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Abstract Withania somnifera is one of the most important
medicinal plant and is credited with various pharmacological
activities. In this study, in vitro multiple shoot cultures were
exposed to different concentrations (5-300 M) of cadmium
(Cd) as cadmium sulphate to explore its ability to accumulate
the heavy metal ion and its impact on the metabolic status and
adaptive responses. The results showed that supplemental
exposure to Cd interfered with N, P, and K uptake creating
N, P, and K deficiency at higher doses of Cd that also caused
stunting of growth, chlorosis, and necrosis. The study showed
that in vitro shoots could markedly accumulate Cd in a
concentration-dependent manner. Enzymatic activities and
isozymic pattern of catalase, ascorbate peroxidase, guaiacol
peroxidase, peroxidase, glutathione-S-transferase, glutathione
peroxidase, monodehydroascorbate reductase, and
dehydroascorbate reductase were altered substantially under
Cd exposure. Sugar metabolism was also markedly modulated
under Cd stress. Various other parameters including contents
of photosynthetic pigments, phenolics, tocopherol, flavo-
noids, reduced glutathione, nonprotein thiol, ascorbate, and
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proline displayed major inductive responses reflecting their
protective role. The results showed that interplay of enzymatic
as well as nonenzymatic responses constituted a system en-
deavor of tolerance of Cd accumulation and an efficient scav-
enging strategy of its stress implications.
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Abbreviations

ASC Ascorbate

APX Ascorbate peroxidase

BSA Bovine serum albumin

CAD Cinnamyl alcohol dehydrogenase
CAT Catalase

Cd Cadmium

DAB 3, 3'-Diaminobenzidine

DCPIP 2,6-Dichlorophenolindophenol
DCFH-DA 2',7'-Dichlorodihydrofluorescein diacetate
DHAR Dehydroascorbate reductase

DHA Dehydroascorbate

DIA Diaphorase

DTNB 5-5"-Dithiobis-(2-ntrobenzoic acid)
DTT Dithiothreitol

DNPH 2,4-Dinitrophenylhydrazine

EDTA Ethylenediaminetetraacetic acid

EST Amy] esterase

FRAP Ferric-reducing antioxidant power property
GOT Glutamate oxaloacetate transaminase
G-POD Guaiacol peroxidase

GPX Glutathione peroxidase

GR Glutathione reductase
GSH Reduced glutathione
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GSSG Oxidized glutathione

GST Glutathione-S-transferase

G6PDH Glucose-6-phosphate dehydrogenase

ICP Inductively coupled plasma

KPB Potassium phosphate buffer

MDA Malondialdehyde

MDHAR  Monodehydroascorbate reductase

MS Murashige and Skoog

MTT 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide

NBT Nitroblue tetrazolium

NEM N-Ethylmaleimide

NPSH Nonprotein thiol

OAT Ornithine aminotransferase

PAGE Polyacrylamide gel electrophoresis

PAL Phenylalanine ammonia lyase

P5C Pyrroline-5-corboxylate reductase

POD Peroxidase

PO Proline oxidase

PPO Polyphenol oxidase

PVPP Polyvinylpolypyrrolidone

ROS Reactive oxygen species

SKDH Shikimate dehydrogenase

SOD Superoxide dismutase

TBA 2-Thiobarbituric acid

TDW Triple distilled water

TBARS 2-Thiobarbituric acid reactive substances

TCA Trichloroacetic acid

TPTZ 2,4,4-Tripyridyl-2-triazine

TEMED N,N,N',N-Tetramethylethylenediamine

Introduction

Plants are affected by different kinds of biotic and abiotic
stresses such as drought, salinity, and metal toxicity in their
natural environment. Heavy metals occur naturally in soil as
rare elements, which poses a serious threat to the
environment when present in higher levels by adversely af-
fecting growth and productivity of plants and human health
(Kaur et al. 2012). Cadmium (Cd) is one of the most toxic
heavy metals for human and plants, entering into the environ-
ment mainly through phosphate fertilizers, industrial process-
es, and farming practices. It has been ranked number seven
among the top 20 toxins (Mahmood et al. 2009; Gill and
Tuteja 2011). Its absorption coefficient is higher
as compared to with other heavy metals like zinc and copper.
Absorption of Cd depends on the Cd concentration in soil, the
proportion of Cd available as Cd*", and uptake and seques-
tering ability of the plants. Cadmium is toxic for most of the
plants at concentrations greater than 5-10 ug g ' dry weight,
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except for Cd-hyper accumulators which can tolerate even Cd
concentration of 100 g g~ dry weight (Gill and Tuteja 2011).

Plants possess natural ability to take up non-essential
metals, including heavy metals such as Cd. The uptake of
Cd triggers a set of complex changes in plant growth attributes
as well as modulations at biochemical and physiological levels
(Namdjoyan et al. 2012). The toxicity of Cd causes stunted
growth, chlorosis, necrosis, inhibition of uptake of many
essential elements, inhibition of certain enzymes activities,
decrease in water potential, alterations in membrane perme-
ability, and generation of reactive oxygen species (ROS)
within subcellular compartments (Mahmood et al. 2009;
Nedjimi and Daoud 2009; Beltagi et al. 2010). It is reported
in literature that Cd interferes in the net performance of many
biochemical and physiological processes like photosynthesis,
respiration, protein metabolism, nutrient uptake, and transport
(Gill and Tuteja 2011).

To deal with the stress and induced damages by ROS,
plants have evolved a well-organized antioxidative enzymatic
mechanism involving catalytic activities of antioxidant en-
zymes to scavenge the ROS and thereby eliminate or reduce
their damaging effects (Khatun et al. 2008; Jaleel et al. 2009;
Kauretal. 2012; Sabir et al. 2012). Among these antioxidative
enzymes, superoxide dismutase (SOD) constitutes the primary
step of cellular defense and dismutates O, to H,O, and
0O, (Mittler et al. 2004). Peroxidase (POD) decomposes
H,0, by oxidation of co-substrates such as phenolic com-
pounds and/or antioxidants, whereas catalase (CAT)
breaks down H,O, into water and molecular oxygen.
Glutathione reductase (GR) catalyzes the NADPH-
dependent reduction of oxidized glutathione (GSSG) to
the reduced glutathione (GSH). Glutathione-S-transferase
(GSTs) has the ability to metabolize a wide range of toxic
exogenous compounds via GSH conjugation (Zeng et al.
2009). Glutathione peroxidase (GPX) has an important
role in the reduction of lipid peroxides and other hydro-
peroxide by GSH (Kramer 2010). Thus, a concerted and
balanced action of these enzymes is entailed to optimally
functionalize their scavenging systems and mechanisms in
line with the extent and nature of ROS generated. The
responsiveness and efficiency of the scavenging system of
plants governs the performance, endurance, and survival
capability of plants under stress conditions (Metwally
et al. 2005; Mahmood et al. 2009).

