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Abstract 

Cassava is a globally important food source. Given the increasing frequency of climate change-

induced drought, enhancing the drought resilience of cassava is paramount. Chemical priming 

can bolster tolerance to stress factors. We previously determined that pretreatment with low 

concentrations of ethanol enhances abiotic stress tolerance in Arabidopsis, tomato, and cassava. 

Nevertheless, the efficacy of ethanol treatment in complex natural settings remains to be fully 

explored. In this study, we assessed the impact of ethanol treatment on cassava under varying 

light photon flux densities (PFDs) and drought conditions. We observed that drought tolerance 

was enhanced by ethanol pretreatment at high (~400 µmol photons m−2 s−1) and medium (~60 

µmol photons m−2 s−1) light PFDs but not under low light PFD (~4 µmol photons m−2 s−1). 

Ethanol pretreatment under high and medium light PFDs promoted stomatal closure and 

drought avoidance, thereby preserving higher water content in plant tissues. Furthermore, 

ethanol pretreatment under these PFDs upregulated expressions of genes associated with ABA 

signaling and heat shock proteins (HSPs) relative to water pretreatment. In addition, starch 

accumulation in leaves was observed under all light PFDs with ethanol pretreatment. We 

hypothesize that ethanol pretreatment at light PFDs exceeding 60 µmol photons m−2 s−1 

facilitates ethanol-mediated drought avoidance in cassava by activating at least three pathways: 

1) ABA signaling, 2) protein folding-related response via triggering of the HSP/chaperone 

network, and 3) alterations in sugar and starch metabolism. Our findings support the application 

of optimal light PFDs to enhance the benefits of ethanol-induced drought avoidance in cassava. 

 

Keywords: Cassava, Drought avoidance, Ethanol, Light photon flux density, Stomatal closure 



Introduction 

Light is the primary energy source for photosynthesis in plants, and its intensity and quality 

vary continuously under the influence of weather conditions and seasonal shifts due to solar 

inclination (Casal, 2013). Light also induces stress in plants and modulates their stress 

responses. Excessive and fluctuating light intensities can lead to photoinhibition and reactive 

oxygen species (ROS) accumulation around photosystems II and I, respectively (Roeber et al., 

2021). Furthermore, light influences the expression of heat shock proteins (HSPs), which 

increases significantly under elevated temperatures (Roeber et al., 2021). Drought tolerance is 

similarly critical for mitigating negative impacts on plant performance and productivity. 

Drought stress induces specific signaling pathways that drive physiological and developmental 

changes to optimize plant water use (Fahad et al., 2017; Nakashima et al., 2014). In response 

to drought, plants minimize water loss by closing stomata, a process regulated by abscisic acid 

(ABA), whose biosynthesis is enhanced under drought conditions. Stomatal behavior is also 

influenced by diurnal temperature (Tallman, 2004) and light cycles (Matthews et al., 2020).  

Cassava (Manihot esculenta Crantz), a versatile crop used for food, fuel, animal feed, and 

industrial purposes, is notably drought tolerant (Malik et al., 2020; Utsumi et al. 2012), but 

prolonged drought can lead to leaf shedding and reduced growth and yield (El-Sharkawy, 2004). 

Drought management strategies should leverage molecular tools to enhance growth and yield 

under limited rainfall (Muiruri et al., 2021). Chemical priming, particularly with ethanol, has 

shown promise in enhancing multi-stress tolerance across various crops (Sako et al. 2020; 

Bashir et al. 2025). For example, ethanol application improves drought tolerance in Arabidopsis, 

rice, and wheat by modulating ABA signaling and acetic acid biosynthesis, in turn leading to 

reduced water loss through stomatal closure (Bashir et al., 2022). In soybean, foliar ethanol 

application during drought stress increases biomass and modulates photosynthetic traits, 

antioxidant defense, and osmoprotectant levels, thereby enhancing drought acclimatization 



