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Abstract

Abiotic stress is a major factor affecting crop productivity. Chemical priming is a promising strategy to enhance tolerance
to abiotic stress. In this study, we evaluated the use of 1-butanol as an effectual strategy to enhance drought stress tolerance
in Arabidopsis thaliana. We first demonstrated that, among isopropanol, methanol, 1-butanol, and 2-butanol, pretreatment
with 1-butanol was the most effective for enhancing drought tolerance. We tested the plants with a range of 1-butanol con-
centrations (0, 10, 20, 30, 40, and 50 mM) and further determined that 20 mM was the optimal concentration of 1-butanol
that enhanced drought tolerance without compromising plant growth. Physiological tests showed that the enhancement
of drought tolerance by 1-butanol pretreatment was associated with its stimulation of stomatal closure and improvement
of leaf water retention. RNA-sequencing analysis revealed the differentially expressed genes (DEGs) between water- and
1-butanol-pretreated plants. The DEGs included genes involved in oxidative stress response processes. The DEGs identi-
fied here partially overlapped with those of ethanol-treated plants. Taken together, the results show that 1-butanol is a novel
chemical priming agent that effectively enhances drought stress tolerance in Arabidopsis plants, and provide insights into
the molecular mechanisms of alcohol-mediated abiotic stress tolerance.

Key message
1-Butanol priming enhances drought tolerance via mechanisms that include stimulating stomatal closure and delaying leaf
water loss in Arabidopsis thaliana

Keywords 1-Butanol - Drought stress tolerance - Arabidopsis thaliana - Chemical priming - Stomatal closure -
Transcriptome
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Introduction

As the world’s population continues to grow and the
world’s arable land continues to shrink (Potapov et al.
2021), finding strategies to increase crop productivity per
cropland unit has become critical to future global food
security. Crop productivity can be increased by boosting
crop production gains and reducing crop production losses.
With regard to the latter, many biotic and abiotic fac-
tors can negatively impact the production of crop plants.
Among these, drought is a detrimental factor that affects
crop growth at various stages of development, hinders
water-nutrient circulation and photosynthetic process, and
causes crop production losses (Raza et al. 2023). Drought
alone resulted in 34% of total crop and livestock produc-
tion losses in the least developed nations and low- to mid-
dle-income countries during the 2008-2018 period (FAO
2021). Moreover, while both crop and livestock production
are affected by drought, 82% of the overall drought impact
has affected the agricultural sector (FAO 2021). Therefore,
development of crops with enhanced drought tolerance is
a priority to mitigate crop production losses.

Various approaches have been employed to develop
crop plants tolerant to biotic and abiotic stress factors,
including drought (Guzman et al. 2021). Although tradi-
tional approaches, such as conventional plant breeding,
are time-consuming, other more modern methodologies,
such as those of plant genetic modifications, incur con-
cerns regarding the long-term safety for consumers and
detrimental impacts on the environment (de Venddémois
et al. 2010; Savvides et al. 2016). Under these circum-
stances, chemical priming, which is more time-efficient
and may be environmentally friendly, has emerged as an
important alternative approach to tackle the challenges of
improvement in the tolerance of crop plants to biotic and
abiotic stress factors (Savvides et al. 2016; Mauch-Mani
et al. 2017; Kerchev et al. 2020; Sako et al. 2021).Under
the chemical priming approach, crop plants are treated
with either naturally occurring or synthetic chemical prim-
ing agents prior to exposure to environmental stress fac-
tors, so as to enhance the tolerance of the treated plants to
the corresponding stresses (Savvides et al. 2016; Mauch-
Mani et al. 2017; Kerchev et al. 2020; Sako et al. 2021;
Guzman et al. 2021; Chakraborti et al. 2022). Chemical
priming agents of different types have been used, includ-
ing (i) reactive chemical species, such as hydrogen perox-
ide (H,0,), (ii) metabolites and phytohormones, such as
ethanol, (iii) compounds involved in epigenetic regulation,
such as SAHA, and (iv) nanoparticles, such as CeO, (Sako
et al. 2021). In addition, various abiotic stress factors have
been treated effectively using chemical priming strategies,
such as drought (Farooq et al. 2009; Alonso-Hernandez
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et al. 2011; Ha et al. 2014; Ziogas et al. 2015; Kim et al.
2017; Djanaguiraman et al. 2018; Utsumi et al. 2019),
high-intensity light (Xu et al. 2010; Jin et al. 2015; Wu
et al. 2017), high temperature (Yamauchi et al. 2015; Wu
et al. 2017; Tsai et al. 2019; Vaidya et al. 2019; Zhang
et al. 2019), low temperature (Jin et al. 2015; Wu et al.
2017; Cofer et al. 2018; Min et al. 2018; Fu et al. 2019;
Ahmadi Soleimanie et al. 2020), and salinity (Alonso-
Hernandez et al. 2011; Hasanuzzaman et al. 2011; Nguyen
et al. 2017, 2018). We previously showed that ethanol
treatment reduced heat stress damage and enhanced fruit
quality in tomato through the increased expression of
stress-related genes encoding late embryogenesis abun-
dant (LEA) protein, reactive oxygen species (ROS) elimi-
nation enzymes, and activated gluconeogenesis (Todaka
et al. 2024). Ethanol-treated Arabidopsis plants also
showed enhanced drought tolerance through activated sto-
matal closure and gluconeogenesis (Bashir et al. 2022).
Furthermore, the application of ethanol leads to stomatal
closure and regulates protein folding by activation of the
HSP chaperon network, then increases drought avoidance
in cassava (Vu et al. 2022). In addition, ethanol treatment
enhanced drought tolerance in wheat and rice (Bashir et al.
2022). However, the molecular mechanisms regulating the
enhancement of ethanol-induced drought stress tolerance
are still not fully understood. Furthermore, it is currently
unknown whether other alcoholic compounds can produce
priming effects similar to ethanol.

