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1 School of Biosciences, College of Life and Environmental Sciences, University of Birmingham, Birmingham,
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The concept that heat stress (HS) causes a large accumulation of reactive oxygen

species (ROS) is widely accepted. However, the intracellular compartmentation of ROS

accumulation has been poorly characterized. We therefore used redox-sensitive green

fluorescent protein (roGFP2) to provide compartment-specific information on heat-

induced redox changes of the nuclei and cytosol of Arabidopsis leaf epidermal and

stomatal guard cells. We show that HS causes a large increase in the degree of oxidation

of both compartments, causing large shifts in the glutathione redox potentials of the

cells. Heat-induced increases in the levels of the marker transcripts, heat shock protein

(HSP)101, and ascorbate peroxidase (APX )2 were maximal after 15 min of the onset of

the heat treatment. RNAseq analysis of the transcript profiles of the control and heat-

treated seedlings revealed large changes in transcripts encoding HSPs, mitochondrial

proteins, transcription factors, and other nuclear localized components. We conclude

that HS causes extensive oxidation of the nucleus as well as the cytosol. We propose

that the heat-induced changes in the nuclear redox state are central to both genetic and

epigenetic control of plant responses to HS.

Keywords: epigenetics, heat shock proteins, reactive oxygen species, redox-sensitive green fluorescent protein,

oxidation

INTRODUCTION

Heat stress (HS) is a major threat to current and future agriculture. Future increases in atmospheric
CO2 levels and associated global warming are predicted to amplify the impact of HS on crops
such as wheat, rice, and maize that form the basis for human nutrition. Climate change models
predict that mean ambient temperatures will increase between 1.8 and 5.8◦C by the end of this
century as well as the frequency of heat waves. Ensuing the sustainability yield of all major
crops in the global warming era is a major challenge faced by plant scientists (Easterling and
Apps, 2005). Plant responses to HS are very well characterized. HS has drastic impact on seed
germination, radicle emergence, plumule growth, and seedling growth (Toh et al., 2008; Piramila
et al., 2012). Reproductive organs, especially the male reproductive tissues (Giorno et al., 2013)
are highly sensitive to HS-induced loss of function, leading to a significant reduction in yield
(Warland et al., 2006; Ahamed et al., 2010). Exposure to HS causes flower abortion, spikelet sterility,
and decreased pollen germination (Sato et al., 2006). Photosynthesis is also sensitive to heat-
induced inhibition (Berry and Bjorkman, 1980; Wise et al., 2004; Rossi et al., 2017; Wang et al.,
2018). In particular, the activation of ribulose-1, 5-bisphosphate carboxylase oxygenase (Rubisco)
by Rubisco activase is heat sensitive (Portis, 2003; Sage et al., 2008; Perdomo et al., 2017), as
are starch and sucrose synthesis (Sumesh et al., 2008). Thylakoid membrane stabilization is also
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an important response to HS (Zhang and Sharkey, 2009;
Niinemets, 2018), as is the induction ofmolecular chaperones, the
accumulation of solutes, and changes in gene expression through
mitogen-activated kinase and calcium-dependent protein kinase
cascades (Wahid et al., 2007; Dietz et al., 2016).

The accumulation of reactive oxygen species (ROS) coupled
to the induction of heat shock proteins (HSPs) are characteristic
features of the heat shock response (Suzuki and Katano, 2018).
The accumulation of ROS is a key trigger for plant stress
responses that can lead either to acclimation or programmed
cell death depending on the signaling pathways involved (Baxter
et al., 2014; Noctor et al., 2018). The HS-induced accumulation
of H2O2 is a key trigger in regulation of the expression of
HSPs. The expression of HSPs is governed by heat shock factors
(Hsfs), which are transcription factors that bind to the heat
shock promoter elements (HSEs) in the HSP genes (Liu and
Charng, 2013). Arabidopsis has 21 Hsfs of which the heat-
inducible class A Hsfs, HsfA2, HsfA7a, and HsfA3, and class B
Hsfs,HsfB1,HsfB2a, andHsfB2b, play an essential role in acquired
thermotolerance (Meiri and Breiman, 2009). ROS accumulation
induces the expression of Hsfs and HSPs accumulation (Zhang
et al., 2009; Banti et al., 2010). Hsfs such as HsfA1b and HsfA2 are
involved in the regulated expression of themarker gene, ascorbate
peroxide 2 (APX2), which is a marker for the HS response
(Schramm et al., 2006; Ogawa et al., 2007). Thermotolerance
is associated with changes in phytohormones such as salicylic
acid (SA) that amplify H2O2 production and the expression of
HSP genes.

In natural environments, the exposure to HS often occurs in
combination with other stresses such as high light and drought
(Choudhury et al., 2017). However, the combination of HS and
high light leads to an increase in jasmonic acid (JA) levels
and the subsequent activation of transcriptional responses that
are distinct from the responses to the single stress treatments
(Balfagón et al., 2019). Moreover, APX2 expression was only
shown to be regulated by high light if there was a simultaneous
increase in temperature (Huang et al., 2019).

