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Summary

The present study investigated the effect of a preceding, short cold treatment (4 °C, 24 h)
on the resistance of Arabidopsis thaliana against hemibiotrophic Pseudomonas syringae
pv. tomato (Pst) and necrotrophic Botrytis cinerea. For this aim, two different experi-
mental cold setups were compared. In the first setup (cold pre-treatment; CT), the patho-
gen infection occurred directly after the cold treatment. The second experimental setup
(cold priming; CP) included a memory phase between the cold treatment and the infec-
tion, whereby the impact of a priming memory on the resistance against pathogens was
investigated. Arabidopsis benefited from the cold treatment and exhibited significantly
increased resistance against Pst and B. cinerea. For plant defense against Pst, cold priming
and cold pre-treatment led to increased resistance, while against B. cinerea only cold pre-
treatment resulted in transient resistance increase.

To identify the immune signaling pathways responsible for the increased resistance, tran-
script analyses and pathogen growth experiments were conducted with Arabidopsis (Ac-
cession: Col-0) and selected mutant lines. The experiments demonstrated that cold prim-
ing-mediated resistance in Arabidopsis against virulent Pst is independent of the plant
immune regulator Enhanced Disease Susceptibility 1 (EDS1) and does not alter transcript
levels of pathogen-triggered Pathogenesis-related 1 (PR1), Isochorismate Synthase 1
(ICS1), FLG22-induced receptor-like Kinase 1 (FRK1), and NDR1/HIN1-like 10 (NHL10).
These results, but also the observation that cold priming does not confer resistance
against avirulent Pst avrRPS4 and Pst avrRPM]1, indicated that cold-mediated resistance
against Pst is mainly independent from effector-triggered immunity (ETI), hypersensitive
response (HR), PAMPs-triggered immunity (PTI) and salicylic acid (SA) signaling.

Cold pretreatment-mediated resistance against B. cinerea was also without cold signa-
tures on the transcript levels of Pathogenesis-related 1 (PR1), Pathogenesis-related 4
(PR4), Plant Defensin 1.2a (PDF1.2a) and Phytoalexin Deficient 3 (PAD3). This suggested
that cold exposure-mediated resistance against B. cinerea is independent of SA signaling,
jasmonic acid (JA) signaling, and camalexin biosynthesis. Increased accumulation of reac-
tive oxygen species (ROS) was observed in Arabidopsis leaves after the cold pre-treat-
ment and subsequent B. cinerea infection indicating a central function of ROS in the cross-
talk between the prior cold and pathogen infection. Besides other functions, ROS contrib-
ute to lignin and callose formation. Enhanced callose formation and lignification could be

detected immediately after the cold exposure. In contrast, B. cinerea did not alter plant



lignin amounts and pathogen-triggered callose deposition was not further affected by
prior cold treatment.

We extended our analyses by investigating the impact of cold-pre-treatments on the es-
tablishment of systemic aquired resistance (SAR). The induction of SAR in cold-pretreated
plants was successful, but the prior cold treatments did not provide additional benefits
for SAR against Pst. Interestingly, a syringe infiltration with the mock solution instead of
the SAR-triggering primary Pst inoculation enhanced the susceptibility of Arabidopsis af-
ter a cold pre-treatment against Pst.

The most pivotal finding of this work demonstrated that the chloroplast-localized ROS-
scavenging enzymes stromal ascorbate peroxidase (sAPX) and thylakoid ascorbate perox-
idase (tAPX) are essential for the wildtype-like enhanced resistance against Pst and B. ci-
nerea after prior cold treatments. CP-mediated resistance was also confirmed in the im-
munocompromised null mutant enhanced disease susceptibility 1 (eds1-2) crossed with
stroma ascorbate peroxidase knockout (eds1 sapx). This work, furthermore, showed that
sAPX is essential for cold-induced callose formation and dispensable for pathogen-in-
duced callose. Finally, sapx, but not thylakoid ascorbate peroxidase knockout (tapx),
showed a different ROS generation pattern, with significantly more ROS being generated
than in cold-treated sapx or compared to wildtype plants without cold pre-treatment.
These results highlight the relevance of the chloroplast antioxidant system in cold sensing

and its impact on the plant immune system.
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Zusammenfassung

In der vorliegenden Studie wurde die Auswirkung einer vorangehenden, kurzen Kaltebe-
handlung (4 °C, 24 h) auf die Resistenz von Arabidopsis thaliana gegeniiber zwei unter-
schiedlichen Pathogenen untersucht: dem hemibiotrophen Bakterium Pseudomonas sy-
ringae pv. tomato (Pst) und dem nekrotrophen Pilz Botrytis cinerea. Fiir die Kaltebehand-
lungen wurden zwei verschiedene Versuchsanordnungen verglichen. Zum einen, eine An-
ordnung, bei der die Infektion direkt nach der Kaltebehandlung erfolgte (Kaltevorbehand-
lung; CT). Zum anderen ein Versuchsaufbau, der eine stressfreie Memoryphase zwischen
Kaltebehandlung und der Infektion beinhaltete und es ermdéglichte die Auswirkung von
Kaltepriming auf die Resistenz gegen Krankheitserreger zu untersuchen (Kaltepriming;
CP). Bei der Abwehr beider Pathogene profitierte Arabidopsis von der Kaltebehandlung
und zeigte eine signifikant erh6hte Resistenz. Kiltevorbehandlung und Kaltepriming
fiihrten bei der Interaktion mit Pst zu einer erhohten Resistenz, wahrend bei der Infektion
mit B. cinerea nur eine vorangehende Kaltebehandlung zu einer transient erhohten Resis-
tenz fithrte.

Um fiir die durch Kalte erhohte Resistenz verantwortliche Immunsignalwege zu identifi-
zieren, wurden Transkriptionsanalysen und Pathogenwachstumsexperimente mit Ara-
bidopsis (Accession: Col-0) und genetischen Vergleichslinien durchgefiihrt. Die Experi-
mente zeigten, dass die durch Kaltepriming vermittelte Resistenz von Arabidopsis gegen
Pst unabhangig von dem Abwehrregulator Enhanced Disease Susceptibility 1 (EDS1) ist
und ebenso nicht mit veranderten Transkriptspiegeln von Pathogenesis-related 1 (PR1),
Isochorismate Synthase 1 (ICS1), FLGZ22-induced receptor-like Kinase 1 (FRKI1) und
NDR1/HIN1-like 10 (NHL10) korreliert. Diese Ergebnisse deuten an, dass die kadltevermit-
telte Resistenz gegen Pst unabhangig von klassischen Abwehrsignalen (Effektor ausge-
l6ste Immunitéat (ETI), Hypersensitive Antwort (HR), PAMPs ausgeloste Immunitat (PTI)
und Salicylsaure (SA) Signaling) ist. Dies wurde durch die Beobachtung unterstiitzt, dass
Kaltepriming bei der Abwehr gegen avirulente Pst avrRPS4 und Pst avrRPM1 keine zusatz-
lichen Resistenzvorteile bietet.

Die durch Kaltevorbehandlung vermittelte Resistenz gegeniiber B. cinerea ging nicht mit
Anderungen auf Transkriptspiegelebene von bekannten Abwehrsignalgenen wie Patho-
genesis-related 1 (PR1), Pathogenesis-related 4 (PR4), Plant Defensin 1.2a (PDF1.2a) und
Phytoalexin Deficient 3 (PAD3) einher. Dies deutet darauf hin, dass die durch Kalteeinwir-

kung vermittelte Resistenz gegen B. cinerea unabhingig von SA Signaling, Jasmonsaure

11



(JA) Signaling und der Camalexin-Biosynthese ist. Allerdings wurde in Arabidopsis-Blat-
tern nach der Kaltevorbehandlung und der anschlief3enden B. cinerea-Infektion eine er-
hohte Akkumulation reaktiver Sauerstoffspezies (ROS) beobachtet, was auf eine zentrale
Funktion von ROS bei der Wechselwirkung zwischen einer vorherigen Kaltebehandlung
und Pathogeninfektion hindeutet. Neben anderen Funktionen tragen ROS zur Bildung von
Lignin und Callose bei. Eine verstarkte Callosebildung und Lignifizierung konnte unmit-
telbar nach der Kélteexposition festgestellt werden. Im Gegensatz dazu veranderte B. ci-
nerea die Ligninmenge der Pflanze nicht, und die durch den Erreger ausgel6ste Callose-
bildung wurde durch eine vorherige Kaltebehandlung nicht weiter beeintrachtigt.
Desweiteren wurde untersucht, welchen Einfluss eine Kaltevorbehandlung oder ein Kal-
tepriming auf die Induktion einer systemischen erworbenen Resistenz (SAR) hat. Die
Etablierung von SAR in kiltevorbehandelten Pflanzen war erfolgreich, wurde aber durch
die vorangegangene Kalteexposition nicht weiter verstarkt. Interessanterweise, erhohte
zudem eine Spritzeninfiltration mit der Mock-Losung nach einer unmittelbaren Kaltevor-
behandlung die systemische Anfalligkeit von Arabidopsis gegen Pst.

Die zentralen Erkenntnisse dieser Arbeit zeigten, dass die in den Chloroplasten lokalisier-
ten, ROS abbauenden Enzyme stromale Ascorbatperoxidase (SAPX) und thylakoidare As-
corbatperoxidase (tAPX) fiir die wildtypahnliche Auspragung der Resistenz gegen Pst und
B. cinerea nach vorheriger Kiltebehandlung essentiell sind. Die CP vermittelte Resistenz
wurde auch in der immungeschwachten eds1-2 Linie, welche mit der Knockoutlinie von
sAPX (sapx) gekreuz wurde (eds1 sapx), nachgewiesen. Dartiber hinaus zeigte diese Ar-
beit, dass sAPX fiir die kdlteinduzierte Callose essentiell und fiir die pathogeninduzierte
Callose dagegen entbehrlich ist. Schliefilich zeigt sapx, aber nicht die thylakoiddre ascor-
batperoxidase Knockoutlinie tapx, ein anderes ROS-Bildungsmuster, wobei im Gegensatz
zum Wildtyp ohne Kaltebehandlung signifikant mehr ROS gebildet wurde als bei den kal-
tebehandelten Pflanzen. Diese Ergebnisse heben hervor, wie das chloroplastidare antio-
xidative Schutzsystem eine zentrale Verbindungsstelle zwischen der Kdltewahrnehmung

im Chloroplasten und dem pflanzlichen Immunsystem darstellt.
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1. Introduction

1.1 What makes a microorganism a pathogen?

Plants are exposed to many biotic interactors. Their biological surface, for instance, pro-
vides an important habitat for microorganisms such as bacteria and fungi. Approximately
4 x 108 km? of the terrestrial earth surface are covered with foliage (phyllosphere) and
about 1026 bacteria in total or 5.4 108 bacteria cm-2 leaf surface live in the phyllosphere
(Remus-Emsermann et al,, 2014; Leveau, 2006). Most microorganisms in the phyllo-
sphere are non-pathogenic and have a neutral or even beneficial impact on plant fitness
(Vogel et al,, 2016). Plant pathogens are the origin of diseases that cause global losses of
20 - 30 % in major crops such as wheat, potato, rice and maize (Ristaino et al., 2021). To
minimize crop losses due to diseases, a fundamental understanding of plant-pathogen in-
teractions is crucial. How plants differentiate between pathogenic and neutral or benefi-
cial microorganisms remains an open question (Vogel et al., 2016). Miebach et al. (2024)
suggest a relationship between microbial population density and the induction of plant
defense responses: higher microbial population densities induce immune response-re-
lated genes in plants, independent whether the microorganisms are described to be path-
ogenic or non-pathogenic. To study plant-pathogen interactions, model organisms have
been established, with Arabidopsis thaliana is frequently used as a plant model host
(Mauch-Mani & Slusarenko, 1993). The gram-negative, rod-shaped, and (hemi-)bio-
trophic bacterium Pseudomonas syringae pv. tomato (Pst) was established as a model
pathogen for Arabidopsis (Katagiri et al., 2002). Most Arabidopsis accessions, including
Col-0, are susceptible to infection with high doses of Pst and the plants develop symptoms
such as chlorosis or leaf collapse. Pst enters plant tissues through natural openings such
as stomata and propagate within the intercellular apoplast. However, most microorgan-
isms are unable to enter and propagate within the apoplast due to constitutive and in-
duced plant defense systems (Xin et al.,, 2018). In addition to bacterial toxins, Pst pos-
sesses a highly conserved Type I1I secretion system (T3SS) which enables the secretion of
at least 29 different proteins into the plant cell. For instance, the Pst-secreted proteins
AvrPtoB and HopN1 are particularly important in suppressing the plant's immune re-
sponse. HopM1 and AvrE induce an aqueous apoplast, which is essential for a proper de-
velopment of Pst in planta (Xin etal., 2018; Cunnacetal., 2011; Chang et al., 2005). Botrytis
cinerea is another plant pathogen that is suitable as a model organism. It is one of the best-

studied necrotrophic fungal plant pathogens. Unlike Pst, which has a biotrophic phase, B.
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cinerea does not manipulate living plant cells but kills them to evade plant immune re-
sponse and obtain the plant's resources (van Kan et al,, 2006). Additionally, B. cinerea can
actively penetrate plant cells, allowing fungal growth beyond the apoplast. Hence, physi-
cal barriers, such as the plant cell wall, play a significant role in defending against patho-

gens like B. cinerea (Bi et al., 2023).

1.2 Local pathogen perception in plants

1.2.1 PAMPs-triggered immunity - first defense layer

Plants can recognize pathogen-associated molecular patterns (PAMPs) via pattern recog-
nition receptors (PRRs). PRRs are usually anchored in the plasma membrane and induce
PAMP-triggered immunity (PTI) after extracellular PAMP recognition (Bigeard et al,,
2015) (Fig. 1). One well-studied example of PAMP recognition is the pathogen derived 22
amino acid epitope flg22 of flagellin. When flg22 binds to the PRR flagellin-sensitive 2
(FLS2) receptor, it triggers the association of FLS2 with the co-receptor BRI1-associated
receptor kinase (BAK1) leading to the activation of the plant's innate immune response
(Chinchilla et al., 2006; Gomez-Gémez & Boller, 2000). In addition to flg22 other PAMPs,
such as chitin or the elongation factor TU (EF-Tu), damage-associated molecular patterns
(DAMPs) can also trigger PTI. DAMPs are plant degradation products like cutin monomers
or cell wall damage products generated by pathogen-secreted enzymes (Bigeard et al.,
2015). While B. cinerea and many other necrotrophic pathogens are exclusively detected
by PRRs and thus only PTI is relevant for disease suppression, the interaction of Pst with
Arabidopsis comprises further elements of pathogen detection and immune activation

(Mengiste, 2011).
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Figure 1: Cold perception in chloroplasts and pathogen responses (grey box). Cold exposures repress the
enzymatic Calvin-Benson cycle (sink) stronger than the photosynthetic light reactions (source). This imbal-
ance leads to enhanced generation of reactive oxygen species (ROS) in chloroplasts (Section 1.5). Excess
excitation is transferred to Oz forming Oz, which rapidly reacts to H202 (Section 1.5). H202 accumulates in
chloroplasts or migrates via aquaporins into the cytosol or other cell compartments and potentially also
enters the apoplast (Section 1.5). The ROS scavenging enzymes sAPX and tAPX, amongst others, reduce H202
into H20 in the plastids (Section 1.6). The overall changes in ROS levels have the potential to impact the
plant immune response, which finally affects the resistance against invading pathogens: Plasmamembrane
anchored receptors recognize conserved pathogen patterns that induce PAMP-triggered immunity (PTI)
along with an apoplastically directed ROS burst by the respiratory burst oxidase homolog D (RBOHD) (Sec-
tion 1.2.1 & 1.3.2). Pathogens secrete effectors into the plant cell to manipulate plant physiology, and these
effectors can be recognized by intracellular receptors, leading to effector-triggered immunity (ETI) and of-
ten to a hypersensitive response (HR) (Section 1.2.2 & 1.3.5). Salicylic acid (SA) and jasmonic acid (JA) are
essential phytohormones for the plant immune response, and their precursors are synthesized in chloro-
plasts (Section 1.3.3 & 1.3.4). The precursors of lignol and camalexin are also biosynthesized in chloroplasts.
Camalexin acts as an antimicrobial compound and lignol as a cell wall reinforcer (Section 1.3.6 & 1.3.7).
Another cell wall reinforcement, called papillae, can be formed directly at potential pathogen entry sites
(Section 1.3.6).
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1.2.2 Effector-triggered immunity - second defense layer

Virulent and host adapted pathogens secrete proteins, known as effectors, into the apo-
plast or directly into plant cells to manipulate the host and suppress PTI (Biittner, 2016)
(Fig. 1). A successful suppression of the plant innate immune system affects the suscepti-
bility of a plant and is called effector-triggered susceptibility (ETS) (Jones & Dangl, 2006).
To overcome ETS, plants have a second layer of immunity, which is particularly important
for biotrophic pathogens (Glazebrook, 2005). In an avirulent pathogen-host interaction,
plants can recognize effectors secreted by pathogens using intracellular nucleotide-bind-
ing leucine-rich repeat immune receptors (NLRs). This recognition triggers a strong and
robust plant response known as effector-triggered immunity (ETI) (Lolle etal., 2020) (Fig.
1). Gram-negative bacteria, such as Pst, can use the type III secretion system (T3SS) to
release effectors into the plant cell. (Coburn et al., 2007; Cunnac et al., 2009). In the case
of a defective T3SS, T3SS-dependent effectors can no longer be secreted into the plant cell,
which leads to a loss of virulence. One example is the modified Pst hrcC- strain, which can-
not form a functional T3SS and therefore does not cause disease symptoms in Arabidopsis
(Hauck et al., 2003). While Pst can repress immune responses in the Arabidopsis acces-
sion Col-0 and is therefore a virulent pathogen that enables ETS. Other bacterial strains
induce ETI in Col-0 (Velasquez et al., 2017). For instance, the bacterial strain Pseudomonas
syringae pv. maculicola expresses the bacterial effector aviRPM1, which is recognized by
RPM1, an NLR receptor with a coiled-coil (CC) domain (CNL). The CNL receptor RPM1
detects the interaction of the effector avrRPM1 with the host target RPM1-interactiong
protein 4 (RIN4), leading to activation of an immune response (Mackey et al., 2002). An-
other subgroup of NLRs, besides CNLs, are receptors with a toll-interleukin-1 receptor-
like domain (TNLs). Pseudomonas syringae pv. pisi expresses the bacterial effector
avrRPS4. Arabidopsis induces ETI after sensing avrRPS4 with the TNL receptor pair Re-
sistance to Ralstonia solanacearum 1 (RRS1) and Resistance to Pseudomonas syringae 4
(RPS4) through a decoy WRKY domain, which is homologous to the actual WRKY domain
containing plant targets of avrRPS4 (Le Roux et al.,, 2015; Sarries et al,, 2015; Hinsch &
Staskawicz, 1996). All TNL receptors require the nucleocytoplasmic immune regulator
Enhanced Disease Susceptibility 1 (EDS1) to initiate ETI following effector perception
(Dongus & Parker, 2021). In contrast, only a few cases of CNL-mediated ETI are known

which require EDS1 for downstream signaling (Xiao et al., 2005; Chandra-Shekara et al.,
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2004). The null mutant eds1-1 has a significant higher susceptibility against Hyaloperono-
spora arabidopsidis and Pseudomonas syringae emphasizes the important role of EDS1 for

the plant immune response against pathogens with a biotroph phase (Cui et al.,, 2017).

1.3 Local immune response in plants

1.3.1 The role of chloroplasts in plant immunity

In addition to the outstanding role of chloroplasts as the site of photosynthesis and as a
cold sensor (section 1.5), plastids are also a major synthesis site for precursors of immune
signalling and response metabolites like salicylic acid (SA), jasmonic acid (JA), lignin,
camalexin and glucosinolates (Ruan et al,, 2019; Mucha et al.,, 2019; Liu et al., 2018; Gigo-
lashvili et al., 2009; Wildermuth et al., 2001). The fact that chloroplasts are essential syn-
thesis hubs of immune response-related metabolites underlines the outstanding role of
chloroplasts for the interaction with plant pathogens (Fig. 1). Chloroplasts are one of the
main sources of ROS in the plant cell and the reactive oxygen species (ROS) generated in
chloroplasts or redox changes in chloroplasts modify potential signaling pathways im-
portant for the immune response (Yang et al., 2021; Asada, 2006). Chloroplasts employ
plastid-to-nucleus retrograde signaling as an important cell communication strategy, in
which ROS can act as a signal modifier. One well-described example of the modifying role
of ROS is the phosphatase SAL1-phosphoadenosine-5'-phosphate (SAL1-PAP) retrograde
signaling pathway (Chan et al., 2016). Chloroplast localized SAL1 show decreased activity
after chloroplast derived ROS accumulation leading to PAP formation. The mobile signal
compound PAP migrates in the nucleus and effects expression of stress responsive genes.
Accordingly, mutant lines of sall show enhanced susceptibility against avirulent,
(hemi)biotroph pathogens and hypersusceptibility against a nectroroph pathogen as well
as altered phytohormone levels of SA, JA, and glucosinolates (Li & Kim, 2022; Ishiga et al,,
2017). Another example is the volatile compound (3-cyclocitral (BCC), a ROS-induced deg-
radation product of 3-carotene. BCC enhances the transcription of Isochorismate Synthase
1 (ICS1), increases SA levels and activates Nonexpressor of Pathogenesis-related Genes 1
(NPR1) (Li & Kim et al., 2022). These examples demonstrate that altering ROS levels in
chloroplasts can significantly affect plant immune responses through retrograde signal-

ing.
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Some pathogens secrete effectors into the plant cell of wich some can enter chloroplasts
and target chloroplast localized proteins. In addition, other secreted compounds can also
affect chloroplasts. One example of chloroplast-localized pathogen effectors that has been
extensively studied is HopK1. HopK1 is secreted by P. syringae and has been shown to
suppress or dampen programmed cell death (PCD) and the ROS burst and therefore has a
significant impact on virulence (Li et al., 2014; Jamir et al., 2004). The effector Pst_12806,
which is secreted by Puccinia striiformis f. sp. Tritici, targets a subunit of the cytochrome
bsf complex, ultimately leading to impaired photosynthesis and reduced accumulation of
ROS (Xu etal., 2019). After pathogen recognition, plants can utilize stromules to rearrange
their chloroplasts toward the pathogen surface (Savage et al., 2021). N. benthamiana em-
ploys this strategy to fight Phytophthora infestans, a fungus that forms haustoria inside
the plant cell. The pathogen utilizes the AVR3a effector to inhibit the formation of
stromules, thus reducing the contact surface with chloroplasts (Savage et al., 2021). PTI-
induced defense mechanisms include the reduction of non-photochemical quenching
(NPQ), which could lead to increased ROS accumulation in chloroplasts (Géhre et al.,
2012). Infection by S. sclerotiorum and B. cinerea results in the secretion of oxalic acid,
which acidifies the host plant tissue and manipulates the chloroplast-localized xantho-
phyll cycle. This manipulation leads to an accumulation of zeaxanthin at the expense of
violaxanthin, ultimately increasing NPQ. Furthermore, ROS formation and callose for-
mation are altered by secreted oxalic acid (Bi et al., 2023; Zhou et al,, 2015). In summary,
these examples show that some pathogens manipulate plant ROS homeostasis directly in
the chloroplast, suggesting an important role for chloroplast-mediated ROS in the plant
immune response. Finally, ROS produced in the chloroplast, which reaches among other
organelles the cell nucleus via stromules, is thought to positively impact the induction of
programmed cell death (PCD) (Serrano et al., 2016; Zurbriggen et al., 2009). Mitogen-ac-
tivated protein kinase 3 (MPK3) and mitogen-activated protein kinase 6 (MPK6), im-
portant for pathogen resistance (Galetti et al.,, 2011; Menke et al., 2004), are thought to
contribute to chloroplast-mediated PCD by inhibiting photosynthesis, leading to in-
creased ROS accumulation. This indicates a regulatory role for MPK3 and MPKG6 in chlo-

roplast-mediated PCD (Su et al., 2018).
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1.3.2 Apoplastic ROS

Apoplastic ROS is an essential signaling compound and is involved in one of the earliest
defense responses after PAMP recognition, which occurs within minutes (Torres, 2010).
Plants utilize various enzymes capable of apoplastic ROS production, including lipoxygen-
ases, peroxidases and superoxide dismutases (SOD). Peroxidases, for example, produce
ROS for lignol polymerization, contributing to the maintenance of cell wall rigidity. How-
ever, the regulatory mechanisms for class III peroxidases are relatively uncharacterized
(Rivas et al., 2024; Podgérska et al., 2021). This chapter focuses on the key hub for apo-
plastic ROS production, the plasmamembrane-localized NADPH oxidase (respiratory
burst oxidase homolog, RBOH) (Rivas et al.,, 2024). Arabidopsis provides 10 different
isoforms of RBOH, with high similarity in the C-terminal and membrane-spanning do-
mains, but a more divergent N-terminal domain at the cytosolic side (Sagi & Fluhr, 2006).
RBOH utilizes cytosolic NADPH for electron transfer to apoplastic oxygen and produces
superoxide radicals, which dismutate spontaneously or via SOD to hydrogen peroxide.
Hydrogen peroxide can propagate apoplastic long-distance signaling by activating ROS
production in neighboring cells via RBOHD, or it can translocate through aquaporins such
as plasma membrane intrinsic protein 2;1 (PIP2;1) into the symplasm (Rivas et al., 2024).
While some RBOH fulfill specific functions, such as RBOHC's role in root hair formation,
RBOHD and RBOHF are pleiotropic and stress-inducible proteins, responding to patho-
gens, abiotic stress signaling and stromatal closure (Morales et al., 2016). In particular,
RBOHD is responsible for pathogen-induced apoplastically directed ROS production
(Niihse et al., 2007; Torres et al., 2002). RBOHD can be activated through PAMPs as part
of the PTI response (Fig. 1). For example, the PAMP flg22 induces a complex formation of
Flagellin-sensing 2 (FLS2) and Brassinosteroid Insensitive 1-associated Receptor Kinase
(BAK1), leading to an immediate rise of intracellular Ca?*. This, in turn, activates Calcium-
dependent Protein Kinase 5 (CPKS5), which finally phosphorylates the N-terminus of
RBOHD, inducing the activation of RBOHD and an apoplastic ROS burst (Dubiella et al.,
2013; Sun et al., 2013; Miller et al,, 2009). Both PTI and ETI can trigger an RBOHD-de-
pendent transient and rapid ROS burst upon recognition of PAMPs/pathogens (Yuan et
al,, 2021). Although the RBOHD-dependent ROS burst is a component of PAMP-induced
signaling, the contribution of RBOHD to plant resistance remains elusive. This is because
infection with B. cinerea or Pst in the rbohD mutant leads to susceptibility similar to that
of the wild type (Marino et al., 2012). While the antimicrobial properties of H202 against

fungi, oomycetes and bacteria have been sufficiently proven in in vitro experiments (Juven
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& Pierson, 1996; Peng & Kuc et. al.,, 1992), there is a lack of evidence for an antimicrobial

effect of H20:2 in planta.

1.3.3 The phytohormone salicylic acid

The phytohormone SA, an important mediator of plant defense responses, originates from
two independent pathways in higher plants (Garcion et al., 2008). Plants initiate SA bio-
synthesis with the educt chorismate in chloroplasts via an isochorismate synthase (ICS)
(Fig. 1). Alternatively, plants utilize the PAL pathway for basal SA levels (Huang et al,,
2020). In Arabidopsis, biotic stress primarily induces the biosynthesis of ICS1-dependent
SA, while the PAL pathway only contributes to 5 - 10 % of SA production (Wildermuth et
al,, 2001). A central positive regulator of SA-responsive immune signaling is NPR1. In the
resting state, NPR1 is present in the cytoplasm as an oligomer and SA accumulation leads
to cellular redox changes and the reduction of NPR1. This step is mediated by thioredoxin
H-type 3 (TRX-h3) and thioredoxin (TRX-h5), which reduce Cys156 of NPR1 and disas-
semble the oligomer into the active dimer. Following NPR1 release from the oligomer and
other post-translational changes, NPR1 translocates into the nucleus after binding SA
(Zavaliev & Dong, 2024; Kumar et al., 2022). In the nucleus, NPR1 recruits transcription
factors and induces the expression of the immune response related protein Pathogenesis-
Related 1 (PR1) next to other PR proteins (Chen et al., 2019; Zhang et al., 1999). Despite
its antimicrobial activity, the biological function of PR1 is still elusive (Han et al.,, 2023).
Although the exact mode of action of an SA-induced immune response is not fully under-
stood, it has been shown that npr1 and ics1 (sid2) mutants have a significantly higher sus-
ceptibility against Pst and Pseudomonas syringae pv. maculicola ES4326, emphasizing the
importance of SA-signaling against pathogens with a biotroph growing phase (Yoo et al,,
2022). SA also contributes to the resistance against necrotrophic B. cinerea in Arabidop-
sis. Arabidopsis resistance against B. cinerea is independent of NPR1 and ICS1, but plants
expressing salicylate hydroxylase (NahG, SA-degrading enzyme) or treated with a PAL in-
hibitor showed increased susceptibility, suggesting a more important role for the PAL

pathway in B. cinerea-Arabidopsis interaction (Ferrari et al., 2003).
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1.3.4 The phytohormone jasmonic acid

The phytohormone JA and its derivative methyl esters (MeJA) and isoleucine conjugates
(JA-Ile) are known as jasmonates. In addition to a variety of regulatory functions in plant
growth and development, JA improves the stress tolerance of plants against abiotic (e.g.
cold and drought) and biotic stress conditions (e.g. herbivores and necrotrophic patho-
gens) (Fig. 1). Its biosynthesis is initiated in the plastids by the release of a-linolenic acid
from plastid membrane derived galactolipids, and finally, cis-(+)-OPDA is translocated to
the peroxisome and biosynthetic steps in the plastid involve phospholipase A1 (PLA1),
13-lipoxygenase (13-LOX), allene oxide synthase (AOS), and allene oxide cyclase (AOC)
(Ruan et al., 2019; Scherer et al,, 2010). In the next steps, cis-(+)-OPDA is converted to
(+)-7-iso-JA with the participation of OPDA Reductase 3 (OPR3), acyl-CoA oxidase (ACX),
multifunctional protein (MFP) and 3-ketoacyl-CoA thiolase (KAT) (Wang et al., 2021b;
Huang et al,, 2017). (+)-7-iso-JA translocates to the cytoplasm where it is conjugated to
isoleucine (Ile) to form JA-Ile by the action of Jasmonate Resistance 1 (JAR1). JA-Ile is
transported to the nucleus where JA-Ile initiates JAZ degradation after JA-Ile recognition
via Coronatine-insensitive Protein 1 (COI1) leading to the activation of transcription fac-
tors that initiate JA signaling (Wang et al., 2021b; Li et al.,, 2017). After its biosynthesis, JA
can be metabolized into 12 different jasmonates, which differ in their biological activity.
For example, Me]JA is the biologically inactive form of JA, while JA-Ile is considered the
most biologically active form (Wang et al., 2021b; Wasternack & Song, 2017). Disruption
of JA signaling significantly affects plant resistance against necrotrophic pathogens. The
coil-1 or jar1-1 mutant lines are highly susceptible against the necrotrophic pathogens B.
cinerea or A. brassicicola (Ferrari et al., 2007; Ferrari et al., 2003; Thomma et al., 1999;
Thomma et al., 1998). The necrotrophic pathogen Sclerotinia sclerotiorum exhibits en-
hanced virulence in coil-1 and coil-2 mutants, confirming the crucial role of JA signaling
in combating necrotrophic pathogens (Guo & Stotz et al., 2007). An immune response in-
volving JA signaling often leads to cross signaling with the phytohormone ethylene (ET)
(Yang et al., 2019). In general, JA signaling works synergistically with ET in defending
against necrotrophic pathogens. For instance, the interaction between JA and ET activates
the expression of the antifungal protein Plant Defensin 1.2 (PDF1.2) and thereby resists
infection by necrotrophic pathogens (Pieterse et al,, 2012; Zhu et al., 2011; Penninckx et
al,, 1996). In addition, JA acts as an antagonist of SA and activation of the JA pathway neg-
atively impacts the SA response. Conversely, deletion of COI1 results in increased SA ac-

cumulation and enhances resistance against the biotrophic pathogen Pst (Li et al., 2019).
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Another example of the antagonistic roles of the phytohormones JA and SA is the phyto-
toxin coronatine (COR) secreted by Pst for full virulence. Coronatine mimics jasmonates

and suppresses the SA-dependent immune response (Brooks et al., 2005).

