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Abstract - One of the key factors affecting plant survival and agricultural yield production is temperature. The mag-
nitude of temperature extremes is increasing as a result of global climate change. The present study evaluated the im-
pact of elevated temperature treatments on Brassica rapa seed germination, as well as of prolonged exposure of seed-
lings to temperatures of 37 °C and short-term exposure to the temperature of 45 °C. Elevated temperatures reduced
seed germination rate and affected germination pattern. Both applied heat stresses negatively affected seedling devel-
opment and root growth, and showed a differential physiological and molecular response. Under prolonged exposure
to 37 °C seedling growth and development patterns were impaired but with no sign of oxidative stress, which could be
related to increased indole-3-acetic acid (IAA), abscisic acid, enhanced heat shock protein 90 (HSP90) and reduced
1-aminocyclopropane-1-carboxylate levels. The short-term exposure to a temperature of 45 °C, a treatment mimick-
ing a heat wave event, had more negative effects on seedling growth, which correlated with the appearance of oxidative
stress. The extreme temperature significantly stimulated the gene expression of heat stress transcription factors HSFs
and dehydration-responsive element-binding protein DREB2A, and induced the accumulation of auxin IAA and
HSP90 proteins. Our study confirms the great importance of phytohormones and HSP90 in the heat stress response of
B. rapa and emphasizes the potential for their manipulation in phytoprotection and breeding programs for adaptation

to climate change.
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Introduction

Plants have the ability to adapt their phenotype in re-
sponse to different environmental influences. To withstand
adverse conditions, they have evolved numerous molecular
strategies to adapt to environmental challenges and deal ef-
fectively with all types of stressful conditions. Environmen-
tal and endogenous signals precisely regulate plant growth
and development (Peleg and Blumwald 2011) and ambient
temperature is one of the most important parameters influ-
encing all aspects of plant development, such as germina-
tion, seedling establishment, vegetative growth and repro-
ductive development (Begcy et al. 2018, Angadi et al. 2000).
Germination is a particularly strictly regulated stage in the
life cycle of plants. It is the first step in the successful estab-
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lishment of plant growth and influences species distribution
(Yamauchi et al. 2004, Heschel et al. 2007). Although all
plant growth stages can be affected by heat stress, high tem-
peratures can negatively impact seed germination and lim-
it subsequent plant growth, sometimes leading to irrevers-
ible damage and plant death (Yeh et al. 2012). To adapt to
elevated temperatures, plants undergo a series of changes in
their transcriptome, proteome, metabolome and lipidome
(Mittler and Blumwald 2015, Raza et al. 2023), while vul-
nerability depends on temperature intensity and duration.
Recently, great progress has been made in research into the
response mechanisms of plants to elevated temperatures
(Kan et al. 2023). However, further research is needed as the
ways in which heat stress is perceived and transduced into
physiological and morphological responses are still unclear.
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Important players in the adaptation to high temperatures
are phytohormones, which influence growth in a dose-de-
pendent manner and whose fine-tuning and interactions
are particularly important in the regulation of a variety of
developmental processes under heat stress (Peleg and
Blumwald 2011, Vanstraelen and Benkova 2012, Ahammed
et al. 2016). Heat exposure particularly influences the
metabolism and accumulation of so-called stress hormones
such as auxin, ethylene, abscisic acid (ABA), salicylic acid
and jasmonic acid, which is reflected in plant growth and
development (Vanstraelen and Benkovéa 2012, Qin et al.
2019). But our knowledge of how exposure to different
temperatures affects the metabolism and accumulation of
phytohormones and how this fine-tuning affects the
development and growth of specific plant is still limited.

