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Chloroplasts serve as cold priming hubs modulating the tran-
scriptional response of Arabidopsis thaliana to a second cold stim-
ulus for several days by postcold accumulation of thylakoid
ascorbate peroxidases (tAPX). In an attempt to investigate cross-
priming effects of cold on plant pathogen protection, we show
here that such a single 24-h cold treatment at 4�C decreased the
susceptibility of Arabidopsis to virulent Pseudomonas syringae pv.
tomato DC3000 but did not alter resistance against the avirulent
P. syringae pv. tomato avRPM1 and P. syringae pv. tomato
avrRPS4 strains or the effector-deficient P. syringae pv. tomato
strain hrcC−. The effect of cold priming against P. syringae pv.
tomato was active immediately after cold exposure and memo-
rized for at least 5 days. The priming benefit was established
independent of the immune regulator Enhanced Disease Suscep-
tibility 1 (EDS1) or activation of the immune-related genes
NHL10, FRK1, ICS1 and PR1 but required thylakoid-bound as
well as stromal ascorbate peroxidase activities because the effect
was absent or weak in corresponding knock-out-lines. Suppres-
sion of tAPX postcold regulation in a conditional-inducible tAPX-
RNAi line led to increased bacterial growth numbers. This high-
lights that the plant immune system benefits from postcold
regeneration of the protective chloroplast peroxidase system.
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Plants have evolved sophisticated molecular networks that
respond differently to simultaneous or sequentially experienced
stress events than to single stress situations (Saijo and Loo 2020;
Zhang and Sonnewald 2017). The combination of two sequential
and transient stress events in which the exposure to a prior stress
leads to earlier, faster, stronger, or more sensitive responses dur-
ing the subsequent triggering stress defines a priming scenario

(Crisp et al. 2016; Hilker et al. 2016). Although plants lack a ner-
vous system and an antibody-based adaptive immune system, the
plant capacity for a stress memory is evident and well described
(Conrath 2011; Crisp et al. 2016; Gourbal et al. 2018; Hilker et al.
2016). The molecular priming memory is formed during a stress-
free interphase (lag or memory phase), when primary stress
responses are lost (Hilker et al. 2016). Such a priming memory,
which subsequently modifies the response to a later triggering
stimulus, can result from chromatin modifications but also be
imprinted by preparatory formation or persistence of key signal-
ing metabolites and proteins which are kept in an inactive form
during the stress-free memory phase (Baier et al. 2019; Conrath
2011; Crisp et al. 2016). The priming and the subsequent stress
events can be of the same nature (cis-priming) or differ from each
other (trans-priming) (Hilker et al. 2016). The phenomenon of
systemic acquired resistance (SAR) is an intensively studied exam-
ple of priming in plants, in which a pathogen infection leads to
improved and preactivated immune responses in distant, uninfected
tissues (Conrath 2011). SAR requires long-distance signaling and
provides long-lasting protection against a broad range of pathogens
(Fu and Dong 2013; Shah and Zeier 2013). Pathogen-induced
priming leads to a transcriptional reprogramming in uninfected
plant tissues, including chromatin opening and modification and
preactivation of immune-related genes (Baum et al. 2019; Gruner
et al. 2013; Jaskiewicz et al. 2011).
In contrast to multiple and ternary stress concepts, the dual

plant–pathogen interaction based on the plant innate immune
system is broadly and conceptually understood (Albert et al.
2020; Jones et al. 2016; Lolle et al. 2020). Plants detect patho-
gens through recognition of pathogen-associated molecular pat-
terns (PAMPs) by cell surface-exposed pattern recognition
receptors (PRRs). PRR activation induces defense responses,
summarized as PRR- or PAMP-triggered immunity (PTI), and is
efficient against a broad range of pathogens (Albert et al. 2020).
Host-adapted and virulent pathogens suppress PTI by secreting
virulence proteins (so-called effectors) into the host cells with the
aim to manipulate cellular physiology and to suppress innate
immunity (B€uttner 2016). This process strongly affects the sus-
ceptibility of the plant against pathogens and is designated accord-
ingly as effector-triggered susceptibility (ETS) (Jones and Dangl
2006). A further layer of pathogen defense comprises intracellular
nucleotide-binding leucine-rich repeat immune receptors (NLRs)
that intercept the presence or activity of pathogen virulence effec-
tors and initiate plant responses summarized as effector-triggered
immunity (ETI) (Lolle et al. 2020). Two structurally different
N-terminal domains, Toll-interleukin1 receptor-like and coiled-
coiled, form two major groups of plant NLRs: TNLs and CNLs,
respectively (Jacob et al. 2013). For instance, the CNL Resistance
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to Pseudomonas syringae pv. maculicola 1 (RPM1) detects the
presence of the bacterial effector avrRPM1 by sensing its viru-
lence activity on the RPM1-Interacting Protein 4 (RIN4) (Mackey
et al. 2002). An alternative scenario is described by immune acti-
vation through the TNL receptor pair Resistance to Ralstonia sol-
anacearum 1 (RRS1) and Resistance to P. syringae 4 (RPS4)
(Griebel et al. 2014). When the bacterial effector AvrRps4 from
P. syringae pv. pisi is expressed in the otherwise virulent P. syrin-
gae pv. tomato DC3000, the TNL pair RPS4/RRS1 traces
avrRPS4 interference by using the integrated WRKY domain in
RRS1 as a decoy and trap and turns ETS into ETI (Hinsch and
Staskawicz 1996; Le Roux et al. 2015; Sarris et al. 2015).
Although the bacterial effectors and corresponding NLRs induc-
ing ETI are numerous, all TNL receptors share the requirement of
the nucleocytoplasmic immune regulator Enhanced Disease Sus-
ceptibility 1 (EDS1) for all identified signaling responses (Dongus
and Parker 2021).
The outcome of a dual plant–pathogen interaction is deter-

