the triggering stress, al-
though cold and light by itself differently impacted on
ΦPS-II and the quenching parameters (Fig. 3). The similar-
ity of the responses between the respective T- and PT-
plants did not support the hypothesis that the priming-
dependent differences in gene expression regulation result
from differences in stress-induced damage or regulation
of photosystem-II activity as caused by priming.

Effect of cold priming on cold- and high light-regulated
gene expression
For more insight into the effect of cold priming on the
stress responses, we maximally widened the target gene
spectrum and performed a genome wide RNA-sequencing
(RNASeq analysis) experiment 2 h after cold (4 °C) and light
triggering (800 μmol quanta m− 2 s− 1) of 5 days earlier cold-
primed and non-primed plants. RNA sequencing resulted
in 23.76–24.14 million reads per sample (Suppl. Tab. 1). At
minimum, 98.49% of the reads could be mapped to the
TAIR10 genome (Suppl. Tab. 1). Sequences were recorded
for 24,085 different genes. The transcript levels of many
well-known, highly cold and light-responsive transcription
factors, e.g. CBF1 (At4g25490) and CBF3 (At4g25480) [57],
ANAC078 (At5g04410) [58] and ZAT10 [17, 21] and ZAT6
[59], were 2 h after cold or light triggering already strongly
decreased (Suppl. Tab. 2). At the same time, the transcript
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levels of secondarily cold regulated genes, such as the CBF3-
regulated gene COR15A (At2g42540) and the ANAC078 tar-
get genes At1g56650, At3g01600 and At5g58610 [60] still
were induced (Suppl. Tab. 2). Genes that are well character-
ized for their heat inducibility, such as HSFA2 (At2g26150),
HSFA7a (At3g51910), and HSA32 (At4g21320), were only
very weakly expressed in all samples (Suppl. Tab. 2). The
transcript level of the senescence regulating NAC transcrip-
tion factor ORE1 (ANAC092; At5g39610) [61] was not in-
creased in any sample (Suppl. Tab. 2). The expression
pattern confirmed high responsiveness of stressor-specific

target genes and showed that the treatments did not induce
heat signalling or activate senescence.
61.7% of the genes that were at least 2-fold up-

regulated and 32.8% of the genes at least 2-fold down-
regulated in response to light in unprimed plants, were
also at least 2-fold regulated by the cold treatment. On
the contrary, only 0.3 and 5.5% of the at least 2-fold reg-
ulated genes were inversely regulated by cold and light.
Thus, our cold and light treatments widely regulated
genes in the same direction in unprimed plants, similar
as shown before by others [31].

Fig. 2 Effect of cold priming on light triggering. a Leaf surface temperature in the heat-filtered (orange) and in the not heat-filtered illumination set-up
(red). b H2O2 content in control plants (white) and cold (blue) or high light triggered plants (orange). Different letters show statistical significance of
differences based on data obtained with 9 plants from two independently cultivated and treated plant sets (Student t-test; p < 0.05). c Maximum
quantum yield of photosystem II (FV/FM) in control plants (white) and cold (blue) or high light triggered plants (orange). The parameter was
determined with a saturating white light flash after 20min dark acclimation. Different letters show statistical significance of differences based on data
obtained with 10 plants from two independently cultivated and treated plant sets (Student t-test; p < 0.05). d Relative transcript abundance of light-
responsive genes in control plants (white) and after 2 h heat-controlled illumination (orange). The transcript levels were standardized on the transcript
levels of YLS8; Statistically significant differences in the relative transcript abundances are labelled with asterisks (n = 3–5; Tukeys post hoc test; p < 0.05).
e Relative transcript abundance of heat-responsive genes in control plants (white) and after 2 h heat-controlled illumination (orange) and not heat-
controlled illumination (red). The transcript levels were standardized on the transcript levels of YLS8; Statistically significant differences in the relative
transcript abundances are labelled with different letters (n = 3–5; Tukeys post hoc test; p < 0.05). f Effect of 24 h cold priming at 4 °C on transcript
abundance regulation by a light stimulus. Regulation of the relative transcript abundances in control plants (C), only cold-primed (P), only light-
triggered (T) and cold-primed + light-triggered plants (PT) immediately after light triggering. Different letters show statistical significance of differences
in the relative transcript levels based on data obtained with 3–5 independently cultivated and treated biological replicates (Tukeys post hoc test; p <
0.05). All subfigures show means ± standard deviation
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Volcano plots (depicting the intensity of priming-
dependent regulation based on the false discovery rate
(FDR)) (Fig. 4 top) and blotting of the gene expres-
sion levels of primed plants (y-axes) against the gene
expression levels of the respective unprimed plants
(x-axes) (Fig. 4 bottom), showed that cold priming af-
fected cold and light regulation of only specific genes.
Cold triggering resulted in much less gene expression
variability than light triggering in cold-primed plants
(Fig. 4 bottom). In general, most significant priming-
dependent regulation was observed for medium
strongly expressed genes (Fig. 4 bottom).
Principal component analysis (PCA) (Fig. 5a) and

clustering (Fig. 5b) of the relative transcript level in
T- and PT-plants indicated that the priming effects
on non-triggered, and cold- or light-triggered plants
differed in direction and intensity. Already this first
comparison let assume that the priming effects
observed after triggering did not result from pro-
longed gene dysregulation in response to the priming
stimulus, but that priming affected the response to
the triggering stimulus.

Long-term, not triggering-dependent gene expression
effects of cold priming
For more stringent gene regulation analysis, the 13,775
genes were selected that were detected in all samples
and were recorded with FPKM (fragments per kilobase
of exon per million reads mapped) values of 5 or higher
in at least one data set. The effects of priming on the
transcript levels were calculated by dividing the FPKM-
values of primed and non-primed plants at the end of
the lag-phase (P / C) and in cold-triggered (PT-C / T-C)
and light-triggered plants (PT-L / T-L).
Transcriptome comparison between C and P plants at

the end of the 5-day-long lag-phase demonstrated that
the transcriptome had widely reverted prior to applica-
tion of the triggering stimuli. Only for 12 genes more
than 2-fold higher and only for 4 genes more than 2-fold
lower transcript levels were recorded in primed plants as
compared to control plants (Fig. 5c top, Suppl. Tab. 3).
At1g53870 (encoding a LURP (Late/sustained Up-
regulation in Response to Hyaloperonospora parasitica)-
like protein, At1g73260 (putative trypsin inhibitor),
At4g12490 and At4g12480 (two bifunctional inhibitor

Fig. 3 Effect of 24 h cold priming at 4 °C on photosynthetic electron transport activity and regulation after cold (left) and light triggering (right).
The means and standard deviations of the quantum yields of photosystem II (ΦPS-II), photochemical quenching (qP) and non-photochemical
quenching (NPQ) as determined for each of the 4 biological replicates at an photosynthetic photon flux density of 185 μmol quanta m− 2 s− 1 in
parallel in triggered (T) and primed + triggered plants (PT)
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proteins, AZI3 and EARLI1), a cation exchanger
(At3g51860) and a haloacid dehalogenase-like hydrolase
(HAD) superfamily protein (At5g36790) were strongest
up-regulated. These genes were only weakly expressed
under control conditions. Consequently, the absolute
regulation of the transcript levels was low. On the con-
trary, the transcript levels of a transmembrane protein
(At4g12495), the senescence and stress inducible gene
SAG13 (At2g29350, encoding a short-chain alcohol de-
hydrogenase) and extensin-4 (At1g76930) were recorded
with FPKM values higher than 10. Their transcript levels
were more than 2-fold increased 5 days after cold prim-
ing reflecting a strong absolute effect (Supp. Tab. 3).
The four genes which were down-regulated in P com-

pared to C encode lipid-transfer protein-4 (At5g59310),
a glycine-rich protein (At1g04800), another LURP1-like
protein (At1g53890) and an embryo development con-
trolling gene (At4g29660) (Suppl. Tab. 3).
Analysing the transcript abundance patterns at lower

threshold (FPKM ≥5 in at least one of the treatments
and log2 (primed / unprimed) ≥ I0.5I) (Fig. 5c bottom)

showed only for two of the 365 potentially long-term
regulated genes, namely a hypothetical gene (At5g23411)
and At1g53870 (encoding a LURP1-related protein), co-
upregulation in not triggered and cold- or light-triggered
plants. Only one hypothetical gene (At1g13470) was co-
downregulated in cold-primed plants in all three treat-
ment groups (Suppl. Tab. 4). The very low number of co-
regulated genes demonstrates that the priming memory
affects gene regulation in a stressor-specific manner.

