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Abstract Globally, peanut is an important oilseed crop,

which is cultivated under different agro-climatic zones.

Soil salinity is one of the major constraints in peanut cul-

tivation. Therefore, to understand the physio-biochemical

mechanisms imparting salinity stress, four transgenic pea-

nut lines (cv. GG20) already developed and confirmed by

our lab, having bacterial mannitol dehydrogenase gene

(mtlD), were subjected to different levels of salinity

stresses (1, 2 and 3 dS m-1) in pots under containment

facility. Further, these lines were also characterized for

various physio-biochemical parameters at flowering, peg-

ging and pod formation stages. All the transgenic lines

recorded significantly higher mannitol dehydrogenase

(MTD) activity and mannitol accumulation than the wild

type (WT). Under salinity stress, significantly higher levels

of superoxide dismutase, catalase, guaiacol peroxidase,

ascorbate peroxidase, glutathione reductase activities,

while significantly lower levels of H2O2 and malondi-

aldehyde contents, were recorded in the transgenics com-

pared to WT. Similarly, significantly higher ascorbic acid

and relative water content (RWC) were recorded in trans-

genic lines. The MTD activity showed positive correlation

with various antioxidant enzymes, growth parameters and

RWC, while negative correlation was recorded with H2O2

and malondialdehyde content at most of the plant growth

stages. The mtlD transgenic peanut lines under pot condi-

tions were found maintaining lower oxidative injuries,

indicating amelioration of salinity-induced oxidative stress

by enhanced protection mechanisms via mannitol accu-

mulation and antioxidative responses. The best lines

identified (MTD1 and MTD4) may be used further as pre-

breeding source for imparting salinity stress tolerance in

peanut. Besides, these lines may also be tested under open-

field trials for release as salt-tolerant variety.
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Abbreviations

APX Ascorbate peroxidase

CAT Catalase

GR Glutathione reductase

MTD Mannitol-1-phosphate

dehydrogenase

POD Guaiacol peroxidase

SOD Superoxide dismutase

Introduction

Peanut or groundnut (Arachis hypogaea L.) is one of the

principal oilseed crop, which is cultivated in around

22–24 M ha area in about 120 countries. It is grown under

different agro-climatic zones of tropical and subtropical

regions of Asia, Africa and North and South America

(Mishra et al. 2015). The worldwide peanut production is

over 45.6 million tons with an average yield of 1.79 tons

per hectare (FAOSTAT 2014). Among oilseeds, peanut is

unique since it can be consumed directly as a foodstuff. In
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India, peanut is mostly grown under rain-fed conditions,

mostly by resource-poor farmers, and, hence, is most likely

encountered by abiotic stresses like drought and salinity

(Sarkar et al. 2014; Bhauso et al. 2014a, b).

Salinity is one of the major environmental factors

responsible for reduction of yield and biomass of crop

plants in many parts of the world (Bhauso et al. 2014a). It

has been estimated that worldwide, about 830 M ha area

is salt-affected (Martinez-Beltran and Manzur 2005) and

in India, the area under salinity is around 7.61 M ha

(Singh et al. 2007). In major peanut growing states of

India, salinity is increasing due to secondary salinization

as non-scientific use of poor quality groundwater (Singh

et al. 2008). The negative effect of soil salinity stress on

plants is a complex phenomenon with major conse-

quences like hyperosmotic stress, ion cytotoxicity (mostly

due to Na?, Cl- and SO4
-), nutritional imbalance and

oxidative stress, which causes a series of changes at

physiological, biochemical and molecular level (Conde

et al. 2011).

To overcome salt stress, plants have evolved complex

mechanisms through the synergistic action of various low-

molecular-weight compatible solutes, osmolytes, antioxi-

dants, and sugar alcohols (Rahnama et al. 2011; Miller

et al. 2010; Bhauso et al. 2014a). Compatible solutes like

betaines, polyols, sugars and amino acids get accumulated

under salinity stress and maintain the osmoregulation, and

they also function as oxygen free radical scavengers (Khare

et al. 2010; Parida and Jha 2013).

Mannitol is a six-carbon, non-cyclic sugar alcohol

having different roles like coenzyme regulation, free-radi-

cals scavenging, and osmoregulation (Rahnama et al. 2011;

Hema et al. 2014), thereby imparting abiotic stress toler-

ance. Synthesis of mannitol takes place in mature leaves,

which is then translocated via phloem to heterotrophic sink

tissues, where it is either stored or oxidized to mannose

through mannitol-1-phosphate dehydrogenase (MTD) and

used as a carbon and energy source (Conde et al. 2011). It

is one of the most commonly occurring polyols in nature,

with the exception of Archaea, animals (Bonin et al. 2015)

and also not reported in peanut (Abebe et al. 2003; Bhauso

et al. 2014b).

Among various ways for imparting the salinity toler-

ance, accumulation of mannitol using E. coli mtlD gene

coding for MTD (EC 1.1.1.17), a key mannitol biosynthesis

enzyme, has been widely used for the development of

transgenic in various crops (Hema et al. 2014; Nguyen

et al. 2013) including peanut (Bhauso et al. 2014a, b).

