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General Introduction

Introduction

Environment has offered itself as a surrounding substance of infinite mysteries for
observers, especially with regard to its components and their functions against toxic
contamination. Researchers have always looked up to environment as an inexhaustible
source of inspiration that allows them to understand its components like plant, a
perspective that has afforded them various models through which one can seek to solve
many complex problems of the environment. Heavy metals (HMs) such as cadmium (Cd),
lead (Pb), nickel (Ni), mercury (Hg), copper (Cu), zinc (Zn), calcium (Ca), magnesium
(Mg), manganese (Mn), cobalt (Co) and metalloids i.e. arsenic (As) contamination to the
environment and their potential to lead threats for human health and the environment,
through their accumulation in soil, water and in the food chain.

Lead (s,Pb?"?, Latin “plumbum) is a heavy, bluish-grey metal that naturally
occurring metallic element, one of the components of the Earth's crust and present
everywhere in our environment. Pb is noncombustible metal, having low melting point of
327.46 °C and density is 11.34 g cm >, mainly produced as a by-product of Zn and Pb
mining and refining. However, Pb is usually found in Pb-compounds with two or more
elements rather than metallic form. Its potential risks to human health have been well
studied and documented. Lead (Pb) is a naturally occurring element, is a member of Group
14 (IVA) of the periodic table. According to Agency for Toxic Substances and Disese
Registry, Pb ranks second among the hazardous metals known to be toxic to human and
non-human biota (Anonymous-ATSDR 2011a). Pb is easily modulated and shaped and
form alloys after combination with other metals. In the environment, Pb exists in three
oxidation states: the metallic Pb(0) form, rarely exist in nature; Pb(ll), primarily exists and
Pb(IV), is only formed under extremely oxidizing conditions and inorganic Pb(IV)

compounds are not found under ordinary environmental conditions (Anonymous-ATSDR
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2007). Pb is amphoteric, forming plumbous and plumbic salts in acid and plumbites and
plumbates in alkali. In the electromotive series, Pb positioned slightly above hydrogen and
therefore should theoretically replace hydrogen in acids (King and Ramachandran 1995;

Sutherland and Milner 1990).
Natural Sources of Pb

Lead is extremely persistent in the soil, air, water and foodstuffs and has no biological
significance. It is present in the Earth’s crust at an average concentration of 15-20 mgKg™.
The natural occurrence of Pb in the environment results mainly from ongoing phenomena,
such as weathering of rocks and abrasion, volcanic eruptions, sea and salt lake aerosols,
forest fires and end products of radioactive decay of radioactive elements. Naturally, Pb is
a mixture of four stable isotopes such as ®Pb (51-53%), *°Pb (23.5-27%), ?>’Pb (20.5-
23%), and **Pb (1.35-1.5%), where these isotopes are the stable decay product of three
naturally radioactive elements: 2®Pb from thorium, ?*Pb from uranium and 2*’Pb from
actinium (Anonymous-HSDB 2007; Anonymous-ATSDR 2007). In the atmosphere, Pb
compounds are present in form of particle, and hence the average half-life and lifetime for
particles in the atmosphere is estimated to be about 4 to 15 days (Anonymous-ATSDR
2007).

Primary Pb is obtained from mined ore. Pb is not a particularly abundant element, but
its deposits ore are readily accessible and widely distributed worldwide. Pb, primarily in
the form of lead-sulfide (PbS) in galena ore, constitutes approximately 10 to 17 milligrams
per kilogram (mg Kg ) or 0.001% to 0.002% of the Earth's crust (Anonymous-MoM-GOl
2011). Pb ores are usually found associated with Zn ores and out of 59 identified ore
minerals of Pb most common are galena (PbS, 86.6%), cerussite (PbCOs, 77.5%), anglesite
(PbSOg4, 70%) and minium (PbsO4). Weathering of galena formed the cerussite and

anglesite minerals. Pb can be recovered from ore deposits of Pb, Zn, Pb-Zn, Ag and Cu. Pb
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and Zn are the most widely used non-ferrous metal, after Al and Cu (Anonymous-EPA
2004, 2005, 2007). The global reserve base of Pb is estimated around 170 million tonnes.
Out of that Australia leads with 35% world reserve base of Pb, followed by China, USA
and Kazakhstan and others (Fig. 1A). Further, India is known to have rich deposits of
many ores and minerals. Indian reserve base of Pb showed that Rajasthan is endowed with
the largest resources of Pb-Zn ore that accounted for 468.51 million tonnes (90%) followed
by Bihar (11.43 mt), Maharashtra (9.272 mt), Madhya Pradesh (6.920 mt) and Andhra
Pradesh (6.620 mt) (Latha and Pavanaguru 2010) (Fig. 1B). Resources are also established
in Gujarat, Meghalaya, Orissa, Sikkim, Tamil Nadu, Urrarakhand and West Bengal
(Anonymous-MoM- GOI, 2011). Government of India report showed that the total
amounts of Pb-Zn ores are estimated at 522.580 million tones as on April, 2005

(Anonymous-MoM-GOl, 2011).

Resources from technogenic activities

Lead is a traditional metal with contemporary applications, which responsible for
increased Pb production and consumption worldwide. The greatest increase of
environmental Pb has been observed during the past six decades as a result of human
activity (Anonymous-ATSDR 2007). Pb ranks after only Fe, Cu, Al and Zn in worldwide
metal use (Howe 1981; Anonymous-ROC 2011). The extensive use of Pb is largely due to
its ease of casting, high density, low melting point, ease of fabrication, acid resistance,
electrochemical reaction with sulfuric acid, and chemical stability in air, water, and soil
(King and Ramachandran 1995; Anonymous-ATSDR 2007). Pb is mainly used in battery,
paint and gasoline industries. Being the top Pb resource countries, the Pb production in
Australia, China and USA were accounted for more than half of primary Pb production.
Other Pb producing countries are Peru, Canada, Mexico, Sweden, Morocco, South Africa

and North Korea. Globally total annual Pb production is about 8.8 mt; about half is
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(B)
B Australia Rajasthan
27% 35% @ China Bihar
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H Others
Others

Fig. 1 Lead reserve; (A) Global; (B) India

produced from recycled scrap and residues. In the year of 20032004, the world’s total Pb
production was 6.663 mt, of which the contribution of India was 0.082 mt (Anonymous-
MoCM-GOI 2003; Anonymous-MoM-GOI 2011).

Anthropogenic Pb releases either from the manufacture, use and disposal of
intentionally utilizing Pb products. Various anthropogenic sources of Pb to the
environment are shown in Fig. 2. Pb and its alloys are commonly found in pipes, storage
batteries, weights, shot and ammunition, cable covers, and sheets used to shield us from
radiation. Pb compounds are used as a pigment in paints, glasses, dyes, and ceramic glazes,
pigmented plastics, enamels, Pb stabilized polyvinylchloride (PVC) products, Pb electronic
and in caulk. Pb compounds are used in construction materials for tank linings, piping and
corrosive gases and in petroleum refining, halogenation, sulfonation, extraction,
condensation and metallurgy (Anonymous-ATSDR 2007). It is also used in ceramics,
plastics, electronic devices, as a component of Pb batteries, and in the production of
ammunition, solder, cable covering, and sheet Pb (Fig. 2; Anonymous-HSDB, 1995). Pb
pigments produce intense colorings such as yellow, orange and red, and are well known
pigments in artists' colors, plastics, glasses, ceramics and enamels. All the major soluble,

insoluble and organic Pb compounds have many industrial and domestic uses (Tablel).

Madhya Pradesh

Andhra Pradesh
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Organic form of Pb such tetraethyl and tetramethyl-Pb were widely used as an anti-
knock additive in motor-vehicle fuels, which was the major causative agent for
atmospheric Pb contamination (Dutta and Mookerjee 1981; Sharma et al 2008). Later,
United State Environmental Protection Agency (EPA) initiated a phase-out of leaded
gasoline in the early 1970s and by 1996; the use of Pb in fuel for on-road motor vehicles
was totally banned, resulted in to major decrease the Pb percent in the ambient air
(Anonymous-ATSDR 2007). However, even the use of Pb in bullets and shot as well as in

fishing sinkers is being reduced because of its harm to the environment.

Environmental fate and metabolism of Pb

Lead emissions occur to the three major compartments of the environment such as air,
water and soil (Anonymous-EPA 2004, 2005, 2007). But there may be possibility of inter
exchange of Pb between these three compartments after initial deposition. Air
contamination due to Pb gasoline and pigment dust. In the air it inters from the burning of
coal and household waste, and metal mining and refining processes (Anonymous-EPA
2007). Water bodies are contaminating though the domestic sewage and industrial waste
(Anonymous-EPA 2005). Landfills or other sites may contain waste from Pb ore mining,
ammunition manufacturing, or other industrial activities such as battery production
(Anonymous-EPA 2004). Disposal of Pb-containing products, leaks from hazardous waste
sites, and Pb-pesticides contribute to Pb in soil. Air contaminants are considerable more
mobile than those to water which in turn are considered more mobile than those to soils
(Anonymous-EPA 2004). Pb sources to surface water sediment include deposits of Pb-
containing dust from the atmosphere, waste water from industries, urban runoff, and
mining piles (Anonymous-EPA 2005, 2007). The fate of Pb in soil is affected by
adsorption at mineral interfaces. Once Pb falls onto soil, it strongly sticks to soil particles

and remains in the upper layer of soil particles or sediment in water for many years.
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Industries

Shooting range- Bullets ~ Sewage waste Coal burning

Sources of Pb in the

. tand Mining and
environment an \smelting of ores
health

E-waste Fertilizers, pesticides Paints

Fig. 2 Common sources of Pb in the environment and health (geogenic and technogenic).

Small amounts of Pb may enter rivers, lakes, and streams when soil particles are
moved by rainwater. The major source to environmental Pb is secondary Pb, which is
obtained from scrap or recycled Pb. Approximately 97% of secondry Pb produced from
recycled Pb-acid batteries. Pb emissions to soils environment must be considered in three
different classes; 1) The use of Pb containing fertilizers may thus cause deposition of Pb in
the soil, which may be transferred to agricultural products, 2) emissions to non-agricultural
soils, arises mainly from the industry, metals production and fossil fuel combustion, and 3)
depositions in controlled landfills due to from disposal of spent Pb-containing products,
products which may contain Pb impurities, and naturally-occurring wastes which
inherently contain trace levels of Pb. Increasing incineration of Pb-contamination will
eventually due to increased Pb emissions to the environment and transfer through food

chain, it increased risk to human health and other biota (Murti 1987).
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Table 1 Lead compounds and their uses in industrial, domestic products. (Anonymous-
ATSDR 2007; Anonymous-ROC 2011).

Pb Compounds

Uses

Pb-acetate
Pb-acetate trihydrate
Pb-chloride
Pb-nitrate

Pb-subacetate
Pb-azide; Pb-styphnate
Pb-carbonate
Pb-fluoride
Pb-naphthenate
Pb-phosphate;
Pb-iodide
Pb-sulfate
Pb-oxide
Pb-sulfide
Pb-chromate
Pb-tetraoxide
Pb-thiocyanate
Pb-arsenate

Tetraethyl-Pb;
tetramethyl-Pb

Water repellent, and mordant for cotton dyes

Varnishes, chrome pigments and as an analytical reagent
Asbestos clutch, catalyst and flame retardant

Matches, explosives, heat stabilizer in nylon and coating on
paper for photothermography

Sugar analysis and clarifying organic solutions

Munitions manufacture

Catalysts and in coatings for thermographic copying
Catalysts and in the electronic and optical industries
Catalysts and varnish drier

Stabilizers in the plastics industry

Photography and in thermoelectric materials

Galvanic batteries (with zinc)

Ceramics and as a vulcanizing agent in rubber and plastics
Ceramics and as a humidity sensor in rockets.

Pigment in paints, rubber, and plastics
Plasters, ointments, glazes, and varnishes

safety matches and cartridges

Formerly was used as an insecticide and herbicide
anti-knock additive in motor-vehicle fuels

Lead effects to human health

Lead is a potentially toxic metal (Anonymous-WHO, 1992) which was classified as a

human carcinogen by the International Agency for Research on Cancer (Anonymous-

IARC, 2011). EPA considered that national ambient air quality standard for Pb is 1.5 ug

m and the greater concentration of Pb in is not suitable for human survival. According to

them blood Pb level more than 10 pg dL™" is tolerant, increased Pb level than this limit

need medical cure and Pb removal from blood. Under the lead-copper rule (LCR), EPA

requires testing of public water systems, and if more than 10% of the samples at residences
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contain 0.015 mg L' Pb levels, actions must be taken to lower these levels. In the smelting

and refining of Pb, mean concentrations of Pb in air can reach 4,470 pg m; in the
manufacture of storage batteries, mean airborne concentrations of Pb from 50 to 5,400 ug
m have been recorded; and in the breathing zone of welders of structural steel, an average
Pb concentration of 1,200 pg m has been found. Jathar et al. (1981) conducted a field
study in Ahmedabad with limited samples of air, food and water. The study showed that
ambient air Pb concentration varied from 0.35 to 1.77 pg m°, food grains contained 0.7 pg
g ' where as cooked food showed a mean of 0.8 p gm™', drinking water samples registered
a level around 0.013 pg g . It is supposed that food and air seemed to be a major source
for Pb intake in human body, which accounted for about 0.4 mg of daily intake and about
7.2% Pb of the total daily intake from air is only (Murti 1987). Pandey et al. (2010)
investigated the mid stream water quality of Ganga river at Varanasi, India as influenced
by aerially-driven HMs. Data showed that Ganga river receives substantially high
atmospheric inputs of Cd, Cr, Cu, Pb and Zn. Non-permissible limit of Cd, Ni and Pb
along with Zn, Cr and Cu were identified at various sampling sites (Pandey et al. 2010).
The available data on Pb contamination in air, water, soil and food represent the higher
possibility for general population to expose to Pb. The greatest potential for human
exposure to Pb arises from its previous use as an additive in gasoline and as a pigment in
both interior and exterior paints, which resulted in its widespread dispersal throughout the
environment, (Murti 1987; Anonymous-ATSDR 2007; Kumar and Gottesfeld 2008).
Occupational, Pb exposure occurs for workers in the Pb smelting and refining industries,
battery manufacturing plants, steel welding or cutting operations, rubber, plastics industries
and printing industries, firing ranges, radiator repair shops and Pb soldering industries. A
huge amount of information is available on the Pb effects on human health. The highest

risk of health effects from Pb exposure are preschool-age children and pregnant women

and their fetuses (Kaul et al. 2003). According to Health Effect Institute (HEI) more than



General Introduction

fifteen million children in developing countries in Asia are suffering from severe
neurological damage due to Pb poising (Anonymous-EPA 2004; Anonymous-ATSDR
2007). Studies of Pb workers suggest that long-term exposure to Pb may be associated with
increased mortality due to cerebrovascular disease. Pb has long been known to alter the
hematological system by inhibiting &-aminolevulinic acid dehydratase (ALAD) enzyme
involved in heme biosynthesis. Pb-induces skeletal maturation, which might predispose to
osteoporosis in later life, dental caries in children and periodontal bone loss. Prolonged Pb-
induced toxic symptoms include dullness, irritability, poor attention span, epigastric pain,
constipation, vomiting, convulsions, coma, and death (Ahmad et al. 2004). Blood Pb
concentration of 40-80 pg/dL Pb in workers induces neurobehavioral effects such as
malaise, irritability, forgetfulness, fatigue, lethargy, headache, weakness, impotence,
dizziness, decrease intelligence quotient (IQ) and paresthesia. It is also reported that
occupationally or environmentally exposure to Pb causes abortion and preterm delivery in
women and alterations in sperm and decreased fertility in men. Pb exposure caused DNA
damage and EPA and IARC have determined that Pb is a probable human carcinogen
based on sufficient evidence from studies in animals and inadequate evidence in humans

(Anonymous-ATSDR 2011b).

Lead availability to plant

Similar to other non-essential elements (As, Hg and Cd) and excess essential elements
(Cu, Ni, Zn, Fe and Ca), Pb is a highly toxic element for plant and other organisms at all
concentrations, and have no metabolic significance (Sharma and Dubey 2005; Sengar et al.
2008). Pb, like other HMs, is non-biodegradable and non-thermodegradable and thus
readily accumulates to toxic levels in the soil due to the long-term application of
wastewater. One important pathway for dietary uptake of Pb could be through crops or

food irrigated with contaminated wastewater (Uwah et al. 2009). Sharma et al. (2007)
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reported about the HMs contamination of soil and a highly nutritious leafy vegetable, Beta
vulgaris (Shakarkand), resulting from wastewater in sub-urban area of Varanasi, India.
However, the study confirmed that in the edible portion of B. vulgaris, the Pb, Cd and Ni
concentration were higher than the permissible limits of the Indian standard during the
growing season (Sharma et al. 2007).

An investigation was made for possible hyperaccumulator of HMs from contaminated
soil by using seventeen wild-growing plants and nine cultivated plants. Wild-growing
plants are Dactylis glomerata, Cynodon dactylon, Anthoxanthum odoratum, Lollium
perenne, Agrostis giganthea, Vicia sativa, Trifolium pratense, Medicago falcate, Lotus
corniculatus, Ranunculus arvenis, Helleborus odorus, Equisetum arvense, Amaranthus
retroflexus, Taraxacum officinale, Prunus avium, Euphorbia cyparissias, Gallium aparine
and cultivated plants are D. glomerata, Phleum pratense, Lolium multiflorum, L. perenne,
Arrhenatherum elatius, Festuca pratensis, Festuca arundinaceae, L. corniculatus, T.
pratense (Maric et al. 2012). Maric et al. (2012) reported that all wild-growing and
cultivated species are accumulating considerable amount of Pb which are ranged between
5.3-10.3 and 16.4-28.7 mg Kg ', respectively. Pb accumulation in plants is mainly
through root uptake from soil, expect in special cases where aerial accumulation in leaf
possible. Zea mays L. grown in a typical zinc smelting impacted area of southwestern
China, accumulated Pb and Cd to a toxic level via their roots and/or leaves. Data
represented that the elevated concentrations of Pb and Cd in the surrounding soils (69—
2300 mg g * and 7.4-55 mg g, respectively) and maize plants was possibly due to
smelting activities. Isotope analysis of Pb revealed that the Pb in the stalk (1.8-2.9 pg g *
dry weight (dw) and root (8.1-220 pg g * dw) tissues was mainly derived from root uptake,
while foliar uptake of atmospheric Pb was the dominant pathway for Pb to the leaf (25-130
ng g ' dw) and grain (0.85-1.4 pug g * dw) tissues of maize (Bi et al. 2009). Root

considered as a main accumulation site for Pb in many plants grown in contaminated soil

11
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and water (Probst et al. 2009; Tang et al. 2009). Since the diet is the main source of
exposure to Pb for the general population, intensive research has been done on the
accumulation of Pb in edible plant tissues (Sharma et al. 2007; Brunet et al. 2008; Nautiyal
and Sinha 2012). A field survey of Pb content in edibles showed that majority of the Pb
accumulated in roots (root: soil ranging from 0.02 to 0.51) with some translocation to
shoots (shoot:soil as high as 0.10) and below detectable level in fruits grown in
contaminated soil (Finster et al. 2004). Wang et al. (2006a) were conducted an experiment
to analyze the uptake and transfer potential of Cd and Pb to edible part of six vegetable
from contaminated soils. Analysis showed that leafy vegetable accumulate higher amount
of Pb [mg Kg* fresh weight (fw)] than non-leafy vegetables such as Chinese cabbage
(0.052), pakchoi (0.061), water spinach (0.097), towel gourd (0.028), eggplant (0.029) and
cowpea (0.052). Pb contamination and accumulation not only affect the food but also
beverage plant such as tea, a widely consumed beverage. Tea plant are growing in acidic
soil garden, which provide a better translocation factor and medium for Pb uptake by roots

(17.3 mg Kg* dw) and transfer to the mature leaf (3.5 mg Kg* dw) part (Han et al. 2007).
Lead accumulation in plants: laboratory experiments

Once plants interact with HMs such Pb, they followed two mechanisms (i) metal
avoidance and (ii) metal uptake (Fig. 3). Metal avoidance includes active efflux, redox
barrier, and metal precipitation in the soil-rizhosphere and shaded the leaf to avoid the
metal accumulation (Siedlecka et al. 2001; Nagajyoti et al. 2010). On the other hand,
plants take up Pb from soils or water in response to concentration gradients induced by
selective uptake of ions by roots. Pb is captured by root cells of the plants after its
mobilization in the soil, which mainly depends upon: (i) diffusion of Pb along the
concentration gradient which is formed due to Pb uptake and thereby depletion of the

element in the root vicinity; (ii) interception by roots, where soil volume is displaced by

12



General Introduction
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Fig. 3 Mechanisms of metal avoidance, uptake and tolerance in plant (Siedlecka et al.
2001).

root volume after growing, and (iii) flow of metal elements from bulk soil solution
down the water potential gradient (Marschner 1995). The uptake of Pb, both by roots and
leaves, increases with increasing external Pb concentration. Nevertheless, the uptake has
no linear relation with increasing concentration. Pb compartmentalization in plants tissues
involves Pb mobilization from roots to aerial parts of the plant (translocation). The level of
accumulation of elements differs between and within species. Like other few HMs, there
are no clear reports about the plasma membrane channels for Pb uptake, but it is still
unidentified how Pb goes into the root tissue.

On the other hand, Arazi et al. (1999) reported that transgenic tobacco plants
expressing NtCBP4 (Nicotiana tabacum calmodulin-binding protein) tolerate higher levels
of Ni?* but are hypersensitive to Pb®", reflecting the exclusion of Ni** but the accumulation

of more Pb?* than wild type plants. After accumulation in to the roots tissues, for most of
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the plant species, the majority of absorbed Pb (approximate 90%) is accumulated in the
roots and only a small percentage of Pb may be transported to the aerial part of the plants
and as has been reported in Vicia faba (Piechalak et al. 2002), Pisum sativum, and
Phaseolus vulgaris (Malecka et al. 2009; Shahid et al. 2011), Vigna unguiculata (Kopittke
et al. 2007a), Nicotiana tabacum, (Gichner et al. 2008), Lathyrus sativus (Brunet et al.
2008), Zea mays (Gupta et al. 2009), Avicennia marina (Yan et al. 2010), Allium sativum
(Jiang and Liu 2010) and in Sedum alfredii (Huang et al. 2012).

Although, similar to some other HMs, Pb display the translocation restriction
phenomenon, this phenomenon is not common to all HMs. The degree of Pb translocation
can be well explained by the translocation factor (Pb in aerial parts/Pb in roots) (Arshad et
al. 2008; Uzu et al. 2009). Usually the numeric values is rather low for Pb, which suggests
that maximum amount of Pb has been sequestered in the roots tissues (Uzu et al. 2009;
Rossato et al. 2012). Several studies revealed the basic reason of limited transport of Pb
from roots to aerial plant parts, which includes immobilization by negatively charged
pectins and lignin or binding to carboxylic group of mucilage uronic acids within the cell
wall (Marmiroli et al. 2005; Islam et al. 2007; Kopittke et al. 2007a; Sengar et al. 2008;
Arias et al. 2010), precipitation of insoluble Pb salts in intercellular spaces (Kopittke et al.
2007a; Islam et al. 2007; Meyers et al. 2008; Matecka et al. 2009) or sequestration in the
vacuoles of cortical and rhizodermal cells (Seregin et al. 2004; Kopittke et al. 2007;
Pourrut et al. 2011a). However, these explanations are not well sufficient to demonstrate
the low translocation rate of Pb from root to shoot. Although, the endoderm acts as a
physical barrier and plays an important role in this phenomenon. Following apoplastic
transport, accumulated Pb is blocked in the endodermis by the Casparian strip and must
follow symplastic transport, where the major part of Pb is sequestered by plant
detoxification systems (Jarvis and Leung 2002; Chaudhury and Panda 2005; Kaur et al.

2013). Verbruggen et al. (2009) suggested that transportation of metals from roots to aerial
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parts requires movement through the xylem vessels of vascular bundle or vascular flow. X-
ray mapping demonstrated high amount of Pb deposition in xylem and phloem cells
(Marmiroli et al. 2005; Arias et al. 2010; Zheng et al. 2012). While passing through the
xylem, Pb can form complexes with amino or organic acids (Marmiroli et al. 2005; Vadas
and Ahner 2009; Maestri et al. 2010). Organic acids such as carboxylic acid and amino
acids such histidine and methionine are potential metal chelators (Sharma and Dietz 2006).
Amino acids, and several transporter proteins are involved in the root-to-shoot
translocation of Pb (Manara 2012). Metal ions are also translocated from source to sink
tissue via phloem (Rascio and Navari-lzzo 2011). Various studies reported about the Pb
binding to carboxylic group of mucilage uronic acids on plant root surface (Wierzbicka
1998; Marmiroli et al. 2005). Other plants tolerate and detoxify Pb by inactivation
excretion and complexation by ligands and compartmentalization in to tissues (Sharma and
Dubey, 2005; Anjuman et al. 2012). Moreover, accumulated Pb in the plants showed
various toxicity symptoms; tolerance responses and detoxification mechanisms (Sharma nd

Dybey 2005; Sengar et al. 2008).

Lead-induced toxicity in plants

Once plants are exposed with Pb, even at low (uM) concentrations they showed various
degrees of toxic symptoms (Vadas and Ahner 2009; Wang et al. 2012a,b). Despite the
toxicity of HMs including Pb, several plants growing in metals polluted media, are able to
exclude, accumulate or hyperaccumulate HMs and acquire a wide range of adaptive
strategies (Fig. 3). Hyperaccumulator plants are accumulating generally high level of Pb in
their tissues with showing much toxic symptoms or without incurring damage to their basic
metabolic functions (Hu et al. 2012; Huang et al. 2012; Liu et al 2012; Kaur et al. 2013).
Accumulated Pb in the cells is bound to ion exchangeable locations in the cell walls and

was get precipitated extracellularly by phosphate and carbonate (Sengar et al. 2008).
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The unprecipitated or unbound Pb is moved possibly through Ca channels to the other
part of the cells (Manara et al. 2012) showed the various toxic symptoms (Sengar et al.
2008; Sing et al. 2011). The most evident symptoms of its toxicity are chlorosis and
stunting. Chlorosis as results of Pb uptake, transport and replacement of essential elements
like Ca, Mg, Fe, Mn, Cu, Zn, P and K, resulted in to alteration in other metabolic pathways
and physiological processes (Pourrut et al. 2011a; Lamhamdi et al. 2013). One of the
primary responses evoked by Pb is the production of toxic reactive oxygen species (ROS)
through various mechanisms involving electron transfer (Shu et al. 2012), which further
leads to oxidative stress (Israr et al. 2011; Qiao et al. 2012). Oxidative stress is a state
where the balance between oxidants production exceeds the ability of various antioxidant
systems to remove the destructive oxy free radicals leading to significant physiological and
biochemical impairment (Shaw et al. 2004; Kaur et al. 2012; Shahid et al. 2012). The ROS
molecules include superoxide anion (O,™) perhydroxyl radical (HO,™), hydrogen peroxide
(H20,), hydroxyl radical (OH'), alkoxyl radical (RO"), peroxyl radical (ROQ"), organic
hydroperoxide (ROOH), singlet oxygen (‘O.), excited carbonyl (RO*) (Mgller and
Sweetlove 2010). Superoxide ions act as oxidants where it can oxidize the sulphur,
ascorbate, metal and dismutated in to H,O, enzymatically with the help of superoxide
dismutase (SOD). The H,0; is not a real free radical because all of its electrons are paired
positions, but is capable of initiating reduction and highly reactive OH" formation in the
presence of a metal reductant, specifically Fe (Shaw et al., 2004). The process is known as

Haber-Weiss Fenton reaction and can be explained as:

Fe?/ Fe3*

O3 + H:0: "OH + OH™ + 02

Pb affects the structure and function of macromolecules directly or indirectly through
production of free-radical reactions by oxidative reactions, demonstrated as disruption of

membrane integrity and oxidative modifications of proteins and DNA (Sengar et al. 2008;
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Pourrut et al. 2011a,b). Presence of Pb in the plant cell caused an increase in activities of
peroxidase and hydrolytic enzyme. ROS damage the membrane lipid and caused lipid
peroxidation, a process initiated by abstraction of hydrogen atom from the methylene
group (-CH2-) of the polyunsaturated fatty acids of the membrane lipid by hydroxyl
radical. Lipid peroxidation can also be induced enzymatically by enxymes phospholipases
and lipoxygenases (LOX) (Hu et al. 2007; Liu et al. 2008; Huang et al. 2012). Pb like other
toxic HMs, directly affects the plant physiology by inhibiting the enzymes involved in the
biosynthesis of photosynthetic pigments such as &-aminolevulinic acid dehydratase
(ALAD) (Mysliwa-Kurdziel and Strzatka 2002; Mishra et. al. 2006; Cenkci et al. 2010;
Shu et al. 2012) and protochlorophyllide reductase (Burzynski and Kolbus 2004).

Proteins and DNA would be the major targets for Pb or Pb-induced ROS directly or
indirectly. ROS attacks on proteins results in site-specific amino acid modifications
(Sharma and Dietz 2006), fragmentation of the peptide chain, and aggregation of cross-
linked reaction products increased susceptibility to proteolysis (Braconi et al. 2011). Pb is
considered as an effective mitotic poison (turbagens) due to their known affinity for —SH
groups and induces various types of spindle disturbances (Patra et al. 2004). It is possible
that Pb may involve in the interaction with DNA either directly or indirectly (Gichner et al.
2004). enzymatic antioxidants are superoxide dismutase (SOD, E.C. 1.15.1.1), catalase
(CAT, E.C. 1.11.1.6), glutathione reductase (GR, E.C. 1.6.4.2), peroxidase (POD, E.C.
1.11.1.7), ascorbate peroxidase (APX, E.C. 1.11.1.11) and guaiacol peroxidases (GPX,
E.C. 1.11.1.7) and non-enzymatic antioxidants such as, carotenoids, anthocyanins, ascorbic
acid (AsA), glutathione and tocopherol (Kanoun-Boule et al, 2009; Maleva et al, 2009;
Munne-Bosch, 2005) which are able to suppress the reactive oxygen species in the
chloroplasts as well as the cytosol. The details about the enzymatic and non-enzymatic

antioxidants are described in subsequent objectives.
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Experimental plant: Talinum triangulare

Talinum triangulare (Jacg.) Willd. (Ceylon spinach) is a terrestrial herbaceous plant with
erect, simple or branching stems (Fig. 4A-D). Formerly this genus belongs to the family
Portulacaceae, which are known to bear ornamental and attractive flowers (Hickey and
King 1981; Foxcroft et al. 2008). But recently, family Portulacaceae disintegrated into six
new families based on molecular and morphological analysis (Nyffeler and Eggli 2010;
Ocampo and Columbus 2010). According to Nyffeler and Eggli (2010) and Ocampo and
Columbus (2012) now genus Talinum comes under family Talinaceae. Talinum is a small
genus with 50 species mostly found in the tropics, subtropics and warmer parts of the
world (Hickey and King 1981). T. triangulare flowers and fruits throughout the year and
flowers are small and showy, open in the morning and close in the late afternoon (Fig. 4D).
Apart from its ornamental value, Talinum are widely used as leafy vegetable plants in the
tropics including India, Arabia, Africa and America. In south-eastern States of Nigeria,
Talinum is being cultivated and considered as a highly desirable vegetable plant (Ukpong
and Moses 2001). Almost all its parts are useful and used as traditional medicine and are
good source of antioxidant micronutrients (xanthophyll carotenoids) such as lutin (89.79
mg/100 g dw) and zeaxanthin (1.22 mg/100 g dw), in the leaves (Khoda et al. 1992,
Lakshminarayana et al. 2007). Talinum are serving as the important source of flavonoids,
mineral constituents, saponins, tocopherol, vitamin C and proteins in diet of major human
population (Andarwulan et al. 2010; Panyaphu et al. 2011). Moreover, these properties
make this plant as a promising candidate for rich source of the antioxidants as well as other
medicinal values (Panyaphu et al. 2011). Additionally, the extract of T. triangulare showed
antioxidative and hepatoprotective properties in mice against different cell toxicants (Liang
et al. 2012). Large Human population used this plant extract in hypertension (Gbolade

2012), use for treating measles (Ajibesin et al. 2008) and in fever (Allabi et al. 2011).
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Fig. 4 T. triangulare in field conditions maintained in Botanical garden, University of
Hyderabad: (A), (B) and (C) Plants with widespread flowers and seeds in field; (D)
plantlets grown in the pots and (E) flowers of T. triangulare.
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T. triangulare shows close resemblance with T. cuneifolium in habit, gross
morphological characters and base chromosome numbers but differ in only pollen
morphology (Nyananyo and Olowokudejo 1986). The distinguished characters between
these two species are briefly described on the basis of pollen features, seed surface
morphology, and stomatal epidermal surfaces (Nyananyo and Olowokudejo 1986). The
former belonging to pantoporate with 24-32 apertures (pollen type Ill) and later to
pantocolpate with 15 aperture (pollen type IlI) (Nyananyo and Olowokudejo 1986;
Nyanayo 1992). It is observed that plants (e.g., spinach, turnip leaves) that tend to

accumulate HMs are appearing to be the most effective for the toxicity bioassay studies.

T. triangulare: A metallophyte

Since, T. triangulare is a common leafy vegetable among the other classes of vegetable
that are grown in different parts of Nigeria, India and other parts of the world. The use of
polluted water, contaminate soils and over use of pesticides knowingly or unknowingly for
better cultivating of Talinum is a common practice for local farmers. Moreover, the
unavailability of healthy agricultural inputs and high consumption of vegetables, many of
the industrial, residential area, contaminate site, dump sites and polluted area have been
converted as vegetable cultivating field (Adeniyi 1995; Yusuf et al 2003; Sekhar et al.
2007; Uwah et al. 2009). To analyze the HMs in edible part of the vegetable plant is
always a desirable effort for many researchers in the past few decades (Uwah et al. 2009).
The analysis of HMs in T. triangulare grown in Maiduguri, Nigeria showed that plant
leaves were accumulated some HMs (Cr > Fe > Mn > Zn > Ni > Co > As > Pb > Cu > Cd
due to use of waste water as well as excessive usage of manure, fertilizers, pesticides and
herbicides in the study area (Uwah et al. 2009). However, the accumulated HMs were
below toxic level as suggested by EPA and WHO (Uwah et al. 2009). In Nigeria, the

information on the toxic elements in foods marketed in the country is very limited. Ukhun
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et al. (1990) reported about the fresh vegetable available at various traditional markets in
Nigeria have been analyzed for HMs contamination, Out of all vegetable, T. triangulare
was contaminate with Cu (0.04), Zn (0.11), Mn (0.19), Pb (0.25), Cd (0.01), As (0.31) pg
g+ (Ukhun et al. 1990). The levels of Cd, Cu and Ni have been analyzed in T. triangulare
grown at three industrial and three residential sites in Nigeria (Yusuf et al. 2003). Results
obtained from the study showed that the HMs levels were higher in plant grown at
industrial area than residential area. The Cd, Cu and Ni accumulation in the edible part of
the plant ranged grown at industrial area were between pg g * dw 1.50 + 0.09, 51.53 + 7.18
and 1.33 + 0.31 pg g dw, respectively. While the level HMs grown at residential area
were 0.81 + 0.50, 24.41 + 3.09 and 0.83 + 0.27 pg g * dw for Cd, Cu and Ni, respectively.
The average of Cd, Cu and Ni concentration in soils of industrial area were 13.41, 106.14
and 24.73 pug g * dw and in the soil of residential area were 7.98, 63.28 and 12.78 pg g™
dw, respectively (Yusuf et al. 2003).

In India, Tiagi and Aery (1986) have reported first time about the Cu accumulation in
leaf of Talinum portulacifolium from Khetri Copper Deposite of Rajasthan (India). It is
reported to accumulate 394 pg g * dw Cu in its leaves (Tiagi and Aery 1986). Furthermore,
Sekhar et al (2007) have suggested that Talinum cuneifolium as a suitable candidate for
phytoremediation of As, as it accumulated higher concentration of As in its tissues grown
at many sites in the industrial region of Patancheru, Hyderabad, India (Sekhar et al. 2007).
Moreover, a laboratory experiments conducted with stem cuttings of T. triangulare in
hydroponic media showed that the accumulation capacities of stem cuttings for Cu, Pb, Ni
and Cd are much higher than other good accumulators of HMs (Rajkumar et al. 2009). The
treatment concentrations and durations were affecting the number of leaves and initiation
of root primordia. The stem cuttings were treated with Cu, Pb, Ni and Cd at concentration
range of 0.50-20 mg L™ for a treatment period of 49 days. Results obtained from these

experiments showed that accumulation of Cu and Pb in stem tissues were ranged between
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81.0-1,475.0 and 0.8-14.0, respectively, whereas the concentration above 2.0 mg L™ Ni
and 4.0 mg L™ were reported to toxic concentrations and decay of the stem cuttings were

observed at those concentrations points (Rajkumar et al. 2009).
Problems and Prospects

Literature surveys have confirmed that few reports are available on accumulation of
HMs, particularly Pb, in T. triangulare. To the best of my knowledge, there is no literature
available on Pb accumulation for T. triangulare under controlled conditions. There is also
lack of information about the mechanisms involved in high accumulation capacities for
toxic HMs, particularly Pb, and toxic symptoms and tolerance responses against those
accumulated HMs in T. triangulare. Hence there is an urge for detailed investigations of

toxicity and tolerance mechanisms in T. triangulare during Pb stress conditions.
Objectives

1. Establishment of field stock, hydroponics and study of Pb dose-responses.
2. Pb uptake and changes in morpho-physiological and biochemical parameters.

3. Pb-induced oxidative damage, genotoxicity and function of enzymatic and non-

enzymatic antioxidants.
4. Pb-induced responses of ascorbate-glutathione, related metabolites and enzymes.

5. Proteomic approach for root proteins identifications exposed to Pb.
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Objective 1

Establishment of field
stock, hydroponics and
study of Pb dose-responses
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Introduction

The commercial production of ornamental plants is of a great economic importance in

worldwide agriculture. The ornamental industry has widely applied in vitro propagation for
large-scale plant multiplication of elite superior varieties. The propagation through shoot
cutting of herbaceous plants has wide applications in ornamental plant production and the
interest in ornamental or foliage plant production is increasing rapidly as result of their
economic importance and their diversity. In soil, propagation through seed germination is a
way to develop terrestrial plants. But, the soil system may affect seedlings growth due to
different soil texture and the availability of nutrients. Similarly, in Talinum, soil nutrients
like phosphorus, potassium and nitrogen in different combinations and pH cause variations
in stem weight, leaf width or leaf area (Ukpong and Moses 2001). Besides this, in vitro
propagation, by means of stem cuttings, is a key tool in plant biotechnology that exploits
the totipotency of plant cells for rapid expansion and multiplication of plants. The main
advantage of in vitro (vegetative) propagation is to produce a large number of vegetative
propagules, adventitious roots and leaves. It is a reliable way of multiplying plants in a
short period of time (Jain and Ochatt 2010). The regeneration of adventitious roots in
excised leafy plant shoots is a crucial phenomenon and rooting ability depends on the
many endogenous and exogenous factors such as species, type of cuttings, composition of
nutrient medium, season of propagation, environment and propagation system (Németh
1986; Hartmann et al. 2002). T. triangulare is relatively easy to grow and has attractive
foliage under an ideal environment. The importance of various species of genus Talinum
was studied by various authors. Table 4 is representing the geographic distribution and

economic importance of genus Talinum.
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Table 4 Geographical distribution and economic importance of different species of

Talinum.
Species Geographical Economic importance References
Distribution
T.triangulare  Edo State, Nigeria Herbal recipes for Gbolade et al. 2012
treating hypertension
T. triangulare ~ China Antioxidant, Liang et al. 2011
hepatoprotective
activities
T. triangulare  Benin Useful in fever (leaf) Allabi et al. 2011
T.triangulare  Nigeria Measles (external use)  Ajibesin et al. 2008
T. paniculatum  Trinidad, Ornamental, medicinal  Foxcroft et al. 2008
T. cuneifolium  Africa, America, Ornamental, medicinal, Lakshminarayana et al.
Arabia, India vegetable 2007; Raju et al. 2007
T.triangulare  Africa, America, Ornamental, saponins,  Fasuyi 2007; Khoda et
Arabia, India, Japan  vegetable al. 1992
T. calcaricum  America, Columbia, Ornamental Harris and Martin 1991
Georgia
T. calycinum America Ornamental Harris and Martin 1991
T. parviflorum  America Ornamental Harris and Martin 1991
T. mengesii America, Georgia Ornamental Black and Murdy 1972
T. teretifolium  America, Georgia Ornamental Black and Murdy 1972

Stem cuttings of T. triangulare can propagate in hydroponic media and have potential

to accumulate heavy metals (HMs) from contaminated media (Rajkumar et al. 2009). The

aim of this study to established the T. triangulare in field, pot and hydroponic media. The

propagation of plants was performed through stem cuttings. Further, we studied the dose

and duration symmetric responses of Pb treatment at different concentrations and durations

in hydroponic conditions. The study was performed to explore the stem cutting method in

order to promote additional experimental applications.
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Materials and methods

Plant material

T. trianulare is a succulent perennial plant that inhabits soil communities along the
perimeter of rock outcrops. Materials required for experiments were collected from a field
bank maintained as stock plant at the University of Hyderabad, India (Fig. 5A). Stem
cuttings were excised from the branching portion by hand with a sharp razor blade. The
average cutting diameter of each plant shoot was 5.0-7.0 mm and shoot height ranged
from about 17-22 cm. The rooting test of each plant species involved three replication
each consisting of 8 cuttings. Immediately after excision from the stock plants, the cuttings

were propagated in soil and hydroponic media without any wetting agent treatment.
Propagation in soil

Stem cuttings of T. triangulare plants were potted in 5-L pots filled with a mixture of
red soil and sand (pH-6.8) under greenhouse condition. Inside the greenhouse the
photosynthetic photon flux density (PPFD) ranged from 900—1200 pmol m 2 s* with an
average sunlight of 9-13 h day™. Potted T. triangulare plants were watered daily and

examined for the formation of flowers and vegetative propagules (Fig. 5B,C).
Propagation in hydroponic medium

Excised stem cuttings of T. triangulare were placed in conical flask containing 100 mL
of 10% modified Hoagland’s media (Table 5) in plant growth chamber at 16/8 h day/night
and at 28 = 2 °C (Fig.6A,B; Hoagland and Arnon, 1950). Phosphate and sulphate were
replaced by chloride and nitrate and the pH of the modified solution was maintained at pH

4.8 to avoid the precipitation of nutrient media. Plants were kept for 3-weeks for
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regeneration and acclimatization of adventitious roots (Fig. 6C). The nutrient media was
replaced every 3 days to provide a fresh dose of nutrient elements and to avoid algal
growth. Algal culture binds to the root outer surface and reduces the absorption of nutrient

elements and inhibits root growth.

Table 5 Salt composition of modified Hoagland's nutrient solution.

Salts/Compounds Concentrations
Macronutrients

KCI 5.0 mM
Ca(NOg),. 4H,0 2.0 mM
MgC'Z 6H20 2.0 mM
Micronutrients

H3503 4.5 }J.M
MnCl,. 4H,0 1.0 uM
ZnCl, 0.8 uM
Cu(NOs),. 3H,0 0.03 uM
(NH4)6M07024 0.01 UM
Fe-EDTA

FeCls 4.4 UM
EDTA 3.0 uM

Evaluation of propagules and rooting in hydroponic medium

Adventitious root formation in T. triangulare stem cuttings was calculated after a
rooting period of 7, 14 and 21 days. Rooting of cuttings was not always successful and the
percentage of surviving cuttings was calculated at 7 days. Cuttings that survived were used
to analyze the mean number of vegetative propagules, mean root length and fresh weight
(fw) at three different sampling periods (7, 14 and 21 days) to evaluate the commercial

quality of stem cuttings.
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Pb treatment: dose-duration analysis

The rational for selecting the various Pb concentration and treatment duration for the
experimentation was based on preliminary bioassay with respect to toxicity. After three
weeks of acclimatization, stem cuttings with uniform adventitious roots and leaves were
selected and treated with Pb(NO3), at different Pb concentrations (0.05-5.00 mM Pb) in
10% modified Hoagland's solution for maximum 13 days to select the treatment

concentration and treatment durations.

Statistical analysis

The experiments were repeated at least three times and the data presented corresponds
to the mean values + S.E. (standard errors) of three replicates (Microsoft Office 2003).
One-way analysis of variance (ANOVA) were done with all the data to confirm the
variability of data, and performed Duncan's multiple range test (DMRT) by using
SIGMASTAT software (version 11.0) to determine the significant difference between
treatment group. P values < 0.05 were considered significantly different with each other

and denoted by different letters.
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Results
Propagation in soil

In the soil system survival rate of the plant cuttings was 87% at 7 days. Potted

cuttings were healthy and flowered within a week of culture. In the soil system, stem
cuttings of 21 and 14 days showed a 3.2 and 2.3 fold increases in the number of flowers
than 7 days stem cuttings, respectively (Fig. 7A). Similarly, stem cuttings propagated for
21 days showed a 1.4 fold more increases in the number of flowers than stem cuttings
propagated for 14 days (Fig. 7A). Talinum is predominantly self-pollinated or vegetatively
propagated. Thus, for 21 days the vegetative propagules showed a 4.2 and 1.6 fold increase
more than 7 and 14 days, respectively. Furthermore, 14 days cuttings showed a 2.6 fold

increase in the number of propagules more than 7 days cuttings (Fig. 7B).
Propagation in hydroponic medium

Results of our study showed that the propagation of stem cuttings in hydroponic media
and laboratory conditions generally produced a high survival rate of 94% at 7 days. In
terms of vegetative propagules, 21 days stem cutting showed a 3.8 and 1.8 fold increases
more than 7 and 14 days stem cuttings, respectively (Fig. 7B). In hydroponic media, stem
cuttings of 21 and 14 days showed a 6.2 and 3.0 fold increases; respectively in the root
length more than 7 days stem cuttings (Fig. 6D, 7C). Similarly, stem cuttings propagated
for 21 days showed a 1.6 fold increase in the root length more than stem cuttings
propagated for 14 days (Fig. 7C). Furthermore, 21 days root fw showed a 1.6 and 6.2 fold
increases more than 14 and 7 days stem cuttings, respectively (Fig. 7D). Similarly, stem
cuttings of 14 days showed a 3.7 fold increased in the root fw more than stem cuttings of 7

days (Fig. 7D).
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Selection of Pb concentration for treatment

Pb treatment at different concentrations caused different level of phytotoxicity, which
includes chlorosis, visible damage of leaf, stem and root. Based on visible observation Pb
concentrations of 0.25, 0.50, 0.75, 1.00 and 1.25 mM were selected for treatment
concentrations (Table 6). Most of selected Pb concentrations were showing less, moderate

and high toxic symptoms at maximum seven days of treatments (Fig. 8).

Fig. 5 Propagation of T. triangulare in field and greenhouse conditions: Widespread
plants with flowers and seeds in field (A), plantlets grown in the pots under greenhouse
condition (B) and plant in soil culture at 21 days (C).
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Thus, maximum 7 days was selected as treatment durations. The flasks without
Pb(NO3), were kept with each set of experiments to serve as control. After treatments,

roots, stem leaves were excised after maximum 7 days and were processed for analysis of

various endpoints described in subsequent objectives.
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Fig. 6 Propagation of T. triangulare in hydroponic conditions. (A) Hydroponic set-up
for stem cuttings in modified Hoagland's nutrient solutions in laboratory conditions, (B)
plantlets grown in the hydroponics media with adventitious roots, (C) adventitious roots of
T. triangulare in hydroponic media in laboratory conditions after two weeks and (D)
adventitious roots developed under hydroponic conditions at 7, 14 and 21 days.
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Fig. 7 Number of flowers in soil conditions (A), vegetative propagules in propagated stem
cutting in soil and hydroponic media (B), adventitious root length in hydroponic media (C)
and adventitious roots fresh weight in hydroponic media (D) after after 7, 14 and 21 days.
Mean values (+ S.E.) of three replicate (n= 8) denoted by different letters are significantly
different (P< 0.05) between each other.
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Table 6 Dose and duration symmetric scheme for selecting the treatment concentration and
durations on the basis of visible observations: Y- healthy; LS- less stress; HS- high stress;
X- Lethal.

| Treatmentdurations(days) |
[PD(NOy),(mM) |1 12 [3 [4 [5 6 |7 |8 [9 [10 |1 |12 [13]
‘m Y Y Y Y Y Y Y Y Y

Y Y Y Y

I © v ¥ ¥ Y Y Y s s Hs HS X
Y ¥ ¥ ¥ Y Y Ls LS LS Hs HS HS X
I © ¢ v v s Ls LS Ls Hs Hs HS X
KB © ¥ v Y s Ls LS Hs HS Hs X
‘Y Y Y Y LS LS LS HS HS HS HS X
IEB Y © v v s Ls Ls Hs Hs Hs X
B © ¥ v s Ls Ls Hs Hs X
Y ¢ ¢ s s Hs Hs Hs X
Y © v s s Hs [HS Hs X
EE Y ¢ s s Hs Hs Hs X

B © s s x X

B ¢ s s x X

Control 0.25mM 050mM 0.75mM 1.00mM 1.25mM

Fig. 8 Aspect of T. triangulare plant grown in Hoagland’s solution containing different
concentration of Pb(NOs), for 7 days.
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Discussions

T. triangulare and other members of this genus are considered as rock outcrop plants

because different species of this genus grow on granite, serpentine, sandstone, and
limestone rocks (Black and Murdy 1972; Ware and Pinion 1990). During the experiment
potted plants were observed daily to understand their ability to acclimatize in soil. Results
of our observation confirmed that T. triangulare plants are mostly multiplied through
vegetative propagation and produced numerous vegetative propagules on their senescing
stem tips. The number of flowers and vegetative propagules were increased and directly
dependent on propagation periods (Fig. 7). Shoot tip explants are routinely used for the
propagation of ornamental plants, including Ardisia japonica (Roh et al. 2005), Begonia
tuberous, Ranunculus asiaticus L., Dianthus caryophylus L., Jasminum officinale L. (Jain
and Ochatt 2010), Ebenus cretica (Hatzilazarou et al. 2001), Pelargonium hortorum
(Druege et al. 2007), Rosa hybrida L. (Bredmose and Hansen 1995) and Zantedeschia
albomaculata (Chang et al. 2003). The sustainable growth of T. triangulare makes
continuous demands on soil properties and it is necessary to restore the nutrients and
increase the sustainability of soil by the application of nutrients and organic manure. Soil
multiplication is a powerful tool for large-scale propagation of ornamental plants and
further, having application for phytoremediation. Phytoremediation is a cost-effective,
nonintrusive technique and an emerging green technology that uses the ability of certain
plant species to remove toxic metals or substances from the soil. It has been reported that
Portulaca oleracea, another member of the family Portulacaceae (previously include genus
Talinum), can survive for a longer periods in spite of accumulating more toxic metals than
reported hyperaccumulators such as Helianthus annus and Brassica juncea in the presence

of electroplating industrial effluents (Jenita et al. 2010).
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In laboratory conditions, Talinum plants can be maintained effortlessly in hydroponic
media. Plants were observed with adventitious roots in hydroponic media (Fig. 6C,D). The
higher percentage of survival of cuttings showed that plants grew easily in hydroponic
media. The root primordia at the base of stem cuttings were observed within one week of
culture. Root parameters such as length and fresh weight of adventitious roots were
enhanced and increased exponentially over time (Fig. 6C and 7C,D). Almost no variation
in the root diameter was observed. The above parameters (vegetative propagules, root
length and root fresh weight) of stem cuttings in hydroponic media showed minimum
values after 7 days indicating that the initial week is required for acclimatization of plants
stem cuttings under such conditions. Our results suggested that the formation of any
vegetative propagules and adventitious roots in T. triangulare cuttings was promoted by
hydroponic media and growth conditions.