1.3.5 Hypersensitive response

The hypersensitive response (HR) is a rapid localized cell death at the side of pathogen
infection in plants and a type of programmed cell death (PCD) (Lam, 2004). HR is induced
mainly via ETI/R-gene mediated resistance while PTI alone is usually not sufficient to
trigger HR (Balint-Kurti, 2019) (Fig. 1). One well-described example of effector-mediated
HR is the cytoplasm-localized HopZ-activated Resistance 1 (ZAR1) resistosome (Shi et al.,
2020; Wang et al,, 2019). ZAR1 is inactive in the resting state until pathogen delivered
effecors like HopZ1 of Pst mediate ADP release of the ZAR1 complex leading to the primed
state. Thereafter, the ZAR1 complex binds deoxyadenosine triphosphate (dATP) or aden-
osine triphosphate (ATP), initiating structural remodeling and forming a pentamer, which
is the active resistosome. It is assumed that the resistosome disrupts plasma membrane
integrity by pore formation, which ultimately leads to cell death and simultaneously acti-
vates defense genes (Shi et al.,, 2020; Wang et al.,, 2019). HR is associated with increased
resistance against biotrophic pathogens, as these pathogens obtain their nutrients from
living cells. While HR is not effective against necrotrophic pathogens or supports the dis-
ease spread as its lifestyle requires dead host tissue (Balint-Kurti, 2019). The phytotoxic
HR-inducing protein 1 (Hip1) secreted by B. cinerea elicits an HR-like response after PTI,
suggesting that HR is not only a feature of ETI (Jeblick et al., 2023).

1.3.6 Pathogen interaction at the plant cell wall

Pathogens can enter their host plant through wounds or stomata. In many cases, however,
fungal pathogens in particular penetrate directly the host by mechanical force through
the cuticle and epidermis (Torufio etal., 2016; Hématy et al., 2009). In addition, pathogens
such as B. cinerea form specialized cells called apressoria and infection cushions (IC) that
support host penetration for initial epidermal penetration and the subsequent infection
process (Bi et al,, 2023). Therefore, IC are particularly important for enhanced pathogen
secretion of phytotoxins, cutinases, and various types of plant cell wall degrading en-
zymes (PCWDE of cellulose, hemicellulose, and pectin) that aid in cell penetration

(Choquer et al.,, 2021). These findings suggest that the plant cell wall serves as acrucial
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physical barrier, protecting the host against invading pathogens. Additionally, (1,3)--glu-
can callose acts as a transient physical barrier, safeguarding plant cells against pathogen
penetration.. Upon recognizing PAMPs or DAMPs, the callose synthase Powdery Mildew
Resistant 4 (GSL5/PMR4) promotes pathogen-induced plant callose deposition between
the plasma membrane and the cell wall in Arabidopsis (Wang et al.,, 2021a). While defini-
tive evidence is still missing, it is assumed that callose as a part of the so-called papillae
strengthens the cell wall penetration resistance. The formation of papillae directly at the
contact sites of fungal hyphae in infected plant tissue supports the hypothesis that papil-
lae are involved in enhancing cell wall penetration resistance (Htuickelhoven, 2007; Nishi-
mura et al,, 2003; Jacobs et al,, 2003) (Fig. 1). Studies have shown that increased callose
accumulation correlates with enhanced resistance against B. cinerea in A. thaliana and S.
lycopersicum (Sanmartinetal et al., 2020; Nie et al.,, 2017). In addition to papillae for-
mation, plant PRRs for chitin and flg22 perception are also localized in the plasmodes-
mata. Pathogen recognition or SA-treatments can induce callose deposition at the plas-
modesmata in an EDS1 and NPR1 dependent manner. Callose deposition at the plasmo-
desmata reduces the size exclusion limit, thereby potentially minimizing the cell-to-cell
transfer of compounds that could enhance pathogen virulence, such as effectors or phy-
totoxins. However, reports on pathogen-plasmodesmata interaction are limited, except
for plant viruses (Iswanto et al., 2022; Tilsner et al., 2016). In contrast to B. cinerea, Pst is
an extracellular pathogen and is therefore not dependent on cell wall penetration. How-
ever, infection of Arabidopsis with Pst and Pst hrcC- leads to strong callose deposition in
the non-virulent interaction, whereas only 5 % callose deposition could be detected in the
virulent interaction, indicating a T3SS effector-induced repression of callose deposition
(Hauck et al., 2003). Pst secreted effectors such as HopM1, AvrPto, and AvrE1 have been
identified to suppress PAMP-induced callose deposition (Wei & Collmer, 2018; Hauck et
al,, 2003). Another, butirreversible synthesized cell wall rigidification compound is lignin
which serves as physical barrier against pathogens (Ma, 2024). Lignin can enhance plant
resistance by limiting the influx of toxins into the plant cell and protecting other cell wall
components from cell wall-degrading enzymes (Eynck et al., 2012). For instance, infec-
tions with Erwinia carotovora result in elevated H202 production and increased lignifica-
tion in Brassica rapa ssp. pekinensis (Zhang et al., 2007). Mycelium extracts of Botrytis
cinerea, Phoma exigua and Fusarium oxysporum f. sp. lini enhance expression of key en-

zymes for lignol biosynthesis in cell cultures of Linum usitatissimum (Hano et al., 2006).
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Bacterial infection with Pst leads to lignification, which is markedly higher in plants in-
fected with avirulent ETI/HR-inducing strains than with virulent Pst strains (Fig 1). In
addition, the intensity of lignification correlates with enhanced resistance (Lee et al,,
2019). Lignin precursors, such as hydroxycinnamaldehydes and hydroxycinnamic acids,
possess antimicrobial properties (Barber et al., 2000). Lignin formed after abiotic or biotic
treatments is also called "stress lignin" or "stress-induced lignin" and is to be distin-
guished from developmental lignin, e.g. in vascular tissue. The lignin composition of
stress-induced lignin differs depending on the stress application. However, much is un-
clear about the regulation of stress-induced lignin and requires further research (Naka-

mura et al, 2020; Cesarino, 2019).

1.3.7 Camalexin and its role in plant immune response

Arabidopsis thaliana utilizes tryptophan provided by chloroplasts as a precursor for syn-
thesizing indole glucosinolates and camalexin, which are crucial for the plant's immune
system (Yang et al., 2020). Camalexin has a major impact on plant resistance against in-
vading pathogens and is a significant sink of tryptophan (Mucha et al.,, 2019; Ferrari et al.,
2007; Thomma etal., 1999) (Fig. 1). Camalexin biosynthesis involves several cytochrome
P450 enzymes, glutathione transferases (GSTs) and y-glutamyl peptidasel (GGP1). The
final biosynthesic step requires the unique cytochrome P450 enzyme Phytoalexin Defi-
cient 3 (PAD3) (Mucha et al., 2019). PAD3 expression is wildtype-like in NahG, npr1, coil
and jarl mutant lines after B. cinerea infection, indicating SA-, JA-, and ET-independent
PAD3 expression (Ferrari et al., 2007). In contrast, a regulatory role of MKP3/MPK6 along
with the transcription factor WRKY33 was discovered for camalexin biosynthesis when
ET and JA are synergistically involved after B. cinerea infection. Camalexin is an important
antimicrobial compound against various biotrophic and necrotrophic pathogens and im-
proves resistance against protists (Plasmodiophora brassicae), fungi (Botrytis cinerea),
and oomycetes (Phytophthora brassicae) (Nguyen et al, 2022; Lemarié et al, 2015;
Schlaeppi et al, 2010; Ferrari et al, 2007; Ferrari et al, 2003; Thomma et al, 1998).
Camalexin is also induced during infection with bacterial pathogens (Pst and Pseudomo-
nas syringae pv. maculicola ES4326), but camalexion accumulation does not alter re-

sistance against these strains (Glazebrook & Ausubel et al.,, 1994).
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1.3.8 Systemic immune response (systemic acquired resistance)

Upon local pathogen recognition, systemic signals propagate from the affected local site
throughout the plant, establishing a prepared state in the systemic, unaffected tissues to
exhibit enhanced resistance in response to a subsequent secondary infection. This phe-
nomenon is referred to as systemic acquired resistance (SAR) and it aligns with priming
in the conceptual framework, as both responses involve the alteration of a stress response
following a prior stress treatment (Vlot et al,, 2021, Conrath et al., 2015). SAR induces
systemic broad-spectrum resistance against (hemi-)biotrophic pathogens after SA-de-
pendent PTI or ETI activation at local infection sites (Vlot et al., 2021; Conrath et al., 2015;
Spoel & Dong, 2012; Vlot et al., 2009). NahG-expressing plants do not accumulate SA lo-
cally or systemically and are lacking a systemic SAR response, indicating that SA is an es-
sential phytohormone for SAR induction. Due to the mobility of SA/methyl-SA (MeSA) in
apoplastic and vascular tissues, SA and its derivatives contributes to systemic SAR signal-
ing, but is not the sole cause of SAR (Lim et al,, 2016; Vlot et al., 2009; Park et al., 2007).
The sid2-1 mutant, which is defective in pathogen-triggered SA accumulation, shows a
weaker but still significant SAR response on bacterial titer level (Bernsdorff et al., 2016).
Therefore, other components besides SA are relevant for SAR. A main regulator of SAR
besides SAis pipecolic acid (Pip) and the putative bioactive derivative N-hydroxypipecolic
acid (NHP) (Hartmann et al., 2018 ; Chen et al., 2018). Pip is synthesized in chloroplasts
from L-lysine via two reaction steps involving the aminotransferase AGD2-like Defense
Response Protein 1 (ALD1) and the reducing factor SAR-Deficient 4 (SARD4) (Vlot et al,,
2021). After leaving chloroplasts through EDS5 (Dmitrij et al.,, 2019), Pip is converted to
NHP in the cytoplasm by the Flavin-dependent Monooxygenase 1 (FMO1) (Hartmann et
al., 2018). Mutations in ALD1 and FMO1 abolish SAR, whereas SAR is compromised but
not abolished in a SARD4-deficient mutant (Ding et al., 2016; Navarova et al.,, 2012;
Mishina & Zeier, 2006). However, the essential role of SARD4 in Pip/NHP biosynthesis is
probably not the cause for the reduced but still significant SAR induction in sard4, since
Pip was not detected in the systemic leaves of the sard4 mutant after SAR induction. (Ding
etal,, 2016; Navarova et al.,, 2012; Mishina & Zeier, 2006). One identified regulatory path-
way of Pip/NHP biosynthesis is the MAPK pathway. MAPK 3 and MAPK 6 regulate Pip
biosynthesis through an interaction of the transcription factor WRKY33 with the ALD1
promoter (Wang et al., 2018). Another major compound of SAR signaling is ROS. One ex-
ample for the role of ROS was revealed by a study about the pathogen-inducible Calcium-

dependent Kinase 5 (CPK5): CPK5 activates apoplastic directed ROS generation through
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RBOHD leading to the expression of SAR-responsive genes, accumulation of SA and NHP
and enhance SAR (Guerra et al., 2020; Dubiella et al., 2013). In addition, ROS formation
leads to fragmentation of C18 membrane lipids into C9 dicarboxylic acid (AzA) (Vlotetal,,
2021). It is suggested that AzA acts as a further SAR signal because it is pathogen induci-
ble, systemically mobile and exogenous AzA application stimulates defense responses in
a SA-Pip/NHP-dependent manner (Jung et al,, 2009). In summary, SAR signaling in the
plant is based on SA, Pip/NHP and ROS, among other factors such as Aza or EDS1 (Zeier,
2021). Plants are also able to propagate SAR from plant-to-plant. Infected plants emit vol-
atile organic compounds (VOCs) such as pinenes and camphene that are recognized via
Legume Lectin-like Protein1 (LLP1) which leads to ROS- and Pip-accumulation, enhanced
expression of SAR-associated genes and emission of further VOCs in signal receiving

plants (Wenig et al.,, 2019; Riedlmeier et al., 2017).

1.4 Cold acclimation and cold priming

In temperate or boreal climates low to freezing temperatures affect plant growth and de-
velopment. Low temperatures (< 10 °C) suppress growth, whereas freezing temperatures
(< 0 °C) lead to drought stress and mechanical wounding. Consequently, plants of cold
climates have evolved strategies including cold acclimation to acquire increased freezing
tolerance while experiencing low temperatures (Leuendorf et al., 2020; Penfield, 2008).
Cold exposure is immediately sensed through membrane rigidification, Ca2+-signaling,
and imbalance in photosynthetic electron transport. Among multiple other cell responses,
cold-inducible transcripts and phytohormones respond to cold within hours. Although
cold sensing and responding starts quickly, it takes a few days of adjustment for full cold
acclimation (Baier et al., 2019; Zhao et al., 2017; Ensminger et al., 2006). Freezing tem-
peratures cause a reduction in water potential within plant cells, resulting in a substantial
loss of osmotically active water. To prevent subsequent drought stress, the plant synthe-
sizes cryoprotectants such as soluble sugars, proline, and polyamine. Soluble sugars, in-
cluding sucrose, glucose, and fructose, are particularly effective in preventing mechanical
damage caused by the formation of ice crystals within the cells (Satyakam et al., 2022; Xin
& Browse, 2000). Because maintenance of cold acclimation is cost-intensive (Jackson et
al., 2004; Browse & Lange, 2004), plants inititate a fast deacclimation process after tem-
peratures increase again (Zuther et al,, 2015). Next to long-term cold acclimation pro-
cesses that are useful for plants to survive freezing temperatures in the winter, short pe-
riod temperature drops in the spring are also stressful for plants (Baier et al., 2019).
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Therefore, plants need further adjustment strategies. One such strategy is called cold
priming. Priming is a modified stress response in which an initial sequential and transient
stress recognition leads to an earlier, faster, stronger, or more sensitive reaction during a
subsequent stress experience (trigger). Priming can be a consequence of very different
types of stressors and both stress stimuli (priming and triggering) can be of the same (cis-
priming) or different origin (trans-priming). Furthermore, priming implies a stress-free
memory phase between the two stress treatments (Hilker et al., 2016). Cold priming (24
h at 4 °C) leads to a different expression pattern of cold and pleiotropic stress-responsive
genes like the Zinc Finger of Arabidopsis thaliana 10 (ZAT10, AT1G27730), increased ROS
generation and revealed tAPX as a priming mediator, whereas cold priming memory was
lost after 7 days (van Buer et al., 2019). The crucial function of tAPX as a mediator for cold
priming is likely attributed to its hypothetic localization at photosystem I, where tAPX-
dependent H202 detoxification impacts H202 signaling (van Buer et al., 2019; van Buer et
al,, 2016;). In addition, cold priming builds a stress memory that modifies the stress re-
sponse to the triggering stress without additional metabolic adjustment, which occurs in

cold-acclimatized plants (Baier et al., 2019; Hilker et al., 2016).

1.5 Cold perception in chloroplasts

Chloroplasts as the sites of photosynthesis are highly sensitive to the balance of redox
potential energy generated in the light reaction and the main metabolic sink, the Calvin
cycle. This balance, known as photostasis, can become disrupted because the light reac-
tion is less temperature-dependent than the downstream reactions of the Calvin cycle
(Ensminger et al.,, 2006). Abiotic stress, such as cold exposure, reduce the sink's ability to
utilize the total redox potential energy, resulting in excess energy and increased for-
mation of ROS (Ensminger et al., 2006; Huner et al.,, 1993) (Fig. 1). ROS include free radi-
cals such as superoxide anion (0O2-), hydroxyl radical (-HO), singlet oxygen (102), and hy-
drogen peroxide (H202). In addition to the toxic properties of high ROS levels, which can
destroy lipids, DNA, and proteins, ROS are essential signaling molecules in the plant and
induce nuclear transcriptional changes, inhibition of phosphatases or trigger protein re-
dox switches (e.g. cystein residues) and activation of the Mitogen-activated Protein Ki-
nase (MAPK) pathway (Ugalde et al., 2021; Magder, 2006; Apel & Hirt, 2004). H202 pro-
duced by chloroplasts after photo-oxidative stress migrates via aquaporines into the cy-

tosol and other cell compartments (Ugalde et al,, 2021) (Fig. 1), indicating putative cold-
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induced redox changes and downstream signaling changes that are not restricted to chlo-

roplasts. In summary, chloroplasts function as a cold sensor.

1.6 Role of chloroplast localized sAPX and tAPX for ROS homeostasis

As mentioned in section 1.5, cold exposure disrupts photostasis and leads to increased
ROS generation in chloroplasts (Ensminger et al., 2006; Huner et al., 1993). In order to
counteract toxic ROS accumulation, the plant has several chloroplast-localized ROS scav-
enging systems. Enzymatic ROS scavenging systems in chloroplasts includes ascorbate
peroxidases (APX) (Miyake et al.,, 1993), 2-Cys Peroxiredoxins (2CPA) (Baier & Dietz,
1997), glutathione peroxidases (Chang et al., 2009), and superoxide dismutases (SOD)
(Asada, 1999). Ascorbate is the most abundant water-soluble redox compound in plants,
highlighting the importance of APX as a ROS scavenging system (Ishikawa & Shigeoka,
2008). APX reduces H202 to H20 with the help of ascorbate (Groden & Beck, 1979) (Fig.
1). Nine nuclear-encoded APX isoforms are located in different cellular compartments
(cytosol, chloroplasts, mitochondria, and peroxisomes) in Arabidopsis. Two of the nine
APX isoforms from Arabidopsis are catalytically active and localized in chloroplasts, of
which one is soluble in the stroma (sAPX) and one is bound to the thylakoid membrane
(tAPX) (Fig. 1). One additional APX isoform was identified in the thylakoid lumen, alt-
hough its function remains unknown (Ishikawa & Shigeoka, 2008). Under high-light
stress, which has a comparable impact on photostasis as cold exposure (Kameoka et al.,
2021), knockout of sAPX or tAPX leads to lower expression of H202-responsive genes,
higher H202 accumulation in leaves and more oxidized proteins. In contrast, knockout of
SAPX and tAPX show wild-type-like expression of other APX isoenzymes and chloroplast-
localized antioxidant enzymes without stress application (Kameoka et al., 2021; Maruta

etal, 2010).

1.7 Cold acclimation at the plant cell wall

Temperatures below the freezing point lead to the formation of extracellular ice crystals,
resulting in dehydration of the cell and thereby, destruction of the membrane. The cell
wall acts as a physical barrier, protecting against ice ingress and controlling its spread,
making it important for freezing tolerance and a potential site for cold acclimation
(Takahashi et al., 2021). The plant cell wall is composed of cellulose, which provides me-

chanical strength. Hemicellulose cross-links the cellulose fibrils to enhance this function.
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Pectin is another essential component that is also considered to play a role in the struc-
tural integrity of the cell wall (Tenhaken, 2015). Additionally, the cell wall of Arabidopsis
contains 14 % proteins (Zablackis et al., 1995). It was shown that increased pectin content
is associated with cold acclimation in oilseed rape, while other cell wall polysaccharides
remain unaffected (Kubacka-Zebalska & Kacperska, 1999). This effect was also observed
in a frost-tolerant pea genotype after cold acclimation in comparison to a frost-sensitive
genotype (Baldwin et al., 2014). 3-1,4-galactan, a polysaccharide that is a part of pectin,
shows a higher abundance in spinach (Spinacia oleracea “Progress”), Japanese mustard
spinach (Brassica rapa var. Perviridis “Hamatsuduki”), crown daisy (Glebionis coronaria
“Satoakira”), and Arabidopsis thaliana, which correlates with enhanced frost tolerance.
Additionally, these cold acclimation-induced changes are associated with lower cell wall
extensibility and higher rigidity in Arabidopsis (Takahashi et al., 2024). Taken together,
these results suggest that pectin plays an important role in altering the mechanical prop-
erties of the plant cell wall, which is crucial during cold acclimation. Cellulose and hemi-
cellulose exhibit cold exposure-dependent regulation, but with contrasting results, mak-
ing it difficult to determine their specific roles in cold acclimation (Le Gall et al., 2015).
Lignin is another putative compound for cold acclimation in plants . Lignin is synthesized
primarily in the secondary cell wall of specialized cells, such as tracheal elements and en-
dodermal cells. However, it can also be synthesized in the mesophyll/epidermis after
stress recognition (Barros et al.,, 2015; Cabané et al., 2004). The biosynthesis of lignin be-
gins with phenylalanine from the phenylalanine ammonia-lyase (PAL) pathway in chloro-
plasts. The product cinnamic acid is utilized to synthesize three main monolignols that
are formed in multiple steps in the cytoplasm (sinapyl alcohol, S-unit; coniferyl alcohol,
G-unit; and p-coumarcyl alcohol, H-unit). These lignol monomers are transported into the
apoplast and polymerized to lignin via peroxidases and laccases (Liu et al., 2018). In Bras-
sica napus., PAL activity significantly increases after cold acclimatization, and lignin pre-
cursors, such as hydroxycinnamic acids, are also significantly more abundant (Solecka &
Kacperska, 2003; Solecka et al., 1999). In Arabidopsis, exposure to as little as 12 hours of
cold is enough to significantly upregulate several genes responsible for lignin biosynthe-
sis (Hannah et al., 2005). It is suggested that pectin and lignin may work together to
strengthen the cell wall and are involved in the response to cold exposure. However, the
exact molecular mechanisms, including cell wall acclimation, that contribute to cold tol-

erance are still largely unknown (Takahashi et al., 2024).
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1.8 Pre-exposures to abiotic changes affecting plant pathogen defence

While the plant immune system and many host pathogen interactions are conceptually
understood (Albert et al.,, 2020; Lolle et al., 2020; Jones et al., 2016), the impact of abiotic
stress on host pathogen interactions is less understood. Evidence suggests that the antag-
onistic phytohormones SA and JA together with ROS play an important role in the cross-
talk between abiotic and biotic stresses but further research is needed to fully understand
the concept of stress crosstalk (Ku et al., 2018; Fujita et al,, 2006). Environmental factors
such as the infection timepoint or photoperiodic stress significantly impacts the suscepti-
bility of Arabidopsis against Pst, whereby, for example, the enhanced resistance of Ara-
bidopsis correlates with increased SA accumulation in the case of an early infection event
during the day (Lajeunesse et al., 2023; Griebel und Zeier 2008). Some studies have inves-
tigated the impact of different temperatures during infection on the susceptibility of Ara-
bidopsis against Pst. It has been shown that higher temperatures (28 - 30 °C) dampen ETI
and HR but enhance PTI, which is linked to stronger susceptibility against Pst. Conversely,
temperatures of about 23 °C result in decreased susceptibility of Arabidopsis against Pst
. One possible explanation for the enhanced susceptibility at higher temperatures is the
plant's compromised capacity to accumulate SA after infection, which is also associated
with weaker ICS1 and PR1 expression (Huot et al., 2017; Menna et al., 2015). In addition,
exposure to cold (4 °C) for more than a week leads to significant enhanced SA accumula-
tion in Arabidopsis even in the absence of a pathogen infection (Scott et al., 2004; Kim et
al., 2013). There are limited reports about the impact of a prior abiotic stressor on re-
sistance against Pst. A total of 7 stress treatments (1.5 h per day) with heat stress (38 °C),
cold stress (4 °C) or salt stress leads to increased resistance against Pst in Arabidopsis and
the effect of the increased resistance is lost after 7 days. Increased resistance in response
to such repetitive stress treatments correlates with upregulation of PTI-responsive genes
and is mediated by the epigenetic regulator Histone Acetyltransferase 1. Interestingly, a
heat stress treatment is not sufficient to enhance resistance against the necrotrophic
pathogen B. cinerea (Singh et al., 2014). Another report shows that a 10-hour cold expo-
sure during the night phase is sufficient to transiently increase the H202 content and re-
sistance of Arabidopsis against Pst in a SA-dependent manner. However, the cold-primed
memory upon only 10 h cold exposure is already lost after 12 hours (Wu et al., 2019). In
summary, the examples show that SA is elevated during extended exposure to cold, or at
cooler temperatures during infection, and could therefore contribute to increased re-

sistance againt pathogens with a biotrophic phase (Huotetal.,, 2017; Kim et al., 2013; Scott
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et al., 2004). In contrast, the effect of brief cold stress on plant immune response is less
well understood (Wu et al,, 2019; Singh et al., 2014). Moreover, there are limited studies
on the impact of short-term cold stress on the interaction of plants and necrotrophic path-

ogens such as B. cinerea.

1.9 Aim of the work

In the context of rising temperatures due to climate change, cold temperatures and frost
in particular continue to present a significant challenge for plants in our growing regions
(Leuendorf et al, 2020; Wersebe et al., 2019; Penfield, 2008).

The primary objective of this thesis was to elucidate the impact of a brief cold exposure
(4°C, 24h) on the resistance against Pst (Chapter I, II) and B. cinerea (Chapter III). Both
pathogens employ distinct infection strategies for disease progression. We compared two
experimental setups with and without a memory phase to ascertain whether Arabidopsis
benefits from a memorized cold exposure when colonized by pathogens. In addition, the
impact of such cold pre-treatments on the establishment of SAR was determined (Chapter
V).

The second aim of this work (Chapter I-I1I) was to determine the role of the chloroplast
as a cold sensing hub, whereby cold stress-induced ROS formation may affect plant im-
mune signaling pathways. Therefore, we hypothesized that the chloroplast plays an im-
portant role in fine-tuning plant resistance after prior cold exposure, which involves the
chloroplast-localized ROS scavenger’s sAPX and tAPX for cold sensing and crosstalk with
plant pathogen defence systems. Finally, we aimed to identify plant immune signaling
pathways and metabolites which are affected at the interplay of cold stress signaling and

pathogen defense activation.

31



1.10 References

Albert, I, C. Hua, T. Niirnberger, R. N. Pruitt, and L. Zhang. 2020. Surface Sensor Systems in Plant Immun-
ity. Plant Physiology 182(4):1582-1596. doi:10.1104/pp.19.01299.

Apel, K, and H. Hirt. 2004. Reactive oxygen species: metabolism, oxidative stress, and signal transduction.
Annual Review of Plant Biology 55(1):373-399. do0i:10.1146/annurev.arplant.55.031903.141701.

Asada, K. 1999. The water-water cycle in chloroplasts: Scavenging of Active Oxygens and Dissipation of
Excess Photons. Annual Review of Plant Physiology and Plant Molecular Biology 50(1):601-639.
do0i:10.1146/annurev.arplant.50.1.601.

Asada, K. 2006. Production and Scavenging of Reactive Oxygen Species in Chloroplasts and Their Func-
tions. Plant Physiology 141(2):391-396. d0i:10.1104/pp.106.082040.

Baier, M,, and K. J. Dietz. 1997. The plant 2-Cys peroxiredoxin BAS1 is a nuclear-encoded chloroplast pro-
tein: its expressional regulation, phylogenetic origin, and implications for its specific physiological
function in plants. The Plant Journal 12(1):179-190. d0i:10.1046/j.1365-313X.1997.12010179.x.

Baier, M,, A. Bittner, A. Prescher, and J. van Buer. 2019. Preparing plants for improved cold tolerance by
priming. Plant, Cell & Environment 42(3):782-800.d0i:10.1111/pce.13394.

Baldwin, L., ].-M. Domon, ]. F. Klimek, F. Fournet, H. Sellier, F. Gillet, ]. Pelloux, I. Lejeune-Hénaut, N. C. Car-
pita, and C. Rayon. 2014. Structural alteration of cell wall pectins accompanies pea development in re-
sponse to cold. Phytochemistry 104:37-47. do0i:10.1016/j.phytochem.2014.04.011.

Balint-Kurti, P. 2019. The plant hypersensitive response: concepts, control and consequences. Molecular
Plant Pathology 20(8):1163-1178. doi:10.1111/mpp.12821.

Barber, M. S., V. S. McConnell, and B. S. DeCaux. 2000. Antimicrobial intermediates of the general phe-
nylpropanoid and lignin specific pathways. Phytochemistry 54(1):53-56. doi:10.1016/S0031-
9422(00)00038-8.

Barros, |, H. Serk, I. Granlund, and E. Pesquet. 2015. The cell biology of lignification in higher plants. An-
nals of Botany 115(7):1053-1074. d0i:10.1093 /aob/mcv046.

Bernsdorff, F., A.-C. Doring, K. Gruner, S. Schuck, A. Brautigam, and J. Zeier. 2016. Pipecolic Acid Orches-
trates Plant Systemic Acquired Resistance and Defense Priming via Salicylic Acid-Dependent and -In-
dependent Pathways. The Plant Cell 28(1):102-129. doi:10.1105/tpc.15.00496.

Bi, K., Y. Liang, T. Mengiste, and A. Sharon. 2023. Killing softly: a roadmap of Botrytis cinerea pathogenicity.
Trends in Plant Science 28(2):211-222. doi:10.1016/j.tplants.2022.08.024.

