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ABSTRACT

A glutathione-deficient mutant, designated as gshL-1, was isolated in 350 Gy gamma ray treated M, progeny of grass pea (Lathyrus
sativus L.) var. ‘BioL-212’. Its fitness was tested in control (un-stressed) and in four different concentrations (5, 10, 25 and 50 uM) of
CdCl,. The mutant, containing only 15% of total glutathione in leaves and 20% of that in roots of mother control (MC) variety, exhibited
slow growth, poor root development and significant reduction in biomass production, in comparison to MC plants. The impact was more
severe in Cd-treated plants. The huge deficiency in total and reduced glutathione (GSH) content was mainly due to significantly low level
of glutathione reductase activity, triggering a massive disruption in antioxidant defense systems in both leaves and roots of the mutant.
Interestingly, glutathione biosynthesis was not affected in the mutant. Within ascorbate-GSH cycle, low GSH availability presumably
impeded the normal functioning of dehydroascorbate reductase (DHAR), badly hampering the regeneration of reduced ascorbate in the
mutant. The cascading effect of low GSH pool was also felt in scavenging of hydrogen peroxide due to below normal activity of ascorbate
peroxidase and glutathione peroxidase, although catalase level was significantly high in both untreated and Cd-treated mutant plants.
Furthermore, nearly 7-fold decrease in activity of GSH-S-transferases (GSTs) and accumulation of total phytochelatins only 10% of MC
plants might led to increased sensitivity of the mutant plant to the imposed Cd stress. The results indicated potentiality of the induced
mutagenesis in creation of novel mutants to explore the regulation of antioxidant redox homeostasis, mechanism of reactive oxygen
species scavenging and tolerance to metal toxicity in grass pea.

Keywords: ascorbate-glutathione cycle, catalase, H,O,, phytochelatins, redox state
Abbreviations: ABA, abscisic acid; Cd, cadmium; EMS, ethyl methane sulfonate; FAD, flavin adenine dinucleotide; GSH, reduced
glutathione; gshL-1, glutathione-deficient Lathyrus type-1 mutant; GSSG, glutathione disulfide or oxidized glutathione; H,0O,, hydrogen

peroxide; PC, phytochelatin; ROS, reactive oxygen species

INTRODUCTION

Mutation is defined as a change in the heritable constitution
of an organism. It is an important source of genetic vari-
ation and one of the major driving forces in evolution of
living organisms. Mutation occurs naturally at very low
frequencies. However, it can be induced at much higher
frequencies using physical, chemical and biological muta-
gens (Kharkwal and Shu 2009). The use of induced muta-
tion in crop improvement has proven to be an effective
approach to improve yield, quality and resistance to biotic
and abiotic stresses (Maluszynski ef al. 1995; Nichterlain et
al. 2000; Tiryaki and Staswick 2002). There are examples
of successful mutagenic induction of tolerance to abiotic
stresses, such as salt tolerance in Hordeum vulgare cv.
‘Golden Promise’ (Forster 2001), Oryza sativa cv. ‘Nippon-
bare’ (Thang et al. 2010), Chrysanthemum morifolium cv.
‘Maghi Yellow’ (Hossain et al. 2006), Musa acuminata cv.
‘Dwarf Cavendish’ (Miri et al. 2009) or drought and cold
tolerance in rice (Maluszynski et al. 1995; Thang et al.
2010), and aluminium tolerance in Hordeum vulgare (Naw-
rot et al. 2001) and in Pisum sativum ‘bronze’ mutants
(Guinel and LaRue 1993). As the crop plants including leg-
umes experience increasing stress in different perspectives,
a broader range of variability can give wider scope of
selection for their tolerance to stress. Induced mutagenesis
has provided a clean, flexible, workable, non-hazardous and
low-cost alternative to genetically modified organisms

(GMOs) for crop improvement (Jain 2010).

Grass pea (Lathyrus sativus L.), the only cultivated
member under the genus Lathyrus, is an annual leguminous
crop used for human consumption and animal feedstock,
extensively in Indian subcontinent, Australia, the Mediter-
ranean regions and to a lesser extent in South America,
China and parts of Europe (Biswas 2007). This crop is
known for its remarkable hardiness in low input and mar-
ginal environments and tolerance to biotic and abiotic
stresses (Vaz Patto et al. 2006; Biswas 2007). Due to low
genetic variability and inter-specific incompatibility in natu-
ral population, technique of mutation breeding was adopted
as a valuable supplement to conventional plant breeding for
creation of additional genetic variations in grass pea
(Rybinski 2003; Talukdar 2009a). In recent times, a good
number of desirable morphological mutations has been iso-
lated and characterized in induced mutant population of this
crop (Talukdar 2009b, 2011e). The power of mutagenic
treatment was also manifested in induction of various struc-
tural and numerical aberrations and polyploidy in grass pea.
A robust cytological stock comprising of trisomics, tetra-
somics, double trisomics, various reciprocal translocations
and autotetraploid lines has recently been developed in this
crop (Talukdar 2009c, 2010a, 2010b). This mutant stock has
been successfully used to characterize and map the desira-
ble morphological and isozyme markers on specific chromo-
somes of grass pea (Talukdar 2009a, 2010c, 2011b, 2011d).
Very recently, an ascorbate-deficient and two flavonoid-
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Glutathione (GSH) metabolism
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Fig. 1 Glutathione (GSH) biosynthetic pathway and possible routes of
its utilization in higher plants. y-ECS - y—glutamylcysteine synthetase,
GSHS - Glutathione synthetase.

deficient mutants have been detected in gamma ray and
EMS-mutagenized population of grass pea, respectively,
and the latter has already been mapped on grass pea chromo-
somes along with isozyme loci related to antioxidant meta-
bolites, using primary trisomics (Talukdar 2012a, 2012b).

The heavy metal cadmium (Cd) is readily taken up by
plant species and interferes with cellular metabolic pro-
cesses, resulting in growth inhibition and low biomass
accumulation (Dixit ef al. 2001; Sandalio et al. 2001). Cd
induces oxidative stress by generating free radicals and
reactive oxygen species (ROS). These species unbalances
the cellular redox system in favour of oxidised form, resul-
ting in oxidative damage to lipids, proteins, pigments, and
nucleic acids. Plants possess well-developed antioxidant
defence systems, comprising of several enzymes and low
molecular weight molecules. Mutational approach offers a
powerful tool to study the genetic, physiological and mole-
cular mechanisms protecting plants against metal toxicity
(Tsyganov et al. 2007). Mutant isolation is one of the effec-
tive ways to isolate and clone the target genes and analyze
their functions (Thang et al. 2010). Surprisingly, mutant
selections regarding increased tolerance and accumulation
have rarely been performed and described to date, presu-
mably because only few mutants showing altered heavy
metal tolerance could be obtained. In the model plant, Ara-
bidopsis, cadmium-sensitive mutants cadl and cad? (How-
den and Cobbett 1992; Howden et al. 1995; Cobbett et al.
1998), copper-sensitive mutant cupl-1 (van Vliet et al.
1995) and Mn, Cu and Zn over-accumulating manl mutant
(Delhaize 1996) were developed through induced muta-
genesis. In pea, increased tolerance and accumulation of Cd
were induced in an ethyl methane sulfonate (EMS)-treated
mutant (Tsyganov ef al. 2007). These mutants have been
used extensively to reveal underlying genetic and physiolo-
gical mechanisms of heavy metal homeostasis and tolerance
in plants.

Glutathione (reduced form: GSH; oxidized form:
GSSG), the tripeptide y-glutamylcysteinylglycine, is the
major source of non-protein thiols in most plant cells and
plays pivotal roles in plant defense against ROS-induced
oxidative stress, presence of xenobiotics and heavy metal
toxicity (Bergmann and Rennenberg 1993). Its role in ger-
mination of pollen grains and gametophyte development in

higher plants has recently been elucidated (Zechmann 2011).