Inspired by these open questions, we report here the
investigation of a set of other alcoholic compounds for
their priming effects against drought stress. The results
showed that pretreatment of Arabidopsis plants with
1-butanol induced the stomatal closure, decreased cell
membrane damage and leaf water loss, and enhanced
their tolerance to drought stress. Furthermore, we per-
formed transcriptome analysis to investigate the dynam-
ics of differentially expressed genes (DEGs) associated
with 1-butanol pretreatment in Arabidopsis. This study
provides exploratory insights into the priming mechanism
of 1-butanol.

Materials and methods
Plant growth conditions

Arabidopsis thaliana ecotype Col-0 (wild type), abscisic
acid insensitive 1-1 (abil-1) mutant (Leung et al. 1994;
Meyer et al. 1994; Bertauche et al. 1996) and 9-cis-epoxy-
carotenoid dioxygenase 3-2 (nced3-2) mutant (Urano et al.
2009) were used in the experiments. The seeds were sown
directly on plates containing Dio propagation mix No. 2 soil
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(DIO Chemicals, Tokyo, Japan) and grown in a growth room
for 7 days at 22 °C under an 16 h/8 h (light/dark) photo-
period with~100 pmol m~2 s~! photon flux density. The
seedlings were then transferred to pots (Plant pot No. 2, ¢70
mm, H60 mm, yamato plastic Co., Ltd., Nara, Japan) con-
taining horticultural clay granules soil (SERAMIS, Westland
horticulture Ltd. Tyrone, UK) and grown for 13 days under
the same conditions.

Chemical priming treatments

Twenty-day-old wild type plants were treated for 4 days with
or without 0.3% (50 mM) solution of isopropanol, methanol,
1-butanol, or 2-butanol. In a separate experiment, 20-day-old
wild type plants were treated for 3 days with one of an addi-
tional concentration of 1-butanol (10, 20, 30, or 40 mM).
In the case of experiments using abil-1 and nced3-2, the
plants were treated for 3 days with 20 mM 1-butanol. Specif-
ically, the plants in pots (Plant Pot No. 2, ¢70 mm, H60 mm,
Yamato Plastic Co., Ltd., Nara, Japan) were placed in trays
(60x40 cm H10cm), and alcohol treatment was initiated
by replacing water supply with one of the aforementioned
alcohol solutions in those trays at a ratio of 2L of solution
per tray volume/surface area, which was retained for either
3 or 4 days according to the experiment. For each treatment,
six pots each containing four plants (24 plants in total) were
used with three experimental replications (a total set of 72
plants per treatment).

Drought stress tolerance test

Drought stress treatment was performed mostly in accord-
ance with the procedure described by Kim et al. (2017).
Specifically, after the chemical priming treatments, plants
were subjected to drought stress by removing all solutions
from the trays. After withholding water for 2 weeks, water
was resupplied in the trays for 5 days and the percentage
survival of the drought-treated plants was recorded. For each
treatment, six pots each containing four plants (24 plants in
total) were used with three experimental replications (a total
set of 72 plants per treatment).

Stomatal aperture analysis

Three fully expanded rosette leaves, one leaf per plant,
were detached; the epidermis from the abaxial leaf side was
peeled from each leaf and placed immediately in the obser-
vation solution that comprised 10 mM KCI, 10 mM CaCl,,
5 mM MES-NaOH (pH 6.0), and a drop of SilwetL-77 per
50 mL solution volume. The stomata were observed and
photographed using a digital microscope (VB-7010, Key-
ence). The stomatal aperture (50 stomata per treatment) was
measured and analyzed using ImageJ.

Relative water content analysis

Samples for determination of the relative water content
(RWC) were collected at 11 days of drought treatment. The
entire aboveground portion of each plant was collected and
immediately weighed to determine the fresh weight (FW).
The samples were then dried at 80 °C for 24 h and the dry
weight (DW) was recorded. The RWC was calculated using
the following formula: RWC (%) =(FW — DW)/FW x 100.
For each treatment, 24 plants in total were sampled with
three experimental replications (a total set of 72 plants per
treatment).

Histochemical staining for H,0,

Four-day-old Arabidopsis plants treated with or without
0.05% 1-butanol for 24 h, with or without subsequent treat-
ment with 100 mM NaCl for 12 h, were stained using a
modified version of a published method (Kumar et al. 2014;
Mostofa et al. 2015). To detect H,0,, plants were stained
for 5 h with 0.1% 3,3’-diaminobenzidine (DAB) in 10 mM
potassium phosphate (pH 7.0) following a previously
described method (Nguyen et al. 2017).

ABA measurement

The ABA content in shoots was measured in Col-0 and both
mutant backgrounds: abil-1, nced3-2. We collected sam-
ples for ABA measurement at 3 time points: before pretreat-
ment; 3 days after water-treated plants or 20 mM 1-butanol-
treated plants; and drought treatment after water pretreated
or 20 mM 1-butanol pretreated. For each time point, the
shoot tissues were collected from three plants for each treat-
ment and for each plant group with six replications (a total
set of 18 plants per treatment). Sample (~—5 mg dry weight)
was homogenized in 500 uL of 80% acetonitrile containing
d6-ABA (Icon Isotopes). After 3 min incubation, the super-
natant was collected by centrifugation, and the pellet was
rinsed again with 80% acetonitrile. The combined super-
natant was dried using a SpeedVac (Thermo Fisher Scien-
tific). The sample was dissolved in 500 pL of 1% acetic acid
water. Oasis WAX 30 mg solid-phase extraction cartridge
(Waters) was washed with 100% acetonitrile and was con-
ditioned with 1% acetic acid water. The sample was loaded
and followed by a first wash with 500 uL of 1% acetic acid
water and a second wash with 80% acetonitrile. The ABA
fraction was eluted with 80% acetonitrile containing 1% ace-
tic acid and dried with N, gas. Finally, sample was dissolved
in water and analyzed using an ultra-high-performance liq-
uid chromatography (UHPLC)-electrospray interface (ESI)
and a quadrupole-orbitrap mass spectrometer (Vanquish-Q
Exactive, Thermo Fisher Scientific). The LC equipped with
a 1.7 pm, 2.1 mm x50 mm, ACQUITY UPLC BEH C18
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column (Waters) was used with a binary solvent system
comprising water containing 0.06% acetic acid (A) and ace-
tonitrile containing 0.01% formic acid (B). Separation was
performed using a gradient of increasing solvent B content
with a flow rate of 0.25 mL min~' at 40 °C. The gradient
was increased linearly from 5% B to 27% B over 11 min and
then 99% B at 11.1 min. After 11.9 min of 99% B, the initial
condition was restored and allowed to equilibrate for 4 min.
The retention times of ABA and d6-ABA were 9.88 and
9.82 min, respectively. MS conditions were follows; spray
voltage =2.5 kV, S-lens RT level =50, resolution =70,000,
isolation window =0.4 (m/z), and ion mode =negative.
ABA and d6-ABA were detected 263.1289 and 269.1665
by selected ion monitoring (SIM), respectively.

