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Introduction: Osmotic imbalance is one of the major consequences of drought

stress, negatively affecting plant growth and productivity. Acetic acid has

modulatory roles in osmotic balance in plants; however, the mechanistic

insights into acetic acid-mediated osmotic adjustment under drought stress

remains largely unknown.

Methods: Here, we investigated how seed priming and seedling root treatment

with acetic acid enabled maize plants overcoming polyethylene glycol (PEG)-

induced drought effects.

Results: Maize seeds primed with acetic acid showed better growth

performance when compared with unprimed seeds under PEG application.

This growth performance was mainly attributed to improved growth traits,

such as fresh weight, dry weight, length of shoots and roots, and several leaf

spectral indices, including normalized difference vegetation index (NDVI) and

chlorophyll absorption in reflectance index (MCARI). The levels of oxidative stress

indicators hydrogen peroxide (H2O2) and malondialdehyde (MDA) did not alter

significantly among the treatments, but proline content as well as the expression

of proline biosynthetic gene, D1-PYRROLINE-5-CARBOXYLATE SYNTHETASE 1

(P5CS1) was significantly elevated in plants receiving acetic acid under PEG-

treatments. On the other hand, treating the seedlings root with acetic acid led to

a significant recovery of maize plants from drought-induced wilting. Although

growth traits remained unchanged among the treatments, the enhancement of

leaf water content, photosynthetic rate, proline level, expression of P5CS1, and

antioxidant enzyme activities along with reduced level of H2O2 andMDA in acetic

acid-supplemented drought plants indicated a positive regulatory role of acetic
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acid in maize tolerance to drought. Moreover, the high expression of P5CS1 and

the subsequent elevation of proline level upon acetic acid application were

further validated using wild type and proline biosynthetic mutant p5cs1 of

Arabidopsis. Results showed that acetic acid application enabled wild type

plants to maintain better phenotypic appearance and recovery from drought

stress than p5cs1 plants, suggesting a crosstalk between acetic acid and proline

metabolism in plants under drought stress.

Discussion: Our results highlight the molecular and intrinsic mechanisms of

acetic acid conferring plant tolerance to drought stress.
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Introduction

Ever changing environments are often stressful for growth and

development of plants. Drought is considered as a major abiotic

stress, affecting plant ecological distribution, growth, and

productivity worldwide (Gupta et al., 2020). Drought causes

osmotic stresses that lead to rapid changes in gene expression and

metabolic alterations, some of which help plants to cope with such

stresses (Kamruzzaman et al., 2022; Mahmud et al., 2022). Osmotic

stress can directly interrupt stomatal regulation, resulting in poor

photosynthetic performance in plants (Mittler et al., 2022). Reactive

oxygen species (ROS) accumulation is a secondary response in

plants under osmotic-related stresses, including water-shortage.

However, an imbalance between production and scavenging of

ROS, such as hydrogen peroxide (H2O2), superoxide radicals

(O2
·−), singlet oxygen (1O2), and hydroxyl radicals (HO•) may

initiate a cascade of oxidative reactions that result in membrane

lipid peroxidation, chlorophyll degradation, protein denaturation,

and DNA strand breakage (Claeys and Inze, 2013; Lei et al., 2021;

Mittler et al., 2022). Plants have evolved sophisticated antioxidant

mechanisms to counter the damaging effects of ROS. The

antioxidant system includes non-enzymatic compounds, such as

tocopherols, glutathione, ascorbate, and carotenoids, as well as

enzymes, including catalase (CAT, EC: 1.11.1.6), ascorbate

peroxidase (APX, EC: 1.11.1.11), peroxidase (POD, EC: 1.11.1.7),

and superoxide dismutase (SOD, EC 1.15.1.1) (Nikoleta-Kleio et al.,

2020; Mittler et al., 2022).

Plants accumulate an array of osmolytes to adjust their intra-

cellular osmotic potential under stressful conditions. Osmolytes are

known to stabilize the protein structure and are ubiquitous in living

organisms. The major organic osmolytes include amino acids (e.g.,

proline), methylamines (e.g., betaine and trimethylamine-N-oxide),

polyamines (e.g., spermidine), sugars (e.g., trehalose), and polyols

(e.g., sorbitol) (Ozturk et al., 2021; Singh et al., 2021). Among these

osmolytes, proline has cardinal importance in plants, both as

structural unit of protein and osmolyte for osmoprotection

(Moukhtari et al., 2020; Alvarez et al., 2022; Spormann et al.,

2023). When plants are exposed to osmotic stress, proline
02
accumulates in the cytoplasm and acts as an osmoprotectant for

stabilizing cellular membranes and maintaining turgor pressure.

This helps plant prevent damage to cellular components, allowing

plants to continue to grow and function maximally despite the

stress. In addition to its role as an osmoprotectant, proline has been

shown to enhance the expression of stress-responsive genes, which

are involved in plant responses to stress (Shrestha et al., 2021;

Kamruzzaman et al., 2022). Besides its role as an osmolyte, proline

has been further reported to scavenge ROS under drought stress

(Moukhtari et al., 2020). Nonetheless, proline accumulation alone

cannot provide tolerance rather other pathways activated upon

different abiotic stresses are linked to its effect on plants (Chun et al.,

2018; Ozturk et al., 2021). Under drought stress, synthesis of proline

in the cytosol derived from the precursor glutamate in two-

sequential steps catalyzed by d-pyrroline-5-carboxylate synthetase

(P5CS) and d-pyrroline-5-carboxylate reductase (P5CR)

(Adamipour et al., 2020). P5CS expression increases upon

exposure to drought while low or no increase in P5CR expression

depending on plant species (Chen et al., 2021).

Maize (Zea mays L.) is a major agricultural crop cultivated

across the world. Despite having wide genetic variation, most of the

maize varieties are moderately sensitive to drought stress, especially

seedling stage of maize is more sensitive to water-shortage (Badr

et al., 2020; Sheoran et al., 2022). The negative effects of drought

stress on maize plants are involved with changes in morphological

and physiological parameters, including shoot and root growth,

photosynthetic activity, stomatal features, proline accumulation,

and abscisic acid levels in the whole plant (Salika and Rifat, 2021;

Sheoran et al., 2022). Reports suggest that invisible wilting

symptoms induced by high osmotic potential may lead to 60%

yield losses in maize (Avramova et al., 2015; Farooq et al., 2015).

Thus, developing maize varieties with better osmotic stress

tolerance potential continues to be an important strategy in

sustaining maize production in arid and semi-arid areas globally.

Endogenous level of proline accumulation is enhanced in maize

root upon low water potential, which has been reported to be a

tolerance mechanism against the osmotic stress (Kang et al., 2022).