Previously, we have reported the successful transfer of

mtlD gene in peanut (cv. GG20) and also demonstrated the

NaCl-induced salt stress tolerance in transgenic events

under hydroponic system (Bhauso et al. 2014a, b). The

ultimate aim of this study is to impart salinity stress tol-

erance in GG20, the most popular variety of Gujarat and

neighboring states (India), especially in the coastal belts

where salinity stress is a major problem, so that it will

receive immediate acceptance. Moreover, GG20 is equally

popular for the luxuriant fodder it produces; thus, keeping

the Indian agrarian system in consideration, where fodder

also fetches handsome price to the farmers, we chose this

variety.

In this backdrop, the objective of the present work was

to further understand the mechanisms exhibiting salinity

stress tolerance in transgenic peanut, overexpressing mtlD

gene, under different salinity stress levels and at different

growth stages. This involves evaluation of key biochemical

parameters like MTD enzyme activity, antioxidant

responses, accumulation of mannitol and other sugars, and

reactive oxygen species (ROS) under progressive life cycle

of both T and WT plants grown in pots under transgenic

containment facility.

Materials and methods

Plant materials and growth conditions

The four peanut transgenic (T) events namely, MTD1 to

MTD4 in T4 generation, having single-copy transgene

insertion and confirmed using Southern blot analysis

(Bhauso et al. 2014b) were used for salt stress tolerance

analysis in pots under containment facility. Wild-type

(WT) and T events were sown in pots made up of concrete

rings (in triplicate) under salinity stress and controlled

conditions (Fig. S1). The size of the concrete ring was

60 cm diameter and 45 cm height, filled with an approxi-

mately 200-kg mixture of soil: sand: farm yard manure

(1:2:0.1). This soil mixture was measured for its electrical

conductivity (EC) which is about 0.5 dS m-1 and is con-

sidered as control condition. Different levels of salinity

were created by irrigating with saline water containing 25,

50 and 75 mmol L-1 NaCl, until EC reaches up to 1, 2 and

3 dS m-1, respectively (Chakraborty et al. 2012). Soil

samples from various depths (0–5, 5–30 and 30–40 cm)

were taken every week from each concrete ring, and EC

was measured (Dellavalle 1992). Scheduled saline water

irrigation was practised throughout the crop growth period

to maintain respective EC levels. Plants were maintained in

a containment facility under 16 h light conditions at

35 ± 2 �C for 120 days. Third and fourth leaf from main

stem of WT and T lines were taken at flowering [45 days

after sowing (DAS)], pegging (60 DAS) and pod formation

(85 DAS) stages for salinity stress tolerance analysis

(Boote 1982).
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Mannitol-1-phosphate dehydrogenase assay

For mannitol-1-phosphate dehydrogenase (MTD) assay

(Iwamoto et al. 2003), 1 g of fresh leaf tissue was

homogenized in liquid nitrogen, and crude extract was

obtained using freshly prepared extraction buffer (10 mL)

[HEPES–KOH (500 mM; pH 7.0), benzamidine-HCl

(1 mM), MgCl2 (5 mM), Na2-EDTA (2 mM), 2-ME

(4 mM), phenylmethylsulfonyl fluoride (1 mM),

polyvinylpyrrolidone K-90 (100 mg)] and centrifuged

(20,000g; 30 min).

For purification, aqueous two-phase partitioning method

(Nakamura and Ikawa 1993) was used. PEG 6000 solution

(50 %, w/v; prepared in extraction buffer) was added to

crude extract, with gentle stirring to get 12.5 % (w/v) final

concentration, and then, ammonium sulfate (AS) was

slowly added to make 12 % (w/v) fraction. The mixture

was then centrifuged, and lower phase is collected as PEG/

AS fraction for assay. Fructose-6-phosphate (F6P) reducing

activity was measured by monitoring the disappearance of

NADH at 340 nm in a 3-mL reaction mixture [HEPES–

KOH (50 mM; pH 7.0), Na2-EDTA (3 mM), F6P (3 mM),

NADH (0.2 mM), NaCl (100 mM), enzyme extract

(100 lL)], and reaction was initiated by adding F6P. MTD

activity was expressed as F6P reduction lmol mg-1 -

protein min-1. The analyses were performed using Spe-

cord 200 (Analytikjena, Germany) spectrophotometer.

In situ localization of hydrogen peroxide

and superoxide radical

In situ localization of hydrogen peroxide (H2O2) and

superoxide radicals (O2
-) was examined based on histo-

chemical staining by 3,3-diaminobenzidine (DAB; Fryer

et al. 2002) and nitroblue tetrazolium (NBT; Ramel et al.

2009) dyes, respectively. To avoid auto-oxidation, DAB

(1 mg mL-1; pH 3.8) was prepared freshly in distilled

water, while NBT (1 mg mL-1) was prepared in potassium

phosphate buffer (10 mM; pH 7.8) containing NaN3

(10 mM). Leaflets (60 DAS) were immersed in DAB and

NBT solution and kept in dark for 12 h (24 �C), then

bleached twice in acetic acid: glycerol: ethanol (1:1:3; v/v/

v) solution (80 �C; 5 min), and then stored in glycerol:

ethanol (1:4; v/v) solution until photographed. On the

bleached leaflets, H2O2 was visualized as brown color spots

due to DAB polymerization, while O2
- was visualized as

blue color spots, due to NBT precipitation.

