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Plants live in a world of changing environments, where they are continuously challenged
by alternating biotic and abiotic stresses. To transfer information from the environment
to appropriate protective responses, plants use many different signaling molecules
and pathways. Reactive oxygen species (ROS) are critical signaling molecules in
the regulation of plant stress responses, both inside and between cells. In natural
environments, plants can experience multiple stresses simultaneously. Laboratory
studies on stress interaction and crosstalk at regulation of gene expression, imply that
plant responses to multiple stresses are distinctly different from single treatments. We
analyzed the expression of selected marker genes and reassessed publicly available
datasets to find signaling pathways regulated by ozone, which produces apoplastic
ROS, and high light treatment, which produces chloroplastic ROS. Genes related to cell
death regulation were differentially regulated by ozone versus high light. In a combined
ozone + high light treatment, the light treatment enhanced ozone-induced cell death in
leaves. The distinct responses from ozone versus high light treatments show that plants
can activate stress signaling pathways in a highly precise manner.

Keywords: ozone, cell death, signal interaction, high light, abscisic acid, Arabidopsis

INTRODUCTION

To be a plant is to prioritize between conflicting obligations – developmental programs should be
balanced with inputs from the environment including varying light conditions and unfavorable
growth conditions such as extreme temperatures, lack of water or pathogen attack. Maintaining
permanently active defenses diverts energy from growth and typically plants with constitutively
activate defenses are dwarfed. Hence, activation of defenses should only take place when necessary.
Multiple signaling molecules take part in plant responses to the environment, including reactive
oxygen species (ROS), Ca2+, and plant hormones, such as abscisic acid (ABA), salicylic acid (SA),
jasmonic acid (JA), and ethylene.

Reactive oxygen species including hydrogen peroxide, superoxide, and singlet oxygen (H2O2,
O2.−, and 1O2, respectively), are continuously formed as metabolic by-products in mitochondria,
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chloroplasts, and peroxisomes. However, the emerging consensus
is that ROS are also actively produced as signaling molecules in
the apoplast and chloroplasts to drive developmental processes
and plant responses to abiotic and biotic stress (Phua et al., 2021).
Each type of ROS can be characterized by its own reactivity
and lifetime (Waszczak et al., 2018). Additionally the site of
ROS production, e.g., apoplast, chloroplast, mitochondria, or
peroxisome, leads to activation of different signaling pathways
(Gadjev et al., 2006; Vaahtera et al., 2014). The apoplastic ROS
burst is an early response to recognition of many pathogens
via pathogen-associated molecular patterns (PAMPs), and is
produced by cell wall peroxidases and respiratory burst oxidase
homologue D (RBOHD). The air pollutant ozone (O3) breaks
down in the apoplast to O2.− and H2O2, followed by activation
of the cells own ROS production machinery (Wohlgemuth
et al., 2002; Vainonen and Kangasjarvi, 2015). While ozone
levels at heavily ozone polluted areas vary between 60 and
100 ppb (Tiwari et al., 2008), higher concentrations up to
350 ppb O3 have been used as a research tool to activate
and study apoplastic ROS signaling (Vainonen and Kangasjarvi,
2015; Xu et al., 2015a). In chloroplasts, formation of ROS is
commonly associated with high light (HL) stress. In addition, the
chloroplast regulates many aspects of plant defense and pathogen
responses. This includes the biosynthesis steps for several stress
hormones, including ABA, JA, and SA (Littlejohn et al., 2021). In
pathogen infections, not only RBOHD and cell wall peroxidases
generates apoplastic ROS, but also the chloroplast provides
ROS for defense signaling (Zabala et al., 2015; Littlejohn et al.,
2021). The photosynthetic machinery is dynamically regulated
in order to keep energy transduction reactions in balance and
to minimize ROS-producing side reactions (Tikkanen and Aro,
2014). Nevertheless, the regulatory machinery not only functions
against ROS production, but can also be an important factor
controlling the initiation and strength of ROS signals from
chloroplast (Frenkel et al., 2009; Tikkanen et al., 2014; Gollan
et al., 2015). There is no scientific consensus for what constitutes a
HL treatment to initiate chloroplast retrograde or ROS signaling,
but what is often used to study HL stress in Arabidopsis thaliana is
a shift from fairly low light conditions (50–100 µmol m−2 s−1) to
HL (>1,000 µmol m−2 s−1) (Table 1). Under these conditions,
the HL treatment leads to production of 1O2, O2.−, and H2O2
in the chloroplast and results in large scale changes in gene
expression (Table 1; Waszczak et al., 2018). In addition, the HL
treatment also activates systemic signaling that regulates several
biological processes including expression of defense related genes
(Karpinski et al., 1999; Zandalinas et al., 2019b).

There is an ongoing discussion in the literature to which
extent there is interaction between HL and heat stress signaling.
From an environment point of view, the interaction is clear,
as days with very HL levels would typically also be warmer
(Zandalinas et al., 2021a). In laboratory experiments, there is
a similar question about the interaction as depending on the
light source, in HL experiments there can also be an associated
increase in temperature unless precaution is taken to control the
temperature or filter the light through water (see for example,
Jung et al., 2013). At the molecular level, using marker genes
to report transcriptional changes, there is interaction between

HL and heat stress, as the commonly used marker gene APX2
(ASCORBATE PEROXIDASE 2) shows synergistic interaction
with higher transcript levels when HL is combined with increased
temperature (Jung et al., 2013; Huang et al., 2019). From
array and RNA-seq experiments in different combined stresses
including HL + heat stress, there is an emerging consensus that
stress combination leads to a transcriptional response that is
distinct from single stress treatments and cannot be predicted
from experiments using only single treatments (reviewed in
Balfagon et al., 2020; Zandalinas et al., 2021b). Regulators of
the interaction between several stresses is suggested to include
ABA, JA, and ROS (Balfagon et al., 2020). In this context,
combined treatments with O3 and HL makes it possible to test
the interaction of ROS from two distinct subcellular locations, as
O3 will lead to ROS signals from the apoplast and HL from the
chloroplast. The O3 and HL interaction could also be of ecological
relevance, as days with more light are associated with increased
O3 levels (Tiwari et al., 2008).

