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In their natural environment, plants are exposed to biotic or abiotic stresses that occur
sequentially or simultaneously. Plant responses to these stresses have been studied widely and
have been well characterised in simplified systems involving single plant species facing individual
stress. Temperature elevation is a major abiotic driver of climate change and scenarios have
predicted anincrease in the number and severity of epidemics. In this context, here we review the
available data on the effect of heat stress on plant—pathogen interactions. Considering 45 studies
performed on model or crop species, we discuss the possible implications of the optimum growth
temperature of plant hosts and pathogens, mode of stress application and temperature variation
onresistance modulations. Alarmingly, mostidentified resistances are altered under temperature
elevation, regardless of the plant and pathogen species. Therefore, we have listed current
knowledge on heat-dependent plant immune mechanisms and pathogen thermosensory
processes, mainly studied in animals and human pathogens, that could help to understand the
outcome of plant-pathogen interactions under elevated temperatures. Based on a general
overview of the mechanisms involved in plant responses to pathogens, and integrating multiple
interactions with the biotic environment, we provide recommendations to optimise plant disease
resistance under heat stress and to identify thermotolerant resistance mechanisms.

Key words: combined stresses, immunity,
plant-pathogen abiotic stress interactions,
resistance, temperature elevation.

L. Introduction stress can be classified into two categories, biotic and abiotic. Biotic
’ stress is induced by other living organisms, such as weeds, insects,

During their life cycle, wild and cultivated plants have to deal with
multiple environmental constraints that often occur simultane-
ously. The complex sequence of genetic, molecular and physio-
logical responses of the plant subjected to these constraints is
defined as a stress. Depending on the nature of the triggering factor,
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bacteria, fungi and viruses, that may be either beneficial (symbiotic
interactions) or harmful (i.e. competitive and pathogenic interac-
tions). In the second category, abiotic stress is caused by nonliving
factors such as drought, pollution, soil salinity, nonoptimal
temperature and light conditions or variations in water or in
nutrient availability. Due to their sessile nature, the ability of plants
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to adapt to stress is crucial. Until recently, the identification and the
study of physiological, genetic and molecular mechanisms involved
in plant disease responses were mainly focused on stress applied
separately, while studies that integrated combined stresses remain
under-represented (Suzuki ez al., 2014; Pandey ez al., 2017; Zhang
& Sonnewald, 2017). Studies related to plant—pathogen—abiotic
factor interactions are even scarcer. Overall, it appears that the
mechanisms that occur on the plant side are complex and quite
different from those involved when individual biotic or abiotic
constraints are considered (Pandey er al, 2015; Zhang &
Sonnewald, 2017).

To face pathogen attack, plants have developed different defence
strategies. Preformed components on the surface of plant organs,
such as wax layer, rigid cell walls, cuticular lipids (Reina-Pinto &
Yephremov, 2009), antimicrobial enzymes (Habib & Fazili, 2007)
or secondary metabolites (Ahuja ez al., 2012; Piasecka ez al., 2015),
constitute a first barrier that restricts pathogen entry. Pathogens
that overcome these first obstacles are then confronted with
induced plant defence responses that have been studied extensively
and well characterised (Jones & Dangl, 2006; Dodds & Rathjen,
2010; Miller ez al., 2017). The plant immune system relies on two
layers of defence. The first layer involves pattern recognition
receptors (PRRs) on the cell surface that perceive conserved
pathogen-associated molecular patterns (PAMPs) leading to
PAMP-triggered immunity (PTI). This immune response is
nonspecific and confers a basal resistance level to a broad spectrum
of pathogens. Adapted pathogens have evolved sophisticated
virulence strategies that rely on virulence factors that can interfere
with various host processes, including PTI. For plant bacterial
pathogens, effector proteins are secreted and injected into the host
cytoplasm through a type III secretion system (T3SS), promoting
effector-triggered susceptibility (ETS) (Deslandes & Rivas, 2012).
The second layer of defence involves intracellular nucleotide-
binding oligomerisation domain (NOD)-like receptors (NLRs)
that can specifically detect effector virulence activities and activate a
strong innate immune response called effector-triggered immunity
(ETI) (Wang et al, 2019a). ET1 is often associated with a localised
programmed cell death (called HR, for hypersensitive response)
that restricts further spread of the pathogen (Mur ez 4/, 2008).
Members of the NLR protein family share common structural
features, including a nucleotide-binding domain (NB) and a
leucine-rich-repeat domain (LRR) (Jones & Dangl, 2006).
Depending on the amino acid domain localised at their N-termini,
these immune receptors are classified into CC-NB-LRR (coiled
coil) or TIR-NB-LRR (Toll, interleukin-1 receptor) proteins (Eitas
& Dangl, 2010). ETT is generally species- and strain-specific and
often leads to full resistance, resulting in a strong selective pressure
on pathogens to overcome immune responses (Roux ez a/., 2014).
However, not all pathogenic microbial determinants fit the classic
definition of PAMPs or effectors, such that PTT and ETT immune
responses involve similar mechanisms such as reactive oxygen
species (ROS) production, kinase signalling and transcriptome
reprogramming. The distinction between these defence responses
therefore remains ambiguous. Indeed, some studies have suggested
that a microbial effector might have driven the emergence of plant
pattern recognition systems mediating PTI. For example, necrosis
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and ethylene-inducing peptide 1 (Nep1)-like proteins (NLPs) from
bacteria, fungi and oomycetes are effectors that activate PTI
through phytotoxin-induced host cell damage. In addition, a
conserved pattern of 20 amino acid residues (nlp20) found in these
NLPs has been shown to confer broad-spectrum resistance through
pattern recognition, a mechanism reminiscent of the immune
receptor mediators of the ETI (Bohm et al., 2014). Furthermore,
the direct association between an R-like protein, SINRC4a, and
PRRs leads to enhanced PTT signalling in the absence of effectors
(Leibman-Markus et al., 2018). Therefore, plant resistance has
been suggested to be in a continuum between PTI and ETI, based
on the recognition of pathogen molecules by that appropriate plant
receptors to activate an efficient immune response (Thomma ez al.,
2011). As many partial resistance responses are more frequently
observed than ETT in natural populations and crop fields (Young,
1996; Bartoli & Roux, 2017), several studies have proposed that
this phenomenon is explained by quantitative disease resistance
(QDR). Unlike ETI, which is defined as a qualitative resistance,
QDR is characterised by a continuous distribution of resistance
phenotypes within a population rather than a total absence of
disease, and by polygenic architecture (Roux ez al., 2014; French
et al., 2016; Bartoli & Roux, 2017).

Fluctuating climate parameters are among the types of abiotic
stress to which plants must also adapt. In the context of climate
change, scenarios predict variations in all the components of the
climate system, resulting in more intense, frequent and long-lasting
extreme weather events worldwide (IPCC, 2019). The speed,
brutality and severity of projected changes represent a major threat
of unknown magnitude that would increase the likelihood of
altering species distribution areas and ecosystem equilibrium
(Bebber, 2015), therefore affecting natural biodiversity (Pimm
et al., 2014) and global food security (IPCC, 2014). Amongst
climate risks, an increase in mean temperature is one of the main
abiotic fluctuations to which plants will have to adapt (Bita &
Gerats, 2013; Suzuki ez al., 2014; Velasquez et al., 2018). Based on
average global surface temperature is predicted to rise from 1.5°C
to 4.8°C by the end of the century (IPCC, 2014). While a shift in
the geographic expansion of pathogens polewards has already been
observed (Bebber ez al., 2013), temperature elevation (TpE) is also
expected to favour the emergence of new pathogens and to increase
the occurrence and severity of epidemics (Elad & Pertot, 2014;
Bebber, 2015; McDonald & Stukenbrock, 2016).

Interestingly, a growing number of studies have shown that TpE
can balance the plant immune response in different ways, although
the underlying mechanisms remain poorly understood. The
purpose of this review was to gather and discuss studies that
describe the effect of TpE either (1) on plants or pathogens, (2) on
both partners in interaction, or finally (3) on the outcome of the
interaction. By considering 45 studies that describe the effect of
temperature on plant response to pathogens, we found a predom-
inantly negative effect of TpE on the main known resistance
mechanisms. We discuss the implications of the diversity of the
experimental conditions used, the way combined stresses were
applied, the level of explored genetic diversity, and the cellular,
genetic and molecular mechanisms modulated by TpE on either
plants or pathogens. Finally, we provide some recommendations
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on research directions that may improve our understanding of the
combinatorial effects of TpE on plant—pathogen interactions. This
should pave the way for maintaining efficient disease resistance
under heat stress and for identifying molecular mechanisms that
would provide sustainable crop resistance under changing temper-
ature conditions.

Il. Round one: plants or pathogens facing heat stress

1. Effect of heat stress on plants

Most higher plants, classified as mesophilic organisms, have an
optimum growth in a thermal niche that ranges from 10 to 30°C
(Nievola ezal., 2017). However, the incidence of a TpE depends on
the applied temperature range and on the plant species studied. For
instance, for Arabidopsis thaliana, according to temperatures
applied, heat is defined as warm ambient temperature between
22°C and 27°C, high temperature between 27°C and 37°C and
extremely high temperature between 37°C and 42°C (Liu et al.,

|
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2015). The effect of TpE on plants has been studied extensively and
reviewed recently in several articles (Bita & Gerats, 2013; Liu ez al.,
2015; Gray & Brady, 2016; Nievola e al., 2017), however we
would like to point out that, to date, most studies have investigated
the effects of an elevation from 5°C to 10°C or even more than
10°C above the optimum growth temperature, which corresponds
to high or extremely high TpEs. Heat stress severely affects plant
homeostasis and vital functions. Fig. 1 puts together the main
findings obtained for plants and we invite readers to consult listed
reviews for more information. At the developmental level,
vegetative and reproductive organs are affected (Zinn ez al., 2010;
Gray & Brady, 2016; Yang ez al., 2018; Wang ez al., 2018a). Plants
exposed to TpE are affected at the cell physiology level during all
developmental stages. TpE increases membrane fluidity and
permeability leading to: (1) lipid-based signalling cascades that
modulate membrane-localised heat-sensing factors; and (2) a re-
organisation of cellular structures such as microtubules, organelles
and cytoskeleton, affecting cell differentiation, elongation and
expansion (Saidi ez al., 2011; Bita & Gerats, 2013). TpE interferes

