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Cytotoxic compounds like reactive carbonyl compounds such as methylglyoxal (MG), melandialdehyde
(MDA), besides the ROS accumulate significantly at higher levels under salinity stress conditions and
affect lipids and proteins that inhibit plant growth and productivity. The detoxification of these cytotoxic
compounds by overexpression of NADPH-dependent Aldo-ketoreductase (AKR1) enzyme enhances the
salinity stress tolerance in tobacco. The PsAKR1 overexpression plants showed higher survival and
chlorophyll content and reduced MDA, H2O2, and MG levels under NaCl stress. The transgenic plants
showed reduced levels of Naþ levels in both root and shoot due to reduced reactive carbonyl compounds
(RCCs) and showed enhanced membrane stability resulted in higher root growth and biomass. The
increased levels of antioxidant glutathione and enhanced activity of superoxide dismutase (SOD),
ascorbate peroxidase (APX) and glutathione reductase (GR) suggest AKR1 could protect these enzymes
from the RCC induced protein carbonylation by detoxification process. The transgenics also showed
higher activity of delta 1-pyrroline-5- carboxylate synthase (P5CS) enzyme resulted in increasedproline
levels to maintain osmotic homeostasis. The results demonstrates that the AKR1 protects proteins or
enzymes that are involved in scavenging of cytotoxic compounds by detoxifying RCCs generated under
salinity stress.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

Salinity stress is a major threat for agriculture that reduces plant
productivity. More than 20% of cultivated land worldwide is
affected by salt stress, therefore, it is necessary to identify and
develop salinity tolerant varieties. When plants exposed to salinity,
several multiple pathways and stress inducible gene expression
results in improved adaptation. The induction of multiple stress-
inducible genes encoding osmolytes, ion channels, detoxification
enzymes confer salinity tolerance when overexpressed in sensitive
plants (Veena and Sopory, 1999; Singla-Pareek et al., 2003: Sanan-
Mishra et al., 2005). Physiologically exclusion, extrusion,
compartmentalization by several Naþ-Kþ transporters are relevant
mechanisms and can improve salinity tolerance (Gupta and Huang,
2014). Besides these mechanisms, plants tolerate saline conditions
by a combination of several other mechanisms. Under salinity
dayakumar).

erved.
stress, reactive oxygen species (ROS) generated are detoxified
either by non-enzymatic antioxidants like reduced glutathione
(GSH), ascorbate (ASH), tocopherols and carotenoids etc. or by
antioxidative enzymes such as superoxide dismutase (SOD),
ascorbate peroxidase (APx), glutathione peroxidise (GPx) and
glutathione-S-transferase (GST) etc. (Xiong and Zhu, 2002; Kumar
et al., 2003; Wang et al., 2003).

The ROS acts on proteins and lipids that generates highly toxic
reactive carbonyl compounds like methylglyoxal, Acrolein, hydroxy
nonenal (HNE), melandialdehyde etc. These compounds further
acts on proteins to form aggregates or Advanced glycation end
products (AGEs) or Advanced lipoxidation end products (ALEs)
(Vistoli et al., 2013). The accumulation of carbohydrates like
glucose, fructose, trehalose and other sugars has been demon-
strated under salt stress (Parida et al., 2004). These carbohydrates
mitigates ROS generated during saline stress by osmoprotection,
carbon storage, and scavenging (Kerepesi and Galiba, 2000).
However, in recent years it has been shown that changes in sugar
metabolism is involved in cell damage due to sugar toxicity
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(Kawahito et al., 2009). Auto-oxidation of sugars generated during
the photosynthetic calvin cycle and respiratory metabolism is
inevitable and produces ROS and sugar derived reactive carbonyl
compounds (RCCs) and damages cell metabolic activities (Takagi
et al., 2014). It is also evident in microbes that the oxidative
degradation of glucose in glycolysis generates by-products of RCCs
(Kawahito et al., 2009). The enzymatic conversion of dihydroxy-
acetone phosphate catalysed by methyl glyoxal (MG) synthase
produces MG (Richard, 1984). The RCCs like MG, glyoxal (GLY) and
3-deoxyglucosone (3-DG) formed by amodari re-arrangement of
glucose inactivate protein function by modifying the amino acid
residues. These RCCs has more resident time than the ROS, oxidize
proteins and many proteins are carbonylated during oxidative
stress that affect many cellular process (Brigitte et al., 2013).

Higher plants posses detoxifying mechanisms targeting sugar
derived RCC MG (Negm,1986 Mundree et al., 2000). The glyoxalase
system (glyoxalase I and glyoxalase II) reduces MG into lactate
using glutathione as electron donor (Thornalley, 1990). Over-
expression of these two enzymes in tobacco showed enhanced MG
detoxification under high concentrations of NaCl stress (Singla-
Pareek et al., 2003; Yadav et al., 2005). In addition to glyoxalase
pathway, aldo-ketoreductases (AKRs) have been shown to detoxify
RCCs including MG. The expression of AKRs was induced by salt,
osmotic and heat stresses and reduction of MG by NADPH depen-
dent manner into acetol has been reported in microbes (Paulus
et al., 1993; Gavidia et al., 2002). Similarly overexpression of
aldose reductases (ALR) showed detoxification of reactive aldehydes
including MG (Vander Jagt et al., 2001). The role of AKR4C10 and
AKR4C11 in reducing sugar derived RCCs has been demonstrated in
Arabidopsis in response to light and CO2 (Saito et al., 2013).
Recently, overexpression of Arabidopsis thaliana (AtAKR4C9) or al-
falfa (Medicago sativa) (MsALR) genes in barley showed improved
tolerance to salt, cadmium and reactive aldehydes (Csaba et al.,
2016). Overexpression of OsAKR1 in E. coli showed improved
tolerance to ROS and methylglyoxal (Turoczy et al., 2011). In our
recent study overexpression of PsAKR1 in tobacco detoxified the
reactive carbonyl glyphosate and showed improved tolerance to
herbicide (Vemanna et al., 2016). We demonstrate the potential of
PsAKR1in detoxifying the salinity induced RCCs and improved
protection of antioxidant, enzymes and osmolyte synthesizing en-
zymes resulting in improved tolerance to salinity in tobacco.

2. Material and methods

2.1. Plant material

Transgenic tobacco plants overexpressing PsAKR1 gene under
the control of a constitutive ribulose 1,5-bis phosphate carboxylase
(RBCS) promoter were generated using pBINPLUS vector through
Agrobacterium mediated transformation in our earlier studies.
Three different homozygous lines of transgenic plants were iden-
tified and the expression levels of those lines were confirmed by
RT-PCR using gene specific primers (Vemanna et al., 2016).