lon leakage analysis

Electrolyte leakage was determined from the detached
aboveground parts of drought-stressed plants at the fol-
lowing time points: before drought stress (D0), 6 days of
drought stress (D6), 11 days of drought stress (D11), and
12 days of drought stress (D12). The detached aboveground
parts (n=6 per each experimental group) were individually
placed in 2 mL tubes containing 2 mL deionized water and
gently shaken for 3 h, then treated at 60 °C for 30 min and
kept for 30 min at room temperature. The percentage electro-
lyte leakage was determined as the percentage conductivity
before and after heat treatment of the detached aboveground
parts (Nishiyama et al. 2011).

RNA extraction and RNA-sequencing analysis

To identify the genes differentially regulated in response to
1-butanol treatment, we performed RNA-sequencing (RNA-
seq) analysis of shoots and roots. A plant growth system
using ceramic-based granular soil to facilitate the isola-
tion of shoots and roots separately was adapted (Rasheed
et al. 2016). Specifically, we performed RNA-seq analysis
to assess the transcriptomic changes in shoots and roots at
four time points: before pretreatment (WO0), at water (W3DO0)
or 1-butanol (B3D0) pretreatment for 3 days, drought treat-
ment for 6 days after water pretreatment (W3D6), drought
treatment for 6 days after 1-butanol pretreatment (B3D6),
drought treatment for 10 days after water pretreatment
(W3D10), and drought treatment for 10 days after 1-butanol
pretreatment (B3D10). For each time point, the shoot tis-
sues and root tissues were collected separately from three
plants for each treatment with six replications (a total set
of 18 plants per treatment). Total RNA was extracted using
the Plant RNA Purification reagents (Invitrogen, Thermo
Fisher scientific, Waltham, MA, USA) in accordance with
the manufacturer’s instructions. The quality of the total RNA
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extracts was evaluated using a Bioanalyzer system (Agilent,
Santa Clara, CA, USA).

The sequencing library for the RNA-seq analysis was pre-
pared using the Lasy-Seq method (Kamitani et al. 2019).
Specifically, 110 ng total RNA was used per sample. The
sequencing libraries were prepared using the 151 bp paired-
end mode of the HiSeq X Ten platform (Illumina, San Diego,
CA, USA). The RNA-seq analyses were performed with R1
reads. Low-quality reads and adapters were trimmed using
Trimmomatic version 0.39 (http://www.usadellab.org/cms/?
page=trimmomatic) with the ‘ILLUMINACLIP:TruSeaq3-
SE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWIN-
DOW:4:15 MINLEN:36’ options. HISAT2 (http://dachw
ankimlab.github.io/hisat2/) version 2.2.1 was used to map
the reads to the Arabidopsis thaliana reference genome
(TAIR10) with the ‘—max-intronlen 5000’ option. Aligned
reads within gene models were counted using featureCounts
version 2.0.1 (http://subread.sourceforge.net/) with the ‘—fra-
cOverlap 0.5-O—-t gene—g ID—s 1—primary’ options. DEGs
were identified using R version 4.0.4 (https://www.r-proje
ct.org/) and the DESeq?2 version 1.30.1 (https://bioconduct
or.org/packages/release/bioc/html/DESeq2.html) package.
Genes with a false discovery rate < 0.05 in each comparison
were identified as DEGs. A gene ontology (GO) analysis
was performed using the PANTHER knowledgebase (https://
www.pantherdb.org). The RNA-seq data has been depos-
ited in the genbank database under the accession number
GSE248433.

Reverse transcription—-quantitative PCR (RT-qPCR)
analysis

To confirm the changes in gene expression under drought
stress as well as to evaluate the reliability of the RNA-seq
data, we performed an RT-qPCR analysis. The cDNA syn-
thesis was performed using the ReverTra Ace™ qPCR RT
kit (Toyobo, Osaka, Japan) in accordance with the manufac-
turer’s instructions. The RT-qPCR analysis was performed
as previously described (Matsui et al. 2017). For each treat-
ment, three plants were used as one sample with six inde-
pendent biological replications (a total set of 18 plants per
treatment). Details on the primers used in the RT-qPCR
analysis are provided in Supplementary Table S1.