Common triggering-dependent effects of cold priming on
cold and light triggering
Since cold and excess light regulate the majority of genes
in the same direction [31], regulation of common signal
transduction elements would result in high similarity be-
tween the effect of cold and light triggering on priming
sensitive genes. Already the analysis of a small selection of
ZAT10-related genes showed differences (Figs. 1b and 2e).
On the transcriptome level, RNASeq analysis identified
under the more stringent conditions used for analysis
(FPKM ≥10 and log2(PT/T) ≥ I1I) only a gene for a not

Fig. 4 Statistical evaluation of priming-dependent regulation as obtained by RNASeq. Top: Volcano plots depicting genes with statistically
significant regulation in red. Bottom: Comparison of the regulation intensity in primed (y-axis) and non-primed plants (x-axes). Genes with an
FPKM value > 0.001 and up-regulated at least with log2 (primed / unprimed) = Ι 1 I are labelled in yellow, down-regulated genes in blue. Data for
non-triggered plants are shown on the left, for cold-triggered ones in the middle panels and for light-triggered plants to the right
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further characterized transmembrane protein (At4g22510)
as potentially (at least 2-fold) priming co-regulated in
cold- and light-triggered plants (Fig. 5c top).
Lowering the thresholds to FPKM ≥5 and log2(PT/T) ≥

I0.5I showed 29 genes as being co-regulated in a priming-
dependent manner after light and cold triggering (Suppl.
Tab. 4). Eight of the 17 co-up-regulated transcripts map
to the same chromosome region and several of the short
genes overlap in sense and antisense orientation. Conse-
quently, the FPKM values (as calculated for these genes)
may overstate the actual transcript abundances and the

regulation amplitudes of individual genes. The remaining
co-up-regulated genes encode (besides hypothetical pro-
teins and proteins of unknown function) with ERD6-like 1
(early response to dehydration-6 like-1; At1g08920), a CC-
NBS-LRR class immune receptor (At1g59218), the exten-
sin OLE1 (At2g16630), a kinase inhibitor-like protein
(At2g28870), plastome-encoded photoreceptor protein M
(Atcg00220) and the plastid ribosomal subunit L32
(Atcg01020) a diverse spectrum of proteins.
In the group of the 12 genes, which are less expressed

after light and cold triggering in primed plants (Suppl.

Fig. 5 Transcript abundance regulation as observed by RNASeq. a Principal component analysis separating the data sets of non-triggered (C, P),
cold-triggered (T-C and PT-C) and light-triggered samples (T-L and PT-L) stronger according to the type of the triggering stimulus than to the
priming effect (P or PT in comparison to C or T). b Cluster analysis of transcript abundance regulation in cold- or light-triggered, primed or
unprimed samples relative to the transcript level in control plants. The heat map lists only genes that were at least 2-fold stronger or less
expressed in primed and / or triggered plants than in C-plants (FDR value < 0.001). 10-fold up-regulated transcripts are shown in dark red, 10-fold
down-regulated transcripts are shown in blue. c VENN-diagrams depicting the number of genes up- or down-regulated in a priming-dependent
manner before (P) and after cold (PT-C) or light triggering (PT-L) at a strong threshold setting of log2 (primed/unprimed)≥ I 1 I and FPKM ≥10
(top) or a weak threshold setting of log2 (primed/unprimed)≥ I 0.5 I and FPKM ≥5 (bottom)
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Tab. 4), three encode disease associated genes, namely
two β-glucanases (PR2 (BGL2; At3g57260) and BLG3
(At3g57240)) and one chitinase (At2g43570).

Specific effects of cold priming on cold and light
triggering
Most priming-responsive genes were regulated by either
cold or by light triggering (Fig. 5c). Under highly selective
conditions (FPKM ≥10 and log2(PT/T) ≥ I1I), the transcript
levels of only two genes, expansin-A8 (At2g40610) and
glycine-rich protein 9 (At2g05440), were lower after cold
triggering due to cold priming. In parallel, 13 genes were
more strongly expressed after cold triggering in cold-
primed plants than in non-primed ones. Three of them,
Kunitz trypsin inhibitor 1 (At1g73260), NIT2 (At3g44300)
and SAG13 (At2g29350), were already induced prior to ap-
plication of the triggering stimulus. Nine of the remaining
10 genes encode (hypothetical) lipid transfer proteins or are
not characterized for their function (Suppl. Tab. 3). The
remaining, trigger-specifically regulated gene was OLE1
(At2g16630) that encodes an extensin.
On the contrary, light triggering resulted in cold-primed

plants in specific accumulation of the transcripts for 9
genes, of which three encode heat shock proteins. Various
defence-related genes, such as PR2 (pathogen responsive
gene 2, At3g57260), PR4 (At3g04720), a pathogen and cir-
cadian controlled gene PCC1 (At3g22231), a chitinase
(At3g12500) and five defensins, were less strongly induced
by high light in primed plants than in naïve ones (Suppl.
Tab. 3). Two genes, namely, At2g73260 and At4g12495, en-
coding a trypsin inhibitor and a transmembrane protein,
showed inverse regulation in primed plants before and after
light triggering. Inversion of the priming effect by the trig-
gering response demonstrates that priming actively affected
gene regulation by the triggering light stress event.
The quantitative differences between the priming im-

pact on cold and light triggering were confirmed when
the genes were filtered based on weaker criteria (FPKM
≥5 and log2(PT/T) ≥ I0.5I) (Fig. 5c): 130 genes were spe-
cifically induced and 121 down-regulated in cold-primed
plants after cold triggering. Light triggering of cold-
primed plants resulted in stronger induction of 613 and
down-regulation of 334 genes in comparison to light-
triggered non-primed plants.

Analysis of regulation patterns by qPCR
Regulation observed in the RNASeq experiment with
pooled plant material from ten plants per treatment was
evaluated by qPCR in at least 3 independently cultivated
and treated biological replicates for 5 genes showing
priming effects at the end of the lag-phase, for 5 genes
which were regulated in a priming-dependent manner
after cold triggering, and for 5 priming sensitive genes
regulated by light (Fig. 6a). The priority was given to

genes with high FPKM values. In the qPCR analysis, the
transcript levels were normalized to the expression in-
tensity of the constitutively expressed gene YLS8
(At5g08290) [62]. In all three gene sets, three genes were
selected which are up-regulated in primed plants as com-
pared to non-primed plants and two which were down-
regulated. 13, out of the selected 15 genes, showed in the
qPCR analysis significant regulation (Student t-Test, p <
0.05) consistent with the RNASeq data. The transcript
levels of the other two genes, namely At5g59720 (encod-
ing the heat-shock protein HSP18.2) and At1g73260 (en-
coding a Kunitz factor protein) were by average (although
not significantly) more than 2-fold regulated in the same
direction as in the RNASeq experiment.
Of the five genes tested by qPCR for higher transcript

levels 5 days after cold priming (Fig. 6a top), RNASeq ana-
lysis indicated only for SAG13 also higher transcript levels
after cold triggering. qPCR in independently cultivated and
treated biological replicates confirmed this effect (Fig. 6b).
Additionally, it also showed down-regulation in primed
plants after light triggering consistent with the RNASeq
analysis (Suppl. Tab. 3; Fig. 6b). qPCR further confirmed
the regulation observed by RNASeq for extensin-4
(At1g76930) and PR2 (At3g57260) before and after trigger-
ing (Fig. 6b). The ratios calculated from the FPKM values
of primed and the respective unprimed plants (P/C; PT-C/
T-C and PT-L/T-L) were for all treatments in the range of
the values obtained by qPCR for the various biological rep-
licates (Fig. 6b).

Functional categorization of the cold priming effect on
the triggering response
Functional categorization of the priming-regulated genes
based on analysing the enrichment of gene ontologies
(GO) [63, 64] was performed with the wider data set
(log2 (PT/T) > l0.5l FPKM ≥5) on the AgriGO v2 plat-
form (http://systemsbiology.cau.edu.cn/agriGOv2/). Data
processing was evaluated using the Fischer test (F-test)
and the Yekutieli method for α-level adjustment at a p-
level of 0.05 [65]. The minimum threshold for statistical
testing and multi-test adjustment was set to 5 genes per
GO-term [66]. From the primary data, the subset of the
most specific GOs within the hierarchical GO structure
were extracted for the figures (Figs. 7 and 8). The full
lists including information on the p-value and FDR
(False Discovery Rate) and graphical images depicting all
GO-terms in hierarchical order are provided in the sup-
plements (Suppl. Tab. 5).
In the group of transcripts that were up-regulated in

cold-primed plants after cold triggering, stress regulated
genes were significantly enriched in comparison to non-
primed cold stressed plants (Fig. 7). Especially genes
responding to wounding, immune and programmed cell
death regulation and / or genes under control of jasmonic
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acid signalling were over-represented. Additionally,
priming preferentially affected the cold triggering
response of genes involved in the starvation regula-
tion and in flavonoid and anthocyanin biosynthesis
(At4g22880, At4g09820, At2g02990, At3g29590,
At5g17220, At5g42800, At4g14090, At5g54060). All
eight genes of the latter group were also induced by
excess light but were less induced or even inversely
regulated in primed plants after light triggering com-
pared to primed plants after cold triggering (Suppl.
Tab. 5). CHS and PAL1, which regulate early steps of
phenylpropanoid metabolism and were previously
shown to be more strongly activated in cold-primed
plants upon cold triggering [17], were also more
strongly induced in cold-primed plants in response to
cold triggering in the new dataset, although they did
not pass the threshold criteria used here for the
bioinformatics analysis. In parallel, cold triggering

resulted in cold-primed plants in weaker expression
of genes involved in transport organization, growth
and morphogenesis (Fig. 7). Various of the less
expressed genes respond to auxin-activated signalling
and response pathways.
After light triggering, genes involved in organelle

organization, morphogenesis and nucleic acid metab-
olism were more strongly induced in cold-primed
plants than in non-primed ones. Genes responding to
biotic stimuli, acids and oxygen-containing organic
compounds (At5g44420, At3g15356, At3g22231,
At2g14560, At1g73260, At4g10500, At3g16530) and
genes involved in metabolic regulatory processes are
less represented in primed plants (Fig. 8). In general,
GO analysis showed that cold priming results in an
inverse support of growth and biotic stress response
upon cold and light triggering (Figs. 7 and 8, orange
and dark green bars).