2.2. Imposition of stress

2.2.1. Seedling level
The germinated seeds of transgenic and wild type were placed

on half MS agarmedium supplementedwith 150 and 300mMNaCl.
The seedling growth was observed 7 days after stress treatment
and photographs were taken. Similarly the MG stress was also
imposed by transferring germinated seedlings on half MS agar
medium supplemented with 10 mM MG and growth and photo-
graphs were recorded after 10 days. In another experiment seed-
lings were raised in soilrite media for 15 days and irrigating with
150 and 300 mM NaCl imposed salinity stress. The seedling
response was assessed after 8 days of stress period, seedling sur-
vival and photographs were recorded.

2.2.2. Excised leaf disc assays
Leaf discs were made from identical leaves of 3-month-old

transgenic and wild type plants and placed onwet blotting paper in
petri plates containing 150 mM, and 300 mM NaCl and incubated
for 48 h in a temperature controlled light chamber at 28 �C and
light intensity of 100 mm/s. After stress period leaf discs were
transferred to water for 2 days of recovery and analysed for total
chlorophyll content, MG levels and electrolyte leakage.

2.2.3. Hydroponic system
The plants were raised in half strength Hoagland media for 25

days and subsequently treated with 50 mM of NaCl for 8 days fol-
lowed by 100mM for 4 days and allowed to recover for 4 days. After
recovery the biometric observations such as root length, fresh
weight, Naþ content in leaves and roots of transgenic and wild type
plants were measured. The hydroponic solution containing Hoag-
land solution was aerated with a continuous stream of air.

2.2.4. Whole plant stress
The salinity stress was imposed to soil grown plants in pots by a

method developed at the Central Soil Science Research Institute
(CSSRI) Karnal, India. The plants were raised in soil with farmyard
manure (80:20%) and grown till 45th day under normal conditions.
Subsequently the soil was irrigated with known concentrations of
mixture of salts of NaCl (0.5 M), CaCl2 (0.150 M)MgCl2 (0.08 M) and
Na2SO4 (0.1 M). The method involves equilibrating the soil with a
mixture of salts to simulate natural field salinity stress condition.
Pots were irrigated with known volume of salts to maintain salinity
stress of 8 d S/m (Smitharani et al., 2014). Subsequently irrigation
was controlled not to allow any seepage of salts. One set of plants
was harvested at 60th day tomeasure root growth, MG and total dry
matter. Another set of survived plants were continued to grow till
the seed set and harvest.

2.3. Quantification of H2O2 levels

The xylenol orange reagent was prepared in 50 ml of distilled
water containing 50 mM ferrous ammonium sulphate in 1 ml of
2.5 M H2SO4 and 62.5 ml of 125 mM xylenol orange along with
0.9019 g sorbitol. The leaf discs treated with NaCl was extracted in
phosphate buffer of pH 7.5 and 25 ml supernatant was mixed with
275 ml of xylenol orange reagent. The reaction mix was incubated
for 30 min at room temperature and absorbance was measured at
560 nm against blank (xylenol orange reagent) (Gay et al., 1999).

2.4. Total chlorophyll content

Chlorophyll was extracted from 200 mg of leaf tissue in 10 ml of
acetone: DMSO (1:1) and the supernatant were made up to final
volume of 25 ml. The absorbance was recorded at 663 and 645 nm
using UVevisible spectrophotometer (UV 2450, Shimadzu Corpo-
ration, Kyoto, Japan). Total chlorophyll was estimated by using the
following formula and expressed asmg/g FW (Babitha et al., 2015a).

CHLa ¼ (12.7(A663) e 2.69(A645)*V)/(W*1000)

CHLb ¼ (22.9(A6.45) e 4.68(A663)V)/(W*1000)

TCHL (mg/g. FW) ¼ CHLa þ CHLb

where, CHL ¼ chlorophyll, V ¼ volume, W ¼ weight and



R.S. Vemanna et al. / Plant Physiology and Biochemistry 113 (2017) 177e186 179
TCHL ¼ Total chlorophyll.

2.5. Electrolyte leakage

The leaf tissues after NaCl treatments taken and immersed in a
known volume of water and initial electrical conductivity (EC) was
measured by conductivity meter (Elico, CM180, Hyderabad, India).
Subsequently leaf tissues were boiled at 100� C for 20 min and final
electrical conductivity was measured (Babitha et al., 2015b). The
electrolyte leakage was calculated using the following formula:

EC (%) ¼ (IEC/FEC) � 100

where, IEC ¼ initial EC, FEC ¼ final EC and expressed in micro
siemens (mS).

2.6. Evans blue assay

The roots samples from hydroponically grown NaCl treated
plants were immersed in Evans blue solution (2 mm Evans blue dye
dissolved in 0.1% CaCl2, pH-5.5) (Sigma, Bangalore, India) for
30 min. The stained roots were washed with 0.1% CaCl2 (El-Sayed
et al., 1995) and observed under microscope and images were
taken under bright field microscope. Further to quantify the Evans
blue taken up by the roots, 100 mg washed roots were ground with
500 ml of 1% SDS. The extract was centrifuged at 8000 g for 10 min
and the supernatant was collected and OD at 600 nm was quanti-
fied using spectrophotometer.

2.7. Schiff's test

The roots from hydroponically grown NaCl treated plants were
excised and immediately soaked in Schiff's reagent (Himedia,
Bangalore, India) for about 30 min. The roots werewashed and root
tips were observed for pink colouration under bright field micro-
scope as a measure of reactive aldehydes.

2.8. Quantification of Naþcontent in root and shoot

The sodium content in root and shoot samples (200 mg of
powdered sample) were quantified after digesting with di-acid
mixture (5 ml) (10: 4: nitric acid: per chloric acid) using Induc-
tively Coupled Plasma Optical Emission Spectrometry (ICPOES,
Thermo Fisher). (Mohammed et al., 2010).

2.9. Quantification of MDA levels

The leaf tissue was homogenized in 5 ml of 10% (W/V) tri-
chloroacetic acid (HiMedia, Nasik, Maharashtra) and 0.25% of thi-
obarbituric acid and centrifuged at 12,000 rpm for 15 min at room
temperature. The supernatant was mixed with an equal amount of
thiobarbituric acid [0.5% in 20% (W/V) trichloroacetic acid] (Sigma
aldrich, Bangalore, India). The mixture was boiled for 25 min at
100� C. Absorbance of the supernatant was measured at 532 nm
and 600 nm and corrected for nonspecific turbidity by subtracting
the absorbance at A600 (Loreto and Velikova, 2001). The standard
MDA (Sigma Aldrich, Bangalore, India) was used to develop the
standard graph.

