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ABSTRACT

The presenstudy investigated the heavy meitadluced stress and tolerance
potential of Coleus arboinicus Lour., a widely used medicinal hettelongs to
Lamiaceae family. It is a large fleshy succulent perennial herb with aromatic
pubescence and inherent medicinal properties due to the presence of many
phytochemicals and is known by a bunch of verfaconames ranging from Indian
borage to fiPanikoorka in Malayalam.The plant's structural and functional
alterations were assessed through analyses of roots, stems, and leaves exposed to
heavy metal stress. Rooted propagules were treated with Al (500 pND)5CuM),

Cu (80 uM), and Hg (10 uM) in Hoagland nutrient medium. The immediate
response to metal exposure was observed in morphology and an@tmrgifects

of heavy metals on development, growth, and metabolism were evaluated using a
range of paramets, including stem, root, and leaf morphometry. Tolerance and
stomatal indices were calculated to assess heavy metal impacts. Additionally,
biochemical analyses were performed to quantify and qualify changes in protein,
phenolic, proline, chlorophyll, andarotenoid pigment conterto investigate the
heavy metainduced oxidative stress, the activities of antioxidant enzymes,
including catalase and superoxide dismutase, and malondialdehyde (MDA)
production were analyzed pilant partsAdditionally, scanmg electron microscopy
(SEM) was employed to confirm anatomical changes in plant organs. Furthermore,
SEM-energy dispersive Xay spectroscopy (SEMDX) was used to determine the
distribution and localization of heavy metal ions in the plant tissUé®
bioaccumulation pttern of C. amboinicusfor heavy metals was assessed using
Inductively Coupled Plasm@ptical Emission Spectroscopy (IEPES). Given the
plant's medicinal importance, Gas Chromatogradiags Spectrometry (G®IS)

was employed to analyze tleecurrence and distribution of bioactive secondary

metabolites.

Morphological analysis revealed slight growth retardation in root length

across all metal treatments compared to the control, with no significant differences



between metals. The toleranceléx percentage showed significant reduction in all
metal treatments compared to the control, with negligible differences between
metals. The reduction in photosynthetic pigments like chlorophyll content along
with increase in carotenoids provides the plaith protection from photo oxidative

damage.

In C. amboinicudreated with Hg, there is an increased number of stomata
and a wider stomatal opening; and also, the presenmniidels. These traits are
directly linked to theremoval of volatile forms ofHg, which is an indicator of
toxicity sequestratiorAn interesting observation in the Cu treatment is the removal
of oil globules fromstem and leaf. SEM images gitlee clear evidencefor the
removal of oil globules. The possible reasontf@removalof oil globulesmaybe
due to the reduction of a secondary metabolite nhamed-bkaigamotene after Cu
treatment. It is a major component of essential oils in various plants and it
contributes to the aromatic profile and therapeutic properties of e$smlstiahe
enhanced cell wall thickness plays vital role in efficient sequestration of toxic levels
of CU** in the cell wall, thereby preventing tleatry of toxic ionsto the cytoplasm
and enhancing Cu stress tolerance n amboinicus Anatomical examiation
revealed that plants treated with chromium, copper, and mercury exhibited
significant structural changes, including a broken epidermal layer and alterations in
vessel size and shape. In contrast, alumiriwated plants showed minimal
anatomical chages, likely due to aluminium's essential role as a micronutrient with
a negligible stimulatory effect on plant growthccording to GCMS results ffect
of heavy metals resulting in the absence of many secondary metabolites which is
vital for the antibadrial property ofC. amboinicuswhereas occurrence of some
new bioactive components especially Tetradecanoic aeidetBylmethyl ester
shows ameproperties.

Key word: Coleus amboinicysHeavy Metals, Bio accumulation, Lenticel, Oil
globules
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INTRODUCTION

In natue, plants are exposed to a wide variety of environmental stresses and
heavy metal stress is one of the common stresses that limit plant growth and
development. The group of heavy metals in general consist of essential and non
essential elements for planiBhe essential metaisclude Fe, Mn, Zn, Cu, MoNi
etc All the rest are toxic like Cd, Cr, Pb, Hg etc. Aluminium is not a heavy metal
but in some respect its effect shows similarities with heavy metal toxicity. Toxicity
is always the question of condmtion. The essential nutrient elements may be
available at an optimal concentration range. Foregsential, certainly, there is no
optimal concentration range. Since most of the-essential metals are toxic, even
at very low concentration to plantshereas the optimal concentrations of essential
met al can be termed Ophysiological é and

essential metals impose toxicity to plants.

Heavy metals stand out among other pollutantsoas of the major
environmental hazasd Once released into the environment, they can never be
degraded/ removed either chemically or biologically and hence they are ultimately
indestructible. Heavy metal contamination of soil and water is becoming a more
serious problem as a result adreles disposal of toxic metal compounds that are
produced from a variety of sources, including industrial and agricultural activities, in

to land regions, surface water, and ground water.

High concentrations of heavy metals in soil and water results in¢heased
absorption and translocation of metal ions by plants which negatively affect growth,
as these metals interfere with metabolic functions such as photosynthesis, respiration
and degeneration of main cell organelles, ultimately leading to plant senesand
death.A wide range of metabolic and physiological alterations are driven when
plants are exposed to heavy metals. The effects of various heavy metals on plant
metabolism vary, and overall growth retardation is the visual response. Plants
growing in metal enriched soil absorb metal ions to varying levels, in response to

external and internal factors. Considerable interest has been focused on the pattern
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of absorption, translocation and accumulation of heavy metals, because
experimental studies showsubtle differences in absorption and translocation by

tolerant and intolerant genotypes.

A review of the botanical literature reveals various aspects of absorption,
translocation, metabolism and resultant impact of heavy metals, demonstrating the
extent @ variations between the genotypes and nutrients as well asssential
metals in the field and laboratory studies ranging from trace nutrient elements to
toxic heavy metals (Sakt al, 1998; Cseh, 2002; Memon and Schrodz309;
Solanki and Dhanke2011; Pradhan2017; Kumaret al, 2021; Babangideet al,

2021; Yaret al, 2021).

Aluminium is one of the most abundant and potent toxic metals in acidic
soil s, which constitute near leyal,498 of
Kochian, 1995; Kokian et al, 2005). At neutral or weakly acidic pH, Al exists in
the form of insoluble aluminosilicate or oxide which is +tokic to plants. When
the soil becomes more acidic, Al is solubilized into a phytotoxic form and soluble Al
is classified into seval groups such as free or mononuclear forms of,Al
polynuclear Al and as a low moleculaeight complex (Kochian, 1995).
Aluminium is one of the mineral soil components and can be rendered free from
mineral soil via lowered pH of the environmégNitorello et al,2005) The release
of metal occurs in the form of Al (IIl). Al (Ill) is toxic to plants and is counted as the
most toxic form ofAl (Routet al,2001;SathyaseelaandKarthika, 2019.

While the levels of Al are expressed in its compound fonmsoime studies
(Wanget al, 2016; Liet al, 2018), others expressed it in a trivalent form which
gives a better representation of the amount of Al plant roots are exposed to (Awasthi
et al, 2017; Jaskowialet al, 2018; Sunet al, 2020). For exampleow Al
concentration of 0.25 and 0.5 mM did not affect Trifolium and tom&tdafum
lycopersicumn seedling root growth whereas high concentrations of 1.25 mM
remarkably restricted root growth (Bortok al., 2020; Ofoeet al,, 2023). In barley
(Hordeum wlgare), low concentrations betweenr2®d uM had no significant effect

on root grow while concentrations of 40 and 60 uM reduced root growth. Similarly,

t

he
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exposure of plants to low Al doses for a short period inhibited root growth whereas
no inhibition effectwas noticed with higher Al concentrations for lemgriod
exposure (Zhouet al, 2011). These suggest that different plant species have
different response mechanisms to Al toxicity.

Cytological, morphological and physiological aspects of Al toxicity anfd
has been extensively documented (Kochian, 1995; Koddtiaal, 2005; Delhaize
and Ryan, 1995; Horgt al, 1999; Kollmeieret al, 2000; Marienfelcet al, 2000;
Poschenriedeet al, 2008). According tdDelhaize and Ryan (199%)nd Kochian
(1995),there are two strategies behind fetolerance mechanism, exclusionAdf
from the root apex and internal tolerance oAteenters the plant symplasm. The
exclusion mechanism involves secretionAbfchelating ligands binding &l with
the cell wall andmucilage, a plant induced pH barrier in the rhizosphere or root
apoplasm, selective permeability of the plasma membrane artl eflux
(Watanabeet al., 2005).

In general, Al interferes with cell division in root tips and lateral root
formation and incrases cell wall rigidity (Kochian, 1995; Posehneieteal, 2008).
Root tips and elongation region of plants are considered to be the primary gites of
ion toxicity (Taylor, 1995; Rengel, 1996). Aluminium also alters biochemical
processes, impairing DNAynthesis, root respiration, enzyme inactivation, and the
intake and translocation of critical elements, in addition to structural modifications
(Foy, 1992).

The metal actively interferes with plant cell cellular and molecular events
(Kochianet al, 2005) such as cell growtfiMatsumoto, 2000Silva et al., 2012).
For example, in the case Bf. tabacumcells, a 50 micromolar dose of the metal
reduces the posteatment growth by 70%, while a 100 micromolar dose nearly
eliminates growth(AbdelBassetet al, 2010) In addition to growth inhibition,
another cellular response against Al is callose-gly8an) expressiofChanget al.,
1999;Larsenet al., 1996) According to Horset al (1997) callose expression is the
most concrete sign of the genotypigitaty of Al. Together with other toxic effects,

the metal is also discovered to prevent tubulin polymerization, which promotes a
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delay in microtubular disassembly in the mitotic division of plant ¢gésdarand
Unal, 2007).

The release oAl chelators(for instance, malate and oxalate) from plant
roots to the environment is counted among known strategies plants utilize against
Al. While this is an extracellular mechanism to cope with the metal, there are also
intracellular routes to combat the metal. Oof these intracellular routes is the
chelation of Al with organic acids in the cytoplasm and the subsequent

imprisonment into the vacuole.

Chromiumhasbeenfoundto havea variety of toxic effectson plants(Clijster
andVan Assche1985;Bishnoi et al, 1993).According to those authors, the impact
of Cr on physiology of plants depends on the metal speciation that causes the
absorption, subsequent mobdtion of the metal, and toxic effects. Toxic effects of
Cr have been reported in growth and developim{®outet al, 1997; Igbalet al,
2001). The mechanism of enhanced accumulatiddrah roots provides some sort
of natural tolerance to plants towards Cr toxicity (Shamkexl., 2005; Singhet al.,
2013; Aliet al, 2015; Pradhar201 ).

The wide dstribution of Cr in soil, water, and biological materials has made
it a serious pollutant in the ecosystem over the past few decadest(&ijI2015).
With a specific density of 7.19 g/émCr is the21™ most prevalenheavy metain
the Earth's crusand ranks seventh among all metals (Econcilpouloset al,
2013). Giromiumions are released into the atmosphere from industries like chrome
plating, cement plants, steel production works, manufacture of dyes and paints,
mining, leather tanning, tel industry, aircraft industry, wood preservation, mud
drilling, and upon leaching from improper sanitary landfilBoétzeeet al, 2020
Haideret al, 2022). Giromiumhas high redox potential and can exist in a range of
valence states froml() to (IV), in which Cr (0), Cr (lll), and Cr (VI) are the stable
forms in nature (Jiangt al2015). Giromium in different oxidation states shows
different chemical, toxic and epidemiological characteristics, and Cr (VI) is 100
times more toxic than Cr (lll) becs& of its higher oxidation potential, solubility,
and mobility Cianget al, 2027).
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Another important effect ofCr on plants is induction of free radical
scavenging enzymes such as catalase, peroxidase and superoxide dismutase which

are involved in the dexification of Cr toxicity (Prasad, 199&hankeret al, 2004).

Plants absorb Cr in both its valence states, i.e., Cr (lll) and Cr (VI) (Shahid
et al, 2017). The cation exchange sites in plant cell walls allow the passive entry of
Cr (Ill) (Singh et al, 2013 Park, 2020), while sulphate and phosphate carriers
actively transport Cr (VI) into plant cellsG{ll et al, 2017 Xu et al, 2021).
Chromium(lll) may have beneficial effects on plant growth with an enhanced yield
at low concentrations, even if i not necessary for plants (Paiea al, 2009;
Helena, 2012). However, Cr (lll) at high concentrations and Cr (VI) can have
deleterious effects on plant physiological processes such as development, seed
germination, mineral nutrition, photosynthesigrbass production, metabolism, and
crop productivity and eventually cause plant de&hepeiret al, 2016 Anjum et
al., 2017; Shahicet al, 2017 Jobbyet al, 2018 Singhet al, 2020). Giromium
toxicity reduces plant growth by inducing ultrastructuraddifications of the cell
membrane and chloroplast, modulation in cell division and cell cycle, degradation of
chlorophyll, water and minerals imbalance, affecting transpiration and nitrogen
assimilation and alters enzymatic activities (Reslal, 2016 Anjum et al, 2017;
Masciarelliet al, 2017;Zaheeret al, 202Q. High O concentrations in the soil are
taken up and translocated to shoots of plants, where it is stored and eventually enter
the food chain and have adverse effects on human healira(@iSingh, 2017). It
is a powerful epithelial irritant and can cause bronchitis, dermatitis, and tuberculosis
(Saud et al, 2022). Therefore, it is crucial to develop effective methods for

removing Cr from the environment.

Mercury (Hg) is unique in thaiccurs in the environment in several physical
and chemical forms. In well oxygenated soil environments, the soluble,HgCI
Hg(OH)CI, and Hg(OH) are the predominant Hg species (Schuster, 1991). High
level of HF* becomes strongly phytotoxic to cells andiige visible injuries and
physiological disorder (Orcutt and Nilsen, 2000; Ori¥{sante et al, 2005;
Zhouet al, 2007).
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Toxicity of Hg has been reported in many plants and even in very low
concentrations it causes hazards to plant growth (SandmanBager, 1983; Kagi
and Hapke, 1984; Det al, 1985). Translocation and accumulationHgf are very
feeble in plants and no plants have been reported as hyperaccumulator of this
element (Henry, 2000; Raskin and Ensley, 2000). According to those authors,
transgenic plants ofrabidopsis thalianaare known to accumulatdg. Velasce
Alinsug et al. (2005) reportedChromolaena odoratas an accumulator ¢dg and
the mode of sequestration is by phytovolatilization and hence this plant has been
recommended for hytoremediation technology. Although phytoremediation
potential ofBacopa monnierhas already been reported by cultivating this plant in
nutrient medium artificially contaminated with heavy metals (ide Cr, HgandPb
(Sinha, 1999; Hussain, 2007). Steslion accumulation pattern of different heavy
metal by naturally growingBacopa monniericollected from different polluted
habitats confirmed the phytoremediation potential of this medicinal plant (Hutsain
al., 2010). InVigna mungat h e 06 c yHglbétwegndgrowtli media, plant and
atmosphere involves absorption, chelation and localization in the roots and / or
excretion through trichomes (Hussainal,, 2010).