Fig. 6 qPCR analysis of transcript abundance regulation. a: Consistency test on the regulation for genes showing strong regulation at the end of
the lag-phase (top), after cold triggering (middle) or after light triggering (bottom). The transcript levels were quantified with gene specific
primers and standardized on the transcript level of YLS8 in 3–5 independently cultivated and treated biological replicates. The figure shows
means ± standard deviation. Statistical significance of regulation (Student t-test; p < 0.05) is labelled with an asterisk. b: Testing for consistency of
regulation of the RNASeq analysis throughout the experiment for three selected genes. For all samples, the transcript abundance ratio between
primed and unprimed plants obtained by qPCR in four independently cultivated and treated biological replicates (green bars; means ± standard
deviation) was in the range of the ratio calculated based on the FPKM-values of the RNASeq analysis (white bars)
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Sub-analysis of the priming-responsive genes inversely
regulated by cold and high light
In the group of 159 genes with higher transcript levels in
PT-C (cold-primed and cold-triggered) plants than in T-C
(only cold-triggered) plants and the 379 genes down-
regulated in PT-L (cold-primed and light-triggered) plants
as compared to T-L (only light-triggered) plants (FPKM
values > 5 and log2 (PT/T) > l0.5l) 17 genes were inversely
regulated (Supp. Tab. 6). Additionally, 12 genes were in-
versely regulated between the group of 145 genes down-
regulated PT-C plants (as compared to T-C) and 633 genes
up-regulated in PT-L (as compared to T-L) (Supp. Tab. 6).
Six of these (in total) 29 inversely regulated genes were

not annotated in TAIR10, which is the data background
used for functional categorization with AgriGO v2. Only
one biological function was significantly overrepresented
in the remaining group of 23 genes (Suppl. Tab. 7).
Seven of the 23 genes, namely At2g29350, At4g37990,

At1g73260, At2g43510, At3g22231, At3g04720 and
At3g12500, respond to biotic stimuli. They all showed
higher transcript levels after cold triggering and lower
ones after light triggering if the plants were cold-primed
before (Suppl. Tab. 6). Taking even slight regulation
prior to triggering into account, all these genes show
specific responses to light triggering (Suppl. Tab. 6).
Three of them (At3g22231, At3g04720 and At3g12500)
showed also up-regulation of the transcript levels after
cold triggering and down-regulation in response to light.
These three two-directionally regulated genes encode
the plasma membrane protein Pathogen and Circadian
Controlled 1 (PCC1; At3g22231), Pathogenesis Related 4
(PR4; At3g04720) and a basic chitinase (CHI-B;
At3g12500). All three genes are associated with patho-
gen defence. Also CHS (At5g13930), but not the other
core response gene PAL1 (At2g37040), showed stronger
expression in cold-primed plants upon cold triggering

Fig. 7 Functional characterization of genes regulated in a priming-dependent manner after cold triggering. Enriched functional gene ontologies
were identified with AgriGO using TAIR10 as background. The crude data including statistical information and the GO-term reference codes are
summarized in Suppl. Tab. 5
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and lower transcript levels after excess light triggering,
although with lower amplitudes than PCC1, PR4 and
CHI-B (Suppl. Tab. 2).
Expression network analysis on the GENEMANIA

platform indicated only very faint co-expression between
PR4 and CHI-B and no co-regulation of the two genes
with PCC1. The impression that these genes are hardly

co-regulated in naïve plants was confirmed by compari-
son of transcript abundance regulation using the
compare-mode of the eFP browser [67] on publicly
available transcript abundance regulation data for devel-
opmental regulation in Arabidopsis thaliana and the re-
sponse to biotic and abiotic stress. qPCR analysis
confirmed the inverse regulation of pathogen related

Fig. 8 Functional characterization of genes regulated in a priming-dependent manner after light triggering. Enriched functional gene ontologies
were identified with AgriGO using TAIR10 as background. The crude data including statistical information and the GO-term reference codes are
summarized in Suppl. Tab. 5
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genes PCC1, PR4 and Kunitz 1 after cold and light trigger-
ing of cold-primed plants (Fig. 9). For CHI-B, the tran-
script levels were below the detection level of qPCR.
The other 16 genes, which responded inversely to cold

and light triggering in a priming-dependent manner, have
diverse functions. Five encode transmembrane proteins
(At4g12495, At1g79170, At1g16916, At5g65580 and
At1g53035), two protease inhibitors (At1g73260 and
At2g43510) and two protein phosphatases 2C (At5g02760
and At3g16800) (Suppl. Tab. 6).

Discussion
Stresses activate a sequence of events which start within
seconds to minutes with the first measurable changes in

transcriptional activity [68, 69]. After a period of massive
regulation, the transcriptome gets adjusted to regulation
of acclimation. Inactivation of primary stress regulation
and secondary regulation dominate the post-stress phase
[70]. In our experiment, 5 days after the plants perceived
the priming cold stimulus, primary and secondary gene
expression regulation was almost fully reset (Supp. Tab.
2; Fig. 5). At this stage, we exposed the plants either to
cold or to excess light. The two stresses, if applied to
naïve plants, regulate the majority of genes in the same
direction [18, 31] (Suppl. Tab. 2). 5 days after cold prim-
ing, however, the same stimuli caused mainly specific ef-
fects and partly even inverse transcript abundance
regulation (Figs. 1, 2, 5 and 6; Suppl. Tab. 2, 3 and 4).
Due to the low overlap between genes that were cold
and light regulated in a priming-dependent manner
(Figs. 1, 2 and 5 plus Suppl. Tab. 3, 4, 5 and 6), we con-
clude that cold priming uncouples cold and light regula-
tion of specific genes.
The mechanisms, by which cold priming establishes

the memory and how the priming-induced information
is recorded in primed plants, are still under investigation
[13, 15, 16]. Various studies suggest an epigenetic mem-
ory, such as histone and DNA (de-)acetylation or (de-
)methylation, for storing information on thermal stress
events [15, 71–73]. For example, COR15A (At2g42540)
and COR47 (At1g20440) are more strongly expressed, if
the second cold stimulus quickly follows the first one
[74]. The majority of the cold-induced histone marks,
however, is metastable. Consequently, the effects on
gene expression regulation get quickly lost. For example,
the cold-priming effect on COR15A can fully revert
within 24 h, if priming was performed with a short cold
stimulus [72]. On the contrary, prolonged cold, such as
2 weeks at 4 °C, leads to higher transcript accumulation of
COR15A upon a 5 day later applied 24 h 4 °C triggering
stimulus [17]. Transformation of a metastable cold mem-
ory into a stable one, such as in the regulation of FLOW-
ERING LOCUS C (FLC; At5g10140), requires several days
or even several weeks of cold exposure [75]. Consistent
with the previous qPCR-based analysis of COR15A regula-
tion [17], 5 days after 24 h cold priming none of the refer-
ence genes for epigenetic cold memories, namely
COR15A, COR47 or FLC (Suppl. Tab. 2) [74, 75], showed
priming-dependent regulation in our present study.
Despite widely overlapping light and cold effects on

the transcriptome of naïve plants [31] (Suppl. Tab. 2),
priming-dependent co-regulation was only observed for
32 genes (of which several overlap and might reflect
double annotations) (Fig. 5b). 29 priming-sensitive genes
were even inversely regulated. The latter group included
well characterized genes of the core environmental stress
response cluster [18], such as ZAT transcription factors,
CHS and the pathogenesis associated genes PCC1, PR4

Fig. 9 qPCR confirmation of inverse regulation of three
pathogenesis-associated genes. The transcript levels were quantified
with gene specific primers and standardized on the transcript level
of YLS8 in 3 independently cultivated and treated biological
replicates. The figure shows means ± standard deviation. Statistical
significance of regulation (Student t-test; p < 0.05) is labelled with
an asterisk
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and CHI-B (Suppl. Tab. 2; Fig. 9). Cold-priming sup-
ported expression of stress (hormone) responsive genes
upon cold triggering and resulted in lower expression of
genes related to growth and metabolite transport (Fig.
7). Genes with functions in stress response regulation
were down-regulated in cold-primed plants after light
triggering and genes involved in growth, metabolism and
development were up-regulated (Fig. 8). Such inverse ef-
fects of cold priming on gene expression regulation
demonstrated that priming affects cold- and light sensi-
tivity and responsiveness in a stressor specific manner.
With respect to biological function, our analysis
highlighted two cold-priming effects:

(1) Cold priming supports cold regulation of genes
involved in anthocyanin and flavonoid metabolism.

