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Editorial on the Research Topic
Heat stress: response, mitigation, and tolerance in plants

Heat stress is one of the major problems affecting the growth and yield of most of the
agriculturally important crops. It causes oxidative bursts inside the cells, damaging the cell
organelles, membranes, and leads to the denaturation/aggregation of enzymes (Kumar
et al,, 2023). In order to cope with the fluctuation in temperature, plants have developed
various mechanisms like the expression of signalling molecules (like MAPK, CDPXK, etc.),
antioxidant enzymes (SOD, CAT, GPx, etc.), Heat shock transcription factors (TaHSFAG6e,
HSEF3, etc.), heat shock proteins (sHSPs like HSP17, HSP26, etc.) and many other stress-
associated genes like pyrrolyl disulphide isomerase, ABC-Transporter, universal stress
proteins, etc. (Azameti et al., 2022).

This Research Topic has been meticulously organized, featuring thirteen original
research articles that have been divided into two broad areas to emphasize the findings
in the best possible manner: (1) Response of plants to stress/secondary metabolites or
hormones, and (2) Omics approaches for the identification of stress-associated genes
and proteins.

Response of plants to stress/secondary
metabolites or hormones

The intensity and duration of heat stress have severe implications for plant growth and
development. Various priming agents and hormones have been reported to modulate the
HS-tolerance level of the plant. Otalora et al. reported that MeJA does not affect the gas
exchange, chlorophyll A concentration, and the efficiency of the photosystem under HS.
The ameliorative impact of MeJA on plants can be utilized to develop thermotolerant crop
with improved grain-quality.

Secondary metabolites have been reported as one of the very important metabolites
that are mainly utilized by plants as protectants against biotic stresses. Xu et al. reported
that monoterpenes (eucalyptol, camphor, linalool, and borneol) modulates the

5 frontiersin.org
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antioxidant enzymes activities of Cinnamomum camphora under
HS due to the alterations in expression of the genes related to non-
enzymatic and enzymatic antioxidant formation. Various
exogenous treatments using phytohormones, polyamines or
organic chemicals have been reported to enhance the
thermotolerance level of plants. Zhang et al. reported that
brassinolide and salicylic acid reduces the damage caused by the
accumulation of reactive oxygen species in rice and helps in
enhancing the HS-tolerance level. Volatile organic compounds
have been reported to block signalling molecules and compromise
the response of plants under biotic and abiotic stresses. Pavlovic
et al. reported an increase in the cytoplasmic calcium level [Ca®*]
cyt in response to diethyl ether application in Arabidopsis
thaliana, which in turn enhances the tolerance of photosystem
I by enhancing the expression of HSPs. Exogenous application of
volatile organic compounds can be used as potential method to
modulate the tolerance level of the plants under different stresses.

The combined effect of heat and drought has been observed to
disturb many ecosystems in terms of their water and carbon
budgets. Li et al. reported that dew benefits are cancelled by the
heatwave due to the minor contribution of dew in leaf water. Heat-
induced reductions in net ecosystem production (NEP) were
intensified by the combined effect of drought stress.

Agricultural and horticultural crops are highly prone to HS,
since it has very drastic effects on different biological functions like
fertilization, cell growth, fruit setting, etc. Tomato, being sensitive
to HS, showed a severe decrease in yield and quality under HS.
Nutrient management has been used in the past to enhance the
tolerance level of the plant against abiotic stresses and has been
observed to be quite effective in the case of horticultural crops. Luo
et al. reported that short-term sub-high temperature (SHT) stress
in tomato grown under nitrogen supplement improved the
photosynthetic efficiency, nitrogen metabolism, and fruit quality.
Moderate nitrogen application stabilizes the photosynthesis and
nitrogen efficiency in tomato under HS and can be recommended
as one of the approaches to enhance the tolerance and
fruit quality of the tomato plant. Similarly, Mubarok et al.
developed parthenocarpic tomato mutants and reported
enhanced plant adaptability and fruiting ability under HS.
Development of parthenocarpic fruit can be used as one of the
approaches to enhance the tolerance and fruiting ability of the
horticultural crops.

Omics approaches for the
identification of stress-associated
genes/proteins

With the advent of technologies, different omics approaches are
used to identify novel or putative genes, stress-associated proteins,
and metabolites linked with HS-tolerance, in order to understand the
mechanism of HS-tolerance. Tkram et al. used the RNA-seq method
to identify stress-associated genes in flowering Chinese cabbage
(Brassica campestris L. ssp. chinensis) and identified 20,680
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differentially expressed genes (DEGs) consisting of signalling
molecules, transcription factors, and regulatory proteins.
Phospholipase C (PLC) has been characterized as playing a very
important role in signalling the plant against HS. Annum et al.
reported that over-expression of PLC5 (PLC5 OE) in Arabidopsis
thaliana protects the disintegration of chlorophyll in leaves and has
well-developed root architecture under HS. This mechanism can be
used in other crop plants to modulate their tolerance level under HS.
Similarly, Xue et al. reported that with an increase in temperature, an
upregulation of stress-associated genes like CfAPX1, CfAPX2,
CfHSP11, CfHSP21, CfHSP70, CfHSFAla, CfHSFB2a, and
CfHSFB4 were observed in Cryptomeria fortunei under HS.

Heat stress during pollination has a severe effect on spikelet
fertility and yield in rice. Mo et al. reported that sequence variations
in OsGRF4 (Oryza sativa growth-regulating factor 4; OsGRF4**)
helps in escaping the microRNA miR396-mediated degradation of
this gene at the mRNA level and affects proper transcriptional and
splicing regulation of genes under HS, regulates carbohydrate and
nitrogen metabolism, and results in compromised tolerance
behaviour in rice pollen. Huang et al. identified differentially
expressed genes involved in HS-adaptation of Gracilaria bailinae
(macroalgae) using RNA-seq and observed downregulation of most
of the identified DEGs. These DEGs involved in spikelet fertility can
be manipulated to enhance the tolerance under HS.

Various gene regulatory networks operate inside the plant
system and play important roles in multiple adaptive processes.
Xu et al. reported that drought- and cold-responsive gene regulatory
networks (GRNs) in Myrica rubra have been built according to the
timing of transcription under both abiotic stresses, and have a
conserved trans-regulator and a common regulatory network.
Functional validation showed MrbHLH10 to mitigate abiotic
stresses through the modulation of ROS scavenging.

Overall, this Research Topic provides very significant information
on role of different elicitors/metabolites in modulating the HS-
tolerance, putative stress-responsive genes and their regulatory
networks, and nutrient management approach to enhance the
tolerance of horticultural crops. There is further need to elucidate the
mechanism of heat stress tolerance in plants and identification of
potential markers for evaluating the diverse germplasm of crops. This
will pave the way for the development of ‘climate-smart’ crops.
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Diethyl ether anesthesia induces
transient cytosolic [Ca®*]
Increase, heat shock proteins,
and heat stress tolerance of
photosystem |l in Arabidopsis
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General volatile anesthetic diethyl ether blocks sensation and responsive
behavior not only in animals but also in plants. Here, using a combination of
RNA-seq and proteomic LC-MS/MS analyses, we investigated the effect of
anesthetic diethyl ether on gene expression and downstream consequences
in plant Arabidopsis thaliana. Differential expression analyses revealed
reprogramming of gene expression under anesthesia: 6,168 genes were
upregulated, 6,310 genes were downregulated, while 9,914 genes were
not affected in comparison with control plants. On the protein level, out of
5,150 proteins identified, 393 were significantly upregulated and 227 were
significantly downregulated. Among the highest significantly downregulated
processes in etherized plants were chlorophyll/tetrapyrrole biosynthesis and
photosynthesis. However, measurements of chlorophyll a fluorescence did
not show inhibition of electron transport through photosystem Il. The most
significantly upregulated process was the response to heat stress (mainly heat
shock proteins, HSPs). Using transgenic A. thaliana expressing APOAEQUORIN,
we showed transient increase of cytoplasmic calcium level [Ca®*].. in
response to diethyl ether application. In addition, cell membrane permeability
for ions also increased under anesthesia. The plants pre-treated with diethyl
ether, and thus with induced HSPs, had increased tolerance of photosystem
Il to subsequent heat stress through the process known as cross-tolerance
or priming. All these data indicate that diethyl ether anesthesia may partially
mimic heat stress in plants through the effect on plasma membrane.

KEYWORDS

anesthesia, Arabidopsis, chlorophyll, diethyl ether, heat shock proteins, heat stress,
photosystem Il
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Introduction

General volatile anesthetics (GVAs) are usually defined as
compounds, which induce reversible loss of consciousness in
humans (Franks, 2006). The clinical definition of anesthesiology
states that it is the practice of medicine providing insensibility to pain
during surgical, obstetric, therapeutic, and diagnostic procedures.
Diethyl ether and chloroform were used as sole agents in a general
anesthetic procedure for almost a century, and the term anesthesia
was introduced soon after the discovery of etherization. In fact, the
term anesthesia was coined to describe what happens during the
process of etherization. GVAs produce unconsciousness, analgesia,
amnesia, immobility, and lack of stress and hemodynamic responses
in response to noxious stimulation (Urban and Bleckwenn, 2002).
However, such narrow definitions are applicable only for subset of
organisms with cortical networks that are susceptible to being
anesthetized. Because the anesthetic drugs are also effective in
organisms from protists, through plants, to primate, Kelz and
Mashour (2019) proposed new definition for anesthetics applicable
across whole tree of life as compounds which cause disconnection
from environment, both in receptive (e.g., sensation) and expressive
(e.g., motoric responses) arms of interaction.

If plants are exposed to GVAs, they indeed lost ability to sense
their environment. In previous studies, it was shown that plants
exposed to diethyl ether anesthesia were neither able to sense
mechanical stimuli, wounding, or light and lack also expressive
motoric responses. For example, touch-induced leaf movement in
sensitive plant Mimosa pudica, trap closing reactions in carnivorous
plant Dionaea muscipula, trap bending movement in carnivorous
sundew Drosera capensis and autonomous circumnutations
movements of tendrils of pea (Pisum sativum) were completely
stopped (Milne and Beamish, 1999; De Luccia, 2012; Yokawa et al.,
2018; Pavlovi¢ et al., 2020; Bohm and Scherzer, 2021; Scherzer
etal., 2022). We found that disappearance of some of these plant
reactions were caused by inhibition of electrical signal generation
and propagation, a target of anesthetics is remarkably similar to
animal organisms. Also in the case of Arabidopsis thaliana plants,
in which motoric responses are not easily observable, etherized
individuals lost ability of systemic electrical and Ca®* signals
propagation from damaged to neighboring leaves after heat
wounding (Jaksovd et al., 2021). Since electrical and Ca** signal
propagation is dependent on ligand-gated glutamate receptor like
channels (GLRs, Mousavi et al., 2013; Toyota et al.,, 2018), and
diethyl ether attenuated also glutamate-induced Ca®* signal
(Jaksova et al., 2021; Scherzer et al., 2022), GLR channels have been
suspected as the possible targets of anesthesia in plants, like in
animals. In the absence of electrical signals in etherized plants, the
downstream sequence of events in systemic leaves were blocked,
including accumulation of phytohormones of the jasmonates (JA)
group and expression of JA-responsive genes, indicating the
inhibition of sensing as well as responsive behavior in plants
(Pavlovi¢ et al., 2020; JakSova et al., 2021).

The exact mode of GVA action in animals and plants is still a
mystery. In the membrane theory, Meyer (1899) and Overton
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(1901) assumed that solubilization of lipophilic GVA in lipid
bilayer of the neurons causes their fluidizing and malfunction, and
anesthetic effect. In the modern lipid hypothesis, anesthetics do
not act directly through the membrane, but rather perturb
specialized lipid matrices at the protein-lipid interface (Lerner,
1997; Pavel et al., 2020). The protein theory of GVA action was put
forward, when Franks and Lieb (1984) demonstrated that the
anesthetic effect can be reproduced on a soluble luciferase protein
in the absence of lipids. It was believed that GVAs bind to their
target ion channel by a key-lock mechanism and change their
structure dramatically from open to closed conformation. The
modern protein theory suggests that GVAs do not change
structure of membrane channel but change its dynamics,
especially dynamics in the flexible loops that connect a-helices in
a bundle and are exposed to the membrane-water interface (Tang
and Xu, 2002). Recent findings indicate that GVAs disrupt lipid
rafts, regions of ordered lipids which allow nanoscale
compartmentalization of proteins and lipids (Pavel et al., 2020).

In this study, we focused on molecular responses to diethyl
ether anesthesia in A. thaliana using transcriptomic (RNA-seq)
and proteomic (LC-MS/MS) analyses. Although recent studies
have shown that diethyl ether anesthesia blocks sensation and
responsive behavior in plants, here we show for the first time that
it also induced huge reprogramming of gene expression. Our data
strongly suggest that GVA diethyl ether mimics a heat stress
probably through the effect on plasma membrane.

Materials and methods

Plant material, culture conditions, and
experimental setup

Plants of Arabidopsis thaliana (L.) Heynh. (Col-0) and transgenic
A. thaliana (L.) Heynh. (Col-0), expressing the APOAEQUORIN
gene under control of the CaMV 35S promoter, were grown on a soil
substrate (Potgrond H, Klasmann-Deilmann, Germany) in a growth
chamber (AR75L; Percival-Scientific, United States) for 6-7 weeks
under 8h light (100 pmol photons m™ s™' PAR)/16h dark cycle
(21/21°C) and 60% relative air humidity. The 6-7weeks old plants
were enclosed into polypropylene bags or transparent boxes and
diethyl ether was applied. By adding a corresponding volume of
liquid phase of diethyl ether to a certain volume of air, 15% vapor of
diethyl ether was obtained (see Yokawa et al., 2018). Then, after 2.5
and 5.5h, the leaf samples were collected and immediately frozen in
liquid nitrogen and stored at —80°C. At the same time the leaf
samples from controlled bagged plants without diethyl ether were
also sampled by the same way.