The frequency and magnitude of temperature extremes
are increasing as a result of global climate change, which is
expected to result in ever more intense and frequent ex-
treme weather events (Seneviratne et al. 2021). The optimal
growth temperature, as well as an upper threshold at which
development stagnates or stops have significant effects on
plant distribution, performance and yield (Ahmad et al.
2022). Brassica rapa has along history of human cultivation
and is a feral plant found around the world. Due to its high
nutritional value, health-promoting effects and mild fla-
vour, it is a very popular leafy vegetable. It prefers cool
weather (15-20 °C), so climate change and the associated
rise in temperature have a negative impact on growth and
seed yield (Angadi et al. 2000). Still, little is known about
how different types of heat stress, such as prolonged expo-
sure to moderately elevated temperature or short exposure
to extreme temperature affect morphological, the physio-
logical and molecular responses of B. rapa seedlings. The
temperatures applied in our experiments reflect the current
rise in global temperature and are of ecological importance.
The temperature of 37 °C is commonly measured during
the summer season in areas with a continental climate,
while short exposures to 45 °C reflect the extreme heat wave
events encountered intermittently during summer. There-
fore, we investigated the effects of elevated temperatures on
the germination and emergence of B. rapa seedlings. Addi-
tionally, we analysed growth, proline (Pro) and malon-
dialdehyde (MDA) content, as well as heat-inducible HSP90
protein and HSFA7A, HSFB2A and DREB2A genes in seed-
lings exposed to prolonged moderately elevated tempera-
ture or to an extreme and short heat wave. Special attention
was devoted to the accumulation of the major stress related
phytohormones since, as far as we know, there are currently
no data available on their heat-induced changes in B. rapa
seedlings.

Materials and methods
Plant material and sterilization

For all experiments, B. rapa L. subsp. pekinensis (pur-
chased from ISP-International Seeds Processing GmbH,
Germany) was used. Seeds were sterilized by soaking in 70%
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ethanol for 1 min, and then incubated in 3% Izosan G (100%
sodium dichloroisocyanurate dihydrate, Pliva) for 10 min.
After a 5-fold rinsing step with sterile distilled water, seeds
were sown on Murashige and Skoog (1962) medium (MS)
and stratified at 4 °C for 5 days. Plates with seeds were then
moved to a growth chamber (PHC Corporation, Tokyo, Ja-
pan), positioned horizontally (for the germination assay) or
vertically (for the seedling growth assay) and incubated for
16 h with light at 150 pumol m? s™ and 8 h in darkness.

Seed heat treatment and germination

To examine temperature effects on seed germination,
plates with seeds were incubated at constant temperature of
24 °C (control) and at elevated temperatures (up to 41 °C).
After 3 days, the germination rate was evaluated as percent-
age (%) of seeds with a visible radicle tip and hypocotyl
length was measured.

Seedling heat treatments

Seven-day-old B. rapa seedlings were exposed to a heat
stress treatment at two different temperatures: 45 °C for 2 h
and 15 min followed by a recovery at 24 °C, or 37 °C for 24 h.
A preliminary experiment showed that 2 h and 15 min
exposure to 45 °C did not result in immediate lethality to
the seedlings (On-line Suppl. Fig. 1).

For the growth parameters, the plant material was ana-
lysed seven days (168 h) after the start of the heat treatment.
Gene expression, HSP90 protein levels and phytohormone
concentrations were assessed at a single time point, 24 h
after the start of treatment. Pro and MDA content were
measured at three time points: 2h and 15min,24 hand 48 h
after the start of treatment at 37 °C and 45 °C. Control seed-
lings were kept at 24 °C and analysed at the same time
points as the treated seedlings.

Seedling growth assay

Seedling growth was monitored 7 days from the begin-
ning of treatments (until the root tip of control seedlings
reached the bottom of the dish). Root length of heat-treated
and control seedlings was determined by ImageJ v.1.49
(Schneider et al. 2012). Lateral root number was counted
manually. Total root length was measured as the sum of pri-
mary and lateral root lengths. Primary root growth rate was
expressed as the difference between the final (168 h after the
start of heat treatment) and initial (immediately prior to
heat treatment) primary root length. Average fresh weight
per seedling was calculated by weighing 10-12 whole seed-
lings at the end of the experiment.