Besides, exogenously applied proline in maize plants can enhance
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the antioxidant activity, better growth performance, and prevent

water loss upon osmotic stresses induced by drought and salinity

(Mosaad et al., 2020; Ibrahim et al., 2022). Polyethylene glycol

(PEG)-mediated elevation of osmotic potential inhibits apical shoot

growth while increasing lateral root formation, suggesting a

potential mechanism of maize plants to combat water deficiency

(Ji et al., 2014).

Recently, there has been increasing interest in using plant

growth-promoting compounds, such as acetic acid, to mitigate

osmotic stress in plants. Acetic acid is a naturally occurring

organic acid that has been shown to have various positive effects

on plant growth and stress tolerance by improving water and

nutrient uptake and photosynthesis rate (Kim et al., 2017;

Rahman et al., 2019; Mendiburu, 2019). Several studies reported

the potential aspects of acetic acid in enhancing plant resistance to a

variety of abiotic stresses, including salinity and drought. For

example, application of acetic acid potentiated drought tolerance

mechanisms in cereal crops rice (Oryza sativa), maize, and wheat

(Triticum aestivum) through the activation of various physiological

and molecular mechanisms (Kim et al., 2017; Ogawa et al., 2021). A

low dose (<50 mM) of acetic acid has been suggested to be effective

in mitigating drought adversities in cassava (Manihot esculenta)

(Utsumi et al., 2019) and mung bean (Vigna radiata) (Rahman

et al., 2019). Although the beneficial effects of acetic acid on osmotic

stress tolerance are already quite recognized, the regulatory

mechanism is still not fully understood. Moreover, acetic acid-

induced proline accumulation varies upon different plants and

abiotic stresses. For example, proline level was elevated with the

application of acetic acid under salt stress in mung bean (Rahman

et al., 2019), whereas the level was lowered upon drought stress in

soybean (Glycine max) (Rahman et al., 2020). Thus, how acetic acid

application regulates cellular level of proline for rendering osmotic

stress tolerance is yet to be studied at genetic level in plants.

In the current study, we attempted to explore the functions of

acetic acid in mitigation of PEG-induced osmotic stress by studying

several morphological, physiological, and biochemical features in

maize. We compared the seed priming and seedling treatment

modes of acetic acid to understand common pathway(s) elicited

by acetic acid for conferring drought tolerance in maize. We also

validated our findings by conducting a complementary functional

study using the model plant A. thaliana wild-type and its proline

biosynthetic mutant p5cs1. Our comprehensive study using both

maize and Arabidopsis provided an in-depth understanding of how

acetic acid modulates cellular intrinsic mechanisms to make plants

more resilient to osmotic stress.
Materials and methods

Experimental design and treatments

The seeds of maize (Zea mays L., cv Baden seed corn; kindly

provided by Kiepenkerl, Blooming, Germany) were surface

sterilized with 70% (v/v) ethanol treatment for 1 min followed by

0.5% (v/v) sodium hypochlorite solution for 10 minutes. Seeds were

then washed 5 times with distilled water (dH2O). For priming, the
Frontiers in Plant Science 03
treatments were as follows: Ctrl (Control, dH2O), PEG (20% w/v

polyethylene glycol-6000), AA (500 mM acetic acid), and PEG + AA

(20% w/v PEG and 500 mM AA). The dose of AA (500 mM) was

selected based on the trial with the different concentrations of AA

that did not negatively impact the germination percentage without

influencing proline content (Supplementary Figures 1A–C). Seeds

were soaked overnight with above-mentioned solutions and allowed

for germination on a wet filter paper. Growth assessment and

biochemical analyses of germinated seedlings were performed

after growing in commercial hydroponic nutrient solution (Flora

Series® nutrient system: Floragro® (total nitrogen (N): 2%,

available phosphate (P2O5): 1%, soluble potash (K2O): 6%,

magnesium (Mg): 0.5%), Floramicro® (total nitrogen (N): 5%,

soluble potash (K2O): 1%, calcium (Ca): 5%, boron (B): 0.01%,

cobalt (Co): 0.0005%, copper (Cu): 0.01%, iron (Fe): 0.1%,

manganese (Mn): 0.05%, molybdenum (Mo): 0.0008%, zinc (Zn):

0.015%) and Florabloom® (available phosphate (P2O5): 5%, soluble

potash (K2O): 4%, magnesium (Mg): 1.5%, sulfur (S): 1%), USA, 2

ml/2 L distilled water) for 10 days. All the above experiments were

repeated three times to ensure the reproducibility of the

experiment.Similarly, the treatments for root application at the

seedlings stage were Ctrl (hydroponic nutrient solution), PEG (20%

w/v), AA (25 mM), and PEG + AA (treatment with 20% w/v PEG

and 25 mM AA). The dose of acetic acid (25 mM) was selected

based on the findings of Kim et al. (2017). Solution of ‘Ctrl’

treatment was used as a solvent to prepare other treatments.

Properly germinated seedlings in the wet filter paper were grown

for 12 days in ‘Ctrl’ solution followed by subjecting to different

treatments for 48 h. After the treatment period, leaves were

harvested to assess various morphological, physiological, and

biochemical parameters. Morphological parameters included

shoot fresh weight (SFW), root fresh weight (RFW), shoot dry

weight (SDW), root dry weight (RDW), root length (RL), shoot

length (SL), root volume, and average root diameter. The

biochemical parameters were proline, MDA, H2O2, CAT, POD,

and APX.

In both priming and exogenous treatment experiments, plants

were grown in a growth chamber (Bronson Climate, LW

Zaltbommel, the Netherlands) set at 26° C with 12/12 h dark/

light cycle in white fluorescent light up to 600 mmol m−2 s−1 and 55-

60% relative humidity. A handmade system, made of nylon mesh

and glass jar, was adopted for seedlings growth in this study

(Figures 1A, C). The treatment solutions were replaced in every

48 h on a regular basis. All of the above experiments were repeated

three times.