Eight genes involved in the biosynthesis of flavonoids and
anthocyanins showed priming dependent regulation in re-
sponse to cold triggering (Fig. 7; Suppl. Tab. 2 and 5). An-
thocyanins and flavonoids are broad spectrum protectants
that not only filter ultra violet (UV) - and / or blue and red
light, but have also antioxidant capacities [76, 77]. Their
synthesis is activated by various stresses, including cold, UV
light, drought, salt and high light [78, 79]. CHS and PAL1,
which were previously shown by qPCR to be more strongly
induced in cold-primed plants upon cold triggering [17],
encode enzymes catalysing initial steps of phenylpropanoid
metabolism and controlling the flux capacities into chal-
cone metabolism. Although regulation of CHS and PAL1
transcript levels did not pass the strict threshold criteria
applied in this study, their transcript abundances were also
higher in cold-primed plants upon cold triggering (and
lower or unchanged upon high light triggering) (Suppl.
Tab. 2). Five of the eight cold-regulated genes, namely
At5g42800, At5g17220, At4g22880, At4g14090 and
At4g09820, plus CHS and PAL1 are activated by MYB75
(At1g56650) [80]. MYB75 expression is regulated by
ZAT10 [20]. MYB75 transcript levels showed slight positive
cold priming effects upon cold triggering, but not upon
high light triggering (Suppl. Tab. 2), consistent with select-
ive priming-dependent regulation of ZAT10 upon cold, but
not light triggering (Figs. 1 and 2). It could link priming
regulation of CHS / PAL1 and ZAT10, which we previously
hypothesized to be controlled by parallel induced, inversely
acting pathways [17].

(2) Inverse cold-priming dependent regulation upon cold
and light triggering.

The most striking observation of our study was the in-
verse trade-off between the support of growth and de-
fence upon cold and light triggering after cold priming.
Cold pre-treatment is well known to decrease plant

susceptibility to pathogens [81]. A recent transcriptome
analysis, showing lower susceptibility of cold pretreated
Arabidopsis against the pathogenic bacterium Pseudo-
monas syringae (Pst) strain DC 3000, explained the effect
by cold-modulation of salicylic acid biosynthesis and sig-
nalling [82]. Salicylic acid levels, that increase in the cold
[83], can activate local as well as systemic resistance
[84]. Only 2 h after the 10 h long cold-priming treat-
ment, cold-modification of defence signalling resulted in
stronger expression of PAL1 and PR2, and weaker induc-
tion of PR4 upon infiltration with Pseudomonas syringae
DC3000 [82]. In our study, 5 days after 24 h cold prim-
ing, PAL1 was more strongly induced by cold and by
high light in cold-primed plants. However, the transcript
levels of the more specific salicylic acid regulated gene
PR2 were lower (Fig. 6 Suppl. Tab. 2) after both stress
treatments if the plants were cold-primed. On the con-
trary, the gene for the chitin binding protein PR4 and
PCC1 were not down-regulated, but strongly up-
regulated by cold, and down-regulated by light in cold-
primed plants (Fig. 9). In our opinion, such specific
regulation of defence related genes upon cold- and high
light triggering can, like differential regulation of ZAT10
(Figs. 1 and 2), only be explained by specific modulation
of the gene responsiveness to the specific trigger. In
other words, we conclude that the cold priming memory
uncouples core stress signalling and deploys its regula-
tory potential on stressor specific gene regulation.

Conclusions
Controlling the balance between defence and growth is
crucial for plants in a changing environment in order to
optimize their fitness [85]. Our study demonstrated that
cold priming differentially modifies regulation of specific
genes and even uncouples regulation of genes of the
core environmental response cluster. Transcriptome
wide analysis of the consequences of cold priming dem-
onstrated that cold triggering supports expression of
various genes involved in defence and protection on the
cost of the expression of transport and growth-related
genes. On the contrary, light triggering preferentially ac-
tivates genes involved in metabolism and development,
but down-regulates genes involved in the defence re-
sponse. The overall pattern is manifested in the inverse
regulation of 29 genes. From this, we conclude that cold
priming modifies stress signalling by differentiating cold
and light induced regulation.

Methods
Plant growth and stress treatments
Arabidopsis thaliana (Col-0) plants were grown for 28
days individually in round pots (6 cm diameter) in soil at
20 ± 2 °C at a day - night regime of 10 h light / 14 h dark
and an illumination rate of 100–110 μmol quanta*m− 2
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s− 1 (Lumilux Cool White fluorescence stripes; Osram,
Germany). For priming, a 24 h cold stimulus was im-
posed to half of the 4-week-old plants by transferring
them 2.5 h after the onset of light to a 4 ± 2 °C cold
chamber with the same aeration, illumination and air
humidity setting as the 20 °C chamber (Fig. 10). After-
wards the primed plants were placed back to 20 °C and
further cultivated side-by-side with non-primed plants in
a randomized pattern. The general settings were identi-
cal to those used in the previous study [17], except that
the temperature sensor in the cold chamber was ex-
changed to one shortening the phase length in the cool-
ing rhythm, which better stabilizes the day and night
temperatures. 1/3 of the primed and naïve plants was
harvested 5 days after the end of the priming stimulus
2.5 h after onset of light. The control plants (C plants)
were kept all time at 20 °C.
Cold triggering was started after a lag-phase of 5 days

at 20 °C with 1/3 of the primed and 1/3 of the control
plants by transfer of the plants to 4 °C (cold triggering)
(Fig. 10). For high light triggering, 1/3 of the primed and
1/3 of the naïve plants were exposed for 2 h to a photon
flux density of 800 μmol quanta m− 2 s− 1 30 min after the
onset of light using halogen lamps (R7-s 500W, Emil
Lux GmbH Wermelskirchen, Germany). The heat emis-
sion of the halogen lamps was filtered through a water
layer and additionally controlled by moderate ventila-
tion. The leaf temperature was monitored on the upper
leaf surface with an infrared thermometer.
For the RNASeq samples, entire rosettes of ten plants

were harvested per treatment at the end of the 5-day-
long lag-phase and 2 h after the cold and excess light
triggering treatment, combined and immediately frozen

in liquid N2 to stabilize the RNA against degradation.
For each of at least 3 independent experimental repli-
cates used for the qPCR analysis, entire rosettes of 5–7
individual plants per treatment and sample were har-
vested, pooled and also immediately frozen in liquid N2.

RNA-isolation and RNA library construction
For RNA isolation, the plant material was ground to a
fine powder in liquid N2. RNA was extracted from 100
mg plant material using the Gene Matrix Universal RNA
Purification Kit (EURx, Gdansk, Poland) including the
DNase treatment recommended by the supplier. The
RNA was precipitated from the solution overnight at −
20 °C by adding 0.1 volume of 3M sodium acetate (pH
5.2) and 2.5-volume absolute ethanol. After dissolving
the RNA in 50 μl RNAse-free H2O, the RNA integrity
was assessed by electrophoresis on a 2% (w/v) agarose
gel supplemented with 1% (v/v) formaldehyde.
For RNA library construction, the mRNA was

enriched using oligo (dT) magnetic beads and depleted
from rRNA by DNA/rRNA hybridization according to
standard procedures of the Beijing Genomics Institute
(Beijing, China). Afterwards, the mRNA was transcribed
into cDNA and the second DNA strand was generated
with random N6 primer. The double stranded cDNA
was then 5′-end repaired, 3′-poly-A-tailed and ligated
with an oligo-dT-adapter. The ligation product was
amplified with specific adapter primers by PCR. Single-
end sequencing on the Illumina High-Seq4000 platform
of the Bejing Genomics Institute led to an average of 24
million (± 160.000) reads with a read length of 50 base
pairs per treatment (Suppl. Tab. 1).