mined at the genetic level and by the repertoire of available plant
immune receptors. In addition, environmental factors such as light
or temperature shape the plants’ capacity to defeat pathogens
(Roeber et al. 2021; Saijo and Loo 2020; Vel�asquez et al. 2018).
Lower temperatures often lead to simultaneous activation of plant
responses required for cold protection and pathogen resistance,
indicating plant cross-tolerance of cold and pathogen defense
(Saijo and Loo 2020). At the transcriptional level, even after a
several-day-long cold period, reacclimation to precold conditions
occurs fast and within hours (Byun et al. 2014; Zuther et al.
2015). Although a single 10-h cold exposure during the night
phase is not sufficient to prime plant resistance against the
hemibiotrophic bacterial pathogen P. syringae pv. tomato for sev-
eral days (Wu et al. 2019), daily repetitive cold treatments of
1.5 h (in the dark) result in a memorized and enduring effect on in
planta P. syringae pv. tomato growth numbers and a preactivation
of PTI responses (Singh et al. 2014).
Ascorbate peroxidases (APX) scavenge H2O2 by using ascor-

bate as an electron donor (Groden and Beck 1979). Arabidopsis
thaliana has nine nuclear-encoded APX genes that translate into
isoforms with different subcellular localizations (cytosol, peroxi-
somes, chloroplasts, and mitochondria) (Ishikawa and Shigeoka
2008). Most plants have two active chloroplast APX, of which
one is soluble in the stroma (sAPX) and one is anchored in the
thylakoid membrane (tAPX) (Ishikawa and Shigeoka 2008;
Miyake and Asada 1992; Pitsch et al. 2010). Chloroplastic APX
differ from other APX by containing two additional sequence
insertions (Pitsch et al. 2010; Wada et al. 2003). At the functional
level, active chloroplast APX have a faster half-inactivation time
(15 s) compared with cytosolic isoforms (>40 min) when the
ascorbate levels are low (<10 µM) (Kitajima 2008). tAPX is part
of a first layer to scavenge photosynthesis-generated H2O2 at the
thylakoids, while sAPX provides downstream antioxidant protec-
tion in the stroma (Asada 1999). Chloroplastic APX activity is
suggested to be central for increased abiotic stress tolerance by
avoiding oxidative damage and supporting retrograde signaling
(Caverzan et al. 2012; Maruta et al. 2016; Pandey et al. 2017).
However, extreme phenotypes in loss-of-function mutants of sin-
gle genes could not be observed, probably because of strong func-
tional compensation by other antioxidant enzymes and low
molecular weight antioxidants (Kangasj€arvi et al. 2008; Maruta
et al. 2016).
As shown recently, 4-week-old A. thaliana Columbia-0 (Col-0)

plants memorize a 24-h exposure (including day and night phase)
to mild cold (4�C) for up to 7 days (van Buer et al. 2019). Such
cold priming leads to modified activation of cold-stress-responsive
genes during a second cold treatment and requires reincreasing
expression of tAPX after cold priming (Bittner et al. 2020; van
Buer et al. 2016, 2019). Consistently, conditional overexpression

of tAPX establishes a cold memory in the absence of the priming
cold treatment (van Buer et al. 2019). Levels of neither reactive
oxygen species (ROS) nor ascorbate are altered in cold-primed
plants 5 days after the end of the initial cold exposure compared
with control plants (van Buer et al. 2016). Here, we investigated
whether a single, memorized cold exposure lasting 24 h (including
day and night phase) affects plants pathogen resistance against
P. syringae pv. tomato, given that such a cold priming event spe-
cifically alters gene regulation during a second cold exposure or a
high light treatment in a trigger-specific manner (Bittner et al.
2020, 2021; van Buer et al. 2016, 2019). Furthermore, we ana-
lyzed whether plastid APX contribute to cold priming against
pathogens because tAPX was shown to be a cold priming mediator
during a subsequent cold exposure (van Buer et al. 2016, 2019).

RESULTS

Cold exposure of 24 h reduces Arabidopsis
immune susceptibility for up to 5 days
in an EDS1-independent manner.
To study whether cold priming affects the plant immune