For Arabidopsis (A. thaliana) experiment, wild-type Columbia

ecotype (Col-0) and p5cs1 T-DNA insertion mutant seeds (Funck

et al., 2012) were surface sterilized using 5.25% sodium hypochlorite

for 1 min and then washed 5 times with sterilized dH2O. Sterilized

seeds were placed on the petri-plates containing Murashige and

Skoog medium (MS; Duchefa Biochemie) with 1% (w/v) sucrose

and 0.6% (w/v) phytagel (Sigma‐Aldrich, Inc.) for germination and

properly germinated seedlings were grown for 14 days. Properly

grown plants were then placed in liquid culture (Rivero et al., 2013)

containing different treatments in a sterile plastic box with gentle

rotation (120 rpm) on an orbital shaker (Innova 2000, New
frontiersin.org
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Brunswick Scientific, USA). The dose of AA (500 mM) was selected

based upon trial with the different concentrations of acetic acid and

that did not negatively impact the germination percentage with a

steady increase of proline content compared to non-treated plants

(Supplementary Figures 2A, B). Immediately, after 48 h of

treatment, seedlings were re-placed into petri-plates containing

MS with 1% (w/v) sucrose and 0.6% (w/v) phytagel and were

grown for another seven days to observe the growth. For

biochemical analysis, the whole shoot of the plants was collected

immediately after 48 h of treatment in the liquid culture. If not

otherwise stated, plants were cultured in growth chambers with

long day conditions (16 h/8 h light/dark) at 22°C and up to 100

µmol photons m-2 s-1 and 60% relative humidity. Phenotypic

experiment was repeated two times and biochemical assays were

repeated three times.
Assessment of morphological traits and
leaf spectral indices

Root and shoot fresh weights were recorded by a digital balance

and then dried into an oven at 70°C for 3 days to measure the dry

weights. Leaf water status was estimated through relative water

content (RWC) according to Ghoulam et al. (2002). Tip of flag

leaves were cut into 5-6 small pieces and the fresh weight (FW) was
Frontiers in Plant Science 04
recorded. Then, the leaf pieces were dipped into 10 mL deionized

water into a falcon tube for 24 h at room temperature. After 24 h,

the leaves were wiped with a paper towel and the turgid weight

(TW) was recorded. Dry weight was recorded after oven drying at

70°C for 72 h. RWC was estimated as (FW-DW)/(TW-DW) ×100.

Three measurements were taken from each leaf. A portable infrared

gas exchange analyzer (LI-6400 XT; LI-COR) was used (at 15:00

pm, when light was on) to measure the photosynthetic parameters,

namely stomatal conductance (gs), transpiration rate (E),

intercellular CO2 concentration (Ci), and photosynthesis rate (A)

from flag leaves according to previous studies (Siddiqui et al., 2021;

Fang et al., 2022). The internal ambient CO2 level was 400 ppm.

Leaf spectral reflectance was also measured on the flag leaves

with at least three plants using a PolyPen RP410 device (PSI,

Drasov). Three points were measured from each leaf of each

plant, and then the average of the three points was computed as

described in previous study by Begum et al. (2020). Among various

vegetation indices, Normalized Difference Vegetation Index

(NDVI) = (RNIR − RRED)/(RNIR + RRED) (Rouse et al., 1973);,

Chlorophyll Absorption in Reflectance Index (MCARI) =

[(R700 − R670) − 0.2 * (R700 − R550)] x (R700/R670) (Daughtry

et al., 2000), Simple Ratio Pigment Index (SPRI), Carter Indices

(Ctr1), Lichtenthaler Indices (Lic2), Greenness Index (GI),

Photochemical Reflectance Index (PRI) and Normalized Pigment

Chlorophyll Index (NPCI) were recorded. In all equations, R
D

A B

C

FIGURE 1

Seed priming effect of acetic acid on maize growth and oxidative stress parameters in response to PEG treatments. (A, B) Phenotype of shoots
(A) and roots (B) of maize plants grown for 10 days after seed priming with the treatments for overnight. (C, D) The levels of oxidative stress markers
hydrogen peroxide (H2O2) and malondialdehyde (MDA) (C), and proline content and relative expression of ZmP5CS1 (D) in 10 days old maize leaves
recorded after seed priming. Data represent mean ± SE of six individual replicates (n=6) for H2O2, MDA and proline content and three individual
replicates (n=3) for ZmP5CS1 expression, and different alphabetical letters indicate significant variations among the treatments following Tukey’s
Post-Hoc HSD test (P<0.05). FW, fresh weight. Ctrl, PEG (20%), AA (500 mM), and PEG+AA represent treatments with distilled water (dH2O), 20%
polyethylene glycol, 500 mM acetic acid, and 20% polyethylene glycol + 500 mM acetic acid, respectively. FW, fresh weight.
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indicates the reflectance at a given wavelength of light. Roots were

scanned using an Epson scanner (Perfection LA24000) with a

resolution of 600 dots per inch and root images were analyzed

using the WinRhizo software (Regent Instruments Inc., Quebec,

Canada) to record the root architectural traits including average

root diameter (mm), and root volume (cm3) from 6 individuals.

SFW, SDW, RFW, RDW, SL, and RL were averaged from 6

individual replicates. A normal measuring ruler was used to

measure the lengths.
Proline, MDA, and H2O2 determination

First, fully expanded leaf of six maize and whole shoot of six

Arabidopsis were used for proline, MDA, and H2O2 determination.

Proline was determined according to the method described by Bates

et al. (1973). Samples were ground in liquid nitrogen and 90-100 mg

powdered tissue was homogenized in 1.5 mL of 3% sulphosalicylic

acid (w/v). The suspension was centrifuged at 12,000 g for 5 min

and 200 µL of sample supernatant was added with 200 µL acetic acid

and 200 µL ninhydrin reagents. This mixture was incubated at 95°C

temperature for 60 min and the reaction was immediately stopped

by putting it into ice for 3-5 min. Then, 600 µL of pure toluene was

mixed and incubated at room temperature for 30 min. The

chromatophore readings were recorded at 520 nm wavelength

with 10 reads per well through 96 well plastic plates using a

microplate reader (TECAN Infinite 200 Pro, TECAN Group

Limited, Switzerland). Proline content was estimated using

standard curve method and expressed in µg/g FW.

Hydrogen peroxide (H2O2) was determined according to the

previously described method (Sergiev et al., 1997; Velikova et al.,

2000). Samples were grounded into powder using liquid nitrogen

and 90-100 mg powder was homogenized into 500 µL 0.1% (w/v)

trichloroacetic acid (TCA) and centrifuged at 12,000 g for 10 min.

Then, 200 µL supernatant was added to 200 µL of 10 mM potassium

phosphate buffer (pH 7.0 and 1 M 400 µL potassium iodide and

mixed through vortexing. The sample absorbance was recorded at

390 nm through a microplate reader (TECAN Infinite 200 Pro,

TECAN Group Limited, Switzerland). H2O2 level was determined

by developing standard curve with known concentration of H2O2

and expressed in µg/g FW.

