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Abstract One of the most important kinds of environmental contaminates is heavy
metals pollution. Plants which are exposing to high metal concentrations illustrate
down regulated growth and development. Various alterations in the medical plants
production of bioactive compounds have been documented. On the other hand, many
researches have illustrated the high toxic residuals of heavy metals in several parts of
medical plants which are potent to cause hazard to human health. Interestingly,
phytoremediation is most effective and promising methods among several strategies
already used to clean up the environment from heavymetals.Medical plants with high
potential in heavy metal accumulation can be good candidates for soil heavy metal
remediation. The cultivation or deliberate usage of medical plants in soil polluted by
heavymetals must bemanaged carefully to diminish the final heavymetal residuals in
marketing products. This chapter explains the mechanisms of plants heavy metal
tolerance, the studies on transgenic plants tolerant to heavy metals, heavy metal
impacts onmedical plant growth andmetabolites, phytoremediation ability ofmedical
plants and standard heavy metal residuals concentration in medical plants.

Keywords Heavy metals � Medicinal plants � Phytoremediation � Secondary
metabolites � Heavy metal residuals concentration

Introduction

Heavy metals are major environmental pollutants, and large amount of them are
toxic ultimately at absolutely low concentrations. Fossil fuels burning, mining,
municipal wastes, fertilizers and pesticides are primary sources of heavy metals
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pollutions (Dhir et al. 2008; Wei and Zhou 2008). Any non-biologically degradable
metal causes an environmental problem considered to be a “heavy metal”. Fifty
three elements with an atomic density greater than 6 g cm−3 now fall into the
category of heavy metal. Common toxic metals are mercury (Hg), lead (Pb), cad-
mium (Cd), copper (Cu), 35 chromium (Cr), manganese (Mn), zinc (Zn), and
aluminum (Al) (Herrera-Estrella and Guevara-Garcia 2009).The Types of heavy
metals and their effect on human health with their permissible limits are enumerated
in Table 1.

Effect of Heavy Metal Polluted Soil on Plant Growth

Although plants require certain heavy metals for their growth and uptake, excessive
amounts of these metals can become toxic to plants. The ability of plants to
accumulate essential metals equally enables them to acquire other nonessential

Table 1 Types of heavy metals and their effect on human health with their permissible limits
(Singh et al. 2011)

Pollutants Major sources Effect on human health Permissible
levels
(mg/L)

As Pesticides, fungicides, metal
smelters

Bronchitis, dermatitis, poisoning 0.02

Cd Welding, electroplating,
pesticides, fertilizer

Renal dysfunction, lung disease,
lung cancer, bone defects, kidney
damage, bone marrow

0.06

Pb Paint, pesticides, smoking,
automobile emission,
mining, burning of coal

Mental retardation in children,
development delay, fatal infant
encephalopathy, chronic damage to
nervous system, liver, kidney
damage

0.1

Mn Welding, fuel addition,
ferromanganese production

Inhalation or contact damage to
central nervous system

0.26

Hg Pesticides, batteries, paper
industry

Tremors, gingivitis, protoplasm
poisoning, damage to nervous
system, spontaneous abortion

0.01

Zn Refineries, brass
manufacture, metal plating

Damage to nervous system,
dermatitis

15

Cr Mine, mineral sources Damage to nervous system,
irritability

0.05

Cu Mining, pesticide
production, chemical
industry

Anemia, liver and kidney damage,
stomach irritation

0.1
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metals. Some of the direct toxic effects caused by high metal concentration include
inhibition of cytoplasmic enzymes and damage to cell structures due to oxidative
stress. The Toxicity of heavy metals to life forms are shown in Table 2 (Chibuike
and Obiora 2014). Due to the high prevalence of heavy metals in the environment,
their residues also reach and are assimilated into medicinal plants (Sarma et al.
2012). Contamination during cultivation, inadvertent cross-contamination during
processing and the purposeful introduction of heavy metals for alleged medicinal
purposes are three key mechanisms that have been proposed to explain heavy metal
contamination of medical plant-based products (Denholm 2010).

Plant Survival Strategies to Increasing Metal
Concentrations

Plants have devoted three various behaviors against heavy metals. First group
named as metal excluders avoid heavy metals to enter their aerial parts. Second
group, known as metal indicators, accumulate metals in their above-ground tissues
and the metal levels in the tissues of these plants generally reflect metal levels in the
soil.

The third and most important group of plants includes around 500 plant species
is hyper accumulators which concentrate metals in their above-ground tissues to
levels far exceeding those present in the soil. Localization of metal ions in roots and
shoots in nontoxic forms, binding of toxic metals in cell walls of roots and leaves
and sequester metals into the vacuoles or compartments of the cytosol are three
major procedure for heavy metal accumulation and keep them away from active
metabolic sites in plant cells in tolerant plants (Cosio et al. 2004) (Fig. 1).

Novel approaches such as transcriptomics, proteomics, and metabolomics clear
the function of the plants cells in heavy metal area. Heavy metal accumulators are
increasing steadily and some are presented in Table 3 (Memon and Schroder 2009).

In the last few decades many scientists in different parts of the worlds has
worked out the metals bioaccumulation potential of various species and some are
presented in Table 4.

Molecular Basis of Metal Uptake

ESTs expressed sequence tags analysis and Comparing EST sequences of the target
species with the appropriate reference model species or additional public databases
is one of important performance to survey gene expression pattern and determining
major gene involved in heavy metal tolerance for species whose complete genome
sequence information is not available (Roosens et al. 2008). Analysis of quantita-
tive trait loci (QTLs) involved in metal tolerance is a perfect method for identifying
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Table 2 Toxicity of heavy metals to different plant species (Chibuike and Obiora 2014)

Heavy
metal

Plant species Effects References

As Rice (Oryza
sativa)

Reduction in seed germination;
decrease in seedling height; reduced
leaf area and dry matter production

Abedin et al. (2002)

Tomato
(Lycopersicon
esculentum)

Reduced fruit yield; decrease in leaf
fresh weight

Barrachina et al.
(1995)

Canola
(Brassica
napus)

Stunted growth; chlorosis; wilting Cox et al. (1996)

Cd Wheat
(Triticum sp.)

Reduction in seed germination;
decrease in plant nutrient content;
reduced shoot and root length

Yourtchi and Bayat
(2013)

Garlic (Allium
sativum)

Reduced shoot growth; Cd
accumulation

Jiang et al. (2001)

Maize (Zea
mays)

Reduced shoot growth; inhibition of
root growth

Wang et al. (2007)

Co Tomato
(Lycopersicon
esculentum)

Reduction in plant nutrient content Jayakumar et al.
(2013)

Mung bean
(Vigna radiata)

Reduction in antioxidant enzyme
activities; decrease in plant sugar,
starch, amino acids, and protein
content

Jayakumar et al.
(2008)

Radish
(Raphanus
sativus)

Reduction in shoot length, root
length, and total leaf area; decrease in
chlorophyll content; reduction in
plant nutrient content and antioxidant
enzyme activity; decrease in plant
sugar, amino acid, and protein content

Jayakumar et al.
(2007)

Cr Wheat
(Triticum sp.)

Reduced shoot and root growth Sharma and Sharma
(2003)

Tomato
(Lycopersicon
esculentum)

Decrease in plant nutrient acquisition Moral et al. (1995)

Onion (Allium
cepa)

Inhibition of germination process;
reduction of plant biomass

Nematshahi et al.
(2012)

Cu Bean
(Phaseolus
vulgaris)

Accumulation of Cu in plant roots;
root malformation and reduction

Cook et al. (1997)

Black bindweed
(Polygonum
convolvulus)

Plant mortality; reduced biomass and
seed production

Kjær and Elmegaard
(1996)

Rhodes grass
(Chloris
gayana)

Root growth reduction Sheldon and
Menzies (2005)

(continued)
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Table 2 (continued)

Heavy
metal

Plant species Effects References

Hg Rice (Oryza
sativa)

Decrease in plant height; reduced
tiller and panicle formation; yield
reduction; bioaccumulation in shoot
and root of seedlings

Du et al. (2005)

Tomato
(Lycopersicon
esculentum)

Reduction in germination percentage;
reduced plant height; reduction in
flowering and fruit weight; chlorosis

Shekar et al. (2011)

Mn Broad bean
(Vicia faba)

Mn accumulation shoot and root;
reduction in shoot and root length;
chlorosis

Arya and Roy
(2011)

Spearmint
(Mentha
spicata)

Decrease in chlorophyll a and
carotenoid content; accumulation of
Mn in plant roots

Asrar et al. (2005)

Pea (Pisum
sativum)

Reduction in chlorophylls a and b
content; reduction in relative growth
rate; reduced photosynthetic
O2 evolution activity and
photosystem II activity

Doncheva et al.
(2005)

Tomato
(Lycopersicon
esculentum)

Slower plant growth; decrease in
chlorophyll concentration

Shenker et al. (2004)

Ni Pigeon pea
(Cajanus cajan)

Decrease in chlorophyll content and
stomatal conductance; decreased
enzyme activity which affected
Calvin cycle and CO2 fixation

Sheoran et al. (1990)

Rye grass
(Lolium
perenne)

Reduction in plant nutrient
acquisition; decrease in shoot yield;
chlorosis

Khalid and Tinsley
(1980)

Wheat
(Triticum sp.)

