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INTRODUCTION

The cycling of heavy metals in soils and ecosystem has received a great deal of
attention in recent decades due to the increased release of metals that occurs during
anthropogenic activities such as—etals smelting, refineries and combustion of fossil

fuels._The accumulation of heavy metals in soil is becoming a serious problem as a

result of industrial and agricultural practices and mining waste. Vegetation is usually

the first interceptor of heavy metals deposited to an ecosystem. There has been an

increasing concern with regard to the accumulation of toxic heavy metals in the

environment and their impact on both public health and the natural environment. Fhe

—Plants growing in metal enriched--soils, takes up metals to varying degrees
in response to external and internal factors. Considerable interest has been focussed
on pattern of metal uptake and accumulation because experimental studies of heavy

metal tolerance show subtle differences exists—in up- take characteristics by tolerant

and nein-tolerant genotypes. There is vast literature of analytical data relating to
metal up take, illustrating the scale of differences between species and genotypes and

between metals in the field and laboratory studies ranging from trace nutrient elements

to toxic heavy metals (Fov et al., 1978: Lepp, 1981; Fitter and Hay, 1983: Borouvik,

1990; Frierndland, 1990; Cseh, 2002).
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Heavy metals like cGadmiume, Grchromium, Hgmercury, Pblead etc. are having no

beneficial properties for the plant_growth and are highly reactive and consequently

are toxic to plants. Cadmium is a natural element and is released to the environment

during mining, -and-weathering, industrial process and agriculture. +The element is

released to the environment: Gacmitm—is—a—metal—pottant—which—enters—the-
enrvirenment-mainlyfrom-industrial proeess-and-phosphatefertilizers;-as well as from

the exhaust gases of automobiles (Foy et al, 1978; Wagner, 1993). Chromium occurs
naturally in the environment and also produced by industrial process like
manufacturing of dyes and paints-, chromium plating, leather tannery etc. The impact
of chromium contamination in the physiology of plants depends on the metal
speciation, which is responsible of its mobilization, subsequent up_take and resultant
toxicity in the plant system (Shanker et al., 2005). Mercury (Hgy—is a global
environmental pollutant that is present in soil, water, air and biota. The naturally
occurring Hg”' can be released into the atmosphere and then exchanged between the
soil and water systems by processes such as wind erosion, degassingdegassing from

Hg mineralized soil and rock formations, volcanic eruptions and other geothermal

activities (Ebinghaus et al., 1999). Merctry—showsa-tendeney-to-combine-with-other

tow—concentrationtevels—Lead is a naturally occurring element in the earth crust-
Bbut increases e¢ in the environment by anthropogenic activities. The toxic effects of
lead have been known for centuries. Many useful properties give rise to a dramatic

escalation of lead use around the time of the industrial revolution; as lead poising was
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common amongst workers in the smelting, painting, plumbing-, printing and other

industries (Landrigan, 1999).

General symptoms of cadmium toxicity in plants are growth inhibition, low biomass
production, impaired water relations, respiration, photosynthesis and nitrogen
metabolism (Seregin and Ivanov, 2001; Perfus-Barbeoch et al., 2002; Linger et al.,
2002). Cadmium induces oxidative stress by generating free radicals which are highly
reactive with metabolites (Hendry et al., 1992; Ederli et al., 2004). Absorption and
translocation of cadmium by plants occur through transporters and during prolonged
growth, Cd*" ions cause growth retardation (Cohen et al., 1998; Pance et al., 2000).

Synthesis of cadmium- induced sulfhydryl-rich peptides has been described as

effective chelators for detoxification or sequestration (Meuwly et al., 1995; Zenk et

al..—1996, 1996). According to Sanita- di-Toppi (2002) cadmium has been the metal

of choice for most phytochelatin-metal binding studies and Cd** ions are probably the

most powerful inducers of phytochelatin synthesis. -Cadmium exerts inhibitory effects

in plant cells by binding to specific groups of proteins thereby inhibiting its normal
function especially channel proteins of membranes (Cseh, 2002). Cadmium has been

investigated to  elucidate phytotoxicity, accumulation, metabolism and




phytoremediation (Kim et al., 2002; Liu et al., 2003). Cadmium contamination in

soil has became a global concern as Cd*" is not only absorbed by plants but is easily

transferred to food chain also (Liu et al., 2009). -Synthesis—of-cadminm—indueced

-~ Chromium toxicity in plants is observed at multiple levels such as reduced

yield, inhibited growth of leaves and roots, inhibition on metabolism, enzymatic
activities and mutagenesis (Clijsters and Van Assche, 1985; Bishnoi et al., 1993;
Shanker et al., 2005). —Wwater relations (Vazques et al., 1987) and mineral
metabolism (Adriano, 1986). Toxic effects of chromium have been reported in seed
germination (Rout et al., 2000; Peralta et al., 2001)-enzymatic-activities, translocation
of sugars (Zeid, 2001), growth and development (Rout et al., 1997; Igbal et al.,
2001). ; Induction and activation of free radical-scavenging enzymes like sSuperoxide
dismutase and antiexidant—eatalaseperoxidase have been reported as one of the
detoxification mechanisms of chromium toxicity in plants (Prasad, 1998; Shanker et

al., 2004, 2005; Panda and Choudhury, 2005).
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there-pose-ariskto-both-humans-and-the-ecosystemr—Even trace quantity of mercury

can have detrimental effects on plant growth and development (Woolhouse, 1983;
Lenka et al., 1993). The mode of action of _this toxic metals includes membrane
distortion (Ouarriti et al., 1997; Nag et al., 1980), reaction with thiol groups of
metabolites (Meuwly et al., 1995), site competition with metabolites (Perfus-Barbeoch
et al., 2002), interactions with other elements (Orcutt and Nilsen, 2000) and synthesis
of reactive free radicals (Stohs and Bagchi, 1995). Eventhough mercury is highly toxic
to plants, the physiological effects and toxicity- induced metabolic changes are not
well documented. However, the major impact of mercury on plant growth such as
uptake and distribution (Beauford et al., 1977; Velasco-Alinsug et al., 2005),
tolerance mechanism (Lenka et al.,, 1993; Ahmed and Tajmir-Riahi, 1993),
photosynthesis (Bernier et al., 1993), chlorophyll synthesis (Jain and Puranik, 1993;
Prasad_et al., ; 1991; Shaw, 1995), sensitivity and accumulation (Orcutt and Nilsen,
2000) have been studied in various plants. Phytoremediation capacity of Brassica

juncea to remove mercury hasve been reported by Moreno et al. ;(-2005a, 2008).

Nilsen;—2000)—Toxicity and contamination of lead that occur in plants may be a

function of chemical form of the metal and age/or physiological condition of the

plants (Driscoll et al., 1994; Mishra and Choudhuri, 1999). Lead is a highly toxic

element for plants and it has been reported to inhibit photosynthesis and respiration by
|5




affecting electron transport mechanism (Orcutt and Nilsen, 2000). Effect of lead on
the physiological aspects such as photosynthesis (Bazzaz—et-at;—1+575;-Carlson—et-al;
1975);—chlerophyll-content (Yordanov-and - Merakehiisk,1976; (Stobart et al., 1985;

Gasic et al., 1992; —Pandey;—1596Mohan and Hosetti, 1997; Fodor, 2002),

translocation (Tomsig and Suszkiw, 1991), rRapid root growth inhibition (Gzyl et al., 1997,
Mealkowski thewerki—et al., 2002), —cytological aspects (Eun et al., 2000) and
bioaccumulation (Arazi et al., 1999; Fodor, 2002; Kim et al., 2002; Axtell et al.,

2003) have been investigated in many plants.

Medicinal plants are the raw materials for many herbal formulations of

pharmaceuticals and neutracenticals. The use of medicinal plants in therapeutics goes

back to beyond record history, but it has increased during the last decades (Woods,

1999; WHO, 2002). High level of toxic metals occur in medicinal preparation when

the plant are growing/cultivated in the fields polluted with heavy metals. A number of

medicinal plants are herbaceous and grow wildly and many of them may be

hyperaccumulators of toxic heavy metals. If medicinal plants are growing in polluted

soil, the contaminants get accumulated in the plant body and reach the final

marketable medicines leading to health hazard. Herbal medicinal products have been

reported to contain toxic heavy metals such as lead, mercury, cadmium, arsenic etc.

(Aslam et al., 1979; Saper et al., 2004; Ernst, 2005). Studies on the prevalence and

concentrations of heavy metals in Ayurvedic medicines have shown that many of the
medicines produced from South Asia contains potentially harmful level of lead,_

mercury and or/ arsenic (Saper et al., 2004). According to those authors, users of these
6



medicines may be at risk for heavy metal toxicity and testing of Ayurvedic medicines

for toxic metals should be mandatory.

The aim of the study undertaken was the elucidation of the effect of cadmium,

chromium, mercury and lead on the metabolism of medicinal plants. The

investigation was planned along two distinct but complimentary lines one:

determination of the physiological interference of these heavy metals in the

distribution of metabolites in selected medicinal plants and bioaccumulation potential

of the same towards Cd, Cr, Hg and Pb. The results of these heavy metal treatments

in Boerhavia diffusa L. a highly medicinal, profusely growing well adapted herb-

delineated the physiological role in considerable detail and provided clues to their

metabolic activities. So the second line of investigation - bioaccumulation potential -

was carried out with twenty selected medicinal plants inclusive of B. diffusa.

Beerhaaviaoerhavia diffusa =—(Spreading—Common name-Hogweed—i#-
English) belonging to the family of Nyctaginaceae, is a diffused perennial herbaceous

ereeping-weed-medicinal plant growing prostrate or ascending upward in habitats like

grasslands, agricultural fields, fallow lands, wastelands and residential compounds.

(Known also under its traditional name as ‘Punarnava’ in sansekrit and -“ Chuvanna

thazhuthama” in malayalam). The plant was named in honour of Herman Boerhaave, a

famous Dutch Physcian of the 18" Century (Chopra, 1969}—B—diffitsa-is—amedicinat

N



Boerhavia - diffusa plant has a long history of uses in Ayurvedic or natural
herbal medicines (Dhar et al., 1968). The major active principle present in the root is
alkaloidal and is known as ‘punarvavine’. The medicinal value of this plant in the
treatment of a large number of human ailments is mentioned in Ayurveda, ‘Charaka

Samhita’, and ‘Sushruita Samhita’.

Avurvediebout 45 Avurvedic  preparations steh—as_ inclusive  of ¢

Dhanvantaatristam’, ‘Chyavanaparasam,’—‘Ashokarishtam;’,—‘Punarnavasavam’,
‘Rasanadikasayam’, ‘Narvasimharasayam’ —etc. contain the roots, leave or entire
plant of B. diffusa—+espeetively (Sivarajan and Balachandran, 1994). The roots,
leaves; aerial-parts—or the whole plant of B. diffusa have been employed for the
treatment of various disorders in the Ayurvedic herbal medicine in India, Nepal, Sri
Lanka and China. The root is mainly used to treat gonorrhoea, internal inflammation
of all kinds, dyspepsia, odema, jaundice, menstrual disorders, anaemia, liver-;-
gallbladder and kidney disorders, enlargement of spleen, abdominal pain_etc. (Kirtikar

and Basu, 1956). It was also demonstrated that the drug decreased the albumin urea,

increased the serum protein and lowered serum cholesterol level (Ramabhimaiah et
al., 1984) . Singh and Udupa (1972) reported that the dried root powder showed

curative efficiency for the treatment of helminth infection.

The purified glycoproteins from B. diffusa exhibited strong antimicrobial
activity (Aswasthitht and Menzel, 1986; Aswasthiatht and Rizevi, 1998, 1999) and;
hHepatoprotective activity (Chakraborti and Handa, 1989; Rawat, 19897-; Chandan
et al., 1991). Further experimental studies also evidenced a beneficial activity of the

‘Punarnava-‘ root for the treatment of the jaundice (Singh and Pandey, 1980; Gopal
'8



and Shah, 1985). #According to Hiruma —Lima (2000) the —was—evideneced-that-the
leaves and root possessed antifibrinolitic and anti-inflamatory activities—{Hirtma—
Lima;2600). In a study, tead-by-Mehrotra et al. (2002) reported that the ethanolic

extract of B. diffusa showed a significant immunosuppressive activity on human cells

and on murine cells as well. The recent study carried out by Pari and Satheesh et-at
£(2004) demonstrated that the leaves of B. diffusa reduce the levels of glucose in the
blood increasing the insulin release from the {3 cells of pancreas. Antiviral activity of
B. diffusa have been demonstrated in many vegetable crops (Aswasathi and Kumar,
2003; Aswasthi et al., 2003). Different solvent extract of B. diffusa have been proved

to contain antidiabetic, antioxidant, anticancer, analgesic, hepatoprotective antiviral

and anti fungal activities ¥( Sahu et al., 2008).




As described abewveearlier, B. diffusa is a medicinal plant widely used as an

important irerediantingredient of many Ayurvedic preparations. These plants grow
profusely as wild plants and are well adapted to polluted areas such as road side,
railway track, banks of drainage, -vicinities of public comfort station etc. By trial and
error experiments the_ present  author observed that B. diffusa plants grow

profuselywell in Hoagland nutrient medium under hydroponic system. - So simulated

experiments were set up to analyse the responses of B. diffusa by cultivating the-
rooted_—propagules in Hoagland solution artificially contaminated with known
quantities of —Cadmium chloride (CdCl,), Potassium dichromate (K,Cr,O,) Mercuric

chloride (HgCl,) and Lead acetate (CH5-COO), Pb 3H-0.

Even-though effect of Cd, Cr, Hg and Pb have been investigated in a number of
plants, effect of these heavy metals on medicinal plants in general and B. diffusa in

particular have not yet been elucidated. _Similarly, investigations on the effect of

differentof —heawydifferent heavy metals in varving eoneentrations—irconcentrations

in one and the same plant are very scanty. So the objectives -of the present study
inelades—includes - (1) Treatment of B. diffusa plant with four heavy metals is-
propesed—to assess the difference in response and tolerance of the plant towards

different _ concentrations of these metals and a comparison of physiological

parameters and bioaccumulation potential. (2)  Standardisation of different

concentrations of Cd, Cr, Hg and Pb on B. diffusa plant to impart more or less
| 10



similar visible morphological symptoms. (3) Growth retardation pattern by
analysing -of growth performances—fer during a period of 20 days in terms of root
and shoot length, —and-leaf area, biomass distribution and tolerance index. (4)

Anatomical study to pin point the cellular damage in root and stem occurred due to

heavy metal stress. (5) EFe-elucidation of physiology of growth and distribution of
metabolites such as proteins, chlorophylls, free aminoacids and nitrate reductase
activity in plant parts - stieh—as-root, stem and leaves f sampled at comparable
intervals of 4 days. (6) Electrophoretic analysis of proteins in order to correlate
synthesis/ degradation of proteins due to the impact of heavy metals. (7) Since plants
show considerable tolerance towards varying concentrations of these metals, in erder
toorder to analyse tolerance mechanism;—estirration, estimation of non enzymic
antioxidants such as proline, malondialdehyde (MDA) and phenolics was carried out.
(8) Antioxidants enzymes like gauaiacolies! peroxidase-, catalase and superoxide
dismutase also were included: to elucidate the tolerance mechanism. (98) As the
plants shows almost similar morphological performances and the optimal

concentrations of the metals _are varyied each other, —he the accumulation of these

four metals in the root, stem and teafleaves also was studied as another parameter.
(10) In order to compare the accumulation potential and check phytoremediation
capacity, distribution pattern of each metal in the plant body, residual content of the

growth medium and loss, if any, were analysed.

The experimental results of the effect of Cd, Cr, Hg and Pb on B. diffusa-

ewtivateddiffusa cultivated i—nutrientin nutrient solution (Hydroponics)—+revealed)

veryrevealed very high accumulation of these—metalsthese metals in root and shoot.

|11



But the results ef—hydrepenieof hydroponic studies cannot be extrapolated to field

condition as these are carried out in nutrient culture and confined t8—=ato a short

duration (20 days). The—aeceumutationThe accumulation and effect of contaminants in

the natural ecosystem remain for a long duration with meny—interaetiermany

interactions. So another experimental study was conducted to assess the accumulation

potential of B. diffusa towards Cd, Cr, Hg and Pb by B—diffi#sa-grewing—ingrowing

in soil (Pot cultures) artificially contaminated with known quantities of these metals.
For comparative study;—twenty, twenty common medicinal plants which are growing

wildly in Calicut University campus and Calicut Uuniversity Botanical Garden also

were used for pot culture experiments. This approach is—embarkedis embarked on the
to—assessment of —the bioaccumulation potential of these medicinal plants and the
possibility/ gravity of heavy metal coneentrationtamination in the medicinal products

prepared by preparations-using the plants cultivated in soils polluted with _cadmium,

chromium, mercury and lead.-heavy-metats:

|>—Il
N



REVIEW OF LITERATURE

Heavy metals make significant contribution to environmental pollution
as a result of anthropogenic activities such as mining, energy- and fuel
production, power transmission, intensive agricultural practices, sludge and
industrial effluent dumping and military operations (Foy et al., 1978; Salt et

al., 1998; Orcutt and Nilsen, 2000; Cseh, 2002; Pilon- Smits, 2005).

Metals such as aluminium, arsenic, cadmium, cobalt, chromium,
copper, lead, manganese, mercury, nickel, selenium and zinc have been
considered as the major environmental pollutants and their phytotoxicity has
already been established (Ross, 1994; Kochian, 1995; Orcutt and Nilsen,
2000; Cseh, 2002; Fodor, 2002). A common characteristic feature of heavy
metals in general regardless of whether they are biologically essential or not is
that they may exert toxic effects to plants in low concentrations compared to
macro nutrients and these metals are considered to be cytotoxic and
mutagenic although a few of them are essential for metabolic processes
(Alloway, 1990; Shaw,1995; Hadjiliadis, 1997; Salt et al., 1998; Orcutt and

Nilsen, 2000; Kabata-Pendias and Pendias, 2001, Fodor, 2002).

Availability and toxicity of heavy metals in the environment, responses
and adaptive strategies of plants to metal toxicity and phytoremediation

technology etc. have been extensively discussed and excellently reviewed by

12



several authors (Foy et al.,1978; Basberg-Pahlsson, 1989; Rauser, 1990;
Steffens, 1990; Mc Neilly, 1994; Prasad, 1997; Salt et al., 1998; Bhoomik and
Sharma, 1999; Chang et al., 2000; Orcutt and Nilsen, 2000; Cseh, 2002;
Fodor, 2002; Zimmels et al., 2004; Pilon—Smits, 2005; Migocka and Klobus,

2007).

Elevated concentrations of both essential and non-essential heavy
metals in the soil and water can lead to toxicity symptoms and growth
inhibition in most plants (Grant et al., 1998; Jindal and Kaur, 2000; Hall,
2002). Absorption, translocation and accumulation of heavy metal ions of
Hg, Pb, Cr, and Cd by plants, reduce qualitative and quantitative
productivity of the species and cause serious health hazards through the food
chain to other life forms (Turner, 1994; Barman et al., 1999; Petr et al., 1999;
Moreno-Caselles et al., 2000; Axtell et al., 2003; Cobbett, 2003; Stolt et al.,

2006).

According to Wilkins (1978), Lata (1989), Hagemayor (1993), Prasad
(1997), Linger et al. (2005) and Panda (2007) metal toxicity reduces vigour
and growth of plants, causes death in extreme cases interferes with
photosynthesis, respiration, water relation, reproduction etc. and causes
changes in certain organelles, disruption of membrane structure and functions
of different plant species. Levitt (1980) suggested that heavy metals in the

plant environment operate as stress factors and they cause physiological

13



changes and in the process they can reduce vigour, or in the extremes totally
inhibits plant growth. Different heavy metals at supra-optimal concentrations,
have been shown to inhibit various metabolic process in plants resulting in
their reduced growth and development (Bala and Setia, 1990; Davies et al.,
1991; Bernier et al.,1993; Lang et al., 1995; Shaw, 1995; Tomar et al., 2000).
At cellular and molecular level, metal toxicity causes denaturing of enzymes
and damage to DNA and also forms the increased production of free radicals

(Cseh, 2002; Khatun et al., 2008; Posmyk et al., 2009).

In higher plants heavy metals induce oxidative stress by generation of
superoxide radical (Oy’), hydrogen peroxide (H,O.), hydroxyl radical (OH)
and singlet of oxygen ('0.) collectively termed as reactive oxygen species
(ROS). ROS can rapidly attack all types of bio-molecules such as nucleic
acids, proteins, amino acids etc. leading to irrepairable metabolic dysfunction
and cell death. Reactive oxygen species produced under stress is detrimental
to growth because these molecules cause gradual lipid peroxidation,
inactivation of anti oxidant enzymes (Teisseire and Guy, 2000) and oxidative
dehydro ascorbic acid damage (Kasprzak, 2002). Therefore, induction of
antioxidant enzymes including Superoxide Dismutase (SOD), Catalase
(CAT) and Peroxidase (POD) is an important protective mechanism to
minimise oxidative damage in plants. SOD is ubiquitous enzyme which play
a key role in cellular defence mechanism against ROS (Apel and Hirt, 2004).

Its activity modulates the relative amount of O* and H,O, by Haber-Weiss
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reactions and decrease the risk of OH radical formation which is highly
reactive and may cause severe damage to membrane proteins and DNA
(Bowler et al., 1992; Noctor and Foyer 1998; Hall, 2002). According to
Zhang et al. (2007) and Siedlecka and Krupa (2002) CAT is less efficient in
eliminating H>O, due to its low substrate affinity whereas the main response

of tolerant plants to heavy metal is increase in SOD and POD activities.

Plants develop a complex mechanism by which they control the uptake
and accumulation of heavy metals (Cobbett and Goldsbrough, 2002). These
mechanisms involve chelation and sequestering of metal ions by a particular
class of metal binding ligands denominated as phytochelatin (PC) and
metallothionins (MT) (Cobbett, 2000). Metallothionins have possible role in
or detoxification in plants and it has been reported in Vigna radiata (Shanker

et al., 2004).

Comparing the effects of a series of heavy metals (Cd, Pb, Cu and Ni),
the highest growth inhibition was found with cadmium (Burzynski and
Buczek, 1994). The devastating effects of cadmium on plants have been
described by many authors (Foy et al., 1978, Fitter and Hay, 1983; Salt et al.,
1998; Cseh, 2002; Sun et al., 2007). Cadmium is known to be one of the most
phytotoxic heavy metals (Prasad, 1995; Sanita-di-Toppi and Gabbrielli, 1999;

Fodor, 2002; Ederli et al., 2004; Pilon-Smits, 2005).
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According t o Vazques et al. (1992), low concentration of cadmium is
sufficient to cause the formation of cell wall ingrowth in the hypodermis of
bean roots. Punz and Sieghardt (1993) reported that in herbaceous plants
reduced elongation of roots under cadmium stress may be caused by inhibited
mitosis, decreased synthesis of cell wall components, damaged Golgi

apparatus or changes in the metabolism of polysaccharides in the root cap.

Ye et al. (1997) suggested that when Typha latifolia was treated with
cadmium, leaves became chloretic before the harvest. According to those
authors, leaf and root elongation, shoot and root dry weights were
significantly reduced by cadmium and the uptake/ accumulation of cadmium
also was observed in seedlings of Typha latifolia even in the treatment with
50 pg ml™" cadmium solution. Although cadmium adversely affects all growth
parameters, root growth is affected the most and faster reduction in root
biomass than shoot resulting in an increased shoot/root biomass ratio (Jalil et
al., 1994). Ouariti et al. (1997) reported that significant decrease in lipid
level, fatty acid content and biomass production in tomato seedlings exposed
to cadmium in nutrient medium. Cadmium was found to inhibit root growth
and decrease fresh weight and water contents in roots and shoots of maize, rye
and wheat, the most sensitive of which was maize, although cadmium
accumulation was lower in this plant (Wojcik and Tukendorf, 1999).
According to Zhang et al. (2002) addition of cadmium to the nutrient solution

significantly decreased shoot and root weight, shoot height, root length and
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tiller per plants in wheat genotypes but growth inhibition was different in root
and shoot and among genotypes. In Triticum aestivum seedlings, cadmium
treatment lead to inhibition of root growth and ion uptake (Abdel-Latif,

2008).

Cadmium is an effective inhibitor of plant metabolism particularly
photosynthetic processes and chloroplast development in higher plants
(Rasico et al., 1993). Effects of Cd** on chlorophyll and chloroplast
development act synergistically and inhibit photosynthesis. (Ferreti et al.,
1993; Lang et al., 1995). This heavy metal inhibits chlorophyll biosynthesis
by causing a decrease in the sum of reducing equivalence and ATP synthesis
by altering the activity of RuBP carboxylase and indirectly affect the uptake

and metabolism of CO..

Application of cadmium in Cajanus cajan, reduceced net
photosynthesis indirectly through reduced chlorophyll content by affecting
stomatal conductance and electron transport (Sheoran et al., 1990). In Pisum
sativum seedlings, cadmium caused a sharp decline in chlorophyll content,
photosynthetic rates, and activity of the photosystems and photosynthetic
enzymes (Chugh and Sawhney, 1999). Cadmium had caused reduction in
chlorophyll content and carotenoids, the rate of net CO, uptake, transpiration
and water use efficiency in the presence of 10 pM cadmium in Zea mays

seedlings (Prasad, 1995; Baryla et al., 2001). Detrimental effects of cadmium
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on chlorophyll synthesis, water splitting apparatus reaction complex, antenna
and energy distribution of photosystem II have been reported in Cannabis
sativa (Linger et al., 2002). According to Abdel-Latif (2008), retarded
chlorophyll synthesis is a characteristic of cadmium treatment in Triticum
aestivum. Reduction of carotenoids is found to be a serious consequence of
cadmium treatment thereby reducing the protective role of carotenoids against
stress induced damage of chlorophyll pigment. Liu et al. (2009) proposed that
in Lonicera japonica decreased chlorophyll content related to higher

cadmium concentration could be used to monitor cadmium induced damage.

Cadmium ions are also toxic to nitrate reductase which limits the
synthesis of amino acids and proteins (Srivastava, 1974). Cadmium inhibits
the synthesis of nitrate reductase in Zea mays probably by displacement of an
essential metal ion from the central functional part of the enzyme (Shankar et
al., 2000). Another interference of cadmium ions is with sulfhydral groups
which often determine the structural and functional aspects of protein (Kumar
et al.,, 2002). According to Liao et al. (2002) cadmium causes cellular
damage by denaturing proteins due to the binding of cadmium ions to
sulthdryl residues or by displacing cofactors from a variety of proteins and
enzymes. Reduction of total protein due to cadmium treatment presumed to
occur by the utilization of sulphur containing amino acids for chelation
followed by sequestration as reported in Potamogeton pectinatus (Rai et al.,

2003). Several studies on cadmium have been reported to induce
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phytochelatin synthesis for sequestration of the cadmium toxicity (Grill et al.,
1985; Rauser, 1987; Steffens, 1990; Prasad, 1997; Stroinski, 1999; Leopold et
al., 1999; Kubota et al., 2000). Cadmium induced phytochelatin synthesis is
reported in Oryza sativa (Reddy and Prasad 1992), Zea mays (Meuwly et al.,
1995) horse radish (Kubota et al., 2000) and Phragmitis australis (Ederli et
al., 2004). Induction of phytochelatin synthesis due to cadmium toxicity has
been reported in Rubia tinctorium (Kubota et al., 1995), Bacopa monnieri
(Ali et al., 2000), Arabidopsis halleri (Weber et al., 2006). Phytochelatins are
reported to be involved in the translocation of cadmium in Arabidopsis
thaliana (Cheng et al., 2002). According to Clemens (2006) production of

phytochelatin leads to increased accumulation of cadmium in plant cells.

Cakmak et al. (2000) suggested that cadmium circulates in the plant
and gets transported to the phloem hence it is translocated between leaf and
stem. Reid et al. (2003) also suggested the mobility of cadmium through
phloem in Potato. According to Wu and Zhang (2002) cadmium is one of the
most aggressive heavy metals and can be taken up by the roots, translocated
readily to above ground tissues and get accumulated in the fruits/seeds and

hence become a potential threat to human health as it enters the food chain.

According to Stolt et al. (2003, 2006) absorption and translocation of
cadmium varies from plant to plant and genetic variation exists in the

accumulation rate of cadmium in different parts of the same plant. Those
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authors suggested that one genotype may accumulate maximum cadmium in
the shoots and in another genotype, maximum cadmium may be accumulated
in the grains and these types of observations are clearly correlated with the

concentration of cadmium in the soil.

Studies on the elucidation of molecular basis of Cd** uptake into plant
cells revealed that for Cd** being a non — essential metal ion, there would be
no specific uptake mechanism. Ca** channels have long been studied using
Cd** ions and evidences for Cd*" uptake into plant cells via Ca** channels
have come from the studies by Perfus-Barbeoch et al. (2002). According to
Clemens (2006) there is clear yet so far mostly indirect evidence, that Cd** is
taken up into plant cells by Fe**, Ca** and Zn*+ transporters/channels of low

specificity.

Ederli et al. (2004) discussed that in Phragmitis australis cadmium
was accumulated mainly in the vacuoles of parenchyma cells of roots
immediately below the endodermis. According to those authors, contradictory
results may be occurred due to cadmium treatment and effects are dependent
on the plant species and Phragmitis australis is reported to be a cadmium
accumulator plant and accumulation is abundant in roots. Migocka and
Klobus (2007) suggested that in cucumber roots, transport of Cd** through
tonoplast membrane may occur through the involvement of Cd** and H*

coupled antiport.
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According to Cheng et al. (2002) and Pittman et al. (2005), there are
specific gene families to encode proteins involved in the transport of metals
into vacuoles. Cadmium tolerance and hyper accumulation potential have
been reported as a characterisitic of Bidens pilosa which is a widely growing
weed from tropical and subtropical zones (Sun et al., 2009). Similarly,
Lonicera japonica  plant exposed to cadmium for 21 days showed
accumulation of cadmium in the leaves, stem and roots with increased

cadmium accumulation in the medium (Liu et al., 2009).

Most widely accepted indicator of oxidative damage due to cadmium
stress in plants is accumulation of malondialdehyde (MDA) as a breakdown
product of lipid peroxidation in Phaseolous vulgaris (Chaoui et al., 1997),
Lonicera japonica (Liu et al., 2009), Bidens pilosa (Sun et al., 2009).
According to Song et al. (2004) cellular damage due to cadmium toxicity
occurs due to the generation of highly reactive oxygen species, which affects
deranged metabolism. MDA level is routinely used as an index of lipid
peroxidation under stress condition. In a mangrove plant (Bruguiera
gymnorrhiza) MDA content was increased in the leaves due to lead,
cadmium, and mercury compared to the MDA content of another mangrove
(Kandelia candel) in which MDA content was decreased. (Zhang et al.,
2007). According to those authors the differences in the distribution of MDA
between the two mangrove implied that Kandelia candel is better protected

from oxidative stress damage and can rapidly regulate the antioxidative
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system. Similarly accumulation of malondialdehyde was reported in the roots
of Lonicera japonica subjected to cadmium induced oxidative stress (Liu et
al., 2009). According to those authors as a defensive mechanism antoxidative
enzymes especially superoxide dismutase and catalase are increased in the
leaves and roots along with increased cadmium concentration in the medium.
Increased glutathione content has been observed as an important effect of Cd
treatment in Bacopa monnieri (Mishra et al., 2006), Triticum aestivam (Sun
et al., 2005), Phaseolus vulgaris (Smeets et al., 2005) and Brassica juncea
(Szollosi et al., 2009). Increased SOD and CAT activity along with high
cadmium accumulation have been observed in Thlaspi cuerulescecns
(Boominathan and Doran, 2003), Rorippa globosa (Sun et al., 2007),
Solanum nigrum (Wang et al., 2008), Lonicera japonica (Liu et al., 2009)

and Bidens pilosa (Sun et al., 2009).

Chromium compounds are highly toxic to plants and are detrimental to
growth and development. Chromium effects in relation to phytotoxicity have
been investigated by many researchers on important crop plants and also on
lower groups plants. (McGrath, 1982; Riedel, 1985; Bishnoi et al., 1993;
Srivastava et al., 1994; Panda and Patra, 1998, 2000; Han et al., 2004;

Shanker et al., 2004, 2005; Panda and Choudhury, 2005).

Various forms of growth retardation and physiological changes have

been reported in plants by chromium (Bishnoi et al., 1993; Lang et al., 1995;

22



Moral et al., 1996; Samantaray and Das, 1997; Prasad, 1997; Samantaray, et
al., 1998). Chromium phytotoxicity results in inhibition of seed germination,
degrade pigment status, nutrient balance and antioxidant enzymes and induce
oxidative stress in plants (Poschenrieder et al., 1991; Barcelo and
Poschenrieder, 1997; Panda and Patra, 1997, 1998, 2000; Panda, 2003; Panda

et al., 2003).

Corradi et al. (1993) recorded suppression of lateral roots in Salvia
sclarea with a diminishing trend with the increase in the dose of chromium.
According to those authors, lateral root production was completely inhibited
at 10 ppm of Cr VI and high dose of chromium (60 ppm) added to the plants
resulted in the death of plants within three days of treatment in hydroponics as

well as pot culture experiments.

Excessive content of chromium in the soil had caused severe leaf
necrosis and stunting of roots, which led to the death of Eucalyptus seedlings
and yellowing of leaves in Acacia mangium was also recorded due to
excessive chromium and nickel content in the soil (Malajczuk and Dell,
1995). Moral et al. (1995) and Samantaray et al. (1996) reported that
chromium toxicity affected root length and damage the architecture of entire
root. Chromium is reported to affect root growth more adversely than any
other heavy metals and root length and dry weight also were reduced due to

chromium treatment (Igbal et al., 2001). According to Davies et al. (2002)
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although some crop plants are not affected by low concentration of chromium,
this metal is toxic to higher plants at 100 mM Kg™ dry weight. Treatment of
cauliflower with chromium resulted in decreased water potential and
reduction in trachea vessels diameter (Chatterjee and Chatterjee, 2000). Stem
length, leaf area and biomass also were reported to be inhibited by chromium
(Tripathi et al., 1999). According to Shanker et al. (2005) biomass production
and yield were generally affected by chromium (Cr IV) in many plants.
Biomass production was found to be reduced in Oryza sativa plants as a

consequences of chromium toxicity (Panda, 2007).

Chlorophyll synthesis was reported to be inhibited by chromium in
Zea mays (Krupa et al.,, 1982), Rice (Samantaray et al., 1996) and
Nymphaea alba (Vajpayee et al., 2000). Inhibition of chlorophyll b synthesis
by the influence of chromium is well known in plants (Barcelo et al., 1985;
Panda and Chowdhary, 2005; Shankar et al., 2005). Due to chromium
application, mung bean plants showed severe stunted growth and leaf
chlorosis (Rout et al., 1997). According to Samantaray et al. (1998)
chromium reduces chlorophyll and carotenoid synthesis indirectly by the
inhibition of iron and zinc transport to the leaves. Bera et al. (1999) studied
the effect of chromium on chloroplast pigments content in mung bean and
opined that irrespective of the concentration, chlorophyll a, chlorophyll b and
total chlorophyll were decreased in six-day-old seedlings. Toxic effect of

chromium has been shown by Ocimum teneflorum as reduction of
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photosynthetic pigments and protein (Rai et al., 2004). Panda and Choudhury
(2005) suggested that oxidative stress induced by chromium initiated
degradation of photosynthetic pigments causing decline in growth and high
concentration of chromium disturbed chlorophyll ultra structure and affect
photosynthesis. Chromium stress has been reported as one of the important

factors that affect photosynthesis (Shanker et al., 2005).