Lipid membrane damage was estimated by determining

malondialdehyde (MDA) content using thiobarbituric acid (TBA)

method (Hodges et al., 1999) adapted to a microplate-based

protocol. Samples were homogenized in liquid nitrogen and 100

mg of pulverized powder was added to 1.5 mL of 0.1% (w/v)

trichloroacetic acid (TCA) followed by centrifugation at 14,000 g for

15 min at 4°C. Then, 500 ml supernatant was mixed with reaction

solution I (0.01% w/v 2,6-di-tert-butyl-4-methyl phenol (BHT) in

20% w/v TCA) and reaction solution II (0.65% w/v TBA, 0.01% w/v

BHT in 20% w/v TCA) in a 1:1 ratio. The sample mix was then

incubated at 95°C for 30 min. The reaction was stopped by putting

on ice for five minutes, and the reaction mix was centrifuged at 8000

g for 10 min at 4°C. The absorbance of the supernatant was

measured at 440, 532, and 600 nm using a microplate reader
Frontiers in Plant Science 05
(TECAN Infinite 200 Pro, TECAN Group Limited, Switzerland).

MDA content was expressed as nanomoles per gFW.
Assay of antioxidant enzyme activity

Leaf samples (500 mg/sample) were ground into powder

through liquid nitrogen and then homogenized into 1 mL of 50

mM ice-cold potassium phosphate (K-P) buffer, pH 7.0 (100 mM

potassium chloride (w/v), 5 mM b-mercaptoethanol and 10%

glycerol v/v). The homogenized tissue was centrifugated at 11,500

g for 2 min, and the collected supernatant was used for measuring

protein content and enzyme activities.

To determine the activity of catalase (CAT, EC: 1.11.1.6), we

monitored the decline of absorbance for 1 minute at 240 nm,

following the method of Rahman et al. (2019). The reaction mixture

consisted of K-P buffer (50 mM, pH 7.0), H2O2 (15 mM), and

enzyme extract (5 mL), with a final volume of 700 mL. CAT activity

was calculated using an extinction coefficient of 39.4 M-1 cm-1.

The activity of APX was assessed according to the method of

Nakano and Asada, 1981 by recording absorbance change at 290 nm

for 1 minute. The reaction mixture contained K-P buffer (50 mM, pH

7.0), ascorbate (AsA, w/v) (0.5 mM), ethylenediaminetetraacetic acid

(EDTA, 0.1 mM), H2O2 (0.1 mM), and enzyme extract (5 mL), with a

final volume of 700 mL. APX activity was estimated using an

extinction coefficient of 2.8 M-1 cm-1.

The activity of peroxidase was assessed using the method of

Hemeda and Klein (1990). The reaction mixture contained K-P

buffer (25 mM, pH 7.0), guaiacol (0.05%, v/v), H2O2 (10 mM), and

enzyme extract (5 mL), with a final volume of 700 mL. An increase in

absorbance was recorded at 470 nm for 1 min, and the extinction

coefficient of 26.6 mM-1 cm-1 was used to calculate POD activity.

Total protein from the enzyme extract was measured using

Coomassie Bradford protein assay kit (cat. 23200, Thermo Scientific

USA) according to manufacturer’s instructions.
P5CS1 expression analysis in maize and
Arabidopsis using RT-qPCR

Fully expanded leaves of three maize and whole shoot of three

Arabidopsis seedlings were homogenized in liquid nitrogen, and

RNA was extracted using Monarch RNA miniprep kit (New

England Biolabs, USA) following the manufacturer’s instruction.

The RNA concentration and quality were determined by a

nanodrop (NanoDrop 2000c, Thermo Fischer Scientific, USA).

cDNA was synthesized using Luna Script super RT mix (New

England Biolabs, USA) following the manufacturer’s instruction.

Quantitative real-time PCR (RT-qPCR) was performed in 96-well

plates using a 7500 fast real-time PCR system (Applied Biosystems,

USA). A SYBR green-based Luna Universal qPCR master mix was

used in the assay with three technical replicates per sample. The

qPCR run was set to initial denaturation at 95°C for 3 min followed

by 40 cycles (95°C for 15 s, 60°C for 1 min). Specific amplification

was analyzed using a melt curve (95°C for 15 s, 60°C for 1 min, 95°C
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for 15 s). Primers were designed by using the Oligo Calculator,

vers ion 3.27 (http : / /biotools .nubic .northwestern.edu/

OligoCalc.html). Primer efficiency was estimated before running

the qPCR reaction (0.936 for Actin2 and 0.946 for AtP5CS1 in

Arabidopsis, and 0.921 for 19 a-zein and 0.932 for ZmP5CS1 in

maize). Relative mRNA expression of P5CS1 was normalized to the

reference, 19 a-zein in maize and Actin2 in Arabidopsis and

calculated based on the 2− DDCt method. Primers used in the

study are listed in the Supplementary Table 2.
Statistical analysis

Statistical significance was analyzed using open-access statistical

computing and statistical platform RStudio (version 4.0.3). All the

statistical analysis was performed with one-way ANOVA followed

byTukey’s PostHoc HSD test except a two-way ANOVA for

Figure 1D. For one-way ANOVA and Tukey’s PostHoc HSD test

the package agricolae (Mendiburu, 2019) and tidyverse (Wickham,

2021), respectively, were used. All codes were designed on a R script

(version 4.0.3). Bar plots with error bars were generated in

Microsoft Excel (version 16.69.1).
Results

Maize seed priming

Seed priming with acetic acid improved
morphological attributes of PEG-primed
maize plants

Maize seeds were primed with 500 mM acetic acid (AA) or/and

with PEG (PEG+AA) and germinated seedlings were grown in the

non-treated hydroponic solutions to observe the priming effect of

acetic acid under drought stress. Our observations revealed stunted

shoot and root growth in plants treated with PEG, while no visible

differences were observed in ‘AA’ compared to ‘Ctrl’ (Figures 1A,

B). However, a similar pattern of shoot and root growth was

observed between ‘PEG+AA’ and ‘Ctrl’ (Figures 1A, B). The shoot

and root growth parameters, specifically SFW, SDW, RFW, and

RDW were significantly decreased by 22%, 20%, 40%, and 43%,

respectively, under ‘PEG’ compared with ‘Ctrl’. However, these

reductions were recovered in ‘PEG+AA’, where SFW, SDW, RFW,

and RDW showed a decrease of 12%, 5% (not significant), 19%, and

13%, respectively, compared with ‘Ctrl’ (Table 1). The growth

parameters in ‘AA’ did not exhibit significant variation when

compared to the ‘Ctrl’, which is consistent with the results of

visual observations.

Under ‘PEG’, both shoot and root length showed a significant

reduction of 29% and 41%, respectively, when compared to ‘Ctrl’.

However, no significant changes were observed among ‘PEG+AA’,

‘AA’, and ‘Ctrl’ (Table 1). Interestingly, the trend was opposite for

total root volume and average diameter, which showed a significant

increase of 55% and 20%, respectively, in ‘PEG’ compared to ‘Ctrl’.