Bigeard, J., J. Colcombet, and H. Hirt. 2015. Signaling Mechanisms in Pattern-Triggered Immunity (PTI).
Molecular Plant 8(4):521-539. d0i:10.1016/j.molp.2014.12.022.

Brooks, D. M,, C. L. Bender, and B. N. Kunkel. 2005. The Pseudomonas syringae phytotoxin coronatine pro-
motes virulence by overcoming salicylic acid-dependent defences in Arabidopsis thaliana. Molecular
Plant Pathology 6(6):629-639. d0i:10.1111/j.1364-3703.2005.00311.x.

Browse, ]., and B. M. Lange. 2004. Counting the cost of a cold-blooded life: Metabolomics of cold acclima-
tion. Proceedings of the National Academy of Sciences 101(42):14996-14997.
doi:10.1073/pnas.0406389101.

Biittner, D. 2016. Behind the lines-actions of bacterial type III effector proteins in plant cells. FEMS Micro-
biology Reviews 40(6):894-937. doi:10.1093 /femsre/fuw026.

Cabané, M,, ].-C. Pireaux, E. Léger, E. Weber, P. Dizengremel, B. Pollet, and C. Lapierre. 2004. Condensed
lignins are synthesized in poplar leaves exposed to ozone. Plant Physiology 134(2):586-594.
doi:10.1104/pp.103.031765.

Cesarino, I. 2019. Structural features and regulation of lignin deposited upon biotic and abiotic stresses.
Current Opinion in Biotechnology 56:209-214. doi:10.1016/j.copbio.2018.12.012.

Chan, K. X,, P. D. Mabbitt, S. Y. Phua, ]. W. Mueller, N. Nisar, T. Gigolashvili, E. Stroeher, . Grassl, W. Arlt, G.
M. Estavillo, C. ]. Jackson, and B. ]J. Pogson. 2016. Sensing and signaling of oxidative stress in chloro-
plasts by inactivation of the SAL1 phosphoadenosine phosphatase. Proceedings of the National Acad-
emy of Sciences 113(31):E4567-E4576. doi:10.1073 /pnas.1604936113.

Chandra-Shekara, A. C., D. Navarre, A. Kachroo, H.-G. Kang, D. Klessig, and P. Kachroo. 2004. Signaling re-
quirements and role of salicylic acid in HRT- and rrt-mediated resistance to turnip crinkle virus in Ar-
abidopsis. The Plant Journal 40(5):647-659. doi:10.1111/j.1365-313X.2004.02241.x.

32



Chang, C.C.C, L. Slesak, L. Jorda, A. Sotnikov, M. Melzer, Z. Miszalski, P. M. Mullineausx, ]. E. Parker, B. Kar-
pinska, and S. Karpinski. 2009. Arabidopsis Chloroplastic Glutathione Peroxidases Play a Role in Cross
Talk between Photooxidative Stress and Immune Responses. Plant Physiology 150(2):670-683.
doi:10.1104/pp.109.135566.

Chang, J. H, ]J. M. Urbach, T. F. Law, L. W. Arnold, an Hu, S. Gombar, S. R. Grant, F. M. Ausubel, and J. L. Dangl.
2005. A high-throughput, near-saturating screen for type Il effector genes from Pseudomonas syrin-
gae. Proceedings of the National Academy of Sciences of the United States of America 102(7):2549-
2554. doi:10.1073/pnas.0409660102.

Chen, ], R. Mohan, Y. Zhang, M. Li, H. Chen, I. A. Palmer, M. Chang, G. Qi, S. H. Spoel, T. Mengiste, D. Wang, F.
Liy, and Z. Q. Fu. 2019. NPR1 Promotes Its Own and Target Gene Expression in Plant Defense by Re-
cruiting CDK8. Plant physiology 181(1):289-304. d0i:10.1104/pp.19.00124.

Chen, Y.-C,, E. C. Holmes, |. Rajniak, J.-G. Kim, S. Tang, C. R. Fischer, M. B. Mudgett, and E. S. Sattely. 2018. N-
hydroxy-pipecolic acid is a mobile metabolite that induces systemic disease resistance in Arabidopsis.
Proceedings of the National Academy of Sciences 115(21):E4920-E4929.
doi:10.1073/pnas.1805291115.

Chinchilla, D., Z. Bauer, M. Regenass, T. Boller, and G. Felix. 2006. The Arabidopsis receptor kinase FLS2
binds flg22 and determines the specificity of flagellin perception. The Plant Cell 18(2):465-476.
doi:10.1105/tpc.105.036574.

Choquer, M,, C. Rascle, I. R. Gongalves, A. de Vallée, C. Ribot, E. Loisel, P. Smilevski, ]. Ferria, M. Savadogo, E.
Souibgui, M.-]. Gagey, ].-W. Dupuy, J. A. Rollins, R. Marcato, C. Nois, C. Bruel, and N. Poussereau. 2021.
The infection cushion of Botrytis cinerea: a fungal ‘weapon’ of plant-biomass destruction. Environmen-
tal microbiology 23(4):2293-2314. do0i:10.1111/1462-2920.15416.

Coburn, B, L. Sekirov, and B. B. Finlay. 2007. Type III secretion systems and disease. Clinical microbiology
reviews 20(4):535-549. d0i:10.1128/cmr.00013-07.

Conrath, U,, G.]. M. Beckers, C. ]. G. Langenbach, and M. R. Jaskiewicz. 2015. Priming for Enhanced Defense.
Annual Review of Phytopathology 53(1):97-119. doi:10.1146/annurev-phyto-080614-120132.

Cui, H,, E. Gobbato, B. Kracher, J. Qiu, J. Bautor, and J. E. Parker. 2017. A core function of EDS1 with PAD4 is
to protect the salicylic acid defense sector in Arabidopsis immunity. New Phytologist 213(4):1802-
1817.d0i:10.1111/nph.14302.

Cunnag, S., M. Lindeberg, and A. Collmer. 2009. Pseudomonas syringae type 11l secretion system effectors:
repertoires in search of functions. Current Opinion in Microbiology 12(1):53-60.
doi:10.1016/j.mib.2008.12.003.

Ding, P., D. Rekhter, Y. Ding, K. Feussner, L. Busta, S. Haroth, S. Xu, X. Li, R. Jetter, I. Feussner, and Y. Zhang.
2016. Characterization of a Pipecolic Acid Biosynthesis Pathway Required for Systemic Acquired Re-
sistance. The Plant Cell 28(10):2603-2615. doi:10.1105/tpc.16.00486.

Dongus, J. A., and J. E. Parker. 2021. EDS1 signalling: At the nexus of intracellular and surface receptor im-
munity. Current Opinion in Plant Biology 62:102039. d0i:10.1016/j.pbi.2021.102039.

Dubiella, U., H. Seybold, G. Durian, E. Komander, R. Lassig, C.-P. Witte, W. X. Schulze, and T. Romeis. 2013.
Calcium-dependent protein kinase/NADPH oxidase activation circuit is required for rapid defense sig-
nal propagation. Proceedings of the National Academy of Sciences 110(21):8744-8749.
doi:10.1073/pnas.1221294110.

Ensminger, I, F. Busch, and N. P. A. Huner. 2006. Photostasis and cold acclimation: sensing low tempera-
ture through photosynthesis. Physiologia Plantarum 126(1):28-44. doi:10.1111/j.1399-
3054.2006.00627.x.

Eynck, C., G. Séguin-Swartz, W. E. Clarke, and 1. A. P. Parkin. 2012. Monolignol biosynthesis is associated
with resistance to Sclerotinia sclerotiorum in Camelina sativa. Molecular Plant Pathology 13(8):887-
899.d0i:10.1111/j.1364-3703.2012.00798.x.

Ferrari, S., R. Galletti, C. Denoux, G. de Lorenzo, F. M. Ausubel, and ]. Dewdney. 2007. Resistance to Botrytis
cinerea Induced in Arabidopsis by Elicitors Is Independent of Salicylic Acid, Ethylene, or Jasmonate
Signaling But Requires Phytolexin Deficient3 . Plant Physiology 144(1):367-379.
doi:10.1104/pp.107.095596.

Ferrari, S., J. M. Plotnikova, G. de Lorenzo, and F. M. Ausubel. 2003. Arabidopsis local resistance to Botrytis
cinerea involves salicylic acid and camalexin and requires EDS4 and PAD2, but not SID2, EDS5 or
PADA4. The Plant Journal 35(2):193-205. doi:10.1046/j.1365-313X.2003.01794 x.

Fujita, M,, Y. Fujita, Y. Noutoshi, F. Takahashi, Y. Narusaka, K. Yamaguchi-Shinozaki, and K. Shinozaki. 2006.
Crosstalk between abiotic and biotic stress responses: a current view from the points of convergence

33



in the stress signaling networks. Current Opinion in Plant Biology 9(4):436-442.
doi:10.1016/j.pbi.2006.05.014.

Galletti, R, S. Ferrari, and G. de Lorenzo. 2011. Arabidopsis MPK3 and MPK6 play different roles in basal
and oligogalacturonide- or flagellin-induced resistance against Botrytis cinerea. Plant physiology
157(2):804-814. d0i:10.1104/pp.111.174003.

Garcion, C.,, A. Lohmann, E. Lamodiére, J. Catinot, A. Buchala, P. Doermann, and J.-P. Métraux. 2008. Charac-
terization and Biological Function of the Isochorismate Synthase2 Gene of Arabidopsis. Plant Physiol-
ogy 147(3):1279-1287. d0i:10.1104/pp.108.119420.

Gigolashvilj, T., R. Yatusevich, I. Rollwitz, M. Humphry, J. Gershenzon, and U. L. Fliigge. 2009. The plastidic
bile acid transporter 5 is required for the biosynthesis of methionine-derived glucosinolates in Ara-
bidopsis thaliana. The Plant cell 21(6):1813-1829. doi:10.1105/tpc.109.066399.

Glazebrook, J., and F. M. Ausubel. 1994. Isolation of phytoalexin-deficient mutants of Arabidopsis thaliana
and characterization of their interactions with bacterial pathogens. Proceedings of the National Acad-
emy of Sciences 91(19):8955-8959. doi:10.1073 /pnas.91.19.8955.

Glazebrook, J. 2005. Contrasting Mechanisms of Defense Against Biotrophic and Necrotrophic Pathogens.
Annual Review of Phytopathology 43(1):205-227. d0i:10.1146/annurev.phyto.43.040204.135923.

Gohre, V., A. M. E. Jones, ]. Sklenar, S. Robatzek, and A. P. M. Weber. 2012. Molecular Crosstalk Between
PAMP-Triggered Immunity and Photosynthesis. Molecular Plant-Microbe Interactions 25(8):1083-
1092. d0i:10.1094/MPMI-11-11-0301.

Gomez-Gémez, L., and T. Boller. 2000. FLS2: an LRR receptor-like kinase involved in the perception of the
bacterial elicitor flagellin in Arabidopsis. Molecular cell 5(6):1003-1011. d0i:10.1016/s1097-
2765(00)80265-8.

Griebel, T., and J. Zeier. 2008. Light Regulation and Daytime Dependency of Inducible Plant Defenses in
Arabidopsis: Phytochrome Signaling Controls Systemic Acquired Resistance Rather Than Local De-
fense. Plant Physiology 147(2):790-801. doi:10.1104/pp.108.119503.

Groden, D., and E. Beck. 1979. H202 destruction by ascorbate-dependent systems from chloroplasts. Bio-
chimica et Biophysica Acta (BBA) - Bioenergetics 546(3):426-435. d0i:10.1016/0005-2728(79)90078-
1.

Guerra, T., S. Schilling, K. Hake, K. Gorzolka, F.-P. Sylvester, B. Conrads, B. Westermann, and T. Romeis.
2020. Calcium-dependent protein kinase 5 links calcium signaling with N-hydroxy-1-pipecolic acid-
and SARD1-dependent immune memory in systemic acquired resistance. New Phytologist
225(1):310-325.d0i:10.1111/nph.16147.

Guo, X,, and H. U. Stotz. 2007. Defense against Sclerotinia sclerotiorum in Arabidopsis is dependent on
jasmonic acid, salicylic acid, and ethylene signaling. Molecular plant-microbe interactions MPMI
20(11):1384-1395. d0i:10.1094/mpmi-20-11-1384.

Han, Z., D. Xiong, R. Schneiter, and C. Tian. 2023. The function of plant PR1 and other members of the CAP
protein superfamily in plant-pathogen interactions. Molecular Plant Pathology 24(6):651-668.
doi:10.1111/mpp.13320.

Hannah, M. A,, A. G. Heyer, and D. K. Hincha. 2005. A Global Survey of Gene Regulation during Cold Accli-
mation in Arabidopsis thaliana. PLOS Genetics 1(2):e26. d0i:10.1371/journal.pgen.0010026.

Hano, C., M. Addi, L. Bensaddek, D. Crénier, S. Baltora-Rosset, ]. Doussot, S. Maury, F. Mesnard, B. Chabbert,
S. Hawkins, E. Lainé, and F. Lamblin. 2006. Differential accumulation of monolignol-derived com-
pounds in elicited flax (Linum usitatissimum) cell suspension cultures. Planta 223(5):975-989.
doi:10.1007/s00425-005-0156-1.

Hartmann, M., T. Zeier, F. Bernsdorff, V. Reichel-Deland, D. Kim, M. Hohmann, N. Scholten, S. Schuck, A.
Brautigam, T. Holzel, C. Ganter, and ]. Zeier. 2018. Flavin Monooxygenase-Generated N-Hydroxypipe-
colic Acid Is a Critical Element of Plant Systemic Immunity. Cell 173(2):456-469.e16.
doi:10.1016/j.cell.2018.02.049.

Hauck, P., R. Thilmony, and S. Y. He. 2003. A Pseudomonas syringae type Il effector suppresses cell wall-
based extracellular defense in susceptible Arabidopsis plants. Proceedings of the National Academy of
Sciences 100(14):8577-8582. doi:10.1073/pnas.1431173100.

Hématy, K., C. Cherk, and S. Somerville. 2009. Host-pathogen warfare at the plant cell wall. Current Opin-
ion in Plant Biology 12(4):406-413. doi:10.1016/j.pbi.2009.06.007.

34



Hilker, M., ]. Schwachtje, M. Baier, S. Balazadeh, I. Biurle, S. Geiselhardt, D. K. Hincha, R. Kunze, B. Mueller-
Roeber, M. C. Rillig, J. Rolff, T. Romeis, T. Schmiilling, A. Steppuhn, J. van Dongen, S. J. Whitcomb, S.
Waurst, E. Zuther, and J. Kopka. 2016. Priming and memory of stress responses in organisms lacking a
nervous system. Biological Reviews 91(4):1118-1133.d0i:10.1111/brv.12215.

Hinsch, M., and B. Staskawicz. 1996. Identification of a new Arabidopsis disease resistance locus, RPs4,
and cloning of the corresponding avirulence gene, avrRps4, from Pseudomonas syringae pv. pisi. Mol
Plant Microbe Interact 9(1):55-61. doi:10.1094/mpmi-9-0055.

Huang, H., B. Liu, L. Liu, and S. Song. 2017. Jasmonate action in plant growth and development. Journal of
Experimental Botany 68(6):1349-1359. doi:10.1093/jxb/erw495.

Huang, W., Y. Wang, X. Li, and Y. Zhang. 2020. Biosynthesis and Regulation of Salicylic Acid and N-Hydrox-
ypipecolic Acid in Plant Immunity. Molecular Plant 13(1):31-41. doi:10.1016/j.molp.2019.12.008.
Hiickelhoven, R. 2007. Cell Wall-Associated Mechanisms of Disease Resistance and Susceptibility. Annual

Review of Phytopathology 45(1):101-127. doi:10.1146/annurev.phyto.45.062806.094325.

Huner, N. P. A, G. Oquist, V. M. Hurry, M. Krol, S. Falk, and M. Griffith. 1993. Photosynthesis, photoinhibi-
tion and low temperature acclimation in cold tolerant plants. Photosynthesis Research 37(1):19-39.
doi:10.1007/BF02185436.

Huot, B., C. D. M. Castroverde, A. C. Velasquez, E. Hubbard, J. A. Pulman, J. Yao, K. L. Childs, K. Tsuda, B. L.
Montgomery, and S. Y. He. 2017. Dual impact of elevated temperature on plant defence and bacterial
virulence in Arabidopsis. Nature Communications 8(1):1808. doi:10.1038/s41467-017-01674-2.

Inouye, D. W. 2008. Effects of climate change on phenology, frost damage, and floral abundance of mon-
tane wildflowers. Ecology 89(2):353-362. d0i:10.1890/06-2128.1.

Ishiga, Y., M. Watanabe, T. Ishiga, T. Tohge, T. Matsuura, Y. Ikeda, R. Hoefgen, A. R. Fernie, and K. S. Mysore.
2017. The SAL-PAP Chloroplast Retrograde Pathway Contributes to Plant Immunity by Regulating
Glucosinolate Pathway and Phytohormone Signaling. Molecular Plant-Microbe Interactions®
30(10):829-841. doi:10.1094/MPMI-03-17-0055-R.

Ishikawa, T., and S. Shigeoka. 2008. Recent Advances in Ascorbate Biosynthesis and the Physiological Sig-
nificance of Ascorbate Peroxidase in Photosynthesizing Organisms. Bioscience, Biotechnology, and Bio-
chemistry 72(5):1143-1154. doi:10.1271/bbb.80062.

Iswanto, A. B. B.,, M. H. Vu, S. Pike, ]. Lee, H. Kang, G. H. Son, ].-Y. Kim, and S. H. Kim. 2022. Pathogen effec-
tors: What do they do at plasmodesmata? Molecular Plant Pathology 23(6):795-804.
doi:10.1111/mpp.13142.

Jackson, M. W., ]. R. Stinchcombe, T. M. Korves, and ]. Schmitt. 2004. Costs and benefits of cold tolerance in
transgenic Arabidopsis thaliana. Molecular Ecology 13(11):3609-3615. doi:10.1111/j.1365-
294X.2004.02343.x.

Jacobs, A. K., V. Lipka, R. A. Burton, R. Panstruga, N. Strizhov, P. Schulze-Lefert, and G. B. Fincher. 2003. An
Arabidopsis Callose Synthase, GSL5, Is Required for Wound and Papillary Callose Formation. The Plant
Cell 15(11):2503-2513. d0i:10.1105/tpc.016097.

Jamir, Y., M. Guo, H.-S. Oh, T. Petnicki-Ocwieja, S. Chen, X. Tang, M. B. Dickman, A. Collmer, and J. R. Alfano.
2004. Identification of Pseudomonas syringae type 11 effectors that can suppress programmed cell
death in plants and yeast. The Plant Journal 37(4):554-565. d0i:10.1046/j.1365-313X.2003.01982.x.

Jardim-Messeder, D., M. Zamocky, G. Sachetto-Martins, and M. Margis-Pinheiro. 2022. Chloroplastic ascor-
bate peroxidases targeted to stroma or thylakoid membrane: The chicken or egg dilemma. FEBS Let-
ters 596(23):2989-3004. doi:10.1002/1873-3468.14438.

Jeblick, T., T. Leisen, C. E. Steidele, I. Albert, ]J. Miiller, S. Kaiser, F. Mahler, F. Sommer, S. Keller, R. Hiickel-
hoven, M. Hahn, and D. Scheuring. 2023. Botrytis hypersensitive response inducing protein 1 triggers
noncanonical PTI to induce plant cell death. Plant Physiology 191(1):125-141.
doi:10.1093/plphys/kiac476.

Jones, ]. D. G., and ]. L. Dangl. 2006. The plant immune system. Nature 444(7117):323-329.
doi:10.1038/nature05286.

Jones, ]. D. G, R. E. Vance, and J. L. Dangl. 2016. Intracellular innate immune surveillance devices in plants
and animals. Science 354(6316):aaf6395. doi:10.1126/science.aaf6395.

Jung, H. W,, T. ]. Tschaplinski, L. Wang, ]. Glazebrook, and ]. T. Greenberg. 2009. Priming in Systemic Plant
Immunity. Science 324(5923):89-91. doi:10.1126/science.1170025.

Juven, B. ]., and M. D. Pierson. 1996. Antibacterial Effects of Hydrogen Peroxide and Methods for Its Detec-
tion and Quantitationt. Journal of Food Protection 59(11):1233-1241. doi:10.4315/0362-028X-
59.11.1233.

35



Kameoka, T., T. Okayasu, K. Kikuraku, T. Ogawa, Y. Sawa, H. Yamamoto, T. Ishikawa, and T. Maruta. 2021.
Cooperation of chloroplast ascorbate peroxidases and proton gradient regulation 5 is critical for pro-
tecting Arabidopsis plants from photo-oxidative stress. The Plant Journal 107(3):876-892.
doi:10.1111/tpj.15352.

Katagiri, F., R. Thilmony, and S. Y. He. 2002. The Arabidopsis thaliana-Pseudomonas syringae interaction.
The Arabidopsis Book 1:¢0039. doi:10.1199/tab.0039.

Kim, Y., S. Park, S. ]. Gilmour, and M. F. Thomashow. 2013. Roles of CAMTA transcription factors and sali-
cylic acid in configuring the low-temperature transcriptome and freezing tolerance of Arabidopsis.
The Plant journal for cell and molecular biology 75(3):364-376.d0i:10.1111/tpj.12205.

Ku, Y.-S., M. Sintaha, M.-Y. Cheung, and H.-M. Lam. 2018. Plant Hormone Signaling Crosstalks between Bio-
tic and Abiotic Stress Responses. International Journal of Molecular Sciences 19(10).
doi:10.3390/ijms19103206.

Kubacka-Zebalska, M., and A. Kacperska. 1999. Low temperature-induced modifications of cell wall con-
tent and polysaccharide composition in leaves of winter oilseed rape (Brassica napus L. var. oleifera
L.). Plant Science 148(1):59-67. d0i:10.1016/S0168-9452(99)00122-3.

Kumar, S., R. Zavaliev, Q. Wu, Y. Zhou, . Cheng, L. Dillard, ]J. Powers, ]. Withers, ]. Zhao, Z. Guan, M. J.
Borgnia, A. Bartesaghi, X. Dong, and P. Zhou. 2022. Structural basis of NPR1 in activating plant immun-
ity. Nature 605(7910):561-566. doi:10.1038/s41586-022-04699-w.

Lajeunesse, G., C. Roussin-Léveillée, S. Boutin, E. Fortin, I. Laforest-Lapointe, and P. Moffett. 2023. Light
prevents pathogen-induced aqueous microenvironments via potentiation of salicylic acid signaling.
Nature Communications 14(1):713. doi:10.1038/s41467-023-36382-7.

Lam, E. 2004. Controlled cell death, plant survival and development. Nature Reviews Molecular Cell Biology
5(4):305-315. doi:10.1038/nrm1358.

Le Gall, H,, F. Philippe, ].-M. Domon, F. Gillet, ]. Pelloux, and C. Rayon. 2015. Cell Wall Metabolism in Re-
sponse to Abiotic Stress. Plants 4(1):112-166. doi:10.3390/plants4010112.

Le Roux, C., G. Huet, A. Jauneau, L. Camborde, D. Trémousaygue, A. Kraut, B. Zhou, M. Levaillant, H. Adachi,
H. Yoshioka, S. Raffaele, R. Berthomé, Y. Couté, |. E. Parker, and L. Deslandes. 2015. A Receptor Pair
with an Integrated Decoy Converts Pathogen Disabling of Transcription Factors to Immunity. Cell
161(5):1074-1088. doi:10.1016/j.cell.2015.04.025.

Lee, M. H,, H. S. Jeon, S. H. Kim, ]. H. Chung, D. Roppolo, H. |. Lee, H. J. Cho, Y. Tobimatsu, J. Ralph, and O. K.
Park. 2019. Lignin-based barrier restricts pathogens to the infection site and confers resistance in
plants. The EMBO journal 38(23):€101948. doi:10.15252/embj.2019101948.

Lemarié, S., A. Robert-Seilaniantz, C. Lariagon, J. Lemoine, N. Marnet, A. Levrel, M. Jubault, M. ]. Manza-
nares-Dauleux, and A. Gravot. 2015. Camalexin contributes to the partial resistance of Arabidopsis tha-
liana to the biotrophic soilborne protist Plasmodiophora brassicae. Frontiers in plant science 6:539.
doi:10.3389/fpls.2015.00539.

Leuendorf, ]. E., M. Frank, and T. Schmiilling. 2020. Acclimation, priming and memory in the response of
Arabidopsis thaliana seedlings to cold stress. Scientific Reports 10(1):689. doi:10.1038/s41598-019-
56797-x.

Leveauy, J. H.]. (2006). Microbial communities in the phyllosphere. In M. Riederer, & C. Miiller (Eds.),

Biology of the Plant Cuticle (334-367). Blackwell.

Li, G, J. E. Froehlich, C. Elowsky, ]. Msanne, A. C. Ostosh, C. Zhang, T. Awada, and J. R. Alfano. 2014. Distinct
Pseudomonas type-IlI effectors use a cleavable transit peptide to target chloroplasts. The Plant Journal
77(2):310-321.doi:10.1111 /tpj.12396.

Li, M., and C. Kim. 2022. Chloroplast ROS and stress signaling. Plant Communications 3(1):100264.
doi:10.1016/j.xplc.2021.100264.

Li, N, X. Han, D. Feng, D. Yuan, and L.-]. Huang. 2019. Signaling Crosstalk between Salicylic Acid and Eth-
ylene/Jasmonate in Plant Defense: Do We Understand What They Are Whispering? International Jour-
nal of Molecular Sciences 20(3). doi:10.3390/ijms20030671.

Li Q. ]J. Zheng, S. Li, G. Huang, S. ]. Skilling, L. Wang, L. Li, M. Li, L. Yuan, and P. Liu. 2017. Transporter-
Mediated Nuclear Entry of Jasmonoyl-Isoleucine Is Essential for Jasmonate Signaling. Molecular Plant
10(5):695-708. doi:10.1016/j.molp.2017.01.010.

Lim, G.-H., M. B. Shine, L. de Lorenzo, K. Yu, W. Cui, D. Navarre, A. G. Hunt, J.-Y. Lee, A. Kachroo, and P. Ka-
chroo. 2016. Plasmodesmata Localizing Proteins Regulate Transport and Signaling during Systemic
Acquired Immunity in Plants. Cell Host & Microbe 19(4):541-549. d0i:10.1016/j.chom.2016.03.006.

36



Liu, Q. L. Luo, and L. Zheng. 2018. Lignins: Biosynthesis and Biological Functions in Plants. International
Journal of Molecular Sciences 19(2). doi:10.3390/ijms19020335.

Lolle, S., D. Stevens, and G. Coaker. 2020. Plant NLR-triggered immunity: from receptor activation to down-
stream signaling. Current Opinion in Immunology 62:99-105. doi:10.1016/j.c0i.2019.12.007.

Ma, Q.-H. 2024. Lignin Biosynthesis and Its Diversified Roles in Disease Resistance. Genes 15(3).
doi:10.3390/genes15030295.

Mackey, D., B. F. Holt, A. Wiig, and ]. L. Dangl. 2002. RIN4 Interacts with Pseudomonas syringae Type III Ef-
fector Molecules and Is Required for RPM1-Mediated Resistance in Arabidopsis. Cell 108(6):743-754.
doi:10.1016/S0092-8674(02)00661-X.

Magder, S. 2006. Reactive oxygen species: toxic molecules or spark of life? Critical Care 10(1):208.
doi:10.1186/cc3992.

Marino, D., C. Dunand, A. Puppo, and N. Pauly. 2012. A burst of plant NADPH oxidases. Trends in Plant Sci-
ence 17(1):9-15. doi:10.1016/j.tplants.2011.10.001.

Maruta, T., A. Tanouchi, M. Tamoi, Y. Yabuta, K. Yoshimura, T. Ishikawa, and S. Shigeoka. 2010. Arabidopsis
Chloroplastic Ascorbate Peroxidase Isoenzymes Play a Dual Role in Photoprotection and Gene Regula-
tion under Photooxidative Stress. Plant and Cell Physiology 51(2):190-200. doi:10.1093 /pcp/pcpl77.

Mauch-Mani, B., and A. ]. Slusarenko. 1993. Arabidopsis as a model host for studying plant-pathogen inter-
actions. Trends in Microbiology 1(7):265-270. doi:10.1016/0966-842X(93)90049-W.

Mengiste, T. 2011. Plant Immunity to Necrotrophs. Annual Review of Phytopathology 50(1):267-294.
doi:10.1146/annurev-phyto-081211-172955.

Menke, F. L., ]. A. van Pelt, C. M. Pieterse, and D. F. Klessig. 2004. Silencing of the mitogen-activated protein
kinase MPK6 compromises disease resistance in Arabidopsis. The Plant cell 16(4):897-907.
doi:10.1105/tpc.015552.

Menna, A., D. Nguyen, D. S. Guttman, and D. Desveaux. 2015. Elevated Temperature Differentially Influ-
ences Effector-Triggered Immunity Outputs in Arabidopsis. Frontiers in Plant Science 9(6):995. doi:
10.3389/fpls.2015.00995

Miebach, M., L. Faivre, D. Schubert, P. Jameson, and M. Remus-Emsermann. 2024. Nonpathogenic leaf-colo-
nizing bacteria elicit pathogen-like responses in a colonization density-dependent manner. Plant-envi-
ronment interactions 5(2):e10137. do0i:10.1002/pei3.10137.

Miller, G., K. Schlauch, R. Tam, D. Cortes, M. A. Torres, V. Shulaev, J. L. Dangl, and R. Mittler. 2009. The Plant
NADPH Oxidase RBOHD Mediates Rapid Systemic Signaling in Response to Diverse Stimuli. Science
Signaling 2(84):ra45. doi:10.1126/scisignal.2000448.

Mishina, T. E., and ]. Zeier. 2006. The Arabidopsis Flavin-Dependent Monooxygenase FMO1 Is an Essential
Component of Biologically Induced Systemic Acquired Resistance. Plant Physiology 141(4):1666-
1675.d0i:10.1104/pp.106.081257.

Miyake, C., W.-H. Cao, K. Asada. 1993. Purification and Molecular Properties of the Thylakoid-Bound
Ascorbate Peroxidase in Spinach Chloroplasts. Plant and Cell Physiology. 34(6):881-889
doi:10.1093/oxfordjournals.pcp.a078497.

Morales, ], Y. Kadota, C. Zipfel, A. Molina, and M.-A. Torres. 2016. The Arabidopsis NADPH oxidases RbohD
and RbohF display differential expression patterns and contributions during plant immunity. Journal
of Experimental Botany 67(6):1663-1676. doi:10.1093/jxb/erv558.