In plants, GSH is synthesized enzymatically from its consti-
tuent amino acids via a two-step ATP-dependent pathway
(Alscher 1989; Hell and Bergmann 1990). The first step,
catalyzed by y-glutamylcysteine synthetase (y-ECS), forms
y-glutamylcysteine and the second, catalyzed by GSH
synthetase (GSHS), produces GSH through the addition of
glycine residue (Fig. 1). Among the ROS-scavenging
machinery, ascorbate (ASC)-glutathione (GSH) cycle plays
a pivotal role in plant defense, where GSH plays a central
role in regeneration of reduced ascorbate from its oxidized
form dehydroascorbate (DHA) through the reactions cata-
lyzed by dehydroascorbate reductase (DHAR). The resul-
tant glutathione disulfide or GSSG is then reduced back to
GSH by NADPH-dependent action of glutathione reductase
(GR). This homodimeric flavoprotein is extremely impor-
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tant in maintaining GSH:GSSG ratios within the cell. The
balance in favor of reduced thiol group makes this redox
couple ideally suited to information transduction (Noctor et
al. 2002). The GSH/GSH+GSSG ratio is likely to be far
more influential in the antioxidant defense, control of gene
expression and thionylation process of numerous compo-
nents than the absolute size of the glutathione pool (Noctor
et al. 2002). Using the reduced ascorbate as a co-factor,
ascorbate peroxidase (APX) reduces H,0O, to H,O. Besides
the APX in ASC-GSH cycle, catalases (CAT) which are
exclusively located in peroxisomes also degrades photores-
piratory H,O, to H,O, but without consuming any type of
reducing power. The H,0, is a predominant oxidant within
the cell and is continuously generated in aerobic cells by
photorespiration, activity of superoxide dismutase (SOD)
and other reasons. GSH in reduced form protects many thiol
containing enzymes from being oxidized by maintaining
high redox state (Foyer and Noctor 2011). It is also the
precursor of phytochelatins (PCs) which binds heavy metals
like Cd through chelation and the PC-metal complex is
sequestered in the vacuoles (Rauser 1995). The PC synthase
(v-Glu-Cys dipeptidyl transpeptidase) catalyzes the synthe-
sis of PCs by transferring a y-Glu-Cys moiety of GSH to
GSH or to other PCs (Zenk 1996). The conjugation of GSH
to heavy metals is accomplished by multifunctional enzymes
glutathione S-tranferases (GSTs) (Marrs 1996). Glutathione
peroxidases (GPXs) are also involved in removal of organic
peroxides and H,0O, using GSH or thioredoxins as electron
donors (Noctor et al. 2006). Transgenic tobacco overexpres-
sing GST/GPX reportedly exhibited enhanced antioxidant
capacity under stress (Roxas et al. 1997).

The power of mutant analysis in elucidation of role of
GSH as a redox component in growth and development of
plants has been demonstrated in Arabidopsis rmll mutant
showing inhibition of root growth due to almost absence
(nearly 3% of wild type) of GSH (Vernoux et al. 2000). Its
importance in heavy metal tolerance was well characterized
in cadl and cad? mutants of Arabidopsis, and the latter was
used to reveal the interplay between thioredoxin and GSH
systems in Arabidopsis auxin signaling (Bashandy et al.
2010). The cadmium sensitivity of these two mutants was
mainly due to deficiency in PC synthase (Howden and
Cobbett 1992; Howden ef al. 1995) and y-glutamylcysteine
synthetase (Cobbett et al. 1998) activity, respectively. The
Cd tolerant pea mutants exhibited elevated concentration of
GSH in the roots. In grass pea, transcripts of several anti-
oxidant enzymes were analysed in lead-induced oxidative
stress (Brunet et al. 2009), while morpho-physiological
variations were studied in the plants submitted to arsenic
(Talukdar 2011c). The compensatory role of GSH in anti-
oxidant defense of this crop has recently been elucidated in
an induced mutant line, exhibiting huge deficiency (58-
81%) in cellular ascorbate level (Talukdar 2012b). As part
of a broader strategy to develop a mutant stock useful in
understanding the stress tolerance mechanism, mutation
was induced through different doses of gamma rays in the
present author’s laboratory during 2008-09. On the basis of
preliminary observations, two plants showing weak growth
and rolled leaflets were isolated in 350 Gy gamma ray
treated M, progeny of improved grass pea (Lathyrus sativus
L.) var. ‘BioL-212’. Although initially it seemed to be an
aneuploid type, later it was found to be diploid but deficient
in glutathione content in roots and leaves. Detail investiga-
tion was carried out at M3 generation using both unstressed
control and cadmium-induced stress conditions. The objec-
tives of the present work were to study 1) the morphology
of the mutant, 2) the cause/s of glutathione deficiency, 3) its
effect on antioxidant defense systems within ascorbate-
glutathione cycle and outside it, and 4) alterations in thiol
containing enzymatic defense, such as GSTs, GPXs and PC
synthase in control and in response to cadmium treatments.
The comparative response of GSH-deficient mutant in the
two different environments could help in the global under-
standing of GSH-mediated cellular events and its effects on
growth and development of grass pea plants.



Induced glutathione-deficient mutant in Lathyrus sativus L. Dibyendu Talukdar

MATERIALS AND METHODS

Induced mutagenesis and detection of
glutathione-deficient mutant in field

Fresh and healthy seeds of an improved grass pea cv. ‘BioL-212’
were irradiated with different doses (50, 100, 150, 200, 250, 300,
350 and 400 Gy) of gamma rays to induce mutation. This is an
improved cultivar with low seed neurotoxin (<0.1%) content, and
exhibited very high tolerance to salinity stress (Talukdar 2011g).
Therefore, it was selected for the present study. A total of 800
treated seeds were sown to raise the M; generation in separate
plots (treatment-wise) with 30 and 50 cm uniform distances
between plants and rows, respectively. Seeds of individual M;
plants in all the treatments along with control were separately
harvested and sown in different rows in a randomised block design
to raise M, progenies. After careful examination, two plants were
detected in 350 Gy-irradiated populations by their characteristic
weak growth and rolled leaflets (Fig. 2). These two ‘variant’ plants
were subjected to rigorous screening in subsequent selfed-gene-
ration, and found to be self-fertile with normal diploid (2n=2x=14)
chromosome complement, but highly deficient in total extractable
glutathione content in leaves and roots. After necessary confirma-
tion of its GSH levels at M; generation, the progeny of these two
‘variant’ plants were designated as gshL-1 (glutathione-deficient
Lathyrus type-1) mutant.

Fig. 2 The gshL-1 mutant with its mother plant at early seedling stage.
(A) Reduced height. (B) Characteristic rolled leaflets (—) of the mutant.

Culture conditions and Cd treatment

Grass pea seeds obtained from M; plants of gshL-/ mutant and its
mother variety ‘BioL-212" were allowed to germinate at dark in
two separate sets on moistened filter paper at 25°C. Germinated
seedlings were randomly placed in polythene pots (10 plants pot™)
containing 300 ml of Hoagland’s No 2 nutrient media (Hoagland
and Arnon 1938) and were allowed to grow for 14 d. The media
were, then, supplemented with five different concentrations (0, 5,
10, 25 and 50 uM) of CdCl, and were allowed to grow for another
14 d. Six replicates for each treatment were prepared to give a
total of 30 pots. Nutrient solution was refreshed in every alternate
day to prevent depletion of nutrient as well as Cd in the course of
the plant’s exposure to the metal. Seedlings and plants were placed
in a growing chamber with a 14-h photoperiod, at 25°C, humidity
of 70% and a photon flux density of 200 umol m? s, Mutant
plants submitted to unstressed (0 uM CdCl,) and Cd-treated
conditions were used as mutant control (MuC) and negative
control (NC), respectively, whereas mother variety was regarded
as mother control (MC) for 0 uM CdCl, and treated mother (TM)
for rest of the treatment regimes (5, 10, 25 and 50 uM CdCl,).

Determination of dry mass and Cd content

Plants were harvested at 30 d growth period. Shoots and roots
were separated carefully and rinsed thoroughly with sterile
distilled water. Lengths of seedling and root were measured. Data
given were the average of at least six independent experiments +
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standard error (SE). Plant samples were, then, oven dried at 65 °C
for 72 h for determination of dry mass or immediately frozen in
liquid nitrogen, and stored at -80 °C for future analysis. The roots
and leaves were digested in a HNO;-HCI1O, (3: 1, v/v) mixture and
Cd concentration was determined using an atomic absorption
spectrophotometer (Perkin-Elmer, Analyst 300).