Malondialdehyde and proline evaluation

MDA and Pro contents were determined as markers of
oxidative damage during heat exposure and after recovery
from heat treatments at 24 °C. Whole seedlings exposed to
heat or control conditions were sampled, weighed and
immediately frozen in liquid nitrogen before analyses.
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MDA determination was done according to Hodges et al.
(1999) and Sunkar et al. (2003) and Pro determination was
done according to Bauer et al. (2022).

Gene expression evaluation

Whole seedlings exposed to heat-treated or control con-
ditions were sampled, weighed and frozen in liquid nitro-
gen. RNA was isolated from 40-50 mg of frozen homoge-
nized seedlings using the MagMaxTM Plant RNA Isolation
Kit according to the manufacturer’s instructions. Comple-
mentary DNA (cDNA) was synthesized from 1 pg of isolat-
ed RNA using 200 U of RevertAid H Minus Reverse Tran-
scriptase and Oligo(dT)18 primer (Thermo Fisher
Scientific) in a total volume of 20 uL. The RT-qPCR was
performed in technical duplicates on the MIC platform (Bio
molecular Systems) by using GoTaq® qPCR Master Mix re-
agent (Promega), gene specific primers (On-line Suppl. Tab.
1) and 10 ng of cDNA. Thermocycling conditions were set
to 5 min at 95 °C, followed by 40 cycles at 95 °C for 10 s and
60 °C for 10 s. Specific amplification was verified by no tem-
plate controls and melting curves generated by increasing
the temperature from 55 °Cto 95 °Cat 0.5 °C s™. Quantifica-
tion cycle (Cq) values and primer efficiencies were calcu-
lated with MIC qPCR Cycler software (Bio Molecular Sys-
tems). Relative gene expression of heat stress-related genes
HSFA7A, HSFB2A and DREB2A was calculated with the
AACq method (Pfaffl 2001, Vandesompele et al. 2002). The
B. rapa genes OGIO (2-oxoglutarate and Fe (II)-dependent
oxygenase) and PUX (plant UBX domain-containing pro-
tein) were used as references. Genes, accession numbers and
primer sequences are listed in On-line Suppl. Tab. 1.

HSP90 determination

Total soluble proteins were extracted from 150-200 mg
frozen heat-treated or control seedlings. The seedlings were
homogenized in 400-800 pL Staples and Stahmann (1964)
extraction buffer (92.5 mM TRIS-HCI, 500 mM sucrose,
6.48 mM dithiothreitol, pH 7.6). After sodium dodecyl-sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) in 12%
polyacrylamide gels, proteins were transferred onto a poly-
vinylidene difluoride (PVDF; Immobilon-P, Sigma-Aldrich)
membrane. HSP90 was detected by using anti-HSP90-1
(Agrisera) and anti-Rabbit IgG-horse raddish peroxidase
(Sigma Aldrich) antibodies and Immobilon® Forte Western
HRP substrate (Millipore). PVDF membranes were stained
with Coomassie brilliant blue (0.1% (w/v) Coomassie R-250
in 40% methanol and 10% acetic acid). Images were anal-
ysed in Image]J v.1.49 (Schneider et al. 2012) as described in
Taylor and Posch (2014). To calculate the changes in protein
levels (FD), the respective control values were set to one.

Phytohormone determination

Free endogenous indole-3-acetic acid (IA A), abscisic ac-
id (ABA) and 1-aminocyclopropane-1-carboxylate (ACC)
were measured by gas chromatography-mass spectrometry
(GC-MS) according to previously adapted protocols
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(Villas-Boas et al. 2003, Rawlinson et al. 2015, Ludwig-Miiller
et al. 2021). Heat-treated and control seedlings were sam-
pled, weighed, frozen in liquid nitrogen and homogenised.
After homogenization, at least 100 mg of frozen plant tissue
was transferred to 2 mL tubes. A hundred nanograms of la-
belled standards *C(-IAA (Cambridge Isotope Laborato-
ries, Andover, MA, USA; 10 ng uL™") and *H,-ACC (Euriso-
top GmbH, Saarbriicken, Germany; 10 ng pL), and 200 ng
of “H;-ABA (Cambridge Isotope Laboratories, Andover,
MA, USA; 10 ng pL™) were added to each tissue sample as
internal standards. Samples were weighed, processed and
measured in technical duplicates. ABA, IAA and ACC con-
centrations were determined using principles of isotope di-
lution (Cohen et al. 1986) from diagnostic ion ratios of en-
dogenous and labelled hormones at a m/z of 190/194 for
ABA, 130/136 for IAA and 141/145 for ACC, at respective
retention times of 11.8-11.9 min, 10.5-10.6 min and 6.9-7.0