Mucha, S,, S. Heinzlmeir, V. Kriechbaumer, B. Strickland, C. Kirchhelle, M. Choudhary, N. Kowalski, R. Eich-
mann, R. Hiickelhoven, E. Grill, B. Kuster, and E. Glawischnig. 2019. The Formation of a Camalexin Bio-
synthetic Metabolon. The Plant cell 31(11):2697-2710. doi:10.1105/tpc.19.00403.

Nakamura, M., T. Kamehama, and Y. Sato. 2020. Image analysis of stress-induced lignin deposition in Ara-
bidopsis thaliana using the macro program Lignin] for Image] software. Plant biotechnology (Tokyo,
Japan) 37(1):105-109. doi:10.5511/plantbiotechnology.20.0110a.

Navarova, H., F. Bernsdorff, A.-C. Déring, and ]. Zeier. 2012. Pipecolic Acid, an Endogenous Mediator of De-
fense Amplification and Priming, Is a Critical Regulator of Inducible Plant Immunity. The Plant Cell
24(12):5123-5141. d0i:10.1105/tpc.112.103564.

Nguyen, N. H,, P. Trotel-Aziz, C. Clément, P. Jeandet, F. Baillieul, and A. Aziz. 2022. Camalexin accumulation
as a component of plant immunity during interactions with pathogens and beneficial microbes. Planta
255(6):116.d0i:10.1007/s00425-022-03907-1.

37



Nie, P, X. Li, S. Wang, J. Guo, H. Zhao, and D. Niu. 2017. Induced Systemic Resistance against Botrytis ci-
nerea by Bacillus cereus AR156 through a JA/ET- and NPR1-Dependent Signaling Pathway and Acti-
vates PAMP-Triggered Immunity in Arabidopsis. Frontiers in Plant Science 8(238). doi:
10.3389/fpls.2017.00238

Nishimura, M. T., M. Stein, B.-H. Hou, ]. P. Vogel, H. Edwards, and S. C. Somerville. 2003. Loss of a Callose
Synthase Results in Salicylic Acid-Dependent Disease Resistance. Science 301(5635):969-972.
doi:10.1126/science.1086716.

Niihse, T.S., A. R. Bottrill, A. M. E. Jones, and S. C. Peck. 2007. Quantitative phosphoproteomic analysis of
plasma membrane proteins reveals regulatory mechanisms of plant innate immune responses. The
Plant Journal 51(5):931-940. doi:10.1111/j.1365-313X.2007.03192.x.

Park, S.-W., E. Kaimoyo, D. Kumar, S. Mosher, and D. F. Klessig. 2007. Methyl Salicylate Is a Critical Mobile
Signal for Plant Systemic Acquired Resistance. Science 318(5847):113-116.doi:10.1126/sci-
ence.1147113.

Penfield, S. 2008. Temperature perception and signal transduction in plants. New Phytologist 179(3):615-
628.d0i:10.1111/j.1469-8137.2008.02478.x.

Peng, M,, and J. Kuc. 1992. Peroxidase-Generated Hydrogen Peroxide as a Source of Antifungal Activity In
Vitro and on Tobacco Leaf Disks. Phytopathology 82(6):696. doi:10.1094 /Phyto-82-696.

Penninckx, I. A, K. Eggermont, F. R. Terras, B. P. Thomma, G. W. de Samblanx, A. Buchala, ]. P. Métraug, J. M.
Manners, and W. F. Broekaert. 1996. Pathogen-induced systemic activation of a plant defensin gene in
Arabidopsis follows a salicylic acid-independent pathway. The Plant Cell 8(12):2309-2323.
doi:10.1105/tpc.8.12.2309.

Pieterse, C. M., D. van der Does, C. Zamioudis, A. Leon-Reyes, and S. C. van Wees. 2012. Hormonal Modula-
tion of Plant Immunity. 28:489-521. do0i:10.1146/annurev-cellbio-092910-154055.

Podgérska, A., M. Burian, K. Dobrzynska, A. G. Rasmusson, and B. Szal. 2021. Respiratory burst oxidases
and apoplastic peroxidases facilitate ammonium syndrome development in Arabidopsis. Environmen-
tal and Experimental Botany 181:104279. doi:10.1016/j.envexpbot.2020.104279.

Rekhter, D., L. Mohnike, K. Feussner, K. Zienkiewicz, Y. Zhang, I. Feussner. 2019. The plastidial exporter
Enhanced Disease Susceptibility 5 is required for the biosynthesis of N-hydroxy pipecolic acid. bioRxiv.
doi:10.1101/630723.

Remus-Emsermann, M. N. P,, S. Liicker, D. B. Miiller, E. Potthoff, H. Daims, and ]. A. Vorholt. 2014. Spatial
distribution analyses of natural phyllosphere-colonizing bacteria on Arabidopsis thaliana revealed by
fluorescence in situ hybridization. Environmental microbiology 16(7):2329-2340. d0i:10.1111/1462-
2920.12482.

Riedlmeier, M., A. Ghirardo, M. Wenig, C. Knappe, K. Koch, E. Georgii, S. Dey, |. E. Parker, ].-P. Schnitzler,
and A. C. Vlot. 2017. Monoterpenes Support Systemic Acquired Resistance within and between Plants.
The Plant Cell 29(6):1440-1459. doi:10.1105/tpc.16.00898.

Ristaino, J. B., P. K. Anderson, D. P. Bebber, K. A. Brauman, N. ]. Cunniffe, N. V. Fedoroff, C. Finegold, K. A.
Garrett, C. A. Gilligan, C. M. Jones, M. D. Martin, G. K. MacDonald, P. Neenan, A. Records, D. G. Schmale,
L. Tateosian, and Q. Wei. 2021. The persistent threat of emerging plant disease pandemics to global
food security. Proceedings of the National Academy of Sciences of the United States of America 118(23).
doi:10.1073/pnas.2022239118.

Rivas, F. ]. M., A. R. Fernie, and F. Aarabi. 2024. Roles and regulation of the RBOHD enzyme in initiating
ROS-mediated systemic signaling during biotic and abiotic stress. Plant Stress 11:100327.
doi:10.1016/j.stress.2023.100327.

Ruan, ], Y. Zhou, M. Zhou, J. Yan, M. Khurshid, W. Weng, J. Cheng, and K. Zhang. 2019. Jasmonic Acid Signal-
ing Pathway in Plants. International Journal of Molecular Sciences 20(10). doi:10.3390/ijms20102479.

Sagi, M., and R. Fluhr. 2006. Production of Reactive Oxygen Species by Plant NADPH Oxidases. Plant Physi-
ology 141(2):336-340. d0i:10.1104/pp.106.078089.

Sanmartin, N., V. Pastor, ]. Pastor-Fernandez, V. Flors, M. ]. Pozo, and P. Sadnchez-Bel. 2020. Role and mech-
anisms of callose priming in mycorrhiza-induced resistance. Journal of Experimental Botany
71(9):2769-2781. d0i:10.1093/jxb/eraa030.

Sarris, P. F.,, Z. Duxbury, S. U. Huh, Y. Ma, C. Segonzac, J. Sklenar, P. Derbyshire, V. Cevik, G. Rallapalli, S. B.
Saucet, L. Wirthmueller, F. L. H. Menke, K. H. Sohn, and J. D. G. Jones. 2015. A Plant Immune Receptor
Detects Pathogen Effectors that Target WRKY Transcription Factors. Cell 161(5):1089-1100.
doi:10.1016/j.cell.2015.04.024.

38



Satyakam, G. Zinta, R. K. Singh, and R. Kumar. 2022. Cold adaptation strategies in plants—An emerging
role of epigenetics and antifreeze proteins to engineer cold resilient plants 13.
doi:10.3389/fgene.2022.909007.

Savage, Z., C. Duggan, A. Toufexi, P. Pandey, Y. Liang, M. E. Segretin, L. H. Yuen, D. C. A. Gaboriau, A. Y. Leary,
Y. Tumtas, V. Khandare, A. D. Ward, S. W. Botchway, B. C. Bateman, . Pan, M. Schattat, I. Sparkes, and T.
0. Bozkurt. 2021. Chloroplasts alter their morphology and accumulate at the pathogen interface dur-
ing infection by Phytophthora infestans. The Plant Journal 107(6):1771-1787.doi:10.1111 /tpj.15416.

Scherer, G. F. E,, S. B. Ryu, X. Wang, A. R. Matos, and T. Heitz. 2010. Patatin-related phospholipase A: no-
menclature, subfamilies and functions in plants. Trends in Plant Science 15(12):693-700.
doi:10.1016/j.tplants.2010.09.005.

Schlaeppi, K., E. Abou-Mansour, A. Buchala, and F. Mauch. 2010. Disease resistance of Arabidopsis to Phy-
tophthora brassicae is established by the sequential action of indole glucosinolates and camalexin. The
Plant Journal 62(5):840-851. d0i:10.1111/j.1365-313X.2010.04197 .x.

Scott, I. M., S. M. Clarke, ]. E. Wood, and L. A. ]. Mur. 2004. Salicylate accumulation inhibits growth at
chilling temperature in Arabidopsis. Plant Physiology 135(2):1040-1049.
doi:10.1104/pp.104.041293.

Serrano, I, C. Audran, and S. Rivas. 2016. Chloroplasts at work during plant innate immunity. Journal of
Experimental Botany 67(13):3845-3854. doi:10.1093/jxb/erw088.

Shi, X,, S. Dong, and W. Liu. 2020. Structures of plant resistosome reveal how NLR immune receptors are
activated. aBIOTECH 1(2):147-150. doi:10.1007 /s42994-019-00012-y.

Singh, P., S. Yekondi, P.-W. Chen, C.-H. Tsai, C.-W. Yu, K. Wy, and L. Zimmerli. 2014. Environmental History
Modulates Arabidopsis Pattern-Triggered Immunity in a Histone Acetyltransferasel-Dependent Man-
ner. The Plant Cell 26(6):2676-2688. d0i:10.1105/tpc.114.123356.

Solecka, D., A.-M. Boudet, and A. Kacperska. 1999. Phenylpropanoid and anthocyanin changes in low-tem-
perature treated winter oilseed rape leaves. Plant Physiology and Biochemistry 37(6):491-496.
doi:10.1016/5S0981-9428(99)80054-0.

Solecka, D., and A. Kacperska. 2003. Phenylpropanoid deficiency affects the course of plant acclimation to
cold. Physiologia Plantarum 119(2):253-262. d0i:10.1034/j.1399-3054.2003.00181.x.

Spoel, S. H., and X. Dong. 2012. How do plants achieve immunity? Defence without specialized immune
cells. Nature Reviews Immunology 12(2):89-100. doi:10.1038/nri3141.

Su, ], L. Yang, Q. Zhu, H. Wy, Y. He, Y. Liu, . Xu, D. Jiang, and S. Zhang. 2018. Active photosynthetic inhibi-
tion mediated by MPK3/MPKG6 is critical to effector-triggered immunity. PLOS Biology
16(5):e2004122. doi:10.1371/journal.pbio.2004122.

Sun, Y, L. Li, A. P. Macho, Z. Han, Z. Hu, C. Zipfel, ].-M. Zhou, and ]. Chai. 2013. Structural Basis for flg22-In-
duced Activation of the Arabidopsis FLS2-BAK1 Immune Complex. Science 342(6158):624-628.
doi:10.1126/science.1243825.

Takahashi, D., K. Soga, T. Kikuchi, T. Kutsuno, P. Hao, K. Sasaki, Y. Nishiyama, S. Kidokoro, A. Sampathku-
mar, A. Bacic, K. L. Johnson, and T. Kotake. 2024. Structural changes in cell wall pectic polymers con-
tribute to freezing tolerance induced by cold acclimation in plants. Current Biology.
doi:10.1016/j.cub.2024.01.045.

Takahashi, D., I. R. Willick, J. Kasuga, and D. P. Livingston lii. 2021. Responses of the Plant Cell Wall to Sub-
Zero Temperatures: A Brief Update. Plant and Cell Physiology 62(12):1858-1866.
d0i:10.1093/pcp/pcab103.

Tenhaken, R. 2015. Cell wall remodeling under abiotic stress. Frontiers in Plant Science 5. doi:
10.3389/fpls.2014.00771

Thomma, B. P., K. Eggermont, I. A. Penninckx, B. Mauch-Mani, R. Vogelsang, B. P. Cammue, and W. F.
Broekaert. 1998. Separate jasmonate-dependent and salicylate-dependent defense-response path-
ways in Arabidopsis are essential for resistance to distinct microbial pathogens. Proceedings of the Na-
tional Academy of Sciences of the United States of America 95(25):15107-15111.
doi:10.1073/pnas.95.25.15107.

Thomma, Bart P. H. ], I. Nelissen, K. Eggermont, and W. F. Broekaert. 1999. Deficiency in phytoalexin pro-
duction causes enhanced susceptibility of Arabidopsis thaliana to the fungus Alternaria brassicicola.
The Plant Journal 19(2):163-171. d0i:10.1046/j.1365-313X.1999.00513.x.

Tilsner, J., W. Nicolas, A. Rosado, and E. M. Bayer. 2016. Staying Tight: Plasmodesmal Membrane Contact
Sites and the Control of Cell-to-Cell Connectivity in Plants. Annual Review of Plant Biology 67(1):337-
364.doi:10.1146/annurev-arplant-043015-111840.

39



Torres, M. A. 2010. ROS in biotic interactions. Physiologia Plantarum 138(4):414-429.
doi:10.1111/j.1399-3054.2009.01326.x.

Torres, M. A, J. L. Dangl, and ]. D. G. Jones. 2002. Arabidopsis gp91phox homologues AtrbohD and AtrbohF
are required for accumulation of reactive oxygen intermediates in the plant defense response. Pro-
ceedings of the National Academy of Sciences 99(1):517-522. doi:10.1073 /pnas.012452499.

Torufio, T. Y., I. Stergiopoulos, and G. Coaker. 2016. Plant-Pathogen Effectors: Cellular Probes Interfering
with Plant Defenses in Spatial and Temporal Manners. Annual Review of Phytopathology 54(1):419-
441.d0i:10.1146/annurev-phyto-080615-100204.

Ugalde, J. M., P. Fuchs, T. Nietzel, E. A. Cutolo, M. Homagk, U. C. Vothknecht, L. Holuigue, M. Schwarzlander,
S.]. Miller-Schiissele, and A. J. Meyer. 2021. Chloroplast-derived photo-oxidative stress causes
changes in H202 and EGSH in other subcellular compartments. Plant Physiology 186(1):125-141.
doi:10.1093/plphys/kiaa095.

van Buer, ], J. Cvetkovic, and M. Baier. 2016. Cold regulation of plastid ascorbate peroxidases serves as a
priming hub controlling ROS signaling in Arabidopsis thaliana. BMC plant biology 16(1):163.
doi:10.1186/s12870-016-0856-7.

van Buer, ]., A. Prescher, and M. Baier. 2019. Cold-priming of chloroplast ROS signalling is developmentally
regulated and is locally controlled at the thylakoid membrane. Scientific Reports 9(1):3022.
doi:10.1038/s41598-019-39838-3.

van Kan, ]. A. L. 2006. Licensed to kill: the lifestyle of a necrotrophic plant pathogen. Trends in Plant Sci-
ence 11(5):247-253. doi:10.1016/j.tplants.2006.03.005.

Velasquez, A. C., M. Oney, B. Huot, S. Xu, and S. Y. He. 2017. Diverse mechanisms of resistance to Pseudomo-
nas syringae in a thousand natural accessions of Arabidopsis thaliana. New Phytologist 214(4):1673-
1687.d0i:10.1111/nph.14517.

Vlot, A. C,, D. A. Dempsey, and D. F. Klessig. 2009. Salicylic Acid, a Multifaceted Hormone to Combat Dis-
ease. Annual Review of Phytopathology 47(1):177-206. d0i:10.1146/annurev.phyto.050908.135202.

Vlot, A. C,, ]. H. Sales, M. Lenk, K. Bauer, A. Brambilla, A. Sommer, Y. Chen, M. Wenig, and S. Nayem. 2021.
Systemic propagation of immunity in plants. New Phytologist 229(3):1234-1250.
doi:10.1111/nph.16953.

Vogel, C., N. Bodenhausen, W. Gruissem, and ]. A. Vorholt. 2016. The Arabidopsis leaf transcriptome re-
veals distinct but also overlapping responses to colonization by phyllosphere commensals and patho-
gen infection with impact on plant health. The New phytologist 212(1):192-207.
doi:10.1111/nph.14036.

Wang, J., M. Hy, ]. Wang, J. Qi, Z. Han, G. Wang, Y. Qi, H.-W. Wang, ].-M. Zhou, and ]. Chai. 2019. Reconstitu-
tion and structure of a plant NLR resistosome conferring immunity. Science 364(6435):eaav5870.
doi:10.1126/science.aav5870.

Wang, Y., S. Schuck, ]. Wy, P. Yang, A.-C. Doring, J. Zeier, and K. Tsuda. 2018. A MPK3/6-WRKY33-ALD1-
Pipecolic Acid Regulatory Loop Contributes to Systemic Acquired Resistance. The Plant Cell
30(10):2480-2494. d0i:10.1105/tpc.18.00547.

Wang, Y., X. Li, B. Fan, C. Zhu, and Z. Chen. 2021. Regulation and Function of Defense-Related Callose Depo-
sition in Plants. International Journal of Molecular Sciences 22(5):2393. doi:10.3390/ijms22052393.

Wang, Y., S. Mostafa, W. Zeng, and B. Jin. 2021. Function and Mechanism of Jasmonic Acid in Plant Re-
sponses to Abiotic and Biotic Stresses. International Journal of Molecular Sciences 22(16):8568.
doi:10.3390/ijms22168568.

Wasternack, C.,, and S. Song. 2017. Jasmonates: biosynthesis, metabolism, and signaling by proteins acti-
vating and repressing transcription. Journal of Experimental Botany 68(6):1303-1321.
doi:10.1093/jxb/erw443.

Wei, H. L., and A. Collmer. 2018. Defining essential processes in plant pathogenesis with Pseudomonas sy-
ringae pv. tomato DC3000 disarmed polymutants and a subset of key type Il effectors. Molecular plant
pathology 19(7):1779-1794. doi:10.1111/mpp.12655.

Wenig, M., A. Ghirardo, ]. H. Sales, E. S. Pabst, H. H. Breitenbach, F. Antritter, B. Weber, B. Lange, M. Lenk, R.
K. Cameron, ].-P. Schnitzler, and A. C. Vlot. 2019. Systemic acquired resistance networks amplify air-
borne defense cues. Nature Communications 10(1):3813. doi:10.1038/s41467-019-11798-2.

Wersebe, M., P. Blackwood, Y. T. Guo, ]. Jaeger, D. May, G. Meind], S. N. Ryan, V. Wong, and ]. Hua. 2019. The
effects of different cold-temperature regimes on development, growth, and susceptibility to an abiotic
and biotic stressor. Ecology and evolution 9(6):3355-3366.d0i:10.1002/ece3.4957.

40



Wildermuth, M. C,, ]. Dewdney, G. Wy, and F. M. Ausubel. 2001. Isochorismate synthase is required to syn-
thesize salicylic acid for plant defence. Nature 414(6863):562-565. doi:10.1038/35107108.

Wu, Z,, S. Han, H. Zhou, Z. K. Tuang, Y. Wang, Y. Jin, H. Shi, and W. Yang. 2019. Cold stress activates disease
resistance in Arabidopsis thaliana through a salicylic acid dependent pathway. Plant, Cell & Environ-
ment 42(9):2645-2663. doi:10.1111/pce.13579.

Xiao, S., 0. Calis, E. Patrick, G. Zhang, P. Charoenwattana, P. Muskett, |. E. Parker, and J. G. Turner. 2005. The
atypical resistance gene, RPW8, recruits components of basal defence for powdery mildew resistance
in Arabidopsis. The Plant Journal 42(1):95-110. d0i:10.1111/j.1365-313X.2005.02356.x.

Xin, X.-F., B. Kvitko, and S. Y. He. 2018. Pseudomonas syringae: what it takes to be a pathogen. Nature re-
views. Microbiology 16(5):316-328. d0i:10.1038/nrmicro.2018.17.

Xin, Z., and ]. Browse. 2000. Cold comfort farm: the acclimation of plants to freezing temperatures. Plant,
Cell & Environment 23(9):893-902. doi:10.1046/j.1365-3040.2000.00611.x.

Xu, Q., C. Tang, X. Wang, S. Sun, J. Zhao, Z. Kang, and X. Wang. 2019. An effector protein of the wheat stripe
rust fungus targets chloroplasts and suppresses chloroplast function. Nature Communications
10(1):5571. doi:10.1038/s41467-019-13487-6.

Yang, F.,, K. Xiao, H. Pan, and J. Liu. 2021. Chloroplast: The Emerging Battlefield in Plant-Microbe Interac-
tions. Frontiers in plant science 12:637853. doi:10.3389/fpls.2021.637853.

Yang, ], G. Duan, C. Lij, L. Liu, G. Han, Y. Zhang, and C. Wang. 2019. The Crosstalks Between Jasmonic Acid
and Other Plant Hormone Signaling Highlight the Involvement of Jasmonic Acid as a Core Component
in Plant Response to Biotic and Abiotic Stresses. Frontiers in Plant Science 10:1349.
doi:10.10.3389/fpls.2019.01349

Yang, L., Y. Zhang, R. Guan, S. Li, X. Xu, S. Zhang, and ]. Xu. 2020. Co-regulation of indole glucosinolates and
camalexin biosynthesis by CPK5/CPK6 and MPK3/MPK®6 signaling pathways. Journal of Integrative
Plant Biology 62(11):1780-1796. d0i:10.1111/jipb.12973.

Yoo, S.-],, H. ]. Choi, S. W. Noh, N. M. Cecchini, ]. T. Greenberg, and H. W. Jung. 2022. Genetic requirements
for infection-specific responses in conferring disease resistance in Arabidopsis. Frontiers in Plant Sci-
ence 13:1068438. doi:10.3389/fpls.2022.1068438

Yuan, M,, B. P. M. Ngou, P. Ding, and X.-F. Xin. 2021. PTI-ETI crosstalk: an integrative view of plant immun-
ity. Current Opinion in Plant Biology 62:102030. d0i:10.1016/j.pbi.2021.102030.

Zablackis, E., ]. Huang, B. Muller, A. G. Darvill, and P. Albersheim. 1995. Characterization of the Cell-Wall
Polysaccharides of Arabidopsis thaliana Leaves. Plant Physiology 107(4):1129-1138.
doi:10.1104/pp.107.4.1129.

Zavaliev, R,, and X. Dong. 2024. NPR1, a key immune regulator for plant survival under biotic and abiotic
stresses. Molecular Cell 84(1):131-141. doi:10.1016/j.molcel.2023.11.018.

Zeier, ]. 2021. Metabolic regulation of systemic acquired resistance. Current Opinion in Plant Biology
62:102050. d0i:10.1016/j.pbi.2021.102050.

Zhang, S.-H., Q. Yang, and R.-C. Ma. 2007. Erwinia carotovora ssp. carotovora Infection Induced “Defense
Lignin” Accumulation and Lignin Biosynthetic Gene Expression in Chinese Cabbage (Brassica rapa L.
ssp. pekinensis). Journal of Integrative Plant Biology 49(7):993-1002. d0i:10.1111/j.1672-
9072.2007.00478.x.

Zhang, Y., W. Fan, M. Kinkema, X. Li, and X. Dong. 1999. Interaction of NPR1 with basic leucine zipper pro-
tein transcription factors that bind sequences required for salicylic acid induction of the PR-1 gene.
Proceedings of the National Academy of Sciences 96(11):6523-6528. doi:10.1073/pnas.96.11.6523.

Zhao, C,, P. Wang, T. Si, C.-C. Hsu, L. Wang, 0. Zayed, Z. Yu, Y. Zhu, ]. Dong, W. A. Tao, and J.-K. Zhu. 2017.
MAP Kinase Cascades Regulate the Cold Response by Modulating ICE1 Protein Stability. Developmen-
tal Cell 43(5):618-629.e5. d0i:10.1016/j.devcel.2017.09.024.

Zhou, ], L. Zeng, |. Liu, and D. Xing. 2015. Manipulation of the Xanthophyll Cycle Increases Plant Suscepti-
bility to Sclerotinia sclerotiorum. PLOS Pathogens 11(5):e1004878. doi:10.1371/journal.ppat.1004878.

Zhu, Z, F. An, Y. Feng, P. Li, L. Xue, M. A, Z. Jiang, ].-M. Kim, T. K. To, W. Li, X. Zhang, Q. Yu, Z. Dong, W.-Q.
Chen, M. SeKi, ].-M. Zhou, and H. Guo. 2011. Derepression of ethylene-stabilized transcription factors
(EIN3/EIL1) mediates jasmonate and ethylene signaling synergy in Arabidopsis. Proceedings of the
National Academy of Sciences 108(30):12539-12544. d0i:10.1073 /pnas.1103959108.

Zurbriggen, M. D,, N. Carrillo, V. B. Tognetti, M. Melzer, M. Peisker, B. Hause, and M.-R. Hajirezaei. 2009.
Chloroplast-generated reactive oxygen species play a major role in localized cell death during the non-
host interaction between tobacco and Xanthomonas campestris pv. vesicatoria. The Plant journal for
cell and molecular biology 60(6):962-973.d0i:10.1111/j.1365-313X.2009.04010.x.

41



Zuther, E,, L. Juszczak, Y. Ping Lee, M. Baier, and D. K. Hincha. 2015. Time-dependent deacclimation after
cold acclimation in Arabidopsis thaliana accessions. Scientific Reports 5(1):12199.
d0i:10.1038/srep12199.

42



Chapter I: Cold Exposure Memory Reduces Pathogen Susceptibility in Ara-

bidopsis Based on a Functional Plastid Peroxidase System

Thomas Griebel, Dominic Schiitte, Alina Ebert, H. Hung Nguyen, Margarete Baier

Published in: MPMI, Vol. 35, No. 7, 2022, pp. 627-637
https://doi.org/10.1094/MPMI-11-21-0283-FI

This is an open access article distributed under the

CC BY-NC-ND 4.0 International license.

The publication has not been modified with the exception of format changes.

Contribution to the publication:

Concept: 10 %
Experiments: 25 %
Writing: 15 %

2.1 Abstract

Chloroplasts serve as cold priming hubs modulating the transcriptional response of Ara-
bidopsis thaliana to a second cold stimulus 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 memorized for at least 5 days. The priming benefit
was established independent of the immune regulator Enhanced Disease Susceptibility 1
(EDS1) or activation of the immune-related genes NHL10, FRK1, ICS1 and PRI but re-
quired thylakoid-bound as well as stromal ascorbate peroxidase activities because the ef-
fect was absent or weak in corresponding knock-out-lines. Suppression of tAPX postcold
regulation in a conditional-inducible tAPX-RNAi line led to increased bacterial growth
numbers. This highlights that the plant immune system benefits from postcold regenera-

tion of the protective chloroplast peroxidase system.

43


https://doi.org/10.1094/MPMI-11-21-0283-FI
https://creativecommons.org/licenses/by-nc-nd/4.0/

2.2 Introduction

Plants have evolved sophisticated molecular networks that respond differently to simul-
taneous or sequentially experienced stress events than to single stress situations (Saijo
and Loo 2020; Zhang and Sonnewald 2017). The combination of two sequential and tran-
sient stress events in which the exposure to a prior stress leads to earlier, faster, stronger,
or more sensitive responses during the subsequent triggering stress defines a priming
scenario (Crisp et al. 2016; Hilker et al. 2016). Although plants lack a nervous system and
an antibody-based adaptive immune system, the plant capacity for a stress memory is ev-
ident 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 prim-
ing 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 signaling 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 example 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 un-
infected 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 pathogens through recogni-
tion of pathogen-associated molecular patterns (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 patho-
gens (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 cel-

lular physiology and to suppress innate immunity (Biittner 2016). This process strongly
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affects the susceptibility of the plant against pathogens and is designated accordingly as
effector-triggered susceptibility (ETS) (Jones and Dangl 2006). A further layer of patho-
gen defense comprises intracellular nucleotide-binding leucine-rich repeat immune re-
ceptors (NLRs) that intercept the presence or activity of pathogen virulence effectors 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
etal. 2013). For instance, the CNL Resistance to Pseudomonas syringae pv. maculicola 1
(RPM1) detects the presence of the bacterial effector avrRPM1 by sensing its virulence
activity on the RPM1-Interacting Protein 4 (RIN4) (Mackey et al. 2002). An alternative
scenario is described by immune activation through the TNL receptor pair Resistance to
Ralstonia solanacearum 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. syringae 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 etal. 2015; Sarris et al.
2015). Although the bacterial effectors and corresponding NLRs inducing ETI are numer-
ous, all TNL receptors share the requirement of the nucleocytoplasmic immune regulator
Enhanced Disease Susceptibility 1 (EDS1) for all identified signaling responses (Dongus
and Parker 2021).

The outcome of a dual plant-pathogen interaction is determined 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; Velasquez et al. 2018). Lower temperatures often lead to sim-
ultaneous activation of plant responses required for cold protection and pathogen re-
sistance, 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, reacclima-
tion to precold conditions occurs fast and within hours (Byun etal. 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. to-
mato for several days (Wu et al. 2019), daily repetitive cold treatments of 1.5 h (in the
dark) resultin a memorized and enduring effect on in planta P. syringae pv. tomato growth

numbers and a preactivation of PTI responses (Singh et al. 2014).
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Ascorbate peroxidases (APX) scavenge H202 by using ascorbate 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, peroxisomes,
chloroplasts, and mitochondria) (Ishikawa and Shigeoka 2008). Most plants have two ac-
tive 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 uM) (Kitajima 2008). tAPX is
part of a first layer to scavenge photosynthesis-generated H202 at the thylakoids, while
sAPX provides downstream antioxidant protection in the stroma (Asada 1999). Chloro-
plastic APX activity is suggested to be central for increased abiotic stress tolerance by
avoiding oxidative damage and supporting retrograde signaling (Caverzan etal. 2012;
Maruta et al. 2016; Pandey et al. 2017). However, extreme phenotypes in loss-of-function
mutants of single genes could not be observed, probably because of strong functional
compensation by other antioxidant enzymes and low molecular weight antioxidants

(Kangasjarvi et al. 2008; Maruta et al. 2016).

As shown recently, 4-week-old A. thaliana Columbia-0 (Col-0) plants memorize a 24-h ex-
posure (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 over-
expression of tAPX establishes a cold memory in the absence of the priming cold treat-
ment (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 com-
pared 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 path-
ogen 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). Further-
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more, we analyzed whether plastid APX contribute to cold priming against pathogens be-
cause tAPX was shown to be a cold priming mediator during a subsequent cold exposure

(van Buer et al. 2016, 2019).