2.10. Methylglyoxal levels

MG was quantified in the seedlings and leaf tissues exposed to
salinity stress according to Yadav et al. (2005). The plant tissue
(100 mg) was ground in a 2 ml of distilled water and centrifuged at
8000 g for 10min at 4� C and supernatantwas collected. To quantify
the MG content, 250 ml of 7.2 mM 1,2- diamino benzene (1,2-
phenylenediamine), 100 ml of 5 M per chloric acid and 650 ml of
the neutralized supernatant treated with activated charcoal were
mixed together. The absorbance was read at 336 nm using spec-
trophotometer (Spectra max plus-384, Spence Biotech pvt ltd,
Bangalore).

2.11. Estimation of proline

The proline content was estimated by the method described by
Bates et al. (1973). A 5% homogenate from 100 mg lyophilized leaf
sample was prepared with 3% aq. Sulfosalicylic acid using mortar
and pestle and centrifuged at 12,000 rpm at 4� C for 15 min. The
supernatant (2 ml) was collected and 2 ml of glacial acetic acid and
2ml of acid ninhydrin reagentwas added. The reactionmixturewas
incubated in a boiling water bath for 60min and then cooled on ice.
After cooling, 4 ml of toluene was added and incubated at room
temperature for 30 min. Tubes were then shaken for 15 s and
allowed to stand for 10 min for phase separation. The upper phase
was separated and absorbance was measured at 520 nm using
spectrophotometer using toluene as blank. Concentration of pro-
line was calculated using standard curve from proline (Himedia,
Bangalore, India) and expressed as mmoles/g DW (Vemanna et al.,
2015).

2.12. Estimation of reduced glutathione (GSH)

A 5% homogenate from 100 mg lyophilized leaf was prepared in
6% (w/v) TCA. The homogenate was centrifuged at 12,000 rpm for
5 min at 4 �C. Supernatant was made up to 2 ml and used for the
estimation of reduced glutathione. An aliquote of 0.1 ml of sample
was made upto 1.0 ml with sodium phosphate buffer (pH 8.0) fol-
lowed by addition of 2 ml of freshly prepared 5,5’- dithiobis (2-
nitrobenzoic acid) [DTNB] reagent. After 10 min, the absorbance
was recorded at 412 nm and the concentration of total glutathione
was calculated using standard curve for GSH (Sigma Aldrich, Ban-
galore, India). The concentrations of reduced and oxidized gluta-
thione are expressed as nmoles/g (Griffith, 1980).

2.13. Measurement of enzyme activities

To measure enzymatic activities leaf tissues was taken from the
300 mM NaCl treated to 25 day-old-plants. After 15 days of treat-
ment from the 100 mg of lyophilized leaf samples total protien was
extracted in 1.5 ml ice cold 0.1 M potassium phosphate buffer (pH
7.5) containing 1.0 mM EDTA, 0.1 mM Triton X-100 and 2% Polyvinyl
pyrrolidone (PVP) using pre-chilled mortar and pestle. The ho-
mogenate was transferred to microfuge tube and centrifuged at
12,000 rpm for 20 min at 4 �C. The supernatant was used for
measurement of the enzyme activity. The protein content of the
enzyme extract was determined by bradford reagent (Broadford,
1976) and the specific activity is expressed as units/mg protein.

2.13.1. Ascorbate peroxidase activity
The reaction mixture contained 50mM phosphate buffer (pH 7),

1 mM ascorbic acid, 1% triton X-100, 2.5 mM H2O2 and 100 ml of the
enzyme source in a final volume of 3.0 ml. The reaction was initi-
ated by addition of enzyme source and the decrease in absorbance
was measured at 290 nm. The enzyme activity was calculated using
the molar extinction co-efficient of ascorbate (V ¼ 2.8 mM�1 cm�1,
at 290 nm). The specific activity is expressed as units/mg protein
(Nakano and Asada, 1981).

2.13.2. Glutathione reductase activity
The reactionmixture containing 0.1 M Tris buffer (pH 7.8), 2 mM
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EDTA, 50 mMNADPH, 0.5 mM GSSG and 0.3 ml of enzyme source in
reaction volume of 3.0 ml. The reaction initiated by addition of
NADPH and the decrease in absorbance was measured at 340 nm.
The enzyme activity was calculated using the molar extinction
coefficient of NADPH (V ¼ 6.022 mmol�1 cm�1, at 340 nm) (Foyer
and Halliwell, 1976).

2.13.3. Pyrroline-5-carboxylate synthetase activity
The reaction mixture containing 0.2 ml of 0.1 M Tris-HCl buffer

(pH 7.2), 25 mMMgCl2, 75 mM sodium glutamate and 5 mM ATP in
the final volume of 3.0 ml. reaction was initiated by addition of
120 ml of 10 mMNADH and the activity was measured as the rate of
decrease in absorbance at 340 nm. The enzyme activity was
calculated using the molar extinction coefficient of NADH,
6.22 mmol�1 cm�1 at 340 nm (Garcia-Rios et al., 1997).

2.14. Statistical analysis

The data obtained in different experimental results was ana-
lysed using two-way analysis of variance (ANOVA) as per the pro-
cedure given by Fischer (1960). Data points with different
lowercase letters indicate significant differences (P < 0.05) between
transgenic lines and wild type as determined by Tukey's HSD test.

3. Results

3.1. AKR1 overexpressing transgenic tobacco plants showed higher
survival and tolerance to salinity stress

The tobacco transgenic lines expressing AKR1 (Fig. 1a) from our
Fig. 1. Transgenic AKR1 expressing tobacco seedlings showed tolerance to NaCl stress, a) Sc
AKR1 transcripts in transgenics, c) Representative photograph of transgenic and wild type
Response of transgenic and wild type seedlings grown on soilrite irrigated with 150 and
percentage of transgenics and wild type seedling, Error bars indicate mean values from three
indicate differences in significance. Two way ANOVA with P < 0.05 with Tukey's honest sign
type were conducted.
earlier studies were used and three homozygous lines that showed
relatively higher levels of mRNA expression levels (Fig. 1b) were
characterized for salinity stress tolerance. The seedlings were
exposed to 150 mM and 300 mM of NaCl under two different
conditions. In one set of experiment, seedlings growth response
was observed on half MS media supplemented with NaCl and other
set seedling growth was assessed in soilrite in small pots irrigated
with NaCl. Seedling survival and growth in transgenics was less
affected on MS agar media supplemented with NaCl compared to
wild type. In soilrite, the survival and growth of the seedlings was
affected under stress both in wild type and transgenics in a dose
dependent manner. However, the AKR1 expressing seedlings
showed enhanced tolerance at both the salinity concentrations
(Fig. 1c and d). More distinct differences were observed between
transgenic and wild type seedlings when exposed to 300 mM NaCl.
The transgenic seedlings showed 95% of survival on 150 mM NaCl
and wildtype seedlings showed 60% survival. At 300 mM NaCl the
wildtype seedlings showed chlorosis and stunted phenotype and
less survival. Further, whereas the transgenics continued to grow
and showed 75% survival (Fig. 1e).

