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Acetic Acid Treatment Enhances Drought Avoidance in Cassava (Manihot esculenta Crantz)
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The external application of acetic acid has recently been reported to enhance survival of drought in plants such as Arabidopsis, rapeseed, maize, rice, and wheat, but the effects of acetic acid application on increased drought tolerance in woody plants such as a tropical crop “cassava” remain elusive. A molecular understanding of acetic acid-induced drought avoidance in cassava will contribute to the development of technology that can be used to enhance drought tolerance, without resorting to transgenic technology or advancements in cassava cultivation. In the present study, morphological, physiological, and molecular responses to drought were analyzed in cassava after treatment with acetic acid. Results indicated that the acetic acid-treated cassava plants had a higher level of drought avoidance than water-treated, control plants. Specifically, higher leaf relative water content, and chlorophyll and carotenoid levels were observed as soils dried out during the drought treatment. Leaf temperatures in acetic acid-treated cassava plants were higher relative to leaves on plants pretreated with water and an increase of ABA content was observed in leaves of acetic acid-treated plants, suggesting that stomatal conductance and the transpiration rate in leaves of acetic acid-treated plants decreased to maintain relative water contents and to avoid drought. Transcriptome analysis revealed that acetic acid treatment increased the expression of ABA signaling-related genes, such as OPEN STOMATA 1 (OST1) and protein phosphatase 2C; as well as the drought response and tolerance-related genes, such as the outer membrane tryptophan-rich sensory protein (TSPO), and the heat shock proteins. Collectively, the external application of acetic acid enhances drought avoidance in cassava through the upregulation of ABA signaling pathway genes and several stress responses- and tolerance-related genes. These data support the idea that adjustments of the acetic acid application to plants is useful to enhance drought tolerance, to minimize the growth inhibition in the agricultural field.
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INTRODUCTION

Abiotic stresses are one of the crucial constraints to food security and crop production. Among them, heat and drought are the two most important stresses with a negative impact on growth and productivity of crops (Fahad et al., 2017). Due to increasing demands for greater food production, it is important to develop desirable and strategic crops, such as cassava, to increase food productivity (Kamanga et al., 2018; Varshney et al., 2018). Drought tolerance is an important research subject pertaining to cassava, as climate change has raised concerns about global drought problems and also places significant demands on breeding programs (Aina et al., 2007; De Oliveira et al., 2017).

Cassava is a tropical crop that serves as an important source of food and industrial materials. It is a vital economic resource for poor farmers in marginal areas where its production is constrained by drought. Although cassava is one of the most drought-tolerant crops, the underlying mechanism for its ability to survive under drought has been investigated recently. For example, physiological association among cassava varieties to drought has been evaluated using plants on field condition and tissue cultures in several countries (Chemonges et al., 2013; Oliveira et al., 2015; Jolayemi and Opabode, 2018). The drought-responsive genes and proteins have been identified in order to understand the physiological mechanisms of drought survival (Utsumi et al., 2012; Turyagyenda et al., 2013; Zhao et al., 2015; Fu et al., 2016). Cassava plants can activate a combination of drought avoidance and tolerance mechanisms that help to maintain optimum growth, development, and metabolism (El-Sharkawy, 2007). Increasing the growth efficiency and survivability of cassava plants subjected to drought, could help the plant survive in marginal growing areas that are subject to stress conditions (Okogbenin et al., 2013).

A variety of different approaches are currently being used to minimize the negative effects of abiotic stresses on plants. Application of various stress priming agents has been presented as a potential strategy to increase biotic and abiotic stress tolerance in plants (Savvides et al., 2016). Recent studies have confirmed that the application of chemical stress priming agents represents a promising approach to manage plant stress adaptation under field conditions by activating their innate stress-adaptive mechanisms (Kinoshita and Seki, 2014).