Although there is overwhelming evidence in support of
HS-induced ROS accumulation, little information is available
concerning the status of these compounds in the cellular
compartments where ROS are produced. The ROS-induced
oxidation of the cellular antioxidant reduced glutathione (GSH)
to glutathione disulfide (GSSG) causes a shift of the glutathione
redox potential (EGSH) toward less negative values, a process
that is considered to be hallmark of exposure to stress (Noctor
et al., 2011). The application of in vivo imaging techniques
such as redox-sensitive green fluorescent proteins (roGFPs)
provides compartment-specific information on the degree of
oxidation and the glutathione redox potential (Meyer et al.,
2007; Schwarzländer et al., 2008; García-Quirós et al., 2020).
Genetically-encoded roGFP2-based sensors are robust and highly
reliable probes for monitoring cellular oxidation. The fusion of
human glutaredoxin-1 to roGFP2 (Grx1-roGFP2) increases the
speed of roGFP2 oxidation by GSSG (for EGSH), while fusing
the yeast glutathione peroxidase, Orp1, to roGFP2 enhances
the specificity to H2O2. The H2O2-specific roGFP2-Orp1 probe
has been used to analyze H2O2 dynamics in the intracellular

compartments of Arabidopsis cells (Nietzel et al., 2019; Ugalde
et al., 2020). Moreover, studies using Grx1-roGFP2 and roGFP2-
Orp1 have demonstrated that exposure to the oxidizing herbicide
methyl viologen causes rapid oxidation of the chloroplasts,
cytosol, and mitochondria (Ugalde et al., 2020). We have
previously used the roGFP2 probe to analyze changes in EGSH
in the leaves (Schnaubelt et al., 2015) and flowers (García-Quirós
et al., 2020) of mutants that are deficient in glutathione, as well
as redox changes occurring in the cell cycle in the primary roots
of wild-type (WT) Arabidopsis and mutants that are deficient
in the antioxidant, ascorbic acid, and the effects of chloroplast
inhibitors on EGSH in the nuclei and cytosol of leaf epidermal
cells and stomatal guard cells (Karpinska et al., 2017a). We
therefore extended this analysis to explore the effects of HS
on the redox states of the cytosol and nuclei of Arabidopsis
thaliana (Arabidopsis) seedlings in order to provide to further
explore the effects of HS on the redox state of different cellular
compartments. We provide evidence of extensive heat-induced
oxidation of the nuclei as well as the cytosol and discuss how the
regulated oxidation of both cellular compartments can influence
the cell signaling in both cellular compartments to achieve
thermotolerance and survival of HS.

MATERIALS AND METHODS

Plant Material
Seeds of WT A. thaliana accession Columbia-0 (Col-0), Col-
0 expressing roGFP2 (de Simone et al., 2017), were surface
sterilized (70% ethanol, 2% {v/v} bleach, and 0.1% Tween 20) and
washed twice with sterile water. The seeds were plated onto half
strength Murashige-Skoog (MS) medium containing 1% sucrose
and 0.8% agar (pH 5.8). After stratification in a cold room (4◦C)
for 48 h, the plates were transferred to a growth roommaintained
at 22± 1◦Cwith 16:8 h light and dark regime and a light intensity
of 120 µmol m−2s−1. Agar-grown seedlings were used in the
present study because this method has been used in previous
studies on HS (Silva-Correia et al., 2014; Tiwari et al., 2020).

HS Treatments
Heat stress was applied to 5-days-old Arabidopsis seedlings
growing on petri plates. The plates were sealed using Petriseal
(Diversified Biotech, United States) and exposed to 42◦C for
60 min in a water bath. Batches of control seedlings were
maintained at 22◦C. Each biological replicate consisted of 100
control or heat-stressed seedlings. Three biological replicates
were used per timepoint and each experiment was repeated
at least three times. Samples were harvested from control and
heat-stressed seedlings at the time points shown in the figure
legends or immediately after treatment had ended and used in
the analysis below.

Confocal Laser Scanning Microscopy
and Image Analysis
For quantitative monitoring of EGSH, we used the roGFP2
variant derived from the original EGFP containing the S65T
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mutation that has a main excitation peak at 490 nm (Hanson
et al., 2004). The roGFP2 form has advantages in less reducing
conditions, as occur, for example, in partially glutathione-
deficient mutants (Meyer et al., 2007). Control and heat-treated
seedlings were placed on a slide in a drop of sterile water.
roGFP2 was then interrogated using a Carl Zeiss confocal
microscope LSM700 equipped with lasers for excitation at 405
and 488 nm to image oxidized and reduced form of ro-GFP2,
respectively. Images were taken with 40x/1.3 Oil DICM27 lens in
a multitrack mode. Ratiometric analyses were performed using
ImageJ software1. The roGFP2 signal was calibrated at the end
of each experiment using standard conditions of incubation with
either 2.5 mMdithiothreitol (reduced) or 2mMH2O2 (oxidized).
Samples for fully reduced and oxidized controls were treated for
10 min with dithiothreitol or H2O2, respectively. The oxidation
degree and glutathione redox potential values were calculated as
described by Meyer et al. (2007) and de Simone et al. (2017).