The growth of T. triangulare plants is directly dependent on the growth of roots in
hydroponic media because the growth and survival of terrestrial plants are related to the
potential ability of roots to absorb water and nutrient elements from the soil or growth
media (Eapen et al. 2005). The advantages of water culture are that plant roots are
suspended only in water medium containing inorganic and organic form of nutrient
elements. The plant growths not only avoid soil but also soil containing salts and soil-
borne microorganisms. They may interrupt nutrient uptake and plant growth by
precipitating salts or affecting the pH of the solution. On the other hand, hydroponic
culture provides only liquid nutrient medium to plants and a generous availability of
nutrients promote rapid plant growth. Additionally, in hydroponic conditions plant are
growing bit fast and gives extensive adventitious roots, which are easy to harvest at any
time of plant growth.

Hydroponically cultivated adventitious roots of several terrestrial plants were used for

rhizofiltration, a process used for absorbing or precipitating toxic metals effectively from a
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polluted site (Dushenkov et al. 1995). Adventitious roots of T. triangulare plants have the
potential to absorb heavy metals and might be useful for a new rhizofiltration system.
Talinum plants could absorb heavy metals and were used for absorption experiments of
heavy metals i.e. Pb, Cd, Ni, Cu (Rajkumar et al. 2009). Absorption of heavy metal content
induces some ultrastructure modifications in root tissues concerning the increase in cell
wall thickness (Probst et al. 2009). The methods of propagation in hydroponic media have
a significant influence on the production of adventitious roots and new leaves. Very rapid
development of adventitious roots in Talinum plants indicates that a one week period
required for the establishment of a potential plant propagation system for rhizofiltration.
Furthermore, with the help of adventitious roots we can study the effect of foliar retention,

absorption of heavy metals and also various aspects of abiotic stresses in root tissues.

Conclusions

In the present study, stem cuttings of T. triangulare were successfully propagated in
soil and hydroponic media. However, we conclude that in vitro (vegetative) propagation
through stem cuttings is a key tool for rapid expansion and multiplication of T. triangulare.
The property of growing both in soil and hydroponic media, T. triangulare plant can be
used as an indoor and outdoor ornamental plant. The main advantage we observed was
extensive growth of adventitious roots in a short period of time. Hydroponically grown
shoots, with adventitious roots can serve as an ideal experimental system for for plant
research or toxicity bioassays. Furthermore, Pb concentration at 0, 0.25, 0.50, 0.75, 1.00
and 1.25 mM for a maximum of 7 days treatment duration were selected for Pb toxicity

bioassays with T. triangulare in hydroponic conditions.
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Objective 2

Pb uptake and changes in
morpho-physiological and
biochemical parameters
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Introduction

Lead (Pb), a non-essential element, widely present in the various ecosystems as a

result of natural and technogenic activities of human being. Various industrial activities
introduced large amount of Pb in the form of liquid, solid and gas waste in to the
environments. Pb is extremely persistent in the soil, air, water and foodstuffs with no
biological significance, has been a global concern (Anonymous-ATSDR 2007

Anonymous-INSA 2011).
Pb-induced phytotoxicity and photoxidative damage

Lead is a non-redox active metal and a known environmental toxicant for plants and
other biota, which can easily, absorbed and accumulated in plants tissues. In plant, Pb cells
cause molecular damage either directly or indirectly through the formation of reactive
oxygen species (ROS) (Sharma and Dubey 2005; Wang et al. 2010; Pourraut et al. 2011a;
Shu et al. 2012). The ROS changes membrane structure and function by attacking on the
polyunsaturated fatty acid of membrane lipids, initiating lipid peroxidation and altered cell
biochemical activities (Reddy et al. 2005; Sun et al. 2010; Maldonado-Magafia et al. 2011).
Pb is a non-essential for plant metabolism and exhibit varied degrees of phytotoxicity
including adverse effects to photosynthesis (Tang et al. 2009). Pb accumulation in different
parts of plant is not only depends upon the exogenous concentration, but also on the
phytochemistry and soil physico-chemcial conditions (Reddy et al. 2005; Mishra et al.
2006). As a non-redox active metal, Pb can replace essential metals or cofactors at enzyme
active site causing imbalance in cellular redox status. Plants exposed to Pb showed
changes in photosynthetic rate due to distortion of chloroplast ultrastructure, impairments
of chlorophyll synthesis, imbalance in plastoquinone, reduced minerals uptake and

obstructed electron transport (Sharma and Dubey 2005; Sengar et al. 2008; Cenkci et al.
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2010; Pourraut et al. 2011a). Chlorophylls and total carotenoid are considered as simple
and reliable indicators of Pb—induced phytotoxicity in higher plants (Krupa et al. 1996).
ROS production in higher plants not only affects the chlorophylls but also changes the
lipids such as sulphoquinovosyldiacyl-glycerol (SQDG) compositions. SQDG is the
deacylation product of sulpholipid and comprises up to 24% of the four major chloroplast
lipids. In higher plants approximately 40% of the thylakoid SQDG was tightly associated
with LHC Il (Harwood and Okanenko, 2003). SQDG is implicated in regulation of light
energy distribution between the two photosystems via the phosphorylation of the mobile

antennae (Larsson and Andersson 1985).

HMs affects on chlorophyll fluorescence

Lead and other HMs cause the changes in fluorescence parameters of higher plants as a
results of harmful effects caused by these toxicants, as the inhibition of photosynthetic
pigment biosynthesis, damage of oxygen evolving complex (OEC), decrease of
photosystem (PS) Il and | activity and inhibition of energy transfer to PSlI-reaction center
(RC) and inhibition of electron transport between OEC and PSII-RC (Kalaji and Loboda
2007; Subrahmanyam 2008; Gupta et al. 2009; Cenkci et al. 2010; Drazkiewicz and
Baszynski 2010). The analysis of PSII function from higher plants could provide a great
opportunity to build a system for HMs toxicity bioassays. Pb has been reported to affect
the light harvesting complexes of PSII and PSI and the chloroplast coupling factor (Miles
et al. 1972). Chlorophyll (Chl) fluorescence and photosynthetic Chl fluorescence are
competitive processes and have opposite mechanism with each other (Mallick and Mohn
2003). The measurement of Chl fluorescence through Pulse Amplitude Modulated (PAM)
fluoremeter is a noninvasive technique, which can analyze through the without disrupting
the integrity of the tissue/cell and give an extact idea about the Pb affect in photosynthetic

mechaniry (Maxwell and Johnson 2000).
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Protective role of non-enzymatic antioxidants from HMs-induced oxidative stress

Plant cells are protected against ROS by enzymatic and non-enzymatic antioxidative
defense systems. Non—enzymatic antioxidative system, involves carotenoids, phenols,
flavonoids and glutathione etc., are known to play an important role in scavenging ROS.
Anthocyanins (in vacuole) and a-tocopherol (membrane associated) are major secondary
metabolites found in the plants against oxidative stresses (Araceli et al. 2009; Hernandez et
al. 2009). Their antioxidant activities are due to by capturing free radical ions by donation
of phenolic hydrogen atoms and protect the plant cells from adverse effects of abiotic
stresses (Hernandez et al. 2009). Another important property of anthocyanins is that they
react with alkaloids, other flavonoids, organic acids, biomolecules and metals forming
complexes and stabilizing the colour in plants (Araceli et al. 2009). The most active form
of vitamin E is a-tocopherol, which is capable of scavenging free oxygen radicals and lipid
peroxides. It has been reported that abiotic stress factors might alter tocopherol levels in
plant tissues (Collin et al., 2008; Yusuf et al., 2010). In addition to flavonoids, glutathione
is widely distributed in living cells and the oxidized form of glutathione (GSSG) is readily
converted in to reduced form (GSH) by the enzyme glutathione reductase (GR) (Wang et al.
2010; Maldonado—Magaria et al. 2011; Anjum et al. 2012).

Talinum species have been used to investigate a variety of environmental problems.
Moreover, toxicity and tolerance on various biological parameters have been investigated
in a number of experimental model systems (Sharma and Dubey 2005; Sengar et al. 2008).
In this study, Talinum triangulare grown hydroponically were exposed to different
concentrations of Pb (0, 0.25, 0.50, 0.75, 1.0 and 1.25 mM) to investigate the oxidative
damage and associated biomarkers of toxicity and tolerance mechanisms. Further, analysis
carried out to understand the mechanisms of actions of Pb to the photosystems the relation

of Chl contents, Chl fluorescence and photosynthetic electron transport was investigated.
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Materials and methods

Hydroponic experiment and Pb treatment

T. triangulare was propagated through stem cuttings (5.0-7.0 mm diameter and 17-22
cm height) in conical flask containing 100 mL of modified Hoagland’s media in plant
growth chamber at 16/8 h (day/night) and at 28 + 2 °C (Hoagland and Arnon 1950) for 3
weeks. After 3 weeks of acclimatization, uniform stem cuttings with adventitious roots and
leaves were treated separately with Pb(NOs3), at different Pb concentrations of O (control),
0.25, 0.5, 0.75, 1.0 and 1.25 mM for maximum 7 days under above conditions. Roots,
leaves and stems were separated from treated plants after 1, 3, 5 and 7 days were used for

the study of various parameters. All the treatments were repeated at least three times.

Quantification of Pb accumulation in plant

Metal treated plants roots were washed thoroughly with 0.1 M HNOj3 to remove metals
adsorbed to the surface. Roots, stems and leaves were separated and oven dried at 80 °C for
two days. Dried plant materials were acid digested with 4 mL of HNO3/HCIO,4 (3:1 v/v)
and the digested material was dissolved in the 10 mL of 0.1 N HNOg. This solution was
analyzed for Pb content using Atomic Absorption Spectrophotometer (AAS, GBC 932
plus, Australia). The standard reference material of Pb (Sisco Research Laboratories Pvt.
Ltd. Mumbai, India) was used for caliboration of instrument for every batch. Recovery of
the Pb from the tissue was found to be more than 84.81+0.07% as determined by spiking

sample popular and Phragmites australis (riet) with known amount of Pb.

Detection of relative water content (RWC)

Plant leaves were freshly weight (fw) and were kept in water at 4 °C for 2 hours to

know turgid weight (tw). After that leaves were oven dried at 60 °C till completely dry
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followed by the estimation of dry weight (dw). The relative water content (RWC) was

calculated according to Gao et al. (2010) : RWC (%) = [(fw—dw/tw—fw)] x 100

Detection of cell death

To determine changes in viability of cells after Pb treatment, 0.1 g of freshly harvested
leaves were stained with 0.25% (w/v) aqueous solution of Evans blue for 15 min (Baker
and Mock 1994) with slight modifications. After staining leaves were washed with miliQ
water for 30 min, followed by soaked in 3 mL of N, N-dimethylformamide for 1 h at room
temperature. The absorbance of released Evans blue was measured at 600 and 652 nm and

was expressed as Aggo after correction for chlorophyill.

Elemental analysis by energy dispersive X- rays spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique used for the
elemental/chemical analysis of specimen. Thin transverse sections were prepared from
leaves of T. triangulare treated with 0, 0.25 and 1.25 mM of Pb. Sectioned tissues were
dehydrated, mounted on aluminium stubs, coated with gold-palladium and elemental
analyses were done with EDS (Oxford instruments) coupled with field emission scanning
electron microscope (FESEM, Ultra 55- Carl Zeiss) and wavelength dispersive X-ray
spectroscopy (WDS, Oxford instruments). The EDS analysis was carried out at an
operating voltage of 20 KV and working distance of 8.5 mm. With the help of the INCA
software, X-ray emission based spectral peaks were analyzed. Electron-induced X-rays
were detected by Si drift detector (Oxford Instruments) by measuring typical spectrum
(contains characteristic peaks) intensities. A typical spectrum contains characteristic peaks
for present elements, which are superimposed on a slowly varying background. This
background contribution is carefully subtracted from the spectrum. Once these intensities

have been determined, a comparison is then made with standards of known composition
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with the INCA software applications, which uses filtered least squares (FLS) technique for
this filtering and fitting. The energy resolution of EDS detector is 70 to 130 eV (depending
on the elements) imposes a limit on the separation of peaks. When peaks overlap, it is still
possible to interacted individual peak area, provided that the corresponding peak shapes
are accurately known. The differences in analyzed elements energies are more than 130

eV. Thus, there were no overlapping of the peaks and the elements were detected easily.
Lipid peroxidation

Lipid peroxidation in leaves was determined as a function of malondialdehyde (MDA)
content following the method of Heath and Packer (1968) with slight modifications.
Leaves (0.2 g) were homogenized in 3 mL 0.1 M tris buffer containing 0.3 M sodium
chloride. After that 2 mL of 20% trichloroacetic acid (TCA) containing 0.5% 2-
thiobarbituric acid (TBA) and 2 mL 20% TCA. Mixture was heated at 95 °C for 30 min.
After heating the homogenate mixture were kept in ice for cooling followed by
centrifugation at 10,000 g for 5 min. Absorbance of the supernatant was taken at 532 nm.

MDA was calculated by using extinction coefficient of 155 mM™* cm™.
Chlorophylls and carotenoids estimation

Extraction and estimation of chlorophyll and carotenoid contents were carried out by
the method of Arnon (1949) and Duxbury and Yentsch (1956), respectively. T. triangulare
leaves (0.1 g) were ground in 5 mL chilled 80% acetone in dark. After centrifugation at
5,000 g for 10 min at 4 °C, absorbance of supernatant was taken at 480, 645 and 663 nm.
Chlorophylls and carotenoids were calculated by using the following equation:

Chlorophyll a = 12.3 x Aggz — 0.86 X Agass

Chlorophyll b =19.3 x Agss — 3.60 X Agss

Carotenoids = Asgo + 0.114 x Agez— 0.638 % Agss
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The chlorophylls and carotenoids were calculated in mg g fw and represented in mg

g * dw based on the relative water content in leaves (Tang et al. 2009).
Sulphoquinovosyl diacylglycerol estimation

Plant leaves (0.2 g) were homogenized with 0.5 g glass powder and 0.5 g Nay(SO,).
The homogenate was transferred to a glass column and 3 mL acetone was added for
filtration. To the filtrate 1 mL hexane: benzene (4:1 v/v) and 2 mL H,O was added and
centrifuged at 5,000 g for 5 min at room temperature (RT). After centrifugation 1 mL of
the bottom layer was added to 1 mL of 0.01% azure (prepared in acetone) and 2 mL
benzene, and again centrifuged at 5,000 g for 5 min at RT. The upper layer was collected
and absorbance was measured at 610 nm. The calculation of SQDG was based on the

standard curve of sodium dodecylsulphate according to Kean (1968).
Chlorophyll fluorescence and P700 analysis

Prior to simultaneous assessment of Chl fluorescence and P700 measurements, T.
triangulare leaves were dark-adapted for 45 min to obtain oxido-reduction equilibrium of
PSII-PSI electron transport carriers. The Dual-Pulse Amplitude Modulated fluorometer
(Dual-PAM-100, Heinz Walz GmbH, Germany) was used to measure the rapid polyphasic
Chl fluorescence and P700 kinetic during 800 ms induction by a saturation pulse of 6,000
umol photons m? s . The actinic photon flux density was 339 pumol m? s*. The
measurements were performed at room temperature (25 °C) in the dark (Strasser and

Strasser 1995; Force et al. 2003).
Anthocyanins estimation

Anthocyanins were extracted from 0.5 g of leaves with 10 mL of mixture of n-

propanol: HCI: H,O (18: 1: 81, v/v/v). The samples were heated in boiling water bath for
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30 min and then they were incubated for 24 h in the dark at 4 °C. Extracts were filtered and
absorbance was taken at 535 and 650 nm. Anthocyanins contents were calculated
according to Lange et al. (1971) and Bette and Kutschera (1996) and were expressed as
Asss g‘1 fresh weight after correction for chlorophyll:

Aszs = Aszs — 0.22x Agso
a-Tocopherol estimation

Concentration of a-tocopherol was measured in leaves as described by Szymanska and
Kruk (2008) with some modifications. Fresh leaves (1.0 g) were homogenized in mortar
with 20 mL of ice chilled methanol (HPLC grade). The extracts were centrifuged at 10,000
g for 15 min at 4 °C. The supernatant were collected and was filtered through 0.2 um
millipore filter and stored in ice in dark. The a-tocopherol content in filtrate was
determined by using High Performance Liquid Chromatography (HPLC) with a Cyg
reverse-phase column (250 x 4.60 mm 5 microns Phenomenax, UK) at a flow rate of 1 mL
min !, using isocratic solvent system of methanol: ethyl acetate (1:4 v/v) as an eluant.
Thirty microliters of the samples were injected by a microliter syringe and a-tocopherol
content was quantified by UV-visible detector system at 295 nm (LC-10 AT VP Shimadzu,
Japan). Peak identification of analyzed leaf extract was performed by comparing with the
retention time of standard a-tocopherol. Chromatogram peak area of leaf sample was
integrated and the concentration of a-tocopherol was calculated with regard to the peak

area of the corresponding standard a-tocopherol.
Glutathione estimation

The GSH and GSSG estimation was done fluorometrically by following the method of

Hissin and Hilf (1976) with slight modification. Control and treated leaves (0.5 g) were
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homogenized in 4 mL of 0.1 M sodium phosphate-EDTA buffer (pH 8.0) containing 25%
H3POs. The homogenate was centrifuged at 15000 g for 20 min at 4 °C. After
centrifugation supernatants were collected and used for GSH and GSSG content. For GSH
assay 0.5 mL supernatant was diluted with 4.5 mL sodium phosphate-EDTA buffer (pH
8.0) and mixed well. From diluted mixture 100 pL of supernatant was collected and mixed
with 1.8 mL sodium phosphate-EDTA buffer (pH 8.0) and 100 uL o-phthaldialdehyde
(OPT) followed by dark incubation for 15 min at room temperature (RT). GSSG contents
were measure by incubating the 0.5 mL supernatant with 200 pL of 0.04 M N-
ethylmaleimide for 30 min at RT. After incubation mixed 4.3 mL sodium hydroxide (0.1
N) and mixed well. After mixing 100 pL of mixture was mixed with 1.8 mL 0.1 N sodium
hydroxide solution and 100 puL of OPT and incubated for 15 min in dark at RT.
Fluorescence intensity from GSH and GSSG were determined in incubated samples at 420
nm after excitation at 350 nm with FluoroMax 3 fluorescence spectrophotometer. GSH,
and GSSG in roots were calculated from the standard curve. The content of GSH, GSSG

total glutathione was expressed as p mol g * fw.
Statistical analysis

The experiments were repeated three times and the data presented corresponds to the
mean values + S.E. (standard errors) of three replicates (Microsoft Office 2003). One-way
and two-way and two way analysis of variance (ANOVA) were done with all the data to
confirm the variability of data and validity of results, and performed Duncan's multiple
range test (DMRT) by using SIGMASTAT software (version 11.0) to determine the
significant difference between treatment group. Correlation analysis was performed
wherever required. P values < 0.05 were considered significantly different with each other

and denoted by different letters.
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Results
Visible Symptoms

Our study showed that Pb treatment caused visible chlorotic mottling of leaves after 7

days of Pb exposure (Fig. 9). In all Pb treated plants, especially 1.00 and 1.25 mM, the

visible damages, chlorosis and irreversible necrosis have observed on the leaf edges.

025mM  050mM 0.75mM 1.00mM 1.25mM

i

Fig. 9 Visual symptoms observation, chlorosis, in T. triangulare leaves after 7 days under
different Pb treatment.

Lead accumulation in plant

T. triangulare was found to be sensitive to Pb exposure and the Pb accumulation was
calculated in tissues on dry weights (dw) basis. When the T. triangulare cuttings were
raised under increasing concentration of Pb, the Pb accumulation in plant parts increased
significantly as compared to control (Table 7). Roots were the main accumulation site as
they absorbed much higher quantities (19.9 mg g ‘dw) than stems (2.67 mg g ‘dw) while
in leaves, Pb accumulation has been observed below detectable limit after 7 days of
treatment. The translocation factor (TF) of root to stem was calculated by the Pb contents

in stem/ Pb content in root. Result showed that TF values are always below 1.0 and it
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decreased as the Pb treatment increased from 0.25 to 0.75 mM Pb (Fig. 10A). Further the

TF value more or less stabilized at 1.0 and 1.25 mM Pb treatment.

Lead-induced changes in relative water content

Relative water content in the leaves of T. triangulare, after 7 days of Pb treatment,
decreases gradually (Fig. 10B). RWC significantly decreased by approximately 6% at 0.25
mM to 19% at 1.25 mM of Pb, respectively in comparison to control. The water imbibition

rates also decreased steadily with increasing Pb concentration.

Lead-induced cell death

Pb-induced oxidative damage in T. triangulare leaves were confirmed by the staining
with Evans blue (Fig. 10C). A dose-dependent response for cell death was also evident for
treatments with different concentrations of Pb. There was no significant difference between
control and 0.25 mM Pb treated plant leaf. Evans blue accumulation in leaf was

significantly increased maximum by 137% at 1.25 mM Pb treatment in respect to control.

Lead-induced lipid peroxidation

Experimental results of MDA estimation, an indicator of lipid peroxidation, showed
that the MDA concentrations were significantly (P < 0.05) increased than control after Pb
treatment and were directly related to the treatment concentrations. MDA concentration in
leaves of Talinum plants were elevated after 7 days due to Pb toxicity and the magnitude of
elevation ranged from 1.4 to 2.1 folds at 0.25 to 1.25 mM of Pb more than controls,
respectively (Fig. 10D). Seven days of Pb treatment prompted a greater increase in the

level of MDA at 1.25 mM and was 1.5 fold increased in compare to 0.25 mM of Pb.
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Table 7 Lead accumulation in roots and stem of T. triangulare grown for 7 days at

different doses of Pb(NOs3)s.

Concentration of Pb taken up by plant (mg g™ dw)

Pb concentration (mM) Roots Stem

0 ND ND

0.25 3.14+0.3 0.81 + 0.04°
0.50 7.85+1.2° 1.18 +0.28%
0.75 135+ 1.4° 1.70+0.17°
1.0 15.5 + 1.6° 1.88 +0.16°
1.25 19.9 +0.9¢ 2.67 +0.07°

In a column, means followed by different letter(s) are significantly differ (P <0.05)
according to DMRT; ND: not detectable.
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Fig. 10 Translocation factor of Pb from root to stem (A), relative water content (B), Cell
death through Evans blue staining (C) and lipid peroxidation through MDA content
measurement (D) in T. triangulare leaves after 7 days of Pb treatment. Mean values (+ SE)
denoted by different letters are significantly different (P < 0.05) between each other.
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Elemental analysis by EDS

Results of energy dispersion spectroscopy give the atomic or chemical characteristics
of analyzed tissue. As a first barrier to metals toxicity, most plants accumulate metals and
nutrients in the roots and restrict its transport to the shoots and leaves. Microanalysis of
elements was performed at the same site in 0, 0.25 and 1.25 mM of Pb-treated plant
samples. In all sample the Pb concentration was below the EDS detectable limit (Fig. 11A-
C). The other elements such as oxygen (O), potassium (K), magnesium (Mg), chlorine
(CI), sodium (Na), silicon (Si) and copper (Cu) were detected in leaf tissues (Fig. 11A-C).
In analyzed sample, O and K were contributed as major elements. Trace elements include
Mg, CI, Na, Si, Cu and Ca. X-ray microanalysis of untreated samples showed high spectral
peak for all elements, except for O, in comparison to treated (at both 0.25 and 1.25 mM of
Pb) plant. Only calcium (Ca) was observed in leaf sample treated with 1.25 mM of Pb
(Table 8). Qualitative percentage composition analysis revealed that the percentages of all
elements were decreased in both treated plant leaves except O which was increased in Pb

treated plant leaves.

Table 8 Analysis of atomic percentage (%) of elements by energy dispersive spectroscopy
(EDS) in leaves of T. triangulare treated with 0 (control), 0.25 and 1.25 mM of Pb for 7
days.

Atomic % of elements in leaves of T. triangulare

Elements Control 0.25 mM Pb 1.25 mM Pb
0] 71.33 75.14 76.13

K 20.3 19.47 18.45

Mg 3.61 1.76 1.58

Cl 3.11 3.01 3.0

Si 0.58 0.29 0.38

Cu 0.4 0.33 ND

Na 0.67 ND ND

Ca ND ND 0.46

ND: not detectable
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Fig. 11 Energy dispersive X-ray spectral line profile of transverse section of T. triangulare
leaf: control (A), 0.25 mM Pb (B) and 1.25 mM Pb (C). EDS micrograph showed
elemental atomic percentage of the imaged area for the samples using FESEM/EDS.
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Lead-induced changes in chlorophyll contents

Chlorophylls concentrations showed an inverted U-shaped curve with the increasing Pb
concentrations after 1 day of treatment period. Moreover, chlorosis of leaves was observed
after 5 days at higher Pb concentrations, which was further increased with subsequent
treatment period. In leaves decreased chlorophylls contents were observed at higher
concentrations (0.75, 1.0 and 1.25 mM) of Pb (Fig. 12). The highest concentration of Chl
a, b and total chlorophyll were found at 0.5 mM after 1 day and at 0.25 mM after 3, 5 and
7 days of Pb treatment. Contents of Chl a, b and total chlorophyll were significantly (P <
0.05) increase by approximately 17%, 37% and 24% over control at 0.50 mM of Pb after 1
day, respectively. After 7 days at 1.25 mM of Pb concentration, there were approximately
19%, 8% and 14.8% decrease in Chl a, b and total chlorophyll in comparison to control,

respectively (Fig. 12).

Lead-induced changes in SQDG concentration

The SQDG concentration significantly (P < 0.05) increased at 0.25, 0.5 and 0.75 mM
and decreased at 1.0 and 1.25 mM of Pb treatment in comparison with control after 1 day
(Fig. 13). The tendencies to decrease the SQDG concentrations were observed at 1.0 and
1.25 mM of Pb after all treatment periods. However, after 5 and 7 days the SQDG
concentration showed dose-dependent reduction at higher concentration of Pb. After 1 day
at 1.0 and 1.25 mM of Pb, SQDG concentrations were decreased and at control level, but
in the subsequent period increase in SQDG concentrations have been observed. After 7
days SQDG concentrations at 0.75, 1.0 and 1.25 mM of Pb significantly (P < 0.05)
decreased to approximately 55%, 70% and 68% in compare to control, respectively, but in
compare with 0.5 mM of Pb concentration decreased to approximately 37%, 38% and

13%, respectively (Fig. 13).
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Lead-induced changes in chlorophyll fluorescence and P700

Results of Chl fluorescence showed that maximal fluorescence vyield (Fn) was
decreased in Pb treated leaf (Fig. 14A). Pb caused linear significant (R*= 0.856; P < 0.05)
dose-dependent reduction during 0.25, 0.50, 0.75, 1.0 and 1.25 mM Pb treatments that
accounted for ca. 19%, 34%, 39%, 42% and 45% as compared to control, respectively
(Fig. 14A). Experimental findings of maximal quantum vyield (F./Fn,) and effective
quantum yield (®ps;;) were showed the linear decrease for Fy/Fr, (R?= 0.962, Fig. 14B) and
®psyi (R*= 0.882, Fig. 14C) during all Pb treatment. The highest significantly (P < 0.05)
decrease in F./Fr, were observed at 0.75 (8.8%), 1.0 (16.2%) and 1.25 mM Pb (19%) with
control, respectively. The significant decline in the ®pg); in 0.25, 0.50, 0.75, 1.0 and 1.25
mM Pb treated leaf of T. triangulare were ca. 23%, 37%, 44%, 49%, 53% in comparison
to control, respectively.

The tendency of photochemical quenching (gP) was almost similar to that of F./Fq
values (R’= 0.940; Fig. 14D). The qP in leaf decreased significantly (P < 0.05) at 0.50—
1.25 mM of Pb, which was accounted for 30.5% and 50% in comparsion to control. Result
of non-photochemical quenching (gN) showed significant (P < 0.05) increase value at
0.25-1.25 mM Pb in comparison to control, respectively (Fig. 14E). The maximum
increase in gN was observed at 1.25 mM Pb by 21.2% when compared to control.

On the other hand, linear increase of quantum yields of regulated energy dissipation
[Y(NPQ)] (R*= 0.983) and non-regulated energy dissipation [Y(NO)] (R?*= 0.966) were
observed in Pb treated leaves (Fig. 15A, B). In comparison to control, the value of Y(NPQ)
significantly (P < 0.05) increased to ca. 22.5%, at 1.25 mM Pb. In terms of Y(NO), it is
significantly increased by ca. 35%, 42% and 52% during 0.75, 1.0 and 1.25 mM Pb

treatment with respective control (Fig. 15A, B).
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PAM results revealed that photosynthetic electron transport rate (ETR) of both PSII
and PSI were decreased, with a negative linear correlation of (R?= 0.981) and (R?= 0.919),
after 7 days of Pb treatment, respectively (Fig. 15C,D). ETR of PSIlI was observed to
decreased significantly at 0.75 (45%), 1.0 (49%) and 1.25 (62.5%) mM Pb in comparison
to control leaf (Fig. 15C). Similarly, photosynthetic ETR of PSI also observed
significantly decrease by 37.8% and 41% at 1.0 and 1.25 mM Pb treated leaves (Fig. 15D).
The ETR of PSII is showed good correlation (R°= 0.841) with ETR of PSI.

PAM results of P700 or PSI showed that maximal P700 change (P.) and
photochemical quantum yield [Y(I)] were decreased in T. triangulare leaves (Fig. 15E,F)
with a positive linear correlation of (R?= 0.987) and (R?= 0.968) after 7 days of Pb
treatment, respectively. A significant decrease in Pm values was observed at 0.50-1.25
mM Pb after 7 days of Pb treatment, which is ranged from 21.2% to 51.2% in comparison
to control, respectively (Fig. 15E). The level of Y(I) was not significantly affected up to
0.75 mM of Pb. Maximum significant depletions in Y(I) were observed by ca. 37% and
46% in plant leaves treated with 1.0 and 1.25 mM Pb when compared to control,

respectively (Fig. 15F).
Lead-induced changes in carotenoids contents

The analysis of carotenoids contents were performed after 1, 3, 5 and 7 days of Pb
treatments. In leaves decrease in carotenoid contents were observed at higher
concentrations (0.75, 1.0 and 1.25 mM) of Pb. The carotenoid contents were significantly
different (P < 0.05) at 0.25, 0.5 and 0.75 mM Pb among all treatment periods in
comparison to control. After 1 and 3 days of treatment at 0.5 and 0.25 mM of Pb,
carotenoid content was significantly increased up to 26% and 40% in comparison to

control, respectively (Fig. 16A).
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Lead-induced changes in anthocyanins concentration

Anthocyanins accumulation was performed 1, 3, 5 and 7 days of Pb treatments. In our
experiment, anthocyanins accumulation was higher at 0.25 mM of Pb compared with
control after all treatment periods (Fig. 16B). In comparison to control 1.7 fold reductions
in anthocyanins have been observed at 1.25 mM of Pb treatment after 1 day. But
interestingly after 7 days of Pb exposure, anthocyanins were increased and almost at the
control level. Significant (at 0.25 mM of Pb) and insignificant (at 0.5-1.25 mM of Pb)
increases in anthocyanins were observed after 3 days of treatment periods. The
concentrations of anthocyanins were (significant, P < 0.05) increased at 0.5 and 0.75 mM
of Pb treatment after 5 and 7 days of treatment period. Pb-induced an intense anthocyanins
accumulation, especially after the seventh day of treatment. The maximum concentrations
of anthocyanins were observed at 0.5 and 0.75 uM of Pb and were 1.7 and 1.6 fold

increased than control, respectively (Fig. 16B).

Lead-induced changes in a-tocopherol concentration

The HPLC analysis of leaf extracts were calculated by comparison of retention time
and UV absorption spectra with those obtained for corresponding standards. Peaks were
observed at 3.42 £ 0.025 min for a-tocopherol in standard and leaf extract (Fig. 17A).
Results showed that the a-tocopherol content gradually increased in treated plants in
compare to control. But after 7 days significant (P < 0.05) increase in the a-tocopherol
level has been observed at higher (0.75— 1.25 mM) doses of Pb. The levels of increased a-
tocopherol ranges from 1.2 to 2.2 fold at 0.25 to 1.25 mM of Pb in comparison to control

(Fig. 17B).
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Lead-induced changes in glutathione

The level of reduced (GSH) and oxidized (GSSG) glutathione directly point towards
the induction of oxidative stress by Pb (Fig. 18A,B). GSH content in plant leaves were
found to increase at all Pb treatment except that 1.25 mM of Pb. The level of GSH was not
significantly affected at 0.25 and 1.25 mM of Pb. GSH level showed a maximum value at
0.50 mM of Pb which was about 23% higher than control. Maximum depletion in GSH
content was observed by ca. 12.5% in plant treated with 1.25 mM of Pb when compared to
control (Fig. 18A). On the other hand, GSSG level was found to gradually increased at
concentration in comparison to control (Fig. 18B). Maximum GSSG content was found at
1.25 mM which was ca. 172% higher than control. However, the ratio of GSH to GSSG

significantly decline and was inversely related to the Pb treatments (Fig. 18C).
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Fig. 14 Changes in chlorophyll fluorescence: (A) maximal fluorescence yield (Fy), (B)
maximal PSII quantum vyield (F./Fn), (C) effective PSII quantum yield (®psy), (D)
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Discussion

In the present study, the Pb accumulation in the tissues increased as the exogenous Pb

concentration increased. The efficiency of metal uptake by plants depends on several
processes for metal uptake by roots and its translocation from root to the shoot. Roots
absorbed high amount of Pb than stem (Table 7). Probst et al. (2009) also reported that
Vicia faba roots absorbed more metals than stems and leaves. The order of metal
accumulation was root > leaf > stem for all HMs except for Pb and Cd where the order was
root > stem > leaf for Vicia faba (Probst et al. 2009). This order may vary in different plant
and different experimental conditions. In our experimental system, Pb was not detected in
the leaves of treated plants. Lower intensity of Pb in the stems (Table 7) and below
detectable limit in leaves of Pb treated plants confirmed the decreased translocation of Pb
within the plants (Fig. 10A). It is confirmed by Tian et al. (2011) that Pb is rather
immobile within the plants, and accumulated mostly in the vascular bundles of the plant
tissues and it could not re-translocated in the tissues even after treatment with a metal
chelating agent i.e. EDTA (ethylenediaminetetraacetic acid). The immobilization of Pb*?
on T. triangulare roots could represent a new and attractive characteristic for the
development of phytoremediation strategies requiring that the large amount of the toxic
substances remain tightly bound to plant tissues. In our experimental system PDb
bioaccumulation in roots and stems through Hoagland’s solution represents the Pb
accumulation capacities of T. triangulare that are almost equivalent to those of efficient
root accumulators of HMs such as Lathyrus sativus (Brunet et al. 2008), and Brassicae
juncea (Meyers et al. 2008) or less than Sedum alfredii (Tian et al. 2011). It is found that
hydroponically cultivated adventitious roots of several terrestrial plants were used for
rhizofiltration, a process used for absorbing or precipitating toxic metals effectively from a

polluted site (Dushenkov et al. 1995).
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Relative water content has been known as phytotoxicity indicator of HMs stress in
plants. HMs generally causing a loss of leaf water potential than in non-treated plants
(Prasad 1997; Gao et al. 2010). The results showed that Pb caused phytotoxicity to the
plants, which was evidenced by the significant decrease of water content in treated leaves
(Fig. 10B). In the present experiment, RWC decreased with increasing Pb concentrations,
and this could be due to decreased water uptake and transport from root to leaf. The
damage of membrane integrity was detected by uptake of a non-permeable dye (Evans
blue) into the leaf cells, which has been used as an indicator of cell death. Evans blue
staining showed that Pb is able to cause death of plant leaf cells (Fig. 10C). This could be
possible due to decline in water content and decrease in nutrient elements contents in leaf
of treated plants in comparison to control.

The X-ray microanalysis can semi-qualitatively analyze and quantify the total amounts
of elements present in tissues. Elemental microanalysis is becoming an important way to
understand individual component within tissues deposits, which may be difficult to analyze
by other methodology (Nagata 2004; Shillito et al. 2009). Results of our EDS study
showed the notable reduction of elements in Pb treated plants in comparison to control
(Table 8). From the results, it was shown that X-ray microanalysis using semi-thin
sections observed by intermediate high voltage SEM at 20 KV was very useful resulting
for quantifying some trace elements in biological specimens. The large decreases observed
in Na and Mg along with Pb concentrations suggests a barrier in transport through the stele
or may be due to the damage of the transport system in the plant. Our result is verifying
that changes in the other biological parameters are due to metal stress or due to decreasing
percentage of nutrients.

Lead exerts adverse effects on the morphology, growth and photosynthetic processes of
plants (Sharma and Dubey 2005; Sengar et al. 2008; Cenkci et al. 2010; Pourraut et al.

2011a). In our experiments we observed that the lower concentrations of Pb (0.25 and 0.5
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mM) significantly increasing the chlorophylls content over the control at all duration (Fig.
12). Exposure of low concentration of Pb has an opposite effects on high concentration
exposure. In some cases, lower concentrations stimulate metabolic processes through
increased the activities of enzymes involved in biosynthetic pathways of photosynthetic
pigments, on the other hand long term exposure could reduced the plant growth by
inhibiting such pathways (Parys et al. 1998). Inhibition of the photosynthetic pigment
biosynthesis is one of the primary events in plants during HMs stress and decreases in
photosynthetic pigment content have also been reported in many plants under Pb stress
(Shakya et al. 2008; Cenkci et al. 2010). It was suggested that HMs could interfere with
Chl biosynthesis either through the direct inhibition of enzymatic steps or through the
substitution of the central Mg ion (Prasad 1997, 2000, Prasad et al. 2006; Sengar et al.
2008; Cenkci et al. 2010; Pourraut et al. 2011a). Carotenoid serves as antioxidant against
free radicals and photochemical damage (Sengar et al. 2008). Thus less effect on
carotenoid might represent its supportive role against oxidative stress after 7 days (Fig.
16A). It is possible that at higher Pb concentrations affected the plant water status, causing
water deficit, and finally reduced the Chl content.

The SQDG defined the chlorophylls orientation in membrane and the changes in
sulpholipid (SQDG) quantity under HMs stress as a marker of oxidative stress is known
phenomenon and studies on stress responses have shown quantitative and qualitative
changes in SQDG (Harwood and Okanenko 2003). In our experiment, higher (0.75-1.25
mM) Pb concentration causes a decrease in SQDG concentration (Fig. 13). The similar
results with decrease of SQDG concentrations were observed with influence various
concentrations of Pb on wheat seedling, leaves and roots which grew in hydroponic
cultures (Okanenko et al. 2003). It has also been reported that Cd concentration induced a
decrease in SQDG concentration in Brassica napus leaves (Youssef et al. 1998). The most

HMs tested cause a decrease of SQDG concentration (Youssef et al. 1998; Padua et al.
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2003). It is possible that under stress conditions competitive use of sulfur for synthesis of
sulfur containing cys—rich peptides. It is suppose that the influence of HMs can utilize
sulfur preferentially for the synthesis of essential metabolites, such as glutathione and
metal binding proteins (phytochelatins and metallothioneins), rather than for SQDG
synthesis.

Measurement of Chl fluorescence and activities of PSIl and PSI under different Pb
concentrations provides simple and reliable information about photoinhibition due to given
Pb treatments (Fig. 14 and 15). The effects of Pb on fluorescence parameters such as Fp,
Fu/Fm, ®psii, ETR, gP, gN, Y(NPQ) and Y(NO) of PSII and Pm, ETR and Y(I) of PSI are
well documented in different plant species during past decades (Vassilev and Manolov
1999; Maxwell and Johnson 2000; Mallick and Mohn 2003; Sigfridsson et al. 2004;
Verney et al. 2008; Sbubrahmanyam 2008; Drazkiewicz and Baszynski 2010).

Results showed that Pb?* alter the fluorescence parameters and has negative impact on
photosynthesis and activity of both PSII and PSI. Our study revealed that Pb treatment
declined the Chl fluorescence induction curves, which is well explained by the decrease
values of maximal Chl fluorescence intensity when all PSI1-RC are closed (Fn) (Kalaji and
Loboda, 2007). Different Pb treatments caused the decrease in Fy, intensity in comparison
to control, which is directly related to altered values of ®ps;; and gP. The F, can be
assessed after dark adaptation when all PSII-RC are open and maximal photochemical
quenching is observed. The decrease in F, expresses the inhibition on the donor side of
PSII when all molecules of Qa are in reduced condition, is due to the unavailability of
electrons to provide for the accumulation of photoreduced Qa (Govindjee 1995; Mallick
and Mohn 2003). Similar trend of results were observed in our study during Pb treatment
(Fig. 14A). It has been reported that Pb causes dissociation of 23 KDa polypeptide and
cofactors from OEC and inhibit the activity of water oxidizing enzymes (Rashid et al.

1994).
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The structure of the thylakoid membrane is directly affected by ROS through
peroxidation and oxidative stress, altering the lipid composition of the thylakoid
membranes and leads to structural disorganization of granna (Mohanty and Mohanty 1988;
Zheng et al. 2012), which resulted in to the functional inactivation of oxygen-evolving
centers and impaired electron transport (Sanitadi Toppi et al. 2003). Vernay et al (2008)
reported that the decline in F, in Cr treated Datura innoxia was associated with the
structural alteration in the PSII pigment-protein complexes as well as changes in the
ultrastructure of the thylakoid membrane. A similar tendency of decreased in Fp, value by
68% was also observed in the response to Ni stress in maize plants (Drazkiewicz and
Baszynski 2010). However, change in Fy, in Pb treated plant leaves were mainly resulted
from the reduced maximal fluorescence, as found in the Pb, Hg and Cu treated spinach
(Boucher and Carpentier 1999) and Cr treated duckweed (Olah 2010) leaves. Like other
HMs such as Cd, Pb was found to inhibit the PSII function to a much greater extent than
that of PSI (Miles et al. 1972; Joshi and Mohanty 2004). The decrease in F, intensities
caused a decrease in F,/Fy, known as the most sensitive indicator for photoinhibition
under various stresses conditions including HMs, which further corroborated with decrease
in ®pg; (Boucher and Carpentier 1999; Verney et al. 2008; Ekmekgi et al. 2008). Pb-
treated T. triangulare leaves showed the decline in F,/Fp, (Fig. 14B) and ®ps), (Fig. 14C),
and the maximum significantly reductions were approximately 19% for F,/Fy, and 53% for
®pg)) in comparison to the control, respectively. The decrease in F,/F, ratio may be
explained by the negative effects of Pb on the photochemical reactions, which affected the
efficiency of PSII photochemistry. It is suggested that F,/F, may decrease due to the
limited reoxidation of Qa, which is resulted due to the decrease rate of electron transport
from PSII to PSI (Mallick and Mohn 2003). Also, decreased F./Fr, resulted in a decrease in
the ®pgy;, Which showed a significant reduction at 0.50-1.25 mM Pb treatment. Likewise, a

gradual decrease in F,/Fp, and ®pg;; were observed in D. innoxia under Cr treatment
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(Vernay et al. 2008), while Ni treated maize seedlings showed the slight reduction in F,/Fn,
and further affected the electron transport system by inhibiting PSII donor and acceptor
side (Drazkiewicz and Baszynski 2010). Along with F,/Fn, and ®pg), other activities like
photochemical quenching gP (at 0.50-1.25 mM Pb) were also found to significantly
decrease (Fig. 14D) but in gN significant induction was observed during Pb treatment in T.
triangulare leaves (Fig. 14E). Similar trend of results were observed in maize cultivars
treated with different Pb concentrations (Ekmekgi et al. 2008). The decline values of gP
well represent about the increased number of reduced (closed/inactive) PSII-RC at Pb-
treated plant leaves. High number of closed RC signified that light absorption exceeds the
capacity of ETR and CO, fixation and further increases the qN (Vassilev and Manolov
1999). It is reported that Cr treatment caused the simultaneous decrease in qP values and
increase in gN in Triticum aestivum (Sbubrahmanyam 2008) and D. innoxia (Vernay et al.
2008), indicating the utilization of NADPH was inhibited under reduced CO, assimilation
caused by Cr stress (Vernay et al. 2008). The increase in qN is due to an increased rate
constant of thermal dissipation of excitation energy, which down regulate photosynthetic
electron transport mechanism (Vernay et al. 2008; Sbubrahmanyam 2008). Pb treatment
caused a significant increase in Y(NO) at 0.75-1.25 (Fig. 15A) and Y(NPQ) at only 1.25
mM Pb (Fig. 15B), which is strong accordance with the decrease in F, that were used to
calculate these parameters. The Y(NO) reflects the part of energy dissipated as
fluorescence and heat, due to closed PSII-RC. Increased Y(NO) and Y(NPQ) values, can
compensate for a decrease of ®pg);, under different Pb treatment that accounted the Pb-
induced damages of the photosynthetic systems, often represents the suboptimal capacity
of photoprotective reaction (Handbook of operation with Dual-PAM 2008; Klughammer
and Schreiber 2008).

Our experimental results showed that Pb causes a significant decline in ETR values in

both PSII (at 0.75-1.25 mM) and PSI (1.0-1.25 mM) reaction centers (Fig. 15C,D). The
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Pb treatment of 1.25 mM affects the ETR of PSII (62.5%) much extent than that of ETR of
PSI (41%). It is suggest that down regulation of ETR of PSII is due to avoidance of over-
reduction of primary electron acceptor Qa and to decrease the load on the electron
transport chain. Several studies have reported about altered rate of electron transfer in PSII
and PSI under influence of Pb and other HMs (Miles et al. 1972; Sbubrahmanyam 2008;
Ekmekgi et al. 2008; Vassilev and Manolov 1999). However, previous study reported that
Pb** was found to decrease the activity of ETR in PSI to some extent in isolated
chloroplast of Zea mays (Wong and Govindjee 1976). On the other hand, in another study
with isolated chloroplast from Cd treated Z. mays showed that Cd decreased ferredoxin
(Fd)-dependent NADP® photo-reduction but had not affected the ETR from 2,6-
dichlorophenolindophenol to methyl viologen, which  suggested about the metal
interference in electron transport at the reducing side of PSI (Siedlecka and Baszynski
1993).

P700 parameters analysis was carried out by using the automated induction curve
provided by the Dual PAM software, with repetitive application of saturation pulses (SP),
from which the quantum yields of PSI were derived. In plants, the PSI pigment-protein
complex converts light energy into a trans-membrane charge separation, which finally
leads to the carbon dioxide reduction. As foresaid, PSI activity has been observed to be
less sensitive than PSII caused by Pb stress (Sarvari 2005; Mobin and Khan 2007). The Pp,
values, represents the maximal change of the P700 signal upon quantitative transformation
of P700 from the fully reduced to the fully oxidized state, were observed decreased
significantly (P < 0.05) at 0.50-1.25 mM Pb. Different concentration of Pb treatment
caused the decrease in Py, (Fig. 15E), Y(I) (Fig. 15F) and nonphotochemical quantum
yield [Y(ND)] (data not presented) of PSI in T. triangulare leaves. The Y(ND) values,
represents the fraction of overall P700 that is oxidized in a given state, is a determinant of

donor side limitation of PSI. The changes in Y(ND) values was accompanied by changes
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in Y(NA), the nonphotochemical quantum yield of PS I, represents the fraction of overall
P700 that cannot be oxidized by a SP in a given state due to a lack of acceptors. It may
suggest that in Pb treated plant leaves, weak acceptor-side limitation develop as reflected
by decreased Y(ND) values (0.73 to 0.38 in the control leaf), which may be explained as
an failure of adaptation to the donor-side limitation of PS | (Schreiber and Klughammer
2008). The decreased level of Py, and Y(I) also point towards the inhibition of the PSI
reaction center by Pb.

Results suggested that in plants, the synthesis of anthocyanins makes it an effective
strategy against ROS generation due to Pb stress, but interestingly lower concentrations of
Pb (0.25- 0.75 mM) stimulated synthesis of anthocyanins more than higher concentrations
(1.0 and 1.25 mM) of Pb (Fig. 16B). This indicates that there is a strong correlation
between the level of anthocyanins and the presence of HMs in the environment, which
further corroborates the results obtained in Zea mays demonstrating that accumulation of
anthocyanins increased under HMs stress (Krupa et al. 1996). Anthocyanins not only
scavenge free radicals, but they also have the ability to bind HMs and are biosynthesized
through the phenylpropanoid pathways, the first enzymatic step of the conversion of
phenylalanine to trans-cinnamic acid that catalyzed by phenylalanine ammonium lyase
(PAL) (Kitamura et al. 2002). It is suggested that PAL, a key enzyme in the flavonoids
synthesis, to be the target of HMs inhibitory influence and finally inhibition of
anthocyanins synthesis (Dube et al. 1993). However, it seems to be possible that 0.5 and
0.75 mM of Pb concentration stimulate PAL activity resulting in to increased production of
anthocyanins which may further bind with metals or metal inducing ions in vacuole and
detoxify them from cell. Higher concentration of Pb i.e. 1.0 and 1.25 mM are is toxic and
lethal to the plant cell, leading to an inhibition of PAL and thus decrease of the
biosynthesis of anthocyanin. The initial increase followed by a decline of PAL activity was

also observed under different concentration of Cd in Azolla imbricate (Dai et al. 2006).
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HPLC data showed that Pb treatment to T. triangulare plant resulted in the
enhancement of a-tocopherol level in leaves (Fig. 17). Probably, the gradual increase in a-
tocopherol concentration can be associated with the increased oxidative stress, which
supports it as a potential biomarker against oxidative stress. Results showed that
tocopherol might be involved in the adaptation of plants against Pb stress. The important
function of tocopherol is that to scavenging free radicals and protects polyunsaturated fatty
acids (PUFASs) and inhibiting the lipid peroxides in membranes. Abiotic stress factors such
as HMs have been found to initiate lipid peroxidation and start a chain reaction which
further induces the tocopherols biosynthesis. Previous experimental results also showed
that increase in tocopherol content in Arabidopsis thaliana exposed to Cd and Cu treatment
(Collin et al. 2008) and Brassica juncea exposed to Cd (Yusuf et al. 2010), which confers
with induced tolerance to plants against HMs stress. After 7 days at higher concentration of
Pb, an increase in a-tocopherol concentrations was found in proportion with decrease in
chlorophylls content. Previous report suggested that may be the partial degradation of
chlorophyll induced the tocopherol content because chlorophyll derived phytol is acting as
substrate for tocopherol biosynthesis (Rise et al. 1989).