Salinity stress response was also studied in excised lead discs.
Leaf discs from 50-day-old transgenic and wild type tobacco plants
were floated on 150 and 300 mM NaCl for 48 h and transferred to
water for 2 days. The NaCl induced H2O2 in transgenic plants was
significantly low compared to wild type plants (Fig. 2a and b).
Similarly lipid peroxidation was significantly lower in transgenic
plants compared to wild type plants as indicated by reactive
carbonyl MDA levels (Fig. 2c). Even accumulation of MG was low in
transgenic plants (Fig. 2d). Salinity-induced degradation of chlo-
rophyll was less in AKR1 overexpressing lines compared to wild
hematic representation of gene construct with PsAKR1, b) Relative expression levels of
seedlings on MS agar media supplemented with 150 mM and 300 mM NaCl stress, d)
300 mM NaCl, photographs were taken after 8 days of NaCl application, e) Survival
biological replicates that are having 25 seeds each. Different letters above the error bar
ificant differences (HSD) means separation test (a ¼ 0.05) among transgenic and wild



Fig. 2. Transgenic plants showed improved tolerance to NaCl stress in excised lead disc assay. a) Photograph showing the extent chlorophyll content in transgenic and wild type leaf
discs treated with 150 and 300 mM of NaCl after 4days of stress. At the end of stress different biochemical parameters b) H2O2 c) Malondialdehyde d) methyl glyoxal (MG), e) Total
chlorophyll content and f) electrolyte leakage was determined in NaCl treated leaf discs. WT-wild type, T1-T3- transgenic plants. Error bar indicate mean values from three biological
replicates that are having 10 leaf discs. Different letters above the error bar indicate differences in significance. Two way ANOVA with P < 0.05 with Tukey's honest significant
differences (HSD) means separation test (a ¼ 0.05) among transgenic and wild type were conducted.
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type plants (Fig. 2e). The membrane stability in wild type plants
was highly affected as evidenced by higher electrolyte leakage
(Fig. 2f).
3.2. Overexpression of PsAKR1 rescued tobacco seedlings from
methylglyoxal effect

In salinity stress, accumulation of methylglyoxal was less in
AKR1 expressing transgenics (Fig. 2d), therefore to assess whether
overexpression of AKR1 in tobacco rescues the seedlings from MG
induced effect, both the transgenic and wild type seedlings were
germinated on 10 mM MG. MG did not affect the growth of
transgenic seedlings (Fig. 3a) and showed 100% survival, whereas
only 10% of seedlings survived in wild type (Fig. 3b). The transgenic
leaf discs floated on 10mMMG also showed 3-fold lower MG levels
than the wild type plants (Fig. 3c and d). Further the H2O2 levels
was also significantly less in transgenics compared to wild type
plants (Fig. 3e). Even the chlorophyll content was significantly
higher in transgenic plants (Fig. 3f).
3.3. AKR1 expression in transgenic plants detoxify reactive carbonyl
compounds under NaCl stress

The transgenic and wild type plants grown hydroponically were
less affected by salinity stress than wild type plants (Fig. 4a and
Supplementary Fig. S1). The transgenic plants maintained higher
root growth compared to wild type plants under NaCl stress
(Fig. 4b). The effect of NaCl in generation of reactive aldehydes in
roots was quantified by Schiff's reagent staining. The transgenic
roots showed very less staining of schiff's reagent whereas wild
type showed dark staining indicating higher levels of RCCs (Fig. 4c).
Root plasmamembrane stability as assessed by Evan's blue staining
was very less in transgenics compared to wild type (Fig. 4 d & e).
The tolerance was also reflected with higher fresh weight in
transgenic plants compared to wild type plants at the end of stress
period (Fig. 4f). The Naþ concentration was less in transgenics
compared to wild type plants in both roots and leaves (Fig. 4g).



Fig. 3. Effect of methylglyoxal (MG) on AKR1 expressing tobacco transgenic seedlings. a) Response of wild type and transgenic seedlings to 10 mM MG, b) Seedling survival
percentage on MG treatment, n ¼ 50, c) Leaf disc assay on 10 mM MG, Photographs taken after 3 days of recovery response and levels of d) MG, e) H2O2 and f) Chlorophyll content
was determined. WT-wild type, T1-T3- transgenic plants. N ¼ 5. Experiments were repeated 3 times with minimum of 3 biological replicates from each transgenic lines. Two way
ANOVAwith P < 0.05 with Tukey's honest significant differences (HSD) means separation test (a ¼ 0.05) among transgenic and wild type were conducted. Different letters above the
error bar indicate differences in significance.
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3.4. AKR1 protects antioxidant enzymes and improve proline levels
under salinity stress

To assess the effect of salinity on AKR1 overexpressing plants at
whole plant level, the plants were irrigated with a mixture of salts
[NaCl (0.5 M), CaCl2 (0.150 M) MgCl2 (0.08 M) and Na2SO4 (0.1 M)]
to simulate natural field salinity stress condition. Salt stress of 8 d S/
m was imposed when the plants were 45-day-old. The wild type
plants showed significant growth retardation, in contrast trans-
genic plants were less affected with better growth (Fig. 5a). At 60
days, transgenic plants showed 90% of survival and wild type plants
showed less than 35% survival under NaCl stress. Amongst the wild
type plants some of them showed complete senescence and few
plants showed less senescence and completed life cycle. The bio-
metric data taken in some of the selected wild type plants showed
reduced root growth, increased MG and reduced biomass under
stress. Transgenic plants maintained higher root growth, root
density, root weight and total dry matter (TDM) compared to wild
type plants (Fig. 5b and c), even the MG levels was lower than the
wild type plants (Fig. 5d and e). Further in another set of plants that
are allowed till the seed set at harvest, few critical growth pa-
rameters such as plant height, time taken for flowering, seed
weight and root growth was assessed in both wild type and
transgenic plants till harvest. Only 15% of wild type plants survived
and in these plants growth of wild type plants was severely affected
by continuous exposure to salinity stress whereas transgenic plants
were less affected (Table 1). Due to stress, wild type plants showed
early flowering, however transgenics showed less advance in
flowering compared to non stress control plants (Table 1).