Withania somnifera (Ashwagandha) is one of the most
valued medicinal plants of Ayurveda and other traditional
systems of medicine in India, and is still being commonly
used in Indian traditional health care systems. Indeed,
W. somnifera has recently gained a lot more attention in
research due to emerging strong evidences from diverse re-
search groups across the world in favor of its preventive/
protective and curative role in many clinical problems includ-
ing neurodegeneration and improving interneuron signal



Cadmium stress in Ashwagandha shoot cultures

1033

communications by repair of synapses between nerve cells
(Sangwan et al. 2004). Different parts of W. somnifera are
used in Ayurvedic and Unani systems of medicine. Leaves
of W. somnifera are used for the treatment of tumor and
tubercular glands and also used as antihelminthic (Tuli
et al. 2009). Roots of the plant are used in constipation,
senile debility, rheumatism, debility, nervous exhaustion,
loss of memory, loss of muscular energy, spermatorrhea,
syphilis, rtheumatic fever etc. (Khan et al. 2007; Tuli et al.
2009). The medicinal properties of W. somnifera have been
attributed to the presence/abundance of specialized second-
ary metabolites mainly of alkaloid and ergostane skeleton
steroidal (withanolide) nature (Sangwan et al. 2004, 2007,
2008).

Some earlier reports including ours on in vitro cultures
have shown the ability of multiple shoot cultures to grow
under diverse and difficult conditions (Khatun et al. 2008;
Sabir et al. 2012, 2013). Therefore, objectives of the present
study are to explore (1) if the exposure of heavy metals like Cd
in the growing medium can influence the accumulation of Cd
in W. somnifera, (2) types of various ROS generated under this
heavy metal stress, and (3) the interplay of various cellular
systems in protecting the tissue against Cd-induced damages.
To achieve these objectives and to evaluate the net impact of
Cd stress, in vitro shoots of W. somnifera were used as an
experimental material. It was aimed at deciphering the mod-
ulations in profiles of catalytic levels of antioxidant enzymes
under controlled Cd stress and possible scavenging mecha-
nism engaged in dealing with the adversity of Cd toxicity in
W. somnifera. The outcome of the study has a bearing on
knowing the ability/susceptibility of W. somnifera to accumu-
late heavy metals. The subject has its obvious relevance in
view of the use of the plant and processes for its various
preparations and biomolecules for health gains. The study
shows, for the first time, that multiple shoot cultures of
W. somnifera are capable of accumulating high amounts of
Cd when exposed to exogenous levels of Cd in the medium.
The study was performed under in vitro conditions to monitor
the growth and uptake in a time-bound and controlled manner.
The leads of the study not only provide important insights and
cues to the metabolic efficiency of the plant to endure perfor-
mance and survival of the plant under a heavy load of metal
stress but also invoke the forthcoming studies needed to
develop evaluative package of practices for the herb stipulat-
ing the impact of cultivating it in heavy metal-contaminated
environments like industrial vicinity. The study also demon-
strates various intrinsic responses that occur in shoots as a
system in response to heavy metal accumulation for future
prospects of its comparison with the plants grown under field
conditions. To our knowledge, this is the first report where
W. somnifera shoot cultures have been shown to accumulate
Cd and exhibit various metabolic and metabolite responses
associated with the Cd accumulation.

Materials and methods

Materials In vitro shoot cultures of W. somnifera var NMITLI
118 were generated and maintained in Murashige and Skoog
(MS) medium (Murashige and Skoog 1962) supplemented
with 30 g I"! sucrose, 8 g 1" agar, 1 mg I”' BAP and
0.5 mg 1" kinetin, and pH was adjusted to 5.8, as reported
earlier (Sabir et al. 2012). Shoots of uniform size were selected
for Cd treatment. All other chemicals and reagents used for
biochemical estimation and enzymatic assays were purchased
from Sigma (St. Louis, MO).

Treatment with Cd and growth conditions Shoot cultures were
transferred to MS medium supplemented with different con-
centrations of cadmium sulphate, mild Cd concentration (5,
10, 20 uM), moderate Cd concentration (50, 100 uM), toxic
Cd concentration (150, 200, 300 uM), and lethal Cd concen-
tration (500, 750, 1,000 uM). For biochemical analysis,
shoots treated with mild to toxic Cd concentrations including
control shoots were taken. Lethal Cd concentration-treated
shoots were not taken for various biochemical analyses be-
cause shoots were unable to grow. Cultures were incubated at
2442 °C at 100 pmol m 2 s~ ' with white fluorescent light
illumination for 16-h light and 8-h dark period. After 30 days
of incubation on Cd-supplemented media, shoots were har-
vested, either directly used or frozen in liquid nitrogen and
stored at —80 °C for various analyses.

Determination of Cd, nitrogen (N), phosphorus (P), and po-
tassium (K) contents For determining the amount of Cd accu-
mulated by W. somnifera, shoots were dried in an oven at
65 °C for 3 days until constant weight. Dried samples were
ground to fine powder in pestle mortar and digested using
HNO5/HCIO, (3:2) diacid digestion. Digested samples were
dissolved in triple distilled water (TDW), and Cd content was
measured through ICP—atomic absorption spectrometry
(Perkin—Elmer). The uptake of N was measured by Kjeldahl
method, and P uptake was estimated using
vanedomolybdophosphoric acid (yellow color) method by
flow-injection analysis. The uptake of K was estimated using
flame photometer after diacid digestion of the samples.

Measurement of growth and estimation of total photosynthetic
pigment contents Growth parameters such as fresh weight
(FW) and dry weight (DW) were measured after 30 days of
treatment. For DW analysis, shoots were kept in an oven at
65 °C until constant weight. Chlorophyll a (chl-a), chlorophyll
b (chl-b), carotenoid, and total chlorophyll were extracted and
estimated from fresh leaves according to method of Hiscox
and Israelstam (1979) and calculated by Armon’s formula.

Estimation of lipid peroxidation Lipid peroxidation was de-
termined by the measurement of total TBARS content
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expressed as equivalents of malondialdehyde (MDA; a
byproduct of lipid peroxidation) using 2-thiobarbituric acid
(TBA) (Heath and Packer 1968). Frozen samples were taken
and homogenized with two volumes of ice-cold 0.1 % (w/v)
trichloroacetic acid (TCA), and homogenate was centrifuged
at 12,000g for 15 min at 4 °C. Assay mixture containing
0.5 ml of aliquot and 1.5 ml of 0.5 % (w/v) TBA dissolved
in 20 % (w/v) TCA was heated to 95 °C for 35 min and then
rapidly cooled on an ice bath to terminate the reaction. After
centrifugation (12,000g for 15 min at 4 °C), absorbance
(532 nm) was measured and values corresponding to nonspe-
cific absorption (600 nm) were subtracted. The total MDA
content was calculated using the extinction coefficient of
155 mM ' ecm 7! and expressed as nanomole MDA per gram
DW.

Estimation of proline content Proline accumulation was esti-
mated colorimetrically based on proline’s reaction with nin-
hydrin using L-proline as standard (Bates et al. 1973). Tissue
sample (0.5 g) was homogenized with 2 ml of 3 %
sulfosalicylic acid. Homogenate was centrifuged at
10,000 rpm for 20 min, and supernatant was taken and added
ina 1:1:1 ratio with ninhydrin acid and glacial acetic acid and
boiled for 1 h and immediately kept on ice to terminate the
reaction. The developed color was extracted with 4 ml of
toluene, and absorbance was measured at 520 nm.

Estimation of total phenolic content The total phenolics of
tissues was measured by using the Folin—Ciocalteu reagent
using gallic acid as standard (Khatun et al. 2008). Tissue was
homogenized in 90 % ethanol and centrifuged at 10,000 rpm
for 15 min. A 0.5 ml of aliquot was added to ten-times diluted
Folin—Ciocalteu reagent. Assay mixture was shaken and in-
cubated for 6 min at room temperature. After incubation,
1.25 ml of 7 % Na,CO;5 solution was added and mixture
was diluted with TDW to a final volume of 3 ml and mixed
thoroughly. Absorbance was measured at 760 nm after incu-
bation of 90 min at 23 °C.

