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SUMMARY

Much progress has been made in understanding the molecular mechanisms of plant adaptation to heat

stress. However, the great diversity of models and stress conditions, and the fact that analyses are often

limited to a small number of approaches, complicate the picture. We took advantage of a liquid culture sys-

tem in which Arabidopsis seedlings are arrested in their development, thus avoiding interference with

development and drought stress responses, to investigate through an integrative approach seedlings’

global response to heat stress and acclimation. Seedlings perfectly tolerate a noxious heat shock (43°C)
when subjected to a heat priming treatment at a lower temperature (38°C) the day before, displaying a ther-

motolerance comparable to that previously observed for Arabidopsis. A major effect of the pre-treatment

was to partially protect energy metabolism under heat shock and favor its subsequent rapid recovery, which

was correlated with the survival of seedlings. Rapid recovery of actin cytoskeleton and mitochondrial

dynamics were another landmark of heat shock tolerance. The omics confirmed the role of the ubiquitous

heat shock response actors but also revealed specific or overlapping responses to priming, heat shock, and

their combination. Since only a few components or functions of chloroplast and mitochondria were

highlighted in these analyses, the preservation and rapid recovery of their bioenergetic roles upon acute

heat stress do not require extensive remodeling of the organelles. Protection of these organelles is rather

integrated into the overall heat shock response, thus allowing them to provide the energy required to elabo-

rate other cellular responses toward acclimation.

Keywords: acclimation, chloroplast, heat, heat shock response, mitochondria, organelle, photosynthesis,

priming, respiration.

INTRODUCTION

Climate change has now become a manifest threat to plant

growth and development. The occurrence of stronger and

longer heat waves over the past years has already led to

severe reductions in crop yields (Ciais et al., 2005;

Perkins-Kirkpatrick & Lewis, 2020; Zampieri et al., 2017). Even

though the impact of heat stress on plants has been studied

for decades and regularly reviewed (Bita & Gerats, 2013;

Fahad et al., 2017; Hatfield & Prueger, 2015; Jagadish et al.,

2021; Kan et al., 2023), the understanding of plant heat stress

tolerance is still incomplete. High temperatures were shown

to cause damage at the molecular level, such as protein and

membrane destabilization, which in turn disturbs the proper

functioning of plant physiology and metabolism (Niu &

Xiang, 2018; Ruelland & Zachowski, 2010). The photosyn-

thetic activity appears to be rapidly affected under heat

stress: the thylakoid membranes become unstacked, and the

activity of photosystem II is disrupted, which causes an

imbalance in photosynthesis and contributes to reactive oxy-

gen species accumulation (Allakhverdiev et al., 2008; Mathur

et al., 2014). Although mitochondria are known to better tol-

erate heat stress compared to chloroplasts, respiration also

declines when reaching temperatures over 45°C (Atkin &

Tjoelker, 2003; H€uve et al., 2011; Scafaro et al., 2021). To

counteract the negative effect of high temperatures on their

physiology and metabolism, plants have evolved
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mechanisms of thermotolerance, described as the “heat

stress response (HSR)”, which has been extensively investi-

gated over the past decades (Ohama et al., 2017). The HSR is

known to be triggered by several primary signals, including

Ca2+ import via cyclic nucleotide-gated calcium channels

(CNGC), protein destabilization, and ROS signaling (Drie-

donks et al., 2015; Finka et al., 2012; Mittler et al., 2012; Rich-

ter et al., 2010; Saidi et al., 2011; Volkov et al., 2006).

However, temperature sensing by plants appears as a far

more complex and intricate array of mechanisms that

includes photoreceptors and circadian clock components, in

which biophysical transitions within membranes and pro-

teins could play critical roles (Hayes et al., 2020). Through

multiple cascades of signal transduction (including calmodu-

lins, unfolded protein response, and epigenetic modifica-

tions), these early events lead to the expression and

activation of the transcriptional HSFs (heat shock factors)

and DREBs (dehydration-responsive elements-binding fac-

tors), which drive the expression of heat shock proteins

(HSPs), including chaperones, ROS-detoxifying enzymes

(ascorbate peroxidase, catalase) and others (Ohama et al.,

2017). Chaperones are members of several conserved fami-

lies of HSPs (HSP20, HS40, HSP60, HSP 90, HSP100) that con-

trol cellular proteostasis. The fact that several members are

highly overexpressed upon heat stress has led to their anno-

tation as HSPs, although their majority is expressed constitu-

tively (Finka et al., 2016). Under stress and recovery,

chaperones are involved in the prevention of protein (and

RNA) aggregation and the disaggregation of cytotoxic aggre-

gates and unfolding of misfolded proteins, but also in the

protection of membranes (Allakhverdiev et al., 2008; Finka

et al., 2016; Liberek et al., 2008; McLoughlin et al., 2016; Rich-

ter et al., 2010). Even though much is known about the struc-

ture of chaperones and their unfoldase functions, their

precise role in the different cellular compartments is still

unclear. In plants, the small HSP (sHSP) family has expanded

with for instance 18 members in Arabidopsis, which are dis-

tributed in the cytosol, nucleus, plastid, mitochondrion,

endoplasmic reticulum, and peroxisome (Waters & Vierling,

2020). For most of them, gene expression is strongly induc-

ible by heat stress in vegetative tissues or under develop-

mental control in seeds and pollen (Siddique et al., 2008). In

the mitochondrion, sHSPs were shown to preserve the activ-

ity of complex I upon stress and to participate in protein pro-

tection against heat denaturation, as recently shown for the

pea mitochondrial HSP22 (Avelange-Macherel et al., 2020;

Downs & Heckathorn, 1998; Hamilton III & Heckathorn, 2001).

In the chloroplast, HSP21 was shown to play a role in the

maintenance of photosynthesis by stabilizing photosystem II

subunits and protecting an RNA-polymerase (Chen et al.,

2017; Zhong et al., 2013). Besides the role of this sHSP, it was

recently demonstrated that the chloroplast was a key player

in heat stress signaling for the acquisition of thermotoler-

ance (Chen et al., 2017; Dickinson et al., 2018; Sun &

Guo, 2016). However, even if the effects of heat stress on

chloroplast metabolism have already been explored, the

mechanisms of energy metabolism protection need to be

further investigated (Wang et al., 2018).

During the early life of plants, the seedling stage is con-

sidered stress-sensitive, even though it is usually transient in

many species (Leck et al., 2008). In particular, the efficiency

of both respiration and photosynthesis at the early seedling

stage is critical for ensuring the transition from seed reserve

mobilization to photo-autotrophy. However, despite their

fragile appearance, seedlings need to be competitive and

resilient to assume the change from a highly stress-tolerant

seed to an established plant, which can allocate resources to

growth and stress responses. In previous work, we have

shown that Arabidopsis seedlings maintained in liquid cul-

ture could survive for weeks under severe mineral starvation,

thanks to the arrest of their development and their metabolic

plasticity (R�ethor�e et al., 2019). By balancing their energy

metabolism through high alternative oxidase and photore-

spiratory activities, they could remain self-sufficient and fully

viable for weeks, resuming their normal development upon

transfer to the soil. This experimental model is well suited to

study the response and acclimation of seedlings to environ-

mental stress such as heat for several reasons. First, homog-

enous populations of thousands of seedlings can be

subjected to accurate heat regimes without interference with

drought stress since all experiments are done in a liquid

medium. Second, because seedlings are arrested in their

development, the model allows studying the effect of stress

treatments on physiology and metabolism without interfer-

ence with developmental effects, which often hampers

proper comparisons between stress and control samples.

We, therefore, took advantage of this robust experimental

system to perform a multi-scale analysis of heat acclimation

of Arabidopsis seedlings, combining omics with functional

analyses of mitochondria and chloroplasts. The overall

results highlighted the role of HSPs and demonstrated that

protection and rapid recovery of energy metabolism upon

heat stress was decisive for successful acclimation to a

severe heat shock.

RESULTS

Priming allows seedling survival after heat shock

We established an experimental model in which 7-day-old

seedlings could survive a lethal heat shock (H) thanks to a

pre-treatment (priming, P) at a lower temperature 24 h

before. We selected a stress duration of 2 h for both treat-

ments, with P applied at 38°C on day 6 of growth and H at

43°C on day 7 (Figure 1a). A low light intensity comparable

to that of the growth room was applied during the different

treatments to prevent any effect of darkness on heat stress

response (Caldana et al., 2011; Song et al., 2016). In these

conditions, the P treatment alone did not affect seedling
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survival, whereas the H treatment triggered the death of

the seedlings, which was scored after 7 days of recovery.

When both treatments (priming + heat shock, PH) were

combined, the seedlings were fully protected against the

otherwise lethal heat shock (Figure 1a). These results were

comparable to previous studies performed on agar plates

(Halter et al., 2017; Kang et al., 2016; Queitsch et al., 2000),

indicating that liquid-grown seedlings display classical

heat shock and acclimation responses. To quantify the

effect of the treatments on the seedlings, we measured the

number of green pixels per well during the 7 days follow-

ing the H treatment (Figure 1b). In C, P and PH conditions,

the number of green pixels per well increased two-fold

during the 7 days after treatment, which is due to the

expansion of cotyledons (R�ethor�e et al., 2019). Although

there is a slight reduction in the green pixels for PH sam-

ples, it is not statistically significant, which confirms that

priming has no effect on late seedling development and

fully protects from the noxious heat shock. Indeed, in H

wells, the green pixel amount was stable until 5 days after

stress and progressively decreased after that, reflecting the

subsequent loss of chlorophyll and seedling death. From

2 days after heat shock, the number of pixels was signifi-

cantly lower in H compared to C. It is noticeable that the

decrease was slow, and the death occurred around 6 days

after treatment, possibly through programmed cell death.

Altogether, these data reveal that developmentally arrested

seedlings developed a classical acquired thermotolerance

and thus constitute an excellent material to study heat

stress acclimation.

Full and rapid recovery of energy metabolism after heat

shock is correlated with seedling survival

We next examined the impact of heat stress on respiration

and photosynthesis, which are the main drivers of energy

metabolism for seedlings. Respiratory and photosynthetic

activities were measured by oxygraphy, at 43°C just after

heat shock, and then at 25°C during the recovery period

(Figure 2). After 2 h at 43°C, dark respiration and net photo-

synthesis in PH samples were 1.5 times higher than in H

samples, indicating that priming significantly protected

photosynthesis and respiration during the heat shock at

43°C. Regarding the evolution of respiration and net photo-

synthesis during the recovery period, respiration measured

at 25°C for the non-treated samples (C, control) decreased

around two folds from day 0 to day 4 and then stabilized,

while photosynthesis remained stable (around 40 nmol O2

sec�1 mg�1 chll) (Figure 2c,d). P seedlings displayed simi-

lar values to the control, confirming that the priming treat-

ment is innocuous for the seedlings, with no long-term

effect on energy metabolism and viability. On the contrary,

H seedlings displayed lower activities that were markedly

and irreversibly affected from 2 h of recovery (Figure 2c,d):

net photosynthesis was 36% lower than the control after 2

h of recovery and further decreased when the seedlings

were progressively dying, while dark respiration remained

stable during the days following treatment. The increase in

respiratory rate after 6 days is simply due to the loss of

chlorophyll (used as a reference) of the dying seedlings.

Interestingly, heat shock had a more substantial

impact on respiration than on photosynthesis after 2 h of

recovery, although photosynthesis is usually considered

the most sensitive component to heat stress (Mathur et al.,

2014; Posch et al., 2019; Wahid et al., 2007; Yamori et al.,

Figure 1. Heat stress regimes and seedling thermotolerance.

After six or 7 days of culture in six-well plates (d�1 or d0, respectively),

seedlings and their medium were transferred into 25 ml glass containers

and placed in a water bath (38 or 43°C) in the presence of light (150 lmol

photons.m�2.sec�1, growth light intensity). After treatment, seedlings were

transferred back into the six-well plates for recovery. C: control; P: priming;

H: heat shock; PH: priming + heat shock. (a) Heat stress regimes and repre-

sentative pictures of wells on day 14 (7 days after 43°C treatment). (b) Quan-

tification of green pixels in the wells during the days following 43°C
treatment (4 < n < 11).
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2014). This is likely due to the mid-term adaptation to heat

shock and recovery on these two components, compared

to the short and acute heat stress or prolonged and moder-

ate heat stress effects observed in other studies (H€uve

et al., 2011; Wang et al., 2020). It could also result from a

different regulation of shoot and root respiration, mea-

sured together in our measurements. In PH seedlings, dark

respiration, and net photosynthesis were lower (9 and 33

nmol O2 sec�1 mg�1 chll, respectively) than those of C

seedlings (14 and 36 nmol O2 sec�1 mg�1 chll, respec-

tively) when measured 2 h after stress, but higher than

those of H seedlings (5 and 23 nmol O2 sec�1 mg�1 chll,

respectively). After 1 day of recovery, dark respiration and

net photosynthesis of PH seedlings were like the control,

which confirms the effectiveness of priming in protecting

energy metabolism. We also performed chlorophyll fluo-

rescence imaging to analyze the effect of priming and heat

shock on photosystem II maximum quantum yield (Fv/Fm).

A value of around 0.8 is considered a standard for healthy

plants, whereas lower values are observed in stressed

plants (Baker, 2008). Just after the 43°C heat shock, the

Fv/Fm of the H seedlings was much lower (0.61) than those

of the C or P samples (0.82), while that of the PH sample

decreased to 0.67 (Figure S1). Complete recovery of the

Fv/Fm value of the PH sample was observed after 1 day of

recovery, while the H seedlings Fv/Fm value decreased fur-

ther. Collectively, these results reveal that priming has a

major beneficial effect on seedlings’ energy metabolism

during heat shock and recovery. Moreover, it is even possi-

ble to predict whether seedlings will ultimately die or sur-

vive based on oxygraphic measurements acquired during

heat shock or after 2 h of recovery, which highlights the

importance of energy metabolism in heat stress tolerance.

Priming allows the recovery of organelle dynamics after

heat shock

Mitochondria are highly motile organelles that use the actin

network to move on (Van Gestel et al., 2002). Mitochondrial

dynamics was previously identified as a component of cell

death, and heat shock was shown to trigger an abnormal

mitochondrial morphology in protoplasts (Logan, 2010).

Given the protection of respiratory activity induced by prim-

ing in PH seedlings, we wondered if priming could influence

the response of mitochondrial dynamics to heat shock. For

this purpose, we used a transgenic line expressing green

fluorescent protein targeted to mitochondria (Mito-GFP

line), which was subjected to different heat treatments and

observed by wide-field epifluorescence microscopy.