Bioinformatic analysis
The reads obtained by RNASeq, that did not contain
adaptor sequence contaminations and less than 10% un-
clear bases (= clean reads), were aligned to the Arabi-
dopsis reference genome (TAIR10) using Bowtie
(version 2.1.0 [86];) and HISAT (2.1.0 [87];). The num-
ber of aligned reads were normalized for each gene to
the transcript length and the total number of reads per
treatment by using the RSEM software package. For the
2000 highest expressed genes a principal component
analysis was performed by using edgeR [88] and limma
libraries [89] in R 3.5.1. Correlation analysis of differen-
tially expressed genes for the heat map was performed
by using the R function pheatmap (https://CRAN.R-pro-
ject.org/package=pheatmap). Gene co-regulation was
analysed with InteractiVenn [90]. Additional expression
analyses were performed with GENEMANIA [35],
STRING v.11 [36] and on the eFP browser platform
[67]. The functional characterization by gene ontologies
of significantly expressed and differentially regulated
genes (log2-change > 1 and a FPKM value > 5) was

Fig. 10 Experimental set-up. At an age of 28 days half of the plants
were cold treated for 24 h at 4 °C (priming) and then retransferred to
20 °C and an illumination intensity of 100–110 μmol quanta m− 2 s− 1. 5
days later 1/3 of the plants of each set was cold-triggered for 24 h at 4 °C
(T-C and PT-C), 1/3 light-triggered for 2 h at 800 μmol quanta
m− 2 s− 1 (T-L and PT-L). The remaining plants (control plants: C;
only primed plants: P)) were harvested at the end of
the lag-phase
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performed on the AgriGO 2.0 platform [66] according
to gene ontology terms of the TAIR10 release.

Reverse transcription and quantitative real time PCR
For the real-time PCR analysis, the mRNA was transcribed
into cDNA using the High Capacity Reverse Transcription
Kit (Applied Biosystems, Carlsbad, CA, U.S.A.). Oligo
dT16V primer were annealed to the polyA-tails of the
mRNA during 10min incubation at 25 °C. After 2 h at
37 °C, the reaction was stopped by 5min heat inactivation
of the enzyme at 85 °C. Real-time qPCR analysis was per-
formed on the CFX96 real-time system (Biorad, Hercules,
CA, U.S.A.) with 50 ng template cDNA and 0.2 μl
10xSYBR Green (Sigma-Aldrich, Germany) in 20 μl as de-
scribed previously [17], except that the transcript levels
were only standardized on YLS8 (yellow leaf specific pro-
tein 8; At5g08290), since other typically in qPCR analysis
used reference genes responded either to the cold or to
the light treatment. All primers, if applicable, were de-
signed to span exon-intron borders by the QUANT-
PRIME software [91]. Primer sequences are listed in the
supplements (Suppl. Tab. 8).

Quantification of H2O2 levels
Medium old leaves, which show strongest priming sensi-
tivity [30] and lowest background H2O2 levels [92], were
frozen immediately in liquid nitrogen to fix metabolism.
50mg of the frozen plant material was homogenized in
200 μl 5 mM KCN according to [93]. After sedimentation
of the insoluble material (5min at 13.000 g and 4 °C),
100 μl of the supernatant was mixed with 1ml precooled
dye solution (100 volumes 125 μM xylenol orange in 100
mM sorbitol freshly mixed with 1 volume of 25mM
(NH4)2Fe(SO4)2 in 2.5M H2SO4). The absorbance was de-
termined spectrophotometrically at 560 nm after 10min
incubation at room temperature and quantified based on
a calibration curve obtained with H2O2 standards.

Chlorophyll-a fluorescence analysis
After 20 min dark acclimatization, the maximal
chlorophyll-a fluorescence (FV/FM) was determined in
the medium old rosette leaves with a saturating light
flash (> 1000 μmol quanta m− 2 s− 1) in primed (P) and
primed + triggered (PT) plants in an Imaging PAM
IMAG-K4B (Walz, Effeltrich, Germany). The effective
quantum yield of photosystem II (ΦPS-II = (FM´- F)/FM´)),
photochemical quenching (qP = (FM´ - F)/(FM´ - F0´))
and non-photochemical quenching (NPQ = (FM /FM´) –
1) were analysed with saturating light flashes spaced by
20 s time gaps before and during illumination with a
photosynthetic photon flux density of 185 μmol quanta
m− 2 s− 1 in the light exposed upper third of the leaves.

Statistical analyses
The significance of difference was evaluated with
Student t-tests (p < 0.05) if two data sets were com-
pared. Larger data sets were analysed with the Tukey
posthoc test (p < 0.05) using the R 3.5.1 software
package.
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Additional file 1: Suppl. Table 1. General information on the quality
of RNA sequencing and RNA sequence alignments.

Additional file 2: Suppl. Table 2. FPKM values in control plants (C5)
and primed plants (P5) at the end of the 5 day long lag-phase, in only
cold (T-C) or only light-triggered (T-L) plants and in cold-primed and cold
(PT-C) or light-triggered (PT-L) plants arranged according to the FPKM-
value in control plants. For each gene, the transcript variants used for
aligning the RNASeq reads are listed.

Additional file 3: Suppl. Table 3. Identities of the genes showing
priming-dependent regulation at a threshold of log2 (primed/un-
primed) ≥ I 1 I and FPKM ≥10 in at least one treatment. log2 (primed/un-
primed) values ≥1 are highlighted in orange, log2 (primed/unprimed)
values ≤ − 1 in blue. Genes tested by qPCR for their regulation are
highlighted in bright yellow.

Additional file 4: Suppl. Table 4. Identities of the genes showing
priming-dependent regulation at a threshold of log2 (primed/un-
primed) ≥ I 0.5 I and FPKM ≥5 in at least one treatment. log2 (primed/un-
primed) values ≥0.5 are highlighted in orange, log2 (primed/unprimed)
values ≤ − 0.5 in blue. Genes tested by qPCR for their regulation are
highlighted in bright yellow.

Additional file 5: Suppl. Table 5. Crude data on the gene ontologies
(GO-terms) in the functional enrichment analysis of genes regulated at a
threshold of log2 (primed/unprimed) ≥ I 0.5 I and FPKM ≥5 after priming.
The table lists (from left to right) the number of genes associated with
the GO-term in the query, the number of genes in the query, the number
of genes associated with the GO-term in the reference background
(TAIR10), the total number of genes used as background, the ratio of
genes associated with the respective GO-term relative to the total num-
ber of genes analysed in the query (transcriptome) and in the back-
ground (reference), the enrichment in the query relative to the reference,
the p-value for the significance of enrichment and the false discovery rate
(FDR).

Additional file 6: Suppl. Table 6. Identities of the genes showing
inverse priming-dependent regulation after cold and light triggering. The
seven genes associated with defence responses are labelled in dark or-
ange. log2 (primed/unprimed) values ≥0.5 is highlighted in orange, log2
(primed/unprimed) values ≤ − 0.5 in blue.

Additional file 7: Suppl. Table 7. Gene ontologies (GO-term) obtained
by functional enrichment analysis of genes which were inversely
regulated by cold and light in a priming-dependent manner (Suppl. Tab.
6). The GOs grouping the seven genes mentioned in the text are labelled
in orange.

Additional file 8: Suppl. Table 8. List of oligonucleotide primers used
for the qPCR analysis.
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repeat binding factor; Col-0: Arabidopsis thaliana var. Columbia-0;
FPKM: Fragments per kilobase of exon per million reads mapped; FV/
FM: Quantum yield of photosystem II in dark acclimated plants; HSF: Heat-
shock factor; ICE: Inducer of CBF expression; MAP: Mitogen activated protein;
MPK: MAP protein kinase; P: Primed plants; P5: Primed plants at the end of
the lag-phase; PPFD: Photosynthetic photon flux density; PT: Primed and
triggered plants; PT-C: Cold-primed and cold-triggered plants; PT-L: Cold-

Bittner et al. BMC Plant Biology          (2020) 20:281 Page 16 of 19

https://doi.org/10.1186/s12870-020-02487-0
https://doi.org/10.1186/s12870-020-02487-0


primed and light-triggered plants; RNASeq: RNA-Sequencing; ROS: Reactive
oxygen species; sAPX: Stromal ascorbate peroxidase; T: Plants which only
faced the triggering stimulus; T-C: Cold-triggered plants; T-L: Light-triggered
plants; tAPX: Thylakoid-bound ascorbate peroxidase; qP: Photosynthetic
quench; qPCR: Real-time quantitative polymerase chain reaction; GO: Gene
ontology; NPQ: Non photochemical quench; UV: Ultra violet; ΦPS-II: Quantum
yield of photosystem II in the light

Acknowledgements
We thank Dr. Dirk Walter and Dr. Rostyslav Braginets for the PrimeDB
support, Dr. Thomas Griebel and Dr. Victoria Seiml-Buchinger for critical read-
ing and Elena Reifschneider, Abdulmalek Remmo, Vera Selinger, Jane Made-
mann and Johannes Kohl for their technical assistance.