response, we challenged cold-pretreated 4-week-old Arabidopsis
Col-0 plants (4�C, 24 h) after a recovery period of 5 days
by infiltration with different strains of the bacterial pathogen
P. syringae pv. tomato DC3000 (Fig. 1A). In addition to the
virulent P. syringae pv. tomato, avirulent P. syringae pv. tomato
strains were used that additionally express either the bacterial
effector avrRPM1 or avrRPS4. Both strains are recognized in
planta by intracellular immune receptors and activate ETI immune
responses (Grant et al. 1995; Hinsch and Staskawicz 1996). The
nonvirulent P. syringae pv. tomato strain hrcC− is deficient of a
functional type three secretion system (Roine et al. 1997) and pro-
vides information about the plant’s resistance without the involve-
ment of type three secretion system–dependent bacterial effectors.
Cold-primed Col-0 plants (4�C, 24 h) showed significantly
reduced titers of the virulent P. syringae pv. tomato strain 3 days
after infiltration compared with naive control plants when the inoc-
ulation was performed 5 days after cold exposure (Fig. 1A). Bacte-
rial titers of the avirulent ETI-inducing P. syringae pv. tomato
strains avrRPM1 and avrRPS4 and the nonvirulent PTI-inducing
strain hrcC− (Fig. 1A) did not differ in cold-primed and control
plants. This indicates that, specifically, plant defense against viru-
lent pathogens benefits from a prior cold exposure while plant
resistance against avirulent and nonvirulent pathogens is not
affected. Consistent with the results of Wu et al. (2019), P. syrin-
gae pv. tomato infections immediately (1 h) after 24 h of cold
exposure (4�C) resulted in reduced bacterial growth in Col-0
(Fig. 1B). Our experiment showed that the effect lasted for 5 days,
during which the plants did not experience cold (Fig. 1B). Hence,
the priming effect of the 24-h cold treatment counteracted patho-
gen growth in the plants not only during the period when cold reg-
ulation of gene expression weakens out but also later, when the
priming effect on the cold sensitivity was established (van Buer
et al. 2019). Equal density of the starting inoculum and the infiltra-
tion efficiency was confirmed bymeasuring bacterial titers 3 h after
plant infiltration in control and cold-primed plants (Supplementary
Fig. S1).
To distinguish cold priming regulation from induced basal

immunity and resistance responses, we included the strongly
immune-compromised eds1-2 null mutant (Bartsch et al. 2006)
into our analyses. EDS1 is an essential molecular plant immune
regulator that contributes to resistance mediated by cell-surface
receptors and intracellular TNLs and, hereby, is an integral part
of TNL-driven immune signaling in PTI, ETI, and SAR (Breiten-
bach et al. 2014; Dongus and Parker 2021). The enhanced suscep-
tibility of eds1-2 against P. syringae pv. tomato was significantly
reduced compared with the level of control plants when the plants
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were inoculated immediately or after 5 days of recovery from the
cold treatment (72 and 65% reduction of bacterial titers, respec-
tively) (Fig. 1B). Cold exposure and its memorization weakened
plant susceptibility independent or downstream of EDS1-
mediated immune signaling.

Cold response and recovery is functional
in immune-impaired eds1.
Priming and memory concepts require the perception and

response of a first (priming) stimulus which initiates the forma-
tion of a molecular memory for future stresses (Hilker et al.
2016). We compared initial cold response and recovery effects
between Col-0 and eds1-2 at the transcriptional level of selected
genes directly after 24 h of exposure to 4�C (0 days) and after

3 days. For this analysis, we harvested plant leaves of the same
size and developmental status as used for bacterial infiltrations.
We selected four genes based on recent work on cold cis-priming:
Cold-Regulated Gene 15A (COR15A; At2g42540), Zinc Finger
of Arabidopsis thaliana 10 (ZAT10; At2g27730), Bon-Associated
Protein 1 (I; At3g61190), and Phenyl Ammonia Lyase 1 (PAL1;
At2g37040) (van Buer et al. 2016). COR15A, which encodes a
protein protecting the inner envelope of chloroplasts against freez-
ing damage, is strongly induced in the cold and quickly (within
24 h) reset at optimal growth temperatures (Steponkus et al. 1998;
Zarka et al. 2003). The same applies to the ROS-induced and
pleiotropic stress-responsive genes ZAT10, BAP1, and PAL1 (van
Buer et al. 2016, 2019). Cold induction of COR15A and ZAT10
reached a similar level in Col-0 and eds1-2 at the end of the cold

Fig. 1. Bacterial growth of Pseudomonas syringae pv. tomato (Pst) in Col-0 and eds1-2 after a 24-h cold exposure. A, Four-week-old Arabidopsis thali-
ana plants were exposed to a 4�C cold priming treatment for 24 h (+). At 5 days after cold exposure, plants were infiltrated with P. syringae pv. tomato
strains to determine the plant’s level of resistance and susceptibility. Bacterial titers (log10-transformed) of virulent P. syringae pv. tomato, avirulent
P. syringae pv. tomato avrRPM1 and avrRPS4, and the type-three-secretion-deficient P. syringae pv. tomato hrcC− strains in cold-primed (+) and control
(−) Col-0 plants were determined at 3 days postinoculation (dpi). Bars represent means and standard errors calculated from three independent experi-
ments, each with six to eight biological replicates using a mixed linear model. B, Bacterial titers of P. syringae pv. tomato (log10-transformed) in cold-
primed (+) and control plants (−) of Col-0 and eds1-2 null mutants were determined 3 dpi. Plants were infiltrated with P. syringae pv. tomato (optical
density at 600 nm = 0.001) 1 h (left panel) or 5 days (right panel) after the cold exposure. Bars represent means and standard errors calculated from five
independent experiments each, with five to six biological replicates using a mixed linear model. Different letters above the bars denote statistically sig-
nificant differences (adjusted P < 0.05; two-tailed t tests).
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exposure and was reset to control rates within 3 days (Fig. 2).
This is similar for BAP1 regulation in Col-0 and eds1-2, although
at an overall lower level in eds1-2. The conversion of
L-phenylalanine to cinnamic acid by PAL1 is a key enzymatic step
for a multitude of phenlypropanoids such as anthocyanins, flavo-
noids, hydroxycinnamates, and monolignols but also for the syn-
thesis of basal amounts of the plant hormone salicylic acid (SA)
(Ding and Ding 2020). However, pathogen-induced SA is mainly
metabolized by iso-chorismate synthase 1 (ICS1), and its gene
expression is strongly induced after pathogen attack (Hartmann
and Zeier 2019). We could not detect a clear and significant
upregulation of ICS1 at the end of cold priming exposure and
after 3 days of reacclimation; however, ICS1 transcripts were
rather reduced after 24 h at 4�C in eds1-2 (Fig. 2).
In all of the samples, transcripts of SA-responsive immune

