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Abstract
Key message  Ethanol priming induces heat stress tolerance by the stimulation of unfolded protein response.

Abstract  Global warming increases the risk of heat stress-related yield losses in agricultural crops. Chemical priming, using 
safe agents, that can flexibly activate adaptive regulatory responses to adverse conditions, is a complementary approach to 
genetic improvement for stress adaptation. In the present study, we demonstrated that pretreatment of Arabidopsis with a 
low concentration of ethanol enhances heat tolerance without suppressing plant growth. We also demonstrated that ethanol 
pretreatment improved leaf growth in lettuce (Lactuca sativa L.) plants grown in the field conditions under high temperatures. 
Transcriptome analysis revealed a set of genes that were up-regulated in ethanol-pretreated plants, relative to water-pretreated 
controls. Binding Protein 3 (BIP3), an endoplasmic reticulum (ER)-stress marker chaperone gene, was among the identified 
up-regulated genes. The expression levels of BIP3 were confirmed by RT-qPCR. Root-uptake of ethanol was metabolized to 
organic acids, nucleic acids, amines and other molecules, followed by an increase in putrescine content, which substantially 
promoted unfolded protein response (UPR) signaling and high-temperature acclimation. We also showed that inhibition of 
polyamine production and UPR signaling negated the heat stress tolerance induced by ethanol pretreatment. These findings 
collectively indicate that ethanol priming activates UPR signaling via putrescine accumulation, leading to enhanced heat 
stress tolerance. The information gained from this study will be useful for establishing ethanol-mediated chemical priming 
strategies that can be used to help maintain crop production under heat stress conditions.
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Introduction

Agriculture is one of the sectors that is highly likely to 
be compromised by global warming. Based on the recent 
projected crop and climate models, it is anticipated that 
crop production, for example in maize, will decrease 
by −6 to −24% at the end-of-century (Jägermeyr et al. 
2021). A crop management system that can flexibly induce 
stress adaptation by the pretreatment of growing crops 
with safe, chemical compounds represents an important 
approach that can complement genetic improvements in 
stress tolerance (Savvides et al. 2016; Sako et al. 2021b). 
Such a strategy is referred to as ‘chemical priming’. Vari-
ous types of molecules have been found to function as 
chemical priming agents (Savvides et al. 2016; Sako et al. 
2021b) and include amino acids, such as proline (Ambreen 
et al. 2021), phytohormones, such as salicylic acid (Li 
et al. 2014; Khan et al. 2015; Qamar et al. 2022), methyl 
jasmonate (Mageroy et al. 2020; Valenzuela-Riffo et al. 
2020) and strigolactone (Ha et  al. 2014; Omoarelojie 
et al. 2020), and other molecules, such as hydrogen sulfide 
(H2S) (Liu et  al. 2021), nitric oxide (NO)(Dong et  al. 
2014), sodium nitroprusside (Hameed et al. 2021), zinc 
oxide nanoparticles (Waqas Mazhar et al. 2022), acetic 
acid (Kim et al. 2017; Utsumi et al. 2019), ascorbic acid 
(Qamar et al. 2022), nicotinic acid (Ahmad et al. 2021), 
and polyamines (PAs) (Shu et al. 2015; Chen et al. 2019; 
Collado-González et al. 2021; Islam et al. 2021; Jahan 
et al. 2022). Importantly, chemical compounds used as 
priming agents must be effective at low concentrations to 
be cost-effective, as well as environment-friendly. We pre-
viously reported that the chemical priming of plants with 
low concentrations of ethanol, an inexpensive compound 
(ex. $0.36 for 10 gallons of 10 mM ethanol, Wako) and 
widely used as a disinfectant, improves salt and high-light 
stress tolerance (Nguyen et al. 2017; Sako et al. 2021a). 
In these literatures, the effective concentration of etha-
nol was 0.3% (51 mM). Therefore, chemical priming by 
ethanol represents an attractive approach for the develop-
ment of a crop management system that can increase stress 
tolerance.

Under heat stress conditions, proteins in the endo-
plasmic reticulum (ER) can be denatured or aggregated 
(Ohama et al. 2017; Nishad and Nandi 2021). The dam-
aged proteins cannot be appropriately folded and accu-
mulate in the ER. The condition that the unfolded or 
misfolded proteins excessively accumulate in the ER is 
defined as ER stress (Walter and Ron 2011). Significant 
efforts have been made to elucidate the molecular mecha-
nisms that can restore net protein-folding capacity in the 
ER under stress conditions. This process has been shown 
to be regulated by the unfolded protein response (UPR) 

system, which is broadly conserved in eukaryotes (Ange-
los et al. 2017; Pastor-Cantizano et al. 2020). The UPR 
alleviates the damage of ER stress, which leads to the res-
toration of ER function (Iwata and Koizumi 2012; Pastor-
Cantizano et al. 2020). On the other hand, when ER stress 
is prolonged or severe, programmed cell death occurs in 
the cells (Iwata and Koizumi 2012; Pastor-Cantizano et al. 
2020). The UPR activates the synthesis of ER-resident 
molecular chaperones to alleviate the development of 
ER stress. Binding Protein 3 (BIP3), an ER stress marker 
gene, encodes an ER-resident cognate of heat shock pro-
tein 70, and its role in UPR has been characterized (Mar-
tínez and Chrispeels 2003; Kamauchi et al. 2005; Iwata 
et al. 2018). BIP1 to BIP3 are found in the Arabidopsis 
genome as genes encoding a chaperone family protein. 
Notably, the expression of BIP3 is highly induced under 
ER stress conditions (Iwata et al. 2009). Moreover, it has 
been shown that BIP3 expression is regulated by specific 
basic leucine zipper (bZIP) transcription factors, such as 
bZIP60, which is an important component of UPR activa-
tion (Humbert et al. 2012; Pastor-Cantizano et al. 2020).

Polyamines are metabolites that are widely distributed 
in organisms. Putrescine, spermidine, spermine, and ther-
mospermine are recognized in plants as polyamines (Chen 
et al. 2019). They play a functional role in a variety of devel-
opmental processes and biotic and abiotic stress responses 
(Mustafavi et al. 2018). Notably, spermine has been reported 
to activate the UPR through its regulation of bZIP60 expres-
sion (Sagor et al. 2015).