Results

Enhanced drought stress tolerance by 1-butanol
treatment

Previous reports have shown that pretreatment of Arabidop-
sis, rice, wheat, and cassava plants with ethanol improves
their tolerance to drought stress (Bashir et al. 2022; Vu et al.
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Fig. 1 Effects of alcohol treatments on growth and drought toler-
ance of Arabidopsis. a Leaf area of seedlings grown under the well-
watered condition for 20 days. b Leaf area of seedlings grown under
the well-watered condition for 20 days and pretreated with 50 mM
isopropanol, methanol, 1-butanol, or 2-butanol, or water for 4 days.
¢ Leaf area of seedlings grown under the well-watered condition for
20 days, pretreated with alcohol or water for 4 days, and then sub-
jected to drought stress for 13 days. a—c Different lowercase letters

2022). Inspired by these results, we investigated the priming
effects of a set of other alcohols, comprising isopropanol,
methanol, 1-butanol, and 2-butanol, on Arabidopsis for the
enhancement of drought stress tolerance. Twenty-day-old
plants were pretreated with 50 mM solution of one of the
aforementioned alcohols for 4 days. Before the pretreat-
ments, the leaf areas were not different between in the plants
pretreated with all the alcohols and in the plants pretreated
with water (Fig. 1a). After the pretreatments, the leaf in
the plants pretreated with methanol or 1-butanol was lower
compared with those of plants pretreated with water, isopro-
panol, or 2-butanol (Fig. 1a, b). At the day of the drought
treatment for 13 days, the leaf area of 1-butanol-pretreated
plants was significantly higher than those of water-, isopro-
panol-, methanol-, and 2-butanol-pretreated plants (Fig. 1c).
The plants pretreated with 1-butanol showed 100% (20/20)
survival and the methanol-pretreated plants exhibited 40%

Methanol

2-Butanol

1-Butanol

above boxes indicate statistically significant differences (p<0.05,
Tukey’s test in R; n=20). d Survival of plants grown under the well-
watered condition for 20 days, pretreated with alcohol or water for
4 days, and then treated with drought stress for 13 days. Survival was
recorded after rewatering for 5 days. Different lowercase letters above
the bars indicate statistically significant differences (p <0.05, Fisher’s
exact test in R; n=20). e Plants at the stage that survival was evalu-
ated. Scale bars: 3.0 cm

(8/20) survival under the same drought treatment (Fig. 1d,
e). By contrast, no plants pretreated with isopropanol,
2-butanol, or water survived after exposure to the drought
treatment. These results indicated that, among the tested
alcohols, 1-butanol had the strongest priming effect on
Arabidopsis for the enhancement of drought stress tolerance.

We also compared the priming effect of 50 mM 1-butanol
with that of 50 mM ethanol (Supplementary Fig. S1). The
decrease in leaf area was similar in plants pretreated with
1-butanol or ethanol (Supplementary Fig. Sla, b). After
drought treatment for 13 days and at 5 days after the start of
rewatering, the leaf areas of the 1-butanol- and ethanol-pre-
treated plants were higher than those of the water-pretreated
plants (Supplementary Fig. S1c—f). All alcohol-pretreated
plants survived the drought treatment, whereas no water-
pretreated plants were alive after rewatering (Supplementary
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Fig. S1g). These results suggested that the effectiveness of
1-butanol for priming was similar to that of ethanol.

A high concentration of a chemical priming agent can
adversely affect plant growth (Kim et al. 2017; Matsui et al.
2022). As shown in Fig. 1b and Supplementary Fig. S1b,
50 mM 1-butanol pretreatment for 4 days slightly but signifi-
cantly decreased leaf growth. Therefore, we evaluated whether
1-butanol pretreatment for a shorter period and at a lower
concentration could affect leaf growth and increase drought
tolerance. The plants were subjected to drought stress after
pretreatment with 0, 10, 20, 30, 40, or 50 mM 1-butanol solu-
tion for 3 days. The leaf area did not differ significantly among
plants after pretreatment with the different concentrations of
1-butanol (Fig. 2a, b) nor among plants before pretreatment
(Supplementary Fig. S2). In contrast to the results of the initial
experiment (Fig. 1b), the 50 mM 1-butanol pretreatment for
3 days did not decrease leaf growth (Fig. 2a, b). This was most
likely due to the shortened pretreatment period. After drought
treatment for 6 days, the leaf area of the plants pretreated with
10 mM or 20 mM 1-butanol was not significantly different
from that of plants pretreated with 0 mM 1-butanol (Fig. 2c,
d). By contrast, inhibition of plant growth was increasingly
evident in plants treated with 30, 40, or 50 mM 1-butanol solu-
tions for the same period (Fig. 2c, d). These results suggested
that 30 mM or higher concentrations of 1-butanol adversely
affected plant growth. Interestingly, 20-50 mM concentra-
tions of 1-butanol resulted in 100% survival of the 1-butanol-
pretreated plants under the drought treatment (Fig. 2e, f). We
further confirmed that 20 mM 1-butanol did not inhibit shoot
growth during the pretreatment period and increased the per-
centage survival under drought stress (Supplementary Fig. 3).
Collectively, the results indicated that 20 mM 1-butanol was
the optimal concentration for use as a chemical priming agent
for drought stress tolerance, and thus 20 mM 1-butanol pre-
treatment for 3 days was used for the subsequent analyses.

Effects of 1-butanol pretreatment on stomatal
aperture under the well-watered condition,

and on shoot relative water content and electrolyte
leakage under drought stress

The leaf stomatal aperture was decreased by 1-butanol
pretreatment (Fig. 3a, b). To characterize the effects of
1-butanol treatment on the water content status in plants
under drought stress, the relative water content of the above-
ground parts was assessed (Fig. 3c, d). At drought treatment
for 11 days, the relative water content in the plants pretreated
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with 1-butanol was 2.5-fold higher than that of plants pre-
treated with water (Fig. 3c).

To characterize differences in cell membrane damage
under drought stress between the water- and 1-butanol-
treated plants, we measured electrolyte leakage before and
after exposure to drought stress. Significant differences in
electrolyte leakage between the water and 1-butanol pre-
treatments were not observed in the plants subjected to
drought treatment for 0 days (D0) and 6 days (D6) (Fig. 3e).
However, in the plants subjected to drought treatment for
11 days (D11) and 12 days (D12), the electrolyte leakage
of 1-butanol-treated plants was significantly lower than that
of water-treated plants (Fig. 3e). These data suggested that
1-butanol pretreatment could alleviate cell membrane dam-
age under drought stress.