Nitro Blue Tetrazolium (NBT) and
3,3′-Diaminobenzidine-HCl (DAB)
Staining
Staining with nitro blue tetrazolium (NBT) and 3,3′-
diaminobenzidine (DAB) was performed essentially as described
by Groten et al. (2005). For NBT staining, whole seedlings were
vacuum-infiltrated in 10 mM NaN3 and stained in 0.5 mg ml−1

NBT (Sigma–Aldrich) prepared in 10 mM potassium phosphate
buffer (pH 7.8) for 30 min. The reaction was stopped by
transferring the seedlings into 90% ethanol at 70◦C until all the
chlorophyll was removed. The seedlings were photographed
under a stereomicroscope (Leica M165-FC; Leica Microsystems,
Wetzlar, Germany). DAB (5 mg ml−1) in dimethyl sulfoxide

1http://rsbweb.nih.gov/ij/

(DMSO), diluted 1: 10 with 10 mM sodium phosphate buffer
(pH 7.8), was used to detect H2O2, using a similar protocol.

RNA Seq
Control and heat-stressed seedlings were harvested in liquid
nitrogen and immediately stored at −70◦C before further
analysis. Total RNA was isolated from 5-days-old Arabidopsis
seedlings using RNA purification kit (Sigma–Aldrich,
United States) according to the manufacturer’s instructions.
RNA quality and quantity was examined by Nanodrop and
on the basis of RIN value (RNA integrated number). 1 µg of
total RNA was used for the construction of RNAseq libraries.
Single-end RNAseq libraries were constructed independently
using the RNA Sample Preparation Kit (Illumina, Foster City,
CA, United States) according to the manufacturer’s instructions.
Sequencing was performed on the Illumina GAII platform.
Unpaired 100 bp Illumina reads were aligned using TopHat
(v2.0.10) against a Bowtie2 (v2.2.8) index built from the TAIR10
reference sequence to create sequence alignment/map (SAM)
files. SAM files were then sorted and converted into binary
alignment/map (BAM) alignment files using Samtools (v1.3).
The aligned read replicates were counted using feature Counts
to create gene-count matrix and tested for differential gene
expression using EdgeR in R/Bioconductor. Differentially
expressed genes were defined as those showing fold changes of
greater than 2 and a false discovery rate (FDR) corrected p-value
of 0.05 or less (Supplementary Table 1). The datasets presented
in this study can be found in online repositories. The names
of the repository/repositories and accession number(s) can be
found below: NCBI BioProject, accession no: PRJNA669354.

Real-Time PCR
Real-time qPCR was performed as described previously (de
Simone et al., 2017). The abundance of transcripts was measured

TABLE 1 | Sequences used for qPCR analysis.

Oligo name Sequence Gene ID Annotation

Act2.F 5′-ACCTTGCTGGACGTGACCTTACTGAT-3′ At3g18780 ACTIN 2

Act2.R 5′-GTTGTCTCGTGGATTCCAGCAGCTT-3′

Apx1.F 5′-GTCCATTCGGAACAATGAGGTTTGAC-3′ At1g07890 ASCORBATE PEROXIDASE 1, cytosolic

Apx1.R 5′-GTTGTCTCGTGGATTCCAGCAGCTT-3′

Apx2.F 5′-CCCATCCGACCAAACACATCTCTTA-3′ At3g09640 ASCORBATE PEROXIDASE 2, cytosolic

Apx2.R 5′-CCCATCCGACCAAACACATCTCTTA-3

Apx3.F 5′-CCCAAAATCACATACGCAGACCTGTA-3 At4g35000 ASCORBATE PEROXIDASE 3, microsomal

Apx3.R 5′-AGTTGTCAAACTTCAGCGGCTCTTG-3′

Apx4.F 5′-CTACTAAATCCGGGGGAGCCAATG-3′ At4g09010 ASCORBATE PEROXIDASE 4, microsomal

Apx4.R 5′-CTCTGTTGCATCACTCCTTCCAAAAT-3′

Apx-s.F 5′-TGCTAATGCTGGTCTTGTGAATGCTT-3′ At4g08390 ASCORBATE PEROXIDASE, stromal

Apx-s.R 5′-CCACTACGTTCTGGCCTAGATCTTCC-3′

Apx-t.F 5′-CAGAATGGGACTTGATGACAAGGAAA-3′ At1g77490 ASCORBATE PEROXIDASE, thylakoidal

Apx-t.R 5′-ATGCAGCCACATCTTCAGCATACTTC-3′

Apx6.F 5′-TGCAAAACGAAATAAGGAAAGTGGTG-3′ At4g32320 ASCORBATE PEROXIDASE 6, cytosolic

Apx6.R 5′-CACTCAGGGTTTCTGGAGGTAGCTTG-3′

HSP101.F 5′-TTATGACCCGGTGTATGGTG-3′ At1g74310 HEAT SHOCK PROTEIN 101, cytosolic and nuclear

HSP101.R 5′-AGCGCCTGCATCTATGTAAA-3′
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in samples harvested during the HS treatment at the time points
indicated in the figure legends. Total RNA was extracted as
described above. RNA reverse transcription and qPCR were
performed on an Eppendorf Realplex2 real-time PCR system

by one-step RT-PCR using Quantifast SYBR Green RT-PCR Kit
(Qiagen), following manufacturer’s instructions. The expression
of the genes of interest was initially normalized using four house-
keeping transcripts. We have reported the data in terms of one

FIGURE 1 | The effects of heat stress on nitrobluetetrazolium (A–D) and 3,3′–diaminobenzidine (E–H) staining of leaves.