Copper (Cu) is an essential micronutrient for plants iaral component of
plastocyanin, cestituent of many enzymes like ascorbic acid oxidase, tyrosinase,
uricase, cytochrome oxidase, phenolase and laccase (Mengel and Kirkby, 2001).
Copper is aredoxactive transition metal that plays a key role in a variety of
functions in plant growth, devgbment and metabolism including g@bsorption,
electron transport, cellular transportation, mitochondrial respiration, ATP
generation, protein trafficking and hormosignalling (DemirevskaKepovaet al.,
2004;PazFerreiraet al, 204; Marqueset al, 2018).

Given the potential oCu as an essential micronutrient for plants, higher
concentrations o€u is also toxic to growth and development of plants and cause
suppressed root growth and leaf chlorosis (Baker and Walker, 1989). €opper
induced root abnanalities range from the disruption of root epidermis, decreased

root hair proliferation to severe root deformation (Sheldon and Menzies, 2005).
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According to Burkheacett al. (2009) Cu delivery is accomplished by the concerted
action of a set of evolutiondyi conserved transporters and metallochaperones.
Those authors further stated that as a result of regulation of transporters in the root
and the rarity of natural soil with high Cu level, very few plants in nature will
experience Cu in toxic excess in thiggsues. An appraisal of biochemical behaviour

of Cuin soil-plant system with esteem to their quantity and speciation by Kamar

al. (2021) highlights nutrient uptake, functions of protein transportation and
detrimental effect o€u and mechanism of tiexification.

Coleus amboinicuss a potential medicinal herb belonging to the family
Lamiaceae. It is a large fleshy succulent perennial herb with aromatic pubescence
and inherent medicinal properties due to the presence of many phytochemicals
(Arumugamet al, 2016). A perusal of literature dd. amboinicusreveals that, the
plant grows in natural habitat and is a widely cultivated medicinal purposes. This
plant grows naturally and is distributed in tropical and warm regions of Asia, Africa,
and Australa and is known by a bunch of vernacular names ranging from Indian

borage to APani koor20@0h i n Mal ayalam (Retie

In accordance with the molecular taxonomic revision proposed by A.J.
Patron (2019), the plant commonly known Rlectranthus amboinicubas been
reclassified and renamed @®leus amboinicusThis taxonomic change reflects a

reassessment of the plant's botanical characteristics and genetic makeup.

In Ayurveda, particularly in formulations like Gopichandhanadi Gulika for
children and Pulilela, the plantColeus amboinicysholds significant medicinal
value (Sivarajan and Balachandran,1994). Its inclusion in these traditional
Ayurvedic preparations underscores its therapeutic properties and historical usage in
promoting health and webleing, specially among childrerColeus amboinicuss
renowned for its aniinflammatory, antimicrobial, and digestive properties, making
it a valuable component in Ayurvedic remedies aimed at addressing various health

concerns. Its incorporation into formulat®rike Gopichandhanadi Gulika and
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Pulileham highlights its longstanding presence and continued relevance in

Ayurvedic medicine for pediatric health and overall wellness.

Coleus amboinicupossess therapeutic and nutritional properties attributed
to its naural phytochemical compounds which are highly valued in the
pharmacological industry (Lukholet al, 2006). The plant is found to be effective
against respiratory, cardiovascular, oral, skin, digestive and urinary diseases. Studies
have already been undgken and shown numerous pharmacological properties
including analgesics, antioxidant, amtflammatory, antimicrobial, antifungal,
anticancer, antiepileptic and wound healing (Arumuganral, 2016). The plant is
used to treat chronic coughs, asthmanbhitis (Morton,1992), insect bites (Jain
and Lata,1996), oral disease (Santag al, 2015), skin infections (Harshet al.,
2003; Selvakumaret al, 2012), wound healing (Warriner and Burrel2005;
Sunithaet al, 2010; Jairet al, 2012).

Morallo et al. (199D) evaluated the biological activity &. amboinicusand
reported a variety of bioactive compounds and most of them are volatile in nature
and responsible to cure a variety of ailments and these constituents majorly
contribute to the various trepeutic properties. The phytochemical analysis of
aqueous extracts of the roots and leaveS.aimboinicusrevealed the presence of
carbohydrates, sterols, and glycosides. According to Arumugaah (2016), the
phytochemicals in C. amboinicus includes flavonoids, esters, phenolics,
monoterprenoids, diterpernoids, triterprenoids, and sesquiterprenoids and these
phytochemicals attribute antibacterial, antihelminthic, allelopathic, antifungal,
antiepileptic, larvicidal, antioxidant, aAtflammatory, andanalgesic properties to

the plant.

According to Castillo and Gonzalez. (1999) and Siegal (2002) carvacrol
and thymol respectively are the main active constituent€.admboinicus The
major volatile constituents @. amboinicusare carvacrol (Rojat al, 2006; Routet

al., 2012), thymol and eugenol (Pagk al, 2016. Nonvolatile compounds such as
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phenolics and flavonoids have been identified fr@émamboinicus(Khare et al,
2011).

An exhaustive review by Arumugaet al (2016) onC. amboinicuseported
76 volatle and 30 nowolatie compounds under different classes of
phytochemicals. In addition to carvacrol and thymol, eugenol, chavicol, and ethyl
salicylate were reported. Moreover, plant contains a lot of vitamin C and flavonoids
includingcirsimaritin and sitosterol G glucoside. Due to its inherent phytochemicals,
this herb has distinct medicinal and nutritional properties. As described above the
plant contain a number of phytochemicals of varying potential and hence it is an

important ingedient of many Ayurvedic preparations.

Prominent importance of. amboinicusin modern medicine has been
reported by Steinaet al, (2003) and Leonoet al (2005). According to those
authors, the antioxidant properties@famboinicus assessing its dlty to scavenge
free radicals and protect against oxidative stress. These studies may investigate the

pl antés potenti al role in reducing oxidat.

An anatomical study of the vegetative organ€oamboinicusvas made by
Mauroet d. (2008) which showed neglandular trichomes on the foliar leaf and
also sessile and pedungulate glandular trichomes were present. This study is justified

by the popular utilization of this plant as Phybt@rapeutic agents.

Hullatti and Bhattaharjee (2011) investigated the pharmacognostical
evaluation of plant parts by using different parameters and mapditomical
studies, physiochemical properties and fluorescence analysis were done to set up the
guality control parameters for the raw nrée The microscopic features and the
guantitative standards were used for laying down pharmacopeial standards. The
exomorphology and histomorphology of different plant part€ cdmboinicusand
phytochemical study by Sreedharrehal (2010) and obseations will enable to
standardize the botanical identity of the drug in crude form. Muthukumarana and

Dharmadasa (2014) describes the comprehensive pharmacognostic aspgects of
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amboinicusby means of physical and chemical yield parameters. Morphological,
anatomical, TLC profiles, essential oil contents and its composition were carried out.
Presence of higher physical growth of the plant, higher content of essential oil

scientifically validates the traditional claims of harvesting at fully maturity stage.

Coleus amboinicugrows easily in a weltlirained, semshaded location. It is
found to grow well under tropical and subtropical locations. It was also found to
adapt well in cooler climates if grown in a pot and brought indoors, or moved to a
warm, sheltezd position during winte(Arumugamet al, 2016). Since it grows
under natural habitat chance exists to get exposed to soil contaminants in general
and heavy metals in particular. Studies on the impact of heavy metal pollution and
resultant changes in tlygiality and quantity of bioactive secondary metabolites have
not yet been done elaborately in this plant.a&m,the pharmacological properties
of each andaill bioactive secondary metabolites are not interpreted to correlate their
role and principle wh the traditional medicinal use @f. amboinicus The present
study is proposed to unravel the structural and functional aspects of selected heavy
metals Al, Cr, Cu and Hg orColeus amboinicusan important medicinal plant on
one hand and the impact ofee heavy metals on the qualitative and quantitative

aspects of secondary metabolites on the other hand.

Two distinct but complementary lines of investigation are pursued in this
study. In the first line, effect of Al, Cr, Cu and Hg on the morphology and
metabolism ofC. amboinicusis carried out. The results revealed the significant
difference in the concentration of each metal to impart toxicity and bioaccumulation
of C. amboinicusIn the second line of the study, distribution and charaetéwn of
the bioactive secondary metabolites included si@camboinicusis an important
medicinal plant containing large number of therapeutically uséatile compounds.
Another complementary aspect of the investigation is the elucidation of differences
in the galitative and quantitative aspects@ amboinicussubjected to Al, Cr, Cu
and Hg in order to assess the stimulation and/or deterioration of the bioactive

potentials due to these heavy metds. effort is made to establish a relationship

1C
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between the repted therapeutic properties related to a specific disease or treatment
and the role that one or more individual or grafifpioactive chemicals play in the
treatment and curing of such illnesses. The following are the investigation's

objectives, which arbased on the findings and concepts mentioned above.

1. Study of the effect of selected heavy metals like Al, Cr, Hg and essential
metal Cu on structural and functional aspects during growth under nutrient

culture method.

2. Evaluation of growth pattern and médation of different organs due to

heavy metal toxicity.

3. Anatomical study using histochemical staining, light microscopy, Scanning
Electron Microscopy and EDX analysis to pinpoint the structural changes as
well as translocation and accumulation patteriedvy metals in the plant

body.

4, Toxicity of metals on growth rate, distribution of biomass and water
relations.

5. Effect of heavy metals on the synthesis and distribution of primary

metabolites carbohydrates, proteins and pigments.

6. Evaluation of tolerancenechanism ofC. amboinicustowards each heavy
metal by analysing morphological modifications and activity of stress
induced enzymes SOD and CAT.

7. Bioaccumulation potential 6. amboinicusoy analyzing the absorption and
translocation of Al, Cr, Hg and Gn various partsoot, stem and leaves to

evaluate the tolerance mechanism.
8. Analysis of bioactive secondary metabolites distribution usingM=sC

9. Evaluation and interpretation of each bioactive secondary metabolites
separated by G®IS, emphasising their hytochemical potential and

comparing the role of individual molecules with the principles underlying in

11
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the medicinal use or practice ©f amboinicudor different types of diseases

and treatments.

Elucidation of stimulatory/ inhibitory role of Al, Cr, Hgnd Cu on the
synthesis and quality of secondary metabolites and detection of beneficial
effects of the metals, if any, in improving the medicinal propertyCof
amboinicus

12
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Metals such asl, As, Cd, Co, Cr, Cu, Pb, Mn, Hg, Ni, SeandZn have been
considered as the major environmental pollutants and the impact and mechanism of
phytotoxicity have already been established and excellently reviewedefFaly
1978; Lepp, 1981; Fitter and Hay, 1983; Kochian, 1995; SH&R5; Saltet 4.,

1998; Orcutt and Nilsen, 2000; Cseh, 2002; Fodor, 2002; Bifuts., 2005;
Memon and Schrodef009; Solanki and Dhanka2011; Babangidat al, 2021,
Yanet al, 2021).

Heavy metals impart negative influence on physiological activities like
photosythesis, respiration and nutrient absorption, resulting in the reductions of
plant growth, dry matter accumulation and yield (Devkota and Schmidt, 2000).
Levitt (1980) suggested that heavy metals in the plant environment operate as stress
factors and theyause physiological changasd in the procesghey reduce vigour,
or in the extremes totally inhibit plant growth. Different heavy metals of supra
optimal concentrations have been shown to inhibit various metabolic processes in
plants resulting in theireduced growth and development (Davegsal, 1991;
Bernieret al, 1993; Langet al, 1995; Shaw, 1995). At cellular and molecular level,
metal toxicity causes denaturing of enzymes and damage to DNA and also forms the
increased production of free radedCseh, 2002; Khatuat al, 2008; Posmylet
al., 2009).

Availability and toxicity levels of heavy metals, responses and adaptive
strategies of plants to metal toxicity and phytoremediation technology have been
extensively discussed and excellently rexed by several authors (Basberg
pahlsson, 1989; Rauser, 1990; Steffens, 1990; McNeily, 1994; Prasad, 19%f; Salt
al., 1998; PilorSmits, 2005).

High rate of absorption and accumulation of toxic metal leads to visible
injuries and physiological disordeirs plants (Zhowet al, 2007). Metal ions bind to

the water channel protein, which induces stomatal closure and it impairs the uptake
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of water by the root tissues (Zhamg al., 2001) These metals could damage
enzymes, polynucleotides, transporters, alteembrane (Panda and Pa&a0o0).

Cell cycle impairment and DNA damage were also observed during heavy metals
toxicity (Soareset al, 2019. Moreover, metal ions induce the accumulation gdH

and MDA content in a cell that results in the developno¢mixidative stress (Chen

et al, 2015). Excess accumulation of different essential elements like Cu, Ni, Co, Zn
and Fe also become toxic to plants, leading to plant growth retardation @teatis
2019; Lwalabaet al, 2020; Tadaieskgt al., 2020).

Aluminium (Al)

Aluminium is the third most abundant element occurring almost 8% of the
earthés crust. I't is a major constituent
and aluminesilicatemineral and other precipitated forms like gibbsite (aluminium
hydroxide). These hydroxyl rich minerals only partially dissolve in acidic
environments, releasingl into the soil solution where it equilibrates into a variety
of chemical species that depend on the presenéé lagfjands and these species co
exist in hamony with one another (Delhaize and Ry&a895). There are different
types of solubléAl, including free or mononuclear forms of*Al polynuclear Al,
and Al as a low molecular weight complex (Kochiaf95). Oxides and silicates of
aluminium are harmles® plants (Poschenriedet al, 2008) whereas Al and Al

(H,0)s **ions are toxic to plants (Horet al,, 2010).

The estimated activity of the &lion has been cited by many researchers as

the best predictor of toxicity, however there is some evielsnpporting the toxicity

of the monomeric hydroxyl cations AIOH)** and Al (OH)" as well as the
polynuclear hydroxy complexes of Al (Fey al, 1978). Aluminium bioavailability

and consequent toxicity, is mainly restricted to acid environments andsaitsd
(with a pH of 5.5 or lower) are among the most important limitations to agricultural
production. In nature, Al is present not only in acid soils but in alkaline ones also.
According to Kochian (1995) and Kochiat al (2005) Al is one of the most

abundant and potent toxic metals in acidic soils.

14
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Aluminium toxicity is the primary environmental stress, limiting
crop productivity in acid soils, which comprise-upp 40 % o f t he worl d¢
lands (Taylor,1995; Kochian1995). In acidified fresh wat, this metal may reach
concentrations of 0-:3.6 mM (Panda and Matsumot®007) and seriously disrupt
the metabolism of hydrophytes (Ciamporova002). In higher plantsAl
phytotoxicity is linked to sites of reactions that involve a variety of physicibg
functions. Evidences indicate that Al toxicosis is primarily associated with
disruption of root structure and general functions of plants (Tay88]1; Ryanet
al., 1992).

It has been widely established ti#dtcauses cytotoxicity in plants (Kochian
1995; Delhaize and Ryai995; Kollmeieret al, 2000; Marienfeldet al, 2000).
Aluminium exists as either irreversible or reversible macromolecular complexes in
the cytoplasm of living cells. Aluminiursensitive plants absorb mo#sd than
aluminiumtolerant plants, thus the chief mechanism behitdtolerance isAl
exclusion (Kochian,1995Matsumoto,2000). Marienfeldet al. (2000) reported
localization of Al in the root tips oZea maysand Vicia fabawhen plants were
grown in Al supplied medium. Aceding to Delhaize and Ryan (1995) and
Marienfeldet al (2000), even though Al is not an essential element, in small doses it

stimulates growth and other desirable effects.