Nevertheless, there were no noticeable differences observed among

‘PEG+AA’, ‘AA’, and ‘Ctrl’ for these parameters.
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Seed priming with acetic acid improved leaf
spectral indices of PEG-primed maize plants

Plants were also studied for leaf spectral reflectance indices. Out

of several parameters detected, significant differences were found in

Normalized Difference Vegetation Index (NDVI), Simple Ratio

Pigment Index (SPRI), Chlorophyll Absorption in Reflectance

Index (MCARI), Carter Indices (Ctr1) and Lichtenthaler Indices

(Lic2) in the ‘PEG’ compared to ‘Ctrl’ (Table 1). NDVI and SPRI

significantly decreased by 33% and 23%, respectively, in the ‘PEG’.

In contrast, MCARI, Ctr1 and Lic2 showed significant increase of

60%, 22% and 11%, respectively, in the ‘PEG’. However, there was

no significant variations among ‘PEG+AA’, ‘AA’, and ‘Ctrl’ for

these indices except slightly decrease of Lic2 in ‘PEG+AA’ and ‘AA’

compared with ‘Ctrl’ (Table 1). Under ‘PEG+AA’ and ‘AA’, Lic2

was decreased by 8% and 3%, respectively, as compared with ‘Ctrl’.

Seed priming with acetic acid stimulated the
proline content of PEG-primed maize plants
without influencing the oxidative stress indicators

To monitor the plant status under different conditions,

oxidative stress related biochemical and physiological parameters

were assessed. Here we observed no significant differences in H2O2

and MDA levels among the treatments (Figure 1C), but

interestingly, the proline content was highest in ‘PEG+AA’ and

significantly increased by 110% as compared with ‘Ctrl’ while

proline accumulation in other treatments remained unchanged

(Figure 1D). In line that, the expression of the proline

biosynthetic gene ZmP5CS1 did not show significant differences

among the treatments ‘Ctrl’, ‘AA’, and ‘PEG’, but it was

approximately 10-fold higher in ‘PEG+AA’ compared to the ‘Ctrl’

and other treatments (Figure 1D). The RWC of shoot showed no

variation among the treatments (Table 1).

Overall, our data indicates that pre-treating seeds with acetic

acid can modify the response of several morphological and

biochemical attributes to drought stress in comparison with non-

treated plants.
Exogenous root treatment of
maize seedlings

Exogenous acetic acid reduced PEG-mediated
negative effects on water content

The above-mentioned morphological study was further devised

with exogenous application through root uptake in the 12 days old

non-treated seedlings. PEG-treated plants showed severe wilting

symptoms in 48 hours after the treatment (Figure 2A). As similar to

priming plants, exogenous application of acetic acid didn’t employ

any visible difference. Intriguingly, the wilting nature of PEG-

treatment was recovered in the ‘PEG + AA’ (Figure 2A). The

severity of PEG-treatment was further demonstrated by

measuring the shoot RWC. After 48 h of treating the plants,

RWC was declined nearly to 60% in ‘PEG’ while it remained

nearly 98% both in ‘Ctrl’ and ‘AA’ (Figure 2B). However, the rate

of decline was lower (80%) in the ‘PEG+AA’ (Figure 2B). Moreover,

RWC after 4 days declined to 20% in ‘PEG’. While no variation was
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found in ‘AA’, the water content was still nearly 60% in the ‘PEG

+AA’ (Figure 2B).

Exogenous acetic acid reduced PEG-mediated
negative effects on photosynthesis

Two photosynthetic parameters- A and Ci were significantly

reduced by 98% and 45% respectively, in ‘PEG’. However, there

were no significant variation found among ‘Ctrl’, ‘AA’ and ‘PEG
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+AA’ (Figures 3A, B). Transpiration related parameters gs and E

followed a reciprocal trend compared to photosynthetic parameters

with significant up-regulation by 120% and 25% respectively in

‘PEG’ (Figures 3C, D). Similar to photosynthetic parameters, no

significant variation was found among ‘Ctrl’, ‘AA’ and ‘PEG+AA’.

(Figures 3A, B). However, the leaf spectral reflectance indices those

showed variation in the seed priming plants were remained

unaltered albeit changes of three indices- Photochemical
TABLE 1 Effect of acetic acid on leaf spectral reflectance indices of maize plants subjected to seed primed PEG treatments*.

Parameters Ctrl PEG AA PEG+AA

SFW (mg)
Mean 1022.17a 792.17b 1043.17a 899.50ab

SD 163.42 27.19 163.55 22.32

RFW (mg)
Mean 609.66a 364.17b 550.33a 490.66ab

SD 38.87 22.48 95.68 182.22

SDW (mg)
Mean 80.33a 64.50b 81.33a 75.83a

SD 8.43 7.40 4.84 3.87

RDW (mg)
Mean 44.43a 25.28b 41.32a 38.51ab

SD 1.02 0.95 2.05 1.75

SL (cm)
Mean 34.50a 24.60b 32.66a 34.16a

SD 2.35 3.76 1.75 2.86

RL (cm)
Mean 15a 8.83b 14.17a 14.83a

SD 3.03 1.47 2.32 3.49

Total root volume (cm3)
Mean 0.289b 0.45a 0.28b 0.33b

SD 0.07 0.04 0.05 0.07

Total root
avg. diam (mm)

Mean 0.82b 0.98a 0.80b 0.89b

SD 0.06 0.065 0.02 0.06

RWC (%)
Mean 97.59a 96.60a 96.72a 96.53a

SD 0.39 0.978 1.77 0.52

NDVI Mean 0.57a 0.38b 0.58a 0.55a

SD 0.03 0.01 0.01 0.01

MCARI Mean 0.10b 0.16a 0.10b 0.10b

SD 0.001 0.0077 0.0103 0.004

SPRI Mean 0.98a 0.75b 0.97a 0.97a

SD 0.014 0.015 0.022 0.016

Ctr1 Mean 1.27b 1.56a 1.30b 1.33b

SD 0.05 0.028 0.082 0.05

Lic2 Mean 0.89b 0.99a 0.86bc 0.82c

SD 0.022 0.081 0.017 0.034

Germination Percentage Mean 100a 99a 99a 100a

SD 3 2 4 5
fro
*Data represented as mean, standard deviation (SD) of six individual replicates along with the alphabetical letters representing different levels of statistical significance calculated with one-way
ANOVA and Tukey‘s Post-Hoc HSD test (P<0.05). SFW, shoot fresh weight; RFW, root fresh weight; SDW, shoot dry weight; RDW, root dry weight; SL, shoot length; RL, root length; RWC,
relative water content; NDVI, Normalized Difference Vegetation Index; MCARI, Chlorophyll Absorption in Reflectance Index; SPRI, Simple Ratio Pigment Index; Ctr1, Carter Indices; Lic2,
Lichtenthaler Indices.
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Reflectance Index (PRI), Normalized Pigment Chlorophyll Index

(NPCI) and Greenness Index (GI) (Supplementary Table 1) in the

‘PEG’. Significant decrease of PRI (70%) and GI (17%) was observed

in ‘PEG’ compared to ‘Ctrl’. No significant alteration of PRI and GI

were found in ‘AA ’ and ‘PEG+AA ’ compared to ‘Ctrl ’

(Supplementary Table 1). NPCI showed a significant increase

(85%) in the ‘PEG’ compared with ‘Ctrl’. However, the indices

had no significant variation in ‘AA’ and ‘PEG+AA’ compared with

‘Ctrl’ (Supplementary Table 1).