Estimation of thiols and thiol synthetase assays

Non-protein thiols (NPT) were extracted by homogenizing frozen
plant material in 10% sulfosalicylic acid solution. The homogenate
was centrifuged for 5 min at 13,000 x g at 4°C, and the super-
natants were immediately assayed for sulphydryl groups and GSH.
The NPT content was measured spectrophotometrically with Ell-
man’s reagent: 0.25 cm’ of acid soluble supernatant was neutra-
lized with 0.5 cm® of Na-phosphate buffer (143 mM, pH = 7.5),
0.02 cm® of 5,5’ dithiobis[2-nitrobenzoic acid] (0.6 mM) (Sigma-
Aldrich, St. Louis, MI, USA) was then added to the solution, fol-
lowed by the measurement at A4;,. Total glutathione and oxidized
glutathione (GSSG) were estimated following the method of
Anderson (1985). The assay was based on sequential oxidation of
glutathione by 5,5’dithiobis[2-nitrobenzoic acid] and reduced by
NADPH-dependent glutathione reductase (GR). To quantify
GSSG content, 2-vinylpyridine (Sigma-Aldrich, St. Louis, MI,
USA) was added to the extract in order to eliminate the GSH.
After 1 h of incubation in 25°C, diethylether was added to remove
the 2-vinylpyridine from the extract. Total phytochelatins (PCs)
content was calculated by subtracting the amount of GSH from the
total amount of NPT following the principles of De Vos et al.
(1992).

The activity of y-glutamylcysteine synthetase (y-ECS; EC
6.3.2.2) was measured according to the method of Creissen et al.
(1999). Briefly, samples (50 mg) were ground in a mortar in 0.1M
Tris-HCI, pH = 7.5, 5 mM EDTA (10 ml g") with 1 g g"' PVP-30
and acid-washed sand. The homogenate was centrifuged twice at
15,000 x g for 15 min. The y-ECS assay was performed in a 500
pL reaction mixture containing 0.1 M Tris-HCL, pH 7.5, 0.1 M
MgCl,, 10 mM ATP, 50 mM Na-L-glutamate, 8 mM phospho-
creatine, 2 U of creatine phosphokinase, and 200 uL of cleared
supernatant. The mixture was incubated under anaerobic con-
ditions at 37°C for 10 min. before the reaction was commenced
with the addition of 50 uL of 20 mM L-cysteine. Samples were
collected at 10-min intervals, the reaction was stopped, and the
products were derivatized with monobromobimane (MBB), sepa-
rated and quantified by standard HPLC (flow rate 1 ml min™,
excitation = 390 nm, emission = 482 nm, three times per sample)
method. y-ECS activity was expressed as nmol of y-EC formed
min™' g fresh weight.

Activity of GSH synthetase (GSHS) was assayed by HPLC
quantification of the synthesized GSH as their MBB derivatives,
following the methods of Matamoros er al. (1999). The reaction
mixture contained 125 mM Tris-HCI (pH = 8.5), 50 mM KCl, 25
mM MgCl,, 5 mM ATP, 5 mM PEP, 5 U of pyruvate kinase, 5 mM
DTE, 0.5 mM y-EC, and 5 mM glycine in a total volume of 100
uL. After preincubation at 30°C for 3 min, the reaction was initi-
ated by adding 100 pL of samples and stopped by derivatization of
aliquots. GSHS activity was expressed as nmol min"' g fresh
weight.

For PC synthase (EC 2.3.2.15) assay, approximately 2 g of
seedling tissue was frozen in liquid N, and then ground in a chilled
mortar in extraction buffer (0.05 M Tris-HC1, pH 8.01, 0.01 M -
mercaptoethanol, 10% [v/v] glycerol; 1 mL of buffer per g of
tissue). The homogenate was centrifuged at 10,000 x g for 13 min
and the supernatant was used to assay for PC synthase, according
to the protocol of Howden et al. (1995).

Assay of antioxidant enzyme activities

The mature fully expanded leaves (grown on primary branches)
and roots were collected from MuC, MC, NC and TM plants for
biochemical studies. A pool of samples from six plants for each
line was collected, and three independent experiments were per-
formed. All operations were performed at 0-4 °C, except men-
tioned otherwise. Samples (1g) were ground with a mortar and
pestle and homogenized in an extraction medium containing 50
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mM K-phosphate buffer pH 7.8, 0.1 mM EDTA, 2 mM cysteine,
1% w/v PVP-10 and 0.2% v/v Triton X-100. All the chemicals and
reagents were purchased from Sigma-Aldrich, St. Louis, MI, USA.

For the APX (EC1.11.1.11) activity, 20 mM ascorbate was
added to the extraction buffer. The extracts were filtered through
two layers of cheesecloth, and the homogenate was centrifuged at
14,000 x g for 20 min, at 4°C. The supernatant fraction was fil-
tered through a column containing 1 mL of Sephadex G-50 equi-
librated with the same buffer used in homogenization. The hydro-
gen peroxide-dependent oxidation of ascorbate was followed by a
decrease in the absorbance at 290 nm with extinction constant 2.8
mM™ em™ following the method of Nakano and Asada (1981).

SOD (EC 1.15.1.1) activity was determined by the nitro-blue
tetrazolium photochemical assay method as described by Beyer
and Fridovich (1987). The reaction mixture (3 ml) contains 50
mM phosphate buffer (pH 7.8), 13 mM methionine, 75 uM NBT,
0.1 mM EDTA, 2 uM riboflavin and 0.1 ml of enzyme extract.
One unit of SOD was defined as the amount of protein causing a
50% NBT photoreduction.

DHAR (EC 1.8.51) was extracted with 50 mM K- phosphate
buffer (pH 7.8), 1% PVP-10, 0.2 mM EDTA and 10 mM B-mer-
captoethanol. DHAR activity was determined by following ascor-
bate formation at 265 nm (¢ = 14.1 mM™' ¢cm™) for 3 min (Nakano
and Asada 1981).

GR (EC 1.6.4.2) was extracted with the same medium as for
DHAR but without B-mercaptoethanol and with 0.1% Triton X-
100, and its activity was measured by monitoring glutathione-
dependent oxidation of NADPH at 340 nm (¢ = 6.22 mM™ cm™)
for 3 min (Dalton ef al. 1986).

CAT (EC 1.11.1.6) was extracted in 50 mM K-phosphate
buffer (pH 7.0) and 0.5% PVP-10, and its activity was assayed by
measuring the reduction of H,0, at 240 nm (¢ = 39.4 M cm™) for
1 min (Aebi 1984).

For the estimation of GST (EC 2.5.1.18) activity, 1 g plant
samples were extracted in 5 ml medium containing 50 mM phos-
phate buffer, pH 7.5, 1 mM EDTA and 1 mM DTT. The enzyme
activity was assayed in a reaction mixture containing 50 mM phos-
phate buffer, pH 7.5, 1 mM 1-chloro-2,4-dinitrobenzene (CDNB)
and the eluate equivalent to 100 pg of protein. The reaction was
initiated by the addition of 1 mM GSH (Sigma-Aldrich, St. Louis,
MI, USA) and formation of S- (2,4-dinitrophenyl) glutathione
(DNP-GS) was monitored as an increase in absorbance at 334 nm
to calculate the GST specific activity (Li ez al. 1995).

Total GPX (EC 1.15.1.1) activity was determined from 1 g
plant tissues extracted in 3 ml of 0.1 M Tris-HCI, pH 7.5, con-
taining 2 mM DTT and 1 mM EDTA. The enzyme activity was
ascertained by using cumene hydroperoxide (both selenium and
non-selenium enzyme types) as a substrate and GSH-reductase
(GR) coupled assay to monitor the oxidation of GSH (Edwards
1996). The reaction mixture consisted of 0.1 M phosphate buffer,
pH 7.0, containing 0.2% (w/v) Triton X-100, 0.24 unit of GR, 1

mM GSH, 0.15 mM NADPH, and 1 mM cumene hydroperoxide.
After addition of enzyme eluate, cuvettes were incubated at 30°C
for 10 min, and NADPH was added to measure the basal rate of
GSH oxidation by monitoring the absorbance at 340 nm for 3 min.
The reaction was initiated by addition of cumene hydroperoxide,
and GPX activity was expressed as change in absorbance at 340
nm mg™' protein min™'.

Estimation of lipid peroxidation, H,0, levels and
electrolyte leakage

Lipid peroxidation was determined by measuring the malondial-
dehyde (MDA) content at 532 nm with extinction coefficient of
155 mM™! cm™! (Saher et al. 2004). Hydrogen peroxide (H,0,) con-
tent of leaves and roots was measured following the methodology
described by Cheeseman (2006). Tissue samples were homo-
genized in the extraction medium 0.1 M K-phosphate (pH 6.4)
supplemented with 5 mM KCN. The assay mixture contained 250
uM ferrous ammonium sulphate, 100 uM sorbitol, 100 uM xyle-
nol orange, and 1% ethanol in 25 mM H,SO,. Changes in absor-
bance were determined by the difference in absorbance between
550 nm and 800 nm, and H,0, contents were calculated from a
standard curve. Membrane electrolyte leakage (EL) was assayed
by measuring the ions leaching from tissues into deionised water.
The EL was expressed as a percentage by the formula EL (%) =
(EC)/(EC,) x100, where EC; is the initial electrical conductivity
and EC, represents its final value (Dionisio-Sese and Tobita 1998).