Figure 2. Impact of heat stress on respiratory and net photosynthetic activities.

Dark respiration and net photosynthesis at 800 lmol photons.m�2.sec�1 were acquired by oxygraphy. Seedlings were placed for 2 h at 43°C (H, PH) and directly

transferred into the electrode calibrated at the same temperature for measurement of dark respiration (a) and net photosynthesis (b) (n = 8). In a second experi-

ment, seedlings were transferred back into the growth room after stress and dark respiration (c) and net photosynthesis (d) were measured in the electrode cali-

brated at 25°C after 2 h of recovery (day 0 after heat shock) and on the following days (n = 6). C: control; P: priming; H: heat shock; PH: priming + heat shock.

The bars indicate SD of the mean. Letters denote significant differences according to ANOVA and Tukey test (P < 0.05).
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Time-lapse acquisition of fluorescence throughout 20 sec in

cotyledon cells allowed us to examine mitochondrial motil-

ity by particle tracking (Figure 3). Speed per track analyzed

just after priming was highly variable for both C and P seed-

lings, with values from 0.2to 2.8 lm sec�1, reflecting the

heterogeneity of mitochondrial dynamics. The mean speed

per track was around 110 nm sec�1 for C seedlings and

125 nm sec�1 for P seedlings just before heat shock. After

heat shock, for both H and PH seedlings, the mean speed of

mitochondria dropped to 7.2 and 6.1 nm sec�1, respec-

tively. Thus, heat shock strongly affected mitochondrial

motility, even in the case of primed seedlings. However,

after 24 h of recovery, PH seedlings recovered a mean mito-

chondrial speed of 95 nm sec�1, whereas in the H condition,

mitochondrial motility remained low (8.2 nm sec�1). Mito-

chondrial dynamics in PH seedlings fully recovered within

8 h after heat shock, as shown in Figure S2. The capacity of

primed seedlings to survive a heat shock is therefore corre-

lated to the rapid recovery of energy metabolism and mito-

chondrial dynamics. In contrast, in H seedlings, the absence

of recovery of mitochondrial dynamics might be an early

indicator of cell death establishment, as was previously

shown in protoplasts (Scott & Logan, 2008). Under these

conditions, the inability of mitochondria to move and fuse

to exchange DNA, proteins, or metabolites could seriously

impair their function and maintenance.

We used a transgenic line expressing an ER-targeted

GFP protein to check whether the movements of the endo-

plasmic reticulum (ER), another motile sub-cellular com-

partment, were impacted by heat shock. The dynamics

were quantified by computing the Pearson’s correlation

coefficient for co-localization of the fluorescence between

two images acquired 20 sec apart, with measured values

of 0.80 for both C and P seedlings before heat shock

(Figure S3). A blockage of ER dynamics just after heat

shock was evident in both H and PH conditions since

Pearson’s correlation values were close to 1. However,

while ER dynamics remained blocked in H seedlings after

24 h, it was already well restored in PH seedlings with a

value of 0.86. Therefore, it is likely that the effects of heat

shock and priming on mitochondrial dynamics are not spe-

cific to the organelle. As movements of mitochondria and

ER depend on the actin network in plants (Perico &

Sparkes, 2018), we hypothesized that the impact of heat

shock and priming on these organelle dynamics was pri-

marily due to an effect on the actin microfilament network.

Indeed, heat shock was previously shown to cause cyto-

skeleton depolymerization and disassembly (Fan et al.,

2016; Malerba et al., 2010; M€uller et al., 2007), but the effect

of priming was not studied. We thus performed a similar

analysis using a line expressing a GFP targeted to the actin

microfilaments (Lifeact-GFP). Since it was more challeng-

ing to distinguish actin filaments by epifluorescence

microscopy clearly, we observed the GFP-labeled actin

Figure 3. Evolution of mitochondrial dynamics in response to heat stress.

Seedlings expressing mitochondrial GFP (Mito-GFP line) were observed by

wide-field epifluorescence microscopy.

(a) Images generated using Imaris software to track mitochondria in cotyle-

don cells over a period of 20 sec. Detected mitochondria are green colored

and tracks are rainbow colored according to mean speed (no movement is

purple, and movement above 0.5 lm/sec is red). Each image is representa-

tive of data captured from at least three independent seedlings and two

technical replications per seedling. Bar = 5 lm. C: control; P: priming; H:

heat shock; PH: priming + heat shock.

(b) Boxplots of the mean speed recorded per track in micrometers/second

according to tracking using Imaris software. Total number of tracks ana-

lyzed per time point ranges from 536 to 4442. Imaging was performed just

after priming (d�1), just before heat shock (d0), after heat shock (+0 h), after

2 h of recovery (+2 h) or after 24 h of recovery (d+1).
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network using laser scanning confocal microscopy (LSCM).

Sequential acquisition of two images 2 min apart allowed

computing the extent of co-localization of the fluorescence

via Pearson’s correlation coefficient as an indicator of actin

microfilament motility (Figure 4). The Pearson’s coefficient

values close to 0.92 observed in H and PH samples after

heat shock reflect the arrest of actin microfilament move-

ment, compared to values close to 0.5 observed in C and P

conditions, in which the actin cytoskeleton is highly

dynamic. As observed for mitochondria and ER dynamics,

the full recovery of actin dynamics in PH seedlings

occurred within 1 day after heat shock, but no recovery

occurred in the case of H seedlings. Altogether, these

observations reveal that priming itself does not prevent

the arrest in actin network dynamics occurring during heat

shock. However, a fast recovery is observed in primed

samples, which allows organelles such as mitochondria

and ER to rapidly resume their normal dynamics after a

period of blockage triggered by high temperature. Protec-

tive mechanisms such as interaction with sHSPs could con-

tribute to the rapid resumption of actin dynamics since

these proteins were shown to interact with actin in mam-

mal cells (Mounier & Arrigo, 2002). In H seedlings, the loss

of actin cytoskeleton dynamics could affect that of other

organelles such as mitochondria and ER, compromising

their functions and contributing to the signaling toward

induction of programmed cell death.

Primed seedlings exhibit a specific transcriptional

response under heat shock

A multi-omics approach was started to characterize further

seedlings’ response to priming and heat shock at the

molecular level. Since the transcriptome is known to

respond quickly to heat (Larkindale & Vierling, 2007), we

first analyzed the early transcriptional responses after

30 min of priming (P sample) or heat shock (H and PH sam-

ples), in comparison to control condition C (before prim-

ing). Using the RNA-seq strategy, including ribosomal RNA

depletion for library construction, allowed analyzing the

expression of all mRNAs, including those from organellar

transcriptomes. Sequencing data comprised between 8.3

and 17.1 billion clean bases for each sample, allowing a

coverage between 30 and 639. For differential analysis,

sense transcripts with a minimum fold change of 2 and a

false discovery rate of less than 0.05 were considered as

significantly differentially expressed (DE) between the two

conditions (Table S1). We detected 3883 transcripts signifi-

cantly upregulated and 4075 downregulated in at least one

condition. Figure 5a,b shows the number of DE transcripts

for each temperature treatment, compared to C. The total

number of downregulated transcripts was lower in the H

condition than in P or PH. The number of upregulated tran-

scripts was higher in PH than in the other treatments. A

core response of 406 upregulated genes and 342

downregulated genes was found in all heat treatments.

Among the gene ontologies (GO) related to these upregu-

lated genes figured: “response to heat stress”, “response

to high light intensity”, “response to oxidative stress”,

“transcription activator activity”, and “protein folding”.

Genes previously identified as main actors of the HSR were

Figure 4. Evolution of Actin dynamics in response to heat stress.

Seedlings expressing GFP targeted to the Actin network (LifeAct-GFP line)

were observed by laser confocal scanning microscopy. Merged images of

two frames captured 2 min apart in cotyledon cells are shown; the first

image was false-colored in green and the second in magenta;

co-localization corresponds to white pixels. Data were captured from at

least 3 independent seedlings and 2 technical replications per seedling.

Values below the images correspond to the mean of Pearson’s correlation

coefficient � SD. The coefficient was calculated using Fiji Coloc 2 colocali-

zation tool. Scale bar: 10 lm. C: Control; P: Priming; H: Heat shock; PH:

Priming + heat shock. Imaging was performed just before heat shock (d0),

after heat shock (+0 h) or after 24 h of recovery (d+1).

� 2024 The Authors.
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detected among the most upregulated genes in all treat-

ments, even if, for most of them, the fold change was often

lower in H than in P and PH. For example, among the tran-

scription factors, HSFA2, HSFA7a, HSFA7b, HSFB1, and

HSFB2b genes were found to be upregulated in all condi-

tions, as well as those for DREB factors 1B, 1C, 1F, 2A, and

2E, but the response was lower in H condition compared to

P (Figure 5c,d). Interestingly, most of these genes were not

expressed to a higher level in PH compared to the H condi-

tion, although the PH seedlings survive, while the H seed-

lings are committed to death. Regarding the common

downregulated genes, the main GO associated were:

“response to auxin”, “carbohydrate metabolic process”,

“cell wall organization”, and “lignin catabolic process”.

The core response (342 transcripts) involved many

auxin-responsive genes (SAUR), a few ethylene-responsive

transcription factors (ERF, CRF and LEP), many

cell-wall-related enzymes (polygalacturonase, expansins,

cellulose synthase, pectin acetylesterases. . .). All these data

fit with an early response associated with the arrest of

growth and development. Overall, these results agree with

previous studies of heat stress signaling (Ahuja et al., 2010;

Lim et al., 2006; Ohama et al., 2017) and validate our experi-

mental system. When comparing the different conditions to

control C, we found that 75% of significantly upregulated

transcripts in the H condition were also upregulated in the

PH condition, while only 21% of upregulated transcripts in

H were shared with the P condition. In total, 50% of genes

upregulated in P were also upregulated in PH condition.

The transcriptome of PH seedlings thus comprises a high

overlap with those of P and H seedlings. We will thereafter

focus on the DE genes specific to P and/or PH, which are

thus candidates for a role in basal and acquired thermoto-

lerance. The common response to P and PH treatments

included 258 upregulated transcripts and 328 downregu-

lated transcripts (Figure 5a,b). The overexpressed genes

Figure 5. General transcriptional responses to

priming and heat shock and regulation of major

transcriptional factors Hsf and DREB.

Venn diagrams representing the number of signifi-

cantly upregulated (a) and downregulated (b) tran-

scripts in response to the different heat stress

regimes (FDR <0.05 and log2 ratio >1 or <�1). Data

were acquired before priming (C) or after 30 min of

the different stress applications (P, H and PH). Log2

ratio of Hsf and DREB transcription factors whose

expression was significantly affected by at least one

treatment are shown in (c) and (d), respectively.

� 2024 The Authors.
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were identified in the gene ontologies (GO) related to

“response to heat” and “protein folding” and encoded for

two HSP70, three HSP40-like proteins, two chaperonins 60

and three FKBP peptidyl-prolyl cis-trans isomerases. Other

transcripts such as HSFA1e, HSFB2a, DREB2B, DREB2C

(Figure 5c,d), ERF021, and several transcripts encoding glu-

taredoxins were also part of this common response. The

downregulated transcripts were linked to “cell wall

modification”, “protein phosphorylation”, “protein tyrosine

kinase activity”, and “aspartic-type endopeptidase activity”

GOs. Regarding the DE transcripts specifically responding

to PH treatment, 881 were specifically upregulated, and

1030 were specifically downregulated (Figure 5a,b). The

GOs related to this specific response in PH seedlings com-

pared to the other treatments are shown in Figure 6. Inter-

estingly, the major GOs linked to cellular components

specifically upregulated in PH comprised “plastid”,

“cytoplasm”, and “mitochondrion”. “Photosynthesis”,

“pigment biosynthetic process”, and “response to oxida-

tive stress” were the most represented biological processes

GOs among the upregulated transcripts (Figure 6a). In con-

trast, a high number of decreased transcripts were identi-

fied in the “cell wall modification” or “response to salicylic

acid” or “microtubule” GOs (Figure 6b). As suggested by

(Larkindale & Vierling, 2007), the efficient downregulation

of genes that are not required for heat stress tolerance or

could be damageable for the plant is likely required in the

process of thermotolerance.

Among the 881 PH-specific upregulated genes, 151

(17%) were predicted to encode plastidial proteins accord-

ing to SUBA4. They were linked to “photosynthesis” (pho-

tosystem II proteins, chlororespiration reduction 1 (CRR1),

phosphoglycerate kinase 1, early light-induced protein 1),

“protein folding” (CpHSC70-1, chaperonin 60-alpha, a

putative HSP10), chlorophyll metabolic process (biosynthe-

sis), “cellular amino acid biosynthetic process” (Phe, Leu,

Tyr, Lys, and Cys biosynthesis) or “ribosome biogenesis

and translation” GO (50S, 30S and S21 ribosomal proteins,

an elongation factor P (EF-P) family protein, chloroplast

ribosome release factor 1 (CPRF1) and CSP41A involved in

rRNA maturation) (Table S1). Furthermore, among the

transcripts predicted to encode mitochondrial proteins, 63

were overexpressed specifically in PH (representing 7% of

PH-specifically upregulated transcripts). Nine encoded PPR

proteins and one MORF3 (multiple organellar RNA editing

factor 3) could reflect a specific regulation of RNA editing

in the mitochondrion. Thus, PH seedlings exhibited a dif-

ferential response of the genes encoding plastidial or mito-

chondrial proteins compared to the H condition, which

may contribute to their heat stress tolerance.

Since there were significant differences between the

responses of H and PH seedlings at the level of energy

metabolism, we scrutinized the transcriptional response of

nuclear and organellar genes encoding components of the

photosynthetic and respiratory electron transport chains

(Figure 7). Most of the photosynthesis-related genes were

overexpressed in P samples after 30 min of treatment (89

out of 109 transcripts significantly upregulated) (Figure 7).

Among them, nine had a fold-change >2 (log2 > 1), and

five of them were coding proteins of photosystem II (psbA,

psbB, psbC, psbD, psbE). This increase could be related to

a higher turnover of photosynthetic components at 38°C
compared to 25°C. Regarding the genes overexpressed in

response to 43°C treatment, several genes were specifically

upregulated in PH condition (compared to H), in particular

those encoding subunits involved in the NAD(P)H dehydro-

genase complex (NdhL, NdhN, NdhO, NDF2, NDF4, NDF6)

(Figure 7). We could also identify several photosystem I

and photosystem II subunits (PsaD1, PsaH2, PsaI, PsbS)

among the PH-specifically overexpressed genes. In the

mitochondrion, 89 out of 106 transcripts corresponding to

both mitochondrial and nuclear genes were also signifi-

cantly upregulated in the P condition, possibly contributing

to sustaining the high respiration at 38°C. In contrast, in H

and PH samples, the upregulated transcripts mainly con-

sisted of mitochondrial-encoded transcripts, which could

reflect a disturbance of the organelle/nucleus transcrip-

tional regulation. Regarding the genes involved in mito-

chondrial dynamics, we could not detect any significant

changes in their transcription, except the upregulation of

DRP1E (AT3G60190.1) in the P condition and the downre-

gulation of DRP5A (AT1G53140.1) in the PH condition, both

encoding dynamin-related proteins (Table S1). The

actin-related protein C2B transcript was also downregu-

lated in both H and PH conditions. This indicates that the

changes observed in mitochondrial dynamics were not

due to a transcriptional response at this level.