Reduction in plant nutrient
acquisition

Pandolfini et al.
(1992)

Rice (Oryza
sativa)

Inhibition of root growth Lin and Kao (2005)

Pb Maize (Zea
mays)

Reduction in germination percentage;
suppressed growth; reduced plant
biomass; decrease in plant protein
content

Hussain et al. (2013)

Portia tree
(Thespesia
populnea)

Reduction in number of leaves and
leaf area; reduced plant height;
decrease in plant biomass

Kabir et al. (2009)

Oat (Avena
sativa)

Inhibition of enzyme activity which
affected CO2 fixation

Moustakas et al.
(1994)

(continued)
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Table 2 (continued)

Heavy
metal

Plant species Effects References

Zn Cluster bean
(Cyamopsiste
tragonoloba)

Reduction in germination percentage;
reduced plant height and biomass;
decrease in chlorophyll, carotenoid,
sugar, starch, and amino acid content

Manivasagaperumal
et al. (2011)

Pea (Pisum
sativum)

Reduction in chlorophyll content;
alteration in structure of chloroplast;
reduction in photosystem II activity;
reduced plant growth

Doncheva et al.
(2001)

Rye grass
(Lolium
perenne)

Accumulation of Zn in plant leaves;
growth reduction; decrease in plant
nutrient content; reduced efficiency of
photosynthetic energy conversion

Bonnet et al. (2000)

Fig. 1 Major processes proposed to be involved in heavy metal hyperaccumulation by plants
(Yang et al. 2005)
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major genes in plants which their genome maps are trolley identified (Deniau and
Pieper 2006). Many researchers have tried to introduce new hyperaccumulating
transgenic plants after finding the major genes involved in heavy metal tolerance.
The responses of transgenic plants and its biosynthetic pathway genes against heavy
metal stress are listed in Table 5 (Yang et al. 2005). A summary of the most
effective transgenes and the effects of their expression on tolerance, accumulation,
and volatilization of metals in plants is given in Tables 5 and 6.

Researches on gene expression pattern during heavy metal stress have demon-
strated that genes coding membrane transporters responsible for the uptake, efflux,
translocation, and sequestration of mineral nutrients overexpressed under adaptive
situations. Plants ability in take up and translocate of metals to avoid their direct

Table 3 Examples of some plants and metals they can remediate (Sarma 2011)

Plant species Metal Reference

Alyssuim wulfenianum Ni Reeves and Brooks (1983)

Azolla pinnata, Lemna minor Cu, Cr Jain et al. (1990)

Brassica Juncea Cu, Ni Ebbs and Kochian (1997)

Arobiadopais hallerii Cd Kupper and Kochian (2010)

Pteris vittata Cu, Ni, Zn Ma et al. (2001)

Psychotria douarrei Ni Davis et al. (2001)

Pelargonium sp. Cd Dan et al. (2002)

Thlaspi caerulescens Cd and Ni Assuncao and Schat (2003)

Arabidapsis hallerii Cd Bert et al. (2003)

Amanita muscaria Hg Falandysz et al. (2003)

Arobis gemmifera Cd and Zn Kubota and Takenaka
(2003)

Pistca stratiotes Ag, Cd, Cr, Cu, Ni,
Pb

Odjegba and Fasidi (2004)

Piptathertan miliacetall Pb Garcia et al. (2004)

Astragulus bisukatus, Brassica
Juncea

Selenium Ellis et al. (2004)

Sedum alfredli Pb Xiong et al. (2004)

Sesbania drummondi Pb Sharma et al. (2004)

Lemn agibba As Mkandavire and Dude
(2005)

Pteris vittata As Dong (2005)

Thlaspi caerulescens Zn, Pb, Zn, and Cd Sun et al. (2005)

Sedum alfredii Pb Banasova and Horak (2008)

Chengiopanax sciadopkvltoides Mn Mizuno et al. (2008)

Tamarix smyrnensis Cd Manousaki et al. (2008)

Brassica napus Cd Selvam and Wong (2008)

Arabidopsis thaliana Cd/Zn Saraswat and Rai (2009)

Crotalaria juncea Ni and Cr Saraswat and Rai (2009)

Rorippaglobosa Cd Sun et al. (2010)
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toxicity for cells are consequence of powerful heavy metal transportation systems.
Transport proteins and intracellular high-affinity binding sites mediate the uptake of
metals across the plasma membrane. The overview of the metal transporters and
their tissue-specific expression in plants is summarized in Table 7 (Memon and
Schroder 2009).

Phytoremidation

Remediation is the main strategy to protect the environment from heavy metal toxic
effects. Phytoremediation is one of most promising technologies that is used for
remediation of vast quantities of heavy metals. The potential of heavy metal phy-
toremediation depends on the capability of a plant to accumulate excessive con-
centrations of metals (Ullah et al. 2015).

Table 4 Examples of some metal hyperaccumulator (Sarma 2011)

Plant species Metal Bioaccumulation References

Sebertia acuminate Ni 25% by wt, dried sp Jaffre et al. (1976)

Ipomea alpine Cu 12,300 mg kg−1 Baker and Walker (1989)

Eichornia crassipes Ni 6000 mg kg−1 Lytle et al. (1998)

Alternanthera sessilis Cv 1017 mg kg−1 Sinha et al. (2002)

Zea mays L. Cv Ganga 5 Cr 2538 mg kg−1 Sharma and Sharma (2003)

Pteris vittata As 2300 mg kg−1 Dong (2005)

Sesbania drummondi Cd 1687 mg kg−1 Israr et al. (2006)

Thlaspi caerlescens Zn 19,410 mg kg−1 Banasova and Horak
(2008)

Thlaspi caerlescens Cd 80 mg kg−1 Banasova and Horak
(2008)

Myriophyllurn
heterophyllum

Cd 21.46 µg g−1 Sivaci et al. (2008)

Potamogetan crispus Cd 49.09 µg g−1 Sivaci et al. (2008)

Sorghum sudanense Cu 5330 mg kg−1 Wei et al. (2008)

Phragrnites australis Cr 4825 mg kg−1 Calheiros et al. (2008)

Arabis paniculata Cd 1127 mg kg−1 Zeng et al. (2009)

Atriplex halimus Cd 60,651 µg g−1 DW Nedjimi and Daoud (2009)

Sedum alfredii Cd 2183 mg kg−1 Jin and Liu (2009)

Sedum alfredii Zn 13,799 mg kg−1 DW Jin and Liu (2009)

Brassica juncea Ni 3916 mg kg−1 DW Pollard et al. (2009)

Potentilla griffithii Zn 19,600 mg kg−1 DW Saraswat and Rai (2009)

Rorippa globosa Cd 218.9 µg g−1 DW Hu et al. (2009)

Thlospi praecox Wulfen Cd >1000 µg g−1 DW Sun et al. (2010)
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Phytoremediation involves accumulation of heavy metals in the roots and shoots
of plants. Plants used for phytoextraction usually possess the following character-
istics: rapid growth rate, high biomass, extensive root system, and ability to tolerate
high amounts of heavy metals (Chibuike and Obiora 2014). Phytoremediation of
contaminated soils is generally believed to be effective through one or more of the
following mechanisms or processes: phytoextraction, phytostabilization, phy-
todegradation, phytovolatilization, and rhizodegradation are phytoremediation
mechanisms of contaminated soils. These mechanisms are described briefly
in Table 8 (Oh et al. 2013). Numerous kindes of medical plants have been explored
for phytoremediation (Padmavathiamma and Li 2007; Sarma 2011) however
investigation to prevent elevated concentrations of heavy metals in medicinal plants
should be done before marketing (Sharma et al. 2009; Steenkamp et al. 2000).