The availability of Arabidopsis mutants has significantly
facilitated the discovery of proteins that act in specific ROS
signaling pathways. The EXECUTER proteins act in the
chloroplast to mediate 1O2 signaling (Zhang et al., 2014). After
HL treatment, in the nucleus Topoisomerase VI acts as a positive
regulator of 1O2 responsive genes but as negative regulator of
H2O2 regulated genes (Simkova et al., 2012). Similarly, the small
zinc finger proteins METHYLENE BLUE SENSITIVITY 1 and 2,
regulate 1O2 but not H2O2 responsive genes after HL treatment
(Shao et al., 2013). Studies have also revealed key signaling roles
for chloroplast-derived metabolites, including triosephosphates,
3′-phosphoadenosine 5′-phosphate (PAP), β-cyclocitral, and
methylerythritol cyclodiphosphate (MEcPP) (Leister, 2019).
RCD1 (RADICAL-INDUCED CELL DEATH1), a protein that
interacts with multiple transcription factors, also forms a
regulatory node in signaling and differentially regulates plant
responses to ROS from different subcellular sources (Shapiguzov
et al., 2019). Several transcription factors regulate various aspects
of the HL transcriptional response: heat shock transcription
factors regulate the early response (Jung et al., 2013), BBX32
regulate down-regulation of genes associated with defense to
pathogens (Alvarez-Fernandez et al., 2021), and HY5 associated
with blue light and UV-B receptors (Kleine et al., 2007).
A large collection of mutants defective in hormone biosynthesis,
perception or down-stream signaling are also available, and for
example, ABA biosynthesis or signaling mutants are impaired in
expression of HL responsive genes and show increased damage by
HL treatment (Galvez-Valdivieso et al., 2009; Huang et al., 2019).

Even though recent discoveries have identified a number of
regulators in ROS signaling, there are still large gaps in our
understanding how plants perceive and signal the presence of
ROS as triggered by different types of external factors, and
how plants prioritize between potentially conflicting defense
signals. Here we applied O3 and HL treatments together with
analysis of marker gene expression and transcript profiles
to study the signaling effects elicited by apoplastic versus
chloroplastic ROS. We also studied the effect of combined
O3 + HL treatments to dissect possible interactions between
these treatments. We further performed the combined treatments
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at different temperatures, as the HL response is strongly
influenced by temperature. We show that genes related to cell
death regulation were differentially regulated by O3 versus HL,
that HL enhanced cell death caused by O3, and HL repressed the
effect of O3 on transcriptional regulation of pathogen and cell
death related genes.

MATERIALS AND METHODS

Plant Growth
Seeds of A. thaliana Col-0 and mutants were obtained from
Nottingham Arabidopsis Stock Centre or were a gift from Prof.
Hannes Kollist pyr pyl 112458 (Gonzalez-Guzman et al., 2012).
The coi1-16 and slac1-3 mutants were previously described
(Vahisalu et al., 2008; Xu et al., 2015a). In Helsinki, seeds
were sown on 1:1 peat: vermiculite, stratified for 3 days, and
then grown at 22/19◦C (day/night), relative humidity of 70/90%
(day/night), under a 12-h light/12-h dark cycle for a week.
Subsequently the geminated seedlings were transplanted into
new 1:1 peat: vermiculite mixture. All plants were grown in
controlled chamber (Weiss Bio1300; Weiss Gallenkamp), at
22/19◦C, and relative humidity of 70/90%, under a 12-h light/12-
h dark cycle. Light levels in different conditions are outlined
in Table 1; Helsinki-1, used 230 µmol of photons m−2 s−1,
Helsinki 2 and 3 used 110 µmol of photons m−2 s−1. For
O3 and combined O3 + HL experiments, treatments with 1 h
350 nL L−1 O3 were performed with 3-week-old plants. LED
white lights1 were placed inside Weiss chambers to provide the
HL treatment (1,100 µmol of photons m−2 s−1). The LED
lights also increased the temperature at plant level with +10◦C
(growth condition Helsinki-3), to minimize the influence of
temperature experiments were also performed with cooling of the
LED lights (growth condition Helsinki-2). For quantification of
cell death plants were treated 2 h 300 nL L−1 O3, 1,100 µmol
of photons m−2 s−1 or both simultaneously. Subsequently plants
were put to 50 ml tubes with 15 ml MilliQ-water and ion
leakage was measured 6 h after the start of the treatments with
a conductivity meter (Mettler Toledo LE703). In Turku (growth
condition Turku, Table 1), plants were grown under 130 µmol
of photons m−2 s−1 at 20◦C, 8/16 h light/dark cycle, and 50%
humidity. Four-week-old plants were shifted to a light intensity
of 1,300 µmol of photons m−2 s−1 at 20◦C for 1 h, this was
associated with an increase in temperature of 3◦C.

RNA Isolation and qPCR
Gene expression analysis of selected marker genes was performed
with qRT-PCR (Supplementary Table 1 includes primer
sequences and primer amplification efficiencies). RNA was
isolated with GeneJET Plant RNA Purification Mini Kit
(ThermoFisher Scientific). RNA (2 µg) was DNAseI treated
and reverse transcribed with Maxima Reverse Transcriptase
and Ribolock Rnase inhibitor (ThermoFisher Scientific) and
the reaction diluted to the final volume of 100 µl. qPCR was
performed in triplicate using 5x HOT FIREPol EvaGreen qPCR

1www.valoya.com

Mix Plus (Solis Biodyne). The cycle conditions with Bio-Rad
CFX384 were: 1 cycle initiating with 95◦C 10 min, 45 cycles with
95◦C 15 s, 60◦C 30 s, 72◦C 30 s and ending with melting curve
analysis. Normalization of the data was performed in qBase 2.3
(Biogazelle2), with the reference genes TIP41, YLS8, and SAND
for the O3 experiment and PP2AA3, TIP41, and YLS8 in the
HL and combined O3 + HL experiments. Primer amplification
efficiencies were determined in qBase from a cDNA dilution
series. qBase provides the qPCR results as calibrated normalized
relative quantity for each gene (Hellemans et al., 2007). To
facilitate comparison between treatments, fold induction by
treatment was calculated as treatment/control. Statistical analysis
of the qPCR was performed on log2 transformed data with t-test,
one-way or two-way ANOVA in GraphPad Prism 6.07.