Estimation of total ascorbate (AsA + DHA), AsA, and
DHA For total ascorbate content analysis, tissue was homog-
enized in 5 % TCA and centrifuged for 20 min at 12,000g at
4 °C. Supernatant was collected and used for analysis. Total
AsA content was determined using 1 ml assay mixture con-
taining 0.2 ml extract, 0.05 M potassium phosphate buffer
(KPB; pH 7.4), 3 mM ethylenediaminetetraacetic acid
(EDTA), and 1 mM dithiothreitol (DTT), and was incubated
for 10 min at 25 °C. After incubation, 0.1 ml of N-
ethylmaleimide (NEM), 0.4 ml of 0.61 M TCA, 0.4 ml of
0.8 M orthophosphoric acid, and 0.4 ml of «,«’-bipyridyl
were added. A 0.2 ml of FeCl; was added to assay mixture,
and absorbance was measured at 525 nm after incubating the
mixture at 40 °C for 1 h. For AsA analysis, same assay
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mixture was used, except DTT and NEM were replaced by
TDW. Total ascorbate (AsA + dehydroascorbate (DHA)) and
AsA were estimated using standard curve generated for L-
AsA. The DHA content was calculated by the subtraction of
AsA from total AsA (Tzure-Meng et al. 2009).

Estimation of total flavonoid Flavonoid content was estimat-
ed by colorimetric method using quercetin as standard (Chang
et al. 2002). Tissue was ground in methanol and centrifuged
for 20 min at 12,000g. Extract (1 ml) was added to 2 ml of 2,4-
dinitrophenylhydrazine (DNPH) and incubated for 50 min at
50 °C. After cooling to room temperature, 5 ml of 1 %
potassium hydroxide in 70 % methanol was added to the
reaction mixture and incubated for 2 min. After incubation,
1 ml of the mixture was mixed with 5 ml of methanol and
centrifuged for 10 min at 5,000g. Absorbance was measured at
495 nm.

Estimation of tocopherol For tocopherol measurement, tissue
was ground in methanol and centrifuged for 10 min at
12,000 rpm. Extract (1 ml) was added to dipyridyl solution
(0.125 g dipyridyl dissolved in 25 ml of ethanol, stored in
dark bottle at 4 °C). Absorbance was measured at 522 nm
and o tocopherol was used as standard for computing
concentrations (Kivack and Akay 2005).

Estimation of GSH and NPSH For GSH and nonprotein thiol
(NPSH) assay, shoot samples were homogenized in 3 ml of
5 % sulfosalicylic acid under cold conditions and centrifuged
for 10 min at 10,000g. Supernatant was used for both GSH and
NPSH analysis. For GSH analysis, 0.5 ml of supernatant was
added to 1 ml of reaction buffer (0.5 mM EDTA, 0.05 ml of
3 mM 5-5'-dithiobis-(2-nitrobenzoic acid) (DTNB)) and incu-
bated for 5 min at room temperature. Absorbance was record-
ed at 412 nm. For NPSH analysis, test extract was added to
1 ml of reaction buffer (0.1 M KPB, pH 7), 0.5 mM EDTA,
and 0.5 ml of 1 mM DTNB and incubated for 10 min.
Absorbance was measured at 412 nm and GSH was used as
standard for computing concentrations (Namdjoyan et al.
2012).

Estimation of invertase enzyme activity Fresh shoots were
homogenized in 0.1 M KPB (pH 6.5) containing 10 %
polyvinylpolypyrrolidone (PVPP). Homogenate was centri-
fuged at 12,000 rpm for 30 min at 4 °C. Assay systems for
invertase activity contained alkaline (0.1 M potassium citrate,
pH 8.5) or acidic (0.2 M sodium acetate, pH 4.8) or neutral
(0.1 M KPB, pH 7.0) buffer, substrate (10 mM sucrose), and
enzyme extract. Assay mixture was incubated at 37 °C for
30 min, and reaction was terminated by keeping the mixture in
boiling water bath for 5 min. One milliliter of Nelson’s solu-
tion (A + B) was added to assay mixture and boiled for
20 min. Absorbance was measured at 620 nm after adding
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Nelson’s solution C (Nelson 1944). Total protein content of
the extracts was determined according to Bradford method
(Bradford 1976), using BSA as a standard.

Estimation of sugar content Total sugar contents were mea-
sured according to Nelson method, using glucose as standard
(Nelson 1944). Fresh shoot tissue was boiled in 80 % ethanol
for 15 min; supernatant was collected and used for total sugar
as well as total reducing sugar estimations. For total reducing
sugar estimation, 1 ml of Nelson’s solution (A: B) in ratio
(25:1) was added to supernatant and mixture was boiled for
20 min. Absorbance was measured at 620 nm after adding
1 ml of Nelson reagent C. For total sugar estimation, 0.2 ml of
aliquot was taken and volume made up to 1 ml with TDW.
Four milliliters of anthrone reagent was added to aliquot and
heated for 8 min. Absorbance was measured at 630 nm.

Metabolism-related enzyme activities For determination of
glucose-6-phosphate dehydrogenase (G6PDH; EC 1.1.1.49),
shikimate dehydrogenase (SKDH; EC 1.1.1.25), cinnamyl
alcohol dehydrogenase (CAD; EC 1.1.1.195), phenylalanine
ammonia lyase (PAL; EC 4.3.1.5), and polyphenol oxidase
(PPO; EC 1.10.3.2) activities, young leaves were homoge-
nized in 0.1 M KPB (pH 6.5) containing 10 % PVPP, 0.5 mM
DTT, and 5 mM [(3-mercaptoethanol. Homogenate was centri-
fuged at 12,000 rpm for 45 min at 4 °C. Supernatant was used
for enzyme assay. The activity of GOPDH was measured using
assay mixture consisting of 50 mM Tris—HCl (pH 7.4), 5 mM
MgCl,, 0.5 mM glucose-6-phosphate, and 0.5 mM NADP.
The reaction was initiated by the addition of enzyme extract,
and increase in absorbance was measured at 340 nm. The
activity of SKDH was assayed in 0.1 M Tris—HCI buffer
(pH 9) containing 2 mM shikimic acid, 0.5 mM NADP, and
enzyme extract. Increase in absorbance was recorded for over
3 min at 340 nm (Kovacik et al. 2009). The enzyme activity of
CAD was assayed in 0.1 M Tris—HCI buffer (pH 8.8) contain-
ing 1 mM coniferyl alcohol, 1 mM NADP, and enzyme
extract. The enzyme activities of G6PDH, SKDH, and CAD
were calculated using molar absorption coefficient of
622 mM ' cm™! (Kovacik et al. 2009). Assay mixture for
PAL contained 50 mM Tris—HCI (pH 8.8), 20 mM phenylal-
anine, and enzyme extract. Reaction mixture was incubated
for 30 min at 30 °C. TCA (10%) was added to terminate the
reaction, and absorbance was measured at 290 nm (Ali et al.
2007). The assay for PPO enzyme was prepared in 50 mM
KPB (pH 7.0) buffer containing 60 mM catechol and enzyme
extract. Increase in absorbance was read over for 2 min at
420 nm (Jaleel et al. 2009).