In parallel with increase a-tocopherol content, lipid peroxidation was also stimulated
by Pb stress (Fig. 10D). Lipid peroxidation is a biochemical marker of the Pb-induced free
radical mediated oxidative damage in Talinum plants. Pb ions are known to induce lipid
peroxidation, increasing unsaturated fatty acids and decreasing saturated fatty acids in
plants (Mishra et al. 2006; Wang et al. 2010; Maldonado-Magafia et al. 2011; Pourraut et
al. 2011a). However, the percent increase in MDA content was relatively less (Fig. 10D).
Generally, free radical generation and membrane damage would be low in tolerant plants
and thereby formation of lower levels of MDA content. Therefore, relatively lower degree
of increase in MDA content in Talinum due to Pb stress may support its tolerant nature

(Sharma and Dubey 2005; Pourraut et al. 2011a).
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The result of GSH and GSSG estimation in Pb treated plants indicate an alteration in
GSH content, and simultaneous increase in GSSG showed a true indication of oxidative
stress. Glutathione is one of the major cellular safeguards, maintains the cellular redox
status, which plays a protective role as a key antioxidant and a chelating bioligand
responsible for detoxification of HMs (Gupta et al. 1995; Mishra et al. 2006; Maldonado-
Magana et al. 2011; Pourraut et al. 2011a). In this study a significant increase in GSH
content has been observed in leaves of T. triangulare followed by depletion at higher
concentration (Fig. 18B). At lower concentration induction of GSH accumulation and
maintenance of high GSH/GSSG ratio might be attributed to Pb-induced GSH synthesis
(Piechalak et al. 2002). Increase in GSSG and decline in GSH seems to be correlated.
Ratio of GSH/GSSG decline when Pb concentrations increased, this is evidently due to
induction in GSH biosynthesis and rapid reduction of GSSG by the enzyme GR at lower
concentration of Pb (Maldonado-Magafia et al. 2011). GSH, as a substrate, synthesize PC
due to a reaction catalyzed by phytochelatin synthase (PCS) an enzyme activated by HMs
ions including Pb. Decline in GSH at higher concentrations might be attributed to high
consumption rate of GSH as antioxidant to combat oxidative stress or for the synthesis of
PC. Pb-induced changes in GSH have been reported in Acacia farnesiana (Maldonado-
Magafa et al. 2011), Ceratophyllum demersum L. (Mishra et al. 2006), Vicia faba,
Phaseolus vulgaris (Piechalak et al. 2002). During the depletion of GSH content, under
high Pb stress, formation of Pb—GSH complexes and Pb-induced PC synthesis reduces free
Pb concentration in cytoplasm and contributes to suppress the activation of the stress-

related responses in plant metabolism (Mishra et al. 2006).

Conclusions

It is concluded that T. triangulare plants grown hydroponically and exposed to Pb

showed that the roots were the main accumulating site as they accumulated more Pb than
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stem and were below detectable level in leaves. This confirmed that Pb immobilization or
decreased translocation within the plants, which represent an attractive aspect for the
development of defense strategies. It can be suggest that Pb accumulation potential of T.
triangulare were almost equivalent to efficient accumulators. The decrease in RWC, due to
decreased water transport to leaf, elements atomic % and increased cell death showed that
analyzed Pb concentrations have potential to cause oxidative damage in leaf through
increase production of lipid peroxides. Photosynthetic pigments and SQDG contents have
been increased at 0.25 and 0.5 mM Pb at early treatment period, which were declined at
further concentration and treatment durations. In vivo assay of Pb toxicity using the PAM
fluorometric analysis may provide a quick and sensitive method for assessing phytotoxic
agents (HMs) and their sites of action. Though Fp,, Fy/Fn, ®psiy, ETR, gP and gN found to
be much sensitive tool to evaluate the impact of Pb stress in T. triangulare leaves. The
reduction in gP shows that Pb interference in the utilization of ATP and NADPH generated
during light reaction. Interference in gN values resulted in to the changes in ETR of PSII
and reduced the quantum yield. Moreover, the PSI photochemical reaction and their yields
and ETR were reduced during different Pb treatment condition. Pb treatments affects or
inhibited PSII function to a much greater extent than that of PSI.

Furthermore, increase level of anthocyanins, duration dependent, and a-tocopherol
showed their involvement in the adaptation mechanisms in Pb treated plants. Alteration in
glutathione levels showed that GSH maintained an important antioxidant system for the
plant to accumulate higher concentration of toxic Pb and survive for longer period. These
findings confirm the key role of the toxicity and tolerance strategy of T. triangulare and
analyzed defense parameters suggesting that these might be the potential biomarkers for
detecting Pb toxicity. Further research on the molecular mechanism(s) of Pb toxicity and
its micro-localization and detoxification mechanism is required to improve our

understandings.
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Introduction

Plants and microbes play important roles in detoxifying and stabilizing hazardous

substances in the environment through the process of remediation (Rajkumar et al. 2012).
Pb is a traditional metal with modern applications, but could lead to multiple toxic effects
in plants by inducing ROS (Hu et al. 2007; Gupta et al. 2009; Lamhamdi et al. 2011). ROS
being highly unstable, plays a dual role in i) damaging cellular components and ii) acting
as an important secondary messenger for inducing plant defense system. Cells are
equipped with enzymatic and non-enzymatic defense mechanisms to counteract this
damage. Some are constitutive and others were activated only when a stress-specific signal
is perceived. HMs, in particular Pb stress caused reduction of molecular oxygen and
produced intermediate products, which are more toxic and reactive than O, (Sharma and
Dubey 2005; Lamhamdi et al. 2011; Kaur et al. 2013). These active molecules are involved
in the free radicals chain reaction of membrane lipids and proteins, causing oxidative

decomposition of them (Fig. 19) (Kanoun-Boule et al. 2009; Ann et al. 2011).
Lipid peroxidation and enzymatic system during HMs stress

Plasma membranes are considered as primary target for metal toxicity in both leaves
and roots. Membrane damage was deduced from the analysis of TBA (thiobarbituric acid)
active products level, after reaction using TBA assay. This is one of the basic methods of
research process to determine lipid peroxidation in the biological systems (Fig. 19).
Measurement of the level of thiobarbituric acid reactive substances (TBARS) in tissues is
widely used as an index of lipid peroxidation. Malondialdehyde (MDA) is one such
thiobarbituric acid reactive substance. Various results testified that under action of HMs,
plants often activate processes of lipid peroxidation (Dazy et al. 2009; Igbal et al. 2010;

Ann et al. 2011; Yusuf et al. 2012). Lipid peroxidation is a biochemical marker for the free
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radical mediated injury by production of ROS. The investigations with increasing Pb
concentration showed the Pb-induced lipid peroxides and oxidative stress in rice (Verma
and Dubey 2003). Stimulation process of lipid peroxidation might be activated by
lipoxigenase (LOX) with the formation of hydroperoxide, because the early stress reactions
occur at the membranes level (Huang et al. 2012). The major targets of the lipid
peroxidation on the membranes were unsaturated fatty acids. The process of lipid
peroxidation is usually correlated with activities of plants major antioxidant enzymes. The
changes in enzymes activities determine the intensity and function of cells and organism as

a whole, and also their viability in the environment conditions.

HMs
/ Cell wall \
Plasma membrane
/ ° Protein damage DNN
Cytosol damage
Reduction in ions @@
uptake (K*, Ca?t, .
Mg?", Fe?*, Cu?, <4mmm Redox imbalance
Zn%*, MnZtand NOy’) 1
Mitochondria ROS production 02 Membrane damage
oD
\\ 2H 20, % 2H,0 + 2

0O,
Membrane damage AT //

Fig. 19 Heavy metal uptake, induced oxidative stress and tolerance mechanisms in plant
cell: CAT, catalase; ER, endoplasmic reticulum; H, hydrogen molecule; HMs, heavy
metals; H,0O,, hydrogen peroxide; H,O, water; O,, oxygen molecule; O,  , superoxide
radicals; POD, peroxidases; ROS, reactive oxygen species; SOD, superoxide dismutase.

In the past for many years ROS were considered as unsafe molecules which must be
maintained at low level in cells. However, recently this point of view has been changed. It
has been shown that ROS can also play an important role in plant defense against oxidative

explosion and can serve as markers of the certain stages of development, such as formation
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of tracheids and the cross-link in cell walls, lignifications, and programmed cell death and
also serve as signaling/alarm molecules in regulation of gene expression process
(Schutenzendubel and Polle 2002). Due to diverse functions of the active oxygen species,
cells must strictly control the level of ROS. This controlling system is composed of
antioxidants including enzymes such as superoxide dismutase (SOD, E.C. 1.15.1.1),
catalase (CAT, E.C. 1.11.1.6), glutathione reductase (GR, E.C. 1.6.4.2), peroxidase (POD,
E.C. 1.11.1.7), ascorbate peroxidase (APX, E.C. 1.11.1.11) and guaiacol peroxidases
(GPX, E.C. 1.11.1.7). Experiments with two ecotypes of Sedum alfredii showed Pb-
induced increased production of ROS in root cells. Furthermore, ROS caused increased
enzyme activities of SOD, CAT, APX, POD and lipoxygenase (LOX, E.C. 1.13.11.12).
High concentrations of Pb aggravated ultrastructural damage to leaf cells including
disruption of chloroplasts, mitochondrial cristae, nuclear membrane and nucleoli and
disappearance of chloroplast envelopes, vacuolation of mitochondria and condensation of
chromatin. Changes in antioxidative enzymes activities and damage to fine structure are
the results of Pb-induced ROS accumulation (Hu et al. 2007). Concomitant changes in
CAT, POD and SOD activities are responsible for removal and destruction of ROS, and
hence referred as antioxidative enzymes, however, they have got important bearings on the
oxidative damage of membranes in organisms under oxidative stress conditions (Ghnaya et
al. 2009). Pb and other HMs such as Cd, Cu and Zn caused significant changes in SOD and
CAT activities, which are resulted due to increased lipid peroxidation level. Moreover, the
SOD activity and MDA level often presented clear linear relationships with a wide range

of HMs concentrations.

Proline response during metal stress condition

The biochemical collision of metal ions on the cells is as diverse as their chemical

nature. Plants respond to HMs stress by operating various defense strategies such as
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exclusion and formation of complexes and switching on certain metabolic events
associated with the biosynthesis of amino acids particularly proline, histidine and cystein
(Sharmila and Saradhi 2002). Among all amino acids, proline is most studied molecules in
the perspective of plants responses to HMs stress. The accumulation of soluble proline
under various environmental stresses paricularly HMs, and has been reported in wide
variety of experimental organisms including bacteria, algae to various higher plants
(Sharmila and Saradhi 2002; Sharma and Dietz 2006). Sun et al. (2007) compared the
accumulation of proline in the newly discovered Cd-hyperaccumulator Solanum nigrum
with Solanum melongena under different Cd concentrations. Authors reported that
enhanced concentrations of free proline in both leaves and roots of S. nigrum. While there
were no significant differences in free proline levels in roots of S. melongena (Sun et al.
2007). Hunag et al. (2010) reported that the contents of proline increased in the leaves of
Kandelia candel and Bruguiera gymnorrhiza leaves when exposed with multiple metals
(Pb, Cd and Hg) together. Proline accumulation is mediated by either increased
biosynthesis from glutamate or ornithine (YYang et al. 2011). Zhen and Ma (2009) reported
that the glutamate pathway, rather than the ornithine pathway, plays a vital role in proline
accumulation in plants when exposed to environmental stresses. However, in two cultivars
of Tritium aestivum i.e. Xihan and Ningchun treated with Pb showed that the accumulation
of proline is due to the induced activities of ornithine-d-aminotransferase (OAT) and r-
glutamyl kinase (GK) enzymes in Xihan seedlings, and only to the increase of GK activity

in Ningchun leaves (Yang et al. 2011).

HMs-induced protein oxidation

ROS can interact with biomolecules such as polypeptides of plant proteins and result in
increasing carbonyl groups, the levels of which were explained as metal-catalyzed proteins

oxidation (Pena et al. 2008) and were often taken as presumptive confirmation of oxidative
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modification in protein (Levine et al. 1994; Franco et al 2009). Oxidation of proteins can
be regarded either as a negative consequence of a stressing condition (especially,
irreversible protein oxidative modifications such as carbonylation, oxidation of cysteines to
sulphonic acids, oxidation of tryptophan) or a specific signal for the cell to respond to such
a stress (for review see Rinalducci et al. 2008). The relation between plant physiological
responses and oxidation of cellular proteins was explained by Qin et al. (2009), that
carbonylation of mitochondrial proteins can contribute to fruit senescence by altering
biological functions or inducing loss of specific enzyme activities (Qin et al. 2009).
Proteolytic system in plants under various HMs stress conditions in sunflower leaves (Pena

et al. 2008), castor beans (Nguyen and Donaldson 2005), have been studied.

A Dbrief review of HMs-induced plant genotoxicity or DNA damage

In the presence of HMs, particularly Pb, in the growth media, even at low
concentrations, plants usually experience harmful effects along with various physiological
impacts such as micronucleus induction, mitosis disturbance (Wierzbicka 1999),
chromosomal abnormalities (Siddiqui 2012), microsatellites (simple sequence repeats)
instability (Rodriguez et al. 2013) damage of cytoskeleton, nucleus and DNA (Gichner et
al. 2008). Agents that cause DNA damage are considered as genotoxic agents or mutagens
that are capable of damaging the nuclear and extranuclear genetic material of cells. Many
of the HMs, particular Pb is a genotoxic agent. Pb is considered as a potential human
carcinogen, IARC, EPA and ATSDR (Patra et al. 2004; Anonymous 2005, 2007, 2011;
Shahid et al. 2011). Pb is considered as an effective mitotic poison (turbagens) at particular
concentrations, due to their known affinity for thiol groups and induces various types of
spindle disturbances (Patra et al. 2004). The relationship between Pb toxicity and
genotoxicity has, however, not been established unequivocally (Shahid et al. 2011). Pb

exhibited toxic effects of mitotic index or on cell cycle progression of root tip cells, which
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resulted in to inhibitory effect of root lengthening in V. mungo (Eun et al. 2000; Wozny
and Jerczynska, 1991). ROS was not only responsible for oxidative damage through
damage of polyunsaturated fatty acid of membrane lipid but they also damage proteins and
DNA (Sharma and Dubey 2005; Pourraut et al. 2011; Kaur et al. 2012; Hu et al. 2012).
Majority of the studies for evaluation of metal genotoxicity was carried out in animal and
microbial systems. The genotoxic effects depend on the oxidation state of the metal, its
concentration and duration of its exposure. The use of cost effective and short-term
bioassays, especially comet assay, to assess the potential of environmental pollutants has
gained special attention over the last decades. These assays are quite easy to conduct,
capable of predicting the genotoxic potential of the pollutant under investigation by
measuring gene mutations and damage to chromosomes and DNA (Kumaravel et al. 2000;
Panda and Panda 2002). The ethidium bromide (EtBr) staining technique used here has
often been the technique of choice for comet assay in developing courtiers (Garcia et al.
2004).

Lead uptake, bio-accumulation, toxicity and tolerance have been investigated in a
number of terrestrial plants such as Brassica campestris (Singh et al. 2011), Tritium
aestivum (Lamhamdi et al. 2011; Kaur et al. 2012), Potamogeton crispus (Hu et al. 2007),
Zea mays (Gupta et al. 2009), Pisum sativum (Malecka et al. 2009) and Oryza sativa (Li et
al. 2012). Previous studies have reported that T. trianglare accumulate heavy metals
(HMs) from contaminated media (Rajkumar et al. 2009). Our earlier study investigated Pb
induced oxidative stress in leaf of T. triangulare. The aims of the present study were: (1) to
investigate early symptoms of the Pb toxicity and relationship between Pb tolerance and
antioxidant metabolism in roots in hydroponic condition; and (2) to examine the Pb-
induced DNA damage, changes in structural integrity and nutrient contents in T.

triangulare.
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Materials and methods
Plant description and treatment in hydroponic experiment

T. triangulare was propagated through stem cuttings (5.0-7.0 mm diameter and 1722

cm height) in conical flask containing 100 mL of modified Hoagland’s nutrient media in
plant growth chamber at 16/8 h (day/night) at 28 + 2 °C for 3 weeks. After 3 weeks of
acclimatization, uniform stem cuttings with adventitious roots and leaves were selected
and treated with Pb(NO3), at different Pb concentrations of 0 (control), 0.25, 0.50, 0.75,
1.0 and 1.25 mM for 7 days under above conditions. Roots excised after 7 days of

treatment were processed for analysis of various endpoints described as follows.
Estimation and visualization of H,O, in root tissue

Fresh roots (0.5 g) were homogenized in ice bath with 5 mL of 0.1% (w/v)
trichloroacetic acid (TCA). The homogenate was centrifuged at 12,000 g for 15 min at 4
°C, and 0.5 mL of the supernatant was added to 0.5 mL of 10 mM potassium phosphate
buffer (pH 7.0) and 1 mL of 1 M potassium iodide. H,O, concentration was estimated at
390 nm based on the absorbance of a standard curve and was expressed nmol g FW
Velikova et al. (2000).

In situ H,O, visualization in control and Pb treated roots was determined by 2°,7"-
dichlorodihydrofluorescein diacetate (H,DCFDA) fluorescent dye. Plant root tips were
excised and wash with DDW two times. After that root tips were dipped in to SuM
H,DCFDA dye prepared in dimethyl sulphoxide (DMSO) for 30 min. After staining with
fluorescent dye roots were again washed with DDW two times and mounted on the clean
glass slides. Fluorescent images were captured with using confocal microscope (Leica TCS

SP2 AOBS Microscope, Germany) at 480 nm excitation and 520 nm emission wavelengths.
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Estimation of cell death

Fresh roots (0.1 g) were stained with 0.25% (w/v) aqueous solution of Evans blue for
15 min. After washing with miliQ water for 30 min, roots were excised and soaked with 3
mL of N,N-dimethylformamide for 1 h at room temperature. The absorbance of released

Evans blue was measured and represented at 600 nm (Baker and Mock 1994).
Estimation of lipid peroxidation

Lipid peroxidation in control and Pb treated roots were determined as a function of
malondialdehyde (MDA) content following the method of Heath and Packer (1968) with
slight modifications. The detail procedures for lipid peroxidation are described in objective

2 (Page number 52).
Estimation of lipoxygenase activity (LOX, E.C. 1.13.11.12)

Fresh root (0.5 g) was homogenized in 50 mM sodium phosphate buffer (pH 7.0), 1
mM EDTA, 0.1 mM phenylmethanesulfonylfluorid (PMSF), 2% (w/v) polyvinylpoly-
pyrrolidone (PVPP), 1% (v/v) glycerol and 0.1% (v/v) tween-20. The homogenate was
centrifuged at 12,000 g for 20 min. The reaction was initiated by addition of 1 mM linoleic
acid in 0.1 M sodium acetate buffer (pH 5.6) to the supernatant. The increase in the activity
of LOX was measured at 234 nm (extinction coefficient = 25 mM™ cm™). One unit of
activity was defined as the amount of enzyme catalyzing the synthesis of 1 pumol of

hydroperoxide (HPOD) min™* (Ederli et al. 1997).
Estimation of antioxidative enzymes activities
Plant roots samples (1 g) were homogenized in 50 mM sodium phosphate buffer (pH

7.8) for SOD enzyme, and (pH 7.0) for CAT enzymes activity respectively containing 2%
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PVPP. Homogenates were centrifuged at 13,000 g for 20 min at 4 °C. The protein content
in the supernatant was determined according to the method of Lowry et al. (1951) using a

bovine serum albumin as a standard.
Superoxide dismutase (SOD, E.C. 1.15.1.1)

SOD activity was determined according to the method of Beauchamp and Fridovich
(1971). The required reaction mixture was prepared with 50 mM sodium phosphate buffer
(pH 7.8), 13 mM methionine, 75 pm nitroblue tetrazolium (NBT), 0.1 mM
ethylenediamminetetraacetic acid (EDTA), and 2 uM of riboflavin (added at last) and 50
ug of protein. After mixing, samples were illuminated for 15 min using comptalux bulbs
(40 W). The reaction mixture containing sample protein were kept in dark and served as
blank, while the reaction mixture without sample protein that were kept under light served
as positive control. The absorbance was taken at 560 nm. One unit of SOD activity is the

amount of protein required to inhibit 50% photochemical reduction of NBT under light.
Catalase (CAT, E.C. 1.11.1.6)

CAT activity was measured of consumption of H,O, (extinction coefficient = 39.4
mM ™ cm™) according to the method of Aebi (1984). The reaction mixture for measuring
CAT activity contained 50 mM sodium phosphate buffer pH 7.0, 10 mM H,0; and 100 pg
of protein in a final volume of 3 mL. The activity was determined by the oxidation of H,0,

at 240 nm.
Estimation of protein oxidation

Equal amount of proteins were precipitated with equal volume of 20% TCA. The tubes
were centrifuged at 12,000 g for 10 min and the pellet obtained was allowed to react with

500 pL of 10 mM 2,4-dinitrophenylhydrazine (DNPH) in 2 M HCI and incubated at room
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temperature for 1 h with regular vortexing. The samples were again precipitated with 500
uL of 20% TCA, centrifuged at 12,000 g for 5 min. The resultant pellet was washed with
ethanol: ethyl acetate (1:1). The precipitated protein was redissolved in 0.6 mL of 6 M
guanidine-HCI. The optically clear solutions were obtained after two to three times
repeated centrifugation at 6,000 g at 4 °C. Carbonyl concentration was calculated from the
difference in absorbance recorded at 380 nm against a blank treated with 2 M HCI instead
of DNPH (extinction coefficient = 22,000 M™* cm™) and expressed in nmol of DNPH

incorporated mg* protein (Reznick and Packer 1994).
Estimation of proline content

Free proline content was measured following the method of Bates et al. 1973. Plant
root (0.5 g) was homogenized in 5 mL of 3% aqueous sulfosalicylic acid and the
homogenate filtered through Whatman # 2 filter paper. One mL of filtrate was reacted with
1 mL of freshly prepared acid ninhydrin reagent (0.625 g ninhydrin in 15 mL glacial acetic
acid and 10 mL of 6 M phosphoric acid) and 1 mL glacial acetic acid. Reaction mixture
was heated at 100 °C for 1 h and then kept in an ice bath to stop the reaction. The
developed color was extracted with addition of 2 mL of toluene and the toluene-
chromophore absorbance was measured at 520 nm using toluene as a blank. Proline

content was determined by using a proline standard curve and expressed as n mol g~ fw.
Estimation of DNA damage by alkaline comet assay

For alkaline comet assay (Patnaik et al. 2011), rooted stem cuttings were taken out
from treatment solutions and thoroughly washed with distilled water. The whole schematic
representation of comet assay analysis is described in Fig. 22. Roots excised were placed
in a 60 mm Petri dish and placed on ice. With the help of new razor blades, the roots were

sliced in the medium containing 100 to 200 pL of chilled 0.4 M Tris-HCI buffer pH 7.4,
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Roots were chopped with 100 pl of chilled 0.4 M
Tris-HCI (pH 7.4) & nuclei were collected

V

____\ Clean grease-free microscope slide

o
(”"::____‘_\_‘_\ Pre-coated with 50 pl of 1% NMP
-“‘"__:L__ agarose

0.75% nuclear suspension= 1.5%

LMP agarose : nuclei (1:1)

Second layer of 0.75% LMP agarose

Electrophoresis  tank  containing
alkaline buffer (300 mM NaOH and 1
mM EDTA, = pH 13), 10 min that
\L facilitated nuclear DNA unwinding

Electrophoresis at 0.75 Vem™ and 300 mA, 15 min

in the same alkaline buffer

y

Neutralized with 0.4 M Tris buffer (pH 7.4)

V

9. Ethidium bromide staining (2 ug ml?)

Olympus BX51 fluorescen microscope
(excitation 515-560 nm & barrier
filter 590 nm) equipped with a Cohu
camera and  Kinetic Komet™

Imaging Software 5.5

|

Head Tall

Fig. 20 Schematic representations for methodology of alkaline comet assay analysis for
DNA damage evaluation. Head: DNA amounts that still remain in the nuclear matrix. Tail:
DNA fragments migrating from the nuclei. NMP: normal melting point agarose. LMP: low
melting point agarose.

and the nuclei were collected in to a micro-centrifuge tube with same buffer and kept at 4

°C. Before proceeding to the next step, nuclear suspension in 0.75% low melting point
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region. (LMP type VII, Sigma-Aldrich, USA) was prepared by mixing the above collected
nuclei with equal volume (1:1) of 1.5% LMP dissolved in Tris-HCI buffer at 37 °C. Clean
grease-free microscope slides pre-coated with 50 puL of 1% normal melting point agarose
(NMP type, I Sigma-Aldrich, USA) dissolved in distilled water were kept dry over night at
room temperature and labeled. Onto the above slides, 80 pL of the aforesaid nuclear
suspension was layered at 37 °C with the aid of a cover slip (20 x 40 mm). After gelling of
the agarose layer, the slides were kept over a chilled metal plate for 5 min, the cover slip
from the top of the agarose layer containing the nuclei was gently removed. A second layer
of 80 pL 75% LMP agarose was spread over the nuclear layer, which was allowed to gel
once again for 5 min. After removing of the cover slips, the slides with agarose-embedded
nuclei were placed in a horizontal electrophoresis tank containing alkaline buffer (300 mM
NaOH and 1 mM EDTA, > pH 13) for 10 min that facilitated nuclear DNA unwinding,
followed by electrophoresis at 0.75 Vem™* and 300 mA for 15 min in the same alkaline
buffer at 4 °C. Slides were then washed in distilled water and neutralized with 0.4 M Tris
buffer (pH 7.4). After a 5 min wash in distilled water, nuclei were stained by spreading 200
L ethidium bromide solution (2 pg mL™) over the gel on the slide. Analysis of comets
was carried out employing an Olympus BX51 microscope with a fluorescence attachment
(using the excitation filter 515-560 nm and barrier filter 590 nm) equipped with a Cohu
camera and Kinetic Komet™ Imaging Software 5.5 (Andor™ Technology,
www.andor.com). Two slides were prepared for each treatment. At least, 50 comets were
scored from each slide. The comet images were visualized and captured at 100 x
magnification. Out of a number of parameters available in the software, comets were
analyzed on the basis of the Olive tail moment (OTM) = Tail DNA% x Tail moment
length (the distance between the intensity centroids of the head and the tail along the x-axis
of the comet). This parameter allows us to detect variations in DNA distribution within the

tail. Therefore, OTM is considered as an absolute parameter with a measurement unit um
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(Kumaravel 2009). The entire process of comet assay was carried out in dim or yellow

light.

Structural and elemental analysis

Structural analyses were done by environmental scanning electron microscope (ESEM,
Philips XL-30) for root (tip) and stem transverse section (T.S.) of T. triangulare treated
with 0, 0.25 and 1.25 mM Pb concentration. Elemental/chemical analyses were done with
energy-dispersive X-ray spectroscopy (EDS, Oxford instruments) coupled with field
emission scanning electron microscope (FESEM). Samples for ESEM and FESEM/EDS
were prepared by primary fixation using 3% gluteraldehyde in 0.05 M phosphate buffer for
90 min followed by secondary fixation in 2% osmium tetroxide in 0.01 M sodium
cacodylate buffer for 30 min followed by dehydration with a graded ethanol series,
mounted on aluminium stubs and coated with gold-palladium. The EDS analysis in roots
was performed followed similar procedure as for EDS in leaves (for detail see objective 2,

page number 51).

Statistical analysis

The experiments were repeated at least three times and the data presented corresponds
to the mean values + S.E. (standard errors) of three replicates (Microsoft Office 2003).
One-way analysis of variance (ANOVA) were done with all the data to confirm the
variability of data and validity of results, and performed Duncan's multiple range test
(DMRT) by using SIGMASTAT software (version 11.0) to determine the significant
difference between treatment group. Correlation analysis was performed wherever
required. P < 0.05 were considered significantly different with each other and denoted by

different letters (Gomez and Gomez 1984).
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Results

H»>0O, estimation and visualization

Spectrophotometric estimation together with histochemical visualization of H,0O, in the
root tissue clearly indicated that Pb significantly induces a dose-dependent H,O,
production (Fig. 21). Confocal results revealed that maximum fluorescence was observed
at 1.25 mM Pb treated root, which directly signify the maximum H,0O, production at this
treatment (Fig. 21A). While no difference in autoflorescense was observed between
control and 0.25 mM Pb treated roots, which is corroborated with the H,O, result observed
spectrophotometrically (Fig. 21B). However, the significant (p < 0.05) increase in H,0,

production was reported at 0.5-1.25 mM Pb.
Lead-induced cell death

Lead-induced oxidative damage in T. triangulare roots tissue were measured by Evans
blue staining method (Fig. 22A), that showed a positive linear correlation (R*= 0.831) with
dose-dependent H,O, generation. Evans blue uptake by root tissue were significantly (P <
0.05) increased by 125% and 205% at 1.0 and 1.25 mM Pb treatment, and no significant

difference between treatments was observed below 0.75 mM Pb.
Lead-induced lipid peroxidation

Lipid peroxidation in Pb treated T. triangulare roots was measured by the estimation of
MDA contents, a degradation product of membrane unsaturated fatty acid, that reflected
the extent of cell membrane damage in response to ROS. The increase in MDA contents
presented a positive correlation (R°= 0.986; Fig. 22B) with the increasing Pb concentration

in the treatment solutions. Pb induces significant (P < 0.05) lipid peroxidation at 1.0 and
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1.25 mM concentrations that accounted for 150.3% and 180.3% increased as compared to

control, respectively.
Lead-induced LOX activity

Lead enhanced the LOX enzyme activity in a concentration-dependent fashion (Fig.
22C). However, similar to MDA, the increase was significant (P < 0.05) at 0.75-1.25 mM.
The increased LOX activities ranged between 9.5% to 43.6% in response to Pb treatment

(0.25 to 1.25 mM), with respect to control.
Lead-induced changes in protein turnover

Experimental finding with the total protein content estimated at a range of
concentrations of Pb in root tissue of T. triangulare indicated a concentration-dependent
(R’= 0.89; Fig. 22D) decrease in the protein content. The decrease of the protein content

was significant (P < 0.05) at 0.5 mM onwards.
Lead-induced changes in antioxidant enzymes activities

A linear increase in SOD activity was observed with increasing concentration of Pb
(R*= 0.983; Fig. 23A). However, the SOD activity remained unchanged up to 0.50 mM of
Pb treatment. The highest SOD activities were observed at 0.75 (67.5%), 1.0 (89.4%) and
1.25 (105.3%), which were significantly (P < 0.05) when compared to control,
respectively.

Similar to SOD, CAT activity presented a dose-dependent response in Pb treated roots
(Fig. 23B). The CAT activity in roots increased significantly at 0.25-1.25 mM of Pb
compared to control. The highest CAT activity was observed at 1.0 mM of Pb, which

increased 137.5% in comparison to control. CAT activity was found to slight decrease at

1.25 mM of Pb (127.3%) in comparison to 1.0 mM of Pb.
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Lead-induced protein oxidation

This assay was based on the reaction of carbonyls resulting from free radicals
modification of proteins and DNPH. Protein oxidation is a measure of Pb-induced
production of carbonyl contents. The accumulation of carbonyl contents was observed in
Pb treated roots (R°= 0.938; Fig. 23C). In comparison to control, the amount of carbonyls
significantly increased (P < 0.05) to approximately 36%, 38% and 42% at 0.75, 1.0 and
1.25 mM Pb, respectively. Pb-induced protein oxidation showed a positive linear

correlation (R?= 0.960) with H,O, contents.
Lead-induced changes in proline accumulation

Our experimental results showed that the free proline content was increased at 0.25—
0.75 mM Pb, but decreased at 1.0-1.25 mM Pb when compared to control root,
respectively (Fig. 23D). A moderate increase in free proline level was observed in the roots
subjected to 0.25-0.75 mM of Pb over control root. The accumulation of proline increased
as the stress prolonged and attained significant (P < 0.05) maximal levels at 0.25 mM of Pb
(49.5%) after 7 days experiment. There was a marginal decrease in the accumulated
proline upto 0.75 mM of Pb treatment. However, the decrease in proline was as much as

39.2%, even on continuing the treatment 1.25 mM of Pb.
Lead-induced DNA damage

Evidences from the OTM values (Fig. 24), comet assay revealed that the Pb at
concentrations in the range 0.5-1.0 mM significantly (P < 0.05) induced DNA damage
compared to the control in roots cells of T. triangulare. In our experimental conditions, Pb
treatments at 0.25 mM induced very slight DNA damage, which was not significantly

different from control. Pb treatment of 1.25 mM was observed toxic and caused nuclear
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necrosis, and thus it was not possible to analyze the comet images at this concentration.
After 7 days, DNA damage was significantly enhanced (P < 0.05) at doses of 0.50, 0.75

and 1.0 mM Pb treatment in comparison to control, respectively.

Lead-induced structural modification and elemental analysis

The SEM analysis revealed that 0.25 and 1.25 mM of Pb treatment altered the root
anatomical surfaces (Fig. 25A-F), vascular tissues and internal structure of the stem (Fig.
26A-C). SEM images of roots showed that Pb toxicity is able to rupture the root integrity,
pore formation on surface and modification of root tip. However, at 1.25 mM Pb, roots
surface were highly porous in nature and the pore size was larger in size than 0.25 mM Pb
treated root. SEM micrograph of stem showed that Pb caused disruption of vascular
bundles especially xylem vessels, which reduces nutrient and water transport to the aerial
part of the plant.

Results of EDS showed the atomic% and chemical characteristics of tissue.
Microanalysis of root elements was performed at the root tip of the 0, 0.25 and 1.25 mM of
Pb treated plant samples. X-ray microanalysis revealed the presence of Pb spectral peak in
both Pb treated roots (Fig. 27A-C), which support the presence of Pb in the sample. Semi-
quantitative estimation of other elements such as oxygen (O), potassium (K), sodium (Na),
calcium (Ca), magnesium (Mg), chlorine (ClI), arsenic (As), silicon (Si), aluminium (Al),
sulfur (S) and copper (Cu) in control root tissues (Table 9). Qualitative percentage
composition analysis showed that only high spectral peak for O, K and Pb were observed
in 0.25 and 1.25 mM Pb treated root in comparison to control root, respectively. Other
elements were detected less or below detectable level in Pb treated roots than in control

root.
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Table 9 Analysis of atomic percentage (%) of elements by energy dispersive spectroscopy
(EDS) in roots of T. triangulare treated with 0 (control), 0.25 and 1.25 mM of Pb for 7
days.

Atomic% of elements in roots of T. triangulare

Elements Control 0.25 mM Pb 1.25 mM Pb
0] 82.88 84.50 84.69
K 7.33 6.91 11.18
Na 3.74 3.50 0.55
Ca 2.08 1.95 0.67
Mg 1.83 1.82 1.50
Cl 0.91 0.83 0.78
Si 0.72 ND ND
S 0.23 0.20 ND
Cu 0.28 ND 0.22
Pb ND 0.29 0.41
(A) (B)
Control 0.25mM Pb 0.50 mM Pb L6

1.2 1

0.8 1

H,0, (umol g~ fw)

0 0.25 0.5 0.75 1 1.25
Pb concentration in nutrient media (mM)

0.75mM Pb 1.00mM Pb

Fig. 21 (A) H,O, production in T. triangulare roots after 7 days of Pb treatment. Mean
values (£ SE) are denoted by different letters indicating significantly different values (P<
0.05) between each treatment. (B) Fluorescence micrograph of histochemical visualization
of ROS (H20,) in root tip of Pb treated plant. (Bar = 300um).
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Fig. 22 Cell death measurements by Evans blue uptake (A), malondialdehyde (MDA)
contents (B), lipoxygenase (LOX) activities (C) and total protein contents (D) in T.
triangulare roots after 7 days of Pb treatment. Mean values (£ SE) denoted by different
letters are significantly different (P< 0.05) between each other. (E), (F) and (G) represent
the correlation analysis between H,0,-Cells death, MDA-H,0,, Cell death-MDA,
respectively.
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Fig. 23 Superoxide dismutase (SOD) activity (A), catalase (CAT) activity (B), carbonyl
content as indicator of protein oxidation (C) and proline accumulation (D) in T.
triangulare roots after 7 days of Pb treatment. Mean values (x SE) denoted by different
letters are significantly different (P< 0.05) between each other. (E), (F) and (G) represent
the correlation between LOX, SOD and CAT with increase in H,O, generation.
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Fig. 24 Pb-induced DNA damage evaluated by comet assay on the basis of OTM. (A)
Comets in root cells of T. triangulare representing Pb-induced DNA damage. (B) Dose
dependent induction of DNA damage in root of T. triangulare after 7 days of Pb treatment.
Mean values (£ SE) denoted by different letters are significantly different (P< 0.05)
between each other.
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Fig. 25 Scanning electron micrographs showing the root surface: control (A, D), 0.25 mM
Pb (B, E) and 1.25 mM Pb (C, F). Electron micrographs A, B and C are at 200 X
magnification (Bar = 100 pm). Electron micrographs D, E and F are at 1000 X
magnification (Bar = 20 um). Arrow represents the rupture the root integrity and pore
formation on root surface.
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Fig. 26 Scanning electron micrographs showing the stem transverse sections: control (A),
0.25 mM Pb (B) and 1.25 mM Pb (C). Electron micrographs are at 1000 X magnification
(Bar = 20 um). E and F showed damage of internal structures and clotted depositions along
the cell walls of vascular bundles represented by arrow.
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keV

Fig. 27 Energy dispersive X-ray spectral line profile of T. triangulare roots: control (A),
0.25 mM Pb (B) and 1.25 mM Pb (C). EDS micrograph showing elemental atomic
percentage of the imaged area for the T. triangulare roots samples using FESEM/EDS.
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Discussion

In the present study, extracellular H,O, production increased after 7 days of Pb

treatment with respect to control. With confocal laser scanning microscopic images we
could visualize that Pb significantly increased the H,O, production in treated roots when
compared to control root. The dose-dependent increase in histochemically visualized
cellular H,O; generation was in good agreement with extracellular H,O, generation in root
tissue of T. triangulare (Fig. 21A). Our result is in good accordance with previous studies
reporting higher H,O, generation in Wolffia arrhiza (Piotrowska et al. 2009), Pisum
sativum (Malecka et al. 2009), Triticum aestivum (Kaur et al 2012), Oryza sativa (Li et al.
2012) and Sedum alfredii (Huang et al. 2012) upon Pb exposure. It has been reported that
the disturbance in electron transport chain in the membrane is the major cause for ROS
generation (Sharma and Dubey 2005; Pourraut et al. 2011). From our study, we can
suggest that in vivo H,O, analyses through histochemical visualization under Pb treatment
was sensitive, fast, and reliable. HMs stress in plants causes oxidative damage to
membrane lipid and proteins through generation of ROS (Pena et al. 2008; Aravind et al.
2009; Huang et al. 2012). It was reported that ROS play an important role as signal
transduction that regulates plant defense responses to HMs stress (Aravind and Prasad
2003).

Our previous objective showed that Pb taken up by T. triangulare is mostly
accumulated in roots, lesser in shoots and least in leaves (below detection limit). The
present results indicated that Pb accumulation leads to cell death in root tissue evaluated by
Evans-blue staining, a measure of disintegration of membrane integrity (Baker and Mock
1994). The measure of cell death showed a significant correlation with H,0, (R*= 0.831;
Fig. 22F) generation, lipid peroxidation (R?= 0.855; Fig 22G) as well as with LOX activity

(R*= 0.874) in the root tissue of T. triangulare following exposure with Pb in the present
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study. Pb-induced lipid peroxidation have been reported in a number of plants:
Potamogeton crispus (Hu et al. 2007), Wolffia arrhiza (Piotrowska et al. 2009), Acacia
farnesiana (Maldonado-Magafia et al. 2011), Triticum aestivum (Lamhamdi et al. 2011),
Salsola passerine and Chenopodium album (Hu et al. 2012) and Sedum alfredii (Huang et
al. 2012). Membrane lipid peroxidation is a very sensitive reaction caused by HMs stress
and is initiated by ROS and/or by the enzyme LOX, which is the key enzyme that produces
hydroperoxide and oxy-free radicals by catalyzing the peroxidation of unsaturated fatty
acids of biomembranes (Aravind et al. 2009). Increased LOX activity in the present study
showed good correlation with H,O, generation (R’*= 0.848; Fig. 23E) and lipid
peroxidation (R’= 0.855). LOX mediated lipidperoxides accumulation was reported in Pb
treated Sedum alfredii (Huang et al. 2012). It is possible that the Pb induces the LOX
activity, which through production of hydroperoxide derivative attacks the cell membrane
and causes oxidative stress in T. triangulare root cells.

The dose-dependent decline in protein content of Pb treated roots observed in the
present study (Fig. 22D) could be due to inhibition of protein synthesis and/or protein
oxidation. Pb treatment induces a substantial increase in the formation of oxidation product
of proteins measured as protein carbonyls content (Fig. 23C), which was reflected as a
decrease in the total protein content. Carbonyls containing oxidative products are formed
as a result of hydroxyl radical ("OH) attack on susceptible amino acids or peptide side
chain of proteins (Aravind and Prasad 2003; Pena et al. 2008). Protein degradation is the
process to prevent accumulation of the unfolded, damage, abnormal and oxidized protein
regulating protein processing and maintain intracellular protein levels (Buchanan et al.
2000; Shringarpure et al. 2003; Pena et al. 2008). Thus, the intracellular levels of oxidized
proteins imitate the equilibrium between the rate of protein oxidation and the rate of
oxidized protein degradation (Pena et al. 2008). Cu-induced proteins oxidation has been

mainly investigated by measuring protein carbonyl contents spectrophotometrically.
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Higher levels of protein derived carbonyls were found in corkwing wrasse (Symphodus
melops) captured near a disused Cu mine where water and sediments were contaminated
with various HMs (Almroth et al. 2008). Our result is in accordance with the concept that
oxidatively modified proteins may be selectively degraded, though degradation may not be
a necessary consequence but rather protein carbonylation may represent a regulatory
mechanism to finely tune the oxidative stress response.

A variety of proteins function as scavengers of ROS, including SOD and CAT
measured here that represent biomarkers of antioxidative response to Pb stress (Reddy et
al. 2005; Wang et al. 2011; Huang et al. 2012). In contrast to protein concentration, SOD
and CAT activities were gradually increased and were negatively correlated (R’= 0.569
and R’= 0.479, respectively) with the total protein contents. SOD is considered to play
most significant role and first line of defense in active oxygen species scavenging because
its action prevents the accumulation of O," radical, which could lead to generation of toxic
OH’ (Reddy et al. 2005; Hu et al. 2007; Shaw et al. 2006). SOD is the key enzyme in plant
cells that dismutates superoxide radical (O;) to form H,O, and O,. Increase in SOD
activity showed good correlation with Pb-induced membrane damage (R*= 0.851) and
increased ROS (R?= 0.959; Fig. 23F) production, respectively. CAT is an important H,0,
scavenging enzyme, which detoxifies H,O, directly in the cell (Sharma and Dubey 2005).
Increase in CAT activity could possibly be due to the result of both a direct effect of Pb
and an indirect effect mediated via an increase in H.0, (R*= 0.725; Fig. 23G) level
through SOD (R*= 0.795). It is observed that the tendencies of LOX, SOD and CAT
activities showed positive correlation with the concentration of Pb in treatment solution.

Studies of Pb with Potamogeton crispus (freshwater plant) showed that the high
peroxidases activities and MDA content were observed with an increase in Pb
concentration, whereas SOD and CAT activities firstly decreased and then increased. Pb-

dependent increase in activities of SOD and CAT from wheat seedling extracts was
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observed at 0.15, 0.30, 1.5, and 3.0 mM of Pb concentration (Lamhamdi et al. 2011). This
suggested that these enzymes could be used as environmental biomarkers of HMs
pollutions (Dazy et al. 2009). The responses of antioxidative enzymes activities in leaf of
accumulating ecotype (AE) and non-accumulating ecotype (NAE) of S. alfredii have
showed that accumulating ecotype was more tolerant to excessive Pb levels in growth
medium (Liu et al. 2008). Under such conditions the activities of SOD and CAT were
elevated in leaves of AE. However, in NAE, only SOD activity was increased while CAT
activity was declined after Pb treatment comparing to the control plants. With increase in
Pb level, MDA content increased significantly in both ecotypes of S. alfredii, indicating
that Pb toxicity leads to lipid peroxidation and membrane damage, but MDA content in
leaves of NAE was higher than in AE plants (Liu et al. 2008; Huang et al. 2012).

Proline is a multi-functional amino acid which is reported to accumulate in plant cells
in response to various stresses including HMs stress (Szabados and Savouré 2010). It is
suggested that accumulation of compatible amino acids like proline seems to be one of the
means by which plant cells combat non-enzymatically against Pb generated free radicals
(Sharmila and Saradhi 2002). Proline followed an inverted U-shaped dose response curve,
which was enhanced at 0.25-0.75 mM Pb suggesting the hermetic, low dose induction and
high dose reduction, response against increasing Pb concentrations (Fig. 23D). The
increased accumulation of proline at low Pb doses suggests that proline accumulation is
essential to maintain the osmotic uptake of water into root cells. Similar results were
observed by the Rodriguez et al. (2013) in lupin roots treated with 0.5 and 1.0 mM Pb.
Result of carbonyl contents showed that Pb at 0.75, 1.0 and 1.25 mM caused the
significantly high rate of protein carbonylation that might be resulted in dysfunction in
cellular proteins or enzymes (Aravind and Prasad 2003). Accumulation of this compatible
organic acid is believed to protect plants against osmotic stress by regulating osmotic

potential, from enzyme denaturation, protect macromolecules against denaturation and
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stabilization of protein synthesis machinery, scavenging toxic oxygen species and act as a
reservoir of carbon and nitrogen sources (Alia and Saradhi 1991; Raymond and Smirnoff
2002; Sharmila and Saradhi 2002; Sun et al. 2007; Hunag et al. 2010; Yang et al. 2011). It
is possible that Pb at higher concentrations have declined the 1-pyrroline-5-carboxylate
synthase (P5CS) and ornithine aminotransferase (OAT) enzymes activities and interfered
enzymatic synthesis of proline (monocarboxylic acid) or may be due to increased proline
catabolism/degradation by activating the enzymes PDH at those Pb concentrations
(Sharmila and Saradhi 2002; Rodriguez et al. 2013), but it needs further studies. Obtained
data may imply that enzymatic synthesis of proline Rodriguez et al. (2013was strongly
affected by the metal ions.

DNA damage in control and Pb treated roots was estimated using the alkaline comet
assay, which is a quick and sensitive fluorescent method that allows measurement of DNA
strand damage in individual cells (Patnaik et al. 2011). Visual examinations gave a fairly
good indication of DNA damage (Fig. 24A), which showed an individual isolated nucleus
comprising a head and a tail. The head corresponds to the DNA amounts that still remain
in the nuclear matrix region, whereas the tail reveals the DNA fragments migrating from
the nuclei (Kumaravel et al. 2009). Alkaline comet assay detects DNA damage as single
stranded and/or double stranded DNA breaks at the level of eukaryotic genome. Pb is
known to potential genotoxic agent, which directly destroy microtubules of the mitotic
spindle causing characteristic c-mitosis (Wierzbicka, 1994 and Eun et al., 2000) or DNA
strand breaks which lead to chromosome fragments through the production of ROS
molecules. ROS attack to DNA causes either altered bases or damaged sugars or both that
undergo fragmentation and resulted in to strand break. This involves ‘OH addition to
double bonds, while sugar damage mainly results from hydrogen abstraction from
deoxyribose leads to single strand break (Dizdaroglu 1993). This occurred through deletion

of the C4' hydrogen atom from deoxyribose gives rise to deoxyribose radicals that further
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react to produce DNA strand break, which may have serious consequences for the cell
injuries such as inhibition of replication and failure of DNA repair (Evans et al. 2004;
Roldan-Arjona and Ariza 2009).

Pb can inhibit the DNA synthesis or may even block the cells in the G2 phase of cell
cycle preventing the cells from entering the mitosis (Sudhakar et al., 2001). It has been
reported that Pb may also have inhibitory effects on nuclear proteins involved in DNA-
repair or DNA topoisomerase Il involve in chromosome segregation either by alteration in
protein functional structure or by inhibiting the protein synthesis at transcription level
(Panda and Panda 2002; Siddiqui 2012). Ability of Pb to cause DNA damage in root cells
of Lupinus luteus was first demonstrated by Rucinska et al. (2004). Subsequently, comet
assay using Nicotiana tabacum and Solanum tuberosum plants was successfully applied to
monitor genotoxicity of soils heavily contaminated with Cd, Cu and Pb (Gichner et al.
2006), respctively. It has been reported that Pb binds strongly to a large number of
molecules like amino acids, several enzymes, DNA and RNA; thus it disrupts many
metabolic pathways (Patra et al. 2004). In the present study, the Pb treatment significantly
increased the frequency of DNA damage at the 0.50-1.0 mM (Fig. 24B) that followed a
dose-response (Shahid et al. 2011), which perhaps was mediated through the generation of
ROS. The potential of genotoxicity was reported in root cells of Vicia fava upon Pb
exposure (Lamhamdi et al. 2011).