Source of plant
The Arabidopsis thaliana var. Col-0 seed material was propagated from a
seed stock originally obtained from the Institut national de la recherche
agronomique (INRA) (stock 186 AV). The seed stock is identical to the one
used in our previous studies [10, 17, 30].

Authors’ contributions
JB and AB designed and performed the experiment for the RNASeq analysis,
AB performed all further experiments, drafted the figures and part of the
manuscript. MB supervised the project and finalized the manuscript. All
authors have read and approved the manuscript.

Funding
The work was funded by the German Research Foundation (CRC973/C4) and
by the FU Berlin. The funders had no role in the design of the study, data
collection and analysis, decision to publish, or preparation of the manuscript.

Availability of data and materials
All the datasets generated and analysed during the current study were
uploaded as with the manuscript as additional files. Primary and processed
data are available in Suppl. Tab. 2, on PrimeDB (https://primedb.mpimp-
golm.mpg.de/index.html?sid=reviewer&pid=bf0fa52fb0b4e9641017a9d0b652
8261) and on NCBI-GEO (GSE151749; GSM4589752 – GSM4589757).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 10 December 2019 Accepted: 10 June 2020

References
1. Thomashow MF. Plant cold acclimation: freezing tolerance genes and

regulatory mechanisms. Annu Rev Plant Physiol Plant Mol Biol. 1999;50:571–
99.

2. Selote DS, Bharti S, Khanna-Chopra R. Drought acclimation reduces O2*-
accumulation and lipid peroxidation in wheat seedlings. Biochem Biophys
Res Commun. 2004;314:724–9.

3. Krasensky J, Jonak C. Drought, salt, and temperature stress-induced
metabolic rearrangements and regulatory networks. J Exp Bot. 2012;63:
1593–608.

4. Wos G, Willi Y. Thermal acclimation in Arabidopsis lyrata: genotypic costs
and transcriptional changes. J Evol Biol. 2018;31:123–35.

5. Guy CL. Cold acclimation and freezing stress tolerance: role of protein
metabolism. Annu Rev Plant Physiol Plant Mol Biol. 1990;41:187–223.

6. Lee BH, Henderson DA, Zhu JK. The Arabidopsis cold-responsive
transcriptome and its regulation by ICE1. Plant Cell. 2005;17:3155–75.

7. Fowler S, Thomashow MF. Arabidopsis transcriptome profiling indicates that
multiple regulatory pathways are activated during cold acclimation in
addition to the CBF cold response pathway. Plant Cell. 2002;14:1675–90.

8. Lichtenthaler HK. Vegetation stress: an introduction to the stress concept in
plants. J Plant Physiol. 1996;148:4–14.

9. Jackson MW, Stinchcombe JR, Korves TM, Schmitt J. Costs and benefits of
cold tolerance in transgenic Arabidopsis thaliana. Mol Ecol. 2004;13:3609–15.

10. Zuther E, Juszczak I, Ping Lee Y, Baier M, Hincha DK. Time-dependent
deacclimation after cold acclimation in Arabidopsis thaliana accessions. Sci
Rep. 2015. https://doi.org/10.1038/srep12199.

11. Goh CH, Nam HG, Park YS. Stress memory in plants: a negative regulation of
stomatal response and transient induction of rd22 gene to light in abscisic
acid-entrained Arabidopsis plants. Plant J. 2003;36:240–55.

12. Hilker M, Schwachtje J, Baier M, Balazadeh S, Baurle I, Geiselhardt S, Hincha
DK, Kunze R, Mueller-Roeber B, Rillig MC, et al. Priming and memory of
stress responses in organisms lacking a nervous system. Biol Rev Camb
Philos Soc. 2016;91:1118–33.

13. Baier M, Bittner A, Prescher A, van Buer J. Preparing plants for improved
cold tolerance by priming. Plant Cell Environ. 2019;42:782–800.

14. Beckers GJ, Conrath U. Priming for stress resistance: from the lab to the
field. Curr Opin Plant Biol. 2007;10:425–31.

15. Friedrich T, Faivre L, Bäurle I, Schubert D. Chromatin-based mechanisms of
temperature memory in plants. Plant Cell Environ. 2019;42:762–70.

16. Zuther E, Schaarschmidt S, Fischer A, Erban A, Pagter M, Mubeen U,
Giavalisco P, Kopka J, Sprenger H, Hincha DK. Molecular signatures
associated with increased freezing tolerance due to low temperature
memory in Arabidopsis. Plant Cell Environ. 2019;42:854–73.

17. van Buer J, Cvetkovic J, Baier M. Cold regulation of plastid ascorbate
peroxidases serves as a priming hub controlling ROS signaling in Arabidopsis
thaliana. BMC Plant Biol. 2016. https://doi.org/10.1186/s12870-016-0856-7.

18. Hahn A, Kilian J, Mohrholz A, Ladwig F, Peschke F, Dautel R, Harter K,
Berendzen KW, Wanke D. Plant core environmental stress response genes are
systemically coordinated during abiotic stresses. Int J Mol Sci. 2013;14:7617–41.

19. Kilian J, Whitehead D, Horak J, Wanke D, Weinl S, Batistic O, D'Angelo C,
Bornberg-Bauer E, Kudla J, Harter K. The AtGenExpress global stress
expression data set: protocols, evaluation and model data analysis of UV-B
light, drought and cold stress responses. Plant J. 2007;50:347–63.

20. Mittler R, Kim Y, Song LH, Coutu J, Coutu A, Ciftci-Yilmaz S, Lee H,
Stevenson B, Zhu JK. Gain- and loss-of-function mutations in Zat10 enhance
the tolerance of plants to ablotic stress. FEBS Lett. 2006;580:6537–42.

21. Rossel JB, Wilson PB, Hussain D, Woo NS, Gordon MJ, Mewett OP, Howell
KA, Whelan J, Kazan K, Pogson BJ. Systemic and intracellular responses to
photooxidative stress in Arabidopsis. Plant Cell. 2007;19:4091–110.

22. Ensminger I, Busch F, Huner NPA. Photostasis and cold acclimation: sensing
low temperature through photosynthesis. Physiol Plant. 2006;126:28–44.

23. Huner NPA, Oquist G, Hurry VM, Krol M, Falk S, Griffith M. Photosynthesis,
photoinhibition and low-temperature acclimation in cold tolerant plants.
Photosynth Res. 1993;37:19–39.

24. Mullineaux P, Karpinski S. Signal transduction in response to excess light:
getting out of the chloroplast. Curr Opin Plant Biol. 2002;5:43–8.

25. Sewelam N, Jaspert N, Van der Kelen K, Tognetti VB, Schmitz J, Frerigmann
H, Stahl E, Zeier J, Van Breusegem F, Maurino VG. Spatial H2O2 signaling
specificity: H2O2 from chloroplasts and peroxisomes modulates the plant
transcriptome differentially. Mol Plant. 2014;7:1191–210.

26. Chan KX, Mabbitt PD, Phua SY, Mueller JW, Nisar N, Gigolashvili T, Stroeher
E, Grassl J, Arlt W, Estavillo GM, et al. Sensing and signaling of oxidative
stress in chloroplasts by inactivation of the SAL1 phosphoadenosine
phosphatase. Proc Natl Acad Sci U S A. 2016;113:E4567–76.

27. Zhou MQ, Shen C, Wu LH, Tang KX, Lin J. CBF-dependent signaling
pathway: a key responder to low temperature stress in plants. Crit Rev
Biotechnol. 2011;31:186–92.

28. Zhao CZ, Zhang ZJ, Xie SJ, Si T, Li YY, Zhu JK. Mutational evidence for the
critical role of CBF transcription factors in cold acclimation in Arabidopsis.
Plant Physiol. 2016;171:2744–59.

29. Maruta T, Noshi M, Tanouchi A, Tamoi M, Yabuta Y, Yoshimura K, Ishikawa T,
Shigeoka S. H2O2-triggered retrograde signaling from chloroplasts to nucleus
plays specific role in response to stress. J Biol Chem. 2012;287:11717–29.

30. van Buer J, Prescher A, Baier M. Cold-priming of chloroplast ROS signalling
is developmentally regulated and is locally controlled at the thylakoid
membrane. Sci Rep. 2019. https://doi.org/10.1038/s41598-019-39838-3.

31. Rasmussen S, Barah P, Suarez-Rodriguez MC, Bressendorff S, Friis P,
Costantino P, Bones AM, Nielsen HB, Mundy J. Transcriptome responses to
combinations of stresses in Arabidopsis. Plant Physiol. 2013;161:1783–94.