It is important to elucidate the regulatory mechanism of 
the ethanol-pretreatment-induced enhancement of heat stress 
tolerance in plants. To tackle this, in the present study, we 
investigated the effects of the ethanol pretreatment on physi-
ological response to heat stress and analyzed the changes in 
the profiles of gene expression and metabolite accumulation 
in response to ethanol treatment.

Materials and methods

Plant growth conditions

Arabidopsis wild-type plants (ecotype Col-0) and two bzip60 
mutants (SAIL_838_C12 and SALK_050203 obtained from 
ABRC) and lettuce plants (“Leaf Lettuce Green” commer-
cially purchased from Sakata Seed Corp., Yokohama, Japan) 
were used in the experiments. The plants were grown on 
petri plates containing 1 × MS, 1% sucrose and 0.8% agar 
medium. Petri plates containing 30 Arabidopsis plants per 
plate were placed in a growth incubator for 14 days at 22℃ 
under a 18 h light / 6 h dark condition. For soil-based experi-
ments, seeds were sown into pots containing either Profes-
sional Potting Soil (Dio Chemicals Ltd., Tokyo, Japan) for 
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Arabidopsis or 1:1 Professional Potting Soil and humus mix 
soil (Kurotsuchi A-No.2, Tachikawa Heiwa Nouen Co. Ltd., 
Kanuma, Japan) for the lettuce plants. After sowing, plants 
were grown for 3 weeks at 22 °C under a 18 h light / 6 h dark 
condition in a growth room.

Ethanol treatment and heat stress tolerance test

Heat stress treatment for MS-agar-grown Arabidopsis 
plants was performed according to the procedure reported 
in Nguyen et al. (2015). After 5 h of exposure to the initial 
light conditions (ZT5), MS-agar-grown Arabidopsis plants 
were placed in an air incubator (SANYO incubator MIR-
153, Sanyo Electric Co. Ltd, Osaka, Japan) set at 43.5 °C 
with dim light. MS plates containing ethanol were prepared 
as follows: (1) MS medium was autoclaved, (2) the medium 
was cooled down, (3) before the medium was solidified, 
ethanol was added into the medium and mixed, (4) the 
medium was poured into plates and solidified. We checked 
the surface temperature of the MS agar petri plates placed 
in the air incubator. The temperatures gradually approached 
43.5 °C over a period of 100 min and then remained stable at 
43.5 °C (Fig. 1A). After the indicated time of exposure to the 
heat stress conditions, the plants were returned to the growth 
incubator set at 22 °C and were grown for an additional 
7 days. The viability of each plant was assessed based on the 
emergence of new leaves. The heat stress tests for soil-grown 
Arabidopsis plants were performed as follows: The pots with 
3-week-old plants were placed onto paper towels to remove 

excess water. Then the bottoms of the pots were dipped into 
20 mM ethanol solution for a period of 3 days in a tray. The 
pots placed in the tray were covered with a vinyl film to 
prevent them from drying out. The tray was then exposed to 
a heat stress of 50 °C for 3 h in the air incubator. The tray 
was returned to the growth room after the heat stress treat-
ment, where the temperature was maintained at 22 °C and 
tap water was put in the tray, although the vinyl film cover 
was retained for 24 h. The survival rate of Arabidopsis plants 
was assessed 10 days subsequent to the heat stress.

The heat stress tests for lettuce plants grown in pots with 
soil were performed in a similar manner to the Arabidopsis 
plants. Three-week-old plants were treated with 20 mM etha-
nol by dipping the bottoms of the pots in a tray containing 
the solution for 3 days and then the plants were exposed to 
heat stress at 50 °C for 3 h in the air incubator. The pots were 
returned to the growth room after the heat stress treatment, 
where the temperature was kept at 22 °C and a vinyl film 
cover was retained for 24 h. The survival rate of the lettuce 
plants was estimated on the 10th day after heat stress.

Field experiments using lettuce plants were conducted 
as follows: lettuce seedlings were grown in pots with soil 
for 3 weeks and pretreated with subirrigation of 20 mM 
ethanol by placing the pots in a tray containing the etha-
nol solution for 2 days or left untreated (control). Twenty-
six water (control)-pretreated and 26 ethanol-pretreated 
plants were then transplanted on February 16, 2020 to the 
field which was covered with a rain shelter (35°24ʹ15.8ʹʹN 
139°32′59.5ʹʹE) located on the Maioka campus, Yokohama 
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Fig. 1   Ethanol pretreatment-induced heat stress tolerance in Arabi-
dopsis. A Surface temperature of MS plates placed in a 43.5  °C air 
incubator. B Effect of various concentration of ethanol on the heat 
tolerance of Arabidopsis plants grown on MS agar medium. Seeds 
were sown and germinated on the MS media containing 0, 2, 10, 15, 
20, and 60 mM ethanol and grown for 14 days. The plants were then 
subjected to a heat stress treatment (43.5 °C for 3 h) followed by non-
stressed conditions for 7 days. C Survival rate of ethanol-pretreated 
plants following heat stress treatments. Two-week-old plants were 

treated at 43.5 °C for 2.5, 3.5, and 4 h. Asterisks indicate a significant 
difference (p < 0.05) compared to control plants without an ethanol 
pretreatment (n = 4, 30 plants were used in each replicate) according 
to a Tukey’s multiple comparison test. D Index of injury (Id) values 
calculated from ion leakage measurements in 10  mM ethanol-pre-
treated and water-pretreated plants (n = 20). Asterisks indicate a sig-
nificant difference (p < 0.01) compared to that of control plants based 
on a t-test
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City University. The diagram of the arrangement of the 
plants in the field is shown in Supplemental Fig. 1. The 
lettuce plants were subsequently treated with 100 mL of 
20 mM ethanol per plant at 2-week intervals. Survival rates 
of lettuce plants were assessed on May 26, 2020. Tem-
peratures in the rain shelter were monitored and recording 
using a Ondotori TR-72nw (T&D Corporation, Matsumoto, 
Japan).