Proline metabolism-related enzymes The shoot tissues from
treated and control samples was extracted using extraction
buffer containing 0.1 M KPB (pH 7.4), | mM pyridoxal-5-
phosphate, | mM EDTA, 10 mM (3-mercaptoethanol, and 1 %

PVPP. The supernatant was used for enzyme assays. The
assay mixture of ornithine aminotransferase (OAT) contained
0.1 M KPB (pH 8.0), 50 mM ornithine, 20 mM «-
ketoglutarate, 1 mM pyridoxal phosphate, and enzyme ex-
tract. After incubating the mixture for 30 min at 37 °C, 10 %
TCA was added to terminate the reaction. Absorbance of the
developed color was measured at 440 nm after adding 0.5 %
o-aminobenzaldehyde. The assay mixture of pyrroline-5-
corboxylate reductase (P5C) contained 0.1 M KPB (pH 7.4),
1 mM pyrroline-5-carobxylate, 0.12 mM NADH, and enzyme
extract. Decrease in absorbance was measured immediately
after addition of pyrroline-5-carobxylate at 340 nm. The assay
mixture of proline oxidase (PO) contained 15 mM L-proline,
0.01 cytochrome C, 0.1 M KPB (pH 8.0), 0.5 % (v/v) Triton
X-100, and enzyme extract. TCA (10%) was added after
incubating the mixture for 30 min at 37 °C. Absorbance of
the developed color was measured at 440 nm after adding
0.5 % o-aminobenzaldehyde (Madan et al. 1995).

Antioxidative enzyme activity Fresh tissue was homogenized
in 2 ml of extraction buffer containing 0.1 M KPB (pH 7.8),
0.1 mM EDTA, 1 % Triton X-100, 5 % PVPP, and 2 mM f3-
mercaptoethanol and centrifuged for 12,000g for 35 min. The
activity of SOD (EC 1.15.1.1) was measured by monitoring
the inhibition of nitroblue tetrazolium (NBT) reduction at
560 nm. The assay mixture of SOD consisted of 0.1 M KPB
(pH 8.0), 0.025 % Triton X-100, 0.1 mM EDTA, 12 mM L~
methionine, 75 uM NBT, 2 uM riboflavin, and enzyme ex-
tract. The reaction mixture was incubated for 30 min under 15-
W fluorescent lamp at 28 °C, and absorbance was measured at
560 nm. Blank and controls were run in the same manner but
without illumination and enzyme (Khatun et al. 2008). The
enzyme activity of CAT was assayed by using reaction mix-
ture containing 50 mM KPB (pH 7.0), 30 mM H,0,, and
enzyme extract. Decrease in absorbance was measured at
240 nm as a consequence of H,O, consumption (Sabir et al.
2012). The reaction mixture of ascorbate peroxidase
(APX;,EC 1.11.1.11) contained 50 mM KPB (pH 7.0),
0.1 mM EDTA, 0.1 mM ascorbic acid, 0.1 mM H,0O,, and
enzyme extract. The decrease in absorbance at 290 nm for
1 min was measured after adding H,O, (Sabir et al. 2012). For
guaiacol peroxidase (G-POD), assay mixture contained
0.01 M KPB (pH 7), 80 mM guaiacol, 80 mM H,0,, and
enzyme extract. The increase in absorbance was measured at
290 nm for 1 min after adding H,O, (Sabir et al. 2012). For
POD (EC 1.11.1.7) activity, reaction mixture contained of
0.1 M KPB (pH 6.8), 0.01 M pyrogallol, 5 mM H,0,, and
enzyme extract. The reaction mixture was incubated for 5 min
at 25 °C. Absorbance was measured at 420 nm after terminat-
ing the reaction by adding 2.5 N H,SO, to reaction mixture
(Khatun et al. 2008). For GR (EC 1.6.4.2) activity, assay
mixture contained 0.1 M KPB (pH 7.0), 1 mM EDTA,
0.5 mM DTNB, 2 mM NADPH, 1 mM GSSG, and enzyme
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extract. Glutathione-dependent oxidation of NADPH at
340 nm was measured (Khatun et al. 2008). The reaction
mixture of GST contained 0.1 M KPB (pH 6.5), 1.5 mM
GSH, 1 mM CDNB, and enzyme extract. Increase in absor-
bance was observed at 240 nm (Beltagi et al. 2010). The assay
mixture of GPX contained 0.56 M KPB (pH 7), 0.5 M EDTA,
1 mM NaNO;, 0.2 mM NADPH, and enzyme extract. The
decrease in absorbance at 340 nm was measured (Khatun et al.
2008). The reaction mixture for monodehydroascorbate re-
ductase (MDHAR) contained 0.1 M KPB (pH 7), 0.0125 %
Triton X-100, 0.2 mM NADH, 2.5 mM ascorbate, 0.25 U
ascorbate oxidase, and enzyme extract. Increased in absor-
bance was measured at 340 nm (Khatun et al. 2008). The
assay mixture of dehydroascorbate reductase (DHAR)
contained 0.1 M KPB (pH 7), 1 mM EDTA, 5 mM GSH,
and 0.2 mM dehydro ascorbate. Increase in absorbance was
measured at 265 nm (Khatun et al. 2008).

Native polyacrylamide gel electrophoresis For the determina-
tion of profile of antioxidant isozymes, protein extracts in
equal amounts were subjected to native polyacrylamide gel
electrophoresis (PAGE) with 10 % resolving gel and 4 %
stacking gel at 4 °C. The POD isozymes were visualized by
incubating the gels in a solution of 0.2 M acetate buffer (pH
5.5), 0.03 % H,0,, and 1 mM o-dianisidine (Sangwan et al.
2003). For APX, gel was incubated in 50 mM KPB (pH 7),
2 mM sodium ascorbate, 4 mM sodium acetate, and 2 mM
H,0, for 20 min. Gel was stained in a solution containing
50 mM KPB (pH 7.8), 28 mM TEMED, and 2 mM NBT for 2
or 3 min after washing the gel with 50 mM KPB (pH 7.8) for
1 min (Chandrashekar and Umesha 2012). For amyl esterase
(EST) isozymes, gel was incubated in 25 ml solution of 0.1 M
sodium phosphate buffer (pH 6.5) containing 1 mM fast blue
RR salt, 2 mM of a-napthyl, and 2 mM [3-napthyl acetate
(Sangwan et al. 2003). Gel was incubated in 25 ml of 0.1 M
KPB (pH 7.5) containing 10.7 mM methionine, 0.97 mM
NBT, 0.1 mM EDTA, and 4.2 mM riboflavin for SOD
(Sabir et al. 2012). For glutamate oxaloacetate transaminase
(GOT) staining, gel was incubated in 25 ml of solution con-
taining 0.2 M Tris—HCI (pH 8.5), 2 mM pyridoxal phosphate,
4 mM L-aspartic acid, 4.3 mM o-ketoglutarate, and 5.4 mM
fast blue BB salt (Sangwan et al. 2003). For diaphorase
(DIA) staining, gel was incubated in 25 ml of 0.2 M Tris—
HCI1 (pH 8.5) supplemented with 0.12 mM 2,6-
dichlorophenolindophenol (DCPIP), 0.5 mM 3-(4,5-dimeth-
yl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT),
and 0.3 mM NADH (Sangwan et al. 2003). For SKDH, gel
was incubated in 12.5 ml of 0.1 M Tris—HCI buffer (pH 9.0)
containing 0.25 mM NADP, 1.7 mM shikimic acid, 0.48 mM
MTT, and 0.06 mM PMS. The staining for GR activity was
performed by incubating gels in a solution containing 0.25 M
Tris—HCI buffer (pH 7.5), 3.4 mM GSSG, 3 mM EDTA,
0.50 mM NADPH, and 40 uM DCPIP and MTT (Yannarelli
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et al. 2007). For CAT staining, gel was washed in TDW and
incubated in 50 mM KPB (pH 7.0) containing 50 p ml™"
horseradish peroxidase for 45 min in the dark. H,O, (5
pumolar) was added to the gel then again incubated for
10 min after that gel was stained with 0.5 mg ml™' DAB for
3—4 min. Negative bands were observed on dark orange
brown background. The detection for GPX was performed
by incubating the gel with 0.1 M KPB (pH 6.5) and 12.5 mM
guaiacol and 1.7 mM benzidine and 12 mM H,O, until the
appearance of bands (Yannarelli et al. 2007; Sabir et al. 2012).