(a) Plant development (b) Cell physiology
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Fig. 1 Effect of elevated temperature on plant development, cell physiology and molecular signalling. (a) Plant development is altered at different levels,
affecting different organs such as leaves and reproductive organs (Zinn et al., 2010; Gray & Brady, 2016; Yangetal., 2018; Wang et al., 2018a). (b) TpE affects
cell physiology, increasing membrane fluidity and permeability leading to the modulation of membrane-localised heat-sensing factors and to the modification
of cell differentiation, elongation and expansion (Saidi et al., 2011; Bita & Gerats, 2013). (c) Heat tolerance is promoted by osmolytes production that help
protein stabilisation (Mirzaei et al., 2012) and stimulate phenolic compound accumulation (Wahid et al., 2007). At the cellular level, TpE interferes with many
signalling processes involving reactive oxygen species (ROS) (Konigshofer et al., 2008), Ca®" influx across the plasma membrane and its signalling through
calmodulins (CaMs), mitogen-activated protein kinases (MAPKs) or CaM-binding protein kinases (CBKs) (Saidi et al., 2011), differential accumulation of key
hormones, phytochrome-interacting factors (PIFs) that belong to a class of basic helix-loop—helix (bHLH) transcription factors (Huaiet al., 2018) and perception
of temperature through DNA-nucleosome fluctuations involving histone H2A.Z (Kumar & Wigge, 2010). Together, these actions contribute to the
transduction of heat signals and the coordination of temperature-dependent gene transcription leading to heat acclimatisation. ABA, abscisic acid; AlA, auxin;
CK, cytokinin; ET, ethylene; GA, gibberellic acid; SA, salicylic acid.
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with many signalling processes within the cell. Production of
osmolytes is triggered, participating in heat tolerance by helping
protein stabilisation (Mirzaei ez al., 2012) and stimulating phenolic
compound accumulation (flavonoids, anthocyanins, steroids)
(Wahid ez al., 2007). Signalling pathways are also regulated, and
phosphorylation of some proteins is promoted (Larkindale &
Vierling, 2008; Saidi ez al, 2011). In addition, the biosynthesis and
compartmentalisation of metabolites are disturbed (Maestri ez 4.,
2002). Production of ROS contributes to transduction of the heat
signal, leading to the regulation of expression of heat shock protein
(HSP) genes involved in thermotolerance (Konigshofer er al,
2008). Thermosensory signalling also relies on phytochrome-
interacting factors (PIFs) that belong to a class of basic helix—loop—
helix ((HLH) transcription factors (TFs) (Huai ez al, 2018).
Among those, PIF4 coordinates temperature-dependent growth of
A. thaliana plants and negatively regulates plant immunity (Gan-
gappa etal., 2017). In A. thaliana, direct perception of temperature
occurs through DNA—nucleosome fluctuations that involve alter-
native histone H2A.Z required for proper coordination of
temperature-dependent gene transcription (Kumar & Wigge,
2010). TpE also induces extracellular Ca** influx across the plasma
membrane. Perception of Ca®" fluctuations by calcium sensors,
such as calmodulins (CaMs), and the activation of specific mitogen-
activated protein kinases (MAPKs) or CaM-binding protein
kinases (CBKs), are part of the Ca*'-dependent heat stress
downstream signalling pathway that regulates the activity of heat
shock transcription factors (HSFs) and expression of HSP genes
(Saidi ez al., 2011). Furthermore, TpE also induces modulation of
gene expression in various processes including primary and
secondary metabolism, transcriptional regulation, translation and
response to environmental stress.

Depending on the plant species and genotypes, TpE can also
differentially affect host genome methylation, as exemplified in
A. thaliana and cotton, whose genomes are hyper- methylated and
hypo-methylated under heat stress, respectively (Liu et al., 2015).
Furthermore, TpE can trigger the transient activation of repetitive
elements or silenced gene clusters and, by contrast, transient
inhibition of gene silencing (Lang-Mladek ez 4/, 2010; Pecinka
etal.,2010). However, it seems difficult to define a general trend of
heat effects on DNA methylation changes in different species (Liu
etal.,2015). Finally, TpE can interfere with protein homeostasis in
plant cells, leading to the denaturation of some proteins already
present or misfolding of newly synthesised proteins (Volkening
etal., 2019).

Following a nonlethal exposure to TpE, plants can enhance their
ability to cope with and respond more efficiently to a repeated heat
stress. This phenomenon is commonly referred to as ‘priming’ or
acquisition of thermotolerance. This rapid, highly conserved, and
actively maintained response leads to heat stress memory, recently
reviewed in Baurle (2016) and Friedrich e 4/. (2019). This priming
induces HSF and heat shock protein (HSP) expression and
stabilisation, thus enhancing protein homeostasis (Finka ez al,
2015; Haslbeck & Vierling, 2015). Although the underlying
molecular mechanisms remain elusive, the heat shock transcription
factor A2 (HsfA2) was shown to regulate heat stress memory genes

encoding small HSPs such as HEAT STRESS-ASSOCIATED
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32kD PROTEIN (HSA32) or ASCORBATE PEROXIDASE 2
(APX2) (Charng et al., 2007; Liu & Charng, 2012; Lamke et 4/,
2016). Interestingly, APX2A and another HPS22 loci can be
dimethylated or trimethylated with histone H3 lysine 4
(H3K4me2 and H3K4me3) upon heat stress priming, and
regulating their ability to be transcribed (Limke ez /., 2016). This
phenomenon is linked to HsfA2 and shows how epigenetic markers
are affected by heat stress.

2. How do pathogens cope with heat stress?

The overall effect of climate changes on pathogens is difficult to
determine as the optimal infection conditions, host specificity and
plant responses greatly differ from one pathogen to another (Elad &
Pertot, 2014). Temperature is one of the most significant climatic
variables for phytopathogen infection, along with relative humidity
(Huber & Gillespie, 1992). The main effects of TPE on pathogens
at the macroscopic level are summarised in Fig. 2(a). For pathogens
that have evolved at higher latitudes, TpE is predicted to improve
their fitness and to increase the risk of epidemics due to their
adaptation to temperatures below their physiological optimum
(Deutsch et al., 2008). The effect of temperature also depends on
pathogen trophic behaviour. Indeed, elevated temperatures
increase tissue necrosis and favour colonisation by necrotrophic
pathogens (Elad & Pertot, 2014). Furthermore, modification of
plant physiology under TpE can result in profoundly altered
colonisation of host tissues by biotrophic pathogens (Agrios, 2005).
Both temperature and relative humidity often govern pathogen
reproduction rate (Caffarra et 2/, 2012). Longer growing seasons
due to climate warming will increase the length of pathogen
reproduction and dissemination periods. For instance, studying the
effect of temperature on life-history traits of the fungal pathogen
Podosphaera  plantaginis, which causes powdery mildew, on
Plantago lanceolata showed an acceleration of spore germination
and a stimulation of spore production at higher temperatures. This
suggests that under such conditions, all asexual traits perform
better, unlike sexual traits (Vaumourin & Laine, 2018). At the
epidemiological level, prolonged periods of optimum temperatures
during pathogen development, along with optimum precipitation
and/or humidity conditions, increase crop losses (Agrios, 2005).
The strongest consequences of global warming on the spread of
pathogens are expected to be in regions where the average
temperature reaches their optimum growth temperature. Addi-
tionally, TpE will probably affect the fitness of pathogen species
with a narrower temperature growth range, as such species are
expected to be more sensitive to extreme temperature fluctuations
(Elad & Pertot, 2014).

Several mechanisms involved in the sensing of thermal fluctu-
ations have been investigated extensively in fungal and bacterial
pathogenic species, mainly in humans and mammals. We will
present them briefly, as they have already been described in reviews
(Shapiro & Cowen, 2012; Lam ez al., 2014). Relevant examples
that could help to understand the mechanisms involved in plant—
pathogen interactions under TpE are presented in Fig. 2(b).
Temperature affects developmental transitions, promotes virulence
of bacteria and fungi, and influences replication and growth
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Fig. 2 Effect of elevated temperature on pathogens. (a) Heat stress has an effect at a macroscopic scale, influencing the plant-pathogen life cycle. (b) In many
animal pathogens, heat stress can be perceived at the membrane level and through the regulation of various molecular mechanisms involving kinase receptors
and DNA-dependentand/or RNA-dependent sensor mechanisms. Red lines indicate TpE-dependent regulation. Blunted and pointed arrows indicate inhibition
and activation, respectively. TCS, two-component regulatory system; TF, transcription factor.

properties of viruses that infect human and mice. For mammalian
bacterial pathogens, temperature is an indicator of successful host
infection as it modulates significant virulence determinants such as
the T3SS functions, the delivery of type Il effectors (T3Es), flagella
motility and the production of toxins and adhesins (Lam ez al,
2014). The cellular membrane contributes to sensing temperature
fluctuations through different processes. For bacteria, extreme
temperatures alter membrane properties, fatty acid composition
and the level of unsaturated lipids, thus allowing membranes
themselves to act as thermosensors. For instance, change in the
membrane lipid composition, through LpxDs acyltransferase
activities or the expression level of acyl-lipid desaturases, have been
demonstrated to be involved in temperature-dependent remod-
elling of membrane lipids in Francisella bacteria and Synechocystis
cyanobacteria, respectively (Suzuki ez al., 2000; Li ez al., 2012). A
second mechanism involves transcriptional regulators, kinases and
chaperones as temperature sensors (Shapiro & Cowen, 2012). It
also includes a two-component regulatory system (TCS), ubiqui-
tous in prokaryotes, and composed of a membrane-anchored sensor
like histidine kinase and a cytoplasmic regulator. TCSs have key
roles in temperature fluctuation perception and can activate type I11
and type IV secretion systems, which are considered as major
determinants of bacterial virulence. Temperature sensing and
regulation mechanisms for plant pathogens remain poorly under-
stood. To date, Agrobacterium tumefaciens and Pseudomonas
syringae TCS have been the most studied (Jin ez 2/, 1993; Braun
et al., 2007). In A. tumefaciens, autophosphorylation of VirA
(sensor) and phosphorylation of VirG (regulator) are both
suppressed above 32°C, leading to impaired bacterial virulence

New Phytologist (2021) 229: 712-734
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(Jin et al, 1993). In P. syringae, elevated temperatures trigger
conformational changes in CorS (sensor kinase), leading to CorR
inactivation (regulator) (Braun ez 4l., 2007). Interestingly, Shapiro
& Cowen (2012) suggested that the temperature-dependent
modulation of the TCSs from different bacterial species could be
part of a mechanism shared by animal and plant pathogens to
promote host infection at temperatures described as optimum for
the hosts themselves. Other studies have shown that the structure
and topology of DNA can also act as thermosensor, either through
its supercoiling or the temperature-dependent accessibility of
promoter regions occupied by histone-type proteins (Shapiro &
Cowen, 2012). Finally, an ‘RNA thermometers’ mechanism
involves temperature-sensitive noncoding RNA regions that are
often located in the 5" untranslated region (5'UTR) of bacterial
RNAs. Temperature can either modulate their expression or
stability, making ribosome-binding sites accessible and facilitating
translation initiation (Shapiro & Cowen, 2012).

lll. Round two: effect of heat stress on plant-pathogen
interactions

1. Key features of combined heat and pathogenic stresses
studies

In recent decades, many review articles have addressed the potential
effect of climate change on plant pathogens and diseases (Juroszek
et al., 2020). Surprisingly, Juroszek and colleagues noticed a
decrease since 2014 in the number of reviews in biological research
dealing with the effects of climate changes on plant pathogens and

© 2020 The Authors
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crop diseases, suggesting a decline of interest in this topic. However,
in agreement with the observed effects of global warming and the
prediction of its effect on living organisms and ecosystems, the
number of studies reporting an alteration of plant disease
resistances under TpE has increased tremendously in recent years.
Therefore, we decided to review current available knowledge to
assess the effect of TpE on plant—pathogen interactions, using ‘high
temperature, temperature elevation, pathogens, plants, resistance,
immune response and combined stresses’ as keywords to perform
bibliographic searches on the Web of Science, Google Scholar and
PubMed—NCBI websites. We selected 45 studies or reviews
combining 142 cases of pathogen resistance responses tested under
TpE (Tables1, 2). Among those, 36 pathosystems could be
distinguished, corresponding to a combination of 21 plant species
(including 20 crop species) with 27 pathogen species (including
eight fungi, three oomycetes, three nematodes, three bacteria and
nine viruses). Studies describing negatively impacted resistances
under TpE are listed in Table 1, whereas heat-stable resistances and
those enhanced under TpE are presented in Table 2. We draw
attention to the fact that observations must be nuanced because, in
some cases, the effect of TpE on other characterised resistance genes
is unknown.