min, using the formula: Y:[%— 1) x X . Ci is the sum of

peak areas of standard and endogenous hormone, Cf the
peak area of the standard, X the amount of labelled standard
added, and Y the hormone concentration. Values obtained
by this formula were then divided by the fresh weight and
expressed as such.

Statistical methods

At least three biological replicates per treatment or con-
trol were analysed. Germination rates were compared be-
tween treatments and control using a Chi-square test of in-
dependence. For other parameters, normality of data was
assessed using the Shapiro-Wilk test and homogeneity of
variances using the Levene test. Normality and equal vari-
ances were assumed if P > 0.05. Although the data were nor-
mally distributed, the variances were not always homoge-
neous. Therefore, depending on the homogeneity of
variances, a one-way ANOVA followed by Tukey’s HSD post
hoc test or Welch’s ANOVA followed by a Games-Howell post
hoc test was performed. Statistical significance was set at P <
0.05. Statistical analysis was performed in the TIBCO Statis-
tica 13.5.0.17 software package (TIBCO Software, USA).

Results
Heat significantly affects seed germination

Seeds of B. rapa were exposed to a set of rising tempera-
tures and germination rate (% of seeds with visible radicle
tips) was monitored (Fig. 1). In control conditions, B. rapa
germination started as early as after 8 h (On-line Suppl. Fig.
2) and after 3 days all seeds (100%) had developed into green
seedlings. At slightly elevated temperature (28.5 °C), hypo-
cotyls elongated significantly (Fig. 1A, C) while a further
temperature rise (e.g. 32.7 °C) significantly inhibited hypo-
cotyl elongation. At temperatures above 38 °C, the germi-
nation rate was significantly reduced compared to the con-
trol. In addition, these temperatures blocked hypocotyl
elongation, apical hook opening and cotyledon opening, ex-
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growth rate, total root length and biomass accumulation
significantly more than the prolonged exposure to 37 °C
(Fig. 2). Exposure to 37 °C induced hypocotyl elongation
(Fig. 2A) while both heat treatments induced leaf yellowing,
inhibited leaf growth (On-line Suppl. Fig. 3) and significant-
ly reduced biomass accumulation (Fig. 2E).

Heat wave affects proline and malondialdehyde
accumulation

To determine the severity of the applied heat treatments,
Pro and MDA levels as markers of oxidative damage were
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Fig. 2. The effect of heat stress on Brassica rapa seedling develop-
ment. Seedlings were treated continuously at 37 °C for 24 h, or at
45°C2hand 15 min followed by recovery at 24 °C. Control plants
were kept at 24 °C. Seedlings were photographed (A) and analyzed
7 days after the start of heat stress treatments. Primary root
growth rate, PRGR (B), lateral root number, LR No. (C), total root
length, TRL (D) and biomass accumulation (E) were determined.
Data in B-E are represented as boxes that indicate the lower and
upper quartiles while means and medians are denoted with a
horizontal line and a cross in the box, respectively. Whiskers
represent the highest and lowest scores in the data set. Different
letters indicate a significant difference at P < 0.05 (Welch’s
ANOVA, Games-Howell test). Scale bar in (A) = 2 cm.
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Fig. 3. Proline, Pro (A) and malondialdehyde, MDA (B) accumu-
lation following heat stress in Brassica rapa. Pro and MDA levels
were measured in seedlings either treated at 37 °C for 24 h or
exposed to 45 °C for 2 h and 15 min (2:15) followed by recovery.
Control plants were kept at 24 °C. Pro and MDA levels were mea-
sured at 2:15 h, 24 h and 48 h from the start of the treatments and
expressed per fresh weight (FW). Data represent the average of six
replicates with standard deviations denoted by vertical bars. Dif-
ferent letters indicate a significant difference at P < 0.05 (ANOVA,
Tukey’s test).