marker gene Pathogenesis-Related 1 (PR1) remained at low and
basal levels and were not detectable. Overall, this analysis dem-
onstrated that cold signaling during and after exposure to 4�C is
perceived and processed in Col-0 and in plants lacking the cen-
tral immune regulator EDS1. Although infections directly after
cold exposure might benefit from overlapping with postcold
deacclimation of gene expression, infections 5 days after prim-
ing required a molecular memory, because cold-induced genes
were already reset for at least 2 days (Fig. 2) (Zuther et al.
2015). The low responsiveness of ICS1 and PR1 during and
after the postcold phase distinguished cold priming-reduced sus-
ceptibility from SAR, in which a first infection leads to an upre-
gulation of immunity genes (including ICS1 and PR1) in the
noninfected systemic tissue (Bernsdorff et al. 2016; Gruner et al.
2013; Hartmann and Zeier 2019). The eds1-2 null mutant, which
is impaired in establishing SAR (Breitenbach et al. 2014),
showed reduced susceptibility in response to cold priming
(Fig. 1). This indicates different regulation of SAR and cold-
primed pathogen resistance.

Pathogen-induced transcript levels of selected PTI genes
and SA signaling are independent from crosstalk
with the cold priming memory.
Two recently published transcriptomic data sets showed that,

5 days after 24 h of cold exposure, gene expression patterns dif-
fer only marginally (Bittner et al. 2020, 2021). To differentiate
transcriptional cold priming effects from preactivation of genes
in P. syringae pv. tomato-induced SAR, we had a closer look at
the transcript ratios of all genes from gene ontology (GO) group
“SAR” (GO:0009627) at the end of the 5-day recovery phase
from both data sets (Bittner et al. 2020; Bittner et al. 2021) and
compared with data after 24 h cold exposure (Bittner et al.
2020) and with gene regulation data in a SAR-induced state
(Gruner et al. 2013). Although genes from the GO term group
“SAR” showed strong differential expression in the SAR data
set, differential expression after 5 days recovery from cold expo-
sure or after 24 h cold exposure (4�C) was weak or absent (Sup-
plementary Fig. S2). This analysis confirmed that preactivation
of SAR-related genes is not a central component reduced sus-
ceptibility by cold priming.
Next, we tested transcript levels of selected immune-related

genes as indicators for a stronger and primed activation upon
P. syringae pv. tomato infection. Transcriptome dynamics upon
infections with virulent P. syringae pv. tomato are established
rather late (between 16 and 24 h after infection), whereas ETI-
inducing pathogens trigger mainly identical transcriptional
changes already between 4 and 6 h (Mine et al. 2018). Hence, we
tested the expression levels of PTI-triggered gene NDR1/HIN1-
like10 (NHL10, also known as YLS9; At2g35980) and mitogen-
activated protein kinase-specific target gene FLG22 Induced
Receptor Kinase 1 (FRK1; At2g19190) (Boudsocq et al. 2010)
0, 6, and 24 h after P. syringae pv. tomato infection in leaves of

cold-primed and control plants. At the time of pathogen infiltra-
tion, no cold-priming-related preactivation of NHL10 and FRK1
was detectable (Fig. 3). NHL10 and FRK1 were significantly
induced 24 h after infiltration in Col-0 but remained at very low
basal amounts in eds1-2 (Fig. 3). Expression levels in cold-
primed and control plants did not differ in time or intensity
(Fig. 3). Next, we tested for cold-priming-responsive expression
profiles of SA-biosynthetic ICS1 and the SA-responsive PR1.
ICS1 and PR1 were significantly induced at 24 h but not at 6 h
after the pathogen treatment in Col-0 (Fig. 3). The induction lev-
els did not differ between cold-primed and control samples (Fig.
3), indicating that pathogen-triggered SA production and signal-
ing were not cold-primed and, therefore, not causative for the
cold-reduced susceptibility. This conclusion is further supported
by the requirement of functional EDS1 for a robust activation of
SA-related immune pathways upon infection with virulent patho-
gens (Cui et al. 2017; Rietz et al. 2011). Cold priming did not
affect ICS1 and PR1 levels downstream or independent of EDS1
because induced transcripts in Col-0 were absent or low in cold-
pretreated and inoculated eds1-2 (Fig. 3).

Postcold and P. syringae pv. tomato-triggered regulation
of tAPX and sAPX transcripts.
Recently, tAPX was described for its role in establishing the