FIGURE 2 | The time course of expression of Heat Shock Protein (HSP) 101 (A) and Ascorbate Peroxidase (APX )2 (B) in response to heat stress treatment.

Asterisks indicate statistical significance (P ≤ 0.05) between the treatments. Seedlings were exposed to heat stress for 0 (control), 5, 10, 15, 20, and 30 min. Values

are means ± SD (n = 3 independent biological replicates each consisting of 100 seedlings). Asterisks indicate significant differences between control and

heat-stressed plants according to the Student’s t-test (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; and ∗∗∗∗p < 0.0001).
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reference gene, actin, which proved to be the most stable in
response to the HS treatment. However, the other reference genes
gave very similar results. Accessions and primer sequences used
are given in Table 1.

RESULTS

Seven-days-old agar-grown seedlings were subjected to HS by
placing the sealed plates in a water bath at 42◦C for 1 h (Silva-
Correia et al., 2014; Tiwari et al., 2020). Control seedlings were
treated in the same way but the water bath was maintained at

22◦C. The survival of the HS treatment seedlings was 98%, a value
similar to the control and heat-stressed seedlings maintained at
22◦C. Following HS, the seedlings were stained with either NBT
or DAB. While both the NBT and DAB staining techniques have
limitations, as we have discussed previously, these techniques
have been widely used to indicate changes in the level of oxidation
experienced by stressed organs and tissues (Noctor et al., 2016).
In control seedlings (Figure 1A), blue staining was only observed
in the tips of the rosette leaves. In contrast, following the HS
treatment, the blue staining was observed throughout the rosette
leaves (Figure 1B). A higher resolution image of the stained
leaves revealed that while relatively few cells in the control leaves

FIGURE 3 | The abundance of transcripts encoding all the Arabidopsis ascorbate peroxidase (APX) family members in control and heat-stressed seedlings. The APX

gene family included three cytosolic (APX1, APX2, APX6) forms, two chloroplast forms (a stromal form APXs and a thylakoid form APXt ), and two microsomal (APX3,

APX4) forms. Values are means ± SE (n = 3 independent biological replicates each consisting of 100 seedlings). Asterisks indicate significant differences between

control and heat-stressed plants according to the Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001).

FIGURE 4 | Examples of typical ro-GFP2 fluorescence images of the epidermal cells and stomatal guard cells on leaves exposed to heat stress (42◦C) for 1 h. Scale

bar is 20 µm.
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had blue staining (Figure 1C), all of the cells contained blue
staining after HS (Figure 1D). No DAB staining was observed
in the rosettes in the absence of HS (Figure 1E), but the leaves
of the heat-stressed leaves showed staining (Figure 1F). Higher
resolution images of the stained leaves showed that while some
cells in the control leaves had brown staining (Figure 1G) but

brown staining was greatly increased around the veins after
HS (Figure 1H).

The time course of expression of the marker genes HSP101
(Figure 2A) and APX2 (Figure 2B) showed that the levels of
transcripts increased rapidly after the onset of the HS treatment
and was maximal after 15 min, remaining at a high level

FIGURE 5 | The 405/488 ratios, the degree of oxidation, and the glutathione redox potential in the cytosol and nuclei of the epidermal and stomatal guard cells of

the control (white bars) and heat treated (black bars) seedlings. Asterisks indicate significant differences between control and heat-stressed plants according to the

Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001).
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thereafter. Moreover, an analysis of the abundance of transcripts
of seven members of the Arabidopsis APX family revealed that
only the levels of the APX2 transcripts were increased as a result
of the HS treatments and the levels of other APX transcripts were
nearly similar in control and heat-stressed seedlings (Figure 3).

The roGFP fluorescence was readily detected in the cells of
the control and heat-treated leaves (Figure 4). Large changes in
the 405/488 ratios of the cytosol and nuclei of the epidermal
and stomatal guard cells were observed after the heat treatment
(Figure 5). The degree of oxidation was low in the cytosol and
nuclei of the epidermal and stomatal guard cells in the absence
of HS (Figure 5), suggesting that the glutathione pool is highly
reduced in these circumstances. However, the degree of oxidation
was greatly increased in the nuclei and cytosol of both cell types
following the HS treatment (Figure 5), demonstrating that HS
caused substantial oxidation of the nuclei and cytosol. Similarly,
the glutathione redox potentials of the cytosol and nuclei of the
epidermal and stomatal guard cells were greatly changed as a
result of HS (Figure 5).