Chromium is found to be accumulated mainly in the roots and poorly
transported to shoots (Moral et al., 1994, 1996; Samantaray and Das, 1997)
possibly due to the spatial localisation in a specific sub cellular compartment
in the root cells as suggested earlier by Barcelo et al. (1985). Samantaray and
Das (1997) reported the accumulation of chromium by mung bean plants upto
70 ppm in their roots when the plants were grown in chromate mine waste.
According to Pulford et al. (2001) chromium is poorly translocated to aerial

parts and held predominating in the roots.

Plant species such as Scirpus lacustris, Phragmitis karka and Bacopa
monnieri exhibit high potential to absorb, translocate and concentrate
chromium in their tissues (Yadav et al., 2005). Those authors further stated
that about 99% of the absorbed chromium is retained in the root tissue
because most plants show low chromium concentration in the shoot tissue
even when grown in chromium rich soil. So the food chain is well protected

against the chromium toxicity.
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Uptake and accumulation pattern of chromium varies from crop to
crop. In sunflower, root accumulates 212 mg kg™ chromium, while shoot
accumulated only 5.8 mg kg™ and in cauliflower accumulation of chromium in
root and shoot are 350 mg kg™ and 2 mg kg™ respectively (Zayed et al., 1998).
In spinach the accumulation limit of chromium varies from 2.8-3.1 (Singh,
2001). In general, more chromium is reported to accumulate in the root
compared to the shoot (Shanker et al., 2005). Shanker et al. (2005) have
reported characteristic of Albizia amara as a potential chromium accumulator
and recommended the plant for phytoremediation. Distribution and
bioaccumulation of cadmium and chromium are reported to be species
specific in Vigna (Ratheesh Chandra et al., 2010). According to those authors
both metals exert specific influences on the anatomy of root and stem and
accumulation of chromium was very high both in root and stem compared to

cadmium.

Chromium treatment is known to induce increased production of more
biomolecules such as glutathione and phytochelatin which may confer
resistance or tolerance to chromium. Chromium has been demonstrated to
stimulate formation of free radicals and reactive oxygen species (ROS) such
as superoxide radicals (O, hydrogen peroxide H,O-) and hydroxyl radicals
(OH) either by direct electron transfer involving metal cations or as a
consequence of metal mediated inhibition of metabolic reactions, their

presence cause oxidative damage to the biomolecules such as lipids, proteins
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and nucleic acids (Stohs and Bagchi, 1995; Kanazawa et al., 2000). Shanker
et al. (2004) studied differential antioxidative response of ascorbate
glutathione pathway enzymes and metabolites to chromium speciation stress
in green gram roots and suggested that significant increase in lipid
peroxidation and H,O, generation was occurred after five hours of chromium
(Cr VI) treatment. But similar results were seen only after 12 hours in Cr (III)
treated plants. No significant increase in catalase activity and monodihydro —
ascorbate- reductase was observed in Cr (III) treated plants. But in Cr (VI)
treated plants, superoxide dismutase and ascorbate peroxidase activities were
increased. Shanker et al. (2003) reported induction and activation of
antioxidant enzymes as one of the detoxification mechanisms of chromium in
plants. Pea plants exposed to chromium (Cr VI) resulted in an increased
activity of superoxide dismutase in root tissues (Dixit et al., 2002). In an
excellent review on chromium toxicity in plants Panda and Choudhury (2005)
suggested that decreased activity of catalase is an important effect of
chromium. Inhibition of catalase activity due to chromium exposure was
reported in wheat seedlings (Panda and Patra, 2000; Panda et al., 2003).
Panda and Choudhury (2005) further opined that chromium affects catalytic
activities of antioxidant enzymes like superoxide dismutase, catalase,

peroxidase and glutathione reductase.

According to Rai et al. (2004), hyperactivity of superoxide dismutase,

guaicol peroxidise and catalase have been reported in Ocimum tenuiiflorum
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treated with chromium salt as a measure of protecting the plant from
chromium stress. Increased activity of catalsase and peroxdase due to the
exposure of two cultivars of Brassica napus to chromium revealed that these
enzymes are increased proportional to the chromium concentration. But
more activity of both the enzyme was occurred in more resistant cultivars

(Hosseini et al., 2007).

Panda (2007) opined that chromium induces oxidative stress in the root
cells of rice seedlings. According to the author chromium translocation take
place via membrane transporters like sulfate carriers. Generation of ROS like
H,0,, and O, indicative of lipid peroxidation and resultant increase in MDA
also occur in plants due to chromium stress (Panda et al., 2003). Antioxidant
enzymes, guaiacol peroxidise and glutathione reductase showed reduction
while superoxide dismutase activity was increased to compensate the

oxidative stress induced by chromium.

Mercury belongs to the common group of heavy metals that
accumulates in plants and reach animals through food chain. This metal
causes serious health hazards like biotransformation, bioaccumulation and
toxicity to living systems throughout the world due to its widespread

distribution in the environment (Anonymous, 1979).

Toxicity of mercury has been reported in many plants and even in very

low concentrations it causes hazards to plant growth (Vallee and Ulmer, 1972;
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Sandmann and Boger, 1983; Kagi and Hapke, 1984; Baker et al., 1985; De
et al., 1985). Those authors suggested that mercury is phytotoxic even in
small quantities and the toxicity is bearing its strong affinity to acidic and
thiol groups of proteins and nucleotides, thus interfering with the function of
metabolites /organelles. In addition, mercury competes with other metal such
as copper or zinc within the cell (Marschner, 1983). Mercury enters the plants
as inorganic form from the soil or water or by the process of methylation that

occurs in plants.

Various forms of growth retardation and physiological changes have
been reported in plants by mercury toxicity (Nag et al., 1980). In Cyperus
rotundus and Chloris barbata root growth inhibition occurred due to mercury
treatment and the rate of inhibition was increased with the increase in
concentration of mercury (Lenka et al., 1993). Maitani et al. (1996) observed
a reduction in the relative root elongation of Rubia tinctorium when treated

with 10pM Hg*".

In Zea mays leaves, inhibition of chlorophyll synthesis has been
observed due to mercury treatment (Jain and Puranik, 1993). Prasad and
Prasad (1987), Prasad (1997) and Parmar et al. (2002) have reported the
decline of chlorophyll content due to mercury toxicity and according to them

the decline is linked to the photosynthetic productivity. According to Prasad
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et al. (1991) mercury has got direct effect on the photosynthetic electron

transport system.

Interaction of mercuric chloride with primary amino groups of
membranes containing phosphatidyl ethanolamine was studied by
Delnomdedien et al. (1989) and the results revealed that the neutral,
positively-and negatively charged-phospholipids are strongly affected by
mercury. This mercury-lipid interaction suggested new mechanism for
biological effect of mercury at membrane level. Studies on the effect of heavy
metals like Zn and Hg on growth and biochemical constituents of Vigna
radiata seedlings showed a decline in the respiratory rate of seedlings
(Pratima et al., 1989). Mercury forms stable complexes with a variety of
organic ligands and has exponential affinity for sulthydryl groups of proteins
(Falchuk et al., 1977; Nath et al., 1993). Strongest covalent complexes are
formed with sulfur containing ligands such as cysteine, the next strongest with
amino acids and hydroxyl carboxylic acids. According to Orcutt and Nilsen
(2000) major impact of mercury is that it has a high affinity for sulthydryl

group and thus can inactivate many proteins and enzyme systems in plants.

Mercury is, an enzyme-and protein-inhibitor in biological systems and
all mercury compounds are highly toxic to plants in general and aquatic plants
in particular (De Fillippis, 1979; Baker and Walker, 1989; Reed and Gadd,

1990). Brzyska et al. (1991) reported that mercury treatment resulted in a
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decrease of both soluble and immobilized enzyme activity even at low
concentrations (0.2 mM) by 20 — 50% and addition of magnesium ions to the
soluble forms of endopolygalacturonase counteracted the inhibitory effect of
Hg. According to Jeana and Chaudhuri (1982) mercury causes increased

permeability of tissues due to membrane damage in some aquatic plants.

Increased synthesis of malondialdehyde in plants treated with mercury
was reported due to the inhibition of enzymes of photosynthetic carbon
reduction cycle (Sheoran et al., 1990; Van Assche and Clijsters, 1990; Shaw,

1995).

According to Maitani et al. (1996) phytochelatin (PC) is the most
abundant class III metallothionein produced in higher plants due to Hg*
exposure. Those authors suggested that since mercury (II) has a linear
configuration in co-ordination compounds, phytochelatin can effectively
protect plants against the Hg>" toxicity. Reduced glutathione (GSH) is the
predominant free thiol present in plants and the concentration of GSH in plant
cell is modified by developmental and environmental factors such as heavy
metals and cell culture studies have indicated that GSH is the precursor for

synthesis of heavy metal binding phytochelatins (Rauser, 1987; Scheller et

al., 1987; Obata et al., 1994).

Eventhough, extraction and characterisation of phytochelatins induced

by mercury in higher plants have not been well studied, higher levels of non-
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proteinaceous thiol containing compounds have been detected in algae
(Tukendorf and Rauser, 1990; Satoh et al., 1999). According to Velasco-
Alinsug et al. (2005) specific mercury binding peptides are found in
Chromolaena odorata treated with mercury. Detection by using RP-HPLC
studies revealed that this proteins contain a series of five to nine cysteine
residues repeatedly attached to the long chain of mercury binding peptides.
The ability of the plant to accumulate and sequestrate mercury is primarily

attributed to the production of Hg binding proteins.

According to Shaw (1995), mercury significantly inhibited seed
germination and seedling growth in Phaseolus aureus but had little primary
damaging effect on membranes. Lipid peroxidation occurs in Phaseolus by
mercury treatment and it is indicated that guaiacol- and ascorbate peroxidases
and catalases are actively involved in scavenging cellular H,O, and other free
radicals. The lipid peroxidation induced by this metal is a consequence rather
than the primary cause of toxicity. According to Woolhouse (1983) mercury
after being absorbed from the soil remain deposited mostly in root tissues.
Lipid peroxidation and TAA oxidative activity are found to be increased in
Phaseolus vulgaris due to the treatment with mercury. (Parmar and Chanda

2005).

Translocation and accumulation of mercury are very feeble in plants

and no plants have been reported as hyperaccumulator of this element (Henry,
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2000; Raskin and Ensley, 2000). According to those authors transgenic plants
of Arabidopsis thaliana are known to accumulate mercury. Velasco-Alinsug
et al. (2005) reported Chromolaena odorata as an accumulator of mercury
and hence this plant has been recommended for phyotoremediation
technology. Although no angiosperms have been recognised as natural hyper
accumulator of mercury (Henry, 2000, Raskin and Ensley, 2000), Azolla
corolimiana was reported as a hyper accumulator of mercury (Bennicelli et
al., 2004). An investigation conducted on Berkheya coddii and Atriplex
cansescens, revealed elevated mercury translocation and accumulation
(Moreno et al., 2004). The results suggested that there is a potential for

induced mercury accumulation for phytoremediation in these plants.

Moreno et al. (2005a) carried out experiments in plant growth
chambers to investigate mercury accumulation and volatalisation in Brassica
juncea and estimated mercury concentration in shoot and root and
volatalisation rate. According to these authors volatalisation is a dominant
pathway for mercury removal from the accumulator plant parts. In another
study Moreno et al. (2005b) investigated the effect of thioligands on mercury
volatalisation and accumulation in Brassica juncea and found that mercury
accumulation was enhanced in the presence of ammonium thiosulphate, but
volatalisation was not affected. Based on the experimental studies in Brassica
juncea Moreno et al. (2005b, c) concluded that this plant exhibits

phytofiltration potential of mercury from waste water contaminated with

33



mercury and loss of mercury from the plant-soil system occurs by
volatalisation and this plant can also remove mercury from the waste water

both by volatalisation and accumulation.

Aquatic plants such as Eichhornia crassipes, Pistia stratiotcs, Scirpus
tabernaemontani and Colocasia esculenta are capable of removing mercury
from water (Skinner et al., 2007). According to those authors, the higher the
concentration of mercury in water, the greater the amount of mercury
removed by the plants. The roots of Pistia exhibited the largest uptake and
accumulation capability over all plants followed by Eichhornia, Colocasia
and Scirpus. Roots showed more mercury accumulation because roots are the
only plant structure submerged in the test water containing mercury. Mercury
storage in the roots may be a strategy of exclusion since roots are usually at

the base of the plants (Skinner et al., 2007).

In an elaborated study on Brassica juncea Moreno et al. (2008)
suggested that solution of 5 and 10 mg/l mercury detrimentally affected
transpiration and roots accumulated 100-270 times mercury (on dry weight
basis) above initial concentration. Nevertheless, the plant is found to
translocate very little mercury to the shoot accumulating 0.7- 2% of the total
mercury in the plant. According to those authors mercury volatalisation is in
the form of Hg (o) vapour. Volatalisation is more from the experimental

vessels and the rate is increased linearly as a function of mercury
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concentration in the solution and it was concluded that, volatalisation of
mercury from the solution may be due to the activity of root- associated
algae or mercury resistant bacteria. However, phytofiltration effectively
removed up to 95% of mercury from the contaminated solution by both

volatalisation and accumulation.

Lead is physiologically not essential for plants at the same time it is
harmful to growth. Mazen and Maghraby (1997) reported that wide spread
use of lead in Roman times and the fall of Roman Empire, was the result of
lead poisoning. Although lead is not an essential element, it is absorbed and
accumulated in plants (Kabata- Pendias and Pendias, 1999).Various effects of
lead on plants have been reviewed extensively (Foy et al., 1978; Koeppe,
1981; Kahle, 1993; Wozny et al., 1990; Orcutt and Nilsen, 2000; Fodor,

2002).

In a number of studies, the effect of lead on plants revealed that growth
inhibition is more prominent in root systems than the shoots (Wozny and
Jerczynska, 1991; Kahle, 1993). In sunflower, lead reduces leaf area, dry
mass and plant height (Kastori et al., 1998). According to Gzyl et al. (1997)
and Malkowski et al. (2002) major symptoms of lead toxicity in plants are
rapid inhibition of root growth. In Phaseolus vulgaris, lead in 10 pM
concentration inhibits growth of main roots and lateral roots (Wozny and

Jerczynska, 1991). In onion roots, the cell wall is remarkably thickened by
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the effect of lead which is observed within one hour at a higher lead
concentration (Wierzbicka, 1998). According to this author the first step of
lead effect is the attachment to the cell wall and the thickening is not uniform.
After 24 hours, tubular invaginations of the cell membrane are formed, which
bind the majority of lead. According to Jiang et al. (2000) even at millimolar
concentration of lead, root and shoot growth get inhibited. Cseh et al. (2000)
suggested that at physiological concentration of 10uM lead does not inhibit
shoot growth since lead is captured in the root apoplast by restricting
translocation to the shoot. Reduction of photosynthesis associated with
reduced stomatal conductance and transpiration have been reported in maize

plant treated with lead (Stefanov et al., 1993).

In excised leaf segments of pea, Sengar and Pandey (1996) found that
lead treatment resulting in lowered photosynthesis specifically by the
inhibition of 6- aminolevulinic acid synthesis and the decrease in the 2-
oxoglutarate and glutamate pool, which may be caused by the competition
between the essential ions required for chlorophyll synthesis and Pb*". Most
common symptoms of lead toxicity is chlorosis of leaves due to decrease of
chlorophyll synthesis (Salati et al., 1999). In the leaves of Festuca
arundinacea, the primary target of lead toxicity is the photosynthetic carbon
dioxide fixation (Fodor, 2002). Inhibition of growth by lead is interpreted in
different ways and most widely accepted conclusion is the direct or indirect

effect on photosynthesis (Krupa and Baszynski, 1995). Decreased chlorophyll
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content was found in Lemna minor, sunflower and cucumber treated with lead

(Fodor, 2002).

According to Gregory (1988) the movement of lead from soil solution
to root surface is by mass flow or diffusion, and it is controlled by
concentration of the metal in the solution and transpiration rate of plant. Lead
is taken up from the soil solution into root symplasts (Huang and
Cunningham, 1996; Huang et al., 1997). In cucumber once lead enters root
tissue, it can precipitate or flow into the xylem (the primary transpiration
flow) or can exchange with the phloem (secondary bulk flow) structures
which balance nutrient concentrations among plant tissues. Once in the xylem
the metal can be absorbed to cation exchange sites within the walls of tubular
structures (Marschner, 1986; Kochian, 1991; Raskin et al., 1994; Salt and
Rauser, 1995). In plants treated with lead, transport mechanism of
nutrients through the root cell is inhibited up to an extent of 50% (Cseh et al.,

2000).

Turner and Dickinson (1993) found that concentration of lead in the
roots of Acer pseudoplatanus was very high which caused stunted growth and
lack of lateral roots. According to Kastori et al. (1996) bioaccumulation of
lead was significantly increased with the increase of lead concentration in the
rooting media of Beta vulgaris and maximum lead was accumulated in the

roots while dry weight of root and shoot was reduced proportional to the
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concentration of lead. Ye et al. (1997) reported that the lead content in the
roots of Typha latifolia was greater than in the shoots when the plants were

grown in lead containing medium.

According to Brennan and Shelly (1999) the degree of precipitation of
lead in Zea mays, increases the concentration of lead in the shoot and
decreases the concentration in the root. Increasing the precipitation rate had
the opposite effect. This behaviour can be explained by the fact that the faster
precipitation occurs the more metal builds up at its point of entry in to the
root system. As more precipitation occurs in the root, less is available for
translocation to the shoots. The lead that is not precipitated only is available

for translocation to the shoots.

The accumulation of lead is not uniform among the different zones of
corn seedling roots (Michalak and Wierzbicka, 1998). It has been shown that
lead absorption by the Allium cepa is not uniformly distributed within the
root. In this case root tips contained the highest concentrations of lead,
intermediate concentrations were found in the proximal parts of the roots
while the lowest concentrations of lead were found in the root base. There are
plants like cucumber in which despite the retention of lead in the root, a
significant amount is transported to the shoot and entering the xylem is
evidenced by the significant amount of lead measured in the xylem sap

(Varga et al., 1999). In plants exposed to lead, greater concentrations were
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observed in the root tip, lower in the elongation zone and the least in the basal
part of the root (Malkowski et al., 2002). Fodor (2002) suggested that in
terrestrial plants most of the lead enters the root through the root hair region
and accumulates at the endodermis which serve as a barrier to radial

movement of lead and hence the translocation to the shoot is restricted.

A comparative study of translocation and accumulation of chromium,
cadmium and lead in Momordica charantia showed accumulation of all the
three elements in shoot, root and fruit. Eventhough this plant is more sensitive
to cadmium, maximum quantity of accumulation was observed in the root
(Daniel et al., 2009). According to Chandra et al. (2009) bioaccumulation of
copper, cadmium, chromium, zinc, iron, nickel, manganese and lead in
Triticum aestivum and Brassica compestris irrigated with distillary and
tannerary effluents revealed that the concentration of all the treated metals

was significantly higher than the permissible limit by FAO/WHO (1984).

Gbaruko and Friday (2007) reported that Hibiscus esculentum and
Vernonia amygdalina grown in the soil of polluted coastal area where
massive oil exploration takes place, showed the presence of mercury, lead,
chromium, copper, nickel and zinc content and the heavy metal content in the
roots of both plants were more compared to the leaf/fruit and the authors
opined that nutritional implication was that consumers of these food materials

may be exposed to heavy metal toxicity. Studies on the effect of waste water
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irrigation on the accumulation of lead, copper, zinc and manganese in the
vegetable available in one province of Iran revealed that concentration of
these metals in the vegetables was very high (Cheraghi et al., 2009).
Bioaccumulation /phytoextraction potential of Arachis hypogea was
established by irrigating the plant with effluent water of Biomass Power Plant
(Nagajyoti, et al., 2008). The effluent contained heavy metals such as
chromium, copper, manganese, iron, cobalt, nickel, cadmium, lead and zinc
and accumulation of these metals varied from metal to metal and depend on
duration and concentration. Maximum accumulation was noticed in 10%
effluent. According to those authors, phytoremediation technology can be
applied to Arachis hypogea and at lower concentration (25%) the effluent can
be used for irrigation purpose since it contains some nutrient element in
addition to the toxic heavy metals which showed only negligible

accumulation.

A new approach termed phytoremediation, using plants to remove
heavy metals from contaminated environment has been emerged during
1990’s (Cunningham and Berti, 1993; Baker et al., 1994; Raskin et al., 1994;
Salt and Rauser 1995). Some plants, known as heavy metal
hyperaccumulators can extract unusually high content of heavy metals from
environment via root system and translocate them to the above ground parts
(Baker and Brooks, 1989; Brown et al., 1994; Kumar et al., 1995; Xiong,

1998; Baker et al., 2000). Phytoremediation is the process or technology
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involving the use of plants and their associated microbes for environmental
cleanup (Pilon-Smits, 2005). During the past 10 years, phytoremediation has
gained acceptance as a cost effective, non invasive, alternative or
complementary technology for engineering- based remediation method

against heavy metal pollution.

Thlaspi caerulescens, a herbaceous annual has received much attention
because it has been known to hyperaccumulate Zn (Baker et al ., 1994; Brown
et al.. 1995; McGrath et al., 1997; Shen et al., 1997; Kupper et al., 1999;
Escarre et al., 2000; Pance et al., 2000). Brassica juncea also is well known
due to its hyperaccumulation of Cd and Zn and hence phytoremediation
potential of this plant has been established (Kumar et al., 1995; Salt and
Rauser, 1995; Blaylock et al., 1997; Ebbs and Kochian, 1998; Haag-Kerwer
et al ., 1999; Hale et al., 2001; Hamlin et al., 2003; Podar et al., 2004; Abe et

al., 2006; Ishikawa et al., 2006).

The plant species like sharp dock (Polygonum amphibium), duck weed
(Lemna minor), water hyacinth (Eichhornia crassipes), water dropwort
(Oenanthe javanica) and calamus (Lepironia articulatae) are good candidates
for phytoremediaion of polluted waters (Wang et al., 2002). Polygonum
amphibium showed accumulation of nitrate and phosphate in its shoots.

Eichhornia crassipes and Lemna minor were hyper accumulators of cadmium.
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Water dropwort and calamus were hyperaccumulators of Mercury and Lead

respectively (Skinner et al., 2007).

Phytoremediation of cadmium has been effectively performed by
Brassica juncea (David et al., 1995), Thlaspi caerulescens (Brown et al.,
1995) and Polygonum thunberjii (Shinmachi et al., 2003) and these plants are
reported to be hyper accumulators of Cd. Similarly, weed species such as
Silene vulgaris (Joop et al., 1994) and Lepidium campestris (Wenzel and
Jockwer, 1999) have also been reported to grow actively in Cd polluted soil

and Cd accumulation was noticed.

Phytoremediation potential of native plants under field condition
revealed that severe phytotoxicity may act as a powerful force for evolution
of tolerant plant populations (Shu et al., 2002; McGrath and Zhao, 2003).
Effect of cadmium on weed species growing in the paddy field are found to
be accumulators of Cd from the soil and hence can be used for

phytoremediation of Cd polluted soil and bioassay for Cd in soil.

Phytoremediation is a promising method for the removal of cadmium
from the soil. Plants remove Cd** from soil very slowly. To increase
cadmium uptake by plants, the effect of application of chloride ions (CI°) and
decrease in soil pH on the quantity of cadmium taken up by plants were
investigated in pot experiments using soil collected from paddy fields

contaminated with cadmium from mining waste water and planting Hibiscus
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nannabinus, Helianthus annuus and Sorghum vulgare (Hattori et al., 2006).
The application of Cl approximately doubled the quantity of Cd uptake by

Helianthus and Hibiscus compared to the control.

Plants used for phytoremediation enhance the removal of pollutants by
consuming part of them in the form of plant nutrients (Fitz and Wenzel,
2002). Tong et al. (2000) suggested that plants used for phytoremediation of
soil polluted by heavy metals should grow fast, develop a large amount
biomass quickly and be easy to cultivate and harvest, preferably multiple
times/year. According to Ziammels et al. (2004); Sersen et al. (2005), aquatic
plants such as Eichhornia crassipes, Pistia stratiotes, Lemna minor and
Salvinia molesta which are having high efficiency in removing metals and
minerals from contaminated water are used for improving river water quality .
So the aquatic plant system offers an eco-friendly and cost effective

technology for treatment of urban and agricultural waste water.

Phytoextraction of lead, zinc and cadmium from the soil by selected
plants such as Sinapis alba, Raphanus sativus, Amaranthus spp. investigated
by cultivating in soil samples contaminated with these heavy metals alone as
well as in combination with chelating agents, EDTA (Ethylenediamine-
tetraacetic acid) and EDDS (Ethylenediamine-di succinic acid) revealed
several fold uptake of these heavy metals (Kos et al., 2003). Those authors

further stated that EDTA appeared to be more effective chelating agent
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while biodegradable EDDS was less effective. Biomass increase was reported

as another effect of these chelating agents in most of the plants.

Phytoremediation of chromium - polluted soil and water can be done
with harvestable plants (Phytoextraction) and by accumulation in the root
tissue of aquatic plants by growing in contaminated water (Rhizofiltration).
Yadav et al. (2005) reported phytoextraction of chromium from contaminated

soil by Scirpus lacustris, Phragmities karka and Bacopa monnieri.

Metal accumulation potential of plants varies from metal to metal and
plant to plant. Several plants have been reported as tools for phytoextraction
of metals. Chromium accumulation is very high in Arabidopsis thaliana
(Baker, 1990), Brassica juncea (Gleba et al., 1999), Alternanthera sessilis
and Pistia stratiotes (Moodley et al., 2007). Azolla carlilniana is a
hyperaccumulator of mercury (Bernier et al., 1993). Accumulation of arsenic
is very high in Pteris vitatta (Wei et al., 2006), Pistia, maize and
Alternanthera are very good accumulators of lead (Huang and Cunningham,
1996; Moodley et al., 2007). Nickel shows very high potential of

bioaccumulation in Brassica compestris (Glick, 2003).

Brassica nigra plants have been reported to have high potential to
tolerate and accumulate high quantities of toxic trace elements and can be
used for phytoremediation of metal —polluted soils (Minglin et al., 1995;

Schafer et al., 1997). Bharagava et al. (2008) reported that Brassica nigra
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irrigated with industrial effluents have accumulated toxic trace elements in
different parts beyond the permissible limit as suggested by FAO/WHO

(1984).

According to Liu et al. (2009) the bioaccumulation coefficient (BC)
was used to evaluate the metal accumulation efficiency in plants. The elevated
translocation factor (TF) shown by Lonicera japonica reveals the stronger
tolerance to cadmium and translocation from root to shoot indicating high

potential of this plant for phytoremediation of soil polluted by cadmium.

Although phytoremediation potential of Bacopa monnieri has already
been reported by cultivating this plant in nutrient medium artificially
contaminated with heavy metals like cadmium chromium, mercury and lead
(Sinha, 1999; Hussain, 2007), studies on accumulation of different heavy
metal by naturally growing Bacopa monnieri collected from different
polluted habitat confirmed the phytoremediation potential of this medicinal

plant. (Hussain et al., 2010).

Medicinal plants growing in natural habitat are exposed to heavy
metals and poisoning, associated with these toxic metals have been reported
in Asia Europe and United states (Dunbabin et al., 1992; Markowitz et al.,
1994; Olujohungbe et al., 1994; Kakosy et al., 1996). Plants absorb and
accumulate  heavy metals from the soil and water polluted with the toxic

metals and medicinal preparations using these plants as active ingredients of
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many Ayurvedic medicine get contaminated. Lead and mercury have been
reported in Chinese and Indian medicines as the plants are grown in
polluted area near road ways or metal mining operations (Levitt, 1984). In
addition, high level of heavy metals are formed by agricultural expedients
including cadmium contaminated fertilizers, organic mercury or lead- based
pesticides and contaminated irrigation water. Aneesh et al. (2009) reviewed
the international market scenario of traditional Indian herbal drugs and stated
that overall 20.7% of Ayurvedic medicines contained detectable quantity of
lead, mercury and arsenic. Exposure to cadmium cause nephro toxicity in
humans and lead and mercury adversely affect neuron system (Tong et al.,

2000, WHO, 2003).

Hussain et al. (2006) in an elaborated study of bioaccumulation
pattern of heavy metals such as lead, copper, zinc, chromium, iron and nickel
in medicinal plant parts including root, stem, leaves and seeds revealed that,
high amount of lead was accumulated in the roots of Datura alba followed by
leaves of Achyranthes aspera and Withania somnifera. Concentration of

copper, iron and lead also was high in all samples.

A study on the herbal medicines used in Brazil (Caldas and Machado,
2004) revealed the presence of lead, cadmium and mercury in 138 samples of
powdered dry extracts of the plants. Samples contained detectable level of

mercury, lead and cadmium and the quantities were 38, 88 and 76% of
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samples respectively. This study recommended the need for a systematic
control of toxic heavy metals in plants which are wused as medicines.
According to Zheljazkov et al. (2008), medicinal plants  such as Bidens
tripartia, Leonurus cardiaca, Marrubium vulgare, Melissa officinalis and
Riganum  heracleotieum cultivated in the soils near metal smelter and
contaminated with Cd, Mn, Zn, Cu and Pb exhibited slight growth retardation.
But the accumulation of these metals was negligible in the shoot particularly
compared the roots and the oil content of these plants was metal free since
translocation of heavy metals to shoot was very low. Barthwal et al. (2008)
estimated the heavy metal content of soil and selected medicinal plants such
as Abutilon indicum, Calotropis procera, Euphorbia hirta and Tinospora
cordifolia collected from three environmentally different sites. The study
revealed that the level of heavy metals was higher in the plants of traffic area
and lowest in plants collected from industrial and residential area. According
to those authors, the level of heavy metal content differed in the same

medicinal plant collected from environmentally different sites.

Accumulation of high amount of iron, zinc and manganese have been
reported in selected medicinal plants such as Artemissia vulgaris, Asparagus
adscendens, Stevia rebaudiana, Withania somnifera etc. collected from

natural habitat (Khan, et al., 2008).
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Assessment of heavy metals by different aquatic plants grown along
Lana river, Albania revealed that considerable quantity of nickel and
cadmium was accumulated in the species, Typha latifolia, where as Arundo
donax plants accumulated more manganese. All the species showed almost

same quantity of lead and nickel accumulation (Shehu et al., 2010).
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MATERIALS AND METHODS

Plant Material

Boerhavia diffusa L. cuttings were collected from Calicut University
Botanical Garden. Earthen- ware pots half filled with potting mixture (garden
soil: sand: cowdung 1:1:1) were used for cultivation. Five cuttings were
planted in each pot, irrigated with tap water and maintained under green
house condition. Growth performance were observed and most profusely
growing plants were selected for further cultivation. Continuous propagation
of plants were done throughout the period of experimentation by re-planting
2-3 times in a year. Healthy cuttings of length 10-15 cm consisting of 3-4

nodes were selected for culture studies.

1. Rooting

The cuttings selected as described above were planted in Hoagland
nutrient solution and kept under green house condition for rooting. Rooted

propagules were used for heavy metal treatments.

3. Chemicals

Either AR or GR grade chemicals were purchased from
MERCK, BDH, SRL and GLAXO companies. PVPP, Riboflavin and BSA

were purchased from Sigma Chemicals.
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Containers for Culture

were used for the setting of hydroponics system.

Good quality glass bottles of size 8.5 cm height and 5.5 cm diameter

5. Composition and Preparation of Nutrient Solution

Modified Hoagland solution (Epstein, 1972) prepared as described by

Taiz and Zeiger (2002) was used for hydroponic study (Table 1). The stock

solution of each nutrient was prepared separately and appropriate volume of

each was mixed together to makeup the final volume and concentration of the

nutrient solution. pH of the solution was adjusted to 6.8 using 0.1 N HCI or

NaOH.

Table 1. Composition of nutrient solution employed in the present study

. Volume of
. Concentratio
Molecular Concentratio n of Stock st‘o ck
Compounds weight n of Stock solution solution per
solution litre of final
solution
_ (g mol™) (mM) (gL (mL)
£| KNO3 101.10 1,000 101.10 6.0
g Ca (NOs), 236.16 1,000 236.16 4.0
2 4 H.O
g NH, H, PO, 115.08 1,000 115.08 2.0
1]
= MgSO.. 7H,0 246.48 1,000 246.49 1.0
g Kl 74.55 25 1.864
£ | HsBO; 61.83 12.5 0.773
2| MnSO.. H:0O 169.01 1.0 0.169 20
g 7ZnS0,. 7H,O 287.54 1.0 0.288 ’
S| CuSO.. 5H,0 249.68 0.25 0.062
H>Mo0O, 161.97 0.25 0.040
NaFe EDTA 558.50 53.7 30.0 0.3
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6.Treatment with Heavy metals

Screening tests on the effect of treatments of B. diffusa cuttings with
cadmium chloride (CdCly), potassium dichromate (K,Cr,O;), mercuric
chloride (HgCl,) and lead acetate (CH5-COO), Pb 3H,O showed that tolerance
of this plants to cadmium, chromium, mercury and lead varied and hence the
concentrations in which seedlings survived but exhibited approximately 50%
growth retardation were selected for the treatments. Table 2 shows the
optimal concentration of each treatment, which brought about 50% growth
retardation. Rooted cuttings (3 numbers) were planted in one bottle
containing 100 ml of Hoagland solution to which the heavy metal solutions
were added to obtain the final concentration as given in Table 2. Minimum 25
bottles were used for each treatment so as to get sufficient tissues for
experiments. The hydroponic system was maintained under green house
conditions. Plants cultivated in Hoagland solution without any heavy metal

salt served as the control.

Table 2. Concentrations of Heavy Metal salts used for treatments of

B. diffusa seedlings.

Concentrations
Heavy metal salts
y (pM)
Cadmium chloride 30
Potassium dichromate 400
Mercuric chloride 10
Lead acetate 600
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7. Sampling

Samples of treatments and control were collected at comparable
interval of four days up to 20 days of growth. At each interval, plants were
harvested from each treatment, washed thoroughly in distilled water and
blotted to dryness. Morphological parameters such as root/shoot length, leaf
area, tolerance index and stomatal index were recorded. For biochemical
analyses, root, stem and leaves were sampled. A minimum of 5 plants of
each treatments were separately cut into pieces, randomized and sampled in

duplicates for each analysis.

8. Morphological measurement

Growth of plants were assessed in terms of root length, stem length,

and leaf area.

8. 1. Root and stem length

The sampled propagules were washed in distilled water, blotted and
length of root, stem and leaf area were measured manually, using a graduated
scale. Measurements of not less than five propagules were recorded each

time.
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8. 2. Tolerance Index percentage

Tolerance Index percentage was calculated according to the method of

Turner (1994).