Statistical analysis

All values presented here are means (+ SE) of at least six indepen-
dent experiments. Significance (P < 0.05) of differences between
control and each treatment was determined by student #-test (two-
tailed) using Microsoft Excel software ‘data analysis’ 2007.

RESULTS

Plant growth and cadmium (Cd) accumulation by
mother variety and gshL-1 plants

The gshL-1 mutant, isolated in 350 Gy gamma ray irradi-
ated progeny in the improved grass pea variety ‘Biol-212’,
exhibited slow growth, inward rolling of leaflets, reduced
seedling length, absence of stipule, very short tendril, and
reduced number of leaflets leaf' (Fig. 2) and produced a
significant growth inhibition measured as dry weight. Shoot
dry weight of 30 d old mutant plants reduced by about 1.5-
times in comparison to its mother variety in control (MC)
condition (Table 1). Root growth was also significantly in-
hibited in gshL-1 plants in control (MuC) condition (Table
1). Root length in the mutant decreased to 2.4-fold of MC

Table 1 Growth parameters and Cd concentration in 30d-old mother control (MC) variety ‘BioL-212’ and gshL-1 mutant plants of grass pea (Lathyrus
sativus L.) in control (0 pM CdCl,) and four CdCl-treatment (5, 10, 25 and 50 uM). Data are means + SE of six independent experiments. Asterisk (*)

denotes significant difference from respective control value at P < 0.05.

Parameters®

CdCl, concentration (uM)

0 (control) 5 10 25 50
Total seedling length (cm)
Variety 30.3+0.09 31.0+0.11 28.8+0.12 27.6£0.03 19.7+£0.17*
Mutant 19.5+0.04 19.1+0.09 10.0+0.11%* 7.6 £0.05* 2.5+£0.09*
Shoot dry weight (g plant™)
Variety 0.095+0.21 0.095+0.27 0.090 +0.19 0.091+£0.20 0.046 +0.22*
Mutant 0.063 +0.19 0.063 £0.19 0.029 +0.21* 0.019£0.19* 0.013 +£0.29*
Root length (cm)
Variety 124+0.9 13.0+£0.7 12.3+£0.3 11.9+0.8 7.4+0.9*
Mutant 52+0.8 49+0.7 35+ 1.0% 2.2 +0.6% 1.7+0.7*
Root dry weight (g plant™)
Variety 0.176 £0.11 0.181+0.30 0.191 £ 0.20* 0.195+£0.19* 0.161 £0.22*
Mutant 0.058 £0.17 0.052+0.11 0.029 +0.18* 0.013 +0.16* 0.006 +0.21*
Cd concentration (ug g” dry weight)
Variety (leaf) 0.07+0.3 18.10 £4.7* 42.09 + 1.7* 74.10 £ 1.9* 80.11 +£2.7*
Variety (root) 1.75+£0.9 2.19+2.7 4£23% 33+£37 5.1+ 58%
Mutant (leaf) 0.03+0.1 0.03+£0.2 0.08 £0.5* 0.07+0.11* 0.05+0.3
Mutant (root) 1.18+0.10 2.89+12 64.4 £ 10* 66 +9.7* 59.6 £ 6.3*
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plants. This feature was accompanied with reduction in
number of lateral roots in MuC plants. In comparison to
MC plants, root dry weight of 30 d-old MuC plants reduced
by approximately 3.03-fold.

Growth of both shoot and root in mother variety ‘BioL-
212’ and gshL-1 mutant was also studied in four different (5,
10, 25 and 50 pM) concentrations of CdCl,. Cd caused con-
tinuous growth inhibition in gshL-1 shoot (NC plants), and
lowest estimate (0.013 g plant™') was taken at 50 uM (Table
1). Shoot dry weight changed non-significantly throughout
the treatment regimes in variety ‘BioL-212’ except in 50
uM, where it was reduced abruptly 2-fold from control val-
ue (Table 1). Root length in NC plants decreased signifi-
cantly (P < 0.05) by 1.5-fold of MuC (5.2 cm) in 10 uM
CdCl,, and the lowest value (1.7 cm) was recorded in 50
uM. Significant reduction of root length in treated variety
‘BioL-212> (TM) was measured only at 50 uM CdCl,
(Table 1). Barring 50 uM treatment, lateral root develop-
ment was not affected in TM plants. Its number started to
reduce from 10 pM in NC plants, and no lateral root deve-
lopment was noticed at 50 pM. However, thickening of
lateral roots was observed in Cd-treated NC plants. Root
dry weight in TM plants increased considerably from MC
value at elevated Cd concentrations, but decreased below
this level at 50 uM CdCl,. Compared to MuC, root dry
weight in the mutant had decreased by about 2-fold in 10
uM, 4.5-fold in 25 puM, and 10-fold in 50 uM of CdCl,

(Table 1). No visible symptoms of toxicity, except growth
retardation, however, were observed in mother variety and
mutant plants under Cd stress.

Cd accumulation in roots and leaves followed different
trends in mother variety and gshL-I plants under elevated
Cd levels. Accumulation was much higher in the roots than
in the leaves of the mutant, while completely reverse trend
was noticed in its mother plants (Table 1). In leaves of
mother plants and roots of mutant, Cd level began to in-
crease from 5 pM, showed steep rise at 10 pM and then
became stabilized (Table 1). By contrast, no concentration-
dependent accumulation was observed in gshL-I leaves,
and the accumulation was also very negligible (Table 1).

Thiol contents in gshL-1 mutant

The thiol pools in gshL-1 mutant were determined by esti-
mating glutathione and extractable phytochelatin (PCs) con-
tents in leaves and roots of 30-d-old mutant, and it was
compared with mother plants (Tables 2, 3). In control con-
dition, gshL-1 mutant (MuC) contained only 15% of total
glutathione in leaves and approximately 20% of that in
roots of MC. Among the total glutathione pool, reduced
glutathione (GSH) constituted about 94% in MC plants, but
the share sharply decreased to 37% in both organs of the
MuC plants (Tables 2, 3). Rest of the amounts was made up
of oxidized glutathione (GSSG). The redox state of gluta-

Table 2 Leaf glutathione (GSH and GSSG) contents [nmol g"'(FW)], their redox states, total phytochelatin contents [nmol g (FW)] and activities of y-
ECS and GSHS [nmol min" g (FW)] and PC synthase (nmol GSH eq min™' mg" of protein) enzymes in 30 d-old mother variety ‘BioL-212’ and gshL-1
mutant of grass pea (Lathyrus sativus L.) in control (0 pM CdCl,) and four CdCl,-treatment (5, 10, 25 and 50 pM). Data are means + SE of six independent

experiments.
Parameters® CdCl, concentration (uM)

0 (control) 5 10 25 50
GSH (A) 297 +11.2 293 +£11.5 282+9.0 287 +£13.7 157 +9.8%
GSH (B) 182+1.6 15+1.1 8+1.3*% 6 +2.0* 4+1.2%
GSSG (A) 18+42 20.1£5.0 15+1.2 28+1.9 3+0.9*%
GSSG (B) 30.1+3.5 33+2.7 42 £3.2% 40 +4.0* 26.2 £ 1.6*
GSH redox (A) 0942+£52 0.930+£5.0 0.949 £4.7 0911+6.5 0.980 £ 6.6
GSH redox (B) 0.370+6.2 0.310£5.0 0.160 + 3.3* 0.130 +£2.8%* 0.133 £ 1.9*
Total PCs (A) 228.8+£26.3 230+ 15.0 233.2+19.0 239 +£27.0 492.3 +£45.5%
Total PCs (B) 229+£59 20.2+5.1 159+3.7 ND ND
v-ECS (A) 6.8+1.1 6.6+1.1 69+1.3 7.7+2.0 69+1.2
v-ECS (B) 6.6+1.3 9.1+1.8 12.9 £2.0% 13.5+2.1* 122 +3.1%
GSHS (A) 10.8+1.2 11+1.1 12+1.7 11.9+1.6 10.8+0.9
GSHS (B) 11.8+1.7 13.6+1.0 16.9 £2.0* 16.7£3.1* 162+ 1.1%
PC synthase (A) 3.19+09 320+1.0 322+1.1 330+2.0 10.2+3.1
PC synthase (B) 0.45+0.06 0.39+0.1 021 +0.3* ND ND

* A-mother plants, B-gshL-1 mutant, GSH redox-GSH/(GSH+GSSG), PCs-phytochelatin contents, y-ECS-y-glutamylcysteine synthetase, GSHS-glutathione synthetase,