Structural modification in roots and stem of T. triangulare plants due to uptake and
accumulation of Pb were investigated by using SEM. In our experiment, we have noticed
that given Pb treatment resulted in gradual changes in root morphology and stem internal
structure, leading to a deformed structural organization compared to respective control. Pb
treatment developed longitudinal ruptures in root resulted in formation of pores, when
compared to respective control (Fig. 25A-F). Rupture in root’s rhizodermis and outer

cortex has been reported in cowpea (Vigna unguiculata) exposed to aluminum (Al), Cu
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and lanthanum (La) (Kopittke et al. 2008). Certainly, the rupture on the Pb treated roots
appears to be more or less similar to those formed in Al, Cu and La treated cowpea roots
(Kopittke et al. 2008). Further analysis of stem T.S. revealed that most of the Pb was
accumulated within the xylem vessels (Fig. 26B, C). The increase number of vacuoles and
the loss of cell shape and decrease in intercellular spaces have also been observed in the Pb
treated plant over the control plant, which may inhibit the translocation or uptake of
nutrient elements, Pb and water from roots to stems and aerial part of the plant. This is
confirmed in our previous study by the significant decrease in relative water content and
atomic percentage of nutrient elements in leaves of T. triangulare. However, 1.25 mM Pb
concentration resulted in higher amount of morphological and structural modification in
roots and stems in comparison to control and 0.25 mM Pb treated plants, respectively.

The EDS analysis of intercellular elements distribution in the T. triangulare root
revealed that, Pb amount was higher in the 1.25 mM Pb treated group compared to the 0.25
mM Pb. Similarly, the atomic% of O and K were also found to increase in 1.25 mM Pb
treated sample (Table 9; Fig. 27). In contrast to the elements described above, the
atomic% of other elements in Pb treated root tissues declined, which suggested the
avoidance of the elemental uptake. It was noted that in Brachiaria decumbens (signal
grass), Chloris gayana (Rhodes grass) (Kopittke et al. 2007) and Spirodela polyrhiza (Qiao
et al. 2012) toxic levels of Pb caused reductions in the most of the nutrients concentrations
in shoot tissue. A similar result was observed for Na, Ca, Mg, ClI, Si, S and Cu atomic% in
the present study. The study showed that Pb treatment had negative effects on the nutrient
elements in the T. triangulare root. Atomic% of Si and S analyzed by EDS were below
detection limit in both 0.25 and 1.25 mM Pb treated roots. Metal transporters belonging to
the CaCA (Ca-calmodulin) superfamily have been identified as being able to transport H”,
Ca®*, Na" and K* (Manara 2012). The integral component of Ca®* cycling systems that

involve the efflux of Ca®" across membranes against a concentration gradient, which
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further is achieved by using a counter electrochemical gradient of other ions such as H”,
Na* or K* (Emery et al. 2012). The Na or K/Ca ratio is crucial for water balance in plants.
Competition interference with such transporters may form the basis of the negative
interactions between nutrient elements and Pb in plants. Furthermore, essential metals Na,
Mg, Cu and Ca are acts as catalyst for many of the enzymatic processes that are necessary
for plant growth, development and metabolic processes (Sharma and Dubey 2005). Thus,
we may postulate that decreased in the nutrients atomic% in the present study were more

effective in the direct or indirect role of altered plant growth and metabolic characteristics.
Conclusions

Considering our results we can conclude that accumulated Pb in the root tissue causes
oxidative stress and genotoxicity, which is manifested through increased ROS production,
cell death, and increased MDA content and increased LOX activity in comparison to
control. T. triangulare showed good tolerance mechanism against Pb toxicity through the
increased activity of SOD, CAT and APX and accumulation of free proline in Pb treated
roots. The increase in Pb treatment caused reduction in total protein contents, which may
be possible due to increased protein oxidation. Result of genotoxicity concluded that the
comet assay is an efficient bioassay technique, which demonstrates the Pb-induced DNA
damage and cell death in T. triangulare roots. SEM analyses revealed that Pb treatment
developed ruptures in root surface, which resulted in formation of pores on root; Pb
accumulation within the xylem vessels, and the loss of the cell integrity in stem. The
atomic% of elements in Pb treated root tissues declined, supporting the idea of an

avoidance mechanism.
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Pb-induced responses of
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Introduction

HMs contamination in the environment poses threat to all forms of life. Studies have
revealed the phytotoxic effects of elevated concentrations of HMs, particular Pb, on
growth, water potential, physiological, biochemical and molecular processes of plants
(Mysliwa-Kurdziel and Strzatka 2002; Malec et al. 2009; Prasad et al. 2006). Despite the
toxicity of these HMs, several plants growing in metals polluted soil, are able to exclude,
accumulate or hyperaccumulate HMs and acquire a wide range of adaptive strategies
(Sharma and Dietz 2006; Anjum et al. 2012; Ahmad and Prasad 2012). However, sensitive
plants develop visible symptom of phytotoxicity due to metal exposure. Some of the well
established HMs phytotoxic manifestations includes, generation of ROS as well as
replacement of enzyme cofactors and transcription factors, inhibitions of antioxidative
enzymes, cellular redox and ionic transport imbalance leading to oxidative damage (Cenkci

et al. 2009; Potters et al. 2010; Ann et al. 2011; Huang et al. 2012).

HMs-induced oxidative stress: dynamics of cellular redox status and ROS

The HMs effect on living organisms depends on their chemical and physical properties.
It is possible to select three different molecular mechanisms of Pb toxicity: a) ROS
production via the auto-oxidation or via Fenton reaction; b) blocking of essential
functional groups in biomolecules; c¢) substitution of necessary metal ions from
biomolecules (Schitenzendubel and Polle 2002). The cellular redox state maintains normal
cell homeostasis and is a key determinant of metal phytotoxicity. Pb ions are well known
causing agents for altering cellular redox balance (Potters et al. 2010). Influence of Pb on
the cellular redox balance is connected with development of oxidative stress and damage in
plants. In these conditions the ability of plants to resist oxidative stress with using

antioxidant systems is limited. Many studies showed that ample amount of HMs leads to
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reduction of redox active enzymes activities (Sharma and Dubey, 2005; Potters et al. 2010;
Ahmad and Prasad 2012; Lamhamdi et al. 2013). The cellular redox state is made of the
individual redox active molecules in cells and for each of them redox state can be defined
as the ratio between reduced and oxidized molecules within a pool (Potters et al. 2010;
Huang et al. 2012). Major components maintaining cellular redox state are ascorbate
(ASC), glutathione (GSH or GSSG) and pyridine nucleotides nicotinamide adenine
dinucleotide (NAD")/nicotinamide adenine dinucleotide phosphate (NADP®) (Ann et al.
2011).

Importance of non-enzymatic antioxidants during HMs-induced oxidative stress

Plants exposure to Pb stress affects the reactions of the antioxidant systems which
depends on plant type, tissues exposed, type of the metals used and the dose intensity.
Along with enzymatic system, plant cells posses a non-enzymatic antioxidative defense
system against ROS, which includes glutathione, phenols and flavonoids and other primary
and secondary metabolites. Plant phenolic compounds such as flavonoids and lignin
precursors have been recognized largely as beneficial antioxidants which can scavenge
harmful active oxygen species. Phenolic compounds which could be also substrates for
different peroxidases were the first line of defense against Cu stress in experiment with red
cabbage (Posmyk et al. 2009). It was shown in experiment with Raphanus sativus that
phenolic acids as well as the total and reduced ascorbate content increased with the
intensification of Cu treatment. Non-enzymatic antioxidants such as ascorbic acid (AsA),
glutathione (GSH) and secondary metabolites to suppress the Pb-induced ROS molecules
(Shu et al. 2012). These non-enzymatic antioxidants are intermediates of ascorbate-
glutathione cycle (AGC) which plays a major role in H,O, scavenging pathway operating

in the chloroplasts as well as the cytosol. Operations of the AGC not only maintain the
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reduced active forms of AsA and GSH on an appropriate level, thereby adjusting the

cellular redox potential, but also participate in ROS detoxification (Potters et al. 2010).

Glutathione metabolism during HMs-induced oxidative stress

Excessive amounts of HMs trigger a wide range of cellular responses including
changes in gene expression and synthesis of metal-detoxifying peptides. Plants exposed to
HMs, synthesize a set of diverse metabolites that include specific amino acids, such as
proline and histidine, peptides such as glutathione, phytochelatins (PCs) and the amines
(Sharma and Dietz 2006; Estrella-Gémez et al. 2009). Glutathione is widely distributed redox
active molecule in living cells and the tripeptide GSH (y-Glu-Cys-Gly) is playing a key
role in scavenging ROS and protecting membrane to damage by these ROS. The oxidized
form of glutathione (GSSG) is readily converted to reduced form (GSH) by the enzyme
glutathione reductase (GR). GR also plays a key role in the antioxidant defense processes,
by reducing GSSG, thus allowing a high GSH/GSSG ratio to be maintained. Study on
maize plantlets after 6 days action of low Cd concentration showed to increase in GR and
glutathione peroxidase (GP) activity (Syshchikov 2009). Glutathione metabolism tightly
regulates biosynthesis of PCs in plants through the regulation of GSH and helps metal
sequestration (Thangavel et al. 2007). The PCs consist of repeating units of y-
glutamylcysteine followed by a single C-terminal glycine, with the number of repeating
units ranging from 2 to 11 (Grill et al. 1986; Cobbett 2000; Anjum et al. 2012). PCs are
synthesized enzymatically by PC synthase (PCS) by the transfer of y-Glu-Cys moieties to
glutathione (GSH) (Estrella-Gémez et al. 2009; Zhao et al. 2010). PCS was purified from a
variety of plant species and was found to be produced constitutively in the absence of
metal induction (Grill et al. 1986). PCs link HMs, the complexes formed with them are
then transported to tonoplast which transfers to the vacuole, where they get stored and

detoxified from cells. The important mechanism of detoxification includes metal
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Fig. 28 Mechanisms of Pb detoxification and ascorbate-glutathione metabolisms:
ADP, adenosine dinucleotide phosphate; APX, ascorbate reductase; ATP, adenosine
triphosphate phosphate; Cys- cysteine; DHA, dehydroascorbate; DHAR, dehydroascorbate
reductase; y-ECS, y- glutamylcysteine synthetase; Glu, glutamine; Gly, glycine; GR,
glutathione reductase; GS, glutathione synthetase; GSH, glutathione (reduced); GSSG,
glutathione (oxidized); GST, glutathione-S-transferase; H,O,, hydrogen peroxide; MDHA-
monodehydroascorbate; MDHAR, monodehydroascorbate  reductase; NAD(P),
nicotinamide adenine dinucleotide phosphate; NAD(P)H, NAD(P) reduced; iP, inorganic
phosphate; PCs, phytochelatins; PCS, phytochelatin synthase; ROS, reactive oxygen
species.

complexation with glutathione, amino acids, synthesis of phytochelatins and
sequestration into the vacuoles. A schematic representation of the integrated Pb
detoxification mechanisms and corresponding glutathione metabolism is illustrated in Fig.
28. Excessive stresses induce a cascade, MAPK (mitogen-activated protein kinase)
pathway and synthesis of metal-detoxifying ligands, which will be of considerable interest
in the field of plant biotechnology.

Thus, the available literatures provide convincing evidence, as presented above,
suggesting the crucial roles of enzymatic and non-enzymatic antioxidants in different
plants under HMs stress conditions. There is a lack of reports on extensive molecular

aspects of HMs influence on the redox state of such compounds as such as glutathione,
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ascorbate, and their redox couple in plants. Much progress has been done on different
aspects of PCs and glutathione metabolisms and its related enzymes, taking into
consideration their significance in HMs uptake, distribution and detoxification mechanisms
in plants. But a number of questions such as the regulation of thiols and molecular
characterization of sulfur, phenolics and flavonoids in economically important plant
species growing under the influence of various HMs are yet to be answered. The aim of the
present study is to analyzed the i) responses of non-enzymatic antioxidants, ascorbate-
glutathione related metabolites and enzymes, and ii) functional group involved in Pb

binding to understand the Pb tolerance and detoxification mechanisms in roots.
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Materials and methods
Plant description and treatment in hydroponic experiment

T. triangulare was propagated through stem cuttings (5.0-7.0 mm diameter and 1722

cm height) in conical flask containing 100 mL of modified Hoagland’s nutrient media in
plant growth chamber at 16/8 h (day/night) at 28 + 2 °C for 3 weeks. After 3 weeks of
acclimatization, uniform stem cuttings with adventitious roots and leaves were selected
and treated with Pb(NO3), at different Pb concentrations of 0 (control), 0.25, 0.50, 0.75,
1.00 and 1.25 mM for 7 days under above conditions. Roots excised after 7 days of

treatment were processed for analysis of various endpoints described as follows.
Non-protein thiols (NPSH)

NPSH in T. triangulare roots were analyzed according to Sedlak and Lindsay 1(968)
and Bulaj et al. (1998). Fresh root (0.5 g) was homogenized in 4 mL of 0.1 M Tris-EDTA
buffer (pH 8.0) under ice cold conditions. The homogenate was centrifuged at 15000 g for
20 min at 4 °C. After centrifugation, NPSH content was measured in the supernatant by
mixing with 2 mM 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB) reagent. DTNB regent
was prepared by mixing the 100 mM sodium acetate buffer with 4 mM DTNB (1:1). The 1
mL of reaction mixture containing 100 uL 0.1M Tris-EDTA, 50 pL DTNB reagent, 800
uL milliQ water and 50 pL supernatant. Mix well, incubate 5min at 37°C and the

absorbance was measured at 412 nm (extinction coefficient = 13,600 M~* cm™).
Molecular cysteine
Cysteine content in plant sample was estimated following the method of Gaitnode

(1967). Plant material (500 mg) was homogenized in 5% chilled perchloric acid and
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centrifuged at 10000 g for 10 min at 4 °C. Cysteine content was measured in supernatant
using acid-ninhydrin reagent. For preparation of each 10 mL of acid-ninhydrin reagent,
250 mg of ninhydrin was dissolved in 6 mL glacial acetic acid and 4 mL HCL. Reaction
mixture (3 mL) contained 1.0 mL each of supernatant, glacial acetic acid and acid
ninhydrin reagent. Mixture was heated for 15 min, and then cooled rapidly and absorbance
was recorded at 560 nm. Cysteine content was calculated by using the standard curve

prepared from cysteine (Sigma-Alderich) and expressed as n mol g™ fw.
Glutathione estimation

The GSH and GSSG estimation in control and Pb treated roots (0.5 g) were done
fluorometrically by following the method of Hissin and Hilf (1976) with slight
modification. The detail procedures for the analysis are described in Objective 2 (Page

number 54).
Estimation of enzymes activities

Control and Pb treated plant roots samples (1.0 g) were homogenized in 50 mM
sodium phosphate buffer (pH 7.0) containing 2% PVPP. Homogenates were centrifuged at
13000 g for 20 min at 4 °C. After centrifugation supernatant were collected and the protein
content in the supernatant was determined according to the method of Lowry et al. (1951)

using a bovine serum albumin as a standard.
v-Glutamylcysteine synthetase (y-ECS, EC 6.3.2.2)

The assay was performed following the methodology of Reugsegger et al. (1992). The
reaction mixture for assaying y-ECS contained 50 pL each of 0.2 M sodium glutamate, 0.2
M L-amino butyrate, 40 mM Na,-EDTA, 0.4% BSA, 100 pL each of 0.2 M MgCl,, 50 mM
Nay-ATP and 500 pL of 0.2 M Tris-HCI (pH 8.2). It was pre-incubated for 2 min at RT
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and the reaction was started by addition of 50 pg protein. The reaction mixture was
incubated at 37 °C for 30 min and the reaction was stopped by the addition of 100 pL of
TCA. The mixture was centrifuged and the supernatant was used for the estimation of
phosphate content by phosphomolybdate estimation at 660 nm (Fiske and Subbarow,

1925) as previously described.
Glutathione-S-transferase (GST, E.C. 2.5.1.18)

The estimation of GST enzyme activity was performed according to Habig and Jacoby
(1981). The reaction mixture for assaying GST consisted of 500 uL of 0.2 M sodium
phosphate buffer (pH 7.0), 100 puL of 10 mM GSH, 10 pL of 0.1 M 1-chloro,2,4-
dinitrobenzene (CDNB) and 390 pL of distilled water. The reaction was started by the
addition of 50 pg of protein. The reaction proceeded by conjugation of CDNB to GSH and
the increase in absorbance was measured at 340 nm for 1 minute. Activity of the enzyme
was calculated using the extinction coefficient = 9.6 mM™* cm™, and the values

represented as unit of © mol mg™* protein min*.
Glutathione reductase (GR, E.C. 1.6.4.2)

The activity of enzyme GR was analyzed according to Jiang and Zhang (2001). The
reaction mixture contained 500 uL of 0.2 M sodium phosphate buffer (pH 7.0), 100 pL
each of 10 mM GSSG, 1 mM NADPH and 180 pL of distilled water. The components
were added in the same order as they mentioned and the reaction was started by addition of
50 pg proteins. NADPH oxidation was recorded as the changes in absorbance at 340 nm
for 1 min. The rate of enzyme activity was calculated using extinction coefficient = 6.2

mM™ cm™ and were expressed as unit p mol mg * protein min™.
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Ascorbate peroxidase (APX, E.C. 1.11.1.11)

The activity of APX was assayed by the method of Nakano and Asada (1981). The
reaction mixture contained 50 mM sodium phosphate buffer (pH 7.0), 0.2 mM EDTA, 0.5
mM ascorbic acid, 250 mM H;0; and 50 pg of protein. The activity was recorded as
decrease in the absorbance at 290 nm for 1 min and the amount of ascorbate oxidized was

calculated using extinction coefficient = 2.8 mM™* cm ™.
Cellular ascorbic acid (AsA) content

Ascorbate (AsA) was measured according to Logan et al. (1998) with minor
modifications as per Ma and Cheng, (2003). Control and treated (1.0 g) root samples were
homogenized in 1 mL of ice cold 6% (v/v) HCIO,4. The extract was centrifuged at 10000 g
at 4 °C for 10 min and supernatant was immediately assayed for total AsA. For the analysis
100 pL of extract was neutralized with 30 uL of 2 mM Na,COj3 and incubated for 30 min
at room temperature with equal volume of 20 mM GSH in 100 mM Tricine-KOH (pH 8.5)
and the absorbance was recorded spectrophotometrically at 265 nm (extinction coefficient

=14mM*tem™.
Functional groups analysis by Fourier Transform Infra-red (FTIR) spectroscopy

Determination of chemical nature of functional groups, which are involved in roots
tissue, were done by Fourier Transform Infra-red (FTIR) spectroscopy (JASCO FTIR-
5300) as described by Wei et al. (2009) with slight modifications. FTIR analysis has done
only for two samples i.e. control and 1.25 mM Pb treated roots. After 7 days, both control
and Pb treated roots (1.0 g) were washes with DDW two times, followed by
homogenization with DDW. Water was evaporated from homogenized sample and make

them fine powder. The powdered sample were mixed with KBr and made KBr tablets,
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which were directly used for FTIR analysis. Spectral Wavenumber was recorded in the

ranges of 400—4000 cm .
Statistical analysis

The experiments were repeated at least three times and the data presented corresponds
to the mean values + S.E. (standard errors) of three replicates (Microsoft Office 2003).
One-way analysis of variance (ANOVA) were done with all the data to confirm the
variability of data and validity of results, and performed Duncan's multiple range test
(DMRT) by using SIGMASTAT software (version 11.0) to determine the significant
difference between treatment group. Correlation analysis was performed wherever
required. P values < 0.05 were considered significantly different with each other and

denoted by different letters.
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Results
Lead-induced changes in NPSH content

Results of our NPSH contents analysis showed that NPSH content were slight

increased at low Pb concentration and thereafter declined (Fig. 29A). Moreover, the
responses of NPSH against increasing Pb concentration showed a negative linear graph
with a R?= 0.924. Pb-induces NPSH content very slightly during 0.25 mM Pb by 3.5% in
comparison to control. But the Pb treatment of 0.50-1.25 mM declined the NPSH contents
in T. triangulare roots. The maximum significant (P < 0.05) reduction in NPSH contents
were observed by 35.0%, 40.4% and 64.9% at 0.75, 1.0 and 1.25 mM Pb in comparison to

control sample, respectively.
Lead-induced changes in cysteine content

This assay was based on the reaction of acid-ninhydrin reagent with present amino acid
cysteine. The accumulation of cysteine contents was dose-dependent responses in T.
triangulare roots (R°= 0.912; Fig. 29B). A gradual increase in cysteine accumulation was
observed in the roots subjected to 0.25-1.25 mM of Pb over control root. The
accumulation of cysteine increased in stress responses and attained significant maximum
accumulation during 1.25 mM Pb in comparison to control, the amount of cysteine
significantly (P < 0.05) increased to approximately 21%, 28%, 33%, 39% and 46% during
0.25, 0.50, 0.75, 1.0 and 1.25 mM Pb, respectively.

Lead-induced changes in glutathione

The level of reduced (GSH) and oxidized (GSSG) glutathione directly point towards

the induction of oxidative stress by Pb (Fig. 30A). GSH content in T. triangulare roots was
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give very interesting result, which was first increased and then decreased. The regression
analysis showed that as the Pb concentration increased in treatment media the GSH content
declined with a R?= 0.934 (Fig. 30A). The significant (P < 0.05) induction in GSH content
was observed at only 0.25 mM Pb treatment, which accounted for 7.7% in comparison to
control. The significant (P < 0.05) maximum declined (68.8%) in GSH content was
observed during 1.25 mM Pb. On the other hand, GSSG level was found to gradually
increased as the external Pb concentration increased (R°= 0.956; Fig. 30B). The significant
inductions in GSSG contents were observed at concentration 0.25-1.25 mM Pb and that
accounted for 83.0%-236.5% in comparison to control, respectively. Total glutathione
contents were calculated from the addition of GSH and GSSG contents (Fig. 30C).
However, the total glutathione contents followed the same pattern as GSH (R?*= 0.860). In
contrast to GSSG contents, the GSH/GSSG ratio also significantly (P < 0.05) decline and
was inversely related to the increasing Pb treatments (R?= 0.860; Fig. 30D). The
correlation analysis between GSH and NPSH showed a positive linear correlation with a
R’= 0.821 (Fig. 30E), whereas the analysis of GSH and GSSG showed a negative

relationship (R*= 0.771) between these two values (Fig. 30F).
Lead-induced changes in y-glutamyl cystein synthetase (y-ECS) activity

A linear decline in y-ECS activity was observed with increasing Pb concentration in T.
triangulare roots (R?= 0.874; Fig. 31A). However, the y-ECS activity was slight induced at
0.25 mM Pb by 6.5%, but it was insignificant with the control value. The maximum
declined in y-ECS activities were observed at 0.75 (32.7%), 1.0 (42.7%) and 1.25 (45.5%),
which were significantly (P < 0.05) in comparison to control, respectively. The y-ECS
followed the same pattern as free thiols and GSH did and showed a positive correlation

with NPSH (R?= 0.727; Fig. 31D) and GSH (R?= 0.903; Fig. 31E).
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Lead-induced changes in glutathione-S-transferase (GST) activity

Evidences from our spectrophotometric result showed that the activities of GST
enzymes increased as the Pb concentration increased in the nutrient media (Fig. 31B). The
increased in GST activities were strongly correlated (R?= 0.947) with the increased in Pb
concentration. In our experimental conditions, Pb treatments at 0.25 and 0.50 mM induced
very slight GST activities, which were not significantly different from control. After 7 days,
the maximum significantly (P < 0.05) induction in GST activities were observed at 0.75
(71.4%), 1.0 (89.1%) and 1.25 (91.3%) when compared to control, respectively. The
increased in GST activity showed a positive correlation (R*= 0.644) with increased in H,0,

contents in T. triangulare roots (Fig. 31F).
Lead-induced changes in glutathione reductase (GR) activity

Our results showed that GR activity was not much affected with Pb treatment in T
triangulare roots (Fig. 31C). Pb treatment causes a slight insignificant induction in GR
activity was observed during 0.25 and 0.50 mM Pb, which was declined at subsequent
treatment concentrations. Interestingly, the induction and declined were not significant (P
< 0.05) with the respective control. The maximum declined in GR activity was observed

during 1.25 mM Pb stress which was accounted for 10.8% in comparison to control.
Lead-induced changes in total ascorbate content

The Spectrophotometric analysis of T. triangulare root extracts showed that Pb
treatment caused dose-dependent reduction in total ascorbate content in comparison to
control (Fig. 32A). Total ascorbate contents were negatively correlated (R’= 0.965) with
increase in Pb treatment concentration. The significant decline in the total ascorbate

contents were observed during 0.25, 0.50, 0.75, 1.0 and 1.25 mM Pb treated T. triangulare
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roots, which were accounted for reduction of 23%, 37%, 44%, 49%, 53% in comparison to
control, respectively. The tendencies of total ascorbate contents were almost similar to that
total glutathione contents and both were showed a strong positive correlation (R*= 0.810;

Fig. 32C) with each other.
Lead-induced changes in ascorbate peroxidase (APX) activity

Our results showed that 0.25 and 0.50 mM Pb slightly enhanced APX activity in
comparison to control, respectively, which declined at further Pb concentrations in
comparison to control (Fig. 32B). APX activity significantly (P < 0.05) decreased at only
1.0 and 1.25 mM of Pb in respect to control, respectively. The maximum increase and
decrease in APX activities were observed at 0.50 mM (34%) and at 1.25 mM (55.8%),

respectively.
Functional groups analysis by Fourier Transform Infra-red (FTIR) spectroscopy

The FTIR spectra of the control and 1.25 mM Pb treated root tissues were recorded in
the range of 400-4000 Wavenumber (cm™?) to obtain the information about the stretching
and bending vibration and reduction in transmittance of characteristic functional group
peak. FTIR spectra revealed that Pb treatment caused reductions in characteristics peaks
when compared with control spectra (Fig. 33). In Fig. 33 wavenumber for characterstic
peaks were presented in numerical values (not decimal values). However, the detail about
%transmittance and exact Wavenumber are listed in Table 10. The major reductions in
peaks transmittance values were observed at 3391, 2922, 1643, 1381 and 1055 cm . The
region below 1000 cm™ are considered as fingerprint zone and the binding of functional
groups cannot be assigned to any perticular functional group due to complex interacting

vibration system.
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Fig. 29 Non-protein thiols (NPSH) (A) and amino acid cysteine (B) contents in T.
triangulare roots after 7 days of Pb treatment. Mean values (x SE) denoted by different
letters are significantly different (P < 0.05) between each other.
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Fig. 30 Reduced glutathione (GSH) content (A), oxidized glutathione content (B), total
glutathione contents (C) and GSH/GSSG ratio (D) in T. triangulare roots after 7 days of
Pb treatment. Mean values (£ SE) denoted by different letters are significantly different (P
< 0.05) between each other. (E) and (F) represent correlation analysis of GSH-NPSH and
GSH-GSSG, respectively.
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Fig. 31 Activities of (A) y-Glutamyl cystein synthetase (y-ECS), (B) glutathione-S-
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days of Pb treatment. Mean values (+ SE) denoted by different letters are significantly
different (P < 0.05) between each other. (D), (E) and (F) represent the correlation analysis

of y-ECS-NPSH, GSH—y-ECS and GST-H,0,, respectively.
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Table 10 Changes in %transmittance of peaks representing the characteristic functional
group involved in binding and detoxification of Pb and Pb-induced toxic radicals or

metabolites.
Wavenumber % Transmittance Difference in
%transmittance
Control 1.25 mM Pb

3391.16 36.7 27.8 8.9

2922.42 41.3 38.6 2.7

2852.98 43.6 42.1 1.5

1738.02 45.3 43.6 1.7

1643.50 40.6 32.6 8.0

1516.19 47.2 447 2.5

1381.16 43.2 40.4 2.8

1321.36 44 .4 41.7 2.7

1249. 99 45.8 42.9 2.9

1055.16 40.4 32.9 7.5

769.67 53.3 52.0 1.3

661.64 50.0 48.5 15

603.77 49.4 48.6 0.8
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Discussion

Our study showed that T. triangulare plant is efficient to accumulate Pb in its tissue as
we observed in our previous objectives. The accumulated Pb has potential to caused
oxidative stress in T. triangulare, which was evident by increased accumulation of free
radicals, such as H,O,. The analyzed antioxidative systems could able to detoxify the Pb-
induced directly or free radicals mediated injury by activating its enzymatic and non-
enzymatic antioxidants. In relation with non-enzymatic antioxidants AGC metabolites
always play an important role in stress alleviation as reported by various researchers (Ref).

In our present study, plant treated with Pb showed a variety of responses viz. alteration
in AGC metabolites, related metabolites and enzymes. Pb treatment caused reduction in
NPSH and induction in cystein accumulation in responses to Pb-induced oxidative stress in
T. triangulare roots. It has been suggested that during HMs stress condition the stimulate
sulfate absorption (Nocito et al. 2002; Anjuman et al. 2011) and other associated enzymes
related with sulfate reduction such as ATP sulfurylase (ATP-S), APS reductase and cystein
synthase (Rausch and Wachter 2005; Singh et al. 2010). Maximum reduction in NPSH was
observed during 1.25 mM Pb treatment. Similar response was also reported in Najas indica
treated with different Pb concentration for maximum 7 days (Singh et al. 2010). It has been
observed that 0.1 mM Pb treatment for 7 days caused significant reduction in NPSH
contents, whereas the same concentration declined the cystein content due to decreased
activity of cystein synthase in Najas indica (Sing et al. 2010). The declined in NPSH in our
study might be related with the incorporation of sulfur in to organic molecules such as
sulfur containing amino acid (cys-residues) and peptides such as GSH and PCs, which
further involved in metal binding and detoxification mechanisms. Treatment of Cd to
Egeria densa (water weed) resulted in both a formation of thiol-enriched Cd complexing

peptides and a synthesis of low-molecular-weight metal chelators (Malec et al. 2009).
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Additionally, this peptide was characterized by a broad absorption band specific to
mercaptide bonds and Cd-sensitive fluorescence emission of aromatic amino acid residues
(Malec et al. 2009).

Cysteine, a —SH containing amino acid and is a key constituent of phytochelatins,
which plays an important role in metal detoxification. The increased in cysteine content is
initiated by sulfur assimilation, which is catalyzed by enzyme ATP-S, a rate limiting
enzyme in sulfur assimilation, regulates cysteine (and thus GSH) biosynthesis. Cysteine
itself acts as precursor for various sulfur containing metabolites, including GSH (Anjum et
al. 2011). Khan et al. (2009) reported that increased ATP-S activity, cysteine and GSH
content helped the mustard plant to tolerate against high Cd-induced oxidative stress. In
our experimental condition the increase in cysteine content might be related to the level of
plant tolerance mechanisms against Pb-induced oxidative stress (Chandra et al. 2009). An
increase in cystein content could be due to the increased in cystein synthase activity (Singh
et al. 2010). Pb-induced increase in cysteine content was reported in Hydrilla verticillata
(Gupta et al. 1995) Salix acmophylla (Ali et al. 2003). Vadas and Ahner (2009) observed
that pretreatment of cysteine and glutathione to B. napus and Z. mays facilitate increased
accumulation of Pb and Cd in the plant tissues. Cysteine-mediated uptake rates of Pb and
Cd were much higher than those for without pretreatment with cysteine in both plant
species (Vadas and Ahner 2009). It has suggested that Pb or Cd may bind to cysteine or
glutathione, which accelerate the roots metal accumulation via a biological mechanism that
has been confirmed with an inhibitor and through observation of changing kinetics in pre-
exposure experiments in both the plant (Vadas and Ahner 2009).

Glutathione is one of the major cellular safeguards and usually the most abundant
intracellular non-protein thiols, maintains the cellular redox status. GSH plays a protective
role as a key antioxidant and a chelating bioligand responsible for detoxification of HMs

(Gupta et al. 1995; Mishra et al. 2006; Anjum et al. 2012).
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Our results showed of GSH and GSSG estimation showed that Pb treatment declined GSH
and stimulated GSSG contents. The increase in GSSG showed a true indication of
oxidative stress. In this study, significant slight induction in GSH and total glutathione
have been observed during 0.25 mM Pb treated roots followed by depletion at higher
concentration (Fig. 30). The contents of NPSH and cysteine and the activity of y-ECS were
also increased at this concentration. Further the responses of GSH showed a good
correlation with NPSH (R®= 0.903; Fig. 30E) and y-ECS (R?= 0.903; Fig. 31E) activity. At
0.25 mM Pb, induction of GSH accumulation might be attributed to Pb-induced GSH
synthesis via increased in NPSH content and activation of y-ECS (Piechalak et al. 2002).
On the other hand at higher Pb concentration (0.50-1.25 mM Pb) declined in NPSH
contents as well as reduction in y-ECS activity observed, suggested that these factors
possibly responsible for the reduction in GSH and total glutathione contents at those Pb
concentrations in T. triangulare roots. Furhermore, a significant reduction in y-ECS
activity was observed during 0.75-1.25 mM Pb stress in T. triangulare roots. y-ECS (EC
6.3.2.2) catalyses the first step of glutathione (GSH) synthesis, producing gamma-
glutamylcysteine (y-EC) from L-glutamate and cysteine. The reduction in y-ECS activity
was also correlated (R?= 0.727; Fig. 31D) with NPSH. It may suggest that decrease in
NPSH content and y-ECS activity might be a possibly cause for the reduction in GSH
contents.

GSH, as a substrate, synthesize PC through a reaction catalyzed by phytochelatin
synthase (PCS) an enzyme activated by HMs ions including Pb (Cobbett 2000). In most
cases, HMs cause decline of glutathione in plant tissues. Such reaction is usually observed
after actions of HMs and predefined the growing consumption of glutathione, which is
used for the synthesis of PCs (Anjum et al. 2012; Zhao et al. 2010; Cobbett 2000). PC
synthesis is induced by a variety of HMs (Schiitzendiibel and Polle 2002; Shaw et al. 2004,
2006; Mishra et al. 2006 and 2009; Ahmad et al. 2012). Decline in GSH at higher
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concentrations might be attributed to high consumption rate of GSH as antioxidant to
combat oxidative stress or for the synthesis of PC. It might be also possible that during
high Pb stress, the depletion of GSH content facilitate formation of Pb—GSH complexes
and Pb-induced PCs synthesis with the help of enzyme PCS. PCS further bind to Pb and
carry to vacuole and detoxify them. Furthermore, PCs synthesis reduces free Pb
concentration in cytoplasm and contributes to suppress the activation of the stress-related
responses in plant metabolism (Mishra et al. 2006). It has been reported that the expression
level of the Salvinia minima, Pb-hyperaccumulator aquatic fern, PCS gene (SmPCS) was
evaluated in response to Pb®" treatment in both roots and leaves (Estrella-Gémez et al.
2009). Results suggested that the accumulation of PC in S. minima was a directly
connected to Pb accumulation in tissues, where phytochelatins do participate as one of the
mechanism to cope with Pb-induced stress (Estrella-Gomez et al. 2009).

GSH is widespread in bacteria, plants and animals and has been shown to exhibit high
affinity for majority of metals. Additionally, GSH is a vital part of the antioxidant armory
of plant cells against oxidative stress, and plays multifaceted roles by contributing to the
cellular redox status (Anjum et al. 2011). Moreover, Malecka et al. (2009) has reported that
Pb concentration of 0.5 mM for 4 days caused significantly declined the GSH level in
Pisum sativum roots. Similar type of response was also observed in Spirodela polyrhiza
treated with 0.4 mM Pb for 7 days (Qiao et al. 2012). Wang et al. (2012b) also reported
declined in GSH content during 0.75 uM Pb treatment, in a duration dependent manner,
where maximum reduction was observed after 6 days of Pb treatment. Pb-induced changes
in GSH have been reported in Helianthus annuus (Strubinska and Hanaka 2012), Acacia
farnesiana (Maldonado-Magaiia et al. 2011), Vicia faba and Phaseolus vulgaris (Piechalak
et al. 2002), Zea mays, Hydrilla verticillata and Vallisneria spiralis (Gupta et al. 1995,
1999, 2009).
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The reduction in GSH and induction in GSSG contents are seems negatively correlated
(R*= 0.771; Fig. 30F) with each other. In T. triangulare roots Pb treatment cause a
significant (p < 0.05) induction in GSSG content, which was maximum increased by 237%
during 1.25 mM Pb stress (Fig. 30B). The studies with pea plant showed that during Pb
stress, the amount of GSSG increased and reaching maximum after 4 days of Pb treatment,
which could be due to decrease in a rate limiting factor, GSH, for the synthesis of GSSG
(Malecka et al. 2009). Cytoplasmic pool of GSSG may be increased as a result of oxidation
of glutathione due to oxidative stress, transported from apoplast to cytosol, where it is
reduced once more to GSH through GR and NADPH (Foyer et al. 2001). The GSSG is get
converted in to GSH by the reaction catalyzed by enzyme GR. GR is a member of
flavoenzyme family which catalyzes the NADPH dependent reduction of GSSG to GSH.
In our study we noted that Pb treatments have declined the GR activity in T. triangulare
roots, but the responses were not significant different with control (Fig. 31C). The increase
in GSSG content could be possibly due to decreased or no GR activity in reaction
catalyzing reduction of GSSG to GSH. This reaction maintains a proper GSH/GSSG ratio
in cells (Singh et al. 2010; Anjum et al. 2012). For example, in rice seedlings Pb toxicity
causes an increase in GSH/GSSG ratio and the total glutathione pool suggested that this is
evidently due to induction in GSH biosynthesis and rapid reduction of GSSG by the
enzyme GR after Pb treatment (Verma and Dubey 2003) reported that GR activity
increased which suggests possible involvement of GR in regenerating GSH from GSSG
under Pb ions action.

On the other hand, results showed that Pb treatment caused declined in GSH/GSSG
ratio (Fig. 30D). The reduction in GSH/GSSG ratio is only due to the rapid reduction in
GSH and induction in GSSG contents during Pb treatments. Our results showed
insignificant decrease in GR activity in Pb treated T. triangulare roots suggests that GR

enzyme is not involved in regeneration of GSH from GSSG under Pb toxicity conditions
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and further resulted in to decrease GSH/GSSG ratio and the total glutathione pool. In
contrast, The analysis of roots of Vallisneria natans have consistently shown that GR
activity increases in response to Pb treatment, in order to detoxify H,O, or to produce
glutathione for the synthesis of phytochelatins (Wang et al. 2012b). It has been suggested
that the high GSH/GSSG ratio is necessary to achieve optimal protein synthesis in cells
and thus plays a bridging role between primary and secondary responses of plant against
metal toxicity (Nagalakshmi and Prasad 2000).

Glutathione-S-transferases (GSTs) are major phase I, GSH-dependent ROS-
detoxifying enzymes mainly found in cytosol of the plant cell. GST involved in GSH-
metabolism and thus plays important roles in the cellular antioxidant defense mechanisms
of plants (Yan et al. 2008; Anjum et al. 2012). GSTs are catalyzing the removal of lipid
peroxides and nucleophilic conjugation of GSH to a wide variety of hydrophobic and
electrophilic organic molecules. The conjugation of GSH to a wide range of electrophilic
metabolites of xenobiotics converted them in to inactive or non-toxic product, and further
the conjugates are transported to the vacuoles for sequestration and/or subsequent
metabolism (Coleman et al. 1997; Reddy et al. 2005; Moons 2005). Our result showed that
increase in GST activity during Pb treatment may be attributed that this enzyme has
potential role in ROS detoxification in roots of T. triangulare (Fig. 31B). The increased
GST activity might also support or catalyze the conjugation of GSH with Pb or other toxic
electrophiles and strengthen the plant against Pb-induced oxidative stress. Similarly, Cd-
induced increased GST activity was observed in leaves and roots of P. sativum (Dixit et al.
2001) and in roots of Orazy sativa and Phragmites australis (lannelli et al. 2002). Reddy et
al. (2005) has reported about the Pb-induced increased GST activity by 3—4 fold in leaves
and roots of Macrotyloma uniflorum and Cicer arietinum plants. However, the GST

activity was relatively more in M. uniflorum than in C. arietinum (Reddy et al. 2005).
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Ascorbate is the key metabolites and APX is a key enzyme of Halliwell-Asada enzyme
pathway. Ascorbate is ubiquitous antioxidant, present in all cellular component, which
reacts directly with ROS molecules as well as act as a secondary antioxidant (Wang et al.
2012b). Result of our study showed that total ascorbate contents in roots were significantly
(P < 0.05) declined during Pb treatment when compared to control (Fig. 32A). The
maximum reduction of 53% in ascorbate content was observed at 1.25 mM Pb treatment.
In present study, the decrease in ascorbate content attributed to the oxidation of ascorbate
in to MDHA with the activity of APX with concomitant detoxification of H,O in to water
molecule (Sharma and Dubey 2005). MDHAR converted in to DHA, which further
catalyzed by enzyme DHAR and converted in to ascorbate (Mishra et al. 2006). The
reduction of DHA to ascorbate is very important for plant, because the half life of DHA is
very sort and it would be lost if it remain in same form. Ascorbate considered as strong
ROS scavenger due to its ability for donating electrons in number of enzymatic and non-
enzymatic reactions (Mishra et al. 2006; Bhaduri and Fluker 2012). The study of V. natans
treated with 0.75 mM Pb also showed significant decline in ascorbate content, with
simultaneous induction in DHA content (Wang et al. 2012b). Like GSH/GSSG ratio,
ascorbate/DHA ratio is also very important to sense the stress condition and maintain the
cellular redox balance (Gill and Tuteja 2010; Bhaduri and Fluker 2012). Furthermore,
being a metabolite of AGC, it also plays a key role in maintaining the activities of other
metabolites and enzymes. The decrease in total ascorbate content showed good correlation
(R*= 0.810; Fig. 32C) with decrease in total glutathione content. Pb-induced declined in
ascorbate contents were also observed in Allium cepa (Verma and Dubey 2003) and in N.
indica (Singh et al. 2010). Similar to CAT, the increased APX activity may catalyze the
oxidation of excess H,O, caused by Pb and thus may play a detoxifying role. However,
APX activity initiated to decline as the concentration of Pb rose to 0.75 mM (Fig. 32B),

suggesting that the antioxidative potential of APX had reached maximum level to maintain
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the stability of the antioxidative system (Sharma and Dubey 2005; Malecka et al. 2009;
Pourraut et al. 2011a). Pb-dependent increase in activities of CAT and APX from wheat
seedling extracts was observed at 0.15, 0.30, 1.5, and 3.0 mM of Pb concentration
(Lamhamdi et al. 2011). Pb-induced APX activity has been reported in pea roots (Malecka
et al. 2009), Wolffia arrhiza (Piotrowska et al. 2009) and Pluchea sagittalis (Rossato et al.
2012).

The FTIR spectral analysis is important to identify some characteristic functional
groups, which were responsible for tolerance against Pb-induced oxidative stress and
detoxification of Pb and Pb-induced toxic free radicals and metabolites. The spectral peak
analysis showed that reductions in %transmittance of peaks during 1.25 mM Pb treatment
in comparison to control peaks were observed (Fig. 33). Out of all peaks values few major
%transmittance reductions values were observed at 3391, 2922, 1643, 1381 and 1055 cm*
(Table 10). In this study, very less stretching in characteristic peaks observed after Pb. In
Pb treated root, a broad reduction in 8.9 %transmittance observed at 3400-3200 cm*,
when compared with characteristic control peak, representing the —OH (alcoholic or
hydroxyl) and N-H (amide) functional group (Yalgin et al. 2012; Naik et al. 2012; Singha
and Das 2012). Alcoholic or hydroxyl group might be donated from phenolic, alcoholic,
carboxylic and amino acids, whereas amide was from amino acids, which were involved in
the binding of the metal ion (Nahar and Tajmir-Riahi 1996). Additionally, a strong
reduction of 8.0 %transmittance noted in peak of 1.25 mM Pb treated sample at 1643 cm*
representing the C=0 (corboxylic) functional group of amide | or carboxylic side of amino
acid or peptides (Nahar and Tajmir-Riahi 1996), representing the involvement in removal
of Pb or Pb-induced toxic substances (Naik et al. 2012). Furthermore, reduction in 7.5
%transmittance has observed at 1055 cm*, representing the C—O (ester or amide)
functional group. This might be possibly donated by amino acid or peptide or lipid. Along

with these peakes, minor reductions for few more peakes were observed (Table 10), which
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showed that these groups were less or not involved in the tolerance and detoxification
process. Thus, the FTIR analysis revealed that during Pb stress condition, phenolic,
alcoholic, carboxylic, amino acids and lipid are majorly, consist in establishing links with
large organic molecules, involved in detoxification of Pb and Pb-induced toxic

electrophiles (Nahar and Tajmir-Riahi 1996; Marmiroli et al. 2005).

Conclusions

Our results concluded that Pb treatment declined the NPSH, GSH, total ascorbate and
total GSH contents in similar pattern. The contrary was true regarding cystein and GSSG
contents and GST activity, whose values increased after Pb treatment. Decline in GSH at
higher Pb might be attributed to high GSH consumption as an antioxidant to combat
oxidative stress or for the synthesis of other metal binding ligands i.e. phytochelatins or
metallothioneins. The GSH/GSSG ratio was declined in a dose dependent manner, which
was evident by the gradual reduction in GR and y-ECS enzyme activities. The increased
activity of GST involved in active binding and detoxification of lipid hydro-peroxide,
support the active tolerance mechanisms of T. triangulare. We can suggest that ascorbate-
glutathione and other related metabolites and enzymes cumulatively form an efficient
defense system against ROS in addition to their significance for the detoxification, and
compartmentalization of HMs in plant. FTIR analysis, performed for characterization of
functional groups involved in binding mechanisms of ions showed that amino, phenolic,
carboxylic acids and other alcoholic, amide and ester containing bio-molecules were have

key role in detoxification of Pb or Pb-induced toxic metabolites.

144



Objective 5

Objective 5

Proteomic approach for root
proteins identifications
exposed to Pb stress
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Introduction

Environmental changes can modify physiological and biochemical state of plants that

trigger several signaling pathways for adaptation to unfavorable conditions. It is known
that metal sensitivity and toxicity to plants are influenced by the concentration and the
toxicant types. Plants are key components of the biota, as they often directly receive
chemical pollutants and thus represent fundamental tools in an ecotoxicological
perspective (Luque-Garcia et al. 2011). However, plants are still quite neglected organisms
for ‘omic’ approaches to environmental toxicology. Proteomics, with its high resolution for
protein separation by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)
coupled to protein identification by mass spectrometry (MS) and database searches (Lopez
1999; Newton et al. 2004), has been applied to various fields of biology including, the
efficient analysis of (differentially) expressed proteins and identification of proteins
involved in cellular processes. Thus, use of proteomic-based approaches in various areas of
plant biology research came up with stunning rapidity over past decade (Kosova et al.
2011). Proteomics also proves to be a powerful means for investigating the molecular
mechanisms of plants responses against various stage of development. The technology is
based on high-throughput biotechnological approaches for the separation and identification
of proteins, allowing an essential study of many proteins at the same time being used to
address the biological function of plant proteins in different biotic or abiotic responses
(Agrawal et al. 2002; Kim et al. 2005; Sengupta et al. 2011). Large-scale proteomics is a
powerful approach for studies of complex biological processes in which a number of
proteins take part in various physiological, biochemical and molecular mechanisms

(Hashiguchi et al. 2010).
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Importance of comparative proteomic approach for stress response studies

Plant response against abiotic stress factors includes changes in protein expression and
post-translational modification of proteins to activate their defense mechanism.
Comparative quantitative analysis of proteins is able to provide accurate information about
molecular changes allowing the establishment of a range of specific mechanisms, leading
to the identification of major players in the considered pathways. Research on plant
proteomes has provided advantageous information for a comprehensive understanding of
the protein networks in plants in response to external stress factors. In particular, proteins
being the most abundant cell components (70%) (Davies 2005), interest in redox
modifications of proteins is of paramount interest in environmental toxicology because it
can provide fundamental insights both into toxicity mechanisms and biomarker discovery.
For the proteomics analysis the separation of desired protein mixture can be performed
with the two-dimensional gel electrophoresis followed by mass spectrometry. Several
plants proteomics studies have been performed on the responses of various abiotic stresses
(Cho et al. 2006, Sengupta et al. 2011). To begin with few examples, an investigation
made with Cu treatment with rice seedlings showed various physiological and biochemical
responses and their correlation with a total of 25 proteins that were identified and
differentially expressed in response to Cu stress (Ahsan et al. 2007). Bah et al. (2010)
reported about the Typha angustifolia leaf proteome in response to 1 mM Cr, Cd and Pb
for 90 days and 130 days to analyze and identify the stress-responsive proteins. More than
1600 protein spots were reproducibly detected and were differentially expressed over the
control, whereas Pb caused up-regulation of carbohydrate metabolic pathway enzymes of
fructokinase and APX along with other chloroplast proteins (Bah et al. 2010). Proteome
analysis of gametophores identified up-regulation of Physcomitrella patens

metallothionein type 2 (PpMT2) involved in various abiotic stress responses such as Cu,
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Cd, cold, indole-3-acetic acid, and ethylene, when treated during culturing (Cho et al.

2006).

Root proteomics-based approaches in plant under different HMs stress conditions

Plants have different sensitivity to HMs. Roots being the below-ground or merged (in
case of aquatic plants) portion of plants, are the sole access point to metal and as such they
play a vital role in plant metal accumulation and translocation to the aerial part of the
plants. Root systems, though genetically determined, are very plastic and can be affected
by a number of environmental factors, including metals. The regulation of root proteins
under HMs-stress response may act to re-establish root system homeostasis, and may be
considered as molecular markers for bioengineering new plants in phytoremediation
projects (Elisa et al. 2007). The expression pattern of terrestrial and crop plants in
responses to various HMs have been described by various authors. Arsenic-induced
differentially expressed proteins profiles have been described by Requejo and Tena (2005)
for maize root and by Ahsan et al. (2008) for rice roots. Ahsan et al. (2007) reported about
the identified proteins in rice roots against Cu excess were related to antioxidants or stress
regulatory proteins that might work together to establish a new homeostasis in response to
Cu as well as other HMs stress (Ahsan et al. 2007). On the other hand, proteome analysis
of rice root tissues showed that 10 uM Cd treatment strongly induced the expression of
regulatory proteins and some metabolic enzymes, but it mainly activated defence
mechanisms by the induction of transporters and proteins involved in the degradation of
oxidatively modified proteins (Aina et al. 2007). Furthermore, the exposure to 100 uM Cd
concentrations, strongly affect rice physiology and significantly altering DNA sequence
and protein pattern of roots, with important changes to regulatory proteins (Aina et al.