Table 5 Genes introduced into plants and the effects of their expression on heavy metal tolerance,
accumulation, or volatilization (Yang et al. 2005)

Gene Target Product Source Maximum observed effect

merA Hg(II) reductase Gram-negative
bacteria

Liriodendron
tulipifera

50 mmol l1 HgCl2;
500 mg HgCl2 kg

−1

merA Hg(II) reductase Gram-negative
bacteria

Nicotiana
tabacum

V: Hg-volatilization rate
increase 10-fold

Arabidopsis
thaliana

T: 10 mmol l1 CH3HgCl
(440-fold)

merB Organomercurial
lyase

Gram-negative
bacteria

A. thaliana V: Up to 59 pg Hg(0)
mg−1 fresh biomass min−1

APS1 ATP sulfurylase A. thaliana B. juncea A: Two-fold increase in Se
concentration

MT-I MT Mouse N. tabacum T: 200 mmol−1 CdCl2
(20-fold)

CUP1 MT Saccharomyces
cerevisiae

B. oleracea T: 400 mmol−1 CdCl2
(approximately 16-fold)

gsh2 GSH synthase E. coli B. juncea A: Cd concentrations
125%

gsh1 g-Glu-Cys
synthase

E. coli B. juncea A: Cd concentrations
190%

NtCBP4 Cation Channel N. tabacum A: Pb concentrations
200%

T: 250 mmol−1 NiCl2
(2.5-fold), Pb-sensitive

ZAT1 Zn Transporter A. thaliana T: Slight increase

TaPCS1 PC Wheat Nicotian
aglauca R.
Graham

A: Pb concentrations
200%

Relative values refer to control plants not expressing the transgene. References are given in the
text. A accumulation in the shoot; GSH glutathione, MT metallothionein; T tolerance;
V volatilization
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Table 7 Some of the identified metal transporters and their expression patterns in plants

Plant species Protein
families

Gene name Metals Tissue
expression

References

A. thaliana,
A. halleri,
L. esculentum

P-Type
ATPase

AtHMA1-8,
AhHMA3-4,
TcHMA4,
GmHMA8,
OsHMA9

Cu,
Zn,
Cd,
Co,
Pb

Shoots
and roots

Bernard et al.
(2004), Xing
et al. (2008),
Talke et al.
(2006)

A. thaliana,
A. halleri,
T. caerulescens,
G. max,
O. sativa

Nramp AtNRAMP1-6,
LeNRAMP1-3,
AhNRAMP3

Fe, Cd Shoots
and roots

Bereczky et al.
(2003), Lanquar
et al. (2005)

A. thaliana,
O. sativa

ZIP AtZIP1-12,
OsZIP4

Zn Shoots
and roots

Filatov et al.
(2006), Ishimaru
et al. (2005),
Roosens et al.
(2008)

A. thaliana,
T. caerulescens,
L. esculentum,
O. sativa,
N. tabacum

IRT AtIRT1,
OsIRT1-2,
LeIRT1-2,
TcIRT1-2,
NtIRT1

Cd,
Zn

Shoots
and roots

Kerkeb et al.
(2008), Plaza
et al. (2007)

A. thaliana,
A. halleri,
T. goesingense,
N. tabacum,
P. trichocarpa,
P. deltoids

CDF AtMTP1,
TgMTP1,
AhMTP1,
PtdMTP1,
NtMTP1

Zn Roots Kawachi et al.
(2008), Shingu
et al. (2005),
Willems et al.
(2007)

Table 8 Phytoremediation mechanisms for treatment of contaminated soils (Oh et al. 2013)

Mechanisms Description

Phytoextraction Plants absorb contaminants and store in above-ground shoots and
the harvestable parts of roots

Phytostabilization Roots and their exudates immobilize contaminants through
adsorption, accumulation, precipitation within the root zone, and
thus prevent the spreading of contaminants

Phytodegradation Plant enzymatic breakdown of organic contaminants, both
internally and through secreted enzymes

Rhizodegradation
(phytostimulation)

Plant roots stimulate soil microbial communities in plant root
zones to break down contaminants

Phytovolatilization Contaminants taken up by the roots through the plants to the
leaves and are volatized through stomata where gas exchange
occurs
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Effects of Heavy Metals on Growth and Metabolic Status
of Medical Plants

Heavy metal accumulation rate in different parts of medical plants have been
reported in Table 9.

Heavy metal stress cause lipid oxidation processes and led oxylipins generation.
Oxylipins starts signal transduction process for plant defense mechanism. The
induction of biosynthesis and accumulation of secondary metabolites such as
phenylpropanoids, terpenoids, and alkaloids are one of the major defense mecha-
nisms of plants (Mithofer et al. 2004).

Table 9 Heavy metal accumulation potency of some medical plants (Nasim and Dhir 2010)

Plant species Heavy
metal

Values References

Amaranthus dubius Cd 150 ppm Chunilall et al. (2005)

Amaranthus hybridus Hg 336 ppm Chunilall et al. (2005)

Agave amaniensis Cd 900 lg g−1 dry wt Kartosentono et al. (2002)

Pb 1390 lg g−1 dry
wt

Kartosentono et al. (2002)

Costus speciosus Cd, Pb 530 lg g−1 dry wt Kartosentono et al. (2002)

Matricaria chamomilla Zn 271 mg kg−1 dry
wt

Grejtovsky et al. (2001)

Ocimum tenuiflorum Cr 419 lg g−1 dry wt Rai et al. (2004)

Matricaria chamomilla Zn 271 mg kg−1 dry
wt

Grejtovsky et al. (2001)

Phyllanthus amarus Cd 82 ppm Rai et al. (2005)

Hypericum sp. Cd 0.5 mg kg−1 dry
wt

Chizzola and Lukas (2006)

Cuminum cyminum Fe 1.4 mg g−1 dry wt Maiga et al. (2005)

Bombax costatum Fe 1.5 mg g−1 dry wt Maiga et al. (2005)

Hibiscus sabdariffa Mn 243 lg g−1 dry wt Maiga et al. (2005)

Spilanthes oleracea Zn 62.8 lg g−1 dry wt Maiga et al. (2005)

Bombax costatum Zn 67.1 lg g−1 Maiga et al. (2005)

Aesculus
Hippocastanum

Pb 1480 lg g−1 Caldas and Machado
(2004)

Tilia sp. Zn 13.8–32.5 mg kg−1 Celechovska et al. (2004)

Sambucus nigra Zn 30.8–49.9 mg kg−1 Celechovska et al. (2004)
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The general view of heavy metal signal transduction pathway in plants and role
of oxylipins and secondary in detoxification process are summarized in Fig. 2.

Table 10 provides an insight in the complex signaling network induced by
various environmental stress conditions and their similarity patterns (Viehweger
2014).

Several researches have showed plants exposed to heavy metal stress show
varying degrees of secondary metabolite response (Table 11).

Plants exposed to heavy metal stress show differential responses in synthesis and
accumulation of pharmacologically active molecules. Such responses range from
negative effects on secondary metabolite production in a few plant species, viz.,
Matricaria recutita, to stimulatory effects that result in enhanced metabolite pro-
duction in other species. Increases in heavy metal-induced secondary metabolite
biosynthesis have been reported to occur in some medicinal plant species
(Table 12) (Nasim and Dhir 2010). Utilizing heavy metal as inducers for higher
production of secondary metabolites depend on the plant part used as consumer
safety needs (Street 2012).

Fig. 2 Short overview about some important aspects of cellular metal interaction (Viehweger
2014)
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Table 10 Overview of some heavy metal triggered signals in comparison to other environmental
stresses

Heavy metal Signal Other stress
conditions

Cellular responses References

Cu Calcium
fluxes

Cold, drought,
salinity

Phosphoprotein
cascades, 2nd
signalling molecules

Nielsen
et al.
(2003)

Cd, Cr Mitogen
activated
protein
kinase
(MAPK)
pathways

Osmotic stress,
pathogen
contact

Activation of
transcription factors
and stress-responsive
genes

Liu et al.
(2010)

Fe pH shifts Pathogen
contact

Induction of secondary
metabolism

Viehweger
et al.
(2006)

Co, Zn Plant
hormones
like abscisic
acid or
ethylene

Cold, drought,
salinity

Calcium signaling,
guard cell regulation
(water balance)

Zengin
(2006)

Cd, Cu Jasmonic
acid

Pathogen
contact, sugar,
drought,
salinity

Defence/stress
response,
development,
induction of secondary
metabolism

Howe and
Schilmiller
(2002)

Redox-active metals
like Fe, Cu; almost
all heavy metals at
higher
concentrations

Reactive
oxygen
species

Pathogen
contact, cold,
drought,
salinity, high
light intensity

Phosphoprotein
cascades, activation of
transcription factors
and stress-responsive
genes, activation of
antioxidative defence

Ahmad
et al.
(2008)

Table 11 Heavy metal stress affecting secondary metabolite production (Street 2012)

Plant species Main findings relating to secondary metabolites References

Hypericum
perforatum L.