Hydrogen peroxide measurement

H2O2 content was measured as titanium–hydro peroxide

complex (Rao et al. 1997), for which leaf tissue (1 g) was

ground with chilled acetone (10 mL) and filtered using

Whatman No. 1 filter paper. To 5 mL of extract, titanium

reagent (2 mL) and concentrated ammonium solution

(2.5 mL) were added and centrifuged (5 min; 10,000g).

The resulting peroxide–titanium complex was dissolved in

H2SO4 (2 M; 5 mL), and absorbance was recorded at

415 nm against blank. The H2O2 content was determined

using a standard curve, plotted with known concentrations

of H2O2.

Relative water content, malondialdehyde

and ascorbic acid measurement

For measuring the relative water content (RWC), the fresh

weight (FW) of eight fresh leaf discs (1 cm diameter) was

measured. These were then hydrated (8 h) in distilled

water, and their turgid weight (TW) was measured and

subsequently dried in a hot-air oven (80 �C; 72 h) and

weighed till a consistent dry weight (DW) was obtained.

RWC was calculated as RWC = [(FW - DW)/

(TW - DW)] 9 100 (Barrs and Weatherley 1962).

The level of lipid peroxidation was measured in terms of

malondialdehyde (MDA) content determined by thiobar-

bituric acid (TBA) reaction method (Heath and Packer

1968). Leaf tissue was homogenized in 10 mL of tri-

chloroacetic acid (TCA, 0.1 %, w/v), centrifuged (15 min;

15,000g), and 1 mL supernatant was mixed with 4 mL of

TBA reagent (0.5 %, w/v TBA in 20 %, w/v TCA). The

mixture was heated (95 �C; 30 min) and then cooled in ice

for stopping the reaction. Then, the mixture is centrifuged

(10 min; 10,000g), and absorbance of supernatant was

measured (532 nm) which was corrected with non-specific

absorption (600 nm). The amount of MDA was calculated

using the extinction coefficient of 155 mM-1 cm-1 and

expressed as lmol g-1 FW.

Ascorbic acid (AsA) was extracted with 10 mL of TCA

(6 %, w/v) using 250 mg leaf tissue (Mukherjee and

Choudhuri 1983). The extract (2 mL) was mixed with

1 mL of dinitrophenyl hydrazine (2 % w/v) and one drop

of thiourea solution (10 % w/v prepared in 70 % v/v

ethanol). This mixture was then boiled (15 min) and cooled

at room temperature, and then, 5 mL of H2SO4 (80 % v/v)

was added to obtain hydrazone complex. Absorbance of

hydrazone complex was measured (530 nm), and amount

of AsA was calculated from standard curve plotted with

known concentration of AsA.

Antioxidant enzyme activity measurement

Enzyme extract for superoxide dismutase (SOD), catalase

(CAT), guaiacol peroxidase (POD), ascorbate peroxidase

(APX) and glutathione reductase (GR) was extracted from

1 g of fresh leaf tissue. Leaf tissues were pulverized in

liquid nitrogen and grounded in 10 mL of chilled
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extraction buffer [100 mM potassium phosphate buffer (pH

7.5) containing 5 mM EDTA, while 1 mM of ascorbic acid

is added in case of APX]. The homogenates were cen-

trifuged (20 min; 15,000g), and supernatants were stored in

separate aliquots at -20 �C until analysis.

SOD activity was assayed by measuring its ability to

inhibit photochemical reduction of NBT (Dhindsa et al.

1981). Reaction was developed in 3 mL mixture [phos-

phate buffer (50 mM; pH 7.8), methionine (13 mM), NBT

(75 lM), EDTA (0.1 mM), sodium carbonate (50 mM),

riboflavin (2 lM) and enzyme extract (0.1 mL)]. To start

the reaction, 2 lM riboflavin was added to mixture, and

tubes were shaken and placed under 15-W fluorescent

lamps for 15 min. SOD specific activity (U mg-1 protein)

was measured at 560 nm, and one unit of SOD activity was

taken as the amount of enzyme required to inhibit the

reduction of NBT by 50 %.

For the measurement of CAT activity (Aebi 1984), the

reaction was developed in 3 mL mixture [phosphate buffer

(50 mM; pH 7.0), H2O2 (12.5 mM) and enzyme extract

(50 lL)]. Reaction was initiated by the addition of H2O2

(12.5 mM), and decomposition of H2O2 was measured as

decreasing in absorbance at 240 nm for 2 min at 10 s

interval. The initial and final H2O2 contents were calcu-

lated by comparing with a standard curve drawn with

known concentrations of H2O2, and CAT activity was

expressed as lmol H2O2 reduced mg-1 protein min-1.