2007).
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Plants have a variety of mechanisms by which they reduce their susceptibility to HMs-
induced toxicity, one of which is the production of HM-binding factors and proteins. A
few research groups have conducted proteome analysis in plant roots under different HMs
stress conditions (Aina et al. 2007; Elisa et al. 2007; Wang et al. 2011; Sharmin et al. 2012.
Comparative proteomic analysis in roots of two genotypes of soybean i.e. Al-tolerant (PI
416937) and Al-sensitive (Young) has been studied for Al stress. Al-induced a distinct
protein profile changes in both soybean genotypes. Al stress up-regulated the citric acid
cycle enzymes resulted in to increased synthesis of citrate, having key role in Al
detoxification in Pl 416937 genotype only. The comparative proteome analysis revealed
that the tolerance mechanism in root was also developed due to up-regulation of novel
proteins for DNA damage control, cell cycle regulator, and transcription factor (Duressa et
al. 2011). Furthermore, it has shown that 150 ppm Cu stress in Cannabis sativa roots
caused morphological and proteomic changes (Elisa et al. 2007).

Since proteins are directly involved in plant stress response, analysis of roots protein
expression during HMs stress can significantly unravel the possible relationships between
protein abundance and plant stress acclimation. A proteomic analysis of the Ni
hyperaccumulator plant Alyssum lesbiacum was carried out to identify proteins that may
play a role in the exceptional degree of Ni tolerance. Out of the 816 polypeptides detected
in root tissue by 2-D SDS-PAGE, eleven were up-regulated which having important role in
the sulphur metabolisms and ROS detoxification (Ingle et al. 2005). Alterations in the root
proteome of hydroponically grown A. thaliana plants treated with 10 mM Cd** for 24 h
showed that identified proteins were related with different classes and having wide role in
Cd-tolerance mechanisms (Roth et al. 2006). The results obtained with Al-responsive
proteins in rice roots indicated that the protein regulation occurred at the transcriptional
level. The proteins identified were related to ion transport and sulphur metabolism, which

could have major roles in Al adaptation or tolerance in rice (Zhang et al. 2007).
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Toxic levels of Pb in growth medium inhibit growth and cause substantial reduction in
plant yields. Pb-tolerant cultivars detoxify Pb through multiple mechanisms that are
currently not well understood at genetic and molecular levels. Total protein analysis of the
proteins expressed by the genome, is not only a powerful molecular tool for reveling
complete proteomes at the point organelle, cell, organ or tissue level but also, for
evaluating proteomes as affected by different physiological conditions, such as those
resulting due to Pb or other stressful environmental factors. However, little information is
available in the field of plant proteomics under HMs or Pb stress conditions. Moreover,
inadequate reports have been published on root proteome analysis subjected to HMs stress.
To the best of our knowledge, to date, there is no report of the proteomic analysis of Pb
treated T. triangulare. To investigate the Pb stress-responsive proteins in and their key role
in response against Pb stress in adventitious roots, through proteomic approach has been

adopted.

150



Objective 5

Materials and methods

Plant description and treatment in hydroponic experiment

T. triangulare was propagated through stem cuttings in 100 mL of modified

Hoagland’s nutrient media in plant growth chamber at 16/8 h (day/night) at 28 + 2 °C for 3
weeks. After 3 weeks of acclimatization, uniform stem cuttings with adventitious roots and
leaves were selected and treated with Pb(NO3), at Pb concentrations of O (control) and 1.25
mM for 7 days under above conditions. Roots excised after 7 days of treatment were

processed for proteomic study.
Protein extraction and two-dimensional electrophoresis (2-DE)

After 7 days of Pb treatment, whole roots from both control and stressed plants were
collected, washed thoroughly with DDW and immediately frozen in liquid nitrogen and
stored at —80 °C till protein extraction. Total root proteins were extracted according to
Sarvanan and Rose (2004) with minor modifications. The methodology for proteomic
analysis is breefed in Fig. 34. Frozen root tissues (2.0 g) of control and 1.25 mM Pb were
ground to fine powder in liquid nitrogen and suspended in 5 mL of the extraction buffer
containing 0.5 M Tris-HCI (pH 7.5), 0.7 M sucrose, 0.1 M potassium chloride, 50 mM
EDTA, 2% B mercaptoethanol and 1 mM PMSF. After thorough mixing, equal volume of
commercially available Tris-saturated phenol (pH 7.5) was added to the extract suspension
and further mixed for 30 min at 4 °C using a rotospin cyclomixer.

The Tris-saturated phenol mixed extract suspension was centrifuged at 8,000 g for 30
min at 4 °C. The upper phenolic phase was collected carefully in centrifuge tubes with the
help of micro pipette and an equal volume of extraction buffer was added to it. The above
step was repeated and the upper phenolic phase was re-extracted. To the final collected

phenolic phase, four volumes of 0.1 M ammonium acetate in methanol was added and
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incubated overnight at —20 °C for protein precipitation. The samples were then centrifuged
at 10,000 g at 4 °C for 30 min and the precipitate was washed thrice in ice cold methanol,
twice in ice cold acetone and air dried for few minutes. The final pellet was solubilized in
200 pL of the rehydration solution containing 8 M (w/v) urea, 2M (w/v) thiourea, 4%
(w/v) CHAPS, 30 mM DTT, 1.5% (v/v) IPG buffer pH range 4-7 (GE, Healthcare). The
protein concentration was determined according to Bradford (1976) protein assay using

BSA as standard.
One-dimensional IEF and two- dimensional SDS-PAGE

Aliquots of 800 pg protein of control and 1.25 mM Pb treated roots were mixed with
rehydration solution containing 8 M urea, 2 M thiourea, 4% CHAPS, 30 mM DTT, 0.8%
IPG buffer pH range 4-7 and 0.004% bromophenol blue to a final volume of 320 pL
(Sengupta et al. 2011). Further, active rehydration of mixed protein (800 pg) was done on
immobilized pH gradient (IPG) strips (18 cm, 4—7 pH linear gradient; Amersham, GE) for
12 h at 50 V. Rehydration and isoelectric focusing (IEF) was carried out in Ettan IPGphor
Il (GE Healthcare) at 20 °C, using the following program: 30 minutes at 500 V, 3 h to
increase from 500 to 10000 V and 6 h at 10000 V (a total of 60000 Vh). After IEF, strips
were equilibrated with two different equilibrium buffers for 30 min each with gentle
rocking at RT (25 £ 2 °C). The first equilibration was performed in a solution containing
50 mM Tris-HCI buffer (pH 8.8), 6 M urea, 2% (w/v) SDS, 30% (w/v) glycerol and 2%
DTT and the second equilibration was performed by using 2.5% (w/v) iodoacetamide by
replacing DTT. The proteins were separated in the second dimension by 12% SDS-PAGE
(vertical polyacrylamide slab gels) at 10 mA gel™ for 1 h and then 38 mA gel™* for 6 h,

using an EttanDalt6 chamber (GE Healthcare). The gels were stained with modified
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colloidal coomassie staining (Wang et al. 2007; Sengupta et al. 2011). Protein spots in the
gels were recorded as digitized images using a calibrated densitometric scanner (GE,
Healthcare) and analyzed (normalization, spot matching, expression analyses, and
statistics) using Image Master 2-D Platinum version 6 image analysis software (GE,

Healthcare).
In-gel trypsin digestion and MALDI-TOF MS analysis

After spot analysis in gel digestion and matrix-assisted laser desorption/ionization time
of flight mass spectrometric (MALDI-TOF MS) analysis was conducted with a MALDI-
TOF/TOF mass spectrometer (Bruker Autoflex 111 smartbeam, Bruker Daltonics,
Germany) following the method explained by Shevchenko et al. (1996) with slight
modifications (Sengupta et al. 2011). Colloidal coomassie stained protein spots were
manually excised from three reproducible gels. The excised gel pieces were collected in
centrifuge tubes. To remove ammonium acetate, used in staining dye the gel pieces were
first washed with 200 pL of 25 mM ammonium bicarbonate (NH;HCO3) solution. Then,
the gel pieces were destained with 100 pL of 50% acetonitrile (ACN) in 25 mM NH4HCO3
for four times and then, treated with 10 mM DTT in 25 mM NH4HCO; and incubated at 55
°C for 1 h. After that gel pieces were treated with 55 mM iodoacetamide prepared in 25
mM NH4HCO; for 1 h at room temperature, followed by washing with 25 mM NH;HCO;
and ACN, dried in speed vac and rehydrated in 20 pL of 25 mM NH4HCO; solution
containing 12.5 ng pL " trypsin (sequencing grade, Promega). The above mixture was
incubated on ice (4 °C) for 10 min and kept overnight for digestion at 37 °C. After
digestion, a short spin for 10 min was given and the supernatant was collected in a fresh
centrifuge tube. The gel pieces were re-extracted with 50 pL of trifluoroacetic acid (TFA)-
ACN extraction solution, containing 0.1% trifluoroacetic acid (TFA) and ACN in ratio of

1:1, for 15 min with frequent vortexing. The supernatants were pooled together and dried
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using speed vac and were reconstituted in 5 pL of TFA-ACN extraction solution. An

aliquot (2 puL) of the above sample was mixed with 2 uL of freshly prepared a-cyano-4-
hydroxy-cinnamic acid (CHCA) matrix in 50% ACN and 1% TFA (1:1) and 1 pL was

spotted on target plate for MALDI analysis.

Peptide mass fingerprinting and MS/MS analysis

Identification of protein samples were performed by database searches on the basis of
peptide mass fingerprinting (PMF) and (MS/MS) using MASCOT program

(http://www.matrixscience.com) employing biotools software (Bruker Daltonics,

Germany). The similarity search for mass values was done with existing digests and
sequence information from NCBInr and SwissProt database. The taxonomic category was
set to Viridiplantae (green plants) and other search parameters were fixed modification of
carbamidomethyl (C), enzyme trypsin, peptide charge of 1* and monoisotropic. According
to the MASCOT probability analysis (P < 0.05), only significant hits were accepted for

protein identification.
Statistical analysis

Three biological replicates were performed for proteomic analysis for both control and
1.25 mM Pb treated root proteins. Each replication comprising of approximately fifteen
pooled plants were considered and the spots were analyzed using Image Master 2-D
Platinum image analysis software (GE, Healthcare) and statistical one-way factor ANOVA
(P <0.05) was performed considering the values (n = 3) of the best matched replicate gels
from the three independent experiments. The normalized volume (% vol) of each spot was
automatically calculated by the software as a ratio of the volume of a particular spot to the

total volume of all the spots present on the gel.
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Fig. 34 Schematic overview of the process of the protein extraction, focusing, SDS-PAGE
resolution, visualisation, digestion and protein identification using advanced spectrometry
and bioinformatics tools (Qureshi et al. 2007).
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Results

2-DE and protein expression profiling

To investigate the expression patterns total root protein in T. triangulare plant exposed

to 1.25 mM Pb concentration against respective control plant. Total proteins were extracted
from roots of control and 1.25 mM Pb treated plants and separated by 2-D polyacrylamide
gel. The 2-D electrophoresis (2-DE) gels were reproducible and clearly revealed separated
protein spots. Triplicate gels were obtained from three independent experiments, and the
representative gels are illustrated in Fig. 35A and B. The 2-DE gels were stained with
colloidal coomassie, revealed more than 500 well resolved protein spots. The spots were
reproducibly detected in the gels with Image Master 2D Platinum software and all gels
showed highly similar distribution patterns in 2D image.

Overall analysis of all the gels revealed that out of the number of matched spots
between control and Pb stress, approximately 61 spots were significantly up-regulated
(>1.8 fold). The criteria were used to identify and explained the Pb-responsive proteins
among hundreds of protein spots resolved by 2-DE gel are that expression fold should at
least 1.8 in case of up-regulated spots and new spots only present in Pb treated gel. A total
of 33 major spots, 27 up-regulated spots and 6 new spots only visible in Pb stress, which
were distinct, well-separated but not in complexes and of considerable intensity were
selected for protein identification by MALDI-TOF analysis. Out of 33 selected spots 23
proteins were successfully identified, which include 20 up-regulated under Pb stress in
compared to control and 3 new spots visible only in Pb stress gel. Positions of the 23
identified proteins were numbered and depicted accordingly in the master gel (Fig. 36A)
and the rest eleven did not show any significant hits in the database and hence not
considered. The 20 up-regulated spots were marked in numerical values such as 1 to 20

and newly detected spots were marked as N1, N2 and N3. Few of the identified spots were
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enlarged in Fig. 36B to visualize their expression patterns during 1.25 mM Pb stress.
Relative spot volumes for each spot were expressed as %Spot Vol indicating the
normalized values of the ratio of the individual spot to the total volume of all the spots in

the gel (Fig 37).

Identification of differentially expressed proteins during Pb stress

To identify the up-regulated and newly expressed proteins, the spots were excised from
the gel, in-gel digested using trypsin and analyzed via MALDI-TOF MS. In order to avoid
complexity, we first grouped the 23 identified proteins spots as up-regulated and newly
detected during 1.25 mM Pb treatment was analyzed. Each of the 23 spots contained only
one protein. The relative spot intensities during control and 1.25 mM Pb stress, matched
peptide sequence, accession number, source organism, sequence coverage, experimental
and theoretical molecular weight and pl and the MS/MS score of each individual protein
were shown in Table 11. In some cases, more than one spot were identified as the same
protein. For example, ATP synthase subunit  (spot 10 and 13) and Chalcone-flavanone
isomerase (spot 3 and N1). Usually, this phenomenon results from the presence of different
isoforms, post-translational modification or degradation.

The 23 identified proteins could be categorized into 5 major groups based on their
biological function i.e 1) ROS-detoxification and defense, including Cu-Zn SOD, aldo-
keto reductase, peroxidase, glutathione-S-transferase and monodehydroascorbate
reductase; 2) Protein synthesis/energy metabolism related which includes two isozymes of
ATP synthase subunit , ATP synthase § chain, ATP synthase subunit o and Heat Shock
Protein-70 (HSP 70); 3) Cell signaling/cell metabolism, including two isomers of
chalcone-flavanone isomerase, triosephosphate isomerase, 2,3-bisphospho-glycerate-
independent phosphoglycerate mutase 1, adenosylhomocysteinase, probable receptor-like

protein kinase and DNA-directed RNA-polymerase subunit 3; 4) Root morphology related
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proteins, including actin and auxin transport protein and finally 5) Transport related
proteins which includes aquaporin NIP1-1 (Fig 38). Auxin transport, one isozymes of
chalcone-flavanone isomerase and DNA-directed RNA-polymerase subunit [ were
detected as newly appeared proteins in Pb stress gel.

The analysis of the expression patterns of these proteins showed that the spot 1 is
highly up-regulated by a values of 23.3 fold, while spot 12 was least up-regulated which
was accounted for 1.8 fold in comparison to control spot (Fig 37). The identified proteins
highlight their possible role in the plant’s overall Pb stress-response mechanisms. The
results also showed that an inter-relationship and existence of coherence among the

identified groups of proteins.
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Fig. 36 Two-dimensional electrophoresis master gel from the 1.25 mM Pb treated root
sample illustrating 23 identified proteins (A). The spot numbering in the master gel shown
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patterns of few spots during control and 1.25 mM Pb stress conditions (B).
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Discussion

Protein network and mechanisms of Pb-induced stress response in roots of T.

triangulare have been well explained in the present study. Comparative proteomic analysis
was performed here to explain the dynamic role of root proteins involved in different
cellular functions of T. triangulare. Though T. triangulare was known to be a remarkable
accumulator of HMs, not much is known about its physiological and biochemical
responses under elevated metal concentrations. Our present root proteome analysis of T.
triangulares suggests that 1.25 mM Pb concentration seems to be the threshold value over
which T. triangulare cannot contrast Pb toxicity. In general, the analysis of protein
expression showed that defence mechanisms were activated in T. triangulare roots treated
with 1.25 mM Pb with concomitant changes in various physiological and biochemical
mechanisms. Out of the 33 major spots showing significant up-regulation (> 1.8 fold),
selected for MALDI-TOF MS analysis, only 23 spots were successfully identified. Based
on their function we categorized them under various functional groups which will be

discussing in the subsequent categories.
ROS detoxification and defense

In the present study, ROS detoxification and defense related proteins constituted
around 21.739 % of the total identified proteins. Five spots (spotl, 2, 5, 6 and 12) were
identified in this group including aldo-keto reductase, glutathione-S-transferase, Cu-Zn
SOD, peroxidase and MDHAR proteins, respectively. Our previous objectives showed that
Pb treatment of 1.25 mM concentration caused significant oxidative stress in roots of T.
triangulare. In general, plants are known develop ROS scavenging mechanisms including
various detoxification and antioxidative pathways to cope with the oxidative stress

(Sharma and Dubey 2005). Superoxide dismutase (SOD), is the key enzyme in plant cells
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which plays crucial role in ROS detoxification by preventing the accumulation of O,¢~
radicals and form H,0O, and O,. The up-regulation of Cu-Zn SOD (spot 5) in our study, has
given an indication about increased defense mechanism of T. triangulare against oxidative
stress. The over-expression of Cu-Zn SOD was also observed in Vigna radiata roots under
water deficit condition (Sengupta et al. 2011). Proteomic response of Arabidopsis seeds
constitutively over-expressing Cu-Zn SOD during germination in response to Cu stress
(Gill et al. 2012). Another enzyme peroxidase (fragment) was also up-regulated (spot 6) in
1.25 mM Pb treatment. Peroxidases are well known for detoxification of H,O, molecules
and catalyzed them in to H,O. Peroxidases not only play an important role in regulating
H.O, molecules but it also involve in H,0, signaling in plant cell (Mgller and Sweetlove
2010). Highest up-regulation (26.13 fold) was observed for spot 1 which was identified as
probable aldo-keto reductase protein with a relative molecular weight (Mr) of 16 KDa and
4.7 isoelectric point (pl). Aldo-keto reductase are a group of enzymes related to
nicotinamid adenine dinucleotide phosphate [NADP(H)] dependent oxidoreductases. This
group of enzymes facilitates the interconversion of hydrogen molecules between aldehydes
or ketones with the reduction of nicotinamid adenine dinucleotide (NAD* to NADH) and is
known to detoxify the highly cytotoxic lipid-peroxidation derived reactive aldehydes.
Therefore, significantly high induction levels of a probable aldo-keto reductase protein in
T. trangulare roots under Pb stress indicate that detoxification pathways are highly crucial
to ameliorate Pb-induced toxicity. Similar response was also observed in the Cannabis
sativa roots under Cu stress condition (Elisa et al. 2007).

Plant root responses to Pb-induced oxidative stress and Pb detoxification are often
mediated by up-regulating the glutathione metabolic enzymes. Sopts 2 and 12 were
identified as GST (EC 2.5.1.18) and MDHAR, respectively. Both enzymes were up-

regulated at 1.25 mM Pb stress that accounted for 6.0 and 1.8 fold, respectively. GSTs are
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important enzymes involved in GSH-metabolism and thus play significant roles in
conjugation of GSH to a wide variety of exogenous and endogenous electrophilic
metabolites of xenobiotics and the reduction of H,O, formed during oxidative stress
(Reddy et al. 2005; Yan et al. 2008; Anjum et al. 2012). The conjugation of GSH with
toxic substances forming S-glutathionylated reaction productes, are later transported to the
vacuoles for sequestration and/or subsequent metabolism that are non-toxic to the plant
cell (Coleman et al. 1997; Moons 2005; Yan et al. 2008; Anjum et al. 2012). Almost all of
the cytocolic GSTs have been known to occur as homo- or hetero- dimers of subunits with
moleculer weights of 23-29 kDa, which is quite similar to the 17 kDa protein as identified
in our experiment. Both SOD and GST were up-regulated in roots of Agrosttis grass under
moderate and severe heat stress conditions (Xu and Huang 2008). The increased GSTs
expression has been identified in various plants root proteomic studies under several stress
conditions such as; during combined effect of heat and drought in maize (Liu et al. 2012),
in soybean under Al stress (Duressa et al. 2011); in tomato under Cd stress (Rodrigues-
Celma et al. 2010); in rice under Cu stress (Ahsan et al. 2007).

MDHAR is an important enzyme of ascprbate-glutathione cycle (AGC), which has
a major H,O, scavenging pathway and operate both in the chloroplast and cytosol
(Hausladen and Kunert 1990; Zhang and Kirkham 1996; Sharma and Dubey 2005). The
APX enzyme catalyzes on the H,0, and reduces it in to H,O molecules in the presence of
ascorbate with concomitant changes in ascorbate to monodehydroascorbate (MDHA) an
ascorbyl radical (Prasad 1997; Sharma and Dubey 2005). The conversion of MDHA in to
ascorbate is done by the enzyme MDHAR in the presence of NAD(P)H. MDHAR enzyme
maintaining the level of ascorbate in the cell, an important component of AGC, which
participate in ROS detoxification and adjust the cellular redox potential (Potters et al.

2010).
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Protein synthesis/energy metabolism

Protein synthesis is one of the major metabolic pathways to be affected by HMs stress.
The peptides identified in spot 11 matched to HSP70 of Chlamydomonas reinhardtii with
two matched peptide covering 4% of the protein sequence. The heat-shock proteins are
commonly induced under stressful conditions and plays crucial protecting role against
stress by re-establishing normal protein confirmation and thus cellular homeostasis (Wang
et al. 2004; Timperio et al. 2008). Members of HSP70 family were reported to be up-
regulated in response to various abiotic stresses including salt, heat, drought and HMs
(Leborgne-Castel et al. 1999; Lin et al. 2001; Kim et al., 2005). HSP70 act as a molecular
chaperon and has wide range of functions including protein folding, assembly,
translocation, degradation, transport of various proteins across membranes and preventing
protein from arbitrary aggregation under stress conditions through binding to hydrophobic
residues of protein (Wang et al. 2004, 2006b; Wang et al. 2011; Timperio et al. 2008). It
has been suggested that the up-regulation of HSP70 under various HMs in different plants
such as rice (Ahsan et al. 2007), Thlaspi caerulescens (Tuomainen et al. 2010), wheat roots
(Wang et al. 2011), soybean roots (Duressa et al. 2011) and Miscanthus sinensis (Sharmin
et al. 2012) was probably related to cellular protection against HM-induced damage..

Spots number 10, 13 were identified as ATP synthase subunit 3, spot 15 representing
ATP synthase B chain and spot 18 was confirmed as ATPase synthase subunit a, which
were up-regulated by 3.3, 2.8, 4.1 and 3.6 folds, respectively in 1.25 mM Pb stress when
compared to control. These proteins belong to bioenergetics metabolism and were
expressed in similar manner. The enzymes ATP synthase was associated with the
production of energy in the form of adenosine tri phosphate (ATP) from phosphorylation

of adenosine di phosphate (ADP) with inorganic phosphate (iP). ATP synthase also act as
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transporter of ions and transport protons across the membrane electrochemical gradient.
Additionally, the up-regulation of four different subunits of ATP synthase enzymes during
1.25 mM Pb revealed that during Pb stress high energies are required to cope with the
stress in T. triangulare roots. The increased energy production might be related to
enhanced utilization of energy in the synthesis of defense related metabolites required for
combating against Pb-induced toxicity and oxidative stress. ATP-dependent synthase or
protease plays vital roles in controlling the availability of regulatory proteins and in
eliminating abnormal or damaged proteins (Bah et al. 2010). Such data suggest that a high
electrochemical proton gradient across the membrane may be used by secondary active
antiporters responsible for higher accumulation of Pb in the vacuole and further in root
tissues. It have been reported that arsenic (As) treatment caused increased expression/up-
regulation of ATP synthase protein in maize roots (Requejo and Tena 2005) and Pteris
vittata roots (Bona et al. 2011). Furthermore, similar responses were also reported in wheat
roots under Cd treatment (Wang et al. 2011). On the other hand interestingly, no changes
in ATP synthase were observed in Cd treated poplar (Kieffer et al. 2009) and down-

regulation in Cd treated tomato roots (Rodriguez-Celma et al. 2010).

Cell signaling/cell metabolism

In response to Pb stress increased expression of two proteins for carbohydrate
metabolisms and glycolysis have been observed in root of T. triangulare. Spot 8 and 20
identified as triosephosphate isomerase (TPI, EC 5.3.1.1,) and 2,3-bisphospho glycerate
independent phosphoglycerate mutase 1 (2,3 BPG) were up-regulated by 3.5 and 3.1 fold,
respectively, in T. triangulare roots treated with 1.25 mM Pb when compared to the
control. These proteins catalyze the fifth and eight step of glycolysis, respectively and were
expressed in almost similar fashion. TPI catalyzes the reversible interconversion of

dihydroxyacetone phosphate and D-glyceraldehyde-3-phosphate, while 2,3 BPG catalyzes
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the interconversion of 3-phosphoglycerate to 2-phosphoglycerate and leading towards the
final product of glycolysis i.e. pyruvate. The proteomic up-regulation of glycolysis
enzymes suggest that glycolysis might have important role in plant root cells under Pb
stress condition to adjust and accomplish the energy requirement and supply of pathway
intermediates for synthesis of various metabolites useful for stress acclimatization (Wang
et al 2011). It have been reported that several of the glycolysis metabolic enzymes such as
glucose phosphate isomerase, aldolase, glyceraldehyde 3-phosphate dehydrogenase,
enolase, were affected when exposed to various abiotic stress such as drought (Sengupta et
al. 2011), salt (Minhas and Grover 1999) as well as HMs (Wang et al. 2011; Rodriguez-
Celma et al. 2010; Labra et al. 2006; Roth et al. 2006).

Spot 17 identified as S-adenosylhomocysteinase was found to be up-regulated by 3.8
fold during 1.25 mM Pb stress when compared to control. S-adenosylhomocysteinase
catalyzes the lysis of S-adenosylhomocysteine to form homocysteine with the elimination
of adenosine (Jakubowski and Guranowski, 1978). The intermediate homocysteine can
either synthesize methionine, with the activity of methionine synthase or form cysteine
with the help of two subsequent enzymes, cystathionine-p-synthase and cystathionine-y-
lyase (Palmer and Abeles 1979; Ravanel et al. 2004). Methionine is a sulfur-containing
amino acid which serves as component of the universal activated methyl donor S-adenosyl
methionine and the building block in proteins synthsis (Sengupta et al. 2011). It has been
suggested that the accumulation of methionine along with other amino acids in plant cells,
under HMs stress indicates a significant protective role as well as regulatory function
(Pearce and Sherman 1999; Sharma and Dietz 2006; Herrera-Rodriguez et al. 2007). In
addition, amino acid cysteine is required for the synthesis of methionine and GSH/PCs and
also plays a central role in antioxidant defense and metal sequestration (Sharma and Dietz
2006; Singh et al. 2010). The adenosine produced as the action of S-adenosylhomo-

cysteinase may also act as the precursor for purine nucleotide biosynthesis, which serves
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multiple roles in the plant cells (Stasolla et al. 2003). Thus, it can be suggested that the
protein S-adenosylhomo-cysteinase might be a key regulator of various plant metabolic
pathways which ensures an optimum plant performance during Pb-induced oxidative
stress.

Sensitivity of cells to sense the stress signal and subsequent changes in gene
expression, cell metabolism, and physiology were the key events in plant adaptation
response to a stress factor (Bisseling 1999; Lindsey et al. 2002). In our experiment, spot 16
is identified as probable receptor like protein kinase (RLPK) of A. thaliana. RLPK
membrane protein belongs to Serine/Threonine protein kinase superfamily and containg
one protein kinase domain. This superfamily belongs to the family of transferase and
recognized as largest class of transmembrane sensors in A. thaliana (Wigniewska et al.
2003; Liu et al. 2012). It has been considered that Arabidopsis genome has at least 340
receptor like kinases, but only few of them are known for their biological functions
(Anonymous 2000; Torii 2000; Matsubayashi et al. 2002; Wigniewska et al. 2003). The
up-regulation of RLPK might have relevance in Pb-induced oxidative stress signal. It is
possible that RLPK play crucial roles in communication between cells or organs that
control the defence mechanisms in response to Pb stress in cells of T. triangulare roots.

Flavonoids are considered as large family of plant secondary metabolites, and are well
known antioxidants. Through MALDI-TOF-MS analysis we confirmed spot 3 as a
chalcone-flavanone isomerase (CFl), which belongs to the family of isomerases. This
enzyme catalyzes the isomerization of chalcones to their corresponding flavanones in
flavonoids biosynthesis pathway (Moustafa and Wong 1976). In the present study CFI was
up-regulated by 3.8 fold under Pb stress conditions. Flavanones are a type of flavonoids
which are a group of plant polyphenolic secondary metabolites, known to be involved in
various plant growth and developmental processes (Hernandez et al. 2009). Thus, synthesis

of flavonoids was considered to be an effective plant defense strategy against ROS, as
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flavonoids have the ability to capture free radical ions by donation of phenolic hydrogen
atoms, which protect plant cells from adverse effects of abiotic stresses (Hernandez et al.
2009). It was reported that most of the flavonoids possesses comparatively higher
antioxidants capacities than some of the well known antioxidants including, ascorbate and
a-tocopherol (Herndndez et al. 2009). Also, a temporal correlation has been suggested
between flavonoid accumulation and oxidative stress (Kirakosyan et al. 2003). Thus, the
present up-regulation of CFI in roots of T. triangulare against high Pb concentrations
demonstrates that rapid isomerization of chalcones to flavanones is an important defense

strategy of T. triangulare to detoxify Pb-induced ROS.

Root morphology/Cell structure

The expression of spot 14 was identified as actin 1 (cytoskeleton protein) through
MALDI-TOF-MS and its accumulation increased by approximately 5 fold during Pb stress
when compared to control. Apart from being the essential housekeeping gene actin also
performs certain special cellular functions, including cell division and cytokinesis, cell
signaling, vesicle and organelle movement and the maintenance of cell junctions and cell
shape. Actin is also known to have dynamic plasticity with respect to its structure under
different abiotic stress conditions (Chitteti and Peng 2007; Xu et al. 2010; Sengupta et al.
2011; Duressa et al. 2011). Its abundance was increased in soybean roots (Duressa et al.
2011), and declined in rice cultivars (Zhang et al. 2007) during Al treatment. It has been
also reported about increased expression of actin in Cd treated tomato roots (Rodriguez-
Celma et al. 2010) in Cu treated Cannabis sativa roots (Elisa et al. 2007). A recent
proteomic study also showed that Cd stress reduced actin accumulation in Solanum torvum
roots (Wu et al. 2012), while it had up-regulated the actin expression in Cd treated wheat
roots (Wang et al. 2011). The response of actin protein to Pb stress may be related with

cellular adaptive strategies to structural modification and cellular damage involving cell
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rupture and formation of pores, as we observed in our previous SEM study of T.

triangulare roots under different Pb treatment.

Transporters

Aquaporins are channel proteins that facilitate the transport of water and small neutral
molecules across cell membranes of most of the living organisms (Dynowski et al. 2008;
Maurel et al. 2009). Compared with control, spot 9 was identifies as aquaporin NIP1-1
protein and was up-regulated by 3.5 fold during 1.25 mM Pb stress. Plant aquaporins can
be divided into four subfamilies: Among them, nodulin-26-like intrinsic proteins (NIPs)
are unique to plants, with nine and 10 members being present in A. thaliana and rice,
respectively (Wallace et al. 2006; Mitani-Ueno et al. 2011). NIPs are further subdivided
into three subgroups (NIP I, II, and Ill) based on the sequence similarity of the
aromatic/arginine (ar/R) constriction region (Wallace et al. 2006; Mitani-Ueno et al. 2011,
Maurel et al. 2009). NIPs are involved in the transport of wide variety of solutes, but the
mechanisms controlling the selectivity of transport substrates are poorly understood
(Mitani-Ueno et al. 2011). It has been reported that Pb treatment down-regulate the
aquaporin PIP1-6 (Plasma membrane Intrinsic Protein) homolog in maize roots (Shen et al.
2013), which probably related to the inhibition in the plant water transport. Whereas
drought stress significantly up-regulated the expression of PIP1-1 and did not affect the
expression of PIP2-2 (Vandeleur et al. 2009) and abscissic acid up-regulated the
expression of PIP2-5 under heat and combined drought and heat stress in maize root (Liu
et al. 2012). Bienert et al. (2008) suggested that aquaporin homologues facilitate the rapid
transport of two metalloids, As and antimonite (Sb), in plants. On the otherhand, the active
efflux of As(Ill) by roots have potential role in As detoxification mechanism in plants
suggested the potential strategy to decrease As accumulation in plants (Tripathi et al. 2007;

Duan et al. 2012). However, in rice aquaporin also involved in bi-directional As(111)
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transport (Zhao et al. 2010). Furthermore, the transgenic study of A. thaliana mutants with
independent mutations in AtNIP1;1 showed decrease in As contents in comparison to wild
type confirmed that NIP1;1 is the key determinant of As(l11) uptake and transport (Kamiya
et al. 2009). Yet, number of studies demonstrated the involvement of aquaporin transporter
in transport and uptake of As (l1I) in Pteris vittata (Mathews et al. 2011) and aquaporin
NIP2;1 in rice (Ma et al. 2008).

Newly identified proteins

In our experimental conditions, we have analyzed six new spots which
appeared/expressed only during 1.25 mM Pb stress conditions. Out of six, we could have
identified only three spots as they marked by N1, N2 and N3 in 2DE gel (Fig.). Spot N1,
N2 and N3 represents chalcone-flavanone isomerase, auxin transport and DNA directed
RNA polymerase subunit  proteins, respectively. As we already discussed about the
chalcone-flavanone isomerase, up-regulated during Pb stress when compared to control,
was also identified as a new spot during 1.25 mM Pb stress. But the Mr/pl of this protein is
23.84/5.3, confirming the different isoform of the enzyme, having important role in ROS
detoxification. Furthermore, another protein DNA directed RNA polymerase subunit B is
known to be involved in the transcription of DNA to mRNA that further translated in to
peptide with the help of various translation factors. The two isoform of DNA directed
RNA polymerase subunit B were expressed in cobalt treated Pseudomonas putida (Ray et
al. 2013). Certainly, the up-regulation of transcription factor, RNA polymerase subunit 3,
during Pb stress in our experiment indicates that Pb possibly promote specific protein
synthesis in T. triangulare roots, which may reveal a key secret of its tolerance
mechanisms to Pb stress.

The phytohormone auxin has well established functional roles in embryogenesis, cell

divison and elongation, phototropism, lateral root formation and other physiological
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processes of plants (Friml et al. 2003, Campanoni and Nick 2005, Kimura and kagawa
2006, Dubrovosky et al. 2008). Auxin is synthesized in the leaves and then transported to
the roots via vascular tissues and inter-cellular auxin transport is mediated through various
auxin-transport proteins along with the diffusive flux of auxin across apoplast
(Titapiwatanakun and Murphy 2009). Modulations in the expression of auxin transport
proteins was highly crucial as the concentration gradient created by directional auxin
movement could be strongly correlated to the plant morphological adaptations to the
environment along with the establishment of plant axial polarity and organ patterning (De
Smet and Jurgens 2007). In the present study, an auxin transport protein (spot N2) was
found to be newly induced in T. triangulare roots subjected to 1.25 mM Pb concentrations.
It is known that in hydroponic culture, high metal concentrations results in osmotic stress
to the plant due to reduced amount of available water for uptake through roots and under
such conditions, plants try to modulate their root morphology for maximizing the water
conductivity. Thus, based on our results, we can hypothesize that T. triangulare induced
auxin transport protein in response to high Pb concentrations for altering its root
morphology through lateral root formation in order to tolerate Pb-induced osmaotic stress.
Moreover, we have also observed a significant up-regulation of water conducting protein
channel, aquaporin (spot 9) in T. triangulare roots at similar Pb concentrations, which
further establishes plant’s defense strategy to enhance water conductivity during Pb-

induced water-limitations.

Hypothetical proteins

Spot no. 4, 7 and 19 were identified as hypothetical proteins and hence no defined role
could be assigned to these spots. Since these proteins exhibited increased expression
during 1.25 mM Pb when compared to control, possibility existed that these hypothetical

proteins might be involved in tolerance to Pb-induced oxidative stress.

177



Objective 5

Conclusions

In conclusion, we have successfully identified major Pb-induced proteins in
T. traingulare roots. Significant induction of proteins involved in ROS detoxification and
defense, protein synthesis/energy metabolism, cell signaling/metabolism, root morphology
and root conductivity provides an interesting insight into the root system dynamics against
Pb-induced toxicity. Under high concentrations of Pb, T. triangulare primarily regulate its
water conductivity through induction of water conducting aquaporins and root
morphology-related proteins including actins and auxin transporters. While to alleviate Pb-
induced oxidative stress, induction of various ROS detoxifying enzymes and proteins

involved in energy metabolism, protein synthesis and cell signaling was observed.
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Summary and conclusions

Stem cuttings of T. triangulare were successfully propagated in soil and hydroponic
media with convincing growth of vegetative propagules, adventitious roots and leaves in a
short period of time. Stem cuttings of T. triangulare grown in hydroponic media, initiated
adventitious roots within 7 days, which gives extensive adventitious roots in cultureing
periods of 21 days. Hydroponically grown shoots, with adventitious roots can serve as an
ideal experimental system for toxicity bioassays. Thus, uniform stem cuttings
(acclimatized for 21 days) with extensive adventitious roots and leaves were treated with 0,
0.25, 0.50, 0.75, 1.00 and 1.25 mM of Pb(NO3), for a maximum of 7 days treatment
duration for Pb toxicity bioassays with T. triangulare. Pb accumulation level and changes
in morpho-physiological and biochemical parameters in T. triangulare leaves have been
studied under increasing external concentration of Pb. Our experimental data showed that
roots were absorbed much higher quantities (85-87%) than stems (12-14%) while in
leaves it was below detectable limit after 7 days of treatment, which was confirmed by due
to the decreased translocation of Pb within the plants.

Pb treatment resulted in gradual changes in morphology leading to developed
longitudinal ruptures and formation of pores in treated root and damage of the vascular
transport system in stem when compared to control. The EDS analysis detected the
presence of Pb in treated roots, while it was not detected in leaf samples. The atomic% of
nutrient elements was declined during Pb treatment over control sample in both leaf and
root, which suggested the decreased translocation and avoidance of the elemental uptake,
respectively. Thus, we may postulate that decreased in the nutrients atomic% were directly
or indirectly altered the plant growth and metabolic characteristics.

Pb is phytotoxic, which was evidenced by the significant decrease of RWC and dose-
dependent increase of cells death and lipid perxidation in leaves of Pb-treated plants. In

continuation with toxic symptoms, we observed that Pb treatment for 7 days caused
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significant reductions in Chl and SQDG contents when compared to control. Exposure of
low Pb concentration caused induction in Chl and SQDG contents and had opposite effects
when compared to high Pb concentration exposure. In vivo assay of chlorophyll
fluorescence using the PAM fluorometric analysis showed that both PSII and PSI functions
were affected under Pb stress in T. triangulare leaves. The reduction in Fp, and gP shows
the interference in the electron transport chain of photosystems, which resulted in to
increased qN and decreased F./Fn, ®ps;; of PSII. Pb treatments affects or inhibited PSII
function to a much greater extent than that of PSI. Carotenoid, antocyanins, a-tocopherol,
glutathione serves as antioxidant in leaves against free radical mediated cellular injury,
which supports the existence of an effective defense strategy in T. triangulare and also a
potential biomarker against ROS generation and Pb-induced oxidative stress.

Pb in the root tissue causes oxidative stress, which was manifested by increased ROS
production, MDA content along with increasing LOX activity in comparison to control.
Increase in LOX could be responsible for oxidative stress in root cells which produces
hydroperoxide by catalyzing the peroxidation of unsaturated fatty acids present in
biomembranes. Pb induces a substantial increase in the formation of oxidative product of
proteins measured as protein carbonyls content, which was reflected as a decrease in the
total protein content in Pb treated roots. In contrast to total protein contents, a variety of
proteins such as SOD, CAT, APX and GST activities measured here proved their key role
in ROS detoxification. SOD dismutates superoxide radical to form H,O, and O,, CAT
APX and GST are the important H,O, scavenging enzymes. The increased activity of GST
involved in active binding and detoxification of lipid hydro-peroxide. Amino acid cystein
content increased gradually against Pb treatment, while amino acid proline showed an
inverted U-shaped dose response possibly due to increased inhibition in proline

biosynthesis or proline catabolism at higher Pb concentrations. Pb treatment increased the
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frequency of DNA damage analyzed through alkaline comet assays, followed a dose-
response, which perhaps was mediated through the generation of ROS.

Pb treatment declined the NPSH, GSH, total ascorbate and total GSH contents in
similar pattern, while it induced the GSSG content in dose-dependent manner. Decline in
GSH at higher Pb might be attributed to high GSH consumption as an antioxidant to
combat oxidative stress or for the synthesis of other metal binding ligands i.e.
phytochelatins or metallothioneins. Pb treatment for 7 days caused gradual reduction in
GSH/GSSG ratio, which was evident by the reduced activities of GR and y-ECS enzyme.
FTIR results showed that Pb or Pb-induced active species are mostly bound to amino,
phenolic, carboxylic acids and other alcoholic, amide and ester containing bio-molecules.

Comparative analysis of proteins provides accurate information about specific
mechanisms, and identification of major players in the considered pathways. Overall
analysis of control and 1.25 mM Pb treated gels, showed that out of the number of matched
spots approximately 61 spots were up-regulated. A total of 20 major up-regulated spots (>
1.8 fold) and 3 new spot (appeared only in 1.25 mM Pb) were identified by MALDI-TOF,
which showed the up-regulation different sets of proteins during 1.25 mM Pb stress. Root
proteins involved in root architecture, energy metabolism, ROS detoxification, cell
signaling, primary and secondary metabolisms and transport were differentially up-
regulated during Pb stress. Expression patterns of proteins belonging to different functional
groups are highly correlated with other morphological, physiological and biochemical

parameters.
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Abstract Hydroponic experiments were performed with
Talinum triangulare (Jacq.) Willd. focusing the root cellular
biochemistry with special emphasis on DNA damage, struc-
tural, and elemental analyses in Pb(NOs), exposed with 0,
0.25, 0.5, 0.75, 1.0, and 1.25 mM for 7 days. Lead (Pb)
increased reactive oxygen species production, lipid perox-
idation, protein oxidation, cell death, and DNA damage and
decreased the protein content in a dose-dependent manner.
Likewise, a dose-dependent induction of antioxidative
enzymes superoxide dismutase and catalase by Pb was
evident. Ascorbate peroxidase on the other hand responded
biphasically to Pb treatments by showing induction at low
(0.25 and 0.50) and repression at high (0.75-1.25 mM)
concentrations. The estimation of proline content also indi-
cated a similar biphasic trend. Scanning electron microscope
and energy-dispersive X-ray spectroscopy analysis showed
that 1.25 mM Pb treatment resulted in ultrastructural mod-
ifications in roots and stem tissue that was marked by the
change in the elemental profile. The findings pointed to the
role of oxidative stress in the underlying Pb phytotoxicity
and genotoxicity in 7. triangulare.
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Introduction

Plants and microbes play important roles in detoxifying and
stabilizing hazardous substances in the environment through
the process of remediation (Kumar et al. 2012; Rajkumar et
al. 2012). Lead (Pb) ranks second among the hazardous
metals known to be toxic to human and non-human biota.
Lead is a traditional metal with contemporary applications,
which is responsible for increased Pb production and con-
sumption worldwide. Lead is released into the environment
from both natural and anthropogenic sources. Some of the
sources of Pb pollution to the environment are from mining
and smelting of Pb ores, automobile exhaust, sewage
sludge, paints, batteries, armory, microelectronics, burning
of fossils fuel in thermal and glass manufacturing plants, etc.
(Anonymous 2007, 2011; Sengar et al. 2008; Shahid et al.
2012; Huang et al. 2012). Lead is also associated with
insecticides, rubber, plastics, safety matches, food, alcoholic
beverages, plasters, and medicines (Anonymous 2007).
Lead is extremely persistent in the soil, air, water, and
foodstuffs with no biological significance and has been a
global concern (Anonymous 2007, 2011).

Lead can easily be absorbed, transformed, and accumu-
lated in plants tissues where root is the primary site of
accumulation (Kumar et al. 2012). Being a non-redox active
metal, Pb can replace essential metals at enzyme active site
causing cellular redox imbalance. In plants, excess Pb
causes molecular damage either directly or indirectly
through the formation of reactive oxygen species (ROS)
such as hydrogen peroxide (H,O,) and superoxide radicals
(O’5") (Sharma and Dubey 2005; Reddy et al. 2005; Sengar
et al. 2008; Singh et al. 2011; Pourraut et al. 2011; Kaur et
al. 2012). The ROS attack of polyunsaturated fatty acid of
membrane lipids causes lipid peroxidation, oxidative stress,
and DNA damage and alter biochemical and molecular
activities of cells (Sharma and Dubey 2005; Pourraut et al.
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2011; Maldonado-Magana et al. 2011; Kaur et al. 2012; Hu et
al. 2012). Studies have shown that Pb phytotoxicity is medi-
ated through oxidative stress (Hu et al. 2007; Gupta et al.
2009; Malecka et al. 2009; Lamhamdi et al. 2011). The
relationship between Pb toxicity and genotoxicity has, how-
ever, not been established unequivocally (Shahid et al. 2011).

Plants counter free radicals overproduction by activating
antioxidant defense system consisting of superoxide dismu-
tase (SOD), catalase (CAT), peroxidases, together with other
scavenging enzymes and low molecular weight antioxi-
dants, such as glutathione, ascorbate, tocopherol, and pro-
line (Sengar et al. 2008; Malecka et al. 2009; Kaur et al.
2012). Lead uptake, bioaccumulation, toxicity, and toler-
ance have been investigated in a number of terrestrial plants
such as Macrotyloma uniflorum and Cicer arietinum (Reddy
et al. 2005), Brassica campestris (Singh et al. 2011),
Triticum aestivum (Lamhamdi et al. 2011; Kaur et al.
2012), Potamogeton crispus (Hu et al. 2007), Zea mays
(Gupta et al. 2009), Pisum sativum (Malecka et al. 2009),
and Oryza sativa (Li et al. 2012).

Talinum triangulare (Jacq.) Willd. (Ceylon spinach,
Talinaceae) is a nutritious leafy vegetable plant. Talinum
species are an important source of flavonoids, mineral con-
stituents, and proteins in diet in Nigeria, America, India, and
other parts of the world (Andarwulan et al. 2010).
Moreover, the plant is known for its ornamental as well as
antioxidative and medicinal values (Uwah et al. 2009;
Kumar and Prasad 2010; Panyaphu et al. 2011). It can be
easily propagated through stem cuttings that produce adven-
titious roots extensively in hydroponic medium (Kumar and
Prasad 2010). Previous studies have reported that 7. frian-
gulare accumulate heavy metals (HMs) from contaminated
media (Rajkumar et al. 2009; Kumar et al. 2012). Our earlier
study investigated in leaf of 7. triangulare has demonstrated
that Pb induced oxidative stress that was marked by increase
in ROS, malondialdehyde (MDA), carotenoid, anthocyanin,
a-tocopherol, glutathione contents, and cell death and de-
crease in water potential, photosynthetic pigments, and nu-
trient elements (Kumar et al. 2012). The aims of the present
study were (1) to investigate early symptoms of the Pb
toxicity and relationship between Pb tolerance and antioxi-
dant metabolism in roots in hydroponic condition and (2) to
examine the Pb-induced DNA damage and changes in struc-
tural integrity and nutrient contents in 7. triangulare.

Materials and methods
Plant description and treatment in hydroponic experiment
T triangulare (Jacq.) Willd. used in the current experiments

were collected from field gene bank maintained at the
University of Hyderabad, India. T. triangulare was
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propagated through stem cuttings (5.0-7.0 mm diameter
and 16-20 cm height) in conical flask containing 100 mL
of modified Hoagland’s nutrient media in plant growth
chamber at 16/8 h (day/night) at 28+2 °C, which gives
extensive adventitious roots, leaves, and vegetative propa-
gules in about 3 weeks (Hoagland and Arnon 1950; Kumar
and Prasad 2010). The nutrient media was replaced every 3—
4 days. After 3 weeks of acclimatization, uniform stem
cuttings with adventitious roots and leaves were selected
and treated with Pb(NO3), at different Pb concentrations of
0 (control), 0.25, 0.5, 0.75, 1.0, and 1.25 mM for 7 days
under the above conditions. Roots excised after 7 days of
treatment were processed for analysis of various endpoints
described as follows.

Estimation and visualization of H,O, in root tissue

Fresh roots (0.5 g) were homogenized in ice bath with 5 mL
of 0.1 % (w/v) trichloroacetic acid (TCA). The homogenate
was centrifuged at 12,000xg for 15 min at 4 °C, and 0.5 mL
of the supernatant was added to 0.5 mL of 10 mM potassium
phosphate buffer (pH7.0) and 1 mL of 1 M potassium
iodide. H,O, concentration was estimated at 390 nm based
on the absorbance of a standard curve and was expressed as
nanomoles per gram FW Velikova et al. (2000).

In situ H,O, visualization in control and Pb-treated roots
was determined by 5 uM 2’,7'-dichlorodihydrofluorescein
diacetate (H,DCFDA) dye with using confocal microscope
(Leica TCS SP2 AOBS Microscope, Germany) at 480 nm
excitation and 520 nm emission wavelengths.

Estimation of cell death

Fresh roots (0.1 g) were stained with 0.25 % (w/v) aqueous
solution of Evans blue for 15 min. After washing with Milli-
Q water for 30 min, roots were excised and soaked with
3 mL of N,N-dimethylformamide for 1 h at room tempera-
ture. The absorbance of released Evans blue was measured
at 600 nm (Baker and Mock 1994).

Estimation of lipid peroxidation

Lipid peroxidation in roots was determined as a function of
malondialdehyde (MDA) content following the method of
Heath and Packer (1968) with slight modifications. Roots
(0.2 g) were homogenized in 3 mL 0.1 M Tris [tris
(hydroxymethyl) amino methane] buffer containing 0.3 M
sodium chloride and centrifuged at 10,000xg for 10 min.
The supernatant (2 mL) was added to the reaction mixture
containing 2 mL of 20 % TCA and 0.5 % 2-thiobarbituric
acid (TBA) and was heated at 95 °C for 30 min. The product
was further centrifuged at 10,000xg for 5 min, and the
absorbance of the supernatant was measured at 532 nm.
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The concentration of MDA was calculated using an extinc-
tion coefficient (=155 mM 'cm ') and expressed in nano-
moles per gram FW.