RNA-seq analyses

A single eighth leaf (for leaf numbering see Jaksova et al.,
2021) of 2.5 h etherized and control plants of A. thaliana were cut,
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immediately frozen in liquid nitrogen and weighted. 50-60 mg of
leaf material was homogenized in a Geno/Grinder® 2010 (Spex
Sample Prep, Stanmore, United Kingdom) equipped with
aluminum racks. The racks were cooled in liquid nitrogen prior to
usage to prevent a thawing of leaf material during the whole
homogenization process. RNA was extracted and purified using
Trizol reagent (Invitrogen, Carlsbad, CA, United States) followed
by the RNA Clean & Concentrator TM-5 kit (Zymo Research,
Irvine, CA, United States), including DNase digestion to remove
genomic DNA contamination. A total amount of 1 pg RNA per
sample was used as input material for the RNA sample
preparations. Sequencing libraries were generated using
NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB,
United States) following manufacturer’s recommendations and
index codes were added to attribute sequences to each sample.
Briefly, mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads. Fragmentation was carried out using
divalent cations under elevated temperature in NEBNext First
Strand Synthesis Reaction Buffer (5X). First strand cDNA was
synthesized using random hexamer primer and M-MuLV Reverse
Transcriptase (RNase H-). Second strand cDNA synthesis was
subsequently performed using DNA Polymerase I and RNase
H. Remaining overhangs were converted into blunt ends via
exonuclease/polymerase activities. After adenylation of 3" ends of
DNA fragments, NEBNext Adaptor with hairpin loop structure
were ligated to prepare for hybridization. In order to select cDONA
fragments of preferentially 150-200bp in length, the library
fragments were purified with AMPure XP system (Beckman
Coulter, Beverly, United States). Then 3 pl USER Enzyme (NEB,
United States) was used with size-selected, adaptor ligated cDNA
at 37°C for 15min followed by 5min at 95°C before PCR. Then
PCR was performed with Phusion High-Fidelity DNA polymerase,
Universal PCR primers and Index (X) Primer. At last, PCR
products were purified (AMPure XP system) and library quality
was assessed on the Agilent Bioanalyzer 2100 system. The
clustering of the index-coded samples was performed on a cBot
Cluster Generation System using PE Cluster Kit cBot-HS
(lumina) according to the manufacturer’s instructions. After
cluster generation, the library preparations were sequenced on an
[lumina platform and paired-end reads were generated. Raw data
(raw reads) of FASTQ format were firstly processed through
FASTP. In this step, clean data (clean reads) were obtained by
removing reads containing adapter and poly-N sequences and
reads with low quality from raw data. At the same time, Q20, Q30,
and GC content of the clean data were calculated. All the
downstream analyses were based on the clean data with high
quality. Differential expression analysis between two conditions/
groups four biological replicates per condition was performed
using DESeq2R package. DESeq2 provides statistical routines for
determining differential expression in digital gene expression data
using a model based on the negative binomial distribution. The
resulting p values were adjusted using the Benjamini and
Hochberg’s approach for controlling the False Discovery Rate
(FDR). Genes with an adjusted p value <0.05 found by DESeq2
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were assigned as differentially expressed. Gene Ontology (GO)
enrichment analysis of differentially expressed genes was
implemented by the clusterProfiler R package, in which gene
length bias was corrected. GO terms with corrected p value less
than 0.05 were considered significantly enriched by differential
expressed genes. The RNA-seq experiment was commercially
done by NovoGene.

LC-MS/MS analyses

A single eight leaf from etherized A. thaliana plants for 5.5 h
and non-etherized leaf from control plants were homogenized by
mortar and pestle in liquid nitrogen after diethyl ether treatment.
Homogenates were then lysed in SDT buffer (4% SDS, 0.1 M DTT,
0.1M Tris/HCl, and pH 7.6) in a thermomixer (Eppendorf
ThermoMixer® C, 60min, 95°C, 750 rpm). After that, samples
were centrifuged (15min, 20,000 xg) and the supernatants (ca
100 pg of total protein) used for filter-aided sample preparation
(FASP) as described elsewhere (Wisniewski et al., 2009) using
0.75pg of trypsin (sequencing grade; Promega). Resulting
peptides were analyzed by LC-MS/MS.

LC-MS/MS analyses of all peptides were done using
nanoElute system (Bruker) connected to timsTOF Pro
spectrometer (Bruker). Two column (trapping column: Acclaim™
PepMap™ 100 C18, dimensions 300 pm ID, 5mm long, 5pm
particles, Thermo Fisher Scientific; separation column: Aurora
C18, 75 um ID, 250 mm long, 1.6 pm particles, lonOpticks) mode
was used on nanoElute system with default equilibration
conditions (trap column: 10 volumes at 217.5 bars; separation
column: 4 column volumes at 800 bars). Sample loading was done
using three pickup volumes +2 pl at 100 bars. Trapped peptides
were eluted by 120min linear gradient program (flow rate
400nlmin~', 3-80% of mobile phase B; mobile phase A: 0.1% FA
in water; and mobile phase B: 0.1% FA in ACN). The analytical
column was placed inside the Column Toaster (40°C; Bruker) and
its emitter side was installed into CaptiveSpray ion source
(Bruker). MSn data were acquired in m/z range of 100-1,700 and
1/k0 range of 0.6-1.6V xsxcm™ using DDA-PASEF method
acquiring 10 PASEF scans with scheduled target intensity of
20,000 and intensity threshold of 2,500. Active exclusion was set
for 0.4min with precursor reconsideration for 4x more
intense precursors.

For data evaluation, we used MaxQuant software (v1.6.17; Cox
and Mann, 2008) with in built Andromeda search engine (Cox et al.,
2011). Search was done against protein databases of A. thaliana
(27,468 protein sequences, version from 2020-12-02, downloaded
from ftp://ftp.uniprot.org/pub/databases/uniprot/current_release/
knowledgebase/reference_proteomes/Eukaryota/UP000006548/
UP000006548 3702.fasta.gz) and cRAP contaminants (112
sequences, version from 2018-11-22, downloaded from http://www.
thegpm.org/crap). Modifications were set as follows for database
search: oxidation (M), deamidation (N, Q), and acetylation (Protein
N-term) as variable modifications, with carbamidomethylation (C)
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as a fixed modification. Enzyme specificity was tryptic with two
permissible miscleavages. Only peptides and proteins with false
discovery rate threshold under 0.01 were considered. Relative protein
abundance was assessed using protein intensities calculated by
MaxQuant. Intensities of reported proteins were further evaluated
using software container environment (https:/github.com/
OmicsWorkflows/KNIME_docker_vnc; version 4.1.3a). Processing
workflow is available upon request and it covers, in short, reverse hits
and contaminant protein groups (CRAP) removal, protein group
intensities log2 transformation and normalization (loessF), and
LIMMA statistical tests. Significantly up/downregulated protein
groups were further subjected to functional enrichment analysis
using g:Profiler web tool (significance threshold g:SCS; user
threshold 0.05; Raudvere et al., 2019).

Western blotting

Total protein from the eighth leaf of 5.5h etherized and control
plants of A. thaliana was isolated using extraction buffer containing
28 mM DTT, 28 mM Na,CO;, 175mM sucrose, 5% SDS, 10mM
EDTA, and protease inhibitors (Set VI, Calbiochem, Darmstadt,
Germany). The samples were heated for 30min at 70°C. The
concentration of total soluble proteins in the samples was
determined using the Bicinchoninic Acid Kit for Protein
Determination (Sigma-Aldrich, St. Louis, MO, United States), and
absorbance was measured at 562 nm (Thermo Spectronic UV500,
UV-Vis Spectro, MA, United States). The same amount of protein
was separated in a 10% (v/v) SDS-polyacrylamide gel (Schigger,
2006) followed by transfer to a nitrocellulose membrane (Bio-Rad,
Germany) by Trans-Blot SD Semi-Dry Electrophoretic Transfer
Cell (Bio-Rad, Hercules, CA, United States). To check the correct
protein transfer, the membranes were stained by Ponceau-S. After
blocking in TBS-T containing 5% BSA overnight at 4°C, the
membranes were incubated with the primary antibody at room
temperature with soft agitation. Antibodies against proteins HSP70
(AS08371), HSP90-1 (AS08346), GIUTR (AS10689), LPOR
(AS05067), RbcL (AS03037), and actin (AS13 2640) were purchased
from Agrisera (Vannis, Sweden). After washing, the membrane was
incubated 1h with the secondary antibody [goat anti-rabbit IgG
(H+L)-horseradish peroxidase conjugate] with dilution 1:10,000
(Bio-Rad, Hercules, CA, United States). Signals were visualized and
quantified using Immobilon Western chemiluminescent HRP
substrate (Millipore, Billerica, MA, United States) on an Amersham
Imager 600 (GE HealthCare Life Sciences, Japan). The data were
checked for homogeneity of variance and significant differences
were evaluated by Student’s ¢-test. If non-homogeneity was present,
Welch’s t-test was used instead (Microsoft Excel).

Aequorin luminescence imaging

Transgenic A. thaliana (L.) Heynh Col-0 wild-type expressing
the APOAEQUORIN gene under control of the CaMV 35S
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promoter was used for [Ca*], analyses (Kiep et al, 2015).
Aequorin was reconstituted by spraying plants with 10 puM
coelenterazine (Invitrogen, Eugene, OR, United States) in 0.01%
Tween 20 (Sigma-Aldrich, United Kingdom) and subsequent
incubation for 5h in the dark. Aequorin luminescence imaging
was performed using a highly sensitive CCD camera iKon-XL
(Oxford plc, Tubney Woods, Abingdon,
United Kingdom). To reduce the dark current, CCD camera was

Instruments

cooled down to —100°C. The CCD camera was equipped with a
50-mm focal distance lens with an f-number of 1.2 (Nikon, Tokyo,
Japan) to enhance the light collecting efficiency. Spectral sensitivity
of CCD camera was within the range of A=200-1,000nm with
almost 90% quantum efficiency in the visible range of the
spectrum. The spectral sensitivity was limited to A=350-1,000nm
by the lenses. CCD camera parameters were as follows: scan rate,
100kHz; gain, 2. Photons were captured in photon-counting mode
with a 5min acquisition time. Signal acquisition and processing
were performed with Andor Solis (Oxford Instruments plc,
Tubney Wood, Abingdon, United Kingdom) and Image] 1.49
(NIH, United States), respectively. The CCD camera was situated
in the experimental dark room (3mx 1.5mx2.5m) painted in
black. The door in the experimental dark room was protected
completely with a black curtain to restrict any external light. The
plants were imaged 10 min before, during and 2.5h after diethyl
ether application. All experiments were repeated several times to
ensure reproducibility.

Chlorophyll a fluorescence quenching
analysis

Chlorophyll a fluorescence quenching analysis was measured
using a FluorCam imaging system (800-0, PSI, Czech Republic)
on the plants enclosed in the transparent boxes. The plants were
treated by diethyl ether for 5.5h and measured immediately still
under the effect of diethyl ether. Control plants were also enclosed
in the box before and during the measurement in order to
maintain the same optical conditions of the measurement. Before
measurements, the plants were dark-adapted for 20min. A
kinetics of three parameters—an effective quantum yield of
photosystem II (PSIL; ®yy;), excitation pressure on PSIT (1-qp),
and non-photochemical quenching of chlorophyll fluorescence
(NPQ) were evaluated after switching on actinic light (red light,
100 pmol photons m™ s™' PAR) and during subsequent dark
relaxation. @pg; was calculated as ®pg;=(Fy" - F)/Fy’, the
excitation pressure 1-gp=1 - (Fy' - F)/(Fy' - F,’), and
NPQ=(Fy - Fy')/Fy” (Maxwell and Johnson, 2000). Maximum
fluorescence in dark (Fy) and light-adapted state (Fy") was
determined by applying the 1.6s saturating pulse (blue light,
3,000 pmol photons m™ s~ PAR). The actual fluorescence signal
at the time 7 of actinic illumination (F,) was measured immediately
prior to the application of saturating pulse. Minimum fluorescence
in light-adapted state (F,") was estimated by the formula F," ~F,

/l(Fy - Fo)/Fy+F/Fy']. Fy (minimum fluorescence in
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dark-adapted state) was determined by applying several
p-seconds-long measuring flashes (red light, 0.1 pmol photons
m~ s~' PAR) at the beginning of the procedure. The data were
checked for homogeneity of variance and significant differences
were evaluated by Students t-test, if non-homogeneity was
present, Welch’s t-test was used instead (Microsoft Excel).

Measurements of fast chlorophyll a
fluorescence transient

To investigate the effect of diethyl ether mediated cross-
tolerance or priming on subsequent heat-stress response,
we measured fast chlorophyll a fluorescence transient. The
measurements were done in control plants and plants incubated
5.5h in diethyl ether. Then the plants were removed from the
boxes and after 30 min of their recovery (15min under dim light
and then 15min in darkness), leaves were detached from the
plants and incubated for 5 min in a water bath at room temperature
(RT) or at 40, 42, 43, 45, and 46°C (in darkness). Immediately after
the heat treatment, chlorophyll a fluorescence induction transient
(OJIP curve) was measured by a Plant Efficiency Analyzer
(Hansatech Instruments, United Kingdom) at RT from the adaxial
side of the leaves. Excitation light intensity of 2,500 pmol photons
m~> s~ PAR (red light) and 2s detection time were used for the
measurement. A maximal quantum yield of PSII photochemistry
was estimated as Fy/Fy=(Fy - F,)/Fy, where Fy; is maximal
fluorescence (corresponding to the fluorescence intensity in
P-level in the OJIP curve) and F, minimal fluorescence in dark-
adapted leaves (Maxwell and Johnson, 2000). The measured O(K)
JIP curves were normalized to variable fluorescence (Fy=F, - F,)
and to variable fluorescence at 2ms [Fy(umg = Foms — Fol in order to
better visualize a K-band indicating high temperature-induced
inhibition of oxygen evolving complex (Guissé et al., 1995;
Srivastava et al., 1997). The data were checked for homogeneity of
variance and significant differences were evaluated by Student’s
t-test, if non-homogeneity was present, Welch’s t-test was used
instead (Microsoft Excel).

Measurements of cell membrane
permeability for ions

For the determination of the extent of ion leakage from leaf
tissue, as a measure of cell membrane permeability for ions
associated with membrane damage and/or increased fluidity, leaf
disks (diameter of 12 mm) were cut out from leaves of the control
plants and plants, which had been incubated in diethyl ether for
5.5h before. Three leaf disks (representing one sample) were
immediately put into test tube containing 5 ml of deionized water
and incubated in water bath at RT or temperature of 42 or
45°C. The electrical conductivity (EC) of the solutions was
measured in 10 min intervals (at RT) or after 60 min of incubation
of the samples at a given temperature with a digital conductivity
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meter (GMH 3430, Greisinger, Germany). The total electrical
conductivity (ECy) was measured after autoclaving the samples for
15min at 121°C. The relative conductivity (%) was calculated as
EC/EC; 100. The data were checked for homogeneity of variance
and significant differences were evaluated by Student’s #-test, if
non-homogeneity was present, Welch’s ¢-test was used instead
(Microsoft Excel).