For POD activity (Castillo et al. 1984), the reaction was

developed in 3 mL mixture [potassium phosphate buffer

(50 mM; pH 6.1), guaiacol (16 mM), H2O2 (2 mM) and

enzyme extract (25 lL)]. Absorbance due to the oxidation

of guaiacol to tetra-guaiacol on addition of 2 mM H2O2

was monitored at 470 nm for 1 min at 15 s interval. POD

activity was calculated using the extinction coefficient of

tetra-guaiacol (26.6 mM-1 cm-1) and expressed as mmol

tetra-guaiacol formed mg-1 protein min-1.

For APX activity (Nakano and Asada 1981), the reaction

was developed in 3 mL mixture [potassium phosphate

buffer (50 mM; pH 7.0), EDTA (0.1 mM), ascorbate

(0.5 mM), H2O2 (0.1 mM) and enzyme extract (0.1 mL)].

Reaction was initiated by addition of 0.1 mM H2O2, and

the rate of ascorbate oxidation was measured by the

decrease in absorbance at 290 nm for 2 min at 10 s inter-

val. APX activity was calculated by measuring the decrease

in AsA content using standard curve and expressed as lmol

ascorbate oxidized mg-1 protein min-1.

For GR activity (Smith et al. 1988), the reaction was

developed in 3 mL mixture [potassium phosphate buffer

(100 mM; pH 7.5), 5,5-dithiobis-2-nitrobenzoic acid

(DTNB; 0.5 mM), NADPH (66 lM), oxidized glutathione

(GSSG; 0.66 mM) and enzyme extract (0.1 mL)]. Reaction

was initiated by adding 0.66 mM GSSG, and increase in

absorbance at 412 nm was monitored for 2 min at 10 s

interval. GR activity was expressed as lmol GSSG reduced

mg-1 protein min-1. In all the enzyme preparations, pro-

tein was estimated by the Lowry’s method using bovine

serum albumin (BSA) as the standard (Lowry et al. 1951).

Soluble sugars measurement

For soluble sugars analysis (Oupadissakoon et al. 1980),

fresh leaf samples were extracted in 80 % ethanol, mem-

brane-filtered and aliquot (25 lL) was injected in the ion

chromatograph (Dionex, ICS 3000) equipped with amino

trap column, CarboPac PA10 guard column followed by

CarboPac PA10 analytical column. Sugars were eluted

from column in 150 mM NaOH with a flow rate of

1 mL min-1. Myo-inositol, mannitol, glucose, trehalose,

fructose, lactose, and sucrose were used as standards.

Lactose was used as internal standard. Data integration was

done using Chromeleon software supplied with the

equipment.

Growth parameters

Various growth-related parameters, including root and

shoot length (cm), were measured from both WT and T

lines after harvesting (120 DAS). Thereafter, plants were

dried for 72 h in oven at 70 �C, and pod weight (g), root

weight (g), shoot weight (g) and harvest index (HI, %)

were measured.

Statistical analysis

To find the significance of difference between means of

WT and T lines of each treatment group, data were sub-

jected to analysis of variance (ANOVA) and expressed as

mean with standard error (±SE). Each assay was carried

out in three replicates. Significant differences between

control and transgenic plants were analyzed using Tukey’s

multiple range at 5 % probability level (LSDPB0.05). Cor-

relation coefficient was determined using PAST software

(PAleontological STatistics, version 1.89).

Results and discussion

Mannitol-1-phosphate dehydrogenase (MTD)

activity

Accumulation of various osmoprotectants like mannitol is

one among the different ways adapted by plants to over-

come different types of stresses. As a strategy for imparting

salinity tolerance, overexpressing of mtlD gene coding for
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MTD has been widely used in various crops (Hema et al.

2014; Nguyen et al. 2013), including peanut in hydroponic

system in our lab (Bhauso et al. 2014a). In the present

investigation, WT plants exhibited almost negligible, while

T lines showed notable MTD activities under salinity stress

and non-stress conditions, which suggests the expression of

transgene in T lines (Fig. 1). However, among T lines, it is

significantly higher in MTD1, MDT2 and MDT4 lines

compared to MDT3 line. Thus, the MTD enzymatic

activity not only ensured the expression of the transgene

but also indicated its possible role in imparting the salt

tolerance in T peanut as also reported by Bhauso et al.

(2014a). It is noted that, with increasing salinity levels up

to 2 dS m-1, there is a slight increase in the MTD activity,

which declined at 3 dS m-1. It is hypothesized that, till

2 dS m-1 of salinity stress, plant might have synthesized

enough amount of MTD required for imparting the toler-

ance, and, thereafter, it declined. The elevated MTD

activity in T peanut lines supported the observations made

for transgenic tomato, showing elevated MTD activity

under abiotic stress conditions (Khare et al. 2010).

Maximum MTD activity in all the T lines was recorded

at pegging stage in 2 dS m-1 salinity levels, while mini-

mum at pod formation stage in 3 dS m-1 salinity levels.

Thus, pegging stage seems more critical for the peanut

plant for combating the salinity stress, while pod formation

was least affected with respect to MTD activity. In general,

MTD1 and MTD4 lines have shown significantly higher,

while MTD3 line has shown significantly lower MTD

activity at different salinity treatments (Fig. 1). This vari-

ation in the levels of MTD activity in different T events

might be caused due to the positional difference in the

integration of transgene (Rahnama et al. 2011; Bhauso

et al. 2014a, b).