Ion leakage analysis

Shoots of Arabidopsis seedlings grown on MS plates with 
and without an ethanol pre-treatment for 11 days were 
placed in a test tube containing 2 mL of distilled water. The 
tubes were heated in a water bath at 43 °C for 30 min, and 
then cooled in a water bath set at 22 °C for 30 min. Heat-
stressed and control samples were slowly shaken overnight 
at 30 rpm, after which electrical conductivity was meas-
ured with a Conductivity meter B-173 (Horiba Ltd, Kyoto, 
Japan). The samples were then autoclaved at 120 °C and 
shaken at room temperature for several hours, after which 
electrical conductivity of the samples was again measured. 
The index of injury (Id) was calculated based on the protocol 
described for ion leakage analysis of Arabidopsis seedlings 
by Ilík et al. (2018).

Reverse transcription: quantitative PCR (RT‑qPCR)

Each treatment was analyzed using three biological repli-
cates, and a total of ten plants was sampled for each treat-
ment. Total RNAs were extracted using purelink Plant RNA 
Reagent (Thermo Fisher Scientific Inc., Waltham, MA, 
USA). RT-qPCR analysis was performed on a StepOnePlus 
system (Thermo Fisher Scientific Inc., Waltham, MA, USA) 
as previously described (Nguyen et al., 2015; Matsui et al., 
2017). Three independent biological replicates were used in 
each of the RT-qPCR analyses. The sequences of the utilized 
primer sets were as follows:

ACT2, 5ʹ-GAT​CTC​CAA​GGC​CGA​GTA​TGAT-3ʹ and 
5ʹ-CCC​ATT​CAT​AAA​ACC​CCA​GC-3ʹ;

18S rRNA, 5ʹ-GGA​AGT​TTG​AGG​CAA​TAA​CAGG-3ʹ 
and 5ʹ-ATT​GCA​ATG​ATC​TAT​CCC​CATC-3ʹ,

HSP101, 5ʹ-CCA​AGT​GAG​CTG​AGA​TCT​TGGT-3ʹ and 
5ʹ-GTT​CCA​CAA​CAA​GCATA-3ʹ;

HSP70b, 5ʹ-TGT​CTC​GTC​ATC​GTT​GCA​TT-3ʹ and 
5ʹ-TCT​TCC​TTT​TTC​AGG​GCA​AA-3ʹ;

HTT1, 5ʹ-CCA​AGT​GAG​CTG​AGA​TCT​TGGT-3ʹ and 
5ʹ-GTT​CCA​CAA​CAA​GCA​TAC​GG-3ʹ;

ZAT12, 5ʹ-TCC​GAT​GGG​ACA​AGC​TTT​GG-3ʹ and 
5ʹ-AAG​CCA​CTC​TCT​TCC​CAC​TG-3ʹ;

APX1, 5ʹ-GCA​CTA​TTG​GAC​GAC​CCT​GT-3ʹ and 5ʹ-AGC​
AAA​CCC​AAG​CTC​AGA​AA-3ʹ;

APX2, 5ʹ-AAG​TTG​AGC​CAC​CTC​CTG​AA-3ʹ and 
5ʹ-GTG​TGT​CCA​CCA​GAC​AAT​GC-3ʹ;

HSFA2, 5ʹ-GTC​TTC​AGC​TAT​AAA​GGG​ATT​CAG​A-3ʹ 
and 5ʹ-ATT​CTG​CAA​ACC​CAT​GTT​CC-3ʹ,

BIP3, 5ʹ-CGA​AAC​GTC​TGA​TTG​GAA​GAA-3ʹ and 
5ʹ-GGC​TTC​CCA​TCT​TTG​TTC​ACA-3ʹ.

Microarray analysis

Arabidopsis WT seeds were sown on MS medium with and 
without 2 mM ethanol and grown for 2 weeks. Whole plants 
were then subsequently collected at ZT5. Microarray analy-
sis was performed as previously described (Matsui et al. 
2017). Raw data were extracted using the Feature Extraction 
program ver. 9.1. RMA normalization was performed for 
signals of microarray probes using the limma (Ritchie et al. 
2015) and RankProd packages (Del Carratore et al. 2017) 
in the R 4.0.5 program (R Core Team). The microarray data 
were deposited in the GEO database (GSE171036).

13C‑tracer analysis using nuclear magnetic 
resonance (NMR) spectroscopy

The 13C labeling method for plants described in several pre-
vious reports (Kikuchi et al. 2004; Kikuchi and Hirayama 
2007; Tian et al. 2007) was utilized in the present study. 
Briefly, 2-week-old Arabidopsis seedlings assimilated either 
10 mM of 13C2-ethanol or non-labeled ethanol (Guaranteed 
reagent, FUJIFILM Wako Pure Chemical Corporation, 
Osaka, Japan) via root-uptake for 24 h. The plants were 
harvested after the 13C-labeling and immediately freeze-
dried for use in the metabolome analysis. The lyophilized 
plants were milled and extracted with D2O/KPi (100 mM, 
pH 7.0) buffer solution. Then, two-dimensional (2D) nuclear 
magnetic resonance spectroscopy (NMR) analysis was per-
formed using the method that has been previously described 
in several reports (Sekiyama et al. 2010; Komatsu et al. 
2014, 2016).

Metabolome analysis by gas chromatography‑time 
of flight/mass spectrometry (GC‑TOF/MS)

GC-TOF/MS analysis was conducted on samples that were 
treated with non-labeled ethanol (Guaranteed reagent, FUJI-
FILM Wako Pure Chemical Corporation, Osaka, Japan) 
using the procedures described in earlier studies (Jonsson 
et al. 2005; Kusano et al. 2007a, 2007b; Redestig et al. 
2009). Approximately 25 mg fresh weight of root or shoot 
tissue per one mL of extraction medium containing ten sta-
ble isotope reference compounds was used in the extraction 
of metabolites.
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Putrescine and ornithine treatment

Seeds were sown on MS media containing 0.2 mM putres-
cine or 0.2 mM ornithine. After the cultivation for 14 days, 
seedlings were subjected to heat stress at 43.5 °C for the 
indicated hours and then placed under non-stressed condi-
tion for 7 days.