Opverall, studies are mainly descriptive. Most of the resistance
responses were examined under controlled conditions (42 studies).
Only two responses, conferred by the Mi-1 gene in tomato to three
nematode species and by the Xa-7 gene, in rice to Xanthomonas
oryzae pv oryzae (Xoo), respectively, were assessed in both
controlled (Jablonska et 4/, 2007; Cohen et al., 2017) and field
conditions over several years (Dropkin, 1969; Webb et 4/, 2010).
Additionally, one study investigated the thermosensitivity of wheat
resistances linked to Lr22b and Lr34 genes against Puccinia
recondita, during 3 years only in field conditions (Plotnikova &
Stubei, 2013). The fact that most experiments were carried out in
glasshouses or growth chambers allowed easy application and fairly
precise control of specific abiotic and biotic factors. However,
although much more complex to perform, field experiments, which
can take several years to complete, allow the robustness and
transferability of the resistance to be assessed under more agro-
ecologically realistic conditions. Apart from field studies, depend-
ing on how temperature and pathogen stresses were applied, we
classified studies into three groups, presented in Fig. 3 and listed in
Table 1 and Table2. Eleven, seven and 23 studies reported
simultaneous stress application (Fig. 3a), sequential stress applica-
tion (Fig. 3b), and acclimatisation (Fig. 3¢), respectively. The few
remaining studies assessed the effect of TpE using several modes of
application of stresses within each study, with no change in the final
effect on plant immune response (Gijzen er al, 1996; Djian-
Caporalino ez al., 1999; Webb ez al., 2010).

Strikingly, in 55% of the studied resistances, TpE resulted in an
increased plant susceptibility or an inhibition of plant defences
(Table 1). The negative effect on plant resistances is not restricted to
specific plant species or pathogen species and their related lifestyles.
In Table 1, there is a balanced distribution of plant and pathogen
species studied. Interestingly, most pathogen species have an
optimal growth temperature close to the temperature stress applied.
However, there are few exceptions (i.e. Martens er al., 1967;
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Mayama ez al., 1975; Gousseau ez al., 1985; Xiao ez al., 2003). The
mode of application of the stresses was predominantly simultane-
ous (Fig. 3b). In Table 2, which references positive or neutral effect
of TpE on resistance, a high number of studies involved wheat, rice
and fungi. This higher proportion, corroborated by Juroszek and
colleagues, could be related to the fact that some diseases, such as
the wheat stripe rust caused by Puccinia striiformist. sp. tritici, were
among the first to be studied because of their major economic
importance (Chen, 2013; Juroszek ez al., 2020). Contrasting with
Table 1, the acclimatisation mode (Fig. 3¢c) is predominant in
Table 2. This difference could be explained by the fact that most
studies in Table 2 were performed on pathosystems involving
pathogenic fungi requiring a plant tissue infection phase prior TpE.
Opverall, TpE negatively affects all types of resistance responses
(PTI, ETI and QDR), although cases of immune response
inhibition mainly concern ETI (Table 1). In addition, these data
highlight stable defence responses mostly involving QDR (Table 2)
(i.e. Uauy etal., 2005; Fu ez al., 2009; Ren et al.,, 2012; Chen, 2013;
Zhou et al., 2014; Lu et al., 2014; Aoun et al., 2017; Toa et al.,
2018; Feng ez al., 2018; Wang ez al., 2019b). Interestingly, QDRs
were proposed to confer sustainable resistance often efficient
against a wide range of pathogen species and also specific to a
developmental stage, spatially and temporally regulated, and
dependent on the environment (Chen, 2013; Debieu ez al., 20165
French et al, 2016).

The high frequency of negatively impacted resistances observed
under TpE (Table 1) may be explained by the ability of many
pathogens to cope with and to adapt quickly to conditions above
the optimal growth temperature of their host plants. Alternatively,
in all the maintained resistances to P. striiformis f. sp. tritici
(Table 2), the ability of wheat to grow in a wider range of
temperatures and to develop specific resistance responses at higher
temperatures gives this crop a great advantage over the pathogen,
which has a lower optimum growth temperature. Noteworthy, the
effect of TpE on plant resistance could depend on the mode of TpE
application. Acclimatisation to TpE for 7d or more before
inoculation with the pathogen led to enhanced resistance (Ge ez al,
1998; Cohen et al., 2017; Onaga et al., 2017a). The effect of TpE
acclimatisation on ETT in A. thaliana is highlighted by different
studies. For instance, while Cheng and colleagues applied TpE for
3-6h on AvrRpr2 expressing transgenic plants, Menna and
colleagues primed plants for 24h prior to inoculation with
P. syringae pv tomatro (Pst) strains and delivering either HopZ1a or
AvRpt2 effectors (Cheng ez al., 2013; Menna ez al., 2015). In these
two studies, ETT was affected, but in different ways. Indeed, Cheng
and colleagues showed that TpE fully inhibits AvrRpt2-triggered
immunity (Cheng eral., 2013). By contrast, Menna and colleagues
showed that, after acclimatisation, although HR triggered by Psz
effectors was suppressed at 28°C, the resistance response remained
efficient enough to restrict bacteria multiplication, but to a lower
extent compared with 22°C (Menna ez a/., 2015). Whether these
differences are directly related to the mode of TpE application
remains to be demonstrated. However, acclimatisation period and
priming effects following a chronic and intermittent exposure to
abiotic stress are known to allow plants to better resist biotic stress
(Hilker et al., 2015). For example, wheat plants exposed to 15 or

New Phytologist (2021) 229: 712-734
www.newphytologist.com



Phytologist

New

Tansley review

3

(v661) (D.0€ (esounnis ‘N
‘e30 weypypry  passaiddns yH (z-g) bas pS 10 2012) Do6 W ‘epeuiwne N
(0,0€ Rl
(6002) 10 2,8 410 DoTT (9961 ‘yMIH (AWL) snuiA 2URROOIN)
113 ‘o Suepm  passaiddns Yy N (z-9) bas PE  <DolT) D89 b) a q SMUIA ' 43UN3QRT) DobT  DIBSOW 02080 023eqo |
(2,08 (euBIUIRYIUDG
(6002) 10 D682 10 DoTT (£107 (XAd) BURIIODIN)
113 ‘Jejo Suep  passaiddns yH xy (z-g) bas prordn  «<Doz7) De8-9 b) a q SUIA - “[B39104D) Do8T X SniiA opejod 020840
(wnoeqe)
(9102) (2082 410 DotT (AWD) SNUIA (8L0z "2 39 BURIIOJIN)
¥ao ‘[egooeyz  swoydwAs aow eu (1-v) wis P8z 102c81)D:0LF b} w g SNIIA BU D/BSOWY J2qUINOND  SUBA) D.G'ET 0208qOL
(D.€€
osdy ‘csdy 10 Do6C
juapuadap ‘psdy'e-gsdy “Dotrt)
9ye|0s! ‘zsdy'-Lsdy D6l — Dol L (L661
(9661) ‘uomquyui'p-Lsdy’o-Lsdy (€ (Do£€ (0z0T "I 32 aefos /e 32 saddoH) (xew
¥a0 “[e 32 uazhn QoUBYSISY  'G-Lsdy'e-Lsdy  -g) bas (L-v) wis usy 10 35G7) Do8 o] a H 9}0AWO0  P03S) D.0E-GT eloypydorAyd D40T-CL  2uPAID) ueaghos
uondayul (DotC (wnyidisreds s
(£661) Jwshs uone|ndoul /20612081 (AAd) ‘asua.ons
113 UBUON[BA  ‘9AIRI9YD 559] WH AN (-D) 22y 21034 %39\ /269L) DoLE b) a q SnIIA U A STIIA 0FB3O4 wnuejos) oye10d
yauow | (AMSL)
8661 13Un 2,27 (20TT+DoTE SMUIA 3Im (osuduIL
¥ao “/e3o hinow  passaiddns yH ms| (2-9) +b3S  /DoTEIRPTL/6 10 DoTT) DoOL b} a il SnIIA BU  paj30ds 0FeUIo] wnoisded) saddad
uopoayul (AWDW.L) SIIA
+00Z oIwa3shs (D.0€ oresow uaaiI§
113 ‘/2}2BpEMES  '2A09YD SS3| YH -1 (1-2) 22y pzL-s —Dot2) D9 b) a q SUIA 'U pliw 0358q0 1
uonodul AWWed)
(¥002) o1weyshs (2,82 snJiA ajpow
113 /e BPEMES  '9AIDAYD SS3] YH o7 (1-D) 22V pzl-g “Do¥T) Dot b} a g SNIIA BU pliw eyLded
[OX14 (#00T 'inowre1
/DeLE10 D81 1 %3qsneH) pisdes (oo “je32 (wnnuue
¥AO  (£L07) ‘fe2 N swoydwAs aiow U (L-v) wis PL=G'€'L'0 /DoGT) Dol/DoTL o] W H 9322AwoQ 2.82-6C vIoypydoifyd  BYeS) DoGZ-0T wmdisde)) seddad
(£107) uoniquyur (008 (5107 "2 32 win1eadeUE|0S
113 ‘[& 32 Unoy 20UBSISaY Y- LSYN/ESdY (1L-v) wis poL 10 D0£2) Dok b} w H  Wnuapeqosjold BUONH) Do8T eIL0)S[RY
uoneddinw (2,0€
(5107)  [euspRqIaySy /282 40 Db
113 ‘ejoeuuayy  ‘passaiddns yH LYYZ 'ZSdY (g-D) 2V P v/Y¥T /20L0) D069
passaiddns
(€100 YH uoniqiyul (DoCE
113 ‘[e 39 Suayd UE}SISAY LWJY 'ZSd¥ (L-v) wis yo 0} Do) Do8T9 000€£DQ ozewoy
(6002) SdY (282 (LL61 "B 79 Ad oeSulihs
113 [e 32 SuBp passaiddns yH ‘LWJY 'ZSd¥ (9-2) 2y AM | 10 2622) D9 o] W N WnLa35eqosjold Buno,) 2.8 seuowiopnasd
paje[ndaiumop
uojssaidxa
(¥002) ravd uopienooul (28T (8661 eopiseled
113°11d enH @ SueA  pue 1SQT 'LONS LONS (¥-2) 297 91049q S}/ \\ 10 2622) D9 ] W 4 930Awo0 “IeYdY) Do0T el0dsouoldd (eueljeyy
(€002) (2-0€ (r£61 's1ouURBW wnieaseloyd1> (rLoz ""1e 3@ sisdopiqeiy)
113 ‘Jeppoerx  passaiddns yH SMdY (z-9) bas pogordn 10 2422) D08 b} w a 9320AW0dSY Y PIBA) D0T  SBIAWOUIA0JOD  1INZNS) DoETTT sisdopiqely
90UR)SISAI JO [ERIIEYEIEN| 3d] jo a3 sauag n_cozﬁ__aam ainsodxa  ainjesadwial Uiy ,SuoRIpuod v%:m 2lAsayn wnjAyd ainjesadway  sawads uaoyyed ainjesadway sapads jue|d
wsiueyday 20UBSISAY 59135 JO SPOW 3d] jo | ainyn) jo adA| ymmous yimois
jewndo uagoyyey EYEEY-EY
[ewndo