Common responses of plants Ab include cellular and structural changes,
increasd rate of diffusion resistance, reduction of stomatal size and decreased
photosynthetic rate (Mengt al, 2017). Aluminium ions exert their effect primarily
on the root system (Huareg al, 2014) and are found to induce abnormalities like
dwarfing of rats (Ryan, R02, Riazet al, 2018; Yanget al, 2019).

The initial and dramatic symptom oAl toxicity is inhibition of root
elongation which can occur within2 hours after exposure #l (Delhaize and
Ryan,1995). The initial symptom of the toxicity iplants is inhibition of root and
changes in root morphology such as roots appear characteristically stubby and
brittle, swelling in root tips, atrophy of root hair and lateral roots become thickened

and brown (Huanget al, 2014). The root system as a el became coralloid in
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appearance (Foy,984). Ryaret al (1993) and Luganyet al (199) suggested that
only the terminal 22 mm of maize root needed to be exposedAtoto cause

inhibition of root growth. According to Budikova (1999) partial root gitow
inhibition is the impact in maize root tissues duékdreatment and root cap length

and area reduction are other effect.

Most evident significance oAl toxicity in root growth inhibition which
takes place by damage of root apical cells induciray cap cell elongation zone
(Poschenriedeet al, 2008). Reduced biomass as a result of root damage, causes
toxicity symptoms to appear in the shoot system also (Md3istraszensk&001).

An exhaustive review of Silva (2012), on the mechanisms undgri toxicity

and resistance in plants reveals that potential targeis toiicity include cell wall,
plasma membrane, root cytoskeleton and DNA, associated with root growth and
signal transduction pathways also are involved. The primary symptoms of Al
toxicity in plants are rapid inhibition of root growth and disruption of root
morphology (Buchanaat al, 2015). Such reduction in root growth has been widely
used as a marker in evaluating Al toxicity or Al tolerance plants (Awasthl,
2017). Root ips are the most sensitive part of the root system and respond to

micromolar concentrations of Al (Huaregal, 2014).

Decreased shoot growth was observed in rice after Al treatment (Fageria,
1982); and in coffee (Pavan and Binghdr@82). In some plantsurpling of stems
also is observed (Foyl992). Aluminium has been reported to promote plant
resistance to biotic (pathogens and herbivores) and abiotic stresses including nutrient
deficiency and ion toxicity (Kauet al. , 2016 ; -QBnajet al, 2O N). dhe
toxic or beneficial effect oAl on plant growth depends largely on the growing
conditions, Al concentration and duration of exposure, plant species and
physiological age (Huanet al. , 199 2; -Qénajet al, 201U Aguileraet
al., 2019; Ofoeet al, 2022).

Chlorophyll synthesis is another target of Al toxicity in plants. Decrease in
quantity of chlorophyll pigments was reported in buck wheat (Sung and Kwon,

1980). In rice chlorophyll content decesed due to Al and the ratio between
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chlorophyll a and b was declined, accompanied by a marked decrease in gross
photosynthesis and photosynthetic rate (Sarkwetaal, 1984). According to those
authors, decreased protein and RNA content have also baéeced by Al and it
caused abnormal distribution of ribosomes on the endoplasmic reticulum, leading to

disturbed protein synthesis and reduced RNA synthesis also.

According to Anderson (19957l interfered with the synthesis of starch and
proteins, decresed translocation of sugars, increased peroxidase and decreased
cytochrome oxidase activity rice. Godbold (1994) suggested tht specifically
disrupts DNA synthesis and displaces calcium in the apoplaskt exposed cells,
impairing cell division anaell elongation. According to Vazquet al (1999),Al

ions can rapidly cross the plasma membrane in plants that are tolerant to the metal.

Root apex and the surrounding mucilage or root exudate accumulate greater
amounts of Al than other parts of th@ot and tissue damage is more severe in this
region than in the mature tissue (Ryatnal, 1993). The root apex plays a central
role in the mechanism of Al toxicity, as it is the target site foiindluced root
growth inhibition (Ahnet al., 20Q2).

PatchClamp study on the physiology 81 toxicity and tolerance resulted in
the identification and characterization of*Alinduced anion channels in maize
(Pineros and Kochian 2001). Plasmamembrane malate channels were first
identified from wheat root cellsmploying AF* stimulated secretion of malate as a
screening method (Ryast al, 2002). Using the PateGlamp technique to root cell
protoplast from wheat plants, Sasak al (2004) recorded flow of malate currents

from Al tolerant plants but not iAl sensitive plants.

Earlier Huett and Menary, (1980) opined that Al can enter the plant by
moving into meristematic cells and the symplasm via the cortex, HBmpaessing
the endodermal barrier. Sihe al. (20), reported that Al is able to penetrate ted
symplasm relatively fast and bind to nuclear molecules, presumably leading to

decrease in mitotic activity.
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The effects of Al on the mineral nutrition of plants may either be due to
interactions in the growth medium, or to physiological antagonismenthe plant
(Andersson,1988) according to whom, Al partly blocks the uptake of macro
nutrients such as calcium, phosphate, potassium and magnesium and micronutrients

such as manganese.

According to Palanet al (2018), the medicinal plants used fbethuman
consumption or disease management should be collected from clean environment
and processed carefully. A study was conducted to assess tontAmination in
Mettur, an industrial town of Tamil Nadu, India which has many Al industries and
the totd Al content in the soil of the region where medicinal plants were cultivated
was found to be 16700 mg Higand selected plants weBentella asiaticaBacopa
monneriandEuphorbia hirta All the three plants were found to accumulate level of
Al which is @ove the maximum permissible limits prescribed by World Health
Organization and thus, it may cause Al toxicity among the consumers of herbal

medicines.

Aluminium can rapidly suppress cell division, destroy the cell structure,
reduce nutrient and water ukéa and inhibit root elongation growth in Solanaceae
plants (Heet al, 2019). Auminium avoidance, the alteration of nutrient element
distribution, and increase of rhizosphere pH value contributes to Al tolerance in
Solanaceae plants. Moreover, secretiborganic acids, enhancement of antioxidant
capacity, and induction of Ablerant genes also play an important role in Al

tolerance of Solanaceae plants.

According to Dixitet al (2019), the interactive role of Brassinosteroids and
Ca, regulating plangrowth at the physiological, biological and molecular level,
focusing mainly on thebrassinosteroidsinduced Casignalling participate in
regulating reactive oxygen species suggesting an elevation in ROS generation confer
plant Al resistance. Their findisgprovide further potential for the relevance of
brassinosteroidand Ca in phytoremediation and Al detoxification in crops.
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Exogenous applications of auxin, cytokinin and abscisic acid have shown
significant effect on Ainduced root growth inhibition wha ethylene and cytokinin

act synergistically with auxin in responding against Al toxicity (Raejaal., 2021).

The harmful impacts ofAl on morphological, anatomical, physio
biochemical, and molecular aspects of the plant were reviewedabynanand
Upadhyaya(2021) and discussd the strategies to reduce the toxic effectAbin
plant and vaousAl-responsive genes which can be used in genetic manipulation for

better crop development.

According to Weiet al (2021), the transcription factors (TFs) and plant
hormones are involved in the adaptation to Al str&secifically, it addresses
methals to give plants resistance to Al stress, like transgenic breeding, and reduce
Al toxicity by using small chemicals and plant grovpitomoting rhizobacteria
(PGPRs). The theoretical foundation for increasing plant productivity in acidic soils
is given inthis study.A review of the global extension and probable cause of Al in
the environment and mechanisms of Al toxicity in plants are followed by detailed
emphasis on tolerance mechanisms, identifying and categorized the important
transporters that secreteganic acids and outlined their role in Al stress tolerance

mechanisms in crop plants (Chautemal, 2021).

A study conducted byi et al (2023), provides an effective method for
screening key genes by combining QTLs, transcriptome sequencing, and
metbolomic analysis, but also lists key genes for exploring the molecular
mechanism of Al tolerance in rapeseed seedling roots. Root tissues from seedlings
of Al-resistant lines andl-sensitive lines from the RIL population were harvested
for transcriptomesequencing and metabolome determination. By combining the data
on quantitative trait genes (QTGs), differentially expressed genes (DEGs), and
differentially accumulated metabolites (DAMS), key candidate genes relatsld to

tolerance in rapeseed were detiered.
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Review of Literature
Chromium (Cr)

Chromium is a naturally occurring element in the Earth's crust and is found
in rocks, soil, water, and air. In the atmosphete,occurs in hexavalent and
trivalent forms. The trivalent form is more stable and less toxic than tlavdlext
form. Chromiumentersthe atmosphere through both natural and human activities.
(Panda and Patra,2000; Hah al, 2004; Shankeet al, 2004,2005: Panda and
Choudhury,2005). Natural sources, as well as various anthropogenic activities, are
respomsible for the release of Cr in the soil, air, and water which ultimately lead to
Cr pollution. Chromium is used in manufacturing stainless steel, dyes and pigments,

leather tanning, paper and pulp industry.

Chromium is unique among regulated toxic eletaen the environment as
differentCr species exists specifically (Cr 1ll) and (Cr V1) (Kimbrowgghal, 1999).
Chromium occurs in the environment in its material form as (Cr Ill) and (Cr V1) is
generated by oxidation of (Cr Ill) during various industpabcess (Kotas and
Stasicka, 2000; Pradhanal, 2017). According to Pradhaat al (2017), hexavalent
Cr develops intracellular toxicity through a variety of mechanism including
reduction of Cr (V1) to Crlll), generation of reactive oxygen species;DBIA

complex formation and protein denaturation.

Chromium is a hazardous heavy metal that cause adverse impact on the
growth and development of plants and affects several physiological processes such
as growth, photosynthesis, status of mineral elemerater balance and nitrogen
metabolism (Shankeat al, 2004; Vernayet al, 2007; Gangwar and Singh, 2011).
Chromium toxicity symptoms in plants include inhibited growth of roots and leaves,
inhibition of enzyme activities and mutagenesis (Clijsters aad Xssche, 1985;
Bishnoiet al, 1993; Shankeet al, 2005). In plant tissues, the Cr (VI) is converted
to Cr (lll) that has the tendency to bind to the cell walls, which hinders the further
transport of Cr within the plant tissues (KabBendiast al, 2015).

Chromium imparts toxic effects in water relations of plants (Vazeted,
1987), accumulation of Cr in the roots and resultant deleterious effect on root
growth (Bishoniet al, 1993) mineral metabolism, growth and development (Rout
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al.,, 1997), seed germination (Peraltet al, 2001) enzymatic activities and
translocation of sugars (Zeid, 2001). Even though Sharma and Adrg) (2&ticed
stimulatory effect of low concentration & on plants, most of the research ©n
registered inhibitoryand toxic effect on plant growth (Amiet al, 2013). Case
studies on the toxic effect dEr on several plants show structural damage of
different organs of the plant body amehpaired the growth and development.
Toxicity of Cr is normallyaffectingroot growth due to the close contact and severity
of reaction with Cr (Morakt al, 1995). According to Samantaray al (199), Cr
toxicity affect root length and damage the architecture of the entire root system.
Chromium is reported to affect root growtlora adversely than any other heavy
metals and root length and dry weight also were reduced dDetteatment (Igbal

et al, 2001).

Chromium is found to be accumulated mainly in the roots and poorly
transported to the shoots (Morat al, 1994,19%; Sanantaray and Das,1997)
possibly due to the spatial localization in the specific sub cellular compartment in
the root cells as suggested earlier by Baretl@l (1985). Samantaray and Das
(1997) reported the accumulation ©f by mung bean plants ttp 70ppm in their
roots when the plants were grown in chromate mine waste. According to Retlford
al. (2001) Cr is poorly translocated to aerial parts and held predominating in the

roots.

Plant species such a®hragmitis karka, Scirpus lacustriand Bacopa
monnieri exhibit high potential to absorb, translocate and concen@rie their
tissues (Yadawt al, 2005). Those authors further stated that about 99% of the
absorbedCr is retained in the root tissue because most plants showClow
concentration intte shoot tissue even when growrGnrich soil. So,the food chain
is well protected against th@r toxicity. The extentof damage caused b@r on
plants depends on its bioavailability, mobilization and subsequent accumulation in
the tissues. Compared tvher heavy metals, the mobility of Cr in the plant roots is
low. Therefore, the concentration of Cr in the roots is sometimes 100 times higher
than in the shoots. (Gup#&t al, 2016). The translocation of Cr from the roots to the
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aerial shoots is veryriited and it depends on the chemical form of Cr inside the
tissue and the distribution and translocation of Cr within plants depend upon the
plant species, the oxidation state of the Cr ions, and also its concentration in the
growth medium (Shahidt al, 2017).

Morphological and physiological changes manifested by plants due to Cr
toxicity have been reported by many authors. Du€itapplication mung bean
plants showed severe stunted growth and leaf chlorosis (Rowtl, 1997).
According to Samantayaet al (1998) Cr reduces chlorophyll and carotenoid
synthesis indirectly by the inhibition of iron and zinc transport to the leaves in
general. InNymphaea albaCr was found to inhibit the production of chlorophyll
(Vajpayeeet al, 2000). Treatment otauliflower with Cr resulted in decreased
water potential and reduction in trachea vessels diameter (Chatterjee and Chatterjee,
2000). According to Shankest al (2005) biomass production and yield were
generally affected by Cr IV in many plants. Biomg@seduction was found to be

reduced irOryza sativgplants as a consequencegotoxicity (Panda2007).

Chromium stress has been reported as one of the important factors that affect
photosynthesis (Shanket al, 2005).According to Panda and Choudiy2005),
Cr-induced oxidative stress triggered the degradation of photosynthetic pigments,
which resulted in a decline in growth. Higr concentrations also disrupted the

ultrastructure of chlorophyll and had an impact on photosynthesis.

Photosynthet capacity of plants is compromised under Cr stress due to
interaction with biosynthesis of chlorophyll molecules by inhibiting vital enzymes
contributing in photosynthesis (Zlobet al, 2015). According to those authors,
excessive Cr affects photosyrtilsesystem by targeting the Calvin cycle enzymes,
photosynthetic electron transport and thylakoid membrane. Therefore, gradual
decrease in the net photosynthetic rate can be observed in the plants treated with

higher concentration of Cr.

Different stratgies developed by plants agai@sttoxicity include chelation
of Cr with ligands, reduction of Cr(VI) to Cr(lll), compartmentation Gf in
vacuoles and activation of antioxidant enzymes (Shaeikat, 2005; Singhet al,
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2013; Dauckt al, 2014; Alietal., 2015;Prado,2016). Phytochelatins are among the
most important plant molecules involved in detoxification Gf in the plants
(Shankeret al, 2005; Singhet al, 2013). Phytochelatins bin@r and other heavy
metals in the cytosol followed by thesequestration into vacuoleSgudet al,
2022).

Enhanced synthesis of ROS and the regulation of antioxidant enzyme
activity for mitigation of Cr toxicity have been reported in plants Babidopsis
thaliana (Eleftheriouet al, 2015),Glycine maxBalasaraswathet al, 2017),0ryza
sativa(Yu et al, 2019) andTetrana gatarans€Usmanet al, 2019). The role oCr-
induced ROS in phytotoxicity was exhaustively reviewed by Praéhah (2017)
and Wakeelet al (2020) taking into account ROS synthesibge enzymatic
antioxidant system, lipid peroxidation, DNA damage and gene toxicity,
ultrastructural changes at the cellular and subcellular levels, and changes in plant
photosynthetic processe#éccording to those authorsCr alter the enzymatic
antioxidan system, which in turn trigger cytotoxic, genotoxic, ultrastructural, and

photosynthetic alterations in plants.