Arabidopsis cultivation in MS liquid medium 
and treatment with LaCl3

The bottom portions (6 mm) of the disposable pipette tips 
(10 μl Short Tip, Fukaekasei Co. Ltd., Kobe, Japan and 
WATSON Co. Ltd., Tokyo, Japan) were cut and 0.8% aga-
rose MS medium was poured into the upper portions of the 
cut tips. These were set in a tip case (200 μl Tip Rack, BM 
Equipment Co. Ltd., Tokyo, Japan) with the void holes cov-
ered with parafilm. A total of 220 mL of liquid MS medium 
was added to the tip case to partially submerge the tips. 
Arabidopsis seedlings were grown in this system at 22 °C 
for 2 weeks. The seedlings were then pretreated with either 
10 mM ethanol, 0.5 mM LaCl3, or 10 mM ethanol supple-
mented with 0.5 mM LaCl3 for 3 days and then exposed to 
a heat stress at 45 °C for 3.5 h.

Difluoromethylornithine (DFMO) 
and difluoromethylarginine (DFMA) treatment

Arabidopsis seedlings were grown in MS liquid culture for 1 
week according to the method of Nguyen et al. (2017). The 
seedlings were treated with 2 mM DFMO, 2 mM DFMA and 
10 mM ethanol for 12 h, and then subjected to heat treat-
ment at 45 °C for 2.5 h and then placed under non-stressed 
condition for 7 days.

Tunicamycin (Tm) and azetidine‑2‑carboxylic acid 
(AZC) treatment

Seeds were sown on MS media containing 0.015 mg / L Tm 
or 15 μM AZC. After the cultivation for 14 days, seedlings 
were subjected to heat stress at 43.5 °C for 3 h and then 
placed under non-stressed condition for 7 days.

Results

Ethanol pretreatment enhances the heat stress 
tolerance of plants grown on MS agar medium 
and in soil

A heat stress test was conducted on Arabidopsis plants to 
determine the effect of an ethanol pretreatment on heat 
stress tolerance. The heat stress was administered in an air 

incubator as previously described (Nguyen et al. 2015). 
Arabidopsis plants grown on MS solid medium supple-
mented with either 0, 2, 10, 15, 20, or 60 mM ethanol for 
2 weeks were subjected to a heat stress and then returned 
to control conditions. The plants subjected to a heat stress 
were photographed after 1 week (Fig. 1B) and survival rates 
were assessed (Fig. 1C). The viability of plants grown on 
MS solid medium with 0 mM ethanol decreased to approxi-
mately 30% and 10% by exposure to a heat stress treatment 
of 2.5 h and 3 h, respectively (Fig. 1C). In contrast, the sur-
vival rates of plants grown on MS solid medium containing 
10 mM ethanol or greater exhibited a viability of 70% or 
more after exposure to a 2.5 h heat stress. After exposure 
to a 3 h heat stress, the survival rates of plants grown on 
MS solid medium containing 10 mM, 15 mM, 20 mM, and 
60 mM ethanol showed 30%, 51%, 86%, and 60%, respec-
tively (Fig. 1C). These results indicate that plants grown on 
MS medium supplemented with ethanol have an increasing 
level of viability as the concentration of ethanol increased.

Ion leakage assays were conducted to estimate the degree 
of damage caused by the heat stress treatment. An index of 
damage (Id) was calculated as reported previously (Ilík et al. 
2018). Arabidopsis plants grown on MS medium containing 
10 mM ethanol had a significantly lower Id value than plants 
grown on MS medium without ethanol (Fig. 1D), suggesting 
that the ethanol pretreatment alleviates the damage caused 
by the heat stress.

In some cases, a high concentration of a chemical priming 
agent can adversely affect growth (Kim et al. 2017). There-
fore, we evaluated the growth of Arabidopsis plants grown 
on agar plates supplemented with various concentrations 
of ethanol. Results indicated that no significant differences 
in growth were observed between untreated control plants 
and plants treated with < 10 mM ethanol, however, concen-
trations > 15 mM ethanol inhibited plant growth in a dose-
dependent manner (Supplemental Fig. 2A, B).

We next investigated the heat stress tolerance of Arabi-
dopsis plants pretreated with ethanol and grown on soil. Eth-
anol was administered to 3-week-old plants from the bottom 
of pots for 3 days, and then subjected to a heat treatment. 
Soil-grown plants not treated with ethanol exhibited about 
a 10% survival rate after exposure to a 3 h heat stress treat-
ment (Fig. 2A). In contrast, soil-grown plants pretreated with 
ethanol exhibited a survival rate of about 70% (Fig. 2A), 
indicating that the ethanol pretreatment was also effective on 
soil-grown Arabidopsis plants. We also conducted the test on 
soil-grown lettuce plants. Three-week-old lettuce seedlings 
grown in pots containing soil were treated with ethanol for 
3 days, in the same manner used to treat soil-grown Arabi-
dopsis plants, and subjected to a heat stress treatment. Let-
tuce leaf growth in the ethanol-pretreated plants following 
the heat stress treatment exhibited less inhibition than the 
leaf growth in non-ethanol-treated control plants (Fig. 2B). 
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These results indicate that ethanol pretreatment exerts a 
beneficial effect on leaf growth in lettuce plants subjected 
to heat stress. We also investigated the effect of the ethanol 
pretreatment on the heat tolerance of lettuce plants grown 
in the field. Notably, the ethanol pretreatment improved the 
survival rates and leaf growth of plants exposed to high tem-
perature conditions under field conditions (Fig. 2C).