Observed value of root length in solution with metal

- 0100
Observed value of root length in solution without metal

8. 3. Stomatal Index

Stomatal density on abaxial and adaxial sides of the leaf was counted
under a light microscope, by using nail polish impressions of leaf surface.
Stomatal index was calculated according to the method of Meidner and

Mansfield (1968).

Number of stomata per unit area

Stomatal Index = 0100

Number of stomata + number of epidermal cells per unit area

9. Physiological and Biochemical Studies

9.1. Dry weight

Samples of root, stem and leaves collected as described earlier were
weighed in pre-weighed containers using electronic balance. Fresh weight
obtained was recorded and the weighed samples were then placed in hot air
oven at 100°C for one hour followed by at 60°C for overnight. Dry weight of
each sample was taken on the next day and drying and weighing were
repeated until values become constant. Dry weight percentage was calculated

by using the following formula.
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Dry weight
Fresh weight

Dry Weight Percentage = 0100

9. 2. Estimation of Total Protein

Total protein of B. diffusa was estimated according to Lowry et al.

(1951). Bovine Serum Albumin (66 KDa) was used as the standard.

Extraction

Two hundred mg each of root, stem and leaves from the randomized
samples of each treatment and control were weighed separately. The weighed
tissues were ground using mortar and pestle in chilled distilled water. The
homogenate was transferred to centrifuge tubes and equal volume of 10%
Trichloroacetic acid was added, mixed well and kept undisturbed in a

refrigerator for flocculation.

The precipitated homogenate was centrifuged for 10 minutes,
supernatant was decanted off and 2% TCA was added to the residue and again
centrifuged, supernatant was decanted off. The precipitate was washed with
80% acetone to remove the pigments. Two washes were carried out in 80%
acetone and final washing in anhydrous acetone. Five ml of 0.1 N NaOH was
added to the pellet in each centrifuge tube and boiled for 5 minutes in water
bath, cooled and centrifuged. The supernatant was then transferred to test

tubes and used for protein estimation.
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Estimation

Reagents

A — 2% Sodium carbonate in 0.1N Sodium hydroxide
B — 0.5% Copper sulphate in 1% Potassium sodium tartarate

C — Alkaline Copper sulphate solution: Mixed 50 ml A and 1 ml of B prior to

use.
D — Folin-Ciocalteau reagent

Suitable aliquots were taken in duplicates from each preparation.
Volume was made up to 1 ml with double distilled water. Then 5 ml of
reagent C was added to each tube, mixed well and kept at room temperature
for 10 minutes, and 0.5 ml 1IN Folin-Ciocalteau reagent was added with
immediate mixing. The tubes were kept for 30 minutes for color development.
Absorbance (Optical Density) was read at 700 nm using a Shimadzu UV-

Visible spectrophotometer (Model UV — 1601).

9. 3. Protein Profile

Protein profile of the treatments and control (root, stem and leaves) of
B. diffusa were analysed by SDS Poly Acrylamide Gel Electrophoresis (Gaal

et al., 1980).
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Extraction of Protein

Five hundred milligrams each of the root, stem, and leaf tissues of the
plants of control as well as the treatments were used for PAGE analysis.
Tissues were homogenized using a chilled mortar and pestle in 50mM
phosphate buffer in the presence of mercaptoethanol as phenolic binder and
10% sodium dodecyl sulphate. The homogenate was centrifuged at 16 000Xg
for 20 minutes using a Plastocraft (model ROTA R4 Rv/Fm) refrigerated

centrifuge at 4°C and the supernatant was collected.

Reagents of SDS PAGE

Stock Acrylamide solution (30%)

Acrylamide -30g
Bis-acrylamide -08¢g
Double distilled water -100 ml

Stored in amber colored bottle.

Stacking Gel Buffer (0.5 M Tris HCI pH 6.8)

Tris Buffer - 6g
Double distilled water -40 ml
1 M HCI -48 ml

Made up to 100 ml,filtered with Whatman No. 1 filter paper and stored at 4°C.
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Resolving Gel Buffer (2 M Tris HCI pH 8.8)

Tris Buffer -242¢g

1M HCI - 32 ml

Made up to 100 ml, filtered with Whatman No. 1 filter paper and stored at

4°C.

Reservoir Buffer (pH 8.3)

Tris Buffer -3g
Glycine -144¢g
Sodium Dodecyl Sulphate -1g

Dissolved and made up to 1 Litre, stored at 4°C.

Staining Solution (Coomassie Brilliant Blue)

Coomassie Brilliant Blue - 200 mg
Methanol -90 ml
Glacial Acetic acid -10 ml

Destaining Solution

Methanol -40 ml
Glacial Acetic acid -10 ml
Double distilled water -50 ml
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Protein Marker (Genei Narrow Range- 3-43 KDa)

Protein KDa
Ovalbumin -43
Carbonic Anhydrase -29
Soybean Trypsin Inhibitor -20.1
Lysozyme -14.3
Aprotinin -6.5
Insulin -3
Gel Casting

The glass plates, comb and spacers were washed in absolute alcohol
and wiped with tissue paper. Then the plates were cleaned with acetone and
spacer was positioned in-between the glass plates one on each side. The glass
plates with the spacer were placed in casting tray and clips were tightened,

so as to avoid any leakage while casting the gel.

Preparation of Resolving Gel

Resolving gel buffer -5ml
30% Acrylamide stock - 6.6 ml
Double distilled water -8.12ml
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10% Sodium Dodecyl Sulphate -100 pl
0.1% Ammonium persulphate -100 ul

TEMED -10 pl

The resolving gel was poured into the space between the glass plates
placed in the casting tray. Distilled water was added on the top of the
resolving gel to form a layer so as to prevent its contact with air and kept it
for half an hour. Later distilled water was removed by decanting and the edge

of the glass plate was wiped with tissue paper.

Preparation of Stacking Gel

Acrylamide -0.99 ml

Double distilled water -1.94 ml

Stacking gel buffer (1 ml diluted to 4 ml)-3.0 ml

10% Sodium Dodecyl Sulphate -30 pl
0.1% Ammonium persulphate -30 pl
TEMED 10 pl

The stacking gel was poured between the glass plates on the top of the
resolving gel layer. Then the comb was placed gradually from one end

slanting to avoid bubble formation and the setup was kept undisturbed. The
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comb was removed after half an hour and the wells were cleaned with the

reservoir buffer.

Sample Preparation for Gel Loading

Test sample -40 pl

10% Sucrose -10 pul

Bromophenol blue - 10 pl

Gel loading buffer -1 ml

Fifty-microlitre sample was taken to load the wells. Protein marker
diluted with extraction buffer was also run along with the sample. Then the
apparatus (Genei Mini vertical gel casting unit) was assembled for running.
The lower and upper tank was filled with 300 ml of reservoir buffer and the
electrodes were connected to a power pack. Then power was switched on and
voltage was set at 80 V. After about one hour the voltage was raised to 100 V
when the loaded protein stored at bottom of the well. Power was switched off
when the bands reached at the bottom of the resolving gel. The Gel Unit was
taken out and the buffer drained off. The apparatus was unscrewed and the
spacers were removed. The gel was taken out and kept in the staining
solution for overnight. Then it is transferred to destaining solution. After

proper destaining, photographs of the gels were taken using a digital camera
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(Canon, EOS 450D, 12MP). Molecular weights of the bands were determined

using Quantity One software.

9. 4. Total Free Amino Acids

Total free amino acids of plant parts such as root, stem and leaves of
treated and control plants of B .diffusa were estimated according to the

method of Lee and Takahashi (1966).

Extraction

One gram of fresh tissue was homogenized in 80 % (v/v) alcohol
using a clean glass mortar and pestle. The homogenate was transferred to a
round —bottomed flask fitted with vertical condensor and refluxed on a boiling
water bath for 2 hours. Then the suspension was centrifuged and the
supernatant was collected. The residue was re-extracted with 80% alcohol and
after each centrifugation the supernatant was combined with the original
supernatant. The combined supernatant was then evaporated to dryness over a
boiling water bath, eluted using a known quantity of 10% iso-propanol. This
extract was used for the determination of total free amino acids using

ninhydrin.
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Preparation of ninhydrin-citrate —glycerol reagent

One ml of 1% (w/v) ninhydrin solution in 0.5M citrate buffer (pH 5.5)
was mixed thoroughly with 2.4 ml of glycerol and 0.4 ml of 0.5M citrate

buffer (pH 5.5).

Estimation

To 0.2 ml of the sample, 3.8 ml of ninhydrin-citrate-glycerol mixture
was added. After shaking well, the mixture was heated in a boiling water bath
for 12 minutes and cooled to room temperature, by keeping under tap water.
Within one hour the optical density of the resultant solution was measured at
570 nm using a Spectrophotometer GENESIS 20. The reagent blank was
prepared by mixing 0.2 ml water and 3.8 ml ninhydrin-citrate-glycerol.

Glycine was used as the standard.

9. 5. Proline

Proline content in the plant parts was estimated according to the

method of Bates et al. (1973).

Extraction

One gram fresh tissue of plant parts such as root, stem and leaves each
of the experimental and control plants was homogenised in 10 ml of 3% (w/v)
aqueous sulfocylic acid using a clean glass mortar and pestle. The

homogenate was transferred to centrifuge tubes and centrifuged for 10
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minutes at 10, 000 rpm and the supernatant was collected and estimation of

proline was done using acid ninhydrin.

Preparation of acid ninhydrin

Acid ninhydrin was prepared by dissolving 1.25 gm of ninhydrin in a
mixture of 30 ml of glacial acetic acid and 20ml of 6 M ortho phosphoric

acid.

Estimation

From the supernatant, 2 ml was taken in test tubes in triplicate and
equal volume of glacial acetic acid and acid ninhydrin were added to it. The
tubes were then heated in a boiling water bath for one hour and then the
reaction was terminated by placing the tubes in an ice bath. For colour
development, 4 ml of toluene was added to the reaction mixture and stirred
well for 20-30 seconds. Then the chromophoric toluene layer was separated
carefully and brought to room temperature. The colour intensity of the
solution was measured at a wave length of 520 nm using Spectrophotometer

(GENESIS 20). L-proline was used as the standard.

9. 6. Quantitative Estimation of Chlorophyll

Chlorophyll estimation was done according to Arnon (1949). Two
hundred mg fresh leaf tissue was homogenized with 80% acetone. The extract

was centrifuged for 5 minutes and the supernatant was collected. The residue
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was re-extracted with 80% acetone and centrifuged. The process was repeated
till the pellet became colorless. The final volume of the combined supernatant
was noted. The absorbance of the extract was read at 663 & 645 nm using a
UV-Visible spectrophotometer (Shimadzu Model UV -1601). Total
chlorophyll, chlorophyll ‘a’ chlorophyll ‘b’ and chlorophyll a/b ratio were
calculated using the formula suggested by Arnon (1949). The chlorophyll was

expressed as mg/g fresh tissue.

Chlorophyll a = 12.7 (A663) — 2.69 (A645) V/1000 x W

Chlorophyll b = 22.9 (A645) — 4.68 (A663) V/1000 x W

Total Chlorophyll  =20.2 (A645) + 8.2 (A663) V/1000 x W

Where, A663 - Absorbance at 663 nm

A645 - Absorbance at 645 nm

\Y - Volume of extract

"\ - Weight of tissue

9.7. Nitrate Reductase assay

Nitrate reductase activity was measured according to the method
suggested by Hageman and Reed (1980) as described by Sadasivam and
Manikam (1992). Potassium nitrate was used as substrate. Sodium nitrate

was used as standard.
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Five hundred mg of fresh samples of root, stem and leaves of B.
diffusa was homogenized in a known volume of medium containing 1 mM
EDTA, 10 mM cysteine and 25 mM potassium phosphate adjusted to a final
pH 8.8 and filtered through four layers of cheese cloth and then centrifuged
for 20 minutes at 20,000g. The supernatant was decanted through glass wool

and used for assay.

The reaction was initiated by adding 0.2 ml enzyme extract to a
reaction mixture containing 0.5 ml of 0.1 M phosphate buffer (pH 7.5), 0.2 ml
of 0.1 M potassium nitrate solution, 0.4 ml of 2mM NADH solution and 0.7
ml water and the assay system was incubated at 30°C for 15 minutes. The
reaction was terminated by the rapid addition of 1 ml of 1% sulphanilamide
prepared in 2.4 N HCI followed by 1 ml of 0.02% N-(1- naphtyl)
ethylenediamine dihydrochloride reagent. Absorbance was read at 540 nm
after 30 minutes. Calculation was made with the help of a standard graph
prepared with sodium nitrite and activity was expressed as quantity of nitrite

formed per hour per gram dry tissue.

9.8. Phenolics

Total phenolics was estimated using Folin-Denis Reagent (Folin and

Denis, 1915). Tannic acid was used as standard.
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Extraction

Extraction was done as per the procedure described under free amino
acid estimation. The supernatant was collected after centrifugation of

refluxed homogenate. The total volume of the supernatant was noted.

Estimation

Aliquots of 2 ml in triplicate were pipetted out and equal volume of
Folin-Denis reagent was added. The contents were thoroughly mixed and
after 3 minutes, 2 ml of IN sodium carbonate was added. This mixture was
kept for one hour after thorough mixing for colour development. The optical
density of the resultant solution was measured at 700 nm using a

Spectrophotometer (GENESIS-20).

9.9. Lipid Peroxidation

The lipid peroxidation in different tissues of B.diffusa was estimated
according the procedure of Heath and Packer (1968). Five hundred
milligram each of root, stem and leaf was crushed in 5 ml of 5%
Trichloroacetic acid. The homogenate was centrifuged at 12, 000 rpm for 15
minutes at 25°C. Two ml of supernatant was mixed with an equal aliquote of

0.5 % thiobarbaturic acid in 20 %TCA.

The solution was heated at 95°C for 25 minutes and then centrifuged at

3000 rpm for 2 minutes.The absorbance of the supernatant was measured at
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532nm and 600nm against the reagent blank using Spectrophotometer
(GENSIS-20). The absorbance value at 532 nm was correlated for non
specific turbidity by subtracting absorbance value at 600nm; the amount of
malondialdehyde was calculated by using an extinction coefficient of 155

mM™* Cm™.

9.10. Guaiacol Peroxidase Assay

Five hundred mg each of root, stem and leaf of control as well as
treatments were weighed and homogenised using a pre—chilled glass mortar
and pestle. The medium for homoginsation was prepared by mixing 50 mM
Tris —HCl of pH 7.5 and 200 mg polyvinylpolypyrolidone (PVPP) as phenolic
binder. The extract was filtered through two layers of muslin cloth and the
filtrate was made up to 10 ml using the TRIS-HCI buffer. The filtrate was
centrifuged at 16000x g for 15 minutes in a Kubota refrigerated centrifuge
(Model KR 20000 T) at 4° C. The supernatant was transferred to a clean test
tube and kept in an ice bath. A part of the extract was used for enzyme assay

and the other part was used for the estimation of soluble protein.

Enzyme Assay

The assay system was followed after Ablees and Biles (1991) with

minor modifications.
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The reaction mixture consisted of 1.5 ml of 100 mM potassium
phosphate buffer at pH 7.0, 0.3 ml of 10mM guaiacol, 0.3 ml of 10 mM
hydrogen peroxide, 0.3 ml of enzyme extract and 0.6 ml of distilled water
together making up to 3. 0 ml. All the ingredients of the reaction mixture
except hydrogen peroxide were added and mixed well in a test tube. The
hydrogen peroxide was added at the end to initiate the enzyme activity. The
enzyme activity was read at 470 nm by direct spectrophotometry for a period
of 3 minutes immediately after the addition of hydrogen peroxide using a
UV —Visible Spectrophotometer (Shimadzu). A total of 6 readings were
taken at an interval of 30 seconds each. The enzyme activity was measured in
terms of the amount of enzyme required to decompose 1.0 pmol of H,O, and

is expressed as pmol of H,O, mg™ protein min ™.

9.11. Superoxide Dismutase Assay

For the estimation of superoxide dismutase (SOD) activity the protocol
of Giannoplitis and Ries (1977) was adopted. Five hundred milligram of
tissue of plant parts were thoroughly homogenised using a chilled glass
mortar and pestle in a medium consisting of 50 mM phosphate buffer (pH 7.8)
and 100 mg of polyvinyl polypyrolidone as phenolic binder. The homogenate
was centrifuged at 16000xg for 15 minutes in a refrigerated centrifuge

(Kubota KR 20000 T) at 4° C. Part of the supernatant collected was used for
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the assay of SOD activity and the remaining part was used for the estimation

of protein.

Enzyme assay

The SOD activity was assayed photochemically. The sets of assay
system were prepared separately, one for the assay, one for the dark—control
and one for the light-control. The reaction mixture consisted of 0.1 ml of 1.5
M sodium carbonate, 0.3 ml of 0.13 M methionine, 0.3 ml of 10pM. EDTA,
0.3 ml of 13 pM riboflavin, and 0.3 ml of 0.63 mM nitrobluetetrazolium. The
nitroblue tetrozolium was withheld in the light —control system. To the
reaction system, 0.1 ml of the enzyme extract was added to the blank and to
the light-control system. The reaction mixture was made up to 3.0 ml using
50 mM phosphate buffer (pH 7.8). The tubes with dark —control samples were
kept in a dark chamber and the tubes of the light-control and the assay
systems were kept under a fluorescent lamp. After 30 minutes of incubation
the optical density of the solutions of the assay, the dark —control and the
light-control systems were measured at 560 nm using Spectrophotometer
(GENESIS-20). Results were expressed as units SOD mg™ gram tissue. One
unit of SOD was defined as the enzyme activity that inhibited the

photoreduction of nitroblue tetrazolium to blue formazan by 50%.
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Soluble protein

The amount of protein in the enzyme extract was determined according

to the procedure of Lowry et al. (1951).

9.12. Catalase Assay

Five hundred mg of the root, stem and leaf tissue of B. diffusa were
homogenized using a chilled glass mortar and pestle in a medium consisting
of 50 mM phosphate buffer (pH 7.0) and 200 mg of polyvinyl polypyrolidone
as phenolic binder. The homogenate was filtered through two layers of muslin
cloth and was made up to 10 ml using phosphate buffer. The filtrate was then
centrifuged (Kubota KR 20000 T) at 16000xg for 15 minutes in refrigerated
centrifuged at 4°C. A part of the extract was used for enzyme assay and the

remaining part was used for the estimation of protein.

Catalase assay system Kar and Mishra (1976) consisted of 1.0 ml of
50 mM phosphate buffer pH 7.0, 2.0 ml of the enzyme extract and 1.0 ml of
30mM hydrogen peroxide. The phosphate buffer and the enzyme extract were
pipetted out and mixed well in a test tube. To this hydrogen peroxide was
added to initiate the enzyme activity. Immediately after the addition of
hydrogen peroxide, enzyme activity was measured at 240 nm for 90 seconds
at 15 seconds interval using a Shimadzu UV- Visible Spectrophotometer

(Model UV-1601).
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9.13. Quantitative Estimation of Cadmium, Chromium, Mercury and

Lead

Cadmium, chromium, mercury and lead content of the root, stem and
leaf tissues were analyzed using Atomic Absorption Spectrophotometer.
Samples were prepared according to the method of Allan (1969). Different
plant parts- root, stem and leaf tissues of treatments and control were sampled

and were dried at 60°C in a hot air oven.

Known weight of the dried sample were digested by refluxing in 10:4
ratio of nitric acid and perchloric acid until the solution become colorless
using Kjeldahl’s flask heated in a sand bath. Then the digest was transferred
to standard flask and volume was made up to 50ml and kept in screw-capped
containers. Atomic Absorption Spectrophotometer (PERKIN ELMER Model
A, Analyst 300) available at Cashew Export and Promotion Council (CEPC),
Kollam, was used for the estimation of heavy metals present in the digested

samples.

10. Anatomical Study

For anatomical studies, uniformly cut pieces of root and stem of
control and treatments were fixed in FAA, dehydrated through alcohol TBA
series and embedded in paraffin wax (Johansen, 1940; Berlyn and Miksche,
1976). Using a Rotary Microtome (Leica Model RM 2125RT). Individual

blocks were cut at 10pm and sections were used for anatomical staining.
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Deparaffinised sections were stained with Toluidine Blue according to
the procedure of Khasim (2002). Photomicrographs were taken by using
Nikon Microscope (Model, ECLIPSE E 400) fitted with Nikon Digital

Camera and Digital image analyser.

11. Bioaccumulation of Heavy Metals in Medicinal Plants

11. 1. Selection of plants

Twenty medicinal plants namely Aerva lanata (L.) Juss. ex Schult.,
Alternanthera tenella Colla, Amaranthus spinosus L., Andrographis
paniculata (Burm.f.) Wall. ex Nees., Beloperon plumbaginifolia L., Blepharis
maderaspatensis (L.) Roth, Boerhavia diffusa L., Catharanthus roseus (L.)
G. Don, Eclipta prostrata (L.) L., Eupatorium triplinerve Vahl., Kyllinga
nemoralis (J. R. & G. Forst.) Dandy ex Hutch. & Dalz., Leucas lavandulifolia
Sm., Oxalis corniculata L., Phyllanthus amarus Schum. &Thonn., Portulaca
oleracea L., Rubia cordifolia L., Scoparia dulcis L. Sida acuta Burm.f.
subsp.acuta, Sida alnifolia L. and Vernonia cinerea (L.) Less. were selected
for the study of pattern and potential of these plants to accumulate cadmium,

chromium, mercury and lead.

11. 2. Cultivation

Seedlings/ vegetative propagules were collected from different

locations near Calicut University campus and Botanical Garden. Pots were
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filled with garden soil: sand: dried powdered cow dung in 2:1:1 ratio and
seedlings / propagules were planted in each pot. The pots were placed in net
House of Calicut University Botany department and maintained under natural

conditions and watered regularly.

11. 3. Treatments with Heavy metals

For treatment with heavy metals, healthy propagules cultivated as
described above, were planted in plastic pots containing 4 Kg of garden soil
and maintained under green house condition. After acclimatization of the
seedlings in plastic pots, solutions of CdCl,, K,Cr.O;, HgCl, and Pb
(CH;COO), prepared in various concentrations were added.  The
concentration of each solution to impart visible growth retardation varied
among the 20 species and hence specific concentrations were selected by trial
and error methods and standardized. List of 20 medicinal plants and
quantities of the four metals each added for treatments are given in Table 3.
Seedlings cultivated in pots without any heavy metal addition served as

control.
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Table 3: Selected plants and concentrations of Heavy Metal treatment
for bioaccumulation study

;l(; Name of the plant Family Treatments I:;;;;Z;&fltga)l
1 | Aerva lanata Amaranthaceae Cadmium 1.979
Chromium 70.56
Mercury 0.203
Lead 182.0
2 | Alternanthera Amaranthaceae Cadmium 0.593
tenella Chromium 21.16
Mercury 0.025
Lead 54.62
3 | Amaranthus Amaranthaceae Cadmium 2.639
spinosus Chromium 94.08
Mercury 0.135
Lead 24.27
4 | Andrographis Acanthaceae Cadmium 0.650
paniculata Chromium 23.52
Mercury 0.025
Lead 60.69
5 | Beloperon Acanthaceae Cadmium 2.639
plumbaginifolia Chromium 94.08
Mercury 0.135
Lead 24.27
6 | Blepharis Acanthaceae Cadmium 1.978
maderaspatensis Chromium 70.56
Mercury 0.101
Lead 182.0
7 | Boerhavia diffusa | Nyctaginaceae Cadmium 2.639
Chromium 94.09
Mercury 0.135
Lead 24.27
8 Catharanthus Apocynaceae Cadmium 0.593
roseus Chromium 21.16
Mercury 0.025
Lead 54.62
9 | Eclipta prostrata Asteraceae Cadmium 0.593
Chromium 21.16
Mercury 0.025
Lead 54.62
10 | Eupatorium Asteraceae Cadmium 2.639
triplinerve Chromium 94.08
Mercury 0.135
Lead 24.28
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11 | Kyllinga Cyperaceae Cadmium 3.300
nemoralis Chromium 117.6
Mercury 0.169

Lead 303.4

12 | Leucas Lamiaceae Cadmium 0.593
lavandulifolia Chromium 21.16
Mercury 0.025

Lead 54.62

13 | Oxalis corniculata | Oxalidaceae Cadmium 0.650
Chromium 23.52

Mercury 0.025

Lead 60.69

14 | Phyllanthus Euphorbiaceae Cadmium 0.593
amarus Chromium 21.16
Mercury 0.025

Lead 54.62

15 | Portulaca Protulacaceae Cadmium 0.593
oleracea Chromium 21.16
Mercury 0.025

Lead 54.62

16 | Rubia cordifolia Rubiaceae Cadmium 1.979
Chromium 70.60

Mercury 0.101

Lead 182.0

17 | Scoparia dulcis Scrophulariaceae | Cadmium 1.979
Chromium 94.08

Mercury 0.135

Lead 24.27

18 | Sida acuta Malvaceae Cadmium 1.979
Chromium 70.56

Mercury 0.203

Lead 182.0

19 | Sida alnifolia Malvaceae Cadmium 1.970
Chromium 70.56

Mercury 0.203

Lead 182.0

20 | Vernonia cinerea Asteraceae Cadmium 0.593
Chromium 21.16

Mercury 0.124

Lead 54.26
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11. 4. Sampling

Sampling for estimation of bioaccumulation of metals was done after
3042 day’s growth. Plants were uprooted from the pot without loosing any
part of the roots. After washing, seedlings were cut in to root, stem and leaf
and the samples were analyzed for biomass and estimation of heavy metal

(Cd, Cr, Hg and Pb).

10. 5. Dry weight

Dry weight of root, stem and leaves samples was determined following

the method described earlier (9.1).

11.6. Quantitative Estimation of Cadmium, Chromium, Mercury and

Lead

Cadmium, chromium, mercury and lead contents of the root, stem and
leaf tissues were analyzed using Atomic Absorption Spectrophotometer as per

the procedure described earlier (9.13).

12. Statistical Analyses

All experiments were carried out for a minimum of five times and the
mean values are given in tables and figures. Standard deviation and standard
error were also calculated. The values in tables are mean + standard error.

Test of significance was done following Fisher’s ‘t’ test.
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DISCUSSION

Plants encounter elevated levels of essential elements and trace or
moderate Guantitquantitiesy of toxic, non - essential elements by exhibiting
growth retardation, deranged metabolism and/ or acquiring tolerance
mechanism. An emphatic aspect of metal toxicity and tolerance is dissimilar
specificity of plant species towards each and every elements (Prasad, 1997;
Fodor, 2002; Clemens, 2006). A striking feature found in the plant kingdom is
the naturally selected hyper accumulation potential of some plants towards
metals -(Baker and Brooks,1989). According to Clemens (2001) metal tolerance

is found in all plants but the degree of tolerance varies from species to species

and varieties. Hence laboratory investigations dealing with heavy metals in
plants involve simulation experiments with a wide range of concentration levels

and durations.

Several simulated experiments on plants with heavy metals have shown
that optimal concentration to impart toxicity varies as 25-50 pM CdCl; in
Bacopa monnieri (Ali et al., 1998), 10-100pM CdCl; in Arabidopsis thaliana,

(Perfus — Barbeoch, et al., 2002), 0.05mM CdCL; in Triticum aestivum (Abdetl-
Latif, 2008), 64 pM chromium in Bacopa monnieri (Sinha, 1999), 12-24 mg/l
chromium in Medicago sativa (Shanker et al., 2003), 5-10uM HgCl, in Pisum
sativum (Beauford et al., 1977), 1-2 pyM Hg(NO), in Chromolaena odorata

(Velasco-Alinsug et al., 2005), 1-20 pM PbCl; iin Oryza sativa (Kim et al.,

2002) and 100-800 mg/kg lead in Xanthium strumarium (Sonmez et al., 2008).
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By conducting repeated screening experiments under simulated
laboratory conditions on Boerhaavia diffusa cultivated in Hoagland nutrient
solution containing different concentration of CdCl,, K,Cr,O;, HgCl, and
(CH5;COO),Pb__—for different periods, the present author selected the
concentrations of 30 pM cadmium, 400 pM chromium, 10 pM mercury and
600 pM lead to which the experimental plant showed approximately similar
visible symptoms of growth retardation retaining their survival in those

concentrations (Figs. 1 & 2).-

General growth retardation is an important established symptom of heavy

metal toxicity in plants (Foy et al., 19778; Lepp, 19851;; Fett et al., 1994;

Shaw, 19965; Prasad, 1997; Salt et al., 1998; Orcutt and Nilsen, 2000; Fodor-,

2002; Pilon-Smits, 2005; Chen et al., 2005)-. B. diffusa exhibits reduced root

growth as a result of cadmium, chromium, mercury and lead and more or less
similar trend is shown during all intervals of growth (Table 4); Figs. 3 & 4). In
nutrient culture, roots are directly in contact with metal ions and hence the
immediate effect is expressed as stunted growth of roots. More inhibition of root
growth is affected by cadmium followed by mercury compared to other metals

in B. diffusa .

Tolerance index calculated on the basis ratie—of root length_ratio of
experimental to that of control (Turner, 1994) shows gradual reduction of
tolerance index during growth in all treatments and-maximum-tolerance-indexis

shown-by—plantstreatec-with—teactolowed-by-ehremitm—(Table 5). According

to Wilkins (1978) and Wong and Bradshaw! (1982)-, primary toxic effects of
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heavy metals is root growth inhibition and this parameter is an ideal index to
measure the degree of tolerance. Rooted propagules of B. diffusa when exposed
to the heavy metal showss rapid response and resultant impact as observed in
significant changes in root length and tolerance index. The difference in the
tolerance index towards different metals —and the bioaccumulation pattern of
the respective heavy metals are found to be integrally related each other (Table

5+8 & 18; Figs. 5 & 40)). Maximum tolerance index is shown by B. diffusa

towards lead followed by chromium (Table 5) and these values are positively

correlated _and the bioaccumulation potential of these metals are high and wery

high—eemparatively—_that accumulate maximum in the root tissue (Table 18j;

Fig. 40) are—positively—eorrelated whereas plants treated with cadmium and

mercury are characterised by the least value of tolerance index as well as very

low -and-the-accumulation potential efthese-metals-are-verytow in all parts of

the plant.

teatlsto-stuntedgrowth-in-Amaranthusviridis—Although root growth retardation
is the symptoms of heavy metals, the metabolic role of heavy metals in root
growth impairment phenomenon is not fully known. Linger et al.; (2005)
suggested that cadmium changes the capability of cell division of mersistematic
cells and the author suggested that this view is highly plausible after
scrutinising many reports on adverse effects of heavy metals on cell division

and cell elongation. Se- According to Zou et al. (2006) inhibited mitotic index

in the root apex leads to stunted growth in Amaranthus viridis. tThe sensitivity/
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tolerance exhibited by B. diffusa towards different concentrations of cadmium,
chromium, mercury and lead are depicted in the pattern of root length also

(Table 4); Figs. 3 & 4). Contradictory to the above views, Kiran and Sahin

(2006) reported that CdCl, and HgCl, induce root development by stimulating

cell division in the roots of Lens culinaris tenticett-plant.. Similarly in Medicago

sativa low concentration of CrVI (5ppm) and Cd (20 ppm) do not inhibit root
growth (Peralta et al., 2000). These differences may be due to either to

significant differences of concentration or genotypic variations.

Growth inhibition has been reported as an important and established
visible effect in plants by heavy metals like cadmium in Cannabis sativa
(Linger, et al., 2005) and Oryza sativa (Kim et al, 2002), Vigna species (Jamal
et al., 2006; Ratheesh-—Chandra et al., 2010), lead in Brassica species
(Hossaaeini et al., 2007), chromium _in  Amaranthus viridis (Zou et al., 2006),
mercury in Triticum aestivum (Setia and Bala, 1994) and Bacopa monnieri,

(Hussain, 2007).

Anatomy of root and stem shows cellular damage due to the treatment
with all four metals. Since the plants are grown in nutrient culture medium
containing cadmium, chromium, mercury and lead, the roots are in direct
contact with the toxic metal ions and hence are adversely affected, resulting in
cellular damage and general thinning and brittle texture of roots. Among the four

metals, accumulation as stained masses are seen_in the root tissue of -enlyin

the plants treated with cadmium, chromium and lead teae which show
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maximum bioaccumulation as shown by estimated data (Table 18); Figs. 40, 42,

43 & 45).:

Anatomy of the stem also exhibit direct impact of the toxic metals.
Damage of secondary phloem and reduced size and number of vessels, are
found to be the reason for comparatively low translocation of these metals to leaf

and _adversely affect the influx of photosynthates to the stem and root

culminating in general growth retardation. Development of trichomes in the
stem epidermis of plant treated with chromium and mercury (Figs. 43 & 44)j is
atso—found to be related to the accumulation of these metals in the stem as s
suggested by Dominguez- Solis et al. (-2004) who reported the involvement of

trichomes in the accumulation of cadmium in Arabidopsis thaliana.

Reduction of leaf growth is an important visible symptoms of heavy
metal stress in many plants (Prasad, 1997; Fodor, 2002). B. diffusa exhibits
significant reduction of leaf area as an important effect of all the four metals.
Due to cadmium treatment,— —maximum reduction occurs followed by

chromium, mercury and lead (Table 45: Figs. 3 & 4). Significant variations are

shown in the stomatal index of B. diffusa treated with all the metals.
Maximum value of stomatal index in both lower and upper epidermis is shown
by plants treated with mercury: —Othertreatments—show-onlyslght-inerease-
(Table 63; Fig. 8). Although stomatal distribution in relation to heavy metal

stress is not well documented, effect of cadmium has been shown to inhibit

water stress tolerance in Phaseolus vulgaris (Meidner and Mansfield, 1968;

Barceleo and Poschenrieder, 1990). ;reduce cell wall elasticity (Becerril et al.,
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19869) and reduce transpiration and increase stomatal resistance (Hernandeg—et

at—1997Hussain et al., 2006). These views are in consonance with the

behaviour of B. diffusa in which stomatal index shows only negligible changes
in all treatments except mercury. Increased stomatal index is essential only if
more transpiration is ought to occur. Perterbarbation of plant- water
relationship and osmoregulation of stomatal conductance in Arabidopsis
thaliana treated with CdCl,, revealed the non — essentiality or requirement of
increased stomatal index (Perfus- Barbeoch et al., 2002). Nevertheless, B.
diffusa under mercury stress, exhibit significantly increased stomatal index in
both upper and lower epidermis. This observation is directly related not only to
transpiration but detoxification of mercury also by phytovolatizlization process
as reported in Bacopa monnieri (Hussain, 2007) and in Brassica juncea

(fMoreno et al., 2008). This aspect will be discussed under bioaccumulation

ehapter section.

Irrespective of the significant differences in the concentration of each
heavy metal which are applied to the nutrient solution on the basis of visible
growth retardation, only slight increase of biomass is shown by all treatments
without significant difference between the treatments. EventhotghEven though
the water potential reduction is known to be affected by heavy metal
absorption (Costa and Morel, 1994) and resultant stunted growth (Lepp, 19851;

Shaw_and Rout,; 19968; Orcutt and Nilsen, 2000; Fodor, 2002), biomass is

expected to be reduced in plants under heavy metal stress. In accordance with

several reports, biomass reduction is a typical impact of heavy metal stress in
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plants which are intolerant to the respective metals (Prasad, 1997; Orcutt and
Nilsen, 2000; Cseh, 2002). Notwithstanding, in Arabidopsis thaliana, biomass
remained unaltered and this observation is interpreted as a detoxification
mechanisms of cadmium stress: (Perfus- Barbeoch et al., 2002). B. diffusa
plants exhibits no significant changes in biomass or—_as the ether—simitar
responses of growth performances to different concentrations of cadmium,

chromium, mercury and lead (Table 7) presumably due to the tolerance towards

the selected concentration. Biomass reduction has been reported in Sunflower

under lead stress (Kastoeri et al., 1998). Similarly, Zhang et al.; (2000)

suggested that cadmium induceseét biomass reduction in wWheat.