We finally performed a sparse variant of the PLSDA

(sPLS–DA) to determine the subsets of genes that best dis-

criminate the four samples (C, H, P, PH) and could stand

for heat tolerance markers. Three components composed

of 10, 60, and 30 genes, respectively, were identified

(Table S2). As shown in Figure S4, the first component of

the optimized model explained 46% of the variance in gene

expression level and discriminated perfectly with the con-

trol condition. The ten discriminative genes were all down-

regulated in P, H, and PH compared to the control. They

were related to cell wall organization and metabolism as

indicated by Gene Ontology. This result suggests that

non-lethal and lethal heat stress may affect cell wall

homeostasis. The second component explained 28.2% of

the variance in gene expression levels and discriminated

well with the P condition. Among the 60 selected variables

were found upregulated transcripts of heat shock proteins

and downregulated transcripts of PPR proteins. Genes

were mostly related to protein folding and response to

stress, as indicated by Gene ontology (Figure S4). How-

ever, the first two selected transcripts were encoding a

� 2024 The Authors.
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putative glycosyl transferase (AT3G10630.1, downregu-

lated in P) and a cycling DOF factor 1 (AT5G62430.1, upre-

gulated in P). The latter protein is involved in relation to

TOPLESS in transcription repression. The third component

explained 11.1% of the variance in gene expression level

and discriminated PH from H. Selected genes were

regulated in opposite ways in H and PH: those that were

downregulated in H were upregulated in PH and

vice-versa. However, no pertinent connection could be

found among these 30 selected genes using Gene Ontol-

ogy. The first selected gene AT3G21720.1, which was upre-

gulated in PH, encodes isocitrate lyase, a key enzyme in

Figure 6. Gene ontology of transcripts specifically responding to PH treatment.

�Log P-values were calculated based on the gene ontology from AgriGO v2 of PH specifically upregulated or downregulated transcripts (FDR <0.05; log2 ratio

>1 or <�1). The most significant categories (P < 0.0005) were represented for each component.

� 2024 The Authors.
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the glyoxylate cycle. This pathway plays an important role

during seed germination by converting stored-lipids into

available carbon source but might also contribute to stress

tolerance by modulating energy metabolism (Yuenyong

et al., 2019). However, the transcript encoding malate

synthase, the other key enzyme of the pathway, was down-

regulated in the PH condition (Table S2).

Altogether, these transcriptomic data revealed the

upregulation of several heat-stress responsive genes (HSF,

HSP ) and photosynthesis-related genes in the PH condi-

tion compared to the H condition, which could contribute

to better maintenance of energy metabolism under and

after heat shock.

Comparative proteomics reveals complementary profiles

for priming and heat shock

Since transcriptional responses are not necessarily corre-

lated with changes at the protein level, particularly under

stress conditions (Kosov�a et al., 2011), we also analyzed

the heat shock response using shotgun proteomics. The

highly sensitive XIC method (Belouah et al., 2019) was

used to determine the abundance of the proteins in the dif-

ferent conditions: C and P (22 h after priming), H and PH

condition (2 h of recovery post-heat-shock). Among the

4544 proteins identified, 740 were retained for quantifica-

tion after data filtration. Of these, 266 proteins significantly

accumulated, and 143 proteins decreased in at least one

treatment compared to the control condition (Figure 8 and

Table S3). When applying thresholds for variation (ratio >2
or <0.5), 118 proteins (44% of the total) accumulated more

than twice, and 65 proteins (45% of the total) decreased by

more than half. Although this corresponds to a 45% overall

proportion of proteins displaying high up or down varia-

tion, the Venn diagram shows that the proportion strongly

depends on the conditions (Figure 8). Hence, among the

nine proteins accumulating or the 14 proteins decreasing

in all three conditions (P, H, PH), only one protein dis-

played a strong up or down variation. Interestingly, the

highest number of differentially accumulated proteins was

observed following heat shock, with considerable overlap

between H and PH conditions (44.7% of total increased and

40.6% of total decreased proteins). Another noticeable

observation is the fact that we did not detect any protein

significantly accumulating or decreasing exclusively in

both P and H conditions, while many proteins were found

to respond specifically to both P and PH or H and PH con-

ditions (Figure 8). This highlights the potency of the 43°C
noxious heat shock on the seedling proteome but also

shows that proteome response in the PH samples is

shaped by the successive impacts of priming and heat

shock, although these treatments, when not combined,

have different impacts, and consequences (life or death).

Proteomic data were first analyzed by STRING

(Szklarczyk et al., 2019) in order to highlight potential pro-

tein clusters up and downregulated in P, H, and PH condi-

tions compared to control. The list and composition of

clusters are presented in Table S4, while Figure 9 shows

the network views of the main clusters identified for each

condition. Cluster comparisons were performed according

to the description of the cluster and its protein members,

but it should be noted that clusters with the same title can

have different compositions. The percentage of downregu-

lated proteins that were found into significant clusters was

23, 29, and 47% for P, H, and PH conditions, respectively,

and 37, 49, and 42% in the case of upregulated proteins.

Small clusters (two to six proteins) were found among

downregulated proteins. Most of these clusters were not

specific to one condition and were retrieved totally or

partly in at least two conditions (Table S4). For instance,

protease-peptidase clusters (2–3 proteins) were found

downregulated in P, H, and PH conditions. The largest

downregulated cluster in P (four proteins) was related to

chlorophyll biosynthesis and was also found in PH (Fig-

ure 9). The largest downregulated cluster in PH (six pro-

teins) concerned proteolysis and was common to H and

PH. Small clusters (3 proteins) connected to cell wall catab-

olism and photosynthesis (photosystem components and

repair process) were also repressed in both H and PH.

However, some small clusters were specifically downregu-

lated in only one condition: rhodanese and peptidase in P;

peroxidase in PH, and a larger one (translation, six ribo-

somal proteins) in H condition. This reflects a possible

decrease of ribosomes in connexion with the inhibition of

translation. The largest clusters (up to 17 proteins) were

found for upregulated proteins (Figure 9; Table S4). The

majority of the clusters upregulated in P were upregulated

in PH as well but not in H, like the large protein folding

cluster. In contrast, only a few chaperones were upregu-

lated in H. Among them, interestingly, one of the HSP70

isoforms (HSP70-2) was specific only to the H condition.

Small clusters related to sugar metabolism and TOPLESS

corepressor were also common to P and PH. Most upregu-

lated clusters shared by H and PH were connected to trans-

lation, signaling, proteasome, antioxidants (glutathione),

protein import, pigment, and isoprenoid biosynthesis. The

components of the upregulated translation cluster in H are

different from those of the downregulated translation clus-

ter associated with ribosomal proteins, which indicates

Figure 7. Impact of heat stress on the transcriptional profiles of genes involved in photosynthetic and respiratory electron transport chains.

Log2 ratio data for each treatment (P, H and PH) compared to control (C) were scaled from black to yellow for upregulated transcripts and from black to blue for

downregulated transcripts. Heatmap was generated from http://bbc.botany.utoronto.ca/ntools/cgi-bin/ntools_heatmapper_plus.cgi. Genes were annotated

according to Liang et al. (2016). The names of plastidial-encoded genes are colored in green and mitochondrial-encoded genes in orange.
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profound changes in the translation machinery triggered

by heat shock. The analysis revealed that a major cluster

(seven proteins) involved in protein import into the

nucleus was present in H. This cluster was found partially

in PH (two proteins) but not in P condition. Considering

the importance of the HSR of nucleo-cytoplasmic

exchanges, in particular through the shuttling of many

transcription factors and co-activators required to modu-

late gene expression (Ohama et al., 2017), the reinforced

expression of components of the nuclear import machinery

under the heat shock makes sense. In the same way, a

cluster of nine proteins connected to signaling and protein

degradation was identified in H and only partly retrieved in

PH but not in P condition. No cluster was specifically upre-

gulated only in PH conditions. In contrast, several upregu-

lated clusters (2–6 proteins) were found only in H. They

were connected to carbohydrate and sulfur amino-acid

metabolism, lignin biosynthesis, intracellular protein trans-

port, protein dephosphorylation and degradation, and

mitochondrial fission. Altogether, the STRING analysis has

highlighted pathways that could be specifically upregu-

lated upon priming (protein folding and chaperons, nucleo-

tide sugar, TOPLESS) or heat shock (translation, protein

import into the nucleus, antioxidants, isoprenoids). It was

not surprising that these specific pathways were brought

together in the PH condition, which mixed priming and

heat shock.

Since the cluster analysis is essentially predictive and

does not take into account the fold change and

non-clustered proteins, we focused in more detail on the

proteins displaying expression profiles that were common

or specific to the different treatments. The shared response

to all treatments included only nine accumulated proteins

(Figure 8a), among which the first four were significantly

upregulated at the transcriptional level in the different

treatments: two HSP70 (AT3G12580.1; AT3G09440.1),

Fes1A (AT3G09350.1), which was shown to contribute to

thermotolerance by stabilizing cytosolic HSP70 (Zhang

et al., 2010), a cyclophilin-like peptidyl-prolyl isomerase

(AT1G01940.1), UGE1 (AT1G12780.1), involved in galactose

synthesis, NINJA (AT4G28910.1) and TOPLESS-RELATED3

(AT5G27030) which are involved in the repression of the

jasmonic acid signaling pathway (Pauwels et al., 2010), a

peroxiredoxin (AT1G60740) and a chalcone flavanone

isomerase (AT3G55120.1) called TT5. Among these pro-

teins, only Fes1A showed a high fold change ratio

(log2 > 2) in all conditions, and HSP70 (AT3G12580.1) was

the sole previously recognized as a member of the

“common general heat stress response” in the study of

(Echevarr�ıa-Zome~no et al., 2016). Differences in the experi-

mental conditions and proteomics quantification methods

likely explain such differences between studies. The 14

shared decreased proteins (Figure 8b) appeared involved

in proteolysis (subtilase, AT2G05920.1; SPCL26,

AT2G35780.1), defense (disease-resistance responsive pro-

teins AT4G11210.1 and AT4G23690.1) or cell wall metabo-

lism (ATEXLA1, AT3G45970.1; BXL1, AT5G49360.1;

FUC95A, AT4G34260.1; SKS17, AT5G66920.1) (Table S3).

Although most of these proteins are expected to be extra-

cellular, according to SUBA4, we can make no clear link

between their decreased abundance and heat stress.

Since PH seedlings can survive the otherwise lethal

heat shock, we focused on the proteins significantly accu-

mulating (ratio PH/C ≥ 2) under this condition (Table 1). In

Figure 8. Responses of proteome to heat stress.

Venn diagrams representing the number of signifi-

cantly accumulated (a) and decreased (b) proteins

in response to the different heat stress regimes

according to XIC quantification (ANOVA and Tukey

test P < 0.05). The numbers between brackets corre-

spond to the proteins showing variations with a

ratio >2 or <0.5. Data were acquired before heat

shock (P/C) or after 2 h of recovery post heat shock

(H/C-and PH/C) without or with priming,

respectively.

Figure 9. STRING network analysis of the down/upregulated proteins in P, H and PH conditions.

Parameters used for STRING analysis are listed in Material and Methods. Cluster colors were assigned automatically by STRING. Only the principal clusters are

shown and those containing more than three proteins are indicated by a keyword. The largest cluster is colored in red in each condition. Cluster lists and protein

descriptions can be found in Supplementary information Table S3. Solid and dotted lines indicate connections within the same and different cluster, respec-

tively. The line thickness indicates the strength of the data support. Clusters of two proteins and non-clustered proteins have been omitted from the figure.

CWP = Cell wall polysaccharide; HSP = Heat shock protein.
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this list of 53 proteins, 13 proteins are related to protein

folding or assembly, nine to signaling, six to chlorophyll

and isoprenoid metabolism, 15 to various other functions,

and ten proteins cannot be functionally classified beyond

automatic annotation. The majority (28) was predicted to

be cytosolic, eight plastidial, two mitochondrial, and

seven nuclear, and the rest were assigned to various com-

partments (ER, Golgi, plasma membrane, vacuole). When

examining the accumulation of these proteins in other

conditions, only two proteins were found to accumulate

exclusively in PH conditions: an uncharacterized chaper-

one binding protein (AT5G58110.1) and UBP1B

(AT1G17370.1), which is involved in stress granule forma-

tion (Nguyen et al., 2016). Two complementary profiles

emerged for the 51 other proteins, with 24 proteins accu-

mulating also in P samples and 27 others accumulating in

H samples. In most cases, the fold changes were similar

between the PH and the other (P or H) conditions, which

suggests that for these 51 proteins, their accumulation in

PH samples reflects the effect of priming or heat shock.

An exception is HSP17.6B (AT2G29500.1), whose expres-

sion is increased twice in the PH vs. P condition. Among

the 15 proteins with the highest fold change (PH/C ≥4), 14
had already accumulated to a high level before heat

shock, because of the priming treatment. They included

several molecular chaperones such as three sHSP

(HSP17.6A, HSP17.6B, HSP23.6), three HSP70 (HSP70T-2,

HSP70, MTHSC70-2), HSP90-1, one HSP101 (CLPB3) and

Fes1A which are co-chaperones of HSP70, but also the

translation elongation factor EF1B and a putative

peptidyl-prolyl cis-trans isomerase (AT1G01940.1). Except

for HSP23.6 and MTHSC70-2, which are mitochondrial

and CLPB3, which is plastidial, all these proteins are cyto-

solic. Another strongly over-accumulated protein in P and

PH is pyridoxine biosynthesis 1.2 (PDX1.2), which was

recently shown to play an essential role in maintaining

vitamin B6 biosynthesis under heat shock (Dell’Aglio

et al., 2017). According to a computational study, a pro-

tein (AT1G18270.1) displaying a 10-fold accumulation

could play a role in ascorbate degradation (Zhang, Duan,

et al., 2016), but how this would contribute to heat accli-

mation is not apparent. Among proteins involved in sig-

naling and accumulating both in P and PH conditions,

figures HKL, which is involved in heat signaling and

memory (Sharma et al., 2019), the ER auxin binding pro-

tein ABP1 whose constitutive overexpression increased

temperature sensitivity of hypocotyl growth (Gelov�a et al.,

2021), and a poorly characterized transcription regulator

(AT5G18230.1, NOT2/NOT3/NOT5 family protein). Notice-

ably, two proteins of unknown function display high accu-

mulation levels in response to priming. AT3G10020.1

(PH/C = 16.8; P/C = 15) is annotated as a hypoxia

unknown protein (HUP26), and AT1G30070.1 (PH/C = 5.0;

P/C = 4.5) is annotated as an SGS domain-containing

protein and was identified as a potential small

ubiquitin-like modifier substrate (Elrouby & Coup-

land, 2010). This protein could intervene in the HSR since

the SGS domain of another protein (SGT1) is responsible

for HSC70 binding (No€el et al., 2007).