Results
Transcriptomic analyses

We performed transcriptomic studies with A. thaliana plants
that were exposed to diethyl ether anesthesia for 2.5h. Differential
expression analyses revealed that under anesthesia 9,914 genes
were not affected, 6,168 genes were upregulated and 6,310 genes
were downregulated at p<0.05 in comparison to control plants
(Figure 1). The complex lists of upregulated and downregulated
genes are available in Supplementary Table S1. For annotation and
categorization a gene product’s molecular function (MF), cell
compartment (CC) and associated biological process (BP) gene
ontology enrichment analyses (GO) were performed (Figure 2).
Among the top 20 downregulated processes in etherized plants
were biological processes (GO-BP) involved in photosynthesis,
chlorophyll/tetrapyrrole biosynthesis, amino acids metabolism,
and cofactor/coenzyme biosynthesis (Figure 2A). Not surprisingly,
the locations relative to cellular structures in which the
downregulated gene products perform a function (GO-CC) were
chloroplasts and thylakoid membranes (Figure 2C). Molecular
function activities (GO-MF) involved ligase, isomerase,
transferase, oxidoreductase, and galactosidase activities
(Figure 2E). Among the top 20 upregulated processes in etherized
plants were biological processes (GO-BP) involved in heat
response, response to chitin and bacterium, vesicle-mediated
transport, immune system responses, response to (organo)
nitrogen compounds etc. (Figure 2B). The locations where the
upregulated genes perform their function (GO-CC) were mainly
in endomembrane system (Figure 2D). The upregulated molecular
functions (GO-MF) were represented by protein degradation
(ubiquitin system), modification (phosphatases), folding (heat
shock protein binding), vesicular transport (clathrin and SNARE
binding), and calcium ion and calmodulin binding (Figure 2F).
The complex lists of significantly enriched GO terms are available

in Supplementary Table S2.

Proteomic analysis

To validate the RNA-seq data and to confirm if increased/
decreased level of mRNA is mirrored also on protein level,
we performed proteomic analysis of plants etherized for 5.5h.
This longer treatment was chosen based on the fact that proteins
have slower turnover rate than mRNA. Out of 5,150 proteins
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complete list of DEG is available as Supplementary Table S1.

Summary of the RNA-seq results and differentially expressed genes (DEG) in response to diethyl ether anesthesia in Arabidopsis thaliana. Volcano
plot representation of differential expression analysis of genes in the control vs. diethyl ether treated plants. Green and red points mark the genes
with significantly decreased or increased expression, respectively in diethyl ether treated plants compared to controls (p < 0.05). Blue points mark
the genes that are not significantly differentially expressed. The x-axis shows log, fold changes in expression and the y-axis the log; p values of a
gene being differentially expressed. On the right, top 20 upregulated and top 20 downregulated genes based on log, fold change are listed. The
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detected and identified, 393 proteins were significantly
upregulated, and 227 proteins were significantly downregulated
at p <0.05 in etherized plants in comparison to control plants. The
list of upregulated and downregulated proteins is available as
Supplementary Table S3. As in the case of RNA-seq experiment,
GO analysis was performed (Figure 3). Among the significantly
downregulated processes in etherized plants were biological
processes involved in chlorophyll/tetrapyrrole biosynthesis,
uronic acid and galacturonate metabolic processes and thiamine
metabolism (GO-BP, Figure 3A), which were located in different
parts of plastid/chloroplast and Golgi network (GO-CC,
Figure 3C). UDP-glucuronate 4-epimerase activity and Rho
GDP-dissociation inhibitor activity were the only two
significantly downregulated molecular functions (GO-ME
Figure 3E). Among the significantly upregulated processes in
etherized plants were biological processes involved in response to
cadmium/metal ions, responses to different biotic/abiotic stimuli,
response to heat etc. (GO-BP, Figure 3B) in different cell parts
(Figure 3D). The upregulated molecular functions (GO-MF)
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involved glucosyltransferase activity, xyloglucan/xyloglucosyl
O-beta-D-
glucosyltransferase activity, protein folding (heat-shock protein

transferase  activity and cis/trans  zeatin
binding, misfolded protein binding, and protein folding

chaperone) etc. (GO-ME Figure 3F).

Anesthesia with diethyl ether
downregulated chlorophyll metabolism
and upregulated heat shock proteins

When comparing RNA-seq experiments and proteomic
analyses one might notice that anesthesia with diethyl ether
upregulated genes and proteins involved in reparation of
misfolded proteins (mainly HSPs) and downregulated
photosynthesis/chlorophyll metabolism. Among other
processes were upregulation of endomembrane/vesicular
transport associated genes and downregulated vitamin/

thiamine metabolic processes. Indeed heat maps indicate that
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FIGURE 2

Gene ontology (GO) functional analysis of differentially expressed genes (DEGs) in Arabidopsis thaliana. The 20 most significantly (p < 0.05)
enriched downregulated GO terms in biological process (A), cellular component (C), and molecular function (E) branches in etherized plants
compared to control are presented. The 20 most significantly (p<0.05) enriched upregulated GO terms in biological process (B), cellular
component (D), and molecular function (F) branches in etherized plants compared to control are presented. All the adjusted statistically significant
values of the terms were negative 10-base log transformed. Asterisks (*) denote significantly different GO terms at p < 0.05. A complete list of GO

terms is available as Supplementary Table S2.
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upregulated in etherized plants

majority of HSPs mRNA/proteins were significantly upregulated
and mRNA/proteins involved in chlorophyll metabolism were
significantly downregulated (Figure 4). The proteins involved in
photosynthesis were significantly downregulated only in three
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(PsaO, Lhca5, and Lhca6) despite
transcriptional downregulation of many genes involved in

cases significant

photosynthesis (Figure 4). This was probably caused by the high
abundance of majority of photosynthesis-related proteins which
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accumulated 6-7 weeks before short diethyl ether treatment
(5.5h) what was a too short time to reverse the accumulation.
This is in line with chlorophyll concentration which did not
differ significantly between control and etherized plants (data
not shown).

Western blotting using commercial antibodies reacting
with different isoforms of heat shock proteins HSP70 and
HSP90 showed only negligible increase of HSP70 isoforms
(reacting with HSP70-1, HSP70-2, and HSP70-3) in response
to diethyl ether treatment, however antibodies against HSP90
reacting with HSP90-1 and HSP90-2 showed significant
increase in etherized plants. The key regulatory enzymes in
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chlorophyll biosynthesis glutamyl-tRNA reductase (GluTR or
HEMA)
oxidoreductase (POR) were also immunoblotted. The antibody

and  light-dependent  protochlorophyllide
against GIuTR reacting with two isoforms (HEMA1 and
HEMA?2) in Arabidopsis showed slightly higher enzyme
abundance in etherized plants but not significant. On the
contrary, POR was significantly less abundant in etherized
plants (Figure 5). The antibody against large subunit of Rubisco
(RbcL) and actin were used as loading controls and their
content was not affected by diethyl ether treatment as data
from proteomic analyses indicates. Western blotting analyses
confirmed RNA-seq and proteomic data.
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FIGURE 4
Heat maps showing the expression pattern of HSPs (A), chlorophyll metabolism (B), and photosynthesis-related genes (C) in Arabidopsis thaliana.
Log, fold changes in the mRNA (from RNA-seq experiment) and proteins (LC-MS/MS analysis) in diethyl ether treated plants compared to controls
(asterisk denote significant differences at p < 0.05, n = 4).

Diethyl ether induced calcium entry into
the cells

Because heat shock response and accumulation of HSPs were
attributed to the entry of Ca* into the cytosol (Saidi et al., 2009),
we measured [Ca*],, in transgenic A. thaliana plants expressing
APOAEQUORIN treated with coelenterazine for AEQUORIN
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reconstitution, in response to diethyl ether application. Within
few minutes after diethyl ether application, the rapid rise of
[Ca**]., signal was detected and the signal slowly decayed later
(Figure 6; Supplementary Video S1). To prove that the signal is
not an ultra-weak photon emission, the experiments were
repeated also with transgenic plants without coelenterazine
treatment. No clear signal in response to diethyl ether application
was detected (Figure 6; Supplementary Video S2) confirming
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Western blotting of selected proteins involved in heat stress
response and chlorophyll metabolism in Arabidopsis thaliana.
The same protein amount was separated in 10% (v/v) SDS-PAGE

and subjected to Western blot analysis. Antibodies against HSP70,

HSP 70

HSP 90

GIUTR

LPOR

RBCL

ACTIN

Ponceau

HSP90, GIUTR, LPOR, RbcL, and actin were used. The
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that the signal in AEQUORIN plants came from increased
[Ca2+]cyt'

Diethyl ether affected photosynthetic
parameters in etherized plants

Due to the significant effect of diethyl ether on chlorophyll
biosynthesis and photosynthesis, we investigated changes in
chlorophyll a fluorescence parameters reflecting transition of
photosynthetic apparatus from dark- to light-adapted state by
measurements of chlorophyll a fluorescence quenching analysis.
We found that etherized plants exhibited lower @y, higher 1-qP,
and lower NPQ during the first 30 s of actinic illumination. Later,
after steady-state conditions were achieved, higher ®@pgy;, lower
1-qP, and higher NPQ were found in etherized plants (Figure 7).

Diethyl ether anesthesia protected OEC
and PSIlI against subsequent heat stress

Because anesthesia induced HSPs, we decided to investigate a
possible protective role of diethyl ether anesthesia against
subsequent heat stress. Among the primary target of thermal
damage in plants is the oxygen evolving complex (OEC) in PSII,
which can be easily monitored by measurements of fast induction
kinetics of chlorophyll a fluorescence. We monitored the
appearance of K-step which is a sensitive indicator of OEC and
PSII damage (Lazar et al., 1997; Srivastava et al., 1997) in response
to increasing temperature. At room temperature, no clear K-step
was detectable, but increasing the temperature above 40°C for
5min resulted in appearance of K-step at about 0.5ms (Figure 8)
and decrease of maximum quantum yield of PSII (F,/F,, Figure 9).
Both the less pronounced K-step and the significantly reduced
decrease of F,/F,, upon increasing temperature in diethyl ether
exposed plants indicate protective effects of diethyl ether anesthesia
against high temperatures caused damage of OEC and PSIL
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FIGURE 6

The cytoplasmic Ca?* [Ca?*]. signals in whole Arabidopsis thaliana rosette expressing APOAEQUORIN in response to diethyl ether application.

(A) Representative images of selected time points of plants treated (upper row) and non-treated (lower row) with coelenterazine. (B) Time course
(0—250 min) of average [Ca?*].,: accumulation in whole rosette in response to diethyl ether application. Plants treated with coelenterazine (closed
circles) or without it (open circles). The diethyl ether was applied at time point 1 min. Means+SD, n = 4. The time lapse video of [Ca?*].,. is available

as Supplementary Videos S1, S2.
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Chlorophyll a fluorescence parameters in Arabidopsis thaliana. A
kinetics of effective photochemical quantum yield of PSII (@),
excitation pressure on PSII (1-gP), and non-photochemical
quenching (NPQ) of chlorophyll a fluorescence after switching
on actinic light (time point Omin) in control and etherized plants.
Asterisks denote significant difference at p < 0.01 (**)

and p < 0.05 (*), (Student t-test). Means+SD, n = 5 (Student's
t-test).

Diethyl ether increased membrane
permeability for ions in etherized plants
at room temperature

Because cell membranes including their permeability for ions
are strongly affected by higher temperatures (Saidi et al., 2009),

Frontiers in Plant Science

10.3389/fpls.2022.995001

we next investigated the effect of diethyl ether on ion leakage from
leaf samples. At room temperature, the relative electrical
conductivity was slightly but significantly higher in etherized
plants for the first 20 min of measurements indicating higher ion
leakage (Figure 10A). Later, the difference between etherized and
control plants were not significant probably due to longer
measuring period and recovery from diethyl ether treatment. In
an additional experiment, we compared the relative conductivity
of leaves exposed for 60 min to RT, 42 and 45°C. Typically, the
relative conductivity increased with increasing temperature
reflecting an increase in membrane permeability for ions due to
membrane changes not related to damage (leading probably to the
efflux of K* ions together with their counter ions, Demidchik et al.,
2014; Ilik et al,, 2018). Diethyl ether had no additional effect on
the ion leakage at higher temperature (Figure 10B).

Discussion

Recent studies showed that the anesthetic diethyl ether strongly
suppresses the sensing of different stimuli in plants (e.g., light,
touch, or wounding, Milne and Beamish, 1999; De Luccia, 2012;
Yokawa et al., 2018; Pavlovic et al., 2020; Bohm and Scherzer, 2021;
JakSova et al., 2021; Scherzer et al., 2022). Here we show it
concomitantly triggers also a strong cellular response. This omics-
based study demonstrates that exposure of plants to GVA diethyl
ether strongly reprogrammed gene expression in A. thaliana.
Among the most obvious upregulated genes/proteins were HSPs
(Figure 4), but also other heat responsive genes (e.g.,, WRKY
transcription factors, Cheng et al., 2021). Studies on animals also
found that GVA profoundly changed gene expression pattern
(Sergeev et al., 2004) and increased expression of HSPs (HSP-10,
HSP-27, and HSP70-1; Sergeev et al., 2004; Coghlan et al., 2018;
Upton et al., 2020). HSPs are essential components contributing to
cellular homeostasis under both optimal and detrimental
conditions and are responsible for protein folding, assembly,
translocation, and degradation during growth and development
(Park and Seo, 2015). They originally were described in relation to
heat shock (Ritossa, 1962) but are induced also by various stresses,
such as cold, osmotic stress, anoxia, salinity, water stress, UV-B
light etc. (Park and Seo, 2015). Several proposed models tried to
explain the increased expression of HSPs in response to heat stress.
The protein unfolding model suggests that heat-damaged proteins
in the cytoplasm presumably recruit the cytoplasmic chaperones,
thereby allowing inactive heat shock transcription factors (HSFs)
to undergo phosphorylation, oligomerization, and translocation to
the nucleus to transcribe HSP genes (Morimoto, 1998). The plasma
membrane model suggests that heat-induced increase of
membrane fluidity and changes in microdomain organization (i.e.,
lipid rafts) can generate a significant HSP expression (Horvath
et al,, 1998; Vigh et al., 2007; Saidi et al., 2009). Saidi et al. (2009)
showed that increased expression of HSPs is strongly dependent on
a preceding Ca*" transient through Ca®* permeable channel, which
is also activated by membrane fluidizers. Changes in membrane
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FIGURE 8
Effect of high-temperature treatment on chlorophyll a fluorescence induction transient in leaves of control and diethyl ether pre-treated
Arabidopsis thaliana plants. Detached leaves were incubated for 5 min in a water bath of given temperature in darkness. RT, room temperature.
The transients are normalized to variable fluorescence (Fy=Fy — Fo) or to variable fluorescence at 2ms [Fyemg=Fems — Fo; inlets]. Means+SD, n = 5

fluidity have been previously found to impact ion channel activity
(Collins et al., 1993). This may explain the increased HSP
expression after diethyl ether treatment in our study, because
diethyl ether also increased [Ca*'].,, (Figure 6) and ion leakage at
room temperature (Figure 10), membrane fluidity, and disrupted
lipid rafts (Lerner, 1997; Pavel et al., 2020). Significantly upregulated
GO-MF categories of “calcium ion binding” and “calmodulin
binding” are in accordance with the role of Ca** in signaling during
anesthesia (Figure 2F). This finding is partially interesting in the
view of recent studies showing that diethyl ether blocked wound-
induced glutamate-dependent Ca** transient and systemic response
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mediated by GLR channels in A. thaliana (Jaksova et al., 2021) and
D. muscipula (Scherzer et al., 2022). Different kinetics of these
[Ca’*].,, responses suggest participation of two different Ca*
channels. This different effect of diethyl ether on Ca®* transient in
response to wounding in etherized plants and ether itself is another
piece of evidence of complicated network of so called calcium
signature (McAinsh and Pittman, 2009). A third model for HSPs
induction suggests the role of reactive oxygen species (ROS). In
addition to their detrimental character, ROS are also considered as
important signaling molecules, which can induce expression of
HSPs (Volkov et al., 2006; Scarpeci et al., 2008; Driedonks et al.,
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2015). ROS formation after plant exposure to diethyl ether
anesthesia was recently documented in A. thaliana roots (Yokawa
etal., 2018, 2019).