3.5. AKR1 transgenics showed improved activity of metabolic
enzymes under soil salinity conditions

Under stress conditions formation of protien carbonyls is pre-
dominantly due to RCCs. Therefore, RCCs may affect the function of
many enzymes. In view of this the effect of salinity stress on the
enzymatic activity of few selected enzymes was studied. The 25-
day-old AKR1 overexpressing transgenic and wild type plants were
exposed to 300 mM NaCl. From these plants relative activity of a
few important enzymes that are known to upregulate under stress



Fig. 4. Transgenic plants expressing AKR1 detoxify reactive carbonyl compounds under NaCl stress. Transgenic and wild type plants were grown hydroponically with NaCl con-
taining Hoagland solution. a) Phenotypic response b) Root length, c) RCCs detection using Schiff's reagent, d) Evans blue stain taken up by the roots exposed to NaCl stress, e) Levels
of evans blue stain in roots and leaf tissue treated with NaCl, f) Fresh weight of seedlings, g) Naþ content in leaf and roots. n ¼ 10, experiments was repeated at least 3 times and the
values are mean of all the three times. Two way ANOVAwith P < 0.05 with Tukey's honest significant differences (HSD) means separation test (a ¼ 0.05) among transgenic and wild
type were conducted.
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such as glutathione reductase (GR), ascorbate peroxidase (APX) and
delta 1-pyrroline-5- carboxylate synthase (P5CS) were studied. The
transgenic plants had higher levels of glutathione under stress
(Fig. 6a). The higher levels of GSH in transgenic plants could be due
to higher activity of GR enzyme (Fig. 6b). The transgenic plants also
showed relatively higher APX enzyme activity at 300 mM NaCl
stress (Fig. 6c). The activity of these enzymes was less in wild type
plants compared to transgenic plants. The proline levels in trans-
genic plants was significantly higher compared to wild type
(Fig. 6d) under saline stress. This increase in proline is due to the
increased activity of delta 1-pyrroline-5- carboxylate synthase
(P5CS) that is involved in biosynthesis of proline (Fig. 6e). In AKR1
overexpressing plants these enzyme activity was higher and not
affected and hence better scavenging of ROS and RCCs that are
generated under salinity stress.

4. Discussion

Several cytotoxic compounds including ROS and RCCs generated
under salinity stress are potentially harmful for cell integrity
(Asada, 1999). Under NaCl stress the generation of RCCs like MG,
MDA, HNE etc. Have been showed in different crops (Yadav et al.,
2005; Mano, 2012). The Methylglyoxal (MG), glyoxal (GLY), 3-
deoxyglucosone (3-DG), MDA, HNE, and acrolein are formed by
Schiff's bases, amodari re-arrangement of glucose and lipid per-
oxidation end products. These molecules react with several pro-
teins that are involved in cellular metabolic processes bymodifying
the side chains of aminoacids by forming protein aggregates
(Negm,1986; Mundree et al., 2000). The glyoxalase I and glyoxalase
II reduces MG into lactate using glutathione as electron donor and
overexpression of these two enzymes in tobacco showed enhanced
tolerance to salinity andMG (Singla-Pareek et al., 2003; Yadav et al.,
2005). The other group of enzymes aldo-keto reductases have
shown to detoxify broad substrate RCCs. Overexpression of Aldo-
keto reductase (OsAKR1) from rice, MsALR1 in tobacco showed
tolerance by reducing 4-HNE and MG levels (Turcozy et al., 2011;
Hegedüs et al., 2004; Oberschall et al., 2000; Hideg et al., 2003).
Role of AKR4C10 and AKR4C11 in reducing sugar derived RCCs have
been demonstrated in Arabidopsis in response to light and CO2
(Saito et al., 2013). Our previous studies have shown that over-
expression of PsAKR1, OsAKR1 in tobacco showed improved toler-
ance to carbonylmolecule glyphosate (Vemanna et al., 2016). In this
present study, higher levels of RCCs were detected in wild type
tobacco plants under NaCl stress and overexpression of PsAKR1 in
transgenic plants showed reduced RCCs such as MG, MDA levels
and improved tolerance to salinity stress. The PsAKR1 over-
expressing tobacco plants showed reduced accumulation of ROS
with reduced electrolyte leakage and higher chlorophyll content



Fig. 5. Response of tobacco transgenic and wild type plants to salinity stress at whole plant level. 45 days-old transgenic and wild type plants exposed to salinity stress of 8 dS/m,
one set of plants were assessed at 60th day for a) Phenotypic response, b) Variation in root growth, c) Root dry weight, d) Methylglyoxal levels and e) Total dry matter (biomass). The
plants were harvested and both root and shoot was dried in oven and total biomass was measured. n ¼ 5, minimum 5 plants were used for root growth studies from each line. Two
way ANOVA with P < 0.05 with Tukey's honest significant differences (HSD) means separation test (a ¼ 0.05) among transgenic and wild type were conducted.

Table 1
Comparison of various growth parameters of the wild type and AKR1 expressing transgenic tobacco plants grown salinity stress.

Parameter Non-treated control plants Salinity stress

WT T1 T2 T3 aWT T1 T2 T3

Plant Height (cm) 115 ± 5 124 ± 4 120 ± 3 130 ± 5 65 þ 10 105 ± 2 108 ± 3 98 ± 2
Flowering time (Days) 132 ± 2 138 ± 2 132 ± 3 134 ± 2 105 þ 4 120 ± 2 121 ± 2 118 ± 1
Seed weight per pod (mg) 128 ± 4 140 ± 2 134 ± 3 136 ± 3 68 þ 6 115 ± 1 113 ± 1 118 ± 1
Root growth Inhibition (%) 0 0 0 0 60 15 20 18

Experiments were repeated at least three times, and the values represent means of different samples. In all cases, n¼5.
a Only 15% of wild type plants survived and the biometric observations were recorded from those survived seed set and harvested plants.
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under salinity stress. The improved tolerance to MG signifies the
tolerance is due to detoxification of RCCs by AKR1 overexpression.
Similarly overexpression of AtAKR4C9 andMsALR in barley showed
reduced RCCs (Csaba et al., 2016).

The RCCs are known to affect several metabolic processes pre-
dominantly forming adducts with protiens or by formation of
protien carbonyls and hence affect function of many enzymes.
Acrolein an RCC significantly reduced the activity of the calvin cycle
enzymes glyceraldehyde phosphate dehydrogenase (GAPDH)
Fbpase, Aldolase, phosphoribulo kinase (PRK) etc was significantly
reduced and also showed reduced glutathione (Mano et al., 2009;
Yin et al., 2010). We provide experimental evidences that in the
AKR expressing transgenic lines, the activity of few stress induced
enzymes in transgenics is higher compared to wild type. The
glutathione reductase enzyme activity is significantly increased in
transgenic plants that resulted in increased accumulation of
glutathione levels. The higher levels of antioxidant glutathione in
PsAKR1 expressing transgenics may protect cellular metabolic
process against a range of cytotoxic compounds including heavy
metals (Dixon et al., 1998). Though the glutathione levels increases



Fig. 6. AKR1 protects enzymes and maintain higher activity under NaCl stress. The 25 day-old transgenic and wild type plants exposed to NaCl (300 mM) stress and after 15 days
the enzyme activity was measured from leaf tissues. a) Glutathione levels, b) Glutathione reductase enzyme activity, c) Ascorbate peroxidase activity, d) Proline levels and e) delta 1-
pyrroline-5- carboxylate synthase (P5CS) enzyme activity in NaCl treated and water control tissues. n ¼ 3 all the measurements were done atleast 3 times with 3 biological
replications. Two way ANOVA with P < 0.05 with Tukey's honest significant differences (HSD) means separation test (a ¼ 0.05) among transgenic and wild type were conducted.
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under stress (Celik and Atak, 2012), the marginal increase in
glutathione in wild type plants could be attributed to RCCs asso-
ciated inactivation of glutathione reductase. Carbonylation of
several enzymes like GST and SOD enzymes as well as other calvin
cycle associated proteins have been reported in apoptotic response
to oxidative stress (Magi et al., 2004).