The application of exogenous methyl jasmonate has been reported to enhance abiotic stress tolerance in soybean (Yoon et al., 2009). The application of exogenous strigolactone enhanced drought tolerance in Arabidopsis (Ha et al., 2014). The application of salicylic acid was shown to be beneficial for plants either in optimal or stress environments, through the regulation of various plant metabolic processes and through the modulation of the production of varied osmolytes, secondary metabolites and the plant-nutrient status, to protect plants under abiotic stress conditions (Khan et al., 2015). Chemicals such as ethanol, mandipropamid, melatonin, polyamines, and sodium nitroprusside enhanced abiotic stress tolerance in plants (Park et al., 2015; Savvides et al., 2016; Nguyen et al., 2017). The epigenetic inhibitors such as Ky-2, Ky-9, and Ky-72 increased salinity stress avoidance in Arabidopsis (Sako et al., 2016; Nguyen et al., 2018a,b). The in vitro cassava plants enhanced salinity stress tolerance by suberoylanilide hydroxamic acid (SAHA) treatment (Patanun et al., 2017). Recently, the application of acetic acid was also reported to enhance drought tolerance in a variety of plant species, including Arabidopsis, rice, maize, rapeseed, and wheat by activating the JA-signaling pathway (Kim et al., 2017). However, the effects of acetic acid application on increased drought tolerance in woody plants such as a tropical crop “cassava” remain elusive. In the present study, physiological- and molecular-responsive mechanisms were analyzed to elucidate the effect of acetic acid on cassava plants subjected to drought. Results of the study indicated that the acetic acid treatment increased drought avoidance in cassava. This was accomplished by the ability of acetic acid to regulate the rate of transpiration and maintain the water content in cassava leaves.

MATERIALS AND METHODS

Cassava Cultivar and Plant Preparation

The African cassava cultivar “60444 (Manihot esculenta Crantz)” was obtained from the International Institute of Tropical Agriculture (IITA, Nigeria) in vitro cassava germplasm collection. The in vitro cassava plantlets were acclimated to ambient atmospheric conditions and were subsequently maintained under a greenhouse condition (50% humidity, 28°C, and 16-h supplemental lighting). Cassava plants grow well under the greenhouse condition. Stem cuttings (approximately 3 cm) were obtained from individual plants and propagated. After reaching an approximate stem length of 15 cm from the soil surface, the plants were transferred to a plastic pot (7.9 diameter × 6 height cm) filled with vermiculite. After transfer, the plants were grown under a greenhouse condition for 2 weeks and then used in the drought experiment. The treatment with 10–20 mM acetic acid solution was effective in rice, maize, wheat, rapeseed and Arabidopsis (Kim et al., 2017). In this study, the treatment with 10 mM acetic acid solution was performed in cassava plants because wilting leaves were observed by an application of 20, 30-, and 50-mM acetic acid solution. Also, to examine the effect of lower concentration of acetic acid on cassava plants, we also evaluated 1 mM acetic acid-treated plants with regarding to the drying test and measurement of net photosynthesis rate. The plants were watered with acetic acid or plain water (control) for 7 days, and then exposed to a drought for 14 days under a greenhouse condition to remove all water from soil pot. The phenotype of wilting leaves can be observed during 14 days of drying.

Quantification of Leaf Wilting

Cassava plants without the application of acetic acid were placed on a rotating table, and images of the plant were taken from 360 degrees to quantify the extent of leaf wilting due to the imposed drought. Each individual cassava plant had 6–10 leaves with leaves numbered in order from the top, e.g., 1, 2,…, 10 (Supplementary Figure S1A). An image of each leaf in which the petiole was parallel to the camera was selected and analyzed. For each leaf, the midrib line was drawn between the base and the midpoint of the midrib (Supplementary Figures S1B,C). The angle made by the midrib line of the central leaflet with the vertical axis was measured using ImageJ software and used as an indicator of the level of drought or wilting (Supplementary Figures S1D,E).