Heat stress treatment following ethanol 
pretreatment of Arabidopsis plants did not result 
in an increase in the expression of reactive oxygen 
species (ROS) detoxification‑related and heat 
stress‑inducible genes

A previous study reported that salt stress tolerance was 
enhanced by an ethanol pretreatment by the effect of eth-
anol on the expression of genes encoding the antioxidant 
enzymes, ascorbate peroxidase (APX) 1 and APX2, and a 
gene encoding the ZAT12 transcription factor (Nguyen et al. 
2017). Expression of APX1 is regulated by the transcrip-
tional regulator, ZAT12 (Rizhsky et al. 2004). Therefore, we 

investigated the expression of these genes using RT-qPCR 
in ethanol-treated and non-treated Arabidopsis plants during 
exposure to a heat stress treatment. ROS generation is known 
to function as a stress signal and ROS detoxification is an 
essential aspect of heat stress tolerance in plants (Choud-
hury et al. 2017). The expression level of APX1, APX2 and 
ZAT12 in both ethanol- pretreated and non-treated plants 
increased in response to the heat stress treatment, however, 
the inducibility tended to be unexpectedly lower in the eth-
anol-treated plants than in the untreated plants (Fig. 3A). 
We also analyzed the expression level of representative 
heat-inducible genes, including HSFA2, HSP101, HTT1, 
and HSP70B (Fig. 3B). Similar to the results obtained for 
APX1, APX2, and ZAT12, plants grown on ethanol-con-
taining medium also exhibited a weaker induction in the 
expression of these heat-inducible genes, relative to their 
expression in non-treated plants. These results suggest that 
ethanol-mediated heat stress tolerance may potentially func-
tion through a molecular mechanisms that is different from 
the mechanism associated with ethanol-mediated salt stress 
tolerance (Nguyen et al. 2017).
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Fig. 2   Effect of an ethanol pretreatment on heat stress tolerance in 
Arabidopsis and lettuce plants grown in pots with soil. A Appear-
ance and survival rate of Arabidopsis Col-0 plants. Ethanol was 
administered to 3-week-old plants from the bottom of pots for three 
days, and then plants were subjected to a heat stress treatment. Plants 
were returned to 22  °C after the heat stress treatment. Photos were 
taken on the 10th day after the heat stress treatment and the survival 
rate of the Arabidopsis plants was determined. Asterisks indicate 
a significant difference (p < 0.01) compared to that of control plants 
based on a t-test. B Appearance of lettuce plants tested using pots 
with soil. Three-week-old lettuce seedlings grown in pots with soil 
were treated with ethanol for 3  days and subjected to a heat stress 
treatment (at 50 °C for 3 h). Plants were returned to 22 °C after the 

heat stress treatment. Photos of the lettuce plants were taken on the 
10th day after the heat stress treatment and the fresh weight of the 
lettuce plants was recorded. Asterisks indicate a significant differ-
ence (p < 0.01) compared to that of control plants based on a t-test. 
C Appearance of lettuce plants tested in the field and changes in air 
temperature under the rain shelter. Lettuce seedlings were grown in 
pots with soil for 3 weeks and pretreated with ethanol for 2 days. The 
plants were then transplanted to a field covered by a vinyl rain shelter 
and grown for approximately 100 days from Feb. 16, 2020 to May 26, 
2020. The lettuce plants were treated with ethanol at 2-week intervals 
during the period of field cultivation. Photos were taken on the last 
day of field cultivation
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RT‑qPCR analysis of the expression of genes found 
to be up‑regulated in a transcriptome analysis 
of ethanol‑pretreated Arabidopsis plants

A microarray analysis was conducted to comprehensively 
examine changes in gene expression in Arabidopsis plants 
grown on MS medium supplemented with ethanol. Results 
indicated that the expression of 11 genes was higher in eth-
anol-pretreated plants than in non-ethanol-pretreated plants 
(FC > 1.5, p < 0.05, FDR < 0.16) (Supplemental Table 1). 
Notably, Binding Protein 3 (BIP3), an ER stress marker gene 
encoding an ER-resident cognate of heat shock protein 70 
(Nagashima et al. 2011; Sagor et al. 2015; Iwata et al. 2018), 
was among the group of up-regulated genes. The fold change 
value of BIP3 was 1.88 (Supplemental Table 1). The change 
in BIP3 expression identified in the microarray analysis was 
further confirmed by RT-qPCR analysis, which showed 
1.83-times higher in the ethanol-pretreated plants than in 
the non-ethanol-pretreated plants (Supplemental Fig. 3).

Root uptake of 13C2‑ethanol analyzed by 2D‑NMR

13C-tracer analysis using 13C-heteronuclear single quan-
tum coherence (HSQC) NMR spectroscopy was conducted 
to characterize changes in the metabolism of Arabidop-
sis plants caused by the exogenous application of ethanol 
to roots. Labeled 13C-acetic acid, which was apparently 
metabolized relatively early from the labeled ethanol, and 

other metabolites including sugars, alcohols, amines, and 
nucleic acids were detected in the plants treated with the 
13C2-ethanol, even though the time allotted for root-uptake 
of 13C2-ethanol was only 24 h (Supplemental Fig. 5; Sup-
plemental Table 2). These data indicate that the molecules of 
ethanol supplied exogenously were incorporated and widely 
metabolized within the cells and that a variety of metabolic 
pathways were activated by the root-uptake of 13C2-ethanol. 
13C-labeled organic acids, amino acids, as well as sugars 
metabolized from 13C2-ethanol were detected. This indi-
cates carbon central metabolisms through TCA were totally 
activated.