Chromium stress causes plants to produce ROS ke &hd Q, which are
indicators of lipid peroxidation and lead to an increase in MDA cdr(feandaet
al., 2003). According to Panda (2007), root cells of rice seedling undergo oxidative
stress resulting in the formation of ROS when exposed to Cr. This author further
stated that, membrane transporters like sulphate carriers are involved in the
translocation of Cr. The oxidative stress and generation of ROS in the isolated
chloroplasts oPisum sativunas a result of various concentrations of Cr toxicity has
been explained by Pandeyal (2009).

When exposed to Cr (lll) stres§€hamaemelum toile plants showed
increased accumulation of Cr mainly in the roots, which contained high
concentrations of ROS, nitric oxide and thiols. At higher concentration of Cr (lll),
SOD activity specifically was increased in the roots, while level #,FHhowed
irregular trend under different concentrations of Cr due to the altered activities of
various peroxidases K o v 8tlali, 2014). According to Sharmat al. (202), the
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reactive oxygen species (ROS) that are formed when Cr reacts with lipids,
membranes, DN, proteins, and carbohydrates and all are responsible for damage
caused by Cr. ROS regulate plant growth, programmed cell death (PCD), cell cycle,
pathogen defence, systemic communication, abiotic stress responses, and growth.
Plants accumulate Cr mostilgrough the root system, with very little movement to

the shoots.

Bioaccumulation of Cr is generallyccurredmainly in the roots due to the
spatial localization in the specific subcellular compartments in the roots (lforal
al., 1994,1995; Samantaraynd Das,1997). Pulfordet al. (2001), stated that Cr is
poorly translocated to aerial parts of the plant body and held predominating in the
root. Shankeet al (2005) reported characteristic Afbizia amaraas a potentiaCr
accumulator and recommenddtk tplant for phytoremediatioaf Cr. Distribution
and bioaccumulation o€d and Cr are reported to be speciggecific in Vigna
varieties (Ratheeshchandegal, 2010).

Amin et al (2019) reported that while conducting experiment with six
biofuel plantspeciesreported thatCyamopsis tetragonolob#&lycine maxAvena
sativg Abelmoschus esculentuSesamum indicurand Guizotia abyssinicawere
subjected to eight Cr concentrations (0.5, 2.5, 5, 10, 25, 50, 75 and 100'regilig
to investigate Cr toxity, tolerance and accumulation resulted in significant
reduction of chlorophyll content and seed germination. Accumulation of Cr was

higher in roots than shoot in all the studied plants.

Studies on genetic and transcriptional regulation of plants hawensthe
various detoxification genes get-tggulated and confer tolerance in plants under Cr
stress and the ability of the plant to withstand Cr toxicity by accumulating Cr inside
the plant has been recognized as one of the promising bioremediation sniethod

the Cr contaminated regis(Srivastaveaet al, 2021).

Soil microbial community plays a key role in governing Cr speciation and
behaviourin soil (Saleemet al, 2022). According to those authors, a number of
factors have been identified to influen€r toxicity on activated sludge, such as pH,

biomass concentration, presence of organic substances or other heavy metals,
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acclimation process, exposure time, etc. Inside plants, Cr provokes numerous
deleterious effects to several physiological, morphokllg and biochemical
processes. @omium induces phytotoxicity by interfering plant growth, nutrient
uptake and photosynthesis, inducing enhanced generation of reactive oxygen

species, causing lipid peroxidation and altering the antioxidant activities.
Copper (Cu)

Copper is an essential redagtive transition metal that is required for a
number of processes in plant growth and development, including the uptake,of CO
transport of electrons, cellular transportation, production of ATP in the
mitochondria,protein trafficking, and hormonsignaling (DemirevskaKepova et
al., 2004; Ferreiraet al, 2015; Taizet al, 2015). Several proteins and enzymes
involved in photosynthesis and respiration, such as plastocyanin, cytochrome c
oxidase, Cu/Zn superoxide disitase, polyphenol oxidase, laccase, and ascorbate

oxidase, depend on coppens to perform their activity (Burkhead al,, 2009).

Optimal concentration of Cu necessary for healthy plant growth and
development comparatively very low, while larger coniions are toxi¢Taiz et
al., 2015).Some plants develop resistance to heavy metals and thrive in soils with
Cu contamination. Thomaset al (1998), reported that thehalophyte
Mesembryanthemum crystallinusould cope up with high exogenous doses of Cu,
probably through the synthesis of osmoprotecting compounds. Copper
hyperaccumulators such @ommelina communiand Elsholtzia splendnshave
been identified as interesting candidates for phytoremediation of Cu contamination
(Wang and Zhon2011). Accorehg to Chaiet al. (2014),Spartina alternifloracan
withstand a certain amount of Cu stress by storing the majority of the metal in the
underground portions and havindgaaorablerelationship with Cu bioaccumulation

and detoxification.

Primary impacbf Cu toxicity istheabnormalities in roots such as disruption
of piliferous layer of root, reduced root hair proliferation to severe root deformation
(Sheldon and Menzies, 2009)kewise, the reduced root surface area induced by
Cu stress has a detrintehimpact on nutrient absorption (Kumat al, 2021).
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According to Liuet al (2014), root cell membrane degradation may lead to Cu
induced inhibition of root activities in maize seedlings. Toxicity symptoms includes
chlorosis and necrosis, as well asnging and inhibition of root and shoot growth
(Yruela, 2009; Cheret al, 2015; Junget al, 2015). Excessive Cu buildup causes
nutritional deficits and interferes with cellular respiration, nitrate reductase activity

and the catalytic cycle of peroxidaseplants (Martinst al, 2016).

ExcessCu in photosynthetic organisntause replacemenf magnesium in
chlorophylls, preventing energy transfer from chlorophylls to PSIl in low light, or it
directly blocks the PSII reaction ceatduring high light (Kipperet al, 2002;
Laporteet al, 2020). According to Kuppest al (2009), Cuinduced inhibition of
photosynthesis ilCrassula helmsiplants was due to the negative impact of Cu on
PSII reaction centers. There has been a significant decrease in pkioétisygas
exchange and chlorophyll fluorescence characteristics observed in the leaves of
Avicennia germinanandBruguiera cylindricaduring Cu stress (Gonzalétendoza
et al, 2013; Sruthi and Puthu2019).

Another important symptom is loss of leafea during the excess of Cu
resulting in lignin accumulation in the xylem, which leading to cell wall thickening
and hardening which cause a negative impact on cell development and leaf
expansion by reducing its elasticity (Kumetr al, 2021). MoreoverCu toxicity
results in oxidative stress in plants, owing to an increase in the generation of

extremely toxic and highly reactive free radicals of oxygen.

Since Cu is both an essential cofactor and a toxic elenmardlving a
complex network of metal traéking pathways, many mechanisms are adapted and
developed in plants to regulate Cu homeostasis in accordance with the level of Cu in
the environmentThese strategies prevent the metal from accumulating in its freely
reactive state (metal detoxificatiomtpbways) and ensure their proper targeting to
the specific metalloproteins (Yruel@p05). Redox cycling between Cand C3*
may produce extremely toxic hydroxyl radicals, causing significant lipid

peroxidation and membrane denaturation (Burktetad, 2009)
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Copper form complexes with organic and inorganic ligands in the soil
(manganese and iron oxides) through cation exchange, biosorption, adsorption, or
precipitation to reduce the amount of free metal ions @Cwal, 2017). Therefore,
the elementadistribution of Cu in the soil profile is greatly influenced by soll
organic matter with a higher negative charge and cation exchange capacity éZhang
al., 2020). At the soitoot interface in the rhizosphere, it has been observed that Cu
bioavailability has been associated to physical, chemical, and biological features
(Kumaret al, 2021).

Feil et al (2020) suggested th#te deliberate use of cupric fungicides has
led to the accumulation of copper Cu in soil, exceeding safety limits and causing
toxicity in plants. This study investigates the impact of different Cu concentrations
on plant growth, nutrient content, and phosphorus (P) uptake mechanisms in
cucumber plants. At high Cu concentrations.@bove 25 & M), t he shoc
growth resulted sinted and the P influx rate diminished. Furthermore, two P
transporter genes (i.e. CsPT1.4 and CsPT1.9) were upregulated at the highest Cu
concentration, albeit with different inductigmetics. Overall, these results confirm
that high Cu concentrationsamr limit the root acquisition of P, most likely via a

direct action on the uptake mechanisms (e.g. transporters).

Alves et al (2023) investigates the impact @u applications on the
oxidative and nitrogen metabolisms of tomato plants grown in orgamain@g
systems. The study examines the effect€w§praying andCu treatment in the root
substrate on various parameters such as AOX mechanisms, nitrogen use efficiency
(NUE), and enzyme activities. The results indicate that even small amouusrof
the rhizosphere an€u spraying can induce stress responses in tomato plants,
leading to changes in total ascorbate levels and a decrease in GS activity. These
findings suggest that excessivgu application could potentially be harmful in

organic horticultual production.

Patricia et al (2023) analysedthe effect of exces€u on chlorophyll
concentration and secondary metabolite profilkantana fucatdeaves, finding a

decrease in chlorophylls and key compounds in secondary metabolism, but an
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increasen phenolics, suggestingdefencestrategy againsCu exposure. Thus, the
presence of excess Cu in the soil may have triggered an increase in the amount of
reactive oxygen species in the plants, which that led to the synthesis of antioxidant
compounds, aa defence strategy.

Mercury (Hg)

Among metals,Hg is unique in that it occurs in different physical and
chemical forms in the environment. In well oxygenated soil, predominant Hg
species are soluble HgCHg (OH)CI, and HgOH), (Schuster1991). Accordng to
Heatonet al (2005) in the soilHg occurs in different forms, the electrochemically
uncharged or volatile Hg, the mercuric ion {Hgwhich predominates in mariyg
contaminated soils and the methylated or methyl mercury (MeHg) that is
bioconcentratd in plants. The high solubility in water and easiness with which Hg
shifts to the gaseous phase are the two of most important propertites Biven
trace quantity of Hg, a neressential metaimposesdetrimental effects on plant
growth and developmerithe high level of Hf is strongly phytotoxic to cells and
induces visible physiological disorders (Led®81; Orcutt and Nilser2000; Cseh,
2002; Ortega&Villasante et al, 2005; Zhouet al, 2007). According to Kabata
Pendias, (201) the maximum allowale concentration of Hg in the soil is &5
mg/kg.

Toxicity of Hg has been reported in many plants and even in very low
concentrations it causes hazards to plant growth (Sandmann and BiffsrKagi
and Hapke,1984; Deet al, 1985). Various forms of rgwth retardation and
physiological changes have been reported in plantdidpytoxicity. In Cyperus
rotundusand Chloris barbataroot growth inhibition occurred due tdg treatment
and the rate of inhibition was increased with the increase in concentoétidg
(Lenkaet al., 1993).

Shekaret al (2011) studied the effect of Hg on growth and yielofanum
lycopersicumplants and it was noticed that at a lower concentration of Hg, plants
showed an enhanced percentage of germination, plant height,ergih,| early
flowering, more pollen viability and increase in chlorophyll content.
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Sahuet al (2012) reported that Hge&( 2. 5 € M) caused an i ncr
protein contents in roots and leavesToiticum aestivumand the increase in total
protein pod under Hg stress was presumed as one ofrtbehanism®f tolerating
Hg stress. InVigna radiatg exposure to Hg cause ultrastructural deformities such
as; the deformation of nodule structure, breakdown of spongy parenchyma cells and
decrease in intercellar spaces (Mondat al, 2015). MarrugeNegreteet al (2016)
investigated the effect of Hg on tBatropha curcaglants in hydroponic cultures
fortified with different Hg concentrations and reported a reduction in biomass with

stunted growth and paatior complete inhibition of photosynthesis.

It has been suggested thdg is phytotoxic and the toxicity is due to its
strong affinity to acidic and thiol groups of proteins and nucleotides, thus interfering
with the function of metabolites/organelleseiMury forms stable complexes with a
variety of organic ligands and has exceptional affinity for sulfhydryl groups of
proteins (Falchulet al, 1977 Nath et al, 1993). According to Jain and Puranik
(1993) inZea mayspne of the mechanisms by whiktg exerts the toxic effects is
by interaction with essentidlSH group of enzymes and structural proteins and
another impact of Hg is, it competes with other metals su€@uas Zn within the
cell (Marschner1983).

Mercury is, an inhibitor of enzymes and f@ios in biological systems and
all Hg compounds are highly toxic to plants in general and aquatic plants in
particular (De Fillippis,1979; Baker and Walkerl989; Reed and Gadd990).
Increased synthesis of malondialdehyde in plants treatedHgitlvasreported due
to the inhibition of enzymes of photosynthetic carbon reduction cycle (Van Assche
and Clijsters,1990; Shaw1995)

Maitani et al (1996) observed a reduction in the relative root elongation of
Rubia tinctoriumwh en tr eat e d ?. Wiadah andl Prasa@98A) gand
Parmeret al (2002) in Phaseolusseedlings have reported decline of chlorophyll
content due taddg toxicity and according to them the decline of which is linked to
the photosynthetic productivity. According to Prasadl (1991 Hg has got direct

effect on photosynthetic electron transport causing generation of singlet of oxygen
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and superoxide radical®2haseolus arvenswhen exposed to mercuric chloride
showed enhanced lipid peroxidation and activities of antioxidant enzyaadase,

guaicol peroxidase and ascorbate peroxidase (SI88%).

Translocation and accumulationtdfy are very feeble in plants and no plants
have been reported as hyperaccumulator of this element (H¥0§; Raskin and
Ensley, 2000). According to tee authors, transgenic plantsAsibidopsis thaliana
are known to accumulatdg. An investigation conducted dBerkheya coddiand
Atriplex cansescengevealed elevateHg translocation and accumulation (Moreno
et al, 2004), according to whom there igatential for inducedHg accumulation
enabling phytoremediation in those plants. Moregtoal (2005) carried out
experiments onBrassica junceain plant growth chambers to investigakég
accumulation and volatilization and estimatéd concentration in lsoot and root
and volatilization rate and suggested that, volatilization is a dominant pathway for
Hg removal from the accumulator plant parts. Based on the experimental studies in
Brassica juncea Moreno et al (2005) concluded that this plant exhibits
phytofiltration potential ofHg from waste water, contaminated witg and loss of
Hg from the plantsoil system occurs by accumulation and volatilizatidaolla

corolimianawas also reported as an accumulatddgi{Bennicelliet al, 2004).

According b VelasceAlinsug et al (2005), specifidHg binding peptides are
present inChromaleana odoratéreated withHg. Detection by using HPLC studies
revealed that these proteins contain a series of five to nine cysteine residues
repeatedly attached to the tpohain ofHg-binding peptidesAtriplex conodocarpa
and Australodanthonia caespitosshow potential forHg phytoextraction inHg-
contaminated biosolids due to their ability to transloddgefrom roots to abowve

ground tissues (Lomontt al, 2010).