Among the proteins whose accumulation is triggered

by the heat shock independently of priming (accumulating

in H and PH conditions), seven chloroplast proteins were

accumulating more than two-folds (Table 1). CGLD11

(AT2G21385.1) is involved in the assembly of the CF1 sub-

complex of the ATP synthase (Zhang, Carter, et al., 2016).

Another protein localized in plastoglobules (fibrillin FBN6)

is expected to contribute to light acclimation (Lee et al.,

2020). Four other accumulating proteins are involved in

chlorophyll (NOL, CRD1) or isoprenoid metabolism (IPP2,

HDR). The accumulation of these proteins in plastids under

severe heat shock conditions reflects the need to counter-

act the damage to the photosynthetic apparatus. In the

case of IPP2 (AT3G02780.1), it must be mentioned that

although it is annotated as a chloroplast protein, there is

strong evidence that its full-length isoform would be mito-

chondrial, while a shorter one would be peroxisomal (Phil-

lips et al., 2008; Sapir-Mir et al., 2008). Curiously, another

accumulated protein involved in isoprenoid metabolism

(FPS1, farnesyl diphosphate synthase) is classified as cyto-

solic, but a long isoform was found to be mitochondrial

(Closa et al., 2010; Cunillera et al., 1997). Collectively, our

proteomic data suggest stimulation of the biosynthesis of

isoprenoid precursors through the 2-C-methyl-D-erythritol

4-phosphate (MEP) pathway in the chloroplast (HDR) and

through the mevalonate pathway (MEV) occurring in the

cytosol, mitochondria (IPP2, FPS1) or even peroxisomes

(IPP2). Several proteins accumulating in response to heat

shock are involved in signaling pathways, like FUSCA6, a

protein of the signalosome, CUL1, a component of auxin

signaling or AT1G61150.1, a putative member of large

eukaryotic signaling complexes of proteostasis (Toma�st�ı

kov�a et al., 2012), or the ER protein CYP83B1 which is

involved in auxin biosynthesis (Maharjan et al., 2014).

Finally, among proteins with diverse functions, an

actin-depolymerizing factor (ADF2) accumulating in H and

PH conditions could be related to the blockage of microfila-

ments and mitochondrial dynamics observed after treat-

ment at 43°C.
The analysis of the 62 proteins with significantly

reduced accumulation (ratio PH/C ≤0.5) in the PH condition

revealed that 50 (80%) are similarly less abundant in the H

condition. At the same time, most of them are not affected

by priming (Table S3). This suggests that their decreased

abundance is a direct consequence of heat shock. The list

comprises 14 proteins annotated as proteases, seven pro-

teins related to cell wall biogenesis and remodeling, two

lipases, and an alpha-amylase. The decrease of proteins

involved in catabolic processes could contribute to

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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Table 1 List of significantly accumulated proteins in PH seedlings (P < 0.05; PH/C ratio >2).

id Description // Functional category P/C H/C PH/C loc

AT5G12030.1 AT-HSP17.6A // Molecular chaperone 18.91 0.82 18.76 c
AT3G10020.1 HUP26, Hypoxia response unknown protein 26 // Unknown function 14.96 1.18 16.86 n
AT3G09350.1 Fes1A // Protein folding 10.95 2.98 14.69 c
AT1G18270.1 Ketose-bisphosphate aldolase class-II family protein // Ascorbate degradation? 8.90 0.92 10.71 c
AT2G32120.1 HSP70T-2 // Molecular chaperone 10.03 1.13 10.16 c
AT2G29500.1 HSP17.6B // Molecular chaperone 4.13 1.14 8.66 c
AT4G25200.1 HSP23.6-MITO // Molecular chaperone 8.43 1.34 8.18 m
AT5G52640.1 HSP90.1 // Molecular chaperone 8.08 2.66 8.10 c
AT3G16050.1 PDX1.2 // pyridoxine biosynthesis 7.80 1.11 6.61 c
AT1G16030.1 Hsp70b // Molecular chaperone 4.52 1.29 5.65 c
AT2G21385.1 CGLD11, BFA3 // Protein assembly 1.29 5.19 5.26 pl
AT3G12580.1 HSP70 // Molecular chaperone 4.83 1.12 5.08 c
AT1G30070.1 SGS domain-containing protein // Unknown function 4.52 1.02 5.01 c
AT5G12110.1 Translation elongation factor EF1B/ribosomal protein S6 // Translation 4.30 1.64 4.70 c
AT1G66080.1 Hikeshi-like protein1, HKL, HLP1 // Heat signaling and thermomemory 4.16 1.73 4.26 c
AT5G47770.1 FPS1; farnesyl diphosphate synthase 1 // Isoprenoid metabolism 0.98 4.21 3.64 c/m
AT5G04900.1 NOL; NYC1-like // Chlorophyll metabolism 1.18 3.11 3.41 pl
AT3G03990.1 D14, DWARF 14 // Strigolactone signaling 1.46 2.42 3.18 c
AT1G61150.1 LisH and RanBPM domains containing protein // Signaling 1.28 5.10 2.97 n
AT5G19940.1 FBN6; Fibrillin 6 // Light stress acclimation 0.89 3.56 2.89 pl
AT3G56940.1 CRD1 // Chlorophyll metabolism 0.99 2.47 2.80 pl
AT5G15960.1 KIN1; stress-responsive protein // Unknown function 3.58 1.33 2.79 c
AT1G17370.1 UBP1B; oligouridylate binding protein 1B // Stress granule formation 1.72 1.36 2.79 n
AT5G18230.1 Transcription regulator NOT2/NOT3/NOT5 family protein // Transcription factor? 2.51 1.42 2.73 n
AT4G02570.1 CUL1, cullin 1; AXR6, auxin resistant 6 // Auxin signaling 1.38 3.29 2.68 n
AT5G15450.1 CLPB3; APG6 // Molecular chaperone 3.58 0.77 2.61 pl
AT2G45990.1 Ribosomal RNA small subunit methyltransferase G // Unknown function 0.73 3.66 2.58 pl
AT3G02780.1 IPP2 // Isoprenoid metabolism 0.68 3.19 2.56 pl/m/p
AT3G61140.1 FUSCA 6; COP9 Signalosome subunit 1 // Signalosome component 1.16 3.24 2.52 c/n
AT4G34920.1 PLC-like phosphodiesterases superfamily protein // Unknown function 0.95 2.86 2.41 c
AT4G31500.1 CYP83B1; SUPERROOT 2 // Auxin signaling 0.83 3.11 2.39 er
AT5G65020.1 ANNAT2; annexin 2 // Calcium signaling 1.04 2.84 2.31 c/pm
AT1G55450.1 S-adenosyl-L-methionine-dependent methyltransferases superfamily // Unknown function 0.83 2.92 2.29 g
AT5G58490.1 NAD(P)-binding Rossmann-fold superfamily protein // Unknown function 1.00 2.52 2.28 c
AT1G01940.1 Cyclophilin-like peptidyl-prolyl cis-trans isomerase family protein // Protein folding 2.00 1.59 2.27 c
AT1G13320.1 PP2AA3; protein phosphatase 2A subunit A3 // 0.83 3.97 2.27 c
AT4G34350.1 HDR; CLB6 // Isoprenoid metabolism 1.16 2.09 2.26 pl
AT1G71697.1 ATCK1, CK1; choline kinase 1 // Choline biosynthesis 0.87 2.19 2.25 c
AT1G60740.1 Thioredoxin superfamily protein PrxIID // Anti-oxidant 2.49 1.54 2.21 c
AT1G02930.1 ATGSTF6; glutathione S-transferase 6 // Redox metabolism 0.98 2.85 2.19 c
AT5G42080.1 ADL1, dynamin-like protein; RSW9, radial swelling 9 // Membrane organization 1.19 2.20 2.19 pm
AT3G42050.1 Vacuolar ATP synthase subunit H family protein // ATPase 0.87 2.46 2.18 v/g
AT5G58110.1 Chaperone binding; ATPase activators // Unknown function 1.07 1.72 2.16 n
AT5G20400.1 2-oxoglutarate and Fe(II)-dependent oxygenase superfamily // Flavone metabolism? 1.07 3.28 2.16 c
AT4G27450.1 HUP54, HYPOXIA RESPONSE UNKNOWN PROTEIN 54 // Unknown function 2.28 1.06 2.15 c
AT4G02980.1 ABP1; auxin binding protein 1 // Auxin signaling 2.04 1.44 2.12 er
AT1G68300.1 Adenine nucleotide alpha hydrolases-like superfamily protein // Stress response? 2.40 1.35 2.11 pm
AT5G43450.1 2-oxoglutarate and Fe(II)-dependent oxygenase superfamily protein // Ethylene

metabolism?
1.05 2.18 2.10 c

AT5G09590.1 HSC70-5; mitochondrial HSO70 2 // Molecular chaperone 1.96 1.18 2.08 m
AT5G19820.1 EMB2734, embryo defective 2734; KETCH1 // Micro RNA processing 0.97 2.97 2.05 g
AT3G07090.1 PPPDE putative thiol peptidase family protein // Unknown function 2.37 0.98 2.02 c
AT3G46000.1 ADF2; Actin depolymerizing factor 2 // Microfilament dynamics 0.70 2.86 2.01 c
AT3G29350.1 AHP2; histidine-containing phosphotransmitter 2 // Cytokinin signaling 0.88 2.42 2.01 c

Proteins whose ratio are highlighted in red are significantly accumulated, and in green decreased, in the treatment compared to the control
condition. Green background denotes proteins with specific accumulation in P and PH samples and yellow background proteins with spe-
cific accumulation in H and PH samples. Loc: location according to SUBA4con; c: cytosol; er: endoplasmic reticulum; g: Golgi; m: mitochon-
drion; n: nucleus; p, peroxisome; pl: plastid; pm: plasma membrane; v: vacuole. Alternative localisations have been indicated for
AT5G47770.1, AT3G02780.1, AT3G61140.1, AT5G65020.1 and AT3G42050.1.

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), doi: 10.1111/tpj.16763
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maintaining proteostasis and reinforcing cell walls in con-

ditions where translation is blocked. Most of these proteins

are cytosolic or extra-cellular. Still, eight are expected to

be plastidial, including two PSII subunits (PSBQ, PSBP)

and CCD4, which are involved in carotenoid degradation in

seeds and senescing leaves (Gonzalez-Jorge et al., 2013).

While many protective proteins like HSPs accumulated

in PH and P conditions, 79 proteins were found to specifi-

cally accumulate in the H condition (Table S3). They

included components of “ubiquitin-dependent protein cata-

bolic process” GO (ubiquitin C-terminal hydrolase 3 (UCH3),

S phase kinase-associated protein 1 (SKP1), regulatory parti-

cle non-ATPase 13 (RPN13), ubiquitin-conjugating enzyme

35 (UBC35), constitutive photomorphogenic 13 (COP13),

UBC36 (ubiquitin-conjugating enzyme 36)) and of “protein

transport” (Arabidopsis RAB GTPase homolog A2C

(ATRAB-A2C), homolog of human KPNB1, translocase of the

inner mitochondrial membrane 13 (TIM13), alpha-soluble

NSF attachment protein 2 (ALPHA-SNAP2), ATSLY1, Adaptin

family protein, RAN binding protein 1 (RANBP1), importin

alpha isoform 2 (IMPA2)). Moreover, a set of 16 proteins

was found to be specifically downregulated in the H condi-

tion, including six ribosomal proteins (RPL7B, RPL16A,

RPL14 family protein, RPL14p, RNA binding plectin/S10

domain-containing protein and chloroplast ribosomal pro-

tein S3) and two proteins involved in poly(A) mRNA export

and splicing MOS11 (modifier of SNC1) and SCL30

(SC35-like splicing factor 30). Collectively, these data favor a

strong disturbance in protein synthesis and degradation

under H conditions compared to PH, even after 2 h of recov-

ery post-heat shock.

We also performed a sPLS–DA analysis on the whole

set of proteins whose abundance was quantified by XIC

analysis. The analysis identified two components that dis-

criminate heat shock and priming samples, respectively

(Figure S5). The full list of discriminative variables

selected for component one (10 proteins) and component

two (60 proteins) is indicated in Table S5. The first com-

ponent explained 32.6% of variance in protein level and

discriminate proteins that were highly upregulated in H

and to a lesser extend in PH compared to the control.

The second component explained 13.3% of the variance

in protein level and mostly discriminate proteins that

were highly upregulated in P and PH compared to con-

trol. No gene ontology was found for the ten proteins

selected on the first component. However, the first pro-

tein was a glutathione S-transferase (AT1G02930.1),

which is possibly related to oxidative stress. The proteins

selected on the second component were associated with

stress response and protein folding by Gene Ontology

(Figure S5). Among these 60 proteins, 18 are chaperones

or related proteins (Table S5), which confirmed their

importance for heat acclimation and heat shock toler-

ance. HUP26, a hypoxia response unknown protein

(AT3G10020), which was highly upregulated in P and PH,

was found to be the most discriminative variable.

Time-course of HSP accumulation

Since chaperones are major thermotolerance components,

we looked closer at the evolution of their abundance after

the different treatments. The XIC results of the shotgun

proteomic analysis revealed that, apart from a few that did

not accumulate after heat stress (CPLC, Hsc70-1, BDS2),

most were highly increased in P and PH conditions, but

not in the H condition, like several cytosolic HSPs

(HSP90.1, HSP70B, HSP70T-2, HSP70, HSP17.6, HSP20-like)

and the mitochondrial HSP23.6 (Figure S6a). This was also

confirmed for several other HSPs that could not be quanti-

fied using XIC but were readily detected by spectral count-

ing method in both P and PH samples but not in C and H

samples, such as the plastidial HSP21, the mitochondrial

HSP26.5 and HSP23.5 or the cytosolic HSP101 (Figure S6b).