RNAseq analysis revealed that large numbers of transcripts
associated with different mitochondrial functions were increased
(Supplementary Figure 1). Other transcripts involved in
plant defense, secretory pathways, and vacuolar functions
were decreased in abundance (Supplementary Figure 2) in
response to the HS. These trends can be clearly seen from
the transcripts that were most abundant after HS (Figure 6A)
and the transcripts that encode transcription factors and
markers for phytohormone-dependent pathways that were
significantly decreased in response to the HS (Figure 6B). In
particular, transcripts encoding markers proteins such as the
vegetative storage protein (VSP)1 and VSP2 for JA signaling
pathways were decreased in abundance following exposure
to HS (Hickman et al., 2017). The list of transcripts that
were most highly expressed in response to HS includes
those encoding the mitochondrially-localized HSP23.6, HSP70B
proteins (Figure 6A), and HSP90.1 (Supplementary Figure 3).
Moreover, transcripts that encode respiratory proteins and
related mitochondrial functions were much less abundant

FIGURE 6 | The transcripts that were most differentially changed in abundance after heat stress. The relative expression (log2) fold change-range of transcripts was

annotated from their gene accession numbers from the TAIR website. Differentially expressed genes were those showing fold changes of (log2FC > 2 for

up-regulated genes and log2FC < −2) for down-regulated genes, an FPKM > 1 and FDR-corrected p-value of 0.05 or less. DIR23 (AT2G2100), PR-13

(AT1G72260), VSP2 (AT5G24770), lncRNA (AT3G12502), FEP2 (AT1G47395), HP-hypothetical protein (AT3G06435), COPT3 (AT3G46900), RPF6 (AT1G63130),

BGLU28 (AT2G44460), VSP1 (AT5G24780), HP-hypothetical protein (AT2G19970), SBT4.1 (AT5G59120), JAL23 (AT2G39330), PLT3 (AT2G18480), TAS1B

(AT1G50055), HSP22 (AT4G10250), HSFA2 (AT2G26150), HSP17.6C (AT1G53540), HSP17.6A (AT5G12030), HSFA7B (AT3G63350), HSP23.6 (AT4G25200),

HSP17.6A (AT5G12030), NAD6 (ATMG00270), HSP17.4A (AT3G46230), HSP17.6 (AT5G12020), natRNA (AT3G07365), CALS12 (AT5G03550), HSP21

(AT4G27670), RLP1 (AT1G07390), HSP17.8 (AT1G16030), HP-hypothetical protein (AT2G07779). (A) Increased in abundance and (B) decreased in abundance.
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in seedlings after exposure to HS (Figure 7). In addition
to HS-induced decreases in transcripts encoding cytochrome
C oxidase (COX) components (COX1, COX2) and a large
number of components of the nicotinamide adenine dinucleotide
[NAD(P)H] dehydrogenase complexes, transcripts involved in
mitochondrial RNA editing and maturation were decreased in
response to HS. Given the observed changes in transcripts that
will ultimately limit mitochondria electron transport functions, it
is surprising that exposure to HS was not found to elicit responses
in mitochondrial retrograde responsive genes such as those
encoding the mitochondrial alternative oxidases, particularly
alternative oxidase 1a (Van Aken and Whelan, 2012).

Similar to transcripts encoding APX2, transcripts encoding
the Zinc finger protein ZAT12, which is involved in oxidative
stress signaling (Nguyen et al., 2012), were highly expressed
in response to HS (Figure 8). It has previously been shown
that HSFA4A binds to the promoters of transcription factors
such as WRKY30 and ZAT12 leading to enhanced tolerance

to heat through reduction of oxidative damage (Andrási et al.,
2019). Exposure to HS also increased the levels of transcripts
encoding glutathione transferase (GST) U3 and LIFEGUARD4
(LF4), which is a BCL2 associated X, apoptosis regulator (BAX)-
inhibitor1 family protein (Figure 8). Exposure to HS results in
the movement of the glycolytic enzyme cytosolic glyceraldehyde-
3-phosphate dehydrogenase (GAPC) to the nucleus, where
it mediates HS responses through association with NF-YC10
(Kim et al., 2020). Overexpression of GAPC1 enhanced the
expression of a HS genes including LF4 (Kim et al., 2020). The
nuclear localized calmodulin binding protein Bcl-2 associated
athanogene (BAG)6, which is a regulator of programmed cell
death, was highly expressed in response the HS (Figure 8). BAG6
is a HSP70-binding protein that suppresses the expression of
Fes1A and plays a positive role in thermotolerance in Arabidopsis
(Fu et al., 2019). However, the levels of Fes1A transcripts
were found to be more abundant after HS treatment in the
current experiments (Figure 9). The heat-induced expression of

FIGURE 7 | Mitochondrial-encoded transcripts (A) and nuclear-encoded transcripts targeted to mitochondria (B). The abundance is expressed as relative

expression of (log2) fold change (LOG2FC) with an FPKM > 1 and FDR-corrected p-value of 0.05 or less. NAD6 (ATMG00285), ORF240A (ATMG00382), NAD5C

(ATMg00070), NAD4L (ATMG00660), ORF275 (ATMG00690), CCB452 (ATMG00270), CCB382 (ATMG00960), COX1 (ATMG01380), ORF106F (ATMG01170),

ORF294 (ATMG01330), ORFX (ATMG00570), RRN5 (ATMG01390), ORF149 (ATMG00670), NAD9 (ATMG00090), NAD5A (ATMG00513), ATP6-2 (ATMG01200),