In situ localization of O2
2 and H2O2 and estimation

of H2O2 and malondialdehyde contents

Salinity stress in plants causes metabolic imbalances by

impairing the electron transport and increase in the produc-

tion of ROS, such as singlet oxygen, hydrogen peroxide

(H2O2), superoxide anion (O2
-) and hydroxyl radicals

(Miller et al. 2010). On the similar note, histochemical in situ

localization showed lower accumulation of H2O2 (visualized

as deep-brown products in DAB staining; Fig. 2a) and O2
-

(visualized as dark-blue products in NBT staining; Fig. 2b)

under different salt stress conditions in T lines, compared to

WT. Also, an increase in the H2O2 content in leaf tissues was

reported with increasing salt content in both WT and T lines

at different growth stages (Fig. 3a).

The MDA content in leaves represents the degree of

membrane lipid peroxidation resulting from the cell injury

by oxidative stress (Tang et al. 2005; Akcay et al. 2010). A

gradual increase in MDA content was observed in both WT

and T lines with increasing salt stress; however, it was

significantly higher for WT than T lines, in higher salt

concentrations (Fig. 3b). The relatively lower MDA con-

tent in T lines might be due to hydroxyl radicals scav-

enging activity and osmoprotection function of mannitol

which, in turn, lowers the electrolytic leakage (Khare et al.

2010; Adrees et al. 2015; Bhauso et al. 2014a).

During flowering, pegging and pod formation stages, till

2 dS m-1 of salt treatment, no significant difference

(P B 0.05) in both H2O2 and MDA content was observed

between WT and T lines. However, at higher salt treatment

(3 dS m-1), T line, MTD4 has shown significantly lower

H2O2 and MDA accumulation (Fig. 3a, b) compared to

other lines at all growth stages, indicating its relatively

better ability for salinity stress tolerance. Significantly
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lower H2O2 and MDA concentration in T lines at higher

salt treatment (3 dS m-1), compared to WT, suggested that

T plants had balanced ROS formation and suffered less

oxidative lipid injury than WT lines (Tang et al. 2005; Rai

et al. 2013).

Similarly, lower in situ accumulation of O2
- and H2O2

was reported in SbMT-2 tobacco (Chaturvedi et al. 2014),

AhAREB1 Arabidopsis (Li et al. 2013), and lower MDA

content in mtlD tomato (Khare et al. 2010) and MuNAC4

peanut (Pandurangaiah et al. 2014) during abiotic stress

imposition. All these suggest that T peanut lines having

mtlD gene were less affected by oxidative stress than their

WT counterpart.

Relative water content (RWC)

The accumulation of mannitol in the cells is known to

prevent intracellular water loss and facilitating osmotic
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adjustments (Mahajan and Tuteja 2005). The same has

been validated in our results, because a greater decline in

RWC was recorded in WT, compared to T peanut lines,

with increasing salt treatments across different plant

growth stages (Fig S2, Supplementary file).

Antioxidant metabolite and antioxidant enzyme

activities (AsA, SOD, CAT, POD, APX and GR)

Antioxidants defense system alleviates the oxidative dam-

ages caused by ROS produced in response to various

stresses and often used for differentiating the salt tolerance

response in plants (Chen et al. 2013). This includes low-

molecular-mass non-enzyme antioxidant metabolites, such

as ascorbic acid and various antioxidant enzymes such as

SOD, CAT, APX, GR and POD (Bhatnagar-Mathur et al.

2009; Miller et al. 2010; Chaturvedi et al. 2014).

Ascorbic acid (AsA) is both a secondary metabolite and

an antioxidant which interacts enzymatically and non-en-

zymatically and detoxifies the ROS (Upadhyaya et al.

2011). Therefore, AsA is used as a reference compound in

a number of studies associated with stress tolerance in

plants (Lopez-Munguia et al. 2011). When compared with

WT, an increase in the AsA content was recorded in T lines

with increasing salinity stress (Fig. 4a). Moreover, AsA

accumulation was found significantly lower when salinity

stress was imposed at pod formation stage than other plant

growth stages. In all the growth stages, AsA content in the

line MTD4 was found higher among other T lines or WT.

However, MTD3 showed quite fluctuating results, which

might be due to the poor production of MTD, which in turn

has led to its unstable performance. The phenomenon of

increased AsA was also reported in other crops including

transgenic-GalUR potato (Upadhyaya et al. 2011), and

DHAR tomato (Li et al. 2012) under salt stress conditions.

Significantly higher activities of SOD, CAT and POD

were recorded in T lines compared to WT plants (Figs. 4b,

5a, b). Superoxide radicals generated by oxidative meta-

bolism are dismutated into H2O2 and O2 by SOD. How-

ever, CAT dismutates H2O2 into H2O and O2, whereas

POD decomposes H2O2 by oxidation of co-substrates, such

as phenolic compounds and/or antioxidants (Boldt and

Scandalios 1997). Although the specific activities of SOD

and POD enzymes were increased in both WT and T lines

with increasing salinity stress at different growth stages, no

clear trend was observed for CAT activity (Figs. 4b, 6a, b).