memory that controls cold regulation of gene expression after
cold priming for several days (van Buer et al. 2016, 2019).
Hereby, postcold accumulation of tAPX transcripts was essential
for the memory function (van Buer et al. 2016, 2019). In addition
to tAPX, Arabidopsis expresses sAPX (Ishikawa and Shigeoka
2008), which evolved from the same ancestral gene as tAPX and
still has a highly similar catalytic subunit (Pitsch et al. 2010). We
compared regulation of tAPX and sAPX after cold exposure and
after subsequent P. syringae pv. tomato infection in leaves of
cold-primed and control plants of Col-0 and eds1-2 (Fig. 4). Our
data confirmed previously described postcold induction of tAPX
in Col-0 (van Buer et al. 2016) and showed that this memory
phase lasting process was also functional and significant in eds1-2
(Fig. 4A). sAPX was upregulated during a 24-h cold phase of 4�C
and quickly readjusted to precold levels at normal temperature
(van Buer et al. 2016) (Fig. 4A). Cold-induced sAPX upregulation
was less pronounced in eds1-2 (Fig. 4A). Similar to cold expo-
sure, infiltration of leaves with P. syringae pv. tomato reduced
tAPX amounts in Col-0 between 3 and 24 h after infection in con-
trol and cold-primed plants (Fig. 4B). This effect was marginally
less in eds1-2 (Fig. 4B). At 24 h after P. syringae pv. tomato
treatment, sAPX transcripts were enhanced in Col-0. Pathogen
induction of sAPX was weaker in eds1-2 and only marginal in
cold-primed eds1-2 (Fig. 4B). Therefore, our data reveal a regula-
tory similarity between cold- and pathogen-responsive cellular
plant stress management: EDS1-dependent upregulation of sAPX
and repressive regulation of tAPX. The pathogen-responsive dia-
metrical regulation of tAPX and sAPX is further supported by
other published transcriptomic studies; for example, after infiltra-
tion with P. syringae pv. tomato and ETI-inducing P. syringae
pv. tomato strain avrRPM1 (Mine et al. 2018) and EDS1-depen-
dent ETI-inducing P. syringae pv. tomato strain avrRPS4
(Bhandari et al. 2019) in the P. syringae pv. tomato-primed SAR
state (Gruner et al. 2013); and detectable, even though less pro-
nounced, after treatment with the bacterial PAMP flg22 peptide
(Birkenbihl et al. 2017) (Supplementary Fig. S3).

Cold priming-reduced pathogen susceptibility
requires plastid APX.
To test whether tAPX is required not only for cold priming of

ROS-responsive genes during cold triggering (van Buer et al.
2019) but also for beneficial responses during P. syringae pv.
tomato infections, we included tapx- and sapx-knockout (KO)
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lines (Kangasj€arvi et al. 2008) in our analysis. Although altered
phenotypes in both lines can be observed under stress condi-
tions, both lines show wild-type-like phenotypes under normal
and stable laboratory conditions, probably through compensation
by other antioxidant compounds (Kangasj€arvi et al. 2008; Mar-
uta et al. 2010). Here, cold-primed (4�C, 24 h) and control
plants of both KO lines and Col-0 were infiltrated with

P. syringae pv. tomato 5 days after the priming stimulus. The
bacterial titers measured in control plants revealed that tAPX did
not contribute, per se, to the degree of plant pathogen suscepti-
bility and basal resistance (Fig. 5A) and that sapx-KO lines were
not significantly more resistant against P. syringae pv. tomato
(Fig. 5A). The cold priming effect on reducing bacterial titers
was strong in Col-0, weak in tapx-KO, and absent in sapx-KO

Fig. 2. Postcold expression of stress-responsive genes in Col-0 and eds1-2. Transcript levels of COR15A, ZAT10, BAP1, PAL1, and ICS1 in leaves of
Col-0 and eds1-2 null mutants immediately (0 days) and 3 days after end of cold exposure (+; 4�C, 24 h) were determined by quantitative real-time
PCR. Transcript levels in leaves harvested from control plants (−) of the same age are also shown and were determined in four independent experiments
as relative expression to the geometric mean of three reference genes (ACT2, YLS8, and RHIP1). Different letters denote statistically significant differ-
ences (analysis of variance and least significant difference, P < 0.05).
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(Fig. 5A). Although cold triggering responses specifically
required tAPX but not sAPX (van Buer et al. 2019), cold-primed
pathogen susceptibility was supported by functionality of both
plastid APX variants. Consequently, the cold memory that
reduces pathogen susceptibility can be postulated to be more
generally controlled by plastid APX activity than priming of the
cold responsiveness. We have recently shown that cold-induced
accumulation of tAPX transcripts affects cold regulation of cold-
primable genes (van Buer et al. 2019). To test whether postcold
tAPX affects plant susceptibility, we used an estradiol-responsive
tAPX-inducible RNA interference (iRNAi) line (Maruta et al.
2012; van Buer et al. 2019). We suppressed postcold regulation
of tAPX by spraying cold-primed plants after the initial cold
exposure and, 4 days later, with an estradiol or a mock solution
before P. syringae pv. tomato was infiltrated the following
day. Both the estradiol and the mock treatment after cold
exposure resulted in increased susceptibility in the Col-0 and
tAPX-iRNAi lines compared with the cold-primed-only control
group (Fig. 5B). However, the bacterial numbers were specifi-
cally enhanced by the estradiol treatment in cold-primed tAPX-
iRNAi (Fig. 5B). To confirm the effect of the estradiol treatment
on reducing tAPX transcript abundance in tAPX-iRNAi, we moni-
tored the tAPX transcripts at the time point of infection (Supple-
mentary Fig. S4). We concluded that the regeneration of the
plastid antioxidant protection by the tAPX postcold induction
supports plastid functions during a subsequent infection with
P. syringae pv. tomato, which again results in a perturbation of
plastid APX at the transcriptional level (Fig. 4; Supplementary
Fig. S3). When tAPX transcript recovery was suppressed after
the initial cold phase, plants infected with P. syringae pv. tomato
showed increased pathogen susceptibility, as determined by bac-
terial numbers (Fig. 5B; Supplementary Fig. S4). We suggest
that the regeneration of the tAPX pool and the restabilization of
the plastid antioxidant protection after the cold stress phase pro-
vides benefits for plant fitness and defense during a subsequent
pathogen infection.