2.3 Results

2.3.1 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 re-
ceptors 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 provides information about the plant’s re-
sistance without the involvement of type three secretion system-dependent bacterial ef-
fectors. 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 inoculation was performed 5 days after cold exposure (Fig. 1A). Bacterial
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 virulent pathogens
benefits from a prior cold exposure while plant resistance against avirulent and nonviru-
lent pathogens is not affected. Consistent with the results of Wu et al. (2019), P. syringae
pv. tomato infections immediately (1 h) after 24 h of cold exposure (4°C) resulted in re-
duced 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 pathogen growth in the plants not only
during the period when cold regulation of gene expression weakens out but also later,
when the priming effect on the cold sensitivity was established (van Buer etal. 2019).

Equal density of the starting inoculum and the infiltration efficiency was confirmed by
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measuring bacterial titers 3 h after plant infiltration in control and cold-primed plants

(Supplementary Fig. S1).
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Figure 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 thaliana 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 deter-
mine the plant’s level of resistance and susceptibility. Bacterial titers (logio-transformed) of virulent P. sy-
ringae pv. tomato, avirulent P. syringae pv. tomato avrRPM1 and avrRPS4, and the type-three-secretion-de-
ficient 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 independ-
ent experiments, each with six to eight biological replicates using a mixed linear model. B, Bacterial titers
of P. syringae pv. tomato (logio-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 significant differences (ad-
justed P < 0.05; two-tailed t tests).

To distinguish cold priming regulation from induced basal immunity and resistance re-
sponses, 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
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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 susceptibility of eds1-2 against
P. syringae pv. tomato was significantly reduced compared with the level of control plants
when the plants were inoculated immediately or after 5 days of recovery from the cold
treatment (72 and 65% reduction of bacterial titers, respectively) (Fig. 1B). Cold exposure
and its memorization weakened plant susceptibility independent or downstream of

EDS1-mediated immune signaling.

2.3.2 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 formation of a molecular memory for future stresses (Hilker
etal. 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 Fin-
ger of Arabidopsis thaliana 10 (ZAT10; At2g27730), Bon-Associated Protein 1 (I;
At3g61190), and Phenyl Ammonia Lyase 1 (PAL1; At2g37040) (van Buer etal. 2016).
COR15A, which encodes a protein protecting the inner envelope of chloroplasts against
freezing 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
etal. 2016, 2019). Cold induction of COR15A and ZAT10 reached a similar level in Col-0
and eds1-2 at the end of the cold exposure and was reset to control rates within 3 days
(Fig. 2). This is similar for BAP1 regulation in Col-0 and edsI-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, flavonoids, hy-
droxycinnamates, and monolignols but also for the synthesis 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
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3 days of reacclimation; however, ICS1 transcripts were rather reduced after 24 h at 4°C

in eds1-2 (Fig. 2).
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Figure 2: Postcold expression of stress-responsive genes in Col-0 and eds1-2. Transcript levels of COR154,
ZAT10, BAP1, PAL1, and ICS1 in leaves of Col-0 and edsI-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 (ACTZ,
YLS8, and RHIP1). Different letters denote statistically significant differences (analysis of variance and least
significant difference, P < 0.05).
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In all of the samples, transcripts of SA-responsive immune marker gene Pathogenesis-Re-
lated 1 (PR1) remained at low and basal levels and were not detectable. Overall, this anal-
ysis demonstrated that cold signaling during and after exposure to 4°C is perceived and
processed in Col-0 and in plants lacking the central immune regulator EDS1. Although
infections directly after cold exposure might benefit from overlapping with postcold deac-
climation of gene expression, infections 5 days after priming 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 susceptibility from SAR, in which a first infec-
tion leads to an upregulation of immunity genes (including ICS1 and PR1) in the nonin-
fected 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.

2.3.3 Pathogen-induced transcript levels of selected PTI genes and SA signal-
ing 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 differ 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 exposure or after 24 h cold exposure (4°C) was weak or absent (Supplementary
Fig. S2). This analysis confirmed that preactivation of SAR-related genes is not a central

component reduced susceptibility 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 dy-
namics 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
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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 In-
duced 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 infiltration, no cold-priming-related preactivation of NHL10 and FRK1 was de-
tectable (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-respon-
sive 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 levels did not differ between cold-primed and
control samples (Fig. 3), indicating that pathogen-triggered SA production and signaling
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 pathogens (Cui
etal. 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).
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Figure 3: Transcript levels of selected pathogen-responsive genes during Pseudomonas syringae pv. tomato
infection upon cold priming. Transcript levels of pathogen-associated molecular pattern-triggered immun-
ity marker genes NHL10 and FRK1, salicylic acid (SA) biosynthetic ICS1, and SA-responsive PRI in leaves of
Col-0 and edsI-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 levels were determined at the time of P. syringae pv. tomato infiltrations (0, 6,
and 24 h post inoculation [hpi]) using quantitative PCR in four independent experiments as relative expres-
sion to the geometric mean of three reference genes (ACTZ2, YLS8, and RHIP1). Different letters denote sta-
tistically significant differences (analysis of variance and least significant difference, P < 0.05); n.d. = not
detectable.
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2.3.4 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 etal. 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 etal. 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 read-
justed to precold levels at normal temperature (van Buer et al. 2016) (Fig. 4A). Cold-in-
duced sAPX upregulation was less pronounced in edsI-2 (Fig. 4A). Similar to cold expo-
sure, infiltration of leaves with P. syringae pv. tomato reduced tAPX amounts in Col-0 be-
tween 3 and 24 h after infection in control 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, sSAPX
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 regulatory sim-
ilarity between cold- and pathogen-responsive cellular plant stress management: EDS1-
dependent upregulation of sAPX and repressive regulation of tAPX. The pathogen-respon-
sive diametrical regulation of tAPX and sAPX is further supported by other published tran-
scriptomic studies; for example, after infiltration with P. syringae pv. tomato and ETI-in-
ducing P. syringae pv. tomato strain avrRPM1 (Mine et al. 2018) and EDS1-dependent ETI-
inducing P. syringae pv. tomato strain avrRPS4 (Bhandari et al. 2019) in the P. syringae pv.
tomato-primed SAR state (Gruner etal. 2013); and detectable, even though less pro-
nounced, after treatment with the bacterial PAMP flg22 peptide (Birkenbihl et al. 2017)
(Supplementary Fig. S3).
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Figure 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. Transcript 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 edsI-2 null mutants 3 and 24 h post inoculation (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 differ-
ence, P < 0.05).

2.3.5 Cold priming-reduced pathogen susceptibility requires plastid APX.

To test whether tAPX is required not only for cold priming of ROS-responsive genes dur-
ing cold triggering (van Buer et al. 2019) but also for beneficial responses during P. syrin-
gae pv. tomato infections, we included tapx- and sapx-knockout (KO) lines (Kangasjarvi
et al. 2008) in our analysis. Although altered phenotypes in both lines can be observed
under stress conditions, both lines show wild-type-like phenotypes under normal and sta-
ble laboratory conditions, probably through compensation by other antioxidant com-
pounds (Kangasjarvi et al. 2008; Maruta 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
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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 susceptibility 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. 5A). Although cold trig-
gering responses specifically required tAPX but not sAPX (van Buer etal. 2019), cold-
primed pathogen susceptibility was supported by functionality of both plastid APX vari-
ants. Consequently, the cold memory that reduces pathogen susceptibility can be postu-
lated to be more generally controlled by plastid APX activity than priming of the cold re-
sponsiveness. We have recently shown that cold-induced accumulation of tAPX tran-
scripts affects cold regulation of cold-primable genes (van Buer etal. 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 sup-
pressed 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. to-
mato 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 com-
pared with the cold-primed-only control group (Fig. 5B). However, the bacterial numbers
were specifically enhanced by the estradiol treatment in cold-primed tAPX-iRNAi (Fig.
5B). To confirm the effect of the estradiol treatment on reducing tAPX transcript abun-
dance in tAPX-iRNAi, we monitored the tAPX transcripts at the time point of infection
(Supplementary 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 bacterial numbers (Fig. 5B;
Supplementary Fig. S4). We suggest that the regeneration of the tAPX pool and the resta-
bilization of the plastid antioxidant protection after the cold stress phase provides bene-

fits for plant fitness and defense during a subsequent pathogen infection.
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Figure 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 infil-
trated with P. syringae pv. tomato (optical density at 600 nm [ODsoo] = 0.001) 5 days after cold exposure
(4°C, 24 h). Bacterial titers (logio-transformed) were measured 3 days post inoculation (dpi). Bars represent
means and standard errors calculated from five independent experiments, each with five to six biological
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 (ODsoo = 0.001) 5 days after cold
exposure (4°C, 24 h). For conditional repression of tAPX transcript in tAPX-iRNAI, plants were sprayed with
amock or an estradiol (EST) solution after the cold treatment and after 4 days. Bacterial titers (logio-trans-
formed) were measured 3 dpi. Bars represent means and standard errors calculated from four independent
experiments, each with six to eight biological replicates using a mixed linear model. Different letters 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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2.4 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-toler-
ance upon two sequentially applied stresses disconnected by a stress-free interphase,
which enables recovery and requires memorization of the first stressor, is a characteristic
feature of the transpriming phenomenon (Hilker et al. 2016). Here, we showed that a sin-
gle 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 independent from plant immunity pathways con-

trolled 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 infection 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 transcriptional cold response (e.g., COR15A4,
ZAT10, BAP1, and PAL1) was quickly reset to precold levels (Fig. 2). As shown recently by
Wu etal. (2019), a shorter 10-h cold treatment applied during the night phase also de-
creases 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 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 priming stimulus did not reveal a priming pattern
for FRK1 and NHL10 transcripts. Activation of FRK1 and NHL10 without priming signa-
tures 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 formation was independent

from the central plant immune regulator EDS1: (i) bacterial growth was reduced in cold-

58



primed eds1 null mutants (Fig. 1), (ii) initial cold sensing in eds1 was wild-type-like lead-
ing to COR15A, ZAT10, BAP1, and PAL1 activation (Fig. 2), and (iii) EDS1-dependent tran-
script 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 con-
tributing to signal generation in primary infected leaves and signal perception in the sys-
temic uninfected tissues (Breitenbach et al. 2014). Based on the functionality of cold-
priming-reduced susceptibility in eds1-2, we conclude 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 infec-
tion or SAR signaling. In addition, the indispensable requirement for EDS1 in TNL-medi-
ated immunity (Dongus and Parker 2021; Griebel et al. 2014) excludes the possibility that
(post)cold activation of TNL immune receptor signaling is causative for the reduced sus-
ceptibility 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-in-
duced 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 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 for-
mation, induction and activation of the EDS1 complex at temperatures below 4°C nega-

tively 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 prim-
ing: cold exposure supports chloroplast ROS production by an imbalance between the Cal-
vin-Benson cycle and photosynthetic electron transport (Ensminger et al. 2006; Huner
etal. 1993) and leads to reduced activation of chloroplast-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 activated during the postcold
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phase (van Buer et al. 2016, 2019) in an EDS1-independent manner (Fig. 4). Gene expres-
sion regulation upon cold triggering specifically benefits from tAPX activation 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 susceptibility and P. syringae pv. tomato titers during a subsequent infection (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 re-
quired functional sAPX for memory effects (Fig. 5). This suggests that the sAPX upregula-
tion 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 anti-
oxidant protection and redox-mediated signaling and communication between cellular
compartments. We assume that the regeneration of the plastid APX pool and the restabi-
lization of the plastid antioxidant 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.

2.5 Material and Methods

2.5.1 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 (Kangasjarvi 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 cultivated in round
pots (6 cm in diameter) containing a soil mixture (14:14:5) of Topferde (Einheitserde,
Sinntal-Altengronau, Germany), Pikiererde (Einheitserde, Sinntal-Altengronau), and Per-
ligran 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 pmol photons m~2 s-1; Lumilux Cool White fluorescence stripes, Osram, Ger-
many) and 14 h of darkness; and a constant relative humidity of 60 * 5% after stratifica-

tion at 4°C for 2 days.
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2.5.2 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 aer-
ation, illumination, and air humidity as in the 20°C chamber. After a continuous cold ex-
posure for 24 h (comprising a full day and night phase), the plants were placed back to

the 20°C chamber, labeled, and randomized with the noncold-treated control plants.

2.5.3 Estradiol treatments.

For estradiol-sensitive conditional silencing of tAPX in tAPX-iRNAI, plants were sprayed
with 100 uM estradiol (Roth, Karlsruhe, Germany) dissolved in 0.8% (vol/vol) dimethyl
sulfoxide (DMSO) and supplemented with 0.01% (vol/vol) Tween 20 as described re-
cently (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 bacte-

rial infiltration) and repeated after 4 days.

2.5.4 Cultivation and inoculation of bacteria.

P. syringae pv. tomato DC3000, P. syringae pv. tomato strains carrying either the aviru-
lence 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 sus-
pended in 10 mM MgClz and diluted to optical density at 600 nm (ODsoo) of 0.001 for bac-
terial growth assays or 0.005 for gene expression analyses. The bacterial suspensions
were infiltrated from the abaxial side into the leaves with a needleless syringe. For tran-
script analyses, control plants were mock treated with 10 mM MgClz. Bacterial inocula-
tions were performed 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.
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2.5.5 Bacterial growth assays.

In planta bacterial titers were determined at the indicated time point after infiltration by
combining three leaf discs for one sample and shaking in 10 mM MgClz with 0.01%
(vol/vol) Silwet L-77 at 28°C for 1 h. From each sample, a dilution series was spread in
15-pl 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). Logio-transformed data from
all independent experiments were analyzed using the Ime4 package in the R environment
and the following model was fitted to the data: logio CFUgyr = GYgy + Rr + egyr, where GY =
genotype-treatment interaction, R = biological replicate, and e = residual. The mean esti-
mates were used as the modeled logio-transformed bacterial titers and were compared
using two-tailed ¢t tests. To correct for multiple hypothesis testing, the Benjamini-

Hochberg method was applied.

2.5.6 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 infiltrations. 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 Tran-
scription Kit (Applied Biosystems, Carlsbad, CA, U.S.A.) and Oligo dT16V primer according
to the manufacturer’s instructions using 1 pg of RNA for a 20-pl 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-Al-
drich, 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 (ACt) of genes
of interest were analyzed against the geometric mean of the actin 2 (ACTZ2), yellow leaf
specific protein 8) (YLS8), and RGS1-HXK]1 interacting protein 1 (RHIP) transcript levels as
reference. The relative expression (2-2¢t) was determined based on three technical repli-
cates in four independently performed experiments. Box plots of the summarized data
were generated using the R package gglpot2 and showed the median, the distance be-
tween the upper quartile (qn = 0.75) and lower quartiles (gn = 0.25), and the raw values
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of each experiment as dots. For statistical analysis, basic R environment and the agricolae

package were used.
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2.9 Supplements
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Supplementary Fig. $1. Bacterial titers of Pst (log,,-transformed) in cold-primed
(+) and control plants (-) of Col-0 and eds7-2 null mutants were determined 3 hpi.
Plants were infiltrated with Pst (ODgy, = 0.001) 1 hour (left panel) or 5 days (right
panel) after cold exposure (4°C, 24h) .Bars represent means and standard errors
calculated from 3 independent experiments each with 3 biological replicates using
a mixed linear model. Different letters above the bars denote statistically
significant differences (adjusted p < 0.05; two-tailed t-tests).
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Supplementary Fig. 82. Analysis of transcript changes from genes of gene
ontology group “Systemic Acquired Resistance/SAR” (GO:0009627) in public data
sets. Transcript changes of 295 genes were compared in 4 different data sets: (i)
data set 1 (Bittner al., 2020) and data set 2 (Bittner et al., 2021) represent the
effect of SAR genes regulation 5 days after recovery from a 24h lasting 4°C cold
exposure compared to transcript levels in non-treated control plants, (i) SAR
genes regulation directly after a 24h 4°C cold exposure compared to control
conditions (Bittner et al. 2020), (iii) SAR genes in a SAR-induced state 48 hpi with
Pst compared to mock treatment (10 mM MgCl,) (Gruner et al. 2013).
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Supplementary Fig. 83. Analysis of tAPX/sAPX transcript changes in public data
sets in context of transcriptional immune reprogramming: after infiltration with Pst
and Pst avrRPM1 (Mine et al., 2018), Pst avrRPS4 (Bhandari et al., 2019), in the
Pst-primed SAR state (Gruner et al., 2013) and after treatment with the bacterial
PAMP flg22 peptide (Birkenbihl et al., 2017). sAPX/APX transcript regulation is
supported by the EDS1/PAD4 node when triggered by Pst and Pst avrRPS4, and
FMO1 in the SAR-induced state. Log, fold changes (FC) are shown comparing
the immune trigger with mock treatments. Visualization was performed using the
heatmap tool from http://www.heatmapper.ca/expression/ .
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Supplementary Fig. 84. tAPX transcript levels in Col-0 and tAPX-iRNAi 5 days
after cold priming (4°C, 24 h) and after spray treatment with a mock or an estradiol
solution after the cold treatment and again after 4 days. tAPX transcript levels
were determined with gPCR in two independent experiments from two samples
and calculated as relative expression to YLS8 as a reference gene. Different
letters denote statistically significant differences (ANOVA/LSD, p < 0.05).
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Supplementary Tab. 81. qRT-Primer used in the study

Gene iGene name  |[Forward primer Reverse primer

AT1G27730 [ZAT10 ITCACAAGGCAAGCCACCGTAAG [TTGTCGCCGACGAGGTTGAATG
AT1G74710 |ICS1 GCTTGGCTAGCACAGTTACAGC ICACTGCAGACACCTAATTGAGTCC
Atlg77490 tAPX GCTAGTGCCACAGCAATAGAGGAG [TGATCAGCTGGTGAAGGAGGTC
At2g14610 PR1 [TTCTTCCCTCGAAAGCTCAA IMAGGCCCACCAGAGTGTATG
AT2G19190 |FRK1 GCCAACGGAGACATTAGAG (CCATAACGACCTGACTCATC
AT2G35980 |NHLI1O [TTCCTGTCCGTAACCCAAAC ICCCTCGTAGTAGGCATGAGC
AT2G37040 |PALI1 GCAGTGCTACCGAAAGAAGTGG [TGTTCGGGATAGCCGATGTTCC
At2g42540 COR15A IWACGAGGCCACAAAGAAAGC ICAGCTTCTTTACCCAATGTATCTGC
At3g18780 |ACTZ IWATCACAGCACTTGCACCAAGC ICCTTGGAGATCCACATCTGCTG
At3g61190 BAP1 INTCGGATCCCACCAGAGATTACGG INATCTCGGCCTCCACAAACCAG
Atdg08390 | sAPX IAGAATGGGATTAGATGACAAGGAC [TCCTTCTTTCGTGTACTTCGT
AT4G26410 |RHIP GAGCTGAAGTGGCTTCCATGAC IGGTCCGACATACCCATGATCC
AT5G08290 |YLS8 [TTACTGTTTCGGTTGTTCTCCATTT ICACTGAATCATGTTCGAAGCAAGT
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3.1 Abstract

24 h cold exposure (4°C) is sufficient to reduce pathogen susceptibility in Arabidopsis tha-
liana against the virulent Pseudomonas syringae pv. tomato (Pst) strain even when the
infection occurs five days later. This priming effect is independent of the immune regula-
tor Enhanced Disease Susceptibility 1 (EDS1) and can be observed in the immune-com-
promised eds1-2 null mutant. In contrast, cold priming-reduced Pst susceptibility is
strongly impaired in knock-out lines of the stromal and thylakoid ascorbate peroxidases
(sAPX/tAPX) highlighting their relevance for abiotic stress-related increased immune re-
silience. Here, we extended our analysis by generating an edsI sapx double mutant. edsI
sapx showed eds1-like resistance and susceptibility phenotypes against Pst strains con-
taining the effectors avrRPM1 and avrRPS4. In comparison to eds1-2, susceptibility
against the wildtype Pst strain was constitutively enhanced in eds1 sapx. Although a prior
cold priming exposure resulted in reduced Pst titers in eds1-2, it did not alter Pst re-
sistance in eds1 sapx. This demonstrates that the genetic SAPX requirement for cold prim-

ing of basal plant immunity applies also to an eds1 null mutant background.
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3.2 Short Communication

Plants have evolved strategies for improved stress responses based on prior stress expe-
riences. One such strategy that differs from acclimation and adaptation but requires a mo-
lecular stress imprint or memory is defined as priming.12 A diverse set of stimuli has been
shown for being effective in priming the plant immune system against pathogens.3# This
includes abiotic changes and pretreatments with altered environmental conditions as a
consequence of activated cross-tolerance. Several short (1.5 h) and repetitive cold (4°C)
or heat (38°C) treatments increase the resistance of Arabidopsis thaliana (Arabidopsis)
against the hemi-biotrophic, virulent pathogen Pseudomonas syringae pv. tomato DC3000
(Pst).> Improved plant resistance was also observed when the light period the day prior
to the Pst infection is extended from 8 h to 16-32 h as a consequence of photoperiod
stress.® A 24 h pre-exposure of Arabidopsis to an extended or continuous light phase in-
creases the ability for a strong apoplastic production of reactive oxygen species, boosts
pathogen-driven salicylic acid accumulation and signaling, and reduces the capability of

Pst for inducing so-called water-soaking leasions.”8

Recently, we showed that a 24 h cold exposure (4°C) is sufficient to prime plant immunity
for an infection with Pst occurring 5 days later and resulting in reduced bacterial titers in
cold pre-treated Arabidopsis plants (accession: Col-0) compared to naive control plants.®
This effect is independent of the plant immune regulator Enhanced Disease Susceptibility
1 (EDS1) and can be observed in the highly susceptible null mutant eds1-2.° In contrast,
cold priming did not lead to reduced bacterial titers when Pst strains delivering the path-
ogen effector proteins avrRPM1 or avrRPS4 were used.? When detected by the host, these
strains initiate strong and robust plant immune responses in the context of effector-trig-
gered immunity (ETI).10-13 While avrRPS4-tiggered ETI is strongly EDS1-dependent, de-
fense activation triggered by the recognition of avrRPM1 is mainly EDS1-independent.14

EDS1 is part of a small family of nucleocytoplasmic lipase-like proteins.1>-18 Together with
its other family members Phytoalexin-Deficient 4 (PAD4) and Senescence-Associated
Gene 101 (SAG101), EDS1 forms exclusive heterodimers and functions as a central regu-
lator of ETI, basal immunity, and systemic acquired resistance.17.19-21 [ntracellular im-
mune receptors containing Toll-Interleukin 1 receptor (TIR) domains catalyze ribosyl-
ated nucleotide second messengers that specifically bind either to EDS1-PAD4 or to EDS1-

SAG101 heterodimers and initiate complex activation.22-2> Mobilized EDS1 complexes
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contribute to the activation of pathogen-triggered transcriptional defence reprogram-
ming and cell death, and boost accumulation of immune enhancing metabolites, such as
salicylic acid and pipecolic acid derivatives.20.21,26

As mentioned above, EDS1-dependent signaling is dispensable for cold priming-enhanced
Pst resistance. However, functional plastid ascorbate peroxidases (APX) are indispensa-
ble.? Two APX isoforms reside in the chloroplasts of Arabidopsis and most tracheophytes:
a soluble stromal APX (sAPX) and thylakoid-bound APX (tAPX).27-29 While tAPX specifi-
cally resides in the plastids, sAPX is dual targeted to the chloroplast stroma and the mito-
chondrial matrix.3%31 Based on homologies, a further plastid APX-like protein, named
TL29, was identified with location to the thylakoid lumen, but does not possess peroxi-
dase activities.3233 The interplay of tAPX and sAPX provides two spatial layers for scav-
enging photosynthesis-related H202 in the plastid.27.28 In this context, sSAPX and tAPX have
mainly redundant functions for photooxidative protection under abiotic stress situations
in mature plants.34-3¢ However, also distinct roles are reported. Photoprotection in seed-
lings rather requires sAPX, while tAPX functions in leaves as central regulator of cold
priming mediated-repression of core stress-responsive genes during a second cold
phase.35-38 In the priming control, tAPX-mediated suppression of chloroplast NADPH de-
hydrogenase subunits resulting in less cyclic electron transport provides a source for al-
tered chloroplast-to-nucleus stress signaling.3? While cold priming-reduced Pst suscepti-
bility is significantly weakened in tapx-knockout (KO) lines compared to Col-0, Pst titers
are similar in cold-pretreated and control sapx-KO (hereafter: sapx) plants indicating a
stronger contribution of sAPX.°

To test, whether cold priming-reduced Pst susceptibility requires plastid ascorbate pe-
roxidases also in the background of the null mutant eds1-2, we generated an eds1 sapx line
(Fig. 1A) using the eds1-2 null mutant and the sapx line (SALK_083737).93540 We tested
EDS1 and sAPX protein abundance in the eds1 sapx line using a plastid APX serum37 and

a commercial EDS1 antibody.
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Figure 1: Generation and first analyses of an edsI sapx double mutant line. (A) The eds1-2 null
mutant was crossed with the T-DNA-inserted sapx-knockout line (sapx) to receive an eds1 sapx
line. (B) Protein detection of stromal Ascorbate Peroxidase (sAPX) and Enhanced Disease Sus-
ceptibilityl (EDS1) in leaf extracts of eds1 sapx and corresponding single lines. Ponceau S stain-
ing of the Rubisco large subunit (rbcL) is shown as loading control. (C) Representative picture
of rosettes of 5-week-old plants. Scale bar = 1 cm. (D,E) Pathogen-related immune phenotyping
of eds1 sapx line and parental single lines (5-week-old) was verified by leaf syringe infiltration
using Pseudomonas syringae pv. tomato DC3000 (Pst) strains (ODeoo = 0.001 in 10 mM MgClz)
delivering either the EDS1-independent effector avrRPM1 (D) or the EDS1-dependent effector
avrRPS4 (E). Bacteria were re-isolated 3 days post infection (dpi) and colony-forming units per
leaf disk area (CFU/cm?) were determined. Bars show mean of logio-transfromed CFU/cm? and
standard error (n = 18 from 3 independent experiments). Different letters above the bars denote
statistically significant differences (Tukey HSD, P < 0.05).

(AS13 2751, Agrisera, Sweden) confirming (in addition to prior genotyping) lack of EDS1
and sAPX in the eds1 sapx line (Fig. 1B). Growth and developmental phenotype of 5-week-
old plants did not differ between eds1 sapx and parental lines (Fig. 1C).

Next, we analysed the impact of sAPX for EDS1-dependent and -independent immunity.
For this purpose, we infiltrated the eds1 sapx double line either with Pst avrRPM1 or Pst
avrRPS4. We could neither detect differences in bacterial titers between the wildtype Col-
0 and the sapx nor between eds1-2 and eds1 sapx (Fig. 1 D,E). The bacterial titers of Pst
avrRPM1 determined three days after inoculation were equally ~0.5 log1o higher in eds1-

2 and eds1 sapx compared to Col-0 (Fig. 1D). In contrast, bacterial numbers of Pst avrRPS4
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were ~3 logio higher in eds1-2 and eds1 sapx than in Col-0 and sapx (Fig. 1E). This demon-

strates that under stable conditions sAPX does not affect plant immunity and that eds1

sapx largely resembles the immune phenotype of eds1-2.
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Figure 2: Pst titers in eds1 sapx after prior cold exposure (A) Experimental design: 4-week-old eds1-2 and
eds1 sapx Arabidopsis plants were cold-treated (4 °C) for a full light/dark phase (10 h /16 h) of 24 h starting
2.5 h after the onset of light. After 5 d back at normal temperature conditions (day/night: 22 °C/ 20 °C),
plants were infiltrated with Pst (ODsoo = 0.001). (B) Bacterial titers of Pst (logio-transformed) in (+) cold-
primed and (-) control eds1-2 and eds1 sapx plants were determined 3 days post infection (dpi). Bars rep-
resent means of logio-transformed colony-forming units (CFU/cm?) and standard errors calculated from 3
independent experiments (n = 15-18). Different letters above the bars denote statistically significant differ-
ences (Tukey HSD, P < 0.05). Numbers between two bars show the effect size between two means according

to Cohen’s d.