(Rahman et al., 2022). Ethanol treatment also mitigates ROS production induced by high light 

stress to enhance high light stress tolerance in Arabidopsis (Sako et al., 2021). Our previous 

research has indicated that ethanol treatment enhances drought stress avoidance in cassava by 

inducing stomatal closure through three mechanisms: 1) activation of the ABA signaling 

pathway, 2) a protein folding-related response via the HSP/chaperone network, and 3) changes 

in sugar and starch metabolism (Vu et al., 2022). Furthermore, higher leaf temperatures were 

detected after 5 days in cassava plants treated with ethanol under sunlight compared with those 

treated with water, with this initial physiological signal then leading to increased expression of 

heat shock protein-related genes such as HSP70, HSP90, and HSP101 (Vu et al., 2022). 

   On the basis of the above findings, we hypothesized that variations in light photon flux density 

(PFD) may influence the effectiveness of ethanol-mediated drought avoidance through 

modulation of the above three pathways. In this study, we therefore evaluated the impact of 

light PFD on ethanol-mediated drought avoidance in cassava using high (~400 µmol photons 

m−2 s−1), medium (~60 µmol photons m−2 s−1), and low (~4 µmol photons m−2 s−1) light PFDs. 

According to our results, ethanol pretreatment, coupled with high and medium light PFDs, 

induced stomatal closure and drought avoidance by maintaining higher water content in plant 

tissues. In addition, the expression of genes related to ABA signaling and HSPs was upregulated 

compared with water pretreatment under the same light PFDs. Conversely, the phenotypic 

changes associated with induced stomatal closure and related gene expression were not 

observed under low light PFD. These findings indicate that optimal light PFD significantly 

enhances the efficacy of ethanol in facilitating drought avoidance in cassava.  

 



Materials and Methods 

Cassava cultivar and plant preparation 

The African cassava cultivar 60444 was obtained from the in vitro cassava germplasm 

collection at the International Institute of Tropical Agriculture (IITA, Nigeria). The in vitro 

cassava plantlets were initially acclimatized to ambient atmospheric conditions and 

subsequently maintained under the following controlled greenhouse conditions: 50% relative 

humidity, 28°C, and 16 h of supplemental lighting using a ceramic metal-halide lamp (FEC 

Cera Arc Ace PRO 360W, white light 4100K) (Iwasaki Electric Co., Tokyo, Japan). Stem 

cuttings, approximately 3 cm in length, were harvested from individual plants and propagated. 

When the cuttings reached a stem height of approximately 20 cm above the soil surface, they 

were transplanted into plastic pots (7.9 cm diameter × 6 cm height) filled with a soil mix 

consisting of vermiculite, black soil, and coconut fiber in a 2:1:2 ratio. After transplantation, 

the plants were cultivated under the same greenhouse conditions for an additional 2 weeks 

before use in experiments. For the experiments, plants were subjected to pretreatment with 

either 200 mL of 1% (v/v) ethanol or water (control) per 1 plant for 5 days, followed by 

exposure to drought stress for 12 days under three distinct light PFDs (high: ~400 µmol photons 

m−2 s−1; medium: ~60 µmol photons m−2 s−1; and low: ~4 µmol photons m−2 s−1) in the 

greenhouse (50% relative humidity, 28°C, and a 12-h/12-h light/dark cycle) (Supplemental 

Figure S1). Pots were covered with plastic wrap to minimize water loss from the soil surface.  

 

Determination of water content  

The relative water content (RWC) of leaves was determined according to a previously described 

protocol (Nishiyama et al. 2011). The 3rd leaf from each plant was harvested and its fresh weight 

(FW1) was recorded. The leaves were then hydrated by floating them on deionized water in a 

Petri dish. Post hydration, the leaves were promptly removed from the water, gently dried of 

surface moisture using tissue paper, and immediately weighed again to obtain the turgid weight 



(TW). Subsequently, the leaves were oven-dried at 80°C for 24 h and weighed to ascertain the 

dry weight (DW). This procedure was replicated with six biological samples. The RWC was 

calculated using the formula: RWC (%) = [(FW1 - DW) / (TW - DW)] × 100. Additionally, to 

assess the water content of both leaves and stems, these tissues were separately harvested from 

each plant and their fresh weight (FW2) was noted. These samples were then oven-dried at 

60°C for 72 h and reweighed to determine the dry weight (DW). The water content of the stems 

and leaves was computed using the formula: WC (%) = [(FW2 - DW) / FW2] × 100. 