We used a complementary approach of immunodetection

to visualize the abundance of several HSPs (HSP101,

HSP70, plastidial HSP70, HSP17.6, plastidial HSP21 and

mitochondrial HSP26.5) during priming, heat shock and

recovery period (Figure 10; Figure S7). HSP101 was rapidly

accumulated in the P condition (after 30 min of treatment)

and maintained after priming. The protein was not

detected in the H sample, whereas its level remained stable

before, during, and after heat shock in PH samples. The

cytosolic and chloroplastic HSP70 increased slightly after

priming but remained stable in H and PH conditions. It is

noteworthy that, since the anti-cytosolic HSP70 antibody is

susceptible to detect three constitutive (HSC70-1, HSC70-2,

HSC70-3) and two heat-inducible cytosolic HSP70

(HSP70-4, HSP70-5), it is not possible to correlate the

immunoblot results with variations of these HSP isoforms

detected with proteomics. In the case of chloroplastic

HSP70, the antibody is expected to recognize both

cpHSC70-1 and cpHSC70-2, but these isoforms were not

detected in our proteomic analysis. A more detailed inves-

tigation of HSP70 response would require specific anti-

bodies. The small HSPs (HSP21, HSP17.6, HSP26.5) were

detected in P samples from 2 h of treatment, and their

level increased during recovery (Figure 10; Figure S7).

They were, however, undetectable in H samples at any

time of stress or recovery. In the PH condition, these pro-

teins, which were present before the stress because of the

priming, almost disappeared during the treatment, to reap-

pear progressively during the recovery period. We hypoth-

esized that these proteins were not soluble anymore at

43°C because of co-aggregation with other proteins, as

shown for the pea HSP22 (Avelange-Macherel et al., 2020).

We, therefore, separated the supernatant and pellet after

tissue lysis (Figure 10b). Interestingly, a large proportion of

HSP17.6 and HSP21 could be detected in the pellets, espe-

cially in PH condition, which supports the hypothesis of

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), doi: 10.1111/tpj.16763
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co-precipitation of these sHSP with client proteins during

heat shock (Waters, 2013; Waters & Vierling, 2020). Such a

mechanism could facilitate the work of disaggregases, and

both cytosolic sHSPs and HSP101 contributed to the pro-

tection of translation elongation factors during heat stress

(McLoughlin et al., 2016). Moreover, HSP101 was previ-

ously shown to be involved in the release of ribosomal

proteins mRNA during the recovery period (Merret et al.,

2017), which would also contribute to a faster recovery of

translation in PH seedlings, compared to H seedlings. The

accumulation of HSP101 protein was also correlated with

seedling survival to heat shock in different ecotypes of Ara-

bidopsis (Zhang et al., 2015). Hence, the accumulation of

HSP101 and sHSPs observed upon priming, together with

the likely co-precipitation of sHSP during the subsequent

heat shock, suggests a role in the protection of the transla-

tional machinery that cannot be fulfilled in the case of the

noxious H condition. Overall, these results confirmed the

necessity of several HSP accumulation and persistence in

various cellular compartments for acquiring thermotoler-

ance, but also how critical is the preservation of the trans-

lational apparatus.

Correlation between transcriptomic and proteomic data

Integration of transcriptomic and proteomics data allowed

us to examine the overall relationship between the varia-

tions in the abundance of proteins (according to XIC)

measured after recovery and their transcript level varia-

tion after 30 min of stress. The determination of

Pearson’s coefficient revealed moderate positive correla-

tions between protein and transcript levels for both P and

PH conditions (r = 0.71 and 0.64, respectively). In contrast,

there was no statistically significant correlation in the

case of the H condition (Table 2). Among the 58 proteins

significantly accumulated in P (after 22 h of recovery), 32

(55%) of their transcripts were also significantly overex-

pressed after 30 min of heat treatment, whereas only 4

out of 44 (9%) proteins with decreased abundance were

also downregulated at the transcriptional level (Table 2).

In H seedlings, 207 proteins accumulated, among which

only five (2.4%) had their transcripts upregulated, while

only seven out of 88 (8%) proteins with decreased

amounts had their transcripts downregulated. In PH seed-

lings, 181 proteins accumulated, among which 33 (18%)

were also upregulated at the transcriptional level. For the

107 proteins with decreased amounts, 26 (24%) had their

transcripts downregulated. Interestingly, the highest cor-

relation was for the increased proteins in P samples, even

though the transcriptomic and proteomic data were

acquired with a one-day lag, compared to less than 4 h

for H or PH samples. This is likely because most of the

proteins accumulating after priming remain present 24 h

later. However, a detailed kinetics of transcriptomic and

proteomic changes occurring during and after heat

Figure 10. HSP profiles in response to heat shock.

(a) Representative immunoblots of HSPs in response to the different heat treatments. Numbers denote the number of hours of heat stress (in red) or recovery

period (black).

(b) Representative immunoblots of HSPs present in the soluble protein extract (soluble) and in tissue pellet (insoluble) in response to the different heat treat-

ments. Numbers denote the number of hours of heat stress (in red) or recovery period (in black).

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), doi: 10.1111/tpj.16763
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treatment would be necessary to provide a more compre-

hensive view of transcriptional and translational regula-

tion upon priming and heat shock. Nevertheless, the data

agree with the severe impact of heat shock on translation,

as reflected by the low correlation between the tran-

scripts and protein levels in H, whereas PH is in between

the P and H conditions (Table 2). Although we did not

measure its activity, our data suggest that translation was

severely impaired under heat shock, which agrees with

previous work (Y�ang€uez et al., 2013). Therefore, the rela-

tively large set of 207 proteins detected with a higher

abundance than in the control after 2 h of recovery were

necessarily synthesized after the heat shock. Since the

correlation with their transcript levels during early stress

exposure is very low, how can we explain their accumula-

tion? If we consider a transcriptional regulation, these

proteins were likely to be translated using transcripts hav-

ing accumulated during later heat shock exposure or/and

early stress recovery. However, this view remains naive,

not only because of the complexity of translational con-

trol (Shoemaker & Green, 2012) but also because the

impairment of translation occurring under heat shock has

a substantial impact on RNA quality control by triggering

a massive decay of translating mRNAs (Merret et al.,

2015). A more detailed kinetic analysis of the transcrip-

tome during and after HS would be of interest to dissect

the mechanisms governing the accumulation (or

decrease) of proteins highlighted in our study.

Heat shock-induced metabolic disturbance is rapidly

recovered in primed seedlings

Considering the importance of primary metabolism in

plant growth and stress tolerance, we performed targeted

metabolic profiling of amino acids, organic acids, and

sugars after priming, just after heat shock, and during the

recovery period (Figure 11; Table S6). Clustering analysis

indicated that primed seedlings’ metabolic profile was sim-

ilar to that of control seedlings (Figure 10a). The main dif-

ferences were a significant increase in the concentration of

malate (1.29), fructose (1.99), and raffinose (109) and a

decrease in the concentration of oxo-glutarate (0.79). In

contrast, all amino acid concentrations were not signifi-

cantly affected by the treatment (Table S3). The global met-

abolic profile of PH seedlings just after heat shock and

after 2 h of recovery was nearer to that of H seedlings than

to those of P or control seedlings (Figure 10a). Except for

Asn, Cys, Glu, Gly, and Ser concentrations that remained

unchanged, amino acid levels increased on average by

3-fold after heat shock in H and PH seedlings compared to

the control condition (Table S6). The highest increase was

observed for Arg (5.69) and Pro (4.59). The overall amino

acid amount was very similar in H and PH seedlings just

after heat shock. After 2 h of recovery, Asp continued to

accumulate significantly while Ala amount decreased in

both H and PH seedlings (Table S6). The fact that there

was no significant difference in the accumulation of most

amino acids between H and PH, even after 2 h of recovery

post-heat shock, suggests that amino acid metabolism is

not a significant component of the protective effect of

priming. The rise in the pool of branched-chain, aromatic,

and also of oxoglutarate-derived amino acids (Pro and

Arg) is in agreement with previous work (Caldana et al.,

2011; Kaplan et al., 2004), although the temperature

applied was higher in our study (43°C) than in the others

(40 and 32°C, respectively). Branched-chain amino acids

may act as compatible solutes or provide an alternate elec-

tron donor to the mitochondrial electron transport chain

(Obata & Fernie, 2012), while accumulation of aromatic

amino acids could be related to auxin or glucosinolate

metabolism as precursors (Tzin & Galili, 2010). However,

the increase in Pro observed in both H and PH seedlings

contradicts another work, which showed that acclimation

led to a lower rise in Pro level, in agreement with the toxic-

ity of Pro under high temperatures (Larkindale & Vierling,

2007). Another study showed that Pro over-accumulation

under heat stress led to an increased generation of ROS

and decreased ethylene and ABA synthesis (Lv et al.,

2011). Osmolytes like proline have indeed be shown to

Table 2 Correlation between changes in protein and transcript abundance.

Protein Transcript P/C H/C PH/C

+ + 55.2% (32/58) 2.4% (5/207) 18.2% (33/181)
+ � 0% (0/58) 1.0% (2/207) 1.1% (2/181)
+ 0 44.8% (26/58) 96.6% (200/207) 80.7% (146/181)
� � 9.1% (4/44) 8.0% (7/88) 24.3% (26/107)
� + 0% (0/44) 2.3% (2/88) 5.6% (6/107)
� 0 90.9% (40/44) 89.8% (79/88) 70.1% (75/107)
Pearson 0.71 0.10 0.64
P-value 3.0 E-58 0.06 4.4 E-44

For each treatment, proteins significantly accumulated (+) or decreased (�) (according to XIC quantification, P < 0.05) were classified
depending on whether their transcripts were significantly overexpressed (+), downregulated (�) (FDR <0.05, log2 ratio >1 or <�1) or not sig-
nificantly affected (0). Both the proportion and the fraction of proteins (between brackets) in each class are indicated.

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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favor protein stability and chaperone activity but also to

increase protein aggregation at high concentration (Dia-

mant et al., 2001), which could explain such discrepancies.

In our conditions, the accumulation of Pro was not corre-

lated with survival or later death of seedlings since it accu-

mulated to a similar extent in H and PH.

After heat shock, there was no variation in the

amounts of glucose or fructose, and therefore the fructose

level that had increased upon priming remained higher in

PH seedlings. The oxoglutarate concentration lowered by

priming was also lower than in control for H and PH seed-

lings (0.7 and 0.49, respectively) after 2 h of recovery. Sev-

eral metabolites were nevertheless differentially impacted

in PH and H seedlings just after heat shock or after 2 h

recovery (Figure 11a). In PH seedlings, the level of raffinose

was significantly higher than in P seedlings (2.49) and C

seedlings (249), whereas it did not increase significantly in

H seedlings compared to the control condition. This agrees

with the work of (Serrano et al., 2019), who found that the

accumulation of raffinose family oligosaccharides was a

major response to priming. In the context of the HSR,

these compounds could play the role of chemical chaper-

ones, as demonstrated in vitro for the related di-saccharide

trehalose (Diamant et al., 2001). In contrast, GABA concen-

tration increased by 2-fold in H seedlings after heat shock

compared to control but remained unchanged in PH seed-

lings compared to C and P seedlings. In addition, Leu, Met,

and Glu further accumulated after 2 h of recovery in H

seedlings but not in PH seedlings (Table S6). We further

investigated the metabolic response after 24 h of recovery,

which revealed more drastic changes (Figure 11b,

Table S6). After a longer-term recovery, the global meta-

bolic profiles of H and PH seedlings differed significantly,

and clustering analysis showed that the PH seedling profile

was closer to P seedling (Figure 11b). The abundance of

several amino acids (Asp, Cys, Gln, Ile, Leu, Met, Phe, Pro,

Thr, Trp, and Val) and GABA remained significantly higher

in the H condition compared to the control condition

(Table S6). However, in PH seedlings, the concentration of

Ile, Leu, Phe, Pro, and Val decreased back to control values,

and that of Asp, Cys, Gln, Thr, and Trp was in between

control and H levels.

We further examined whether metabolite variations in

H and PH seedlings, compared to the control condition,

could be correlated with changes at the transcript and pro-

tein level (transcripts at 30 min of stress, proteins and

metabolites after 2 h of recovery). Although such an analy-

sis is limited by data availability, we could provide reason-

able evidence for a coordinated response for plastidial

branched-chain and aromatic amino acids, which accumu-

late following heat shock (Figure 12). The genes involved in

the biosynthesis of Ile, Val, and Leu, AHASS1 (acetolactate

synthase small subunit 1), BCAT-2 (branched-chain-amino-

acid aminotransferase 2), and IPMI2 (isopropylmalate isom-

erase 2) were overexpressed in both H and PH conditions,

whereas IMD2 (isopropylmalate dehydrogenase 2) was only

overexpressed in PH seedlings (Figure 12b). However, at

the protein level, a significant accumulation was only detec

ted for IPMS1 (isopropylmalate synthase 1) in PH samples

after 2 h of recovery. In Tyr and Trp biosynthetic pathways,

several genes were also significantly upregulated: SK1 (shi-

kimate kinase 1) in PH seedlings; TyrAAT2 (arogenate

Figure 11. Responses of primary metabolism to

heat stress.

(a) Heatmap clustering analysis representing the

changes in abundance of sugars, organic and

amino acids in seedlings before heat shock (C: con-

trol; P: priming), just after heat shock (H:

heat-shock; PH: priming + heat shock) and 2 h after

heat shock (H+2 h; PH+2 h).

(b) Heatmap clustering analysis representing the

changes in abundance of sugars, organic and

amino acids in seedlings 24 h after heat shock

application. The metabolites shown on the heat-

maps were significantly differentially affected by at

least one condition according to ANOVA (P < 0.05).

Analysis was performed using MetaboAnalyst 4.0

with the Euclidian distance method and ward clus-

tering algorithm after Pareto scaling.

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), doi: 10.1111/tpj.16763

Multi-scale analysis of heat stress acclimation 19

 1365313x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16763 by Inrae - D

ipso-Paris, W
iley O

nline L
ibrary on [16/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Dehydrogenase2) and ASB1 (anthranilate synthase beta

subunit) in both H and PH conditions. At the protein level,

ASB1 and TSA1 accumulated more in H seedlings than in

PH seedlings after 2 h of recovery. For the genes mentioned

above involved in branched or aromatic amino acid biosyn-

thesis, transcripts and proteins increased on average by

2-fold compared to control except for IPMI2 (8- to 9-fold).