Determination of Fresh and Dry Weight, and Relative Water Content in Water- and Acetic Acid-Treated Plants

Leaves of stressed and non-stressed plants were collected separately and used to measure fresh weight and dry weight, and relative water content (RWC) using a previously described protocol (Nishiyama et al., 2011).

Determination of Chlorophyll and Carotenoid Content

The fifth leaf was selected for the measurement of relative water and chlorophyll contents to determine the effect of acetic acid treatment on drought. Because the RWC in cassava leaves was decreasing from the bottom to the top of stem (Figure 1A). The chlorophyll and carotenoid in approximately 0.5 g fresh weight of the fifth leaf of cassava plants were extracted by shaking (200 rpm) them overnight in the dark in 30 mL of an 80% acetone solution. Subsequently, 1.0 mL of the extracted solution was used to measure absorbance of chlorophyll at 645 nm and 663 nm for carotenoid at 470 nm in a spectrophotometer. Chlorophyll and carotenoid levels were calculated as described by Mostofa et al. (2015).
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FIGURE 1. Quantification of leaf wilting and relative water content (RWC) in leaves. (A) RWC in the first six leaves from the top of the stem of cassava plants subjected to drought tolerance by allowing the soil to dry. Data represent the mean ± SE (n = 15). Different superscripted letters (a, b and c) within the column indicate statistically significant differences among the treatments determined by conducting a Scheffe multiple comparison (P < 0.05). (B) Comparison of the leaves angle before and after the drought. A paired t-test indicated a significant change after the drying process (n = 30 leaves, p < 0.00001).



Thermal Imaging

Thermal images were captured using an R500EX-S infrared camera equipped with a standard lens (Nippon Avionics Co., Ltd.). To measure the leaf temperature in narrow range, the camera was mounted vertically at approximately 60 cm above the leaf canopy for observations. To observe the leaf temperature in broad range, the camera adjusted with angle of approximately 50 degree was set an approximately 100 cm above leaf canopy. Thermal images were stored by interval of a minute and subsequently analyzed for temperature determination on a custom python script.

Total RNA

For total RNA preparation, cassava plants were grown and treated with 10 mM acetic acid or water (control) for 7 days. The first to third leaves from the top of stems were collected and frozen in liquid nitrogen for total RNA purification. Frozen leaves from water- and acetic acid-treated plants were pulverized in liquid nitrogen using a Multi Beads Shocker system (Yasuikiki). Total RNA was extracted from 100 mg of leaves using the method described by Utsumi et al. (2017). Total RNA samples were subsequently purified using a Plant RNA Reagent (ThermoFisher) according to the manufacturer’s instructions, and samples of total RNA were treated with DNase I (Takara), and an RNase inhibitor, for 30 min at 37°C to eliminate genomic DNA contamination in the samples. Samples of total RNA were purified using a RNeasy Plant Mini Kit (QIAGEN) according to the manufacturer’s instructions and RNA quality was evaluated by electrophoresis using a Bioanalyzer (Agilent). After extraction, the total RNA samples were stored at -80°C until further use.

Oligo-Microarray Analysis of Gene Expression and Statistical Analyses

Total RNA was used to evaluate gene expression using a cassava DNA oligo-microarray that included more than 30,000 probes as described by Utsumi et al. (2016). Leaves were collected from four separate water- and four 10 mM acetic acid-treated cassava plants and treated as one biological replicate. The presented gene expression data were collected from three independent biological replicates. A total of six expression microarray data sets were analyzed using GeneSpring GX (Agilent Technologies, United States). A 75-percentile normalization of the expression level was performed on all six samples. The normalized signal intensity was transformed into a log2 ratio for display and analysis. The normalized signal intensity of transcripts from each sample group (experiment) was used in the statistical analysis. An analysis of variance test was conducted to determine the effect of treatment (water treatment vs. 10 mM acetic acid treatment). Changes in gene expression were statistically analyzed using an unpaired t-test for the two treatment groups. A false discovery rate (q-value) was calculated by a Westfall–Young multiple testing correction based on an unpaired t-test. The information from the oligo-DNA microarray was deposited in the Gene Expression Omnibus (GEO) at NCBI. The accession numbers are: Platform, GPL22197; Series, GSE122140 Manihot esculenta microarray; Samples, GSM3455975-GSM3455980.