 

Quantification of leaf wilting 

Quantification of leaf wilting was peformed essentially as described by Utsumi et al. (2019). 

Cassava plants were placed on a rotating table, and 360-degree images were captured to assess 

leaf wilting under drought conditions. For each leaf, an image with the petiole parallel to the 

camera was selected. The midrib line was drawn from the base to the midpoint of the midrib, 

and the angle between this line and the vertical axis was measured using ImageJ as an indicator 

of drought-induced wilting. Based on the angle, we defined leaves which have greater than 50 

degree angle, leaves that have less than 50 degree angle and dried leaves that fall off stems as 

unwilted leaves, wilted and dried leaves, respectively.  

 

Thermal imaging 

Thermal images were captured using an R500EX-S infrared camera equipped with a standard 

lens (Nippon Avionics Co. Ltd., Kanagawa, Japan). To observe leaf temperature over a broad 

range, the camera was adjusted at an angle of approximately 50° and set at approximately 200 

cm above the leaf canopy. 

 

Stomatal aperture analysis 

Stomatal samples were prepared from the epidermal layers of the 3rd leaves of plants pretreated 



with either ethanol or water under varying light PFDs (high, middle, and low). From the abaxial 

side of each leaf, 3 to 5 epidermal pieces were carefully peeled and immediately immersed in 

an observation solution comprising 5 mM MES-KOH (pH 6.0), 10 mM KCl, and 1 mM CuCl2. 

A small drop of solution was applied using tweezers. Stomata were observed and photographed 

using a digital microscope (VB-7010) (Keyence, Osaka, Japan). Stomatal aperture 

measurements were conducted and analyzed using ImageJ software. 

 

Measurement of sucrose, glucose, fructose and starch contents in leaves 

Leaves ranging from the first to the third position from the top of the stems were collected from 

plants pretreated with either 1.0% ethanol or water for five days and subsequently subjected to 

drought stress for 6 and 12 days. Sampling was conducted between 10:00 and 11:30 AM, and 

the leaves were immediately frozen in liquid nitrogen. This procedure was replicated across 

four biological samples. The frozen leaves were pulverized in liquid nitrogen using a Multi-

Beads Shocker system (YASUI KIKAI, Osaka, Japan). After the leaf samples (fresh weight: 

100 mg) were boiled for 10 min in 500 μL of 80% ethanol, they were dried in a vacuum. The 

dried samples were resuspended in 0.3 mL of distilled water and centrifuged at 3000 x g for 10 

min. This process was repeated three times. The supernatants from all extractions were mixed. 

The concentrations of sucrose, glucose, and fructose in the supernatant were quantified using 

an enzymatic method (Utsumi et al. 2011).  

 

Gas exchange measurement 

The rates of photosynthesis (μmol CO2 m
−2 s−1), stomatal conductance to H2O (mmol H2O m−2 

s−1), and transpiration rate (mmol H2O m−2 s−1) were assessed using the second and third fully 

expanded leaves from each of six biological replicates. Measurements were conducted between 

10:00 and 12:00, quantifying the values per 1 cm2 of leaf surface area.  A portable infrared gas 

analyzer, LI-6400 (LI-COR Ltd., Nebraska, USA), equipped with a conifer chamber, RGB light 



6400-22L, was utilized. The chamber conditions were maintained at a CO2 concentration of 

400 ppm and a temperature of 28.0 °C. 