The upregulation of several plastidial enzymes, either at the

transcriptional or at the protein level, was well correlated

with the increase in aromatic and branched-chain amino ac

ids during heat shock, suggesting that this accumulation

resulted from an increased biosynthetic capacity in plastids.

Looking at the other pathways, in both H and PH seed-

lings, Gln accumulation (2.7 and 3.89, respectively) could

be correlated with the upregulation of ASE3 (Gln phos-

phoribosyl pyrophosphate amidotransferase) (log2 fold

change of 1.3 and 1.5, respectively, Table S1). In PH sam-

ples, the P5CS1 gene (D-1-pyrroline-5-carboxylate synthe-

tase 1) of proline biosynthesis was repressed (log2 fold

change �1.5). In contrast, the ProDH and P5CDH genes

(proline dehydrogenase and D-1-pyrroline-5-carboxylate
dehydrogenase) in proline catabolism were over-expressed

(log2 fold change of 1 and 1.4, respectively), but this does

not correlate with Pro accumulation observed in both H

and PH seedlings (5.4 and 59, respectively). Although the

increase of Arg in H and PH seedlings was impressive (8.3

and 10.59, respectively after 2 h of recovery), no change in

the transcripts or proteins involved in Arg biosynthesis

was observed. Therefore, this increase could result from

metabolic regulation or a decrease in Arg catabolism. Arg

is a precursor of polyamines (Bitri�an et al., 2012), which

were shown to accumulate during heat stress in wheat

Figure 12. Transcriptional, proteomic and metabolic responses of branched chain and aromatic amino acids pathways in the plastids under heat shock.

Plastidial biosynthetic pathways of Ile, Val and Leu (a) and Trp and Tyr (b) are shown, together with enzymes that were significantly upregulated at the transcript

and/or protein level after heat shock (P < 0.05). Transcripts were analyzed after 30 min of heat shock at 43°C and proteins and metabolites after 2 h of recovery.

Transcripts are indicated in italics. The green and red heatmaps correspond to the log2 ratio of H/C and PH/C at the transcript and protein level, respectively. Bar

graphs show metabolite concentration ratio of H/C (gray) and PH/C (black). AHASS1, ACETOLACTATE SYNTHASE SMALL SUBUNIT 1; ASB1, ANTHRANILATE

SYNTHASE BETA SUBUNIT 1; BCAT-2, BRANCHED-CHAIN AMINO ACID TRANSAMINASE 2; IMD2, ISOPROPYLMALATE DEHYDROGENASE 2; IPMI2, ISOPRO-

PYLMALATE ISOMERASE 2; IPMS1, ISOPROPYLMALATE SYNTHASE 1; SK1, SHIKIMATE KINASE 1; TSA1, TRYPTOPHAN SYNTHASE ALPHA CHAIN, TyrAAT2,

AROGENATE DEHYDROGENASE 2.

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), doi: 10.1111/tpj.16763
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(Goyal & Asthir, 2009). Interestingly, arginine decarboxyl-

ase 1, an enzyme involved in the synthesis of putrescine

from Arg, is significantly downregulated at the transcrip-

tional level in P, but in H and PH, the log fold change is

lower (�1.15, �0.78, and �0.75, respectively).

Regarding sugar metabolism, galactinol synthase is

an enzyme involved in raffinose and galactinol synthesis

previously identified as an HSF target (Panikulangara et al.,

2004). It was significantly upregulated at the transcriptional

level in P and PH seedlings (log2 fold change 6.9 and 6.2,

respectively). Moreover, UGE1, an enzyme involved in

galactose synthesis, a precursor for galactinol and raffi-

nose biosynthesis, was also upregulated in both treat-

ments at the protein level (1.49 in P and 1.99 in PH).

These results fit with the 109 fold and 249 fold raffinose

accumulation observed in P and PH seedlings. However, in

H seedling, galactinol synthase transcript and UGE1

enzyme were also overexpressed (log2 fold change of 2.26

and fold change of 2.3, respectively), but without raffinose

increase. It is, therefore, difficult to assume that the accu-

mulation of raffinose would only rely on the induction of

its biosynthetic pathway.

On the whole, it appears that the accumulation of a

few metabolites in PH and/or H conditions can be related

to an increase in transcripts and proteins of their biosyn-

thetic pathways. For other metabolites, a more comprehen-

sive analysis would be needed to explain their dynamics,

including the transcriptional and proteomic responses for

enzymes involved in primary metabolism after 24 h of

recovery.

DISCUSSION

Because of global warming, plants and crops in many

regions worldwide are increasingly exposed to heatwaves

whose duration and severity compromise their survival,

with dramatic consequences for the ecosystems and crop

production that we now directly observe. Understanding

how plants can react and eventually tolerate extreme heat

is primordial in this context. Although much is known

about the general response (e.g., the ubiquitous HSR) and

the importance of priming, there are still many gaps to fill,

particularly by addressing critical issues such as the tissue

temperature, the developmental stage, and the recovery

period (Jagadish et al., 2021). In most studies carried out

with plants in natural or controlled environments (either in

soil or in solid media), the actual temperature of the plant

tissues, which can significantly differ from the air tempera-

ture and be highly variable, is unknown. This is not the

case in our model system, where seedlings are continu-

ously maintained in water and thus precisely at the

imposed temperature. Although the growth conditions are

very different from those faced in a natural environment,

we have previously shown that such seedlings remain fully

viable for weeks since they resumed normal development

when transferred to soil (R�ethor�e et al., 2019). Since the

seedlings are autotrophic but arrested in their develop-

ment because of mineral nutrient starvation, their metabo-

lism was shown to be primarily devoted to photosynthesis,

respiration, and photorespiration to dissipate light energy

while maintaining homeostasis. The fact that these seed-

lings can acquire thermotolerance after a short priming

treatment demonstrates that they display typical plant

stress and acclimation responses, as reported for various

crops and model species (Liu et al., 2021). Thus, our exper-

imental model allowed us to address the effect of priming

on heat shock tolerance at different scales, including physi-

ological, cell biology, transcriptomic, proteomic, and meta-

bolic responses, with the main results being schematized

in Figure 13, with emphasis on energy-transducing

organelles.

Protection of respiration and photosynthesis

A significant effect of priming was attenuating the substan-

tial and irreversible inhibition of respiration and photosyn-

thesis during heat shock, followed by the complete

restoration of these processes within 24 h of recovery.

Hence, photosynthesis and respiration under heat shock

and initial recovery are robust predictors for later survival

or death and thus major determinants for tolerance to toxic

heat stress. We found that respiration was much more

strongly affected than photosynthesis by the 43°C treat-

ment, although photosynthesis is generally expected to be

more thermolabile (Posch et al., 2019; Scafaro et al., 2021).

This apparent discrepancy likely results from the fact that it

is challenging to compare long-term exposure to increas-

ing temperature with heat shock treatments, for which

simultaneous measurements of photosynthesis and respi-

ration have not been reported before, to our knowledge.

However, the priming treatment performed the day before

the noxious heat shock promoted acclimation of photosyn-

thesis and respiration like it would occur for plants

exposed to recurrent heat waves (Scafaro et al., 2021). Pro-

tection of energy transduction capacity should be primor-

dial for plants exposed to severe stress, such as the 43°C
heat shock used in this work, because a shortage of ATP

would hamper the function of HSR actors such as the

molecular chaperones, and large amounts of ATP would

be needed to fuel the resumption of translation upon

stress relief. Indeed, although plants adapt themselves dur-

ing stress by reducing energy consumption through selec-

tive mRNA translation (Branco-Price et al., 2008; Y�ang€uez

et al., 2013), it is clear that recovery of translation pro-

cesses would require much energy, in the order of three

ATPs per new peptide bound to be formed, once ribosomal

protein mRNAs are freed from stress granules with the

help of HSP101 proteins (Merret et al., 2017). At the protein

level, more than 50 plastidial and a dozen mitochondrial

proteins were found to accumulate following the heat

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), doi: 10.1111/tpj.16763
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shock (H and PH conditions). Apart from a signature about

chlorophyll and isoprenoid metabolism, and hence a likely

link with the maintenance of photosynthetic antennae,

there is no major evidence besides chaperone accumula-

tion for specific protection of these organelles. However,

we cannot rule out that slower modifications occur

Figure 13. Overall response to heat-shock of mitochondrion, chloroplast and other compartments.

The scheme highlights the main components of the cellular responses of seedlings to temperature identified in this study. Primed seedlings have normal energy

metabolism and organelle dynamics but have accumulated inducible HSPs in organelles and cytoplasm. When the primed seedlings are exposed to the noxious

heat shock, their photosynthetic and respiratory functions are less affected than in the case of control seedlings, and they still maintain biogenesis. After 24 h of

recovery, the activity of mitochondrion and chloroplast are fully recovered in the primed seedlings, allowing seedling survival, whereas the low metabolic activ-

ity in the unprimed seedlings leads to death.

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), doi: 10.1111/tpj.16763
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because a single time point was analyzed (2 h after heat

shock).

Mitochondrial dynamics

In higher plants, cells contain hundreds of physically dis-

crete mitochondria that are highly dynamic, predominantly

moving on the actin cytoskeleton (Logan, 2010). Mitochon-

drial dynamics, including fission and fusion events, are

expected to contribute to mitochondrial quality by promot-

ing the exchange of components and ensuring organelles

distribution throughout the cell to facilitate interaction with

other organelles and metabolite exchanges. Recent quanti-

tative analysis suggests that the costly mitochondrial

dynamics is an inevitable trade-off that combines the

organelles’ motility with “social” contacts (Chustecki et al.,

2021). Interestingly, in Arabidopsis seeds, mitochondria

were found to remain static during imbibition until condi-

tions promoting germination led to a reorganization of the

chondriome around the nucleus as a network, followed by

a general fragmentation at the end of germination that

restored the typical mitochondrial dynamics (Paszkiewicz

et al., 2017). Here, we have shown that mitochondrial

dynamics were completely blocked following the heat

shock treatment, albeit recovering in a few hours in the

primed seedlings but not in the non-primed (H) seedlings

(Figure 13). This temporary (or irreversible) blockage of

mitochondrial dynamics is correlated with that of the actin

network and ER, whose movements are also associated

with actin microfilaments. However, the loss of mitochon-

drial dynamics upon heat shock differs from the lack of

mobility observed in imbibing seeds, where the actin net-

work was dynamic (Paszkiewicz et al., 2017). Although the

effect of high temperature on plant mitochondria dynamics

has received little attention, it could correlate to tempera-

ture conditions promoting cell death, like the exposure of

protoplasts to a short acute heat shock (Scott &

Logan, 2008). A cardiolipin-deficient Arabidopsis line,

showing a defect in mitochondrial fission leading to

“giant” mitochondria, was also susceptible to acute heat

stress, leading to cell death (Pan et al., 2014). Recently, an

Arabidopsis mutant hypersensitive to long-term heat stress

(37°C, 5 days) was identified as deficient in ELM1, a com-

ponent of the mitochondrial fission machinery, resulting in

abnormal elongated mitochondria (Tsukimoto et al., 2022).

Interestingly, wild-type plants treated with a myosin

ATPase inhibitor were also found to be more heat sensi-

tive, supporting the role of mitochondrial fission in heat

tolerance. However, mitochondrial dynamics were not

evaluated in these two studies. Whether the arrest of mito-

chondrial dynamics caused by the noxious heat shock is

due solely to the arrest of the actin network dynamics

remains to be determined. Other effects, such as the short-

age of ATP, could hamper the movements of the actin net-

work or other organelles. Indeed, the ATP level was

recently shown to be coordinated with actin dynamics

through the TORC1 (target of rapamycin complex 1) com-

plex (Dai et al., 2022). It is noticeable that although respira-

tion of the primed seedlings (PH condition) was decreased

by around 40% at the end of the heat shock, organelle

(mitochondria, ER, actin network) dynamics were blocked,

which suggests that the energy status (e.g., ATP/ADP ratio)

was too low to maintain dynamics. In the following hours

of recovery, respiration and organelle dynamics recovered

rapidly, supporting a functional link.

Heat shock response

Following heat sensing by mechanisms still under debate

and investigation, plants build the multigenic HSR trig-

gered at the transcriptional level by a battery of HSFs that

induce the expression of various proteins involved in

metabolism, anti-oxidative stress, and proteostasis, such

as several HSPs which should be more precisely called

heat-induced chaperones (Guihur et al., 2022). For biophys-

ical reasons, temperature directly influences membrane

fluidity and is thus expected to be a primordial factor for

temperature sensing, mainly by activating cyclic

nucleotide-gated calcium channels (Bourgine & Guihur,

2021; Guihur et al., 2022). Sessile plants can progressively

adapt their membrane lipid composition when the temper-

ature changes to adjust fluidity (so-called homeoviscous

adaptation), but the process is slow (Falcone et al., 2004). It

is, therefore, unlikely to occur in our conditions of priming

or heat shock. Still, the increase in fluidity, especially in the

case of the harmful heat shock, must have a substantial

impact on membrane function including those of mito-

chondria and chloroplasts. Since heat stress compromises

the structure and stability of many polypeptides, reinfor-

cing the proteostasis machinery is crucial, and

heat-induced molecular chaperones are, therefore, signifi-

cant components of the HSR. Accordingly, we found that

many chaperones were accumulating in primed seedlings

in several compartments (Figure 12). Besides unfoldases

and disaggregases (HSP70, HSP90, HSP101), sHSPs were

strongly induced in the cytosol, mitochondria, and chloro-

plasts. The sHSPs are small proteins sharing the a-
-crystallin domain, which can assemble in large dynamic

oligomers, and which are expected to bind unfolded pro-

teins to prevent their irreversible aggregation and facilitate

the work of other chaperones (unfoldases, disaggregases)

under proteotoxic stress (Waters & Vierling, 2020). The

observation that the cytosolic HSP17.6, plastidial HSP21,

and mitochondrial HSP26.5 were found in the insoluble

fraction during the heat shock supports their potential role

as holdases co-precipitating with unfolded polypeptides.

However, the sHSP family is very diverse, and it

remains unclear whether all sHSPs have similar functions.