Our main aim with this study was to investigate whether sAPX is not only required for
cold priming-reduced Pst susceptibility in Col-0 but also in eds1-2. We repeated the cold
priming experiments from our recent study? in the exact same way, but compared this
time eds1-2 and eds1 sapx (Fig 2A). As shown before?, a 24 h lasting cold exposure reduced
the enhanced susceptibility of edsI1-2 when the Pst inoculation was performed 5 days later
(Fig. 2B). Pst titers were lower in cold-primed eds1-2 than in the non-primed control
group (Fig. 2B). Pst numbers in edsI sapx were already significantly lower without a pre-
cold exposure (Fig. 2B), which was similar but not significant between Col-0 and sapx in
our earlier study®. The cold priming exposure did not further alter Pst titers in edsI sapx.
This confirms our recent finding, (i) that a prior cold exposure does not alter Pst suscep-
tibility when sAPX is lacking. (ii) It additionally shows, that the requirement of sAPX for
cold priming-reduced susceptibility also exists in eds1-2. (iii) It further highlights, that in

the absence of sAPX, Pst susceptibility in eds1 sapx is constitutively reduced to the level of
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cold-primed eds1-2. As outlined above, EDS1 is required for many different pathogen re-
sponses, but not the main player in the cold priming signalling cascade. The generated
eds1 sapx line provides the opportunity to further analyse the cold priming signalling re-
sponse on plant immunity in the absence of well-known and strong EDS1-dependent de-

fence responses.
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4.1 Abstract

A sudden cold exposure (4°C, 24 h) primes resistance of Arabidopsis thaliana against the
virulent biotrophic pathogen Pseudomonas syringae pv. tomato DC3000 (Pst) for several
days. This effect is mediated by chloroplast cold sensing and the activity of stromal and
thylakoid-bound ascorbate peroxidases (SAPX/tAPX). In this study, we investigated the
impact of such cold exposure on plant defence against the necrotrophic fungus Botrytis
cinerea. Plant resistance was transiently enhanced if the B. cinerea infection occurred im-
mediately after the cold exposure, but this cold-enhanced B. cinerea resistance was absent
when the cold treatment and the infection were separated by 5 days at normal growth
conditions. Plastid ascorbate peroxidases partially contributed to the transient cold-en-
hanced resistance against the necrotrophic fungus. In response to B. cinerea, the levels of
reactive oxygen species (ROS) were significantly higher in cold-pretreated Arabidopsis
leaves. Pathogen-triggered ROS levels varied in the absence of sAPX, highlighting the
strong capacity for sAPX-dependent ROS regulation in the chloroplast stroma. The cold-
enhanced resistance against B. cinerea was associated with cold-induced plant cell wall
modifications, including sAPX-dependent callose formation and significant lignification in
cold-treated Arabidopsis leaves.
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4.2 Introduction

Abiotic factors, such as temperature, fluctuate strongly in most environments. In temper-
ate regions, short temperature drops in spring are common and occur in irregular pat-
terns. The frequency and risk of such late-spring frosts has increased in Europe and Asia
within the last 60 years (Zohner et al., 2020). Sudden frost (< 0°C) often causes extracel-
lular ice crystal formation, damages the plasma membrane, and reduces osmotically ac-
tive water in the plant cells (Xin and Browse, 2000; Satyakam et al., 2022). Already chilling
temperatures (0°C - 10°C) affect plant performance and growth. Such softer sudden cold
exposures cause energy imbalances between the photosynthetic light reaction and the
Calvin-Benson cycle and lead to the formation of reactive oxygen species (ROS) in chloro-
plasts (Huner et al., 1993; Ensminger et al., 2006), but also modify susceptibility of plants
against pathogens. Several days after transition to 4°C, Arabidopsis thaliana (Col-0 acces-
sion) plants activate plant immune responses, such as salicylic acid production, and en-
hance immune gene expression even in the absence of pathogens (Kim et al., 2013; Kim
et al.,, 2017). Daily repetitive 1.5 h cold treatments entrain and single 8-24 h lasting pre-
exposures to 4°C prime plant resistance against subsequent infections with the bacterial
pathogen Pseudomonas syringae pv. tomato DC3000 (Pst) (Singh et al., 2014; Wu et al,,
2019; Griebel et al., 2022). In contrast to acclimation that describes plant adjustments to
a sustained environmental change, entrainment results from repetitive and regular exter-
nal cues, and priming is the outcome of an initial and single stress stimulus that influences
plant response to a subsequent stress exposure (Hilker et al., 2016; Baier et al., 2019).
Botrytis cinerea is a necrotrophic pathogenic fungus and causes grey mould disease on
plants (Williamson et al., 2007). It kills plant host cells as part of its infection strategy and
can infect numerous plant species (Glazebrook, 2005; Williamson et al., 2007; Bi et al,,
2023). Upon spore germination, B. cinerea forms specialized cells, so-called appressoria,
to penetrate host epidermal tissues and cells (Bi et al., 2023). The fungal pathogen pro-
duces various cell wall-degrading enzymes, toxins, and oxalic acid to turn the host’s de-
fence into susceptibility (Williamson et al.,, 2007; Nakajima and Akutsu, 2014). Plants em-
ploy an interconnected two-layered defence system against pathogen threats (Jones and
Dangl, 2006; Jones et al., 2016; Ngou et al.,, 2021; Yuan et al., 2021): First, pattern recog-
nition receptors (PRRs) anchored in plant membranes identify pathogen-associated mo-
lecular patterns (PAMPs) and initiate pattern-triggered immunity (PTI) (Zipfel, 2014; Al-
bert et al., 2020). The PAMP chitin, for instance, is a major component of fungal cell walls

and is detected by a receptor-like kinase known as Chitin Elicitor Receptor Kinase 1
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(CERK1) (Miya et al.,, 2007). Second, intracellular receptors intercept pathogen virulence
factors, so-called effectors, and activate effector-triggered immunity (ETI) (Jones et al,,
2016; Lolle et al., 2020). This second layer, however, plays a negligible role against ne-
crotrophic fungal pathogens and is rather important for defence against biotrophs (Liao
etal., 2022).

Plant defence responses against B. cinerea include the generation of ROS, the biosynthesis
of phytoalexins, such as camalexin, but also a fine-tuned activation of the plant hormones
jasmonic acid (JA) and salicylic acid (SA), callose deposition, and cell wall modifications
(Thomma et al., 1998; Ferrari et al.,, 2003; Veronese et al.,, 2006; Ferrari et al., 2007;
Ramirez et al,, 2011; Birkenbihl et al., 2012; Yang et al., 2018). Callose is a central compo-
nent of papillae, which are locally and transiently formed plant cell wall modifications at
the site of infection (Jacobs et al., 2003; Nishimura et al,, 2003). The polymer lignin
strengthens the plant cell walls and lignification is often enhanced in response to distinct
biotic, but also abiotic stress treatments (Eynck et al., 2012; Cesarino, 2019; Lee et al,,
2019; Nakamura et al., 2020; Ma, 2024).

ROS are important sub- and intra-cellular signalling molecules but also mediate cell-to-
cell signalling (Miller et al., 2009; Ugalde et al., 2021; Pelaez-Vico et al., 2024). In photo-
synthesis, ROS generation by the light-driven electron transport is unavoidable (Smirnoff
and Arnaud, 2019; Foyer and Hanke, 2022). Plants neutralize these ROS by a highly effi-
cient chloroplast antioxidant system. Tightly functionally interacting with superoxide dis-
mutases, chloroplast ascorbate peroxidases (APX) utilize ascorbate as an electron donor
to detoxify H202 (Groden and Beck, 1978). Thylakoid-bound APX (tAPX) is part of a first
layer of protection and scavenges photosynthesis-related H202 directly at the thylakoid
membrane (Asada, 1999; Jardim-Messeder et al., 2022). Stromal APX (sAPX) provides
downstream antioxidant protection in the plastid stroma (Asada, 1999; Jardim-Messeder
etal, 2022). Increasing evidence suggests that both plastid APX have additional functions
in chloroplast energy metabolism and signalling (Kangasjarvi et al., 2008; Maruta et al.,
2010; van Buer et al., 2016; Maruta et al., 2016; van Buer et al., 2019; Seiml-Buchinger et
al.,, 2022). tAPX specifically regulates cold priming-mediated repression of core stress-re-
sponsive genes during a subsequent cold exposure (van Buer et al., 2019). In response to
the initial cold, tAPX promotes the suppression of the chloroplast NADPH dehydrogenase
subunits and alters chloroplast-to-nucleus stress signalling (Seiml-Buchinger et al., 2022).
While tAPX transcripts decrease in the cold and slowly rise again during the post-cold

phase, sAPX transcripts are upregulated in the cold and are quickly reset at normal
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growth temperatures (van Buer et al., 2016; Griebel et al., 2022). Previous work showed
that both plastid APX contribute to cold priming-enhanced resistance against the bacterial
pathogen Pst (Griebel et al.,, 2022). Even in the immune-compromised null mutant en-
hanced disease susceptibility 1-2 (eds1-2), which is competent to establish cold priming-
mediated Pst resistance, lack of sSAPX abolishes cold priming-enhanced resistance against
Pst (Griebel et al., 2022; Schiitte et al., 2024).

Here, we investigated whether a single cold exposure (4°C, 24 h) impacts not only re-
sistance of Arabidopsis against the virulent bacterial pathogen Pst but also against the
necrotroph fungus B. cinerea. In addition, we analysed the role of plastid APX for cold ex-
posure-enhanced fungal resistance and clarified their contribution for (post-)cold and B.

cinerea-triggered ROS and callose deposition.

4.3 Results

4.3.1 Cold pretreatment of Arabidopsis transiently enhances resistance
against Botrytis cinerea

A 24 h cold exposure (4°C) of Arabidopsis Col-0 plants results in enhanced resistance
against the bacterial hemibiotrophic pathogen Pseudomonas syringae pv. tomato (Pst) if
the inoculation occurs immediately after the cold treatment, but also 5 days later (Griebel
etal.,, 2022). Here, we studied the impact of such a prior cold exposure (4°C, 24 h) on plant
resistance against the necrotrophic fungal pathogen Botrytis cinerea. Two different exper-
imental setups were compared (Fig. 1A): (i) The first one consisted of the cold pretreat-
ment (4°C, 24 h) and an immediately (2 h) subsequent infection (CT), (ii) the second in-
cluded a stress-free period of 5 days at regular growth conditions (day/night: 20°C/18°C)
between the initial cold exposure and the inoculation, and was therefore designated as
cold priming (CP) setup. While the infection in the CT setup might be affected by the post-
cold deacclimation, the infection 5 days after the cold exposure requires a priming
memory, because cold-responsive genes and metabolites, such as soluble sugars and pro-
line, are already reset after three days of deacclimation (Byun et al., 2014; Zuther et al,,

2015; Griebel et al., 2022)
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Figure 1: Impact of a prior cold exposure on resistance against Botrytis cinerea in Arabidopsis thaliana. (A)
5-week-old Arabidopsis thaliana (accession Col-0) plants were cold-pretreated (CT; 4°C, 24 h) and drop-
inoculated (5 x 104 spores ml-1) with Botrytis cinerea (B.c.) after 2 h at 20°C. For the cold priming setup (CP),
4-week-old Col-0 plants were cold-exposed (4°C, 24 h). Plants were drop-inoculated (5 x 104 B.c. spores ml-
1) after a memory phase of 5 days at normal growth conditions. (B) Lesion diameters of B. c.-infected plants
were measured 3 days post inoculation (dpi) after preceding CT-treatment (left panel) or PT-treatment
(right panel). Data points are shown from three independent experiments indicated by different colors (n=
23-24). Box plots show the median (central line) and asterisks denote statistically significant differences (P
<0.05 (*), 0.01 (**), 0.001 (***), two-tailed t-test). (C) Representative picture of cold-pretreated (CT, +) and
control (CT, -) Col-0 leaves with B. c. lesions at 3 dpi. Scale bar indicates 1 cm.

To study the impact of such prior cold treatments on resistance against B. cinerea, we
analysed plant lesion sizes 3 days after drop inoculations with B. cinerea spores immedi-

ately and 5 days after the 24 h lasting cold exposure (Fig. 1B,C). Arabidopsis Col-0 exhib-
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ited significant smaller lesion diameters compared to naive control plants, if the cold ex-
posure immediately preceded the inoculation (Fig. 1B,C; CT). By contrast, lesions diame-
ters in the CP group, with a 5-day memory phase after the cold, were similar to those in
the control group (Fig. 1C). This indicates that a directly preceding cold exposure en-
hances the resistance of Col-0 against B. cinerea, but the effect is not sufficiently long-

lasting to restrict fungal growth several days later.

4.3.2 Plastid ascorbate peroxidases contribute to cold-enhanced resistance
against Botrytis cinerea

Recently, we showed that cold-enhanced resistance against the bacterial pathogen Pst re-
quires the plastid ascorbate peroxidases sAPX and tAPX (Griebel et al., 2022; Schiitte et
al,, 2024). We repeated the experiment with B. cinerea including previously used sapx and
tapx knockout lines (Kangasjarvi et al., 2008). In addition, we reduced the experimental
set-up to the immediate cold pretreatment as this was effective in enhancing resistance
against B. cinerea (Fig. 1). Again, cold-pretreated Col-0 plants showed significantly smaller
B. cinerea lesions compared to the control group at 3 days post inoculation (dpi) (Fig. 2).
In contrast, the difference in lesion sizes between cold-pretreated and control sapx and
tapx plants was less pronounced and remained at a non-significant level (Fig. 2). This
demonstrates that the availability of functional plastid peroxidases partially contributes
to cold-enhanced resistance against the necrotrophic pathogen B. cinerea.

Next, we tested transcript levels of selected B. cinerea-triggered defence genes for cold-
or APX-related differential activation patterns. Pathogenesis-related 1 (PR1) is responsive
to SA, while Plant Defensin 1.2 (PDF1.2) and Pathogenesis-related 4 (PR4) belong to the
group of pathogen-triggered genes that depend on JA signalling (Thomma et al., 1998).
Phytoalexin-deficient 3 (PAD3) encodes the cytochrome P450 enzyme CYP71B15 which
catalysis the final biosynthetic step of the phytoalexin camalexin (Zhou et al., 1999;
Schuhegger et al., 2006). A prior cold treatment did not result in altered PR1, PDF1.2, PR4
and PAD3 transcript levels 2 hours after the cold exposure (0 dpi) in the plant lines Col-0,
sapx, and tapx (Fig. 3). Consequently, the cold pre-treatment had no impact on the level of

the analysed transcripts prior to B. cinerea infection. (Fig. 3).
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Figure 2: Impact of a cold pretreatment (CT; 24 h at 4°C) on resistance against Botrytis cinerea (B.c.) in Col-
0 and in knockout lines of stromal ascorbate peroxidase (sapx) and thylakoid ascorbate peroxidase (tapx).
Leaves of cold-pretreated (CT, +) and control (CT, -) plants were drop-inoculated (5 x 104 B.c. spores ml1)
and the lesion diameter was measured 3 days post inoculation (dpi). ). Data points are shown from three
independent experiments indicated by different colours (n = 23-24). Box plots show the median (central
line) and letters denote statistically significant differences (Tukey-HSD; P < 0.05). Numbers between two
boxes show the effect size between two means according to Cohen’s d.

At 1 dpi and 2 dpi after inoculation with B. cinereaq, relative expression of PR1, PDF1.2a,
PR4, and PAD3 was increased. However, the prior cold treatment did not significantly im-
pact B. cinerea-triggered transcript levels in Col-0, sapx, and tapx (Fig. 3). Since these
genes are strongly connected with SA, JA, or camalexin pathways, it indicates that cold-
enhanced resistance against B. cinerea does not correlate with altered SA and JA signalling

or increased biosynthesis of camalexin.
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Figure 3: Botrytis cinerea (B.c.)-triggered transcripts of PR1, PDF1.2a, PR4,and PAD3 in Col-0, stromal ascor-
bate peroxidase knockout (sapx) and thylakoid ascorbate peroxidase knockout (tapx) lines. Transcript levels
in leaves were analysed after cold pretreatment (CT +; 4°C, 24 h) and subsequent B.c. spray infection (+; 2
x 105 B.c. spores ml1) at 0 days post inoculation (dpi), 1 dpi, and 2 dpi. Mock spraying (-; Vogel buffer) was
used as infection treatment control. Transcript levels were determined by quantitative real-time PCR and
were calculated as relative expression to the geometric mean of the reference genes YLS8 and RHIP1. Bars
show the mean of 3 independent experiments (n = 3) and the standard deviation. For mock treatments, only
2 independent experiments were performed and analysed (n = 2). No significant differences were observed
for the comparison between the B.c.-treated samples (not significant, ns.; Fisher's LSD test, P < 0.05).
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4.3.3 B. cinerea-triggered ROS generation is enhanced in cold-pretreated Col-
0 and in the absence of SAPX

sAPX and tAPX have central functions in scavenging photosynthesis-related H202 in the
plastids (Asada, 1999). At the end of a 10 or 24 h cold exposure to 4 °C, H202 is signifi-
cantly enhanced in Arabidopsis Col-0 leaves (van Buer et al., 2016; Wu et al., 2019). We
analysed H20: levels by staining leaves with 3, 3’-diaminobenzidine (DAB) (Bittner et al.,
2020). At the time point of inoculation (2 hours after the cold; 0 dpi), we could not de-
tect increased H20: in cold-pretreated or naive Col-0, sapx, and tapx (Fig. 4A). This is
consistent with a rapid downregulation of cold-triggered ROS in Arabidopsis under opti-
mal growth conditions given that enhanced ROS levels are detectable directly after the
cold pretreatment (van Buer et al., 2016). 1 dpi after B. cinerea treatment, H202 re-
mained at a low, not detectable level in Col-0, but it was significantly increased, if the
plants where cold-treated before (Fig. 4A,B). Similarly, the tapx line showed enhanced
H202 accumulation after B. cinerea infection (1 dpi) in prior cold-exposed leaves (Fig.
4A,B). In contrast to Col-0 and tapx, we detected strong B. cinerea-induced H202 accumu-
lation in non-cold-treated sapx at 1 dpi, and the prior cold exposure even resulted in a
weaker pathogen-triggered ROS accumulation in sapx (Fig. 4A,B).

To prove our results for Col-0 and sapx with an independent method, we used the luminol-
based leaf disc assay for H202/ROS quantification (Bisceglia et al., 2015) and measured
luminescence within a time frame of 1 h at 1 dpi. Although the differences were overall
less pronounced, we observed the same trend as from the DAB staining (Fig. 4C): (i) B.
cinerea-triggered ROS production was stronger in cold-pretreated Col-0 than in Col-0 that
were constantly grown at normal growth conditions. (ii) Without a prior cold, B. cinerea-
triggered ROS signals were significantly higher in sapx compared to Col-0 (p < 0.001, t-
test). (iii) Cold-pretreated sapx showed lower B. cinerea-triggered ROS levels than not
cold-treated sapx plants suggesting that the antioxidant system overcompensates for the

lack of sAPX.
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Figure 4: Reactive oxygen species (ROS) after cold pretreatment (CT +; 24 h at 4°C) and Botrytis cinerea
spray infection (2 x 105 spores ml! (+), Vogel buffer (-)) in leaves of Col-0, stromal ascorbate peroxidase
knockout (sapx) and thylakoid ascorbate peroxidase knockout (tapx) lines. (A) Hydrogen peroxide accumu-
lation at 0 days post infection (dpi) and 1 dpi visualized with DAB staining. Representative pictures are
shown. Scale bar indicates 0.5 cm. (B) Quantification of DAB-stained H20:2. Pictures from (A) were analysed
for the percentage of DAB-stained area of the leaf area. For each treatment and genotype 12 leaves from 3
independent experiments were analysed. Data points from independent experiments are shown in different
colours. Box plots show the median (central line) and different letters denote statistically significant differ-
ences (Tukey-HSD: P < 0.05). (C) Quantification of B.c.-triggered H202 with the luminol assay 1 dpi in Col-0
and sapx. Data points show the total amount of measured relative light units (RLU) counted within 1 hour
relative to the non-infected control samples Data points from 3 independent experiments are shown in dif-
ferent colours (n = 46-48). Box plots show the median (central line) and asterisks denote statistically sig-
nificant differences (two-tailed t-test, P < 0.05 (*), 0.01 (**), 0.001 (***)).
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4.3.4 Cold-induced callose deposition requires sAPX

Callose, a 3-1,3-glycan polymer, is transiently synthesized between the plasma membrane
and the cell wall and contributes to the physical barrier (papillae) against pathogen at-
tacks (Nishimura et al., 2003; Zavaliev et al., 2011; Ellinger and Voigt, 2014; Schneider et
al,, 2016). Callose biosynthesis and degradation in the neck region of plasmodesmata re-
stricts their permeability and the transport of signalling compounds for intercellular com-
munication (Zavaliev et al., 2011; German et al., 2023). In response to pathogens, callose
deposition is initiated following detection of conserved pathogen-associated molecular
patterns (Gémez-Gémez et al., 1999; Iriti and Faoro, 2009; Luna et al., 2011). However,
callose can also be triggered by abiotic changes, such as cold (Wu et al,, 2019). In some
cases, increased callose accumulation correlates with enhanced resistance against B. ci-
nerea in Arabidopsis (Nie et al., 2017; Sanmartin et al., 2020). We analysed callose depo-
sition 2 h after the 24 h cold exposure (0 dpi) and in response to B. cinerea infection at 1
dpi. At 0 dpi, callose deposition in Col-0, but not in sapx, was significantly enhanced in
cold-pretreated plants (Fig. 5 A,B). We could not anymore detect the cold-responsive cal-
lose in the non-infected Col-0 at 1 dpi. After infection with B. cinerea (Fig. 5 A,B), an in-
creased callose deposition was observed in Col-0 and sapx. However, the number of B.
cinerea-triggered callose spots was not affected by the cold treatment. We concluded that
sAPX-promoted cold-triggered callose deposition correlates with enhanced resistance

against B. cinerea.
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Figure 5: Callose formation after cold treatment (CT +; 4°C, 24 h) and subsequent Botrytis cinerea spray
inoculation in Col-0 and stromal ascorbate peroxidase knockout (sapx). (A) Pictures of aniline blue-stained
callose in Arabidopsis leaves immediately after CT (+, 0 days post inoculation (dpi)) and 1 dpi after subse-
quent B. cinerea infection (+) or mock infection (-) at 1 dpi. Scale bar = 500 um. (B) Quantification of the
callose depositions from (A). Each data point (biological replicate) represents the mean of 5 randomly ana-
lysed leaf areas (7 mm?). Counts from three independent experiments (n = 9) are shown and indicated by
different colors. Box plots show the median (central line) and different letters denote statistically significant
differences and different letters denote statistically significant differences (Tukey-HSD, P < 0.05).
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4.3.5 Cold exposure enhances lignin content in cell walls

To analyse lignification of the cell wall in response to cold and Botrytis cinerea, we meas-
ured the lignin contents of extracted cell wall residues (CWR) using the acetyl bromide
(AcBr) method (Moreira-Vilar et al.,, 2014; Chezem et al., 2017) in Col-0 and sapx leaves
after prior cold exposure and 2 days after additional B. cinerea infection. The lignin con-
tent in the leaves of Col-0 significantly increased in response to cold (Fig. 6). Even at 2
dpi, the lignin ratio was still enhanced in cold-pretreated Col-0 samples, but not further
altered in the B. cinerea-inoculated samples. This demonstrated that solely cold expo-
sure but not fungal invasion was responsible for the significantly higher lignin content in
Col-0 leaves. In contrast, the lignin content in sapx did not show any cold-related signa-
tures (Fig. 6). Besides, lignin content measurements from sapx resulted in high variation
and did not provide a decent basis for further interpretations. Taken together, we con-
cluded that cold exposure but not B. cinerea infection promoted plant lignification. Path-
ogen-triggered lignification was reported before, but mainly after inoculation with bac-
terial pathogens or in the response of resistant plants to otherwise necrotrophic fungi
(Menden et al,, 2007; Eynck et al., 2012; Lee et al., 2019; Kim et al., 2020; Jeon et al.,
2023). We assume that the absence of B. cinerea-triggered lignification is not caused by
fungal lignin degradation as it was reported earlier that B. cinerea is most likely not ca-

pable of degrading lignin (Hérmann et al., 2013).
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Figure 6: Lignin content in cell walls of leaves of Col-0 and stromal ascorbate peroxidase knockout (sapx) after
prior cold pretreatment (CT +; 4 °C, 24 h) and Botrytis cinerea (B.c) spray infection (2 x 10° spores ml1 (+),
Vogel buffer (-)). Bars show the mean percentage (%) of acetyl bromide-soluble lignin in the fraction of isolated
cell wall residues (CWR) from three independent experiments (n = 4 - 5). Left panel: data from samples ana-
lyzed immediately after the cold exposure at the day of infection (0 dpi), two-tailed t-test, P < 0.05 (*), 0.01 (*¥),
0.001 (***). Right panel: samples analyzed at 2 dpi. Different letters denote statistically significant differences
within each genotype (Tukey-HSD, P < 0.05). AcBr = acetyl bromide; CWR = cell wall residues; dpi = days post
inoculation
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4.4 Discussion

A single 8-24 h lasting pre-exposure to cold conditions (4°C) boosts immunity in 4-week-
old Arabidopsis Col-0 against a subsequent infection with the hemibiotroph bacterial
pathogen Pst (Wu et al,, 2019; Griebel et al., 2022). Also, daily repetitive 1.5 h cold (4°C)
exposures enhance plant resistance against Pst (Singh et al., 2014). Much less is known
about the impact of cold pretreatments on plant immunity against necrotrophic patho-
gens. Here, we investigated the effects of preceding cold exposures on the susceptibility
against the necrothrophic fungus B. cinerea. When B. cinerea (B05.10) spore inoculation
was performed on cold-pretreated plants, we observed a reduction of disease lesion di-
ameters (Fig. 1B,C). This indicates that Arabidopsis Col-0 benefits from a temporally close
and timely limited cold pretreatment with an immunity boost against a broad spectrum
of virulent pathogens with biotrophic and necrotrophic lifestyles. Interestingly, a milder
cold exposure to only 12°C but for a longer time period of 3 days results in enhanced sus-
ceptibility of 2-week-old Arabidopsis seedlings against B. cinerea and Pst (Garcia-Molina
and Pastor, 2024).

Short but more severe cold exposures and other abiotic stress treatments can be memo-
rized in Arabidopsis for up to 5-7 days (Ding et al., 2012; Singh et al., 2014; van Buer et
al., 2019). If such a memory of an experienced stress exposure results in an improved
response during a subsequent stress exposure, this is defined as priming (Hilker et al.,
2016). However, when cold exposure and pathogen inoculation are separated by 5 days
at normal growth conditions, only plant resistance against the hemibiotroph Pst is poten-
tiated (Griebel et al., 2022; Schiitte et al., 2024) but not plant defence against the necrot-
rophic B. cinerea (Fig. 1). Hence, the cold priming memory is beneficial for defence against
virulent hemibiotrophic Pst but not supportive for the defence against the necrotrophic
fungus B cinerea. Host resistance mechanisms vary according to the lifestyle of the path-
ogen (Liao et al., 2022). We assume that defence responses enhanced by a cold priming
memory rather include signal pathways beneficial for immunity against virulent bio-
trophs.

Recently, we reported that the effects of cold priming on plant resistance against bacterial
pathogens relies on the availability of plastid APX (Griebel et al.,, 2022; Schiitte et al.,
2024). Here, we showed that the transient cold-enhanced resistance against B. cinerea
immediately upon cold exposure was also stronger when plastid APX were present (Fig.
2). How do plastid APX contribute to plant pathogen defence subsequent to an abiotic

stress exposure? APX scavenge ROS by using ascorbate as an electron donor (Asada,
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1999). At the end of a 10-24 h lasting cold exposure (4°C), 4-week-old Arabidopsis have
transiently enhanced ROS amounts (van Buer et al.,, 2016; Wu et al,, 2019). When we
measured ROS 2 h after the cold at the time point of inoculation (Fig. 44, 0 dpi), we could
not anymore observe the cold-triggered ROS burst. This indicates a fast reacclimation to
a precold ROS homeostasis at normal growth conditions. Transient ROS waves are often
observed in plant stress signalling (Lamb and Dixon, 1997; Apel and Hirt, 2004; Miller et
al., 2009; Peldez-Vico et al,, 2024). In response to a post-cold B. cinerea inoculation, cellu-
lar and apoplastic ROS generation was stronger in cold-pretreated than in control plants
at 1 dpi. (Fig 4). In our study, higher B. cinerea-triggered ROS levels in cold-pretreated
Col-0 plants correlated with higher resistance (Fig. 1,4). However, the contribution of
plant ROS in defence against necrotrophic pathogens is complex (Torres et al., 2006). For
instance, Pogany et al. (2009) suggested that ROS generated by plasma-membrane located
NADPH oxidase RBOHD support plant resistance during the early phase of defence against
necrotrophic fungi but enhance susceptibility at later stages. Also, transgenic Nicotiana
tabacuum lines with less chloroplastic ROS triggered by B. cinerea at later stages of infec-
tions (3 dpi) showed enhanced resistance against this necrotrophic fungus (Rossi et al,,
2017). We suggest that the enhanced ROS levels observed already at 1 dpi in our study of
cold-pretreated Arabidopsis are connected with smaller fungal lesions and a strength-
ened plant resistance. Interestingly, SAPX- but not tAPX,-deficient lines responded with
stronger B. cinerea-triggered ROS generation even without a cold-pretreatment (Fig. 4).
This indicates that sSAPX scavenges a significant proportion of B. cinerea-triggered ROS in
the wildtype, but also in tapx, and that tAPX contributes less than sAPX to the amount of
fungal-triggered plant ROS amounts. In addition, the enhanced ROS levels in sapx lines
matched with a slightly, but not significantly, improved resistance of control sapx against
B. cinerea (Fig. 3). In contrast, the weakened fungal-triggered ROS response of cold-
treated sapx plants compared to cold-treated Col-0 or control sAPX was connected with
weaker cold-enhanced resistance (Fig. 2,4). The measured ROS levels in tapx did not differ
from Col-0. We suggest, that the stromal ROS protection with contribution from sAPX but
without tAPX is sufficient to result in a wildtype-like plastid ROS homeostasis. In contrast,
tAPX, but not sAPX, was identified as a specific mediator of cold priming-dependent al-
tered activation of stress-related transcripts during a second cold exposure and affects

cold priming-dependent regulation of chloroplast NADPH dehydrogenase activity (van
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Buer et al., 2016; van Buer et al., 2019; Seiml-Buchinger et al., 2022). Our ROS measure-
ments (Fig.4) support the concept of distinct functions for sAPX and tAPX on plastid ROS
control and redox signalling in response to cold pretreatments.

Among other functions, the interplay of apoplastic ROS and peroxidases plays pivotal
roles in modifying and remodelling plant cell walls (Karkénen and Kuchitsu, 2015). Cell
wall modifications also occur in responses to abiotic stress exposures, such as cold (Le
Gall et al., 2015). In biotic stress interactions, plant cell walls are physical barriers and
provide protection against the invasion of pathogens (Underwood, 2012). Necrotrophic
fungi secrete a large repertoire of cell wall degrading enzymes to facilitate their successful
infection. To counteract this, plants sense pathogens by monitoring cell wall integrity and
activate defence pathways including remodelling of cell walls (Bellincampi et al.,, 2014;
Lee et al,, 2019; Pontiggia et al., 2020; Wolf, 2022; Kim et al., 2023). Precursors of lignin
derive from the phenylalanine ammonia-lyase (PAL) pathway and Arabidopsis PALI is
induced during cold exposure (Rohde et al.,, 2004; Olsen et al., 2008; van Buer et al., 2016;
Griebel et al.,, 2022). We observed an enhanced lignification in Arabidopsis Col-0 after the
24 h lasting cold exposure (Fig. 6), which might hamper fungal penetration and support
plant resistance. By contrast, degradation of lignin or additional lignification was not de-
tectable at 2 dpi with B. cinerea (Fig. 6). It was already proposed by Hormann et al. (2013)
that B. cinerea is not able to degrade lignin. Avirulent PTI/ETI-triggering Pst strains and
to a lower extent the virulent Pst strain, promote plant lignification as part of induced
plant immune responses (Lee et al., 2019). Lignin enhances disease resistance against the
hemibiotrophic Pst (Lee et al., 2019) and might also contribute to resistance against the
necrotrophic fungus B. cinerea (Fig. 1, 6).

The most prominent plant cell wall modification in response to pathogen detection is the
deposition of callose (Nishimura et al.,, 2003; Ellinger and Voigt, 2014). Our findings (Fig
5) corroborate previous observations (Wu et al.,, 2019) that cold exposure triggers callose
formation in Arabidopsis leaf tissue (in the absence of pathogens). Cold-triggered callose
formation was absent in sapx, but pathogen-triggered callose deposition did not depend
on sAPX (Fig. 5). This indicates an additional and novel contribution for plastid sAPX in
cold-triggered callose formation and distinguishes cold and pathogen-responsive path-
ways for callose deposition.