According to Baker et al.; (1994), Ebbs et-alsand Kochian (1997, 1998)

(997 -and—Ebbs-and-Keechian{1999)-biomass production is a significant factor
contributing to phytoextraction of metals by plants from polluted soil/water.
Pilon-Smits (2005) suggested that phytoextraction is a process defined as use of
plants to clean up pollutants accumulation in harvestable tissues. Due to the
treatment with all the four heavy metals B. diffusa showed slight increased in

biomass though not much significant, indirectly exhibiting mild

phytoextraction potential the—aeeumulation—petential—of the plant towards

cadmium, chromium, mercury and lead.
Distribution of metabolites also is changed as the response of heavy metal
stress in B. diffusa. Both total and soluble protein fractions of root, stem and
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leaves are significantly reduced in plants treated with cadmium, chromium,
mercury and lead in comparison with the control plants during all stages of
growth. However, —between the metals; the difference in the distribution iwas

negligible (Table 58j;- Figs. 8 & 9). Therate-ofreduction—wasless—in—the

sotible-protetn-compared-to-the-contret—Impaired protein synthesis hasve been

reported in plants under heavy metal stress. (Prasad;—+977-Reddy and Prasad,

1992; Prasad, 1997). Reduced protein content may be due to either inhibition of

protein synthesis as reported by (Reddy and Prasad, 1992: ; Orcutt and Nilsen,
2000) or unavailability of essential component aminoacids (Prasad, 1997) or
inhibition of aminoacids mobilization to the site of protein synthesis (Bishnoi et
al., 1993). In B. diffusa free aminoacid content of plants treated with all heavy
metals _is—exhibited  very high aceumuiation(Table 9) plausibly as a
consequence of impaired protein synthesis. Hence it is conceivable that in
addition to inhibited translocation of aminoacids due to heavy metal stress as
suggested by Bishnoi et al.; (1993), proper function of protein synthesis
machinery also is found to be impaired in all tissues where free aminoacid

accumulation is very significant (Table- 9; Fig. 13)j. When the distribution of

increasing free aminoacid content is compared to total protein reduction during

different stages of growth, both are not parallel each other. More accumulation

of total aminoacid reveals indirect evidence for impaired protein synthesis and.

resultant accumulation under heavy metal stress.

Reduction of soluble protein is not much differed between tissues of the

same treatment and between treatments. Majority of enzymes come in the

14



soluble fraction and hence, inhibition of enzyme activity by heavy metals like
cadmium (Sheoran et al., 1990), chromium (Bishnoi et al., 1993) have been
reported to occur in plants. Many enzymes get inactivated by cadmium (Ross,
et-a15-19964). Despite the inhibition of enzyme activity by heavy metals as

reported in many plants, drastic reduction of soluble protein is not occurred in

B. diffusa presumably due to the tolerance —of—B—diffusa-the-plants-towards
cadmium, chromium, mercury and lead at the concentration levels applied to the
plant. Protein metabolism in Potamogeton pectinatus under cadmium stress has
been studied (Sanit-di Toppi and Gabbrielli, 1999, Rai et al., 1995, 2003) and
the result revealed that at lower concentration_ (0.5-50pM) of cadmium, protein
content was decreased where as high concentrations more than 50 pM showed
toxic effects. Those authors suggested that decreased protein content in the
presence of cadmium is due to breakdown of protein by catabolic enzymes
which are activated and destroy the proteins. In B. diffusa treated with CdCl,,
reduction of both soluble and insoluble protein content can be attributed to the

cadmium stress that breakdown protein content and/ or inhibit protein synthesis

(Table 8; Figs. 8 & 9)5.

Polyacrylamide Gel electrophoretic profile of root tissue showed two

new bands in B. diffusa treated with cadmium, chromium and mercury. But
these two bands are dissimilar in molecular weight (Fig. 710). A number of new
bands are appeared in the stem tissue of plants treated with cadmium, chromium
and mercury _-(Fig. 11). Only one feeble band wais shown by lead treatment.

The new bands appeared in the plants treated with heavy metals are absent in the
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control plant and hence can be presumed as stress -induced proteins ie.
phytochelatins, which have already been reported to be synthesised in plants
under heavy metals such as cadmium, chromium, mercury, lead etc. (Grill et al.,

1985; Verkleij et al.. 1990:; Salt et al., 198998: Choudhury and Panda. 2005);

Verklet—et—al5—1996). _According to Grill et al. (1989) phytochelatins are

synthesised due to heavy metals and the role of phytochelatin synthase activity

differs from metal to metal. Phytochelatin synthesis for the sequestration of

heavy metal toxicity has been reported in plants (Rauser, 1987; Reddy and

Prasad, 1990; Kubota et al., abata-et-al5-2000; Cobbet and Goldsbrough, 2002).

The protein bands observed under individual metals; —exhibit difference in
number and molecular weight probably either due to the differences in their
metal binding property or differences in tolerance potential of B. diffusa towards

each metal.

differs—from—metalto—metal{Grillet—a/5—1989-a,—1989-b). Since the PAGE

analyses of protein was done only in the samples of the first interval, (2"-day3};
the role of the phytochelatin in the sequestration of heavy metals is ambiguous
in B. diffusa because phytochelatin synthesis has been reported to start during
some hours after the heavy metal treatment (Rauser, 1995). Nevertheless,
unlike the root and stem, maximum number of new protein bands are observed
in the leaf tissue (Fig. 12-) probably revealing the sequestration and hence the

leaf metabolism is not adversely affected. It is also worth mentioning that leaf
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tissues exhibit accumulation of all heavy metals in the order Pb>Hg>Cr>Cd
(Table 18). So their sequestration is presumed to take place by the formation of
phytochelatins which occur in abundance in the leaf- (Fig. 12-). Induction of new
protein synthesis has been reported in w'theat and mMustard plants irrigated
with tannerary effluents containing many heavy metals inclusive of cadmium -
(Chandra et al., 2009). Zhang et al.; (+9992002) suggested that cadmium
tolerance is enhanced by over - expressing the enzyme, —y-glutamyl cysteine
synthetase which is the key enzyme involved in the synthesis of phytochelatins.
In Solanum tuberosum, phytochelatin synthase activity increases proportional to
the concentration of CdCl, and there by the tissues possess more efficient

cadmium detoxification mechanism (De Vos et al., 1992; Stroinski and

Zielezinska, 2001).

Leaf protein profile shows many bands and significant variation is
observed between treatments. Maximum new protein bands are present in the
leaves of plants treated with mercury whereas the plants treated with lead
exhibit very few protein bands_(Fig. 12-) revealing different responses of B.
diffusa towards different metals and / or different concentrations. In
Potomogeton pectinatus, protein synthesis is induced under cadmium stress up
to 50 pM concentration, where as in B. diffusa protein content is reduced at the
concentration 30pM cadmium. This disparity may be due to genetic variations of
plants towards the sensitivity/tolerance to heavy metals as suggested by

Angelova et al.; (2006) and Meers et al. ;—(2007). When—the—distribution—of-




Proline accumulation is observed in all tissues of B. diffusa due to the

treatments with cadmium, chromium, mercury and lead. Even -though the root
system is in contact with the heavy metals, proline accumulation of the root
tissue remains unchanged in all treatments (Table 10; Fig. 14). Under stressed
conditions proline has multiple functions and the important one is regulation of

osmoticum change imposed by drought- (Sardhi and Saradhi, 1991: Rout et al.,

19987 Sardhi-et-al51+991). In consonance with this view, B. diffusa roots suffer
more osmoticum stress due to the heavy metal ions in the growth medium to

which the roots are exposed. However, the effect of variation in the molar

concentration is not reflected in the distribution of proline in the roots.

Proline accumulation increase is observed in the stem tissue mostly after

12 days and maximum_accumulation occurs_in the samples of 20" day compared

to all other tissues (Table 10}; Fig. 14) and the aceumulatiorabundant occurrence

of proline in the stem is found to be related to the bioaccumulation of all the
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metals in the stem because significant increase of both proline and
bioaccumulation of metals occur concurrently. This observation is in

conformity with the view put forth by Hopkins, (2000) and Rai et al. ; (2004)

who suggested that high accumulation of proline in the—chromium - treated
Ocimum tenuiiflorum is related to the strategies adapted by the plant to cope up
with heavy metal toxicity as proline has multiple functions such as osmoticum
maintenance, scavenging of free radicals stabilizing of membranes etc.

Accumulation of proline has been reported in Triticum aestivum (Abdel — Latif,

2008) and Phaseolus vulgaris treated with cadmium (Zengin and Munzuroglu,

2005). —Free radicals scavenging by proline is reported by Matystik et al.;-
(2002). However, in the leaves of B. diffusa similar correlation is not feasible
because leaves contain comparatively low bioaccumulation of all metals except

lead.

According to Costa and Morel; (1994). —cadmium stress imposes
decrease in water potential which is alleviated by proline accumulation.
Significant increase of proline content occurs in B. diffusa during all stages of
growth under cadmium, chromium, mercury and lead _treatments whereas as a
constitutive aminoacid, proline content of control plants is very low (Table
10y; Fig. 14). Among the four_treatments-etals, more proline accumulation is
observed in plants treated with chromium and lead - and these metals exhibit
comparatively more bioaccumulation potential (Table 105; Fig. 14) leading to

reduced water potential and _the resultant this-hyper osmotic stress which is
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mitigated by proline as suggested by Zengin and Murzuroglu (2005) in

Phaseolus vulgaris seedlings treated with cadmium, copper, lead and mercury.

In Boerhavia —diffusa, cadmium, chromium, mercury and lead treatment
resulted in more or less uniform reduction of chlorophyll a, eklerphyt-b, and
chlorophyll a/b ratio during all developmental stages (Table 11; Fig. 15)-.
Chlorophyll is often measured in order to assess the impacts of environmental
stress since the changes in the pigments are linked with visual symptoms of
growth disorder and photosynthetic productivity (Parekh et al., 1990). But due to
lead and cadmium treatment, —reduction of chlorophyll a is comparatively
loweress than other metals and so chlorophyll a/b ratio is higher. An indirect
correlation can be drawn between these values and cadmium accumulation.
Similar results have been reported in plants such as Radish and Lettuce due to
cadmium stress (Baszynskizyml— et al., 1980), Phaseolus aureus treated with
mercury (Shaw and Rout, 1998), Mung bean due to lead (Prasad and Prasad,
1987) and chromium inhibited chlorophyll content in Wheat (Mukhopadhyay
and Aery, 2000). Reduction of total chlorophyll content and inhibited
photosynthesis as a result of cadmium stress have been reported in Phaseolus
vulgaris (Krupa et al., 1993). Reduced chlorophyll a/b ratio has been reported as
a symptoms of cadmium stress in Barley leaves (Stobart et al., 1985). Inhibition
of chlorophyll synthesis due to mercury treatment was reported in many plants
(Kupper et al, {19985;: Mysliwa-Kurdziel and Strzalka, {2002). Kupper et al.;

(1996, 1998) described the results of many trace elements -copper, cadmium,
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\ mercury, nickel, lead, zinc etc. interfering with chlorophyll synthesis by
substituting Mg®>*  of chlorophyll molecule and resultant inhibition of
photosynthesis. Mercury and cadmium interact with light harvesting proteins of

chlorophyll in ef-spinaeh_Lactuca sativa  leaves (Ahmed and Tajmir-Riachi,

1993). According to Oncel et al; (2000) in wheat varieties treated with
cadmium and lead, total chlorophyll content was decreased to 50-70% and this
reduction may be the result of inhibition of enzymes involved in chlorophyll

biosynthesis.

Striking changes have been reported in the chloroplast fine structure,
reduction in grana stacks and amount of stroma etc. by the toxicity of lead
(Koeppe, 1981). According to Kupper et al.;- (1998) chlorophyll synthesis is
inhibited due to the substitution of Mg* by Pb*" in plants exposed to lead.

Stefanorv et al.; (1993) suggested that reduced rate of photosynthesis is

associated with chloroplast damage in maize plants treated with lead. Reduction
of chlorophyll pigment due to the presence of heavy metals have been
interpreted in different perspectives by various authors. According to Vajpayee
et al.; (2000) chromium inhibit biosynthesis of chlorophyll by impaired y
aminolevulinic acid dehydratase activity leading to reduced pigment in

Nymphaea alba.

—
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-Lipid peroxidation. as an important impact of heavy metals, also
causes degradation of photosynthetic pigments. Inhibition of photosynthesis due
to impaired chlorophyll synthesis by cadmium has been reported by Dubey
(1997), Siedleaka and Krupa (199597), Prasad and StrazatkaPrasad (198997) and
; Linger et al.; (2005). Zengkin and Munzuroglu, (2005) found that cadmium,
lead, copper and mercury inhibit the enzyme activity associated with chlorophyll
biosynthesis resulting in a drastic reduction of chloroplast content in Phaseolus
vulagaris. In the present study chlorophyll a/b ratio remained unchanged in
plants treated with |-ead and other metal—treatments resulted in a reduction of

a/b ratio (Table 11; Fig. 15). Incidentally accumulation of lead also is found to

be maximum in the leaves and hence positively correlated to the tolerance of

B. diffusa towards lead. -—Increased chlorophyll a/b ratio is considered as a

stress indicator as reported in Ewiperorupatorium nigrum #igra-leaves under

copper and nickel stress (Mtonni et al., 2001). In-B—diffusa-chlerophyta/bratie
: : : | leaf 1 ] _ ocidental

Phenolic content of plants treated with cadmium, chromium, mercury and

lead is significantly increased in comparison with control. During growth,
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gradual increase of phenolic content was observed in all samples of treatments

and control (Table 13; Fig. 19). Erhanced—phenoticcontentisacharacteristicof
leaftissue-of plants—treaded-with-mereury-andJead—Similarly,—pPlants treated

with lead showed very high phenolic content in the stem and root. Enhancement

of phenolic synthesis has been reported by environmental stresses (Osborre;

1998Harborne, 1980)). Hipid-peroxidationinduced-byphenoties—in-conjunction

Yamakskat,—2002;Michatka,—2006)——As mentioned earlier, root growth

inhibition by heavy metal ins general and |:ead in particular occur in plants
(Kahle, 1993, Goldsbold and Ketterener, 1991). —and-sStunted and woody
nature of roots due to extra lignifications in Phaseolus vulgaris treated with 10
UM lead has also been reported by Crozryseh—and—Jerzeymaska; et al.
(20006+994). Since phenolics are the precursor of lignin (Buchanan et al.,
2000), increased phenolic content due to heavy metal stress is directly related
to lignin synthesis resulting in woody texture which is another effect, rather,
than a defensive -mechanism of heavy metal texieity stress in plants. Induction
of phenolic compounds biosynthesis has been reported in m#aize in response to
aluminium (Winkel-Shirley, 2002), in heatpepper due to niekelcopper (Diaz
et al., 2001) and in Phaseolous vulgaris exposed to cadmium (Diaetz and

Schnoor, 2001).z et-a/,-2661)—According to Michalak (2006) de novo synthesis

of soluble phenolics under heavy metal stress which are-actinig as intermediates

in lignin biosynthesis is reflected in the anatomical changes such as cell wall



thickening as- observed in B. diffusa (Figs. 42, 43, 44 & 45) due to lignifications

induced by heavy metal stress. as-stggestea-byBtichanan—et-al;(2060)—

Phenolic compound have been attributed to function_also as antioxidants

in plants under stressful condition{- -(Michalak, 2006)——. According to this

author, flavenoid group of phenolics can directly scavenge molecular species of

ROS due to their ability to bind with phenolic molecules. Significant increase

of phenolic compounds (Table 13: Fig. 19) in all tissue may act as

antiexidnratantioxidant as a defensive mechanism in B. diffusa. and-this—aspeet

wit—be-disctussed—later—Increased-phenolies—eontent—_This observation is in

conformity with the views of Posmyk et al.; (2009) who suggested that in red
Cabbage, accumulation of phenolics, anthocyanine and other isoflaveinoides is
an effective strategy against reactive oxygen species under copper stress.
Antioxidant property of phenolic compound is due to their high tendency to
chelate metals, because phenolics possess hydroxyle and carboxyl groups which

are able to bind metal ions_-(Morgen et al., 1997). Polyphenols possess ideal

structural chemistry for scavenging activity and have been shown to be more

effective than ascorbate under in vitro condition (Rice —Evans et al., 1997).

According to Lavid et al; (2001) direct chelation of chromium, lead and
mercury by binding to phenolics occur in Nymphaea alba. In B. diffusa co-
incidents of phenolics abundance and maximum accumulation of heavy metals
in general and chromium and lead in particular in the roots indicate the chelation

of these metals by phenolics (Tables 123. 18; Figs. 19 & 40) resulting in the
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sequestration and reduced translocation to the aerial parts. More or less similar

eo—oeeurreneeincidents  of abundant phenolics and accumulation of all metals

except cadmium is evident in the leaves of B. diffusa. Flavineid-group—of

Generation of free radicals and reactive oxygen species_(ROS) is an
established impact of stresses and their synthesis is stimulated in the presence
of heavy metals in plants (Halliwell and Gutterindsidge, 19933) and hence
normal metabolism is disrupted by lipid peroxidation of membrane system. To
mitigate and repair the damage initiated by ROS, plants develop a complex
antioxidative system. Maximum lipid peroxidation is observed as accumulation
of MDA content in the root tissue of B. diffusa compared to other tissues.
Manifold increase of lipid peroxidation was observed in the roots of these
plants treated with mercury and lead resulting in very high increase of MDA

content (Table 14; Figs. 20, 21& 22). Lipid peroxidation in all tissue of B.

diffusa plants treated with mercury is very high followed by lead treatment
compared to other metals. Formation of MDA- a product of lipid peroxidation
act as an indicator of peroxidation of membrane lipid in plants. Evidences forof

the involvement of oxidative stress due to heavy metal stress has been reported
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by several authors (Dietz et al., 1999; Sinha and Sexana, 2006; Singh et al.,
2004). MDA is routinely produced as a result of lipid peroxidation under
stressed conditions and used as an index of stress status (Zhang et al., 2007). If
MDA content is considerably reduced due to  antioxidative enzymes,
reducedirg H,0, level and low membrane damage occur s by lipid peroxidation.
Such a situation has been reported in root tissue of Lycopersicon peruvianum
under salt stress (Shalata_; et al., 2001). Increased MDA content has been
noticed in the roots and leaves of Brassica jucnces-a and Cajanus cajan treated
with zinc (Alia et al., 1995)._Helianthus annuus treated with many heavy
metals (Gallego et al., 1996), Triticum aestivum and Brassica campestris due to
the toxicity of copper, cadmium, chromium and lead (Chandra et al., 2009).
Maximum MDA content in all tissues ef-plants-treated with mercury is-indicates
the +ve-of lack of tolerance since B. diffusa is inteterantsensitive to very low
quantity of HgCl, (>10pM) whereas concentration of other metals are

comparatively more.

According to Bradly and Musin, (1992) oxidation of unsaturated fatty
acids of membrane-lipid by singlet of oxygen produces different products
including malonedialdehyde. Hydroxyl radicals-are- one of the components of
reactive oxygen species generated in response to heavy metal stress, also
induces lipid peroxidation. Increased MDA content produced from thiobarbituric
acid reaction in plants treated with_ chromium has been reported in Oryza sativa

(Panda, 2007). Enhanced MDA content in the root tissue of B. diffusa treated
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\ with _all metals eadmium;—chrominm,mereury-and-tead-compared to stem and

leaf reveals enhanced lipid peroxidation in the root tissue since roots are in
direct contact with toxic ions. A correlation can also be drawn between MDA
content and bio accumulation of mercury and lead in the roots which is very high

compared to other tissues as well as other treatments (Table17a; Fig. 38);.

In B. diffusa maximum peroxidase activity is shown by root tissue under

the stress of all metals whereas only marginal increase of peroxidase activity was

exhibited by stem and leaf (Table 15):. Figs. 23, 24, 25, 26, 27:& 28).
Peroxidase is one of the principal enzymes involved in the elimination of

reactive oxygen species. Zhang et al-.; (2007) opined that in mi4angrove

seedlings (Kandeelia and Bruguieraa+ia) peroxidase activity was found to be
very efficient in avoiding damage due to heavy metals such as cadmium, lead

and mercury by enhanced activity of _this enzyme perexidase in the roots and

leaves. According to Radotic et al.; (2000)_and Sakihamay and Yamasaki,

(2002) peroxidase enzymes areis  known to play a significant role in oxidative
stress condition and this enzyme activity can be used as a potential biomarker
for sub-lethal metal toxicity in plants. The increase of MDA and peroxidase
activity in B. diffusa are parallel due to the treatment with all heavy metals

irrespective of their wide difference in the concentrations (Tables 14& 15; Figs.

20,21, 22, 23, 24, 25, 26, 27& 28). This results indicate that the plant is not
fully protected from the oxidative damage induced by cadmium, chromium,

mercury and lead by the mechanism of peroxidase activity. Peroxidase activity
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and MDA formation are low in plants treated with chromium compared to the
other treatments revealing comparatively reduced lipid peroxidation. So it
seems that in this context B. diffusa is more tolerant to chromium than other

metals.

When a comparison is made between the MDA content and peroxidase
activity in B. diffusa due to the treatment of cadmium, chromium, mercury and
lead and the quantity of former is not proportional to the activity of the latter.
A significant increase (about 3-4 times) of MDA content of root, stem and

leaves of all treatments (Table 14; Figs. 20, 21 & 22)} compared to the control

reveals that lipid peroxiation is very high and attenuation of the same is not
takes place by the peroxidasetion activity which exhibit only marginal increase.
Nevertheless, the distribution of MDA content and peroxidase activity show
similar trends in ameliorating stresses due to these elements irrespective of the
significant variation in the available quantity of metals among the treatments as

well as bioaccumulation.

The stress enzyme, superoxide_dismutase activity is also dramatically

increased _in all tissues in general and roots tisstie- in particular of i B. diffusa

plants treated with c&admium, chromium, mercury and lead. Mercury treatment
resulted in maximum SOD activity in the root tissue followed by plants treated

with lead_(Table 16: Figs. 29. 30 & 31)). Superoxide_dismutase is the first

enzyme to detoxify highly reactive oxygen species in plants by converting O
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activity, H»O, is still toxic and must be eliminated by conversion to water in
subsequent reactions. In plants, enzyme like catalase, ascorbate peroxidase and
guaicol peroxidise are considered as &f most importantee in scavenging H,O»
(Noctor and Foyer, 1998; Zhang et al., 2007). Catalase eliminates H,O. by
breaking it directly to water and oxygen. This enzyme is less efficient than other
peroxidases in scavenging H,O, because of its low substrate affinity. In B.
diffusa, SOD and peroxidase activities show linear increase during growth

under heavy metal stress (Table 16; Figs. 29, 30 & 31)j.

Catalase activity is maximum in plants treated with chromium compared
to other metals and activity of SOD and peroxidase are loweress than the other
treatments. MDA content also is very low compared to other metals, revealing

reduced lipid peroxidation and more tolerance to chromium_as mentioned

earlier. Sidlecka and Krupa, (2002) suggested that as long as the heavy metal
stress is not too strong for the plants defence capacity, the maximum response to
heavy metal is an increase in SOD and peroxidase activities. According to
Shanker et al.; (2004) the combined activity of SOD and catalaseGAT is critical
in mitigating the effect of oxidative stress imposed by chromium in Vigna
radiata.When a comparison is made between SOD and catalase activity in B.
diffusa treated with lead, maximum activity of both the enzymes are
ebservecoincidede. So it can be presumed that since the catalase activity is co-
ordinated with SOD activity, the protective role is performed in scavenging the

O, and H>0, and hence the plant is more tolerant towards lead in consonance

| 155



\ with the views of Liang et al.; (2003) and Badavi et al.; (2004) who opined that
SOD reduces lipid peroxidation in salt stressed barley and SOD activities

induces tolerance in salt stressed tobacco respectively. -

During the entire period of growth, peroxidase activity is increased
slowly but MDA accumulation is suppressed in _B. diffusa. Szollosi et al.;-

(2009) suggested that in Brassica juncea cadmium- induced lipid peroxidation

and the MDA formation was are time - dependant and the peroxide formed get
scavenged by other antioxidant enzymes or non enzymic antioxidants such as

glutathione or ascorbate.

Behaviour of B. diffusa towards mercury is found to be unique because
maximum MDA content indicate enhanced lipid peroxidation; _and simiarhy-
SOD, peroxidase and catalase are not much active compared to plants treated
with the other metals, imposing more toxicity by mercury. It is recalled that
among the four metals, B. diffusa shows more toxieity sensitivity towards
mercury which is given in least molar concentration for the treatments
confirming the least tolerance of B. diffusa towards mercury. Since both SOD
and peroxidase are not much active compared to the other treatments,
scavenging of ROS may not be sufficient to protect the plant. But comparatively
more catalase activity is found to be sufficient for the scavenging of stress-

generated ROS. _More or less similar observations have been reported in

tobacco under salt stress ((Badawi et al.,1984, 2004 ) and Kandelia candel and
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Bruguiera gymnorrhiza treated with mercury, lead and cadmium (Zhang-et-al-
2667 which  showed increased SOD activity in shoot and root- the highest

activity was observed in the root tissue (Zhang et al., 2007). - In the present

study,  increase of SOD activity is observed during growth up to 20 days
presumably due to the ‘optimal’ concentrations at which the plants show only
growth retardation_ —(It was standardised during the design of experiments) but

are not lethal to B. diffusa.

Maximum activities of all antiexidnantantioxidant enzymes-; guaicol
peroxidase, catalase and superoxide dismutase are observed in the root tissue and
linear increase is noticed during growth. Given the differences in the response of
B. diffusa towards the four metals in the distribution and bioaccumulation
potential, the tolerance mechanism is found to be more or less alike but with
obvious fluctuations. inB—diffusa—Notwithstanding, the marked differences in
the molar concentration of c€admium, chromium, mercury and lead applied on
the basis of similar morphological manifestations reveals that, each heavy
metal ion,  though non- essential, exhibit specificity in the metabolic
interference or impact and this data confirmreveated that cadmium, chromium,
mercury and lead ions are not alike and hence exhibits specificity in their

metabolic interference/activity in B. diffusa.

—_
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The protective mechanism to minimise oxidative stress, adopted by B.
diffusa towards the four heavy metals vary from one another. As mentioned
earlier, plants treated with lead and chromium show more tolerance due to the
enhanced activity of antioxidant enzymes with slight differences in the
characteristics of enzymes. A correlation can be drawn between the efficiency of
antioxidant enzymes to attain tolerance and the bioaccumulation pattern of lead
and chromium because maximum accumulation of these metals occurs during
the growth period. More or less similar correlation is _also seen in the treatment
with mercury- Bbut the magnitude is different. Antioxidants production against

stress - induced damage in root_of B. diffusa is much powerful in plants treated

with chromium and lead—Bicaceumulation—of—mereury—is—comparatively—
mintmtm-and-the-plantis-not-as-tolerant-as—towards—the-other-metals—._FEven
theughEven though, plants treated with cadmium do not show a specific
mechanism involving antioxidant system, the tolerance of B. diffusa _towards
cadmium is almost similar to that of mercury. The bioaccumulation of cadmium
and the molar concentration of the treatment also are agreeable to the above

conclusion.

Heavy metal accumulation pattern showed a linear increase of cadmium,
chromium, mercury and lead in the tissue such as root, stem and leaf only up to
a limited period (12 days). - There after, accumulation rate is very slow
(Table18; Fig. 40). Analysis of metal concentration increments show highest

(cGumulative) quantity in the samples of 20" day. The quantity and
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accumulation pattern differed among the metals and isare found to be dependent
on type of metals abserbed; thereby exhibiting specificity of individual heavy

metals in process of absorption, translocation and accumulation (Table 19).

Cadmium accumulation is maximum in the root tissue of B. diffusa _and content

is 46% of the total available cadmium in the growth medium compared to other

metals during 20 days of growth —and-contentis46%efthetetalavailable

cadmitm-i-the-growth-meditm-and-_while content accumulated in the entire of

the total plant is 92%. These findings confirm that B. diffusa can accumulate
very high cadmium without much obvious toxic symptoms indicating high
tolerance to cadmium toxicity and this view is in accordance with the
characteristics of cadmium such as high mobility in the soil-root-system (Sanita-

di-Toppi and Gabbrielli, 1999) and ; accumulation potential depends on

available cadmium content (Cobbett and Golds-brough, 2002; Guo-Sheng et al.,
2007). Nevertheless, Sanita-di-Toppi and Gabbrielli (1999) suggested that metal
is taken up with the plants more rapidly from the solution than from the soil. In
the present study the plants are cultivated in nutrient solution containing known
quantities of the heavy metals and hence the accumulation potential observed
need not be comparable or equalent to esmplycomply with the accumulation

pattern in the soil system. An important fmpertant aspect of mineral nutrition of

int plants is antagonism and/-or-# synergism between ions as suggested by many
authors (Orcutt and Nilsen (£2000); ; Cseh, (2002); ; Taiz and Zeiger (20023); ;

Hopkins. (20034): Singh et al. (2004).- According to those authors, absorption/
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accumulation of one element may be antagonistic or synergistic to another
element and depend on the availability and /or interaction of other ions _as well

as the general scenario of nutrition and these two phenomena are alse found to

be species specific: also (Orcutt and Nilsen, 2000).

Cadmium absorption and translocation have been reported in plants like
prants—tike—Zea—mays—{(Gampus—and—Gortaeh,—+955);—Thalaspi caerulescens
(Escarre et al., 2000) and Cucurbita pepo, Hordeium vulgarae and Zea mays
(Ciura et al., 2005). As mentioned earlier, Cd** _ions are fast mobile in plants.
Many plants such as Potasmogeton pectinatus (Rai et al., 2003), Arabidopsis
thaliana (Perfus- Barbeoch et al., 2002), Phragmites australis (Ederli et al.,
2004), Cannabis sativa (Linger et al., 2005), Brassica juncea (Ishikawa et al.,

2006; Szollosi et al., 2009) and Helianthus awrennus (Zou et al., 2008) are

reported as hyperaccumulators of cadmium. High mobility of Cd** have been
established in rRice plant by adding Ca,(OH) to induce more mobility (Kim et
al., 20032). The authors suggested that Cd** may substitute Ca** resulting in

enhanced cadmium accumulation using Ca** channels for the passage of Cd*".

Boerhaavia diffusa shows considerable accumulation of chromium in the

order root> stem>leaf. Progressive inereaseaccumulation of chromium with

more content in roots (10-200 times) than the shoots have been reported in

Spinaeh- Lactuca sativa (Singh, 2001) and ;-Neleumbo nucifera (Vajpayee et al.,

1999). Vernonica beccecabhanga _and several hydrophytes showed high
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chromium removal from the soil.irrigated—with-tannerary—effluentscontaining

4-G—mg/+—Gr—V1—_(Zurayk et al., 2001). According to Kabata-Pendias and

Pendias (2001)kerntk-andHavsky,(1994), progressive increase of chromium

accumulation occur in the roots and shoots of Helianthus annuussuaflewer,

meaizeZea mays and Vicia faba. This observation is comparable to the chromium
concentration pattern of B. diffusa. Accumulation of chromium in the stem tissue
of B. diffusa is found to be related to the anatomy of stem which show
development of multicellular and densely stained trichomes (Fig. 43). The
trichomes have been reported to involve in the sequestration of heavy metals

like cadmium in Arabidopsis thaliana (Dominguez-Solis et al., 2004).

Accumulation of mercury in B. diffusa is maximum in roots and the
increase is linear to the period of growth. and eCompared to the quantity
applied in the nutrient media, the accumulation is significant. However, ; in the
shoot, accumulation is comparatively low. But on the basis of percentage
accumulation, stem tissue of B. diffusa shows high mercury content. Anatomy
of B. diffusa plants treated with mercury also shows multicellular denseily
stained trichomes in the stem (Fig. 44).- This epidermal modification is found be
related to mercury accumulation/sequestration as reported in Arabidopsis
thaliana in which cadmium is sequestered in trichomes (Dominguez-Soils et al..;
£2004). Even_-though no plants _have yet been reported as natural hyper-_
accumulator of mercury (Henry, 2000; Raskin and Ensly, 2000), transgenic
plants such as Arabidopsis thaliana and Nicotiana tabcum are capable of
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accumulating and converting methyl mercury to Hg**. A study to demonstrate

the effectiveness of mercury accumulation _and to evaluate the capacity in

removing mercury from water containing different concentration of mercury on

four aquatic plants. Eichhornia recipes, Pistia stratiotes, Scirpus

tabernaemontani and Colocasia esculenta ant—to—evattnate—the—eapacity i

revealed that accumulation iwas maximum in plants treated with more amount of

mercury salts_(Ziammels et al.. ; 2004). Loss of Mmercury t6ss has also been
reported to occur by volatalisation from plants (Skinner et al., 2007)._Generally
aquatic plants, - Azolla caroliniana, Eichhornia crassipes, Scirpus cyperinus,
Eaberma mostarium, Colocasia esculenta are able to accumulate mercury in
their net like root structure (Skinner et al., 2007). Brassica juncea exhibit
phytoremediation potential of mercury from contaminated waste water

(Moreno et al., 2005 a, 2005 b, 2005c). According to Moreno et al.; (2008),

Brassica juncea roots accumulate mercury 100-270 times above initial

concentration. But the translocation to the shoot is very little. B. diffusa also

exhibit significant accumulation of mercury in the root system although the_

content is dependent on the availability in the growth medium.

Accumulation of lead in B. diffusa is very high in the root, stem and leaf
and these values are maximum compared to other metals. Lead-acenmutationis

maximii—in-the—root—tissue—compared—to—other—metals/ptant—parts—This may

provide the plant with better tolerance to _heavy metal concentration as
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suggested by Weis and Weis_;(2004). Studies on the accumulation of lead in
Typha latifolia showed maximum lead content in the root while ane¢ shoot
maintained a low level always (Ye et al., 1997). According to Zhaeljazkove et
al.; (20086) lead accumulation in Bidens leonorum, Melijsa and Ourianum was
maximum in the root and the accumulation pattern varied from plant to plant
and dependant on the availability of the metal in the soil. Lead accumulation was
reported in the root system of Bacopa monnieri (Sinha, 1999). Studies on
translocation of lead in rice plants showed that calcium ion (Ca® ameliorated
lead toxicity in rice plant by simulating the translocation of Pb** through Ca**

channels (Kim et al., 2002).