Estimation of lipoxygenase activity (LOX, E.C. 1.13.11.12)

Fresh root (0.5 g) was homogenized in 50 mM sodium
phosphate buffer (pH7.0), 1 mM EDTA, 0.1 mM phenyl-
methanesulfonyl fluoride (PMSF), 2 % (w/v) polyvinylpo-
lypyrrolidone (PVPP), 1 % (v/v) glycerol, and 0.1 % (v/v)
Tween-20. The homogenate was centrifuged at 12,000xg for
20 min. The reaction was initiated by addition of 1 mM
linoleic acid in 0.1 M sodium acetate buffer (pH5.6) to the
supernatant. The increase in the activity of LOX was mea-
sured at 234 nm (=25 mM 'ecm'). One unit of activity
was defined as the amount of enzyme catalyzing the syn-
thesis of 1 umol of hydroperoxide (HPOD) per minute
(Ederli et al. 1997).

Estimation of antioxidative enzymes activities

Plant roots samples (1 g) were homogenized in 50 mM
sodium phosphate buffer (pH7.8) for SOD enzyme, and
(pH7.0) for CAT and ascorbate peroxidase (APX) enzymes
activities, respectively, containing 2 % PVPP. Homogenates
were centrifuged at 13,000xg for 20 min at 4 °C. For APX
assay, additional 2 mM ascorbate was used in the homoge-
nizing solution. The protein content in the supernatant was
determined according to the method of Lowry et al. (1951)
using a bovine serum albumin as a standard.

Superoxide dismutase (SOD, E.C. 1.15.1.1) activity was
determined according to the method of Beauchamp and
Fridovich (1971). Samples containing 50 pg of protein were
mixed with 50 mM sodium phosphate buffer (pH7.8),
13 mM methionine, 75 puM nitroblue tetrazolium (NBT),
0.1 mM ethylenediaminetetraacetic acid (EDTA), and 2 uM
of riboflavin (added at last). After mixing, samples were
illuminated for 15 min using comptalux bulbs (40 W). The
reaction mixture containing sample protein were kept in
dark and served as blank, while the reaction mixture without
sample protein that were kept under light served as positive
control. The absorbance was taken at 560 nm. One unit of
SOD activity is the amount of protein required to inhibit
50 % initial reduction of NBT under light.

Catalase (CAT, E.C. 1.11.1.6) activity was measured of
consumption of H,O, (¢=39.4 mM 'cm ') according to the
method of Aebi (1984). The reaction mixture contained
50 mM sodium phosphate buffer pH7.0, 10 mM H,O,,
and 100 pg of protein in a final volume of 3 mL. The

activity was determined by the oxidation of H,O, at 240 nm.

Ascorbate peroxidase (APX, E.C. 1.11.1.11) was assayed
by the method of Nakano and Asada (1981). The reaction
mixture contained 50 mM sodium phosphate buffer (pH

7.0), 0.2 mM EDTA, 0.5 mM ascorbic acid, 250 mM
H,0,, and 50 pg of protein. The activity was recorded as
decrease in the absorbance at 290 nm, and the amount of

ascorbate oxidized was calculated using e=2.8 mM 'cm .

Estimation of protein oxidation

Equal amount of proteins were precipitated with equal vol-
ume of 20 % TCA. The tubes were centrifuged at 12,000xg
for 10 min, and the pellet obtained was allowed to react with
500 pL of 10 mM 2,4-dinitrophenylhydrazine (DNPH) in
2 M HCI and incubated at room temperature for 1 h with
regular vortexing. The samples were again precipitated with
500 pL of 20 % TCA, centrifuged at 12,000xg for 5 min.
The resultant pellet was washed with ethanol:ethyl acetate
(1:1). The precipitated protein was redissolved in 0.6 mL of
6 M guanidine-HCI. The optically clear solutions were
obtained after two to three times repeated centrifugation at
6,000xg at 4 °C. Carbonyl concentration was calculated from
the difference in absorbance recorded at 380 nm against a
blank treated with 2 M HCl instead of DNPH (£=22,000 M
cm ') and expressed in nanomoles of DNPH incorporated per
milligram protein (Reznick and Packer 1994).

Estimation of proline content

Plant root (0.5 g) was homogenized in 5 mL of 3 % aqueous
sulfosalicylic acid and the homogenate filtered through
Whatman #2 filter paper. One milliliter of filtrate was
reacted with 1 mL of freshly prepared acid ninhydrin
reagent (0.625 g ninhydrin in 15 mL glacial acetic acid
and 10 mL of 6 M phosphoric acid) and 1 mL glacial acetic
acid. Reaction mixture was heated at 100 °C for 1 h and then
kept in an ice bath to stop the reaction. The developed color
was extracted with addition of 2 mL of toluene, and the
toluene-chromophore absorbance was measured at 520 nm
using toluene as a blank. Proline content was determined by
using a standard curve (Bates et al. 1973).

Estimation of DNA damage by alkaline comet assay

For alkaline comet assay (Patnaik et al. 2011), rooted stem
cuttings were taken out from treatment solutions and thor-
oughly washed with distilled water. Roots excised were
placed in a 60-mm Petri dish and placed on ice. With the
help of new razor blades, the roots were sliced in the
medium containing 100 to 200 pL of chilled 0.4 M Tris-
HCI buffer pH7.4, and the nuclei were collected into a
microcentrifuge tube with the same buffer and kept at 4 °C.
Before proceeding to the next step, nuclear suspension in
0.75 % low melting point agarose (LMP type VII, Sigma-
Aldrich, USA) was prepared by mixing the above collected
nuclei with equal volume (1:1) of 1.5 % LMP dissolved in
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Tris-HCI1 buffer at 37 °C. Clean grease-free microscope
slides pre-coated with 50 uL of 1 % normal melting point
agarose (NMP type, I Sigma-Aldrich, USA) dissolved in
distilled water were kept dry overnight at room temperature
and labeled. Onto the above slides, 80 uL of the aforesaid
nuclear suspension was layered at 37 °C with the aid of a
cover slip (20x40 mm). After gelling of the agarose layer,
the slides were kept over a chilled metal plate for 5 min;
the cover slip from the top of the agarose layer containing
the nuclei was gently removed. A second layer of 80 uL
75 % LMP agarose was spread over the nuclear layer,
which was allowed to gel once again for 5 min. After
removing of the cover slips, the slides with agarose-
embedded nuclei were placed in a horizontal electrophore-
sis tank containing alkaline buffer (300 mM NaOH and
1 mM EDTA, >pH13) for 10 min that facilitated nuclear
DNA unwinding, followed by electrophoresis at
0.75 Vem ' and 300 mA for 15 min in the same alkaline
buffer at 4 °C. Slides were then washed in distilled water
and neutralized with 0.4 M Tris buffer (pH7.4). After a 5-
min wash in distilled water, nuclei were stained by spread-
ing 200 pL ethidium bromide solution (2 pugmL™") over
the gel on the slide. Analysis of comets was carried out
employing an Olympus BX51 microscope with a fluores-
cence attachment (using the excitation filter 515-560 nm
and barrier filter 590 nm) equipped with a Cohu camera
and Kinetic Komet™ Imaging Software 5.5 (Andor™
Technology, www.andor.com). Two slides were prepared
for each treatment. At least 50 comets were scored from
each slide. The comet images were visualized and captured
at x100 magnification. Out of a number of parameters
available in the software, comets were analyzed on the
basis of the Olive tail moment (OTM)=Tail DNA% x Tail
moment length (the distance between the intensity centroids
of the head and the tail along the x-axis of the comet). This
parameter allows us to detect variations in DNA distribu-
tion within the tail. Therefore, OTM is considered as an
absolute parameter with a measurement unit of micrometer
(Kumaravel et al. 2009). The entire process of comet assay
was carried out in dim or yellow light.

Structural and elemental analysis

Structural analyses were done by environmental scanning
electron microscope (ESEM, Philips XL-30) for root (tip)
and stem transverse section (TS) of 7. triangulare treated
with 0, 0.25, and 1.25 mM Pb concentration. Elemental/
chemical analyses were done with energy-dispersive X-ray
spectroscopy (EDS, Oxford instruments) coupled with field
emission scanning electron microscope (FESEM). Samples
for ESEM and FESEM/EDS were prepared by primary
fixation using 3 % glutaraldehyde in 0.05 M phosphate
buffer for 90 min followed by secondary fixation in 2 %
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osmium tetroxide in 0.01 M sodium cacodylate buffer for
30 min followed by dehydration with a graded ethanol
series, mounted on aluminum stubs, and coated with gold-
palladium. The EDS analysis was carried out at an operating
voltage of 20 kV and working distance of 8.5 mm. With the
help of the INCA software, X-ray emission-based spectral
peaks were analyzed. Electron-induced X-rays were
detected by Si drift detector (Oxford Instruments) by mea-
suring typical spectrum (contains characteristic peaks) in-
tensities. A typical spectrum contains characteristic peaks
for present elements, which are superimposed on a slowly
varying background. This background contribution is care-
fully subtracted from the spectrum. Once these intensities
have been determined, a comparison is then made with
standards of known composition with the INCA software
applications, which uses filtered least squares (FLS) tech-
nique for this filtering and fitting. The energy resolution
of EDS detector is 70 to 130 eV (depending on the
elements), which imposes a limit on the separation of
peaks. When peaks overlap, it is still possible to interact
individual peak area provided that the corresponding peak
shapes are accurately known. The differences in analyzed
elements energies are more than 130 eV. Thus, there were
no overlapping of the peaks, and the elements were easily
detected by the EDS.

Statistical analysis

All the experiments were in triplicate. The mean values+
standard errors (SE) are reported in the figures. The statis-
tical analysis was carried out by analysis of variance and
Duncan’s multiple range test using SIGMASTAT statistical
software (version 11.0) that accounted statistical differences
at p<0.05 between each treatment, marked by different
letters (Gomez and Gomez 1984).

Results
H,0, estimation and visualization

Spectrophotometric estimation, together with histochemical
visualization of H,O, in the root tissue, clearly indicated
that Pb significantly induces a dose-dependent H,O, pro-
duction (Fig. 1). Confocal results revealed that maximum
fluorescence was observed at 1.25 mM Pb-treated root,
which directly signify the maximum H,0O, production
at this treatment, while no difference in autofluorescence
was observed between control and 0.25 mM Pb-treated
roots, which is corroborated with the H,O, result ob-
served spectrophotometrically. However, the significant
(»<0.05) increase in H,O, production was reported at
0.5-1.25 mM Pb.
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Fig. 1 H,O, production in Talinum triangulare roots after 7 days of
Pb treatment (a). The values represent mean+SE (n=3). Different
letters indicate significant difference (p<0.05) between each other. b
Fluorescence micrograph of histochemical visualization of ROS
(H,0,) in root tip of Pb-treated plant (bar=300 pm)

Lead-induced cell death, lipid peroxidation, LOX activity,
and decrease protein turnover

Lead-induced oxidative damage in 7. triangulare roots tis-
sue was measured by Evans blue staining method (Fig. 2a)
that showed a positive linear correlation (R*=0.831) with
dose-dependent H,O, generation. Evans blue uptake by the
root tissue was significantly (»<0.05) increased by 125 %
and 205 % at 1.0 and 1.25 mM Pb treatment, and no
significant difference between treatments was observed be-
low 0.75 mM Pb.

Lipid peroxidation in Pb-treated 7. triangulare roots was
measured by the estimation of MDA contents, a degradation
product of membrane unsaturated fatty acid that reflected the
extent of cell membrane damage in response to ROS. The
increase in MDA contents presented a positive correlation
(R*=0.986; Fig. 2b), with the increasing Pb concentration in
the treatment solutions. Lead induces significant (p<0.05)

lipid peroxidation at concentrations of 1.0 and 1.25 mM that
accounted for 150.3 % and 180.3 % increases as compared to
control, respectively. Lead enhanced the LOX enzyme activity
in a concentration-dependent fashion (Fig. 2c). However,
similar to MDA, the increase was significant (p<0.05) at
0.75—1.25 mM. The increased LOX activities ranged between
9.5 % and 43.6 % in response to Pb treatment (0.25 to
1.25 mM), with respect to control. Experimental finding with
the total protein content estimated at a range of concentrations
of Pb in root tissue of 7. triangulare indicated a concentration-
dependent (R*=0.89; Fig. 2d) decrease in the protein content.
The decrease of the protein content was significant (p<0.05)
at 0.5 mM onwards.

Lead-induced changes in antioxidant enzymes activities

A linear increase in SOD activity was observed with in-
creasing concentration of Pb treatment (R*=0.983; Fig. 3a).
However, the SOD activity remained unchanged up to
0.50 mM of Pb treatment. The highest SOD activities were
observed at 0.75 (67.5 %), 1.0 (89.4 %), and 1.25 (105.3 %),
which were significantly (p<0.05) in comparison to control,
respectively.

Similar to SOD, CAT activity presented a dose-dependent
response in Pb-treated roots (Fig. 3b). The CAT activity in
roots increased significantly at 0.25-1.25 mM of Pb com-
pared to control. The highest CAT activity was observed at
1.0 mM of Pb, which increased 137.5 % in comparison to
control. CAT activity was found to slightly decrease at
1.25 mM of Pb (127.3 %) in comparison to 1.0 mM of Pb.

Our results showed that 0.25 and 0.50 mM Pb slightly
enhanced APX activity in comparison to control, which
declined at further Pb concentrations in comparison to con-
trol (Fig. 3¢). APX activity significantly (p<0.05) decreased
at only 1.0 and 1.25 mM of Pb in respect to control,
respectively. The maximum increase and decrease in APX
activities were observed at 0.50 mM (34 %) and at 1.25 mM
(55.8 %), respectively.

Lead-induced protein oxidation and accumulation of proline

Protein oxidation is a measure of Pb-induced production of
carbonyl contents. The accumulation of carbonyl contents
was observed in Pb-treated roots (R*=0.938; Fig. 4a). In
comparison to control, the amount of carbonyls significantly
increased (p<0.05) to approximately 36 %, 38 %, and 42 %
at 0.75, 1.0, and 1.25 mM Pb, respectively. Pb-induced
protein oxidation showed a positive linear correlation (R*=
0.960) with H,O, contents.

Our experimental results showed that the free proline
content was increased at 0.25-0.75 mM Pb, but decreased
at 1.0-1.25 mM Pb when compared to control root, respec-
tively (Fig. 4b). A moderate increase in free proline level
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Fig. 2 Cell death
measurements by Evans blue
uptake (a), MDA contents (b),
LOX activity (¢), and total
protein content (d) in Talinum
triangulare roots after 7 days of
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Fig. 3 Concentration-dependent responses in antioxidative enzymes
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gulare after 7 days of Pb treatment. The values represent mean+SE
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the stress prolonged and attained significant (p<0.05) max-
imal levels at 0.25 mM of Pb (49.5 %) after 7 days exper-
iment. There was a marginal decrease in the accumulated
proline up to 0.75 mM of Pb treatment. However, the
decrease in proline was as much as 39.2 %, even on con-
tinuing the treatment 1.25 mM of Pb.

Lead-induced DNA damage

Evidences from the OTM values (Fig. 5) comet assay
revealed that the Pb at concentrations in the range 0.5—
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Fig. 4 Carbonyl content (a), protein oxidation, and accumulation of
free proline (b) in root of Talinum triangulare after 7 days of Pb
treatment. The values represent mean+SE (n=3). Different letters
indicate significant difference (p<0.05) between each other
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Fig. 5 Pb-induced DNA damage evaluated by comet assay on the
basis of OTM. a Dose-dependent induction of DNA damage in root of
Talinum triangulare after 7 days of Pb treatment. The values represent
mean+SE (n=3). Different letters indicate significant difference (p<
0.05) between each other. b Comets in root cells of 7. triangulare
representing Pb-induced DNA damage

1.0 mM significantly (p<0.05) induced DNA damage com-
pared to the control in roots cells of 7. triangulare. In our
experimental conditions, Pb treatments at 0.25 mM induced
very slight DNA damage, which was not significantly differ-
ent from control. Pb treatment of 1.25 mM was observed as
toxic and caused nuclear necrosis, and thus it was not possible
to analyze the comet images at this concentration. After 7 days,
DNA damage was significantly enhanced (p<0.05) at doses of
0.50,0.75, and 1.0 mM Pb treatment in comparison to control,
respectively.

Lead-induced structural modification and elemental analysis

The scanning electron microscope (SEM) analysis revealed
that 0.25 and 1.25 mM of Pb treatment altered the root
anatomical surfaces (Fig. 6a—c), vascular tissues, and inter-
nal structure of the stem (Fig. 6d—f). SEM images of roots
showed that Pb toxicity is able to rupture the root integrity,
pore formation on surface, and modification of root tip.
However, at 1.25 mM Pb, roots surface were highly porous
in nature, and the pore size was larger in size than 0.25 mM
Pb-treated root. SEM micrograph of stem showed that Pb
caused disruption of vascular bundles especially xylem ves-
sels, which reduces nutrient and water transport to the aerial
part of the plant.

Results of EDS showed the atomic percentage and chem-
ical characteristics of tissue. Microanalysis of root elements
was performed at the root tip of the 0, 0.25, and 1.25 mM
Pb-treated plant samples. X-ray microanalysis revealed the
presence of Pb spectral peak in both Pb-treated roots
(Fig. 6g—1), which support the presence of Pb in the sample.

Semi-quantitative estimation of other elements such as ox-
ygen (O), potassium (K), sodium (Na), calcium (Ca), mag-
nesium (Mg), chlorine (Cl), silicon (Si), sulfur (S), and
copper (Cu) was detected in control root tissues. (Table 1).
Qualitative percentage composition analysis showed that
only high spectral peak for O, K, and Pb were observed
in 0.25 and 1.25 mM Pb-treated root in comparison to
control root, respectively. Other elements were detected
less or below detectable level in Pb-treated roots than in
control root.

Discussion

In the present study, extracellular H,O, production in-
creased after 7 days of Pb treatment with respect to control.
With confocal laser scanning microscope images, we could
visualize that Pb significantly increased the H,O, produc-
tion in treated roots in comparison to control root. The dose-
dependent increase in histochemically visualized cellular
H,0, generation was in good agreement with extracellular
H,0, generation in root tissue of 7 triangulare. Our result is
in good accordance with previous studies reporting higher
H,0, generation in Wolffia arrhiza (Piotrowska et al. 2009),
P. sativum (Malecka et al. 2009), T. aestivum (Kaur et al.
2012), O. sativa (Li et al. 2012), and Sedum alfredii (Huang
et al. 2012) upon Pb exposure. It has been reported that the
disturbance in electron transport chain in the membrane is
the major cause for ROS generation (Sharma and Dubey
2005; Pourraut et al. 2011). From our study, we can suggest
that in vivo H,O, analyses through histochemical visualiza-
tion under Pb treatment was sensitive, fast, and reliable.
Heavy metal stress in plant causes oxidative damage to
membrane lipid and proteins through generation of ROS
(Pena et al. 2008; Aravind et al. 2009; Huang et al. 2012).
ROS play an important role as signal transduction that
regulates plant defense responses to HMs stress (Aravind
and Prasad 2003).

Earlier, we have reported that Pb taken up by T triangu-
lare is mostly accumulated in root, less in shoot, and least in
leaf (below detection limit) (Kumar et al. 2012). The present
results indicated that Pb accumulation leads to cell death in
root tissue evaluated by Evans blue staining, a measure of
disintegration of membrane integrity (Baker and Mock
1994). The measure of cell death showed a significant
correlation with lipid peroxidation (R*=0.855), LOX activ-
ity (R?=0.874), as well as with H,O, (R*=0.831) generation
in the root tissue of 7. triangulare following exposure with
Pb in the present study. Lipid peroxidation has been consid-
ered as the marker of oxidative stress. Pb-induced lipid
peroxidation has been reported in a number of plants: P
crispus (Hu et al. 2007), W. arrhiza (Piotrowska et al. 2009),
Acacia farnesiana (Maldonado-Magana et al. 2011), T

@ Springer
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Fig. 6 Scanning electron micrographs showing the root surface of
control (a), 0.25 mM Pb (b), and 1.25 mM Pb (c¢) and transverse
sections of stem: control (d), 0.25 mM Pb (e), and 1.25 mM Pb-
treated (f) plants for 7 days. Electron micrographs are at x1,000

aestivum (Lamhamdi et al. 2011), Salsola passerina,
Chenopodium album (Hu et al. 2012), and S. alfredii
(Huang et al. 2012). Membrane lipid peroxidation is a very
sensitive reaction caused by HMs stress and is initiated by
ROS and/or by the enzyme LOX, which is the key enzyme
that produces hydroperoxide and oxy-free radicals by

Table 1 Analysis of atomic percentage of elements by energy disper-
sive spectroscopy (EDS) in roots of Talinum triangulare treated with 0
(control), 0.25, and 1.25 mM of Pb for 7 days

Atomic percentage of elements in roots of 7. triangulare

Elements Control 0.25 mM Pb 1.25 mM Pb
(0} 82.88 84.50 84.69
K 7.33 6.91 11.18
Na 3.74 3.50 0.55
Ca 2.08 1.95 0.67
Mg 1.83 1.82 1.50
Cl 0.91 0.83 0.78
Si 0.72 ND ND
S 0.23 0.20 ND
Cu 0.28 ND 0.22
Pb ND 0.29 0.41

ND not detected

@ Springer

magnification, and bar represents 20 um. e, f Damage of vascular
bundle and clotted depositions along the cell walls of vascular bundles.
EDS micrograph showed elemental atomic percentage in root of con-
trol (g), 0.25 mM Pb (h), and 1.25 mM Pb (i)

catalyzing the peroxidation of unsaturated fatty acids of
biomembranes (Aravind et al. 2009). Increased LOX activ-
ity in the present study showed good correlation with H,O,
generation (R*=0.848) and lipid peroxidation (R*=0.855).
LOX-mediated lipid peroxides accumulation was reported
in Pb-treated S. alfredii (Huang et al. 2012). It is possi-
ble that the Pb induces the LOX activity, which through
production of hydroperoxide derivative attacks the cell
membrane and causes oxidative stress in 7. triangulare
root cells.

The dose-dependent decline in protein content in Pb-
treated roots observed in the present study could be due to
inhibition of protein synthesis and/or protein oxidation.
Lead treatment induces a substantial increase in the forma-
tion of oxidative product of proteins measured as protein
carbonyls content, which was reflected as a decrease in the
total protein content. Carbonyls containing oxidative prod-
ucts are formed as a result of hydroxyl radical ((OH) attack
on susceptible amino acids or peptide side chain of proteins
(Aravind and Prasad 2003; Pena et al. 2008). A variety of
proteins function as scavengers of ROS, including SOD,
CAT, and APX measured here that represent biomarkers of
antioxidative response to Pb stress (Reddy et al. 2005; Wang
et al. 2011; Huang et al. 2012). In contrast to protein
concentration, SOD and CAT activities were gradually in-
creased and were negatively correlated (R*=0.569 and R*=
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0.479, respectively) with the total protein contents. SOD is
considered as the first line of defense to scavenge ROS
radicals generated by various stresses (Reddy et al. 2005;
Hu et al. 2007). SOD is the key enzyme in plant cells that
dismutates superoxide radical (O,™) to form H,0, and O,.
Increase in SOD activity showed good correlation with Pb-
induced membrane damage (R*=0.851) and increased ROS
(R*=0.96) production, respectively. CAT and APX are the
two important H,O, scavenging enzymes. CAT detoxifies
H,0, directly, whereas APX, a component of the ascorbate—
glutathione cycle, detoxifies H,O, in presence of ascorbate
(Sharma and Dubey 2005). Increase in CAT activity could
possibly be due to the result of both a direct effect of Pb and
an indirect effect mediated via an increase in H,O, level
through SOD. Similar to CAT, the increased APX activity
may catalyze the oxidation of excess H,O, caused by Pb
and thus may play a detoxifying role. However, APX activ-
ity initiated to decline as the concentration of Pb rose to
0.75 mM, suggesting that the antioxidative potential of APX
had reached maximum level to maintain the stability of the
antioxidative system (Sharma and Dubey 2005; Pourraut et
al. 2011). It is observed that except APX, the tendencies of
LOX, SOD, and CAT activities showed positive correlation
with the concentration of Pb in treatment solution.

Proline is a multifunctional amino acid, which is reported
to accumulate in plant cells in response to various stresses
including HMs stress (Szabados and Savouré 2010). It is
suggested that accumulation of compatible amino acids like
proline seems to be one of the means by which plant cells
combat non-enzymatically against Pb-generated free radi-
cals (Sharmila and Saradhi 2002). Proline followed the
similar trend as APX activity, which was also enhanced at
0.25-0.75 mM Pb. Proline contents showed an inverted U-
shaped dose-response curve, suggesting the hormetic re-
sponse against increasing Pb concentrations. However, at
1.0 and 1.25 mM Pb, both APX activity and proline content
were less than control values, respectively. Result of car-
bonyl contents showed that Pb at 0.75, 1.0, and 1.25 mM
caused the significantly high rate of protein carbonylation
that might be resulted in dysfunction in cellular proteins or
enzymes (Aravind and Prasad 2003). It is possible that Pb at
higher concentrations have interfered in the proline (mono-
carboxylic acid) biosynthesis enzymes or may be due to
increased proline catabolism at those Pb concentrations
(Sharmila and Saradhi 2002), but it needs further studies.

DNA damage in control and Pb-treated roots was esti-
mated using the alkaline comet assay, which is a quick and
sensitive fluorescent method that allows measurement of
DNA strand damage in individual cells (Patnaik et al.
2011). Visual examinations gave a fairly good indication
of DNA damage, which showed an individual isolated nu-
cleus comprising a head and a tail. The head corresponds to
the DNA amounts that still remain in the nuclear matrix

region, whereas the tail reveals the DNA fragments migrat-
ing from the nuclei (Kumaravel et al. 2009). Alkaline comet
assay detects DNA damage as single-stranded and/or
double-stranded DNA breaks at the level of eukaryotic
genome. Ability of Pb to cause DNA damage in root cells
of Lupinus luteus was first demonstrated by Rucinska et al.
(2004). Subsequently, comet assay using Nicotiana tabacum
and Solanum tuberosum plants was successfully applied to
monitor genotoxicity of soils heavily contaminated with
cadmium (Cd), Cu, and Pb (Gichner et al. 2006). In the
present study, the Pb treatment significantly increased the
frequency of DNA damage at 0.50—1.0 mM (Fig. 5) that
followed a dose-response (Shahid et al. 2011), which perhaps
was mediated through the generation of ROS. The potential of
genotoxicity was reported in root cells of Vicia faba upon Pb
exposure (Shahid et al. 2011).

Structural modification in roots and stem of 7. triangu-
lare plants due to uptake and accumulation of Pb was
investigated by using SEM. In our experiment, we have
noticed that given Pb treatment resulted in gradual changes
in root morphology and stem internal structure, leading to a
deformed structural organization compared to respective
control. Pb treatment developed longitudinal ruptures in
root, which resulted in formation of pores. Rupture in root’s
rhizodermis and outer cortex has been reported in cowpea
(Vigna unguiculata) exposed to Al, Cu, and lanthanum (La)
(Kopittke et al. 2008). Certainly, the rupture on the Pb-
treated roots appears to be more or less similar to those
formed in Al-, Cu-, and La-treated cowpea roots (Kopittke
et al. 2008). Further analysis of stem TS revealed that most
of the Pb was accumulated within the xylem vessels
(Fig. 6e, f). The increased number of vacuoles and the loss
of cell shape and decrease in intercellular spaces have been
also observed in the Pb-treated plant over the control plant,
which may inhibit the translocation or uptake of nutrient
elements, Pb, and water from roots to stems and aerial part
of the plant. This is confirmed in our previous study by the
significant decrease in relative water content and atomic
percentage of nutrient elements in leaves of T. triangulare
(Kumar et al. 2012). However, 1.25 mM Pb concentration
resulted in higher amount of morphological and structural
modification in roots and stems in comparison to control
and 0.25 mM Pb-treated plants, respectively.

The EDS analysis of intercellular elements distribution in
the T triangulare root revealed that Pb amount was higher
in the 1.25 mM Pb-treated group compared to the 0.25 mM
Pb. Similarly, the atomic percentage of O and K were also
found to increase in 1.25 mM Pb-treated sample (Table 1).
In contrast to the elements described above, the atomic
percentage of other elements in Pb-treated root tissues de-
clined, which suggested the avoidance of the elemental
uptake. It was noted that in Brachiaria decumbens (signal
grass), Chloris gayana (Rhodes grass) (Kopittke et al.

@ Springer



Environ Sci Pollut Res

2007), and Spirodela polyrhiza (Qiao et al. 2012), toxic
levels of Pb caused reductions in most of the nutrient con-
centrations in shoot tissue. A similar result was observed for
Na, Ca, Mg, Cl, Si, S, and Cu atomic percentage in the
present study. The study showed that Pb treatment had
negative effects on the nutrient elements in the 7. triangu-
lare root. Atomic percentage of Si and S analyzed by EDS
were below detection limit in both 0.25 and 1.25 mM Pb-
treated roots. Metal transporters belonging to the CaCA (Ca-
calmodulin) superfamily have been identified as being able
to transport H', Ca’’, Na*, and K" (Manara 2012). The
integral component of Ca®" cycling systems involves the
efflux of Ca®" across membranes against a concentration
gradient, which further is achieved by using a counter elec-
trochemical gradient of other ions such as H', Na', or K*
(Emery et al. 2012). The Na or K/Ca ratio is crucial for
water balance in plants. Competition interference with such
transporters may form the basis of the negative interactions
between nutrient elements and Pb in plants. Furthermore,
essential metals Na, Mg, Cu, and Ca act as catalyst for many
of the enzymatic processes that are necessary for plant
growth, development, and metabolic processes (Sharma
and Dubey 2005). Thus, we may postulate that decreases
in the nutrients atomic percentage in the present study were
more effective in the direct or indirect role of altered plant
growth and metabolic characteristics.

Conclusions

Considering our results, we can conclude that accumulated
Pb in the root tissue causes oxidative stress and genotox-
icity, which is manifested by increased ROS production, cell
death, and increased MDA content and increased LOX
activity in comparison to control. 7. triangulare showed
good tolerance mechanism against Pb toxicity through the
increased activity of SOD, CAT, and APX and accumulation
of free proline in Pb-treated roots. The increase in Pb treat-
ment caused reduction in total protein contents, which may
be possible due to increased protein oxidation. Result of
genotoxicity concluded that the comet assay is an efficient
bioassay technique that demonstrates the Pb-induced DNA
damage and cell death in T triangulare roots. SEM analyses
revealed that Pb treatment developed ruptures in root sur-
face, which resulted in formation of pores on root, Pb
accumulation within the xylem vessels, and the loss of the
cell integrity in stem. The atomic percentage of elements in
Pb-treated root tissues declined, supporting the idea of an
avoidance mechanism. In conclusion, hydroponically culti-
vated adventitious roots of 7. triangulare were useful for
rhizofiltration. Further research on the molecular mecha-
nism(s) of Pb detoxification in plant is required to improve
our understandings.
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Abstract Heavy metal (HMs) contamination is wide-
spread globally due to anthropogenic, technogenic, and
geogenic activities. The HMs exposure could lead to
multiple toxic effects in plants by inducing reactive oxygen
species (ROS), which inhibit most cellular processes at
various levels of metabolism. ROS being highly unstable
could play dual role (1) damaging cellular components and
(2) act as an important secondary messenger for inducing
plant defense system. Cells are equipped with enzymatic
and non-enzymatic defense mechanisms to counteract this
damage. Some are constitutive and others that are activated
only when a stress-specific signal is perceived. Enzy-
matic scavengers of ROS include superoxide dismutase,
catalase, glutathione reductase, and peroxidase, while non-
enzymatic antioxidants are glutathione, ascorbic acid,
a-tocopherol, flavonoids, anthocyanins, carotenoids, and
organic acids. The intracellular and extracellular chelation
mechanisms of HMs are associated with organic acids such
as citric, malic and oxalic acid, etc. The important
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mechanism of detoxification includes metal complexation
with glutathione, amino acids, synthesis of phytochelatins
and sequestration into the vacuoles. Excessive stresses
induce a cascade, MAPK (mitogen-activated protein
kinase) pathway and synthesis of metal-detoxifying
ligands. Metal detoxification through MAPK cascade and
synthesis of metal-detoxifying ligands will be of consid-
erable interest in the field of plant biotechnology. Further,
the photoprotective roles of pigments of xanthophylls cycle
under HMs stress were also discussed.

Keywords Antioxidants - Flavonoids - Heavy metals -
MAPK pathway - Oxidative stress - Phenolic compounds -
Phytochelatins

Abbreviations

AE Accumulating ecotype
APX Ascorbate peroxidases
AsA Ascorbic acid

CAT Catalase

Cys Cysteine

DHA Dehydroascorbate

ETC Electron transport chain
Glu Glutamine

Gly Glycine

GR Glutathione reductase
GSH Glutathione (reduced)
GSSG Glutathione (oxidized)
GST Glutathione-S-transferase
HMs Heavy metals

H,0, Hydrogen peroxide
LOX Lipoxygenase

LP Lipid peroxidation
MAPK Mitogen-activated protein kinase
MAPKK MAPK kinase
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MAPKKK MAPK kinase kinase

MDA Malondialdehyde

MDHA Monodehydroascorbate

NAD* Nicotinamide adenine dinucleotide (oxidized)

NADH Reduced NAD

NADP* Nicotinamide adenine dinucleotide phosphate
(oxidized)

NADPH Reduced NADP

NAE Non-accumulating ecotype

05 Superoxide radical

PCs Phytochelatins

PCS Phytochelatins synthase

POD Peroxidases

PSII Photosystem II

PSI Photosystem I

PUFA Poly unsaturated fatty acids

ROS Reactive oxygen species

SOD Superoxide dismutase

SQDG Sulfoquinovosyldiacyglycerol

Introduction

Environmental pollution by heavy metals (HMs) such as
cadmium (Cd), lead (Pb), nickel (Ni), mercury (Hg),
copper (Cu), zinc (Zn), calcium (Ca), magnesium (Mg),
manganese (Mn), cobalt (Co) and metalloids, i.e. arsenic
(As) poses threat to all forms of life. Toxic metals are
bioavailable to plants through their uptake from soil and
water. Many previous studies have revealed the phytotoxic
effects of elevated concentrations of HMs on growth, water
potential, physiological, biochemical and molecular pro-
cesses of plants (Malec et al. 2008, 2009; Maleva et al.
2009; Wan et al. 2011; Gangwar et al. 2011; Yusuf et al.
2012; Kumar et al. 2012). Despite the toxicity of these
HMs, several plants growing in metals polluted soil are
able to exclude, accumulate or hyperaccumulate HMs and
acquire a wide range of adaptive strategies (Sharma and
Dietz 2006; Anjum et al. 2012; Ahmad and Prasad 2012).
However, sensitive plants develop visible symptom
of phytotoxicity due to metal exposure. Some of well-
established HMs phytotoxic manifestations include genera-
tion of reactive oxygen species (ROS) and reactive nitrogen
species (NO) as well as replacement of enzyme cofactors
and transcription factors, inhibitions of antioxidative
enzymes, cellular redox imbalance, ionic transport imbal-
ance, DNA damage and protein oxidation (Aravind et al.
2009; Ann et al. 2011; Gangwar et al. 2011; Huang et al.
2012). HMs stress caused reduction of molecular oxygen
and produced intermediate products such as superoxide
radicals (O37), hydroxyl radicals (OH*") and hydrogen
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peroxide (H,O,), which are more toxic and reactive than
O,. These active molecules are involved in the free radical
chain reaction of membrane lipids and proteins, thus
causing oxidative decomposition of them (Fig. 1) (Kanoun-
Boulé et al. 2009; Ann et al. 2011).

In the past, for many years ROS were considered as
dangerous molecules which must be maintained at low
level in cells. However, recently this point of view has been
changed. It has been shown that ROS can also play an
important role in plant defense against oxidative explosion
and can serve as markers of the certain stages of devel-
opment, such as formation of tracheids and the cross-link in
cell walls, lignifications, and programmed cell death and
also serve as signaling/alarm molecules in regulation of
gene expression process (Schiitzendiibel and Polle 2002).
Due to diverse functions of the active oxygen species, cells
must strictly control the level of ROS. This controlling
systems is composed of antioxidants including enzymes
such as superoxide dismutase (SOD, E.C. 1.15.1.1), cata-
lase (CAT, E.C. 1.11.1.6), glutathione reductase (GR, E.C.
1.6.4.2), peroxidase (POD, E.C. 1.11.1.7), ascorbate per-
oxidase (APX, E.C. 1.11.1.11) and guaiacol peroxidases
(GPX, E.C. 1.11.1.7) and non-enzymatic antioxidants such
as ascorbic acid (AsA), glutathione (GSH) and tocopherol
to suppress the ROS (Munne-Bosch 2005; Kanoun-Boulé
et al. 2009; Maleva et al. 2009; Shu et al. 2012; Kumar
et al. 2012). These non-enzymatic antioxidants are inter-
mediates of ascorbate—glutathione cycle (AGC) which
plays a major role in H,O, scavenging pathway operating
in the chloroplasts as well as the cytosol. Operations of the
AGC not only maintain the reduced active forms of AsA
and GSH on an appropriate level, thereby adjusting the
cellular redox potential but also participate in ROS
detoxification (Munne-Bosch 2005; Potters et al. 2010).

Photoxidative damage and photoprotective role of plant
under HMs stress

Photosynthesis is one of the most studied biological pro-
cesses under various stress conditions. Different plants and
parts exhibit diverse pattern of HMs accumulation which
would influence biosynthesis of photosynthetic pigments
(reduction of photosynthetic pigments such as chlorophylls
and carotenoids contents) (Mobin and Khan 2007; Shakya
et al. 2008; Vesely et al. 2011). Accumulated HMs in
plants may interact with the photosynthetic machinery and
resulted in a wide variety of toxic effects, including photo-
oxidative damage. In particular, they alter the chloroplast
membrane functions and component of the photosynthetic
electron transport chain (ETC), thus impairing the light
phase of photosynthesis (MysSliwa-Kurdziel and Strzatka
2002; Malec et al. 2008; Ventrella et al. 2011).
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Chloroplasts, thylakoid membranes, photosystem (PS) II
and I from higher plants could provide a great opportunity
to build a system for HMs toxicity bioassays. Photo-
synthetic inhibition during HMs stress is one of the primary
actions in plants because they invariably affect the photo-
synthetic apparatus and its functions, either directly or
indirectly by inhibiting both light and dark reactions of
photosynthesis. It is known that HM decrease photo-
synthetic rate, stomatal conductivity, transpiration rate, plant
growth and agricultural productivity (Mysliwa-Kurdziel
and Strzatka 2002; Malec et al. 2008; Shakya et al. 2008;
Wan et al. 2011; Yusuf et al. 2012). The negative effect of
HMs ions on growth, leaf enzyme activities, photosynthesis
together with activities of both PSII and PSI was found to
be dose dependent (Babu et al. 2010). This effect was
further increased with an increase in duration of exposure
(Chugh and Sawhney 1999). HMs ions affect the electron
transport system at multiple sites and alter the energy
transfer from one level to another level. Impact of HMs
ions on the electron transport system in plant have been

PUF# =
P Lipid peroxyl radicals -Tocopherol AsA x GSH a in
Lipid hydroxypemxidex Tocopheroxyx MDHA GSSG ?| Mitochondria
| radical
Chioroplast — == PlantCell HMs
1
HMs

hydrogen peroxide, MAPK mitogen-activated protein kinase, MAPKK
MAPK kinase, MAPKKK MAPK kinase kinase, MDHA monodehydro-
ascorbate, iP inorganic phosphate, O, oxygen molecule, 05~ superoxide
radicals, PCs phytochelatins, PCS phytochelatins, PDP phytol diphos-
phate, POD peroxidases, PUFA polyunsaturated fatty acids, ROS
reactive oxygen species, SOD superoxide dismutase, SQODG
sulfoquinovosyldiacyglycerol

analyzed in isolated chloroplast (Khan et al. 2007), which
indicates that PSII is more susceptible to HMs compared
with PSI. But these metals can inhibit the PSI activity at
much higher concentrations (Ivanov et al. 2006; Horcik
et al. 2007). HMs affect chlorophylls as well as the
carotenoids in plants (Ghnaya et al. 2009) because toxic
effect of HMs appears to be related to production of ROS
which induces synthesis of low-molecular-weight com-
pounds such as carotenoids (Kumar et al. 2012). Carote-
noids play an important role in the prevention of several
degenerative stresses in plants owing to their antioxidant
function. Carotenoids play photoprotective role as
quenchers of the high ROS levels that can initiate a cascade
of function as chain-breaking antioxidants (Young and
Frank 1996).

Plants have developed several mechanisms to avoid
photodamage and one of the most important photoprotec-
tive mechanisms is the release of excessive excitation
energy (Janik et al. 2008; Latowski et al. 2011). This
process of dissipation energy in PSII depends on the

@ Springer



Acta Physiol Plant

zeaxanthin (Zx), antheraxanthin (Ax) and the de-epoxi-
dized components of xanthophyll cycle (Téth et al. 2007;
Latowski et al. 2011). The role of xanthophyll cycle under
HMs impact is confirmed by number of reports. A decrease
in xantophyll level was observed in Pinus sylvestris
growing in area contaminated with Al, Pb and Cu (Maty-
siak 2001). It has also been observed that in Cd-stressed
leaves of Secale cereale reduction of the second step of
violaxanthin de-epoxidation leads to Ax accumulation and
increase in the cis-isomers fraction in violaxanthin (Janik
et al. 2008). The Cd inhibition of Zx epoxidase was also
reported both in violaxanthin and diadinoxanthin cycles
(Bertrand et al. 2001; Latowski et al. 2005). It was shown
that this inhibition was reversed by Zn, what was accepted
as evidence that mechanism of Cd inhibition was based on
interaction of Cd with cysteine residues of enzyme
(Latowski et al. 2005). On the other hand, the large increase in
the amount of all xanthophyll cycle pigments was observed
as an antioxidative response for Cd-treated duckweed
plants (Appenroth et al. 1996). It shows that xanthophylls
in plants play an important role in quenching of free rad-
ical-induced reactions and can also prevent generation of
free radicals, thereby limiting free radical/oxidative dam-
age. Plant adaptation and survival during HMs stress
depends on the ability to resist the oxidative damage and
antioxidant systems activity.

Lipid peroxidation and enzymatic system during HMs
stress

Plasma membranes are considered a primary target for metal
toxicity in both leaves and roots. Membrane damage was
deduced from the analysis of TBA (thiobarbituric acid)
active products level, after reaction using TBA assay. This is
one of the basic methods of research process to determine
lipid peroxidation (LP) in the biological systems (Fig. 2).
Various results testified that under action of HMs, plants
often activate processes of LP (Dazy et al. 2009; Igbal et al.
2010; Ann et al. 2011; Yusufet al. 2012; Kumar et al. 2012).

Measurement of the level of thiobarbituric acid reactive
substances (TBARS) in tissues is widely used as an index
of LP also. Malondialdehyde (MDA) is thiobarbituric acid
reactive substances. LP is a biochemical marker for the free
radical-mediated injury by production of ROS. The
investigations with increasing Pb concentration showed the
Pb-induced lipid peroxides and oxidative stress in rice
(Verma and Dubey 2003) and Talinum triangulare leaves
(Kumar et al. 2012). The accumulation of Cd and Cu in the
plant tissues enhanced LP (Khan et al. 2007; Ghnaya et al.
2009; Ann et al. 2011). Increase in MDA content in
Hg- and Cd-treated Phaseolus aureus leaves was observed,
but in case of Hg the change was more significant. It is
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probably because of the direct effect of Hg on the photo-
synthetic electron transport (PET) causing generation of
singlet oxygen; in contrast, Cd does not affect PET directly
(Shaw 1995). Stimulation process of LP might be activated
by lipoxigenase (LOX) with the formation of hydroper-
oxide because the early stress reactions occur at the
membranes level (Huang et al. 2012). The object of the LP
on the membranes level can be unsaturated fatty acids. The
process of LP is connected with activity of main antioxi-
dant enzymes. The change of enzyme activity determines
intensity and function of cells and organism as a whole and
also their viability in the environment conditions. The
results of experiment with clones of Salix viminalis with
different resistance to Cd, Cu, and Zn showed that SOD
activity was higher in untreated resistant clones compared
with the sensitive ones (Fig. 3) (Landberg and Greger
2002). Yusuf et al. (2012) showed that Ni treatment
(100 mg kg™ ') caused increased level of LP in B. juncea,
which further decreased after external supplementation of
sulfosalicylic acid, a known antioxidant (Table 1).

The study with HMs salts, cobalt chloride (CoCl,) and
cadmium chloride (CdCl,), influenced glyoxylate cycle
enzymes and mitochondrial succinate dehydrogenase
activities in germinating soybean seeds. CoCl, increased
isocitrate lyase activity on the third day and CdCl, sup-
pressed isocitrate lyase activity on the very first day. Cobalt
chloride and CdCl, suppressed succinate dehydrogenase
activity on fifth day might have caused oxidative stress
(Bezdudna 2009). Perhaps increase in isocitrate lyase
activity in the presence of Co was due to the fact that Co
ions in physiological concentrations are the promoters of
metabolic processes and contribute to more intensive
mobilization of reserve compounds. Inhibitory effects on
succinate dehydrogenase by HMs have been demonstrated
(Seregin and Ivanov 2001). The effect of Pb on growth and
activities of antioxidant enzymes in leaf of accumulating
ecotype (AE) and non-accumulating ecotype (NAE) of
Sedum alfredii have showed that accumulating ecotype was
more tolerant to excessive Pb levels in growth medium
(Liu et al. 2008). Under such conditions the activities of
SOD and CAT were elevated in leaves of AE. However, in
NAE, only SOD activity was increased while CAT activity
was declined after Pb treatment comparing with the control
plants. With increase in Pb level, MDA content increased
significantly in both ecotypes of S. alfredii, indicating that
Pb toxicity leads to LP and membrane damage, but MDA
content in leaves of NAE was higher than in AE plants (Liu
et al. 2008; Huang et al. 2012). Pb treatment caused
increased generation of ROS in root cells in both ecotypes.
Furthermore, ROS caused increased enzyme activities of
SOD, CAT, APX, POD and LOX. The response of AE root
cells manifested in higher activities for SOD, POD, LOX
and AsA than NAE root cells (Huang et al. 2012).
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Fig. 2 Non-enzymatic lipid
peroxidation. In the first stage
some radicals detach hydrogen
from unsaturated fatty acids.

The product, alkane radical, tgo
may react with molecular L

oxygen and forms peroxyl
radical which can detach
hydrogen from next unsaturated
fatty acid. This reaction can go
many times up to termination,
last stage of lipids peroxidation
where radicals react with each
other and form damaged lipids.
Products of lipids peroxidation
after ff-elimination usually form
malondialdehyde detected by
thiobarbituric acid
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Studies of Pb with Potamogeton crispus (freshwater
plant) showed that the high peroxidases activities and
MDA content were observed with an increase in Pb con-
centration, whereas SOD and CAT activities first decreased
and then increased. Simultaneously, high concentrations of
Pb aggravated ultrastructural damage to leaf cells including
disruption of chloroplasts, mitochondrial cristae, nuclear
membrane and nucleoli and disappearance of chloroplast
envelopes, vacuolation of mitochondria and condensation
of chromatin. Changes in antioxidative enzymes activities
and damage to fine structure are the results of Pb-induced
ROS accumulation (Hu et al. 2007). Concomitant changes
in CAT, POD and SOD activities are responsible for
removal and destruction of ROS, and hence referred as
antioxidative enzymes; however, they have got important
bearings on the oxidative damage of membranes in
organisms under oxidative stress conditions (Ghnaya et al.
2009).

Metals such as Ca, Mg, Cu, Zn and Mn are essential for
plant growing. However, little is known about the effects of
all these metals as oxidative stress factors in plants. The
responses of antioxidative enzymes such as SOD, CAT,
AsAdep POD and guaiacol-dependent peroxidase (Gua-
dep POD) activities and also LP levels can serve as indi-
cators of oxidative damage induced by Ca, Mg, Cu, Zn and
Mn. Experiment with Mentha pulegium grown in the
excess and absence of Cu?>*, Zn?>* and Mn?" as micronu-
trients showed that under excess Cu significantly increased
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all antioxidant enzymes such as SOD, CAT AsA-dep POD
and Gua-dep POD, evidence of Haber—Weiss reaction
(Fig. 4), which leads to maximum increases of LP levels
(Candan and Tarhan 2003). Inhibition of SOD, CAT and
AsA-dep POD activities under excess Zn>" condition
caused higher LP levels than the Mn stress condition.
Excess Mn”" enhances the activity of SOD and CAT
enzymes, whereas they decreased in the absence of Mn?*.
Activities of AsA-dep and Gua-dep POD were inversely
related to SOD and CAT activities. Increases of CAT
activities together with SOD caused lower LP levels in M.
pulegium under Mn** toxicity than Cu*" and Zn*" and
provide a partial protection against oxidative damage.
Candan and Tarhan (2003) also reported the potential of
Mn, Zn and Cu to cause oxidative damage in the following
order Mn < Zn < Cu.

Extended research on HMs influence on enzymes
activity resulted in numerous reports on changes in in vivo
and in vitro activities. For instance, the expression of genes
of cytosolic Cu, Zn-SOD slightly decreased, while the
Mn-SOD increased in the presence of excess Cd ions (Ann
et al. 2011). Cd (15 pM) treatment at the germination stage
in Solanum nigrum showed that activities of SOD and APX
were increased and CAT was decreased after 45 days of
treatment (Fidalgo et al. 2011). It has also been reported
that activities of SOD, CAT, APX, and DHAR increased
upon Cd treatment in two varieties of rice (Igbal et al.
2010). Observations revealed an increase in the activity of
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Fig. 3 The concentration of A
TBA-rm in shoots (a) and roots
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SOD, CAT, POD and APX coinciding with the time of
cultivation. Pb-dependent increase in activities of SOD,
CAT, APX, GST and POD from wheat seedling extracts
was observed at 0.15, 0.30, 1.5 and 3.0 mM of Pb con-
centration (Lamhamdi et al. 2011). It was reported that in
potato tuber parenchyma tissue the APX activity decreased
during the first hour of Cd treatment from a cultivar more
tolerant to Cd. This cultivar showed constitutively higher
CAT activity, and CAT synthesis was induced faster by Cd
ions in parenchyma than in other more susceptible tissues
(Stroinski and Kozlowska 1997). The other studies
revealed that cooperative action of CAT, POD and APX is
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Resistant 2
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required for protection against the toxic effects of reduced
oxygen species.