In summary, we conclude that also resistance to necrotrophic pathogens benefits from a
short preceding cold treatment with increased resistance that correlates with stronger

ROS formation, cold stress-induced lignification and callose deposition.
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4.5 Material and Methods

4.5.1 Plant material and cultivation

Experiments were carried out with Arabidopsis thaliana accession Columbia-0 (Col-0) and
described knockout lines sapx and tapx (Kangasjarvi et al., 2008). All lines are in Col-0
background. Plants were cultivated in round pots (@ 6 cm) on a substrate composed of
Topferde (Einheitserde, Germany), Pikiererde (Einheitserde, Germany), Perligran Classic
(Knauf, Germany) in a 14:14:5 ratio supplemented with 0.5 g liter! dolomite lime
(Deutsche Raiffeisen-Warenzentrale, Germany). After sowing, seeds were stratified at 4°C
for 2 days and seedlings were pricked out approximately 8 days after stratification. Plants
were grown in a controlled environmental chamber at constant humidity (60 + 5 %) with
10 h of light (100 - 120 umol photons m-2 s-1; Luminol Cool White fluorescence stripes,
Osram, Germany) and a temperature of 20°C * 2°C during the day and 18°C + 2°C during
the night (14 h).

4.5.2 Cold stress treatments

Cold treatments were performed as previously described (van Buer et al., 2016; van Buer
et al, 2019; Griebel et al., 2022). Briefly, 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 chamber, labelled, and randomized with
the non-cold-treated control plants. After 2 h (CT, cold treatment set-up) or 5 days (CP,
cold priming set-up) at normal growth conditions (20°C), plants were used for pathogen

infection assays

4.5.3 Botrytis cinerea infection

Inoculations with the Botrytis cinerea strain B05.10 were performed 4.5 h after onset of
light. For drop inoculation assays, spore suspensions were adjusted to 5 x 104 spores ml-
1 potato dextrose broth (PDB, 6 g I'1). Spray-inoculation was carried out with spore sus-
pensions adjusted to 2 x 10> spores ml-! in Vogel buffer (sucrose 15 g1-1, tri-sodium citrate
2.5gl11, K2HPO4 5 gl1, MgSO4x 7 H20 0.2 gI'1, CaClz2x 2 H20 0.1 g1-1, NH4NO3 2 g I'1, pH 6).
The adjusted spore suspension was incubated under gently agitation at room tempera-

ture for 4 h to allow germination. Drop inoculation was conducted by pipetting a 6 pl
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droplet next to the midrib of a fully expanded leaf. The mean of four drop-inoculated
leaves of one plant represents one biological replicate in the lesion diameter experiments.
Spray inoculations were carried out by evenly spraying the leaf surface with the spore
suspension. Spore-free Vogel buffer was used for mock spray treatments as control. In-
fected plants were kept as described above except for an additional high humidity envi-

ronment created by watering and light permeable coverage of the pots.

4.5.4 Quantitative real-time PCR analysis

Transcript analyses were performed using quantitative real-time PCR (qRT-PCR). One
sample (= one biological replicate) consisted of 4 pooled plant rosettes. Plant samples
were harvested at the indicated time points. RNA extractions, cDNA syntheses and qRT-
PCR assays from ground plant material were performed as previously described (van
Buer et al,, 2016; Griebel et al., 2022). A mix of oligo(dT)16 primers and random primers
was used for cDNA syntheses. The qTower3 G instrument (Analytik Jena, Germany) was
used for qRT-PCR assays. Primers for genes of interest and reference genes are listed in
Table 1. Values of cycle thresholds were determined using qPCRsoft (Analytik Jena, Ger-
many) and relative expression of transcripts of interest were calculated using the ACT-
method against the geometric mean of two reference genes Yellow Leaf Specific Protein 8

(YLS8) and RGS1-HXK]1 Interacting Protein 1 (RHIP1).

Table 1. Primers used in this study

Gene Gene name | Forward primer Reverse primer

AT5G44420 PDF1.2a TTTGCTTCCATCATCACCCTTA GCGTCGAAAGCAGCAAAGA
AT2G14610 | PR1 TTCTTCCCTCGAAAGCTCAA AAGGCCCACCAGAGTGTATG
AT3G04720 | PR4 GCGGCAAGTGTTTAAGGGTGAAG CGTTGCTGCATTGGTCCACTATTC
AT3G26830 | PAD3 CTTTAAGCTCGTGGTCAAGGAGAC TGGGAGCAAGAGTGGAGTTGTTG
AT5G08290 YLS8 TCATTCGTTTCGGCCATGACTGG ACGCAAGCACCTCATCCATCTG
AT4G26410 RHIP1 GAGCTGAAGTGGCTTCCATGAC GGTCCGACATACCCATGATCC
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4.5.5 DAB-staining

To analyse hydrogen peroxide abundance after cold exposure and B. cinerea infection,
3,3'-diaminobenzidine (DAB) was used as previously described (Bittner et al,, 2020). 1
mg ml-1 DAB was dissolved in phosphate-buffered saline (PBS; 73 mM NaCl, 10 mM,
NazHPO4, 3 mM KCI, 2 mM KH2POa4,pH 7.2). A minimum of 4 leaves from 3 plants per treat-
ment was harvested and collected in a tube with DAB-staining solution. The collected
leaves were infiltrated with the staining solution by applying a gentle vacuum for 5 min
in a desiccator. Afterward, samples were incubated overnight in the dark. The background
of stained leaves was removed in a 1:1:3 mixture of acetic acid, glycerol, and ethanol be-
fore analysis and image acquisition. The intensity of DAB staining per leaf was calculated

using Image] (Schneider et al.,, 2012; Bittner et al., 2020).

4.5.6 Luminol-based ROS assay

ROS was measured by horseradish peroxidase (HRP)-catalyzed luminol oxidation in the
presence of H202. 21 h after B. cinerea spray-inoculation, leaf discs (@ 4 mm) from at least
3 plants per treatment were collected in 4¢aH20-filled petri dishes and incubated for 3 h
under normal growth conditions to minimize wounding response during the measure-
ment. Thereupon, leaf discs were transferred to 96-well plates. 150 pl reaction solution
(200 pM luminol, 0.04 pg HRP ml-1 4aH20) was added to each well. Chemiluminescence
was measured with a CLARIOstarPLUs plate reader (BMG Labtech, Germany) and is shown
as the sum of all counted relative light units (RLU) within 1 h of measurement. RLU of
inoculated samples were normalized to the corresponding mean of the non-infected mock
treatments (RLUtreatment — RLUmock treatment = normalized RLU) within each independent ex-

periment.

4.5.7 Callose quantification

Callose was stained with aniline blue (Carl Roth GmbH, Germany) according to Schenk
and Schikora (2015) with the alteration of an extended aniline blue incubation overnight.
One biological replicate of the callose quantification was defined as the mean of five ran-
domly imaged field of views (7 mm?) from one leaf. Leaves were taken from three differ-
ent plants and the experiments were repeated three times independently. Monochrome
pictures were taken using a Axiolmager Z2 microscope (Zeiss, Germany) equipped with a

Zeiss filter 49 (G 365/ FT 395 / BP 445/ 50) and an Axiocam 712mono (Zeiss, Germany)
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camera. Images were acquired with the software ZEN blue (Zeiss, version 3.3) and num-

bers of callose depositions were manually counted.

4.5.8 Lignin quantification

Quantifications of lignin were performed according to Moreira-Vilar et al.(2014) with
modification from Chezem et al. (2017). 14 leaf discs (@ 8 mm) from at least 3 plants were
pooled to one sample and defined as one biological replicate. Samples were frozen in liq-
uid nitrogen and ground in 2 ml tubes, each containing 2 x 4 mm glass beads, using a swing
mill (Retsch, Germany) at 30 Hz for 2 min. Ground samples were vacuum-dried using a
Concentrator plus (Thermofisher, Germany) and the dried leaves were ground again as
described above. Next, cell wall residues (CWR) were twice extracted in an ultrasonic bath
with each of the following solvents for 15 min: 1 ml methanol, 1 ml PBS with 0.1 % (v/v)
Tween 20, 1 ml ethanol, 1 ml chloroform/methanol (1:1 ratio) and at least 1 ml acetone.
After each extraction step, samples were centrifuged at 16.000 g for 10 min and the su-
pernatant was discarded. CWR were dried at 45°C using a Concentrator plus and ground
with a swing mill (2 ml tubes, each containing 2 x 4 mm glass beads) at 30 Hz for 10 min.
Approximately 3 mg of CWR from each sample was used for the spectrometric analysis.
For this purpose, 500 pul of 25 % (v/v) acetylbromid in glacial acetic acid was added to
each sample and incubated at 50°C with rotation (800 rpm) for 2 h. After dissolving the
lignin, samples were cooled on ice and centrifuged at 20.000 g for 15 min. 125 pl of the
lignin-containing supernatant was mixed with 500 pl glacial acetic acid and 250 pl of 5 M
hydroxylamine HCl / 2 M NaOH (1:9 ratio). Photometric measurements were done in a
single glass cuvette (10 mm) using an Ultrospec 2100 pro at 280 nm and a sample without
CWR as blank. Acetylbromid soluble lignin content was calculated with the extinction co-

efficient € of 23.35 mg cm-! I (Chang et al.,, 2008).

4.5.9 Statistical analyses and boxplot design

The statistical analysis was conducted using Excel for Student’s t-tests, basic R environ-
ment for ANOVA and the follow-up Tukey-HSD test, the R agricolae package for LSD-
Fisher test after prior ANOVA. Box plots of the summarized data were generated using the
R package ggplot2 and show the median, the distance between the upper quartile (qn =
0.75) and lower quartiles (qn = 0.25), and the values of each data point as dots. Data points

form independent experiments are shown in different colour.
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5.1 Abstract

Plants face numerous environmental challenges, including pathogen attacks and abiotic
stresses like cold temperatures. Understanding how these factors interact is crucial for
improving plant resilience. Here, we investigated the effects of cold exposure on systemic
acquired resistance (SAR) in Arabidopsis thaliana challenged with Pseudomonas syringae
pv. tomato (Pst). We demonstrated that a 24-hour cold exposure at 4 °C immediately be-
fore Pst infection (CT) led to significantly enhanced systemic PR1 expression. Although
the induction of SAR in cold-pretreated plants was successful, cold pre-treatment and the
increased systemic PR1 expression did not translate into further enhanced systemic re-
sistance against Pst. Moreover, cold priming (CP), with a 3-day memory period between
cold exposure and infection, did not show additive effects on SAR-induced gene expres-
sion or additional benefits of cold priming at the level of systemic Pst resistance . Interest-
ingly, we observed a transient increased systemic susceptibility against Pst in cold pre-
treated plants in response to mock infiltration, suggesting a potential alteration in im-
mune signaling pathways. This effect was independent of SAR and might be associated
with a stronger wound response. However, we proved that cold-pretreated plants are

fully competent in establishing a SAR resonse.
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5.2 Introduction

Plants are exposed to a constantly changing environment that hosts a diversity of mi-
crobes. Some microbes have the potential to become pathogenic and cause diseases in the
plant. Abiotic changes cannot only be a challenge in themselves; they also impact the
plant's resistance against pathogens (Saijo et al., 2020). One abiotic factor is cold, and
plants have developed strategies, including cold acclimation, to avoid cold-induced dam-
age such as ice crystal formation in plant cells (Satyakam et al., 2022). Even a single, brief
cold experience increases the plant's tolerance against cold. This phenomenon is defined
as cold priming (Baier et al., 2019). Priming, as a result of a first stress experience, impacts
performance on a future stress stimulus (trigger) with a stress-free phase (memory
phase) between both stimuli (Hilker et al., 2016). Priming can be caused by all different
types of stressors. In addition to cold or abiotic stress priming, systemic acquired re-
sistance (SAR) is a form of biotic priming due to pathogen infection. Within SAR, a local
pathogen infection induces systemic long-distance signaling that results in an improved
and pre-activated immune response in systemic, non-infected tissues against a broad
spectrum of hemibiotrophic pathogens. (Shah & Zeier et al., 2013; Conrath, 2011).
Pathogen recognition at the infection site involves the detection of pathogen-associated
molecular patterns (PAMPs) by plasma membrane-anchored pattern recognition recep-
tors (PRRs) and initiates so called PAMP-triggered immunity (PTI) (Bigeard et al., 2015).
Another local recognition layer of the plant immune system comprises intracellular nu-
cleotide-binding leucine-rich repeat immune receptors (NLRs), which recognize effectors
released by pathogens and activate effector-triggered immunity (ETI) (Lolle et al., 2020;
Biittner et al.,, 2016). Activation of PTI and ETI at the local infection site triggers SAR (Vlot
et al., 2021; Conrath et al,, 2015; Mishina & Zeier, 2007). The establishment of SAR re-
quires signaling by salicylic acid (SA) and by pipecolic acid (Pip) or its derivative N-hy-
droxy-pipecolic acid (NHP) in the local and the systemic tissue. Arabidopsis mutant lines
with impaired biosynthesis/accumulation of SA or Pip/NHP fail to establish SAR (Chen et
al,, 2018; Vlot et al., 2009). SA is mobile in apoplastic and vascular tissues and one com-
ponent of the long-distance SAR signaling metabolites. NHP accumulates in systemic tis-
sues 1 day after infection and thereby, prior to the systemic increase of Pip. This indicates
that NHP is transported over long distances from the local infected tissue and is therefore
a central mobile SAR signal (Chen et al., 2018; Hartmann et al., 2018; Vlot et al., 2009). In
addition to SA and Pip/NHP, a number of other compounds were suggested to contribute

to SAR signaling, including mitogen-activated protein kinase 3 and 6 (MAPK 3, MAPK 6),
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reactive oxygen species (ROS), azelaic acid (AzA) and volatile organic compounds like pi-
nenes (Guerra et al., 2020; Wenig et al., 2019; Wang et al,, 2018; Riedlmeier et al., 2017;
Dubiella et al., 2013; Jung et al., 2009). The successful activation of SAR appears with in-
creased systemic expression of pathogenesis-related (PR) genes, including PR1, PR2, and
PR5, as well as Phytoalexin Deficient 3 (PAD3). PAD3 is crucial for biosynthesis of the anti-
microbial compound camalexin (Bektas & Eulgem, 2014; Gruner et al., 2013; Navarova et
al,, 2012). In total, the transcriptional changes due to SAR involve the upregulation of over
3400 genes and the downregulation of about 2900 genes indicating a large and complex
reprogramming process (Bernsdorff et al., 2016).

Our understanding of how abiotic factors such as cold affect the establishment of SAR is
limited. Recently, it was demonstrated that exposing Arabidopsis thaliana (Col-0) to a sin-
gle 24-hour cold exposure (4 °C), either immediately (1 hour after cold exposure) or after
a subsequent 5-day stress-free memory phase, is sufficient to increase local resistance
against the virulent, hemibiotrophic pathogen Pseudomonas syringae pv. tomato (Pst)
(Griebel et al., 2022). Additionally, no link was found between SAR signaling and cold ex-
posure mediated enhanced resistance against a local Pst infection (Griebel et al., 2022).
While it has not been demonstrated that there is a link between SAR and cold exposure
enhanced resistance against local Pst infection in Col-0, it is possible that a single short
cold stress could potentiate the outcome of SAR against Pst. Therefore, we investigated

whether cold exposures affect the establishment of SAR in Arabidopsis plants.

5.3 Results

5.3.1 Pst-triggered, systemic PR-1 expression is enhanced when a cold expo-
sure immediately precedes the infection
Recently, we demonstrated that transcript patterns of genes belonging to gene ontology
group of SAR only marginally overlap with genes regulated in response to a 24 h cold ex-
posure (Griebel et al. 2022). To analyze the impact of such prior cold treatments on tran-
script regulations within the Pst-triggered SAR response, we investigated systemic tran-
script abundance of the SA-inducible PR1 and Flavin-dependent Monooxygenase 1 (FMO1),
which is crucial for the biosynthesis of the SAR mediator NHP (Chen et al., 2018; Hart-
mann et al 2018; Zhang et al.,, 1999). We either applied a 24 h lasting cold exposure im-
mediately before the SAR-triggering Pst infection (CT) or 3 days earlier (CP) to elucidate
effects of a longer preceded cold exposure (Fig. 1A). As SAR is transcriptionally estab-
lished in the systemic tissue after two days (Bernsdorff et al., 2016; Gruner et al., 2013),
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we removed the SAR-inducing leaves 2 days after infection (Fig. 1A) to achieve a uniform
cutoff of the SAR signal (local infection) in all treatments. We analyzed PR1 and FMO1
transcripts at 1, 2, 4, and 6 dpi. At 2 dpi, the systemic transcript abundance of PRI in Col-
0 control plants (CT - and CP -) significantly increased compared to the corresponding
mock treatments (two-tailed t test: p-value < 0.05) (Fig.1 B,C). This indicates the success-
ful establishment of the SAR response at the transcriptional level. At 4 dpi and 6 dpi, the
increase in PRI transcripts was again back to pre-activation levels and the levels in non-
induced, mock-treated samples. Transcripts of PRI and FMO1 were not enhanced in the
cold-pre-exposed plants of both experimental setups at 1 dpi, 4 dpi, or 6 dpi, suggesting
that cold exposure does not induce an earlier or prolonged SAR response (Fig. 1 B,C).
However, Pst-triggered SAR resulted in significantly higher PR1 expression at 2 dpi when
the exposure to cold immediately preceded the infection (CT), but not when the cold treat-

ment was applied 4 day earlier (CP).
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Figure 1: Relative expression (RE) of pathogen-responsive genes after cold exposure and SAR induction in
non-inoculated (systemic) leaves of Col-0. (A) Experimental set-up for transcript analysis upon SAR induc-
tion (first Pst inoculation) after cold exposure (4 °C) for 24 h either as an immediate pre-treatment (CT) or
with a 3-day long stress-free period between cold exposure and infection, called cold priming (CP). Sys-
temic, uninfected leaves were harvested 1 day post inoculation (dpi), 2 dpi, 4 dpi and 6 dpi. Infected leaves
were cut for a uniform SAR signal termination at 2 dpi. (B & C) Transcript levels of PR1 and FMO1 are ana-
lyzed after CT (B) or CP (C) and subsequent Pst inoculation (ODeoo = 0.002) or mock (10 mM MgClz) infiltra-
tion at 1dpi, 2 dpi, 4 dpi, and 6 dpi. The quantification of transcripts was determined by qPCR. The results
were calculated as relative expression (delta-Ct) against the geometric mean of the reference genes YLS8
and RHIPI. Bars show mean and standard deviation. (B) CT: N = 3 (3 independent experiments). (C) CP: N
= 2-3 (2-3 independent experiments). Statistical differences are calculated for each day separately (exclud-
ing samples from mock treatments): two-tailed t test, p < 0.05).

108



Due to the significantly increased expression of PRI in SAR-induced Col-0 leaves 2 dpi
after an immediately preceding cold treatment (CT), we investigated further SAR-induci-
ble transcripts in both cold exposure experimental setups (Fig. 1). We analyzed Isochoris-
mate Synthase 1 (ICS1), which is crucial for pathogen-induced SA biosynthesis, and PR2,
another SAR marker transcript (Bernsdorff et al., 2016; Wildermuth et al.,, 2001). PAD3 is
tightly regulated with camalexin biosynthesis but can be independent of SA signaling
(Ferrari et al., 2007; Zhou et al., 1999). The cold pre-treatments, with or without memory
phase, did not significantly affect the transcript levels of ICS1, PR2, and PAD3 in SAR-in-
duced leaves two days after Pst infection (Fig. 2). If the cold treatment was applied 3 d
before the SAR-inducing Pst infiltration (CP), transcript levels of ICS1 were lower than in
non-cold-treated, SAR-induced leaves. This weaker ICS1 activation in CP leaves was, how-

ever, not significant.
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Figure 2: Relative expression (RE) of pathogen-responsive genes after SAR-induction leaves of Col-0. Tran-
script levels of ICS1, PR2 and PAD3 were analyzed after the cold pre-treatment (CT) or cold priming (CP)
and subsequent Pst inoculation (ODeoo = 0.002) or mock treatment (10 mM MgClz) at 2 days post inoculation
(dpi). The quantification of transcripts was determined by qPCR. The results were calculated as relative
expression (delta-Ct) using the mean of the reference genes YLS8 and RHIP1. Bars show mean and standard
deviation. N = 2 (2 independent experiments): two-tailed t test, p < 0.05, no significant differences deter-
mined.
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5.3.2 Cold pretreatment transiently enhances systemic susceptibility against
Pst in response to a prior mock infiltration

Next, we wanted to test the relevance of cold treatments for SAR at the decisive level of
bacterial titers. Again, the two different experimental setups were compared (Fig. 3A): the
cold pre-treatment (CT, 4 °C for 24 h), followed by the first SAR inducing Pst inoculation
1 hour after the cold pre-treatment or after a 3-day memory phase between the identical
cold treatment and the first Pst infection (CP). Afterwards, a subsequent second Pst inoc-
ulation was performed in upper non-infected leaves to quantify the SAR response on bac-
terial titers at 3 dpi (Fig. 3A). In addition to Col-0, we included the flavin-dependent
monooxygenase 1 (fmo1-1) mutant, in which SAR is abolished and a first Pst infection does
not result in enhanced resistance against a subsequent infection (Mishina & Zeier, 2006)
(Fig. 3B, C). In the control plants (CT -, CP -) of Arabidopsis Col-0, a significant lower bac-
terial titer was detected in the plants with a first Pst infection compared to the mock treat-
ment. Taken together, with the absence of enhanced resistance in the fmo1-1 mutant, the
results indicate a successful SAR response in the control Col-0 plants of both experimental

setups (Fig. 3 B, C).
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Figure 3. Bacterial titers of secondary, systemic Pst inoculation after cold pre-treatment (CT) or cold prim-
ing (CP) and subsequent first SAR inducing Pst infection in Col-0 and flavin-dependent monooxygenase 1
(fmo1-1). (A) Experimental setup to determine the impact of cold treatments (CT or CP) on the SAR re-
sponse against Pst. (B) Bacterial titers of second Pst inoculation (ODsoo = 0.001) after CT and subsequent
first Pst inoculation (ODsoo = 0.005; +) or mock treatment (-) in Col-0 and fmo1-1 3 days post inoculation
(dpi). (C) Bacterial titers of second Pst inoculation (ODeoo = 0.001) after CP and subsequent first Pst inocu-
lation (ODsoo = 0.005; +) or mock infiltration (-) in Col-0 and fimo1-1 3 dpi. Bars represent means of logio-
transformed colony-forming units (cfu / cm?) and standard errors calculated from 2 independent experi-
ments (n = 12) using a mixed linear model. Different letters above the bars denote statistically significant
differences (two-tailed t tests, adjusted P < 0.05).

The enhanced resistance induced by SAR was present in Col-0 plants after both cold treat-
ments. Surprisingly, the cold-pretreated (CT) Col-0 and fmo1-1 plants showed a signifi-
cantly higher Pst titer after the mock (10 mM MgClz) infiltration compared to the mock-
treated control plants (CT -) (Fig. 3 B). The mock infiltration-mediated enhanced systemic

111



susceptibility was only transiently as we did not observe this in the CP experimental setup
with 3 days between the cold exposure and the first infiltration (Fig. 3 C). In contrast to
the local immune response against Pst, where Col-0 shows enhanced resistance after a
prior cold treatment or a cold treatment with memory phase (Griebel et al., 2022), an ad-
ditional SAR response or mock inoculation leads to the loss of the cold-induced increased

resistance against Pst in Col-0 (Fig. 3).

5.4 Discussion

The aim of this study was to elucidate the impact of preceding cold treatments on SAR in
Arabidopsis thaliana (Col-0) plants challenged with Pst. Prior cold exposure, with and
without a 5-day memory phase before the infection, has been demonstrated to enhance
resistance in Arabidopsis against Pst (Griebel et al., 2022). Based on these recent results,
we determined whether immediate cold pre-treatment or an earlier cold priming results
in an earlier, prolonged, or stronger SAR response, ultimately leading to improved sys-
temic resistance against Pst.

At the level of selected transcripts, no earlier, prolonged, or stronger SAR response was
observed in systemic, non-infected leaves following both cold exposure treatments and a
primary Pst infection (Fig. 1, 2). However, a significant enhanced PRI expression was de-
tectable in the CT experimental setup at 2 dpi and indicates a stronger SAR response fol-
lowing a cold pre-treatment (Fig. 1). Enhanced PRI expression often correlates with in-
creased resistance against Pst (Cheng et al., 2022; Lim et al., 2014; Kloek et al., 2001).
However, in our experimental CT setup, increased PR1 expression (2 dpi) did not seem to
correlate with enhanced resistance against Pst (Fig. 1, 3). At the level of bacterial titers,
resistance against Pst was equally pronounced in SAR-induced tissues of non-cold and
cold-pretreated plants. Though, systemic resistance upon a primary mock infiltration in
the absence of pathogens caused a higher plant susceptibility when the infiltration imme-
diately followed the prior cold exposure (CT, Fig. 3B). It is unlikely that the increased sus-
ceptibility in cold-pretreated and mock-infiltrated plants is induced by cold alone, as we
have previously shown that the cold exposure confers higher resistance against Pst
(Griebel et al., 2022). The cold-enhanced resistance observed in Col-0 against local Pst
infection in Griebel et al. (2022) was not replicated after additional mock infiltration or
SAR-inducing Pst inoculation. In addition, mock-infiltration of cold-pretreated leaves did
not results in altered transcript levels of SA or SAR-responsive genes (PR1, FMO1) (Fig. 2).
We suggest that mock infiltration may elicit a stronger JA-mediated wound response in
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cold pre-treated plants (Fig. 4) (Liu et al., 2015). Wounding induces an electric signal
through membrane potential changes, which leads to the formation of bioactive JA in sys-
temic, non-wounded tissue within minutes. This ultimately activates JA-dependent wound
responses, such as the protection of the plant against herbivores (Lee & Seo, 2022; Savatin
et al. 2014; Koo et al., 2009). Enhanced ]A signaling can increase the susceptibility of Ara-
bidopsis against hemibiotrophic pathogens like Pst (Glazebrook, 2005), which could be a
putative explanation for the increased susceptibility in cold pre-treated and mock treated
Col-0 plants (Fig. 3 B). Furthermore, our findings demonstrate that this effect is independ-
ent of FMO1, as we also observed mock treatment-enhanced susceptibility in cold-pre-
treated fmo1-1 (Fig. 3 B). Consequently, it can be concluded that the mock-induced in-
creased susceptibility against Pst must occur independently of known SAR signals. Never-
theless, the indications for an enhanced wound response after a cold pre-treatment re-
quires further investigations. For instance, repeating the bacterial growth experiments
with JA-insensitive lines would be appropriate to further analyze the role of the wound
response, since JA is not essential for the establishment of SAR induction against Pst (At-

taran etal., 2009).

l2nd Pst
Q
5 WR?
O
Yy
o
> } SAR SAR
S
o
Q
a
a
cr - - + +
1st Pst - + - +

Figure 4: Model of susceptibility degree of Arabidopsis thaliana after a cold pre-treatment (CT, 4 °C for 24 h)
and subsequent SAR-inducing first Pst infection: The establishment of systemic acquired resistance (SAR)
is in cold-pretreated plants neither impaired nor does it additionally benefit form the prior cold. Mock infil-
tration after a cold-pre-treatment, instead of the primary Pst infection, leads to an enhanced susceptibility
against Pst. This might result from a putative cold-mediated enhanced wound response (WR) in Col-0.
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Furthermore, we hypothesize that the mock-triggered susceptibility levels observed after
both cold treatments (CT and CP; Fig. 4) in Col-0 indicate altered immune signaling path-
ways, depending on SAR activation during the cold deacclimation phase or a later cold
memory requiring phase.

We observed a precipitous decline in PR1 and FMO1 transcripts to mock levels already two
days after the infected leaves were severed (Fig. 1, 4 dpi)., suggesting a fast deactivation
of SAR. This observation seems to contradict the definition of SAR as a long-lasting effect
(Lietal, 2023; Conrath, 2006; Mou et al., 2003). However, Colletotrichum lagenarium only
induces systemic resistance in cucumber scions when the infected leaf is left on trans-
planted rootstocks. Once the infected leaf is removed from the rootstock, the transplanted
scion is no longer able to benefit from systemic resistance, suggesting that SAR is abol-
ished after local SAR-inducing infection is removed (Dean & Kuc, 1986). In Arabidopsis, P.
syringae pv. maculicola infection triggers SAR at the level of bacterial titers for up to 4
days when the primary infected leaves remain on the plant (Baum et al,, 2019). In conclu-
sion, it can be postulated that the maintenance of SAR may be prolonged in the sustained
presence of local infection. However, further time series experiments would be beneficial
in order to ascertain the duration of SAR maintenance.

We defined the experimental set-up with a stress-free phase of 3 days between the cold
exposure and the first SAR-inducing Pst infection as cold priming (CP). In such a similar
set-up, we showed before that the memorized cold exposure has a beneficial impact on
plant resistance against Pst (Griebel et al., 2022). By definition, a beneficial effect of the
first stressor during a following stress application is a requirement for the priming phe-
nomenon (Hilker et al.,, 2016). However, our findings did not show a positive effect of a
several days earlier cold exposure on SAR against Pst at the level of bacterial titers. Nev-
ertheless, we cannot rule out the possibility that SAR establishment in cold-primed leaves
benefits from the prior cold exposure at levels distinct from immunity against Pst. SAR is
established at the expense of growth and photosynthesis (Bernsdorff et al., 2016). Based
on this, it would be interesting to study whether the preceding cold treatment leads to a
beneficial balance between growth and systemic immunity for the plant.

While we know that abiotic factors like light are essential for SAR induction (Griebel &
Zeier, 2008; Zeier et al., 2004), little attention has been paid to the impact of temperature
on SAR. Recent work revealed that elevated temperatures of 28 °C during the infection

period abolishes SAR in Col-0 due to suppressed Pip accumulation, but the crosstalk re-
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mains elusive (Shields et al., 2023). In contrast, this study provides results that SAR induc-
tion can be achieved not only in naive plants, but also in plants that experienced a cold

stress treatment before the SAR-triggering pathogen infection.

5.5 Materials and Methods

5.5.1 Plant material and cultivation
Experiments were conducted using Arabidopsis thaliana accession Columbia-0 (Col-0)
and the T-DNA knockout line fmo1-1 (Bartsch et al., 2006; Mishina & Zeier, 2006).

For cultivation and growth conditions see section 4.4.1 (Chapter IlI, 4.5.1).

5.5.2 Cold treatments
Experiments were conducted using the cold priming experimental setup with a shortened
memory phase of 3 days between the cold treatment and the first Pst inoculation.

Further informations can be found in section 4.4.2 (Chapter IlI, 4.5.2).