ND-not detected
* significantly different from respective control value at P < 0.05

Table 3 Root glutathione (GSH and GSSG) contents [nmol g(FW)], their redox states, total phytochelatin contents [nmol g (FW)] and activities of y-
ECS and GSHS [nmol min"'g" (FW)] and PC synthase (nmol GSH eq min" mg™ of protein) enzymes in 30d-old mother variety ‘BioL-212" and gshL-I
mutant of grass pea (Lathyrus sativus L.) in control (0 uM CdCl,) and four CdCl,-treatment (5, 10, 25 and 50 pM). Data are means + SE of six independent

experiments.
Parameters® CdCl, concentration (uM)

0 (control) 5 10 25 50
GSH (A) 367+15.0 366+ 10.8 329+8.5 340 + 23 169 + 11.3*
GSH (B) 30+£3.0 29+3.0 I1+£2.1% 8+£2.3* 6+£2.2%
GSSG (A) 33+42 30+3.8 31+25 30+£22 7+1.2%
GSSG (B) 50+5.5 51+4.8 64 +7.2% 52+£3.5% 24 £2.3%
GSH redox (A) 0918+6 0.920+5 0911+2 0918+6 0.960 + 8.2
GSH redox (B) 0370+ 6 0.361 +£5.3 0.140 + 1.3* 0.133 +2.3* 0.200 + 1.9*
Total PCs (A) 292.8+20 290 £ 25 293.5+33 289 +30 519.8 £ 50*
Total PCs (B) 29.7+8 30+5 20.1£2.7* 12.6 £1.7* 5.0+1.2%
v-ECS (A) 73+1.1 75+1.5 8.1+2.1 9.8+22 9.1+3.1
v-ECS (B) 8.0+1.7 9.8+2.1 16.7+2.9* 17 £2.6* 12.8 £3.5%
GSHS (A) 112+14 11.3+1.6 13.4+2.7 12.8+2.0 12.1+1.9
GSHS (B) 12.2+2.0 17.5+22 20+ 2.7* 18.1 £3.2% 20+ 2.1%
PC synthase (A) 2.11+£0.6 2.10+£0.5 2.13+£09 239+2.7 6.80 £4.1
PC synthase (B) 0.31+0.02 0.29+0.1 0.18 +0.3* 0.07 £0.3* 0.03 +0.7*

* A-mother plants, B-gshL-1 mutant, GSH redox-GSH/(GSH+GSSG), PCs-phytochelatin contents, y-ECS-y-glutamylcysteine synthetase, GSHS-glutathione synthetase

* significantly different from respective control value at P < 0.05
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thione, as calculated by GSH/(GSH+GSSG), was estimated
at around 0.370 in the mutant, a 2.5-fold decline from MC
value under unstressed condition. In both plant types, how-
ever, roots accumulated higher amount of GSH and GSSG
than in the leaves (Tables 2, 3).

Upon imposition of CdCl, treatment, MC plants showed
no significant change in the GSH, GSSG and total gluta-
thione pool up to 25 uM in both tissues. Thereafter, it had
reduced sharply, and a decrease by 1.9-2.2-fold for GSH
and 5-6-fold in GSSG contents was estimated at 50 uM
(Tables 2, 3). The redox state, however, remained un-
changed. By contrast, a dose-dependent decrease in GSH
content was exhibited in gsiL-/ mutant (NC) from 10 pM
Cd, and lowest concentration was detected at 50 uM CdCl,
in both organs. Compared with MuC, the reduction was 56-
78% in leaf, and was 64-80% in roots of the mutant plants
across 5-50 uM Cd concentrations. Like MuC plants, GSSG
content remained higher than GSH levels, but as the treat-
ment progressed the total glutathione pool (GSH+GSSG) in
NC plants had reduced substantially in relation to MuC
plants. The redox state had reduced accordingly (Tables 2,
3).

Phytochelatin (PCs) accumulation between mother
plants and gshL-1 mutant varied significantly. MuC plants
contained total PCs only 10% of MC plants (Tables 2, 3).
In both plant types, PCs accumulation was considerably
higher in the roots than in the leaves. In the mutant, this
level remained unchanged up to 5 uM Cd, but thereafter, it
declined abruptly. No PCs were detected in leaves from 25
uM Cd, while it became negligible in roots. PCs content
changed marginally when MC plants were submitted to Cd
treatment. However, at 50 uM Cd, this content increased by
about 2-fold in relation to MC (Tables 2, 3).

Ascorbate pool in gshL-1 and its mother plants

Reduced form of ascorbate content [nmol g™ (fresh weight)]
in leaves (1998 + 42.7) and roots (155 = 10) of MuC plants
was very close to MC value (2012 + 45 in leaves, 161.8 +
23 in roots), but decreased abruptly by about 2-fold in the
mutant at 10 uM CdCl, and lowest value (330 £ 15 in
leaves, 80.8 + 10 in roots) was recorded at 50 pM Cd. Con-
51der1ng both leaves and roots, dehydroascorbate or DHA
content [nmol g (fr. wt.)] ranged between 123.5-173.3 in
MC and between 148-151.5 in MuC plants. DHA content
increased over MuC by about 1.2-3.5-fold in the Cd-treated
mutant, and highest level (227-239) was recorded at 50 uM
Cd (not in table).

Thiol synthesis enzyme activities

The mother plants exhibited non-significant changes in acti-
vities of both y-glutamylcysteine synthetase (y-ECS) and
GSH synthetase (GSHS) even under different levels of Cd
treatments (Tables 2, 3). Activity levels of both enzymes in
MuC plants were very close to MC plants. However, upon
imposition of Cd treatment, their activities began to in-
crease in both organs of the mutant plants, and it became
significant (P < 0.05) from 10 uM CdCl, treatment for both
enzymes. Considering both leaf and root, the increase was
nearly 2-fold for y-ECS and 1.4-1.6-fold for GSHS (Tables
2, 3) PC synthase activity was approximately 7-fold lower
in the MuC than in the MC plants, and no activity was
detected in mutant leaves at 25 uM and at 50 uM Cd treat-
ments. Enzyme activity remained at control level in mother
plants up to 25 pM. After that, it had sharply increased over
MC value by about 3.2-fold at 50 uM CdCl, (Tables 2, 3).

Antioxidant enzyme activities

Significant (P < 0.05) alterations in enzymatic activities of
antioxidants were observed in gsiL-/ mutant in relation to
its mother plants. Activities of foliar SOD in the mutant
remained close to MC level across the treatments but sig-
nificantly increased at 10 pM and 25 pM Cd treatments in
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Fig. 3 Activities of SOD and three ascorbate-glutathione cycle en-
zymes in leaves and roots of mother plants ‘Biol-212" and gshL-1
mutant in grass pea (Lathyrus sativus L.). (A) SOD-leaf. (B) SOD-root.
(C) APX-leaf. (D) APX-root. (E) DHAR-leaf. (F) DHAR-root. (G) GR-
leaf. (H) GR-root. Control treatment (0 um Cd) denotes mother control
(MC) for mother variety and mutant control (MuC) for gshL-I mutant.
Asterisk (*) denotes the significant differences (P < 0.05, #-test, n=6)
between mother plants and the mutant for the trait at that particular Cd
concentration.

roots. Thereafter, it declined at 50 uM Cd, but remained
higher than the control (both MC and MuC) (Figs. 3A, 3B).
Among the enzymes participating in ascorbate-glutathione
cycle, activities of APX, DHAR and GR reduced to a con-
siderable extent in gskL-/ mutant in relation to its mother
plants (Figs. 3C-H). Comparing both leaves and roots, APX
activity reduced 2-2.4-fold in MuC plants and further dec-
lined by about 4-10-fold in the mutant under Cd treatment
(NC). DHAR level in the mutant was as per with mother
plants up to 5 pM Cd, but it decreased significantly from 10
uM Cd and > 2-fold reduction in its activity took place at
Cd concentrations higher than this. GR activity was nearly
8-10-fold lower in the mutant than in the mother variety,
and its activity remained unchanged throughout the treat-
ment period in relation to MuC. GR level fell sharply in the
mother plants only at 50 uM Cd, but remained 3 times
higher than in the mutant at this concentration (Figs. 3G-H).