Exogenous acetic acid stimulated antioxidant
activity to scavenge ROS

We measured the content of H2O2, MDA, and proline content

in the different treatments. H2O2 content was abruptly increased in

the ‘PEG’ by 304% compared to ‘Ctrl’ (Figure 4A). This substantial

increase was declined almost nearly to the level of ‘Ctrl’ in the ‘PEG

+AA’ and no significant variation found in the ‘AA’ compared to

‘Ctrl’. MDA content increased significantly by 160% upon ‘PEG’

while no significant variation was found in ‘AA’ and ‘PEG+AA’

compared to ‘Ctrl’ (Figure 4B). On antioxidant activity furthermore,

we measured the catalytic activity of 3 antioxidant enzymes. CAT,

POD and APX activity was significantly increased by 176%, 121%

and 31% respectively in the ‘PEG’. However, although there was no

significant variation in ‘AA’, all of them had significantly higher

activity by 466%, 260% and 137% in the ‘PEG+AA’ compared to

‘Ctrl’ (Figure 4C).

Moreover, substantial increase (416%) of proline content was

observed in the ‘PEG’ compared to ‘Ctrl’ (Figure 5A). Intriguingly,

the content was significantly higher by 148% in ‘AA’ and an abrupt

increase of 2560% in ‘PEG+AA’ was observed compared ‘Ctrl’. To

extend our observations on proline biosynthesis, we checked the

expression of ZmP5CS1, responsible for the biosynthesis of proline

(Figure 5B). Expression followed a similar trend to proline content

with the increase of around 10-, 4-and 20-fold in the ‘PEG’, ‘AA’

and ‘PEG+AA’, respectively compared to ‘Ctrl’.
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Overall, our data indicates that exogenous root treatment with

acetic acid can ameliorate the negative effects of drought stress by

positively regulating the antioxidant activity.
Arabidopsis

Acetic acid regulated ROS and proline levels in
Arabidopsis similar to maize

To observe the regulation of proline biosynthesis by acetic acid

we further analyzed H2O2, proline and MDA accumulation in the

model plant Arabidopsis under above-mentioned treatments.

Similar to the trend of maize plant, H2O2 content followed an

significant increase of 106% in ‘PEG’ compared with ‘Ctrl’.

Although there was no significant variation in ‘AA’ but 40%

increase was found in ‘PEG+AA’ compared to ‘Ctrl’ that is almost

2-fold lower than ‘PEG’ (Figure 6A). MDA content was also

enhanced significantly by 148% upon ‘PEG’ while no variation

found among ‘AA’, ‘PEG+AA’ and ‘Ctrl’ (Figure 6B). Moreover,

proline content was significantly increased by 98% in the ‘PEG’

while the increase was even higher (98%) in the ‘PEG+AA’

compared to ‘Ctrl’ (Figure 6C). A slight but significant increase of

62% in ‘AA’ was found compared with ‘Ctrl’ which is similar to the

observation in maize. Moreover, the observation was confirmed

through similar 10-, 5- and 20-fold higher expression of proline

biosynthetic gene AtP5CS1 in ‘PEG’, ‘AA’ and ‘PEG+AA’

respectively compared with ‘Ctrl’ (Figure 6D).
Functional validation of Arabidopsis P5CS1 in
acetic acid-mediated proline accumulation under
PEG-treatment

As proline plays the potential role for acetic acid induced

tolerance, we wanted to check the performance of the mutant

disrupted in proline biosynthesis. We collected one T-DNA

insertion line of proline biosynthetic gene, P5CS1 and compared
A B

FIGURE 2

Effects of acetic acid on growth and water content of exogenously treated maize seedlings exposed to PEG-treatments. (A, B) Shoot growth (A) and
relative water content (RWC) (B) of maize plants treated with exogenous acetic acid under PEG-treatment. Shoot phenotype was photographed
after 24 h of treatments, whereas RWC was recorded after 24 h and 48 h of treatments. Data represent mean ± SE of six individual replicates (n=6)
and different alphabetical letters indicate significant variations among the treatments following two-way ANOVA including Tukey’s Post-Hoc HSD
test (P<0.05). Ctrl, PEG (20%), AA (25 mM), and PEG+AA represent treatments with distilled water (dH2O), 20% polyethylene glycol, 25 mM acetic
acid, and 20% polyethylene glycol + 25 mM acetic acid, respectively.
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its performance with wild-type (Col-0) under the above-mentioned

treatments. From the visual observations, no phenotypic differences

were detected between ‘Ctrl’ and ‘AA’ (Figure 7). However, both

wild-type and p5cs1mutant suffered terribly under ‘PEG’ and wilted

to pale-colored leaves. Intriguingly, p5cs1 mutant was negatively

affected in ‘PEG+AA’. On the other hand, Col-0 plants still grew

better than the others with slightly yellowish and narrower leaves

(Figure 7). Overall, our data on Arabidopsis suggests a positive

regulation of exogenous acetic acid on proline regulation to reduce

the negative effects of drought stress.
Discussion

Drought stress has negative consequences on leaf epinasty,

stomatal closure, and photosynthesis, resulting in detrimental

effects on plant physiology and growth. Plants have evolved

adaptive mechanisms to survive under drought stress (Farooq

et al., 2009; Gill and Tuteja, 2010; Claeys and Inze, 2013). Several

reports suggested the positive effect of acetic acid in counteracting

osmotic stress, especially caused by drought and salinity (Kim et al.,

2017; Utsumi et al., 2019; Rahman et al., 2020). In our study, we

employed two main approaches to find the potential roles of acetic

acid in mitigation of PEG-induced osmotic effects, including i)

priming of maize seeds with acetic acid (500 mM) and grown under
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PEG (20%) and ii) application of exogenous acetic acid (25 mM) to

maize seedlings grown under PEG.

