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Abstract Physiological and biochemical changes in six-

day-old hydroponically grown lentil seedlings exposed to

100 mM salinity stress with or without 5 and 10 mM Na-

acetate were studied. Results showed that salt stress

reduced recovery percentage, fresh weight (FW), chloro-

phyll (chl) content, disturbed water balance, disrupted

antioxidant defense pathway by decreasing reduced

ascorbate content, and caused ion toxicity resulting from

increased Na? accumulation, severe K? loss from roots in

hydroponic culture. However, exogenous application of

Na-acetate improved the seedling growth by maintaining

water balance and increasing chl content. Furthermore, Na-

acetate application reduced oxidative damage by modu-

lating antioxidant defense pathway, and sustained ion

homeostasis by reducing Na? uptake and K? loss. In the

second experiment in glass house, we investigated the role

of Na-acetate on lentil for long-term salinity. Acetate

application increased FW and dry weight, reduced oxida-

tive and membrane damage, and lowered the accumulation

of Na? in shoot compared with salt stressed seedlings

alone. From the results of both experiments, it is clear that

the exogenous application of Na-acetate enhanced salt

tolerance in lentil seedlings.

Keywords Ion toxicity � Lentil � Oxidative stress �
Recovery � Salinity � Na-acetate

Introduction

Over 6% (800 million ha) of the total land area in the globe

has already been affected by soil salinity, and the salt-

affected area is increasing with time due to several natural

and anthropogenic reasons (Munns and Tester 2008;

Hasanuzzaman et al. 2013; Hanin et al. 2016). Soil salinity

causes a significant reduction in crop growth and produc-

tivity. To secure food production for rising population, it is

necessary to develop technology to grow the crop in salt-

affected area.

Unfortunately, most of the crop plants, being glyco-

phytes, are salt sensitive compared to halophytes (Ismail

and Horie 2017). Soil salinity primarily affects plant

growth by imposing osmotic stress followed by ionic tox-

icity (Munns and Tester 2008). Both the osmotic and ionic

stress cause oxidative stress through over production of

reactive oxygen species (ROS) (Abogadallah 2010).

Reactive oxygen species are singlet oxygen (1O2), super-

oxide radical (O2
-), hydrogen peroxide (H2O2) and

hydroxyl radical (OH.), that can cause damage to vital

components of cells such as lipid, protein, and DNA (Gill

and Tuteja 2010). However, production of ROS is

unavoidable in plants even under the favorable growing

condition, and these ROS are mainly detoxified by the

antioxidant metabolic pathway (Gill and Tuteja 2010). This

pathway is well equipped with non-enzymatic antioxidants

such as ascorbate (AsA) and glutathione (GSH), and

enzymatic antioxidants such as ascorbate peroxidase

(APX), dehydroascorbate reductase (DHAR), monodehy-

droascorbate reductase (MDHAR) and glutathione

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s12298-018-00640-6) contains sup-
plementary material, which is available to authorized users.

& Masayuki Fujita

fujita@ag.kagawa-u.ac.jp

1 Laboratory of Plant Stress Responses, Faculty of Agriculture,

Kagawa University, Miki-cho, Kita-gun, Kagawa 761-0795,

Japan

2 Department of Agronomy, Faculty of Agriculture, Sher-e-

Bangla Agricultural University, Dhaka 1207, Bangladesh

123

Physiol Mol Biol Plants (March–April 2019) 25(2):443–455

https://doi.org/10.1007/s12298-018-00640-6

https://doi.org/10.1007/s12298-018-00640-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s12298-018-00640-6&amp;domain=pdf
https://doi.org/10.1007/s12298-018-00640-6


reductase (GR) (Gill and Tuteja 2010). However, under salt

stress condition, the rate of ROS generation is higher than

the detoxification rate of ROS by antioxidant defense

pathway, as a result, oxidative stress occurs (Abogadallah

2010). Evidence shows that tolerant genotypes possess

better ROS detoxification ability compared to susceptible

genotypes in case of rice (El-Shabrawi et al. 2010; Kibria

et al.2017), barley (Seckin et al. 2010) and lentil (Singh

et al. 2017). Therefore, controlling ROS production

through overexpression of the genes of this pathway

enhance not only salinity stress tolerance but also other

abiotic stress tolerance (Ashraf 2009). In addition, salinity

tolerance in glycophytes is also associated with minimal

Na? uptake, Na? efflux to soil, reduction in NaCl-induced

K? leakage as well as maintenance of low Na?/K? ratio

(Tester and Davenport 2003; Shabala and Pottosin 2014).