For instance, HSP17 from cyanobacteria was shown to also

interact and stabilize thylakoid membranes (Török et al.,

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), doi: 10.1111/tpj.16763
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2001), and in Arabidopsis, a large proportion of HSP21, a

soluble protein of the stroma, was found to associate with

thylakoids under heat stress (Bernfur et al., 2017). There-

fore, HSP21 that accumulates upon priming could have a

role to counteract the increase in membrane fluidity under

heat shock, stabilizing membranes and thus explain the

rather good protection of photosynthesis observed under

PH conditions. HSP21 could have pleiotropic effects since

it was also shown to associate with the plastidial transcrip-

tion complex under heat stress (Zhong et al., 2013). With

its multiple potential functions, HSP21 could therefore be a

significant component of thermotolerance in the chloro-

plast, at least in higher plants, since it was only slightly

induced by a heat priming treatment in the moss Physco-

mitrium patens (Guihur et al., 2020). In mitochondria,

besides the increase of an HSP70 member (HSC70C), the

priming treatment strongly induced the three sHSPs

(HSP23.5, HSP23.6, HSP26.5), suggesting a protective role

during heat shock and recovery. Mitochondrial sHSPs were

ascribed various functions as molecular chaperones or as

protectants of oxidative phosphorylation during heat or

salt stress (Avelange-Macherel et al., 2020; Downs et al.,

1999; Downs & Heckathorn, 1998; Hamilton III & Hecka-

thorn, 2001; Heckathorn et al., 1999). In plants exposed to

moderate heat stress (30°C), HSP23.6 was recently found

to be strongly associated with membranes and to be a sub-

strate of the proteases FTSH4 and OMA1 (Maziak et al.,

2021). Simultaneous knock-down of the three mitochon-

drial sHSP genes in Arabidopsis led to a strong develop-

mental phenotype (small chlorotic plants), leading to the

hypothesis that these proteins are essential for vegetative

and reproductive growth (Escobar et al., 2021). However,

such a strong phenotype in the knock-down lines is sur-

prising, considering that these proteins are almost essen-

tially expressed during seed development and in response

to heat stress. Another work about the cotton mitochon-

drial HSP24.7, which was extended to Arabidopsis and

tomato, led to the proposal that temperature-dependent

variations in mitochondrial sHSP abundance during germi-

nation would interfere with cytochrome c/c1 biogenesis,

leading to an increase in ROS production and the AOX

pathway, promoting germination at warm temperature (Hu

et al., 2019). However, this does not fit with the fact that

pea seed mitochondria contain high amounts of HSP22,

have almost no alternative oxidase activity, and the seeds

germinate even at 0°C (Stupnikova et al., 2006). Moreover,

during Arabidopsis seed imbibition and germination, respi-

ration occurs through the cytochrome pathway to provide

the high amount of ATP required, while the AOX pathway

is engaged later (R�ethor�e et al., 2019). More research will

thus be needed to clarify the physiological role of mito-

chondrial sHSP in heat-stressed tissues and seeds, and

more generally about the clients of the sHSP chaperones.

Indeed, an in-depth quantitative proteomics approach of

the effect of a mild heat priming on Physcomitrium patens

revealed that the strong fold change of sHSPs, which is

emblematic of the HSR, represents only a modest propor-

tion (4%) of the mass of the heat-accumulated proteins

(Guihur et al., 2020). In other words, even after a striking

induction, the absolute abundance of sHSPs remains low.

Instead of a general role in proteostasis, this rather sug-

gests that sHSPs would target rare proteins, such as spe-

cialized signaling proteins like those controlling cellular

death pathways. A crucial question that will need to be

explored by interactome and biochemical studies is how

specific clients can be recognized among populations of

unfolded or misfolded polypeptides. Whatever their indi-

vidual roles, it makes little doubt that the accumulation of

HSPs in several cellular compartments upon priming is a

critical determinant of heat acclimation since these pro-

teins cannot be induced under heat shock (Figure 13). This

lack of induction is presumably due to the blockage of

translation since, for many of these genes, a substantial

increase in transcript level was observed under heat shock

conditions.

A specific response to the combination of priming and

heat shock

The overall results indicate that the primed PH seedlings

withstand the toxic heat shock because they have already

built an adapted molecular response that controls seed-

lings and cannot elaborate during the high-temperature

treatment. Hence, P and PH seedlings display similar pro-

files in the molecular analyses. Still, hundreds of genes

were found to be specifically up or downregulated at the

transcriptional level in the PH condition. Upregulation

involved many genes related to photosynthesis and mito-

chondrial RNA editing, which is intriguing since heat stress

is known to lower the efficiency of chloroplast and mito-

chondria RNA editing efficiency (Castandet et al., 2016;

Zhang et al., 2020). This lowered efficiency was proposed

to favor the expression of the non-edited targeted genes

(less efficient proteins in optimal conditions) in a general

context of lowered translation, which would represent a

trade-off between quantity and quality (Chu & Wei, 2020).

The increase of transcripts encoding editing actors that we

observed could also be a player in this trade-off. However,

to fully explain the contribution of organellar RNA edition

in heat acclimation, it would be necessary to investigate

further kinetics of expression of genes encoding the edit-

ing machineries during PH treatment and recovery, but

also to quantify the rate of edition for the target RNAs, and

ideally how their translation is affected. UBP1B, an

RNA-binding protein that was localized in stress granules

(Weber et al., 2008), increased by almost threefold, specifi-

cally in the PH condition. Mutant and overexpressing lines

revealed that UBP1B was increasing thermotolerance of

Arabidopsis, and micro-array analysis identified hundreds

� 2024 The Authors.
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of genes whose expression was raised in the overexpres-

sing lines, under control or heat stress conditions, a likely

consequence of prevention of RNA decay (Nguyen et al.,

2016). In our experimental setup, since translation is

expected to be blocked at 43°C (Echevarr�ıa-Zome~no et al.,

2016; Y�ang€uez et al., 2013), this increase in UPB1B

occurred during the 2 h of recovery (which preceded sam-

pling for proteomics), supporting a crucial role of the pro-

tein in maintaining high levels of essential mRNAs that

would otherwise be degraded, during heat stress but also

early recovery. Finally, it must be recalled that the overall

protein turnover in mitochondria from Arabidopsis cell cul-

ture or seedlings is slow, with a median value of half-life of

around 9 days (Huang et al., 2020). In hydroponically

grown seedlings, the shortest half-life measured among

455 proteins was 34 h (Li et al., 2017). It would thus be of

great interest to quantify mitochondria (and chloroplast)

protein turnover following priming and heat shock to bet-

ter understand how these organellar proteomes, which are

globally very stable, are maintained and repaired.

Does priming inhibit heat-induced programmed cell

death?

It is noticeable that more than 5 days after heat shock are

needed for the H seedlings to start displaying visible symp-

toms of death, like the loss of chlorophyll. In the same

period, after the major reduction observed just after the

heat shock, respiration remained stable, while photosyn-

thesis slowly decreased after the second day. H seedlings

thus remain alive long after the heat shock, and therefore,

their death is not the consequence of the acute heat

increase but rather results from a controlled mechanism.

While programmed cell death (PCD) mechanisms have

been extensively investigated in animals, the knowledge

about the process in plants lags, although several key

actors have been either identified or shown to function

when ectopically expressed in plants (Kabbage et al.,

2017). In the PH seedlings, while protection of energy

metabolism, thermosensitive membranes, and proteins is

mandatory, the control of mechanisms related to cell death

could be equally important. In animals, it is now well

established that molecular chaperones and other proteins

induced by the activation of HSFs (in particular HSFA1)

also counteracts apotosis as well as other forms of PCD by

interacting with various signaling actors (Zhang et al.,

2021). Although much less in known in plants, similar func-

tions could be expected, as discussed above about the

sHPS which could possibly target signaling proteins of low

abundance. For instance, seven genes belonging to the

Bcl-2 associated anthanogen (BAG) family, whose most

human members are anti-apoptotic, were identified in Ara-

bidopsis and are now considered as key regulators of plant

PCD (Doukhanina et al., 2006; Kabbage et al., 2017). BAG

proteins are co-chaperones of HSP70/HSC70, and some

plant members can also interact with calmodulin, suggest-

ing a role in calcium signaling (Jiang et al., 2023). Interest-

ingly, AtBag5, which was shown to be localized to

mitochondria, was also demonstrated to associate with

HSC70 and calmodulin into a signaling complex prevent-

ing senescence (Li et al., 2016). We found that AtBAG5

(At1G12060) and AtBAG6 (At2G46240) transcripts were

highly overexpressed in P, H, and PH conditions

(Table S1), which confirms a role in heat stress tolerance

for the latter as deduced from the bag6 mutant characteri-

zation (Arif et al., 2021). However, because the transcripts

are upregulated in the three conditions and since the pro-

teins could not be detected in the shotgun proteomics, fur-

ther investigation is needed to uncover a possible role of

these genes in the regulation of PCD in our system. In

human cells, but also Arabidopsis, heat-induced death can

also occur through a so-called ferroptosis-like cell death,

whose hallmarks are the depletion of glutathione and accu-

mulation of soluble and lipid reactive oxygen species

(Dist�efano et al., 2017). In this work, seedlings grown on

MS plates and exposed to a heat shock (43°C, 1 h) dis-

played leaf whitening within 3 days but were significantly

protected by pre-treatments with iron chelators or dipheni-

liodionium, which suggested the involvement of a ferrop-

tosis pathway, likely involving the KISS OF DEATH (KOD)

gene. KOD was identified earlier as an inducer of

heat-induced PCD through the depolarization of mitochon-

dria (Blanvillain et al., 2011). Although KOD is not anno-

tated in the Arabidopsis genome, the RNAseq data

revealed that this gene was exclusively expressed in H and

PH samples, albeit at low and similar levels (9.0 � 2.6 and

8.3 � 2.1 transcript per million, respectively), which do not

argue strongly in favor of a role of KOD and/or ferroptosis

in the delayed death of the H seedlings. Clearly, a dedi-

cated study with more detailed kinetics after the heat shock

will be required to explain the slow death of the seedlings

and understand the effects of priming on signaling

pathways.

Concluding remarks

In the environment, plants must rapidly learn how to cope

with critical conditions such as severe heat stress.

Although seedlings are generally considered fragile and

highly stress-sensitive, we show here that they rapidly

build upon priming at 38°C an orchestrated response to

cope, the day after, with a noxious 43°C heat shock. While

the primary signature of this acclimation process remains

the HSR, with the induction of molecular chaperones to

counteract the destabilization of proteins and membranes,

the protection of energy metabolism during heat stress

and its fast and complete restoration during recovery was

shown to be critical. Upon stress relief, mitochondria and

chloroplast provide the energy required to rapidly restore

normal metabolism and cellular mechanisms, as illustrated

� 2024 The Authors.
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by organelle dynamics. In the absence of priming, struc-

tures are damaged by excessive heat, and energy trans-

duction is compromised, paving the way toward cell death.

Still, this large-scale study will need additional experi-

ments, in particular with more time points, to strengthen

the conclusions regarding organelle maintainance, and

clarify the function of the many molecular changes that

were identified.

EXPERIMENTAL PROCEDURES

Plant material and heat stress regimes

All experiments were conducted using the Arabidopsis thaliana
Columbia ecotype (Col-0). Visualization of mitochondria was per-
formed using a Mito-GFP transgenic line, (Logan & Leaver, 2000),
of endoplasmic reticulum (ER) with the ER-gk CS16251 line (Nel-
son et al., 2007) and of actin with the GFP-Lifeact line (Garagounis
et al., 2017; Riedl et al., 2008). Seedlings were grown according to
(R�ethor�e et al., 2019). After 2 h of photoperiod, heat stress treat-
ments were realized by transferring seedlings with their medium
(5 ml) into 25 ml glass bottles (Schott Duran, Sigma-Aldrich, Saint
Louis, USA) and placing them for 2 h in a water bath set up at a
defined temperature. This method allowed the presence of
enough air in the medium to avoid hypoxia during stress. Priming
was performed at 38°C and heat shock at 43°C (Figure 1). Two LED
ramps (Starlicht 563 539 345 Armature StarLED Senzo Dim 50,
www.amazon.fr) ensured illumination during heat treatments at a
PAR intensity similar to that used in the growth room (150 lmol
photons m�2 sec�1). After treatment, seedlings were transferred
back into the six-well plates in the growth room for recovery. For
green pixel detection, plates were imaged with a Nikon D5000 dur-
ing the days following heat shock (Nikon France SAS, Champigny
sur Marne, France) with a single lens reflex camera equipped with
a 60 mm Nikkor microlens, using a stand. The analysis was per-
formed with ImageJ software using a previously developed macro
(Benamar et al., 2013).

Oxygen measurement

Measurements of oxygen exchange in 1 ml of Evian natural min-
eral water containing around 50 mg of seedlings were performed
using an Oxygraph electrode system (Hansatech, King’s Lynn, UK)
calibrated at 25, 38, or 43°C with maximum stirring speed. A halo-
gen cold light source with two fibers, VisiLight CL150 (VWR, Rad-
nor, USA), was used for photosynthesis measurement. It was
calibrated at a saturating light of around 800 lmol photons.m�2-

.sec�1 (400 for each fiber) using QRT1 Quantitherm (Hansatech) as
a light calibration system. Respiration was assessed during the
second period of dark after maximal net photosynthesis measure-
ment with the saturating light. Rates were standardized using the
total chlorophyll amount in each experiment. Seedlings were
recovered, and pigments were extracted in 1 ml of dimethylforma-
mide at 4°C for at least 24 h. Absorbance at 647 and 664 nm was
measured from 100 ll of supernatant using a Quartz plate and a
FLUOstar Omega (BMG Labtech, Ortenberg, Germany) spectro-
photometer. The total amount of chlorophyll (a+b) was calculated
according to (Moran, 1982) using the formula: total chll = 7.04
A664 + 20.27 A647 (in lg).

Chlorophyll fluorescence

Seedlings were dark-adapted for 30 min before the acquisition of
chlorophyll fluorescence. Images of chlorophyll fluorescence from

six-well plates were acquired using a PSI Open FluorCam FC
800-O (PSI, Brno, Czech Republic) and a 12-bit dynamic CCD cam-
era with a 512 9 512 pixel resolution. The system included four
LED panels divided into two pairs. One pair provided an orange
actinic light with a wavelength of 618 nm, with variable intensity
(200–400 lmol m�2 sec�1). The other pair provided a saturating
pulse at 455 nm during 0.8 sec, with an intensity of up to 3000 l-
mol m�2 sec�1. The saturating pulse allowed the collection of the
maximum fluorescence (Fm) after measurement of F0 acquisition
in the dark-adapted mode. Maximum photosystem II quantum
yield was calculated using Fv/Fm, in which Fv = Fm-F0.