Determination of total ROS For the total ROS measurement,
tissue was incubated in 50 mM KPB and 10 uM DCFH-DA
for 30 min. Total ROS was measured fluorometrically
(Bernstein et al. 2010).

Determination of superoxide radical Leaf tissue was incubat-
ed in 1 ml of 20 mM KPB (pH 6) containing 500 puM XTT in
the dark at 25 °C in a shaker for 5 h. Absorbance at 470 nm
was observed (Schopfer et al. 2001).

Determination of hydrogen peroxide production Leaves were
incubated in 2 ml of KPB (20 mM, pH 6.0) containing 5 pM
scopoletin and 1 U ml™" (final concentration) horseradish
peroxidase in the dark at 25 °C on a shaker. The production
of H,O, was evaluated by fluorescence monitoring (Schopfer
et al. 2001).

Determination of hydroxyl radical Leaf tissue was incubated
in 1.5 ml of buffer containing 20 mM 2-deoxy-D-ribose for 4 h
and centrifuged for 5 min at 12,000g. A 0.5 ml of supernatant
was added to incubation medium containing 0.5 ml of TBA
(10 g "' in 50 mM NaOH) and 0.5 ml of TCA (28 g I'").
Mixture was boiled for 10 min, and after cooling, hydroxyl
radical generation was measured fluorometrically (Schopfer
et al. 2001).

Estimation of hydrogen peroxide, hydroxyl, and superoxide
radicals’ scavenging activities Leaves were ground in 2 ml
methanol and centrifuged for 10,000g for 15 min. Supernatant
was added to 4 mM H,0, solution which was prepared in
0.1 M KPB (pH 7.4) and incubated for 10 min. The absor-
bance of the solution was measured at 230 nm against blank
solution for calculation of H,O, scavenging activity. For
hydroxyl radical scavenging activity measurement, the above
extract was added to the solution of KPB (pH 7.4) containing
1 mM EDTA, 1 mM FeCls;,1 mM L-ascorbic acid, 20 mM
H,0,, and 30 mM deoxyribose. The reaction mixture was
boiled for 15 min after incubating for 1 h at 37 °C then, 1 ml of
2.8 % (w/v) TCA and 1 ml of 1 % (w/w) TBA were added. The
developed color was measured at 532 nm. For superoxide
radical scavenging activity measurement, the reaction mixture
contained 67 mM KPB (pH 6.8), 2 mM EDTA, 2 uM
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riboflavin, above extract, and 50 uM NBT. Absorbance was
measured at 530 nm before and after the illumination. The
percentage inhibition of superoxide generation was measured
by comparing the absorbance values of control and treated
samples (Vajanathappa and Badami 2009).

Estimation of total antioxidant activity Total antioxidant ac-
tivity was measured using ferric-reducing antioxidant power
property (FRAP) assay. One hundred microliters of aliquot
was added to 2 ml of FRAP reagent (1 mM TPTZ and 20 mM
FeCl; in 0.25 M sodium acetate, pH 5.6) and thoroughly
mixed. Absorbance was measured at 595 nm after incubating
the mixture for 5 min at 37 °C. Ammonium ferrous sulphate
was used as standard (Molan et al. 2012).

Estimation of total reducing power activity Mixture of meth-
anolic extract and 2.5 ml of 1 % potassium ferric cyanide were
incubated for 20 min at 50 °C. A 2.5 ml of 10 % TCA was
added and centrifuged for 10 min at 6,500g. Absorbance was
measured at 700 nm after adding 1 ml of 0.1 % FeCl; (Yen
Duh 1993).

Statistical analysis Experiment was carried out with at least
three replications, and the data were subjected to one-way
ANOVA to assess the significant difference using Duncan’s
multiple range test (P<0.05). Mean values were computed,
and standard deviation was indicated except where it was too
small to be visible in graphical representation.

Results and discussion

Among heavy metals, Cd is extremely toxic to plants and
animals and it persists in the environment due to its long
half-life. In the present study, Cd toxicity and tolerance in
medicinal plant W. somnifera have been analyzed in terms of
responses of various growth-related factors of ROS metabo-
lism, and enzymatic and nonenzymatic antioxidant responses
engaged by the plant in the process. Various visual symptoms
showing toxicity such as yellowing, necrosis, stunted growth,
and side-branching inhibition were noticed in the treated
shoots (Supplementary Fig. 1A and B). After 10 days of
treatment, necrosis became visible only at 300 uM, while
yellowing, shoot inhibition, and side-branching inhibition
were quite apparent at toxic Cd (150-300 uM) concentrations
(Supplementary Fig. 1 A; Supplementary Table 1). These toxic
effects were possibly due to alterations in cell division, pho-
tosynthesis, respiration, and protein synthesis resulting in the
inhibition of normal growth of plant. Yellowing and chlorosis
of leaves at toxic and lethal Cd concentrations might be due to
the replacement of iron on the active sites by heavy metal
resulting to iron chlorosis, as observed earlier in other plants

such as Prunus cerasifera (Lombardi and Sebastiani 2005).
Necrosis might have resulted from the generation of ROS
which eventually leads to programmed cell death. FW and
DW of cultured shoots were drastically decreased by 0.13- and
0.35-fold in comparison with control at toxic Cd concentration
(150-300 puM), while at mild and moderate Cd concentra-
tions, FW and DW weight was almost equal to control
(Supplementary Fig. 2). Growth and photosynthetic pigment
contents were severely inhibited at toxic Cd concentration
which decreased photosynthetic pigment contents (Fig. 3)
and uptake of essential mineral nutrients (N, P, and K)
(Fig. 1) and caused necrosis (Supplementary Fig. 1A and B).

In shoot cultures, the level of Cd was found to increase by
38- to 2,949-folds from mild to lethal Cd concentrations (5—
1,000 uM) after 30 days of treatment in comparison to control
(Supplementary Fig. 1A and B). It is reported that Cd can
accumulate through different processes of Cd translocation
with accumulation occurring in vacuole (Vogeli and Wagner
1990) cell wall and apoplast (Hart et al. 1998). Our results
revealed that W somnifera could accumulate high levels of Cd,
up to the Cd concentration of 500 uM but beyond this plants
failed to survive.