Plants provide a signal by altering the metabolites and

ions contents in response to an environmental condition to

activate a group of genes, which in turn helps the plants to

adapt in that particular environmentally challenged condi-

tion (Pastor et al. 2013; Mauch-Mani et al. 2017). For

example, sensing salt stress seedlings undergoes some

simultaneous changes such as increasing cytosolic Ca2?,

increasing abscisic acid (ABA) and jasmonic acid (JA)

accumulation to activate downstream genes to enhance

tolerance (Xiong et al. 2002; Golldack et al. 2014). Thus, to

enhance salt tolerance, chemicals of diverse groups (an-

tioxidants, organic acids, phytohormones, polyamines, and

osmolytes) that are induced by stress can be used. And this

approach, also known as shot-gun approach, is easier to

adopt, cost-effective and more promising compared to

other methods such as conventional breeding and trans-

genic approach (Hasanuzzaman et al. 2013; Savvides et al.

2016; Rahman et al. 2017). Evidence shows that exogenous

application of ascorbic acid, glutathione (GSH), nitric

oxide (NO), proline (pro), salicylic acid (SA), polyamines

(PAs) and organic acids are well known to enhance abiotic

stress tolerance in various plants (Hasanuzzaman et al.

2013; Savvides et al. 2016; Rahman et al. 2017). Among

organic acids, exogenous application of acetate improves

drought stress tolerance in Arabidopsis, wheat, and maize

by modulating JA signaling pathway and histone acetyla-

tion (Kim et al. 2017). Both JA signaling and histone

acetylation are also required for salt tolerance (Ismail et al.

2012; Sako et al. 2015). A histone deacetylase inhibitor,

Ky-2 increased histone H4 acetylation and improved salt

tolerance in Arabidopsis (Sako et al. 2015). However, the

role of acetate in enhancing salt tolerance remains to be

elucidated.

Lentil is a legume crop, which can fix nitrogen to the

soil. Furthermore, it serves as a cheap source of protein and

pharmacologically important compound (Sidari et al. 2008;

Afzal et al. 2014). However, this valuable crop is saline

sensitive compared to other glycophytes (Misra and Saxena

2009; Hossain et al. 2017).

Therefore, in this study, we evaluated the potentiality of

acetate whether it confers salt tolerance in lentil. Our

results indicate that acetate can improve salt tolerance in

lentil.

Materials and methods

Plant materials and treatments

Experiment I

Lentil (Lens culinaris Medik cv. BARI Lentil-7) seeds

were soaked for 24 h, and then 45 seeds were placed on

six-layered moistened paper towels in Petri plates for

germination (Hossain et al. 2017). After incubating for

72 h in dark condition, germinated seedlings were then

transferred and grown in a growth chamber flushed with

nutrient solution Hyponex (Tokyo, Japan) under an irra-

diance of 350 lmol (photon) m-2 s-1, a temperature of

25 ± 2 �C, and a relative humidity of 65–70%. Acetate

doses were fixed based on previous report (Kim et al. 2017)

where they suggest 10–20 mM acetic acid effective for

drought tolerance. During the preliminary trial, we used 5,

10 and 20 mM Na-acetate. Three levels of Na-acetate

improved tolerance against salt stress. However, 20 mM

Na-acetate caused significant growth reduction in our

experimental condition. Six-day-old seedlings were

exposed to these treatments. After 2-days stress treatment

followed by 2-day recovery, we harvested shoots for fur-

ther investigation.

Experiment II

To investigate the effect of acetate under long-term salt

stress, we conducted another experiment in a glass house.

In this experiment, pots (12 cm diameter and 9 cm in

height) were filled with vermiculite and soaked with water.

Seeds were sown in the pots. After germination, 15 seed-

lings were kept per pot. Hyponex (Tokyo, Japan) nutrient

solution (diluted 1000-fold) was applied at 4-days inter-

vals. Salt treatment was done after 15 DAS with 100 mM

NaCl (gradually increased from 40 mM NaCl) with or

without 10 mM Na-acetate. Seedlings were flushed with

different treatment solutions every 4-days interval. Data

were collected after 15 days after treatments. Therefore,

the treatment combinations were Control (Con), 100 mM

NaCl (S), and 100 mM NaCl?10 mM Na-acetate (S?A).
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Survival percentage

To determine the survival percentage, we counted the

seedlings without any leaf damages after 6 days of recov-

ery. Survival percentage was calculated as SV (%) =

Number of seedlings without chlorosis 9 100/total number

of seedlings (Gong et al. 2001).