Transcriptome and Cluster Analysis
Raw data from the Affymetrix ATH1-121501 and Agilent
Arabidopsis 4 × 44K chips platform was obtained from several
data sources. NASCARRAYS-392 (BTH treatment).3 From Gene
Expression Omnibus: GSE39385 (SA 3 h); GSE19520 (ABA 3 h);
GSE28800 (ABA 6 h); GSE45543 (ABA 6h); GSE5684 (Botrytis
cinerea infection); GSE7743 (cry1 and hy5 treated with HL for
6h); GSE14247 (Ethylene 4 h); GSE5615 (Flg22); GSE19109
(lht1); GSE10646 (mkk1 mkk2); GSE32566 (Na2S); GSE18978
(Pseudomonas syringae ES4326); GSE14961 (SA 24 h); GSE6583
(siz1); GSE46107 (wrky40 and wrky63).4 From ArrayExpress:
E-ATMX-13 (MeJA).5 Raw data for acd11 (Palma et al., 2010)
was obtained from John Mundy. Raw data for stn7, npq4, and
tap38 treated with HL for 1 h (Tikkanen et al., 2014). RNA-
seq raw data from O3 treatment for 2 h was obtained from
Gene Expression Omnibus: GSE61542 (Col-0, C24, and Te)
and GSE65740 (Col-0, coi1-16 ein2 sid2, and tga2 tga5 tga6)
(Xu et al., 2015a,b). The pre-processing of Affymetrix data
was performed with “robust multiarray average” normalization
using affy package in R (Gautier et al., 2004). The Agilent
microarray data was processed using the “half” background
correction method and followed by “quantile normalization”
using Limma package in R. RNA-seq data analysis of O3 data
was performed with several packages in the JAVA-based client-
server system Chipster (Kallio et al., 2011) and as previously
described (Xu et al., 2015a). Differential expression for each
experiment was computed by log2-base fold changes in a linear
model between treatment and control, or between wild type and
mutants. The false discovery rate of differentially expressed genes
for treatment/control and between-treatment comparisons was
based on the Benjamini and Hochberg (BH) method. The genes
in Col-0 with a B-score >0 in response to O3 (GSE61542) and HL
treatments [GSE46107 and (Tikkanen et al., 2014)] were selected
as significantly expressed genes. The shared set of genes with
oppositely regulated expression between O3 and HL treatments
were extracted as candidate genes for comparing stress responses
induced by O3 and HL. The processed data was discretized and

2https://www.qbaseplus.com/
3http://arabidopsis.info/affy/link_to_iplant.html
4http://www.ncbi.nlm.nih.gov/geo
5http://www.ebi.ac.uk/arrayexpress/
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clustered using Bayesian agglomerative hierarchical clustering
algorithm (Wrzaczek et al., 2010). Gene Ontology (GO) term
enrichment was performed using the AgriGO website with
advanced settings of “Plant GO slim” in GO type (Du et al., 2010).

High light or excessive light RNA-seq data were downloaded
as raw fastq files from GEO using accession IDs (Supplementary
Table 2). The quality of fastq files was assessed using FastQC
tool version v0.11.8. Raw reads were aligned to Arabidopsis
reference genome (TAIR10.51) using STAR aligner version 2.7.8a
and the quality of BAM files was checked using RseQC tool.
Gene-level expression abundances were estimated using HTSeq
tool, union mode (Putri et al., 2022). For identification of
differentially expressed genes, raw read counts were imported
to R/Bioconductor package Limma version 3.48.3 (Ritchie et al.,
2015). Genes with insufficient number of read counts were
filtered out before running the statistical test. This was done
using filterByExpr() function from edgeR package with default
parameters following the Limma package manual (Robinson
et al., 2010; Ritchie et al., 2015). Differentially expressed genes
with Benjamini-Hochberg FDR < 0.05 and log2 fold change

> ±1 were extracted and used to find overlap between different
datasets using InteractiVenn (Heberle et al., 2015).

RESULTS

Expression of Light, Reactive Oxygen
Species, Ozone, Heat Shock, and
Pathogen Responsive Marker Genes in
Abiotic, Biotic, and Hormone Treatments
A current limitation in our understanding of plant stress
responses is the heterogeneity of experimental conditions used
to grow plants for experiments. We collected information on
experimental protocols for Arabidopsis HL experiments in
Table 1, which included a variety of different growth conditions
and day lengths. As intracellular ROS levels are higher in short
day grown plants and cell death is regulated differently in short
versus long day grown plants (Michelet and Krieger-Liszkay,
2012; Krasensky-Wrzaczek and Kangasjarvi, 2018), it is likely

TABLE 1 | Growth conditions used for Arabidopsis HL experiments and transcriptome analysis with qPCR, microarrays or RNA-seq.

References Soil/in vitro Age Light period Light level (during
growth)

Light level (stress
treatment)

Time point Additional
information

This study (Helsinki-1) Soil 3 weeks 12 h light/12 h dark 230 µmol m−2 s−1 230 µmol m−2 s−1

(O3, 350 nL L−1 )
1 h This experiment

tested the effect of
O3 only

This study (Helsinki-2) Soil 3 weeks 12 h light/12 h dark 110 µmol m−2 s−1 1,100 µmol m−2 s−1

(O3, 350 nL L−1 )
1 h HL treatment + 2◦C

compared to control

This study (Helsinki-3) Soil 3 weeks 12 h light/12 h dark 110 µmol m−2 s−1 1,100 µmol m−2 s−1

(O3, 350 nL L−1 )
1 h HL

treatment + 10◦C
compared to control

This study (Turku) Soil 4 weeks 8 h light/16 h dark 130 µmol m−2 s−1 1,300 µmol m−2 s−1 1 h HL treatment + 3◦C
compared to control

Bechtold et al., 2008 Soil 5–6 weeks 8 h light/16 h dark 150 µmol m−2 s−1 750 or 2,000 µmol
m−2 s−1

45 min

Microarray experiments

Kleine et al., 2007 In vitro 7 days Constant light 100 µmol m−2 s−1 1,000 µmol m−2 s−1 3 h

Van Aken et al., 2013 Soil 3 weeks 16 h light/8 h dark 100 µmol m−2 s−1 1,000 µmol m−2 s−1 1 h

Tikkanen et al., 2014 Soil 6 weeks 8 h light/16 h dark 130 µmol m−2 s−1 1,000 µmol m−2 s−1 1 h

RNA-seq experiments (letters in brackets refer to Figure 3)

Zandalinas et al., 2019a (A) Peat pellets 4–5 weeks 8 h light/16 h dark 50 µmol m−2 s−1 2,000 µmol m−2 s−1 2, 4, and 8 min

Zandalinas et al., 2020 (B) Peat pellets 40–55 days 16 h light/8 h dark 50 µmol m−2 s−1 1,700 µmol m−2 s−1 2 and 8 min

Fichman et al., 2020 (C) Peat pellets 4 weeks 10 h light/14 h dark 50 µmol m−2 s−1 1,700 µmol m−2 s−1 2, 8, and 30 min

Crisp et al., 2017 (D) Soil 3 weeks 12 h light/12 h dark 100 ± 25 µmol m−2 s−1 1,000 µmol m−2 s−1 30 min to
2 h + several

recovery time points

Huang et al., 2019 (E) In vitro 7 days Constant light 60 µmol m−2 s−1 1,200 µmol m−2 s−1 30 min to 72 h Temperature in HL
treatment

maintained at
control

Crisp et al., 2017 (F) Soil 3 weeks 12 h light/12 h dark 100 ± 25 µmol m−2 s−1 1,000 µmol m−2 s−1 1 h

Alvarez-Fernandez et al., 2021 (G) Soil 35 days 8 h light/16 h dark 150 µmol m−2 s−1 1,100 µmol m−2 s−1 3.5 h HL treatment + 5◦C
compared to control

Zandalinas et al., 2021b (H) In vitro 9–10 days Information not
provided*

50 µmol m−2 s−1 700 µmol m−2 s−1 1.5 h

Balfagón et al., 2019 (I) Peat pellets 30 days 12 h light/12 h dark 50 µmol m−2 s−1 600 µmol m−2 s−1 7 h HL treatment + 4◦C
compared to control

For comparison, the growth conditions used for qPCR after HL or O3 treatments in Figures 2, 4, 5, 8 is also provided. Potential increase in temperature during HL
treatment is included as additional information for the experiments where this information was available.
*Information on light period not provided, but the authors refer to a previous publication where constant light was used.