In the presence of Ni, the plant completely lost the
ability to produce or accumulate hyperforin and
demonstrated a 15–20-fold decrease in the
concentration of pseudohypericin and hypericin

Murch et al.
(2003)

Ocimum
tenuiflorum L.

Cr stress induced the production of eugenol Rai et al.
(2004)

Dioscorea
bulbifera L.

The occurrence of Cu stimulated diosgenin
production

Narula et al.
(2005)

Phyllanthus amarus
Schum and Thonn

Phyllanthin and hypophyllanthin was enhanced by
Cd stress

Rai et al.
(2005)

Bacopa monnieri L. The level of bacoside-A increased due to increased
Fe in the media

Sinha and
Saxena
(2006)

Trigonella foenum-
graecum L.

Cd and Co increased diosgenin levels however Cr
and Ni inhibited its production

De and De
(2011)
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Table 12 List of plants secondary metabolites increment under heavy metal stress (Nasim and
Dhir 2010)

Plant species Heavy metal Compound Medicinal properties References

Catharanthus
roseus

Cd 0.05–0.4 mM Ajmalicine Anticancer, antidiabetic Zheng and
Wu (2004)

Phyllanthus
amarus

Cd (0.1–1 mM) Hypophyllanthin Hepatoprotective,
diuretic, stomachic

Rai et al.
(2005)

Matricaria
chamomilla

CuC12 2%,
Cd 60–120 µM
Zn 50 mg kg−1 soil

Herniarin,
Umbelliferone
essential oil,
sesquiterpenes

Anti-inflammatory,
spasmolytic effect

Eliasova et al.
(2004)

Salvia
miltiorrhiza

Ag, Cu, Zn, Fe,
Mn15–40 µM

Tanshinon Broad spectrum
bactericide, dilating
coronary artery

Zhang et al.
(2004), Guo
et al. (2005)

Ononis
arvensis

Ni, Co, Cr 6.3 µmol Flavonoid Anti-inflammatory,
antiproliferative,
anticancer, antioxidant,
cardioprotective

Tumova et al.
(2001),
Tumova and
Blazkova
(2002)

Rheum
palmatum

Cd 10 µM Anthracene
derivatives

Antioxidant Kasparova
and Siatka
(2004)

Thalictrum
rugosum

Cu 20–500 µM Berberine Antimicrobial in the
treatment of dysentery
and infectious diarrhea

Kim et al.
(1991)

Hibiscus
sabdariffa
sabdanffa

Co 20 mg kg−1 soil
Ni 25 mg kg−1 soil

Anthocyanins
Flavons

Diaphoretic, hepatic
and gastric disorders,
arteriosclerosis,
intestinal infections

Eman et al.
(2007)

Ocimum
tenuiflorum

Cr 20 µM Eugenol Antiseptic,
antispasmodic,
antibacterial

Rai et al.
(2004)

Hypericum
perforatum

Cr(VI) 0.1 µM Hypericin
Pseudohypericin

Minor burns, wounds,
skin inflammations,
nerve pain

Tirillini et al.
(2006)

Datura
stramonium

Cd 1 mM Hyoscyamine Peptic ulcers, diarrhea,
and bronchial asthma

Furze et al.
(1991)

Mentha
arvensis

Zn Essential oil,
menthol

Antibacterial,
antifebrile, effective in
rhinitis, cough sore
throat, colic

Misra (1992)

Costus
speciosus

Pb 30 mg L−1 Sitosterol Purgative, febrifuge,
expectorant

Kartosentono
et al. (2002)

Pluchea
lanceolata

200 µM ZnSO4 or
150 µM CuSO4

Quercetin,
Tropane
alkaloids

Inflammations,
bronchitis, psoriasis,
piles, antipyretic,
analgesic, laxity,
Diuretic, sedative,
antispasmodic

Kumar et al.
(2004)

204 S. Fahimirad and M. Hatami



International Standards of Metals Residuals in Medicinal
Plants

There are immense discrepancies between countries regarding regulatory require-
ments to pledge safety and quality of plant-based products (Diederichs et al. 2006).
Several regulations have already been established worldwide for medicinal plants
such as the US Pharmacopoeia (USP), Italian Pharmacopoeia (FUI), and European
Pharmacopoeia (Ph. Eur.). Moreover, there are legal frameworks at national and/or
regional levels that are designed to regulate the quality of plant-based products
(Sarma et al. 2012). Several countries, including Canada, China, Malaysia,
Singapore and Thailand, have developed their own national guidelines to ensure
satisfactory levels of heavy metals in medicinal plants and plant-based products
(Table 13) (Street 2012).

Conclusions and General Discussion

The presence of heavy metals in medicinal plants may stimulate production of
bioactive compounds in many plant species. Although, the exact mechanism by
which this happens remains unclear. Oxidative stress induced by heavy metals
triggers signaling pathways that affect production of specific plant metabolites. In
particular, reactiveoxygen species (ROS), generated during heavy metal stress, may
cause lipid peroxidation that stimulates formation of highly active signaling com-
pounds capable of triggering production of bioactive compounds (Nasim and Dhir
2010).

Heavy metal tolerance is a genetically complex process that involves many
components of signaling pathways, multigenic in nature (Vinocur and Altman
2005). Therefore, plant-engineering strategies for heavy metal tolerance depend on
the expression of gene(s) whose product(s) are involved either in signaling and
regulatory pathways or in the synthesis of functional and structural proteins and
metabolites that confer heavy metal stress tolerance. Recently, several efforts are
being made to improve heavy metal stress tolerance capacity through genetic
engineering with several achievements (Singh et al. 2016).

Phytoremediation holds great potential as an environmental cleanup technology
and has been investigated substantially since the last two decades. Considerable
interest in phytoremediation exists by both government and industry. The biggest
advantage of phytoremediation is its low cost. Phytoremediation can be up to
1000-fold cheaper compared with conventional remediation methods such as
excavation and reburial. In general, fast-growing, high-biomass, competitive, hardy,
and metal-tolerant plant species could either be selected or could be generated by
genetic manipulation and be used for remediation of different polluted sites.

The presence of several hundreds of catabolic enzymes and transporter
sequences suggest that plants may have rich potential to mobilize and detoxify toxic

Heavy Metal-Mediated Changes in Growth … 205



T
ab

le
13

N
at
io
na
l
lim

its
fo
r
he
av
y
m
et
al
s
in

he
rb
al

m
ed
ic
in
al

pr
od

uc
ts
(S
tr
ee
t
20

12
)

C
ou

nt
ry

A
rs
en
ic
(A

s)
L
ea
d
(P
b)

C
ad
m
iu
m

(C
d)

C
hr
om

iu
m

(C
r)

M
er
cu
ry

(H
g)

C
op

pe
r

(C
u)

L
ea
d

(P
b)

C
an
ad
a

R
aw

he
rb
al

m
at
er
ia
ls

5
pp

m
10

pp
m

0.
3
pp

m
2
pp

m
0.
2
pp

m

Fi
ni
sh
ed

he
rb
al

pr
od

uc
ts

0.
01

m
g/
da
y

0.
02

m
g/
da
y

0.
06

m
g/
da
y

0.
02

m
g/
da
y

0.
02

m
g/
da
y

C
hi
na

H
er
ba
l
m
at
er
ia
ls

2
pp

m
10

pp
m

1
pp

m
0.
5
pp

m
20

pp
m

M
al
ay
si
a

Fi
ni
sh
ed

he
rb
al

pr
od

uc
ts

5
m
g/
kg

10
m
g/
kg

0.
5
m
g/
kg

R
ep
ub

lic
of

K
or
ea

H
er
ba
l
m
at
er
ia
ls

30
pp

m

Si
ng

ap
or
e

Fi
ni
sh
ed

he
rb
al

pr
od

uc
ts

5
pp

m
20

pp
m

0.
5
pp

m
15

0
pp

m

T
ha
ila
nd

H
er
ba
l
m
at
er
ia
l,
fi
ni
sh
ed

he
rb
al

pr
od

uc
ts

4
pp

m
10

pp
m

0.
3
pp

m

W
H
O

re
co
m
m
en
da
tio

ns
10

m
g/
kg

0.
3
m
g/
kg

206 S. Fahimirad and M. Hatami



contaminants including organic and inorganic in their environment within their
tissues and organs. Genomic and proteomic information gained from these
sequenced plant species will greatly accelerate the phytoremediation process in situ
considerable efforts have been taken by the European Science Foundation, and
under this context, a COST 859 Action entitled “Phytotechnologies to promote
sustainable land use and improve food safety has been launched since 2004. The
main objective of this action is to provide a sound understanding of the absorption,
translocation, storage, or detoxification mechanisms of essential or toxic mineral
elements, as well as organic contaminants, and to prepare the best use of plants for
sustainable land use management and improve food safety. Promotion of cooper-
ation and of data exchange between working groups in this action have been
encouraged and the present work is a part of such cooperation (Memon and
Schroder 2009).