Metabolomic analysis of ethanol‑treated 
Arabidopsis plants

The level of 88 metabolites in Arabidopsis plants treated 
with ethanol applied exogenously to the root system was 
investigated by GC-TOF/MS to characterize changes in the 
metabolome induced by the ethanol. The results revealed 
that the ethanol treatment affected the abundance of certain 
metabolites (Supplemental Table 3). For example, in the 
roots and/or shoots of ethanol-treated plants, amino acids 
(lysine and threonine), ornithine, 3-aminopiperidin-2-one, 
glycolic acid, glutaric acid, suberic acid, sugars (isomalt-
ose and raffinose), and terpenoid-related metabolites (phy-
tol, sitosterol and stigmasterol) were more than 2.5-times 
greater than they were in control-treated (water-treated) 

Fig. 3   RT-qPCR analysis of 
gene expression in response to 
heat stress in ethanol-treated 
and untreated Arabidopsis 
plants. A APX1 and APX2 are 
ROS-related genes. ZAT12 is a 
gene that has been reported as 
a transcriptional regulator of 
APX1 (Rizhsky et al. 2004). B 
HSFA2, HSP101, HTT1, and 
HSP70b are representative heat 
stress-inducible genes. A and 
B The bar graphs illustrate the 
relative expression level of the 
indicated genes relative to the 
expression of ACT2 (n = 3), a 
housekeeping gene. Asterisks 
indicate a significant difference 
(p < 0.01) compared to that of 
control plants based on a t-test
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(non-ethanol) roots and/or shoots. The activated pathways 
appeared to include the putrescine biosynthesis-related path-
way because the level of both putrescine and arginine, which 
serve as a source of putrescine biosynthesis, were elevated 
in the ethanol-treated plants compared to the control plants 
(Supplemental Table 3).

Increased levels of putrescine in ethanol‑treated 
Arabidopsis plants is associated with increased heat 
tolerance

Recent studies have reported that polyamines, especially 
putrescine, is involved in the increased abiotic stress toler-
ance (Shu et al. 2015; Collado-González et al. 2021; Islam 
et al. 2021; Jahan et al. 2022). Considering that the contents 
of putrescine and ornithine were 1.7 and 5.2 times higher in 
the ethanol-pretreated shoots than in the control-treated ones 
(Supplemental Fig. 4), it is possible that ethanol increases 
heat tolerance through the accumulation of these polyam-
ines. Therefore, we investigated the effect of polyamine pre-
treatment on heat stress tolerance. Arabidopsis plants that 
received a putrescine pretreatment had a significantly higher 
survival rate (approximately 45%) when subjected to a heat 
stress for 3.5 h, compared to non-treated control plants, 
which had a survival rate of about 20% when subjected to 
the same heat stress treatment (Fig. 4A). The survival rate 
of ornithine-pretreated plants; however was similar to that 
of the untreated control plants (Fig. 4B).

Ethanol treatment promotes heat stress tolerance 
in Arabidopsis through UPR signaling

We subsequently examined if the heat stress tolerance 
induced by ethanol priming was associated with UPR sign-
aling brought about by the increase of endogenous poly-
amines caused by the ethanol pretreatment. UPR excitation 
by polyamines has been reported to be inhibited by the 
Ca2+-channel blocker, La3+ (Sagor et al. 2015). Therefore, 
we determined if combined ethanol and LaCl3 pretreatments 
could affect ethanol-induced heat stress tolerance. Arabidop-
sis plants were grown in liquid MS medium for 2 weeks and 
then pretreated with ethanol and/or LaCl3 for 3 days prior to 
being subjected to a heat stress treatment. Results indicated 
that the fresh weight of plants pretreated with ethanol and 
LaCl3 was significantly lower than the fresh weight of plants 
pretreated with ethanol alone (Fig. 5A). A similar trend was 
also observed on the expression of BIP3 in response to the 
same treatments (Fig. 5B). We also analyzed the level of 
BIP3 expression in plants treated with ethanol and the poly-
amine biosynthetic inhibitors, DFMO and DFMA (Tibur-
cio et al. 1987). Results indicated that inhibiting polyam-
ine biosynthesis completely suppressed ethanol-induced 
expression of BIP3 (Fig. 5C). These data suggest that BIP3 

is involved in the ethanol-induced heat stress tolerance via 
the UPR signaling mediated by the increase in endogenous 
polyamines.

We also investigated the effect of the UPR inducers tuni-
camycin (Breckenridge et al. 2003) and azetidine-2-carbox-
ylic acid (Rubenstein 2008) on ethanol-mediated heat stress 
tolerance. Arabidopsis plants grown on MS medium contain-
ing the UPR inducers had a higher rate of survival after a 
heat stress treatment compared to control plants (Fig. 6A). 
We then analyzed survival rates in the UPR signaling com-
ponent mutants, bzip60-1 and bzip60-2, exposed to a heat 
stress treatment with and without an ethanol pretreatment. 
The survival rate of bzip60 mutants pretreated with etha-
nol and subjected to a heat stress treatment was about 20%, 
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Fig. 4   Putrescine pretreatment enhances heat stress tolerance in 
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grown on MS media containing A 0.2 mM putrescine or B 0.2 mM 
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and then placed under non-stressed conditions for another 7  days. 
Asterisks indicate a significant difference (p < 0.05) compared to MS 
plate without ethanol as determined by a t-test (n = 4, 30 plants were 
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whereas survival rate was approximately 40% in wild-type 
plants pretreated with ethanol and subjected to the same heat 
stress treatment (Fig. 6B). These results indicate that the 
UPR signaling component bZIP60 plays a role in the mecha-
nism responsible for ethanol-induced heat stress tolerance 
in Arabidopsis.

Discussion

In the present study, we demonstrated that an ethanol pre-
treatment enhances heat stress tolerance in Arabidopsis and 
lettuce plants. Dosage concentrations in chemical priming 
are important for minimizing unfavorable effects, such as 
growth inhibition (Savvides et al. 2016). Therefore, we eval-
uated the level of heat stress tolerance and growth in plants 
pretreated with various concentrations of ethanol. Results 
indicated that pretreatments of ethanol at concentrations of 
10 mM to 60 mM increased heat stress tolerance (Fig. 1). 
Importantly, however, pretreatments of ethanol at concen-
trations of 15–60 mM resulted in growth inhibition (Sup-
plemental Fig. 2). These results indicate that a pretreatment 
of 10 mM ethanol can increase heat stress tolerance with-
out suppressing plant growth in Arabidopsis. Plants reduce 
their growth in response to mild abiotic stress conditions and 

activate specific molecular and metabolic pathways that con-
tribute to stress tolerance (Skirycz and Inzé 2010; Todaka 
et al. 2017; Urano et al. 2017). Therefore, studies utilizing 
chemical priming with ethanol will be useful for understand-
ing the link between stress tolerance and growth regulation.