Aquatic plants such agichhornia crassipesPistia stratiotcs Scirpus
taebernaemontarand Colocasia esculentare capable of removingg from water
(Skinneret al, 2007). According to those authors, the higher the concentration of
Hg in water, the greatehe amount oHg removed by the plants. The rootsRigtia

exhibited the largest uptake and accumulation potential over all plants followed by
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Eichhornia, Colocasia and ScirpusRoots of theseplants showed moreHg
accumulation because roots are the ophant structure submerged in the
experimental water, containirtgg and those authors opined that storagéigfin

the roots may be a strategy of exclusion since roots are usually at the base of the
plants (Skinneret al, 2007). Velasc@linsug et al (2005) further reportedC.
odorataas an accumulator ¢filg and hence this plant has been recommended for
phytoremediation technology since the accumuldtgdcontent form an insoluble

Hg binding protein, cinnabar. The ability of the plant to accumulate ajaeseate

Hgis primarily attributed to the production of Hg binding proteins.

Mercury heavy metal pollution significantly inhibits water hyacinth growth
and causes genotoxic alterations in the plant's DNA, making it a useful molecular
marker for detectig genotoxic effects of pollution (Malat al, 2014). There was a
positive correlation between heavy metal dose and superoxide dismutase, catalase,
and peroxidase antioxidative enzyme activities which could be used as biomarkers

to monitor pollution inEichhornia crassipes

Azevedoet al (2018) determined the extent of H#tgluced cytotoxicity and
genotoxicity, inPisum sativunL. The results showed the cytostatic effects which
delayed $hase at lower doses and arrests at G1 at higher concentratiunthad
decrease of mitotic index and cell proliferation index. According to those authors,
DNA fragmentation, strand breakage, clastogenic parameter and micronuclei also
were observed at higher concentration in roots. This study clearly indicates that Hg

disrupt the cell cycle of the plants and may cause genetic variations.

Marigold and Amaranthusoots can accumulate relatively higheg levels
in contaminated soils, making them suitable for -fmod chain crops inHg-
contaminated soils (Sindug al, 2018).Four different concentrations &fg were
spiked to a soil along with control. Relatively higher amount of Hg was found
accumul ating in the/gr)ooatnsd oAfmaMaag)idgdaulsd ((33 .33
the plants did not express any visual symptom®xicity. Regarding the partition

of Hg in different plant parts, it ranked in the order of roots > shoots > leaves.
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RodriguezAlonso et al (2019) reported thatHg exposure in holm oak
seedlings has no overall detrimental effects, but root morphasogodified, with
Hg accumulation varying based on time, organ, and treatment ddben
comparing Hg builelip in the different organs, highest concentrations of the metal
were detected in the roots, followed by the leaves and stems. The Hg accumulation
patern was positively correlated with time and Hg dose, whereas negative

correlation was observed with growth stage.

Exogenous salicylic acid in lemon balm plants mitigdtgdoxicity through
coordinated alternations in plant metabolic processes, prgvidsights intoHg
tolerance mechanisms (Safat al, 2019). Their results collectively indicate the
ameliorative effects of exogenous SA iAg toxicity through coordinated
alternations in plant metabolic processes which provide insights to bettertanders

mechanisms of Hg tolerance in lemon balm plant.

According to Kumariet al (2020), the detailed application of whatell
biosensor, nanotechnology, phytoremediation, pdaststed microbial remediation
and significance of modern biotechnologicakheiques such as transposon
mediated Irsitu molecular breedinfpr effective removal oHg indicates the recent

developments in environmentdg bioremediation.

Fischer and Brodziakopierala (2022) reported no statistically significant
differences in lte concentration of Hg among the different spice plants. However,
there were statistically significant differences when comparing samples of spices
purchased in stores and those grown independently. The Hg content -in self
cultivated herbs may be influencég growing conditions and species variability.
The highest concentration of Hg was found in peppermint, with 9.39 pg/kg.

The translocation of Hg from roots to shoots and grains is generally low, and
the different Selenium species used for biofortifiaatiofluence the accumulation
and translocation of Hg. The interaction of Se species with Hg at the root is not
simply additive, suggesting the importance of species formation in the translocation
process (Manivannaet al, 2023). The study investigatesetispeciation of Hg in
wheat plants grown under different-Befortification treatments and finds that the
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1:1 Se mixture treatment helps reduce Hg levels and the presence of toxic

methylmercury in grains.
Coleus amboinicus

Coleus, one of the most commaomedicinal plants, used to treat various
ailments.Disorders of the digestive system are treated using 21 spediadenfs
Coleus amboinicuss the most frequently used species and is used to treat a wide
variety of digestive problems. This species isdue treat stomach pain, nausea,
vomiting, diarrhoea, mouth and throat infections and is used as purgatives,
carminatives and as antihelmintics. For instari@eleus amboinicuss popular in
the treatment of dyspepsia, indigestion, diarrhoea and as anasivmiin India and
Africa (Morton, 1992; GurikFakimet al, 1996; Jain and Lata, 1996).

Coleus amboinicugs the most frequently cited species for the treatment of
burns, wounds, sores, insect bites and allergies. It is used in Brazil for the treatment
of skin ulcerations caused lhyishmania braziliensi@rancaet al, 1996). It is also
used to treat burns and as a poultice for centipedes and scorpion bites in Malay
(Morton, 1992). In India, the juice of the leaves is used to treat skin allergies
(Harsha et al, 2003).Coleus amboinicuss also frequently cited in the treatment of
chronic coughs, asthma, bronchitis and sore throat in India and the Carribean
(Morton, 1992; Jain and Lata, 1996), and in Cuba it is used to treat catarrhal
infections and astha (Castillo and Gonzalez, 1999; Cano and Volpato, 2004). The
leaves ofColeus amboinicuiave been found to have bronchodilator activity in

guinea pig and antlycobacterium tuberculosis activity (Carbagalal., 1991).

Coleus amboinicus important inAsia and South America for the treatment
of fevers (Morton, 1992; Harshet al, 20B) and as a cure of cholera in Rodrigues
(Gurib-Fakim et al, 1996). It also has antimicrobial activity (Be$ al, 1983;
Castillo and Gonzalez, 1999) and is reportedh&we antiviral activity against
Herpes simplex virugd (Hattori et al, 1995) and amHIV inhibition activity
(Kusumotoet al, 1995). The leaves are frequently utilized in the treatment of
urinary diseases in the Amazon and India (Jain and Lata, 199@ndmsimhan,
2000). This species is also reported to relieve kidney troubles, treat vaginal
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discharges and is drunk after childbirth (Morton, 19@)leus amboinicus used

for treating stiff neck and backach&ithinji, 1990; Githinji and Kokwaro, 19). It

is used in the Caribbean, to treat congestive heart failure (Morton, 1992). It is
prescribed in cases of epilepsy and convulsions (Morton, 1@23fillo and
Gonzalez, 1999) and meningitis (Neuwinger, 2000). Speci€slefusare also used

to treatsensory disorders associated with ear and eye problems. For ex@oiples
amboinicusseed oil isused in thetreatmentof acute edematous otitis acuta in
Polynesia, whereas in India its leaves are rubbed onto the eyes to alleviate

conjunctivitis (Morton,1992).

A number of species includinoleus amboinicyshave cytotoxic and anti
tumour promoting activity and can be used in the treatment of céBbakuniet
al., 1969) Coleus amboinicutave been used against snakebites in India, Gabon
and Kenya(Yoganarasimhan, 2000l is used to prevent or alleviate inflammation
(Kuebel and Tucker, 19881orton, 1992;Prudentet al, 1995 Chifundera, 2001).

The leaves o€oleus amboinicus used in food stuffings, for flavouring and
marinating beef and chickdiuebel and Tucker, 1988; Bodner and Gereau, 1988;
Brown, 1997), to mask odor of strong smells associated with goat, fish and shellfish
(Morton, 1992) and to spice dishes containing tomato sauces. The leaves are
sometimes eaten raw with bread and butter ianindia, they may be added to beer
and wine (Morton, 1992).

Coleus amboinicufias scented leaves and these are often rubbed into the
hair and body after bathing (Morton, 1992). In the Amazon, the leaves are mixed
with sugar and used as an intoxicantifJand Lata, 1996), while in Tonga and
Martinique the leaves are used in the cleaning of textiles to perfume them (Prudent
et al, 1995). It is also used as insect repellants (Pruateait 1995).

This herb has the ability to prevent or decrease theofisifection and its
complications in diabetic patients (Warriner and Burr2005). Application of a
paste prepared using@. amboinicusshowed an enhanced wound healing ability by
immunestimulation in diseased giant murrels (Sunigtaal, 2010). Likevise, C.

amboinicudeaves and root derived paste (10%) has been shown to exhibit thorough
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epithelialization on the excision wound in albino rats after 12 days of application
(Jainet al, 2012). The use of polyherbal suspension prepared €ommboinics

and Punica granatumwas shown to exhibit good wound healing properties in
laboratory mice (Sonet al., 2011). Further, ethanolic extract @f. amboinicus
reduced the wound area by up to 76.6% in diabetic mice induced by monosodium
glutamate. It was obseed that the plant extract promoted wound healing by
increased wound contraction, enhancing collagen deposition and reducing the
wound epithelialization period (Munianayal., 2014).

In Africa, C. amboinicusis used as a remedy for headaches (De Padua,
1988). The aqueous extract ©f amboinicudeaves showed an analgesic and-anti
inflammatory property, mainly modulated by controlling inhibition of
proinflammatory mediators (Chest al., 2014). It is also used to treat musculo
skeletal conditions suclsa stiff neck and backache (Githinji,1993).

Senthilkumar and Venkatesalu (2010) reported the possible uge. of
amboinicusessential oil as a lowost ecefriendly resource for inhibiting the
malarial vector mosquito population. Likewise, Line al (2011) reported
larvicidal activity of the essential oil . ambonicusagainst the mosquitcAgdes
aegypt) which is a chief vector of dengue, yellow fever and deritagamorrhagic
fever. In another study, the essential oilGf amboinicusvas shown to acas a
good larvicidal agent against the mosquitappheles gambiaafter 48 h (Vermaet
al., 2012).

In an investigation by Baranitharaet al (2014), the highest larvicidal
activity againstAedes aegyptAnopheles stephenandCulex quinquefasciatusas
found in the ethyl acetate leaf extractsGofamboinicusMore recently, Jayaraman
et al (2015) have reported the larvicidal potential of different solvent extra€s of
amboinicusleaves againsf\edes aegyptiCulex quinquefasciatysand Anopheles
stephensi C. amboinicuszinc oxide nanoparticles (PadnO NPs) showed 100%
mortality of fourth instar mosquito larvae ofAnopheles stephensiCulex
quinquefasciatugand Culex tritaeniorhynchust the concentration of 8 and 10 g/

mL.
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In India, the juice ofte leaves is used to treat skin allergies (Haetlzd.,
2003). It is also used to treat burns in Asian regions (Jain andll9®&@). When the
leaf paste is baked on a flame and applied to cuts or burns, it acts as an antiseptic
and promotes healing (Bhet al, 2012). Essential oil of. amboinicuslso inhibits
the growth of dandruf€ausing fungudlalassezia furfurand was tested using the
agar diffusion method and compared against Ketaconaasked shampoo as the
standard (Selvakumat al, 2012).

Recently the effect of salinity stress on this plant was studied by Kotagiri and
Kolluru (2017). They could find that aoleusspecies showed a decrease in their
growth and physiology during their exposure to the salinity stress expect two species
namey, Coleusaromaticusand Coleusamboinicushave shown better tolerance to
the salinity stress with respect to their morphology, carbohydrate content, decreased
water potentials and water uptake capacity. Thus, they were regarded as salt tolerant.
Another sudy on Coleus aromaticus done by Kumari and Prasad (2014) for
analysing the effect of UAB Pretreatment on essential oil composition and
secondary metabolites, which revealed that the former being stressful to other plants
have enhanced the level of sedary metabolism in this medicinal plant by

nourishing its nutrient or medicinal value.

The effect of water stress on the physiology and biochemistry of two
differentColeusspeciesvere studiedColeus forskholiandColeusamboinicus The
studyimposeddrought stress by withholding water supply until leaf water potentials
reached specific levels. The study found marked variations in the antioxidative
defencesystem and osmolyte accumulation between the two species,Guith
amboinicusshowing greater totance to drought stress comparedCtoforskholii
(ChaitanyaandPrathyusha2019).

Secondarymetabolites

Secondarynetaboliteshavebeenanalysedandscreenedn severaimedicinal
plantssuchasErythrina sandwicensi¢Saiduetal., 2000),Euphorbia kansi (Yu et

al., 2005), Helichrysum(AliyangoroandOkoh, 2010),Artimesia princepgRyu et
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al., 2011), Acanthes ilicifoliusgingh and Aeri,2013), Breynia distich&Abid and
Touquer, 2015), Moringa oliffera (Igwe et al, 2015),
Clerodendrumnerma(Thilagawathietal., 2015), strobilanthes alternata
(Devarajan 2023) and Ricinus commun{Sameena2022). The identification and
estimation of bioactive secondary metabolites of plants in general, and medicinal

plants in particular, are the focus of almost aleistigations using G®S.

Essential oil ofColetls amboinicudeaves is particularly rich in phenolic
monoterpenes such as Thymol and Carvacrol, which are speculated to exert various
pharmacological properties (Lukhobtal., 2006; Can Baseat al, 2008;Rosharet
al., 2010; Khareet al, 2011). The volatile constituents @. amboinicusleaves
extracted with head space solid phase microextractiorSIPI8E) analysed using
GC-MS and electron impact ionization method revealed the presence of Linanol as

themajor component (Rowt al, 2012; Asiimweet al.,2014).

The chemical constituents &@. amboinicusessential oil differed with the
collected samples from diverse geographical places, environmental factors and
different seasons. In Indi&. amboinicusessential oil was reported to possess
volatiles such as Carvacrol (43.1%), Thymol (7.2%), Eugenol (6.4%), Chavicol
(5.3%) and Esalicylate (3.2%) (Dutta.,1959)Baslas and Kumar (1981) reported
that the constituents observed twem areThymol (41.30%),Carvacrol (13.25%),
18Ci neol e (5. 45%) , -Earygphyllend (4.20%)Acéoddg to a n d
Singhet al (2002), the compounds eugenol and methyl eugenol were first detected

in C. amboinicu®il from Andhra Pradesh.

Likewise, analysis of essentiall obtained from wildC. amboinicusplants
in Bangalore, India showed the presence of 36 compounds (Mallavatagly
1999). They reported that the quality of essential oil will be superior when collected
during September. The oil content was found ¢ohigher in the plants harvested
during September in comparison to the plants harvested during MayMS5&udy

carried out by Rojaet al (2006) to identify the chemical constituents ©f
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amboinicusoil from the leaves of the tissue culture plants, itnowoot cultures as
well as parent plants revealed that the presence of similar volatile constituents,
though the parent plants and root cultures contained 21 compounds in comparison to

the only 15 compounds noticed in the tissue culture plants.
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Choice of the plant

Coleus amboinicukour. Previously named d&lectranthusamboinicuswas
selected for the present investigation. The twigs approximately 15 cm length-with 4
5 pairs of fully opened leaves were collected and cultivetede Botanical garden
of SNGS College Pattambi.

Earthen pots half filled with potting mixture were used for cultivation.
Cuttings were planted and irrigated with water and maintained under greenhouse
condition. Twigs were collected from most profusetgwing plants. Healthy plants
were maintained for the availability of planting materials throughout the period of

experimentation.
Nutrient culture studies

Healthy cuttings of 120 cm length consisting of -8 nodes and
approximately 4 pairs of unfoldee&dves were selected for culture studies under
Hoagland nutrient medium. Twigs were grown in water for root initiation. After 12
15 days, rooted propagules with54roots were transferred to Hoagland medium
artificially contaminated with known quantities & (AICl3), Cr (K.Cr,O;), Hg
(HgCl) and Cu (CuSgbH,0)

Chemicals

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

Composition and preparation of nutrient solution

Modified Hoagland solution prepared according fmst€in (1972) was used
for hydroponic study (Tabl&). The stock solution of each nutrient was prepared

separately and appropriate volume of each was mixed together to make up the final
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volume and concentration of the nutrient solution. pH of the solwamadjusted to
6.8 using 0.1 N HCI or NaOH.