Further knowledge about metal tolerance in plants is mandatory for several
purposes: (1) Predictions about health risk which is caused by metal accumulation
in crop plants failing visible symptoms of phytotoxicity. (2) Generation of genet-
ically engineered plants having an enhanced accumulation of metals valuable for
nutritional purposes (biofortification). (3) Cleanup of metal contaminated soils
(phytoremediation) and mining of rare metals which are accumulated in plant tis-
sues (phytomining) (Viehweger 2014).

References

Abedin MJ, Cotter-Howells J, Meharg AA (2002) Arsenic uptake and accumulation in rice (Oryza
sativa L.) irrigated with contaminated water. Plant Soil 240(2):311–319

Ahmad P, Sarwat M, Sharma S (2008) Reactive oxygen species, antioxidants and signaling in
plants. J Plant Biol 51:167–173

Arya SK, Roy BK (2011) Manganese induced changes in growth, chlorophyll content and
antioxidants activity in seedlings of broad bean (Vicia faba L.). J Environ Biol 32(6):707–711

Asrar Z, Khavari-Nejad RA, Heidari H (2005) Excess manganese effects on pigments of Mentha
spicata at flowering stage. Arch Agron Soil Sci 51(1):101–107

Assuncao AGL, Schat H (2003) Thlaspi caerulescens, an attractive model species to study heavy
metal hyperaccumulation in plants. New Phytol 159:351–360

Baker AJM, Walker PL (1989) Ecophysiology of metal uptake by tolerant plants. In: Shaw AJ
(ed) Heavy metal tolerance in plants: evolutionary aspects. CRC Press, Boca Raton, FL,
pp 155–177

Banasova V, Horak O (2008) Heavy metal content in Thlaspi caerulescens J. et C. Presl growing
on metalliferous and non-metalliferous soils in Central Slovakia. Int J Environ Pollut
33:133–145

Barrachina AC, Carbonell FB, Beneyto JM (1995) Arsenic uptake, distribution, and accumulation
in tomato plants: effect of arsenite on plant growth and yield. J Plant Nutr 18(6):1237–1250

Basu U, Good AG, Taylor GJ (2001) Transgenic Brassica napus plants overexpressing
aluminium-induced mitochondrial manganese superoxide dismutase cDNA are resistant to
aluminium. Plant Cell Environ 24:1269–1278

Bereczky Z, Wang HY, Schubert V, Ganal M, Bauer P (2003) Differential regulation of Nramp
and IRT metal transporter genes in wild type and iron uptake mutants of tomato. J Biol Chem
278:24697–24704

Heavy Metal-Mediated Changes in Growth … 207



Bernard C, Roosens N, Czernic P, Lebrun M, Verbruggen N (2004) A novel CPx-ATPase from the
cadmium hyperaccumulator Thlaspi caerulescens. FEBS Letters 569:140–148

Bert V, Meerts P, Saumitou-Laprade P, Salis P, Gruber W, Verbruggen N (2003) Genetic basis of
Cd tolerance and hyperaccumulation in Arabidopsis halleri. Plant Soil 249:9–18

Bonnet M, Camares O, Veisseire P (2000) Effects of zinc and influence of Acremonium lolii on
growth parameters, chlorophyll a fluorescence and antioxidant enzyme activities of ryegrass
(Lolium perenne L. cv Apollo). J Exp Bot 51(346):945–953

Caldas ED, Machado LL (2004) Cadmium, mercury and lead in medicinal herbs in Brazil. Food
Chem Toxicol 42:599–603

Calheiros CSC, Rangel AOSS, Castro PML (2008) The effects of tannery wastewater on the
development of different plant species and chromium accumulation in phragmites australis.
Arch Environ Contam Toxicol 55:404–414

Celechovska O, Pizova M, Konickova J (2004) The content of zinc and cadmium in medicinal
plants and their infusions. Ceska Slov Farm 53:336–339

Chiang CM, Chen SP, Chen LFO, Chiang MC, Chien HL, Lin KH (2013) Expression of the
broccoli catalase gene (BoCAT) enhances heat tolerance in transgenic Arabidopsis. J Plant
Biochem Biotechnol 23:266–277

Chibuike GU, Obiora SC (2014) Heavy metal polluted soils: effect on plants and bioremediation
methods. Appl Environ Soil Sci. doi:10.1155/2014/752708

Chizzola R, Lukas B (2006) Variability of the cadmium content in Hypericum species collected in
Eastern Austria. Water Air Soil Pollut 170:331–343

Chunilall V, Kindness A, Jonnalagadda SB (2005) Heavy metal uptake by two edible Amaranthus
herbs grown on soils contaminated with lead, mercury, cadmium, and nickel. J Environ Sci
Health B 40:375–384

Cook CM, Kostidou A, Vardaka E, Lanaras T (1997) Effects of copper on the growth,
photosynthesis and nutrient concentrations of Phaseolus plants. Photosynthetica 34(2):
179–193

Cosio C, Martinoia E, Keller C (2004) Hyperaccumulationofcadmium and zinc in
Thlaspicaerulescens and Arabidopsis hallari at the leaf cellular level. Plant Physiol 134:716–
725

Cox MS, Bell PF, Kovar JL (1996) Differential tolerance of canola to arsenic when grown
hydroponically or in soil. J Plant Nutr 19(12):1599–1610

Dan TV, Krishnaraj S, Saxena PK (2002) Cadmiumand nickel uptake and accumulation in scented
geranium (Pelargonium sp. frensham). Water Air Soil Pollut 137:355–364

Davis MA, Pritchard SG, Boyd RS, Prior SA (2001) Developmental and induced responses of
nickel-based and organic defences of the nickel-hyperaccumulating shrub, Psychotria douarrei.
New Phytol 150:49–58

De D, De B (2011) Elicitation of diosgenin production in Trigonella foenumgracecum L. seedlings
by heavy metals and signaling molecules. Acta Physiol Plant 33:1585–1590

Denholm J (2010) Complementary medicine and heavy metal toxicity in Australia. Web med
Central 1:1–6

Deniau AX, Pieper B (2006) WMT-B, QTL analysis of cadmium and zinc accumulation in the
heavy metal hyper accumulator Thlaspicaerulescens. Theor Appl Genet 113:907–920

Dhir B, Sharmila P, Saradhi P (2008) Photosynthetic performance of Salvinianatans exposed to
chromium and zinc rich wastewater. Braz J Plant Physiol 20:61–70

Diederichs N, Feiter U, Wynberg R (2006) Production of traditional medicines: technologies,
standards and regulatory issues. In: Diederichs N (ed) Commercialising medicinal plants—a
Southern African guide. Sun Press, Stellenbosch, pp 155–166

Dixit P, Mukherjee PK, Ramachandran V, Eapen S (2011) Glutathione transferase from
Trichoderma virens enhances cadmium tolerance without enhancing its accumulation in
transgenic Nicotiana tabacum. PLoS ONE 6:e16360. doi:10.1371/journal.pone.0016360

Doncheva S, Stoynova Z, Velikova V (2001) Influence of succinate on zinc toxicity of pea plants.
J Plant Nutr 24(6):789–804

208 S. Fahimirad and M. Hatami

http://dx.doi.org/10.1155/2014/752708
http://dx.doi.org/10.1371/journal.pone.0016360


Doncheva S, Georgieva K, Vassileva V, Stoyanova Z, Popov N, Ignatov G (2005) Effects of
succinate on manganese toxicity in pea plants. J Plant Nutr 28(1):47–62

Dong R (2005) Molecular cloning and characterization of a phytochelatin synthase gene, PvPCS1,
from Pteris vittata L. J Ind Microbiol Biot 32:527–533

Du X, Zhu YG, Liu WJ, Zhao XS (2005) Uptake of mercury (Hg) by seedlings of rice (Oryza
sativa L.) grown in solution culture and interactions with arsenate uptake. Environ Exp Bot 54
(1):1–7

Ebbs SD, Kochian LV (1997) Toxicity of Zn and Copper to Brassica species: implication for
phytoremediation. J Environ Qual 26:776–781

Eliasova A, Repca KM, Pastırova A (2004) Quantitative changes of secondary metabolites of
Matricaria chamomilla by abiotic stress. Verlag der Zeitschrift für Naturforschung, Tübingen.
http://www.znaturforsch.com

Ellis DR, Sors TG, Brunk DG, Albrecht C, Orser C et al (2004) Production of
Se-methylselenocysteine in transgenic plants expressing selenocysteine methyltransferase.
BMC Plant Biol 4:1–15