In relation to the plant growth stages, SOD and CAT

activities were in the order of pegging[ flowering[ pod

formation stages; while for POD activity, a gradual

increase was recorded with progressive growth stages. In

general, for SOD and POD activities among different T

lines, MTD4 was found better (Figs. 4b, 5b); whereas for

CAT, two T lines, MTD1 and MTD4, were found better

over others (Fig. 5a) especially at higher salinity levels.

The significant increase in SOD, CAT, and POD activ-

ities resulted in efficient detoxification of superoxide rad-

icals so as to minimize the oxidative stress in T peanut

lines, compared to WT. This ultimately builds up a better
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survival capacity in T under higher salinity stress condi-

tions, as also reported by Khare et al. (2010) and Rai et al.

(2013). Likewise, in transgenic MuNAC4 peanut (Pan-

durangaiah et al. 2014) and AtDREB1A peanut (Bhatnagar

et al. 2009), mtlD tomato (Khare et al. 2010) and in some

peanut cultivars (Chakraborty et al. 2015), enhanced SOD,

CAT, and POD activities were reported in response to

various abiotic stresses. Besides, even exogenous applica-

tion of mannitol is also reported to enhance the antiox-

idative enzymes activity of metal-induced oxidative stress

tolerance in wheat (Adrees et al. 2015).

With increasing salinity stress, a significant increase was

recorded for APX and GR activities in T peanut lines than

WT, at flowering and pegging stages (Fig. 5c, d). However,
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a declining trend in their activities was recorded at pod

formation stage. APX of the ascorbate–glutathione

antioxidant cycle scavenges the H2O2 (Foyer et al. 1997),

whereas GR imparts defense against oxidative stress by

sustaining the reduced state of glutathione and maintaining

the AsA pool (Miller et al. 2010). Like for many other

parameters, T line MTD4 was found exhibiting better APX

and GR activities over other lines. Enhanced APX and GR

activities were also reported in many other T plants viz.,

GalUR potato (Upadhyaya et al. 2011), AtDREB1A peanut

(Bhatnagar et al. 2009), AtDREB1A/CBF3 tomato (Rai

et al. 2013), some peanut cultivars (Akcay et al. 2010),

giving enhanced tolerance to various oxidative stresses.

In this backdrop, it is hypothesized that the improved

antioxidative activity of T peanut lines over WT may be

due to the accumulation of mannitol, which might have

protected the T lines from the oxidative stresses by elimi-

nating excessive H2O2, superoxide anion and other ROS

(Cicero et al. 2015). Moreover, mannitol has been shown to

play important roles in osmoregulation, photosynthetic

enzyme protection and lipid membrane peroxidation pre-

vention, leading to stabilization of macromolecular struc-

tures (Rahnama et al. 2011; Adrees et al. 2015). Hence, it is

very likely that in the T lines, the mannitol might have

protected certain enzymes of various important metabolic

and biosynthetic pathways along with the antioxidative

machinery, thereby resulting in better salinity tolerance.

Accumulation of mannitol and other soluble sugars

Mannitol and other soluble sugars including myo-inositol,

trehalose, glucose, fructose and sucrose were determined in

both WT and T lines exposed to different levels of salinity

stress (Table 1). Mannitol content in the T peanut lines

ranged from 0.09 to 0.27 lmol g-1 FW at different levels

of salt stress, while it was not detected in WT plants. An

increase in the mannitol content was recorded in T lines

until 2 dS m-1 salinity levels, which decreased thereafter

(3 dS m-1). Similarly, a wide range of mannitol accumu-

lation (lmol g-1 FW) was reported for other transgenic

plants, such as Arabidopsis (0.05–12; Thomas et al. 1995),

wheat (0.6–2.0; Abebe et al. 2003), and maize (0.26–0.56;

Nguyen et al. 2013). This clearly indicated that even a very

low concentration of mannitol can function in maintaining

the osmotic adjustments and also improves the osmotic

stress tolerance through scavenging of hydroxyl radicals

and stabilization of macromolecular structures (Rahnama

et al. 2011; Bhauso et al. 2014a).

Besides mannitol, other soluble sugars were also esti-

mated so as to understand their role in salt stress tolerance,

which showed different trends (Table 1). Accumulation of

hexose sugars, such as glucose and fructose, which also act

as osmolytes, got induced as a quick response to mild salt-

stress (1 dS m-1). However, disaccharides and sugars

alcohols like sucrose, trehalose, myo-inositol and mannitol

were accumulated at higher salt-stress conditions

(3 dS m-1), so as to maintain the osmoticum. At higher

salt-content (3 dS m-1), T lines MTD1 and MTD4 showed

higher accumulation of various sugars including mannitol

(Table 1). Similarly, mtlD transgenic maize has also

showed comparatively higher accumulation of glucose,

fructose, sucrose and inositol under higher salinity condi-

tions (Nguyen et al. 2013). Thus, the salinity tolerance

might be partially due to the induction of antioxidative

machinery, and partially because mtlD transgenes might

have exerted a direct regulatory control on metabolism,

Improved antioxidative activity of peanut transgenic lines 
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which could have resulted in protective compounds accu-

mulation either by posttranslational regulation of enzy-

matic activities or by stabilization of key intermediates, as

also reported for herbicide resistance in grass weeds

(Cummins et al. 2013).