Collectively, these results suggested that 1-butanol could
enhance drought stress tolerance in Arabidopsis plants
through stimulating closure of the stomatal aperture, which
in turn led to improved shoot water content and decreased
cell membrane damage in 1-butanol-pretreated plants under
drought stress.

Pretreatment with 1-butanol did not enhance
drought stress tolerance in abi1-1 and nced3-2
mutants

The ABII and NCED3 genes play crucial roles in abscisic
acid (ABA)-dependent regulatory mechanisms, includ-
ing drought tolerance, and therefore we next investigated
whether 1-butanol-mediated drought tolerance was observed
in the corresponding Arabidopsis mutants. In the Col-0
plants, 1-butanol pretreatment increased significantly the
survival ratio after drought treatment while in the abil-1
and nced3-2 mutants, 1-butanol pretreatment did not sig-
nificantly enhance the survival ratio after the same treat-
ment (Fig. 4a—d). Furthermore, we also measured the ABA
content in WT, abil-1, and nced3-2 mutants pretreated with
or without 1-butanol (Fig. 4e—g). We found that the ABA
level was higher after drought stress in 1-butanol-treated WT
plants than in 1-butanol-untreated WT plants. In the abil-1I
and nced3-2 mutants, however, the ABA level was found to
be less after drought stress in 1-butanol-treated plants than
in 1-butanol-untreated plants (Fig. 4e—g). Collectively, our
data suggest that ABA-dependent ABI1- and/or NCED3-
mediated regulatory mechanisms could be, at least partially,
involved in the 1-butanol-enhanced drought tolerance.
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with drought stress for 6 days. a, ¢ Different lowercase letters above
boxes indicate statistically significant differences (p <0.05, Tukey’s

Identification of genes regulated by 1-butanol
treatment

We performed RNA-seq analyses to comprehensively exam-
ine the changes in gene expression of Arabidopsis plants
subjected to 1-butanol or water pretreatment and drought

#8a
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test in R; n=12). d Plants at the stage that leaf area was evaluated
in (c). e Survival of plants grown under the well-watered condition
for 20 days, pretreated with 1-butanol at 0, 10, 20, 30, 40, or 50 mM
for 3 days, and then treated with drought stress for 13 days. Survival
was recorded after rewatering for 10 days. Different lowercase letters
above the bars indicate statistically significant differences (p <0.05,
Fisher’s exact test in R; n=12). f Plants at the stage that survival was
evaluated in e. Scale bars: 3.0 cm

stress exposure (Fig. 5). In this experiment, we used wild
type plants. The sampling time points for the RNA-seq anal-
ysis are shown in Fig. 5a. From principal component analy-
sis (PCA) of the data for each time point, it was expected
that the expression profile of W3D10 differed strongly from
that of B3D10 both in shoots and roots (Fig. 5b). Volcano
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Fig.3 Effects of 1-butanol treatment on stomatal aperture, relative
water content, and electrolyte leakage of Arabidopsis. a Stomatal
aperture on rosette leaves of 20-day-old seedlings grown under the
well-watered condition and then treated with 20 mM 1-butanol or
water for 3 days. Fifty stomata per seedling were measured (n=3). b
Representative images of stomata at the stage that the stomatal aper-
ture was measured. Scale bars: 10 pm. ¢ Relative water content of the
shoot of 20-day-old plants grown under the well-watered condition,
pretreated with 20 mM 1-butanol or water for 3 days, and then sub-
jected to drought treatment for 11 days (n=24). a, ¢ Asterisks above

plots showed that a marked number of DEGs were detected
in the comparison between B3D10 and W3D10 in shoots
and roots (Fig. 5¢), supporting the results of the PCA analy-
sis. Regarding up-regulated DEGs, 6, 583, and 3401 genes
in shoots and 30, 669, and 3154 genes in roots were identi-
fied in the comparisons between B3D0 and W3D0, between
B3D6 and W3D6, and between B3D10 and W3D10, respec-
tively (Fig. 5d; Supplementary Tables S2, S3, S4, S6, S8,
and S10). The number of down-regulated DEGs was 6,
65, and 2978 in shoots and 9, 9, and 2104 in roots in the
same comparisons, respectively (Fig. 5d; Supplementary
Tables S2, S3, S5, S7, S9, and S11). Venn diagrams showed
that most DEGs did not overlap among the drought stress
periods (Fig. 5d). In the comparisons of shoots and roots, the
DO and D6 drought treatments did not overlap in the detected
DEGs (Fig. 5d). Interestingly, at 10 days of drought stress
exposure, the 1166 up-regulated DEGs and 1183 down-reg-
ulated DEGs overlapped between shoots and roots (Fig. 5d).

A GO enrichment analysis was performed (Supplemen-
tary Table S12-20). The results showed that the up-regulated
DEGs at D6 in shoots were enriched in GO terms associated
with the cell wall, glucosinolate metabolism, and oxidative
and hypoxic stress (Supplementary Table S12). Among the
up-regulated DEGs at D10 in shoots, GO terms associated
with photosynthesis and glucosinolate metabolism were
enriched (Supplementary Table S14). In roots, for example,
GO terms associated with tissue development and glucosi-
nolate metabolism were enriched in the up-regulated DEGs
at D10 (Supplementary Tables S16, 17).
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bars indicate statistically significant differences between water-treated
and 1-butanol-treated plants (*** p <0.001, Student’s #-test). d Plants
at the stage that the relative water content was quantified. Scale bars:
3.0 cm. e Electrolyte leakage from the shoot of 20-day-old plants
grown under the well-watered condition, pretreated with 20 mM
1-butanol or water for 3 days, and then electrolyte leakage was quan-
tified immediately (DO) or after drought treatment for 6 days (D6),
11 days (D11), or 12 days (D12). Different lowercase letters above the
bars indicate statistically significant differences (p <0.05, Tukey’s test
inR; n=6)

RT-qPCR analysis of the expression of genes
associated with oxidative stress

Although enriched GO terms were not detected in the up-
regulated DEGs at DO, we noted that some of the DEGs
were associated with oxidative stress, and we considered
that these genes might be important for 1-butanol-enhanced
drought tolerance. Therefore, we confirmed the expression
profiles by RT-qPCR analysis. The results showed that the
expression levels of RS6 and OXS3 in the shoots, and HRG 1,
HRG?2, HSP23.5, and UGT74E2 in the roots were up-reg-
ulated (Fig. 6a—f). These up-regulated expression patterns
were consistent with the RNA-seq data, thus validating the
results of the RNA-seq analysis.