DISCUSSION

When plants are exposed to simultaneously or sequentially
occurring combined abiotic and biotic stress situations, responses
often differ compared with single and individual stresses (Zhang
and Sonnewald 2017). The outcome of different combined stresses
can result in a trade-off situation or enable cross-tolerance (Saijo
and Loo 2020). Cross-tolerance upon two sequentially applied
stresses disconnected by a stress-free interphase, which enables
recovery and requires memorization of the first stressor, is a char-
acteristic feature of the transpriming phenomenon (Hilker et al.
2016). Here, we showed that a single 24-h cold exposure primed
the susceptibility of A. thaliana Col-0 against the virulent plant
pathogen P. syringae pv. tomato for up to 5 days (Figs. 1 and 5).
This cold-priming-reduced pathogen susceptibility was indepen-
dent from plant immunity pathways controlled by EDS1 but it
required the chloroplast-located sAPX and tAPX (Fig. 5).
The immune system of A. thaliana benefits from the experience

of cold temperatures. A single 24-h cold (4�C) exposure resulted
in immediate decrease of pathogen susceptibility (shown by infec-
tion 1 h after cold), and was also robust for 5 to 8 days (shown by
infection 5 days after cold) (Fig. 1), although the initial transcrip-
tional cold response (e.g., COR15A, ZAT10, BAP1, and PAL1)
was quickly reset to precold levels (Fig. 2). As shown recently by
Wu et al. (2019), a shorter 10-h cold treatment applied during the
night phase also decreases pathogen susceptibility in A. thaliana.
However, the shorter night stimulus is only transiently memorized
for up to 12 h (Wu et al. 2019). Repetitive application of seven
1-h cold periods (one treatment per day) equally results in reduced
growth of P. syringae pv. tomato and entraines protection for

Fig. 3. Transcript levels of selected pathogen-responsive genes during
Pseudomonas syringae pv. tomato infection upon cold priming. Tran-
script levels of pathogen-associated molecular pattern-triggered immu-
nity marker genes NHL10 and FRK1, salicylic acid (SA) biosynthetic
ICS1, and SA-responsive PR1 in leaves of Col-0 and eds1-2 null
mutants after infiltration with P. syringae pv. tomato (optical density at
600 nm = 0.005). Infiltrations were done 5 days after end of cold treatment
with cold-primed plants (+; 4�C, 24 h) or control plants (−). Transcript lev-
els were determined at the time of P. syringae pv. tomato infiltrations (0, 6,
and 24 h postinoculation [hpi]) using quantitative PCR in four independent
experiments as relative expression to the geometric mean of three reference
genes (ACT2, YLS8, and RHIP1). Different letters denote statistically
significant differences (analysis of variance and least significant difference,
P < 0.05); n.d. = not detectable.
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7 days (Singh et al. 2014). Our study showed that, already, a single
cold treatment lasting 24 h, including day and night phase, primed
and established a molecular stress memory lasting for 5 to 8 days
(Fig. 1). Whereas repetitive cold treatments resulted in enhanced
activation of PTI-responsive genes FRK1 and NHL10 upon
triggering with type three secretion–deficient P. syringae pv.
tomato strain hrcC− (Singh et al. 2014), the single 24-h cold prim-
ing stimulus did not reveal a priming pattern for FRK1 and
NHL10 transcripts. Activation of FRK1 and NHL10 without prim-
ing signatures excludes a cross-stress memory formation similar to
that with the repetitive cold stimuli and suggests a PTI-
independent memory (Fig. 3).
In summary, our data showed that cold priming memory for-

mation was independent from the central plant immune regulator
EDS1: (i) bacterial growth was reduced in cold-primed eds1 null
mutants (Fig. 1), (ii) initial cold sensing in eds1 was wild-type-
like leading to COR15A, ZAT10, BAP1, and PAL1 activation
(Fig. 2), and (iii) EDS1-dependent transcript activation of selected
immune-related genes (NHL10, FRK1, ICS1, and PR1) did not
show a cold priming signature or an activation downstream of
EDS1 (Fig. 3). Several EDS1-dependent responses have been
well described for their effects in reducing plant susceptibility to
virulent pathogens: EDS1, together with its homolog and

heteromeric complex partner PAD4, boosts SA biosynthesis (Cui
et al. 2017) and promotes tocopherol production in an
SA-independent manner upon P. syringae pv. tomato infection
(Stahl et al. 2019). Furthermore, EDS1 is required for the plant
immune cis-priming SAR by contributing to signal generation in
primary infected leaves and signal perception in the systemic
uninfected tissues (Breitenbach et al. 2014). Based on the func-
tionality of cold-priming-reduced susceptibility in eds1-2, we con-
clude that the molecular mechanisms of cold priming memory
formation are independent from EDS1-controlled immune activa-
tion and are established regardless of SA production during
P. syringae pv. tomato infection or SAR signaling. In addition,
the indispensable requirement for EDS1 in TNL-mediated immu-
nity (Dongus and Parker 2021; Griebel et al. 2014) excludes the
possibility that (post)cold activation of TNL immune receptor sig-
naling is causative for the reduced susceptibility in cold-primed
plants. Several articles have described an induction of SA under
low-temperature conditions (Kim et al. 2013, 2017). As during
pathogen attack, cold-induced SA derives from the plastid
isochorismate pathway but SA levels are not increasing before
7 days at 4�C (Kim et al. 2013, 2017). Cold exposure lasting 24 h
was not sufficient to significantly increase ICS1 transcript levels
(Fig. 2) or enhance SA levels; these required a constant cold