Frontiers in Plant Science | www.frontiersin.org 4 July 2022 | Volume 13 | Article 883002

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-883002 July 2, 2022 Time: 14:34 # 5

Xu et al. Ozone Light Interaction

that growth conditions used to generate plants for experiments
will influence the responses to subsequent HL treatment. To
probe the molecular responses to light/photooxidative stress
(initiated from chloroplasts) versus O3 treatments (that initiate
ROS signaling from the apoplast), we selected several marker
genes used in previous publications related to light and O3
treatments (Xu et al., 2015a), and visualized their expression
levels in response to abiotic, biotic, and hormone treatments
using data from the Genevestigator database (Figure 1; Hruz
et al., 2008). As expected, marker genes used for HL stress
(APX2, ELIP2, and ZAT12) were regulated in a majority of HL
experiments, although with some exceptions. For example, APX2
was not regulated in Genevestigator accession AT-00812 which

contain the data from Huang et al. (2019). Transcript levels for
APX2 were also regulated by heat, consistent with regulation
of APX2 by heat shock transcription factors (Jung et al., 2013).
Transcript levels for ELIP2 was also regulated by cold, and
this marker gene is proposed to have increased expression
by several environmental stresses related to photoinhibition
(Hayami et al., 2015). ZAT12 transcript levels were regulated
by all abiotic and biotic treatments, accordingly ZAT12 is often
referred to as a general ROS marker gene (Lim et al., 2019). To
investigate the regulatory context of APX2, ELIP2, and ZAT12
we used the updated version of the Arabidopsis Coexpression
Tool (Zogopoulos et al., 2021), which identifies genes that are
co-expressed with the target gene (Supplementary Figure 1).

FIGURE 1 | Expression of marker genes in publicly available transcriptome data. Experiments from the Genevestigator perturbation tool were selected to include O3,
HL, heat, cold, hormones, and biotic stress treatments. The identification number for each experiment refers to the identifier in the Genevestigator database.
Samples with identifiers in red comes from Affymetrix ATH1 array and in black from RNA-seq experiments.
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Consistent with the regulatory context from Genevestigator
(Figure 1), APX2 was co-regulated with numerous heat shock
proteins (Supplementary Figure 1); ELIP2 was co-regulated with
many flavonoid biosynthesis genes that lead to production of
pigments that protect against light and oxidative stress (Ferreyra
et al., 2021); and ZAT12 with genes related to biotic stress
and hormone responses. Collectively, this suggests that using
these three marker genes will report on different parts of the
Arabidopsis transcriptional response to HL stress.

Expression of Light and Heat Marker
Genes in Response to High Light or
Ozone Treatment
In our experimental design, we aimed to address these
questions: (1) How robust is the transcriptional response with
different stress marker genes across different growth conditions?
and (2) What is the difference and is there an interaction
between external (apoplastic) ROS and chloroplast (HL) initiated
signaling? We performed qPCR analysis using plant material
obtained from different conditions, which differed with respect
to the growth light intensity, photoperiod, age of the plants,
and to which extent the temperature increased during the HL
treatment (Table 1). While ELIP2 transcript levels increased
in all different HL treatments, APX2 and ZAT12 transcript
levels were more variable between different growth conditions
(Figure 2). APX2 transcript levels was shown to depend on the
temperature associated with the HL treatment, when the HL
treatment was associated with a higher increased temperature
this led to substantially increased transcript levels (Jung et al.,
2013; Huang et al., 2019). In our experiments, APX2 transcript
levels was not higher when the HL treatment was associated with
a +10◦C increased temperature (growth condition Helsinki-3),
suggesting that additional environmental factors also influence
APX2 transcript levels. In response to O3 (1 h, 350 nL L−1),
transcript levels for the general ROS marker ZAT12 increased,
but there was no change in light marker genes APX2 and ELIP2
(Figure 2). This suggests that regulation of APX2 and ELIP2
transcript levels respond to signals that originate from inside
the cell (chloroplast) and not from the outside (apoplast). In the
combined treatment O3 + HL, there was no obvious interaction
for these marker genes.

As the difference in growth conditions Helsinki 2 and 3
was the extent of increased temperature associated with the HL
treatment, we further tested several maker genes for heat shock
responses. Transcript levels for HSP70 and HSP101 increased
in all HL treatments (Figure 2), with no obvious effect of
different temperatures. After O3 treatment there were no or
only weak transcriptional changes for the heat shock marker
genes. In contrast, for the combined O3 + HL treatment
there was increased transcript levels of HSP18.2 and HSP101,
especially at increased temperatures (growth condition Helsinki-
3). This indicates that unlike the light stress marker gene ELIP2,
regulation of heat shock genes respond to signals from both inside
and outside the cell. Collectively our results with different light,
ROS and heat shock marker genes suggests that several different
marker genes should be used when testing for HL stress molecular

FIGURE 2 | Expression of HL and heat stress marker genes, displayed as fold
induction after 1 h HL, O3 or combined treatment. For exact experimental
conditions see Table 1, T, Turku; H2, Helsinki 2; H3, Helsinki 3. The average
of three biological replicates are shown; error bars depict standard deviation.
Two-way ANOVA with Tukey’s test was used for statistical analysis and
depicts significant differences compared to Col-0 control (*P < 0.05;
**P < 0.01; ***P < 0.001).
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responses. Further, the combined O3+HL treatment, showed the
presence of genes that are independent for combined treatment
(ELIP2) and those that show a synergistic effect (HSP18.2 and
HSP101).