MATR (ATMG00640), NAD2A (ATMG00285), COX2 (ATMG00180), ATP6-1 (ATMG00410), CCB203 (ATMG01130), RRN26 (ATMG00665), NAD1C (ATMG00520),

ORF25 (ATMG00650), ORF107A (ATMG00030), NAD4 (ATMG00580), COX3 (ATMG00730), NAD7 (ATMG00510), ORF107H (ATMG01360), HSP23.6 (AT4G25200),

QCR7-2 (AT5G25450), MetRS (AT5G10695), HSP23.5 (AT5G51440), RNAse H like (AT5G42965), SFH5-like (AT4G27580), HSC70-5 (AT5G09590), TPR-like

(AT3G24000).
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FIGURE 8 | Transcripts encoding proteins associated with cell death and peroxidases that are differentially regulated by heat stress and targeted to the nucleus. The

abundance is expressed as relative expression of (log2) fold change (LOG2FC) with an FPKM > 1 and FDR-corrected p-value of 0.05 or less. PER54 (AT5G06730),

PER32 (AT3G32980), PER70 (AT5G64110), PER67 (AT5G58390), PER15 (AT2G18150), PER59 (AT5G19890), PER39 (AT4G11290), PER64 (AT5G42180), PER37

(AT4G08770), PER34 (AT3G49120), PER8 (AT1G34510), PER72 (AT5G66390), PER53 (AT5G06720), PER11 (AT1G68850), PER35 (AT3G49960), PER20

(AT2G35380), PER24 (AT2G39040), PER24 (AT2G39040), AO (AT5G21100), PER51 (AT4G37530), FITNESS (AT1G07050), ZAT12 (AT5G59820), APX2

(AT3G09640), GSTU3 (AT2G29470), LFG4(BI1) (AT1G03070), BAG6 (AT2G46240), PER7 (AT1G30870), CUAOα2 (AT1G31690), PER9 (AT1G34245).

HSP18.2 and HSP25.3 in bag6 mutants was found to correlate
with enhanced thermotolerance, suggesting that BAG6 restricts
the induction of some sHSPs, limiting the extension of the
HS response through regulation of the transcriptional cascade
(Echevarría-Zomeño et al., 2016). In contrast to the above genes,
transcripts encoding large numbers of apoplastic peroxidases and
cell wall associated ascorbate oxidases (AOs) were less abundant
after exposure to HS (Figure 8).

Transcripts encoding transcription factors and related
proteins that are localized in the nucleus were more abundant
after HS treatment (Figure 9). In particular, transcripts encoding
HSFA2, HASFA7, FKBP62 (ROF1, that interacts with HSP90.1
and modulates HsfA2), and the transcriptional co-activator
multiprotein bridging factor 1 (MBF)1c were greatly increased
in abundance after the HS treatment. These proteins are key
regulators of thermotolerance in Arabidopsis. For example,
MBF1c is a transcriptional regulator of HS response genes,
including the DRE-binding protein 2A (DREB2A), HSFs,

and zinc finger proteins. In addition, the levels of transcripts
encoding the E3 ligases SNIPER1, which modulates plant
immune responses through ubiquitination, and PUB48 that
regulates plant abiotic stress responses, were more abundant
after HS treatment (Figure 9). In addition, exposure to HS
resulted in marked changes in the levels of transcripts encoding
components that are involved in the epigenetic regulation of
gene expression (Figure 10).

DISCUSSION

The exposure to heat triggers a general accumulation of ROS
in plant organs, together with the activation (or inactivation)
of multiple redox-regulated proteins that often contain thiol-
disulfide switches. HS-induced ROS production and associated
redox signaling are intimately associated with the HS responses
that underpin thermotolerance, particularly the expression of
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FIGURE 9 | Transcripts that are differentially regulated by heat stress and targeted to the nucleus. The abundance is expressed as relative expression of (log2) fold

change (LOG2FC) with an FPKM > 1 and FDR-corrected p-value of 0.05 or less. The thresholds were (LOG2FC > 2) and (LOG2FC < −2) for up- and

down-regulated genes, respectively. HSFA2 (AT2G26150), MBF1C (AT4G25490), DRE2A (AT5G05410), HSFA7A (AT3G51910), HP—hypothetical protein

(At1g21550), SNIPER1 (AT1G14200), DBH-like (AT5G35320), DUF506 (AT3G25240), SWAP (AT3G49130), FES1A (AT3G09350), ATL79 (AT5G47610), FKBP65

(AT5G48570), HSA32 (AT4G21320), HSFB1 (AT4G36990), PUB48(AT5G18340), FKBP-like (AT5G03990), RING/U-box (AT5G05530), ZAT12 (AT5G59820), DSPP

(AT1G07330), DIP2 (AT5G03210), SR45A (AT1G07350), HSFB2A (AT5G62020), COR27 (AT5G42900), DOF4.1 (AT4G00940), FITNESS (AT1G07050), ERF091

(AT4G18450).