Among the three other antioxidant enzymes outside the
ascorbate-glutathione cycle, activities of CAT increased 2.4
(leaf)-3.4 (root)-fold (Figs. 4A, 4B), while GPX level de-
creased by nearly 2(leaf)-2.4 (root)-fold in MuC plants and
no activity could be detected in leaves of mutant plants after
10 uM (Figs. 4C, 4D). Similarly, measurable GST activity
reduced around 7-fold in both tissues of the MuC plants in
comparison to MC and became undetectable from 25 uM
(Figs. 4E, 4F). Barring a decline at 50 pM Cd, there was no
change in GPX activity in the mother plants, while GST
level followed Cd concentration-dependent increase up to
25 uM and then slipped considerably.
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Fig. 4 Antioxidant enzyme activities outside ascorbate-glutathione
cycle in leaves and roots of mother plants ‘Biol-212° and gshL-1
mutant in grass pea (Lathyrus sativus L.). (A) CAT-leaf. (B) CAT-root.
(C) GPX-leaf. (D) GPX-root. (E) GST-leaf. (F) GST-root. Control treat-
ment (0 um Cd) denotes mother control (MC) for mother variety and
mutant control (MuC) for gshL-/ mutant. Asterisk (*) denotes the signifi-
cant differences (P < 0.05, f-test, n=6) between mother plants and the
mutant for the trait at that particular Cd concentration.

Hydrogen peroxide accumulation, lipid
peroxidation and electrolyte leakage

Accumulation of H,O, showed a significant increase that
was more pronounced in the roots than in the leaves of the
mutant plants (Table 4). Compared with MC, the level of
H,0, in roots of Cd-treated mutant plants gradually in-
creased from 2-fold (at 10 uM) to 2.9-fold (at 50 uM). En-
hanced rate of lipid peroxidation was also recorded as indi-
cated by gradually increasing malondialdehyde (MDA)

contents in the mutant plants exposed to Cd treatment
(Table 4). The MDA content increased significantly over
MC in both tissues of the mutant from 10 pM Cd, while
non-significant variation was observed in mother plants.
Likewise, electrolyte leakage (EL%) enhanced by 1.5-fold
in leaves and about 2-fold in roots of the MuC plants. It
increased further by 2.2-2.5-fold in leaves and > 3-fold in
roots of the Cd-treated mutant plants. MC level of EL%
increased marginally only at 50 uM. Otherwise, it was quite
normal (Table 4).

DISCUSSION

gshL-1: the biochemical mutant in grass pea
isolated through induced mutagenesis

Induced mutagenic techniques have been successfully used
to elucidate the role of different antioxidant metabolites and
intrinsic biochemical mechanisms in response to different
abiotic stresses. In grass pea, this technique has, so far, been
used to isolate desirable mutations in relation to different
yield components and obviously, to low seed neurotoxin (-
N-Oxalyl-L a, B-diamino propionic acid or ODAP) content
(Talukdar 2009b). Although known for its remarkable hardi-
ness and moderate tolerance to various abiotic stresses, vir-
tually nothing is known about underlying defense mecha-
nism of this crop against heavy metal-induced oxidative
stress. Very recently, several NaCl-tolerant mutant lines
showing alterations in antioxidant defense systems have
been isolated (Talukdar 2011f) and levels of tolerance to
salinity have also been determined in grass pea (Talukdar
2011g). As ODAP is an amino acid, it may have some roles
in stress response mechanism of this crop (Lambein et al.
1990; Zhang et al. 2003). It is suspected that biosynthesis of
ODAP in grass pea plants is related to thiol metabolism of
this plant through the activity of enzyme cysteine synthase
(Ikegami et al. 1993). A correlation of seed ODAP content
with water and salinity stress has been reported in different
genotypes and induced mutant lines of grass pea (Cocks et
al. 2000; Xing et al. 2001; Yang et al. 2004; Talukdar
2011a). Furthermore, a remarkable phytoremediatory effect
of grass pea roots against lead-induced oxidative stress is
directly related to root glutathione pool and GSH-mediated
antioxidant defense mechanism of this crop (Brunet et al.
2008, 2009). In this backdrop, identification and isolation of
gshL-1 mutant through induced mutagenesis assume signifi-
cance, and to the best of my knowledge, this is the first of
this kind of mutant among leguminous crops.

Table 4 Leaf and root hydrogen peroxide (H,0,-umol g fresh weight), MDA content (nmol g fresh weight) and electrolyte leakage (EL%) in 30 d-old
mother control (MC) variety ‘Biol-212” and gshL-/ mutant plants of grass pea (Lathyrus sativus L.) in control (0 pM CdCl,) and four CdCl,-treatment (5,

10, 25 and 50 uM). Data are means + SE of six independent experiments.

Parameters® CdCl, concentration (uM)
0 (control) 5 10 25 50

Leaf
H,0,(A) 3.69+0.3 482+19 3.73+0.5 4.18+1.3 523+ 1.0*%
H,0, (B) 378+ 1.0 423+3.1 437+1.3 6.17 +2.6* 6.59 + 1.4*
MDA (A) 2.87+0.9 290+1.0 3.11+£1.8 290+1.5 4.00+22
MDA (B) 333+14 328+1.3 744 +1.2% 8.78 £2.3* 10.81 +1.2*
EL% (A) 8.99+1.3 9.01+2.1 7.52+1.9 775+1.4 9.53+2.5
EL% (B) 12.80 +2.3 12.72+£2.5 18.73 £1.3* 20.84 £3.1* 21.35+£3.3*

Root
H,0, (A) 244+03 3.09+1.3 3.12+1.1 3.80+2.0 531+1.7*
H,0, (B) 375+ 1.9 5.19+2.7* 6.25+2.1% 6.48 £3.0*% 9.75 +4.9*
MDA (A) 2.69+1.1 270+1.0 290+2.1 3.08+1.3 4.02+1.6
MDA (B) 3.59+1.7 361+1.4 5.18+1.9* 529+2.1% 8.12+3.5%
EL% (A) 11.53+2.9 12+3.1 10.84£2.6 10.36 £2.2 12.31+£3.1
EL% (B) 23.57+3.6 26.03+4.2 33.48 £ 6.6* 46.06 £ 7.0%* 48.77 £12.9*

* A-mother plants, B-gshL-1 mutant
* significantly different from respective control value at P < 0.05
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gshL-1 is deficient in glutathione pool and
exhibited growth inhibition with increased
cadmium sensitivity

Compared to its mother plants, gshL-I mutant exhibited
huge decrease of total glutathione content in its leaves and
roots. Repeated measurements revealed that the mutant con-
tained only 15% of total glutathione in leaves and 20% of
that in roots of MC variety. The share decreased further
after imposition of Cd treatment, as evidenced by 56%-80%
reduction of total glutathione in NC plants in relation to
MuC value. In both treated and un-treated conditions, the
reduction in total glutathione content was mainly due to the
sharp decline in reduced glutathione (GSH) pool, while its
oxidized form, the glutathione disulfide (GSSG), increased
under high cadmium treatments. The accumulation of
GSSG resulted in significant reduction of GSH redox state
in the gshL-/ mutant, and this condition is often taken as a
marker of the degree of intracellular oxidative stress, also
referred to as ‘disulphide stress’ (Queval et al. 2011).

Plant growth expressed as dry weight of shoot and root
was severely affected in the gshL-/ mutant. The effect was,
however, more pronounced on the roots than on the shoots
of the mutant plants. Reduction in shoot dry weight was
mainly due to stunted growth of aerial portions manifested
by reduced seedling height, rolled-short leaflets, absence of
stipules, shorter tendril and decreased number of leaflets
leaf'. On the other hand, decreased length in roots and re-
duced number of lateral roots led to nearly 3.03-fold decline
in root dry weight of the mutant in relation to its mother
plants in unstressed condition. Although no visible symp-
tom of toxicity, except retardation of growth, was promi-
nent on any parts of the mutant plants, the inhibition of
growth accelerated when the gshL-1 plants were submitted
to CdCl, treatment. A concentration-dependent decrease for
both shoot and root growth was noticed in the mutant with a
significant effect from 10 pM CdCl,. Its mother plants per-
formed better, maintaining normal growth up to 25 uM
CdCl, and showing reduction in dry weight, thereafter. This
suggested higher sensitivity of gsAL-I mutant to cadmium
treatment than its mother plants. Interestingly, thickening of
lateral roots took place in the mutant plants only after impo-
sition of Cd treatment. In agreement with this finding,
Rodriguez-Serrano ef al. (2006) attributed this phenomenon
to the Cd-dependent interferences with cambium differenti-
ation and cell division in the Cd-treated pea roots. Thus, it
is reasonable to say that depletion of glutathione redox pool
in the present grass pea mutant severely impeded the nor-
mal root growth. Significant decrease in biomass accumu-
lation indicated increased sensitivity of the mutant to the
Cd-induced stress. This inhibition of root growth has been
attributed to a block in cell cycle progression and associated
halt in root meristem development in glutathione-deficient
Arabidopsis rmll mutant (Vernoux et al. 2000). The in-
creased Cd-sensitivity due to glutathione deficiency was
also studied extensively in series of Arabidopsis mutants,
like cadl and cad? (Howden et al. 1995; Cobbett et al.
1998). Inhibition of growth was reported in Cd-sensitive
genotypes of different plants including legumes like Pisum
sativum (Lozano-Rodriguez et al. 1997; Dixit et al. 2001)
and Medicago sativa (Ortega-Villasante et al. 2005). Higher
accumulation of cadmium along with complete normal
growth of roots, however, was observed in Cd-tolerant pea
mutant, induced by ethylmethane sulfonate (Tsyganov et al.
2007). Peculiarly, a higher accumulation of Cd, but lower
sensitivity of roots to its accumulation than leaves was
observed in pea and tomato roots (Sandalio ef al. 2001; Ben
Ammar et al. 2008). Significant accumulation of heavy
metal and concomitant decrease in root biomass accumula-
tion was also found in arsenic-sensitive genotypes of Lathy-
rus sativus L. and Trigonella foenum-graecum L. (Talukdar
2011c). Higher accumulation of Cd and normal biomass
production in the present mother plants indicated tolerance
of this grass pea variety to cadmium to a certain limit.
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GSH-deficiency crippled the formation of
phytochelatins and possibly, altered Cd
accumulation in the mutant