Eman A, Gad N, Badran NM (2007) Effect of cobalt and nickel on plant growth, yield and
flavonoids content of Hibiscus sabdariffa L. Aus J Basic Appl Sci 1:73–78

Falandysz J, Lipka K, Kawano M, Brzostowski A, Dadey M, Jedrusiak A, Puzyn T (2003)
Mercury content and its bio-concentration factors in wild mushrooms at Lukta and Morag,
North-Eastern Poland. J Agric Food Chem 51:2832–2836

Filatov V, Dowdle J, Smirnoff N (2006) Comparison of gene expression in segregating families
identifies genes and genomic regions involved in a novel adaptation, zinc hyperaccumulation.
Mol Ecol 15:3045–3059

Freeman JL, Garcia D, Kim D, Hopf A, Salt DE (2005) Constitutively elevated salicylic acid
signals glutathione-mediated nickel tolerance in Thlaspi nickel hyperaccumulators. Plant
Physiol 137:1082–1091

Furze JM, Rhodes MJC, Parr AJ, Robins RJ, Whitehead IM, Threlfall DR (1991) Abiotic factors
elicit sesquiterpenoid phytoalexin production but not alkaloid production in transformed root
cultures of Datura stramonium. Plant Cell Rep 10:111–114

Garcia G, Faz A, Cunha M (2004) Performance of Piptatherum miliaceum (Smilo grass) in
edophic Pb and Zn phytoremediation over a short growth periods. Int Biodeters Biodeg
54:245–250

Gichner T, Patkova Z, Szakova J, Demnerova K (2004) Cadmium induces DNA damages in
tobacco roots, but no DNA damage, somatic mutations orhomologous recombinations in
tobacco leaves. Mutat Res Genet Toxicol Environ Mut 559:49–57

Grejtovsky A, Repcak M, Eliasova A, Markusova K (2001) Effect of cadmium on active principle
contents of Matricaria recutita L. Herba Pol 47:203–208

Guan Z, Chai T, Zhang Y, Xu J, Wei W (2009) Enhancement of Cd tolerance in transgenic
tobacco plants overexpressing a Cd-induced catalase cDNA. Chemosphere 76:623–630.
doi:10.1016/j.chemosphere.2009.04.047

Guo XH, Gao WY, Chen HX, Huang LQ (2005) Effects of mineral cations on the accumulation of
tanshinone II A and protocatechuic aldehyde in the adventitious root culture of Salvia
niltiorrhiza. Zhongguo Zhong Yao Za Zhi 30:885–888

Herrera-Estrella LR, Guevara-Garcia AA (2009) Heavy metal adaptation. eLS encyclopedia of life
sciences. Wiley, Ltd. Published Online: 15 Mar 2009, doi:10.1002/9780470015902.a0001318

Howe GA, Schilmiller AL (2002) Oxylipin metabolism in response to stress. Curr Opin Plant Biol
5:230–236

Hu PJ, Qiu RL, Senthilkumar P, Jiang D, Chen ZW, Tang YT, Liu FJ (2009) Tolerance,
accumulation and distribution of zinc and cadmium in hyperaccumulator Potentilla griffithii.
Environ Exp Bot 66:317–325

Hussain A, Abbas N, Arshad F et al (2013) Effects of diverse doses of lead (Pb) on different
growth attributes of Zea mays L. Agric Sci 4(5):262–265

Ishimaru Y, Suzuki M, Kobayashi T, Takahashi M, Nakanishi H, Mori S, Nishizawa NK (2005)
OsZIP4, a novel zinc-regulated zinc transporter in rice. J Exp Bot 56:3207–3214

Heavy Metal-Mediated Changes in Growth … 209

http://www.znaturforsch.com
http://dx.doi.org/10.1016/j.chemosphere.2009.04.047
http://dx.doi.org/10.1002/9780470015902.a0001318


Israr M, Sahi SV, Jain J (2006) Cadmium accumulation and antioxidative responses in the
sesbania Drummondii callus. Arch Environ Contam Toxicol 50:121–127

Jaffre T, Brooks RR, Lee J, Reeves RD (1976) Sebertia acumip A nickel-accumulating plant from
New Caledonia. Science 193:579–580

Jain SK, Vasudevan P, Jha NK (1990) Azolla pinnata and Lemna minor L. for removal of led and
Zn from polluted water. Water Res 24:177–183

Jayakumar K, Abdul Jal eel C, Vijayarengan P (2007) Changes in growth, biochemical
constituents and antioxidant potentials in radish (Raphanus sativus L.) under cobalt stress.
Turk J Biol 31:127–136

Jayakumar K, Jaleel CA, Azooz MM (2008) Phytochemical changes in green gram (Vigna radiata)
under cobalt stress. Glob J Mol Sci 3(2):46–49

Jayakumar K, Rajesh M, Baskaran L, Vijayarengan P (2013) Changes in nutritional metabolism of
tomato (Lycopersicon esculantum Mill.) plants exposed to increasing concentration of cobalt
chloride. Int J Food Nutr Saf 4(2):62–69

Jiang W, Liu D, Hou W (2001) Hyperaccumulation of cadmium by roots, bulbs and shoots of
garlic. Biores Technol 76(1):9–13

Jin XF, Liu D (2009) Effects of zinc on root morphology and antioxidant adaptations of
cadmium-treated Sedum alfredii H. J Plant Nutr 32:1642–1656

Kabir M, Iqbal MZ, Shafiq M (2009) Effects of lead on seedling growth of Thespesia populnea L.
Adv Environ Biol 3(2):184–190

Kartosentono S, Suryawati S, Indrayanto G, Zaini NC (2002) Accumulation of Cd2+ and Pb2+ in
the suspension cultures of Agave amaniensis and Costus speciosus and the determination of the
culture’s growth and phytosteroid content. Biotechnol Lett 24:687–690

Kasparova M, Siatka T (2004) Abiotic elicitation of the explant culture of Rheum palmatum L. by
heavy metals. Ceska Slov Farm 53:252–255

Kawachi M, Kobae Y, Mimura T, Maeshima M (2008) Deletion of a histidine-rich loop of
AtMTP1, a vacuolar Zn2+/H

+ antiporter of Arabidopsis thaliana, stimulates the transport
activity. J Biol Chem 283:8374–8383

Kerkeb L, Mukherjee I, Chatterjee I, Lahner B, Salt DE, Connolly EL (2008) Iron-induced
turnover of the Arabidopsis Iron-Regulated Transporter1 metal transporter requires lysine
residues. Plant Physiol 146:1964–1973

Khalid BY, Tinsley J (1980) Some effects of nickel toxicity on rye grass. Plant Soil 55(1):139–144
Kim D, Pedersen H, Chin C (1991) Stimulation of berberine production in Thalictrum rugosum

suspension cultures in response to addition of cupric sulfate. Biotechnol Lett 13:213–216
Kim IS, Shin SY, Kim YS, Kim HY, Yoon HS (2009) Expression of a glutathione reductase

from Brassica rapa subsp. pekinensis enhanced cellular redox homeostasis by modulating
antioxidant proteins in Escherichia coli. Mol Cells 28:479–487

Kjær C, Elmegaard N (1996) Effects of copper sulfate on black bindweed (Polygonum
convolvulus L.). Ecotoxicol Environ Saf 33(2):110–117

Kubota H, Takenaka C (2003) Arabis gemmifera is a hyperaccumulator of Cd and Zn. Int J
Phytorem 5:197–220

Kumar S, Narula A, Sharma MP, Srivastava PS (2004) In vitro propagation of Pluchea lanceolata,
a medicinal plant, and effect of heavy metals and different aminopurines on quercetin content.
In Vitro Cell Dev Biol Plant 40:171–176

Kupper H, Kochian LV (2010) Transcriptional regulation of metal transport genes and mineral
nutrition during acclimatization to cadmium and zinc in the Cd/Zn hyperaccumulator, Thlaspi
caerulescens (Ganges population). New Phytol 185:114–129

Lanquar V, Lelievre F, Bolte S, Hames C, Alcon C, Neumann D, Vansuyt G, Curie C, Schröder A,
Kramer U, Barbier-Brygoo H, Thomine S (2005) Mobilization of vacuolar iron by AtNramp3
and AtNramp4 is essential for seed germination on low iron. EMBO J 24:4041–4051

Le Martret B, Poage M, Shiel K, Nugent GD, Dix PJ (2011) Tobacco chloroplast transformants
expressing genes encoding dehydroascorbate reductase, glutathione reductase, and
glutathione-S-transferase, exhibit altered anti-oxidant metabolism and improved abiotic stress
tolerance. Plant Biotechnol J 9:661–673