The role of HSPs in multiple stress responses might explain
the phenomenon of cross-tolerance or priming, where exposure
to a certain stress factors improves tolerance to a subsequent
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FIGURE 9

Maximal quantum yield of PSIl photochemistry (F,/Fy) in leaves of
control and diethyl ether pre-treated Arabidopsis thaliana plants.
Detached leaves were incubated for 5 min in a water bath of
given temperature in darkness. RT, room temperature.
Means+SD, n = 5. Asterisks (***) indicate statistically significant
difference from untreated samples (p < 0.001; Student’s or

Welch's t-test).
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different stress factors in plants (Bowler and Fluhr, 2000;
Driedonks et al,, 2015; Nair et al, 2022). In animals, such
anesthetic preconditioning has been also suggested (Sergeev et al,
2004; Kitahata et al., 2008; Pagel, 2008). Therefore, we investigated
whether GVA application and HSP induction can protect plant
against subsequent heat stress by measuring a fast chlorophyll a
fluorescence induction. One of the target site for elevated
temperature-induced damage is PSII. Heat stress induces
detachment of OEC proteins, loss of cofactors (Mn) from PSII and
cleavage of D1 protein (Yoshioka et al., 2006). Our results showed
increased thermal stability of PSII in plants exposed to diethyl
ether for 5.5h prior to subsequent heat-stress (Figure 8),
indicating that diethyl ether provided protective role against heat-
stress probably through induced HSPs. Indeed, the experiments
of other authors demonstrated that HSPs can associate with
thylakoids and protects O, evolution and OEC proteins of PSII
against heat stress. It has been considered that HSPs in chloroplasts
do not participate in the repair of stress-related damage but rather
function as molecular chaperons to prevent protein denaturation
and aggregation (Downs et al., 1999; Allakhverdiev et al., 2008).
Saidi et al. (2009) also documented increased thermotolerance of
PSII after priming with membrane fluidizer benzylalcohol in
Physcomitrella patens, what is in accordance with our study.
Other class of genes/proteins upregulated by diethyl ether is
involved in vesicle-mediated transport (Figure 2D). This finding
is interesting and in accordance with a previous study, where it has
been shown that the 15% diethyl ether and 1% lidocaine
treatments slowed the rate of endocytic vesicle recycling in
Arabidopsis root epidermal cells (Yokawa et al., 2018). Although
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FIGURE 10

Relative conductivity reflecting ion leakage from leaf samples of Arabidopsis thaliana. (A) Relative conductivity at room temperature (RT) measured
in 10min intervals immediately after diethyl ether treatment and in control samples. (B) Relative conductivity after 60min incubation of leaf
samples at given temperature. Expressed in % of maximum conductivity measured in leaf samples with fully disintegrated membranes. Means+SD,
n=5. Asterisks (*) indicate statistically significant difference from untreated samples (p < 0.05; Student's or Welch's t-test).
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the mechanism involved remains unclear, these results indicate
that anesthetics alter normal membrane properties and interact
with vesicle trafficking in plants (Yokawa et al, 2019). The
important implication of this finding in plants is applicable for
presynaptic release of neurotransmitter in animal neurons. Worms
with altered sensitivity to GVA were found to have mutation in
syntaxin forming the SNARE complex that regulates presynaptic
neurotransmitter release (van Swinderen et al., 1999). Interestingly,
genes encoding “SNARE binding” were among enriched GO-MF
categories also in Arabidopsis (Figure 2F).

Our recent study has found inhibition of chlorophyll
accumulation during de-etiolization under diethyl ether anesthesia
in garden cress (Yokawa et al., 2018). In our experiments with
circadian grown plants, the chlorophyll a + b concentration was not
significantly different (data not shown) due to the high amount of
chlorophylls which were pre-synthetized 6-7 weeks before 5.5h
diethyl ether treatment. However, our analysis found that
chlorophyll biosynthesis is transcriptionally downregulated also in
mature circadian-grown plants, because 26 out of 34 genes
encoding proteins involved in tetrapyrrole biosynthesis were
significantly downregulated (Figure 4). This was mirrored also on
protein level (Figure 4). Concomitantly, the transcription of many
photosynthesis-related genes was also downregulated (Figure 4). If
this was a result of plastid to nucleus retrograde redox signaling
(e.g., through changes of redox state of plastoquinone pool
indicating by differences in 1-qP, Figure 7) or direct effect of diethyl
ether remains unknown. Recently, it was found that increased

10.3389/fpls.2022.995001

[Ca’*].,, which was also documented in this study (Figure 6), is
responsible for repression of LHCB genes mediated by MAP
kinases phosphorylation of ABI4 (Guo et al., 2016). Chlorophyll
metabolism is tightly regulated by different factors like heat, light,
cold, phytohormones and is also non-specific indicator of any plant
stress (Kruse et al., 1997; Tewari and Tripathy, 1998; Matsumoto
et al.,, 2004; Mohanty et al., 2006; Yaronskaya et al., 2006; Kobayashi
and Masuda, 2016). It is known for decades that GVA and lidocaine
inhibited photosynthetic reactions in isolated chloroplasts (Wu and
Berkowitz, 1991; Nakao et al., 1998). In our study, we measured
photosynthetic reactions by in vivo chlorophyll a fluorescence in
intact plants and we did not find anesthesia-induced inhibition of
photosynthesis. On the contrary, after reaching steady-state
conditions, the rate of photosynthetic electron transport (expressed
as Dyg;;) was even slightly higher in etherized plants (Figure 7).
Our study showed that plants under anesthesia with diethyl
ether had not only decreased ability to sense their environment
(Yokawa et al., 2018; Pavlovi¢ et al., 2020; Jak$ova et al., 2021;
Scherzer et al., 2022) but surprisingly also strongly reprogrammed
gene expression. The possible underlying mechanism involved
Ca’* entry into the cells through the effect on plasma membranes
and thus resembles the effect of heat stress (Figure 11). While the
effect on primary photosynthetic reactions is rather marginal in
etherized plants, exposure of plants to anesthetic may protect the
PSII against subsequent heat stress through the effect of cross-
tolerance or priming. This study has shown that the effects of
anesthesia and term anesthesia go far beyond consciousness and

FIGURE 11

gene expression (e.g., induction of HSPs). Created in BioRender.com.
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The hypothesis about similar action of diethyl ether anesthesia and heat stress on HSP expression. Both, anesthesia and heat stress fluidizes a
membrane and affect Ca?* channel function. The consequent Ca?* entry into the cytoplasm triggers signaling cascade leading to the changes of

Frontiers in Plant Science

21

frontiersin.org


https://doi.org/10.3389/fpls.2022.995001
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://BioRender.com

Pavlovi¢ et al.

modern medicine having wider implications for a variety of
organisms and deserve our further attention.
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Heat-shock and methyl-
jasmonate: The cultivar-specific
responses of pepper plants

Ginés Otalora*, Maria Carmen Pifiero,
Jacinta Collado-Gonzalez, Amparo Galvez,
Josefa Lopez-Marin and Francisco M. del Amor*

Department of Crop Production and Agri-Technology, Murcia Institute of Agri-Food Research and
Development (IMIDA), Murcia, Spain

Frequency, intensity and duration heat-related events have profound
implications for future food supply through effects on plant growth and
development. This concern needs effective and urgent mitigation tools.
However, the effectiveness of potential solutions may decrease according to
the specific cultivar response rather consider at specie level. The metyl-
jasmonates are essential cellular regulators which are involved in pivotal
plant development processes and related to confer protection to heat shock.
Thus, our aim was to study the response of three pepper cultivars, Agio
(Hungarian type), Basque (Chilli type), and Loreto (Lamuyo type), subjected to
heat shock (40°C/72 h) and foliarly-sprayed with methyl-jasmonate (MeJA; 100
pmol), and the effects on several physiological traits. Our results show that
despite the important differential impact of heat shock caused on each cultivar,
MeJA application did not affect gas exchange, chlorophyll A concentration or
efficiency of the photosystem in these cultivars. However, P concentration was
reduced when MeJA was applied to Basque chilli, and a significant effect on leaf
carbohydrates concentration was observed for Agio and Loreto. Moreover,
Agio was the only cultivar in which the amino-acid profile was affected by MeJA
under heat shock. Under that condition, putrescine increased for all cultivars,
whist the effect of MeJA was only observed for spermine and histamine for Agio
and Loreto. Thus, the results indicated that the ameliorative impact of MeJA on
this stressor was clearly influenced by cultivar, revealing specific traits. Thus,
these results could be used as valuable tools for the characterization of this
intraspecific tolerance to heat shock during the vegetative growth stage
of pepper.

KEYWORDS

Capsicum annuun L., mineral concentration, polyamines, sugars, sustainable strategic
management, thermotolerance
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Introduction

The current climate crisis demands challenging solutions
from agronomists, who have to cope with the new requirements
of food and nutrition security, sustainability, and economic
welfare (Dhankher and Foyer, 2018). However, the increase in
food production under the context of non-optimal climate
conditions for crop production (as a result of the increase in
frequency and intensity of heat waves), may exceed the
physiological thresholds of tolerance of many crops (Russo
et al., 2014; Christidis et al., 2015). In Europe’s ecosystem, the
gross primary production was reduced by 30% during the
heatwave in the summer of 2003 (Ciais et al., 2005), while in
the Russian heat wave in summer 2010, this impact was
aggravated and estimated at 50% (Bastos et al., 2013).
Consequently, new studies to increase product yield whilst
maintaining quality are urgently required. Thus, this forces
farmers to look for new and more efficient technologies in
crop management along with more resilient crop varieties. In
fact, changing cultivars could be a useful strategy for climate
crisis (Waha et al,, 2013), although ignoring cultivar effects,
especially for heat stress intensity, could provide biased results
and introduce errors in the climate impact assessment results
(Rezaei et al., 2018). Presently, it is becoming more frequent to
read reports about significant reductions in major crops
worldwide (Tito et al., 2018), in which the sensitivity to high
temperatures is not only dependent on stress intensity and
duration but greatly varies among species (Weng and Lai,
2005) and cultivars (Camejo et al., 2005; Balla et al., 2019).
Thus, this stressor can differentially affect plant development
and yield and quality, comprising molecular, biochemical,
physiological, and morphological alterations (Zandalinas et al,
2018), with their identification and quantification being of
paramount importance to achieve the required higher tolerance.

Methyl jasmonate (MeJA) is a natural plant growth regulator
that was found to be active in many physiological processes. For
example, it can induce some specific proteins that are similar to
those induced by heat shock (Weidhase et al., 1987). It was
recently indicated that both MeJA biosynthesis and signaling are
required for thermotolerance in Arabidopsis (Clarke et al., 2009;
Kazan, 2015), thus underlining the importance of the exogenous
application of MeJA to confer heat tolerance to horticultural
crops. On the other hand, heat stress (HS), defined as short-term
temperature increases above the optimum range (Wahid et al,
2007) threatens crop productivity in many areas of the world
given the prediction of extreme conditions, and urgently
highlights the lack of readiness of our current crop genotypes
to cope with future climate extremes (Chavan et al., 2019). Heat
shock stress has a complex effect on crops, and to further
improve sweet pepper plant tolerance, it is necessary to
evaluate and characterize the various mechanisms involved in
this crop’s tolerance. However, not enough research has been
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conducted to compare the main abiotic stress-tolerance traits of
sweet pepper cultivars. This crop has been pointed out as
sensitive to heat stress, which affects yield and fruit quality
(Mateos et al., 2013). Thus, the assessment of heat tolerance in
this crop is important in climate-response breeding programs.

Sweet pepper is an important crop species in the
Mediterranean-climate areas worldwide, which are some of the
climate regions most impacted by the climate crisis (Woetzel
et al, 2020). Therefore, the importance of our research is
twofold: to gain insights into the physiological processes of
the response of pepper to heat stress in relation to the
response to MeJA, and to elucidate the way in which these
responses are modulated by cultivar. Consequently, we studied
photosynthesis and chlorophyll fluorescence, mineral content,
carbohydrates, polyamines, and the amino acid profile. The
information gained about the role of these traits could
establish new ways for managing plant resilience to severe heat
waves for this crop.

Material and methods

Plant material, growth conditions,
and treatments

Three pepper cultivars (Capsicum annuum L.) Basque chilli
(Chilli pepper type; Ramiro Arnedo Spain S.A.U.), Loreto
(Lamuyo type; Syngenta Spain S.A.U.) and Agio (Hungarian
type, Nunhems Spain S.A.U.) were obtained from a commercial
nursery. Homogeneous pepper seedlings were selected and
transplanted into black 5 L containers filled with coconut coir
fiber (Pelemix, Alhama de Murcia, Murcia, Spain). Irrigation
was supplied by self-compensating drippers (2 L h™'). Nutrient
solution drainage was monitored to avoid salt accumulation and
ionic interference in the rhizosphere, and fresh nutrient solution
was provided with minimum drainage of 35%. The experiment
was carried out in a climate chamber, as described in del Amor
et al. (2010).The acclimation stage lasted 18 days, and the
environmental conditions were 60% relative humidity, 16/8 h
day/night photoperiod, 26/18°C, and photosynthetically active
radiation (PAR) of 250 pmol m™ s™*. The nutrient solution
(modified Hoagland solution) contained the following minerals:
NO;3 :12.0; H,PO;:1.0; SO3™:3.5; K":7.0; Ca*":4.5; Mg**:2.0.
Plants were subjected to heat stress for 72 h in the climate-
controlled chamber and the temperature was increased to 40/33/
28°C for 12/4/6h and 18/8h day/night photoperiod. At the
beginning of the stress period, half of the plants were
homogenously sprayed a solution containing MeJA (100uM)
and 0.01% Tween-20 as the surfactant. Phenotype picture
(control plants) is provided in Supplementary Figure 1. Six
plants were analyzed per each treatment (sprayed and non-
sprayed and heat treatments for 72 h).
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Gas exchange

The net CO, assimilation (ACO,), internal [CO,] (Ci),
transpiration rate (E), and stomatal conductance (gs) were
measured in the youngest fully-expanded leaf of each plant,
using a CIRAS-2 (PP system, Amesbury, MA) with a PLC6 (U)
Automatic Universal Leaf Cuvette, measuring both sides of the
leaves. The cuvette provided light (LED) with a photon flux of
1,300 m-2 s-1, 360 or 800 umol mol-1 CO2, a leaf temperature of
25°C, and 75% relative humidity. The intrinsic water use efficiency
(WUE) of leaf gas exchange was calculated from the gas exchange
data as ACO,/E, where ACO, is the carbon assimilated through
photosynthesis, and E is the amount of water lost via transpiration.