In the present study, since known quantities of each metal are given to
the plants cultivated in each container and the data of total amount accumulated
in the total plants of each container and quantity retained after twenty days of
growth are calculated and considerable loss of each metal is found to occur.
The loss is continuously decreasifiged during 20 days growth showing the
range : - cadmium 13 to 0.5%, chromium 12 to 4%, mercury_ -31 to 13% and
lead— -19 to 2.5%. When a comparison is made between the accumulation
potential of B. diffusa with respect to the quantity of each metal available in the
growth medium, significant variations are observed in the pattern of
accumulation and loss of metals ebserved -during growth. Loss of metals are

in the order Pb>Cr>Hg>Cd (Table 19). The loss may be due to the escape
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from the leaf through stomata as reported in Bacopa monnieri in which mercury
loss was noticed after treatment with the 10pM HgCl, (Hussain, 2007). Loss of
mercury through trichomes which are developed in abundance in the stem of
Vigna radiata seedlings cultivated in nutrient solution containing 15pM HgCl,
has already been reported by Sahadevan; (2001). According to Moreno et al.;
(2008) Brassica juncea cultivated in nutrient culture showed very little
translocation to the shoots (0.7-2%) and mercury volatalization in the form of
Hg (O) vapour occurred from the plant and from the soil medium due to some

mercury tolerant bacteria which reduce Hg** to metallic mercury.

Loss/ release of mercury by plant from growth medium is one type of
phytoremediation technology designated as phytovolatalization as suggested by
Pilon-Smits (2005); according to whom phytovolatialization ins the release of
pollutants from the site as gas without any need for harvesting and disposal of
the agent or plant. The author suggested that phytovolatialization can be
maximised by promoting transpiration rate through sufficient irrigation. Two

plants_(Myriophyllum aquaticum and Ludwigia palustris) haves shown higher

capacity in mercury removal contaminated with mercury (Kamal et al., 2004).
According to those authors, by aquatic species mercury is removed at higher
efficiency than other heavy metals and the removal rate of mercury is dependent

on contamination rate.



Leaf tissue of B. diffusa exhibit maximum cadmium content compared to

the available quantity in the medium ( Table 18). Even_though leaf anatomy is
not done in the present study, the accumulation of cadmium can be correlated to
the views of Dominguez- Solis et al.; (2004) who reported that by employing
transgenic approach a plant line of Arabidopsis thaliana has been shown to
accumulate very high cadmium in the leaves in which trichomes are involved in
the accumulation and there by detoxification of cadmium in Arabidopsis
thaliana_(-Lee et al., 2002). According to those authors, the trichomes are having
about 200 fold higher volume than the epidermal cells and the vacuoles of the
trichomes occupy above 90% of the volume. The trichomes contain
phytochelatin synthase enzyme which is involved in the synthesis of PC-Cd
complex (Lee et al., 2002). In Arabidopsis thaliana, the sequestration of
cadmium occurs also by the synthesis of cystine rich glutathione because the

GSH biosynthetic pathway is highly active in trichomes.

Bioaccumulation pattern of heavy metal can also be interpreted in terms
of Bio eConcentration Factor (BCF) and T#ranslocation FFactor (TF) following
the method suggested by Yoon et al.; (2006). According to those authors Bie
eoncentrationTtacter{BCF) is defined as the ratio of metal concentration in the

roots to that of soil and the plants ability to translocates metal form the root to

shoot is named as tTranslocation Ffactor (TF) which is defined as the ratio of
metal concentration in the shoot to root. In B. diffusa the BCF of all the four

metals seems to be same where as TF exhibit wide variations such as least value
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is shown by chromium and maximum by mercury. Uniformity of BCF value of
all the metals indicates that despite the wide difference in the molar
concentration of four metals supplied in the growth medium, uniform
absorption rate in comparison with the availability isis maintained by B.

diffusa as far as the four heavy metals are concerned (Table 19a; Fig. 41).

Comparatively low TF values of chromium and maximum TF values
shown by mercury reveal very low and high translocation of these metals
respectively indicating that translocation potential of B. diffusa varies from
metal to metal. Based on the TF value of the chromium, accumulation is
found to be more in the roots compared to the shoot but mercury shows

comparatively low less accumulation potential in the root and these ions are

more mobile. More or less similar results have been reported in the accumulation
pattern of copper and lead in Bidens tripartita (Zheljazkov et al., 2008). Those
authors suggested that accumulation potential of plants towards cadmium,
chromium, mercury, lead, copper and zinc depends on the availability of the
metals in the soil/ growth media as well as on the plant genotype. According to
Kabata- Pendias and Pendias; (1991), Angelova, et al.; (2006) and Meers et al.;
(2007); the concentration of heavy metal in different plant parts reflect genetic
differences among the species with respect to heavy metal transport and
accumulation. But in the present study. ; the differences in the BCF and TF
values in B. diffusa shows metal specificity on one hand and difference in molar

concentration or the availability of the metals ; on the other. Molar
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concentrations of each metal in the nutrient growth medium has been selected
on the basis of tolerance/ sensitivity of B. diffusa to impart more or less similar

performance of growth retardation.

To explore the metal accumulation in different tissue of B. diffusa,
association between metal content and oxidative potential expressed by
antioxidant enzymes is found to be effective in the scenario of toxicity induced
by cadmium, chromium, mercury and lead. Concerning the accumulation of
these metals proportionality is observed between accumulation and antioxidant
enzyme activity among different tissues in each treatment. Positive correlation
can be drawn between the metal content, MDA and proline accumulation
(Table 17 b; Fig. 39). When the accumulation is expressed as percentage of
available metal content in the growth medium, in spite of significant differences
in the molar concentrations of each element, almost similar quantities of all
metals are accumulated in the roots; (Table 18; Fig. 40) whereas this pattern is
not followed by accumulation pattern of stem and leaf tissue presumably due to
significant difference in the TF values as a result of differences in translocation
flux. This observation is in conformity with the views of Reid et al.; (2003) who
suggested that the mode of translocation varies from metal to metal. Thoese
authors —also demonstrated that cadmium is highly mobile and get translocated

even to the seeds: of Solanum tuberosum-. Accumulation of cadmium in all

plant parts inclusive of seeds has been reported in Oryza sativa (Tanaka et al.,
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2007) while translocation of lead is very slow in Bacopa monnieri (Sinha,

1999); and in Momoredica charantia fruit (Dansiel et al., 2009).

Generally the plants having TF factor less than 1 is considered to have in

significant phytoremediation potential (Zheljyazkov et al., 2008). So the present
study demonstrates that B. diffusa is not suitable for phytoremediation which is
a technological process for mitigation of metal pollution of soil by using plants
as biological detoxification system. The term hyper-accumulator is used to
describe plants that accumulate more than 1000pg Ni/gram dry weight in their
shoots in the natural habitat (Brooks et al., 1977). Metal_-hyper accumulator
has been identified in at least 45 plant families (Clemens et al., 2002; Pilon —
Smits, 2005). Many plants accumulate very high quantities of heavy metals. -
Potamogeton pectinatus and Lonicera japonica (iv—et—at;—2065)-are hyper

accumulator of cadmium (Zayed et al, 1998; Rai et al., 2003; Liu et al., 2009)}

Chromolena odorata is an accumulator of mercury (Velasco- Alinsug et al.,
2005). Brassica juncea accumulates chromium (Moodley et al., 2007)_and

cadmium (Szollosi et al., 2009); lead is accumulated by Alternanthera sessilis

(Moodley et al., 2007; Huang and Cunningham, 1996). All these plants are
considered as hyper—accumulators and most of them are recommended for

phytoremediation (Pilon-Smits, 2005). According to Yoon et al.; (2006) and

Zhelyjazkove_et al. (2008), if the Bisaceumulation—Faetor(BCF) and  and-
Transtoeation—Factor—(TF) values are above 1, the plant is suitable for

phytoremediation. All hyper accumulator plants species are known to have BCF
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and TF values more than unity (Brown et al., 1995). Values of both BCF and TF
shown by B. diffusa towards cadmium, chromium, mercury and lead come
below one and hence this plant is neither a hyperaccumulator nor a
phytoremediant. Nevertheless, considerable quantities of all the four toxic
metals are accumulated in the root and shoot when the plants are cultivated
under hydroponic system. B. diffusa 1t is an important medicinal plant and
inerediantingredient of many Ayurvedic products such as_‘Chayavanaprasham’
and —Fonicera—japonica—{in—et—al;—2069)—‘Danvtavntharishtam’,
‘Sukumaragritam’, ‘Dashamoolarishtam’ etc. So the risk factor due to heavy
metal contamination in these products is a concern because these medicines are
commonly consumed and the health hazard due to cadmium, chromium, mercury
and lead includes cognitive diseases, kidney damage, cardiovascular

dysfunction etc.

[n a/n important precision experiment designed to explore the bioaccumulation

potential of ferthe-treatment-of twenty medicinal plants_treated with known
quantities of four toxic heavy metals Cd, Cr, Hg and Pb to impart visible
symptoms of toxicity, significant differences were observed in the_sensitivity
towards the quantity of each metal given to each plant. By trial and error
method, the present author tested the sensitivity of twenty medicinal plants
steh-asnamely Aerva lanata. Alternanthera tenella, Andrographis paniculata,
Amaranthus spinosus, Beloperon plumbaginifolia, Blepharis maderaspatensis,

Boerhaavia diffusa.  Catharanthus roseus, _ Brymaria—ecordata,—Eclipta
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atbaprostrata—, Eupatorium triplinerve, Kyllinga nemoralis, Leucas

indiealavandulifolia—, Oxalis corniculata—, Phyllanthus amarus, Prortulaca

oleraceae, Rubia cordifolia-, Scoparia dulcis-, Sida acuta-, Sida alnifolia and
Vernonia cinerea towards various concentrations of the four heavy metals and

the concentration to which the plant is tolerant but imparting some visible

symptoms of toxicity given in table 20.is—ehesen—for-the-stady: Most of these

medicinal plants are found to be accumulators of Cd, Cr, Hg and Pb.
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Similar to agricultural crops, medicinal plants also are cultivated in soil

contaminated with toxic heavy metals and/ or naturally growing in polluted soil

or water and hence get exposed to heavy metal stress. Poisoning associated

with the presence of toxic metals in medicinal plants have been reported in

Asia, Europe and United states (Dunbabin et al., 1992; Olujohungbe et al., 1994;

Markowitz et al ., 1994; Kakosy et al ., 1996). Accumulation of many toxic

heavy metals have been detected in root, stem, leaf, fruit and seeds of medicinal

plants (Caldas and Machado, 2004; Zheljazov et al., 2008).

-Accumulation of heavy metals occurs in medicinal plants cultivated in
polluted soil which is used for agricultural purposes. As mentioned earlier,
presence of toxic heavy metals in medicinal plants have been reported by
Caldas and Machado, (20034), Hussain et al-.; (2006) Khan et al.; (2008);-.
and-/Zheljazkovet-al5(2008)-Recently accumulation of cadmium, lead, copper,
manganese and zinc was reported in Leonurus cardiaca, Marrubium vulgare,
Bidens tripartitea, Origanum heracleoticum and Melissa officinalis cultivated in
polluted soil near a smelter in Bulgaria (Zheljazkov et al., ; 2008). Heavy metal

pollution of soil is a major environmental problems that can affect plant

productivity, product quality and human health (Alloway, 1990; Kabata- Pendias

and Pandias, 2001). The productivity and bioaccumulation potential of the plant

may interfere with growth pattern and impose adverse effect of these metals on
the metabolites prominently secondary metabolites which are the major sources

of medicines.
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According to Siedledeka and Krupa (1997)-, Kim et al. (2003) and Sersen

et al.; (2005), cadmium ions are easily translocated to the shoot from the root

and absorption by root system also is very fast_and accumulation level also is

very high.: Cadmium is the most studied toxic metal and it is a prevalent
pollutant having greater bioavailability than lead or mercury (Clemens, 2006).
Se—aceumulation—level—alse—is—very—high- —Accumulation of cadmium in

medicinal plant is an important concern because cadmium is readily taken up by
plants and the subsequent problem is the toxicity of cadmium for animal system
comes under 0.5-1mg/kg-' dry plant material. But crop plants are tolerant at
least to 10 fold of the concentration in the tissue (Zheljkjiazzsakove et al., 2008).
The toxicity level of cadmium for animal in the range of 0.5- 1 mg/kg dry weight
of plant material. Cadmium can cause kidney damage and impair skeletal
system and many other health problems (Houston, 2007). Lead can impair
cognitive development, reduce intellectual performance and cardiao vascular
dysfunctions in human being (Falk et al., 2003; Lidsky and Schneider, 2006).

Mercury and its compounds cause devastating neurological and kidney damage

in animals. Kidney damage and ulcers are caused by chronic toxicity.




metals—(Table20)- There is a general trend of increasing dry weight in the 20

selected medicinal plants due to heavy metal treatments compared to control
plants. But the pattern of dry weight distribution in plant parts such as roots,

stem and leaves vary from plant to plant (Table 20; Figs. 46, 47, 48, 49 & 50).

Similarly there occurred significant differences in the dry weight distribution of
one and the same plant treated independently—with four metals- cadmium,

chromium, mercury and lead.

Positive correlation is found to exist between the dry weight increase and
the bio-accumulation in some species. Increase in root biomass and
mabdmummaximum  cadmium accumulation  exist in  Aerva lanata,
Alternanthera _tenella sessitis treated with cadmium  compared to other

treatments_—(Table 20; Figs. 46, 47, 48, 49, 50, 51, 52, 53, 54 & 55). Dry weight

increase and proportional chromium accumulation are observed in A.
paniculata, A. lanata, A. sessilistenella, A. spinosus, B. maderaspatanesis, P.
oleraceae, S. dulcis and S. alnifolia . Lead treatment results in the increase in
root biomass and maximum accumulation in A. paniculata, A. tenellasessitis,
B. maderaspatanesis, B. diffusa, O. corniculata, P. oleraceae, S. dulcis, S. acuta,

and S. alnifolia.



The capacity of plants to accumulate metals has been considered a
detrimental trait since some plants are directly or indirectly responsible for a
proportion of the dietary uptake of toxic heavy metals by human (Chaney et al.,
1997; Cunninngham et al., 1995). The intake of heavy metals through
consumption of contaminated crop/medieninaimedicinal plants can have long
term effects on human health (Ow, 1996)-. Based on plant parts efwhere
accumulation_; take place, - twenty plants are grouped in to two clusters- root
accumulators and shoot-accumulators - in order to assess and interpret the rate
of metal contamination in the Ayurvedic preparations containing these plant
parts. Roots of Aerva lanata, Boerhaavia diffusa, Kyllinga nemoralis, Rubia
cordifolia, Sida acuta and S.alnifolia  accumulates cadmium, chromium,

mercury and lead (Table 20; Fig. 51, 52, 53, 54 & 55) and roots of these

plants are important ingredients of ‘Punarnavasavam’, ‘Sukumaraghrita’,
‘Chyavanaprasyam’, ‘Valiyamarmagulika’, ‘Pathadigulika’,

‘Dhanvanthtarishtam’ (Sivarajan and Balachandran, 1994).

Present study reveals that medicinal plants like B. diffusa, E. triplinerve,
R. cordifolia, S. dulcis, S. acuta , S. alnifolia and V. cinereae, the quantities of
cadmium accumulated in the root are 484, 589, 1273, 661, 789, 517 and 430
png/g dry weight respectively. Since these plants are highly tolerant to cadmium,
the chance of accumulation of cadmium in these medicinal plants growing in
soil contaminated with even mild quantities of cadmium is very high. Since

most of these plants serve as important ingredients of many Ayurvedic
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preparations like Brhatidivayam, ‘Punarnavasavam’; ‘Rasanadikasayam’,
‘Dhanwvantetharishtam’ (Sivanrajan and Blachandran, 1994).; consumption of
the medicines containing the root of the above mentioned plants collected from
the field polluted with cadmium may lead to health hazard. Accumulation of
cadmium is more in the shoot of A. paniculata, A. lanata, P. amarus, V.
cinereae, B. plumbaginifolia, B. diffusa, C. rosues, E.prostrata, E. triplinerve, K.
nemoralis, R. cordifolia, S. dulcis, S. acuta and S. alnifolia presumably due to
the high mobility of Cd ** ions (Kim et al., 2002; ; Tanaka et al., 2007)..

Generally the shoot part of these plants are important ingredients of °

Punanrnavasavam’, ‘Chyavanaprasyam’, ‘Ashokarishtam’, ‘Rasanadikashayam’,

‘Pathadigulika’, ‘Dhanwvantharishtam’.

Similarly chromium accumulation is very high in the roots of A.
paniculata, A. lanata, A. tenellasessitis, A. spinousous, B. diffusa, C. rosesuss,.
E. prostratra, E. triplinerve, K. nemoralis, L. indica, O. corniculata, P.
oleraceae, R. cordifolia, S.acuta, S. rhombialnifolia and V. cinereae (Table 20:

Figs. 51, 52, 53, 54 & 55). Ayurvedic preparations such as ‘Triktakaghritam’,

‘Goroganaadi  gulika’,  ‘Narasimharasayanam’, ‘Kombangadi gulika’,
‘Balarishtam’ etc.Shoots of A. spinoseus, B. diffusa, E. prostrata, B.
maderaspateaenesis, C. roseus, O. corniculata, S. acuta and P. oleraceae.
contain high amount of chromium content. Shoots of these plants are used in
the preparation of ‘Tiktaghritam’, ‘Gorochanadi-gulika’, ‘-~Candanasavam’, ‘

Narvasimharasayam’, ‘Mahatratiphalaghrittam’, ‘——Suranadighritam’,
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‘Chyavanaprasyam’; and ‘Thipalliyathighrita’. Medicinal plants such as
Artemsilic vimliarium, Muceura prurieus, Asparagus adselndeus, Wishania
sominfera etc, are reported to accumulate chromium, lead and cadmium (Khan

et al., 2008).

Generally mercury accumulation is very low in the root tissue.
Nevertheless, on the basis of percentage of the quantity given in each
treatments, the accumulation values are very high. About 50% of mercury
accumulation is observed in root tissue of E. triplinerve, S. dulcis, S. acuta, and
S. rembalnifolia. This observations reveals sensitivity as well as comparable
accumulation potential of almost all plants included in the present study towards
the mercury. Plants such as A. lanata, B. plumbaginifolia, B.
maderaspatearensis, B. diffusa, E. triplinerve, R. cordifolia, S. dulcis, S. acuta, S.

alnifolia_; accumulate moderately high amount of mercury in the roots.

eerdifelia—Even_though the availability of mercury is comparatively low in

soil medium, the shoots of R. cordifolia which is highly medicinal,
accumulate  high amount of mercury. Ayurvedic medicines such as
‘Cancaradigritam’, ‘Pathadigulika’, ‘Narasimharasayanam’, ‘Mahathriphala

ghritham’ etc. contain the roots of R. cordifolia, as - an _important ingredients.

—_
~
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Significant accumulation of lead in the roots of A. paniculata, A.
sessitistenella, A. spinoseus, B. maderaspatensis, B. diffusa, K. nemoralis, P.
amarus and R. cordifolia shows the relative immobility of this metal as

suggested by Kabata —Pendias and Pendias (1991), Zheljazkov _and Warman

(2003) and Zheljgazkov et al.; (2006). Similar observations have been reported
in Salix species (Meers et al., 2007). Roots of A. paniculata, A. tenellasessiltis,

A. spinossus, B. maderaspataiiensis, B. diffusa, K. nemoralis, P. amarus and R.

cordifolia show very high amount of lead whereas white-inereased—amount-of

lead-ispresentinthe-shoots of A. paniculata, A. spinosous, B. plumbaginifolia,

B. maderaspatarensis, B. diffusa, C. roseus, P. oleraceae, V. cinereae-, S. acuta

and Sida alnifolia_contain enhanced quantities of lead-. According to Sivarajan

and Balachandran (1994) ‘Valiyamarmagulika’,  ‘Rasanadikasayam’,
‘Aswagandhadirileham’, —‘Sadavarikasayam’, ‘Balajeerakadi leham’, Sadavart

kasayamtetc. contain the above mentioned plants.

The distribution of heavy metals in the root and shoot can be evaluated
using BCF (Bioconcentration Factor) and TF (Transolocation Factor), according
to Yoon et al.; (2006): Eenrichment or hyperaccumulation occurs when a
contaminant taken up by a plant is not degraded rapidly resulting in hyper
accumulation. The process of phytoremediation generally requires the
translocation of heavy metals to the easily harvestable plant parts i.e. shoots
(Pilon —Smits, 2005). By comparing BCF and TF the ability of different plants

to take up metals from soil and translocating them to shoots can be compared.
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Tolerant plants tend to restrict soil- root and root-shoot transfer and therefore
have more or less similar metal accumulation in their biomass; while
hyperaccumulators plants absorb and translocate metals into their above ground
biomass. Plants exhibiting TF and BCF values less than one (<1) are unsuitable
for phytoremediation (Fits and Wenzel, 2002). BCF indicate the bioavailability
of the metal from the soil and this value is also related to the absorption

potential of each element (Zheljazkov; et al., 2008).

Elevated values of BCF pertaining the cadmium absorption is shown by
A. sessitistenella, C. roseus, L. lavandulifolia, R. cordifolia, Sida species and V.
cinereae (Table 20a) indicating very high accumulation potential in the root
system in relation to the availability of the metal in the soil. Correlation between
quantity applied, accumulation percentage and BCF is not feasible in the case of

cadmium and the sensitivity of each plant towards cadmium varies widely and

the quantities are much more. Gomparatively-moere-TH-values-are-shownby-A-
pantettata,—B—plumbaginifolia,—G—rosues,—E—prostrate,—IK—hemoralis,—
aceumilation:

-In spite of very high chromium content accumulated in the root

system of many plants (Table 20; Figs. 51, 52, 53, 54 & 55) the BCF values are

very low (<0.02) and hence the root system of these plants accumulate very
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low quantity of chromium compared to the availability in the soil. Cultivation of
medicinal plants in soil polluted with comparatively low amount of chromium is
feasible since it never causes any contamination of medicines using the roots of
these plants which are found to be tolerant to chromium. It seems that tolerant
plants adapt the strategy of avoidance towards absorption of chromium in spite
of surplus availability in the soil. Accumulation of chromium in the root system
on percentage basis shows very low values (<3%). Similarly BCF values also
are meagre (<0.01). But the quantity of chromium applied is very high and wide
variation exists (21-94mg) between the plants. Thieses observations infer that
almost all plants are considerably tolerant to chromium and accumulated

quantities in the root system may not cause poisoning of medicines.

Even-theughEven though almost all plants out of the twenty investigated
in the present study are sensitive to low quantities of mercury due to high
toxicity of the metal, the BCF value also are very high indicating more
accumulation potential in the root system. Compared to the other metals
mercury exhibit maximum BCF values in a number of plants (Table 20 a). Root
system of these plants (B. maderaspatanensis, R. cordifolia, E. prostrata, S.
dulcis, S.acuta, and S.alnifolia) accumulate very high quantity of mercury

(more than 50%) compared to the amount available in the soil.

When the quantity of mercury accumulated in the root system is

expressed as percentage of the metal available in the medium, the values are
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very high so also BCF values (Table 20a). As mentioned earlier tolerance of all
plants towards mercury is very low and hence the quantities ¥ applied to the soil
are least compared to other metals (Table 20). Another characteristics of
mercury accumulation is the difference in the sensitivity, accumulation potential
and BCF between different plants such as A. paniculata, A. tenellasessitis, C.
roseues, E. prostrata, L. lavandulifolia which are exposed to the same quantity
of mercury (0.025mg) and the percentage of accumulation in the root is 21, 25,
13, 36 and 29 respectively and the respective BCF values are 0.21, 0.25, 0.13,
0.3 and 0.29. More or less similar correlation are observed in the accumulation
pattern of mercury in other plants also which are exposed to more mercury
content and hence are found to be more tolerant. This observations infer that
maximum accumulation (percentage) and elevated BCF values are directly
related to the sensitivity of these plants towards mercury since the quantities of
mercury applied to the soil is minimum compared to cadmium, chromium and

lead.

Bioaccumulation of lead in the root system shows wide variations (0.2 to
35%) and BCF values also differ between plants (0.006 to 0.03). But the applied
quantity varies in the range of (24 to 303)_milligrams. In this context
accumulation potential of each plants vary significantly and no correlation exist
between accumulation, BCF and the quantity applied. Nevertheless, the
quantities of lead applied are comparatively very high and the plants are not

much sensitive to this metal. So roots contain comparatively low amount of lead
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in A. lanata, E. triplinerve, P. oleraceae and E. prostrata the root system of

which are important ireredientsingredients of the- many Ayrurivedic medicines.

The Translocation Factor values of lead varies widely between B.
plumbaginifolia (0.93), E. triplinervee (2.04), K. nemoralis (1.0) P. amarus
(1.54) and P. oleraceae (3.04) and these plants show very high value of T. F
(Table 20 a) revealing more translocation to the shoot which are the
ineredientsingredients of ‘Mustaristam’, ‘Cheriya Rasanadi Kasayam’,
‘Cyavanaprasam’, ‘Thipalligathighritha’, ‘Madhyasthyathithyla’, ‘Satavariude’,
‘Carngeryadighrtam’,  ‘Vyaghryadi leham’, ‘Amrtapraghrtam’  and

‘Chyavanaprasaleham’.

On the basis of percentage accumulation of lead, values are very low
(<1) in many plants such as A. lanata, A. tenellasessitis, B. madraspatensis, C.
roseus because the percentage values are calculated as percentage of the
quantity applied to the soil. So these plants are found to be highly tolerant to
lead because the plants survive in 600 pm lead and accumulation potential also

is very low.

Levitt; (1984) and Chans et al.; (1993) opined that high level of toxic

metals occurs in the medicinal preparations using plants collected from polluted
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\ fields. According to Caldas and Machado; (2004), cadmium and mercury are
present in 130 Brazilian herbal medicines prepared by using 105 medicinal
plants of various families, eleven samples of Centella asiatica had cadmium
exceeding limit of 0.3 pg/g recommended for medicinal plants (WHO, 1999).
Population growth in the developing countries and increasing interest in the
industrialised nation have greatly expanded the demand for medicinal plants and

their products. According to Woods; (1999), approximately 80% of the world
population use medicinal plants. Since considerable amount of heavy metal
accumulation is reported in medicinal plants standard quality control of these

products should be enforced. Cialdas and Machaao; (-2004) suggested the need

for a systematic control of toxic heavy metals in the plant used as medicines.

Vernonia amygdalina plants cultivated in coastal soil polluted with

heavy metals such as mercury, lead, chromium, copper, nickel and zinc showed
maximum accumulation of these metals in the root, leaf and fruit- (Gbaruko
and Friday, 2007). Those authors opined that continuous consumption of these
plant materials (medicinal) may lead to toxicity in human being. Vernonia
cinereae included in the present study is a medicinal plant and accumulation of
heavy metals in the root is in the order lead>cadmium>chromium>mercury

and cadmium is present in the leaf also.
Generally it is seen that concentration of cadmium, chromium, mercury
and lead in the root tissue of each plant vary significantly and accumulation is
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proportional to the quantity of each metal present in the soil. But the
percentage of accumulation is not at all directly proportional to the quantity
given whereas the percentage value is clearly an index of accumulation of the
metal. This behaviour is found to be a species specific trait. So the response of

one plant to different metals and vice-versa exhibit no direct correlation.

The larger BCF values of cadmium and mercury ions indicate an
increased accumulation in the roots of A. lanata, A. sessitistenella, A. spinoseus
and B. maderaspatenesis, but the TF values of cadmium in the plants
mentioned above never go hand in hand. The low TF values of chromium and
lead in almost all plants indicate more accumulation potential in the root and
slow translocation to the shoot. This observation is corroborated with the views
of Basta et al. ;-(2005); who suggested that accumulation and bioavailability
need not be proportional always. More or less comparable data and interpretation
in the pattern of cadmium, lead, zinc and manganese accumulation in four
medicinal plants, Bridens tripartite, Leonarum cardiare, Marrubium vulgare
and Melissa officinalis cultivated in polluted soil are reported by Zheljazkov et

al.; (2008).

—According to Brooks et al.; (1977), Brown et al. (1995) and Yoon et
al; (2006) TF value more than 1 of plant species indicates their
hyperacumulation potential and are known as hyperaccumulator plants. The TF

values more than one_(>1) shown by E. triplinerve, K. nemoralis,
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P. amarus, and P. oleraceae species for cadmium and chromium indicate their
hyper-accumulator behaviour. Plants having BCF and TF values more than one
are suitable for phytoremediation. Phytoremediation potential of these species
on one hand and the medicinal property on other; — are paradoxical because
hyper accumulation of any toxic metal contributes more toxicity to the
medicinal products. Bacopa monnieri is a medicinal plant (Sivarajan and
Balachandran, 1994) but the phytoremediation potential of this plant has been
reported by cultivating in a medium of mixed metals (cadmium, lead, mercury,

and chromium) under simulated laboratory condition (Huang et al., 1997;

Sinha et al., 1996; Sinha 1999). _

In the present study T.F. values for chromium and lead shown by E.
triplinerve, cadmium and lead by K. nemoralis, lead by P. amarus, and P.
oleraceae are above one so these plants can be recommended for
phytoremediation. All these plants are herbs and are profusely growing in
polluted and marshy areas which are commonly used for regular flushing of
industrial effluents and sewage waste water which may facilitate more
accumulation of toxic heavy metals. In addition, all the four species are
profusely growing weeds. Similar to aquatic plants, weeds are considered as
hyper accumulators of heavy metal (Moodley et al., 2007). According to
Sonmez et al.; (2008) three weeds Avena sterilis, Isatis tinctoria and Xanthium
strumarium are hyper accumulator of cadmium, lead and zinc and accumulated

different levels of phytoavailable concentration of these metals.

—
@]
N



The concentration of heavy metals in different plant parts reflect genetic
differences among species with respect to heavy metal absorption, translocation

and accumulation -(Macnair, 1990; Angelova et al., 2006; Meers, et al.. 20057).

—Maeurier,—1596). While testing the sensitivity of all the twenty medicinal
plants towards the cadmium, chromium, mercury and lead, a number of plants
exhibits  similar growth rate and biomass distribution towards the same
concentration. But the accumulation pattern differed widely. Accumulation
potential of cadmium shows that A. tenellasessitis, C. roseus, E prostrata, L.
lavandulifolia and P. amarus are having similar sensitivity towards 0.593 mg

of cadmium. But _the quantitiesameunts—of accumulated ie# in the root, stem

and leaf vary significantly and not comparable among plants as well as heavy

i el in thesefourplants.



RESULTS

Root growth

Growth retardation expressed in terms of reduced root and stem length
and leaf area was observed in Boerhavia diffusa as a result of cadmium,
chromium, mercury and lead treatments. Due to cadmium treatment, root
growth was reduced fourth day onwards gradually and the same trend was
continued and on 20" day 50% growth reduction was observed. But in plants
treated with chromium, root growth retardation was comparatively lower than
other metals and more or less similar trend in root length was shown by the

plants treated with mercury and lead (Table 4; Fig. 3).
Stem growth

Stem growth of B. diffusa was adversely affected by cadmium
treatment resulting in significant reduction of stem length in all stages of
growth compared to the control. Chromium treatment resulted in maximum
growth reduction of stem compared to other metals and on 20™ day only
50% growth was observed compared to the control. Stem growth retardation
due to mercury and lead treatments was significant compared to the control

throughout the experimental period (Table 4; Fig. 3).
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Leaf area

Leaf growth was found to be significantly reduced due to the
treatment with all metals. About 50% leaf growth retardation was shown by
the treatment with cadmium and chromium during all intervals of growth.
Plants treated with mercury and lead also showed reduced leaf area but
comparatively less retardation in leaf growth was observed compared to that

of cadmium and chromium treatments (Table 4; Fig. 4).
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Table 4: Effect of Heavy Metals on Root and Stem length (cm) and Leaf area (mm?) in Boerhavia diffusa

Interval (Days)

Treatments Tissues 0 1 8 12 16 20
Control Root length 3.41+0.17 4.57+0.56 6.84+0.79 8.12+0.96 11.30+0.87 13.72+0.84
Stem 7.53+0.39 9.62+0.74 19.5+0.32 22.6+0.53 28.30+0.63 31.62+0.80
Length
Leaf area 288.6+11.6 | 490.7+21.6 641.4+10.0 784.2+16.3 967.5+9.50 1158.7+17.3
Cadmium Root length 3.41+0.97 3.96+0.97 4.28+0.13 5.8940.31 6.13+0.11 6.89+0.93
Stem 7.53+0.39 7.89+0.72 11.33+1.43 14.84+0.92 17.62+0.81 21.52+0.76
Length
Leaf area 288.6+£11.6 323.4+14.2 386.7£11.3 | 423.248.20 567.5+11.4 593.2+7.20
Chromium Root length 3.41+0.17 4.16+0.82 5.92+0.98 7.16+0.35 9.28+0.81 10.67+1.13
Stem 7.53+0.39 8.39+0.13 9.67+0.70 13.23+0.93 14.77+0.78 16.39+0.75
Length
Leaf area 288.6+11.6 319.3+9.30 428.61+9.3 499.3+7.82 584.2+9.31 612.5+12.4
Mercury Root length 3.41+0.17 4.12+0.35 4.86+0.56 5.28+0.69 6.95+0.52 8.54+0.25
Stem 7.53+0.39 8.95+0.81 17.39+0.39 19.34+0.23 23.21+0.85 24.59+0.31
Length
Leaf area 288.6+£11.6 334.7+11.3 | 489.8+14.6 596.2+10.2 633.4+12.5 824.2+15.2
Lead Root length 3.41+0.17 4.39+0.39 5.86+0.67 6.64+0.92 9.16+0.50 10.93+1.25
Stem 7.53+0.39 8.34+1.04 12.39+0.73 17.38+0.52 23.28+0.58 25.34+0.82
Length
Leaf area 288.6+11.6 | 413.5+8.95 | 487.4+12.2 639.3+4.43 832.2+6.30 884.4+7.43

Values are mean of 5 replicates t+standard error
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Tolerance Index

Values of tolerance index evaluated on the basis of relative root length
of experimental plants and control showed that maximum values were shown
in the first interval in all four metals and the values showed slight reduction
after 8" day of growth. During further growth, the values showed continuous
reduction in Hg and Pb treated plants without any significant difference
between the intervals. Cadmium and chromium showed slight increase in
tolerance index values in sample of 8" day and significant reduction during
where as in chromium treated

further growth in cadmium treated plants,

plants, the reduction was insignificant (Table 5; Fig. 5).