 

Total RNA extraction 

Leaves from first to third positions from the top of the stems were collected from plants 

pretreated with either 1.0% ethanol or water for 5 days. Leaves were sampled between 10:00 

and 11:00 AM and then immediately frozen in liquid nitrogen for total RNA extraction. The 

frozen leaves were pulverized using a Multi-Beads Shocker system. Total RNA was extracted 

from 100 mg of pulverized leaf tissue as described previously (Vu et al. 2022) and then purified 

using Plant RNA reagent (ThermoFisher, MA, USA). To remove any genomic DNA 

contamination, the RNA samples were treated with DNase I (Takara, Shiga, Japan) and an 

RNase inhibitor for 30 min at 37°C. Subsequent purification was performed using a RNeasy 

Plant Mini kit (Qiagen, Hilden, Germany). The quality of the RNA was assessed via agarose 

gel electrophoresis. The purified total RNA samples were stored at −80°C until further analysis. 

 

Real-time reverse transcription-polymerase chain reaction (qRT-PCR) analysis 

cDNA was synthesized from 2 µg of total RNA using 100 units of M-MLV reverse transcriptase 

(Nippongene, Tokyo, Japan), 1 µL of 10 mM dNTPs, 1 µL of 10 µM oligo (dT)20 primer 

(Toyobo, Osaka, Japan), and 1 µL of 2.5 µM random 9-mer primers in a total volume of 10 µL. 

The synthesized first-strand cDNA was stored at −30°C until further use. Specific primers were 

designed using the Primer3 program to achieve a melting temperature (Tm) of 60°C 

(Supplementary Table S1). Real-time RT-PCR amplifications were conducted in 10-µL 

reaction volumes containing 5 µL of 2x PowerUp SYBR Green master mix (ThermoFisher), 

20 ng cDNA, and 1 µM each of forward and reverse primers using the StepOne Plus Real-Time 

qPCR system. The amplification protocol consisted of initial denaturation at 95°C for 1 min, 

followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. 26S proteasome regulatory subunit 



N10 (Manes.02G137500) gene was used as an internal control (Hu et al. 2016). The 

experiments were replicated with four biological samples. Relative gene expression levels were 

calculated using the comparative Ct method. The relative expression of each gene in a sample 

(∆Ct) was calculated as follows: Ct (target gene) – Ct (control gene). 

 

Statistical analysis 

The results of gas exchange, stomatal aperture, qRT-PCR, and RWC measurements of leaves 

were analyzed by one-way ANOVA, and differences among means were analyzed with Tukey’s 

method using R software.  

 

Results and Discussion 

Enhancement of drought tolerance induced by ethanol pretreatment was observed under 

high and middle light PFDs, while such tolerance was not evident under low light PFD 

In the absence of adequate moisture during drought treatment, cassava leaves tend to drop from 

the lower part of the stems (Utsumi et al. 2019; Vu et al. 2022). To examine the physiological 

effects of ethanol on cassava plants under high, medium, and low light PFDs, we evaluated 

phenotypes, relative water content, and soil moisture content under drought stress. Twelve days 

after the initiation of drought, cassava leaves pretreated with water exhibited wilting, whereas 

those pretreated with ethanol under high and medium light PFDs had more unwilted leaves, 

namely, 3–4 leaves per plant compared with the water-pretreated counterparts (Figure 1A and 

B). In six days after the initiation of drought, those under high and medium light PFDs had 

more unwilted leaves compared to those under the water treatment. (Supplementary Figure 2A, 

B). Under low light PFD, no significant differences in the number of unwilted leaves were 

observed between ethanol- and water-pretreated plants under 6 and 12 days after the initiation 

of drought. (Figure 1C and Supplementary Figure 2C). 

In both ethanol- and water-pretreated plants, soil moisture content decreased under all three 



light PFDs during 6 days of drought stress treatment. Under high and medium light PFDs, 

however, the decrease in soil water content was less pronounced in ethanol-treated plants than 

in water-treated ones. During the first 3 days of drought treatment, soil moisture content in 

water-pretreated plants decreased rapidly, to 79.4% under high light and 73.9% under medium 

light, whereas the level in ethanol-pretreated plants remained higher, at 82.6% and 85.3%, 

respectively (Figure 2A and B). Under low light, in contrast, the decrease in soil water content 

between ethanol and water treatments did not change significantly, with values remaining at 

90.3% and 86.1%, respectively (Figure 2C).  