The AKR1 expressing transgenic plants also showed increased
activity of APX under stress compared to wild type plants sug-
gesting less affected due to protien carbonylation by salinity stress.
The protein carbonylation of antioxidant enzymes superoxide dis-
mutase (MnSOD), Peroxiredoxin-1,-3, and -5, Glutathione peroxi-
dase 1, Glutathione S-transferase M1/A4, Aldehyde dehydrogenase
under oxidative stress has been reported (Brigitte et al., 2013). The
AKR1 expressing transgenics also showed significantly reduced
levels of H2O2. The reduced levels of H2O2 levels could be due to
higher activity of APX, glutathione and other enzymes that may be
protected from RCCmodifications on proteins. The AKR1 expressing
tobacco transgenics maintained higher levels of proline under sa-
line conditions that suggests improved osmotic homeostasis
because of higher activity of biosynthetic enzyme P5CS. Although
wild type plants showed slightly increased levels of proline but the
transgenic plants had significantly higher levels of proline (Fig. 6d)
that can play role as osmolyte to protect from oxidative damage.
The increased accumulation of proline was also evident is Turkish
tobacco plants exposed to higher NaCl levels (Celik and Atak, 2012).
The accumulation of proline is one of the adaptive strategy in plants
and many studies demonstrat the role of proline in improving
stress adaptation in crop plants (Hare et al., 1999; Savour�e et al.,
1997).

Both wild type and transgenic plants accumulated higher con-
centrations of Naþ in roots compared to shoot. However, in wild
type plants Naþ accumulation was higher in both in root and shoot
compared to transgenic plants. Similar observations were reported
in transgenic tobacco plants expressing glyoxalase I and II genes
(Singla-Pareek et al., 2003). Our results demonstrates that the
transgenic plants also showed tolerance by protecting the cellular
enzymes and also Naþ homeostasis. However, the role of AKR1 in
regulating the Naþ uptake is not clear. The increased enzymatic
activities in AKR1 transgenics can protect the functional proteins
and plasma membrane from ROS and RCCs and subsequently re-
duces the protein carbonylation and formation of ALEs and AGEs
resulting in improved tolerance to salinity stress.
Author contributions

R.S$V and U.K.M concaved the project and R.S$V designed and
executed the experiments. B.K.C did hydroponic experiments. J.K.S
and A.R.V estimated antioxidant and scavenging enzyme activity.
R.S.V and B$K$C analysed the data and R.S$V, S$S$K and U.K.M
wrote manuscript.



R.S. Vemanna et al. / Plant Physiology and Biochemistry 113 (2017) 177e186186
Acknowledgements

This work was supported from Department of Biotechnology,
Centre of Excellence program support (BT/01/COE/05/03), Indian
Council of Agricultural Research e Niche Area of Excellence pro-
gram (F. No. 10-(6)/2005 EPD) and (F. No. 10 (15) 2012 EPD). MUK
acknowledges the support for Plantinum jubilee fellowship from
NASI, India. We thank Mr. Manjunath for taking care of hydroponic
system and Hoagland solution preparation.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.plaphy.2017.02.012.

References

Asada, 1999. The water-water cycle in chloroplasts: scavenging of active oxygens
and dissipation of excess photons. Annu. Rev. Plant. Biol. 50, 601e639.

Babitha, K.C., Vemanna, R.S., Nataraja, K.N., Udayakumar, M., 2015. Overexpression
of EcbHLH57 transcription factor from Eleusine coracana L. in tobacco confers
tolerance to salt, oxidative and drought stress. PLoS. ONE 10 (9), e0137098.
http://dx.doi.org/10.1371/journal.pone.0137098.

Babitha, K.C., Vemanna, R.S., Nataraja, K.N., Sheshshayee, M.S., Udayakumar, M.,
2015. EcbZIP60, a basic leucine zipper transcription factor from Eleusine cor-
acana L. improves abiotic stress tolerance in tobacco by activating unfolded
protein response pathway. Mol. Breed. 35, 181.

Broadford, M.M., 1976. A rapid and sensitive method for the quantification of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248e254.

Celik, O., Atak, C., 2012. The effect of salt stress on antioxidative enzymes and
proline content of two Turkish tobacco varieties. Turk. J. Biol. 36, 339e356.

Csaba, Eva, Solti, Adam, Oszvald, Maria, et al., 2016. Improved reactive aldehyde, salt
and cadmium tolerance of transgenic barley due to the expression of aldo-keto
reductase genes. Acta. Physiol. Plant. 38 (4), 99.

Dixon, D.P., Cummins, I., Cole, D.J., Edwards, R., 1998. Glutathione mediated
detoxification system in plants. Curr. Opin. Plant. Biol. 1, 258e266.

El-Sayed, H., Goodall, S., Hainsworth, R., 1995. Re-evaluation of Evans blue dye
dilution method of plasma volume measurement. Clin. Lab. Haematol. 17,
189e194.

Fisher, R.A., 1960. The Design of Experiments. Hafner Publishing Company, Inc, New
York, 248 pp.

Foyer, C.H., Halliwell, B., 1976. Presence of glutathione and glutathione reductase in
chloroplasts: a proposed role in ascorbic acid metabolism. Planta 133, 21e25.

Gavidia, I., Perez-Bermudez, P., Seitz, H.U., 2002. Cloning and expression of two
novel aldo-keto reductases from Digitalis purpurea leaves. Eur. J. Biochem. 269,
2842e2850.

Gay, C., Collins, J., Gebicki, J.M., 1999. Hydroperoxide assay with the ferric- xylenol
orange complex. Anal. Biochem. 273, 149e155.

Griffith, O.W., 1980. Determination of glutathione and glutathione disulfide using
glutathione reductase and 2-vinylpyridine. Anal. Biochem. 106, 207e212.

Gupta, B., Huang, B., 2014. Mechanism of salinity tolerance in plants: physiological,
biochemical, and molecular characterization. Int. J. Genomics. http://dx.doi.org/
10.1155/2014/701596, 701596.