As an obvious consequence, depletion in GSH pool in
gshL-1 mutant badly hampered the production of PCs, an-
other thiol-peptide involved in detoxification or homeo-
stasis of heavy metals (Rauser 1995), like Cd (Howarth et
al. 2003; Nocito ef al. 2006). This was evidenced by simul-
taneous reduction of both GSH and PCs content in MuC
and NC and also by normal level of both GSH and PCs in
mother plants up to 25 uM Cd. Significantly, the decrease
of GSH level in mother plants at 50 pM was associated with
dramatic increase in PCs content. Decline in GSH content
due to enhanced PCs synthesis was also observed in a num-
ber of plant species (De Vos et al. 1992; Xiang and Oliver
1998). The enzyme PC synthase is known to be activated by
metal ions and uses GSH as a substrate to catalyze the
synthesis of PCs (Zenk 1996). Significant decrease of its
activity in the present grass pea mutant might be due to
paucity of enough GSH within cell and indicated its failure
to up-regulate its activity even under high Cd treatment. By
contrast, normal level of PC synthase activity in Cd-treated
mother plants maintained PC content as per MC level up to
25 uM Cd and enhancement of its activity at 50 pM re-
sulted in increase of PCs content. Interestingly, GSH con-
tent in mother plants declined only at this treatment level,
indicating a higher trigger point of the mother plants for the
onset of phytochelatin synthesis at the expenses of GSH. As
limited available GSH is extensively consumed in order to
meet the growing challenge of oxidative stress, PCs synthe-
sis and its transportation was becoming increasingly dif-
ficult for the mutant. Perhaps, because of this reason, PCs
were undetected in the leaves of the mutant from 25 pM
CdCl, treatment, when GSH content was extremely low.
Although much lower than its mother plants, PCs was
detectable in the roots of the mutant plants even when it
was submitted to 50 pM Cd. Cadmium is a thiol-reactive
toxicant, and the long-distance transport of y-glutamylcys-
teine containing thiol-peptides like GSH and PCs has poten-
tial implications for the cotransport of bound thiol-reactive
substances like cadmium (Li ez al. 2006). Translocation of
Cd from root to shoot has been proposed to occur via the
xylem of Indian mustard in a PC-independent manner (Salt
et al. 1995). Li et al. (2006) in Arabidopsis mutants ex-
plained the inability of thiol-peptide-metal chelate com-
plexes to move upwards, leading to its sequestration in the
root. In contrast with this view, Gong et al. (2003), however,
found no difficulties in PC-mediated long distance xylem
transport of Cd up to leaves, leading to reduced accumula-
tion of cadmium in roots of Arabidopsis cadl-3 mutant.
Song et al. (2010) identified two ATP binding cassette
transporters (ABCC) for shuttling arsenite (ASIII)-PC, into
plant vacuoles. The higher sensitivity of the present gshL-1
roots than the leaves to Cd could be explained by its in-
ability to transport Cd to the aerial parts of the plant. As
root is the first organ to encounter the metal treatment, it
seems likely that glutathione deficiency and concomitant
decrease in PCs synthesis disrupted thiol-dependent upward
movement of cadmium in the present mutant, resulting in
over-accumulation of Cd in the mutant roots and its negli-
gible amount in the leaves. Although detail mechanism is
not known, existence of this thiol-mediated transport of Cd
in grass pea was evidenced by over-accumulation of this
metal higher in the leaves than in the roots of the mother
control plants which possessed quite normal level of both
GSH and PCs and showed no symptom of Cd-induced
toxicity. Therefore, it seems likely that GSH deficiency and
decrease in phytochelatin contents resulted in increased Cd-
sensitivity of gshL-1 mutant, as also reported earlier in cadl
mutant of Arabidopsis (Howden et al. 1995).
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Glutathione deficiency in gshL-1 mutant was
accompanied with impairment in its recycling, but
with normal synthesis

Besides the synthesis by two-step enzymatic reactions,
glutathione is constantly regenerated by NADPH-dependent
reduction of the disulphide bond of oxidized glutathione
(GSSG) through enzymatic actions of glutathione reductase
(GR) in the ascorbate-glutathione cycle. GR plays a central
role in maintaining the glutathione redox pool heavily in
favor of reducing form, thus, facilitating this principal anti-
oxidant component to function as an efficient redox buffer
in numerous cellular metabolic events during the process of
plant growth and development and also during stress
(Edwards et al. 1994; Noctor et al. 2002; Contour-Ansel et
al. 2006). The GSH content in the present gshL-/ mutant
had reduced by about 92-95%, while GSSG level had in-
creased by >2-fold in relation to its mother plants. Remar-
kably, GSH biosynthesis was quite normal in the mutant, as
observed by quite normal functioning of both y-ECS and
GSHS enzymes in both leaf and roots. It is noteworthy that
activities of these two enzymes even increased when gshL-1
plants were subjected to Cd-stress. The demand-driven ac-
celeration in GSH synthesis was mainly attributed to its in-
creasing consumption in response to Cd-induced oxidative
stress, due to GSH conversion to PCs and formation of
GSH-Cd conjugates (Xiang and Oliver 1998; Noctor ef al.
2002; Kolb et al. 2010; Queval et al. 2011). Despite normal
biosynthesis in the present gshL-/ mutant, GSH level
remained very low in control and gradually reduced at ele-
vated Cd-concentrations. This apparent conflicting result
strongly indicated that maintenance of GSH redox pool in
the gshL-1 mutant required sources other than its biosynthe-
sis. Several lines of evidences suggested that regeneration
of GSH by GR has more implications than its synthesis in
glutathione homeostasis and stress tolerance in plants
(Foyer et al. 1995; Dixit et al. 2001). Poplar plants overex-
pressing GR showed increased GSH contents and tolerance
to photoinhibition (Foyer ef al. 1995). Similar findings were
reported in tobacco (Mullineaux et al. 1994) and in pea
(Broadbent et al. 1995), strongly implicating that GR acti-
vity is the principal factor that influences glutathione levels
through controlling the capacity of regeneration of GSH
from GSSG (Noctor et al. 2002). It is, therefore, reasonable
to say that huge deficiency in GSH level in the present grass
pea mutant was mainly due to defect in its regeneration
capability, orchestrated by abnormally low level of GR acti-
vity in the mutant which was not recovered even through
induction of high Cd-treatment. This suggested constitutive
down-regulation of GR enzyme in the present material. As
GR plays pivotal role in plant antioxidant defense, up-
regulation of its activity was found in different plants in-
cluding legumes under heavy metal stress (Dixit ef al. 2001;
Reddy et al. 2005; Contour-Ansel et al. 2006; Mishra et al.
2006). In grass pea, increased GR activity was found asso-
ciated with their tolerance to lead-induced phytotoxicity
(Brunet et al. 2009), NaCl-induced stress (Talukdar 2011f,
2011h) and in the backdrop of severe ascorbate-deficiency
(Talukdar 2012b). This is, certainly, not the case for the
present mutant. All the isoforms of GR are known to be
highly specific for GSSG, and if the reduced enzyme is not
reoxidized by GSSG reversible inactivation follows (Ars-
cott et al. 1989). This can be ruled out as a possible reason
for GR inactivation in gshL-/ mutant as GSSG content in-
creased in both tissues. Like GSH, GSSG can regulate GR
expression as the pea GR gene contains a putative GSSG
binding site (Creissen et al. 1992). Despite nearly 2-fold
increase in GSSG level over its mother plants, gshL-1/
mutant showed no up-regulation of GR by GSSG. Unlike
other GSH-deficient plant mutant like rml1, gsh1/2, pad 2-1,
cadl and cad?2, gshL-1 is unique as this mutant was origi-
nated through gamma ray induced mutagenesis, and is defi-
cient in glutathione only due to impairment in GR activity,
not due to inactivation of y-ECS, PC-synthase or GSHS in
thiol-biosynthesis process. However, a gr/ knock out
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mutant, showing inactivation of GR cytosolic isoform was
isolated in Arabidopsis. This mutant showed decreased
GSH-GSSG ratio, but in contrast to the present gshL-/ in
grass pea, it was not deficient in total glutathione concen-
tration and produced no evidence of generalized oxidative
stress (Marty et al. 2009; Mhamdii et al. 2010). Extensive
accumulation of GSSG and thioredoxin dependent poor
growth was observed in a glutathione reductase null mutant
of yeast (Muller 1996).