The Robust High Light Molecular
Response
To probe HL molecular responses, multiple different
experimental set-ups have been used (Table 1), and as we
show in our qPCR experiments, different growth conditions
and the specifics of the HL treatment impact on the transcript
levels for HL marker genes (Figures 1, 2). To further explore
the role of differences in growth and experimental conditions
(Table 1), we used all publicly available RNA-seq experiments
from HL treatments (Crisp et al., 2017; Balfagón et al., 2019;
Huang et al., 2019; Zandalinas et al., 2019b, 2020, 2021b;
Fichman et al., 2020; Alvarez-Fernandez et al., 2021). These
experiments used different experimental designs with various
mutants, time points and local versus systemic signaling; in
our re-analysis we used only wild type (Col-0) samples at time
points up to 7 h. In experiments with local versus systemic
signaling, we used only the local treatment, i.e., the leaves that
directly received HL treatment. We processed raw data through
the same bioinformatics pipeline (see section “Materials and
Methods”), and selected genes with FDR P-value < 0.05 and
a twofold up or down regulation. Here it should be noted that
in the publications above, some used the twofold cut-off while
others did not, and since we applied this cut-off, our number
of HL regulated genes were substantially less compared to
the original published analysis (Supplementary Table 2). In
addition, the software used to identify differentially expressed
genes also has an impact on the number of differentially
expressed genes found (Seyednasrollah et al., 2015; Corchete
et al., 2020). As can be seen from Table 1, the RNA-seq
data comes from a wide variety of growth conditions, light
periods, light treatments, and plant ages. However, if it is
possible to find a set of HL regulated genes that are common
in these datasets, it would point toward a robust molecular
response that is independent of growth conditions and
plant ages. As we expected to see different genes at different
time points, we focused on comparisons of similar time
points (Figure 3).

At the very early time point, 8 min, there were 30 common
up-regulated genes from three datasets. These included APX2,
10 heat shock proteins and the heat shock transcription factor
HsfA2, previously shown to be an important regulator of HL
stress responses including regulation of APX2 transcription (Jung
et al., 2013). At 8 min, there were also increased transcriptional
levels for ethylene biosynthesis ACS6 and four ethylene response
factors. In the 30 min time point, there were 124 common up-
regulated genes from three datasets. These included the HsfA2
and HsfA3 transcription factors, but surprisingly only one heat
shock protein. A large number of heat shock proteins were found
in the Fichman et al. (2020) (30 min) and Crisp et al. (2017)
(30 min) data, but not in the Huang et al. (2019) (30 min)
data, suggesting that the latter has some key difference in its

FIGURE 3 | Overlap of differentially expressed genes in different high light
RNA-seq datasets. Raw data was processed with the same analysis pipeline
and differentially expressed genes selected at FDR corrected P < 0.05 and a
cut-off log2 ± 1 (see Supplementary Table 2 for gene lists). For
experimental summary of the datasets, see Table 1 and the original
publications (referred to as A–I in figure): A, Zandalinas et al., 2019b; B,
Zandalinas et al., 2020; C, Fichman et al., 2020; D, Crisp et al., 2017; E,
Huang et al., 2019; F, Crisp et al., 2017; G, Alvarez-Fernandez et al., 2021; H,
Zandalinas et al., 2021b; I, Balfagón et al., 2019.

experimental conditions. At 30 min, we also found the general
ROS marker ZAT12, and the early light inducible ELIP1.

Three transcription factors were found in common for 30 min,
which were also up-regulated at all of the other later time points
(1, 1.5, 2, 3.5, 6, and 7 h): BBX32, NAC13, and DREB2A. As
this suggest their crucial role, we will discuss them in more
detail later. In the next comparison, we compared time points
from 1 to 3.5 h, where we found 158 common up-regulated
genes from five datasets. These included 18 heat shock proteins
along with the HsfA2 and HsfA3 transcription factors. Finally,
we compared the 6 and 7 h time points, where we found 547
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common up-regulated genes. This included many enzymes from
the flavonoid biosynthesis pathways including CHS, CHI, DFR,
F3H, and FLS1, as well as the transcription factors that regulate
their expression PAP1, MYB11, MYB111, and TT8. This suggest
the coordinated regulation for production of protective pigments
to screen HL (Ferreyra et al., 2021). Relatively few heat shock
proteins were found (four) and the transcription factorHsfA2was
not found at the late time points, indicating that transcriptional
regulation of heat shock proteins is an early response to HL stress.
Several regulators of JA responses (JAZ5, JAZ9, and JAZ13),
biosynthesis of the volatile methyl jasmonate (JASMONIC ACID
CARBOXYL METHYLTRANSFERASE) and marker gens for JA
signaling (VSP1 and VSP2) were up-regulated at the late time
points. While we focused on the common up-regulated genes in
the RNA-seq datasets, we also noted hundreds of differentially
expressed genes that were unique for each dataset (Figure 3), this
suggest that the plant molecular response to HL stress is largely
shaped by its growth conditions.

The Role of Abscisic Acid in Regulation
of Light and Heat Stress Marker Genes
Several plant hormones, including ABA, JA, and SA are proposed
regulators of HL signaling (Galvez-Valdivieso et al., 2009;
Balfagón et al., 2019; Beaugelin et al., 2019; Huang et al., 2019).
To evaluate the role of ABA signaling we used a strongly ABA
insensitive mutant that lack six ABA receptors pyr1 pyl1 pyl2 pyl4
pyl5 pyl8 [from here on abbreviated as pyr/pyl112458 (Gonzalez-
Guzman et al., 2012)]. In Turku growth condition (Table 1), light
stress regulation of transcript levels for ELIP2 and HSP70 were
significantly lower in pyr/pyl112458 (Figure 4). Transcript levels
for APX2 followed the same trend, but did not reach statistical
significance. In contrast, increased transcript levels for HSP101
was independent of ABA signaling (Figure 4). We conclude that
the molecular response to light stress is regulated by both ABA
dependent and independent signaling pathways.

Expression of Hormone Marker Genes in
Response to High Light or Ozone
Treatment
Plant stress responses are intimately associated with several
stress hormones. To follow different signaling pathways, we used
marker genes related to ABA, ethylene, JA, SA, and cell death
signaling (Figures 1, 5). These were tested in plants treated with
1 h HL (growth condition Turku) or 1 h O3 (growth condition
Helsinki-1), in Col-0 and pyr/pyl112458. Transcript levels of the
JA marker JAZ1 increased in HL. The ABA marker gene NCED3
was slightly elevated. However, based on NCED3 transcript levels
in several different light treatments (Figure 1), it appears that this
marker gene is dependent on additional environmental factors. In
contrast, the ethylene marker ACS6 and the SA marker ICS1 were
not altered by HL and transcript levels of the cell death marker
PLA2A significantly decreased (Figure 5).

After activation of apoplastic ROS signaling by O3, we
observed higher transcript abundance of the ethylene marker
gene ACS6, the SA marker gene ICS1, and the JA marker JAZ1
(Figure 5). There was no apparent influence of ABA signaling

FIGURE 4 | Fold induction of HL and heat stress marker genes after 1 h HL in
Col-0 and pyr/pyl112458 (growth condition Turku, Table 1). The average of
three biological replicates are shown; error bars depict standard deviation.
The t-test was used for statistical analysis and depicts significant differences
between Col-0 and pyr/pyl112458 (**P < 0.01; ***P < 0.001).

on the apoplastic ROS response since pyr/pyl1112458 displayed
similar responses compared to wild type, with one exception –
increased expression levels of NCED3 was only observed by O3
in pyr/pyl1112458, possibly due to some feedback mechanism
when ABA signaling is impaired. The cell death marker PLA2A
showed the most contrasting behavior, i.e., very high transcript
abundance in response to O3, but decreased transcript levels
in response to HL.