Chlorophyll content and fluorescence

Chlorophylls were extracted from samples of the youngest
leaf with N,N dimethylformamide, for 72 h, in darkness at 4°C.
Subsequently, the absorbance was measured in a
spectrophotometer at 750, 664, and 647 nm, and the quantities
of Chlorophylls a (Chl a), b (Chl b), and a+b (Chl a+b) were
calculated according to the method by Porra et al. (1989). On the
leaf used for gas exchange, the dark-adapted maximum
fluorescence (Fm) and minimum fluorescence (Fo), and the
light adapted, steady-state chlorophyll fluorescence (F) and
maximum fluorescence (Fm’) were measured with a portable
modulated fluorometer, model OS-30P (Opti-Science, USA).
The ratio between the variable fluorescence from a dark-
adapted leaf (Fv) and the maximal fluorescence from a dark-
adapted, youngest fully-expanded leaf (Fm) - called the
maximum potential quantum efficiency of photosystem II (Fv/
Fm) - was calculated. A leaf clip holder was placed on each leaf to
maintain dark conditions for at least 30 min before reading.

Mineral composition

The leaf anion concentrations were determined in dry
matter, as previously described by Pifero et al. (2016). The
anions were analyzed in an ion chromatograph (Metrohm 861
Advanced Compact IC; Metrohm 838 Advanced Sampler); the
column used was a Metrohm Metrosep A Supp7 250/4.0 mm.
The cation concentrations were analyzed on lyophilized leaves
(0.1 g) according to Otalora et al. (2018), by acid digestion, using
an ETHOS ONE microwave digestion system (Milestone Inc.,
Shelton, CT, USA).

Sugars content

Leaf sugars (glucose, fructose, and sucrose) were determined
in leaves by ion chromatography, using an 817 Bioscan
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(Metrohm, Herisau, Switzerland) system equipped with a
pulsed amperometric detector (PAD) and a gold electrode.
The column used was a Metrohm Metrosep Carb 1-150 IC
column (4.6 x 250 mm), which was heated to 32°C.

Polyamines

The polyamines content were determined according to Del
Rodriguez et al. (2001), with modifications. Pepper leaf samples
(5 g), previously stored at -80°C, were mixed with 5 mL of
perchloric acid (5%), homogenized for 2 min, and kept for 1 h
under refrigeration with periodic stirring, and centrifuged at
5000 x g for 8 min. The supernatant, containing free polyamines,
was placed in plastic jars and kept in a freezer at -20°C until use.
Free polyamines were benzoylated, 1 mL of sample was taken
and mixed with 1 mL of 2 M NaOH and 20 uL of benzoyl
chloride. The mixture was stirred in a vortex mixer for 15 s and
allowed to rest for 20 min at room temperature. Subsequently, 4
mL of a saturated sodium chloride solution were added, and the
system was stirred while 2 mL of diethyl ether were added. The
system was left to rest for 30 min at -20°C. Then, 1 mL of the
diethyl ether phase was taken and evaporated. The residue was
re-suspended in 0.5 mL of acetonitrile/water (56/44 v/v). The
polyamines present were analyzed with an ACQUITY UPLC
system (Waters, Milford, MA, USA) equipped with a UV
detector (230 nm) and a reversed-phase column (ACQUITY
UPLC HSS T3 1.8 um, 2.1 x 100 mm), at 40°C. A mixture of
acetonitrile/water (42/58 v/v) was used as the elution solvent,
with a flow rate of 0.55 mL/min.

Free amino acids

Free amino acids were extracted from leaves frozen at -80°C.
The pepper leaves were analyzed with the AccQ-Tag-ultra
performance liquid chromatography (UPLC) method [Waters,
UPLC Amino Acid Analysis Solution. Waters Corporation,
Milford, MA (2006)] equipped with a fluorescence detector, as
described in Pifiero et al. (2017). The amino acids measured were
(Arg) arginine; (Ala) alanine; (Asp) aspartic acid; (Ser) serine;
(His) histidine; (Ile) isoleucine; (Leu) leucine; (Phe)
phenylalanine; (Met) methionine; (Pro) proline; (Gly) glycine;
(Thr) threonine; (Lys) lysine; glutamic acid (Glu) and
(Val) valine.

Statistical analysis
The data were tested first for homogeneity of variance and
normality of distribution. Significance was determined by

analysis of variance (ANOVA), and the significance (p < 0.05)
of differences between means was tested with Duncan’s Multiple
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Range Test using Statgraphics Centurion® XVI software
(StatPoint Technologies, Inc). Each treatment had six replicates.

Results

Leaf gas exchange and chlorophyll
fluorescence parameters

The effect of the imposed heat stress was different depending
of the cultivar studied. The induced heat shock wave produced a
significant increase in the net photosynthetic rate for all
cultivars, with this effect being cultivar-dependent (Figure 1A).
Thus, the impact of the stress was significantly higher for the
Basque chilly, as shown by the increased leaf photosynthesis of
27.7%, as compared with the less affected cultivars Hungarian
type (Agio) or Lamuyo type (Loreto), with an increase of 22.3%
and 18.3%, respectively. The application of MeJA before stress
had a relatively minor effect on the three cultivars, but Loreto
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FIGURE 1

Effects of heat shock and MeJA on (A) the net CO, assimilation rate (Acoy), (B) transpiration (E), (C) stomatal conductance (gs), and (D) intrinsic
water use efficiency (WUE) in leaves of the three pepper cultivars. Values are means + SE. Different letters indicate significant differences
between treatments according to Duncan'’s test at the 95% confidence level. The * refers to significant differences at the level of p < 0.05;

**p < 0.005; ***p < 0.001; n.s., not significant. C is cultivar; T is temperature.
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showed the highest photosynthetic values. The response for leaf
stomatal conductance and transpiration, and consequently
intrinsic water use efficiency, were less affected among
cultivars, as compared to the data observed for leaf
photosynthesis, with the effect of the cultivar being not
significant. As expected, the transpiration rate (Figure 1B) was
higher when heat stress was applied, although the effects of the
cultivar and MeJA were not significant. Accordingly, intrinsic
water use efficiency (Figure 1D) had the same effect. The
response for leaf stomatal conductance (Figure 1C) with
increasing temperature was not affected in the three cultivars.
The impact of heat stress on chlorophyll A (Chll A)
concentration (Figure 2A) was remarkable in Agio, but not for
Basque chilli or Loreto. However, chlorophyll B (Chll B)
(Figure 2B) was clearly affected in the three cultivars to a large
extent. Thus, when cultivars were subjected to heat stress for
72 h, a significant leap was observed for Chll B in Basque chilli
and Agio (47.9% and 115.1%) although this was lower for Loreto
(12.4%). The application of MeJA caused no impact on Basque

Cns
T s
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Effects of heat shock and MeJA on (A) Chlorophyll a, (B) Chlorophyll b, (C) total Chlorophylls (a+b), and (D) the maximum potential quantum
efficiency of photosystem Il (Fv/Fm) in leaves of the three pepper cultivars. Values are means + SE. Different letters indicate significant
differences between treatments according to Duncan’s test at the 95% confidence level. The * refers to significant differences at the level of p <

0.05; ***p < 0.001; n.s., not significant. C is cultivar; T is temperature.

chilli or Loreto, although Agio showed the highest response
(reducing the observed increase in Chll B due to heat stress to
74.5% with respect the non-stressed plants). In addition, a
similar effect as Chll B was found for total chlorophylls
(Figure 2C), as Chll B, was a major component of this
parameter. Moreover, we found a weak effect of both
treatments on chlorophyll fluorescence (Figure 2D) and only
Agio showed a slight increase (1.3%) with heat shock, although
the application MeJA did not have a significant effect.

Leaf mineral concentration

Leaf nitrate concentration significantly increased in the three
studied cultivars after heat stress, with Basque chilli being the
most responsive, with an increase of 26.7%, followed by Loreto
(19.4%) and Agio (18.4%) with respect of non-stressed plants for
the same cultivar (Table 1). The concentrations of phosphates,
sulfates, and chlorides concentration were more affected
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according to cultivar. Loreto showed a clearly distinctive
pattern with heat stress, with a significant reduction observed
for phosphates and chlorides, whilst the increase in sulfates was
more attenuated as compared with Basque chilli and Agio.
Loreto was also the cultivar where the addition of MeJA
resulted in a reduction of nitrate concentration as compared
with stressed plants, without significant differences observed
with respect to non-stressed plants. The concentration of
cations varied among cultivars (Tables 2, 3). Control plants of
Basque chilli showed the lowest Ca concentration, whilst Loreto
had the highest P and Mg concentrations. When subjected to
heat stress, the Basque chilli cultivar was less affected with
respect to the cation concentrations, but interestingly, MeJA
attenuated the accumulation of P after heat stress. Agio had a
similar response for P, but this effect was not observed for
Loreto, which prompted the highest Na concentration in the
leaves. Micronutrients (Table 3) concentrations were markedly
affected, where B concentration increased by 17.6% and 33.8%,
respectively, in Basque chilli and Agio, by the heat stress. Loreto

frontiersin.org


https://doi.org/10.3389/fpls.2022.1014230
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Otalora et al.

10.3389/fpls.2022.1014230

TABLE 1 Effects of heat shock and MeJA on leaf anion concentration (g kg™t DW) of the three pepper cultivars.

Cultivar Treatment Chlorides
BASQUE CHILLI Control 1.06 + 0.10 ¢
40°C 0.96 + 0.06 bc
40°C + MeJA 0.97 + 0.03 be
AGIO Control 1.01 + 0.08 be
40°C 117 £ 0.12 ¢
40°C + MeJA 0.99 + 0.07 be
LORETO Control 0.76 £ 0.07 b
40°C 0.48 £ 0.05 a
40°C + MeJA 044 £ 0.05a
ANOVA Cultivar (C) b
Temperature (T) ns
CxT ns

Nitrates Phosphates Sulfates

39.29 + 1.12 abc 14.05 + 0.40 bc 6.08 +0.19 a

49.77 + 1.88 de 17.72 £ 0.56 d 7.17 + 0.36 abc
49.06 + 2.09 de 13.66 + 0.88 bc 6.86 + 0.58 ab
43.90 + 4.02 cd 13.95 + 2.10 be 6.82 + 0.78 ab
5198 £ 1.34 e 16.94 + 091 cd 844 + 024 c
53.65 £ 1.90 e 16.40 + 0.70 cd 8.50 + 0.30 ¢
3446 + 143 a 16.54 + 2.10 cd 7.12 %+ 0.20 abc
41.15 + 1.37 be 11.18 + 0.79 ab 7.60 + 0.41 bc
36.74 £ 1.82 ab 971 +1.02a 6.67 + 0.52 ab

bk ok *

bk ns *

ns e ns

Values are means + SE. Different letters indicate significant differences between treatments according to Duncan’s test at the 95% confidence level. The * refers to significant differences at the

level of p < 0.05; **p < 0.005; ***p < 0.001; n.s., not significant.

showed differences for Cu and Zn (which increased 50.8% and
15.84%), while Mn concentration was affected in Agio and
Loreto (42.3% and 82.7%), although Basque Chilli did not
show a significant difference for this macronutrient after heat
stress. MeJA did not affect the response of leaf micronutrients in
the pepper plants subjected to heat stress.

Leaf sugars concentration

The heat stress differentially impacted the cultivars, and the
leaf carbohydrates concentrations varied by cultivar (Figure 3).
Glucose concentration was not altered by heat in Basque chilli,
but Agio and Loreto increased its concentration in a similar way
(52.7% and 52.5%) as compared with the non-stressed plant of
the same cultivar. However, fructose was only increased in Agio

(16.8%) when heat shock was applied. On the other hand,
sucrose was noticeably impacted in Basque chilli, which was
the only sugar affected in this cultivar after stress (61% increase).
The behavior of sucrose for Agio was similar to Basque chilli,
while Loreto experienced a significant increase for this
carbohydrate when MeJA was applied.

Polyamines

MeJA had an important effect on the putrescine
concentration and showed similar results for all cultivars
(Figure 4). Thus, while heat stress significantly reduced
putrescine by 55.1%, 71.5%, and 85.5% for Chilli, Agio and
Loreto, with respect non-stressed plants, the application of MeJA
to the stressed ones remarkably increased putrescine

TABLE 2 Effects of heat shock and MeJA on leaf cation concentration (g kg'1 DW) of the three pepper cultivars.

Cultivar Treatment Ca K Mg Na P
BASQUE CHILLI Control 928 +0.22a 5748 +1.40 a 508 +0.14 a 0.15+0.01 a 472+013a
40°C 10.28 £ 0.27 a 61.02 + 1.87 ab 5.71 +0.29 abc 0.16 + 0.01 a 5.92 + 0.08 cd
40°C + MeJA 9.90 +0.28 a 59.73 £ 1.25 ab 5.54 + 0.31 ab 0.18 + 0.01 ab 5.05 + 0.29 ab
AGIO Control 14.36 + 0.68 cd 58.86 + 2.49 ab 5.04+0.28 a 0.19 + 0.02 abc 5.20 + 0.40 ab
40°C 15.33 + 0.69 de 59.59 + 1.58 ab 5.60 + 0.25 abc 0.20 £ 0.01 abc 5.89 +0.17 cd
40°C + MeJA 1642 + 0.78 e 62.88 + 2.15 ab 5.67 + 0.24 abc 0.23 + 0.02 bed 5.44 +0.12 bc
LORETO Control 13.90 + 0.71 bed 6241 + 1.26 ab 6.05 + 0.21 be 0.24 £ 0.01 cde 592 +0.32 cd
40°C 13.34 + 0.58 bc 64.01 £ 0.96 b 6.41 £0.17 ¢ 0.27 £ 0.01 de 6.88 +0.10 e
40°C + MeJA 1240 £ 0.34 b 6373+ 1.49b 6.05 + 0.17 be 0.30 £ 0.02 e 6.49 + 0.17 de
Cultivar (C) otk * ot ok ok
ANOVA Temperature (T) ns ns ns * o
CxT ns ns ns ns ns

Values are means + SE. Different letters indicate significant differences between treatments according to Duncan’s test at the 95% confidence level. The * refers to significant differences at the

level of p < 0.05; **p < 0.005; ***p < 0.001; n.s., not significant.
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TABLE 3 Effects of heat shock and MeJA on leaf cation concentration (mg kg™t DW) of the three pepper cultivars.