measured in heat treated (37 °C for 24 h, or 45 °C for 2h and
15 min followed by recovery) B. rapa seedlings and com-
pared to the corresponding control. Pro and MDA levels
were measured in three time points — 2 h and 15 min, 24 h
and 48 h from the start of the treatments. Exposure to 45 °C
immediately induced Pro accumulation by 42% and elevat-
ed Pro levels were also detected even 48 h after heat wave
treatment (Fig. 3A). In accordance, MDA content was sig-
nificantly higher in seedlings 48 h after heat wave treatment
(Fig. 3B). Exposure to 37 °C did not affect Pro and MDA ac-
cumulation indicating that the stress response of B. rapa
seedlings to the heat wave-like treatment was more pro-
nounced than that to prolonged exposure to a moderately
elevated temperature.

Heat wave induces expression of heat stress-related
genes and proteins

Plant stress response is mediated by transcription fac-
tors that perceive stress signals and direct downstream de-
fence gene expression. To further investigate the effect of
heat treatments, we quantified gene expression of major heat
stress-responsive transcription factors HSFA7A, HSFB2A
and DREB2A by RT-qPCR. Short-term exposure to 45 °C
revealed a drastic induction of the expression of the exam-
ined genes, while a prolonged exposure to 37 °C only mod-
erately enhanced HSFA7A, HSFB2A and DREB2A gene ex-
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pression (Fig. 4A). HSP90 protein accumulation was
evaluated after immunodetection and normalized to the
RuBisCO protein (Fig. 4B, On line Suppl. Fig. 4). Both heat
stress treatments induced accumulation of HSP90 proteins.
Under control conditions, a low level of one HSP90 protein
form (Fig. 4B, white arrowhead) was detected, while under
heat stress enhanced accumulation as well as additional
forms of HSP90 proteins were observed (black arrowheads).

Heat treatments affect phytohormone levels

Evident morphological changes of heat-treated B. rapa
seedlings encouraged us to explore the fluctuations of phy-
tohormones IA A, abscisic acid (ABA) and 1-aminocyclo-
propane-1-carboxylate (ACC, the precursor of ethylene)
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Fig. 4. Expression of heat stress-related transcription factor genes
and proteins in Brassica rapa. Seedlings were treated at 37 °C for
24 h or exposed to 45 °C for 2 h and 15 min followed by recovery.
Control plants were kept at 24 °C. Gene expression of heat stress-
responsive transcription factors (A) and HSP90 proteins (B) were
measured 24 h after the start of the treatments. For the relative
quantification of HSFA7A, HSFB2A and DREB2A genes were nor-
malized to the reference genes OGIO and PUX. Gene expressions
are AACq values (with corresponding controls taken as one) on a
log2 scale and presented as averages of three biological replicates
with standard deviations denoted by vertical bars. Different letters
indicate significant differences at P < 0.05 (ANOVA, Tukey’s test).
Immunoassay signals of HSP90 were normalized to the RuBisCO
protein intensities on PVDF membranes after staining with Coo-
massie brilliant blue and expressed as fold difference (FD), where
corresponding control (24 °C) is set to one. The asterisk/white
arrowhead indicates HSP90 present at control conditions and
black arrowheads indicate heat-induced HSP90 forms.
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Fig. 5. Phytohormone levels following heat stress in Brassica rapa. Seedlings were either treated at 37 °C for 24 h or exposed to 45 °C
for 2 h and 15 min followed by recovery. Control plants were kept at 24 °C. Indol-3-acetic acid, IAA (A), abscisic acid, ABA (B), and
l-aminocyclopropane-1-carboxylic acid, ACC (C) were measured by GC-MS from whole seedlings harvested 24 h from the start of the
treatments and expressed per fresh weight (FW). Data represent the average of three replicates with standard deviations denoted by
vertical bars. Different letters indicate a significant difference between control and heat treatments at P < 0.05 (ANOVA, Tukey’s test).