Identification of Genes Differentially
Regulated Between Ozone and High
Light
The transcriptional regulation of PLA2A represents an interesting
case where HL and apoplastic ROS have opposite results
(Figure 5). As this suggests the existence of very divergent
signaling pathways, i.e., a light/chloroplast signal that leads to
down-regulation and an apoplastic ROS/O3 signal that leads to
up-regulation of the same gene, we searched for additional genes
with this transcriptional profile and their biological context.

To identify additional genes, we re-analyzed transcriptome
datasets generated with arrays or RNA-seq after HL and O3
treatments (Kleine et al., 2007; Van Aken et al., 2013; Tikkanen
et al., 2014; Xu et al., 2015a,b). We used conservative selection
criteria that the genes should be significantly regulated in two
independent HL experiments. We identified 160 genes with
significantly altered expression (Supplementary Table 3). Of
these, 136 had increased transcript levels by O3 and reduced
transcript levels by HL; and 24 genes with increased transcript
levels by HL and reduced transcript levels by O3. We used
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FIGURE 5 | Relative expression scaled to the Col-0 control (set to 1), after 1 h HL (growth condition Turku, Table 1) or 1 h O3 (350 nL L−1, growth condition
Helsinki-1) in Col-0 and pyr/pyl112458. The average of three biological replicates are shown; error bars depict standard deviation. Two-way ANOVA with Tukey’s test
was used for statistical analysis and depicts significant differences compared to Col-0 control (*P < 0.05; **P < 0.01; ***P < 0.001).

Bayesian hierarchical cluster analysis to analyze similarities
and differences between different O3 and HL experiments
(Figure 6). Two main clusters were identified which represents
the contrasting conditions: O3 up, HL down and vice versa.

The Biological Context of Genes With
Contrasting Transcriptional Profiles in
Response to Ozone or High Light
Next we performed GO enrichment on the genes contrasting
transcriptional responses. For the 136 genes with increased
transcript levels by O3 and decreased transcript levels after HL
there was enrichment of multiple biological processes related
to stress, pathogen responses and cell death (Supplementary
Table 4). In the GO category molecular function, kinase, and
signal transduction were enriched. In the list of 24 genes with
decreased transcript levels by O3 and increased transcript levels
by HL, there was an enrichment of biological processes related
to regulation of metabolic processes, transcription and gene
expression; and in molecular function there was an enrichment
for transcription factors (Supplementary Table 4).

Reactive oxygen species acts as signaling molecules in defense
against pathogens and in regulation of cell death. We analyzed
expression levels in transcriptome datasets from several pathogen
infections and lesion mimic mutants that undergo spontaneous
cell death (Figure 7). For comparison, two of the HL datasets and

one of the O3 samples were included. Interestingly, a majority
of the genes that had increased transcript levels by O3 (and
decreased transcript levels by HL) also had increased transcript
levels in response to P. syringae infection, flg22 treatment and
in the mutants acd11 and mkk1 mkk2 that undergo spontaneous
cell death. Thus, both GO enrichment and the expression profile
of genes with contrasting O3 versus HL transcriptional profiles,
indicated that they have a role in defense responses, particularly
related to pathogen infection and cell death. As the HL regulation
of these genes were opposite to O3, pathogen and cell death, this
suggests the possibility of a signal from the chloroplast that could
interact with other ROS signaling pathways.

Confirmation of Genes With Contrasting
Ozone and High Light Transcriptional
Responses
The HL datasets used in the cluster analysis contained a variety of
different time points and growth conditions (Table 1). To further
support the results of the cluster analysis we selected several
genes, four with increased transcript levels by O3 and decreased
transcript levels by HL and one gene with decreased transcript
level by O3 and increased transcript level by HL. These were
tested in qPCR at 1 h time point in Col-0 and pyr/pyl112458.
All five genes behaved as expected in the O3 experiment
(Supplementary Figure 2). In HL the four genes with decreased
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FIGURE 6 | Genes with contrasting expression between HL and O3 –
increased expression by O3, decreased expression by HL or vice versa, were
identified from several O3 RNA-seq and array HL experiments. 160 genes
were found (Supplementary Table 3), and subjected to bootstrapped
Bayesian hierarchical clustering in log2-transformed fold changes from O3

RNA-seq data and HL array experiments. Magenta and green indicate
increased and decreased expression compared with untreated or wild type
plants, respectively.

FIGURE 7 | Pathogen regulation of genes with contrasting expression
between HL and O3. Gene expression data sets include treatments with
pathogens or flg22. In addition, mutants undergoing spontaneous cell death
were included (see section “Materials and Methods” for full list of
experiments). Genes were subjected to bootstrapped Bayesian hierarchical
clustering of log2-transformed fold changes. Magenta and green indicate
increased and decreased expression compared with untreated or wild type
plants, respectively.

expression levels were reproduced (At1g33590, At3g02410,
At3g47800, and MLO2). For the last gene with increased
expression level in HL (FATTY ALCOHOL OXIDASE 3 – FAO3),

it had higher transcript abundance which did not reach statistical
significance (Supplementary Figure 2). We included these genes
in our analysis of datasets from Genevestigator (Figure 1).
Also, in this analysis the selected genes behaved as expected,
At1g33590, At3g02410, At3g47800, and MLO2 had decreased
transcript levels and FAO3 increased transcript levels in multiple
different HL datasets (Figure 1). We observed that At1g33590,
At3g02410, and At3g47800 had decreased transcript levels in
multiple datasets from ABA treatments (Figure 1). Results from
the pyr/pyl112458 mutant suggested that HL down regulation of
At1g33590 and MLO2 could require functional ABA signaling
(Supplementary Figure 2).

The main focus of the meta-analysis of gene expression data
was to identify genes with opposite regulation by O3 versus
HL. However, we also identified genes with similar regulation of
transcript abundance (Supplementary Table 5). Among genes
with increased transcript levels by both treatments were JA
biosynthesis and signaling genes (AOC3, LOX4, JAZ1, and JAZ6)
and ROS response genes (ZAT10 and ZAT12). The expression of
these genes was consistent with the qPCR results (Figures 2, 5).
Numerous GO categories associated with abiotic stress, ROS
signaling and HL responses but not cell death were associated
with genes with increased expression levels by both O3 and HL
(Supplementary Table 5).