The N, P, and K are primary nutrient elements which are
very essential for plant growth and development (Uchida
2000). There was no significant effect of Cd observed on N
uptake at mild to moderate Cd concentrations, while at toxic
Cd concentration, N uptake was strongly inhibited. The N
content was found to be maximum at 5 uM (1.2-folds) and
minimum at 300 uM (0.29-folds) in comparison to control.
The study showed that Cd did not affect N uptake efficiently at
mild to moderate concentrations, but at toxic concentration, it
had adverse effect on N uptake resulting into retarded growth
and necrosis of multiple shoots. The other mineral nutrient P is
a main constituent of energy currencies (ADP, ATP, NADP,
etc.), genetic materials (DNA and RNA), and cell membrane
component (phospholipids). It plays a very important role in
photosynthesis and respiration and in the development of root,
flower, and seed (Uchida 2000). The supplementation of Cd in
the medium exhibited negative regulation of P uptake,
exhibiting a decrease in it under mild to lethal Cd concentra-
tions by 0.9- to 0.1-folds in comparison to control. This might
be due to the fact that Cd at higher concentrations inhibited P
uptake by competing with its absorption and/or translocation.
Other major nutrient K is known to act as activator of several
enzymes as well as coenzyme and has an essential role in
protein synthesis, cuticle layer formations, stomatal function
maintenance of turgor potential, and disease resistance
(Uchida 2000). The uptake of K increased at moderate Cd
concentrations by 1.8-folds then sharply decreased at lethal
Cd concentration by 0.14-folds in comparison with control,
respectively (Fig. 1). These results suggest that Cd interferes
with P and N uptake ,while in the case of K uptake, Cd
enhanced the K uptake up to moderate Cd concentration, but
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Fig. 1 Cd accumulation in W. somnifera shoots grown in medium supplemented with Cd and its effect on uptake of N, P, and K. Average values are

given. Error bar represents the standard deviation (n=3)

at toxic and lethal Cd concentrations (200—1000 uM), there
was a sharp decrease in K uptake. The uptake and transloca-
tion of Cd occurs through the transporters, so this process may
be hindered leading to slowed nutrient uptake and transloca-
tion besides accompanying changes in the modification of
permeability of plasma membrane and alterations in the mem-
brane integrity, i.e., leakage of plasma membrane and by
disturbance in transportation mechanism (Nazar et al. 2012).
Similarly, inhibition of N, P, and K uptake by Cd supplemen-
tation is reported earlier (Metwally et al. 2005; Nedjimi and
Daoud 2009).

Total photosynthetic pigment contents enhanced at 50 uM
(1.75-folds higher than control) and reduced by 0.13-folds at
300 uM in comparison with control (Fig. 2). Total chlorophyll
(chl a+ chl b), chl a, chl b, and carotenoids were decreased by
0.1- to 0.2-folds, respectively, in comparison with control at
toxic Cd concentration (200 to 300 uM) (Fig. 2). Reduction in
total photosynthetic pigment contents might be owing to
several reasons such as inhibition of chlorophyll biosynthesis,
breakdown of pigments or their precursors, and destruction of
chloroplast membrane by lipid peroxidation due to lack of
antioxidant such as carotenoids or due to the increase in
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peroxidase activity (Mishra and Prakash 2010). Loss of pig-
ments could have a direct adverse effect on photosynthesis.
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Fig. 2 Effect of Cd supplementation on total photosynthetic pigment
contents in in vitro grown W. somnifera shoots after 30 days of treatment.
Average values are given. Error barrepresents the standard deviation (n=3)
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This phenomenon itself may be an indication of onset of
oxidative stress impinging on the plants (Zheng et al. 2010).
The product of unsaturated fatty acid peroxidation MDA is
considered as the general indicator of lipid peroxidation as a
result of stress. The MDA content was increased by 3.36- to
15.72-folds as compared to control, respectively upon Cd
supplementation (Fig. 3). The increased MDA content indi-
cated that Cd caused severe oxidative stress by stimulating
excessive ROS generation which damaged the biological
membranes and induced oxidative stress (Kaur et al. 2012).
Various nonenzymatic agents related to antioxidant actions
such as total phenolics, proline, tocopherol, flavonoid, GSH,
total AsA (AsA + DHA), AsA, and DHA were accumulated
upon Cd exposure, confirming their active involvement in Cd
detoxification and ROS-scavenging mechanism in
W. somnifera multiple shoot cultures. Total phenolics, AsA,
and NPSH increased in a concentration dependent manner by
4.96-, 5.35-, and 2.30-folds, respectively, in comparison with
control upon Cd exposure, while proline, tocopherol, flavo-
noid, GSH, total ascorbate, and DHA were initially increased
by 5.12-,4.66-, 6.07-, 8.74-, 6.17-, and 6.66-folds, respective-
ly, in comparison with control and then decreased at toxic Cd
concentrations (Fig. 3). Our data suggest that nonenzymatic
antioxidants like phenolic, AsA, and NPSH have profound
role in Cd detoxification at all concentrations of Cd. Further,
other nonenzymatic antioxidants such as proline, tocopherol,
flavonoid, GSH, total ascorbate, and DHA were invoked in Cd
detoxification up to certain concentration at toxic levels, i.c.,

0.600

<o 180
g 1.60 0.500
1.40 0
< A\ 1.20 c a 0.400
[e)] =
g o 100 O v 0300
o 080 -
E gjg EE 0.200
c o
=~ o020 i lge 0.100 i i i
0.00 0.000
S eSS S SO DS S S
Cadmium concentration (uM) Cadmium concentration (pM)
0.50
L8 0.45
& o _ 040
o 2 8 03
as So 03
22 15 o -
on >~ 025
< 1 I 020
S = o015
B2 s 8 £ o1
(=4 E 2 < 005 i i
zE 1immm == 0.00
DV QDN DDA
E PP RO RIENEEIRSIININ
Cadmium concentration (puM) Cadmium concentration (uM)
e W 12
o 120 @ 1
= =
82 100 8s
=0 ,o_ a 0.8
gT % ST 06
2 3 60 © :
52 4 §Qo04
L] SE
T E 2 2= 02 i i
2z, 0
=z S eSS S SO S N A SS S

Cadmium concentration (pM) Cadmium concentration (pM)

150200 uM (except proline). Whereas at 300 uM, these
adaptive responses ceased to account by that extent, allowing
Cd adverse effects to reach overall toxic impact (Fig. 7).

Accumulation of proline content has been shown to play an
active role in the heavy metal tolerance mechanism. We have
investigated the enzyme activities of P5SC, OAT, and PO
related with proline metabolism. Among these, P5C and
OAT are involved in proline biosynthesis, while PO is a
proline catabolic enzyme (Madan et al. 1995). These obser-
vations suggested that proline content was increased by 1.0- to
5.0-folds, respectively, in comparison with control upon Cd
exposure which coincided with the enhanced activity of P5SC
and OAT (Fig. 4b). At toxic Cd concentrations (200—
300 uM), proline content decreased by 0.83-folds in compar-
ison with control due to high activity of PO which possibly
degraded the proline (Figs. 3 and 4b). Proline participates in
maintaining several cellular functions including reconstruc-
tion of chlorophyll, osmoregulation, stabilization of protein,
scavenging of hydroxyl radical, quenching of singlet oxygen,
regulation of the cytosolic pH, and regulation of NAD/NADH
ratio and as a source of nitrogen and energy for growth
recovery (Mishra and Prakash 2010; Saha et al. 2010; Sabir
etal. 2012).