Determination of chlorophyll content

To measure chlorophyll a and b, 0.1 g leaf sample were

taken in a tube containing 10 mL dimethyl sulfoxide

(DMSO) solution. Chlorophyll pigments are more stable in

DMSO than in ethanol and acetone (Richardson et al.

2002). To extract chlorophyll, the tubes were heated at

65 �C for 1 h. After cooling the solution at room temper-

ature, absorbance was taken at 645 and 663 nm (Hiscox

and Israelstam 1979). Chlorophyll content were calculated

according to Arnon (1949), and expressed as mg g-1 FW.

Estimation of proline

Proline content was quantified according to widely used

method by Bates et al. (1973) and expressed as lmol g-1

FW.

Determination of lipid peroxidation

Shoot sample (0.5 g) was homogenized with 5% TCA

using a mortar and pestle. Homogenized sample was cen-

trifuged at 11,5009g for 15 min. Then, 1 mL of super-

natant was added to 4 mL thiobarbituric (TBA) reagent

(0.5% TBA prepared in 20% TCA). The mixture was then

heated for 30 min at 95 �C. The heated solution was

transferred to ice box. After cooling, the sample was again

centrifuged at 11,5009g for 10 min. Then, the absorbance

was taken using a spectrophotometer. Malondialdehyde

(MDA) content was quantified by observing the difference

in absorbance at 532 nm and 600 nm and calculated using

an extinction coefficient of 155 mM-1 cm-1, and expres-

sed as nmol g-1 FW (Heath and Packer 1968).

Determination of electrolyte leakages

Electrolyte leakage was measured according to Dionisio-

Sese and Tobita (1998).

Estimation of reduced ascorbate and total

glutathione content

To determine AsA and total GSH, 0.5 g shoot were

homogenized in 3 mL ice-cold 5% TCA using mortar and

pestle. After centrifugation at 11,5009g for 15 min at

4 �C, the supernatant was neutralized with 0.5 M potas-

sium phosphate (K-P) buffer (pH 7.0). Reduced AsA were

assayed using spectrophotometer at 265 nm in 100 mM K-

P buffer (pH 6.5) with 1.0 U of ascorbate oxidase (AO)

(Nahar et al. 2016).

After neutralizing supernatant with 0.5 M potassium

phosphate (K-P) buffer (pH 7.0), oxidized glutathione or

glutathione disulfide (GSSG) and total glutathione were

measured. We followed the method of Griffiths (1980)

based on enzymatic recycling.

Both reduced AsA and total GSH content was calculated

from the standard curve, and expressed as lmol g-1 FW

and nmol g-1 FW, respectively.

Determination of protein

Protein concentration was measured according to Bradford

(1976) using bovine serum albumin (BSA) as a protein

standard.

Enzyme extraction and assay

For enzyme assay, shoots (0.5 g) were homogenized in

50 mM K-P buffer (pH 7.0) containing 100 mM KCl,

1 mM ascorbate, 5 mM b-mercaptoethanol, and 10% (w/v)

glycerol using a pre-chilled mortar and pestle. The homo-

genates were centrifuged at 11,5009g for 15 min and the

supernatant was used to determine protein content and

enzyme activity. During extraction, all procedures were

performed at 0–4 �C.
To determine ascorbate peroxidase (APX, EC:

1.11.1.11) activity, enzyme extract was added to reaction

buffer containing 50 mM K-P buffer (pH 7.0), 0.5 mM

AsA, 0.1 mM H2O2, 0.1 mM EDTA. The decreased

absorbance at 290 nm for 1 min was observed and APX

activity was calculated using an extinction coefficient of

2800 M-1 cm-1 (Noctor et al. 2016), and expressed as

lmol min-1 mg-1 protein.

According to the method of Noctor et al. (2016), mon-

odehydroascorbate reductase (MDHAR, EC: 1.6.5.4)

activity was assayed and calculated using an extinction

coefficient of 6200 M-1 cm-1, and expressed as

nmol min-1 mg-1 protein. Enzyme extract was added to

reaction buffer containing 50 mM Tris–HCl buffer (pH

7.5), 2.5 mM AsA, 0.2 mM NADPH.