"9DUB)SISAI UO 109449 9ARESDU B YHM SSa13s Jeay Japun suoijdesajul uafoyyed—jueid uo paued saipnis 4o 117 | ajqel

S

© 2020 The Author:

©2020 New Phytolo,

712-734

New Phytologist (2021) 229

gist Foundation

New Phytologist

www.newphytologist.com



N
N
S
N
<
§
&~ (DoLTLE/DGE
(0102 9AIROIYD oLex 10 D612/2060) (LLoz “/e32  oezAl0 Ad oBZAIO
¥ao /239 999 SS9 ddUBISISaY ‘gex 'tex 'eex (€-2) 2V p8c-Le D09 :p3j|043u0D b d H/8 Wnu312eqo90ld  UBAIINS) D,0E-GT seuowoyjuex (enlzes vzAIQ) 901y
@sid
'€ld 'gzid 'zid
'(#"'ON Id) zerd
‘2lId "Ud 'Ysid
's-yld d-yid
‘wi-yjid "id 'Y-1d
'qid "Bld "V L1d (asequoddiN A2
(9£102) uoniqiyut ‘0zid ‘6Ld ') (D0GE (cooz "'e 3 aezA10 (eglLoz /e 1@ eojuode/ “dss
¥ao ‘e 12 ©8eUO Q0UBYSISY  ZLId '(WLLId ' Lid (G-2) 2V pL/PL <D087) Do8 b} W q 9190AWodsy uIppn) 2082 aypiodeuseyy  SUM) DolT-0T  BAIES BZAIO) 901y
(2-0€
10 20G¢ 10 D.0C (1961 (L661
(£961) uoniqIyut 10 2,61« Dot NEFERIEE)) seuaaeds’y ‘e 30 saddoH)
113 ‘[e 39 suspeW UE}SISAY 3'9'4'H (1-2) 2V BN/Y 0€-Y8C —02) D.0L—G o] d q a320Awolpiseg .GC-0C  SIuIWeIS Blupdnd D.GC-0T (BAJES BUBAY) 1RO
(9861 ‘Inquiny
(€L07) (2:0€ (510C @ 240epleH)
113 [e 32 UagaN passaiddns yH LZg-Ldy  (T-V/L-Y) WIS Am g ordn “2697) Dot b) a q a1e0hwolpiseg 232 £3Q) D.GT 1y8i0s eiupIg 20G2-0T  (sAew B3Z) 9ZIRW
(az6l) (wnyuajnosa
uojsiny L uoniqIyul S9OUB)SISOY (DoZE (GLoz /e 10 winieaseue|os winoisiadodAT)
¥ao R Zsnesy| UEB)SISAY JiuasAjod (T-v/1-v) wis pzi-oL 10 Do7Z) D08 ] d H Wwnus}eqosiold BUSNH) Do8T Bluojs|ey Ojewol
(wnueianiad
(9661) suaqoy uomqiyut Qo€ wnoisiadodA|
113 1 SIWAIIA aouBSISY 8-IW 'L IW (-D) 22 POE/P L 10 20G7) Dol b) wnuejos) oyewio|
(wnoisiadodA|
(£000) wnuejos
‘[e39 BSUO|qel uoqiyut AMm (2597 10 Do (gg6l BpIusooU| ‘wnuedie
113 '(6961) updoiq UEYSISAY L-Iw PR (9-2) 2V £/3M ¥ [RUN/p £ “<DoC€) Do89 4/0 d | SpojewsN ‘491K 1) D.8Z-TT auAsoprojpy wnugjos) 0yewo]
BlLIRUSIR YN
‘epuSoour W
(0002) (DoCE (€g6L ‘eojueAe] (woisiadodA|
113 ‘e 3o SuemH passaiddns yH L-IW (T-v/L-v) wis P9 10 Do7T) D08 o] W q 9pOjeWaN 191A1) Do8T-TT auASopiopiy (r1L0T wnuejos) oyewo]
12 39 ZIeMYdS (wnyuajnosa
(2002) (Do€€ (6461 wnainy  'G961 ‘AossnH) winoissadosA|
113 Je 32 8uor ap passaiddns yH 64D 'v4D (L-v) wis AM g 10 D607) DoEL ] d 4 9320AW0dsy  ‘ussaneID) DoTT wniodsope|> 20678l Wnugjos) 0jewo]
90UB)SISAI JO EERVEIETEN] 3d] Jooay3 sauag hﬂcozmu__&m ainsodxa  aunjesadwia} uly  ,SUOIIPUOD n\A_uBm JCITSEETTR | wnjAyd ainjesadway  saads uaoyyed ainjesadway sapads jue|d
wisiueydaW 20UB)SISaY 59115 JO SPOWY 3d] joawny ainynD jo adAL ymous imous
jewndo uaSoyjeq aAieIaSan
[ewndo
(Panunuod) | ajqeL
)
-4
a0
®]
_—
W Q
5 &
Z =~

712-734

New Phytologist (2021) 229

© 2020 The Authors

www.newphytologist.com

New Phytologist ©2020 New Phytologist Foundation



Phytologist

New

"901Mm} pajeadas palapisuod JuswiLadx Iy
"anndudsap '@ onsiueydRW ‘W,

‘PI2Y ‘4 :pajjoa3u0d ‘D,

‘[eANYeU ‘JBN {UOIBSIHRLUIDIE ‘IDY (S} SNOBUBYNWIS ‘WIS {(sS9.3s uaSoyyed ‘d !ssans aunjesadway ‘d)) [ejusnbas 'bag,
“a1dosjounau ‘N diydosjoiqiusy ‘H diydoajolq ‘g,
"UMOUD| JI BOUB]SISAI JO WSIUBYDRW pue auag aoueysisal ‘g "S14 ul pajuasaid paldde ssaiys Jo apow ay3 yum Suofe uaaig si seiads usSoyyed pue jue(d Joy ainyesadwsa) wnwido ay3 ‘a|qey siy} uj

‘uoneAs|d

aunyesadway '3d ] ‘aanyesadway ‘g ‘edour)sisal aseasip aalzeiauenb "YQo Apunwiwi paia88ul-dwWvd ‘I1d ‘usSoyied ‘4 ‘a|qejreae jou ‘eu asuodsal aamisussiadAy “YH Apunwiwi pasa88iy-1030949 |13

(D,0C
(€100 juspuadap plzordn 10 D081) Dol (AWSM)
‘[ 39 S19419S opejos| syued DobT SNUIA D1BSOW
BU ‘(LLOT) ‘[e9 NN uo swoydwAs WS LUISMA (T-v/L-v) wis p 8t 10 Do81) D09 SNUIA 'U Jealjs jeayM
spued (Dot (AWHL) sniIA
BU (LLOY) /BRI uo swoydwAs EWsSM (T-v/1-v) wis p8c 10 D081) D09 SPUIA 'U dlesow winoniiy
(€107) laqms ! (K €) (D91) LW
¥ao R BAOYIUIO|d UBYSISAY  8LIA/HENT 'qTTiT EIE] p611uN sA(D.07) LH pleid
8L
‘qp L7 "By LT
‘€17 'L
'LLIT 65097
juspuadap '86097¥ (z661
9)e[0S! /G097 ‘19kawsIang 'uPRLY
(€861) ‘uol ! ‘0e17 'ezza] [@X°14 ) Jowely) 'd Se umou| os|e
YQo  uosuyor g 3AQ ouelsIsAY Y2347 'g47'0LIT (z-9) bas Bu 10 Do01) DoGl 83e0Awolpiseg D0oCC—0L  B}Ipuodas BluPINd
(D50€ 410 Do9T
(G861) 10 20CC 10 Do8L
113 ‘je3oneassnon  swojdwAs aton GLIS (z-9) bas BU U0 DoGL) DoGL—€
juapuadap
(6L61) '[B 12 93e|os| (zooz "'1e 32
JopreH ‘(gz61) ‘uol ! (Do6l (0£61 'o3elng) PRy dsy 0paAadYy) (wnansse
113 “[2 39 pwRARY UE)SISAY 9IS (7-2) 2ov ysy “<D2092) Dol 9320Awolpiseg D.€T-GL  Siujweis plupdng 20G2-0C wnoniig) yeaym
90UB)SISAI JO EERVEIEIEN] 3d] jo a3 sauag acozmo__aam ainsodxa  ainjesadwa) uly ,suoRipuod wnjAyd ainjesadway  sewads uaoyyed ainjesadway saads jue|d
wsiueyddW DUEJSISAY 5SS JO SPOW 3d] joawnp ymoss ymosd
jewndo uaSoyyey anneason
[ewndo