Hare, P.D., Cress, W.A., Staden, V.J., 1999. Proline synthesis and degradation: a model
system for elucidating stress-related signal transduction. J. Exp. Bot. 50,
413e434.

Hegedüs, A., Erdei, S., Janda, T., T�oth, E., Horv�ath, G., Dudits, D., 2004. Transgenic
tobacco plants overproducing alfalfa aldose/aldehyde reductase show higher
tolerance to low temperature and cadmium stress. Plant. Sci. 166, 1329e1333.

Hideg, T., Nagy, A., Oberschall, D., Vass, Dudits I., 2003. Detoxification function of
aldose/aldehyde reductase during drought and ultraviolet-B (280e320 nm)
stresses. Plant Cell. Environ. 26, 513e522.

Kawahito, S., Kitahata, H., Oshita, S., 2009. Problems associated with glucose
toxicity: role of hyperglycemia-induced oxidative stress. World. J. Gastro-
enterol. 15, 4137e4142.

Kerepesi, I., Galiba, G., 2000. Osmotic and salt stress-induced alteration in soluble
carbohydrate content in wheat seedlings. Crop Sci. 40, 482e487.

Kumar, S., Singla-Pareek, S.L., Reddy, M.K., Sopory, S.K., 2003. Glutathione:
biosynthesis, homeostasis and its role in abiotic stresses. J. Plant Biol. 30,
179e187.

Loreto, F., Velikova, V., 2001. Isoprene produced by leaves protects the photosyn-
thetic apparatus against ozone damage, quenches ozone products, and reduces
lipid peroxidation of cellular membranes. Plant Physiol. 127, 1781e1787.

Magi, B., Ettorre, A., Liberatori, S., Bini, L., Andreassi, M., Frosali, S., Neri, P., Pallini, V.,
Stefano, Di, 2004. A Selectivity of protein carbonylation in the apoptotic
response to oxidative stress associated with photodynamic therapy: a cell
biochemical and proteomic investigation. Cell. Death Differ. 11842e11852.

Mano, J., 2012. Reactive carbonyl species: their production from lipid peroxides,
action in environmental stress, and the detoxification mechanism. Plant
Physiol. Biochem. 59, 90e97.
Mano, J., Miyatake, F., Hiraoka, E., Tamoi, M., 2009. Evaluation of the toxicity of

stress-related aldehydes to photosynthesis in chloroplasts. Planta 230,
639e648.

Mohammed, N.A., Ahmed, I.A.M., Babiker, E.E., 2010. Nutritional evaluation of
Sorghum flour (Sorghum bicolor L. Moench) during processing of injera. Int. J.
Bio Life Sci. 6 (1), 35e39.

Mundree, S.G., Whitaker, A., Thomson, J.A., Farrant, J.M., 2000. An aldose reductase
homolog from the resurrection plant Xerophyta viscosa baker. Planta 211,
693e700.

Nakano, Y., Asada, K., 1981. Hydrogen peroxide is scavenged by ascorbate specific
peroxidase in spinach chloroplasts. Plant Cell. Physiol. 22, 867e880.

Negm, F.B., 1986. Purification and properties of an NADPH-aldose reductase (alde-
hyde reductase) from Euonymus japonica leaves. Plant Physiol. 80, 972e977.

Oberschall, M., De�ak, K., T€or€ok, L., Sass, I., Vass, I., Kov�acs, A., Feh�er, D., Dudits, G.V.,
Horv�ath, 2000. A novel aldose/aldehyde reductase protects transgenic plants
against lipid peroxidation under chemical and drought stress. Plant J. 24,
437e446.

Parida, A.K., Das, A.B., Mohanty, P., 2004. Investigations on the antioxidative defence
responses to NaCl stress in a mangrove, Bruguiera parviflora: differential regu-
lations of isoforms of some antioxidative enzymes. Plant Growth Regul. 42,
213e226.

Paulus, C., K€ollner, B., Jacobsen, H.J., 1993. Physiological and biochemical charac-
terization of glyoxalase I, a general marker for cell proliferation, from a soybean
cell suspension. Planta 189, 561e566.

Richard, J.P., 1984. Acidebase catalysis of the elimination and isomerization re-
actions of triose phosphates. J. Am. Chem. Soc. 106, 4926e4936.

Saito, R., Shimakawa, G., Nishi, A., Iwamoto, T., Sakamoto, K., Yamamoto, H.,
Amako, K., Makinod, A., Miyake, C., 2013. Functional analysis of the AKR4C
subfamily of Arabidopsis thaliana: model structures, substrate specificity, acro-
lein toxicity, and responses to light and [CO2]. Biosci. Biotechnol. Biochem. 77,
2038e2045.

Sanan-Mishra, N., Pham, X.H., Sopory, S.K., Tuteja, N., 2005. Pea DNA helicase 45
overexpression in tobacco confers high salinity tolerance without affecting
yield. PNAS 102, 509e514.

Savour�e, A., Hua, X.J., Bertauche, N., Montagu, M.V., Verbruggen, N., 1997. Abscisic
acid-independent and abscisic acid dependent regulation of proline biosyn-
thesis following cold and osmotic stresses in Arabidopsis thaliana. Mol. Genet.
Genomics. 254, 104e109.

Singla-Pareek, S.L., Reddy, M.K., Sopory, S.K., 2003. Genetic engineering of the
glyoxalase pathway in tobacco leads to enhanced salinity tolerance. Proc. Natl.
Acad. Sci. 100, 14672e14677.

Smitharani, J.A., Sowmyashree, M.L., Vasantha, K.M., Srivastava, M., Sashidhar, V.R.,
2014. Na influx is significantly lower in salt tolerant groundnut (Arachis hypo-
gaea) varieties. Physiol.Mol. Biol. Plants. 20, 49e55.

Veena Reddy, V.S., Sopory, S.K., 1999. Glyoxalase I from Brassica juncea: molecular
cloning, regulation and its overexpression confer tolerance in transgenic to-
bacco under stress. Plant J. 17, 385e395.

Takagi, D., Inoue, H., Odawara, M., Shimakawa, G., Miyake, C., 2014. The calvin cycle
inevitably produces sugar-derived reactive carbonyl methylglyoxal during
photosynthesis: a potential cause of plant diabetes. Plant Cell. Physiol. 55,
333e340.

Thornalley, P.J., 1990. The glyoxalase system: new developments towards functional
characterization of a metabolic pathway fundamental to biological life. Bio-
chem. J. 269, 1e11.

Turoczy, Z., Kis, P., Torok, K., Cserhati, M., Lendvai, A., Dudits, D., Horvath, G.V., 2011.
Overproduction of a rice aldo-keto reductase increases oxidative and heat stress
tolerance by malondialdehyde and methylglyoxal detoxification. Plant Mol.
Biol. 75399e75412.