Comparative analysis of transcriptome data
from 1-butanol-treated and ethanol-treated plants

To examine the regulatory mechanisms for the enhance-
ment of drought stress tolerance by alcoholic compounds,
we compared transcriptome data from 1-butanol application
with those from ethanol application. When the DEGs from
the plants pretreated with water or 1-butanol for 3 days (the
data presented herein) were compared with the DEGs from
the plants pretreated with water or ethanol for 3 days (Gen-
Bank accession GSE201380; Bashir et al. 2022), no overlap
of up- and down-regulated DEGs was observed (Fig. 7a). In
addition, we compared the DEGs from the plants exposed to
drought stress after 1-butanol or ethanol pretreatment. For
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Fig.4 Effects of 1-butanol
treatment on drought toler-
ance of Arabidopsis abil-1

and nced3-2 mutants. a Plants
of the wild type (Col-0) and
abil-1 mutant grown under

the well-watered condition for
20 days, pretreated with either
20 mM 1-butanol or water for
3 days, subjected to drought
treatment for 12 days (Col-0)
or 9 days (abil-1), and then
rewatered for 5 days. b Survival
of plants in (a). ¢ Plants of the
wild type (Col-0) and nced3-2
mutant grown under the well-
watered condition for 20 days,
pretreated with either 20 mM
1-butanol or water for 3 days,
subjected to drought treatment
for 12 days (Col-0) or 10 days
(nced3-2), and then rewatered
for 5 days. d Survival of plants
in (c). e ABA content in the
shoot of Col-0 plants pretreated
with either 20 mM 1-butanol or
water for 3 days and subjected
to drought stress treatment for
11 days. f ABA content in the
shoot of nced3-2 mutant plants
pretreated with either 20 mM
1-butanol or water for 3 days
and subjected to drought stress
treatment for 10 days. g ABA
content in the shoot of abil-1
mutant plants pretreated with
either 20 mM 1-butanol or
water for 3 days and subjected
to drought stress treatment for
9 days. Different letters above
the bars indicate statistically
significant differences (p <0.05)
by Fisher’s exact test in (b, d)
(n=24), and by Tukey’s test in
(e-g) (n=06). Scale bars: 3.0 cm
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«Fig.5 Transcriptome analysis for detection of differential gene
expression in response to drought treatment in shoots and roots of
1-butanol-treated or water-treated Arabidopsis plants. a Schematic
diagram of sampling time points for transcriptome analysis. Twenty-
day-old plants grown under the well-watered condition were pre-
treated with either 20 mM 1-butanol or water for 3 days, and then
subjected to drought treatment for up to 10 days. WO: samples were
collected immediately before the onset of 1-butanol or water treat-
ment; W3DO0 and B3DO0: samples were collected immediately after
treatment with water or 1-butanol for 3 days, respectively; W3D6
and B3D6: samples were collected after drought treatment for 6 days;
W3D10 and B3D10: samples were collected after drought treatment
for 10 days. b Scatter plots of the first and second principal compo-
nents (PC1 and PC2, respectively) for transcriptome data for shoots
and roots. ¢ Volcano plots of transcriptome data for shoots and roots
at each sampling time point. The horizontal green line indicates the
threshold -log (p-value) (p=0.05). Vertical green lines indicate the
threshold fold-change interval (the value was set to 2.0). Red and blue
data points indicate up- and down-regulated differentially expressed
genes (DEGs), respectively. Black data points indicate genes either
with no differential expression (i.e. p>0.05) or with differential
expression at levels below our chosen threshold fold-change. d Venn
diagrams showing overlap of up-regulated DEGs (upper row) and
down-regulated DEGs (lower row) in shoots and roots at each sam-
pling time point

the comparison, the DEGs at D10 (the data presented herein)
and the DEGs from the shoots of plants subjected to drought
stress for 13 days (GenBank accession GSE201380; Bashir
et al. 2022) were used because the magnitudes of drought
stress were similar (the stress magnitudes were between the
initial leaf wilting point and permanent leaf wilting point
in the water-pretreated plants). Venn diagrams showed that
more than half of the up- and down-regulated DEGs of eth-
anol-pretreated plants overlapped with those of 1-butanol-
pretreated plants (Fig. 7b). A GO enrichment analysis using
the overlapping DEGs was performed (Supplementary
Table S21 to S26). The enriched GO terms for up-regulated
overlapping DEGs included NADH dehydrogenase complex
(plastoquinone) assembly (GO:0010258), cellular response
to sulfur starvation (GO:0010438), positive regulation of
auxin-mediated signaling pathway (GO:0010929), photosyn-
thetic electron transport in photosystem I (GO:0009773),
glucosinolate biosynthetic process (GO:0019761), and fla-
vonoid biosynthetic process (GO:0009813) (Supplementary
Table S21). The enriched GO terms for down-regulated
overlapping DEGs included UDP-L-arabinose biosynthetic
process (GO:0033358), capsule organization (GO:0045230),
proline metabolic process (GO:0006560), glutamine fam-
ily amino acid catabolic process (GO:0009065), and
mitochondrial ATP synthesis coupled electron transport
(GO:0042775) (Supplementary Table S22).