Dehydroascorbate reductase (DHAR, EC: 1.8.5.1)

activity was determined according to the method of Noctor

et al. (2016). Enzyme extract was added to reaction buffer

containing 50 mM K-P buffer (pH 7.0), 2.5 mM GSH,

0.1 mM EDTA, 0.1 mM DHA. DHAR activity was cal-

culated using an extinction coefficient of

14,000 M-1 cm-1, and expressed as nmol min-1 mg-1

protein.
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To determine glutathione reductase (GR, EC: 1.6.4.2)

activity, enzyme extract was added to reaction buffer

containing 20 mM K-P buffer (pH 7.8), 1 mM EDTA,

0.1 mM GSSG, 1.35 mM NADPH. The decreased absor-

bance at 340 nm for 1 min was observed and GR activity

was calculated using an extinction coefficient of

6200 M-1cm-1 (Noctor et al. 2016), and expressed as

nmol min-1 mg-1 protein.

Catalase (CAT, EC: 1.11.1.6) activity was assayed as

described by Noctor et al. (2016) and calculated using an

extinction coefficient of 40 M-1 cm-1, and expressed as

lmol min-1 mg-1 protein.

Determination of ion content

Sodium (Na?) and potassium (K?) ion contents were

determined according to Rahman et al. (2016). Plant

samples were oven dried at 80 �C for a period until weight

becomes constant. Dry root and shoot (0.1 gm) were

ground and digested separately with an acid mixture, nitric

acid and perchloric acid (5:1) at 80 �C for 48 h. Then,

sodium (Na?) and potassium (K?) were measured using an

atomic absorption spectrophotometer (Hitachi Z-5000;

Hitachi, Japan).

Statistical analysis

The data were subjected to analysis of variance (ANOVA)

and the mean differences were compared by Fisher’s least

significant difference (LSD) using XLSTAT v.2016 soft-

ware. Differences at P B 0.05 were considered significant.

Results

Na-acetate improved survival percentage under salt

stress

To investigate whether acetate could enhance salt toler-

ance, we applied 5 and 10 mM Na-acetate with 100 mM

NaCl. Exogenous application of Na-acetate increased

plants survival from 100 mM NaCl. Around 80% seedlings

failed to recover from 100 mM NaCl stress, whereas 93%

seedlings recovered from 100 mM NaCl stress when trea-

ted with 10 mM Na-acetate (Fig. 1a, b).

Effect of Na-acetate on seedlings growth under salt

stress

Seedlings’ fresh weight (FW), dry weight (DW) and chl

content decreased under salt stress condition (Table 1;

Supplementary Fig. 1a). At 100 mM NaCl concentration,

FW decreased by 36% compared to control and the

addition of Na-acetate with salt increased the FW by 30%

compared with salt stressed alone in experiment I. Dry

weight did not changed significantly after Na-acetate

application with salt under experiment I (Table 1). Fur-

thermore, measurement of chl revealed that chl

(a ? b) reduced by 25% at 100 mM NaCl stress compared

with control. On the contrary, acetate treatment improved

the chl (a ? b) content under salt stress (Supplementary

Fig. 1a) in experiment I.

In experiment II, FW decreased by 19% under 100 mM

NaCl stress compared to control. However, the addition of

Na-acetate with salt increased the FW by 18% compared

with salt stressed alone. Dry weight improved significanlty

after Na-acetate application with salt under experiment II

(Table 1).

Acetate improved water status under salt stress

Shoot water content (WC) decreased by 7% at 100 mM

NaCl compared to control under laboratory condition.

However, external application of Na-acetate along with

100 mM NaCl increased WC by 7% compared with salt

treated seedlings alone. Proline content increased under salt

stress condition whereas the lower amount of pro was

found in Na-acetate treated plants compared to salt stressed

seedlings alone (Supplementary Fig. 1b).

In experiment II, there was no significant difference

regarding WC among treatments (Table 1).