Vander Jagt, D.L., Hassebrook, R.K., Hunsaker, L.A., Brown, W.M., Royer, R.E., 2001.
Metabolism of the 2-oxoaldehyde methylglyoxal by aldose reductase and by
glyoxalase-I: roles for glutathione in both enzymes and implications for dia-
betic complications. Chem. Biol. Interact. 549e562, 130e132.

Vemanna, R.S., Swetha, T.N., Sheela, H.S., Babitha, K.C., Sreevathsa, R., Reddy, M.K.,
Tuteja, N., Reddy, P.C., Prasad, T.G., Udayakumar, M., 2015. Co-expression of
regulatory genes associated with specific drought adaptive traits improves
drought adaptation. Plant Biotech. J. 14, 1008e1020.

Vemanna, R.S., Vennapusa, A.R., Easwaran, M., Babitha, K.C., Rao, H., Kirankumar, G.,
Kirankumar, S.M., Udayakumar, M., 2016. Aldo-keto reductase enzymes detoxify
glyphosate and improve herbicide resistance in plants. Plant Biotech. J. http://
dx.doi.org/10.1111/pbi.12632.

Vistoli, G., De Maddis, D., Cipak, A., Zarkovic, N., Carini, M., Aldini, G., 2013.
Advanced glycoxidation and lipoxidation end products (AGEs and ALEs): an
overview of their mechanisms of formation. Free Radic. Res. 1, 3e27.

Wang, W., Vinocur, B., Altman, A., 2003. Plant responses to drought, salinity and
extreme temperatures: towards genetic engineering for stress tolerance. Planta
218, 1e14.

Xiong, L., Zhu, J.K., 2002. Molecular and genetic aspects of plant responses to os-
motic stress. Plant Cell. Environ. 25, 131e139.

Yadav, S.K., Singla-Pareek, S.L., Reddy, M.K., Sopory, S.K., 2005. Methylglyoxal
detoxification by glyoxalase system: a survival strategy during environmental
stresses. Physiol. Mol. Biol. Plants. 11, 1e11.

Yin, L., Mano, J., Wang, S., Tsuji, W., Tanaka, K., 2010. The involvement of lipid
peroxide-derived aldehydes in aluminum toxicity of tobacco roots. Plant
Physiol. 152, 1406e1417.

http://dx.doi.org/10.1016/j.plaphy.2017.02.012
http://dx.doi.org/10.1016/j.plaphy.2017.02.012
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref1
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref1
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref1
http://dx.doi.org/10.1371/journal.pone.0137098
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref3
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref3
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref3
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref3
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref4
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref4
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref4
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref4
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref5
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref5
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref5
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref6
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref6
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref6
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref7
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref7
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref7
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref8
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref8
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref8
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref8
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref9
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref9
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref10
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref10
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref10
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref12
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref12
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref12
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref12
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref13
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref13
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref13
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref14
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref14
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref14
http://dx.doi.org/10.1155/2014/701596
http://dx.doi.org/10.1155/2014/701596
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref17
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref17
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref17
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref17
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref19
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref19
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref19
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref19
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref19
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref19
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref20
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref20
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref20
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref20
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref20
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref21
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref21
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref21
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref21
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref22
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref22
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref22
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref23
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref23
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref23
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref23
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref24
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref24
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref24
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref24
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref25
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref25
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref25
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref25
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref25
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref26
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref26
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref26
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref26
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref27
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref27
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref27
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref27
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref28
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref28
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref28
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref28
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref29
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref29
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref29
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref29
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref30
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref30
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref30
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref31
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref31
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref31
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref33
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref33
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref33
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref33
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref33
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref33
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref33
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref33
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref33
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref33
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref33
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref34
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref34
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref34
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref34
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref34
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref35
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref35
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref35
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref35
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref35
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref36
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref36
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref36
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref36
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref38
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref38
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref38
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref38
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref38
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref38
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref38
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref39
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref39
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref39
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref39
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref40
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref40
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref40
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref40
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref40
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref40
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref42
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref42
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref42
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref42
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref43
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref43
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref43
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref43
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref44
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref44
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref44
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref44
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref45
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref45
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref45
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref45
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref45
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref46
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref46
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref46
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref46
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref47
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref47
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref47
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref47
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref47
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref48
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref48
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref48
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref48
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref48
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref48
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref49
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref49
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref49
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref49
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref49
http://dx.doi.org/10.1111/pbi.12632
http://dx.doi.org/10.1111/pbi.12632
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref51
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref51
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref51
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref51
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref52
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref52
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref52
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref52
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref53
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref53
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref53
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref54
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref54
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref54
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref54
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref55
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref55
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref55
http://refhub.elsevier.com/S0981-9428(17)30062-1/sref55

	Aldo-keto reductase-1 (AKR1) protect cellular enzymes from salt stress by detoxifying reactive cytotoxic compounds
	1. Introduction
	2. Material and methods
	2.1. Plant material
	2.2. Imposition of stress
	2.2.1. Seedling level
	2.2.2. Excised leaf disc assays
	2.2.3. Hydroponic system
	2.2.4. Whole plant stress

	2.3. Quantification of H2O2 levels
	2.4. Total chlorophyll content
	2.5. Electrolyte leakage
	2.6. Evans blue assay
	2.7. Schiff's test
	2.8. Quantification of Na+content in root and shoot
	2.9. Quantification of MDA levels
	2.10. Methylglyoxal levels
	2.11. Estimation of proline
	2.12. Estimation of reduced glutathione (GSH)
	2.13. Measurement of enzyme activities
	2.13.1. Ascorbate peroxidase activity
	2.13.2. Glutathione reductase activity
	2.13.3. Pyrroline-5-carboxylate synthetase activity

	2.14. Statistical analysis

	3. Results
	3.1. AKR1 overexpressing transgenic tobacco plants showed higher survival and tolerance to salinity stress
	3.2. Overexpression of PsAKR1 rescued tobacco seedlings from methylglyoxal effect
	3.3. AKR1 expression in transgenic plants detoxify reactive carbonyl compounds under NaCl stress
	3.4. AKR1 protects antioxidant enzymes and improve proline levels under salinity stress
	3.5. AKR1 transgenics showed improved activity of metabolic enzymes under soil salinity conditions

	4. Discussion
	Author contributions
	Acknowledgements
	Appendix A. Supplementary data
	References