Tansley review

720 Review

(panunuoD) | ajqeL

© 2020 The Authors

New Phytologist ©2020 New Phytologist Foundation

New Phytologist (2021) 229: 712-734
www.newphytologist.com



(€102) legms VUeSISaI (K €) (Do91)
¥ao ® BAOYILOId 9|qe3s yedH LE1T PR pPéuN LW SA (D002) LH PI3'4 El
2I7'€Td1
‘LeaT 6L
m LU 9L
'S ‘GLIT ‘617
N YEIT ‘LT (z66L
.MJ ‘8qei7'c17 BEVENISEYE| UG
] (£861) QduB)SISAL 2z17 ‘qzi R Jowely)) ‘d Se umouy| os|e
U ¥ao uosuyor g 34q 9|qe3s JeaH '®zi7 '®7 (1-D) 29y eu (205210 Dc0L) DoSL b a g D0CT0L Bplpuodal eluiddINg
2.0€
(g861)  swoydwAs 10 D69 10 D6TT 10 DeBL (0261 "o8eLng) 1 ds g
113 ‘[e 32 neassnon $s97 q6!S ‘v LIS (2-9) bas BU/YCZL 10 DGl DoGl JoGL —€ 2 a 4 DoET-GL  SuIweIS BlUDINg
QouB)SISaI
pasueyua
q-epud qrwd (zooT
‘a|qels yeay ‘Bl D0GT 40 DoG L D0GT (P61 ‘siouuryy ppuy-dsty e 3o 0panady) (wnapsse
MaD  (866L) BI2°D QU puB LWd  ‘sud ‘Luid (€-2) 2V BU /D6GZ 40 DoGL D05l DoOL b} a g 9390Awodsy R PIRM) D0T  SluiweIS elawin|g D0GZ-0T  WNdRLL) YeSYM
(2961
(2961) UBISISAI (D60€ 40 D6GT 40 Do0T "'[e 39 suspeW) seuane “ds 'y (L661 "B 79
113 ‘e 39 suspew 9|qe3s yedH av (L-D)29Y BU/YOE-8T 10DoGL < DobZ-0T) Io0L—G 2 a g o3e0fwolpiseg 2.G7-0T  StutweiS lupang - 13ddoH) D.62-0T (ARES BUSAY) 2O
o€ UOSLaS JOH
(£100) D06 UO0SE3s |00 :p|3l4
‘[ 79 UBY0D QouB)SISaI Suoseas (Dol T—LE/DoGED0LT (L0 ‘/e39  ovzAio adoezAI0
113 (0L02) 1279 999 pasueyuy /ZeX 1N (€-D) DV OomLI/p Lzl /2062) D09 :P9J|043u0D 4/2 W/a H /g ®BU9DRQOII0I]  UBAIINS) DoOE-GT seuowoypuex (eaLies eZAIO) 91y
(asequoddin A
9/102) QouB)SISaI 1-21d ‘zeld eojuoder "dss
¥ao ‘[e 39 eSeuO pasueyul ‘y-yid ‘Iid ‘6!d (G-D) 29v psrpeL (D0G€ 10 D087) D08 BAjeS BZAI0) 901y
1H
¥® Gld JO
uoissaidxa
13MO| (eojuodel
(2£100) ‘adue)sisal (zooz aezAio (e8LOT '"/819  -BAIES 'O ‘B2IpUI
113 ‘e 32 BSRUO pasueyul ¥Sid (6-D) 2V poL/pL (D0GE 10 Ds87) D08 B} w g 9)90Awodsy e 1 uIppn) De8T aypodeuseyy  SUBM) DoLT-0T -BAIES BZAIO) 931y
juapuadap
ye|os! (0z0z (661
'S30UB)SISI gsdy ‘' 39 H03S) aelos *1e 30 JaddoH) (xew
¥AD (9661) e URZID  d|qeIsIRAH  ‘ZsdY O-Lsdy (T-v/1-v) wis ysy (D6€E 40 DoGT) D08 2 a H 9320Awo0 2.0€-6¢ vIoLydorhiyd D,0T-CL  9uPAID) ueaqkos
(AWDWL) sndin
(#002) ouB)SISAI Jlesow U9
113 212 BPEMES  9|qE)S JROH o1 (2-9) bas pyL oYL (D60€ Do) D09 b} a : SnIIA BU pliw 0238q0
p/der
‘W ‘elueuaIR
‘W ‘BpuSoour
(6661) 1219 aoue)sisal 2% (€61 ‘W ‘edtuene] (oLoz 30 (wnnuue
113 oueioded-uelfg  o|qels yeeH £aW-L3W  L-D) 29V (T-V) WIS P8ZOYL (Dot 40 DolE) De0TOL b} a 9 spojewaN  19jA1) Do8Z-CT auASopiojaly  BYES) DoGz-0Z  wnojsdeD) Jadday
9-IW (wnueianiad
(9661) ueSISA ‘G-I ‘b-IW wnois1adodA|
|13 SHOQOY R SIWBIBA  J|qBISIIH  ‘E-IW T-IW (r-D) 2V pog/pL (DoTE 40 D6GT) oL 2 a wnue|os) oyewo]
(wnois1adodA|
SEEIN Loz /e 10 wnuejos
(£002) 9DUBISISAL € / Syoam (eg6l eUS0OUI ZIeMYIS 16961 ‘wnuese
113 ‘B9 BSUOIqRl  9|qElS JBaH 6-IW (9-D)DY  ¥IIB/PET  (D69T DT IoTE) D089 p) a 4 spojewaN  “49|A1) Do8T-TT auASopiojoly  ‘A9SSNH) DoGZ-8L  WNUEBJOS) OFeWO |
(r1oz (eueljey;
QouB}SISaI (5L0z /839 wnieaseue[os “*|e 30 BNzng) sisdopiqely)
¥aD (£107) e unoy  S|qelsedH  GISS-4ISS (1L-v) wis POl (D60E—D0LT) Dok b} w H ®uopERqOR30Id BHANH) D08 jUO}S[RY P Yax 44 sisdopiqey
mb SouB}sISal JO SOUBIRRY  IdL J0109H3 sauag quoneaydde ainsodxa aimesadwajur g ,suonipuod  Apnys ,3iA3s94 wnjAyd ainyesadwsay  sapads usSoyyed aunyesadway sapads jue|d
o) wsiueydLw UB)SISAY SS91)S JO BPOW  Id1 JO awi| anynd joadAL ymois yimoig anne1aSan
W .|m./ rewndo uaSoyyed rewndo
(9]
Z. % "92UB]SISAI U0 30913 dAIHSOd 1O [BIINAU B UM SS243S 33y Japun suondesaiul uadoyyed-jueld uo pauied salpnis Jo 1si7 g a|qel

712-734

New Phytologist (2021) 229

© 2020 The Authors

www.newphytologist.com

New Phytologist ©2020 New Phytologist Foundation



New

Phytologist

Tansley review

722 Review

annduosa@ ‘g asiueYIBN ‘W,

p|al4 ‘4 pejjos3uod ‘D,

P3UIGLIOD ‘quI0D ! [BINJeN ‘BN | UOITBZIFBWIPIY '2IY ! S5343S SNOBUBYNWUIS ‘WIS ! (553135 UaSoyred 'd ! ssahs aanjesadwia ‘d]) [euanbasg 'bas,
os1donjoiaN ‘N ‘aiydosjoiqiusH ‘H ‘oiydosjoig ‘g,

*90UR)SISAI

aseasip aAlFeuENb = YO ‘ANunwiwi pa1adSiiy 10309440 = |13 ‘Apunwiwi paiad3ul dWVd 'ILd ‘uoireadjs ainjesadwa) ‘34 ‘ainjesadwa] ‘d] ‘uadoyied 'd ‘a|qe|ieAe Jou ‘eu ‘asuodsay aaipisuasiodAH "YH
UMOUD| JI 9DUB]SISDI JO WISIUBYIAW pue audg aouelsisal ‘€ ainSi4 ul pajuasaid paljdde ssauys Jo apow ayy yum Suoje uaaig si sapads uadoyyed pue jueld 1oy ainyesadway [ewido ay3 ‘a|qey siy3 uj

(4sL)
juapuadap QoUuB)SISAU
2}e(0s! SAI}ISUDS
BU (€£107) [e3osIopes  AjjiqeisjesH -aunjesedwa ] (T-v/1-v) wis pLzoydn (2502 40 D681) Do o] d (AWSM)
9oUR)SISAI SNJIA d1eSOU (wnangsoe
Bu (1L107) /B39 NN 9|qe3s yeaH gusm (T-v/1-v) wis pP8c (Do¥Z 10 Do8L) D09 o] d q SNIIA BU ead3s 1eay M wnoniig) yeaym
sySiu j0od
Aq pamoj|oy sainyesadwiay
[eunip ySiH :pia14 (9g61 PRy (wning
(6002) 1232 N4 ddueIsIsal D0G€ /200140252 /D:0L ‘uosuyor g “ds *y sjusioqins “dss 7 wnpisinm
¥AD  (G007) /e 19 Anen dV1H 9EIA pIei (L-2) 2V BU/ YT 924D [euINIP«<,0L Jo0L 4/0 d 9320Awolpiseg  UOIMIN) D9L—EL BluixONd wnonRiig) yeaym
20UB)SISaI
aAIsUDs (3523 3INpe) D.0€ / D0l
ainjeladway 10 (3593 Bul|pa9s) D60/ Doty
¥ad  (TL0Y) ‘B39 udy dV1H [4<278 (L-D)0V PZT-8L/YHT dPAI[UINP < D0l Io0L-9 o] d
20UB)SISAI
aAIsUDs (3523 3INPe) D.0€ / D0l
ainjesadway 10 (3593 8UlPa3s) D602/t
YA0  (¥1L07) 7839 noyz dVIH 6GIA (1-2)V PLZ-8L/YbZ 9PA [UINIP < D0l Do0L-9 b) a
20UB)SISAI
9AIIsUS (3593 3INP®) D0E / DOl
ainyesadwiay 10 (3593 8Ul|Pa3s) D02/ Dot
¥ao (rL0Q) 1232 M dv1H 294 (1-2) DY PGT-0T/UpT dPAd[UINP < D0l Io0L—9 ] d
20UB)SISAI
9AI{IsUas (3591 3np®) D,0€ / Do0L
ainyesadway 10 (3593 8uIPa3s) D602/ Dot
¥AOD  (8L07) 22 Sudy dv1H 6/1A (1-2) 0V PzT-8L/UpZ dPA[UINP < D0l Ie0L—9 o] d
20uB)sisal
(961L02) 9AI{IsUas
‘/e39 Suepn  ainjesadway ps 2,0C
¥ao/Ild  (8107) /B2 BOL dSIH Lcexel (L-D)%V 01yvz/Yyve 10 2061 Dc0L J00L—G o] W
2G4 POIA
€0IA
‘TOIA
‘LOIA
‘LOYIA
20UB)SISal ‘TAXIA
ONYISUDS  ‘LAXIA ‘GEIA (1593 3INPe) D60E / D0l (9€61 ‘uosuyor Py
ainjeiadwal  ‘9LIA ‘bEIA p 10 (393 8U1pa3s) D,0Z/Jetr QUOMBN)  ds 'y siuiiogiigs
¥ao (€107) uayd dVIH  ‘6ZIA 'SLIA (L-D) 0V [BIASS / Y 1T 9PAd [PUINIP < Dc0L Io0L—9 b} w g 93e0Awolpiseg Do9L-€L BIUIN
QouB)sIsal (@214
¥AD (9107) 1830 Suem 9|qe)s yeaH ZCHZT (¢-2) v PrL/UvT 10 DoCT < Do8L) Dol o]
20UB)SISAI JO S0UI9J9Y  IdL 401093 sauag quoneoydde ainsodxa ainjesadwsiurg ,suonipuod  Apnis aj1sey wnjAyg ainjesadway  saads uafoyyed aunyesadway sapads jueld
wisiueyIaW 20UB)SISaY S$91)S JO 9POW  Id1 Joawil ainynD jo adAL ymoss ymold anne1adan

jewndo uaSoyjed

[ewndo

(panunuod) gajqeL

© 2020 The Authors

©2020 New Phytolo,

712-734

www.newphytologist.com

New Phytologist (2021) 229

gist Foundation

New Phytologist



New

Phytologist
@ P+ TpE
.
(2
(b) P TpE
| > (1)
' ()
<24h
TE P
l > (3
| > (3)
—— > (4)
() P TTE
i
>24h
P TpE
|
/—' (2
TpE P
> (3)
P s O )
TpE P
Al g
_— (6)
TpE P
T l > (7)

Fig. 3 Classification of the different modes of stress application, for
temperature elevation and pathogen inoculation, described in the studies
listed in Tables 1 and 2. (a) In a simultaneous mode of stress application, both
stresses are applied at the same time or at least within <1 h. (b) Sequential
stress application: both stresses are applied one after the other over a period
of time <24 h. (c) Acclimatisation studies: both stresses are applied one after
the other with a >24 h delay between each application. (c2) denotes a
gradual transition from growth temperature to stressful temperature with
one or more transition temperature thresholds. In each class, the
experimental design is described, differing according to the duration or cycle
of heatstressand in the orderin which both stresses are applied. The numbers
to the right of the figure illustrate different experimental designs found in the
studies for each class. P, pathogen inoculation; TpE, temperature elevation.