Exogenous acetate lowered oxidative damage

under salt stress

To understand the extent of oxidative damage in a plant

cell, MDA content is determined as an indicator of lipid

peroxidation. Higher MDA was observed under 100 mM

NaCl stress in both experiments. Interestingly, the addition

of Na-acetate along with salt significantly reduced MDA

content (Table 1). Other aldehydes also showed similar

trend like MDA content. Level of membrane damage is

indicated by EL. Severe EL was observed in case of salt-

treated plants compared to control plants. In both experi-

mental conditions, Na-acetate reduced EL under salt stress

condition (Table 1).

Effect of acetate on enzymatic and non-enzymatic

antioxidants under salt stress

Catalase activity decreased under salt stress condition.

However, acetate application increased the CAT activity

under salt stress condition in experiment I (Fig. 2a). In

experiment II, there was no significant change in CAT

activity between salt treated and acetate with salt treated

seedlings (Fig. 2h).
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In both experiments, a significant reduction in AsA

content was observed in salt-treated plants compared to

control. On the contrary, seedlings treated with acetate

under salt stress had higher AsA content compared to salt

treated seedlings alone (Fig. 2c, j).

There was a fluctuation in APX activity among treat-

ments of two experimental conditions. However, the dif-

ference in the APX activity among treatments was not

significant in experiment I (Fig. 2c, k).

Monodehydroascorbate reductase and DHAR activities

between NaCl treated plants and acetate along with NaCl

did not show significant difference under both experi-

mental conditions (Fig. 2d, e, k, l).

In experiment I, glutathione reductase activity was

highest at 100 mM NaCl treated seedlings. Acetate

application inhibited the GR activity under 100 mM saline

condition (Fig. 2f). In the case of experiment II, there was

no significant change in GR activity among treatments

(Fig. 2m).

Under salt stress condition, total GSH content increased

(Fig. 2g) in experiment I and II. When seedlings treated

with acetate under 100 mM salinity, GSH content reduced

in both experiments (Fig. 2g, n).

Acetate improved ion homeostasis under salt stress

condition

Exogenous application of Na-acetate improved ion home-

ostasis under salt stress condition. Acetate treated seedlings

showed lower Na? content in the shoot but not in root

Fig. 1 Phenotypic appearance

of lentil seedlings under salt

stress treated with or without

Na-acetate in experiment I (a),
survival percentage 6-day after

recovery (b). The treatments

were Control (Con), 100 mM

NaCl (S?R), 100 mM

NaCl?5 mM Na-acetate

(S?A5?R), 100 mM

NaCl?10 mM Na-acetate

(S?A10?R). Mean (± SD)

were calculated from three

replicates for each treatment.

Values with different letters are

significantly different at

P B 0.05 applying Fisher’s

LSD test

Table 1 Effect of exogenous Na-acetate on fresh weight (FW), dry weight (DW), water content (WC), malondialdehyde (MDA), other

aldehyde, and electrolyte leakage (EL) in lentil seedlings

Treatments FW (mg

shoot-1)

DW (mg

shoot-1)

Water content

(%)

MDA (nmol g-1

FW)

Other aldehydes

(lmol g-1 FW)

Electrolyte leakage

(%)

Expt

I

Con 72 ± 3.3a 11 ± 0.1a 85.0 ± 0.6a 20 ± 1.8b 0.28 ± 0.02b 24 ± 7.8c

S?R 46 ± 6.3c 9.8 ± 0.9b 78.8 ± 1.2b 47 ± 9.5a 0.71 ± 0.07a 85 ± 5.1a

S?A5?R 65 ± 1.7ab 10.2 ± 0.2ab 84.4 ± 0.6a 19 ± 0.8b 0.23 ± 0.04b 49 ± 2.4b

S?A10?R 60 ± 2.2b 9.8 ± 0.5ab 83.6 ± 1.1a 21 ± 0.8b 0.21 ± 0.01b 47 ± 2.4b

Expt

II

Con 383 ± 0.02a 44 ± 0.7a 88.5 ± 0.5a 21 ± 0.5b 0.24 ± 0.02b 7 ± 0.8c

S 310 ± 0.03b 37 ± 2.7b 88.0 ± 0.6a 27 ± 2.1a 0.40 ± 0.08a 44 ± 4.1a

S?A 366 ± 0.04ab 45 ± 4.4a 87.6 ± 1.1a 20 ± 3.3b 0.32 ± 0.04ab 28 ± 4.8b

Mean (± SD) were calculated from three replicates for each treatment. Values with different letters are significantly different at P B 0.05

applying Fisher’s LSD test
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under 100 mM NaCl stress compared with 100 mM salt

stressed seedlings alone (Fig. 3a, d) in both experiments.