Statistical Analyses

Physiological and biochemical data were analyzed using a one-way ANOVA and differences among means were analyzed by Scheffé’s method (p < 0.05) (StatPlus 5 pro AnalystSoft Inc., United States) or a Duncan’s multiple range test (P < 0.05) (using IBM SPSS software package 21.0).

Phytohormone Measurements

Endogenous ABA, JA, and JA-Ile were extracted with 80% (v/v) acetonitrile containing 1% (v/v) acetic acid from the first to third leaves from the top of stems treated with 10 mM acetic acid or water for 7 days after freeze-drying. Hormone contents were determined using a UPLC-MS/MS system consisting of a quadrupole/time-of-fight tandem mass spectrometer (Triple TOF 5600, SCIEX, Concord, ON, Canada), and a Nexera UPLC system (Shimadzu Corp., Kyoto, Japan) by Kanno et al. (2016).

Phylogenetic Analysis of Amino Acid Sequences

Homology between Arabidopsis and cassava on amino acid sequences was determined by BLASTX1 where the query nucleotide sequences were aligned with homologous sequences retrieved from Phytozome v12.1.62. Phylogenetic trees were generated by the neighbor-joining method using CLUSTAL_W 2.0.12 software, and branch significance was analyzed by bootstrap with 1,000 replicates. Phylogenic trees were visualized using GENTYX-Tree 2.2.5 (Genetyx) software.

RESULTS

Relationship Between Angle of Leaf Wilting and Water Loss in Leaves

As the water from the soil in the potted cassava plants decreased, cassava leaves wilted and dropped from the stem. The RWC of leaves gradually declined from the top leaf downward after drying (Figure 1A). While the majority of the leaves face upward, however, the angle between the midrib and the vertical axis did not correctly indicate the leaflet angle in leaves which faced the front of the camera. Therefore, images in which the width of the leaflet exceeded 10% of the length of the midrib were excluded from the analyzed dataset. For example, the width of the leaflet in Supplementary Figure S1D is 5.2% of the midrib length, but 19.9% in Supplementary Figure S1E. In this case, the latter leaf was not used in the analyzed dataset. The uppermost leaves were too small to measure the angle accurately, and the lower leaves which wilted due to the drought often rolled up and the angle was also unable to be measured. Thus, only leaves 2 through 5 were used in the analysis (Supplementary Figure S1A). The angles of 30 leaves before and after imposed drought were analyzed. The angle between the midrib and the vertical axis decreased significantly in response to the drought. The average degree angle changed from 85.6 to 26.9 (Figure 1B).

Effect of the Acetic Acid Treatment on Leaf Wilting and Leaf Water Status

To determine the effect of acetic acid treatment on drought in cassava, the fifth leaf was selected for the measurement of relative water and chlorophyll contents because the RWC in cassava leaves decreased from the bottom to the top of the stem (Figure 1A). Results indicated that the acetic acid-treated plants exhibited a less wilted leaf phenotype in response to the drought, relative to the water-treated, control plants (Figure 2A). To further investigate the response of acetic acid-treated cassava plants to drought, RWC was measured. As illustrated in Figures 2B,C, RWC was unchanged under non-stress conditions in the acetic acid-treated group relative to the water control group. In response to the drought imposed by the drying soil treatment, however, the RWC of leaves in the acetic acid-treated cassava plants was significantly higher than in the water-treated plants at 6 days, but not 4 days, after the onset of the drought (Figure 2C). These results suggest that the enhancement of drought avoidance induced by the acetic acid treatment is associated with maintaining the water status in plants.
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FIGURE 2. (A) Representative cassava plants that were either treated with 1- or 10-mM acetic acid or water-treated (control) at 9 days after the initiation of soil drying (bottom) and prior to drying (upper). (B) Representative leaf from 10 mM acetic acid-treated and water-treated (control) cassava plants at 4 and 6 days after the commencement of soil drying. (C) Relative water content (RWC) of the fifth leaf of cassava plants at 4 and 6 days after the commencement of the soil drying treatment. Data represent the mean ± SE (n = 4). (D) Chlorophyll and carotenoid levels of the fifth leaf of cassava plants at 4 and 6 days after the commencement of the soil drying treatment. Data represent the mean ± SE (n = 4). Different superscripted letters (a, b, and c) within a column in (C,D) indicate statistically significant differences among the treatments as determined by a Duncan’s multiple range test (P < 0.05).