   Water content in stems and leaves was analyzed 12 days after the onset of drought treatment 

(Figure 2D). Under high and medium light PFDs, the water content of stems and leaves of 

ethanol-pretreated plants remained higher, 38.0% and 38.6%, respectively, compared with those 

of water-pretreated plants, which stayed at approximately 32.5%. Under low light PFD, water 

contents of stems and leaves of ethanol-pretreated and water-pretreated plants were similar, 

40.1% and 37.6%, respectively. At 12 days, we also measured the relative water content and 

phenotype of third leaves (Figure 2E). Under high and medium light PFDs, the relative water 

content of third leaves of ethanol-pretreated plants were significantly different from those of 

water-pretreated ones, whereas no differences were observed under low light PFD (Figure 2E). 

These results indicate that ethanol pretreatment specifically enhances drought tolerance in 

cassava under high and medium light PFDs, thus suggesting the existence of a threshold level 

of light PFD for acquiring ethanol-mediated drought tolerance.  

 

High and middle light PFDs, when combined with ethanol pretreatment, induced stomatal 

closure; however, no such effect was observed under low light PFD 

To investigate the effects of ethanol pretreatment on stomatal aperture under varying light PFDs, 

we measured leaf temperature and stomatal aperture in plants treated with either ethanol or 

water. Measurements were taken 5 days post-treatment under high, medium, and low light PFDs. 



Under high and medium light PFDs, leaf temperatures were higher in ethanol-pretreated plants 

compared with water-pretreated ones (Figure 3A and B). No significant changes in leaf 

temperature were observed under low light PFD (Figure 3C). Stomatal closure was evident in 

ethanol-pretreated plants; under medium light PFD, the average stomatal aperture was 

approximately 1.4 µm smaller than in water-pretreated plants, which averaged 5.3 µm (Figure 

4A, B, G). Under high light PFD, stomatal aperture in ethanol-pretreated plants was reduced to 

2.4 µm compared with 2.8 µm in water-pretreated plants (Figure 4C, D, G). Under low light 

PFD, however, no significant differences in stomatal aperture were observed between ethanol 

and water-pretreated plants, with averages of 2.2 µm and 2.4 µm, respectively (Figure 4E, F, 

G). These results demonstrate that ethanol pretreatment can induce stomatal closure under high 

and medium light PFDs but not under low light PFD. 

We next assessed net photosynthetic rate, transpiration rate and water conductance of plants 

treated with ethanol and water under low and high light PFDs (Figure 5). Under the high light 

PFD, the net photosynthetic rate, transpiration rate, and water conductance rate of ethanol-

pretreated plants decreased to 89%, 80%, and 19%, respectively, of those of water-pretreated 

plants. Under the low light PFD, these values decreased by 2%, 67%, and 15%, respectively. 

According to these results, ethanol pretreatment not only induces stomatal closure, but also 

decreases net photosynthesis under high light PFD. 

 

Ethanol pretreatment enhances the starch accumulation across light PFDs 

Ethanol pretreatment induces gluconeogenesis in Arabidopsis leaves and promotes starch 

accumulation in cassava leaves, which suggests that starch serves both as a carbon source for 

compatible solutes and as an energy reserve during drought stress (Bashir et al. 2022; Vu et al. 

2022). These findings imply that ethanol-pretreated plants may exhibit enhanced drought 

tolerance, potentially due to the utilization of starch reserves in the absence of soil water. To 

investigate whether ethanol pretreatment affects starch and sugar metabolism under varying 



light PFDs, we analyzed starch, sucrose, and glucose contents of leaf samples 5 days after 

treatment with either water or ethanol. Under high light PFD, the starch content of ethanol-

pretreated plants was 47.7 µg/mg DW vs. 41.2 µg/mg DW in water-pretreated plants (Figure 

6A); under medium light PFD, these values were 19.3 µg/mg DW and 16.1 µg/mg DW, 

respectively, and 1.8 µg/mg DW and 1.4 µg/mg DW, respectively, under low light PFD. 