Fig. 4. Transcript regulation of plastid ascorbate peroxidases (APX) encoding APX soluble in the stroma (sAPX) and thylakoid-bound APX (tAPX) genes
during postcold phase and after Pseudomonas syringae pv. tomato (Pst) infection. A, Postcold (4�C, 24 h) transcript levels of tAPX (upper panel) and
sAPX (lower panel) in leaves of Col-0 and eds1-2 null mutants immediately (0 d), 3 days (3 d), and 5 days (5 d) after the end of cold treatment. Tran-
script levels are shown as ratios from samples of cold-primed leaves (+) compared with samples from untreated control plants (−) of the same age. B,
Transcript levels of tAPX (upper panel) and sAPX (lower panel) in leaves of Col-0 and eds1-2 null mutants 3 and 24 h postinoculation (hpi) with P. syringae pv.
tomato (optical density at 600 nm = 0.005) of cold-primed (+) or control (−) plants. Plants were infected 5 days after the end of the cold treatment. Transcript
levels were determined in four independent experiments as relative expression to the geometric mean of three reference genes (ACT2, YLS8, and RHIP1). Different
letters denote statistically significant differences (analysis of variance and least significant difference, P < 0.05).
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exposure of at least 1 week (Kim et al. 2013; Wu et al. 2019). In
contrast to the independence of EDS1 during mild cold exposure
(4�C, 24 h) and cold memory formation, induction and activation
of the EDS1 complex at temperatures below 4�C negatively
affected freezing tolerance in an SA-dependent manner (Chen
et al. 2015).
Chloroplasts can be considered as an important cellular origin

of cold sensing and priming: cold exposure supports chloroplast
ROS production by an imbalance between the Calvin-Benson
cycle and photosynthetic electron transport (Ensminger et al.
2006; Huner et al. 1993) and leads to reduced activation of chlo-
roplast-to-nucleus redox-sensitive genes during a second cold
phase (van Buer et al. 2016, 2019). tAPX, the main regulator of
cold priming memory in chloroplasts, is transcriptionally acti-
vated during the postcold phase (van Buer et al. 2016, 2019) in
an EDS1-independent manner (Fig. 4). Gene expression regula-
tion upon cold triggering specifically benefits from tAPX activa-
tion but not from sAPX (van Buer et al. 2019). Bacterial growth
rates in tapx-KO were wild-type-like and not affected, except
for the missing cold memory response (Fig. 5). Similar to cold
exposure, infections with virulent pathogens resulted in reduced
tAPX transcript levels (Fig. 4). Conditional silencing of tAPX
transcripts during the memory phase increased plant susceptibil-
ity and P. syringae pv. tomato titers during a subsequent infec-
tion (Fig. 5). Whereas cold priming responses during a second
cold exposure were solely regulated by tAPX (van Buer et al.
2016, 2019), pathogen triggering of cold-primed plants also
required functional sAPX for memory effects (Fig. 5). This
suggests that the sAPX upregulation during the initial cold
phase and the tAPX increase during the subsequent recovery
phase contribute to cold-priming-reduced susceptibility against
P. syringae pv. tomato. tAPX and sAPX jointly scavenge plastid
ROS and, therefore, contribute to the plastid antioxidant protec-
tion and redox-mediated signaling and communication between
cellular compartments. We assume that the regeneration of the
plastid APX pool and the restabilization of the plastid antioxi-
dant protection after the initial cold stress phase supports the
plant’s fitness and primes defense activation by altering cellular
redox communication in response to a pathogen infection.

MATERIALS AND METHODS

Plant material and cultivation.
A. thaliana var. Col-0 plants, eds1-2 null mutant (Bartsch et al.

2006), T-DNA knockout lines tapx and sapx (Kangasj€arvi et al.
2008), and tAPX-iRNAi (Maruta et al. 2012) were used in this
study. All lines are in the Col-0 background. Plants were culti-
vated in round pots (6 cm in diameter) containing a soil mixture
(14:14:5) of Topferde (Einheitserde, Sinntal-Altengronau, Ger-
many), Pikiererde (Einheitserde, Sinntal-Altengronau), and Perli-
gran Classic (Knauf, Germany) supplemented with dolomite lime
(Deutsche Raiffeisen-Warenzentrale, Germany) at 0.5 g liter−1

and in a controlled environmental chamber with a day and night
temperatures of 20 ± 2 and 18 ± 2�C, respectively; a cycle of 10 h
of light (100 to 110 µmol photons m−2 s−1; Lumilux Cool White
fluorescence stripes, Osram, Germany) and 14 h of darkness; and
a constant relative humidity of 60 ± 5% after stratification at 4�C
for 2 days.

Cold treatments.
Cold treatments were performed as previously described (van

Buer et al. 2016, 2019). Four-week-old plants were exposed to
cold 2.5 h after onset of light by transferring them to a growth
chamber with a constant temperature of 4 ± 2�C but otherwise
identical aeration, illumination, and air humidity as in the 20�C
chamber. After a continuous cold exposure for 24 h (comprising a
full day and night phase), the plants were placed back to the 20�C