Root K? significantly reduced under salt stress com-

pared to control in experiment I. Application of Na-acetate

improved the root K? content at 100 mM NaCl (Fig. 3b).

Fig. 2 Response of antioxidant

defense pathway with different

treatments in experiment I (a–
g) and experiment II (h–n).
CAT activity, lmol min-1

mg-1 protein (a, h); AsA
content, lmol g-1 FW (b, i);
APX activity, nmol min-1

mg-1 protein (c, j); MDHAR

activity, nmol min-1 mg-1

protein (d, k); DHAR activity,

nmol min-1 mg-1 protein (e, l);
GR activity, nmol min-1 mg-1

protein (f,m); and GSH content,

lmol g-1 FW (g, n).
Treatments are the same as

described in Table 1. Mean

(± SD) were calculated from

three replicates for each

treatment. Values with different

letters are significantly different

at P B 0.05 applying Fisher’s

LSD test
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Salt stress increased the shoot K? compared to control.

Supplementation of Na-acetate along with 100 mM NaCl

did not change shoot K? content significantly compared to

100 mM NaCl treated seedlings (Fig. 3b, e).

In experiment II, shoot K? content increased and root

K? content did not change significantly under stress con-

dition compared to control. Acetate application reduced K?

content both in shoot and root compared to salt treated

seedlings alone.

Na?/K? ratio increased under salt stress in both root and

shoot in experiment I and II (Fig. 3c, f). Acetate applica-

tion reduced Na?/K? ratio under salt stress both in root and

shoot in experiment I but not in experiment II.

Calcium content reduced both in shoot and root under

salt stress condition. External application of Na-acetate

could not increase Ca2? content under salt stress in

experiment I (Supplementary Table 1).

A severe reduction in Mg2? content was observed in

root under salt stress. Seedling treated with 10 mM Na-

acetate had higher Mg2? content both in root and shoot

under 100 mM salt stress compared to salt stress alone in

experiment I (Supplementary Table 1). In experiment II,

salt stress reduced the Mg2? content in the shoot but not in

root under salt stress. However, the application of Na-

acetate improved the Mg2? content in shoot under salt

stress in both experiments (Supplementary Table 1).

Effect of Na-acetate on MDA, AsA, and GSH

content, CAT and APX activities after 2 days of salt

treatments in experiment I

Malondialdehyde content was not changed significantly

between salt treated, and salt plus Na-acetate treated

seedlings after 2-d stress treatment (Fig. 4a).

Ascorbate content decreased 2 days after salt stress.

However, Na-acetate increased ascorbate content under

100 mM NaCl (Fig. 4b).

After 2-day exposure to 100 mM NaCl stress, total GSH

content also decreased, and acetate treatment did not

change the total GSH content significantly compared to salt

stressed seedlings alone (Fig. 4c).

Catalase activity decreased 2 days after salt stress.

However, 10 mM Na-acetate increased CAT activity under

100 mM NaCl (Fig. 4d).

There was no significant change in APX activity among

all treatments (Fig. 4e).

Fig. 3 Ion homeostasis under

salt stress with or without

acetate in experiment I (a–
c) and experiment II (d–f). Na?

content in shoot and root (a, d),
K? content in shoot and root (b,
e), and Na?/K? ratio in shoot

and root (c, f). Treatments are

the same as described in

Table 1. Mean (± SD) were

calculated from three replicates

for each treatment. Values with

different letters are significantly

different at P B 0.05 applying

Fisher’s LSD test

Physiol Mol Biol Plants (March–April 2019) 25(2):443–455 449

123



Correlation among the parameters

Correlation matrix shows that the antioxidant defense

parameters (CAT,AsA,MDHAR,DHAR,GR, andGSH) are

negatively associated with oxidative stress markers (MDA

and EL), and in most cases, the correlations were significant

(Table 2). The similarities among the different studied attri-

butes are presented in Fig. 5 which shows that root and shoot

ion content (K and Na) are highly affected by the treatments

while APX and DHAR were not affected significantly.