Active involvement of phenolic accumulation as a re-
sponse to Cd exposure has been noticed. Phenolic content
increased by 0.6- to 5.0-folds, respectively, in comparison
with control, indicating its role in Cd detoxification mecha-
nism. It increased due to enhanced activities of phenolic

140 4.00
” 1.20 3.50
o =
=3 100 LS 30
o © &
ED 0.80 58 2.50
< ‘; 0.60 B 2.00
2 s O 150
© o = o)
2E S g 1w
<
° 0.20 E s
0.00 000 12 = = = = f
N} D D D DD PD
EN DAL AN S eSS SO
Cadmium concentration (uM) Cadmium concentration (uM)
0.25
s 350
— = 020 gz W
o= g2 2
2 0 015 ST 200
a e 150
o & 0.10 o
S o g 1
O £ 0.5 I3 50
! | i g= il
0.00
VXD D DD PDD
Q‘:\Q"‘“@@Q@Qw&ﬁ“& NV ESENS
Cadmium concentration (pM) Cadmium concentration (uM)
0.4 < 080
‘g 035 % E 070
Eg » 2 _ 060
ga 0.25 & 050
2]
o7 02 @ Ea 0.40
® O 015 oL 030
o -
g E\ o1 3, £ 0.20
8 & oos S2 o i i
2 0 ag 000
S AN DA © SEN NSNS

Cadmium concentration (pM) Cadmium concentration (pM)

Fig. 3 Effect of Cd supplementation on MDA and on other nonenzymatic antioxidants in in vitro shoots of W. somnifera after 30 days of treatment.
Average values are given. Error bar represents the standard deviation (n=3)
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Fig. 4 aEffect of Cd supplementation on antioxidative enzyme activities
in shoot cultures of W. somnifera after 30 days of treatment. Average
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Effect of Cd supplementation on the enzyme activities of phenolic

metabolism-related enzymes like G6PDH (provide precursor
for the shikimate pathway), PAL (crucial enzyme in the
phenylpropanoid pathway, synthesizes frans cinnamic acid),
SKDH (providing precursor for PAL), and CAD (providing
precursor for lignin biosynthesis) (Ali et al. 2007; Kivack and
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Cadmium concentration (uM)

Cadmium concentration (M)

metabolism pathway (PAL, SKDH, G6PDH, CAD, and PPO), proline
metabolic pathway enzymes (OAT, P5C, and PO), and invertase enzyme
in in vitro shoots of W. somnifera after 30 days of treatment. Average
values are given. Error bar represents the standard deviation (n=3)

Akay 2005). Level of their activities enhanced (except CAD
activity which decreased by 0.6- to 0.8-folds, respectively, in
comparison to control at toxic Cd concentration) by 1.0- to
4.0-folds in comparison with control upon Cd exposure to
synthesize phenolic contents to reduce the oxidative stress
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(Fig. 4b). The PPO activity is not affected by Cd at mild to
moderate Cd concentrations (5-100 uM) in W. somnifera
(Fig. 4b). Our results also showed that under Cd stress, phe-
nolic contents increased and H,O, decreased concomitantly,
suggesting that phenolics may be participating in H,O, de-
toxification process to a considerable extent. Phenolics scav-
enge H,0, through a peroxidase action whereby phenolics are
oxidized to phenoxyl radicals which can be reduced by AsA
(Jaleel et al. 2009). Phenolics act as metal chelators and have
the ability to eliminate radical species. Antioxidative activity
might be assayed directly or indirectly by using total phenolic
contents as a surrogate measure; it is mainly due to their redox
properties (Ali et al. 2007). Phenolics have also been shown to
be upregulated in response to higher salt concentrations in
W. somnifera (Sabir et al. 2012).

Total ascorbate, AsA, and DHA are considered as the most
abundant, low-molecular weight antioxidant playing a key
role in defense against metal-induced oxidative stress caused
by enhanced levels of ROS. These metabolites increased by
6.17-, 5.35-, and 6.66-folds in comparison with control, sug-
gesting their active involvement in Cd detoxification. The
MDHAR and DHAR play essential roles in the synthesis of
reduced ascorbate. The former MDHAR converts the
monodehydroascorbate into DHA (which is harmful to the
plant), and DHAR helps in the regeneration of AsA from
DHA. The increased activities of these enzymes resulted in
higher accumulation of GSH and AsA (Figs. 3 and 4b). Under
copper stress, similar observations were made in W. somnifera
(Khatun et al. 2008). It has been shown that AsA minimizes
the damage caused by oxidative process through synergic
function with other antioxidants (Jaleel et al. 2009). The other
functions of AsA includes, scavenging of H,O, by ascorbate—
glutathione cycle, elimination of ROS, and maintenance of o-
tocopherol in reduced form (Mishra and Prakash 2010).

Elevation in tocopherol content by 4.65-folds in compari-
son with control (Fig. 3) suggested its active role in Cd
detoxification, but this response of enhancement ceased at
higher concentration of Cd which might be due to the inhibi-
tion of tocopherol synthesis or activation of some enzyme
which is involved in degradation of tocopherol. Similar results
were reported for safflower under Cd stress (Namdjoyan et al.
2012). «-Tocopherol (vitamin E) is known as natural antiox-
idant which interacts with the polyunsaturated acyl group of
lipids that stabilizes the membranes. It also helps in scaveng-
ing and quenching of various ROS and lipid soluble
byproducts of oxidative stress (Jaleel et al. 2009).

The levels of flavonoids were altered under Cd treatment,
indicating its role in detoxification and chelating mechanism
of Cd. Flavonoid content was increased by 1.0-6-folds, re-
spectively, in comparison with control (Fig. 3). Flavonoids are
secondary metabolite with significant antioxidant and chelat-
ing property. Its antioxidant property depends on the structure
and substitution pattern of hydroxyl groups. The GSH and

NPSH are also involved in Cd detoxification mechanism as
shown by their increased content by 1.2- to 9-folds and 1- to
2.5-folds, respectively, in comparison with control under Cd
exposure (Fig. 3). In W. somnifera, GSH content increased
with increasing Cd concentration as reported previously for
rice and safflower (Namdjoyan et al. 2012). The antioxidant
GSH, a low molecular weight, sulphur-containing tripeptide is
an essential component of the cellular antioxidative defense
system, which keeps ROS level under control, and the GSH
levels are constitutively higher in plants adapted to stress
conditions. It is reported that GSH is an ideal biochemical
parameter for plants to handle cellular situations of oxidative
stress and heavy metal stress (Jaleel et al. 2009). Under Cd
stress, NPSH also increased, suggesting its protective role
against oxidative stress. Increased levels of GSH were also
found in safflower and Sesbania drummondi (Zeng et al.
2009). In plants, enhanced level of NPSH may be associated
with enhanced S assimilation due to the overexpression of
genes involved in this process (Namdjoyan et al. 2012).

Enhancement of total sugar (16-folds), reducing sugar (43-
folds), and invertase activity indicated its active role in detox-
ification process against Cd stress (Figs. 3 and 4b). Invertase
activity reached its maximal level at 300-uM Cd exposure. Its
activity in acidic, neutral, and alkaline medium was increased
by 10.12-, 31.98-, and 14.26-folds than control, respectively
(Fig. 4b). As invertase activity increased, total sugar and total
reducing sugar increased, which states that plants need more
availability of carbon source under heavy metal stress (Singh
and Luthra 1988). This is particularly important as the tissue
under Cd treatment have shown impairment in photosynthetic
activities. It is inferred from the results that in vitro shoots of
W. somnifera could induce sugar metabolism for protection
against Cd stress. Possibly, the demand of reducing power as
NADPH is being met by the substantially enhanced levels of
sugar mobilization by upregulated invertases, yielding glu-
cose to enter into pentose phosphate pathway (Couee et al.
2006). Increased GSH, NPSH, and AsA and total reducing
sugar help in maintaining reduced conditions in cell for
normal growth of the plant as shown in W. somnifera. These
results suggest that upon Cd exposure, W. somnifera shoots
elicit its ability to tolerate ROS by increasing their antioxi-
dants and/or reducing power activity (Fig. 7).