Fig. 5. Bacterial growth of Pseudomonas syringae pv. tomato (Pst) in
cold-primed Col-0, thylakoid-bound ascorbate peroxidase (tAPX), and
APX soluble in the stroma (sAPX) knock-out (KO) lines and after condi-
tional repression of tAPX. A, Cold-primed (+) and control (−) Col-0,
sapx-KO, and tapx-KO plants were infiltrated with P. syringae pv.
tomato (optical density at 600 nm [OD600] = 0.001) 5 days after cold
exposure (4�C, 24 h). Bacterial titers (log10-transformed) were measured
3 days postinoculation (dpi). Bars represent means and standard errors
calculated from five independent experiments, each with five to six bio-
logical replicates using a mixed linear model. B, Cold-primed (+) and
control (−) Col-0 and tAPX-inducible RNA interference (iRNAi) plants
were infiltrated with P. syringae pv. tomato (OD600 = 0.001) 5 days
after cold exposure (4�C, 24 h). For conditional repression of tAPX tran-
script in tAPX-iRNAi, plants were sprayed with a mock or an estradiol
(EST) solution after the cold treatment and after 4 days. Bacterial titers
(log10-transformed) were measured 3 dpi. Bars represent means and stan-
dard errors calculated from four independent experiments, each with six
to eight biological replicates using a mixed linear model. Different let-
ters above the bars denote statistically significant differences within each
graph (adjusted P < 0.05; two-tailed t tests). Numbers between two bars
show the effect size between two means according to Cohen’s d.
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chamber, labeled, and randomized with the noncold-treated con-
trol plants.

Estradiol treatments.
For estradiol-sensitive conditional silencing of tAPX in tAPX-

iRNAi, plants were sprayed with 100 lM estradiol (Roth, Karls-
ruhe, Germany) dissolved in 0.8% (vol/vol) dimethyl sulfoxide
(DMSO) and supplemented with 0.01% (vol/vol) Tween 20 as
described recently (Bittner et al. 2021; van Buer et al. 2019).
Control plants were sprayed with a mock solution (0.8% [vol/vol]
DMSO and 0.01% [vol/vol] Tween 20) without estradiol. The
treatments were performed immediately after the cold exposure
(= 5 days before bacterial infiltration) and repeated after 4 days.

Cultivation and inoculation of bacteria.
P. syringae pv. tomato DC3000, P. syringae pv. tomato strains

carrying either the avirulence gene avrRpm1 or avrRPS4, and type
three secretion system–deficient P. syringae pv. tomato strain hrcC−

were grown for 24 h at 28�4 C on nutrient-yeast extract glycerol
agar (NYGA) solid medium containing the appropriate antibiotics.
Bacterial cultures were suspended in 10 mMMgCl2 and diluted to
optical density at 600 nm (OD600) of 0.001 for bacterial growth
assays or 0.005 for gene expression analyses. The bacterial sus-
pensions were infiltrated from the abaxial side into the leaves with
a needleless syringe. For transcript analyses, control plants were
mock treated with 10 mMMgCl2. Bacterial inoculations were per-
formed 3.5 h ± 0.5 h after onset of light and either 1 h or 5 days
after the end of cold treatment, as indicated. The three youngest
but fully-grown leaves of each plant were selected for infiltration.

Bacterial growth assays.
In planta bacterial titers were determined at the indicated time

point after infiltration by combining three leaf discs for one sam-
ple and shaking in 10 mM MgCl2 with 0.01% (vol/vol) Silwet
L-77 at 28�C for 1 h. From each sample, a dilution series was
spread in 15-µl spots on NYGA plates with appropriate antibiotics
and incubated for 2 days at 28�C. CFU per leaf surface area were
calculated for each sample. Statistical analysis of bacterial growth
data was described previously (Tsuda et al. 2009). Log10-trans-
formed data from all independent experiments were analyzed
using the lme4 package in the R environment and the following
model was fitted to the data: log10 CFUgyr = GYgy + Rr + egyr,
where GY = genotype–treatment interaction, R = biological repli-
cate, and e = residual. The mean estimates were used as the mod-
eled log10-transformed bacterial titers and were compared using
two-tailed t tests. To correct for multiple hypothesis testing, the
Benjamini-Hochberg method was applied.

Quantitative real-time PCR analysis.
For transcript analyses using quantitative real-time PCR (qRT-

PCR), plant material was harvested from leaves of the same age
and developmental status as the ones used for pathogen infiltra-
tions. Each sample included leaves from at least two plants. Total
RNA was extracted from frozen leaves using the Gene Matrix
Universal RNA Purification Kit (EURx, Gdansk, Poland). cDNA
was synthesized using the High-Capacity Reverse Transcription
Kit (Applied Biosystems, Carlsbad, CA, U.S.A.) and Oligo
dT16V primer according to the manufacturer’s instructions
using 1 µg of RNA for a 20-µl reaction. qRT-PCR assays were
performed in technical triplicate on the CFX96 real-time system
(Bio-Rad, Hercules, CA, U.S.A.) as described previously (van
Buer et al. 2016) using SYBR Green (Sigma-Aldrich, Germany)
and OptiTaq Polymerase (EURx) and a cycling program of
95�C for 5 min; followed by 40 cycles at 95�C for 15 s, 60�C
for 30 s, and, finally, 72�C for 30 s. All qRT-PCR primers are
listed in Supplementary Table S1. The cycle threshold (Ct) values
were determined using the CFX Manager software and relative

expression values (DCt) of genes of interest were analyzed against
the geometric mean of the actin 2 (ACT2), yellow leaf specific
protein 8) (YLS8), and RGS1-HXK1 interacting protein 1 (RHIP)
transcript levels as reference. The relative expression (2−DCt) was
determined based on three technical replicates in four indepen-
dently performed experiments. Box plots of the summarized data
were generated using the R package gglpot2 and showed the
median, the distance between the upper quartile (qn = 0.75) and
lower quartiles (qn = 0.25), and the raw values of each experiment
as dots. For statistical analysis, basic R environment and the agri-
colae package were used.
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