25°C until the booting stage prior to inoculation with Blumeria
graminist. sp. tritici, were more resistant. Expression of Pm4a and
Pm4b resistance genes was correlated with the applied temperature

© 2020 The Authors
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before inoculation, with resistance being more efficient at 25°C (Ge
etal., 1998). Wang and colleagues also reported that the expression
of some race-specific Rgenes, such as Pibrice-blast resistance genes,
could be primed by abiotic stresses including fluctuating temper-
ature or light and water availability (Wang ez /., 2001).

Although TpE interferes with various plant resistance responses,
the underlying molecular mechanisms remain poorly understood.
Throughout the different studies, most of the investigations were
performed at the transcriptomic level (Chen ez al., 2013; Prasch &
Sonnewald, 2013; Rasmussen et /., 2013; Cohen et al, 2017;
Huot ez al.,2017; Onaga et al., 2017a; Toa ez al., 2018). Only a few
studies have assessed in detail how TpE affects plant immune
responses, mainly NLR-dependent autoimmune responses and
specifically on A. thaliana interacting with Psz (Zhu et al., 20105
Mang er al, 2012; Cheng et al, 2013; Menna er al., 2015;
MacQueen & Bergelson, 2016; Huot ez al., 2017).

2. Transcriptome specificities in response to combined heat
and pathogenic stress

Several studies have pointed out commonalities and differences
between plant transcriptome analyses in response to individual and
combined stresses (Atkinson & Urwin, 2012; Suzuki ez al., 2014;
Pandey et al, 2015; Zhang & Sonnewald, 2017). Based on
previously published transcriptomic studies, whatever the
pathogen species considered, the range of TpE used or the way
both biotic and abiotic stresses were applied, two groups of studies
could be distinguished.

The first group concerns studies in which disease susceptibility is
increased under TpE (Prasch & Sonnewald, 2013; Rasmussen
eral.,2013; Huot ez al., 2017). Prasch and Sonnewald investigated
the effect of a moderate TpE (increase of 4°C) applied after
challenging plants with Turnip mosaic virus(TuMV) on A. thaliana
immunity (Prasch & Sonnewald, 2013). Huot and collaborators
studied the effect of TpE on plants infected with Pst DC3000 at
23°C or 30°C, focusing on the salicylic acid (SA)-mediated plant
response. In particular, they showed a drastic negative effect of TpE
on plants immunity, with an increased susceptibility dependent on
the highest temperature applied after inoculation (Huot ez al,
2017). By contrast, Rasmussen and colleagues compared the
responses of various A. thaliana genotypes exposed for 3 h either to
TpE (24°C to 38°C) or to the bacterial flagellin peptide 22 (flg22),
or both (Rasmussen e /., 2013).

The second group corresponds to studies investigating the
molecular bases of thermostable resistances. In rice, Xz7-mediated
and Pi54-mediated resistance to X. oryzae pv oryzae (Xoo) and
Magnaporthe oryzae (Mo), respectively, were defined as ther-
mostable as they are unaffected by TpE (Cohen ezal., 2017; Onaga
et al., 2017a). In wheat, the 72Xa21 resistance gene mediates high
temperature seedling plant (HTSP) resistance, whereas Y718, ¥729,
Yr36and Y739 genes confer high temperature adult plant (HTAP)
resistance to P. striiformist. sp. tritici, (Chen et al., 2013; Toa et al.,
2018; Wang ez al., 2019b). We provide a general overview in Fig. 4
of the main regulated genes or pathways for combined TpE and
pathogen inoculation stress in both types of studies. In total, five
main observations could be made:

New Phytologist (2021) 229: 712-734
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combined stress. The grey arrows on either side of the nucleus indicate genes or pathways that are specifically induced or repressed during combined TpE and
pathogenic stress in the different transcriptome studies on: (a) increased susceptibility to disease in Arabidopsis thaliana (Prasch & Sonnewald, 2013;
Rasmussenetal., 2013; Huot etal., 2017); and (b) thermostable resistance (Chen et al., 2013; Cohen etal., 2017; Onagaetal., 2017a; Toaetal., 2018; Wang
etal., 2019b). *, Different sets of NLR genes are differentially regulated in combined stress compared with single-stress treatment. ABA, abscisic acid; AUX,
auxin; ET, ethylene; JA, jasmonic acid; MeJA, methyljasmonate; NLR, nucleotide-binding oligomerisation domain (NOD)-like receptors; ROS, reactive oxygen
species; SA, salicylic acid; SAR, systemic acquired resistance; TFs, transcription factors.

(1) The plant transcriptional response induced by combined
stresses is specific and unpredictable from an individual stress
application.

(2) Few common responses can be identified between individual
and combined stresses, involving the activation of TFs and stress-
responsive genes, while photosynthetic and primary carbon
metabolism-related genes are downregulated (Rasmussen er al.,
2013; Pandey ez al., 2015; Suzuki & Katano, 2018).

(3) The number of differentially regulated genes is significantly
higher under combined stresses. This observation associated with
the weak overlap between genes deregulated in individual and
combined stresses suggests that the application of both biotic and
abiotic constraints exerts an extreme change to the plant that effects
different sets of genes.

New Phytologist (2021) 229: 712-734
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(4) Plant response to combined stresses is close to the response to
the most severe individual stress or to the latest stress applied. For
instance, for thermostable P754-mediated resistance to Mo in rice,
transcriptomic responses of a rice genotype pretreated for 7 d at
either at 28 or 35°C prior Mo inoculation were very similar,
suggesting that the plant response to Mo was mostly driven by the
latest stress applied (Onaga ez al., 2017a).

(5) Signalling networks involving NRL or LRR receptor-like kinase
(RLK) proteins, serine/threonine protein kinases or specific TFs
seem to be critical for stable resistance responses under combined
TpE and pathogen attack (Chen et al., 2013; Cohen et al., 2017;
Onaga er al, 2017a; Toa er al, 2018). Indeed, Wang and
collaborators recently demonstrated the involvement of wheat

TaXa21 LRR-RLK in HTSP resistance to P. striiformisf. sp. tritici.

© 2020 The Authors
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TaXa21 interacts with TaWRKY76 and TaWRKY62, two WRKY
TFs that positively regulate HTSP resistance (Wang ez al., 2019b).
In Caspicum annuum, infection with Ralstonia solanacearum under
TpE (42°C for 24 h), activates the expression of both CaWRKY40
and CaWRKY46 TFs, which promote the activation of defence-
related genes and genes encoding heat shock proteins such as
NtHSF2. These observations suggest that these two WRKY TFsare
involved in defence responses to R. solanacearum and tolerance to

TpE (Dang et al., 2013; Cai ez al., 2015).

3. Mechanisms involved in the thermosensitivity of immune

Tansley review Review' 725

studied models and the knowledge acquired so far mainly
concerned the plant side, although it is obvious that TpE can also
modulate pathogen virulence. Well known molecular agents
playing a role in the modulation of immune responses under
TpE (Fig. 5) are detailed in the following sections.

Plant determinants related to thermosensitive immunity Several
hypotheses give some clues on putative causal factors thatlead to the
thermosensitivity of plant immunity. Combined TpE and
pathogen attack inhibits the plant defence through modulation
ofimmune-related gene expression. Few studies have addressed this

reSDONSES aspect for PTI-mediated resistance and the TpE-dependent effect
P on defence gene expression appears to be controversial (Fig. 5a).

To date, few studies have been conducted to elucidate how TpE ~ Two studies that were performed in A. thaliana reported the

modulates plant immunity. They focused on a few of the well ~ repression of systemic acquired resistance (SAR)-related gene
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Fig. 5 Schematic model of temperature elevation-interference with plant immune responses and pathogen virulence. (a) TpE interference with PAMP-triggered
immunity (PTI) signalling and phytopathogens. At elevated temperature, on the plant side, perception of flg22 by the FLS2 membrane receptor leads to increased
BIK1 and MAPK phosphorylation, enhancing expression of downstream PTl-related genes (Cheng et al., 2013). Alternatively, TpE represses FLS2 expression,
salicyclic acid (SA) biosynthesis and signalling and SAR-related gene expression. Also, TpE impairs PTI-related ROS production and decreases SA levels (Rasmussen
etal., 2013; Huot et al., 2017; Janda et al., 2019). At the chromatin level, TpE promotes the rapid replacement of H2A.Z, mediated by HSFA1, allowing the
expression of heat-responsive and defence-related genes (Cheng et al., 2013; Cortijo et al., 2017). On the pathogen side, TpE can increase bacterial virulence, for
example by stimulating the production of bacterial plant cell wall-degrading enzymes (PCDWE) (Hasegawa et al., 2005). TpE enhances the secretion of type lI
effectors (Huot et al., 2017). The thermosensory two-component system (TCS) is affected, inhibiting DNA transfer delivery by Agrobacterium spp. and decreasing
the production of virulence factors such as coronatine for P. syringae (Shapiro & Cowen, 2012). Accumulation of viruses in plant cells is repressed (Chung et al.,
2015). (b) Effect of elevated temperature on ETl-related signalling. At ambient temperature, immune response involving SNC1 NLR protein relies on EDS1 and
PADA4. In the absence of pathogen, EDS1 is sequestered by PAD4 in the cytoplasm. Upon pathogen perception, EDS1 is released from PAD4 and translocated to the
nucleus and triggers transcriptome reprogramming, leading to the activation of the plant defence response. SIZ1 interferes with SNC1 activation at the
transcriptional and/or the protein level (Hammoudi et al., 2018). Heat stress promotes sumoylation of COP1 by SIZ1, which in turn results in ubiquitination and
degradation of SIZ1. Under TpE, DET1 and COP1 increase the activity of PIF4 by controlling both its transcription and its protein levels. SNC1 autoactivation,
observed in the autoimmune snc7-7 mutant, is suppressed by PIF4 at elevated temperatures (Sreeramaiah et al., 2018). PhyB negatively regulates PIF4 and
promotes its degradation at ambient temperature. Heat stress inactivation of PhyB enables PIF4 accumulation and indirect repression of defence-related genes by
HBI1 TF (Gangappaetal., 2017). The SCF E3 ligase complex and MUSE proteins are responsible for temperature-dependent SNC1 degradation (Chengetal., 2011;
Copeland et al., 2016). The same mechanisms are described for SAUL1 and the NLR SOC3 (Disch et al., 20120166; Tong et al., 2017). Enhanced accumulation of
abscisicacid (ABA) at elevated temperatures contribute to NLR translocation from the nucleus to the cytosol, leading to resistance inhibition (Mang et al., 2012). Red
lines indicate TpE-dependent regulations. Blunted and pointed arrows indicate inhibition and activation, respectively. Dashed lines indicates controversial results.