Discussion

At first, to know whether acetate was responsible for salt

tolerance in lentil, we examined recovery percentage of

seedling treated with salt with or without different

concentration of acetate. Surprisingly, we observed almost

all seedlings treated with 10 mM Na-acetate were able to

survive after 6-days of recovery from 100 mM NaCl stress,

whereas around 80% of the total seedlings without acetate

treatment failed to recover from 100 mM NaCl stress

(Fig. 1a, b). This result indicates that 10 mM Na-acetate

enhances salt tolerance in lentil seedlings. This is the first

report to show acetate-mediated salt tolerance in plants.

Previously, Kim et al. (2017) reported acetate-induced

drought tolerance where 75% Arabidopsis seedlings that

were treated with 10 and 20 mM acetic acid survived after

prolonged drought stress whereas almost all untreated

seedlings failed to survive after drought stress. Salinity

stress creates osmotic stress along with ionic toxicity and

oxidative stress. Hossain et al. (2017) showed that damages

in lentil due to salt stress is far more severe than iso-os-

motic stress because of a drastic reduction in AsA content

Fig. 4 MDA content, nmol g-1 FW (a); AsA content, lmol g-1 FW

(b); GSH content, lmol g-1 FW (c); CAT activity (d); APX activity

(e) after 2 days of different treatments. Treatments were Control

(Con), 5 mM Na-acetate (A5), 10 mM Na-acetate (A10), 100 mM

NaCl (S), 100 mM NaCl?5 mM Na-acetate (S?A5), and 100 mM

NaCl?10 mM Na-acetate (S?A10). Mean (± SD) were calculated

from three replicates for each treatment. Values with different letters

are significantly different at P B 0.05 applying Fisher’s LSD test
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and K? in the shoot. Shalata and Neumann (2001) sug-

gested that successful recovery of seedlings from salt stress

is related to the antioxidant activity of AsA, and not related

to the osmotic component of salt stress. Therefore, we

investigated whether acetate enhances salt tolerance in

lentil. From the result, we assume that acetate play a role in

ion homeostasis and maintaining antioxidant activity in

seedlings under salt stress, which allowed the seedlings to

recover from salt stress.

Generally, osmotic stress induced by salt stress imme-

diately causes growth reduction, because the presence of

salt in the growing media reduce the osmotic potential of

water (Munns and Tester 2008). To know whether acetate

play a role in seedlings growth by maintaining water status

in the seedlings, we measured fresh weight, dry weight, chl

content, water content, and pro content. Salt stress reduced

the growth and chlorophyll pigments, and water content,

and increased pro content in lentil shoot (Table 1; Sup-

plementary Fig. 1a, b). Salinity-induced growth reduction,

chl degradation, and osmotic stress is reported in rice

(Nounjan et al. 2012); lentil (Singh et al. 2017). However,

acetate application improved the FW, DW, chl content and

water content, indicating the involvement of acetate in

maintaining water balance and plant growth. Involvement

of acetate in enhancing plant growth has been reported by

Kim et al. (2017) where they found 10 mM acetic acid

increases plant FW significantly compared to control. They

also reported that acetate pretreated plants have higher

water content under drought stress compared with drought-

stressed plants alone. Other organic acids, for example,

citric acid improves growth under salinity stress in Leymus

chinensis (Sun and Hong 2011). These results are in line

with our results, suggesting that acetate could maintain

water status under salt stress condition.

Under abiotic stresses including salt stress, higher ROS

are produced, resulting in oxidative stress (Mittler

2002, 2017). The level of damages caused by ROS can be

understood by measuring MDA, other aldehyde content,

and EL indicating the extent of membrane damage. Salt

stressed plants had higher MDA, other aldehyde and EL,

which means that higher oxidative and membrane damages

happened to stressed plants (Table 1). Salinity-induced

oxidative damage in lentil was also observed by Bandeoğlu

et al. (2004), Singh et al. (2017) and Hossain et al. (2017).

However, acetate-treated seedlings suffered much less

from oxidative damage, and experienced fewer membrane

damages compared with NaCl stressed seedlings alone

(Table 1).