(Fig. 5). Plant growth regulators were affected more severe-
ly by prolonged exposure to 37 °C than by short-term expo-
sure to 45 °C followed by recovery. IAA content was signif-
icantly upregulated by both heat treatments (Fig. 5A) while
exposure to 37 °C, but not to 45 °C, significantly induced
ABA (Fig. 5B) and reduced ACC levels (Fig. 5C).

Discussion

The magnitude of temperature extremes is increasing as
a result of global climate change and is accompanied by
more frequent heat waves. Elevated temperatures may alter
germination timing and rate, decrease biomass accumula-
tion and reduce species' performance and yields by impair-
ing reproduction (Anderson et al. 2020, Ahmad et al. 2022).
Since temperature is one of the most important factors in
plant growth and development, significant changes in plant
distribution, abundance and yield are expected in the near
future. Temperature increases of 1 °C cause a 17% yield re-
duction in Brassica species (Kaushal et al. 2016). Here, we
studied the heat effects on B. rapa seed germination, and
seedlings' performance under a moderately elevated tem-
perature of 37 °C, reflecting the commonly measured tem-
perature during the summer season in areas with a conti-
nental climate, and the effect of a short exposure to an
extreme temperature of 45 °C, reflecting extreme heat wave
events that occasionally occur during summer days. We an-
alysed early stages of seedling establishment when plants
are more vulnerable and temperature particularly affects
growth rate and development. Successful seed germination
is the major prerequisite of species' survival and distribution
(Heschel et al. 2007) and may significantly impact crop yield
(Boter et al. 2019). Several works have shown a negative cor-
relation between rising temperatures and Brassica species
seed germination rates. Wilson et al. (1992) showed that
40 °Cis a critical temperature decreasing germination rates
significantly in 11 different cultivars of B. rapa, B. oleracea
and B. napus, while Motsa et al. (2015) showed that 36 °C is
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the maximum germination temperature for B. rapa ssp.
chinensis. In accordance with these results, we showed that
although B. rapa seed radicule protrusion occurred under
heat, post-germination seedling development was strongly
impaired indicating 36 °C as the temperature threshold for
B. rapa distribution and seedling establishment in the field.
Once germinated, B. rapa seedlings tolerated 37 °C and
could survive for as long as 2 h and 15 min at 45 °C. How-
ever, the accumulation of biomass, as well as root growth
and development were significantly disturbed by exposure
to both temperature regimes (Fig. 2), and the effect was
more pronounced when seedlings were exposed to a heat
wave at 45 °C. Indeed, short exposure to 45 °C temporarily
blocked root growth of B. rapa seedlings. In other Brassica
species heat stress often reduces growth, especially of above-
ground organs, which is an adaptation that can help plants
reduce transpiration and conserve water (Gunasekera et al.
2006, Rodriguez et al. 2015, Munns and Millar 2023), but
heat response and tolerance can vary greatly among species,
varieties or even accessions (Pavlovié¢ et al. 2018, 2019, Bauer
et al. 2022). For example, exposure to elevated temperature
reveals accession-specific diversity in B. oleracea var.
acephala and B. napus (Bauer et al. 2022, Boter et al. 2023),
with some having enhanced growth and accumulation of
biomass, while most remain sensitive to heat, which fits with
our results. Moreover, a significant difference in the pheno-
typic root system architecture of B. napus varieties is asso-
ciated with differences in the transcriptional dynamics of
the heat shock and hormonal response genes (Boter et al.
2023). Furthermore, comprehensive analyses of B. rapa
genes expressed only at one type of heat treatment, such as
45 °C (Dong et al. 2015, Quan et al. 2023), 42 °C (Yu et al.
2023) or 40 °C (Zhang et al. 2022) have been performed. We
compared how different types of heat treatments affect the
gene expression of heat-related HSFand DREB2A transcrip-
tion factors and further determined HSP90 protein and
phytohormone levels, which to our knowledge, has not pre-
viously been done in heat stress treated B. rapa seedlings.
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At 37 °C, HSFA7A, HSFB2A and DREB2A were slightly en-
hanced, while the 45 °C-treatment significantly upregulated
these genes (Fig. 4A). Both types of heat treatment enhanced
HSP90 protein accumulation and induced the expression of
new HSP90 forms (Fig. 4B). Additional HSP90 proteins rec-
ognised by immunodetection may be heat-induced splice
variants, post-translationally modified HSP90 proteins or
newly induced HSP90 proteins, as 17 genes encoding HSP90
have been reported for B. rapa (Wang et al. 2022). Differen-
tial expression of HSP90s participates in the responses of B.
napus to salt stress and Sclerotinia sclerotiorum infection
(Wang et al. 2022), and in the response of B. oleracea to cold
(Sajad etal. 2022), but as far as we know, no accurate expres-
sion analyses of individual HSP90 genes and proteins have
been determined in Brassica species under heat stress.