Our previous study demonstrated that an ethanol pretreat-
ment enhances salt stress tolerance through its impact on the 
regulation of the antioxidant enzymes, APX1 and APX2, as 
well as their transcriptional regulators, ZAT12 and ZAT10 
(Nguyen et al. 2017). The expression levels of these genes 
in response to the heat stress treatment used in the present 
study did not increase in ethanol-pretreated plants, relative to 
their level in ethanol-untreated control plants (Fig. 3). This 
might be due to different concentration of the ethanol used. 
In the previous study (Nguyen et al. 2017) for high-salinity 
stress tolerance, the ethanol concentration used was 51 mM. 
In the present study, the transcriptome analysis was done 
at the concentration of 2 mM. The results of the expres-
sion levels of these genes suggest that these genes are not 
involved in the mechanism responsible for ethanol-induced 
heat stress tolerance, although our data do not rule out the 
possibility that ethanol treatment changes the ROS levels 
under heat stress condition because the enzymatic activi-
ties have not yet been investigated. Instead, we propose that 
under heat stress conditions, UPR induction by an ethanol 
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pretreatment has an important function in the enhancement 
of stress tolerance. This premise is supported by the finding 
that heat stress activates components of the UPR signaling 
network (Gao et al. 2008; Deng et al. 2011). In some situa-
tions, materials such as fallen leaves can be degraded by soil 
microorganisms. These microorganisms emit heat through 
respiration and produce alcohol (Kästner and Miltner 2016), 
thus, creating soil conditions with elevated temperature and 
the presence of alcohol. The elevated temperature can be 
reached to 45–70 °C (Kästner and Miltner 2016). This aspect 
of soil biology may be related to the induction of the UPR 
signaling network that occurs in the response to exogenous 
ethanol under heat stress conditions.

Our transcriptome analysis revealed a set of differen-
tially expressed genes in ethanol-pretreated Arabidopsis 

plants (Supplemental Table 1). BIP3, a gene encoding an 
ER-resident cognate of heat shock protein 70, was among 
the identified, up-regulated genes, (Supplemental Table 1; 
Supplemental Fig. 2). BIP3 expression has been reported to 
be induced in response to ER-stress conditions and has been 
utilized as a UPR marker gene (Iwata and Koizumi 2012; 
Iwata et al. 2018). GC–MS analysis indicated that the level 
of polyamines, including putrescine and ornithine, increased 
in ethanol-pretreated plants (Supplemental Table 3). Poly-
amines have been reported to increase the expression of 
BIP3 (Sagor et al. 2015). Therefore, we hypothesized that 
BIP3 could function as one of the important components 
in the mechanisms underlying ethanol-induced heat stress 
tolerance. Notably, experiments using La3+, an inhibitor 
of polyamine-induced UPR excitation (Fig. 5A, B), poly-
amine biosynthetic inhibitors, such as DFMO and DFMA 
(Fig. 5C), UPR inducers, such as tunicamycin and azetidine-
2-carboxylic acid (Fig. 6A), and mutants for UPR signaling 
components, such as bzip60 (Fig. 6B) further validated the 
involvement of UPR in ethanol-induced heat stress tolerance.

GO analysis using the set of up-regulated genes in 
plants pretreated with ethanol clarified that they were 
enriched in the GO terms of oxidation–reduction process 
(GO:0,055,114, p value = 0.0015) in the biological process 
category and oxidoreductase activity (GO:0,016,491, p 
value = 6.8e-05) in the molecular function category (Sup-
plemental Fig. 4). Although further investigation is needed 
to elucidate whether the GO-term genes are involved in these 
designated regulatory mechanisms, changes in intracellu-
lar oxidation/reduction status or in the level of the relevant 
molecules may play an important role in ethanol-induced 
heat stress tolerance. FERRIC REDUCTASE OXIDASE5 
(FRO5), one of the upregulated genes in our transcriptome 
analysis (Supplemental Table 1), has been shown to function 
in root-to-shoot Fe translocation and homeostasis of Cu and 
Fe (Bernal et al. 2012). Thus, there is a possibility that plants 
perceive the presence of ethanol in soils by changes in the 
inter/intracellular distribution of these metals. We also inves-
tigated the presence of cis-elements responsible for ER stress 
response in the promoter regions of the up-regulated genes 
identified in our transcriptome analysis, including ER stress-
responsive element-I (ERSE-I, 5ʹ-CCAAT-N10-CACG-3ʹ) 
and unfolded protein response element-1 (UPRE, 5ʹ-TGA​
CGT​-GR-3ʹ) (Liu and Howell, 2010). These cis-elements 
were not observed in the promoter regions (data not shown), 
suggesting that other unknown cascades are involved in this 
regulatory mechanism.

Polyamines affect environmental stress response and 
growth in plants by their impact on various molecular pro-
cesses, such as nucleic acid folding, translation activation, 
and membrane fluidity (Chen et al. 2019). In the present 
study, exogenous putrescine treatment increased heat stress 
tolerance in Arabidopsis plants. Consistent with this finding, 

bzip60-1WT

WT

0
20
40
60

0
20
40
60

0
25
50
75

100

Control Tm AZC

Control AZCTm

* *

(A)

(B)

bzip60-2

WT bzip60-1 WT bzip60-1
Control Ethanol

WT bzip60-2 WT bzip60-2
Control Ethanol

2cm

2cm

*

*

Su
rv

iv
al

 ra
te

 (%
)

Su
rv

iv
al

 ra
te

 (%
)

Su
rv

iv
al

 ra
te

 (%
)