HMs (Cd, Cu, Pb, Zn at 0.1, 1, 10, 100 and 1,000 M
concentrations) exposure disturbed the cellular redox status
in Fontinalis antipyretica. These HMs induced significant
changes in SOD and CAT activities and increased LP level.
Moreover, the SOD activity and MDA level often pre-
sented clear linear relationships with a wide range of HMs
concentrations. This suggested that these enzymes could be
used as environmental biomarkers of HMs pollutions
(Dazy et al. 2009). The activity of antioxidant enzymes
depends on exposure dose of HM. Ni ions, at
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Table 1 Summary of the responses of ROS, MDA, antioxidative enzymes and glutathione (GSH) levels in different plants exposed to various
toxic heavy metals (HMs) and metalloid

Plant species HMs Concentrations Antioxidant systems References
ROS MDA SOD CAT POX APX GR GSH
Talinum triangulare  Pb 0.25-1.25 mM T i Tl Kumar et al.
(2012)
Brassica juncea Ni 100 mg kg~! i 1 i 1 1 Yusuf et al.
(2012)
Sedum alfredii Pb 10-200 uM 1 i 1 1 i i 1 Huang et al.
(2012)
Pisum sativum Cr 50-250 uM 1 l 1 l l Gangwar et al.
(2011)
Oryza sativa Pb 50-200 uM 1 Tl ! 1 Tl 1 1 1 Panda et al.
(2011)
Arabidopsis thaliana Cd, Cu Cd-10 pM; T i 1 1(Cd) T(Cd) T(Cd) 1 Ann et al.
Cu-5 uM (e (e (e (201D
Solanum nigrum Cd 15 M 1 1 1 1 Fidalgo et al.
(2011)
Triticum aestivum Pb 0.15-3 mM T i 1 1 i 1 Lamhamdi
et al. (2011)
Brassica juncea cd 25-50 pmol L™' 1 1 1 1 1 1 1 Igbal et al.
(2010)
Fontinalis Cd, Zn, 0.1-1,000 uM T 1 1 N(Cd, Zn, | Dazy et al.
antipyretica Cu, Pb Cu); (2009)
1(Pb)
Lemna minor Cu 25-100 uM T 1 l Kanoun-Boulé
et al. (2009)
Elodea canadensis Ni 10-50 uM i 1 l 1 Maleva et al.
(2009)
Ceratophyllum Cd 1-10 yM l 1 Mishra et al.
demersum (2009)
Wolffia arrhiza Pb 1-1,000 mM i 1 1 Piotrowska
et al. (2009)
Medicago sativa Hg 10 yM i 1 i | l l Zhou et al.
(2009)
Brassica oleracea Cu 2.5 mM ) 1 l ) 1 l Posmyk et al.
(2009)
Arachis hypogaea Cd 25-100 uM 1 1 i il 1 Dinakar et al.
(2008)
Sedum alfredii Pb 0.02-0.2 mM i 1 l Liu et al.
(2008)
Elsholtzia Cu 10-300 uM 1 1 1 1 1 1 Zhang et al.
haichowensis (2008)
Ceratophyllum As 10-250 uyM T i 1 l l 1 Mishra et al.
demersum (2008)
Brassica juncea Cd 25-100 mg kg™ T i 1 1 i N Mobin and
Khan (2007)
Potamogeton crispus Pb 5-20 mg L' 1 l l 1 Hu et al. (2007)
Triticum aestivum Cd 100 mg kg™! 1 1 i 1 i 1 Khan et al.
(2007)
Arabidopsis thaliana Cd, Cu 100 uM 1 i T(Cd); 1(Cd); 1 Maksymiec
l(cu) l(Cu) and Krupa
(2006)
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Table 1 continued

Plant species HMs Concentrations Antioxidant systems References
ROS MDA SOD CAT POX APX GR GSH
Macrotyloma Pb 1-4 mM i 1 1 i 1 1 Reddy et al.
uniflorum, Cicer (2005)
arietinum
Oryza sativa Pb 500-1,000 uM T 1 l i l 1 Verma and
Dubey (2003)
Vicia faba Cd 2-2,000 pM 1 l i 1 Cordova et al.
(2003)
Mentha pulegium Ca, Mg, Ca, Mg 2-4 mM,; T 1 Candan and
Cu, Zn, Cu, Zn, Mn Tarhan
Mn 1 uM (2003)

Fe?'/ Fe*
—_—

0: + H.0: ‘OH+ OH™ + O:

Fig. 4 Haber—Weiss reaction catalyzed by iron

concentrations up to 10 uM could induce sub-lethal oxi-
dative stress in Elodea canadensis leaves. The appearance
of several new polypeptides with apparent molecular
weights below 20 kDa was found by SDS-PAGE in Ni
treated E. canadensis leaves (Maleva et al. 2009). Wang
et al. (2004) reported that Cu treatment causes increases in
activities of POD, APX, SOD and decrease in activity of
CAT in B. junicea seedlings.

Connections between enzymatic system and other
antioxidants during HMs stress

The HMs effect on living organisms depends on their
chemical and physical properties. It is possible to select three
different molecular mechanisms of HMs toxicity: (a) ROS
production via the auto-oxidation or via Fenton reaction,
(b) blocking of essential functional groups in biomolecules
and (c) substitution of necessary metal ions from biomole-
cules (Schiitzendiibel and Polle 2002). The cellular redox
state maintains normal cell homeostasis and is a key deter-
minant of metal phytotoxicity. HMs ions are well-known
causing agent for altering cellular redox balance. Influence
of HMs on the cellular redox balance is connected with
development of oxidative stress and damage in plants. In
these conditions the ability of plants to resist oxidative stress
while using antioxidant systems is limited. Many studies
showed that ample amount of HMs leads to reduction of
redox active enzymes activities. The cellular redox state is
made of the individual redox active molecules in cells and for
each of them redox state can be defined as the ratio between
reduced and oxidized molecules within a pool (Potters et al.
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2010; Huang et al. 2012). Components of cellular redox state
are ascorbate (ASC), glutathione (GSH or GSSG) and pyri-
dine nucleotides nicotinamide adenine dinucleotide (NAD™)
and nicotinamide adenine dinucleotide phosphate (NADP™)
(Ann et al. 2011). The literature data testify that exposure of
plants to high concentrations of redox active metals, such as
Cd and Cu results in an oxidative damage (Ann et al. 2011).
The investigation with short-term exposition of Cd** and
Cu”* induces accumulation of 05~ and H,0, in Arabidopsis
thaliana. Furthermore, only excess Cd induces the SOD
activity. But theses responses were decreased in the presence
of imidazole and propyl gallate, inhibitors of NADPH
(reduced NADP™") oxidase and jasmonate synthesis path-
way. The authors suggest that Cd and Cu-induced accumu-
lation of O3~ and H,0, was mostly connected with the
activity of NADPH oxidase, induction of jasmonate signal-
ing pathways and partially due to increased SOD activity
(Maksymiec and Krupa 2006).

Glutathione is widely distributed redox active molecule
in living cells and the tripeptide GSH (y-Glu-Cys-Gly) is
playing a key role in scavenging ROS and protecting
membrane to damage by these ROS. The oxidized form of
glutathione (GSSG) is readily converted to reduced form
(GSH) by the enzyme glutathione reductase (GR). GR also
plays a key role in the antioxidant defense processes, by
reducing GSSG, thus allowing a high GSH/GSSG ratio to
be maintained. Study on maize plantlets after 6 days action
of low Cd concentration showed to increase in GR and
glutathione peroxidase (GP) activity (Syshchikov 2009).
This is well explained by the response of sugarcane treated
with Cd. The analysis of leaves and roots of sugarcane
plant has consistently shown that GR activity increases in
response to Cd exposure to detoxify H,O, or to produce
glutathione for the synthesis of phytochelatins, whereas
CAT activity has been shown to exhibit considerable var-
iability (Fornazier et al. 2002).
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The results with decrease GR activity were observed in
research with Cd action on plants Vicia faba. The negative
correlation of antioxidative enzyme activity to concentra-
tion of Cd was showed (Cordova et al. 2003). GR is a
member of flavoenzyme family which catalyzes the
NADPH-dependent reduction of glutathione disulphide
(GSSG) to glutathione (GSH). This reaction maintains a
proper GSH/GSSG ratio in cells. For example, in rice
seedlings Pb toxicity causes an increase in GSH/GSSG
ratio and the total glutathione pool. On the other hand,
decrease in GSH/GSSG ratio was observed in Pb-treated
Talinum triangulare leaf (Kumar et al. 2012). The authors
suggested that this is evidently due to induction in GSH
biosynthesis and rapid reduction of GSSG by the enzyme
GR after Pb treatment. Verma and Dubey (2003) reported
that GR activity increased which suggests possible
involvement of GR in regenerating GSH from GSSG under
Pb ions action. The increase in activity of GR after Cd
treatment was reported in leaves of Ceratophyllum
demersum (Mishra et al. 2009) and B. juncea (Igbal et al.
2010).

High concentrations of HMs induce activity of NADP™-
reducing enzymes. The NADP?' dependent antioxidant
enzymes phosphoenolpyruvate carboxylase, NADP-malic
enzyme (NADP-ME), and pyruvate, phosphate dikinase
participate in the process of concentrating CO, in C4
photosynthesis. Non-photosynthetic counterparts of these
enzymes, which are present in all plants, play important
roles in the maintenance and replenishment of Krebs cycle
intermediates, thereby contributing to the biosynthesis of
amino acids and other compounds and providing NADPH
for biosynthesis and the antioxidant system. Enhanced
activities of PEPC and/or NADP-ME and/or PPDK were
found in plants under various types of abiotic stress, such
as presence of HMs in the soil (Doubnerova and Ryslava
2011).

The electron spin resonance spectra indicated a drastic
increase in hydroxyl radicals (OH®") in the free-floating
hydrophyte C. demersum after 10 umol L™" Cd treatments,
which was closely correlated with the enhanced formation
of H,O, and generation of O3~ triggered by the NADPH
oxidation (Kawano et al. 2001). The supplementation with
Zn (10-200 pmol L") to 10 pmol L™' Cd treatments
significantly decreased the production of free radicals,
especially by eliminating precursors of OH®~ through
inhibition of NADPH oxidation. Cd-induced ROS pro-
duction which substantially increased the oxidative prod-
ucts of proteins measured as carbonyls was effectively
inhibited by Zn supplementation (Aravind et al. 2009).

A different mechanism of metal tolerance has been
reported in Lemna minor and Spirodela polyrrhiza from the
uranium-polluted area. Tolerance was based on the exis-
tence of protective mechanism limiting the metal uptake

rather than enhancement of the antioxidative metabolism.
Rather the electric conductivity (EC) and MDA content
were increased after Cu exposure, direct symptoms of
oxidative stress. Significant increase of EC was observed in
L. minor from a non-contaminated pond for all Cu con-
centrations while the increase of EC in L. minor and S.
polyrrhiza (from the uranium-polluted area) became sig-
nificant only after 50 pM Cu treatment. However, MDA
content significantly increased at all treated plants. It was
also reported that the protein content and CAT activity
declined with an increasing Cu concentration. In contrast, a
significant effect of Cu on CAT activity was observed only
in uranium-polluted area. Further, SOD activity increased
with increasing concentrations of Cu, in a very similar
trend between the three duckweed populations (Kanoun-
Boulé et al. 2009).

Role of phenols and flavonoids under HMs stress

Parallel to enzymatic system plant cells posses a non-
enzymatic antioxidative defense system against ROS,
which included phenols and flavonoids. Synthesis of
isoflavonoids is an effective strategy against ROS. Phenolic
compounds which could be also substrates for different
peroxidases were the first line of defense against Cu stress
in experiment with red cabbage (Posmyk et al. 2009). The
analysis of antioxidant enzyme activities suggested that
peroxidases were the most active enzymes in Cu-exposed
red cabbage seedlings. Plant phenolic compounds such as
flavonoids and lignin precursors have been recognized
largely as beneficial antioxidants which can scavenge
harmful active oxygen species. Phytophenolics can act as
antioxidants by donating electrons to guaiacol type per-
oxidases (GuPXs) for detoxification of H,O, produced
under stress conditions (Sakihama et al. 2002). The elec-
tron spin resonance signals of phenoxyl radicals are elim-
inated by monodehydroascorbate (MDHA) reductase,
suggesting that phenoxyl radicals, like the ascorbate radi-
cal, are enzymatically recycled to parent phenolics. Thus,
phenolics in plant cells can form an antioxidant system
equivalent to that of ascorbate. In contrast to their antiox-
idant activity, phytophenolics also have the potential to act
as pro-oxidants under certain conditions. Zn, Ca, Mg and
Cd have been found to stimulate phenoxyl radical-induced
lipid peroxidation (Sakihama et al. 2002). It was shown in
experiment with Raphanus sativus that phenolic acids as
well as the total and reduced ascorbate content increased
with the intensification of Cu treatment. In parallel with
increase membrane damage and lipid peroxidation, process
of glutathione oxidation was also stimulated under elevated
Cu concentration; indicating an acceleration of oxidative
processes. Accumulations of phenolic compounds were
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also observed in roots of maize (Shemet and Fedenko
2005) and scot pine (Schiitzendiibel et al. 2001) under Cd
treatment. The possible reason for the induction of phenolic
metabolism may be the increase of phenylalanine ammonia
lyase activity, which is observed under stress conditions
(Schiitzendiibel et al. 2001). In maize roots it was due to
the increase in content of cyanidin-3-glucoside with its
chromophore group modified by binding to Cd ions (She-
met and Fedenko 2005). The phenolic metabolism in tea
(Camellia sinensis L.) callus culture showed Cd-depended
response. The content of phenolic compounds, including
flavones, in the leaf calli decreased, while in the stem and
root calli it increased (at the Cd concentration of
6.3 x 1073 M) or was close to a control one (at the Cd
concentration of 10.6 x 107> M). The lignin content in
root and stem calli increased, but it did not change in the
leaf calli (Zagoskina et al. 2007).

Flavonoids are considered as large family of plant sec-
ondary metabolites and are well known antioxidants.
Antioxidants such as anthocyanins (in vacuole) and
tocopherol (membrane associated) are major components
found in the plants and protect them against oxidative
stresses (Araceli et al. 2009; Hernandez et al. 2009). It is
well known that the compounds which are easy to oxidize
are often the best antioxidants. Flavonoids have ability to
capture free radical ions by donation of phenolic hydrogen
atoms and showed antioxidant activity may protect plant
cells from adverse effects of abiotic stresses (Hernandez
et al. 2009). In particular, anthocyanins have shown a higher
antioxidant activity than vitamins C and E (Araceli et al.
2009). It is reported that in maize seedlings cyanidin is
localized at external parts of root’s parenchyma. Therefore,
this localization probably has adaptive role as barrier in
adaptation to Cd stress. This might be as result of either
antioxidative ability of anthocyanins and flavonoids, which
increases upon HMs action, or accumulation of anthocyanin
which coincides with the highest content of Cd in root tis-
sues (Yamasaki et al. 1997). a-Tocopherol is chemically the
most active form of vitamin E and is capable of scavenging
free oxygen radicals and lipid peroxides. The tocopherol
biosynthesis mainly takes place in plastids of higher plants
from two precursors derived from metabolic pathways such
as homogentisic acid and phytyl diphosphate. The former is
an intermediate of degradation of aromatic amino acids and
latter one arises from methylerythritol phosphate pathway
(Lushchak and Semchuk 2012). «-Tocopherol may be
involved in the protection of the plant tissues against
oxidative stress and can physically quench O, in chloroplast.
It has been estimated that before being degraded, one
molecule of a-tocopherol can deactivate up to 220 O, mole-
cules by resonance energy transfer. In addition, the a-tocoph-
erol can chemically scavenge O, and lipid peroxyl radicals
(Munne-Bosch 2005). «-Tocopherol levels can change
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significantly during the environmental stress conditions. It
has been reported that abiotic stress factors, in particular
HMs, might alter the different form of a-tocopherol levels
in plant tissues (Collin et al. 2008; Yusuf et al. 2010;
Lushchak and Semchuk 2012; Kumar et al. 2012).
A. thaliana treated with 75 pM Cd and 75 pM Cu showed
increase in o-tocopherol content in comparison with con-
trol. The increased concentration of a-tocopherol in Cd- or
Cu-treated Arabidopsis leaves was associated with the up-
regulation of a number of genes related to tocopherol bio-
synthesis (Collin et al. 2008). Experiment with wild-type
and transgenic B. juncea plants of over expressing the
y-TMT gene showed Cd-induced increased accumulation of
a-tocopherol in both plants compared with control (Yusuf
et al. 2010). An increase in tocopherol content in the shoots
was associated with the enhancement of LP in wheat
exposed to Ni (Gajewska and Sktodowska 2007). This
antioxidant is able to scavenge of lipid peroxides, and thus
its increased concentration might result in the reduction of
oxidative injuries of cell membranes.

Role of ROS in signaling cascades under HMs stress

Excessive amounts of HMs trigger a wide range of cellular
responses including changes in gene expression and syn-
thesis of metal-detoxifying peptides. Mitogen-activated
protein kinase (MAPK) cascades are signaling modules
which transfer information from sensors to cellular
responses and represent an evolutionary conserved signal-
ing mechanism in eukaryotes (MAPK Group 2002). It has
been reported that MAPK cascades are likely to be one of
the converging points in the defense-signalling network
under both biotic and abiotic stress in plants (Nakagami
et al. 2005). Basically, MAPK cascades engage the stim-
ulus-triggered activation of MAPK kinase kinase (MAP-
KKK) which phosphorylates a MAPK kinase (MAPKK).
MAPKK further phosphorylates a MAPK. It has been
reported that plants have an unusually large number of
MAPK components, such as more than 20 MAPKs, 10
MAPKKs and 60 MAPKKKs (MAPK Group 2002). Plants
respond to HMs stress by induction of several distinct
MAPK pathways under elevated levels of Cu and Cd.
Exposure of Medicago sativa L. plants to excess Cu or Cd
ions activated four distinct MAPKs: SIMK (salt stress-
induced MAPK), MMK2 (Medicago MAPKK), MMK3
(Medicago MAPKKK) and SAMK (stress-activated
MAPK). Comparison of the kinetics of MAPK activation
revealed that SIMK, MMK2, MMK3 and SAMK are very
rapidly activated by Cu ions, while Cd ions induced
delayed MAPK activation (Jonak et al. 2004).

Plants exposed to HMs, synthesize a set of diverse
metabolites that include specific amino acids, such as
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proline and histidine, peptides such as glutathione, phyto-
chelatins (PCs) and the amines (Sharma and Dietz 2006).
These molecules have three major functions, namely metal
binding, antioxidant defense and signaling. Some amino
acids, particularly proline (Pro) and histidine (His), also
play roles in the chelation of metal ions both within plant
cells and in the xylem sap (Rai 2002; Sharma and Dietz
2006). Pro executes the significant beneficial functions
under metal stress. Many plants have been reported to
accumulate Pro when exposed to HMs (Talanova et al.
2000; Yusuf et al. 2012). His, glutathione and PCs play a
role in metal binding while polyamines function as sig-
naling molecules and antioxidants. Their accumulation is
considered as active plant response. Therefore, content
changes of these metabolites bear functional significance in
the metal stress tolerance (Sharma and Dietz 2006).
Exposure of hyperaccumulator Alyssum lesbiacum to Ni is
known to result in a dose-dependant increase in xylem sap
concentrations of both Ni and the chelators free His. It has
been reported that an enhanced release of Ni into the xylem
is associated with concurrent release of His from an
increased root-free His pool. Particularly in B. juncea roots,
Ni uptake is independent of simultaneous uptake of His
(Kerkeb and Kriamer 2003). Siripornadulsil et al. (2002)
have demonstrated that increased Pro levels provide
enhanced protection against Cd in microalgae. It is inter-
esting to note that Pro reduces Cd stress not by seques-
tering Cd, but by reducing Cd-induced free radical damage
and maintaining a stringent reducing environment (higher
GSH levels) within the cell (Siripornadulsil et al. 2002).

Role of sulfur metabolism and metal binding
phytochelatins in HMs detoxification

Production of ROS and damage of plant cells as a result of
oxidative stress are characteristic of the action of HMs such as
Cd and Zn. Plants exposition on HMs solutions cause the
reactions of the antioxidant systems which depend on plant
type, tissues which are explored, metals which are used in an
experiment and intensity of stresses. In most cases, HMs
cause decline of level of glutathione in plant tissues. Such
reaction is usually observed after actions of Cd and prede-
fined the growing consumption of glutathione, which is used
for the synthesis of PCs (Anjum et al. 2012; Zhao et al. 2010;
Cobbett 2000). The PCs consist of repeating units of y-glut-
amylcysteine followed by a single C-terminal glycine, with
the number of repeating units ranging from 2 to 11 (Anjum
etal.2012; Cobbett 2000). PCs are synthesized enzymatically
by PC synthase (PCS) by the transfer of y-Glu-Cys moieties to
glutathione (GSH) (Thangavel et al. 2007; Zhao et al. 2010).
PCS was purified from a variety of plant species and was
found to be produced constitutively in the absence of metal

induction (Grill et al. 1986). PCs have important role in
detoxification of HMs and also metalloids, in particular
arsenate. Arsenate and arsenite are easily absorbed by plants
and induces the biosynthesis of PCs in vivo and in vitro.
Arsenate and arsenite induced PCs were observed in the
cellular cultures of Rauvolfia serpentine and Silene vulgaris
and in germinating seeds of A. thaliana (Schmoger et al.
2000). At the same time, in literature there is information that
expression of iron (Fe) and Cu chelators, for example,
metallothioneins (MTs) and PCs protects plants from metal-
induced oxidative damages (Schiitzendiibel et al. 2001;
Schiitzendiibel and Polle 2002). They are effective in binding
metal ions by formation of stable metal-PC complexes,
thereby reducing the intracellular concentration of free metal
ions (Cobbett 2000). Significant increases were observed in
the levels of various thiols including PCs, the activities of
enzymes of thiolic metabolism as well as arsenate reductase
in the C. demersum under As toxicity (Mishra et al. 2008).
Sulfur metabolism tightly regulates biosynthesis of PCs in
plants through the regulation of GSH and helps metal
sequestration (Thangavel et al. 2007). Sulfur is incorporated
into organic molecules in plants and is located in thiol (-SH)
groups in proteins (cys-residues) or non-protein thiols. Cd
exposure to Egeria densa (water weed) resulted in both a
formation of thiol-enriched Cd complexing peptides and a
synthesis of low-molecular-weight metal chelators. Two
Cd-binding fractions, a thiol-enriched fraction and a non-thiol
fraction with a lower molecular weight were identified in
extracts by gel filtration. The main fraction of thiol-contain-
ing polypeptide, purified by gel filtration and anion-exchange
chromatography had a molecular weight of 10 kDa. This
peptide was characterized by a broad absorption band specific
to mercaptide bonds and Cd-sensitive fluorescence emission
of aromatic amino acid residues (Malec et al. 2009).
Sulfonic acids, which contain S as SO33 ~ and are found in
glucose-6-sulfonate, cysteic acid and sulfolipids (Pilon-Smits
and Pilon 2000) are also playing a role in detoxification of
HMs. Sulfoquinovosyldiacyglycerol (SQDG), deacylation
product of sulpholipid, is a the predominant sulfur-containing
lipid present in plants. This sulfolipid is present in plastid
membranes and likely is involved in chloroplast functioning.
The route of biosynthesis and physiological function of sul-
foquinovosyl diacylglycerol is still under investigation.
Recent studies have provided the evidence showing that the
sulfite is the likely sulfur precursor for the formation of the
sulfoquinovose group of this lipid (Harwood and Okanenko
2003). Cd-induced a decrease in SQDG contents in B. napus
leaves, which was accompanied by a sharp increase in extra-
chloroplastic lipids (Youssef et al. 1998). Itis reported that Pb
treatment at various concentrations decreased SQDG in
leaves of T. triangulare (Kumar et al. 2012) and in leaves and
roots of wheat (Okanenko et al., 2003). It is possible due to the
competitive usage of sulfur for sulfur-containing Cys-rich
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peptides (PCs/MTs), protein synthesis and essential metab-
olites rather than for SQDG synthesis (Sato et al. 2000).

PC synthesis is induced by a variety of HMs (Schiitz-
endiibel and Polle 2002; Shaw et al. 2005; Mishra et al.
2008, 2009; Ahmad and Prasad 2012). The significant
increase in the activities of cysteine synthase, glutathione-
S-transferase (GST), GR and PCS were noticed in response
to Cd (Mishra et al. 2009). PCs link HMs, the complexes
formed with them are then transported to tonoplast which
transfers to the vacuole, where they get stored and detox-
ified from cells. An ABC-transporter, Hmtl, accepting
low-molecular-weight PC-HM complexes as substrate, has
been identified in Schizosaccharomyces pombe (Ortiz et al.
1995), and an MgATP-dependent transport activity for PC;
and PC3;-Cd complexes has also been demonstrated in
plants (Salt and Rauser 1995). This mechanism is charac-
teristic of many types of plants.

The PCS genes in wheat (Clemens et al. 1999) and in
Arabidopsis (Lee and Korban 2002) are regulated at the
transcriptional level. However, transcriptional regulation of
AtPCS1 in Arabidopsis is observed only during early
developmental stages, and it disappears as plants grow
older (Lee and Korban 2002). Molecular characterization
of PCS gene expression in transgenic Arabidopsis has
revealed its presence in leaves, roots, cotyledons and stems,
but not in root-tips or root hairs throughout all stages of
plant development (Lee et al. 2002). In an attempt to
understand the structural/functional organization of PCS,
Rutolo et al. (2004) conducted a limited proteolyses anal-
ysis of the Arabidobsis AfPCS1 enzyme followed by
functional characterization of the resulting polypeptide
fragments. Their results suggested that AfPCS1 is com-
posed of a protease-resistant, presumably highly structured,
N-terminal domain and flanked by an intrinsically unstable
C-terminal region. Sachiko et al. (2009) carried out point
mutations into the PCS by replacing Cys358, Cys359,
Cys363 and Cys366 residues with Ala and noted lower PCs
synthesis ability of mutant than the wild-type enzyme
(Sachiko et al. 2009). Furthermore, mutant PCS experi-
enced more damage than wild-type under oxidative con-
ditions which suggests the importance of Cys-rich region of
PCS for antioxidant activity. Zhang et al. (2010) studied
the relationship between PCs synthesis and Cd accumula-
tion in Cd-hyperaccumulator S. alfredii and suggested that
PCs do not detoxify Cd in roots but might act as the major
intracellular Cd detoxification mechanism in shoots like in
non-resistant plants (Zhang et al. 2010).

Conclusions and perspectives

The published literatures provide convincing evidence, as
presented above, suggesting the crucial roles of enzymatic
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and non-enzymatic antioxidants in different plants under
HMs stress. Non-enzymatic antioxidants include redox active
molecules, phenols and flavonoids. There is a lack of reports
on extensive molecular aspects of HMs influence on the redox
state of such compounds as such as glutathione, ascorbate,
pyridine nucleotides NAD(P)H and their redox couple GSH/
GSSG, AsA/MDHA and NAD(P)H/NAD(P)* in plants.
Much progress has been done on different aspects of PCs and
glutathione metabolisms and its related enzymes, taking into
consideration their significance in HMs uptake, distribution
and detoxification mechanisms in plants. But a number of
questions such as the regulation of thiols in SQDG metabo-
lism and molecular metabolic characterization of sulfur,
phenolics and flavonoids in economically important plant
species growing under the influence of various HMs are yet to
be answered. Further attention should be paid to the possible
involvement of fast and transient activation of signaling
component, MAPK, and other redox active systems in plants
with HMs accumulation ability and sensitivity should be
thoroughly investigated.
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Foliar Applied Nickel on Buckwheat (Fagopyrum
Esculentum) Induced Phenolic Compounds as
Potential Antioxidants

In this study, Fagopyrum esculentum (common buckwheat) sprayed with nickel (Ni) (0, 0.5,
1.0, 3.0, and 5.0 mM) for different duration has been investigated for Ni accumulation,

malondialdehyde (MDA), total phenolics, and phenolic acids?'. Ni accumulation sig-
nificantly increased in dose-dependent manner. Plants exposed for 72 h, showed visible
damages as chlorosis and irreversible necrosis. The MDA and total phenolic contents
increased at 24 h of Ni treatments. HPLC data revealed that phenolic acids are in good
correlation with concentration and durations of treatments. After 24 and 48h the
contents of chlorogenic, p-hydroxybenzoic, hesperetic, p-anisic, and caffeic acids
increased in Ni treated leaves. On the other hand, p-hydroxybenzoic, hesperetic, p-
anisic, p-coumaric, caffeic acids contents decreased after 72h of Ni exposure. Vanillic
and cinnamic acid followed same pattern and increased significantly at 3.0 and 5.0 mM

after 48 h of Ni exposure. It may suggest that buckwheat can be possible hyperaccu-
mulators of Ni, because of high Ni accumulation in tissues through foliar treatment.
Furthermore, the analyzed phenolic acids have potential role as antioxidants, which

Applied Science Weihenstephan-
Triesdorf, Weidenbach, Germany

provide tolerance to buckwheat against Ni treatment.

Keywords: Cellular protection; Heavy Metal; Hyperaccumulation; Malondialdehyde
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1 Introduction

The increasing levels of heavy metals (HMs) in the environment, their
bioavailability to plants and entry into the food chain are of major
health concerns [1]. Although nickel (Ni) is one of the essential
micronutrients, its excess exposure to plants can be toxic. Ni is
considered as a risk element due to its high worldwide bioavailabil-
ity [2-4]. Ni is emitted to the atmosphere from volcanoes, windblown
dusts, by combustion of fossil fuels, automobile exhausts and other
technogenic activities of human being [5-7]. Elevated Ni concen-
trations are measured in the soil, water, and air along the highways.
However, 20% of the total Ni presents in the atmosphere is associated
with traffic pollutions [8], which is of a global concern for health
risks.

Plant responds differently external concentrations of trace
elements. The effect of metalliferous substances on the surface of
leaves is an important aspect of scientific investigation where the
process of assimilation, dissimilation, and transpiration takes place.
Air contamination by Ni causes morphological, physiological, and
biochemical changes in plants [9] as well as compete with other

2+, Fe**, and Zn®" in the cells and caused ionic

cations such as Ca
imbalances [10]. Enzyme, glutathione, and phenolics activities might

play a central role in cellular protection against the Ni induced

Correspondence: Dr. O. Sytar, Department of Plant Physiology, Slovak
University of Agriculture in Nitra, Tr. A. Hlinku 2, 949 76 Nitra, Slovakia
E-mail: s-pi-t@hotmail.com

Abbreviations: HM, heavy metal; MDA, malondialdehyde; ROS, reactive
oxygen species
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oxidative stress. Proline contents proportionally increased with
the elevated Ni concentrations [11-13]. The toxic level of Ni in
endoderm and parenchyma cells blocks cell division and results
in the prevention of root branching [14]. Studies have reported a
good correlation between the content of Ni in soil and plant leaves
[15, 16]. Ni concentrations in leaves of different plant species grow-
ing in urban and sub-urban situation show a wide range of variation.
The toxic concentrations of Ni have been recorded as 16.2 ugg™ ' in
Quercus petraea in the national park of Fruska gora in Serbia and as
154 pgg ' in Tilia tomentosa. In Avala mountain (Serbia) Ni concen-
trations in Quercus petraea ranged from 2.9 to 7.0 ugg ' [5].
Phytoremediation is gaining global significance for remediation
of contaminants. Metal hyper-accumulating plants can accumulate
exceptionally high amounts of metals (thousands of ppm) in their
tissues. Hyperaccumulators are defined as species capable of
accumulating metals at unusually higher levels. In case of Ni this
value is about 10 000 ppm. So far, approximately 400 plant species
spread across 45 families have been reported as HMs hyperaccumu-
lator [17-19]. Fagopyrum esculentum (Moench) (common buckwheat,
Polygonaceae) is a crop plant and it has reported that common buck-
wheat can naturally accumulated up to 4.20 pg g~ ' of Pb in its shoot
[20]. This relevant finding qualifies this species as an excellent can-
didate for remediating Pb-contaminated soils [21]. Plants possess a
range of potential cellular mechanisms that may be involved in the
detoxification and tolerance of HMs stress [22]. Buckwheat, e.g.,
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secrets oxalic acid from the roots in response to Al stresses, and
accumulates non-toxic Al-oxalate in the leaves [19].

Literature data survey showed that there are no reports about
adaptations of buckwheat plants sprayed with foliar Ni. Salim et al.
[21] reported that foliar treatment analysis with Pb, Cd, and Cu
showed higher percentage of accumulation in aerial part of plants
in comparison to root treatment analysis. Therefore, we aimed to
analyze the effect of foliar treatment of different Ni concentrations
on visible symptoms and biochemical parameters with special
emphasis on the role of phenolic compounds and consequent oxi-
dative responses.

2 Materials and methods

2.1 Plant treatment

Seeds were germinated in the pots in the greenhouse for 14 days in
16/8 h photoperiod at 23°C at roughly 65% humidity. The exper-
iments were achieved in pots with 1L capacity and diameter of
pot was 14 cm. The four plants were growth in one pot. The soil
cambic chernozem without any nickel content was used in pot
experiments. After 14 days of planting, Ni was applied as foliar spray
at concentrations of 0.5, 1.0, 3.0, and 5.0 mM in the form of Ni(NO3),.
Plants treated with distilled water were referred as control. Young
seedlings were used in the study, because they can demonstrate a
stronger reaction to Ni stress. Leaves were separated from treated
plants after 24, 48, and 72h of exposure and washed with double
distilled water (DDW) and were used for the study of various
parameters. All experiments were set up in triplicate and each
replicate contained for plants in pots (six pots for one experiment).
Leaves were taken from each plant in each of the three experiments
for increase biological replication. Each extract from one biological
replicate was measured three times (analytical replication).

2.2 Quantification of Ni accumulation in plants
leaves

The leaves of Ni treated plants were separated, washed with DDW,
and oven dried at 80°C until complete dry. Dried plant (1.0g)
material was digested with 4 mL HNO3/HCIO, (3:1). The digested
material was dissolved in the 10mL of 0.1 N HNOj;. This solution
was analyzed for Ni content using atomic absorption spectropho-
tometer (240FS AA Fast Sequential AAS, Varian).

2.3 Lipid peroxidation assay (LP)

LP in leaves was determined by estimation of malondialdehyde
(MDA) content following Heath and Packer [23] with slight modifi-
cations. Plant material (0.2g of leaves) was homogenized in 3 mL
0.1 M Tris buffer containing 0.3 M NaCl. 2mL of 20% trichloroacetic
acid (TCA) containing 0.5% 2-thiobarbituric acid (2-TBA) and 2mL
20% TCA were mixed. The mixture was heated at 95°C for 30 min and
then homogenate was centrifuged at 10000x g for 5min.
Absorbance of the supernatant was taken at 532 and 632 nm. The
concentration of MDA was calculated using an extinction coefficient
(e=155mM 'cm ') and expressed in nmolg ' FW.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.4 Determination of total phenolics

Total phenolics were determined by using Folin-Ciocalteu reagent
[24]. Twenty milligrams powdered samples (freeze-dried) were
extracted for 10 min with 500 pL of 70% methanol at 70°C. The
mixtures were centrifuged at 3500 x g for 10 min and the super-
natants were collected in separate tubes. The pellets were re-
extracted under identical conditions. Supernatants were combined
and used for total phenolics assay and for HPLC analysis. For total
phenolics assay 20 pL of extract was dissolved into 2 mL of distilled
water. Two hundred microliters of dissolved extract were mixed with
1mL of Folin-Ciocalteu reagent (previously diluted tenfold with
distilled water) and kept at 25°C for 3-8 min; 0.8 mL of sodium
bicarbonate (75gL™") solution were added to the mixture. After
60min at 25°C, absorbance was measured at 765nm. The results
were expressed as gallic acid equivalents.

2.5 Analysis of hydroxycinnamic acid
derivatives

The leaves were harvested and frozen in liquid nitrogen for the
preventing of phenolic compound volatilization. Afterwards the
samples were lyophilized. Further, finishing the freeze-drying
process the material was grounded by flint mill (20000 x g,
2min). A total of 20 mg grounded samples from leaves suspension
were extracted for 15 min using 750 nL 70% methanol (v/v, pH 4.0,
phosphoric acid) in ultrasonic water bath on ice. Samples were
centrifuged for 5min at 6000 x g. The supernatants were collected
and the pellets were re-extracted twice more with 500 uL 70%
methanol. Coumaric acid or cinnamic acid (40 pL of 3 mM solution)
was added as internal standard to the first extraction. The com-
bined supernatants from each sample were reduced to near dry-
ness in a centrifugation evaporator (Speed Vac, SC 110) at 25°C.
Samples were added up up to 1mL with 40% acetonitrile. The
samples were filtrated using 0.22-pm filters, and then analyzed
with HPLC. The chromatography was performed using a Dionex
Summit P680A HPLC system with an ASI-100 auto sampler and a
PDA-100 photodiode array detector.

Extracts (10 pL) were analyzed at a flow rate of 0.4 mLmin ' and a
column temperature of 35 °C. A 30-min gradient program was used
with 1% v/v phosphoric acid in ultrapure water (eluent A) and of 40%
v[v acetonitrile in ultrapure water (eluent B) as follows: 0-1 min: 0.5%
B, 1-10 min: 0-40% B, 10-12min: 40% B, 12-18 min: 40-80% B, 18-
20min: 80% B, 20-24min: 80-99% B, 24-30min: 99-100% B. The
gradient program was followed by a 4-min period to return to
0.5% B and a 5-min equilibration period resulting in a total duration
of 39min. The eluent was monitored at 290, 330, and 254nm.
Phenolic acid quantity was calculated from HPLC peak areas at
290 nm against the internal standard.

2.6 Statistical analysis

The experiment was repeated at least three times. The mean val-
ues =+ standard deviations (SD) are reported in the figures. Significant
differences (p < 0.05) between control and Ni treatments were quan-
tified using analysis of variance (ANOVA - Duncan’s multiple tests,
SIGMASTAT, version-11.0). Different letters indicating significant
(p <0.05) difference between each treatment at a individual treat-
ment duration.
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Figure 1. Visual symptoms observation, chlorosis, in buckwheat leaves at 72 h under different concentrations of Ni treatment.

3 Results and analysis
3.1 Visible symptoms

Our study showed that under foliar Ni treatment chronic chlorotic
mottling of young leaves can be visible at only 72h of exposure
under Ni excess (Fig. 1). In all treated plants with different concen-
trations of Ni, especially 3.0 and 5.0 mM, the visible damages of
leaves has observed in the form of chlorosis and irreversible necrosis,
appear on leaf edges.

3.2 Ni concentrations in plant leaves

F. esculentum was found to be sensitive to Ni foliar effect. The Ni
accumulation in plant leaves showed significantly (p <0.05) dose-
dependent increasing compared to control (Fig. 2A). But interest-

140 -

105 -

70 [T

MDA contents (pmol g* fw) Ni accumulation (mg g'1 dw)

Ni concentration in nutrient media (mM)

Figure 2. Ni accumulation (A) and MDA content (B), marker of lipid perox-
idation, in buckwheat leaves treated with different Ni concentration for 24,
48, and 72h. All the values are mean of triplicates & SD. Different letters
indicating significant (p <0.05) difference between each treatment at a
individual treatment duration.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ingly in our experimental conditions, exposure periods were not
significantly affected on Ni accumulation levels in buckwheat leaves.
The Ni accumulation was increased to ca. 4.3-fold at 5.0mM in
comparison to 0.5mM Ni treated leaves at all treatment durations.

3.3 Lipid peroxidation

Lipid peroxidation is a biochemical marker for the free radical
mediated injury. Ni-induced lipid peroxidation in leaves of buck-
wheat was measured by the concentration of MDA produced, a
degradation product of membrane unsaturated fatty acid, that
reflects the extent of cell membrane damage in response to reactive
oxygen species (ROS) production. At 24 h of exposure under different
Ni concentrations have been showed dose-depended increasing of
MDA content which can evidence about Ni-induced toxicity. Ni
exposure with 5mM concentration the level of MDA content has
been increased (Fig. 2B) on 34% compared to control at 24 h. The MDA
content in buckwheat were increased insignificantly at 48h and
significantly (p <0.05) at 72 h in all Ni treated plant in comparison
to control, respectively.

3.4 Total phenolics content

In all experimental variants, different Ni treatments at 24 and 48 h
significantly (p < 0.05) increased the total phenolic contents (Fig. 3).
Ni treatment of 0.5, 1.0, 3.0, and 5.0 mM for 24 h were significantly

Total phenolic (mg g'l dw)

Ni concentration in nutrient media (mM)

Figure 3. Total phenolics content in buckwheat leaves treated with different
Ni concentration for 24, 48, and 72h. All the values are mean of
triplicates + SD. Different letters indicating significant (p < 0.05) difference
between each treatment at a individual treatment duration.
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Figure 4. Chlorogenic acid (A) and p-hydroxybenzoic acid (B) contents in
buckwheat leaves treated with different Ni concentration for 24, 48, and
72 h. All the values are mean of triplicates + SD. Different letters indicating
significant (p<0.05) difference between each treatment at a individual
treatment duration.

increased the phenolic contents by ca. 17, 24, 51, and 24% over
control, respectively. At 48h, total phenolics content at 0.5, Ni
exposure was significantly (p <0.05) increased by ca. 35, 10, 10,
and 14% in compared to control, respectively. At 72h of exposure
in all experimental variants total phenolic contents were almost at
control level.

3.5 Phenolic acids composition and content

In buckwheat, we analyzed the few phenolic acids viz. chlorogenic
acid (Fig. 4A), p-hydroxybenzoic acid (Fig. 4B), hesperetic acid (Fig. 5A),
p-anisic acid (Fig. 5B), p-coumaric acid (Fig. 6A), caffeic acid (Fig. 6B),
cinnamic acid (Fig. 7A), and vanillic acid (Fig. 7B). The quantity of
analyzed phenolic acids has been different during Ni exposure and
depended from Ni concentrations. In Ni treated seedlings, high
content of p-hydroxybenzoic, hesperetic, and p-anisic acids has been
observed over control. At 24-h exposure of 0.5, 1.0, 3.0, and 5.0 mM Ni
concentrations significantly (p <0.05) induced the chlorogenic acid
contents with 90.8, 140.6, 30, and 48% over control leaf, respectively
(Fig. 4A). Buckwheat seedlings treated with 0.5mM Ni at 48h
increased the chlorogenic acid content by 77.7% as compared to
control. But at 48 h of exposure, chlorogenic acid content back to
control level in variants after foliar treatment with solution 3.0 and
5.0 mM concentration of Ni. Than at 72h of exposure in all exper-
imental variants under effect of differ Ni concentrations (0.5
5.0 mM) content of chlorogenic acid back to control level.

Results of our study showed that at 24h of Ni exposure in all
treated plants the p-hydroxybenzoic acid contents were higher than
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Figure 5. Hespertic acid (A) and p-coumeric acid (B) contents in buck-
wheat leaves treated with different Ni concentration for 24, 48, and 72 h. All
the values are mean of triplicates & SD. Different letters indicating signifi-
cant (p < 0.05) difference between each treatment at a individual treatment
duration.
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Figure 6. p-Anisic acid (A) and Cinnamic acid (B) contents in buckwheat
leaves treated with different Ni concentration for 24, 48, and 72h. All the
values are mean of triplicates + SD. Different letters indicating significant
(p<0.05) difference between each treatment at a individual treatment
duration.
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Figure 7. Vanillic acid (A) and caffeic acid (B) contents in buckwheat leaves
treated with different Ni concentration for 24, 48, and 72 h. All the values are
mean of triplicates + SD. Different letters indicating significant (p < 0.05)
difference between each treatment at an individual treatment duration.

control (Fig. 4B). Significant (p < 0.05) increase in p-hydroxybenzoic
acid was observed at 0.5 (20.7%), 1.0 (47.6%), and 3.0 (41.3%) and 5.0
(38.3%) in comparison to control. On the other hand, at 48h of
exposure, p-hydroxybenzoic acid increase was 0.5 (16.7%) and 1.0
(45.4%) mM Ni in comparison to control, respectively. Ni treatment at
(3.0 and 5.0mM) the content of p-hydroxybenzoic acid was almost
equivalent to control. However, at 72-h exposure p-hydroxybenzoic
acid was on par with control level at 0.5 and 1 mM Ni, but decreased
by ca. 21 and 87% at 3.0 and 5.0mM Ni in comparison to control,
respectively.

HPLC results revealed that hesperetic acid, one of the hesperetin
metabolites, contents were increased only at 24 h in Ni treated plants
but the at 48 and 72h it was gradually decreased as the external
supplementation of Ni increased (Fig. 5A). The highest increase
(26.2%) in hesperetic acid content was observed at 0.5mM Ni in
comparison to control, which gradually declined to further concen-
trations and maintain an increased value of 4.3% at 5.0mM Ni at
24h, respectively. The visible changes in hesperetic acid among
treatment period have been shown under excess of Ni with concen-
tration 5.0 mM. At 48 and 72 h of 5.0 mM Ni, hesperetic acid content
was significantly decreased by 15.6 and 85.7% in comparison to
control, respectively.

The content of analyzed p-anisic acid in the experimental variants
of buckwheat seedlings have shown the same pattern of hesperetic
acid but at 48 h the p-anisic acid content were increased after treat-
ment with different Ni concentrations (Fig. 5B). At 24h of Ni
exposure at 0.5, 1.0, 3.0, and 5.0 mM Ni p-anisic acid contents were
significantly (p < 0.05) increased compared to control by 40.7, 36.7,
28.9, and 27.2%, respectively. But in contrast to hesperetic acid the p-
anisic acid contents were increased and ranged from 20 to 34% at
0.5-5.0mM Ni at 48 h of treatment. At 72h, the content of p-anisic

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Foliar Applied Nickel on Buckwheat Induced Phenolic Compounds 5

acid levels declined to control level, except for 5.0 mM Ni, where it is
significantly decreased by 49.9% in comparison to control. The
changes in content of p-anisic acid under Ni excess make evidence
about participation of this phenolic acid in defense reactions against
development of oxidative stress caused by Ni treatments. p-Coumaric
acid (Fig. 6A), caffeic acids, (Fig. 6B) cinnamic acid (Fig. 7A), and
vanillic acid (Fig. 7B) are representative of cinnamic acid derivatives
and were identified in control and Ni treated buckwheat leaves. The
p-coumaric acid declined in Ni treated buckwheat leaves at all treat-
ment durations, but significantly decreased at only 48 and 72h
(Fig. 6A). p-Coumaric acid gradually increased as the function of
external Ni treatment, which ranged between 22.2 to 33.3% at
48h and 29.4 to 57.4% at 0.5-5.0mM Ni at 72 h in respect to control,
respectively.

Similar to p-anisic acid, caffeic acid contents were also increased at
initial concentration and decreased at further concentration at 24 h
Ni treatments (Fig. 6B). While at 48 h of Ni exposure caffeic acid
contents were significantly (p <0.05) higher than the control level
but it is decreasing from 25 to 14.5% when the concentration
increased by 0.5-5.0mM Ni. Ni exposures for 72h decreased the
caffeic acid contents and bring it to on control level.

Cinnamic acid is a precursor in biosynthetic pathway of salicylic
acid signaling molecule [25]. An increase in cinnamic acid content
was observed at 24 and 48 h of Ni exposure, but the increased level
was not significantly different with control values (Fig. 7A). The
significant increase in cinnamic acid was observed at only 5.0 mM
at 48h and at 0.5mM Ni at 72h.

4 Discussions and conclusions

4.1 Discussions

Our results were suggested that 72h of different Ni treatment
caused leaf damage, interveinal chlorosis and spotting necrosis.
Similar responses have reported in tomato leaves after foliar Ni
treatments [26]. High Ni concentrations have toxic effect.
Significant changes in chlorophyll and antioxidative systems were
observed after 72 h after Ni treatment, which was correlated with the
accumulated Ni into the leaves [27]. Visible symptoms, chlorosis, and
necrosis, of Ni toxicity were, also reported in leaves of wheat [28] and
cabbage [29] on the third day of Ni treatment. Exposure of 500 uM Ni
to cabbage in sand culture led to increased accumulation of the
metals, induction of visible symptoms of metal toxicity and inhi-
bition of plant growth [29]. Despite all this physiological changes, all
plants survived, which could suggest there is a complex interference
of Ni with plant metabolism.

Obtained results represented that the Ni accumulation in the
tissues increased as the exogenous Ni concentration increased.
But interestingly, the Ni accumulation were concentration depend-
ent, the treatment duration has no significant effect on Ni accumu-
lation. The efficiency of metal uptake by plants depends on several
processes for aerial metal uptake by leaves and its translocation to
the different tissues. Results of Ni accumulation showed that buck-
wheat were accumulated considerable higher percentage of Ni in its
tissues. Usually, the amount of metal accumulation in plants
increased with the increasing external metal concentrations [21]
what we also observed in our experiment. Previous studies reported
that Brassica juncea, hyperaccumulator of various metal ions [30], was
accumulated 0.135mgg™' dw Ni at a given concentration of
100mgL~! [31]. The accumulation level of Ni in different species
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may vary. The plant having potential to accumulate more than
1mgg ! dw of Ni are considered as hyperaccumulator for Ni [32].
Salim et al. [21] has been showed that amount of taken HMs were
comparatively higher in foliar-treated plants than in root-treated
plants. Our experimental results showed that 1.0, 3.0, and 5.0 mM Ni
treated buckwheat was accumulated considerable higher than
1mgg ' of Ni in its leaves, which is supporting that buckwheat
plants can be a possible hyperaccumulators of Ni.

Continuous gradual increase of ROS, such as superoxide radical
(0;) and hydrogen peroxide (H»O,), formation in leaf tissues with
increase of Ni concentration induced accumulation of MDA |28, 33|.
Our results showed that the increase in the MDA represents the Ni-
induced oxidative stress resulting in peroxidation of membrane’s
lipids composition. Excess of Ni promoted ROS burst which resulted
in to lipid peroxidation and increased production of MDA [34].
Maximum MDA concentration was observed at 5mM Ni at 72h,
when total phenolic and phenolic acids contents were significantly
declined. On the other hand, at 0.25mM Ni at 24 h MDA content was
declined which were in good correlation with total phenolic and
some phenolic acids contents, suggested that level of lipid peroxi-
dation is in positive relation with antioxidative systems. It has been
reported that high concentration of Ni can result in increased ROS
and lipid peroxidation level in Salix acmophylla [35], wheat [27, 28, 33]
Vigna mungo [36], and Alyssum markgrafii [34].