Combined Ozone and High Light
Treatments
To directly test the interaction between apoplastic ROS (O3)
and chloroplast signals (HL), we used HL treatments inside
our O3 chambers (growth conditions Helsinki-2 and 3, Table 1
and Figures 2, 8). For the heat stress markers genes, but
not light stress marker genes, we observed synergistic effects
between HL, O3, and increased temperature (Figure 2). We
expanded this analysis to the hormone marker genes to get
further information on potential interaction between the apoplast
and chloroplast signaling pathways. Based on the GO analysis
and cluster analysis (Figure 7), we also included three genes with
increased transcript abundance early after pathogen treatment
At1g30370, CML37, and Cbp60g (Jacob et al., 2018). In multiple
datasets from Genevestigator, At1g30370 and Cbp60g [which
encodes a transcription factor that regulate expression of the
SA biosynthesis gene ICS1 (Wang et al., 2011)], had increased
transcript levels by biotic stress and O3 and decreased transcript
levels by HL (Figure 1). In contrast, CML37 had increased
transcript levels by both HL and O3.

In the combined treatments, there appeared to be a stronger
effect when there was also an additional increase in temperature
(growth condition Helsinki-3) for the marker genes Cbp60g,
MLO2, PLA2A, and At1g30370, in which the combined treatment
led to significant reduction in transcript levels compared to
O3 alone (Figure 8). This significant reduction in combined
treatment was also observed for growth condition Helsinki-2
and the marker genes MLO2 and PLA2A (Figure 8), where
the heat component was minimal (Table 1). In addition,
there was a trend toward lower transcript levels in combined
treatments for ACS6 and JAZ1, although this did not reach
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statistical significance. We conclude that a signal pathway
initiated from the chloroplast (HL treatment) can down regulate
transcript levels for pathogen related genes as a single treatment
(Figures 1, 7 and Supplementary Figure 2), but also in the
combined treatment where this chloroplast signal can modulate
and partially block the signaling initiated from the apoplast
(O3) (Figure 8).

Regulation of Cell Death After Combined
Ozone + High Light
A characteristic response to O3 in sensitive plants is accumulation
of ROS leading to induction of cell death (Wohlgemuth et al.,
2002). To test the relevance of the interaction between O3 and
HL, and if HL modulates O3 cell death, we measured cell death
in Col-0 at 3 and 6 h after the combined treatment (Figure 9A,
growth condition Helsinki-3). We quantified cell death as ion
leakage and observed an increase in cell death only at 6 h in the
combined treatment.

Jasmonic acid is a regulator of O3 cell death (Xu et al., 2015a),
and ABA a regulator of HL cell death. To test the role of these
hormones in the O3+HL interaction we used aba2, a strong ABA
biosynthesis mutant and coi1-16, a mutant for the JA receptor. As
an additional control, we included the O3 sensitive slac1 as this
mutant is O3 sensitive independent of hormone signaling due to
more open stomata that allow high O3 uptake (Vahisalu et al.,
2008). In a first trial, the combined treatment severely damaged
all three mutants, preventing precise quantification of cell death.
Therefore, we used a shorter 2 h treatment plus recovery at 4 h
in control conditions followed by quantification of cell death. In
this scheme with a lower O3 dose, mutants that previously were
shown to be O3 sensitive [slac1, coi1 (Vahisalu et al., 2008; Xu
et al., 2015a)], did not show damage by O3 alone (Figure 9B).
In contrast, aba2 showed higher ion leakage already in control
conditions, possibly due to the permeable cuticle of ABA deficient
mutants (Cui et al., 2016). The aba2 mutant was also highly
O3 sensitive, which might be related to the very high stomatal
conductance of this mutant (Merilo et al., 2018). In the combined

FIGURE 8 | Fold induction of selected marker genes after 1 h HL, 1 h O3 (350 nL L-1) or combined treatment (growth conditions Helsinki-2 and Helsinki-3, Table 1).
Panel (A) has normal scale and panel (B) log10 scale, to better visualize the large differences in transcript levels between samples. The average of four biological
replicates are shown; error bars depict standard deviation. The t-test was used for statistical analysis and depicts significant differences between O3 and combined
O3 + HL (*P < 0.05; **P < 0.01).
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treatment, HL + raised temperature increased the damaging
effects of O3 in aba2 and coi1 (Figure 9). Thus, a combined stress
treatment cause more damage than O3 alone.

DISCUSSION

The Role of Reactive Oxygen Species in
Plant Signal Networks
Signaling pathways in plants are highly responsive to ROS
produced in different cellular compartments, but the mechanisms
underlying appropriate ROS-induced responses upon biotic and
abiotic challenges are only starting to emerge (Castro et al., 2021).
The ROS signaling network is integrated with the stress hormone
signaling network: in O3 (apoplastic ROS), SA and ethylene
promotes cell death and JA is protective (Xu et al., 2015a); in
HL induced cell death, JA and SA promotes cell death (Laloi and
Havaux, 2015; Beaugelin et al., 2019). However, assigning specific
and clear-cut roles for hormones is often an over simplification,
since growth conditions, genetic background, or stress severity
can change the extent of cell death. For example, SA can also
protect against O3 (Xu et al., 2015b) and HL induced cell death

FIGURE 9 | Cell death after combined O3 and HL. (A) Cell death quantified
with ion leakage after 3 or 6 h of HL, O3 (350 nL L-1) or combined treatment
(growth condition Helsinki-3). (B) Plants treated with 2 h of HL, O3 or
combined treatment followed by 4 h in control conditions and quantification of
cell death. The average of three biological replicates are shown (N = 15); error
bars depict standard deviation. One-way or two-way ANOVA with Tukey’s test
was used for statistical analysis and depicts significant differences compared
to Col-0 control (*P < 0.05; **P < 0.01; ***P < 0.001).

(Lv et al., 2015). Most likely, the balance between different
signaling pathways determines the outcome of a stress treatment.

As plants in nature are likely to experience multiple altered
growth conditions simultaneously, using experimental set-
ups where two stress conditions interact can further help
to understand the priority and interaction between different
signaling pathways. Meta-analysis of array and RNA-seq
data from different stress combinations show that all stress
combinations tested so far result in transcriptome changes that
are unique for each specific stress combination (Zandalinas et al.,
2019a). This indicates that plants are highly responsive to changes
in the environment with corresponding activation of signaling
pathways that integrate multiple sources of signals. Site specific
ROS production could be one of the ways that plants use to
activate different signaling pathways; demonstrated by methylene
blue sensitivity mutants, which show impaired HL regulation
of 1O2 regulated genes but not H2O2/O2.− regulated genes
(Shao et al., 2013).

This study further illustrates that signals from different
subcellular compartments have different signaling roles, since O3
and HL had very different outcomes on expression of several
marker genes (Figures 1, 5). In particular, the cell death marker
PLA2A showed opposite regulation – increased transcript levels
by O3 and decreased transcript levels by HL. Additional genes
with contrasting expression profiles in O3 versus HL were
identified from transcriptome datasets and were enriched for
pathogen response genes (Figure 7). To directly evaluate the
interaction between apoplast and chloroplast signaling, we used
combined O3 + HL treatments. While O3 had no effect on HL
marker genes, there was a consistent inhibitory effect of HL
on O3 regulated genes associated with cell death and pathogen
responses (Figure 8). This emphasizes that: (1) apoplastic and
chloroplastic ROS activate distinct signaling pathways; (2) at least
one signal initiated from HL converge with the apoplastic ROS
signal to regulate changes in transcript levels for genes related to
pathogen infection and cell death.