Cultivar Treatment B Cu Fe Mn Zn

BASQUE CHILLI Control 3383 +1.26 a 7.67 £0.72 a 122.12 £ 6.51 ab 1258 + 1.13 a 48.83 £2.07 a
40°C 39.77 £1.24 b 10.94 + 0.97 be 116.05 £ 3.30 a 15.88 + 1.57 ab 62.75 + 1.98 b
40°C + MeJA 40.93 + 0.58 b 9.95 + 1.43 abc 11422 £ 498 a 12.02 + 1.54 a 56.75 + 4.43 ab

AGIO Control 31.06 £ 1.54 a 718 £ 051 a 118.36 + 4.36 ab 12.54 £ 190 a 66.05 + 6.17 be
40°C 4155+ 1.35b 8.77 £ 0.77 ab 115.89 £3.39 a 17.85 £ 1.96 b 76.12 £ 352 ¢
40°C + MeJA 42,13 £ 094 b 8.45 + 0.67 ab 11573 £2.25a 18.48 £ 1.33 b 74.58 +2.02 ¢

LORETO Control 3043 +244 a 7.76 £ 0.86 a 125.57 + 8.76 ab 1131+ 144 a 77.38 £ 398 ¢
40°C 33.56 + 0.64 a 11.70 £ 0.63 ¢ 133.09 £ 4.09 b 20.66 £ 0.76 b 99.06 + 3.58 d
40°C + MeJA 32.50 £ 0.70 a 12.40 £ 0.76 ¢ 128.41 + 6.89 ab 19.05 £2.22 b 89.64 £3.92d
Cultivar (C) ok * * * ok

ANOVA Temperature (T) bl oex ns b oeE
CxT * ns ns ns ns

Values are means + SE. Different letters indicate significant differences between treatments according to Duncan’s test at the 95% confidence level. The * refers to significant differences at the

level of p < 0.05; ***p < 0.001; n.s., not significant.

concentration by 213.9%, 174.3% and 297.6%, respectively. The
results for spermidine were more attenuated and only the Basque
chilli showed a significant effect on the MeJA application.
Spermine concentration also increased after MeJA application
as compared with stressed plants without MeJA, but only for
Basque chilli and Agio (37.9% and 46.7%), with no significant
differences observed for Loreto. Cadaverine showed a pattern
similar to spermidine. Histamine concentration was also
reduced after 72 h of the imposed stress by 44.8%, 39.2%, and
38.5% for Basque chilli, Agio and Loreto, respectively, but the
application of MeJA before stress restored them to non-
stressed values.

Free amino acids

The leaf amino acid concentration in the studied cultivars
had a broad and diverse response to heat stress. Thus, the Basque

chilly response was the most attenuated to both heat stress and
MeJA (Figure 5A), whilst the Agio (Figure 5B) and Loreto
(Figure 5C) cultivars showed a more specific response. Agio
showed a remarkable effect after the application of MeJA before
heat stress and the amino acids histidine, serine, arginine,
threonine, valine, and isoleucine were significantly affected and
as compared with stressed plants, the concentrations in the leaf
increased by 144.5%, 102.5%, 220.3%, 174.5%,104.6%, and
105.5%, respectively. These increases were also very significant
although lower when these were compared with the MeJA
amendment and with the non-stressed plants. In the case of
Loreto, the application of MeJA had a very reduced effect, with
the response mainly attributed to the heat stress alone. In this
case, we observed differences for Arginine, Alanine, Proline, and
Lysine, and the decreases (instead of increases reported for Agio)
were (compared with the non-stressed ones) 20.9%, 40.1%,
46.4%,35.0%.The most abundant amino acids found in the
three untreated pepper cultivars were Ser,Arg, Asp, Ala and
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Glu, representing around 70%, 75%, and 73% of the total amino
acids in Basque chilli, Agio, and Loreto, respectively. MeJA
applied to Basque chilli and Loreto pepper plants had a lesser
effect on the content of these compounds than in Agio
pepper plants.

Table 4 shows the percentage of variance attributable to
temperature, variety, and their interaction on pepper amino acid
content. Temperature X variety was the most dominant factor
for the concentrations of Ser, Arg, Gly, Asp, Thr, Met, Ile, and
total amino acids.Temperature was the most dominant factor of
variation for the concentrations of Ala and Glu. Variety was the
most dominant factor of variation for the concentrations of His,
Pro, Lys, Val, Leu, and Phe.

Discussion

Our data showed that the imposed heat stress had a positive
effect on increasing leaf net CO2 assimilation rate for all the
studied cultivars. Griffin et al. (2004) reported that Rubisco, the
central enzyme of photosynthesis, is disrupted if the temperature
increases from 35°C, stopping the photosynthetic process. That
reduction in the photosynthetic process has been attributed to
the inhibition of photosystem II in the thylakoid membrane,
which impairs chlorophyll fluorescence (Chen et al., 2017) while
decreasing stomatal conductance and transpiration (Fahad et al.,
2016). However, these effects attributable to stomatal closure
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and/or inhibition of the inactivation of Rubisco, and the loss of
chlorophyll contents (Ristic et al., 2008) were not detected in our
experiment with pepper at a higher temperature, which
increased or maintained Chlorophylls (a+b) content whilst
increasing leaf transpiration, although WUE was reduced. The
resilience of the photosynthetic machinery to high temperatures
was also reported in our previous work with sweet pepper and
elevated CO2 concentration during the vegetative growth stage
(Pérez-Jimenez et al, 2019). At this point, we agreed with
Rizhsky et al. (Rizhsky et al., 2002) who also indicated that
high temperatures do not impair photosynthesis along with the
intensification of the stomatal conductance. However, Pagamas
and Nawata (2008) and Lee et al. (2018) pointed out the
beneficial effect of high temperature on vegetative parameters.
Interestingly we observed a differential response for Agio, where
chlorophyll B clearly increased in concentration by heat (a
similar response for all cultivars), but chlorophyll A was
reduced. In squash, Ara et al. (2013) reported that Chl. B
degraded more drastically under high temperature than Chll
A, with the destruction of photosynthetic pigments under heat
stress providing a clue for determining thermotolerance.
However, Zhou et al. (2015), when screening heat tolerance
for tomato genotypes, observed that heat stress led to a
significant increase in the content of Chll A, Chl. B, and total
chlorophyll contents in the heat-tolerant group, while in the
heat-sensitive group, a significant decrease in the pigment
contents was observed. In our experiment only Agio was
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Effects of heat shock and MeJA on leaf amino acids concentration (umol L) of the three pepper cultivars [(A) Basque chilli, (B) Agio and

(C) Loreto]. Values are means + SE. Different letters indicate significant differences between treatments according to Duncan'’s test at the 95%
confidence level. The * refers to significant differences at the level of p < 0.05; **p < 0.005; ***p < 0.001; n.s., not significant.

TABLE 4 Percentage of variance attributable to temperature, variety and their interaction for each amino acid of the three pepper cultivars.

Temperature (%) Variety (%) Temperature x variety (%) Residual (%)
His 17.26 ** 26.54 19.47 * 3671
Ser 4.80 NS 12.13 * 36.14 ¥+ 46.92
Arg 533 NS 35.80 ¥+ 38.98 ¥+ 19.87
Gly 0.87 NS 20.03 * 24.04 % 55.05
Asp 1.65 NS 7.08 NS 12.68 NS 78.57
Glu 19.83 ** 325 NS 37.97 ¥+ 38.93
Thr 1012 % 18.83 ** 30.73 ¥+ 4029
Ala 25.05 ** 16.56 * 12.07 NS 46.31
Pro 17.57 ** 29.70 ** 13.01 NS 39.70
Lys 9.66 NS 17.55 * 16.87 NS 55.90
Met 0.67 NS 20.80 * 26.88 * 51.64
Val 232 NS 23.34 ** 2048 * 53.84
Leu 4.17 NS 23.68 ** 2022 51.92
Phe 0.33 NS 26.36 ** 17.89 * 55.41
Tle 0.47 NS 2213 ** 23.07 * 5432
Total aas 1120 * 13.56 ** 42,68 ¥+ 3255

Statistically significant at *p < 0.05, **p < 0.01 and ***p < 0.001, respectively. NS, not significant.
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affected (reduced Chll A content), and despite Chll A being a
primary electron donor in the electron transport chain and the
primary pigment in photosynthesis, photosynthesis was not
affected after heat stress in this cultivar. Moreover, an increase
in Chll B was identified for all cultivars, probably attributed to an
adaptation to high temperature for this species. The application
of MeJA did not increase any gas exchange parameters beyond
the temperature effects alone.The concentrations of leaf mineral
nutrients were different under non-stressed conditions for the
three cultivars. This is in agreement with the results from
Ropokis et al. (2018), which uptake of nutrients was different
under the same water regime, nutritional supply, and
environmental conditions. Under heat stress, leaf NO3-
concentration was significantly increased, although this
increase was different depending on the cultivar, with Loreto
being the least responsive. However, MeJA did not alter the
response of the stressed cultivars. Huang et al. (Huang et al,
2017) indicated that exogenously applied jasmonate was related
with inhibition of primary root growth. The effect of MeJA on
root morphology could trigger alterations in nutrient uptake,
especially under this stress condition, although a marginal effect
was found for these pepper cultivars. This smaller effect can be
attributable to the reduced time (72h) of the application to
harvest, which reduced the effect on the accumulated growth.
Sugar can act as signal molecules in the leaves, playing a pivotal
role in regulating development, and triggering leaf senescence
(Van Doorn, 2008; Reinbothe et al, 2009). Sugars can also
impair photosynthesis when overcoming threshold
concentrations (Zhang and Zhou, 2013). In tomato, the
maintenance or higher levels of non-structural carbohydrates
in mature leaves were associated with heat tolerance under
short-term heat stress (Zhou et al,, 2017). Sucrose, the final
product of photosynthesis, can either act as a signaling molecule
or become a reactive oxygen species scavenger, at low or high
concentrations, respectively (Frank et al., 2009), with the latter
protecting the plants from cellular damages and degradation of
pigments such as chlorophylls. Our data showed that heat shock
had an impact on the plants, especially for the Agio cultivar, in
which glucose, fructose and sucrose were clearly reduced when
MeJA was applied; however, an increase in sucrose
concentration was observed in Loreto. Such alterations in
carbohydrate concentration did not impair CO2-fixation.
Gomez et al. (2010) pointed out in tomato that MeJA
produced a rapid increase in leaf export of photosynthates,
which did not occur in pepper.

Recent works have indicated that endogenous polyamines
could participate in sustaining membrane integrity in
cauliflower, as protectors against damage under stress
conditions, through the stabilization of cell membranes
(Collado-Gonzalez et al., 2021a; Collado-Gonzalez et al.,
2021b), and therefore, they could have an effect in delaying
leaf-related-senescence disorders. As previously indicated for
other species, the collateral effect of MeJA associated with early
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senescence, can be effectively counteracted by the increase in the
concentration of endogenous polyamines in specific pepper
cultivars. Thus, in our stress conditions, this remarkable effect
of MeJA can partly mitigate further leaf damage. A decrease in
amino acid contents has also been observed for tomato (Gomez
et al., 2010) and Brassica rapa leaves (Liang et al., 2006) after
treatment with the foliar application of MeJA, with no stress
conditions. Our data showed, after thermal stress, that MeJA
application only affected the Agio cultivar, which clearly
increased the concentration of their leaf amino acids.
Consequently, a cultivar-dependent response was observed for
pepper after the application of MeJA. (Garde-Cerdan et al,
2016) indicated that the amino acid profile of grapes was altered
after the application of MeJA. In this study, we found a smaller
decrease in the total amino acid content under heat stress in
Agio and Loreto as compared to Basque chilli. Also, the effect of
MeJA increased total amino acid content in the Agio variety
alone. The differential accumulation of free amino acids could be
associated with the genetic variations of heat tolerance in pepper
plants. Thus, the effects of MeJA on pepper amino acid
concentration were conditioned by variety. Gutierrez-Gamboa
et al. (2018) showed that grape variety had a higher effect on
must amino acid composition than the elicitation through MeJA
and yeast extract treatments and their interaction (variety
X treatment).

Conclusions

Horticultural production is one of the most vulnerable
agrosystems to the temperature impacts of climate change, and
the effectiveness of mitigation strategies (such as the application
of elicitors) against to this constraint needs to be widely
contrasted. Our work shows the differential effects of pepper
cultivars to heat stress with the application of MeJA, and also
describes and examines the physiological traits involved in heat
tolerance and the physiological mechanics affected. However,
more studies are needed to screen a wider range of stress
intensities and durations during the vegetative phase of growth
and throughout the other developmental stages. To date, very
few studies have addressed the specific differences of cultivars to
high temperature and MeJA to show their specific responses. To
this end, our study sought to investigate the physiological traits
involved in that specific response to provide new knowledge for
the development of new cultivars, selected to withstand the
impact of heat waves without compromising yields.
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Comprehensive transcriptome
analysis reveals heat-responsive
genes in flowering Chinese
cabbage (Brassica campestris

L. ssp. chinensis) using

RNA sequencing

Muhammad Ikram*, Jingfang Chen*, Yanshi Xia™,
Ronghua Li*, Kadambot H. M. Siddique® and Peiguo Guo™

!Guangdong Provincial Key Laboratory of Plant Adaptation and Molecular Design, International
Crop Research Center for Stress Resistance, School of Life Sciences, Guangzhou University,
Guangzhou, China, ?The UWA Institute of Agriculture, UWA School of Agriculture & Environment,
The University of Western Australia, Perth, WA, Australia

Flowering Chinese cabbage (Brassica campestris L. ssp. chinensis var. utilis
Tsen et Lee, 2n=20, AA) is a vegetable species in southern parts of China that
faces high temperatures in the summer and winter seasons. While heat stress
adversely impacts plant productivity and survival, the underlying molecular and
biochemical causes are poorly understood. This study investigated the gene
expression profiles of heat-sensitive (HS) '3T-6" and heat-tolerant (HT) 'Youlu-
501" varieties of flowering Chinese cabbage in response to heat stress using
RNA sequencing. Among the 37,958 genes expressed in leaves, 20,680 were
differentially expressed genes (DEGs) at 1, 6, and 12 h, with 1,078 simultaneously
expressed at all time points in both varieties. Hierarchical clustering analysis
identified three clusters comprising 1,958, 556, and 591 down-regulated, up-
regulated, and up- and/or down-regulated DEGs (3205 DEGs; 8.44%), which
were significantly enriched in MAPK signaling, plant—pathogen interactions,
plant hormone signal transduction, and brassinosteroid biosynthesis pathways
and involved in stimulus, stress, growth, reproductive, and defense responses.
Transcription factors, including MYB (12), NAC (13), WRKY (11), ERF (31), HSF (17),
bHLH (16), and regulatory proteins such as PAL, CYP450, and photosystem |,
played an essential role as effectors of homeostasis, kinases/phosphatases, and
photosynthesis. Among 3205 DEGs, many previously reported genes
underlying heat stress were also identified, e.qg., BraWRKY25, BraHSP70,
BraHSPB27, BraCYP71A23, BraPYL9, and BraA059032350.3C. The genome-
wide comparison of HS and HT provides a solid foundation for understanding
the molecular mechanisms of heat tolerance in flowering Chinese cabbage.