Decreased Degradation of Chlorophyll and Carotenoid in Acetic Acid-Treated Plants Subjected to Drought

The imposed drought resulted in a considerable decline in the level of total chlorophyll (Chl) and carotenoids. Total Chl and carotenoid levels, however, were higher in acetic acid-treated plants than in water-treated plants subjected to drought (Figure 2D). These results suggest that the negative effect of drought on photosynthetic pigments and carotenoids were substantially minimized by the acetic acid treatment. The level of total Chl and carotenoids was unchanged under non-stressed conditions and after 4 days of drought. After 6 days of drought, however, total Chl and carotenoid levels decreased in the water-treated control plants but not in the acetic acid-treated plants (Figure 2D). These results are consistent with the RWC and leaf wilting phenotype (Figures 2B,C) data obtained in response to the drying soil treatment.

The Acetic Acid Treatment Increases Leaf Temperature and Decreases Net Photosynthesis and Stomatal Conductance

The acetic acid treatment delayed leaf wilting in cassava plants subjected to drought. To determine the physiological effect of the acetic acid treatment on leaves, leaf temperature and gas exchange in acetic acid-treated and non-treated plants was measured. Leaf temperature in detached acetic acid-treated leaves rapidly increased in comparison to the temperature in detached water-treated leaves (Figure 3). Leaf temperatures within intact, acetic acid-treated plants were measured under sunny (Figures 4A,B) or cloudy conditions (Figures 4C,D). The acetic acid-treated plants exhibited a higher leaf temperature than leaves in water-treated plants (Figures 4A,C). Leaf temperatures in acetic acid-treated plants under sunny conditions were also continuously higher than in leaves of water-treated plants (Figures 4B,D). Leaf temperature under the high photosynthetically active radiation (PAR) of a sunny day increased more significantly than under the low PAR of a cloudy day (Figures 4B,D). The net photosynthesis rate, stomatal conductance and transpiration rate in acetic acid-treated plants decreased considerably after 7 days of the acetic acid treatment in comparison to control (Figure 4E). We also examined the net photosynthetic rate, conductance and transpiration rate with 1 mM or 10 mM acetic acid treated-plants. The net photosynthetic rate, conductance and transpiration rate in 10 mM acetic acid-treated plants were decreased to 40%, 15%, and 38%, respectively, in comparison to that in control under 2,000 μmol mol-2 s-1. In 1 mM acetic acid treated-plants, the values were kept at 64%, 58%, and 50%, respectively (Figure 4E). These results suggest that acetic acid might induce stomatal closure and the degree of physiological effect to acetic acid might depend on the concentration of acetic acid used.
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FIGURE 3. Thermal images of detached leaves from cassava plants treated with 10 mM acetic acid or water (control). Cassava plants were treated with 10 mM acetic acid or water for 7 days. The first six leaves from the top stem were removed and the leaf temperature was measured at 0, 5, 10, and 15 min after leaf removal.
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FIGURE 4. Thermal images of whole plants and the net photosynthetic rate of cassava plants treated with either 10 mM acetic acid or water (control). (A) Thermal images of cassava plants treated with either 10 mM acetic acid or water (control) after 3 days under sunlight. (B) Leaf temperature differences in cassava plants treated with either 10 mM acetic acid or water (control) and placed in the sunlight. The mean leaf temperature was calculated based on temperature of five places on each leaf indicated by asterisks in (A). The color gradation on the bar indicates the photosynthetically active radiation (PAR). (C) Thermal images of cassava plants treated with either 10 mM acetic acid or water (control) after 5 days under the cloudy condition. (D) Differences in leaf temperature of cassava plants treated with either 10 mM acetic acid or water (control) and placed under the cloudy condition. The mean leaf temperature was calculated based on the temperature of five places on each leaf indicated by asterisks in (C). The color gradation on the bar indicates the PAR. (E) Net photosynthetic rate, stomatal conductance and transpiration rate of first to third leaves from the top of the stem of cassava plants treated with 10 mM acetic acid or water (control) at 7 days after the commencement of the drought. Mean ± SD of nine leaves from three plants.