© 2020 The Authors
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expression of the ICS1-mediated SA biosynthesis and signalling
pathway, as well as a lower SA accumulation level upon TpE and
fg22 treatment (Rasmussen ez al, 2013; Huot et al, 2017).
Conversely, a recent study showed that a short, but extremely high,
TpE combined with flg22 treatment represses the expression of
Sflagelin sensing 2 (FLS2) receptor gene and transiently inhibits
ROS production, whereas the expression of FRKI and /CSI, two
PTI-responsive genes, was not induced (Janda ez al,, 2019). By
contrast, TpE combined with flg22 treatment of A. thaliana
protoplasts leads to the induction of WRK29 and FRKI PTI-
responsive genes and to increased phosphorylation of the serine/
threonine kinase BIK1 and of MAPKs (Cheng ez al., 2013). Taken
together, these results clearly demonstrate that TpE modulates the
expression of PTI-related genes; the discrepancies observed
between studies are probably explained by the differences in plant
material used, TpE magnitude and duration of TpE. More
evidence is available for ETI-mediated resistance. Yang and Hua
reported a lower expression of ENHANCED DISEASE
SUSCEPTIBILITYI (EDSI) and Phytoalexin Deficient4 (PAD4)
immune regulators at 28°C compared with 22°C (Yang & Hua,
2004) (Fig.5b). In maize, induction of spontaneous HR-like
lesions by the Rp1-D21 NLR variant in the absence of pathogen is
suppressed at 30°C and correlates with a lower expression of
defence-related genes, such as PRI, PR5, PRms and WIPI, at
30°C, when compared with 18°C (Negeri ¢t a/., 2013). Similarly,
in tomato, Cf-4- and Cf-9-mediated immunity triggered by
Cladosporium fulvum Avr4 and Avr9 effectors is inhibited upon
exposure to high temperatures. Alteration of these immune
responses correlates with misregulation of various HR-related and
defence-related genes at elevated temperature (de Jong et al,
2002). Other studies have reported a specific regulation of several
NLR genes under combined TpE and pathogen stress (Chen ez 4L,
2013; Lu ez al., 2017; Onaga ez al., 2017a; Toa et al., 2018). More
recently, MacQueen and Bergelson investigated the expression
profile of 13 NLR genes in a subset of A. thaliana natural
accessions that were treated under different environmental
conditions, including TpE, before and after inoculation with
various strains of Pst. Prior pathogen challenging and under all
tested environmental conditions, the expression of NLR genes was
increased. Interestingly, interference of TpE with NNLR gene
expression correlates with the historical climate of the geographical
regions where the accessions originated. Indeed, accessions from
dry climate zones showed a more drastic reduction of NLR
expression compared with accessions from wet climate areas
(MacQueen & Bergelson, 2016). By contrast, other examples
indicate that transcriptional modulation of NLR and defence-
related genes at elevated temperature is not sufficient to explain the
thermosensitivity of immune responses. For instance, the resis-
tance conferred by Pi54 NLR gene in rice to Mo remains efficient
despite its downregulation at elevated temperatures, suggesting
that other genotype-dependent factors related or not to Pi54 are
involved (Onaga ez al., 2017a). Moreover, when applying a short-
term TpE simultaneously with flg22 treatment, mimicking a Psz
DC3000 infection, the expression levels of VLR genes, such as
RPM1 and RPS2, or genes encoding key immune components,
including RIN4, RAR1, SGT1b or NDRI, are not altered.

New Phytologist (2021) 229: 712-734
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In addition, an interplay between TpE-dependent immune
transcriptional reprogramming and chromatin remodelling is
supported by the identification of the Arabidopsis ACTIN-
RELATED PROTEING (arp6) mutant (Cheng ez al, 2013).
ARPG is a component of the SWRI1 complex (SWR1c), which is
involved in replacement of histone H2A (HTA) with H2A.Z
variant in the nucleosome. A recent transcriptomic analysis showed
that H2A.Z-containing nucleosomes are evicted specifically from
TpE-sensitive target genes by heat stress factor Al class transcrip-
tion factors (HSFAL), therefore facilitating induction of down-
stream stress-responsive transcriptional regulators (Cortijo e al.,
2017) (Fig. 5a). Interestingly, the arp6 mutant displays constitutive
expression of TpE-responsive genes and an enhanced resistance to
Pst (Kumar & Wigge, 2010; Cheng e al., 2013).

TpE-dependent regulation of immune responses may also rely
on NLR protein stabilisation. Among systems that contribute to the
homeostasis of proteins, the 26S proteasome, requiring ubiquiti-
nation of substrate proteins through a cascade of reactions
involving different E ubiquitin ligases (Smalle ez a/., 2004) is the
most common (Fig. 5b). The temperature-dependent modulation
of the defence response by E3 ligase complexes is well described. For
example, mutations in the F-box CONSTITUTIVE
EXPRESSOR OF PR GENES 1 (CPR1) involved in the SKP1-
CULLINI-F-BOX E3 ligase complex (SCF)
SUPPRESSOR  of nprl-1, CONSTITUTIVE 1 protein
(SNC1)-mediated autoimmunity at lower temperatures (Cheng
et al., 2011). Similar results were obtained with a mutation in the
SENESCENCE-ASSOCIATED E3 UBIQUITIN LIGASE1
(SAULI) gene for the SUPPRESSOR OF CHS-2,3 (SOC3)
NLR (Disch et al, 2016; Tong ez al., 2017) and for the double
mutant musel 3-2 musel4-1 of MUTANT SNC1-ENHANCING
(MUSE) proteins 13 and 14 that interact with the SCF complex
and regulate the degradation of SNC1 and RPS2 NLRs (Huang
et al., 2014; Copeland ez al., 2016) (Fig. 5b). However, the role of
these proteins at elevated temperatures remains to be demon-
strated. The formation of a signalling module with ubiquitin E3
ligase activity, involving DE-ETIOLATED 1 (DET1) and
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), par-
ticipates in PIF4 stabilisation at elevated temperatures. PIF4-

PI‘OHlOtC

mediated thermosensory signalling plays a significant role in the
suppression of defence under elevated temperatures, probably
through transcriptional repression of SNCI (Sreeramaiah ez al.,
2018) (Fig. 5b). TpE-dependent inhibition of PIF4 interaction
with Phytochrome B (PhyB), a canonical light receptor involved in
thermosensing, would lead to PIF4 accumulation and the negative
regulation of defensive genes through activation of bHLH TF
HOMOLOG OF BEE2 INTERACTING WITH IBH 1 (HBI1)
(Gangappa et al., 2017) (Fig. 5b). However, as there is no evidence
of TpE-dependent PIF4 involvement in the plant defence response,
its role is still a matter of debate (Huot ¢t al., 2017). Again, these
contrasting findings could be due to differences in experimental
designs and to the mode of stress application.

TpE-dependent suppression of immune responses also corre-
lates with the mislocalisation of key immune components. This is
well exemplified with nuclear targeted SNC1 and N immune
receptors, whose reduced nuclear accumulation at elevated

© 2020 The Authors
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temperatures probably contributes to the inhibition of defence
responses (Zhu et al., 2010). The underlying mechanisms of this
mislocalisation remain poorly understood. Compelling data
support a central role for ABA in the interplay between TpE and
immune responses. Indeed, ABA deficiency was shown to promote
the nuclear accumulation of SNCI and antagonise the immune
response inhibition by TpE (Mang ez al., 2012) (Fig.5b). In
addition, ABA responsive cis-regulatory elements were found in
promoter regions of genes that were specifically downregulated in
thermostable Xz7-mediated resistance (Cohen et al, 2017).
Overall, the hormonal cross-talk between SA, MeJA/JA and ABA
clearly participates in the regulation of the plant response under
combined stresses, with sometimes opposite effects depending on
the pathosystem considered (de Jong ezal., 2002; Mang ez al., 2012;
Chen et al., 2013; Cohen et al., 2017).

Finally, TpE-dependent modulation of immunity probably also
relies on the plasticity and adaptability of different plant genetic
backgrounds to elevated temperatures. In wheat, HTAP and
HTSP-mediated resistance conferred by genes such as Y736 or Y739
are nonrace specific, durable and influenced by specific environ-
mental conditions (Chen er 4/, 2013; Bryant er al, 2014).
Interestingly, Bryant and colleagues demonstrated that instability
of temperature-dependent resistance mediated by Y736 was host
specific (Bryant ez al., 2014). Similar results were obtained for
different soybean isolines carrying different Rps genes involved in
resistance to Phyrophthora sojae (Gijzen et al., 1996). Interestingly,
the ‘spontaneous lesion’ phenotype induced by the RpI-D21
mutation in maise depends on the genotype, although it is not
known whether the heat sensitivity of this phenotype also relies on
the genotype (Negeri et al., 2013). Furthermore, for rice Pi54-
mediated resistance against Mounder TpE, the genetic background
of Oryza sativassp. japonica seems to significantly contribute to the
thermostability of resistance compared with the Oryza sativa ssp.
indica genetic background (Onaga ez al., 2017a).

Effect of heat stress on pathogens in interaction with their host
plants Much fewer studies have investigated the effect of TpE on
phytopathogens during interactions with their hosts. Findings
available are illustrated in Fig. 5(a). In several cases, bacterial and
virus multiplications were enhanced in planta under TpE (Menna
et al., 2015; Zhao et al., 2016; Huot ez al., 2017). TpE can also
negatively affect pathogen multiplication, as reported with TuMV
whose coat protein accumulation 7z planta is repressed by elevated
temperatures (Chung ez al., 2015). For bacterial effectors, expres-
sion of the avrB/avrRpm1 and avrRpt2 effector genes from Psz,
triggering RPM1-dependent and RPS2-dependent immunity
respectively, were not found to be influenced by TpE (Cheng
et al., 2013). By contrast, Onaga and co-workers reported the
upregulation of several putative effector genes in Mo that infected
the rice cultivar Nipponbare under TpE, partly explaining how
elevated temperatures could promote pathogen virulence and
infection (Onaga et al, 2017b). Furthermore, the increased
susceptibility of A. thaliana under heat stress was associated with
an enhanced multiplication of Pst in plant tissues requiring T3E
secretion (Huot et al, 2017). A correlation has also been
demonstrated between the increased virulence of soft rotting

© 2020 The Authors
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necrotrophic bacteria, such as Pectobacterium atrosepticum, and
elevated temperatures (Veldsquez e al, 2018). This phytobac-
terium is responsible for the maceration of plant tissues using
several bacterial plant cell-wall-degrading enzymes (PCDWE). At
elevated temperatures (up to 35°C), the population density of some
strains can reach a threshold that activates quorum-sensing signals
and promotes the production of PCDWE, therefore increasing the
virulence of the bacterium (Hasewagua ez al., 2005).