KEYWORDS

heat stress, transcriptome, differentially expressed genes, cluster analysis, flowering
chinese cabbage, RT-qPCR
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Introduction

Heat stress is an environmental factor affecting crop
vegetative growth, performance, and productivity worldwide,
even causing plant death (Caers et al,, 1985; Song et al., 2014a).
According to a crop-based algorithm study, a 1°C rise in
seasonal temperature causes 2.5-16% direct yield losses for key
crops in tropical and subtropical regions (Lobell et al., 2008).
Furthermore, greenhouse gas emissions have increased
atmospheric temperatures by 0.3°C per decade (Jones et al,
1999), indicating that extreme temperature and climate change
events will threaten food security by decreasing crop production
(Battisti and Naylor, 2009; Rosenzweig et al., 2014). Flowering
Chinese cabbage (Brassica campestris L. ssp. chinensis var. utilis
Tsen et Lee) is a commercial vegetable crop mainly cultivated in
southern parts of China (Chen et al., 2017). The demand for
flowering Chinese cabbage is increasing due to its rich source of
vitamin C, favourable taste, soluble fiber, phenolics,
glucosinolates, and other nutritional value (Huang et al,
2017), but southern China’s high summer and autumn
temperatures seriously impair crop quality and production
(Fan et al, 2017). Heat stress adversely affects plant growth,
phenological stages, grain filling, pollen viability, even the
structural changes in tissues and cell organelles, loss of leaf
water, cell membrane damage, and photosynthetic membranes
(Yoshinaga et al., 2005). At a molecular level, heat stress also
affects the synthesis of primary and secondary metabolites,
antioxidant enzymes, and lipid peroxidation via the
production of reactive oxygen species (ROS). However, plants
have evolved various molecular and physiological mechanisms
during domestication to resist heat stress (Wahid et al., 2007;
Hasanuzzaman et al., 2013), such as accumulating different
metabolites (antioxidants, osmoprotectants, etc.) and
activation of signaling and metabolic pathways. Therefore,
understanding the mechanism of signaling cascades and
specific genes expressed in response to HT will be beneficial
for developing stress-tolerant varieties.

Transcription factors (TFs), signal transduction
components, and proteins related to metabolism are
responsive to heat stress (Grover et al., 2013). Recently, heat-
responsive siRNAs and miRNAs in flowering Chinese cabbage
have been reported (Yu et al., 2012; Song et al., 2021), with most
up-regulated under high temperature, and their target genes
with differential gene expression involved in responses to
temperature stimulus, cell membrane, signal transduction, and
mitogen-activated protein kinase (MAPK) signaling pathways
(Song et al,, 2021). In Chinese cabbage, Song et al. (2016) used
RNA-seq datasets of heat treatments to identify 14,329 DEGs
and 9,687 novel LncRNAs, of which LncRNAs controlled 192
DEGs under heat stress. Transcriptome sequencing analysis of
Chinese cabbage (B. rapa ssp. pekinensis) inbred lines revealed
that heat stress affects many genes, including those linked with
membrane leakage, heat-shock proteins (HSPs), and enzymes
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that regulate ROS homeostasis (Dong et al., 2015). Heat-shock
transcriptional factors (HSFs), which stimulate the expression of
HSPs and other stress proteins, play a critical role in modulating
stress responses (Swindell et al., 2007; Dong et al., 2015; Liu et al.,
2018; Yao et al.,, 2020). The HSF gene family has been identified
in various species, including Arabidopsis (Nover et al,, 2001),
tomato (Yang et al, 2016), soybean (Li et al., 2014), potato
(Dossa et al., 2016), and Chinese cabbage (Song et al., 2014b).
HSF and HSP family members are involved in several stress
response pathways, including heat, cold, osmotic, and salt, in
Arabidopsis (Swindell et al., 2007), with 21 HSFs cloned and
analyzed (Nover et al, 2001). In global transcription profiles,
many HSFs/HSPs were up-regulated in Brassica napus siliques,
with many other heat-responsive marker genes, such as ROF2,
MBFIc, DREB2a, and Hsa32, involved in heat resistance in many
plants (Yu et al., 2014). Another study found that genes involved
in protein protection, biotic stress responses, oxidative stress,
programmed cell death, and metabolism were differentially
expressed during heat stress (Kotak et al., 2007). Only limited
transcriptome data are available for flowering Chinese cabbage
under heat stress relative to Chinese cabbage, maize, rice, and
Arabidopsis (Song et al., 2014a; Chen et al., 2017; Fan et al., 2017;
Huang et al., 2017; Ali et al., 2022).

In recent years, next-generation sequencing technologies
have been developed and significantly reduced the cost and
increased the efficiency of genome sequencing. Therefore, the
entire genome of B. rapa (Chiifu-401-42) was sequenced using
Mumina GA II sequencing and annotated (Wang et al., 2011),
which provides the foundation to identify the heat-responsive
genes in flowering Chinese cabbage. Using RNA-seq, researchers
can identify the expressed genes, particularly those with low
abundance. To date, microarrays and RNA-Seq projects have
been undertaken in many species, including rice, Chinese
cabbage, maize, cotton, Arabidopsis, and vegetables, to detect
genes responsive to heat and cold stress (Grover et al., 2013;
Nakashima et al., 2014; Ikram et al., 2020; Song et al., 2021; Ali
et al., 2022). For example, in Arabidopsis, nearly 30% of DEGs
associated with abiotic stresses were identified, and 2,409 genes
were involved in salt, cold, and drought stresses (Kreps et al,
2002). In wheat, 2% of genes were found to be associated with
cold stress (Winfield et al., 2010). In A. mongolicus, 9,309 and
23,419 up- and down-regulated genes were detected under cold
stress (Pang et al., 2013). In previous studies, various genes have
been functionally characterized for heat tolerance in different
crop plants, such as ZmWRKY106 (Wang et al., 2018), PpEXP1
(Xu et al., 2014), hsp26 (Xue et al., 2010), WsSGTL1 (Mishra
et al,, 2013), and OsOr-RI115H (Jung et al., 2021).

Our previous research identified expressed sequence tag-
simple sequence repeat (EST-SSR) markers in flowering Chinese
cabbage (Chen et al,, 2017) and also detected significant SNPs/
genes for plant height (Ikram et al., 2022a; Tkram et al., 2022b; Li
et al., 2022) and wilt resistance (Lai et al., 2021) in tobacco. The
present study used RNA-seq based on the Illumina HiSeq2000
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platform to undertake a genome-wide analysis of gene
expression in leaves of HT (Youlu-501) and HS (3T-6)
flowering Chinese cabbage varieties under heat stress (0, 1, 6,
and 12 h) to (1) identify DEGs in HS and HT genotypes after 1,
6, and 12 h of heat stress: (2) annotate these genes based on gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis; (3) identify the expression pattern
of genes using Hierarchical clustering analysis; (4) identify TFs
associated with the DEGs and their role in heat stress. The
findings of this study will provide new insights into the heat
tolerance of flowering Chinese cabbage.

Materials and methods

Plant materials and
physiological parameters

Two natural flowering Chinese cabbage (Brassica campestris
L. ssp. chinensis var. utilis Tsen et Lee) varieties [3T-6 (heat-
sensitive) and Youlu-501 (heat-tolerant)] were obtained from
the Guangdong Academy of Agricultural Sciences, China. The
seeds of both accessions were sterilized and then germinated in a
growth chamber of our lab at the International Crop Research
Center for Stress Resistance (113.37_E, 23.05_N), Guangzhou
University, under the following condition: 28/22°C for 14/10 h
(day/night) with 80% relative humidity. Fifteen-day-old
seedlings at five-leaf stage were transferred into another
chamber at 38/29°C (14/10 h day/night) for heat stress. After
the heat-stress treatment, samples were collected at three time
points from fully expanded upper leaves of heat-sensitive (HS-
1h, HS-6h, and HS-12h) and heat-tolerant (HT-1h, HT-6h, and
HT-12h) plants. For the control (CK), leaf samples were
collected from HS (HS-CK) and HT (HT-CK) plants under
normal conditions at 25°C. The harvested leaf samples were
immediately frozen in liquid nitrogen and preserved at -80°C
until RNA extraction. The experiment had five replicates.
Peroxidase (POD), superoxide dismutase (SOD), and catalase
(CAT) were assessed as described in previous studies (Kono,
1978; Aebi, 1984). The fresh plants were taken at different times
to calculate the fresh weight in both varieties.

RNA extraction, cDNA library
construction, and sequencing

For transcriptome assembly, total RNA was extracted from
five biological replicates at CK, HS/HT-1h, HS/HT-6h, and HS/
HT-12h using TRIzol reagent (Takara Bio, Ostu, Japan),
following the manufacturer’s recommendations. The RNA was
pooled into a single sample in equal amounts to find the broad
gene library associated with heat resistance. DNase I (Takara
Bio, Ostu, Japan) was used to digest genomic DNA, and RNA
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integrity and quantity were assessed using 1% agarose gel
electrophoresis and a microplate spectrophotometer (BioTek
Company, USA). cDNA libraries were prepared using RNA
with high purity. In brief, mRNAs were purified using poly-T
oligo-attached magnetic beads from total RNA. Following
fragmentation, first-strand cDNA was synthesized using a
random hexamer primer, followed by second-strand cDNA
synthesized using DNA Polymerase I and RNase H. The
paired-end Illumina sequencing required the purification and
ligation of the double-stranded cDNAs to adaptors. After PCR
amplification, library quality was verified on the Agilent 2100
Bioanalyzer system before sequencing the cDNA libraries using
the Illumina HiSeq2000 system by the Beijing Genomics
Institute (BGI) to generate 125 bp paired-end reads.

RNA-seq data analysis and annotation

Before library assembly, the raw reads were processed using
SOAPnuke v1.5.2 (https://github.com/BGI-flexlab/SOAPnuke;
Cock et al.,, 2009) to remove low-quality reads with >50% of
bases with Q < 20 or >10% unknown (N) bases and adapter
sequences. The raw reads with quality check parameters were
transformed to clean reads for further analysis. Finally, clean
reads were mapped and aligned to B. rapa cv. Chiifu v3.0
reference genome (http://brassicadb.org/brad/; Wang et al,
2011) using HISAT2 v2.1.0 (Kim et al, 2015) and Bowtie2
v2.2.5 (Langmead and Salzberg, 2012). For functional
annotation, all assembled gene sequences were aligned to
databases, including reference genome (BRAD database), NT,
NR, UniProt, Cluster of Orthologous Groups of proteins (COG),
KEGG, and GO using Trinotate software (http://trinotate.
github.io/) with E value <le-5. The mapped reads were used
to measure expression levels in fragments per kilobase of exon
per million mapped fragments (FPKM) using RSEM software (Li
and Dewey, 2011). Pearson’s correlation coefficients for the eight
samples were estimated using the ‘cor’ function in R4.1.0 (http://
www.r-project.org/) software based on FPKM values, and a
correlation graph was drawn using the ‘ggplot2’ R package
(https://cran.r-project.org/web/packages/ggplot2/index.html).
The ‘prcomp’ function in R4.1.0 (http://www.r-project.org/) was
used to perform principal component analysis (PCA).

Differential expression and
cluster analyses

For HS and HT varieties, DEGs between control and heat-
stress conditions were calculated using the DESeq2 R package
(Love et al., 2014), a reliable and efficient package for detecting
DEGs between diverse samples. The significant DEGs between
heat stress and control conditions were identified at [log,(fold-
change) | > 2 and false discovery rate (FDR) adjusted P < 0.001.
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Further, significant DEGs in HS or HT were exposed to
hierarchical or K-mean clustering based on the hclust function
in R4.1.0 (distance: euclidean; method: ward.d), with log,FC
subjected as the input. Finally, DEGs were analyzed for soft
clustering based on fuzzy c-mean using the R4.1.0 package
‘Mfuzz’ (Kumar and Futschik, 2007).

Gene ontology and KEGG pathway
enrichment analysis of differentially
expressed genes

GO and KEGG enrichment analysis was undertaken to
reveal the functional annotation and pathways associated with
up- and down-regulated DEGs in each cluster or group. An
online tool (http://www.geneontology.org/) was used to conduct
GO enrichment analysis at FDR adjusted P < 0.05, classifying the
DEG functions into three categories: cellular component,
biological process, and molecular function. Similarly, KEGG
pathway enrichment analysis was performed using the KEGG
database (https://www.genome.jp/kegg/pathway.html) with
significant criteria at an adjusted P < 0.05 (Kanchisa and
Goto, 2000).

Validation of RNA-seq result by real-time
quantitative PCR

Ten genes were chosen randomly to confirm the reliability of
RNA-seq results using RT-qPCR. The RNA was the same as that
used for transcriptomic sequencing, with the relative expression
calculated using ABIPrism7000 RT-qPCR platform (Applied
Biosystems, USA). The PCR reaction volume was 10 mL with
1 ug cDNA, 5 mL SYBR Premix Ex Taq II (Takara, China), and
200 nM primers. Three technical and biological replicates for
each sample were measured with the following protocol: 95°C
for 5 min, followed by 40 cycles of 95°C for 15 s, 60°C for 60 s,
and until 65°C to 97°C with a ramp rate of 0.02°C s™' for
dissociation curve analysis. BraActin was used as housekeeping
gene to normalize the data. The relative expression level of all
selected genes at each time point was calculated using the 274"
method. The in-house R script was used to conduct a student t-
test at P < 0.05 to find the significant differences between

time points.