The Impact of Different Growth
Conditions on Plant Stress Responses
A challenge in interpretation of results from plant stress studies
is the variety of different growth conditions used in research with
Arabidopsis. In one of the few studies that directly attempted to
replicate similar growth conditions in ten different laboratories,
revealed significant changes in growth and metabolite profiles
due to subtle variations in growth conditions (Massonnet
et al., 2010). For HL experiments, considerably different growth
conditions and HL treatments have been used (Table 1), which in
turn is likely to give difference in molecular responses measured
as altered transcript levels (Figure 3). These experiments used
a wide range of plant ages and different light periods (constant
light, 16:8, 12:12, or 8:16 light/dark). Another critical factor in HL
experiments is the potential increase in temperature associated
with the HL treatment. For example, the HL marker gene
APX2 show very high transcript levels when the HL treatment
is combined with increased temperature (Jung et al., 2013;
Huang et al., 2019). Even small increases in temperature are
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monitored by plants through PhyB and PIF4 (PHYTOCHROME
INTERACTING FACTOR 4), and PIF4 acts a negative regulator
of transcript levels for pathogen defense related genes (Legris
et al., 2016; Gangappa et al., 2017). Analysis of HL RNA-seq
data from contrasting growth conditions (Table 1 and Figure 3),
gives further support for both a robust response to HL and
growth condition specific HL responses. We suggest that a
robust molecular response to HL stress require a core set of
transcription factors to execute the transcriptional regulation. We
found consistent up-regulation of HsfA2 (and to lesser extent
HsfA3) in all data-sets for early time points from 8 min to 3.5 h;
and up-regulation of NAC13, DREB2A, and BBX32 in all data-
sets from 30 min to 7 h. This is consistent with the proposed role
for HsfA2/HsfA3 as key positive regulators for early HL responses
(Jung et al., 2013); and the newly established role for BBX32 as a
key negative regulator of HL responses (Alvarez-Fernandez et al.,
2021). BBX32 was proposed to act to down-regulate pathogen
defense related genes after HL exposure (Alvarez-Fernandez
et al., 2021), consistent with our cluster analysis which identified
genes up-regulated by O3 treatments, but down-regulated by
HL treatment (Figures 1, 7). NAC13 has not previously been
associated with HL stress, but this transcription factors is a
key regulator of mitochondrial retrograde signaling (De Clercq
et al., 2013; Shapiguzov et al., 2019). Its consistent up-regulation
across all time points from 30 min to 7 h, suggest that the
HL stress response require coordinated responses from both the
chloroplast and mitochondria. DREB2A has been extensively
characterized for its role in drought stress responses, and it also
acts as a regulator of heat stress responses (Sakuma et al., 2006).
Accordingly, the consistent up-regulation of DREB2A, HsfA2,
and HsfA3 across many time points, suggest their coordinated
function to regulate the expression of heat shock proteins.

As changes in the light environment may be one of the
most common experiences by plants in nature, it is perhaps not
surprising that transcriptional responses to HL is integrated with
growth conditions. HL stress has been studied in combination
with other stresses including heat (Balfagón et al., 2019),
drought (Giraud et al., 2008), and heat, salt and chloroplast
ROS generated from methyl viologen (Zandalinas et al., 2021b);
where the combined treatments increased the amount of damage
compared to single treatments. Higher concentration of O3 in
the troposphere is significantly correlated with both increase in
temperature and sunshine hours (Tiwari et al., 2008). The impact
of O3 pollution on yield of agriculturally important species,
including wheat and rice, is higher in field experiments than
in pot experiments, pointing toward interactions between O3
and other unknown cues from the environment (Feng et al.,
2022). Further identification of signals from the environment
that modulate O3 responses is crucial to protect against yield
losses from O3 pollution, which can be as high as 30% in wheat
(Feng et al., 2022). Here we showed that O3 + HL led to more
damage than O3 alone in Arabidopsis (Figure 9), this observation
makes it possible to use this model plant to better understand
how O3 interacts with other environmental factors including light
(Juran et al., 2021).

Retrograde signaling from the chloroplast involve multiple
signaling molecules (Leister, 2019). ABA is critical for plant

drought and cold responses, and is an important signaling
molecule in response to HL based on several evidences. HL
treatment led to increased expression of ABA biosynthesis
enzymes and production of ABA (Galvez-Valdivieso et al., 2009).
The ABA biosynthesis double mutant nced3 nced5 showed
increased damage after HL treatment (Huang et al., 2019),
and HL induction of APX2 and ELIP2 was impaired in ABA
biosynthesis and signaling mutants (Fryer et al., 2003; Galvez-
Valdivieso et al., 2009; Figure 4). However, the role of ABA in
HL signaling also appears to be cell specific and influenced by
environmental factors (Gorecka et al., 2014). In contrast, for the
marker genes tested here (Figure 5), ABA does not appear to
regulate O3 transcriptional responses.

Plants constantly face different signals from the environment
that needs to be integrated with developmental programs.
Here we have shown that HL activates signaling that can
inhibit signaling initiated from the apoplast, which could be
used by the plant to prioritize between potentially conflicting
defense responses.
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Supplementary Figure 1 | Genes co-expressed with APX2, ELIP2, and ZAT12
were identified with the Arabidopsis Coexpression Tool and displayed in a
cladogram (Zogopoulos et al., 2021).

Supplementary Figure 2 | Relative expression scaled to the Col-0 control (set
to 1), after 1 h HL (growth condition Turku, Table 1) or 1 h O3 (350 nL L−1, growth
condition Helsinki-1) in Col-0 and pyr/pyl112458. The average of three biological
replicates are shown; error bars depict standard deviation. Two-way ANOVA with
Tukey’s test was used for statistical analysis and depicts significant
differences compared to Col-0 control (∗P < 0.05; ∗∗P < 0.01;
∗∗∗P < 0.001).

Supplementary Table 1 | Primers used in this study.

Supplementary Table 2 | Differentially expressed genes in HL RNA-seq datasets
and the overlap of differentially expressed genes, corresponding to the Venn
diagram analysis in Figure 3.

Supplementary Table 3 | Genes with increased expression by O3 and decreased
expression by HL (or vice versa), corresponding to the cluster analysis in
Figures 6, 7.

Supplementary Table 4 | Gene Ontology (GO) analysis of genes with increased
expression by O3 and decreased expression by HL (or vice versa).

Supplementary Table 5 | Genes with increased expression by O3 and HL, or
decreased expression by O3 and HL.
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