Although starch accumulation in leaves varied with light PFD, ethanol-pretreated plants 

consistently exhibited higher starch accumulation than their water-pretreated counterparts. In 

addition, ethanol pretreatment resulted in a slight decrease in sucrose levels under high and 

medium light PFDs (Figure 6B), but no significant changes in glucose levels (Figure 6C) across 

all light PFDs, compared with water pretreatment. Our data demonstrate that ethanol 

pretreatment induces starch accumulation in leaves under all tested light PFDs relative to water 

pretreatment. In our previous study (Vu et al. 2022), we observed that ethanol pretreatment 

showed an accumulation of starch and slight decrease of sucrose in leaves and that after the 

exposure to drought stress, the ethanol-pretreated plants showed increased accumulation of 

sucrose and glucose than water-pretreated plants. Sucrose plays a vital role as  source of energy 

for growth, a metabolic resource and a signaling molecule (Ruan et al., 2010). The assimilated 

starch may be converted into sucrose during drought stress and contribute to drought stress 

tolerance (Vu et al., 2022). Our results demonstrate that ethanol pretreatment under high and 

medium PFDs induces changes in sugar allocation, metabolism, and utilization, suggesting its 

contribution to the drought resistance of cassava. 

 

High and middle light PFDs, when combined with ethanol pretreatment, upregulate the 

expression of genes related to ABA response and heat shock proteins (HSPs) 

Previously, we demonstrated that ethanol pretreatment upregulates the expression of genes 

related to ABA signaling and HSPs (Vu et al., 2022). To ascertain if ethanol pretreatment 

enhances the expression of these genes under various light PFDs, we conducted qRT-PCR 

analyses on leaves from ethanol- and water-pretreated plants at  five days post-treatment 



under high, middle, and low light PFDs. The expression of ABA-induced transcription 

repressor 1 (AITR1) (Manes.17G106700), AITR5 (Manes.14G054200) that functions  as a 

feedback regulator in ABA signaling, protein phosphatase 2C (PP2CA) (Manes.07G119400) 

that functions as one of the key central regulators involved in ABA signaling,  NAC domain 

transcriptional regulator superfamily protein (RD26) (Manes.15G084800) that functions as a 

transcriptional activator in ABA-mediated dehydration response, sucrose synthase 3 (SUS3) 

that catalyze both the synthesis of sucrose from fructose and UDP-glucose and cleavage of 

sucrose, and the genes encoding heat shock protein (HSPs), such as heat shock protein HSP70 

(Manes.11G067500), HSP90 (Manes.14G022300) and HSP101 (Manes.06G085600) was 

higher in ethanol-pretreated plants than in water-pretreated plants under high and middle light 

PFDs (Figure 7). However, under low light PFDs, no significant differences were observed in 

the expression levels of these genes (Figure 7). The expression of an osmoprotectant-related 

gene, galactinol synthase 1 (GolS1) (Manes.05G012000) was higher in ethanol-pretreated 

plants across all light PFDs (Figure 7). 

  In middle and high light PFDs, the ABA signaling pathway, HSP chaperone network, and 

starch accumulation processes were activated. In contrast, under low light PFD, only starch 

metabolism was active (Figures 6 and 7). These findings indicate that middle and high light 

PFDs, combined with ethanol pretreatment, are crucial for activating these pathways and 

enhancing drought tolerance. Conversely, low light PFD combined with ethanol pretreatment 

does not significantly enhance drought tolerance, as it fails to activate the pathways associated 

with ABA signaling and the HSP chaperone network (Figure 7). Exogenous ethanol application 

significantly enhances drought tolerance by regulating ABA signaling and promoting stomatal 

closure to conserve water (Bashir et al., 2022). Light-induced heat acts as a trigger for the 

induction of HSP gene expression, which are referred to as heat-induced molecular chaperones 

(Clément et al., 2011). These chaperones, especially HSP70 and HSP90, play a pivotal role in 

the mechanisms that initiate acquired thermotolerance in land plants (Serrano et al., 2019; Song 

et al., 2012). 