Table: 5 Effect of Heavy Metals on Tolerance Index percentage
pertaining to Root length in Boerhavia diffusa during growth

Treatment Interval (Days)

4 8 12 16 20
Control 100 100 100 100 100
Cadmium 86.65+2.18 |72.574+2.51 |62.53£2.31 |54.20+2.65 |50.20+2.19
Chromium 91.0243.09 |86.54+3.42 |88.17+£3.91 |82.12+3.61 |77.76+3.41
Mercury 90.1542.91 |71.05£3.14 |65.02+2.40 |61.50+2.93 |62.20+3.10
Lead 96.06+3.61 |85.67+3.58 |81.77+2.64 |81.06+£2.98 |79.60+3.41
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Stomatal index

Stomatal index of B. diffusa plants treated with all heavy metals
showed  significant changes. Cadmium treatment resulted in significant
increase of stomatal index in the lower epidermis in comparison with that of
control, whereas stomatal index of upper epidermis remained almost
unchanged. Changes due to chromium treatment in the stomatal index of both
upper and lower epidermis was negligible compared to control. Maximum
value of stomatal index of both lower and upper epidermis was shown by the
plants treated with mercury compared to the control as well as other
treatments. Plants treated with lead showed only slight increase in the
stomatal index values of upper and lower epidermis compared to the control

(Table 6; Fig. 6).
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Table 6: Effect of Heavy Metals on the stomatal index in Boerhavia diffusa

Treatments | Tissues Interval (Days)
0 4 8 12 16 20
Control Lower epidermis 17.34+1.24 | 19.50£1.22 | 23.68+1.08 | 25.26+1.50 | 27.53£1.22 | 29.64+1.25
Upper epidermis 15.50+1.30 | 17.65+1.36 | 19.31+1.24 | 22.27+1.54 | 23.84+1.10 | 24.39+1.45
Cadmium Lower epidermis 17.34+1.24 | 22.34+0.98 | 25.62+0.95 | 29.84+1.23 | 37.61+1.25 | 41.23+1.50
Upper epidermis 15.50+1.30 | 17.39£0.87 | 19.75+£1.26 | 21.06+0.97 | 22.93+1.50 | 23.75+1.24
Chromium Lower epidermis 17.34£1.24 | 19.36+1.24 | 21.39+1.33 | 24.74+1.25 | 27.59£1.23 | 32.36£1.65
Upper epidermis 15.50+1.30 | 16.45£1.64 | 23.23+1.42 | 24.42+1.45 | 26.17£1.06 | 28.10+1.06
Mercury Lower epidermis 17.34+1.24 | 28.35£1.75 | 31.74+1.22 | 34.52+1.47 | 36.73+£1.24 | 49.65+0.84
Upper epidermis 15.50+1.30 | 24.28+0.88 | 27.74+1.87 | 31.63+1.24 | 36.28+1.53 | 36.97+1.23
Lead Lower epidermis 17.34+1.24 | 23.71£1.37 | 25.28+0.95 | 28.61+0.94 | 33.25+£1.06 | 36.26+1.24
Upper epidermis 15.50+1.30 | 19.28+1.31 | 24.40+1.10 | 25.64+1.32 | 28.10+0.98 | 32.75+1.46

Values are mean of 5 replicates t+standard error
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Dry weight distribution

Dry weight distribution of root tissue of B. diffusa plants treated with
all four heavy metals showed increase compared to the respective controls
during all intervals of growth. Though the differences were not significant,
the increase in the dry weight of roots of plants were more compared to the
control plants during all stages of growth treated with cadmium, chromium,
mercury and lead. Stem tissue also exhibited more or less same trend in the
distribution of dry weight content. Only negligible fluctuations were observed
in the distribution of dry matter content of leaves of the plants treated with

cadmium, chromium, mercury and lead (Table 7; Fig.7).
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Table 7: Effect of Heavy Metals on the Dry weight percentage in Boerhavia diffusa

Treatments Tissues Interval (Days)
0 4 8 12 16 20
Control Root 8.900+0.13 10.50+0.29 11.74+0.15 12.35+0.11 13.05+0.16 13.56+0.11
Stem 18.84+0.06 19.57+0.06 19.61+0.02 20.43+0.08 22.21+0.03 22.89+0.01
Leaf 11.71+0.07 12.37+0.05 13.43+0.11 13.97+0.07 15.38+0.03 16.76+0.10
Shoot* 30.59 31.94 33.04 34.40 37.59 39.65
Cadmium Root 8.900+0.13 10.91+0.23 12.26+0.13 13.74+0.06 14.63+0.02 14.98+0.01
Stem 18.84+0.06 19.32+0.12 19.97+0.21 21.26+0.44 23.39+0.12 24.67+0.41
Leaf 11.71+0.07 11.91+0.06 12.64+0.03 13.92+0.16 16.72+0.12 17.77+0.04
Shoot 30.55 31.23 32.61 35.18 40.11 42.44
Chromium Root 8.900+0.13 11.1740.21 12.76+0.20 13.9310.16 15.27£0.11 15.8740.15
Stem 18.84+0.06 20.31+0.23 21.93+0.17 23.34+0.13 24.62+0.28 25.33+0.13
Leaf 11.71£0.07 12.23+0.07 12.94+0.04 14.62+0.03 15.98+0.06 18.31+0.43
Shoot 30.55 32.54 34.87 37.96 40.60 43.64
Mercury Root 8.900+0.13 9.320+0.12 9.960+0.11 12.7310.29 13.67+0.16 15.1440.23
Stem 18.84+0.06 19.27+0.17 19.94+0.06 20.76+0.03 21.17+0.11 23.15+0.15
Leaf 11.71£0.07 12.07+0.11 12.62+0.17 13.3310.16 15.72+0.13 15.93+0.07
Shoot 30.55 31.34 32.56 34.09 36.89 39.08
Lead Root 8.900+0.13 9.730+0.21 10.91+0.11 12.62+0.17 13.55+0.10 14.72+0.24
Stem 18.84+0.06 18.96+0.06 19.73£0.02 21.68+0.07 23.12+0.21 24.74+0.17
Leaf 11.71£0.07 11.88+0.03 12.96+0.07 13.88+0.21 15.37£0.01 17.56£0.03
Shoot 30.55 30.84 32.69 35.56 36.67 42.30

Values are mean of 5 replicates t+standard error, * Sum of stem and leaf
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Protein content

In comparison with the control, total protein content of root tissue
exhibited significant reduction in plants treated with all heavy metals.
Maximum reduction of protein content was shown by plants treated with
chromium during all stages of growth. Protein content of the stem tissue also
was significantly reduced in all metal treated plants compared to the control.
Maximum reduction was shown by plants treated with cadmium. Protein
content of the leaf tissues also were reduced due to the treatment with all

heavy metals more or less uniformly (Table 8; Figs. 8 & 9).

Soluble protein content of root tissue was reduced significantly due to
the treatment with cadmium, mercury and lead during all developmental
stages. Chromium treatment showed more reduction in the soluble protein
content compared to other metals. However treatment with all the metals
resulted in only negligible changes in the distribution of soluble protein
content in the stem tissue. Leaf tissue exhibited significant reduction of
soluble protein content in the samples of all intervals (P<0.01) respectively of
growth on 20" day. Maximum reduction was shown by the plants treated

with chromium(Table 8; Figs. 8 & 9).
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Table 8: Effect of Heavy Metals on Protein content in Boerhavia diffusa (mg g" dry weight)

Interval (Days)

Treatments Tissues 0 2 3 12 16 20
Control Root 87.12+2.01 97.65+2.71 116.543.21 128.0+4.12 141.21+£1.12 156.2+2.19
(21.34+1.30) (28.63+0.9) (33.67+1.2) (42.35+1.2) (47.5£1.11) (52.64+1.1)
Stem 19.39+1.10 28.32+1.18 39.16+2.10 47.58+3.10 53.62+2.37 62.56+1.17
(8.25+0.93) (14.48+1.3) (21.39£1.2) (26.62+0.9) (28.50+0.8) (29.98£1.1)
116.742.31 128.7+£1.17 144.2+2.21 163.3+£3.12 173.5+1.18 189.3+2.45
Leaf (28.50+2.10) (36.63£1.3) (47.52+1.7) (54.30£2.0) (66.23£1.2) (73.58£2.0)
Cadmium 87.12+2.01 89.52+2.21 97.32+1.17 115.1+2.20 119.3+1.15 128.5+1.03
Root (21.34+1.30) (22.39£0.9) (28.57+1.1) (32.69+2.2) (38.36+0.9) (44.51+0.6)
19.39+1.10 22.35+1.18 28.39+1.32 34.63+1.17 37.58+2.21 41.84+0.91
Stem (8.25+0.93) (11.39£2.1) (17.64£1.7) (24.38£2.1) (26.41£0.9) (27.54+0.9)
116.742.31 119.5+1.12 125.3+1.23 132.3+2.12 137.6£1.19 143.6+2.10
Leaf (28.50+2.10) (29.39£2.0) (37.30£1.2) (47.21£1.8) (55.39£1.3) (63.23£1.1)
Chromium 87.12+2.01 88.62+2.10 92.56+1.11 97.3941.21 107.940.91 116.5+1.10
Root (21.34+1.30) (22.40£1.1) (25.69+2.0) (29.33+1.2) (34.21+0.9) (39.62+0.7)
19.39+1.10 23.78+2.11 28.39+1.12 33.59+2.11 39.62+1.10 44.21+1.70
Stem (8.25+0.93) (12.61£1.0) (14.39+0.6) (17.63£1.4) (21.56£1.2) (27.30£1.0)
116.742.31 119.6+0.12 124.6+£1.20 129.4+2.13 134.5+£1.76 141.6£2.12
Leaf (28.50+2.10) (28.39+0.1) (34.21£0.7) (39.54+£1.1) (44.91£2.1) (47.23£1.3)
Mercury 87.12+2.01 92.50+0.98 97.3941.13 104.9+1.97 118.2+2.01 129.0+1.11
Root (21.34+1.30) (23.92+1.7) (28.40+0.1) (35.63+1.7) (39.21+0.9) (44.53+1.6)
19.39+1.10 24.46+2.12 29.53+1.70 33.80+1.41 41.62+1.18 48.31+1.10
Stem (8.25+0.93) (11.56£1.2) (15.3940.8) (19.62+0.7) (23.37£1.1) (30.34£1.0)
116.742.31 121.52+1.1 128.9+1.12 137.6+£2.21 141.2+1.10 146.5+0.97
Leaf (28.50+2.10) (32.27£0.5) (37.65£1.1) (41.39£1.0) (45.32£1.0) (49.65£0.7)
Lead 87.12+2.01 94.39+0.98 103.6+1.11 113.2+1.21 128.5+0.98 133.041.15
Root (21.34+1.30) (24.3920.9) (27.30+0.5) (35.61+0.8) (39.33£0.1) (46.43+0.2)
19.39+1.10 25.83+1.91 29.39+0.98 36.57+1.05 41.39+1.15 57.21+1.12
Stem (8.25+0.93) (13.52+0.8) (17.69£0.1) (20.39£0.2) (24.68+0.2) (27.51£0.9)
116.742.31 123.6+£1.23 128.3+2.11 133.5+1.09 142.4+1.87 151.0+0.98
Leaf (28.50+2.10) (34.5£0.6) (39.58+0.1) (43.62+0.4) (47.39£0.2) (56.31+£0.2)

(Values in parenthesis are soluble protein); Values are mean of 5 replicates +standard error
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Protein profile

SDS — PAGE profile analysis showed only two distinct bands with
molecular weight 14.8 KDa and 18.5 KDa in the root of control plants where
as in root tissue of plants treated with cadmium, two new bands (8.85 KD
and 18.71KDa) were present (Fig.10). Similarly in chromium treatment also
two new bands with different molecular weight were present. Due to
mercury treatment, two bands more or less similar to that of chromium
treatment were observed. Lead treated root tissue showed only a single

additional band that was absent in the control.

Stem tissue of plants treated with cadmium, the range of molecular
weight was 5.18KDa to 151.23 KDa compared to the control (Fig. 11). Six
new bands which were absent in the control. In chromium treated plants only
five new bands were present with different molecular weight which were not
present in the control. More or less similar bands were present in mercury
treatment but molecular weight range was 4.26 KDa to 80.85KDa. The
protein profile of treated tissue showed very thick band with molecular weight
26.78 KDa in addition to 26.78 molecular weight band. Six more bands

ranges from 3.63KDa to 80.34KDa.

Protein profile of leaf of plants treated with cadmium showed number
of protein bands having molecular weight ranges from 2.81KDa to 62.59KDa

compared to the control (Fig.12). Many bands were newly appeared
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particularly proteins with high molecular weight range. Plants treated with
chromium exhibited lesser number of protein bands which were stained
feebly compared to the control as well as the cadmium treated plants.
Maximum number of protein bands 1.188 KDa to 65.15 KDa shown by leaf
tissue of plants treated with mercury in which many protein were new which
were absent both in the control and other treatments. Comparatively lesser
number of bands were present in the leaf protein profile of plants treated with

lead and the staining intensity of bands also was very high (Fig. 12).
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Total Free Aminoacids

Compared to the control plants, total free aminoacid content of B.
diffusa root tissue treated with heavy metals showed significant increase
(Table 9). Among the treatments the increase appeared in the order
Pb>Cd>Hg>Cr. The free aminoacid content of stem tissue treated with
cadmium and lead was very high compared to the control and other
treatments. Distribution of free aminoacid content of leaf tissue showed
significant increase in plants treated with cadmium, mercury and lead
compared to the control. The distribution pattern was in the order

Pb>Cd>Hg>Cr (Fig. 13).
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Table 9: Effect of Heavy Metals on Total free Amino acid content in Boerhavia diffusa (mg g* dry weight)

Treatments Tissues Interval (Days)

0 4 8 12 16 20
Control Root 0.93+0.070 1.52+0.06 1.7540.12 1.9340.11 2.25+0.12 2.86+0.12
Stem 1.23+0.12 1.45+0.02 1.87+0.01 2.34+0.09 2.87+0.13 3.23+0.19
Leaf 2.24+0.11 2.85+0.03 3.35+0.04 3.87+0.18 4.52+0.11 4.85+0.10
Cadmium Root 0.93+0.08 1.95+0.07 2.73+0.21 3.35+0.47 4.24+0.41 4.76+0.31
Stem 1.23+0.11 2.15+0.09 2.79+0.32 3.80+0.63 4.51+0.11 5.18+0.40
Leaf 2.24+0.02 3.40+0.39 4.69+0.39 5.67+0.21 6.13+0.23 6.85+0.31
Chromium Root 0.93+0.02 1.50+0.11 1.85+0.22 2.35+0.07 2.85+0.40 3.17+0.11
Stem 1.23+0.09 1.87+0.21 2.25+0.07 2.76x0.09 2.97+0.11 3.02+0.12
Leaf 2.24+0.12 2.93+0.30 3.36+0.04 3.94+0.15 4.28+0.31 4.86+0.16
Mercury Root 0.93+0.02 1.62+0.08 1.83+0.41 2.67+0.09 3.21+0.20 4.36+0.32
Stem 1.23+0.21 2.03+£0.09 2.68+0.41 2.98+0.11 3.54+0.18 4.1940.43
Leaf 2.24+0.14 3.06+0.04 4.18+0.21 4.91+0.23 5.93+0.30 6.12+0.35
Lead Root 0.93+0.09 2.57+0.21 3.12+0.12 3.88+0.11 4.63+0.39 5.18+0.42
Stem 1.23+0.11 3.09+0.51 3.93+0.43 4.63+0.33 5.16+0.12 5.88+0.12
Leaf 2.24+0.18 3.88+0.13 4.59+0.29 5.61+0.21 6.92+0.41 7.1940.34

Values are mean of 5 replicates t+standard error
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Proline

Proline content of roots exhibited gradual increase due to the treatment
of heavy metals during all stages of development in comparison with the
respective controls, and on 20™ day, the increase was more than twice in
plants treated with cadmium (Table 10). Almost the same trend was shown
by the chromium and mercury treatment where as the increase was
comparatively lower in the plants treated with lead (Table 10). Proline
content of the stem tissue also showed significant hike in all treatments
showing maximum quantity in the plants treated with chromium and lead.
Leaf tissue of plants treated with lead exhibited increased proline which is
more than eight times compared to the control. Proline content of leaf tissue
of plants treated with mercury and cadmium also was very high compared to
the control. However proline content of leaf treated with chromium was
comparatively lower than the other treatments (Table 10). The increase in the
proline content during developmental stages of leaves was highly significant

in all treatments compared to the control plants (Fig. 14).
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Table 10: Effect of Heavy Metals on Proline content in Boerhavia diffusa (mg g dry weight)

Treatments Tissues Interval (Days)
0 4 8 12 16 20
Control Root 0.351+0.07 0.476+0.01 0.517+0.02 0.620+0.05 0.673+0.03 0.714+0.01
Stem 0.247+0.01 0.280+0.01 0.299+0.01 0.325+0.04 0.351+0.01 0.373+0.02
Leaf 0.106+0.06 0.127+0.01 0.139+0.01 0.144+0.01 0.159+0.02 0.166+0.01
Cadmium Root 0.351+0.02 0.561+0.01 0.770£0.02 0.858+0.01 1.521+0.12 1.891+0.10
Stem 0.247+0.01 0.297+0.01 0.341+0.03 0.395+0.02 1.324+0.18 1.643+0.10
Leaf 0.106+0.05 0.144+0.01 0.185+0.01 0.213+0.03 0.263+0.12 0.296+0.02
Chromium Root 0.351+0.03 0.57040.01 0.785£0.03 0.930+0.01 1.450+0.031 1.860+0.08
Stem 0.247+0.02 0.355+0.02 0.452+0.01 1.520+0.01 1.850+0.031 2.530+0.20
Leaf 0.106+0.01 0.251+0.03 0.363+0.02 0.427+0.04 0.591+0.02 0.914+0.04
Mercury Root 0.351+0.03 0.623+0.02 0.959+0.01 1.259+0.01 1.537+0.20 1.875+0.02
Stem 0.247+.0.10 0.452+0.07 0.732+0.02 0.917+0.01 1.253+0.10 1.289+0.02
Leaf 0.106+0.02 0.315+0.01 0.406+0.01 0.538+0.07 0.686+0.02 0.905+0.01
Lead Root 0.351+0.01 0.734+0.05 0.858+0.01 0.921+0.02 1.280+0.11 1.530+0.31
Stem 0.247+0.04 0.625+0.01 0.936+0.01 1.531+0.02 2.425+0.02 2.870+0.82
Leaf 0.106+0.01 0.381+0.01 0.562+0.01 0.685+0.01 0.934+0.02 1.216+0.08

Values are mean of 5 replicates t+standard error

92




Chlorophyll

Compared to the control plants, the chlorophyll a and b contents were
reduced in the plants treated with cadmium and the a/b ratio remained
unchanged (Table 11). Significant reduction of chlorophyll a and b was
observed in the plants under chromium toxicity (P<0.01). More or less similar
results were obtained in the plants treated with mercury. Plants treated with
lead exhibited only negligible changes in the distribution of chlorophyll a and
b compared to the control retaining the same chlorophyll a/b ratio. Total
chlorophyll content was reduced due to the treatments with all the metals

(Table 11; Fig. 15).

Nitrate reductase

Nitrate reductase activity of control plants showed very high rate in
the leaf tissue, only less than half of this activity was shown by root and stem
tissue (Table 12). Cadmium treatment resulted in a significant reduction of
nitrate reductase activity in all tissues in general and leaf in particular. Plants
with all the other three heavy metals also exhibited significant reduction in
the nitrate reductase activity compared to the plants treated with cadmium as

well as control plants (Figs. 16, 17 & 18).
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Table 11: Effect of Heavy Metals on Chlorophyll content in Boerhavia diffusa (mg g* dry weight)

Treatments Tissues Interval (Days)
0 4 8 12 16 20
Control Chl.a 0.98+0.02 1.13£0.06 1.37+£0.06 1.5740.05 1.78+0.08 2.17+0.08
Chl.b 0.57+0.01 0.63+0.04 0.78+0.03 0.86+0.08 0.92+0.04 1.07+0.05
a/b 1.71+0.03 1.79+0.10 1.75+0.05 1.82+0.04 1.93+0.08 2.02+0.11
Total 1.554£0.04 1.76£0.05 2.15+0.12 2.43+0.12 2.70+0.05 3.24+0.16
Cadmium Chl.a 0.98+0.03 0.91+0.02 1.23+£0.07 1.42+0.08 1.55+0.08 1.84+0.10
Chlb 0.57+0.01 0.42+0.02 0.53+0.02 0.66+0.03 0.78+0.01 0.93£0.05
a/b 1.71+0.02 2.16+0.09 2.32+0.12 2.15+0.11 1.98+0.06 1.97+0.05
Total 1.55+0.04 1.33+0.08 1.76+0.07 2.08+0.02 2.33+0.05 2.77+0.16
Chromium Chl.a 0.98+0.02 0.63+0.02 0.75+0.03 0.93+0.04 1.234£0.09 1.34+0.08
Chl.b 0.57+0.06 0.39+0.01 0.41+0.02 0.58+0.02 0.68+0.02 0.84+0.05
a/b 1.71+0.03 1.61+0.06 1.82+0.08 1.60+0.09 1.80+0.08 1.65+0.06
Total 1.55£0.06 1.0240.05 1.16+0.04 1.51+0.06 1.9140.05 2.23+0.08
Mercury Chl.a 0.98+0.02 0.72+0.02 0.89+0.03 1.13+0.07 1.37+0.08 1.49+0.07
Chlb 0.57+0.02 0.43+£0.01 0.59+0.01 0.67+0.01 0.73£0.03 0.86+0.02
a/b 1.71+0.07 1.67+0.04 1.50+0.04 1.68+0.04 1.87+0.05 1.63£0.07
Total 1.55+0.03 1.15+0.07 1.48+0.05 1.80+0.04 2.10+0.09 2.27+0.13
Lead Chl.a 0.98+0.02 0.83+0.03 1.12+0.07 1.3740.05 1.48+0.04 1.93£0.10
Chl.b 0.57+0.01 0.45+0.02 0.63+0.01 0.73+0.02 0.83+0.03 0.94+0.13
a/b 1.71+0.08 1.84+0.08 1.77+0.04 1.87+0.08 1.78+0.09 2.05+0.10
Total 1.5540.08 1.28+0.07 1.75£0.05 2.10+0.02 2.31+0.11 2.87+0.10

Values are mean of 5 replicates t+standard error
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Table 12: Effect of Heavy Metals on Nitrate reductase activity in

Boerhavia diffusa (p moles NO, g" dry weight)

Interval (Days)

Treagment Tissues
0 4 8 12 16 20
Control Root 9.55+0.16 | 11.3+£0.90 | 13.2+0.12 | 13.9+0.22 | 14.6£0.11 | 15.2+0.24
Stem 16.4+0.13 | 17.2+0.86 | 17.9+0.15 | 18.1+£0.62 | 19.6+0.11 | 21.7+0.32
Leaf 33.5+1.01 | 39.2+1.11 | 46.8+£1.24 | 53.1+0.45 | 52.6+0.47 | 53.8+£0.21
Cadmium Root 9.55+0.26 | 6.78+0.14 | 7.13+0.21 | 8.98+0.19 | 9.96+0.11 | 10.2+0.14
Stem 16.4+0.13 | 12.74£0.12 | 14.240.26 | 16.1+0.23 | 17.5£0.15 | 17.9+0.11
Leaf 33.5+1.01 | 30.4+0.05 | 32.1£1.02 | 35.6+1.20 | 37.6+£0.41 | 37.8£1.31
Chromium | Root 9.55£0.36 | 8.42+0.45 | 9.21+£0.17 | 10.5+0.74 | 10.94£0.67 | 11.4+0.26
Stem 16.4+0.23 | 10.5£0.11 | 11.4+0.88 | 12.6+0.21 | 13.3£0.19 | 15.7+0.01
Leaf 33.5+1.01 | 25.7+£0.45 | 26.8+£0.56 | 28.6+0.43 | 29.6+0.44 | 31.8+£0.41
Mercury Root 9.55+0.16 | 5.62+0.14 | 6.98+0.32 | 7.54+0.14 | 9.70+£0.12 | 10.6+0.19
Stem 16.4+0.23 | 13.1£0.13 | 14.7+0.98 | 15.8+0.51 | 17.94+0.32 | 18.0+0.55
Leaf 33.5+£1.01 | 26.0+0.45 | 27.8+0.82 | 28.5+0.56 | 29.4+0.49 | 31.7+0.41
Lead Root 9.55+0.16 | 9.84+0.21 | 10.8+0.42 | 11.6+0.13 | 12.84£0.52 | 14.6+0.21
Stem 16.4+0.23 | 12.6+0.32 | 13.7+0.11 | 13.9£0.31 | 12.0+0.41 | 11.9+£0.30
Leaf 33.5+0.31 | 25.7+0.79 | 27.7£0.41 | 28.9+0.43 | 29.3+0.28 | 29.7+1.43

Values are mean of 5 replicates t+standard error
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Phenolics

Phenolic content of root tissue was increased insignificantly in the
plants treated with cadmium whereas the increase was significant in the
roots treated with chromium and mercury (Table 13). Phenolics of root
tissue treated with lead showed a doubling compared to the control. The stem
tissue also followed more or similar trend in the distribution of phenolics as
that of root tissue. Phenolic content of leaf tissue of B. diffusa plant treated
with cadmium did not show any change in comparison with the control,
whereas significant increase was observed in the leaf tissue of plants treated
with chromium, mercury and lead (P<0.01). Among the treatments, the

increase in the phenolics of leaf tissue was in the order Cr<Hg<Pb (Fig. 19).
Lipid peroxidation (MDA content)

The malondialdehyde content of root tissue was more than that of the
stem and leaf tissue of control plants (Table 14). Plants treated with cadmium
showed significant increase in the MDA content and four times increase was
observed in root tissue. Significant increase was occurred in the other
tissues compared to the control. MDA content of root tissue of plants treated
with chromium also was increased during all stages of growth but values were
lower than that of cadmium treatment whereas stem and leaf showed similar
amount of MDA in the plants treated with cadmium and chromium. Plants
treated with mercury and lead exhibited more or less similar values of MDA
content as that of cadmium treatment in all tissue at all intervals (Figs. 20, 21

& 22).
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Table 13: Effect of Heavy Metals on Phenolics in Boerhavia diffusa (mg g" dry weight)

Treatments Tissues Interval (Days)

0 4 8 12 16 20
Control Root 0.45+0.03 0.68+0.02 0.7940.01 0.93£0.03 1.21+0.03 1.38+0.02
Stem 0.68+0.01 0.98+0.05 1.54+0.10 1.68+0.01 1.73+0.04 1.89+0.10
Leaf 0.7940.04 0.92+0.02 1.24+40.10 1.58+0.09 1.67+0.06 1.81+0.12
Cadmium Root 0.45+0.02 0.73+0.05 0.95+0.05 1.24+0.10 1.59+0.04 1.67+0.09
Stem 0.68+0.03 1.12+0.09 1.47+0.06 1.68+0.09 1.98+0.03 2.10+0.08
Leaf 0.79+0.02 1.14+0.10 1.27+0.08 1.38+0.08 1.59+0.08 1.7840.10
Chromium Root 0.45+0.04 0.84+0.03 1.26+0.02 1.58+0.10 1.94+0.09 2.10+0.08
Stem 0.68+0.04 0.93£0.02 1.45+0.10 1.73+0.02 1.98+0.08 2.51+0.13
Leaf 0.7940.02 1.27+0.04 1.59+0.08 1.81+0.08 2.33+0.10 2.85+0.10
Mercury Root 0.45+0.01 0.95+0.02 1.59+0.10 1.74+0.09 2.36+0.10 2.5940.12
Stem 0.68+0.02 0.95+0.02 1.62+0.09 1.84+0.12 2.40+0.11 2.83+0.23
Leaf 0.7940.02 1.03+0.04 1.56+0.10 1.89+0.14 2.62+0.11 3.54+0.14
Lead Root 0.45+0.01 0.54+0.05 1.52+0.10 2.04+0.18 2.85+0.12 3.94+0.10
Stem 0.68+0.04 0.69+0.03 1.2620.20 1.89+0.09 2.64+0.12 3.87+0.12
Leaf 0.7940.07 1.12+0.01 1.86+0.02 2.58+0.09 3.62+0.12 3.86+0.13

Values are mean of 5 replicates t+standard error
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Table 14: Effect of Heavy Metals on Lipid
Boerhavia diffusa (MDA content p moles g dry weight)

Peroxidation in

Treatments | Tissues Interval (Days)
0 4 8 12 16 20
Control Root 4.16£0.12 | 4.60+0.11 | 4.8940.13 | 7.24+0.14 | 8.94+0.15 | 9.11+0.43
Stem 1.22+0.07 | 1.38+0.08 | 2.09+0.12 | 3.67+0.13 | 4.24+0.07 | 5.67+0.15
Leaf 0.95+0.07 | 1.07+0.04 | 1.98+0.06 | 2.33+0.16 | 2.87+0.08 | 3.46+0.18
Cadmium Root 4.16£0.12 | 19.8+0.32 | 23.440.01 | 25.4+0.10 | 28.3+0.46 | 36.8+1.31
Stem 1.22+0.04 | 5.07£0.11 | 7.30+0.32 | 12.2+0.22 | 13.6+0.56 | 16.1+0.21
Leaf 0.95+0.04 | 3.98+0.18 | 4.13+£0.12 | 5.26+0.31 | 5.89+0.23 | 6.30+0.11
Chromium | Root 4.16£0.12 | 15.7+£0.50 | 18.840.19 | 24.2+1.09 | 27.9+0.82 | 29.5+1.45
Stem 1.2240.08 | 4.68+0.05 | 5.13+0.81 | 9.30+0.54 | 12.2+0.47 | 13.6+0.82
Leaf 0.95+0.04 | 2.98+0.03 | 3.25+£0.54 | 5.47+0.21 | 6.22+0.13 | 6.88+0.11
Mercury Root 4.16+0.12 | 17.0£0.18 | 26.0+0.08 | 29.3+0.94 | 35.4+0.92 | 39.4+1.08
Stem 1.224+0.14 | 10.6£0.35 | 12.1+0.82 | 14.2+0.21 | 15.0+£0.33 | 17.8+0.91
Leaf 0.95+0.07 | 4.24+0.06 | 4.67+0.13 | 6.54+0.11 | 8.23£0.24 | 11.8+0.81
Lead Root 4.16£0.12 | 18.6+0.32 | 21.940.98 | 25.31£0.41 | 35.6+1.31 | 38.4+1.11
Stem 1.2240.06 | 7.06£0.58 | 9.39+0.21 | 11.4+0.17 | 13.9+0.13 | 15.2+0.84
Leaf 0.95+0.03 [ 3.53+0.12 | 5.60+0.06 | 7.54+0.55 | 9.27+0.18 | 9.91+0.23

Values are mean of 5 replicates t+standard error
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Peroxidase activity

Guaiacol peroxidase was very active in the root tissue of the control
plants whereas in the stem and leaf the activity of the enzyme was feeble
(Table 15). Plants treated with cadmium exhibited significant hike in the
peroxidise activity during all developmental stages in the root tissue. The
changes in activity was significant in the stem but not significant in the leaf
compared to the control (Table 15). Chromium treatment resulted in a
significant increase of peroxidise activity in the root, stem and leaf tissue.
Peroxidase activity of root tissue due to mercury treatment was more or less
similar to that of cadmium. Maximum peroxidise activity was observed in the
root tissue of plants treated with lead but considerable increase was
observed in the peroxidise activity of stem and leaf tissues compared to the
respective control and tissue of other treatments. Predominant increase of
peroxidise activity of all the treatments was found to be the characteristic of
all root tissue. Changes in the other tissues were not much significant. The
specific activity of root tissue showed reduced values of peroxidise activity
in the treatments. Plants treated with cadmium, chromium, mercury and lead
compared to the control, the specific activity of peroxidise enzyme in the
stem tissue did not vary significantly among the treatments. In the leaf tissue
also the fluctuation were negligible between the control and treatments (Figs.

23, 24, 25, 26, 27 & 28).
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Table 15: Effect of Heavy Metals on Peroxidase activity in Boerhavia diffusa (Unit g" dry weight)

Treatments Tissues Interval (Days)
(1] 4 8 12 16 20
Control Root 106.4+3.17 109.942.20 116.03+3.3 117.29+8.62 119.24+3.35 121.2+4.42
(6.07+0.32) (6.28+0.04) (6.47+0.13) (7.1240.09) (8.300.07) (9.02+0.13)
Stem 18.04+1.42 17.34+0.92 20.24+0.82 23.12+1.02 24.70+1.14 26.71+1.27
(4.94+0.74) (5.09+0.02) (5.11+0.03) (5.23+0.11) (5.67+0.09) (5.89+0.08)
14.94+0.83 15.38+0.34 18.42+1.21 19.67+0.93 22.63+1.10 23.97+£1.03
Leaf (3.42+0.09) (3.97+0.03) (4.230.37) (4.20£0.13) (4.3320.05) (4.67+0.16)
Cadmium 106.4+3.17 149.543.20 158.2+7.46 163.3£.6.65 167.242.31 176.5+4.93
Root (6.07+0.32) (6.54+0.05) (7.43+0.21) (7.930.70) (7.1440.12) (7.210.23)
18.04+1.42 23.36+0.54. 28.76+0.92 29.87+1.21 31.33£1.05 33.56+1.21
Stem (4.94+0.74) (5.02+0.04) (5.43+0.12) (6.02+0.14) (5.85+0.14) (5.92+0.91)
14.94+0.83 18.34+0.96 19.20+1.03 21.21+0.82 23.46+1.04 26.82+1.21
Leaf (3.42+0.09) (3.89:+0.05) (4.3620.23) (5.0320.13) (5.02+0.19) (4.97+0.11)
Chromium 106.4+3.17 106.7+2.10 116.3+4.78 128.548.65 135.748.20 143.0+2.98
Root (6.07+0.32) (6.1020.05) (6.46+0.19) (6.89+0.13) (6.54+0.12) (6.38+0.27)
18.04+1.42 19.50+0.91 21.23+0.80 25.45+1.37 27.80£1.07 35.62+1.74
Stem (4.94+0.74) (5.08+0.05) (5.89+0.13) (6.13+0.41) (6.10+0.13) (5.94+0.24)
14.94+0.83 16.34+0.67 19.39+0.82 23.20+0.74 27.24+0.93 29.07+£1.31
Leaf (3.42+0.09) (4.02+0.05) (4.3520.06) (4.67+0.16) (4.39+0.12) (4.2120.17)
Mercury 106.4+3.17 151.1+1.98 168.748.02 173.545.57 177.64£5.53 183.2+4.12
Root (6.07+0.32) (6.6:0.12) 6.37+0.10) (7.0110.12) (7.04+0.14) (7.13+0.26)
18.04+1.42 18.16+0.71 21.39+1.05 23.45+0.90 29.87+0.94 33.06+1.56
Stem (4.94+0.74) (5.12+0.07) (5.64+0.17) (6.02+0.18) (5.98+0.12) (5.72+0.41)
14.94+0.83 13.35+£0.81 16.45+1.20 19.07+£0.78 25.62+1.09 29.28+1.05
Leaf (3.4240.09) (3.67£0.09) (3.98+0.20) (4.01£0.12) (3.870.31) (3.56+0.18)
Lead 106.4+3.17 177.8+3.98 189.048.32 197.145.58 212.448.70 219.6+5.34
Root (6.07+0.32) (6.32+0.10) (6.68+0.21) (7.03+0.16) (7.000.12) (7.07+0.09)
18.04+1.42 20.38+0.98 29.34+1.60 32.46+1.04 35.76+1.02 38.21+1.54
Stem (4.94+0.74) (5.21+0.15) (5.54+0.09) (5.97+0.13) (6.32+0.08) (6.21+0.08)
14.94+0.83 17.92+0.93 21.43+0.96 24.50+0.68 28.24+1.09 31.36+1.02
Leaf (3.42+0.09) (3.01+0.07) (3.4520.12) (3.97+0.10) (3.62+0.14) (3.0620.20)

(Values in parenthesis are specific activity) Values are mean of 5 replicates t+standard error
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Superoxide dismutase

Superoxide dismutase activity was maximum in the root tissue of the
control and treatments compared to the stem and leaf (Table 16). Due to
cadmium treatment, superoxide dismutase activity was doubled and
significant increase was observed in the stem and leaf tissues (P< 0.01) during
all stages of growth. Superoxide dismutase activity of plants treated with
chromium was significantly higher than that of the control but there
occurred slight reduction in the SOD activity of the chromium treated tissue
compared to the cadmium treatment in all tissue samples. Tissue of plants
treated with mercury also showed significantly higher superoxide dismutase
activity compared to the control. Maximum activity was shown by roots of
the plants treated with lead compared to other treatments and control in the
samples of all intervals. The increase occurred in the superoxide dismutase
activity of the stem and leaves also was highly significant during growth,

the activity was continuously increased (Figs. 29, 30 & 31).
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Table 16: Effect of Heavy Metals on Superoxide dismutase activity in Boerhavia diffusa (unit g" dry weight)

Treatments Tissues Interval (Days)
0 4 8 12 16 20
Control Root 63.93+1.87 72.29+1.43 78.91+1.91 81.82+2.57 83.46+1.36 87.07+1.20
Stem 11.30+0.76 15.40+0.08 16.60+0.92 18.39+1.10 18.92+0.56 19.35+£0.49
Leaf 9.131+0.90 9.983+0.32 10.50+0.81 11.75+0.56 13.01+0.87 13.48+0.23
Cadmium Root 63.93+1.87 114.5£2.10 123.1£2.08 137.0£2.01 143.5+3.21 151.6+2.61
Stem 11.30+0.76 27.12+1.08 33.90+1.12 41.22+1.43 47.86+0.54 51.58+1.08
Leaf 9.131+0.90 23.17+1.02 27.20+1.20 31.53+0.81 36.82+0.41 39.31+1.51
Chromium Root 63.93+1.87 83.61+1.23 93.21+2.23 127.6£2.14 132.9+1.52 139.6+1.79
Stem 11.30+0.76 23.09+1.06 29.31+2.09 38.35+1.17 42.10+4.20 44.29+1.46
Leaf 9.131+0.90 19.70+£1.07 23.21+1.31 32.45%£1.06 33.17£0.97 35.87£0.97
Mercury Root 63.93+1.87 145.9+2.34 167.3+2.12 178.6+2.97 188.2+4.60 189.5+2.23
Stem 11.30+0.76 29.78+1.07 36.57+1.83 39.41+1.65 42.31+£1.50 44.67+1.51
Leaf 9.131+0.90 21.45+0.06 23.67+1.02 27.87+0.71 34.67+1.52 36.87+0.98
Lead Root 63.93+1.87 239.4+1.12 246.7+7.82 252.1+8.51 266.7+7.20 269.5+1.52
Stem 11.30+0.76 49.26+0.32 54.50+£1.97 57.21£1.13 57.76%1.02 61.30+1.01
Leaf 9.131+0.90 31.40+0.32 36.54+1.05 41.25+1.87 43.23+1.12 43.87+1.48

Values are mean of 5 replicates t+standard error
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Catalasae

Catalase activity was maximum of all the root tissue of all
treatments and control compared to the stem and leaf tissues. Due to cadmium
treatment there occurred a significant increase in catalase activity at all
intervals (Table 17). Catalase activity was doubled in the root tissues and a
significant increase was shown by stem and leaf tissue at all intervals.
Maximum catalase activity was shown by root tissue of plants treated with
chromium (about 4 times increase) compared to the control. Leaf and stem
also showed significant increase than that of control. Plants treated with
mercury and lead also showed increased catalase activity. Stem and leaf also
showed more catalase activity in the tissue of mercury and lead treated plants

compared to the control (Figs. 32, 33 & 34).