Table 1 Composition of nutrient solution (modified Hoagland solution) used in the
present study.

Molecular Concentration of stock Volume of
Compounds weight solution stock/L of
g/mol mM g/L final solution
Macronutrients
KNO3 101.10 1000 101.0 6.0
Ca(NG),.4H,0 236.16 1000 236.16 4.0
NH,4CI 53.49 1000 53.49 2.0
Mg(NOs),.6H,O 256.41 1000 256.41 1.0
Micronutrients
KCI 74.55 25 1.864 2.0
H3BO3 61.83 12.5 0.773 2.0
ZnSQ,.7H,0O 287.54 1.0 0.288 2.0
MnSOy.H,O 169.01 1.0 0.169 2.0
CuSQ.5H,0 249.68 0.25 0.062 2.0
H>MoO, 161.97 0.25 0.04 2.0
NaFeEDTA 558.50 53.7 30.0 0.3

Treatment with heavy metals

Heavy metals selected for the study inclatleminium @l), chromium(Cr),
copper (Cu) and mercury(Hg). For the standardization of heavy metal
concentrations that induce toxicity symptoms so as to impart about 50% growth
retardation, rooted cuttings were grown in different concentrations of aluminium
chloride (AICk), potassium dichromate ¢Kr,O;), copper slphate (CuSGbH,0)
and mercuric chloride (Hggl The concentrations of metal salts in which the rooted
propagules ofC. amboinicussurvived but exhibited approximately 50% growth

retardation were selected are given in Table Il
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Table 2
Concentration of ®lected heavy metals used in study
Name of Name and formula of | Molecular mass | Concentration (LM)
metal metal salt of the salt selected
Aluminium Aluminium chloride 133.34 500
(AD (AICI5)
Chromium Potassium dichromate 294.19 150
(Cr) (K2Cr0y)
Copper Copper sulphate 249.68 80
(Cu) (CuSQ 5H,0)
Mercury (Hg) | Mercuric chloride (Hg 271.5 10
Clp)

Treatment with heavy metals

One Molar stock solution of heavy metal salid, Cr, Hg and Cu were

prepared and required dilutions were made. The optimal coatiens were

determined by triand-error method. Rooted propagules were grown in different

concentrations such as

Aluminium chloridei 500 M

Potassium dichromat&50 uM

Mercuric chloride 10 uM

Copper sulphate80 uM

Experimental setup

Fifty mL of each of the solution was taken in glass culture tube of 25x150

mm size. Rooted propagules (1 number) were planted in one culture tube containing
50 mL of Hoagland solution to which the heavy metal solutions were added to
obtain the final standardized camirations as given in Table 2. The hydroponic
system was maintained under greenhouse conditions. Plants grown in Hoagland

solution without any heavy metal salt served as the control.
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Sampling

Cultured plants of treatments and control were sampled apamaile
intervals of 4 days up to 20 days of growth. At each interval (0, 4, 8, 12, 16 and 20

days), a minimum of five plants in each treatment were sampled.
Morphological measurements

Growth of plants were assessed in terms of root length, shoot Emdjtbaf

area.
Root, shoot length and leaf area

The sampled propagules were taken for the measurements of root and shoot
length and leaf area was measured manually, using a graduated scale. Measurements
of not less than five propagules each were recbreaf area measurements were
made using fully grown leaves Isketching the outline of the leaf on graph paper
and measured the leaf area.

Tolerance index percentage

Tolerance Index percentage was calculated according to the method of
Turner 1994).

Observed value of root length in solution withetal

= 3100
Observed value of root length in solution wititametal

Stomatal index

Stomatal density on abaxial and adaxial sides of the leaf was counted
under a light microscope, by using nailpolish impressions of leaf surface. Stomatal

index was calcuculated accordinghe method of Meidner and Mansfield (1968)

Number of stomata per unit area
Number of stomatat number of epidermal cells peit area

Stomatalindex 3 1C
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Anatomical studies

Root, stem and leaves of control as well as treated plant parts were collected
on 20" day and fixed in FAA (100 mL FAA contains 10 mL formalin, 5 mL acetic
acid, ® mL alcohol and 35 mL distilled water). Frbeand cross sections of root,
stem and leaves were taken and stained with toluidine blue according to Khasim
(2002). Photomicrographs were taken using compound microscope (LEICA
DM2000 LED microscope attachedttviLEICA DMC4500 camera).

Scanning Electron Microscopy (SEM) and EnergyDispersive Xray (EDX)
Analysis

The anatomical studies of root, stem, and leaveS.amboinicuscuttings
sampled on 20 day of treatment were evaluated using field emission scgnnin
electron microscope (FESEM). Freand sections of samples were fixed in 2.5%
glutaraldehyde, prepared in 0.1 M phosphate buffer (pH 6.9). The sections were
dehydrated by passing through ascending acetone series. Then the samples were
dehydrated using @ical Point Dryer (Quorum K850, Houston, Texas). Dried
specimens were mounted on aluminium stubs using double side adhesive conducting
carbon tapes and further subjected to gmtadium coating for 60 sec using
Sputter Coater (Quorum SC7626, HoustonxaBg. Photomicrographs were taken

using field emission scanning electron microscope.

Quantitative compositional analysis of metals of treatment and other
essential elements in the tissues of root, stem, and leawgs arhboinicuswere
evaluated using FEHSV attached with Energy Dispersive-rdy spectroscope
(Ametek EDAX Octane Plus, New Jersey, USA).

Leaf micromorphological characters

Micromorphology of stomata and trichomes ©f amboinicusleaves was
evaluated using scanning electron microscope (SEM)Ood of exposure to heavy
metals. The leaf cuttings of different treatments and control were fixed in 2.5%
glutaraldehyde, prepared in 0.1M phosphate buffer (pH 6.9). The specimens were

dehydrated by passing through ascending concentration of acetorse Fkar the
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samples were dehydrated using Critical Point Dryer (Quorum K850, Houston,
Texas). Dried specimens were mounted on aluminium stubs using double side
adhesive conducting carbon tapes and further subjected tepajtddium coating

for 60 sec wusig Sputter Coater (Quorum SC7626, Houston, Texas).
Photomicrographs were taken using field emission scanning electron microscope
(FESEM CanrZeiss Gemini 300, Jena, Germany).

Physiological Parameters
Sampling

Samples for the physiological/biochemical stgdieas done at an interval of
four days (4, 8, 12, 16 and 2@ays) of growth. A minimum of ten plants were
harvested randomly from each treatment, washed thoroughly in distilled water and
blotted to dryness. For biochemical analyses, root, stem and leawedividual
plants were cut and pooled together, randomized and kept separately. From the
randomized samples of each component ie, root, stem and leaf. Samples for each

biochemical analysis were weighed in triplicate immediately after cutting.
Dry weight

Separate samples of root stem and leaves were weighed-invg@ghed
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 h followed by at
60° C. Dry weightof 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.

Dry weight

—2 = 3 1
Fresh weight

Dry weight percentage=

Total chlorophyll and carotenoid contents

Leaf pgments such as total chlorophyll and carotenoid contents were
estimated according to the methods of Arnon (1949) and Lichtenthaler and
Wellburnn (1983) respectively. Fifty milligrams of fresh leaf sample were weighed

using electronic balance and ground8i acetone using prechilled glass mortar
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and pestle. The homogenate was centrifuged at 5000 rpm for 10 min at 4°C using a
refrigerated centrifuge (Sorvall legend X1R, ThermoFisher Scientific, India) and the
supernatant was collected. The residue wasextracted with 80% acetone and
centrifuged. The process was repeated until the pellet became colourless. The final
volume of the pooled supernatant was noted, and the absorbance was recorded at
646, 663, 750 and 470 nm against the solvent blank (80% aceising) U\V-VIS
spectrophotometer (Shimadzu Corp A12425780917). Total chloropl@fis & +

Chl b) and carotenoids present in the extract was calculated as micrograms of the

pigments per gram fresh weight using the following formula,

20. 12(A646'A750) +8-02(A663'A750)
Fresh weigt of thesample

Chlorophyll a+ b = xvolume

1000(A ,,o +3.27(Chla-Chlb)
Fresh welgt of thesamplex229

Carotenoids = xvolume

12.69(Ares~A 750 - 2-69(Asa6~Ass0) xvolume

Chlorophyll a =
Fresh weigt of thesample

Chlorophyll b = 22.9(Ass6~ A 750) -4.68(Ase5- A 750) xvolume

Fresh welgt of thesample

Where,
A663 - Absorbance at 663 nm
AG45 - Absorbance at 645 nm
Primary Metabolites
Total soluble sugar coment

Total soluble sugar content was estimated using pfsrphuric acid
method (Duboi®t al, 1956).

Extraction: five hundred mg plant samples were homogenized in 5 mL of 80%
(v/v) ethanol using prehilled glass mortar and pestle. The homogenate was

refluxed for 23 hours on a water bath after cooling, centrifuged at 20000 rpm for 10
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min, and the supernatant was collected. The pellet waxtracted using 80%

ethanol and after centrifugation, the supernatant was collected. The combined
supernatant weaevaporated to dryness over a boiling water bath and eluted in 4 mL
double distilled water and cleared by centrifugation. The supernatant was used for

the estimation of total soluble sugars.

Estimation: Estimation of sugar was done according to Montgom@ms7).
Suitable aliquat were taken and the volume was made up to 1 mL using double
distilled water. To this 0. mL 80% (w/v) phenol was added and shaken well. Five
mL of concentrated sulphuric acid was added quickly from a burette and allowed to
cool. After cooling, the optical density of the solution was measured at 490 nm using
a spectrophotometer (Shimadzu Corp A1242578091%lubose was used as the

standard.
Analysis of Starch

Extraction: The method of Pucheat al. (1948) described by Whelan (195&as
used to determine the starch content of samples.

Two hundred milligram of tissue in duplicate was weighed and homogenized
in a glass mortar and pestle by adding 30% prechilled perchloric acid. The
homogenate was centrifuged for five minutes and tipersiatant was collected. The
residue was rextracted six times with 30% perchloric acid to ensure the complete
extraction of starch. The supernatants were pooled and the volume of the combined

extract was noted.

A known volume of the extract was pipettand an equal volume of the
freshly prepared iodine potassium iodide reagent was added and thoroughly mixed.
After 10 minutes, it was centrifuged for 10 minutes and the supernatant was
decanted. The precipitate was washed with alcoholic sodium chlorigigosacto
remove the excess iodine potassium iodide reagent. After centrifugation, the blue
precipitate obtained was treated with alcoholic sodium hydroxide solution till blue
colour was completely discharged. It was then centrifuged and washed again with

alcoholic sodium chloride solution to remove liberated iodine. The precipitate was
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dissolved in a known quantity of 10% (v/v) sulphuric acid by heating in a boiling

water bath, cooled and centrifuged for 10 minutes.

Estimation: Estimation of starch was denaccording to Montgomery (1957).
Suitable aliquot was taken and the volume was made up to 1 mL using double
distilled water. To this 0. mL 80% (w/v) phenol was added and shaken well. Five
milliliter of concentrated sulphuric acid was added quickly franburette and
allowed to cool. The optical density of the solution was measured at 540 nm using a
spectrophotometer (Shimadzu Corp A12425780917). Soluble starch was used as
standard.

Estimation of total free aminoacids

Total free aminoacids was estimatezt@ding to the method of Lee and
Takahashi (1966).

Extraction: one gram of fresh tissue was homogenized in 80% alcohol using a clean
glass mortar and pestle. The homogenate was transferred to a round bottomed flask
fitted with vertical condenserand reflxed on a boiling water bath for 2 hours,
centrifuged and the supernatant was collected. The residue veagraeted with

80% alcohol and after each centrifugation the supernatant was combined with the
original supernatant. The combined supernatant wasewa@porated to dryness over

a boiling water bath (&), eluted using a known quantity of 6% Isopropanol. This

extract was used for the estimation of total free aragids using ninhydrin reagent.

Estimation: To 0.2 mL of the sample, 3.8 mL of Ninhydi@itrateGlycerol
mixture was added. After shaking well, the mixture was heated in a boiling water
bath for 10 minutes and cooled to room temperature, by keeping under tap water.
Within 1 hour, the optical density of the resultant solution was measuba atm

using a spectrophotometer (Shimadzu Corp A12425780917).

The reagent blank was prepared by mixing 0.2 mL water and 3.8 mL

ninhydrin-citrate-glycerol. Glycine was used as the standard.
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Estimation of total protein

Total protein ofC. amboinicussamplesestimated according to the method of

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

Extraction: Two hundred milligram each of root, stem and leaves from the
randomized samples of each treatment and control were weighe@tegparhe
weighed tissues were homogenized in b of phosphate buffer (pH 7) using pre
chilled glass mortar and pestle. A known volume of the homogenate was pipetted in
a centrifuge tube and equal volume of 10% trichloroacetic acid (w/v) was added and
kept in a refrigerator for 1 h for flocculation. The protein precipitate was collected
by centrifugation for 10 min. The supernatant was decanted off and the residue was
washed twice with cold 2% trichloroacetic acid (w/v) and centrifuged. The
precipitants were washed with diethyl ether, 30% perchloric acid (v/v) and 80%
acetone (v/v) in order to remove lipids, starch and pigments respectively. The pellet
was digested with 5 mof 0.1N NaOH and boiled for 5 min in water bath, cooled
and centrifuged. The supettant was transferred to test tubes and used for protein

estimation.
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: Prepared by mixing 50 mand 1
mL of B reagents prior to use.

D- 1N FolinCiocalteau reagent

Suitable aliquots were taken in duplicates from each extract. Volume was
made up to 1 mL with double distilled water. Then b ofi reagent C was added to
each tube, mixed well and kept abno temperature for 10 min, and 0.5 mL 1N

Folin-Ciocalteau reagent was added and mixed immediately. The tubes were kept
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for 30 min in dark for colour development. Absorbance was read at 700 nm using a
spectrophotometer (Shimadzu Corp A124257 80917)

Proline

Proline content of the plant parts was estimated according to the method of
Bateset al (1973).

Extraction: Onegram fresh tissue each of sample such as root, stem and leaves
each of the experimental and control plants was homogenized in 10 mL of 5%
agueus sulfosalicylic acid using a clean glass mortar and pestle. The homogenate
was transferred to centrifuge tubes and centrifuged for 10 min and the supernatant

was collected and estimation of proline was done using acid ninhydrin.
Preparation of acid nirydrin:

Acid ninhydrin was prepared by dissolving 1.25 g of ninhydrin in a mixture
of 30 mL of glacial acetic acid and 20 mL of 6M orthophosphoric acid.

Estimation: From the supernatant, 2 mL was taken in test tubes and equal volume
of glacial acetic acicand ninhydrin were added. The tubes were then heated in a
boiling water bath for one hour and then the reaction was terminated by placing the
tubes in ice bath. After colour development, 4 mL of toluene was added to the
reaction mixture and stirred webif 20-30 seconds. Then the chromophoric toluene
layer was separated carefully using a micropipette and brought to room temperature.
The colour intensity of the solution was measured at 520 nm using
spectrophotometer (Shimadzu Corp A124257 8091#)rdline was used as the

standard.
Secondary Metabolites
Total phenolics content

The estimation of total phenolics content was carried out according to the

method of Folin and Denis (1915) using Fetincalteu reagent.