32. Zhu Y, Yang H, Mang HG, Hua J. Induction of BAP1 by a moderate
decrease in temperature is mediated by ICE1 in Arabidopsis. Plant
Physiol. 2011;155:580–8.

Bittner et al. BMC Plant Biology          (2020) 20:281 Page 17 of 19

https://primedb.mpimp-golm.mpg.de/index.html?sid=reviewer&pid=bf0fa52fb0b4e9641017a9d0b6528261
https://primedb.mpimp-golm.mpg.de/index.html?sid=reviewer&pid=bf0fa52fb0b4e9641017a9d0b6528261
https://primedb.mpimp-golm.mpg.de/index.html?sid=reviewer&pid=bf0fa52fb0b4e9641017a9d0b6528261
https://doi.org/10.1038/srep12199
https://doi.org/10.1186/s12870-016-0856-7
https://doi.org/10.1038/s41598-019-39838-3


33. Vogel JT, Zarka DG, Van Buskirk HA, Fowler SG, Thomashow MF. Roles of the
CBF2 and ZAT12 transcription factors in configuring the low temperature
transcriptome of Arabidopsis. Plant J. 2005;41:195–211.

34. Shi HT, Chan ZL. The cysteine2/histidine2-type transcription factor ZINC
FINGER OF ARABIDOPSIS THALIANA 6-activated C-REPEAT-BINDING FACTOR
pathway is essential for melatonin-mediated freezing stress resistance in
Arabidopsis. J Pineal Res. 2014;57:185–91.

35. Warde-Farley D, Donaldson SL, Comes O, Zuberi K, Badrawi R, Chao P, Franz
M, Grouios C, Kazi F, Lopes CT, et al. The GeneMANIA prediction server:
biological network integration for gene prioritization and predicting gene
function. Nucleic Acids Res. 2010. https://doi.org/10.1093/nar/gkq537.

36. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J,
Simonovic M, Doncheva NT, Morris JH, Bork P, et al. STRING v11: protein-
protein association networks with increased coverage, supporting functional
discovery in genome-wide experimental datasets. Nucleic Acids Res. 2019;
47:D607–13.

37. Chen J, Yang L, Yan X, Liu Y, Wang R, Fan T, Ren Y, Tang X, Xiao F, Liu Y,
et al. Zinc-finger transcription factor ZAT6 positively regulates cadmium
tolerance through the glutathione-dependent pathway in Arabidopsis. Plant
Physiol. 2016;171:707–19.

38. Rizhsky L, Davletova S, Liang H, Mittler R. The zinc finger protein Zat12 is
required for cytosolic ascorbate peroxidase 1 expression during oxidative
stress in Arabidopsis. J Biol Chem. 2004;279:11736–43.

39. Fujimoto SY, Ohta M, Usui A, Shinshi H, Ohme-Takagi M. Arabidopsis
ethylene-responsive element binding factors act as transcriptional activators
or repressors of GCC box-mediated gene expression. Plant Cell. 2000;12:
393–404.

40. König K, Vaseghi MJ, Dreyer A, Dietz KJ. The significance of glutathione and
ascorbate in modulating the retrograde high light response in Arabidopsis
thaliana leaves. Physiol Plant. 2018;162:262–73.

41. Wang PC, Du YY, Zhao XL, Miao YC, Song CP. The MPK6-ERF6-ROS-
responsive cis-acting element7/GCC box complex modulates oxidative
gene transcription and the oxidative response in Arabidopsis. Plant Physiol.
2013;161:1392–408.

42. Xu X, Chen C, Fan B, Chen Z. Physical and functional interactions between
pathogen-induced Arabidopsis WRKY18, WRKY40, and WRKY60 transcription
factors. Plant Cell. 2006;18:1310–26.

43. Bethke G, Unthan T, Uhrig JF, Poschl Y, Gust AA, Scheel D, Lee J. Flg22
regulates the release of an ethylene response factor substrate from MAP
kinase 6 in Arabidopsis thaliana via ethylene signaling. Proc Natl Acad Sci U
S A. 2009;106:8067–72.

44. Asai T, Tena G, Plotnikova J, Willmann MR, Chiu WL, Gomez-Gomez L, Boller
T, Ausubel FM, Sheen J. MAP kinase signalling cascade in Arabidopsis innate
immunity. Nature. 2002;415:977–83.

45. Li G, Meng X, Wang R, Mao G, Han L, Liu Y, Zhang S. Dual-level regulation
of ACC synthase activity by MPK3/MPK6 cascade and its downstream WRKY
transcription factor during ethylene induction in Arabidopsis. PLoS Genet.
2012. https://doi.org/10.1371/journal.pgen.1002767.

46. Liu XM, Nguyen XC, Kim KE, Han HJ, Yoo J, Lee K, Kim MC, Yun DJ, Chung
WS. Phosphorylation of the zinc finger transcriptional regulator ZAT6 by
MPK6 regulates Arabidopsis seed germination under salt and osmotic stress.
Biochem Biophys Res Commun. 2013;430:1054–9.

47. Mao GH, Meng XZ, Liu YD, Zheng ZY, Chen ZX, Zhang SQ. Phosphorylation
of a WRKY transcription factor by two pathogen-responsive MAPKs drives
phytoalexin biosynthesis in Arabidopsis. Plant Cell. 2011;23:1639–53.

48. Liu Y, Zhang S. Phosphorylation of 1-aminocyclopropane-1-carboxylic acid
synthase by MPK6, a stress-responsive mitogen-activated protein kinase,
induces ethylene biosynthesis in Arabidopsis. Plant Cell. 2004;16:3386–99.

49. Nguyen XC, Kim SH, Lee K, Kim KE, Liu XM, Han HJ, Hoang MH, Lee SW,
Hong JC, Moon YH, et al. Identification of a C2H2-type zinc finger
transcription factor (ZAT10) from Arabidopsis as a substrate of MAP kinase.
Plant Cell Rep. 2012;31:737–45.

50. Causier B, Ashworth M, Guo WJ, Davies B. The TOPLESS Interactome: a
framework for gene repression in Arabidopsis. Plant Physiol. 2012;158:
423–38.

51. Boudsocq M, Danquah A, de Zelicourt A, Hirt H, Colcombet J. Plant MAPK
cascades: Just rapid signaling modules? Plant Signal Behav. 2015. https://
doi.org/10.1080/15592324.2015.1062197.

52. Lee H, Guo Y, Ohta M, Xiong LM, Stevenson B, Zhu JK. LOS2, a genetic
locus required for cold-responsive gene transcription encodes a bi-
functional enolase. EMBO J. 2002;21:2692–702.

53. Hutin C, Nussaume L, Moise N, Moya I, Kloppstech K, Havaux M. Early light-
induced proteins protect Arabidopsis from photooxidative stress. Proc Natl
Acad Sci U S A. 2003;100:4921–6.

54. Chang CC, Slesak I, Jorda L, Sotnikov A, Melzer M, Miszalski Z, Mullineaux
PM, Parker JE, Karpinska B, Karpinski S. Arabidopsis chloroplastic glutathione
peroxidases play a role in cross talk between photooxidative stress and
immune responses. Plant Physiol. 2009;150:670–83.

55. Larkindale J, Vierling E. Core genome responses involved in acclimation to
high temperature. Plant Physiol. 2008;146:748–61.

56. Swindell WR, Huebner M, Weber AP. Transcriptional profiling of Arabidopsis
heat shock proteins and transcription factors reveals extensive overlap
between heat and non-heat stress response pathways. BMC Genomics.
2007. https://doi.org/10.1186/1471-2164-8-125.

57. Zarka DG, Vogel JT, Cook D, Thomashow MF. Cold induction of Arabidopsis
CBF genes involves multiple ICE (inducer of CBF expression) promoter
elements and a cold-regulatory circuit that is desensitized by low
temperature. Plant Physiol. 2003;133:910–8.

58. Morishita T, Kojima Y, Maruta T, Nishizawa-Yokoi A, Yabuta Y, Shigeoka S.
Arabidopsis NAC transcription factor, ANAC078, regulates flavonoid
biosynthesis under high-light. Plant Cell Physiol. 2009;50:2210–22.

59. Ma SS, Bohnert HJ. Integration of Arabidopsis thaliana stress-related
transcript profiles, promoter structures, and cell-specific expression. Genome
Biol. 2007. https://doi.org/10.1186/gb-2007-8-4-r49.

60. Yabuta Y, Morishita T, Kojima Y, Maruta T, Nishizawa-Yokoi A, Shigeoka
S. Identification of recognition sequence of ANAC078 protein by the
cyclic amplification and selection of targets technique. Plant Signal
Behav. 2010;5:695–7.

61. Oh MH, Kim YJ, Lee CW. Leaf senescence in a stay-green mutant of
Arabidopsis thaliana: disassembly process of photosystem I and II during
dark-incubation. J Biochem Mol Biol. 2000;33:256–62.