HSFs and HSPs (Driedonks et al., 2015). Heat directly and
indirectly (via ROS) stimulates HSF activity. In turn, HSFs
stimulate the expression of HSP chaperones and ROS-processing
proteins and antioxidant-related transcription factors such as
ZAT10 and HSFA1D, which stimulates the APX2 expression. The
HS-induced changes in the transcriptome profile reported here
are similar to previous reports, with the increase in transcripts
encoding HSPs and significant downregulation of membrane
proteins such as transporters (Poidevin et al., 2020).

While HS is likely to trigger different levels of ROS
accumulation in each intracellular and inter(extra)cellular
compartment, relatively little information is available on the
compartment-specific redox changes that are induced in response
to HS. Although the exact mechanisms by which the separate

redox pools in different compartments interact and orchestrate
cell signaling remain unclear, oxidation in each cellular
compartment is likely to transmit specific signals that facilitate
an appropriate change in gene expression (Noctor and Foyer,
2016). For example, H2O2 produced in the apoplast/cell wall
can be directly sensed by membrane receptor kinases such
as HPCA1 (also called CANNOT RESPOND TO DMBQ1;
CARD1), which triggers an influx of calcium ions into the cell,
leading to the activation of MAP kinases and other signaling
pathways (Wu et al., 2020). The data presented here show that
the levels of transcripts encoding apoplastic H2O2-producing
enzymes such as the Respiratory Burst Homologs (RBOH)
and cell wall peroxidases are decreased in response to heat,
transcripts encoding AO. The heat-induced activation of the
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FIGURE 10 | Transcripts associated with small RNAs that are differentially regulated by heat stress. Examples of this class include Argonaute complexes (AGO) and

histone deacetylase (HDAC). The abundance is expressed as (log2) fold change (LOG2FC). natural antisense RNAs (AT3G07365, AT3G04685, AT3G04685,

AT1G04767, AT1G04767, AT5G03185); trans-acting siRNAs [AT1G63150, AT1G31130 (TAS1A), AT5G57735 (TASIR-ARF), AT1G50055 (TAS1B); AT1G75166

(snoRNA)], non-coding RNA (AT3G03215, AT3G41761, AT2G05205, AT4G06265, AT3G05655, AT5G03185, AT3G12502); microRNAs [AT4G06260 (MIR4221),

AT1G31173 (MIR167D), AT1G07867 (MIR167D), AT1G31173 (MIR156i), AT3G18217 (MIR157C)] and proteins; AT1G31290 (AGO3), AT1G24145 (HDAC).

respiratory burst oxidase homolog 1 (RBOH1) was reported
to be important in the apoplastic oxidative burst that triggers
MAP kinase signaling cascades leading to thermotolerance (Zhou
et al., 2014). However, the observed changes in transcripts
encoding cell wall peroxidases and AO reported here would favor
decreased apoplastic H2O2 production and a more reduced state
of the apoplast, as illustrated in Figure 11. The decrease in AO
transcripts may lead to a higher level of ascorbate in the apoplast
and ultimately influence the overall process of acclimation to HS,
in a similar manner to the role of AO in acclimation to high light
(Karpinska et al., 2017a).

Like mitochondria, chloroplasts play an important role in
heat-induced ROS accumulation and in the resultant expression
of nuclear heat-response genes (Hu et al., 2020). The data
presented here demonstrate that the cytosol and nuclei become
highly oxidized in response to HS-induced ROS production.
Relatively, little attention has been paid to how direct oxidation
will influence nuclear proteins and their roles in the acclimation
process (Martins et al., 2018). The high temperature-induced
accumulation of ROS is often discussed in terms of oxidative
stress, cell injury, and death (Nishad and Nandi, 2020).
However, ROS production is essential for plant growth and
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FIGURE 11 | Simplified model illustrating the effect of heat stress on H2O2 production and associated oxidation of the cytosol and nucleus on the regulation of gene

expression. The levels of transcripts encoding apoplastic H2O2 producing enzymes such as the Respiratory Burst Homologs (RBOH) and cell wall peroxidases were

decreased in response to heat, as were transcripts encoding ascorbate oxidase (AO), which catalyzes the first step of the ascorbate degradation pathway. Heat

increases the production of H2O2 in chloroplasts and mitchondria leading to oxidation of the cytosol and nucleus. This oxidation causes a highly specific expression

of antioxidant genes such as APX2 that are important in the regulation of signal transduction, as well as heat shock factors (HSF) that regulate heat shock-induced

signaling process. Transcription is also rapidly regulated by epigenetic factors such as histone methyltransferases (HMT) and histone acetyltransferases (HAT) as well

as by the production of microRNAs (miRNA) and long non-coding RNA (lncRNA).

development (Considine et al., 2017; Mittler, 2017) and ROS
accumulation is required for the activation of Hsfs and
thermotolerance (Hasanuzzaman et al., 2013; Rezaei et al., 2015).
The HS transcriptome signature reported here demonstrates
that relatively transcripts associated with antioxidant status are
increased in abundance, suggesting that there is no generic
antioxidant response to counteract the HS-induced oxidation.
In contrast, the only antioxidant transcript that was increased
is APX2, suggesting a very specific redox-processing response
to HS. In addition, transcripts encoding ZAT12 were increased
in the seedlings after HS, suggesting altered oxidative stress
signaling (Nguyen et al., 2012).