During HMs stress phenolic compounds are act as metal chelators
and as well as scavenger of ROS molecules. Phenolics, especially
flavonoids and phenylopropanoids, are oxidized by peroxidase
and act in H,0, scavenging through phenolic/ascorbate/peroxidase
system. Their antioxidant action resides mainly in their chemical
structure [37]. It can suggest that phenolic contents have potential
role as antioxidants in buckwheat, which represent dynamics devel-
opment of adaptive reactions under Ni stress. We observed that at
24 h of exposure under Ni stress MDA content has been dose-depend-
ent increased. But the 5 mM Ni concentration had negative effect on
buckwheat leaves. Sgherri et al. [38] has showed than in Raphanus
sativus plants grown under copper (Cu) concentration showed the
increased phenolic acids as well as reduced ascorbate contents. The
increasing of phenolic compound contents has been observed in
wheat in response to Ni toxicity [39] and in maize in response to Al
[40]. Phyllantus tenellus leaves contained more phenolics than control
plants after being sprayed with Cu sulfate [39]. Higher accumulation
of soluble phenolics was also measured in leaves of the Cd-accumu-
lating Crotalaria juncea [41]. Cd at 3, 60, and 120 uM also caused
increase of soluble phenolics and PAL activity in chamomile roots,
but with lower intensity compared to Cu effects [42]. Thus it seems
that the responses of phenolic metabolism are metal-specific and
may reflect the different physical properties of metals.

Phenolic acids were known to play a role in the induction of
abiotic stress resistance [43]. Phenolics, particularly polyphenols
as opposed to monophenols, function as antioxidants to support
the primary ascorbate-dependent detoxification system as a backup
defense mechanism of vascular plants [44, 45]. Plant-derived flavo-
noids and phenolic acids showed inhibitory effects on MDA content
[46]. Therefore, we supposed that detailed HPLC analysis of phenolic
acids under Ni stress would be useful for getting new knowledge
about role of phenolic acids in Ni resistance.

Chlorogenic acid is an extremely widespread plant metabolite
that appears to provide protection against certain forms of stress
[47]. For example, chlorogenic acid is an important antioxidant in
plants, which can protects against lipid peroxidation [48]. In com-
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parison to Ramonda serbica [38] and Raphanus sativus [49], buckwheat
showed higher percentage of chlorogenic acid in its leaves. Ni treat-
ment for 24 and 48h increased the chlorogenic acid content, but
interestingly at 72h of treatment duration it decreased to control
level. Accumulation of chlorogenic acid in chamomile roots was at
24 h of Cu exposure also and in relation to concentration of metals.
Kovacik et al. have suggested about involvement of chlorogenic acid
in antioxidative protection in Cu treated Scenedesmus quadricauda
[50]. The spin-stabilizing metals, such as Ni, able produce effects
similar to Al, Zn, Cd, Mg, and Ca, all of which have been reported to
have the spin-stabilizing effects, stimulate lipid peroxidation
induced by the oxidized form of chlorogenic acid [51]. On the other
hand, the oxidized form of chlorogenic acid enhances lipid peroxi-
dation resulted in to oxidative stress [51]. Phenolic compounds have
been described as electron-donating agents [37], and therefore we
suppose that chlorogenic acid can act as antioxidants too. Moreover,
it has also been suggested that phenolics may act as biomarkers of
metal exposure [52].

Literature data shows that p-hydroxybenzoic acid increases the
impermeability of cell walls, leading to increase in the resistance
against biotic stress [43]. Biotic and abiotic stress factor can induce
development of oxidative reactions in plant and unspecific response
against stress has similar way in both cases. In our experimental
condition, the increasing content of p-hydroxybenzoic acid in all
concentration at 24 h and 0.5 and 1.0 mM Ni at 48 h have showed its
important role as the anti-oxidative metabolites against Ni-toxicity.
The biosynthesis of salicylic acid is catalyzed by benzoic acid 2-
hydroxylase and connected with p-hydroxybenzoic acid, which also
support its relation with other strong antioxidant [53]. It has been
reported that exogenous supplementation of p-hydroxybenzoic acid
was provided tolerance against drought stress in wheat plants [54].
On the other hand, p-hydroxybenzoic acid was the only phenolic
compound examined that failed to induce chilling tolerance in
young maize plants [43]. Therefore, it can be deduced that increased
p-hydroxybenzoic acid could considered as evidence about develop-
ment of tolerance response to excess Ni in buckwheat plants.

HPLC results revealed that hesperetic acid (3-hydroxy-4-methoxy-
cinnamic acid, Fig. 2B), one of the hesperetin metabolites, and p-
anisic acid contents were increased only at 24 h in Ni treated plants
but at 48 and 72 h it was gradually decreased as the external supple-
mentation of Ni increased. Especially high stimulation has been
observed under 5.0 mM Ni concentrations. It can suggest that stress-
ful effect of 5.0mM Ni on development of oxidative process in
buckwheat seedlings. It was reported that, hesperitin, taxifolin,
and naringenin exhibited appreciable antioxidant activities (61—
84%) and plays a protective role against dimethylbenz(a)anthracene
(DMBA)-induced oxidative stress [55]. Hsin-Ling et al. [56] reported
that hesperetin metabolites showed higher antioxidant activity
against various oxidative systems, including superoxide anion scav-
enger, reducing power and metal chelating effects, than that of
hesperetin [57]. The changes in content of p-anisic acid under excess
Ni provide evidence about the active role in defense reactions against
Ni treatments.

The changes content of p-coumaric acid content related to phe-
nolic acids accumulation in metal-treated plants are scarce. For
example, Tolra et al. [58] detected ferulic and p-coumaric acid in
Al-treated Rumex acetosela, but did not observe any significant
changes in them, indicating that they are not involved in Al detox-
ification mechanisms. In our experiment, the content of p-coumaric
acid showed dose-dependent reduction at 48 and 72h at all
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experimental treatments. We suppose that decreasing of p-coumaric
acid content is connected with its polymerization, which leads to the
formation of lignin. This is a usual process in plants, whereas
enhanced lignifications in both biotic and abiotic stress conditions
can serve as a barrier limiting metal/pathogen entry into tissue [59,
60]. In addition to lignin, suberin deposition may also retain metals
in the plant tissue and restrict apoplastic passage between cells [61].

Similar to p-anisic acid, caffeic acid contents were also increased at
initial concentration and decreased at subsequent concentration at
24-h Ni treatments, which further reduced and came up to the
control level at the 48 and 72h of Ni exposure. p-Hydroxybenzoic
acid and p-anisic acid are benzoic acid derivatives increased at 24 h of
exposure can provide evidence of their role in Ni detoxification.
Especially the content of p-anisic acid was high in buckwheat seed-
lings as compared to the content of other phenolic acids.
Furthermore, phenolic structures can function as metal chelators
[62] and phenolics can participate in ROS scavenging through per-
oxidases [38].

Cinnamic acid is a precursor in biosynthetic pathway of salicylic
acid signaling molecule [25] and significant increase in cinnamic
acid contents were observed at only 5.0 mM at 48 h and at 0.5 mM Ni
at 72 h. The tendency to increase cinnamic acid content has also been
observed in all treatment concentrations at 24h. The values of
cinnamic acid might be associated with salicylic acid metabolisms,
which play a defense response against Ni stress. Salicylic acid was
found to enhance the activities of antioxidant enzymes, CAT, per-
oxidase, and superoxide dismutase [63]. It has been reported that
cinnamic acid derivatives were increase in the Cd treated Erica
andevalensis [57]. Furthermore in our experimental conditions, their
quantities were less than other analyzed phenolic acids, but changes
in their contents have evidence about their role in adaptive reactions
in photosynthetic tissues under Ni treatments. Phenolic metabolites
have antioxidative properties due to the availability of hydroxyl
(OH") groups in the molecule. Hydroxylated cinnamates are more
effective than their benzoate counterparts [64].

In addition to the antioxidative properties of simple phenolics,
polymerization of p-coumaric, ferulic, and sinapic acids and their
respective alcohols are involved in lignin biosynthesis. The antiox-
idant and anti-radical activity of phenolic acids correlated positively
with the number of OH™ groups bound to the aromatic ring. The
strong antioxidative potential, scavenging of H,0, and DPPH' radical
activity was exhibited phenolic acids with three OH" groups bonded
to the aromatic ring in an ortho-position in relation to each other.
Phenolic acids with two OH" groups bonded to aromatic ring in the
ortho-position, such as caffeic acids, showed strong antioxidant and
antiradical activity [65]. It is possible to say that under Ni excess
mostly phenolics acids with higher number of OH" groups bonded to
the aromatic ring (two and more) showed significant changes at 24
and 48 h of Ni exposure. From identified phenolic acids in buckwheat
seedlings chlorogenic acid is a compound with more than two OH"
groups bonded to the aromatic ring. p-Hydroxybenzoic, hesperetic,
coumaric, vanillic, and caffeic acids are compounds with two OH™
groups bonded to the aromatic ring. p-Anisic acid is a benzoic acid,
the simplest aromatic carboxylic acid containing carboxyl group
bonded directly to benzene ring.

4.2 Conclusions

Common buckwheat is the first known Pb hyperaccumulator species
with high biomass productivity and we observed the same response
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against Ni treatment. Our results suggest that foliar treatment with
different high concentrations of Ni act on lipid peroxidation process
and induced changes in phenolic acids compositions. These bio-
chemical changes in buckwheat played an important role as non-
enzymatic antioxidative systems, which made buckwheat as a poten-
tial hyperaccumulator of toxic metals like Ni.
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HIGHLIGHTS

» Talinum triangulare in hydroponics was investigated for Lead (Pb) toxicity and tolerance biomarkers.
» Lead exposure resulted in oxidative stress in T. triangulare.

» Roots accumulated more Pb than stems, and below detectable level in leaves.

» Increased MDA and a-tocopherol, decreased GSH/GSSG ratio serve as biomarkers of Pb exposure.

» Lead toxicity reduced water transport and nutrient elements.
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Talinum species have been used to investigate a variety of environmental problems for e.g. determination
of metal pollution index and total petroleum hydrocarbons in roadside soils, stabilization and reclama-
tion of heavy metals (HMs) in dump sites, removal of HMs from storm water-runoff and green roof leach-
ates. Species of Talinum are popular leaf vegetables having nutrient antinutrient properties. In this study,
Talinum triangulare (Jacq.) Willd (Ceylon spinach) grown hydroponically were exposed to different con-
centrations of lead (Pb) (0, 0.25, 0.5, 0.75, 1.0 and 1.25 mM) to investigate the biomarkers of toxicity
and tolerance mechanisms. Relative water content, cell death, photosynthetic pigments, sulphoquinovo-
syldiacylglycerol (SQDG), anthocyanins, o-tocopherol, malondialdehyde (MDA), reactive oxygen species
(ROS) glutathione (GSH and GSSG) and elemental analysis have been investigated. The results showed
that Pb in roots and shoots gradually increased as the function of Pb exposure; however Pb concentration
in leaves was below detectable level. Chlorophylls and SQDG contents increased at 0.25 mM of Pb treat-
ment in comparison to control at all treated durations, thereafter decreased. Levels of carotenoid, antho-
cyanins, a-tocopherol, and lipid peroxidation increased in Pb treated plants compared to control. Water
content, cells death and elemental analysis suggested the damage of transport system interfering with
nutrient transport causing cell death. The present study also explained that Pb imposed indirect oxidative
stress in leaves is characterized by decreases in GSH/GSSG ratio with increased doses of Pb treatment.
Lead-induced oxidative stress was alleviated by carotenoids, anthocyanins, a-tocopherol and glutathione
suggesting that these defense responses as potential biomarkers for detecting Pb toxicity.

© 2012 Elsevier Ltd. All rights reserved.
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Oxidative stress
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1. Introduction metabolism and exhibit varied degrees of phytotoxicity including
adverse effects to photosynthesis (Tang et al., 2009). Lead accumu-

Lead (Pb) ranks second among all the hazardous heavy metals lation in different parts of plant is not only depends upon the exog-

(HMs). Majority of the emissions to the environment are from met-
allurgy (mining, smelting, metal finishing and combustion of coal),
energy production (gasoline, battery and power plants), fertilizers,
pesticides, lead-containing paints, explosives, microelectronics,
sewage sludge and waste waters (Sharma and Dubey, 2005; Sengar
et al., 2008; Bindu et al., 2010). Lead is a non-essential for plant

* Corresponding author. Tel.: +91 40 23011604; fax: +91 40 23010120/145.
E-mail address: mnvsl@uohyd.ernet.in (M.N.V. Prasad).

0045-6535/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.chemosphere.2012.05.070

enous concentration, but also on the phytochemistry and soil
physico-chemical conditions (Reddy et al., 2005; Mishra et al.,
2006).

Excess Pb in plant cells cause molecular damage either directly
or indirectly through the formation of reactive oxygen species
(ROS) such as hydrogen peroxide (H,0;), hydroxyl radical (OH")
and superoxide radicals (O,) (Sharma and Dubey, 2005; Sengar
et al., 2008; Wang et al., 2010; Pourraut et al., 2011). The ROS
changes membrane structure and function by attacking on the
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polyunsaturated fatty acid of membrane lipids, initiating lipid per-
oxidation and altered cell biochemical activities (Reddy et al.,
2005; Sun et al., 2010; Maldonado-Magaifia et al., 2011). As a
non-redox active metal, Pb can replace essential metals or cofac-
tors at enzyme active site causing imbalance in cellular redox sta-
tus. Plants exposed to Pb showed changes in photosynthetic rate
due to distortion of chloroplast ultrastructure, impairments of
chlorophyll synthesis, imbalance in plastoquinone, reduced miner-
als uptake and obstructed electron transport (Sharma and Dubey,
2005; Sengar et al., 2008; Cenkci et al.,, 2010; Pourraut et al.,
2011) Chlorophylls and total carotenoid are considered as simple
and reliable indicators of Pb-induced phytotoxicity in higher plants
(Krupa et al., 1996). ROS production in higher plants not only af-
fects the chlorophylls but also changes the lipids such as sulpho-
quinovosyldiacylglycerol (SQDG) compositions. SQDG is the
deacylation product of sulpholipid and comprises up to 24% of
the four major chloroplast lipids. In higher plants approximately
40% of the thylakoid SQDG was tightly associated with LHC II (Har-
wood and Okanenko, 2003). SQDG is implicated in regulation of
light energy distribution between the two photosystems via the
phosphorylation of the mobile antennae (Larsson and Andersson,
1985).

Plant cells are protected against ROS by enzymatic and non-
enzymatic antioxidative defense systems. Non-enzymatic antioxi-
dative system, involves carotenoids, phenols, flavonoids and glu-
tathione etc., are known to play an important role in scavenging
ROS. Anthocyanins (in vacuole) and o-tocopherol (membrane
associated) are major secondary metabolites found in the plants
against oxidative stresses (Araceli et al., 2009; Hernandez et al.,
2009). Their antioxidant activities are due to by capturing free
radical ions by donation of phenolic hydrogen atoms and protect
the plant cells from adverse effects of abiotic stresses (Hernandez
et al., 2009). Another important property of anthocyanins is that
they react with alkaloids, other flavonoids, organic acids, biomol-
ecules and metals forming complexes and stabilizing the color in
plants (Araceli et al., 2009). The most active form of vitamin E is
a-tocopherol, which is capable of scavenging free oxygen radicals
and lipid peroxides. It has been reported that abiotic stress factors
might alter tocopherol levels in plant tissues (Collin et al., 2008;
Yusuf et al., 2010). In addition to flavonoids, glutathione is widely
distributed in living cells and the oxidized form of glutathione
(GSSG) is readily converted in to reduced form (GSH) by the
enzyme glutathione reductase (GR) (Wang et al, 2010;
Maldonado-Magafia et al., 2011). The tripeptide GSH (y-Glu-
Cys-Gly) is playing a key role in scavenging ROS and protecting
membrane to damage by these free radicals. In plant cells, metal
detoxification mechanisms involve synthesis of the phytochelatins
(PCs), and specific metal binding ligands (Gupta et al., 1995, 1999;
Mishra et al., 2006; Anjum et al., 2012).

Talinum triangulare (Jacq.) Willd (Ceylon spinach, Talinaceae) is
a terrestrial succulent herbaceous plant is widely used, as orna-
mental and green leafy vegetable, in India, Africa, America and Ara-
bia (Nyffeler and Eggli, 2010). It can be propagated through stem
cuttings in hydroponic media (Kumar and Prasad, 2010). The
extensively produced adventitious roots of plants are having the
potential to absorb toxic substances from aqueous media. Plants
that accumulate metals from contaminated media are useful for
risk assessment studies of toxic metals (Gupta et al., 1995, 1999;
Reddy et al., 2005; Tang et al., 2009). T. triangulare are reported
to accumulate HMs from dump sites including green leachates
and storm water runoff from (Rajkumar et al., 2009; Uwabh et al.,
2009; Aitkenhead-Peterson et al.,, 2011). In hydroponic experi-
ments it produces adventitious roots and shoots that are conve-
nient to harvest and for further analysis. Hydroponics are
advantageous over soil (in pot culture) since the roots directly ex-
posed to water and the plant metal interactions are direct without

any interference. Thus, in hydroponics, plant roots exhibit true re-
sponses of Pb toxicity.

Lead toxicity and tolerance on various biological parameters
have been investigated in a number of experimental model sys-
tems (Table S1). We investigated Pb-induced toxicity and tolerance
biomarkers in T. triangulare in terms of oxidative damage and asso-
ciated ROS production and elemental analysis by energy-dispersive
X-ray spectrometer to provide insight on Pb-toxicity defense strat-
egies and associated indicative biomarkers.

2. Materials and methods
2.1. Plant description

T. triangulare is a succulent herb that grows in shallow soil in
rocky outcrops. Plants required for these experiments were col-
lected from field gene bank, University of Hyderabad, India. T. tri-
angulare was propagated through stem cuttings (30-50 mm
diameter and 16-20 cm height), which gives extensive adventi-
tious roots, leaves and vegetative propagules in hydroponic media
under laboratory conditions in about three weeks (Kumar and
Prasad, 2010).

2.2. Pb treatment in hydroponic experiment

Excised stem cuttings of T. triangulare were placed in conical
flask containing 100 mL of modified Hoagland’s media in plant
growth chamber at 16/8 h d/night and at 28 +2 °C, (Hoagland
and Arnon, 1950). Phosphate and sulfate were replaced by chloride
and nitrate and the pH of the modified solution was maintained at
4.8 to avoid the precipitation of nutrient media. The nutrient media
was replaced every 3 d to provide a fresh dose of nutrient ele-
ments. After 3 weeks of acclimatization, uniform stem cuttings
with adventitious roots and leaves were selected and treated sep-
arately with Pb(NOs), at different Pb concentrations of O (control),
0.25, 0.5, 0.75, 1.0 and 1.25 mM and maintained under above con-
ditions. Roots, leaves and stems were separated from treated
plants after 1, 3, 5 and 7d were used for the study of various
parameters. All the treatments were repeated at least three times.

2.3. Quantification of Pb accumulation in plant

Metal treated plants roots were washed thoroughly with 0.1 M
HNO; to remove metals adsorbed to the surface. Roots, stems and
leaves were separated and oven dried at 80 °C for 2 d. Dried plant
materials were acid digested with 4 mL of HNO5/HCIO,4 (3:1 v/v)
and the digested material was dissolved in the 10 mL of 0.1 N
HNOs. This solution was analyzed for Pb content using atomic
absorption spectrophotometer (GBC 932 plus, Australia).

2.4. Detection of relative water content (RWC)

Plant leaves were freshly weight (FW) and were kept in water at
4 °C for 2 h to know turgid weight (TW). After that leaves were
oven dried at 60 °C till completely dry followed by the estimation
of dry weight (DW). The relative water content (RWC) was calcu-
lated using RWC (%) = [(FW — DW/TW — FW)] x 100 (Gao et al.,
2010).

2.5. Detection of cell death

To determine changes in viability of cells after Pb treatment,
0.1 g of freshly harvested leaves were stained with 0.25% (w/v)
aqueous solution of Evans blue for 15 min (Baker and Mock,
1994). After washing with miliQ water for 30 min, leaves were
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excised and soaked with 3 mL of N,N-dimethylformamide for 1 h at
room temperature. The absorbance of released Evans blue was
measured at 600 and 652 nm and was expressed as Aggo after cor-
rection for chlorophyll.

2.6. Photosynthetic pigments estimation

Extraction and estimation of chlorophyll and carotenoid con-
tents were carried out by the method of Arnon (1949) and Duxbury
and Yentsch (1956), respectively. T. triangulare leaves (0.1 g) were
ground in 5 mL chilled 80% acetone in dark. After centrifugation at
5000g for 10 min at 4 °C, absorbance of supernatant was taken at
480, 645 and 663 nm.

2.7. Sulphoquinovosy! diacylglycerol estimation

Plant leaves (0.2 g) were homogenized with 0.5 g glass powder
and 0.5 g Na,(SO,4). The homogenate was transferred to a glass col-
umn and 3 mL acetone was added for filtration. To the filtrate 1 mL
hexane: benzene (4:1 v/v) and 2 mL H,0 was added and centri-
fuged at 5000 g for 5 min at room temperature (RT). After centrifu-
gation 1 mL of the bottom layer was added to 1 mL of 0.01% azure
(prepared in acetone) and 2 mL benzene, and again centrifuged at
5000g for 5 min at RT. The upper layer was collected and absor-
bance was measured at 610 nm. The calculation of SQDG was
based on the standard curve of sodium dodecylsulfate according
to Kean (1968).

2.8. Anthocyanins estimation

Anthocyanins were extracted from 0.5 g of leaves with 10 mL of
mixture of n-propanol:HCI:H,0 (18:1:81, v/v/v). The samples were
heated in boiling water bath for 30 min and then they were incu-
bated for 24 h in the dark at 4 °C. Extracts were filtered and absor-
bance was taken at 535 and 650 nm. Anthocyanins contents were
calculated according to Lange et al. (1971) and Bette and Kutschera
(1996) and were expressed as Asss g~ ! fresh weight after correction
for chlorophyll: A535 =A535 —0.22 x A550.

2.9. a-Tocopherol estimation

Concentration of o-tocopherol was measured in leaves as
described by Szymafiska and Kruk (2008) with some modifications.
Fresh leaves (1 g) were homogenized in mortar with 20 mL of ice
chilled methanol (HPLC grade). The extracts were centrifuged at
10000g for 15 min at 4 °C. The supernatant were collected and
was filtered through 0.2 pm millipore filter and the filtrate was
stored in ice in dark. The o-tocopherol content in filtrate was
determined by using High Performance Liquid Chromatography
(HPLC) with a C;g reverse-phase column (250 x 4.60 mm, 5 pm
Phenomenax, UK) at a flow rate of 1 mL min~!, using isocratic sol-
vent system of methanol: ethyl acetate (1:4 v/v) as an eluant.
Thirty microliters of the samples were injected by a microliter
syringe and o-tocopherol content was quantified by UV-visible
detector system at 295 nm (LC-10 AT VP Shimadzu, Japan). Peak
identification of analyzed leaf extract was performed by comparing
with the retention time of standard o-tocopherol. Chromatogram
peak area of leaf sample was integrated and the concentration of
a-tocopherol was calculated with regard to the area of the corre-
sponding standard o-tocopherol.

2.10. Lipid peroxidation and ROS estimation
Lipid peroxidation in leaves was determined as a function of

malondialdehyde (MDA) content following the method of Heath
and Packer (1968) with slight modifications. Leaves (0.2 g) were

homogenized in 3 mL 0.1 M tris buffer containing 0.3 M NaCl. After
that 2 mL of 20% trichloroacetic acid (TCA) containing 0.5% 2-thio-
barbituric acid (TBA) and 2 mL 20% TCA. Mixture was heated at
95°C for 30min and then homogenate was centrifuged at
10000g for 5 min. Absorbance of the supernatant was taken at
532 nm. MDA was calculated by using extinction coefficient of
155 mM~' cm™'. Level of ROS, hydrogen peroxide (H,0,), in leaves
of T. triangulare treated with 0, 0.25 and 1.25 mM of Pb was deter-
mined by 5 uM 2’,7’-dichlorodihydrofluorescein diacetate (DCFDA)
dye with using confocal microscope (Leica TCS SP2 AOBS Micro-
scope, Germany) at 480 nm excitation and 520 nm emission
wavelengths.

2.11. Glutathione estimation

Fresh leaf (0.5 g) was ground in 4 mL of 0.1 M sodium phos-
phate-EDTA buffer (pH 8.0) containing 25% HsPOs. The homoge-
nate was centrifuged at 15000g for 20min at 4°C. In
supernatant total glutathione (GSH and GSSG) content was deter-
mined fluorometrically after 15 min incubation with o-phthaldial-
dehyde (OPT) (Hissin and Hiff, 1976). Fluorescence intensity was
measured at 420 nm after excitation at 350 nm on a FluoroMax 3
fluorescence spectrophotometer. Total GSH and GSSG in leaves
were calculated from the standard curve.

2.12. Elemental analysis by energy dispersive spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) is an analytical
technique used for the elemental/chemical analysis of specimen.
A thin transverse section of leaves treated with 0, 0.25 and
1.25 mM of Pb were prepared. Sectioned tissues were dehydrated,
mounted on aluminum stubs, coated with gold-palladium and ele-
mental analyses were done with EDS (Oxford instruments) coupled
with field emission scanning electron microscope (FESEM, Ultra
55-Carl Zeiss) and wavelength dispersive X-ray spectroscopy
(WDS, Oxford instruments). The EDS analysis was carried out with
INCA analyzer software at an operating voltage of 20 KV and work-
ing distance of 8.5 um.

2.13. Statistical analysis

The experiment was repeated at least three times. The mean
values * standard errors (SE) are reported in the figures. Significant
differences of these data were calculated using analysis of variance
(ANOVA-Duncan’s multiple test, SIGMASTAT 9.0). P values < 0.05
were considered significantly different and denoted by different
letters.

3. Results
3.1. Lead accumulation in plant

T. triangulare was found to be sensitive to Pb exposure and the
Pb accumulation was calculated in tissues on dry weights (dw) ba-
sis. When the T. triangulare cuttings were raised under increasing
concentration of Pb, the Pb accumulation in plant parts increased
significantly as compared to control (Table 1). Roots were the main
accumulation site as they absorbed much higher quantities
(19.9 mg g ' dw) than stems (2.67 mg g ' dw) while in leaves, Pb
accumulation has been observed below detectable limit after 7 d
of treatment.
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Table 1
Lead accumulation in roots and stem of T. triangulare grown for 7 d in different doses
of Pb(NOs),.

Pb concentration (mM) Concentration of Pb taken up by plant (mg g~! dw)

Roots Stem
0 ND ND
0.25 314403 0.81 £0.04°
0.50 7.85+1.2° 1.18 £0.28%
0.75 13.5+1.4° 1.70 £0.17°
1.0 15.5 + 1.6 1.88 +0.16¢
1.25 19.9+0.9¢ 2.67 £0.07¢

In a column, means followed by different letter(s) are significantly differ (P < 0.05)
according to DMRT.
ND: not detectable.

3.2. Lead-induced changes in relative water content

Relative water content in the leaves of T. triangulare, after 7 d of
Pb treatment, decreases gradually (Fig. 1). RWC significantly de-
creased by 6.33% at 0.25 mM to 19.6% at 1.25 mM of Pb, respec-
tively in comparison to control. The water imbibition rates also
decreased steadily with increasing Pb concentration.

3.3. Lead-induced cell death

Pb-induced oxidative damage in T. triangulare leaves were con-
firmed by the staining with Evans blue (Fig. 1). A dose-dependent
response for cell death was also evident for treatments with differ-
ent concentrations of Pb. There was no significant difference with
control in 0.25 mM Pb treated plant leaf. Evans blue accumulation
in leaf was significantly increased maximum by 137% at 1.25 mM
Pb treatment in respect to control.

3.4. Lead-induced changes in photosynthetic pigments

The chlorophylls concentrations showed an inverted U-shaped
curve with the increasing Pb concentrations after 1 d of treatment
period. Chlorosis of leaves was observed after 5 d at higher Pb con-
centrations, which was further increased with subsequent treat-
ment period. In leaves decreased chlorophylls and carotenoid
concentrations were observed at higher concentrations (0.75, 1.0
and 1.25 mM) of Pb. The highest concentration of Chl g, b and total
chlorophyll were found at 0.5 mM after 1 d and at 0.25 mM after 3,
5 and 7 d of Pb treatment. Contents of Chlorophyll a, b and total
chlorophyll were significantly (P < 0.05) increase by 17%, 37%

0.7 +

0.6 T

04 4

03

Evans Blue (As00)

02+

and 24% over control at 0.50 mM of Pb after 1 d, respectively. After
7 d at 1.25 mM of Pb concentration, there were ca. 19%, 8% and
14.8% decrease in Chlorophyll a, b and total chlorophyll in compar-
ison to control, respectively (Fig. 2A). On the other hand, the carot-
enoid contents were significantly different (Duncan’s multiple test,
P < 0.05) at 0.25, 0.5 and 0.75 mM Pb among all treatment periods
in comparison to control. After 1 and 3 d of treatment at 0.5 and
0.25 mM of Pb, carotenoid content was significantly increased up
to 26% and 40% in comparison to control, respectively (Fig. 2B).

3.5. Lead-induced changes in SQDG concentration

The SQDG concentration significantly (P < 0.05) increased at
0.25, 0.5 and 0.75 mM and decreased at 1.0 and 1.25 mM of Pb
treatment in comparison with control after 1 d (Fig. 3). The tenden-
cies to decrease the SQDG concentrations were observed at 1.0 and
1.25 mM of Pb after all treatment periods. However, after 5 and 7 d
the SQDG concentration showed dose-dependent reduction at
higher concentration of Pb. After 1d at 1.0 and 1.25 mM of Pb,
SQDG concentrations were decreased and at control level, but in
the subsequent period increase in SQDG concentrations have been
observed. After 7 d SQDG concentrations at 0.75, 1.0 and 1.25 mM
of Pb significantly (P < 0.05) decreased to ca. 119%, 226% and 212%
in comparison to control, respectively, but with 0.5 mM of Pb con-
centration decreased to ca. 85%, 176% and 164%, respectively

(Fig. 3).

3.6. Lead-induced changes in anthocyanins concentration

In our experiment, anthocyanins accumulation was higher at
0.25 mM of Pb compared with control after all treatment periods
(Fig. 3). In comparison to control 1.7 fold reductions in anthocya-
nins have been observed at 1.25 mM of Pb treatment after 1 d.
But interestingly after 7 d of Pb exposure, anthocyanins were in-
creased and almost at the control level. Significant (at 0.25 mM
of Pb) and insignificant (at 0.5-1.25 mM of Pb) increases in antho-
cyanins were observed after 3 d of treatment periods. The concen-
trations of anthocyanins were (significant, P < 0.05) increased at
0.5 and 0.75 mM of Pb treatment after 5 and 7 d of treatment
period. Lead induced an intense anthocyanins accumulation, espe-
cially after the seventh day of treatment. The maximum concentra-
tions of anthocyanins were observed at 0.5 and 0.75 uM of Pb and
were 1.7 and 1.6 fold increased than control, respectively (Fig. 3).

E=m Evans Blue —@—RWC T 50

Relative water content (%)

0 0.25 0.5
Pb concentration in nutrient media (mM)

0.75 1 1.25

Fig. 1. Relative water content and cell death measurement in T. triangulare leaf after 7 d of lead treatment. All the values are mean of triplicates + SE. ANNOVA significant at

P < 0.001. Different letters indicate significantly different values (P < 0.05).



1060

(A) 30
25

20 1

a

L

10

a

Chlorophylls (ing g'dw)

wn
I

. Kumar et al./Chemosphere 89 (2012) 1056-1065

—0—Chl a —a— Chlb —4— Total Chl

14

Carotenoids (ing g dw)
=

2

wy (W

(=3

3d

‘ —

5

wy <
o~
—

Pb concentration in nutrient media (mM)

Fig. 2. Concentrations of chlorophyll a, chlorophyll b and total chlorophyll (A) and carotenoids (B) in T. triangulare after treated with lead. All the values are mean of
triplicates + SE. ANNOVA significant at P < 0.001. Different letters indicate significantly different values (P < 0.05).

20 T
16 4 cd .
be, be
b be
12+ b

SQDG concentrtion (mg g’ fw)

vy
o~
L=

0.75

vy
o~
=

ln]
o

0.75
1.25

3

f= 5

—
3
=]

ay

SQDG —e— Anthocyaning TO5
g
o
L]
5
v 2
a -
Y an
n
g 2
54
&
a
:

Fh concentrtion in nutrient medium (mIVI)

Fig. 3. Sulphoquinovosyl diacylglycerol (SQDG) concentration and accumulation of anthocyanins in leaves of T. triangulare treated with lead. All the values are mean of
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3.7. Lead-induced changes in o-tocopherol concentration

The HPLC analysis of leaf extracts were identified by compari-
son of retention time and UV absorption spectra with those ob-
tained for corresponding standards. Peaks were observed at
3.42 +0.025 min for o-tocopherol (Fig. 4 inset). Results showed

that the o-tocopherol content gradually increased in treated plants
compared to control. But after 7 d significant (P < 0.05) increase in
the o-tocopherol level has been observed at higher (0.75-
1.25 mM) doses of Pb. The levels of increased a-tocopherol ranges
between 1.2 and 2.2 fold at 0.25-1.25 mM of Pb in comparison to
control (Fig. 4).
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3.8. Lead-induced lipid peroxidation and ROS production

Experimental results of MDA estimation, an indicator of lipid
peroxidation, showed that the MDA concentrations were signifi-
cantly (P < 0.05) increased than control after Pb treatment and
were directly related to the treatment concentrations. MDA con-
centration in leaves increased after 7 d due to Pb toxicity and the
magnitude of elevation ranged from 1.4 to 2.1 folds at 0.25-
1.25 mM of Pb compared to respective controls (Fig. 4). Seven days
of Pb treatment prompted a greater increase in the level of MDA at
1.25 mM and was 1.5 fold increased compared to 0.25 mM of Pb
exposure. Pb-induced production of ROS was quantified by DCFDA
staining (Fig. S1). A dose-dependent response for ROS production
was observed and the level of ROS was higher in plant treated with
1.25 mM of Pb than the plant treated with 0.25 mM of Pb.
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3.9. Lead-induced changes in glutathione

The level of reduced (GSH) and oxidized (GSSG) glutathione di-
rectly point towards the induction of oxidative stress by Pb (Fig. 5).
GSH content in plant leaves were found to increase at all Pb treat-
ment except that 1.25 mM of Pb. The level of GSH was not signifi-
cantly affected at 0.25 and 1.25 mM of Pb. GSH level showed a
maximum value at 0.50 mM of Pb which was about 72% higher
than control. GSH content depleted with maximum of ca. 12.5%
in plant treated with 1.25 mM of Pb (Fig. 5). On the other hand,
GSSG level was found to gradually increased at concentration in
comparison to control. Maximum GSSG content was found at
1.25 mM which was ca. 172% higher than control. However, the ra-
tio of GSH to GSSG significantly decline and was inversely related
to the Pb treatments.

- 16

MDA Concentration (umol g’ fw)

0 0.25 0.5

0.75 1 1.25

Pb concentration in nuirient medium (mM)

Fig. 4. a-Tocopherol and malondialdehyde (MDA), as a measure of lipid peroxidation, concentrations in leaves of T. triangulare treated with lead. All the values are mean of
triplicates + SE. ANNOVA significant at P < 0.001. Different letters indicate significantly different values (P < 0.05). In inset, chromatograms of o-tocopherol: (A) treated leaf

extract (B) standard solution.
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Fig. 5. Levels of reduced (GSH) and oxidized (GSSG) glutathione in the leaves of T. triangulare treated with lead. All the values are mean of triplicates + SE. ANNOVA significant

at P < 0.001. Different letters indicate significantly different values (P < 0.05).
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3.10. Elemental analysis by EDS

Results of energy dispersion spectroscopy give the atomic or
chemical characteristics of analyzed tissue. As a first barrier to
metals toxicity, most plants accumulate metals and nutrients in
the roots and restrict its transport to the shoots and leaves. Micro-
analysis of elements was performed at the same site in 0, 0.25 and
1.25 mM of Pb-treated plant samples. In all sample the Pb concen-
tration was below the EDS detectable limit (Fig. 6). The other ele-
ments such as oxygen (O), potassium (K), magnesium (Mg),
chlorine (Cl), sodium (Na), silicon (Si) and copper (Cu) were also
detected in leaf tissues (Fig. 6). In analyzed sample, O and K were
contributed as major elements. Trace elements include Mg, Cl,
Na, Si, Cu and Ca. X-ray microanalysis of untreated samples
showed high spectral peak for all elements, except for O, in com-
parison to treated (at both 0.25 and 1.25 mM of Pb) plant. Only cal-
cium (Ca) was observed in leaf sample treated with 1.25 mM of Pb
(Table S2). Qualitative percentage composition analysis revealed
that the percentages of all elements were decreased in both treated
plant leaves except O which was increased in Pb treated plant
leaves.

(A)

keV

Fig. 6. Energy dispersive X-ray spectral line profile of a transverse section of T.
triangulare leaf, control (A), 0.25 mM Pb (B) and 1.25 mM Pb (C). Percent weight
elemental composition of the imaged area for the Talinum leaf sample using SEM/
EDS.

4. Discussion

In the present study, the Pb accumulation in the tissues in-
creased as the exogenous Pb concentration increased. The effi-
ciency of metal uptake by plants depends on several processes
for metal uptake by roots and its translocation from root to the
shoot. Roots absorbed high amount of Pb than stem (Table 1). Prob-
st et al. (2009) also reported that Vicia faba roots absorbed more
metals than stems and leaves. The order of metal accumulation
was root > leaf > stem for all HMs except for Pb and Cd where the
order was root > stem > leaf for Vicia faba (Probst et al., 2009). This
order in different species may vary. In our experimental system, no
Pb was detected in the leaves of treated plants. Lower intensity of
Pb in the stems (Table 1) and below detectable limit in leaves of Pb
treated plants confirmed the decreased translocation of Pb within
the plants. It is confirmed by Tian et al. (2011) that Pb is rather
immobile within the plants, and accumulated mostly in the vascu-
lar bundles of the plant tissues and it could not re-translocated in
the tissues even after treatment with a metal chelating agent i.e.
EDTA (ethylenediaminetetraacetic acid). The immobilization of
Pb*? on T. triangulare leaves could represent a new and attractive
characteristic for the development of phytoremediation strategies
requiring that the large amount of the toxic substances remain
tightly bound to plant tissues. In our experimental system Pb bio-
accumulation in roots and stems through Hoagland’s solution rep-
resents the Pb accumulation capacities of T. triangulare that are
almost equivalent to those of efficient root accumulators of HMs
like Lathyrus sativus (Brunet et al., 2008), and Brassicae juncea
(Meyres et al., 2008) or less than Sedum alfredii (Tian et al.,
2011). It is found that hydroponically cultivated adventitious roots
of several terrestrial plants were used for rhizofiltration, a process
used for absorbing or precipitating toxic metals effectively from a
polluted site (Dushenkov et al., 1995). Adventitious roots of Tali-
num plants have the potential to absorb HMs and might be useful
for a new rhizofiltration system.

Relative water content in HM stressed plants is an indicator of
phytotoxicity. HMs generally causing a loss of leaf water potential
than in non-treated plants (Prasad, 1997; Gao et al., 2010). The re-
sults showed that Pb caused phytotoxicity to the plants, which was
evidenced by the significant decrease of water content in treated
leaves. In the present experiment, RWC decreased with increasing
Pb concentrations, and this could be due to decreased water uptake
and transport from root to leaf. The damage of membrane integrity
was detected by uptake of a non-permeable dye (Evans blue) into
the leaf cells, which has been used as an indicator of cell death.
Evans blue staining showed that Pb is able to cause death of plant
leaf cells. This could be possible due to decline in water content
and decrease in nutrient elements contents in leaf of treated plants
in comparison to control.

Lead exerts adverse effects on the morphology, growth and pho-
tosynthetic processes of plants (Sharma and Dubey, 2005; Sengar
et al., 2008; Cenkci et al., 2010; Pourraut et al., 2011). In our exper-
iments we observed that the lower concentrations of Pb (0.25 and
0.5 mM) significantly increasing the chlorophylls content over the
control at all duration (Fig. 2A). Exposure of low concentration of
Pb has an opposite effects on high concentration exposure. In some
cases, lower concentrations stimulate metabolic processes and en-
zymes involved i.e. photosynthesis and enzymatic activities and
long term exposure reduced leaf growth, decreased photosynthetic
pigments (Parys et al., 1998). Inhibition of the photosynthetic pig-
ment biosynthesis is one of the primary events in plants during
HMs stress and decreases in photosynthetic pigment content have
also been reported in many plants under Pb stress (Shakya et al.,
2008; Cenkci et al., 2010). It was suggested that HMs could inter-
fere with chlorophylls biosynthesis either through the direct
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inhibition of enzymatic steps or through the substitution of the
central Mg ion (Sengar et al., 2008; Cenkci et al., 2010; Pourraut
et al., 2011). Carotenoid serves as antioxidant against free radicals
and photochemical damage (Sengar et al., 2008). Thus less effect on
carotenoid might represent its supportive role against oxidative
stress after 7 d (Fig. 2B). It is possible that at higher Pb concentra-
tions affected the plant water status, causing water deficit, and
finally reduced the chlorophylls content.

The SQDG defined the chlorophylls orientation in membrane
and the changes in sulpholipid (SQDG) quantity under HMs stress
as a marker of oxidative stress is known phenomenon and studies
on stress responses have shown quantitative and qualitative
changes in SQDG (Harwood and Okanenko, 2003). In our experi-
ment, higher (0.75-1.25 mM) Pb concentration causes a decrease
in SQDG concentration (Fig. 3). Similar results with decrease of
SQDG concentrations were observed with influence of various con-
centrations of Pb on wheat seedling, leaves and roots which grew
in hydroponic cultures (Okanenko et al., 2003). It has also been re-
ported that Cd concentration induced a decrease in SQDG concen-
tration in Brassica napus leaves (Youssef et al., 1998). The most
HMs tested cause a decrease of SQDG concentration (Youssef
et al., 1998; Padua et al., 2003). It is possible that under stress con-
ditions competitive use of sulfur for synthesis of sulfur containing
cys-rich peptides. It is suppose that the influence of HMs can utilize
sulfur preferentially for the synthesis of essential metabolites, such
as glutathione and metal binding proteins (phytochelatins and
metallothioneins), rather than for SQDG synthesis.

Results suggested that in plants, the synthesis of anthocyanins
makes it an effective strategy against ROS generation due to Pb
stress, but interestingly lower concentrations of Pb (0.25-
0.75 mM) stimulated synthesis of anthocyanins more than higher
concentrations (1.0 and 1.25 mM) of Pb (Fig. 3). This indicates that
there is a strong correlation between the level of anthocyanins and
the presence of HMs in the environment, which further corrobo-
rates the results obtained in Zea mays demonstrating that accumu-
lation of anthocyanins increased under HMs stress (Krupa et al.,
1996). Anthocyanins not only scavenge free radicals, but they also
have the ability to bind HMs and are biosynthesized through the
phenylpropanoid pathways, the first enzymatic step of the conver-
sion of phenylalanine to trans-cinnamic acid that catalyzed by
phenylalanine ammonium lyase (PAL) (Kitamura et al., 2002). It
is suggested that PAL, a key enzyme in the flavonoids synthesis,
to be the target of HMs inhibitory influence and finally inhibition
of anthocyanins synthesis (Dube et al., 1993). However, it seems
to be possible that 0.5 and 0.75 mM of Pb concentration stimulate
PAL activity resulting in increased production of anthocyanins
which may further bind with metals or metal inducing ions in vac-
uole and detoxify them from cell. Higher concentration of Pb i.e.
1.0 and 1.25 mM are is toxic and lethal to the plant cell, leading
to an inhibition of PAL and thus decrease of the biosynthesis of
anthocyanin. The initial increase followed by a decline of PAL activ-
ity was also observed under different concentration of Cd in Azolla
imbricate (Dai et al., 2006).

HPLC data showed that Pb treatment to T. triangulare plant re-
sulted in the enhancement of o-tocopherol level in leaves
(Fig. 4). Probably, the gradual increase in a-tocopherol concentra-
tion can be associated with the increased oxidative stress, which
supports it as a potential biomarker against oxidative stress. Re-
sults showed that tocopherol might be involved in the adaptation
of plants against Pb stress. The important function of tocopherol
is that to scavenging free radicals and protects polyunsaturated
fatty acids (PUFAs) and inhibiting the lipid peroxides in mem-
branes. Abiotic stress factors such as HMs have been found to ini-
tiate lipid peroxidation and start a chain reaction which further
induces the tocopherols biosynthesis. Previous experimental re-
sults also showed that increase in tocopherol content in Arabidopsis

thaliana exposed to Cd and Cu treatment (Collin et al., 2008) and
Brassica juncea exposed to Cd (Yusuf et al., 2010), which confers
with induced tolerance to plants against HMs stress. After 7 d at
higher concentration of Pb, an increase in a-tocopherol concentra-
tions was found in proportion with decrease in chlorophylls
content. Previous report suggested that may be the partial degra-
dation of chlorophyll induced the tocopherol content because chlo-
rophyll derived phytol is acting as substrate for tocopherol
biosynthesis (Rise et al., 1989).

In parallel with increase in o-tocopherol content, lipid peroxi-
dation was also stimulated by Pb stress (Fig. 4). Lipid peroxidation
is a biochemical marker of the Pb-induced free radical mediated
oxidative damage in Talinum plants. Pb ions are known to induce
lipid peroxidation, increasing unsaturated fatty acids and decreas-
ing saturated fatty acids in plants (Mishra et al., 2006; Wang et al.,
2010; Maldonado-Magafia et al., 2011; Pourraut et al., 2011). How-
ever, the percent increase in MDA content was relatively less
(Fig. 4). Generally, free radical generation and membrane damage
would be low in tolerant plants and thereby formation of lower
levels of MDA content. Therefore, relatively lower degree of in-
crease in MDA content in Talinum due to Pb stress may support
its tolerant nature. Lead like other HMs induce oxidative stress
conditions in plant cells, which is reflected by an increased produc-
tion of ROS (Fig. S1). Results showed that in the leaves of Talinum
exposed with Pb, there was an increased production of hydrogen
peroxide (H,0,) has been observed after 7 d of treatment. It sug-
gested that increased production of ROS is due to the disturbance
of electron transport chain in membrane (Sharma and Dubey,
2005; Pourraut et al., 2011).

Glutathione (GSH) is usually the most abundant intracellular
non-protein thiols. The result of GSH and GSSG estimation in Pb
treated plants indicate an alteration in GSH content, and simulta-
neous increase in GSSG showed a true indication of oxidative
stress. Glutathione is one of the major cellular safeguards, main-
tains the cellular redox status, which plays a protective role as a
key antioxidant and a chelating bioligand responsible for detoxifi-
cation of HMs (Gupta et al., 1995; Mishra et al., 2006; Maldonado-
Magaiia et al., 2011; Pourraut et al., 2011). In this study a signifi-
cant increase in GSH content has been observed in leaves of T. tri-
angulare followed by depletion at higher concentration (Fig. 5). At
lower concentration induction of GSH accumulation and mainte-
nance of high GSH/GSSG ratio might be attributed to Pb-induced
GSH synthesis (Piechalak et al., 2002). Increase in GSSG and decline
in GSH show correlation. Ratio of GSH/GSSG decline when Pb con-
centrations increased, this is evidently due to induction in GSH bio-
synthesis and rapid reduction of GSSG by the enzyme GR at lower
concentration of Pb (Maldonado-Magafia et al., 2011). GSH, as a
substrate, synthesize PC due to a reaction catalyzed by phytochel-
atin synthase (PCS) an enzyme activated by HMs ions including Pb.
Decline in GSH at higher concentrations might be attributed to
high consumption rate of GSH as antioxidant to combat oxidative
stress or for the synthesis of PC. Pb-induced changes in GSH have
been reported in Acacia farnesiana (Maldonado-Magafa et al.,
2011), Ceratophyllum demersum L. (Mishra et al., 2006), Vicia faba,
Phaseolus vulgaris (Piechalak et al., 2002), Hydrilla verticillata and
Vallisneria spiralis L. (Gupta et al., 1995, 1999). During the depletion
of GSH content, under high Pb stress, formation of Pb—-GSH com-
plexes and Pb-induced PC synthesis reduces free Pb concentration
in cytoplasm and contributes to suppress the activation of the
stress-related responses in plant metabolism (Mishra et al., 2006).

The X-ray microanalysis can qualitatively analyze and quantify
the total amounts of elements present in tissues. Elemental micro-
analysis is becoming an important way to understand individual
component within tissues deposits, which may be difficult to ana-
lyze by other methodology (Nagata, 2004; Shillito et al., 2009). Re-
sults of our EDS study showed the notable reduction of elements in
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Pb treated plants in comparison to control (Table S2). From the re-
sults, it was shown that X-ray microanalysis using semi-thin sec-
tions observed by intermediate high voltage SEM at 20 KV was
very useful resulting for quantifying some trace elements in bio-
logical specimens. The large decreases observed in Na and Mg con-
centrations suggest a barrier in transport through the stele or may
be due to the damage of the transport system in the plant. Our re-
sult corroborate that the observed changes in other biological
parameters are due to metal stress or due to decrease of nutrients.

5. Conclusions

It is concluded that T. triangulare plants grown hydroponically
and exposed to Pb showed that the roots were the main accumu-
lating site as they accumulated more Pb than stem and were below
detectable level in leaves. This confirmed that Pb immobilization or
decreased translocation within the plants, which represent an
attractive aspect for the development of defense strategies. It can
be suggest that Pb accumulation potential of T. triangulare were al-
most equivalent to efficient accumulators. The decrease in RWC,
due to decreased water transport to leaf, elements atomic % and in-
creased cell death showed that analyzed Pb concentrations have
potential to cause oxidative damage in leaf through increase pro-
duction of lipid peroxides. Photosynthetic pigments and SQDG
contents have been increased at 0.25 and 0.5 mM Pb at early treat-
ment period, which decreased at further concentration and treat-
ment durations. Furthermore, increase level of anthocyanins,
duration dependent, and a-tocopherol showed their involvement
in the adaptation mechanisms in Pb treated plants. Alteration in
glutathione levels showed that GSH maintained an important anti-
oxidant system for the plant to accumulate higher concentration of
toxic Pb and survive for longer period. These findings confirm the
key role of the toxicity and tolerance strategy of T. triangulare
and analyzed defense parameters suggesting that these might be
the potential biomarkers for detecting Pb toxicity. Further research
on the molecular mechanism(s) of Pb toxicity and its microlocali-
sation and detoxification mechanism is required to improve our
understandings.
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