1-Butanol treatment enhances high-salinity
tolerance by neutralizing the salinity-induced
accumulation of reactive oxygen species

Ethanol has been reported to enhance high-salt tolerance
in Arabidopsis plants by detoxification of reactive oxy-
gen species (ROS) (Nguyen et al. 2017). Inspired by this
report, we investigated the effects of 1-butanol on high-
salinity tolerance. Arabidopsis plants were pretreated with
or without 10 mM 1-butanol prior to exposure to 100 mM
NaCl. Pretreatment with 1-butanol resulted in the survival
of more than 80% of plants under exposure to high salin-
ity, whereas pretreatment with water led to survival of
less than 10% of plants under the same condition (Sup-
plementary Fig. S4a, b). Next, we analyzed the accumula-
tion of H,0, indicated by DAB staining in 1-butanol- and
water-pretreated plants under high salinity. In the absence
of 100 mM NaCl, the cotyledons of 1-butanol-pretreated
plants were weakly stained by DAB (Supplementary
Fig. S4b). In the presence of 100 mM NaCl, the coty-
ledons of water-pretreated plants were intensely stained
by DAB. However, the cotyledons of 1-butanol-pretreated
plants were not stained by DAB. These data suggested
that 1-butanol treatment could enhance high-salinity stress
tolerance through a decrease in ROS accumulation, similar
to the effectiveness of ethanol treatment (Nguyen et al.
2017).

Discussion

The aim of this study was to investigate whether alco-
holic compounds other than ethanol enhance drought
stress tolerance in Arabidopsis. The results showed that
1-butanol was the most effective compound among the
tested alcohols for improvement in the drought stress
tolerance of Arabidopsis, with 100% survival observed
(Fig. 1). Previously, ethanol treatment was reported to
enhance high-salinity, heat, and drought stress tolerance
in Arabidopsis (Nguyen et al. 2017; Bashir et al. 2022;
Matsui et al. 2022) and drought stress tolerance in cas-
sava (Vu et al. 2022). These reports linked such enhance-
ment of drought stress tolerance by ethanol treatment to
its effects on stomatal closure and water retention. In the
present study, we showed that 1-butanol treatment led
to increased stomatal closure and enhanced water reten-
tion (Fig. 3). These results raised the possibility that the
mechanism for drought stress tolerance induced by ethanol
and that induced by 1-butanol might act on similar path-
ways. Previous studies have indicated that ethanol fails
to enhance drought tolerance in the Arabidopsis abil-
1 mutant (Bashir et al. 2022), a mutant defective in the
ABA signaling pathway (Gosti et al. 1999), suggesting
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Fig.6 Expression profiles of reactive oxygen species-related genes as
estimated by reverse transcription—quantitative PCR (RT-gPCR) and
transcriptome analysis. Samples used for transcriptome analysis were
also used for RT-qPCR analysis. a—f Results of RT-qPCR analysis.
Different lowercase letters above the boxes indicate statistically sig-
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Fig. 7 Comparative analysis of differentially expressed genes (DEGs)
between 1-butanol- and ethanol-treated Arabidopsis plants. a Venn
diagrams showing overlap of up-regulated DEGs (left) and down-
regulated DEGs (right) in seedlings treated with 1-butanol or ethanol
for 3 days. b Venn diagrams showing overlap of up-regulated DEGs
(left) and down-regulated DEGs (right) in seedlings pretreated with
1-butanol for 3 days and then subjected to drought treatment for
10 days, and seedlings pretreated with ethanol for 3 days and then
subjected to drought treatment for 13 days

the involvement of ABA signaling in the drought tolerance
mediated by ethanol. In the present study, we showed that
1-butanol treatment led to little improvement in percentage
survival of drought-exposed abil-1 plants (Fig. 4a). There-
fore, it is suggested that 1-butanol-mediated drought toler-
ance also acts through the ABA signaling pathway, similar
to that mediated by ethanol. Moreover, we observed that
the percentage survival of nced3 mutant plants, which
are defective in ABA biosynthesis during drought stress
(Tuchi et al. 2001; Endo et al. 2008), was not significantly
enhanced by 1-butanol treatment (Fig. 4b). This finding
supported the hypothesis that both ABA signaling and the
ABA biosynthesis pathway are involved in drought toler-
ance mediated by 1-butanol.

The current results also showed that methanol effec-
tively increased drought stress tolerance, as illustrated by
the 40% survival of methanol-pretreated plants exposed to
drought stress (Fig. 1). This finding might be consistent
with a previous report of the positive effects of methanol
treatment on the growth and development of crop plants
grown in irrigated agricultural fields in the desert region of
southwestern USA (Nonomura and Benson 1992). Further