The nucleus also contains glutathione, glutaredoxins,
thioredoxins, and thiols reductases to process ROS, as well as
proteins with redox-regulated cysteines that regulate nuclear
functions, such as gene expression, transcription, epigenetics,
and chromatin remodeling (Martins et al., 2018). The oxidation
of redox-regulated transcription factors in the nucleus will have a
direct influence on gene expression (He et al., 2018). For example,
the AP2/ethylene response factor (ERF) transcription factors are
subject to redox regulation (Vogel et al., 2014) as are the ROXY
proteins that interact with TGA transcription factors (Dietz,
2014; Delorme-Hinoux et al., 2016). The heat-induced oxidation
of the nucleus observed in the present study will undoubtedly

regulate the functions of these redox-sensitive transcription
factors (Rouhier et al., 2015; Waszczak et al., 2015). Oxidation
of the cytosol can also trigger the movement of redox-sensitive
proteins into the nucleus (Foyer et al., 2020). In particular,
the oxidative of the cytosol triggers the movement of GAPC
to the nucleus, where it associates with NF-YC10 to mediate
HS responses (Kim et al., 2020). Other examples of oxidation-
induced protein translocation to the nucleus include HSFA1D
and HSFA8 (Giesguth et al., 2015; Dickinson et al., 2018) and
the NON-EXPRESSOR OF PR GENES1 (NPR1), which is an
important component of the SA-dependent transcriptional
response (Kneeshaw et al., 2014).

In addition, the epigenome is re-modeled by heat-induced
priming (Liu et al., 2015). Many of the enzymes involved
in histone methylation are subject to redox regulation, which
affects both positive and negative histone marks (e.g., H3K4me2,
H3K4me3, H3K79me3, H3K27me2, and H3K9me2) which
control recombination in meiosis and other processes (Niu
et al., 2015). Histone acetylation is regulated by redox changes
in the nucleus of mammals, to alter chromatin conformation
and transcription (Doyle and Fitzpatrick, 2010). While this type
of regulation has not yet been described in plants, reactive
nitrogen species such as nitric oxide (NO) induce inhibition
of histone deacetylases (HDACs) leading to the stress-induced
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regulation of gene transcription (Mengel et al., 2017). Histone
H3 is glutathionylated in mammals on a conserved and unique
Cys residue. The level of H3 glutathionylation increases during
cell proliferation and aging, leading to a more open chromatin
structure (García-Giménez et al., 2013, 2014, 2017). Moreover,
members of the Arabidopsis DICER-LIKE (DCL) and RNASE
THREE-LIKE (RTL) endonucleases families are glutathionylated
on a conserved Cys, a process that changes their RNase III
activities (Charbonnel et al., 2017). Therefore, the synthesis of
small RNA and their subsequent regulation of gene expression
are under the control of the cellular redox environment
(Charbonnel et al., 2017).

DNA methylation is a major mechanism of epigenetic
regulation of gene expression in plants. Redox regulation of
the enzymes of the S-adenosyl methionine (SAM) cycle, which
provide precursors for DNA and histone methylation, may be
important in the regulation of these processes. Other likely targets
for redox regulation are the DNA demethylases called Repressor
of Silencing 1 (ROS1) and the Demeter-like (DME, DML2,
and DML3) enzymes, which remove methylated bases from the
DNA backbone (Zhu, 2009). Moreover, the cytosolic Fe-S cluster
assembly enzymes such as MET18 and AE7 that are involved in
DNA methylation might be subject to redox regulation because
they affect nuclear DNA demethylases Fe-S cluster metabolism.
In addition, miRNA-mediated epigenetic changes constitute an
additional regulatory mechanism of activating HS responses. HS-
regulated miRNAs and their target genes that are associated
with thermotolerance were recently characterized in wheat
(Ravichandran et al., 2019). The target genes of miRNA156,
miR159, miR166, and miR398 were shown to be conserved
between species such as wheat, other cereals, and dicotyledonous
plants (Ravichandran et al., 2019). Chloroplast and mitochondria
localized pentatricopeptide repeat-containing and mitochondrial
transcription termination factor-like proteins were regulated
through miRNA-guided cleavage (Ravichandran et al., 2019).

CONCLUSION

The data presented here shed new light on the intracellular
compartmentation of heat-induced redox changes with plant
cells and highlight the significant oxidation of the nucleus as
well as the cytosol following HS, as illustrated in Figure 11.
Few studies to date have described direct stress-induced
oxidation of the nucleus and considered how the resultant
oxidation of the nuclear proteins influences the observed
genetic and epigenetic changes. Rather than regarding the
accumulation of ROS as essentially a harmful consequence
of HS, the data presented here suggest that specific redox
processing and signaling pathways are triggered, as evidenced
by the differential transcriptional responses in the APX
and peroxidase genes. The compartment-specific increases in
oxidation, together with the relative changes in redox state
between the different cellular compartments are crucial to
the signaling that underpins the HS response. Moreover,
considerations of the oxidative regulation of nuclear proteins

may identify important mechanisms of epigenetic regulation of
thermotolerance.
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