Growth parameters

Various plant growth parameters were compared among

WT and T lines, which were grown under different salinity

levels (control, 1, 2 and 3 dS m-1). Rate of seed germi-

nation was found higher in T lines at 2 and 3 dS m-1 of

salt stress treatments compared to WT plants (Fig. S3).

Moreover, T lines grown under 3 dS m-1 of salt stress

treatment were relatively healthier than WT plants and

showed enhanced growth parameters (Fig. S4). The better

growth and yield parameters in mtlD peanut lines might be

due to the better nutrient uptake and various other mech-

anisms, including osmotic adjustments, detoxification of

ROS and stabilization of macromolecules such as mem-

brane proteins and enzymes of different biochemical

pathways (Prabhavathi et al. 2002; Rahnama et al. 2011;

Adrees et al. 2015) Other details are mentioned in the

Supplementary file.

Correlation studies

Linear correlation analysis was done to find the relation-

ship between key antioxidant enzymes and growth

parameters under high salinity stress conditions (3 dS m-1)

at pod formation stage. MTD activity has recorded strong

positive correlation with POD (r = 0.94) and RWC

(r = 0.86), while negative correlation was observed with

H2O2 (r = -0.72) and MDA (r = -0.81) content

(Table 2). This suggests the possibility of mannitol helping

in scavenging the ROS and stabilizing the macromolecular

structures, which in turn improved the plants’ ability of

abiotic stress tolerance (Prabhavathi et al. 2002; Prabha-

vathi and Rajam 2007).

Significant and strong correlations were recorded among

antioxidant enzymes, like APX and CAT (r = 0.83) and

APX and POD (r = 0.80). In general, strong-to-moderate

correlations were observed between antioxidant enzymes

with growth and physio-biochemical parameters (Table 2).

H2O2 and MDA showed strong negative correlation with

antioxidant enzymes, including POD, which showed neg-

ative correlation with H2O2 (r = -0.68) and MDA

(r = -0.83). These results indicate that POD is strongly

associated in H2O2 scavenging and thereby minimizing the

Table 1 Comparative accumulation of various soluble sugars in T and WT lines at pegging stage under different salinity levels

Salt

treatment

Plant

ID

Myo-inositol

(lmol g-1 FW)

Mannitol

(lmol g-1 FW)

Trehalose

(lmol g-1 FW)

Glucose

(lmol g-1 FW)

Fructose

(lmol g-1 FW)

Sucrose

(lmol g-1 FW)

Control WT 12.43 ± 0.75a ND 0.48 ± 0.03a 5.95 ± 0.24a 3.96 ± 0.24a 12.83 ± 0.57a

MTD1 11.99 ± 0.57a 0.17 ± 0.019a 0.47 ± 0.02a 5.92 ± 0.46a 3.74 ± 0.19a 12.96 ± 0.60a

MTD2 12.88 ± 0.80a 0.13 ± 0.019b 0.52 ± 0.04a 5.72 ± 0.20a 3.70 ± 0.15a 12.77 ± 0.29a

MTD3 12.44 ± 0.40a 0.12 ± 0.007b 0.47 ± 0.02a 5.89 ± 0.42a 3.77 ± 0.20a 12.53 ± 0.34a

MTD4 12.53 ± 0.81a 0.17 ± 0.013a 0.48 ± 0.03a 5.72 ± 0.30a 3.82 ± 0.18a 12.61 ± 0.84a

1 dS m-1 WT 15.33 ± 0.61a ND 0.54 ± 0.06a 6.77 ± 0.55a 4.15 ± 0.13a 12.67 ± 0.45a

MTD1 15.62 ± 1.10a 0.17 ± 0.016ab 0.56 ± 0.04a 7.15 ± 0.26a 4.24 ± 0.53a 13.04 ± 0.65a

MTD2 15.36 ± 0.50a 0.15 ± 0.009b 0.56 ± 0.02a 6.60 ± 0.44a 4.13 ± 0.22a 13.03 ± 0.21a

MTD3 14.98 ± 1.23a 0.11 ± 0.007c 0.50 ± 0.05a 6.43 ± 0.63a 4.07 ± 0.12a 12.81 ± 0.41a

MTD4 15.67 ± 0.65a 0.19 ± 0.019a 0.58 ± 0.03a 7.50 ± 0.22a 4.18 ± 0.15a 13.21 ± 0.31a

2 dS m-1 WT 21.23 ± 0.48c ND 0.71 ± 0.04b 4.47 ± 0.37c 3.45 ± 0.23a 14.82 ± 0.41b

MTD1 25.85 ± 0.56a 0.25 ± 0.011ab 0.79 ± 0.03b 5.47 ± 0.20a 3.68 ± 0.43a 15.99 ± 0.35ab

MTD2 23.48 ± 1.25b 0.24 ± 0.009b 0.75 ± 0.02b 5.04 ± 0.30abc 3.43 ± 0.14a 15.66 ± 0.35ab