analysis is needed to elucidate the molecular mechanisms
that govern methanol-enhanced drought tolerance.
Through a comparative transcriptome analysis of etha-
nol- and 1-butanol-treated plants, we observed overlap in
the drought-responsive pathways between the two treat-
ment groups (Fig. 7, Supplementary Tables S21, 22).
Numerous up- and down-regulated DEGs were observed
in both the ethanol- and 1-butanol-treated groups under
drought stress (Fig. 7). The GO enrichment analysis
showed that genes with a function in NAD(P)H dehydro-
genase complex assembly (GO:0010275) and photosyn-
thetic electron transport in photosystem I (GO:0009773)
were among the top-ranked mutually up-regulated DEGs
(Supplementary Table S21). While photosynthetic electron
transport in photosystem I functions in generating NAD(P)
H (Yamori and Shikanai 2016), the NAD(P)H dehydro-
genase complex assembly acts to concentrate CO, in the
bundle sheath cells (Peterson et al. 2016). These functions
suggest that one possible mechanism for the drought stress
responses induced by ethanol and 1-butanol is enhanced
efficiency of carbon capture during photosynthesis to
compensate for the reduction in stomatal opening under
drought stress. In addition, the expression of genes with a
function in the positive regulation of the auxin-mediated
signaling pathway (GO:0010929) and the glucosinolate
biosynthetic process (GO:0019761 and GO:0019758) was
up-regulated in both ethanol- and 1-butanol-treated plants
(Supplementary Table S21). Glucosinolates enhance
drought tolerance in Arabidopsis (Salehin et al. 2019) by
promoting stomatal closure (Endo et al. 2008; Khokon
et al. 2011). Furthermore, auxin-sensitive Aux/[AA pro-
teins regulate glucosinolate contents during drought toler-
ance in Arabidopsis (Salehin et al. 2019). These findings
suggest that ethanol and 1-butanol likely improve drought
stress tolerance in Arabidopsis through induction of the
auxin-signaling-mediated regulation of glucosinolate bio-
synthesis. Furthermore, significant up-regulation of genes
functioning in the biosynthesis of anthocyanin compounds
and in the catabolism of serine-family amino acids was
detected in the present GO enrichment analysis (Supple-
mentary Table S21). Anthocyanins can control plant water
loss via reduction of stomatal transpiration and density,
and are considered crucial regulators of drought tolerance
in tobacco (Cirillo et al. 2021). Metabolism of amino acids
is critical to maintain energy generation during drought in
sugarcane (Diniz et al. 2020). In addition, the expression
of genes with a function in the biosynthetic and metabolic
processes of other flavonoids was up-regulated in the pre-
sent GO enrichment analysis (Supplementary Table S21).
In general, flavonoids participate in antioxidant systems
that respond to various abiotic stress factors in different
plant species (Shomali et al. 2022). An increase in the
antioxidant capacity induced by an increase in the content
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Fig.8 Proposed mechanism
underlying 1-butanol-enhanced
drought tolerance of Arabi-
dopsis plants. The 1-butanol
treatment primes the relevant
mechanisms to enhance drought +
tolerance
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of flavonoid compounds leads to improved tolerance of
ultraviolet-B, salinity, drought, and water stresses (Her-
nandez et al. 2004; Hodaei et al. 2018; Gao et al. 2019;
Khalil et al. 2022; Gourlay et al. 2022). Furthermore, an
increase in flavonoid content is associated with a lower
degree of lipid peroxidation and a higher capacity for
ROS detoxification, which in turn improves plant toler-
ance of cadmium and lead stresses (Yang et al. 2011; Javad
et al. 2022). Therefore, the present data suggested that
these biosynthetic and metabolic processes of flavonoids
induced by ethanol or 1-butanol likely play a role in the
drought stress response in Arabidopsis.

The present GO enrichment analysis showed that the
overlapping down-regulated DEGs included genes with a
function in UDP-L-arabinose biosynthesis (GO:0033358)
(Supplementary Table S22). L-Arabinose is a component
of a-1,5-arabinan (Takahashi et al. 2023). Increase in the
content of specific arabinans in the cell wall of guard cells
confers enhanced flexibility, which leads to wider stoma-
tal opening (Carroll et al. 2022). Therefore, ethanol and
1-butanol may induce stomatal closure by limiting the ara-
binan-dependent flexibility of the guard cell wall.

Previously, we reported that external ethanol molecules
could be metabolized into various molecules including sug-
ars (Bashir et al. 2022). We consider that this is one of the
reasons why alcohol-treated plants increase abiotic stress
tolerance. The accumulated sugars can be used as an alterna-
tive energy source when stomata are closed under drought
conditions. It has been well established that Clostridium ace-
tobutylicum, a Gram-positive anaerobic microorganism have
the pathway for butanol production (Foulquier et al. 2022).
Although plants do not positively produce butanol, they
might have a metabolic pathway related to butanol. If so,
external butanol molecules might be metabolized and led to
the accumulation of metabolites including sugars. To investi-
gate this hypothesis, experiments including metabolome and
NMR using radioisotope-labeled butanol will be required.
In the green alga Chlamydomonas eugametos, it has been
reported that 1-butanol can serve both as an activator of
phospholipase (PLD) and as a substrate in PLD catalyzed
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transphosphatidylation reactions (Munnik et al. 1995). In
plants, PLDs are enzymes involved in the modification of
major membrane phospholipids (Deepika and Singh 2022).
Specifically, PLDs can hydrolyze the phosphodiester bond
of glycerophospholipids to release free head groups and
transfer the phosphatidyl moiety to water to produce phos-
phatidic acid as an important secondary messenger involved
in various signaling pathways (Pokotylo et al. 2018; Kim
and Wang 2020). However, in the presence of 1-butanol,
PLDs transfer the phosphatidyl moiety to 1-butanol to form
phosphatidyl-1-butanol (Munnik et al. 1995). Futhermore,
1-butanol has been shown to be able to activate transphos-
phatidylation of PLDs, which consequently stimulates fur-
ther production of phosphatidyl-1-butanol. Because of these
reactions, 1-butanol is often used as an effective inhibitor
of PLD-catalyzed phosphatidic acid production (Gardiner
et al. 2003). Whether phosphatidyl-1-butanol itself has any
biological significance is unknown. Therefore, further stud-
ies are needed to investigate the possible implications of
PLD-catalyzed formation of phosphatidyl-1-butanol.

In conclusion, we propose a model for the mechanisms
underlying 1-butanol-mediated drought stress tolerance in
Arabidopsis (Fig. 8). Specifically, 1-butanol pretreatment
causes stomatal closure, which leads to reduced water loss
from the leaves under drought stress. Furthermore, 1-butanol
pretreatment increases the expression levels of ROS-related
genes that are important for elimination of ROS molecules
that accumulated excessively under abiotic stress. Finally,
our data implicate the ABA-dependent ABI1- and/or
NCED3-mediated regulatory mechanisms in the enhance-
ment of drought stress tolerance induced by 1-butanol
pretreatment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11103-024-01479-0.
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