In many plant species, Pro accumulates under heat
stress and mediates tolerance by participating in signalling
networks, helping to maintain redox balance as an ROS
scavenger, and serving as an osmoprotectant (Raza et al.
2023). If they are not neutralised, ROS can damage proteins,
lipids, carbohydrates and nucleic acids. Lipid peroxidation,
characterised by the accumulation of MDA, destabilises cell
membranes by increasing their fluidity. Increased Pro is
confirmed for different B. juncea cultivars (Hayat et al. 2011)
and rapeseed B. napus (Mohamed et al. 2020) subjected to
abiotic stress. When B. rapa seedlings are exposed to 45 °C
for 4 h, the MDA content increases significantly under heat
stress (Rai et al. 2021). Here, B. rapa seedlings exposed to
37 °C showed no changes in Pro and MDA levels, while
exposure to 45 °C immediately caused an accumulation of
Pro that remained elevated for at least 2 days after the
applied stress (Fig. 3). MDA accumulated with a delay of
2 days, indicating a heat-induced overproduction of ROS
and consequent lipid peroxidation (Mittler et al. 2012),
which led to an extreme reduction of plant growth after the
short-term exposure to 45 °C (Fig. 2). Our results indicate
that Pro and MDA are not suitable markers of heat stress
when examining a single species or cultivar and their use as
indicators of stress state depends on the type of temperature
applied. However, comparing Pro and MDA accumulation
among different cultivars for the purpose of screening and
selecting those more resistant to a particular type of abiotic
stress has been proven to be a good indicator for Brassica
species (Pavlovi¢ et al. 2019, Bauer et al. 2022).