Low GSH availability impeded the GSH-dependent
recycling of reduced ascorbate in the ascorbate-
glutathione cycle

GSH is a major water-soluble antioxidant in plant cells
(Alscher 1989). A major function of GSH in protection
against oxidative stress is the recycling of ascorbate from its
oxidized form, the dehydroascorbate (DHA) through GSH-
mediated activity of dehydrascorbate reductase (DHAR) in
the ascorbate-glutathione cycle (Foyer and Halliwell 1976;
Nakano and Asada 1981). In this pathway, glutathione acts
as a recycled intermediate in the reduction of H,O, using
electrons derived, ultimately, from H,O. Due to low level of
GR and concomitant decrease in GSH availability in the
gshL-1 mutant, the normal interplay of GR-DHAR was
severely disrupted, and the effect was more pronounced at
elevated Cd-treatment. Although DHAR activity was initi-
ally as per control level, it reduced drastically at higher Cd
concentrations. This resulted in significant decline in as-
corbate regeneration capacity of both leaves and roots of the
mutant. This GSH-dependent and DHAR-mediated recyc-
ling of reduced ascorbate is the major source of cellular
ascorbate pool (Chen et al. 2003; Talukdar 2012b), and has
immense significance in compensating the antioxidant de-
fense to balance the reduced pool of glutathione. This was
not fully possible in case of gshL-I mutant as this regene-
ration machinery collapsed partially due to huge deficiency
of GSH in both tissues of the mutant.

Accumulation of H,0, and MDA indicated failure of
GSH-mediated H,0,-lipid peroxide scavenging
machinery in the gshL-1 mutant under cadmium
stress

The cascading effect of GSH-deficiency was felt in disrup-
tion and alteration of different antioxidant defense enzymes
involved in H,O,-metabolism in the mutant. The ASC-GSH
cycle is the key H,0,-scavenging machinery in plants, and
with at least seven isozymes, APX is the most prolific en-
zyme in this cycle (Asada 2006). However, this antioxidant
enzyme exclusively requires reduced ascorbate as a co-
factor to function efficiently (Noctor and Foyer 1998; Asada
2006). In the present case, SOD activity in gshL-/ mutant
(PC) was as per with MC plants, but APX activity was 2-
2.4-fold lower in the mutant than MC. Presumably, disrup-
tion of steady supply of reduced ascorbate due to below
normal activity of DHAR in the GSH-deficient mutant
plants prevented the APX to function efficiently in removal
of H,0O,. Hossain and Asada (1984) and Cruz de Carvalho
(2008) reported that APX activity was greatly reduced in
low ascorbate concentration due to rapid inactivation of
chloroplast isoforms, particularly in the presence of H,0O,.
Thus, the situation got worse when gshL-1 plants were sub-
mitted to Cd treatment, as increased SOD activity generated
excess H,O, which might be instrumental for further
lowering of APX activity at higher Cd-treatment.

The crippling of APX capacity to scavenge H,O, was
accompanied with significant reduction of both GPX and
GST activities but increased activity of CAT in the mutant.
Both GPX and GST can use GSH as a potential substrate,
while CAT requires no reducing substrate to metabolize
H,0,. Since H,0, is a predominant cellular oxidant, its ac-
cumulation to toxic level can not be allowed particularly in
places where thiol-regulated enzymes are functioning (Mitt-
ler 2002). Conversely, as a stable and diffusible ROS signal,
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H,0, has the ability to regulate the induction of GPX/GST
(Mhamdi et al. 2010; Queval et al. 2011) and CAT (Miao et
al. 2006). Besides Cd-PCs complex, intracellular sequestra-
tion of Cd ions can also be achieved through conjugation of
Cd-GSH complex, a reac-tion catalyzed by GST enzymes
(Dixon et al. 2009). A 2-2.4 decrease in GPX activity and
nearly 7-fold reduction in GST level in the gshL-1 mutant
severely jeopardized the prospect of efficient scavenging of
H,0, and lipid peroxides and intracellular sequestration of
heavy metal in the present mutant. This was evidenced by
the facts that accumulation of both H,O, and MDA (a prod-
uct of lipid peroxidation) took upward trend with conco-
mitant decrease in activities of both GPX and GST in both
tissues of the mutant at elevated Cd treatment. This con-
firmed the failure of H,O,to induce the activities of these
two enzymes in MuC and in Cd-stressed mutant plants.
Increased activities of these two prominent thiol-based en-
zymes were observed in Pisum sativum L. plants under Cd-
stress (Dixit et al. 2001) and in roots and shoots of Lathyrus
sativus L., Cicer arietinum L. and Macrotyloma uniflorum
(Lam.) plants submitted to lead treatment (Reddy et al.
2005; Brunet et al. 2009). Certainly, low GSH availability
in gshL-1 mutant led to inadequate response of both GPX
and GST even under high Cd treatment. H,O, level is well
correlated with MDA content, and therefore, both these
compounds are routinely used as the biochemical markers
of oxidative stress (Bandeoylu et al. 2004; Cheeseman
2006; Cruz de Carvalho 2008). A good correlation between
the intracellular H,O, availability and the status of gluta-
thione pool has been suggested and oxidative perturbation
of GSH redox state is somehow linked to CAT activities
through transmission of H,O, signal (Mhamdi et al. 2010;
Quevel et al. 2011). This idea has been strengthened by the
present case, where among H,O,-metabolizing enzymes,
only CAT activity increased, while APX and GPX de-
creased abnormally. Yet, CAT activity alone could not com-
pensate this huge deficiency, despite a significant increase,
resulting in H,O, accumulation in the mutant tissues.
Consequently, this led to oxidative damage of membrane
through increased lipid peroxidation as manifested by sig-
nificant enhancement in percentage of electrolyte leakage in
the mutant. Its mother plants, however, showed efficient
scavenging of ROS through normal functioning of H,O,-
metabolizing enzymes and proper sequestration of Cd
through GST/PC synthase activity. This pre-vented H,0,
over-accumulation and minimized Cd-induced oxidative
damage, although, decrease in antioxidant capacity to a cer-
tain extent became evidenced only at 50 uM Cd, indicating
cadmium sensitivity of this grass pea variety at this level.

CONCLUSION

In conclusion, the results showed that gshL-/ mutant is
under severe oxidative stress and became highly sensitive to
cadmium treatment. GR inactivation is the primary cause of
GSH-deficiency in this mutant, triggering a massive
disruption in activities of different antioxidant enzymes and
the disturbances in phytochelatin synthesis. All these ulti-
mately led to decrease in growth and development of the
mutant plants, the rate of which accelerated under cadmium
treatment as a symptom of its higher sensitivity to cad-
mium-induced oxidative stress than its mother plants. The
10 uM Cd level was toxic to gshL-/ mutant, while its
mother variety BioL-212 showed cadmium sensitivity only
at 50 uM Cd treatment. Present study clearly revealed ori-
gin of a new biochemical mutant in grass pea through
induction of mutagenic techniques. The potentials of this
unique mutant may be exploited in grass pea to explore the
underlying thiol-based regulation of antioxidant defense
system against heavy metal-induced stress and more spe-
cifically, to reveal the link between thiol metabolism and
role of neurotoxin in the process of remarkable stress tol-
erance in this hardy legume crop.
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