Increase of Abscisic Acid (ABA) Level and Expression of ABA Signaling Pathway Genes in Leaves of Acetic Acid-Treated Cassava Plants at 7 Days After the Imposition of a Drought

Acetic acid-treatment delayed the decrease in RWC in leaves of cassava plants exposed to a drought. In Arabidopsis, research on the effect of acetic acid has suggested that acetic acid operates through jasmonate (JA) signaling to respond to drought and maintains the RWC in plants. Therefore, to investigate the effect of the acetic acid, the measurement of ABA, JA and jasmonate-Ile (JA-Ile) and transcriptome analysis of acetic acid-treated- and control leaves were conducted. The ABA content from 10 mM acetic acid-treated leaves was significantly increased 1.9 folds in comparison to control one but JA and JA-Ile contents were not changed (Figure 5). In the transcriptome analysis, results indicated that there was an upregulation of genes involved in the ABA signaling pathway and heat shock proteins (HSPs) in the acetic acid-treated leaves relative to control leaves of cassava plants (Table 1). The microarray analysis identified 2,399 genes that showed significant differences (FDR < 0.0001) in expression as determined with Westfall–Young multiple testing correction based on an unpaired t-test. Among the differentially expressed genes, 227 and 330 genes were twofold up- or down-regulated, respectively, by the acetic acid treatment. Functional category classification using the gene ontology (GO) of the Arabidopsis Information Resource (TAIR10) for Biological Process by agriGO was performed on the 1,945 of the differentially expressed cassava genes that could be annotated based on the genome from Arabidopsis thaliana. These genes were classified into the GO terms “response to abscisic acid stimulus,” “response to hydrogen peroxide,” “response to heat,” “response to high light intensity,” “tRNA metabolic process,” and “positive regulation of cellular process” for biological process (Figure 6). Here, we focused on “response to abscisic acid stimulus,” “response to hydrogen peroxide,” “response to heat,” “response to high light intensity” due to show the increase of ABA level in acetic acid-treated leaves. The stress-upregulated cassava genes classified in these GO terms include the homolog of a key gene involved in response to stress and ABA; ABA INSENSITIVE 2, ABI2(AT5G57050.1), which encodes a member of a protein phosphatase 2C (PP2C) (Table 1) that plays a role in ABA signal transduction as negative regulators (Leung et al., 1997); several HSPs, such as HSP21 (AT4G27670.1), HSP70 (AT3G12580.1), HSP18.2 (AT5G59720.1), and HSP20 (AT1G54050.1 and AT2G29500.1), which play important roles in cells by preventing aggregation of destabilized proteins exposed to high heat and light intensity (Basha et al., 2012); OPEN STOMATA 1, OST1 (AT4G33950.2), which encodes the ABA-activated protein kinase, a member of SNF1-related protein kinases (SnRK2) that are involved in stomatal closure through ABA induction (Umezawa et al., 2010) (Supplementary Figure S2A); ABI five binding protein 2 (AFP2) (AT1G13740.1), whose members interact with the transcription factor, ABA-Insensitive5 (ABI5) which is mediated in ABA response (Lynch et al., 2017); and two different kinds of PP2C genes (AT5G51760.1 and AT5G59220.1) that may play a role in ABA signal transduction along with ABI2.
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FIGURE 5. ABA, JA, and JA-Ile contents in the cassava leaves at 7 days after external application of acetic acid and water (control). A p-value on figure was measured by paired t-test.