Extraction: One hundred milligram of fréstissue was weighed and homogenized

in 5 mL of 80% ethanol using pahilled mortar and pestle. The homogenate was
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centrifuged for 10 min, and the supernatant was collected. The pellet was re
extracted using 80% ethanol, the pooled supernatant was usestirtaate total

phenolics content.

Estimation: From the supernatant, a known volume of aliquot was pipetted out and
made up to 3 mL using distilled water. To this, 0.5 mL of 1 N Folin Ciocalteu
reagent was added and mixed well. After 3 min, 2 mL of 208tuso carbonate was
added. The mixture was thoroughly mixed and kept for 1 min for colour
development. The optical density of the solution was read at 650 nm usiWg3JV
spectrophotometer (Shimadzu Corp A124257 80917). Catechol was used as the
standard.

Estimation of malondialdehyde (MDA) content

The MDA content estimation was done according to Heath and Packer
(1968).

Extraction: Two hundred milligram of plant tissue was weighed in duplicate and
homogenized in 5mL of 5% trichloroacetic acid. The homogewas centrifuged at
12,000 rpm for 15 minutes. The supernatant was collected and used for the

estimation of MDA.

Estimation: Two millilitre of the supernatant was mixed with an equal aliquot of
0.5% of Thiobarbituric acid (TBA) in 20% trichloroaceticidd€¢ TCA) (w/v). The

solution was heated at @5for 24 minutes, cooled and then centrifuged at 3000 rpm

for 10 minutes. The absorbance of the supernatant was measured at 532 nm and 600
nm against reagent blank using WAsible spectrophotometer. The absaombe

value at 532 nm was corrected for non specific turbidity by substracting absorbance
value at 600 nm and then the MDA content was calculated using an extinction
coefficient of 155mMM-1 cm-1.

Analysis for bioactive compounds by Gas chromatography and nss
spectrometry (GCMS)

The sample preparation and extraction were carried out according to Canini

et al (2007) with some modifications.
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Samplepreparation: Fresh leaves of treatment and control plants sampled at sixth
interval (20th day) were collectediashed with distilled water. The samples were
cut into small pieces and shade dried at room temperature-4oweeks. After
drying, the samples triturated into fine powder with a mechanical grinder and stored

in airtight containers until use.

Preparation of extract: Five grams of powdered root and leaf samples were
extracted in soxhlet apparatus with 20 mL of aqueous methanol (v/v) at 75°C for 24
h. After cooling, the extract was filtered to remove the residues and was
concentrated in rotary evaporatdard®°C. The crude extract was stored intayht

vials at-20°C until use.

GCMS analysis The identification of bioactive compounds in the methanolic
extracts was carried out using GCMS (Shimadzu QP2010S, Kyoto, Japan). An
ELITE-5MS column (30 m length 8.25 mm ID x 0.25 um thickness) was used for
GC separation. At start, the column oven temperature was maintained at 80°C for 4
min and then increased to 260°C for 6 min. The specifications of the instrument
were, injection mode split less; injection teperature- 260°C; sample injection
volume-1 ¢ | ; t ®4t0=nril/mih; lcobumn flow 1.00 ml/min; pressure65.2

kPa; solvent cut time6.50 min; purge flow 3.0 mL/min; and detector gain mode
relative. The compounds in the samples were idedtifiy comparing with the mass
spectra on WILEY 8 and National Institute of Standard and Technology (NIST 11)
libraries using GCMS Solutions software.

Enzymatic Antioxidants
Catalase (CAT)

Catalase (CAT) activity in the fresh plant samples was assayeiheby

method of Chance and Maehly (1955) with some modifications.

Extraction: The enzyme extraction was carried out according to ok (1994).
Preweighed fresh plant samples were homogenized in 5 mL of 100 mM potassium
phosphate buffer (pH 7.0) caming 1 mM EDTA, using prechilled mortar and

pestle. The homogenate was filtered through -fayered muslin cloth, and the

51



Materials and Methods

filtrate was centrifuged at 14000 rpm for 15 min at 4°C, and the supernatant was

used for the enzyme assay.

Enzyme assay The reation mixture contained 1 mL of 100 mM potassium
phosphate buffer (pH 7.0), 1 mL of 30% (w/v)®4 and 0.1 mL of enzyme extract.

The activity of CAT was recorded by observing the decrease in absorbance at 240
nm for 90 s at 15 s interval using WS spectophotometer. One unit of CAT
activity was defined as the amount of enzyme required for the decomposition of 1

e mo | ,Qg fer ntih.
Superoxide dismutase (SOD

Assay of SOD activity in the fresh plant samples was done as per the

modified protocol of Gianrmolitis and Ries (1977).

Extraction: The enzyme extraction was carried out according to the method of Polle
et al (1994). Preveighed fresh plant samples were homogenized in 5 mL of 100
mM potassium phosphate buffer (pH 7.0) containing 1 mM EDTA, usiegiplied
glass mortar and pestle. The homogenate was filtered throughajewed muslin
cloth, and the filtrate was centrifuged at 14000 rpm for 15 min at 4°C, and the

supernatant was used for the enzyme assay.

Enzyme Assay The reaction mixture consexl of 0.1 mL of 1.5 M sodium
carbonate, 0.3 mL of 130 mM methionine, 0.3 mL of 13 uM riboflavin, 0.3 mL of

10 uM EDTA, 0.3 mL of 0.63 mM nitrobluetetrazolium (NBT) and 0.1 mL enzyme
extract, and the reaction mixture was made up to 3 mL using 100 mM ipotass
phosphate buffer (pH 7.0). Different assay systems were set, viz. test samples, dark
control and lighicontrol. Test tubes containing all the assay mixtures including
enzyme extract, illuminated under fluorescent lamp for 30 min served as the test
sampe and the set of tubes placed in dark served as the dark control. The assay
mixture without enzyme extract illuminated under fluorescent lamp for 30 min
served as light control. The mixture without NBT and enzyme extract served as the

blank. The blue formzan accumulation in different tubes was quantified using
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spectrophotometer by recording the absorbance at 560 nm against the blank. One
unit of SOD activity was defined as the amount of enzyme required to inhibit the

photochemical reduction of NBT to bl@mazan by 50%.

Specific activity of each enzyme was calculated after determining soluble

protein concentration in the enzyme extract

Enzyme activity units

Specific activity = -
mg protein/ mL enzyme extra

Quantitative estimation of heavy metals

The digestion of plant samples to analyze the nwtatent was carried out
according to the method of Allan (1969).

The samples of root, stem, and leaves from the control and treatments
sampled on %,12" and 2¢' days were dried in an oven at 60°C until a constant
weight was achieved. Known weight ohal dried sample was transferred into
Kjeldahl flasks, and then a mixture of nitric and perchloric acids prepared in 10:4
ratio was added. The samples were refluxed for digestion in the heating mantle at
60°C until the solution became colorless. Subsedyehe digest was filtered using
What mandés filter paper, transferred to
50 ml with distilled water. Inductively Coupled Plasm@®ptical Emission
Spectrometry (ICROES) was used to estimate metal present initfested samples.

The content of metals in the plant samples was expressed in micrograms per gram
dry weight. The Bioaccumulation factor (BCF) and Translocation factor (TF) of

metals in the plant parts was calculated by using the following equation,

Concentration of metal in the root:s
Concentration of metal in the solutic

Bioaccumulation factor

Concentration of metal in the shoc
Concentration of metal in the roo

Translocation facto TF =
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Statistical analysis

The results of the study were statistically examined usingn@ayeANOVA.
All significant treatment effects were det
Data are average records from three independent experiments, each with five

replicates (i.e., n = 15). The data represent mean + standard error.
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RESULTS

Growth Parameters

Morphological measurements such as root length, stem length and leaf area
provided a simple method tosess the impact of Al, Cr, Cu and Hg on the growth
and development o€oleus amboinicusVisible symptom of growth retardations
due to the toxicity of Al, Cr, Cu and Hg were observed from 4th day onwards in
comparison with the controF{g. 4). Growth retedation rate and pattern were more

or less similar in the case of all these heavy metals except Hg.

Plants treated with Al showed a gradual reduction in root length compared to
the control, whereas minimum retardation of root growth was observed its plan
treated with Cu. Plants treated with Cr resulted in the decline of root growth and the
decrease was significant in between the intervals. Maximum growth retardation was
noticed in root length, shoot length and leaf area as a result of the Hg treatment.
Retardation of root growth between the treatments was inrtiez blg < Al < Cr <
Cu. (Table3, Fig. 1)

During growth, Al stress resulted in retardation of stem elongation.
Treatments with Cr and Cu showed only negligible growth retardation and stem
lengh was minimum in plants treated with Hg. The order of growth retardation was
Hg < Cr < Al < Cu. (Tabld, Fig. 2).

Due to the toxicity of Al, Cr, Cu and Hg;oleus amboinicugrowth was
evidently retarded in terms of leaf area also. Plants treated wahdACu exhibited
only negligible difference in leaf area compared to the control and the leaf growth
retardation trend was more or less similar in plargsted with Cr and Hg (Table:5
Fig. 3).
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Fig. 1 Growth performance o€oleus amboinicuplants teated with metals like
Aluminium, Chromium, Copper and Mercury after 20 days of growth.

A-Control, Baluminium, Gchromium, D copper, Emercury

Figure 2. Lenticel production after Hg treatment

A-control, B -mercury
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Table 3: Effect of Aluminium, Chromium, Copper and Mercury on feafythin

Coleusamboinicus

Rootlengthin cm.

Interval - days

Metals
0 4 8 12 16 20

Control | 4.5+0.40|8.21+0.37 10.53+0.3413.67+0.8¢ 15.810.5 |17.9240.2
Aluminium | 1 617.4240.44 9.640.57 |10.73+0.34 11.53%9.2 | 13+0.86
(500uM)
Chromium | 5 .0.5/8.32+0.53 9.9+0.42 |11.57+0.8412.7240.9¢ 13.5340.8
(150uM)
Copper | 6210.436.730.4¢ 8.95+0.55|10.71+0.6¢ 12.3+0.73|14.8140.5
GOuM) 67+0.43 6.73+0.49 8.95+0. 71+0. 3+0. 814,
('\ggm;y 4.12+0.326.25+0.35 6.9+0.63 | 7.61+0.55| 8.71+0.53| 9.8940.6

Values gvenaremeanof 5replicatestS.E

Fig. 3 Effect of Aluminium, Chromium, Copper and Mercury on raoigth in
Coleusamboinicus

ROOT LENGTH

H Control

ROOT LENGTH IN cm

I T Al (500 pM)
I I I I mCr (150uM)
s I I { Cu (80uM)
. m I mHg (10pMm)
0 - - L4 L4
0 4 8 12 16 20

INTERVAL - DAYS
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Table 4: Effect of Aluminium, Chromium, Copper and Mercury on stel@ngthin

Coleus amboinicus

Stem lengthin cm

Metals

Interval -days

0 4 8 12 16 20

Control 17.82+1.3 20.21+1.2) 24.53+2.4 27.67+1.8 30.81+2.5 35.92+3.4
Aluminium 18.21+1.9 21.42+2.4 24.6+1.7|26.73+2.4 29.53+1.2] 32+1.6
(500uM)

Chromium 18.32+1.219.32+1.3| 21.9+2.2| 25.57+2.2 27.72+1.9 30.53+1.8
(150pM)

(c;%zﬁ)\i)r 18.67+1.3 21.73+2.9 23.95+1.5 26.71+2.8 29.3+2.3 | 33.81+2.1
('\ggrl\ljl;y 17.12+1.219.25+2.5 21.2+1.3|23.61+1.5 25.71+1.3 26.89+2.6

Valuesgivenaremeanof 5replicates £S.E

Fig. 4 Effect of Aluminium, Chromium, Coppeand Mercury on steength in
Coleusamboinicus
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Table 5: Effect of Aluminium, Chromium, Copper and Mercury on leaf anea

Coleusamboinicus

Leaf aredn cnt

Resuls

Metals

Interval-days

0 4 8 12 16 20
Control  |5.62+0.21 8.83£0.12 |9.91+0.1410.93+0.0§11.43+0.0512.83:0.04
AUMINUM| ¢ 6640.24 8.6520.04 [9.92+0.1710.640.0411.31+0.1112.62+0.1¢
(500uM)

Chromium| o 2.0.3| 6.1240.13|7.3640.0 8.89+0.02| 9.94+0.0910.78+0.14
(150uM)

COPPET 5 67.0.43 8.73£0.09 |9.56+0.1510.78+0.1§11.20+0.1912.7420.2]
(80uM)

('\igm;y 5.61+0.37 5.91+0.05 |7.19+0.13 8.31+0.05/ 9.16+0.0310.23+0.06

Valuesgivenaremeanof 5 replicates +S.E

Fig. 5 Effect of Aluminium, Chromium, Copper and Mercury on leaf ar€zoleus

amboinicus

LEAF AREA IN cm?

LEAF AREA

5¢
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m Al (500uM)
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Hg (10pM)
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Tolerancelndex

Toleranceindex calculatel by comparativeroot length of the controland
treatments showed a steady decline in the values during gropidnitstreatedvith
all the metalstreatmentqTable 6, Fig.6). In plantstreatedvith heavy metals, the
tolerance index percentage differense betweenintervals was negligible in
comparison with the control. Tolerance ind@tues of Al and Cu during initial days
that is on & day wasmaximum compared to Cr and Hg and both these metals
exhibitedsignificantreduction(morethan 10%) of toleranceindex compared to the
control whereas Al and Cu showed maoo&erance [Eig. 6). Similarly, both Al and
Cu treatment resultéa significantreductionof tolerancandexvaluesduringgrowth
andateachinterval the difference was significant. In theseaf Cr, the trendh the
reduction of tolerance index values was almost equal EndCuwhereadetween
eachintervalthereductionof tolerancevaluesvas not as much significant {or and
Hg treatments. In the case of Hg treatment, ol 8@y therewas a significant

decrease in tolerance index (B.01) when compared with other treatments.

Table 6: Effect of Aluminium, Chromium, Copper and Mercury on tolerandex
of Coleusamboinicusduring growth

Interval - days

Metals 0 4 8 12 16 20
Contrd 100 100 100 100 100 100
Aluminium | o g1 6.0 13 86.63+0.1781.78+0.04 76.94+0.1273.42+0.1
(500uM)

Chromium | 5 |gg 59+0.1] 79.27+0.0474.61+0.01 72.83+0.0969.32+0.1
(150uM)

(CS%TJ‘;/IG; 100 |90.53+0.0{ 87.59+0.1582.93+0.1¢ 79.16+0.1377.43+0.2
('\:g[fl\‘jl;y 100 [87.31+0.0| 84.73+0.1379.85+0.08 71.36+0.0368.24+0.0

Valuesgivenaremeanof 5 replicates +S.E
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Figure: 6 Effect of Aluminium, Chromium, Copper and Mercury on toleranciex
percentage pertaining to root lengthdoleus amboinicuduring growth

TOLERANCE INDEX PERCENTAGE

120

100 —I

(0]
o

Control

Al (500pM)
m Cr (150pM)
H Cu (80uM)
m Hg (10uM)

D
@

S
o

N
o

S
>
L
a
=
L
O
Z
<
o
L
-
@)
=

8 12
INTERVAL -DAYS

Anatomical Studies

Control
Root

Cross section of the root @oleus amboinicuplants grownin Hoagland
nutrient solution showed a distinct piliferous (rhizodermialyer, cortex, and
vasculature(Fig. 7A). The piliferous layer was characterized by an undulated
margin with large number of root hairs atte cellulardetailswerenot cleardueto
densestaining (Fig. 7B). Phloemwas made up of tiny, thiwalled and lightly
stained cells whereas xylem cell®re thick walled and deely stained. The pith

was narrow and made b parenchymatous cells.