Fig. 6   Involvement of UPR signaling in ethanol-induced heat stress 
tolerance. A Photos and survival rate of Arabidopsis plants pretreated 
with tunicamycin (Tm) or azetidine-2-carboxylic acid (AZC) and 
treated with heat stress. Seeds were sown on MS media containing 
0.015 mg / L Tm or 15 μM AZC. After the cultivation for 14 days, 
seedlings were subjected to heat stress at 43.5 ˚C for 3  h and then 
placed under non-stressed condition for seven days. Asterisks indi-
cate a significant difference (p < 0.05) compared to control plants as 
determined by a Tukey’s multiple comparison test (n = 4, 30 plants 
were used in each replicate). B Photos and survival rate of bzip60-1 
(SAIL_838_C12) and bzip60-2 (SALK_050203). Arabidopsis plants 
after plants grown on MS media containing ethanol were subjected 
to a heat stress treatment (43.5 °C for 3 h) and then placed under non-
stressed conditions for another 7 days. Red arrows in pictures indicate 
viable plants. Asterisks indicate a significant difference (p < 0.05) 
compared to untreated, control plants as determined by a t-test
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it has been reported that exogenous putrescine treatment 
enhanced heat tolerance in tomato (Jahan et al. 2022) and 
in cauliflower (Collado-González et al. 2021). We investi-
gated the expression profiles of the polyamine biosynthe-
sis-related genes in the water- and ethanol-pretreated plants 
under heat stress condition because the polyamine contents 
were increased in the ethanol-pretreated plants (Supplemen-
tal Table 3). The results did not show the significant dif-
ferences between the water- and ethanol-pretreated plants 
(data not shown). Although further analysis is necessary, the 
polyamine pathways associated with the ethanol-mediated 
heat tolerance might be regulated not by transcriptional 
regulatory mechanisms but by other regulatory mechanisms 
including enzymatic activity and protein stability. Previous 
papers have speculated that changes in the membrane by 
polyamines induce UPR through leakage in Ca2+ channels 
(Sagor et al. 2015). Polyamines in maize regulate the major 
transcription factor of UPR, bZIP60, which regulates the 
expression of heat shock factor at high temperatures (Li 
et al. 2020). Transgenic lines of Arabidopsis overexpressing 
bZIP60 exhibit enhanced salt stress tolerance along with the 
up-regulation of a number of stress-inducible genes (Fujita 
et al. 2007). In the present study, UPR and bZIP60 were 
found to be involved in ethanol induced heat tolerance. Our 
results suggest that specific bZIP proteins, including bZIP60, 
play an important role in the UPR activated by an ethanol 
pretreatment. Another UPR transcription factor, bZIP28, 
contributes to the upregulation of BiP2 and HSP26.5-P, in 
response to heat stress (Gao et al. 2008).

Although our study found that the activation of UPR plays 
an important role in ethanol-induced heat stress tolerance, 
the involvement of other factors in this process cannot be 
excluded. Liquid–liquid phase separation (LLPS) has been 
recently recognized as an important regulatory system in 
biological processes. LLPS has been shown to drive the for-
mation of organelles not bound by membranes, such as the 
nucleolus, Cajal bodies, nuclear speckles, stress granules, 
and P-bodies (Fang et al. 2019; Jung et al. 2020; Henninger 
et al. 2021; Huang et al. 2021). LLPS has been reported to 
be associated with the physicochemical dynamics of aque-
ous co-solvent systems composed of small, polar organic 
molecules, including alcohols (Oh and Baiz 2020). These 
findings raise the possibility that the application of exog-
enous ethanol may affect LLPS in vivo and cause specific 
membraneless organellar compartmentation with changes in 
gene expression, leading to the enhancement of stress toler-
ance. Dorone et al. (2021) revealed that a prion-like protein 
named FLOE1 can function as a water potential sensor and 
regulate seed germination through a reversible hydration-
dependent phase separation system in Arabidopsis. Although 
direct evidence is not yet available, similar mechanisms in 
the ethanol-pretreated plants in the present study may be 
regulated by prion-like or other uncharacterized proteins. 

Our transcriptome analysis identified a set of up-regulated 
genes in ethanol-pretreated plants (Supplemental Table 1). 
Regarding the proteins encoded by these genes, we utilized 
the python-based intrinsic disorder prediction application 
MobiDB-lite (Necci et al. 2017) to determine if these pro-
teins have an intrinsically disordered (ID) region, which 
has been recognized as a factor driving phase separation 
(Nott et al. 2015; Shin and Brangwynne 2017). The analysis 
revealed that SUC6 (1 to 26 amino acid sequence), BIP3 
(656 to 675 amino acid sequence), and FRO5 (558 to 580 
amino acid sequence) have an ID region, suggesting that 
these proteins might function as ID proteins in cells of etha-
nol-pretreated Arabidopsis plants. Further analysis is neces-
sary to reveal any relationship of LLPS with these proteins.

Several studies have shown that external ethanol applica-
tion has physiological effects on plants. Ethanol treatment 
changes the localization of PIN1 by weakening the tension 
of the cell membrane and enhancing endocytosis (Acker-
mann and Stanislas 2020). The changes of membrane fluid-
ity activate the specific MAPK signaling under cold and 
heat stress conditions (Sangwan et al. 2002). Ethanol and 
acetaldehyde are also known to be involved in the process 
of flower aging (Podd and Van Staden 1998). These studies 
imply the existence of ethanol-mediated signaling pathways 
under heat stress condition.

In conclusion, we found that ethanol-pretreatment 
increased heat stress tolerance in Arabidopsis and lettuce 
plants. Ethanol-pretreated plants exhibited a lower level of 
ion leakage, relative to water-pretreated, control plants. Our 
data suggest that plants grown on the ethanol-containing 
MS plates are primed for increased heat stress tolerance 
under normal conditions and is activated when plants are 
subjected to heat stress. Transcriptome and metabolome 
analyses raised a possibility that activated UPR contrib-
uted to enhanced heat stress tolerance in ethanol-pretreated 
plants. Evidence obtained by the experiments using UPR 
inducers, UPR inhibitors, and UPR-related mutants sup-
ported the contribution of UPR to the enhancement of heat 
stress tolerance in the ethanol-pretreated plants. Chemical 
priming technology has significant potential to improve vari-
ous important agronomic traits (Savvides et al. 2016; Sako 
et al. 2021b).Therefore, chemical priming using ethanol 
represents an attractive strategy for developing elite plants, 
such as “climate-smart”crops. Our findings has provided a 
molecular framework for understanding the enhancement of 
heat stress tolerance by ethanol priming.
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