210 S. Fahimirad and M. Hatami



Lin YC, Kao CH (2005) Nickel toxicity of rice seedlings: cell wall peroxidase, lignin, and NiSO4-
inhibited root growth. Crop Environ Bioinform 2:131–136

Liu XM, Kim KE, Kim KC, Nguyen XC, Han HJ, Jung MS, Kim HS, Kim SH, Park HC, Yun DJ,
Chung WS (2010) Cadmium activates Arabidopsis MPK3 and MPK6 via accumulation of
reactive oxygen species. Phytochem 71:614–618

Liu GY, Zhang YX, Chai TY (2011) Phytochelatin synthase of Thlaspi caerulescens enhanced
tolerance and accumulation of heavy metal when expressed in yeast and tobacco. Plant Cell
Rep 30:1067–1076

Lytle CM, Lytle FW, Yang N, JinHong Q, Hansen D, Zayed A, Terry N (1998) Reduction of Cr
(VI) to Cr (III) by wetland plants: potential for in situ heavy metal detoxification. Environ Sci
Technol 32:3087–3093

Ma LQ, Komar KM, Tu C, Zhang W, Cai Y, Kennelley ED (2001) A fern that hyperaccumulates
arsenic. Nature 409:579

Maiga A, Diallo D, Bye R, Paulsen BS (2005) Determination of some toxic and essential metal
ions in medicinal and edible plants from Mali. J Agric Food Chem 23:2316–2321

Manivasagaperumal R, Balamurugan S, Thiyagarajan G, Sekar J (2011) Effect of zinc on
germination, seedling growth and biochemical content of cluster bean (Cyamopsis
tetragonoloba (L.) Taub). Curr Bot 2(5):11–15

Manousaki E, Kadukova J, Papadantonakis N, Kalogerakis N (2008) Phytoextraction and
phytoexcretion of Cd by the leaves of Tamarix smyrnensis growing on contaminated
non-saline and saline soils. Environ Res 106:326–332

Memon RA, Schroder P (2009) Implications of metal accumulation mechanisms to phytoreme-
diation. Environ Sci Pollut Res 16:162–175

Misra A (1992) Effect of zinc stress in Japanese mint as related to growth, photosynthesis,
chlorophyll content and secondary plant products-the monoterpenes. Photosynthetica 26:225–
234

Mithofer A, Schulze B, Boland W (2004) Biotic and heavy metal stress response in plants:
evidence for common signals. FEBS Lett 566:1–5

Mizuno T, Hirano K, Kato S, Obata H (2008) Cloning of ZIP family metal transporter genes from
the manganese hyperaccumulator plant Chengiopanax sciadophylloides and its metal transport
and resistance abilities in yeast. Soil Sci Plant Nutr 54:86–94

Mkandavire M, Dude EG (2005) Accumulation of arsenic in Lemna gibba L. (duckweed) in
tailing waters of two abandoned uranium mining sites in Saxony. Germany Sci Tot Environ
336:81–89

Moral R, Navarro Pedreno J, Gomez I, Mataix J (1995) Effects of chromium on the nutrient
element content and morphology of tomato. J Plant Nutr 18(4):815–822

Moustakas M, Lanaras T, Symeonidis L, Karataglis S (1994) Growth and some photosynthetic
characteristics of field grown Avena sativa under copper and lead stress. Photosynthetica 30
(3):389–396

Murch SJ, Haq K, Rupasinghe HPV, Saxena PK (2003) Nickel contamination affects growth and
secondary metabolite composition of St. John’s wort (Hypericum perforatum L.). Environ Exp
Bot 49:251–257

Narula A, Kumar A, Srivastava PS (2005) Abiotic metal stress enhances diosgenin yield in
Dioscorea bulbifera L. cultures. Plant Cell Rep 24:250–254

Nasim SA, Dhir B (2010) Heavy metals alter the potency of medicinal plants. Rev Environ
ContamToxicol 203:139–149

Nedjimi B, Daoud Y (2009) Cadmium accumulation in Atriplex halimus subsp schweinfurthii and
its influence on growth, proline, root hydraulic conductivity and nutrient uptake. Flora Morphol
Distribution Funct Ecol Plants 204:316–324

Nematshahi N, Lahouti M, Ganjeali A (2012) Accumulation of chromium and its effect on growth
of (Allium cepa cv. Hybrid). Eur J Exp Biol 2(4):969–974

Nielsen HD, Brown MT, Brownlee C (2003) Cellular responses of developing Fucus
serratus embryos exposed to elevated concentrations of Cu2+. Plant Cell Environ 26:1737–
1747

Heavy Metal-Mediated Changes in Growth … 211



Odjegba VJ, Fasidi IO (2004) Accumulation of trace elements by Pistia stratiotes: implications for
phytoremediation. Ecotoxicology 13:637–646

Oh K, Li T, Cheng H, Hu X, He C, Yan L, Shinichi Y (2013) Development of profitable
phytoremediation of contaminated soils with biofuel crops. J Environ Protec. doi:10.4236/jep.
2013.44A008

Padmavathiamma PK, Li LY (2007) Phytoremediation technology: hyperaccumulation metals in
plants. Water Air Soil Pollut 184:105–126

Pandolfini T, Gabbrielli R, Comparini C (1992) Nickel toxicity and peroxidase activity in
seedlings of Triticum aestivum L. Plant Cell Environ 15(6):719–725

Pilon-Smits EAH, Hwang S, Lytle CM, Zhu Y, Tai JC, Bravo RC et al (1999) Overexpression of
ATP sulfurylase in indian mustard leads to increased selenate uptake, reduction, and tolerance.
Plant Physiol 119:1123–1132

Plaza S, Tearall KL, Zhao FJ, Buchner P, McGrath SP, Hawkesford MJ (2007) Expression and
functional analysis of metal transporter genes in two contrasting ecotypes of the hyperaccu-
mulator Thlaspi caerulescens. J Exp Bot 58:1717–1728

Pollard AJ, Stewart HL, Roberson CB (2009) Manganese hyperaccumulation in Phytolacca
americana L. from the southeastern united states. Northeastern Natur 16:155–162

Rai V, Vajpayee P, Singh SN, Mehrotra S (2004) Effect of chromium accumulation on
photosynthetic pigments, oxidative stress defense system, nitrate reduction, proline level and
eugenol content of Ocimum tenuiflorum L. Plant Sci 167:1159–1169

Rai V, Khatoon S, Bisht SS, Mehrotra S (2005) Effect of cadmium on growth, ultramorphology of
leaf and secondary metabolites of Phyllanthus amarus Schum. and Thonn. Chemosphere
61:1644–1650

Reeves RD, Brooks RR (1983) Hyperaccumulation of lead and zinc by two metallophytes from a
mining area of central Europe. Environ Pollut A Ecol Biol 31:277–287

Roosens NHCJ, Willems G, Saumitou-Laprade P (2008) Using Arabidopsis to explore zinc
tolerance and hyperaccumulation. Trends Plant Sci 13:208–215

Saraswat S, Rai JPN (2009) Phytoextraction potential of six plant species grown in multimetal
contaminated soil. Chem Ecol 25:1–11

Sarma H (2011) Metal hyperaccumulation in plants: a review focusing on phytoremediation
technology. J Environ Sci Technol 4:118–138

Sarma H, Deka S, Deka H, Saikia RR (2012) Accumulation of heavy metals in selected medicinal
plants. Rev Environ Contam Toxicol 214:63–86

Selvam A, Wong JW (2008) Phytochelatin systhesis and cadmium uptake of Brassica napus.
Environ Technol 29:765–773

Sharma DM, Sharma CP, Tripathi RD (2003) Phytotoxic lesions of chromium in maize.
Chemosphere 51:63–68

Sharma NC, Gardea-Torresdey JL, Parsons J, Sahi SV (2004) Chemical speciation and cellular
deposition of lead in Sesbania drummondii. Environ Toxicol Chem 23:2068–2073

Sharma RK, Agrawal M, Marshall FM (2009) Heavy metals in vegetables collected from
production and market sites of a tropical urban area of India. Food Chem Toxicol 47:583–591

Shekar CHC, Sammaiah D, Shasthree T, Reddy KJ (2011) Effect of mercury on tomato growth
and yield attributes. Int J Pharma Bio Sci 2(2):B358–B364

Sheldon AR, Menzies NW (2005) The effect of copper toxicity on the growth and root
morphology of Rhodes grass (Chloris gayana Knuth.) in resin buffered solution culture. Plant
Soil 278(1–2):341–349

Shenker M, Plessner OE, Tel-Or E (2004) Manganese nutrition effects on tomato growth,
chlorophyll concentration, and superoxide dismutase activity. J Plant Physiol 161(2):197–202