IV. Round three: future avenues for robust
thermostable resistances in the context of global
warming

Climate change is already affecting ecosystems worldwide. Among
the components of climate change, TpE is one of the main factors
that affects both plant development and plant—pathogen interac-
tions. Adapting agricultural systems to minimise crop yield losses,
while limiting the use of pesticides and fertilisers, is even more
challenging under global warming. To achieve these goals, the
combination of complementary approaches, while considering
plants and pathogens from the individual to the population level
(Fig. 6), should give us a more global vision of the mechanisms
involved in the plant defence response under TpE.

1. Towards deciphering temperature-sensitive and
temperature-resilient immune mechanisms

Genetic sources of resistance are often the most effective and
environmentally friendly way of controlling plant diseases. Main-
taining or stimulating the effectiveness of already known resistance
mechanisms in a changing environment is a priority. Given the
increasing number of studies that have reported an alteration in
plant immunity under TpE, it becomes essential to evaluate more
systematically the thermostability of known resistances, if possible
over several years or generations, not only in controlled but also in
agro-ecologically relevant conditions. Even if TpE negatively
affects many resistance responses, whatever the pathosystem and
the mode of stress application, it is highly likely that a wide variety
of mechanisms are involved. This could be due to the diversity of
adopted experimental designs and of the studied plant and
pathogen species. Therefore, a better understanding of the
physiological, metabolic, molecular, genetic and epigenetic mech-
anisms involved in TpE-dependent plant immunity modulation is
required to identify upstream and downstream signalling compo-
nents. This knowledge could help to increase the resilience of
immune responses to combined bioticand TpE stresses (Fig. 6). To
this end, well studied models in which the main molecular agents
have been identified and their modes of action well characterised
should be reassessed in combined stress conditions, considering the
different hypotheses proposed that could explain the inhibition.
Attention should be paid to the genetic background of the plant
material studied, as several studies highlighta genotype effect on the
TpE-dependent modulation of defence responses independently of
the Rgene involved (Gijzen ez al., 1996; Negeri et al., 2013; Bryant
et al., 2014 ) (Fig. 6). Comparative transcriptomic analysis on
plants whose ETT-mediated immune response is inhibited or NLR
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interaction.

autoactivation suppressed under TpE, as for example in the study of
the temperature-conditioned RPS4 autoimmunity (Heidrich ez al.,
2013), would undoubtedly help to identify the host components
and signalling pathways involved. Single-cell analyses involving
approaches such as IntAct or GFP-strand systems (Deal &
Henikoff, 2010; Henry et al., 2017) would allow a specific focus
on cells interacting directly with the pathogen under TpE, and give
access to profiling their transcriptomic and epigenetic perturba-
tions. Moreover, the availability of thermostable allelic forms of
genes conferring thermosensitive resistance, as described for the
thermostable SNC1 variant in z7£102 mutant (Zhu ez al., 2010),
may also be useful to unravel the underlying molecular mecha-
nisms. Indeed, this genetic material could be used to identify the

key host components involved either:

(1) by suppressive mutagenesis genetic screening, looking for
reversion of thermosensitive resistance as seen with SNCI (Zhu

et al., 2010; Mang et al., 2012);
(2) by classic approach (e.g. yeast two-hybrid);

(3) by more elegant proteomic approaches such as proximity-based
labelling, enabling the detection of physiologically more relevant

protein interactions (Roux ez 4/., 2018).
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2. Elucidating the temperature elevation-dependent
mechanisms regulated at the pathogen level

Under combined stress, plant immune responses depend not only
on their ability to cope with TpE buct also on the effect of TpE on
pathogens and plant—pathogen interactions. Therefore, other ways
to find innovative solutions to identify thermoresilient resistance
would also require a better characterisation of the pathogen
thermosensory mechanisms ~ during the The
approaches listed above are all plant centred and do not give access

interaction.

to the pathogen transcriptome. Solutions could come from dual-
transcriptome analyses, as recently used to study plant—pathogen
interactions (Zhang ez a/., 2019). In addition to providing valuable
information on the gene networks that control cross-kingdoms
interactions, they would allow the identification of factors that
regulate pathogen fitness and virulence under heat stress during the
interaction. Moreover, biological resource centres give access to
collections that represent the genetic diversity of well studied
pathogen species such as the complex of P. syringae species or
Sclerotinia sclerotiorum. Genomic resources are already available or
are easy to produce using next generation sequencing technologies.

© 2020 The Authors
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Combined with comparative genomic analyses, the phenotyping of
representative collections of a given pathogen species under TpE,
on different nutrient sources or in interaction with plants, could
reveal the molecular agents necessary for their TpE-mediated
virulence. Finally, for intensively studied pathogen species, relevant
systems biology approaches are developed. For instance, a genome-
scale reconstruction metabolic network, together with a macro-
molecule network module accounting for the production and
secretion of Ralstonia solanacearum virulence determinants, has
been generated (Peyraud er 4/, 2016). Integration of phenotypic,
transcriptomic and metabolic data that were generated under
elevated temperature conditions in such models could help to

Neighbouring

plant

Fig. 7 Different ecological scenarios involving
relationships with other biotic factors
potentially affecting plant-pathogen
interactions under abiotic stresses that could
be investigated in future studies. Under
natural conditions, the outcome of a plant—
pathogen interaction relies on an immune
system modulated by abiotic stress such as
TpE. The issue may also depend on direct or
indirect effects of neighbouring plants (1) and
on the plant ability to respond to interactions
(beneficial or harmful) with other pathogens
(co-infections, pathobiota) (2) and its
microbiota (root microbiota here) (3).
Neighbouring plants may directly or indirectly
modulate the effects of pathogens or
microbiota (4), also shaping the outcome of
the interaction. The species constituting the
microbiota can compete, cooperate or coexist
with each other and with phytopathogens (5).
In turn, all plant-living organism interactions
can be affected by abiotic factors in the
environment (here TpE).
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predict the nature of the trade-off between the increased virulence
and proliferation of the pathogen under combined stress and
facilitate the identification of heat-sensitive pathogenicity deter-
minants.

3. Identification and study of uncovered robust resistance
mechanisms

Unravelling novel resistance mechanisms that remain efficient
under TpE is also essential. So far, immune mechanisms altered by
TpE have been mostly investigated from a limited number of
genotypes, from both the host and the pathogen perspectives. For

Host plant

Neighbouring
plant

Pathobiota

Soil Microbiota
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instance, a bibliometric analysis carried out between 1979 and
2016 by Gimenez and co-workers on factors related to plant—
pathogen interactions revealed that most studies had been carried
out on a single (or few) genotype(s) of A. thaliana and on a limited
number of pathogens, mainly Psz (Gimenez et al., 2018). High-
throughput phenotyping tools, combined with the production of
new adapted genomic resources using new sequencing technologies
and genome-wide association (GWA) mapping approaches, has
provided the opportunity to consider and explore more broadly the
genetic diversity of the plant response to specific traits. The
development of such strategies on model plants and crop species has
already demonstrated their great potential with regards to the
identification of genes underlying QDR to bacteria, fungi and
oomycetes (French ez al., 2016; Bartoli & Roux, 2017; Bruessow
etal.,2019). Because of the durable nature and the broad spectrum
resistance conferred by QDR genes (Chen ez al., 2013; Roux et al.,
2014; French et al., 2016), it has become relevant to use such
strategies to uncover thermoresilient resistance mechanisms or to
consider other climate parameters in the changing environment.
Moreover, new statistical methods that allow joint GWA mapping
on two interacting species makes it possible to map a phenotypic
trait on a pair of genomes (Wang et al., 2018b). Its application,
taking into account the genetic diversity of both the plant and the
pathogen for a given pathosystem, should facilitate the identifica-
tion of molecular agents that govern the interaction under TpE.
Implementing such strategies directly onto model crop species
under field conditions over several years, while integrating climate
parameters is another major challenge that should be addressed.
Finally, obtaining a high level of protection with thermostable
resistance will require their reasoned use in combination with
effective genetic resistance sources already exploited.

4. Next step: taking into account the complexity of natural
interactions

Although they have demonstrated their value in characterising the
mechanisms involved in plant immunity, most studies on plant—
pathogen interactions were still carried out on simplified pathosys-
tems composed of a single host plant interacting with a single
pathogen. However, in their natural environment, plants often
interact with a wide variety of pathogens (also called the plant
pathobiota) (Bartoli ez al, 2018). Therefore, to predict and
optimise plant responses to pathogens under abiotic stress, it is
crucial to study how the plant can manage such interactions by
considering, as much as possible, all microorganisms involved and
also the potential effect of neighbouring plants. Recent studies on
plant—multipathogenic systems have shown that interactions
between pathogens depend on various parameters, including
coexistence, cooperation or competition, and result in very
different outcomes for the hosts (Abdullah ez 2/, 2017). The
importance of the microbiota in helping plants cope with biotic or
abiotic stress was also reported (Berendsen ez /., 2012; Muller ez al.,
2016; Cheng ez al., 2019). Indeed, plants’ ‘beneficial’ microbiota
can improve and even contribute to broaden the defence response
to various diseases by: (1) direct modulation of plant immunity, or
(2) competition between members of the microbiota that can
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indirectly influence the host (Vannier et 4/, 2019). Deciphering
microbiota effects on plant—pathogen—environment interactions is
the next challenge. Microbiota description and functional charac-
terisation, together with the elucidation of plant immune mech-
anisms that are modulated by natural or synthetic microbial
consortia, becomes accessible. Furthermore, the effect of plant—
plant interactions on immune responses has long been neglected
and yet could be relevant (Subrahmaniam et 4/, 2018). Some
examples of the facilitation processes under changing environments
have been described (Brooker, 2006). For instance, ground
vegetation cover facilitates the establishment of young trees at the
alttude limit of alpine tree lines and promotes the upward
movement of forest species in response to climate change (Germino
et al., 2002). A recent study has also demonstrated that the tree
neighbours of a host plant, belonging to different species, have a
significant negative influence on root-associated host-specific
pathogenic fungi as well as on other phytopathogens (Cheng &
Yu, 2020). Fig. 7 presents different ecological scenarios that could
lead to a modulation of host immune responses under heat stress
and that should be explored in future studies. All the interesting
aspects of plant—pathogen interactions clearly need further inves-
tigation. Answering the emerging questions discussed in this review
is crucial to better understand how to maintain or stimulate plant
immunity in a global warming context.
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