Seed priming with PEG resulted in stunted growth that was also

consistent with the shoot and growth parameters. The stunted

growth of maize plants was almost recovered in ‘PEG+AA’,

although acetic acid alone did not exhibit any positive

modulation (Figure 1A). We did not find any variation in the

germination percentage of maize seeds among the treatments

(Supplementary Table 1). Previous studies reported that

germination rate of osmo-primed seeds was decreased in

sorghum (Zhang et al., 2015) and in model plant A. thaliana

(Alavilli et al., 2016). However, the stunted growth recovery in

‘PEG+AA’ might be due to stress memory transmission. This

induced memory perhaps is transmitted from seed germination to

seedling stage to induce the growth defects in ‘PEG’ and ultimately

provided lesser canopy to combat the transpirational water loss.

Several studies reported PEG- or water deficiency-induced shoot

and root growth inhibition or growth parameters reduction while

acetic acid application enhanced the recovery (Rahman et al., 2019;

Utsumi et al., 2019; Rahman et al., 2020), which was also in parallel

with our current findings (Figures 1A, B) Although the root length

was much smaller, but the total root volume was higher in ‘PEG’

while both root length and root volume were almost similar in ‘PEG

+AA’ compared with ‘Ctrl’ (Table 1). In corroboration with our

findings, a previous study also suggested that the root tip growth
D

A B

C

FIGURE 3

Effects of acetic acid on photosynthetic attributes of exogenously treated maize seedlings exposed to PEG-treatments. (A-D), Photosynthetic
parameters, including photosynthetic rate (A) (A), internal CO2 concentration (Ci) (B), stomatal conductance (gs), (C) and transpiration rate (E) (D) were
recorded in maize leaves after 48 h of treatments. Data represent mean ± SE of six individual replicates (n=6) and different alphabetical letters indicate
significant variations among the treatments following Tukey’s Post-Hoc HSD test (P<0.05). Ctrl, PEG (20%), AA (25 mM), and PEG+AA represent
treatments with distilled water (dH2O), 20% polyethylene glycol, 25 mM acetic acid, and 20% polyethylene glycol + 25 mM acetic acid, respectively.
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was enhanced upon PEG treatment, resulting in a more enhanced

diameter (Ji et al., 2014). However, similar root length and volume

in ‘PEG+AA’ to ‘Ctrl’ suggest the alleviating capacity of acetic acid

to overcome PEG-induced negative effects.

Variation was also observed for several leaf spectral indices,

including NDVI, SPRI, MCARI, Ctr1, and Lic2 among different

treatments. These indices are generally used to detect the effects of

environmental stresses on different leaf parameters, such as leaf

fluorescence and chlorophyll status (Li et al., 2018). In the current

study, NDVI and SPRI had a decreasing trend while MCARI, Ctr1,
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and Lic2 increased under ‘PEG’ (Table 1). PEG-induced variation in

the indices has not been explored comprehensively; however, our

findings are well supported by recent findings on bread wheat under

drought (Rustamova et al., 2021; Siddiqui et al., 2021). Increasing

NDVI and SPRI, and decreasing MCARI, Ctr1, and Lic2 in ‘PEG

+AA’ plants correlated with morphological parameters, indicating a

growth promoting effect of acetic acid in maize (Figures 1A, B).

NDVI and SPRI are broadband indices associated with plant

biomass production and are often used to indirectly estimate the

net primary productivity and photosynthetic capacity (Main et al.,
A B

C

FIGURE 4

Effects of acetic acid on oxidative stress parameters and antioxidant enzyme activities of exogenously treated maize seedlings exposed to PEG-
treatments. (A, B) The levels of oxidative stress markers hydrogen peroxide (H2O2) (A) and malondialdehyde (MDA) (B), and the activities of catalase
(CAT), ascorbate peroxidase (APX) and peroxidase (POD) (C) in the maize leaves were recorded after 48 h of treatments. Data represent mean ± SE
of six individual replicates (n=6) and different alphabetical letters indicate significant variations among the treatments following Tukey’s Post-Hoc
HSD test (P<0.05). Ctrl, PEG (20%), AA (25 mM), and PEG+AA represent treatments with distilled water (dH2O), 20% polyethylene glycol, 25 mM
acetic acid, and 20% polyethylene glycol + 25 mM acetic acid, respectively. FW, fresh weight.
A B

FIGURE 5

Effects of acetic acid on proline accumulation and transcript level of ZmP5CS1 of exogenously treated maize seedlings exposed to PEG-treatments.
(A, B) proline content (A) and relative expression of ZmP5CS1 (B) in maize leaves recorded after 48 h of treatments. Data represent mean ± SE of six
individual replicates (n=6) and three individual replicates (n=3) for proline and ZmP5CS1 expression respectively, and different alphabetical letters
indicate significant variations among the treatments following Tukey’s Post-Hoc HSD test (P<0.05). FW, fresh weight. Ctrl, PEG (20%), AA (25 mM),
and PEG+AA represent treatments with distilled water (dH2O), 20% polyethylene glycol, 25 mM acetic acid, and 20% polyethylene glycol + 25 mM
acetic acid, respectively. FW, fresh weight.
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2011; Begum et al., 2020). As stress index, intrinsic MCARI

indicates the relative abundance of chlorophyll, generally a low

MCARI value indicates high leaf chlorophyll content (Li et al.,

2018), which was also observed in ‘PEG+AA’ compared with ‘PEG’

in the current study (Table 1). However, an increase in Ctr1 index

suggests a change in reflectance, which might have occurred due to

a shift in carotenoid to chlorophyll ratio (Penuelas et al., 1995).

Under stress conditions, chlorophyll degrades at a faster rate

compared to carotenoids (Penuelas et al., 1995; Liu et al., 2011),

which partially substantiated stunted growth in ‘PEG’ even though

no wilting symptoms were found (Table 1). Notably, the Lic2 index

is significantly correlated with plant growth and grain yield and

generally a lower value indicates high biomass (Begum et al., 2020)

which was observed in ‘PEG+AA’ compared to ‘PEG’ (Table 1).

Alteration in leaf spectral indices in the root treated seedlings

was not conspicuous albeit significant variation in three indices,

including GI, PRI, and NPCI. GI and PRI were decreased in ‘PEG’

while remaining similar in ‘PEG+AA’ when compared with ‘Ctrl’

(Supplementary Table 1). On the other hand, NPCI followed the

reciprocal trend (Supplementary Table 1). GI and PRI determine

the activity of the photosynthetic apparatus under stress conditions

(Gamon et al., 1997), which is in line with the wilting symptoms and
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low water content in ‘PEG’ plants while no changes recorded in

‘PEG+AA’ plants (Figures 2A, B). An increase in NPCI often

indicates chlorophyll degradation (Peñuelas et al., 1994), and thus

the increase of NPCI in ‘PEG’ plants and no change in ‘PEG+AA’

plants highlighted the control of acetic acid over photosynthetic

capacity in maize. Moreover, results of gas exchange parameters

revealed that PEG-mediated stress perturbed photosynthetic

performance with reduced photosynthetic rate and net carbon

content, which also coincided with the findings related to severe

wilting symptoms (Figure 1C). In contrast, an improved

photosynthetic rate in ‘PEG+AA’ plants despite having declined

stomatal conductance and reduced transpiration rate (Figure 3)

indicated an intrinsic mechanism employed by acetic acid to sustain

maize photosynthetic ability under water-shortage conditions.