Results

Plant phenotypic and enzymatic activities
under heat stress

Heat stress significantly altered plant growth and the
reproduction system. At the initial stage of stress, plant leaves
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exhibited moderate to high wilting symptoms. Twelve hours of
heat stress significantly decreased whole plant weight (g) in both
species relative to the control (Figure 1A). The heat treatment
significantly increased catalase (CAT), superoxide dismutase
(SOD), and peroxidase (POD) activities in plant leaves at all
time points, relative to the control, and more so in Youlu-501
than 3T-6 (Figure 1A).

Overview of transcriptomic
sequencing data

Libraries were constructed and sequenced on the
IMuminaHiseq2000 deep sequencing platform using the PE125
protocol (Table S1). Each library generated 21.94-24.90 million
raw reads. After removing joint contamination, low-quality
reads, and reads with unknown base (N) content, 21.86-24.81
million clean reads (99.42-99.963%) were collected (Table S1).
The clean Q30 base rates of the eight samples ranged from
89.71-91.04%. Of the clean reads, 88.59-92.06% total and 73.06—
76.72% unique reads were mapped to the B. rapa reference
genome (Table S1), with 46,250 predicted B. rapa genes
(Figure 1B). The PCA revealed an overall 86.80% (PCl =
73.40% and PC2 = 13.40%) variation in gene expression
datasets, with the heat-stress conditions (HS-1h/HR-1h, HS-
6h/HR-6h, and HS-12/HR-12) clustered or grouped nearby but
separated from their corresponding control HS-CK/HR-CK
(Figure S1). Pearson’s correlation coefficient analysis based on
FPKM values of each sample revealed a significant positive
correlation between different time points; for example, HS-6h
and HT-6h highly correlated with other time points compared to
HS-12h and HR-12h (Figure 1C). The HS and HT varieties
significantly differed based on the log;, transformation of FPKM
(Figure 1D), with the FPKM values of most genes >10
(Figure 1E). Sixteen genes had FPKM values >2,000 in both
varieties at all time points.

Differential expression profiling of two
varieties under heat stress

DESeq, software was used to investigate DEGs with FPKM
values >1. During heat stress, 30,842, 32,260, 32,926, 31,540,
32,635, and 33,113 genes were regulated for HS-1h, HS-6h, HS-
12h, HT-1h, HT-6h, and HT-12h, respectively (Figures 2A, B).
The DEGs were selected using the following criteria of log, fold-
change |log,(foldchange)|>2 and FDR adjusted P < 0.001.
Volcano plots identified the significant up- or down-regulated
genes during heat stress at each time point (Figure 2A), with
10,153 (1,115 up- and 9,038 down-regulated), 7,879 (4,438 up-
and 3,441 down-regulated), and 7,662 (5,349 up- and 2,313
down-regulated) DEGs in 3T-6 at HS-1h, HS-6h, and HS-12h
compared to the control (Figures 2A-C) and 13,704 (882 up-
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FIGURE 1

Phenotypic effect and overview of RNA sequencing data based on heat-sensitive and heat-tolerant flowering Chinese cabbage varieties. (A) Plant
weight and enzymatic activities between control and stress conditions; (B) Number of transcripts and their sequence size; (C) Correlation analysis
between heat-sensitive and heat-tolerant varieties at different time points; (D) log;o transformation of FPKM values at 0, 1, 6, and 12 h; (E)
Distribution of genes based on FPKM values. The different small letters indicate the significant differences between the time points.

and 12,822 down-regulated), 5,161 (2,206 up- and 2,955 down-
regulated), and 7,438 (3,989 up- and 3,449 down-regulated)
DEGs in Youlu-501 at HT-1h, HT-6h, and HT-12h compared to
the control (Figures 2A-C).

Subsequently, Sankey and Venn diagrams demonstrated the
number of common and uniquely expressed genes at each time
point or between two consecutive time points (Figures 2B, D-F),
with 5,443 DEGs unique in all samples, and 7,025, 3,626, 2,382,
1,126, and 1,078 DEGs shared between two, three, four, five, and
six samples (Figure 2B). Additionally, 2,073 and 2,210 DEGs
were common at all time points of HS and HT genotypes,
respectively (Figures 2D, E), indicating higher number of
genes were regulated in heat-tolerant variety than sensitive. Of
these, 1,078 DEGs were co-expressed differently in the HS and
HT genotypes (Figure 2F), with 237 and 747 up- and down-
regulated, respectively, and 94 differentially regulated. After 6
and 12 h of heat treatment, 328/325 and 330/323 more DEGs
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were up-regulated in HS/HT. Finally, 3,205 genes were
differentially expressed at 1, 6, and 12 h in 3T-6 or Youlu-501
(Figures 2B, D-F).

Functional annotation of DEGs
responsive to heat stress

GO enrichment analyses of up- and down-regulated genes in
HSandHT at 1, 6,and 12 h categorized the heat stress-related genes
associated with key biological processes. Figures 3, S2-55 show the
top 25 GO terms in three categories. In HS, for HS-CK vs. HS-1h,
462 up-regulated genes were mainly involved in ‘response to
stimulus (G0O:0009628),” ‘cellular process (G0O:0009987),
‘primary metabolic process (GO:0044238),” ‘response to abiotic
stimulus (GO:0009628),” ‘developmental process involved in
reproduction (GO:0003006),” and ‘response to heat
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FIGURE 2
Analysis of differentially expressed genes in flowering Chinese cabbage varieties in response to heat stress. (A) Volcano plots of all expressed
genes in heat-sensitive (HS) and heat-tolerant (HT) varieties at different time points relative to CK, with log,FC values drawn against —log;o (FDR)
adjusted P-values. Red and blue dots represent up- and down-regulated DEGs based on |log,(foldchange)|>2 and FDR < 0.001; gray dots
represent non-significant DEGs; (B) The Sankey diagram represents the number of common and unique DEGs between each stress point; (C)
Number of up and down-regulated DEGs identified under different heat-stress treatments relative to control HS and HT varieties; (D) Common
and unique DEGs under different heat-stress treatments in HS variety; (E) Common and unique DEGs in HT under different heat-stress
treatments; (F) Common DEGs in all heat-stress treatments in HS and HT.

(GO:0009408)’ (Figure 3A). In comparison, most of the 4,055
down-regulated genes were involved in ‘tissue development
(GO:0009888),” ‘auxin-activated signaling pathway
(GO:0009734),” ‘cell part (GO:0044464), ‘intracellular part
(GO:0044424),” ‘cellular response to abiotic stimulus
(GO:0071214), “cell (GO:0005623), ‘intracellular (GO:0005622),
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and ‘cellular process (GO:0009987)’ (Figure 3A). For HS-CK vs.
HS-6h and HS-CK vs. HS-12h, 2,046 and 2,275 up-regulated genes
were significantly enriched in ‘anion binding (GO:0043168),
‘nucleotide binding (GO:0000166), ‘response to temperature
stimulus (G0O:0009266),” ‘purine nucleotide binding
(GO:0017076),” ‘carbohydrate derivative binding (GO:0097367),
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FIGURE 3

GO and KEGG enrichment analysis of up- and down-regulated genes in heat-sensitive (3T-6) and heat-tolerant (Youlu-501) flowering Chinese
cabbage. (A, B) The top 25 GO terms in three categories are listed at HS-1h vs. HS-CK and HT-1h vs. HT-CK at P < 0.05; (C, D) The top 25 KEGG
pathways and their corresponding number of genes HS-1h vs. HS-CK and HT-1h vs. HT-CK at P < 0.05. The x-axis represents the enrichment
factor, the y-axis represents GO/KEGG terms with the number of genes, and the blue to red color indicates the significance and number of genes.

‘response to abiotic stimulus (GO:0009628),” and ‘photosynthesis
(GO:0015979) (Figure S2). In contrast, 1,568 and 902 down-
regulated genes were mainly enriched in ‘metabolic process
(GO:0008152),” ‘detoxification (GO:0071722), ‘intracellular
organelle (GO:0043229),” ‘chloroplast (GO:0009507), and ‘RNA
binding (GO:0003723)’ (Figure S2). In HT, for HT-CK vs. HT-1h,
418 up-regulated genes were involved in ‘binding (GO:0005488)’
‘cellular process (GO:0009987),” and ‘primary metabolic process
(GO:0044238)’, and 6,626 down-regulated genes were enriched in
‘leaf development (GO:0048366),” ‘response to stimulus
(G0O:0009628),” ‘chloroplast outer membrane (GO:0009707),” and
‘biosynthetic process (GO:0009058) (Figure 3B). Similarly, the
highest number of DEGs for HT-6h and HT-12 were involved in
‘response to stimulus (GO:0009628),” ‘chloroplast (GO:0009507),’
‘cell periphery (GO:0071944),” ‘auxin homeostasis (GO:0010252),
‘membrane-bounded organelle (GO:0043227),” and
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‘photosynthesis (GO:0015979) (Figure S3). The GO enrichment
analysis indicated that HT had more enriched DEGs for each term
than HS; for example, 1,410 HT and 415 HS genes were involved in
‘response to stimulus’ (Figures 3A, B, 52, S3).

The KEGG database was used to investigate the key genes
involved in KEGG pathways, with 2,389 and 1,453 up-regulated
and 3,390 and 4,286 down-regulated genes in HS and HT,
respectively, enriched in 39 KEGG pathways (adjusted P <
0.05), including ‘plant-pathogen interaction (ko04626),
‘oxidative phosphorylation (ko00190),” ‘sulfur metabolism
(ko00920),” ‘steroid biosynthesis (ko00100),” ‘nitrogen
metabolism (ko00910),” ‘plant hormone signal transduction
(ko04075),” ‘brassinosteroid biosynthesis (ko00905), ‘MAPK
signaling pathway - plant (ko04016), ‘circadian rhythm -
plant (ko04712),” ‘carbon metabolism (ko01200),” and
‘photosynthesis (ko00195)" (Figures 3C, D, S4, S5). The HT
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genes were more involved in signal transduction and MAPK
pathways than the HS genes (Figures 3C, D).

Cluster analysis of differentially
expressed genes

We used gene expression changes (log,FC value) to perform
hierarchical clustering for 3205 DEGs (Figures 2D-F) in
response to heat stress among flowering Chinese cabbage
varieties. The clusters with similar patterns of expression
change were identified using the hclust method. As a result,
we found three clusters of genes response to heat stress at three
time points relative to control and a black line representing the
mean changes in expression (Figures 4A-C and Table S2).
Cluster 1 contained 1,958 DEGs that were down-regulated in
both varieties at 1, 6, and 12 h, and the expression variations of
cluster 1 genes in Youlu-501 were comparatively more repressed
than in 3T-6 (Figures 4A, B; Table S2). Interestingly, cluster 2
included 691 DEGs, the expression changes were down-
regulated at 1h in both varieties compared to the control and
up-regulated at 6 and 12 h, but expression patterns of HT were
relatively higher than HS at 6 and 12 h stress condition
(Figures 4A, B; Table S2). A total of 556 DEGs were found in
Cluster 3, and most of them were up-regulated by heat stress in
both varieties. The difference in Cluster 3 was that the genes had
moderately greater induced expression levels in HS than in HT
during heat stress except for 12h (Figures 4A, B; Table S2).

Further, we investigated the biological functions of these
clusters using GO enrichment analysis (Figure 4C; Table 52). The
cluster 1 DEGs were mainly involved in cellular component
organization or biogenesis (91), biological regulation (143),
cellular process (394), developmental process (46), metabolic
process (379), and response to stimulus (165). The DEGs
belonging to developmental process (24), growth (10), response
to stimulus (54), localization (22), metabolic process (155), and
multi-organism process (17) were also significantly enriched in
cluster 2. In addition, DEGs in cluster 3, which were up-regulated in
both varieties, were involved in biological regulation (41), carbon
utilization (8), biogenesis (28), reproduction (7), and response to
stimulus (59). The fold-change expression values were higher in HT
Youlu-501 than in HS 3T-6 (Figure 4A; Table S2). In brief, the top
15 potential DEGs expressed in all stages were identified, and their
homologous have been reported to play an essential role in heat
stress (Table 1).

Gene families associated with heat stress

Gene families, including HSPs, cytochrome P450 (CYP),
photosystem II (PSII), MAPK, and phenylalanine ammonia-lyase
(PAL), play a significant role in plant abiotic and biotic stresses.
HSP genes were clustered into two groups: (1) two genes up-
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regulated at high-stress conditions; (2) initially up-regulated and
then down-regulated under high stress (Figures 5A-F; Table S3).
Forty-two cytochrome P450 (CYP450) genes were differentially
expressed under heat stress, with 16 were up-regulated in both
varieties at 1, 6, and 12 h, including BraCYP98A3, BraCYP82GI
BraCYP83A1, BraCYP83A1, BraCYP72A13, and BraCYP94B3
(Figure 5A; Table S3). Of 16 DEGs, three genes (BraCYPBCI,
BraCYP97B3, and BraCYP77A4) were up-regulated at 1, 6, and
12 h, while the others were up-regulated after 6 and 12 h stress
(Figure 5A). Furthermore, BraA01g002420.3C (BraCYP84A1-X1)
was down-regulated under heat stress (Figure 5A), with similar
results obtained using RT-qPCR (Figure 5B). Photosynthesis is
mainly sensitive to heat stress, and photosystem II (PSII) is the
stress-sensitive site with its oxygen-evolving complex.
Three PSII genes [PSBQ3 (BraA02g017000.3C), PSBQ2
(BraA03g024820.3C), and Psb27 (BraA08g035330.3C)] were
negatively expressed in HS (Figure 5D; Table S3). Another gene,
PSBQ2 (BraA05g013730.3C), encoding PSII oxygen-evolving
enhancer protein 2, was up-regulated in HS and HT varieties.
Moreover, 5 MAPK and 2 PAL gene expressions significantly
differed in HS and HT after 1, 6, and 12 h. PAL1 and PAL3 have a
redundant role in flavonoid biosynthesis (Table S3).
BraA09¢032810.3C (MPK-10) gene was down-regulated, while
other genes were up- and down-regulated at different time
points (Figure 5C).

Differential expression of transcription
factors during heat stress

TF families of flowering Chinese cabbage were retrieved from
the PlantTFDB database for enrichment analysis. We analyzed the
DEGs related to heat-responsive TFs, such as MYBs, ARFs, HSFs,
NACs, ERFs, and WRKYs families, which could be involved in
regulating genes during heat stress (Figures 6A-I; Table S4),
identifying 12 MYBs, 13 NACs, 11 WRKYs, 31 ERFs, 17 HSFs,
six ARFs, and 16 bHLHs TFs (Table S4). Apart from partial b(HLH
TFs family members, heat stress signif