Sheoran IS, Singal HR, Singh R (1990) Effect of cadmium and nickel on photosynthesis and the
enzymes of the photosynthetic carbon reduction cycle in pigeonpea (Cajanus cajan L.).
Photosynth Res 23(3):345–351

Shin SY, Kim IS, Kim YH, Park HM, Lee JY, Kang HG et al (2008) Scavenging reactive oxygen
species by rice dehydroascorbate reductase alleviates oxidative stresses in Escherichia coli.
Mol Cells 26:616–620

212 S. Fahimirad and M. Hatami

http://dx.doi.org/10.4236/jep.2013.44A008
http://dx.doi.org/10.4236/jep.2013.44A008


Shingu Y, Kudo T, Ohsato S, Kimura M, Ono Y, Yamaguchi I, Hamamoto H (2005)
Characterization of genes encoding metal tolerance proteins isolated from Nicotiana glauca and
Nicotiana tabacum. Biochem Biophys Res Commun 331:675–680

Singh R, Gautam N, Mishra A, Gupta R (2011) Heavy metals and living systems: an overview.
Indian J Pharmacol 43:246–253

Singh S, Parihar P, Singh R, Singh VP, Prasad SM (2016) Heavy metal tolerance in plants: role of
transcriptomics, proteomics, metabolomics, and ionomics. Front Plant Sci. doi:10.3389/fpls.
2015.01143

Sinha S, Saxena R (2006) Effect of iron on lipid peroxidation, and enzymatic and non-enzymatic
antioxidants and bacodise-a content in medicinal plant Bacopa monnieri L. Chemosphere
62:1340–1350

Sinha S, Saxena R, Singh S (2002) Comparative studies on accumulation of Cr from metal
solution and tannery effluent under repeated metal exposure by aquatic plants: its toxic effects.
Environ Monit Assess 80:17–31

Sivaci A, Elmas E, Gumu F, Sivaci ER (2008) Removal of cadmium by Myriophyllum
heterophyllum michx and Potamogeton crispus L. and its effect on pigments and total phenolic
compounds. Arch Environ Contam Toxicol 54:612–618

Steenkamp V, Von arb M, Stewart MJ (2000) Metal concentrations in plants and urine from
patients treated with traditional remedies. Forensic Sci Int 114:89–95

Street RA (2012) Heavy metals in medicinal plant products-an African perspective. South
African J Bot 82:67–74

Sun R, Jin C, Zhou Q (2010) Characteristics of cadmium accumulation and tolerance in Rorippa
globosa (Turcz.) Thell., a species with some characteristics of cadmium hyperaccumulation.
Plant Growth Regul 61:67–74

Sun Q, Ye ZH, Wang XR, Wong MH (2005). Increase of glutathione in mine population of Sedum
alfredii: a Zn hyperaccumulator and Pb accumulator. Phytochemistry 66(21):2549–2556

Talke IN, Kramer U, Hanikenne M (2006) Zinc-dependent global transcriptional control,
transcriptional deregulation, and higher gene copy number for genes in metal homeostasis of
the hyperaccumulator Arabidopsis halleri. Plant Physiol 142:148–167

Tirillini B, Ricci A, Pintore G, Chessa M, Sighinolfi V (2006) Induction of hypericin in
Hypericum perforatum in response to chromium. Fitoterapia 77:164–170

Tseng MJ, Liu CW, Yiu JC (2007) Enhanced tolerance to sulfur dioxide and salt stress of
transgenic Chinese cabbage plants expressing both superoxide dismutase and catalase in
chloroplasts. Plant Physiol Biochem 45:822–833

Tumova V, Blazkova R (2002) Effect on the formation of flavonoids in the culture of Ononis
arvensis L. in vitro by the action of CrCl3. Ceska Slov Farm 51:44–46

Tumova L, Poustkova J, Tuma V (2001) CoCl2 and NiCl2 elicitation and flavonoid production in
Ononis arvensis L. culture in vitro. Acta Pharmaceutica 51:159–162

Ullah A, Heng S, Munis MFH, Fahad S, Yang X (2015) Phytoremediation of heavy metals
assisted by plant growth promoting (PGP) bacteria: a review. Environ Exp Bot 117:28–40

Viehweger K (2014) How plants cope with heavy metals. Bot Stud Int J 55:35. doi:https://doi.org/
10.1186/1999-3110-55-35

Viehweger K, Schwartze W, Schumann B, Lein W, Roos W (2006) The G alpha protein controls a
pH-dependent signal path to the induction of phytoalexin biosynthesis in Eschscholzia
californica. Plant Cell 18:1510–1523

Vinocur B, Altman A (2005) Recent advances in engineering plant tolerance to abiotic stress:
achievements and limitations. Curr Opin Biotechnol 16:123–132

Wang M, Zou J, Duan X, Jiang W, Liu D (2007) Cadmium accumulation and its effects on metal
uptake in maize (Zea mays L.). Biores Technol 98(1):82–88

Wei S, Zhou Q (2008) Trace elements in agro-ecosystems. In: Prasad MNV (ed) Trace elements as
contaminants and nutrients consequences in ecosystems and human health. Wiley, New Jersey,
USA, pp 55–80

Wei L, Luo C, Li X, Shen Z (2008) Copper accumulation and tolerance in Chrysanthemum
coronarium L. and Sorghum sudanense L. Arch Environ Contam Toxicol 55:238–246

Heavy Metal-Mediated Changes in Growth … 213

http://dx.doi.org/10.3389/fpls.2015.01143
http://dx.doi.org/10.3389/fpls.2015.01143
https://doi.org/10.1186/1999-3110-55-35
https://doi.org/10.1186/1999-3110-55-35


Willems G, Dräger DB, Courbot M (2007) The genetic basis of zinc tolerance in the metallophyte
Arabidopsis halleri ssp. Halleri (Brassicaceae) an analysis of quantitative trait loci. Genetics
176:659–674

Xia Z, Sun K, Wang M, Wu K, Zhang H, Wu J (2012) Overexpression of a maize sulfite oxidase
gene in tobacco enhances tolerance to sulfite stress via sulfite oxidation and CAT-mediated
H2O2 scavenging. PLoS One 7:e37383

Xing JP, Jiang RF, Ueno D, Ma JF, Schat H, McGrath SP, Zhao FJ (2008) Variation in
root-to-shoot translocation of cadmium and zinc among different accessions of the
hyperaccumulators Thlaspi caerulescens and Thlaspi praecox. New Phytol 178:315–325

Xiong YH, Yang XE, Ye ZQ, He ZL (2004) Characteristics of cadmium uptake and accumulation
by two contrasting ecotypes of Sedum alfredii Hance. J Environ Sci Health A Tox Hazard
Subst Environ Eng 39:2925–2940

Yang X, Feng Y, He Z, Stoffella PJ (2005) Molecular mechanisms of heavy metal
hyperaccumulation and phytoremediation. J Trace Elem Med Biol 18:339–353

Yin L, Wang S, Eltayeb AE, Uddin MI, Yamamoto Y, Tsuji W et al (2010) Overexpression of
dehydroascorbate reductase, but not monodehydroascorbate reductase, confers tolerance to
aluminum stress in transgenic tobacco. Planta 231:609–621

Yourtchi MS, Bayat HR (2013) Effect of cadmium toxicity on growth, cadmium accumulation and
macronutrient content of durum wheat (Dena CV.). Int J Agri Crop Sci 6(15):1099–1103

Zeng X, Ma LQ, Qiu R, Tang Y (2009) Responses of non-protein thiols to Cd exposure in Cd
hyperaccumulator Arabis paniculata Franch. Environ Exp Bot 66:242–248

Zengin FK (2006) The effects of Co2+ and Zn2+ on the contents of protein, abscisic acid, proline
and chlorophyll in bean (Phaseolus vulgaris cv. Strike) seedlings. J Environ Biol 27:441–448

Zhang C, Yan Q, Cheuk W, Wu J (2004) Enhancement of tanshinone production in Salvia
miltiorrhiza hairy root culture by Ag+ elicitation and nutrient feeding. Planta Med 70:147–151

Zheng Z, Wu M (2004) Cadmium treatment enhances the production of alkaloid secondary
metabolites in Catharanthus roseus. Plant Sci 166:507–514

214 S. Fahimirad and M. Hatami


	11 Heavy Metal-Mediated Changes in Growth and Phytochemicals of Edible and Medicinal Plants
	Abstract
	Introduction
	Effect of Heavy Metal Polluted Soil on Plant Growth
	Plant Survival Strategies to Increasing Metal Concentrations
	Molecular Basis of Metal Uptake
	Phytoremidation
	Effects of Heavy Metals on Growth and Metabolic Status of Medical Plants
	International Standards of Metals Residuals in Medicinal Plants
	Conclusions and General Discussion
	References