Scanningelectronmicroscopicdmagesof C. amboinicusexhibitedunevenly
distributed piliferous layer of roots and indival cells were not clearlgeen but

root hairs were mostly se€hig. 12A). Cells of the cortex wereompactly arranged
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and weltdefined configuration. The magnified vieshowed well organized xylem

vesselskig. 12B).
Stem

Anatomyof stemexhibitedatypical patternof dicot stemconsistingf distinct
epidermallayer with thick walled cells and epidermalhairs (Fig. 7C). Cortex was
conspicuous and consisted of twalled cells. Vasculaturehowed small phloem
cells and xylem cells were thick walled areeg@lystained Fig. 8D). Medullary rays
consisted of thickvalled angular cellsXylem vessels were large and thick walled

(Fig. 7D). Conspicuous pithonsisted othin-walled parenchyma cells.

The SEM images o€. amboinicusstem shows typical structurd dicot
stem. Epidermis and epidermal hairs can be clearly captudktan in the full view
(Fig. 12C), but inmagnified view cellular details weempletely seenHig. 12D).
Cortex cells were arranged in weltganized manner. Vascular tissues coadistf
protoxylem and metaxylem. Pithegion waswide and cells were compactly

arranged.
Leaf

Upper and lower epidermis of leaf midrib consisted of thick watlelis,
thin walled mesophyll cells and many layered palisade cEits {E).Epidermal
hairs (trichomes)were presenton both upper and lower epidermis. Vasculature
consisted of thirwalled small phloem cells arehgularthick-walledxylem vessels.

In the lower epidermis,vast mesophyll cells which were thin walled and plenty

intercellularspaces &b were presentr{g. 7F).

SEM imagesof leaf showedupper and lower epidermis,vasculatureand
mesophyll tissues Fg. 12E). Epidermal cells were thin and cuticle found
overlappedand epidermalhairswereclearly seenn SEM images.In the magnified

view mesophyll cellsvereclearlyseen(Fig. 12F).
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Treatment with Aluminium
Root

Compared to control, root hairs disappeare@.immboinicusoots due té\l
treatment(Fig. 8A). Structureof piliferouscellswerenotdistinctly seen becae cells
were damaged and densely stained. Unlike the coetmrdhdermis was very distinct
and showed specific cell wall thickenin@ortex region was conspicuousid. 8B).

Structure of vascular tissue was almgiatilar to the control.

SEM studies showketreatment with Al, resulted in damaged piliferous layer
and roothairs were absenf{g. 13A). Other structural details remained unchanged
compared to control. Noticeable observation oftréhated roowas the elaborated
cortex with compactly arranged cdls. Xylem vessels were similar to that of
control. Well organized medullamays consisting of thickvalled angular cells was
observedFig. 143.

Stem

Stem of C. amboinicus plants treated with Al showed almost similar
structurecomparedo the control Fig. 8C). Stelarregion,particularlyxylembecome
more distinct, consisting of more number of xylem vessels thamcontrol Fig.
8D).

SEM images of the stem treated with Al showed mordess similar
configuration compared to control (Fi3C). Epidermal hairsvere comparatively
lower than the control. All cell typesincluding cortex,vasculatureand pith were
distinctlyseenVasculaturavasconspicuousand cells were wellarranged irthe
stem Fig. 13D).

Leaf

Leaves ofC. amboinicustreated with Al showed typical structucé dicot
leaf and the appearance wamost similar to control (Fig.BB. The midrib region
of the lower epidermis was found to kexluced in size salsothe vasculatureand

hencetissuedifferentiationwasmeagrecomparedto the control.
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SEM images of leaf irfC. amboinicustreated with Al showepidermiswith
epidermahairssimilarto controlleafhairsandit appeaas damaged. Vasculature
consisted of conspicuous xylem vessélg)(13&E). In the magnified view, it was
clearly seen that the mesophyll cells welightly andirregularlybroken Fig. 13F).

TREATMENT WITH CHROMIU M
Root

Absence of root hair was an important impact of Cr treatmenp#ifetous
cells layer appeareddamagedand hencecellular details were obscure. Noticeable
anatomical characteristic of the roots in the pkaeated with chromium was the
conspicuos stelar region consisting Ergenumberof largexylem vesselsand pith

was reducedFig. 9A).

SEM image of root section of C. amboinicustreatedwith Cr revealed,
completely damaged piliferous layer and root hairs were tosdigent Fig. 14A).
Noticeable character of the plants treated v@ithwas theconspicuous stelar region
consisting of medullary rays showing angudaad thickwalled cells Fig. 14B). In
the medullary rays large number of big vessgbtre seenembeddedPith was

narrowcompared t@ontrol.
Stem

In stem tissuesof C. amboinicus plants treated with Cr, structure of
epidermis, cortex and vasculature were almost similar to control gligt8C) and

structuraldetails weralistinct andwell arrangedfig. D).

Stem of C. ambonicus treated with Cr showed compactly arranged
epidermalcellsandepidermahairswerecomparativelyeducedn number thanthe
control Fig. 14C). Phloemcells were small and xylem vesselsare surrounded by
medullary rays the cells of which weregaar and thickwvalled. Pith was similar to
thatof the control. Deposits weralso seetn medullaryregion(Fig. 14D).
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Leaf

Leaf anatomy of plants treated with Cr showed a typical dicotdeatture.
But abundant occurrence of epidermal haidiomes on botlepidermis(Fig. %)
was an importantimpactof chromiumtreatment.Structure of vascular tissues were
not distinct and unevenly distributedylem vesselswverethick walledand angular

in shape Fig. 9).

SEM image ofC. amboinicusleaf treated with Cr showed onlyegligible
changesn theanatomycomparedo the control. Epidermiswas clearandepidermal
hairs were present [ig. 14E). Vascular region was conspicuous in contrast to
control. Mesophyll cells were thick walled bappeareds damagedy breakingthe
cell walls (Fig. 14F) and some of the cells containedsome deposits andwere

unevenlydistributed.

Treatment with Copper
Root

Plants treated with Cu resulted in the complete disappearance dfaiomt
Piliferous layer cells werelamaged Kig.10A). Densely stained particlasere
distributed which appear as embedded all over the sections except Fig. 10B)
andhencevasculartissuesverenot distinct. Pith wasreducedcompared to the

control.

SEM images ofc. amboinicugoots treated with Cu shows piliferous layer
in which cells were not clearly seen. Xylem vessels were numerous and distributed
all over the medullary rays which consistedtotk-walled angular cellgFig. 15A).

Pith wasnarrowandirregulardeposits wereeen embeddedrig. 15B).

Stem

Plants treated with Cu showelisappearance of epidermal hairs and other
anatomical features were almost similar to the configl. LOC). The numbernd
shape of vessels were alterededto Cu treatment and they wermevenly
distributed. The most interesting observation after the coppatment was the

removal of oil globulepresent in thetemtissue(Fig. 17)
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The SEM images of. amboinicusstem treated with Cu shows similar
structureof dicot stem.Epidermisand epidermalhairs presenbut cannotbe clearly
capturedin detail in the full view (Fig. 15C). Cortex cells were arrangedin well-
organizedmanner.In the magnifiedview, vesselscontained irreguladeposits Fig.

15D). Pith regiorwas wideand cells wereompactlyarranged.
Leaf

Leaf structure ofC. amboinicustreated with Cu was almost similar tioe
control, except theeduced sizef the lamina and midrifFig. 1CE). Epidermal hairs
in upper and lowr epidermis were reduced compared the control. Many
multicellular epidermal hairs were present on begtidermis andhe epidermiswere

damaged.

SEM image ofC. amboinicusleaf treated with Cu showed upper doder
epidermis Fig. 15E) and epidermaldirs were reduced in the leaves gant treated
with Cu. In the magnified view some mesophyll celhibited increased thickening
on the entire cell wall due to the presewmtesome deposit§Fig. 15F). Like stem,
leaf oil globules also vanished afteu treatment. (Fig. 18).

Treatment with Mercury
Root

Rootsof plantstreatedwith Hg showed2-3 layered rhizodermalcells which
were larger than that of the control (Fig. 11A). Outer layer of rhizodermalcell
showedbreakageand the margin was uneven(Fig. 11A). Roothairs were totally
absent. Cortical cells showed change in shape comparéal the control. Cell wall
thickening also observed in the cortical celdgnsely stained endodermis was very
distinct but cellular details werabscure. Unlike the control, vascular region showed

many large sizeslylemvesselscattered irthe pith region Fig. 11B).

SEM images of root ofC. amboinicustreated with Hg showed damaged
epidermalayer (Fig. 16A). Epidamis andepidermahairscannotbeclearlycaptured

in detailin  the full view becausemost of them were appeareddiamagedin the
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magnified view, xylem and medullary rays were also damaged or brhledo the
breakagef thick cell wall. (Fig. 16B)

Stem

Stemof C. amboinicusplantstreatedwith Hg showedepidermalayer with
many trichomes and numerous, well-developed lenticels (Fig. 11C).
Morphologically these lenticels appeared as blisters by naked eye stethdig.
5). The lenticel onsisted of loosely arranged tissues exhibitiagt intercellular
spaces. It appears as elevated circular, oval or elongatstdusions. Other
structures of stem tissue of plant treated withvi#g found to be almost similar to
the control excepthick-walled cortical cells andthe reduceschumber ofvasculature
(Fig. 11D).

The SEM image of C. amboinicusstem treatedwith Hg showedbroken
epidermal layer but epidermal hairs were clearly seen. Due tdotheation of
lenticels, epidermal layer in the stempaared brokenHg. 16D). This observation

wasa characteristicesultof Hg treatment.
Leaf

Upper and lower epidermal layers of midrib region of leaf, treated iMgth
showedhepresencef largenumberof epidermahairsandmost of themwerevery
largeanddevelopedastrichomes(Fig. 11E). Otherstructures were almost similar to
the control but the vascular bundleppeareddenselystainedand cellsshowed

reducedsize.

SEM image ofC. amboinicudeaf treated with Hg showed typicdicot leaf
structure Fig. 16E). The numberof epidermalhairswasmorecomparedo control.
Thick-walled cell wall of mesophyll cells was completely brokessulting in an

uneven distribution leaving some lacuna in betweemibsophyll cell§Fig. 16F)
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ANATOMY OF CONTROL PLANTS

g;g 'w |

Figure: 7 A. Root T.S;B. Portion Enlarged Root) C. Stem T.S D. Portion
Enlarged (Stem). Leaf T.S; F. Portion Enlarged (Leaf).

68



Resuls

ANATOMY OF PLANT TREATED WITH ALUMINIUM

Figure8 A. Roa T.S, B. Portion EnlargedRoot) C. Stem T.SD. Portion Enlarged

(Stem) E. LeafT.S; F. PortionEnlarged (Leaf).
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ANATOMY OF PLANT TREATED WITH CHROMIUM

Figure 9. A. Root T.S B. Portion Enlarged (Root)C. Stem T.S D. Portion

Enlarged Stem) E. LeafT.S; F. PortionEnlarged (Leaf).
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ANATOMY OF PLANT TREATED WITH COPPER

uni 05

Figur 1&)HA. Root T._S B. PoftldhEnIarged (Roagt)C. Stem T.S D. Portion
Enlarged $tem) E. LeafT.S; F. PortionEnlarged (Leaf).
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ANATOMY OF PLAN TS TREATED WITH MERCURY

[

Figure: 11 A. Root T.S B. Portion Enlarged (Roat)C. Stem T.S;D. Portion
Enlarged §tem) E. LeafT.S; F. PortionEnlarged (Leaf).
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SCANNING ELECTRON MICROGRAPHS OF

COLEUS AMBOINICUS
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SEM OF PLANT TREATED WITH ALUMINIUM

Figure: 13 A. Root T.S B. Portion Enlarged (Roat)C. Stem T.S,D. Portion
Enlarged (Stem)E. LeafT.S; F. PortionEnlarged (Leaf).
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SEM OF PLANT TREATED WITH CHROMIUM
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Enlarged (Stem)E. LeafT.S; F. PortionEnlarged (Leaf).
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SEM OF PLANT TREATED WITH COPPER

Sar ey /¥ L M\
Figure:5 A. Root T.S B. Portion Enlarged (Rogt)C. Stem T.S D. Portion

Enlarged (Stem). LeafT.S; F. PortionEnlarged (Leaf).
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SEM OF PLANT TREATED WITH MERCURY

e e P\ (G

Figure:’6 A. oot .S B. Portion Enlarge (oqt)C. Stem T.S D. Lenficls
(Stem) E. LeafT.S; F. PortionEnlarged (Leaf).
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Figure 17 Removalof oil globulesdueto Cu treatment in stem

A. Stemof C. amboinicusB. Stemof CutreatedC. amboinicus
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Fig. 18 Removalof il globulesdueto Cu treatment in leaf

A. Leafof C. amboinicusB. Leafof CutreatedC. amboinicus
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STOMATAL INDEX

Stomatalindex of Coleus amboinicusshowed significant variations due to the
treatment with Al, Cr, Cu andHg. The increaseof stomatal index was more
prominent in the lower epidermis than the upper one (Tal|e~igs. 19&20).
Stomatal index of contrgdlants remained unchanged in upper and lower epidermis
during 20 daysof growth. In plants treatd with Al, only negligible increase was
observedn upperepidermiswhereasn the lower epidermisgradual increase was
observed. Cr treatment resulted in enhanced valtis®matalindexin both upper
andlower epidermisand during growth the increae was significant in the lower
epidermis(P ~ 0.01) Stomatal index of plantgeatedwith Cu was significantly
increasedand lower epidermisexhibited more stomatal index values than upper
epidermis. Maximunstomatalindex wasshownby Coleusamboinicussubjectedo

Hg stress (P 0.01) and thereazurred significant increase during growth ahd

increase in stomatal index values were significant from stage to stagever

epidermis.

Table 7 Effect of Aluminium, Chromium, Copper and Mercury on stomiutaéx of
Coleus amboinicus

Treatment

Intervatdays

0

4

8

12

16

20

UE

17.0140.12

17.021%€.32

17.0546.25

17.0840.11

17.134%6.23

17.25%.39

Control

LE

17.240.09

17.340.11

17.894.2]

17.9440.09

17.9940.11

18.54.5

Aluminium

UE

17.1240.11

18.194€.69

18.564.34

20.840.14

23.734.85

23.98+0.18

(500uM)

LE

17.23%€.03

18.624.37

19.440.05

22.394.27

24.48%.17

25.940.11

Chromium

UE

17.674.24

18.140.43

18.914.13

21.73%.25

23.594.15

26.63%.26

(150uM)

LE

17.540.8

21.660.1§

24.160.2]

25.640.09

27.940.23

28.640.46

Copper

UE

17.324.52

17.640.04

17.164%.17

20.2146.02

22.94%.24

24.140.21

(80uM)

LE

17.5