 

Assessment of Ethanol Pretreatment in Relation to Senescence and Drought Stress 

Responses 



To examine whether ethanol pretreatment is associated with drought stress or aging (the term 

'senescence' may be more appropriate), we analyzed the expression levels of senescence-

associated gene 12 (SAG12, At5g45890) (Gan and Amasino, 1995) and transcription factor 

WRKY53 (At4g23810) (Miao et al., 2008), that are well-known senescence markers and were 

identified by  previous cassava transcriptome analysis (Vu et al., 2022) that has been performed 

under high light PFDs. The results showed that cassava SAG12 and WRKY53 genes were not 

upregulated by ethanol pretreatment and the following drought treatment (Supplementary Table 

2). However, the transcriptome analysis revealed that ethanol pretreatment upregulates the 

expression of Bcl-2-associated athanogene 5 (BAG5) (Supplementary Table 2), whose 

increased expression promotes plant senescence (Li et al., 2016). Our previous analysis showed 

ethanol treatment increased accumulation of assimilated starch in leaves and the following 

drought treatment increased accumulation of glucose and sucrose  (Vu et al., 2022) that induce 

leaf senescence (Wingler et al., 2006). Thus, senescence might progress mildly during ethanol 

pretreatment and the following drought treatment.  

 

Conclusions 

In this study, we discovered that ethanol pretreatment at the light PFDs exceeding 60 µmol 

photons m⁻² s⁻¹ is more effective for ethanol-mediated drought avoidance, through the 

upregulation of three pathways: ABA signaling, metabolism of starch and sugar, and HSP 

chaperones. Under high PFD, excess light energy may lead to stress, thereby reducing ethanol's 

effectiveness. Conversely, low PFD (~4 µmol photons m⁻² s⁻¹) did not enhance ethanol-

mediated drought avoidance in cassava. These results suggest that molecular mechanisms 

related to light perception are involved in the switch that enhances ethanol-mediated drought 

avoidance. We propose that photobody formation, controlled by liquid–liquid phase separation, 

might be involved in the switching  (Chen et al. 2022). Ethanol application, particularly in 

conjunction with natural environmental light and heat, is expected to exert physiological effects 



on plants. These insights contribute to a better understanding of the biological implications of 

ethanol treatment, particularly its impact on maintaining water content in cassava plants when 

combined with light and heat. 
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Figure legends 

Figure 1. Representative phenotypes of cassava plants and leaf status after pretreatment 

with 1% ethanol or water followed by drying for 12 days under different light PFDs. Scale 

bar = 30 cm, n = 12. Error bars represent the mean ± standard deviation (SD). Significant 

differences (**, P ≤ 0.01 and *, P ≤ 0.05) were calculated using Student’s t-test. Panels A, B, 

and C represent plants under high, medium, and low light PFDs, respectively. 

 

Figure 2. Decrease in water content in soil pots and relative water content in entire plants 

after pretreatment with ethanol or water followed by drying under different light PFDs. 

Panels A, B, and C show the rate of water decrease in soil pots and plant water content after the 

commencement of drying under high, medium, and low light PFDs, respectively, n = 18. Error 

bars represent the mean ± standard deviation (SD). Significant differences (*, P ≤ 0.1; **, P ≤ 

0.05; ***, P ≤ 0.01) were calculated using Student’s t-test. D) Water content of leaves and stems 

at 12 days after the commencement of soil drying under different light PFDs, n = 7. Error bars 

represent the mean ± standard deviation (SD). Bars with the same letter indicate no significant 

differences (P ≤ 0.1, Tukey’s test). E) Relative water content of the third leaf from the top of 

the plant at 12 days after the commencement of soil drying under different light PFDs, n = 9. 