Live cell imaging

Live cell epifluorescence microscopy was performed using a Zeiss
Axio Imager Z2 microscope driven by ZEN software (Carl Zeiss SAS,
Rueil-Malmaison, France) with 1009 Zeiss Plan-Apochromat oil
immersion objective (NA 1.4) for mitochondrial and ER dynamics.
Excitation filter 450–490 m (using LED module 470 nm) and emis-
sion filter 500–550 nm were used for GFP fluorescence. For actin
dynamics, confocal laser scanning microscopy (CLSM) was per-
formed using a Nikon A1 microscope driven by NIS Elements soft-
ware (Nikon) using Nikon CFI Apo 409 WI objective (NA 1.25).
Excitation and emission wavelengths were 488 and 500–550 nm,
respectively. Images were acquired on at least two different areas of
the same seedling and at least three different seedlings.

Quantification of organelle dynamics

For mitochondria and ER, stacks of images (66.56 9 66.56 lm)
were captured at 2 sec intervals for 20 sec, with an image size of
1024 9 1024 pixels, giving a pixel size of 0.065 lm. Stacks were
processed using IMARIS v8.2 (Oxford Instruments, Abingdon,
Oxfordshire, UK) to enable object identification, tracking, and cal-
culation of track speed. Object reconstruction was performed by
automatic thresholding using background subtraction (rolling ball
of 0.3 lm). Tracking over time was performed using the autore-
gressive motion algorithm. ER time stacks were processed using
Fiji (Schindelin et al., 2012) to filter noise (Gaussian Blur and back-
ground subtraction) and to superimpose two images (25 9 25 lm)
of the same field of view captured 20 sec apart. Colocalization
analysis of these two images was performed using Pearson’s cor-
relation coefficient calculated by Coloc 2 plug-in using the Costes
method (Costes et al., 2004). For actin, stacks of images (147.13
9 147.13 lm) were captured at 12 sec intervals for 3 min, with an
image size of 1024 9 1024 pixels, giving a pixel size of 0.144 lm.
Stacks were processed using Fiji (Gaussian blur: 1 and subtract
background: 20), and two images (50 9 50 lm) of the same
field-of-view captured 2 min apart were superimposed. Colocaliza-
tion analysis of these two images was performed using Pearson’s
correlation coefficient calculated by Coloc 2.

Transcriptomic analysis

Transcriptomic analysis was performed on triplicate samples corre-
sponding to four different conditions: C and P after 30 min of 38°C
treatment, H and PH after 30 min of 43°C treatment using control
and primed seedlings, respectively. Around 100 mg of seedlings
were ground in liquid nitrogen using a mortar and pestle. RNA
extraction was performed using the NucleoSpin RNA Plus kit, fol-
lowing manufacturer instructions (Macherey Nagel, D€uren,
Nordrhein-Westfalen, Germany). A step of on-column DNA diges-
tion was added after the first step of washing with buffer WB1 using
80 ll DNase RNase-free (QIAGEN, Courtaboeuf, France). RNA qual-
ity was checked using an Experion automated electrophoresis sys-
tem (Bio-Rad, Marnes-le-Coquette, France): all 28S:18S ratios were

� 2024 The Authors.
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over 1.5 and RQI >8.5. Ribosomal RNAs were removed using an
RNA depletion kit before cDNA library construction and sequencing
using strand-specific long non-coding RNA Illumina HiSeqTM 4000
sequencing with a paired-end read-length of 100 bp (BGI, Hong
Kong). Clean reads (>80 M reads of 100 bp per sample) were aligned
to the Arabidopsis transcriptome (TAIR10) using Bowtie2 and SAM-
tools packages. DESeq2 package was used for differential analysis.
Transcripts presenting FDR <0.05 and a log2 ratio >1 or <�1
between two conditions were considered as significantly upregu-
lated or downregulated, respectively. Subcellular annotation of pro-
teins was performed according to the SUBAcon predictor from the
SUBA 4 database (Hooper et al., 2014, 2017). Venn diagrams were
realized using Intervene software (Khan & Mathelier, 2017). The
RNAseq data discussed in this publication have been deposited in
NCBI’s Gene Expression Omnibus (Edgar, 2002) and are accessible
through GEO Series accession number GSE236157 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE236157).

Proteome analysis

Proteomic analysis was performed on four replicates, correspond-
ing to four different conditions: C, P just before heat shock, H and
PH 2 h after heat shock, using control and primed seedlings,
respectively. Samples of around 200 mg seedlings were ground
with two glass beads (3 mm) using a TissueLyser (Qiagen, Hilden,
Germany) at 30 Hz for 1 min. The powder was suspended using
1.2 ml of 10% TCA/0.07% b-mercaptoethanol/cold acetone at �20°C
for 1 h. After centrifugation for 20 min at 20 000 g at 4°C, the pel-
lets were rinsed three times with cold acetone/0.07%
b–mercaptoethanol. Pellets were then dried using a miVac QUAT-
TRO concentrator (SP Scientific, Ipswich, UK) and solubilized in a
buffer containing 6 M Urea, 2 M thiourea, 30 mM Tris pH 8.8, 10 mM

dithiothreitol (DTT) and 0.1% ZALS (zwitterionic acid-labile surfac-
tant, Proteabio, Morgantown, WV, USA) dissolved in 50 mM ammo-
nium bicarbonate, using 22 ll per mg of pellet. After centrifugation
(20 000 g; 20°C) for 20 min, the supernatant was recovered and
kept at �80°C until proteomic analysis, which was performed at the
PAPPSO facility (INRA, Le Moulon, Gif sur Yvette). Protein concen-
tration was determined using Plus One 2D QuantKit (Amersham)
and bovine serum albumin (BSA) as a standard. Using 25 lg pro-
teins, reduced cysteine groups were alkylated by incubation in
50 mM iodoacetamide (IAA) in darkness. The protein mixture was
diluted to 1:10 in 50 mM ammonium bicarbonate pH 8, to reduce
the concentration of urea to less than 1 M. 600 ng trypsin was
added to digest protein at 37°C overnight. Digestion was stopped
with trifluoroacetic acid (TFA, final concentration of 1%). Samples
were desalted (15 lg) using 96 well StrataTMXL 100 lm Polymeric
Reversed Phase Plates (Phenomenex, Le Pecq, France). Desalted
samples were solubilized in 0.1% (v/v) formic acid (FA) and 2% ace-
tonitrile (v/v) (ACN) and were analyzed on a HPLC/nanoRSLC Orbi-
trap tribid Fusion Lumos (Thermo Fisher) spectrometer. Loading
buffer contained 2% ACN and 0.08% (v/v) TFA. Buffer A was pre-
pared with 2% ACN and 0.1% FA and buffer B with 80% ACN and
0.1% FA. 800 ng of proteins were loaded on a 0.3 9 5 mm
pre-column with a particle size of 5 lm and a pore size of 100 �A
(PepMap 100 C18, Thermo Fisher Scientific, Waltham, MA, USA)
and rinsed for 5 min at 20 ll. min�1. Samples were then separated
on a 75 lm 9 500 mm column with a particle size of 3 lm and a
pore size of 100 �A (Acclaim PepMap 100 C18, Thermo Fisher) using
a flow of 300 nl min�1, at 40°C, according to the following gradient
(buffer B in buffer A): 1 to 6% from 0 to 3 min; 6 to 28% from 3 to
160 min; 40 to 98% 180 to 185 min; 98% from 185 to 195 min; 98 to
6% 195 to 197 min; 6 to 1% 197 to 202 min. Ionization (at 1600 V)
and capillary transfer (275°C) were performed using a liquid junc-
tion and a capillary probe (SilicaTipTM Emitter, 10 lm, New

Objective). Peptide ion analysis was realized with Xcalibur software
(Thermo Fisher). The Full MS Orbitrap was set up with a resolution
of 120 000, a scan range of 350–1400 m/z, an AGC target of 5e5, a
maximum injection time of 54 ms, a profile data type, and an RF
lens of 30%. Parameters for precursor selection were set as follows:
TOP speed, 2 sec; analyzed charge states, 2–4; intensity threshold,
1e4; dynamic exclusion, 60 sec; mass precision, �10 ppm. For
MS/MS, the AGC target was 5e4, the maximum injection time was
80 ms, and the fragmentation mode was HCD with a collision
energy of 27% and a resolution of 30 000.

Raw data were converted to mzXML open format using Pro-
teowizard 3.0.9205 (Kessner et al., 2008). Protein identification and
filtering were performed using X!Tandem Alanine (2017.2.1.4)
(Craig & Beavis, 2004) and X!Tandem Pipeline 3.4.3 (Langella et al.,
2017) by querying MS/MS data against the TAIR10 database
together with a custom contaminant database (trypsin, keratins).
Identified proteins were filtered and grouped using X! Tandem
Pipeline according to two criteria: (1) a minimum of two different
peptides required with an E-value smaller than 0.01, and (2) a pro-
tein E-value (calculated as the product of unique peptide E-values)
smaller than 10�5. The false discovery rates (FDRs) at the peptide
and protein levels were 0.14 and 0.2%, respectively. Relative pep-
tide quantification by peak-area integration on eXtracted ion chro-
matogram (XIC) was performed using the MassChroQ software
(pappso.inra.fr/bioinfo/masschroq/) (Valot et al., 2011); Peptides
shared by two or more proteins were removed. Peptides that had
more than 10% of missing data were considered unreproducible
and removed. Peptides whose intensity profiles deviate from the
average profile of the peptides belonging to the same protein (with
a coefficient of correlation inferior to 0.5) were also removed. The
minimal number of peptides per protein was set to 2. Relative pro-
tein abundance was calculated and defined as the sum of peptide
intensities considering only (1) reproducible peptides, (2) specific
peptides, and (3) correlated peptides belonging to the same pro-
tein. Statistical analysis was performed using ANOVA and Tukey’s
test (glht function of the multcomp R package). When the peptides
of a protein were not present or not reproducibly observed in one
or more conditions, spectral counting (SC) with a minimum num-
ber of spectra set to 5 was used in place of XIC analysis. Statistical
analysis of SC was performed using ANOVA on a glm model (Pois-
son family) and chi-squared test. Venn diagrams were performed
using Venny2.0 (Oliveros, 2007). The mass spectrometry proteo-
mics data have been deposited to the ProteomeXchange Consor-
tium via the PRIDE (Perez-Riverol et al., 2022) partner repository
with the dataset identifier PXD045392.

Metabolic profiling

Samples were collected just before heat shock (C and P d0) or just
after (H+0 h and PH+0 h) and after 2 h (H+2 h and PH+2 h) or 24 h
recovery (C, P, H, and PH d+1). Triplicates of around 200 mg seed-
lings were lyophilized and ground with two glass beads (3 mm)
using TissueLyser (Qiagen) at 30 Hz for 1 min. Polar metabolites
were extracted according to (R�ethor�e et al., 2019).
Alpha-aminobutyric acid, phthalic acid, and melezitose were used
as internal standards for amino acids, organic acids, and sugars,
respectively. Samples were derivatized and analyzed according to
R�ethor�e et al. (2019). Heatmaps were performed using MetaboA-
nalyst 4.0 with the Euclidian distance method and ward clustering
algorithm after Pareto scaling (Chong et al., 2018).

Western blot

Seedlings were sampled after 0, 30, 60, and 120 min of heat
treatment (38°C or 43°C with or without previous acclimation)

� 2024 The Authors.
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and after 2, 4, 6 h, or 1–10 days of recovery. Protein extraction
and western blot analysis were performed according to R�ethor�e
et al. (2019). All antibodies were purchased from Agrisera (V€ann€a
s, Sweden). Anti-HSP101 (AS07253), anti-cytosolic HSP70
(AS08371) and anti-HSP17.6 (AS07254) antibodies were diluted
to 1:3000, and anti-chloroplastic HSP70 (AS08348), anti-HSP21
(AS08285), anti-HSP26.5 (AS152981) to 1:1000. Secondary anti-
body (goat anti-rabbit IgG horse radish peroxidase conjugated,
AS09602) was diluted to 1:75000. Total proteins were visualized
on the membranes using UV detection (Stain Free technology,
Bio-Rad), before developing membranes for 5 min with Western
Clarity ECL (Bio-Rad), using a ChemiDoc XRS+ imaging system
(Bio-Rad). Semi-quantification of HSPs on western blots was per-
formed using the normalization tool of ImageLab software
(Bio-Rad): RbcL protein was used as a reference band on
stain-free images for normalization of chemiluminescence sig-
nals. For each protein, intensities in each sample were expressed
as the percentage of maximal intensity detected on the same
membrane.

For immunodetection of HSPs remaining in the tissue pellets
after protein extraction, 100 ll of 5X Laemmli buffer and 400 ll
grinding buffer were added to the pellet. After vortex and centrifu-
gation, the supernatant was transferred to a new tube and pro-
cessed as above. 30 ll of each protein extract was loaded on 12%
Stain Free Gels (Bio-Rad) and immunodetection was performed as
described above.

Statistics and data analysis

Unless otherwise stated, statistical analysis was performed using
a t-test or ANOVA followed by the Tukey test (P < 0.05) in Sig-
maPlot v11.0 software (Systat Software Inc., Chicago, IL, USA).
The sparse partial least squares discriminant analysis (sPLS–DA)
was performed with the mixOmics R package v.6.26.0 (Rohart
et al., 2017) following the guidelines provided on its website
(http://mixomics.org/case-studies/splsda-srbct-case-study). The
transcriptomic and proteomic data were analyzed separately. The
differentially expressed transcripts subset and the whole proteins
data (XIC measurements) were used for the analysis. The sPLS–
DA model was tuned several times with fivefold cross-validation
repeated 50 times to set the maximum number of components
and the optimal number of variables to select for each compo-
nent. For the transcriptome set, the tuning function consistently
indicated that the optimal number of components was three and
the optimal number of classification variables for components 1,
2, and 3 were 1, 60, and 30, respectively. For the proteome set,
the optimal number of components was 2 and the optimal num-
ber of classification variables for components 1 and 2 were 1
and 60, respectively. Whenever the sPLS–DA tuning indicated
only one variable, we extended this number to 10 to gain in bio-
logical interpretation. Selected transcripts and proteins were
extracted from final sPLS–DAs, according to their contribution to
subgroup discrimination in a given component (loading weight).
Graphs were drawn with Metaboanalyst v6.0 (https://www.
metaboanalyst.ca/MetaboAnalyst/home.xhtml) after repeating the
sPLS–DA with the tuned parameters determined by mixOmics R
package. The functional relevance of the most discriminative
genes and proteins was explored using AgriGo v2.0 (Tian et al.,
2017). Differentially expressed proteins in P, H, and PH condi-
tions compared to control (XIC quantification, ANOVA, and
Tukey test P < 0.05) were analyzed for prediction of associations
by STRING version 12.0 (https://string-db.org/) (Szklarczyk et al.,
2019) with the following settings: full string network, confidence
(medium confidence of 0.7) and MCL clustering (inflation param-
eter of 1.5).
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