MTD3 24.44 ± 0.52ab 0.17 ± 0.010c 0.73 ± 0.02b 4.75 ± 0.25bc 3.21 ± 0.19a 15.19 ± 1.03ab

MTD4 25.28 ± 0.64ab 0.27 ± 0.012a 0.88 ± 0.05a 5.33 ± 0.17ab 3.70 ± 0.20a 16.45 ± 0.18a

3 dS m-1 WT 22.79 ± 1.18b ND 0.59 ± 0.02c 3.59 ± 0.36b 2.48 ± 0.18 c 12.60 ± 0.46b

MTD1 28.65 ± 0.99a 0.19 ± 0.013a 0.76 ± 0.04b 4.86 ± 0.12a 3.11 ± 0.11a 14.15 ± 0.36a

MTD2 27.16 ± 0.57a 0.14 ± 0.010b 0.67 ± 0.03c 4.08 ± 0.21b 2.92 ± 0.14ab 13.25 ± 0.41ab

MTD3 24.01 ± 0.72b 0.09 ± 0.007c 0.68 ± 0.04c 3.77 ± 0.22b 2.68 ± 0.07bc 12.48 ± 0.65b

MTD4 29.09 ± 1.06a 0.21 ± 0.012a 0.91 ± 0.03a 4.68 ± 0.19a 3.17 ± 0.18a 14.04 ± 0.27a

Note The numerical values bearing different lower-case letters as superscripts in a column means that they differ significantly (P\ 0.01)

WT wild type, MTD1–4 independent transgenic events, ND not detected
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membrane damage. Interestingly, RWC showed strong

positive correlations (r = 0.70–0.82) with many antioxi-

dant traits (CAT, POD, APX and AsA) and strong negative

correlations with H2O2 (r = -0.74) and MDA

(r = -0.70) which were significant. Thus, the improve-

ment in RWC has helped in increasing the antioxidants in

the T lines and thereby reduced the oxidative stress, which

has led to the better salinity stress tolerance. Other growth

parameters were found to moderately to strongly correlate

with each other (Table 2).

In general, positive correlations were observed among

antioxidant enzymes while negative correlation with H2O2

and MDA (Table 2). This observation strongly implies the

possibility that antioxidant enzyme systems are utilized in

T lines to alleviate oxidative stress caused by salinity.

Here, enhanced oxidative stress tolerance under salt stress

was associated with the overexpression of mtlD gene,

which increased the activities of these enzymes. These

findings again support the opinion that mannitol con-

tributed to lower ROS and provides better osmotic

adjustments leading to improved abiotic tolerance (Stoop

et al. 1996; Prabhavathi et al. 2002). Thus, salt tolerance of

transgenic peanut plants overexpressing mtlD gene can be

associated with transgene-induced activation of cascade of

peanut genes involved in providing protection from

oxidative injury, as also observed for tobacco expressing

CsGSTUs gene (Cicero et al. 2015).

Conclusions

Single gene insertion has been shown to impart salinity

stress tolerance in T peanut lines at various growth stages,

by mannitol accumulation which, in turn, has affected the

overall antioxidative machinery of the T lines. The present

study is an extension of our previous work (Bhauso et al.

2014a, b). Here, we report the best lines for their further

use in imparting salinity stress tolerance in peanut.

Enhanced MTD activity, antioxidant systems, RWC, sugar

accumulation, growth parameters and lessened H2O2 and

MDA content are the evidences that the T lines bloomed

well even at 3 dS m-1 salt stress conditions, compared to

WT. Further, the role of mannitol and other sugars is also

established in imparting the salinity stress tolerance.

Moreover, the mtlD transgenic lines were also found

maintaining lower oxidative injury, indicating amelioration

of salinity-induced oxidative stress by enhanced protective

mechanisms via mannitol accumulation and antioxidative

response. It is, thus, revalidated that not only mannitol is

involved in maintaining the cellular homeostasis, but the

expression of other antioxidant genes might also be influ-

enced by the expression of mtlD gene, thereby modulating

ROS scavenging/detoxification during salt stress conditions

and, thus, imparting salinity stress tolerance. A sketch,

depicting the most probable roles of mannitol in improving

the salinity stress tolerance in mtlD transgenic peanut is

presented in Fig. 6.

In olive, it is reported that salinity stress tolerance

involves both production and transport of mannitol through

mannitol transport system (OeMaT1) gene expression

(Conde et al. 2011). This clearly means that both synthesis

and transport of mannitol are equally important in

imparting salinity stress tolerance. Therefore, there is a

need to further find the mechanism of mannitol transport in

transgenic peanut lines so as to better understand the

salinity stress tolerance mechanism in different T events.

This is the first report in peanut mtlD transgenic giving

such a detailed analysis for salinity stress tolerance at

various growth stages. Among four T events tested, two

lines, MTD1 and MTD4, overexpressing mtlD gene

showed better tolerance to salinity stress, and these lines

will be tested further under open-field trials. Finally, the

best event(s) can be utilized directly in the marginal areas

having high salinity by the small farmers of India. Besides,

these events can also be used in the peanut improvement

programs, as a valuable pre-breeding resource for impart-

ing salinity stress tolerance.
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