Specefic activity of catalase in the root tissues was doubled in the
plants treated with cadmium compared to the control. Stem and leaf tissues
also showed significantly higher catalase activity in the plants due to
cadmium treatment. Plants treated with chromium showed maximum specific
activity of catalase in the root tissue compared to other treatments and the
control, where as leaf and stem showed slight increase in the specific activity
of catalase compared to the control. Specific activity of roots of plants treated
with mercury and lead also was very high. Leaf and stem showed more or less
similar value as that of chromium treatment. Specific activity of catalase of
root tissues treated with lead was less than that of mercury and chromium
treatments, but the activity of the leaf and stem tissues remained unchanged

compared to the control (Table 17; Figs. 35, 36 & 37).
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Table 17: Effect of Heavy Metals on Catalase activity in Boerhavia diffusa (Unit g' dry weight)

Treatments Tissues Interval (Days)
0 4 8 12 16 20
Control Root 194.9+3.12 203.3+6.29 207.8+2.23 213.6+£3.87 215.3+2.56 217.9+2.21
(32.47+0.56) (34.21+0.23) (35.32+0.12) (36.1+0.34) (38.7£0.46) (39.240.23)
Stem 65.87+1.21 68.90+2.65 75.31+2.22 79.09+3.09 86.02+1.56 91.65+1.34
(7.1620.34) (7.9840.12) (8.3240.23) (9.43+0.63) (11.240.14) (11.940.23)
36.37+0.98 39.76+0.98 42.87+1.45 46.74+1.23 49.92+1.12 53.85+0.24
Leaf (4.01+0.21) (4.65+0.25) (5.9840.12) (6.21+0.45) (7.9840.12) 8.23+0.04)
Cadmium 194.9+7.12 360.9+8.24 376.9+4.76 388.9+6.78 394.2+4.13 403.7+3.08
Root (32.47+0.56) (39.98+0.76) (41.34+0.75) (53.21+1.45) (64.22+0.98) (73.21+0.34)
65.87+1.21 96.53+3.06 98.65+2.56 113.9+2.45 116.9+2.07 125.8+1.06
Stem (7.16£0.34) (26.00+0.31) (29.43+0.67) (33.24+0.04) (34.51+0.85) (36.24+0.44)
36.37+£1.98 67.50+4.21 76.80+1.09 84.76+2.23 89.06+1.34 92.76+1.54
Leaf (4.01+0.21) (13.44+0.34) (17.45+0.51) (19.24+0.50) (21.87+0.64) (21.98+0.32)
Chromium 194.9+2.12 917.1+ 3.27 976.3+3.08 987.4+6.54 996.5+8.27 998.3+3.65
Root (32.47+0.56) (114.443.11) (123.21+1.95) (134.13£1.09) (165.2+1.56) (168.2+0.32)
65.87+1.21 119.4+4.07 135.8+3.98 142.9+2.43 148.8+4.67 151.6+2.02
Stem (7.160+0.34) (9.15+0.76) (13.24+0.29) (17.21+0.63) (17.95+0.97) (18.21+0.34)
36.37+0.98 62.71+0.76 67.96+£1.23 71.86+2.56 76.98+1.21 81.43£2.35
Leaf (4.010+0.21) (5.94+0.35) (6.290+0.15) (8.65+0.52) (9.11£0.32) (9.8940.42)
Mercury 194.9+7.12 681.248.21 754.7+8.56 785.316.25 786.9+3.68 789.5+3.89
Root (32.47+0.95) (85.08+2.26) (98.21+2.13) (124.09+2.67) (127.6+1.36) (129.8+1.11)
65.87+4.21 143.1+5.45 176.5+4.98 185.3+2.26 197.3+8.09 213.2+1.12
Stem (7.160+0.34) (11.01+0.24) (14.67+0.54) (17.89+0.55) (18.65+0.91) (19.10+0.12)
36.37+0.98 69.09+2.96 73.51+£4.98 78.98+1.35 81.32+1.67 89.65+1.28
Leaf (4.01+0.21) (4.23+0.56) (5.010+0.3) (9.110+0.12) (10.08+0.11) (10.91+0.14)
Lead 194.9+2.12 664.9+9.47 723.7+4.36 787.4+4.78 814.6+4.35 819.4+5.21
Root (32.47+0.56) (73.74+1.69) (89.09+1.06) (94.76+0.61) (97.87+1.05) (99.14+0.71)
65.87+1.21 87.07£2.10 98.65+1.36 112.7+3.98 118.8+2.25 122.8+2.21
Stem (7.16£0.34) (5.43+0.36) (7.980+0.94) (9.270+0.61) (11.07+0.13) (11.86+0.23)
36.37+0.98 54.99+1.87 67.94+1.56 72.62+2.21 83.65+2.28 89.43£2.56
Leaf (4.010+0.21) (5.88+0.14) (6.76+0.88) (8.980+0.33) (9.11£0.22) (9.9340.28)

(Values in the parenthesis are specific activity)
Values are mean of 5 replicates +standard error

104




Table 17 a: Comparative table showing Malonedialdehyde and Stress
Enzyme activity ratio between experimental and control

Treatments | Tissues MDA POX SOD CAT
Cadmium Root 4.08 1.50 2.00 2.00
Stem 3.00 1.00 2.50 1.00
Leaf 2.00 1.00 3.00 1.00
Chromium | Root 3.00 1.00 1.50 4.50
Stem 2.00 1.00 2.00 1.50
Leaf 2.00 1.00 2.50 1.50
Mercury Root 4.50 1.50 2.00 3.50
Stem 3.00 1.00 2.00 2.00
Leaf 3.50 1.00 2.50 1.50
Lead Root 4.00 2.00 3.00 3.50
Stem 3.00 1.50 3.00 1.00
Leaf 3.00 1.00 3.00 1.50
Table 17 b: Comparison between bioaccumulation potential of Proline

and MDA content and activities of Peroxidase, Superoxide Dismutase,
Catalase on 20" day of growth.

Bioaccumulatio
Treatments | Tissues n Proline | MDA | POX | SOD | CAT
pg/g.dry weight
Control Root NDR* 0.714 9.11 121.2 | 87.07 217.9
Stem NDR 0.373 5.67 26.71 19.39 91.65
Leaf NDR 0.166 3.46 23.97 13.48 53.85
Cadmium Root 2.550 1.89 36.8 176.5 | 151.6 403.7
Stem 1.300 1.64 16.1 33.56 | 51.58 125.8
Leaf 0.104 0.29 6.3 26.82 39.31 92.76
Chromium Root 26.02 1.86 29.5 143.0 | 139.6 998.3
Stem 3.410 2.53 13.6 35.62 | 44.29 151.6
Leaf 0.220 0.91 6.8 29.07 | 35.87 81.43
Mercury Root 1.110 1.87 39.4 183.2 189.5 789.5
Stem 0.714 1.28 17.8 33.06 | 44.67 213.2
Leaf 0.220 0.90 11.8 29.28 | 36.87 89.65
Lead Root 107.1 1.53 38.4 219.6 | 269.5 819.4
Stem 26.90 2.87 15.2 38.21 | 61.30 122.8
Leaf 0.377 1.21 9.9 31.36 | 43.87 89.43
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* Non-Detectable Range
Bioaccumulation of cadmium, chromium, mercury and lead in

Boerhavia diffusa

There occurred a significant variation in the pattern of bioaccumulation
of cadmium, chromium, mercury and lead in B. diffusa grown in Hoagland
solution containing known quantities of these heavy metals (Table 18; Fig.
40). The accumulation was found to be mainly depending upon the duration
of growth and related to plant parts like root, stem and leaf. After 24 hours,
all the metals were present in root tissue only where as occurrence of
cadmium, chromium and lead was observed in root and stem on 4" day. As
the growth advanced up to 8™ day, all metals were present in the root and
stem but leaves were devoid of heavy metals. Plants collected on 12" day
exhibited cadmium and mercury only in root and stem but chromium and
lead were present in the leaf also. Sixteenth day samples showed all
elements except cadmium in root, stem and leaves. The 20" day samples,

all heavy metals were accumulated in all plant parts.

Accumulation of cadmium in the root tissue was continuously
increased proportional to the duration of treatment. Comparatively very
low amount of cadmium was present in the stem tissue which started
accumulating 4" day onwards and gradually increased. The presence of
cadmium in leaves was observed only in the final stage of growth (20" day).

First day onwards, chromium started accumulating in the root tissue and
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considerable quantities of chromium was accumulated and the increase was
linear during the growth. Accumulation of mercury in the root tissue was
started 4" day onwards and the rate of increase was linear and proportional
to the concentration. Occurrence of mercury in the stem tissue was observed
only on 8" day and the increase was proportional to the growth period.
Mercury was detected in the leaf tissue only in the samples of 16™ day which
was doubled on 20™ day. After first day of treatment lead was present only on
the root tissue. Root and stem showed the accumulation on 4™ day. The
accumulation of lead in the root tissue was increased several fold on 8" day
onwards and the same trend was followed subsequently. The stem also
showed significant rate of accumulation on 12" day onwards. All metals
were absent in the leaf tissue after 8™ day samples. Very low quantities of
lead was accumulated in the leaves on 16" day and increase was very meagre

thereafter.
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Table 18: Bioaccumulation pattern of Heavy Metals in Boerhavia diffusa
cultivated in Hoagland solution containing known quantities of Cd, Cr,

Hg and Pb.
Interval of Tissues Bioaccumulation of Heavy metals(pg/g) Dry weight
sample Cadmium Chromium | Mercury Lead
collection (5.5pg) * (58.8 pg) * | (2.715pg) * | (227.6 pg) *
(Days)
Root 0.454 3.48 0.116 0.230
1 (8.2) (5.9 (4.27) (0.09)
Stem NDR NDR NDR NDR
Leaf NDR NDR NDR NDR
Root 0.970 3.850 0.310 0.830
(17.6) (6.5) (11.4) (0.35)
Stem 0.220 0.192 0.100
4 (4.0) (0.32) NDR (0.04)
Leaf NDR NDR NDR NDR
Root 1.670 5.000 0.410 6.080
8 (33.4) (8.5 (15.1) (2.61)
Stem 0.280 2.790 0.110 0.230
(5.0) 4.7 4.1 (0.09)
Leaf NDR NDR NDR NDR
Root 2.179 20.79 0.750 8.870
(39.5) (35.3) (27.6) (3.8)
Stem 0.937 6.070 0.340 0.380
12 (17.6) (10.3) (12.5) (0.16)
Leaf 0.110 0.087
NDR (0.18) NDR (0.03)
Root 2.230 23.26 0.970 87.85
(40.5) (39.5) (35.7) (37.7)
Stem 1.190 6.140 0.410 11.08
16 (21.6) (10.4) (15.1) 4.7)
Leaf 0.142 0.110 0.230
NDR (0.24) (4.1) (0.09)
Root 2.550 26.02 1.110 107.1
(46.3) (44.2) (40.0) (46.0)
20 Stem 1.300 3.410 0.714 26.90
(23.6) (5.8 (26.2) (11.5)
Leaf 0.104 0.200 0.220 0.377
(18.9) (3.4 (8.10) (0.16)

*Note: 5.5 pg cadmium (250 ml of 30 pm CdCl,), 58.8 pg chromium (250 ml of 400 pm
K.Cr:05), 2.715 pg mercury (250 ml of 10 pm HgCly) and 227.6 pg lead (250 ml 0f 600

nm CH3'COO)2 Pb 3H20).

Values in the parenthesis are percentage of accumulation of each metal
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Distribution pattern of cadmium, chromium, mercury and lead in

Boerhavia diffusa

Distribution pattern of cadmium in B. diffusa plants cultivated in
Hoagland solution containing known quantities of the metals showed that the
increase in the quantity of the accumulation was proportional to growth
period and the content retained in the residual solutions was decreasing
inversely proportional to the accumulation (Table 19). There occurred
significant loss of cadmium during growth in such a way that the quantity of

loss was decreasing (13-0.5%) linearly as the growth advanced.

Chromium accumulation also was gradually increasing during growth
and sixty three percentage of chromium was found to be accumulated on 20"
day. The quantity of chromium present in the residual medium was decreasing
during the growth and the rate of chromium loss was 21% - 7% during 1-20
days of growth. Considerable amount of chromium was found to be lost and

loss was gradually decreasing during the 20™ day growth.

Mercury accumulation in the plant tissue was very feeble during early
stages of growth but increased proportional to the growth period. Similarly
the quantity of mercury present in the residual solution was decreasing
gradually up to 20" day of growth. In the case of mercury, significant
quantity was found to be lost during growth starting from 1 to 20" day

showing the range of 31 to 13 %.

Accumulation pattern of lead was very interesting, from 1 to 20 days

of growth showing the proportion 0.1- 74% on 1% and 20" day respectively.
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Similarly very high content of lead was present in the residue during the
initial days, which was decreased linearly as the growth advanced. Loss of
lead during growth also was vary significant from first day to 20" day

showing the range of 19- 2.2%.

Table 19: Accumulation pattern of cadmium, chromium, mercury and
lead in Boerhavia diffusa plant tissue and availability of metals in the

growth medium

Heavy metal Interval | Accumulation per Residual Loss
applied (g) (Days) total plant content (1g)
PP ays cultivated(pg) (ng) e
0.443(8.05) 4.321(78.56) 0.736(13.38)
4 1.268(23.0) 3.831(69.65) 0.401(7.29)
2.175(39.54) 2.892(52.58) 0.433(7.87)
Cadmium
(5.5) 12 3.626(65.92) 1.264(22.98) 0.610(11.1)
16 4.252(77.30) 1.085(19.72) 0.163(2.96)
20 5.061(92.01) 0.413(7.509) 0.026(0.47)
3.430(5.833) 43.21(73.48) 12.16(20.68)
4 4.321(7.348) 43.01(73.14) 11.47(19.50)
8.690(14.77) 39.09(66.47) 11.02(18.74)
Chromium
(58.8) 12 29.75(50.59) 19.23(32.70) 9.820(16.70)
16 34.43(58.55) 19.04(32.38) 5.330(9.06)
20 36.99(62.90) 17.62(29.96) 4.190(7.13)
0.084(3.093) 1.786(65.78) 0.845(31.12)
4 0.328(12.08) 1.571(57.86) 0.816(30.05)
0.593(21.84) 1.124(41.39) 0.998(36.75)
Mercury
2.715) 12 1.094(40.29) 0.934(34.40) 0.687(25.30)
16 1.567(57.71) 0.796(29.31) 0.352(12.96)
20 2.090(76.97) 0.273(10.05) 0.352(12.96)
1 0.240(0.105) 183.3(80.53) 44.10(19.37)
4 1.057(0.464) 176.7(77.63) 49.90(21.92)
8 7.210(3.167) 153.2(67.31) 67.19(29.52)
Lead 12 12.10(5.316) 148.6(65.28) 66.90(29.39)
(227.6) 16 121.2(53.25) 96.30(42.31) 10.10(4.44)
20 168.4(73.98) 53.62(23.55) 5.580(2.45)

(Values in the parenthesis are percentage distribution)
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Tablel19a: Bioaccumulation pattern of Heavy metals in terms of BCF*

and TF*
Period of Cadmium | Chromium Mercury Lead
sample
collection BCF| TF [BCF | TF | BCF | TF | BCF | TF
(Days)
1 0.08 | ------ 0.05 | ------ 0.04 | ----- 0.00 | -----
2 9 2 1
4 0.17 | 0.22 | 0.06 | 0.04 | 0.11 | --—--- 0.00 | 0.120
6 6 5 9 4 3
8 0.30 | 0.16 | 0.08 | 0.55 | 0.15 | 0.26 | 0.02 | 0.037
3 7 5 8 1 8 6
12 0.39 | 043 | 0.35 | 0.29 | 0.27 | 0.45 | 0.03 | 0.052
6 0 3 7 6 3 8
16 0.40 | 0.53 | 0.39 | 0.27 | 0.35 | 0.53 | 0.38 | 0.128
5 3 5 0 7 6 4
20 0.46 | 0.55 | 0.44 | 0.13 | 0.40 | 0.84 | 0.47 | 0.254
3 0 2 8 8 1 0

*BCF: Bioaccumulation Factor

*TF : Translocation Factor
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Anatomical Studies

Cadmium

Anatomy of root showed cellular damage due to Cd, Cr, Hg and Pb
treatment in B. diffusa. In the roots of plants treated with cadmium,
piliferous layer and cortex cells completely torn compared to control plants.
Another effect of cadmium treatment was complete breakage of phloem
tissue. Protoxylem cells are underdeveloped in treated plants. In the stem,
epidermis and hypodermal layers are not damaged due to cadmium treatment.
But secondary phloem and cambium cells are completely damaged and
disappeared. Partial damage was observed in sclerenchyma and conjunctive
tissue. More cell wall thickening was shown in the outer regions of
paranchymatous pith. The meduallary vascular bundles were intact. Some
pith cells and vessels showed stained masses accumulated in the lumen

presumably due to the accumulation of cadmium (Fig. 42).
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Chromium

Roots of B. diffusa plants treated with chromium showed general
thinning of roots and complete damage of piliferous layer and cortex. Cell
wall thickening of parenchyma and xylem vessels was another effect. The
number of xylem vessels was reduced compared to the control. Stem of B.
diffusa treated with chromium showed complete damage of epidermis,
hypodermis, secondary phloem and outer part of sclerenchymatous
conjunctive tissue. More cell wall thickening was seen in schlerenchymatous
conjunctive cells and paranchymatous pith. General reduction in size of
medullary bundles (Primary) was observed. Secondary xylem vessels showed
reduction in size and number. Medullary  bundles were not fully
differentiated. Accumulation of stained masses were seen in some cells of
pith and vessels. Eventhough epidermal and cortical cells were almost
damaged, some regions showed intact epidermal cells, some of which were
modified to trichome like appendages which were multicellular filled with

stained patches (Fig. 43).
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Mercury

Treatment with mercury resulted in a general reduction of cells size in
the roots compared to the control and other treatments. Piliferous layer and
cortex were fully damaged. Vessel number also was reduced. Stained masses
were present in some pith cells. Stem anatomy of B. diffusa treated with
mercury showed general reduction of epidermal, hypodermal cell size and
epidermal cells were modified to multicellular trichomes (Fig. 44). Secondary
phloem was not damaged. But medullary bundles showed under developed
phloem. Sclerenchymatous layer was highly reduced but cells were slightly
thick walled. Paranchymatous pith region was damaged showing some
breakage or lysis of cell wall resulting in the formation of many cavities.
Accumulation of stained masses was present in the sclerenchymatous
conjunctive tissue and secondary phloem. General shrinkage of cells was

observed in all cells including vessels (Fig. 44).
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Lead

Lead treatment showed minimum adverse effect in the root structure.
Slight cell wall thickening was observed. Vessels were larger in size
compared to the control. Protoxylem was intact. Partial damage of the
piliferous layer was observed and all other cells remained unchanged. In stem,
epidermal and hypodermal cells showed partial cell wall breakage. Secondary
phloem and outer layer of sclernchymatous conjunctive tissue were damaged.
Cell wall thickening and reduction of cell size were seen in the conjunctive
tissues. Pith cells were slightly distorted. The number of secondary xylem
vessel was reduced. Medullary bundles were almost intact, but some vessels
contained stained masses. Stained masses were observed in the pith cells

also (Fig. 45).
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Bioaccumulation of Heavy Metals in Twenty Medicinal Plants

Dry weight

Twenty medicinal plants cultivated in soil artificially contaminated
with known quantities of cadmium, chromium, mercury and lead showed
significant morphological and physiological changes during the growth of
plants. Generally biomass of the roots was significantly increased due to the
treatment of all metals whereas, stem and leaf showed significantly reduced
dry weight. In Aerva lanata, cadmium induced more biomass production but
other elements did not affect the dry weight. Significant increase in dry
weight of root was observed in cadmium treatment and only slight
fluctuations were shown by stem and leaf. More or less similar result was
shown by Alternanthera tenella where increased dry weight in the cadmium
treatment and the other treatments remained unchanged. Biomass of root
tissue in A. tenella was significantly increased in the treatments with
cadmium, chromium and lead but the increase was negligible in mercury
treatment. Biomass production was induced by all heavy metals in
Amaranthus spinosus. But the increase was not significant. However, the
biomass of root tissue was significantly increased in all treatments except
lead. Andrographis paniculata showed growth retardation and reduction in

dry weight by the treatment of cadmium. Biomass was remained unchanged
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in plants treated with mercury and lead whereas chromium influenced

increased biomass production (Table 20; Fig. 46).

Beloperon plumbaginifolia showed negligible fluctuations in the
biomass due to the treatments with all heavy metals. There was very feeble
change in the biomass of Blepharis maderaspatensis due to cadmium
treatment, whereas chromium induced maximum biomass production and lead
and mercury treatment resulted in only slight increase in biomass. Roots
showed very high dry weight due to chromium and lead treatments and stem
dry weight also was increased by chromium whereas mercury treatment
induced leaf dry weight. Cadmium, mercury and lead showed reduction in
biomass in B. diffusa . In B. diffusa increase in biomass was significant due to
chromium treatment. In Catharanthus roseus cadmium, chromium and
mercury did not influence biomass production while lead treatment resulted

in significant reduction of dry weight (Table 20; Fig. 47).

All metal treatments showed increased biomass in general while
significantly increased dry weight was shown by chromium treatment in
Eclipta prostrata. Root tissue exhibited only reduced dry weight in all
treatments compared to the control. But chromium and mercury resulted in
more dry weight in stem and leaf. In Eupatorium triplinerve, cadmium
induced biomass production while mercury showed significant reduction. Dry

weight in the plant treated with chromium and lead remained unchanged.
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Root showed reduced dry weight in treatments with chromium and mercury.
Stem dry weight was more in cadmium treatment in Kyllinga nemoralis.
Biomass remained unchanged in plants treated with all heavy metals except
chromium which showed enhanced biomass production. Dry weight of
root and stem was reduced in all treatments. Chromium treatment resulted in
significant increase of leaf dry weight. In Leucas lavandulifolia treatment
with cadmium and lead resulted in a reduction of biomass while chromium
and mercury showed increased dry weight. The reduction of root dry weight

due to all metals was significant compared to the control (Table 20; Fig. 48).

Biomass of entire plant root and leaves was increased due to mercury
and lead treatment in Oxalis corniculata while no difference observed in
dry weight of plants treated with cadmium and chromium. Phyllanthus
amarus showed increased dry weight in plants treated with  cadmium.
Increase in biomass was observed in Portulaca  oleracea treated with
cadmium, chromium mercury and lead. In Rubia cordifolia dry weight
change due to all treatments were negligible. But the root showed significant

reduction of biomass in all treatment compared to the control (Table 20; 49).

In Scoparia dulcis effect of cadmium, chromium and mercury showed
only very negligible changes in the biomass while significant increase was
observed in plants treated with lead. Dry weight of root tissue was

significantly increased in chromium and lead treatments. Lead treatment
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induced more dry weight in stem and leaf. Sida acuta showed significant
increase in biomass production due to the treatment with chromium, (P <0.1)
mercury and lead compared to the control. The same trend was observed in
the root and stem tissue also. Dry weight of leaf was more in mercury and
lead treatments. Insignificant increase of biomass was observed in Sida
alnifolia due to the treatment with chromium, mercury and lead. The increase
of dry weight in the root tissue was very high in chromium, mercury and
lead. Cadmium and chromium treatment resulted in increased dry weight of
stem. Leaf dry weight was maximum in mercury treatment. Dry weight of
Vernonia cinerea showed only slight changes in all treatments except lead
where the increase was significant. Cadmium treatment resulted in reduced
dry weight in root whereas stem and leaf tissue was more in lead treated

plants (Table 20; Fig. 50).

Bioaccumulation

Aerva lanata showed maximum accumulation of chromium in root
tissue followed by cadmium. The order of accumulation pattern is
root>Stem>Leaf. Accumulation of mercury was maximum in the root and
leaf tissues in relation to the availability in the medium and compared to the
other metal accumulation. Alternanthera tenella also exhibited maximum
accumulation of all metals in the root followed by stem and leaf except lead

which was more abundant in the root followed by leaf and stem. In
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Amaranthus spinosus maximum accumulation of all metals was observed in
root tissue followed by stem and leaf. Maximum amount of chromium and
lead was present in the leaf and stem respectively compared to other metals.
In Andrographis paniculata the quantity of heavy metal accumulation was
varied widely between the metals and tissues. But values were not
proportional to the amount applied. Accumulation of all metals was maximum
in the root tissue. Maximum accumulation occurred in all tissues was noted
in the case of lead followed by chromium. Very minute quantities of metals
were found to accumulate in the stem and leaf tissue compared to the root

tissue as well as other heavy metals (Table 20; Fig. 51).

In Beloperon plumbaginifolia root showed maximum accumulation of
metals compared to the tissues of other plant parts. Maximum quantity
accumulated in the stem and leaf is found to be lead. In Blepharis
maderaspatensis root accumulated maximum quantity of all metals compared
to other parts and lead accumulation was very high in the roots. Accumulation
pattern was in the order root> Stem>Leaf except chromium which showed
more accumulation in the leaf than other tissues (Table 20). In B. diffusa
maximum accumulation was observed in roots. Chromium is the most
abundant metal accumulated in the root, stem and leaf. Accumulation of
metals was in the order Root>Stem>Leaf. In Catharanthus roseus,
eventhough all metals accumulated was found maximum in the root tissue,

stem also showed very high accumulation. In this plants also very high
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amount of chromium was present in the root tissue compared to the other

elements (Table 20; Fig. 52).

In Eclipta prostrata maximum quantity was accumulated in the root
tissue, accumulation of chromium was maximum in the root followed by stem
and leaf tissue. In Eupatorium triplinerve maximum accumulate cadmium
and chromium was found in the root, whereas stem tissue showed more
chromium and lead, leaf contained maximum amount of cadmium compared
to the other metals. The order of accumulation of metals was
Root>Stem>Leaf. In Kyllinga nemoralis maximum accumulation was found
in root, abundant accumulation of metals was found in the root, stem and
leaf was lead. Mercury accumulation in the root was very high (47%)
compared to the availability in the medium. In Leucas lavandulifolia
maximum accumulation of metals was present in root system. Stem and leaf
shows more amount of lead compared to other elements. Chromium
accumulation was maximum in the root tissue followed by stem and leaf

(Table 20; Fig. 53).

In Oxalis corniculata maximum accumulation was present in the root
tissue, very high amount of chromium was seen in leaf tissues compared to
other heavy metals. Maximum amount of all elements was found to be in the
root system of Phyllanthus amarus, lead and chromium were the most

abundant metals. Equal amount of lead was accumulated in the stem as that
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of root. Very high amount of lead was accumulated in the leaf also
compared to other metals. Mercury content also was very high in the root and
stem as well as other elements.In Portulaca oleraceae maximum
accumulation of all metals was seen in root system. Chromium and lead
accumulated in stem also was very high. Higher amount of chromium and
lead was also present in leaf tissues. Very high amount of all metals was
accumulated in the root tissues of Rubia cordifolia. Maximum quantity of
lead and chromium was present in root tissue. Cadmium is very high in stem
and leaf. Scoparia dulcis showed maximum cadmium and lead accumulation
in the leaf tissue compared to the other elements. Accumulation order was
Root>Stem>Leaf. In Sida acuta cadmium accumulation was maximum in
root tissue compared to other elements. Chromium was very high in the stem
and leaf contained maximum amount of cadmium followed by lead. Mercury
also was very high in the root. Maximum accumulation of lead was seen in
root tissue of Sida alnifolia. Very high amount of cadmium and lead were
present in the stem tissue whereas leaf tissue showed maximum amount of
lead compared to the other elements. In Vernonia. cinerea maximum
accumulation of all metals was seen in root, maximum quantity accumulated
metal was lead in the stem and leaf but cadmium in root. Leaf contain higher
quantity of cadmium followed by stem. Lead content was very high in the leaf

tissue (Table 20; Fig. 55).
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Table: 20 Bio- accumulation pattern of Cadmium, Chromium, Mercury and Lead

containing known quantities of these Heavy Metals

in

Medicinal Plants cultivated in soil

Dry weight% Heavy metal Accumulation
SLNO Name of the Plant Treatment y weight7o a liz d(mg) (pg/g)Dry weight
Root Stem Leaf PP & Root Stem Leaf
1 Aerva lanata 36.30 25.33 18.30
Control 03 o 408 0.000 0.000 0.000 0.000
. 47.20 31.87 24.65 298.0 34.50 5.010
Cadmium 0.2 0.6 0.9 1.979 (15.0) (1.74) (0.25)
. 39.20 23.69 21.90 585.0 43.40 19.90
Chromium 0.5 10.6 0.3 70.56 (0.82) (0.06) (0.02)
Mercur 37.90 22.80 22.07 0.903 54.16 3.800 0.830
y +0.6 +0.2 +0.1 : (26.6) (1.87) (0.40)
34.37 23.73 21.50 61.80 17.76 1.630
Lead 0.8 0.2 0.6 182.0 (0.03) (0.009) (0.0008)
2 Alternanthera tenella 35.22 25.00 34.48
Control e e 0.7 0.000 0.000 0.000 0.000
. 49.36 31.96 24.05 227.0 37.30 4.800
Cadmium +0.5 +0.8 +0.6 0.593 (38.2) (6.29) (0.80)
Chromium 47.88 26.17 21.83 2116 567.3 31.70 21.20
+0.1 +0.9 +0.7 : (2.68) (0.14) (0.10)
Merca 39.02 23.42 23.68 0.025 6.300 2.440 0.212
Y +0.3 +0.7 +0.8 : (25.2) (9.76) (0.84)
43.83 25.41 29.35 723.4 56.70 93.20
Lead +0.5 +0.8 +0.2 54.62 (1.32) (1.03) (1.70)
3 Amaranthus spinosus 34.52 26.29 19.29
Control o e e 0.000 0.000 0.000 0.000
. 38.80 28.32 21.71 371.0 37.30 8.100
Cadmium 0.6 10.8 0.7 2.639 (14.0) (1.41) (0.30)
. 41.03 25.00 18.05 815.3 4131 141.4
Chromium +0.7 +0.7 +0.7 94.08 (0.86) (0.43) (0.15)
Merca 39.72 27.36 21.28 0.135 33.75 3.180 0.360
Y +0.9 +0.7 +0.3 : (25.0) (2.35) (0.27)
34.93 28.55 21.33 763.2 420.0 21.00
Lead 0.4 10.9 0.5 24.27 (3.14) (1.73) (0.08)

(Values in the parenthesis are percentage distribution among tissues)
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Andrographis paniculata 20.20 27.86 20.20
Control e o e 0.000 0.000 0.000 0.000
i 23.97 20.22 13.13 0.650 1335 26.09 35.50
0.4 0.4 0.4 (20.5) (4.01) (5.46)
) 31.19 21.15 13.30 254.1 45.40 20.90
Chromium +0.3 +0.5 +0.3 2352 (1.08) (0.19) (0.08)
Mercar 2526 24.57 14.18 02 5.720 2.282 0.465
y 0.7 0.8 £0.2 : @L1) (8.45) (1.72)
2821 2530 13.90 924.0 41.70 177.8
Lead 0.7 10.9 0.6 60.69 (1.52) (0.06) (0.29)
Beloperon plumbaginifolia Control 42.38 33.26 24.39 0.000 0.000 0.000 0.000
0.3 +0.4 +0.9
. 44.16 32.09 26.09 217.8 91.40 32.60
Cadmium 0.3 0.6 0.6 2.639 (8.25) (3.46) (1.23)
) 46.00 32.82 27.16 585.9 37.30 20.90
Chromium 0.6 10.9 0.8 94.08 (0.62) (0.03) (0.02)
erenr 42.06 34.09 27.46 1o 44.78 6.190 0.900
y +0.7 0.8 +0.8 : (33.1) (4.58) (0.66)
4550 30.90 255 286.2 206.1 61.87
Lead 0.8 0.7 +0.7 24.27 (1.17) (0.84) (0.25)
Blepharis maderaspatensis 38.65 26.09 19.11
Control o Ny e 0.000 0.000 0.000 0.000
. 40.55 26.08 18.78 362.9 10422 34.69
Cadmium 0.3 0.2 0.3 1.978 (18.3) (5.26) (1.75)
) 57.69 27.54 18.98 50.00 102.2 169.5
Chromium 0.7 0.9 0.9 70.56 (0.07) (0.14) (0.24)
Mercur 46.83 29.77 24.85 1101 54.08 5.000 1.040
y +0.8 +0.1 +0.1 : (53.7) (4.95) (1.02)
50.00 33.30 2244 842.7 694.7 71.92
Lead +0.1 +0.2 +0.6 182.0 (0.46) (0.38) (0.03)
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Boerhavia diffusa

21.00

27.30

21.00

Control 0.7 e 03 0.000 0.000 0.000 0.000

. 24.20 20.43 12.55 4843 217.8 124.9

Cadmium 0.9 0.2 0.6 2.639 (18.3) (8.25) (4.73)

. 22.40 21.16 16.23 906.3 3315 171.4

Chromium +0.4 +0.2 +0.5 94.09 (0.96) (0.35) (0.18)

Mercur 23.70 22.70 14.56 0135 77.26 7.820 0.450

y +0.9 +0.2 +0.9 : (57.2) (5.79) (0.33)

28.36 24.76 13.90 854.9 318.6 140.9

Lead 0.8 0.9 0.2 24.27 (35.2) (1.31) (0.56)
Catharanthus roseus 26.25 15.23 11.08

Control Ve e o1 0.000 0.000 0.000 0.000

. 28.18 14.50 12.90 208.6 115.6 7.870

Cadmium 0.2 +0.4 0.3 0.593 (35.1) (19.4) (1.32)

Chromium 27.88 15.92 12.19 2116 383.9 2237 118.7

0.2 +0.6 0.4 : (1.81) (1.05) (0.56)

Mercur 27.20 14.64 12.76 0.025 3.260 0.470 0.106

y +0.1 +0.9 0.9 : (13.0) (1.88) (0.42)

28.01 15.47 11.40 4286 306.7 106.9

Lead 0.8 +0.5 +0.1 54.62 (0.78) (0.56) (0.19)
Eclipta prostrata 38.80 19.35 22.69

Control o1 06 o 0.000 0.000 0.000 0.000

. 33.96 25.10 25.83 192.1 110.4 36.70

Cadmium +0.2 +0.3 +0.2 0.593 (32.3) (18.6) (6.19)

Chromium 35.13 40.14 27.38 o116 4142 197.1 103.4

+0.5 +0.8 0.8 : (1.95) (0.93) (0.48)

Mercur 31.48 36.79 28.20 0.025 9.160 1.380 0.900

y 0.8 +0.3 0.9 : (36.6) (5.52) (3.60)

22.50 20.66 40.90 260.2 35.58 5.880

Lead +0.9 +0.1 +0.2 54.62 (0.47) (0.06) (0.01)

Contd...