TABLE 1. Acetic acid-responsive genes in cassava.
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FIGURE 6. Parametric analysis of gene set enrichment (PAGE) in the biological process of 1,945 genes in cassava plants treated with 10 mM acetic acid in comparison to cassava plants treated with water treatment as determined with agriGO software. The genes that were annotated based on homology with Arabidopsis were selected by Westfall-Young multiple testing correction (FDR < 0.0001). The first pair of numerals represents the number of genes in the input list associated with the GO term and the number of genes in the input list. The second pair of numerals represents the number of genes associated with the GO term in the Arabidopsis database (TAIR10), the total number of Arabidopsis genes with GO annotations in TAIR10 and the p-value in parenthesis. Box colors in PAGE indicate levels of statistical significance: yellow < 0.01; orange < 0.001. White boxes are shown as non-significant terms.



Although several genes related to the ABA signaling pathway were identified, the expression of key genes in the ABA biosynthetic pathway, such as the 9-cis-epoxycarotenoid dioxygenases (NCEDs), were not dramatically changed in response to the acetic acid (Supplementary Figure S2B and Supplementary Table S1) (Iuchi et al., 2001). Upregulation of JA biosynthetic genes, such as allene oxide cyclases (AOCs), and signaling pathway genes, such as COI1, JAZ, and MYC families, was also not observed in cassava plants treated with acetic acid (Supplementary Table S2). In the current study of cassava, the expression of genes involved in the ABA signaling pathway were upregulated by the acetic acid treatment and sunlight, suggesting that activation of the ABA signaling pathway may play a role in acetic acid-mediated drought avoidance in cassava plants through the increased ABA level.

DISCUSSION

Results of the present study indicate that an application of acetic acid enhances drought avoidance in cassava. Analyses of microarray experiments revealed that acetic acid upregulates the expression of ABA signaling pathway-related genes, such as ABA-insensitive 2 (ABI2; Finkelstein and Somerville, 1990) and OST1 (Mustilli et al., 2002) homologs, and stress response and tolerance-related genes, such as HSPs (Figure 5 and Table 1). Acetic acid treatment increased leaf temperature and accumulation of ABA and decreased stomatal conductance and transpiration rates; suggesting that the acetic acid treatment retained the RWC in cassava plants subjected to drought through the ABA-mediated control of stomatal aperture.

Previous studies have reported that treatment of plants with acetic acid enhances drought tolerance in Arabidopsis, rice, maize, wheat, and rapeseed and that activation of JA signaling is a key event in the enhancement of drought tolerance in Arabidopsis (Kim et al., 2017). Activation of ABA biosynthesis and the ABA signaling pathway was not observed in Arabidopsis in response to an acetic acid treatment (Kim et al., 2017); although the expression of ABA signaling-related genes, such as ABI2, OST1, ABA-hypersensitive germination 1 (AHG1; Nishimura et al., 2007), ABA-insensitive five-binding protein 2 (AFP2; Lynch et al., 2017) were upregulated in cassava in response to an acetic acid treatment (Table 1). In the present study, increased expression of JA biosynthesis and signaling pathway genes was not observed in response to the acetic acid treatment, although the expression of JA biosynthetic enzyme AOC3 was upregulated and the level of JA increased transiently in response to an acetic acid treatment in Arabidopsis (Kim et al., 2017). Differences in the molecular response of cassava vs. Arabidopsis may be due to the following reasons: (1) innate differences in the response of woody plants, such as cassava, and herbaceous plants, such as Arabidopsis, to the exogenous application of acetic acid; (2) use of different experimental conditions in the studies conducted in Arabidopsis vs. cassava. For example, high light (in the range of 100–1,300 μmol m-2s-1) vs. low (∼100 μmol m-2 s-1) light intensity was used in studies on cassava vs. Arabidopsis, respectively (Kim et al., 2017; Rasheed et al., 2018).