Similar findings were also reported mung bean plants under

salinity stress (Rahman et al., 2019). It is likely that higher

transpiration rate and subsequent loss of leaf turgidity were

responsible for greater susceptibility to PEG-mediated osmotic

stress. By contrast, reduced transpiration rate and stomatal

conductance were observed in ‘PEG+AA’ plants, which coincided

with higher RWC and less wilting (Figures 2A, B). Overall, it is

pertinent that acetic acid application adjusted the balance between
D

A B

C

FIGURE 6

Effects of acetic acid on the accumulation of oxidative stress parameters, proline accumulation, and the transcript level of AtP5CS1 in Arabidopsis
plants exposed to PEG-treatments. (A, B) The levels of oxidative stress markers hydrogen peroxide (H2O2) (A) and malondialdehyde (MDA) (B), and
(C, D) proline content (C) and relative expression of AtP5CS1 (D) in Arabidopsis leaves were recorded after 48 h of treatments. Data represent mean
± SE of six individual replicates (n=6) for H2O2, MDA and proline content and three individual replicates (n=3) for AtP5CS1 expression, and different
alphabetical letters indicate significant variations among the treatments following Tukey’s Post-Hoc HSD test (P<0.05). FW, fresh weight. Ctrl, PEG
(20%), AA (500 mM), and PEG+AA represent treatments with distilled water (dH2O), 20% polyethylene glycol, 500 mM acetic acid, and 20%
polyethylene glycol + 500 mM acetic acid, respectively. FW, fresh weight.
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transpirational loss and photosynthetic capacity, which ultimately

led to enhanced tolerance to PEG-mediated osmotic stress.

A vibrant antioxidant system is pre-requisite to detoxify

excessive ROS under different types of abiotic stress (Sade et al.,

2011; Choudhury et al., 2017; Sehar et al., 2021). In this study,

significant increase in MDA and H2O2 were observed in ‘PEG’

plants in comparison with ‘Ctrl’ plants, suggesting that PEG

treatment led to a generation of oxidative stress (Figures 4A, B).

On the other hand, reduction of MDA and H2O2 contents was

positively correlated with the enhanced activities of antioxidant

enzymes, including CAT, POD and APX in ‘PEG+AA’ plants

(Figure 4C). These results imply that acetic acid boosted maize

antioxidant mechanism by enhancing the activities of key

antioxidant enzymes, which ultimately contributed to the

alleviation of drought-caused oxidative stress. Intriguingly, proline

content was elevated even under acetic acid treatment alone

(Figure 5A). Although there was no variation in the H2O2 and

MDA contents in priming treatments, the amount of proline was

increased in ‘PEG+AA’ plants (Figure 1D), suggesting that

stimulation of proline accumulation may be a putative function of

acetic acid to fight against drought stress in plants. Like our

findings, mung bean plants treated with acetic acid in presence or

absence of salt stress displayed an enhanced accumulation of

endogenous proline in the leaves (Rahman et al., 2019). It is likely

that the lower level of proline in the ‘PEG’ plants was not sufficient

to surpass the PEG-induced osmotic effects, eventually aggravating

oxidative damage in maize. Our RT-qPCR data also showed that the

enhanced transcript levels of ZmP5CS1 positively correlated with

proline accumulation in ‘PEG+AA’ plants (Figures 1D, 5B). These

results suggest that acetic acid regulates proline level by

upregulating the expression of P5CS1 in plants. We further

examined the role of acetic acid in proline metabolism by

investigating the drought tolerance of wild-type and p5cs1 plants

of Arabidopsis. PEG-treatment resulted in severe damage in both

wild-type and p5cs1 plants, while under acetic acid application only

wild-type survived through severe drought stress but p5cs1
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exhibited profound damage and less recovery (Figure 7). These

results underpin that the inability of p5cs1 to perceive acetic acid

treatment through proline accumulation resulted in severe damage

under drought stress. Indeed, these results were well-supported by

our findings on maize plants primed and treated with acetic acid

during seed germination and seedling developments, respectively.

Based on this, it appears that acetic acid-mediated high proline

accumulation aided maize plants overcoming drought effects.
Conclusions

The present study provides a mechanistic insight into the role of

acetic acid in mediating PEG-induced drought tolerance in maize.

Drought stress mitigation strategy of acetic acid application was

plausibly correlated with the accumulation of endogenous proline

through the upregulation of P5CS1 in plants. Our complementary

study using proline biosynthetic mutant p5cs1 provided additional

evidence on the regulatory roles of acetic acid on proline

biosynthesis and accumulation under osmotic stress conditions in

plants. The overexpression of P5CS1 upon AA treatment could also

underly other metabolic mechanisms associated to the formation of

the product P5C that is highly linked to the glutamate and ornithine

pathways. Although rigorous study is still needed for proper

understanding of acetic acid-mediated drought tolerance, the

present study underpinned a vital clue on the potential molecular

mechanism of acetic acid in alleviating osmotic stress effects on

plants. Because acetic acid is cheap, ecofriendly, and easily accessible,

it could provide a dramatic solution for management of drought

stress effects on plants in drought-prone areas worldwide.
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FIGURE 7

Phenotypic variation of Arabidopsis wild-type (Col-0) and p5cs1 mutant line upon treatment with exogenous acetic acid under PEG treatments. 14
days old seedlings were subjected to exogenous treatments for 48 hours, brought back to the normal MS plate and subsequently grown for another
seven days. Ctrl, PEG (20%), AA (500 mM), and PEG+AA represent treatments with dH2O, 20% polyethylene glycol, 500 mM acetic acid, and 20%
polyethylene glycol + 500 mM acetic acid, respectively. FW, fresh weight. This photo is a representative of 3-time experiments.
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nuccoreMaize: 19 a-zein (NM_001152088), P5CS1(NM_001352327).
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SUPPLEMENTARY FIGURE 2

Dose-specific effect of acetic acid on Arabidopsis seed germination and
proline content. (A, B) Germination percentage calculated (A) and the level of

proline content (B) from the 3 days old germinated seedlings after plating
them into MS medium containing (A) or treating 48 h with (B) different

concentration of acetic acid. Data represent mean ± SE of three individual
replicates (n=3) with 100 individual seeds for germination percentage and six

individual replicates (n=6) for proline content, and different alphabetical

letters indicate significant variations among the treatments following
Tukey’s Post-Hoc HSD test (P<0.05).
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