The levels of antioxidative enzymes were found to be
varying considerably under Cd treatment (Figs. 4a and 5).
The enhancements for APX (15-folds), POD (12.11-folds),
and G-POD (10.60-folds) were maximum at 200 uM, while
CAT activity was maximum at 100 uM (1.69-folds); GPX and
GST activities were maximum at 300 uM by 5.96- and 3.14-
folds higher than control, respectively (Fig. 4a). Native PAGE
analysis also showed that Cd significantly altered the iso-
zymes of antioxidative enzymes at mild to moderate Cd
concentrations (Fig. 5). Changes in the profiles of antioxida-
tive enzymes indicate their involvement in detoxification
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Fig. 5 Isozymic pattern of POX1 >

metabolic enzymes in in vitro
shoot cultures of W. somnifera
after 30 days of treatment. Lane 1
control, lane 2 5 uM, lane 3
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150 uM, lane 8200 uM, and lane
9300 uM
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mechanism in W. somnifera. Three SOD (SOD 1, SOD 2, and
SOD 3) isozymes were found at mild Cd concentration,
whereas SOD 1 and SOD 3 were observed at moderate
treatment (Fig. 5). Decrease in SOD activity indicated that
SOD fails to be sufficient to detoxify O,  radical to protect
plant from cellular damages which resulted in generation of
more O, under Cd stress. H,O, is highly toxic, which must
be scavenged by various peroxidases. The activities of CAT,
APX, G-POD, POD, and GPX were increased by 1.7-, 15.0-,
11-, 2-, and 6-folds, respectively, in comparison to control
(Fig. 4a). The increased activities upon Cd exposure sug-
gested their involvement in H,O, detoxification mechanism.
APX is also an essential regulator of ROS scavenging through
ascorbate—glutathione cycle (Figs. 4a and 5). Three isozymes
of POX and GPX each were observed in treated shoots. One
isozyme (POX 1) appeared in treated shoots only. Intensity
and number of bands in POX and GPX increased, suggesting
their involvement in adapting under Cd stress (Khatun et al.
2008). However, number of isozymic forms of GR decreased
under Cd treatment, reflecting its decreased activity in
W. somnifera under Cd stress. Three GR (GR1, GR2, and
GR3) isozymes were found in control, while in treated shoots,
only GR2 and GR 3 were found and also their intensity was
decreased from mild to toxic Cd concentrations in comparison
to control (Fig. 5). It is reported that heavy metals might
cleave the highly conserved disulphide bridge between
CYS’® and CYS ®' present in GR and decreased the level of
GR activity (Khatun et al. 2008). Decrease in activity of SOD
and GR suggested that both these enzymes may be of focal
point to further expand the detoxification mechanism of Cd
oxidative stress. The GST activity also increased with
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increasing Cd concentration, indicating its role in detoxifica-
tion process in W. somnifera. It is reported that GST acts as
metal chelators which detoxify the toxic compounds via GSH
conjugation (Beltagi et al. 2010).

Newer isozymic forms of housekeeping enzyme such as
GOT, EST, and DIA increased, indicating their involvement in
Cd detoxification and tolerance mechanism. One of the most
active enzymes, GOT, in the cell possesses an important role
in N metabolism and in the flow of carbon between the
organic acid and amino acid pools (Siregar et al. 2010). A
total of four GOT isozymes were found in W. somnifera under
Cd supplementation. Isozymes GOT1, GOT2, and GOT 3
were found at moderate to higher Cd concentrations, while
in control, only GOTI and GOT 4 were noticed. Whereas
GOT 2 and GOT 3 were found as newer isozymes at moderate
to toxic Cd concentrations in comparison with control (Fig. 5).
Diaphoreses is one of the flavin reductase enzymes in plants,
and it uses two electron transport mechanisms. A total of four
isozymes, viz, DIA 1, DIA 2, DIA 3, and DIA 4 were found in
W. somnifera under Cd stress. Three isozymes DIA 1, DIA3,
and DIA 4 were detected in treated shoots, suggesting their
involvement in Cd detoxification and ROS-scavenging mech-
anism. Diaphoreses detoxifies the redox active compounds
like quinines and circumvents the adverse effect of oxidative
stress in cells generated by metal stress. Five EST isozymes
were observed at 150 uM Cd concentration, and only two
isozymes of EST (1 and 3) at 300 uM (Fig. 5) were noticed.
Increase in band intensity and isozyme number of EST at mild
to moderate Cd concentrations in comparison to control sug-
gests its active role in Cd tolerance mechanism as reported
earlier (Sabir et al. 2012).
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Fig. 6 Effect of Cd
supplementation on total ROS,
H,0,, and superoxide and
hydroxyl radicals in in vitro shoot
cultures of W. somnifera after

30 days of treatment. Average
values are given. Error bar
represents the standard deviation
(n=3)
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scavenging activity decreased due to enhanced levels
of various peroxidase activities and inhibition of SOD activity
during Cd stress in W. somnifera.

Conclusions

In conclusion, our study reveals for the first time that in vitro-
regenerated shoots of W. somnifera have the ability to accu-
mulate (more than 2,000-fold higher as compared to control)
and tolerate Cd. Exposure to toxic and lethal Cd concentra-
tions (150-1,000 uM) exerted the N, P, and K deficiency in
shoots, which are very essential for plant growth and devel-
opment. Due to N, P, and K deficiency, shoots showed severe
toxic symptoms like stunted growth, chlorosis and necrosis
and decreased photosynthetic pigment contents. Toxic Cd
concentration also caused oxidative damage in W. somnifera
shoots as confirmed by enhanced MDA and ROS (O, and
‘OH) and decreased FW and DW of multiple shoot cultures.
Various enzymatic and nonenzymatic antioxidants are in-
volved in Cd detoxification mechanism. Enhanced sugar me-
tabolism also suggests its active role in Cd detoxification and
maintaining carbon source to shoots under stress. The toxicity
of Cd was decreased by boosting of nonenzymatic responses
such as increment in level of total sugars, phenolics, ASA,
DHA, tocopherol, flavonoid, GSH, NPSH, and proline. The
results clearly showed that interplay of enzymatic and nonen-
zymatic antioxidative responses, sugar metabolism, and phe-
nolics and proline metabolism together count to tolerance of
the Cd-induced oxidative stress and as well as for the mech-
anism of efficient scavenging of ROS. The plant resorts to
modulate its metabolism in such a way to avoid the destructive
effect of oxidative stress and evolves a biochemical machinery
to detoxify Cd-generated toxicity. More detailed studies are
needed to elucidate the mechanisms of Cd-induced responses
related to secondary metabolites such as withanolides.
Further, understanding the detoxification mechanism and
strategies in W. somnifera against the heavy metal stress at
plant level will provide insights into manipulating heavy metal
tolerance in medicinally important plant.
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