125




10

Eupatorium triplinerve

37.14

22.68

15.76

Control e o8 o6 0.000 0.000 0.000 0.000
. 38.00 29.13 21.69 589.8 108.2 86.88
Cadmium 0.4 0.8 0.9 2.639 (22.3) (4.10) (3.29)
. 34.00 24.40 18.06 114.2 116.5 5.312
Chromium +0.5 +0.8 +0.3 94.08 (0.12) (0.12) (0.005)
Mercur 26.88 15.84 13.47 0135 70.35 7.390 1.530
y +0.3 +0.9 +0.1 : (52.1) (5.47) (1.13)
35.45 16.60 16.20 54.73 105.8 5.930
Lead 0.2 0.1 0.6 24.28 (0.22) (0.43) (0.02)
11 Kyllinga nemoralis* 30.63 14.55 13.89
Control ol 06 s 0.000 0.000 0.000 0.000
. 28.40 16.00 11.56 334.37 275.0 94.40
Cadmium 0.5 +0.3 0.4 3.300 (10.1) (8.34) (2.86)
Chromium 29.30 15.17 22.00 176 4148 97.25 94.79
+0.5 +0.3 +0.8 : (0.35) (0.08) (0.08)
Mercur 29.80 14.47 13.21 0.169 79.23 10.32 2.560
y +0.2 +0.1 +0.5 : (46.8) (6.10) (1.51)
29.40 14.96 14.70 653.1 4776 184.5
Lead 0.6 0.7 0.3 303.4 (0.21) (0.15) (0.06)
12 Leucas lavandulifolia 38.46 24.63 18.00
Control 0.3 ol 207 0.000 0.000 0.000 0.000
. 32.07 17.37 20.79 248.8 8.920 14.11
Cadmium +0.2 +0.3 +0.3 0.593 (41.9) (1.50) (2.37)
Chromium 29.72 37.68 25.00 2116 406.9 26.67 19.33
+0.1 +0.1 +0.1 : (1.92) (0.12) (0.09)
Mercur 33.30 26.06 21.71 0.025 7.340 4.520 0.816
y +0.6 +0.4 +0.5 : (29.3) (18.0) (3.26)
23.80 20.83 23.25 2738 50.75 38.75
Lead 0.9 0.6 0.3 54.62 (0.50) (0.09) (0.07)
*In Kyllinga nemoralis the tissue analysed was petiole instead of stem Contd...
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13 Oxalis corniculata 30.37 14.65 15.43
Control o e > 0.000 0.000 0.000 0.000
. 31.40 13.29 14.40 1246 12.01 8173
Cadmium +1.7 +0.8 +0.8 0.650 (18.9) (1.83) (1.24)
Chromiam 32.04 13.79 16.38 3o 462.7 207.5 87.39
0.9 +0.9 £0.9 : (1.96) (0.88) (0.37)
Mercur 40.80 18.06 23.05 02 7.760 4.880 1.300
y 13 0.4 0.3 : (28.7) (18.0) (4.81)
37.03 18.20 19.05 4438 91.27 5.784
Lead +1.7 +0.1 +0.1 60.69 (0.69) (0.15) (0.009)
14 Phyllanthus amarus 34.20 17.46 22.14
Control e e i 0.000 0.000 0.000 0.000
. 31.37 16.87 19.49 97.50 36.20 4750
Cadmium 11 0.1 0.5 0.593 (16.4) (6.10) (8.01)
R 27.70 17.20 23.00 16 100.2 36.20 47.50
1. +0.1 +0.1 : (0.47) (0.17) (0.22)
Mercur 28.00 17.16 25.70 02 5.930 3.400 0.510
y 1.1 0.4 0.6 : (24.7) (14.1) 2.12)
21.90 21.30 2520 705.0 710.0 377.0
Lead 111 0.2 0.8 54.62 (1.29) (1.29) (0.69)
15 Portulaca oleracea 13.04 7.20 10.62
Control >0 T Y 0.000 0.000 0.000 0.000
. 14.81 761 10.79 1513 11.74 28.71
Cadmium 1.1 0.3 +0.4 0.593 (25.6) (1.98) (4.87)
) 21.42 7.38 11.16 3415 2232 76.60
Chromium 1.2 0.6 0.9 21.16 (1.61) (1.05) (0.36)
erenr 19.00 6.45 6.230 o2e 6.220 4.040 1.590
y 1.6 0.8 0.4 : (25.9) (16.6) (6.62)
23.30 6.19 5.990 110.92 283.8 51.29
Lead 114 0.9 0.3 54.62 (0.20) (0.51) (0.09)
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16 Rubia cordifolia 2750 15.18 16.55
Control o e o 0.000 0.000 0.000 0.000
. 24.20 17.65 17.02 1273 210.0 60.00
Cadmium +1.5 +0.5 +0.8 1.979 (64.3) (10.6) (3.03)
) 19.04 17.18 19.58 7145 36.15 7.580
Chromium 1.8 0.2 0.3 70.60 (1.01) (0.05) (0.01)
Mercar 17.85 14.76 20.00 1101 3225 6.300 1.530
y 1.9 £0.2 0.2 : (31.9) (6.23) (151)
20.00 13.61 19.04 746.0 33.46 10.00
Lead +0.5 +0.8 +0.1 182.0 (0.40) (0.01) (0.005)
17 Scoparia dulcis 38.39 28.62 27.60
Control o Ny o 0.000 0.000 0.000 0.000
. 34.09 26.74 29.89 661.0 193.7 1017
Cadmium 117 0.8 +0.1 1.979 (33.4) (9.78) (5.13)
R 4239 24.18 33.87 0108 4051 2371 0.416
12 0.9 +0.1 : (0.04) (0.002) (0.0004)
Mercur 39.60 30.43 19.58 13 75.32 7.830 2.500
y +1.1 +0.5 +0.2 : (55.7) (5.8) (1.85)
42.00 35.07 34.78 407.2 193.9 94.10
Lead 116 0.8 +0.1 24.27 (1.67) (0.79) (0.38)
18 Sida acuta 38.00 2531 18.66
Control oo > Y 0.000 0.000 0.000 0.000
. 35.37 30.20 19.24 7891 250.2 1163
Cadmium 1.1 +0.8 +0.1 1.979 (39.8) (12.6) (5.87)
) 44.40 41.73 17.94 372.1 256.9 10.74
Chromium 113 0.6 0.5 70.56 (0.52) (0.36) (0.01)
erenr 46.75 29.52 23.03 1208 127.0 2.550 0.760
y 1.6 +0.1 0.6 : (62.5) (1.25) (0.31)
47.32 33.50 23.47 497.6 231.8 80.94
Lead 1.2 +0.1 0.3 182.0 (0.27) (0.12) (0.04)
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19 Sida alnifolia 37.82 25.38 19.47
Control e o o1 0.000 0.000 0.000 0.000
. 37.08 31.18 17.28 517.3 230.9 8.740
Cadmium 15 +0.5 0.4 1.970 (26.2) (11.7) (0.44)
Chromium 54.80 42.63 16.66 2056 553.8 120.4 6.070
+1.2 +0.5 +0.1 : (0.78) 0.17) (0.008)
Mercur 38.15 29.60 22.94 0.203 99.13 0.178 0.937
y 1.1 +0.6 +0.2 : (48.8) (0.08) (0.46)
47.32 25.95 23.32 673.4 284.5 16.82
Lead +1.2 +0.6 +0.8 182.0 (0.37) (0.15) (0.09)
20 Vernonia cinerea 42.34 28.34 27.41
Control i Y 0 0.000 0.000 0.000 0.000
. 35.63 26.45 29.00 430.4 189.1 112.3
Cadmium +1.2 +0.2 +0.6 0.593 (72.5) (31.8) (18.93)
Chromium 41.93 25.80 34.29 2116 410.6 26.47 7.800
1.1 +0.3 0.7 : (1.94) (0.12) (0.03)
Mercur 40.84 27.22 21.74 0104 4.640 3.610 0.780
y 1.5 +0.1 +0.8 : (3.74) (2.91) (0.62)
41.00 34.80 37.33 633.9 367.3 23.28
Lead 1.2 0.6 0.5 >4.26 (1.16) (0.67) (0.04)
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SUMMARY AND CONCLUSIONS

Non essential heavy metals such as cadmium, chromium, mercury and
lead are highly reactive and interfere the normal metabolism and become
toxic to plants generating morphological and physiological alterations and
modifications. Despite the toxicity symptoms as the consequence of
oxidative stress, many plants are hyperaccumulators of heavy metals.
Medicinal plants form the raw materials for Ayurvedic medicines. Most of the
medicinal plants are herbs which are cultivated or naturally growing in soil,
contaminated with heavy metals by natural and anthropogenic activities and
the plants accumulate considerable quantities of toxic heavy metals. The
metals confined in medicinal plants finally reach food chain leading to health

hazard in human and animals and get recycled.

Objective of the present study is the elucidation of metabolic
interference of cadmium, chromium, mercury and lead in medicinal plants.
The investigation was planned along two complementary lines — one to
elucidate the effect of these heavy metals in the metabolism and two to assess
the bioaccumulation potential of the same. Data obtained by analysing the
distribution of metabolites in Boerhavia diffusa L. treated with known
quantities of Cd, Cr, Hg and Pb permitted conclusion to be drawn about the

physiological events occurring in medicinal plants and hence bioaccumulation
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potential was analysed in twenty medicinal plants inclusive of B. diffusa. B.
diffusa belonging to the family Nyctaginaceae is a medicinal plant wildly
growing and widely used as an ingredient of many Ayurvedic medicines.
Effect of Cd, Cr, Hg and Pb in the metabolism and the potential of B. diffusa
to accumulate these heavy metals was elucidated by cultivating the plants in
Hoagland nutrient solution artificially contaminated with known quantities of

these metals.

Responses of B. diffusa plants exposed to heavy metals were
investigated with respect to time and concentration dependence. The
parameters taken to evaluate the effect of heavy metals include growth
retardation, tolerance index, stomatal index, root and stem anatomy,
distribution of biomass, metabolites such as free amino acids, proteins,
chlorophylls, phenolics, and nitrate reductase assay. PAGE analysis of protein
also was another parameter. Oxidative stresses were analysed by estimating
proline and malondialdyhide accumulation. Assaying antioxidant enzymes
such as guaiacol peroxidase, superoxidedismutase and catalase was another
parameter. Bioaccumulation of Cd, Cr, Hg and Pb in the plant parts — root,
stem and leaves also was analysed. Another separate study was carried out to
assess the accumulation potential of 20 medicinal plants inclusive of B.
diffusa towards Cd, Cr, Hg and Pb by cultivating them in soil artificially
contaminated with known quantities of those metals under pot culture

method.
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Growth retardation in terms of root - and shoot length and leaf area
was shown by plants treated with all metals. Toxicity of metals was also
shown by anatomical variations in the root and stem. Piliferous layer and
cortical cells were almost damaged in the roots. Secondary phloem and cortex
were completely damaged in the stem. General cell wall thickening was
another important visible effect by treatment with all heavy metals. Darkly
stained patches representing the accumulation of heavy metals were present
in the stem tissues of plants treated with chromium, mercury and lead.
Development of trichomes in the stem tissues was an important observation
shown by plants treated with chromium and mercury. Tolerance index
values were minimum in treatments with Cd and Hg and maximum in Pb.

Stomatal index was maximum in plants treated with mercury.

Total proteins and soluble protein fractions of root, stem and leaves of
plants treated with all metals exhibited reduction. PAGE studies showed new
protein bands in experimental plants compared to control. Appearance of new
protein bands varied among the four metals. Proline accumulation was
remarkable in plants treated with all metals. Chlorphyll a, chlorphyll b and
total chlorophyll contents affected slightly by all metals. Considerable
reduction of nitrate reductase activity was another important impact of heavy
metal treatment. Phenolic content of plants treated with all the four metals
was significantly increased maximum being in the leaf tissue. Lipid

peroxidation was very high due to toxicity of all metals estimated as
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accumulation of malondialdehyde content in the root, stem and leaf tissue.
One of the antioxidant enzymes, peroxidase activity was maximum in root
tissue followed by stem and leaf. Superoxidedismutase activity also was
dramatically increased generally in all tissues and particularly in roots.
Catalase activity was also very high in plants treated with all metals
maximum being in root tissue. Increase in accumulation of all metal was
linear during the period of growth. Bioaccumulation quantity of metals in

the tissue was in the order Pb>Cr>Hg>Cd.

Out of the twenty medicinal plants, majority of them inclusive of B.
diffusa accumulated moderate quantities of Cd, Cr, Hg and Pb in root and
shoot tissues whereas some plants are found to be hyperaccumulators of these
heavy metals exhibiting the potential as phytoremediants. Based on these
observations, the data are discussed in the light of current literature and the

following conclusions are drawn.

1. Significant variations in the concentration of cadmium, chromium.
mercury and lead have been identified to impart more or less uniform
growth retardation resulting in similar morphology and tolerance by
B. diffusa cultivated in nutrient medium artificially contaminated with

known quantities of these metals.

2. In spite of the differences in the concentration of Cd, Cr, Hg and Pb,

the morphological and physiological performance are almost similar
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and sustainable but considerable fluctuations are observed in many

parameters among individual metals.

Although growth retardation is expressed as more or less similar
morphology and anatomical variations due to the differences in the
strategies like development of trichomes for metal sequestration are

shown by plants treated with chromium and mercury.

Distribution of dry weight remains unaltered due to the treatments
highlighting similar responses of B. diffusa towards widely differed

concentrations of the four heavy metals.

Maximum tolerance index values are shown by plants exposed to
chromium and lead and the quantities of these metals which are
supplied to nutrient medium are also maximum revealing significant
differences in the tolerance potential of B. diffusa towards individual

metals.

Increased stomatal index exhibited by plants treated with mercury is
indirectly linked with escape of mercury by the process of
phytovolatalisation =~ which is substantiated by the least values of

mercury bioaccumulation in the leaves.

Physiological aspects such as distribution of proteins, amino acids,

chlorophylls, nitrate reductase etc. registered only negligible
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10.

11.

variations in general among treatments but some distinctly differed
responses such as enhanced ratio of chlorophyll a/b, low amount of
chlorophyll a and b due to the treatment with lead and chromium

respectively.

Maximum bands of protein profile analysed by PAGE shown by leaf
tissue are presumably phytochelatin which are involved in the

sequestration of metals accumulated in the leaf tissue.

Since the concentration of all metals induce moderate toxicity stress /
tolerance, mechanism adopted by B. diffusa is synthesis/ accumulation
of antioxidant metabolite-proline content, the concentration of which
is proportional to the bio accumulation potential specific to tissues

such as root/stem/leaf.

Antioxidant property of phenolics is also expressed as another
strategy of B. diffusa to cope up with heavy metal stress exhibited by
several fold increase of phenolics in the experimental plants compared

to the control.

Accumulation of malondialdehyde as a result of lipid peroxidation is
an important response towards all metals and the MDA content is
proportional to the concentration/availability as well as specificity of

metal ions.
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12.

13.

14.

15.

Lipid peroxidation due to highly reactive oxygen species induced by
heavy metals resulting in MDA content is an important strategy of
B, diffusa and the difference in magnitude of this process confirms the

specificity and strategy of tolerance towards different metals.

Dramatic increase of superoxide dismutase and catalase activities are
important defence mechanisms against ROS induced by all the four
metals which exhibit different concentrations in such a way that
reduced activity of SOD and catalase shown by plants treated with
mercury indicate more toxicity although the molar concentration of

this metal is minimum.

The protective mechanisms shown by B. diffusa in terms of enzymic
and non enzymic antioxidnants to ameliorate oxidative stress towards

the four heavy metals vary among metals.

Bioaccumulation quantity/pattern differed in all the four metals and is
found to be dependent on the type and the specificity of all metals in
the process of absorption, translocation and accumulation.
Accumulation in terms of percentage of availability in the growth
medium show similar quantities of all metals in the root in spite of
significant variation in the molar concentrations of treatments,

indicating the integration between sensitivity/tolerance on one hand
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16.

17.

and accumulation as percentage of the availability of metals on the

other.

Given the differences in the response of B. diffusa towards the four
metals which are required to impart similar visual inhibitory
responses, the distribution of metabolites, bioaccumulation potential
and tolerance mechanism are found to be more or less alike in B.
diffusa. Notwithstanding, the marked differences in the molar
concentration of cadmium, chromium, mercury and lead applied on the
basis of similar morphological manifestations reveals that, these
heavy metal ions though non -essential, exhibit specificity in their
metabolic interference or impact and are not alike hence exhibits
specificity in  their concentration  dependent metabolic

interference/activity in B. diffusa.

Twenty medicinal plants cultivated in soil, containing known
quantities of Cd, Cr, Hg and Pb facilitated to classify these plants as
hyperaccumulators and phytoremediants because many of the
medicinal plants included in the study are herbs which are well
adapted to the contaminated soil and their hyperaccumulation
potential lead to health hazard since most of these plants are

important ingredients of many Ayurvedic preparations.
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Table 20 a: BCF and TF values of Heavy Metal bioaccumulation in
Twenty Medicinal Plants

Heavy Accumulation
Name of the Treatments met‘a I BCF TF
plant applied Root Shoot
(mg)
Aerva lanata Cadmium 1.979 298.0 39.51 0.15 0.13
Chromium | 70.56 | 585.0 63.30 0.008 | 0.10
Mercury 0.203 | 54.16 4.630 0.26 | 0.08
Lead 182.0 | 61.80 19.39 0.002 | 0.31
Alternanthera Cadmium 0.593 227.0 42.10 0.46 0.07
tenella Chromium | 21.16 | 567.3 52.90 0.02 | 0.09
Mercury 0.025 | 6.300 2.650 0.25 | 0.42
Lead 54.62 | 723.4 149.9 0.01 | 0.20
Amaranthus Cadmium 2.639 | 371.0 45.40 0.14 | 0.12
spinosus Chromium | 94.08 | 815.3 554.5 0.008 | 0.69
Mercury 0.135 | 33.75 3.540 0.25 | 0.10
Lead 24.27 | 763.2 441.0 0.03 | 0.57
4
Andrographis Cadmium 0.650 | 133.5 61.50 0.20 | 0.46
paniculata Chromium | 23.52 | 254.1 76.30 0.01 | 0.26
Mercury 0.025 | 5.720 2.740 021 | 0.47
Lead 60.69 | 924.0 229.5 0.01 | 0.23
Beloperon Cadmium 2.640 | 217.8 124.0 0.08 | 0.56
plumbaginifolia | cpromium | 94.08 | 585.9 58.20 0.006 | 0.09
Mercury 0.135 | 44.78 7.090 0.33 | 0.17
Lead 24.27 | 286.2 267.9 0.01 | 0.93
Blepharis Cadmium 1.978 | 362.9 138.8 0.18 | 0.38
;”ader aspatensi | Chromium | 70.56 | 50.0 271.7 0.000 | 5.43
7
Mercury 0.101 | 54.28 6.040 05 | 0.11
Lead 182.0 | 842.7 766.6 0.004 | 0.79
Boerhavia Cadmium 2.639 | 484.3 342.7 0.05 0.7
diffusa Chromium | 94.09 | 906.3 502.9 0.009 | 0.55
Mercury 0.135 | 77.26 8.270 0.57 0.1
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Lead 24.27 854.9 459.5 0.03 0.55
Catharanthus Cadmium 0.593 208.6 123.4 0.35 0.59
roseus Chromium | 21.16 | 383.9 342.4 0.01 | 0.89
Mercury 0.025 | 3.260 0.576 0.13 | 0.17
Lead 54.62 428.6 413.6 0.007 | 0.96
Eclipta Cadmium 0.593 192.1 147.1 0.32 0.76
prostrata Chromium | 21.16 | 414.2 300.5 0.01 | 0.73
Mercury 0.025 9.160 2.280 0.36 0.24
Lead 54.62 260.2 41.46 0.003 | 0.15
Eupatorium Cadmium 2.639 589.8 195.0 0.22 0.33
triplinerve Chromium | 94.08 | 114.2 121.8 0.001 | 1.06
Mercury 0.135 70.35 8.920 0.52 0.12
Lead 24.28 54.73 111.7 0.002 2.04
Kyllinga Cadmium 3.300 334.3 369.4 0.10 1.1
nemoralis 7
Chromium 117.6 414.8 192.0 0.003 | 0.43
Mercury 0.169 79.23 12.88 0.46 0.16
Lead 303.4 653.1 662.1 0.002 1.0
Leucas Cadmium 0.593 248.8 23.03 0.41 0.09
lavandulifolia
Chromium 21.16 406.9 46.00 0.001 0.11
Mercury 0.025 | 7.340 5.336 0.29 | 0.72
Lead 54.62 273.8 89.50 0.005 | 0.32
Oxalis Cadmium 0.656 124.2 20.17 0.18 0.16
corniculata 6
Chromium 23.56 462.7 294.8 0.01 0.63
Mercury 0.027 7.760 6.180 0.28 0.79
Lead 60.69 424.8 97.05 0.006 | 0.22
Phyllanthus Cadmium 0.593 97.50 83.70 0.16 0.85
amarus )
Chromium 21.16 100.2 3.910 0.004 0.8
Mercury 0.024 5.930 1087 0.24 0.65
Lead 54.62 705.0 40.45 0.01 1.54
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Portulaca Cadmium 0.590 | 151.3 40.45 0.25 | 0.26

oleracea
Chromium 21.16 | 3415 299.8 0.01 | 0.87
Mercury 0.024 | 6.220 5.630 0.25 0.9
Lead 54.62 | 110.9 335.0 0.002 | 3.04

2

Rubia cordifolia | Cadmium 1.979 1273 270.0 0.64 | 0.21
Chromium 70.60 | 714.5 43.73 0.01 | 0.06
Mercury 0.101 | 32.25 7.830 0.31 | 0.25
Lead 182.0 | 746.0 43.46 0.004 | 0.05

Scoparia dulcis | Cadmium 1.979 | 661.0 2954 0.33 | 0.44
Chromium 94.08 | 40.51 2.787 0.000 | 0.06

4
Mercury 0.135 | 75.32 9.330 0.55 | 0.13
Lead 24.27 | 407.1 366.5 0.016 | 0.70
2

Sida acuta Cadmium 1.979 | 789.1 366.5 0.39 | 0.46
Chromium 70.56 | 372.1 267.6 0.003 | 0.71
Mercury 0.203 | 127.0 3.310 0.62 | 0.026
Lead 182.0 | 497.6 312.7 0.002 | 0.62

Sida alnifolia Cadmium 1.970 | 517.3 239.6 0.26 | 0.46
Chromium 70.56 | 553.8 126.4 0.007 | 0.22
Mercury 0.203 | 99.13 1.115 0.48 | 0.02
Lead 182.0 | 673.4 301.3 0.003 | 0.44

Vernonia Cadmium 0.593 | 4304 301.4 0.72 0.70

cinerea Chromium | 21.16 | 410.6 34.27 0.01 | 0.08
Mercury 0.124 | 4.640 4.390 0.03 | 0.94
Lead 54.26 | 663.9 390.5 0.001 | 0.61
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Fig. 7 Effect of Heavy Metals on the Dry weight percentage in Boerhavia diffusa
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Fig. 19 Effect of Heavy Metals on Phenolics in Boerhavia diffusa




Proline content (mg g™' dry weight)

3.5 Interval-Days

3 00 m4 08 012 W16 020 a- Root, b-stem, c- Leaf
25 -

2 -
1.5 -

1 N
0.5 -

O _

a b C a b C a b C a b C a
Control Cadmium Chromium Mercury
Treatments

Fig. 14 Effect of Heavy Metals on Proline content in Boerhavia diffusa (mg g™ dry weight)
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Fig. 46 Effect of Heavy Metal treatments on dry weight distribution in Medicinal plants
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Fig. 47 Effect of Heavy Metal treatments on dry weight distribution in Medicinal plants
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Fig. 48 Effect of Heavy Metal treatments on dry weight distribution in Medicinal plants
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Fig. 49 Effect of Heavy Metal treatments on dry weight distribution in Medicinal plants
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Fig.13 Effect of Heavy Metals on Total free Amino acid content in Boerhavia diffusa
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Fig. 8 Effect of Heavy Metals on Total Protein content in Boerhavia diffusa
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Fig. 15 Effect of Heavy Metals on Chlorophyll content in Boerhavia diffusa
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Fig. 3 Effect of Heavy Metals on root and stem length in Boerhavia diffusa
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Fig. 4 Effect of Heavy Metals on leaf area in Boerhavia diffusa
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Fig. 6 Effect of Heavy Metals on the Stomatal Index in Boerhavia diffusa
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Fig. 51 Bioaccumulation pattern of Cadmium, Chromium, Mercury and Lead in Medicinal plants
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Fig. 52 Bioaccumulation pattern of Cadmium, Chromium, Mercury and Lead in Medicinal plants




700 - @ Root W Stem 0O Leaf 1- Cadmium, 2-Chromium, 3- Mercury, 4- Lead
650 -
600 -
550 -
500 -
450 -
400 - B
350 -
300 -
250 - ] m
200 -
150 -
100 -
50 -

Bioaccumulation ug g 1 dry weight

-
1234ﬁ234

Eclipta prostrata Eupatorium triplinerve Kyllinga nemoralis Leucas lavandulifolia

1 2 3 4

Treatments

Fig. 53 Bioaccumulation pattern of Cadmium, Chromium, Mercury and Lead in Medicinal plants



1350 -
1300 . OStem MBWStem [OLeaf

1250 - [
1200 -
1150 - 1- Cadmium, 2-Chromium, 3- Mercury, 4- Lead
1100 +
1050 -
1000 -
950 -

900 -

850 -

800 ~

750 —

700 ~

650 ~

600 ~

550 ~

500 -

450 -

400 -

350 -

300 -

250 A

200 ~

150 -

100 -

50 ~

Bioaccumulation ug g -1 dry weight

1 2 3 4

Oxalis corniculata Phyllanthus amarus Portulaca oleracea Rubia cordifolia

Treatments

Fig. 54 Bioaccumulation pattern of Cadmium, Chromium, Mercury and Lead in Medicinal plants




850 -
800 -
750 -
700 -
650
600 -
< 550 -
o 500 -

dry weight

9
IS
5N
o

|

400 -
350 -
300 -
250 -
200 -
150 -
100 -
50 -

Bioaccumulation

2 3

Scoparia dulcis

1- Cadmium, 2-Chromium, 3- Mercury, 4- Lead

O Root B Stem 0O Leaf

2 | 3| 4|1 2|3 | 41

Sida acuta Sida alnifolia

Treatments

2 3 4

Vernonia cinerea

Fig. 55 Bioaccumulation pattern of Cadmium, Chromium, Mercury and Lead in Medicinal plants




—e— Control —=— Cadmium Chromium
180 - Mercury —*—Lead

160 -
140 -
120 - -
100 -
80 -
60 -
40 -
20 -

kA 3

Catalase specific activity

1 2 3 4 5 6
Interval (Days)

Fig. 35 Effect of Heavy Metals on Catalase specific activity in Root tissue of

Boerhavia diffusa
—e— Control —s— Cadmium Chromium
40 | Mercury —x— Lead
35 -
30 -
25
20 -

15

10

Catalase specific activity

0 4 8 12 16 20

Interval (Days)

Fig. 36 Effect of Heavy Metals on Catalase specific activity in Stem
tissue of Boerhavia diffusa
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Fig. 37 Effect of Heavy Metals on Catalase specific activity in Leaf tissue of
Boerhavia diffusa
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Fig. 27 Effect of Heavy Metals on Peroxidase specific activity in Stem tissue of
Boerhavia diffusa
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Fig. 28 Effect of Heavy Metals on Peroxidase specific activity in Leaf tissue of
Boerhavia diffusa
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Fig. 16 Effect of Heavy metals on Nitrate reductase activity in root tissue of
Boerhavia diffusa
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Fig. 17 Effect of Heavy metals on Nitrate reductase activity in stem tissue of
Boerhavia diffusa
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Fig. 18 Effect of Heavy metals on Nitrate reductase activity in leaf tissue of
Boerhavia diffusa
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Fig. 21 Effect of Heavy metals on Lipid Peroxidation in stem tissue of
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Fig. 22 Effect of Heavy metals on Lipid Peroxidation in Leaf tissue of
Boerhavia diffusa




—e— Control —=— Cadmium Chromium
Mercury —*— Lead

1200 -

1000 - ]

Catalase activity
(Unit g-1 Dry weight)
[e)]
o
o

0 4 8 12 16 20
Interval (Days)
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Fig. 33 Effect of Heavy Metals on Catalase unit activity in Stem tissue of
Boerhavia diffusa
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Fig. 34 Effect of Heavy Metals on Catalase unit activity in Leaf tissue of
Boerhavia diffusa
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Fig. 29 Effect of Heavy Metals on Superoxide dismutase activity in Root tissue
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Fig. 30 Effect of Heavy Metals on Superoxide dismutase activity in Stem tissue
of Boerhavia diffusa
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Fig. 31 Effect of Heavy Metals on Superoxide dismutase activity in Leaf tissue
of Boerhavia diffusa
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Fig. 23 Effect of Heavy Metals on Peroxidase activity in Root tissue of
Boerhaavia diffusa
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Fig. 24 Effect of Heavy Metals on Peroxidase activity in Stem tissue of
Boerhavia diffusa
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Fig. 25 Effect of Heavy Metals on Peroxidase activity in Leaf tissue of
Boerhavia diffusa
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Fig. 38 Comparison between Malonedialdehyde and Stress enzymes activity
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Fig. 41 Bioaccumulation pattern of Heavy Metals in terms of BCF and TF
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Fig. 40 Bioaccumulation pattern of Heavy Metals in Boerhavia diffusa
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Fig. 5 Effect of Heavy Metals on Tolerance Index percentage pertaining to
Root length in Boerhavia diffusa during growth



Fig. 2 Effect of Heavy Metals on Morphology of Boerhavia diffusa

Fig. 1 Growth performance of Boerhavia diffusa in Hogland nutrient 1. Control, 2. Cadmium, 3. Chromium, 4. Mercury, 5. Lead
solution



Fig. 10 SDS PAGE protein profile of Boerhavia diffusa Root treated with heavy
metals

1. Cadmium
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5. Control

6. Marker proteins

Fig. 11 SDS PAGE protein profile of Boerhavia diffusa Stem treated with heavy
metals

1. Cadmium

2. Chromium

3. Mercury

4. Lead

5. Control

6. Marker proteins
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Fig. 12 SDS PAGE protein profile of Boerhavia diffusa Leaf treated with heavy
metals
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5. Control
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E. Beloperon plumbaginifolia F. Blepharis maderaspatensis
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A. Control Stem; B. Treated Stem; C.Control Root; D. Treated root.
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Fig. 43 Histochemical localisation of Chromium in the Stem and Root of
Boerhavia diffusa

A. Control Stem; B. Treated Stem; C.Control Root; D. Treated root.

e & i. Epedermis with trichomes; f &g. Chromium localisation; h. Cell wall
thickening



Fig. 44 Histochemical localisation of Mercury in the Stem and Root of
Boerhavia diffusa

A. Control Stem; B. Treated Stem; C. Control Root; D. Treated Root

e & f. Cell wall thickening ; g & h. Epidermis with trichome

Fig. 45 Histochemical localisation of Lead in the Stem and Root of
Boerhavia diffusa

A. Control Stem; B. Treated Stem; C. Control root; D. Treated root.

e & g. Localisation of lead; f. Cell wall thickening.



Fig. 57

A. Boerhavia diffusa B. Catharanthus roseus

A. Oxalis corniculata B. Phyllantus amarus
C. Eclipta prostrata D. Eupatorium triplinerve C. Portulaca oleracea D. Rubia cordifolia
E. Kyllinga nemoralis F. Leucas lavandulifolia E. Scoparia dulcis F. Sida acuta
Inset: Inflorescence/ Flowers

Inset: Inflorescence/ Flowers



Fig. 59

B. Vernonia cinerea

Inset: Inflorescence/ Flowers

A. Sida alnifolia
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Source: Hortus Malabaricus 7:200
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