Error bars represent the mean ± standard deviation (SD). Treatments are indicated as follows: 



HW, water under high light; HE, ethanol under high light; MW, water under medium light; ME, 

ethanol under medium light; LW, water under low light; and LE, ethanol under low light. 

 

Figure 3. Thermal images of cassava plants pretreated with either ethanol or water under 

different light PFDs for 5 days. A) High light PFD. B) Medium light PFD. C) Low light PFD.  

 

Figure 4. Effect of ethanol pretreatment under different light PFDs on stomatal aperture.  

A) Stomatal opening in a leaf from a water-treated plant under middle light. B) Stomatal closure 

in a leaf from an ethanol-treated plant under middle light. C) Stomatal opening in a leaf from a 

water-treated plant under high light. D) Stomatal closure in a leaf from an ethanol-treated plant 

under high light. Bars = 20 μm. E) Stomatal opening in a leaf from a water-treated plant under 

low light. F) Stomatal closure in a leaf from an ethanol-treated plant under low light. Bars = 50 

μm. G) Stomatal aperture in plants pretreated with either ethanol or water for 5 days under 

different light PFDs. HW, HE, MW, ME, LW, and LE represent the treatments of water under 

high light, ethanol under high light, water under middle light, ethanol under middle light, water 

under low light, and ethanol under low light, respectively. N = 60, Error bars represent the mean 

± standard deviation (SD). Bars with the same letter indicate no significant differences (P ≤ 0.1), 

with P-values calculated using the Tukey test. 

 

Figure 5. Effects of ethanol pretreatment on photosynthetic, transpiration rates and 

water conductance of third leaves below stem apices for 5 days. (A–C) Photosynthetic rate 

(A), transpiration rate (B), and water conductance (C) under the low light PFD conditions. 

(D–F) Photosynthetic rate (D), transpiration rate (E), and water conductance (F) under the 

high light PFD condition. N= 6. Error bars represent the mean ± standard deviation (SD).  

Significant differences (***, P ≤ 0.01) were calculated using Student’s t-test. 

 



Figure 6. Starch, sucrose, and glucose contents of leaves from plants pretreated with either 

ethanol or water for 5 days under different light PFDs. A) Starch content. B) Sucrose content. 

C) Glucose content. Treatments are indicated as follows: HW, water under high light; HE, 

ethanol under high light; MW, water under medium light; ME, ethanol under medium light; LW, 

water under low light; and LE, ethanol under low light. N = 5. Error bars represent the mean ± 

standard deviation (SD). Significant differences (*, P ≤ 0.1; **, P ≤ 0.05; ***, P ≤ 0.01) were 

calculated using Student’s t-test. DW represents dry weight.  

 

Figure 7. RT-qPCR analysis of gene expression in leaves from plants pretreated with 

either ethanol or water for 5 days under different light PFDs. Significant differences (*, P 

≤ 0.1; **, P ≤ 0.05; ***, P ≤ 0.01) were calculated using Student’s t-test, n = 5. Error bars 

represent the mean ± standard deviation (SD). Treatments are indicated as follows: HW, water 

under high light; HE, ethanol under high light; MW, water under medium light; ME, ethanol 

under medium light; LW, water under low light; and LE, ethanol under low light.  

 

Supplementary Figure 1. Light wavelength spectra under different light PFDs. A) High 

light PFD. B) Medium light PFD. C) Low light PFD.  

 

Supplementary Figure 2. Representative phenotypes of cassava plants after pretreatment 

with 1% ethanol or water for 5 days followed by drying for 6 days under different light 

PFDs. Scale bar = 30 cm, n = 12. Error bars represent the mean ± standard deviation (SD). 

Significant differences (**, P ≤ 0.01 and *, P ≤ 0.05) were calculated using Student’s t-test. 

Panels A, B, and C represent plants under high, medium, and low light PFDs, respectively. 

 

Supplementary Table 1. Primer sequences for qRT-PCR 

 



Supplementary Table 2. Expression data of cassava transcriptome analysis performed 

during ethanol pretreatment and the following drought stress treatments. 
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