The application of acetic acid increased the expression of various stress response and stress tolerance-related genes, such as heat shock family proteins, HSP20 (Muthusamy et al., 2017), HSP21 (Zhong et al., 2013), HSP70 (Tang et al., 2016; Leng et al., 2017) and HSP90 (Krishna and Gloor, 2001), ER stress-related gene, HOP3 (At4g12400; Fernández-Bautista et al., 2017a,b), catalase 1 and catalase 2 (Zou et al., 2015), multiprotein-bridging factor 1c gene (MBF1c; Alavilli et al., 2017), and an outer membrane tryptophan-rich sensory protein (TSPO) (Guillaumot et al., 2009). HSP20 and HSP70 family members function as molecular chaperones and help plants adapt to environmental stress (Tang et al., 2016; Leng et al., 2017; Muthusamy et al., 2017). HSP21 is involved in the protection against oxidative stress (Zhong et al., 2013). HOP3, a member of the HOPs [heat shock protein 70 (HSP70) and heat shock protein 90 (HSP90) organizing proteins] family in Arabidopsis plays an essential role in the response of the endoplasmic reticulum (ER) in plants to abiotic stress (Fernández-Bautista et al., 2017a). HOP3 has been suggested, through its role in the alleviation of ER stress, to play an important function in plant response to various stresses (Fernández-Bautista et al., 2017a). It is plausible to suggest that acetic acid treatment enhances drought avoidance in cassava through the regulation of the ER stress response. Overexpression of P. alpinum multiprotein-bridging factor 1c gene (PaMBF1c) enhanced salt tolerance in Arabidopsis (Alavilli et al., 2017). Catalase plays an important role in ABA- and H2O2-mediated signal transduction and in maintaining H2O2 homeostasis in response to drought (Zou et al., 2015). TSPO expression is upregulated by drought in both shoots and roots, and the TSPO promoter has been shown to be useful for the genetic engineering of drought tolerant plants to drought (Rasheed et al., 2018).

CONCLUSION

Our study demonstrates that the external application of acetic acid under high PAR leads to stomatal closure which is induced by the activation of the ABA-dependent stress response pathway in cassava, by increasing the ABA level. Our study also indicates the possibility of avoiding drought without the inhibition of plant growth, through the external application of acetic acid with a lower concentration. Although the detailed mechanisms underlying acetic acid-mediated enhancement of drought avoidance in cassava remain to be elucidated, the findings of the current study suggest that treatment of plants with simple, easily available and low cost compounds, such as acetic acid, may have beneficial effects on the growth of plants subjected to drought.
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FIGURE S1 | Leaf wilting phenotype of representative water-treated (control) cassava plant after being subjected to a drought (A), representative cassava plant not subjected to a drought (soil drying) (B,D,E), representative cassava plant subjected to a drought stress (C). Images in which the width of the leaflet (blue line) exceeded 10% of the midrib length (red line) were excluded from the analyzed dataset.

FIGURE S2 | Phylogenetic tree of SnRK2 and NCED amino acid sequences from cassava (Manihot esculenta, Me) and Arabidopsis (Arabidopsis thaliana, At). (A) SnRK2 and (B) NCED amino acid sequences. The distance of the branches denotes the bootstrap majority consensus values on 1,000 replicates.

TABLE S1 | Expression of NCED genes that play a key role in ABA biosynthesis.

TABLE S2 | Expression data of JA signaling pathway genes, such as COI1, MYCs, JAZs, and JA biosynthesis pathway genes, such as AOCs.

FOOTNOTES

1 http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi

2 https://phytozome.jgi.doe.gov/pz/portal.html
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