Then, we asked why acetate-treated seedlings had lower

oxidative damage under salt stress. To answer this ques-

tion, we investigated the antioxidant defense pathway,

which controls the ROS below an extent to which ROS

cannot cause oxidative damage and rather play a signalingT
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role. In the antioxidant pathway, AsA content decreased,

and total GSH content increased under salt stress in both

experimental conditions. However, acetate treatment

increased AsA under 100 mM NaCl condition, indicating

the involvement of acetate in maintaining non-enzymatic

antioxidant level under stress condition (Fig. 2). Main-

taining AsA level is related to salt tolerance in lentil

(Hossain et al. 2017), and exogenous application of AsA

enhances salt tolerance in tomato (Shalata and Neumann

2001). However, acetate application could not upregulate

the full set of antioxidant enzymes in both experiments

(Fig. 2). For efficient detoxification of ROS, upregulation

of the full set of the antioxidant components in the pathway

may not happen all the time (Abogadallah 2010). For

instance, Noreen and Ashraf (2009) found that among

different enzymes, only CAT is a reliable marker for salt

tolerance in pea (Pisum sativum). Hossain et al. (2017)

reported that of the components antioxidant defense sys-

tem, only AsA content and CAT activity is related to salt

tolerance in lentil.

We then checked the MDA, AsA, and GSH content, and

CAT and APX activity after two days exposure to 100 mM

salt stress (Fig. 4). Although we found a slight change in

MDA content among treatments, this change is very close

to control. However, AsA content, GSH content and CAT

activity were reduced slightly under salt stress compared to

control. The results indicate that seedlings treated with salt

for two days did not suffer from oxidative stress, but their

antioxidant balance started to disrupt. When we allowed

the salt-stressed seedlings to recover from this point and

measured this parameter after 2-day recovery, we found

further decrease in AsA content and CAT activity (Fig. 2a,

c), and dramatic increase in MDA and GSH (Table 1;

Fig. 2g). These results indicate that salt stressed seedlings

had lost their antioxidant balance, and as a result, severe

oxidative damage occurred. Therefore, we can assume that

oxidative stress is not a sudden phenomenon. At the

beginning of salt stress, plants use AsA to scavenge excess

amount of ROS. With time, salt-treated seedlings lost their

capability to maintain redox balance, whereas acetate

treated plants maintained redox balance under salinity

stress.

The detrimental effect of Na? appears with time when

Na? build up to a toxic level in leaves (Munns and Tester
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APX–Ascorbate peroxidase;
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2008). The higher amount of Na? in the cytosol leads to

lowering K? content in the cytosol. As a result, plant

metabolic functions are inhibited because K? is required

for activation of many key enzymes. Thus, maintaining

lower Na?/K? ratio is important for plant metabolism

under salt stress (Shabala and Pottosin 2014). We then

checked the different ions content under salt stress with or

without acetate application. Acetate-treated seedlings had

lower Na? in shoot, and lower Na?/K? ratio in hydro-

ponically grown seedling under stress condition (Table 2)

But, this was not true for experiment II where Na-acetate

treated seedlings accumulated higher Na?, this is simply

because we applied 10 mM Na-acetate along with salt

treatments which added extra 10 mM Na? to the growth

media for a long time. Our findings are in line with Hossain

et al. (2017) where they found severe K? and Mg2? loss

from the root, and higher Na?/K? ratio in shoot and root in

hydroponically grown lentil seedling under salt stress.

However, Na-acetate maintained ion homeostasis in

experiment I for 100 mM NaCl stress condition and low-

ered the shoot Na? content under salt stress in experiment

II. These results suggest that acetate can maintain ion

homeostasis under salt stress condition. Previously, Sako

et al. (2015) reported that increased histone H4 acetylation

by using Ky-2, a histone deacetylase inhibitor, lowers the

Na? accumulation in Arabidopsis seedlings by enhancing

SOS1-dependent Na? efflux. Application of acetate also

increases histone acetylation (Kim et al. 2017), therefore,

we can assume that acetate-mediated histone acetylation is

responsible for lower accumulation of Na? in lentil

shoot in both experiments. Lower translocation of Na?

from root to shoot is associated with salt tolerance (Maa-

thuis 2013; Assaha et al. 2017). Therefore, it is worthy to

investigate acetate-mediated root to shoot transport of Na?.

We assessed the potentiality of acetate in mitigating the

damages induced by salt stress. Under different experi-

mental conditions, the effect of acetate was evaluated

under 100 mM salt stress. Results provide the evidence that

exogenous application of acetate protects the seedlings

under salt stress by maintaining ascorbate level and

reducing Na? uptake or reducing Na? accumulation in the

shoot. However, further investigation is required to reveal

the molecular mechanism of acetate-induced tolerance of

salt stress: whether acetate could enhance ascorbate syn-

thesis, how acetate could reduce Na? uptake and how

acetate could inhibit Na? transport from root to shoot.
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