Although seedlings treated at 37 °C also showed signif-
icant growth deviations, they were accompanied by only
small changes in Pro, MDA and heat-related gene expres-
sion levels so we further analysed heat treatment effects on
phytohormone fluctuations that are known to be involved
in Brassica species' stress tolerance mechanisms (Pavlovi¢
et al. 2018, 2019). Indeed, an exposure to either 37 °C or
45 °C had significant and differential effects on IAA, ABA
and the immediate ethylene precursor ACC accumulation.
These changes in phytohormone levels may be responsible
for detected heat-related root growth disturbances (Figs. 2,
5). Phytohormones affect growth in a dose-dependent man-
ner and their finetuning and interactions are especially im-
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portant under stress exposure (Vanstraelen and Benkova
2012). The perturbation in phytohormone levels under heat
exposure mediates plant adaptive responses by impacting
nutrient synthesis and allocation and guiding growth and
developmental changes known as thermomorphogenesis
(Casal and Balasubramanian 2019). Auxin, ABA and ethyl-
ene have a central role in determining root architecture,
guiding the induction and growth of the main roots, lateral
roots, adventitious roots and root hairs (Olatunji et al. 2017).
They also promote hypocotyl elongation at elevated tem-
perature (Emenecker and Strader 2020), which is in accor-
dance with our results. Elevated IAA and ABA, and a de-
crease of the ethylene precursor ACC may be the main
reasons for the changes induced at 37 °Cin B. rapa seedling
morphology, while significant changes of IA A seem to gov-
ern growth and developmental changes of seedlings ex-
posed to short extreme heat stress (Figs. 1, 2). In accordance
with previous studies (Gray et al. 1998, Bianchimano et al.
2023), TAA level was significantly enhanced after both heat
treatments and TAA can be considered a good heat stress
marker in B. rapa seedlings. ACC was barely detectable at
37 °C and showed no significant change upon short-term
exposure to 45 °C, which could be due to the imbalanced
activity of the ACC synthase and ACC oxidase enzymes as
described by Antunes and Sfakiotakis (2000) for kiwifruit
grown at 40 °C. ABA content increased at 37 °C but after
exposure to 45 °C (followed by recovery) was close to the
control value. We assumed that a strong heat-induced rise
in ABA level during treatment at 45 °C would instantly
suppress seedling root growth and time-dependent screen-
ing of ABA levels under heat will be considered in our future
research.

Heat-induced fluctuations of different hormones are not
unequivocal and uniform among different species and may
vary under different heat treatments (Prerostova et al. 2020,
Podr et al. 2022) which is in agreement with our results. In
planta auxin and ethylene synergistically affect root elonga-
tion and root hair formation, but act antagonistically in lat-
eral root initiation and hypocotyl elongation (Muday et al.
2012). ABA induces primary root growth and suppresses
lateral roots at low concentrations (Tiwari et al. 2022) and
is important in mediating plant adaptation to stress (Baron
et al. 2012). ABA confers thermotolerance by supporting
photosystem II (PSII), switching on antioxidants, produc-
ing osmolytes and inducing gene expression of HSFs and
HSPs (Ahammed et al. 2016, Jha et al. 2022). We measured
a significant induction of ABA levels at 37 °C, and control-
like ABA levels after short-term heat treatment at 45 °C
followed by a recovery period at 24 °C (Fig. 5B) indicating
that ABA accumulation is possibly instantly and strongly
affected by heat. Similar ABA perturbances are noticed in
S. lycopersicum and A. thaliana plants treated at 40 °C. After
initial heat-induced ABA accumulation, a post-treatment
ABA decline was observed (Dobra et al. 2015). ABA may
also have a crucial role in heat-induced B. rapa seed germi-
nation arrest observed here (Fig. 1). Exposure to extreme
heat blocked hypocotyl elongation, apical hook opening,
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cotyledon opening, expansion and greening of B. rapa seed-
lings (Fig. 1). ABA is known to mediate inhibition of post-
germination seedling establishment in the dark, while un-
der light conditions, ABA is degraded enabling seedling
greening and growth (Yadukrishnan and Datta 2021).
Whether heat disturbs ABA degradation and induces seed
germination and seedlings growth arrest of B. rapa should
be further investigated in the future.

The results of our work highlight B. rapa vulnerability
at early developmental stages. Prolonged, moderately ele-
vated temperature changed the growth and development
pattern by significant perturbation of phytohormone level
and HSP90 protein accumulation. Short exposure to ex-
treme heat significantly stimulates the expression of HSFs
and DREB2A transcription factors, induces the accumula-
tion of auxin TAA and HSP90 proteins, and almost stops
seedling growth. The above confirms the great importance
of phytohormones, especially IAA and ABA, in regulating
B. rapa growth under heat stress and indicates the potential
of targeting auxin and ABA metabolic and signalling path-
ways for phytoprotection or for use in breeding programs
with aim to enhance stress tolerance and improve climate
change adaptation.
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