5.5.3 Cultivation and inoculation of bacteria

Pst were cultivated overnight at 28 °C on NYGA-plates (5 g peptone, 3 g yeast extract, 2 %
glycerol, 1,5 % agar 11, rifampicin 100 ng ml-1) prior to infiltration, the bacteria were sus-
pended in 10 mM MgClz and a dilution of ODsoo = 0.002 was used for SAR induction when
analyzing systemic transcript levels. 10 mM MgClz was used for the mock infiltration. For
the bacterial growth assay, ODeoo = 0.005 was used for first Pst inoculation and 0.001 for
second Pst inoculation. A needleless syringe was used to infiltrate the bacterial suspen-
sion abaxial into the leaves. For the bacterial growth assays, younger leaves above the
leaves of the first Pst inoculation were selected for the second infiltration. The time of

infection was approximately 3 h after the onset of light.

5.5.4 Bacterial growth assays

To analyse the outcome of SAR, Pst titers of the secondary Pst infection were determined
at 3 dpi. Three infected-leaf discs (@ 8 mm) of one plant were combined for one sample (=
one biological replicate). Harvested leaf discs (samples) were incubated while shaking at
28 °C for 1 h in 10 mM MgClz with 0.01 % (v/v) Silwet-77. After the bacteria have been
extracted out of the leaves, each sample was diluted several times and spread in 15 pl

spots on rifampicin —containing (100 ug ml-1) NYGA-plates . The plates were incubated at
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28°C for two days and the logio-transformed colony forming units (CFU) per cm? leaf were

calculated (Griebel et al., 2022).

5.5.5 Transcript analysis

Transcript analyses were performed using quantitative real-time PCR (qRT-PCR). One
sample (= one biological replicate) consisted of 9 non-infected leaves of 3 different plants.
RNA extraction, cDNA synthesis, and qRT-PCR were carried out as described in section
4.4.4. (Chapter IlI), using primers (Tab. 1) for genes well-known for showing enhanced

systemic transcription upon SAR induction (Bernsdorff et al 2016; Gruner et al., 2013).

Table 1: Primers used in this study.

Gene Gene name Forward primer Reverse primer

AT1G19250 FMoO1 CTCCATGATAGGCCTAACCAAAGC AAACTACGGCACGCAGAAGAGAG
AT1G74710 ICS1 GCTTGGCTAGCACAGTTACAGC CACTGCAGACACCTAATTGAGTCC
AT2G14610 PR1 TTCTTCCCTCGAAAGCTCAA AAGGCCCACCAGAGTGTATG
AT3G26830 PAD3 CTTTAAGCTCGTGGTCAAGGAGAC  TGGGAGCAAGAGTGGAGTTGTTG
AT3G57260 PR2 AGCTTCCTTCTTCAACCACACAGC TGGCAAGGTATCGCCTAGCATC
AT4G26410 RHIP1 GAGCTGAAGTGGCTTCCATGAC GGTCCGACATACCCATGATCC
AT5G08290 YLS8 TCATTCGTTTCGGCCATGACTGG ACGCAAGCACCTCATCCATCTG

5.5.6 Statistical analysis

The statistical analysis was performed using Excel for two-tailed t test and the basic R
environment for ANOVA and the follow-up Tukey-HSD test. The combined analysis of
logio-transformed bacterial titers from independent experiments was conducted using a

linear mixed model, as previously described (Griebel et al., 2022).
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6. General discussion

6.1 Arabidopsis benefits from brief cold exposure with enhanced sustained
resistance against Pseudomonas syringae and transiently increased re-
sistance against B. cinerea

The objective of this thesis was to analyze the impact of a prior 1-day cold exposure on
the pathogen resistance in the model plant Arabidopsis thaliana with the aim to gain a
deeper understanding of the interconnection between cold stress signaling and plant im-
munity. For this aim, two distinct cold exposure treatments were compared: (i) an exper-
imental setup with a cold pre-treatment (CT) to investigate the effect of a 1-day long cold
exposure for an immediately subsequent pathogen infection, and (ii) a cold priming (CP)
experimental setup to investigate the effects of a 1-day cold exposure with an additional
memory phase between initial cold treatment and pathogen infection (Chapter III, Fig. 1
A). The objective of this memory phase was to ascertain whether the potential impact of
a prior cold treatment on plant pathogen defence could be retained by the plant over an
extended period. To determine the resistance of Arabidopsis thaliana against different
pathogens, the hemibiotrophic bacterial pathogen Pseudomonas syringae pv. tomato DC
3000 (Pst) and the necrotrophic fungal pathogen Botrytis cinerea B05.10 were employed.
Both pathogens are established as model pathogens for the plant Arabidopsis (van Kan et
al., 2006; Katagiri et al., 2002; Mauch-Mani & Slusarenko, 1993). Pst and B. cinerea use
distinct infection strategies: Pst manipulates plant immunity and benefits from living host
cells, while B. cinerea penetrates and Kkills host cells to complete its life cycle (Bi et al,,
2023; Xin et al., 2018). Hence, plant defence against biotrophic and necrotrophic patho-
gens includes distinct constitutive and induced immune signaling pathways (Bi et al,,
2023; Xin et al., 2018). This offers the possibitity to analyze the impact of different defence
responses with the aim to answer the question of whether and how a prior and brief cold
exposure affects the resistance of Arabidopsis against pathogens with different infection

strategies.

Our study demonstrated that a single 24-day cold exposure (4 °C) was sufficient to imme-
diately enhance the resistance of Arabidopsis (accession: Col-0) against Pst and B. cinerea
(Chapter I, Fig. 1; Chapter III, Fig. 1). In addition and in contrast to the transient cold-

mediated resistance against B. cinerea, the cold-enhanced resistance against Pst was
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maintained for a period of five days after the initial cold exposure (Chapter I, Fig 1). Ther-
fore, we concluded that such a cold exposure primes plant defence against Pst (Hilker et

al, 2016).

6.2 Cold priming on pathogen resistance is rather independent from altered
PTI and SA signaling

The enhanced plant resistance against Pst after cold priming (Chapter 1, Fig. 1) suggests
a cold memory that modifies the pathogen defence/stress response. Such priming
memory could be established with epigenetic modifications, changes in gene expression,
physiology and metabolism (Hilker et al,, 2016). Earlier work showed that also short, re-
petitive cold exposure treatments enhance resistance against Pst and this includes histone
3 acetylation leading to enhanced activation of genes responsive to PAMP-triggered im-
munity (PTI) and salicylic acid (SA) (Singh et al., 2014; Lusser, 2002). In our study, we
could not observe a cold priming enhanced activation of PTI- and SA-responsive genes
(Chapter |, Fig. 3). Hence, this distinguishes the signaling in response to short (1.5 h) re-
petitive cold exposures from single, but longer, (24 h) cold treatments. Additionally, re-
sistance of Arabidopsis against type Il secretion system-deficient and PTI-inducing Pst
hrcC- was not affected by a prior cold exposure (Chapter I, Fig. 1). Taken together, it is
unlikely that PTI is responsible for cold mediated resistance due to a single prior cold
exposure. Although the stability of the priming memory was not the primary focus of this
project, the findings support recent studies that Arabidopsis exhibits a uniform stress
memory of approximately five to seven days following diverse stress applications (Chap-
ter I, Fig. 1) (van Buer et al,, 2019; Singh et al., 2014; Ding et al., 2012). Cold, however, did
not improve the resistance against B. cinerea with an additional memory phase (Chapter
I1I, Fig. 1). This indicates that the cold priming memory does not impact defence against
the necrotrophic fungus B. cinerea. We propose that the cold memory effect supports im-
mune responses specific for the defence against biotrophs but weakly contributes to im-

munity against necrotrophs.

6.3 Cold affects B. cinerea-triggered plant ROS formation
The next objective of this study was to investigate immune signaling pathways essential
for cold-enhanced resistance against Pst and B. cinerea. Reactive oxygen species (ROS) are

central plant components for affecting plant stress responses (Peldez-Vico et al., 2024).
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As cold modifies ROS accumulation in the chloroplasts (Ensminger et al., 2006; Huner et
al., 1993), we assumed that altered ROS levels contribute to cold-mediated resistance
against pathogens. One example of a ROS target with potential impact on diverse immune
signaling pathways are mitogen-activated protein kinases (MAPKs). MAPKs can be acti-
vated/inactivted by ROS and are therefore ROS-responsive (Patterson et al., 2009; Kovtun
et al., 2000). MAPKs regulate diverse abiotic and biotic stress responses, including cold,
wounding, oxidative stress, and immune signaling pathways (Nakagami et al.,, 2005).
These immune signaling pathways include SA signaling, jasmonic acid (JA) signaling, PTI,
effector-triggered immunity (ETI), hypersensitive response (HR), and systemic acquired
resistance (SAR) (Lang & Colcombet, 2020; Brodersen et al., 2006; Vilela et al., 2010; Asai
etal, 2002; Petersen et al,, 2000). The presented example of MAPKs illustrates that a mul-
titude of plant immune responses might be impacted by cold-mediated ROS accumulation
through the cold-sensing chloroplasts.

ROS function as stress signals (Pelaez-Vico et al., 2024 ), with putative antimicrobial prop-
erties (Juven & Peirson, 1996, Peng & Kuc, 1992), may impact cold mediated resistance
against pathogens. Regardless of cold, ROS are involved in plant responses against Pst or
B. cinerea. This is indicated by the pathogen usage of effectors and compounds which ma-
nipulate plant ROS homeostasis (Li et al., 2014; Rodriguez-Herva et al., 2012; Williams et
al, 2011). For instance, the effector HopK1, secreted by Pst, targets the chloroplast, re-
sulting in weakened PTI-associated ROS formation and increased susceptibility (Li et al.,
2014). It is suggested within a simplified concept that pathogens with a biotrophic phase
are susceptible against ROS, while necrotrophic pathogens benefit from elevated ROS lev-
els (Barna et al.,, 2012). However, this distinction may be to much simplified, as necrot-
rophic B. cinerea showes enhanced or decreases susceptibility in response to high and low
ROS levels (Rossie et al,, 2017; Bliss et al., 2013 L'Haridon et al., 2011). One gap in our
understanding is the initial infection phase of B. cinerea, for which it is hypothesized that
B. cinerea has a short biotrophic phase (Bi et al., 2023; Veloso et al., 2018), as the necrot-
rophic fungus Sclerotinia sclerotiorium has (Kabbage et al., 2013). It is therefore possible
that the cold and infection mediated elevated ROS levels observed in Col-0, as demon-
strated in this thesis (Chapter IlI, Fig. 4), occur during the early biotrophic phase of B.
cinerea and correlate with increased resistance against the necrotrophic pathogen. In or-
der to finally determine the role of ROS in B. cinerea infection, the complex infection pro-

cess of B. cinerea must first be investigated in detail.
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6.4 Cold-enhanced plant resistance is rather independent from SA signaling

The phytohormone SA is essential for a full activation of the plant immune system against
the hemibiotrophic pathogen Pst (Thomma et al,, 1998). However, SA signaling may also
be important in the plant immune response against B. cinerea for a wildtype-like immune
response. Salicylate hydroxylase (NahG-)expressing lines, that do not accumulate SA, ex-
hibit increased susceptibility against B. cinerea (Ferrari et al., 2003). Our analyses of SA-
related transcripts demonstrated that cold exposure did not alter SA signaling in immedi-
ately B. cinerea-triggered or several days later Pst-triggered cold-pretreated plants (Chap-
ter I, Fig. 3; Chapter IlI, Fig. 3). To further support independency from isochorismate (IC)-
synthesized SA as factor for the cold medited resistance against B. cinerea, the lesion di-
ameter assay was repeated to determine Arabidopsis resistance against B. cinerea in a
salicylic acid induction deficient 2 (sid2-1) line (Supplements, Fig. 1; Chapter IlI, Fig. 1).
sid2-1 is impaired in pathogen-triggered SA accumulation via IC (Wildermuth et al., 2001)
. The cold pre-treatment enhanced resistance against B. cinerea, as demonstrated in Col-
0 (Chapter 111, Fig. 1), was confirmed in the sid2-1 line, as cold-pretreated sid2-1 exhibited
resistance pattern similar to the wildtype(Supplements, Fig. 1). This suggests that the
pathogen-responsive IC pathway is dispensable for cold-enhanced resistance against B.
cinerea. Alternatively, the phenylpropanoid (PAL) pathway could also contribute to the
biosynthesis of SA independently of the IC pathway after cold exposure and infection.
Strawberries infected with B. cinerea utilize the PAL pathway rather than the IC pathway
to produce SA (Luo et al,, 2024). However, PAL and IC pathways lead to SA formation that
induce PRI expression by NPR1 (Section 1.3.3) and we could not observe cold-related-
changes in PR1 expression after cold and subsequent Pst or B. cinerea infection (Chapter

I, Fig. 3; Chapter III, Fig. 3).

6.5 JA signaling may be involved in cold mediated resistance

Jasmonic acid (JA) is an important phytohormone to counteract susceptibility against ne-
crotrophic pathogens like B. cinerea (Ferrari et al.,, 2003) but it is dispensable or disad-
vantageous for resistance against Pst (Scalschi et al., 2020; Brooks et al., 2005; Kloek et
al., 2001). Accordingly, the investigation of the potential impact of cold exposure on JA
signaling was limited to the B. cinerea Arabidopsis interaction. Cold pre-treatment and
subsequent B. cinerea infection had no significant impact on the transcription of JA re-

sponsive Pathogenesis-related 4 (PR4) and Plant Defensin 1.2a (PDF1.2a) in Arabidopsis
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(Chapter III, Fig. 3). This, suggested a JA-independent effect and we extended our experi-
ments to the jasmonate resistent 1 (jar1-1) line, which cannot form the bioactive JA-Ile (Li
etal, 2017; Staswick et al., 2002; Staswick et al., 1992). In contrast to the results observed
in the wildtype, the lesion diameter results of jar1-1 were unchanged after cold pre-treat-
ment (Supplements, Fig. 1). This effect was in contradiction to the transcription results of
PR4 and PDF1.2, since we would have expected enhanced expression of JA responsive
genes if JA signaling is crucial for cold mediated resistance. However, pathogen-triggered
transcripts of PR4 and PDF1.2 were not affected by the prior cold treatment (Chapter III,
Fig. 3). The contrasting results do not allow a definitive conclusion on the role of JA or JA-
Ile signaling in cold pre-treatment-enhanced resistance against B. cinerea. In order to pro-
vide a definitive conclusion regarding the role of JA signaling in cold pre-treatment en-
hanced resistance against B. cinerea, it is necessary to integrate further JA mutants. These
lines should also include mutants with disrupted JA biosynthesis, since the JA precursor
12-oxo0 phytenoic acid (OPDA) can signal JA-Ile and Coronatine Insensitive 1 (COI1) inde-
pendently (Jimenez-Aleman et al., 2022). Additionally, phytohormone measurements for
JA and SA should be conducted to get a deeper understanding about whether brief cold
exposure or crosstalk between cold exposure and pathogen infection alters JA or SA abun-

dance in Arabidopsis.

6.6 Cold exposure-enhanced resistance in Arabidopsis is independent from
ETI and HR

Plants provide a robust immune response through HR, which is generally activated via
ETI (Lolle et al., 2020). Because biotrophic pathogens depend on living host tissue for dis-
ease progression, HR is effective against pathogens with a biotrophic phase (Balint-Kurti,
2019). ETI established via (toll-interleukin-1 receptor-like) TNL receptors necessitates
the involvement of nucleocytoplasmatic EDS1 for signaling and the immune response
(Dongus & Parker, 2021). Therefor, EDS1 is an important signaling component of TNL-
mediated HR. The repertoire of pathogen effectors from virulent Pst outruns ETI recogni-
tion and prevents ETI-triggered HR (Guo et al., 2009). Nevertheless, it is possible that a
prior cold exposure might amplify HR directly or via a priming memory. However, the
eds1-2 null mutant (Chapter I, Fig. 1; Chapter II, Fig. 2) shows a wildtype like increased

resistance after cold exposure (CT or CP), which makes HR as the reason for cold-induced
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resistance less likely, since TNL-mediated HR does not function in edsI-2. Another argu-
ment is that the HR-inducing bacterial strains Pst avrRPM1 and Pst avrRPS4 (Hofius et al.,
2009) do not exhibit increased resistance after cold treatment (Chapter I, Fig. 1), which
could be caused by increased HR. Also, an enhanced cold priming-mediated HR response
in the Pst avrRPM1 Arabidopsis interaction, which is compensated by the attenuation of
another immune signaling pathway, is unlikely, as the HR-mediated ion leakage in Col-0
is not affected by cold priming and subsequent Pst avrRPM1 infection (Supplements; Fig.
2). Finally, in the case of a putative cold-enhanced HR, it can be assumed that a B. cinerea
infection results in greater susceptibility due to the enhanced HR and the necrotrophic
behaviour. It has already been demonstrated that Arabidopsis plants, simultaneously in-
fected with the HR-inducing Pst avrRPM1 and the necrotrophic B. cinerea, have a higher
susceptibility against B. cinerea, probably due to avrRPM1-tiggered HR (Govrin & Levine,
2000). Taken all arguments together, it can be postulated that HR is not affected by CT or

CP and that it is therefore not responsible for cold exposure-enhanced resistance.

6.7 Cold mediated lignification may be a cause of cold mediated enhanced re-
sistance against B. cinerea

The plant cell wall, as a part of the apoplast, surrounds plant cells and provides mechani-
cal strength (Zhang et al., 2021). As a physical barrier, it might prevent pathogens from
penetrating the cell, for example, by forming transient papillae (including callose) or irre-
versible lignification (Eynck et al., 2012; Hiickelhoven, 2007; Nishimura et al,, 2003; Ja-
cobs et al., 2003). Additionally, pathogens and cold exposure alter the composition of the
plant cell wall (Lee et al,, 2019; Le Gall et al., 2015; Hano et al., 2006; Zhang et al., 2007),
which finally might affect the ability of B. cinerea to penetrate the cell wall. Although it is
known that callose can be formed during cold (Wu et al., 2019), the precise role of cold-
mediated callose remains unclear. Our findings demonstrated that a 24-hour cold expo-
sure significantly enhanced callose deposition in Arabidopsis (Chapter IlII, Fig. 5) and
therefore confirmed the results of Wu et al,, (2019). However, pathogen-induced callose
formation was not additionally affected by cold (Chapter III, Fig. 5). Callose formed in re-
sponse to pathogens is often used as an indication for PTI activation (Luna et al., 2011).
Consequently, the pathogen-triggerd callose formation, similar in cold-pretreated and

non-cold plamts, provides further evidence that PTI is not the immune signaling layer that
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is affected by cold exposure or by the crosstalk between cold exposure and pathogen im-
munity. It remains disputable whether cold-induced callose contributes to cold-mediated
enhanced resistance, given that cold-mediated callose formation was completly absent 24
hours after infection (Chapter IlI, Fig. 5). Additionally, the probability that cold-induced
callose is synthesized at a potential penetration site of B. cinerea can be considered low
as the plant cell callose ratio is very low (chapter III, Fig. 5A). Nevertheless, it is not ex-
cluded that the temporary cold-mediated callose contributes to the resistance of Ara-

bidopsis thaliana against invading pathogens such as B. cinerea.

Cold stress has been demonstrated to enhance the accumulation of pectin and lignin in
the plant cell wall (Le Gall et al., 2015; Takahasi et al., 2024) (Chapter IlI, Fig. 6). While
pectin can serve as a carbon source for B. cinerea, as B. cinerea secretes different pectin-
degrading enzymes, it is unlikely that lignin is degradable by B. cinerea (Choquer et al.,
2021; Hormann et al., 2013; Zhang et al., 2011). The results of this thesis demonstrated
that a single 24-hour cold exposure is sufficient to induce significant lignification in Col-0
leaves, and that a subsequent infection by B. cinerea does not significantly alter the cold-
mediated lignification (Chapter 11, Fig. 6). The stress-induced lignification of the plant cell
wall contributes to the protection of other potential degradable cell wall components,
such as cellulose and hemicellulose, against the action of cell wall-degrading enzymes se-
creted by B. cinerea (Eynck et al., 2012). Consequently, it can be postulated that cold-me-
diated, stress-induced lignin may contribute to enhanced resistance against B. cinerea.
Moreover, while the precise regulation of lignification remains elusive, there are reports
indicating that JA signaling impacts lignification in various plants (Borah et al., 2023;
Scalschi et al., 2020; Denness et al., 2011). In light of these observations and the finding
that jar1-1 is unable to induce cold-mediated resistance against B. cinerea (Supplements;
Fig. 1), we propose that JA-signaling impacts cold-mediated lignification in Arabidopsis.
Nevertheless, this hypothesis requires further verification. In contrast to B. cinerea, Pst is
restricted to the apoplast as a pathogenic habitat (Xin et al., 2018). Consequently, the cell
wall's role as a mechanical barrier against invading Pst is less significant for resistance
against Pst. Nevertheless, Arabidopsis infected with virulent Pst or avirulent, HR-inducing
Pst strains demonstrate a significant enhancement in lignification in the infected leaves,
which correlates with enhanced resistance (Lee et al.,, 2019). Hence, lignification is signif-
icantly more pronounced in Arabidopsis infected with HR-inducing strains, and it has

been demonstrated that lignification is essential for limiting HR to the infected tissue. It
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is noteworthy that HR-inducing Pst strains exhibit reduced motility in lignified leaves
compared to virulent Pst, suggesting that lignification may also impede pathogen motility
(Lee et al,, 2019). However, whether cold-mediated resistance against Pst relies on ligni-
fication remains a matter of research, as Pst avrRPM1 and Pst avrRPS4 (HR-inducing) in-
fected Arabidopsis cannot benefit from cold priming with enhanced resistance (Chapter

I; Fig. 1).

6.8 A prior cold exposure results in a full SAR response against Pst in Ara-
bidopsis

SAR is a well-studied immune response that includes cell to cell signaling. Here we fo-
cused on the effects of cold on SAR against Pst since Arabidopsis SAR fails to enhance re-
sistance against B. cinerea (Govrin & Levine, 2002). Contrasting to cold-mediated en-
hanced resistance against Pst in a local immune response (Chapter I, Fig. 1), additional
SAR induction immediately or three days after cold exposure abolished the cold mediated
resistance in Arabidopsis (Chapter IV, Fig. 3). However, we demonstrated that SAR can be
established after cold exposure (Chapter IV, Fig. 3). This contrasts to exposures to en-
hanced temperature (28 °C) where the establishment of SAR failed (Shields et al., 2023).
Because SAR is established and regulated by a variety of compounds including SA, pipe-
colic acid (Pip), N-hydroxypipecolic acid (NHP), azelaic acid (AzA) and ROS (Section
1.3.8), a variety of cold mediated changes could be responsible for the absence of an ad-
ditional increase in SAR. SA siganling is crucial for SAR (Section 1.3.8) and we demon-
strated enhanced PRI transcription in systemic tissue after SAR induction and cold pre-
treatment (Chapter IV, Fig.1). Thus, in contrast to the local immune response, a cold-me-
diated change in SA signaling was observed, even if this did not result in an altered sys-
temic resistance of Arabidopsis (Chapter IV, Fig. 1, 3). Another putative candidate which
may affect SAR after prior cold exposure is AzA, since AzA is generated in plastids via
peroxidation after various abiotic and biotic stressors (Priya Reddy & Oelmdiller, 2024).
Lastly, we demostrated enhanced susceptibility after SAR induction and cold pre-treat-
ment in Pst infected Arabidopsis (Chapter 1V, Fig. 3). This prompts the question of why
mock treatment leads to increased susceptibility in Arabidopsis? One potential explana-
tion is the wounding caused by the used syringe during mock treatment, which may acti-
vate a wound response that induces JA signaling and this response is enhanced due to the

cold exposure. JA signaling can enhance the susceptibility of Arabidopsis against Pst
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(Scalschi et al., 2020; Brooks et al., 2005; Kloek et al., 2001). Furthermore, a local wound
response can activates systemic JA signaling within minutes (Koo et al,, 2009), making JA
signaling a theoretical candidate for the increased susceptibility against Pst. Nevertheless,

this hypothesis requires further verification.

6.9 Chloroplast-localized sAPX and tAPX are indispensable for cold-en-
hanced resistance against Pseudomonas syringae and contribute to cold-en-
hanced resistance against Botrytis cinereas

A central aim of this work was to determine the role of the chloroplast as a cold sensing
hub in plant immunity and the impact of cold stress-induced ROS formation on plant im-
mune signaling pathways (Section 1.5). We hypothesized that chloroplasts play a role in
fine-tuning plant resistance after prior cold exposure, and that this involves the chloro-
plast-localized ROS scavengers sAPX and tAPX (Section 1.6). To demonstrate that chloro-
plasts are cold sensing hubs, knockout lines of chloroplast-localized stroma ascorbate pe-
roxidase (SAPX) and thylakoid ascorbate peroxidase (tAPX) were analyszed in the CT- and
CP-experimental setups. During cold exposure, an increase in ROS formation was ob-
served in chloroplasts. They can migrate as hydrogen peroxide to other cell compart-
ments and may impact various signaling pathways (Ugalde et al., 2021; Ensminger et al.,
2006; Huner et al., 1993). These potential impacts on signaling pathways may be fine-
tuned through the ROS-scavenging activities of sAPX and tAPX. The aforementioned hy-
potheses were empirically validated on plant resistance level, wherein it was demon-
strated that sAPX and tAPX are indispensable for wildtype-like enhanced resistance of
Arabidopsis following prior cold exposure against Pst and B. cinerea (Chapter I, Fig. 1;
Chapter 111, Fig. 2).

Pst and B. cinerea employ distinct infection strategies and Arabidopsis, therefore, utilizes
disparate immune signaling pathways for plant resistance (Section 1.3.3 - 1.3.7). sAPX
and tAPX prove beneficial for conferring wild-type-like and cold-mediated resistance
against different pathogens. Also, our findings demonstrated that cold priming with a five-
day memory phase between the cold treatment and Pst infection significantly enhanced
resistance in Col-0, but not in sapx and tapx (Chapter I, Fig. 5). Additionally, we demon-
strated enhanced susceptibility in an inducible tAPX-RNAi line after cold priming and sub-
sequent Pst infection (Chapter I, Fig. 5). This result indicates an involvment of sAPX and

tAPX for the priming mediated enhanced resistance, since cold mediated ROS formation
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declined rapidly after the cold treatment and cold stress responsive transcripts are
allready on non-stress level after 3 days (Chapter I, Fig. 2; Chapter II], Fig. 4 A), suggesting
a deacclimated plant. It is noteworthy that the double mutant line eds1 sapx exhibited en-
hanced resistance against Pst in the control treatment without cold exposure, in compar-
ison to eds1-2 (Chapter II, Fig. 2). This indicates a role for sAPX in plant resistance already
under control conditions without an additional cold exposure in an immunocompromised
background.

With regard to B. cinerea, camalexin and JA-mediated defense are crucial for resistance,
but SA may also contribute to wildtype-like resistance (Ferrari et al., 2007; Ferrari et al.,
2003). However, transcript analysis revealed that PAD3 (camalexin biosynthesis), JA-, and
SA-responsive genes do not exhibit cold-mediated expression in sapx and tapx (Chapter
I11, Fig. 3). This result suggests that these defense pathways are not affected by the lack of
sAPX and tAPX.

Both sapx and tapx exhibit comparable levels of resistance against B. cinerea after cold
pre-treatment, yet only sapx displays a distinct ROS formation profile following B. cinerea
infection (Chapter III, Fig. 4). Previous studies have demonstrated differences in the par-
ticipation of sAPX and tAPX on cold priming and it has been shown that tAPX alone medi-
ats cold priming-specific transcriptional alterations during a second cold exposure but
also the suppression of NADPH dehydrogenase-dependent cyclic electron transport
(Seiml-Buchinger et al., 2022; van Buer et al,, 2019). Additionally, tAPX is not affected or
tends to be downregulated directly after short and long term cold exposure and expres-
sion rises only days after cold exposure(Juszczak et al., 2016; van Buer et al.,, 2016) (Chap-
ter I, Fig. 4). In contrast, sAPX is significantly upregulated directly after a cold treatment
(Juszczak etal.,, 2016; van Buer et al,, 2016) (Chapter [, Fig. 4). This indicates a more prom-
inent role of sAPX for cold stress-mediated ROS scavenging. In addition to the interaction
of cold-mediated ROS and APX, there is also initial evidence of APX being targeted by path-
ogens from other studies. The coat protein of Citrus yellow vein clearing virus interacts
with Ascorbate Peroxidase 1 of Citrus limon and Nicotiana benthamiana, enhancing the
activity of Ascorbate Peroxidase 1, which promotes the accumulation of Citrus yellow vein
clearing virus (Wang et al., 2023). Additionally, the chloroplast-localized Ascorbate Pe-
roxidase 6 (APX6) of Citrus sinensis and Nicotiana benthamiana is targeted by the secreted
effector AGH17488 of Candidatus Liberibacter asiaticus, which results in the relocation of
APX6 to the cytoplasm and the enhancement of its activity and facilitation of pathogen

infection (Du et al,, 2023).
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6.10 Conclusion

This study demonstrates that a 24 h cold exposure enhances the resistance of Arabidopsis
thaliana against Pseudomonas syringae and Botrytis cinerea, independent of PTI, ETI and
SA signaling pathways. The findings suggest that ROS management, particularly through
chloroplast-localized scavengers like sAPX and tAPX, stress-induced lignification and JA

signaling play crucial roles in mediating this cold-induced resistance.
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6.11 Supplements
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Figure 1:Lesion diameter of Botrytis cinerea infected Col-0, salicylic acid induction deficient 2 (sid2-1) knock-
out and jasmonate resistant 1 (jar1-1) knockdown lines after prior cold pre-treated (CT; 24 h at 4 °C). Four
leaves of each biological replicate were drop-inoculated (5 x 10* spores ml-1) and the lesion diameter was
measured 3 days post inoculation (dpi). N = 24 (3 independent experiments), different colours of the dots
indicate different experiments and different letters denote statistically significant differences (Tukey-HSD:
p-value < 0.05).
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Figure 2: Electrolyte leakage from Arabidopsis leaf discs after cold priming (CP) and inoculation with hy-
persensitive response-inducing Pst avrRPM1. 4-week-old Col-0 plants were cold primed (4°C for 1 day) and
inoculated with Pst avrRPM1 (ODsoo = 0.005) after a 5-day long memory phase. After the inoculated leaves
have dried, two (8 mm @) leaf discs per biological replicate were punched out and transferred to a tube
containing ¢aH20. Conductivity was measured 1 day post-inoculation (dpi) and was normalized to an initial
2 hpi measurement to minimize the effect of wound-mediated ion leakage. Bars represent mean and stand-
ard deviation. N = 11 (3 independent experiments). Two-way t-test; p = 0.05.
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