62. Czechowski T, Stitt M, Altmann T, Udvardi MK, Scheible WR. Genome-wide
identification and testing of superior reference genes for transcript
normalization in Arabidopsis. Plant Physiol. 2005;139:5–17.

63. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP,
Dolinski K, Dwight SS, Eppig JT, et al. Gene ontology: tool for the unification
of biology. Nat Genet. 2000;25:25–9.

64. Gaudet P, Livstone MS, Lewis SE, Thomas PD. Phylogenetic-based
propagation of functional annotations within the gene ontology
consortium. Brief Bioinform. 2011;12:449–62.

65. Benjamini Y, Yekutieli D. The control of the false discovery rate in multiple
testing under dependency. Ann Stat. 2001;29:1165–88.

66. Tian T, Liu Y, Yan H, You Q, Yi X, Du Z, Xu W, Su Z. agriGO v2.0: a GO
analysis toolkit for the agricultural community, 2017 update. Nucleic Acids
Res. 2017;45:W122–9.

67. Winter D, Vinegar B, Nahal H, Ammar R, Wilson GV, Provart NJ. An
"electronic fluorescent pictograph" browser for exploring and analyzing
large-scale biological data sets. PLoS One. 2007;2:e718.

68. Guo XY, Liu DF, Chong K. Cold signaling in plants: insights into mechanisms
and regulation. J Integr Plant Biol. 2018;60:745–56.

69. Thomashow MF, Gilmour SJ, Stockinger EJ, Jaglo-Ottosen KR, Zarka DG. Role
of the Arabidopsis CBF transcriptional activators in cold acclimation. Physiol
Plant. 2001;112:171–5.

70. Pagter M, Alpers J, Erban A, Kopka J, Zuther E, Hincha DK. Rapid
transcriptional and metabolic regulation of the deacclimation process in
cold acclimated Arabidopsis thaliana. BMC Genomics. 2017;18:731.

71. To TK, Nakaminami K, Kim JM, Morosawa T, Ishida J, Tanaka M, Yokoyama S,
Shinozaki K, Seki M. Arabidopsis HDA6 is required for freezing tolerance.
Biochem Biophys Res Commun. 2011;406:414–9.

72. Kwon CS, Lee D, Choi G, Chung WI. Histone occupancy-dependent and
-independent removal of H3K27 trimethylation at cold-responsive genes in
Arabidopsis. Plant J. 2009;60:112–21.

73. Byun YJ, Koo MY, Joo HJ, Ha-Lee YM, Lee DH. Comparative analysis of gene
expression under cold acclimation, deacclimation and reacclimation in
Arabidopsis. Physiol Plant. 2014;152:256–74.

74. Park J, Lim CJ, Shen MZ, Park HJ, Cha JY, Iniesto E, Rubio V, Mengiste T, Zhu
JK, Bressan RA, et al. Epigenetic switch from repressive to permissive
chromatin in response to cold stress. Proc Natl Acad Sci U S A. 2018;115:
E5400–9.

75. Yang H, Berry S, Olsson TSG, Hartley M, Howard M, Dean C. Distinct phases
of Polycomb silencing to hold epigenetic memory of cold in Arabidopsis.
Science. 2017;357:1142–5.

Bittner et al. BMC Plant Biology          (2020) 20:281 Page 18 of 19

https://doi.org/10.1093/nar/gkq537
https://doi.org/10.1371/journal.pgen.1002767
https://doi.org/10.1080/15592324.2015.1062197
https://doi.org/10.1080/15592324.2015.1062197
https://doi.org/10.1186/1471-2164-8-125
https://doi.org/10.1186/gb-2007-8-4-r49


76. Nakabayashi R, Yonekura-Sakakibara K, Urano K, Suzuki M, Yamada Y,
Nishizawa T, Matsuda F, Kojima M, Sakakibara H, Shinozaki K, et al.
Enhancement of oxidative and drought tolerance in Arabidopsis by
overaccumulation of antioxidant flavonoids. Plant J. 2014;77:367–79.

77. Fini A, Brunetti C, Di Ferdinando M, Ferrini F, Tattini M. Stress-induced
flavonoid biosynthesis and the antioxidant machinery of plants. Plant Signal
Behav. 2011;6:709–11.

78. Leyva A, Jarillo JA, Salinas J, Martinezzapater JM. Low-temperature induces
the accumulation of phenylalanine ammonia-lyase and chalcone synthase
messenger-RNAs of Arabidopsis thaliana in a light-dependent manner. Plant
Physiol. 1995;108:39–46.

79. Rabino IMAL. Light, temperature, and anthocyanin production. Plant Physiol.
1986;81:922–4.

80. Dare AP, Schaffer RJ, Lin-Wang K, Allan AC, Hellens RP. Identification of a
cis-regulatory element by transient analysis of co-ordinately regulated
genes. Plant Methods. 2008. https://doi.org/10.1186/1746-4811-4-17.

81. Plazek A, Zur I. Cold-induced plant resistance to necrotrophic pathogens
and antioxidant enzyme activities and cell membrane permeability. Plant
Sci. 2003;164:1019–28.

82. Wu Z, Han S, Zhou H, Tuang ZK, Wang Y, Jin Y, Shi H, Yang W. Cold stress
activates disease resistance in Arabidopsis thaliana through a salicylic acid
dependent pathway. Plant Cell Environ. 2019. https://doi.org/10.1111/pce.
13579.

83. Scott IM, Clarke SM, Wood JE, Mur LA. Salicylate accumulation inhibits growth
at chilling temperature in Arabidopsis. Plant Physiol. 2004;135:1040–9.

84. Loake G, Grant M. Salicylic acid in plant defence-the players and
protagonists. Curr Opin Plant Biol. 2007;10:466–72.

85. Huot B, Yao J, Montgomery BL, He SY. Growth-defense tradeoffs in plants: a
balancing act to optimize fitness. Mol Plant. 2014;7:1267–87.

86. Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. Nat
Methods. 2012. https://doi.org/10.1038/nmeth.1923.

87. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low
memory requirements. Nat Methods. 2015. https://doi.org/10.1038/
nmeth.3317.

88. McCarthy DJ, Chen Y, Smyth GK. Differential expression analysis of
multifactor RNA-Seq experiments with respect to biological variation.
Nucleic Acids Res. 2012;40:4288–97.

89. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W. Smyth GK: limma
powers differential expression analyses for RNA-sequencing and microarray
studies. Nucleic Acids Res. 2015;43:e47.

90. Heberle H, Meirelles GV, da Silva FR, Telles GP, Minghim R. InteractiVenn: a
web-based tool for the analysis of sets through Venn diagrams. BMC
Bioinformatics. 2015. https://doi.org/10.1186/s12859-015-0611-3.

91. Arvidsson S, Kwasniewski M, Riano-Pachon DM, Mueller-Roeber B.
QuantPrime - a flexible tool for reliable high-throughput primer design for
quantitative PCR. BMC Bioinformatics. 2008. https://doi.org/10.1186/1471-
2105-9-465.

92. Bittner A, Griebel T, van Buer J, Juszczak-Debosz I, Baier M. Determining the
ROS and antioxidant status of leaves during cold acclimation. In: Hincha D,
Zuther E, editors. Methods in molecular biology (Clifton, N.J.). Plant cold
acclimation: methods and protocols. 2nd ed. New York: Springer; 2020. (in
press).

93. Gay C, Collins J, Gebicki JM. Hydroperoxide assay with ferric-xylenol orange
complex. Anal Biochem. 1999;273:149–55.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Bittner et al. BMC Plant Biology          (2020) 20:281 Page 19 of 19

https://doi.org/10.1186/1746-4811-4-17
https://doi.org/10.1111/pce.13579
https://doi.org/10.1111/pce.13579
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1186/s12859-015-0611-3
https://doi.org/10.1186/1471-2105-9-465
https://doi.org/10.1186/1471-2105-9-465

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Cold priming results in decreased cold activation of specific ZAT genes
	The effect of cold priming on the regulation of the ZAT genes upon high light triggering
	Photosynthetic performance after triggering
	Effect of cold priming on cold- and high light-regulated gene expression
	Long-term, not triggering-dependent gene expression effects of cold priming
	Common triggering-dependent effects of cold priming on cold and light triggering
	Specific effects of cold priming on cold and light triggering
	Analysis of regulation patterns by qPCR
	Functional categorization of the cold priming effect on the triggering response
	Sub-analysis of the priming-responsive genes inversely regulated by cold and high light

	Discussion
	Conclusions
	Methods
	Plant growth and stress treatments
	RNA-isolation and RNA library construction
	Bioinformatic analysis
	Reverse transcription and quantitative real time PCR
	Quantification of H2O2 levels
	Chlorophyll-a fluorescence analysis
	Statistical analyses

	Supplementary information
	Abbreviations
	Acknowledgements
	Source of plant
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

